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Abstract. A large number of transport infrastructure equipment are located along the driving lanes of roadways, which
must be secured by restraint systems. Among others, the different road lanes must be adequately separated from each
other. The investigations reported herein aim to provide a probabilistic approach for the departure of motor vehicles from
their intended lane and iimpact on restraint systems. Currently, evaluations of the road infrastructure against possible ac-
cidents are mostly focused on the resistance side. This contribution, however, intends to address the action side, focusing
in particular on the probability of impact of vehicles on the road furniture. The main parameters taken into account are
the geometry of the road and the traffic composition and characteristics. The objective of this research is to develop an
analysis tool for the probability-based assessment of vehicles departing from their driving lane. The analysis tool for the de-
termination of the likelihood of impact events in transport networks, requires to define (a) of the alignment (longitudinal
inclination, transverse inclination, and curvature of the lanes), (b) of the pavement conditions (lane grooves, road grip, and
pavement cracks etc.), and (c) of the traffic composition as significant input parameters. These were investigated together
with the road infrastructure operators. A newly introduced methodology is presented herein taking into account the above
mentioned parameters and factoring in characteristic properties in order to assess the fragility of the infrastructure sub-
system. The evaluation is based on either road engineering physics or expert judgements. The method is incorporated in
a spreadsheet tool, which is also presented, the feasibility of this tool is demonstrated, and sensitivities of the assessment
process are evaluated and discussed.

Keywords: risk analysis, sensitivity, road conditions, routing elements.

Introduction

The growing number of deteriorating roads and bridges
and the associated socioeconomic repercussions of their
degraded performance capability have presented civil en-
gineers with great challenges. Therefore, government bod-
ies, highway owners and operators, and the industry in
general, invest particular efforts in the maintenance and
assessment of road infrastructure components (Strauss,
Wendner, Bergmeister, Reiterer, & Horvatits, 2011). To
that end, the equipment of roads and bridges has gained
significance, since they form a front line of safety against

vehicle traffic-related accidents. These elements are in-
spected and investigated heavily, and their maintenance
absorbs a significant portion of the assets’ operational ex-
penditures (Strauss, Vidovic, Zambon, Dengg, & Matos
2016). This is also reflected in the fact that there is a large
number of guidelines and regulatory standards addressing
load models, design calculations, maintenance programs,
inspection, recalculation, and lifetime and reliability as-
sessment of existing components, such as provided by
American Association of State Highway and Transpor-
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tation Officials [AASHTO] (2018), Federal Ministry of
Transportation, Building and Urban Development (2011),
International Organization for Standardization [ISO]
(2010), Nederlands Normalisatie Instituut (2011). Simul-
taneously, as discussed below, a considerable number of
scientific investigations are centred around these con-
siderations, based on risk and reliability concepts. These
standards and research outcomes, however, lack a respec-
tive assessment concerning the likelihood and intensity
of events and the interaction of road furniture with the
traffic conditions (velocity, mixture of traffic), the surface
conditions of lanes, and the routing elements of the lanes.

Hence the objective of the investigation presented in
this paper is to develop a procedure that allows for a risk-
based and significance-weighted evaluation for the per-
formance assessment of road furniture due to the above
influence factors. The reliability and risk concepts used in
this study are in line with the fundamental texts of Ang
and Tang (2007), and Schneider (2006). Reliability, ex-
pressed through reliability index B, is a measure of struc-
tural safety, representing the annual probability of failure
for a given failure mode, in this case a vehicle departure
from its lane and the associated impact event. Conse-
quence of an impact is associated with loss of a single
entity, since the assessment is based on the action side
and not the damage resistance. As such, the risk in this
framework is arithmetically translated to the likelihood
of the impact event, following the fundamental definition
of risk, by multiplying probability and consequence. A
fragility curve in engineering can be considered as the as-
sessment of the probability of exceeding a specific damage
state according to the degradation process (see also Kim,
2018). The risk-based evaluation concept does not focus
on the resistance side of furniture but rather on the action
model that is highly variable. In particular, the detailed
objectives are as follows:

- to develop together with an infrastructure owner an
efficient analytical decision tool for the assessment
and the intervention planning of the road equip-
ment using elements of Probabilistic Safety Concepts
(PSC);

- to combine traffic dynamic parameters and routing
condition characteristics to a closed analytical solu-
tion for a RVS based rating of impacts on road equip-
ment;

- to allow an individual adjustment of acceptable re-
liability levels, acceptable risks and thereby the re-
maining technical service life associated with the
road equipment;

- to guarantee a user-friendly handling of input pa-
rameters characterized by numerous uncertainties
affected from condition rating and physical funda-
mental laws;

- to support input of weak information e.g. from ex-
pert knowledge that can be improved with increasing
time.

The model shown in this article is extensible for addi-
tional properties and can be transferred with relative flex-
ibility to other systems based on large databases.

The investigations reported herein aim to provide a
probabilistic approach for the departure of motor vehi-
cles from their original lane. Currently, evaluations of the
road infrastructure against possible accidents are always
focused on the resistance side. This contribution, however,
intends to address the impact side, focusing in particular
on the probability of impact of a vehicle on road furniture.

In the immediate vicinity of the driving lanes, a large
number of transport infrastructure equipment compo-
nents are located along the route, which must be secured
by restraint systems. In addition, the different road lanes
must be adequately separated from each other. Through
the implementation and assessment of different param-
eters, the probability of a vehicle’s departure from the driv-
ing lane can be determined. The main parameters taken
into account are the geometry of the road (longitudinal
gradient, transverse gradient, radius of curvature), the
condition of the road (ruts, grip, cracks, etc.) and the traf-
fic composition (i.e. heavy goods vehicle proportion, An-
nual Average Daily Traffic - AADT/JDTV, Annual Aver-
age Daily Traffic volume of truck-like vehicles - AADTtlv/
JTDLV). The following work steps were carried out in the
course of the project:

- Development of an evaluation procedure to deter-
mine the probability that a vehicle departs from its
lane due to geometrical conditions;

- Development of an evaluation procedure to deter-
mine the probability that a vehicle departs from its
lane due to traffic composition;

- Development of an evaluation procedure to deter-
mine the probability of a vehicle departing from its
lane due to the road pavement condition;

- Development of an evaluation scheme and subse-
quently of a mitigation strategy;

- Implementation of the above points using a spread-
sheet tool which allows an update and variation of all
input parameters.

To the authors’ best knowledge, previous research on
the likelihood of lane departures in relation to the above
mentioned parameters is essentially absent. A gap is evi-
dent in background literature and standards for the inves-
tigated components and in the context of this assessment,
so inevitably the literature information is derived from
technical systems with similar characteristics. As regards
existing standard documents, an overview of the safety of
road furniture can be gained from the “Guidelines and
regulations for the road sector” (RVS) valid in Austria and
the guidelines of the Austrian Technical Lighting Society
(LTG) as regards the stability testing for support struc-
tures of lighting installations. The following Section 1 aims
to provide an overview of existing procedures as a bench-
mark on the design and maintenance of related technical
components. Finally, recent research projects as presented
in Section 2 also provide useful information in this field.
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1. Current standards

Regarding structures that need to be designed against ve-
hicle impact, the LTG Guideline for testing the stability
of support structures of lighting installations, proposes
adequate advice on visual inspection and testing layouts
for the bending resistance, the cross sectional thickness,
and eigenfrequency parameters for steel and concrete light
poles. Furthermore, the RVS 08.09.02 “Surface protection
of steel and aluminium” (Austrian Research Association
for Roads, Railways and Transport - Osterreichische
Forschungsgesellschaft Strafle-Schiene-Verkehr [FSV],
2007b) provides testing methods for lighting products
and the light poles approval and acceptability, and the
RVS 05.04.34 “Acceptance and test protocol for traffic
light signal systems” (FSV, 1998b) provides the basis for
test evaluation and categorization as positive / negative /
not applicable (the latter is to be used in conjunction with
RVS 05.04.33 (FSV, 1998a)). These two RVS guidelines ap-
ply for large overhead traffic sign structures but also for
roadside vehicle restraint systems. RVS 13.03.51 “Moni-
toring, control and inspection of engineering structures —
signpost bridges” (FSV, 2013b) serves as a basis for the
maintenance procedures for large overhead installations
and related structures (e.g. traffic control systems, toll
gantries). RVS 08.23.01 “Road equipment - Traffic sign
tests” (FSV, 2009b) regulates the technical test criteria and
test procedures for the certification of traffic signs, traffic
sign carriers and fastening elements for small traffic signs.
The RVS 05.02.11 “Trafhic signs and advertisements — Re-
quirements and specifications” (FSV, 2009a) regulates the
production, assembly and erection of traffic signs at public
roads, and in that sense, it also covers main elements of
the structural design and dimensioning.

Focusing on roadside vehicle restraint systems, the
applicable guidelines are, aside from RVS 08.09.02 (ESV,
2007b) and RVS 05.04.34 (EFSV, 1998b), the RVS 08.23.05
“Road equipment - steel guard rails” (FSV, 2005a), the
RVS 08.23.06 “Road equipment - Concrete guide walls”
(FSV, 2005b), and the RVS 08.23.07 “Road equipment -
Traffic light signal systems” (FSV, 2009¢), which provide
recommendations for approval procedures. Furthermore,
RVS 05.02.31 “Guiding equipment, restraint systems -
Requirements and erection” (FSV, 2007a) also provides
recommendations for the structural design. RVS 08.10.04
“Bridge equipment - guidance devices” (FSV, 2009d) also
provides approval guidance for vehicle restraint systems,
but it is currently replaced by the “Standardised perfor-
mance descriptions for traffic and infrastructure” (LB-VI)
(FSV, 2018), which is issued by FSV, the Austrian Re-
search Society Road - Rail - Transport, as is the case for
all RSVs. A summary of applicable design standards may
be found in the RVS 12.01.12 “Standards in the opera-
tional maintenance of national roads” (FSV, 2013a). Fur-
ther design guidance for highways is provided in Austria
by the “Planning Manual ASFINAG Road - Construction
Technical Guideline” (Autobahnen- und Schnellstraien-
Finanzierungs-Aktiengesellschaft [ASFINAG], 2015).

2. Background research

Advice on the design of roadside and restraint structures
for motorways has also been developed through large
scale research projects. In Weninger-Vycudil et al. (2009),
the introduction of maintenance backlogs is used to assess
the condition of various road infrastructure components
such as pavements, engineering structures (e.g. bridges,
tunnels, walls), and road furniture. To that end a series
of interviews with owners is conducted, and the collected
data are used for improved condition and performance
indicators and the associated development of inspection
and maintenance strategies.

The outcomes of the ERA NET European project “Ho-
listic Evaluation of Road Assessment” (HEROAD) are
presented in Sjogren et al. (2013). This document focuses
on current practices for the assessment of road assets in
Europe, based on interviews, literature reviews and the
participants’ experience. The case studies included in this
report address, among other things, measurement meth-
ods for pavement fretting, ruts, and grip (skid resistance).
Also, structures that need to withstand vehicle impact are
characterized with regards to their maintenance impor-
tance by all investigated road shareholder groups as high-
importance (by road users and operators), or as medium
importance (by neighboring third-parties, e.g. owners and
operators of adjacent rail, utilities, built assets, land).

A critical presentation of monitoring techniques is pro-
vided in Spielhofer (2014) with focus on the performance
assessment of various road components through manual
inspections, fixed safety cameras, satellites, and mapping
vehicles. “Roadstar” is one of the mapping vehicles devel-
oped and used in Austria. The various items considered
for monitoring include components sensitive to vehicle
lane departure and impact, i.e. signs and markings, masts
and poles, hydrants. Federal Ministry of Transportation,
Building and Urban Development (2011) and ERA-NET
ROAD (2012) provide a description of the outcomes from
the project “Asset Service Condition Assessment Method-
ology” (ASCAM), which also addresses the state-of-the-
art condition assessment of road equipment. They deal
with currently implemented data collection monitoring
methods, maintenance measures and acceptable end user
service levels in various European countries and focus on
the visibility and visual guidance of road markings, road
studs, delineator posts, fixed signs, Variable Message Signs
(VMS) and road lighting. The project outcomes indicate
that condition assessment of road equipment is rare,
mostly because of the lack of suitable instruments.

The deliverables of the project “Practical Road Equip-
ment Measurement, Understanding and Management”
(PREMIUM) are presented in Benbow and Wright (2017),
Spielhofer et al. (2016), Spielhofer, Osichenko, Leal, Ben-
bow, and Wright (2017a, 2017b). This project looked at
road markings, road signs, vehicle restraint systems and
noise barriers, with the aim to identify each asset’s key
characteristics, the appropriate monitoring techniques and
data interpretation, and the associated management strat-
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egies based on surveys. Of the components mentioned
above, road signs (Spielhofer et al., 2017b) and more
pronouncedly noise barriers (Spielhofer et al., 2016) and
restraint systems (Spielhofer et al., 2017a) have also been
assessed with respect to their structural response in vehi-
cle impact and structural loss situations, and some quan-
titative target requirements for the structural response of
these systems can be derived.

A risk-based asset management approach is presented
in Spielhofer et al. (2015). This approach addresses road
infrastructure in a comprehensive manner, with an em-
phasis on civil engineering structures (pavement, struc-
tures including bridges and retaining walls, tunnels, road
furniture, drainage and geotechnical assets). In this proj-
ect, a spreadsheet-based risk management tool is devel-
oped, and a realistic case study is presented. The various
structures are categorised based on their vulnerability and
consequence of loss, while the asset specific risks are then
aggregated for the road system. This study also allows for
a quantifiable performance level of the assets in consid-
eration.

The volume of articles presented by Troutbeck (2013)
provides international paradigms for the design and as-
sessment of roadside structures, best practice case stud-
ies with focus on the minimisation of fatal and serious
injuries from vehicle impacts, and recent advances in the

technology of roadside structures. As such, it provides a
thorough overview of the impact values accepted in cor-
relation with the road design speed, vehicles’ types, road
geometry layout and further road engineering parameters.

Driver behaviour, as a unit, or in a driving culture
context, could influence the above statistical expectations.
Since road operators have minimal control over these ef-
fects, and since these effects can be considered as uniform-
ly spread across the network, they are not accounted for
in the maintenance and mitigation prioritisation process.
The same consideration applies for environmental condi-
tions.

3. Likelihood of events in transport networks

3.1. Assessment approach

The probability of an impact of a vehicle on a road fur-
niture pg yupac; €an be determined in accordance with
Eqn (1), which is newly introduced herein together with
Eqns (2)-(16). In consequence, a risk property can be
derived from this likelihood of occurrence. In particular,
Eqn (1), as shown in Table 1, can be broken down into the
following three main terms:
a) The accepted probability of occurrence of an im-
pact or the accepted probability of failure of a non-
compliant traffic flow (for example, accidents) for

Table 1. Descriptive quantities for computing the vehicle impact probability according to Eqn (1)

Symbol Specification Unit Value
DPs,impact vehicle impact probability according to Eqn (1) [-] 0-1
PrNoRM standard specific safety standards associated with a vehicle impact probability (-] 1.107
NELN increasing factor for the impact force — due to the longitudinal inclination of the lane (-]

NEoN due to the transverse inclination of the lane (-]

NEKr due to curvature of the lane [-]

fe fragility associated with the lane grip (-] 0-1
PrGNorM | standard specific vehicle impact probability (-] 1-107°
Preumir | upper threshold of the vehicle impact probability e.g py= 2-107 (-] 2:107°
fu fragility associated with the lane longitudinal inclination (-] 0-1
PrL.NORM standard specific vehicle impact probability (-] 1-107°
Prrvir upper threshold of the vehicle impact probability e.g py= 2-107 (-] 21076
fo fragility associated with the surface damages in the pavement [-] 0-1
ProNorm | standard specific vehicle impact probability (-] 1-107°
ProLmir | upper threshold of the vehicle impact probability e.g py=2-107 (-] 21076
fr fragility associated with the surface cracks in the pavement [-] 0-1
PrrNorm | standard specific vehicle impact probability (-] 1-107°
PrimviT | upper threshold of the vehicle impact probability e.g py= 2-107 (-] 2.107°
fs fragility associated with the ruts in the pavement (-] 0-1
Pgs,NorM standard specific vehicle impact probability (-] 1-107°
Pgs.Limrr upper threshold of the vehicle impact probability e.g pr= 2:10°° (-] 2:10°6
fv fragility associated with the traffic volume [-] 0-1.2
foe fragility of the traffic velocity to the vehicle impact — fragility, see 4(a) (-] 0-1
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standard-compliant routing elements of the road,
PpNoRM = 1-1075; this value is assumed here as a
matter of principle in current standards for civil
engineering elements and associated technical sys-
tems.

b) Increasing the likelihood of an impact due to the
layout of the road track, such as longitudinal in-
clination, transverse inclination, and curvature of
the lanes. The corresponding increase factors gy
NE,on and Mg gg with respect to the longitudinal in-
clination of lanes (LN), the transverse inclination
of lanes (QN), and curvature of the lanes (KR) are
calculated on the basis of physical laws of driving
dynamics.

¢) Increasing the likelihood of an impact due to pecu-
liarities in the pavement surface, such as the pave-
ment grip pp, the longitudinal evenness ps;, the
pavement damages pp, the pavement cracks ppp
the pavement ruts psgp, the traffic volume pjy, and
the vehicle velocity psgg. The influence of the fra-
gilities (fe, f1» fo» fro fs) is based on the recorded
data of the mapping vehicle “Roadstar’, the fragility
fv is based on actual counts by the road operators,
while all are based on fragility related transfer func-
tions ranging between 0 and 1 as described in more
detail in the following paragraphs.

In Table 1 and Figure 1 more details of the individual
parameters and the structure of the basic equation of the
assessment concept are illustrated. These equations and
parameters, which have been implemented in a use-ori-
ented EXCEL spreadsheet shell, enable the computation
and documentation of the probability of an impact of a
vehicle on a road furniture g4 along the sections of
a traffic line.

Ps,impact = Pf,NoRM T (nF,LN TNpon T+ nF,KRy'
(R

Pf.G,Lmir
Jo - PfNorm® f——1]+
Pf.G,NorRM
PfrLmir
foPgnoru LT |y
Pf,L,NORM
Pfo.Lmvir
fo " Ps.NorM® Pf—‘l +orfy o feg- o (D
'£,0,NORM
P rLmIT
fr Pf.NoRM® LRI |+
Pf,R.NORM
Py s.Limir
fs Py norm® LA
Pf.s,NORM

The respective impact risk assessment of the road fur-
niture damage scenario, also implemented in the EXCEL
shell is based on the risk assessment index R; which is
calculated as follows:

R =144 |:pS,impuct ~Pf.NorM :| . @)

P ,NorM

In this context, consequence of an impact is associ-
ated with loss of a single entity and, as such, the risk in
this study is arithmetically equal to the likelihood of the
impact event.

3.2. Force increasing or decreasing factors
associated with the vehicle impact

The increase of the impact force due to the longitudinal
inclination of the lane can be determined from Eqn (3)
taking into account the vertical force of gravity and the
longitudinal inclination of the road for a running vehi-
cle. Details about the individual parameters and the cor-

responding descriptive quantities can be found in Table 2.
NE N max =1+ {VM*9.81%SIN(Fpy )/ (v VM.

€)

max ~ Vmin )

Respectively, the influence of the lane transverse incli-
nation on the impact force can be determined from Eqn
(4). For details see also Table 2.

Mo =1+ {VM *9.81° SIN(Fyy )/ (v v,

(4)

The increase of the impact force due to the radial,
centrifugal force caused by the course of the vehicle in a
curve can be determined from Eqn (5), which accounts
for the influence of the radial force and the vertical gravity
force. Details about the individual parameters and the cor-
responding descriptive quantities can be found in Tables
2 and 3.

max ~ Vmin )

2
NE KRmax =17+ {VM 'Vm%/ [(Vmax “Vinin ) ’ VM:| ’ Sin(Rmin )}

(5)

4. Fragility functions of vehicle
impacts in traffic networks

The geometric and condition data of the roadway collect-
ed, for example, by means of the data recorded with the
“Roadstar” vehicle, serve as the basis for the determina-
tion of the pg ., by use of various fragility curves and in
accordance with Eqns (3) to (5). The maximum fragility
of the vehicle impact probability vs. the lane longitudinal
and transverse inclinations, and the lane curvature have
been implemented in the EXCEL tool by a closed ana-
Iytical procedure as described in 3.2. Furthermore, these
fragility functions were formulated based on the following
considerations, which are reported here for completeness:
(a) Equation (6) presents the functional relationship be-
tween the lane longitudinal inclination measured by
the mapping vehicle and the force increasing factor
(fragility). The exponent of Eqn (6) is chosen with a =
3.0 in order to obtain a force increase factor of ngyy =
1.0 for zero longitudinal inclination, and a value of
NELNmax a8 calculated in 2.2 for the maximum angle
(see also Figure 3(a)).
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Table 2. Increase of the vehicle impact force according to the Eqns (3) to (5) due to the longitudinal lane inclination,
the transverse lane inclination, the curvature of the lane

Symbol Specification Unit Eqn
NEINmax | MaxX. increasing factor of the vehicle impact force — due to the longitudinal inclination of the lane [-] 3)
Fin longitudinal inclination of the lane [°]

NEQNmax | Max. increasing factor of the vehicle impact force ~ due to the transverse inclination of the lane [-] @
Fon transverse inclination of the lane [°]

NEKRmax | MaxX. increasing factor of the vehicle impact force — due to the lane curvature [-] 5)
R radius of the lane curvature (m]

R, minimum radius of the lane curvature [m]

VM mass of the considered vehicle [kg]

Vinax design velocity [m/sec]

Vomin minimum vehicle speed at impact after braking [m/sec]

Table 3. Descriptive quantities for the functional relationship between the lane properties measured
by the measuring vehicle and the increasing factor of the vehicle impact force
Symbol Specification Unit Eqn
NELIN increasing factor of the vehicle impact force — due to the longitudinal inclination of the lane [-]
LN,,;, minimum longitudinal inclination, see 3(a) [°]
LN, maximum longitudinal inclination, see 3(a) [°] ©)
a exponent of Eqn (6) with a = 3.0 gives a fragility = 1.0 for a longitudinal inclination = 0° (-]
LN measured longitudinal inclination [°]
NEIN fragility of the longitudinal inclination to the vehicle impact - fragility see 3(a) (-]
QN,in minimum transverse inclination, see 3(b) [°]
QN,,0x maximum transverse inclination, see 3(b) [°]
a exponent of Eqn (7) with a = 2.2 gives a fragility = 1.0 for a transverse inclination = 0° [-] (7)
QN measured transverse inclination [°]
NEQN fragility of the transverse inclination to the vehicle impact - fragility see 3(b) (-]
KR, minimum radius of lane curvature, see 3(c) [m]
KR, maximum radius of lane curvature, see 3(c) [m]
a exponent of Eqn (8) with a = 2.2 gives a fragility = 1.0 for a lane curvature radius = 6000 m [-] (8)
KR Measured radius of lane curvature [m]
NEKR fragility of the lane curvature to the vehicle impact - fragility, see 3(c) (-]
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T]F,LN :lil_(LN_LNmin)/(LNmax _LNmin )a]'nF,LNmax‘

(6)

(b) Equation (7) subsequently presents the relationship
between the lane transverse inclination measured by
the mapping vehicle and the force increasing factor.
This is graphically represented in Figure 3(b). The ex-
ponent of Eqn (7) is chosen with a = 2.2 in order to
obtain a force increase factor of ngqy = 1.0 for zero
inclination, and Mg ey @8 defined in 3.2 for the
maximum possible inclination.

MrQN = |:1 - (QN - QNmin ) / (QNmax - QNmin )“ :l ‘ME,QNmax -
(7)

(c) Equation (8) describes the influence of the mean lane
curvature, as illustrated in Figure 3(c). The exponent
of Eqn (8) is set to a = 2.2 in order to obtain a force
increase factor of nggp = 1.0 for a lane curvature =
6000 m and Mg gpmax as per Eqn (5) for the minimum
allowable curvature = 250 m.

NE kR = |:1 - (KR - KRmin ) / (KRmax - KRmin )“ :| "MF,KRmax -
(8)

In addition to the influences discussed above, which
can be handled in closed-form, unambiguously determi-
nable fragility functions, there are properties in the traf-
fic network which cannot be determined and integrated
in such a straightforward manner. These may contain
large uncertainties and they cannot be characterised and
converted to fragility functions through a physical or
mathematical approach. The associated types of fragility
functions can be defined based on expert knowledge and
performance thresholds, which can change and be adapted
over time. This category of fragility curves is formulated
in Eqns (9) to (15) below. Their parameters were adjusted
in the course of this study based on the experience and
expertise of infrastructure operators as described below.

Experts in this study are regarded professionals with
management and technical lead roles in infrastructure as-
set technical evaluation and maintenance within the own-
ers organisation. Correspondingly, the judgement elicita-
tion involved at least one substantive and one normative
expert focusing on the occurrence anticipation and the
quantification part respectively. The implication of differ-
ent expert characteristics aims in parallel to reduce bias
in the estimation outcomes. Moreover, since the experts
in this case are recruited from the very same organisa-
tion and work collectively, the evaluation framework is in
line with the Delphi method requirements, which accom-
modates reliable derivations. The main concepts for the
implementation of expert opinions are drawn from Meyer
and Booker (2001) and Linstone and Turoff (1975). The
experts in the specific study are drawn from the Austrian
Motorway Operator (ASFINAG) and they include field

inspectors, engineers, and the senior management of the

management departments. As a minimum, they carry 10

years of professional experience in inspections and asset

management, and they have completed the national train-
ing program for the inspection of structures.

(a) Equation (9) defines the functional relationship be-
tween the heavy vehicle traffic volume and the prob-
ability of a vehicle impact, as seen in Figure 3(d). The
exponent of Eqn (10) is chosen with a = 1.3 in order
to obtain a probability of a vehicle impact of fi, = 1.0
for a JDTLV = 5300, and further remain in accordance
with the experts’ judgement and the operator’s statisti-
cal observations. The respective values for standard
vehicle traffic volumes are a = 2.4 and JDTV(fy, =
1.0) = 40500 (see also Eqn (9) and Figure 3(e)).

fv= [1—( JDTLV,,,. —JDTLV)/

T RO
fv =[1—(JDTVW ~JDTV)/

(JDTV,y = JDTV,y, )“]mc,mw (10)

(b) Equation (11) presents the functional relationship be-
tween the traffic speed and the probability of a vehicle
impact. The exponent of Eqn (11) is chosen with a =
3.0 in order to obtain a probability of a vehicle im-
pact of fgg = 1.0 for @ v, neavy vehicle = 80 km/h or a
v = 130 km/h (see also Figure 3(a)).

max.standard vehicle
a
for :[(DM—DMmin)/(Dme ~DM,,;, ) } (11)

(c) Equation (12) presents the functional relationship be-
tween the pavement grip and the probability of a vehi-
cle impact. As seen in Figure 3(b), the exponent of Eqn
(12) is chosen with a = 3.0 in order to derive a prob-
ability of a vehicle impact of f; = 1.0 for the minimum

grip conditions GR,,;,, = 5, and a f; = 0.4 for a GR = 4.

fG :[(GR_GRmin)/(GRmax _GRmz’n )u:|' (12)

(d) Equation (13) presents the functional relationship
between the longitudinal evenness of the pavement
and the probability of a vehicle impact. As seen in
Figure 3(c), the exponent of Eqn (13) is adjusted to
a = 7.0 in order to derive a probability of a vehicle
impact of f; = 1.0 for the worst case evenness con-
ditions LE,,;, = 5, and a f; = 0.1 for a LE = 4. This
captures the particularly steep increase of accidents
expected due to an uneven (bumpy) road pavement.

fL :I:(LE_LEmin)/(LEmax _LEmin )“]‘ (13)

(e) Equation (14) presents the functional relationship
between the surface damages of the pavement and
the probability of a vehicle impact. As seen in Fig-
ure 3(d), the exponent of Eqn (14) is chosen with
a = 3.0 in order to obtain a probability of a vehi-
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cle impact of fy = 1.0 for the most adverse level
of damage OS,,;, = 5, and a fy = 0.4 for a OS = 4.

fO = I:(OS - OSmin ) / (Osmax _Osmin )‘1 :| (14)

(f) Similarly, Eqn (15) relates the pavement surface crack-
ing with the probability of a vehicle impact. The expo-
nent of Eqn (15) is chosen with a = 3.0 in order to ob-
tain an impact probability of f = 1.0 for the most ad-
verse cracking level R, =5,and a f = 0.4 fora RI=4.

fR :|:(RI_RImin)/(RImax _RImin )“:|. (15)

(g) As with the above pavement damage factors, Eqn
(16) addresses the pavement ruts to the vehicle im-
pact probability. The exponent of Eqn (16) is a = 3.0
in order to obtain an impact probability of f¢= 1.0
for the deepest ruts observed or temporarily allowed,
denoted as SR,,;, = 5, and a fg = 0.4 for a SR = 4.

min

fs :[(SR—SRmm)/(SRmax ~SR,,, )“]. (16)

5. Risk assessment vs. damage classes

The assessment of the vehicle impact on a traffic facility
can be performed based on the newly introduced concept
of the rating index R;, which is derived with the aid of Eqn
(1). With the evaluation index R; the following probability
assessment of a vehicle impact can be characterised:

- 1.0 £ R; £ 2.5: the road geometry, the pavement sur-
face characteristics and the driving dynamics factors
(traffic strength and speeds) have negligible or no
effects on the impact risk.

- 2.6 < R; < 4.0: the road geometry, the pavement sur-
face characteristics and the driving dynamics factors
have negligible effects on the impact risk.

- 4.1 £ R; £5.5: the road geometry, the pavement sur-
face characteristics and the driving dynamics factors
have a medium to large effects on the impact risk.

- R; > 5.6: the road geometry, the pavement surface
characteristics and the driving dynamics factors have
significant effects on the impact risk.

The rating index R; concept is based on the assumption
of an impact occurrence probability of psyory = 1-107°
(R; = 1.0) for a lane alignment (a) without a longitudinal
inclination (b) without a transverse inclination, (c) with a
very large radius of curvature, (d) with an optimal road
surface condition, (e) with a predefined amount of traffic
per design (JDTV or JDTLV), and (f) a predefined design
velocity.

Deviations from the above defined standards leads,
based on Eqn (1), to an occurrence probability pgjympact
larger than psnopap see Figure 1. In addition, for the de-
termination of pg;,ac for each route section or element
ID the following points need to be differentiated:

- a traffic flow in the main lane (HFS);

- a traffic flow in the secondary/side lanes (NFS);

- a traffic flow in the direction of the road kilometre;

- a traffic flow of the road kilometre in the opposite

direction.

For instance, Figure 2 shows the evaluation results
summarized in one sheet (risk factor columns BL to BN)
of one main motor highway in Austria. This assessment
was done for the main lane (HFS) and the Annual Average
Daily Traffic volume of truck-like vehicles JDTLV.

6. Evaluation and decision-making procedures

As discussed above, the proposed model has been calibrat-
ed and applied on real data from the Austrian motorway
network, while experts of the motorway operator have in-
formed the evaluation and decision-making procedures.
The evaluation is based on reliability assessment, which is
then also expressed in terms of fragility curves, and defini-
tions of the main terms are given in the introduction. The
evaluation tool first distinguishes traffic flow in the differ-
ent lanes, i.e. in the main lane (HFS) and the secondary/
side lanes (NFS). The data group is further broken down
with respect to the vehicle type composition, i.e. the heavy
goods/truck like vehicle proportion and standard traffic
(JDTV and JDTLV respectively). It then calibrates the reli-
ability score against the optimum conditions meaning no
damage of the road surface and ideal alignment, and the
associated failure threshold or target failure probability,
where failure is the vehicle departure from its lane. The
alignment benchmarks mentioned above correspond to a
reliability index of B = 4.7 and failure probability of p, =
1076 per annum, as a commonly accepted threshold value
for technical and infrastructure elements in the realm of
civil engineering. This reliability score is then reduced
with certain changes in the road alignment, velocity, and
condition, these forming the input data to the decision
model. The effects of non-ideal road alignment are calcu-
lated based on fundamental physics principles of kinetics
and kinematics; curvature or an adverse transverse and
longitudinal inclination of the road section leads to a re-
duction of the reliability present in the system (B,,4,ccd)
and thus a higher probability hence risk of a vehicle’s de-
parture from its lane. There may also be a positive effect
of non-straight alignment, which leads to increased safety
under circumstances, as seen in Figures 3(a) and 3(b).
The effects of road surface damage or generally low qual-
ity are assigned a ranking, based on expert judgement and
a 5-point rating system, and it is reduced from the opti-
mum conditions (score = 1 and B = 4.7) to a marginally
acceptable road condition (score = 5 and B = Byccpraple)-
The reliability decrease from the optimum conditions AB;
for each score (i = 1 to 5) is calculated through Eqn (17):

47-P

acceptable

5

The effect of travel speed is also processed with the rat-
ing system described above, but it is factored also against
quantitative criteria, i.e. the speed limit.

AB; (17)
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a) a = 3.0 gives a Ny = 1.0 for a longitudinal inclination = 0%
according to Eqn (6)
Longitudinal incline
1.6 gormsgeomegpesnegpemsecpmossopesesgreee—peeosgpesnoy
4 : : : :
12

Fragility

S 2 2o 9 =
MR o

— . |
-7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7

Evaluation

(=]

c) a=2.2givesanggg = 1.0 for a curvature radius = 6000 m;
according to Eqn (8)

Min. radius of curvature [m]

4.0 1.6

1.4

3.0 1.2

Z 2 1.0

% 1.0 T 08

< o

2 = 0.6

2.0 0.4

0.2

0 0
250 2250 4250 6250 8250 300 2300

Evaluation

d) a =22 givesa fy, = 1.0 for a JDTLV = 5300;
according to Eqn (9)

Evaluation
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b) a=2.2 gives ang gy = 1.0 for a transverse inclination = 0°%
according to Eqn (7)

Transverse incline

1.6
1.4
12
1.0
0.8
0.6
0.4
0.2

0
-7 -6 -5 4 -3 -2 -1 0 1 2 3 4 5 6 7

Evaluation

Fragility

e)a=3.0givesa fi,=1.0 for a JDTV = 40500;
according to Eqn (10)

JDTLV traffic JDTYV traffic

Fragility
© 9o o ==
= S A NI =T \S T )}

4300 6300 8300 300 20300 40300 60300 80300 100300

Evaluation

Figure 3. Increasing factor of the vehicle impact force due to: (a) the longitudinal inclination of the lane, (b) the transvers inclination
of the lane, and (c) the curvature of the lane, (d) JDTLV = annual average traffic density for trucks and (e) JDTV = annual average
traffic density for cars

Figure 2 shows in excerpts the scores of the risk as-
sessment index R; calculated according to Eqn (1), broken
down into main lane, secondary lane, passenger traffic and
freight traffic in km and against km direction of travel,
as well as the extreme values from these in the two right
columns of the EXCEL overview sheet. The evaluation in-
dices of the representation in Figure 4 are assigned to the
in-situ concrete guide walls in the central stripe area by
means of the distance-km data.

Table 4 presents those parameters, which the deci-
sion makers can adapt or parameterise in the course of
its overall assessment of the network. In particular, the
following can be considered as significant basic variables,
which have to be defined in a first step for the definition
of the desired safety level:

= Biin OF Byorm are the reliability limits for the rating
group pavement grip, longitudinal evenness of the
pavement, surface damages of the pavement, sur-
face cracks in the pavement, ruts in the pavement.
A B,,i, = 4.7 is an accepted maximum failure prob-
ability in pavement grip pg,. Gr-

— The accepted maximum failure probability (here as-
sumed as 2.1-107°) which equals to the failure prob-
ability associated to the pavement grip ppypcr. to
the pavement evenness .. 1 to the surface dam-
age Pfapos to the pavement cracks pg,.pand to the
pavement ruts ps,.sr (see also FSV, 2005b).

— The fragility parameters a, used for the description of

the influence of grip, longitudinal evenness, surface
damage, cracks, ruts on the residual failure prob-
ability p,,,, which is estimated by means of fragility
functions.

7. Actual case studies on the Austrian motorway
network and sensitivity analyses

The implementation of the concept for the risk evaluation
of existing road furniture due to vehicle impacts has been
undertaken on the basis of real traffic situations, the actual
alignment characteristics, and the current road surface
conditions identified on the Austrian motorway network
at the inception of this study (Table 5).

Figure 5(a) shows the evaluation indices for the risk
of impact on the guide walls of the motorway network
in Austria in relation to the JDTLV on the main lanes.
The fluctuations and, in part, the clustering potential of
the index result from the alignment characteristics, the
road surface properties, and the traffic flows as well as ve-
hicle speeds. Figure 5(b) shows these indexes in relation
to JDTLV on the side lanes, Figure 5(c) to JDTV on the
main lanes, Figure 5(d) to JDTV on the side lanes. The
risk of an impact from the JDTV appears to be somewhat
higher according to this model, due to the amount of traf-
fic and speed. Based on the histograms associated with
Figures 5(a) to 5(d), the JDTLV-specific graphs in Figures
5(e) and 10(f) show a sample accumulation in the ranking
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a) a = 2.2 gives a fg = 1.0 traffic velocity = 80 km/h or 130 km/h

Velocity related values for JDTV (red) and JDTLV (orange) traffic
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c)a=7.0givesaf; = 0.1 for a evenness rating = 4 and 0.01 for a rating = 3;
according to Eqn (13)
Longitudinal incline HFS & NFS
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e) a =22 givesafg=0.1for a damage rating = 5 and 0.1 for a rating = 3;
according to Eqn (15)

Cracks HFS
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b) a = 2.2 gives a f = 0.4 for a grip rating = 4 and 0.1 for a rating = 3;
according to Eqn (12)
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d) a =2.2 gives a fo = 1.0 for a damage rating = 5 and 0.1 for a rating = 3;
according to Eqn (14)
Surface damage HFS & NFS
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f) a=2.2 gives a fg = 0.1 for a ruts rating = 5 and 0.1 for a rating = 3;

according to Eqn (16)
Ruts HFS

Fragility

1 2 3 4 5
Evaluation

Figure 4. Fragility on the vehicle impact due to: (a) the traffic velocity, (b) the pavement grip, (c) the longitudinal pavement
evenness, (d) the pavement damages, (e) the pavement cracks, and (f) the pavement ruts

regions of 1.5 and 2.5. This is described by the bi-modal
distribution with respective peak concentrations. Also, a
further concentration is evident at classes greater than 5.
The patterns are comparable in the main and side lanes.
The JDT V-specific graphs in Figures 5(g) and 5(h) show
a population accumulated in the region of class 2.5 and
of 4.0. Again, a further concentration is evident in classes
greater than 5; however, it is shown that there is a stronger
accumulation generally at higher classes, compared to the
JDTLV-specific graphs. The patterns are comparable in the
main (HES) and side (NFS) lanes. The graphs in Figures
5(a) to 5(d), allow for a visual understanding of high risk
segments of the highways geographically, and a respective
prioritisation by risk levels. On the basis of the histograms
of Figures 5(e) to 5(h), the actual volumes of structures
under risk are more evident. It is apparent that items in

high risk levels (R; > 5) are slightly more sensitive to main
lane traffic. Simultaneously, low risk regions are denser
for main lane traffic data. Risk also appears reduced in
conjunction with heavy vehicle traffic, although combined
traffic flows exhibit a more concentrated accumulation
around risk rating R; = 2.5.

The influence of travel speed on the risk rating, for
JDTV and JDTLV on the main and side lanes is shown in
Figures 6(a) to 6(d). A shift in the class values from 2.5
to about 1.75 is disclosed, together with a smaller scat-
ter around this range for a speed reduction of 20% - the
classes greater than 5 occur only sporadically. Accordingly,
a speed reduction measure can be implemented on the
network in order to reduce the assets risk accordingly.
This has been found to be an optimal solution between
road network performance and risk of asset loss.
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Table 4. Descriptive quantities for the functional relationship between (a) the traffic volume, (b) traffic velocity, (c) pavement grip,
(d) longitudinal evenness, (e) pavement damages, (f) the pavement cracks and the probability of the vehicle impact

Symbol Specification Unit Eqn
JDTVL,,, | minimal JDTVL, see 3(d) [I“/‘;ﬁ’&]"f
JDTVL,,,, | maximal JDTVL, see 3(d) [I“";Ei’leers]of
a exponent of Eqn (9) with a = 2.2 gives a fragility = 1.0 for a JDTVL = 4300 [-] ©)
JDTVL | measured JDTVL [z‘;ﬁ’&]"f
fv fragility of JDTVL to the vehicle impact - fragility, see 3(d) [-]

DM, minimal traffic velocity, see 4(a) [m/sec]
DM, . maximal traffic velocity, see 4(a) [m/sec]
a exponent of Eqn (11) with a = 2.2 gives a fragility = 0.4 for a traffic velocity = 60 km/h [-] (11)
DM measured traffic velocity [m/sec]
feE fragility of the traffic velocity to the vehicle impact - fragility, see 4(a) [-]
GR,,i, minimal pavement grip, see 4(b) [-]
GR,,, maximal pavement grip, see 4(b) [-]
a exponent of Eqn (12) with a = 2.2 gives a fragility = 0.4 for a rating = 4 and 0.1 for rating = 3 [-] (12)
GR recorded grip rating [-]
fa fragility of the pavement grip to the vehicle impact - fragility, see 4(b) [-]
LE, ;. minimal longitudinal evenness, see 4(c) [°]
LE, .. maximal longitudinal evenness, see 4(c) (]
a exponent of Eqn (13) with a = 7.0 gives a fragility = 0.4 for a rating = 4 and 0.1 for rating = 3 [-] (13)
LE recorded longitudinal evenness rating [°]
fi fragility of the longitudinal evenness to the vehicle impact - fragility, see 4(c) [-]
OS,,in minimal pavement surface damages, see 4(d) [-]
OS,10x maximum pavement surface damages, see 4(d) [-]
a exponent of Eqn (14) with a = 2.2 gives a fragility = 0.1 for a rating = 3 [-] (14)
OS recorded rating of the pavement surface damages [-]
fo fragility of the pavement surface damages to the vehicle impact - fragility, see 4(d) [-]
RIL,, minimal crack width in pavement, see 4(e) [mm]
RIL,.. maximum crack width in pavement see 4(e) [mm]
a exponent of Eqn (15) with a = 2.2 gives a fragility = 0.4 for a rating = 4 [-] (15)
RI recorded crack widths of the pavement [mm)]
fr fragility of the crack widths of the pavement to the vehicle impact — fragility, see 4(e) [-]
SR, in minimal road ruts, see 4(f) [mm)]
SR 0 maximum road ruts, see 4(f) [mm)]
a exponent of Eqn (16) with a = 2.2 gives a fragility = 0.1 for a rating = 3 [-]
SR recorded rating of the road ruts [mm]
fs fragility of the road ruts to the vehicle impact - fragility, see 4(f) [-]
Table 5. Input variables of the vehicle impact analysis
Fragility parameter, a | Maximum Pr L Ps NorRM Brnin Brorm
HFS NES
Traffic velocity 3
T 2 125
Pavement grip 3 3 2.1E-06 1.3E-06
Longitudinal evenness 7 7 2.1E-06 1.3E-06 4.6 4.7
Pavement damages 3 3 2.1E-06 1.3E-06
Pavement cracks 3 3 2.1E-06 1.3E-06
Pavement rots 3 3 2.1E-06 1.3E-06
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Figure 5. Risk assessment index R, in relation to actual traffic statistics from the Austrian motorway and road network, with: HFS

and JDTLV = annual average traffic density for trucks

NES = side lane, JDTV = annual average traffic density for cars,

main lane,

risk of impact increases for the combined traffic flow, but
the prevalent risk level in the network lies in the region

The influence of the pavement grip on the rating of
the vehicle impact risk is achieved via the fragility curves

discussed in the above,

of 2.25 to 3.25. The influence of the pavement ruts on the

and as shown in Figures 7(a) to

risk rating of the vehicle impact is described (as in the

3toa=1

7(d). An increase of this influence from level a

case of grip) through the fragility curves. In Figures 8(a)

indicates the sensitivity to this parameter. For a = 1 the

to 8(d), the increase of the influence from level a = 3 to

course of the fragility curve is linear. This reduction of

a = 1 causes a shift of the ranking values by at least 0.75

classes to the higher risk range. The proportion of traffic
situations in class > 5 is again increased for all four traffic

situations considered.

factor a leads to a shift of the ranking values by at least
0.5 to the higher risk range. The proportion of those in

class > 5 is also significantly increased. This indicates the
sensitivity of factor a with regards to the assessment. The
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Figure 6. Risk assessment index R;, in relation to actual traffic statistics from the Austrian motorway and road network,

with emphasis on travel speed
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Figure 7. Risk assessment index R;, in relation to actual traffic statistics from the Austrian motorway and road network,

with emphasis on pavement grip properties



109

Journal of Civil Engineering and Management, 2020, 26(1): 95-112

00°6<
00'6-SLF
SLY-0SF

0SH-ST¥

3

Niveau a
Niveaua =1

STY-00%

00%-SL¢
SL'€-05°¢E
05°€-6T'¢

STE-00¢

NFS

‘oo.m\mﬁu
‘mn,mwomd
‘om.NlmNAN
‘mNN\oQN
‘oo.N\mn._
‘mnATOmA

0S'1-ST'T

STI-0

oo QD Qo
S S S S S S S S S
S ® K © ;B F oA~

= sjuawnbas Aemiojowr jo £ouanbazy

00°s<

00°S-SL¥
SLY-0SF
0SH-ST¥

STY-007

=3

00%-SL¢

SL'€-05°¢E

M Niveau a
[ Niveaua =1

05°€-5T'¢

STe-00¢

HEFS

00°€-SLT
SL'T-0ST
0S'C-STT
STT-00T
00T-SL'T
SLT-0S'T
0S'1-ST'T

STT-0

cC oo Q9 Qo
S 2 S 292 S S S
S ® R O, F A A~

< sjuawnbas Aemiojowr jo £ouanbazg

ATLA(

Rating condition/risk classes

Rating condition/risk classes

—~
o

<)

00°6<
00'5-SL%
SLY-0SF

0S'%-ST¥

3

Niveau a
Niveaua =1

STY-007

‘ooA¢|mn.m
‘mh4m|0m.m
‘om,mwmm.m
‘mN.mfoo.m
‘ooAmwmn‘N
‘mn.N\om.N
‘omAwlmN.N
‘mNN\OON
‘ooAN\mnA
‘mn.TOmA
‘omA\mNA

STI-0

co oD
S S S S5 3532 S5 S S
S ®K OB F6A~

syuawnbas Lemiojouwr jo L>uanbargy

00°s<

00'S-SL¥
SLY-0SF
0S%-ST¥

STY-007

3

[ Niveaua =1

00¥%-SL¢

SL'€-05°¢

<
=
<
151
2
Z
|

05°€-5T'¢
STe-00€
00°€-5LT
SL'T-0ST
0S'C-STT
ST'T-00C
00T-SL'T
SLT-0S'T

0S'I-STT

STT-0

T T T T T t
o o2 o 9 9o o
S 2 2 2 2

® © F aQ

1200 -

syuawnbas Kemiojour jo A>uanbarg

AlLdl

Rating condition/risk classes

Rating condition/risk classes

Figure 8. Risk assessment index R, in relation to actual traffic statistics from the Austrian motorway and road network,

with emphasis on pavement ruts
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Figures 9(a) to 9(d) show the assessment indices for
the impact risk on the crash barriers for a segment of a
motorway. In this case, the differentiation between a two-
lane and a three-lane pavement is analysed. As seen from
the diagrams, the three-lane layout causes a reduction of
one class on average and thus, as expected, a significant re-
duction of the concentrated population in the class 5. The
high sensitivity between the risk ratings and the fragility
curve characteristics (a factor) is particularly evident from
the respective sequence of distributions. For a factor a. =
1.25 in the JDTLV group 88% and 73% of the cases are
disqualified with a rating >5.0, compared to only 17% and
11% for o = 1.05, as seen respectively in Figures 9(a) and
9(b). These differences are more moderate but still evident
for the JDTV group. For an o factor of 2.4 the disqualified
cases reach 25% and 15%, compared to 7% and 5% for a. =
1.6 (Figures 9(c) and 9(d), respectively). Markedly, for the
JDTV group and for a factor o = 2.4 virtually all cases are
in a class 4 or higher, while for o = 1.6 less than a third
ranks as high.

Conclusions

In this paper it has been shown to be useful for the evalu-
ation of the effects of traffic on the restraint systems to
assume a reference configuration with a failure probability
pr= 107. This failure probability assumes a typical limit
state function G = R - S, where R is the resistance of the
restraint systems, and S the impact effect on the restraint
systems by a departing vehicle. To this end the influences
of the longitudinal and the transverse gradient, and the
curvature are evaluated by physical driving dynamics. The
surface condition of the road surface, such as grip, and
extend of damage are evaluated through appropriately ad-
justed fragility curves, on the basis of rating and empirical
values.

The developed method allows for an automated risk
assessment according to the traffic composition, the occu-
pancy level of the lanes, the JDTV and JDTLV values, the
surface measurement data retrieved by mapping vehicles,
and the alignment, in accordance with the rating system
developed in RVS 13.03.51 (FVS, 2013).

The automated risk assessment is not an indicator for
the health state of the restraint system, but indicates which
components of the furniture and installed infrastructure
are at increased risk of impact due to the traffic situation,
the alignment characteristics, and the road surface condi-
tions, and therefore require special attention during in-
spections or in the event of a necessary replacement.

The application of the method on the infrastructure
network of a road operator allowed the efficient risk as-
sessment and mitigation, i.e. reduction of risk ranking by
two classes. This was achieved by the following measures:
(a) 20% speed reduction, (b) renewal of the surface grip,
and (c) repair of road ruts.

The fragility curves used in this method were derived
on the basis of expert knowledge and in some instances

national guidelines and standards. They can be adapted,
verified, and extended during the implementation of the
proposed tool. Besides, they also create awareness for the
more informed and accurate evaluation of the compo-
nents under study. They also generate considerations and
a basis for examination of the influencing variables and,
as a consequence, the risk of collisions due to vehicle lane
departures.

Finally, the findings can be summarised as follows:

— In this research project, an efficient analytical deci-
sion tool has been developed together with an infra-
structure owner for the assessment and the interven-
tion planning of the road equipment using elements
of Probabilistic Safety Concepts (PSC), whereby the
inputs are routing and traffic properties belonging to
the action side of the PSC.

- Combination of traffic dynamic parameters and rout-
ing characteristics to a closed analytical solution for
a RVS based rating of impacts on road equipment is
shown.

— The analytical formulation comprises fragility curves
for the incorporation of the condition rating of road
elements, such as the pavement conditions, in physi-
cal based information from traffic volume, curve ra-
dii, vehicle speed, etc.

- In addition, the probabilistic based analytical deci-
sion tool allows an individual adjustment of the
acceptable reliability level, the acceptable risk and
thereby the remaining technical service life by the
infrastructure operator.

— The developed approach also shows handling of in-
put parameters with significant uncertainties in an
efficient, user-friendly, and rational manner

— The used fragility curve approach has the advantage
of supporting weak information e.g. from expert
knowledge that can be improved with increasing
time and the continuous use of the tool.

— The model shown in this article is extensible for addi-
tional properties and can be transferred with relative
flexibility to other systems based on large databases.
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