European Transport \ Trasporti Europei (2021) Issue 81, Paper n° 4, ISSN 1825-3997

https://doi.org/10.48295/ET.2021.81.4

ASSOCIAZIONE ITALIANA
per 'INGEGNERIA
del TRAFFICO

e dei TRASPORTI

Up,

Giordano Editore

Assessing the Risk of Bus Crashes in Transit Systems

Fabio Porcu!, Alessandro Olivo?, Giulio Maternini’, Mauro Coni2,
Michela Bonera®, Benedetto Barabino®*

ISPIVA Srl - Technological Start Up, Cagliari Italy
’Department of Civil, Environment and Architecture Engineering (DICAAR), University of Cagliari, Italy
3Department of Civil, Environment, Land and Architecture Engineering and Matemathics (DICATAM),
University of Brescia, Italy

Abstract

Although public transport buses may be considered a safe transportation mode, bus safety is a crucial issue
from the perspectives of operators, passengers and local authorities owing to the relevant implications it
generates. Therefore, assessing the risk of crashes on bus routes may help improve the safety performance
of transit operators. Much research has identified patterns of bus crashes to understand the effects of many
factors on the frequency and the severity of them. Conversely, to the best of our knowledge, the research
measuring the risk of crashes in bus transit networks is seldom faced.

This paper adjusts existing methods to assess the safety on bus transit networks by the integration of safety
factors, prediction models and risk methods. More precisely, first, the methodology identifies several safety
factors as well as the exposure risk factors. Second, this methodology specifies the risk components in terms
of frequency, severity and exposure factors that may affect bus crashes and models their relationships in a
risk function. Third, this methodology computes the risk of crashes for each route and provides a ranking
of safety performance. A real case study demonstrates the feasibility of this methodology using 3,457 bus
crashes provided by a mid-sized Italian bus operator.

This experiment shows that transit managers could adopt this methodology to perform an accurate safety
analysis on each route. Moreover, this methodology could be implemented in a road traffic safety
management system in order to evaluate the risk of crashes on routes, monitor the safety performance of
each route and qualify each route according to recent safety norms.

Keywords: Urban Public Transport; Bus Safety; Bus crashes; Risk Analysis; ISO 39001:2012.

1 Introduction

Bus safety is a critical issue for the relevant implications it generates. From the
perspective of Public Transport Companies (PTC), bus crashes increase costs of an
industry that daily deals with high operational costs and low fare revenues (Barabino et
al., 2020; Barabino, 2018; Barabino and Di Francesco, 2016, Bonera et al., 2020). Bus
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crashes decrease service reliability and safety and lead to increasing property and image
damages. From the passengers’ perspective, the occurrence of bus crashes may affect
their perceived safety. From the local authorities’ perspective, the occurrence of bus
crashes may affect the public opinion. Indeed, bus crashes are usually perceived much
more than what the objective data show. This is because they may generate the feeling
that the PTC has a greater responsibility than people using the road at their own risk and
individual crashes may result in many injuries (e.g., urban buses).

Bus safety has received wide attention by many stakeholders engaged in the
improvement of transit road safety because it can no longer be overlooked. This fact can
be proved by several international guidelines and standards that have been issued to
standardize the management of road safety, reduce deaths and injuries as well as social
costs. A clear example is the International Norm ISO 39001 (2012), which recommend
the PTC (or any other kind of road operator company) to implement the Road Traffic
Safety Management System (RTSMS) to improve its safety performance. However, no
specific RTSMS is suggested on ISO 39001 (2012).

All these reasons may represent a priority for vanguard PTCs and local authorities.
However, the interest in bus safety is not analysed much in the literature as opposed to
e.g., car safety (e.g., Af Wéhlberg, 2002; 2004). Perhaps, it is generally accepted that bus
transit improves road safety since it is expected to reduce vehicular traffic (e.g.,
Albertsson and Falkmer, 2005; Cafisio ef al., 2013). Bus safety research mainly deals
with studies on: 1) descriptive statistics on the occurrences of bus crashes and associate
severities (e.g., Evans and Courtney, 1985; Jovanis et al., 1991; Zeeger et al., 1994) and
i1) multivariable prediction models that shed light on the effects of different safety factors
(determinants, or attributes, or variables) on the frequency (e.g., Cheung et al., 2008;
Strathman et al., 2010; Quintero et al., 2013; Goh et al., 2014) and the severity of the bus
crashes (e.g., Kaplan and Prato, 2012; Prato and Kaplan, 2014). In addition, the literature
is quite rich on risk assessment methods in several fields such as chemical, economic and
financial, engineering, industrial, medical (e.g., Fine, 1971; CCPS, 1995; Andrews and
Moss (2002) ISO 39001, 2009; Mullai, 2006). However, as far as the authors know, the
literature is quite poor on bus crash risk assessment methods, since only a handful of
recent studies have attempted to define some crash risk indexes (Tiboni and Rossetti,
2013; Mitsakis, 2015; Ye et al., 2016; Law et al., 2017).

This paper aims to cover this gap, by the proposal of an adjusted methodology for the
assessment of bus safety performance in according to ISO 39001 (2012) that enables
PTCs to evaluate each transit route with a risk crash index.

More precisely, at first the methodology identifies the safety factors. Next, it specifies
the risk components in terms of frequency (or probability), severity (or potential crash
consequence) and exposure variables that may affect bus crashes. Finally, it models the
relationship about these components and builds a risk bus crash function that ranks each
route according to its safety performance, to provide a fundamental tool that could help
improve the bus safety performances.

The proposed methodology builds on the study of Jovanis ef al. (1991). However, it
considers a larger number of variables and uses an adjusted formulation of the well-
known risk index first introduced by Fine (1971) for the assessment of the crash risk. Fine
(1971) assessed the risk by predefined numerical ratings for the probability factor, the
potential consequences of a crash and the exposure factor. Conversely, the adjusted index
is computed by modelling the frequency and severity as functions of exposure factors as
well as calibrating these models by real data. Furthermore, this methodology refines a
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previous study because it formulates the severity function as a direct economic cost
including medical, legal emergency and property related damages for each crash and
adopts the passenger*km as an exposure factor (Porcu et al., 2020).

A total of 3,457 bus crashes reported between 1997 and 2001 from a mid-sized Italian
bus operator were adopted to demonstrate the feasibility of this methodology in a real
case study.

This paper attempts to contribute to both theory and practice. On the theoretical side,
this paper sheds light on an emerging research topic at least in bus transit. From a practical
perspective, this paper helps implement a RTSMS for PTCs interested in the qualification
for ISO 39001 (2012) safety certifications of their services.

The remaining paper is organized as follows. Section 2 presents the methodology to
evaluate the crash risk for each bus route. Section 3 illustrates its experimentation on a
real case study. Section 4 draws conclusions and future perspectives.

2  Methodology

This section illustrates the proposed methodology to assess the risk of crashes in bus
transits according to the scheme shown in Fig. 1. This methodology specifies the safety
factors and how to combine them to assess the crash risk. It is briefly summarized in the
following sections.
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Figure 1: Adjusted methodology Tor the evaluation of the bus crash risk (adapted from
Porcu et al., 2020)

2.1 Safety Factors

In bus transit systems, a crash may be viewed mainly by the interaction of six relevant
factors, i.e., the context, the infrastructure, the organisation, the vehicle, the driver and
the passengers. According to ISO 39001 (2012), these factors (and the related sub-factors)
are identified as intermediate safety outcome factors (see the bottom block of Fig. 1).

PTCs have a proper database where data about their supply (e.g., route lists, route
lengths, total working hours) and demand (i.e., passenger volumes) are stored. Therefore,
this database helps recognise additional factors that may reflect the amount of bus
passengers or services interested in the occurrence of crashes. According to ISO 39001
(2012), these factors are identified as risk exposure factors (see the top block of Fig. 1).
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Therefore, the interaction between intermediate safety outcome factors (see bottom-
dotted arrow in Fig. 1) and risk exposure factors (see top-dotted arrow in Fig. 1) may
result in a crash?.

Vanguard PTCs have a specific databank where they record bus crashes and some other
factors that may reflect the type of crash as well as the associate severity (i.e., number of
deaths, serious injuries, and property damage). Moreover, collecting additional factors
(e.g., location, causes, efc.) is necessary for the settlement of insurance claims. According
to ISO 39001 (2012), these factors are referred to as final safety outcomes (see the middle
block of Figure 1).

Finally, some PTCs might record crashes caused by voluntary damages and/or personal
injuries owing to criminal and/or vandalism actions. These records were not of interest
because they could not be considered as crashes, so they were disregarded in this
methodology. In addition, only the crashes reported by the PTC staff were considered,
because crashes (claims) reported by third parts were characterized as being too uncertain.

2.2 Method for risk assessment

In this section, a quantitative method for assessing the crash risk for each bus route is
presented. Although, there are many methods that may be applied to evaluate the crash
risk in transit, in this paper, we adjusted the well-known risk index first introduced by
Fine (1971). Our method is based on a risk index that includes the frequency and the
severity of a crash as functions of exposure factors for each intermediate safety factor.
Moreover, in this method, we refer generally to crashes because the related databank
contains both with and without collision crashes.

Let:

e [ Dbe the route of interest;

e i be the index of the intermediate outcome factor (or the associated sub-factor);

e 7 be the total number of intermediate outcome factors;

e H;;be the frequency of crashes that occurred on route / in a predefined time
interval (e.g., a year) in which factor i manifests itself;

e J;:be the potential consequence of the crash on route /, that is evaluated as the
total economic cost of the crash in a predefined time interval (e.g., a year) in which
factor { manifests itself;

e [FE;,be the exposure factor associated with factor / on route /.

Risk index R for each route / is computed as follows:

Ry =X Hyy * Vi % Ey (1)

Even though the calculation of eqn. (1) is simple, each component needs to be estimated
separately according to the following stage.

First, H;;and V;;are computed by querying the transit crash database and counting the
frequencies of the occurrences and the total consequences (i.e., costs) of a crash for each
intermediate outcome factor i. More precisely, let:

e jbe the index of the crash;

e m be the total number of crashes;

2 Other factors, such as car traffic, might be considered as exposure variables. However, they were not
considered because we referred to data available by the PTC.
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e J;;be a binary variable which 4scores 1 if crash j occurred on route /, due to factor
i, and 0 otherwise;

e y;;be a continuous variable, which expresses the consequence of a crash as a direct
economic cost. Such cost includes medical, legal emergency and property related
damages for each crash (e.g., Fine, 1971; Andreassen, 1989; Shah et al., 2018).

This evaluation is done for each crash j that occurred on route /, due to factor i.
Thus, the total frequency of crashes and the associated severities are evaluated as follows:

Hi,l= 27]7l=1hijl Vl=1,,7’l,Vl=1,,L (2)
Vi,l: Z;’;lviﬂ Vl=1,,n,Vl=1,,L (3)

To clarify the initial computation of H;; and V;; we consider the following example.
Assume that on route /, 4 bus crashes occurred during the day and 2 others at night.
Moreover, 5 bus crashes provoked only-material damage and 1, 2 injuries at night. Let us
assume that each bus crash with only-material damage alone has a total cost 1,000 € while
each injury costs 25,000€. Therefore, considering day and night as intermediate outcome
factors, according to eqns. (2) and (3), the following results are obtained:

Hday,l: 4 Vday,l = 4,000, 4)
Hnight,l= 2; Vnight,l = 51,000; )

Second, the frequency and severity of transit bus crashes are computed by many

bivariate models, one for every intermediate factor i. On each model, the exposure factor
E;; (associated to each i) is the predictor, while H;; or V;; are the response variables and
we assumed each factor independent from the others. Although these bivariate models
may hinder the evaluation of the relationships among competitive intermediate outcome
factors, a simple bivariate analysis allows the PTC to evaluate the factors that most
influence its safety performance one-by-one. Moreover, unlike multivariate models with
one or few overall exposure factors (e.g., the total bus-km for the route at hand), our
choice help emphasise the role of the exposure factors for each i (e.g., the total bus-km
for diurnal lighting conditions on the route at hand). In addition, too complex models
were hardly employed in the operational management, since they could not incorporate
practical and operational considerations in the analysis. Thus, this study models H;; and
Vi, as functions of E;, to predict a number of frequency and severity models as many as
are intermediate safety factors considered.
The Generalized Linear Modelling approach that assumes a negative binomial structure
seems to be the best way to predict the frequency of crashes because road crashes are
random, infrequent and non-negative integer events (e.g., Mannering and Bath, 2014).
Nevertheless, a non-linear relationship exists between the frequency of crashes and traffic
exposure factors (e.g., Cheung et al., 2008; Quintero et al., 2013). Moreover, exposure
E;; refers to a variable that when it assumes zero value, the frequency of crashes and
severities must be zero. Therefore, let aq;,a,;, B1;, B2; be the coefficients to be estimated
in the model, the prediction of H,; and 7, is as follows:
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I:I:l = g * Exp(“Zrirl*Eirl) vi=1,.,n;Vvli=1,..,L
(6)
E; >0 vi=1,.,n;Vvl=1,..,L

Vo= Boiyg *x ExpPeirBid vi=1,.,n;vIi=1,..,L

(7)
E; >0 Vi=1,..,n;VIi=1,..,L

The check of the statistical significance according to the F-test and the Pearson R? was
used to evaluate each model. Furthermore, other assessments were made by analysing the
sign and the significance of the coefficients.

Third, once functions H,; and V,; have been estimated, the crash risk index may
be computed by adjusting eqn. (1) as follows:

Ry =X, Hy (Eiy) * Vi (Eip) = Sig (@ * Exp(®2itFi)) « (Byi * Exp(Pzi1*Ein)y
[=1,..,1L ®)

It is worth noting that, drivers and vehicles may usually operate in different routes.
Therefore, the computation of R; reflects the most critical conditions for the route at hand,
in terms of highest values of H and V, respectively. Nevertheless, if specific variables
related to drivers’ and vehicles’ characteristics are included in the PTC databank, they
may be considered as intermediate outcome factors as well.

Fourth, to prioritize actions, it may be useful to classify routes according to a predefined
risk scale. As far as the authors know, there are many methods for developing a risk scale.
In this paper, we used a four-level scale by creating three thresholds to identify a range
of acceptable values of all calculated R;. This scale is based on the lower, the middle and
the upper quartiles concept (Qi = 25" percentile, Q2= 50" percentile and Q; = 75"
percentile), in order to classify each bus route as follows: R; — Maximum risk (i.e., R; >
Q1); Ro — High risk (i.e., Q2 < R/< Q1); Rz — Average risk (i.e., Q3< R/<Q2); R4 — Low
risk (i.e., Qi< T3). This classification helps identify the routes that require greater safety
measures and better appreciates similarities and differences among routes.

Fifth, some actions can be taken to address safety shortcomings or their impact,
especially for the most critical routes. Referring to eqn. (8), it is possible to mitigate the
crash risk by working on prevention actions to reduce H,; (E i,l) values and/or protection

treatments to reduce V;I(E ,-,l) values, respectively.

3 Experimentation in a real bus network

This methodology was experimented in the urban bus transport system in the area of
Cagliari with 0.4M inhabitants, located in Sardinia (Italy). The local public transport
company is called CTM and manages the public transportation with 271 vehicles (i.e.,
buses and trolleys) and serves approximately 40.8 million trips a year. Moreover, these
vehicles travel over 12.4 million kilometers per year along 34 routes (CTM, 2020).
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3.1 Source and data

For this experimentation, final, intermediate and risk exposure factors were collected
from different sources. Final safety outcome factors were collected from crash data that
occurred on buses of CTM. In particular, each event that occurred with or without
collision in which a vehicle, object and/or a person were involved, and generated damage-
only and/or injuries and/or fatalities was recorded. From 1997 to 2001, CTM recorded a
total of 3,457 bus crashes (Barabino et al, 2006)°. Moreover, the total cost for each crash
was evaluated taking into account the average cost per damage components as shown in
Table 1, according to the classification provided by the Italian Ministry of Transport
(2010)*. These costs were computed on the overall road crashes recorded in the Italian
territory; therefore, crashes between vehicles other than buses are included. Nevertheless,
this is not a strong drawback of this method, which can be implemented with other crash
cost data.

Table 1: Average cost per direct damage of a crash

Average Cost Value [€]
Average costs per death 1,503,990
Average cost of an injured person 42,219
Average property damage per crash 7,686
Average administrative costs per crash 3,300

Intermediate safety outcome factors related to the infrastructure (i.e., road
insfrastructure characteristics) where crashes occurred, to the organisation (i.e., spatial
and temporal characteristics of the bus network) and to the vehicles are also collected.
These data are adopted to generate the exposure factors for each year of interest. In this
experiment, 23 bus routes are considered.

Finally, the last source includes manual ride-check data on passengers route-by-route.

3.2 Experimental setup

According to the first step of the methodology, we calculated the total frequency of
crashes (H;) and the associated severities (V;) for each intermediate outcome factor i and
route /, using eqns. (2) and (3). Next, we estimated the exposure factors for each i and
route / as the passenger*km travelled or number of buses at peak hour for bus type, in the
time period considered.

Table 2 lists the intermediate safety outcome factors (1% column) and their relative sub-
factors (2" column) adopted for this experiment. Each sub-factor can be coded as a binary
or categorical variable and its notation was bold-edited and reported in square brackets.
For instance, sub-factor Day-type is dichotomous; its values are weekday and weekend
and are denoted by WD and WE, respectively.

3 Due to the secrecy policy of CTM, we cannot analyze data that are more recent.
4 Due to the secrecy policy of CTM, we cannot use the actual costs reported for each crash.
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Table 2: Intermediate safety outcome factors (i) and sub-factors
Factors Sub-factors

Context Lighting (Day [D]; Night [N]) - Season (Winter [Win]; Spring [Spr]; Summer [Sum];
Autumn [Aut]) — Day type (Weekday [WD]; WeekEnd [WE]

Infrastructure ~ N° of lanes (1 [nl1]; 2 [nl2]; 3 [nl3]; 3+ [nl3+]) — Lane’s width <3m [Iw<3]; 3.25m
[Iw3.25]; 3.5+m [Iw3.5+] — Sidewalk’s width <Im [sw<1]; 1.0m [sw1];1.5m [sw1.5];
2.0m [sw2]; 2.5+m [sw2.5+] - Road type (ExtraUrban road [EUr] ; Urban road [Ur])

Organization  Bus frequency (High [HF]; Middle [MFT]; Low [LF]) — Right-of-way priority (Yes
[b1Y]; No [bIN])

Vehicle Length Bus (>12m [>121B]; <12m (<121B))

3.3 Result and discussion

According to the second stage of the method, we estimated H,;(E;;) and V,;(E;;) for
each intermediate outcome factor i, using Microsoft Excel. A total of 25 intermediate
outcome factors were considered and 50 bivariate models were estimated for the
prediction of the frequency and the severity of crashes, respectively. The results are
reported in Table 3 with the best fit>. All models are significant and fit data well. As
expected, more significant models were estimated when a high number of observations
(Obs) were available.

The best models are associated with the following intermediate outcome factors i.e.,

diurnal lighting conditions (13, 14), bus running on urban roads (19-20) and the absence
of priority strategy (43, 44). As expected, all significant models provided evidence that
by increasing the exposure factor E; ;, the frequency H,; and the severity 171\1 increase as
well. Moroever, it is worth noting that some less impacting factors may become more
impactful than others as exposure increases.
The results related to the intermediate outcome factors of the context show that summer
is the safest season regarding the consequence and frequency (see models 5 and 6),
because summer has the lowest estimation of Fll\ L (Ei‘l) and 17; (Ei‘l). Moreover, in the
summer, buses travel fewer kilometres than in the other seasons. Models 11 and 12
associated with weekend days provided results of I-/Il\ 1 (Ei,l) and V,; (Ei,l) that were lower
than models associated with weekdays for lower values of E; ;. Conversely, if the exposure
exceeds approximately 1*10° passengers*km, weekdays are safer than weekends. In this
case, an increase in passengers*km during holidays is much more impactful than on
weekdays. It is possible that bus lanes are less congested during weekends; therefore,
vehicles might run at a higher speed. Travelling by day will result in a frequency and
severity of a crash slightly greater than travelling by night for each value of exposure.
Although the result of severity differs from e.g., Zeeger et al. (1994), it may be justified
since urban buses are less exposed to traffic conditions at night.

5 Cheung et al. (2008) and Quintero et al. (2013) adopted a power function regression instead of an
exponential one to model the exposure measures. Therefore, we run all models by using a power function
regression also. Although all models were significant, they presented worse fits than those reported in this

paper.
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Table 3: Exponential regression model results estimating FIT L (Ei,l) and V:z(Ei,l)

Model Regression Obs F F-test R? t-stat (p value)
Context
1 Hyin = 1.777Exp(6:038+1077*Ewin) 89 71.93 5.17%1013 0.45 02=8.481 (<0.001)
2 Vipin = 16481.729Exp (80211077 Ewin) 89 62.41 7.89%10712 0.42 $2=7.900 (<0.001)
3 Hgpy = 1.745Exp(5:815+107Espy) 91 67.09 1.76*10°12 0.43 a2=8.191 (<0.001)
4 Vipr = 17320.807Exp(7-326+1077*Espr) 91 45.76 1.36%10%° 0.34 B2=6.765 (<0.001)
5 Heym = 1.799Exp 47165107 Esum) 85 4436 2.77*%10°%° 0.35 02=6.661 (<0.001)
6 Veum = 15608_743Exp(6-349*10_7*Esum) 85 30.54 3.69%10707 0.27 B2=5.526 (<0.001)
7 Hyye = 1_687Exp(6.1589*10*’*5m) 84 63.14 8.94*1012 0.44 2=7.946 (<0.001)
8 Vaue = 16865.004Exp(6-691+107 *Eque) 84 26.51 1.76%10°6 0.24 B2=5.149 (<0.001)
9 Hyp = 3.792Exp (21044107 Ewp) 107 92.18 4.82%10°16 0.47 02=9.601 (<0.001)
10 Vipp = 46044.596Exp2283+1077Ewp) 107 63.77 1.88*10°12 0.38 B2=7.986 (<0.001)
11 Hyg = 1.206Exp (11234107 Ewg) 126 71.53 6.36%10-14 0.37 02=8.458 (<0.001)
12 Ve = 10668.744Exp(1'446*10_6*EWE) 126 37.70 1.03*10°08 0.23 B2=6.140 (<0.001)
13 Hp = 3.847Exp(5:316+107%+Ep) 103 116.17 1.74%10°18 0.53  02=10.778 (<0.001)
14 v, = 46934_973Exp(6-026*10’5*51>) 103 90.89 9.55*10°16 0.47 B2=9.534 (<0.001)
15 Hy = 1.743Exp(4-451+1075Ex) 89 55.84 5.77*1011 0.39 a2=7.473 (<0.001)
16 Vy = 15817_994Exp(5-218*10’5*51>) 89 32.94 1.36%10°7 0.27 B2=5.739 (<0.001)
Infrastructure
17 Hyyy = 1.361Exp (1076510 Exy,) 36 28.54 6.17%10706 0.46 02=5.343 (<0.001)
18 Veur = 12120473 Exp(1:311+10~%Eguy) 36 12.97 9.98%104 0.28 B2=3.601 (<0.001)
19 Hy, = 3.158Exp(3814+107Ey) 251 211.86 3.83*%10% 046  02=14.555(<0.001)
20 Vyr = 36152.57Exp(+:308+107Ey) 251 127.13 4.29%1024 0.34  B2=11.275(<0.001)
21 Hpyq = 3.871Exp*204+1077+Enir) 103 93.51 4.79%10°16 0.48 22=9.670 (<0.001)
22 Vg = 41707.263Exp 4784107 En) 103 62.38 3.57%10712 0.38 B2=7.898 (<0.001)
23 Hppp = 3.004Exp®652+1077+Eni2) 92 82.45 2.35%10714 0.48 02=9.080 (<0.001)
24 Voiz = 38499_3125xp(5-091*10’7*5nzz) 92 47.07 8.42%10°10 0.34 B2=6.861 (<0.001)
25 Hpyz = 1.462Exp(7:299+1077*Eni3) 30 66.34 7.24%10°% 0.70 02=8.145 (<0.001)
26 Vaiz = 12811.695Exp(1:039+107%Eniz) 30 35.51 2.05%10° 0.56  B2=5.959 (<0.001)
27 Hypes = 2.256Exp(6833+1077Enncs) 125 83.05 1.85%10°15 0.40 02=9.113 (<0.001)
28 Vipes = 17392_144Exp(9-366*10_7*Elw<3) 125 64.77 6.06*10°13 0.34 2=8.048 (<0.001)
29 Hypzos = 2.554Exp (5808107 %Epys 25) 81 67.59 3.23*10°12 0.46 a2=8.221 (<0.001)
30 Viwsos = 26259,183Exp (6846107 *Etws 25) 81 34.27 1.04%10°7 0.30 B2=5.854 (<0.001)
31 Hppss = 4.154Exp (34364107 Eus.5) 96 65.48 2.05%10-12 0.41 a2=8.092 (<0.001)
32 Viwss = 58255.832Exp (3672107 Eiws.s) 96 40.62 6.81%¥10° 0.30 B2=6.373 (<0.001)
33 Hgyeq = 2.238Exp72775107 *Esw<) 96 25.50 2.16%10° 021  @=5.050 (<0.001)
34 Vew<1 = 18543,48e(0173+107+Fsw<r) 96 17.80 5.66*100 0.16  P2=4.219 (<0.001)
35 Hgyy = 2.108Exp (78541077 +Esu1) 80 76.86 3.06%1013 0.50 a2=8.767 (<0.001)
36 Vows = 21129,425Exp(8:662+1077+Esu1) 80 33.10 1.64%10°7 0.30 B2=5.753 (<0.001)
37 Hgprs = 2.907Exp®529+107 +Esui5) 93 76.11 1.19%1013 0.46 a2=8.724 (<0.001)
38 Vewrs = 30075,249Exp (5:624*107 *Equ1s) 93 49.94 3.12*1010 0.35 B2=7.067 (<0.001)
39 Hepy = 2.433Exp©168+1077+Es2) 71 75.96 9.85%1013 0.52 a2=8.715 (<0.001)
40 Vewz = 27001,867Exp(Eswz7'787*10’7*) 71 45.62 3.70%10°%° 0.40 B2=6.754 (<0.001)
41 Hgyzs = 1.685Exp(1065+10™*Esu2.5) 41 15.72 3.04*%10°04 0.29 02=3.965 (<0.001)
42 Vewzs = 14199.915Exp(1775*10 *Eqwas) 41 15.49 3.32*%10°%4 0.28 B2=3.935 (<0.001)
Organisation
43 Hyiw = 5.305Exp 30741077 +Epin) 106 113.55 2.30%10°18 0.52 a2=10.656 (<0.001)
44 Viy = 62464.476Exp(3:422+107 *Epin) 106 78.76 2.17*%1014 0.43 B2=8.875 (<0.001)
45 Hpyy = 2.215Exp(5881¢1077+Epry) 67 82.22 3.77%10°13 0.56 02=9.068 (<0.001)
46 Vyy = 26002.093Exp 7384107 <Epiy) 67 4991 1.33%¥100 0.43 B2=7.065 (<0.001)
Vehicle
47 Heyoip = 3.152Exp(1:997+1077+E<s215) 30 80.12 1.05%10-% 0.74 02=8.976 (<0.001)
48 Veyois = 35490.561Exp2368+107"*E<iaip) 30 38.35 1.09%10-¢ 0.58 B2=6.200 (<0.001)
49 Hs1215 = 9.617Exp©302+107%F>1215) 78 21.84 1.26%107 0.31  @2=5.809 (<0.001)
50 Vorioip = 125669.12Exp(1-011+1077E51218) 78 16.68 1.08%10°04 0.25 B2=5.004 (<0.001)




European Transport \ Trasporti Europei (2021) Issue 81, Paper n° 4, ISSN 1825-3997

The results related to the intermediate outcome factors of the infrastructure show that
models associated with extra urban roads (models 17 and 18) generally have the highest
values of I:IT ! (Ei,l) and Vl\l (Ei,l)- In addition, the greater the number of lanes, the lesser
the associated values of Hl\ L (Ei,l) and Vl\l (E u), respectively. As expected, the narrower
the lane, the greater the associated values of H: I (El-,l) and 171\1 (El-,l), respectively.
Perhaps, buses had a crash at a lower speed. However, for exposures lower than 2%10°
passengers*km, extra-urban roads with 3 or more lanes (but narrow) are safer than urban
roads. Moreover, a larger sidewalk increases the associated values of H,, (El-,l) and
17:1 (El-,l), respectively. Although this result may be unexpected, it may be justified as
follows: many pedestrians may move on these sidewalks close to the bus stops, and this
might result in a higher likelihood of without collision crashes. According to Jovanis et
al. (1991), this result may be useful to remember drivers to warn passengers before
slowing down to stop at the bus stop.

As for organization factors, unlike Quintero et al. (2013) but according to Goh et al.
(2014) these results show that the right of way priority strategy will reduce the associated
values of frequency and the severity if the exposure value is up to approximately 4*10°
passenger*km.

As for the intermediate outcome factors of the vehicle, the results show that the highest
value of I:IT ! (Ei,l) and Vl\l (Ei,l) result for standard, long and trolley ones (49, 50) as
opposed to mean and short buses (47, 48) for exposure values lower than 2*10°
km*passenger. For higher exposure values, longer bus vehicles appear to be the safest
bus category.

Next, according to the third stage of the methodology, we can compute the risk index
by using eqn. (8) for each route in the most critical conditions.

Then, according to the fourth stage, we can classify each route considering the risk
scale. More precisely, referring to the winter weekdays, the risk values for each route are
reported in Figure 2 and are presented by using a logarithm scale for ease.

70,00
60,00
50,00
%040,00 @RI
= 30,00 BR2
20,00 R3
10,00 R4
0,00 e
SEX=S8§2=53258203298338322835
'JA._J._JA._J._JAA»—I»—J — = —

Route code

Figure 2: Risk ranking for each route. High-risk routes are reported on the left.

It is worth noting that, even if a different method was adoped to analyse data, the results
of the route risk ranking are quite similar to those presented in Porcu et al. (2020).
However, unlike Porcu et al. (2020), these models can show a different impact of the
same factors at increasing rates of exposure.
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Several observations can be made from these results, giving particular attention to the R1
routes.

First, almost all the R; routes have a medium-sized length. Nevertheless, the highest
number of daily trips, operating hours, high frequency, and a relevant number of
passengers further affect the exposure values of these routes, thus resulting in the greatest
risk. Since these characteristics affect (increase) the passenger*km, it is not a surprise that
the risk value increases. Second, R routes are characterized by 1 or 2 lanes per travel
direction and have a lane width lower than 3.25 m with relatively large sidewalks. These
characteristics cannot guarantee safer manoeuvrability and result in the highest risk values
for higher exposure values.

Some recommendations follow. First, the PTC is suggested to revise the paths by
addressing routes on roads with 1 and/or 2 lanes per travel direction and with narrow
sidewalks, if any. Moreover, bus routes may benefit by a right of way priority strategy to
reduce the risk of crash by separating the different traffic flows on the streets.

Second, standard and trolley buses are the safest type of vehicles to use for high values
of exposure. Therefore, the PTC should consider the possibility of using these types of
vehicles only on bus routes with higher values of passenger*km if clearly possible
according to the accessibility of the paths and the availability in their fleet.

Finally, in order to obtain more accurate results, the PCT is advised to refine its crash
database with more data on exposure and final and intermediate safety factors. Therefore,
it is essential that the PTC improves the characteristics of its crash database by collecting
as much information as possible from each bus crash.

4 Conclusions and Research Perspectives

Crash risk assessment on bus routes can help PTCs to improve their safety performance
and could reduce the insurance premium costs. Nevertheless, as far as the authors know,
there was a gap in the literature on the assessment of the crash risk in bus transits,
especially regarding the frequency and the severity of the crash as a function of exposure
factors.

This paper proposed an adjusted methodology to assess the crash risk in the transit

network for each bus route by integrating safety factors, prediction models and risk
assessment methods. Moreover, the experimentation of this method is illustrated in a real
case study. This method can support the PTC to qualify for ISO 39001 (2012). In addition,
the models calibrated in this study can be useful to assess the crash risk for new planned
routes.
Further developments may follow from this study. First, it could be interesting to evaluate
the crash risk types (e.g., sideswipe, rear-end, etc.) and causes, to understand which
treatments may reduce and/or eliminate specific risks. Second, this framework is based
on the prediction of many bivariate models of frequency and severity of crashes as input
for the risk computation. A complex bivariate (frequency and severity) risk model with
all intermediate outcome factors and exposure factors will be developed. This model may
help derive a compact set of significant factors to explain the frequency and severity of
crashes to measure the crash risk for each route.
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