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Abstract: Many cities have built expressways to alleviate traffic congestion, among which elevated
expressways are the most common form. However, traffic congestion still occurs frequently in the
connecting section between the ramp of expressway and the ground intersection. Based on the field
traffic survey data, the traffic operation characteristics of vehicles in the connecting section and the
main factors affecting the length of the connecting section are analyzed. A combined model for
calculating the length of the connecting section between ramp of urban expressway and intersection
is proposed. VISSIM is used to simulate the traffic flow under the current and calculated length of
the connecting section. The comparison results show that under the calculation length, the travel
time, average delay, parking time and queue length are reduced to varying degrees, which verifies
the rationality of the calculation model.

Keywords: urban expressway; ramp; the length of the connecting section; VISSIM simulation; traffic
operation characteristics

1. Introduction

The rapid development of the economy, urban population and car ownership results
in serious traffic congestion in many cities [1]. In order to improve the current situation of
urban traffic and improve the transport efficiency of the urban road network, an increasing
amount of attention has been paid to the construction of the urban expressway, among
which the most widely constructed form is the elevated expressway [2]. Expressways share
a large amount of the traffic in the city, relieve the traffic pressure of the urban road network
and shorten the travel time of residents. It can be seen that expressways play a highly
important role in improving the traffic operation of the whole urban road network [3].
However, as the elevated expressway mainly connects the ground traffic through the on-
ramp and off-ramp, there are a large number of vehicles queuing up to enter and leave
the ramp during the peak hours, resulting in serious congestion at the connecting section
between the ramp and grade intersection, which has a great impact on the traffic of the
ground and the expressway and reduces the transportation efficiency of the road network.

Previous studies have shown that controlling the signal timing scheme at intersections
is an easy and effective way to improve traffic efficiency. Chandle [4] investigated the
influences of ramp traffic flow on the lane utilization for signalized intersection approaches
which are adjacent to an off-ramp-street junction. A statistical test showed a correlation
between lane utilization and the ramp traffic flow. As the ramp traffic flow increases, the
left lanes are less utilized and the right lanes are more utilized. Lim [5] proposed a method
to reduce the delay time at the intersection by adjusting the signal timing scheme. Through
this method, the traffic efficiency of the connecting section can be improved, the vehicles
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queuing on the ramp and backtracking to the main line of the expressway can be effectively
avoided and the delay time of vehicles at each entrance of the intersection can be reduced.
Wen [6] focused on the optimization problem of the signalized intersection connected to
freeway on-ramps. According to the simulation results, adding a new diverge lane for the
right-turn vehicles performed the best, resulting in the least vehicle delay time. Liu [7]
provided a dual-phase signal timing optimization model for an intersection connected
to the off-ramp of an urban expressway that has special Chinese characteristics, which is
solved by an improved genetic algorithm.

Researchers worldwide have conducted a large amount of work on traffic flow char-
acteristics, influencing factors and traffic models of the connecting section near on-ramps
and off-ramps. For example, in terms of the traffic flow characteristics and influencing
factors of the entrance and exit connecting section, Yun [8] studied the influence of ve-
hicle navigation information on the lane-changing behavior of the urban expressway’s
bifurcation section and compared this with traditional road signs. The results show that
the influence of in-vehicle navigation information on lane-changing behavior varies with
the traffic flow density and the time point when navigation information is first provided.
Chen [9] highlighted that the use of double right turn lanes can improve the weaving
environment of right turn vehicles from the off-ramp and reduce the forced confluence
of the required right turn lanes at the intersection downstream of the off-ramp of the
expressway, and the safety benefit increases exponentially with the decrease in the weaving
distance. In regard to the vehicle traffic model of the entrance and exit connecting sections,
Papageorgiou and Hadj-Salem [10,11] first proposed the ALINEA (asservissement linéaire
d’entrée autoroutière) ramp control method. The TRB (Transportation Research Board)
access management manual lists strategies and technical guidance for the management of
the ramp connecting section [12], but it does not provide a calculation model of the length
and the specific value standard. Zhao [13] proposed a comprehensive design model, which
uses the concepts of the pre-signal area and sorting area to eliminate traffic interweaving
and maximize road capacity. However, this model has an attractive application prospect
only when the queue space is sufficiently long and the number of exit lanes is sufficient to
receive traffic flow in the sorting area. Bogenberger [14] proposed an algorithm to effec-
tively alleviate the impact of ramp queue length on the main road traffic operation by using
the fuzzy neural network algorithm, and the rule setter can select and adjust the fuzzy
control rules of the algorithm automatically. Zhaowei [15] considered the influence of the
main line flow, critical gap and distance from the nose to junction point in order to establish
the empirical capacity model of the expressway entrance weaving area. Ma [16] proposed
a coordinated control method based on variable speed limit and coordinated ramp control,
which considered the congestion index and realized coordinated control based on queue
length, so as to alleviate traffic congestion caused by the combined regional congestion of
traditional intersection areas. Mingzheng [17] pointed out that the current traffic congestion
problem of the connecting section is caused by the short distance of the connecting section,
carried out relevant research on this section and gave specific solutions to solve the serious
vehicle interweaving in this section. Yang [18] compared the queue length of two different
on-ramp configurations of the main road to the expressway ramp and the connecting line
to the expressway. Based on the input–output method, a meso-queue length simulation
model was established. The simulation results show that the arrival mode of traffic flow
has a significant impact on the queue length of the ramp, and the vehicles released at the
upstream signalized intersection easily increase the queue length. However, it was not
proposed to reduce the queue length by increasing the distance between the ramp and the
intersection. Greguri [19] proposed the latest approach of coordination between control-
ling on-ramp flows with ramp metering (RM) and Dynamic Route Guidance Information
Systems (DRGIS), which reroute vehicles from congested parts of the motorway.

Some researchers have studied the weaving section between the on-ramps and off-
ramps of expressways. Sun [20] established a new cellular automaton model that fits in
an on-ramp and off-ramp pair area, in which three types of lane change behaviors and
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eight types of lane-changing management schemes are considered. Wang [21] employed a
microscopic traffic software of Vissim to construct a simulation model of weaving areas
and evaluate the impact of road and traffic design parameters in the short weaving on
traffic efficiency and risks, the weaving length is identified as the most important factor
affecting traffic efficiency and risks in the short weaving area. Liao [22] studied the location
of internal risk in the weaving areas of complex municipal interchanges under different
weaving lengths. Vissim simulation was applied to collect the identification indicator value
of 21 typical lane sections.

Some scholars consider ramps and intersections in combination. Su [23] proposed
a novel signal control strategy for the feeding intersection and a coordination strategy
for integrating it with the corresponding freeway on-ramp metering. UP ALINEA with
queue-overwrite is used for the ramp metering. A signal optimization, which takes into
account the available ramp space and traffic demand, is developed for intersection sig-
nal control. EI-Tantawy [24] presented the problem formulation and the framework for
addressing traffic control problems using an integrated solution combining Adaptive Traf-
fic Signal Control (ATSC) and Ramp Metering (RM), using a multi-agent reinforcement
learning (MARL) approach. Targeting to evacuate traffic congestion of the off-ramps in
freeways, a collaborative control model combining off-ramp intersections and downstream
intersections under congestion conditions was proposed by Xu Jianmin [25].The proposed
model was divided into two parts: The first was the maximum capacity optimization
model in targeted intersections, and the second was the maximum vehicle evacuation
optimization model in downstream intersection.

Most of the above research focuses on ramp setting, ramp traffic flow characteristics
analysis, ramp coordinated control, traffic capacity research of expressway weaving areas,
risk distribution characteristics and the optimization of expressway short weaving areas;
some researchers consider the length of the connecting section between ramp and ground
intersection as an important factor affecting traffic operation in the weaving area but do not
give a quantitative calculation model of the connecting section length. This research will
select two connecting sections between the ramp and ground intersection to carry out a
survey of the traffic volume, the design parameters of the length of the connecting section
between the ramp and ground intersection and the traffic operation characteristics of the
vehicles in the connecting section. Since the ground intersection is controlled by signal
lights, the traffic operation in the weaving area of the connecting section between ramp and
ground intersection is affected by the interrupted traffic flow queued at the intersection.
Its traffic operation characteristics are quite different from the uninterrupted traffic flow
in the weaving area between the on-ramp and off-ramp of the expressway; especially, the
impact on the speed is the most significant. Therefore, this research will focus on surveying
the average speed of the weaving area of the connecting section of the ramp and ground
intersection. Based on the existing traffic flow theory of the expressway weaving area,
considering the queuing caused by intersection signal lights, the queuing theory model
will be introduced, the combined calculation model of the length of connecting section
between the ramp and ground intersection will be established and the recommended value
of the ramp and intersection connection section length will be calculated. VISSIM will
be used to simulate the traffic flow under the current length and the calculated length
of two trial connecting sections between the ramp and ground intersection, respectively,
and the simulation results of travel time, average delay time, stopping time and queue
length under the current length and the calculated length will be compared and analyzed,
which quantitatively evaluates the improvement of the capacity and service level of the
connecting section between ramp and ground intersection and verifies the practicability of
the combined model and calculation results.
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2. Experimental Method
2.1. Traffic Survey
2.1.1. Methods and Contents

Traffic survey is a powerful way to collect basic traffic data and obtain vehicle op-
eration characteristics. At present, the main method of traffic survey is to collect rele-
vant data through field survey by the manual survey method. In this survey, more than
30 investigators used a traffic volume survey instrument, roller ranging ruler and other
tools to collect data on site, and then sort it out uniformly. The traffic survey of the connect-
ing section between the ramp of the urban expressway and intersection mainly includes
three parts: the survey of basic data of road facilities, the survey of traffic management and
control and the survey of traffic flow data.

2.1.2. Location and Time of the Traffic Survey

The research object of this paper was the distance of the connecting section between
the ramp and intersection. Combined with the traffic congestion status of the Wuhan urban
expressway, this survey selected the connecting section near the intersection of Xiongchu
Avenue viaduct and Guanggu Avenue and that near the intersection of Xiongchu Avenue
viaduct and Minzu Avenue. External factors such as weather will have a great impact on
the traffic flow, so we chose sunny days for the traffic survey. The survey was conducted
on 4 September 2019 (Wednesday) and 5 September 2019 (Thursday). The survey was
conducted during 7:00–9:00 and 17:00–19:00. According to the survey, it is found that the
traffic volume in the morning rush hour is greater than that in the evening rush hour in the
connecting section, so the data of the morning rush hour are used in the paper.

Figure 1 shows the satellite photos of the survey site and the functional area division
of the ramp.

Figure 1. Cont.
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Figure 1. Satellite photos and functional area division of ramp: (a) The connecting section near the
intersection of Xiongchu Avenue viaduct and Guanggu Avenue; (b) The connecting section near the
intersection of Xiongchu Avenue viaduct and Minzu Avenue.

2.2. Existing Design Parameters of the Connecting Section between the Ramp and Intersection
2.2.1. The Trial Connecting Section between On-Ramp and Intersection

The connecting section between the on-ramp of the urban expressway and the inter-
section is defined as the distance between the foot of the ramp and the stop line of the
intersection. The connecting section near the intersection of Xiongchu Avenue Viaduct and
Guanggu Avenue was selected as the trial section. As shown in the Figure 2, it is composed
of the merging section, the weaving section and the queuing section.

Figure 2. Composition diagram of connecting section between the on-ramp and intersection.

There are three layout types of on-ramp grounding points: The on-ramp is connected
to the outermost lane of the ground road, the on-ramp is connected with the middle lane
of the ground road and the on-ramp is connected with the innermost lane of the ground
road. The arrangement type of the ramp-grounding point in the trail section is the on-ramp
connecting with the outermost lane on the ground. After the vehicles enter the connecting
section through the intersection, if the vehicles in the lane with the non-grounding point
need to enter the ramp, they need to change to the lane where the grounding point is
located, while vehicles in the lane where the grounding point is located do not need to
enter the ramp, they need to change to other lanes. The interweaving situation of vehicles
under the three layout types is shown in the Figure 3.
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Figure 3. Layout types and vehicle weaving of on-ramp grounding points.

The on-ramp of the trial section is a single-lane road, and the current length of the
connecting section between the on-ramp and the intersection is 196 m. The intersection is
a crossroad controlled by signal lights, and there are 4 inlet roads. The signal phases are
shown in the Table 1.

Table 1. Traffic management and control at the intersection of Xiongchu Avenue and Guanggu Avenue.

Phase Number Phase Condition Green Time(s) Yellow Time(s)

The first phase 35 3

The second phase 30 3

The third phase 30 3
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Table 1. Cont.

Phase Number Phase Condition Green Time(s) Yellow Time(s)

The fourth phase 30 3

2.2.2. The Trial Connecting Section between Off-Ramp and Intersection

The connecting section between the off-ramp of urban expressway and the intersec-
tion is defined as the distance between the foot of the off-ramp and the stop line of the
intersection. The connecting section near the intersection of Xiongchu Avenue Viaduct
and Minzu Avenue was selected as the trial section. It is composed of the merging section,
the weaving section and the queuing section, as shown in the Figure 4.

Figure 4. Composition diagram of connecting section between off-ramp and intersection.

The grounding point layout of the off-ramp is similar to that of the on-ramp. After
the vehicles on the ramp and ground road enter the connecting section, they change lanes
according to their own turning needs at the intersection, resulting in vehicle interweav-
ing. The off-ramp in the trial connects with the outermost lane on the ground, and the
interweaving situation of vehicles is shown in Figure 5.

Figure 5. Layout types and vehicle weaving of off-ramp grounding points.
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The off-ramp of the trial section is a single-lane road, and the current length of the
connecting section between the off-ramp and the intersection is 124 m. The intersection is
a crossroad controlled by signal lights, and there are 4 inlet roads. The signal phases are
shown in the Table 2.

Table 2. Traffic management and control at the intersection of Xiongchu Avenue and Minzu Avenue.

Phase Number Phase Condition Green Time(s) Yellow Time(s)

The first phase 48 3

The second phase 38 3

The third phase 35 3

The fourth phase 48 3

3. Experimental Results and Discussion
3.1. Traffic Operation Characteristics of the Connecting Section between Ramp and Intersection
3.1.1. Traffic Operation Characteristics of the Connecting Section between the On-Ramp
and Intersection

The merging section of the on-ramp connecting section refers to the distance that
the vehicles drive before changing lanes after entering the entrance lane where the on-
ramp is located. This distance is mainly related to the vehicle speed and the acceleration
of the vehicle in the merging section. According to the actual survey, the vehicle in the
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case of traffic congestion after entering the merging section basically decelerates, and the
approximate acceleration value is 1 m/s2. As can be seen from Table 3, the driving speed
of the vehicle is 38.62 km/h when it first enters the merging section, and it is 22.21 km/h
when it leaves the merging section.

Table 3. Average speed of vehicles at different points of the connecting section.

Point The Speed at Which the Vehicle
First Enters the Merging Section v1

The Speed at Which the Vehicle
Leaves the Merging Section v2

The Average Speed of Vehicles
in Weaving Section v3

Speed (km/h) 38.62 22.21 36.73

The weaving section of the on-ramp connecting section mainly refers to the distance
from the preparation of lane-changing to the completion of lane-changing. When drivers
change lanes in the weaving section, they will show certain lane-changing characteristics
and car-following characteristics [26]. In the weaving section, most of the vehicles follow
the front vehicle, and the speed swings within the speed range of the front vehicle. The
speed of the adjacent vehicles in the continuous traffic flow is basically the same. In
addition, the lane-changing must be completed within a limited length, which causes
some vehicles to slow down and stay in the weaving section in order to wait for the right
opportunity to change lines, causing congestion in the weaving section. It can be seen from
Table 4 that the average speed of the vehicle in the weaving section is 37.73 km/h.

Table 4. Traffic flow data.

Time
East Entrance

(pcu)
South Entrance

(pcu)
West Entrance

(pcu)
North Entrance

(pcu)
On Ramp

(pcu)

L S R L S R L S R L S R

7:00~7:15 58 84 15 77 92 55 101 326 69 22 154 52 190
7:15~7:30 156 81 24 56 101 43 118 390 52 35 172 43 185
7:30~7:45 127 136 19 61 99 46 140 315 63 58 178 50 197
7:45~8:00 135 127 36 55 123 62 158 360 83 39 163 64 191
8:00~8:15 132 129 18 76 110 55 119 356 47 65 238 59 189
8:15~8:30 179 131 25 64 90 61 82 373 36 61 250 62 164
8:30~8:45 132 152 23 59 74 47 111 396 37 37 203 43 170
8:45~9:00 104 99 25 81 114 42 101 322 46 72 233 39 166
Summary 1023 939 405 529 803 411 930 2838 433 389 1591 412 1452

where L = Left; S = Straight; R = right; pcu = passenger car unit.

The queuing section of the on-ramp connecting section refers to the distance of vehicles
queuing before entering the ramp due to traffic congestion. The queuing length is mainly
related to traffic flow and the number of on-ramp lanes. When there are too many vehicles
that need to enter the ramp, the ramp entrance will be blocked, resulting in the phenomenon
of queuing, and there is only one channel waiting for service, so it can be considered as a
single channel queuing service (M/M/1) system.

As can be seen from Table 4, during the survey period, the traffic volume of the left
turn and straight through at the east entrance of the intersection was large, both of which
were more than 2 times of the right-turn flux. The traffic volume of the straight vehicles at
south entrance road was large, almost twice that of the left turn and right turn. The traffic
volume of the straight vehicles of the west entrance was almost three times that of the
left-turn traffic volume and seven times that of the right-turn traffic. At the north entrance,
the straight traffic volume was large, 4–5 times larger than that of the left and right turn
fluxes. However, at present, the phase and green time of each signal at the intersection is
the same, which cannot fully meet the traffic demand, especially in the peak period, which
is very likely to cause traffic congestion and affect the operation efficiency of the urban
road network.
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3.1.2. Traffic Operation Characteristics of the Connecting Section between the Off-Ramp
and Intersection

The merging section of the connecting section between the off-ramp and intersection
mainly refers to the distance of vehicles from leaving the ramp to safely merging into the
ground lane before lane-changing. This distance is not only related to the ground marking but
also to the vehicle speed and the acceleration of the vehicle in the merging section. According
to the actual survey, the vehicle in the case of traffic congestion basically decelerates after
entering the merging section, and the approximate acceleration value is 1 m/s2. As can be
seen from Table 5, the driving speed of the vehicles is 25.25 km/h when they first enter the
merging section, and it is 22.08 km/h when they leave the merging section.

Table 5. Average speed of vehicles at different points of the connecting section.

Point The Speed at Which the Vehicle
First Enters the Merging Section v1

The Speed at Which the Vehicle
Leaves the Merging Section v2

The Average Speed of Vehicles
in Weaving Section v3

Speed (km/h) 25.25 22.08 24.07

The weaving section of the off-ramp connecting section mainly refers to the distance
that the vehicles travel in the process from preparing to completing a lane-changing action.
The traffic characteristics of vehicles in the weaving section of the off-ramp connecting
section are similar to those of vehicles in the weaving section of the on-ramp connecting
section. It can be seen from Table 6 that the average speed of the vehicle in the weaving
section is 24.07 km/h.

Table 6. Traffic flow data.

Time
East Entrance

(pcu)
South Entrance

(pcu)
West Entrance

(pcu)
North Entrance

(pcu)

L S R L S R L S R L S R

7:00~7:15 76 123 39 75 143 69 110 140 75 32 175 62
7:15~7:30 88 158 54 63 86 34 138 155 96 62 164 79
7:30~7:45 76 184 47 102 140 48 93 128 165 96 157 107
7:45~8:00 75 227 64 93 153 75 80 144 153 57 120 78
8:00~8:15 64 162 38 60 91 43 120 121 123 98 172 81
8:15~8:30 75 184 49 96 119 87 70 131 146 77 168 66
8:30~8:45 66 133 30 121 135 83 100 180 124 54 141 102
8:45~9:00 73 138 32 64 130 43 94 112 127 60 117 67
Summary 593 1309 353 674 997 482 805 1111 1009 536 1214 642

where L = Left; S = Straight; R = right; pcu = passenger car unit.

The queuing section of the off-ramp connecting section mainly refers to the distance
of vehicles queuing due to the influence of intersection signal lights or traffic congestion.
According to the survey, the queue length at intersections is related to the signal cycle, road
capacity, traffic flow and other factors. At the beginning of the green light, the total number
of vehicles queuing is the largest. Therefore, the queue length of the connecting section of
the off-ramp is mainly related to the delay and the wave in traffic flow.

As can be seen from Table 6, the straight traffic volume at the east entrance of the
intersection is large, which is about two and four times that of the left-turn and right-turn
fluxes, respectively. The traffic volume of the south entrance is smaller than that of other
entrances, and the direct traffic volume is the largest. The traffic volume of the west entrance
is larger than that of other entrances, and the traffic volumes of the left turn, straight through
and right turn are similar. The traffic volume of the straight through at the north entrance is
the largest, which is about two times that of the left-turn and right-turn fluxes.

It can be seen from Tables 3–6 that during the survey period, the east, south and north
entrances of the intersection have a large straight ahead traffic volume, while the west
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entrance has large traffic volume in all directions. Although the signal timing and road
design capacity of the intersection can meet the usual traffic demand, traffic congestion
is still unavoidable in the peak period due to the excessive concentration of vehicles and
some vehicles violating the traffic order.

In summary, through the analysis of the traffic operation characteristics of the connect-
ing section, it can be concluded that the main factors affecting the length of the connecting
section include the following:

1. Traffic flow density: The traffic flow density mainly affects the length of the queuing
section in the connecting section. When there is a traffic jam on the road, the traffic
flow will form a wave in the opposite direction, which is the same as the sound wave,
into the congested section. This wave will lead to traffic chaos on the road before the
bottleneck section [26].

2. Vehicle speed: The speed of vehicles directly affects the length of the connecting
section, and the lane-changing behavior of vehicles in the current stage is compul-
sory [27], and only when the vehicle gap is sufficiently large will the driver change
lanes [28]. The speed of vehicles in the current stage is an important factor affecting
the critical gap, there is a positive correlation between them.

3. Signal cycle and phase: Signal cycle and phase will affect the vehicle delay. The longer
the vehicle delay, the longer the queue length. In addition, the service level of the
road is not the same under different signal cycles, so the signal cycle and phase of the
intersection will have a great impact on the queue length of the connecting section.

4. Road capacity and service level: The road capacity and service level will affect drivers’
driving speed and lane-changing behavior, so it affects the length of the connecting
section to a certain extent.

The length of the connection section between the ramp and intersection is also influ-
enced by other factors, such as the available storage of ground intersection, the elevation
of the urban expressway, the length of the ramp, and so on. The calculation model in this
paper only considers the above main factors and does not take all the influencing factors
into account.

3.2. Calculation Model of the Length of Connecting Section between the Ramp and Intersection
3.2.1. Calculation Model of the Length of Connecting Section between the On-Ramp
and Intersection

(1) Length of the Merging Section: L1

After the vehicle enters the merging section, it can be considered that it is moving in
a straight line with uniform deceleration. The law of uniform speed of linear motion in
physics is shown in formula (1):

2ax = v2
2 − v2

1 (1)

where x = the distance the object has moved (m);
a = the acceleration of an object in motion (m/s2);
v2 = the final velocity of object motion (m/s);
v1 = the initial velocity of object motion.

After unit conversion and deformation of the above formula, the following is obtained:

L1 =

( v1
3.6
)2 −

( v2
3.6
)2

2a
(2)

where L1 = the length of the merging section (m);
v1 = the speed at which the vehicle first enters the merging section (km/h);
v2 = the speed at which the vehicle leaves the merging section (km/h);
a = according to the analysis of the previous traffic survey data, the acceleration of vehicles
at the confluence section is fixed at 1 m/s2.

Substituting data: L1 = 38.51 m.
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(2) Length of the Weaving Section: L2

The length of weaving section can be divided into three sections: L21—the distance
that a vehicle needs to travel when looking for a gap to enter; L22—the distance that a
vehicle will move forward when it changes lanes; L23—the distance for the driver to resume
driving after the vehicle completes the lane-changing:

L2 = L21 + L22 + L23 (3)

• The distance that a vehicle needs to travel when looking for a gap to insert: L21

The vehicle flow in the urban road network generally satisfies Poisson distribution,
and the headway follows negative exponential distribution; the headway distribution
can be simulated by shifting the negative exponential distribution curve. The specific
distribution function is as follows:

P(h ≥ t) = e−λ(t−τ), t ≥ τ (4)

P(h < t) = 1 − e−λ(t−τ), t ≥ τ (5)

where P (h ≥ t) = the probability of headway greater than or equal to t;
P (h < t) = the probability of headway less than t;
λ = the number of vehicles arriving (pcu/s);
τ = the minimum headway, 1.0–1.5 s.

According to Formulas (4) and (5), we can consider that the average waiting time for a
vehicle to find an insertable gap can be expressed by the following formula:

tw =
(λ1 + 1)eλ1(tc−τ) − λ1tc − 1

λ1eλ1(tc−τ)
×
[
1 − e−λ1(tc−τ)

]
(6)

where tw = the average waiting time (s);
tc = the critical clearance time, 5.0 s;
λ1 = the average number of vehicles reached, equal to Q/3600, veh/s; Q is the maximum
service traffic volume;
τ = the minimum headway of the target lane, value: 1.2 s.

Therefore, according to the headway distribution model, it can be deduced that the
distance for the vehicle to find the insertable gap is as follows:

L21 =
v3

3.6
tw (7)

where L21 = the distance for the vehicle to find the insertable gap (m);
v3 = the average speed of vehicles in weaving section (km/h);
tw = the average waiting time for a vehicle to find an insertable gap (s).
Substituting data: L21 = 17.37 m.

• According to the law of linear motion with uniform speed change, the distance that a
vehicle moves forward when changing lanes: L22

L22 =
v3

3.6
t2 (8)

where L22 = the distance that a vehicle moves forward when changing lanes (m);
v3 = the average speed of vehicles in weaving section (km/h);
t2 = the traverse time (s), generally equal to 4.0 s.
Substituting data: L22 = 40.81 m.

• According to the law of linear motion with uniform speed change, the distance for the
driver to resume driving after the vehicle completes the lane-changing: L23
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L23 =
v3

3.6
t3 (9)

where L23 = the distance for the driver to resume driving after the vehicle completes the
lane-changing (m);
v3 = the average speed of vehicles in weaving section (km/h);
t3 = the driver’s response time (s); according to AASHTO (American Association of State
Highway and Transportation Officials), the response time of safe stopping sight distance is
2.5 s.

Substituting data: L23 = 25.51 m

(3) Length of the Queuing Section: L3

The queuing in the connecting section of on-ramp can be considered as a single channel
queuing service (M/M/1) system.

Therefore, the queue length L3 is:

L3 = N × (l + d) =
ρ2

1 − ρ
(l + d) =

(
λ
µ

)2

1 −
(

λ
µ

) (l + d) (10)

where L3 = the length of queuing section (m);
λ = the average arrival rate of vehicles (pcu/h);
µ = the service rate of vehicles entering expressway ramp (pcu/h);
l = the average length of each vehicle (m);
d = the reasonable clearance between vehicles (m).

Substituting data: L3 = 102.61 m.

(4) Length of on Ramp Connecting Section: L

L = L1 + L21 + L22 + L23 + L3=

( v1
3.6
)2 −

( v2
3.6
)2

2a
+

v3

3.6
tw +

v3

3.6
t2 +

v3

3.6
t3 +

(
λ
µ

)2

1 −
(

λ
µ

) (l + d) (11)

where v1 = the speed at which the vehicle first enters the merging section (km/h);
v2 = the speed at which the vehicle leaves the merging section (km/h);
v3 = the average speed of vehicles in weaving section (km/h);
a = according to the analysis of the previous traffic survey data, the acceleration of vehicles
at the confluence section is fixed at 1 m/s2;
tw = the average waiting time for a vehicle to find an insertable gap (s);
t2 = the traverse time (s), generally equal to 4.0 s;
t3 = the driver’s response time (s); according to AASHTO, the response time of safe stopping
sight distance is 2.5 s;
λ = the average arrival rate of vehicles (pcu/h);
µ = the service rate of vehicles entering expressway ramp (pcu/h);
l = the average length of each vehicle (m);
d = the reasonable clearance between vehicles (m).

Then, the model calculation length of the connecting section is L = 225 m.

3.2.2. Calculation Model of the Length of Connecting Section between the Off-Ramp
and Intersection

(1) Length of the Merging Section: L1

The movement law of the vehicle at the connecting section of the off-ramp is similar
to that of the on-ramp, so the following is obtained:

L1 =

( v1
3.6
)2 −

( v2
3.6
)2

2a
(12)



Sustainability 2022, 14, 629 14 of 20

where L1 = the length of the merging section (m);
v1 = the speed at which the vehicle first enters the merging section (km/h);
v2 = the speed at which the vehicle leaves the merging section (km/h);
a = according to the analysis of the previous traffic survey data, the acceleration of vehicles
at the confluence section is fixed at 1 m/s2.

Substituting data: L1 = 5.79 m.

(2) Length of the Weaving Section: L2

L2 = L21 + L22 + L23 =
v3

3.6
tw +

v3

3.6
t2 +

v3

3.6
t3 (13)

where L2 = the length of the weaving section (m);
L21 = the distance for the vehicle to find the insertable gap (m);
L22 = the distance that a vehicle moves forward when changing lanes (m);
L23 = the distance for the driver to resume driving after the vehicle completes the lane-
changing (m);
v3 = the average speed of vehicles in weaving section (km/h);
tw = the average waiting time for a vehicle to find an insertable gap (s);
t2 = the traverse time (s), generally equal to 4.0 s;
t3 = the driver’s response time (s); according to AASHTO, the response time of safe stopping
sight distance is 2.5 s.

Substituting data: L2 = 54.56 m.

(3) Length of the Queuing Section: L3

In this paper, the waiting length in the queuing section of the connecting section of
the off-ramp was caused by the control of the intersection signal lights, so the wave in the
traffic flow considered was to the wave generated by the stoppingAs shown in Figure 6,
on the left side of the vertical limit S, the traffic density of vehicles on the road was η1, so
we obtained the wave velocity of the wave generated by stopping:

vw = −v f η1 (14)

where vw = the wave velocity (km/h);
v f = the average speed when the vehicle density tends to zero and the vehicle can travel
freely (km/h);
η1 = the normalized density to the left of limit S.

The above Equation (14) shows that the wave generated by stopping propagates
backward at a speed of v f η1. If the signal light turns red at x = x0, then after t seconds, a
train of vehicles with a length of v f η1 will stop after x0.

The vehicle delay was calculated by the Webster model. In the early stage, Webster
used the combination of numerical simulation and theoretical research to establish a
calculation model that can calculate the vehicle delay time at each entrance of fixed signal
timing cycle intersection [29].

The average delay calculation formula of each vehicle in each lane is as follows:

t4 =
C(1 − λ)2

2(1 − λx)
+

x2

2q(1 − x)
− 0.65

(
C
q2

)1/3
x(2+5λ) (15)

where t4 = the delay time (s);
C = the total signal cycle time (s);
λ = the green signal ratio of this phase;
x = the saturation;
q = the traffic flow rate (pcu/s).
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Figure 6. Waves generated by stopping.

Therefore, the queuing length of the connecting section of off-ramp was obtained as
follows:

L3 = vwt4 =
v f η1

3.6
t4 (16)

where L3 = the length of queue segment (m);
v f = the average speed when the vehicle density tends to zero and the vehicle can travel
freely (km/h);
η1 = the normalized density to the left of limit S;
t4 = the average delay per vehicle (s).

Substituting data: L3 = 168.68 m.

(4) Length of connecting section of off-ramp: L

L = L1 + L21 + L22 + L23 + L3=

( v1
3.6
)2 −

( v2
3.6
)2

2a
+

v3

3.6
tw +

v3

3.6
t2 +

v3

3.6
t3 +

v f η1

3.6
t4 (17)

where v1 = the speed at which the vehicle first enters the merging section (km/h);
v2 = the speed at which the vehicle leaves the merging section (km/h);
v3 = the average speed of vehicles in the weaving section (km/h);
a = according to the analysis of the previous traffic survey data, the acceleration of vehicles
at the confluence section is fixed at 1 m/s2.
v f = the average speed when the vehicle density tends to zero and the vehicle can travel
freely (km/h);
tw = the average waiting time for a vehicle to find an insertable gap (s);
t2 = the traverse time (s), generally equal to 4.0 s;
t3 = the driver’s response time (s); according to AASHTO, the response time of safe stopping
sight distance is 2.5 s;
t4 = the average delay per vehicle (s);
η1 = the normalized density to the left of limit S.

Then, the calculated length of the connecting section model of the off ramp is L = 230 m.

3.3. Traffic Simulation Based on VISSIM
3.3.1. Traffic Simulation under the Calculated Length of On-Ramp Connecting Section

We selected the connecting section near the intersection of Xiongchu Avenue viaduct
and Guanggu Avenue, set the data according to the above survey results, established
a simulation model and carried out a VISSIM simulation for the connecting section of
on-ramp according to the current 196 m length and the calculated 225 m length, with the
simulation step of 600 s.

The output indices of VISSIM mainly include travel time, delay time and queue length.
The distance of travel time reference is 350 m. The comparison data of the simulation
results are shown in Figure 7.
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Figure 7. The simulation results: (a) Travel time comparison; (b) Delay time comparison; (c) Queue
length comparison.
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From the simulation results, it can be seen that the total travel time of 350 m distance
of the west entrance where the on-ramp is located is reduced by 142.9 s/simulation step;
the average delay is reduced by 123.2 s/simulation step; the average number of stops per
vehicle is reduced by 1.3 times/simulation step; and the queue length of the west entrance
is reduced by 34.3 m/simulation step. Generally speaking, the traffic condition under the
calculation length is much smoother than the current situation, and the queue length is
significantly shortened.

3.3.2. Traffic Simulation under Calculated Length of Off-Ramp Connecting Section

We selected the connecting section near the intersection of Xiongchu Avenue viaduct
and Minzu Avenue, set the data according to the above survey results, established a
simulation model and conducted a VISSIM simulation for the connecting section of off-
ramp according to the model of current length and calculated length, with the simulation
step of 600 s.

The output indices of VISSIM mainly include travel time, delay time and queue length.
The distance of travel time reference is 350 m. The comparison data of the simulation
results are shown in Figure 8.

Figure 8. Cont.
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Figure 8. The simulation results: (a) Travel time comparison; (b) Delay time comparison; (c) Queue
length comparison.

From the comparison of the model simulation results of the current length and the
calculated length of the off-ramp connecting section, it can be seen that the total travel time
of the west entrance where the off-ramp is located is reduced by 126.54 s/simulation step;
the average delay is reduced by 128.77 s/simulation step; the average number of stops per
vehicle is reduced by 3.3 times/simulation step; and the queue length of the west entrance
is reduced by 89.73 m/simulation step. Generally speaking, the traffic conditions under
the calculation length is much smoother than the current situation, and the queue length is
significantly shortened.

4. Conclusions

In view of the disadvantages of the current design of the length of the connecting sec-
tion between the ramp of the expressway and the grade intersection, which causes serious
traffic congestion, this paper studied the distance between the ramp of the expressway and
the grade intersection by combining the field traffic survey and the existing theoretical
knowledge; the conclusions are as follows:

1. The connecting section is divided into the merging section, the weaving section and the
queuing section, and the traffic operation characteristics of each section were analyzed.
The traffic operation characteristics of the merging section are the same as that of the
basic section. The vehicles in the merging section are basically decelerating in the case
of traffic congestion, and the approximate acceleration value is 1 m/s2 according to
the actual investigation. The traffic operation characteristics of the weaving section
mainly include the car-following characteristics and lane-changing characteristics,
and the lane-changing behavior of the weaving section is mostly mandatory. The
queuing of the on-ramp connecting section is caused by too many vehicles entering
the ramp, which can be considered as a single channel queuing service (M/M/1)
system. The queuing section of the off-ramp connecting section refers to the vehicle
queuing caused by the influence of intersection signal lights or traffic congestion.

2. Based on the traffic survey results of the connecting section near the intersection of
the Xiongchu Avenue viaduct and Guanggu Avenue and that near the intersection
of the Xiongchu Avenue viaduct and Minzu Avenue, it can be seen that under the
current length of the connecting section, the traffic flow is large in the morning rush
hours, which cannot pass smoothly under the control of the signal lights, resulting in
queuing and congestion.
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3. The calculation model of the length of connecting section between the ramp and grade
intersection is established. Based on lane-changing theory, acceptable gap theory
and queuing theory, the length calculation model of the connecting section between
the on-ramp and grade intersection was established; based on lane-changing theory,
acceptable gap theory, wave in traffic and the Webster vehicle delay model, the length
calculation model of connecting section between the off-ramp and grade intersection
was established.

4. Combined with the practical cases, VISSIM was used to simulate the traffic flow in
the connecting section. The simulation results show that the travel time, delay time
and queue length of vehicles in the connecting section are significantly reduced under
the calculation length of the model, and the overall traffic operation state is greatly
improved, which verifies the rationality of the calculation model of the connecting
section length.
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