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Abstract

Introduction- Road safety is a global concern due to the
temporary and/or permanent health effects that traffic ac-
cidents generate for the people involved. On the other hand,
Bus Rapid Transit (BRT) systems a large number of pas-
sengers and during their operation they become involved in
this type of problem.

Objective- Accident prediction model implemented in the
Highway Safety Manual 2010 or HSM is an alternative to
evaluate the strategies that allow to reduce accidents in
this type of systems. However, there is not specified Safety
Performance Functions (SPFs) developed for BRT systems.
In the present work, the accident model of HSM is adapted
by calibration of general SPFs expressions of the manual
and also, SPFs were developed for BRTs installed on the
central-line of main roads and use an exclusive lane of all
other transport systems (both public or private) and mobil-
ity (e.g. bike paths).

Methodology / Results— Crashes reports and traffic vol-
umes data supplied by the Department of Transportation
of Bogota (Colombia) were used. The model was calibrated
using the safety performance functions (SPFs) of the HSM
and a specific developed functions for the BRT conditions.
These SPFs were developed using a negative binomial model
in roadway segments and intersections.

Conclusions- Through the validation, it was determined
that the developed functions have a better fit than the SPFs
established in the HSM. These developed SPFs can be used
as a tool to define safety performance guidelines of Bogota’s
BRT corridors in the coming years.

Keywords- Bus Rapid transit; Highway Safety Manual,
Safety Performance Functions; Urban and Suburban Arteri-
als; Crash Modification Factors; Negative Binomial Regres-
sion Model; Roadway Segments; Intersections; Accidents
Estimation Model

Resumen

Introduccion- La seguridad vial es una preocupacion global
debido a las afectaciones en la salud de caracter temporal y/o per-
manente que los accidentes de transito generan para las personas
mvolucradas. Por otro lado, los Sistemas de Buses de Transito Ra-
pido (BRT) transportan una gran cantidad de pasajeros y durante
su operacion se involucran en este tipo de problema.

Objetivo- El modelo de estimacién de accidentes del Manual de
Seguridad Vial de los Estados Unidos (HSM-2010) es una alterna-
tiva para evaluar las estrategias de reduccion de accidentes en este
tipo de sistemas. Sin embargo, no hay Funciones de Desempefio
de Seguridad (SPFs) Vial desarrolladas para los BRT. Por tanto,
en este estudio se calibra el modelo de accidentes del HSM usando
las expresiones generales de SPFs del manual, ademas de proponer
SPFs para el sistema BRT que operen sobre las avenidas usando
un carril de uso exclusivo ubicado en el centro de la via, separado
de todos los demas sistemas de transporte (publico o privado) y
movilidad (por ejemplo ciclo-vias).

Metodologia / Resultados— Se utilizaron los reportes de acciden-
talidad y los volimenes de trafico suministrados por la Secretaria
de Movilidad de Bogota. El modelo se calibro utilizando las funcio-
nes de desempeno de seguridad del HSM, desarrollando funciones
para las condiciones especificas del BRT y empleando un modelo bi-
nomial negativo, tanto para segmentos de via como intersecciones.

Conclusiones- Mediante el proceso de validacién se determiné
como las funciones desarrolladas tienen un mejor ajuste que las
SPFs establecidas en el HSM. Estas SPFs desarrollados pueden
emplearse para definir las pautas del desempeno de seguridad de
los corredores del BRT en la ciudad de Bogota durante los proxi-
mos anos.

Palabras clave— Buses de Transito Rapido; Manual de Seguridad
Vial; Funciones de Desempeno de la Seguridad; Avenidas Urbanas
y Suburbanas; Factores de Modificacién de Accidentes; Modelo de
Regresion Binomial Negativo; Segmentos de Via; Intersecciones;
Modelo de Estimacion de Accidentes.
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SAFETY PERFORMANCE FUNCTIONS IN DEDICATED BUS LANE OF BRT ON CARACAS AVENUE CORRIDOR AT BOGOTA CITY

1. INTRODUCTION

Injuries due to traffic accidents represent a public
health problem. In developed countries, these are the
leading cause of death and the second burden of dis-
ease [1] [2] [3] [4]. The three main factors related to ac-
cidents are the driver, the road and the vehicle, where
the road generates 34% of accidents [5]. Many countries
adopt the reduction of traffic accidents as their main
objective and it can be achieved through road safety
studies [6]. Road safety is an emerging area that seeks
to study the factors that involve traffic accidents and
propose measures to mitigate this problem.

On the other hand, the increase in the density of ur-
ban occupation generates changes in modes of trans-
port, migrating from private vehicle to public services,
and other means such as bicycles. This makes it neces-
sary to conduct road safety investigations on a regular
bases [7]. In addition, to solve the demand for transport
1n urban areas, a large number of cities are beginning
to consider the Bus Rapid Transit (BRT) as a sustain-
able alternative to meet the needs of massive transport
[8]. However, it is important to consider that the BRT
and Bus with High Level of Service (BHLS) i1s in a de-
velopment stage, and therefore, the coordinated work
towards its consolidation is necessary.

The benefits in the road safety of bus systems with
exclusive lanes for BRT have been summarized in sev-
eral recent works [9] [10]. However, the literature re-
view has not found a specific methodology to assess the
safety of this mode of transport. In terms of progress in
this area, in 2005, Bogota published a Road Safety Au-
dits Manual with the objetive of defining strategies to
contribute to the reduction of accident rates in the city
considering all transportation modes [11]. However,
only the first 5 years of Transmilenio’s experience was
considered and it does not involve accident prediction
models. Although some changes have been implement-
ed in the corridors, there 1s no a clear evidence that this
type of change results in an improvement in safety [9].

As alternative, to evaluate the safety of urban trans-
portation systems infrastructure is to apply the meth-
odology established in the HSM. This methodology uses
developed SPF's functions with crashes data reported
in US to estimate the accidents on different scenarios.
Nevertheless, the development of these functions is rec-
ommended according to its local conditions [5] [12] also,
studies in which SPFs are developed and transferred
to other localities are uncommon [13].

Several studies have been published recently devel-
oped SPFs of rural divided multilane highway segment
on seven states of USA [13]. For every state, Negative
Binomial (NB), zero-inflated NB, Poisson lognormal
(PLN), regression tree, random forest (RF'), boosting,
Tobit models and a hybrid model Tobit-NB are used.
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Results showed that the Tobit, RF, tree, NB and hybrid
models demonstrate better predictive performances.

Aggregate models of collision expectations at stop-
controlled and signalized intersections in the same
country they found that the Highway Safety Manual
(HSM [5]) predictive equations are not a good repre-
sentation of the average intersection collision expecta-
tion [14]. Also reported that, the current HSM models
under-predict collisions at signalized urban intersec-
tions by a factor of about 2.0 and over-predict collisions
at stop-controlled by factors of 1.1.

In 2013, HSM recalibrated the previous calibration
at the Missouri (USA) transportation facilities [15].
When comparing results, these depicted that for urban
four-lane freeway segments, the multi-vehicle crashes
with property damage only, the calibration factor has
decreased from 3.59 to 1.46 due to the avoidance of
the vicinity of interchanges, also, for urban signalized
intersections, the three-leg and four-leg calibration
values continue to be high (2.95 and 5.21).

In Kansas (USA) it was estimated calibration factors
for SPFs [5] functions and developed SPFs for different
types of urban intersection in Kansas [16]. The cali-
bration factors for these facility types were estimated
to be 0.64 for signalized three-leg (3SG) intersections,
0.51 for Three-Leg Stop-controlled (3ST) intersections,
1.17 for signalized four-leg (4SG) intersections, and
0.61 for Four-Leg Stop-controlled (4ST) intersections
when considering crashes of all severities. As is ex-
pected, results showed that developed functions had
more accuracy in crash prediction than calibration
factors.

In this article, the methodology established [5] for
urban and suburban arterials is adapted to estimate
a model of the average crash frequency in dedicated
bus lane of BRT at Bogota. For this, a description
of the Transmilenio transportation system and the
assessment of different types of accidents are pre-
sented. Second, the HSM predictive method for ur-
ban and suburban arterials is 1llustrated, the cali-
bration process of the SPFs [5] and the development
of specify safety performance functions for the base
conditions of the Caracas avenue corridor. Finally,
conclusions and recommendations of the investiga-
tion are summarized.

II. TRANSMILENIO DESCRIPCION AND BRT ACCIDENT DATA

BRT systems are beginning to become an option to
meet the needs of urban mobility in large cities. The
Bogota’s BRT system (Transmilenio) is integrated
by 114.4 Km of roads corresponding to 11 corridors
In service, 9 end stations with garage, 139 stations,
41 guaranteed garages, 7454 bus stops, 13 operation
zones, 3758 cycle -parking, 4315 charging points and
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Fig 1. Total crash between 2012 to 2017 by TransMilenio corridors.

a single collection operator, with a centralized control
center [17]. The passenger demand reported for 2015
was 2.213.236 passengers per day.

The crash data related to the BRT were obtained
from the Secretary of Mobility of Bogota correspond-
ing to the years 2012 to 2016 with the following
information: Accidents by time of occurrence (year
and month), by severity (fatal and non-fatal), vehicle
involved in collision with BRT (light, motorcycles,
buses, trucks and bicycles), type of victims, age and
gender (driver, passenger, pedestrian and cyclist)
and location. These characteristics of the crash has
been considered in recent road safety studies of
the BRT [18], [19], [20]. From this information, an
accident analysis was performed by time of occur-
rence (year and month), corridor, severity, vehicles
involved in collision, class (vehicle-pedestrian colli-
sions, vehicle collision, occupant fall and other), by
victim (passenger, pedestrian, cyclist and driver)
and ages. Fig. 1 shows the total accidents per cor-
ridor and it is depicted that the corridor with the
highest accident rate is Caracas Avenue (Bogota,
Colombia).

Crashes were classified by location to perform the
analysis [21]. The place can be a roadway segments
or intersection, the address (nomenclature) and the
class of accident reported (vehicle-pedestrian colli-
sions, vehicle collision, occupant fall or other). When
debugging and organizing the data was made a new

reclassification of the accident site, following the next
criteria:

+ If the accident takes place at the corner of an in-
tersection but there is a station in the same loca-
tions, the accident is related to the stop station and
therefore, it is associated with the corresponding
roadway segments where the station is located.

+ All vehicle-pedestrian collisions that are located at
the corner of an intersection are associated with
accidents at the intersection.

* Occupant fall are associated witn the respective
sections unless reported at the intersection.

* Crashes reported with an address where an inter-
section 1s located are associated with accidents at
the intersection.

* “Other” like accidents, no modification of the place
was done.

Accidents are also categorized into multiple-vehi-
cles collision, single-vehicle collision and totals (not
including those involving pedestrians and / or cy-
clists). The geometry of the road (e.g. lane width,
number of lanes, width of the separator, etc.). Traffic
volumes were provided by the Secretary of Mobility
of Bogota for several years and were projected consid-
ering the growth of the automotive fleet. Fig. 2 pres-
ents the location of the accidents at the most crashes
corridors, which are “Caracas Avenue” (cyan marks),
“Américas Avenue” (green marks) and “Caracas Sur—
Usme” (purple marks).
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Fig. 2. Location of accidents at the most crashes corridors of Transmilenio on ©GoogleEarth image.

Source: Authors.
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Fig. 3. Location map of the Caracas Avenue Corridor.
Source: [24].

Due to the number of accidents in Caracas Av-
enue, this study is develop in part of its extension
(6th street to 76th street) and in several sections of
the “Caracas- Sur-Usme” corridor (11th street to 6th
street). The road segments were selected taking into
account the presence of pedestrian or vehicular inter-
sections and a minimum length of 160 m (0.1 miles
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[22]). As a result, the lengths of the segments are
between 160 m and 542 m (Fig. 3, blue thick line).
The maximum speed allowed in these corridors is 60
km/h [23]. Therefore, the road sections have an inter-
mediate or high speed (above 48 km/h) and are also
classified as urban (i. e. surrounded by more than
5000 habitants) [5].
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III. INTRODUCTION PREDICTIVE METHOD FOR
URBAN AND SUBURBAN ARTERIALS

The HSM proposes a methodology to predict the safety
of a specific road infrastructure by combining the use
of historical accident data, analysis of accident regres-
sion models, “before-after” studies and opinions of ex-
perts on the subject [25]. The prediction process can
be defined as follows [5]:

1. Select the roadway segment or intersection to be

evaluated.

2. Apply a base preliminary model, which will gen-
erally be a negative binomial distribution. These
functions are called in the HSM as Safety Perfor-
mance Functions (SPFs).

. On the Base Model, apply a calibration factor to

adapt it to local conditions.

. Adjust the calibrated model by means of Crash
Modification Factors (CMFSs) that represent the ef-
fects on the safety of a specific geometric design
element and/or traffic control features of the evalu-
ated element.

. Estimate the frequency of accidents and their dis-
tribution by severity and type of collision.

6. Calculate the final values of the prediction.

The process to estimate accidents is determined by
the following equation [5]:

*

Npredic = (Nspf x ¥ (CMle * CMFZx * ...

(M)
CMFyx) + Npeatx + Nbici) * Cx

Where,

N,,.qic = predicted average crash frequency for a
specifc year for site type x (accidents/ year).

Ng,;. = predicted average crash frequency deter-
mined for base conditions of the SPF de-
veloped for site type x.

N,.... = predicted average crash frequency of vehi-
cle-pedestrian collisions for site type x.

N,,;=  predicted average crash frequency of vehi-
cle-bicycle collisions in the place of study.

CMF,, = Crash Modifcation Factors specifc to site
type x and specific geometric design and
traffic control features.

C.= calibration factor to adjust SPF for local

conditions for site type x.

HSM provides models to estimate accident by sever-
ity and collision-type distributions for roadway seg-
ments and intersections. The SPFs are developed for
each severity scale and accident type, primarily from
accident data United States [5]. This paper is focused
on the SPF models (Nspf) that are the bases of the
HSM methodology.

IV. DEVELOPMENT OF THE SAFETY PERFORMANCE FUNCTIONS
FOR BASES CONDITIONS OF AVENUE CARACAS CORRIDOR

For the application of the HSM guidelines it is nec-
essary to classify the facility type according to the
categories established [5]. In the case of the studied
corridor of BRT system, it has roadway segments of
Four-lane divided arterials called “4D” (including a
raised or depressed median) and two types of intersec-
tion (3SG and 4SG).

The safety performance functions [5] have been for-
mulated using information from the United States,
therefore, it is necessary to study the effectiveness of
their use for the particular case of Bogota’s BRT and
proposes some expression that can better describe the
observed crashes data (as has been reported by other
researchers [14]). This section presents several con-
siderations on which the accident estimation is done.

A. Base conditions of the corridor
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A comparison of the base conditions identified for the
BRT corridors and those presented [5] for the roadway
segments and intersections is presented in Table 1.
These 1s shown that there are differences in the me-
dian width and the presence of lighting for the case of
the Transmilenio’s exclusive lanes.

TABLE 1. COMPARISON OF THE BASE CONDITIONS OF THE

TransMiLENIO Vs HSM.
.. Exclusive
Condition BRT lanes HSM

Roadway segments (worksheet 1a Chapter 12 — HSM)

Lane width 3.60 m (12 ft) | 3.60 m (12 ft)
Presence/type of on-street parking Absence Absence
Median width 4.12m (13.5ft) | 4.60 m (15 ft)
Roadway lighting Presence Absence
Speed control (Camera o Tableros) Any Any
Roadside fixed object density. | spsener | Absence
Offset to roadside fixed objects (ft) Absence* Absence

Intersections (worksheet 2a Chapter 12 — HSM)

Intersection lighting Presence Absence
Number of major-road approaches 0 0
with left-turn signal phasing
Number of approaches with 0 0
intersection right turn lane
Number of approaches with right- 0 0
turn-on-red operation prohibited
Type of left-turn signal phasing Protected Permissive
Red Light Camera Absence Absence
Number of bus stops within 300 1to 2 0
meters (1000 feet) of the intersection
Presence of schools within 300 meters Presence Absence
(1000 feet) of the intersection
Number of alcohol sales
establishments within 300 meters 1to8 0

(1000) feet of the intersection

* These data were not collected on the corridors studied since there are no
single damage accidents with only one vehicle involved in the study sites.

Source: Author.
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B. Crash Modification Factors

To compare the SPFs developed for the BRT lanes
with the SPFs established [5], it 1s necessary to use
the Crash Modification Factors (CMFs). Table 2 sum-
marizes the factors that were applied to the model
presented [5] to obtain equivalent results with the
SPFs developed specifically for Bogota city. Due to
the configuration of the Bogota’s BRT, within 300 m
of radius near the intersections, there was at least 1
bus stop (Transmilenio station).

TABLE 2. CRASH MODIFICATION FACTORS USED
FOR THE BogoTa’s BRT

For SPFs estimated using crashes data of BRT

Condition CMF value

Number of Approaches with
Left-Turn Lanes (Table 12-24)

0.90, 0.81, 0.73 y 0.66 for one
to four Approaches respectively

0.96, 0.92, 0.88 y 0.85 for one
to four Approaches respectively

Number of Approaches with
Right-Turn Lanes (Table 12-26)

Number of Approaches with
Right-Turn-on-red prohibited
(Equation 12-35)

0.98"(Number of Approaches)

For SPFs established in the HSM

Median Width (Table 12-22) 1.05

Lighting at roadway segments

(Equation 12-34) 0.91

Lighting at. intersections 0.91
(Equation 12-36)

Type of Left-Turn Signal Phasing 0.94

(Table 12-25)

Number of bus stops within
300 meters (1000 feet) of the 2.78
intersection (Table 12-28)

Presence of schools within
300 meters (1000 feet) of the 1.35
intersection (Table 12-29)

Number of alcohol sales
establishments within 300 meters

(1000) feet of the intersection. 1.12

(Table 12-30)

Source: Authors from [5].

Also, in most of the intersections there is a presence
of schools and alcohol sales establishments within
300 m due to the mixed use of land at the Caracas
corridor. The presence of a red light camera was not
1dentified in the study area and only one speed cam-
era was identified in one case (intersection at 6th
street).

C. Participation of different actors
according to local conditions

Using the methodology established in appendix
A.1.3 [5], the pedestrian crash adjustment factor
was updated (fpedr) for intersections by means of
the expression:
K
__ ped
foar = 22

non

(2)

Where K, 1s the observed vehicle-pedestrian crash
frequency and K, , the observed frequency for all
crashes not including vehicle-pedestrian and vehicle-
bicycle crash. The bicycle crash adjustment factor was
not estimated since only a total of 3 and 6 accidents
were reported for roadway segments and intersections
correspondingly. Considering 42 and 29 vehicle-pedes-
trian collisions occurred during the study period at
3SG and 4SG intersections respectively, a value of £,,,,
= 0.457 and 0.315 for intersections were determined.
These accident adjustment factors are almost 50%,
thereby, it 1s important to work on the implementa-
tion of measures that reduce these rates. Addition-
ally, when comparing the pedestrian crash adjust-
ment factors with those reported at intersection in
urban arteries [5] (0.019 and 0.022 for 3SG and 4SG
intersections respectively), it 1s necessary to calibrate
these values to obtain reliable predictions that allow
the implementation of goals regarding the operation
safety of the Bogota BRT.

The contribution of accidents that do not involve
pedestrians and / or bicycles i1s 13% involve multiple-
vehicles (7.9% with injuries and / or fatal and 4.7%
with property damage only) and 50% involve a single-
vehicle (48.8% with injuries and / or fatal and 1.6%
with property damage only). It is important to note
that the high number of accidents involving a single-
vehicle is associated with the occupants fall during the
articulated-vehicle arrives at or leaves from a station.

D. Estimating Models of SPFs

Although some SPFs are presented [5], the develop-
ment of these functions is recommended in the manual
according to its local conditions. Using goodness-of-fit
measures and four years of accident data (2007-2010)
from the state of Florida, safety performance func-
tions (SPFs) were developed in segments of roads for
urban and rural areas [26], using a negative binomial
(NB) regression model. The results of the goodness-
of-fit showed that the SPF developed presented a bet-
ter fit than the model calibrated using the SPFs [5].
Other research calibrates the SPFs [5] and develops
new models for two-lane rural roads in each direction
in the state of Utah using 3 years of crashes reports
[27] determining as significant variables the aver-
age annual daily traffic volume (AADT), segment
length, speed limit and percentage of ADDT made
up of trucks.

The most common models for the development of
SPFs are Poisson and NB [26]. Regressions with a
Poisson distribution have been used to model the re-
lationship between accident types and independent
variables such as section geometry and time of day
[28] and, to model the relationship between the types
of accident, severity, traffic volumes among others [29].
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However, the parameters estimated by this regres-
sion model can introduce bias and inconsistencies
because the variance is restricted to the median
and, the variance in the number of accidents usu-
ally exceeds the average [26]. Due to the dispersion
presented in this study, it is evident in most cases
that the variance exceeds the mean (Table 4 and
Table 8), the NB model is used in this research to
develop the Transmilenio’s specific SPFs. Nowadays,
the usual one model for predicting crash counts is the
NB model [13].

In the case of roadway segments, the most frequent
accident reported in the database for a single-vehicle
collision occurs due to the occupant’s fall that usu-
ally take place in the sections where there is a BRT
station (39 accidents). Consequently, the analysis of
the SPFs is presented for both roadway segments, 1.e.
with or without bus-stop stations to identify the dif-
ferences in that cases and the relationship of crashes
and the presence of the station.

The form of the function used to describe the num-
ber of accidents is in general, the form of the SPF
model used in the safety analyzes [26], 1.e. an ex-
ponential model that is a linear combination of the
effect of variables considered (Table 5 and Table 9).
To choose from the large set of covariates those that
should be include in the model, an iterative stepwise
selection procedure based on statistical significance
was used to accept or reject a new predictor (variable)
as 1s descripted below:

* At the first iteration, the model is developed using
only the AADT or the AADT and the length of the
segment for intersections and roadway segment
respectively. The P-value for the test statistic is
also computed.

* Next, a new predictor is added (the number of
obstacles) to the model and, a new model and its
P-value 1s calculated.

* The deviance (the difference in the deviance of
the two models) is calculated. If the deviance is
less than the fixed threshold value of 0.05 the cor-
responding effect is kept in the model. Otherwise,
the new variable is removed from the model. Once
an effect 1s entered in the model, it 1s never re-
moved from the model.

* The second and the third steps are applied again
for all of the arguments taking into account.

A total of 97 and 87 accidents for roadway seg-
ments and intersections were used to generate the
models taken from the years 2012, 2014 and 2016.
The validation of the models 1s made with the ac-
cident data reported for 2015 (different from those
used 1n the estimation of SPFs). The goodness-of-fit
was determined by Mean Absolute Deviance (MAD),
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Mean Square Prediction Error (MSPE) and Free-
man-Tukey R-square (R2FT). A high value of R2FT
indicates a better model. On the other hand, low
values of MAD and MSPE indicate a better fit of the
model with the actual data.

Y&
Rip= 1-—— 3)
Where,
é. = residuals (from the observed and pre-
) dicted crashes),
f= average of f. for the sites considered (to
account for observed crashes)
f.= observed crashes for the sites considered.

The MAD and MSPE are estimated as:

1
MAD = =¥y — wl (4)
1
MSPE = —¥(y; = 1;)° ()
Where,
n= sample size of segments in the perdition
dataset.
Y, = observed crash frequency for segment
Ui = predicted crash frequency for segment

E. Calibration Factors and SPFs
developed on Roadway Segments

The variables considered to estimate the SPFs of
this study can be observed in Table 3 for roadway
segments. In the case, the volumes used correspond
to both directions and therefore, the SPFs will pre-
dict the average crashes in of both directions [22].
The statistical parameters of the data set used in
the analysis are presented in Table 4 and the SPF's
are presented in Table 5 for all cases. Where K is the
overdispersion parameter of the SPFs and C is the
calibration factor when using the SPF's from [5]. The
SPFs used [5] for comparison purposed are showed
in Table 6 and Table 7 for multiple (Multiple-Vehicle
Nondriveway Collisions, Eq. 12-10 and Table 12-3
[6]) and single (Eq. 12-13 and Table 12-5 [5]) vehicle
collision respectively (Four-lane divided arterials
and count total crashes).

Table 5 1s showed the case of single-vehicle collision
without the presence of stations, were the number of
expected accidents is constant, wherefore, the vari-
ables studied do not present a clear statistical link
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with the frequency of crashes. When the model com-
bines the multiple-vehicles and single-vehicle collision

TABLE 3. VARIABLES CONSIDERED TO GENERATE

SPFs For ROADWAY SEGMENTS

data, the generated equations are dependent on both Variable Name
the typical parameters (AADT and L) and other con- Average annual daily traffic volume ( BRT) AADTsrr
‘- : . . Average annual daily traffic volume
ditions 'bases of the corridor (Ngahdas, Sempeat). It is (BRT) vehicles in the mixed lane AADTyx
also evident from Table 4 that in some cases, such as Length of roadway segment I3
the multiple-vehicle collision when both the sections Number traffic lanes to be crossed by a pedestrian P,
with and without stations are combined, the SPF Number Routes that arrive at the station Stronca
model obtains a more reliable estimation (P-value = Bus station length Lestac
0.00 3) Demand of passengers (or number of income to the station) | Demanda
) ) L . Number departures from the station Nsutidas
From Table 5 it is clear that variables such as num- N :
. ) umber of vehicular accesses of Ace
ber routes that arrive at the station, the demand of the section of secondary roads
passengers (or number of income to the station), the Number obstacles obst
number of vehicular crossings and Number of vehicu- Number traffic lights Vehicular Sermyen
lar accesses of the section of secondary roads do not Entry or exit Buses to the roadway segments inter
. . . . Median Width Sep
present a representative relationship with the number
of accidents. Source: Authors.
TABLE 4. SUMMARY OF THE INPUT DATA FOR ESTIMATION OF SPF'S ON ROADWAY SEGMENTS
Type of accident BRT stop-station Model Total Number of Average | Variance K P-value C
places | accidents
Analysis using the SPFs established in the HSM
Multiple-vehicle N/A Lineal N/A N/A N/A N/A 1.32 N/A 1.99
Single-vehicle N/A Lineal N/A N/A N/A N/A 0.86 N/A 12.9
Analysis using the developed SPFs for local crashes data
Presence Lineal 45 8 0.1778 0.1949 0.180 0.041 N/A
Multiple-vehicle absence Lineal 45 9 0.1875 0.1981 0.110 0.304 N/A
Presence/ absence Lineal 93 17 0.1828 0.1945 0.180 0.003 N/A
Presence Constant 45 32 0.7111 1.0737 0.357 0.377 N/A
Single-vehicle absence Constant 48 32 0.6667 0.5248 0.667 0.056 N/A
Presence/ absence Constant 93 64 0.6882 0.7821 0.125 0.099 N/A
Total Presence Constant | 45 40 0.8889 | 1.1465 0.100 0.096 | N/A
ota ;
; . Lineal 4 41 .8542 .6804 .854 1 N/A
(No pedestrians or Bikes) absence inea 5 0.85 0.680 0.85 0.183
Presence/ absence Constant 93 81 0.8710 0.8962 0.870 0.072 N/A

Source: Authors.

TABLE 5. DEVELOPED SPF'S FOR THE EXCLUSIVE LANE ON ROADWAY SEGMENTS OF THE BRT.

Equation Nyr=exp@+b X In(AADTgrr) + ¢ x IN(AADT\ix) +d XL+ €& X Legrae + 7 X Noatigas + € x Inter + h
Type of Model X Sempyeas + kX Obst + th X Sep)
. stop-
accident .
station Constant In (AADTBRT) In (AADTMIX) L Lestac Nsalidas Inter Sempeat Obst Sep
Presence -23.021 -3.265 4.470 8.385
Multiple- absence -18.617 1.916
vehicle Presence/
-22.108 2.098 9.487 2.962 -1.671 2.627
absence
Presence -3.401 2.559 -1.692 4.481 -0.985 2.750 -0.833
Single- absence -0.405
Vehicule Presence/
-0.441 0.728
absence
Total Presence -0.595 0.127 0.146 -23.258 30.287 -1.189 2.475 -1.331 1.100
(No absence 4.354 0.861 -1.276 3.702 1.470 -0.369 0.117
pedestrians Presence/
or Bikes) absence -0.005 0.407 -0.581 4.160 14.579 -0.738 1.411 -0.117 0.031 | 0.108

a,b,¢d,¢,f, 80k and th are the values in the columns. -: statistically insignificant variable at 95th percentile confidence level removed.

Source: Authors.
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Table 5 is depicted that the coefficient that accompa-
nies the average daily volume of BRTs is positive in
most cases for sections that have a stations and when
all the sections are combined in the case of multiple-
vehicles collision, which is to be expected considering
that the probability of an accident increases as num-
ber of vehicles grow up (as was recently presented
[30]). The calibration factors (Table 4) are showed that
the SPFs [5] underestimate the number of accidents.
In the case of single-vehicle accidents, it can be seen
that the model does not consider the occupants fall
(C =12.9) for the specific case of this mode of transport
and similar high values have been reported in other
roadway segments cases (C = 3.59, [15]).

The validation of the SPFs developed for the Bogota
BRT and the model calibrated using the SPF's [5] are
presented Table 6. Accidents reported in 2015 were
used for this purpose, it is important to note that this
data was not used previously for the estimation/cali-
bration of SPFs.

Table 6 shows the goodness-of-fit measures in each
case, demonstrating that the quality of the adjust-
ment 1s reduced when SPFs are developed involving
both type of accidents, 1.e. multiple- vehicle and single-
vehicle collisions (MAD and MSPE values are higher
compared to values for SPFs developed for each case
independently). The values that represent the best fit
for each category (multiple-vehicles, a single-vehicle
and total) appear shaded in the table, indicating that
the most accurate estimates are achieved in general,
when there is not bus stop-station in the segment. It is
revealing the complexity that involves the presence of
bus-stop in the roadway segment. In all the cases, the
better fit is achieved when using the developed SPFs
for the Bogota accident data instead the calibrated
model of established SPF [5].

F. Calibration Factors and SPFs
developed for intersections

In this case, twelve variables were taken into account
that are described in Table 7. The statistical parame-
ters of the data used in the analysis of the intersections

are consolidated in Table 8 and the estimated SPFs
are shown in Table 9 for the different cases studied
(multiple-vehicle, single-vehicle and total). The SPFs
[5] used for comparison purposed are showed in Table
8 and Table 9 for multiple (Multiple-Vehicle Collisions,
Eq. 12-21 and Table 12-10 [5]) and single (Eq. 12-24
and Table 12-12 [5]) vehicle collision respectively (Sig-
nalized three-leg intersections — (8a) and (9a) and,
Signalized four-leg intersection — (8b) and (9b) and,
count total crashes). These equations are the typical
specification for a negative binomial model of intersec-
tion collisions [31] [14].

TABLE 7. VARIABLES CONSIDERED TO DEVELOP THE
SPFs For INTERSECTION

Variable Nombre
Annual average daily traffic volume of BRT AADTgpr
Annual average daily traffic volume of .Vehicle AADT
on mixed lane parallel to the BRT lines
Annual average daily trafﬁc Volumfe of street AADTspe
that intercepts the intersection
Intersection type Tinr
Median width S
Number traffic lanes to be crossed by a pedestrian L ..
Number of accesses with exclusive left-turn lane AGizg
Type of left-turn signal phasing F.,
Number lanes exclusive right turn AGpgr
Number of approaches with AR
right-turn-on-red operation prohibited PROH
Presence of schools within 300 meters N
(1000 feet) of the intersection ESC
Number of alcohol sales establishments within N
300 meters (1000 feet) of the intersection ALCOH

Source: Authors.

The results on Table 9 show for the different cases
analyzed, the number of expected accidents depends
on at least 4 variables. Variables such as the number
of accesses with exclusive left-turn lane, type of left-
turn signal phasing, number of lanes exclusive right
turn, number of approaches with right-turn-on-red
operation prohibited, and the number of alcohol sales
establishments within 300 meters of the intersection
did not show a clear statistical relationship with the
frequency of accidents. The predicted collisions of mul-
tiple vehicles using the SPFs of the HSM is outlying

TABLE 6. GOODNESS-OF-FIT MEASURES FOR DEVELOPED SPFS FOR THE EXCLUSIVE LANE ON ROADWAY SEGMENTS OF THE BRT

. SPFs of the HSM Specific SPFs BRT Bogota
Type of accident :
BRT stop-station MAD MSPE R MAD MSPE R
Presence 0.2842 0.1922 -0.6628
Multiple-vehicle absence 0.2873 0.1249 -0.1110 0.2814 0.1195 -0.0924
Presence/ absence 0.2838 0.2012 -0.7899
Presence 0.6741 0.9018 -0.0151
Single-Vehicule absence 0.7557 0.8058 -0.0938 0.6663 0.5689 -0.0114
Presence/ absence 0.6997 0.6733 0.081
Presence 0.8403 1.1909 0.0076
Total (No pedestrians or Bikes) absence N/A N/A N/A 0.8986 1.2079 -0.9823
Presence/ absence 0.7084 0.7539 0.1615

Source: Authors.
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TABLE 8. SUMMARY OF THE INPUT DATA FOR ESTIMATION OF SPFS ON INTERSECTIONS
Type of accident Model | Total places | Number of accidents | Average | Variance K P-value C
Analysis using the SPFs established in the HSM
Multiple-Vehicle Lineal N/A N/A N/A N/A 0.33-0.39 N/A 0.0788
Single-Vehicule Lineal N/A N/A N/A N/A 0.36 N/A 0.1044
Analysis using the developed SPFs for local crashes data
Multiple-Vehicle Lineal 87 39 0.4483 0.7618 0.568 0.019 N/A
Single-Vehicule Lineal 87 6 0.0690 0.0650 0.069 0.118 N/A
Total (No pedestrians or Bikes) | Lineal 87 45 0.5172 0.8573 0.501 0.032 N/A

Source: Authors.

TaBLE 9. DEVELOPED SPFS FOR THE INTERSECTIONS OF THE EXCLUSIVE LANE OF THE BRT

' Elc\l/iladtl‘l’n N, = exp@ + b X In(AADTspr) + & X IN(AADTy1x) + X InN(AADTspc) + & X Tyyp+ £ X Leguz + § X Ngse +h x S)
Type of accident ool
Constant In (AADT,,,) In (AADT,,,.) In (AADT,) T Lipis Ny S

Multiple- -18.564 -1.390 1.865 0.900 0.127 0.351

Vehicle

Single- -9.484 -0.664 0.584 1.973 2.119 0.186
Vehicule

Total
(No pedestrians -16.613 -1.031 1.494 0.833 -0.195 0.253 0.005

or Bikes)

4,b,¢d ,¢é,f, gandh are the values in the columns. -: statistically insignificant variable at 95th percentile confidence level removed.

Source: Authors.
TABLE 10. GOODNESS-OF-FIT MEASURES FOR DEVELOPED SPFS FOR THE INTERSECTIONS OF
THE EXCLUSIVE LANE OF THE BRT
i SPF's of the HSM Specific SPFs BRT Bogota
Categoria
MAD MSPE R2pp MAD MSPE R?pp
Multiple-vehicle 0.7425 1.2740 -0.0322 0.6830 1.119 0.0934
Single-Vehicule 0.2431 0.2900 -0.0335 0.2262 0.2829 -0.008
Total (No pedestrians or Bikes) N/A N/A N/A 0.8136 1.7573 -0.0054

Source: Authors.

(calibration factor C = 0.0788) which is attributed to
the segregation of the BRT from the mixed traffic be-
cause 1t 1s under the reported-literature values [16].
In addition, the table indicates that the most common
accidents at the intersection is multiple-vehicles colli-
sion (39 accidents).

The coefficients of the Annual Average Daily Traf-
fic Volume of Street that intercepts the intersection
(AADTgg) of the equations presented in Table 9 are
positive as 1s expected, since a greater number of
mixed vehicles that cross the exclusive BRT line at
the intersection can derivative a greater frequency of
accidents (generally, AADT was reported statistically
significant in most of the intersection crash predic-
tion models [27] - [32]). Also, the maximum number
of Traffic Lines Crossed by a pedestrian in any ma-
neuver (L,,,.) are positive indicating an increase in the
hazard index. Under this same philosophy, the coef-
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ficients that accompany the width of the separator (S)
1s positive, indicating an increase in the level of risk.

On the other hand, the calibration factors (C in Table
8) show that the SPFs [5] overestimate the number of
accidents (contrary to the case of the roadway sections,
C <1.0).

The validation of the SPFs developed for the Bogota
BRT and the model calibrated using the SPFs [5] of
the intersections are presented in Table 10. In a simi-
lar way, the accidents reported in 2015 were used for
this purpose. Table 10 shows the goodness-of-fit in
each case. The results 1s showed that, in the case of
multiple-vehicle collision, the best fit occurs when us-
ing the SPFs developed (MAD and MSPE values are
less than the values for the SPFs [5] and the R2FT
value 1s higher) [14]. For single-vehicle collision, the
goodness-of-fit measures using both kind of SPFs are
similar.
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V. CONCLUSIONS AND RECOMMENDATIONS

Analysis of the accident dataset provided by the Bo-
gota’s Secretary of Mobility allowed to identify that
the corridor of Caracas Avenue has the highest num-
ber of crashes (456 in total), and thus, the general ac-
cident prediction model [5] for Urban and Suburban
Arterial was applied in this corridor. For this, the
base geometric and traffic operation conditions of the
“Caracas” corridor in all its extension and a part of
the corridor “Caracas Sur-Usme” (between 6th and 11
South streets) were determined and also, the accident
modification factors, the accident and traffic volume
records provided by the Bogota’s Secretary of Mobility.
The safety performance functions [5] were calibrated
to the local conditions and, alternatively, a set of the
specific functions for the Bogota’s BRT were developed
using a negative binomial model.

The development of SPF's for exclusive BRT lines are
showed that, in general, the equations depend of the
typical variables established [5] that are the annual
average daily traffic volume and length of segment on
roadway segment or the annual average daily traffic
volume at intersections. Variables such as number of
routes that arrive at the station, the demand of pas-
sengers (or number of income to the station), the num-
ber of vehicular crossings and Number of vehicular
accesses of the section of secondary roads do not pres-
ent a representative relationship with the frequency
of accidents on roadway segments. Additionally, the
number of accesses with exclusive left-turn lane, type
of left-turn signal phasing, number of lanes exclusive
right turn, number of approaches with right-turn-on-
red operation prohibited, and the number of alcohol
sales establishments did not show a clear statistical
relationship with the number of crashes at intersec-
tions. As a special case, the SPF for single-vehicle col-
lision is constant and thereby, it does not connection
with any variable included in this study.

The calibration factors of established SPFs [5] are
shown that the SPFs underestimate the number of
accidents on roadway segments. In the case of single-
vehicle accidents, it can be seen that the model does
not consider the occupants fall (C = 12.9) for the spe-
cific case of this mode of transport. By contrast, the
calibration factors show that the SPFs [5] overesti-
mate the number of accidents at interception (C value
between 0.0788 and 0.1044).

The validation of the developed SPFs and the SPFs
[5] use three goodness-of-fit measures is exposed that
the better fit 1s achieved when using the developed
SPF's for the Bogota accident data instead the calibrat-
ed model of established SPF [5]. Also, the estimated
SPF model on roadway segments for multiple-vehicle
collision with presence and absence of bus-stop-station
has the most reliable estimation (P-value = 0.003).
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This study is a first step towards the consolidation of
SPFs to apply to BRTs that are installed on the cen-
tral-line of main roads of the city and use an exclusive
lane system of all other transport systems (public or
private) or mobility (bicycle paths). It is limited to the
amount of data available both for accident and opera-
tion and / or geometry of the corridor. To give conti-
nuity to this study it 1s recommended evaluates other
corridors different to “Caracas Avenue”.
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