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University, Fuzhou, China, * School of Civil Engineering, Fuzhou University, Fuzhou, China

Passenger Car Equivalent (PCE) is a unit used to represent the impact of a large
vehicle on a road by expressing it as the number of equivalent passenger vehicles. This
paper focuses on estimating the PCE of various sized heavy vehicles in roundabouts
with respect to different entry flow rates. A single-lane roundabout was tested
under predefined mixed traffic and demand scenarios in VISSIM micro-simulation
environments. The individual and group behavior of four separate heavy-vehicle types
were tested: single-unit trucks, buses, small semitrailers, and large semitrailers. The
obtained PCE values were found to be on average lower than those suggested in the
United States guidelines for roundabouts. The estimated PCE values for heavy vehicles
in mixed traffic conditions are 1.30 for single unit trucks, 1.40 for small semitrailers,
1.60 for buses, and 1.70 for large semitrailers. Additional factors such as varying inflow
(balanced, unbalanced, and congested traffic) show direct influences on the PCE values.
The PCE value under these conditions ranged from 1.25 to 1.75 for smaller vehicles
(single-unit trucks, buses, and small semitrailers) and 1.45-2.10 for larger heavy vehicles
(large semitrailers). A general equation was developed based on the data to relate vehicle
proportions and heavy-vehicle reduction factors that would be useful for professionals to
analyze the operational performance of roundabouts with better accuracy.

Keywords: roundabout, passenger car equivalent, heavy vehicles, trucks, buses

INTRODUCTION

Roundabouts are often used in road design as an alternative to conventional intersections because
of their abilities to accommodate high volumes of traffic and minimize delay (Bie et al., 2016; Ren
et al., 2016). While numerous merits with regards to handling passenger vehicles, roundabouts
become more debatable when considering heavy vehicles. Vehicles rely on yielding and gap entry
as opposed to dedicated cycle times which can result in complications when a large vehicle is
traversing the roundabout for a longer period. Extended vehicle lengths and slower acceleration
times of heavy vehicles are known to directly impede the performance of roundabouts (Chevuri,
2018). This influence can be evaluated by studying the relation between trucks and passenger cars.

Passenger Car Equivalent (PCE) or Passenger Car Units (PCU) are factors used to express the
number of cars needed to theoretically replace a non-passenger vehicle to simulate the same effect
on a road or intersection. As an example, heavy vehicles, such as trucks or buses, typically have a
PCE value of 1.5 or more, meaning that their influence on the road is one and a half passenger cars
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or more. Using this unit, all traffic on the road can be converted
and expressed as several single values of passenger cars, rather
than several values of different vehicle types. A single number
expressing the volume of cars allows for a better understanding
of traffic demand on roads and aids in the roadway design
process. More common factors used to derive this value included
studying the effects of traffic volume, delay, and gap acceptance.
Other vehicle factors known to have an influence on PCE include
its length, width, area, acceleration, deceleration, and average
speed (Sheela and Kuncheria, 2015). The combinations of these
factors lead to the assumption that every vehicle class has a
different PCE value associated with it. In addition to vehicle
characteristics, other elements on the road have been shown to
directly affect the PCE value of the vehicle including road and
intersection geometry, volume of vehicles on the road, and the
proportion of vehicle types on the road (Sheela and Kuncheria,
2015; Kang and Nakamura, 2016). These contributing factors
lead to the development of a range of methods for estimating
PCE of vehicles. Shalini and Kumar (2014) summarized
common methods for estimating PCE as flow rates, headways,
queues, speeds, delays, and travel times. Mohan and Chandra
(2015) focused on methods for estimating PCE at unsignalized
intersections and proposed additional methods involving
occupancy time, potential capacities, and queue clearance
rates. These methods have been formulated with a focus on
freeways, signalized intersection, and unsignalized intersections.
Applying the developed PCE formulas to roundabouts
would require the existing methods to be modified to fit
roundabout conditions.

The U.S. guidelines used for roundabout design have grouped
all heavy vehicles into one category for which a single PCE
value is presented. The Second Edition of Roundabouts: An
Information Guide and the Highway Capacity Manual provides
a general PCE value of 2.0 for all heavy vehicles traveling
through a roundabout (National Research Council U. S., 2010;
Rodegerdts et al., 2010). This value is used as a conservative
estimate and does not accurately reflect the impact of different
sized heavy vehicles on roundabouts. The geometric design guide
by the American Association of State Highway Transportation
Officials (2001) and the Transportation Association of Canada
(2017) present several common heavy-vehicle types, ranging
from about 10m (single unit truck) to about 22m (large
semitrailer). Given that the length of a vehicle is a factor that
affects PCE and the performance of roundabouts, two trucks of
significantly different lengths cannot have an equal impact on a
road or an intersection. The generalized PCE values found in the
guidelines cannot be considered accurate measures of the impact
of varying heavy vehicles in roundabouts. Some guidelines on
roundabouts have attempted to improve on this and considered
the impact of different heavy vehicles on roundabouts. For
example, the estimated models from the United States, UK,
Australia, Germany, France, and Switzerland and found that
buses and light trucks have recommended PCE values between
1.5 and 2.0 and larger trucks have a recommended PCE values
from 2.0 to 3.0 (Rodegerdts et al, 2007). The PCE values
that are recommended for roundabouts in these guides are
usually directly taken from freeway traffic PCE values with the

TABLE 1 | Summary of passenger car equivalents for roundabouts.

Source Estimated PCE
Small heavy Large heavy
vehicles vehicles
U.S. Design Guidelines
Robinson et al., 2000 1.5 2.0
Rodegerdts et al., 2010 2.0 2.0
National Research Council U. S., 2010 2.0 2.0
Rodegerdts et al., 2007 1.6-2.0 2.0-3.0
Research Papers
Lee, 2015 1.0-15 1.56-2.5
Tanyel, 2005 1.15 1.50-1.65

Kang and Nakamura, 2016
Akcelik, 1998

Entry Point: 1.5, Circulating: 1.8
Entry Point: 1.9, Circulating: 1.7

Tanyel et al., 2013 Major Entry Major Entry Points:
Roads: 1.45 1.83
Minor Entry Minor Entry
Roads: 1.83 Points: 1.93

assumption that PCE values are the same. A few studies have
been done to investigate if heavy vehicles in roadways and
roundabouts behave similarly.

A summary of the PCE values from the United States
guidelines and other research papers is presented in Table 1.
A few papers focus on estimating PCE of heavy vehicles in
roundabouts. Existing studies have used formulas, assumptions,
and data collection methods adopted from freeways and
intersections performance checks. All papers examining heavy
vehicles in roundabouts have studied no more than two heavy-
vehicle types. Researchers often separate heavy vehicles into small
and large categories, as PCE values between vehicle types were
found be significant. The wide range of estimated PCE values
for heavy vehicles in the design guidelines and technical reports
have opened a debate on which values are acceptable. Lee (2015)
studied three real-world roundabouts in the USA and Canada
(Brattleboro, Vermont; De Pere, Wisconsin; Waterloo, Ontario)
using an entry flow approach to estimation. The study found that
the PCE values for light trucks were 1.0-1.5 and those for heavy
trucks were 1.5-2.5.

Kang and Nakamura (2016) researched roundabouts in
Hitachitaga City, Japan and found that PCE values of vehicles
vary depending on which section of the roundabout was
examined. The study showed that the PCE values were ~1.6
for entry traffic and 1.8 for circulating traffic. Akcelik found a
similar phenomenon for roundabouts in the UK, 1.9 for entry
traffic, and 1.7 for circulating traffic (Kang and Nakamura, 2016).
Tanyel (2005) focused on different lengthen buses traversing
roundabouts. The study found that mini-buses and standard
buses had a PCU of 1.5 and 1.50-1.65, respectively, for the
traffic in the circulating lanes. Tanyel et al. (2013) later studied
buses through roundabouts in Izmir, Turkey and found that PCE
varies depending on the flow rate. The results showed that heavy
vehicles from major roads tend to have smaller PCE values than
those from minor entry roads. The average values for standard
buses were 1.45 for major roads and 1.83 for minor roads.
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Articulated buses showed a similar pattern, averaging 1.83 for
major roads and 1.93 for minor roads. The studies have shown
that there are multiple factors that influence PCE including
vehicles, position on the road, and traffic volume characteristics.
Note that the PCE values are location-based and are not always
applicable to other regions in the world.

The studies on PCE values at regular intersections propose
that the value should be expressed as a dynamic instead of
a static number, contributed by several factors. Sheela and
Kuncheria (2015) studied dynamic PCE values at a signalized
intersection with mixed traffic conditions. It was found that
width, speed, traffic composition, and volume yield had a direct
influence on the PCE value, allowing one vehicle to have a
varying factor depending on the circumstance. Increasing the
proportion of buses from 0 to 50% increased the estimated
PCE value from 2.20 to 3.90, while an increase in flow rate
from 0.1 to 1 veh/s showed a dramatic increase from 0.61 to
3.59. These large changes in PCE values show the sensitivity
of certain factors and the importance of proper scenario setup
for more accurate estimates. Prema and Venkatchalam (2013)
evaluated the influence of mixed traffic on PCE values on
road segments. Similarly, the results confirmed that PCE values
vary significantly with the change in traffic volume as well as
composition. For the best estimation, PCE should be treated as a
dynamic value.

The lack of in-depth analysis of PCE values on individual
heavy vehicles types in roundabouts was identified by researchers.
Previous guidelines and studies had grouped heavy vehicles into
two general categories (small and large) although each heavy-
vehicle type varies in characteristics and performance. Most
studies have examined PCE values using real-world data. The
values found in the studies are generalized as vehicles cannot
be examined individually. Not much research has been done to
evaluate the effects of increasing heavy-vehicle traffic volume.
This paper focuses on determining the PCE values of four heavy-
vehicle types under different heavy vehicle and traffic conditions.
These heavy vehicles are common in Canada and the USA
as defined in the guidelines of American Association of State
Highway Transportation Officials (2001) and Transportation
Association of Canada (2017). The study is carried out using
microsimulation analysis in VISSIM under various mixed traffic
and volume scenarios. In the simulation, roundabout conditions
can be easily modified and vehicle types can be closely examined.
The paper presents an analysis of factors that influence PCE
of individual heavy vehicles. A comparative analysis of the
interactions of multiple heavy vehicles is studied by modifying
existing equations. The equations were established to include
multiple heavy vehicles. The PCE values are presented both as
estimated static factors for each truck type and as dynamic ranges
of values.

The next section presents the proposed methodology,
including estimating roundabout PCE using entry flow, vehicle
types analyzed, and setup of roundabout model and scenarios
in VISSIM. The following section presents the analysis of the
simulation results, including independent PCE of heavy vehicles,
PCE of heavy vehicles in mixed traffic, and additional factors
and effect on PCE, followed by a discussion of the results
and conclusions.

METHODOLOGY

Most road design guidelines and studies have divided PCE for
heavy vehicles into two categories: small heavy vehicles and
large heavy vehicles. TAC and AASHTO geometric design guides
present a range of common heavy-vehicle types. The main
separating characteristics are their dimensions and articulation.
This paper focuses on estimating PCE values at roundabouts for
four predefined common heavy-vehicle types, including single-
unit trucks, buses, small semitrailers, and large semitrailers. The
PCE of the vehicle is studied on an individual basis and in mixed
traffic scenarios. Using micro-simulation software VISSIM, a
simple roundabout was modeled and programmed with various
traffic and demand scenarios. The model uses the volume of
vehicles entering the roundabouts. Based on the entry volume,
comparisons were made and the PCE values were estimated
using regression models. The objective was to find more detailed
PCE values for a range of truck types to develop more accurate
estimates of the impact of heavy vehicles on roundabouts. Using
a combination of truck types and scenarios, the impact of heavy
vehicles in relation to their proportions was analyzed and a
dynamic equation was developed.

Estimating Roundabout PCE Using Entry

Flow

Shalini and Kumar (2014) summarized the known methods
for estimating PCE. As previously mentioned, since there was
no exclusive method to estimating PCE of heavy vehicles at
roundabouts, studies have adopted equations from freeways
and intersections, assuming the traffic theory can be applied.
Focusing on an entry volume approach to estimating values, a
few equations were identified that can be applied to roundabouts
based on the inputs required in the equations.

Huber (1982) suggested a model for calculating a general PCE
value using the ratio between a base model (100% car) stream
volume and a truck-present scenario stream volume. Using this
ratio and the proportion of trucks in the scenario under analysis,
a PCE value was calculated as follows:

1
E=—(@—1>+1 1)
Pr qdm

where E, Passenger Car Equivalent; Pr, proportion of trucks, g,
mixed traffic volume, and g, base car only traffic volume. Note
that Equation 1 determines the number of cars needed to replace
one truck in each mixed car-truck volume scenario.

Equation 1, however, does not encompass the effect of
multiple truck types into the PCE value as shown in the single
variable of the proportion of trucks. Demarchi and Setti (2003)
noted this limitation and proposed an equation for directly
finding PCE using entry volume and truck proportions as follows:

1 b )
E= —i— (= —1)+1 (2)
>.; Pi (qm

where > ! P; = sum of the proportions of heavy vehicles.
Equation 2 modifies Equation 1 to include more than one truck
type and eliminate any error of multiple vehicle types, including
the interaction between multiple truck types.
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The methods of determining PCE by Huber (1982) and
Demarchi and Setti (2003) are effective and simple to finding
single values in mixed traffic scenarios, as noted by E in Equations
1 and 2. These equations can be applied to determine the effect
of an individual heavy-vehicle type or as a general estimate of
PCE for multiple vehicle types. To derive PCE values of multiple
vehicles, Equation 1 would have to be rewritten to include E as a
part of the equation. The modified equation has been defined in
the Highway Capacity Manual (HCM), as follows:

1

- ()
14+ Pr(Egy — 1)

fav

where fgy, heavy-vehicle adjustment factor, Efy, passenger car
equivalent for heavy vehicles, and Pr, proportion of demand
volume that consists of heavy vehicles. As more heavy vehicles
are introduced into a roundabout in place of passenger cars, the
circulating flow begins to hinder the total number of vehicles
which can enter and pass through the roundabout. This decrease
between the number of vehicles in an all-passenger car model
to the vehicles in a multiple vehicle type scenario is expressed
as the heavy vehicle factor, fryy. The HCM represents the heavy
vehicle factor in two equations, one as a relationship between
the proportion of trucks as a general truck PCE expressed in
Equation 3, and another as a ratio between mixed volume and
base volume expressed as follows:

qdm
= — 4
fuv o (4)

where ¢, = mixed traffic volume and g, = base car only
traffic volume. Although the Equation 4 was developed for 4-
way intersections, the methodology to deriving the values may
be applied to roundabouts.

A benefit of using an indirect approach to calculate PCE as
presented in Equations 3 and 4 is that it is possible to study
the interactions between multiple vehicle types. Multiple vehicles
may be included in the equation and each vehicle type may have
its own PCE value. To include the effect of multiple heavy-vehicle
types, the equations can be expanded. A similar procedure was
done by Lee (2015), who estimated the PCE of light and heavy
trucks in roundabouts concurrently. Equation 3 was rewritten
to include the effect any number of non-car vehicle types with
a respective PCE variable, as follows:

1
TR ©

where E; = passenger car equivalent for heavy vehicle i and P; =
proportion of demand volume that consists of heavy vehicle i.
An additional approach to estimating PCE uses a modified
HCM equation as referenced in Tanyel et al. (2013). The research
found that heavy-vehicle volumes below 5.0% had no significant
effect on intersection performance. This assumption indicates
that such level of heavy vehicles can be treated as irrelevant.
PCE values calculated using this approach would be greater than

those calculated using the original HCM equation. The modified
formula for the proportion of vehicles >5.0% was given by:

1.0
Jive = G Erve = 1.0) (Prrve — 0.09)] (©)

where frve, heavy-vehicle adjustment factor for entry; Pgye,
proportion of demand volume that consists of heavy vehicles
at entry, and Er, passenger car equivalent for heavy vehicles
at entry.

Similarly, Equation 6 can be rewritten to measure the
individual effect on PCE of any number of heavy-vehicle types.
The proposed equation subtracts 5.0% proportion from a single
heavy-vehicle group. To incorporate this assumption for multiple
truck types, the 5.0% subtraction is divided evenly across
multiple truck type. The equation adds an extra variable, #,
representing the number of heavy-vehicle types being assessed.
Incorporating these assumptions, Equation 6 is rewritten as:

1.0
1.0+ Y1 [(Ei — 1.0) (P — 22)]}

Sfave = { 7)

where n, number of heavy vehicles assessed.

Vehicle Types Analyzed

Four different heavy-vehicle types were selected for this study to
best represent a range of vehicles in terms of length and function.
The four vehicles included a single-unit truck, a standard
bus, short semitrailer, and long semitrailer. The chosen vehicle
models from AASHTO and TAC guidelines were compared to
VISSIM to find equivalent or conservative representations of
the vehicles. The four heavy vehicles selected, with their lengths
and design guideline comparisons, are presented in Table 2. The
table includes the vehicle length and name provided in VISSIM
software. Two values including the single unit truck and bus
are presented in European standards as the VISSIM-developer
company is based in Germany (Verkehr, 2011). ASSHTO and
TAC guidelines present very similar vehicle lengths that can be
used in the model.

Setup of Roundabout Model and Scenarios
in VISSIM

VISSIM is a time-step micro-simulation analysis software for
modeling roadway and traffic operations. VISSIM was selected as
the software to model a roundabout for its versatility in geometric
and operational inputs. To study the vehicles selected, a simple
unsignalized roundabout was coded in VISSIM, composed of
a 3.5-m entry lane width, 50-m outer circle diameter, 6-m
circulating lane width, and 4-m truck apron. The dimensions
were selected based on the U.S. guidelines to accommodate
the large vehicles being studied (Rodegerdts et al.,, 2010). A
top view of the roundabout prepared in VISSIM is shown in
Figure 1A with an example of the roundabout accommodating
a large semitrailer shown in Figure 1B. Recommendations from
the paper by Trueblood and Dale (2003) and procedures from
studies that modeled roundabouts with VISSIM (Bared and
Edara, 2005; Dahl, 2011; Li et al., 2013) were considered when
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TABLE 2 | Heavy vehicles selected for testing and AASHTO and TAC standard

vehicles.
Vehicle VISSIM AASHTO and TAC standards
Type ID
VISSIM vehicle Length Standard vehicle Length
SuU Single Unit Truck 10.22m  AASHTO 9.15m
(EU 04) SU Single-Unit
TAC
MSU Medium Single-Unit  10.00m
HSU Heavy Single-Unit 11.50m
Bus Bus (EU BUS) 11.45m AASHTO
BUS-12 Intercity 12.20m
CITY-BUS Transit Bus 12.20m
S-BUS-12 Large School  12.20m
TAC
B-12 Standard SUBus ~ 12.20m
S-Semi Small Semitrailer 13.94m AASHTO
(WB—40) WB-12 Semitrailer 13.87m
TAC
WB-40 Semitrailer 13.87m
L-Semi Long Semitrailer 22.43m AASHTO
(WB-65) WB-65 Semitrailer 22.43m
WB-50 Semitrailer 16.76m
TAC
WB-20 Semitrailer 22.70m

constructing the roundabout including proper link setup and
speed reduction zones.

The roundabout was assumed to be set in a non-urban
environment and will not look at the impact of pedestrians or
cyclists. Vehicles approached the roundabout at a distributed
speed averaging 40km/h and decelerate to 30km/h when
circulating. Vehicle accelerations were set to default values
provided by VISSIM, 2.5 and 1.24 m/s? for trucks and buses,
respectively. The vyielding points on the roundabout were
programmed as conflict areas and set to default values as
recommended by the VISSIM manual (Verkehr, 2011). In a study
by Wei et al. (2012) that compared conflict areas with priority
rules, it was mentioned that with proper link setup, conflict areas
realistically simulated yielding at roundabouts with less setup
(Dahl, 2011; Li et al., 2013).

To study additional factors that may influence PCE values
of heavy vehicles at roundabouts, traffic demand scenarios from
Kinzel and Trueblood (2004) were adopted as a part of the
experimental setup (Figure 2). The coded VISSIM roundabout
was subject to three predefined demand scenarios: a balanced
scenario, an unbalanced scenario, and congested scenario with
a total entry volume of 2,200, 2,150, and 2,800 vehicles per hour,
respectively. In the balanced flow scenario, the entry flows are
close to each other, ranging from 500 to 600 (Figure 2A). In
the unbalanced flow scenario, there is a large difference between
the entry flows that range from 250 to 850 (Figure 2B). In the
congested scenario, the flows are very high and range from
600 to 800 (Figure 2C). The selected higher-end volumes were
believed to be a good range of inputs to study the effects of
PCE in different entry volume scenarios. The authors suggested
that when roundabouts reach capacity, more accurate measures
of performance could be made. Given the varying distribution

of volume across roundabout entry legs, the performance of
individual legs can also be examined as an additional factor
impacting PCE values.

The focus of the study is to analyze the performance of the
four heavy vehicles, based on mixed traffic combinations. For
each of the three traffic demand scenarios, a base model was
established where 100% of the entry vehicles are passenger cars.
The proportions of the four heavy vehicles are then introduced
in all approaches in Py = [0.00, 0.02, 0.04, 0.06] (ie., 0, 2,
4, and 6%) increments to create a total of 256 mixed traffic
combinations for each scenario. With the introduction of heavy
vehicles, the total vehicle demand does not change. A total
of 768 mixed traffic scenarios were prepared and tested on
VISSIM. Four data collection points, one at each entry point
of the roundabout was set up to count the number of vehicles
entering the roundabout at each leg. The simulation for each
scenario was set to run a 5-min warm-up period, followed by
a 1-h data collection period. Each traffic combination scenario
was run 10 times using different random seeds and averaged to
ensure more accurate results and avoid large discrepancies in
the trends.

ANALYSIS OF RESULTS

Upon completion of the VISSIM simulations, a total of 768 entry
volumes were recorded, composed of three demand scenarios
each containing 256 traffic combinations. Three base conditions
(all car models) were included for each demand scenario. A
base condition was modeled as a point of reference for the
change in volume in relation to heavy-vehicle proportions. Base
condition volumes for balanced, unbalanced, and congested
scenarios peaked at 2,187, 2,132, and 2,267 vehicles per
hour, respectively.

Independent PCE of Heavy Vehicles
To better understand the performance of heavy vehicles in
the network and the factors that influence PCE values, the
vehicles were first analyzed on an individual basis. The PCE
values of individual truck type scenarios were calculated from
the simulation data using Huber (1982) approach defined by
Equation 1. The values are found to represent the average PCE
value obtained from the three traffic scenarios. Figure 3 shows
the change in average PCE in relation to vehicle proportion
for each of the four-heavy-vehicle types. The results show that
PCE tends to increase as the proportions increase. All values
converged to a set value at different rates. Flowing the trend
lines, it is estimated that PCE values for heavy vehicles are
1.15 for single unit trucks, 1.30 for small semitrailers, 1.45 for
buses, and 1.50 for large semitrailers. Smaller vehicles, such
as the single unit truck, reached a set of PCE values much
sooner compared to the other vehicle types. The PCE values of
buses, small semitrailers, and large semitrailers grow when the
proportions increase. With each increase, however, the rate of
growth decreases.

Vehicle length is one of the main characteristics in predicting
the PCE value. The shortest and longest heavy vehicles being
studied have the smallest and largest estimated PCE values.
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FIGURE 1 | Roundabout modeled in VISSIM: (A) roundabout parameter setup and (B) traffic traveling through the roundabout.
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FIGURE 2 | Three volume scenarios: balanced, unbalanced, congested (Kinzel and Trueblood, 2004).
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FIGURE 3 | Independent PCE values of four heavy-vehicle types.

However, buses are the third largest vehicle studied, but they
have the second largest PCE value. This value is much higher
than anticipated which is most likely due to the acceleration and
decelerations parameters defaulted in the initial microsimulation
setup. Factors other than length can contribute to largely

fluctuating vehicle performance and estimated PCE values.
Overall, the values estimated are in the lower ranges, most likely
due to their isolated conditions.

PCE of Heavy Vehicles in Mixed Traffic

The PCE for each heavy vehicle in a mixed traffic scenario
was calculated using the proposed Equations 5 and 7. Such
a PCE value would incorporate the impact of multiple
heavy vehicles on the roundabout. Using regression
models, the PCE values for the four heavy-vehicle types
were calculated.

The first approach used in calculating individual heavy-
vehicle PCE follows the equation proposed by the Highway
Capacity Manual. Using the entry volumes, the heavy-vehicle
factor was found by dividing the total mixed traffic entry by
the corresponding base case model as represented in Equation
4. Equation 5 was expanded to include the four vehicles being
studied as shown in Equation 8. The results were summarized
and imported onto Minitab where a regression analysis was setup
by equating the calculated reduction factor in Equation 4 to the
theoretical factor, as follows:

1
1+ (E4—1)Py+(Ep—1)Pp+ (Ec — 1) Pc+ (Ep — 1) Pp

fuv = (8)
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TABLE 3 | Estimated PCE values for three demand scenarios and all scenarios for
HCM method.

Volume Demand scenario SuU Bus S-Semi L-Semi
Medium Balanced 1.16 1.41 1.28 1.48
Unbalanced 1.06 1.32 1.15 1.34
High Congested 1.40 1.82 1.60 1.96
All scenarios All scenarios 1.20 1.561 1.34 1.68

TABLE 4 | Estimated PCE values for three demand scenarios and all scenarios for
Tanyel et al. method.

Volume Demand scenario Single unit truck Bus S-Semi L-Semi
Medium Balanced 1.31 158 143 1.66
Unbalanced 1.15 149 1.26 1.51
High Congested 1.72 210 1.91 2.26
All scenarios  All scenarios 1.39 1.71 1.53 1.80

where f;;y,, heavy-vehicle adjustment factor, P4 g c,p, proportion
of demand volume that consists of four heavy vehicles A, B, C,
and D, respectively, and E4 pcp, passenger car equivalent for
four heavy vehicles A, B, C, and D, respectively. Given that all
the vehicles being studied are larger than passenger cars, the
model was subject to the constraints that all PCE values are >
1.0. Table 3 presents the estimated PCE values from regression
analysis using balanced, unbalanced, congested, and all-scenario.

The second approach of calculating PCE values of
each heavy vehicle involves a slight modification of the
first approach. Using the modified equation based on
Tanyel et al. (2013) model, Equation 7 was expanded to
include the four vehicle types being studied, as follows:

scenarios. Increasing vehicle proportion from 2 to 6% increases
the average PCE value by as much as by 0.2 units. A more
significant increase in PCE values is shown when focusing on
the traffic demand scenarios. Unbalanced traffic produced the
lowest PCE values. Balanced flow produces slightly higher values
but remain relatively on the lower end. Values in the congested
scenario are significantly larger than the other two. The results
show that larger vehicle demand, especially when approaching
saturation, significantly increases PCE values of heavy vehicles.
Vehicles in the congested conditions add increases the PCE value
by 0.4 t0 0.8.

The impact of heavy vehicles on the roundabout was also
studied qualitatively by observing heavy-vehicle factors and
volumes at each roundabout entry point in the three traffic
demand scenarios. Heavy-vehicle factors were calculated for
each traffic combination using Equation 4. In general, as the
proportion of heavy vehicles increases, heavy-vehicle factor
decreases. In the balanced scenario, the North, East, and West
entry showed a decrease in entry volumes, most significant in
the East. The South entry showed almost no change. Unbalanced
scenario showed North and South entry points had a large
decrease in vehicle volume when adding more heavy vehicles.
East and West entry flows showed almost no change. The uneven
drop in performance across the entry points appears to be
related to the initial demand setups as in Figure 2. Entry points
with lower volumes, or minor roads, show little decrease in
performance when introducing heavy vehicles. Entry points with
the highest initial volume were the most sensitive, when the
proportions of trucks increase and traffic flow decreases. The PCE
values of heavy vehicles approaching from the major roundabout
entry points were more likely to increase compared to minor
entry points when heavy-vehicle proportions are increased. This
analysis confirms that volume distribution across roundabout
entry points impacts performance and produces varying PCE

1.0

SfHve =

Equation 9 equally divides the 5.0% truck reduction across all
truck types. The values of the reduction factors found in
Equation 4 were equated to Equation 9 to develop an equation.
A regression analysis was performed on Minitab with the
constraints that all PCE values are > 1.0. Table 4 summarizes
the estimated PCE values from the regression analysis for
each vehicle type under balanced, unbalanced, congested,
and all-scenarios.

Additional Factors and Effect on PCE

The influence of traffic conditions on multiple vehicle types
was analyzed. Figure 4 shows the change in PCE values when
increasing heavy-vehicle proportions in three traffic demand
scenarios. The results show that the PCE values stay either
consistent or increase slightly when the proportion of heavy
vehicle increases. Consistent values can be seen for single unit
trucks and buses, where increasing the proportions would retain
its value or close to it. Major increases can be noticed in small
and large semitrailers, especially in unbalanced and balanced

)

[1.0 + (Ex — 1.0) (P4 — 0.0125) + (Eg — 1.0) (Pg — 0.0125) + (Ec — 1.0) (Pc — 0.0125) + (Ep — 1.0) (Pp — 0.0125)]

values. To simplify the analysis of individual heavy-vehicle PCE
values in this study, the changes in roundabout performance for
the scenarios was examined as the sum for all legs.

DISCUSSION

Using regression analysis, we found a reasonable range of values.
The results show that the various heavy-vehicle types studied
have individual impacts on the roundabout as indicated by
their corresponding PCE values. It is shown that traffic demand
would also have an influence on PCE. Almost all the values
estimated for the studied vehicle types were lower than those
recommended in the U.S. design guide. However, the values are
all within a reasonable range. The estimated values show better
matches to those of previous studies on PCE at roundabouts.
Part of the reason for the lower PCE values can be attributed
to the design of the roundabout model. The roundabout was
designed to accommodate long vehicles comfortably, and it is
usually well-enough to help improve the flow and reduce PCE.
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FIGURE 4 | Effect of demand scenarios on PCE for individual vehicle types.

Another reason can be due to the use of an entry volume
approach for calculating the heavy-vehicle factor. The entry
volume analysis may be less receptive than other methods to
estimating performance reductions in roundabouts, which could
result in lower estimated PCE values.

The individual analysis of PCE values for heavy vehicles
(Figure 3) was much lower than anticipated. The lower values
were most likely a result of isolated conditions where only one
vehicle type was present on the roadway. The results showed
that a single heavy-vehicle type alongside passenger cars would
have a much smaller PCE value than that usually recommended
in roadway design guides. Such values, however, may not be
completely accurate as real-world traffic would have a mix of
different types of vehicles. Further analysis showed that different
types of heavy vehicles have an influence on each other when
sharing the roundabout.

The two approaches for estimating PCE values in mixed traffic
(Equations 8 and 9) produced a range of values higher than
those of the individual analysis. The HCM approach showed
smaller values than those in Tanyel et al. (2013) approach (see
Tables 3, 4). Compared to their approach, the PCE values of
heavy vehicles from the HCM approach are approximately 0.2
units lower. Generally, the estimated PCE values fell below
the common guideline recommendation of 2.0. In only certain
conditions did the PCE value approach or surpass 2.0. This
exception includes buses and large semitrailers in conjected
high-volume traffic. Both approaches showed a good fit to the
data. The estimated values of the different types of vehicles
were distinct, where the values ranged from 0.1 to 0.5-unit
difference. It is evident that each truck type has a unique
PCE value, due to a combination of several factors including
length, acceleration, truck composition, demand volume, and
approach scenario.

With a focus on traffic demand, the PCE values from the
lowest to the highest corresponded to unbalanced, balanced,
and congested traffic scenarios. The congested traffic scenario
showed much higher values overall, supporting the claim that as

roundabouts reach capacity the values can change dramatically.
Values in congested scenarios showed to peak by around 0.4
units compared to the other scenarios. Another observation is
that the values of unbalanced conditions were around 0.1 lower
than that of balanced scenarios. In the initial micro-simulation
setup, the balanced and unbalanced scenarios had nearly the
same total traffic flow volume. This observation was also noticed
by Tanyel et al. (2013) who studied unbalanced roundabout
entry flows.

The values derived from mixed traffic analysis in Tables 3, 4
can be used to estimate more accurate PCE values for individual
vehicles. The average individual PCE values of heavy vehicles
in all demand scenarios rounded to the nearest 0.05 unit were
1.30 for single unit trucks, 1.40 for small semitrailers, 1.60
for buses and 1.70 for large semitrailers. This trend is similar
to that of individual vehicle analysis in Figure 3, although
the numerical values are estimated to be about 0.1 to 0.2
units greater.

In general, the estimated PCE values for individual heavy
vehicles increase as their lengths increase. The shortest vehicle
(single unit truck) is estimated to have the lowest PCE, on
average ranging from 1.20 to 1.39. The average PCE of buses
ranged from 1.51 to 1.71, while semitrailers fell lower, ranging
from 1.34 to 1.53. The longest vehicle (large semitrailer) is
estimated to have the largest PCE, on average ranging from
1.58 to 1.80. The bus and small semitrailer do not follow
the length-to-PCE trend but do show a positive trend (see
Figure 5). As noted, the lower and upper ranges of the
PCE were calculated as a function of vehicle length. These
ranges show that PCE increases as vehicle length increases.
The shift in data results from external factors, and bus
acceleration and deceleration parameters were halved by default
on VISSIM. Although buses are smaller than semitrailers,
their lower acceleration rates used for passenger safety resulted
in greater estimated PCE values, confirming that vehicle
acceleration is an additional factor to consider in estimating
PCE values.
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TABLE 5 | Recommended PCE values based on heavy-vehicle size and traffic
demand.

Vehicle volume Demand scenario PCE of smallHV  PCE of large HV

Medium Balanced 1.35 1.55
Unbalanced 1.25 1.45
High Congested 1.75 2.10

For a more practical approach to estimating the impact
of heavy vehicles on a roundabout, the estimated PCE values
for individual trucks can be categorized into two groups:
smaller heavy vehicles and large heavy vehicles. The group
for small heavy vehicles consists of single unit trucks, buses,
and small semitrailers (S-Semi). This grouping was selected
as the vehicles are closely related in terms of length which
ranges from about 10-14 m. The second group for large heavy
vehicles consists of a single truck type and large semitrailer
(L-Semi), whose length is >22m. The estimated PCE values
can also be classified in relation to the demand scenario
since certain combinations show a significant difference in
data. The PCE values categorized by scenario and length were
averaged and rounded to the nearest 0.05 unit. The PCE
values based on heavy-vehicle size and demand are presented
in Table 5.

A general equation was developed to represent the
relationship between small and large heavy vehicles and
their effect on roundabout performance. The equation was
represented non-linearly with independent and co-dependent
variables. Using Minitab, a regression model was estimated. The
predictor selected for the model was the heavy-vehicle reduction
factor (fgv). The continuous predictors consisted of two
variables, the portion of small heavy vehicles (sum of Single Unit,
Bus, and Small-Semi proportions) and the proportion of large
heavy vehicles (total Large-Semi Proportions). These variables
were used to form a second-degree polynomial consisting of six
terms, as follows:

fuv = aP? + bP} 4 cPPy + dP, + ePy + f (10)

0.10
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< 0.92
092 - 0.94
m 094 - 0.96
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FIGURE 6 | Contour plot of HV factor in relation to small and large HV
proportions.

where P;, proportion of small vehicles, P;, proportion of
large vehicles, a to e = coefficients to be determined in the
regression analysis applied to all scenarios, and f = constant
for each scenario. The constant of Equation 10 is predicted
to be around 1 as the heavy-vehicle factor for a no-truck
combination should theoretically be 1.0. In the Minitab analysis,
the categorical predictor for the regression model was the
demand scenario.

The regression model for finding heavy-vehicle factors using
small and large heavy-vehicle proportion is given by:

frv =1 —0.275P% — 0.549P? — 0.805PsP — 0.3030Ps — 0.4849Pr (11)

Equation 11 relates the heavy-vehicle adjustment factor fHV
to the proportions of the small and large vehicles P and
Py, respectively. All coefficients were statistically significant,
and they have the correct sign. The goodness of fit of
Equation 11 was excellent, where R*> was 94.0%. For each
demand scenario, a unique constant (f) was estimated. Values
for balanced, unbalanced, and congested scenarios are 1.010,
0.971, and 1.024, respectively. These values are considered
to be closer to each other and their average is around 1.0,
matching the earlier prediction. A comparison between the
heavy-vehicle factors calculated using Equation 11 and those
obtained from the micro-simulation model show a 99.9%
individual confidence level. The proposed equation can be
applied as a substitution to the heavy-vehicle factors calculated
from entry volume and base condition volumes. The interaction
between small and large heavy vehicles on the heavy-vehicle
factor is shown in Figure 6, based on Equation 11. While
the equation itself is non-linear, the graph appears to be a
linear interaction for the range of the analyzed values. It is
evident that large heavy vehicles have a greater influence on the
heavy-vehicle factor.
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CONCLUSIONS

The PCE values found for the four heavy-vehicle types show
reasonable values with a good fit of the estimated models.
The estimated PCE values for different vehicle types were
distinct, indicating that each truck has a different impact on the
roundabout. The entry volume proved to be a good predictor of
roundabout performance, showing that common heavy vehicles
have unique corresponding PCE value. The average estimated
PCE values for different heavy-vehicle type in mixed traffic are
1.30 for single unit trucks, 1.40 for small semitrailers, 1.60 for
buses, and 1.70 for large semitrailers.

By grouping the four vehicles, more dynamic values can
be recommended in relation to traffic demand scenarios. The
smaller heavy vehicles were classified as single unit trucks,
buses, and small semitrailers, while large semitrailers were
classified as large heavy vehicles. For small and large heavy
vehicles, respectively, the PCE values were 1.35 and 1.55 for
a balanced approach, 1.25 and 1.45 for unbalanced approach,
and 1.75 and 2.10 for congested conditions. We found that
the PCE values obtained in this study were lower than those
suggested in the United States road design guides. The intent
of the paper has been realized by confirming that the PCE
values for roundabouts presented in the design guides were
often overestimated, generalized, and should consider the impact
of multiple vehicle types. Further research can focus on
confirming the PCE values of individual vehicle types using
real-word data. Additionally, other factors that affect roundabout
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