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As the economy continues to develop rapidly, traffic volume on highways
has increased dramatically, leading to increasingly severe congestion issues.
In response, expanding expressways to two-way ten-lane configurations has
become a mainstream strategy to alleviate traffic pressure. Given the absence
of unified national standards for the design of two-way ten-lane highways,
this study explores the relationship between the form and design parameters
of speed change lanes. Using VISSIM simulation and the Surrogate Safety
Assessment Model, we investigate the impact of different speed change lane
lengths on traffic efficiency and safety under various traffic flow conditions
on renovated and expanded two-way ten-lane highways. Key performance
indicators include average delay time, average queue length, number of
conflicts, and Post-Encroachment Time. The results show that, at a mainline
design speed of 120 km/h, a 270-m acceleration lane reduces conflicts by 47.6%
compared to conventional lengths, while a 161-m deceleration lane achieves a
32.8% reduction. This study provides crucial insights for the rational design of
speed change lane lengths on two-way ten-lane highways, ultimately enhancing
road capacity, improving safety, and optimizing traffic resource allocation.

two-way ten-lane expressway, speed change lane, SSAM, acceleration lane length,
deceleration lane length, VISSIM

1 Introduction

In recent years, rapid economic growth has significantly increased transportation
demand, exceeding the capacity of existing four- to six-lane expressways. Expanding
highways to two-way ten-lane configurations has become a primary strategy to alleviate
congestion. However, the deployment of ten-lane expressways has exposed nonlinear scaling
challenges absent in traditional six-lane standards.

The AASHTO Green Book (2018) specifies a minimum acceleration lane length of
335m (including tapers) for 100 km/h design speed (AASHTO, 2018), derived from
six-lane scenarios. Critically, this standard fails to address two key ten-lane complexities:
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(1) Amplified lateral friction effects from extended vehicle paths
across five or more lanes;

(2) Conflict cascading risks where local disruptions propagate
across multiple lanes.

European practices reveal similar gaps. While German
RAL Guidelines
and Digital Infrastructure, 2019) optimize six-lane dynamics,

(2019) (German Federal Ministry of Transport

they lack geometric parameters for ten-lane designs such as
sight distance adjustments and heavy-truck acceleration zones.
Eurocode 1 (European Committee for Standardization, 2020) defines
loads for up to eight lanes but omits ten-lane provisions—treating
them as extrapolations rather than distinct systems.

Interchanges remain critical bottlenecks, with ramp terminals
accounting for 44%-52% of entry/exit crashes (He et al., 2024).
Poor speed change lane designs exacerbate ten-lane-specific risks
including extended decision zones in multi-lane merges and speed
differentials between inner high-speed lanes and outer truck-
dominated lanes.

Although prior studies optimized speed change lanes for six
or fewer lanes (Tian et al.,, 2022), no research has systematically
calibrated designs for two-way ten-lane expressways under heavy-
truck conditions using integrated VISSIM and SSAM simulation.

1.1 Objective and novelty

This study bridges this gap by developing a simulation
framework to quantify how speed change lane lengths impact traffic
efficiency (delay, queue length) and safety (conflict frequency, PET)
on ten-lane expressways. Our novel contribution lies in establishing
the first evidence-based design calibration for such highways
under mixed heavy-truck flows using coupled microsimulation and
surrogate safety modeling.

Interchanges, especially ramp entry and exit points, are major
accident hotspots. Reports show that 44% of ramp exit crashes occur
at terminal ends, while 52% of ramp entry crashes happen within
merging zones (He et al., 2024). Poorly designed speed change lanes
can worsen congestion and safety risks, particularly on multi-lane
expressways. While prior studies have explored conventional speed
change lane designs, research on high-capacity, ten-lane expressways
remains limited.

The reconstructed GuangShao Expressway is a two-way ten-
lane expressway with multiple lanes, a wide cross-section, and
complex traffic organization (Tian et al., 2022). This study employs
VISSIM simulation and the Surrogate Safety Assessment Model
(SSAM) to systematically evaluate the effects of varying speed
change lane lengths on traffic efficiency and safety under different
traffic flow conditions. The objective is to provide scientific guidance
for designing speed change lanes on two-way ten-lane expressways,
enhancing road performance, meeting transportation demands, and
improving national expressway safety and efficiency.

2 Calculation of speed change lane
length

Given the high proportion of heavy-duty trucks on expressways
in China and their limited acceleration capabilities, ensuring
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sufficient space for safe merging without queuing or forced merging
is crucial to prevent safety risks. Longer parallel acceleration lanes
are therefore necessary. In contrast, the design of deceleration
lanes should prioritize both driver convenience and safety. Since
parallel deceleration lanes often involve complex trajectories, direct
deceleration lanes are commonly employed (Zhang et al., 2023).
The calculations in this study are based on the design of parallel
acceleration and direct deceleration lanes.

2.1 Calculation of acceleration lane length

Vehicles accelerate along the parallel acceleration lane segment,
designated as L,, until they reach the mainline speed, V;. They then
wait in the auxiliary section, designated as L,, until a suitable gap
appears in the outer lane of the mainline, at which point they merge.
This process is illustrated in Figure 1.

The total length of the acceleration lane is calculated as follows:

Lacc :L0+L1+L2 (1)

where L, L,, and L, represent the lengths of the transition section,
acceleration section, and auxiliary (waiting) section, respectively.
The value of L, is derived from Table 1.

The length of the acceleration section, L, is calculated based
on the merging speed V, on the mainline and the ramp speed
V, (Xu, 2008):

ViV
L=
25.92a

()

Here, a represents the average acceleration in the L, segment,
which is set at 1.2 m/s* in accordance with the Highway Route
Design Specifications (JTG D20-2017). The initial speed V, on
the mainline is equivalent to V;, while the ramp’s design speed is
represented by V.

The auxiliary lane length, L,, is the distance traveled by vehicles
while searching for a suitable merging gap. It is calculated as follows:

_ Vltw

T3 ©

where t, is the average waiting time for vehicles to find a
merging gap. Based on the calculations in Equations 1-3, the
lengths of parallel acceleration lanes for different design speeds were
determined. The resulting data is shown in Table 2.

2.2 Calculation of deceleration lane length

In the direct deceleration lane, vehicles first pass through the
transition section, L,, at speed V. In segment L,, the vehicle
decelerates using engine braking for 3 seconds to reach speed V.
In segment L,, the vehicle continues to decelerate to the ramp’s
average speed, V,, with both deceleration rates remaining constant
throughout each segment, as shown in Figure 2.

Therefore, the formula for calculating the deceleration lane
length is given by (Xu, 2008):

Lyee =Lo+ L +L, (4)
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FIGURE 1
Parallel acceleration lane.

TABLE 1 Length of speed change lane transition section.

120 100 | 80 60

Mainline design speed (km/h)

Recommended length of the transition 90 80 60 50

section (m)

TABLE 2 Length of Direct Deceleration Lane.

Mainline design speed (km/h) 80 100 | 120
30 124 150 175
40 116 143 168
Length of direct deceleration lane under 20 107 135 tol
different ramp design speeds (m) . o 126 153
70 73 104 134
80 97

where L, is the length of the transition section (refer to the
recommended values in Table 1), L, is the length of the engine
braking deceleration section, and L, is the length of the braking
deceleration section.

_ Vord _aity 5)
' 36 2
VBV (V3o W

L,= = 6
27 25.92a, 25.92a, ©)

In this equation, V|, represents the average speed of vehicles on
the mainline before deceleration, which is equivalent to the initial
speed V; t, is the duration of engine braking, set to 3 s; a, represents
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the engine’s deceleration rate, and a, represents the deceleration rate
of the brake system; V is the speed after engine braking, and V, is
the average speed of the ramp.

Based on Equations 4-6, the lengths of the direct deceleration
lanes on the mainline and ramp for different design speeds are
calculated, as shown in Table 3.

3 Analysis of safety impacts based on
VISSIM simulation and SSAM

VISSIM, developed by PTV Group, is a microscopic simulation
software designed to model urban and public transportation systems
based on realistic driving behaviors and time intervals. It simulates
various components, including lanes, traffic flows, signals, and
public transit, providing an effective tool for evaluating traffic
planning schemes (Xing, 2013).

3.1 Simulation of acceleration lanes

A VISSIM simulation was employed to construct a network
model accurately representing the merging and diverging traffic
flows at highway entrances and exits. The model was based on
the existing road conditions, specifically the section where the
G4 Beijing-Hong Kong-Macao Expressway intersects with the
G45 Dagqing-Guangzhou Expressway at a single-direction, five-
lane merging point. The length of the simulated acceleration lane,
including the auxiliary lane, was set at 230 m. The transition section
and lane width were specified as 90 and 3.75 m, respectively. As
illustrated in Figure 3, detectors were positioned 200 m before and
after the entrance to record real-time traffic flow data for each lane
in the vicinity of the event-triggering region.

The mainline traffic flow was set at 8,000, 9,000, and
10,000 vehicles per hour (veh/h), with corresponding ramp traffic
flows of 3,000, 3,300, and 3,600 veh/h, respectively. The simulation
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FIGURE 2
Direct deceleration lane.

TABLE 3 Length of direct deceleration lane.

Mainline design speed (km/h) 80 100

120

30 124 150 175

40 116 143 168

50 107 135 161
Length of direct deceleration lane under

different ramp design speeds (m)

60 97 126 153

70 73 104 134

80 - - 97

was conducted with the highest precision, using a time step of
one second per simulation second. Each simulation run lasted
3,600 s. Based on the traffic composition, the relative proportions of
passenger cars and heavy-duty trucks, as well as their desired speeds,
were defined. Traffic operation data recorded at the detection points
are shown in Figure 4.

To ensure that our VISSIM model accurately represents real
traffic conditions, a rigorous calibration and validation process was
carried out. The calibration involved adjusting model parameters
such as vehicle arrival rates and driver behavior characteristics
to match observed field data. Particular attention was given
to key parameters like vehicle desired speeds and following
distances, which were calibrated using field observation data
collected from the study site. This calibration process involved
comparing simulated traffic flow characteristics with real-world
traffic data to ensure that the model accurately reflects actual
driving behaviors. For validation, simulated traffic speeds and flow
rates were compared with actual measurements collected from the
study site. The model was fine-tuned until the simulated results
closely aligned with the real-world observations, ensuring a high
level of confidence in the models ability to replicate real traffic
scenarios. Additionally, the following assumptions were made in
the simulation setup: vehicle type distribution was set according
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FIGURE 3
Detector setup and traffic data capture zones for the interchange

entrance of G4 Beijing-Hong Kong-Macao expressway and G45
Daging-Guangzhou expressway.

to regional traffic statistics, no incidents or breakdowns occurred
during the simulation period, and road conditions were maintained
in a dry state to avoid the influence of adverse weather on traffic
operations.

As specified in the Highway Route Design Specifications (JTG
D20-2017), the eight-lane two-way expressway was expanded to a
ten-lane configuration. The average delay time and queue length for
the 230-m acceleration lane after expansion were compared to those
of a standard two-way ten-lane expressway. The results are shown in
Figures 5, 6.

As the number of lanes increases, the rise in mainline traffic
flow significantly reduces vehicle speeds, leading to congestion
in merging areas. Changes in traffic flow parameters, such as
increased mainline input flow and a higher proportion of heavy-
duty trucks, exacerbate congestion in the merging area, When
mainline flow increased from 8,000 to 10,000 veh/h, average
delay for 230 m lanes rose from 9.6s to 12.8s (+33.3%) under 8/2
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13 4 0-3600 1 0.02 88727 247
14 4 0-3600 2 -0.23 50405 559
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16 4 0-3600 ! -0.04 &TE B4 567
17 5 0-3600 1 010 B82.11 553
1% 4 0-3600 2 0.7% 40394 460
19 s 0-3600 3 003 46110 534
20 4 0-3600 4 0.08 67419 148
FIGURE 4
Traffic operation data recorded at detection points for the interchange entrance simulation.
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FIGURE 5

Comparison of average delay.
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FIGURE 6
Comparison of average queue length.

passenger-truck ratio (Figure 7a), negatively affecting traffic
efficiency. Under 10,000 veh/h flow:

- 6/4 ratio showed 168 m queues vs. 40 m at 8/2 ratio (+320%)
in 230 m lanes (Figure 8a).
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- 345 m lanes: 196 m vs. 21 m queues (+833%) (Figure 8d).

As the proportion of heavy-duty trucks increases, both queue
lengths and stop delays rise substantially. The analysis reveals that
the conventional 230-m acceleration lane in the merging section
of a two-way ten-lane expressway is highly sensitive to traffic flow
variations and insufficient to alleviate congestion.

The acceleration lane length data for a mainline design speed
of 120 km/h, calculated from Table 2, was analyzed to generate a
comparison chart of average delays for different acceleration lane
lengths on two-way ten-lane expressways, as shown in Figure 7.

When mainline traffic flow is low, vehicle spacing is larger, and
ramp merging delays are minimal. However, as mainline traffic flow
increases, ramp vehicles must wait for suitable gaps in the mainline
flow, resulting in greater delays. Additionally, higher proportions of
heavy-duty trucks further aggravate traffic delays.

A comparison of queue lengths for different acceleration lane
lengths was generated using simulation data, as shown in Figure 8.
The results indicate that the average queue length in the merging area
increases with higher mainline traffic flow and a greater proportion
of heavy-duty trucks.

3.2 Simulation of deceleration lanes

The road parameters for the deceleration lane were based on
the section where the G4 Beijing-Hong Kong-Macao Expressway
intersects with the G45 Daqing-Guangzhou Expressway at a
single-direction, five-lane merging point. In the simulation, the
deceleration lane, including the auxiliary lane, was assigned a
length of 145 m. The transition section length and lane width were
specified as 100 and 3.75 m, respectively. Detectors were positioned
200 m upstream and downstream of the entrance to record real-
time traffic data for each lane within the event-triggering zone,
as shown in Figure 9.

The mainline input traffic flow was set at 8,000, 9,000, and
10,000 vehicles per hour (veh/h). The simulation was conducted
with high precision, using a time step of 1 second per simulation
second, and each simulation run lasted 3,600 s. Based on the actual
traffic composition, the relative proportions of passenger cars and
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FIGURE 7
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delay (d) 10-lane 345 m acceleration lane delay.
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FIGURE 9

expressway.

Detector setup and traffic data capture zones for the interchange exit of G4 Beijing-Hong Kong-Macao expressway and G45 Daging-Guangzhou
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Comparison of average delay.
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FIGURE 11
Comparison of average queue length.

heavy-duty trucks, as well as their desired speeds, were defined in
accordance with observed traffic patterns. During the simulation,
vehicle detection points within the network recorded real-time raw
traffic flow data.

To enhance the reliability of the simulation model for the
deceleration lane, the same rigorous calibration and validation
approach was applied as in the acceleration lane simulation.
Key parameters, including vehicle desired speeds and following
distances, were carefully calibrated against field observation data to
ensure they align with real-world driving behaviors. The simulation
setup also maintained the same assumptions regarding vehicle type
distribution, incident-free conditions, and dry road conditions as
mentioned in the acceleration lane simulation.

In line with the specifications outlined in the Highway Route
Design Specifications (JTG D20-2017), the two-way eight-lane
expressway was expanded to a two-way ten-lane configuration with
the addition of a 145-m deceleration lane. The average delay time
and queue length of the ten-lane expressway were subsequently
compared before and after the expansion, particularly following the
addition of the deceleration lane, to assess the effectiveness of the
upgrade. The results are shown in Figures 10, 11.

As the number of lanes increases and mainline traffic flow
grows, vehicle speeds decrease significantly, leading to congestion
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in diverging areas. Adjustments to traffic flow, such as increasing
mainline input flow and the proportion of heavy-duty trucks,
reduce traffic efficiency in the diverging area. Under 10,000 veh/h
with 6/4 ratio:

- 145m lanes: 20.2s

(Figure 13a).

delay (Figure 12a), 297 m queues

Comparing 145m-168 m lanes at 10,000 veh/h with 6/4 ratio:

- Delay reduction: 20.2s > 16.4s (—18.8%) (Figures 12a vs. 12d).
- Queue reduction: 297 m > 208 m (-30.0%) (Figures 13a
vs. 13d).

Analysis shows that the traditional 145-m deceleration lane
in the diverging section of a two-way ten-lane expressway is
highly sensitive to traffic flow variations and insufficient to alleviate
congestion.

Statistical analysis of simulation results, based on deceleration
lane length data for a mainline speed of 120 km/h from
Table 2, was conducted to evaluate vehicle delay times under
different deceleration lane lengths, passenger-to-truck ratios, and
traffic flows. The findings are presented in Figure 12, while the
corresponding mean queue lengths are shown in Figure 13. When
traffic flow approaches saturation, congestion occurs, vehicles begin
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to queue, and delays increase. As depicted in Figure 13, both average
delays and queue lengths rise with greater mainline traffic flow and
higher proportions of heavy-duty trucks.

As illustrated in Figure 13, the mean queue length in the
diverging area increases with higher mainline traffic flow and a
greater proportion of heavy-duty trucks.

3.3 Evaluation using SSAM

The conventional approach to traffic safety evaluation relies
on comprehensive historical accident data. However, this method
is not suitable for projects that lack sufficient statistical data
or are still in the planning stages. The Siemens research team
proposed the Surrogate Safety Assessment Model (SSAM)
(Calvi et al.,, 2012), which uses traffic simulation software to
construct models. Through algorithms, it analyzes traffic conflicts
within the simulation, identifies conflicts from vehicle trajectories,
and generates safety evaluation metrics for assessing both
existing and planned traffic scenarios (Lin, 2017) (Cao, 2020)
(Zhang, 2021).

The SSAM system provides detailed data on the characteristics
of simulated conflicts, including their number, type, severity, and
location. Severity is assessed using five indicators: Time to Collision
(TTC), Post-Encroachment Time (PET), Deceleration Rate (DR),
Maximum Speed (MaxS), and Speed Difference (DeltaS) (Ye and
Liao, 2016; Muley et al., 2018).
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The calculation methods for each conflict indicator are shown
in Figure 14 (Huang, 2018). The following definitions apply to the
times represented in the figure:

t1: Vehicle A enters the conflict zone.

t2: Vehicle B receives a collision warning from Vehicle A and
initiates evasive action, beginning to decelerate.

t3: Vehicle A exits the conflict zone.

t4: In the absence of evasive action, the predicted time for vehicle
B to reach the conflict point.

t5: The actual time at which vehicle B reaches the conflict point.

VISSIM simulations were performed for the merging area
at the entrance of the ten-lane expressway. The SSAM model
was used to analyze conflicts in the trajectory data and assess
the safety impact of different lane lengths. It should be noted
that SSAM, while a powerful tool for safety assessment, has
certain limitations. For instance, it assumes standard driver
reaction times and does not account for variations in driver
behavior such as sudden maneuvers or differences in driver
experience. Additionally, SSAM primarily focuses on conflict
analysis and may not fully capture all aspects of traffic safety,
such as the impact of environmental factors or the effects
of traffic control measures. Furthermore, the model relies on
simulated data, which may not perfectly represent real-world
conditions due to simplifications and assumptions made during the
modeling process.

The maximum critical value for PET is set at 5s, and for
a mainline design speed of 120 km/h, the simulation results

frontiersin.org
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TABLE 4 Partial table of conflict PET indicators for different
acceleration lanes.

Acceleration lane length (m)

270 310
0.1 3 3 6 8
02 2 3 7 6
0.3 6 5 4 3
0.4 2 4 4 3
0.5 15 8 14 13
0.6 4 2 4 3
0.7 3 1 6 3
0.8 2 2 3 4
0.9 0 1 3 6
1.0 1 3 7 4
11 6 3 4 4
1.2 6 3 3 3
13 5 5 8 5
14 5 5 6 7
L5 6 6 7 10

for conflict numbers at different acceleration lane lengths
are shown in Table 4.

A normal curve analysis was conducted on the PET data using
SPSS. The distribution of traffic conflicts for the 230-m acceleration
lane ranged from —6 to 15, with an average of 3.48. For the 270-m
acceleration lane, the conflict count ranged from —4 to 10, with an
average of 3.02. For the 310-m acceleration lane, the conflict count
ranged from —6 to 15, with an average of 4.12, and for the 345-m
acceleration lane, the conflict count ranged from -6 to 15, with an
average of 3.98.

The conflict data were categorized into three levels: severe,
minor, and potential conflicts. The cumulative frequency
distribution is shown in Figure 15. Based on normal distribution
theory, the 15th and 85th percentiles were used to define the
thresholds for severe and potential conflicts. The results indicated
that the PET threshold for severe conflicts was 0.3 s, while the
threshold for potential conflicts was 3.3 s. These thresholds were
determined based on a normal distribution analysis of the PET data.
Using SPSS, a normal curve analysis was performed, and the 15th
and 85th percentiles of the cumulative frequency distribution were
used to define the thresholds for severe and potential conflicts. This
approach is consistent with common practices in traffic conflict
analysis, where the lower percentile represents severe conflicts that
require immediate attention, and the higher percentile represents
potential conflicts that may affect traffic safety and flow.
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Using the 15th percentile of the cumulative frequency
distribution, a critical threshold of approximately 0.3 s was set for
severe conflicts. The remaining conflict data were divided into two
categories, with the PET value of approximately 3.3 s serving as the
boundary between minor and potential conflicts.

According to this threshold-setting method, traffic conflicts in
the optimized expressway merging areas were classified into three
levels: severe, minor, and potential conflicts. The PET threshold
ranges were as follows: PET > 3.3 s for potential conflicts, 0.3 < PET
< 3.3 s for minor conflicts, and PET < 0.3 s for severe conflicts.

The analysis indicated that the 270-m acceleration lane
consistently exhibited lower conflict PET indices compared to other
options, with a 47.6% reduction in traffic conflicts compared to
the traditional lane length. This design aligns with the statistically
recommended design speed for the current entrance ramp.

Observations show that when vehicles merge from the entrance
ramp onto the mainline, they initially decelerate at the end of the
ramp to observe the mainline traffic flow and assess whether there
is a sufficient gap for merging. When traffic density is high, vehicles
tend to continue along the acceleration lane until a suitable and safe
gap in the mainline flow is found. The length of the acceleration
lane significantly affects the incidence of traffic conflicts. Shortening
the acceleration lane in the merging section may prevent vehicles
from accelerating adequately, increasing the risk of conflicts
between vehicles entering the mainline and those already on
the ramp.

A similar analysis was performed for the deceleration lane.
When the mainline design speed is 120 km/h and the deceleration
lane is 161 m long, the conflict PET index for the exit ramp is lower
than for other configurations, showing a 32.8% reduction in traffic
conflicts compared to the traditional length. It is recommended
that the speed limit for the diverging ramp be set at 40 km/h,
consistent with the statistically recommended design speed for the
current exit ramp.

This study, based on experimental data at 120 km/h, also
accounts for a safety margin for designs at lower speeds,
including 100 km/h. The findings are primarily applicable to the
traffic composition and driving behaviors observed on Chinese
expressways, where the specific mix of vehicle types, traffic flow
characteristics, and driver behavior patterns were integral to the
simulation scenarios and analysis. While the general trends and
design recommendations may offer insights for other regions with
similar traffic conditions, their direct applicability to highways in
other areas should be carefully evaluated considering local traffic
composition, driving behaviors, and regulations. For the GuangShao
Expressway reconstruction project, even with a reduction in the
mainline design speed to 100 km/h, the proposed optimization
strategy can still ensure both safety and efficiency, providing
scientific guidance for expressway design under various speed
conditions. However, it is important to conduct additional validation
and calibration when applying these findings to different traffic
environments.

4 Conclusion

This study utilized VISSIM simulation software to model
traffic conditions before and after the implementation of the road
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Cumulative PET curve of conflicts in the acceleration lane merging area before and after optimization.
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