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both forms are applicable in future BPR designs.

Urban roads

One way to promote public transport use in cities lies in establishing bus priority routes (BPRs) on main traffic
arterials, to reduce bus travel times. But, BPRs require infrastructure changes in road layouts, creating more complex
traffic settings that may have safety implications. Previous research indicated that design features affect BPRs' safety,
but findings regarding the impacts of various BPR configurations are scarce. In this study, we examined the safety
performance of three BPR configurations: barrier-separated central, open centre-lane and curbside BPRs, in Israel.
Multivariate regression models were fitted to identify design features affecting accident occurrences on urban arteri-
als with BPRs, using a database on all BPRs in operation. The comparative evaluations showed that barrier-separated
BPRs were characterised by lower accident rates on road sections but by substantially higher accident numbers at
junctions, relative to other BPR types, and particularly when bus-overtaking was possible. Hence, the use of barrier-
separated bus routes should be reduced and bus-overtaking settings should be avoided, when implementing BPRs.
In the comparison of curbside and center-lane BPRs none of them demonstrated a superior safety performance: the
centre-lane BPRs were safer on sections while at junctions both types had advantages for certain accident types, thus,
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1 Introduction

Responding to increased urban density, traffic congestion
and urban sprawl, modern policies of sustainable urban
mobility promote the use of public transport, together
with walking and cycling [29, 30, 42, 45]. Develop-
ment of sustainable urban mobility plans is encouraged
in European cities [35]. A shift to sustainable mobil-
ity is also expected to support the desired road safety
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developments, as indicated by leading European and
world organisations [1, 46].

One of the forms of public transport promotion lies
in establishing bus priority systems on arterial streets in
cities and suburban areas, while bus rapid transit (BRT)
presents the ultimate form of such priority [9, 10, 24,
25]. Internationally, bus priority systems have been rap-
idly developing over recent decades, as a response to the
needs for urban mobility [9, 25], and examples of such
systems can nowadays be met in South- and North-
American countries, as well as in India, Turkey, China,
Australia. In Europe, there has been a long tradition of
providing bus lanes and on-street bus priority control
measures [36], while BRT systems are less common.

The state of bus systems in Europe was examined by a
large group of European experts in a COST-project [13],
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which overviewed recent developments and considered
in detail specific examples of bus systems from 14 coun-
tries. The project stated that bus systems in Europe need
a recovery to play a more dominant role in public trans-
port [22]. However, due to high density, narrow streets
and mixed land uses in most European cities, the expe-
rience of North and Latin American BRT systems are
not directly transferable and locally fitted solutions are
needed. They suggested to term the domain as "Bus with
a high level of service (BHLS)" systems [13] and argued
that BHLS can be implemented in congested zones, such
as city centers, and also on exclusive lanes of heavily-traf-
ficked routes.

In Israel, over the past decades, government authori-
ties have been promoting a policy of encouraging public
transport in view of the growing problem of congestion
in many urban areas, especially at the entrance to large
cities [28, 32]. This policy has been manifested in estab-
lishing bus priority routes (BPRs), in various cities, with
the allocation of transport infrastructure space for such
routes. For example, in the Haifa metropolitan area, a
BRT system called Matronit was built in 2006—-2013 and
launched in 2013 [17]; it is based on high-capacity articu-
lated buses and covers some 40 km of bus priority streets
and routes. In Tel-Aviv, there are more than 40 kms of
BPRs, with various public transport lines and operators.
Currently, hundreds of kilometres of BPRs are being
planned and implemented throughout the country as
part of a nation-wide program called “Rapid to the city”
[28].

Establishing bus priority systems and setting BPRs
are usually associated with mobility benefits, such as
reducing travel time and increasing commercial speeds
of buses during rush hours [7, 9, 23]. Such advantages
were demonstrated, for example, in a study that accom-
panied the operation of a motorway shoulder bus-lane
during rush hours in Israel [18] and, in many cases, were
reported in operating dedicated bus lanes in and near
European cities [13].

Moreover, from a strategic viewpoint, a relation can be
shown between encouraging the use of public transport
and better road safety. According to evaluations con-
ducted in the USA, European countries, and Israel [12,
27, 34, 39], bus travel is safer than private vehicles’ use,
based on the estimation of casualty’ or fatality rates per
km-travelled by vehicle occupants. In addition, in the
long term, a direct link is expected between the growth
in use of public transport and the decline in the num-
ber of fatalities in road accidents per urban resident [27,
38]. Therefore, in terms of strategic transport policy, the
improvement in bus systems can assist in promoting
a shift from private cars to public transport, along with
a decrease in road traffic injury, due to a decline in the
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amount of traffic within the city and the higher level of
safety of traveling on public transport.

At the same time, introducing BPRs on urban roads
requires essential infrastructure changes in road layouts,
by assigning lanes and other traffic settings for the exclu-
sive or priority run of buses, to reduce bus travel times
and improve public transport services [24, 25, 40]. Such
infrastructure settings are typically more complex than
traditional urban settings, which may lead to negative
safety implications, as was observed in some cases (see
Sec.2). Furthermore, most infrastructure solutions with
regard to BPR settings, which are presented in the inter-
national practice, mainly rely on engineering judgment
and not on formal safety evaluations, while previous
knowledge of the comparative safety performance of var-
ious BPR configurations is inconsistent. This study aimed
to reduce these gaps by producing new results based on
safety evaluations of several BPR configurations, which
are familiar in the international practice and applied on
Israeli roads over the last decades.

From a practical perspective, the study aspired to pro-
vide empirical knowledge to support the selection of
safety-preferable infrastructure solutions by designers of
bus systems—to reduce accident risk under the BPR set-
tings. The study findings can be relevant for European
practice as well, due to the similarity in urban and traf-
fic conditions between many European and Israeli cities,
e.g. high traffic density and congestion in metropolitan
and urban areas [29, 35], mixed land uses in many city
districts [13] and presence of vulnerable road users [1],
beside the need to provide public transport priority on
urban roads.

2 Previous literature on safety impacts of bus
priority systems and routes, and the study focus

Current findings around the world pertaining to the
safety-related effects of bus priority systems and BPR
settings are not extensive and sometimes contradictory.
Studies that summarised the international experience
on the topic noted that over the years less attention has
been devoted to the implications of these systems on
road safety than to other effects, such as their impacts
on travel time, land value, or exhaust and greenhouse
gas emissions [9, 10, 43]. In particular, knowledge is lim-
ited as to the ways in which various types of BPR settings
affect the frequency and severity of road accidents [8, 10,
19, 43].

Several studies estimated general safety impacts of bus
priority systems. Some of them found reductions in road
accidents but others reported an increase following the
introduction of such systems. For example, the opera-
tion of BRT systems in a number of South-American cit-
ies and India led to accident reductions in the range of
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21-69% in injury accidents and of 50% in fatal accidents
[10]. Similarly, in Melbourne, Australia, the implementa-
tion of bus priority settings was associated with an 18%
reduction in total accidents [20]. In contrast, U.S. stud-
ies showed higher accident rates following the imple-
mentation of dedicated traffic arrangements for buses
[9, 11]. An Israeli study found that signalized junctions
with BPRs were associated with higher accident frequen-
cies than similar junctions but without BPRs [16], i.e. the
addition of BPR settings raised accident rates.

As mentioned above, a major contribution to under-
standing bus systems’ development in Europe was made
by Finn et al. [13], which examined 35 examples of BHLS
systems from 14 countries. As an equivalent to full BRT
systems, a few cases were indicated in Europe, e.g. Bus-
VAO in Madrid, Trans-Val-de-Marne system of Greater
Paris and TEOR in Rouen. However, numerous examples
of "lite-BRT" applications were found, such as Blue Buses
in Stockholm, the Lianes of Dijon in France, the Linea
Alta Mobilita in Northern Italian cities as well as bus
priority lanes in the Netherlands (in Amsterdam, Ein-
dhoven), England (e.g. in London, Leeds, Bristol, Cam-
bridge), Germany (Hamburg), Spain (Madrid, Castell6n),
etc., thus indicating the importance of the BPR domain
for the European practice. In addition, further develop-
ments are expected, e.g., in France, over 20 additional
BPR systems are planned for implementation [33], based
on initial local experiences and having adapted the BRT
concept to the French urban environment and "transpor-
tation culture" [13].

The study demonstrated a wide range of infrastructure
solutions applied in the BHLS systems, and suggested
that "there is no European environment in which BHLS
cannot be deployed". Furthermore, it was concluded that
the safety level of bus systems was higher in comparison
to other transport modes, but noted that if the imple-
mentation was not accompanied by appropriate infra-
structure settings, the safety of streets with bus traffic
could be compromised [13]. Yet, the study did not suc-
ceed in collecting data for detailed safety evaluations of
bus priority systems in Europe.

Concerning the bus priority systems’ concepts and
infrastructure solutions, certain similarity with light-rail
transit (LRT) was indicated in the European practice
and in general [10, 13, 14]. In addition, between bus and
light-rail transit systems similar accident types and safety
concerns were shown, with a focus on pedestrian safety
[10]. Therefore, it is worth mentioning another European
study [14], which summarized best practice experience in
planning and operation of LRT in European cities, focus-
ing on infrastructure solutions and safety risks. The study
reported that various forms of LRT separation from other
traffic are applied depending on the urban environment,
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when the preference actually depends on the history and
tradition of tramway systems in the country. Main safety
principles were stated, and preferable measures were sug-
gested to avoid safety hazards in interaction of tramway
systems with other road users [14, 15]. However, as in the
case of BHLS systems, most recommended infrastructure
solutions relied on engineering judgment or common
practices and not on formal safety evaluations.

A few studies reported on safety effects of BPR design
features. The main forms of BPR configurations, as
opposed to conventional mixed traffic, are centre-lane
or median route, curbside lane and counter-flow lane
[9, 24]. (Examples of centre-lane and curbside lane con-
figurations can be seen in Fig. 1, b-c). Using data on
vehicle and pedestrian accidents in BPR systems in sev-
eral South-American cities, accident models were fitted
and showed that centre-lane and curbside configura-
tions were safer compared to counter-flow bus-lanes [8].
However, concerning the safety-related preference of a
centre-lane BPR related to a curbside configuration, the
summary of international literature did not provide une-
quivocal results [9]. The summary reported that presence
of a median (as part of a centre-lane BPR) was associated
with a reduction in road accidents [9]. A positive impact
on road safety of centre-lane BPRs was found in repeated
analyses of accident changes following the introduction
of such systems in South-America and India [10]. How-
ever, evaluations in several Israeli cities showed that
BPRs’ implementation was associated with increasing
trends in accident frequencies, for all forms of BPR con-
figurations, while centre-lane BPRs were generally safer
than curbside BPRs [19].

Regarding the safety impact of the curbside BPRs
research findings differed, as well. For example, in Mex-
ico, this configuration was associated with a significant
increase in both vehicle and pedestrian accidents in one
city and with insignificant impact in another [10]; in New
York, the curbside lanes’ introduction was associated
with a significant increase in total accidents, vehicle col-
lisions, and pedestrian accidents, on road sections [4]; in
Hong Kong, the safety impacts of curbside lanes’ setting
were not statistically significant [41]. In contrast, in Aus-
tralia following the establishment of BPRs, which were
mainly in the form of curbside lanes, lower accident rates
were found on the road sections with BPRs [20, 21].

Previous studies which examined statistical relations
between the BPR characteristics and road accidents,
also found that the number of accidents rises with the
increase in the level of exposure, e.g. higher volume of
vehicle traffic, greater bus frequency, higher density
of bus stops [5, 21]. In addition, research findings indi-
cated that a higher number of lanes for general traffic and
a higher number of legs at the intersections, on the bus
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Fig. 1 BPR configurations: a barrier-separated central, b open centre-lane, ¢ curbside. Note: arrows indicate the directions of bus traffic

routes, were associated with higher accident frequencies
(8, 9].

Existing summaries of international literature and
guidelines supply recommendations for reducing acci-
dent risks in bus priority systems [9, 24, 31, 40]. In par-
ticular, they suggest promoting traffic settings, such as:
a physical separation of bus lanes from general traffic to
prevent collisions with other vehicles; adding a raised
median on the roads with BPRs; fencing along the bus
corridors to prevent uncontrolled pedestrian crossings;
using only signalized junctions; placing bus stops adja-
cent to junctions.

Over the last decades, in Israel, such features were
encouraged in the BPR implementations. In practice,
over the years, a barrier-separated central BPR configu-
ration has become common, constituting a bus corri-
dor situated in the centre of an urban arterial, which is
physically separated from other vehicle lanes by fenc-
ing, and has signalized intersections only and bus stops
adjacent to junctions (Fig. 1-a). (It should be noted that
international literature, e.g. [7, 9, 10], does not suggest
a common term for this type of BPR separation. This
configuration definitely belongs to "segregated" BPRs
according to [7], indicating a "dedicated carriageway”
for bus traffic, whereas in other configurations the

bus lane shares carriageway with other traffic. Since
in Israel this configuration always included a physical
separation from other traffic in the form of steel fenc-
ing, we applied the term of "barrier-separated central"
BPR.)

This configuration evidently adopts the international
recommendations pertaining to BPRs’ separation. How-
ever, road accidents continued to occur and evaluations
showed that junctions with BPRs present hazardous
locations, with multiple pedestrian accidents [16]. Traf-
fic engineers claim that in terms of vehicle traffic, cen-
tral BPR settings at junctions create additional conflict
points, increase the junction size and prolong vehi-
cle clearance times; consequently, the junction design
becomes more complex, with a greater potential for
road accidents. With respect to pedestrian movement,
the change is quite dramatic, as pedestrians must cross
a large number of traffic lanes, whereas in the case of a
barrier-separated central BPR, there are three rather than
two traffic routes to be crossed, leading to a substantial
change in the rules of pedestrian behaviour when cross-
ing the road (the so-called “three-route effect”) [16]. An
ordinary pedestrian, after having crossed the first route
(with vehicle traffic approaching from the left), expects
vehicles to come from the right, but then encounters
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Fig. 2 Example of barrier-separated central BPR with a possibility for bus-overtaking near a bus stop

a bus traffic coming from the left, again, as part of a bi-
directional bus route. This means that a barrier-separated
central BPR configuration rather disarrays pedestrians’
road-crossing habits that may increase accident risk.

It should be noted in this context that evaluating other
BPR configurations in Israel, the problem of pedestrian
vulnerability at junctions was observed as well. For exam-
ple, when monitoring the BRT system in Haifa during
the first years of its operation, rising trends in pedestrian
accidents were observed at junctions with curbside and
centre-lane BPRs [17, 19].

Furthermore, in 2013-2014, several fatal accidents
occurred at sites with barrier-separated central BPRs in
one of Israeli cities (Petah Tikva), with numerous discus-
sions held in the media and in the professional commu-
nities. Following these incidents, transport authorities
raised questions concerning the safety level of barrier-
separated BPRs related to other common BPR configu-
rations, and future design preferences in planning BPRs,
respectively. Therefore, it was decided to conduct a study,
to examine the safety levels of barrier-separated BPRs as
opposed to open centre-lane and curbside BPRs, under
the local conditions. The study was also needed as pre-
vious literature did not reflect empirical findings that
could support the safety preference among the BPR
configurations.

3 Methodology

In this study, we conducted a comparative evaluation of
safety performance of sites with three BPR configura-
tions, namely: barrier-separated central, open centre-lane
and curbside BPRs (Fig. la—c), based on the analysis of
accident data.

3.1 Data preparation
The study applied a detailed database that was collected
by a team commissioned by the Ministry of Transport

(MOT), and included information on all roads with BPRs
throughout the country that existed in urban areas in
Israel, in 2015. The BPR locations were identified using
city maps together with enquiries to the MOT regions
and municipalities. For each traffic arterial with a BPR,
a detailed list of the road junctions and sections was pre-
pared. For each site, the road and traffic characteristics
were defined, including: a BPR configuration; the type of
area (i.e., the surrounding environment: urban or subur-
ban); number of vehicle lanes on the route (in addition to
the bus lanes); whether the BPR setting enabled buses to
be overtaken near a bus stop; and the level of pedestrian
activity at the site vicinity. As to the possibility of bus-
overtaking near a bus stop, it is common for a curbside
configuration (where an overtaking is possible through
the adjacent lane) and can also be found on a barrier-sep-
arated central BPR, as is illustrated in Fig. 2. In the latter
case, when a bay is available at the bus stop, a second bus
approaching the bus stop can overtake the first bus that is
already standing at the stop.

Furthermore, for all junctions, on each BPR arterial,
efforts were made to collate information on traffic vol-
umes of vehicles entering the junction, on the main and
secondary roads, as well as on bus traffic on the main
road (from the MOT and municipalities’ traffic counts).
The data on traffic volumes collected by various authori-
ties were converted into a uniform scale (of 14 count-
ing hours, 6 am-8 pm). The selection of road and traffic
characteristics to be considered in the analysis, beside the
main feature of a BPR configuration, relied on previous
research which indicated the influence of such character-
istics on accident occurrences on BPRs and urban roads,
in general [8, 10, 11, 20, 21].

The accident data for roads with BPRs were collected
for four years, 2010-2013,' based on the accident files of

! The database was prepared in 2015, when accident files were available until
2013.
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the Central Bureau of Statistics (CBS). To identify acci-
dents relevant to the BPR sites, a detailed list was pre-
pared of the intersecting roads at each BPR junction and
of the house numbers located on both sides of each road
section with a BPR. If the house numbers were not iden-
tifiable for a certain road section, or whenever a specific
junction could not be recognized among the CBS list of
junctions (mainly due to the absence of name of second-
ary road), the site was removed from the analysis.

In total, data were collected on 26 arterial roads with
BPRs located in nine cities. The initial lists of all the
sites included 144 junctions and 126 road sections. After
removing the unidentified sites in the CBS accident files,
137 junctions and 92 road sections remained in the data-
base. The accident data were collected for five accident
types, which are usually examined in the BPR context [8,
10, 17, 19], such as: total injury accidents and the sub-
groups of severe, pedestrian, and bus accidents and acci-
dents involving buses and pedestrians.

For the analysis, the study database (both road sections
and junctions) was converted into units of "site-year".
This means that if a certain BPR site was in operation
during the whole four-year period, four "observations"
were produced in the study database, with different
yearly accident frequencies (as observed each year). This
conversion was required as some of the BPR sites did not
exist during the whole four-year period of consideration,
i.e. were in operation from one to three years, providing
one to three "observations", respectively. Furthermore, it
enabled us to account for fluctuations in annual accident
numbers at the same sites (instead of using mean values)
and fit explanatory models to yearly accident frequen-
cies—a form, which is simple and more convenient for
application by safety practitioners (compared to predic-
tion of an average value across several years). In addition,
being aware of non-uniformity of traffic counts provided
by various authorities, several categories of traffic vol-
umes were defined, from low to high.

3.2 Data analysis
The aim of the analysis was to estimate the safety level of
road sites belonging to the BPR corridors, with a focus
on the question of a difference between the safety levels
of various BPR configurations. Moreover, the analysis
should look into the impacts of other road and traffic
characteristics of the BPR sites (as introduced above),
to evaluate differences in safety performance of the BPR
configurations having controlled for such characteristics.
Initially, correlations between potential explanatory
variables were examined by using a Pearson chi-square
test and phi-coefficient as a measure of association
[26]. If pairs of highly-correlated characteristics were
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recognized, one of the characteristics in each pair was
omitted from further consideration. In addition, some
characteristics were combined into "united" features, to
avoid small numbers of observations in the categories
submitted for accident modelling.

The accident analysis examined separately the safety
levels of road sections and junctions. In each case, a mul-
tivariate Poisson or negative-binomial regression model
was fitted to predict accident numbers per site per year
and to identify design features affecting accident occur-
rences. In addition, random site effects were introduced
in each model, to account for possible dependence among
accident numbers at the same site in different years. In
order to increase the power and parsimony of our mod-
els, we intended to model all accident types simultane-
ously, while enabling different impacts of explanatory
variables on various accident types. Due to data limita-
tions, this approach was only applicable to junction acci-
dents, while, for road sections, separate models were
adjusted to two accident types (see Sect. 4). The general
model had the form:

)Lijk|uj = exp(,Bx,-jk + u,-)

where 1;;—mean number of accidents of type k for
observation in year i on site j (given u,); B—vector of the
estimable parameters; x;;—vector of the explanatory
variables at year i on site j and accident type k; u;—a ran-
dom effect of site j, which is a normally distributed term,
with mean zero and variance o2. The marginal mean is
computed as exp(Bx;;), which equals the expected 1, for
average u; (i.e. u; =0). In the models for road sections, the
logarithm of section length was used as an offset (i.e. its
B coefficient was forced to be one), thus the models actu-
ally predict accident rates per km.

Model parameters were estimated by a maximum like-
lihood procedure, using Adaptive Quadrature as a com-
putational approach to calculate integral approximation
of the log-likelihood. In comparison to pseudo-likelihood
methods, this method enables the use of likelihood ratio
tests and information criteria, which are sensible, and the
resulting estimates show a better asymptotic behavior
and are less prone to small-sample bias. Model fitting was
carried out using the GLIMMIX procedure of Statistical
Analysis Software (SAS) [37], with the method QUAD.
An assessment of the goodness-of-fit of the models was
conducted using the Cox and Snell R? [6], which is calcu-
lated as follows:

R*=1- exp <<§{> * (—0.5) x (LL(0) — LL(ﬁ)))



Gitelman and Doveh European Transport Research Review

(2023) 15:16

Page 7 of 16

Table 1 Descriptive statistics of the study database on road sections*

Characteristic (variable in the models)

Statistics: categories with percent distribution; mean and sd for numeric values;

for accidents—frequencies per site with percent distribution

Type of BPR configuration (BPR type)

Type of area combined with number of lanes for general traffic
(Area)

Year of accident occurrences (Year)

Section length, km (offset in the models)

Vehicle traffic, in ten thousands (V_veh)

Categories of vehicle traffic, in ten thousands (Cat_veh)
Bus traffic, in thousands (V_bus)

Categories of bus traffic, in thousands (Cat_bus)

(1) curbside—66%, (2) open center-lane—20%, (3) barrier-separated central—14%
(0) urban, 1 lane—14.6%, (1) urban, 2-3 lanes—74.7%, (2) suburban, 2-3 lanes—10.7%

(1) 2010—24%, (2) 2011—24%, (3) 2012—26%, (4) 2013—26%

Mean 0.33, sd 0.30, min 0.05, max 2.02

Mean 3.8, sd 1.5, min 1.2, max 7.8

(1) up to 2-14%, (2) between 2-3-16%, (3) between 3-4-30%, (4) over 4-40%
Mean 1.6, sd 0.5, min 0.4, max 2.5

(1) up to 1-18%, (2) between 1-1.5-26%, (3) between 1.5-2-24%, (4) over 2-31%

Total injury accidents 0-85.1%, 1-8.1%, 2-3.7%, 3 or more—3.1%
Severe accidents 0-96.1%, 1-2.8%, 2-0.8%, 3-0.3%
Pedestrian accidents 0-93.0%, 1-6.7%, 2-0.3%

Bus accidents 0-96.9%, 1-3.1%

Bus & pedestrian accidents 0-98.0%, 1-2.0%

*N=356. Vehicle and bus traffic volumes—per 14 h of day

where LL(B) is the log-likelihood at convergence; LL(0) 4 Results

is the log-likelihood with only the constant term; N—the
sample size. Moreover, for testing the superiority of the
target model, a likelihood ratio test comparing the log-
likelihood values between two competing models was
conducted, as follows:

=2 [LL(Ba) — LL(BB)]

where LL(B,) and LL(Sz) are the log-likelihood at con-
vergence for model A (with intercept and random effects
only) and model B (with fixed effects added), respectively.
The x2-statistic is chi-square distributed with the degrees
of freedom equal to the difference in the number of
parameters in two models [2]; it enables to estimate the
significance of difference between the models.

Using the models, post hoc pairwise comparisons were
conducted to estimate differences in accident means at
sites with certain types of BPR configurations. For that,
we applied least-squares means differences with a Bon-
ferroni adjustment to control for multiple compari-
sons [3]. When multiple hypotheses are tested on the
same dataset, the probability of observing a rare event
increases, and therefore, the likelihood of rejecting a null
hypothesis incorrectly (making a Type I error) increases.
Hence, the probability of rejecting the null hypotheses
should be corrected. One of the p-value adjustment
methods to control the overall Type I error rate for mul-
tiple comparisons is a Bonferroni adjustment, which can
be applied using the SAS software [37].

X2

4.1 Models for accidents on road sections with BPRs
The study database on road sections with BPRs included
92 sites, with 356 observations ("site-year", as was intro-
duced in Sec.3.1); its descriptive statistics is presented
in Table 1. In total, on the study road sections occurred:
99 injury accidents, of which 19 were severe, 26 involved
a pedestrian, 11 involved a bus, 7 were with a bus and a
pedestrian. A preliminary analysis revealed high correla-
tions between the features of type of BPR configuration
and the possibility for bus-overtaking (phi-coefficient
0.96, p<0.0001), and also between the type of area and
the level of pedestrian activity (phi-coefficient 0.90,
»<0.0001). The section data showed that the bus-over-
taking feature was pertinent mostly to a curbside config-
uration, and that a high level of pedestrian activity was in
urban areas while low level—in suburban areas. Thus, the
number of potential explanatory variables was shortened
(second feature in each pair above was omitted from fur-
ther analysis). In addition, the characteristics of the type
of area and the number of lanes for general traffic were
combined, providing three final categories (see Table 1).
As severe and bus accidents on the road sections
were rare (in 96-97% of road sections no such acci-
dents occurred, see Table 1), only models for pedes-
trian and total injury accidents were attempted. For
each accident type, several models were adjusted, with
the design features as presented in Table 1 and applying
various definitions of traffic volumes, such as: no use of
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Table 2 Poisson regression models fitted to total injury accidents on road sections with BPRs

(a) Model 1—no use of traffic volumes

Variables Estimate Standard error DF tValue Pr>|t|
Intercept —153 1.08 87 141 0.162
BPR type: curbside 2.56 1.06 264 241 0.017
BPR type: open center-lane 1.00 1.08 264 0.93 0.355
BPR type: barrier-separated central 0
Area: urban, 2-3 lanes -155 0.73 264 -2.11 0.036
Area: suburban —-043 0.73 264 -059 0.554
Area: urban, 1 lane 0

(b) Model 2—with continuous traffic volumes

Variables Estimate Standard error DF tValue Pr>|t|
Intercept —-1.76 1 85 —158 0.117
BPR type: curbside 249 1.07 264 234 0.020
BPR type: open center-lane 1.03 1.08 264 0.96 0.340
BPR type: barrier-separated central 0
Area: urban, 2-3 lanes -1.74 0.77 264 -2.26 0.025
Area: suburban -0.79 0.82 264 -0.96 0337
Area: urban, 1 lane 0
log (V_Bus) —-0.23 0.38 264 —0.60 0.547
log (V_Veh) 0.44 048 264 0.92 0.360

(c) Model 3—with categorical traffic volumes

Variables Estimate Standard error DF tValue Pr>|t|
Intercept -1 1.53 81 -0.73 0470
BPR type: curbside 245 1.06 261 231 0.022
BPR type: open center-lane 0.93 1.08 261 0.87 0.387
BPR type: barrier-separated central 0
Area: Urban, 2-3 lanes —-2.00 1.14 261 —-1.76 0.080
Area: Suburban -1.10 1.17 261 —-0.94 0.347
Area: Urban, 1 lane 0
Year: 1 0.66 0.29 261 2.31 0.022
Year: 2 0.51 0.29 261 1.72 0.087
Year: 3 -0.24 0.35 261 -0.69 0.494
Year: 4 0
Cat_veh: 1 —-0.96 1.11 261 —0.86 0.391
Cat_veh: 2 —-041 0.57 261 —-0.72 0471
Cat_veh: 3 —-033 0.45 261 -0.73 0.465
Cat_veh: 4 0
Cat_bus: 1 -0.18 044 261 —-040 0.687
Cat_bus: 2 045 0.40 261 1.14 0.254
Cat_bus: 3 -0.10 037 261 —-0.28 0.776
Cat_bus: 4 0

(a) Model fit statistics: — 2 Log Likelihood = 361.95; AIC=373.95; R*=15.1%. Likelihood ratio test: p <0.0001. Type Il Tests of fixed effects: for BRT type p <0.01; for Area

p<0.0001.

(b) Model fit statistics: — 2 Log Likelihood =361.18; AIC=375.18; R*=15.2%. Likelihood ratio test: p < 0.0001. Type Il Tests of fixed effects: for BRT type p < 0.05; for Area

p<0.001. log—Ilogarithm.

(c) Model fit statistics: — 2 Log Likelihood = 342.92; AIC=370.92; R> = 19.5%. Likelihood ratio test: p <0.0005. Type lll Tests of fixed effects: for BRT type, Area, Year

p<0.05; for Cat_veh p=0.77, for Cat_bus p=0.11.
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Table 3 Results of pairwise comparisons between injury accident means on road sections with various BPR configurations

BPR Compared to BPR Model 1 Model 2 Model 3

configuration®  configuration”

(TypeX) (TypeY) Estimate  St.error AdjP Estimate St.error AdjP  Estimate St.error AdjP
1 2 1.56 063 0.041% 147 0.64 0067 1.52 0.65 0.059*
1 3 2.56 1.06 0.050* 249 1.07 0.061% 245 1.06 0.065"
2 3 1.00 1.08 1.0 1.03 1.08 1.0 0.93 1.08 1.0

" See categories of BPR configuration in Table 1. Significant difference with #p <0.05, *p <0.1

volumes, continuous volumes, and categorical volumes.
The models fitted to pedestrian accidents showed insig-
nificant effects for the design features and negligible
values of R%, and hence were disregarded.

The models adjusted for total injury accidents are pre-
sented in Table 2; Poisson models were used. The good-
ness-of-fit of the models ranged from 15% to 19.5% and
was higher when the categorical values of traffic volumes
were applied.? (The likelihood ratio tests were significant
for all the models, with p<0.001.) All the models were
consistent in showing significant effects for the type of
BPR configuration and the type of area (combined with
the number of lanes for general traffic), while the effects
of vehicle traffic and of bus traffic were insignificant.

Based on the models, Table 3 presents the results of
the pairwise comparisons between the total accident
means on road sections with various BPR configura-
tions (see definitions in Table 1). The "estimate" in Table 3
corresponds to the difference in log-expected accident
frequency at "TypeX" configuration related to "TypeY"
configuration, while controlling for other site character-
istics. If the "estimate" is positive and significant, the acci-
dent rate in the first case (TypeX) is higher than in the
second case (TypeY), and vice versa. In addition, Fig. 3
illustrates the least-squares means of accident rates by
the BPR configurations (which are estimates of the mar-
ginal means over a balanced population).

The model results showed consistently that higher acci-
dent frequencies were expected on road sections with a
curbside BPR configuration relative to centre-lane and
barrier-separated BPRs, while the differences in acci-
dent means between the open centre-lane and barrier-
separated configurations were insignificant. Yet, it can
be noted (see Fig. 3) that, on road sections, barrier-sep-
arated BPRs were characterized by lowest values of acci-
dent rates in comparison to other BPR configurations.

In addition, pairwise comparisons indicated that
on BPR road sections with multiple lanes for general

2 With categorical volumes, two models were fitted, without and with add-
ing a year among the explanatory variables. The model with year is shown in
Table 2.

traffic fewer accidents are expected when sections are
situated in an urban environment as opposed to subur-
ban one (for example, with p<0.001, based on Model 1
in Table 2). This finding can be related to higher travel
speeds and more substantial traffic volumes in suburban
areas that lead to higher accident rates.

4.2 Models for accidents at junctions with BPRs

The database of junctions with BPRs included 137 sites,
with 519 observations ("site-year"); its descriptive statis-
tics is shown in Table 4. At the study junctions occurred,
in total: 816 injury accidents, of which 108 were severe,
206 with a pedestrian, 103 with a bus, 55—with a bus
and a pedestrian. A comparison with the numbers of
section accidents indicated consistently that 85-90% of
accidents, of all types considered, occurred at the BPR
junctions.

Following the preliminary analysis of data frequencies,
the features of BPR configuration and the possibility for
bus-overtaking were combined, providing four united
categories; similarly, the characteristics of the type of
area, the number of lanes for general traffic and the level
of pedestrian activity were combined, composing four
final categories (see Table 4). The junction characteristics
included in the accident model development comprised
the design features as well as the categories of vehicle
traffic, on the main and secondary roads, and of bus traf-
fic. As mentioned above, at junctions, more accidents

1.5
1.0
0.5
0.0 . -
curbside open centre-lane  barrier-separated
B model 1 model 2 model 3

Fig. 3 Least-squares means of injury accident rates* on road sections
by BPR configuration. (See models in Table 2). *Accident number per
km, per year
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Table 4 Descriptive statistics of the study database on junctions*
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Characteristic (variable in the model)

Statistics: categories with percent distribution; mean and sd for
numeric values; for accidents—frequencies per site with percent
distribution

Type of BPR configuration combined with bus-overtaking possibility (BPR
type_Bus_over)

Type of area combined with number of lanes for general traffic and with
level of pedestrian activity (avp)

Year of accident occurrences (Year)

Vehicle traffic on main road, in ten thousands

Vehicle traffic on secondary road, in ten thousands

Categories of vehicle traffic on main road, in ten thousands (Cat_veh_main)

Categories of vehicle traffic on secondary road, in ten thousands (Cat_veh_
sec)

Bus traffic, in thousands
Categories of bus traffic, in thousands (Cat_bus)

1—Total injury accidents
2—Severe accidents
3—Pedestrian accidents
4—-Bus accidents

5—Bus & pedestrian accidents

(1) curbside—57%; (2) open center-lane—17%; (30) barrier-separated
central and no bus-overtaking—20%; (31) barrier-separated central with
bus-overtaking—6%

(001) urban, 1 lane, high—12%; (070) urban, 2-3 lanes, low—6%; (011)
urban, 2-3 lanes, high—67%; (110) suburban, 2-3 lanes, low—15%

(1) 2010—23%, (2) 2011—25%, (3) 2012—26%, (4) 2013—26%
Mean 3.0, sd 1.3, min 0.4, max 5.9
Mean 2.1,sd 1.7, min 0.1, max 8.5

(1) up to 2-22%, (2) between 2-3-26%, (3) between 3-4—29%, (4) over
4-23%

(1) up to 2-25%, (2) between 2-3-37%, (3) between 3-4-26%, (4) over
4-12%

Mean 1.4, sd 0.6, min 0.2, max 3.9

(1) up to 1-26%, (2) between 1-1.5-30%, (3) between 1.5-2-26%, (4) over
2-18%

0-42.2%, 1-20.2%, 2-13.5%, 3 or more—24.1%
0-83.0%, 1-13.5%, 2-3.1%, 3-0.4%

0-74.0%, 1-16.2%, 2—-7.3%, 3 or more—2.5%
0-85.5%, 1-11.0%, 2-2.7%, 3 or more—0.8%
0-91.7%, 1-6.9%, 2—1.0%, more—0.4%

*N=519. Vehicle and bus traffic volumes—per 14 h of day

occurred than on the road sections, and the share of sites
with no accident occurrences was lower (see Table 4),
therefore, the analysis referred to all accident types. All
accidents types were modelled simultaneously, and non-
significant interactions were dropped from the model.
A Negative-binomial regression model was fitted to the
data. (The goodness-of-fit of the model was 34.5%, higher
than in the models for road sections; the likelihood ratio
test was significant).

The final model for accidents at junctions with BPRs
(Table 5) showed significant fixed effects (p<0.0001) for
accident type, type of BPR configuration (combined with a
bus-overtaking), the interaction of accident type and BPR
configuration, and vehicle traffic on the secondary roads.
In addition, significant effects (p <0.05) were observed for
year (of accident occurrence) and the level of bus traffic,
while for the type of area (combined with the number of
lanes and the level of pedestrian activity) and for vehicle
traffic on the main roads the effects were insignificant.

Based on the model, pairwise comparisons between the
accident means at junctions with various BPR configura-
tions (combined with a bus-overtaking possibility, see
definitions in Table 4), were estimated for each accident
type (Table 6). The differences in accident means showed
that, for all accident types, barrier-separated BPRs were
associated with higher accident numbers than other BPR
types, while for total accidents as well as for severe and

pedestrian accidents this effect was mainly related to the
possibility of bus-overtaking at the bus stops. In the case
of bus accidents and bus and pedestrian involving acci-
dents, higher numbers were consistently expected at junc-
tions with barrier-separated than with curbside BPRs,
regardless the feature of bus-overtaking at the bus stops.

In terms of predicted accident means at junctions
(Fig. 4), among the BPR types, the lowest numbers of
total and severe accidents were expected for a centre-lane
configuration, the lowest numbers of bus and bus-pedes-
trian accidents—for curbside BPRs, while for pedestrian
accidents similar accident means were estimated for
centre-lane and curbside configurations. For all accident
types, much higher values were predicted for barrier-sep-
arated bus routes.

In addition, according to the model results, at BPR
junctions, higher accident numbers were expected for
higher traffic volumes on secondary roads, more spe-
cifically—at sites with traffic volumes over 10 thousands
of vehicles per day as opposed to sites with traffic vol-
umes below this value (p<0.001 in pairwise compari-
sons between category 1 and all other categories). The
least-squares means of accident numbers by categories of
bus traffic indicated, also, that higher accident frequen-
cies were associated with higher bus traffic (but pair-
wise comparisons did not show significant differences
between the categories).
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Table 5 Negative-binomial regression model for accidents at junctions with BPRs

Variables Estimate Standard error DF tValue Pr>|t|
Intercept 0.01 0.64 121 001 0.994
Acc_type: 1 1.94 0.35 2439 552 <0.0001
Acc_type: 2 0.04 044 2439 0.08 0934
Acc_type: 3 0.60 040 2439 1.51 0.132
Acc_type: 4 0.67 0.39 2439 1.72 0.085
Acc_type: 5 0

BPR type_Bus_over: 1 —345 0.57 2439 —-6.07 <0.0001
BPR type_Bus_over: 2 —231 0.69 2439 -3.35 0.001
BPR type_Bus_over: 30 —-1.20 0.55 2439 —-2.17 0.030
BPR type_Bus_over: 31 0

Acc_type*BPR type_Bus_over: 1,1 1.95 048 2439 410 <0.0001
Acc_type*BPR type_Bus_over: 1,2 0.52 0.56 2439 0.94 0.349
Acc_type*BPR type_Bus_over: 1,30 0.04 041 2439 0.09 0.925
Acc_type*BPR type_Bus_over: 1,31 0

Acc_type*BPR type_Bus_over: 2,1 1.80 0.56 2439 323 0.001
Acc_type*BPR type_Bus_over: 2,2 —-0.04 0.73 2439 —0.06 0.954
Acc_type*BPR type_Bus_over: 2,30 —-0.03 0.52 2439 —0.05 0.959
Acc_type*BPR type_Bus_over: 2,31 0

Acc_type*BPR type_Bus_over: 3,1 1.77 0.52 2439 341 0.001
Acc_type*BPR type_Bus_over: 3,2 0.55 0.62 2439 0.89 0.376
Acc_type*BPR type_Bus_over: 3,30 0.18 047 2439 040 0.692
Acc_type*BPR type_Bus_over: 3,31 0

Acc_type*BPR type_Bus_over: 4,1 0.32 0.54 2439 0.59 0.554
Acc_type*BPR type_Bus_over: 4,2 0.18 0.63 2439 0.28 0.779
Acc_type*BPR type_Bus_over: 4,30 —-0.30 047 2439 —0.64 0.525
Acc_type*BPR type_Bus_over: 4,31 0

Acc_type*BPR type_Bus_over: 5,1 0

Acc_type*BPR type_Bus_over: 5,2 0

Acc_type*BPR type_Bus_over: 5,30 0

Acc_type*BPR type_Bus_over: 5,31 0

avp: 001 045 0.50 2439 0.89 0.371
avp:010 0.51 0.46 2439 1.11 0.268
avp: 011 -0.18 0.29 2439 -062 0.533
avp: 110 0

Year: 1 0.03 0.09 2439 0.27 0.784
Year: 2 -0.18 0.09 2439 —1.88 0.060
Year: 3 0.12 0.09 2439 1.40 0.162
Year: 4 0

Cat_veh_main: 1 0.04 038 2439 0.10 0.924
Cat_veh_main: 2 0.03 0.29 2439 0.10 0916
Cat_veh_main: 3 037 0.25 2439 1.50 0.134
Cat_veh_main: 4 0

Cat_veh_sec: 1 —-1.36 0.34 2439 —4.00 <0.0001
Cat_veh_sec: 2 -0.15 0.29 2439 —0.53 0.597
Cat_veh_sec: 3 -0.14 0.32 2439 —046 0.648
Cat_veh_sec: 4 0

Cat_bus: 1 -023 0.29 2439 -0.79 0427
Cat_bus: 2 -0.67 0.32 2439 -2.12 0.034
Cat_bus: 3 0.06 0.26 2439 0.23 0.819
Cat_bus: 4 0

Acc_type presents accident types; see Table 4 for variable definitions. Model fit statistics: Pearson Chi-Square/DF =0.78; R*=34.5%. Likelihood ratio test: p < 0.0001.
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5 Discussion
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In line with the modern policy of promoting public
transport use in cities [29, 35] and being aware of pos-
sible negative safety impacts of introducing bus priority
settings on urban roads [4, 10, 16], this study aspired to
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compare the safety performance of urban arterials with
three BPR configurations, which are: barrier-separated
central, open centre-lane and curbside bus routes. This
issue was not explicitly examined by previous research
[8-11], although these configurations are common in the

Table 6 Results of pairwise comparisons between accident means at junctions with various BPR configurations

BPR i Compared to PPR Total injury accidents Severe accidents Pedestrian accidents
configuration configuration
(TypeX) (TypeY) Estimate  St.error AdjP Estimate  St.error AdjP Estimate  St.error AdjP
1 2 0.29 0.36 1.0 0.70 0.55 1.0 0.08 042 1.0
1 30 -033 0.29 1.0 -042 036 1.0 —0.66 033 0.257
1 31 149 039 0001"  —164 049 0.005*  —167 0.44 0.001%
2 30 —-0.62 0.36 0511 -1.12 0.56 0.281 —-0.74 043 0497
2 31 -178 0.50 0002 -235 0.69 0004  —1.76 0.57 0.012%
30 31 -1.16 045 0056% —123 0.55 0.157 —-1.02 0.50 0.248
BPR configuration”  Compared to BPR Bus accidents Bus & pedestrian accidents
(TypeX) configuration” (TypeY)

Estimate St. error Adj P Estimate St. error Adj P
1 2 —-0.99 047 0211 —-1.14 0.62 0.392
1 30 -163 038 0.0001% -225 047 <0.0001*
1 31 -313 047 <0.0001* —345 0.57 <0.0001*
2 30 —-0.63 0.46 1.0 =111 0.56 0.298
2 31 —-2.13 0.58 0.002* —-231 0.69 0.005*
30 31 -150 0.50 0.017% -120 0.55 0.180

" See categories of BPR configuration combined with bus-overtaking possibility in Table 4. Significant difference with *p <0.01, *p <0.05, ¥p < 0.1
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Fig.4 Least-squares means of accident frequencies* at junctions by accident type and BPR configuration. BPR configurations: 1—curbside; 2—
open centre-lane; 30—Dbarrier-separated, no bus-overtaking; 31—barrier-separated, with possibility for bus-overtaking. *Accident number per site,
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international practice of public transport priority routes
in various countries [9, 13, 14]. The topic was particularly
acute for local conditions in Israel where such configu-
rations became typical in the past decades. Specifically,
the barrier-separated BPR configuration, which reflected
the preferable infrastructure solution of physically-sep-
arated bus routes, according to the international experi-
ence [9, 24, 40], but was characterized by fatal pedestrian
accidents in the local practice, needed attention. Thus,
detailed safety comparisons between the three BPR con-
figurations were necessary to decide on their suitability
for future BPR designs.

The study applied a comprehensive database, which
included all the sites with BPRs that were in operation
in the country (in 2015). Multivariate regression models
were adjusted to evaluate accident frequencies and, con-
sequently, to examine differences in safety performance
of road sites with various BPR configurations, while con-
trolling for other road and traffic characteristics. The
results showed that, on road sections, the barrier-sepa-
rated BPR configuration had safety advantages over two
other BPR forms and, particularly, over the curbside con-
figuration, while at junctions, it exhibited a poorer safety
level relative to other BPR types. However, it should be
noted that in all accident types, a statistically-significant
worse safety performance of the barrier-separated BPRs
was found in the case of presence of a bus-overtaking
possibility near the bus stops, while the barrier-sepa-
rated BPR without a possibility for bus-overtaking had
a significantly poorer safety performance in the cases of
bus accidents and accidents with buses and pedestrians,
only. One can assume that infrastructure settings with
a possibility for bus-overtaking in the barrier-separated
BPRs, lead to higher bus speeds in the bus corridors thus
increasing accident risk at junctions. Therefore, due to
safety concerns, such BPR settings should be avoided.

The safety level of junctions with barrier-separated
BPRs was consistently lower than the safety level of junc-
tions with curbside BPRs, which presumably reflects the
much higher complexity of signalized junctions with
barrier-separated BPRs. The latter related to the higher
number of carriageways on the road, additional conflict
points for turning movements, a bigger junction size and
longer clearance times, which overall lead to negative
safety implications. Furthermore, the "three route effect”
dictating changes in the traditional pedestrian crossing
behaviour [16], cannot be ignored in this context, since
a certain share of pedestrians in urban areas cross on
red. Hence, other forms of BPRs than barrier-separation
should be preferred, to reduce accident risks at junctions.
For example, a better solution can be to use an open cen-
tre-lane BPR, removing the physical separation between
the bus lane and general traffic lanes and leaving two
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carriageways only to be crossed by pedestrians, at junc-
tions. To note, such solutions are currently preferred in
the design practice of median BPRs in Israel, but their
safety impacts have yet to be evaluated. Another direc-
tion in seeking alternative junction designs for central
BPRs can be in "traffic calming", e.g. by reducing general
traffic lanes or turning movements at a junction, which
were associated with positive safety effects in BPR opera-
tions [9, 19].

The suggested restriction on the use of barrier-sep-
arated BPRs is also supported by the finding that the
majority of accidents on urban roads with BPRs, in all
accident types considered by the study, occurred at junc-
tions (85—90%). Thus, in spite of the advantage of the bar-
rier-separated BPRs on road sections, since their safety
records at junctions were worse compared to other BPR
configurations, the overall safety performance of this
BPR type can be judged as poorer relative to other BPR
types. Yet, a reservation is needed at this point, since the
current study did not conduct a safety evaluation of the
whole BPR routes, as was done for example in South-
American cities [10]; such an evaluation would be useful
in the future, to delve into the differences in safety per-
formance of various BPR types.

Concerning the preference in safety performance
between the curbside and centre-lane BPRs, the current
study did not provide an indubitable answer, similar to
previous research [8, 10, 17]. The centre-lane configura-
tion was much safer on road sections than curbside BPRs
(a significant difference), while at junctions both con-
figurations demonstrated some advantages (i.e. lowest
accident frequencies), for certain accident types (but the
differences in accident numbers were insignificant). The
lowest frequencies of bus-involving accidents as associ-
ated with curbside BPRs probably indicate in favour of
simpler traffic arrangements at urban junctions, which
resemble conventional traffic settings (without BPRs).
At the same time, the centre-lane BPR configuration was
characterised by the lowest mean of severe accidents
and thus, it may be considered as a preferable solution
for urban areas since it better supports the targets of the
safe-systems approach [1, 46]. Furthermore, both BPR
forms were characterised by similar means of pedestrian
accidents, whereas pedestrian injury is the main concern
of BPR operation and bus transit systems, in general [8—
10, 19, 30, 31]. Thus, it follows that both BPR configura-
tions are suitable for application in the future planning of
BPRs.

The study results can be useful for European practice,
where BHLS systems are considered as an important
means for promoting a shift to public transport use and
are being re-established [13]. Due to certain similarity
in traffic density and mixed land uses in urban areas in
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Israel and European cities, the Israeli experience of urban
roads’ renovation to incorporate BPRs may be helpful
for some European cases. The European study [13] indi-
cated difficulty to set up design rules for bus priority sys-
tems, as more experience and evidence are needed in the
field. Thus, the current study findings may provide some
insights with regard to BPR infrastructure solutions with
a particular focus on safety impacts, which were not yet
estimated in Europe.

The study models indicated that more accidents are
expected at BPR junctions with higher vehicle traffic
and higher bus frequencies, which is consistent with
previous research [5, 21]. The impacts of other design
features, e.g. the number of lanes for general traffic or
the number of legs at junctions, were not ascertained
by the current study due to the limitations in the study
data.

In spite of the efforts invested in the data collection
(which as we mentioned comprised all the BPR roads
throughout the country), the study analysis was limited
by the available site samples, which were insufficient to
explore safety impacts of various combinations of road
and traffic characteristics of the BPR sites. In the future,
it would be appropriate to conduct further research,
in this direction, and especially, to examine the safety
effects of more detailed infrastructure solutions, which
are common on certain BPR configurations. Similarly,
the safety impacts of BPR settings should be more thor-
oughly explored in the context of various levels of vehicle
traffic, bus traffic and pedestrian activities, to provide a
more solid basis for selecting practical solutions, while
planning BPRs in cities.

6 Conclusions

In this study, statistical models were developed to evalu-
ate accident frequencies on urban arterials with dedicated
bus routes, while examining three bus route configura-
tions, i.e. barrier-separated central, open centre-lane or
curbside BPRs. The study applied the specially-collected
database, which comprised all road sections and junc-
tions with such BPRs that were present on the Israeli
urban road networks.

The comparative evaluations showed that barrier-sepa-
rated BPRs were characterised by lower accident rates on
road sections but by substantially higher accident num-
bers at junctions, relative to other types of the BPRs, and
particularly when bus-overtaking was possible. Hence,
the use of barrier-separated BPRs should be reduced and
bus-overtaking settings should be avoided, when imple-
menting bus priority routes in the country. In the com-
parison of curbside and center-lane BPRs none of them
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demonstrated a superior safety performance: the cen-
tre-lane routes were safer on sections while at junctions
both configurations had advantages for certain accident
types. Therefore, both forms can be judged as applicable
in future BPR designs. A similar conclusion was drawn,
under the local conditions, having monitored the safety
performance of various BPRs in the newly established
BRT system in the north of the country [17, 19].

The study enriches the international knowledge on the
safety performance of various BPR configurations [8-10,
17, 19, 20], supporting the use of the centre-lane and curb-
side forms of BPRs and suggesting to restrict the application
of barrier-separated bus routes. However, the preference of
a specific BPR form can be case-sensitive, depending of the
road environment, the role of the road considered in the
urban road network and respective vehicle traffic volumes,
current modal split in the city, strictness of the local policy
for promoting active travel modes, etc.

The practice shows that BPR planners seek detailed
answers to the safety implications of various traffic set-
tings on the bus corridors, while existing knowledge
on the topic is not extensive [9, 10, 43]. Thus, further
research is still needed to provide a better understanding
of safety impacts of infrastructure design solutions for
BPRs, under various traffic and road conditions. Specifi-
cally, great interest would be in studies of European bus
priority systems, for which safety evaluations are gener-
ally unavailable. The key issue can be seen in finding the
right balance between mobility and safety needs, by inte-
grating safety in public transport planning and operation,
and promoting safer urban roads by design [1, 44].
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