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Abstract

The continuous flow intersection [CFI) is an unconventional intersection design which has
been used in many cities all over the world. However, as an important parameter for the geo-
metric design, signal timing, and operation evaluation, the saturation flow rate at CFI has not
been carefully examined. In this paper, a saturation flow rate adjustment model for CFl inter-
sections is established based on field data under the calculation framework of the
HCM2016. Four movements related with CFI, namely the left-turn at the CFl approach,
through movement at the CFl approach, left-turn at the pre-signal, and exit movement at the
pre-signal, are discussed. The proposed model is validated and the relative error is less
than 10%. The treatments to mitigate the negative impact on the saturation flow rate at the
CFl are also recommended. The results show the saturation flow rate of the first three move-
ments are decreased due to the CFI control. For the left-turn, through movement, and left-
turn at the pre-signal, the degree of the reduction of the saturation flow rate are mainly
related to the heavy vehicle ratio, the proportion of lane changing vehicles, and the length of
displaced left-turn lanes, respectively.

Introduction

The saturation flow rate is the maximum capacity of continuous traffic flow at intersections
during the green time in an hour, which is a vital parameter to calculate vehicle delay and
queue length at signalized intersections and a basic parameter to determine the green ratio.
Therefore, analysing saturation flow rate is of great significance to the geometric design, signal
timing, and operation evaluation of signalized intersections. Many works have been done to
establish the adjustment factors of signalized intersection capacity. For some influencing fac-
tors with common cognition, such as the lane width, heavy vehicles, grade, parking, bus block-
age, area type, lane utilization, right turns, left turns, and pedestrians and bicycles, have been
subordinated to the widely used highway capacity manuals, such as HCM2016 [1]. Other
adjustment factors, such as short-lane [2, 3], driving behaviour [4], red light camera [5], green
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signal countdown device [6], work zone [7], Electric bicycles [8], and guideline markings [9]
have also been discussed.

With the increasing traffic demand in recent years, various unconventional intersection
designs have been investigated by traffic engineers to reduce congestion and improve opera-
tional efficiency in the urban road network [10-14]. One of them is the continuous flow inter-
section (CFI), which is the focus of this study. At continuous flow intersections, the pre-signals
are set at the upstream of the main signals and left-turn lanes are moved to the left of the exit-
lanes, therefore the conflicts between the left-turn vehicles and opposing-through vehicles at
main signals can be resolved at the upstream pre-signals in advance and then the left-turn and
through movement of the two opposing legs can run simultaneously without conflict. If such
design is used on all the four legs, the main signals will run in two phases. As shown in Fig I,
there are four phases with the combination of main signal and pre-signal at CFI. But they are
both in two phases at the main signal and pre-signal alone. This is why the CFI design can
enhance the capacity of the intersection. The movements of each phase shown in the figure are
helpful to understand how the signal of the CFI design operates more clearly. This is the reason
why the continuous flow intersections can enhance the intersection capacity. The continuous
flow intersection was first proposed by Mier in 1987 [15]. After more than 30 years of develop-
ment, the CFI has been taken into application in many countries including USA, Mexico, UK,
Germany, Australia, and China [16, 17].

The advantages of CFI design are mainly embodied in setting sub intersections at the
upstream of the main intersection, which can divide left-turn vehicles in advance and relieve
conflicts between left-turn and opposing-through vehicles at main intersections by pre-signals
[18]. In the development of the CFI, studies mainly contain three aspects: geometric design,
signal control, and operational safety. Tanwanichkul et al. [19] analysed the distance require-
ment between main intersection and sub intersection under different traffic conditions by sim-
ulation. Hughes et al. [17] gave a series of detailed suggestions on left-turn lane length, pre-
signal intersection width, turning radius and other minor dimensions. Tarko et al. [20] made
signal timing for the main and pre-signals at continuous flow intersections by using Synchro
software. Chang et al. [16] established queue and delay estimation models by simulating a
large number of statistical data. Coates et al. [21] proposed geometric design and signal timing
for improving pedestrian crossing efficiency. The signal could dynamically choose which
phases to use to reduce pedestrian waiting time and existing queue length as far as possible.
Zhao et al. [22] proposed an alternative design for left-turn bicycles to eliminate the conflict
between left-turn bicycles and through vehicles at CFI intersections. The results show that the
vehicular capacity can be improved and the delay of bicycles can be reduced in the case of high
traffic demand.

However, the adjustment of the saturation flow rate for unconventional intersection has
not been included in the highway capacity manual, such as HCM2016 [1]. Although many
studies were carried out about the optimal design of the CFI and the problems of unusual driv-
ing behaviour when drivers meet continuous flow intersections was recognized in previous
studies, engineers cannot adjust saturation flow rate of continuous flow intersections specifi-
cally. This leads to inaccurate operation evaluation and inappropriate design for unconven-
tional intersection.

In order to deal with the deficiency, the objective of this study is to develop a saturation
flow rate adjustment model for CFI intersections based on field collected data under the calcu-
lation framework of the HCM2016 [1]. The data was collected by video camera. The saturation
flow rate of four movements at the CFI approaches are compared with those at the conven-
tional approaches. The proposed model is validated and the relative error is less than 10%.
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Fig 1. Phase plan and movements at CFI.

https://doi.org/10.1371/journal.pone.0236922.9001

The rest of this paper is organized as follows: Section 2 introduced the data collection. The
difference in saturation flow rates between the CFI intersections and the conventional inter-
sections was compared and the corresponding saturation flow rate adjustment model was
established in Section 3. Section 4 validated the proposed model. Section 5 discussed the rec-
ommendations for improvement. Finally, the conclusions were presented.
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Field data preparation
Measured data

To obtain the actual operational data, the intersection of Caitian Road—Fuhua Road in Shen-
zhen, China, was selected as a case for evaluation analysis. This intersection is located in the
downtown of Shenzhen. The north and south legs of this intersection have adopted the design
of CFI from October 15th, 2017, which is the first CFI built in China. The east and west legs of
this intersection are under the conventional design. Its geometric layout and signal timing are
illustrated in Fig 2. The intersection information and traffic data were observed and recorded
by using video camera located on top of the building nearby during the peak hours [23]. With
the video cameras, second-by-second vehicle arrivals and departures status were captured for
later analyses [24]. Since it is impossible to get the personal information or vehicular license
from the video shooting from the top of vehicles, no identifying information can be obtained.
Therefore, such field observations are permitted in China, and no permits are required.

According to HCM2016 [1], the stop line method is generally used for measuring the satu-
ration flow rate at intersections. The saturation flow rate represents the number of vehicles per
hour per lane that could pass through a signalized intersection if a green signal was displayed
for the full hour, the flow of vehicles never stopped, and there was no large headway. It is com-
puted by Eq (1), on a cycle-by-cycle basis.

s=22 (1)

where, S denotes the saturation flow rate, veh/h; and h is the average saturation headway in a
signal cycle, s.

Headway is the time between successive vehicles as they pass a point on a lane or roadway,
measured from the same point on each vehicle. When the signal turns green, the queue begins
to move. The driver of the first vehicle in the queue must observe the signal change to green

(b)
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Fig 2. Surveyed intersection. (a) Geometric layout and data grouping. (b) Signal timing.

https://doi.org/10.1371/journal.pone.0236922.9002
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and react to the change by releasing the brake and accelerating through the intersection. As a
result, the first headway will be comparatively long. The third and fourth vehicles follow a sim-
ilar procedure, each achieving a slightly lower headway than the preceding vehicle. After four
vehicles, the effect of the start-up reaction and acceleration has typically dissipated. Successive
vehicles then move past the stop line at a more constant headway until the last vehicle in the
original queue has passed the stop line. The HCM [1] recommends using the fifth vehicle fol-
lowing the beginning of a green as the starting point for saturation flow measurements. That
said, the saturation headway can be obtained by Eq (2). Each time a flow is stopped, it must
start again, with the first four vehicles experiencing the start-up reaction and acceleration
headways.

I
h=) __h (2)
where, [ means the last vehicle in queue; #; means the lost time for i™ vehicle in queus, s.

The method of video recording was applied to further obtain the average headway of each
lane. To ensure that the data are at the sufficient level of accuracy and precision, a specially
developed image processing software used to collect the headway has been employed, which
has been successfully used in data collection in our previous work [25]. Heavy vehicles and
passenger cars were identified by vehicle types in the video according to regulations of Minis-
try of Public Security of the PRC [26], cars with a length of less than 6 m and fewer than 9 pas-
sengers or a total mass less than 4.5 t are small cars. Therefore, trucks, container trucks and
buses are subordinated to heavy vehicles while compact cars, minivans belong to passenger
cars. After the camera along the road captured the data of every car passing the CFI, the head-
way of each car can be obtained automatically and then the average headway and the satura-
tion traffic flow of each lane can be calculated.

Both the saturation flow rate of the CFI approach and that of the conventional approach
were collected in one intersection because only the north and south legs of this intersection
have adopted the CFI design. It can ensure the comparability between different groups because
the drivers’ driving behaviours of them can be assumed to be the same. Though there are vari-
ous factors influencing the saturation flow rate, the emphasis of this paper is on the change of
saturation flow rate caused by CFI design and what leads to these changes. Therefore, a special
intersection where both the CFI design and the conventional design are simultaneously used
was selected to study differences between these two designs. Thanks to such an intersection,
the interference of other factors is removed as much as possible. There is no need to consider
other influencing factors in HCM.

Data grouping

In this paper, the differences between the saturation flow rate of CFI approaches and the con-
ventional approaches were analysed by obtaining the correction coefficient. Therefore, accord-
ing to the different movements, the traffic data were divided into six groups for further
comparison and the detailed schematic diagram of each traffic group is illustrated in Fig 2.
Besides, there was no variation in signal timing during the survey.

o Group 1 is the through movement at the conventional approach, which is used as a bench-
mark for through movement.

o Group 2 is the left-turn at the conventional approach, which is used as a benchmark for left-
turn.

o Group 3 is the through movement at the main stop-line of CFIL
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Table 1. Headway statistical description in each group.

Sample size Min (s) Max (s) Average (s) Standard deviation
Groupl 3194 0.81 5.77 1.992 0.611
Group2 2511 0.82 5.93 2.075 0.799
Group3 5253 0.85 6.28 2.162 0.807
Group4 4573 0.82 6.10 2.227 0.891
Group5 3562 0.88 6.20 2.482 0.977
Group6 5307 0.80 5.11 2.001 0.726

https://doi.org/10.1371/journal.pone.0236922.t001

« Group 4 is the left-turn at the main stop-line of CFL

 Group 5 is the movement of left-turn vehicles entering the displaced left-turn lanes at the
pre-signal of CFL

« Group 6 is the exit movement entering the road segment at the pre-signal of CFL

Modelling
Statistics description

Basic statistical results of saturation headway are shown in Table 1, including the sample size,
minimum headway, maximum headway, average headway and standard deviation of headway
in each group. To visually demonstrate the difference on the distribution of the saturation
headways between the CFI and the conventional design, four comparison pairs were con-
ducted by the histogram, shown in Fig 3.
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Fig 3. Distribution of saturation headways. (a) Group 4 vs Group 2. (b) Group 3 vs Group 1. (c) Group 5 vs Group 1. (d) Group 6

vs Group 1.

https://doi.org/10.1371/journal.pone.0236922.g003
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Table 2. Kolmogorov-Smirnov test.

Group Statistic Sig
Groupl .056 .000
Group2 .081 .000
Group3 .077 .000
Group4 .052 .000
Group5 .065 .000
Group6 .053 .000

https://doi.org/10.1371/journal.pone.0236922.t002

First, the normality of each group data is tested by Kolmogorov-Smirnov test. The result is
shown in Table 2, the significance in each group is less than 0.01, which indicates that none of
the six groups of data is normally distributed. Therefore, the nonparametric test is applied to
analyse each group data’s difference. Based on the analysis of the average rank, the method of
Mann-Whitney U is used to test whether the populations of two samples are at the same level.
The principle of the Mann-Whitney U test is to get the rank of each data in ascending order
and then calculate the average rank of two samples. The calculation results are shown in
Table 3. From the last column of the table, it can be statistically said that there are indeed sig-
nificant differences between each comparison pairs (Sig < 0.05) expect for Group 1 vs Group
6. Therefore, the design of the CFI has significant impact on the saturation flow rate. The cor-
rection coefficients of the saturate flow rate should be explored.

The saturation headways of the left-turn (Group 4) and through movement (Group 3) at
the main-signal of the CFI are compared with those at conventional approaches (Groups 2 and
1), respectively, as shown in Fig 3a and 3b, respectively. Moreover, the movements at the pre-
signal of CFI were also studied. They can be treated as two opposing through movements.
Therefore, the movement that vehicles entering the displaced left-turn lanes (Group 5) and the
exit movement entering the road segment at the pre-signal (Group 6) were compared with the
Group 1, as shown in Fig 3c and 3d, respectively.

It can be known that the distribution curves of saturation headways at CFI approaches are
always more dispersed and closer the right with the comparison of that of the conventional
approaches, which indicates the saturation headway and its dispersion degree at CFI
approaches are higher. High CFI headway implies less utilisation of traffic lane capacity.
Among them, the distribution curve of Group 5 in Fig 3c has obvious difference with that of
Group 1, which means the left-turn vehicles entering the displaced left-turn lanes at the pre-
signal of CFI were most affected by CFI.

The normality of each group data was tested by the method of Kolmogorov-Smirnov and
the results shown the significance of K-S test in each group is less than 0.01, which indicates
none of the six sets of data comfort to normal distribution, as shown in Table 2. By comparing
the relation distribution curves between the quantile of variable data and specified distribution,
it can be seen intuitively that the traffic data of each group are not normally distributed.

Table 3. Significance test for each comparison pairs.

Group pairs

Group2 -Group4
Groupl -Group3
Groupl -Group5
Groupl -Group6

https://doi.org/10.1371/journal.pone.0236922.t003

Mann-Whitney U Wilcoxon W Z Sig
4950914.5 8104730.5 -5.764 0.000
7402125 12504540 -9.081 0.000
3863136 8965551 -22.807 0.000
8342447.5 22427225.5 -1.212 0.225
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Therefore, nonparametric test should be employed to analyse each group data’s difference.
Based on the analysis of the average rank, the method of Mann-Whitney U is used to test
whether the populations of two samples are the same at the same location. The test principle is
to combine two samples and get the rank of each data in ascending order firstly and then cal-
culate the average rank of two samples. The calculation results are shown in Table 3 where
there are significant differences between every tested group pairs except for Group 1 and
Group 6. Therefore, it can be concluded that the design of the CFI has impact on the saturation
flow rate. The correction coefficient of each direction in the saturate flow rate model should be
adjusted for CFI, which will be discussed in the following sections.

Modelling the saturation flow rate adjustment

In this paper, all raw data were divided into two parts. In this section, the correction coeffi-
cients of saturation flow rate for different movements at the CFI are established by 80% of the
field data. The proposed model will be validated using the left 20% data.

Adjustment for left-turn at the CFI approach. The construction of CFI generally results
in a smaller turning radius, which is the main difference in the operation of the left-turn at the
main intersection between CFI and conventional approach, as shown in Fig 4. Since the effect

T
it
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“ [ N
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R~ R
= 144 '
= Smaller turning radius
‘s
O kAl (_ Fuhua Road
—=-------=--= Group4 T — ——— — ——
B St dtabet="a p— e
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it
Nt |

|
| |
| |
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Fig 4. Smaller turning radius of left-turn at the CFI approach.
https://doi.org/10.1371/journal.pone.0236922.9004
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Table 4. Headway descriptive statistics in Group 2 and Group 4.

Passenger cars in Group 2
Passenger cars in Group 4

Heavy vehicles in Group 2

Group Sample size Min (s) Max (s) Average (s) Standard deviation
2381 0.82 4.43 1.970 0.657
1392 0.87 4.52 2.253 0.632
130 3.24 5.93 4.003 0.702
240 3.25 6.10 4.881 0.752

Heavy vehicles in Group 4
https://doi.org/10.1371/journal.pone.0236922.t004

of smaller turning radius on different types of vehicles may be different, the saturation flow
rates of passenger cars and heavy vehicles at the CFI need to be discussed separately. The statis-
tical description of passenger cars and heavy vehicles in Groups 2 and 4 are listed in Table 4.
As for passenger cars, the average headway is 1.970 and 2.253 respectively at the conventional
intersection and the CFI. Moreover, as for heavy vehicles, the average headway is 4.003 and
4.881 respectively at the conventional intersection and CFI.

Therefore, the saturation flow rate of left-turn vehicles at the CFI is 87.4% and 82.0% of the
conventional intersection for passenger cars and heavy vehicles, respectively. It indicates the
difference in left-turn operating at the CFI of heavy vehicles compared with passenger cars.
Thus, the adjustment coefficient of saturation flow rate for left-turn at the CFI approach can
be calculated by Eq (3), which indicates that the correction coefficient equals to 0.874 when the
proportion of the heavy vehicles is 0%, and correction coefficient equals to 0.820 when the pro-
portion of the heavy vehicles is 100%.

fop = 87.4% — (87.4% — 82.0%)P,,, (3)

where, fc; is the adjustment coefficient for left-turn at the CFI approach; and Py is the pro-
portion of the heavy vehicles.

Adjustment for through at the CFI approach. The construction of CFI generally results
in the problem of lane offset in the direction of through traffic due to the different number of
left-turn lanes, as shown in Fig 5. Therefore, drivers are forced to make lane choices and
changing lanes. According to Table 1, the saturation flow rate of Group 3 is 7.86% lower than
that of Group 1 on average.

Table 5 shows the distribution of traffic among the through lanes at the CFI approach and
according exit lanes. The utilization ratio of the outermost entrance lane is the lowest while the
outermost exit lane is used the most, and their utilization ratios are 0.230 and 0.275, respec-
tively. The saturation flow rate of each cycle and the proportion of traffic volume changing
lanes were recorded in detail, as shown in Table 6. The vehicle was regarded as changing lane
if it was not on its original corresponding lane when it entered the exit lane. Almost 20%
through vehicles did not choose the exit-lane corresponding to the original entrance lane. In
turn their behaviour of changing lanes affected the operation efficiency and reduced the satu-
ration traffic flow. The relationship between saturation flow rate and proportion of lane chang-
ing can be analysed. Various functions were tried to fit curve, such as linear, exponential,
polynomial and Gauss function. The functions with its goodness are listed in Table 7 and fit-
ting curves are shown in Fig 6.

Among the tested fitted curves, linear model, exponential model, polynomial model and
Gauss model are more appropriate with high goodness of fit. It can be seen that most of scat-
ters are located on these curves and the R-square of all these models is greater than 0.9. Con-
sidering the model’s practical application, the simpler the model is, the easier it is to be
calculated. Therefore, the concisest model (Linear) was chose to further get the relationship
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Fig 5. Lane offset of through movement at the CFI approach.
https://doi.org/10.1371/journal.pone.0236922.9005

between the adjustment coefficient of saturation flow rate and proportion of lane changing by
using the saturation flow rate of Group 1 as a benchmark, and the equation is shown in Eq (4).
In Eq (4), the proportion of lane changing vehicles is the independent variable and it should
be smaller than maximum value of the field data. It means the applicable range of P, is from

Table 5. Lane utilization.

Lane Entrance lane Exit lane
Lane 1 0.243 0.226
Lane 2 0.266 0.246
Lane 3 0.261 0.253
Lane 4 (outermost) 0.230 0.275

https://doi.org/10.1371/journal.pone.0236922.t005
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Table 6. Example of the recorded data of lane changing.

Number of cycle Saturation flow rate Lane changing proportion
1 1864.802 0.008974
2 1958.780 0.183460
3 1831.900 0.188630
4 1897.019 0.024393
5 1876.591 0.024697
6 1897.699 0.025061
150 1818.182 0.034081

https://doi.org/10.1371/journal.pone.0236922.t1006

Table 7. Functions between saturation flow rate and lane changing proportion.

Function Fitting result R-square

Linear Sy = —1218P, + 1814™° 0.925
Exponential S, = 1815 0%k 0.927
Polynomial S, = —920.8P° — 171.5P* — 1209P, + 1812 0.926
Gauss s, = 216467(&&?%)2 0.926

S5 is the saturation flow rate of Group 3.

® p. is the proportion of lane changing.

https://doi.org/10.1371/journal.pone.0236922.t007

0t00.3.
for =1—0.709P. (0 < P, < 0.3) (4)

where, fcris the adjustment coefficient for through movement at the CFI approach; and P, is
the proportion of lane changing vehicles.

Adjustment for left-turn at the pre-signal. When the left-turn vehicles enter the dis-
placed left-turn lanes at the pre-signal of CFI (Group 5), these vehicles should queue and wait

— Linear

. — Exponential

s % . —— Polynomial
.ot Gauss

0.05 0.1 . 015 02 0.25 0.3
Proportion of chaning lanes

Fig 6. Fitting curves of saturation flow rate at CFI and lane changing proportion.

https://doi.org/10.1371/journal.pone.0236922.g006
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Caitian Road

Main signal

B

—

Fig 7. Vehicles entering the displaced left-turn lanes at the pre-signal of CFI.
https://doi.org/10.1371/journal.pone.0236922.g007

for the red light of the main-signal, as shown in Fig 7. Therefore, for drivers, it is not necessary
to hurry to drive to the main-stop line. According to the field observation, some of the drivers
were lazy and lumbering when they entered and passed the displaced left-turn lanes from the
pre-stop line to the main-stop line. This phenomenon was more obvious when there were
many vehicles queuing in the waiting turn lanes. Therefore, the saturation flow rate was
reduced. According to Table 1, the saturation flow rate of Group 5 is 19.74% lower than that of
Group 1 on average.

The relationship between the headway and the distance between the end of queue and the
pre-stop line (d) was analysed. The fitting results are shown in Table 8. Although the Gauss
model is the most accurate function fitting to the scatters, the Linear model is more succinct.
Therefore, the Linear model was chosen as the function for the relationship between headway
of Group 5 and the distance between the end of queue and the pre-stop line (d).

h, = —0.041d + 5.833 (5)

where, h5 is the headway of vehicles enter the displaced left-turn lanes at the pre-signal of CFI;
and d is the distance between the end of queue and the pre-stop line, m, which can be further
determined by the length of displaced left-turn lane and the queue length.

Since the queue length will continue growing from the start of green time of the pre-signal,
d will change accordingly, which can be specified by Eq (6). Then, the average saturation

Table 8. Regression analysis between headway and d.

Function Fitting result R-square

Linear hs = —0.041d + 5.833 0.475
Exponential hs = 9.288¢70-01785 0.512
Power hs =51.03d **%3 —3.817 0.513
Rational b = =L32d:5602 0.513

d+22.79
S is the saturation flow rate of Group 3.

https://doi.org/10.1371/journal.pone.0236922.t008

PLOS ONE | https://doi.org/10.1371/journal.pone.0236922  August 5, 2020 12/18


https://doi.org/10.1371/journal.pone.0236922.g007
https://doi.org/10.1371/journal.pone.0236922.t008
https://doi.org/10.1371/journal.pone.0236922

PLOS ONE

Modelling the saturation flow rate for continuous flow intersections based on field collected data

headway of Group 5 can by calculated by Eq (7).

L
L ,0<t<=
12

ety oot
L—wlt—=) ,t>=
12 v

where, L is the length between the pre-stop line and the main stop line, m; ¢ is time from the
start of the green of the pre-signal, s; w is the speed of shock wave which can be regarded as 5
m/s [27]; and v is the vehicular speed, m/s.

S5 hgdt

2 (7)

=1

where, g is the green time of the phase that left-turn vehicles entering the displaced left-turn at
the pre-signal, s.

Substituting Eqs (5) and (6) into Eq (7), the adjustment coefficient of saturation flow rate
for left-turn at the pre-signal of CFI can be obtained by using the saturation flow rate of Group
1 as a benchmark, as shown in Eq (8). As the coefficient fcp is dependent on the length of dis-
placed left-turn lanes (L), the applicable range of L in Eq (8) can be obtained by the measured
length of d, which is from 20 m to 120 m.

1.992 o< 1ol
" —0.041L + 5.833 » 20 < &=
=== 1.992 L

Jer h, %9 90 <L<120,g> (8)

I’ 5L
01025<g%-3—>——0041<LF——)%5833
vig v

where, fcp is the adjustment coefficient for left-turn vehicles at the pre-signal of CFL

Adjustment for saturation flow rate for CFI. Considering the above four movements,
the saturation flow rate adjustment for CFI can be calculated by Eq (9) along the same line as
the saturation flow rate calculation model in HCM2016 [1]. The factor fc; refers to the adjust-
ment for left-turn at the CFI approach, which can be calculated using Eq (3). The factor fcr
refers to the adjustment for through movement at the CFI approach, which can be calculated
using Eq (4). The factor fcp refers to the adjustment for left-turn at the pre-signal of CFI,
which can be calculated using Eq (8).

fc :fleCTfCP (9)

where, f is the adjustment coefficient for CFL

Model validation

To validate the accuracy of correction model in each direction, 20% measured data were cho-
sen randomly. The difference between measured saturation flow rate and fitting data calcu-
lated by each adjustment function for different movements was compared respectively.

(1) Validation for left-turn at the CFI approach

The correction coefficient of Group 4 can be calculated by Eq (3) and Py is 14.15% in the left
20% data, so the fcr = 0.874 — 0.054Pyy = 0.866. Then, the adjusted saturation flow rate is 1381
veh/h while the measured saturation flow rate is 1346veh/h. The relative error of this
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Table 9. Wilconxon Signed Ranks test for through at the CFI approach.

Statistical items Values
Negative Ranks N 18
Mean Rank 15.389
Sum of Ranks 227.00
Positive Ranks N 12
Mean Rank 15.667
Sum of Ranks 188.00
Z -0.915
Asymp Sig(2-tailed) 0.360

https://doi.org/10.1371/journal.pone.0236922.t009

correction model is 2.67%. Therefore, the correction model of saturation flow rate for left-turn
at the CFI approach is reasonable.

(2) Validation for through at the CFI approach

The correction coefficient of Group 3 can be calculated by Eq (4) in the left 20% data. The
accuracy of adjusted saturation flow rate can be validated by the two related samples tests. The
results of Wilconxon Signed Ranks Test are shown in Table 9. It shows that the significance of
samples is 0.360 (more than 0.05) which means that there is no significant difference between
the measured saturation flow rate and calculated saturation flow rate for through movements
at CFI. Moreover, the scatters of measured data and fitting data and the relative error are
shown in Fig 8. The relative error is always less than 8.0%. Therefore, both the nonparametric
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Fig 8. Relative error of correction model for through at the CFI approach.

https://doi.org/10.1371/journal.pone.0236922.9008
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Table 10. Validation for left-turn at the pre-signal of CFI approach.

Item Parameter South approach North approach Average
Measured data Sample Size 1138 2424
L (m) 70 125 B,
g(s) 12 28 -
Saturation flow rate (veh/h) 1245 1400 1450
Estimated results fep 0.635 0.846 -
Saturation flow rate (veh/h) 1148.093 1529.166 1402.142
Relative error 8.17% 7.78% 9.23%

https://doi.org/10.1371/journal.pone.0236922.t1010

test and relative error indicate that the correction model of saturation flow rate for through
direction is valid for the actual situation.

(3) Validation for left-turn at the pre-signal

Since the parameters of L and g are different at the south and north approach, the correction
coefficient for through at the CFI needs to be calculated respectively when testing the valida-
tion of the correction model. The actual information about Caitian Road are recorded in the
first three columns of Table 10. According to the constraints in the Eq (8), the correction coef-
ficient of south approach should be obtained by the second function while that of north
approach should be get by the fourth function. Therefore, the correction coefficients for left-
turn at the pre-signal of the south and north approach are 0.635 and 0.846, respectively. Then,
the adjusted saturation flow rate in the south and north direction is 1148.093 veh/h and
1529.166 veh/h, respectively. Compared with the measured saturation flow rate, the calculation
results of relative error for left-turn vehicles at the pre-signal of CFI are also shown in

Table 10. It can be known that the average error for correction model of Group 5 is 8.77%,
which shows the accuracy of correction model for left-turn at the pre-signal of CFI approach is
acceptable.

Discussion

In this chapter, methods to mitigate the negative impact on the saturation flow rate at the CFI
were proposed according to the influencing factors analysed in Section ‘Modelling’.

For the left-turn at the CFI approach, the saturation flow rate of passenger cars and heavy
vehicles is 87.4% and 82% respectively, which means the vehicle type affects the traffic flow.
Thus, to satisty different kinds of vehicles and improve the left-turn saturation flow rate at con-
tinuous flow intersections, the stop line of the intersecting conventional intersection can be
moved backward so that the turning radius will be increased.

For the through movement at the CFI approach, since the lane choice and lane changes
caused by lane dislocation is the main reason why the through saturation flow rate of the CFI
is less than that of the conventional intersection, the striking coloured guide line can be used
and some physical facilities can be added between lanes at the intersection such as yellow flash-
ing lights to streamline the traffic flow and reduce the proportion of lane changing. Moreover,
the entrance lanes and exit-lanes can be marked with numbers to guide drivers to drive along
its original lane.

For the left-turn at the per-signal, the length of displaced left-turn lanes is a main factor
influencing the saturation flow rate. Once the green time of pre-signal is given, it can be deter-
mined by Eq (7) under an expected correction coefficient. The recommend values for the
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Table 11. Recommended length of displaced left-turn lanes (m).

Green time (s) Expected adjustment coefficient
0.95 0.9 0.85 0.8 0.75 0.7
10 90 85 80 80 75 70
15 95 90 85 85 80 75
20 110 100 95 90 85 80
25 120 115 110 100 95 90
30 135 130 120 115 110 105

https://doi.org/10.1371/journal.pone.0236922.t011

length of displaced left-turn lanes under various expected correction coefficient are listed in
Table 11.

Conclusion

A saturation flow rate adjustment model for CFI is established in this paper. Four movements
related with CFI, namely the left-turn at the CFI approach, the through movement at the CFI
approach, left-turn at the pre-signal, and exit movement at the pre-signal, are discussed. The
proposed model is validated by comparing with the field data. The results show the relative
error is less than 8.0%. The methods to mitigate the negative impact on the saturation flow rate
at the CFI are also recommended. From the analysis, the following conclusions can be drawn:

1. Overall, the saturation flow rate of the left-turn at the CFI approach, through movement at
the CFI approach, and left-turn at the pre-signal are significantly lower than that of the con-
ventional approaches, while exit movement at the pre-signal will not be affected.

2. For the left-turn, through movement, and left-turn at the pre-signal, the degree of the
reduction of the saturation flow rate are mainly related to the heavy vehicle ratio (Pyy), the
proportion of lane changing vehicles (P.), and the comprehensive influence of length of dis-
placed left-turn lanes (L), green time (g) and vehicular speed (v), respectively. These main
influencing factors are considered in the proposed saturation flow rate adjustment model.

3. To mitigate the negative impact, the following methods are recommended: moving back-
ward the main-stop line to increase the turning radius, guide line marking and variable
message signs can be added to streamline the traffic flow.

In practice, more detailed design of the guidance information, such as traffic signs and lane
markings, should be conducted with the consideration of the local driving behaviour to
streamline the traffic flow, which can be the direction of the future study.

Author Contributions
Conceptualization: Jing Zhao.

Funding acquisition: Jing Zhao.

Investigation: Xing Gao.

Methodology: Xing Gao, Jing Zhao, Meng Wang.
Supervision: Jing Zhao, Meng Wang.
Validation: Meng Wang.

Visualization: Xing Gao.

PLOS ONE | https://doi.org/10.1371/journal.pone.0236922  August 5, 2020 16/18


https://doi.org/10.1371/journal.pone.0236922.t011
https://doi.org/10.1371/journal.pone.0236922

PLOS ONE

Modelling the saturation flow rate for continuous flow intersections based on field collected data

Writing - original draft: Xing Gao.

Writing - review & editing: Jing Zhao, Meng Wang.

References

1. TRB. Highway capacity manual 6th edition. A guide for multimodal mobility analysis. Washington, DC:
Transportation Research Board of the National Academy of Science; 2016.

2. TianZ, Wu N. Probabilistic model for signalized intersection capacity with a short right-turn lane. Journal
of Transportation Engineering. 2006; 132(3):205-12.

3. Wu N. Total approach capacity at signalized intersections with shared and short lanes: Generalized
model based on a simulation study. Transportation Research Record. 2007; 2027:19-26.

4. Rahman MM, Hasan T, Nakamura F. Development of professional driver adjustment factors for the
capacity analysis of signalized intersections. Journal of Transportation Engineering. 2008; 134
(12):532-6.

5. Jha MK, Weldegiorgis Y. A probabilistic approach to calculate capacity of signalized intersections with a
red light camera. Journal of Advanced Transportation. 2014; 48(4):348—-61.

6. TangK, DongK, Chung E. Queue discharge patterns at signalized intersections with green signal
countdown device and long cycle length. Journal of Advanced Transportation. 2016; 50(8):2100—-15.

7. YangD, ZhulL, MaL, Sun R. Model for the capacity of the urban signal intersection with work zone.
Journal of Advanced Transportation. 2016; 50(7):1506—19.

8. TangT, Luo X, Zhang J, Chen L. Modeling electric bicycle’s lane-changing and retrograde behaviors.
Physica A: Statistical Mechanics and its Applications. 2018; 490:1377-86.

9. QinZ, ZhaoJ, Liang S, Yao J. Impact of guideline markings on saturation flow rate at signalized inter-
sections. Journal of Advanced Transportation. 2019; 2019:1786373.

10. ZhaoJ, LiuY, Wang T. Increasing signalized intersection capacity with unconventional use of special
width approach lanes. Computer-Aided Civil and Infrastructure Engineering. 2016; 31(10):794-810.

11.  Zhao J, Ma W, Zhang HM, Yang X. Increasing the capacity of signalized intersections with dynamic use
of exit lanes for left-turn traffic. Transportation Research Record. 2013; 2355(1):49-59.

12. BieY, LiuZ, WangY. A real-time traffic control method for the intersection with pre-signals under the
phase swap sorting strategy. PloS one. 2017; 12(5).

13. XiangY, LiZ, Wang W, Chen J, Wang H, Li Y. Evaluating the operational features of an unconventional
dual-bay U-turn design for intersections. PLoS one. 2016; 11(7).

14. ZhaoJ, YanJ, Wang J. Analysis of alternative treatments for left turn bicycles at tandem intersections.
Transportation Research Part A: Policy and Practice. 2019; 126:314-28.

15. Mier FD, Romo BH, inventorsContinuous flow intersection. United States patent US5049000. 1991.

16. ChangG, LuY, Yang X. An integrated computer system for analysis, selection, and evaluation of
unconventional intersections. Baltimore, MD, United States: Maryland State Highway Administration;
2011.

17. Hughes W, Jagannathan R, Sengupta D, Hummer JE. Alternative intersections/interchanges: informa-
tional report (AlIR). Washington, DC: Federal Highway Administration; 2010.

18. ChenF, Song MT, Ma XX. Investigation on the Injury Severity of Drivers in Rear-End Collisions
Between Cars Using a Random Parameters Bivariate Ordered Probit Model. International Journal of
Environmental Research and Public Health. 2019; 16(14).

19. Tanwanichkul L, Pitaksringkarn J, Boonchawee S. Determining the optimum distance of continuous
flow intersection using traffic micro-simulation. Journal of the Eastern Asia Society for Transportation
Studies. 2011; 9:1670-83.

20. Tarko A, Azam S, Inerowicz M. Operational performance of alternative types of intersections—a sys-
tematic comparison for indiana conditions. 4th International Symposium on Highway Geometric Design;
2010; Valencia, Spain: Polytechnic University of Valencia; 2010.

21. Coates A, YiP, Liu P, Ma XL. Geometric and operational improvements at continuous flow intersections
to enhance pedestrian safety. Transportation Research Record. 2014; 2436(1):60-9.

22. ZhaoJ, Gao X, Knoop VL. An innovative design for left turn bicycles at continuous flow intersections.
Transportmetrica B: Transport Dynamics. 2019; 7(1):1305-22.

23. ZhuX, DaiZ, ChenF, Pan X, Xu M. Using the visual intervention influence of pavement marking for rut-

ting mitigation—Part II: visual intervention timing based on the finite element simulation. International
Journal of Pavement Engineering. 2019; 20(5):573-84.

PLOS ONE | https://doi.org/10.1371/journal.pone.0236922  August 5, 2020 17/18


https://doi.org/10.1371/journal.pone.0236922

PLOS ONE

Modelling the saturation flow rate for continuous flow intersections based on field collected data

24,

25.

26.
27.

Wu G, Chen F, Pan X, Xu M, Zhu X. Using the visual intervention influence of pavement markings for
rutting mitigation-part I: preliminary experiments and field tests. International Journal of Pavement Engi-
neering. 2019; 20(6):734—46.

Zhao J, Liu Y. Safety evaluation of intersections with dynamic use of exit-lanes for left-turn using field
data. Accident Analysis and Prevention. 2017; 102:31-40. https://doi.org/10.1016/j.aap.2017.02.023
PMID: 28259022

GA802-2014: 'Types of Motor Vehicles—Terms and Definitions’, 2017.

FHWA. Revised Monograph on Traffic Flow Theory. Washington, DC, USA: Federal Highway Adminis-
tration; 2017.

PLOS ONE | https://doi.org/10.1371/journal.pone.0236922  August 5, 2020 18/18


https://doi.org/10.1016/j.aap.2017.02.023
http://www.ncbi.nlm.nih.gov/pubmed/28259022
https://doi.org/10.1371/journal.pone.0236922

