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Gap acceptance and lateral placing of vehicles are
considered as prime parameters for analysing the
behaviour of U-turning in vehicles at un-signalized
median opening in urban areas. Critical gap is the sole
parameter in gap acceptance phenomenon where crit-
ical position gives the vehicle’s location during U-turn
operation. Data for this study were collected using
video photography at six median openings on a six-
lane road and three median openings on a four-lane
road from two different cities of India. Data as ex-
tracted by categorizing the traffic stream into five dif-
ferent classes such as two-wheelers, three-wheelers,
car/SUVs, LCVs (light commercial vehicles) and HCVs
(heavy commercial vehicles). Three different method-
ologies (namely the traditional method, INAFOGA
and modified Raff’s method) were utilized to estimate
the critical gap. Critical position of vehicles is esti-
mated using the markings on the pavement surface.
Regression technique was used for modelling critical
gap and position using different variables for each
motorized mode. All the proposed models have a high
coefficient of determination value which indicates its
high significance level. Modelling of critical position
for 3-wheelers was not framed as the P-value for each
variable was higher than 0.05. The reason could be the
randomness in data because of the undisciplined
lateral movement of three-wheelers. A design recom-
mendation for right turn pocket lanes near the median
opening area is proposed especially for U-turning traf-
fic based on the percentage of the U-turning traffic
and maximum critical position of vehicles from the
median edge.

Keywords: Critical position, critical gap, gap accep-
tance, median opening, U-turning vehicles.

RAPID civilization has increased the number of vehicles
significantly in the last two decades. In most of the sig-
nalized intersections, U-turning movements are not
permitted so as to improve the operational condition of
intersection by optimizing the conflict points. Hence,
openings are provided in the median in divided urban
roads at an adequate interval particularly for U-turn
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operations. Median openings are quite effective to access
opposing traffic without creating any conflicts between
the vehicles travelling through the stretch and vehicles
taking U-turn operation. While the turning operation
through median openings is complex due to the opposing
high speed traffic stream. Most of the median openings in
India are uncontrolled. Thus a U-turning vehicle needs to
accept a time or gap between the arrivals of successive
vehicles through traffic of the opposite lanes to perform a
safe turn. This is the gap acceptance phenomenon of U-
turning vehicles. Critical gap is the time gap between two
successive vehicles during which a U-turning vehicle
may decide to cross or merge with the traffic stream. It is
the minimum time interval that allows a vehicle to merge
or cross the opposite traffic flow safely. The duration of
critical gap affects the waiting time and merging time of
the U-turning vehicles and also the behaviour of vehicles
in the opposite traffic stream. Values of critical gap that
are accepted vary for different vehicle classes and are
dependent on various parameters such as types of
U-turning vehicles, several stream parameters of oppos-
ing lane traffic, geometrical elements of the carriageway
including the median, etc. The U-turn operation sometime
creates congestion resulting in reduction of roadway
capacity in both the vehicle approach lanes. In most cas-
es, it is observed that a larger radius is required for huge
vehicles to turn 180 degrees which increases the delay,
fuel consumption and are prone to accidents'. U-turning
region is defined as a hypothetical road space where a lar-
ger number of automobiles try to share the available
space at the same time, thus creating more conflict
as shown in Figure 1. Critical position is the distance of
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Figure 1. U-turning operation at median opening.
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the left wheels of a merging vehicle from the median
edge when the vehicle starts to merge with the opposing
traffic through median opening. U-turning vehicles
choose their possible position at the median opening area
based on vehicle dimension and gaps between standing
vehicles.

Capacity estimation of these median openings is sig-
nificantly critical as all the parameters are discrete in na-
ture, making it more difficult to formulate a suitable
methodology for Indian non-lane based heterogeneous
traffic stream. Hence, two major aspects such as critical
gap and critical position are evaluated for each motorized
mode at uncontrolled median openings. Therefore, this
study considers the following objectives:

e To analyse the effect of lag, accepted gap, rejected
gap and merging time on critical gap of U-turning
vehicles.

e To evaluate the effect of carriage way width, accepted
gap and merging time on critical position of U-turning
vehicles.

e To develop a model for critical gap and critical posi-
tion of different U-turning vehicles at uncontrolled
median openings under mixed traffic conditions.

Literature review

Many studies have been made in the last few decades
to understand the gap acceptance® "' and position of
vehicles''™'®, especially in the case of median openings.
Various methodologies and models were accepted related
to gap and position of vehicles, though most of them
were basically suited for homogeneous traffic conditions.
The majority of studies usually considered the accepted
and rejected gaps as the prime variables for evaluating
critical gap of vehicles. The critical position was esti-
mated based on the position of the left side of the four
wheelers position at the median opening during their U-
turn operation. In the case of two-wheelers, the front
wheel was considered as it specifies the vehicle position
correctly.

Studies on gap acceptance

The estimation of critical gap is a key parameter to
analyse and design a median opening. It is difficult to
measure the critical gap from the field directly. A number
of studies were conducted on gap acceptance of vehicles
since the last few decades especially in median openings.
The gap acceptance behaviour was also analysed for
vehicles travelling through uncontrolled intersections.
Results obtained” show that the distribution of critical
gap is influenced by the driver’s socio-economic charac-
teristics, except waiting time, time of day, and trip pur-
pose. While the mean critical gap is influenced by the
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total opposing traffic flow, number of major-approach
lanes, presence of a median with a right-turn lane,
manoeuvre type, speed of vehicles on major roads and
time of the day. The driver’s psychology has a significant
influence on gap acceptance especially during conges-
tion®. Also, during recurring congestion smaller gaps are
accepted by the drivers which lead to a significant impact
on field capacity. Various studies have proposed several
methodologies*® for critical gap estimation. Methodolo-
gies like likelihood procedure, Hewitt’s method and in-
fluence area for gap acceptance (INAFOGA) method are
effectively used worldwide although, certain significant
differences are observed for estimation of critical gap be-
tween each of the methodology’. For developing coun-
tries, studies have reported that the critical gap values
obtained by INAFOGA method were 28—41% more than
those obtained by Harder’s method® were 18-31% more
than that obtained by the Probability Equilibrium method
and were 5.93% and 16.38% more than the values ob-
tained by Traditional and Modified Raff’s method respec-
tively’. Application of simulation approach provides a
satisfactory result where researches have concluded that
the total delay, the average delay and average queue
length per vehicle increased nonlinearly with increase in
flow levels’. Though several methodological approaches
are available for critical gap estimation, merging behav-
iour approach is found more suitable than other methods
due to its methodological background and this behaviour
of vehicles is considered to estimate the gap values'.
The gap value of vehicles obtained using merging behav-
iour approach decreases with increase in approaching
traffic.

Studies on vehicle’s position

A significant effort was made by researchers to find the
vehicle’s position during its U-turn operation at the me-
dian area. The critical position of vehicles is an important
element for designing the median area as well as carriage
way of the road section. Several influencing factors on
lateral position of vehicles are analysed. The presence of
edge line on the road has a significant impact on speed
and lateral position of motorized road users''. Research-
ers found that the lateral position of vehicles towards the
centre line shifted with change in speed of the vehicles
and analysed the variation in the shifting of lateral posi-
tion in the absence and presence of edge line on the road.
Distribution of lateral position is also analysed'? for
mixed traffic stream where the result shows that the
placement of vehicles may follow a unimodal or a
bimodal curve depending on the percentage of slow and
fast moving vehicles. A new method was introduced for
determination of the lateral position by observing the
vehicle’s heading angle through a homographic and
Lucas-Kanade optical flow techniques'’. Whereas the
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lateral speed was determined by the heading angle and
the vehicle’s on-board diagnostic (OBD) system. The ef-
fect of various elements like road edges, divider, electric
poles and raised footpaths on the vehicle’s movement as
well as on lateral placement was analysed in multilane
highways with the use of ultrasonic sensors assembly'*.
Results show that the variation in lateral gap in a median
lane for mixed traffic is greater for multilane highways.
An increasing trend in variation of the lateral gap in the
shoulder lane was also observed for the 6 and 8-lane
highways whereas a decreasing trend was observed in the
case of 4-lane highways. The results also illustrate that
70% of the lateral gap of all three highways varies from
50 cm to 150 cm in distance from the road edge, whereas
two-wheelers (2W) maintain 50—100 cm lateral gap from
the road edge. The presence of heavy vehicles signifi-
cantly influences the driver’s behaviour and lateral
movement of vehicles'”. Several conflict points are
formed in the median opening area for the non-
controllable movement of vehicles through the openings.
Therefore, identification of the conflict zone is a major
element for designing a U-turn opening especially for
mixed traffic streams. Researchers have found that the
critical position of a vehicle is influenced by the vehicle
size and the road width and it follows a unimodal, bi-
modal or gamma distribution depending on the road-types
(4-lane or 6-lane) and proportion of motorized 2W in the
turning volume'®.

Most studies on vehicle positions were done for through
traffic movement in a straight section or for an uncon-
trolled intersection. Limited studies'® have been made on
vehicle’s critical position near the median opening espe-
cially for urban roads. Therefore, the present study con-
siders evaluating the critical position of U-turning
vehicles at the mid-block median opening for multilane
urban roads.

The turning movement at the median area significantly
influences the traffic stream parameters in both carriage
ways. Sometimes, the turning movements create conges-
tion in the opposite through traffic movement, enhances
major accidents and interrupts the flow condition of the
traffic stream, and results in reduction of capacity of the
road section. The queued up U-turning vehicles create a
bottleneck condition for the through traffic stream which
reduces the stream speed and its capacity. Therefore,
problems tackled by drivers at the median openings
enhance the interest to study the behaviour of U-turning
vehicles at median openings. Several studies have
proposed different methods to estimate critical gap®’”'?
and critical position'® for median openings. The present
study attempts the estimation of critical gap using three
different methods namely traditional method, INAFOGA
method and the modified Raff’s method. The critical
position of vehicles is estimated using strips marked on
the pavement surface at an equal interval of 25 cm each
in the field.
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Research methodology

The estimations of critical gap and critical position are
two important elements to analyse and design a median
opening. It is difficult to measure the critical gap directly
from the field. However, the accepted and rejected gap of
U-turning vehicles can be estimated directly from the
field which can be processed using different existing
methods for critical gap estimation. In this study, three
different methodologies namely traditional method®,
INAFOGA method’ and the modified Raff’s method'’
were utilized for estimation of critical gap. Each method
considers different parameters in critical gap estimation.
Therefore to obtain a specific value of critical gap for
each vehicle type, three methodological approaches are
considered. However, in critical position estimation, the
carriage way width was divided into a number of sections
at 25 cm interval and serially marked from the edge of
the kerb to the end of the road section. The markings on
the road were made at distances 2.5 to 3.0 m from the
start of the opening portion. A flow chart of methodo-
logical approach for estimation and modelling of critical
gap and critical position is given below (Figure 2).

Study area and data collection
Selection of study area

Mid-block median openings on 4- and 6-lane divided
urban roads were considered based on various criteria
such as the sections to be free from the signalling system
or signs, effects of curves, gradient, side friction, on-
street parking, pedestrian movement and non-motorized
vehicles. The effect of speed for U-turning vehicles was
also neglected. A total of nine median openings from two
major cities such as Varanasi and Jabalpur from different
states of India were considered. Initially, it was observed
that the percentage of vehicles making U-turn at median
openings was proportionately higher as the distance of
the opening increases from the nearest intersection.
Hence a minimum distance of 250 m was considered for
the selection of each median opening from its nearest
intersection shown in Figure 3. The details of the study
sections are shown in Table 1.

Data collection

Data for this study were collected at nine selected median
openings in urban areas using video recordings. The
recording was done from the top of a building by fixing a
camera on a tripod so that the entire median and its ve-
hicular movements can be captured. Figure 4 shows the
layout of markings on the pavement surface at an interval
of 25 cm for collecting vehicles’ position data. Field data
were collected during the peak hours of morning and
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Figure 2. Framework of the present study.
Table 1. Details of the selected study sections
Type of Width of median Width of Width of carriageway

Section City carriageway opening (m) median (m) (one direction; m)
1 Jabalpur (MP) 6 lane 10.90 1.65 12.32
2 18.75 1.65 12.80
3 11.20 1.65 10.80
4 10.90 1.65 10.50
5 5.10 1.65 12.10
6 4.90 1.65 12.85
7 Varanasi (UP) 4 lane 3.80 1.13 8.90
8 3.50 1.05 7.03
9 6.00 0.80 7.10

evening between December 2015 and February 2016 on
typical weekdays.

Data extraction

The field data collected at the selected study sections
were extracted to obtain different traffic stream parame-
ters. The traffic flow condition was purely heterogenecous
at the study sections, consisting of different categories of
vehicles. It was also observed that the same category of
vehicles had different vehicle models. All vehicles in the
traffic stream were grouped and divided into several
categories such as 2-wheelers, 3-wheelers, car/SUV, light
commercial vehicles and heavy commercial vehicles
(bus, truck, tractor without trolley, traveler, etc.). Essen-
tial data were extracted from the recorded video and
processed for modelling of critical gap and critical posi-
tion for individual vehicle category.
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Traffic characteristics

Initially the vehicles count in through and U-turning
region was extracted by playing the recorded video at a
work station. The composition of individual vehicles
through traffic and U-turning traffic was estimated for all
study sites (Table 2).

Characteristics of merging vehicles

INAFOGA was drawn at the U-turning region using call-
outs in the Camtasia. Figure 5 shows a rectangular area
ABCD where the line BE represents the stop line of the
U-turning vehicles after approaching the median opening.
The lines CD and AB are the upstream and downstream
ends of INAFOGA. The line AB is drawn, from where
the U-turning vehicles finally move straight with the con-
flicting traffic of the opposite lane. Table 3 shows the
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Table 2.

Compositional share of individual motorized mode at selected study sections

Traffic volume (veh/h)

Composition of through traffic (%)

Composition of U-turning traffic (%)

Site Total Through traffic ~ U-turning traffic ~ 2W  3W  CAR/SUV LCV ~ HCV 2W 3W CAR/SUV LCV HCV
1 3215 2685 530 62.9 5.8 12.6 1.1 1.1 9.8 2.6 3.4 0.4 0.2
2 1859 1733 126 555 153 16.7 1.9 3.8 4.9 0.7 0.8 0.3 0.1
3 2257 2103 154 60.0 12.6 13.7 1.6 3.1 4.0 0.6 0.6 0.3 0.1
4 2469 2170 299 70.0 9.0 11.9 2.4 2.7 2.9 0.2 0.6 0.2 0.1
5 2579 2330 249 562 233 15.9 2.6 0.9 0.5 0.3 0.2 0.1 0.0
6 2885 2561 324 562 219 17.0 3.2 0.9 0.3 0.2 0.2 0.1 0.0
7 711 515 196 50.6 5.9 11.0 4.5 0.4 7.7 5.1 11.0 3.5 0.3
8 2984 2214 770 440 123 9.9 5.4 2.6 9.0 9.3 4.4 2.8 0.3
9 2674 2124 550 313  28.0 12.2 6.2 1.7 7.0 107 2.1 0.7 0.1
Table 3. Details of gap variables of individual vehicle type
Lag (s) Accepted gap (s) Rejected gap (s) Merging time (s)
Type of Vehicle
carriageway type N Mean SD N Mean SD N Mean SD N Mean SD
4-lane 2-TW 1579 2.43 1.31 1579 4.44 2.33 1579 2.89 1.95 1579 3.62 1.61
3-W 1143 3.26 1.15 1143 5.13 3.57 1143 2.72 2.21 1143 3.45 1.24
Car/SUV 1128 2.58 1.34 1128 7.14 4.70 1128 2.60 1.97 1128 4.89 2.11
LCV 147 2.76 1.23 147 6.64 3.61 147 2.50 2.26 147 4.81 1.89
HCV 25 2.13 1.14 25 5.62 2.91 25 3.22 1.51 25 5.05 1.24
6-lane 2-TW 1571 1.18 1.02 1571 3.64 2.42 1571 1.33 1.09 1571 2.70 1.27
3-W 1176 1.44 1.07 1176 2.80 1.33 1176 1.78 1.23 1176 3.87 2.76
Car/SUV 1519 1.45 1.18 1519 4.14 1.70 1519 1.99 1.08 1519 3.27 1.04
LCV 227 1.20 0.98 227 4.46 1.87 227 1.77 1.03 227 3.62 0.64
HCV 52 2.79 1.12 52 4.15 2.58 52 3.39 2.54 52 3.59 0.61
. N : mean value of gap variables to evaluate critical gap for
| E | individual vehicle types at 4- and 6-lane divided urban
| * | Site condition roads.
| E [ 200miito S Oy Position for each vehicle type was calculated using
—! ' Haeorélane strips marked on the pavement surface at a suitable inter-
- val. Critical position of vehicles was calculated from
reer Q

Median opening

Figure 3. Layout of site condition.
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Figure 4. Layout of vehicle’s position data collection.
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the median edge based on the position of the vehicle in
the marked area while taking the U-turn operation. The
details of critical position for each vehicle type are shown
in Table 4 at the selected study sections.

Analysis and results

Estimation of critical gap

The critical gap was estimated for each motorized mode
taking U-turn through median openings using the three
different methods mentioned earlier. The frequency dis-
tribution based on different aspects was plotted using the
above three methods where the intersection point gives
the critical gap value for a certain motorized mode. Fig-
ure 6 shows the frequency distribution plot for car/SUV
on 4- and 6-lane divided roads using the three different
methods. The values of critical gap of other motorized
modes are given in Table 5 for each study section.
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Table 4. Descriptive statistics for critical position (cm) from median edge

2-W 3-wW Car/SUV LCV HCV
Site Mean SD N Mean SD N Mean SD N Mean SD N Mean SD N
1 263.99  92.19 513 388.50 93.57 376 457.49 104.26 497 558.33 1057 75 792 88.24 25
2 270.12  83.60 343 383.12 88.44 197 452.93 93.28 222 532.69 9131 39 7639 3557 9
3 26824  85.16 185 37894 86.78 146 44378 88.62 221 520.27 9494 37  778.1  29.15 8
4 264.04 9138 219 37226  85.88 155 432.32 89.09 198 539.88 98.96 42 7525 4394 10
5 267.00  85.21 200 381.32 76.46 170 461.05 97.35 181 561.25 8421 20 - -
6 275.68  79.66 111 391.67 85.21 132 453.88 89.76 200 544.64 4926 14 - - -
7 281.05  92.69 537 39421 87.84 367 450.82 89.91 336 575.00 6124 27 6775 5297 10
8 259.53  85.16 522 384.61 83.19 380 425.56 91.11 401 524.36 101.3 78  647.7 24.89 11
9 261.78  84.35 520 38491 7431 396 419.82 87.25 391 507.14 7948 42 6813 20.73 14

Figure 5.

Schematic diagram of influence area for gap acceptance on
a 6-lane divided carriageway in Camtasia 8.6.

Statistical significance of estimated gap values

Single factor ANOVA test was applied for comparing the
means to find out the significant relation between various
variables of the three different methods. Tables 6 and 7
list the detailed values after applying the ANOVA test.

It is observed from the above table that there is no sig-
nificant difference in estimated gap values obtained by
the three methods and the null hypothesis can be accepted.
As the methods use different parameters for calculating
critical gap, a paired t-test was applied on each pair of
two methods to check its significance from each other.

Tables 810 show the results of the paired ¢-test per-
formed on each pair. This indicates that there is no sig-
nificant difference between traditional and INAFOGA
method as the P-value is >0.05 and the ¢-critical value is
also greater than ¢-stat. But the results in Tables 9 and 10
show a significant difference between the concerned me-
thods due to its lower P-value and higher ¢-stat value than
t-critical.

Estimation of critical position

The term ‘critical position of merging vehicles’ indicates
the distance of the left wheels (for left hand drive condi-
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tions) of a merging vehicle from the edge of the pave-
ment, i.e. curb side when the vehicle merges at an
uncontrolled median opening'®. The position for an indi-
vidual vehicle near the median opening was estimated by
dividing the pavement width into a number of sections at
an interval of 25 cm. As the Indian traffic stream is oper-
ated by its left side regulation process, the left part of a
merging vehicle is more critical while taking the U-turn
operation. Therefore, the position of the left front wheel
was observed for each vehicle type while the rear left
wheel was considered to estimate the position for motor-
ized 3-wheelers. The estimated position of individual
vehicle type was used to generate the frequency table
with the least count of 25 cm, to calculate the critical
position of each vehicle type. The mean and standard de-
viation of the critical position were calculated from the
frequency distribution plots. Figure 7 gives the frequency
distribution plots for each vehicle type for the study sec-
tion 1.

Figure 7 shows that the frequency data points for each
vehicle type follow a normal distribution for study sec-
tion 1. Each distribution plot shows a high R* value, indi-
cates the statistical significance of the field data points.
The frequency distribution for each vehicle type is plotted
to calculate the mean critical position at every study sec-
tions. The mean critical position of vehicles at 4- and 6-
lane roads is shown in Figure 8.

It is observed from Figure 8 that the value of the criti-
cal position of two wheelers is lesser while HCV has the
highest value. It was observed in the field that most of the
2-wheelers were waiting near the kerb side of the inner
lane to take the U-turn operation. The critical position of
a 2-wheeler is smaller because of its small physical area
with less requirement of turning area during U-turn
operation. The higher manoeuvrability characteristic of
the 2-wheeler facilitates an effortlessness merging with
the opposite traffic using lesser road width near the
median opening. While the larger physical dimension and
less manoeuvrability characteristics of HCVs are the
main reasons for high value of mean critical position. It
also needs a larger turning radius during the U-turn
operation. Figure 8 also shows that with increase in the
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Table 5.

Critical gap values of different U-turning vehicles at the study sections

Critical gap(s) for U-turns at median
opening by existing methods (s)

Section Vehicle mode Traditional INAFOGA Modified Raff
Khalsa College (MP) 2W 2.62 2.62 2.47
3w 2.63 3.00 2.23
Car/SUV 3.12 3.71 2.75
LCV 3.11 3.7 3.16
HCV 4.89 3.96 3.17
Tripuri Chowk (MP) 2W 2.68 2.62 2.46
3w 2.62 3.04 2.24
Car/SUV 3.18 3.79 2.82
LCV 4.01 3.91 3.78
HCV 4.98 4.79 4.26
Medical bus stand (MP) 2W 2.71 2.63 2.48
3w 2.73 3.01 2.25
Car/SUV 3.02 3.81 2.74
LCV 3.16 3.89 3.71
HCV 5.02 4.11 3.94
Khalsa College (MP) 2W 2.82 2.55 1.96
3w 2.58 3.17 2.06
Car/SUV 3.16 3.63 2.65
LCV 3.05 3.86 3.14
HCV 3.98 3.86 3.18
Medical College (MP) 2W 2.38 3.97 2.07
3w 2.8 3.53 2.69
Car/ SUV 3.18 3.67 2.86
LCV 3.24 3.72 3.09
HCV - - -
Medical College opposite side (MP) 2W 3.17 3.29 2.87
3w 2.82 3.51 2.73
Car/SUV 52 4.08 5.86
LCV 4.31 3.56 3.21
HCV - - -
Ramnagar highway (UP) 2W 4.09 4.8 6.2
3w 6.8 52 6.45
Car/SUV 8.6 5.1 7.6
LCV 4.38 4.73 4.32
HCV 3.95 3.97 5.47
Old loco colony (UP) 2W 3.94 3.95 2.12
3w 2.83 3.59 2.73
Car/SUV 3.98 4.96 3.5
LCV 2.95 4.2 2.91
HCV 2.32 3.1 2.86
Railway station (UP) 2W 5.12 3.53 3.13
3w 3.51 3.25 2.77
Car/SUV 4.37 5.97 4.15
LCV 4.52 4.8 4.2
HCV 5.46 5.49 5.44

vehicle size, the mean critical position of vehicles is also
increasing.

Significance of the observed data. a statistical
approach

A statistical approach (y? test) was used to check the
significance of the observed data. The test was done sepa-
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rately for each motorized mode at every section. The final
result is summarized in Table 11.

The mean critical position for different categories of
vehicles at each section on 4- and 6-lane roads was calcu-
lated and presented in Table 11. The y’-test was applied
to check its statistical significance. Table 11 shows the
result of y’-test where the critical value of each
vehicle type is greater than the y* value at 24 degrees of
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Figure 7. Frequency distribution plots for each vehicle type at study section 1.
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freedom and 5% level of significance. It is seen from
Table 12 that critical values are greater than the x> value
at 4 degrees of freedom and 5% level of significance with
higher P-value 0.274 (>0.05), indicates no significant dif-
ference between observed and expected values.

Modelling of critical gap

Modelling of critical gap was done considering five
different variables such as lag, accepted gap, rejected
gap, merging time and conflicting traffic. Regression
technique was used to find the empirical relation between
the critical gap and independent variables. A base model
was first formed for each category of vehicles consider-
ing the independent variables. Statistical ¢-test was
applied to check the significant differences between the
independent variables considering the base model. The
variables whose probability value is less than the signifi-
cance level (5%) were only considered in the final model-
ling of critical gap for each category of vehicles.

Table 13 lists the variables with its significant value
considered in the final modelling for each vehicle type.
Five individual models were proposed for each vehicle
type and a generalized model fit to each vehicle class was
developed. It was observed that all the proposed models

Table 6. Descriptive statistics of critical gap

Groups Count Sum Average Variance
Traditional 36 129.39 3.59 1.60
INAFOGA 36 136.35 3.79 0.62
Modified Raff 36 118.36 3.29 1.75
Table 7. Result of ANOVA test
ANOVA
Source of variation SS DF MS F  P-value F-critical

4.57 2229 1.72  0.18 3.08
139.24 105 1.33

143.82 107

Between groups
Within groups

Total

7774
H Y 665

. 513.72
L N 525,74

451.5
CariSUV | 431.00

383.59
W 357.5

267.04
6 Lanes
2V N 267.59 4 lanes

0 100 200 300 400 500 600 700 800 900

Figure 8. Mean values of critical position of each vehicle type on
four lane and six lane divided urban road.
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had a high R? value which indicates the high implication
level of each model except the model proposed for LCVs.
The models obtained can be used to estimate the critical
gap values using merging time and accepted gap values
of vehicles.

Modelling of critical position

Modelling of critical position was done by considering
four different variables such as critical gap, merging
time, width of the carriageway and accepted gaps. Multi-
linear regression modelling was used to find out the rela-
tion between the critical position and the variables.
A basic model was formed using significant variables for
each vehicle type. A statistical test was applied to check
the significance of each variable considered in the base
model. The variables whose probability value is less than
the significance level (5%) were only considered in final
modelling of critical position.
The basic model for two wheeler

T,=210.04 + 8.64*T. + 0.03*Ty.. @))
The basic model for car/SUV

T,=363.89 + 4.107*T, + 0.057*T\c. @)
The basic model for LCV

T,=1289.37 - 55.53*T, + 47.98%* T,
+25.31*%T, + 0.14*Ty.. 3)
The basic model for HCV:
T, =1041 — 73.33* T,y (4)
The basic model for common motorized mode
T, =199.59 — 73.13*T, + 75.20% T, + 47.70%T,,  (5)

where T, is the critical position (cm), 7. the critical gap,
Tmg the merging time, 7, the accepted gap in seconds and
Ty is one-way width of carriage way in cm.

Tables 14-18 show the details of regression analysis
with statistical results of the variables. It was observed
that all the proposed models had high R* value which in-
dicates the high implication level of each model except
for common motorized mode. Modelling of critical posi-
tion for three wheelers was not framed as the P-value for
each variable was higher than 0.05. The reason could be
the random data obtained because of the undisciplined
lateral movement of 3-wheeler drivers.

Discussion

The present study analyses the vehicle’s gap and position
during its U-turn operation through the median openings
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Carriageway
width (m)
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W: Maximum critical position value

L: Length should be considered based on the percentage of U-turning traffic

Figure 9. Proposed pocket lane design near the median opening area.
Table 8. Results of paired ¢-test between traditional and INAFOGA methods
Groups Count Mean SD SE t DF
Traditional 36 3.59 1.27
INAFOGA 36 3.79 0.79
Difference 36 -0.19 0.96 0.16 -1.21 35
t-test P value t-Critical Lower Upper Significance difference
One tail 0.12 1.69 No
Two tail 0.23 2.03 -0.52 0.13 No
Table 9. Results of paired ¢-test between INAFOGA and modified Raff’s methods
Groups Count Mean SD SE t DF
INAFOGA 36 3.79 0.79
Modified Raff 36 3.29 1.32
Difference 36 0.50 0.94 0.16 3.21 35
T-test P value t-Critical Lower Upper Significance difference
One tail 0.001 1.690 Yes
Two tail 0.003 2.030 0.183 0.816 Yes

for divided urban roads. Data were collected using the
video photographic technique at six different median
openings on 6-lane and three different median openings
on 4-lane divided urban roads in the state of Madhya
Pradesh and the Varanasi city (Uttar Pradesh), India.
Methodologies like traditional method, INAFOGA and
modified Raff’s method were used to estimate the critical
gap values of vehicles. Results show that the critical gap
values estimated by INAFOGA method give a result
higher than the other two methods. It is also observed that
the drivers of 2-wheelers take the smaller available criti-
cal gap due to smaller vehicle dimension and high
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manoeuvrability characteristics. However, HCV takes the
higher gap value due its larger vehicle size and less
manoeuvrability characteristics. The position of indivi-
dual vehicles was estimated by observing the left front
outer wheel of vehicles except for the motorized 3-
wheelers where the rear left outer wheel was considered.
The critical position of vehicles is calculated through the
frequency distribution plot where a high R* value is ob-
served in each plot. Result depicts that the critical posi-
tion of vehicles significantly increases with increase in
physical dimension of the vehicle. Modelling of critical
gap and position is done by considering the statistically

CURRENT SCIENCE, VOL. 114, NO. 7, 10 APRIL 2018
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Table 10. Results of paired t-test between traditional and modified Raff’s methods
Groups Count Mean SD SE t DF
Traditional 36 3.59 1.27
Modified Raff 36 3.29 1.32
Difference 36 0.31 0.66 0.11 2.81 35
T-test P value t-Critical Lower  Upper Significance difference
One tail 0.004 1.690 Yes
Two tail 0.008 2.030 0.085 0.528 Yes

Table 11. Result of chi-square test at all study sections

Critical position (cm) from median

Critical position (cm) from median

Section 2-W 3-W Car/SUV LCV 2-W 3-W Car/SUV LCV
1 263.99 388.5 457.49 558.33 273.08 391.77 4527 550.76
2 270.12 383.12 452.93 532.69 268.26 384.85 44471 541.04
3 268.24 378.94 443.78 520.27 263.73 378.36 437.22 531.92
4 264.04 372.26 432.32 539.88 263.29 377.72 436.47 531.02
5 267 381.32 461.05 561.25 273.45 392.31 453.33 551.52
6 275.68 391.67 453.88 544.64 272.68 391.19 452.04 549.96
7 281.05 394.21 450.82 575.00 278.44 399.46 461.60 561.58
8 259.53 384.61 425.56 524.36 260.92 37433 432.56 526.25
9 261.78 384.91 419.82 507.14 257.58 369.54 427.02 519.51
Summary Chi-square

Count Rows Columns DF Chi-square X-critical Significance difference
14,732.18 9 4 24 Pearson’s 4.541 36.414 No

Max likelihood 4.538 36.414 No

independent variables using regression analysis tech-
nique. The results of this study may help in designing
space near the median openings for U-turning and
through traffic of opposite lanes and for safe and efficient
vehicular movement through the median openings. The
results of this study can be applied to estimate the median
capacity and design of a median opening with proper
opening width and length. The uncontrolled openings can
also be transferred into controlled openings through the
installation of signalling system with proper timing for
safe and efficient vehicular movement through the open-
ings.

Conclusions

This study analyses the behaviour of U-turning vehicles
near the median opening for multilane divided urban
roads based on the gap between vehicles and their posi-
tion under mixed traffic conditions. Three different meth-
odologies namely traditional method, INAFOGA and
modified Raff’s method were applied to estimate the crit-
ical gap value. Values obtained by INAFOGA method are
found to be 5.93% higher than the traditional method and
about 16.38% higher than the modified Raff’s method. As
the INAFOGA method is solely based on the vehicle dy-
namics, the wide range of dynamic properties of vehicles
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give higher values of critical gap estimated by INAFOGA
method than the other two methods. The traditional
method is also based on vehicle dynamic properties and
results in less difference between traditional method and
INAFOGA method. The vehicle position data were used
for the frequency distribution plot to calculate the critical
position of each vehicle type. The distribution plots
followed normal distribution having high R®> value.
Results depict that the critical position of two wheeler is
smaller due to its small physical size with high manoeu-
vrability and less requirement of turning area while
taking U-turn. However, HCV have largest position value
because of its physical size and larger area required for
taking U-turn. Five different variables were considered in
modelling the critical gap. Regression technique was used
to find the empirical relationship between the critical gap
and those variables whose probability value is less than
the significance level (5%). Each model has a high coef-
ficient of determination (R*) with low additive constant
value which indicates its significance level. A model was
also proposed for common motorized mode where the
critical gap depends on merging time and accepted gaps
with high coefficient of determination and low coefficient
value. Multi-linear regression technique was applied to
find the relationship between the critical position and the
variables whose probability value is less than the
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Table 12. Detailed result of Chi-square

test for mean critical position of vehicles

Observed values

Expected values

Critical position (cm)

Critical position (cm)

Section 2W 3W Car/SUV LCV HCV 2W 3W Car/SUV LCV HCV
4 Lanes 267.59 387.80 431.09 528.74 665.00 259.19 373.97 427.88 519.92 699.27
6 Lanes 267.04 383.59 451.50 543.72 777.40 275.44 397.42 454.71 552.54 743.13
Summary Chi-square
Count Rows Columns DF Chi-square ~ P-value  x-critical  Significant difference
4703.47 2 5 4 Pearson’s 5.118 0.275 9.487 No
Max likelihood 5.122 0.274 9.487 No
Table 13. Critical gap modelling for each motorized mode
Vehicle type Variables considered P value Critical gap model R?
2W Merging time, accepted gap 0.005,0.010 T.=-0.133 + 0.0595 Ty, + 0.4167, 0.922
3w Merging time, accepted gap 0.002, 0.001 T.=0.113 + 0.337T e + 0.554T, 0.994
Car/SUVs Accepted gap 0.001 T.=0.199 + 0.817T, 0.829
LCVs Merging time 0.027 T.=1.256 +0.620T, 0.525
HCVs Accepted gap 0.005 T.=1.822+0.492T, 0.827
Common mode Merging time, accepted gap 0.0004, 0.0001 T.=0.106 + 0.385T e + 0.4917, 0.816
T., Critical gap; T, Merging time of vehicle; T,, Accepted gap.
Table 14. Result of regression analysis for motorized two-wheelers for critical position
Coefficients SE t Stat P-value Lower (95%) Upper (95%) R?
Intercept 210.04 10.37 20.25 0.0000 184.65 235.42 0.842
Critical gap 8.64 1.65 5.24 0.0019 4.61 12.67
Width of carriageway 0.03 0.01 4.85 0.0029 0.01 0.04
Table 15. Result of regression analysis for car/SUVs for critical position
Coefficients SE t Stat P-value Lower (95%) Upper (95%) R’
Intercept 363.89 13.02 27.95 0.0000 332.03 395.75 0.874
Accepted gaps 4.107 1.45 2.83 0.0298 0.56 7.65
Width of carriageway 0.057 0.01 6.17 0.0008 0.03 0.08
Table 16. Result of regression analysis for LCV for critical position
Coefficients SE t Stat P-value Lower (95%) Upper (95%) R’
Intercept 289.37 32.95 8.78 0.0009 197.89 380.84 0.970
Critical gap —-55.53 8.36 —6.64 0.0027 —~78.74 -32.32
Merging time 47.98 7.54 6.37 0.0031 27.06 68.90
Accepted gaps 2531 2.54 9.95 0.0006 18.25 32.38
Width of carriageway 0.14 0.01 9.60 0.0007 0.10 0.18

significance level (5%). All the proposed models had
high R? value indicating its high significance level except
for the common motorized mode. Modelling of critical
position for three wheeler was not performed as the P-
value for each variable was higher than 0.05. The reason
could be the randomness in data because of the undisci-
plined lateral movement of 3-wheeler drivers. The aver-
age number of vehicles passing through the median
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openings for both 6- and 4-lane divided urban roads is
found to be 280 and 505 veh/h respectively.

Design recommendations

The results of this study may be used to design or modify
the geometric elements near the median opening area for
safe and efficient movements of U-turning traffic. The
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Table 17. Result of regression analysis for HCV for critical position
Coefficients SE t Stat P-value  Lower (95%) Upper (95%) R?
Intercept 1041.00 41.79 2491 0.000 933.59 1148.42 0.920
Merging time -73.33 9.65 —7.60 0.001 -98.14 —-48.52
Table 18. Result of regression analysis for common motorized mode for critical position
Coefficients SE t Stat P-value  Lower (95%) Upper (95%) R?
Intercept 199.59 63.77 3.12 0.003 69.69 329.48 0.350
Critical gap -73.13 32.18 -2.27 0.030 -138.70 -7.57
Merging time 75.20 23.56 3.19 0.003 27.21 123.19
Accepted gaps 47.70 19.39 2.46 0.019 8.21 87.20

geometric design may be modified by providing right
turn pocket lanes near the median opening area especially
for U-turning traffic. The length and width of the pocket
lane can be designed based on the percentage of the U-
turning traffic and maximum critical position of vehicles
(m) from the median edge, as shown in Figure 9,
although the specifications of the pocket lane depend on
the traffic and road geometric conditions of the sites. The
pocket lane will help in reducing the blockage of through
traffic stream and increase safety by reducing the con-
flicts between U-turning and through traffic. This study
can help formulate the geometric features of such type of
right turn pocket lanes.

Limitations

This study investigates gap acceptance characteristics and
position of each vehicle near the median area and has not
looked into the effect of speed and lane width on the gap
acceptance of a U-turning vehicle. The speed of U-
turning vehicle and lane width of the opposite traffic
stream certainly influence the placement of U-turning
vehicles which is proposed to be investigated in a future
study. The safety aspect associated with U-turning
vehicles at the median openings and the effect of geomet-
ric elements on position of vehicles near the median area
are also proposed to be studied in a future work.
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