View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by ScholarWorks@UMass Amherst

University of Massachusetts Amherst
ScholarWorks@UMass Amherst

Civil and Environmental Engineering Faculty

Civil and Environmental Engineerin
Publication Series & 8

2019

Simulation-Based Assessment of Multilane
Separate Freeways at Toll Station Area: A Case
Study from Huludao Toll Station on Shenshan
Freeway

Changyin Dong
Southeast University, China

Hao Wang
Southeast University, China

Quan Chen
Southeast University, China

Daiheng Ni
University of Massachusetts Amherst

Ye Li
Central South University

Follow this and additional works at: https://scholarworks.umass.edu/cee faculty pubs

Recommended Citation

Dong, Changyin; Wang, Hao; Chen, Quan; Ni, Daiheng; and Li, Ye, "Simulation-Based Assessment of Multilane Separate Freeways at
Toll Station Area: A Case Study from Huludao Toll Station on Shenshan Freeway" (2019). Sustainability. 818.
https://doi.org/10.3390/su11113057

This Article is brought to you for free and open access by the Civil and Environmental Engineering at ScholarWorks@UMass Amherst. It has been
accepted for inclusion in Civil and Environmental Engineering Faculty Publication Series by an authorized administrator of ScholarWorks@UMass

Ambherst. For more information, please contact scholarworks@libraryumass.edu.


https://core.ac.uk/display/233842402?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://scholarworks.umass.edu/?utm_source=scholarworks.umass.edu%2Fcee_faculty_pubs%2F818&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.umass.edu/cee_faculty_pubs?utm_source=scholarworks.umass.edu%2Fcee_faculty_pubs%2F818&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.umass.edu/cee_faculty_pubs?utm_source=scholarworks.umass.edu%2Fcee_faculty_pubs%2F818&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.umass.edu/cee?utm_source=scholarworks.umass.edu%2Fcee_faculty_pubs%2F818&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.umass.edu/cee_faculty_pubs?utm_source=scholarworks.umass.edu%2Fcee_faculty_pubs%2F818&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.3390/su11113057
mailto:scholarworks@library.umass.edu

o ey z
<@ sustainability ﬂw\p\py

Article

Simulation-Based Assessment of Multilane Separate
Freeways at Toll Station Area: A Case Study from
Huludao Toll Station on Shenshan Freeway

Changyin Dong %3, Hao Wang 1-2-3*(, Quan Chen 23, Daiheng Ni 4 and Ye Li °

1 Jiangsu Key Laboratory of Urban ITS, Southeast University, No. 2, Sipailou Road, Nanjing 211189, China;

dongcy@seu.edu.cn (C.D.); quanchen@seu.edu.cn (Q.C.)

Jiangsu Province Collaborative Innovation Center of Modern Urban Traffic Technologies, Southeast
University, No. 2, Sipailou Road, Nanjing 211189, China

School of Transportation, Southeast University, No. 2, Sipailou Road, Nanjing 211189, China

Department of Civil and Environmental Engineering, University of Massachusetts Amherst, No. 130,
Natural Resources Road, Amherst, MA 01003, USA; ni@engin.umass.edu

School of Traffic and Transportation Engineering, Central South University, No. 932, South Lushan Road,
Changsha 410075, China; yelicsu@csu.edu.cn

*  Correspondence: haowang@seu.edu.cn; Tel.: +86-139-5192-0162

check for
Received: 24 April 2019; Accepted: 28 May 2019; Published: 30 May 2019 updates

Abstract: To support the rapid growth of demand in passengers and freight, separating trucks and
passenger-cars is a potential solution to improve traffic efficiency and safety. The primary purpose
of this paper is to comprehensively assess the multilane separate freeway at Huludao Toll Station
in Liaoning Province, China. Based on the configuration and segmentation of the freeway near a
toll station, a six-step guidance strategy is designed to adapt to the separate organization mode.
Five conventional traffic scenarios are designed in the Vissim platform for comparative analysis
between different guidance strategies. To investigate the vehicle-to-infrastructure (V2I) environment,
a microscopic testbed is established with cooperative car-following and lane-changing models using
the MATLAB platform. The numerical simulation results show that the guidance strategy significantly
improves efficiency and safety, and also reduces emissions and fuel consumption. Meanwhile,
pre-guidance before toll channels outperforms the scenario only applied with guidance measures
after toll plaza. Compared to conventional conditions, the assessment of pollutant emissions and fuel
consumption also embodies the superiority of the other five scenarios, especially in the sections of
toll plaza and channels with the lowest efficiency and safety level. Generally, all indexes indicate that
the cooperative V2I technology is the best alternative for multilane separate freeways.

Keywords: separate freeway; guidance strategy; toll station; truck-only lane (TOL); vehicle-to-
infrastructure (V2I); microscopic simulation; traffic flow model

1. Introduction

Traffic congestion, safety, pollutant emissions, and fuel consumption have become increasingly
severe issues all over the world [1,2]. From the perspective of components in the transport system, trucks
play an important role in the abovementioned serious problems that need to be solved urgently [3,4].
Although trucks only account for approximately 4% of all the traffic accidents and 12% of all traffic
fatalities based on the Federal Railway Administration (FRA) database, truck-related accidents lead to
many more deaths, injuries, and much more property loss than other vehicles [5,6]. Besides, trucks
consume considerable amounts of energy and are the biggest source of air pollutant emissions every
year [7,8]. Fortunately, growing attention has been paid to these problems through the application
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of Intelligent Transportation Systems (ITS) technology. There are several technologies among the
sub-systems of ITS to address the problem, including the Advanced Traffic Management System
(ATMS), Advanced Vehicle Control and Safety System (AVCSS), Advanced Traveler Information
System (ATIS), and Automated Highway System (AHS) [9,10]. Based on guidance of ITS and its
sub-systems, the literature review is summarized in three parts, including multilane separate freeways,
a guidance strategy, and cooperative vehicle-to-infrastructure (V2I) technology, which are all factored
into the construction of the ITS framework for the study area.

1.1. Multilane Separate Freeway

In a freeway traffic management system, the concept of separation denotes a measure of diverging
one homogenous traffic stream to one or more exclusive lanes from the hybrid traffic flow. Two typical
representatives are the high-occupancy-vehicle (HOV) lanes in expressways and bus-only lanes in
urban roads. To satisfy increasing logistics demands, freeways are faced with the linear growth of
trucks [11]. Nevertheless, large trucks are thought to present safety hazards in mixed traffic because of
their decreased stopping capabilities, lack of maneuverability, and large size, which occupies more
lane space and blocks motorists’ visibility [12]. To improve efficiency and safety, lane restrictions on
trucks to reduce their interaction with passenger cars is applied to road design and management.
These restrictions typically prohibit trucks from traveling in the median or left-most lanes of multilane
freeways, instead of compulsively separating them on their own lanes [13-16]. Based on the above
considerations, a brand-new organization mode of freeway traffic is designed to completely separate
trucks from the hybrid traffic flow, and this mode is called ‘multilane separate freeways’.

Recent studies on separate freeway mostly focus on truck lane restriction strategies.
Meyer et al. [13] examined the feasibility of truck-only toll (TOT) lanes as parts of the Atlanta in
America. There are three TOT lane strategies designed for the regional freeway network: building new
lanes along major truck corridors, allowing trucks to use existing HOV lanes inside the central area, and
turning all proposed HOV lanes in the region into TOT lanes. Based on comprehensive analysis of five
primary performance measures, this proof-of-concept study proved that the third strategy provided
the greatest transportation benefit to the region. Also, Bigazzi et al. [17] studied the emissions benefits
of commercial vehicle lane management strategies, especially truck-only lanes (TOLs). TOL strategies
consistently outperformed general purpose lane strategies in regard to total emissions reductions.
Converting a general purpose lane to TOL reduced emissions more than adding a new TOL for all
pollutants except hydrocarbons (HC). Lord et al. [18] compared passenger cars-only with mixed traffic
freeway facilities and assessed whether or not more homogeneous traffic flow composed of vehicle
types was safer than the current mixed flow scenario using the data collected from the New Jersey
Turnpike in 2002, which was also a typical traffic corridor. Besides, when the accidents happened,
separating trucks from cars to create more homogeneous traffic conditions was demonstrated to be an
alternative strategy. Moreover, existing fee policies related to truck lane restrictions were analyzed
and characterized the state of the practice in permit fees for trucks on public freeways, evaluating
these practices at the economic level [19]. Other aspects of related research include emissions, safety,
fuel consumption, pavement performance, and characteristics of truck drivers [20-24]. Readers can
refer to the above-mentioned literature for more details. In general, little attention has been paid to
systematically analyzing multilane separate freeways both for cars and trucks.

1.2. Guidance Strategy at Toll Station Area

Advanced guidance strategy is an important part of AVCSS and ATIS. Although no research
has been conducted to specifically explore the guidance strategy for separate freeways, existing
research related to route guidance and drivers’ characteristic offers theoretical references for strategy
development, especially at toll station areas. The Manual on Uniform Traffic Control Devices (MUTCD) [25]
specifies the standards by which traffic signs, road surface markings, and signals are designed, installed,
and used. Liu et al. In [26], they investigated the contributory factors to the guessability of traffic



Sustainability 2019, 11, 3057 30f 22

signs and provided practical suggestions for more user-friendly sign design and settings based on
the MUTCD. Ozbay et al. [27] proposed a microscopic simulation model, which was validated and
calibrated using the detailed vehicle-by-vehicle toll data at each toll plaza in the same area, as shown
in [18]. Additionally, another micro-simulation model for optimizing toll plaza operations in relation
to operational costs and level of service for users was developed and several scenarios were tested in
the Vissim platform, such as implementing a number plate recognition technology and segregating
lanes for different vehicle types [28]. Furthermore, Kim et al. [29] presented an analytical method for
dynamically adjusting toll plaza capacity to cope with a sudden shift in demand using loop detector
data. Emissions around a toll station area were also analyzed in both electronic toll collection (ETC)
lanes and manual toll collection (MTC) lanes [30]. The results showed that all emissions were reduced
by using ETC, and the reduction in nitrogen oxide (NOx) emission was much less than hydrocarbons
(HC) and carbon monoxide (CO) for the testing vehicle. In terms of guidance strategy, most of the
existing models achieved user optimal equilibrium by comparing travel time from the angle of road
network. For example, a traffic-condition-based route guidance strategy for a single destination road
network was proposed, which provided stable splitting rates, in particular when traffic demand was
high [31]. Therefore, a reasonable guidance strategy needs to be designed to separate cars and trucks
safely and effectively at toll stations in the multilane separate freeway.

1.3. Traffic Flow in V2I Environment

For the AHS, the other sub-systems and intelligent vehicles are all fundamental preparations
for the construction of advanced highways. With the rapid development of vehicular technology;,
hi-tech manufacturing facilities are equipped in connected and automated vehicles (CAVs) to improve
road capacity and traffic safety [32-34]. Meanwhile, vehicle-to-infrastructure (V2I) communication
is available if the road-side unit (RSU) can share information with the vehicles with on-board unit
(OBU) [35-37]. In this case, these advanced technologies will enhance traffic efficiency and safety.
The V2I communication system was evaluated in architecture based on cellular networks and a novel
communication paradigm was presented for vehicles in V2I environment [38]. Milanés et al. [39]
designed an intelligent V2I-based traffic management system and the proposed solution was validated
by an IEEE-802.11p-based communications study. The entire system showed good performance in
testing real-world scenarios, both in computer simulation and with real vehicles.

Shladover et al. analyzed the advantages of cooperative adaptive cruise control (CACC) based on
cooperative communication including higher accuracy, faster response, and shorter gaps, resulting in
enhanced traffic flow stability and possibly improved safety [40]. Li et al. developed a V2I integrated
system that incorporated both adaptive cruise control (ACC) and variable speed limit (VSL) to reduce
rear-end collision risks on freeways [41,42], and the intelligent driver model (IDM) was used to
simulate intelligent vehicles” behavior [41-44]. Moreover, Dey et al. demonstrated the potential of V2I
in a heterogeneous wireless network with variable communication techniques that guaranteed the
optimal utilization of available communication options and minimized the corresponding backhaul
communication infrastructure requirements while considering CAV application requirements [45].
A longitudinal freeway merging control algorithm was proposed for maximizing the average travel
speed of fully CAVs based on the V2I communications as well as automated driving. The new
method was able to reduce travel time, increase average travel speed, and improve throughput [46].
Other related studies on next-generation traffic characteristics can be found in [47-50]. However, the
V2I technology has not been investigated at toll station areas, let alone multilane separate freeways.

1.4. Objectives of This Study

The efficient movement of passengers and freights is essential to the national economy. Therefore,
the main objective of this study is to comprehensively assess multilane freeways, which separate trucks
and passenger-cars completely. Although published literature has extensively studied the above issues,
some clear gaps still need to be further addressed. First of all, most previous scholars focused on
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recommended TOLs instead of compulsory lanes for different vehicles. Secondly, guidance strategy at
toll station areas is ignored, especially for multilane separate freeways. Thirdly, the cooperative V2I
technology needs further exploration at toll station areas of multilane separate freeways. To fill the
gaps, this study proposes a general configuration and segmentation of multilane separate freeways
near a toll station. Next, a six-step guidance strategy is designed to adapt to the new organization mode.
Then, six traffic scenarios are set and modeled in Vissim and MATLAB platforms for comparative
analysis at Huludao Toll Station in Liaoning Province, China. Finally, features of each scenario is
summarized based on the comprehensive assessment including speed, delay, surrogate safety measures,
air emission, and fuel consumption.

2. Methods

2.1. Segmentation of Toll Station Area

Different from existing conventional ways, the brand-new configuration and segmentation of
multilane separate freeways near a toll station are illustrated in Figure 1. According to the road
alignment structure and traffic flow characteristics, the sensitive transition area is divided into five
sections along the travel direction, including a mixed section with heterogeneous traffic flow, toll plaza,
toll channels, weaving area, and the basic section designed for cars and trucks respectively. It is worth
noting that the exclusive lanes for trucks are built on the outsides of passenger-car lanes in order to
reduce secondary collision risks during truck accidents. Such detailed segmentation provides a solid
foundation for freeway administration departments to formulate different guidance strategies.
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Figure 1. Geometric model of toll station between the mixed and basic sections.

2.2. Hierarchical Guidance Strategy

In order to guide vehicles to right lanes—for example, inner lanes for cars and outer lanes for
trucks—integrated measures must be taken to accomplish this goal. Traditional methods consist of
traffic signs, markings, radio broadcast, loudspeaker, variable message sign (VMS), brochures, and
other ancillary facilities. There is an objective physical phenomena that it is almost impossible for
drivers to identify and remember the information sent by above measures, especially over a short
period of time. Therefore, the key of separate freeway guidance is finding the optimal mode combined
by proper guidance measures in each section.

A six-step guidance strategy is proposed in this paper, as shown in Table 1. Along the direction of
traffic flow, the first and second steps of the guidance strategy begin at 1000 m and 500 m ahead far
from the inflexion between mixed section and toll plaza, respectively. Because the first two steps are
arranged in the mixed section, they share the same guidance measures, including signs, markings, radio
broadcast, and VMS. These measures release information that the road ahead is a separate freeway, and
please change lanes in advance. Take the right-side freeway in Figure 1 as an example, and the scrolling
marquee may be ‘Cars run in left lanes and trucks run in right lanes’. The third step is designed in the
toll plaza, where a loudspeaker is added to inform drivers directly to change lanes to the proper toll
channels. For the fourth step in toll channels, special traffic signs and markings are enhanced based
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on the standard to improve recognition and compliance behaviors. Specially, brochures printed on
the pass card or a single leaflet in color is designed to attract drivers” attention. Also, a much shorter
slogan like ‘Cars — left, trucks — right’, is another recommended option. Conventional measures
of loudspeaker and VMS still play an indispensable role in the fifth step. The message sent in this
section becomes a stronger warning that drivers must run their vehicles in the correct lanes, otherwise
it will be punished. In the last step, only VMS is established at the beginning of the basic section in
separate freeway to show the welcome and driving tips besides the first three measures. In addition,
communication facilities in vehicles can receive relevant messages disseminated by mobile database
stations whenever and wherever drivers want. However, one vehicle may enter the wrong lane, and
thus it has negative effects on traffic efficiency and safety. In this case, special guidance for error
correction is needed. To address this situation requires additional analysis which is the subject of
ongoing research.

Table 1. Six steps for the hierarchical guidance strategy.

Guidance Measures
Step Section

Signs  Markings  Radio Broadcast Loudspeaker VMS Brochures

1st I v v v X v X
2nd I v v v X v X
3rd II v v v v v X
4th I v v v v X v
5th v v v v v v X
6th \Y% v v V X v X

2.3. Traffic Flow Model

2.3.1. Car-Following Model

CACC is one of the popular applications in CAVs. Many studies have indicated that CACC
for vehicle longitudinal control can notably smooth hazardous traffic flow and improve traffic
efficiency. One typical representative is the PATH CACC model, which is incorporated into the
PATH-Nissan high-level controller and developed to a self-designed CACC system for production
vehicles [39,40,48,49]. Then the model is calibrated by empirical data from real experiments. The CACC
model is expressed as

ek:xk—l—xk—T~vk (1)
Uk = Ukpreo + Kp-ex + kgeex )
Xk = Xkprev + g - At 3)

where ¢ represents the gap error of the k-th vehicle. x;_; and x; represent positions of the leading
vehicle and the subject vehicle, respectively. v represents the speed of the subject vehicle. ¢, denotes
the current time-gap setting. Uy and Xgprey denote the speed and position of subject vehicle in the
previous iteration. k, and k; represent the model coefficients. ¢ represents the derivative of gap error.
At is the time step. Four parameters are included in this model, i.e., t, ky, k4, and At. The default of
CACC time gap fy, is set to be 1.1 s for cars and 2.4 s for trucks which are investigated by the previous
studies [48,49]. The values of k, and k; determined by the above-mentioned experimental tests are
used (k, = 0.45 and k; = 0.25 for cars, while k, = 0.0074 and k; = 0.0805 for trucks). The time step At
during all microscopic simulations in this paper is 0.1 s.
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2.3.2. Lane-Changing Model

The subject vehicle can merge into the target lane only if the gaps between the subject vehicle and
the vehicles in the target lane satisfy the following criteria [44,51]

8128 min and g > grmin 4)
o o (vs —vy), if vs>0;

8lmin = &min + { 0, otherwise ©®)

o _ cf'(vf—vs), if Vf > Vs 6

& fmin = & min +{ 0, otherwise ©)

where g; represents the gap between the subject vehicle and the leading one in the target lane while
gf represents the gap between the subject vehicle and the follower in the target lane. ¢; and cf are
weight parameters. g, is the average minimum safe constant gap. In order to avoid accidents, cars
and trucks only can change their lanes to their special lanes or the nearer one. The setting of three
parameters: (1) ¢; = ¢f = 0.9 and gmin = 2.0 m for trucks; (2) ¢; = ¢y = rand( ) and gmin = 2.0 m for cars,
where rand( ) denotes a random number representing between 0 and 1.

2.4. Surrogate Safety Measures

Conflict angle is an approximate angle of hypothetical collision between conflicting vehicles,
based on the estimated leading of the each vehicle. The angle, expressed in the perspective of the
first vehicle A to arrive at the conflict point, conveys the direction from which the second vehicle B is
approaching the vehicle A, as shown in Figure 2a. The angle ranges from —180° to +180°, where a
negative angle indicates approach from the left and a positive angle indicates approach from the right.
An angle of 180° (or —180°) indicates a direct head-on approach, and an angle of 0° (or —0°) indicates a
direct rear approach. Moreover, conflict type describes whether the conflict is the result of a rear end,
lane change, or crossing movement. Define the conflict angle a. The type is classified as a rear-end
conflict if || < 30°, a crossing conflict if |a| > 85°, or otherwise a lane-changing conflict [52]. As shown
in Figure 2a, the conflict angle @ = 45°, and thus, the conflict type is lane-changing.

+180° st
z
-135< +135° o
-90° +90°
-45° (P45
(/o
)
OO
(@) Conflictangle (b) Rear-end collision risk index

Figure 2. Illustration of surrogate safety measures.

Besides conflict angle, rear-end collision risk index (RCRI) is another surrogate measure for rear-end
collision, which is defined as the ratio of the number of unsafe car-following events. It establishes
relation between longitudinal safety and vehicle dynamic trajectory data. Assume that the leading
vehicle takes an emergency stopping maneuver with maximum deceleration rate. The following
vehicle has to react and brake to avoid a collision. If the stopping distance of the front vehicle is larger
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than the following vehicle, it is safe; otherwise, it is dangerous. Figure 2b illustrates the safe stopping
distance and the RCRI can be derived as [53].

v
SSDy =S+ 5 @)
%
SSDy = vsta + 5 ®)
B 0 SSD; > SSDf
RCRT = { 1 SSD; < SSD ©)
T N
Y Y RCRI
=1i=1
Mgcrr = Tl N (10)
Y. ). flag
=1i=1

where SSD; and SSDy are safe stopping distance of the subject and leading vehicles, respectively. S is
the clearance distance. vs and v; are the speeds of the subject and leading vehicles, respectively. a;
is the deceleration and ¢ is the delay before braking. T is the total time and N is the total vehicles.
flag is used as the mark of number. Mgcg; is the average RCRI of all space-time points. According to
previous study, a, =3.4m-s?and t; = 0.1 s.

Rear-end collision risk criteria for freeway safety can be stated in terms of the average RCRI as
shown in Table 2 [54].

Table 2. Rear-end collision risk criteria.

Level Mpgcrr Range Level Mpgcrr Range Level Mpgcri Range
A (0,0.251) B (0.251, 0.306) C (0.306, 0.355)
D (0.355, 0.416) E (0.416, 0.510) F (0.510, 1)

Obviously, Level A is considered to be very safe traffic conditions with low Mgcg; up to 0.251.
Even if a traffic accident occurs under this level, the possibility of subsequent accident occurrences
by not maintaining safety distances would be expected to be much lower than any other categories.
On the other hand, Level F would describe traffic safety on freeway with Mgcg; in excess of 0.510.
Traffic conditions under this level can be described as very unsafe, leading to the highest possibility of
subsequent accident occurrences.

2.5. Emission and Fuel Consumption Measures

Table 3 lists emission and fuel consumption rates (in g/km) for the two vehicle classes and four
traffic conditions [55]. For cars, there are relatively small differences between HC, NOx, CO;, and fuel
consumption under three conditions, including free flow, transition, and congestion. Compared with
the other three conditions, work zone shows the lowest emission rates for HC, CO, and NOx. On the
contrary, the lower speed in work zone brings about higher CO, emissions and fuel consumption.
However, the trends for trucks are quite different from cars. Acceleration can greatly decrease fuel
consumption and emissions of four pollutants, especially at high speeds when the engine and emission
control systems are highly loaded and fully work. Specifically, the emission of HC and CO in work
zone is nearly twice as that in free flow condition. In addition, emissions and fuel consumption increase
slowly with continuous deceleration from free flow to congestion, and reach the peak in work zone
because of insufficient combustion of fuel and waste of resources.
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The formula for calculation of emissions and fuel consumption is as

M= £L f(v)dx (11)

where M denotes the weight of a certain emission or fuel consumption. It is an integral of a function
from the starting point to the ending of the road. L is the road length and f(v) is a function of speed,
which can be obtained in Table 3. Because there are only four discrete values for both car and truck, a
linear interpolation of the speed within the range is applied to calculate the total weight of emissions
and fuel consumption. In addition, if the speed exceeds the maximum or minimum threshold, an
effective and convenient solution is taking on the boundary value.

Table 3. Summary of emission factors and fuel consumption rates for car and truck.

Vehicle Traffic Speed Emission Factors (g/km) Fuel Consumption

Type Condition (km/h) HC co NO, Co, (g/km)
Free flow 112 0.08 4.09 0.21 178 60
Car Transition 101 0.09 5.03 0.22 180 62
Congestion 90 0.08 427 0.21 182 63
Work zone 33 0.04 1.32 0.13 211 67
Free flow 101 0.06 2.22 10.02 1032 323
Truck Transition 93 0.07 2.52 10.93 1185 370
Congestion 77 0.08 2.88 11.14 1326 415
Work zone 33 0.16 4.32 12.81 1700 530

3. Experiment Design

3.1. Framework

Figure 3 presents the framework of study approach, which includes data collection, roadway
modeling, experiment design, traffic simulation, assessment index, and result analysis.

Data collection
(mixed and separate freeways)

Vissim simulation
(3D module and COM interface)

Assessment index
(efficiency and safety measures)

U

Roadway modeling
(CAD and toll station geometry)

U

Figure 3. Framework of study approach.

First, geometric data and organization forms of the conventional and separate freeways are
collected. The characteristics of traffic flow are also needed in this paper, such as service time in toll
channel, number of channels, speed distribution, and limit speed. Moreover, demand of cars and
trucks is another important parameter, which can be extracted from the transportation science and
technology projects of Liaoning Province, where the study area is located. Based on the collected data,
virtual models of old and new roadways and toll stations are built via Auto-CAD software. The third
step is experiment design, e.g., lane settings and guidance strategy. For the lane settings, speed limit
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and directions of lane-changing for each lane should be set in advance besides the number of cars-only
and trucks-only lanes. Next, the proposed hierarchical guidance strategy is developed step by step in
Vissim. The details are discussed in the following sub-section. Numerical simulation experiments
for cooperative vehicle-to-infrastructure environment are investigated in MATLAB for the sake of
convenience in car-following and lane-changing model implementation. Then, four kinds of indexes
are used to assess the performance of different guidance strategies and traffic scenarios, including
efficiency, safety, emissions, and fuel consumption. Finally, comparative analysis is conducted based
on experiment results to quantify the effects of separate organization for vehicles and cooperative V2I
technology on the traffic system near toll stations.

3.2. Study Area

With the rapid progress of the economy and technology in recent years, the international
macroeconomic situation changes continuously. The Silk Road Economic Belt and the 21st-Century
Maritime Silk Road bring a great opportunity for old industrial base revitalization in the northeast
of China. However, transport is the foundation of the development of various industries, and an
advanced transport system needs to adapt to changing demands, such as high freight rates, stricter
security standards, and people-oriented service. Jingha Freeway is an important corridor linking
Beijing and Harbin both for passengers and freights, and the section between Shenyang and Beijing
reaches the highest peak load, as shown in Figure 4. To make the freeway more efficient and much safer,
national and provincial transport departments plan to reconstruct the freeway into a separate type.

Jingha Freeway

Changchun

Q (Vg A SN

Beijing

Huludao Toll Station / To
Shenyang 1y ANBEICUN
ZiplR ]

Bk o]
eijing
’Huludao Toll Gate

rd

DIZANGSICUN

R

Figure 4. Study area and location of the Huludao Toll Station.

In Jingha Freeway, Huludao Toll Station is a representative example of the reform project. For each
direction, there are three lane for cars and trucks at the present time, but three passenger-car lanes
and truck-only lanes are designed in the long-term plan. Moreover, relative guidance strategies and
potential cooperative V2I facilities will be applied at the toll station. Before starting construction,
transport engineers need to prove that it is effective and reliable. Therefore, this paper focuses on the
assessment of a multilane separate freeway from different aspects and finding the optimal guidance
strategy at toll station area. Also, CAVs in cooperative V2I environment need a further investigation in
multilane separate freeways of the brand-new organization mode.



Sustainability 2019, 11, 3057 10 of 22

3.3. Vissim Modeling

After two decades of academic research, behavior-based traffic flow simulator Vissim has been
considered as one of the best microscopic programs to analyze and optimize traffic flows. It offers a
wide variety of urban and freeway applications, integrating public and private transportation. In this
paper, the subject is multilane freeways at toll station areas, and Figure 5 presents the main visualization
procedure of Vissim modeling.

Import CAD maps Implement Route choice Speed control for Restrict lane changes
and model roads guidance facilities settings cars and trucks via the COM interface

; /_?/ J/“:““
7
/

Figure 5. Visualization procedure of Vissim modeling.

First of all, import Auto-CAD maps from external resources and model old and new roads. Then,
facilities for guidance strategy are implemented in 3D vision, laying the groundwork for the following
steps. Both dynamic and static 3D objects are modeled directly in V3DM module and dynamic models
like VMS boards are controlled by Visual Basic codes to display changeable information. Next, route
choice setting is a fundamental step, which determines lane-changing behaviors and rights of each
lane. For example, the vehicle category ‘truck’ is not allowed for left lane changes on multilane links
and does not oscillate around its desired speed, while the ‘car’ category cannot change to right lanes
from toll plaza to weaving area. In this case, cars and trucks can travel at proper speeds under different
conditions via speed control. Finally, a complete simulation-based environment is implemented using
the COM program interface in VISSIM. With the control strategy, the guidance information could be
provided to vehicles and effectively influence car-following and lane-changing maneuvers.

3.4. Investigation and Scenario Design

To assess the impacts of the proposed guidance strategy and V2I environment on the freeway
system at toll station area, six traffic scenarios are designed in the investigations, as summarized in
Table 4.

Table 4. Detail summary of scenario design.

Scenario Freeway Guidance Toll Lanes in V2l Simulation

Type Strategy ¢ Channels Section V?  Application ¢ Platform

1 Mixed None 4 3 No Vissim

2 Separate None 5 6 No Vissim

3 Separate 4-6 5 6 No Vissim

4 Separate 1-3 5 6 No Vissim

5 Separate 1-6 5 6 No Vissim

6 Separate None 5 6 Yes MATLAB

Note: * refers to the six steps of hierarchical guidance strategy. ? refers to the basic section according to the

segmentation of toll station area. ¢ also refers to the application of traffic flow models in Section 2.3.

In terms of old freeway, there are three lanes in one direction upstream and downstream of
Huludao Toll Station with four channels. In the long-term planning for the toll channels of multilane
separate freeway, there are three ETC lanes and two MTC lanes in Scenario 2-5, as shown in Figure 1.
The number of ETC lanes rises to four in cooperative V2I environment and the last one is designed for
MTC for the sake of diversity and compatibility. Certainly, Scenario 1 contains mixed traffic freeway
facilities and mixed vehicle types. It is firstly simulated as the reference group. Under Scenario 2,
a separate freeway is designed for the speedy movement of passengers and cargo. Cars and trucks
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equally share six lanes in one direction. However, there is no guidance technique applied in this
scenario except vehicle permission settings at the start of basic separate section (Section V in Figure 1).
Based on Scenario 2, the last three steps of hierarchical guidance strategy are implemented in Scenario
3. On the contrary, to find the difference in guidance order, only the first three steps are used to guide
cars and trucks under Scenario 4. Next, the six-step guidance strategy is logically implemented in
Scenario 5. It also can be recognized as a combination of Scenario 3 and Scenario 4. Finally, new traffic
flow models are chosen to imitate CAVs and simulate the V2I environment in separate freeways on
MATLAB platform in Scenario 6.

According to actual surveys and design plans, the road width is 3.75 m. Volumes of cars and trucks
are 2400 veh/h and 2000 veh/h, respectively. Desired speeds of cars and trucks are respectively 120 km/h
and 100 km/h. Mixed section and basic section in Figure 1 are 1500 and 1000 m long, respectively.
The length of toll plaza, toll channels, weaving area, and basic section is respectively equal to 250, 50,
and 200 m. Each simulation lasted 1 h with a time step of 0.1 s. For each scenario, speeds and positions
of every vehicle are stored, and average speed, delay, and queue length are directly calculated by
Vissim. Furthermore, traffic conflict analysis is accomplished using the Surrogate Safety Assessment
Model (SSAM). The other assessment indexes are calculated from raw data generated by Vissim and
MATLAB. Additionally, the versions of Vissim and MATLAB used in numerical experiments are
respectively V5.40 and R2014b.

4. Results and Discussion

4.1. Average Speed

The mean speed distribution in five sections is shown in Figure 6. The lines in each scenario
can be divided into two parts. First, the speed decreases rapidly before vehicles approach to the toll
channels. The phenomenon of deceleration in toll plaza is much clearer than mixed section. Second,
after reaching the lowest point in toll channels, vehicles start to accelerate to leave the weaving area and
pursue the desired speed. There is slower improvement of mean speed in basic section and vehicles
tend to travel at stable high speeds. Obviously, the mean speed in the basic section is over 10 km/h
higher than the mixed section because of more lanes and a separate organization mode. Both cars and
trucks have the similar tendency.

Figure 6a shows the mean speed changes of cars along the roadway. Basically, the mean speeds in
all sections rank as the order of scenario from 1 to 6. The original speed under Scenario 1 is around
70 km/h while the highest speed exceeds 90 km/h under Scenario 6. In the basic section, the mean speed
increases to 90 km/h under Scenario 1, but it is still 20 km/h lower than Scenario 6. This is because there
are three more lanes in Scenario 6, especially in basic section. Also, communication between vehicles
and road side infrastructure helps to make full use of road resources in time and space, thus improving
traffic efficiency. For the other scenarios, differences of mean speed are less than 10 km/h. It is worth
noting that there is small gap between Scenario 3 and Scenario 4 in mixed section and toll plaza, while
the gap becomes bigger in weaving area and basic section of separate freeway. This change proves that
guidance ahead of toll channels in Scenario 3 have a slight advantage in improving speed over Scenario
4. In the toll channels, the average speed in Scenario 6 is obviously higher than the other five scenarios
because of shorter headway and less delay in ETC lanes. For Scenarios 2-5, the only difference is
traffic flow composition in each lane resulting from different guidance strategies. If passenger-cars
account for a higher proportion before reaching a toll channel, the average speed will be higher. On the
contrary, the traffic flow mixed with cars and trucks obtains a relatively low efficiency. Therefore,
according to the guidance strategy in Section 3.4, the full six-step guidance strategy in Scenario 5 is the
most efficient method, followed by Scenario 4 and 3, and Scenario 2 without any guidance measures
performs the worst in separating cars/trucks from hybrid traffic flow.
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Figure 6. Mean speed along the roadway.

Compared with cars, trucks slow down in each section under all scenarios, as shown in Figure 6b.
In the mixed section, no scenario achieved a high speed of over 80 km/h, which Scenario 34 realize
for cars. Because of speed limit, trucks travel in basic section at a speed range from 70 km/h to
90 km/h. Although it is approximately 20 km/h lower than cars, it is increased by the same speed from
mixed section to basic section. The differences between six scenarios reach the peak in toll channels
and the maximum value is nearly 30 km/h for Scenario 1 and Scenario 6, which indicates that new
technologies help to mitigate congestions and improve traffic efficiency. These results strongly support
the superiority of CAVs and V2I technologies. Moreover, the difference between two adjacent scenarios
ranges from 5 km to 10 km/h, which demonstrates that guidance strategy is necessary at toll station
area and upfront guidance works more effectively.

The following is detailed analysis of speed in mean and standard deviation (SD), as shown in
Table 5 and Figure 7. The minimum speed remains zero from Scenario 1 to Scenario 5 due to the
service time at toll channels. In the longer term, the ETC in the toll system have replaced the MTC.
In this case, CAVs only need to decelerate instead of stopping and queuing, and finish toll collection
process in several seconds. Therefore, the minimum speeds for cars and trucks are 31.6 km/h and
24.1 km/h. For the maximum and mean values, the order is from Scenario 1 to Scenario 6. That is to say,
the separate freeway performs better than the mixed one. Also, the more steps of guidance strategy,
faster vehicles travels through the toll station. SD, an index of dispersion, indicates the equilibrium
state of traffic flow. As shown in Table 5, the SD value for cars keeps declining from 25.1 km/h to
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10.3 km/h with the application of separate organization mode and guidance strategy. For trucks, the
maximum SD change in amplitude is more than 16 km/h. Eventually, SD of speed under Scenario
6 is approximately equal to half of Scenario 1. This is because CAVs and V2I can remarkably avoid
oscillatory jams and guarantee a steady traffic state.

Table 5. Summary statistics for mean speeds.

Scenario Car (km/h) Truck (km/h)

Min. Max. Mean SD Min. Max. Mean SD
1 0.0 102.2 66.8 25.1 0.0 81.8 57.6 31.7
2 0.0 105.1 74.4 19.5 0.0 83.5 66.2 254
3 0.0 108.7 78.1 18.2 0.0 88.1 70.9 23.0
4 0.0 110.8 81.3 16.9 0.0 91.3 73.1 211
5 0.0 112.7 86.7 14.5 0.0 92.7 76.8 19.2
6 31.6 114.5 93.4 10.3 241 93.6 81.9 15.6

() 9
Speed (km/h) mSD m Mean —A—SD change —@—Mean change Change (%) Speed (km/h) mSD = Mean —A—SD change —@—Mean change Change (%)
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Figure 7. Comparison of mean and SD of speed under different scenarios.

To this end, we further investigated the relationship of percentage change between mean speed
and its SD, as shown in Figure 7. Compared with Scenario 1, the percentage of mean change increases
continuously from Scenario 2 to Scenario 6, and shares the same tendency with SD. Also, cars are
extremely consistent with trucks in both mean and SD changes. However, it is noteworthy that the
improvement for cars is lower than trucks, especially under Scenario 5 and Scenario 6. Therefore, cars
are more sensitive to new technologies in guidance and V2I. Specifically, for the changes in amplitude,
the SD is higher than the mean by over 12 percent for passenger-car traffic, while the difference between
SD and mean for trucks is around 10 percent, even less than 5 percent under Scenario 2 and Scenario 3.
Furthermore, apart from SD change for cars and trucks, the other pairs of SD and mean changes for
cars and trucks are closer to each other under the same scenario. For instance, the SD changes for cars
and trucks are respectively 40% and 39%, while the mean changes are 29% and 32% under Scenario 5.
This finding explains that the proposed guidance strategy has equivalent positive impact on both cars
and trucks.

4.2. Delay and Queue Length

Delay caused by congestions and toll collection facilities is a critical factor in evaluating the
efficiency of guidance strategy and transportation infrastructures. Reduction of delay in transportation
system is a major purpose of the reconstruction project at Huludao Toll Station. Hence, delay and
queue length are chosen as important indexes to assess the multilane separate freeway at toll station
area and V2I environment.

As shown in Figure 8, the distribution of delay follows a unimodal distribution. The delay in
mixed section and separate section is sufficiently small, while it gathers around the middle three
sections, including toll plaza, toll channels, and weaving area. Generally, the single peak appears in
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toll channels due to toll collection service. Obviously, it significantly reduces the efficiency of traveling
through the toll station area. Furthermore, the influence areas of six scenarios are pretty different from
each other. For car traffic under Scenario 1, the high delay-bandwidth almost occupies full sections
from 1II to IV, which is twice as broad as Scenario 3. In contrast, there is no high delay for cars since the
first three strategies are applied in Scenario 4, while no high delay for trucks occurs in Scenario 5 and
Scenario 6. Besides, the length of the high-delay concentrated area for trucks in Scenario 1 extends
even beyond the boundaries of Section II and IV. In this case, congestions and queues tend to propagate
upstream and have negative impact on freeway mainlines.

100
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Figure 8. Distribution of delay and its mean value.

The mean delay is also investigated quantitatively. The highest delay is 84.5 s and obtained in
truck traffic under Scenario 1, while the lowest delay is 11.6 s caused in Scenario 6 for cars. For the
same type of vehicles, the biggest gap in delay is approximately one minute. The smallest difference
between two scenarios is less than 6 s, which happens in Scenario 3 and Scenario 4. It is evident
that the mean delay of trucks is higher 7-20 s than cars under the same scenario. Meanwhile, new
freeway organization and V2I environment have a tendency in narrowing the gap. For example, the
mean differences between cars and trucks under Scenario 5 and Scenario 6 are respectively 6.8 s and
7.3 s, while the corresponding number is 18.8 s under Scenario 1. The dynamic changes in delay
also prove that new technologies of freeway organization mode and V2I show clear advantages of
dissipating traffic congestion and reducing travel delay, providing theoretical basis for automated
highway management.

Excessive delay cannot dissipate during a short period and may result in queues with the arrival
of vehicles. As shown in Figure 9, there exists different length of queue caused by severe congestions
under each scenario. From the angle of queue length, the maximum of over 55 m occurs in Scenario 1
while the minimum of less than 15 m is obtained in Scenario 6. Also, a large number of vehicles need
to queue up to pass toll channels in Scenario 1. Compared with the separate organization mode in
the other scenarios, Scenario 1 apparently fails to catch up with the fast increase of passengers and
cargoes. Furthermore, one less toll channel and three less main lines also account for the significant
delay. For Scenario 2, the queue length is reduced by over 15 m due to the separate organization
mode. The six-step hierarchical guidance strategy in Scenario 5 makes the queue length 10 m shorter
than Scenario 2. Therefore, combination of new organization mode and guidance strategy decreases
the queue length over 25 m. In terms of vehicles in the queue, the size is between two vehicles
under Scenario 6 and 8 vehicles under Scenario 1. Therefore, from the global perspective, there is a
two-vehicle decrease from Scenario 1 to Scenario 6 except that the same number of vehicles in queue
is observed under Scenario 4 and Scenario 5. In general, Scenario 6 performs the best both in queue
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length and vehicles in the queue. This case could be caused by three reasons. (1) Vehicle queue can
be discharged quickly and the traffic flow under this scenario is hardly oversaturated due to much
shorter headway and service time. (2) The lane-changing model ensures that cars and trucks can
find the proper gaps and change their lanes to the exclusive ones before approaching to toll channels.
(8) Cooperative communications between vehicles and infrastructures work along the roadway and
enforce vehicles to change lane in advance.

Length (m) M Queue length B Vehicles in the queue Vehicle
60 10
45 7.5
30 5
15 25

OIIIII-O

Scenario 1  Scenario 2 Scenario 3 Scenario4 Scenario5 Scenario 6

Figure 9. Queue results of six scenarios.

4.3. Safety Analysis

Based on vehicle types, collisions are divided into three categories: cars, trucks, and car & truck.
The collision results are summarized in Figure 10. Apparently, cars account for the least collisions under
each scenario, and range from 17% to 19%. On the contrary, the largest proportion of collisions is between
cars and trucks, which is about 30 percent higher than cars. However, the remaining ratio for trucks is
relatively stable and lies within the interval (34%, 37%). In other words, collisions involving of trucks
are more than 80%. The analysis demonstrates that trucks are most likely to be perceived as threats on
traffic safety, and this is the reason that multilane separate freeway is quite necessary in high-demand
cargo traffic transferred by road. During one-hour simulation, more than 210 collisions happen under
Scenario 1. After reforming the freeway to separate organization mode, nearly 50 collisions are reduced
according to the comparison between Scenario 1 and Scenario 2. The following experiments also
provide further evidence of operation effectiveness of hierarchical guidance strategy and cooperative
V2l application. Specifically, the total number of collisions in Scenario 6 is decreased to about 30. Besides,
the improvement in amplitude noticeably increases with the decrease of collisions, as indicated by the
rising blue line in Figure 10. Particularly, the total changes under the first four scenarios gradually
increase from 20% to 45%, while the percentage in Scenario 6 sharply rises to nearly 80%. The finding
suggests that government should vigorously promote the market of CAVs and V2I technologies for the
sake of safety.

To examine the effects on collision types defined by conflict angle, percentages of all collisions are
summarized via the external module SSAM. Each pie chart in Figure 11 is divided into three slices to
illustrate the proportion of potential collisions. Intuitively, the rear-end type accounts for the most
collisions under all traffic scenarios. With the application of guidance strategy and V2I technology, it
starts to exceed 50% from Scenario 3, and reaches the peak 71% under Scenario 6. It is well known
that the bigger the conflict angle, the more severe the collisions. So a rear-end collision is a relatively
recommended way to minimize damage when facing unavoidable collisions. In this case, Scenario 6
is proven to be the safest condition besides the amount of total collisions summarized in Figure 10.
Furthermore, the most unsafe collisions of lane-changing occur the least in Scenario 5 because of the
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hierarchical guidance strategy. Compared to lane-changing, the amplitude of proportion fluctuation
in crossing and rear-end is much bigger among six scenarios. Take the crossing as an example, and
the range fluctuates from 5% in Scenario 6 to 33% in Scenario 2. This means that crossing collision is
probably not directly related to scenario settings.

Number M Cars Trucks M Car&truck —A— Total change Percentage (%)
250 100
200 80
150 60
100 40
45%

37% 350% 36%

50 34% 20

19%

3% 3%
[ ]
0.----_0

Scenario 1  Scenario 2 Scenario 3 Scenario4 Scenario5 Scenario 6

Figure 10. Collisions involved of different vehicle types under six scenarios.
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Figure 11. Different collision types under six scenarios.

Identifying unsafe areas provides theoretical guidance for the management of automated highway
systems in the future. Figure 12 shows the distribution of safety level at Huludao Toll Station. For each
scenario, there is a noticeable difference between safety level A and F. Specifically, safety level A is
normally distributed at both ends of the study freeway, while safety level F is centralized in the middle
area between Section II and III. In other words, the safest area is basic section because there are more
lanes in travel direction and fewer vehicles in each lane. On the one hand, the hierarchical guidance
strategy and V2I application gradually help to widen the safe area to Section IV. On the other hand, the
new technologies also enhance the safety to Level A in Section II. Besides the start/end points, there
is a strong tendency that drivers travel through Section II and III safely. For Scenario 1, the safety
level is still E/E, but it rises to Level A/B under Scenario 6, which indicates a significant improvement
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compared to the traditional condition. It is noteworthy that, in contrast to Scenario 3, changes of safety
level under Scenario 4 are so extremely small to easily embody the superiority of pre-guidance.

Safety level
| I | I —— 1 —f— IV —| \Y |
Section

Figure 12. Distribution of safety level along the roadway.
4.4. Emission and Fuel Consumption

Nowadays, there can be little doubt that traffic-related pollutants have direct impact on the globe
climate and public health. Table 6 shows four main pollutants emitted by vehicles. Although tiny
differences of emission rates are observed in four traffic conditions in Table 3, the average emission of
four pollutants keeps monotonically decreasing from Scenario 1 to Scenario 6. Cars have a similar
trend to trucks, but with much more emissions in NOx and COs. In contrast, CO emissions for per car
are obviously more than truck. The other pollutant HC is not sensitive to scenario settings and vehicle
types, and maintains low-level performance in total emissions.

Table 6. Summary of four pollutant emissions.

Emission Factors (g/veh)

Vehicle Type Scenario Sum. (g/veh)
HC co NOx CO,
1 0.32 15.79 0.83 699 715.94
2 0.31 15.33 0.78 653 669.42
Car 3 0.29 14.46 0.74 628 643.49

4 0.29 14.17 0.73 598 613.19
5 0.26 14.03 0.68 586 600.97
6 0.25 13.24 0.65 553 567.14
1 0.30 9.48 35.68 5816 5861.46
2 0.28 8.70 34.98 5486 5529.96

Truck 3 0.28 8.06 34.98 5127 5170.32
4 0.27 7.53 34.64 4704 4746.44
5 0.27 6.97 32.99 4316 4356.23
6 0.26 6.64 31.72 4190 4228.62

Compared to HC, CO, and NOy, CO, contributes the most of total emissions in weight, accounting
for over 90%. For the monomial emission, HC caused by cars and trucks changes within the range from
0.26 g/veh to 0.32 g/veh. CO emissions of cars and trucks in Scenario 6 drop respectively by over 10%
and 30% compared with Scenario 1. The gap of NOy emission between cars and trucks is remarkably
bigger than HC and CO. For cars, NOx emission is less than 1 g/veh while it exceeds 30 g/veh for each
truck. However, the biggest gap is observed in CO,, where the emission of per truck is 8-10 times as
much as a car. In the total amount, the emission for each truck in Scenario 6 is dropped to 4228.62 g by
over 25%, while only 567.14 g pollutant is emitted by a car. Therefore, trucks are the essential emission
source in road traffic. Also, the above analysis demonstrates that both separate organization mode and
V2I technology can dramatically reduce pollutant emissions, especially in CO,.
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Carbon emission, contributed by HC, CO, and CO,, is an important independent indicator because
of its direct relation to the atmospheric concentration of pollutants, as shown in Figure 13. Obviously,
trucks contribute to the majority of carbon emission since cars emit much less carbonaceous pollutants,
which is consistent with Table 6. The total number of carbon is gradually decreased from 1800 g/veh to
1000 g/veh. Expectedly, the maximum and minimum exist in Scenario 1 and Scenario 6, respectively.
The other scenarios are improved by 15-37% except the V2I environment. Particularly, the increase in
Scenario 3 is relatively small if adding the last three guidance steps to Scenario 2, which verifies that
the lagging guidance approaching to the terminal has a little effects on carbon emissions. In contrast,
guidance in advance plays a critical role in carbon reduction. However, Scenario 6 is generally the best
condition with the minimum damage to environment and public health, which is one of benefits from
V2I technology applications.

Carbon emission (g/veh) W Car M Truck —aA— Total change Decrease (%)
2000 47% 50
1600 40
1200 30
800 20
400 10

0 — — o

Scenario 1 Scenario 2 Scenario 3 Scenario4 Scenario5 Scenario 6

Figure 13. Carbon emission under different scenarios.

To this end, further investigations are conducted to assess the impact of multilane separate freeway
on fuel consumption, as shown in Figure 14. Similar to pollutant emissions, fuel consumption by cars
is considerably lower than trucks. Each car consumes less than 300 g under all scenarios, but at least
1300 g of fuel is burnt in a truck and the maximum even reaches 2230 g in Scenario 1. Generally, the
fuel consumption declines steadily from Scenario 1 to Scenario 6. Compared with carbon emissions in
Figure 13, fuel consumed by the last four scenarios is decreased by a larger percentage. For example,
fuel consumption in Scenario 5 is decreased by 57% while carbon emissions decline only by 37%.
In addition, fuel consumption in Scenario 6 is decreased by 80%, which is the maximum improvement
among all scenarios. Therefore, Scenario 6 is best recommended for development of energy-saving
and emission-reduction technology.
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Fuel consumption (g/veh) W Car W Truck —aA— Total change Decrease (%)
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Figure 14. Result of fuel consumption.
5. Conclusions

This study attempts to comprehensively assess the multilane separate freeway and deeply
investigate the impact of the new organization mode on efficiency, safety, emission, and fuel
consumption in the case of Huludao Toll Station in Liaoning Province, China. Six scenarios are
designed and simulated based on the hierarchical guidance strategy via Vissim and MATLAB
platforms, including Scenario 1 with the conventional roadway, Scenario 2 without guidance strategy,
Scenario 3 with the last three step guidance, Scenario 4 with the first three step guidance, Scenario 5
with full six step guidance, and Scenario 6 in a cooperative V2I environment. Additionally, the separate
mode is applied in the last five scenarios and Scenario 1 is served as a control group. The major results
of numerical simulation experiments are concluded as follows:

(1) According to the mean speed, toll plaza and channels are the sections with the lowest efficiency.
From the global perspective, the mean speeds along the roadway rank as the order of scenario from
1 to 6. It has the similar tendency in the increase of mean speed and the decrease of SD. With the
application of hierarchical guidance strategy and V2I technology, mean speeds of cars and trucks are
improved by 12-45% while the SD is reduced by 15-60%.

(2) The delay follows a distribution with a single peak, and reaches the peak around toll plaza,
where traffic congestions and queues potentially occur. Compared to Scenario 1, the average delay is
reduced over 10 s under Scenario 2, which proves the effectiveness of separate organization mode.
Also, the delay under Scenario 5 with the hierarchical guidance strategy is reduced by 30 s and 40 s for
cars and trucks, respectively. Accordingly, new technologies can dramatically reduce the queue length
and vehicles in the queue.

(3) Based on surrogate safety measures of conflict angle and rear-end collision risk index, the safety
analysis reveals that truck-related collisions occupy the majority, and the percentage is approximately
80%. The total number of collisions in Scenario 6 is decreased by nearly 80% while those of the other
four scenarios are below 50%. Moreover, the safety level under Scenario 1 is between E and F, but it
rises to Level A/B under Scenario 5 and 6, which indicates a significant improvement in safety by the
hierarchical guidance strategy and V2I application.

(4) Consistent with above findings, the analysis of emission and fuel consumption also
demonstrates the superiority of new technologies. Although tiny differences of emission rates
in HC, CO, and NOy, CO; contributes the most of total emissions in weight. Specifically, over 1000 g
CO, is decreased for trucks under Scenario 4-6 while the maximum for cars is less than 150 g. Besides,
fuel consumption by cars and trucks is decreased by 47% and 80% under Scenario 6, respectively.
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The monotonous curve directly proves that Scenario 4 performs better than Scenario 3 because of
pre-guidance before toll channels.

Therefore, the new mode in freeway organization helps to separate trucks from the hybrid flow
and it is demonstrated that the multilane separate freeway has obvious advantage in efficiency, safety,
emission, and fuel consumption. Also, the reasonable hierarchical guidance strategy and cooperative
V2I technology are recommended measures for energy-saving and emission-reduction. However,
other aspects of separate freeway need more attention in future work, such as the economic effects of
construction, market penetration of intelligent vehicles, other types of vehicles and sections in freeways.

Author Contributions: Conceptualization, HW.; Data curation, Y.L. and C.D.; Methodology, C.D. and Q.C,;
Resources, H.-W.; Supervision, D.N.; Writing—review & editing, C.D. and Q.C.

Acknowledgments: This research project was jointly sponsored by the National Nature Science Foundation
of China (No. 51878161), the Postgraduate Research & Practice Innovation Program of Jiangsu Province (No.
KYCX17_0140), and the Transportation Science and Technology Project of Liaoning Province (No. 201535). The
authors were also very grateful for all the help provided from Liaoning Provincial Transportation Planning and
Design Institute Co., Ltd. and Research Institute of Highway Ministry of Transport.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Blair, B.; Hughes, J.; Allshouse, W.; McKenzie, L.; Adgate, J. Truck and multivehicle truck accidents with
injuries near Colorado oil and gas operations. Int. |. Environ. Res. Public Health 2018, 15, 1861. [CrossRef]

2. Popa, V.N; Popa, L.I. Comparative analysis of automotive products regarding the influence of eco-friendly
methods to emissions’ reduction. Energies 2019, 12, 6. [CrossRef]

3. Tu, H.; Li, H.; Van Lint, H.; van Zuylen, H. Modeling travel time reliability of freeways using risk assessment
techniques. Transp. Res. Part A Policy Pract. 2012, 46, 1528-1540. [CrossRef]

4. Mareev, I; Sauer, D. Energy consumption and life cycle costs of overhead catenary heavy-duty trucks for
long-haul transportation. Energies 2018, 11, 3446. [CrossRef]

5. Hao, W.; Kamga, C.; Yang, X.; Ma, J.; Thorson, E.; Zhong, M.; Wu, C. Driver injury severity study for
truck involved accidents at highway-rail grade crossings in the United States. Transp. Res. Part F Traffic
Psychol. Behav. 2016, 43, 379-386. [CrossRef]

6.  Zhu, X,; Srinivasan, S. A comprehensive analysis of factors influencing the injury severity of large-truck
crashes. Accid. Anal. Prev. 2011, 43, 49-57. [CrossRef] [PubMed]

7. Diao, B.; Ding, L.; Su, P,; Cheng, J. The spatial-temporal characteristics and influential factors of NOy
emissions in China: A spatial econometric analysis. Int. ]. Environ. Res. Public Health 2018, 15, 1405.
[CrossRef] [PubMed]

8. Dong, F; Li, ].; Zhang, Y.J.; Wang, Y. Drivers analysis of CO, emissions from the perspective of carbon
density: The case of Shandong Province, China. Int. ]. Environ. Res. Public Health 2018, 15, 1762. [CrossRef]

9. Dimitrakopoulos, G.; Demestichas, P. Intelligent transportation systems. IEEE Veh. Technol. Mag. 2010, 5,
77-84. [CrossRef]

10. Zhang, J.; Wang, EY,; Wang, K.; Lin, WH.; Xu, X.; Chen, C. Data-driven intelligent transportation systems: A
survey. [EEE Trans. Intell. Transp. Syst. 2011, 12, 1624-1639. [CrossRef]

11.  Abdelgawad, H.; Abdulhai, B.; Amirjamshidi, G.; Wahba, M.; Woudsma, C.; Roorda, M.]. Simulation of
exclusive truck facilities on urban freeways. . Transp. Eng. 2010, 137, 547-562. [CrossRef]

12.  El-Tantawy, S.; Djavadian, S.; Roorda, M.].; Abdulhai, B. Safety evaluation of truck lane restriction strategies
using microsimulation modeling. Transp. Res. Rec. 2009, 2099, 123-131. [CrossRef]

13.  Meyer, M.D.; Saben, L.; Shephard, W.; Steavens, E. Feasibility of truck-only toll lane network in Atlanta,
Georgia. Transp. Res. Rec. 2006, 1960, 57—67. [CrossRef]

14. Fontaine, M.D.; Bhamidipati, C.S.; Dougald, L.E. Safety impact of truck lane restrictions on multilane
freeways. Transp. Res. Rec. 2009, 2096, 25-32. [CrossRef]

15. Bachmann, C.; Roorda, M.].; Abdulhai, B. Improved time-to-collision definition for simulating traffic conflicts
on truck-only infrastructure. Transp. Res. Rec. 2011, 2237, 31-40. [CrossRef]

16. Chen, C; Zhao, X,; Liu, H.; Ren, G.; Zhang, Y; Liu, X. Assessing the Influence of Adverse Weather on Traffic
Flow Characteristics Using a Driving Simulator and VISSIM. Sustainability 2019, 11, 830. [CrossRef]


http://dx.doi.org/10.3390/ijerph15091861
http://dx.doi.org/10.3390/en12010006
http://dx.doi.org/10.1016/j.tra.2012.07.009
http://dx.doi.org/10.3390/en11123446
http://dx.doi.org/10.1016/j.trf.2016.09.001
http://dx.doi.org/10.1016/j.aap.2010.07.007
http://www.ncbi.nlm.nih.gov/pubmed/21094296
http://dx.doi.org/10.3390/ijerph15071405
http://www.ncbi.nlm.nih.gov/pubmed/29973509
http://dx.doi.org/10.3390/ijerph15081762
http://dx.doi.org/10.1109/MVT.2009.935537
http://dx.doi.org/10.1109/TITS.2011.2158001
http://dx.doi.org/10.1061/(ASCE)TE.1943-5436.0000234
http://dx.doi.org/10.3141/2099-14
http://dx.doi.org/10.1177/0361198106196000108
http://dx.doi.org/10.3141/2096-04
http://dx.doi.org/10.3141/2237-04
http://dx.doi.org/10.3390/su11030830

Sustainability 2019, 11, 3057 21 of 22

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Bigazzi, A.Y.; Figliozzi, M.A. Study of emissions benefits of commercial vehicle lane management strategies.
Transp. Res. Rec. 2013, 2341, 43-52. [CrossRef]

Lord, D.; Middleton, D.; Whitacre, J. Does separating trucks from other traffic improve overall safety?
Transp. Res. Rec. 2005, 1922, 156-166. [CrossRef]

Dunning, A.; Dey, K.C.; Chowdhury, M. Review of state DOTs policies for overweight truck fees and relevant
stakeholders’ perspectives. J. Infrastruct. Syst. 2016, 22, 05016002. [CrossRef]

Fensterer, V.; Kiichenhoff, H.; Maier, V.; Wichmann, H.E.; Breitner, S.; Peters, A.; Gu, J.; Cyrys, J. Evaluation
of the impact of low emission zone and heavy traffic ban in Munich (Germany) on the reduction of PM10 in
ambient air. Int. ]. Environ. Res. Public Health 2014, 11, 5094-5112. [CrossRef]

Dindarloo, S.R.; Pollard, J.P; Siami-Irdemoosa, E. Off-road truck-related accidents in US mines. J. Saf. Res.
2016, 58, 79-87. [CrossRef]

Zhang, Y.; Xie, Y.; Li, L. Crash frequency analysis of different types of urban roadway segments using
generalized additive model. J. Saf. Res. 2012, 43, 107-114. [CrossRef]

Wang, X.; Zhao, P; Tao, Y. Evaluating impacts of overloaded heavy vehicles on freeway traffic condition by a
novel multi-Class traffic flow model. Sustainability 2018, 10, 4694. [CrossRef]

Chen, E; Song, M.; Ma, X.; Zhu, X. Assess the impacts of different autonomous trucks’ lateral control modes
on asphalt pavement performance. Transp. Res. Part C Emerg. Technol. 2019, 103, 17-29. [CrossRef]

U.S. DOT. Manual on Uniform Traffic Control Devices (MUTCD), 2003 ed.; Revision 1; U.S. Department of
Transportation Federal Highway Administration: Washington, DC, USA, 2003.

Liu, J.; Wen, H.; Zhu, D.; Kumfer, W. Investigation of the contributory factors to the guessability of traffic
signs. Int. J. Environ. Res. Public Health 2019, 16, 162. [CrossRef]

Ozbay, K.; Mudigonda, S.; Bartin, B. Microscopic simulation and calibration of an integrated freeway and
toll plaza model. In Proceedings of the 85th Annual Conference of Transportation Research Board of the
National Academies, Washington, DC, USA, 22 January 2006; pp. 1-18.

Song, G.; Yu, L.; Zhang, X. Emission analysis at toll station area in Beijing with portable emission measurement
system. Transp. Res. Rec. 2008, 2058, 106-114. [CrossRef]

Kim, C.; Kim, D.K; Kho, S.Y.; Kang, S.; Chung, K. Dynamically determining the toll plaza capacity by
monitoring approaching traffic conditions in real-time. Appl. Sci. 2016, 6, 87. [CrossRef]

Bains, M.S.; Arkatkar, S.S.; Anbumani, K.S.; Subramaniam, S. Optimizing and modeling tollway operations
using microsimulation: Case study Sanand Toll Plaza, Ahmedabad, Gujarat, India. Transp. Res. Rec. 2017,
2615, 43-54. [CrossRef]

He, Z.; Guan, W.,; Ma, S. A traffic-condition-based route guidance strategy for a single destination road
network. Transp. Res. Part C Emerg. Technol. 2013, 32, 89-102. [CrossRef]

Dong, C.; Wang, H.; Li, Y.; Zheng, Y.; Liu, S. Integrated cooperative adaptive cruise control and machine
learning algorithms for intelligent vehicles near an off-ramp. In Proceedings of the 97th Annual Conference of
Transportation Research Board of the National Academies, Washington, DC, USA, 7 January 2018; pp. 1-17.
Maitipe, B.R.; Ibrahim, U.; Hayee, M.I.; Kwon, E. Vehicle-to-infrastructure and vehicle-to-vehicle information
system in work zones: Dedicated short-range communications. Transp. Res. Rec. 2012, 2324, 125-132.
[CrossRef]

Ou, D,; Yang, Y.; Xue, L.; Dong, D. Optimal connectivity-based deployment of roadside units for vehicular
networks in urban areas. Transp. Res. Rec. 2016, 2559, 46-56. [CrossRef]

El-Sayed, H.; Chaqfeh, M. Exploiting mobile edge computing for enhancing vehicular applications in smart
cities. Sensors 2019, 19, 1073. [CrossRef] [PubMed]

Liao, R.; Chen, X,; Yu, L.; Sun, X. Analysis of emission effects related to drivers’ compliance rates for
cooperative vehicle-infrastructure system at signalized intersections. Int. J. Environ. Res. Public Health 2018,
15,122. [CrossRef] [PubMed]

Talavera, E.; Diaz-Alvarez, A.; Jiménez, F; Naranjo, J. Impact on congestion and fuel consumption of
a cooperative adaptive cruise control system with lane-level position estimation. Energies 2018, 11, 194.
[CrossRef]

Santa, ].; Gomez-Skarmeta, A.F.; Sdnchez-Artigas, M. Architecture and evaluation of a unified V2V and V2I
communication system based on cellular networks. Comput. Commun. 2008, 31, 2850-2861. [CrossRef]
Milanes, V.; Villagra, J.; Godoy, J.; Simo, J.; Pérez, J.; Onieva, E. An intelligent V2I-based traffic management
system. IEEE Trans. Intell. Transp. Syst. 2012, 13, 49-58. [CrossRef]


http://dx.doi.org/10.3141/2341-05
http://dx.doi.org/10.1177/0361198105192200120
http://dx.doi.org/10.1061/(ASCE)IS.1943-555X.0000295
http://dx.doi.org/10.3390/ijerph110505094
http://dx.doi.org/10.1016/j.jsr.2016.07.002
http://dx.doi.org/10.1016/j.jsr.2012.01.003
http://dx.doi.org/10.3390/su10124694
http://dx.doi.org/10.1016/j.trc.2019.04.001
http://dx.doi.org/10.3390/ijerph16010162
http://dx.doi.org/10.3141/2058-13
http://dx.doi.org/10.3390/app6030087
http://dx.doi.org/10.3141/2615-06
http://dx.doi.org/10.1016/j.trc.2013.04.005
http://dx.doi.org/10.3141/2324-15
http://dx.doi.org/10.3141/2559-06
http://dx.doi.org/10.3390/s19051073
http://www.ncbi.nlm.nih.gov/pubmed/30832386
http://dx.doi.org/10.3390/ijerph15010122
http://www.ncbi.nlm.nih.gov/pubmed/29329214
http://dx.doi.org/10.3390/en11010194
http://dx.doi.org/10.1016/j.comcom.2007.12.008
http://dx.doi.org/10.1109/TITS.2011.2178839

Sustainability 2019, 11, 3057 22 of 22

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Shladover, S.E.; Nowakowski, C.; Lu, X.Y.; Ferlis, R. Cooperative adaptive cruise control: Definitions and
operating concepts. Transp. Res. Rec. 2015, 2489, 145-152. [CrossRef]

Li, Y.; Wang, H.; Wang, W.; Xing, L.; Liu, S.; Wei, X. Evaluation of the impacts of cooperative adaptive cruise
control on reducing rear-end collision risks on freeways. Accid. Anal. Prev. 2017, 98, 87-95. [CrossRef]

Li, Y.; Wang, H.; Wang, W.; Liu, S.; Xiang, Y. Reducing the risk of rear-end collisions with infrastructure-to-
vehicle (I2V) integration of variable speed limit control and adaptive cruise control system. Traffic Injury Prev.
2016, 17, 597-603. [CrossRef]

Treiber, M.; Hennecke, A.; Helbing, D. Congested traffic states in empirical observations and microscopic
simulations. Phys. Rev. E 2000, 62, 1805-1824. [CrossRef]

Zhou, M.; Qu, X; Jin, S. On the impact of cooperative autonomous vehicles in improving freeway merging:
A modified intelligent driver model-based approach. IEEE Trans. Intell. Transp. Syst. 2017, 18, 1422-1428.
[CrossRef]

Dey, K.C.; Rayamajhi, A.; Chowdhury, M. Vehicle-to-vehicle (V2V) and vehicle-to-infrastructure (V2I)
communication in a heterogeneous wireless network—Performance evaluation. Transp. Res. C Emerg. Technol.
2016, 68, 168-184. [CrossRef]

Letter, C.; Elefteriadou, L. Efficient control of fully automated connected vehicles at freeway merge segments.
Transp. Res. C Emerg. Technol. 2017, 80, 190-205. [CrossRef]

Qin, Y.; Wang, H.; Ran, B. Control design for stable connected cruise control systems to enhance safety and
traffic efficiency. IET Intell. Transp. Syst. 2018, 12, 921-930. [CrossRef]

Shladover, S.E.; Su, D.; Lu, X.Y. Impacts of cooperative adaptive cruise control on freeway traffic flow.
Transp. Res. Rec. 2012, 2324, 63-70. [CrossRef]

Milanés, V.; Shladover, S.E. Modeling cooperative and autonomous adaptive cruise control dynamic responses
using experimental data. Transp. Res. C Emerg. Technol. 2014, 48, 285-300. [CrossRef]

Li, Y,; Xing, L.; Wang, W.; Wang, H.; Dong, C.; Liu, S. Evaluating impacts of different longitudinal
driver assistance systems on reducing multi-vehicle rear-end crashes during small-scale inclement weather.
Accid. Anal. Prev. 2017, 107, 63-76. [CrossRef] [PubMed]

Hidas, P. Modelling vehicle interactions in microscopic simulation of merging and weaving. Transp. Res. C
Emerg. Technol. 2005, 13, 37-62. [CrossRef]

Fan, R.; Yu, H; Liu, P.; Wang, W. Using VISSIM simulation model and Surrogate Safety Assessment Model
for estimating field measured traffic conflicts at freeway merge areas. IET Intell. Transp. Syst. 2013, 7, 68-77.
[CrossRef]

Li, Y,; Tu, Y,; Fan, Q.; Dong, C.; Wang, W. Influence of cyber-attacks on longitudinal safety of connected and
automated vehicles. Accid. Anal. Prev. 2018, 121, 148-156. [CrossRef]

Oh, C,; Park, S.; Ritchie, S.G. A method for identifying rear-end collision risks using inductive loop detectors.
Accid. Anal. Prev. 2006, 38, 295-301. [CrossRef] [PubMed]

Zhang, K.; Batterman, S.; Dion, E. Vehicle emissions in congestion: Comparison of work zone, rush hour and
free-flow conditions. Atmos. Environ. 2011, 45, 1929-1939. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3141/2489-17
http://dx.doi.org/10.1016/j.aap.2016.09.015
http://dx.doi.org/10.1080/15389588.2015.1121384
http://dx.doi.org/10.1103/PhysRevE.62.1805
http://dx.doi.org/10.1109/TITS.2016.2606492
http://dx.doi.org/10.1016/j.trc.2016.03.008
http://dx.doi.org/10.1016/j.trc.2017.04.015
http://dx.doi.org/10.1049/iet-its.2018.5271
http://dx.doi.org/10.3141/2324-08
http://dx.doi.org/10.1016/j.trc.2014.09.001
http://dx.doi.org/10.1016/j.aap.2017.07.014
http://www.ncbi.nlm.nih.gov/pubmed/28803960
http://dx.doi.org/10.1016/j.trc.2004.12.003
http://dx.doi.org/10.1049/iet-its.2011.0232
http://dx.doi.org/10.1016/j.aap.2018.09.016
http://dx.doi.org/10.1016/j.aap.2005.09.009
http://www.ncbi.nlm.nih.gov/pubmed/16246286
http://dx.doi.org/10.1016/j.atmosenv.2011.01.030
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	University of Massachusetts Amherst
	ScholarWorks@UMass Amherst
	2019

	Simulation-Based Assessment of Multilane Separate Freeways at Toll Station Area: A Case Study from Huludao Toll Station on Shenshan Freeway
	Changyin Dong
	Hao Wang
	Quan Chen
	Daiheng Ni
	Ye Li
	Recommended Citation


	Introduction 
	Multilane Separate Freeway 
	Guidance Strategy at Toll Station Area 
	Traffic Flow in V2I Environment 
	Objectives of This Study 

	Methods 
	Segmentation of Toll Station Area 
	Hierarchical Guidance Strategy 
	Traffic Flow Model 
	Car-Following Model 
	Lane-Changing Model 

	Surrogate Safety Measures 
	Emission and Fuel Consumption Measures 

	Experiment Design 
	Framework 
	Study Area 
	Vissim Modeling 
	Investigation and Scenario Design 

	Results and Discussion 
	Average Speed 
	Delay and Queue Length 
	Safety Analysis 
	Emission and Fuel Consumption 

	Conclusions 
	References

