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Sustainable Mobility — Safe Mobility

Framework of the EU Road Safety Policy 2021—2030:

road safety assessment at network level (mandatory by 2024)
risk-based approaches

Hazard refers to the intrinsic property of an entity that has the potential to cause harm. A hazard is
associated with an objective presence or a potential source of damage.

Risk refers to the possibility that the occurrence of certain conditions may cause harm to people or
property. It is not associated with any specific objective entity.
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In the scientific literature, several studies aim to define qualitative and quantitative measures of risk
(e.g., Kaplan, 2012).

R =Uncertainty + Damage
R =Hazard / Protection
From an applied perspective (e.g., ISO EN 39001:2018):

R=1(P,V, E) =arelationship linking the frequency/probability that the hazard will occur (P), the
capacity to withstand the damage (V), and the number of elements potentially exposed to the event

(E).
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Risk Triangle R
@
S
Measuring risk itself is not complicated. S Qb}”
S S
QR E
. . . NV O
What is more complex is calculating its £9 3
components. N )
S
Often only a partial calculation is o RISK
achieved.
VULNERABILITY /
CONSEQUENCE / SEVERITY
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Road Safety and Polic D ROAD NETWORK
Shthiii RISK Estimation SCREENING (RNS)
Road Infrastructure Safety Decision parameter every 1° step of the RISM process
Management (RISM) management process (Hauer et al., 2002; Elvik, 2010; Yannis et al.,
(European Commission, 2008; 2019; MIT, (e.g., Fine, 1971; ISO 31000:2018; Aven, 2016; etc.)
2011,2012) 2020; etc.)
Road Traffic Safety Management “Uncertainty effect with respect to
(RTSM) the goal”.
(ISO Standard 39001:2012)
Promoting risk-based Identify: Identify high-risk sites for road
approaches in road safety * Risk factors traffic crashes
management * Potential events

» Probability of occurrence
» Consequences of the event
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ROAD NEWTORK SCREENING (RNS)

* Functional spatial segmentation: fixed length, sliding windows, homogeneous segment

o« ROAD (AASHTO, 2010; Kwon et al., 2013; Ghadi and T6érok, 2019).
* SEGMENTATION . Crash-related segmentation (research topic): High Crash Risk Profile, Wavelet transform
(1) theory (Boroujerdian et al., 2014; Elyasi et al., 2016).

» Approach based on indicators: Safety Performance Indicators (SPIs) based
on observed data (Gupta and Bansal, 2018; EuroRAP, 2020).

* Model-based approach: predictive models with crash risk as output
(Ambros et al., 2018; Barabino et al., 2021; Wang et al., 2021).

@ 'DENTIFICATION OF
CRASH HOTSPOTS (Il)

» Ranked classification to identify ‘High-crash-risk sites’.
. VISUALIZATION (lll) < Creation of maps showing road segments at high risk
of crashes
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Development of an operational RNS methodology at the municipal level. The method:
Segments the road network of aterritory using graph theory
Estimates pedestrian crash risk for each network segment
Provides an effective decision-support tool for road safety managers in defining intervention
priorities

Originality of the work
Considers pedestrian crash data at the local scale
Adopts a comprehensive crash-isk index (aggregating the main risk components into a
single measure)
Presents the results using thematic maps
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DEFINITION OF THE STUDY AREA

v

DATA ACQUISITION

. Base map data (cartography, boundaries)
Crash data (injuries, fatalities)

. Traffic data (AADT, road class)

. Road characteristics

!

[e] IDENTIFICATION OF SAFETY VARIABLES
(1S0 39001:2012)

FINAL OUTCOME FACTORS
Number of crashes, fatalities, and
injuries

EXPOSURE FACTORS

Traffic volume
Road-segment length
Population

INTERMEDIATE SAFETY FACTORS

Context-related variables
Environmental conditions
Road geometry, legal speed limit
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ROAD NETWORK SCREENING

1 ROAD NETWORK MODELLING
» Definition of a road arc (segment) along the road network under study

[2] CHARACTERISING ROAD SEGMENTS

* Assignment of context-related variables to each arc
* Assignment of road-geometry characteristics and traffic data to each arc
* Assignment of road crashes and their associated characteristics to each arc

[3] COMPUTING THE PEDESTRIAN CRASH RISK USING A MBL MODEL
* Modeling road-crash risk R = H(E)*S

e Crash frequency H for each arc

* Risk exposure E for each arc

e Crash severity S for each arc

e Validation of the crash-risk model

[4] CLASSIFYING THE ROAD NETWORK AND GENERATING MAPS

* Classification of each arc in the network
* Assignment of indicator values and crash-risk levels to the road network using different colors

[5] RISK TREATMENT

* Possible actions to reduce crash frequency
* Possible actions to reduce crash severity
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STEP 1 —ROAD NETWORK MODELLING

From the road network of the study area:
Intersections are identified and modeled as
nodes
Nodes are connected by road arcs (segments)

A graph P is generated

Study Area Road Network ¢ Node ~ e=====e Arc
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STEP 2 —-CHARACTERISING ROAD SEGMENTS

Assignment to each arc (segment) p (p€P):
variables related to crash characteristics (e.g., location)
variables related to geometric features and context-related factors
arc length, traffic volume, population

Crash

1011-1013 15/2018/000115 0 0 0 1 1 1 1
1035-1047 55/2021/000027 1 123 87 128 0 1 0 1 0 1
1038-1129 60/2020/000684 1 750 160 626 1 1 1 1 1 1
1057-1063 86/2017/000415 0 181 52 71 0 0 1 1 1 0
1062-1064 93/2018/000744 1 23 24 202 0 1 0 1 1 1
1087-1088 129/2018/000374 1 233 38 1026 1 0 1 1 1 1
1090-1091 135/2020/000414 0 140 9 1592 0 0 1 1 1 1
1101-1103 152/2019/000532 1 53 8 1460 0 1 0 0 0 0
1101-1103 152/2021/000857 1 53 8 3084 0 1 0 0 0 0
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STEP 3 —-COMPUTING THE PEDESTRIAN CRASH RISK

To assess pedestrian crash risk for each segment, an analytical risk formulation is employed. Given a
specific arc (segment) p, we define:

P,as the estimated probability of a crash occurring on segment p € P;

E,as the estimated exposure to crash risk on segment p € P;

S.as the estimated crash severity on segmentp € P.

Risk is calculated as:

R(p)=Pp'Ep'Sp VPEP
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STEP 3 -COMPUTING THE PEDESTRIAN CRASH RISK

Recalling that H,= Crash Frequency = B,* E,, the general model becomes a bivariate model (with two response
variables), developing two separate models for the Hand S components. Let:

a, B, yi be the coefficients of the frequency model to be estimated;

%, a generic explanatory variable associated with each factor i €l along segment p € P;

0, Gbe the coefficients of the severity model to be estimated;

Yo @ generic explanatory variable associated with each factor i €| along segment p € P.

The functional form of the risk is the following:
R() = Hy(Ep, Xp) =Sp(Yp) VpeP

VpeP

exp(0+0ier 0iyip)
_ P (ciervixip)
R(p) ElEp (QXP € p )J‘L n exp(5+cie] Qi}’ip)

Generalized Linear Model Binomial Logit Model
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STEP 4 — CLASSIFYING THE ROAD NETWORK AND GENERATING MAPS

For the classification of pedestrian crash risk, five ranges were defined, each corresponding to a
different risk level, based on the quartiles of the distribution of risk values for each arc (segment).

Value Range Class Color
MIN — Q1 Molto basso _
Ql1-Q2 Basso
Q2-Q3 Medio
Q3 - (Q3+1,5*IQR) Alto
(Q3+1,5*IQR) — MAX Molto alto _

Each arc is represented by a color corresponding to its pedestrian crash-risk level according to the
scale, and is displayed on a thematic map.



ST,

£ % Universita
&y diBrescia

HILCIrcy Co-funded by

Euro-MED the European Union

Method & por e (RIS
CeSCAM DI BRESCIA ) lmg:g;vnom

e
STEP 5—-RISKTREATMENT & ACTION PROPOSAL

F/P B -  Risk curve (initial estimate)
A

Risk curve shifted downward, e.g., road
safety education and awareness

Risk Forerecast

Risk curve shifted leftward, e.g., improvement
of pedestrian infrastructure (e.g., signalized
crossings)

Prevenction
e — Composite risk  curve, e.g., joint
application of prevention and protection
measures

Frequency and/or Probability

Mitigation

[

Severity/Consequences Adapted from Borghetti (2022)
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Sources:

« Digital Cartography =» Regional Topographic Database;
Google Earth; Google Maps.

»  Crashes = Brescia Municipal Police
Pedestrian crash data from the Local
Police of Brescia, totalling 1,164 crashes
(22 fatal), occurring in the period 2014-
2023.

Software:

»  Excel & preparation/elaboration
« GenStat = model calibration

« qGis = representation
Crash involving

pedestrians in the
Municipality of Brescia
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NETWORK MODELLING and CHARACTERISING ROAD SEGMENTS

= ;~m

STEPS 112 RO

The graph involves :

4,235 nodes
6,017 arcs

ID_ARC

1011-1013
1035-1047
1038-1129
1057-1063
1101-1103
1101-1103

ID_CRASH

15/2018/000115
55/2021/000027
60/2020/000684
86/2017/000415
152/2019/000532
152/2021/000857

Severity

m B, O B B O

Lenght

52
123
750
181

53

53

Inhabitants

22
87
160
52

Traffic

88
128
626

71

1460
3084

Road Characteristics
Straight
Sinuosity Slope
sect.
0 1
1 0
1 1
0 1
1 0
1 0

o O O » O o

Present

O O B B B R

Sidewalk
Raised/Protected Width
21,5m
1 1
0 1
1 1
1 0
0 0
0 0
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STEP 3 —-COMPUTING THE PEDESTRIAN CRASH RISK

FREQUENCY

The frequency matrix is considered, consisting of the arcs

. . Model constant Ln_Constant (i.e., a) -0,458 3,990 -2,70 0,007 -0,315 0,394 -08 0,424
where at least one crash occurred and the intermediate Exposure factors Ln_arcfength 0006 0118 005 0959
Ln_population 0,025 0,058 043 0,668
Ln_traffic 0,071 0,085 084 0,403 0,056 0,0708 08 0,427
Safety and exposu re faCtO rS' Longitudinal/vertical alignment Curvature 0,066 0,135 049 0,625
x q Gradient 0,021 0,109 -0,19 0,847
The generalized linear model uses the total number of — Sradent o e o
1 Number of lanes 0,045 0,163 0,28 0,781
crashes on each arc as the response variable. humber of anes. et o o
Segment characteristics -0,023 0,113 -0,21 0,836
Speed limit 0,026 0,166 0,16 0,875
Traffic restrictions 0,043 0,368 0,12 0,906
|Functiona| road class 0,242 0,154 1,57 0,117 0,268 0,142 1,88 0,06 I
Source Degrees of Devianes Average Deviance Ratio Appr. X pr Pavement conditions urface condition (Dry/Wet) 0,041 0,148~ 0,27 0,783
Freedom Deviance Composition (Paved/Unpaved) -0,163 0,411 -040 0,691
Regression 7 40,49 5,7849 5,78 <,001 Context data Peak hour -0,061 0,108 -0,56 0,574
Sidewalk Presence / Absence 0,235 0,476 049 0,621
Residual 582 89,92 0,1545 Type (Raised / Protected) -0,208 0,340 -061 0,540
Total 589 130.02 02214 Width>1.5m 0.094 0378 025 0803
! ! Pedestrian crossings Total 0,130 0,082 1,57 0,115 0,114 0,064 1,78 0,076
Signalized -0,056 0,113 -049 0,622
Raised 0,003 0,116 0,03 0976
+ frequent crashes - frequent crashes . . Refuge island 0053 0094 057 0568 0084 0084 099 0322
&i:‘::i:iz:_pum BRI e e i 0073 0077 095 0344 008 0071 122 0223
Class E roads Number of routes 0,062 0,050 1,24 0,214 0,064 0,046 139 0,165
. . Pedestrian—bicycle interaction Mixed / Dedicated 0,056 0,144 039 0,697
Pedestrian crossings Protected 0,038 0179 021 0,833
—— - Bike-sharing 0,157 0,229 068 0,495 0,170 0218 0,78 0,437
Only significant variables (p-value <0.1) Environment Residential 0010 0153 006 0948
Parking -0,055 0,125 -044 0,660
Services 0,000 0,147 000 0,998
Driveways -0,028 0,132 -0,21 0,833
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STEP 3 —-COMPUTING THE PEDESTRIAN CRASH RISK

SEVERITY

The severity matrix is considered, consisting of intermediate
safety factors and pedestrian crash data. The binomial logit
model uses crash severity as the response variable: 0
(non-severe) if the pedestrian’s injury prognosis is <20 days,
and 1 (severe) in all other cases, including fatalities.

Source D;g:;sn:)f Deviance ;\:;;aniz Deviance Ratio  Appr. X pr.
Regression 16 68 4,260 4,26 <,001
Residual 966 1177 1,218

Total 982 1245 1,268

+ severe crashes - severe crashes

Impact Track curvature
Vehicles involved (Motorcycle, Car, Number of lanes
Truck)

Class-E roads

Straight segment

Pedestrian crossings with refuge
island

Shared pedestrian—cycle paths

Bituminous pavement composition
Peak hours

Raised pedestrian crossings

Signalized pedestrian crossings

Only significant variables (p-value <0.1)
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Model constant Constant -2,520 1340 -1,88 0,060 0,081 -1,791 0,805 -2,23 0,026 0,16/
Crash cause Impact 1,015 0,581 1,75 0,081 2,759 0,912 0,544 168 0,094 2,490
Vehicles involved Car 2,089 0,893 2,34 0,019 8,079 1,321 0,385 3,43 <,001 3,746
Heavy vehicle 2,077 0,883 2,35 0,019 7,980 1,361 0431 3,16 0,002 3,899
Motorcycle 2,073 0940 2,20 0,027 7,949 1,268 0499 2,54 0,011 3,555
Bicycle / E-scooter 0,747 0,923 081 0,418 2,111
Other 1,040 1,080 096 0336 2,817
Longitudinal/vertical alignment Curvature -0,570 0,180 -3,17 0,002 0,566 -0,590 0,175 -3,37 <,001 0,554
Gradient 0,095 0,149 064 0,525 1,099
Road characteristics Lane width 0,256 0,166 1,54 0,123 1,292 0,260 0,160 1,62 0,105 1,297
Number of lanes -0,365 0,205 -1,78 0,075 0,695 -0,347 0,192 -1,81 0,070 0,707
Direction of travel -0,003 0,200 -0,02 0,986 0,997
|Segment characteristics 0,367 0,152 241 0,016 1,444 0,358 0,147 244 0,015 1431 |
Speed imit -0,077 0,239 -0,32 0,747 0,926
Traffic restrictions -0,098 0,523 -0,19 0,852 0,907
|Functiona| road class 0,263 0,189 1,39 0,165 1,300 0,280 0,165 1,70 0,089 1,324 I
Pavement conditions Surface condition (Dry/Wet) -0,056 0,179 -0,31 0,755 0,946
Composition (Paved/Unpaved) -1,281 0,545 -235 0,019 0,278 -1,276 0,516 -247 0,013 0,279
Context data Time of day -0,245 0,143 -1,71 0,088 0,783 -0,246 0,142 -1,73 0,084 0,782
Sidewalk Presence / Absence 0,254 0683 037 0,710 1,289
Type (Raised / Protected) -0,045 0,495 -0,09 0,927 0,956
Width>1.5m -0,337 0,527 -064 0,523 0,714
Pedestrian crossings Total 0,013 0,107 0,12 0,901 1,013
Signalized -0,234 0,142 -164 0,100 0,791 -0,233 0,128 -1,82 0,068 0,792
Raised -0,350 0,151 -231 0,021 0,705 -0,349 0,141 -247 0,014 0,706
|Refuge island 0,254 0,115 2,21 0,027 1,289 0,251 0,093 2,68 0,007 1,285 |
Pedestrian—public transport Number of 0,031 0,097 0,32 0,753 1,031
interaction WIS @ SEayes
Number of routes -0,008 0,066 -0,13 0,898 0,992
Pedestrian—bicycle interaction |Mixed/ Dedicated 0,436 0,188 2,32 0,020 1,547 0,340 0,169 2,02 0,044 1,405 |
Protected 0,202 0,238 0,85 0,395 1,024
Bike-sharing -0,470 0313 -150 0,134 0,625 -0,478 0,298 -161 0,108 0,620
Environment Residential -0,003 0,179 -0,02 0,986 0,997
Parking 0,111 0,160 0,70 0,487 1,118
Services -0,195 0,200 -098 0,329 0,823
Driveways -0,140 0,161 -0,87 0,384 0,869
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STEP 3 -VERIFYING THE BIVARIATE MODEL

Model training was carried out using 85% of the available records, which resulted in:
Crash frequency modeled using 590 arc records out of 694 total records;

Crash severity modeled using 983 crash records out of 1156 total records.

The remaining 15% of the records was used to test the models, that is, to assess the predictive
ability for both the number of crashes on an arc (i.e., frequency) and the crash severity (i.e., severity).

Observed  Predicted Difference [%)] Observed  Predicted Difference [%]

Training 1006 1008 +0,2% Training 323 323 0%
Testing 150 169 +12,8% Testing 52 58 +10,8%
Total 1156 1177 +1,8% Total 375 380 +1,4%
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STEP 4 — CLASSIFYING THE ROAD NETWORK AND GENERATING MAPS

By multiplying the results of the frequency and
severity models, the pedestrian crash risk is
obtained for each road arc (segment).

Risk value ranges

Lower Higher
0.000 0,335

The thematic map provides a graphical
representation of the results.

0.335 0,485
0.485 0,703
0,703 1,254
1,254 2,629
No data of crashes

LEVEL RISK PERCENTAGE
Very Low* 82,95%
Low 3,44%
Medium 3,24%
High 2,66%
_ Very High 0,03%

*The “Very low risk” category also includes arcs
where no crashes occurred. e —
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STEP 5-RISKTREATMENT

Risk Mitigation Actions can be undertaken to address safety deficiencies or their impact.

Prevention measures aim to reduce the level of H,.
Example: Revising the functional class of roads by actlng on the Urban Traffic Plan (PUT)/ Sustalnable
Urban Mobility Plan (PUMS) and on the infrastructure. ‘ %

Protection measures aim to reduce the level of S,
Example: Separating pedestrian and bicycle flows by
creating dedicated and protected paths or
implementing raised and signalized pedestrian
crossings.
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STEP 5-RISKTREATMENT

Objectives
Provide a road segmentation that is easily replicable and flexible through a GIS tool
Propose a comprehensive crash-risk index
Enable a safety screening of the road network for pedestrian mobility

Practical implications
Assess pedestrian safety in comparison with other road users
Allow a high degree of flexibility and adaptability of the methodology, which is easy to
replicate
|dentify intervention strategies and allocate funds by prioritizing the most critical routes

Future developments
Include new behavioral variables in the risk model (e.g., speed)

Replace the frequency model with a probability-based model in the definition of risk
Apply new predictive risk models (Machine Learning)
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