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Abstract: Traffic control is very important for two-lane highway lane-closure work zone traffic
management. Control of the open lane’s right of way is very similar to that of a two-phase signalized
intersection. Thus, four control strategies including flagger control, pre-timed control proposed by
Schonfeld, pre-timed control proposed by Webster, and actuated control are employed for possible use
at work zones. Two primary methodologies, the mathematical delay model adopted from signalized
intersections, and the simulation model calibrated with field data, are proposed. The simulation and
mathematical results show that control strategies for two one-way road intersections could be used
for two-lane highway lane-closure work zones. Flagger control after gap-out distance optimization
prevails over all the other control strategies in terms of stopped delay, queue length, and throughput,
under low or high volumes. Actuated control could be a good alternative for work zone areas due to
its small queue length and large vehicle throughput under moderate volume conditions. Our findings
may help to optimize the work-zone control strategy and improve operational efficiency at two-lane
highway lane-closure work zones.

Keywords: work zone; two-lane highway; control strategy optimization; signal control; flagger control

1. Introduction

A work zone is a section of roadway with construction, maintenance, or utility work activities [1].
These work activities are typically periodical and critical for a safe and efficient transportation
system [2-5]. However, the decrease in speed and capacity caused by work zone activity often results
in a bottleneck and may lead to queues for traffic approaching the work zone area.

For a multilane highway (or freeway) work zone, the closure of one or two lanes will not
necessarily lead to significant increases in user delay, especially when traffic volume is low to moderate.
For two-lane highway work zones, a single lane closure has quite different implications. As shown in
Figure 1a, when one lane is closed, vehicles in both directions have no choice but to use the single
remaining lane. The queues and stopped delay are unavoidable under the circumstances.

Although two-lane highway lane-closure work zones are very common, previous research is
still limited. To date, how to further improve control strategies for two-lane highway work zones
to optimize traffic condition indicators, such as reducing delay and queue length, has not been well
discussed. In addition, how two-lane work zone volume and speed limit affect delay, queue length,
and throughput is not clearly stated as well. To address these, this study adopted four control strategies
for two-lane highway work zones. A mathematical model for delay calculation and a simulation
model for control strategies comparison and optimization were proposed. Further, other than delay,
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average and maximum queue lengths, and vehicle throughput were applied for different control
strategies’ evaluation.

The remainder of the paper is structured as follows: First, a review of relevant literature is
presented in Section 2. The configuration of a two-lane highway work zone is discussed in relation to
that of a controlled intersection, and some widely used intersection control strategies are modified
in Section 3. A theoretical model for the stopped delay calculation is made in Section 4. Section 5
describes the data collection and simulation model. Results for four different control strategies, with
comparison and analysis, are shown in Section 6. Section 7 compares the performance of control
strategies under different volume conditions and discusses the delays calculated by the mathematical
model and by the simulation model. Conclusions and suggestions for two-lane highway lane-closure
work zone control are given in Section 8.

2. Literature Review

A number of previous studies have focused on multilane work zone capacity and queue
estimation [6-10], in order to reduce delay and promise total cost optimization [11-14]. However,
multilane work zones are quite different from the scenarios in this paper. For two-lane highway
work zones, right of way is allocated by flaggers (sometimes by signals) to traffic in each direction
sequentially. To obtain a good operation performance of two-lane work zones, the control strategies as
well as the delay caused by control should be well studied. One may see that the one-way control
traffic is very similar to two-phase intersection control [15]. The intersection controls and the delay
calculation models may have the potential to be applied for two-lane work zones after modification.

Several studies have focused on intersection control performance and delay estimation [16-18].
Broadly, there are two types of signal controls that have been used for intersections: pre-timed (or
fixed-time) and actuated controls [19]. Generally, actuated control outperforms pre-timed control.
However, pre-timed control is still widely used due to its advantages such as fewer loop detectors and
simple implementation. The delay models are varied and can be classified into a deterministic queuing
model, time-dependent stochastic delay model, shock wave delay model, and microscopic simulation
delay model [20]. The time-dependent stochastic delay model, which can generate reasonable delay
predictions, is widely used and recommended by the Highway Capacity Manual (HCM) [21].

Since control strategies are important for two-lane highway lane-closure work zones, studies have
been done on this aspect. In 1987, Ullman and Levine [22] tested the performance of fixed-time control
on two-lane, two-way highway work zones, and showed the fixed-time control would increase the
delay time when compared with flagger control. Later, Schonfeld and Chien [23,24] proposed two
mathematical models in 1999 and 2002 to optimize control strategies for two-lane highway work zones.
The study illustrated that pre-timed control after optimization could minimize the total cost of traffic
systems. Finley et al. [25] analyzed delay and performance under flagger control and pre-timed control.
Based on the combination of field studies and simulation results, flagger control with assistance devices
was more suitable for short-term stationary work zone operations, while pre-timed signal control was
recommended for higher volume roadways. Zhu [15] proposed an optimal pre-timed signal control
and dynamic flagger control. The results showed that dynamic control could be able to achieve a
lower delay.

As for two-lane highway work zone delay and queue length analysis, mathematical models have
been developed [15,22-24,26]. Generally, in the mathematical models, the delay time is estimated
based on traffic demand, control strategy and plan, work-zone length, and vehicle speed. Based on
the deterministic queuing theory and stochastic mathematical method, Cassidy [27,28] developed
two delay estimation models and assessed the validity of models using Monte Carlo and microscopic
simulations. The results showed that the performance of the proposed mathematical delay model is
very close to that of the Monte Carlo method in terms of delay estimation.

Except for mathematical models, simulation methods have also been adopted to obtain the delay,
queue length, and other indicators under different traffic conditions. In most simulation-based studies,
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delay and queue length were frequently used as indicators, to improve the performance of two-lane
highway lane-closure work zones [15,29]. Ng [30] tried to minimize the total work zone travel time
and employed a traffic flow theory-based cell transmission model. Chen [31] took detours into account
and adopted agency cost and user cost as indicators, to optimize two-lane highway work zones by
simulation. Other indicators, such as throughput, were seldom applied.

In addition, some agencies have developed their own models or software packages to address the
challenges of work zone traffic control. QUEWZ and FRESIM are the most widely used macroscopic
simulation tools. Both QUEWZ and FRESIM could overestimate the vehicle speeds under queuing
conditions [32]. Furthermore, QuickZone [33], released by the Federal Highway Administration
(FHWA) in 2005, can be used to estimate the work zone congestion impacts and recommend lane-closure
schedules. However, the module for flagging operations in the software is inadequate for two-lane
highways. In 2008, the Florida Department of Transportation developed an overall analysis procedure
as well as a software tool (FlagSim) for two-lane highway work zones [34]. The procedure consists of a
speed model, a saturation flow rate model, a capacity model, and queue delay and length models, as
well as models for flagging control, vehicle distribution, and arrivals.

Based on the review of related literature on two-lane highway lane-closure work zone studies and
models, some limits can be observed. Although attempts were made to find better control strategies,
some advanced control methods, such as actuated intersection control, have not been applied for a
two-lane highway work zone yet. Further, the performance of delay, queue length, and cost were
evaluated under different volumes, speed limits, and work zone lengths. However, the relationship
between them is not clear. This study adopts and compares some widely accepted and applied
intersection control strategies for two-lane highway lane-closure work zones. Further, how traffic
volume and speed limit affect delay, queue, and throughput is analyzed and discussed as well.

3. Problem Statement

Figure 1a illustrates a typical controlled work zone on a two-lane highway, and Figure 1b shows
a two-phase intersection. In Figure 1a, there is only one open lane adjacent to the work zone area
for traffic from both directions. Therefore, traffic from directions 1 and 2 must pass through the only
remaining lane sequentially. When the vehicles from direction 1 have the right of way, vehicles from
direction 2 must stop and wait behind the stop bar. Similarly, vehicles from direction 1 cannot pass
through when the vehicles from direction 2 take up the lane. Thus, it can be seen in Figure 1a that
traffic from directions 1 and 2 is sequentially allocated with right of way, which is analogous to a
two-phase signal-controlled intersection as shown in Figure 1b.
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Figure 1. Configuration of a typical work zone and an intersection: (a) work zone on a two-lane
highway; and (b) a two-phase intersection.
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Hence, if we rotate the road segment corresponding to direction 1 in Figure 1a by 90 degrees
and consider the lane adjacent to the work zone area, in which the traffic from both two directions
pass through, as an enlarged “conflict area”, the two-lane highway work zone can be considered
nearly identical to the intersection shown in Figure 1b. Note, that usually, after rotation, the size of the
“conflict area” for a work zone is relatively larger than that for an intersection. As a result, the clearance
time must be long enough to make sure all the vehicles from both directions can get through this area.

Until now, flagger control has been the most commonly used control method for two-lane highway
work zones. For intersections, on the other hand, a number of mature control methods have been
developed, including pre-timed control, actuated control, and stop sign control. Considering the
similarity between two-lane highway work zones and two-phase signal-controlled intersections, widely
deployed intersection control methods and strategies show a great deal of promise for improving
control in two-lane highway work zones. In this paper, two control strategies (i.e., Webster’s pre-timed
control and actuated control) that have been frequently used in intersections are introduced for two-lane
work zones. Additionally, flagger control and a work zone-optimal pre-timed control strategy proposed
by Schonfeld [24] are employed for comparison. In all, a total of four control strategies are tested for
two-lane highway work zones. Some detailed information about the control strategies is provided in
the following section.

3.1. Control Strategy 1: Flagger Control

Flagger control is a manual or semi-automated control strategy and is often used for one-lane
two-way road conditions. Flaggers hold or remotely operate a paddle with “Stop” on one side and
“Slow” on the other side to indicate to vehicles to slow down, stop, and pass through. To provide
coordination of the control, flaggers often communicate with other flaggers using handheld radios,
with each standing at opposite ends of the work zone (See the left top in Figure 3).

Because right of way is allocated by flaggers manually, it is very hard to describe the control
strategy in mathematical terms. In Reference [34], Washburn et al. proposed a flagging method (i.e., the
distance gap-out method) that can be used to simulate and optimize flagger control strategies. The core
idea of the distance gap-out flagging method is that when the distance between approaching vehicles
on the current right of way exceeds a specified distance gap, the right of way is given to the opposite
direction. This ends up being quite similar to reality: A flagger in charge of one direction will switch
right of way to the opposite direction when the headway (or distance) between two vehicles is large
enough to indicate that the queue has cleared. In this paper, the distance gap-out method was adopted
as control strategy 1. More detailed information can be found in Reference [34].

3.2. Control Strategy 2: Pre-Timed Control (Proposed by Schonfeld)

In 1999, Schonfeld and Chien [23] proposed a queuing theory-based mathematical model to
optimize traffic control on two-lane highway work zones and obtained a group of formulas. In their
study, they assumed that: (1) The speed and travel time in the zone are the same for both directions,
and (2) the departure rate for both directions is the same. In this paper, we employed the optimal fixed
time control plan from their paper but relaxed the above assumptions. The resulting formulas for the
optimal green time in each direction are as follows:

_ Q1P
C1= P1Py — Q1P> — Q2P (n+r2) M
G (2P (r1+12) )

~ P1Py— Q1P - Q2P
where G; (i = 1, 2) denotes the optimal green time for direction i; Q; (i = 1, 2) denotes the number of
arrival vehicles per hour (i.e., hourly flow rate) for direction i; P; (i = 1, 2) denotes the discharge rate for
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direction i; and 7; (i = 1, 2) is the average travel time in the remaining lane adjacent to the work zone
for direction i. Note that 7; is also the clearance (i.e., all red) time for direction i.

The discharge rate P; can be obtained from 3600 s (one hour) divided by the H; (average headway
for vehicles running at the remaining lane adjacent to work zone area) as follows:

3600

P:
i H,

®)
The average travel time, #; (i = 1, 2) can be calculated from the work zone length divided by the
average travel speed at the only open lane adjacent to the work zone area. Note that even though the
average speeds for both directions at the open lane are the same, the clearance time of the lane-closure
direction is larger due to the extra lane shifting time from the closed lane to the adjacent lane, and then
from the adjacent lane back.
If the yellow time is neglected (or included in the green time), the cycle length C can be formulated as

C=G1+r1+Gy+nmn 4)

The detailed derivation of Equations (1)-(4) and further discussion about the optimal control plan
are illustrated in the next section.

3.3. Control Strategy 3: Pre-Timed Control (Proposed by Webster)

In 1958, Webster [35] proposed an optimal minimum delay cycle length model for signal
intersections based on a series of experiments, as follows:

1.5Lgp +5
Co =y ©

where C,, denotes optimal cycle length; Y is the sum of critical phase flow ratios; and Ly, is the total
lost time within the cycle. Because there is no typical start-up lost time for two-lane work zones, the
start-up lost time for intersections in HCM, 2 s, was adopted. The total lost time can be obtained
then by:

Lop:Zr,»+2><2. 6)

By substituting the total lost time L,y into Cy, and expanding Y, the optimal cycle length of strategy
3 used in the paper is expressed as follows:

Cop = 1.5(r g—rz) ;— 11, @)
1- (% + &)

where S; represents the saturation flow rate and can be calculated by Washburn’s model [34]. With

Equation (7), the optimal minimum delay cycle length for the two-lane highway work zone can be

obtained. Then, the green time for each direction can be calculated following Webster’s original model

in Reference [35].

3.4. Control Strategy 4: Actuated Control

Control strategy 4 is actuated control. In actuated control, the cycle length, phase splits, and
even phase sequence can be dynamically changed in response to the real-time vehicle actuations
registered at detectors or at other traffic sensors. Thus, a major advantage of actuated signal control
is its flexibility in adjusting cycle length and phase sequence to accommodate traffic fluctuations.
This control strategy can be divided into semi-actuated and fully actuated control, according to the
number of traffic movements that are detected. Fully actuated control uses detectors on all legs of a
crossroad. This type of control is applicable to crossroads that contain fluctuations in traffic flow, while
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semi-actuated control is implemented at the crossroad between major and minor streets with detectors
placed only on the minor street leg. In this paper, a fully actuated control with only one ring and no
barrier was used, which strictly follows the rules and instructions contained in the Manual on Uniform
Traffic Control Devices (MUTCD) and Traffic Detector Handbook [36,37].

4. Mathematical Model Development

Because two-lane highway lane-closure work zone control is a kind of one-way traffic control, the
four control strategies can cause varying levels of queuing and stopped delay. This section illustrates
the procedures used in developing a mathematical model based on Schonfeld and Chien’s study [23]
that describes two-lane highway work-zone delay calculation.

From the above control strategies 2, 3, and 4, the maximum queuing time for directions 1 and 2
are (G + 1 + rp) and (Gy + rq + 1), respectively, while the discharging times (namely, green time) for
directions 1 and 2 are G; and G;. The maximum queuing length is the hourly flow rate multiplied by
the maximum queuing time. Assuming the queues are discharged within one cycle, G; and G, can be

formulated as
Q1(Ga 411 +17)

¢ = Pi-Q1 ®)
QG +r+1)
2= Py - Q ©

Solving Equations (8) and (9), G; and G, can be obtained, as shown in Equations (1) and (2).

The deterministic stopped delay time per cycle for directions 1 and 2 (Y7 ; and Y , respectively),
and deterministic stopped delay time in mean vehicle delay (d;,; and d; ) can be calculated by
Equations (10) and (11):

1
Yi1= le(Gz +r1+1)C, (10a)
1
Yip = EQZ(Gl +r1+1)C, (10b)
1
dig = §(G2 +r1+12), (11a)
1
dip = E(Gl +r1+12). (11b)

Thus, the deterministic stopped delay in mean vehicle delay can be derived as follows:

Yi1+Y1p

(Q1+Q2)C

—( T +l) 1P (P1-01)+QsP: (Pr=0Qa) (12)
Vi ' V2/705(Q1+Q2)(P1P2-Q1P2—Q2P1)

d =

where L is the length of the work zone, and V; is the average travel time in the remaining lane adjacent
to the work zone for direction i.

Although deterministic delay models are simple, real traffic flows may not be uniform. More
general delay models should account for the stochastic features in vehicle arrival patterns. Further,
the delay caused by oversaturated flow should be taken into consideration. For stochastic and
oversaturated traffic flows, the incremental delay is adopted, based on the HCM 2010 model [21]:

mkl

=X (13)
1

dp,i= 900T[(X; - 1) + \/(Xi -1)%+
where T denotes the analysis time, X; denotes the volume-to-capacity ratio, m is the vehicle arrival
adjustment factor accounting for the randomness in vehicle arrival rates, k is controller setting
adjustment factor, and I is upstream filtering/metering adjustment factor. In HCM 2010, k is 0.5 for
pre-timed control, and I = 1.0 for isolated signals. These two values are also used in this study.
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The average stopped delay in mean vehicle delay can be calculated using Equation (14).
di = dij+dy (14)
5. Simulation Model Development

5.1. Field Data Description

To develop and calibrate simulation models for comparing control strategies and investigating the
relationship between average speed, hourly flow rate, and three traffic condition indicators, two-lane
two-way work zone field data were collected from a 243.84-m-long work zone on Preston-Fall City
Road SE, near the I-90 Corridor in Washington state, USA (Figure 2). Along the work zone area, no
intersection and few access points exist. The data-collection work was part of the National Cooperative
Highway Research Program (NCHRP) 3-107 project tasks [15].

R ——

Cameral

Camera2 & 3

Legend
e \\Nork Zone
o[ Video Camera

Camera 4

Figure 2. Description of field data collection.

Four video cameras were set up to collect traffic data, as shown in Figure 2. Cameras 1 and
2 captured northeastward, while the others were used to capture southwestward. All the cameras
were placed high enough to make sure all the vehicles could be captured clearly. Data collection was
conducted around 1 hour per day, on Monday, 29th July 2013, Wednesday, 14th August 2013, and
Monday, 19th August 2013. The following information was collected and used in this paper: hourly
flow rate, trucks percentage, headway, arrival time, and departure time for each vehicle as well as work
zone travel time for each vehicle. Summary statistics of the collected data are illustrated in Table 1.

Table 1. Summary statistics of field data.

. Average Average
N Traffic Truck Speed Limit Speed in Stopped Lane.
Direction Demand Percentage (Km/h) Work Zone Delay Changing
(veh/h) %) Area (Km/h)  (s/veh) Time (<)
1 261 5.0 79.6 35.1 38.6 2.4/2.2
2 328 8.7 79.6 40.6 32.9 -

Figure 3 demonstrates some more detailed information about the field date on speed and headway
distribution. For direction 1, the speed associated with the greatest frequency is 33-39 km/h, while the
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most frequent speed for direction 2 is higher (3945 km/h). This makes sense because the vehicles from
direction 1 have to slightly reduce their speed to make sure they can change back to the right lane after
passing through the work zone. In addition to speed, the flow rate can also affect the performance of
the work zone to some extent. Because the field data only covers approximately 1 h, there is limited
variation in flow rate. Instead, headway, the reciprocal of flow rate, is used in this analysis. From
Figure 4b, around 35% of the headways are less than 4 s, and more than half are under 7 s. There are
also some differences in headway between two directions. On direction 2, the percentage of headways
smaller than 4 s is greater than that for direction 1. The headways on direction 1 tend to be slightly
higher and more spread out, with a greater percentage appearing in the majority of headway bins over
4 s. Comparing the average headway of direction 1 with direction 2, the headway in direction 1 is
slightly larger, which indicates the flow rate of direction 1 is smaller than that for direction 2.

30% O 0——=o0——0— 100%

25% A Probablity Distribution (D1) || 80%
< Probablity Distribution (D2) o
'.320% T ——0— Cumulative Distribution (D1)|| 60% 5
2 = o= Cumulative Distribution (D2) 0 =4
F15% 1 5
a - 40% &
210% - g9
g "
_rés 50 4 r 20% é_
= 7 | =
o 0% - ‘ AN [ [p— 0% g

15~2121~27 27~33 33~39 39~45 45~51 51~57 57~63 63~69 69~75 75~80
Speed Group (km/h)
(a)

50% r 100%

40% A E— - 80%
S Probablity Distribution (D1) o
= Probablity Distribution (D2) 5
2 30% - —o— Cumulative Distribution (D1) | [ 60% &
= — o= Cumulative Distribution (D2) 2
a <
>, 20% - - 40% g
= 7y
5 S
2 10% - F 20% o
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o g'

0% —+— - = - - 0%
<4 4~6 7~9 10~1213~1516~1819~2122~2425~2728~30 >30
Headway Group (s)

(b)

Figure 3. Speed and headway on the two-lane highway work zone: (a) speed distribution; and
(b) headway distribution.

5.2. Simulation Model Development

This research employed VISSIM (Version 5.40), a widely used and proven microscopic traffic
simulation software, to evaluate the performance of four control strategies on a two-lane highway work
zone. This study has three types of simulation parameters (or models) that need to be determined. Type
1 is traffic simulation environment parameters, such as the layout of the work zone, speed, volume,
and truck percentage. This kind of parameter can be calibrated directly using the field data. Type 2
is the gap-out distance, which can be used to fit the model to the observed flagger control strategy.
Type 3 is the VISSIM built-in models, such as lane changing and travel behavior models. Type 2 and 3
parameters can be calibrated simultaneously.



Sustainability 2019, 11, 4567 9 of 22

To sulfficiently populate the road with traffic, simulation time was set to 75 min, with the first 15
min being “seeding time”. Since the VISSIM is a stochastic model, some small differences in results are
to be expected with different random seeds. To address this issue, each simulation was run five times
with different random seeds. The reported simulation results, then, are the average over five runs.

Average stopped delay from field data and simulation were compared to validate the accuracy
of the calibrated VISSIM model. Percentage error (PE) was used to measure the difference between
observed and simulated delay. Defining D as the simulated delay and D as the measured delay, PE can
be obtained following Equation (15):

[P0
PE = —— x100% (15)
D

Figure 4 shows the calibration results. The values of percentage error range from 0% to 33% for
different gap-out distances. When the threshold value of gap-out distance for direction 1 is 85.3 m
and for direction 2 is 91.4 m, the best goodness-of-fit is achieved with PE values of 0.1% and 0.4% for
directions 1 and 2, respectively. In addition, the optimal flagger control strategy is found when the
gap-out distance is 48.8 m. In other words, the flaggers shifted right of way to the opposite direction
when the distance between two approaching vehicles exceeded 91.4 m. If this distance is reduced to

48.8 m, the control stopped delay would be minimized.

60

| mDirection 1 ®Direction 2 |
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40 A 34.0 2?3.5 ;
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Average Delay(s/veh)
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Figure 4. Calculation result of the simulation model: (a) stopped delay based on different gap-out
distance; and (b) percentage error (PE) of stopped delay.
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The driving behavior model was calibrated as well. Byungkyu [38] applied a genetic
algorithm-based simulation model calibration and validation procedure for work zone networks and
recommended parameter values for the Wiedemann 99 model. In this paper, the default values of the
Wiedemann 99 model were compared with values from Byungkyu’s study. The results showed that
the default values are more suitable when compared with Byungkyu’s recommended ones. In the final
model, the default values of the Wiedemann 99 model were used, with the exception of CCO0 (standstill
distance), which was set to 1.06 m.

6. Result Analysis

6.1. Simulation Performance with Field Data

In this subsection, the four control strategies proposed in this paper are analyzed based on the
simulation results. Figure 5 illustrates the average stopped delay for different control strategies.
Because the distance between the loop detector and stop bar may also have an influence on stopped
delay, four typical distances, 12.2 m, 18.3 m, 24.4 m, and 30.5 m, were tested. Additionally, for control
strategy 1 (flagger control), three gap-out distances were employed: 85.3 m (direction 1) and 91.4 m
(direction 2) gap-out distance were used for the simulated flagger control, while 48.8 m was used for
the optimal flagger control.

As shown in Figure 5, the frequently-used intersection control strategies, both pre-timed and
actuated, work very well for the two-lane highway work zone. The stopped delays for pre-timed
control (Webster) in directions 1 and 2 are 44.2 s and 34.7 s, respectively, which are very close to those
of flagger control (simulated). The performance of actuated control is even better. The stopped delays
are 35.0s,32.9s, 32.9 s, and 32.6 s for actuated control in direction 1 (D1), and 31.7 s, 29.9 s, 28.3 s, and
28.7 s for actuated control in direction 2 (D2) when the distance between the loop detector and stop bar
is set to 12.2 m, 18.3 m, 24.4 m, and 30.5 m, respectively. Compared with optimal flagger control, with
a stopped delay of 34.0 s (D1) and 28.5 s (D2), actuated control shows a tenuous advantage when the
distance between the loop detector and stop bar is larger than 18.3 m.

75
70 65.92 @ Stop Delay (D1) @ Stop Delay (D2)
65 A
60 A
55 A
50 A
45 A
40 A
35 1
30 A
25

Average Stopped Delay(s/veh)

Flagger ~ Flagger Pre-timed Pre-timed Actuated Actuated Actuated Actuated
(Simulated) (Optimal) (Schonfeld) (webster) (12.2m)  (18.3m) (24.4m)  (30.5m)

Control Stratrgies

Figure 5. Average stopped delay for different control strategies.

For the two work zone control strategies, the performance depends on several factors. As the most
widely used strategy, the performance of flagger control is acceptable, especially after optimization.
The stopped delays of flagger control before and after optimization are, respectively, 38.6 s and 34 s for
direction 1, and 33.0 s and 28.5 s for direction 2. This gives a delay reduction of approximately 15%
resulting from optimization. Pre-timed control (Schonfeld), on the other hand, performs worst with
the largest delay of 44.88 s for D1 and 65.9 s for D2. Schonfeld’s work zone optimization models might
not be ready for implementation in terms of delay.
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Because the green extension time may also affect the performance of actuated control, four green
extension times were tested (Figure 6). The green extension time was calculated such that a vehicle
can travel from the detector to the stop bar. For direction 2, the stopped delay would decrease at the
lower values for green extension time. When the green extension time is set to 4 s, the stopped delay is
minimum. Above 4 s, stopped delay of direction 2 begins to increase. For direction 1, the situation
is a bit more complicated. When the green extension time is increased from 2 s to 5 s, the stopped
delay of direction 1 grows if the distance between the loop detector and stop bar is smaller than 24.4 m.
If the distance is 30.5 m, the delay trend for both directions is the same. Although change trends vary
for directions, if using the total stopped delay as an evaluation criterion, a 4-s green extension time
is optimal for actuated control as it produces the lowest total stopped delay. Thus, in this paper, the
green extension time adopted for actuated control was set as 4 s.

37
36 4 B2s @m3s M4s @5s
35
34
33
32
31
30
29
28

12.2m(D1) 12.2m(D2) 18.3m(D1) 18.3m(D2) 24.4m(D1) 24.4m(D2) 30.5m(D1) 30.5m(D2)

Distance between Loop and Stop Bar

Average Stopped Delay(s/veh)

Figure 6. Average stopped delay for different green extension times.
6.2. Impact of Control Strategies on Stopped Delay

Although flagger control and actuated control perform better than the others with the field data,
if the two parameters (i.e., volume and speed) change, the relative performance of these strategies
may vary as well. Figure 7 illustrates the performance of the four control strategies under low
volume (20-200 PCU/h/direction), moderate volume (220-400 PCU/h/direction), and high volume
(420-580 PCU/h/direction) respectively, with respect to stopped delay. In the figure, W means pre-timed
control (Webster), S denotes pre-timed control (Schonfeld), F denotes the optimal flagger control, while
A is actuated control (24.4 m, see Figure 6). The volume increases from 20 to 580, with an interval
of 20. The maximum volume for both directions is set to 580 PCU/h, owing to the fact that (1) the
volume-to-capacity ratio is relatively large, i.e., around 0.9 (for actuated control, the volume-to-capacity
ratio has exceeded 1) when the volume is 580 PCU/h/direction; and (2) the work zone area is totally
congested, so both the stopped delay and queue length are far from the normal ranges if the volume is
over 580 PCU/h/direction.

When the volume is low (Figure 7a), the performances of the four control strategies are varied.
The optimal flagger control outperforms the other three with respect to the stopped delay, especially
when the volume is lower than 100 PCU/h/direction. The biggest stopped delay of the optimal flagger
control is comparable to the smallest stopped delay of the others. The stopped delay caused by
pre-timed control (Webster) is a little bit larger but close to that caused by actuated control. Pre-timed
control (Schonfeld) performs the worst with the biggest stopped delay. Note that with the volume
increase, the stopped delay of the optimal flagger control, actuated control, and pre-timed control
(Webster) will increase, while the stopped delay of pre-timed control (Schonfeld) will decrease first and
then go up. Because Schonfeld assumed that vehicles could arrive at the work zone area uniformly,
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when the volume is low, the cycle length, as well as the green time of the pre-timed control (Schonfeld),
are shorter and unnecessary for all vehicles to pass through the work zone without stops. As a
consequence, the stopped delay is abnormally larger when the volume is low.

With the volume increase from 220 PCU/h/direction to 400 PCU/h/direction (Figure 7b), the growth
trends of the stopped delay caused by the four control strategies are comparable. Flagger control and
actuated control, which perform very close with the lower stopped delay, outperform the other two
control strategies. Pre-timed control (Schonfeld) remains the worst with respect to the stopped delay.

When the volume is over 420 PCU/h/direction (Figure 7c), the increase of the stopped delay is
faster. The optimal flagger control remains the best control strategy with the lowest stopped delay.
The performance of actuated control is nice if the volume is lower than 500 PCU/h/direction. However,
when the volume increases from 500 PCU/h/direction, the increase of stopped delay of actuated
control starts to speed up, thus making actuated control a little worse than flagger control. The two
pre-timed controls are the worst strategies with the largest stopped delay, especially the one proposed
by Schonfeld, which suddenly starts to jump at 540 PCU/h/direction.

In general, the optimal flagger control outperforms the other control strategies under any volume
conditions. Conversely, pre-timed control (Schonfeld) is the worst with respect to the stopped delay.
When the volume is moderate, the actuated control strategy is as perfect as the optimal flagger control.
Especially when the volume is between 300P CU/h/direction and 460 PCU/h/direction, the stopped
delay caused by actuated control is even smaller.
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Figure 7. Average stopped delay for different control strategies and volume: (a) under low volume;
(b) under moderate volume; and (c) under high volume.

The value of the speed limit at the work zone area can affect the stopped delay as well (Figure 8).
The volume in this figure is set constant to 250 PCU/h/direction to minimize the influence of volume
on control. From the figure, it is clear that with an increased speed limit, the stopped delay decreases
for all four control strategies. Actuated control outperforms both pre-timed controls but is still a little
worse than the optimal flagger control whenever the speed is low or high. This indicates that according
to the performance, the sequence of the four strategies remains unchanged if the volume is constant.
In addition, the influence of speed limit change on pre-timed control (Schonfeld) is greater than on the
others. When the speed limit is set to 16.1 km/h, the stopped delay of pre-timed control (Schonfeld) is
more than 1400 s, which is 12 times the stopped delay of pre-timed control (Webster) and 17.5 times
the stopped delay of the flagger control and actuated control. Considering that the impact of speed on
delay is quite similar to the impact on other traffic condition indicators, in this paper, the speed limit
will be constant, which equals to the field data collected.
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Figure 8. Average stopped delay for different control strategies and speed.

6.3. Impact of Control Strategies on Queue Length

The queue lengths of the work zone area under the four different control strategies were also

analyzed, as Figure 9 shows. The average and maximum queue lengths are both illustrated to make a
more objective evaluation.
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Figure 9. Queue length for different control strategies: (a) under low volume; (b) under moderate

volume; and (c) under high volume.

14 of 22

Under a low-volume condition (Figure 9a), the average queue length differences between four
types of control strategies varied from 0 to 3 m. Compared with pre-timed control (Webster and
Schonfeld), flagger control and actuated control show a tenuous advantage with respect to the average
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queue length. Under a moderate-volume condition (Figure 9b), actuated control gradually became
superior to other strategies. More remarkably, the average queue length differences were over 10 m,
which indicated a great influence. Under a high-volume condition (Figure 9c), flagger control overtook
the others, especially when the volume was over 560 PCU/h (nearly congested).

Simulated results demonstrate that the optimal flagger control outperforms both pre-timed
controls (Webster and Schonfeld) whenever the volume is low or high. Other than pre-timed control,
actuated control shows a great superiority, especially under moderate volume. However, when the
volume exceeds 500 PCU/h, the queue length of actuated control increases dramatically as the volume
grows. Therefore, in terms of queue length, actuated control could be a good alternative in low- or
moderate-volume conditions. However, when traffic is heavy, flag control has played an irreplaceable
role in reducing queue length.

6.4. Impact of Control Strategies on Throughput

In addition to the stopped delay and queue length, the vehicle throughput with different vehicle
inputs was simulated and collected as well, as shown in Figure 10. Because throughput will gradually
increase as vehicle input goes up, it is hard to tell whether the change pattern of throughput is caused
by input or other factors. To make it more straightforward, another indicator, the difference between
vehicle input and throughput, was employed. The difference between vehicle input and throughput
can be obtained simply by subtracting the throughput from the input. It is obvious that the smaller the
difference is, the better the control strategy performs.

From Figure 10a, under a low-volume condition, actuated control overtakes the others. Especially
when the volume ranges from 40 PCU/h/direction to 80 PCU/h/direction, the throughput is even a little
bit more over the input. The optimal flagger control, compared with both pre-timed controls, shows a
tenuous advantage in terms of throughput, except when the volume equals 200 PCU/h. Pre-timed
control (Schonfeld) performs better than the other pre-timed control at most volume conditions.

Under a moderate-volume condition (Figure 10b), the difference between vehicle input and
throughput shows something special compared to that under low volume. Actuated control, though,
remains the best control strategy, being able to let up to seven more vehicles pass through the work zone
area per hour when compared to the vehicle input. The optimal flagger control performs worse than
the actuated control; however, it outperforms both pre-timed controls. Pre-timed control (Webster),
which is the poorest control strategy with respect to throughput when the volume is low, outperforms
pre-timed control (Schonfeld), especially when the volume is under 360 PCU/h.

Under a high-volume condition (Figure 10c), instead of actuated control, pre-timed control
(Schonfeld) shows a great superiority, while the previous best strategy, actuated control, drops to being
the last alternative. Note, that if the volume is over 480 PCU/h, the difference between the input and
throughput caused by actuated control surges dramatically, which indicates that actuated control is
not an option for high volume.

In summary, compared to the other strategies, actuated control can let more vehicles pass through
the work zone area. However, when the volume is over 480 PCU/h, the throughput of actuated
control drops sharply. The optimal flagger control, though, performs worse than actuated control but
better than pre-timed control most times. Pre-timed control (Schonfeld) is treated as the best one only
when the volume is large enough. In conclusion, in terms of throughput, actuated control is a wise
choice under low- or moderate-volume conditions. However, pre-timed control (Schonfeld), as well as
optimal flagger control, could be better when the volume is high.
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7. Discussion

7.1. The performance of Control Strategies under Different Volume Conditions

The performances of the proposed control strategies vary with the volume conditions. Figure 11
summarizes the performances under low volume (ULV), under moderate volume (UMV), and under
high volume (UHV), relatively, with respect to the average stopped delay (D), queue length (Q), and
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vehicle throughput (T). The four uppercase letters in Figure 11 are the combination of indicators and
volumes. For example, DULV means the average stopped delay under low volume, while QUHYV is the
queue length under high volume. In this figure, a point closer to the outer boundary indicates a better
performance. In other words, the control strategy with a larger domain area covered by black lines and
points has more potential to optimize the two-lane highway lane-closure work zone performance.

DULV DULV
3 3
QULV TUHV.— QULV
TULV QUHV TULV
DUMV DUHV DUMV
TUMV QUMV TUMV QUMV
(b)
DULV
TUHV QULV
2 O
QUHV
DUHV

TUMV QUMV

(© (d)

Figure 11. Radar maps of control performance under different volumes: (a) pre-timed control (Webster);
(b) pre-timed control (Schonfeld); (c) flagger control; and (d) actuated control.

e Under Low volume

Compared with pre-timed control (Webster and Schonfeld), flagger control and actuated control show
an advantage with respect to the average stopped delay, queue length, and vehicle throughput. The
performance of flagger control is better than that of actuated control on average delay and queue
length, but a bit worse on vehicle throughput. Pre-timed control proves to be the last alternative for
two-lane highway work zones.

e Under Moderate volume

Instead of flagger control, actuated control gradually becomes superior to others, in terms of all the
three traffic performance indicators. Flagger control, the best strategy when the volume is low, ranks
second. The two pre-timed controls (Webster and Schonfeld) remain last, with the poorest performance.

e  Under High volume

When the traffic volume rises to a high level, flagger control overtakes the others. Pre-timed control
(Webster) ranks second, with the best performance on vehicle throughput. Pre-timed control (Schonfeld)
is a little worse than pre-timed control (Webster) but outperforms actuated control. Actuated control
becomes the worst on almost all the traffic performance indicators, except for average delay.
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Note that when the vehicle inputs are close to or even exceed the capacity of two-lane highway
work zones (namely, under oversaturated flow), the control plans generated by both flagger control
and actuated control will be similar to those generated by pre-timed control. In this regard, the
performance of the four control strategies should be close to each other. However, the performances
of the four strategies are interesting: flagger control outperforms the two pre-timed controls, while
actuated control is worse than pre-timed control. So when the traffic is over-saturated, flagger control

strategy after optimization could be adopted as the best control strategy solution for two-lane highway
work zones.

7.2. The Performance of Mathematical Stopped Delay Estimation

Except for the simulation model, the proposed mathematical model can be used for delay
calculation under different control strategies with an appropriate value of parameter m. In this
subsection, multiple different values of m (0, 2, 4, and 8) are tested. The results are summarized in
Figure 12. In Figure 12, simulation results are represented by polylines, while the mathematical delay
model calculation results are represented by histograms.

65 1 m— =0 = =2 =4 =8
60 -A- W -X-S
%55
3
=50
kS
A 45
e}
8 40
]
& 35
S
g 30
Z 25
20
220 240 260 280 300 320 340 360 380 400
Volume (PCU/h/Direction)
(a)
. 50 285 - === m=0 . M=2
< = =4 [ m=8 %
2 40 s -A- W -X- S b
2 22354 -o-F -0- A /
£ z ‘
530 8 185 - S A
‘é 20 2 /s 7
£ g 135 4 £--0
2 g Ao
g 10 g 851 2" oo
< g - : b
< =
0 35 |
20 60 100 140 180 420 460 500 540 580
Volume (PCU/h/Direction) Volume (PCU/h/Direction)

(b) (c)
Figure 12. Mathematical and simulation delay estimations: (a) under moderate volume; (b) under low

volume; and (c) under high volume.

According to the figure, the trends from the mathematical model and simulation model results
are generally consistent. When the volume is moderate, as shown in Figure 12a, all the simulation
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results are between the mathematical model estimations with m = 0 and m = 8. It is obvious that the
mathematical models with proper values of m can describe the work zone control stopped delays
under different kinds of control strategies. We can define the optimal mathematical model as the model
that produces delay results closest to the simulated delays. However, multiple simulation results do
not agree on a fixed, optimal m value. With the change of volume, the m for the optimal mathematical
model may vary.

From Figure 12a, most m values are smaller than 8, the suggested value for signalized intersections
in HCM 2010 [21]. However, in some other circumstances, larger values of m may be more suitable.
When the volume is low, as shown in Figure 12b, the optimal m values are larger than under moderate
volume. The stopped delays caused by pre-timed control (Schonfeld) even exceed the delay model
predictions with m = 8. This indicates that the lower traffic volume can result in a higher degree
of traffic flow randomness for work zones. In Figure 12¢, when the volume is 500 PCU/h or more,
the simulation results under all four control strategies are far bigger than the mathematical delay
calculations. This is because of the existence of a maximum green time in the simulation environment
that results in an additional queue delay.

From the previous analyses in Section 6.2, flagger control is the best with the smallest delays. No
matter how small the value of m is, the proposed mathematical model is not capable of predicting the
delay under the flagger control strategy when the traffic volume is smaller than 300 PCU/h. A more
accurate mathematical delay model should be further studied for the two-lane highway work zone
flagger control strategy.

8. Conclusions and Suggestions

This paper aimed to find better control strategies for two-lane highway lane-closure work zones
with optimal average stopped delay, queue length, and vehicle throughput. Four control strategies
including flagger control, pre-timed control proposed by Schonfeld, pre-timed control proposed by
Webster, and actuated control were employed. Two primary methodologies, a mathematical delay
model adopted from signalized intersections and a simulation model calibrated with field data were
proposed. The results showed that control strategies for intersections can be used for two-lane highway
work zones. Flagger control with optimal gap-out distance outperforms all the other control strategies
under most traffic conditions. Actuated control, the most commonly used intersection control strategy,
could be a good alternative for work zone areas due to its small queue length and large vehicle
throughput under moderate-volume conditions.

From the simulation and mathematical results, six major suggestions for two-lane highway work
zone control are summarized as follows:

1.  Flagger control after gap-out distance optimization is recommended due to the good performance
of average delay, queue length, and throughput, especially under low- or high-volume conditions;

2. Because optimal gap-out distance exists for flagger control, simulation can be employed to come
up with the optimal value. A mark can be placed at the optimal gap-out distance ahead of the
stop bar. When no vehicles run between the stop bar and the mark, flaggers can switch the paddle
to the stop side;

3. Actuated control, one of the most commonly used intersection control strategies, is a little bit worse
than flagger control but outperforms pre-timed control. Under moderate-volume conditions,
actuated control could be a good alternative for work zone areas due to its small queue length
and large vehicle throughput;

4. Although both of the pre-timed control strategies perform worst for two-lane work zones, they
may still be used, as no additional devices (such as loop detectors) are required except for signal
lights. After modification, Webster’s pre-timed control strategy is recommended for its better
performance relative to Schonfeld’s method;
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5. Speed limit, as well as the average speed at work zone areas, can influence the performance of
control strategies. With safety as the prerequisite, the average vehicle speed can be increased in
the remaining lane. This is one general method to lower the stopped delay and queue length and
to improve the vehicle throughput. In addition, the average speed needs to be controlled, and the
speed limit should be determined carefully, although higher speed can reduce the vehicle delay.
This is because higher speed means higher accident risk on one hand and because higher speeds
will not result in significant delay reductions on the other hand.

6.  After calibration, the mathematical model can be used to describe the stopped delays under most
of the work zone control strategies, except for under the flagger control method with low traffic
volume conditions.

Nevertheless, this study can be enhanced in several ways in the future. Firstly, the conclusions
are based on the field data collected from one work zone in 2013. More data should be collected to
further test the performance of the four control strategies. Furthermore, the mathematical model is not
suitable for flagger control delay estimation under a low traffic volume. A better mathematical delay
model is needed for the flagger control strategy. Finally, Two-lane highway work zone length may also
have an effect on delay time and the performance of control strategies, which remains to be studied in
the future.
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