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ABSTRACT

This paper presents an overview of a National ptajarried out in France since 2014. The projeued
assessing the feasibility of using high-speed Wiitems for direct enforcement of overloads, and to
prepare their certification.

Specifications are proposed for a type-approvateuare, taking into account the requirements of the
Ministry of Transport. They follow the Internatidni@ecommendation R-134 of the OIML, with a few
adaptations and derogations. Field tests wereechout over 3-4 years on a motorway with two WIM
systems and more than 1,500 trucks and 330 vanstfie traffic flow. The accuracy of these systems
was assessed both by a statistical approach (CCG$ba8ed on tolerance intervals and confidencddeve
and a metrological approach based on maximum psitrteéserrors (OIML). Both WIM systems meet the
COST323 accuracy class A(5) for trucks and classOBfor vans, all with fully loaded vehicles.
Therefore, the feasibility of using high-speed Widd direct enforcement was shown. The next step wil
be the type-approval of the instruments. Finallg|ased test track (Transpolis, near Lyon) was psed

to carry out type-approval tests. Measurements twithinstrumented vehicles were done in 2019-2020,
in order to assess the maximum variations of tHe amrpact forces, and to compare them with the
measurements on the motorway and with the tolesaatéhe expected accuracy classes. The closed test
site is technically qualified to welcome type-apgitests of WIM systems or direct enforcement.

The project paves the way for direct enforcemeni\hiyl.

Keywords: Weigh-In-Motion (WIM), Direct Enforcement, OverlogdHeavy Commercial Vehicles.
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INTRODUCTION

Trucks are carrying more than 75% of the goodshenrbad in the European Union (EU), and
even almost 80% in some Member States, like ind&anhis mode share is slightly increasing oveetim
because of its efficiency and flexibility. Heavy agb vehicle weights and dimensions increase since
several decades, to face the increasing demandaafsgvolume, to reduce the congestion and the CO2
emissions(1l). The European Directive 96/53EQ) lays down the maximum authorized weights (in
international traffic) and dimensions (in natiorald international traffic) of heavy vehicles in tB&.

The common maximum weight for 5 and more axle Mehiis 40 t. However, the Member States may
authorize higher weight limits for national traffiend many of them did that. E.g. Scandinavian t@am
(Finland, Sweden) allowed the European Modular&ygst(EMS) since 1996 up to 25.25 m in length (by
derogation) and 60 t, followed since 2000 by sdvettzer countries, such as Denmark, Netherlands, an
then Belgium; Germany introduced the EMS up to # ¥olume demand. Recently Finland and Sweden
authorized EMS2 (second generation) up to 33 rength and 74 t.

Overloads are inducing infrastructure wear, botlpavements and bridges, reduce their lifetimes
and safety(3), and even in the worst cases may lead to bridiepses Figure 1). Overloads also affect
the road safety while increasing the truck instgbdnd the consequences in case of an acciderdllyi
overloads deeply affect the fair competition betw&ansport companies and modes. Heavier the weight
limits, more aggressive the overloads for a givemcentage of overloading. Therefore, the revised
European Directive 2015/71@1) on heavy vehicle weights and dimensions introdugedew article
requiring the Member States to perform overweightmls by WIM and to report to the European
Commission (EC). Because of the high heavy trafilume on the main European corridors (TEN-T:
Trans-European Transport Network), the lack offsfablice, weighing and traffic officers) and road
safety reasons, some Member States decided ina@sggor even implementing, direct enforcement by
WIM. It increases the frequency and efficiency @ight controls, and avoids stopping vehicles alibreg
roads. Czech Republic and Hungd®y implemented direct enforcement by WIM in 2011-200ijle
Belgium(6), Francg7) and Germany are on the way.

Fow
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: : Figure 1 Collapse of Annone
o o T L S bridge in Italy under a 108 t
= : e ~ A& fruck in October 2016 (legal

limit: 44 t)

However, using WIM for direct enforcement requisesype-approval (certification), initial and
periodic verifications of WIM systems by the Ledéétrology. Statistical approaches such as proposed
most of the WIM standards, ASTM131@®) or COST323(9, 10), cannot be used for such legal
applications, and the maximum permissible error?EY should be used as stated in the OIML
International Recommendation R-134).

The French Ministry of Transport committed IFSTTARODW University Gustave Eiffel) and the
Cerema in 2014 to carry out a R&D projét2) to prove the feasibility of using existing WIM sgsts for
direct enforcement, and to develop specificationsettify them. The first phase of this projectinpdeted
in 2018, showed, by testing two marketed WIM systewer 3 years on a motorway (A4), that it was
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possible to meet the required accuracy classes,LC3Mr 10 depending on the categories of heavy
vehicles. The second phase of the project ran 192021 developing the specifications and qualgyin
test site to certify WIM systems for direct enfaremt. Field tests also continued on the A4 motorway
above all with vans (3.5 t commercial vehicles)isThaper summarizes the proposed specifications,
reports the main results of the field test on meay over 2015-2019, and presents the procedure and
measurements to qualify a certification test sitEriance (Transpolis).

SPECIFICATIONS TO CERTIFY A WIM SYSTEM FOR DIRECT E NFORCEMENT
Frame

The certification of an instrument such as a WIMtey, for use in a legal metrology frame,
includes:

(1) a type-approval procedure, applied once to dehof the instrument and valid for all the copies
manufactured without any hardware or software nication,

(2) an initial verification performed on each negpy of the instrument after its installation orustment,

(3) periodical or in-service verifications, commprgerformed once a year, to check that the required
accuracy is still valid.

The OIML R-134(11) specifies the accuracy classes of WIM instrumemtsch are defined by
the MPE on gross vehicle mass (GVM), e.g. classes %, 10. The R-134 also specifies MPEs for the
axle loads. The recommendation also describes @egupe and test plan to assess the accuracy of any
WIM system by testing, within its range of operatid@his recommendation was developed in the early
2000s and first published in 2002, but only for ispeed WIM systems operated on dedicated weighing
area and relevant apron. In 2006, its scope wanedatl for use on road and in traffic lanes, atecurr
speed. However, most of the clauses and provisi@are not adapted, which causes some discrepancies
and difficulties to implement. In 2018-19, sevestdkeholders required a new revision to better @uco
for high-speed WIM, and above all for direct entarent in the traffic flow. This revision is stilh i
progress in the OIML committee TC9/SC2/p11.

In each country, the Legal Metrology OrganizatiddtMQ) is in charge of approving the
specifications and procedure for the certificamdWIM systems operated in a legal frame. LMOs myost
apply the R-134, but sometime with national adégator derogations, taking into account the eratsis
or clients’ requirements. Therefore, in France IFBR was committed to develop, jointly with the
Cerema, specifications meeting the requirementgesspd by the Ministry of Transport for direct
enforcement of overloads. The SPW (Public Servic@/allonia, Belgium) is doing the same to certify a
WIM system for direct enforcement with a slightlifferent approacl6).

French requirements and specifications for type-apmval of WIM systems for direct enforcement

The proposed specifications are based on the R4134They apply to high-speed WIM systems
using road sensors installed on open highways astdrmays, operated in the traffic flow. The eligibl
OIML classes for the GVM are 2, 5, 10, with two #iddal classes proposed if needed, 15 and 20yetot
in the R-134 but proposed in the revision. The sdasfor axles loads are D, E, F and an additional
proposed class G, with MPEs of 4, 8, 16 and 32%¢ivice, but for a 2-axle rigid lorry with half tifese
MPEs). The proposed multiplicative coefficient apglto the MPE for type-approval test and initial
verification is 0.8 instead of 0.5. Various categerof heavy vehicles may be weighed in different
accuracy classe3 éble 1). While the aim is enforcing overloaded vehiclasly fully loaded vehicles, at
or above the maximum permitted weight, are recongedrfor the testTable 1). The French LMO
should still approve these clauses. The tandens axilé not be enforced, at least in a first stepcduse
their maximum authorized weight depends on the spéeing, which is not a certified quantifyable 1
also indicates the lower and targeted accuracywetafor each quantity, as expressed by the Minidtry
Transport. However, the final accepted class wékeinthe performances of the submitted WIM systems.
The class 5 corresponds to the current toleran@ngh static controls by the driving law, i.e. 5%he
aim is not to increase this tolerance to avoidiaoyease of the overloads. However, for the vamsraay
be the 2-axle (or 3-axle) trucks, the accuracy d¥\8ystems may be lower than for heavier trucks and

4



b wWN PR

21
22
23
24
25
26

Betaille and Jacob

higher tolerance (e.g. 10%) corresponds to a longbetra amount of goods and of aggressivenessash ro

infrastructure.

TABLE 1 Categories of vehicle to be enforced, maxiom permitted weight, test range and targeted

accuracy classes

Category of vehicle | Max permitted GVM Test range Lower/targeted accyicdass
Van 3,500 kg > 3,500 kg 20/10
2-axle rigid* 19,000 kg* > legal limit 10
3-axle 28,000 kg > 28,000 kg 10/5
4-axle rigid 32,000 kg > 32,000 kg 5
4-axle articulated 38,000 kg > 38,000 kg 5
5 and more axles 40,000 or 44,000 kg > 40,000 kg 5
Axles Max permitted load Test range Lower/ targetecuracy class
Single axle 13,000 kg 10,000-25,000 kg F/IE
Tridem axle 27,000 kg > 24,000 kg FIE

* There are several legal limits in this category

ASSESSED ACCURACY OF WIM SYSTEMS ON A MOTORWAY
Objectives and methodology

Two commercial WIM systems (Kapsch and Sterela)irstalled and tested since 2015, by the
Cerema (East unit in Metz), on the A4 motorway P& Strasburg) in Saint-Avold, eastern France
(Figure 2). The test site meets the requirements of a @qg®od) WIM site according to the COST323
specifications. This site is also used for pre«t@a of overloads. A control area is located 7 km
downstream, right after a main tollgate, equippéith wn approved in OIML class 5 static axle scale f
enforcement. During the control periods, the statighs are used as references to assess the@cofira
WIM data. The vehicles from the traffic flow areigieed once in static.

Both WIM systems use piezo-quartz Lineas sensotsi§tjer with the layout shown iRigure 3.
Kapsch uses 3 rows of WIM sensors, and two slaetwensors for dual wheels detection and wheel
location. Sterela uses 4 rows of WIM sensors, avieshaped set of sensors.

1,5%

vans

2-axles
m 3-axles
m d-axles 17,7%

B 5-axles

B 6+ axles 1.9%

2,9%
Figure 2 Test site on the motorway A4 in

Saint-Avold (SANEF), and population of
reference vehicles from the traffic flow

From November 2015 until August 2019, 1,253 truakg 332 vans from the traffic flow were
weighed in static over 36 days of measurementanifay the reference vehicle set for accuracy
assessment(gure 2). These vehicles were mainly fully loaded or dligloverloaded, and pre-selected
by a third WIM system. The accuracy of the WIM sys$ and their capability to perform direct
enforcement are assessed by evaluating the stakistccuracy according to the COST323, which is
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acceptable in this study phase, and in full repedility conditions (using vehicles from the traffilow).
However, the errors exceeding the MPEs of the Olflisses are also noted, in accordance with the
criterion fixed for direct enforcement.

1. Inductive Loop
2. WIM Lineas Sensor
3. DualTire Sensor
,C' ) Q) vy
=

I I\ Dl of
(@) (b)

Figure 3 Layout of (a) Kapsch system, (b) Sterelaystem

4. Temp. Sensor
5. Overview Camera
6. ANPRCamera

1. Pole
8. Lane Controller

9. GPSAntenna L g L

Results and conclusions

Over the whole test period, the Kapsch system el measurements over 19 days, providing
validated data for 559 trucks among 561 measur@981single axles among 1,103, 553 groups of axles
among 555 and 182 vans among 186, i.e. 99.5% mfatatl measurements. The Sterela system delivered
data over 36 days, for 1,042 trucks among 1,253uared, 2,035 single axles among 2,449, 1,045 groups
of axles among 1,260 and 307 vans among 332, h&vwea83% of validated measurements. Doubtful
measurements are eliminated by these systems atihbalgorithms, and thus neither accounted for i
the statistics or MPE assessment, nor leading yonsong penalizing. Because of some technical ssue
the Kapsch system only worked over a bit more thalf of the period.

TABLE 2 Numbers of functioning days and measuremerst and accuracy of both WIM systems
according to the COST323, conditions R4-I1l for eals WIM system.

KAPSCH Number| Mean (%) Std deviat (%)| T, Class o Omin L
gross weight 559 1.68 1.96 91.7 A(5) 5 4.6 94.6
group of axles| 553 2.42 2.45 91.7 A(5) 7 6.0 96.7
single axle 1098 0.83 2.87 92.1 A(5) 8 5.4 99.1
Vans 182 1.18 3.99 90.5 B(10) 10 7.6 97.5
STERELA Number| Mean (%) Std deviat (%)| T, Class o Omin L
gross weight | 1042 1.42 2.02 92.1 A(5) 5 4.4 95.5
group of axles| 1045 2.35 2.73 92.1 A(5) 7 6.4 95.4
single axle 2035 0.37 3.51 92.4 A(5) 8 6.4 97.4
Vans 307 3.22 2.70 91.2 B(10) 10 7.6 98.4
KAPSCH STERELA
GVM GoA SA Vans GVM GoA SA Vans
Period 1 4.3 A(5) |6.0 A(5)|5.0 A(5) |5.7 B+(7)|4.6 A(5)|6.5 A(B)|6.4 A(5)|7.6 B(10)
Period 2 5.2B+(7)|6.4 A(5)|6.2 A(5) | 7.4 B(10)|3.7 A(5)|5.8 A(5)|6.4 A(5)|8.3 B(10)
Period 3 5.1B+(7)|4.8 A(5) |8.7 B+(7)|9.0 B(10)(4.1 A(5)|7.0 A(5)|7.4 A(5)|7.2 B(10)
Total 4.6 A(5) |6.0 A(5)|5.4 A(5) |7.6 B(10)|4.4 A(5)[6.4 A(5)|6.4 A(5)|7.6 B(10)

Lower part: each cell contains tbgi, and the accuracy class.
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Table 2 gives the accuracy of each system according taCtO&8T323, over the whole period,
from 9/6/2016 until 8/28/2019 for Kapsch, and frat/9/2015 until 8/6/2019 for Sterela. This provides
fruitful information on the performances of the tgyss, prior to a future type-approval to be dontwi
respect to the OIML recommendation. The means tardtlard deviations are those of the relative errors
of the WIM data vs the static weights measuredhenapproved axle scale (the gross vehicle weigtht an
group of axle loads are obtained by summing uprtiidual axle loads). The test conditions are fRé,
reproducibility, as all the vehicles are taken I ttraffic flow and weighed once, and I, i.e.lful

environment reproducibility (more than a year afiteg). TG is the minimum confidence level required for
each entity (gross vehicle mass — GVM, single ax®A and group of axles — GoA loads), which depends
on the sample size (statistical uncertainty), @ntést conditions (repeatability/reproducibility)daon the

entity. dmin is the lowest tolerance (half of the confidencterival width) which exactly matches the
confidence levelT,. d is the tolerance of the accepted accuracy clasedoh entity, and is greater or

equal todnmin. Ttis the confidence level of the intervad;@], and is greater or equal 1@ (11).

The accuracies of both WIM systems are very simitaclass A(5) for all entities of the trucks,
and in class B(10) for the vans. The analysis, dtswe for 3 sub-periods between the systems adpmstm
(recalibration), is reported in the lower partlable 2 The Kapsch system was adjusted late March 2018
and mid-June 2019, while the Sterela system wasstat] mid-May 2017 and in October 2018. The
accuracies of each system in each sub-period (fstido 3) are very close to the accuracy ovemtiae
period. A more detailed analysis day by day wasegdshowing a slight drift and bias increase wheth |
to annual recalibratiori{gure 4).
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Figure 4 Evolution of the mean bias along the timend adjustments (recalibrations) —
Sterela system

These results are encouraging and in agreementtidthequirements expressed by the Ministry
of Transport. However, the metrological requirersesmate more demanding than the COST323, because
all the errors should be lower than the MPE of igtained accuracy class, to guarantee that no leehic
could be wrongly penalized (false detectioMable 3 shows the numbers and proportions of
measurements, by entity and systems, which exdeedIPEs of the OIML classes 5 and 10, over the
whole period. The MPEs are 5 and 10% for GVM arah@ 16% for axles and groups of axles in classes
5 and 10 respectively, for in-service verificatidtor trucks, the class 10 is almost met, all altrg 3
years (Kapsch) or 4 years (Sterela), with only 4 tneasurements out of the tolerances (less t128a)0.
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This is fully satisfactory on a class 2 site. ThBPB4& of the class 5 are only exceeded by less t586 &f

the trucks, mostly at the end of each period batweealibration. It means that the class 5 is aetiite,
either by a more frequent recalibration or by inyimg the sorting process implemented in each system
which eliminate the doubtful measurements. Reduby® or 10% the rate of validated measurements
would not significantly affect the efficiency ofrdict enforcement, but would reduce the tolerances a
thus the overloads. For the GVM of vans, the clds#s almost met by the Kapsch system and notfar f
Sterela, and again would be achievable by sligitigreasing the validation rate. On a class 1 sii@s
shown that the classes 5 and 10 are met by trugksans respectively.

TABLE 3 Numbers and proportion of measurements exaing the MPEs for OIML classes 5 and
10

KAPSCH STERELA
OIML GVM GoA SA Vans GVM GoA SA Vans
class5 | 203,6% |5 0,9% | 17 1,6% | 42 23,1% | 36 3,5% |27 2,6% |50 2,5% |74 24,1%
class 10 0 0 2 02% 1 0,6% 0 2 02% 02%|9 2,9%

All these results led to the feasibility of usingspeed WIM for direct enforcement, without
increasing too much the tolerances. However, theufisatured WIM systems remain to be type-approved
by the LMO.

QUALIFICATION OF A CLOSED TEST SITE FOR TYPE-APPROV AL
Interest to do the type-approval tests on a closegite

At this stage, it is proposed to carry out the tgpproval tests on a closed test site for the
following reasons:

- it is much safer to perform such tests outsidéheftraffic flow, above all for the lowest speassfor
runs which may not be centred in the traffic lane,

- it will not be allowed to run overloaded vehiclas an open road,

- the runs on open road, and above all on motorveawk highways, generally are much longer (loops
between two exit/entrance), and require much more and fuel (thus CO2) than on a closed site,

- most of the required tests may easily be done olosed site; if a few complementary tests recfinee
traffic flow, they will be done on an open road.

Moreover, if the test site is slightly better themme operational WIM sites, it is not an issue
because the type-approval test determines theabestacy class in which an instrument may be uSed.
each operational site, each copy of the WIM sysiglinpass an initial verification and may be deeldr
and operated in a lower accuracy class, accorditigetsite characteristics.

This section presents a proposed closed testfeitdsrench or European certification of WIM
systems for direct enforcement, which may be opedhé interested countries.

However, the SPW in Wallonia (Belgium) preferrect&nry the type-approval tests on open road,
after rebuilding the pavement on the site.

Presentation of the Transpolis test site and objeetes of the trial

The site of Transpolis is proposed. This site wagetbped to carry road and street tests of
solutions and equipments for new mobilities, imeltonomous vehicles, both in urban or interurbaa.ar
The test site is located 30 km northeast of LyamariEe), on a former military ammunition storage pam
of 80 ha. The area with the former storage builsimghose facades are modelling houses and buildings
represents a “city’Kigures 5 and §. Streets were built in this area, which is sunaed by a circular
boulevard. The WIM test zone is located on a sttangain boulevard (6 lanes) crossing this areaisnd
1 km in length. There are more roads and portiédmsatorways outside the “urban area”. The sitaullyf
equipped with energy and telecommunication faesitincl. 4G and Wifi. An axle scale is availabieai
garage located near the site entrance where theetaisles are prepared.

8



NoOoubhwNR

Betaille and Jacob

Before proposing this site for type-approval tete,aim was to qualify it for this purpose. Fitst
was required to find a location where all categooétrucks could run at current speeds (up toréthk
even fully loaded, and in safe conditions. This welievable on the main boulevard because of thé ro
coming from the site entrance almost aligned wit{Figure 5). The braking distance after the section
planned for WIM installation is long enough (400 tm)educe the speed and take the turn on thelaircu
boulevard. Using the other roads of the site, thektcan achieve a loop in 2-3 min.
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Figure 5 Transpolis closed test site

The most important question was to verify thatpghgement on the test location is representative
of a common/good motorway or highway pavement. $k ste should have a good evenness in order to
avoid too much dynamic effects, which may refraiWiM system to meet the expected accuracy class.
Reversely, the LMO requires that the test sitedsmuch better than the sites on open road where th
WIM systems will operate after approval. Therefdveo vehicles were instrumented as described in the
next sub-section, a 5-axle articulated truck afigha commercial vehicle (van), to perform measueais
in Transpolis and on the site of Saint-Avold on thetorway A4, where the tests with vehicles from th
traffic flow were already conducted.

In the current version of the R-134, a half toleemmapplies for the MPEs of type-approval tests
and initial verification, i.e. 2.5 and 5% respeetiv for the GVM in classes 5 and 10. This is very
demanding, and therefore some members of the OliMhnaittee TC9/SC2pl1l proposed to take the full
tolerances for all tests, while some other memfiacs. France) proposed to apply a reduction coedfit
0.8 instead of 0.5. It is mandatory to check thatdynamic variations of the axle loads do not eddeo
much these reduced tolerances on the test sitervwddie the type-approval test may reject the tedyet
accuracy classes. On some operational WIM site \ather characteristics, a WIM systems type-
approved in a given accuracy class may fail theirements during the initial verification. In thisse, it
may be used in a lower accuracy class (with highlerances). However, the opposite is not posshle.
WIM system type-approved in a given class can néeeaccepted in a better class, whatever thelinitia
verification. Therefore, it is safer, both for thendors and for end users, to carry the type-appriests
on a good site, representative of the best highwadnese weighing should be performed. The trialsegim
to compare:

(1) the variations of axle loads and gross vehagght of fully loaded instrumented vehicles, at
speed in Transpolis, with the required tolerances;

(2) these variations of axle loads and gross vehi@ight with those of the same truck (T2S3)
operated on the motorway A4, in Saint-Avold.

Vehicle instrumentation and assessment of the aximpact forces
Accelerometers and inertial measurement units (IMiEre mounted by the Cerema (Centre-East
unit in Lyon) on the tractor, the semi-trailer besland axles of the articulated truck T2Eigre 6), and
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on the body and axles of the vdfigure 7), to measure the vertical accelerations of susgerahd
unsprung masses.

Top view

Lateral front view

The axles of the T2S3 are instrumented with
accelerometers (in red), as the front suspensiors ar
and the rear axle of the van. The IMUs are mounted
the tractor and on the semi-trailer of the T2S3 (in
blue), and on the body of the van (in green). Tagd
sampling was done at 100 Hz.

A filtering of the recorded accelerations by freqcye
ranges allows distinguishing those of the suspended
masses (tractor, semi-trailer and van bodies),hen t
range of 1 — 2.5 Hz, and those of unsprung masses
(wheels, axles and suspension arms), in the rahg@ o

— 18 Hz. A third range of eigenfrequencies 5 — 9 Hz
corresponds to the wheel imbalance of the truck.

Figure 7 Sensors location on the van

Impact forces can be derived from the masses aceleaations. For a rigid body with a mass M
and a single support point, the impact force aintlse expressed d&s:= M(g+y(t)), where g is the gravity
intensity (g = 9.81 m/s2) angt) is the vertical acceleration of the body in motatrt. For a suspended
mass moving on a not even pavemgftj,varies around 0, with a maximum amplitugg, (assuming that
the variations are symmetrical betwegn.zand #may). The dynamic amplification factor (DAF) may be
expressed ad = Yma’Q.

For a 2-axle rigid vehicle, the model is a bit mooenplex. Three masses are involved; M,
and M, the unsprung mass of the first axle, thgpumgy mass of the second axle and the suspendexd mas
of the body. If these masses are affected onlydoioal accelerations, g, Y. andy, the impact forces on
each axle i are given bif; = aM(g+y) + Mi(g+y:), where ais the proportion of the body mass M carried
by the axle i. The DAF of the axle i is given ;= (aMy+M; y))/(aM+M;)g. If the vehicle is affected
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not only by bounce motion, but also by pitch motipe. a rotation aound a horizontal axle perpanidic
to the vehicle, the impact forces are modified;abefficients gfbecome time functions.

For a 5-axle articulated truck, the model becomesnemore complex. There are 7 masses
involved, M, to Ms, M; and M, the unsprung masses of each axle, the mass tttter and the mass of
the semi-trailer. In addition to the vertical aerations of each mass, more accelerations areajeddry
the pitch motion of the tractor, of the semi-trgiland some load transfer from the semi-trailethi®
tractor via the fifth-wheel coupling. The wheel iatdnce effect must be considered. Roughly speaking,
the unsprung masses are generally around 1/1@ c¢fuspended masses.

Using the on-board measurements provided by thgumented vehicles, and with a few
simplification assumptions (e.g. pitch motion igleeted), the proposed estimate of axle i impaatefds
given byEquation (1):

Fi = (Wi-Mi) Ysmi + Mi Yumi + M'i Yo i (1)

where W is the static load of axle i - the truck being giead axle by axle on a horizontal area — including
M; the unsprung mass of the axle i (sum of the mafiseowheels on axle i and the axle itself mass) an
the proportion of the suspended masses supportatebgxle i.ysm ;i is the component of the vertical
accelerations of the suspended masses supportdte axle i,y.m i IS the acceleration of the unsprung
masses of the axle i amy, ; is the acceleration due to the imbalance of theelghof axle i. M'is the
mass of the wheels on axle i. Some of these valees provided by the truck manufacturer MAN. The
last term ofEquation (1) summarizes the forces induced by the wheel imicalan the axle i, but should
be split wheel by wheel.

The dynamic amplification factor related to theesixis estimated byD; = R/gW, - 1

and for the whole vehicle (GVMP = 2(F)/Mg - 1 where M =,(W,).

Measurements and results

The first measurements were done in Transpolispril 2019, with the T2S3Rigure 8). Only
the tractor was instrumented. The truck was loadetD t, with 7 t on the steer axle, 11 t on theedaxle
and 22 t on the tridem (semi-trailer). It did a feeries of 6 runs at 90, 70 and 50 km/h, on a déslic
lane, and a few more runs on adjacent lanes to amrihe effect of the evenness. The estimate of the
dynamic amplification factor for the steer axle vemeund 4.3% and for the drive axle it reached 5.5%
The values are less than the MPE of axle load enQRML class 5 (8%), and even less than 0.8*MPE
(6.4%). Therefore it was decided to continue tlvedtigation and qualification of the Transpoligsit

In July 2019, the same T2S3 was driven to Saintidhem the A4 motorway, fully instrumented
on all axles, both tractor and semi-trailer. Ttagistaxle loads were 7 t (steer axle), 11.3 t @axle), and
22.7 t on the tridem, for a GVM of 41 t. The unsmumasses of each axle provided by MAN were:
535 kg, 1,090 kg, and 3*375 kg. The truck did 2dsron the site where the two WIM systems (Kapsch
and Sterela) are installed. Each loop took appm0(a bit more than 30 km). The speed range was 68
to 89 km/h, with 13 runs above 87 km/h. A halfto runs were done with the truck centred in trdffre
equipped with the WIM sensors. 4 to 5 runs wereedeith the truck on the left and right part of the
traffic lane. The dynamic impact factors of thectom axles (steer and drive axles) varied from 7%
For the axles of the tridem these factors did moeed 4%. These values are slightly higher fortrthetor
than those gathered in Transpolis, because of dvenpent evenness (site in class 2 according to the
COST323, vs class 1 for Transpolis). However, thesees remain lower than the MPE in class 5
(OIML), and moreover, each WIM system uses at I&sbtws of WIM sensors, averaging the impact
forces. The maximum error on axle load with the $Gpsystem (3 sensor rows) was 5.3%, while with the
Sterela system (4 sensor rows) the maximum errgrd®6. Roughly speaking, and if the sensors spacing
is well designed, the dynamic factors may be reduge to 40% (1¥3). The maximum errors of each
WIM system are slightly above these reduced valbes,in the same order of magnitude. They are
compatible with the tolerance of the class OIMLOb dxle loads, even with a 0.5 or 0.8 factor fatiah
verification.
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Figure 8 Trial in Transpolis on the main boulevardin the “urban area”

10

Figure 9 Dynamic amplification factor (DAF)
120  of the van depending on the speed (Transpolis,
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Figure 10 Measured
vertical accelerations of
the tractor (T2S3), in
Transpolis (top) and
Saint-Avold (bottom)

Finally, a last series of measurements were don@&ramspolis in July 2020 with the two

instrumented vehicles, T2S3 and van. The T2S3 @idiBs at speeds from 50 to 90 km/h. The van did 37

runs at speeds from 50 to 120 km/h. The T2S3 wadekd as in 2019 (40 t) and the van at 3FBdure 9

shows the increase of the DAF for the van (gro$dcle weight) with the speed. The mean DAFs at 50,
65, 85, 110 and 120 km/h are respectively: 1.3%803.5.1%, 6.7% and 8.2%. They are all compatible

with the MPEs of the OIML class 10 for in-servicerification, and of the class 15 for type-approsadi

initial verification.
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Figure 10 compares vertical accelerations of the tractoiS@)Zor runs at 90 km/h in Transpolis
and Saint-Avold in 2019. In Transpolis, the acaiens are quite high, up to 0.8 g along the 500mez
from the beginning of the test zone. After that {6QL30 m), the vertical accelerations are muchelow
less than 0.5 g given the excellent pavement ewsnridis difference is explained by a rough paveémen
joint at a crossing 50 m before the test zone. Adwnce oscillations initiated when the vehicle passn
the joint are decreasing and are damped after65navelengths. If type-approval tests are carrigdon
this site, the joint will be planed. However, withis unevenness, the test site may represent eliffeeal
pavement surfaces.

These trials fully qualify the site of Transpols ¢arry out type-approval tests of WIM systems
for direct enforcement. The safety and facilitiestlois site are fully satisfactory, the test ruas be done
in 2-3 min on a loop of app. 2 km, which may saveteof time and fuel compared to a motorway site.
Each category of vehicle (van to 40 t truck) mascteits maximum allowed speed even fully loaded.
With 6 traffic lanes is it possible to install atebst several WIM systems without any interfereridee
pavement conditions are representative of thoseast of the highways and motorways in Europe, &ith
good evenness (class 1 WIM site according to th&T323). Moreover, as it is a closed site, it issfus
to operate overloaded vehicles to check the system®st of the operational range of weights. Catie
loads cannot exceed a safety limit for the pavenm@eqgrity, but for a few runs in a trial, this litms
higher than the 13 t authorized on the French roadd last but not least, the expected lifetimethef
pavement on such a closed test site is much Iadhgearon a trafficked motorway. Thus, the sensoth®f
WIM systems installed for type-approval tests caudvive for many years and be reused at any time i
the manufacturer want to improve its certificateaéin evolution of its hardware or software.

The dynamic amplification factors observed in Tralis are slightly less than in Saint-Avold and
compatible with the requirements of the target emcy classes. They even do not exceed the half-
tolerance (MPE) of the target classes.

CONCLUSIONS

The project on direct enforcement of overloads di¥Miesults was a great challenge pioneering a
very demanding new application of high-speed WIMaitegal metrology frame. The needs for more
efficient enforcement of overloads are great, lotlensure a fair competition between transport rmode
and companies, to extend the lifetimes of roadtasaad to increase road safety. Direct enforcersent
the future in a world of automated and connectedcles, and the only solution to face the incregsin
flow of heavy commercial vehicles. However, it waandatory to prove the feasibility of using markiete
WIM systems for direct enforcement, within the taleces fixed by the end-users and the legal mejyolo
organization (OIML).

A large scale test was organized over 4 years, oanaessionary motorway (A4, SANEF) in
Eastern France, involving two volunteer WIM mantifaers, Kapsch and Sterela. Two WIM systems,
predesigned for future direct enforcement, usirgpeetively 3 and 4 rows of piezo-quartz WIM sensors
were successfully tested with more than 1,800 swid vans of the traffic flow, weighed in static an
approved axle scale. Their accuracies were assdssbdby a statistical approach described in the
COST323 (European specifications/pre-standard fdMMWand by a metrological approach (MPE)
following the R-134 International Recommendatidrwas shown that both WIM systems were very close
to meet the requirements of the OIML class 5 fdlyfloaded trucks, and class 10 for fully loadechva
With periodical adjustment (recalibration) and gprapriate sorting algorithm to eliminate the ddubt
measurements, the WIM systems could deliver raiakasures of overloaded vehicles with a high rate
of success.

Specifications were developed to submit a type-@mdr procedure, following the R-134 and
slightly adapted to the end-user’s requirementss Ptocedure is now under investigation by the Enen
Legal Metrology Organization and its National TiegtLaboratory (LNE), which must approve it before
implementing it. A closed test site was also fo(ificanspolis), where the type-approval tests spetifiy
the R-134 could easily be performed. Trials andsueaments were done with two instrumented vehicles,
a 40 t tractor with semi-trailer and a 3.5 t vaheTesults demonstrated that the pavement andorofite
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on this site were both representative of most xjshighways and motorways, and that the dynamic
variations of axle loads and gross vehicle weighticed by the pavement profile remain compatibté wi
the reduced tolerances of the type-approval tests.

However, the implementation of direct enforcementow under the control of the competent
authorities, Ministries of Transport, of Interiaf Justice, the French Legal Metrology Organization
the certification, and a few other organizationsimed in road traffic enforcement.
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