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Abstract: There is a body of literature on the influence range and traffic risk of fixed work zones.
However, relatively few studies have examined the effect of ubiquitous moving operating vehicles,
such as road cleaners, on urban roads. The influence of low speed moving work zones on road
traffic flow and traffic risk is still unclear. In this work, we used simulations to establish an urban
expressway three lanes VISSIM model, and selected the road traffic volume and speed of the moving
work zone as the independent variables. We analyzed the range of influence of the moving work
zone on the rear vehicles in the left, middle and right lanes of the urban expressway and the traffic
risk variation law caused by the moving work zone. The results show that the left lane was indirectly
affected by the moving work zone when the traffic volume reached 2000 pcu/h. The influence of
the moving work zone on the middle lane was controlled by the traffic volume and the speed of the
moving work zone. Both the left and middle lanes were mainly impacted by vehicles changing lane
from the right lane. Regardless of the traffic volume and the speed of the moving work zone change,
the vehicles 200 m behind a moving work zone will be directly affected in the right lane. Furthermore,
the average traffic risk is the highest within 50 m of the moving work zone in the right lane. When
the traffic volume decreases and the speed of the moving work zone increases, the average traffic risk
decreases gradually. These results provide a scientific basis for the operation and management of
moving working vehicles on urban roads.

Keywords: traffic engineering; city expressway; moving work zone; influence range; traffic risk

1. Introduction

With the continued development and expansion of cities worldwide, service require-
ments for urban traffic are continuously increasing. In order to alleviate urban traffic
congestion, the number of intersections and light controls have been reduced to improve
speed, and the metropolis has also built a network of urban expressways, which play an
indispensable role in connecting entry and exit roads, satellite towns and airports. Due to
the needs of daily maintenance and the maintenance of roads, moving work zones (e.g.,
cleaning sprinklers, road maintenance vehicles) appear regularly on the road. Low-speed
moving work zones inevitably affect traffic flow and drivers’ driving behavior on the
expressway, thus generating a certain traffic risk. Even though many studies have been
conducted to examine the effects of working strategy and work-zone configuration on the
resulting travel delay and crash risk at long-term and short-term work zones [1-4], little
effort has been made to assess the traffic impact of moving work zones [5,6]. Theoretically,
the traffic impacts of moving work zones could be influenced by the work-zone moving
speed, lane position and traffic conditions [7]. However, at present, the influence range of
moving work zones on traffic risk is still not clear. Existing studies have focused on the
investigation of moving bottlenecks and examined the effects of influencing factors such as
traffic density and truck mix rate [8,9]. Despite the overall progress being made in the area
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of traffic safety, work zone areas remain particularly hazardous zones, as they represent an
unexpected change to the usual driving environment [10].

Extensive research has been conducted on section division, traffic flow characteristics,
traffic risk and management and control strategies for expressway maintenance work
zones, but the research has, to date, focused on the stationary work zone. Therefore, we
studied moving work zones on urban roads, and the influence range of moving work
zones and variation of traffic risk under different working conditions were analyzed using
a simulation in order to provide theoretical support for the management of operating
vehicles on urban roads.

The remainder of this paper is organized as follow: Section 2 provides a literature
review on the existing studies, Section 3 describes the simulation model used in this paper,
in Section 4 we analyze the influence range of moving work zones, traffic risk analysis of
the moving work zone is presented in Section 5 and finally, a discussion and the conclusions
drawn are presented in Section 6.

2. Literature Review
2.1. Impact Assessment of Work Zones

Various stationary work zone activities, which usually close one or more road lanes,
are regularly carried out to maintain a good level of road system service. The lane closure
may cause a disturbance to normal traffic flow, resulting in further traffic congestion [11],
and the presence of a stationary work zone may increase traffic accident risk [12]. In the
assessment of the risk of stationary work zones, Li et al. [13] established a risk assess-
ment model of a highway construction operation area based on a collision severity index.
On the basis of analyzing the influencing factors of traffic risk in highway work zones,
Meng et al. [14] proposed measuring the risk of rear-end collision in work zones with the
rate of collision avoidance reduction. In addition, Mahmoud et al. [15] studied the influence
of the location and traffic volume of the road maintenance work area on the workload of
drivers through a driving simulator. Wu et al. [16] built a multiple regression model of
the single vehicle traffic risk and traffic flow parameters in the fixed operation area of an
expressway. Zhou et al. [17] established the VISSIM simulation model of the Shanghai-
Nanjing Expressway construction operation area and completed a comprehensive analysis
of the factors affecting traffic organization, establishing a prediction model of traffic delay
and the number of traffic conflicts. Meng et al. [18] studied the characteristics of traffic con-
flicts in a semi-closed construction area on a two-way, four-lane expressway and proposed
the reasonable length value of the upstream transition section of the construction area based
on vehicle queuing characteristics. The result of a driving simulator indicated that the risk
of a rear-end collision increased with the reduction in the approach distance from the start
of a work zone, suggesting that lane-merging activities should take place further upstream
along the road before reaching the work zone [19]. A multilayer feed-forward artificial neural
network (ANN) model was developed by Du et al. [20] to estimate the work zone delay and
their results indicated that the ANN model outperformed traditional deterministic queuing
models in terms of travel delay estimation accuracy. With respect to multi-model simulation,
Mahmood et al. [21] proposed separate driver behavior model parameters for heavy vehicles
and passenger vehicles of work zone simulation, where the desired time headway was found
to be 2.31 s for heavy vehicles and 1.53 s for passenger cars.

2.2. Management Strategy of Work Zones

Xu et al. [22] proposed a driving simulator method to study the relationship between
dynamic message sign control strategies and driving safety in a stationary work zone on
a freeway. Pesti et al. [23] selected travel time and delay indicators to assess the impact
of a stationary work zone on traffic flow, providing an interval estimate for maximum
queue length and a method for determining the best closure schedule and start time for
planned work zone lane closures. To minimize the influence of work zones on traffic,
Waleczek et al. [24] developed a reversible lane system. Based on the nonlinear traffic flow
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model, Du et al. [25] improved the control strategy of the expressway maintenance work
zones. Ge and Wu proposed a method to determine the length of the road maintenance
operation area [26,27]. Peng et al. [28] established the VISSIM simulation model of an
expressway maintenance operation area, and proposed a method to determine the length
of four-lane expressway maintenance work areas. Wu et al. [29] established a layout
optimization model for expressway construction areas with traffic accident cost control
as the objective; this was based on the estimation of traffic accident impact levels in
maintenance and construction areas. Yu et al. [30] proposed a method to determine the
location of speed limit signs in expressway construction areas based on the queue length
of vehicles and drivers’ short-term memory factors. To study the impact of the various
control strategies of freeway work zones on the Level of Service (LOS), Ramadan et al. [31]
used the CORSIM micro-simulation platform to evaluate LOS indicators that would help
transportation agencies select the appropriate merge control strategy that minimizes the
impact on the freeway operations.

Unlike stationary work-zone activities, moving work zones usually have low moving
speeds, which could disturb the normal traffic flow and cause traffic congestion and safety
problems. However, existing research regarding the operational impacts of moving work
zones is very limited: Only two published papers have focused on moving work zones.
One studied the traffic impact assessment of moving work zone operations using real
vehicle video data processing and simulation methods [32], the other evaluated travel delay
and accident risk of moving work zones based on simulation software PARAMICS [7].
The influence range of moving work zones on urban roads and the related change of
traffic risk are not yet clear. In addition, some studies focused on the investigation of
moving bottlenecks [33-36], establishing a traffic flow model for a moving bottleneck
and evaluating its influence on the upstream and downstream traffic flow by selecting
corresponding indexes.

3. Simulation Model

The microscopic traffic simulation approach is useful for evaluating the effects of
various influencing factors on traffic impacts caused by the presence of work zones. We
used VISSIM software to simulate urban road traffic flow. This simulation model takes a
three-lane urban expressway as the prototype, with a lane width of 3.5 m and the speed
limit is 80 km/h. According to preliminary work, the influence range of moving work
zones on the rear vehicles was not expected to exceed 500 m, so the length of road section
was set to 1 km. Data collection points were laid out on the continuous 500 m section,
with an interval of 10 m between the collection points, and a total of 150 collection points
were set in the three lanes. In an urban road environment, the response time of a driver
is generally about 600 ms. Combined with the transmission delay of the vehicle braking
system, the total response time of the driver in the model was set as 1 s. Two models,
the Wiedemann 74 and the Wiedemann 99, are available in VISSIM, the former suitable
for driving behavior simulation of general urban roads in urban areas, while the latter
is suitable for expressways. Since the simulation scene set in this paper is an urban
expressway with a design speed of 80 km/h, the car-following model selected for the
simulation model was Wiedemann 99, and the parameters were set according to the default
value of the system.

The variables included in the simulation model were road traffic volume and the
speed of the moving work zones. According to the service level grading standard of
urban expressways [37], the input road traffic volume parameters were set to 800 pcu/h,
1200 pcu/h, 1600 pcu/h and 2000 pcu/h. In the moving work zones, an urban road cleaner
was used as the example. Due to the need for road cleaning, the speed of the cleaner is
generally no greater than 15 km/h, so the simulation input variables of the moving work
zone speed were set to 5 km/h, 10 km/h and 15 km/h.
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4. Analysis of Influence Range of Moving Work Zones

The moving work zone was set to drive in the right lane, and the average speed of
vehicles passing through each data collection point under different working conditions
was measured. According to the input of different road traffic volume levels, the sampling
quantity of each section was within the range of 60-120. The influence of the moving work
zone on the traffic flow was analyzed for the left, middle and right lane.

4.1. Left Lane

On a one-way three-lane urban expressway in the city, the left lane is the overtaking
lane and the vehicle speed is generally fastest. As shown in Figure 1, when the road traffic
volume is 2000 pcu/h, the speed of vehicles behind the left lane changes significantly under
the speed conditions of the three mobile operating areas, and the influence range is roughly
within 180 m of the longitudinal distance behind the mobile operating area. When the
traffic volume is reduced to 1600 pcu/h and 1200 pcu/h, as shown in Figures 2 and 3, the
speed of vehicles behind the mobile operation area in the left lane fluctuates within the
range of 10 km/h above and below the speed limit of 80 km/h, indicating that the traffic
flow in the left lane is not affected. Therefore, under the working conditions shown in
Figure 1, traffic flow in the left lane is mainly affected by the lane changes of vehicles in the
middle lane and the right lane; that is, the moving work zone has an indirect effect.
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Figure 1. Speed statistics for traffic in the left lane when traffic volume is 2000 pcu/h.

4.2. Middle Lane

As shown in Figures 4 and 5, when the road traffic volume is large, reaching 2000 pcu/h
or 1600 pcu/h, the presence of the mobile operation area in the right lane has a significant
influence on the traffic flow in the middle lane, and the influence range extends 200 m
from back of the mobile operation area. When traffic was reduced to 1200 pcu/h, as shown
in Figure 6, and the moving work zone had a moving speed of 10 km/h or 15 km/h, the
middle lane vehicle speed fluctuated around 80 km/h and was not significantly affected.
However, when the work zone mobile speed decreased to 5 km/h, the rear longitudinal
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Speed of rear vehicle (km/h)

Speed of rear vehicle (km/h)

distance of 150 m was within the scope of a larger vehicle speed fluctuation. When the road
traffic volume was further reduced to 800 pcu/h, as shown in Figure 7, the moving work
zone had no effect on the speed of vehicles in the middle lane, regardless of the moving
work zone’s speed. When the traffic volume is large, the middle lane is also affected by
lane changes and overtaking in the right lane, that is, the indirect influence of the moving
operation area.
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Figure 2. Speed statistics for the left lane when traffic volume is 1600 pcu/h.
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Figure 3. Speed statistics for the left lane when traffic volume is 1200 pcu/h.
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Figure 7. Speed statistics for the middle lane when traffic volume is 800 pcu/h.

4.3. Right Lane

As shown in Figures 8-11, no matter how the traffic volume changes, the existence of
the moving operation area in the right lane always has a significant influence on the rear
traffic flow, and the influence range is around 200 m behind the longitudinal distance of
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Speed of rear vehicle (km/h)
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Speed of rear vehicle (km/h)

the moving operation area. The vehicle speed in the affected area was almost the same,
which had nothing to do with the speed of the mobile operation area. When the traffic
volume was small, as shown in Figures 10 and 11, the influence range was reduced to
100 m behind the mobile operation area, and the number of samples collected from the
data collection point were significantly reduced. The reason for this is that lane change is
allowed on urban roads, and at this time, drivers have a relatively wide vision in front of
them, so most vehicles choose a lane change and overtake.

The speed of moving work zone is 5km/h
The speed of moving work zone is 10km/h
The speed of moving work zone is 15km/h
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Figure 8. Speed statistics for the right lane when traffic volume is 2000 pcu/h.
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Figure 9. Speed statistics of the right lane when traffic volume is 1600 pcu/h.
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Figure 11. Speed statistics for the right lane when traffic volume is 800 pcu/h.

5. Traffic Risk Analysis of Moving Work Zone

According to the analysis of the range of influence of the moving work zone, the left
and middle lanes are only indirectly affected by the moving work zones when the road
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traffic volume reaches a certain threshold. This paper does not consider the lane change
risk for vehicles caused by moving work zones, and focuses on the right lane, which is
directly affected by moving work zones. We focused our research on the influence range of
200 m behind the moving work zone. The speed of vehicles varies greatly in this section,
and the traffic accidents are mostly rear-end collisions. Therefore, traffic risk was analyzed
theoretically. The general expression of the following model is shown in Equation (1):

oo |:}.(n+1(t + T)} '

X, T) =
A =~ X (0)

i {%n(t) - ).{nJrl (t) (1)

where X, 1(t + T) (m/s) and X,,;1(t + T) (m/s?) represent the speed and acceleration of
the car behind at time (f 4 T) (s), respectively; X, (t) (m) and X4 (t) (m) represent the

position of the front and rear vehicle at time #(s), respectively; X, (t) (m/s) and ).(WH (1)
(m/s) represent the speed of the vehicles before and after, respectively, at time (s); T (s)
represents the driver’s reaction time; a represents the reaction intensity coefficient; and m
and / are constants.

The model calculates the critical acceleration from the relative speed and distance of
the front and rear vehicles, and then evaluates the risk of a single vehicle. However, the
model ignores the potential risks of vehicles with relatively small relative speeds and high
spacing in the actual traffic flow. Guo et al. [38] proposed the method of critical acceleration
value to evaluate the risk of single-vehicle following according to the UTSC-1 restricted
following model. The index calculation formula is shown in Equation (2):

2001230111
7[Xn(t) — Xpy1(f) =041 ()T — L] + w

Ont1(t) +3

Ap+1 = @)
where 4,1 is the critical acceleration value; v(t) and v,,41 (t) represent the time speed of
the car before and after, respectively; L is the safe space for parking, which was set as
1 m in this paper. Other symbols have the same meanings as in Equation (1). The traffic
risk index corresponding to the critical acceleration value is shown in Table 1. When the
critical acceleration is lower than 2 m/s2, the traffic risk value is 0. With an increase of the
critical acceleration, the traffic risk value gradually increases. When the critical acceleration
exceeds 8 m/s?, the traffic risk value reaches the maximum value of 10.

Table 1. Comparison table of critical acceleration and traffic risk index.

Critical acceleration (m/s?) <2 2-4 4-5 5-6 6-7 7-8 >8
Traffic risk index 0 1 2 4 6 8 10

The concept of average risk level is introduced to evaluate the overall traffic risk of
the road section, as shown in Equation (3):

Yri-N;
Q

where 7 represents the average traffic risk level; r; and N; represent different risk levels and
their occurrence frequency, respectively; and Q is the traffic volume.

According to Equations (2) and (3) and Table 1, the average traffic risk of the section
behind the right lane moving operation area under different working conditions was
calculated, and the results are shown in Table 2.

7=

®)
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Table 2. Average traffic risk statistics of road sections.

Section 2000 pcu/h 1600 pcu/h 1200 pcu/h
(m) 5km/h  10km/h 15km/h  5km/h  10km/h  15km/h  5km/h  10km/h 15 km/h
0-50 6.02 5.01 5.93 8.16 6.83 4.40 7.3 6.65 6.00
50-100 3.30 3.29 551 6.15 420 3.98 3.72 3.56 343
100-150 3.12 3.38 7.89 3.94 3.14 3.62 442 3.11 3.12
150-200 3.06 3.06 8.38 6.94 6.17 543 453 436 427
Average 3.87 5.02 7.28 5.86 4.93 4.76 456 4.39 426
value

According to the data in the analysis table, due to the existence of the moving operation
area, the sections behind the right lane are all in a state of high traffic risk on the whole,
and the average traffic risk within 50 m behind the moving operation area is significantly
higher compared with the other three sections. When the road traffic volume reaches
2000 pcu/h and the driving speed in the mobile operation area is 5 km/h, the average
risk value of the road section is relatively low. Meanwhile, the average traffic risk of the
road section increases with driving speed in the mobile operation area. When the speed
of the moving operation area reaches 15 km/h, the average traffic risk value reaches the
maximum value of 7.28. That is obviously different from the situation when the traffic
volumes are 1600 pcu/h and 1200 pcu/h. This is because when the traffic volume is large,
the road is in a relatively saturated state. The right lane is congested due to the low-speed
driving of the moving work zone ahead, and the overall traffic flow speed is low, so the
rear vehicles are in the “following” state and the average traffic risk is relatively low. With
the increase of driving speed of the moving work zone, the rear traffic flow transitions
from forced flow to unstable flow, thus the average traffic risk gradually increases.

When the road traffic volume is reduced to 1600 pcu/h, the average traffic risk of the
road section significantly reduces, and the traffic risk decreases with the increase of the
driving speed in the mobile operation area; however, the overall risk is still high. When
the road traffic volume is further reduced to 1200 pcu/h, the traffic risk is also reduced,
and more so with increased speed in the mobile operation area. Except for the 50 m range
behind the mobile operation area, the traffic risk in the other three sections is lower than 5,
and the average traffic risk in the whole section is also below 5, which is acceptable.

Based on the influence range and traffic risk analysis results for the mobile operation
area, it is suggested that the working conditions of the mobile operation vehicles on urban
expressway should be in conditions when road traffic volume is less than 1200 pcu/h,
and the driving speed of the vehicle should not be less than 10 km/h. Vehicles within the
influence range of 200 m behind the moving work zone should be effectively warned.

6. Discussion and Conclusions
6.1. Discussion

Using simulations, we studied the range of influence of a moving work zone on the
vehicles behind and the change in traffic risk under different working conditions. The
results show that the middle lane and left lane are indirectly affected by moving work
zones, mainly owing to the lane change of vehicles in the right lane, which is consistent
with expectations. The level of influence of the working zone on the left and middle lanes
was affected by the road traffic volume and the speed of the moving work zone, the former
with a greater effect. The interaction between the two parameters will be the focus of
future research. Another finding is that no matter how the traffic volume and speed of
the moving work zone varied, the influence range of the moving work zone on vehicles
to the rear in the right lane was approximately 200 m. This result may be related to the
driver’s forward-looking distance or search path. In addition, the traffic risk calculation
results showed that the traffic risk is highest in the right lane within 50 m of the moving
work zone. However, with decreased road traffic volume, most vehicles are able to change
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lanes before entering this danger zone. Considering the decreased road traffic volume in
this 50 m range behind the moving work zone, finding effective ways to measure the traffic
risk in this area and the risk caused by lane-changing vehicles will be a key focus of future
research. In addition, the influence of the number of lanes on moving work zones still
needs to be studied.

Using simulation methods can provide technical support for the operation and man-
agement of moving work zones on urban expressways. In the next stage of our research, a
method using real vehicle tests will be adopted. By contacting the road operation manage-
ment department, the experimental data will be collected with the vehicle to calibrate the
simulation model, and the issues for further study will be our focus.

6.2. Conclusions

Through the simulation analysis of the urban expressway mobile operation area, this
paper draws the following conclusions:

(1) The left lane is only indirectly affected by the mobile work zone, which is in the
right lane, when the traffic volume reaches 2000 pcu/h, and the influence range from
behind the moving work zone extended to around 180 m.

(2) When the traffic volume reaches more than 1600 pcu/h, the middle lane is indirectly
affected by the moving work zone running on the right lane and the influence range from
behind the moving work zone extended to around 200 m. When the traffic volume reduces
to 1200 pcu/h, the middle lane is only affected when the moving work zone is running at
5 km/h and the influence range from behind the moving work zone extended to around
160 m. With further reductions of road traffic volume, the middle lane is not affected by
the moving work zone.

(3) The right lane is directly affected by the moving work zone and the impact range
is within 200 m behind the moving work zone. The average traffic risk within this area is
high, especially within 50 m of the moving work zone.

(4) When the road traffic volume is 2000 pcu/h, the average traffic risk within the
influence area of the moving work zone in the right lane increases with the speed of the
moving work zone. As the traffic volume is reduced below 1600 pcu/h and the moving
work zone speed is increased, the average traffic risk gradually reduces.
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