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Abstract: Significant changes in road and traffic conditions in transition areas are key to traffic
organization and guaranteeing safety in freeway work zones. Currently, most of the related studies
on transition area use theoretical calculations, traffic and driving simulations, and the impact of
different transition area conditions on drivers’ psychophysiological indicators and driving behavior
are unclear. In this paper, the gap acceptance theory was used to establish a calculation method of the
transition area length, and the transition area length was calculated under different closed lane widths,
speed limits, and traffic volumes. Based on the results of our theoretical calculations, naturalistic
driving experiments were conducted with 48 participants in 12 scenarios involving 3 lane closure
forms and 4 transition area lengths, and the relationship of transition area with driving workload
and vehicle speed was determined. A transition area that was too short or too long increased traffic
safety risks. The overall experimental results were consistent with the theoretical calculation length,
and the theoretical calculation model was reliable. Compared to unaffected straight-through vehicles,
merging vehicles and vehicles affected by merging have lower speeds, higher driving workloads,
and increased traffic safety risks. An increase in the number of lanes in the transition area will result
in increased driving workloads and vehicle speeds. Based on the changes in vehicle deceleration
points and driving workloads, the affected area of the transition area was measured. When the speed
limit was 60 km/h, the upstream affected areas of the transition areas with four, three, and two lanes
were 1000 m, 850 m, and 700 m, and the downstream affected areas were 450 m, 400 m, and 350 m.
These research results can provide a reference for improving traffic organization and guaranteeing
safety in freeway work zones.

Keywords: work zone; transition area; driving behavior; driving workload; naturalistic driving

1. Introduction

With the continuous growth of economic development and travel demand in recent
years, the traffic volume of some freeways tends to be saturated, making it difficult to
manage traffic and ensure driver safety. Compared to newly built roads, reconstruction and
expansion projects have the advantages of short construction periods, low costs, and less
land occupation, and have gradually become a new trend in freeway construction. Work
zones for reconstruction and expansion construction often occupy the shoulder or part
of the lane, reducing the number of lanes available to drivers and traffic capacity within
the area zone, which can cause traffic congestion [1,2]. At the same time, road and traffic
conditions and driving behaviors are constantly changing, leading to increased traffic safety
risks [3,4]. Compared to 10 years ago, in 2021, fatal crashes, fatalities, and estimated injuries
in U.S. work zones increased by 56.9%, 54.4%, and 35.5%, respectively, and the accident
rate in work zones is 3.36 times that in non-work zones [5]. Thus, traffic safety problems in
work zones urgently need to be solved.

Some scholars have studied traffic safety problems in work zones [6,7], and their
results indicate that in addition to driver factors, changes in driving behavior due to

Appl. Sci. 2023, 13, 11669. https://doi.org/10.3390/app132111669 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app132111669
https://doi.org/10.3390/app132111669
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-3968-8212
https://doi.org/10.3390/app132111669
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app132111669?type=check_update&version=1


Appl. Sci. 2023, 13, 11669 2 of 18

changes in construction zone configurations and road traffic conditions are one of the main
causes of accidents [8,9]. Most work zones must occupy the shoulder or part of the lane in
order to ensure proper construction, resulting in a decrease in the number of lanes available
to drivers, and a transition area is set up to allow vehicles to change lanes and merge
with adjacent normal traffic lanes to cross through the work zone. If the transition area
length is short, the speed of the vehicles is too low, and the speed difference compared
to adjacent lane vehicles is large, which can cause rear-end collisions and other accidents
when merging [10,11]; moreover, it is difficult for vehicles to complete lane changing and
merging within a transition area of limited length, which can lead to traffic congestion [12].
If the transition area length is too long and the speed of vehicles is too fast, drivers will
find it difficult to react in a timely manner when road and traffic conditions change, which
will likewise increase the road safety risk [13], work zone length, and construction costs.
Garber et al. analyzed the characteristics of accidents in work zones in Virginia, and their
results indicated that the proportion of vehicles involved in side-collision accidents in the
transition area was significantly higher than in other areas of work zones [14]. Bidkar
et al. used a machine learning method to analyze traffic conflicts in work zones and
non-work zones under different traffic conditions. They found that changes in speed
and acceleration were primary reasons for traffic conflict, and conflict probability can be
effectively reduced by changing the transition area length and increasing the angle between
the vehicles [15]. Therefore, clarifying the impact of transition areas on traffic and driving
behavior characteristics in work zones, and determining the optimal length and layout of
transition areas, represent the foundations for improving traffic efficiency and ensuring
traffic safety. Some scholars have also conducted research on traffic characteristics and
transition area length.

In terms of traffic and driving behavior characteristics in transition areas, Wang et al.
used vehicle trajectory data to analyze the speed–traffic volume relationships in nine areas,
and proposed a speed prediction model for work zones. It was found that the transition
area had a significant impact on the speed of vehicles from 200 m upstream of the transition
area to the activity area, and the impact on different lanes and vehicle types varied [16].
Zhang et al. studied the impact of traffic volume, traffic composition, and transition area
length on the traffic characteristics of work zones through micro-simulation and proposed
a method for predicting the traffic safety risk. Their results indicated that vehicle speed
and transition area length had a significant impact on traffic safety in work zones [17,18].
Khanfar et al. used driving simulation and unsupervised machine learning clustering to
analyze driving behavior in transition areas with different lane closure forms. The numbers
of aggressive and conservative drivers in the work area were significantly higher than that
of ordinary drivers, and drivers in the left lane were more aggressive than those in the right
lane, resulting in vehicle speeds being too high or too low and increasing the dispersion of
speed [19]. Wu et al. conducted a questionnaire survey on drivers in work zones based on
their stated preferences and found that road conditions, traffic conditions, transition area
length, and speed limit were important factors affecting drivers’ choice of merging location
and traffic safety in work zones [20]. Duan et al. constructed a multi-stage analytical model
for lane-changing behavior in work zones based on a driving simulation, where the lateral
and longitudinal acceleration of vehicles undergoing merging increases and the merging
distance decreases when the traffic volume is high [21]. Based on video data, Weng et al.
proposed an estimation method for the rear-end collision of vehicles in a transition area
using the logit model. If vehicles fail to complete merging before reaching the end of the
transition area, the collision risk will be increased to about 3.3 times that of vehicles that
complete merging in advance, and sufficiently increasing the transition area length will
improve safety in work zones [22].

In terms of transition area length, Morgan et al. used a driving simulation to analyze
lateral position, collisions, and other driving behaviors of drivers in a transition area of
30~160 m. Their results indicated that smaller transition area lengths would reduce the
sight distance and reaction time of drivers and increase the traffic safety risk in work
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zones [23]. Lee et al. analyzed the impact of a 100~500 m transition area length on traffic
efficiency and safety and concluded that the number of lanes is a key factor affecting the
transition area length. The transition area length for a three- or four-lane work zone should
be 300 m, and the transition area length for a two-lane work zone should be 200 m [24].
Shakouri et al. used micro-simulation, driving simulation, and real vehicle experiments
to analyze the difference between a joint merge transition area and a traditional transition
area. When the joint merge transition area was 200~250 m, the vehicle running speed was
consistent with the traditional transition area, and driving workload was lower, resulting
in better traffic safety [25–27]. Based on the theory of vehicle collision avoidance, Weng
calculated the longitudinal distance for lane changing and emergency stopping in work
zones and found that the transition area length should be 75~193 m [28].

At present, most relevant studies on transition areas use theoretical calculations, traffic
simulation, and driving simulation, and their results differ and are difficult to verify [29,30].
The impacts of different transitional area conditions on drivers’ psychophysiological indica-
tors are unclear, and there is a lack of research comparing driving behavior characteristics
under different lane closure forms. In order to clarify the impact of transition areas on the
drivers’ psychophysiological and driving behavior characteristics, in this paper, based on
the proposed method of calculating the transition area length, naturalistic driving experi-
ments were conducted with 48 participants in 12 scenarios involving 3 lane closure forms
and 4 transition area lengths, and the impacts of different lane closure forms and transition
area lengths on vehicle speed and driving workload were investigated. Our research results
are of great significance in clarifying the best transition area length, optimizing work zone
configurations, and ensuring traffic safety in work zones.

2. Methodology
2.1. Length of the Transition Area

As shown in Figure 1, a transition area should guide vehicles to change lanes and
merge at the speed limit, enabling them to safely cross through the work zone. In most
previous studies, only the speed limit and width of offset have been considered to calculate
the transition area length [31]:

L = Wv2

60 (v ≤ 60km/h)
L = Wv (v > 60km/h)

(1)

where L is the transition area length, m, W is the width of offset, m, and v is the speed
limit, km/h. However, this calculation model does not consider traffic flow and drivers’
psychophysiological and driving behavior characteristics in the work zone.
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Figure 1. Schematic diagram for calculating the length of the transition area.

Vehicles located in the closed lane need to find suitable gaps (same as the time headway,
t) to merge into the adjacent lane before reaching the end of the transition area. When the
traffic volume is low, drivers can easily choose larger merging gaps. The probability of
critical gap appearance decreases when the traffic volume is higher and the transition area
length is limited. When approaching the end of the transition area, drivers will choose
smaller gaps to complete merging as soon as possible, and at the end of the transition
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area, drivers must stop and forcibly merge. According to observations, when the vehicle
running speed is 40~80 km/h and the lane width is 3.25~3.75 m, the acceptable critical
gap for a vehicle in the closed lane is 1.6~4.3 s. The time headway of the adjacent lane
follows a continuous distribution: when the time headway is greater than the critical gap,
the vehicle merges.

In order to determine the time headway distribution of the adjacent lane, a survey
was conducted using an unmanned aerial vehicle in a work zone of a highway in China,
as shown in Figure 2. The time headway of the adjacent lane in the closed lane of the
transition area under different traffic volumes is shown in Table 1.
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Table 1. The time headway of the adjacent lane in the closed lane of the transition area under different
traffic volumes.

Survey Time Traffic Volume
(pcu/h)

Maximum Time
Headway (s)

Minimum Time
Headway (s)

Mean Time
Headway (s) SD

A 537 20.61 0.83 6.32 5.53
B 1011 15.37 0.79 3.59 2.80
C 1468 11.88 0.76 2.75 1.95

The adjacent lane is a single-lane traffic flow that cannot overtake, and the minimum
time headway is 0.8 s, which follows to the shifted negative exponential distribution
function, as shown in Equation (2):

F(t) = 1− e−λ(t−τ), t ≥ τ (2)

where λ is parameter and τ is the minimum time headway, s. If it follows to the shifted
negative exponential distribution, then the expected time headway: E(t) = 1/λ + τ, and
variance: Var(t) = 1/λ2. We used the X2 test to test its distribution: X2 = 16.541~31.684,
and when the number of groups was 30 and the significance level was 0.05, the critical
value X2

0.05 = 40.113 > 16.541~31.684. Therefore, we accepted the original assumption
and followed to the shifted negative exponential distribution. When the traffic volume
was 500 pcu/h, 1000 pcu/h, and 1500 pcu/h, its distribution function was as shown in
Equations (3)–(5):

F(t) = 1− e−0.181(t−0.8), t ≥ 0.8 (3)

F(t) = 1− e−0.358(t−0.8), t ≥ 0.8 (4)

F(t) = 1− e−0.513(t−0.8), t ≥ 0.8 (5)

The vehicle recognizes the need for merging in the transition area before the transition
area. In the transition area, it needs to travel a certain distance (l1) to wait for the critical
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gap, and then make decisions and change lanes (l2). Therefore, the length of the transition
area is L = l1 + l2. When the time headway of the adjacent lane follows a shifted negative
exponential distribution, the average waiting time (tw) for the critical gap of merging
waiting time is as shown in Equation (6):

tw =
1
λ

[
eλ(t0−τ) − λ(t0 − τ)− 1

]
(6)

where t0 is the critical gap, s. Taking the critical gap of 95% merging vehicles as 4 s, when
the traffic volume was 500 pcu/h, 1000 pcu/h, and 1500 pcu/h, the average waiting time
calculated was 1.15 s, 2.79 s, and 4.92 s. The merging time of vehicles is related to lateral
displacement, and when the closed lane width was 3.25 m, 3.5 m, and 3.75 m, the merging
time was taken as 3 s, 4 s, and 5 s, with a reaction and decision time of 1 s.

When the closed lane width is 3.25~3.75 m, the speed limit is 40~80 km/h, and
the traffic volume of adjacent lanes is 500~1500 pcu/h, the transition area length can be
calculated as shown in Table 2 (rounded to 5 m).

Table 2. Calculated value of transition area length (m).

Closed Lane Width (m) 3.25 3.5 3.75

Traffic Volume (pcu/h) 500 1000 1500 500 1000 1500 500 1000 1500

Speed Limit
(km/h)

40 55 75 100 70 85 110 80 100 120
50 70 95 125 85 110 135 100 120 150
60 85 115 150 100 130 165 120 145 180
70 100 130 175 120 150 190 140 170 210
80 115 150 200 135 175 220 160 195 240

According to our calculation results, the work zone speed limit has the greatest
impact on the transition area length, and the closed lane width has the lowest impact. The
calculation model can only calculate the transition area length under single-lane closure
and cannot reflect the impact of different transition area lengths, lane closure forms, and
traffic composition on drivers’ psychophysiological and driving behavior characteristics.
Therefore, it is necessary to combine naturalistic driving experiments to study the impact
of transition areas on drivers’ psychophysiological and driving behavior characteristics.

2.2. Driving Workload

When driving a vehicle into the affected area of a work zone, drivers need to observe
their surroundings to obtain information on the roads, traffic, and environment, and make
judgments based on this information. Furthermore, when operating their vehicles, they
must accelerate, decelerate, and follow and change lanes in order to cross through the
work zone quickly and safely. The physiological and psychological effects of taking in
this information and performing operations during this period are known as the driving
workload [32,33]. In the work zone, driver factors, vehicle characteristics, road and traffic
conditions, and environmental conditions will lead to varying degrees of driver stimulation,
which is reflected in real time as the driving workload. When this stimulation is too high or
too low, it can cause tension or fatigue. Therefore, the work zone should provide drivers
with safe and comfortable road traffic conditions to ensure that their driving workload is
within a reasonable range.

In recent years, research on drivers’ psychophysiological and driving safety has
indicated that measuring heart rate variability (HRV) has the advantages of stability and
ease of measurement and processing, compared to indicators such as heart rate, blood
pressure, brain waves, and skin electricity, which can enable better characterization of the
driving workload [34]. The low frequency (LF) and high frequency (HF) of HRV reflect
the activity of the driver’s nervous system. If drivers experience more stimulation in the
work zone, their LF will increase, HF will decrease, and driving workload will increase;
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conversely, if drivers experience less stimulation, their driving workload will decrease. The
driving workload can be calculated using Equation (7):

Ki = [(
LF
HF

)
i
− A]/Vi (7)

where Ki is the driving workload at site i, (LF/HF)i is the HRV at site i, A is the HRV when
the driver is calm, and V is the vehicle running speed at site i, km/h.

The different levels of driving workload risks and thresholds are shown in Table 3 [32].

Table 3. Driving workload risks and thresholds.

Driving Workload Degree Safety Level Driving Workload

Highest Highly risky (nervous) Ki > 0.060
Higher Relatively risky (relatively nervous) 0.030 < Ki ≤ 0.060
Normal Safe −0.001 < Ki ≤ 0.030
Lower Relatively risky (relatively fatigued) −0.012 < Ki ≤ −0.001
Lowest Highly risky (fatigue) Ki ≤ −0.012

3. Experiment
3.1. Participants and Vehicles

To avoid the influence of driver factors on the experimental results, 48 non-professional
drivers were randomly recruited for this experiment, including 32 males and 16 females,
which is in line with the proportion of male and female drivers in China. Participants
were 23~55 years old (mean = 36.6, SD = 9.6), with driving experience of 3~28 years
(mean = 10.2, SD = 8.3) and average annual driving mileage > 2000 km. The participants
were physically healthy, had normal vision, had experience driving on freeways, were
unfamiliar with the experimental road, had no major accident records, had adequate rest
before the experiment, did not consume alcohol or smoke, did not take medication, and
did not have any other conditions.

The experimental vehicle was a passenger car common on Chinese freeways.

3.2. Instruments and Equipment

In order to collect the participants’ HRV and other psychological indicators during the
experiment, a dynamic physiological detector was used. The sampling frequency could be
set flexibly from 1 to 250 Hz, the data error was <0.02%, the use time was >4 h, and wearing
the detector would not affect the driving of participants. Dedicated data analysis software
was used to process the frame-by-frame HRV data of the participants during the driving
process, as shown in Figure 3.
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Figure 3. Dynamic physiological detector.

In order to collect data such as the real-time position and speed of the experiment
vehicle, dynamic GPS was used. The sampling frequency could be set flexibly from 1 to
10 Hz, and the data error was <0.35 m. The vehicle position could be marked in real time
using the equipped dotting device, as shown in Figure 4.
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Figure 4. Dynamic GPS.

3.3. Experimental Roads

Three freeways undergoing reconstruction and expansion construction in the same
region of China were selected as the experimental roads. The roads had 4 lanes, 3 lanes, and
2 lanes, with a lane width of 3.75 m. The rightmost lane was closed during the construction
period, so temporarily, 3 lanes, 2 lanes, and 1 lane were available for driving (i.e., 4→ 3,
3→ 2, and 2→ 1). The experimental roads had an asphalt concrete pavement, the speed
limit for the standard freeway section was 80 km/h, and the speed limit for the work
zone was 60 km/h during the construction period. The linear conditions were good, the
traffic volume was low (q < 500 pcu/h·ln), and the road design indicators and facility
layout complied with the current Chinese regulations. The experimental roads included
the following main areas, as shown in Figure 5.
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Figure 5. Schematic diagram of the experimental roads (taking the 2 → 1 experimental road as
an example).

1© Standard freeway section (S): 2000 m; 4, 3, and 2 lanes; speed limit of 80 km/h.
2© Advance warning area (A): 1600 m; 4, 3, and 2 lanes; speed limit of 60 km/h.
3© Transition area (B80/B120/B160/B200): From Table 1, the calculated length of the tran-

sition area on the experimental road was 120 m. Therefore, lengths of 80 m, 120 m,
160 m, and 200 m were selected to study the impact of the transition area length on
drivers’ psychophysiological and driving behavior characteristics, and the number
of lanes in the transition area was reduced from 4, 3, and 2 lanes to 3, 2, and 1 lanes,
with a speed limit of 60 km/h.

4© Buffer area + activity area (C): 200 m + 2000 m; 3, 2, and 1 lanes; speed limit of
60 km/h.

5© Downstream transition area + termination area (D): 100 m + 40 m; from 3, 2, and 1
lanes to 4, 3, and 2 lanes; speed limit of 60 km/h.

3.4. Experimental Procedures

In order to ensure the authenticity and effectiveness of the experimental data, and to
minimize experimental interference and data fluctuations, the experiment was conducted
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during good weather, every day from 9:00~12:00 and 14:00~17:00, for a total of 26 days.
Talking was prohibited during the experiment to avoid interfering with the participants,
who were not informed of the specifics of the experimental road before the experiment. In
order to avoid driving fatigue, there was an interval of >1 h between the two tests, and
each participant completed 3 experimental roads with 4 different transition area lengths,
completing 12 scenarios for a total of 576 tests. One recorder was provided to record the
participants’ individual driving behaviors and other experimental conditions. All legal,
moral, and ethical requirements were complied with, and an honorarium was paid to the
participants upon completion of the experiment. The specific steps were as follows:

1© Individual participants completed an information sheet indicating their gender, age,
physical condition, average annual mileage, and accident history.

2© Participants were informed of the experimental precautions and trained for the test, and
the participants were free to drive for 20 min to familiarize with the experiment vehicle.

3© Wear (install) and commission instruments and equipment.
4© HRV data were collected for 5 min when the participants were calm after sitting still

in the vehicle for 5 min.
5© Participants were free to choose their lanes on the experimental road by driving their

vehicles normally under free-flow conditions (q < 500 pcu/h·ln).
6© Driving situations were recorded and the data were saved.

3.5. Data Analysis

In order to avoid affecting the accuracy of the experimental data, the sampling fre-
quency of the experimental instruments and equipment was set to 2 Hz. Based on the
experimental information recorded by the recorder, a total of 616,841 HRV and 603,343 GPS
data points were obtained from 8 areas (S, A, B80, B120, B160, B200, C, and D) on 3 experi-
mental roads after eliminating abnormal data.

4. Results and Analysis
4.1. Length of the Transition Area

Statistically obtained vehicle speeds and driving workloads of the three work zones
with different areas are shown in Tables 4 and 5. The trends of their changes are shown in
Figure 6 (taking the 2→ 1 work zone transition area length of 120 m as an example), and
their distributions are shown in Figure 7. It is shown that the vehicle speeds in the different
areas had a normal distribution (S–W normality test), and the driving workloads had a
log-normal distribution (K–S test).

Table 4. Vehicle speed statistics for different areas in the work zone.

Area Maximum Speed
(km/h)

Minimum Speed
(km/h)

Mean Speed
(km/h) SD Speed Limit

Compliance Rate

S 99.84 65.06 86.56 9.96 20.85%
A 96.21 50.28 73.77 11.80 8.52%

B80 78.30 40.26 55.52 11.83 59.84%
B120 81.28 45.21 60.81 9.75 50.15%
B160 86.14 45.81 62.00 10.37 48.16%
B200 90.13 47.52 64.12 11.63 33.61%

C 85.63 48.06 60.60 9.22 59.63%
D 90.96 50.06 65.77 10.18 36.44%
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Table 5. Driving workload statistics for different areas in the work zone.

Area Maximum Minimum Mean SD Higher-Risk Ratio High-Risk Ratio

S 0.03584 −0.00588 0.00614 0.00709 5.68% 0.00%
A 0.03715 −0.00541 0.00661 0.00720 3.87% 0.00%

B80 0.15684 −0.00105 0.01793 0.01987 17.15% 3.69%
B120 0.10358 −0.00245 0.01354 0.01350 11.44% 0.88%
B160 0.09735 −0.00304 0.01302 0.01342 11.20% 0.73%
B200 0.09555 −0.00320 0.01259 0.01340 11.16% 0.70%

C 0.08032 −0.00780 0.00794 0.01034 5.51% 0.51%
D 0.04206 −0.00295 0.00697 0.00742 3.62% 0.00%
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(a) Vehicle speed and (b) driving workload.

At the beginning of the experiment, the participants were more excited and their
initial driving workloads were higher. After driving onto the experimental road, on which
the road conditions of the standard freeway section (S) were good and the speed limit
was lower (80 km/h), participants generally maintained a speed slightly higher than the
speed limit, and their driving workloads gradually stabilized. After approaching the work
zone, the participants noticed the sign for the advance warning area (A), and their driving
workloads increased, while the road conditions remained unchanged, speed limit further
decreased, and the overall vehicle speed only slightly decreased. The speed dispersion
increased (11.80), and the speed limit compliance rate further decreased (8.52%) due to
differences in the participants’ personalities and driving styles. Until they arrived at
the middle of the advance warning zone (A), participants were affected by the changing
road and traffic conditions in the transition area (B); once again, they reduced their speed
to match the speed limit (60 km/h), and their driving workloads began to significantly
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increase. Subsequently, when participants drove into the activity area (C), the number of
lanes decreased, participant stimulation due to the road and traffic conditions decreased,
their driving workloads rapidly decreased, they generally kept their speed consistent with
the speed limit (60 km/h) when crossing through the activity area (C), and their speed
dispersion was low (9.22). At the end of the activity area (C), the change in the number of
lanes gave a small amount of stimulation to the participants, who developed an escape
mentality and wanted to escape the work zone as soon as possible, leading to a small
increase in both vehicle speed and driving workload. Speeding was observed in different
areas, and participants’ speed limit compliance rates were generally low (8.52~59.84%).

On the experimental road, the transition area had the greatest impact on vehicle speed
and driving workload, and the impact was different between transition area lengths. In
order to analyze the impact of the transition area length, the differences in vehicle speed
and driving workload for different transition area lengths and their adjacent areas are
shown in Tables 6 and 7.

Table 6. Vehicle speed consistency for different transition area lengths.

Area A B80 B120 # B160 # B200 C #

A - 18.25 12.96 11.77 9.65 -

B80 −18.25 - −5.29 −6.48 −8.60 –5.08

B120 # −12.96 5.29 - −1.19 * −3.31 0.21 *

B160 # −11.77 6.48 1.19 * - −2.12 1.40 *

B200 −9.65 8.60 3.31 2.12 - 3.52

C # - 5.08 −0.21 * −1.40 * −3.52 -
# Means the vehicle speed is consistent with the speed limit (U-test, 95% confidence level). * Means no significant
difference in vehicle speeds (Sidak correction, 95% confidence level).

Table 7. Driving workload consistency for different transition area lengths.

Area A B80 B120 B160 B200 C

A - −0.01132 −0.00693 −0.00641 −0.00598 -

B80 0.01132 - 0.00439 0.00491 0.00534 0.00999

B120 0.00693 −0.00439 - 0.00052 * 0.00095 * 0.00560

B160 0.00641 −0.00491 −0.00052 * - 0.00043 * 0.00508

B200 0.00598 −0.00534 −0.00095 * −0.00043 * - 0.00465

C - −0.00999 −0.00560 −0.00508 −0.00465 -
* Means no significant difference in driving workload (Sidak correction, 95% confidence level).

Vehicle speed increased as the transition zone length increased, and the opposite was
true for driving workloads. The lengths of the transition areas set up on the experimental
road increased in steps of 40 m, but their impacts on vehicle speed and driving workload
were non-linear.

When the transition area length was 80 m, the length was lower than the theoretically
calculated value. Vehicle speeds were lower than the speed limit, the speed dispersion was
large, and the overspeed rate was low. There were significant differences compared to the
adjacent areas and other transition area lengths, and the vehicle speed difference compared
to the advance warning zone (A) was too large (>15 km/h). The driving workload was
relatively high, and showed significant differences compared to the adjacent areas and
other transition area lengths. Its mean, SD, higher-risk ratio, and high-risk ratio were 1.32,
1.47, 1.50, and 4.19 times higher than those of the other transition area lengths. The overall
traffic safety risk was high, and the length was relatively low.

When the transition area lengths were 120 m and 160 m, the length matched the
theoretically calculated value. Vehicle speed was consistent with the speed limit, the speed
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dispersion was low, and the overspeed rate was slightly higher than when the transition
area length was 80 m. There were significant differences compared to the advance warning
area (A) and other transition area lengths, with a difference of <15 km/h, and the vehicle
speed was consistent with that in the activity area (C). The driving workload was relatively
low, and showed significant differences compared to the adjacent areas, and when the
transition area length was 80 m, it was consistent with the transition area length of 200 m.
The overall traffic safety risk was relatively low, and the length was reasonable.

When the transition area length was 200 m, the length was greater than the theoretically
calculated value. Vehicle speed was higher than the speed limit, and the speed dispersion
and the overspeed rate were high. There were significant differences compared to the
advance warning zone (A) and other transition area lengths, with a difference of <15 km/h.
The driving workload was relatively low and showed significant differences compared to
the adjacent areas, and when the transition area length was 80 m, it was consistent with the
transition area lengths of 120 m and 160 m. The overall traffic safety risk was higher than
when the transition area length was 120 m and 160 m, and the length was relatively large.

To better characterize the non-linear effects of different transition area lengths on
vehicle speed and driving workload, a cubic function was used for fitting, as shown in
Figure 8. The fitting results were good (R2 > 0.999), and the fitting formulas are shown in
Equations (8) and (9):

v0 = 0.8383L3 − 7.08L2 + 20.662L + 41.1 80 ≤ L ≤ 200 (8)

where v0 is the average vehicle speed in the transition area, km/h, and L is the transition
area length, m.

K0 = −0.0006L3 + 0.0057L2 − 0.0171L + 0.03 80 ≤ L ≤ 200 (9)

where K0 is the average driving workload in the transition area.
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4.2. Driving Behavior

Based on the different lanes where participants were located, there were three main
driving behaviors in the transition area, namely, straight-through vehicles not affected by
merging in the left lane (X), straight vehicles affected by merging vehicles in the adjacent
lane to the left of the closed lane (Y), and merging vehicles merging into the adjacent lane
to the left of the closed lane (Z).

Our experiment allowed participants to freely choose lanes, with the fewest partic-
ipants choosing to merge (Z) and most going straight (X), with an overall ratio of 42%
(X):33% (Y):25% (Z); the greater the number of lanes, the fewer participants chose to merge
(Z), with a ratio of 10% (4 lanes):26% (3 lanes):39% (2 lanes). When the transition area
length was 200 m, the distributions of vehicle speed and driving workload for different
driving behaviors were as shown in Figure 9.
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Figure 9. Distributions of vehicle speed and driving workload for different driving behaviors in the
transition area. (a) Vehicle speed and (b) driving workload.

The straight-through vehicles (X) had completed lane changing in the advance warning
area (A), and they were able to travel normally within the transition area. Their average
vehicle speed (67.17 km/h) was significantly higher than that of other vehicles and the speed
limit, with a low speed limit compliance rate and low speed dispersion. As participants
were not affected by other factors, the overall driving workload remained stable, and
majority of drivers stayed within the standard driving workload range, with only a few
higher-risk sections (2.14%).

The straight-through vehicles in the adjacent lane (Y) on the left side of the closed
lane were affected by merging vehicles from the right lane when crossing through the
transition area. Speed needs to be reduced according to the situation of merging vehicles
to ensure smooth merging; therefore, the average vehicle speed (58.97 km/h) was lower,
and the speed dispersion was higher due to different deceleration conditions. The driving
workload was higher, and the proportion of higher-risk sections (9.62%) and high-risk
sections (0.86%) increased.

The merging vehicles (Z) were required to slow down in the transition area to complete
merging through lane changing, so the vehicle speed was low (55.24 km/h) and the
overspeed rate and the speed dispersion were low. When merging, participants had to
constantly observe the traffic conditions in the adjacent lanes through their rearview mirrors
and look for suitable gaps to change lanes and merge; therefore, the impact of adjacent
lanes was significant, and the driving workload was significantly higher than other driving
behaviors. The proportion of higher-risk sections (17.82%) and high-risk sections (4.32%)
was high, which increased the possibility of traffic conflicts and posed a greater risk to
traffic safety in the transition area.

4.3. Lane Closure Form

To analyze the effect of different lane closure forms on participants in the transition
area, statistics were obtained when the transition area length was 120 m. The vehicle speed
and driving workload distribution under different lane closure forms in the transition
area are shown in Figure 10, and the traffic composition of non-closed lanes is shown
in Table 8. The vehicle speed and driving workload were positively correlated with the
number of lanes. When there were more lanes, the road conditions were better, and the
traffic composition of each lane was clearer. Most small vehicles drove in the left lanes and
large vehicles drove in the right lanes. In free-flow conditions, the vehicle speed was higher
than when there were fewer lanes, so the vehicle speed in the transition area was also
higher. However, as the number of lanes increased, the proportion of large vehicles was
higher when the vehicles in the transition area merged into the adjacent left lane, putting
greater pressure on the participants and resulting in a higher driving workload. Moreover,
as the number of lanes increased, it was difficult for the participants to grasp all the road
and traffic information through their rearview mirrors when observing the adjacent left
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lane, which further increased the driving workload. When there were fewer lanes, the
road conditions were worse than those of multi-lane roads, the vehicle speed was lower,
and participants faced fewer large vehicles when merging; moreover, they had less road
and traffic information to process, which helped them to make judgements and operate
their vehicles, resulting in a lower overall driving workload. Therefore, when designing
the layout of a transition area, the lane closure form should be taken into account, and the
transition area can be appropriately increased to reduce the driving workload.
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Table 8. Composition of non-closed lane traffic with different lane closure forms.

Lane Large Vehicle Medium Vehicle Small Vehicle

2→ 1 lanes 1 23% 23% 54%

3→ 2 lanes
1 24% 13% 63%
2 35% 28% 37%

4→ 3 lanes
1 5% 4% 91%
2 34% 14% 52%
3 59% 10% 31%

4.4. Affected Area of the Transition Area

The reduction in lanes in the transition area resulted in significant changes in road and
traffic conditions compared to the standard freeway section (S) and advance warning areas
(A), which increased the driving workload. Most participants slowed down in advance to
anticipate the potential traffic safety risks caused by changes in road and traffic conditions.
When participants entered the advance warning area (A) from the standard freeway section
(S), they noticed the warning signs, speed limit signs, and lane reduction signs and slowed
down. As the road and traffic conditions had not changed, the reduction in speed was
relatively small, and most participants maintained a higher speed in the first half of the
advance warning area (A). As they drove to the middle and rear parts of the advance
warning area (A), they began to be affected by the transition area and slowed down again.
The distribution of the distance of vehicle deceleration points from the transition area
varied depending on the lane closure form, as shown in Figure 11.

Most participants chose to decelerate in the rear section of the advance warning area
(A), and only a small number of participants chose to decelerate in the front section (A).
Overall, the data had a log-normal distribution (K–S test, R2 > 0.9), and when there were
more lanes, participants were more inclined to choose to decelerate earlier. When the
experimental road had two lanes, the overall vehicle running speed was lower compared to
when roads had three to four lanes; moreover, when the drivers saw the lane reduction sign,
they knew that there was a transition area ahead and that the right lane would be closed,
reducing the number of lanes from two to one. As the drivers had an accurate expectation
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of the road conditions ahead, they could relatively calmly respond to the changes in road
and traffic conditions, resulting in a later deceleration point. When the experimental road
had three to four lanes, participants saw the lane reduction sign but did not know the
specific number of lanes that would be closed; additionally, the overall vehicle running
speed was higher, so participants were unable to accurately anticipate the changes in road
and traffic conditions ahead and were more inclined to slow down early to avoid traffic
safety risks. Based on the deceleration points of most participants, the 85th-percentile
deceleration point was selected as the upstream affected area of the transition area. The
distances of the 85th-percentile deceleration point from the transition area were 966.8 m,
835.2 m, and 683.6 m for four lanes, three lanes, and two lanes; therefore, the upstream
affected areas of the transition area were 1000 m, 850 m, and 700 m.
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Figure 11. Distribution of vehicle deceleration points under different lane closure forms.

Under different lane closure forms, changes in road and traffic conditions in the
transition area resulted in different increases in the driving workload. After the participants
entered the activity area (C), the road and traffic conditions no longer changed, and driving
workloads decreased and gradually returned to normal levels. The distance distributions
required for the driving workload to decrease to normal levels under different lane closure
forms are shown in Figure 12. Overall, the data had a log-normal distribution (K–S test,
R2 > 0.9). When there were more lanes, the transition area had a greater impact on the
driving workload, and the distance that must be traveled to reduce the driving workload
to normal levels was larger. Based on the distances traveled by most participants, the
85th-percentile distance was selected as the downstream affected area of the transition
area. The 85th-percentile distances traveled by participants for four lanes, three lanes, and
two lanes were 433.5 m, 385.7 m, and 354.2 m, and the downstream affected areas of the
transition area were 450 m, 400 m, and 350 m.
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5. Discussion

In this paper, a calculation method for the transition area length was proposed. Based
on the results of our theoretical calculations, naturalistic driving experiments were con-
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ducted with 48 participants in 12 scenarios involving 3 lane closure forms and 4 transition
area lengths. The speed limit of the experimental road was low, speeding was observed in
different areas, the number of aggressive and conservative drivers in the work area was
significantly higher than that of ordinary drivers, and drivers in the left lane were more
aggressive than those in the right lane. This resulted in vehicle speeds being too high or
too low, under the combined impact of factors such as the transition area length, the speed
difference, and speed dispersion between adjacent areas were increased. Zhang et al. used
sequential g-estimation and other methods to study the relationship between vehicle speed
and traffic conflicts in work zones, and the results indicated that when the vehicle running
speed was ≥ 90 km/h, the reduction in the speed limit contributed to traffic safety in work
zones. When the vehicle running speed was <90 km/h, the reduction in the speed limit
did not have a significant impact on traffic safety in work zones. Meanwhile, optimizing
work zone configurations to induce driving behaviors was found to effectively reduce
traffic safety risks [35]. Therefore, a reasonable variable speed limit strategy should be
adopted based on the specific conditions of the work zone [36] to appropriately reduce the
overall vehicle running speed in the work zone while optimizing work zone configura-
tions, reducing the speed difference and speed dispersion of adjacent areas, and ensuring
traffic safety.

Closed lane widths, work zone speed limits, and traffic volumes in closed lanes and
adjacent lanes are the primary factors in determining the transition zone length. Our
experimental results indicated that transition zone length, driving behavior, and lane
closure form all have an impact on the driving workload and vehicle speed in the work
zone. This experiment was conducted under free-flow conditions, and previous studies
have indicated that the driving workload while merging is positively correlated with
traffic volume [37], and an increase in traffic volume can lead to a decrease in vehicle
speed. Part of the work zone can be borrowed from the opposite lane to form a cross-work
zone, with short intervals between the transition area and median opening, which can
result in a rapid rise in driving workloads within a short period of time, increasing traffic
safety risks. Changes in road conditions, reduced numbers of lanes, and reduced speed
limits in work zones have resulted in a decrease in capacity [38]. It was found that with
a speed limit of 60 km/h, the capacity of 4→ 3, 3→ 2, and 2→ 1 transition areas was
1570, 1550, and 1610 pcu/h·ln, and the maximum capacity of the median opening was
1600 pcu/h·ln. Therefore, when establishing the transition area, it is necessary to fully
consider the relationships between different affecting factors and the transition area length,
maintain a relatively stable driving workload, and avoid a significant increase in the driving
workload in a short period of time. Attention should be paid to differences in the capacity
of different areas to avoid the phenomenon of “double bottlenecks”.

When evaluating accident risk in work zones, due to the difficulty in obtaining accident
data, the traditional method of predicting accident probability based on traffic accident
data cannot effectively observe and measure all accident causes. Dong et al. proposed a
dynamic state-space model based on deep learning to analyze accident risk, which can
better solve the heterogeneity problem in relevant collision data and was found to be a
superior alternative to traffic collision estimation and prediction [39]. Wang et al. proposed
a traffic conflict identification method using vehicle trajectory data in a work zone, analyzed
the spatial distribution characteristics of traffic conflicts in the transition area, and found
that the probability of conflicts in the front and rear of the transition area was greater
than in the middle; the faster the vehicle speed, the greater the probability of serious
conflicts. The spacing between the transition areas should be appropriately increased to
reduce the probability of conflicts [40]. Cheng et al. proposed a conflict prediction method
according to artificial neural networks, which can only use work zone configurations and
design parameters for conflict prediction [41]. Chang et al. used deep learning models
to classify and predict conflicts in work zones based on natural driving datasets, and
found that driving behavior, driving tasks, and traffic volume have a significant impact
on traffic safety risks in work zones [42]. It is difficult to obtain accident information
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and matching historical traffic flow data for work zones. Existing research has gradually
shifted to analyzing traffic safety levels based on traffic conflict data and dangerous driving
behavior data, but the research is mostly based on static traffic flow states. Different driving
behaviors can lead to changes in traffic status and driving workload within work zones.
In the future, the configuration, driving behavior, environmental factors (lighting and
weather, etc.), driver factors (gender, age, driving experience, etc.), and driving workload
of work zones can be integrated with deep learning methods to construct an integrated
learning model for predicting traffic conflicts. Furthermore, a fusion model for safety
assessment in work zones can be constructed to achieve traffic safety analysis.

6. Conclusions

This paper was based on a calculation model for establishing the transition area length.
Through naturalistic driving experiments, the impact of the transition area on the driving
workload and driving behavior was studied, and the following conclusions were obtained:

(1) Based on the driving behavior of vehicles merging into the transition area, the re-
lationship between the critical gap and the distance traveled in the transition area
was analyzed. The gap acceptance theory was used to establish a calculation method
for the transition area length, and the calculated transition area length was obtained
under different closed lane widths, speed limits, and traffic volumes.

(2) Based on the results of our theoretical calculations, naturalistic driving experiments
were conducted with 48 participants in 12 scenarios involving 3 lane closure forms
and 4 transition area lengths, and the relationship of transition area with driving
workload and vehicle speed was determined. A transition area that was too short or
too long increased traffic safety risks; overall, the experimental results were consistent
with the theoretical calculation length, and the theoretical calculation model was
reliable. When the speed limit in the work zone was 60 km/h, a transition zone length
of 120~160 m was more reasonable.

(3) The relationship of lane closure form and driving behavior with the driving workload
and vehicle speed in the transition area was analyzed. Compared to unaffected
straight-through vehicles, merging vehicles and vehicles affected by merging have
lower speeds, higher driving workloads, and increased traffic safety risks. An increase
in the number of lanes in the transition area will result in increased driving workloads
and vehicle speeds.

(4) Based on the changes in vehicle deceleration points and driving workloads, the
affected area of the transition area was obtained. When the speed limit was 60 km/h,
the upstream affected transition areas with four, three, and two lanes were 1000 m,
850 m, and 700 m, and the downstream affected areas were 450 m, 400 m, and 350 m.
In practical applications, the length and configuration of the transition area should
be comprehensively determined based on the closed lane width, speed limit, traffic
volume, number of lanes, driving behavior, and other factors.

This article only conducted a naturalistic driving experiment with a speed limit of
60 km/h. Further research should be carried out on the impact of transition areas under
other speed limits and work zone configurations.
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