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Modeling Truck Motion along Grade Sections

Bin Yu

(ABSTRACT)

Roadway grades have a diverse effect on vehicle speeds, depending on vehicle and roadway
characteristics. For example, passenger cars can generally negotiate grades of 5 percent or less
without considerable reductions in vehicle speeds, while heavy-duty trucks are affected
significantly by grades because of their inferior operating capability. Consequently, due to the
potential significant speed differential between automobiles and heavy-duty trucks, these trucks
can have a significant impact on the quality of flow, throughput, and safety of a traffic stream.
Truck climbing lanes are typically constructed in an attempt to lessen this negative impact.
Currently, the American Association of State Highway and Transportation Officials (AASHTO)
and Highway Capacity Manual (HCM) represent the state-of-art and state-of-practice procedures
for the design of truck climbing lanes. These procedures only consider the tangent vertical
profile grades in the design of climbing lanes and do not capture the impact of vertical curvature
on truck performance.

The dissertation describes the TruckSIM framework for modeling vehicle motion along roadway
sections by considering both the longitudinal and lateral forces acting on a vehicle. In doing so,
the tool reflects the impact of horizontal and vertical alignment on a vehicle’s longitudinal
motion. The model is capable of reading Global Positioning System (GPS) (longitude, latitude,
and altitude), roadway, and vehicle data. The dissertation demonstrates the validity of the
software modeling procedures against field data and the HCM procedures. It is anticipated that
by automating the design procedures and considering different vehicle and roadway
characteristics on truck motion, the TruckSIM software will be of considerable assistance to
traffic engineers in the design of roadways.

The Global Positioning System (GPS) was originally built by the U.S. Department of Defense to
provide the military with a super-precise form of worldwide positioning. With time, GPS units
were introduced into the civilian domain and provided transportation professionals with an
opportunity to capitalize on this unique instrumentation. With this GPS capability, this research
investigates the feasibility of using inexpensive WAAS-capable units to estimate roadway
vertical and horizontal profiles. The profiles that are generated by these inexpensive units (less
than $500) are compared to the profiles generated by expensive carrier-phase DGPS units
(%$30,000 per unit including the base station). The results of this study demonstrate that the use of
data smoothing and stacking techniques with the WAAS data provides grade estimates that are
accurate within 10% of those generated by the carrier-phase DGPS units and thus offer a cost
effective tool for providing input data to the TruckSIM software.

Using the TruckSIM software, this research effort investigates truck performance reflective of
various truck and road characteristics. These characteristics include vehicle engine power,
weight-to-power ratio, pavement type, pavement condition, aerodynamic aid features, engine
efficiency, tire type, and percentage mass on tractive axle. The study demonstrates that the
vehicle weight-to-power ratio, vehicle engine power, pavement surface condition, tire type,
aerodynamic aids, and engine efficiency are critical factors in the design of truck climbing lanes.
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CHAPTER 1 INTRODUCTION

For traffic engineers, vehicle performances are very important. They form the basis for highway
design guidelines and traffic analysis (Mannering et al. 1998). For example, in highway design,
determination of the length and position of climbing lanes relies on the thorough understanding
of vehicle performance. To understand vehicle performance, the thesis focuses on modeling and
characterizing truck motion along roadway grade sections. Specifically, the research utilizes a
linearly increasing variable power vehicle dynamics model, developed by Rakha and Lucic
(2002), to construct the TruckSIM software for the modeling of truck behavior along grade
sections. The TruckSIM software automates and expands the domain of application of the
Highway Capacity Manual (HCM) and American Association of State Highway and
Transportation Officials (AASHTO) procedures. The TruckSIM software is then utilized to
characterize truck performance along grade sections as a function of vehicle, roadway, and tire
characteristics. The tool is utilized to expand the domain of application of the HCM and
AASHTO procedures by considering different truck weight-to-power ratios, roadway pavement
types and conditions, tire types, aerodynamic aids, and truck weights. Finally, the thesis also
develops techniques for estimating roadway grades using inexpensive WAAS-capable units.

1. PROBLEM SCOPE

Truck performance along grade sections may have significant impacts on roadway throughput
and efficiency depending on the roadway grade, the truck characteristics, the percentage of
trucks on the roadway, and the overall level of congestion on the roadway section. Although the
HCM and AASHTO Geometric Design Guide provide curves for predicting vehicle speeds as a
function of the distance traveled and the percentage grade along a roadway section (TRB, 2002
and AASHTO, 1994), these curves suffer from a number of shortcomings. First, Figure 1
illustrates that the truck performance curves do not cover speeds that exceed 90 km/h (55 mi/h),
although the latest version of the AASHTO Geometric Design Guide does go up to speeds of 106
km/h (65 mi/h). Second, the HCM procedures are limited because the curves only cover a single
truck weight-to-power (W/P) ratio of 120 kg/kwW (200 Ib/hp). Third, the curves do not capture
the effect of different pavement types, pavement surface conditions, and truck characteristics on
the tuck acceleration behavior. Fourth, the execution of the curves is extremely time consuming
and tedious and could definitely be refined by automating the process.



Speed (km/h)

104 ---- acceleration curve
—— deceleration curve

T T I T T T T

) ) )
05 10 15 20 25 30 35 40 45 50
Grade Length (km)

Figure 1: Highway Capacity Manual Performance Curves (TRB, 2002)

2. RESEARCH OBJECTIVES
The research effort has four objectives:

1. Develop an automated procedure for modeling truck motion on grade sections that would
facilitate the current state-of-the-art procedures for locating truck climbing lanes.

2. Develop procedures for estimating roadway grades using inexpensive WAAS-capable
units.

3. Study the sensitivity of truck motion along grade sections as a function of truck and
roadway characteristics.

4. Expand the domain of application of the HCM and AASHTO procedures to cover other
factors that are currently ignored in these state-of-the-art procedures.

The achievement of these objectives is first realized by developing the TruckSIM software for
identifying locations of truck climbing lanes based on user defined truck, tire, and roadway
parameters. It is envisioned that the software would be of significant assistance to practitioners in
automating truck climbing lane design procedures.

Second, the research develops procedures for estimating roadway grades efficiently through the
use of inexpensive (less than $300) WAAS-capable units. Specifically, kernel smoothing
techniques are developed for estimating roadway grades from WAAS data and are compared
against carrier-phase DGPS grade estimates.

Third, the thesis investigates the impact of pavement type, pavement condition, truck weight, and
truck power characteristics on truck acceleration behavior. It is hypothesized that the truck and
pavement characteristics will significantly affect truck acceleration behavior along grade sections
because of changes in the truck power, rolling resistance coefficients, and the coefficient of
friction. The thesis then expands the domain of application of the HCM truck performance
curves by considering different truck weight-to-power ratios, roadway pavement types, and
pavement conditions.

Fourth, the thesis investigates the impact of truck aerodynamic features, the distribution of mass
along the various vehicle axles, and the engine efficiency on the performance of trucks along



grade sections. The thesis expands the domain of application of the HCM truck performance
curves to consider parameters that are not considered in the current procedures.

3. RESEARCH CONTRIBUTIONS

The significance of this research effort lies in the fact that it develops the TruckSIM software for
locating truck climbing lanes optimally along highway sections. The software, which can be run
on a personal computer, is sensitive to truck, tire, and roadway surface conditions. The software
not only considers the vertical alignment on the motion of the vehicle but also considers the
horizontal alignment on truck motion. Using the TruckSIM software, the research effort
characterizes the impact of truck and pavement characteristics on maximum truck acceleration
behavior. Subsequently, the dissertation develops truck performance curves that are more
reflective of current in-field truck, roadway, and tire characteristics. The proposed performance
curves can be utilized to enhance and facilitate the use of the HCM truck performance
procedures in order to reflect advances in truck engines since the curves were initially developed.
Furthermore, the research extends the HCM truck performance curves by incorporating truck and
pavement characteristics that are not accounted for in the state-of-practice HCM performance
curves.

4. THESIS LAYOUT

In terms of the thesis layout, Chapter 2 presents a detailed synthesis of the literature on the
modeling of truck motion along roadway grade sections and the estimation of truck passenger car
equivalents (PCE).

Subsequently, Chapter 3 describes the TruckSIM software architecture, its input data
requirements, and model output. Initially, the concept of vertical and horizontal alignment
modeling is introduced as they relate to the TruckSIM software. The procedures used to simulate
truck motion and compute vehicle equilibrium speeds (also known as crawl speeds) are
described in detail. Finally, the software is validated using some sample input files.

A key input to the TruckSIM software is the roadway grade. Consequently, Chapter 4
demonstrates how roadway grades can be generated automatically using inexpensive WAAS-
capable units (less than $300). Chapter 4 investigates the potential of using inexpensive WAAS-
capable units to estimate roadway grades. The validation process is executed on the smart road at
the Virginia Tech Transportation Institute (VTTI) by running a test vehicle, equipped with a
WAAS-capable unit and a carrier-phase DGPS unit, at different speeds. Different smoothing
techniques are applied to the WAAS data to better match the carrier-phase DGPS grade
measurements.

Chapter 5 investigates the impact of pavement type and condition on truck performance
considering different truck weight-to-power ratios, weights, and engine powers. The study
demonstrates that for similar roadway and truck characteristics the TruckSIM and HCM truck
performance curves are consistent. However, as demonstrated earlier in Chapter 5, the truck
performance curves that are presented in the HCM are limited in their coverage of the full range
of truck and roadway characteristics. The TruckSIM software is demonstrated to produce truck
performance curves that are consistent with the HCM procedures for a 120 kg/kwW (200 Ib/hp)
truck equipped with radial tires traveling on a fair asphalt surface (Pavement Serviceability Index
between 1.5 and 3.0). Using the software, the sensitivity of truck performance curves to roadway



and truck characteristics are quantified. Subsequently, truck performance curves that are
reflective of in-field truck characteristics are developed. These truck performance curves are
intended to enhance the HCM procedures in locating truck climbing lanes.

Chapter 6 investigates the impact of other parameters on truck motion along grade sections. The
parameters that are considered include tire type, aerodynamic aids, engine efficiency, and
percentage of mass on tractive axle.

Finally, Chapter 7 presents the conclusions of the research effort together with recommendations
for further research.



CHAPTER 2 LITERATURE REVIEW

1. LITERATURE REVIEW ON TRUCK PERFORMANCE

1.1 Application of Truck Performance Curves

As demonstrated before, truck performance forms the basis for highway design and traffic
analysis. For example, truck performance can support LOS determination. According to the
HCM 2000 procedure, the determination process is part of six steps, as illustrated in Figure 1.

EXHIBIT 23-1. BASI FREEWAY SEGMENT METHODOLOGY

Input .
- Geometric dala
- Field-measured FFS or
basa free-flow spead (BFFS)
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Figure 1: Highway Capacity Manual LOS Flow Chart

First, the free-flow speed (FFS) and flow rate are computed. Normally, FFS is achieved by
adjusting the basic free-flow speed (BFFS) while considering a number of factors including the
lane width, number of lanes, interchange density, and lateral clearance. Alternatively, the flow
rate is computed based on the adjusted hourly volume that considers the peak-hour factor, the
number of lanes, the driver population, and the percentage of heavy vehicles. Next, a steady-state

Figure 1 ~ 6, 8 are reproduced from Highway Capacity Manual 2000 by permission of the Transportation Research
Board.
Figure 7, 9 ~ 11 are reproduced from A Policy on Geometric Design of Highways and Streets 2001 by permission of
the American Association of State Highway and Transportation Officials, Washington, D. C.
Equation 30 ~ 32 are reproduced from Transportation Research Record 905 by permission of Transportation
Research Board, National Research Council, Washington, D.C., 1983, pp. 61-68.
Equation 34 ~ 36 are reproduced from Transportation Research Record 1091 by permission of Transportation
Research Board, National Research Council, Washington, D.C., 1986, pp. 10-17.
Equation 5 ~ 6, 22 ~ 29 are reproduced from NCHRP Report 185 by permission of Transportation Research Board,
National Research Council, Washington, D.C., 1978.

5



macroscopic speed-flow relationship is defined, according to pairs of FFS and flow rate. Third,
researchers must determine the specific speed using the defined speed-flow relationship. The
forth step is to compute the traffic stream density using the flow rates and speed. Finally, the
LOS is computed based on the traffic stream density.

In the first step, the flow rate is computed based on the adjusted hourly volume, which considers
the peak-hour factor, the number of lanes, the driving population, and the percentage of heavy
vehicles. According to Eg. 1 (the HCM 2000 Eq. 23-2), the impact of heavy vehicles is
expressed using the term f,, (heavy-vehicle adjustment factor).

Vv
VP: * N\ * *
PHF*N*f,,, *f,

[1]

The use of a heavy-vehicle adjustment factor converts a traffic stream into an equivalent traffic
stream being of only passenger cars. Currently, three types of vehicles are considered to be
heavy vehicles: trucks, buses, and recreational vehicles. The equation to calculate f,,, is Eq. 2.

1

=1 [2]
+ P (Er —1) + Pg(Eq 1)

fiv

According to the HCM 2000, the heavy-vehicle adjustment factor f,, is estimated using a two-
step process. First, the passenger-car equivalent (PCE) E; or Eyis computed by considering
traffic and roadway conditions under study. Next, f,, is calculated using passenger-car
equivalents (E;and Ey ), and proportion of trucks and recreational vehicles (P; and Py ).

According to the HCM 2000, determination of PCE values greatly depends upon understanding
the truck performance along grade sections, due to following reasons. First, heavy vehicles do
not show apparent operating inferiority on level sections, comparing to passenger cars. Second,
as road grade increases, heavy vehicles’ operating capability deteriorates greatly in a pace much
quicker than passenger cars.

Furthermore, considering grade effect on heavy vehicles, the HCM 2000 defines passenger-car
equivalents for three kinds of grade conditions: extended freeway segment, upgrades, and
downgrades. The extended freeway segment is of a set of upgrades, downgrades, and level
segments where no one grade of 3% or greater is longer than 0.25 mi or no one grade of less than
3% is longer than 0.5 mi. For any grade that does not satisfy this requirement, it will be analyzed
separately. It should also be noted that the analysis of such a segment should consider upgrade,
downgrade, and whether the grade is a single and isolated grade of constant percentage or part of
a series of grades and thus constituting a composite grade. Relevantly, the HCM 2000 gives
reference tables for extended freeway segments, specific upgrades, and specific downgrades, as
shown in Figure 2, Figure 3, Figure 4, and Figure 5.

e
: Type of Terzain
Factor Level Rolling Mountainous
Er {trucks and buses) 1.5 2.5 45 °
Eq {RVs) 1.2 20 40

Figure 2: Passenger Car Equivalents for Extended Freeway Segments
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Figure 3: Passenger Car Equivalents for Trucks and Buses on Upgrades
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Figure 4: Passenger Car Equivalents for RVs on Upgrades
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Figure 5: Passenger Car Equivalents for Trucks and Buses on Downgrades

For specific grades that are part of a series of grades, the composite grade will be determined
first. Next, Figure 2 ~ Figure 5 can be used to find out passenger-car equivalents, depending on
whether the composite grade is upgrade or downgrade.

There are two methods to compute the composite grade. One is to compute the total length of the
grade and compute the end point rise of the grade series in order to compute an average grade.
This method is simple and acceptable if all subsections have a grade less than 4% or if the total
length of the composite grade is less than 4,000 ft. For all other situations, the HCM 2000
suggests a second method using truck performance curves and equivalent speeds to determine
the equivalent simple grade for analysis.

The HCM 2000 gives an example to illustrate the suggested method. Suppose a freeway section
is made of two segments. A 5,000 ft long segment with a 2% upgrade is followed by a segment
that is 5,000 ft long with a 6 percent upgrade. Figure 6 summarizes the analysis process.
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Figure 6: Illustration of Composite Grade Determination

First, a vertical line is drawn at 5,000 ft to intersect the 2% deceleration curve at point 1 in order
to compute the speed of the vehicle at the end of the first grade. The truck speed at point 1 is
determined by drawing a horizontal line to intersect with the vertical axis at point 2. The value
read out is 47 mph, which is the speed when the truck exits Segment 1 and enters Segment 2.
Next, a vertical line is drawn from the point 3 to intersect with the horizontal axis at point 4.
Point 4 shows that 47 mph is the speed if the truck has traveled 750 ft along 6% upgrade, from



level terrain. Since the truck travels another 5,000 ft on a 6 percent grade, 5,000 ft is added to
750 ft. At point 5 (5,750 ft), a vertical line is drawn to intersect with the 6% deceleration curve at
point 6. Then a horizontal line is drawn from point 6 to intersect with the vertical axis at point 7.
The final truck speed read out is 23 mph. Now, the equivalent curve could be determined by
intersecting a horizontal line drawn at 23 mph with a vertical line drawn at 10,000 ft. The
equivalent grade is found to be approximately 6%.

The American Association of State Highway and Transportation Officials (AASHTO) published
a green book “A Policy on Geometric Design of Highways and Streets” in 2001. To abbreviate
notation, the term “AASHTO 2001 will refer to the published green book from now on. The
AASHTO 2001 provides truck performance curves, which are slightly different from the HCM
2000 curves. Specifically, the AASHTO 2001 curves cover speeds up to 110 km/h (70 mph) for
deceleration on upgrades.

The AASHTO 2001 performance curves are mainly used in the following three application fields.
The first application field is in the maximum grade design. Specifically, truck performance
curves are used to compute the maximum grade that should be obeyed in order to maintain
certain design speed. For example, for a design speed of 110 km/h, the AASHTO 2001 suggests
the maximal grade should be around 5%.

The second application field is computation of critical length along grade sections. The critical
length is defined as the maximal length of a designated upgrade on which a loaded truck can
operate without an unreasonable reduction in speed. As the length of a grade increases, there is a
higher possibility that their traveling speed will be lower than average traveling speed, given
their inferior operating capability along grade sections. To compute the critical length, several
input parameters are considered. They are size and power of typical truck or truck combination,
truck entering speed, and the minimal speed on the grade. In general safety considerations are the
most important factors determining the allowable minimal speed (AASHTO, 2001). Figure 7
indicates that the accident risk increases significantly when the speed difference between heavy
vehicles and cars exceeds 15 km/h (10 mph).
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Figure 7: Relationship of Crash Rate Vs Speed Reduction

For example, the crash risk for a speed difference of 25 km/h is 2.4 times greater than that for a
15 km/h difference. Thus, from a safety viewpoint, the AASHTO 2001 suggests the maximum
speed difference to be around 15 km/h. Thus, by knowing truck’s entrance speed, its size, and its
power, the critical length can be computed using the AASHTO 2001 performance curves.
Another point worthy of being pointed out is that heavy vehicles often increase traveling speed
prior to enter an upgrade section in order to facilitate grade climbing. The AASHTO 2001
suggests it is left for traffic designers to decide whether considering such an increasing or not.

The third application of the AASHTO 2001 performance curves is design of climbing lanes.
Climbing lanes are provided mainly to overcome heavy vehicles’ inferior operating capability
along upgrades of sufficient length, which impede the surrounding traffic. At first glance, the
design of climbing lanes appears to be similar to design of critical grade length. However on
highways of low traffic volumes only occasional vehicles are delayed by slow heavy vehicles.
Thus, climbing lanes, although desirable, may not be justified from an economical standpoint
even if the length of grade section exceeds the critical length. Consequently, the AASHTO 2001
suggests that the following conditions should be investigated in order to justify the construction
of a climbing lane (AASHTO, 2001):

1. Upgrade traffic flow rate is in excess of 200 vehicles per hour.
2. Upgrade truck flow rate is in excess of 20 vehicles per hour.
3. One of the following conditions exist
a. A 15 km/h or greater speed reduction is expected for a typical heavy vehicle, or

b. Level-of-Service E or F exists on the grade, or
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c. A reduction of two or more levels of service is experienced when moving from the
approach segment to the grade section.

Now the difference between design of climbing lanes and design of critical grade length can be
found by noticing the fact that only the first sub-condition of condition 3 is considered in design
of critical grade length. For computation of Level-of-Service (LOS), the AASHTO 2001
suggests to use the HCM 2000 method.

1.2 Factors Affecting Truck Performance

The HCM 2000 provides truck performance curves in Figure 8. Specifically, the HCM 2000
considers that the speed of heavy vehicles depends on the magnitude of grade and grade length.
The HCM 2000 thinks a typical heavy vehicle being of weight-to-power ratio 120 kg/kW (200
Ib/hp). The HCM 2000 also allows modeling of truck performance along extended freeway
segments or specific grade sections.
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Figure 8: Highway Capacity Manual Truck Performance Curves

Though the HCM 2000 considers grade as the only factor affecting truck performance along
grade sections, the AASHTO 2001 notes vehicle’s weight-to-power ratio should be another
important factor. It shows, though passenger cars’ operating characteristics vary with respect to
grades, that there is a general acceptance that nearly all passenger cars can easily negotiate
grades as steep as 4% to 5% without much loss in speed. However, for heavy vehicles being of
high weight-to-power ratio, special dealing is needed. This includes some compact and
subcompact cars. For heavy vehicles, effect of grades is much more pronounced than for
passenger cars. The AASHTO 2001 shows that, in level terrains, heavy vehicles operate at
almost the same average speed as passenger cars. However, their speed will increase about 5%
along downgrade sections and decrease about 7% on upgrade sections. Additionally, the
AASHTO 2001 also mentions other factors such as vehicle’s aerodynamic features, and skill of
the driver etc. However, the AASHTO 2001 claims that these factors are of minor significance.
Thus, it can be concluded that the AASHTO 2001 is prone to consider the length and steepness
of grade and vehicle’s weight-to-power ratio in order to compute the maximum speed that can be
maintained by heavy vehicles along grade sections.

Similar to the HCM 2000, the AASHTO 2001 provides similar truck performance curves for
analysis of truck performance along grade sections. These truck performance curves are
presented in Figure 9, Figure 10, and Figure 11.
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Figure 11: Performance Curves for RVs on Upgrades (AASHTO 2001)

From Figure 9, Figure 10, and Figure 11, it can be seen that the AASHTO 2001 provides three
groups of truck performance curves: 1) acceleration of heavy vehicles on upgrades and
downgrades; 2) deceleration of heavy vehicles on upgrades; and 3) recreational vehicles on
selected grades. The AASHTO 2001 supposes that the typical heavy vehicle is of 120 kg/kW
(200 Ib/hp). This is exactly the value used in the HCM 2000. It is interesting to notice that the
AASHTO 2001 only provides truck performance curves for 120 kg/kW. The AASHTO 2001
argues that doing this is due to two observations: 1) heavy vehicles of 120 kg/kW have
acceptable operating characteristics from the standpoint of highway users; and 2) the automotive
industry finds 120 kg/kW is acceptable as a minimum goal in the design of commercial vehicles.
But, in case a weight-to-power ratio as high as 120 kg/kW is not appropriate, the AASHTO 2001
suggests a more representative weight-to-power ratio is encouraged.

Gillespie (1985) enhanced the AASHTO method by categorizing the whole population of heavy
vehicles into multiple sub-groups based on weight-to-power ratio. These categories include
trucks, trucks with trailers, tractor-trailers, doubles, and triples. After categorizing, Gillespie
studied truck performance for each sub-group. Similar to the AASHTO 2001, Gillespie only
considered weight-to-power ratio, length and steepness of grade.

In addition to factors such as weight-to-power ratio, length and steepness of grade suggested by
the HCM 2000 and the AASHTO 2001, many researchers (Mannering et al., 1998; Wong, 2001;
Archilla et al., 1996; Fitch, 1994; Rakha et al., 2001, 2002) also investigated other factors like
vehicle’s power, pavement type, pavement condition, etc. For example, Wong (2001) considered
factors such as tire types and gear reduction mechanism. Mannering et al. (1998) also considered
gear reduction mechanism.

1.3 Review of Truck Performance Models

By studying truck performance curves existing in Figure 8, it is found that these curves do suffer
several shortcomings. First, the maximum speed along a level roadway (0% grade) barely
exceeds 90 km/h (55 mph). However, currently most highways in U.S. allow trucks to travel at a
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speed much higher than 90 km/h. Second, these curves indicate that different equilibrium speeds
depend on whether a truck is accelerating or decelerating. This difference in equilibrium speed
estimates contradicts basic vehicle dynamics (Rakha et al., 2001). Third, these truck performance
curves are developed by considering a single weight-to-power ratio of 120 kg/kW. Consequently,
these performance curves do not consider the impacts of different pavement types, pavement
conditions, weight-to-power ratios, tire type, aerodynamic aids, etc. Similarly, the AASHTO
2001 only gives performance curves for only 120 kg/kW and recreational vehicles, as shown in
Figure 9, Figure 10, and Figure 11.

Various truck performance models were developed in order to better understand truck
performance along grade sections. As Gillespie (1985) showed, there are multiple alternative
methods in order to study truck performance such as simulation method, weight-to-effective
power method (effective power refers to power delivered at the flywheel of the engine), semi-
empirical method, acceleration reserve method, and weight-to-drive power method (drive power
refers to power available to accelerate the vehicle). Gillespie also tried to evaluate these existing
methods and find out which method is most preferable. Unfortunately he wrote the sentence “It
is not clear which method more accurately represents actual performance” as a conclusion. Thus,
from this standpoint, it can be seen which method to be used should depend on the applications
themselves. For example, the simulation method provides capability to investigate truck speed
versus time and distance in a very detailed fashion. Thus, the simulation method will be suitable
in mechanics investigation. However, it will not be suitable in real transportation design, given
existing large number of vehicle categories and required long computation time. Thus, for
transportation engineering, methods such as semi-empirical method and weight-to-power method
will be suitable.

1.3.1 Weight-to-Drive Power Ratio Model

When Gillespie (1985) developed the weight-to-drive power model, he asked himself which
simulation method is best to use and which vehicle should be characterized. In order to answer
these questions, data was collected at five sites. According to collected data, Gillespie pointed
out that the method used by HCM of choosing a typical truck is not suitable, because there is no
typical performance representative at all, given the existing large number of vehicle categories.
After studying curves of spatial acceleration versus cumulative percentage collected at five sites,
shown in Figure 12, Gillespie concluded that:

1. Vehicles near the top of the distribution are decelerating very little or not at all. Thus,
these vehicles will not impede traffic flows. Only those vehicles having higher negative
spatial acceleration values will impede traffic flow.

2. The relationship in Figure 12 seems to be linear, starting from the midpoint (almost 50
percentile) to 12.5 percentile.

In general methods that link the truck’s speed loss to its impact on traffic safety and
highway capacity are unable to deal with existing performance variation very well. Thus,
based on the found linear relationship, Gillespie suggested characterizing performance by
both a 12.5 and 50 percentile value. For performance at any other percentile level, it can
be predicted by using linear interpolation (Note: vehicles above the 50 percentile are not
considered because they have less spatial acceleration and then, impede traffic flow less.
Vehicles below the 12.5 percentile are also not considered because they are considered
atypical, and it would be unreasonable to use them as a benchmark for highway design.).
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Figure 12: Probability Distributions of Spatial Accelerations

In addition, when investigating climbing speed and speed deceleration, Gillespie also found that
values suggested by AASHTO were conservative. For example, the climbing speed suggested by
AASHTO should be increased about 3 mph (5 km/h) to match the measured 12.5 percentile level.
Depending on investigation results, Gillespie gave his design method, which could produce
replacement of the truck performance curves suggested by AASHTO. The method could be
summarized as following:

1. Egs. 3 and 4 are used to predict truck performance. Eq. 3 shows relationship between
acceleration and weight-to-driver power ratio. Eq. 4 shows relationship between weight-
to-driver power ratio and speed.

2. Eq. 4 contains two parameters C,,C,.

First, for the 12.5 percentile level, P/W is found for traveling speed 25 mph and 50 mph
(A good match at low speed like 25 mph can ensure final climbing speed is accurate. A
good match at high speed like 50 mph can ensure high-speed acceleration is accurate).
After that, with the two pairs of (P/W,V), we can solve C,,C,for the 12.5 percentile
level. The same step is repeated for the 50 percentile level to find out relevant C,,C, for
the 50 percentile level. As shown above, performance is assumed to be a linear function
of percentile level that passes points of percentile 12.5 and 50. Thus, for other percentile
level, relevant C,,C, can be determined using linear interpolation. After determining
C,,C, for given percentile level, it will be trivial to get the performance curve using Egs.

3and 4.
N _oae5375° L )9
dXx WV \Y [3]
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[4]
where:

P —available power exerted on the tire, hp

W - vehicle weight, Ib

C,,C, — parameters calibrated, using the “typical” truck
V —vehicle speed, mph

dV — speed differential

dX — distance differential

G, —grade fraction (%/100)

g — gravity acceleration

For traffic of one truck type, the given design method now can answer design questions, such as
what the climbing speed is, what the spatial speed deceleration is. For traffic of multiple truck
types, Gillespie suggested a variation based on Egs. 3 and 4 by using linear combination.

In conclusion, the findings in Gillespie’s work could be listed as:

1. Values such as climbing speed and speed deceleration suggested by AASHTO were
conservative.

2. Measurable differences existed between vehicle classes, road classes, and geometric
classes. Thus, performance models should reflect these differences. Gillespie suggested
using a linear function passing performance at the percentile 12.5 and 50, in order to
determine performance at any percentile level.

3. A design method was given, as shown in Egs. 3 and 4. However the design method was
only a good approximation due to lacking of the necessary information to evaluate all
terms. Thus, this left space to use an advanced model for improvement.

1.3.2 Simulation Model

Computer simulation models provide ability to investigate truck performance in details.
Development of these simulation models requires detailed knowledge of automobile dynamics,
pavement dynamics, and their interaction. Given highly coupling characteristics of interaction
between vehicle and pavement, the general method is to decouple the interaction and develop
two different dynamics models for vehicle and pavement. Recently, with advance of computing
technology, there is a tendency to consider vehicle-pavement interaction when developing
simulation models. Because simulation models will be very complicated in form, they are
generally of high research values instead of practice values. Normally such a simulation model
will be simplified in order to be used in transportation engineering.

St. John et al. (1978) investigated acceleration performance of vehicles by using a simplified
model based on SAE-recommended practice. Their research activities covered following aspects:
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1. Investigation of acceleration performance of passenger cars, pickups, and recreational
vehicles.

2. Investigation of truck acceleration performance.

3. Data collection of physical characteristics of mobile-home and modular-house
combinations.

4. Investigation of passing behavior.
5. Investigation of accident involvement rates.

To investigate passenger cars, pickups, and heavy trucks’ performance, St. John et al. chose to
use two different models to simulate passenger cars, pickups, and heavy trucks. For the
passenger cars’ performance model, it supposed that the acceleration capability was a linear
function of speed, as shown in Eq. 5.

a=a,[l—(V/V,)] [5]
where:
a — acceleration capability at speed V on a zero grade

a, — maximum acceleration at a speed near zero
V,, —a pseudo-maximum speed

In addition, two other equations considering effect from vehicle gross weight, aerodynamic aids,
and rolling resistance were given for the maximum acceleration at a speed near zero and the
pseudo-maximum speed.

For the heavy truck’s performance model, a simplified model based on SAE-recommended
practice was suggested, though the final expression was still a bit complicated. The expression is
Eqg. 6.

nv
NV +S,t (A, —A,)

A, =[ 1A,V >V, [6]

where:

A, — effective acceleration, ft/sec?

n — parameter dependent on the range of engine speeds normally employed
V —vehicle speed, ft/sec

A, — power-limited acceleration

S, —one times the sign of A

t, — actual time required to shift gears

A, — acceleration in coasting at vehicle speed V, ft/sec?

V, —maximum speed in lowest speed gear ratio, ft/sec
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Similarly, for A, and A, two other detailed equations were used to express their dependence on
factors such as gross weight, altitude, and grade.

1.3.3 Semi-empirical Model

Various semi-empirical models were developed (Mannering et al., 1998; Wong, 2001; Fitch,
1994; Rakha et al., 2001, 2002; Archilla et al., 1996). Generally this kind of truck performance
models will divide forces applied on trucks into tractive force, aerodynamic resistance force,
rolling resistance force, and grade resistance force. The normal acceleration equation is Eq. 7.
Main differences among semi-empirical models are the specific form of F, R,, R, ,and R .

azith—Ra—Rr—Rg 7
M M

Considering the computation of tractive force, there are two major elements determining final
available tractive force. First, the maximum tractive effort is the maximum friction effort that
pavement could provide to vehicle. If the force that the engine provides is beyond the maximum
friction effort, the additional provided force will merely result in the spinning of tires and not
overcome resistance or accelerate the vehicle anymore. The method of determination of the
maximum tractive force is to use torque balance at the point of front and rear tire. After that,
summation of maximum force existing in front and rear tire will give total maximum tractive
force. Thus, the maximum tractive force is used to set up upper limit of tractive force applied on
tires. In addition, the engine-generated tractive effort will determine actual tractive force. For
vehicle engines, there are two key concepts: engine torque and engine power. Engine power is
the rate of engine work; while engine torque is the work generated by the engine. The
relationship between engine power and engine torque is expressed in Eq. 8.

p_ 2nMn
1000

where:

[8]

P —engine power
M —engine torque
n —engine revolution speed per second

Eq. 8 shows that high torque will be achieved at high engine power. Since high engine power
means engine will rotate at high speed, gear reduction mechanism is added into modern
automobiles in order to achieve high engine power in lower vehicle speed. By using gear
reduction mechanism, vehicle acceleration will be high enough for vehicles to accelerate from a
complete stop. On the other hand, by introducing gear reduction mechanism, tractive effort
reaching the driving wheels will never be the same as tractive effort produced by the vehicle
engine. Thus, this reduction should be considered in truck performance model.

According to Mannering et al. (1998), there are mainly two kinds of reduction introduced by the
gear reduction mechanism. First, the mechanical efficiency of the driveline should be considered.
Normally, it will result in about 5% to 25% reduction of tractive effort. And the reduction is
expressed as coefficient n, . Second is the overall gear reduction ratio, labeled as ¢, . In addition,

Mannering et al. gave EQ.9 to compute tractive force.
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F, = ol [9]
r

However, Mannering et al. did not give any specific form to compute n, and g,, except

showing a range of reasonable values. In addition to give a range of acceptable values
forngande,, Wong (2001) also gave a specific math equation for computation of g. The given

equation shows ¢, has relationship with factors such as tire rolling radius, tire slip, and desired

maximal vehicle speed etc. Furthermore, except discussing gear reduction mechanism of manual
gear transmission and automatic gear transmission, Wong discussed one emerging kind of
transmission — continuous gear transmission. According to his description, “this kind of gear
transmission will improve engine efficiency by providing a continuously variable reduction
ratio” (Wong 2001). Though currently the major transmission mechanisms in U.S. are the
manual gear transmission and automatic gear transmission, it may be worthy to keep a close eye
on the development of continuous gear transmission.

Similarly, Fitch (1994) studied the issue of engine power loss. Fitch concluded that there were
two major power losses. One is due to compensation for the power required to drive all the
engine accessories, such as a fan or generator. The other power loss is due to compensation for
the power loss that occurs in driving through the various gears. Furthermore, Fitch showed that
accurate determination of power loss is preferable and possible if a high degree of accuracy is
required, though Fitch’s research did not give any specific result as Mannering et al. did.

The model developed by Archilla et al. (1996) simply used net power divided by speed to
compute tractive force. Thus, force generated by engine will directly determine tractive force.
The maximum value is not included in computing tractive force, depending on distribution of the
weight of vehicle and the characteristics of interface between road and tire. In addition, power
loss due to gear shift is not considered. Furthermore, Archilla et al. simplified computation of
aerodynamic resistance force, rolling resistance force, and grade resistance force in their work.
However, Archilla et al. seemed to be aware of limitations by doing such a simplification.
Probably, the reasoning is to keep their model not too complex. But, by doing this, the capability
and possibility of considering impacts from different pavement types, conditions, and tire types
etc are limited. Only grade and weight-to-power ratio are considered as factors affecting truck
performance.

Rakha et al. (2001) developed a truck performance model. In their model, tractive force is
expressed as Eq. 10.

F... =9.8066M
P
F, =3600n, [10]

F=min(F,F,.)

Thus, it is found in this model, only the issue of maximum tractive effort was addressed and
solved by introducingF,,, . The issue of power loss due to gear shift was not addressed. Rakha et
al. (2002) propelled their research by considering power loss due to gear shift. They suggested
variable power to be used instead of constant power. They noted that “through choosing variable
power method, the simple model captures the more complicated gear shifting behavior while
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accounting for the buildup of power as a vehicle accelerates from a complete stop” (Rakha et al.
2002). In detail, a coefficient B is introduced to compute F,. Now, F, is expressed as Eq. 11.

o]
F, =36008n— 11
t Bn Y, [11]
B accounts for power loss depending on vehicle speed. It is expressed as Eq. 12.
i(v +1—l),v <V,

B = Vo Vo
LV >V,

V, =1164w 7%

[12]

where:

V, — optimal speed, it is the speed when vehicle power reaches to its maximum value,
depending on vehicle weight-to-power ratio.

Concerning to rolling resistance force, the equation suggested by Archilla et al. (1996) was
similar to what was suggested by Mannering et al. (1998). Both considered that rolling resistance
force is a linear function of weight, except Mannering et al. suggested the coefficient depends
upon traveling speed, while Archilla et al. suggested a constant value as expressed in Eq. 13.
V
R, =0.011+—)W
' ( 44.73) [13]
R, =f W
Wong (2001) pointed out that there are a lot of factors affecting rolling resistance. Among these,
some factors, such as tire materials, are primary factors and should be carefully addressed for

determination of rolling resistance. This is similar to what was suggested by Fitch (1994) and
Rakha et al. (2001, 2002). Fitch expressed rolling resistance as Eq. 14.

_(Cg+C,V)-CrV

Ri 375 [14]
where:

C, =6.10 — static rolling resistance coefficient

C, =0.07 — dynamic rolling resistance coefficient

Cg —road rolling resistance
while, Rakha et al. expressed it as Eq. 15.

R, =9.8066C, (c,V + c3)l [15]

1000
where:

C, —rolling coefficient

c,,c; — rolling resistance coefficients
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Such an expression allows for investigation of pavement type and pavement condition’s effect on
truck performance, which will be seen to be as significant as factors like grade and weight-to-
power ratio.

For aerodynamic resistance force, equations suggested by Mannering et al. (1998), Wong (2001),
Fitch (1994), and Rakha et al. (2001, 2002) are similar to each other. All supposed that it is a
quadruple function of speed, while considering aerodynamic aids condition and vehicle frontal
area. Finally, for grade resistance force, Mannering et al., Wong, Archilla et al., and Rakha et al.
all suggested to express it as a multiplication of weight and grade, while Fitch considered that
speed and drivetrain should also be included.

2. LITERATURE REVIEW ON PASSENGER CAR EQUIVALENTS

2.1 Methodology of PCE Derivation

Passenger car equilibrium factor was first introduced in the HCM 1965. The following was
shown in the HCM 1965.

Trucks (defined for capacity purposes as cargo-carrying vehicles with dual tires on one
or more axles) reduce the capacity of a highway in terms of total vehicles carried per
hour. In effect, each truck displaces several passenger cars in the flow. The number of
passenger cars that each dual-tired vehicle represents under specific conditions is
termed the “passenger car equivalent” for those conditions.

This definition of passenger-car equivalent (PCE) reflects the requirement that same impedance
level should be hold before and after PCE is applied.

Huber (1982) first introduced a method to compute PCE for traffic flow of one type of truck.
Suppose there is a traffic flow, of which percentage p of total traffic flow represents heavy

vehicles having similar vehicle characteristics. Thus, they are considered belonging to the same
heavy vehicle category. If a certain impedance factor is chosen as PCE measure, then the steps to
calculate PCE of heavy vehicle are summarized as:

1. Set up relationship of flow versus the PCE measure for the basic traffic situation, where
all vehicles are passenger cars. Normally, this could be done by using simulation method.

2. Set up relationship of flow versus the PCE measure for the mixed traffic situation, where
percentage p of total traffic are heavy vehicles. Similarly, this could be completed by
using simulation method.

3. For a given PCE measure value, find out value of traffic flow q, for the basic traffic
situation.

4. For the same PCE measure value, find out value of traffic flow g, for the mixed traffic
situation.

As the definition of PCE requires, the same impedance level should be held before and after PCE
is applied, this could be expressed as Eq. 16.

d, =(-p)a, +E,pay,

=E =-]—-1+1 [16]

P Om
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Sumner et al. (1984) expanded Huber’s method to consider traffic flow of more than one type of
heavy vehicles. Figure 13 gives us the idea and it uses vehicle-hours as the PCE measure.
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Figure 13: PCE Computation for Multiple Truck Types

In Figure 13, there are two curves. The dark blue curve is the relationship of vehicle-hour versus
flow when only passenger cars exist. This is labeled “Base.” The brown curve is the relationship
of vehicle-hour versus flow when percentage p of traffic flow is heavy vehicles. This is labeled

“Mix.” The computation steps of PCE for subject vehicles are as follows:
1. Set up relationship of vehicle-hour versus flow for “Base” situation.
2. Set up relationship of vehicle-hour versus flow for “Mix” situation.

3. For a given vehicle-hour, find out traffic flow q, for “Base” situation, using the curve
built in step 1.

4. For the same vehicle-hour, find out traffic flow q, for “Mix” situation, using the curve
built in step 2.

5. Again, for the same vehicle-hour, find out traffic flow q, by replacing Ap of passenger
cars with subject vehicles in “Mix” situation.

Thus, PCE for subject vehicles could be calculated using Egs. 17 and 18.
=(1- E
9y =(1=P)Am +EnPdn [17]
9y = (L-P—-Ap)q;s + Enpqs +E,Apg,
Solving Eqg. 17, one gets Eq. 18.

E, :i[q_b_q_bhl [18]
Ap Qs Qp

I A [19]
P an

It is found that, by replacing g, with q,,, q,, with g,, and Ap with p, Eq. 18 will transform into
Eqg. 19, which is exactly what was suggested by Huber (1982). Thus, this suggested method
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could be viewed as extension of Huber’s method. However, though Huber’s method was
successful in deriving PCE for traffic flow of only one kind of heavy truck, the method
suggested by Sumner et al. was not so successful in deriving PCE for traffic flow of more than
one kind of heavy truck. Demarchi et al. (2003) investigated error of PCE computation
introduced by using Sumner’s method. Suppose there is a mixed traffic stream of passenger cars

and two kinds of heavy vehicles; the heavy vehicle adjustment factor f,,, will be expressed as
Eq. 20.

* 1
f,., =
N 14 py (B, D) +p, (B, -)

:i[q_B_q_B]Jrl [20]
Pr Os  Om2

Ezzi[q_B_q_B]Jrl
P> Us Owm

where:

E,

p, — percentage of type 1 heavy vehicle

p, — percentage of type 2 heavy vehicle

qg — flow rate for a given level of impedance for the base stream

qum; — flow rate for the same level of impedance for the mixed stream of type 1 heavy vehicle
am, — flow rate for the same level of impedance for the mixed stream of type 2 heavy vehicle
gs — flow rate for the same level of impedance for the subject stream

E, — PCE value of type 1 heavy vehicle

E, — PCE value of type 2 heavy vehicle

According to the definition of f,,,, theoretically it should be equivalent to q5/qg. Thus, the

difference & between f,,, and f,, quantifies errors introduced by using Sumner’s method. By
studying the derivation, it is found that § exists mainly due to ignorance of interaction among
different types of heavy vehicles. Demarchi et al. found that & is small when traffic density is
low, but steadily grows larger as traffic density increases. Thus, it is preferable that a new
method catching up interaction among different types of heavy vehicles for high traffic density
will be proposed. In their work, Demarchi et al. (2003) suggested one possible workaround.
Instead of deriving PCE for each type of heavy vehicle and then combining them together to
compute f/,,, an aggregate equivalent factor E_, is used. Thus, f;, could be calculated as Eq.
21.

En = 1p [2—8—1]+1
1+tP2 Qs

21
) ) [21]

f =
™ 14+ (p +p,) (B -D)

23



Through considering all heavy vehicles as a whole, the interaction among different types of
heavy vehicles is now included in the PCE value. However, this method is not perfect either. The
E,, deduced for one traffic composition need not be kept the same for other traffic compositions.

However, Demarchi et al. showed that this method seems to produce less error, in comparison to
Sumner’s method. As they wrote, the most precise method is to directly deduce E,, for the

investigated traffic composition. However this is apparently not practical because of the huge
number of possible traffic compositions. Thus, further studies on the derivation of PCE are still
needed.

St. John et al. (1978) investigated the PCE derivation problem from a different standpoint. At
that time, the PCE was considered to be linear. That means, for a mixed traffic flow with
passenger cars and one type of heavy vehicle, the PCE value is a linear function of the
percentage of heavy vehicles. However, through detailed investigation, St, John et al. illustrated
an example breaking this supposition. They showed that, by replacing 10% passenger cars with
60 ft/sec vehicles, a PCE value 15 will be reached, while the PCE value will be 8.5 if 20%
passenger cars are replaced. To solve this problem they suggested a new PCE derivation method.
The classic derivation method is, by supposing the percentage of heavy vehicles to be P; and the

passenger-car equivalent to be E;, that the heavy vehicle adjustment factor F; is expressed as
Eq. 22.

F; =100/(100 - P; + EP;) [22]
Thus the equivalent passenger-car-only flow rate is computed as Eq. 23.

Qe =Q/F [23]
where:

Qg — equivalent passenger-car-only flow rate
Q - original flow rate

Now, they imagined that heavy vehicles are added to traffic step by step instead of
simultaneously. For each small adding, a new variable is introduced, as expressed in Eq. 24.

3p
=— (E; -1 24
r 100( -1 [24]
Then the equivalent passenger-car-only flow rate is expressed as Eq. 25.
Qg =Q@+T1) [25]

For the next small adding, they considered that, due to the equivalent passenger-car-only flow
rate is Qg, instead of Q, the effective percentage of the second adding should be 8pQ/Qg,. Thus,

this results in Eq. 26:
Qe =QU+T+) [26]
+r

The same pattern will repeat for Q;, Qg, ... Q¢. And, given r is an increment, so a relevant
differential form could be written as Eq. 27.
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dr

AQe = 5755 [27]
Solving Eq. 27 will give way to Eq. 28.

Qe = Q(L+2r)"?

r:lF’TTO(U_l) [28]

Here, the symbol v is different from above E;. St. John et al. called v as equivalent kernel.

Furthermore, St. John et al. suggested a more generalized form for traffic flow of more than one
type of heavy vehicles as Eq. 29:

n Pi
r= ém(ui 1) [29]

2.2 Measures of PCE

Though Sumner’s method is not perfect, it and Huber’s method are still the most frequently used
PCE derivation methods. In order to use them, the PCE measure criteria must be set up. Roess
and Messer (1984) tried to find out which PCE measure is best? Though no final answer was
achieved, they provided some useful suggestions.

1. The equal speed concept should be most relevant. Roess et al. (1984) further showed that
PCE values should relate the same performance parameters as those for level of service
criteria. Thus, accordingly, PCE should depend on equal density for uninterrupted traffic
flow because density is the principal parameter defining level-of-service (LOS).

2. The spatial headway approach is also of some interest.

3. Volume-to-capacity ratio should be another possible candidate. There are two reasons for
this: 1) Volume-to-capacity ratio directly relates to speed and density; and 2) Volume-to-
capacity ratio is still important information being considered in traffic engineering.
However, using volume-to-capacity ratio will blemish illumination of level-of-service,
because it does not relate to LOS.

From their discussion, it could be found that selection of PCE measures should reflect the criteria
for LOS. For example, most researchers agree that the PCE measures for cost allocation will not
necessarily be same as that for capacity analysis. Similarly, the PCE measures for highways will
not necessarily be same as that for freeways, given their criterions for LOS are not same. In
addition, determination of PCE measure can also be affected by other factors such as data
collection method. Given there is a huge number of PCE measures available, selection of PCE
measure is normally a tradeoff.

2.2.1 PCE Based on Number of Passing Cars

This method is called the Walker method. It was first mentioned by Norman (1939) and Wardrop
(1952), but was named for the man applying it in the HCM 1965 to compute PCE for two-lane
highways. Basically, with knowing speed distribution of passenger cars and trucks for a given
flow rate on specific grade section, PCE is expressed as the number of overtaking to be
performed per mile, if each vehicle keeps its normal speed. There is an underlying supposition in
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the Walker method. It always supposes that there is no impedance when faster vehicles pass
slower vehicles. Apparently, such a supposition will be correct for under-saturated traffic
conditions, while it will not be true for oversaturated traffic conditions. Thus, in general, the
Walker method should be used together with other PCE computation methods that are suitable
for oversaturated traffic conditions.

2.2.2 PCE Based on Delay
Generally, in this method, PCE is computed as Eqg. 30.

Dy - Dbase

PCE = [30]

where:

D; — delay that passenger car will suffer following heavy truck before a successful pass.
D,.. — delay that passenger car will suffer following passenger car before a successful pass.

It is meaningful and interesting to compare it to the Walker method. The Walker method uses
number of overtaking to compute PCE, by supposing there is no impedance when faster vehicles
pass slower vehicles. As already discussed, such a supposition will not be valid for oversaturated
traffic conditions. On the other side, the method of PCE based on delay uses delay to compute
PCE. It can be seen that, in under-saturated traffic conditions, faster vehicles will not suffer delay
before a successful pass in general. That means the method of PCE based on delay will not be
valid for under-saturated traffic conditions. So, considering each method’s fortes and
shortcomings, it will be a good idea to use the Walker method for under-saturated traffic
conditions and the method of PCE based on delay for oversaturated traffic conditions together.
This is what Craus et al. (1980) adopted when studying PCE for two-lane highways. Cunagin et
al. (1983) also used this combination to study PCE for two-lane highways. The equations utilized
are Egs. 31 and 32.

PCE,; = (OT, /VOL,)/(OT pc / VOL 5 ), Tor under-saturated traffic condition [31]

PCE,; = (OT, /VOL,)[(1/ TSSP) — (1/ MPCSP)]/(OT pc / VOL |5 )[(1/ AVCRSP) — (1/ MPCSP)] , for

oversaturated traffic condition [32]
where:

PCE, — PCE of vehicle type .

OT, — number of overtaking of vehicle type i by passenger cars per mile per hour.
VOL, — volume of vehicle type i per four.

OT,,c — humber of overtaking of lower-performance passenger cars by other.
VOL ,. — volume of lower-performance passenger cars per hour.

TSSP — mean speed of mixed traffic stream.
MPCSP — mean speed of traffic stream with only higher-performance passenger cars.

AVCRSP — mean speed of traffic stream when it contains only passenger cars.
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2.2.3 PCE Based on Speed

There are several forms, depending on how speed is measured? The most frequent form is to
compute PCE that results in the same average operating speed for the whole traffic. For example,
Messer (1983) used this kind of measure when studying two-lane two-way rural highways.

Another frequent used form is to compute PCE that results in the same average operating speed
for passenger cars only. Huber (1982), St. John et al. (1978) used this form to study PCE.
Especially, Huber studied three PCE measures: average traveling speed, total travel time, and
average traveling speed for passenger cars only. Some suggesting results are achieved. First, it is
shown that PCE values will increase as percentage of heavy vehicles increases. This is
reasonable because high percentage of heavy vehicles means frequent interaction among heavy
vehicles and passenger cars. Second, it is shown that PCE value decreases as flow rate increases
if average traveling speed is used as PCE measure, while it increases as flow rate increases if
total travel time is chosen as PCE measure. Which one is correct? It should be intuitive that
higher flow rate should mean frequent interaction among heavy vehicles and passenger cars.
Depending on this, higher PCE value should exist for high flow rate. Or, at least, it keeps
constant as flow rate increases. However, there exists an argument about whether PCE will be
kept constant over flow rate or not. Supporters of the point show two reasons. First, this will
economize the field or model data needed. Second, it implies that fundamental relationship does
not change in form between the car-only and mixed flows. Since Huber (1982) only used the
Greenshield model in his work, these conclusions should be only viewed as intuitive and must be
validated through a lot of in-field data validation.

The third form is to consider the relative rates of speed reduction related to each vehicle type. It
was invented by Van Aerde and Yagar (1984) when they studied two-lane two-way rural
highway’s PCE in Ontario, Canada. A multi-linear function is constructed to estimate the free-
speed and the speed-reduction coefficients from various percentile speeds as Eq. 33.

Percentile _Speed = Free _Speed + C1* Number _of _Cars+ C2* Number _of _Trucks +

C3* Number _of _Recreational _Vehicles+ C4* Number_of _Other _ Vehicles+ [33]
C5* Number _of _Opposing_ Vehicles

Then, PCE for vehicle type n is computed as C,, /C,.

2.2.4 PCE Based on Time Headway

As we know, the microscopic time headway is reciprocal of the macroscopic average traveling
speed. Thus, as a variant of PCE based on speed, some researchers use the microscopic time
headway instead of speed to compute PCE values. For example, Krammes et al. (1986) used time
headway to investigate PCE on level freeway segments. In their work, they set up a theoretical
basis after reviewing up-to-date PCE methods. The set-up PCE principles include two aspects.
One is that PCE should base on parameters used to define LOS. The second is that PCE
formulation should be expressed in terms of variables that reflect relative importance of three
factors, which contribute to the overall effect of trucks. The three factors are:

1. Heavy vehicles occupy larger space than passenger cars.
2. Heavy vehicles have inferior operating characteristics, comparing to passenger cars.
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3. Heavy vehicles have a physical impact on nearby vehicles and a psychological impact on
drivers.

What the second principle means is that a heavy vehicle’s impact on traffic flow is a combination
of inferior operating characteristics and road characteristics. For example, in a two lane rural
highway, a heavy vehicle’s inferior operating characteristics will have a big impact on traffic
flow. The reason is that there is less possibility for faster vehicles to successfully pass slower
vehicles. Furthermore, there exists impact coming from opposite traffic flow, which is rare in
highways. Another example is heavy vehicles will show almost the same speed as passenger cars,
in level terrain. Speed difference will become larger as roadway grade becomes steeper.

Depending on the set-up theoretical principles, Krammes et al. (1986) evaluated three PCE
measures: 1) constant volume/capacity ratio; 2) equal density method; and 3). spatial headway
approach. The constant volume/capacity ratio is banished because it is not the criteria of LOS for
level freeway segments. Thus, the first principle is not satisfied. At that time, the primary
criterion of LOS for level freeway segments is density; while the secondary criterion is average
traveling speed. The equal density method is not considered because of two reasons. One is an
equivalent density does not mean an equivalent average traveling speed. Thus, the secondary
criterion of LOS is not satisfied. Furthermore, density in LOS, according to HCM, is used to
represent the freedom to maneuver within the traffic stream. Thus different speed should require
different degree of freedom to maneuver. The “density” will not be the average density, but the
relative “density” that makes drivers feeling same in term of freedom to maneuver.

Depending on these observations, Krammes et al. suggested using the time headway approach
and a transformation from Huber’s equation, using headway as independent variable, is used to
investigate PCE for traffic flow of passenger cars and one type of heavy vehicles as shown in Eq.
34.

PCE:l[q—B—1}+1
p

Am
3600
h
pcE =L M 149
p| P

h, is the average lagging time headway for the basic traffic flow. For the mixed traffic flow,

headways are divided into four categories: passenger car followed by passenger car, passenger
car followed by heavy vehicle, heavy vehicle followed by passenger car, and heavy vehicle

followed by heavy vehicle. h,, is expressed as a weighted average lagging time headway as Eqg.
35.

hu =@=p)*hy, +pA=p)hy, +pE-phy, +p*hy, [35]

By replacing h,, in Eq. 34 and supposingh, =h,, , the final equation is Eq. 36.

1-p)thy, +hy —-h +ph
E [@-p)( My, hM,p Mpp) phw, ] [36]
M

pp
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Similarly, based on work of Krammes et al., Tanaboriboon et al. (1990) investigated PCE
existing in Thailand as a byproduct of capacity studying. The above shown equation was used in
their work.

2.2.5 PCE Based on Density

Webster et al. (1999) investigated PCE existing on basic freeway sections by using density as the
PCE measure. This should be the most standard PCE measure, since density is the measure of
effectiveness (MOE) used to define level of service (LOS) for freeways (TRB, 1994).

2.2.6 PCE Based on Vehicle-Hours

This method was used by Sumner et al. (1984) to study PCE values for cost allocation on urban
arterial roads. Since their research emphasis was cost allocation, it will be not necessary to use
those PCE measures for capacity analysis. The reason is that normally cost allocation has a
different definition of road usage than capacity analysis. In their work, Sumner et al. stated that a
suitable PCE for cost allocation should reflect three things:

1. PCE values should reflect total usage of the road, not merely traffic behavior at an
intersection.

2. PCE values must reflect effect caused on other road users, as well as its own usage on the
road.

3. PCE values must account for temporal variations throughout the day. Heavy vehicles will
have bigger impact in peak hour and smaller impact in non-peak hour.

Normally, capacity at arterial roads is expressed as the maximum number of vehicles that could
pass it in a unit time. Thus, the utilization of an arterial road could be expressed as vehicle-hour,
which is product of number of vehicles and time spent by those vehicles. By introducing heavy
vehicles, additional traveling time will be added because of not only their inferior operating
characteristics, but also their high possibility of stopping in intersection and impact on other
nearing vehicles. Based on these discussions, the additional vehicle-hour is chosen as PCE
measure. In addition, Sumner et al. found that vehicle-hour is coincident with density to some
extent. If vehicle-hour is collected in a 1 km long road with period being 1 hr, then vehicle-hour
could be flow rate divided by average speed, which is traffic density.

2.2.7 PCE Based on Travel Time

In this method, PCE for heavy vehicles is expressed as ratio of heavy vehicle’s total traveling
time to passenger car’s total traveling time. Keller et al. (1984) used this method to study PCE on
urban arterial networks. As the HCM 2000 indicates, LOS in arterial networks is evaluated by
using average delay. By introducing low performance vehicles, average delay will apparently be
increased. Based on these discussions, PCE is computed as the ratio of total travel time of heavy
vehicles to passenger cars.

In their work, Keller et al. used TRANSYT/7N for network simulation to find out travel time.
Further, they divided vehicle travel time into three parts: uniform delay, random delay, and input
travel time. The uniform delay is expressed as the additional travel time when vehicles do not
travel at free speed. It is computed as Eq. 37.
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N mt
du = CZW [37]
t

where:
du — uniform delay in vehicle-second/cycle
C - cycle length in seconds

m, — queue length during interval t, in vehicles

N — number of steps in the cycle

Since TRANSYT/7N did not distinguish uniform delays among different types of vehicles, they
introduced a weighting factor to adjust uniform delay for different types of vehicles. The
weighting factor is computed as a ratio of time headway of subjective vehicle to time headway of
base vehicle. The time headway is the sum of time to traverse the vehicle’s own length plus the
distance to the preceding vehicle. The final equation is expressed as Eq. 38.
k
L\i +2
Vi
Wdu = LVb [38]
+2

Ve

where:
W,, — weighting factor for uniform delay
LV® — length of base vehicle

V¢ — free flow speed of base vehicle

LV¥* — length of vehicle type k
V§ — free flow speed of vehicle type k

The random delay is expressed as Eq. 39.

15T
S
where:

dr =22 fq-S+[(q-5) +24o%]“2} [39]

dr — random delay in vehicle-second/cycle
q — traffic flow, in vehicle/second/cycle
S — saturation flow rate, in vehicle/second of green phrase

T - simulation time

Similar to the uniform delay, a weighting factor is also introduced to account for different
vehicle types. To simplify computation, the weighting factor is expressed as the ratio of time
required for subjective vehicle to completely clear the intersection to time required for base
vehicle. Thus, the math equation is Eq. 40.
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dr —

[40]

(LV* +W)a e
(LV® +w)a

max,k
where:
W, —weighting factor for random delay

LV® — length of base vehicle

a — maximal acceleration of base vehicle

max,b

LV* — length of vehicle type k

a — maximal acceleration of vehicle type k

max,k
w — length of intersection, normally it is taken as 40 ft (12.15m)

Finally, the input travel time is expressed as time needed to travel the link without interaction
from nearing vehicles. By using a simple constant-acceleration speed versus distance equation,
this part of travel time is expressed as Eq. 41.

_ (V) + (2ay, )+ LVY)

TUK 41
I Zamaxv:‘( [ ]
Now the final total travel time for vehicle type k is computed in Eq. 42.
n n K % K %
Tisk d | d q 12l
TRK = > - ltji —ar
q
where:

TT¥ — total weighed travel time for vehicle type k
TR — TRANSYT/7N computed travel time for vehicle type k in link i

q“ — volume of vehicle type k

n —number of links

2.2.8 PCE Based on Platooning

Van Aerde et al. (1984) investigated PCE based on platooning. In their work, they expressed
PCE in terms of both leaders and followers. When PCE is expressed in terms of leaders, PCE is
computed based on the ratio of percent leads by vehicle type to percentage of total main-line
traffic count by vehicle type. When PCE is expressed in terms of followers, first a linear
regression equation is introduced as Eq. 43. Eq. 43 sets up a linear relationship between total
number of followers and vehicle number for different types. Then PCE for type n is expressed
as B, /B,. This method is mainly used in two-lane highways, instead of multi-lane highway and

freeway. This is because it is relative difficult to fire a successful pass in two-lane highways so
that platooning is in a high propensity.
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Number _of _followers = Al+ B1*Cars + B2* Trucks +
B3* Recreational _ Vehicles+ B4* Other _ Vehicles + [43]
B5* (Opposing _ Vehicles, Main _ Line _ Vehicles)

2.3 Factors Affecting PCE

The HCM 2000 divides heavy vehicles into two categories: trucks including buses and RVs.
Furthermore, for extended freeway segments, the terrain is classified as level, rolling, and
mountainous. And relevant PCE values are given for each of the six combinations. In addition,
for specific grades that should be considered as a separate segment, PCE values are given
considering the four factors: heavy vehicle type, length of segment, grade of segment, and
percentage of heavy vehicles, as shown in Figure 2 ~ Figure 5. Thus, it can be concluded that the
HCM 2000 considers four factors: heavy vehicle type, length of segment, grade of segment, and
percentage of heavy vehicles to determine PCE values.

Roess et al. (1984) studied PCE for uninterrupted flow, by considering three weight-to-power
ratio values: 100 Ib/hp, 200 Ib/hp, and 300 Ib/hp. Specifically, a typical truck in truck population
is represented by 200 Ib/hp. A light truck is represented by 100 Ib/hp, while a heavy truck is
represented by 300 Ib/hp. Apparently, Roess et al. noticed that weight-to-power ratio will affect
PCE values and tried to use multiple weight-to-power ratios to catch up differences though their
division seemed to be relative rough. Huber (1982) suggested using up to 15 vehicle categories
in order to distinguish truck performance difference for PCE study.

Cunagin et al. (1983) investigated PCE for rural highways by dividing affecting factors into three
categories: geometric factors, vehicle performance factors, and traffic flow factors. For
geometric factors, three sub-categories: level, moderate, and steep are considered based on grade.
For vehicle performance factors, Cunagin et al. suggested to classify vehicles into 14 categories.
This is very similar to what Huber (1982) suggested. Finally, for traffic flow factors, different
traffic conditions are distinguished based on LOS.

Elefteriadou et al. (1997) used a simulation method to study PCE values for freeways, two-lane
highways, and arterials. The chosen simulation model is NETSIM. The PCE measure is speed. In
their work, Elefteriadou et al. studied variables such as flow rate, percentage of truck, truck type,
grade, and length of grade. They found that:

1. For freeways and highways, major difference in PCE occurs for longer and steeper grades.
However, no similar conclusion is drawn for arterial, because NETSIM does not allow
grade consideration for arterials.

2. As flow rate increases, PCE remains almost unchanged or displays a slight decrease for
low performance vehicles in freeways. For arterials and two-lane highways, no
discernible relationship is found between PCE and level of flow rate.

3. Concerning to percentage of truck, PCE remains unchanged, or sometimes increases 1 to
5 units when percentage of truck increases. For two-lane highways, no discernible
relationship is found. For arterials, PCE normally decreases as percentage of truck
increases.

4. Vehicle’s weight-to-power ratio and vehicle length will always affect vehicle’s PCE
value
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Later on, Webster et al. (1999) did a similar research for basic freeway sections. This time, the
simulation model is FREESIM. The chosen PCE measure is density. In order to effectively
compare to HCM and investigate variables’ impact, eight independent variables were included,
namely grade steepness, length of grade, number of lanes per direction, free flow speed,
percentage of trucks, traffic flow rate, weight-to-power ratio, and truck overall length. Webster et
al. found:

1. PCE is sensitive, to some degree, to all eight variables.

2. PCE tends to increase with an increase in traffic flow rate, free-flow speed, grade, and
length of grade and decrease with an increase in truck percentage and number of lanes.

It is interesting to compare this to Elefteriadou’s thought, “PCE remains unchanged or
even decrease (by 1 unit) as flow rate increases, especially for low performance trucks”.
St. John et al. (1978) made a similar conclusion that PCE remains almost unchanged with
relate to flow rate. In addition, though Roess et al. (1984) found PCE increases as flow
rate increases, they did suggest not consider impact of flow rate. Their arguments were: 1)
considering PCE as a function of flow rate will greatly complicate PCE computation; 2)
no distinguishable change of PCE for different flow rates in steep grades; and 3) minor
design benefit is achieved for such a consideration.

3. Truck weight-to-power ratio and overall length have a stronger influence on PCE for long
and steep grades than on level sections.

4. A change in the number of lanes on long and steep grades resulted in a change of PCE
less than 0.5, for the worst performance truck type.

5. A change of free flow speed on long and steep grades resulted in a change of PCE less
than 0.5.

6. Changing each of the other six variables considered on long and steep grades resulted in a
change in PCE for the lowest performance truck type of minimum of 0.65.

Based on their findings, Webster et al. suggested that freeway’s PCE should be considered as a
function of weight-to-power ratio, overall length, percent grade, length of grade, percentage of
trucks, and traffic flow rate.

In conclusion, there are a lot of discussions about which factors should be considered to affect
PCE. For example, the classical disputation on the side of flow rate. Thus, further research is still
needed. However most researchers agree that vehicle operating characteristics, grade steepness,
length of grade, and percentage of trucks are the most important factors and should be always
considered for PCE computation. This is similar to what the HCM 2000 proposes, yet the HCM
2000 does not consider several important factors, such as vehicle weight, pavement type, and
pavement condition.
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CHAPTER 3 TRUCKSIM FRAMEWORK FOR DESIGNING TRUCK
CLIMBING LANES

Hesham Rakhat, and Bin Yu2, to be published at the Journal of Transportation Engineering, ASCE

ABSTRACT

The paper describes the TruckSIM framework for modeling vehicle motion along roadway sections
by considering both the longitudinal and lateral forces acting on a vehicle. In doing so, the tool
reflects the impact of horizontal and vertical alignment on a vehicle’s longitudinal motion. The
model is capable of reading Global Positioning System (GPS) (longitude, latitude, and altitude),
roadway, and vehicle data. The paper demonstrates the validity of the software modeling
procedures against field data and the Highway Capacity Manual (HCM) procedures. It is
anticipated that by automating the design procedures and considering different vehicle and
roadway characteristics on truck motion, the TruckSIM software will be of considerable assistance
to traffic engineers in the design of roadways.

Keywords: American Association of State Highway and Transportation Officials (AASHTO),
truck climbing lane design, Global Positioning Systems, Highway Capacity Manual (HCM), Level-
of-Service (LOS), truck modeling.

1. INTRODUCTION

This paper describes a microscopic vehicle simulation software designed to simulate the motion of
vehicles along roadway sections. The software builds on a vehicle dynamics model that is
described by Rakha et al. (2001) and Rakha and Lucic (2002) and applied to light duty vehicles by
Rakha et al. (2004). Specifically, the model considers two propulsive forces: the engine tractive
force and the maximum frictional force that can be sustained between the tractive axle tires and the
roadway surface. Furthermore, the model considers three resistance forces: aerodynamics, rolling,
and grade resistance. Unlike state-of-the-practice vehicle dynamics models, the model also
accounts for power losses associated with gear shifts. Finally, the model considers the effect of the
centripetal force on a vehicle’s motion. The software’s detailed consideration of various vehicle
longitudinal and lateral forces deems this computerized software ideal for locating and designing
truck climbing lanes.

The paper initially provides a brief overview of roadway geometric design and vehicle dynamics
modeling procedures within the context of modeling vehicle longitudinal motion. Subsequently, the
structure of the TruckSIM software is described together with the data input and output fields.
Finally, the model is validated against field data and the HCM 2000 procedures.

1 Charles Via Department of Civil and Environmental Engineering, Virginia Tech, 3500 Transportation Research Plaza
0536), Blacksburg VA, 24061. E-mail: hrakha@vt.edu.

2 Virginia Tech Transportation Institute, 3500 Transportation Research Plaza (0536), Blacksburg VA, 24061.
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2. BACKGROUND

The geometric design of a highway is a three-dimensional problem that is typically divided into
two separate two-dimensional problems, namely: a vertical and horizontal alignment problem. The
horizontal alignment problem emphasizes the design of the directional transition of the roadway in
a horizontal plane, while the vertical alignment problem emphasizes the design of the roadway
elevation. The main purpose of a vertical alignment is to provide an acceptable level of travel
safety and proper drainage functionality. Alternatively, the purpose of the horizontal alignment is
to provide a transition between two straight sections of roadway. This section provides a brief
overview of the vertical and horizontal alignment problems, as they pertain to the longitudinal
motion of a vehicle.

2.1 Vertical Alignment

Roadway grades have a diverse effect on vehicle speeds, depending on vehicle and roadway
characteristics. For example, passenger cars can generally negotiate grades of 5 percent or less
without considerable reductions in vehicle speeds, while heavy-duty trucks are affected
significantly by grades because of their inferior operating capability. Consequently, due to the
potential significant speed differential between automobiles and heavy-duty trucks, these trucks can
have a significant impact on the quality of flow, throughput, and safety of a traffic stream. Truck
climbing lanes are typically constructed in an attempt to lessen this negative impact. The AASHTO
Policy on the Geometric Design of Highways and Streets (2001) indicates that the crash rate along
a roadway increases significantly when a truck speed reduction exceeds 16 km/h, with the
involvement rate being 2.4 times greater for a 25 km/h reduction in comparison to a 16 km/h
reduction. On the basis of these relationships, AASHTO recommends that a 16 km/h reduction
criterion is used as the general guide for determining critical lengths of grades and for locating
truck climbing lanes. The AASHTO Policy on the Geometric Design of Highways and Streets
(2001) also indicates that “on highways with low volumes, only an occasional car is delayed, and
climbing lanes, although desirable, may not be justifiable economically even where the critical
length of a grade is exceeded.” Consequently, the following criteria are used to justify climbing
lanes: (1) upgrade traffic flow rate is in excess of 200 veh/h; (2) upgrade truck flow rate is in excess
of 20 veh/h; and (3) either a 16 km/h or greater reduction in speed is expected for a typical truck, or
LOS E or F exists on the grade, or a reduction of two or more levels of service is experienced when
moving from the approach segment to the grade segment. Certainly, the location of a truck
climbing lane will also depend on factors such as the vehicle’s entering speed, roadway profile,
vehicle engine parameters, tire characteristics, and pavement type, etc.

Currently, the AASHTO and HCM procedures only consider the tangent vertical profile grades in
the design of climbing lanes and do not capture the impact of vertical curvature on truck
performance. The HCM provides an example demonstration (illustrated in Figure 1) of the
procedures required to analyze a multiple-grade section. The steps that are required to analyze the
test section are summarized in Figure 2. Specifically, the starting point of analysis is identified as
the intersection point between the 2-percent grade truck performance curve with the Y-axis. The
truck’s speed at the conclusion of the 1,524m 2-percent grade section is identified as point 2. Point
3 is then identified as the point with the same speed coordinate as point 2 but on the 6-percent truck
performance curve (intersection of a horizontal line drawn through point 2 with the 6-percent
curve). Lastly, the final vehicle speed is determined by drawing a vertical line that is offset 1,524
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meters to the right of point 3 intersecting with the 6-percent truck performance curve (point 6), and
found to be 37 km/h. The equivalent composite grade is computed to be 6 percent by intersecting a
horizontal line drawn at 37 km/h with a vertical line drawn at 3,048 meters (point 8).

In this simple example illustration two issues are worthy of further discussion, namely: the
equivalent composite grade and the modeling of vertical curves. The importance of an equivalent
composite grade lies in its usage in computing truck passenger-car equivalents, which are then used
to calculate heavy-vehicle adjustment factors for the design and computation of highway capacity
and Level-of-Service (LOS). The HCM 2000 provides passenger-car equivalents for specific
downgrade and upgrade sections. However, for composite downgrades and upgrades, passenger-
car equivalents are determined using the equivalent composite grade. In the HCM 2000, two
methods are suggested for computing an equivalent composite grade. The first method is called the
average grade technique where an equivalent composite grade is computed by dividing the change
in elevation over the length of the entire section between the start and end points by the section
length. This simple procedure is imprecise especially if grades are steeper than 4 percent or if the
total section length is longer than 1,219 m. The second method uses the truck performance curves
to compute an equivalent composite grade, as was described in the earlier example illustration.
Obviously, the second method is preferable to the first method; however it does require significant
manual computation, as was demonstrated in the example illustration. Consequently, the TruckSIM
software offers a considerable enhancement to the state-of-practice procedures by automating the
HCM and AASHTO procedures for computing the equivalent composite grade.

The simple example illustration that was described earlier only considers the tangent roadway
connections of the vertical profile and ignores the vertical curvature between these grade sections.
In practice, vertical curves are constructed to provide a smooth transition between two grade
sections. In doing so, they provide an acceptable level of travel safety and proper drainage
functionality. The existence of vertical curves may not affect the vehicle’s equilibrium speed, but
may affect the location and length of climbing lanes. For example, consider the crest vertical curve
that is illustrated in Figure 3. If one only considers the tangential grade sections and ignores the
vertical curvature, the speed of the vehicle will be under-estimated.

When considering a vertical alignment of a roadway, there are three types of sections that may be
considered, namely: grade sections, crest vertical curves, and sag vertical curves. The vertical
curves can be characterized by 3 points, as illustrated in Figure 3. These points include the Point-
of-Vertical-Curve (PVC), which is the initial point on the vertical curve; the Point-of-Vertical-
Tangent (PVT), which is the end point of the vertical curve; and the Point-of-Vertical-Intersection
(PV1), which is the point of intersection of the entry and exit grades. Using the standard variable
terminology, G; refers to the entry grade and G; refers to the exit grade. In general, a positive grade
refers to an upgrade, while a negative grade refers to a downgrade. If the PVI is located midway
along the curve, the curve is termed an equal tangent curve. Typically vertical curves are described
using parabolic functions as

f(x) = ax>+bx +¢c [1]

where f(x) is the elevation of the roadway at any distancex along a horizontal axis from the PVC

and a, b, and c are constants, as shown in Figure 3. It should be noted that the parabolic function
ensures a constant rate of change of grade along the entire vertical curve. By making the first order
derivative of the function f(x), the roadway grade can be expressed as
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df _
d—X-Zax+b. [2]

Recognizing the boundary conditions, the constants a, b, and ¢ can be solved for. For example, the
grade equals the initial grade G, at the PVVC (i.e. at x = 0), grade, the grade at the end of the curve (x
= L where L is the length of the curve) equalsG,, and the altitude of the initial point equals the
altitude of the PVT (f(0)=Ypyc ). Using the above identified boundary conditions the following
relationships may be derived.

f(0) = ¢ =Ypvc

df (0

_dg(): =G [3]
df (L G,- G

%:z,mw:zauel:e2 =>a-= 22L1

The roadway elevation and grade at any distance x can be computed as

f(x) = Gzz-—LGlXZ +GX + Ypye

G- Gy
L

[4]

GX: X+Gl

2.2 Horizontal Alignment

In the case of horizontal alignment, the objective is to compute the horizontal radius and roadway
super-elevation to maintain a desired maximum speed. The super-elevation represents the grade of
the roadway surface in the lateral direction, which is introduced in order to allow vehicles to travel
at higher speeds without sliding off the roadway in the centrifugal direction. However, the super-
elevation should not exceed 10 percent, or vehicles will be prone to sliding in the centripetal
direction. Mannering et al. (1998) derive the relationship between horizontal radius, traveling
speed, and super-elevation as

V2
R = f+—e, [5]
g(fs m)

whereR is horizontal radius (m), v is the vehicle’s traveling speed along the horizontal curve (m/s),
g is the gravity acceleration (9.807 m/s®), s is the coefficient of side friction, and e is the horizontal
curve super-elevation. Positioning methods, such as Global Positioning Systems (GPS) can be used
to estimate the horizontal curve radius, as will be described later. However, there is no direct
procedure for estimating the roadway super-elevation in the field other than analyzing the roadway
design plans. Mannering et al (2004) provide typical values for the side friction coefficient that
vary as a function of the vehicle speed, as illustrated in Table 1. These typical values are used to
generate a polynomial relationship between the coefficient of lateral friction (dependent variable)
and the vehicle speed (independent variable). Figure 6 illustrates the proposed polynomial
relationship derived as part of this research effort, which is based on data provided by Mannering et
al.(2004).
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3. OVERVIEW OF TRUCKSIM LoOGIC

This section describes the logic of the TruckSIM software in terms of modeling vertical alignment,
horizontal alignment, and vehicle dynamics.

3.1 Vertical Alignment

The current implementation of the TruckSIM software only models equal tangent vertical curves
because they represent the majority of in-field curves. The TruckSIM software models the vertical
curves using two approaches. The first approach uses the parabolic function that was described
earlier. The second approach considers a circular function to express the vertical curve. The
elevation is expressed as a function of the arc distance from the PVC. The roadway grade is
computed using a method similar to the first order Euler approximation. For example suppose a
vehicle is at point A at timet;. , and travels to point B at timet; , as shown in Figure 4. The roadway
grade at any distance x from the PVC G, can be computed as a;+I/r and the change in altitude A h
between points A and point B is computed as

I a | |
a3:?,a4:a1+?=al+—r,Gx :az :a1+a3:a1+—

i a ::1 I I [6]
Ahy = Lag sin(a,) = 2L g sin(a,) = 2rsin(73) -sin(a, +73) =2r sin(2—) -sin(a, +2—)
r r

where | is the length along the vertical curve between points A and B (m), Lag is the length of the
line connecting points A and B (m), and Lag is the length of the line connecting points A and G (m).

Equation [6] is valid only when the entry grade a; is larger than zero and the grade and altitudes
increase as the vehicle travels along the roadway (Case 4 in Figure 5). A total of four basic cases
are considered, as illustrated in Figure 5. Using these four basic cases, any vertical curve can be
analyzed. Cases 1, 2, and 3 can be deduced in a similar fashion as was done for Case 4. Noteworthy
is the fact that the grade and elevation values can be positive or negative. A positive value of a
grade refers to an upgrade, while a negative value refers to a downgrade. For cases 1 and 4, the
equation is as follows:

Gy =a;+—
' [7]

o . |
Ah, =2r-sin(—)-sin(a; + —
X (Zr) (y 2r)

For cases 2 and 3, the equation is as follows:

|
GX :al__

2r | | [8]
Ahy, =-2r -sm(E) -sin(ay _E)

The TruckSIM software considers a default parabolic vertical curve, however the user has the
flexibility to model either a parabolic or circular vertical curve using Equations [6] through [8]. The
computed grade and altitude are used to compute the tractive force and grade resistance forces. In
addition, the TruckSIM software also provides a flexible tool for locating truck climbing lanes that
mimics the AASHTO procedures. Specifically, the TruckSIM software identifies the starting and
ending points of climbing lanes by considering the following criteria (1) upgrade traffic flow rate is

38



in excess of 200 veh/h, (2) upgrade truck flow rate is in excess of 20 veh/h, and (3) a 16 km/h or
greater speed reduction for a typical heavy truck is observed.

3.2 Horizontal Alignment

The horizontal alignment of a roadway provides a transition between two straight sections. The
main purpose of modeling vehicle motion along horizontal curves is to ensure that vehicles are able
to maintain their desired free-speed while negotiating a horizontal curve. Specifically, the
TruckSIM software computes the maximum speed that a vehicle can maintain on a horizontal
curve at a user defined time step. If the maximum speed is less than the desired free-speed the
vehicle decelerates to the maximum speed. The distance required to decelerate is computed as

_ vi-
S (e 6) o
whered is the deceleration distance (m), v, is the initial speed (m/s), v, is the final speed (m/s), f is

the coefficient of longitudinal friction (also known as the coefficient of roadway adhesion), G is the
roadway grade, andg is the gravitational acceleration (9.807 m/s®).

Equation [9] assumes that the vehicle decelerates at a constant deceleration rate over a constant
roadway grade. However, as was demonstrated earlier the grades vary continuously over the
roadway. The maximum acceleration is computed as 2g(f + G). Mannering et al (2004) provide
typical values for the coefficient of friction that varies as a function of the vehicle initial speed, as
illustrated in Table 2. And Figure 6 gives a corresponding regressed equation that can estimate the
coefficient of frictionf .

3.3 Vehicle Dynamics Modeling

Vehicle dynamics models compute the maximum vehicle acceleration levels from the resultant
force acting on a vehicle, as

a= % [10]

where a is the vehicle acceleration (m/s?), F is the vehicle tractive force (N), R is the total
resistance force (N), and M is the vehicle mass (kg). Given that acceleration is the second
derivative of distance with respect to time, Equation 10 resolves to a second-order Ordinary
Differential Equation (ODE) of the form

d? d
Gz = TG [11]

The vehicle tractive effort is computed as
Ksb
-

F, = 3600 b h % - [12]

Given that the tractive effort tends to infinity as the vehicle speed tends to zero, the tractive force
cannot exceed the maximum force that can be sustained between the vehicle’s tractive axle tires
and the roadway surface as

Fmax = 9.8066 M, m. [13]
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Typical axle mass distributions for different truck types were presented by Rakha et al. (2001). The
tractive force is then computed as the minimum of the two forces as

F = min (R, Frax) - [14]

Rakha and Lucic (2002) introduced the g factor into Equation [12], in order to account for the gear
shift impacts at low traveling speeds. While the variable power factor does not incorporate gear
shifts explicitly, it does account for the major behavioral characteristics that result from gear shifts,
namely the reductions of power. Specifically, the factor is a linear function of vehicle speed with an
intercept of 1/vy and a maximum value of 1.0 at vy (optimum speed or the speed at which the
vehicle attains its full power) as

ﬂ:i{u min(v,vo)(l—i) [15]
Vo Vo
The intercept guarantees that the vehicle has enough power to accelerate from a complete stop. The
calibration of the variable power factor was conducted by experimenting with different truck and
weight combinations to estimate the speed at which the vehicle power reaches its maximum
(termed the optimum speed). The optimum speed was found to vary as a function of the weight-to-
power ratio as

vy =1164w 07 [16]

Three resistance forces are considered in the model, namely the aerodynamic, rolling, and grade
resistance forces (Mannering and Kilareski, 2004; Fitch, 1994; Archilla and De Cieza, 1999; Rakha
et al., 2001). The first resistance force is the aerodynamic resistance that is varies as a function of
the square of the air speed. Although a precise description of the various forces would involve the
use of vectors, for most transportation applications scalar equations suffice if the forces are
considered to only apply in the roadway longitudinal direction. For the motion of a vehicle in still
air, the air speed equals the vehicles speed as

R, = ¢,C4ChAV? = K,v? [17]

where ¢, is a constant that accounts for the air density at sea level at a temperature of 15°C (59°F).
Given that the air density varies as a function of altitude, the C;, factor can be computed as

C,=1-85x10"H [18]

Typical values of vehicle frontal areas for different truck and bus types and typical drag
coefficients are provided in the literature (Rakha et al., 2001).

The second resistance force is the rolling resistance, which is a linear function of the vehicle speed
and mass, as
M

R, = 9.8066C, (c,v + c3) 1000 =

Kov + Ko [19]

Typical values for the rolling coefficients (C;, c1, and c,), as a function of the road surface type,
condition, and vehicle tires, are provided in the literature (Rakha et al., 2001). Generally, radial
tires provide a resistance that is 25 percent less than that for bias ply tires.

The third and final resistance force is the grade resistance, which accounts for the proportion of the
vehicle weight that resists the movement of the vehicle, as
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Ry = 9.8066 M i . [20]

Having computed the various resistance forces, the total resistance force is computed as
R=R;+ R +Ry. [21]

4. MODEL DEVELOPMENT

This section describes the TruckSIM software in terms of the model structure, data input, and data
output.

4.1 Model Structure

The flow chart of the TruckSIM software is depicted by Figure 7. The logic involves three stages:
initialization, simulation, and completion. Furthermore, the software allows three processing
modes: the batch, interactive, and normal processing mode. The general form of the command line
to invoke the TruckSIM software is as follows:

TruckSIM.exe [initial] [vehicle] [traffic] [road] [simulation] [appendix] [/ul/m] [/i|/b] [/c #] [/e] [/a]

Generally, the TruckSIM software is started with some default configurations that include (1) the
use of U.S. units, (2) normal processing mode, and (3) a 1-second modeling time step. However,
users may change these default parameters to suite their application needs. For example, the /m
parameter can be used to select metric units instead of the default U.S. units. The /i or /b parameter
can be used to start the interactive or batch processing modes, respectively. The /c # parameter
allows the user to set the modeling time step in units of seconds. In addition, the /e and /g options
allow the user to compute the equilibrium speed and/or the equivalent composite grade,
respectively.

The execution of the TruckSIM software requires some basic information about roadway geometry,
pavement type and condition, and vehicle engine parameters. If the interactive processing mode is
utilized, such information can be input interactively. However, if the normal processing mode is
utilized the input files must be provided. The data formats for these input files are shown in
Appendix A. Lastly, if the batch processing mode is utilized a batch file is required. The data
format for the batch file is also provided in Appendix A.

After each successful simulation run, the TruckSIM software produces a humber of output files.
These output files can be categorized into two categories: one set of files produces vehicle traveling
speed, acceleration, distance, tractive force, and resistance forces at the user specified time step.
Alternatively, the second file produces output that include locations of truck climbing lanes,
equilibrium speed, and the equivalent composite grade. In addition, the TruckSIM software
produces a summary file and an error report file. The summary file produces simulation-wide
summary results while the error report file summarizes basic warning messages or error messages
if the simulation fails.

4.2 Solving Ordinary Differential Equation

In developing the vehicle dynamics model, Rakha et al. (2001) proposed solving the second-order
Ordinary Differential Equation (ODE) numerically by considering the vehicle acceleration to be
constant over the duration of a time step as
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a:y<$) [22]

It should be noted that Equation [22] introduces an acceleration reduction factor y in order to
account for the fact that drivers may not utilize the full acceleration capabilities of a vehicle. The
TruckSIM software utilizes the proposed method to produce the simulation output. The solution
procedure is composed of two steps. First, the second-order ODE is recast as a system of two first-
order ODEs (Note: any n™-order ODE could be recast as a set of n 1-order ODESs). Second, these
first-order ODEs are solved using a first-order Euler approximation. These steps are demonstrated
in the following equations.

at) =)

d(v(t:))
dt | Jat)

d(x(t,)) _{v(ti)} [23]
dt

V(ti) = V(tiy) +a(ti)At
X(ti) = X(tj_y) +v(tig At

It should be noted thatDt is the duration of the modeling time step used for solving the ODE, F(t;)
is the total force at instant t;, a(t;) is the vehicle acceleration at instant t;, v(t;) is the vehicle speed at
instant t;, and x(t;)) is the vehicle position at instant t;. The procedure for solving the ODE is
demonstrated by solving the first two steps. Using the initial conditions the speed and distance are
initialized at time zero. Subsequently, the tractive and resistance forces are estimated using
Equations [14] and [21], respectively. Subsequently, the maximum acceleration is computed using
Equation [22]. At the start of the second time step, the distance and speed are estimated using
Equation [23] based on the distance, speed, and acceleration that were computed in the earlier time
step. Again, as is the case at time zero, the tractive and resistance forces are computed, using the
speed at the conclusion of the first time step. Subsequently, the acceleration at the conclusion of the
first time step is estimated using Equation [22].

4.3 Equilibrium Speed Computation

The TruckSIM software utilizes a mathematical formulation developed by Rakha and Yu (2004) to
compute equilibrium speed. In solving for equilibrium speed, the vehicle’s acceleration is set to
zero and the equilibrium speed is computed as:

IfvV £V,
If 0f£v< ! : orK”‘aXvO+i-1£0
K"‘iaxvo . i 1 Ky Vo
Kt VO
y= Kt VKA - 4Ka (Ko + K - Kia) [24]
2K,
End If
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If v3
Kmiaxv + i- 1
Ky 0 Vo
N §/§(-b2+3ac)+ a
3a 3aa 3%2° a
End If [25]
Where :a = §- 27a%d - 2b° + Gabc + 2/4(- b? + 3ac)® + (- 27a%d - 20° + Gabc)?
Kr = Ki Kr
= K,, b=K,; =K, +R, - —+ —L: = .- -L
T e R A Vo
Else
K
If v< t
Kmax
_ Kt KA - K (K + Ky - Kinay)
V= [26]
2K,
End If
K
If v3 t
Kmax
y=. b §/§(-b2+3ac)+ a
3a 3aa 3327 a
End If [27]
Where :a = 3- 27a%d - 20° + Gabc + 2/4(- b2 + 3ac)® + (- 27a%d - 2b° + Yabc)?
a=K, b=K,; c=K,+R;; d=-K
End If
Where :
_9.8066M,m , _ 12.96c,C,ChA _ 35.30376C,C, _9.8066C,C5 ,, _ . _ 1000hP
ma = Ty Ka T Ty K = Ty Ke T Tgep Ko = 98086k Kr = =g

Based on Equations [24] through [27], there are four possible conditions to be considered in
computing the equilibrium speed that depends partly on the value of the equilibrium speed relative
to the optimum speed (speed of vehicle when it attains maximum power). For example, Equation
[27] is used if v>vg and v>Ki/Kmax. In solving for the equilibrium speed, given that the satisfying
conditions for each of the four scenarios depends on the value of the equilibrium speed, which is
the parameter being computed, an iterative procedure is required, as illustrated in Figure 8. As
shown in the figure, the equilibrium speed is computed using Equations [24] through [27]. The
solution that satisfies the initial assumptions is selected from the four possible solutions.

Noteworthy is the fact that the term under the square root is generally positive, but may be negative
under some extreme conditions and thus may result in a complex solution (e.g. cobble stone
pavement or snow surface with a grade of 5 percent or higher). A full sensitivity analysis was
conducted and it was concluded that these conditions represent a minor portion of all possible
scenarios that may be analyzed. For illustration purposes we present one example. Consider a 180
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kg/kW truck with no aerodynamics aids, an engine power of 335.56 kW, an engine efficiency of 838
percent, equipped with radial tires, with 35 percent of the vehicle mass on the tractive axle,
traveling on a 5 percent grade on a cobble stone pavement. Using Equations [24] through [27] the
equilibrium speed is estimated to be (4.31, 1.85e-13), while the equilibrium speed is estimated to be
4.311 km/h when the scenario is simulated. Consequently, both approaches produce identical real
solutions and given extremely small value of the imaginary portion, it may be safely ignored. The
proposed formulation is validated in the following section using a wide range of input parameters.

5. MODEL VALIDATION

The TruckSIM software is validated as part of this study by validating the vehicle dynamics model,
climbing lane computations, and equilibrium speed computations using field data and the HCM
2000 procedures. Typical simulation parameters, as reported in the literature (Rakha et al., 2001;
Rakha and Lucic, 2002) are used for the analysis. In the event that the parameter values are altered
it is explicitly stated. The default parameters include a 120 kg/kW vehicle equipped with a 336 kW
engine with an efficiency of 88 percent, equipped with aerodynamic aids and radial tires, and with
a weight distribution that results in 35 percent of the total weight acting on the tractive axle, and
traveling on a fair asphalt surface (Rakha et al., 2001).

The Rakha and Lucic model was validated against field data gathered using a GPS unit on a
number of heavy duty vehicles (Rakha and Lucic, 2002) and light duty vehicles (Rakha et al.,
2004). The Application of the Rakha and Lucic vehicle dynamics model to a heavy duty truck
demonstrates that the introduction of the gear shift factor () enhances the model predictions
compared to state-of-practice vehicle dynamics models, as clearly illustrated in Figure 9. In
addition, the model was validated using 13 light-duty vehicles including sedans, Sport Utility
Vehicles (SUVs), and vans demonstrating a strong correlation to field measurements, as illustrated
in Figure 10. Specifically, Figure 10 illustrates the acceleration predictions for a Chevy S-10 truck
against field gathered data using a GPS unit. As observed in the figure, the Rakha and Lucic model
demonstrates a good match to field data in the acceleration versus speed, acceleration versus time,
acceleration versus distance, speed versus time, and speed versus distance domains. While not
shown, similar results were also obtained for other test vehicles. Considering that the test vehicles
covered various vehicle types, including small automobiles, large automobiles, SUVs, pickup
trucks, and heavy duty trucks, the evaluation results clearly demonstrate the flexibility and validity
of the proposed model in predicting maximum vehicle acceleration levels for a wide range of
vehicle types.

The TruckSIM speed computations are also compared to the HCM 2000 procedures using a 3.2 km
highway section that extends over a 2 percent upgrade for 0.8 km, followed by a 5 percent upgrade
over 0.8 km, followed by a 1 percent upgrade over the remainder of the section (covering a length
of 1.6 km). While the HCM 2000 indicates a weight-to-power ratio of 120 kg/kW, it does not
provide information on the vehicle weight, pavement type, and pavement condition. Consequently,
a sensitivity analysis of the input parameters was performed, as illustrated in Figure 11. As the
figure clearly demonstrates, the TruckSIM software produces results that are very similar to the
HCM 2000 procedures when a fair asphalt surface is considered demonstrating the consistency of
the TruckSIM software with the HCM procedures. Furthermore, the results demonstrate that
significant differences are observed in truck performance along the study section depending on the
roadway and vehicle characteristics.
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Another important aspect of the TruckSIM software is its ability to capture the impact of vertical
and horizontal alignment on truck performance. To demonstrate this capability, a 25-mile section
of Interstate-81 between Christianburg and Roanoke is modeled as part of this effort. Two methods
are utilized to derive the roadway profile: (a) the roadway design documentation and (b) GPS
altitude data, as illustrated in Figure 12. The GPS unit utilized is a non-differential Trimble XR
unit. Using the GPS altitude data simulations are executed with and without vertical curves. Three
criteria for designing truck climbing lanes are considered, namely a minimum speed of (a) 88 km/h
(55 mi/h), (b) 96 km/h (60 mi/h), and (c) 105 km/h (65 mi/h). A free-flow speed of 128 km/h (80
mi/h) is considered. It should be noted that the climbing lane design speed threshold decreases by 8
km/h from milepost 137 to 143 because the speed limit is reduced from 105 to 96 km/h. Table 3
summarizes the climbing lane requirements for the study section by computing the percentage of
the study section length for which climbing lanes are required while Figure 13 illustrates one
sample speed profile of a truck along the study section when vertical curves are considered versus
not considered. By analyzing the results of Table 3, a number of conclusions can be drawn. First, in
general the climbing lane requirements in the southbound direction are significantly higher than the
northbound direction requirements because it involves travel uphill, as clearly shown in Figure 12.
Second, an explicit consideration of the roadway vertical curves in the design of climbing lanes
results in a decrease in the climbing lane requirements by up to 10%. These results clearly
demonstrate the importance of considering vertical curves in the design of climbing lanes.

Figure 14 illustrates the horizontal profile of the roadway using GPS location data. As discussed
earlier, the roadway super-elevation is a critical parameter that governs the performance of vehicles
while negotiating horizontal curves, however, there is no direct procedure to estimate a roadway
super-elevation other than analyzing roadway design plans. Because the roadway super-elevations
were not available, a sensitivity analysis considering different super-elevations including 0, 2, 4,
and 6 percent was conducted. The results demonstrate that the super-elevation had no impact on the
climbing lane requirements, as demonstrated in Table 4. The results also demonstrate that an
explicit consideration of horizontal curvature has a minimum impact on the climbing lane
requirements, as demonstrated in Table 5. Specifically, the percentage difference in climbing lane
requirements is less than 1 percent for the three climbing lane speed limits. Consequently, given the
typical high design standards of interstate highways, horizontal alignment has a negligible impact
on the truck climbing lane requirements.

Finally, an attempt is made to validate the equilibrium speed computations for Equations [24]
through [27] by estimating the equilibrium speed for 720 scenarios (Table 7) by varying the
pavement type, condition, grade, and vehicle weight-to-power ratio. The equilibrium speeds were
also derived by simulating the truck motion (Table 6). The simulations are conducted for the 720
scenarios that include different engine powers, weight-to-power ratios, pavement types, and
roadway grades. The results demonstrate minimum differences between the numerical
computations and the simulation results (differences less than 1 km/h). Furthermore, only 2 of the
720 scenarios resulted in complex solutions and both of the complex solutions result for Equation
25, however the complex component of the solution was in the range of 10e-15, which would be
considered zero in computer manipulation terms. Consequently, the results demonstrate that the
analytical procedures that were described earlier estimate the vehicle equilibrium speed within a
margin of error of 1 km/h.
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6. STUDY FINDINGS AND CONCLUSIONS

The paper develops and introduces the TruckSIM software for modeling vehicle motion along
freeway segments. The TruckSIM software utilizes a vehicle dynamics model developed by Rakha
et al. (2001) and Rakha and Lucic (2002) as the simulation backbone. As demonstrated by Rakha
and Yu (2004), truck behavior simulated using the TruckSIM software can reflect the impacts of
vehicle weight, power, pavement type, pavement condition, and tire type on vehicle behavior. At
the same time the TruckSIM software is consistent with the HCM 2000 procedures when the input
parameters are identical (i.e. a 120 kg/kW truck equipped with radial tires traveling on a fair
asphalt surface with a Pavement Serviceability Index between 1.5 and 3.0). In addition, the
TruckSIM software considers vertical and horizontal alignment on vehicle behavior, which is
currently not considered in the HCM and AASHTO procedures. Rakha and Yu (2004) have
demonstrated that the vertical alignment has a significant impact on truck climbing lane
requirements. Alternatively, given the high geometric standards of freeways the horizontal
alignment generally has a marginal impact on truck climbing lane requirements. It is anticipated
that by automating the design procedures and considering different vehicle and roadway
characteristics on truck motion, the TruckSIM software will be of considerable assistance to traffic
engineers in the design of roadways.
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Table 1: Design Speed versus Coefficient of Side Friction

Design Speed

(km/n)

30

40

50] 60

70

80] 90

100

110

120

Coefficient of Friction

0.17

0.17

0.

16] 0.15

0.14

0.14

0.13

0.12

0.11

0.09

Table 2: Initial Speed versus Coefficient of Longitudinal Friction

Initial Vehicle Speed (km/h)

30

40

50] 60

70

80] 90

100

110

120

Coefficient Friction

0.4

0.38

0.35| 0.33

0.31

0.3 0.3

0.29

0.28

0.28

Table 3: Impact of Vertical Alignment on Truck Climbing Lane Requirements

Northbound Climbing Lane

With Vertical Alignment |Without Vertical Alignment  With Vertical Alignment | Without Vertical Alignment With Vertical Alignment |Without Vertical Alignment

Climbing Lane Speed Limit 88.51 km/h

Start (m)
7188.42
20043.91

Percentage of Climbing Lane

Southbound Climbing Lane

Start (m)
16703.83
19858.99
25202.68
32490.31
36354.89

Percentage of Climbing Lane

End (m)
7498.17
21064.75

3%

End (m)
17699.34
20698.72
28999.51
34040.32
39836.42

25%

Start (m)
1480.82
6659.19
11959.33
20031.31
24116.73

End (m)
1515.14
7231.95
12482.38
21272.04
24344.99

6%

Start (m)
14950.68
16027.71
19513.53
24997.68
30954.88
32711.89
36676.59

End (m)
15089.42
17014.72
20343.67
289717.72
31085.13
34328.14
40478.21

21%

Climbing Lane Speed Limit 96.56 km/h

Start (m)
6996.56
12110.36
19820.87

6%

Start (m)
16469.06
19590.45
25013.81
32198.7
36151.33

End (m)
7726.98
12650.46
21195.78

End (m)
17830.03
20845.74
29131.23
34204.26
40574.92

32%

Start (m)
1180.5
6461.5

11761.49

19825.88

23919.03

End (m)
1746.76
7368.31
12600.64
21390.34
24471.03

10%

Start (m)
14670.85
15796.7
19315.85
24799.98
30754.55
32493.65
36481.43

End (m)
15491.16
17130.51
20461.95
29096.05
31203.45
34508.23
40828.4

35%

Climbing Lane Speed Limit 104.6 km/h

Start (m)
6840.14
11922.19
19626.78
23630.4
34970.6

End (m)
7895.85
12842.9
21335.51
24134.75
35072.48

10%

Start (m)
5670.44
15179.75
19064.82
24812.46
30505.69
32013.61
36017.16

End (m)
6498.21
17984.58
20985.07
29306.93
31032.27
34372.38
41002.21

43%

Start (m)
909.76
6271.71
9953.77
11571.55
19630.47
23729.19
34639.83

End (m)
2040.43
7530.5
10102.33
12737.6
21527.38
24621.92
35830.33

18%

Start (m)
4557.14
14414.03
18606.81
23511.41
24607.38
30561.97
32286.98
36243.67

End (m)
5518.04
17267.49
20598.97
23592
29233.13
31340.52
34726.41
41055.19

45%

Table 4: Impact of Super-elevation on Truck Climbing Lane Requirements

@ Super-elev ation 0% Super-elev ation 2% Super-elev ation 4% Super-elev ation 6%
3 Start (m) End (m) Start (m) End (m) Start (m) End (m) Start (m) End (m)
§ 303.2 1080.12 303.2 1080.12 303.2 1080.12 303.2 1080.12
% 6907.39 7747.59 6907.39 7747.59 6907.39 7747.59 6907.39 7747.59
E 12064.58 12725.05 12064.58 12725.05 12064.58 12725.05 12064.58 12725.05
g 19736.91 21159.48 19736.91 21159.48 19736.91 21159.48 19736.91 21159.48
8 23766.96 24025.5 23766.96 24025.5 23766.96 24025.5 23766.96 24025.5
& 9% 9% 9% 9%
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Table 5: Impact of Horizontal Alignment on Truck Climbing Lane Requirements

With Vertical Alignment  With Horizontal & Vertical Alignment  With Vertical Alignment | With Horizontal & Vertical Alignment| ~ With Vertical Alignment | With Horizontal & Vertical Alignment|

Climbing Lane Speed Limit 88.51 km/h Climbing Lane Speed Limit 96.56 km/h Climbing Lane Speed Limit 104.6 km/h

Northbound Climbing Lane Start (m) End (m) Start (m) End (m) Start (m) End (m) Start (m) End (m) Start (m) End (m) Start (m) End (m)
7188.42 7498.17 7227.48 7424.31 6996.56 7726.98 6989.21 7689.58 6840.14 7895.85 6831.39 7866.75
20043.91 21064.75 20033.85 21046.62 12110.36 12650.46 12116.65 12626.19 11922.19 12842.9 11920.14 12822.87
19820.87 21195.78 19815.87 21178.92 19626.78 21335.51 13359.62 13692.79
23630.4 24134.75 19618.92 21320.03
34970.6 35072.48 23624.7 24127.68
34947.79 35056.36

Percentage of Climbing Lane 3% 2% 6% 6% 10% 11%
Southbound Climbing Lane Start (m) End (m) Start (m) End (m) Start (m) End (m) Start (m) End (m) Start (m) End (m) Start (m) End (m)
16703.83 17699.34 16712.6 17682.6 16469.06 17830.03 16484.82 17823.79 5670.44 6498.21 5689.51 6448.69
19858.99 20698.72 19853.39 20698.36 19590.45 20845.74 19604.78 20840.82 15179.75 17984.58 15198.43 17967.63
25202.68 28999.51 25223.77 28983.9 25013.81 29131.23 25026.05 29130.42 19064.82 20985.07 19084.84 20984.72
32490.31 34040.32 32471.32 34033.31 32198.7 34204.26 32206.26 34200.19 24812.46 29306.93 24833.44 29292.56
36354.89 39836.42 36328.03 39835.9 36151.33 40574.92 36161.04 40556.52 30505.69 31032.27 30509.41 31012.01
32013.61 34372.38 32006.82 34364.98
36017.16 41002.21 35983.65 40981.08

Percentage of Climbing Lane 25% 25% 32% 31% 43% 43%
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Table 6: Equilibrium Speed Computation based on TruckSIM Simulation

60 kg/kW, 223 kW --

485 kW

120 kg/kW, 223 kW -- 485 kW

180 kg/kW, 223 kW -- 485 kW

223

261

298

336

373

410

448

485

223

261

298

336

373

410

448

485

223

261

298

336

373

410

448

485

Asphalt Good

122

128

133

137

141

145

148

152

112

116

119

123

126

128

131

133

102

105

108

110

112

114

116

118

102

105

108

111

113

115

117

119

76

78

79

80

81

81

82

83

59

59

60

60

60

60

61

61

83

85

87

88

90

91

92

92

53

53

54

54

54

54

54

54

37

37

37

37

37

38

38

38

68

69

70

71

71

72

72

73

39

39

39

39

39

39

39

40

27

27

27

27

27

27

27

27

57

57

58

56

58

58

59

59

15

16

16

16

16

16

16

16

6

6

6

6

6

6

Asphalt Fair

118

123

127

131

135

138

141

144

104

107

110

113

115

117

119

120

92

94

96

98

99

100

102

103

98

101

104

106

108

110

112

113

71

72

73

74

75

75

76

76

54

54

55

55

55

55

56

56

80

82

84

85

86

87

87

88

50

50

51

51

51

51

51

51

35

35

35

35

35

36

36

36

66

67

68

68

69

69

70

70

38

38

38

38

38

38

38

38

26

26

26

26

26

26

26

26

55

55

56

56

56

57

57

57

11

11

11

11

11

11

11

11

5

5

5

5

5

5

Asphalt Poor

114

118

122

125

129

131

134

136

97

99

102

104

105

107

108

110

83

85

86

87

88

89

90

91

94

97

99

101

103

105

106

107

67

68

69

69

70

70

70

71

50

50

51

51

51

51

51

51

78

79

80

81

82

83

84

84

48

48

48

48

49

49

49

49

33

34

34

34

34

34

34

34

64

65

65

66

66

67

67

67

36

36

36

36

36

36

37

37

25

25

25

25

25

25

25

25

51

53

54

55

55

55

55

55

9

9

9

9

9

9

4

4

4

4

4

4

Concrete Excellent

125

130

136

140

145

149

152

156

116

120

125

128

132

135

137

140

108

111

115

118

120

122

124

126

104

107

111

114

116

118

120

122

79

81

82

83

84

85

86

86

61

62

62

63

63

63

64

64

85

87

89

90

92

93

94

95

54

55

55

55

56

56

56

56

38

38

38

39

39

39

39

39

69

70

71

72

73

73

74

74

40

40

40

40

40

40

40

40

27

27

27

27

27

27

27

27

57

58

58

59

59

59

60

60

19

19

19

20

20

20

20

20

6

6

6

6

6

6

Concrete Good

120

125

130

134

138

141

145

148

108

111

115

118

120

122

124

126

97

99

102

104

105

107

108

110

100

103

106

108

111

113

114

116

74

75

76

77

78

78

79

79

56

57

57

57

58

58

58

58

82

84

85

87

88

89

89

90

51

52

52

52

52

53

53

53

36

36

36

36

36

36

37

37

67

68

69

70

70

70

71

71

38

38

38

39

39

39

39

39

26

26

26

26

26

26

26

26

56

56

57

57

57

57

58

58

13

13

13

13

13

13

13

13

5

5

5

5

5

5

Concrete Poor

116

120

125

128

132

135

137

140

100

103

106

108

110

112

113

115

87

89

91

92

94

95

95

96

96

99

102

104

106

107

109

110

69

70

71

72

72

73

73

73

52

52

53

53

53

53

53

53

79

81

82

83

84

85

86

86

49

49

49

50

50

50

50

50

34

34

34

35

35

35

35

35

65

66

67

67

68

68

68

69

37

37

37

37

37

37

37

37

25

25

25

25

25

25

25

25
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54

55

55

55

56

56

56

56

10

10

10

10

10

10

10

10

4

4

4

4

4

4

51



Table 7: Equilibrium Speed Computation using Proposed Numerical Computation

60 kg/kW, 223 KW -

485 kW

120 kg/kW, 223 KW — 485 KW

180 kg/kW, 223 KW

-- 485 kKW

223

261

298

336

373

410

448

485

223

261

298

336

373

410

448

485

223

261

298

336

373

410

448

485

Asphalt Good

122

128

132

137

141

145

148

151

111

115

119

122

125

128

130

132

102

105

107

110

112

114

115

117

101

105

108

110

113

115

117

119

76

77

78

79

80

81

81

82

58

59

59

59

60

60

60

60

83

85

86

88

89

90

91

92

52

53

53

53

53

54

54

54

37

37

37

37

37

37

37

37

68

69

69

70

71

71

72

72

39

39

39

39

39

39

39

39

26

26

26

26

26

26

26

26

56

56

57

57

57

58

58

58

15

15

15

15

15

15

15

15

5

5

5

6

6

6

6

Asphalt Fair

118

123

127

131

134

138

141

143

103

107

110

112

114

116

118

120

91

94

96

97

99

100

101

102

97

101

103

105

107

109

111

112

71

72

73

73

74

75

75

75

53

54

54

54

55

55

55

55

80

81

83

84

85

86

87

87

50

50

50

50

51

51

51

51

35

35

35

35

35

35

35

35

65

66

67

68

68

68

69

69

37

37

37

37

37

37

37

37

25

25

25

25

25

25

25

25

54

55

55

56

56

56

56

56

1

11

11

11

11

11

1

1

5

5

5

5

5

5

5

Asphalt Poor

113

118

122

125

128

131

134

136

96

99

101

103

105

106

108

109

83

84

86

87

88

89

89

90

94

97

99

101

103

104

106

107

66

67

68

68

69

69

70

70

50

50

50

50

50

50

51

51

77

78

80

81

82

82

83

84

47

48

48

48

48

48

48

48

33

33

33

33

33

33

33

33

63

64

65

65

66

66

66

67

36

36

36

36

36

36

36

36

24

24

24

24

24

24

24

24

50

53

54

54

54

54

54

55

8

8

8

8

8

8

8

8

4

4

4

4

4

4

4

Concrete Excellent

124

130

135

140

144

148

152

155

115

120

124

128

131

134

137

140

107

111

114

117

120

122

124

126

103

107

110

113

116

118

120

122

78

80

81

82

83

84

85

85

61

61

62

62

62

63

63

63

84

86

88

90

91

92

93

94

54

54

54

55

55

55

55

55

38

38

38

38

38

38

38

38

69

70

71

71

72

73

73

73

39

39

40

40

40

40

40

40

27

27

27

27

27

27

27

27

57

57

58

58

58

59

59

59

18

18

18

18

18

18

19

19

6

6

6

6

6

6

6

Concrete Good

120

125

130

134

138

141

144

147

107

111

114

117

120

122

124

126

96

99

101

103

105

106

108

109

99

103

105

108

110

112

114

115

73

74

75

76

77

78

78

78

56

56

56

57

57

57

57

57

81

83

85

86

87

88

89

90

51

51

52

52

52

52

52

52

36

36

36

36

36

36

36

36

67

67

68

69

69

70

70

70

38

38

38

38

38

38

38

38

26

26

26

26

26

26

26

26

55

56

56

56

57

57

57

57

12

12

12

12

12

12

12

12

5

5

5

5

5

5

5

Concrete Poor

115

120

124

128

131

134

137

140

100

103

105

108

110

111

113

114

87

89

90

92

93

94

95

96

96

99

101

103

105

107

108

110

69

69

70

71

72

72

72

73

51

52

52

52

52

53

53

53

78

80

81

82

83

84

85

85

48

49

49

49

49

49

49

50

34

34

34

34

34

34

34

34

64

65

66

66

67

67

68

68

36

36

37

37

37

37

37

37

25

25

25

25

25

25

25

25
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54

54

54

55

55

55

55

55

9

9

9

9

9

9

9

9

4

4

4

4

4

4

4

52



Speed (mifh)

6%

Elevation

2%

0 500 1000 1500 2000 2500 3000 3500
Distance (m)

Figure 1: HCM Example Illustration

EXHIBIT A23-1. SAMPLE SOLUTION FORCOMPOSITE GRADE
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Figure 4: Simple Circular Computation Problem
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APPENDIX A — INPUT DATA FORMAT FOR THE TRUCKSIM

The initial file

Field 1 2
Line 1| Initial speed (km/h) | Entry point's altitude (m)

The vehicle file

Field 1 2 3 4 516] 7 8
Line 1| Power| Transmission Efficiency | Weight-to-power ratio Percent mass on tractive axle |c2|c3| Cd| frontal area

The traffic file

Field 1 2 3 4
Line 1+| Climbing speed | Free speed | Traffic Volume | Truck percentage
The road file
Field | 1 2 3 4 5 6 7 8

Line 1+| Cr| Friction coefficient | Grade| Length | Radius | Horizon Radius | Horizon superelevation | Horizon speed

The batch file

Field 1 2 3 4 5 6 7 8 9
Line 1+ file initial | file vehicle [ file traffic | file road | file simulation | file appendix | (optional) /e | (optional) /g | (optional) /c #

The plus mark means multiple lines are allowed. In order to make TruckSIM run, the number of
lines in the files traffic and road must match each other, because the files traffic and road depict
traffic and road characteristics for each existing road section, respectively. Thus, it is reasonable
and natural to require that the numbers of lines match each other.
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CHAPTER 4 ESTIMATING ROADWAY VERTICAL PROFILES USING
WIDE-AREA AUGMENTED GLOBAL POSITIONING SYSTEMS

Bin Yu! and Hesham Rakha?, to be published at the Journal of Transportation Engineering,
ASCE

ABSTRACT

The Global Positioning System (GPS) was originally built by the U.S. Department of Defense to
provide the military with a super-precise form of worldwide positioning. With time, GPS units
were introduced into the civilian domain and provided transportation professionals with an
opportunity to capitalize on this unique instrumentation. With this GPS capability, this research
investigates the feasibility of using inexpensive Wide Area Augmentation System (WAAS)-
capable units to estimate roadway vertical and horizontal profiles. The profiles that are generated
by these inexpensive units (less than $500) are compared to the profiles generated by expensive
carrier-phase Differential GPS (DGPS) units ($30,000 per unit including the base station). The
results of this study demonstrate that the use of data smoothing and stacking techniques with the
WAAS-capable units provides grade estimates that are accurate within 10% of those generated
by the carrier-phase DGPS units.

Key words: GPS (Global Positioning System), DGPS (differential GPS), road profile, kernel
smoothing, stacking, WAAS (Wide Area Augmentation System)

1. INTRODUCTION

The ability to access precise road profile information is critical for traffic analysis. Truck
performance is an important aspect of highway design guidelines and traffic analysis, as it is well
known that truck performance is greatly affected by a road’s grade and length. Therefore, it is
important to ensure that collected road profile information is as precise as possible; otherwise,
the analysis results will be meaningless, even if a good analysis method is used. The emerging
GPS methodology seems to be a suitable candidate for this purpose. First, the GPS unit is very
easy to operate. For example, once the unit is installed on a vehicle, it will collect road profile
information automatically as the vehicle travels along the highway. Second, since the satellite
acts as a data provider, the impact from the environment is lessened. However, since WAAS
ensures a data precision of 3 m, thus the existing WAAS data errors must be carefully validated
before it is used for performance related studies. This research was conducted at the VTTI Smart
Road test facility. The results show that though the WAAS-capable units introduce some data
errors, these data errors, however, could be relieved or diminished through specific data
processing technologies like stacking and smoothing so that they have no noticeable impact on
truck performance analysis. This validates the usage of WAAS in transportation engineering.

1 Graduate Research Assistant, Charles Via Department of Civil and Environmental Engineering, Virginia Tech. E-
mail: byu@vt.edu

2 Associate Professor, Charles Via Jr. Department of Civil and Environmental Engineering, Virginia Tech. Virginia
Tech Transportation Institute, 3500 Transportation Research Plaza (0536), Blacksburg, VA 24061. E-mail:
hrakha@vt.edu
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1.1 Research Objectives and Significances

The objective of this research effort is two-fold. First, a method for deriving information, such as
grade, is developed. The developed method does not require heavy human interaction and
provides a satisfactory result. Second, the project attempts to validate the feasibility of using
WAAS for road profile information collection. Specifically, it analyzes how well road profile
information collected using WAAS will match the real road geometry.

Correspondingly, the significance is two-fold. First, it seeks to validate feasibility of WAAS for
road profile information collection. Through the validation process, it is found that road profile
information collected using WAAS can reliably reflect real road geometry, though it may suffer
some small errors. Further, for performance related studies, such an error will not affect truck
performance analysis significantly and, thus, can be safely ignored. Therefore, when considering
data precision and ease of use, WAAS proves itself to be a feasible method to collect road profile
information for truck performance analysis. Second, in the validation process, an efficient
method for deriving information such as grade is developed. The method can filter erroneous
data occurring in collection process. As demonstrated lately, the final derived road profile
information is of good quality.

1.2 Paper Layout

First, a short review of GPS is given, followed by a simple example illustration. Through the
example illustration, shortcomings associated with the derived road profile using design
documentation are validated. Following this example, the research effort focuses on validation of
WAAS and demonstrates that WAAS is suitable for road profile information collection. Finally,
the conclusions and recommendations for further research are presented.

2. REVIEW OF GLOBAL POSITIONING SYSTEMS

GPS was first built by U.S. Department of Defense to provide 24-hour, all-weather, worldwide
coverage, highly accurate, and continuous global navigation service for military usage. It is
composed of three segments. The GPS receiver seen by end users is called the user segment. The
left two segments are the space segment and the control segment. Furthermore, the space
segment contains a constellation of 24 NAVASTAR (Navigation Satellite Timing and Ranging)
GPS satellites in six 55° orbital planes, with four satellites in each plane. By employing this
satellite distribution method, it can ensure that at least six satellites can be seen from any point
on the earth. Currently, there exist two operating frequencies, namely L1 and L2. The L1 carrier
is modulated by the C/A code (Coarse/Acquisition). The L2 carrier is modulated by the P code
(Precision). In general, the P code is encrypted for military and authorized users. The control
segment, as its name suggests, is aiming for control. It contains a master control station, five base
stations, and three data up-loading stations.

For GPS system, its data precision can be affected by many factors, for example ionospheric
group delays, tropospheric refraction delays, ephemeris errors, satellite clock error, receiver
clock error, and multipath signal reception. Among them, the selective availability was already
removed in May 2000. To deal with these factors and provide satisfactory data precision,
currently there exist several major operation modes, namely single-point, Satellite-Based
Augmentation System (SBAS), pseudo-range differential, carrier-phase differential, and
OmniSTAR system. These GPS operation modes are mainly distinguished in aspects of cost,
data precision, and data updating frequency.
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Single-point provides the least data accuracy. In general, single-point determines position with
respect to the earth's reference frame by using GPS satellite’s known position. The data accuracy
is about 15 m when SA is off and 40 m when SA is on. Data updating frequency is of second
level. By averaging many GPS measurement epochs over a period, the data precision can be
improved through diminishing errors like multi-path signal reception. For some people, they
prefer to name this technique as data stacking.

A SBAS is a type of geo-stationary satellite system. Except the usual three segments
aforementioned, it contains additional components: GEO (geo-stationary satellite), reference
stations, master station, and ground uplink stations. The reference stations and master station
monitor signal sent by GPS satellite constellation and produce necessary corrections. Next, these
corrections will be routed to GPS receivers for data correction in order to improve data precision
through ground uplink stations and GEO. In general, the data accuracy is around 3 m, with data
updating frequency at a second level. The GPS unit used for highway profile collection in this
research effort is one kind of SBAS, namely WAAS. WAAS consists of approximately 25
ground reference stations positioned across the United States that monitor GPS satellite data.
Two master stations, located on either coast, collect data from the reference stations and create a
GPS correction message. Currently, WAAS geo-stationary satellite coverage is only available in
North America.

Pseudo-range differential will improve data precision given fact the base station's position is
known. Both the base station and the GPS receiver will receive signals from the GPS satellite
constellation. The base station comes out with two range measurements. One is named computed
pseudo-range based on its known position. The other is named measured pseudo-range by
assuming its position being unknown. For the GPS receiver, it will come out measured pseudo-
range only since its position is unknown. The pseudo-range discrepancy between computed
pseudo-range and measured pseudo-range for the base station is exactly because of existing
factors, such as ionospheric group delay. Thus, by applying the pseudo-range discrepancy to its
own measured pseudo-range, the GPS receiver can improve data precision, which is about 3-5 m.
To provide a high data accuracy, it is very important to ensure the distance between the base
station and the GPS receiver is not too large. Generally, it should be shorter than 50 km;
otherwise, pseudo-range differential will degrade to single-point. Lastly, there are two algorithms
used for GPS receivers to receive and process pseudo-range discrepancy from the base station.
One algorithm is named matched position. In this algorithm, GPS receivers will wait pseudo-
range discrepancy from the base station and apply it to the matched observation by time epoch
and satellite identity. Though this algorithm provides a good data accuracy, it suffers a long
latency since additional time will be needed for the base station to complete computation and
send the result to GPS receivers. The general data updating frequency is at a second level. The
other algorithm is named low-latency. In this algorithm, GPS receivers try to predict the next
pseudo-range discrepancy value based on former received pseudo-range discrepancies. Thus,
data can be updated in decimal second level, but data accuracy will be degraded relevantly. In
applications, such as Real-Time Kinematic (RTK) positioning solution with high data accuracy
and low latency requirement, carrier-phase differential will be utilized instead of pseudo-range
differential. For carrier-phase differential, data accuracy can reach to as precise as 2 cm, while
data updating frequency is of decimal second level.

An OmniSTAR system is similar to a SBAS system. Through additional components, including
OmniSTAR GPS monitor sites, and network control center, corrections for original signals from
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GPS satellite constellation are computed, which are further routed to GPS receivers for data
correction. Currently, the OmniSTAR Company provides two kinds of services. One is
OmniSTAR VBS, which is a sub-meter level of service. The other is OmniSTAR HP, which is a
centimeter level of service.

3. GPS VALIDATION

3.1 Example Ilustration

In this section, a simple example is shown in order to expose shortcomings of the design
documentation method. The selected road is portion of Interstate 181 between Christianburg and
Roanoke in the state of Virginia. The northbound direction stretches from Christianburg to
Roanoke, while the southbound direction runs from Roanoke to Christianburg. A plot of the
roadway’s vertical profiles is shown in Figure 1. The road profiles are generated using the design
documentation method. In general, the road profiles for both northbound and southbound
directions look similar. However, a big difference exists in altitude values. The altitude
difference is generally around 100 m, which is apparently wrong. Figure 1 also contains road
profiles based on data collected using WAAS. The WAAS-enabled GPS receiver is set up on a
vehicle owned by VTTI. Afterwards, the vehicle is driven between Christianburg and Roanoke
to collect the road profile information. As Figure 1 clearly shows, the road profiles for both
northbound and southbound directions approximately superimpose each other.

Furthermore, when road profile information via WAAS is compared to that via the design
documentation method, it is found that, for the southbound direction, both produce similar road
profiles. However, this similarity is broken for the northbound direction. Instead, dissimilarity is
located consistently around 100 m along the whole range, except the right part near
Christianburg. By studying the portion of the plot near Christianburg, it is easy to observe that
the road profile via the design documentation method for the northbound direction seems
incapable to catch the abrupt change of elevation, thus resulting in the difference in elevation
measurements. Through this simple example, it is suggested that WAAS can be utilized to
collect road profile information. Compared to the design documentation method, it is less error-
prone and easy to operate.

3.2 Data Collection

The Smart Road at VTTI was chosen as the test field for data collection because of its carrier-
phase DGPS positioning service. Aforementioned, for carrier-phase DGPS, data accuracy can be
as precise as 2 cm, while data updating frequency is of decimal second level. Assuming a
traveling speed 112 km/h (70 mi/h), this means that it can update information at approximately
every 3 m. Thus, it is reasonable to think the road profile information via carrier-phase DGPS to
be trusted. The deviation of WAAS can be investigated by comparing it to carrier-phase DGPS.

Figure 2 shows the plot of the profile of the Smart Road test facility. As shown, the Smart Road
is designed as a closed loop with a long slope that has a grade between 2% and 6%. In one
direction, it is downgrade, while in other direction, it is upgrade. For this study effort, a vehicle
equipped with both carrier-phase DGPS and WAAS was driven along the Smart Road. The
testing speeds are chosen to be 30, 40, 50, 60, 70, and 80 mi/h in order to cover a wide range of
traveling speeds. For each testing speed, multiple runs were executed. Finally, thirteen sets of
data were collected. The analysis work was applied on the thirteen sets of data.
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3.3 Data Smoothing

Like any data collection effort, there is data noise in collection process. Apparently, the existence
of data noise can blemish patterns in the data. Currently, the general way to relieve such a
blemish is curve fitting or smoothing. There many commonly used smoothing technologies. For
example, the most simple and frequently used method is called the moving average smoothing
technique. This method states that the smoothed value at point i can be computed through
averaging values at point i and its neighboring 2n points. This will be expressed in Eq. 1.

ys(i) = 2n1+1(y(i +n)+y(i +n -0 +...+y@ +n)) [1]

By studying Eqg. 1, it can be seen that the simple moving average smoothing technique has the
following limitations. First, the span size is kept constant, which is expressed as2n + 1. Second,
the data points are required to have a uniform spacing. Lastly, the weight value associated with
each data point is kept constant, which is1/(2n +1). Thus, any violation in these limitations will

result in failure of the moving average smoothing technique. Furthermore, the moving average
smoothing technique is prone to filtering out a significant portion of high-frequency contents.
Thus, numerous other smoothing techniques are promoted in order to overcome these
shortcomings. In general, they are variants of the simple moving average smoothing technique
with loosening one or more limitations shown above. For example, the so called lowess
smoothing technique mainly loosens the third limitation of the moving average smoothing
technique. In general, it first computes the weight values for each data point using an algorithm.
Then, a weighted linear squares regression is applied. Finally, the smoothed value is computed
using the weighted regression.

In this research, the kernel smoothing technique is used. Comparing to the simple moving
average smoothing method, the kernel smoothing method has an advantage of using varied
weight values. However it is prone to filtering out a significant portion of high-frequency
contents too due to its usage of a constant span size. A probabilistic distribution function (PDF),
which acts as a kernel function, is used to compute weight values. The method can be illustrated
as follows. Suppose the chosen span size is2n + 1and the spacing between neighboring data
points is uniformly to be 1. Let the probabilistic distribution function to be K (x) with the domain

ranging from —n to +n. This means the integration ofK (x) from-n to+n will be equivalent to 1.
Thus, the smoothed value at data pointi can be computed as Eqg. 2.

L n-1 oL  m

Ys(@) = y( —m)f 2KEdx + 3 y(i+ j)jjJ 2K (dx +y(i +n)f 1K (x)dx [2]
j=-n+1 ) 2

For this research study, the kernel function is chosen to be the Epanechnikov kernel function,

which produces the least mean square error in comparison to other general kernel functions such

as the binomial kernel function. The Epanechnikov kernel function is expressed as Eq. 3:

§(1—x2),—1sx <1

[3]

Ox >1|x<-1

In general, GPS units update information in a constant time step, thus, the spacing between
neighboring data points is uniform in the dimension of time. For example, WAAS updates
information every second, while carrier-phase DGPS updates information every decimal second.
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However, such uniformity is broken in the dimension of distance, given that a vehicle’s speed
changes instantly. Therefore, the smoothing process will be applied in the dimension of time for
the sake of simplicity. Furthermore, the smoothing span size will be kept constant as well.

GPS units generally give information such as altitude, speed, latitude, and longitude as shown in
Figure 2, except that the unit for latitude and longitude is given in unit of degree rather than
meter. Thus, it is necessary to convert them from degree to meter for the sake of study. Since the
horizontal expression of road geometry is not the focus of this research effort, the conversion
equation will be given in the appendix only for the sake of interest. For vertical expression of
road geometry, GPS units give altitude and distance information directly, but not grade
information that is of importance for transportation engineers. Fortunately, it is not difficult to
deduce grade information based on altitude and distance information. For example, Eq. 4 can be
used for this aim.

_A-AL
where:
0i = Grade at time interval i
A = Altitude at time interval i
Ai_, = Altitude at time interval i-1
d = Distance traveled between time intervals i and i-1.

In Figure 3, the first plot shows the deduced grade information using Eq. 4 for carrier-phase
DGPS, which is labeled in dark blue. As shown, such deduced grade information can hardly be
said to be smooth and does not reflect a real-world case honestly because roads are generally
designed to be as smooth as possible. Thus, this phenomenon indicates the existence of noise
data. Therefore, the kernel smoothing technique aforementioned is applied with a smoothing
span size of 2's, 4 s, and 10 s. The smoothing results are labeled in dark blue in the left five plots
of Figure 3. The solid results are shown in Figure 3, and there is not much difference among
different smoothing span sizes. Furthermore, by studying the five different smoothing span sizes,
it can be found that the 6 s smoothing span size produces the best result. Thus, it is considered to
be the truth and used for later truck performance validation.

Figure 3 also contains plots for one 48 km/h (30 mi/h) run, based on road profile information via
WAAS. Similarly, the grade deduced without smoothing is undesirable. Thus, original data is
smoothed as above. Figure 3 shows that the grade-distance relationships become smoother when
the smoothing span size gets larger. For example, the grade-distance relationship for the
smoothing span size of 8 s is quite smooth. Stubs due to noise data are hardly found in the results.
However, this does not mean that the grade-distance relationship for WAAS is satisfying and
correct. In fact, it is found that the grade-distance relationships for both carrier-phase DGPS and
WAAS match each other closely at most places except for two places: 1000 m — 1700 m and
5000 m — 5400 m. Certainly, the mismatches in the two places can be relieved by increasing the
smoothing span size. However, as shown in the very beginning of this section, the kernel
smoothing method is prone to filtering out a significant portion of high-frequency content as the
smoothing span size increases. Only the lower moment of a peak will be preserved. Thus, it will
not be effective to diminish the two mismatches using data smoothing only. Additional data
processing techniques will be needed instead.
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3.4 Data Stacking

Section 3.3 shows that two mismatches exist. The general smoothing technique such as kernel
smoothing could not deal with them very well, so it is necessary to use other methods to solve
this problem. In this paper, the employed method is data stacking. In general, there are two kinds
of data errors. One is due to factors such as ionospheric group delays, tropospheric refraction
delays, ephemeris errors, etc. For example, for WAAS, these factors, together, result in about 3
m error. The other is noise data. Noise data is usually introduced as a result of road bumps and
road dips that make the vehicle suddenly rise or sink. Moreover, the impact of noise data is
highly limited in the dimension of space and time. For example, its impact will generally be a
range of several meters and instantaneous. However, data error due to WAAS can cover a range
to several hundred meters and last for a relative long period of time, as shown in Figure 3. Thus
this illustrates why the general smoothing technique can not address the above problem
satisfactorily. However, despite their difference, both do share one character — randomness. The
existence of data errors is completely random with respect to space and time. This character
borrows insight into solving the problem due to WAAS through data stacking. Basically, data
stacking states that a mismatch such as the one in Figure 3 can be greatly relieved or solved by
averaging data from multiple runs, given that its existence is totally random. For example,
suppose that the road profile information is collectedn times via WAAS. Then, the final grade-
distance relationship can be achieved through averaging then set of data, as Eq. 5 indicates. It is
interesting to note that the general smoothing technique is applied in the dimension of space,
with consideration of neighboring data points, while the data stacking technique is applied in the
dimension of time, with consideration of values collected for the same position at different times.

n
Zgij
j=i

n

[5]

)i
where:

g = Final grade at positioni
g = Grade at positioni fromj™ run.

Figure 4 shows the data stacking result for the first plot of Figure 3. For stack size 2, additional
data from one randomly chosen run is used in Eq. 5 to obtain an average value. For stack size 4,
additional data from three other randomly chosen runs is used to obtain an average value. The
same pattern is used for stack size 6 and 8. As Figure 4 clearly shows, with stack size being
increased, data error due to WAAS is gradually relieved, and its impact is greatly limited when
stack size becomes equivalent to or greater than 6. Furthermore, not like the kernel smoothing
method, data stacking will not filter out a significant portion of high-frequency content by
increasing stack size.

Since only the data stacking technique is used in order to illustrate its power in Figure 4, a lot of
small stubs still exist due to presence of noise data. Therefore, next, both the kernel smoothing
method and the data stacking are applied together in order to see what the final result will be.
Figure 5 shows the result for 4 s smoothing size and 10 s smoothing size plus stacking size 8. As
the figure clearly shows, the grade-distance relationship based on both carrier-phase DGPS and
WAAS match each other good. It should be noted that, by increasing the number of runs, the
match should become better. However, there is a tradeoff because more runs mean more human
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labor and money consumption. Based on the authors’ experience, it is deemed that six runs are
enough in order to effectively diminish data error due to WAAS.

3.5 Truck Performance Validation

Till now, what is done is to compare the grade-distance relationships of WAAS and carrier-phase
DGPS numerically. However, as people can see, grade discrepancy always exists. Figure 6
shows magnification of the first plot of Figure 5 between 500 m and 2000 m. After being
magnified, grade discrepancy can be easily located. Since there is no way to diminish such grade
discrepancy completely, thus it becomes important for us to validate that the remaining grade
discrepancy will only have a little or ignorable impact on truck performance; otherwise the
research effort in this paper will be meaningless.

In order for a performance validation, the truck performance simulation software TruckSIM
developed by Rakha and Yu (2004) is used. The illustration of the simulation software is out
scope of this paper. For interested readers, they could refer to the paper “TruckSIM Framework
for Designing Truck Climbing Lanes” (For Publication Acceptance) for details. Next, the values
for parameters such as pavement type, pavement condition, vehicle engine, and vehicle weight-
to-power ratio are chosen to reflect the traffic survey conducted along 1-81 in the state of
Virginia. In brief, the engine efficiency will be assumed to be 88% with an engine power of 336
kW (450 hp), and a vehicle weight-to-power ratio of 120 kg/kW (200 Ib/hp). The tire will be
radial tires, and the pavement will be a fair asphalt surface. Finally, the truck frontal area is
assumed to be 10.7 m? and the percentage mass on the tractive axle is assumed to be 35%.

Next, the TruckSIM is executed by assuming the road profile to be the one collected by carrier-
phase DGPS and WAAS respectively. Specifically, the two road profiles used are those existing
in the first plot of Figure 5. Figure 7 shows the simulation results for both downgrade direction
and upgrade direction. As shown, the truck performance curves, using profiles via both carrier-
phase DGPS and WAAS, match each other very closely. The speed discrepancy is generally
around 1 km/h, which apparently can be ignored. Thus, this finding proves the grade discrepancy
such as the one existing in Figure 5 has a very tiny impact on truck performance and clearly can
be ignored.

4. INVESTIGATION OF IMPACT OF SPEED ON DATA PRECISION

WAAS updates road profile information every second, or 32 m at a traveling speed of 112 km/h
(70 mi/h), or 22 m at a traveling speed of 90 km/h (50 mi/h). Since the updating frequency is
constantly one second, more distance will be passed when traveling at higher speeds. Thus, there
is a high possibility that more road profile information will be lost. Therefore, it is necessary to
investigate the impact of speed on data precision. For the thirteen data sets collected at VTTI,
each is smoothed by using smoothing sizesof 0s,2s,45s,65s, 8s, and 10 s. A total of 78 sets of
data are produced and the root mean square error (RMSE) is computed. Computed RMSEs are
listed in Table 1. In addition, the P-values are shown after applying ANOVA analysis for each
traveling speed. The ANOVA analysis result is shown in Figure 8. Based on Table 1 and Figure
8, two conclusions can be drawn. First, the precision of road profile information using WAAS is
affected by traveling speed. In general, the higher the traveling speed is, the lower the data
precision is. Second, the impact gradually vanishes as the smoothing size is increased. This is
reasonable because the aim of introducing the smoothing is to expose internal data patterns more
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clearly. In conclusion, it is preferable to limit traveling speed so that it is not too high when
collecting road profile information using WAAS.

5. STUDY CONCLUSIONS

In this paper, WAAS and its feasibility as a road positioning method for performance related
studies is investigated. Upon completion of this investigation, the following conclusions are
drawn:

a. The grade-distance relationship derived via WAAS is affected by noise data and errors
due to factors such as ionospheric group delays, tropospheric refraction delays, ephemeris
errors, etc. Thus, it is necessary to use some kinds of data-filtering methodologies. The
proposed methods in this work are the kernel smoothing method and the data stacking
technique. The kernel smoothing method can be viewed as a data-filtering method in the
dimension of space. It is mainly used to deal with noise data. The data stacking method
can be viewed as a data-filtering method in the dimension of time. It is mainly used to
deal with data error due to ionospheric group delays, tropospheric refraction delays,
ephemeris errors, etc. As this paper shows, the data stacking method can work fine as
long as the total number of runs is enough large. However, there is a tradeoff because a
high number of runs mean high costs in terms of human labor and money. Thus, it is
suggested that six runs may be used in order to achieve good results.

b. After applying the kernel smoothing technique and data stacking technique, there is still
grade discrepancy. However, through performance simulation, it is found that such a
grade discrepancy hardly effect truck performance, thus can be safely ignored. This
indicates that WAAS is suitable for road profile information collection.

c. The precision of road profile information via WAAS is found to be affected by traveling
speed. Specifically, the higher the travel speed is, the lower the precision is. Therefore, it
is suggested to limit traveling speeds. A traveling speed between 80 km/h (50 mph) and
96 km/h (60 mph) seems to be a good choice.
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Table 1: RMSE Results

RMSE
speed mi/h | no smooth | smooth 2 | smooth 4 | smooth 6 | smooth 8 | smooth 10

30 0.0046 0.0040 0.0033 0.0027 0.0023 0.0022

30 0.0063 0.0058 0.0052 0.0046 0.0042 0.0040

40 0.0037 0.0032 0.0028 0.0024 0.0022 0.0025

40 0.0054 0.0050 0.0045 0.0041 0.0037 0.0037

50 0.0042 0.0038 0.0033 0.0029 0.0029 0.0029

50 0.0045 0.0040 0.0035 0.0031 0.0030 0.0032

60 0.0046 0.0040 0.0033 0.0029 0.0028 0.0030

60 0.0047 0.0042 0.0036 0.0032 0.0030 0.0032

60 0.0035 0.0029 0.0023 0.0020 0.0021 0.0026

70 0.0040 0.0035 0.0029 0.0027 0.0026 0.0029

70 0.0045 0.0041 0.0036 0.0034 0.0035 0.0038

70 0.0032 0.0028 0.0024 0.0022 0.0023 0.0027

80 0.0031 0.0026 0.0020 0.0017 0.0019 0.0025

P-value 0.0142 0.0144 0.0186 0.0448 0.1785 0.6598

Table 2: Maximum Relative Grade Errors
Maximum Relative Error
speed mi/h | no smooth smooth 2 smooth 4 smooth 6 smooth 8 smooth 10

30 15.9497 14.1354 14.7604 14.3542 12.9145 11.5000
30 51.4583 49.6458 47.3125 44.4375 39.1094 32.4167
40 8.9415 6.5249 3.4130 4.2183 4.4323 8.4375
40 7.9723 9.8351 12.1668 13.4500 12.3958 11.9427
50 35.6519 30.8407 25.1799 21.7611 20.6460 19.2478
50 11.7994 12.3982 12.5546 10.8997 7.4956 4.5318
60 21.1062 20.1062 17.1799 11.2389 10.0052 9.9531
60 21.5365 18.5313 12.0938 8.0798 7.6375 7.6875
60 15.2240 16.5313 17.1771 15.4635 13.1406 11.7969
70 67.6354 60.7760 47.0313 26.8177 14.7969 9.7708
70 30.3854 30.6406 29.2813 25.0625 22.6563 23.0260
70 13.8437 12.0417 11.5000 11.6458 11.1406 8.7760
80 11.9735 9.0324 6.2756 6.4115 6.4948 4.3258
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Table 3: Maximum Grade Errors

Maximum Error

speed mi/h | no smooth smooth 2 smooth 4 smooth 6 smooth 8 smooth 10
30 0.0328 0.0259 0.0170 0.0107 0.0071 0.0170
30 0.0317 0.0256 0.0222 0.0188 0.0178 0.0265
40 0.0154 0.0128 0.0092 0.0096 0.0066 0.0211
40 0.0341 0.0319 0.0278 0.0221 0.0197 0.0189
50 0.0189 0.0158 0.0123 0.0105 0.0198 0.0206
50 0.0326 0.0261 0.0175 0.0125 0.0141 0.0247
60 0.0365 0.0324 0.0263 0.0192 0.0154 0.0245
60 0.0265 0.0220 0.0165 0.0125 0.0149 0.0174
60 0.0160 0.0113 0.0084 0.0084 0.0117 0.0206
70 0.0269 0.0220 0.0155 0.0148 0.0167 0.0170
70 0.0217 0.0188 0.0157 0.0132 0.0151 0.0252
70 0.0158 0.0130 0.0102 0.0133 0.0154 0.0178
80 0.0141 0.0126 0.0100 0.0102 0.0103 0.0187
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APPENDIX

In geography, the position of the earth is decided by its latitude and longitude. The earth is first
divided into an east hemisphere and a west hemisphere. For each hemisphere, longitude takes
values from 0° to 180°, and a point’s longitude is expressed as E120° or W 30° (Note: in general,
GPS units use positive and negative values to distinguish between the east hemisphere and the
west hemisphere, such as -120°0r30°). Next, each hemisphere is further divided into two quarter
spheres, labeled the south quarter sphere and the north quarter sphere. For each quarter sphere,
latitude takes values from 0° to 90°, and a point’s latitude is expressed as $30° or w 60° (Note:
in general, GPS units use positive and negative values to distinguish between the south quarter
sphere and the north quarter sphere, such as —30°or60°).

Now, suppose there are two points, a and b, whose latitudes and longitudes arew, Wy, J,,J;, . First,
a new point, point c, is added whose latitude is equivalent to point a's latitude and whose
longitude is equivalent to point b's longitude. Thus, the latitude and longitude of point ¢ isw,,J, .
Since the earth’s diameter is 12756 km, it is reasonable to assume that the distance between two
points is equivalent to their arc distance along the earth’s surface if it is small in comparison to
the earth’s diameter. Thus, distance 1, between points a and b is computed as
L, = 1% +12 (Note: here the distance is the arc distance along the earth’s surface). For
distancel,. , since points a and ¢ have the same latitude, it could be calculated as the following:
e = 7R —J¢) W, +W,) 7R —Jp)
180 360 180

cos( ) = cos( 18 2) [A-1]

0
For distancel, , since point b and point ¢ have the same longitude, it could be calculated as:

_ RW, —W,) _
Ibc - 180 [A 2]

By combining the above two equations, distancel,, will finally be computed as:

o = VI T = (R0 ) o Mo (7RWe We)y [A-3]

R — Earth radius
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CHAPTER 5 TRUCK PERFORMANCE CURVES REFLECTIVE OF TRUCK
AND PAVEMENT CHARACTERISTICS

Hesham Rakhal and Bin Yu2, published at the Journal of Transportation Engineering, Nov/Dec
2004, Volume 130, Number 6, ASCE, reproduced by permission of ASCE

ABSTRACT

The paper utilizes a linearly increasing variable power vehicle dynamics model to develop the
TRUCKSIM software for the modeling of truck acceleration behavior along grade sections. The
TRUCKSIM software is demonstrated to produce truck performance curves that are consistent with
the HCM procedures for a 120 kg/kW (200 Ib/hp) truck equipped with radial tires traveling on a
fair asphalt surface (Pavement Serviceability Index between 1.5 and 3.0). Using the software, the
sensitivity of truck performance curves to roadway and truck characteristics are quantified.
Subsequently, truck performance curves that are reflective of in-field truck characteristics are
developed. These truck performance curves are intended to enhance the Highway Capacity Manual
(HCM) procedures in locating truck climbing lanes.

Key words: Truck modeling, vehicle dynamics, roadway design, truck climbing lanes.

1. INTRODUCTION

Mannering and Kilareski (1998) suggest that “the performance of road vehicles forms the basis for
highway design guidelines and traffic analysis. For example, in highway design, determination of
the length of freeway acceleration and deceleration lanes, maximum highway grades, stopping-
sight distances, passing-sight distances, and numerous accident prevention devices all rely on the
basic understanding of vehicle performance.”

Truck performance along grade sections may have significant impacts on roadway throughput and
efficiency depending on the roadway grade, the truck characteristics, the percentage of trucks on
the roadway, and the overall level of congestion on the roadway section. Although the Highway
Capacity Manual (HCM) and the American Association of State Highway and Transportation
Officials (AASHTO) Geometric Design Guide provide curves for predicting vehicle speeds as a
function of the distance traveled and the percentage grade along a roadway section (TRB, 2002 and
AASHTO, 1994), these curves suffer from a number of shortcomings. First, Figure 1 illustrates that
the truck performance curves do not cover speeds that exceed 90 km/h (55 mi/h). Second, the HCM
procedures are limited because the curves only cover a single truck weight-to-power (W/P) ratio of
120 kg/kW (200 Ib/hp). Third, the curves do not capture the effect of different pavement types,

1 Associate Professor, Charles Via Department of Civil and Environmental Engineering, Virginia Tech.
Virginia Tech Transportation Institute, 3500 Transportation Research Plaza (0536), Blacksburg, VA
24061. E-mail: hrakha@vt.edu

2 Graduate Research Assistant, Charles Via Department of Civil and Environmental Engineering, Virginia
Tech. E-mail: byu@vt.edu.
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pavement surface conditions, and the truck characteristics on the tuck acceleration behavior. Forth,
the execution of the curves is time consuming and could be refined by automating the process.

1.1 Research Objectives and Research Significance

The objectives of this paper are three-fold. First, the paper develops the TRUCKSIM software for
identifying locations of truck climbing lanes based on user defined truck, tire, and roadway
parameters. It is envisioned that the software would be of significant assistance to practitioners in
automating the truck climbing lane design process. Second, the paper investigates the impact of
pavement type, pavement condition, truck weight, and truck power characteristics on truck
acceleration behavior. It is hypothesized that the truck and pavement characteristics will
significantly affect truck acceleration behavior along grade sections because of changes in the truck
power, rolling resistance coefficients, and the coefficient of friction. Third, the paper expands the
domain of application of the Highway Capacity Manual (HCM) truck performance curves by
considering different truck weight-to-power ratios, roadway pavement types, the pavement
conditions.

The significance of this research effort lies in the fact that it develops the TRUCKSIM software for
locating truck climbing lanes optimally along highway sections. The software, which can be run on
a personal computer, is sensitive to truck, tire, and roadway surface conditions. Using the
TRUCKSIM software, the research effort characterizes the impact of truck and pavement
characteristics on maximum truck acceleration behavior. Subsequently, the paper develops truck
performance curves that are more reflective of current in-field truck, roadway, and tire
characteristics. The proposed performance curves can be utilized to enhance the Highway Capacity
Manual (HCM) truck performance procedures in order to reflect advances in truck engines since
the curves were initially developed. Furthermore, the research extends the HCM truck performance
curves by incorporating truck and pavement characteristics that are not accounted for in the state-
of-practice HCM performance curves.

1.2 Paper Layout

Initially, the vehicle dynamics model that is incorporated in the TRUCKSIM software and utilized
to develop the truck performance curves that are presented in the paper is described briefly.
Subsequently, the importance of enhancing the state-of-practice truck performance curves is
demonstrated through a number of simple example illustrations. The following section describes
the logic of the TRUCKSIM software followed by a description of how truck performance curves
for different truck and pavement characteristics are developed using the TRUCKSIM software.
Specifically, the input parameters that are utilized to develop the curves are described.
Subsequently, the applicability of the TRUCKSIM software is demonstrated by applying the
software to a 45-km segment of 1-81 in the state of Virginia. Finally the conclusions of the paper
together with recommendations for further research are presented.

2. VEHICLE DYNAMICS MODEL

Vehicle dynamics models compute maximum vehicle acceleration levels by computing the
resultant force acting on a vehicle, as summarized in Equation 1. Given that acceleration is the
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second derivative of distance with respect to time, Equation 1 resolves to a second-order Ordinary
Differential Equation (ODE) of the form presented in Equation 2.

The vehicle tractive effort is computed using Equation 3 with a maximum value based on Equation
4, as demonstrated in Equation 5. Equation 4 ensures that the tractive force does not exceed the
maximum frictional force that can be sustained between the vehicle’s tractive-axle tires and the
roadway surface without the spinning of the vehicle wheels. The equation demonstrates that the
maximum tractive force is a function of the proportion of the vehicle mass on the tractive axle.
Typical axle mass distributions for different truck types were presented by Rakha et al. (2001).

Rakha and Lucic (2002) introduced the £ factor into Equation 3 in order to account for the gear-
shifting impacts at low truck speeds. While the variable power factor does not incorporate gear
shifting explicitly, it does account for the major behavioral characteristics that result from gear
shifting, namely the reductions of power as gearshifts are being engaged. Specifically, the factor is
a linear relation of vehicle speed with an intercept of 1/vo and a maximum value of 1.0 at a speed vy
(optimum speed or the speed at which the vehicle attains its full power), as demonstrated in
Equation 6. The intercept guarantees that the vehicle has enough power to accelerate from a
complete stop. The calibration of the variable power factor was conducted by experimenting with
different truck and weight combinations to estimate the speed at which the vehicle power reaches
its maximum (termed the optimum speed). The optimum speed was found to vary as a function of
the weight-to-power ratio, as demonstrated in Equation 7. The details of how this relationship was
derived are described by Rakha and Lucic (2002).

_F-R

_ 1
a=— [1]
d?x . ,dx

— 2 (==, 2
dt? (dt X) [2]
ﬁ=3amBnE=K”3 [3]

\' \'
Frnax = 9-8066 M, [4]
F=min(F,, F,y) [5]
B=¥£{1+nmmmvo{1—;£J} [6]
Vo Vo
vV, =1164w 07 [7]

Three resistance forces are considered in the model (Mannering and Kilareski, 1998; Fitch, 1994;
Archilla and De Cieza, 1999; Rakha et al., 2001). Namely, the aerodynamic resistance, or air drag,
which is a function of the vehicle frontal area, the location altitude, the truck drag coefficient, and
the square of speed of the truck, as indicated in Equations 8 and 9. The constant ¢c; accounts for the
air density at sea level at a temperature of 15°C (59°F). Typical values of vehicle frontal areas for
different truck and bus types and typical drag coefficients are provided in the literature (Rakha et
al., 2001).
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The rolling resistance is a linear function of the vehicle speed and mass, as indicated in
Equation 10. Typical values for rolling coefficients (Cy, c1, and c;), as a function of the road surface
type, condition, and vehicle tires, are provided in the literature (Rakha et al., 2001). Generally,
radial tires provide a resistance that is 25 percent less than that for bias ply tires.

The grade resistance is a constant that varies as a function of the vehicle’s total mass and the
percent grade that the vehicle travels along, as indicated in Equation 11. The grade resistance
accounts for the proportion of the vehicle weight that resists the movement of the vehicle:

R, =¢,C4C, Av? =K, V? [8]

C, =1-85x10°H [9]
M

R, =9.8066 C, (czv+c3)m=Krlv+ K,, [10]

R, =9.8066 M i [11]

3. HCM EXAMPLE ILLUSTRATIONS

Having described the variable power vehicle dynamics model that was developed by Rakha and
Lucic (2002), this section demonstrates how the model can be applied to a sample roadway section
to estimate truck speeds. Furthermore, the model speed estimates are compared to speed estimates
using the HCM truck performance curves for two reasons. First, the application demonstrates the
consistency between the variable power vehicle dynamics model and the HCM procedures for
similar truck and roadway characteristics. Second, by altering the truck and roadway parameters
significant differences in truck behavior are observed and thus demonstrating the need to enhance
and extend the HCM procedures. The procedures described by Rakha et al. (2001) to solve the
ODE numerically are applied to the three examples that are presented.

3.1 Example 1

A simple 3.2 km section of highway is considered for illustration purposes. The grades along the
section include a 2 percent upgrade over 0.8 kilometers followed by a 5 percent upgrade over 0.8
kilometers followed by a 1 percent upgrade over the remainder of the section (length of 1.6 km).

Using the HCM truck performance curves that are illustrated in Figure 1 the speed of the truck is
estimated at 0.1-km intervals, assuming an initial truck speed of 0 and 88 km/h, as illustrated in
Figure 2. Figure 2 demonstrates that the HCM procedures estimate the final truck speed to be 81
km/h after traveling the entire 3.2-km test section. Similarly, considering an asphalt pavement that
has a fair rating (PSI between 1.5 and 3.0) and radial tires (97 percent of the trucks in a survey
conducted along 1-81 (Rakha and Lucic, 2002)) the final speed produced by the variable power
model is 83 km/h, resulting in a difference of less than 2.5 percent between the HCM procedures
and the variable power vehicle dynamics model. Consequently, this example demonstrates the
consistency between the variable power vehicle dynamics model and the HCM procedures for
truck and pavement parameters similar to the HCM performance curves.

Figure 2 further demonstrates that the condition of the pavement can have a fairly significant
impact on the truck acceleration behavior. Specifically, an asphalt pavement, which is classified as
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good (PSI greater than 3.0), results in a final speed of 87.3 km/h compared to the 83.0 km/h in the
case of a fair asphalt surface, with a difference in the range of 5 percent. Alternatively, a poor
asphalt surface (PSI less than 1.5) results in a reduction in the final speed from 83.0 km/h to 78.4
km/h. The ability to consider the effect of the pavement type and condition on truck acceleration
behavior provides a unique application for the proposed variable power vehicle dynamics model.

Figure 3 demonstrates the impact of the truck weight-to-power ratio on the truck acceleration
behavior for the section under consideration. Specifically, the truck final speed varies from 111.1
km/h to 66.7 km/h for a truck weight-to-power ratio of 60 versus 180 kg/kW, respectively. The
sensitivity of the analysis to the design truck weight-to-power ratio not only highlights the
shortcomings of the state-of-practice HCM truck performance curves, but furthermore,
demonstrates the need for truck performance curves that can capture different roadway and vehicle
characteristics.

3.2 Example 2

To further compare the variable power vehicle dynamics model to the HCM procedures, a roadway
section composed of a 2 percent upgrade over 1.5 kilometers followed by a 6 percent upgrade over
1.5 kilometers was analyzed (total section length of 3.0 km). The basic HCM truck performance
curves were utilized to compute the truck speed after traveling the entire 3-kilometer roadway
section. Similarly, the variable dynamics model was utilized to compute the truck’s final speed,
considering different pavement conditions. The results demonstrated that the HCM truck speed
profile best matched the variable power vehicle dynamics model for a poor asphalt pavement
surface (PSI less than 1.5). The results further demonstrated that the pavement condition has a
significant impact on truck acceleration behavior. Specifically, the truck final speed varied from
38.9, to 37.3, to 36.0 km/h for a good, fair, and poor asphalt surface, respectively. The relative
differences in comparison to the HCM final speed of 35.3 km/h ranged from 10.3, to 5.8, to 1.9
percent, respectively.

In addition, the speed difference along the study section between the variable power vehicle
dynamics model for a good asphalt surface relative to the HCM procedures (designed for a fair or
poor asphalt surface) was significant. Specifically, the speed difference for the acceleration
scenario had a maximum error of 10 km/h, which is equivalent to a 20 percent difference.

3.3 Example 3

The next example compares the HCM procedures to the Rakha and Lucic model predictions for
sustained grade sections. Specifically, Figure 4 illustrates the variation in the equilibrium speed
estimates using the HCM truck performance curves against the Rakha and Lucic model. The
equilibrium speed is the maximum speed a vehicle may attain along a sustained grade section. This
speed is computed as the speed that is attained when the vehicle has traveled a sufficiently long
distance along the grade that the vehicle is unable to accelerate any further (acceleration equal to
zero). By solving for the vehicle speed when the tractive force equals the summation of the
resistance forces (vehicle acceleration equals zero), the equilibrium speed can be computed, as
summarized in Equation 12 and 13 depending on whether the tractive force exceeds the maximum
frictional force that can be sustained between the vehicle tires and the roadway surface. The
derivation of Equations 12 and 13 are presented in Appendix A for the interested reader.
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Specifically, in the case that Fnax > Kf/vp then Equation 12 is utilized.

K, %2(-K,*+3K K
vV, =— rl + \/_( n t ac) _ b v Fmax > TB [12]
3K, 3K,b R2.K, Vo
Where:
b= 3\/— 27K2d - 2K3 - 9K K .C + 2J4(—|<$1 +3K,0)° + (27K ?%d - 2K 3 - 9K K ,;C)°
K, +Ry Vi, 2V,
- K; K
C=1K, +Ry——F+— v, <V,
’ Vo Vg
-K; Vi, 2V,
-l K
d=2_XBr Vi, <V
Vo
Alternatively, in the case that Frnax < K1f/vo then Equation 13 applied.
2
_Krl+\/Krl_4Ka(Kr2+Rg_Fmax) VVmSKTB
V, = Zfa I:max [13]
Ky 2(-K,*+3K, ) e KB
- + - Vv, >
3K, 3K,e R2-K, Fonex
Where:
e=§/27K§KT —2K% —9K, K ,f +§/4(—Kfl +3K,)® + (Q7TKZK; - 2K - 9K, K ,f)?
f=K, +Rq

Utilizing Equations 12 and 13 the equilibrium speed was computed considering a fair asphalt
surface (C, = 1.75 and p = 0.5), a truck weight-to-power ratio of 120 kg/kW (200 Ib/hp), an engine
power of 336 kW (450 hp), an engine efficiency of 88 percent, full aerodynamic features (Cq4 =
0.58) with a frontal area of 10.7 m?, and equipped with radial tires (c, = 0.0328 and c; = 4.575).
The selected parameters reflect what has been documented in the literature as typical parameters
(Rakha et al., 2001) and reflective of in-field truck characteristics based on a survey conducted
along 1-81 in the state of Virginia (Rakha and Lucic, 2002).

Figure 4 compares the HCM equilibrium speed estimates against the Rakha and Lucic model
equilibrium speed estimates for two scenarios. The first scenario incorporates the power reduction
factor () to account for the loss of power during gear shifts at low truck speeds while the second
formulation (dotted line) assumes that the truck can maintain its maximum power ($=1.0) at low
speeds (i.e. ¢ = Kpo+Ry and d = -Ky for the full range of vehicle speeds). The figure clearly
demonstrates the consistency between the HCM truck performance curves and the Rakha and
Lucic model estimates for the full range of grades, except for a grade of 8 percent. Specifically, for
a grade of 8 percent the Rakha and Lucic model estimates an equilibrium speed that is lower than
what the HCM procedures and what the constant power model would suggest. The reason the
variable power model estimates a lower equilibrium speed is because the equilibrium speed is less
than the optimum speed of 32 km/h (vp), and thus the values of the constants ¢ and d take the
second form of Equation 12 (i.e. ¢ = Kr2+Rg-KT/vo+KT/v02 and d = -K+/vp). Field observations have
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demonstrated that vehicles are unable to attain the equilibrium speeds that are proposed by a
constant power model, as was discussed in detail by Rakha and Lucic (2002). Consequently, the
HCM procedures would tend to over-estimate truck equilibrium speeds when the equilibrium speed
is less than the optimum speed.

3.4 Example Conclusions

Based on the comparisons that were presented in Examples 1, 2, and 3, it appears that the HCM
truck performance curves were developed for an asphalt surface that ranges between fair and poor.
Furthermore, the examples clearly demonstrate a reasonable degree of consistency between the
HCM procedures and model predictions for similar truck and roadway characteristics. Example 3
demonstrates the inability of the HCM procedures to capture the power losses at low speeds when a
truck in engaged in gear-shifting. Finally, the examples also demonstrate the ineffectiveness of the
HCM truck performance curves to reflect different pavement and truck characteristics that have a
significant impact on truck performance along grade sections.

4. TRUCKSIM SOFTWARE OVERVIEW

4.1 Model Structure

The TRUCKSIM software is a computer program that utilizes the previously described variable
power vehicle dynamics model to simulate the motion of a truck along a roadway section.
Specifically, the program solves the second order ODE that is presented in Equation 14 by
recasting the model as a system of two first-order equations (an n"-order equation reduces to a set
of n 1°-order equations), as demonstrated in Equation 15.These ODEs are then solved using a first-
order Euler approximation, as demonstrated in Equations 15 and 16. Specifically, Equations 16 and
17 are solved numerically by simulating the motion of the truck at small time steps (At). The
program updates the vehicle’s speed and position in a stepwise fashion by computing the vehicle’s
speed and position at each instant tj based on its speed and position at instant t;.;. The user specified
solution step size is a parameter that affects the accuracy of the truck modeling. For all the
examples that are illustrated in this paper a deci-second time step size was selected. Finally, the
program execution stops when one of a number of criteria is achieved. For example, a criterion
could be to achieve the truck equilibrium speed (also known as the crawl speed) or the model may
be executed to simulate the motion of a vehicle along a specific roadway section of a given length.

a(ti): F(t|)|:/IR(t|) [14]
d(v(t;))
dt z{a(ti)} [15]
dx(t;)) | (v(t;)
dt
v(t;) = v(t_y) +a(t;_y)At [16]
X(t;) =X(t) +v(t;;)At [17]
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4.2 Model Input and Output

The program inputs include the pavement type and condition, the tire type, the altitude, the vehicle
mass, vehicle power, percent mass on the tractive axle, presence of aerodynamic features, engine
efficiency, and a user specified minimum speed for the design of climbing lanes. The pavement
types include concrete, asphalt, macadam, and cobble. The pavement condition includes excellent,
good, fair in the case of concrete pavements and good, fair, and poor in the case of asphalt
pavements.

The program can provide three outputs. The first output is the vehicle’s acceleration, speed,
position, tractive force, and resistance forces at the user-specified time step for the duration of the
simulation. The second output identifies the start and end locations of truck climbing lanes
(locations where the truck speed decreases below a user-specified minimum speed). The final
output of the program is the vehicle’s equilibrium speed, which is computed by solving Equation
12, as was discussed earlier.

5. DEVELOPMENT OF TRUCK PERFORMANCE CURVES

Having demonstrated the need to expand the HCM truck performance curves to cover a wider
range of truck and pavement conditions, this section first evaluates the impact of truck weight,
power, and weight-to-power ratio on truck performance curves. Subsequently, the impact of the
roadway pavement type and condition on vehicle acceleration is analyzed. Finally, truck
performance curves that are reflective of current truck and roadway conditions are developed.

Prior to developing the truck performance curves the basic input parameters that were utilized are
described followed by a description of the parameters that were utilized to account for the various
truck and pavement conditions that were studied.

5.1 Basic Input Parameters

The basic input parameters reflected trucks equipped with full aerodynamic features given that
these trucks were found to represent 55 percent of a 157 sample size that was gathered along 1-81
in the state of Virginia (Rakha and Lucic, 2002). The assumption of full aerodynamic features
implies the use of an aerodynamic coefficient of 0.58, as was described by Rakha et al., 2001. In
addition, trucks were assumed to be equipped with radial tires (97 percent of the 1-81 sample). The
use of radial tires implies the incorporation of rolling resistance coefficients (c, and c3) of 0.0328
and 4.575, respectively. In addition, the pavement surface was assumed to be a fair asphalt surface,
implying a rolling resistance factor (C;) equal to 1.75 and a coefficient of friction of 0.5. The engine
efficiency was assumed to be 88 percent with an engine power of 336 kW (450 hp) (the mean
power for the 1-81 sample), and a vehicle weight-to-power ratio of 120 kg/kW (200 Ib/hp). The
altitude was assumed to be sea level (Cy, = 1.00). The truck frontal area was assumed to be 10.7 m?
and the percentage mass on the tractive axle was assumed to be 35 percent, as recommended by
Rakha et al., 2001. It should be noted that the vehicle engine efficiency may deteriorate with age. A
characterization of engine efficiency as a function of engine age is beyond the scope of this paper;
however is a subject worth further investigation.
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5.2 Impact of Truck Weight and Power on Truck Performance

The HCM truck performance curves utilize the vehicle weight-to-power ratio as the sole truck
independent variable (input variable). This section investigates the effect of vehicle power on truck
performance maintaining a constant vehicle weight-to-power ratio (i.e. simultaneously altering the
vehicle weight and power while maintaining an identical weight-to-power ratio). Specifically, the
power was varied between 224 kW (300 hp) to 485 kW (650 hp) at increments of 37.3 kW (50 hp).
Table 1 summarizes the percentage change in the equilibrium speed relative to the base 350 hp
scenario. In addition, Figure 5 illustrates the variation in the truck equilibrium speed as a function
of the roadway grade and vehicle power for a constant weight-to-power ratio of 120 kg/kW. The
results clearly indicate that the equilibrium speed varies as a function of the vehicle power even
though the vehicle weight-to-power ratio remains constant. These differences in equilibrium speeds
are more significant for mild grades (grades of 0 or 2 percent) with variations up to 24 percent and
less significant differences at steeper roadway grades (differences less than 5 percent).
Furthermore, the influence of the vehicle power on the truck performance is more significant for
lower weight-to-power ratios in comparison to higher weight-to-power ratios. For example,
differences in equilibrium speeds in the range of 24 percent are observed for weight-to-power ratios
of 60 kg/kW traveling on a level roadway while these differences are reduced to 15 percent for
weight-to-power ratios or 180 kg/kW.

This analysis demonstrates that it is reasonable to only consider the weight-to-power ratio (ignoring
differences in vehicle power) for grades of 4 percent and higher. However, such a supposition
would not be accurate for the modeling of trucks on level surfaces. Similar findings were observed
for other pavement types and surface conditions. In conclusion, the accurate modeling of truck
behavior considering a constant weight-to-power ratio depends on the distribution of the truck
engine powers and roadway grades. A survey on 1-81 concluded that over 60 percent of the truck
engines were within the range between 336 and 373 kW (450 to 500 hp) (Rakha and Lucic, 2002).
Consequently, differences in truck engine powers would appear to marginally affect the truck
performance curves given the relatively narrow bandwidth of engine power variation.

Another important finding is that the weigh-to-power ratio significantly affects the truck
equilibrium speed, as summarized in Table 2. Specifically, the equilibrium speed varies
significantly between vehicle weight-to-power ratios of 60, 120, and 180 kg/kW regardless of the
vehicle power. For example, the equilibrium speed drops by 32 km/h for a change in a vehicle
weight-to-power ratio from 60 to 120 kg/kW and further drops by19 km/h for a change from 120 to
180 kg/kW, for travel on a 2 percent grade with an engine of 336 kW (450 hp). Consequently, it is
recommended that truck performance curves be developed for different truck weight-to-power
ratios.

5.3 Impact of Pavement Type and Condition on Truck Performance

A number of pavement types and conditions were considered as part of the analysis. The pavement
types included asphalt, concrete, macadam, cobble, and dirt roadways. Furthermore, the study
investigated the impact of snow on truck acceleration behavior. The modeling of different
pavement types and conditions was conducted by setting the C, and p factors to reflect the
pavement characteristics. The recommended values for these factors are described in detail in the
literature (Rakha et al., 2001).
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In addition to the pavement type, the pavement surface condition was also considered in the
analysis. Specifically, three asphalt surface conditions were considered, namely good, fair, and
poor condition. The pavement surface condition was characterized by the Pavement Serviceability
Index (PSI), which is a measure of the quality of pavement surface. The Pavement Serviceability-
Performance Concept was developed by Carey and Irick (1962) to handle the question concerning
pavement failure. Carey and Irick considered pavement performance histories and noted that
pavements usually deteriorate as traffic loading is applied in conjunction with prevailing
environmental conditions. Studies have shown that new pavements have an initial PSI rating of
approximately 4.2 to 4.5. The point at which a pavement is considered to have failed is termed the
Terminal Serviceability Index (TSI). The TSI is highway dependent and ranges between 2.5 and
3.0 for interstate highways and principal arterials.

Three concrete pavement conditions were considered in the analysis. These conditions include
excellent, good, and fair surface. An excellent concrete surface is reflective of a new rigid
pavement surface without expansion cracks. A fair concrete surface is characterized by a pavement
that does include tracks and does offer a fairly uncomfortable ride. Finally, a poor concrete surface
is a surface that has significant surface cracks and defects that offers considerable discomfort in
terms of vehicle rideability.

Figure 6 illustrates how the truck equilibrium speed varies as a function of the truck weight-to-
power ratio, roadway grade, pavement type, and pavement condition. Figure 6 clearly
demonstrates, as would be expected, that the truck equilibrium speed decreases as the roadway
grade and truck weight-to-power ratio increases, as was demonstrated earlier in Table 2.
Furthermore, the figure illustrates that the effect of pavement type and condition is more
pronounced for higher truck weight-to-power ratios traveling on lower roadway grades (less than 3
percent grade). Figure 6 demonstrates that in general concrete pavements provide better
acceleration behavior than asphalt pavements. Furthermore, 5 cm (2 inch) and 10 cm (4 inch) snow
result in a significant reduction in vehicle acceleration capabilities especially along steep grade
sections (grades greater than 4 percent).

5.4 Truck Performance Curves

Having demonstrated the significant impact of the truck weight-to-power ratio, pavement type, and
pavement condition on truck acceleration behavior, Figure 8 through Figure 10 develop truck
performance curves for various truck and pavement characteristics. Specifically, Figure 8, Figure 9,
and Figure 10 illustrate the variation in truck performance curves for different pavement types,
pavement conditions, and for three truck weight-to-power ratios including 60, 90, and 120 kg/kW,
respectively. The truck performance curves that are illustrated in Figure 8 through Figure 10 are
intended to replace the single truck performance curve that is presented in the HCM and the
AASHTO Geometric Design Guide for the design of climbing lanes along major highways. It
should be noted that the curves assume that truck speeds are only constrained by the vehicle
dynamics and thus may not reflect speed limit effects on vehicle speeds. However, it should be
noted that accounting for the speed limit is easily achieved by considering a maximum vehicle
speed in modeling truck behavior.
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6. EXAMPLE APPLICATION OF MODEL

In order to demonstrate the potential benefits of the TRUCKSIM software, the software was run on
a 45-km section of 1-81. Specifically, a 45-km section of 1-81 in the state of Virginia from milepost
118 to milepost 143 between Christiansburg and Roanoke was tested as part of this research effort,
as illustrated Figure 11. The southbound traffic travel upgrade (from left to right), while the
northbound traffic travel downgrade (from right to left). The vertical profiles for both directions are
similar in many aspects except for an exceptionally high upgrade in the southbound direction in the
Christiansburg exit vicinity.

Figure 12 illustrates the spatial variation in truck speed for a 120 kg/kW truck traveling in the
southbound direction. The northbound speed profile is not illustrated, however the results are
similar. Specifically, the results indicate that a reasonable proportion of the section results in drops
in truck speeds below the speed limit of 104 km/h (65 mph) for a good asphalt surface.
Specifically, 34 percent of the 45 km section (approximately 15.4 km) involves trucks traveling
below the 104 km/h speed limit in the case of a good asphalt surface (good asphalt surface with
radial tires), as demonstrated in Table 3. The percentage of highway length with speeds less than
104 km/h increases from 34 percent in the case of a good asphalt surface to 44 percent in the case
of a fair asphalt surface and finally to 54 percent in the case of a poor asphalt surface. If a heavier
truck is utilized for design purposes (weight-to-power ratio of 150 kg/kW) then a higher percentage
of the roadway length would require climbing lanes. Specifically, the percentage length of
roadway section requiring climbing lanes varies from 43, to 52, to 67 percent, for a good, fair, and
poor asphalt surface, respectively. In the case of a concrete pavement surface climbing lanes are
required along 27, 39, and 47 percent of the 45-km roadway section considering a 120 kg/kW truck
equipped with radial tires. Consequently, Table 3 demonstrates that the use of a concrete pavement
surface as opposed to an asphalt surface can result in a 5 to 10 percent reduction in the climbing
lane requirements. The location of the climbing lanes along the 45-km section are demonstrated in
Figure 12. Furthermore, Figure 12 clearly demonstrates the impact of the pavement condition on
vehicle acceleration behavior.

Table 3 also demonstrates the effect of snow on truck climbing lane requirements. It is interesting
to note that in some rare instances the increase in the truck weight-to-power ratio results in a
reduction in the climbing lane requirements (for a 4-inch snow surface). This reduction in climbing
lane requirements is caused by the fact that the very low coefficient of friction results in a small
Fmax, Which can be increased by increasing the mass on the tractive axle. Consequently, by
increasing the mass of the truck the vehicle acceleration behavior is enhanced until the Fpax
exceeds the tractive force (F1).

A comparison of Table 3 and Table 4 demonstrates that by increasing the desired minimum speed
the percentage of roadway requiring a climbing lane increases considerably. Specifically, by
increasing the minimum desired speed from the speed limit of 104 km/h to the design speed of 112
km/h, the percentage roadway requiring a climbing lane increases from 34 to 44 percent in the
southbound direction of travel for a good asphalt surface considering a truck equipped with radial
tires. Similarly, the percentage of roadway requiring a climbing lane increases from 54 to 70
percent in the case of a poor asphalt surface.

As was evident from the roadway vertical profile that was demonstrated earlier in Figure 11 that
travel along the southbound direction involves moving along more significant and sustained
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upgrade sections. Consequently, only 6, 17, and 33 percent of the 45-km northbound section
involves travel at speeds less than the 104 km/h speed limit as a result of vehicle dynamics
limitations for a good, fair, and poor asphalt surface, respectively, as demonstrated in Table 5.

7. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH

The paper demonstrates that the variable power vehicle dynamics model developed by Rakha and
Lucic (2002) produces truck acceleration behavior that is consistent with the HCM and AASHTO
design procedures if identical truck and roadway characteristics are incorporated. The model offers
a number of advantages over the HCM and AASHTO procedures given that it is sensitive to truck,
roadway, and pavement characteristics. The paper develops the TRUCKSIM software that solves
the second order ODE for estimating the speed profile of a truck along a composite grade section.
The software can assist practitioners in identifying locations of climbing lanes along roadway
segments. Furthermore, using the software, the paper extends the HCM and AASHTO performance
curves to cover different truck weight-to-power ratios, different pavement types, and different
pavement conditions. The paper demonstrates that the vehicle weight-to-power ratio is a critical
variable in designing climbing lanes. Finally, the paper also demonstrates that the vehicle power, in
addition to the vehicle weight-to-power ratio, are critical variables in the design of truck climbing
especially along level and mild upgrade sections.

It should be noted that the engine efficiency may deteriorate with the vehicle and engine age. The
study does not attempt to quantify the effect of vehicle age on the engine efficiency; however it is
recommended that further research be conducted in order to characterize the deterioration of engine
efficiency as a function of engine age and its impact on the design of truck climbing lanes.
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VARIABLE DEFINITIONS

A = Vehicle frontal area (m?)

n = Transmission efficiency

7, = Coefficient of friction between tires and pavement

a = The maximum vehicle acceleration (m/s?)

a(t) = Vehicle acceleration at instant t;

Cyq = Vehicle drag coefficient

Ch = Altitude coefficient

Cy = Rolling coefficient

C1 = Constant (0.047285)

C2, c3 = Rolling resistance coefficients

F = Tractive effort effectively acting on truck (N)

F(t) = Effective tractive force at instant t;

Fmax = Maximum tractive force

Ft = Tractive effort (N)

H = Altitude (m)

i = Percent grade (m/100 m)

M = Vehicle mass (kg)

Mta = Vehicle mass on tractive axle (kg)

P = Engine power (kW)

R Total resistance force, which is the sum of the aerodynamic, rolling, and grade
resistance forces (N)

Ra = Air drag or aerodynamic resistance (N)

Rg = Grade resistance (N)

Ry = Rolling resistance (N)

v = Vehicle speed (km/h)

v(t) = Vehicle speed at instant t;

Vo = Optimum speed which is the speed at which a vehicle attains maximum power (km/h)

w = Vehicle weight-to-power ratio (kg/kW)

X = Distance traveled by vehicle (m)

X(t) = Vehicle location along test section at instant t;.

At = Duration of time interval used for solving the ODE (in this case 1-second duration)

i = Vehicle power reduction factor (unitless)

Vi = Equilibrium speed of a vehicle (km/h)

Kt = Tractive force constant (kW). K, =3600nP

Ka = Aerodynamic resistance force constant. K, = c,C,C,A

K = Rolling resistance force speed coefficient. K, = W -c,
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Table 1: Percentage Change in Equilibrium Speed as a Function of Truck Power
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° 4 0% 2% 4% 6% 7% 8% 9% 10%| 0% 1% 1% 2% 2% 2% 2% 3%| 0% 0% 0% 1% 1% 1% 1% 1%
g 6] 0% 1% 3% 4% 4% 5% 5% 6% 0% 0% 1% 1% 1% 1% 1% 1%| 0% 0% 0% 0% 0% 0% 0% 0%
o 8 0% 1% 2% 2% 3% 3% 3% 4%| 0% 0% 0% 0% 0% 0% 0% 0%| 0% 0% 0% 0% 0% 0% 0% 0%
S of 0% 4% 8% 11% 14% 16% 19% 21%| 0% 3% 6% 8% 10% 12% 13% 14%| 0% 2% 4% 6% 7% 8% 9% 10%
o 2| 0% 3% 6% 8% 10% 12% 13% 15%| 0% 1% 2% 3% 4% 5% 5% 6% 0% 1% 1% 2% 2% 2% 2% 3%
‘g 4 0% 2% 4% 5% 6% 7% 8% 9%| 0% 0% 1% 1% 2% 2% 2% 2%| 0% 0% 0% 1% 1% 1% 1% 1%
s 6] 0% 1% 2% 3% 4% 4% 5% 5% 0% 0% 1% 1% 1% 1% 1% 1% 0% 0% 0% 0% 0% 0% 0% 0%
¢} 8| 0% 1% 1% 2% 2% 3% 3% 3%| 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
of 0% 4% 7% 10% 13% 15% 17% 19%| 0% 2% 5% 7% 8% 10% 11% 12%| 0% 2% 3% 4% 5% 6% 7% 8%

& 2| 0% 3% 5% 7% 9% 10% 12% 13%| 0% 1% 2% 3% 4% 4% 5% 5% 0% 1% 1% 1% 2% 2% 2% 2%
H 4 0% 3% 4% 5% 6% 8% 8% 9% 0% 0% 1% 1% 1% 2% 2% 2%| 0% 0% 0% 1% 1% 1% 1% 1%
&5 6| 0% 0% 0% 0% 0% 0% 0% 0%l 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
8| 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%l 0% 0% 0% 0% 0% 0% 0% 0%

0 0% 3% 6% 8% 10% 12% 14% 15%| 0% 2% 3% 4% 5% 6% 7% 8% 0% 1% 2% 3% 3% 4% 4% 4%

T 2| 0% 5% 10% 14% 18% 21% 24% 27%| 0% 1% 1% 2% 2% 3% 3% 3% 0% 0% 1% 1% 1% 1% 1% 1%
H 4 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
&5 6| 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%
8 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0% 0%l 0% 0% 0% 0% 0% 0% 0% 0%

Table 2: Variation in Equilibrium Speed as a Function of Truck Weight-to-Power Ratio
60 kg/kW (100 Ib/hp) 120 kg/kW (200 Ib/hp) 180 kg/kW (300 Ib/hp)

223 | 261 [ 298 ] 336 | 373 | 410 [ 448 | 485 | 223 ] 261 [ 298 | 336 | 373 [ 410 | 448 | 485 | 223 [ 261 | 298 | 336 | 373 | 410 | 448 | 485

g 0| 122 128 132 137 141 145 148 151 111 115 119 122 125 128 130 132 102 105 107 110 112 114 115 117
[} 2| 101 105 108 110 113 115 117 119 76 77 78 79 8 81 8. 8 58 59 59 59 60 60 60 60
E 4 83 8 8 8 8 90 91 92| 52 53 53 53 53 54 54 54/ 37 37 37 37 37 37 37 37
s 6| e8 69 69 70 71 71 72 72 39 39 39 39 39 39 39 39 26 26 26 26 26 26 26 26
< 8| 56 56 57 57 57 58 58 58 15 15 15 15 15 15 15 15 5 5 5 6 6 6 6 6
= o 118 123 127 131 134 138 141 143| 103 107 110 112 114 116 118 120 91 94 96 97 99 100 101 102
w 2| 97 101 103 105 107 109 111 112 71 72 73 73 74 75 75 75| 53 54 54 54 55 55 55 55
E 4 80 8 8 8 8 8 8 8| 5 50 5 50 51 51 51 51 3 3 35 3 35 35 35 35
a 6| 65 66 67 68 68 68 69 69 37 37 37 37 37 37 37 37 25 25 25 25 25 25 25 25
< 8 54 55 55 56 56 56 56 56 11 11 11 11 11 11 11 11 5 5 5 5 5 5 5 5
5 o 113 118 122 125 128 131 134 136 96 99 101 103 105 106 108 109 83 84 8 8/ 8 89 89 90
& 2| 94 97 99 101 103 104 106 107 66 67 68 68 69 69 70 70 50 50 50 50 50 50 51 51
5 4 77 78 80 81 8 8 83 84 47 48 48 48 48 48 48 48 33 33 33 33 33 33 33 33
= 6| 63 64 65 65 66 66 66 67| 36 36 36 36 36 36 36 36| 24 24 24 24 24 24 24 24
< 8| 50 53 54 54 54 54 54 55 8 8 8 8 8 8 8 8 4 4 4 4 4 4 4 4

Table 3: 1-81 Southbound Section Climbing Lane Requirements (Minimum Desired = 104 km/h (65 mph))

Pavement Weight-to-Power Ratio (kg/kW) -- Bias Ply Tires Weight-to-Power Ratio (kg/kW) -- Radial Tires
30 | 60 | 90 | 120 | 150 | 180 | 30 | 60 | 90 | 120 | 150 | 180
Concrete Excellent 0% 12% 24% 36% 44% 48% 0% 10% 21% 27% 36% 43%
Concrete Good 0% 19% 36% 47% 60% 69% 0% 14% 27% 39% 46% 52%
Concrete Poor 0% 27% 48% 66% 79% 87% 0% 19% 36% 47% 59% 69%
Asphalt Good 0% 16% 30% 43% 49% 59% 0% 11% 23% 34% 43% A7%
Asphalt Fair 0% 22% 42% 57% 69% 78% 0% 17% 32% 44% 52% 61%
Asphalt Poor 0% 32% 56% 73% 85% 90% 0% 21% 41% 54% 67% 76%
Snow 2" 33% 36% 63% 81% 89% 92% 20% 23% 44% 61% 74% 83%
Snow 4" 83% 74% 83% 85% 7% 66% 81% 48% 75% 88% 84% 85%
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Table 4: 1-81 Southbound Section Climbing Lane Requirements (Minimum Desired = 112 km/h (70 mph))

pavement Weight-to-Power Ratio (kg/kW) -- Bias Ply Tires Weight-to-Power Ratio (kg/kW) -- Radial Tires
30 | 60 | 90 | 120 | 150 | 180 | 30 | 60 | 90 | 120 | 150 | 180
Concrete Excellent 0%  19% 34% 45% 51%  61%| 0%  16% = 26%  38%  45%  49%
Concrete Good 0%  30% 46%  62% 75%  85%| 0%  20%  38% 47% 57%  67%
Concrete Poor 10% 39% 63% 81% 90% 93% 0% 30% 46% 62% 75% 85%
Asphalt Good 0% 22% 41% 51%  63%  73%| 0%  18%  32%  44%  49%  56%
Asphalt Fair 6%  34%  54%  72%  84%  90%| 0%  23%  42% 53% 67%  76%
Asphalt Poor 11%  45%  72% 87%  93% 96%| 3% 33% 52% 70%  83%  89%
Snow 2" 44%  51%  79%  91%  96%  97%| 31%  36% 59%  78%  88%  91%
Snow 4 87% 90% 88%  88%  78%  67%| 94%  64% 86% 95%  89%  89%

Table 5: 1-81 Northbound Section Climbing Lane Requirements (Minimum Desired = 104 km/h (65 mph))

pavement Weight-to-Power Ratio (kg/kW) -- Bias Ply Tires Weight-to-Power Ratio (kg/kW) -- Radial Tires
30 | 60 | 90 | 120 | 150 | 180 | 30 | 60 | 90 | 120 | 150 | 180
Concrete Excellent 0% 1% 2% 7% 13% 21% 0% 0% 0% 1% 5% 7%
Concrete Good 0% 2% 11% 24% 39% 51% 0% 1% 3% 10% 19% 29%
Concrete Poor 0% 7% 24% 49% 60% 67% 0% 2% 11% 24% 39% 51%
Asphalt Good 0% 1% 6% 15% 25% 37% 0% 0% 1% 6% 10% 17%
Asphalt Fair 0% 4% 18% 36% 52% 60% 0% 1% % 17% 29% 39%
Asphalt Poor 0% 11% 36% 57% 67% 72% 0% 3% 16% 33% 50% 58%
Snow 2" 10% 16% 48% 63% 2% 78% 3% 6% 21% 44% 56% 64%
Snow 4" 84% 59% 7% 88% 91% 92% 67% 23% 57% 71% 78% 84%
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Figure 1: Highway Capacity Manual Truck Performance Curves (W/P = 120 kg/kW)
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APPENDIX A: DERIVATION OF EQUILIBRIUM SPEED

Given that the vehicle’s acceleration is zero when it attains equilibrium speed (vn), we can write the
following mathematical equation:
F-R
a=—2=0 = F =R
L ” [18]

min(F, ,F Kve +K v, +K, +R,

max) -

In most cases the introduction of the g coefficient results in an Fr that is less than Fpax. Thus,

Equation 18 can be simplified to Equation 19 recognizing the condition that F,,, > K: B :
Vo
}f/T’B =Kv2 +K, v, +K, + R, [19]

m

According to Equation 6, the parameter 5 can take two forms, depending on the vehicle’s speed.
Specifically, when the equilibrium speed (vn) is larger than vy, £ takes a value of 1.0; alternatively

when v, is less than vo, A is equivalent to 1.y _"). Consequently, Equation 19 can be
\' \'

0 0

transformed to two equations, namely Equation 20 and 21, as follows:
forv, =v,, Kove +K vi +(K +R Vv, -K; =0 [20]

K K K
forv, <ve, Kyve +K Vi +(K, +R, ———+—)v,, —V—T =0 [21]
0 0 0

From the mathematical view point, Equations 20 and 21 are third order polynomial equations in a
single variable (the equilibrium speed vy,). Consequently, 3 roots to the equation can be computed
of which 1 of these roots is real and the other 2 roots are complex. In some special cases, however,
all three roots can be real. However, in order for all roots to be real the factor K; must be negative,
which is impossible. Consequently, the equation form of Equations 20 and 21 offer a single real
root that is computed using Equation 22 where the values of the constants K,, K, b, ¢, and d
depend on whether Equation 20 or 21 is utilized.

V. o= — Krl + ?{/E(_Krlz + 3Kac) _ b [22]
" 3K, 3K,b 332 K,
Where:
b= 3\/— 27K2d - 2K 3 - 9K K, C + 2¢4(—|<31 +3K,c)® +(-27K2d - 2K? - 9K K, ,C)?
K., +Ry V,, 2V,
C = KT KT
K. +R,———+— Vv_ <V
r, g Vo Vg m 0
-K; Vi, 2V,
- K
d=2_ 2 V, <V,
VO
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In the case that Fpax is less than Fr (i.e. F,,, < M) then the equilibrium speed can be solved for
Vo

using Equation 23 depending on whether the equilibrium speed exceeds the value Ktf/Fmax. Given
that the equilibrium speed should be positive we only consider the positive root of the equation.

_Kr1+\/Kr21_4Ka(Kr2+Rg_Fmax) oy <K-|-ﬁ
v, = 25& Frnax [23]

Krl :{/E(_Krl +3Kaf) € KTB

- + - VvV, >—
3K, 3K,e 3%2 K, F e

Where:

e= 3\/27|<§|<T —2K?3 9K, K, f + %/4(—K,21 +3K,f)® + (27K 2K, —2K?3 - 9K K, ,f)?

f=K, +Rg
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CHAPTER 6 IMPACT OF TIRE AND AERODYNAMIC AIDS ON TRUCK
PERFORMANCE ALONG UPGRADE SECTIONS

Hesham Rakhal and Bin Yu?, accepted for presentation in the TRB 2005

ABSTRACT

The paper utilizes a variable power vehicle dynamics model to validate the Highway Capacity
Manual truck performance curves for a 120 kg/kW (200 Ib/hp) truck equipped with radial tires,
traveling on a fair asphalt surface (Pavement Serviceability Index between 1.5 and 3.0). The
vehicle dynamics model is then utilized to conduct a sensitivity analysis of truck and tire
characteristics on truck behavior along upgrade sections. Subsequently, considering the significant
factors, truck performance curves, reflective of in-field roadway and truck characteristics, are
developed. These truck performance curves are intended to enhance the HCM procedures in
locating truck climbing lanes.

Key words: Truck modeling, vehicle dynamics, roadway design, truck climbing lanes, typical
traveling condition, Highway Capacity Manual (HCM), American Association of State Highway
and Transportation Officials (AASHTO).

1. INTRODUCTION

Mannering and Kilareski (1) suggest that “the performance of road vehicles forms the basis for
highway design guidelines and traffic analysis. For example, in highway design, determination of
the length of freeway acceleration and deceleration lanes, maximum highway grades, stopping-
sight distances, passing-sight distances, and numerous accident prevention devices all rely on the
basic understanding of vehicle performance.”

Truck performance along grade sections may have significant impacts on roadway throughput and
efficiency depending on the roadway grade, the truck characteristics, the percentage of trucks on
the roadway, and the overall level of congestion on the roadway section. Although the Highway
Capacity Manual and the AASHTO Policy on the Geometric Design of Highways and Streets
provide curves for predicting vehicle speeds as a function of the distance traveled and the
percentage grade along a roadway section (2) (3), these curves are limited because they only
consider a single truck weight-to-power (W/P) ratio of 120 kg/kW (200 Ib/hp) and do not capture
the effect of tire and aerodynamics aids on the truck acceleration behavior.

The objectives of this paper are two-fold. First, the paper investigates the impact of a number of
vehicle-related parameters on the performance of trucks along upgrade sections. These parameters
include the type of vehicle tires, the vehicle’s aerodynamic features, the percentage mass on the

1 Associate Professor, Charles Via Department of Civil and Environmental Engineering, Virginia Tech.
Virginia Tech Transportation Institute, 3500 Transportation Research Plaza (0536), Blacksburg, VA
24061. E-mail: hrakha@vt.edu

2 Graduate Research Assistant, Charles Via Department of Civil and Environmental Engineering, Virginia
Tech. E-mail: byu@vt.edu.
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tractive axle, and the vehicle’s engine efficiency. This research effort complements a previous
research effort that investigated the effect of roadway surface type and condition on truck
acceleration behavior (4). It is believed that these research efforts will provide a good guideline to
highway design procedures. Second, the paper expands the domain of application of the HCM and
the AASHTO Policy on the Geometric Design of Highways and Streets truck performance curves
by considering vehicle parameters that are deemed critical in the modeling of truck behavior along
upgrade sections.

In terms of the paper layout, initially the vehicle dynamics model that is incorporated in the
TRUCKSIM software and utilized to conduct the sensitivity analysis and develop the truck
performance curves, is described briefly. Subsequently, the importance of enhancing the state-of-
practice truck performance curves is demonstrated through a number of simple example
illustrations. Subsequently, the results of the sensitivity analyses are presented followed by sample
truck performance curves. It is anticipated that the TRUCKSIM software will assist practitioners in
capturing the effect of these variable on truck behavior in the design of truck climbing lanes.

2. VEHICLE DYNAMICS MODEL

The vehicle dynamic model utilized was originally developed by Rakha et al. (5) and then was
improved by Rakha and Lucic (6). It is similar to models presented by others (1) (7) (8) with
adding some improvements and refinements. The model validation was executed by using second-
by-second measurements collected along the Virginia Tech Smart Road test facility. The validation
effort was unique in two aspects. First, vehicle acceleration levels were collected in a controlled
environment, thus isolating maximum vehicle acceleration. Second, the model is systematically
validated for different vehicle weight-to-power ratios, which transportation researchers believe to
be the most important performance factor. Values for other model parameters such as engine
power, pavement type, pavement condition, and tire type etc were obtained from the manufacturer's
specifications or from the literature (7) (9) and reflect representative truck characteristics of the
traffic survey that was executed along 1-81 in the state of Virginia (6). Upon completion of model
validation, it was found that the proposed model is consistent to collected field-data. In general, the
error in the estimated speed versus the measured speed was found to be less than 10 percent.

The vehicle dynamics model computes maximum vehicle acceleration levels by computing the
resultant force acting on a vehicle, as summarized in Equation 1. Given that acceleration is the
second derivative of distance with respect to time, Equation 1 resolves to a second-order Ordinary
Differential Equation (ODE) of the form presented in Equation 2.

The vehicle tractive effort is computed using Equation 3 with a maximum value based on Equation
4, as demonstrated in Equation 5. Equation 4 ensures that the tractive force does not exceed the
maximum frictional force that can be sustained between the vehicle’s tractive-axle tires and the
roadway surface without the spinning of vehicle wheels. The equation demonstrates that the
maximum tractive force is a function of the proportion of the vehicle mass on the tractive axle.
Typical axle mass distributions for different truck types were presented by Rakha et al. (5).

Rakha and Lucic (6) introduced the g factor into Equation 3, in order to account for the gear shift
impacts at low traveling speeds. While the variable power factor does not incorporate gear shifts
explicitly, it does account for the major behavioral characteristics that result from gear shifts,
namely the reductions of power. Specifically, the factor is a linear function of vehicle speed with an
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intercept of 1/v, and a maximum value of 1.0 at v, (optimum speed or the speed at which the

vehicle attains its full power), as demonstrated in Equation 6. The intercept guarantees that the
vehicle has enough power to accelerate from a complete stop. The calibration of the variable power
factor was conducted by experimenting with different truck and weight combinations to estimate
the speed at which the vehicle power reaches its maximum (termed the optimum speed). The
optimum speed was found to vary as a function of the weight-to-power ratio, as demonstrated in
Equation 7. The details of how this relationship is derived are described by Rakha and Lucic (6).

F-R
a=— [1]
d?x dx

e =5 %) [2]
F =3600 g = KTP [3]

Y
F._ =9.8066 M, [4]
F=min(F, F.) [5]
1 . 1

B —E|:1+ mm(v,vo{l—gﬂ [6]
Vo = 1164w °7° [7]

Three resistance forces are considered (1) (5) (7) (8). First is the aerodynamic resistance, as
indicated in Equations 8 and 9 where c; is a constant that accounts for the air density at sea level at
a temperature of 15°C (59°F). Typical values of vehicle frontal areas for different truck and bus
types and typical drag coefficients are provided in the literature (5).

Second is the rolling resistance, which is a linear function of the vehicle speed and mass, as
indicated in Equation 10. Typical values for rolling coefficients (C, c1, and cy), as a function of the
road surface type, condition, and vehicle tires, are provided in the literature (5). Generally, radial
tires provide a resistance that is 25 percent less than that for bias ply tires.

Third is the grade resistance, which is a function of the vehicle’s total mass and the road grade, as
indicated in Equation 11. The grade resistance accounts for the proportion of the vehicle weight
that resists the movement of the vehicle:

R, =¢,C,C, Av? =K, v’ [8]

C, =1-85x10"°H [9]

R, =9.8066 C, (c,V +¢C,) M _ K.V +K,, [10]
1000

R, =9.8066 M i [11]

Rakha and Yu (4) used the vehicle dynamics model to compute the vehicle’s equilibrium speed,
also referred to as the vehicle crawl speed. The equilibrium speed is the maximum speed a vehicle
may attain along a sustained grade section when the vehicle’s acceleration is zero. By solving for
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the vehicle speed when the tractive force equals the summation of the resistance forces (vehicle
acceleration equals zero), the equilibrium speed can be computed, as summarized in Equation 12
and 13; the computation depends upon whether or not the tractive force exceeds the maximum
frictional force that can be sustained between the vehicle tires and the roadway surface. The
interested reader may refer to Rakha and Yu (4) for the details of the full model derivation.
Specifically, in the case that F,,, >K;3/v, then Equation 12 is utilized.

max

K, ¥2(-K,*+3K K
vy - Ka (KL +3K,0) b U Fpy 2 TP [12]
3K, 3K,b 3%2 K, Vv,
Where:
b = 3\/— 27KZd - 2K} - 9K, K, C + %/4(—|<31 +3K,c)® +(-27KZd - 2K} - 9K K, ,c)?
K., +Ry V., 2V,
C= KT KT
K, +R, ——+— v, <V
r, g Vo Vg m 0
-K; Vi, 2V,
= K
d=1_% Vi, <V,
VO
Alternatively, in the case that F,,, <K; /v, then Equation 13 is applied.
_Kr1+\/Kr21_4Ka(Kr2+Rg _Fmax) KTB
Vv, < =
v, = i 2 [13]
Krl 2(_Krl +3Kaf) € KTB
- + - VvV, >——
3K, 3K,e 3§/§.Ka F oo

Where:
e= ?(/27K§KT —2K?3 9K K ,f +#4(—Kf1 +3K,f)® + (27K 2K, —2K® — 9K K ,f)?

a' “rl a' “rl
f=K, +R,

Rakha and Yu (4) demonstrated the consistency between the HCM truck performance curves and
the Rakha and Lucic model estimates for a full range of grades (0 to 8 percent), except for a grade
of 8 percent. Specifically, for a grade of 8 percent the Rakha and Lucic model estimated an
equilibrium speed that was lower than what the HCM and constant power model would suggest.
The reason the variable power model estimates a lower equilibrium speed is because the
equilibrium speed is less than the optimum speed of 32 km/h (vo), and thus, the values of the

constants ¢ and d take the second form of Equation 12 (i.e. c=K,, +R, —K; /v, +K; /v§ and

d=-K; /v, ). Field observations have demonstrated that vehicles are unable to attain the

equilibrium speeds that are proposed by a constant power model, as was discussed in detail by
Rakha and Lucic (6). Consequently, Rakha and Yu (4) demonstrated that the HCM procedures
would tend to over-estimate truck equilibrium speeds when the equilibrium speed is less than the
optimum speed.
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3. EXAMPLE ILLUSTRATION

Having described the variable power vehicle dynamics model developed by Rakha and Lucic (6),
this section demonstrates how the model can be applied to a roadway section to estimate truck
speeds. It should be noted that the model has been incorporated within the TRUCKSIM software to
automate the modeling of truck behavior and to assist practitioners in the design of truck climbing
lanes. The details of the TRUCKSIM software are beyond the scope of this paper. However the
interested reader may refer to Rakha and Yu (10) for further information. It should be noted at this
point that the TRUCKSIM software solves the second order ODE, which was presented in
Equation 2, numerically at a user-defined time step. The software input parameters include the
pavement type and condition by altering the rolling and friction coefficients, the tire type, the
altitude, the vehicle mass, vehicle power, percent mass on the tractive axle, the vehicle drag
coefficient, the engine efficiency, a user specified minimum speed for the design of climbing lanes,
the traffic volume and percentage trucks on the roadway, and the roadway free-speed (or maximum
speed). The software can provide four outputs. The first output is the vehicle’s acceleration, speed,
position, tractive force, and resistance forces at a user-specified time step for the duration of the
simulation. The second output identifies the start and end locations of truck climbing lanes
(locations where the truck speed decreases below a user-specified minimum speed and where the
traffic and truck volume exceeds the AASHTO Policy on the Geometric Design of Highways and
Streets thresholds). The third output is the vehicle’s equilibrium speed, which is computed by
solving Equation 12 and 13, as was discussed earlier. The final output is the composite equilibrium
grade for a specific road section.

Rakha and Yu (4) demonstrated the consistency between the variable power vehicle dynamics
model and the HCM and the AASHTO Policy on the Geometric Design of Highways and Streets
procedures when the model parameters are consistent with the HCM curves. Rakha and Yu
demonstrated that the consistent parameter values include a 200 Ib/hp vehicle equipped with a 450
hp engine of efficiency 88 percent, equipped with aerodynamic aids and radial tires, and with a
weight distribution that results in 35 percent of the total weight on the tractive axle, and traveling
on a fair asphalt surface (5). These parameters except for the vehicle weight-to-power ratio are
consistent with what is documented in the literature as typical parameters (5) and is reflective of in-
field truck characteristics, based on a survey conducted along 1-81 in the state of Virginia (6). At
the same time, Rakha and Yu (4) also demonstrate, by altering the roadway and truck
characteristics, differences in truck behavior are observed and, thus, the need to enhance and
extend the HCM and the AASHTO Policy on the Geometric Design of Highways and Streets
procedures.

For illustration purposes, a simple 3.2-km section of highway is considered. The grades along the
section include a 2 percent upgrade over a distance of 0.8 kilometers followed by a 5 percent
upgrade over 0.8 kilometers followed by a 1 percent upgrade over the remainder of the section
(length of 1.6 km). Using the HCM truck performance curves the speed of the truck is estimated at
0.1-km intervals, assuming an initial truck speed of 0 and 88 km/h, as illustrated in Figure 2. Figure
2 demonstrates that the HCM procedures estimate the final truck speed to be 80.5 km/h after
traveling the entire 3.2-km test section. Similarly, the final speed produced by the variable power
model is 83 km/h using the HCM parameters. This results in a difference of less than 2.5 percent
between the HCM procedures and the variable power vehicle dynamics model and shows
consistency between the variable power model and the HCM procedures.
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Subsequently, the vehicle’s drag coefficient was varied to take on values of 0.58, 0.64, and 0.78,
respectively to reflect a vehicle equipped with full, partial, or no aerodynamic aids. As shown, the
difference of final speed is minor. Specially, considering the acceleration scenario, the final speeds
are 83.2 km/h, 82.7 km/h, and 81.4 km/h for full aerodynamic treatment, aerodynamic aids on roof,
and no aerodynamic aids. Compared to the 80.5 km/h estimated by the HCM procedures, the
differences are less than 3.5%, which is minor. Thus, this phenomenon may suggest that
performance difference due to aerodynamic aids could be omitted. And, later on, our further
analysis validates this speculation.

Alternatively, Figure 3 demonstrates the impact of the vehicle tire characteristics on the truck
acceleration behavior for the same 3.2-km test section. Specially, the truck final speed varies from
78 km/h to 83 km/h for radial versus bias ply tires, which is equivalent to a 6 percent difference in
the final speed. The 80.5 km/h estimated by the HCM procedures falls between 78 km/h and 83
km/h. At the first glance, this may suggest that difference among tire types could be omitted.
However, as we will see lately, simple ignorance of different tire types will not always be right,
especially when the road grade is level or low.

4. SENSITIVITY ANALYSIS OF VEHICLE PARAMETERS

This section first evaluates the impact of various vehicle parameters including aerodynamic
features, tire type, engine efficiency, and percentage of mass on tractive axle on truck performance
along upgrade sections. Depending on the results of the sensitivity analysis evaluation, the authors
suggest that the HCM truck performance curves should be updated accordingly. Prior to
developing the truck performance curves, the base case input parameters are described followed by
a description of the parameter values that were utilized to account for the various roadway and
truck characteristics that were studied.

4.1 Basic Input Parameters

The basic input parameters reflected trucks equipped with full aerodynamic features given that
these trucks were found to represent 55 percent of a 157 sample size that was gathered along 1-81
in the state of Virginia (6). The assumption of full aerodynamic features implies the use of an
aerodynamic drag coefficient of 0.58, as was described by Rakha et al. (5). In addition, trucks were
assumed to be equipped with radial tires (97 percent of the 1-81 sample). The use of radial tires
implies the incorporation of rolling resistance coefficients (c; and c3) of 0.0328 and 4.575,
respectively. In addition, the pavement surface was assumed to be a fair asphalt surface, implying a
rolling resistance factor (C;) equal to 1.75 and a coefficient of friction of 0.5. The engine efficiency
was assumed to be 88 percent with an engine power of 336 kW (450 hp) (the mean power for the I-
81 sample), and a vehicle weight-to-power ratio of 120 kg/kwW (200 Ib/hp), which is what is used
for the HCM truck performance curves, but not necessarily consistent with the truck population
along the 1-81 corridor. The altitude was assumed to be sea level (C, = 1.00). The truck frontal area
was assumed to be 10.7 m? and the percentage mass on the tractive axle was assumed to be 35
percent, as recommended by Rakha et al. (5). It should be noted that the vehicle engine efficiency
may deteriorate with age. A characterization of engine efficiency as a function of engine age is
beyond the scope of this paper. However, it is a subject worth further investigation.
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4.2 Impact of Percentage Mass on Tractive Axle on Truck Performance

This section evaluates the effect of percentage of the total vehicle mass on the tractive axle on truck
performance. Specifically, the percentage of mass on the tractive axle was varied to include a 25,
35, and 45 percent. The results demonstrated that the truck equilibrium speed was hardly impacted
by the change in percentage of mass on the tractive axle (changes of less than 1 percent). The lack
of sensitivity of the equilibrium speed to the percentage mass on the tractive axle can be attributed
to the fact that this parameter only plays a role during the initial vehicle accelerations, as
demonstrated in Equation 4.

4.3 Impact of Tire Type on Truck Performance

As far as vehicle tires are concerned, there are two major tire types: radial and bias ply. Table 1
illustrates the variation in the vehicle equilibrium speed as a function of four factors, namely: the
engine efficiency, the vehicle drag coefficient, the tire type, and the percentage upgrade. In
addition, Table 2 illustrates the percentage change in the equilibrium speed relative to the radial tire
base case scenario. The following conclusions can be made using the results of Table 1 and Table
2. First, the highest percentage change in equilibrium speed occurs when the grade is steep (8
percent). However, in these cases the equilibrium speed is low (seldom higher than 20 km/h) and
thus the percentage difference is relatively high. Second, in the case of upgrades that is less than 6
percent in steepness, which is common for interstate freeways, generally the percentage change in
equilibrium speed decreases as the roadway grade severity increases. Typically, the changes in the
equilibrium speed are in the range from 0 to 10 percent. Consequently, it appears that the vehicle
tire type could be a relative important factor in the design of truck climbing lanes.

4.4 Impact of Aerodynamic Features on Truck Performance

The study considered four aerodynamic drag factors that capture four vehicle configurations,
namely a car hauler/cattle hauler, a truck not equipped with aerodynamic aids, a truck equipped
with aerodynamic aids on the cab roof, and fully aerodynamic treatment. Using the equilibrium
speeds of Table 1, the percentage change in the equilibrium speed relative to the base case fully
aerodynamic treatment is provided in Table 3. As Table 3 shows, overall the largest change in the
equilibrium speed is less than 10 percent. Second, the percentage change in the equilibrium speed
decreases as the roadway upgrade increases and the wvehicle equilibrium speed decreases.
Specifically, the impact of the aerodynamic features becomes negligible when the grade is equal to
or exceeds 4 percent. Consequently, because the design of truck climbing lanes typically occurs on
relatively steep grades (greater than or equal to 4 percent), it would be reasonable to ignore the
vehicle’s aerodynamic features in the design of climbing lanes.

4.5 Impact of Engine Efficiency on Truck Performance

The study evaluated three engine efficiency values: 0.85, 0.88, and 0.95. Using the equilibrium
speeds of Table 1, the percentage change in the equilibrium speed relative to the base case engine
efficiency (efficiency of 88 percent) is summarized in Table 4. Table 4 clearly demonstrates that
the percentage change in the vehicle equilibrium speed increases as the roadway grade increases.
This is partially because high engine efficiency provides better grade negotiation capabilities
especially for higher grades. Specifically, this better grade negotiation capability becomes apparent

116



for an 8 percent upgrade. For example, the equilibrium speeds of Table 1, demonstrate an increase
in the equilibrium speed from 8 km/h to 31km/h for an increase in engine efficiency from 85 to 95
percent for a truck equipped with radial tires traveling along an 8 percent upgrade. Accordingly, the
resulting percentage changes are -27.3 percent, 0 percent, and +181.8%. The interesting thing being
revealed is that a speed leap seems to exist when engine efficiency changes from 0.88 to 0.95. The
results of Table 4 clearly demonstrate the significant impact of engine efficiency on truck
performance along upgrade sections especially when the grade exceeds 4 percent.

4.6 Truck Performance Curves

Having completed evaluation of potential factors’ impact on truck acceleration behavior, truck
performance curves are provided in Figure 4 and Figure 5. Particularly, Figure 4 and Figure 5
illustrate the variation in truck performance curves for different aerodynamic aids, engine
efficiencies, and tire types. It should be noted that these truck performance curves were generated
using the TRUCKSIM automatically. Alternatively, practitioners could utilize the TRUCKSIM
software to model truck performance along grade sections without the need to utilize the truck
performance curves that are provided in the two figures.

It will be meaningful to compare performance curves illustrated in Figure 4 and Figure 5 to those
existing in the HCM, shown Figure 1. First, differences in equilibrium speed estimates based on a
vehicle's acceleration and deceleration behavior, which exist in Figure 1 for low road grades, do not
exist anymore. Second, in Figure 4, similar performance curves to those in the HCM could be
observed if tire type is radial. However, Figure 4 also indicates a noticeable change of equilibrium
speed through changing tire types, especially for low road grades. For example, it shows that the
equilibrium speeds are 102 km/h and 112 km/h for bias ply and radial tires for drag efficient is
0.58. This results in a speed difference of 10 km/h (6.25 mph). According to the AASHTO Policy
on the Geometric Design of Highways and Streets, traffic safety and throughput will be greatly
affected if a 15 km/h (10 mph) or greater speed reduction is expected for a typical heavy truck.
Thus, a speed difference of 10 km/h due to different tire types is apparently not ignorable. Lastly, it
is observed that TruckSIM is more conservative in predicting performance for extreme steep road
grades, comparing to the HCM. For example, the HCM shows that the equilibrium speed for 8
percent grade is about 27 km/h. However, Figure 5 indicates the value is around 10 km/h or less in
general. The authors consider this phenomenon is due to the used variable power characteristics.
For very steep grades, a truck will generally travel in a speed lower than the optimal speed. Thus,
the TruckSIM will include a power loss when solving equilibrium speed; while the HCM
procedures will not.

Additionally, the listed curves assume that truck speeds are only constrained by the vehicle
dynamics and thus may not reflect speed limit effects on vehicle speeds. However, it should be
noted that accounting for the speed limit is easily achieved by considering a maximum vehicle
speed in modeling truck behavior.

5. EXAMPLE APPLICATION OF MODEL

In order to demonstrate the potential benefits of the TRUCKSIM software, the software was run on
a sub-section of 1-81. Specifically, a 45-km section of 1-81 in the state of Virginia from milepost
118 to milepost 143 between Christiansburg and Roanoke was tested as part of this research effort,
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as illustrated Figure 6. The southbound traffic travels upgrade (from left to right), while the
northbound traffic travels downgrade (from right to left). The vertical profiles for both directions
are similar in many aspects except for an exceptionally high upgrade in the southbound direction in
the Christiansburg exit vicinity.

The AASHTO Policy on the Geometric Design of Highways and Streets identifies a number of
criteria for locating climbing lanes. (1) The truck speed is at least 15 km/h (10 mph) less than the
surrounding traffic stream speed, (2) the traffic volume on the roadway is greater than 200 veh/h,
(3) the truck percentage is greater than 10 percent, and (4) inferior behavior of trucks results in a
reduction in the roadway level of service (LOS). Given that the study section includes traffic and
truck volumes that exceed the minimum requirements, it is sufficient to identify the locations at
which the truck speed is at least 16 km/h less than the traffic stream speed in locating truck
climbing lanes. It should be noted that the TRUCKSIM software considers the first three criteria in
identifying the location of truck climbing lanes.

Figure 7 illustrates the spatial variation in truck speed for a 120 kg/kW truck traveling in the
southbound direction for illustration purposes. The figure also illustrates the variation in the
minimum speed threshold over the 45-km section. It should be noted that the minimum speed
decreases by 8 km/h towards the end of the section (milepost 137 to 143) because the speed limits
is reduced from 65 to 60 mph. The results indicate that a significant proportion of the study section
involves truck speeds below the minimum speed threshold, which was set at 16 km/h (10 mph) less
than the regular traffic speed (free-speed in most cases), as summarized in Table 5. For example, in
the case of bias ply tires, approximately 49 percent of the total distance traveled involves travel at a
speed below the 60 mph threshold (70 mph free-speed minus the 10 mph speed differential)
considering a truck with full aerodynamic treatment. This percentage decreases to 36 percent if the
bias ply tires are replaced for radial tires, which constitutes a reduction in the truck climbing lanes
by 13 percent.

Table 5 demonstrates the following. First, in general, the climbing lane requirements are higher for
the southbound versus the northbound direction of travel. Certainly, this was due to the fact that
traveling along the southbound direction involves moving along more significant and sustained
upgrade sections in comparison to travel in the northbound direction, as demonstrated in the
vertical profile of Figure 6. Second, increasing the truck climbing lane speed threshold will result in
noticeable increases in the climbing lane requirements. For example, in the southbound direction,
the percentage of distance requiring climbing lanes is 29, 36, and 50 percent for a speed threshold
of 55, 60, and 65 mph, respectively; while, for the northbound direction, the values are 7, 11, and
17 percent. Third, the results indicate that a change in tire type generally results in at least a 10
percent change in the climbing lane requirements, except for some minor scenarios such as the
northbound direction with a 55 mph climbing lane speed threshold. Consequently, the results
clearly demonstrate the significance of the tire type on the design of climbing lanes. Finally, the
results indicate that the truck’s aerodynamic features and the engine efficiency have a moderate
impact on the climbing lane requirements (differences are in the range of 10 percent).
Consequently, we recommend that these factors be considered in the design of climbing lanes.

6. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH

The paper demonstrates that the variable power vehicle dynamics model developed by Rakha et al.
(5) (6) produces truck acceleration behavior that is consistent with the HCM and the AASHTO
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Policy on the Geometric Design of Highways and Streets design procedures if identical roadway
and truck characteristics are incorporated. The model offers a number of advantages over the HCM
and the AASHTO Policy on the Geometric Design of Highways and Streets procedures given that
it is sensitive to roadway and truck characteristics. The paper also demonstrates that the
TRUCKSIM software, which solves the second order vehicle motion ODE, can estimate vehicle
speeds at a user defined time interval along a composite grade section. This tool can be of
significant benefit to practitioners in identifying locations of climbing lanes along roadway
segments, automating the current state-of-practice procedures, and extending the current
procedures by considering factors that are not considered in the state-of-practice procedures.
Furthermore, using the software, the paper extends the HCM and the AASHTO Policy on the
Geometric Design of Highways and Streets truck performance curves to cover different truck
features, namely the tire type, aerodynamic features, engine efficiency, and percentage mass on
tractive axle.

It should be noted that, the research effort and its major achievement is based on the variable power
model developed by Rakha et al. (5) (6). And, the model was well validated based on second-by-
second measurements conducted in the Virginia Tech Smart Road test facility. Certainly it has
some limitations to simulate all truck dynamic behaviors as precise as possible because it, similar
to many other popular simulation models, is a semi-empirical model. Probably, the best way is to
utilize a computer-based simulation model including a set of very complicated math equations, as
St. John (11) did. But, without considering which model will be used, the authors think simple
keeping parameters as constant and only considering grade & weight-to-power ratio to be variants
will not enough to predict truck performance along grade sections, as the HCM and the AASHTO
Policy on the Geometric Design of Highways and Streets do. The authors believe, up-to-date, the
TruckSIM is an advanced simulation model, comparing to the HCM and the AASHTO Policy on
the Geometric Design of Highways and Streets. At the same time, the authors hope more and more
research effort on truck performance modeling could emerge so that transportation engineers could
investigate truck performance thoroughly and precisely.

The major findings of this study can be summarized as follows:

1. Changing percentage of mass on the tractive axle has a minimum impact on truck
performance along grade sections. Consequently, we recommend the use of a fixed value of
35 percent.

2. Tire type has a considerable impact of truck performance along grade sections.
Consequently, it is recommended that this factor be considered for the design of truck
climbing lanes.

3. In general the truck aerodynamic features have a minimum impact on truck performance at
low speeds and have a significant impact at high speeds. Differences in climbing lane
requirements in the range of 10 percent were observed for the 1-81 case study.

4. In general engine efficiency has a minimum impact of truck performance at low speeds.
However, the variable is critical in the design of climbing lanes for steep upgrade sections
but this factor could be accounted for directly by altering the vehicle power. It should be
noted that the engine efficiency may deteriorate with the vehicle and engine age. The study
does not attempt to quantify the effect of vehicle age on the engine efficiency; however, it is
recommended that further research be conducted in order to characterize the deterioration

119



of engine efficiency as a function of engine age and its impact on the design of truck
climbing lanes.

As in any research effort, further investigations are required to validate theoretical findings found
in the research effort. These investigations will include:

1. Conduct field tests with trucks of different engine and truck characteristics.

2. Conduct field tests to establish the sensitivity of truck performance to pavement type,
pavement condition, and tire type etc.
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VARIABLE DEFINITIONS

A

n

7,
a

Krl

Kr2

Vehicle frontal area (m?)

Transmission efficiency

Coefficient of friction between tires and pavement
The maximum vehicle acceleration (m/s®)

Vehicle acceleration at instant t;

Vehicle drag coefficient

Altitude coefficient

Rolling coefficient

Constant (0.047285)

Rolling resistance coefficients

Tractive effort effectively acting on truck (N)
Effective tractive force at instant t;

Maximum tractive force

Tractive effort (N)

Altitude (m)

Percent grade (m/100 m)

Vehicle mass (kg)

Vehicle mass on tractive axle (kg)

Engine power (kW)

Total resistance force, which is the sum of the aerodynamic, rolling, and grade
resistance forces (N)

Air drag or aerodynamic resistance (N)

Grade resistance (N)

Rolling resistance (N)

Vehicle speed (km/h)

Vehicle speed at instant t;

Optimum speed which is the speed at which a vehicle attains maximum power (km/h)
Vehicle weight-to-power ratio (kg/kW)

Distance traveled by vehicle (m)

Vehicle location along test section at instant t;
Duration of time interval used for solving the ODE (in this case 1-second duration)
Vehicle power reduction factor (unitless)
Equilibrium speed of a vehicle (km/h)

Tractive force constant (kW). K, =3600nP

Aerodynamic resistance force constant. K, = ¢,C,C, A

. . . 9.8066-C, -M

Rolling resistance force speed coefficient. K, = Toor -C,
. . 9.8066-C, -M

Rolling resistance force constant. K, = Tor “Cy

?{/— 27K2d - 2K 3 - 9K, K, C + %/4(—K31 +3K,c)® +(-27K2d - 2K? - 9K K ,c)?
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-— Vi, <V,

9(/27K§KT -2K? - 9K, K, f +§/4(—Kr21 +3K,)? + (27K 2K, - 2K - 9K K ,f)?
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Table 1: Equilibrium Speed (km/h) as a Function of Tire Type, Engine Efficiency, and Aerodynamic Aids

Condition
Engine Efficiency / Drag Coefficient
85 percent 88 percent 95 percent

0.96] 0.78] 0.64| 0.58| 0.96] 0.78] 0.64| 0.58| 0.96] 0.78| 0.64| 0.58

kS @ 0 92) 95 98] 100] 93] 97| 100f 102 97| 101 104 106

© = 2 64] 65| 66/ 66/ 65| 66/ 67[ 68 69 70| 71| 72

2 —Z 4 451 46| 46| 46| 47| 47| 47| 48] 50] 50 51] 51

g 8 6 34 341 34 35/ 35/ 36 36/ 36[ 38 38| 38] 38

'c'g o 8 6 6 6 6 8 8 8 8] 18] 18] 19] 19

x o 0 99| 104] 108| 110 101| 106| 110f 112 105f 110f 114 116

@ g 2 68 70l 71l 72| 70| 72| 73| v4{ 74 76| 77| 78

= = 4 48] 48] 49| 49| 49 50 50f 50f 53] 53] 54| 54

L 3 6 36] 36] 36/ 36/ 37| 371 37 37 40f 40| 40| 40

= & 8 8 8 8 8| 11| 11 11 11] 29| 30| 31| 31

Table 2: Percentage Change of Equilibrium Speed as a Function of Tire Type
Engine Efficiency / Drag Coefficient
85 percent 88 percent 95 percent

96.0% | 78.0% | 64.0% [ 58.0% | 96.0% | 78.0% [ 64.0% | 58.0% [ 96.0% | 78.0% [ 64.0% | 58.0%
2 8 0 7.1% | 87% [ 9.3% | 9.1% [ 7.9% | 85% | 9.1% | 89% | 7.6% | 8.2% | 8.8% [ 8.6%
@ B= 2 59% | 71% [ 7.0% | 83% [ 7.1% | 83% | 8.2% | 81% | 6.8% | 7.9% | 78% [ 7.7%
‘i 2 4 6.3% | 42% | 6.1% | 6.1% [ 4.1% | 6.0% | 6.0% | 40% | 57% | 5.7% | 56% [ 5.6%
g % 6 56% | 56% [ 56% | 28% [ 5.4% | 27% | 2.7% | 2.7% | 50% | 5.0% | 5.0% [ 5.0%
2 m 8 | 25.0% | 25.0% [ 25.0% | 25.0% [ 27.3% | 27.3% | 27.3% | 27.3% | 37.9% | 40.0% | 38.7% [ 38.7%
o o 0 0.0% | 0.0% | 0.0% | 0.0% [ 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% [ 0.0%
g £ 2 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% [ 0.0% | 0.0% [ 0.0% | 0.0% [ 0.0% | 0.0%
2 = 4 0.0% | 0.0% | 0.0% | 0.0% [ 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%
e 3 6 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% [ 0.0% | 0.0% [ 0.0% | 0.0% | 0.0% | 0.0%
= & 8 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% [ 0.0% | 0.0% [ 0.0% | 0.0% | 0.0% | 0.0%

Table 3: Percentage Change of Equilibrium Speed as a Function of Truck Aerodynamic Features

Engine Efficiency / Drag Coefficient

85 percent

88 percent

95 percent

0.96

0.78

0.64

0.58

0.96

0.78

0.64

0.58

0.96

0.78

0.64

0.58

Tire Type / Roadway Grade

Bias Ply Tire

8.00%

5.00%

2.00%

0.00%

8.80%

4.90%

2.00%

0.00%

8.50%

4.70%

1.90%

0.00%

3.00%

1.50%

0.00%

0.00%

4.40%

2.90%

1.50%

0.00%

4.20%

2.80%

1.40%

0.00%

2.20%

0.00%

0.00%

0.00%

2.10%

2.10%

2.10%

0.00%

2.00%

2.00%

0.00%

0.00%

2.90%

2.90%

2.90%

0.00%

2.80%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

5.30%

5.30%

0.00%

0.00%

Radial Tire

10.00%

5.50%

1.80%

0.00%

9.80%

5.40%

1.80%

0.00%

9.50%

5.20%

1.70%

0.00%

5.60%

2.80%

1.40%

0.00%

5.40%

2.70%

1.40%

0.00%

5.10%

2.60%

1.30%

0.00%

2.00%

2.00%

0.00%

0.00%

2.00%

0.00%

0.00%

0.00%

1.90%

1.90%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

[eo} [o2] E-N 1\ V] [=] foc] [op] B-N [ V] ()

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

0.00%

6.50%

3.20%

0.00%

0.00%
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Table 4: Percentage Change of Equilibrium Speed as a Function of Engine Efficiency

Engine Efficiency / Drag Coefficient
85 percent 88 percent 95 percent
96.0% | 78.0% | 64.0% | 58.0% | 96.0% | 78.0% [ 64.0% | 58.0% | 96.0% | 78.0% | 64.0% | 58.0%
g g 0 1.1% | 2.1% | 2.0% | 2.0% | 0.0% | 0.0% | 0.0% | 0.0% | 43% | 41% | 40% | 3.9%
S = 2 15% | 15% | 15% | 2.9% [ 0.0% | 0.0% | 0.0% | 0.0% | 6.2% | 6.1% | 6.0% | 5.9%
1 2 4 | 43% | 21% | 2.1% [ 42% | 0.0% | 0.0% | 0.0% | 0.0% | 6.4% | 6.4% [ 85% | 6.3%
E 3 6 2.9% | 5.6% | 56% | 2.8% | 0.0% | 0.0% | 0.0% | 0.0% | 8.6% [ 56% | 5.6% | 5.6%
g o 8 25.0% | 25.0% | 25.0% | 25.0% | 0.0% | 0.0% | 0.0% | 0.0% [125.0%] 125.0%] 137.5%] 137.5%
E o 0 20% | 1.9% | 1.8% | 1.8% | 0.0% | 0.0% | 0.0% | 0.0% | 4.0% [ 3.8% | 3.6% | 3.6%
L = 2 29% | 28% | 2.7% | 2.7% | 0.0% | 0.0% | 0.0% | 0.0% | 5.7% | 5.6% | 55% | 54%
2 = 4 20% | 4.0% | 2.0% | 2.0% | 0.0% | 0.0% | 0.0% | 0.0% | 82% [ 6.0% | 8.0% | 8.0%
e E 6 27% | 27% | 2.7% | 2.7% | 0.0% | 0.0% | 0.0% | 0.0% | 8.1% [ 8.1% | 8.1% | 8.1%
= 8 27.3% | 27.3% | 27.3% | 27.3% | 0.0% | 0.0% | 0.0% | 0.0% [163.6%|172.7%] 181.8%]| 181.8%
Table 5: Percentage Distance Requiring Climbing Lanes along the 1-81 Study Section
a. Northbound Direction
Engine Efficiency 85% Engine Efficiency 88% Engine Efficiency 95%
0.96 | 0.78 | 0.64 | 0.58 | 0.96 | 0.78 | 0.64 | 0.58 | 0.96 | 0.78 | 0.64 | 0.58
Min. Speed | Bias ply 17 14 11 10 15 13 10 10 12 10 9 8
55 mph Radial 11 9 8 7 10 9 7 7 9 7 6 5
Min. Speed | Bias ply 32 24 20 17 27 21 17 16 21 16 14 12
60 mph Radial 18 14 12 11 16 12 11 11 13 11 10 10
Min. Speed | Biasply | 51 44 35 29 48 38 29 27 38 29 23 22
65 mph Radial 34 24 19 18 29 22 18 17 22 18 15 14
b. Southbound Direction
Engine Efficiency 85% Engine Efficiency 88% Engine Efficiency 95%
0.96 | 0.78 | 0.64 | 0.58 | 0.96 | 0.78 ] 0.64 | 0.58 | 0.96 | 0.78 | 0.64 [ 0.58
Min. Speed | Biasply | 49 46 43 42 47 44 41 38 43 38 33 32
55 mph Radial 41 34 32 31 38 32 30 29 32 29 27 26
Min. Speed | Biasply | 65 59 52 51 62 55 50 49 55 49 46 45
60 mph Radial 51 47 43 40 49 45 40 36 45 38 34 33
Min. Speed | Biasply | 81 78 70 66 79 74 65 63 72 64 57 54
65 mph Radial 67 59 53 51 63 54 51 50 56 50 47 44
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Figure 1: Highway Capacity Manual Truck Performance Curves (W/P = 120 kg/kW)

Aerody namic Aids 0.58 Aerody namic Aids 0.64
100 - 100 -
80 80
<
60 E 60
2
40 - ——+— HCM Acceleration =4 40 - ——+— HCM Acceleration
HCM Deceleration » ———— HCM Deceleration
204y L Model Acceleration 204y L Model Acceleration
ol Model Deceleration ol Model Deceleration
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Distance(m) Distance(m)
Aerody namic Aids 0.78
100 -
80
60 |
40

HCM Acceleration
HCM Deceleration
204 . Model Acceleration

e Model Deceleration

T T T 1
0 1000 2000 3000 4000
Distance(m)
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK

1. CONCLUSIONS

The conclusions of this research effort can be divided into three parts. Conclusions on the truck
simulation software, an investigation of WAAS potential for estimating roadway grades, and a
performance investigation that reflects different vehicle and roadway characteristics.

1.1 TRUCK SIMULATION SOFTWARE — TRUCKSIM

The dissertation develops and introduces the TruckSIM software for modeling vehicle motion
along freeway segments. The TruckSIM software utilizes a vehicle dynamics model developed
by Rakha et al. (2001) and Rakha and Lucic (2002) as the simulation backbone. As demonstrated
in Chapter 5, truck behavior simulated using the TruckSIM software can reflect the impacts of
vehicle weight, power, pavement type, pavement condition, and tire type on vehicle behavior. At
the same time the TruckSIM software is consistent with the HCM 2000 procedures when the
input parameters are identical (i.e. a 120 kg/kW truck equipped with radial tires traveling on a
fair asphalt surface with a Pavement Serviceability Index between 1.5 and 3.0). In addition, the
TruckSIM software considers vertical and horizontal alignment on vehicle behavior, which is
currently not considered in the HCM and AASHTO procedures, which was demonstrated to have
a significant impact on truck climbing lane requirements. Alternatively, given the high geometric
standards of freeways the horizontal alignment generally was demonstrated to have a marginal
impact on truck climbing lane requirements. It is anticipated that by automating the design
procedures and considering different vehicle and roadway characteristics on truck motion, the
TruckSIM software will be of considerable assistance to traffic engineers in the design of
roadways.

Compared to other existing vehicle-dynamics models, the variable power dynamics model offers
multiple advanced features. First, it includes many parameters for a detailed description of traffic
and road characteristics such as vehicle engine, weight-to-power ratio, tire type, percentage mass
on tractive axle. Second, the model includes a special parameter, namely f, that accounts for the
sub-optimal vehicle power during gear shifts at low traveling speeds. While this factor does not
incorporate gear shifts explicitly, it does account for the major behavioral characteristics that
result from gear shifts, specifically the reduction of power. Third, it imposes an upper boundary
when determining the vehicle tractive effort. Thus, this third characteristic ensures that the
tractive force does not exceed the maximum frictional force that can be sustained between
vehicle’s tractive-axle tires and the roadway surface without spinning the vehicle’s wheels.

In addition, TruckSIM features a strong support for design of climbing lanes. Moreover,
TruckSIM allows vertical curves to be expressed in two ways for maximum flexibility. One is to
assume the vertical curve to be a parabolic function, with grades at PVC and PVT known. The
other is to suppose a vertical curve to be a circular function, with the circular radius known.
TruckSIM also includes implementation of a math equations set developed by Rakha and Yu
(2004), which is based on the variable power vehicle dynamics model that can be used to
compute equilibrium speed directly. Using this equation set will not only make determination of
equilibrium speed easier, but also give insight of how each variable determines a vehicle’s
equilibrium speed. Lastly, using the methodology proposed by the HCM 2000, TruckSIM
supports determination of equivalent composite grades. Compared to the manual procedures of
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the HCM 2000, TruckSIM automates the design process, which is viewed as a significant
improvement of the state-of-practice procedures. Furthermore, using the variable power vehicle
dynamics model, it is believed that TruckSIM will produce more precise results compared to the
HCM 2000 procedures.

1.2 INVESTIGATION OF WAAS

For a successful performance simulation, TruckSIM requires road profile information. If the
simulated road is not long, the design documentation method can provide a good solution.
However, if the simulated road is long, this method will probably fail as shown in Chapter 4.
Thus, this research investigates the feasibility of WAAS as a general road profile collection
method for performance related studies.

WAAS can generally provide data locations to an accuracy of 3 m, with the data updating
frequency at about 1 s. However, the derived grade-distance roadway profile, based on raw
WAAS data, is found to have random errors that are caused by multi-path signal reception and
tropospheric refraction. Data stacking offer a cost-effective and relatively efficient method to
reduce these data errors, by averaging several GPS measurement epochs over the study section.
In addition, kernel smoothing that are applied to the data stacking provide grade estimates that
are within a margin of error that is less than 1 percent compared to carrier-phase DGPS grade
measurements. Moreover, an application of the TruckSIM software to the smoothed GPS profiles
offers truck performance that is consistent with the actual roadway profile. Thus, the study
demonstrates the feasibility of WAAS as a general road profile collection method for truck
climbing lane design.

1.3 TRUCK PERFORMANCE INVESTIGATION

Using the TruckSIM software, this research effort investigates truck performance reflective of
various truck and road characteristics. These characteristics include vehicle engine power,
weight-to-power ratio, pavement type, pavement condition, aerodynamic aid features, engine
efficiency, tire type, and percentage mass on tractive axle. It is found that predictions of truck
performance along grade sections provided by the HCM 2000 and the AASHTO 2001 are not
precise enough and thus offer room for improvement. The findings can be summarized as
follows:

1. The dissertation demonstrates that the vehicle weight-to-power ratio is a critical variable
in designing truck climbing lanes. Consequently, the current state-of-practice (HCM 2000
and AASHTO 2001) by considering a single weight-to-power ratio is inadequate.

2. The dissertation also demonstrates that the vehicle power, in addition to the vehicle
weight-to-power ratio, is critical in the design of truck climbing lanes especially along
level and mild upgrade sections (less than 4 percent). Consequently, the current
procedures of only considering the vehicle weight-to-power ratio is inadequate for
designing truck climbing lanes.

3. The study also demonstrates that pavement condition is an important factor that impacts
the design of truck climbing lanes. Specifically, pavement condition can significantly
affect the performance of trucks for weight-to-power ratios larger than 120 kg/kW (200
Ib/hp) and mild grades (less than 2%). However, the pavement type (asphalt versus
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concrete) has a marginal impact on truck performance, compared to vehicle weight-to-
power ratio, engine power, and pavement surface conditions.

4. The percentage mass on the tractive axle has a minimum impact on truck performance
along grade sections. This is probably due to the fact that it only impacts vehicle
performance at low speeds.

5. Tire types do have a moderate impact on truck performance when traveling on mild
grades (1 percent and less), however its impact is much less than the impact of the
vehicle weight-to-power ratio factor. Consequently, we recommend considering the tire
type as a variable in the design of climbing lanes.

6. The study demonstrates that for the typical speeds of trucks, aerodynamic aids have a
minimum impact on truck performance. However, this factor becomes significant at
higher traveling speeds (over 120 km/h). The percentage differences in the climbing lane
requirements for aerodynamic versus no aerodynamic aids were in the range of 10
percent in the 1-81 case study. Thus, from the standpoint of the design of truck climbing
lanes, it seems reasonable to treat aerodynamic aids as a variable.

7. In general, engine efficiency has a minimum impact on truck performance at lower
traveling speeds. However, it significantly affects the percentage climbing lane
requirements for steep upgrade sections.

2. FUTURE WORK

When the variable power dynamics model was developed, the engine efficiency was kept
constant, even though it may deteriorate with the vehicle and engine age. No attempt has been
made to quantify the impact of vehicle age on the engine efficiency. Thus, it is recommended
that further research be conducted in order to characterize deterioration of engine efficiency as a
function of engine age and its impact on the design of truck climbing lanes.

The study quantifies the impact of different traffic and roadway characteristics on the
performance of trucks along grade sections using the TruckSIM software. It is recommended that
field tests be conducted to validate the findings of this research effort.

The study considers the performance of a truck in isolation of the general traffic. It is proposed
that further research be conducted to estimate Passenger Car Equivalency (PCE) factors for
various truck and roadway characteristics.

Finally, further work is required to develop time series models to estimate roadway grades from
WAAS measurements. The research that is presented in this thesis is a first step in addressing
this need.
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