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SUMMARY

Work zones exist widely on urban arterials in the cities that are undergoing road construction or mainte-
nance. However, the existing studies on arterial work zones are very limited, especially on the work zones
at urban intersections, although they have a severe negative impact on the urban traffic system. For the first
time, this study focuses on how work zones reduce intersection capacity. A type of widely observed work
zone, the straddling work zone that straddles on a road segment and an intersection, is studied. A linear
regression model and a multiplicative model suggested by Highway Capacity Manual are proposed respec-
tively to determine the saturation flow rate of the signal intersection with the straddling work zone. The data
of 22 straddling work zones are collected and used to evaluate the performances of the proposed models.
The results display that the linear regression model outperforms the multiplicative model suggested by
Highway Capacity Manual. The study also reveals that reducing approach (or exit) lanes and the mixture
of motor vehicles and non-motor vehicles (and pedestrians) can significantly decrease the capacity of the
intersection with straddling work zone. Therefore, in setting a straddling work zone, workers should try
to ensure that the intersection approach and exit are unobstructed and set a separation for non-motors and
pedestrians to avoid mixed traffic flow. Copyright © 2016 John Wiley & Sons, Ltd.
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1. INTRODUCTION

In recent years, developed countries are maintaining and reconstructing aged traffic facilities and
developing countries are constructing more new traffic facilities, which both bring a large number of
work zones on city arterials and freeways. Work zones can disrupt the normal traffic flow and cause
many traffic problems [1-5]. Studies have displayed that work zones can reduce road capacity [6-9]
and increase traffic delay and traffic accident [1, 10-15]. Due to the wide existence of work zones
in the world and the severe problems caused by work zones, many methods have been presented to
reduce the negative effect of work zones on traffic.

This paper focuses on the capacity reduction problem caused by work zones. So far, numerous
studies [6-9, 16-23] have been conducted to investigate how work zones impact highway capacity,
and some models have been proposed to reflect the capacity variation for various work zone and traffic
characteristics. The studies displayed that the following factors had a significant influence on the work
zone capacity, work intensity [8, 19, 20, 24], heavy vehicle percentage [8, 18, 20-22, 24], distance of
freeway entrance or exit to work zone [8], number of closed lanes [18-21, 24], location of closed lanes
[19, 21, 24], lateral clearance [16, 24], work zone size [20, 24], work zone duration [18, 20, 21], and road
grade [20, 21]. Different types of algorithm were also proposed to model the work zone capacity,
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URBAN SIGNAL INTERSECTION WITH WORK ZONE 1507

including Highway Capacity Manual (HCM)-based models [6, 8, 22, 23], regression models [9, 18, 24, 25],
and neural network-based models [7, 21].

However, the majority of the existing studies on the work zone capacity only focused on the freeway
work zones, and the studies on work zones on urban arterials are very limited, especially on urban
intersections [26]. The characteristics of the urban arterial work zone and the freeway work zone are
significantly different, such as the traffic flow characteristics, capacity impact factors, work zone char-
acteristic, and so on. The research results of the freeway work zone cannot be applied directly on the
urban arterial work zone. To the best of our knowledge, only a couple of papers and reports investi-
gated the problems of work zones on urban arteries. The report [27] qualitatively suggested several
methods of improving the signal design of an intersection with work zone, such as adjusting the signal
phasing and timing, shortening cycle lengths, and accommodation of pedestrians. However, the sug-
gested methods lacked real data support and scientific analysis. Li and Bai [28] studied the crashes
in highway work zones and found that the number of crashes happening at intersections was much less
than the number of crashes happening at non-intersections, which may attribute to vehicles' relative
lower speed at intersections. Shaaban and Elnashar [26] discussed the problem of the intersections with
work zone and presented a work zone layout strategy at an intersection. Heaslip et al. [29] used the
simulation method to estimate the capacity of work zones on arterial segments considering various
factors, including the per cent of left turning vehicles, the distance from the work zone to the intersec-
tion, and the EG/C (effective green to cycle length) of each lane group. However, they did not explore
the capacity problem of the work zone at an intersection.

In summary, no studies have investigated how work zones impact the intersection capacity yet, and
no field data were mentioned too. This situation may attribute to the difficulties of collecting field data
due to the limited number of work zones in many countries and too many complex factors involved in
an urban road, such as the interference from pedestrians and non-motor vehicles, the location of a work
zone at an intersection, etc. Fortunately, in recent years, China is undergoing a new period of traffic
facility construction (especially the urban railway construction). Currently, in many cities of China,
a large number of work zones exist on road segments and intersections, which provide the authors a
valuable opportunity to observe and study the relationship of road capacity and work zones in cities.
In this paper, for the first time, the authors collected the field data of 22 urban intersections with work
zones in Chengdu, China, explored the factors that may have a significant impact on the intersection
capacity, and further modeled the relationship of the intersection capacity and work zone
characteristics.

Before this study, by observing many urban intersections with work zones, we classified the work
zone at the urban signal intersection into two categories: the straddling work zone and the island work
zone, respectively (Figure 1). The straddling work zone refers to the work zone that straddles the urban
intersection and the road segment (Figure 1a). The island work zone refers to the work zone that is
located within the area of the intersection (Figure 1b). Because these two types of work zone have
different obvious characteristics, they will be studied separately in different papers.

This paper only focuses on the urban intersection with straddling work zone. The straddling work
zones cause many driving conflicts owing to the two reasons. First, the traffic space at the intersections
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Figure 1. Two types of work zone related to urban intersections. (a) Straddling work zone; (b) island work zone.
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is compressed by the straddling work zones, so there is not enough passing space for vehicles and
pedestrians. Second, the pavements for non-motor vehicles and pedestrians are occupied, which causes
heavy interactions between motor vehicles and non-motor vehicles (or pedestrians). Accordingly, the
intersection traffic capacity will be reduced significantly. A work zone may affect the capacities of all
the directions of an intersection. It should be noted that this paper only investigates the capacity of the
direction from south to north in Figure la (the work zone side of the intersection), due to the word
limitation.

The remainder of the paper is organized as follows: Section 2 presents the used data in this study.
Section 3 proposes two models for the capacity of the intersection with straddling work zone.
Section 4 evaluates the proposed models, and Section 5 concludes the paper and discusses the limita-
tion of the study.

2. DATA INTRODUCTION

2.1. Factors influencing the capacity of the intersection with straddling work zone

Before data collection, the possible factors influencing the capacity of the straddling work zones are
analyzed, which will help us to confirm what information needs to be collected. Based on numerous
observations, it was found that the following factors may cause reduction of the capacity of the inter-
section with straddling work zone: heavy vehicles, work zone size stretched into the intersection,
interference of non-motor vehicles and pedestrians, setting the separation for non-motor vehicles
and pedestrians, and changes of the numbers of approach and exit lanes. Some early well-understood
factors, such as the lane width, the percentage of left-turn vehicles (PLT), and the percentage of right-
turn vehicles (PRT), are not explained here.

2.1.1. Heavy vehicles

Heavy vehicles have the characteristics of large size, occupying bigger road area, and moving slowly,
so the presence of heavy vehicles at an intersection seriously influences the normal traffic operation. A
work zone will decrease the passing space of the intersection, which may produce an extreme condi-
tion that the intersection only allows one heavy vehicle to pass and all the following cars are blocked
by the heavy vehicle. Different from the situation on freeways, heavy vehicles in cities include two
types: the bus and the truck. Buses are the main component of heavy vehicles in the intersection traffic
flow, but a small number of trucks serving for the road construction also may exit.

2.1.2. Length and width of the work zone stretched into the intersection
At an intersection with straddling work zone, due to the presence of work zone, the traffic flow pattern
is changed, as shown in Figure 2. At such an intersection, vehicles traveling from south to north have
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Figure 2. Traffic flow pattern of the intersection with straddling work zone.
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to deviate from the original track that was blocked by the work zone and move to the central area of the
intersection in Figure 2. This pattern change not only increases the distance for vehicles to pass
through the intersection but also enhances the interaction of the traffic streams from the two directions,
which may greatly cut down the intersection capacity. The increment of the size of the work zone
stretched into the intersection will make the situation more severe. In Figure 2, a is the length of the
work zone stretched into the intersection, and it is referred as the distance from the edge of the work
zone to the stopping line of the intersection. b is the width of the work zone stretched into the
intersection.

2.1.3. Pedestrians and non-motor vehicles

Another factor that may have a significant impact on the capacity of an intersection with straddling
work zone is the number of pedestrians and non-motor vehicles. In some countries, such as China
and India, there are a large number of pedestrians and non-motor vehicle users (electric bicycles or
manpower bicycles). Generally, an intersection should provide pavements for pedestrians and non-
motor vehicles, but a straddling work zone occupies the pavement and forces pedestrians and non-
motor vehicles to enter into the space designed for motor vehicles, thereby producing a mixed traffic
flow of pedestrians, non-motor vehicles, and motor vehicles, as shown in Figure 3. Due to the safety
consideration, motor vehicles have to avoid pedestrians and non-motor vehicles, which will reduce the
capacity of the intersection, and the reduction effect will increase with the increment of the number of
pedestrians and non-motor vehicles.

2.1.4. Setting a separation for non-motor vehicles and pedestrians

At some intersections with straddling work zones, barriers are set up to separate non-motor vehicles
and pedestrians from the motor vehicles, as shown in Figure 4, but not all intersections have such
barriers. The barriers can protect the pedestrians and non-motor vehicles from directly conflicting with
motor vehicles; on the other hand, they may regularize the behavior of pedestrians and non-motor
drivers and make them walk or drive behind the separation, which will reduce conflicts with motor
vehicles and further increase intersection capacity.

2.1.5. Number difference of approach lanes and exit lanes

It is widely known that the number of vehicles passing through the intersection in the green time is
mainly determined by numbers of approach lanes and exit lanes [30]. At a normal intersection, the
number of the approach lanes and the number of the exit lanes are balanced, while at many intersec-
tions with straddling work zones, the approach and exit have different lane numbers due to the
construction work. The situation that the number of approach lanes (NAL) is less than the number
of exit lanes (NEL) is widely observed at the intersections with straddling work zones, which seems
to reduce the passing efficiency and capacity and form queues at the intersection.
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Figure 3. Mixed traffic at the intersection with straddling work zone.
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Figure 4. The separation for non-motor vehicles and pedestrians at an intersection.

2.2. Data collection

Because one of the metropolises of China, Chengdu, is undergoing a new period of traffic facility
construction, especially the urban railway construction, work zones exist widely in the city, which
gives the authors a valuable opportunity to observe and investigate how work zones impact the urban
intersection capacity. Twenty-two intersections with straddling work zones were chosen. All the 22
work zones belonged to long-term construction, and their durations were more than half a year. The
data collection time was the afternoon peak hour that was 5:30-6:30 PM. The data collection tools were
video cameras. Although the cameras recorded the traffic data for all the directions of each intersection,
this study only needs the traffic data from south to north in Figure 2. The recording duration of each
intersection was over five cycles, and the final capacity was the average capacity values of the five
cycles. After counting and calculation, the signal data and average traffic volume data of the 22 inter-
sections with straddling work zone for a single period are displayed in Table 1. Because the traffic
volume is the average result of five cycles, some decimal numbers appear for vehicles. The traffic
volume data in Table I present the volume of left-turn through right-turn of cars, buses, articulated
buses, non-motor vehicles, and pedestrians in the effective green time. The signal information includes
the cycle length (T), green time (G), yellow time (Y), red time (R), and effective green time (EG).

This study does not focus on shared lane group, so all the 22 chosen intersections only have exclu-
sive through lane group or the study only use the through vehicle data. However, at an intersection
with straddling work zone, due to the reduction of passing space, exclusive through lanes generally
accommodate more left/right-turn vehicles comparing with the intersections without work zones. That
is the reason why many left/right turn vehicles appear in the “car” column for several sites, for
example, site 22. The data in Table I are the average value for five cycles.

In addition to the traffic volume data and signal data, the following factors that may have a signif-
icant impact on intersection capacity are also recorded and shown in Table II, including NAL, width of
the approach lane (WAL), NEL, width of the exit lane (WEL), setting a separation for non-motor
vehicles and pedestrians (BS; if yes, BS=1, else, BS=0), width of the passing space for pedestrians
and non-motor vehicles behind the separation (SW), work zone length (WL) and width (WD) stretched
into the intersection, and number of non-motor vehicles and pedestrians passing through the
intersection (NNP) in effective green time. Furthermore, the following variables are calculated:
percentage of heavy vehicles (PHV), PLT, PRT, the number difference of approach lanes and exit lanes
(NDL=NAL — NEL), and total width reduce of intersection approach and exit (TWR=NAL - WAL —
NEL -WEL). Several factors that had been proved to have a significant influence on the capacity of
freeway work zone are ignored, including the work intensity and activity (active or inactive), work
time (day or night), and traffic control strategy. The reasons are as follows: To avoid interfering with
normal traffic, all the studied work zones are completely enclosed with hedges and the drivers outside
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Traffic volume in effective green time (left-turn/through/right-turn)

Signal period timing (s)

Sites  Car Bus Articulated bus Non-motor vehicle Pedestrian T G Y R EG
1 0/20/2  0/2/0 0/0/0 4/16/1 1/9/3 150 79 3 68 45
2 0/32/5 0/1/0 0/0/0 2/18/5 1/26/3 170 70 3 97 65
3 0/38/0  0/1/0 0/0/0 1/13/3 3/10/2 160 65 3 92 60
4 0/20/2  0/1.5/1 0/0.5/0 5/24/5 4/6/10 160 65 3 92 65
5 0/5.5/0 0/1.5/0 0/0/0 5/30/15 4/18/4 145 82 3 60 38
6 0/27/3  0/3/0.5 0/0/0 5/38/8 4/9/5 145 82 3 60 65
7 0/81/0 0/3/0 0/0/0 12/15/0 4/4/0 150 103 3 44 70
8 0/43/13  0/2/0 0/0/0 14/38/9 7/9/7 150 103 3 44 63
9 1/30/0  0/1/0 0/0/0 4/35/3 3/31/3 155 71 3 81 45
10 4/15/0 0.3/1/0 0/1/0 1/5/0 1/10/0 105 47 3 55 23
11 5/11/4 0.2/2/0.5 0/0/0 6/10/5 5715 130 52 3 75 42
12 9/20/5 0.2/0.3/0 0/0/0 71917 7/6/8 130 52 3 75 43
13 0/36/5 0/4/0 0/0/0 2/15/2 4/9/1 130 72 3 55 41
14 3/15/4  1/1/1 0/0/0 1/4/1 3/6/2 150 45 3 102 30
15 4/17/5 0.3/1.5/0 0/0/0 3/23/6 4/10/5 150 45 3 102 30
16 7.5/81.5/2 1.5/2.5/0 0/0.5/0 3/16/5 1/12/2 175 9% 3 76 78
17 4/8/0  0/0.5/0 0/0/0 3/20/2 3/9/3 135 35 3 97 30
18 0/7.5/3.5 0/1/0.5 0/0/0 2/23/3 2/14/5 135 35 3 97 33
19 0/47/4  0/4.5/0 0/0.5/0 5/42/4 6/26/6 157 88 3 66 72
20 1.5/34/3.5 0.5/2.5/0 0/0.5/0 3/17/4 4/9/4 134 59 3 72 36
21 0/53/0  0/1.5/0 0/0/0 5/14/2 4/20/5 144 100 3 41 40
22 0/96/21 0/2.5/1 0/0.5/0 10/25/9 6/30/7 205 113 3 89 94
Table II. Data of the considered impact factors.
NALINEL WAL/WEL ~ WL/IWD  PHV  PLT/PRT NNP Sw* NDL TWR

Sites (lanes) (m) (m) (%) (%) (vehs) BS (m) (lanes) (m)

1 1.5/2 3.1/3.1 10.5/4.5 15.4 0.0/1.7 600 1 1.25 -0.5 —1.60
2 2/3 3.0/3.2 3.2/14.9 5.1 0.0/12.8 932 0 O —1. —3.59
3 2/2 3.1/3.6 14.9/10.4 5.0 0.0/1.0 518 1 2 0 —1.16
4 1/2.5 4.4/3.6 1.3/2.5 22.8 0.0/14.0 675 1 2 —-1.5 —4.54
5 12 3.3/3.2 21.5/124  35.3 0.0/0.0 1192 1 25 -1 —3.08
6 2/3 3.5/3.6 6.3/6.3 18.9 0.0/10.8 1241 0 0 -1 —3.80
7 3/3 3.8/3.1 6.7/4.2 6.9 0.0/0.0 456 1 1.2 0 2.03
8 3/3 3.0/3.3 14.7/6.3 6.7 0.0/21.7 1128 1 3 0 —0.95
9 3/3 3.3/3.0 6.3/9.4 6.1 3.0/0.0 1533 1 2 0 0.79
10 4/4 2.9/3.0 15.8/10.5 22.8 18.7/0.0 514 0 O 0 —0.63
11 2/3 3.3/3.7 17.1/2.9 21.3  21.3/19.7 471 0 O -1 —4.43
12 32 3.6/3.6 8.1/9.4 29 269/14.3 415 0 0 1 3.48
13 4/3 3.0/3.8 3.8/253 163 0.0/10.2 665 1 1.5 1 0.63
14 3/3 3.1/3.0 16.5/2.5 21.4 17.9/21.4 240 0 O 0 0.32
15 3/3 3.0/3.2 32/17.6 14.6 18.7/20.3 792 0 O 0 —0.38
16 4/3 3.1/3.2 9.5/10.1 9.5 10.5/2.0 576 0 O -1 2.76
17 2/2 2.9/3.2 20.3/16.5 7.7 30.8/0.0 773 0 O 0 —0.57
18 2/2 2.85/3.2  222/17.1 214 0.0/32.1 987 0 0 0 —0.63
19 3/3 2.85/3.0 3.7/7.0 17.1 0.0/6.5 1559 1 3.7 0 —0.38
20 4/4 2.95/3.2 3.5/6.7 16.1 5.4/7.5 699 1 285 0 —0.86
21 4/4 3.10/3.1 3.2/5.6 5.4 0.0/0.0 80 1 3.92 0 0.13
22 4/3 3.07/4.2 3.4/6.7 6.7 0.0/19.0 96 0 O -1 —0.38

the work zone hedges even cannot see the construction work, so work intensity and activity (active or
inactive) will have no impact on the intersection capacity. Moreover, the vehicles transporting
construction materials or wastes mainly work at late nights, and no traffic control devices are set before
the studied intersections, so the work time (day or night) and the control strategy factor do not need to
be considered in this paper.
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3. CAPACITY MODEL OF THE SIGNAL INTERSECTION WITH STRADDLING WORK ZONE

3.1. HCM capacity algorithm for signal intersection

Highway Capacity Manual introduced a signal intersection capacity algorithm [30] for the exclusive
through lane group, and it had been widely used to calculate the urban signal intersection capacity
[31-33]. The formula of the algorithm is as follows:

C =$(G/T) (1)

where C denotes the capacity of the signal intersection (pcu/h), S denotes the saturation flow rate of the
signal intersection, and 7 denotes the signal period.

Equation (1) displays that when the signal timing is fixed, the saturation flow rate is the only factor
determining the intersection capacity. The saturation flow rate is defined as the maximum flow passed
the intersection under the condition of full green time (G/T=1). For a specific signal intersection, the
saturation flow rate is an adjusted result determined by many factors, such as the PHV, WAL, and the
percentage of turn vehicles. HCM also introduced a function to calculate the adjusted saturation flow
rate as follows:

S = SOfwaVfgfpfbbfafRTfLT 2

where S, denotes the base saturation flow rate; and fy, fivs fg» fp» fobs fa» frT> and fi 1 respectively denote
the adjustment compensation coefficients for the lane width, heavy vehicle, approach grade, existence
of a parking lane, and parking activity adjacent to lane drop, blocking effect of local buses stopping
within intersection area, area type (business district equals 0.9, else equals 1.0), right-turn vehicle
presence, and left-turn vehicle presence.

Taking advantage of Equations (1) and (2), the theoretical capacities (assume without work zones)
of the 22 intersections are calculated. The data are summarized and shown in Table III. S; denotes the
theoretical saturation flow rate, C; denotes the theoretical capacity calculated based on Equation (1)
without considering the influence of work zones, and C, denotes the actual average capacity of the
intersection calculated by using the data in Table 1. From Table III, it can be observed that the actual

Table III. Capacity data and saturation flow data.

Sites S C C, C—GC, (C,— Cy)x 100/ Cy
1 1387 1280 1109 171 13.4%
2 1098 1320 838 482 36.5%
3 1200 1430 990 440 30.8%
4 1578 713 651 62 8.7%
5 805 791 461 330 41.7%
6 1025 1617 1173 444 27.5%
7 1491 3882 3102 780 20.1%
8 1042 3008 2377 631 21.0%
9 880 2213 1226 987 44.6%
10 963 2822 1760 1062 37.6%
11 1089 1239 838 351 28.3%
12 977 2129 1195 934 43.9%
13 1076 3500 2416 1084 31.0%
14 1120 1383 1030 353 25.5%
15 984 1347 905 442 32.8%
16 1160 3717 2571 1146 30.8%
17 780 887 416 471 53.1%
18 764 670 407 263 39.3%
19 938 2563 1743 820 32.0%
20 1129 2800 2082 718 25.6%
21 1260 4878 3535 1343 27.5%
22 1211 3387 2694 693 20.5%
Copyright © 2016 John Wiley & Sons, Ltd. J. Adv. Transp. 2016; 50:1506-1519
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capacity values are significantly less than the theoretical values due to the presence of the straddling
work zones. The worst case is site 17, where the capacity decreases more than half.

The comparisons mentioned in the preceding texts illustrate that the straddling work zones greatly
decrease the capacities of the intersections, and it is necessary to analyze and model how work zones
impact the intersection capacities.

3.2. Saturation flow rate models

3.2.1. Correlation analysis

Before modeling the relationship of the intersection capacity and the impact factors, the correlation
analysis should be taken to find out the key factors in determining the capacity. To realize this purpose,
the correlation coefficient 7 of the two groups of variable X=(x, xo, ... , x,) " and Y=(y1, y», ..., yn) ' is
calculated by using the following formula [34]:

n n n
”E XiVi — E xiE i
i=1 i=1 i=1

r= 3)

2 2
o (5] [ ()
i=1 i=1 i=1 i=1

where x denotes the independent variables, that is, the impact factors here; and y denotes the dependent
variable, that is, the saturation flow rate of the intersection for each lane (S,) here.

The correlation analysis results are displayed in Table IV. It can be observed that the four factors—
WAL, WEL, BS, and SW—have negative correlation coefficient signs, which means that the intersec-
tion capacity will decrease with the increment of the values of the four factors. In contrast, the other
eight factors—WL, WD, PHV, PLT, PRT, NNP, NDL, and TWR—have positive correlation coefficient
signs, which indicates that the intersection capacity will increase with the increment of the values of
the eight factors. In addition, the » value between BS and SW is 0.88, which indicates that they have
great information overlapping, and the » value between SW and S, is 0.18 that is less than the one
between BS and S,, so SW also will be excluded from the consideration in modeling.

3.2.2. Linear regression model

According to the results of statistics and correlation analysis, stepwise regression method [35] was
used to select independent variables of the capacity model. Beforehand, the nine arguments (WAL,
WEL, WL, WD, PHV, PLT, NNP, BS, and NDL) that have higher correlation value with S, are chosen
to establish a linear regression model to reflect the relationship of the impact factors and intersection
capacities. The HCM capacity algorithm is still adopted in calculating the capacity, but the saturation

Table IV. Correlation analysis results.

Sa WAL  WEL WL WD  PHV PLT PRT NNP BS SW  NDL TWR

Sa 1.00

WAL 059 1.00

WEL 020 028 1.00

WL -049 -030 -0.19 1.00

WD 054 —-042 006 0.09 1.00

PHV —-0.15 0.08 —-0.14 037 -0.01 1.00

PLT —-036 -0.08 —0.06 033 009 —0.04 1.00

PRT -0.10 —-0.04 027 0.09 003 015 005 1.00

NNP —-043 —-0.18 -0.14 —-0.15 0.12 0.04 —-046 —-0.06 1.00

BS 037 019 -0.15 -0.24 -0.16 000 —-0.62 —-042 026 1.00

SW 0.18 0.01 -0.24 -025 -021 -0.01 —-054 -035 042 088 1.00
NDL -032 -033 -0.14 003 041 -032 026 -0.04 -0.16 0.14 0.13 1.00
TWR -0.09 -0.19 -0.16 —-0.09 0.17 —-050 024 -0.18 —-0.21 -0.02 —-0.04 0.67 1.00

Copyright © 2016 John Wiley & Sons, Ltd. J. Adv. Transp. 2016; 50:1506-1519
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flow rate model will adopt the linear regression formula. In the linear regression model, the dependent
variable is S and the independent variables are the nine factors. Thus, there is the following equation:

S=ay+) az “)

where ay and q; are the parameters and z denotes the nine selected impact factor.

However, after applying the field data to regress the proposed model, it is found that under the 90%
confidence level, the p-value of WEL is 0.78, which is much bigger than the significance level (0.10),
so the factor WEL is excluded from the independent variable list. We use the rest eight arguments to
establish a regression analysis, and the regression result is significant. Moreover, we add the two
variables—PRT and TWR—that also have a high correlation with S, into the independent variable list,
in which we found that the p-values of PRT and TWR are all much larger than the significance level.
Thus, PRT and TWR are also excluded from the independent variable list. In the end, the formula of the
proposed linear regression model is as follows:

S =ay+ aWAL + a;WL 4+ asWD + a4PHV + asPLT + agNNP + a;BS + agNDL (®)]

where, ag, a1, a, as, a4, as, as, a7, and ag are the parameters need to be calibrated.

Table V displays the regression results of the proposed model by using the field data, including the
parameter values, standard errors, 7-Stat, and p-values of all the parameters. The p-values in Table V
indicate that all the considered factors are significant in estimating the signal intersection capacity with
straddling work zone in a confidence level of 90%. Therefore, according to the analysis mentioned in
the preceding texts and the results in Table V, the final expression of the proposed model is as follows:

§ = 13379+ 77.3WAL-9.TWL-6.56WD-3.17PHV -6.32PLT -0.41NNP
+ 110.2BS-95.2NLR 6)

Equation (6) illustrates that WAL and BS are positive factors and WL, WD, PHV, PLT, NNP, and
NLR are the negative factors in determining the capacity of the intersection with straddling work zone,
which is consistent with the correlation analysis results and common intuitions. WAL, BS, and NLR are
the three most sensitive factors, and the WZL is more sensitive than the work zone width. In the nine
factors, WAL and NLR are the two factors concerning the intersection approach and exits and both of
them have large coefficient values, which reveals that it is important to assure the approach and exit
lanes are unobstructed in the layout of work zones. BS also has a large coefficient value, and in
practice, it is easy to set a separation for non-motor vehicles and pedestrians, so engineers should
set the separation and avoid the mixture of motors and non-motors (or pedestrians) at the intersection.

The goodness-of-fit and residual error of the proposed model are exhibited in Table VI. The
R-square value indicates that the proposed model can reflect 96% of the relationship between the
capacity and the eight chosen factors. All the statistical results support the conclusion that the proposed

Table V. Regression results.

Variable Parameter values Standard error t-Stat p-value
CON 1337.93 149.93 8.92 0.00
WAL 77.25 41.27 1.87 0.08
WL -9.70 2.19 —4.43 0.00
WD —6.56 2.55 —2.57 0.02
PHV —-3.17 1.71 —1.85 0.08
PLT —6.32 1.89 —3.34 0.01
NNP —0.41 0.04 —10.02 0.00
BS 110.22 36.77 3.00 0.01
NDL -95.15 27.66 —3.44 0.00
Copyright © 2016 John Wiley & Sons, Ltd. J. Adv. Transp. 2016; 50:1506-1519
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Table VI. Goodness-of-fit and residual error of the model.

Linear regression model

Multiple R 0.979
R-square 0.960
Adjusted R-square 0.932
Significance F 0.000

linear regression model has good performance and the eight factors are significant in determining the
capacity.

3.2.3. HCM-based model

In addition to the linear regression model mentioned in the preceding texts, the authors also propose a
multiplicative model to calculate the saturation flow rate, which follows the form given by HCM,
named HCM-based model. The formula of the HCM-based model is as follows:

§= SOfWALfWLfWDfPHVfPLTfPRTfNNPfSWfTWRfa (7)

where fwaL, fwL, fwps feuvs /LT fPRT> SNNPs fsws and frwr denote the compensation coefficients for
the nine factors: WAL, WL, WD, PHV, PLT, PRT, NNP, SW, and TWR.

In Equation (7), the coefficients fwar, fpavs feLTs ferT, and f, are five common factors for general
intersections without work zones and their values can be found in the reference [36], but the other five
coefficients fwr, fwps funps fsw, and frwr are new and need to be calculated. To make the estimation
more accurate, the following forms of fwr, fwp, fanes fsw, and frwr are adopted:

SwL = wli +wly-WL (8)
Sfwp = wdi +wdyWD )
Snwp = nnp; + nnp,-NNP (10)
fsw = swi +swr-SW (11
frwr = twry + twry- TWR (12)

where wly, wl,, wdy, wd,, nnp, nnp,, swy, sw,, twry, and fwr, are the parameters needed to be
calibrated.

The calibration process of the parameters in Equations (8—12) is as follows: First, according to the
correlation analysis, the sign of the parameters is analyzed and fixed. Taking the function of WL as an
example, fwr. =wl +wlyWL, fwi. > 0 and with the increment of WL, the value of fy; decreases, so wl;
should have a positive sign and w/, should have a negative sign. Second, the feasible ranges of the
parameters are narrowed into a possible area. Still taking fiyp =wl| +wl»WL as an example, when
WL equals 0, fwy should be 1, so the value of wl; is taken as 1. In addition, the value of WL can be
up to 22.2m in our study and fy is less than 1, so to ensure fyy >0, wl, should be more than
—0.045. Therefore, the feasible range of w/l, is [—0.045, 0]. Third, after the ranges of the model
parameters are fixed, the models are calibrated by using genetic algorithm to find the optimal value.
Applying the field data to calibrate the HCM-based saturation flow rate model, the values of the
coefficients are obtained and displayed in Table VII. In the next section, the accuracy of the two
models will be compared by using statistical indexes.

Copyright © 2016 John Wiley & Sons, Ltd. J. Adv. Transp. 2016; 50:1506-1519
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Table VII. Parameter values of HCM-based model.

Parameters  wl; wi wd,; wd, nnp, nnp; swWy SWo wry wrs

Values 1 —0.00005 1 —0.0014 1 —0.00016  0.524  0.128 1 —0.0582

4. MODEL PERFORMANCE EVALUATION

Figure 5 displays the estimated capacity values by using the two models presented in Section 3 for the
22 intersections. From Figure 5, we can observe that the linear regression model is more approximate
to the surveyed data than the HCM-based model.

To further evaluate the performances of the two models, the following indexes are adopted: mean
error (ME), mean absolute error (MAE), mean absolute percentage error (MAPE), and standard
deviation error (SDE). Their equations are as follows,

1 & .
ME = H; (Si — $i) (13)
1 & .
MAE = M; |S; — Si| (14)
100 4 [S; — S;
MAPE—W;T (15)
& (155
SDE = M; (TMAPE> (16)

where S; denotes the actual saturation flow rate value of the ith site, S; denotes the estimated saturation
flow rate value of the ith site, and M denotes the number of sites, that is, 22 here.

The evaluation results are shown in Table VIII, which indicates that the proposed linear regression
model exhibits better performance than the HCM-based model. Generally, the error of the HCM-based
model is about five times of the linear regression model. Therefore, it is safe to say that the proposed
linear regression model can be used to model the urban signal intersection capacity with straddling
work zone.

——o--Surveyed Data
+— Liner Regress Model
=== Saturation Flow Rate Model

Saturarion Flow Rate{pewh/In)

10 12
Sites

[
(- 9 5
o

Figure 5. Comparison of actual and estimation values.
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Table VIII. Error results of the two models.

ME MAE MAPE SDE
Linear regression model 0 50.31 4.9% 0.032
HCM-based model 122.6 234.27 21.4% 0.115
Difference percentage (%) - 78.5% 77.1% 53.6%

5. CONCLUSION AND FUTURE WORK

The majority of the existing studies concerning the work zone capacity focused on the freeway work
zones. The influence of work zones on the capacity of the urban arterials had not been explored care-
fully, especially on the urban intersections, due to the absence of field data. China is undergoing a new
period of traffic facility construction, which provides us a valuable opportunity to observe and study
the relationship between the urban arterial capacity and work zones. This paper focuses on modeling
the capacity of the signal intersection with straddling work zone. For the first time, two models are
proposed to estimate the saturation flow rate of the signal intersection with straddling work zone,
the linear regression model and the multiplicative model following HCM's form, and the capacity data
of the 22 intersections are collected. The factors that may have a significant influence on the capacity
of the signal intersection with straddling work zone are discussed and analyzed by using correlation
analysis method. The results reveal that the following factors are highly related to the intersection
capacity: the width of approach lanes, width of exit lanes, WZL, work zone width, PHV, PLT,
NNP, setting a separation for non-motor vehicles and pedestrians, and number difference of approach
lanes and exit lanes. The performance of the two proposed models is evaluated, and the results ex-
hibit that the linear regression model has acceptable errors and outperforms the HCM-based model.
The linear regression model can be put forward to provide the necessary reference on urban traffic
control, signal timing and work zone planning, and so on. In the aspect of practice, to increase the
capacity of the intersection with straddling work zone, it is important to ensure that the approach
and exit of the intersection are unobstructed when arranging a work zone within an intersection
and engineers should set the separation for non-motor vehicles and pedestrians to avoid the occur-
rence of mixed flow.

However, this paper still has some limitations. First, due to the long construction terms of the
subways (generally more than 2 years), we only collected the data of 22 work zones. In the future,
more work zone data should be collected to validate our results further. Second, the paper only uses
parametric models, but the non-parametric models that may have higher accuracy are not discussed
here. Third, this paper only focuses on the straddling work zone, and the island work zone will be
explored in the future too.

6. LIST OF SYMBOLS AND ABBREVIATIONS

T cycle length

G green time

Y yellow time

R red time

EG effective green time

NAL number of approach lanes

WAL width of the approach lane

NEL number of exit lanes

WEL width of the exit lane

BS whether setting a separation for non-motor vehicles and pedestrians

SwW width of the passing space for pedestrians and non-motor vehicles
behind the separation

WL work zone length

WD work zone width

Copyright © 2016 John Wiley & Sons, Ltd. J. Adv. Transp. 2016; 50:1506-1519
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NNP number of non-motor vehicles and pedestrians passing through the
intersection

PHV percentage of heavy vehicles

PLT percentage of left-turn vehicles

PRT percentage of right-turn vehicles

NDL number difference of approach lanes and exit lanes

TWR total width reduce of the intersection approach and exit

HCM Highway Capacity Manual

C capacity of the signal intersection

S saturation flow rate of the signal intersection

So base saturation flow rate

o adjustment compensation coefficients for the lane width

fuv adjustment compensation coefficients for the heavy vehicle

Je adjustment compensation coefficients for the approach grade

b existence of a parking lane and parking activity adjacent to lane drop

Jov blocking effect of local buses stopping within intersection area

fa area type

frr right-turn vehicle presence

fir left-turn vehicle presence

S, theoretical saturation flow rate

C, theoretical capacity

C, actual average capacity

r correlation coefficient

X independent variables in correlation analysis

y dependent variables in correlation analysis

S, saturation flow rate of the intersection for each lane

z selected 9 impact factors

Jwars fwe, fwos feuvs feir compensation coefficients for the 9 factors, WAL, WL, WD, PHV,
Jfrrrs fanes fsw and frwr PLT, PRT, NNP, SW and TWR

ao, a;, wly, wly, wdy, wd,, nnp;,  the parameters appeared in the linear regression model
nnps, SWy, Wy, twry and twr,

GA Genetic Algorithm

ME mean error

MAE mean absolute error

MAPE mean absolute percentage error
SDE standard deviation error

actual saturation flow rate value of the i site
estimated saturation flow rate value of the i site
number of the studied sites

= nn
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