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ABSTRACT

Signalized intersections are one of the key elements that play a vital role at road networks. The efficiency and
safety levels of intersections can affect the operational performance of the whole system. In general, turning traf-
fic, especially median-turning, has always been considered as the most problematic movement in the operation
of intersections. This becomes more critical with high turning demand where exclusive turning lanes (single or
double) can be assigned to provide larger capacities for these movements and to reduce conflicts with through
traffic. However, improper treatment of median-turn lanes could create cross-maneuvering behavior which
may limit the expected increase in capacity and create safety issues. Median-turning lane markings are com-
monly provided at intersections in Japan to guide drivers while turning which is expected to reduce the conflicts
among turning traffic. Meanwhile, in the Philippines, exclusive median-turn lanes are installed at intersections
without proper treatment which may contribute to the low mobility and safety levels. Therefore, this study eval-
uated the impact of inside intersection lane markings on the operation of median-turn lanes in terms of mobility
and safety. The vehicle maneuver, speed and interactions between the turning traffic were utilized as essential
components for the assessment. The empirical analysis shows that conflicting trajectories were present on dou-
ble turn lanes without median-turn lane markings in the Philippines, which resulted to serious conflicts among
the turning vehicles and negatively influenced the turning speed and saturation flow rate of the turn lanes. On the
other hand, the turn lane markings in Japan, provided a positive impact to mobility and safety of the turning
lanes. Moreover, it was also found that the geometric characteristics and traffic signal phasing scheme highly af-

fects the capacity and safety condition of signalized intersections.
© 2017 International Association of Traffic and Safety Sciences. Production and hosting by Elsevier Ltd. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

demand. In such cases, median-turn movements, right-turn in countries
with left-hand driving system and left-turn in countries with right-hand

Signalized intersections are the most common bottlenecks in road
networks especially within urban areas. They are common spaces
being shared by several roads where vehicles from different approaches
are given the right of way through signal indication to avoid conflicts
between them. If improperly and inefficiently managed it could result
in congestion and safety issues. At signalized intersections, managing
turning traffic is one of the main challenges especially at high turning
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driving system, are being provided with exclusive turn lanes to accom-
modate their demand and to reduce the conflicts with through traffic.
However, the departure flow rate of vehicles on turn lanes is relatively
lower as compared to the through movement due to the geometric im-
pact of intersection which yields to lower capacities. At high median-
turn demand, double exclusive lanes are provided to increase the capac-
ity of the median-turning lane group. According to the technical assis-
tance report by Brich [1] for the Virginia Transportation Research
Council (VTRC), double exclusive median-turn lanes has a potential ca-
pability of increasing the capacity of a single turn lane up to 180%. This
positive impact can only be realized with appropriate utilization of
median-turn lane markings inside intersections to guide vehicles
while turning in the inside and outside double median-turn lanes.
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In Japan (left hand driving system), most signalized intersections are
equipped with median-turn lane markings [2], usually known as “right-
turn lane markings” (Fig. 1(b)), to delineate the path of vehicles while
turning to limit the degrees of freedom of drivers which contribute to
the minimization of lane changing and the reduction of conflicts be-
tween turning traffic. Median-turn lane markings have also been uti-
lized in many countries such as Germany, USA, Qatar, and United Arab
Emirates. In the United States of America, where it is known as “positive
guidance pavement markings or skip lines”, several studies [1] sug-
gested that median-turn lane markings are effective in improving dou-
ble exclusive turn lanes operation. In the Philippines, the Road Signs and
Pavement Markings Manual 2012 [3] suggests similar pavement mark-
ings for median-turn lanes, however, it is not being implemented in re-
ality. Only “Yellow-Box markings” are being implemented inside urban
signalized intersections (Fig. 1(a)), which is only intended to inform
drivers that it is prohibited to stop within the area of the intersection
at any time. It can be presumed that the absence of proper median-
turn lane markings at signalized intersections especially in the case of
double exclusive median-turn lanes, could be one of the factors that
contributes to the severely increasing traffic congestion and road traffic
crash incidents within the capital of the Philippines, Metropolitan
Manila.

According to the JICA Technical Report in 2014 [4], Philippines is los-
ing approximately 47.7 million US$ per day due to this congestion issues
in Metropolitan Manila alone. In general, the report attributed the se-
vere congestion to several reasons: (i) long cycle time of signalized in-
tersections; (ii) right-turn on red is allowed even without yielding to
traffic with priority, and; (iii) absence of signal coordination to maxi-
mize throughput. Furthermore, another important reason is the com-
monly adopted 4-phase approach-based signal plan regardless of the
relative demand of different traffic movements. Moreover, this
expanding congestion problem could be directly correlated to the in-
creasing road crash incidents within the Metropolitan Manila. The Acci-
dent Reporting and Analysis System of the Metropolitan Manila
Development Authority (MMDA) reported an increase of 79% in the
number of crashes from 2006 to 2016 [5]. Many studies such as Persaud
[6], Abdel-Aty [7] and the State Highway Administration Research Re-
port (MD-030SP 208B46) of the Maryland Department of Transporta-
tion [8], concluded that road crash frequency and traffic volume at
congested roadways are highly correlated. This severely increasing mo-
bility and safety issues in Manila are drawing attention to the traffic en-
gineers to develop or adapt techniques that could help on alleviating
traffic problems at signalized intersections. It can be hypothetically as-
sumed that the absence of proper median-turn lane markings at signal-
ized intersections with double exclusive lanes can generate conflicts
between turning traffic that may deter the potential positive impact of
exclusive turn lanes to the capacity of intersections. However, the ex-
tent of this hypothesized negative impact is not yet known.

Yellow Box Turn Lines

(a) Road Signs and Pavement Markings Manual

(2012), Philippines

The objective of this paper is to investigate the impacts of the
median-turn lane markings on the efficiency and safety performance
of double median-turn lanes in terms of mobility and safety. This
paper focuses on the assessment of urban signalized intersections in
Manila, Philippines, equipped with single and double exclusive
median-turn lanes without turn lane markings, and compares them to
urban signalized intersections in Japan with and without turn lane
markings. Saturation flow rates, turning maneuvers including speed
and paths, and conflicts between turning traffic are empirically ob-
served and analyzed. Lastly, this paper ends with conclusion and future
work.

2. Literature review

Commonly, previous studies measured the mobility performance of
the median-turn lanes in terms of saturation flow rate (SFR). Brich [1]
examined double turn lanes equipped with median-turn lane markings
in Virginia. He concluded that the provision of pavement markings en-
ables the turning vehicles to traverse the intersection safely and effi-
ciently. In his study, he cited the work of O'Leary [9] who conducted
questionnaire survey and found out that 70% of the respondents indi-
cated that median-turn lane markings were very helpful for the drivers.
A similar study was conducted by Wei and Guo [10] in China, they ex-
tracted and analyzed the characteristics of trajectories, speed and flow
of turning vehicle. They concluded that median-turn lane markings
have a potential in controlling vehicles' turning process that can result
in the improvement of traffic efficiency and reduction of traffic conflict.

In addition, several studies suggested that mobility performance of
median-turn lanes are also highly affected by intersection geometric
characteristics. Fitzpatrick and Park [11] analyzed data from 26 signal-
ized intersections with double median-turn lanes in the US and deter-
mined the effects of geometric characteristics on double median-turn
lane operations, as measured by SFR. The study concluded that inside
and outside lane SFRs are almost equal and the number of available re-
ceiving lanes at the exit approach affects the SFR, with one additional re-
ceiving lane could potentially increase the SFR by 50 pcphgpl
(passenger cars per hour of green per lane). Also, the study found out
that the receiving lane width affects the SFR where wide lanes have po-
tential to increase the flow rate. In another study, fifteen intersections
with triple left-turn lanes were examined by Sando and Moses [12].
They investigated the influence of geometric characteristics to the oper-
ation of triple left-turn lanes and found that left-turn lanes on down-
grades and with turn angle < 90° highly contribute to high saturation
flow rate. They also concluded that multiple left-turn lanes located at
one-way streets and on curved approaches have low SFR.

Traffic safety studies in particular to median-turn lane operation
have been conducted by various researchers. Sobhani et al. [13] in Mel-
bourne, Australia, analyzed traffic safety behavior of median-turn lanes

{111
i lllIlIlIl.

il

!

|

|

o
l]]I[]lII
| r|
|
FTITITY
e TR

|1

0

Right-turn lane markings
(b) JSTE Pavement Markings Manual (2012),
Japan

Fig. 1. Median-turn lane markings according to design manuals in the Philippines and Japan.
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at signalized intersections. They stated in the study that road crash re-
lated to median turning movements is one of the major crash type tak-
ing place at intersections. In particular, they found out that different
turning trajectories taken by the drivers influence the traffic conflict
or risk related to median turn movements. A study conducted by
Wang and Abdel-Aty [14] classified nine patterns of median-turn
crashes based on the different approach maneuvers by studying over
6-year period of road crash data in Florida, USA. One of these patterns
is the conflict between two left-turning vehicles on the same approach.
Through the review of the road crash incidents database, they found out
that majority of the crashes that occur in this crash pattern are rear-end
and side-swipe collisions comprising 28% and 27.4%, respectively. In
parallel, according to the road crash incidents based on the database
of the MMDA in the Philippines (2016), side swipe collision and rear-
end collision at intersections are the highest road crash type occurred
from 2005 to 2016 with 35% and 20% of the total road crash incidents
at intersections [5].

Laureshyn et al. [15] evaluated traffic safety of median-turn lanes
based on micro-level behavioral data. Surrogate safety measures were
utilized to analyze the traffic conflict and its accompanying risk severity.
In the study, Time-To-Collision (TTC) and Post-Encroachment Time
(PET) were used to microscopically describe the safety condition of an
encounter between two road users who are simultaneously arriving at
a conflict point. They emphasized that collision combination or the sev-
eral possible collisions of different elements of a vehicle (i.e. corner to
corner, corner to side) are an important consideration. The combination
with the shortest time to conflict has the highest potential in leading to
collision. In general, they conducted microscopic behavioral analysis to
describe the trajectory, turning speed and time-based interaction be-
tween turning vehicles before and after they pass the conflict point
and what evasive action was taken by one of the road users to avoid
the collision.

Based on these literatures, it can be hypothetically assumed that the
absence of median-turn lane markings at the subject intersection in the
Philippines might result to conflicting trajectories that might lower the
mobility performance and increase the risk of traffic conflict between
the inside and outside lane turning vehicles. In addition, after reviewing
the previous studies, it was realized that there is no existing study
which analyzed the impacts of the median-turn lane markings in the
operation of intersections in terms of mobility and safety simulta-
neously while relating to the trajectory characteristics of the subject
turning vehicles.

3. Methodology

Fig. 2 demonstrates the evaluation process adopted in this study.
Mainly, efficiency and safety performance were assessed in relation to
the trajectory characteristics of the median-turning vehicles. The effi-
ciency of the subject median-turn lanes was evaluated through SFR
and turning speed. Furthermore, the impact of observed turning trajec-
tories on the efficiency and safety performance of turn lanes were
evaluated.
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The conflict severity of the interactions between vehicles in the inside
and outside lanes were assessed and quantified. As shown in Fig. 3,
observed conflicts were categorized into three main conflict encounters
such as: (i) Non-Crossing Encounter; (ii) Crossing Encounter, and;
(iii) Collision Encounter. Surrogate safety measures such as Post-
Encroachment Time (PET) and Time-To-Collision (TTC) were used to
measure the severity of conflict. Non-crossing encounter are the encoun-
ters where the paths of the inside and outside lane vehicle did not cross
which eliminates the tendency of a collision during the turning process.

In cases where paths overlapped, potential conflict point between the
two turning vehicles was evaluated. In this paper, conflict point is de-
fined as the point where the trajectories of the two subject median-
turning vehicles cross and might collide along the turning path. The tra-
jectories of the leading and following turning vehicles were observed on
the rear corner and front corner of the vehicles, respectively. The trajec-
tory, turning speed, the expected arrival time of the subject turning vehi-
cles on the conflict point and the evasive action taken by either of the two
road users to avoid collision were analyzed and described through a
micro-level behavioral analysis. Two possible turning conflict scenarios
were assessed. First is when the leading vehicle (veh;), either in the inside
or outside lane, maintained its lead in terms of the arrival time at the con-
flict point throughout the turn from the stop line up to the conflict point.
This scenario is called Crossing Encounter in which the paths of the turn-
ing vehicles will cross each other with a potential conflict measured
using Post-Encroachment Time (PET) and defined as the elapsed time
between the rear corner of the leading vehicle (veh;) leave the conflict
point and the front corner of following vehicle (veh; , 1) arrived at the
conflict point. In this encounter, a possible delay of the leading vehicle,
measured as PET, to leave the conflict point might lead to a collision.

The second scenario is when there's a point of time during the turn-
ing process where the arrival times of both leading vehicle (veh;) and
the following vehicle (veh; ;. 1) are equal (t; = t; + 1). This means that
if both vehicles at that moment continued in their turning maneuver
maintaining the same speed, a collision will occur. This estimated arrival
time (t; = t; + 1) is called Time-To-Collision (TTC). This scenario is
named as Collision Encounter. In reality, one/both of the conflicting ve-
hicles usually react by changing their speed to avoid the collision which
will lead to a difference in time between the arrival of both vehicles at
the conflict point (PET). In this scenario, TTC and PET are used in the
assessment.

3.1. Data collection

Video surveys were performed at two signalized intersections in
Japan and one signalized intersection in the Philippines as shown in
Fig. 4 where the subject median-turn lane approaches as highlighted
by arrows. The observation sites in Japan are Kamisara intersection lo-
cated in Nagoya City and Jimbocho intersection in Chiyoda Ward,
Tokyo while the subject intersection in the Philippines is the Makati
Avenue-Ayala Avenue intersection located in the central business dis-
trict (CBD) of Makati City. It is important to mention that Jimbocho in-
tersection is utilized for the SFR estimation only, while trajectory and
safety analysis was not possible because of the low angle of the video.

Performance of median-turn lanes ]_

|

Efficiency Safety
. . Analysis of
(i) Saturation Flow Rate; Velkiele Surrogate Safety Measure
(ii) Turning Speed Tfesioies (TTC; PET)

A4

Fig. 2. Flowchart of the median-turn lane performance assessment.
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The geometric characteristics of the subject intersections both in Japan
and the Philippines are shown in Table 1 while the definitions of the geo-
metric parameters are demonstrated in Fig. 5. All subject intersections
are right angle with posted speed limit at all approaches of 60 kph. At
Makati intersection, the subject approach is the North West (NWA)
and it is operated with single exclusive median-turn lane in PM period 3.2. Data processing
due to the limited demand while two exclusive lanes are assigned for
median turning vehicles in the AM period as observed during the survey.
The inside lane width is 2.9 m while the outside lane has 3.0 m width. At
Kamisara intersection, both inside and outside lanes of the East approach
and the single turning lane at the West approach are 3.0 m wide.

As shown in Fig. 4 and Table 1, Makati intersection is a compact in-
tersection while those in Japan are wide with large stop line step back
distances. As shown in Table 1, the offset distance between the curb
line and the location of the physical median island nosing at the entry
approach (difference between y,4 and y-) is 10.63 m in Kamisara inter-
section (Japan) while only 0.87 m at Makati intersection (Philippines).
Similarly, at the exit approach, the offset distance between the curb
line and the physical median island nosing (sum of x, and x4) is
23.65 m in Kamisara intersection, while it is —0.45 m in Makati inter-
section which means that the nosing is within the intersection area.

As shown in Table 2, the traffic signal phasing scheme in Makati in-
tersection is approach-based. However, Kamisara and Jimbocho inter-
sections have 4-phase plan with exclusive median-turn protected
phases. Relatively, the cycle length at Makati intersection is longer
than in Kamisara intersection. Furthermore, right-turn on red (right-
hand driving system) at Makati intersection is allowed which may
cause conflicts with the subject median-turn lanes especially at high
turning demand. It is important to mention that the traffic composition
at Makati intersection is uniquely homogenous of mainly passenger cars
since it is located within the CBD area; although it is common for the
traffic composition in the Philippines to be heterogeneous.

Video Surveys at subject intersections are conducted in the dates
and timings presented in Table 3. Vehicle trajectories were extracted
from the collected video recordings using the video processing software
“TrafficAnalyzer” [16].

For the analysis of SFR, the headways between departing turning ve-
hicles in the queue were extracted using TrafficAnalyzer and processed
conforming to the Highway Capacity Manual 6th edition (2016) proce-
dure [17]. The first four vehicles in the queue were dropped in the anal-
ysis to eliminate the impact of startup lost time and only passenger cars
in the traffic stream were included.

Furthermore, only cycles with minimum of eight vehicles in queue
were considered. Based on that, SFRs per lane of all the subject turn
lanes were calculated and analyzed. In general, higher SFRs means
higher efficiencies and capacities of the subject turn lanes.

Vehicle trajectory data per lane were extracted at 0.5 second inter-
val. To analyze vehicle turning speeds, their distributions per lane
were extracted at cross-sections located at 15° interval from the stop
line of the entry approach of the median-turn lanes while the distribu-
tions of paths were extracted at 30° interval. The initial cross-section
at 0° is the stop line of the entry approach of the median-turning vehi-
cles and the last observation cross-section is at the extension of the
stop line of the exit approach. At Kamisara intersection, 121 and 207 tra-
jectories were extracted for the inside and outside turning lanes, respec-
tively. Meanwhile, at Makati intersection 157 and 151 trajectories were
extracted for the inside and outside turning lanes, respectively.

Using trajectory data, the encounters between the inside and outside
lane turning vehicles were identified and classified following the proce-
dure presented in Fig. 3. 111 and 90 encounters were observed at
Makati and Kamisara intersections, respectively. These encounters
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NorthsWest
Approach

(a) North West Approach of Makati Intersection, (b) East and West Approaches of Kamisara
Intersection, Nagoya, Japan

Philippines

P

East Approach

(c) East Approach of Jimbocho Intersection, Tokyo, Japan

Fig. 4. Subject intersections.

[,

were categorized into Non-crossing, Crossing or Collison as defined in
Fig. 3. Then the safety analysis was carried out for the Crossing and Col-
lision encounters using PET and TTC, which were estimated using ob-
served vehicle trajectories.

4. Results and discussion
4.1. SFR and turning speeds
Fig. 6 shows the distribution of the observed SFRs for single and dou-

ble median-turn lanes at observation sites in the Philippines and Japan.
It is clear that median-turn lanes in the Philippines have significantly

lower saturation flow rates compared to those in Japan for SMT and
DMT. Fig. 6(a) shows that for SMT, WA of Kamisara intersection has
higher SFR (significant at 95% confidence level) compared to that of
the EA of Jimbocho intersection, which is attributed to the larger num-
ber of receiving lanes at the exit approach of the median-turning move-
ment from the WA of Kamisara. This analysis indicates that for single
median-turn lanes, the number of available receiving lanes at the exit
approach has more significant impact on SFR than the provision of
median-turn lane marking. On the other hand, both intersections in
Japan have significantly higher SFRs for SMT compared to that of the
NWA of Makati intersection in the Philippines, which has four receiving
lanes at the exit approach and equipped with Yellow Box markings. This

Table 1
Geometric characteristics of the subject-turning lanes.
Parameters NWA?/Makati EA? & WA?/Kamisara EA*/Jimbocho
DMT and SMT? DMT? (EA) SMT?* (WA) SMT?
Turning lane marking Without With Without With
Intersection angle, ot 87 deg. 88 deg. 87 deg. 74 deg.
Lane width (m) Outside - 3.00 Outside - 3.00 3.15 2.80
Inside lane - 2.90 Inside - 3.00
No. of exit lanes 4 3 3 2
V1 15.21 27.23 21.29 24.10
V2 1.6 0.08 0.53 2.28
V3 Not applicable 13.92 8.05 Not applicable
Ya 2.47 11.71 945 13.47
X 10.98 21.16 19.05 24.23
Xo —4.26 6.23 —0.58 0.00
X3 Not applicable 12.42 8.36 Not applicable
X4 3.81 17.42 11.92 16.37

2 Note: NWA: North West approach, WA: West approach; and EA: East approach, DMT: double median-turn lanes; SMT: single median-turn lane.
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low SFR can be attributed to the impact of the permitted right-turn on
red at the opposite approach, which resulted to the reduction of the
available receiving lanes at the exit approach. This impact of right-
turn on red vehicles was only observed when NWA was operated
with SMT. Furthermore, the compact layout of Makati intersection,
where the hard nose of the median is extended to the border of the
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Table 3
Details of video data at subject signalized intersections.

Intersection Approach Date of video survey Time of the day

Makati NW November 30, 2016 (Wednesday) 3:30 pm to 5:00 pm
December 1, 2016 (Thursday) 7:00 am to 11:00 am

Kamisara E July 25,2013 (Thursday) 07:30 am to 9:00 am
W 07:30 am to 9:00 am

Jimbocho E September 14, 2016 1:45 pm to 4:30 pm

(Wednesday)

intersection area, may also contribute by hindering vehicle turning
speed and as a result reducing SFR.

For double median-turn lanes (DMT), Fig. 6(b) shows that observed
SERs for both turning lanes at the NWA of Makati intersection are signif-
icantly lower than those at the EA in Kamisara intersection. This is
mainly attributed to the lane change behavior which becomes frequent
due to the absence of turning lane markings at NWA of Kamisara inter-
section. This leaves drivers with high degree of freedom to select the exit
lane and the desired turning maneuver, which increases the friction be-
tween turning vehicles and reduces their turning speed. This phenome-
non yields to severe conflicts between turning vehicles in the double
turning lanes and as a result reduction in discharge headway. Moreover,
the compact layout of the intersections in the Philippines may also con-
tributed to lower SFR especially for the inside lane as shown in Fig. 6(b).

To look deeper on the conflicts between turning vehicles at DMT,
their observed trajectories were collected and analyzed. Fig. 7 shows ob-
served vehicle paths at Kamisara and Makati intersections as well as the
cross-sections at which the distribution of the speeds and paths were
analyzed. By comparing Fig. 7(a) and (b), vehicle paths at the inside
turning lane of Kamisara intersection are widely distributed compared

Table 2
Signal phase plans and timings.
Length (sec) Cycle
Signal phase 2] 2] 93 Q4 Qs length
1234|567 ]8]|9]|10]11]12]13| (sec)
South East \V\
- North West \/\
'.g North East \/\
% South West [\
= Timings 700 3 |16 2 (40| 2 |1 |24 2| 1]30]|2]|1 194
% [T JQZ_IJ A % 4 [0a] 4 [os] 4
s Movements v <
(4 phases) v¢v Pv %
North & ®; \V\ V)
§ South 9 :
35 East & 03 V' Vi
E West 04 —1
= . .
E Timings 51| 2|4 |14 2|3 |37|2 (30|23 150
3 Movements é‘ - > —
(4 phases) vq‘ T\ 1 LS hen
East & 0 —\/\ /\
g West 2]
.‘:;) North & Q3 \/\==\/\ —=
4 South Y \/\=
»§ Timings 61| 4 | 2|20 2 |2 [43|4 |7 |2]|3 150
E BT AR A L AT A
El Movements — —~ 1 B
= (4 phases) o - v\T I
Green 7" Protected RT /\/\y Amber = Red
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—&—NWA Makati-without markings (N=15)
—#— WA Kamisara-without markings (N=20)

~—#— EA Jimbocho-with markings (N=15)
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Fig. 6. Cumulative distribution of observed SFRs at subject median-turn lanes (pcphgpl).

to those at the inside lane of Makati intersection. This is attributed to the
compact layout of Makati intersection, which limits the freedom of in-
side lane turning vehicles, whereas at Kamisara intersection, the offset
distance of the median hard nose is 10.63 m which encouraged the in-
side lane turning vehicles to freely turn with a wide turning area. This
is reflected in the significantly higher standard deviation of paths and

average speeds at the inside turning lane of the EA of Kamisara intersec-
tion as shown in Fig. 7(c) and (d), respectively.

In contrary, Fig. 7(c) shows an opposite tendency for the outside
turning lanes between Kamisara and Makati intersections compared
to inside ones. This can be attributed to the signal phasing plans at
both intersections. The phasing scheme at Kamisara intersection is a
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Fig. 7. Observed turning vehicle paths and speeds at the inside and outside DMT.
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simultaneous “4-phase protected-only” for the subject double turn lane
and the opposite single median-turn lane (Table 2). This encourages ve-
hicles at the outside median-turning lane to follow the path provided by
the median-turn lane markings due to the potential conflict with the
opposite median-turning vehicles. Unlike in Makati intersection,
approach-based signal phasing plan is implemented which provides ve-
hicles at the outside lane with wider turning area which yield to wider
variations in vehicle paths. In addition, due to the permitted right-turn
on red on the opposite approach, the potential efficiency contribution
of the outermost receiving lane was slightly deterred. Although this im-
pact was limited when the approach was operated with DMT due to the
low right-turn demand at the opposite approach. It is also important to
mention that turning speed at Kamisara intersection was consistently
and significantly higher than that of Makati intersection.

One of the important observations in Fig. 7 is the overlapping vehicle
trajectories between the inside and outside DMT. To have better insights
on this phenomenon, the distributions of vehicle trajectories at different
cross-sections are presented in Table 4. It clearly shows that at Kamisara
intersection, where median-turn markings are installed, there is no
overlapping between vehicle trajectories except at the exit where a
minor lane change was observed. However, at Makati intersection (no
median-turn markings), an increasing overlapping ratio was observed
reaching to 13.4% at the exit cross-section. These overlapping trajecto-
ries represent consecutive cross-maneuvering incidents that affected
the headway of the succeeding vehicles in the queue and led to signifi-
cant reduction in SFR up to 1570 pcphgpl (Fig. 6(b)) for the inside turn-
ing lane. Therefore, this unfavorable behavior of turning vehicles could
be one of the major factors that resulted to low SFRs of double
median-turn lanes at Makati intersection. It is expected that the instal-
lation of median-turn markings will guide drivers to be confined with
their turning lane, which will limit the cross-maneuvering incidents.

Table 4
Spatial distribution of vehicle paths at the inside and outside DMT.

It is important to mention that the applied phasing plan at Makati in-
tersection is not suitable considering the high median-turning vehicle
demand from both NWA and SEA and the relatively lower through vehi-
cle demand. This led to long cycle length (194 s) and insufficient green
ratios for median-turning movements (0.2 for NWA phase) which was
reflected in low capacity of the median-turn lanes. By adopting a phas-
ing plan similar to that of Jimbocho intersection (Table 2), which in-
cludes exclusive median-turn phases, cycle length can be reduced up
to 180 s. Furthermore, higher green ratios can be assigned to the exclu-
sive median-turn phases (estimated green ratio for median-turn phase
from NWA and SEA is 0.3) which yields to an average of 47% increase in
the capacity of inside and outside median turn lanes.

4.2. Safety assessment

Observed crossing and collision encounters for double median-turn
lanes DMT as defined in Fig. 3, are analyzed by estimating PET and
TTC. Regarding crossing encounters, PET only can be estimated. At the
EA of Kamisara intersection, all observed encounters were identified
as non-crossing encounters, which means there were no crossing or col-
lision encounters. This indicates that the operation of DMT at Kamisara
intersection is reasonably safe and free of serious conflict between the
inside and outside lane vehicles. This is probably due to the full compli-
ance of the turning vehicles to the median-turn lane markings that
clearly delineated the path between the two median-turn lanes. In con-
trary, at Makati intersection there were 20 crossing and 7 collision en-
counters out of the 111 observed encounters between vehicles in the
inside and outside turning lanes as shown in Fig. 8. This large percentage
of encounters can be attributed to the absence of median-turn lane
markings, which magnifies the unfavorable cross-maneuvering behav-
ior of the turning vehicles. Fig. 8(a) shows that 19 (95%) of the observed
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Fig. 8. Observed PET and TTC for crossing and collision encounter at Makati intersection.

crossing encounters have PETs < 1.0 s while 11 of them (55%) have PETs
< 0.5 s. This clearly highlights the severity of these conflicts. Fig. 8
(b) shows the PET and TTC values for the observed 7 collision encoun-
ters. TTC values are very short up to 1.35 s and combined with very
short PETs. This signifies that the turning vehicles at Makati intersection
are in a severe conflict condition which are likely to lead to a rear-end
collision. It is important to mention that the observed turning speeds
at Makati intersection are lower than 20 kph which means that in

y(m)

terms of collision severity, it has lower severity compared to potential
collisions that may occur at Kamisara intersection which has turning
speeds of around 30 kph (Fig. 7(d)).

The last collision encounter (number 7) presented in Fig. 8(b), is in-
vestigated as an example of these severe conflicts. Fig. 9 presents the de-
tailed maneuver characteristics of both vehicles in the inside and
outside turning lanes that were involved in the encounter number 7.
Fig. 9(a) and (c) shows that the vehicle in the outside lane accelerated
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Fig. 9. Observed trajectories of conflicting turning vehicles in the collision encounter number 7 of Fig. 8 at Makati intersection, Philippines.
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and suddenly moved to the inside lane which pushed the conflicting ve-
hicle in the inside lane to slow down and move to the outside lane to
avoid sharp speed reduction. This resulted in a situation that is very
close to a crash with PET of 0.2 s. This indicates that the absence of
clear boundaries between the double median-turning lanes may cause
swerving behavior while turning and suggests that the utilization of
median-turn lane markings through the intersection will guide drivers
to avoid cross-maneuvering other vehicles and lane changing which
will improve the safety performance.

5. Conclusion

This study assessed the impacts of the median-turn lane markings
on the mobility and safety performance of median-turn lanes at signal-
ized intersections in terms of SFR, average turning speed, and conflict
severity. In the Philippines, an urban signalized intersection with double
exclusive median-turn lanes without median-turn lane markings were
assessed and compared to urban signalized intersections in Japan with
median-turn lane markings. The results of the empirical analysis sug-
gest that median-turn lane efficiency is highly influenced by several fac-
tors; (i) the availability of median-turn lane markings; (ii) number of
available receiving lanes, and; (iii) the offset of the physical median is-
land nosing. Specifically, the intersections in the Philippines were
found out to have low efficiency and the turning vehicles had serious
conflicts during the turning process due to the combined impact of
the absence of median-turn lane markings and the cross-maneuvering
behavior of the drivers. On the other hand, the intersection in Japan
was found out to have high efficiency and safe turning process of
the median-turning vehicles. However, considering the high average
turning speed, the severity of a potential conflict or collision will be
high. Moreover, the findings in the subject intersections in the
Philippines and in Japan cannot generalize the results. Additional
survey sites with median-turn lanes are necessary to be assessed in
the future.
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