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ABSTRACT

This paper presents the results of a research gprajled IRCAD, which aimed at
developing a global system to warn drivers in temag, when their behaviour is not adapted
to infrastructure characteristics. The warning eysts based on the comparison between the
speed of a vehicle before a curve and a safetydspdes safety speed is defined as the
maximum speed value before crash all along the ecusafety speed profile). These
thresholds values of speed are calculated in ireal depending both on constant parameters
like infrastructure geometry (radius of curvatwrmss and longitudinal slopes) and changing
parameters like skid resistance, which is evolwuitty the weather conditions (wind, rain).
This study is divided into three parts.

In a first step, a water-depth model was develdpegredict the water film thickness in the
curve taking into account the road geometry andah#all intensity.

On a second step, the skid resistance decreasw dhe water film is evaluated. Then, the
maximum speed is calculated by considering theseded friction values.

In a third step, experimentation is realized on sites located on French secondary roads.
To conclude, this system is proved to be very igffitand useful considering the fact that the
models use data easy to obtain for road managedrshahthe warning sign only starts when
the situation presents a real risk.
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CONTEXT

The IRCAD project (French acronym meaning “driveiormation about risk under adverse
weather conditions”) is part of the national PREIbgram named SARI (Gallenne et al.,
2007). The project aims at developing tools assgsssks due to rainfall on a road section
and associated driver-information system. It isl\webwn that rain induces accident risk. A
statistical study (Violette, 2002) shows more pselyi that the number of accidents is higher
after a rainfall than during it. This observatiareixplained by the fact that the road surface is
still wet after a rainfall. Thus, road pavement sloet recover its skid-resistance level under
dry weather. Most of the drivers do not detect tigk and loss of control of a vehicle results
from inappropriate manoeuvres requiring more skgistance than what is available.

The methodology proposed in IRCAD project aimsnébriming drivers about slip risk and
inciting them to reduce speed when they approaobad section judged as slippery. This
information already exists through the presenceoafl signs indicating a speed limit or a
slippery road. However, the main drawback of th&igeals is their permanent presence to
which drivers tend to pay less attention in timeartWwng messages must be then displayed
only when it is necessary. Considering a so-caljgermissible speed” which can be
modulated by the road skid resistance, warnings$ lval activated only when the vehicle
speed is above the permissible speed.

Literature is abundant about speed calculationdaseroad characteristics. Formulae take
into account in most cases geometrical parametescurve radius, longitudinal and cross

slopes. In the IRCAD project, a new speed caloutathethod is proposed in view of being

implemented in an information system. In additiorgeometrical parameters, the new inputs
of this method are meteorological data and the ahctoad skid resistance, which is

influenced by weather conditions, mostly the roadtness. This paper presents the
development of the method and its application &b case.

STATE OF THE ART

Since the main purpose of the IRCAD speed-calanatmethod is to modulate the
permissible speed by the road wetness, the stdteeart presented in the following sections
is focused on the connection between speed, geprskid resistance and wetness.

Relationship speed/geometry/skid resistance

First of all, it is necessary to specify the spaetion used in various published calculation
formulae. The state-of-the-art made by Louah (2@80@®)ws three definitions of speed:

- design speed: speed used to determine minimahgcal characteristics of a road
section;

- legal speed: speed limit depending on the rope (2 lanes, 2x2 lanes, etc.) or a
specific road section (curve for example);

- travelled speed: speed adopted by road usermtedlse based on their own
perception of infrastructure.

Formulae found in literature are related to thedlad speed expressed by its mean value or,
in most cases, by its so-calledsVwhich is the speed value under which practice 85%
drivers. Only formulae frequently used in Franceuah et al., 2009) are presented here:
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where R : curve radius in meter;

(2) Vgs(km/h) =

k : constant depending on the road type (k = 12@#2-lanes road, k = 102 for 3-
lanes road or 2-lanes road whose total width iwéeh 6m and 7m, k = 92 for 2-lanes
road whose total width is of 5m).

A formula exists also to calculategidas a function of road longitudinal slope:
) Vgs(km/h) = k — 031[p?
where p : longitudinal slope expressed in % ;

k : same constant than in (1).

Moreover, Chesterton et al. (2006) mentioned foemuto calculate speed limit mainly
related to vehicle loss of control due to aquamigni

- formula from Gallaway (1979)

(3) V =091433D%4 O3 ({TD +0,794) %% A
where:
Wy - W.
(4) sb=—9_"W o
Wy

and V: aquaplaning-onset speed (km/h);
Wg: wheel rotating-speed on dry surface;
W,,: wheel rotating-speed on wet surface;
P: tire inflation pressure (kPa);
TD: tire tread depth (mm);
A: parameter depending on road texture, road gagraat rainfall intensity.
- formula from Anderson et al. (1998)

(5) HPS= 2604WFD~ 2%
where HPS: aguaplaning-onset speed (mph : milekqe);
WFD: water depth (inch).

The equation (5) is developed for water depths u@démm. For higher water depths, the
Gallaway equation (3) is recommended.

- formula from Ivey et al. (1975)
2000 40
(6) =
068 "V,
where $: visibility distance (ft);
i rainfall intensity (inch/hour);
Vi: vehicle speed (miles/hour).



Skid resistance and road wetness

Theoretically, the relationship between skid resise and road wetness is deduced from the
contact scheme between a tire and a road surfatieeipresence of water (Fig. 1). The
contact conditions in the three zones are theviofig (Fig. 1):

- zone 1: zone where water is accumulated and tendsup the tire;

- zone 2: zone where water is evacuated progrdgsiveil the water film becomes
discontinuous;

- zone 3: zone where contact is established betwreenire and the road asperities.
Friction is mainly generated in this zone.

tire —‘ N

water film ——

road surface

zone 3 zone 2 zone 1

Figure 1. Scheme of tire/wet road contact

The friction coefficient 4 measured on a wet rosdhien related to the friction coefficient
Mdry measured on a dry road by the following relation:

_ A3 _ __AthA
LI e M e

where A(i=1, 2, 3) : size of zone « i ».

The term (A + A))/(A1 + Az +A3) is the fraction of the contact area occupied ey water
and then can be related to the road wetness.

In practice, few formulae exist to express the skgistance/road wetness relationship. This
limitation is due probably to the measurement oivaer depth characterizing the road
wetness. Indeed, the notion of “water depth”, ewadely employed, does not have any
universal definition. On figure 2, two water deptia be defined: the “mean” water depth,
taking into account the road surface macrotextame, the thickness of the water film above
the road surface summits. In the formulae givethefollowing sections, the exact definition
of the water depth is not always provided by thinaus.

water film above

mean
water depth surface asperity
summits
road surface asperity
Figure 2. Water depth definitions from Veith (1983)
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Veith (1983) shows that the friction coefficientries linearly and decreasingly with the
logarithm of the water depth. This author obseiags that the slope of this linear tendency
increases with the test speed. No formula was @m&ghéor these experimental observations.

From their laboratory and on-site test data, Kuedta and Harwood (1990) proposed the
following formula:

(8) u(h) =Ap ™ + e
where p(h) : friction coefficient as a functionwdter depth;
h : water depth;
Ap : difference between p(h = 0) and p(h = 0.38 mm);
B : model parameter;
Me: | (h>0.38 mm).
Within the frame of the European VERT project (\@&iRoad-Tyre Interaction), La Torre
and Domenichini (2001) suggested the followingtreteship:

by
9 = bg +
() H “ref[ﬁ 0 1+bze(b3+b4V)J

where p : friction coefficient;

Hret : friction coefficient obtained under specific expnental conditions;

V : speed of the vehicle;

bi (i=1, 2, 3, 4) : model parameters related taaldes like water depth.
Do et al. (2004) analysed VERT data and proposethanrelationship:

(10)  w=pp Eex{—(visj ]+BV

where p : friction coefficient;
V : measurement speed;
Uo : friction coefficient at V = 0;
a, B, Vs : model parameters.

It was shown that thex” parameter, controlling the shape of the pu-V curseelated to the
ratio between the water depth and the tire treathd@o et al., 2004).

Nevertheless, the parameters of these models pelee determined with a wide amount of
experimental data and specific devices, which iseasy to obtain. Moreover, they do not
take into account the skid resistance changes depmerenvironmental conditions (rainfall
intensity, drying, etc.).

METHODOLOGY

The studies results presented in the precedenioseshows that the determination of a
permissible speed based on road skid resistanoetistraightforward. The formula (1) is
generally used but it does not take into accouatvélriation of skid resistance with weather
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conditions. In the other formulae, the skid-resiseaterm is not explicit enough. Formulae
specific to the IRCAD project are then needed. @ethodology is illustrated in figure 3.
The idea was originally developed by Gothié (1995).

First, the notion of “permissible speed” is intrgdd. It aims at:

- locating sections presenting a slip risk fronoad profile provided by any monitoring
device;

- warning a driver if his/her speed is higher thiam permissible speed.
The permissible speed is defined as the minimutwofspeeds (Fig. 3):

» speed Y deduced from the equilibrium of a vehicle passirgurve presenting
a cross slope;

» speed ¥ deduced from the braking distance of a vehicle.

Curve
radius
v,
Geomet S 1
L slope min (Vy, V) =
permissible speed
Visibility T | i
distance L "2 |
Available skid
resistance
Water
Metearology el
Figure 3. Methodology used in the calculation @& plermissible speed

Formulae to calculate Vand \4, as shown in State of the Art paragraph, alreadgt.e
However, the road skid resistance, whenever itseduas input in these formulae, remains
unchanged whatever the weather. The innovationuofroethod lies in the fact that the
friction changes now with meteorological conditiohs our scheme, geometry and texture
inputs are provided by monitoring devices, the sksistance being measured under specific
conditions. Meteorological conditions are useddingate — by means of a model — the water
depth on pavement surface; another way is a dneetsurement of the water depth. Another
model is used to estimate the actual skid resistaalated to the estimated (or measured)
water depth. The actual skid resistance, which asv mdependent on meteorological
conditions, is used to estimate permissible speeds.

The available skid resistance depends both on teixdtare and macrotexture of the pavement
surface.

Microtexture of the road is evaluated through theasurement of a Sideway Friction
Coefficient (SFC) at 60 km/h on a wetted surfacah®ySCRIM device. A smooth standard
tyre is used for the tests. SFC is measured inigh¢ wheel path and ranges from 0 to 1. This
parameter ranges from 0 to 1. A value of O corredpao smooth pavement (like resin)



without any microtexture and a value of 1 corregjsotm pavements with a very high level of
microtexture (surface dressings with special agapegof bauxite for example).

Macrotexture of the road is characterized by ETBti(Rated Texture Depth) expressed in
mm. This parameter is evaluated by a non-contasgrlaensor called RUGO, which
measured the road profile (ISO 13473-1). ETD vahaeges from 0.2 to 3 mm. It indicates
the capacity of the surface pavement to evacuaterywahen it is raining.

EXPERIMENTAL SITES

In the architecture of the information system ($atsi et al., 2009), the permissible speed is
estimated in real time and compared to the trapekd; this comparison determines the
activation of warning messages. As a pre-requisiteis quite important to see how
permissible speed detects hazardous zones on asemdidn and to compare the values
deduced from models to actual travelled speeds.

Site description

Our approach is evaluated on two road sectionstddcan a secondary road in the
department of the Cétes d’Armor (Brittany, FranCH)ey are referred as respectively “road
section 1” and “road section 2" in the rest of téxet.

- road section 1 has mainly two curves whose rdp locally to 128m. The road
surface macrotexture is good (ETD > 0.7mm) but #ké&d resistance is low
(SFC < 0.4 in several locations);

- road section 2 has locally a very low curve radi{®4m). The road surface
macrotexture is variable (0.55 < ETD < 1.42mm) #relskid resistance is as low as
0.3 in curves (Fig. 4).

b

Figure 4. Curve on road section 2

Both sites are part of seven ones selected by demsg criteria based on the risk level
provided by the ALERTINFRA software (Cerezo et @010a) and accident data. The two
road sections chosen, responded in addition ter@itelated to water accumulation and skid
resistance.



Siteinstrumentation

The two experimental sites are fitted out with sesgo provide meteorological data and
traveled speeds. Variable message signs (VMS) restalied on the roadside for driver
information (Fig. 5).

water-depth
sensor

Figure 5. Equipments deployed at road section 1 $\d@id sensors)

The deployed sensors are:
* weather station;
* sensor measuring the water depth on the road surfac
» electromagnetic loops for speed measurement.

The weather station, provided by Campbell Scientifineasures: wind direction and speed,
air temperature and humidity, solar radiation, fildinntensity.

The water-measuring sensor is provided by Vaidabed on a spot at 7m height (Fig. 5),
this sensor uses spectroscopic principle to measaiter depths up to 2mm thick of a circular
measured surface of 20cm in diameter. The watendsptmeasured with an accuracy of
+0.01 mm.

On each site, three electromagnetic loops are edeoenh the pavement; their locations are
symbolized by ST1, ST2 and ST3 in the figure 6.



Initial situatian

curve
start
——

IRCAD praject direction

>
At PV Atd PMY curve
A & start
s sT2 STy
Figure 6. Location of sensors deployed at road@edt

Collection of road data (geometry and skid resistance)

VANI device

The collection of data related to the road geomeatrg surface characteristics is done by a
device named VANI (Vehicle for ANalysis of roadniérary), towing a friction-measuring
device named GRIPTESTER (Fig. 7). VANI was devetbpethe end of the 80’s for road
safety studies (Cerezo et al., 2010a).

Figure 7. VANI device and GRIPTESTER (LaboratoryLgbn — France)

Available data

Curve radii between 20m and 600m are measured @ansnef a gyroscope; curves with
radius higher than 600m are considered as straigtiions. Slopes, expressed as %, are
measured by means of a dual-axis gyro associatdds&ys sensors to take into account
changes of vehicle body height. Skid resistancehiaracterized by a friction coefficient



named GRIPNUMBER (GN) provided by the GRIPTESTERide (Gothié, 2005). This
device measures friction forces with a wheel slipgl5% on wetted road. The measuring
speed is limited to 40km/h.

GN values can be converted in SFC values (SCRIN wiinear relationship:
(11) SFC=ax[GN+b

witha:1.16 etb: -0.13.
The constants a and b are determined by comparifG &easurements and GN

measurements on a set of experimental sections weittous pavement surfaces. These
coefficients depend on the GRIPTESTER device aadita characteristics.

Road surface macrotexture (ETD) and rutting deptbsalso available. Rutting data are then
used to modulate the water depth value on the anddhe skid resistance value.

CALCULATION OF THE PERMISSIBLE SPEED

Speed V; adapted to a curve

For a curve, Yis given by the following formula:

(12) V1:1/h+dvi@ElR

where 1 : friction coefficient;
dv : curve cross-slope;
g : gravity acceleration;
R : curve radius.
Formula (12) is obtained by considering the eqtiiiln of a vehicle in a curve (Fig. 8).

Figure 8. Vehicle in a curve with cross-slope

The balance of implied forces gives respectively)Xaand Z axes:
Fr —F.cof3+MIglsinf=0

(13) .
Fn —FesinB—-M [gleos3=0

where FE: centrifugal force exerted on the vehicle;
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Fr : transversal friction force;
Fn : vertical force;
M : vehicle mass;
B : angle inducing a cross-slope;
g : gravity acceleration.
o VI .
ConsideringFr =ty and K :T in a curve, we obtain (14).

T+tanp

2 _
(14) Vi=Rlg 1-tdanp

Writing T = tan), one obtains:
(15) v?Z =Ry an(a +B)

The formula (12) is an approximation of (15) suppgsnglesx and3 small.

Use of data collected

In our study, the friction coefficientt™ is supposed to be equal to the SFC provided by th
SCRIM device (Gothié, 2005), modulated by the wdepth and a safety factor of 3, giving:

(16) T= Lc(h)
3
where SFC(h) : SFC measured by SCRIM and modifiethé water depth h.

Since the water depth encountered during/aftemdéathmight be different from that induced
by conventional measurement conditions, the SFQ@iged by the SCRIM device must be
modulated by the water depth. The relationship betwthe conventional SFC and SFC(h) is
given by the following formula:

(17) SFQ(h) = -0,081n(h) + (SFC- 005)

where h : water depth expressed in mm.

025
02 | -

015 4 y = 0.003x - 0.090

Slope

01 4

005 | =Y

0 20 40 G0 30 100
Speed (km/)

Figure 9. Slope of friction-logarithm (water depthirves as a function of speed (Veith)
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The formula (17) proposed by the Laboratory of Lyoom a limited data set corroborates
observations made by Veith (1983) (linear relatmmsbetween friction coefficient and
logarithm of water depth). The slope 0.081 for 8@RIM measurement speed (60 km/h)
corroborates equally those provided by Veith (Big.

The water depth “h” is calculated from the rainfatensity using the following formula:
(18) h=I[L[TA
where | : rainfall intensity in mm/h;
L : flow path length in m ;
TA : parameter given by the formula (24) (Delaane Violette, 2001).
(19) TA= 057+ 085[MPD - 7.1ldv
where MPD : Mean Profile Depth in mm ;
dv : cross slope, expressed in m/m (cross sloé&ws$ignifies dv = 0.02).

Previous projects (Delanne and Violette, 2001) sftbwhat the formula (18) gives better
prediction than formulae from the literature. Irseaf ruts, the total water depth is the sum
of that given by (18) and that cumulated in the rut

longitudinal- section

slope vector highest point

transversal-
slope vector
flow line

section (1)

section (1+ 1)

Figure 10. Principle of determination of flow lines

The determination of flow lines is illustrated iigdre 10. The road lane is first divided into
1m-long sections. For section n° “”, the sum ofctees associated to longitudinal and
transversal slopes is plotted from the highest tpoirthe section. This line is then extended
by that of section n° “i+1”. The flow line is deéd as the chain composed of these
elementary lines. The water depth calculated frioenfliow line of section n° “i” is affected to
section n° “i+1”. More details are given in (Cereztcal., 2010Db).

Speed V, adapted to a visibility distance

Formulation

Another constraint imposed to the permissible spgdlde stopping distance, which must be
less than the visibility distance. For a vehiclarass M braking at speed V, the relationship
between the dissipated energy on a braking distaticend the loss of kinetic energy of the
vehicle is:
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(20) %EIM Vv?=MXd
where X : vehicle deceleration.
So
(21) V2 =20 ®
Since
. X [Z [(MI
(20  x=- =B LB 8-

where X : longitudinal friction force;
Z : load applied by the vehicle on the ground.
From which

(23) V2 =2y

Utilization of data collected in IRCAD project

The limit value \4 of the speed V in formula (23) is obtained by aepig “d” by the
visibility distance, which can be estimated frone tideo function of VANI (fig.8). The
friction coefficient u is equal to SFC(h) given ().

RESULTS

In this section, the use of the permissible speeddfagnosis and information purposes is
presented. Validation of models like water-deptbdgstion is given.

Comparison of water depths

Knowing the exact position of sensors measuringemwadépths, it is possible to calculate the
water depth from the formula (18) and compare itthe measurements. Water depths
recorded during 6 tol0 minutes of rainfall are u$edthe comparison with theoretical
values. The choice of 6-10min periods is justifisdthe fact that rainfalls of lesser duration
do not wet uniformly the surface (this assumptisrrue for drizzle usually encountered in
Brittany; it might not be valid for regions subjedtto storms). Figure 11 shows a good
concordance between calculated and measured v@dusst of 10 values is considered).
Some adjustments have nevertheless to be donetiim@mparison points are not exactly
on the bisectrix (Fig. 11).

It should be noticed that the sampling size is wnall. This remark stresses the difficulty to
obtain enough data and the necessity to disposengfduration experimentations to study
phenomena depending on atmospheric conditionsddiitian, formula (18) calculates only
water depths during rainfalls. Water depth becomalsas soon as the rainfall intensity term
is equal to zero. A model calculating water depthisng drying periods should improve the
methodology. Development of this model can be foun@ane and Do, 2011).
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Figure 11. Comparison between calculated and medsuaiter depths
Comparison of permissible speeds and travelled speeds

It is well known that travelled speeds depend affit. We study then firstly the distribution
of daily traffic for which an example is shown hetfigure 12.

Three periods of the day are defined:
e “night” period: 21h to 6h;
* ‘“base” period: 8h to 14h;
* “peak” period: 15h to 19h.

500

480 —heek day

Wi /_\\ —\Week End
- Pl

e | N
] N

i 3\
[/ bt

100 / / \

Traffic level fweh/h)

&0 / / \
o
DO O 02 03 04 05 06 07 08 09 10 11 12 13 44 15 18 17 18 19 20 20 22 23 0O

Hours

Figure 12. Distribution of daily traffic on roadc®n 1

Speed analyses are performed for each of thesedseNVeekdays (Monday to Friday) are
analysed separately from weekend (Saturday andayunDistributions of travelled speeds
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for free cars only are then plotted for each peraidthe day and for each modality
weekdays/weekend. For each distribution, values V@ are calculated on each
electromagnetic loop location (ST1 to ST3). In fakathe permissible speed is determined
by applying the whole method proposed in IRCAD. (imegnimum value between\and \4).

The comparison between permissible speed afdi road sections 1 and 2 are shown on
figure 13 and 14.

120 T

ST3

100 |

©
o

ST2
ST1

Speed (km/h)
2

S
o

—=-V permissible (5 mm/h)
—&— V85 - NIGHT PERIOD
—=— V85 - BASE PERIOD

20 +
i —A— V85 - PEAK PERIOD

f f f f f
1700 1750 1800 1850 1900 1950 2000
Location (m)

Figure 13. Comparison travelled/permissible speedsad section 1

For road section 1 (Fig. 13), daily travelled seeatl loops ST1 and ST3 are close from
permissible speed. For the night period, travelipdeds are clearly higher than permissible
speeds at loops ST1 and ST3. Accordingly for SEation, permissible speed is higher than
travelled speed. In this case the permissible speedd be limited to the legal speed
(90 km/h). Excepted for night period, the permiksispeed could be used as an alert speed
for the fastest drivers (the threshold value farezpis \4s).

120 T

ST ST2

100 |
ST3

80 {

60 |

Speed (km/h)

-8~V permissible (5 mm/h)
—-o-V85 - NIGHT PERIOD
—+—V85 - BASE PERIOD
20 ’ -#-\/85 - PEAK PERIOD

40 4

500 550 600 650 700 750 800
Location (m)

Figure 14. Comparison travelled/permissible speedsad section 2

For road section 2, the gap between travelled amdhigsible speeds is on the safe side for
loops ST1 and ST2 (Fig. 14). The comparison emphadhe difficulty on loop ST3 where

15



drivers go too fast in comparison with the sitefidifity, in particular for the moderate
rainfall intensity (5mm/h).

Thus, locations, where drivers do not adapt the@ed considering the risk of accident, can
be detected. Road managers can use this informtiassess risk of accident on the road
section and propose for example the addition ohwmarsigns on the road edge.

Use of permissible speedsfor the location of potentially slip sections

As indicated in figure 3, the calculation of pergilide speed depends on meteorological
conditions or directly on the road wetness (wateptd), geometrical parameters being
considered as constant. The choice of meteorolbgwalitions as inputs imposes a weather
station on the site and the use of a model weatietmess like formula (18) or of a more

comprehensive one taking into account the dryingpdeThe main advantage of this method
is that water depth can be estimated for the whade section using available data collected
by the VANI device. The only reasonable assumptmohe made is that the rainfall intensity

remains constant all along the road section.

The choice of water depth as input is more dirgatesskid resistance is directly modulated
by water depth. In addition, the water depth regmés current conditions and it is not
necessary to know if we are in a rainfall periochfter. Nevertheless, this choice imposes the
presence of a sensor measuring water depth orestesite. In addition, the measurement
being local (right at the location of the dedicasethsor), some assumptions have to be made
to extrapolate the local water depth to the whobarsection.

Regardless of the data type, the most importamhesté is the relationship between skid
resistance and wetness, such as in formula (17)chwiletermines the permissible-speed
profile all along a road section.

Speed calculation from meteorological data

Calculations were done for two intensities: 2.5muauild 7.5mm/h corresponding respectively
to moderate and heavy rainfalls. Figures 15 andHdv speed profiles for the two road
sections and three skid resistance levels: meastfgdi, SFC modified by respectively
2.5mm/h and 7.5mm/h rainfall intensities.

First, permissible speeds are not constant alomgad section. At many locations, the
permissible speed is even lower than the legaldsfmethis type of road (90km/h under dry
weather, 80km/h under wet weather). The three spegfiles are almost similar, except at
some specific locations:

- PR 1750 on road section 1 (Fig. 15) and PR 100@oad section 2 (Fig. 16) where
ruts increase significantly the water depth whaa raining and consequently reduces
the permissible speed,;

- PR 2200 on road section 1 (Fig. 15) which isve-lasibility section.

On road section 1 (Fig. 15), the peak on the speefile is due to a straight section. The

curve following this straight section causes a rgjralecrease of permissible speed at
PR 1950. The same pattern (peak followed by a Hegrease) is observed in the figure 16,
which is due to a straight section followed by aeseof curves reducing significantly the

visibility (and consequently ).
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The above analyses show that permissible-speedgsretin be used to locate road sections
presenting potential risk of loss of control of trehicle due to weather, to road geometry or
to pavement surface skid resistance. This studwstibat rain can reduce furthermore the
permissible speed at rutted or low-visibility sens.

130 T
[ —e— Speed calculated with SFC values

120 ,E —e— Speed calculated with 2.5 mm/h (rain)
F —&— Speed calculated with 7.5 mm/h (rain)

110 +
100 |

90 +

Speed (km/h)

80 |
70 +

60

50 +

40—y : :
1350 1550 1750 1950 2150 2350

Location (m)

Figure 15. Permissible speed profile on road sectitor two rainfall intensities
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120 T —e— Speed calculated with 2.5 mm/h (rain)
110 £ —— Speed calculated with 7.5 mm/h (rain)

100 +
90 £
80 £
70 +
60
50 £
40 £
30 f
20 +
10 £

0 N e B A — —

250 450 650 850 1050 1250 1450

Location (m)

Speed (km/h)

Figure 16. Permissible speed profile on road se@itor two rainfall intensities

Lastly, road authorities can use this informatioe. (strong decrease of permissible speed) to
choose the location of warning signs. Permanemtssggn be implemented where risks are
due to the road geometry. Weather-dependent sldtesvariable message signs, can be
implemented where risks depend on skid resistandenaeteorological conditions. For our
two experimental sites, potentially slip sectioms Bcated respectively at PR 2200 and PR
1000 for road sections 1 and 2 (Figs. 15 and X6jndans that warning signs must be
implemented at a distance — determined by safétg ruupstream of these locations.
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Evolution with time of permissible speed

Knowing the water depth measured locally and ugegmetry data provided by VANI, it is
possible to calculate the maximum water depth emewed on the road section and to locate
it. Calculations of permissible speed can then dredor two water depths: the water depth
measured by the sensor and the deduced maximum aegaih.

75 T

70 |

65 |
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45 — Permissible speed - Waterdepth measured by Vaisala

Speed (km/h)

5 — Permissible speed - Maximum waterdepth
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Figure 17. Permissible speeds calculated from medsand maximum water depths on

road section 1 (PR 2200 m)
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Figure 18. Permissible speeds calculated from medsand maximum water depths on

road section 2 (PR 1000 m)

Figures 17 and 18 present an estimation of perbiesspeeds depending on time at the most
dangerous section of both itineraries (i.e. locae2200 m and 1000 m). One can see that the
maximum water depth induces logically a furtheruan of permissible speed compared
with the speed calculated for the water depth nredsat the sensor location. The speed
reductions ranges between 6 and 9 km/h on roatheettand between 3 and 6 km/h on road
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section 2. The gap between the values of perméssdpleed calculated with the two
waterdepth is evolving with time.

To conclude, the use of local water-depth measunerakne is not sufficient to locate
potentially slip sections. Nevertheless, as we haesn in the previous section,
meteorological data alone cannot estimate watethdefter a rainfall. Both types of data
(meteorology, water depth) are then complementarprovide inputs for the calculus of
permissible speed during and after rainfall.

Towardsthe development of an information system

In this section, the principle of the informatioystem developed within the frame of IRCAD

project is exposed. The system architecture, thper@xentation (2-year duration) and the
evaluation of the impact of warning messages ovedtbehaviour are detailed in (Subirats et
al., 2009).

The main objective of IRCAD information system @sdalculate in real time a permissible
speed and compare it to speeds of approachingleshi& variable message sign is only
activated when the comparison criteria exceed ashtuld value. Two types of data are
collected and stored in the system:

“permanent” data: road geometry and surface cheniatics (macrotexture, friction
coefficient). These data are collected periodicddly dedicated devices (VANI,
SCRIM) and updated consequently;

- ‘“volatile” data: meteorological conditions (onllye rainfall intensity is used in this
study) by means of a weather station, and watethdejpy means of a dedicated
sensor (Fig. 5). As mentioned previously, both data necessary at this stage of
knowledge to provide water depths during and atefall. A wetting/drying model
like the one developed by Kane and Do (2011) shbelg reduce the number of
equipments.

The command function uses these inputs to calcelaténuously the permissible speed. It
should be noted that meteorological data are upgdatery 6 minutes during which the
system assumes that data from the previous 6-nsiqgtieod remain valid.

A radar is used to measure speeds of approachimngle® Speed values are then compared
to the permissible speed and commands are seimé teatiable message signs to activate (or
not) warning messages.

CONCLUSIONS

The purpose of this paper is to present a methggolo calculate speeds adapted to the
actual road skid resistance. This work is needexhlme a skid resistance reduction, due to
road wetness, is not always perceived correctlgibyers and one of the most efficient way
to mitigate slip risks is to reduce speed. The ated “permissible speed” is calculated
taking into account the equilibrium and the brakiligtance of a vehicle passing a curve. The
formulation depends both on road skid-resistancevestness.

For a road section, the calculation method takes@#s geometrical parameters (radius of
curvature, longitudinal and transversal slopeshtsijstance), skid resistance and water
depth. The method provides a permissible speecedoh road section. The road section
length depends on the sampling intervals used éynibnitoring device VANI.
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The proposed method can be used as a diagnosi®tdelect potentially slip sections, or can
be integrated in a comprehensive information systernwarn drivers about upstream slip
risks. For the diagnosis, it is possible to conita permissible-speed profile and detect
sections with potential slip risk. The calculatgubeds can be compared to legal speeds or
travelled speeds to evaluate the necessity to mmgaie a warning system, in case where
permissible speeds are inferior to legal or tracklspeeds. For the information, the
calculation formulae are implemented in a commamtttion taking into account permanent
data like road geometry and surface characterjstind volatile data like meteorological
conditions and water depths. By this way, the psegdomethod enables the modulation of
information sent to drivers as a function of metéagical conditions.
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