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Abstract: Construction of elevated metro line leads to a reduction in the average speed of vehicles
due to congestions, diversions, and road incidents. This reduction in speed depends on recurring (e.g.,
congestion in rush hours) and non-recurring (e.g., road accidents) delay factors. Non-recurring factors
involve incidents such as accidental bus stops, pedestrian crossings, or clearing debris from road, etc.,
some of which may occur at very short notice. This research paper presents a case study of Pune
Metro Rail Construction (Corridor I1) in India for developing an empirical equation to estimate
corridor speed of vehicles in metro construction work zone. Observations were recorded in spatial
and temporal zones using floating car method through video recordings and traffic count using
manual method. Based on the traffic behavior pattern, five non-recurring delay factors (NRDFs) were
defined, namely vehicles in lateral entry, slow moving vehicles, vehicles in the wrong direction, on-
street parked vehicles, pedestrian interference and their correlation with speed of vehicles was tested.
It was concluded that these factors have a strong negative correlation with the speed of the test vehicle.
To estimate corridor speed with given NRDFs, nonlinear equation was formulated using empirical

evidence and validated using larger simulated data.

Keywords: Recurring factors, non-recurring delay factors, logest function, spearman’s rank

coefficient

1. Introduction
Metro is a popular commuter choice around the world for a variety of reasons, including shorter
commute times, less traffic congestion, improved comfort during travel, and reduced air and noise

pollution. It plays a key role in urban development due to the sustainable level of transportation
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system, system effectiveness and efficiency [1]. With the increase in the urban population, the
demand for infrastructure systems including metro networks, also increases, which can be described
as one of the most tangible examples of complex transportation infrastructure systems [2]. The benefit
in the form of reduced travel time can be expected to increase productivity leading to improved gross
domestic product (GDP) of regions [3]. While these benefits are enjoyed by commuters and citizens
after the start of its operations, during construction stage, diversions of routes and congestions on
roads increases the travel time [4]. Traffic delay can be reduced by introducing detours and rerouting
lanes depending on traffic intensity, which requires accurate planning under specific conditions [5].
It is observed that microscopic (related to traffic conditions on a road section) or macroscopic (e.g.,
land use pattern, regional growth, etc.) incidents play a significant role in it [6].

The delay caused by congestion is a function of the reduced speed in the work zone and is

calculated as specified in eqn. 1.

delay = L(Y/p, = Y/v;). 1] ®
where: L is the length of the work zone [km], v, is work zone speed [km/h] and vy is the free flow
speed [km/h] [7]. Along with these parameters, the number of lanes, percentage of heavy vehicles,
and accident rate are used by various researchers as decision variables for estimating the reduction
in speed [8,9]. The effect of the congestion index value, pedestrian movement, road surface
conditions, traffic density, vehicle travel time, average speed, and the proportion of time vehicles
are stopped at different locations are also considered to estimate the traffic congestion value, which
is a measure to calculate speed delay [10]. The collision intensity and visibility also affects speed
and may change the travel time predictions [11].

Apart from these spatial reasons that affect the speed of vehicles, there are also temporal reasons
that increase travel times. These are classified as recurring and non-recurring congestions depending
on road conditions and traffic characteristics. As stated in IRC SP 55 [12], congestion on roads occurs
when road capacity cannot be provided for peak demands, which leads to waiting and delays. They
are classified as recurrent and non-recurrent, with recurrent being those when demand exceeds the
capacity of roads, which usually occurs in the morning and afternoon peak hours [13]. Non-recurring
congestions refer to unusual and disruptive maneuvers by individual drivers, random minibus stops,
and random pedestrian crossings [14,15].

Further research focused on calculating time loss due to congestion [16] using flow of traffic,
average speed, and speed in light traffic. Non-recurrent traffic congestions caused e.g., by roadway
patching, roadway paving, facility repairs, lane marking, weeding, planting, and debris removal, were
quantified using one-year historical data [17]. Other non-recurrent delay factors such as pedestrian
interference and on-street parking were studied and confirmed the reduction in speed resulting from

varying conditions [18].
26



The researchers analyzed a variety of factors, including incident-driven delays in urban areas
with homogeneous or heterogeneous traffic using recurring and non-recurring delay factors, short
roads with localized construction work zones (CWZ), highways with short-term repair work, and
more. In India, various characteristics of CWZ with varying length and width together with
heterogeneous traffic account for most of the travel delays caused by metro development. These are
the main causes of ongoing delays. In the spatial and temporal work zone of road construction, other
non-recurring delay factors (NRDFs) based on travel behavior patterns must be considered.
Considering the traffic behavior pattern, travel speed is also affected by dynamic incidents such as
slow-moving vehicles, vehicles going in the wrong direction and vehicles merging in lateral
directions. These are prevalent in the metro work zone due to reduction in the roadway width and
need to be accounted for at all times of the day due to their random occurrence.

Based on the literature research, it was found that a combined study of the non-recurring factors
has not been carried out before. In addition, there is a lack of study on the effect of metro construction
works on traffic speed, which directly affect travel delay. To bridge the gap, this paper defines five
novel non-recurring delay factors (NRDFs) based on traffic behavior pattern (TBP) and presents a
methodology for their quantification. Also, an empirical equation is developed to determine the

relationship between NRDFs and speed of vehicle to identify non-recurring costs.

2. Methodology

The study of NRDFs and their quantification is divided into three phases: (1) identification of non-
recurring delay factors (NRDFs) by means of literature research, questionnaire survey and floating
car method; (2) analysis of data collected using the correlation coefficient and Spearman’s rank
correlation coefficient; (3) formulation of empirical equation. The field study was conducted on Pune

Metro corridor 11 (between Vanz-Ramwadi) in Pune city (see Fig. 1).

Pune District
* Pune City

Maharashtra

(@)
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Fig. 1 (a) Location of Pune city (b) Study route (V-D and D-V). Source: authors

The corridor extends between Vanaz and Deccan, with a total length of 5.566 km with diversion
in the direction Vanaz to Deccan (V-D) and 5.12 km without diversion in the direction Deccan —
Vanaz (D-V). The region was chosen due to its unique characteristics of heavy heterogeneous traffic
on the main arterial road, i.e., Karve Road with varying CWZ areas depending on the stage of
construction. The total length under study was divided into several nodes spread between consecutive
intersections. Seventeen such nodes were identified in the direction Deccan to Vanaz (D-V) and
nineteen in the direction VVanz to Deccan (V-D), which included the diversion between SNDT college
and Nalstop. (Ref. fig. 1 b). At the time of the survey, construction of the elevated metro was in
different stages and the work of superstructure was in progress. The road occupied for construction
varied as per requirement and its details such as length and width were noted. In the central meridian,
where the lowering of the girders was in progress, a road space of 9 m (4.5 m either side) was

occupied.

2.1 Identifying NRDFs.

After selecting the study area and identifying NRDFs, the first phase of survey was divided into three
stages as (i) literature research (ii) questionnaire survey and (iii) road survey using floating car
method. First, comprehensive literature research was conduct, according to which road user costs in
CWZ are influenced by recurring (congestions) and non-recurring factors (accidents). Non-recurring
factors which have impact on road user costs include pedestrian interference, random bus stops, and
on-street parking [14,18-22]..

To identify other non-recuring factors that affect traffic speed, a questionnaire survey was
conducted. A total of 86 filled in questionnaires were collected from commuters who use the selected
route regularly and were asked to rate the significant factors that affect the speed of vehicles. The
questions asked were based on the reasons for delays and rated on a scale of 1 to 10, with 1 being the
least likely to affect the speed whereas 10 being the most common cause of delay. Daily traffic
experiences were recorded, and the causes were categorized in six groups as seen in Table 2. These
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were shortened and categorized as follows: (i) road conditions (RD) (ii) types of vehicles moving
ahead including construction vehicles, i.e., slow moving vehicles (Ps) (iii) on-street parking (Ppk) (iv)
pedestrian interference (Pp) (v) vehicles coming from wrong side (Pwr) (Vi) vehicles merging in the
traffic in lateral direction (Pi). These non-recurring delay factors are detailed in Table 1.

Table 1 Summary of questionnaire survey. Source: authors

Sr. No.  Names of non-recurring factors Abbreviation Average score
1. Road conditions RD 7.571
2. Roadside Parking of vehicles in the vicinity Ppk 7.012
of metro rail construction work zone
3. Slow moving vehicles Psi 6.702
4. Vehicles coming in lateral entries Pit 6.671
5. Vehicles coming in wrong side Pwr 6.424
6. Pedestrian interference Pp 5.429

Out of these factors, road condition (RD) is a static factor i.e., it does not depend on the time,
while others are dynamic, which means that they change with time and space. Accordingly, the

NRDFs finalized were Ppk, Psi, Pwr, Pit and Pp as mentioned above (Fig. 3).

2.2 Defining Non-recurring Delay Factors (NRDFs)
Non-recurring congestions occur at any time of the day on any type of road whose its capacity is
greater than traffic demand [16]. Based on the literature research and questionnaire survey conducted,

five most common non-recurring delay factors (NRDFs) were identified. (Fig. 2)

Floating Car

Time of Travel (1)
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Fig. 2 Schematic representation of non-recurring delay factors (NRDFs). Source: authors

1. Vehicles in lateral entries (PIt): Traffic from sub-arterial roads and traffic from arterial roads
occasionally mix, slowing down through traffic. Sometimes, parked cars also make lateral entrance

into the main flow of traffic, slowing it down and causing congestion in some regions.

29



2. Slow-moving vehicles (Psl): Due to the narrower road width, slow-moving vehicles in front
of you cannot be overtaken, which leads to occasional traffic jams. These reduce the speed of vehicles
behind them.

3. Parked vehicles (Ppk): The maneuver of "on street" parked automobiles in various areas of
the corridor delays vehicles behind them [22]. Parked cars narrow the route that is also a construction
zone, which in turn causes increased travel times and reduced speed.

4. Vehicles in the wrong entrance (Pwr): In an effort to shorten their travel distance, vehicles,
particularly two-wheelers, often travel in the wrong or opposite direction from oncoming traffic. This
has a negative impact on the speed of oncoming traffic. Due to the narrowing of roads, this is even
more noticeable near construction zones.

5. Pedestrian Interference (Pp): If there are not appropriate facilities (such as sidewalks and
crossings), pedestrians and vehicle traffic may conflict on the road. Random pedestrian crossings
across the road in the middle of a block slow down the test vehicle. Moreover, pedestrians use the
width of the road while crossing, thereby slowing down traffic.

2.3 Floating Car Method

The floating car method provides an unbiased estimate of flow, allowing for simultaneous collection
of speed and flow data. [23]. It enables traffic engineers and planners to obtain accurate and reliable
traffic parameters, such as speed, travel time, and delay [24,25]. In this study, NRDFs are quantified
using the floating car method combined with measurements of "running speed” between adjacent
nodes and travel speed. The floating car/test vehicle moved between different nodes at free flow speed
(SFF) ranging from 30 km/h to 35 km/h (average 32.5 km/h) for a period of sixteen hours (between
6 am and 10 pm) in both directions (V-D and D-V), as the speed limit in the work zone was 30 km/h.
[26]. On the test vehicle's dashboard, a mobile camera was installed to take video recordings, and the
traffic circumstances were manually evaluated. The speed in the corridor (Sco), the actual speed
between the nodes, signal stop timing, and the vehicle speed between successive nodes were all
recorded. NRDFs that affect the test vehicle's speed were observed every sixteen hours between two
nodes. Except for walkers, all vehicles were converted into passenger car units (PCU) based on their

number and type using the corresponding PCU factors listed in IRC: 106-1990.

2.4 Analysis of Data Collected
The speed in the corridor was affected by the non-recurring incidents happening while travelling
between two nodes. Its correlation with speed of test vehicles was tested using two methods.
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2.4.1 Coefficient of Correlation

Karl Pearson established a factor ‘r’ to represent correlation between two variables X and Y as

Cov (X,Y) __ Oxy

follows: "= SroEv (X),STDEV (Y) ~ oxoy ' [-] (2)

where: agyy, 0y, oy represent the standard deviations of the series of observations for XY and X, Y
respectively [-] [27]. This equation was applied to find the coefficient of correlation between NRDFs
and the speed in the corridor (Sco), as mentioned in Table 2. It was found that all NRDFs show a
strong negative correlation with the speed in the corridor Sco, which means that the speed of the test
vehicle decreased with the increase in these factors.

Table 2 Correlation coefficient with speed of test vehicle. Source: authors

Ppk Psl Plt Pwr Pp
V-D -081 -088 -0.86 -0.65 -0.72
D-v -0.77 -083 -0.76 -0.66 -0.78

The NRDFs were added to get total PCU (TP) which affect the speed of test vehicle while
travelling on the road under study in one direction.

TP = Py + Pg+ Py + Py [-] (3)
where: TP is Total PCU [-]; P,y is the PCU value of parked vehicles [-]; P, is the PCU value of slow-
moving vehicles [-]; P;; is the PCU value of vehicles in lateral entry [-]; B, is the PCU value of
vehicles in the wrong entry [-]. Pedestrian interference, which is the sum of the number of pedestrians

crossing the road as well as walking on the road, is a separate variable which was counted separately.

2.4.2 Spearman’s Rank Correlation Coefficient

To determine the correlation between two rank variables with a specified level of significance,
Spearman'’s rank correlation is used. It is a useful method for defining the dependency between a pair
of series [27]. It was also used by researchers to derive rankings of attributes between various methods
[28]. In this paper, Spearman’s rank is used to establish correlation between NRDFs and the speed in
the corridor (Sco) with level of significance o = 0.1. Fig. 3 presents a box and whisker chart of

Spearman’s rank coefficient between Psi, Ppk, Pwr, Pit and Pp.
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Fig. 3 Box and Whisker Chart showing Spearman’s Rank Coefficient with Speed of
Test Vehicle. Source: authors
The medians M1, M2, M3, M4 and M5 lie below X axis, which confirms the conclusion that the
decrease in the speed of test vehicle is a result of an increase in the NRDFs.

3. Development of Empirical Equation between NRDFs and Speed of Test Vehicle

The discussions in the previous sections shows that there is a correlation between the total NRDFs
(TP) (egn. 1) and the speed of the test vehicle (Sco). In addition, three other factors considered are (i)
the number of stops for signals (ST) resulting in acceleration and deceleration of vehicles with an
average speed reduction; (ii) traffic density factor (TDF) which is a ratio of the actual volume to
capacity of road in a given period of time (iii) the percentage of road occupied for construction (RD),
which affects the level of service (LOS) of roads throughout the day. It ranges from A to E depending
on Sco, as specified in IRC 106:1990 as the number of vehicles increases. These additional factors

are described below.

3.1 Number of Signals (ST)

Acceleration and deceleration of vehicles due to signal stops results in a decrease in speed. With an
average delay of 11.8 seconds per vehicle, the estimated delay caused by signal stops accounts for
nearly 93 % of the total intersection delay [29]. By calculating the number of stops made by the test

vehicle, signal stops were also included in this study to account for this delay.

3.2 Traffic Density Factor (TDF)
It is the ratio of the traffic demand between two nodes at a given time to the capacity of the road. TDF
is a dynamic recurring factor that varies according to the daily peak hours. According to IRC

106:1990, the total design traffic volume for a four-lane sub-arterial road is 2900. TDF was calculated
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for the complete section under study at various times of the day by dividing the traffic count by 2900

and included in the empirical equation formulation.

3.3 Percentage of Road Occupied for Construction (RD)

The corridor 11 metro project in Pune was at various phases of development with varying road widths
being used for construction between nearby nodes. For each node, a percentage of road occupancy
was calculated and used to formulate the equation.

Following the completion of this analysis, TP, ST, TDF, and RD were chosen as the components
most likely to affect the speed in the corridor Sco. The Logest function was used to create an empirical
equation that calculated an exponential curve to fit the data set. The array of values that this method
returns best describes the curve. The data sets were taken as (1) direction V-D (1) direction D-V (111)
both directions for the development of equations.

To find the optimum equation that produces the same average observed speed and estimated
speed, these equations underwent hypothesis testing (Student 't' test). With 95% confidence, a two-
tailed hypothesis test was performed. The following equation confirmed the validity of the hypothesis,

which can be used to estimate the speed in the corridor in km/h.

S,, = 0.9988R2 x 0.9815T x 0.9577PF x 0.9997F x 25.39 [km/h] (4)

where: Sco is the speed in the corridor [km/h]; RD is the percentage of road occupied for construction
[-]; ST is the number of signals [-]; TDF is the traffic density factor [-]; TP is the total PCU [-]; and
25.39 is the constant in Equation 4.

This equation was validated for a larger data set generated using a Monte-Carlo simulation
technique using random number to create a realistic scenario. The data was generated for 365 days
resembling one complete year for all NRDFs and traffic speed. The simulated average results of RD,
ST, TDF and TP in the directions V-D and D-V were used in Equation 4 and Sco was calculated.
Fig. 4 compares the average speeds for twelve survey days, the simulation results, and the logest
function results. Thus, a validation of the equation was performed, which shows that the deviation is
less than 2 % and is within the acceptable limit of 95% confidence interval (i.e., between 19.23 km/h
to 21.28 km/h).
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Fig. 4 Validation of Logest function with Simulated speed and NRDFs. Source: authors

4. Results and Conclusions

This research presents five unique non-recurring delay factors (NRDFs), namely pedestrian
interference (Pp), vehicles in lateral entry (PIt), vehicles coming in the wrong direction (Pwr), slow-
moving vehicles (Psl), and on-street parking (Ppk), which affect the speed in the corridor S., and
show a strong negative correlation with each other. Also, the level of significance is confirmed by
using Spearman’s rank coefficient. Non-recurring delays were caused by incidents occurring on roads
irrespective of peak hours, traffic density, or level of service of the roads but were significantly
observed in the vicinity of construction work zone. The observations of the study area were made for
a sample size of twelve days. Additional data was generated using a Monte-Carlo Simulation with
random numbers for 365 days resembling larger number of data set spanning for one year. In the
simulation process, this random aspect accounted for the heterogeneity of each section of the road
infrastructure. The comprehensive methodology adopted in this research can be extended to
accommodate the diverse real-life characteristics of such work zones. In the future scope, primary
data may be generated for various metro zone routes other than Pune metro using the methodology
mentioned in this paper.

According to the authors, the speed in the corridor should be increased by providing (i) good
facilities for pedestrians, (ii) adequate parking on sub-arterial roads (iii) extending road width in the
construction work-zone and (iv) educating the commuters to follow traffic rules.

The sections discussed above indicate that there is a significant increase in the number of NRDFs
in the construction work zone. Hence, they were taken as one of the variables for calculating the delay

time in similar work conditions and traffic behavior.
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