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Abstract: Lack of infrastructure capacity to the demand in mobility results in delays in traffic. U-turns
restrict the movement of the opposing through-traffic during the maneuver, hence triggering delays.
Significant delays can be observed, especially in high volume traffic, where U-turning is not restricted.
Hence, it is imperative to study the delays incurred by the U-turning vehicles to assess their impacts
on traffic congestion. This study thus proposes a quantitative method to estimate the aggregate and
average delay per vehicle caused by U-turns at uncontrolled medians of urban roads. Traffic data
were collected at a corridor where vehicles were allowed to U-turn on a four-lane divided mixed
traffic urban road in Phnom Penh, Cambodia. The delay in the opposing lane of traffic was calculated
by analyzing the data using a novel analytical method; a derivative of the Webster’s delay model. The
results reveal that the suggested technique evaluates the caused delay with good accuracy. Excessive
traffic delay and about three seconds delay per vehicle in the through-traffic of the opposite lane align
well with the experienced delay at the site. The method can be used to assess the delay at straight
corridor sections where U-turns are not restricted, understand the causes of the delay, and develop
control measures for improved traffic performance.
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1. Introduction

The rapid urbanization and extension in the reach of supply chains has led to increas-
ing demand on transportation services [1]. Despite its socio-economic benefits, such as
providing mobility for people and freight, the transportation sector has also been responsi-
ble for a severe impact on the environment [2]. Reportedly, the following environmental
impacts are attributed to the transportation sector: increase in CO, emissions (15% glob-
ally), air and noise pollution, contamination of the hydrographic systems, contamination,
and erosion of soil, as well as deforestation [3]. This study investigates the added urban
congestion due to U-turn maneuvers in straight corridors of Phnom Penh city, Cambodia.
In turn, it allows for better understanding of the extra CO, emissions caused by congestion.

Similar to many major cities of developing countries, Phnom Penh is experiencing
traffic congestion at extreme levels [4,5]. As such, traffic congestion has been reported,
in addition to others, as one of the significant contributors to air pollution in the city.
One of the many reasons for the excessive delays, and therefore congestion, is the inter-
ruptions caused in the flow of traffic by U-turning vehicles at medians [6]. U-turning
maneuvers can impede the flow of through-traffic on the opposing lanes, thus causing
delays and congestion [7]. The maneuver, when performed on roads with low traffic
volume, causes minimal interruption and therefore is permissible. However, when traf-
fic volumes are high, it is almost impossible for U-turning vehicles to find a clear space
in the opposite traffic to do the maneuver. Consequently, in most high-volume traffic,
the scenarios involving U-turning vehicles result in impeded flows causing undesired delays.
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There seems to be a lack of quantitative research assessing the delay caused by
U-turning vehicles. Most previous research involving U-turn maneuvers were performed
to analyze various other aspects of the maneuver and/or under low traffic volumes, which
are favorable conditions for the movement. The maneuver’s influence on congestion in
high volume traffic has not been thoroughly studied. In many developing countries where
traffic volumes are high and traffic rules do not exempt U-turning, like on many roads in
Phnom Penh, U-turning locations tend to experience significant levels of traffic delay [7-10].
To understand the impacts of the maneuver on traffic congestion, it is important to adopt
an effective technique to quantitatively assess the extent of the delay caused by U-turns.
This study thus suggests a new methodology to evaluate the aggregate and average delay
per vehicle as a result of U-turns at uncontrolled medians of urban roads.

The U-turning maneuver is ubiquitous on most of the roads in Phnom Penh, Cam-
bodia [6]. Although some main intersections restrict the movement, many corridors have
passages allowing U-turning. The maneuver not only affects the vehicles immediately next
to the turning vehicle, but the majority of the vehicles travelling on the road are observed to
experience delay to some extent. The technique developed in this study allows quantitative
assessment of the cumulative delay caused by the U-turning vehicles as well as the delay
experienced by each vehicle in the opposite traffic.

2. Literature Review

Many researchers dedicated their efforts to studying the operational performance
of U-turning vehicles at medians, such as analyzing the capacity of the turning vehicles
or developing design alternatives to allow for better performance. Mohapatra et al. [8]
worked to develop a methodology for identifying the conflict zones for U-turning vehicles
at uncontrolled median openings on urban roads under mixed traffic conditions. They
reported that the capacity of the U-turn depends on the amount of conflicting traffic, which
is also the function of the type of the vehicle making the U-turn. Esawey and Sayed [9],
on the other hand, analyzed the operational performance of U-turns at medians with
an unconventional design that was newly adopted in Cairo, Egypt. They found that the new
median design that they analyzed offered advantages only at very low traffic volumes and
showed significant delays when the demand was high. More recently, Mohanty et al. [10]
assessed the delay at median openings due to U-turning movement. The researchers’
findings indicate that vehicles moving at the outer lanes face more delay compared to the
vehicles moving in the lanes adjacent to the median. They also suggest that no significant
delay difference is observed due to the type of U-turning vehicles.

Some of the studies related to U-turns at intersections reported the influence of the
maneuver on the traffic flow. Pirdavani et al. [11] drew attention to the decreased efficiency
of an arterial road due to the high demand in U-turns and proposed a new geometric
design with a raised island to isolate the movement from the rest of the traffic. Other
studies investigated the influence of the U-turning maneuver on the flow rate and capacity
of signalized intersections [12-14]. Most of these studies used statistical correlations to
develop to adjustment factors that help in estimating the capacity reduction due to the
presence of U-turning vehicles at signalized intersections.

The literature discussing the traffic delay due to U-turning vehicles at medians is
rather limited. A possible cause for this is the fact that the U-turning maneuver interrupts
the flow of traffic so much so that it is only practiced in less advanced traffic systems. The
most relevant study found in the literature by Mohanty and Dey [7] analyses the delay
caused by the U-turning vehicles at uncontrolled median openings. Site video data from
a few median openings in urban roads of India were used to estimate the traffic delay.
Regression models were developed to correlate the delay faced by the through-traffic under
limited priority conditions. Despite sharing similarities, the study reports significantly
lower delay values than that of this study. Moreover, the technique adopted in the Mohanty
and Dey study is based on empirical correlations.
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More recently, there were research efforts to study the delay in traffic through machine
learning techniques [15-17]. Although these attempts may offer more advanced simulation
of the traffic conditions and, therefore, more accurate estimation of the delay, the results
may be significantly influenced by the techniques employed in the studies. Until a more
universal approach is adopted by the consensus of researchers, the bias in the development
of the methodology may limit the potential of the technique.

This study proposes an approach that would fill the gap in the literature in estimating
the delay caused by U-turning vehicles at uncontrolled medians with a theoretical back-
ground. Based on the Webster’s delay model, a new method is developed to analyze the
aggregate delay due to median openings and the caused per-vehicle delay. The method
explains the mechanism behind the delay and its implications to congestion.

3. Methodology
3.1. Delay Model Due to U-Turn

Traffic delay is the additional time spent to travel that occurs due to interruptions
in the flow of traffic [18]. To assess the delay due to U-turns, a new derivative model
of the Webster’s delay model [19], based on similar analytical analogy, was developed.
Webster’s model is used to analyze the delay at intersections, whereas the delay in this
paper refers to the additional time that vehicles spend due to the U-turning vehicles
impeding the traffic flow on the opposite lanes. Like the Webster’s model, the total delay,
measured in veh - h or veh - s, is given by the area between the arrival and departure curves
in a cumulative plot (see Figure 1).
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Figure 1. Representation of a delay scenario using a cumulative plot.

Arrival curve in a cumulative plot, A(t), shows the arrival pattern of vehicles on the
upstream, whereas the departure curve, D(t), represents vehicles leaving the location in
the downstream of the location. Cumulative plots are used in the analysis of the traffic
conditions involving flow through restrictions along a travelway [20]. These include
interruption in the traffic flows, such as (i) bottlenecks; (ii) construction zones (iii) accident
locations and (iv) signalized intersections where the traffic signal interrupts the flow during
specific intervals. Cumulative plots can also be used to analyze the delay due to U-turns,
since a similar interruption of flow on the opposite lanes is caused by the U-turning vehicle
during the maneuver.

The difference between the arrival and the departure curves at any given instance
in cumulative graphs shows the number of vehicles not being able to pass through the
restricted section. Consequently, the area encompassed by the arrival and departure curves
illustrates the magnitude of the delay before the queued vehicles at the section are cleared.
In Figure 1, ¢y represents the beginning of the restriction in the flow of traffic, hence the
departure rate is lower than the arrival rate; f; is the time when the restriction is lifted,
and therefore the departure rate increases to free flow rate; and t, shows the time when all
queued vehicles due to the delay are dissipated.
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Mathematically, the delay caused by the impediment of the flow by a single U-turning
vehicle, D;, can be estimated by the area of the triangular area between the arrival and
departure curves [20]. Therefore, the delay in Figure 1 can be calculated using Equation (1):

t2

D (veh x s) = /to [A() — D(£)]dt (1)
The solution of Equation (1) requires knowledge about the arrival pattern, A(t),
and the departure characteristics of vehicles, D(t), on the opposite lanes during a U-turning
maneuver. The rate of arrival, §4(f), can be calculated by the traffic volume per time on the
opposite lane. The upstream flow was observed to be relatively steady during the study
periods. Departure rates, gp(f), during U-turns drop to very low values (almost to zero),
as illustrated in Figure 2 a,b and recover soon after the impeding vehicle corrects its course
on the opposite lane and makes the road available again to the through traffic. It is, there-
fore, reasonable to assume that (i) no departure occurring between times ¢ to t;, and (ii)
the departure rate increasing to about twice the arrival rate (free flow rate) after the road is
cleared. These assumptions cover the majority of the U-turning cases reasonably well, and

they serve an important role in developing the model to measure the delay.

(b)

Figure 2. (a) A truck impeding the traffic on the opposite lanes while U-turning; (b) A car halting the
movement on the opposite lanes while U-turning.

With these assumptions, the delay due to a single U-turning vehicle, Equation (1),
can be simplified and rewritten as:

Ds (veh x s) = qa X ti? ()

where g4 is the arrival rate on the opposite lanes, and t;; is the average duration of the U-turning
maneuver. Hence, the delay in an hour for each vehicle type, D;, can be calculated as:

D; (veh x s) = (Ds); X fi 3)

where f; represents the U-turn frequency of each type vehicle. The total delay, TD,
can therefore be written as:

TD (veh X S) =0.25x D2w + D3w + Dcar + Dtr (4)

The coefficient of 0.25 is used for two wheelers due to the lower influence of the
two-wheelers on the flow of traffic [21]. Dividing the total delay, TD, by the adjusted traffic
volume, Vy;, gives the delay experienced by each vehicle, delay/vehicle, travelling through
the U-turning section on the opposite lanes.
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3.2. Limitations of the New Model

The proposed new model should only be used to evaluate the total and per vehicle
delay in traffic conditions similar to the studied case. The delay estimated applies only for
the traffic travelling on the opposite lane. The impediment of the U-turns on the lanes where
the maneuver is initiated is not covered by this technique. It is imperative to understand the
assumptions introduced in Equation (2) which apply for all U-turning maneuvers covered
in this model. Although realistic in practice, slight variations are to be expected in the
actual delay versus the theoretical model due to these assumptions.

4. Data Collection
4.1. Study Location

A site with the following features was sought for this study: (i) a straight corridor
urban road, (ii) mixed traffic with divided median, and (iii) available uncontrolled U-turns
at the median. A four-lane divided road section of the Yothapol Khemarak Phoumin boule-
vard in Khan Boeng Keng Kang district was chosen as it offered the needed environment.
The study site was a 75 m long straight section in front of the Khmer Soviet Friendship
Hospital (see Figure 3). The median of the road was divided with concrete blocks with
openings for U-turning. The opening on the eastern side had higher U-turn frequencies as
it was the first opening for vehicles approaching from the east side. Therefore, the delay
analysis in this paper were carried for U-turning vehicles arriving to the median opening
from the eastbound.
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Figure 3. The study site is a straight section (marked in red) on Yothapol Khemarak Phoumin Boulevard.

Motorized vehicles were analyzed under four categories as two-wheelers (2w—typical
two-wheelers, e.g., Honda Dream), three-wheelers (3w—also locally known as tuktuks,
some are modified motorbikes with carriages), cars (passenger cars, e.g., Toyota Camry) and
trucks (pickup trucks, e.g., Toyota Hilux, or single-unit trucks). An overhead camera was
set up at a distance from an angle that made it possible to collect the required parameters at
the study site. The following operation parameters were targeted to be extracted from the
recorded videos: the type and frequency of the U-turning vehicles at the specified location;
traffic volume and tally of the types of the vehicles; and the mean speed of the traffic during
the data collection. Four sets of recordings were conducted in the month of April 2020. The
traffic was recorded during non-peak traffic hours, 10 a.m. to noon and 1 p.m. to 3 p.m.,
to reduce the noise in data due to other factors causing congestion. It should be noted that
the traffic conditions were affected by the ongoing COVID-19 pandemic. The volumes
observed were lower compared to non-pandemic times. The lower volumes further reduced
the noise, allowing for better isolated analysis of the delay, which, under higher volumes,
would have not been ideal.
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The video clips were recorded at 1280 x 720 resolution and analyzed at a rate of
60 frames per second. The QuickTime multimedia software developed by Apple Inc was
employed to evaluate the recorded videos. The software conveniently enables viewing the
clips at various speeds, smooth backwards and forwards navigation, as well as pausing
and zooming at frames, all of which were used extensively throughout the generation of
the data. Since the traffic flow rate was generally high, the operation parameters were
collected from slowed motion clips on a case by case basis. The data collected from the
video clips were organized and stored on an Excel spreadsheet document.

4.2. The Geometric Features of the Analyzed Median Opening

The analyzed section of the road is a four-lane straight corridor with a concrete block
divider on the median. The section where the study was conducted is a 22 m opening in
the median without the blocks where U-turning is allowed. The lanes are 3.2 m wide with
faded traffic lines delineating the lanes. No separate island nor an elevation is provided for
U-turning vehicles. Figure 4 provides an illustration of the section.

Figure 4. Schematic of the studied median opening on the Yothapol Khemarak Phoumin Boulevard.

4.3. U-Turn Times

The U-turn maneuver of each vehicle type was studied separately. Each maneuver
was closely analyzed to determine the time it takes to complete the turn. The duration of
the maneuver was considered from the time the vehicle starts slowing down to the time
when the vehicle catches up with the speed of the traffic on the opposite lane, minus the
waiting time of the vehicle to find a clear space in the flow to allow for the maneuver.
Notation t;; was used to indicate the U-turning times. After closely observing more than
150 motorbikes, 90 three wheelers, 70 cars and 25 trucks, the average time it took to make
a U-turn for two-wheelers was 4.98 s, for three-wheelers 8.13 s, for cars 11.69 s, and 13.19 s
for trucks, as summarized in Figure 5.
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Figure 5. U-Turn times for different vehicle types.
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The figure suggests that the t; and its variability increases as the size of the vehicle
increases. Similar findings were reported by Mohapatra et al. [8]. Outlier values of ¢; for
cars and trucks show that, although happening rarely, significant turning times may occur
while maneuvering the U-turn. It happens either when the driver starts turning at the
wrong point, which leads to driving in reverse on the opposite lane to complete the turn,
or when there is a parked vehicle on the opposite lane that restricts the driver’s ability to
complete the turn in one step.

4.4. Traffic Volume

The U-turning vehicles impede the traffic flow on the opposite lanes [10]. It is, there-
fore, important to monitor the flow of traffic volume in the opposite lanes during the U-turn
maneuvers. To accomplish this, the recorded clips were analyzed for the traffic volume
on each travel direction separately as suggested in the Highway Capacity Manual [22].
Each vehicle type passing through the study-site on the opposite lanes were tallied. The
tally was carried out in passenger-car-per-hour-per-direction units (veh/h/2-lanes). The
counts were recorded for 15-min time periods, later adjusted to hourly volume units. Table 1
summarizes the opposite lane volumes.

Table 1. Traffic volumes for the four sets of video recording.

Traffic Volume
[veh/15 min/2 Lanes] Adjusted Volume, V,;
Set 2w 3w Cars Trucks [veh/h/2-Lanes] [veh/s/2-Lanes]
1 417 73 104 40 1282 0.3561
2 585 97 116 30 1557 0.4325
3 510 107 97 30 1446 0.4017
4 463 120 118 57 1643 0.4564

Since two-wheeler vehicles have a different influence on the traffic flow than a passen-
ger car vehicle, it is customary to express the impacts in singular-passenger-car units [23].
According to the urban road design specifications of Vietnam [21], it is suggested that in
motorbike-dominated traffic, four motorcycles have the equivalent impact of one passenger
car on the flow of traffic. Therefore, tallied values of two-wheelers were converted into
passenger car units by a factor of 0.25. The adjusted volumes, V,;;, were calculated using
Equation (5). A unit conversion factor was used for three-wheelers and for trucks since they
have a similar projected area/space on the road as that of passenger cars (typical pickup
truck length 520 cm; three-wheelers vary 250620 cm), and hence have a similar influence
on the traffic volume.

veh 15 min
Vadj (h) = 4( A ) % (0.25 X Vo + Vay + Vear + Viguck) ©)

V,4j: adjusted volume of vehicles per hour

Vow: volume of the two wheelers per 15 min

V3wt volume of the three wheelers per 15 min

Vear: volume of the cars per 15 min

Viruek: volume of the trucks per 15 min

The traffic flow is a continuously changing parameter. Therefore, the corresponding
flow values of each set were used when calculating the delay for the set, thus increasing
the accuracy of the calculated delay.

4.5. U-Turn Frequency

The frequencies of U-turning vehicles were counted for each vehicle type throughout
the recorded clips. In all four sets, the frequency of two-wheelers maneuvering the U-turn
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was the highest, followed by three wheelers, cars and, lastly, trucks. Table 2 summarizes
the average of hourly recorded frequency values for each set.

Table 2. Frequency of the vehicle U-turns in a given hour.

Set 2w 3w Cars Trucks
1 190 30 30 12
2 249 52 32 12
3 212 56 32 12
4 216 36 32 8

5. Results and Discussions

Applying Equations (3)—(5) to the collected data given in Tables 1 and 2 reveals the
results summarized in Table 3. The total delay for each set was calculated based on the
delay data of each type of vehicle. Notice that the two-wheelers’ delay is assumed to
contribute only a quarter of that of the other types of vehicles [23]. Delay per vehicle was
evaluated by dividing the total delay, TD, by the adjusted volume, V,4;, of the traffic on the
opposite direction. Thus, the delay per vehicle represents the average delay experienced by
all vehicles travelling on the opposite lanes through the location.

Table 3. Calculated delay by vehicle type, total delay and delay per vehicle.

Delay Due to Type, D; [veh X s]

Set 2w 3w Cars Trucks  Total Delay, TD [veh X s] Delay/Vehicle [s/veh]
1 1535 673 1378 1075 3510 2.74
2 2749 1522 1637 969 4816 3.09
3 2152 1522 1538 753 4351 3.01
4 2547 1088 2728 365 4817 2.93

The evaluated delay per vehicle parameter can be regarded as the most important
finding of this study. The results suggest that, on average, each vehicle on the opposite
lanes passing by the U-turning location is delayed by about three seconds (delay/vehicle
avg =2.94 s). In other words, under conditions that are similar to the testing conditions,
each U-turn median opening on the road extends the travel time for all vehicles by about
three seconds. Considering the average speed of the traffic flow at the studied area, which is
35.2 km/h, the U-turns cause about 28.8 m less distance travelled for each vehicle compared
to U-turn restricted locations. This corresponds to an average speed reduction of about
11 km/h or 31.3% for each vehicle travelling the studied stretch of the road.

According to the Highway Capacity Manual [22], the performance of the investigated
road section with a traffic volume of 640 to 820 passenger-cars-per-hour-per-lane and the
travel speeds of 32.5 km/h corresponds to a level of service of E (LOS E). Considering
the finding of this study of 11% speed reduction due to the U-turning maneuvers at the
medians, the level of service at these segments of the roads reduces to an unacceptable
level of F (LOS F).

From the table, it can also be seen that two-wheelers and three wheelers contribute
the least delay, despite having higher turning frequencies (please note that the delay of
two wheelers should be assumed to be 25% of the values in the table). On the other hand,
U-turning passenger cars contributed the most in all four sets. They accounted for more
than 30% of the delay caused at the location, and in the fourth set contributed more than
50% of all of the delay. This can be explained by the relatively difficult turning maneuver
of the vehicles due to their physical size. Whereas, two and three wheelers are much
maneuverable compared to cars, and, hence, lower delays are caused. Trucks would also
have contributed significantly had there been a comparable number of U-turning trucks.
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6. Conclusions

Traffic congestion in Phnom Penh has been a chronic problem for the sustainable
development of the transportation system. Among many others, traffic delays are one of
the most significant consequences of traffic congestion. Significant traffic delay can be
caused by the U-turning vehicles at the medians of road corridors where the maneuver is
not restricted. This study provides a quantitative analysis of the traffic delay as experienced
in Phnom Penh, Cambodia. A technique was developed to analyze the delay through
recorded video clips which were used to extract traffic data for the analysis.

The results suggest that there is a significant correlation between the traffic delay and
the U-turning vehicles at uncontrolled medians. According to the findings of the study,
U-turning passenger cars caused the highest delay, while two- and three-wheelers con-
tributed relatively less delay. One of the most important findings of the study is that the
average delay caused by the U-turning vehicles on each through-travelling vehicle on
the opposite direction is about three seconds. This finding reveals profound implications
related to the influence of U-turning vehicles on the flow of traffic. It shows that, un-
der conditions that are similar to the tested conditions, at each unrestricted U-turn median
each vehicle travelling through the section on the opposite lane is delayed for about three
seconds. This affects travel times and, thus, traffic congestion in the corridor considerably.
Therefore, to achieve less delay and shorter travel times, uncontrolled U-turning maneuvers
should be restricted at medians of road corridors as much as possible.

The findings shed light on the importance of U-turn maneuvers, which is not only in
terms of causing traffic congestion, but also the consequences that affect the sustainability
performance of the transportation system in Phnom Penh. Similarly, in many other coun-
tries, inconvenience, and economic losses to drivers, as well as air pollution are among the
most detrimental consequences of the traffic delays (because of the U-turns) in the city.

Despite the limitations of the study, such as data collected from only one U-turning
point or the assumptions made to evaluate the single delay, the results consistently indicate
strong evidence about experienced delay due to U-turns at medians resulting in added
traffic congestion. To verify and to better understand the phenomenon, further analysis at
different locations with different traffic volumes should be performed. New developments
in research, especially in the field of machine learning, may offer a better understanding
and evaluation of the delays due to U-turns. A few but consistent results from this study
suggest that comparable results are likely to be witnessed.
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