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Abstract. In this paper, empirical research about Passenger Car Equivalents
(PCEs) on the longitudinal downgrade of two-lane roads in Bosnia and
Herzegovina has been conducted in order to determine the influence of vehicle
structure under free traffic flow conditions. The research has been carried
out considering the classes of vehicles at cross-sections on the downgrade of
two-lane roads. As a result, the negative influence of vehicle structure under
free traffic flow conditions using passenger car equivalents (PCEs) has been
determined. The results show that on the downgrade of two-lane roads, the
value of passenger car equivalent decreases from the level terrain to the
boundary minimum value for the determined downgrade g = -3.00%, after
which its value starts to increase slightly. Based on the obtained values, the
models calibrated with a second-degree polynomial have been developed to
determine the average value of passenger car equivalent as a function of its
boundary value. The paper also compares the results obtained by the developed
models with the models from the Highway Capacity Manual under free traffic
flow conditions. In addition, models for the percentage values of PCE sy, PCEsqq,
and PCEgs¢, have been established.
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Introduction

Passenger Car Equivalent (PCE) is used exclusively to convert
a heterogeneous traffic flow into an equivalent homogeneous flow
composed solely of passenger cars. In traffic engineering, the calculation
of equivalents is particularly important for determining the capacity and
level of service on the roads, since inclusion of these values provides a
relevant indicator of the impact of commercial vehicles (CV) on road
infrastructure. The category of commercial vehicles (light vehicles,
heavy-duty vehicles, buses and auto trains) includes all motor vehicles,
which do not belong to the class of passenger cars according to their
physical driving and dynamic characteristics in the conditions of road
network operation. Commercial vehicles occupy more space than
passenger cars, and driving and dynamic characteristics of these vehicle
classes are less favourable compared to the class of passenger cars.
Based on the studies previously conducted in the world, heavy vehicles
are considered to have a significant influence on the conditions of
movement of other vehicles in the traffic flow, as well as psychological
impact on the drivers of those vehicles (Garbarino, Guglielmi, Sannita,
Magnavita, & Lanteri, 2018). The problem arises in the analyses, i.e. the
application of the HCM (Highway Capacity Manual) in local conditions,
where the impact of commercial vehicles on the roads, i.e. PCE, is
underestimated or overestimated due to the saturation of certain road
sections.

There are three basic traffic factors affecting the capacity of road
sections, namely, vehicle length, driving and dynamic characteristics
of the vehicles and driver behaviour (Brackstone, McDonald, & Sultan,
1999; Chandra & Sikdar, 2000). As the vehicle length increases, the travel
time unit of the vehicle progressively increases in general (Bhatt & Patel,
2017). Cunagin and Messer (1983) studied steep grades used in the
initial versions of HCM. Considering driving and dynamic characteristics
of vehicles, Rakha and Lucic (2002) studied a random sample of trucks
in Troutville at a measurement station on the 1-81 in Virginia, where
the average ratio of power and mass was 79.2 kg/kW (130 1b/hp) with
standard deviation of 27.4 kg/kW (45lb/hp). Then, the research was
enhanced with a model modified for typical estimation of acceleration
level of different vehicles, which is a realistic representation of the truck
acceleration behaviour when delivering engine power that is dependent
on engine speed performance in estimating typical acceleration
(Fadhloun, Rakha, Loulizi, & Abdelkefi, 2015). In addition, based on
the findings of several studies, HCM-2000 (TRB, 2000) recommends
that the average ratio of power and mass be between 76.1 kg/kW and
90.4 kg/kW.
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Increasing capacity in road engineering has become an important
path to solving traffic problems (Suboti¢, Stevi¢, Risti¢, & Simi¢, 2020).
Road conditions are an additional reason to investigate the effects on
PCE values, as these factors are the basis for engineering judgment in
the decision-making process (Stankovic, Stevi¢, Das, Suboti¢, & Pamucar,
2020). The longitudinal downgrade can have a significant effect on
the change in PCE values (Suboti¢ & Tubi¢, 2017). Studies on PCE
values in a free flow as a function of longitudinal downgrade are more
recent and are related to the need to determine time headways and to
identify the capacity of two-lane roads, especially for heavy vehicles. In
addition, significant changes in PCE are reflected on longer but steeper
downgrades. This trend is strongly related to the variability of PCE in
relation to the length and degree of the downgrade (TRB, 2010, 2016).
Considering the above-said, the need for development of a new empirical
model aimed at determining the influence of commercial vehicles
(CV) on vehicle movement in the conditions of free traffic flow in local
conditions in the territory of Bosnia and Herzegovina becomes obvious.

The paper is structured as follows: Section 1 provides a brief
description of the related papers in this area, in addition to the
references covered in the introductory part. The detailed methodology
used in this study to obtain PCE values is given in Section 2. The results
of research obtained using the developed research models and their
discussion are presented in Section 3. Finally, the last section provides
concluding considerations with specific values, i.e. paper contribution
and directions for further research.

1. Literature review

Scientific papers based on the study of PCE mainly deal with the
estimation of PCE values in relation to different categories of vehicles
under different traffic and road conditions (Al-Kaisy, Hall, & Reisman,
2002; Biswas, Chandra, & Ghosh, 2017; Gautam, Das, Rao, & Tiwari,
2018; Raj, Sivagnanasundaram, Asaithambi, & Ravi Shankar, 2019;
Rakha & Lucic, 2002; Webster & Elefteriadou, 1999; Zhou, Rilett, Jones,
& Chen, 2016). Cunagin and Messer (1983) use the ratio of delay as a
measure of performance to evaluate PCE of heavy vehicles on multi-
lane roads. Some studies (Sumner, Hill, & Shapiro, 1984; Webster &
Elefteriadou, 1999) use the number of vehicles per hour to express the
density equivalent, since density is a function of the flow of vehicles and
their length. There are a great number of studies based on the method of
estimating PCE for a mixed traffic flow as a function of vehicle surface
(length x width) and speed (Al-Kaisy, Jung, & Rakha, 2005; Chandra &



Sikdar, 2000; Kumar, Arkatkar, Joshi, & Dhamaniya, 2017). Based on the
data obtained from a speed detector in the United Kingdom (Al-Obaedi,
2016) on M-25 and M-42 motorways, it has been found that PCE values
vary as a function of traffic flow speed due to different lengths of heavy
vehicles and passenger cars. Elefteriadou, Torbic, & Webster (1997)
also use average speed as a performance measure, while research by
Webster & Elefteriadou (1999) determines density as a performance
measure for establishing PCE values. This study advances the research
by Sumner et al. (1984) that includes a wide range of road conditions
using the number of vehicles per hour to express the density equivalent,
since density is a function of the flow of vehicles and vehicle length. In
addition, a study conducted on A-22 Brenner Freeway in Italy (Giuffre,
Grana, Mauro, Silva, & Chiappone, 2015) has found that microsimulation
could be useful in assessing the impact of heavy vehicles on the
quality of traffic flow. The study shows that PCE values are small at
low vehicle flow rates since a small number of passenger vehicles
reduce the potential impact of heavy vehicles on them. However, some
studies (Demarchi & Setti, 2003; Sumner et al, 1984) provide a broad
overview of studies on heterogeneous traffic flow models and conclude
that linear density measurement is not adequate for a mixed vehicle
category and that sections of vehicle movement should be measured.
In addition, many studies have concluded that a simple definition of
PCE is not applicable and that the value of equivalents depends on
flow composition, saturation degree, location, etc. A more recent study
(Anwaar et al.,, 2011) presents an alternative methodology for estimating
PCE based on video-recorded traffic data. The methodology allows for
site-specific PCE values to be calculated based on the prevailing traffic
characteristics. According to Al-Kaisy et al. (2002, 2005), a key feature
of this research approach is the queue discharge flow (QDF) factor
as a criterion for the development of PCE for heavy vehicles during
congestion. QDF (queue discharge capacity) is a criterion for determining
the quantity of effects of heavy vehicles, which represents driving
mechanism on roads. A similar equivalence criterion (Yeung, Wong, &
Secadiningrat, 2015) is given in the methodology for PCE adjustment to
fast and slow lanes, where flows converge after PCE adjustment. In this
study, the equivalence criterion is given for the capacity of traffic lanes
during peak traffic load. Several studies (Bham & Benekohal, 2004) use
the percentage of a section occupied by vehicles as a function of speed
to better present traffic conditions of congestion, when traffic flow is
composed of vehicles of heterogeneous length. The research (Anwaar
etal, 2011) uses the data obtained from a microloop detector to estimate
PCE using spatial lagging headways. The results of the previous studies
confirm that PCE values differ for each country due to differences in

Marko Subotic,
Zeljko Stevié,

Edis Softi¢,

Veljko Radiéevié
Passenger Car
Equivalents

on Downgrades

of Two-Lane Roads

155



THE BALTIC JOURNAL
OF ROAD

AND BRIDGE
ENGINEERING

2020/15(4)

156

driving and dynamic characteristics of vehicles, drivers’ mental abilities,
road and environmental conditions, flow structure conditions, etc.
According to the study by Rahka & Lucic (2002), which distinguishes
seven different road conditions and types of pavement (concrete
pavement excellent condition, concrete pavement good condition,
concrete pavement bad condition, asphalt pavement good condition,
asphalt pavement proper condition, asphalt pavement bad condition
and pavement under snow), the value of PCE on good pavements is less
variable. Reduced variability is attributed to the coefficients of friction
and rolling (Nunic, Ajanovi¢, Mileti¢, & Loji¢, 2019), which demonstrate
almost the same values on good and standard pavements (proper
asphalt). Excellent concrete pavement showed an improvement in the
coefficient of friction and rolling as compared to the standard pavement.
For this reason, PCE for concrete pavements in excellent condition is
always lower than PCE for proper asphalt. Snow-covered pavements
generally increase PCE values as compared to standard pavements.

2. Methodology

The research methodology consists of procedures for selecting
measurement locations, empirically measuring headways, synthesizing
and analysing the data collected, as well as determining PCE values at
given cross-sections, as shown in Table 1.

2.1. Topicality of the Research

In the studies conducted on longitudinal gradients of two-lane roads,
the negative impact of heavy vehicles on PCE values on the longitudinal
gradient has been demonstrated, where by increasing the gradient, PCE
values also increase (TRB, 2000; Sorensen, 1998; Suboti¢ & Tubi¢, 2017).
This claim applies to all non-passenger vehicles. The problem arises in
analyses of PCE values in local conditions, where the impact of heavy
vehicles on roads is underestimated or overestimated.

The paper mainly aims at demonstrating that the value of PCE on
the downgrade of two-lane roads is in a complex functional dependence
on flow structure, driving and dynamic characteristics of vehicles and
drivers, and especially technical and exploitation characteristics of the
road. It is also expected that the default fluctuations and changes of PCE
can be verified in local conditions. Considering PCE values, the existing
scientific literature has shown variable values for PCE. It is possible to
obtain the applied PCE values used in the analysis of capacity and the



Level of Service using the procedures for traffic and technical sizing
and evaluation of functional parts of road network. By thoroughly
studying the PCE values, which express the influence of commercial
vehicles on vehicle movements in the traffic flow, it is possible to suggest
PCE values for local conditions. This study is based on the results of
empirical research, and the most significant tasks in this paper refer to
the operationalisation and adaptation of the aforementioned parameters
that have been investigated for practical use in local conditions.

2.2. Method for determining PCE values

The most commonly used method for determining PCE values is
the method of relative time headway relations in the process of vehicle
queue discharge. The method was developed by Greenshields in 1947
and is known in literature as the basic method for determining time
headways. The concept of this method is based on Eq. (1):

PCE, = H, , (1)

PC

PCE; - passenger car equivalent of i class of vehicles;
H; - mean value of headways of i class of vehicles;
Hpc - mean value of headways for passenger cars.

The concept that uses the parameter of headways (temporal or
spatial parameter) is based on the segmentation of space occupied
by different vehicles. Sorensen (1998) investigated the impact of
commercial vehicles on the Danish roads. The research was conducted
on five sections of the road near Copenhagen. The methodology is
based on the follow-up time (gap) since it is directly related to capacity.
Krammes & Crowley (1986) analysed heterogeneous traffic flow, on the
basis of which they formulated Eq. (2) considering differences in the
headways between trucks and other vehicles, as follows:

(l_p)(hpt +htp _hpp)
h

pp

PCE = , (2)

p - percentage of trucks in a heterogeneous traffic flow;

hy,: - average headway, measured in seconds, for heavy vehicles following
passenger cars;

hy, - average headway, measured in seconds, for passenger cars following
heavy vehicles;

hy,, - average headway, measured in seconds, for passenger cars following
passenger cars.
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Table 1. Summary of methodological settings applied in the research
Applied The basic method for relative time headway relations by observing five vehicle
methodology categories (PV, LV, HDV, BUS, and AT)
Recording . . . . . .
. Semi-automatic, using special measuring equipment
technique
Physical elements: standard two-lane (main) road with two lanes of width
of min 3.00 m; the existence of constant longitudinal downgrades
on the approaches not shorter than 1000 m with allowed deviation
up to +0,5%; the radius of the horizontal curve is straight; the visibility length
for safe overtaking is complete; no road works in the measurement area;
LOCOtI.On overtaking is prohibited and there are no settlements around; there are no
selection

intersections before and after measurement locations

Traffic criteria: high traffic load, higher percentage of commercial vehicle
participation (15% and more), a lane with no influential factor of turning
movements, no impact of parking or bus stops, peak and off-peak period
recording

Data processing

Based on the average values of individual locations and the total average
value, the analysis neglects the influence of vehicle position in a queue
(which is not common in the world literature)
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The following elements and criteria (Table 1) were used defining
research methodology and techniques, site selection and data processing
methods.

Measurement locations were selected on two lane roads. The selected
cross-sections were defined at the locations and the arithmetic mean
of the given downgrades was determined at a distance of 1000 m from
the cross-sections. The operator’s measurements were carried out at
the measurement locations on the longitudinal gradient in a direction
and horizontally, but the measurement locations tended to be on the
sections where no overtaking was permitted. Measurements were taken
in the morning and afternoon, when there were no influential factors
of peak loads, implying a “realistic” traffic flow. Recording was done
visually on the measuring sections. Then, the obtained PCE values were
compared to determine the difference in values. Measuring locations
with longitudinal downgrade are given in Figure 1.

2.3. Analysis of sample size and critical headway

A study on PCE values (Al-Kaisy et al, 2002) found that the
distribution of PCEs could be approximated by the Gaussian distribution.
Certain characteristics of the Gaussian distribution can be used to
determine the required sample size. If the sample of n vehicles has a
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Figure 1. Measuring locations with the longitudinal downgrade in Bosnia
and Herzegovina

random distribution of PCEs with the mean p and variance o then
variable x, which represents the arithmetic mean of the sample, will
also have a normal distribution with the mean p and variance ¢*/n. U -
coefficient for a certain level of reliability, where the values of U and
K are given in Table 2.

All values of a random variable are within the six standard deviations
given in the table, and a negligible number of values (per 0.15% from the
interval +oo to -o0) remain beyond this interval. If we want to determine
the required sample size on the basis of the above equations, we need
to know the standard deviation of PCE values, which is unfamiliar to us
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Table 2. K and U values for a certain level of reliability

Level of K PCE values in U
reliability, % percent
68.27 1.00
90.00 1.65 50% 0.00
95.00 1.96 15% or 85% 1.04
95.47 2.00 7% or 93% 1.48
99.00 2.58 5% or 95% 1.67
99.73 3.00

before making the measurements. For the assumed standard deviation
value 0 = 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2 and the acceptable deviation limit
e = 0.1, the required sample size for the e-level reliability of 90% and
95% is as shown in Table 3.

In order to analyse the PCE values of free traffic flow, it needs to
be explained by the term of critical headway, which is mainly used
to determine the status of an individual vehicle in a traffic flow.
Summarizing the results of studies by different authors, Lay (1984)
concludes that there are three defined time zones of headways.
<2.5 seconds - traffic flow is forced, 2.5-9.0 seconds - traffic flow is
between forced and free, >9.0 seconds - traffic flow is free.

Table 4 gives the values of critical headways recommended by some authors of
earlier editions.

The American manual HCM-2000 (TRB, 2000) uses percent time-
spent-following (percentage of overtake delay time) in describing the
Level of Service on two-lane roads. Time-spent-following is defined as
the percentage of time when a vehicle is impeded by other vehicles, and
for its simplification it is determined as the percentage of time when the
vehicle moves below the critical headway, in other words, as a vehicle
being in a platoon. For the purposes of further analysis and research, this
paper adopts a critical headway of 5.0 seconds.

Table 3. Required sample size

Sample size for acceptable deviation value e = 0.1

Reliability K U Standard deviation
level 0.2 04 06 08 10 12
90% 1.65 0.00 M 44 98 174 272 392
95% 1.96 1.04 15 61 138 246 384 553




Table 4. Critical headways recommended by some authors

Critical headway Country Reference
4.0 Australia Hoban, 1983, 1984
4.0 South Africa Wolhuter, 1989
5.0 Australia Underwood, 1963
5.0 USA TRB, 1985
6.0 Canada Krumins, 1988

AADT on M-4, M-17 and M-17.2 sections
—e— Rudanka-Doboj ~ —@— Vrhovi-Seilije =~ —@— Ivanjska-Sargovac

16000
14000 12756 13414 13497 13392 13211 13251 12763 12999 13371
= 12000 — " —o—0 o, o— %,
& 8934 9386 9292 9487 9469 9498 8978 9199 o934 9618
2 10000
j>i 8000
K 6000
< 4000 ——~ e = ® ® o o ® °
2000 4470 4782 4829 4931 4676 4547 4334 4366 4548 4600
0

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
Year

Figure 2. AADT on measurement sections of two-lane roads

In order to understand adequately the AADT (average annual daily
traffic) on these sections, it is necessary to point out the flows on the
sections (Figure 2), with the aim to show traffic flow conditions on the
measured cross-sections of the given road sections. These sections are
under free flow conditions.

2.4. Synthesis and data analysis

The measured time headways obtained through empirical research
were recorded for five vehicle classes in a database created in Microsoft
Office Excel, where further statistical processing was performed.
The software, while recording time headways onto a computer,
performed classification of the measured data into five classes of
vehicles (Passenger Vehicles (PV), Light Vehicles (LV), Heavy-Duty
Vehicles (HDV), Buses (BUS) and Auto Trains (AT)). The main goal was
to collect more than 100 time headways (and therefore PCE values) for
commercial vehicles in each location of the observed road cross-section.
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Table 5. Time headways and recorded number of vehicles
at measurement locations grouped by class
Category Longitudinal
Measurement . Umber downgrade, Th,s PC LV HDv Bus ar Al Eofall
location CV vehicles
of roads %
Rudanka-Doboj M-17 0.00 3.600 835 78 66 19 12 175 1010
Vrhovi-Seélije M-17.2 -1.00 18174 818 23 42 19 108 192 1010
Ivanjska-Sargovac M-4 -2.00 12.553 871 65 18 21 25 129 1000
Ivanjska-Sargovac M-4 -2.98 5.331 875 70 32 1 12 125 1000
Vrhovi-Seélije M-17.2 -5.00 19.269 730 62 71 18 119 270 1000
Ivanjska-Sargovac M-4 -5.52 5.349 930 31 16 16 7 70 1000

Total

5059 329 245 104 283 961 6020

162

The recorded number of the measured PCE values for the vehicles with
average time headways on the measurement locations is given in Table 5.

In this research on headways between passenger cars, PC-PC, value
1 was taken as a standard value of PCE, although the PCE value was not
considered much for different categories of passenger cars (PC). The
time headway value for passenger cars was calculated as the arithmetic
mean of the time headways (Th) measured at cross-sections. For each
measurement location, the PCE values were calculated for each vehicle
class based on the recorded time headways using the Greenshields model
applied to rural roads. Subsequently, the values of relevant statistical
parameters, which include the arithmetic mean (AM) and standard
deviation (SD), and the variation coefficient (VC) were determined.
Vehicles in each class (LV, HDV, BUS, AT and all PV) were then classified
according to PCE values into classes of 0.5 in width in order to obtain
distribution of PCE values. The tabular data were used for further
analysis which included determining validity and percentile values of
passenger car equivalents, PCE;sy, PCEso and PCEgsy. Software for
function analysis TableCurve 2D v5.01 was used for this purpose. After
calculating AM, SD and VC, the PCE models for all categories of vehicles
depending on the longitudinal downgrade were determined. The models
are presented in the form of second-degree polynomial expressed as
Eq. (3):

PCE=Ag*+Bg +C, 3)

g - downgrade;
PCE - passenger car equivalent;
A, B, C - parameters obtained by regression analysis.
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Figure 3. Empirical distribution analysis of PCE values
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the Gaussian (normal) and log-normal curve. The cumulative normal
distribution in all cases was used in this study. The data grouped in
statistical classes were used for further analysis to determine appropriate
distribution and to determine the percentile values of PCE;sy, PCEs5(q, and
PCEgsy,. A cumulative function for the required root for increments 0.01
was selected to determine the values, as shown in Figure 3.

From the obtained values of function root for increment 0.01, the
values of the function root g (downgrade) were extracted for PCE values
of 0.15, 0.50 and 0.85, which basically represented the percentile values
for PCE. The performed statistical research was tested with the normal
(Gaussian) and log-normal distribution on cross-sections. Although
it is assumed that the empirical distribution of PCE values in case of
sufficiently large statistical sample can be theoretically approximated
with a normal distribution, it is not of importance for the scope of this
research. The cumulative relative frequency is approximated by the
normal (Gaussian) distribution, as shown in Figure 3.

3. Results and discussion

The obtained values of the correlation coefficient are satisfactory and
justify the correlation expected for the obtained PCE values as a function
of longitudinal downgrade. Basically, by analysing PCE values on the
downgrade of two-lane roads, the highest correlation coefficient is for
auto trains (AT), while the lowest value is obtained for all light vehicles
(LV), which is below 0.5. The empirical research indicates large dispersal
of PCE values for light vehicles (LV), and the correlation coefficient is
much higher for heavy vehicles and auto trains. Hence, the influence of
traffic flow structure on the downgrade of two-lane roads implies that
the presence of heavy vehicles affects less dispersal of PCE values than
the classes of light vehicles. It can also explain the higher dispersal
of time headways for LV on the longitudinal downgrade, the least
dispersal is indicated for AT. On the downgrade, such dispersal is often
interpreted as a boundary downgrade (with a value of about 3.00%)
where a continuous flow occurs with heavier vehicles. Also, PCE values
by vehicle classes differ most on level terrain (g = 0.00%), while as the
downgrade increases, there is less deviation of PCE values by vehicle
classes. A continuous decrease in PCE values ranges from level terrain to
a downgrade of g = -3.00%, followed by a slight increase in PCE values
for all four vehicle classes.

Figure 4 compares the dependency of arithmetic means of the PCE
values for LV, HDV, BUS and AT. It should be noted that for two-lane
roads, the last measured value is g = =5.50%, and that the PCE value



for AT is the highest on level terrain, where it exceeds 4. Also, with a
maximum downgrade of g = -5.50%, the value is the greatest, but does
not exceed 2. What is also significant is the fact that when measuring
on two-lane roads, on all longitudinal gradients and on level terrain,
there is no lane for slow driving in an uphill direction, so measuring
the PCE values does not have a limiting factor. In the area of downgrade
g =-1.50%, and g = -4.50%, by the calibrated model, the least deviation
of the PCE values by vehicle classes occurs, and they can be seen as
approximately the same. Additionally, the value of PCE for AT, with
increasing the downgrade, decreases more progressively to a downgrade
value of g = -3.00% compared to the PCE values for other vehicle
categories. Furthermore, with a further increase in the downgrade over
this value, the value increases progressively.

According to Figure 4, for g = -5.50% it can be seen that the obtained
values for LV and HDV are almost equal, while the deviation of values for
BUS and AT on such a downgrade is almost negligible. In the empirical
research, a small deviation of PCE values by vehicle class with increasing
the downgrade can be justified by a continuous traffic flow that occurs
with increasing the downgrade, regardless of different driving and
dynamic characteristics of the vehicles by the adopted classes.

When analysing the obtained equivalent values for PCEjsy,
significant deviation is observed for AT with increasing the longitudinal
downgrade. In addition, for an increase in downgrade, the PCE;s,, value
for BUS is, on average, 0.10 less than for HDV, which can be considered
as greater caution and continuity in driving for both vehicle classes.
A significant increase in the PCE value for AT occurs only starting

PCE = 0.1228g? + 0.9042g + 3.0833 PCE = 0.3002¢g° + 1.964g + 4.1261
R*=0 R*=0

PCE
00
e

PCE = 0.0348g* + 0.3062g + 2.0732

PCE = 0.1236¢2 + 0.8482g + 2.5943 08
-6 R=0 5 -4 -3 -2 -1 0
Downgrade, %

e T eHDV eBUS e AT —— Poly.(LT) — Poly. (HDV) —— Poly. (BUS) —— Poly. (AT)

Figure 4. Model for determining PCE values depending on the road
downgrade for different categories of vehicles in Bosnia and Herzegovina
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Table 6. Comparison of PCE 15%, PCE 50%
and PCE 85% values by vehicle class
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from a value of g = -4.50%. The values of PCE5qq, imply that the largest
deviation of PCE values is for the downgrade g = -5.00%, and for the
downgrade g = -2.00%, PCE values vary by vehicle class from 1.50 to
3.00. Additionally, for a value of downgrade g = -1.00%, the PCE values
for all vehicle classes are equalized, thereby substantially approaching
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each other as shown in Table 6. It is evident that higher values of PCE
can be assigned to overloaded vehicles (vehicles whose specific power
has limit values), especially on a downgrade, and lower values of PCE can
be assigned to less loaded vehicles. Also, larger differences in the PCE
values are more noticeable in less loaded vehicles.

Figure 5 presents very indicative results that the difference
between PCE;sq, PCEsqq and PCEgse, is 2 (two) PCUs for each value of
longitudinal downgrade if all commercial vehicles are observed in a
real traffic flow. Additionally, for the downgrade value of g = -3.00%,
the boundary downgrade value occurs, where the PCE value for
commercial vehicles increases from level terrain to the boundary
value and then PCE value decreases for each of the percentile levels
by increasing the downgrade. The analysis of PCEsyq, which is also the
mean value for all commercial vehicles, reveals that the value ranges
from PCEsgy, = 2.30-4.50. The optimistic and pessimistic forecasts of
PCE values in a function of downgrade range from PCE;s,, = 0.64-1.27,
and PCEgsy, = 3.82-7.64. The most prominent trend of decrease (after
reaching the boundary value) and then increase in PCE values in all
three cases is related to AT.

Figure 6 compares the empirically obtained PCE values for
commercial vehicles depending on the longitudinal gradient with the
values given in HCM-2000, HCM-2010 and HCM-2016. (TRB, 2000,
2010, 2016). According to HCM-2000, the recommended PCE values in
a function of downgrade have a lower correlation coefficient due to the
dispersal of the values shown in the diagram. In addition, according to

8
°
7
PCE = —0.047692 —0.215g + 5.6848
- PY 6 e
° 5
w [ J
Q ® PCE = -0.0277¢2 - 0.1254g + 3.3161 4
o o} ®
® 3
° 2
° PCE = -0.0079¢? - 0.0358g + 0.9474
o o 1.8
. v ' 4
0
-6 -5 -4 -3 -2 -1 0
Downgrade, %
® PCE15% @ PCE50% ® PCE85%
—— Poly. (PCE15%) —— Poly. (PCE50%) —— Poly. (PCE85%)

Figure 5. Comparative analysis of PCE;ss,, PCEsqq, and PCEgse, for all
commercial vehicles on a downgrade
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HCM-2010 and HCM-2016, the recommended values for the given road
and traffic conditions have uniform values (overlapping).

However, it can be noticed that the PCE values obtained by increasing
the longitudinal downgrade are higher in our measurements than those
recommended in HCM models regarding terrain and traffic conditions.
This especially refers to a downgrade from level terrain to g = -3.00%,
which can be explained by the fact that the US values of the impact
of heavy vehicles being on a downgrade are much lower than in local
conditions. It is also evident that there is no significant difference in
modelling PCE values in these two HCM editions (TRB, 2010, 2016).
Both models (HCM and empirically obtained model) are presented by a
second-degree polynomial.

The PCE values from the last two versions of HCM (TRB, 2010, 2016)
are the same. Comparing the PCE values obtained in our research with
the values from HCM for the longitudinal downgrade value of about
g = -2.50% and g = -4.50%, the PCE values from HCM overlap with
the values determined in our research. It is also noticeable that when
increasing the longitudinal downgrade, there is an increase in PCE
values for commercial vehicles in HCM models, but this increase does
not exceed the equivalent value of 2.00. For the longitudinal downgrade
value from g = 0.00 to g = -3.00%, higher PCE values are obtained by our
research than it is recommended by HCM-2010 and HCM-2016, as seen in
the empirical model in Figure 6.

PCE = 0.1072g7 + 0.7373g + 2.7159
R?=0.747

w
O ° PCE =-0.0105¢2 - 0.2031g + 0.9351 2
° R?=0.829 1.8
— ® 1.6
°

PCE = -0.00444? - 0.0825g + 1.3065

R?=0.260
l1e
-6 -5 —4 -3 -2 -1 0
Downgrade, %
® Suboti¢etal. e HCM-2000 e HCM-2010i 2016

Poly. (Subotic¢ et al.)

Poly. (HCM-2000)

Poly. (HCM-2010 i 2016)

Figure 6. Comparative analysis of the PCE values with HCM-2000, HCM-
2010 and HCM-2016



Thus, it can be concluded that for a downgrade value of g < -3.00%,
the PCE values obtained by our research are higher than the values
obtained in the US Highway Capacity Manuals.

It can also be noticed that the PCE values on the downgrade of
two-lane roads increase for a longitudinal gradient value higher than
g =-3.00%. The recommended PCE value on level terrain for commercial
vehicles is just below 3.00, while generally increasing the downgrade, the
value decreases to below 2.00. The fact is that traffic and road conditions
are not the same in the USA and in particular location and that the values
from HCM are inappropriate for local conditions. The real consequence
would be that without calibration of the model for local conditions, the
values would be lower than achievable in the procedures for capacity
estimation.

Conclusion

The results obtained as a result of valid empirical research confirm
the starting hypothesis of the paper that PCE values on the downgrade
of two-lane roads are in complex functional dependence on the flow
structure, driving and dynamic characteristics of vehicles and drivers,
and especially on technical and exploitation characteristics of the roads.
In addition, PCE values are not fixed but variable values and depend
primarily on the functionally dependent indicators stated above. PCE
values also depend on advancements in new vehicle manufacturing, as
well as on driving and dynamic characteristics of vehicles. According to
the model, the data obtained from the empirical research show lower
PCE values compared to the recommended values from HCM for the
downgrade from g = 0.00% to g = -3.00%.

The arithmetic means of the obtained PCE values for LV, HDV, BUS
and AT vehicle categories are slightly higher on level terrain than on
a downgrade, and PCE values range from 2.00 to 3.50, except for AT,
where the PCE value on level terrain is higher than 4.50. Deviation
of PCE values for AT compared to other vehicle classes is significant
for a downgrade value of g = -5.00% and g = -5.50%. For all vehicle
categories, the PCE value decreases with increasing the downgrade
value from g = 0.00% to g = -3.00%, after which the PCE value starts
to increase slightly, which is demonstrated by a positive correlation
of R* = 0.747. The PCE values on the largest measured downgrade of
g = -5.50% ranges from 1.00 to 2.00, for all vehicle classes. On the
Doboj-Rudanka road section in free traffic flow conditions, slightly
higher PCE values are obtained on level terrain compared to the
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downgrade, where the PCE value for commercial vehicles is PCE = 2.972
(=3.00). PCE values on the downgrade from g = -1.00% to g = 5.50% for
LV, HDV, BUS and AT vehicle categories range from 1.00 to 2.00.

Comparing the PCE values obtained in this paper with HCM models
(TRB, 2010, 2016), it can be concluded that PCE values significantly vary
and that in case of increase in the downgrade values from g = 0.00% to
g = -3.00%, the conducted research results in significantly higher PCE
values for all commercial vehicles than those recommended in the HCM
models. Based on the model given in Figure 7, it has been proved that
until the downgrade reaches the value of g = -3.00%, the PCE curve
continuously decreases, and only with a further increase in downgrade
values, it gradually increases. The correlation coefficient is R* = 0.747,
indicating large fluctuations in PCE values increasing downgrade
values from g = 0.00% to g = -5.50%. Maximum PCE values are gained
for level terrain (g = 0.00%), and the difference of PCE values is smaller
by increasing downgrade values for all vehicle classes. One of the
limitations of this paper is that PCE values have been estimated only
under free traffic flow conditions. Based on the analysis conducted so
far, it has been noticed that the influence of commercial vehicles is much
greater on the upgrade than the downgrade of two-lane roads under free
traffic flow conditions.

The results obtained from this paper actualise the need for further
research on PCE values for all traffic flow domains, thereby creating
realistic preconditions for implementing the values into a local manual
required for the procedures for practical capacity analysis and the Level
of Service on the roads. In addition, the obtained results indicate the
need for constant monitoring of free traffic flow and PCE values under
normal and saturated flow conditions.
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