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PREFACE

The International Cdrrence on Weigtin-Motion (ICWIMG6) returns to North America to join with
NATMEC 2012 North American Travel Monitoring Exhibition and Conference. The first time was in
2002 (ICWIM3), in Orlando, Florida, with the support of the lowa State University. The
Transportation Research Board (TRB), in charge of NATMEC, brought a strong support to the
International Society for Weighn-Motion (ISWIM) to join the efforts of the two Organizing
Committees in preparing for a successful event.

NATMEC is the premier fum for travel monitoring in the United States. It began with the focus on
weighin-motion (WIM) and has continued to bring together the WIM community for over forty years.

The 2012 theme: "Improving Traffic Data Collection, Analysis, and Use," framessliaged
conferencesd goal s. Bringing together the inter:i
excellent opportunity for assessing statéhepractice, identifying future research needs and
strengthening the WIM community for future progress. Theceedings provide an excellent

reference to those interested in quantifying loadings and traffic using WIM. NATMEC 2012 is
supported by the U.S. Department of Transportation, hosted by the Texas Department of
Transportation, cosponsored by AASHTO and hoeth Central Texas Council of Governments and
organized by Transportation Research Board.

ICWIM has a rich history, first held in Zurich (1995), and followed by Lisbon (1998), Orlando (2002),
Taipei (2005) and Paris (2008). ICWIM has covered WIM telduies, standards, testing and
applications of WIM to traffic monitoring, infrastructure engineering, enforcement and road pricing.

Freight transport delivered on road by commercial heavy vehicles is a key factor for development,
trade and economical gmth. However, the society has to face important challenges on the
environment (CO2 and noxious emissions) and energy savings, and thus shall ensure harmonized and
balanced development of all the transport modes. Therefore, it is crucial that all thegbedvy
vehicles comply with the legal limits and regulations, wherever they are travelling, to be operated at
fair cost, to facilitate the intenodality and to ensure a fair competition in freight transport. The issue
has become timelier in many parts oé thvorld, longer and heavier (higher capacity) vehicles are
being introduced to improve the freight transport efficiency and to reduce congestion and CO2
emission. Road safety remains one of the priorities in all countries, but above all in the develdping a
emerging countries, where almost 1 million people are killed on roads every year. Overloaded trucks
contribute to unsafety and severe accidents, above all for vulnerable users. With the financial crisis,
governments, public authorities, road owners apdrators have encountered difficulties to finance

the construction and maintenance of road infrastructures. Thus, the general trend is to increase the
infrastructure lifetimes and to cut the maintenance budgets. To keep a satisfactory quality it becomes
necessary to avoid any overload, and thus to efficiently enforce the weight limits. WIM systems and
technology is necessary to screen all the heavy vehicles and to help, if not to perform, the enforcement
operations.

To optimize road infrastructure designd maintenance and minimize the related costs, it is necessary

to get extensive and accurate data on weights and flows of axles and vehicles on each road section, as
well as time based trends. Advanced bridge and pavement calculation models requirednmogea
accurate data, as well as innovative road operation and pricing tools. Therefore, WIM becomes part of
a global ITS trend for heavy traffic management, as developed in Australia with the Intelligent Access
Programme (IAP). It is in this context,@ppeared appropriate to merge again, 10 years after ICWIM3

and NATMEC 2002, the ICWIM6 and NATMEC 2012 conferences into a single larger event covering

a wider domain and addressing a broader range of issues. It provides an opportunity to promote
exchangesf experience between more scientists, researchers, engineers and other professionals.
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The conference addresses the broad range of technical issues related to weight measurement sensors,
technologies and systems, weight data management and quality nassueaforcement, road
operation and pricing and infrastructure related issues. It provides access to current research, best
practice, and related policy issues. It is a radiiciplinary, interagency supported event. It provides

an international forumadr WIM technology, WIM standards, research, policy and applications, and it
reviews new developments since the last International conference (ICWIM5).

This conference promises to be more successful than ever, with almost 70 abstracts submitted,
reviewed ly the International scientific committee, with 50 papers accepted, from 20 countries. The
conference is organised in 6 oral sessions, one poster session and 2 panel discussions, all of them open
to all the delegates registered to ICWIM6 or NATMEC2012. €hsessions cover a variety of topics
including:

1. WIM Algorithms, Technology and Testing

2. WIM for Enforcement

3. WIM Standard, Calibration, Data Quality and Management

4. WIM Implementation, ITS, Traffic Monitoring, Safety and Environment
5. Applicatian of WIM to Bridges

6. Application of WIM to Pavements

An industry exhibition is organised by NATMEC to facilitate the meeting of delegates with
manufacturers and users of traffic data and monitoring systems, WIM and related technologies.

The conferencés supported by International organisations such as the OECD/JTRC (Joint Transport
Research Centre) and the FEHRL (Forum of European Highway Research Laboratories), the FHWA
(US Federal Highways Administration) and the TRB (Transport Research Board).

We geatly appreciate the major sponsors of the conference: International Road DyhdRIXs,
TDC Systems, Traffic Data Systemd DS, Kistler and Indra Esteio SistemadESSA -, and the
regular sponsor (Sterela) for their support.

We welcome all delegaseio Dallas and to thé"8nternational Conference on Weigi-Motion.

AnnMar i édDoMNEL L Ber naacdBJ
ConnDOT, United States | FSTTAR,n cke

Conf er encb6e ed ICAMI rMs

Tho na SPAL MERLEE
TRB, United States
NATMEC 2012 chair
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This is the sixth International Conference on WeigtMotion (WIM) and the enthusiasm is there for
delegates tdravel to the farthest corners of the world to share experiences of WIM and hear about the
latest developments. The International Society for Waighlotion (ISWIM), an international net
for-profit organisation based in Switzerland, was born in 2007 adficially launched in 2008, to
welcome all with a common interest in WIM. It supports advances in WIM technologies and promotes
more widespread use of WIM and its widespread applications.

Organizing WIM conferences and seminars is a major objectiWIMSsuccessfully held the's
International conference ICWIMS5 in Paris in May 2008, with the support of the French Laboratoire
Central des Ponts et Chaussees (now IFSTTAR). In April 2011, with the support of the DNIT
(Department of Transport of Brazil) atlde Federal University of Santa Catarina, a very successful
International Seminar was organized in Florianopolis (Santa Catarina, Brazil). Additionally the Latin
American regional group of ISWIM was initiated. Furthermore, in North America, the TRB sub
committee on WIM is forming a regional group of ISWIM, and the European community of WIM
carried out in the 19906s and 200006s i mportant
REMOVE, Fiwi).

ISWIM is active on the Internet through its web sitét{://iswim.free.fj. This web site offers an
International portal for WIM, with many resources, such as scientific and technical publications, links
to WIM web sites, and facilitates exchanges of WIM experiences. The welksitdhas details of
affiliated vendors (i.e. The Vendor College). ISWIM has a scientific interest in WIM standardisation
and in promoting common tests and assessment of WIM systems and an application interest in
exposing endisers to the myriad of uses.

ISWIM consists of individual and corporate members. The Vendors College comprises 15 commercial
enterprises, mainly WIM system manufacturers and vendors. There is a Board of 15 members which is
elected by the General Assembly of all members. There is nbership fee for individuals. There is

a membership fee for companies and organisations. So, please join us and become an active member
of the ISWIM community by signing up on the ISWIM web shigp://iswim.free.fr

The Executive Board,

Bernard Jacob Lily Poulikakos Chris Koniditsiotis Chia-Pei Chou Anne-Marie McDonnell
President Treasurer General Secretary Information Officer Vice-president Sciences
IFSTTAR Empa TCA NTU ConnDOT

France Switzerland Australia Taiwan United States
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PANEL DISCUSSION 1
WIM FOR ENFORCEMENT

Chair:Bernard JAcOB, Ifsttar, France
Co-chair: Tom KEARNEY, USDOT-FHWA, United States

Panelists: J® QRABTREE (USA), Raul DAz (Chile), Chris KONIDITSIOTIS (Australia),
HansVAN Loo (Netherlands)

Around the world, the challenge that commercial motor vehicle safety program enforcement officials
increasingly face is the ability to maintain current lsevef enforcement capable of delivering an
effective level of truck weight enforcement. The first objective is to ensure a fair competition between
transport modes and transport companies, in a very competitive environment. Damage to pavement
and bridgeinfrastructure caused by over loaded and illegally loaded trucks generates a cost to the
general public that is more difficult to fund every day. Also, highway safety can be severely
compromised by illegally loaded trucks at a time when highway progricrats are redoubling their

efforts to deliver the safest highway operating conditions in recent memory. Enforcing compliance of
truck weight limits is daunting in light of current truck volumes and becomes increasingly challenging

in light of truck volunes forecast over the short and medium term as increases in population and
associated increases in consumption levels continue to grow. The ability of enforcement agencies to
employ traditional approaches to truck enforcement program activities has béauoeasingly
strained by the current levels of truck traffic and current public sector budgetary pressures, above all
with high staff cut. If the number of large commercial vehicles using public roadways continues to
grow at a rate that lessens the ratidaw enforcement personnel to trucks, the obvious conclusion is
less ability to weigh trucks and less effective enforcement. And the consequences are more overloads,
road and safety damages, and unfair competition.

The introduction of advanced techagies at the roadside has been identified in many countries as an
important opportunity to increase the effectiveness of truck enforcement activities without increasing
manpower. More intelligent, selective enforcement supports a modern highway transgerthat

uses enforcement resources effectively and does not compromise on ensuring fair transport costs,
protecting pavement and bridge assets or highway safety. Technologies capable of conducting many
of the inspections and measurements traditior@hducted at stationary site weigh stations have the
potential of shifting tremendous pressure away from over strained weigh station sites. The use of
automation in conducting truck enforcement activities has been identified as having the potential to
support adequate levels of enforcement able to handle increases in truck travel and serve as a deterrent
to illegal loading behavior. A key tool in this emerging technology based tool kit is Welgbtion

(WIM) technology. WIM systems installed in roadwaainlines are increasingly being used by

enf orcement psecrrseoennnoe It rtuoc kiisp rfeor compl i ance with
enforcement personnel efforts toward those vehicles requiring more extensive weight measurements
on a static sale. That also allows preventing overloads by company profiling and warnings, as done in
the Netherlands and France. Legally loaded vehicles can be excluded from enforcement queues
contributing to higher levels of productivity in the transport sector assalt. Onrboard WIM
complements the potential enforcement tools, and allows carriers to perforoorgeti and public
authorities to make a wide survey of truokefls. Australia is one of the stcadvanced country using
on-board WIM in the Intelligenfccess Program (IAP).

A new challenge is to develop, approve and implement fully automated WIM systems for
enforcement, as initiated in Taiwan and Czech Republic. Beside the technological challenges on
accuracy and reliability of the WIM systems, sometroiegical and legal issues are still to be
resolved.
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This session will present examples of how WIM can be and is being used as an automated
enforcement tool. The benefits that can be generated through the inclusion of WIM technology in
automated enforeeent frameworks will also be presented.
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PANEL DISCUSSION 2
APPLICATIONS OF WIM TO INFRASTRUCTURE S

Chair:EugeneOBRIEN, UCD, Ireland
Co-chair:Mike MorAVEC, USDOT-FHWA, United States

PanelistsMark HALLENBECK (USA), Lily PouLikakos (Switzerland)
Valter TanI (Brazil), Eiki YAMAGUCH! (Japan)

WIM has been used for many years in a range of application areas relating to road transport
infrastructure. The most significant development in the past decade has been the American
MechanistieEmpirical Paverant Design Guide and the need for U.S. state Departments of Transport

to establish default histograms of axle weight data for pavement design and assessment. Elsewhere in
the world, most countries are still using numbers of Equivalent Standard Axlesigm desir
pavements. In research circles, more sophisticated approaches to pavement assessment are in
development. The University of Nottingham is a leader in this area and has developed a general
framework for pavement life assessment which it is prorgatis a benchmark for other researchers.

They have made their model freely available for download and are encouraging other researchers to
participate in a worldwide comparison of the most sophisticated approaches.

WIM can also be used to assess the $igitgiof pavements to different types tife. In ICWIM5,
South African research was reported that showed meatitgedr e s sur e Of oot girei nt s o
types. This shows the potential of WIM to be used to assess the road friendlitress of

WIM data is also used for bridge load assessment and for the development of bridge loading standards.
Bridge safety is often assessed on the basis of an inspection of the bridge condition. However, accurate
traffic loading information can greatly enhartbés assessment and can identify-sténdard bridges

that are safe because of bridigendly traffic. In recent years, computing power has made possible

6l ong rund simulation of traffic | oadingngon bri
WIM, are simulated on computer. The results are much more accurate than early statistical studies that
extrapolated characteristic load effects from small WIM databases. The long run simulation studies
all ow 6what i f & ques twhatwauld beathe bnplicatiomnssfov bridgedl if tieu ¢ h  a
all owable | egal weight | imit were increased®é6.

Long run simulations can be also used to identify typical maxiimdiifietime traffic loading
scenarios. This has opened up many new possibilitthgramic sinulation of typical maximunmn-

lifetime loading scenarios is giving new insights into dynamic amplification. Early results are
suggesting that the level of dynamic amplification used for bridge safety assessment is much less than
previously assumed.

Devdopment continues and, with the continuing improvement in access to large WIM databases, it
seems that new uses for WIM data will continue to emerge.

22



23



Session 1

WIM Algorithms, Technology and Testing

Chair : ANNE-MARIE MCDONNELL (ConDOT, United States)

Co-chair : JESUS LEAL (CEDEX, Spain)
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AN EXPERIMENTAL WIRE LESS ACCELEROMETER -BASED SENSOR
SYSTEM FOR APPLICATI ONS TO WIM AND VEHIC LE CLASSIFICATION

R. BAJWA E.COLERI C. R. R. P. B. WILD
Univ. of Univ. of FLORES RAJAGOPAL KAVALER VARAIYA  Sensys
California, California, Sensys Stanford Univ., Sensys Univ. of Network,
Berkeley, Davis, CA Networks Stanford, CA Networks, California, Berkeley,
CA Berkeley, Berkeley, Berkeley, CA

CA CA CA
Abstract

The paper describean experimental wireless, acceleromdtased sensor system for WIM

and vehicle classification. The system has four arrays of accelerometer sensors to measure
pavement vibration, and interspersed magnetometer sensors to measure speed. Sensor output
is wirelessly sent to a server, where it is processed to classify vehicles and estimate axle load.
Four tests are reported. The first checks repeatability of sensor measurements. The second
compares estimates of pavement displacements with those of deflsetisors. The third
evaluates axle detection. The fourth compares estimates of axle load with those of a Caltrans
WIM station on {80W.

Keywords: Wireless sensor, accelerometer sensor, wigighotion, vehicle classification,

axle load, deflection.

Résumeé

Cet exposé décrit un systeme de mesure expérimental pour la classification des véhicules et le
pesage en marche. Le principe de mesure est basé sur un accélérometre sans fil. Le systeme
possede quatre rangées d'accéléromémer mesurer les vibrats de la chaussée etsde
magnétometres pour mesurer la vitesse des véhicules. Les mesures collectées sont envoyées
sans fil & un serveur informatique ou elles sont traitées pour aboutir a la classification des
véhicules et & une estimation du poids s@agcte essieu. Quatre tests sont décrittessous.

Le premier évalue la répétabilité de la mesure. Le deuxieme compare les estimations de
déformation de chaussée avec des capteurs de flexion. Le troisieme évalue la détection des
essieux. Enfin le quatriem@mmpare le poids par essieu donné par ce systéme avec la station

de pesage, de I'exploitant Caltrans, installée sur l'autor@fte |

Mots-clés: Capteur sans fil, accélérométre, pesage en marche, classificasioéhileules,

charge a l'essieu, flexion.
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1. Introduction

Agencies like California Department of Transportation (Caltrans) use c¢tasgification and
weight data toenforce weight limits,charge €es and assess pavement damdgelay
Caltrans has 70 static weigh stations and 106 waighotion or WIM stations to monitor
Cal i f 860,000 lamésiles of highway and 12,48&Iges with a median age of §8ars.

An adequate monitoringystem for California needs many more weigh stations, but this need
cannot be met by stationdwhicloase expéenaive iodnstall and kvdinkin.

This paper describes aexperimentalwireless, accelerometéased system to classify
vehicles and estimate axle | oad and pavemer
Wi rel ess \ANMG stih undeiSdévelopment. It represents a promising approach

toward an inexpensive, eafiyinstall system made possible by recent advances in MEMS
(Micro-ElectrecMechanical Systems) devices, and wulow power radios and
microprocessors. The challenge is to m&&-WIM sufficiently accurate. The tests

reported here suggest this is possible.

SWWI M uses four arrays of accel erometer sen
caused by a moving vehicle, together with magnetometer sensors to measure vehicle speed.
Sensor measurements are wirelessly sent to an Access Point (APCC), which forwards the data
via cellular modem. Signal processing algorithms work on the data to determine the number
and spacing of a truckds axl eceloadsfeachnagld. e t he

Four sets of test results are reporté@the firstevaluates repeatability of sensor measurements

at a Heavy Vehicle Simulator at UC Davis. The secooihparesestimatesof pavement
displacement with those of deflection sensora iralling Weight Deflectometer experiment.

The third evaluates axle detection using three accelerometers located downstream of a
Caltransweigh stationon -680S The fourth compares SWI M Gstimates of axle load

with those from a Caltrans WIM statiam -80W.

The rest of the paper is organized as follows. Section 2 described/ISW Section 3
presents the test results. Section 4 summarizes our conclusions from this study.

2. SW-WIM

This section provides a description of ®&-WIM systemconfiguration at the-80 test site
the sensor design, and the signal processing algorithms.

2.1System Configuration

Fig 1 is a schematic of SWNIM deployed on lane 2 of westbound@0 in Pinole, CA at the

Appian Way exit. The test site is directly upstream &@adtrans WIM station whose data
serves as Oground trutho. The | eft side of
wide lane of the pavement (in the actual deployment each array has a small stagger to prevent
6shadowingd of tndfhe pavement vibratio
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Figure 1 - SW-WIM test site on 1-80 in Pinole, CA.

There are four arrays of accelerometer sensors (red circles) and five magnetometer sensors
(black squares). The arrays are 4.6m (15ft) apart. The multiple array meassrperenit

separation of the dynamic and static axle load (Cebon, 2006). (UnlikévEWI, todayos
WIMs require a smooth pavement to reduce the dynamic component, but this is very
expensive.) The six sensors in each array are redundant, but allow us rtoirdetthe

sensitivity of the measurements to sensor placement. Each accelerometer sensor measures the
vibration or acceleration of the pavement at the sensor location. The magnetometer sensors
measure the arrival and departure times of each vehicle, frioichvwone obtains vehicle

speed, since the distance between two magnetometer sensors is fixed.

The rest of the equipment is mounted on a 5m (15ft) pole on the side of the highway inside a
ruggedi zed O6TOPBox©6. Thi s e qbsarvptioreofthe SpVr o v i d €
WIM system. The equipment includes (i) two APCC processor modules with attached Hard

Disk (HD) storage connected to the external SP radio modules that receive the sensor data; (ii)
external PafTilt-Zoom camera for video capture fealidation; (iii) Power Supply (PS) and
temperature controller for remote ssystem reset and monitoring; and (iv) cellular 3G

modem, WiFi bridge, and Ethernet data port for multiple ways of providing system and data
access. The test system is a coneeniand versatile platform for collecting pavement
vibration data under a variety of traffic and environmental conditions. Data from the site can

be collected 24 hours/day and 7 days/week.

2.2Sensor Design

Each accelerometer sensamube is comprised of a MEM accelerometera temperature
sensora microprocessor, memoryradio transceiver, an antennayattery, and an electronic
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PC board that interconnects these components, assembleBigifleft). The assembly is
placed in dardened plasti¢.4 cmx 7.4 cm x 4.9 cncube(middle), which is then filed with

a potting material. The magnetometamsor cube is virtually identical, except that the
accelerometer is replaced by a magnetomé&iachcubeis placedin a 10-cm radius 5.7-cm

deep hole in thavement(Fig 2, right), which is then filled with fagirying epoxy.The
pavement needs no preparation and a sensorisubsgtalled in 10 minutes(The system of

Fig 1 was installed by a-gerson crew in four hours.) The analog accelerometer sensor
measurements are lepassfiltered at 50Hz, sampled at 512Hz and sent throughaitl®/D
converter. The resulting bit stream is transmitted by the sensor radio to the APCC.

The APCC has a Linux processor and various communications interfaces as sheigriin
The data from the APCCs and the camera can be stored locally and downloaded over the 3G

network.

Figure 2 - Sensor cube assembly (left), package (middle), and installation (right)

2.3Signal Processing

The APCC synchronizes all the sensor clodiksie stamps all measurements using the
Internet NTP, and stores the data in the hard disk. The data are retrieved via a 3G cellular
modem and processed offline. The processing algorithms are currently in Matlab. Eventually
real time algorithms will beistributed among a server, the APCCs, and the sensors.

Let y(z,t) be the displacement of the pavement caused by a truck at sensor |Izctiome

t. The accelerometer sensor s@@menz(t)in mg is
0%
Z(t) =n % gj(&",t) + w(t).
Here n is a characteristic of the accelerometer, andis measurement noise. Let

¢ ={tw— z(t).t € (ty.11)} denote individuatruck samples, obtained by the SEG algorithm.

SEG segments the continuous sensor measurements into sgnipiesach vehicle, using the
magnetometer sensor to detect the arrival and departure of a vehicle (Haoui et al, 2008).
Vehicle length is the product of its speed and the magnetometer occupancy time (departure
time1 arrival time). Vehicles longer than 7m (20ft) are treated as trucks-triNck samples

are not used in this study which focuses on trucks-tNak data areecorded.

Three algorithms proce(s NRED (Noise REDuction), ADET (Axle DETection), and LDC
(Load and Displacement Computation).
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NRED removes fron¢frequencies above 6.2 Hz or below 0.1 Hz; the ésitewkre arrived at
empirically.

ADET identifies the occurrence of a negative peak with an individual &DET passes the
measured energin ¢ through a moving averagblter and detects the peaks that are
sufficiently spacedapart in time The number and location of these peaks gives axle count and
axle spacing for each truck. Most vehicle classification schemes are based on number and
spacing of axles.

LDC doubleintegrates the NREfItered response for each axle to estimmthe deflection.
However, the load estimation algorithms reported here are based only on acceleration. The
use of displacement for load estimation is currently under study.

3. Test Results
Results of SWWIM tests are reported in this section.

3.1Repeatability

SW-WIM should give virtually identical pavement acceleration measurements from repeated
motions of the same truck. Théeavy Vehicle SimulatofHVS) at University ofCalifornia
Pavement Research Cenisrused to simulate a single wheel moving repegtedier a
concreteroad overlaid with a densgraded polymer modified asphalt concrete layer at three
speeds and with threwheel loads. Sixty trials were repeated for each spémab
combination.

Acceleration (mg!

L L s L
0 50 100 150 200 250

Acceleration (mg)

Acceleralion {mg!

Time (s) Time (s)

(a) {(b) Multiple runs.

Figure 3 - (a) Raw vs filtered accelerationsignal; (b) multiple trials.

Fig 3(a) is a record of the raw acceleration measurement (top) and its /NIREEEH version
(bottom) for repeated runs. The latteweals thébackandforth passage of the singtee

over the sensdout the passage is absed in the aw signal.The attenuatiorf the filtered

signal at the beginning and end of the record is due to transients in NRED. Fig 3(b)
superimposes plots of several runs for 80 kN load at 5.41 mph. For this the variation in
positive peaks, negatiyeeaks, energy (as % of the mean) is 6.1, 7.4, and 4.3% respectively
for one sensor and 4.0, 2.9, and 5.4% respectively for another sensor. EvideAtyIN6W
measurements are similar under repeated loading conditions.

30



3.2Pavement Deflection

A falling weight délectometer (FWD) experiment can be used to gaugeV8WMo6 s e st i mat

of deflection (displacement). The FWD imparts a load pulse by dropping a large weight onto
the pavement through a circular load plate. Deflection sensors mounted away from the load
plate measure the displacement of the pavement in response to the load. The displacement
h(x,t) measured at locaticnat timet is an estimate of the pavement impulse response.

A FWD experiment was conducted on the concrete pavemeywlof County Road 32A The

plan on the left of Fig 4 indicates the locations at which the weight is dropped and where the
pavement displacement is measured. A-BAW cube is located at the center (circle
numbered 8,17). The plot on the right compares the Féasured displacement with that
obtained by the LDC algorithm. The agreement is very good.

t

Direction of Travel
(Eastbound)
3330

1665 e 1515
I
1

|
1
a 7 R pEe e g
3 300

Displacement (m)

INI

38
1:5411—1-:3

Asphalt Concrete Shoulder

Wastbound direction (PCC)

Loading piste dameter is 300 mm

Al dim ensions are n mm
In-pavement acoslerometer is 0 0.005 001 0015 002 0025 003 0035 004
installad st the canter of the dsb Time (5)

(test locations 8817)

Figure 4 - Measurement plan of FWD experiment (left); comparison of FWD andSW-
WIM measurements

3.3 Axle Detection

The ADET algorithm passes the measured energy of the signal through a moving average
filter and peaks of the resulting signal that are at least 3ft apart are labeled as axle locations.
The low pass filtering combined with this rmrum separation constraint helps distinguish

the real peaks corresponding to axles from any other peaks in the signal. The experimental
site is downstream of the Caltrans weigh station at Sunol6&9$. The left panel in Fig 5
displays three plots: thep plot is the raw signal from a single sensor, the middle plot shows
the result when ADET is applied to the same sensor, and the bottom plot shows the result
when ADET is applied to pointwise maximum of the signal from the three sensors. The
single sensodetects two axles at the peaks (red dots) while the maximum detects all three
axles. The table on the right gives the number of trucks whose axles are correctly or
incorrectly counted.
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Each individual sensor correctly counts the axles in 47 out ofus&g (errors are always

from undercounting) whereas the pointwise maximum of the signals across three sensors
correctly counts the axles in all 53 trucks. A detailed description of axle detection can be
found in (Bajwa et al, 2011).

i 1 _ ! ' ' ' ' Count Err Seneor | | Semsor 2 Semsor 3| Combaned
ol i 0 0 | 0

i J’\A 2 | 2 1 0
P e [ $ 4 4 0

i ; | | Comeat 4 47 17 51

; ! _/\I\k | Performance = 88.7% 838, 71% 8. 1% 100FE

Tewis

Figure 5 - (Left) Raw signal, NREDprocessed signal from one ssor, and the maximum
of three signals. (Right) Axle detection by each sensor and by their maximum.

3.4Axle Load

We begin wi tW¥(l)rae porteesnepnitaitnegb t he p aglegisolted 6 s r €
axle. In practice¥ is obtained by averaging the responses of different sensors to an axle that

is far from the other axlesw is normalized” ¥?(¢) = 1. The ADET algathm processes

the measurement samg(eof a truck and gives the number of axles and their locations. For

example, 5 axles may pass over the senst,, - - . #;. We find coefficientsF; by solving
. . 2
nﬁnzt: L) — Z Pt —t)]. (1)

(Below ¢ is the average of the response of the three middle sensors.) WF; takbe the
force on the pavement exerted by axle The force depends linearly on axle load and
increases with truck speed. Empirical considerations suggest removing dependence on speed
V by taking the force az;, = F;/V5. It remains to determine thoalibration coefficienty,,
which relates the measured forzpto the true loadw;. Assuming thatw; is correctly
measured by the Caltrans WIM statianis estimated via the regression modzais the axle
index and- is the index for afaxle truck)

w] =yl +e',i=1,---,5, n=1,---, N. (2

x10°

Acceleration (cg,
Estimated Weight (tons)

— LS fit
— Template ; . . ; o i 2 3 3 5 5 7 ]
00 {1]1] 300 400 500 600 700 ACtuaI Welght (tons)

Sample Number

Figure 6 - (left) Sample( vs. least squares fit (1); (right) regression (2) for third axle.
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We present results for a small setNV = 15 trucks. The left panel of Fig 6 compares one
sample¢ with the least squares {5, F;W(t — 7;) of (1). The right panel shows the scatter
plot (=, w!) and the regression (2) for the third tandem axle of the 15 trucks in the sample.

Table 1 - Mean relative absolution error from regression (2)

e Axlel | Axle 2/3 | Axle 4/5| Axle 2 Axle 3 Axle4 | Axle5
Individual 4.87 9.05 7.79 8.15 12.41
Joint 4.16 5.41 4.72 6.27 5.56 9.12 5.53

Table 1 gives the mean relative absolute error for each of five axles,ddagne
_ X4l X, ey =yl
Hi = n = n . ©))
n Wi Zn w;
Each entry in the fir st fromawepdratelregiessidn fob éachd i v i
axle. In the second row, three regressions are carried out: axle 1, and combined xdeslem a
2/3 and 3/4. The estimated load for the combined axle 2/3 is then evenly allocated among
axles 2 and 3; similarly the estimated load for 4/5 is evenly allocated among axles 4 and 5.
Surprisingly, the errors iinnthleedpionadit doi eésal
This indicates a potential improvement in our approach to the determinatF;rfrom (1).
Ongoing work is addressing this |improvement,
between the ke and right tires, and understanding how the calibration coefficigntary
with temperature and pavement type.

4. Conclusions

SW-WIM represents a promising approach toward an inexpensive;t@asstall system

based on MEMS saors, and ultrdow power radios and microprocessors. -SVIM is

under development. Tests indicate that it adequately classifies trucks and measures pavement
displacement. Preliminary results suggest-8M¥ should be able to accurately estimate

axle loas after improvements in the current algorithms.
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Abstract

This paper describes a hidden Markov model to assist in the weight measurement error that
arises from complex vehicle oscillations of a system of discrete masses. Present reduction of
oscillations is by a smooth, flat, level approach and constant,sgleed in a straight line. The
model uses this inherent variability to assist in determining the true total weight and
individual axle weights of a vehicle. The weight distribution dynamics of a generic moving
vehicle were simulated. The model estimatammverged to within 1% of the true mass for
simulated data. The computational demands of this method, while much greater than simple
averages, took only seconds to run on a desktop computer.

Keywords: Weighin-Motion, WIM, MS-WIM, Markov, Multiple sensors

Résumé

Cet article décrit un modéle de Markov cachérnpettant de minimiset 6 e rdarsu r

| 6 est i rpaidsduaamion. Cette errewent des oscillations complexes du systeme de
masses discretes du véhicule. La réduction des oscillaofastpar une approchéde lissage

plane etrégulierea vitesse constante et lente en ligne droite. Le modéle utilise cette variabilité
inhérente pour déterminer le poids total réel et le poids de chaque essieu d'un veéhicule.
L6 o s c i dyhamitiue denla distrittion des masses d'un véhicule roulant a été simulée. Le
mod | e dbéesti mati on c oremassegpaurlésdanméessinuléeselel %
temps de calcul de cette méthode, bien que beaucoup plus grand que celui de simples
moyennes, est de seulemguelques secondes sur un ordinateur de bureau.

Mots-clés:Pesage en marche, WIM, M8IM, Markov, multi-capteurs.

! The submitted manuscript has been authored by a contractor of the U.S. Government unde DEsACHS-
000R22725. Accordingly, the U.S Government retains a nonexclusive, réigdtylicense to publish or
reproduce the published form of this contribution, or allow others to do so, for U.S. Government purposes
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1. Introduction

Previous work has been performed to estimate static axle weights from multiple sensor WIM
systems. These works include mulkiphlgorithms varying from Maximum Likelihood
(Stergioulas et al. 2000) to Kalman Filtering techniques (SMiatee et al. 1998). More
recent developments include a new Statistical Spatial Repeatability (SSR) algorithm that
removes bias dBei ¢o etavemenO0OLlOPp and I mpact
2009). To this end, aeffort to perform probabilistic modeling dWeighin-Motion (WIM)

Gen Il sensor data was performedorder to reduce error in the static weight measurement
due to vehicle scillation These errors arise from oscillations as a vehicle traverses the WIM
system and are a result of true dynamic forces acting on the sensors. These dynamics occur,
because a vehicle is (i) a mtittody system of discrete masses (e.g., body, whdels) that

are (ii) interconnected by springs (e.g., 4taéd coupling, wheel suspensions) and are (iii)
excited by various aperiodic external forces (e.g., uneven terrain, steering changes,
acceleration, wind variability, load shifts in liquids, engwbration) with (iv) nonlinear
damping by slipstick friction and shock absorbers. Lowegquency oscillations (b Hz)

arise from vehicle dynamics (e.g., simeside rocking, fronto-back rocking, vertical
bouncing of the load on the suspension, ibad flexure, twisting about coupling points, and
nonlinear couplings among them). HighHerquency oscillations (24 Hz) depend on vehicle

size (e.g., tire rotation). Accurate weights require minimization of these oscillations, which
are presently reduceda a combination of: (a) minimal excitations by a smooth, flat, level
approach, weighing, and exit; (b) constant, slow speed driving in a straight line; (c) several
singleaxle weight measurements as the vehicle crosses multiple weigh pads; and (d)
contiruous motion to foster dynamic friction, which reduces the-stligk friction
(Abercrombie et al., 2008).

The work focused omodeling simulated data of a Foré2B0 driving slowly in a straight

line across a portable low speed Gen Il measurement sght®am in Figure 1 (Abercrombie

et. al., 2008). Rather than focusing on reconstructing the original signal, the emphasis was to
estimate the hidden parameters of the vehicle dynamics. A simplified model of the moving
vehicle was createdl'he relevant diérential equation for the simplified modeas

mX, +gx, +kx, = Ft 1)

wherexxi s t he distance of the vehicleds tcxenter
and X; are the first ad secondime derivatives ofx, mis the mass of the vehicle,is the

damping coefficientk is the spring coefficient, anfg is the external (broadly defined) force

pushing down on the vehicle at tiheThe observations are not directly»@f but raher the

readout of a sensdhat has its own dynamics and includes measurement error. We chose a
further simplification: tcsubsumehe sensor dynamics into the sensor measurement error.
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Figure 2 - WIM Gen Il System diagram showing control/data management pathways

2. Hidden Markov Model

A hidden Markov model is a probabilistic model of observables (sensor readings) given in
terms of a hidden state (vehicle position) that is subject to particular transition probabilities.
These trasition probabilities are determined from the differential equations that define the
dynamics of the vehicular system. The observations include error. Our hidden Markov
model discretizes both position and time. It differs from a Kalman filter primarihe
method by which the parameters are estimated.

The hidden Markov mode$ based on a Markov chain of the st&te {x;} which transitions
over time according to the differential equatioWwe allow an arbitrarjorcing functionto act

on the vehicle but model itas independent identically distributed (i.i.d.) normahdom
variableswith mean zero and known variance. The observati§nsf the hidden Markov
modelcome from the sensor dafaiven sensor observations, the approach is as follows: (1)
choose an initial value of the parameteygm, ), (2kuseP andSto find the expected values

of the position at each timé3) useS andX to find P that maximizes the likelihood of tHe
givenX andP (4) go back to step 2 and iteratetil P convergesThis has been implemented
and it is possile to show that better estimates can be derived from poor initial starts.

The position and derivative of the position at tith& can be written in terms of the velocity
and acceleration at timéandt+1 (as follows from the definition of the time deative where
a small time difference\ between samples is assumed).

Ao
X =X+ *(Xl + xt+1)
2 (2)
Xa =X +2(% +X.)
+1 2 +1 (3)
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The second derivative is deter mi mgeaibonbfor Ne wt ©

the value of the acceleration
Xt:(lzt'l'ng'kxt'gxt)/m (4)

These equations can be used to write a relation betweenftrehree consecutive times,
This allows for the development ahe second derivative, which is necesdarynclude the
force function and the parameters.

& Dg DO a4 DkO & Dg DO _ D

+ == »ta@2+2——0x, =—F,+D’
gé 2m m9xt2 c 4m gxtléé 2m 4m9Xt 4m " g 5)
where
C — Ft +2Ft+1+ I:t+2

t+1 4 (6)

As a result, expected values for the sequence of positions and parameter estimates can be used
to compute the smoothed réing functionF. The log likelihood of that sequence is
monotonically equivalent to the mean squared error of the sequence

In estimating parameters of a hidden Markov model, it is also necessary to have a probability
distribution of the observations given the hidden stat€ee sensor measurements are
modeled as:

kxt+xt+1+ X~ X +
2 g D . (7)

S:

where the are the sensor errors, which are modeledingependent and identically
distributed {i.d.) normal with mean zero and known variance. (This is actually the expected
sensor measurement for time Y2. Using this offset simplifies the analysis.)

(LetP=(m, )he khe parameterX,= {x;} be the state, an8= {s} be the sensor data.)

Now a key observation is that tieand{ error terms are linear in state, and also in the
parametersn, 9, k after multiplying Equation (5) through by. Therefae maximizing the
likelihood of X given P or of P given X, because of the i.i.d. normality assumptions, is
computationally a least squares regression. It is then possible to complete the following
computations.

1 GivenP andS find the most likely state segnceX.

1 GivenXandS find the most likely parametePs

In each case, the likelihood incread®y terating between the two lestb a locally optimal
solution.
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3. Simulated Analysis, Experiment, and Results

The analysis usk100 simulated measurementgda over 1 second. The sensor and forcing

errors were given standard deviations of 100N, which was used as the known variance in the
fitting. The forcing function values were created randomly according to their distribution.
These values were then usedupdate the state according to the update relation, Equation

(5). At each point, a sensor observation was simulated using the sensor equation, Equation
(7), wherein the error term was randomly generated according to its distribution. The sensor
measuvements were then input into the hidden Markov model estimation algorithm. The
estimation algorithm also requires a prelin
intentionally selected to be very different from the true values.

Figure3 shows the fit of the estimated forcing function (in red) as compared to the true values
(in blue) The forcing function red line essentially overlaps with the horizontaliakgure

3. It can be seen that the estte of the forcing function is generally much smaller than the
actual forcing function.

Figure4 shows the first of the estimatednsor measuremergis red) as compared to the true
values (in blue)The initial low estimate®f the observations were due to an underestimation

of the forcing function. The initial low valley in the forcing function, when underestimated,
results in an overestimate of the sensor error, which in turn leads to the low line toward the
beginning. Degite the imperfect estimation of the forcing function, the sensor estimation was
generally fairly good.

More important than the estimations of position and sensor error are the estimates of the
vehicle parametersThe true, initial guess, and final esate parameters are shownTable

1. The mass estimate is shown to be within 1% of the true mass. The spring coefficient was
not as good, being too high by 33%. The main shortcoming is in the damping coefficient,
which was estimated at zero. It seetingt to better estimate these values, more advanced
methods need to be employed, such as incorporating prior distributions on the parameters.

The modelis currently being implemented into a modified Gen Il WIM System.
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Tabi@ 2 - True, initial gu ess, and final estimate parameters (The initial guess was an

arbitrary choice simply selected to be different from the true parameters)

True Initial Final
Mass 450 kg 700 kg 454 kg
Damping Coefficient| 7300 N/(m/s) | 3000 N/(m/s) 0 N/(m/s)
Spring Coeffitent 35000 N/m 70000 N/m 46563 N/m
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4. Conclusions and Recommendations

A hidden Markov modeWwas used orsimulated data of a Ford-Z50 driving slowly in a
straight line across a portable low speed Gen Il measurement dgssssist in the weight
measuremenerror that arises from complex vehicle oscillations of a system of discrete
masses. The model estimation converged to within 1% of the truefare@sulated data

The computational demands of this method, while much greater than simple averages, took
only seconds to run on a desktopmputer While our method appears to accurately estimate
the mass coefficient, the effect of thpring anddamping coefficient may be too subtle to
estimate without longer runs of measuremeR&scent research on sensorragated plates

(Bin and Xinguo, 2010) may lend itself to the manufacture of larger sensors, thus allowing
longer runs of measurementurther research will investigate data requirements for these
parameters and for parameters within more complex modelshicle dynamics. Ongoing

work is investigating extracting better estimates of uncertainty, and exploiting the learned
spring coefficients associated with tires, as they may be useful for detecting under and over
inflated tires. Additionally, ongoing whrwill apply this model to data taken from sensor
measurements made in the field. Future goals include the implementation of this model into a
next generation Weighn-Motion system with newly architected load cells. This work is
ongoing and being fundaghder the US Army Small Business Innovation Research (SBIR)
program. In cooperation with International Electronic Machine Corporation, the development
of a Slowspeed Weighn-Motion Error Reduction System (SWIMERS) is being developed
that will refine andimplement the model discussed in this paper as well as algorithms and
refinements used in the modified Gen 1l WIM System (Abercrombie et al. 2008).
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Abstract

In the paper amew method of automatic vehicle classification called ALT (ALTernatise)
presentedlts characteristieature is open structurea user can adjust the number of vehicle
categores according to individuaheeds It uses an algorithm employing data fusion methods
and fuzzy setsThe presented method was compavégth other axlebased classification
schemessuch as FHWA and LTPP. Thagh effectiveness oALT classification while
retaining high selectivity of divisiawas proved by test results. The effective classification
of all vehicles at the level of 95% and goods trucks of 100% is more than satisfatter
ALT classification method requires accurate measurement of vehicle axle spacing and length,
which may be considered as a drawback of this method.

Keywords: Automatic Vehicle Classification, ITS,Weighin-Motion, WIM, Fuzzy Sets,
DataFusion

Résune

Ce papier présente une nouvelle méthode de classification autontaydéhiculesnommeée

ALT (" partir du mouaritdide cetteeméthaulé résummoOsh structuee p ar t
ouverte qui per met doé adans Biqeelecldsser lesahioulesaex d e c a
besoins i nldg oriidtulerhnes . pdwra | 6i denti fi cation au
méthodes de fusion de données et des ensembles flous. Cela assure un rendement élevé de la
classification et en méme temps la sélatéticlevéd e | 6 al gor i t hme.

Mots-clés: Classement automatique des véhiculgssage en marchensembles flous, la
fusion de données

42



1. Overview of Existing Classification Schemes

Intelligent Transportation Systems (ITS) gomarticularly automatic weigin-motion (WIM)
systems require a concurrent and unique classification of the \&imcterms of bothype

and chassis characteristics. These needs resulidmranforcementegulations determining

for example,the permissible axle loads depending be axle configuration and spacing.
Recent works resulted in developing several classificatmathods and automatic
classification algorithms. The schemes differ in the number of vehicle categories that are
based mainly on the vehicle functional featured &s gross weight and mostly ignore the
chassis characterissic

Practical applications employ at least several vehicle classification schemes and a large
number of specific methods developed for individual-esdrs. The most popular are: the
AmericanFHWA (FHWA, 1995)and LTPP (FHWA, 2010glassification European EURO

13 and COST 323COST 323, 1999klassifications. The COST 323 solution is the least
selective one; it comprises only 8 vehicle categoffies instance, twaxle and threexle

road tactors with singleaxle or tweaxle semitrailers are categorized into one group. The
EURGO-13 classification is more detailed and a given category comprises vehicles of similar
gross weight and overall dimensions. However, this classificaddemeignores the
categorization according to the chassis type and therefore rendegractical. The FHWA

and LTPP classification seems to be the most seleatité respect to axle configuration. It
differentiates tweaxle vehicles into cars, delivery vehiclegddarries, and threaxle single
vehicles are distinguished from vehicle combinatioHowever, articulated vehicles are
divided in a manner that precludes their unique classification; moreover, this salsme
includes vehicles which can be hardly foumd European and Polish roadis.(Cheng et al.
2005) automatic vehicle classification algoritsnhave been presented. Authors discuss a
vehicle detection and classification system using mbedseéd and fuzzy logic approaches
based on video images.

Becaug vehicle outlines are differentiated by their functional desigraddition tothe

number and configuration of axles, it can be concluded that the above classification schemes

do not meet the selectivity requirements. Unfortunately, developing a singtersat

classification scheme, which would satisfy expectations of various user groups, is difficult or

often infeasible because of a masale diversity of vehicles. The traffic structure varies

with the geographical situation and is dissimilar in vasi@ountries. Therefore a universal

vehicle classification should not have a closed strudtutshould be characterized by:

- high selectivity- associated with the applied vehicle classification scheme;

- high effectiveness associated with the algorithnrmgloyed;

- high flexibility, i.e. capability to adjust vehicle categories to the traffic characteristic in a
given area.

2. ALTernative VehicleClassification

To satisfy the requirements for vehicle classification laid dowmfodern ITS systems and
automatic weighing purposesthe author proposes a novel solution based on the ALT
classification andan algorithm for automatic vehicle recognition employing data fusion
methods and fuzzy sets. The basis for the ALT classification is the configuration of vehicle
units (a single vehicle, articulated vehicle or vehicle combination) and the number and
configuration of axle§vVan Boxel et al., 2005)irst, 8 basic groups of vehiatenfigurations

have been selected. Some of them can occur only gieglcarg and saone, like trailers, can
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only be coupled with other units. Each group is denoted by a letter syrivbblMotorbike,
C1 Car, Di Delivery vehicle, Li Lorry, T1 Tractor, RT Trailer, Si Semi trailer, Bi
BusThe vehicle symbol is supplemented with the bemof vehicle axlesg.g a threeaxle
lorry is denoted 3L, and twaxle semitrailer is denoted 2R.

Next, basing oran analysis of the vehicle types structure in Poland, the elementstifiem
basic groupsvereformedinto suitable combinations corregpbng to vehicle outlines of the
most frequent occurrence. For example, an articulated vehicle, which consists ebdewo
tractor and threaxle semitrailer is classified into category 2T+3S, and a vehicle
combination of tweaxle lorry and tweaxle traler is categorized as 2L+2R. Twenty vehicle
categories most frequentlpund in Poland are listed inable 1.

Table 11 Classification scheme and algorithmeffectiveness

Vehicle| Category Outli Effectiveness [%0]: No. of
type | Number utine ALT FHWA LTPP vehicles
m 5 - - 0
EE
k- 9926 988 99.4 673

5 100 20.0 20.0 5
100 0 100 3
_ 2D ;’” == 75.6 76.9 487 156
2 2L 89.7 138 78.9 57
2
%} 3L 100 100 100 14
4L 100 0 0 7
= |2L+R 100 No 0 g
= category
£ | 3R 100 No 0 1
E category
5 |3LoR 100 No No 5
= category | category
> | 3L3R No No 0
category category
IT+1S . . 0
= | 2T+28 100 0 100 45
=
T | 27438 100 100 63.3 109
=
= 3T+1S - 0
< | 31408 100 0 100 1
3T+3S 100 100 100 2
» B 2A 72.7 90.9 0 11
EE
Z2 | 3a - ) 0
Total of correctly classified vehicles: 95.0 85.0 843 total-
Total of not classified vehicles: 0.0 9.0 62 1097

The resultant categories uniquely characterize a vehicle for a given configurtio
component units and the number of axles. The number of categories is not fixed and can be
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modified according to the given area traffic if required, what is an evident advantage of this
method.

3. Automatic Vehicle Classification Systems

The basis for a ehicle classification process is the measurement of vehicle characteristic
parameters, such as the number of aatettheir spacingor the vehicle magnetic profile that
form the secalled characteristic parameters vector. The decision whether a velixiatb a

given category is taken by comparing the characteristic vector with the f@dioe model of

this category. The simplest case is a coarse division into large and small vehicles, based on
measuring of only one parametee, length. The seldivity can be improved by increasing

the number of parameters,g in the case of division according to the number of axles, better
selectivity is achieved by measuring the second parametexsle spacingThe classification
process is then a mukitage and hierarchical one. The decistateria used inclassical logic
(i.e.,"true" or "false™) , as will be demonstrated, is the reason for a low effectiveness of such
classification algorithms.

3.1Classical Logic andFuzzy Sets

In the domain of classal logic the known algorithms for automatic classification are based
on the definition of the conventional set, which can be written as a set of pairs:

A={(x/ ()} 1)
where:
- x={¢ - is a certain wider set of values (inig case: the distance between axles or the
vehicle length);
- jA(¥:X- {03 - is referred to as the classical membership function that to each element

of t he space X assigns t hrme mbwemibsehri p i & Wi
membership.

Within the group of vehicles witkhe same number of axlesarious types of vehicles with
similar axle spacirgcan be specified. It is therefore not possible to define disjoint criteria,
and inferring vehicle membership to a given category on the basis sicaldsgic has no
meaning, as illustrated in Rige 1 for the parametex,,- the axle spacing-R.

The classical approach lowers the effectiveness of classification, which in the presented form
does not exceed 600%. Since unique aggiment of an element to the set does not apply
here, fuzzy logic should be employed as a measure of fuzzy, mwailied and imprecise
concepts.

The fuzzy set B defined on X can be represented a@®litbaving set of pairs see (Kacprzyk,

1986)
B={(m()}  "xi x )
where:
- x={x - asin (1);
- m:X- [0] - is the membership function which to each element from space X assigns a
degree of membership in the given fuzzy set: from-membership fz(x)=0) through
partial membershipd< 7 (x) <1) to full membership £z (x)=1).
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1
X4 Xig X, [m]

F, - delivery vehicle

0 T T T 1

Xo4 Xog X,, [m]

/ result of measuring

T T XI T T X, I[m]

Figure 1 - An example illustrating the formulation of vehicle category models for
rectangular (classic) membership functions and the procedure in the event aw result
of measuring x is obtained.

In fuzzy set theory the transition from norembership to membership is gradual rather than
abrupt as in noffuzzy sets. The shape of the membership function depends on the problem
being considered, and may take fdnom a simple analytic function to complex relations that
are combinatiosof many simple functionfathworks, 2011)At the same time there are no
exact rules for choice of the optimum shape of the membership function; the procedure is
largely subjectie and nofformalized which is the drawback of this metho&or the
purposes of the algorithm for automatic vehicle classificatibmangular and trapezoidal
shaps of the membership function were selected.

Asi de fr om t hrenniemmebnebr edtdmidtpierharacteristic for classical logic,

the case of partial membership also oscén example of the triangle membership function

of the fuzzy -sxgi$shdwa ix Figre2sPpaeticallyithg riotion of a fuzzy set

is equated with its membership function and this convention has been adopted by the author

in this work.
14 nl—car
i M
o 7

X4 Xl X, [m]

14 m(x)=0.65 m - delivery vehicle

0 T T T T 1

2d Xog X,, [m]

/result of measuring

X X, I[m]

Figure 2 - An example illustrating the formulation of vehicle category models for
triangular membership functions and the procedure in the event a new result of
measuring X is obtained.
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The use of triangular membership functions elimigdéite ambiguity characteristior non
fuzzy sets. The membership function valugsand m obtaned in this example should be

interpreted as the measure of membership of a vehicle with the axle spgam@ne of the
two categories: a car or delivery vehicle. The valug(X )=0.65) > (m(x )=0.25) indicaes
that the vehicle with measured axle spacingspf fibett er 06 matches the

vehicles than that of cars. The above considerations can be generalized to an arbitrary number
k of vehicle categories and numhb¢of measured parameters.

Ead membershipfunction should adequately represent the relation between the parameter

value and the degree of membership, constituting the model of a given vehicle category. The

models were formulated utilizing reference data from three sources:

a) vehicle maufacturer specifications passenger vehicles and tagle and threaxle
lorries;

b) the Polish Committee for Road Transport over 300results of measurements and
dimensions of lorries (mainly fivaxle);

c) data acquired from the WIM systenover 5000resuts of axle spacing measurement and
the electrical equivalent length of a vehicle.

The model of thek-th vehicle category consists of a group of three membership functions

determined for 3 selected parameters of a vehicle:

- axle spacing;

- length(evaluating a the basis of vehicle magnetic profjle)

- the difference between the vehicle length and the distance between two outermost axles.

The coefficients oimembershipfunctionswere determined by means of statistical analysis

methods applied to the referencdatese and in that way the models for each category of

vehicles were formulated.

3.2Data Fusion

The dassification algorithm consistsf the use of the data fusion methddhis notion will be
understood as a set of operations whose purpose is to combirfeodatearious sources in

order to reach decisions, or achieve results better, in giaditor quantitative terms tha

those obtained from an individual analysis of each source data sepé&Batdg, 2008) The

use of common i nf o rrigimat measaremerit tatadalioessiobtairiing netv h e
or more comprehensive results that cannot be achieved by other methods. Data aggregation in
the process of data fusion seems to be a particularly suitable method to be applied in
automatic vehicle classificain. The vector of characteristic parameters, obtained from the
measurement has the lengthhat depends on the number of vehicle axles:

parameters[d,, dy, X, Xpz:---sJ1xN)s (3)

where: d,is the vehicle lengthy,,is the distance between axles 1 andkgbetween axles 2

and 3, etc. and,, is the difference between the vehicle length and thardist between the

two outermost axles. The first stage of classification is the qualification of a vehicle into the
group with a given number of axles. Next, the results of measureméhpafameters are
compared withK membership functions that constitutee models for particular categories.

As the result of the comparisdhvalues of the membership functiare obtainedor each of

K categories (see Figure 3).
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The N values of the membership function obtained for a given category are combined by
means offunctions executing the data fusion. Two functions yielding the best results were
found by testing:
1N
fy= Na m(x)
= (4a,4b)

fo =1 mx)=min(m, m,.../m,)

parameter 1 parameter 2 parameter 3

10 | 1o i 10 i fusion
o8 1 0. i os H
. ! ==
category 1 [ ] : j
0.4. i 0.4- ! 0.4. !
5 H 5 | 5 |
0z ; 0z ! 0z !
o i o o :
200 4|nn 00 300 200 400 €60  BOO 1000 1200 1400 EDNNE 200 800
| !
10 1o 10 ! .
: H . 1 ’ 1 — -
| | o I == (),
category 2 i ! 2 max i/i=1.2.3
0s ! 0.4 i 0s |
5z : 22 i 5 i
0.0 ™ " 3 o. ! o. !
20 a0 FI T T TR T TAEF TR AT BN r Ed w0

T T— o Th S
I
X5ilm] d Im] 1d, [m]
10 ; 1o i 10 i
. ] 1
os : os : o8 i fusion
0s 0e : os. !
! i i — -
category 3 i e ! o ! —_ f,
0z : 0.2 i 02. i
e °
oo = e o SIS A AT T T T ° = o w0 %
X lm] d im] id [ml
1.0 ! 1.0 i 10
result of
measuring o«

X, [m] d, [m] d, [m]

Figure 3 - An example illustrating models of three categories of vehicles, the procedure
in the case of obtaining a newesult, and data fusion.

The choice of the function depends on the number of afléise vehicle As the result of
fusiononeobtairs one number for each category being considered. The largest value indicates
the category to which the considered vehstiall be assigned.

4. Test Results

The aim of the tests wabke comparison of effectiveness tireealgorithms for automatic
vehicle classification:

- classical classification algorithm employing the FHWA scheme;

- classical classification algorithm employingthT PP scheme;

- the algorithm employing data fusion methods and fuzzy sets for ALT classification.

For purposes of comparisomeasurement data were used from thesdiisor MSNIM
installed on road No. 81, in Gardawice. The system is provided with peente load
sensors, evenly spaced at a distance of 1m from each athdollows from modeling
research(Burnos, et al. 2007)A total of 1097 vehicles was recorded and, dzhsn visual
assessment, assigned to appropriate categories. Thes mdsaltomatic classification are
compared with the result of visual assessment of a vehicle. The ratio of the number of
correctly classified vehicles to the total number of vehicles being tested in a given category
was used as a measure of effectiveriesuts are shown in Table 1.

The effectiveness of the algorithm based on fuzzy measures and data fusion is significantly
better than that of the classic algorithm. It should be particularly noted that no vehicles
remained nostlassifiedusing ALT classificabn, whereas in the case of FHWahd LTPP
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algorithm almost 10%and 6% respectivelyof all resultswas nonclassified. Moreover,
despite the fact that the ALT classification is more sele¢f@ecategoriesphan FHWAand
LTPP (13 categoriesjhe overall éectiveness of ALT classification is 10% higher than that
of FHWA and LTPP This proves theorrechess of the concept of employing fuzzy logic and
data fusion for automatic vehicle classificatidxithough the ALT classification scheme is
currently in usei n

5.

Conclusion

ATroeafdyst em
considered a work in progress, subject to revision and enhancement.

(measuring

system of

The work described in this papeiresents an alternative scheme of vehicle classifigation
ALT. Its characteristic feature is versatility resulting from its open structure. A user can adjust
the number of vehicles and their catageraccording to individual requirements.
Supplementing the ALT classification method with the algorithm based on fuzzy m®asur
and data fusion enables high effectiveness of classification while retaining high selectivity of
division, as proved by tests results. The effectiveness of classification of all vehicles at the
level of 95% and goods trucks of 100% is more than satisfacThe simplicity of the
method (measuring the distance between the axles and vehicle length), its versatility and at
the same time high effectiveness, allow for its implementation in autonomous WIM systems.
The ALT classification method requires acdareneasurement of vehicle axle spacing and its
lengthand hechoice of the optimum shape of the membership function is subjective and non

formalized Both features may be considered as a drawback of this method.
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Abstract

B-WIM systemshave been studied arekperimend have been conductea France for 15
years,in the European WAVE project and for the Ministry of Transp®tie two main
applications are bridge monitoring and overload preselection. However, the type of
instrumentedoridge and the structural behavior are of great importance for WIM accuracy.
This paperreports BWIM results collected by LCPC and now IFSTTAdh reinforced
concrete bridges arsteel orthotropic dechkridges from 1997 until 2010, and analysé®
influence of the bridge type and the algorithm used by the weighing systalso highlights

the importance of sensdocation to obtain accurate results. Thehallenges for bridge
monitoring and maintenance are highlightading the IQOA, a French quality sessment
system fotbridges.

Keywords: B-WIM, reinforced concrete bridgesteel orthotropic deckaccuracy,trucks
traffic loads, enforcement, bridge monitoring

Résumé

Des systémes deesage par pont instrumeré eté étudiés egxpérimentégn France depuis

15 ans,dans le projet européen WAVE et pour le ministere des transpas deux
principales applications visées sont le suivi des ponts et la présélection des surcharges. Le
type de pont instrumenté et le comportement structurel influentbegauwsur la précision des
résultats C e t article pr®sente des r®sultats recu
ponts en béton armés et des dalles orthotropes métalliques, de 1997 a 2010, et analyse

|l 6i nfl uence du type dage ptaeld positibre ded camellrgso r i t h m
enjeux pour la surveillance et la maintenance des ponts sont soulignés dans le cadre de la
d®mar che | QOA, un syst me doé®valuation de |
francais

Mots-clés: Pesage par pornstrumenté, ponén béton armédalle orthotropepoids lourds

charges du trafic, contrdle, surveillance des ponts
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1. Introduction

In France, engineers good knowledge of the structural health of brplgesyily due to the
1995adoption ofthe IQOA (mage and Quality of Structuregjocedure amandatoryfor the
assegsent of bridges o the National road systerfiefebvreet al.,, 2010) Each year, this
procedure is applied to one third thie bridge stock, andevery secongear a general report
on thestateowned bridge structural health is published.

In 201Q 11,930 bridges vereinspected with a total deck surfaaeeaof 55657,494 nf of
which 1,477 are located in Parigegion. A half of these bridgeg5,771) are reinforced
concretestructurs, with a surfaceareaof 1,549,629 m?, and 2,218 are medium tong span
pre-stressed bridges, with a surfareaof 2,634,104 m?.

Pre-stresed concrete bridgese not suitable for bridge WIMB(WIM), becausef their long
spansandinfluence lines, whicheadto frequentmultiple presence eventisat aredifficult or
impossible to manageand their low sensitivity to axle and single vehicle loddwerefore
experimentsvere carried oubn reinforced concrete bridgersnainlg/ on integral ffame and
bent)bridges. In France, there are550integralbridges (44®M00m“) and 1754 slab bridges
(604,000m?) (i.e. their structures are occur frequently andodispecial interest foB-WIM).

The inspected bridgesecategorizedinto 5 quality classes:

Class 1: god health according to a visual inspection, needing only routine maintenance.
Class 2: good health according to a visual inspection, but with defective equipment or
protection elements, or bridges with small defects needing a non urgent specializedtreatme
Class 2E: same as class 2, but needing an urgent treatment.

Class 3: bridges with structural defects, needing aungant repair.

Class 3U: bridges with important defects, needing urgent repair work.

Table 3 - Assessed hdth of French bridges (segLefebvre et al, 2010))
Class 1 2 2E 3 3U Non assesse(
Percentage | 11% 47.4% | 22.5% | 5% 1.1% 13%

In 2010, most of the inspected bridges were in Class 2 (Table 1). Mtts¢ dééctsdo not
concern equipment, but are localized the bearings fothe structure This assessment
demonstrates the need for preserving these structures, by monitonriiy¢heads- here the
traffic loads- and behavior.

In 199799 theLCPC (IFSTTAR since 1/1//2011) developed andédsa B-WIM sysemon
steel orthotropidridgeswithin the WAVE European project (Dempsey et al., 199ce
2005, the SloveniarBiWIM systemwas tested on integral concrete bridges and steel
orthotropic deck bridged his paper summiesthese experiments anldet applcations of the
collected data to bridge monitoring and to overload screening

2. Instrumented Bridges

2.1ConcreteBridges

Nogentsur-Seine
The SIWIM was tested on twicame bridgeson theNational roads RM (Rozayen-Brie) and
RN19 (NogentsurSeine) In both cases, the test was carried over 2 consecutive days with
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trucks from the traffic flow, weighed in a check area nearby with approved static scales. The
latest bridge is located 100 km east of Paceries 2 lanes, one in each directwith
approximatey 1,500 trucks/day. It is 40 m sparframe bridge, 1Im in width with a slab
deckof 0.60 min depth Figure 1, which is quite sensitive to the axle loads
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Figure 17 B-WIM instrumented f rame bridge on the RN19near Nogentsur-Seine

The test conditns were environmental repeatability (1) and full reproducibility (R2) for the
test plan.The multiple presenceventswere removed manuallywhich led to rather good
resultswith an accuracy in classes B(10) and C(15) according to the European Speusicati
COST323 (Jacob et al., 2002) depending on the lbalel€ 3. The lower accuracy a lane2

is explained byabumpprior to the bridge in this direction

Table 2- B-WIM accuracyon the bridge of Nogentsur-Seine(RN19)

Conditions I/lR2| GVW | Axle groups | Single axles| Axles in groups| Global

Lane 1 B(10) B+(7) B(10) B+(7) B(10)

Lane2 C(15) B(10) B(10) B(10) C(15)

The sensor locion was chosen according tthe moment diagrarfor this kind of structure
(Figure 2). The maximumstrain isobserved at midpar. A nhodemust be avoidednd the
best resultareobtained near an antino@¢abre and leng, 2011)
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Figure 2: Moment diagram for a frame bridge, with fixed bearings

On the slightly skewed frame bridge BlozayenBrie (RN4), the SiWIM accuracywas
C(19. This accuracy is jusenoughfor overload screening, but not for direct enforcement

FabreguesMontpellier

Bents in reinforced concrete are very frequent bridges on French roads. A simple bent is
composed of a bridge sleeper fixed on the abutmentshviiegcon a spread footing or deep
foundations.

The SIWIM experimentwas conductedn a bent bridgeat Fabregueswith hinges at the
bearings on the A9 motoway south of Montpellier (Figure 3. This bridge behawes very
similarly to a frame bridgeKigure 2, butthe rotatiors at the bearingare greater The test

was carried out on 2 consecutive days, in test conditions (I) and (R2), as described in Section
2.1 for Nogent.

The accuracy was in class D+(20) for the whole sample, but 3 trucks were dowfbkfu
possible confusion between similar trucks, and without these outliers the accuracy became
B(10) (Table 3).The statistics of the relative errors in % are given in Table 3, where n is the
number of tested items, m is the mean of the unknown (GVWjhwveif axle groups, etc),

and s is its standard deviation..
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Figure 37 B-WIM on a bent bridge of the A9 motorway near Montpellier

53



Table 3- B-WIM accuracyon the bridge of Fabregues A9) near Montpellier

Conditions I/R2 GVW Axle groups| Single axles| Axlesin groups| Global
n=94 n=91 n=188 n=273
m=2.61 m=3.77 m=1.21 m = 4.06
Whole sample | o _g91 | s-959 | s=674 s=1226 | D0
C(15) D+(20) B(10) D+(20)
n=91 n =388 n=182 n =265
Sample withoutt m =2.06 m = 3.23 m = 0.64 m = 3.51 B(10)
3 outliers s=4.35 s=5.28 s =499 $=9.29
B(10) B(10) B+(7) B(10)

The above results show thatinforcedconcreteframe and bent concrete bridge® suitable
for B-WIM, and therefore are appropealbcations for overload screening on highways and
motorways. They argenerally easy to acceasd to instrumenfdeck undersidg without
traffic disturbance and multiple presenceevens arerare on such short span bridges
However,these structures amot of greatinterestfor bridge monitoring

2.20rthotropic Steel Bridges

Steel orthotropic decks are used for long span bridges because of their light weight. For
example, there is the cable suspended Golden Gate bridge in San Francisco since 1985, when
the corroded concrete deck was replaced by an orthotropic deck with a weight reduction of
11,160 tons, or cable stayed bridges such as-Sairdire, Normandie and Millau in France.

This type of bridge is also common for moveable structures, such asNetiherlands over

canals and in harbor$he first instrumentedrthotropic deck in France for-B/IM was the
Autreville viaduct on the A31 motorvay in eastern FranceF{gure 4, between Metz and

Nancy (Dempsey et al., 199%)is a two girder bridge, witthree spans of 680-60 m.

Autreville viaduct
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Figure 41 Cross sectionof the Autreville viaduct

Strain gauges were attached to the bottom of the 13 longitudinal stiffeners under the two
traffic lanes of the nortisouth directions, at midpan betweerwto cross beams at 4.2 m.
separation. Therefore, the longitudinal bending monrdhtence linesare rather short (e.g.
approximately 12 m if the two adjacent spans are considefed other spans the signal
vanishes quickly which means that multiple @enceevens are mostly nat an issue.
Moreover, theshort spacing between the two stiffeners (0.60nmakes it possible to detect

the lateral position of the wheeldowever, suclstructures need 2D model and a suitable
algorithm to correctly weigkhetrucks as shown in Table 4 and by (Schmidt et al., 2012) and
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(leng et al., 2012)in 2008 the SiWIM was installed on the Autreville viaduct, but instead of
strain gauges, it uses longer transducers developed by Cestel for concrete bridges, which were
glued under the stiffeners at the same location as the former strain gauges. However, the glue
was not strong enough and is not the right method to fix such sensors. Thus the signals were
noisy and the results unusable. A new mounting technique was devetogbd ¥iaduct of

Millau.

Table 4 - B-WIM accuracyon the Autreville viaduct in 1997-98 (A31)

Conditions I/R2 GVW Axle groups| Single axles| Global
n=44 n=44 n =289
: m=112 | m=-0.50 m =3.79
1D bridge model g _ 761 | s=1012 | s=1010 | P*20)
C(15) D+(20) C(15)
n=28 n=27 n=>55
: m=055| m=0.17 m =0.79
2Dbridgemodell o _5o5 | s-=g22 | s=gos | C19
C(15) C(15) C(15)

Millau viaduct

In 2009 and 2010 the SiWIM wdseskd on thecable stayediiaduct of Millau (Figures 5,
which crosseghe Tan valleyin southern France, 270 m above the bottom of the valley. The
whole viaduct length i2,460 m with 7 spans of 340 nThe 32 min width deck is a box
orthotropic deck made of S355 and S460 steel plates (Figure 63aames twotraffic lanes
andone emergency lana each directiorof the A75 motorway (Clermosferrand to Bezier
and Montpellier) The 7 pietheighs vary from77 m to 245m, with an additional height of 87

m for thepylons which carry 11 cable stays on each side

(a —(b)
Figure 5 - (a) viaduct of Millau, (b) Instrumented longitudinal stiffenners under the
deckinside thebox, with extensometers

The resultsare given in Tabl® for both yearsEach year trucks from the traffic stream were
weighed over 2 consecutive days, andghed in the toll area on an approved static scale.
Thus, the test conditions are (I) and (R2). In 2010, the sample size was three time larger,
because of a well trained staff and good weather conditions. The results of both years are very
similar, in classD+(20). In 2010, one truck was considered as an outlier from a statistical
point of view, with respective overweighing by 43% and 55% on the gross weight and tridem
axles. That is due to some high dynamics for this empty truck. If this truck is elimitizded
sample size is only reduced to 126, while the accuracy class jumps into C(15). However,
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between 2009 and 2010, the standard deviation increased for the groups of axles and axles of
the group, partly because of 11 tank trucks, which are more difftcweigh because of the
dynamics of the liquid.
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Figure 61 Cross section of the orthotropic deck of the viaduct of Millau

Table 5 - B-WIM accuracyon Millau viaduct (A75)in 20092010, conditions I/R2

Year GVW Axle groups| Singleaxles | Axlesin groups| Global
n=43 n=39 n = 86 n=115
m =-3.24 m =-8.01 m =1.09 m =-7.38
2009 | '5-576 | s=532 | s=11.18 | s=1043 | D¥(20)
C(15) C(15) D+(20) D+(20)
n=127 n=119 n =254 n = 346
m =-2.36 m =-6.43 m=1.14 m =-6.47
2010 | s=667 | s=844 | s=7.91 s=11.19 %”((125%)
C(15) D+(20) C(15) D+(20)
C(15) C(15) B(10) C(15)

N.B.: the last line in italigives the accuracy classes in 2010 without the outlier.

The accuracy obtained on the orthotropic decks is less (by one classrage) than the
accuracy on concrete frame and bent bridges. This orthotstpictures needs 2D model
(influence surface) anaidapted algorithms forocesdhe signalgleng et al., 2012)which are
not yet built INTO theSiWIM system.

3. Infrastructure ManagerPerspectives

The Frenchand Europearinfrastructure network are aging Many structures were built
quickly after the destruction of World WHy and are reaching exitical state Converselythe
structures built after 199%nd designed witkhe Eurocodesare mostly in good shapéi.e.
very rarelyin class 3U). Most of them are i€lass 2.The class split bperiod of construction
is given inTable6.
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Table 6 - Classification of the structures according to their period of construction

Class <1850 18501900 | 19011950 | 19511975 | 19761995 >1995
1 6.6% 6.3% 7.8% 4.7% 10.3% 24.6%
2 69% 73.2% 62.8% 66.4% 73.8% 63.7%
3 11.6% 7.3% 10.8% 8.3% 3.4% 1.3%
3U 3.5% 3.4% 3.1% 1.8% 0.5% 0.1%

While public fund are decreasing arilese structures needamtenace the repa work

must beprioritized. Therebre, load effects, stresses and strains, dugatffic loads in our
perspectiveandstructuralbehaviorassessmens required. BWIM is a useful tool which can
provide vehicleweights and dimension®gether withthe straingnducedin the structure
With such datareliability and probabilistic methodsan be usetb calculate probabilities of
failure and prioritizeand orientrepar work, adaptation of legislatioan commercial vehicle

weight anddimensions, specific regulation§some structure®tc.

4. Conclusion

This paper recadl experimentswith B-WIM carried outin Franceby LCPC and now
IFSTTAR, over more than a decadad theirimplications onstructuralbehavior and lifelt
is shown thathe current BWIM system gives good results for overload preselection on

frame and bent concrete bridges, and for fatigue of steel bridge monitoring on orthotropic

decks, but for this later type of bridges, even if the accuracy may be good enough for
presdection, the accuracy may be further improved.
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ANALYSIS OF B-WIM SIGNALS ACQUIRED IN MILLAU ORTHOTROPI C
VIADUCT USING STATI STICAL CLASSIFICATIO N

S-S. IENG A. ZERMANE F. SCHMIDT B. JACOB
IFSTTAR IFSTTAR IFSTTAR IFSTTAR
University ParisEst  University ParisEst  University ParisEst  University ParisEst
Abstract
ClassicalBWI M systems are generally based on Mos:¢

theory. The systemsave been successfully tested on concrete bridges around the world. This
paper presents an investigation of the use -0¥IB1 in the viaduct of Millau, which is a
cablestayed bridge with an orthotropic deck. We first show why tH&IB1 system cannot

be ugd directly because axle loads have a very localized influence on the structure. The
majority of the signals is not useful and may be rejected instead of being used for the load
estimation. The proposed method is based on statistical supervised classiitgairithms to
classify every signal into three different classes: clean signal, slightly noisy signal and
strongly noisy signal classes. In this article only the two first classes should be used to
estimate the axle load for some WIM applications saglthe enforcement. The approach is
tested by using data acquired on the Millau Viaduct in 2009.

Keywords: B-WIM, Orthotropic Deck, Millau Viaduct, Statistical Classification, Weigh
Motion, WIM.

Résumé

Les systemes BVIM classiques sont généralemeandés sur les travaux de Moses utilisant

la notion de la ligne d'influence. Ces systémes ont été testés avec succes sur les ponts en béton
a travers le monde. Ce papier s'intéresse aux travaux de recherche concernant l'utilisation d'un
systeme BNIM sur le viaduc de Millau qui est un pont a haubans avec une a dalle
orthotrope. Nous montrons d'abord qu'un systeme d&IN ne peut pas étre utilisé
directement sur ce type de pont sans adaptation des algorithmes a cause des effets tres
localisés des charges dar structure. La majorité des signaux ne sont pas utilisables pour
I'estimation des charges. La méthode proposée est fondée sur les algorithmes de classification
statistiques pour identifier les signaux utiles des signaux bruités ou complétement ngyés da

du bruit. Seuls les signaux utiles sont pris en compte dans I'estimation des charges des essieux
pour certaines applications comme le contg@action des surcharges. L'algorithme a été
testé sur les données recueillies sur le viaduc de Millau en 2009

Mots-clés: B-WIM, Dalles orthotropesYiaduc de Millau, Classification statistique, Pesage

en marche, WIM.
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1. Introduction

The concept of BNVIM was introduced by (Moses 1979). The principle is to calculate axle
loads by analyzing measurements from steinsors installed under the bridge when trucks
cross the bridge above the sensors. Moses' algorithm consists of using the influence line of the
measured effect to estimate the axle loads, as well as the speed aspaakig measured
separately by roadessors Until now, most of the BNVIM tests and implementations were
conducted on concrete integral bridges and beam bridgesi(d a r )i ahd ntaydeeent
improvements has been made for these kinds of bri@gei( d a r )i A fen2edperiments

were condu@d on steel orthotropic deck bridges (Dempsey 1999, Jacob 2010, leng 2010),
when the LCPC launched the idea of using this type of bridge-idiN8. Orthotropic decks

are rather flexible structures, highly sensitive to wheel and axle loads which induaegbend

of the longitudinal stiffeners between two cross beams, spaced by 4 to 4.5 m. These stiffeners
are generally spaced by 0.6 m, and thus mainly respond to a single or twin wheel load. Strain
gauges or extensometers are fixed on the bottom of eachestitieder the traffic lanes.

Two signal analysis methods are of interest to:
upgrade the influence line estimation to an influence surface estimation; however the
task is not straightforward due to the surface modeling and because of the amount of
calcuation time that would be needed to solve the problem,
identify the useful signals and only use these signals for axle load estimation.

The first method is the most complex one. It must first allow calibration of \W8N\B system

by providing an acaate enough local influence surface estimation. The second method
proposes some modifications of the existing algorithm. Its implementation is faster than the
first method. The feasibility of this method has been shown herein. The work presented aims
to ewaluate the feasibility of this method and tries to answer to the following questions:

- How are the signals insensitive to the axle loads and what is their influenceAdm B
system accuracy?

- How many axle load sensitive signals can be found and used aviwick pass over the
instrumented bridge section?

- Which are these signals? Are they provided by the stiffeners located under one or more
wheels?

Our approach consists in classifying signals into three classes: the neselsdive signals

class, thenoisy signals class and the useful signals class. The classification is carried out by a
Bayesian supervised algorithm and we experimentally show that hyperplanes can separate
these classes. Once the signals are classified, we select useful signaily arsg shem for

axle weight estimationThis work is based on the experiments conducted on the Millau
Viaduct in 2009 and 2010.

2. Data acquisition

The SiWIM system was installed in Millau Viaduct which is a 2460m estalged multiple

span bridge, in theosith of France. The system was only used for raw data acquisition in our
investigation. The SiWIM algorithms were not used . The deck is a steel orthotropic box, 32m
in width and 4.20m height. It carries two lanes and a hard shoulder in each direction. The
average daily traffic is approximately 12,000 vehicles including 12 to 15% of trucks (i.e. 1500
trucks per day).
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2.1Sensor installation

The instrumented section is located in the first span, close to the north end of the viaduct,
under the slow lane in the@sth-north direction. The trapezoidal stiffeners are numbered in
Figure 1. The sensors (extensometers) are screwed to mounting plates that are glued on the
bottom of the stiffeners 2 to 13, at the msjghn between two cross beams as it is shown in
figure 1(a). We call the 16 sensors 'A' to 'P'. The sensors 'B' to 'G' and 'J' to 'O’ covered the
hard shoulder, Lane 1 (slow lane) and part of Lane 2 (fast lane). Four extensometers, namely
‘A, 'H', 'I'and 'P' were installed on the stiffeners 4 to 7, 4m wstreThis sensors are used

to detect heavy vehicles using thecatled Free of Axle Detector-B/IM system (FAD) that

avoids installation of sensors in the pavement (Znidaric2005). The installation scheme is
shown in figure 1(b).

Lane 2 Lane | Hard shoulder

/ Toansd "
Steel mounting plate ransducer T

@ (b)

Figure 1i Sersor installation: (a) Sensors are screwed to mounting plates, (b) The
sensors cover the hard shoulder, the lane 1 and part of lane 2.

The measuring location was chosen upstream of the expansion join in order to avoid dynamic
effects due to the expansionir). The SIWIM system was installed inside a box, well
protected against rain and wind. However, communication means were important because the
B-WIM system operator cannot see the vehicle on the bridge.

Only the vehicles passing on the Lane 1 were dsmhrwhere nearly all trucks drive.

2.2Data description

Data were acquired each time a truck passed on Lane 1. Sixteen signals provided by 16
sensors were saved and axle loads were estimated simultaneously. The accuracy of the system
has been estimated as s#ated in (Jacob 2009). The worst accuracy is the single axle load
which is classified as D+(20), for the other criteria (Gross weight, Group of axle and axle of
group), the accuracies were C(15). A first fast observation of the raw signal provides an
explanation of the low accuracy of theVBIM system.

The effects of the loads are local, sensitive to the wheel transverse location, and the current
algorithms do not take into account the transverse location. The axle loads are not estimated
as accurately sarequired by the enforcement. Some noisy or unreliable signals should be
removed from the load calculation process, because some sensors do not respond to the axle
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load but only to deck vibration, if they are too far from the wheel paths. Some otharssenso
only partially respond to the axle loads. In the Figure 2, three signals are displayed. They are
acquired by the sensors 'L', 'M' and 'O’, induced by the same vehicle. Thus, the sensors are
quite close to each other. Despite of this, we can noticghbatignals from sensors 'L' and

'M' are different: peaks corresponding to the tridem have disappeared in the signal of sensor
'M'. Moreover, comparing the signals from sensors 'L' and 'M', it is obvious that the peaks of
the two first axles are also naobslar. In the first signal, the two peaks have similar intensities

but in the second signal, the first peak is abnormally low implying a very light axle compared
to the second one.

Sensor 'L’ Sensor 'M' Sensor 'O’

Figure 2i Three signals acquied at the same time are sorted and shown here: The most
useful signal was provided by the sensor 'L', the sensor 'M' (near the 'L")
provided a less influenced signal and the unreliable signal was provided by
the sensor 'O' (zoomed 40 times).

Our firstinvestigation was to classify the signals into three classes: the clean signal class, the
slightly noisy signal class, and the strongly noisy signal class. For a more detailed
classification, one should use more classes. Statistical classification hedgordan be
applied to classify automatically each signal. We were interested in thé&mveglh Bayesian
classifier described in the next section.

3. Signal classification approach

Classification can be carried out using different kind of signal featurearén@haracteristics

of the trucks and their loads. We can also see a set of features as a 'signature' of the passing
truck. If there is not a unique signature of the truck, we must select the most representative.
One approach uses the wkiown PrincipalComponents Analysis (PCA) as it was proposed

in (leng 2007) for the inductive loop applications. The most obvious signature is the raw
signature acquired by the sensors. However, raw signals are noisy and contain too much data.
A classifier using the rawignal will not be robust to the noise. The solution is to extract a set

of a few features that are really representative of trucks.

3.1Signature extraction

The features that are representative of a truck can be, for instance: the axle number, the axle
spacimgs, the load of each axle. However, other features can be used. To extract the signature
of a truck, two methods are tested:
1. the signal skeleton that provides the axle number, the axle spacings and the load
distribution among the axles,
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2. the number of peakhistogram that provides information on the the axle number, the
load distribution among the axles, and the comparison of the axle load intensity.

For both methods, the basic operation is to note the intersection of the raw signal with
horizontal line (castant value of the signal). Figure 3 displays two signal skeletons that are
drawn with stars. It is interesting to notice the positions of the bifurcations and the number of
axles. The second method shown in the diagram consists of counting how mamgrmeasur
of a given number of intersection of a horizontal straight line with the signal. The histogram
corresponding to the useful signal has a very structured shape and on the contrary, the
histogram corresponding to the unreliable signal seems to bechmmwdc and bigger (Figure
4). Only a few interesting values are extracted from these two kinds of diagram.
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Figure 3i The signal skeletons provide a simple description of the signal shapes: peaks
number, the peak length, bifurcation location and ale the evenness of the
shape.

3.2Classification algorithm

The classification algorithms use the signatures as input and, together with a supervised
learning procedure, they are able to separate the signature space into as many members as the
class number. Ondassical classifier uses Bayesian theory(leng 2007). The learning process
consists in using a 'learning’ set of signatures to estimate the probability law for the signature
which is assumed to be random. In many applications, the Gaussian assumgtibabis.

For this application, we assume that the probability law is Gaussian and the parameters we
need to learn are the meanand the covariance matrix Once these parameters are learnt,

we can derived the separating curve using a discriminant dumn@éng 2007):

9= 5 (i m'x (X7 m)+In(P(C) 1)

whereX is the signature vector and C is random variable corresponding to a given class.

The separating curve i9(X)=0 . Following the sign of the discriminant function, the
classifier would be able to classify signature for two given classes. For more than two classes,
it is possible to iterate the classification using every couple of classes.
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Figure 4i Three histograms derived from the signals shown in figure 2. Notice that the
histogram corresponding to the unreliable signal is bigger.

3.3Results

For signal selection in the-B/IM application, a classification map was built for the faxde

trucks (Figure 5). The class separating curves being known, new signals can be classified in
real time by positioning the signature in this map. We can build a map for any kind of truck.

In Figure 5, we can notice that the separation curves are actually hyperplanes. In that case,
data are said to be linearly separable (Cristianini et al. 2000¢eTtlasses are visible in

Figure 5. At the lethand side of the map, data are in the strongly noisy signal class and at the
right-hand side of the map, data are in the clean signal class. The centre of the map represents
the slightly noisy data class.

4. Applications of the classification algorithm

The output of the classification can be exploited to derive some interesting information on the
vehicle location or the proportion of each signature class. One can also predict if a truck
should be weighed or not.

Classification Map
7000 -
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3000 - #* 7

2000 |-

Highest Value of the Signal

1000 |-

—1000

2000 L L L L s n L L ,
—500 o 500 1000 1500 2000 2500 3000 3500 4000

nbof 31 intersections

100 = =
nbof 2T intersections

Figure 5i Classification Map that contents three classes. At the leftand side, are
strongly noisy signatures, in the centre, are the slightly noisy signatures
and at the right-hand side are the noisy signatures.
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The vehicle's transverse positianfluences the sensors considerably: only sensors that are
very close to the wheels provide a clean or slightly noisy signal. The other signals are mainly
perturbed by the structure's vibration. Thus, it seems to be obvious that only a few signals are
perfectly useful to define our classes. Depending on the WIM application, the needed
accuracy of the axle load estimation can be high or low. For the enforcement, one needs very
high accuracy. Thus, one should detect the clean and the slightly noisy sigrthks fode

load estimation. The clean signal rate and the slightly noisy signal rate, together, can be used
as a 'signal quality' indicator. Our assumption is confirmed by the proportion of signals for
each class as shown in Table 1 for most of the truaksipg over the bridge. We have more
clean signals (up to 32%) when the vehicles are very loaded (40 tons or more). In that case the
number of slightly noisy signals decreased and the strongly noisy signal rate is almost
invariant. It is appropriate not tese every signal for the axle load estimation and only select
some interesting signals. This solution is motivated by the fact that 62% of the signals are
strongly noisy.

‘Table 17 The proportion of the signal of each class when a vehicle is passing
| Clean signals ~ Slightly noisy signals

} 21% | 17%

Strongly noisy signals
62% |

Another use of the classification is to make a fast selection of the trucks to be weighed. The
criteria is the number of clean signals. If only one clean signal or less is available,
confidence of the estimation is low. The axle load estimation would be reliable when there is
at least one clean signal for each side of the vehicle {nayd and lefhand side). The more
numerous are the clean signals, the more reliable will dexte estimation. By examining

the classification map (Figure 5), a truck should be weighed if there are many signals
classified in the righhand side part of the map. On the contrary, if all the signals are
classified into the strongly noisy class, theck should not be weighed. As illustration, the
data acquired in Millau Viaduct in 2009 were analyzed and signals were classified. Tables 2
and 3 provide the accuracy classification. The standard deviation decreases and the accuracy
class for Single Axds is C(15). However, five trucks are not weighed because the signals are
not reliable enough to be used for axle load estimation.

Table 27 Accuracy without using the classification map

Gross Weight  Single Axle Axle of Group  Group of Axle
number 43 86 115 39
Error mean(%) -3.24 1.09 -7.93 -8.01
Stand. Dev. (%) 5.76 11.18 9.46 5.32
Class C(15) D+(20) C(15) C(15)

Table 3° Accuracy using the classification map

Gross Weight  Single Axle Axle of Group  Group of Axle
number 38 76 100 34
Error mean(%) -3.5 0.13 -7.71 -7.73
Stand. Dev.(%) 5.2 8.84 9,00 4.78
Class C(15) C(15) C(15) C(15)
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5. Conclusions

The classical BNIM system is now a mature technology when it is used in concrete integral
bridges. However, there is very little experimentation on sigbbtropic deck bridges and

the efficiency of the system on such a kind of bridge is unknown. Experimentation carried out
in the past provides encouraging but still low accuracies. In this paper, each signal is
examined and we noticed that the majoritysiginals is not influenced by the axle load. For
each vehicle, only 21% of the signals are useful and up to 62% signals are unreliable. This
condition explains why the accuracy of the system is D+(20) at the Millau viaduct.

We proposed to identify signatbBat are classified in clean signal and slightly noisy signal
classes before deciding whether the axle load estimation will be performed. Our approach is
based on statistical classification methods and a numerical classification map is built. This
map issplit into three parts corresponding to the three classes of the signal. However, for a
more effective result one should use more than three classes. Our work is aimed at study of
the feasibility of the presented procedure. Every signal can be classifieplated in this
map and the useful signals are gathered together. When the number of useful signals is high
enough, the axle load estimation will more likely be accurate, otherwise we should have less
confidence on it. Following the needs of the WIMplgation, it would be wise to weigh the
truck when the quality of the signal set is good enough if high accuracies are necessary.

6.
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BRIDGE WEIGH -IN-MOTION BY STRAIN MEA SUREMENT OF
TRANSVERSE STIFFENERS

E. YAMAGUCHI Y. OGAMI Y. MATSUKI

Kyushu Institute of Technogy
Japan
Abstract

For constructing good maintenance scheme of an existing bridge, it is essential tothkeow
truck loads acting upon iAs many bridges age rapidly atite economy is troubled in Japan,
one ofthe greatest need®r bridgemaintenancés for the development of an econonliyat
practically acceptable WIM technique.

One method of WIM is BWIM, which isbased on the deformation of a bridy&hile the
mainstay of theonventionaBWIM is the strain othe main girder extra measuremensich
as thestrainsof transversestiffeners are requirefbr supplementainformation In the present
study, an effort is made twonduct BWIM only by he strainsof transversestiffeners The
study concludes that if theansversestiffeners are carefully chosen, it is indeed possible to
estimatetruck loads with good accuraaxgingonly thestrainsof transversestiffeners It is a
BWIM based on thentegrationmethod with transversestiffeners and is thereforecalled
BWIM-IT. The proposed methad simpleyet economicalredudng the cossignificantly.
Keywords: BridgeWeighIn-Motion, Integration Method, Transverséstiffener, 3D FEA.

Résumé

Pour élaborer un plan de maintenance pour un pont existant, il est important de connaitre les
charges de poi ds | odai rCdnsme ®au@upede -pants tvieillssent ¢ e |
rapidement et que la situation économique au Japon est morose, une des plus grandes attentes
pour assurer |l e maintien des ouvrages dobart
pesage en marche économique, mais fiable.

Une méthode pour réaliser ceci est le pesage par pont instrumenté, qui est basé sur les
déformations du pont. Mais si le fonctionnement usuel -QMIB! repose sur les déformations

de la structure principale du pont, des mesures supplémentaires tellestlesntes des

poutres transversales, sont n®cessaires. Dal
mai s en utilisant seul ement | es contraintes
pesage par pont i nstr upyeaton &ecliespdiees tsanosvershles, m®t

elle est donc appelée BWHW. La méthode proposée est simple mais efficace, réduisant les

colts de maniére non négligeable.

Mots-clés:Pesage par pont instrument ®, m®t hode dE¢
éléments finis en 3 dimensions.
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1. Introduction

The information on actual truck weights on highways is essential to determine structural and
maintenance requiremerftsr the highways. Because of this, techniques that weigh trucks in
motion without disturling traffic flow have attracted many highway engineers and
researchers. Those techniques are called collectively weigiotion (WIM).

One of theWIM techniques is based on the deformation of a bridge and is called-bridge
weighin-motion (BWIM). The techique wadirst exploredby Moses(1979) Because of its
lower cost than conventional pavement scales;hrattentionhasbeen drawn tWIM in
Japanese bridge engineering community (Magsiitl-Hkim 1989 Ojio et al. 2001 Miki et

al. 1987, 200,lIshio etal 2002)

The authors havalsoconducted BWIM since 2002 (Yamaguehial.2004). It was related to

a project of investigating actual truck weights in National Highway 201, Japan. A problem
encountered in this project was that a 4sp@an continuous brige with skew was the only
bridge available to the project while a short, sirglpported steel bridge with no skew is
ideal for BWIM. Therefore, a careful preliminary field test with trucks of known weights was
conducted, having shown that even this tgpéridge could be used for BWIM. The method
for this BWIM is based on that employed in Miki et al. (1987, 2001). The estimate of truck
weight is carried out bymeasuringthe strains of main girders. But those strains are
insufficient to conduct BWIMSupdemental information such as truck velocity is required
andneed beacquired bymonitoringthe strains ofransversetiffeners

A good portion of a stock of bridges in Japan was constructed in the 1960s and the 1970s,
which was the high-economiegrowth period of Japan. This indicates that many bridges in
Japan are aigg rapidly; as a result, more bridge accidents are reported in recent years. Yet the
current economic situation in Japdaesnot allow bridge owners to allocate enough budget

to maintenancevork. Especially, small cities and towns have trouble condudisificient
maintenance work, as not only are their budgets very limited but many of them have no in
house engineers. Note that many small cities and towns own quite a few bridgeslodal
activities. Therefore, it is crucial and critical to developintenancenethods that even those
small cities and towns can afford.

The objective othepresent study is to explore the possibilityafply BWIM solely byusing
the strains ofransvers stiffeners which ®uld lower the cost of BWIMconsiderablysince
the requiredmeasurements antlé datamanipulationare significantly reducedt is BWIM
based on thentegration method withtransversestiffenersand is therefore called BWINT.
While more sophisticated WIM techniques are available in recent yéarsexample,
Sivakumar2007, Mini-Symposia2010, the present research seek an economical \Afif
tries toestablislBWIM-IT to this end.

2. BWIM -IT

BWIM-IT employs the BWIM technique presented Ojio et al. (2001). It involves the
integration ofthetime-history response of straandwas originally associated with the strain
of stringes. Herein it is associatedwith the strais of transversestiffeness instead.
Supplemental information sudds truck velocitywhich can be obtained in the same way as
that of Yamaguchi et al.(200#rough the strains dfansversestiffenes) is needed with this
BWIM as well The basic idea of BWIMT is explainecherein
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When a truck witm axles runsover abridge the strain at the point of interegtx) can be
given generally as follows:

o= AW, &1 (x- L) @

where x = position of the first axleWk = weight of he k-th axle; f(x) = function of an
influence line; and.¢x = distance between the first axle and khth axle. In BWIMIT, the
following integration is carried out:

o n ®@ .2
A= fg(x)dx= & W Off (x)dx=W Of (x)dx @)

-a k=1 -o -a

where W = gross weight of the truck. The above integratmmrresponddo the areaA
surrounded by thr-axis andg(x) in thex-g(x) graph, which is called the influence area in the
present study. Equatiq2) indicates that the arefis proportional to the grosseight of the
truck. Hence, if the influence aréq due to a truck of known weight/; is available the
weight of a truckW can be evaluated from the corresponding influencefsesafollows:

w=L2 3

A

Strains are usually obtained adime-history response. Therefore, when a truck runs with
constant velocity, the influence areA can be computed alternatively as

A=V (t)dt (4)

-0
wherer (t) is the timehistory response of the strain.

The truck velocity is obtained by measuring the strains ofttamesversestiffeners in each
traffic lane. To that end, the identification of the strain responses due to the same truck is
required. This is done by using the aatorelation functia.

3. Field Test and Result oBWIM -IT

The bridge used in thproject o National Highway201 is Sasaguri Bridge, which actually
consists of two parallel bridges, the-lape bridge and the dowane bridge. The ufane
bridge is about 7én long while thedown-lane bridge is about 8@ long. Otherwise, they are
very similar to each other. Botre a twespan continuous plaigrder bridge with five main
girders. The plan is presented in Figlrd he solid lines and the dotted lines in the direction
perpendiculato the bridge axis indicate cross girders and cross frames, respedtaely.
bridgehas a side walklt is located above the G5 girder in thelape bridge whilat is above
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Figure 17 Sasaguri Bridge(top: down-lane bridge; bottom: up-lane bridge)
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Truck A 50.4 | 73.7 | 74.5 | 198.6
Truck B 50.7 | 70.6 | 74.9 | 196.2
TruckC | 43.6 | 51.3 | 56.7 | 151.6

Figure 21 Trucks for preliminary filed test

the G1 girder in the dowlane bridge. The bridges cross a river and the pier is inclined
severely to the bridge axis, making the bridges quite sélewhile the axes of the girders are
composed of line segments, the bridge decks and thus the traffic lanes are suthedthe
distancs between running trucks and the girders valgng the bridge axisThe pavement
condition as to smoothness was found gmooobth bridges at the time of the project.

At the initial stage of the project, the accuracy of BWIM was the mejoicern,since
Sasaguri Bridge is by no means ideal for BWIM. Therefargereliminary field test was
carefully conducted, in which the ains of the transversestiffeners were measured for
obtaining supplemental information. Three trudfsknown weightswere used in this test.
The strains of théransversestiffenersrecorded in ta test are utilized in the present study to
explore the vatlity of BWIM-IT using the strains ofransversetiffeners

The circles in Figure 1 show the locations of trensversestiffeners whose strains were
measured in the preliminary filed test. There are measurd transversestiffeners in each
lane for evaluaing truck velocity. To avoid the effect of impact loading, the estimation of
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truck weight in the present study is based on those strains measured away from the expansion
joints at the end of the bridgs: specifically, the strains measured at U1B\B,J D3A and

D5A are usd. To assesshe effect of dynamic response, several truck velocities were tested,
revealing nasignificantdifference in theneasuredtrains.

The preliminary field test was conducted in May, 2002. Udnnget calibration truck@igure
2), the followingfour traffic patterns were considered in the preliminary field test:

TRUCK TRUCK
Al Al
, P1 // A2 \\Pl/\?
—F7 l/' “@4-@[/'
(a) Pattern 1 (b) Pattern 2
TRUCK TRUCK
Al / Al
\,w - \,\le
/ ~fa_; / ZZ1i
—F7a /! h@hml,
(c) Pattern 3 (d) Patterrd
Figure 371 Traffic patterns in preliminary field test
Table 1- Averagepercentage errorof BWIM -IT
Pattern 1 Pattern 2 Pattern 3 Pattern 4
Up-lane bridge 1.8(2.7) 3.9(8.3) 3.4(7.6) 7.7(11.9)
Downtlane bridge | 1.6(2.7) 6.6(16.3) 37.0(68.0) 34.7(69.8)

(): Maximum error

Pattern 1: Only one truck runs

Pattern 2: Two trucks run ihé¢sameanes

Pattern 3: Two trucks ruside by side

Pattern 4: Two trucks run in the same lane while the other runs in the other lane

Figure 3 illustrates the four patterns. Within each pattearious combinationsf truckswere
considered and the tesf the same traffic situation wagpeatedthree times. Theotal
number of the truckunning testsvas60. It is noted that in an effort to enhance the reliability
of the field test data, traffic was controlled so that no public vehicles would run bridge
during the truckrunning tests.

For the estimation of truck weigh#c in Equation (3) must be evaluated first. The
measurements in Patternwiere used to this end. Since multipteuck-running testswere
conducted within Pattern 1 and each testdg a uniquevalue ofAc, the averagevastaken
for the value ofAc to be applied for thBWIM-IT. It is however noted that the variation/f
is quite small.
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The resultsfor the error in BWIM-IT are shownin Table 1. BWIM-IT yields satisfactory
accuray in the case of the dpane bridge as the maximum error is only 11.9%. However, the
error is large in the case of the dolane bridge, especially so in Patterns 3 andith the
maximum error being about 70%he smallest standard deviation is 1.0%h& average in
the estimation of the weight of Truck A in Pattern 1 of thdame bridge while the largest is
13.8%o0f the average in the estimation of the weight of Truck B in Pattern 4 of theldoen

D3A
Gl — P1
G2 H— T T 1T —
Al G3ii | : A i R L A2
G4 F——— - e : —F
Gsi—i i s : : =

D5A2 D5A1 D5A

Figure 47 The locations of three transversatiffeners

bridge. There is a tendentyr the standard deviatidiw belarge where the estimation error is
large.

By closelyexaminingthe strain measurements, the reason for the low accuracy dowre

lane bridgewasidentified as thanfluenceof a trick in the adjacent lane on the strains of
transversestiffeners. When a truck runs in the cruising lane of thdéanp bridge,a large

strain occurs at U4B while the strain at U1B is very small. On the other hand, when a truck
runs in the cruising lane dhe downlane bridge, the strain at D5A is not negligible in
comparison with that at D3A. The influence of a truck running in the adjacent lane is not
expected ilBWIM-IT and is considered a source of the erroB@fIM-IT in the downrlane
bridge.

4. Improvement of BWIM -IT

To find a way to improve th8WIM-IT with the downlane bridgea 3-dimensional finite
element analysis (B FEA) of the dowHane bridgewas conducted. Nstran (MSC.visual
Nastran 2003yasused in this analysis.

4 .1Finite Element Model

The 3-D FE model of the dowdane bridgewas constructed by applying-dode shell
elements tadhe main girderscross beamdransversestiffeners and horizontal stiffeners; 2

node beam elements to cross frames and labeeaings and 8node solid elements to a
concrete sl ab. As for materi al properties,
2.0x1G N/mn? and 0.3, respectivelyfor steel, while for concrete they are Hfid forsteel

0.167 respectivelyA moving load is considered to simulateuaningtruck.

4 .2Strains of TransverseStiffeners

There are thregansversetiffeners between the adjacent cross membées thredransverse
stiffenes could be influenced differently by a truck running in the adjacent lamethe

present FEA, strains ithethreetransverse stiffeners shown in Figdrevereevaluatedo see
the difference
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Figure5 showsthe FEA results. Strains at the three locations areedddifferent from each
other.The drain at D5A, the closest tihe cross beam, is the largesige strain at D5A2, the
closest tothe cross frame, is the second largest dnél strain at D5A1 is the smallest.
Apparently the crossdam and the cross frame playole of initiating deformationin the
transverse stiffeneidue to a truck running in the adent laneThe smaller thenfluenceof
thetruck in the adjacent lane, the better the accura®WiM-IT: the strain in thetransverse
stiffener located in the middle between the adjacent cross members should be used for
BWIM-IT.

STRAIN (g )

_4 | | L L L L L
0O 10 20 30 40 50 60 70 80
POSITION OF TRUCK FROM A1 (m)

Figure 57 Strains of three transversestiffeners in Figure 3
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Figure 61 Transversestiffeners of interest

This observation further leads to tbemputationof the strains othe transversestiffeners at
such locations. fiere are 1¥ansversetiffenersand heir positims are illustratechiFigure6.
Te 3-D FEA then revealthat the strain at D57 is the smallest, indicating this strain is the best

for BWIM-IT.

4.3Improvement

The accuracy odBWIM-IT with the strain at D5Wasinvestigatedising the3-D FEA. To this
end,the 3-D FEA is conducted to simulate Pattern 1 with Truck A in the passing lane first.
This is to obtairAcin Equation(3). Pattern 3 with Truck A in the cruising lane and Truck C
in the passing lane is then analyzed.

To see the validity of the-B FEA, BWIM-IT with the strain at D5Avasalso carried out.
The result of the truckveight estimation i210.0 kN Sincethe true weight of Truck C is
151.6 kN, the error turns out 38.5%s Table 1 shows, the average errotha preliminary
field testis 37.0% The validity of the present FE& thusconfirmed
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BWIM-IT with the strain at D5Wasthen conductedjiving 165.8kN. The errowasreduced
t0 9.4% by using the strain at D57, the accuracthissimproved considerably.

5. Concluding Remarks

BWIM-IT with only the strainsof transversestiffeners has been explored. A good result is
obtained in one bridge whikelarge error is observed in the other. The reason behind/ésis
identified as the influence of a truck in the adjacent lane ostthmsof transvesestiffeners.

A 3-D FEA wasthen conducted, revealirtbat thisinfluence varies frontransversestiffener

to transversestiffener. Thesdection of a transversestiffenerto be used forBWIM-IT is
therefore important. Further investigation thie 3-D FE simulation demonstrates that the
proper selection ofransversestiffeners could mak8WIM-IT with the strainsof transverse
stiffeners valid in practice.
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FIELD VERIFICATION O F A FILTERED MEASURE D MOMENT STRAIN
APPROACH TO THE BRIDGE WEIGH -IN-MOTION ALGORITHM

Zhisong ZHAO Nasim UDDIN Eugene OBRIEN
University of Alabama University of Alabama University College Dublin
Birmingham, USA Birmingham, USA Dublin, Ireland
Abstract

Most of the commercially available Bridgeafghin-Motion (B-WIM) systems are based on

an algorithm developed by Moses (1979). The performance of this method is generally
acceptablefor estimating Gross Vehicle Weight, but can be unsatisfactory for estgnat
single axle loads.The new approach desibed in this paper filters the strain signal
correspondig to the truck dynamic loads, boundary conditions and vibration etc, among
otherssMo s e s 0 a | tipoappligdto the filteved parts of thetrain signals.The new
approach is tested onUnited States Interstate Highway 78 bridge structure in Alabama with
a system called SiWIM. It is slwn to result in a sukential improvement in accuracy. The
results also provided a better understanding of the complicated effects of Highway Bridge.
Keywords: Bridge, Influence line, Moments Strain, WeigtiMotion, WIM, Wheel Axle
Loads.

Résumé

La plupartdes systéemes de pesage par pont instrunfBR®&IM) disponibles sur le marché
sont basés sur un algorithme développé pas@d(1979). La performance de tetméthode
est généralement excellente pour l'estimation du gotds en chargelu véhicule, mais peut
étre insatisfaisante po I'estimation des charges sur essieusimple La nouvelle approche
décrite dans ce papier filtre le signalamtraintes coespondanaux chargeslynamiquesle
poids lourdsen prenant en comptes conditions aux limitedes vibrations etc En effet,
l'algorithme de Moise est encore hgpé, mais sur les parties filtrée des signaux. La
nouvelle approche est testée sue structuraedel ldterstateHighway 78dans I'Alabama avec
un systeme appelé SiWIM. Il est montggu 6 i |  dpdleoutim & tune amélioration
substantielle de la précisiporet ainsid @frir une meilleure compréhension de limpact
environnemental du trafioutier.

Mots-clés: Pont,ligne d'influencecontraintes de flexigrpesage en marche, WIM, charges a
l'essieu
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1. Introduction

It 1 s I mportant that an authority charged wi
have accurate estimates dietcharacteristics of the traffic fleet that make use of all the
components of #infrastructure. This information has many applications, not just concerning
planning, design and assessment in the area of transport, but is also of interest in relation to,
for instance, the economic and social development of the area. With regard to the bridge stock

of this infrastructure, the important characteristics of the traffic fleet are gross weight, axle
loads, axle spacing (and wheelbase) and vehicle veldrikyge Weighin-Motion (BWIM)

systems are one method of obtaining this data.

1.1Weigh-in-Motion

Heavy vehicles can have adverse effects on road surfaces and bridges. Legal limits for loads

per axle Gross Vehicle Weight (GVW) and overload enforcement reducesiuh®er of
excessively heavy vehicles on a regionds roas
important to get unbiased, reliable data on the traffic fleet for design and assessment purposes.
Pavemenbased WIM systems and Bridggased Weighn-Motion (B-WIM) pro-vide

methods of automatically weighing trucks at full highway speeds, and in the case of Nothing
On-Road (NOR) BWIM, this can be achieved without even the knowledge of the vehicle
drivers.

1.2Bridge-based Weighin-Motion

The concept of usg bridges as weighing scales was first proposed by Moses (1979). B
WIM systems consist of strain transducers attached to the soffit of a bridge recording strain at
set intervals defined by the scanning frequency of the system (typically 256Hz or 512Hz)
Road surface mounted axle detectors, or extra strain transducers attached to the soffit in the
case of NOR BNIM (WAVE 2001) measure the vehicle velocity and axle spacing. An
algorithm then uses these strain readings, axle spacing and velocity to inftattbeaxle

loads. A detailed description of the process of inferring the static axle weights follows in
section 2.

1.3Dynamic Increment of Load

The use of a parameter to provide for dynamic amplification of the effect of traffic load is
common among desigguides and codes. There are many factors contributing to the
magnitude of the dynamic load increment associated with a traffic loading event. These
include vehicle characteristics (axle spacing, suspension parameters, etc.), vehicle velocity,
bridge naturh frequencies, boundary conditions and road profile. The Eurocode (2003)
applies Dynamic Amplification Factors (DAFs) to traffic load models and AASHTO (1996)
defines a Dynamic Load Allowance (DLA) that is applied to the static traffic load. These
DAFs or DLAs are necessarily conservative to allow for the large variability in dynamic
amplification.

A B-WIM system is particularly well suited to the study and quantification of the dynamic
increment of load effect, as it measures directly the total load éfteal = dynamic + static)

and can infer the static load effect using the calculated axle weights. There has been much
work carried out studying the relationship between the dynamic increment and load effect
(Hwang & Nowak 1991, Kirkegaard, Nielsen & BEnédsen 1997, Heywood, Roberts &
Boully 2001, SAMARIS 2006, OBrien et al. 2009).
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Any direct measurement of dynamic increment is sensitive to the accuracy of\ilisl B
estimate of static axle weights. By improving the accuracy-@fIBl systems, more accus
studies of the dynamic increment of load effect candnelucted.

2. B-WIM Algorithm

2.1Moses Algorithm

The main advantage of-B/IM systems is that the vehicle is in contact with the apparatus
(i.e., the bridge) for periods of the order of one secorw/IBl systems take advantage of
this fact by smoothing out the dynamic component, even if there is no active attempt to
remove it.

The algorithm develped by Moses in the late seties remains the basis of modera\BM
systems. The algorithm is based on theuagption that a moving load will induce strains in a
structure prportional to the sum of products of axle weights and corresponding io#uee
ordinate values. Thefimence line refers to the point of measurement which is often taken as
aroundmid-span, the point wherstrains are generally greateRiecording strains at regular
intervals, defined by the scan number, gives a typical number of strain values of the order of
hundreds. An error function is defined as the sum of the squares of the défetsetween
theory and measurement:

S
j=am - My (1)
k=1
where S is the total number of scand™ = measired bending moment (proportional to
strain) in scark andM," = theoretical bending moment in sdan

The theoretical response usedHquation 1M is calculated as the sum of products of the
individual axle weights and the corresponding influence line ordinates for the location of each
axle of the truck at the time of each sc@he influence line used for the calculations has a

very significant bearing on th resulting axle weight calculans. For the 4D theoretical
simulations described herein (simulating a sirmglpported structure), the influence liise

the true inflence line used to calculate the staisponse. Currentbommercial system uses

the Moses algorithm, schis testing methodwill be labeledfiAlgorithm #10 based on
commercial equipment results

2.2A Filtered Measured Moment Strain Approach

Simulation Model

In reality, the influence line of a simpBupported brige is not triangular and may lie closer

to something betweenthesimgyu pport ed and fi xed cases (Gni
Thisisduets upport joints were not in fAideal 06 sin
the ability to transfer the foes and the moments. The bridge is vibrating while the vehicle is
moving over the bridge (single supported or continuous span) and irspaitibridges in
particul ar, each spanés vibration has the in
Additionally, the foundation support soil settlements and bridge horizontal movements during
vehicle movement are sensitive parameters influencing the vibration related strains. In order

to identify the true vibration related strains for each part of britlge following effects will

be considered:

Loads Effects
Figure 1shows the normal tire forces including vertical dynamic Idadasnd horizontal tire
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friction loadsF; when vehicle across the bridge. Foe horizontal loadsat traffic status, the

tire rolling friction coefficient isabout0.01- 0.015 but at fully brake status, tistatic friction
coefficient isabout0.8. For vertical dynamic load#he method of Tikhonov regularization
(Tikhonov & Arsenin 1977) is employed to provide a bound to the end smoother solutions to

the Moving Force Identification problem (Law et al 2001, Law & Zhu 200®implified model

was applied in the paper (as shown in Figure 2), including the interactibe bfidge road
roughnessndvehicle suspension syste sothatthe tire response for@an beobtainedusing
Equations 4The Figure 3hows an example ofsamulation resultgbout the identification of

the moving simulation force for one preeighted axle loads\t the bridge expansion joints,
since the @ad roughness suddenly vary (raised up or drop down), the wheel would jump up or
jump down, the activated wheel load to bridge slab would be suddenly increased or decreased
with discontinued curve.

For verticaldynamicloads,simulation equations can bepresented by Equation 2, 3 and 4
including the interaction with road roughness and vehicle suspension system:

Ug(®) = & Ulpsiniyt +1,)) 2
i=1

Fy(t) =-W+F +F ©)

F(t) = -W+ U,RI[Ksin( wt - f) + Gvcos(wt - f)] 4)

Where; Uy, is the displacement amplitude of harmonic ground motldga;is the wheel
displacement; anByis the deformton response factor
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Boundary Conditions and Joint Rations Effects

Boundary conditions and joint rotation during vehicle movement can influence the strain
resultsfrom sensorsAs an example, thboundary conditionsf a US 78 bridge is shown in
Figure 4 As shown in the left of Figure 4, there are verticaltie and horizontal restraint a
the expansion jointocation. So lie bridge has the potential to move along twizontal
direction thereforea horizontal springs providedn the simulatiorto restrain the horizontal
movement and simulate the friction ésaln addition,at the fixed joint (Fig. 4 in the right),

the vertical rebar, bridge girder and the support beams work togethestitain the vertical
rotation, but thisconnectioncannot fully transfeforces and the relateadomens. Therefore,
these ypes ofjoints can be represented agplastic jointwhere, it only can transfgpartial
momens and load within themaximum limitswhere, the spring constant of expansion joint
can be decided based on rebar and geomatfiexpansion joint Moreover, tke vertical
springs are providedat each vertical support to idemtihe influenceof the momenstrain due

to the foundation settlemerg depending on soil property, where, the spring constant of
foundation can be decided by soil report and foundationtpgess. In Figure 5, the dotted
lines show the possible deflected shape of a-Us bridge along with the horizontal and
vertical springs provided to simulate the possible movements in the model.

NNNNNNNNN

178 X 11" WITH PLUGGED TOP
& %" @ PLAN ROD 20" LONG
2 - EACH GRDER @ 8" 0.C,

C-2815 DF HK
E OF ALABAMA.

HIGHWAY 78 BRIDGE BOUNDARY CONDITION

Figure 4. Boundary conditions of a US78 Figure 5. Simulation model for boundary
Bridge conditions and joint rotation

Vibrations Effects
Oncethe vehicle tire touclthe bridge, the tire force activatthe bridge and the bridge will
response with free vibraticeifter the vehicldeave the bridgeUsuallythere aréwo typesof

free vibration bendng vibration in longitudinaldirection and transverse vibratiorat
transverse direction. Figure 6 shows the 3D transverse vibration signals from WIM testing on
US-78 bridge It is obviaus from the figure that both longitudinal and transverse vibrations
would influence thestrain sensor readingét the same time, when the tire arrivasthe
expansion joints, the gap of expansion joint will causetitieeimpacting the bridge in the
horizontal direction; and this horizontal suddempact force may increase odecreasdhe

free vibration amplltud,eand maychange the vibration directions.

Transverse Vibratign i | Giders
irection \ . fi ‘ I s Girder 3

| sl
\‘:t‘\w Ay ""‘"“\“ Tl mww’”', P ol -

Figure 6 - 3D signal view of transverse Vibration
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Elastic stiffnessEffects

The lbridge load apacity and deflectioare controlled by the bridge stiffness. But the bridge
stiffnessis significantly affected by many factors including boundary conditions, concrete
property and the integrity of bridge structure among many otfites bridge elastictiffiness
may be predicted using the design information of bridge geomeBigisthe bridge elastic
stiffness changeas bridge agesand it is also affected bythe chanmg of seasonal
temperature Therefore, e actual elastic stiffnessannot be obtagd based ordesign
informationonly except by the field testingAnother method could be to obtain the elastic
stiffness is by sing bridge single degree freedom moaeherethe bridge benidg moment
domain frequency can be related lboidge elastic stfhess (Equation 5) with different
boundary conditionas follows:

(Ery, =1, 7L 5)
Jo,

Where mis the bridge unit massy is the coefficient for different boundary conditiofgis
the first bending moment domain frequency ans bridge length.

Time DelayEffects

It takes sometime for energyto transfer from wheel activated locat®io the testing sensors.

The concree shear wave speed is about 3500 ~ G08@&nd the testing sensor frequency is
512hz For exampleif sensordocationis 100ft away from the whedbcation it will needa

time delaygtof about 0.019 ~ 0.027 secotaltransfer thavheel forceeffectto the sensos,

so the sensor delay steps is about 8.7 ~ 14.7. That means the sensor cannot obtain the wheel
force response at the same time; also it mehaesmultiwheel force cannot arrive to the
sensos at same timeThe dynamic force simulation modebuld be totally different from the

ideal static force situations modé&herefore, theéime differerce or distance differere need

to be adjusted to fit the moment strapigainedfrom the sensors

Summaryof Effects

WIM testing moment can be assumedé&equako the moments from the effectd loads,
boundary conditions, vibration, elastic stiffness and time issues. The WIM testimgnt
can, therefore, be obtained fromuation(6);

/W/I/IM — Moad + /W//brat/on + /Wz‘/ffness + /WBouna’a/y + /W‘F/'me (6)

Where: MY is the moment from Wil testing; M- is the moment effect from loads;
MmVbraion s the moment effect from vibrationy1°"™*js the momen effect from elastic
stiffness;ME°“"9Yjs the moment effect from boundary conditiokE™is the moment effect

from time delay.

Simulation Mathematical Model

Based on th@bove assumptien mathematical simulation modas shown in Figure Was
developed to simulate the WIM testinga US 78 bridge in Birmingham, Alabamia this
model, boundary conditions, joint rotatgyrdynamicloads, elastic stiffness, and time delay
all areincluded Usingslope-deflection methodeffects fromeach parameteran be obtained
and therelated momenattesting location also can be identifisdm thesimulation model.

[94 q,é, qg’ Gcs 9o Dy Dy, Dg, D, DD]T =[XI"IM (7)

Where: q,, g5, g%, g, o, D,;, D4, De, D, D, are the parameters of simulation model, [X] is
stiffness matrix, [M] is the end moments at each related end joint.
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AASHTO based Mdel

Following the AAASHTO guide requiremestthis bridge was designed as nugingle
swpport beams as shown in Figure Br multtmoving loading, the momerat the testing
locaion due to vehicle is identified in Equation 8 ks vehicle velocity, timet and
number of wheel axleat different location.

' n n-1 n-1
M =a(R(Vt- aw))(1l-9) (a2 BRVt- aw))
=1 /=0 i =0

M}:él(ea(l-%(vr-féiw,)> (a< AV - &) ©)
N

L

Figure 8 - AASHTO basedmodel

WIM Testing Data Analysis

One of the U8 highway bridge located #@raysville of Alabama, USA was used to
perfrom BWIM testing using SiWIM equipment. This bridge has three single spans with each
span of 42 ft. length. The sensors were mounted underneatpamdof each girder as shown

in Figure 9.Based onNIM moment strainsthe individual girdemoment/l/,ff'f :

moment, /l//” can be identifiecas shown in equations 9 and Higure 10shows the field

and the total

testingthe moment, M. | at different girders and the suof the whole bridge response

ij o
moment/l/jf/v.
Ele,
My = = (©)
M="de, (10
roi=1"’

Where: M is the moment at locatignfor girderi; - 5 is the moment strain at locatigrior

girder i; El is the elastic stiffness;is the number of the girdgris the scan of the location;
is the total girder number.
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Moment Results Comparisan

Figure 11 presents the comparison amdmgsimulation model moment, the AASHTRased

model moment and WIM testing moment. Fronsthgure, it shows that the AASHTRased

model moments significantly different thatwWIM testing moment, but the simulation model
moment isvery close to the WIM testing moment. Also, when the vehiglat span 1 and

span 2(negative coordinatesjhe manens at testing location in span 3 is negative; which
meanghatthe connection joirstare not actually ideal simple connections but partial moment
connections. The results also confirmed the assumptions made in the simulation model that
each part of brige cannot work individuallyand would be interacted by each other for multi
spanbridges.

2.3Filtered Measured Moment Strain Approach

As shown in equation,@he WIM testing momennhclude effects from 5 contributing factors
identified. So, ¢ obtain the tra vertical bending momentlue to vehicle load, the WIM
testing moment strain will be filtered froall the 5 contributing effects i.e., thmoment form
dynamic loads, boundary conditions, elastic stiffness, free vibration and time dalkay.
resulting filered static momeny1>®"C is then the sum of products of the individual axle
weights and corresponding influence line, as shown in Equation 12.
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M Static-C _ MWIM _ (M Dynamie Load . M\Abratlon +M Stiffness M Boundary M'I’lme)

(11
{PH X} ={M7" "} (12)

Where:P; is thei™ wheel axle loadi is the wheel axle number; is the moment influence
line atj™ location; j is the scan number of WIM testing.

But the equatiori?2 is ill conditioned equationssothe conventionalmatrix method canndie

used to obtain the solution. Therefotee matrix SVD nethod is appliedThis method would

run all equatios together to find out the best answéo match all equatia Using this
method, the weelaxld oad can be obtained. This method
summarizes the two alternative\BIM algorithms.

Table 1- Description of the algorithms

Algorithm Description

#1 Moses's Algorithm: Measured total response
with exact triangular influence line.

#2 Filtered Method: Measured total response filter:

moment strains, applied to related influence line

3. Results

The bridge BIN 7633 of US Highway 78 East ima§@sville, Alabama wamstrumented and
tested usingsiWIM BWIM testingequipment This bridge is a three span simglupported
T-beam concrete bridge with each span of 4@rfgth havingwo lanes in each directipand

was built in 1960Based orWIM testingand simulation modeiesults, the summaries of the
weight errors are presented in Table 2. From the table, it should be noted that the Algorithm
#1 has as high as 37% and 16% errors for single axle and GVW. But Algoritpredi2ted

both single axd and GVW with significant improvemenhe errombeingless than 5% and 1%

for single axle and GVW.

4. Conclusions

A filtered basedB-WIM algorithm was developed and verified based on field WIM data.
Applying filters to the measured moment strain respomgaemovng the effectresulting
from bridgedynamic, multispaninteraction, time delayand boundary conditiortsue static
responseas required for WIM weight calibration was obtain&sed orthe new approach,
much better accurate prediction the axe weightand GVW was possible

5. Acknowledgements

The authors gratefully acknowledge funding and support provided by National Science
Foundation (NSF) for this research proj&€MMI-1100743.

82



Table 2- Algorithm Errors of Axle Weight

Single Axle
Vehicl Axle | Axle | Axle | Axle | Axle | GVW
Run e Type 1 2 3 4 5

Static Weight (kip) | 11.05| 15.65| 16.1 | 18.2 18 79
Simulation Weight
1 1 (Kip) 10.76 | 15.91| 15.84| 18.28| 17.71| 78.5

Error (%)Alg. #1 7.7 12.7 | 37.7 0.8 23.2 | 16.7
Error (%)Alg. #2 -265| 164 | -161 | 045 | -1.63 | -0.6

Static Weight (kip) | 11.05| 15.65| 16.1 | 18.2 18 79
Simulation Weight
2 1 (Kip) 11.36 | 16.01 | 15.57| 18.01| 18.46| 79.4

Error (%)Alg. #1 -28.2 | 127 | 06 | -185| -04 -12
Error (%)Alg. #2 277 | 233 | -3.31| -1.06 | 2.58 | 0.52

Static Weight (kip) | 10.05| 16 15.8 | 18.3 | 18.05| 78.2
Simulation Weight
6 2 (Kip) 10.31 | 16.25| 15.38| 18.99| 17.58| 78.5

Error (%)Alg. #1 19 | -14 | 52 | 82 | 122 | -06
Error (%)Alg. #2 | 2.61 | 1.57 | -2.64 | 3.76 | -2.61 | 0.4

Static Weight (kip) | 10.05| 16 158 | 18.3 | 18.05| 78.2
Simulation Weight
8 2 (Kip) 10.28 | 15.78 | 15.21| 18.53 | 18.97| 78.8

Error (%)Alg. #1 -15 | -148| 41 -88 | 115 | -1.7
Error (%)Alg. #2 224 | -1.36 | -3.71 | 1.22 | 51 0.72

Note: Above Alg. #1 and Alg. #2 indicate the application tfe algorithms 1 and 2
described in Table 1
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STRATEGIES FOR AXLE DETEC TION IN BRIDGE WEIGH -IN-MOTION
SYSTEMS
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College Dublin, University Alabama at University, Austria
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Abstract

To perform effectively, a Bdge Weighin-Motion (B-WIM) system requiresaccurate
information on the location and speed of all axles on the bridgecent years, axle detection

is by sensors under thidgei so calledFreeof-Axle-Detectoror NothingOn-Road (NOR)
B-WIM. As axles passver an axle detecting strain sendbere is a peak in strain which can

be detected by thdata acquisitiorsystem. This approach works well for some bridget

there are challenges for beaandslab bridges where the beams are deep, a common form of
construction in Alabama. The slabs in such bridges are therefore generally used for axle
detection but the peaks in the slab strains are quite sensitive to the trapsegiea of the
wheels over the beam. This paper describes a study into axle detection which tests alternative
strategies for a range of bridge types and spans.

Keywords: Bridge, Weighin-Motion, WIM, B-WIM, BWIM, Axle, Detection, FAD, NOR.

Résumé

Pour fonctionner correctemenyyn systéme de pesage par pont instrumenté requiert une
information correcte en ce qui concerne la position et la vitesse de tous les essieux du
v®hi cul e sur |l e pont. Ces derni r esscapursn ®e s,
sous chaussée, systeme qui est appelé pesage par pont instrumenté avéddeece

Detector (FAD) ou Nothingdn-Road (NOR). Quand les essieux passentdt&as sus doun
capteur de d®tection dbéessi eux, @tecte pdr e r v e
syst me dbéacquisition. Cette mani re de fair
ponts mais il reste des problemes en ce qui concerne les ponts a poutres ou les poutres ont une
hauteur importante, ce qui est une structure comrsan&labama. Les dalles de ce type de

ponts sont alors généralement utilisées pour la détection des essieux, mais les pics des
contraintes mesurées dépendent fortement de la position transversale des pneus sur la poutre.
Ce papier décrit une étude sur laeddion des essieux pour difféerentes stratégies dépendant

du type de ponts et de poutres.

Mots-clefs: Pont, pesage en marche, pesagepoant instrumenté, essieu, détection, FAD,

NOR.
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1. Introduction

The principle of Bridge Weigim-Motion (B-WIM) is to find the axle weights which give a

least squares fit between theoretical and measured strains. For this calculation, the system
needs accurate information on the location and speed of all axles on the bridge. The original
system of Moses included electricaintact switches attached to the road surface. These were
subsequently replaced by pressure sensitive air hoses that transmit a pulse of high pressure air
when crossed by an axle.

In recent years it has become apparent that any form of axle detectioe omad surface

raises issues of safety and traffic disruption during installation and mainteZard=ic et al

(2005) proposé-reeof-Axle-Detector or NothingdDn-Road (NOR) BWIM, where axles are
detected using sensors attached to the underside bfithye, i.e., no part of the system is on

the road surface. These have proven to be extremely popular for operational reasons and there
are now more than 1000-WIM sites, worldwide.

Despite its popularity, NORBVIM doesraise some issues (Chatterj¢ee2006) The most
common strategy is to locate sensors near the quarter points in a simply supported span. As
axles pass overhead, there is a peak in strain which can be detected by the data acquisition
system which typically operates at a scan ratexucess of 250 Hz. This approach works well

for some bridges short slender spans with a good road surface to minimise vehicle
dynamics. However, the problem is more complex for baadslab bridges where the
beams are deep, a common form of constructioilabama. The peak in strain on the
underside of such beams is not very sharp and can be confused with other peaks due to, for
example, bridge or vehicle vibration. The slabs in such bridges are therefore generally used
for axle detection. However, thegks in the slab strains are quite sensitive to the transverse
position of the wheels over the beam. If a wheel passes over the slab between beams, it will
generate local bending in the slab. However, if a wheel passes directly over the beam, there
may beVierendeel bending in the slab which can cause little or no direct stramvayid
between beams.

This paper describes one element in tlext Generation Bridge WIMroject which will be
carried out in the United States, Northern Ireland and the Remfhblieland through 2011
2014. In this study, the issue of axle detection in Bridge WIM systems is addressed. Two
approaches are considered:

1 Better positioning of direct strain transducers: Complekn3ensional Finite Element
modelswill be used to assessle detection for a range of bridge types and transverse
positions of wheels. The range of structural responses are considered and strategies are
developed that will detect lighter axles in a greater number of cases.

1 A novel shear strain senswill be asessed to determine the feasibility of using shear
as opposed to direct (axial) strain for axle detection. Agadtin&nsional modelwill
beused to determine the required accuracy of such a sensor and where it may best be
placed.

Field trials areplanred where axlewill be detected by conventional means using low grade
piezo sensors. The piezo sensors, located on either side of a testvaitidgepsed to assess
the effectiveness of alternative axle detection strategies.
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2. Bridge Weigh-in-Motion

Bridge WIM is an alternative approach to weighing trucks in moti@m existing bridge is
instrumented with strain sensors and these are used to calculate the weights of trucks passing
overhead. Bridge WIM has a number of advantdgésis very accurate fogross weight,

largely overcoming inaccuracies due to truck bouncing and rocking motions on rough road
surfaces. It is also portable and can be moved from one bridge to another at relatively little
cost.

A Bridge WIM systentraditionally consist of two canponents(i) a device which monitors
a varying property of the bridge structure, usually longitudinal strain, using saasducers;
(ii) a device which detects the presence of an axle and hence fingjsettek and axle spacing
of the vehicles crossintpe bridge. The passageavehicle is usually ithe order of seconds
which can help to reduce inaccuracies due to high frequency axle hopping motiehglies
travelling at speed.

The conventionabridge weighin-motion (BWIM) algorithmis credied to Moses (1979). It

finds static axle weightby minimizing the sum of squares of differences between measured
bridge strais andcorrespondingheoretical strais Generallytwo axle detectors in each lane

were used to provide the times of occurremfeeach axle of the vehicle and thus the axle
spacing, velocity andehicle classin the original Bridge WIM systems, the axle detectors

were tape switches or pneumatic hoses attached to the road surface (Figure 1(a)). However, in
recent years, these halleen replaced by sensors attached to the slab underneath the bridge
(Figure 1(b)). This latter approach is thes@a | | ed -GHRotallibn d NOR)f- or OF
AxleeDet ector 6 (FAD) Bridge WI M system. 't has
as no parof the Bridge WIM system is on the road surface. In the current NOR systems,
strain transducers are used to detect bending in the bridge slab as axles pass overhead.
Anecdotal evidence is that its success is mixed, i.e., it does not always work fardidbte

(b) NOR axle detectors
Figure 17 Axle Detection

3. ROC Shear Strain Sensor

An electrical resistancstrain gauge takes advantage of the physical property of electrical
resistance and its relationship withe strain of the material. The WIM sensor developed by
the ROC company in the Europeafi FrameworkASSETproject [1] uses four electrical
resistance strain gauges to measure the shear deformation in a smdll fitatee 2. It is
designed as a multippose measurement system.

In its usual configuration as a WIM sensor, the force is applied at the two corners on top.
However, if subjected to a shear force, it will deform as illustrated the right hand side
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will be pushed up and the left side dowhhe strain gauges are placed in a diagonal
arrangement as shown and can therefore measure the angular distortion of the thin plate that
makes up the central layer of the sensor

The purpose of this study is to determine if it is feasible to use thedREdl strain sensor as

an axle detector in a NOR Bridge WIM system, i.e., to determine if there are sudden changes
in shear strain as a wheel crosses the bridge. Finite Element modelling is used here to
determine if this is the case and to find out whigréhe bridge, the changes in shear strain are
maximum.

strain gauges

[
/

fixity

(a) Photographs of sensor (b) Diagrammatic view of sensor: Original geome
(above) and Deformed geometry (below)

Figure 27 ROC Shear Strain Sensor
4. Bridge Model

A bridge and loading were Iseted to numerically test the concept of using the ROC shear
strain sensor as an axle detection device. The effectiveness of the system will clearly depend
on the geometry of the bridge and the location of the wheels over the main structural elements
(over beam or sl ab). For the purposes of this
selected Figure 3. A span at the longer end of the range considered suitable for Bridge WIM
was chosen, namely 30 m. A beamdslab configuration was chosen withe webs
simplified as rectangular. A span/depth ratio of 1:20 was selected implying a depth of 1.5 m.
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Figure 317 Dimensions of bridge Finite Element model

The O0Patranédé softwar e whismeunsseido nfaolr stohl& da néabry
simpified load case was considered of a knife edge load of magnitude 10 kN/m (900 kN in
total) 1 Figure 4.

Figure 47 Bridge loading and supports

The sign convention is illustrated in Figure 5 where X is longitudinal (direction of span), Y is
transverse (@pendicular to span) and Z is vertical (out of plane). The shear stresses of
interest are:

t,. X-face and Zdirection Tzy _
ty Y-face and Xdirection / 74 Ty ;
The former is the usual shear stress considered Ty
which shear links are usually provided)t would be .
expected to vary parabolically with Z and to be T’ b
maximum about midlepth in the web. Significantly, i -
will change sign as a knife edge load passes over Tyz XZ
point, making it a good candidate for an axle detecto v v

The latter stresstyy, is also known aiterface shear

stress. This is caused by the dispersion of longitud X
axial stresses into the flanges as bending mon.....
increases. Again, it will change sign as a knife edge
load passes as the situation changes from one of
increasing moment (with X) tmne of decreasing
moment.

Figure 57 Shear stresses
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5. Preliminary Results

Figure 6(axhowsthe distributionof verticalshear stressn the Xface at midspan x = 15 m)

when the knife edge load is just before that poxt (14.9 m).The stress does not vary
parabolically with Zas might be expectedthis is because of its proximity to the point of
application of the load (it is parabolic 1m earlier). There is an extreme stress in the edge
cantilever but this could not be easily measured. Apart from this local edge effect, the
maxirgum stress in the web is near the top (where it meets the flange) and it is about 160
KN/m®.
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(b) tx5, atx =15 when load is at= 15.1
Figure 61 Vertical shear stress distributions onX-face

Figure 6(b) shows the corresponding distribution at-spian ¥ = 15 m) when the load has

just passed that point (i.e., loadxat 15.1 m). This distribution is similar but of opposite sign
to that when the load is approaching. Apart from thallognimum at the edge, the minimum
in the web is where it meets the slab and is akbB® kN/nf. It can be concluded that the

shear stress changes from 160160 as the 900 kN load passes, a change of 320%kN/m

Figure 7 shows the interface shearstes just before (Figure 7(a)) and just after (Figure 7(b))

the knife edge load passes. Again, there is a reversal in sign between them. The maximum
stress evident in Figure 7(a) is about 180 kfy/occurring in the slab just where it meets the
web. This § matched by a stress of abelB0 kN/nf at the same point, just after the load has
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passed. The difference is 360 kN/oorresponding to a knife edge load of 900 kN. It would
appear that the maximum shears in Figures 6 and 7 correspond to each qthieere.és a

shear flow of about 170 kN/nthat changes from vertical to horizontal at the point where the
web meets the flange. This changes sign as the load passes, giving a total change (in both the
web and flange stresses) of about 340 KN/m
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Figure 77 Interface shear stress distributions on Xface

Shearstrain is% . , where' — = 13x16 kN/m?. Hence the change in shear

strain as 90kN axle passes i$340/13x16 =) 26 microstrain. As a 5 kN axle passes
(representing a car axle), the expected change in shear strain is 0.14 microstrain. For a sensor
that is 50 mm long, this change of 0.14 microstrain coordp to a deformation of (%0.14

=) 0.0072 mm.

6. Conclusions and Future Work

If the ROC shear strain sensor can consistently detect a change in shear strain of 0.14
microstrain, then it should be capable of detecting car axles as light as 5 kN in a 88 m sp
bridge of typical dimensions. Even if it fails this test, a less sensitive sensor could be used for
truck axle detection. For example, a sensor 10 times less accurate would still have value as an
axle detector in the Bridge WIM industry (as it coulded¢0 kN axles).
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The preliminary recommendation for the location of the axle detector is at the interface of the
web and the flange, as illustrated in Figure 8.

These analyses are part of a preliminary study of the issue of axle detection. Fre202011
further Finite Element analysis will be carried out for a range of spans and transverse
positions of the vehicle wheel. Field trials are planned for Northern Ireland, usinggadde

piezo WIM sensor to confirm axle detection made on the bridge.

Figure 87 Recommended sensor location
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USING STRIPS TO MITI GATE THE MULTIPLE -PRESENCE PROBLEM OF
BWIM SYSTEMS

A. GNI DA I . LAVRI J. KALIN M. KRESLIN
Slovenian National Building and Civil Engineering Institute (ZAG)
Slovenia
Abstract

Bridge weighin-motion systemshave for decades exhiled their accuracy andease of
installation. At the same time, one of their disadvantag@sh affectsthe accuracy of thie
resultshas been theiinability to deal with more than one vehicle on th@geat the same
time, particularly if the vehicles meet close to the centretbé bridgespan. The linear
algorithmsthat are traditionally used fattistributing the global loading effect amortige
different vehiclescan potentially result in consideoée errors. While on lowolume roads
and on shorspan bridges percentage of such events can be neglettedpotential error
increases rapidly on longer bridges and with higher traffic voluBesausehe theoretical
solution using Alimensional infuence surfaces would be difficult to implemesgnsorstrips
were proposed as a compromise that takes into account the transverse position of vehicles on
the bridge but keeps the calculation procedure reasosabpleand, above all, does not add
compleity to the calibration procedure.

Keywords: Strips, Multiple Presence, Bridge, Weighing, Bridge WeigMotion, Weigh
in-Motion, WIM.

Résumé
Le pesage par pont instrumenté démontre depuis des décennies son potentiel, tant au niveau
de la précisionqueee | a facilit® doéinstall ati on. Ma i

inconvénients est son incapacité a traiter le cas de-prékence sur le porgn particuliersi

les véhicules se croisent a -portée. Les algorithmes traditionnels linéaires peuvent

pat enti el l ement mener ~ dbéi mportantes erreur s
sur divers véhicules. Méme si sur des routes peu fréquentés et des travées courtes, ces
ph®nom nes peuvent °tre n®gl i g®eantslonglesmet n6e st
des routesbeaucoupfréquentées. Puisque la solution théorique consistant a utiliser des
surfaces doéinfluence serait di fficile 7 me t
compromis qui prend en compte la position transversale éegwes sur le pont, mais
conserve des cal cul s rai sonnement simpl es
procédure de calibration.

Mots-clés: Barreaux, présence multiple, pont, pesage, pesage par pont instrumenté, pesage en
marche, WIM.
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1. Introduction

Multiple-presence (MP) of heavy vehicles on a bridge is a problem that can drastically reduce
the accuracy of bridge Weigim-Motion (BWIM) results based on the traditional algorithm
(Moses, 1979)In the traditional analysighe signals from all straitransducers are summed
together and theesults (axle loads) are calculated from this global response of a bridge
caused by all vehicles that are crossingWAVE, 2001) While this does not cause
difficulties for vehicles follaving each other, it becomes problem when two vehicles in
adjacent lanes meetose tothe centre of théridge span Figure ). Then the basic bridge

WIM algorithm has difficulty dividing the global responseetweenthe two vehiclesThis is

due to the definition of the proble¢®Br i e n, Gni dar which is Base® pniao , 20
linear model (influence line) and can be solved evihenintroducingan additional parameter

into the mathematical description of the probletime width of the bridgeas thesecond
dimension. Using an infuence surface instead of influence linegy in theory almost
completely eliminate the MP problem, but the calculatioeguired would be extremely
demanding Futhermore,the procedurdo calibrae such a system would be vagmplex,
requiring far too many vehicle runs to be commeréyaliable To overcomethis situation an
alternative pproach, only marginally more complex than the basic Bwhkthodology was
developed, imgmented and verified.

BB BINIA. COA

Figure 17 Multiple presence event on a bridge withwo vehicles following each other
(left) and driving side-by-side (right).

1.1Definition of the problem

Typically, a BWIM bridge is instrumented witfl strain transducers at appropriate locations,

usually at midspan or where bending moments and strains aditthesf{ Gni dar i | |, L a
& Kalin, 2002) The passage of a truck withh axles deforms the bridge and the induced

strains are trasiormed into voltages and read by data acquisition hardware. The entire
passage of a truck is representedM®K measurements whet€ is the number of samples

needed to record the passage from the moment the first axle starts to exert influence on the
bridge to the moment the last axle does not influence the bridge anymore. In the basic BWIM
algorithm the mesurements at timg fire sunrmed across sensors:

00 B'Qo

1)

whereg;(ty) is the measured signal ghsensor at timé (Moses, 1979)
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The equation representing the influence of the truck on the bridge & ttarebe wiiten as:
"00 BO8BLB8O0 o

(@)

where the sum is tak acrosd axles,i = 1..N, w; are the individual axle loads,is the time

of passage df" axle, v is the speed of the vehicle to which theaxle belongs and I(x) is the
influence linei the response of the bridge to a passage of a unit loaduradast the sensor
location and dependent on the unit load posixiohhis type of model fits into the eaory of

general linear least squares modeling of data, where the model is a linear combination of the
so-called basis functiongPress, Teukolsky, &tterling, & Flannery, 2007)The functions
themselves can be arbitrary; of importance is the linear dependence of the model on the
parametersw;.

A merit function

.0 B B 06 06 (3)

is defined as a sum over all sgqas of differences between the measured and the fitted
influences. The bedit values of axle loads are obtained by minimizing the error function by
varying the parameters, in this case the axle loads. To obtain the actual axle loads of an
arbitrary vehtle, the bridge response is calibrated with multiple passages of a vehicle with
known axle loads.

The quality of fit heavily depends upon the distinctiveness of the basis functions, i.e.,
influence lines for individual axles. For instance, if two axlesaighboring lanes arrive on
the sensors at exactly the same ti me, i f the
influence lines are the same for both lanes, it is mathematically impossibltetoide
weights for each axle. We can only sofee the sum of two weights, whereas the individual
weights themselves are indeterminate since there are an infinite humbenbohations that

give the same sum. Even if the basis functions are not exactly the same, but are merely
similar, the solutiond very senisive to the inevitable noise in the signal, where noise can be
the result of true random noise, measuring errors, or dynamic components introduced by
bridge and vehicle vilation. This is the main source of errors for the MP events when using a
traditional bridge WIM algrithm.

The same reasoning is applicable to calculations on a bridge of which the length (and thus
influence line) is long compared to the total wheelbase of the passing vehicles. In this case the
gross weight can be calculatedth a much higher accuracy than the axle loads which,
depending on the user requirements, can be illogical and even negative.

1.2The proposed solution

The most straightforward way to solve the MP problem is to use an influence surface.
However, the calculain system then grows in both the number of equations and in
complexity and is not solvable using linear methods. An additional difficulty with the use of
an influence surface is the need for calibration at different transverse positions of the
calibrationvehicle. Even a conventional BWIM calibration, which is identical to a calibration
procedure of a pavement WIM system, can easily take a half day or more; whereas to
calibrate a bridge with an influence surface, npldt runs at many different transverse
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positions are needed and it could take a few days toraté a bridge properly. This clearly is
not an acceptable solution for commercial applications.

The proposedtripsmethod is an enhancement over the classical Moses method, but does not
need extraalibration runs as would the solution applying the influence surface.

The basic principle behind the strips method is that instead of summing signals into one value
for each timdy, the sensors are separated into groups. Signals are then summednaiths g

of sensors that belong to individual lanes and this extra information is used to increase
accuracy. For example, on a two lane bridge instrumented with 16 sensors, the two sums
would typicadly be:

o BQO NQ pay and
o6 BQo NQ wpo @

The reasoffior such grouping is straightforward: when a vehicle passes over the bridge in lane
1, the signals from sensors mounted underneath this lane will show a higher response than
sensors mounted underneath lane 2 and, conversely, a vehicle in lane 2 wikeehaher
response on sensors underneath that lane. Just how much higher is unknown and, in principle,
needs to be resolved. This results in a-lv@ar as opposed to a linear problem. However, the
load distribution can be approximated across sensoasdnaging load distributions from the
random traffic. Use of this information, which describes how the influence of traffic is split
between the lanes, can enhance the solvability of the equations using linear methods. The size
of the system of e@tionsused to solve for the weights is multiplied by the number of strips.

2. Experimental verification

To demonstrate and verify the strips method, tests and analyses of results were performed on
a short slab bridge in Slovenia and on a longer beam bridge in.Brazi

2.1A 7-m long slab bridge

The first test was performed on arvlong slab bridge (CE0122) instrumented with a SIWIM
BWIM systemon a heavily trafficked road in Slovenia (Figure 2). The traffic on the bridge
was running in two lanes in opposite directioBach short bridges are normally not critical

from the MP point of view, as the probability of occurrence of two vehicles on them
simultaneously is low. Yet, this bridge did experience a number of MP events even during the
calibration runs, three in laneahd six in lane 2. This was a high of 36% of all of the runs in

the data sample. Despite this high percentage the accuracy according to the COST 323
specifications(COST323, 2002)was, due to the relatively short span, in a good accuracy
class, B(10), irthe smoother lane 1 and in a satisfactory class, C(15), in the noticeably less
even lane 2 (Table 1).

Implementing strips
Prior to implementing the proposed procedure, the lateral distribution of the measured strains
had to be defined. This was done irethstages:

1. the quality of all strain signals from individual transducers must be verified in order to
eliminate or compensate for erroneous measurements, which can occur due to
inadequate attéanent of sensors on concrete structures or due to crackisein t
concrete,
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2. the contribution of each sensor per lane of traffic is evaluated by averaging the
maximum esponses of the sensors due to random traffic, and expressed as a
percentage of the total strain response of all sensors (Figure 3), and

3. the individualsensors were assigned to the relevant strips; in the example in Figure 3
two strips were defined to describe two lanes of traffic.

Figure 27 CE0122, a 7m long skewed slab bridge with calibration truck and strain
sensors underneath

Analysis of results

In the case of bridge CE0122, the calibration vehicle was a three axle rigid truck that was
statically weighed using portable static scales. Results of the initial calibration, evaluated in
full repeatability and environmental repeatability accorditty the COST 323 WIM
specifications(COST323, 2002),are presented in Tables 1 and 2. The results exhibit
considerable improvement in accuracy: improvement of one accuracy class in lane 1 with
25% of MP events, and improvement of almost 2 accuracy cléssesia for gross vehicle
weight only marginally exceeds threshold for class B+(7)) in lane 2 with 46% of MP events.
This demonstrates that using strips can substantially improve the accuracy of bridge WIM
results.

Average distribution of 75 vehicles: Average distribution of 56 vehicles:
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Figure 31 Lateral distribution and defined strips for lanes 1 (left) and 2 (right) for the
CEO0122 slab bridge, as selected in the SiWIM software.

Table 17 Accuracy without applying strips at CEQ122 bridgei calibration runs

| | Criteria’ No. ’ Ident. ‘Mean’ Std.

’o ‘ CIaSS’ d ’ dmin ’ dcrit |dclass‘

| ] |Acc.‘
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(%) | (%) | (%) | (%) (%) | (%) | (%) (%) | (%) | class
GVW | 12 | 100%] 0,00| 2,42 | 95,9| B(10)| 80| 7,1 | 8,9 | 10 | 95,9/ 97,8
Group | 12 | 100%| 0,00 3,15 | 95,9] B(10) [ 10,4| 9,3 | 8,1 | 10 | 95,9 97,8|B(10)
Single | 12 | 100%| 0,00 3,34 | 95,9| B(10) [ 12,0| 9,8 | 8,0 | 10 |95,9] 98,7
GVW | 13 | 100%] 0,00| 3,69 | 96,2| C(15)| 12,0] 10,8] 13,5| 15 | 96,2| 97,9
Group | 13 | 100%| 0,00 4,33 | 96,2| C(15) | 14,4| 12,7| 12,9 15 |96,2] 98,1| C(15)
Single | 13 | 100%| 0,00 4,81 | 96,2| C(15) | 16,0| 14,1| 12,0] 15 |96,2| 98,1

Lane 2 | Lane 1l

Table 2- Accuracy after using stripsat CE0122 bridge
Ident. |Mean| Std. | 7, d | dmin | Qerit ’ ’ Acc.
Class Qeass
(%) | (%) | (%) | (%) (%) | (%) | (%) (%) | (%) | class
GVW | 12 | 100%| 0,00| 1,55|95,9 B+(7)| 5,6 | 46 | 57| 7 |95,9|98,7
Group | 12 | 100%| 0,00| 2,51 | 95,9| B+(7)| 80| 7,4 | 6,5| 7 |95,9|97,3| B+(7)
Single | 12 | 100%| 0,00| 2,54 |959|B+(7) | 8,7 | 75| 59| 7 |95,9| 98,3
GVW | 13| 100%| 0,00| 2,02 | 96,2| B(10)| 8,0 | 59| 7,4 | 10 |96,2| 99,4
Group | 13 | 100%| 0,00| 2,68 | 96,2| B+(7)| 80| 7,9 | 6,9 | 7 |96,2| 96,5| B(10)
Single | 13| 100%| 0,00| 2,92 |96,2| B+(7)| 8,7 | 86| 6,9 | 7 |96,2| 96,6

Criteria| No.

Lane 2 | Lane 1

2.2 A 31-mlong beamdeck bridge

The second test was done on a heavily trafficked motorwAyaaainguan Brazil on a 3im

long threespan beam bridge instrumented with a SiIWIM brilggM system. The main 22

m span consisted of ten prefabricated reinforced concrete beams:b€anss at om third

and two thirds of the main (center) span of the bridge were instrumented. The traffic on the
bridge was running in two lanes in the same direction.

Implementing strips

After fine-tuning the strain sensors, the parameters for setting up the tipe wstere
implemented using the same procedure as for the first bridge. Five strain sensors were
allocated to lane 1 and the remaining five to lane 2. Figure 5 depictdiraeBsional
representation of the responses from all 10 strain signals during plenptesence event and,

on both sides of the chart, depicts the contributions of the individual vehicles from lanes 1 and
2 (shown by the lines) within the total maximum beam responses of this loading event (shown
by the bars).

Analysis of results

The intial calibration of the site was done with sade semitrailer and no MP runs were
recorded. After 5 days a test with 57 random vehicles from the traffic flow was performed.
The vehicles were weighed on a static scale and results were compared tdtaiosel avith

the SIWIM system. Unfortunately, only the gross weights were recorded during the static
weighing; therefore only this criterion could be compared. All statically weighed vehicles
wereusinglane 2 which corresponded to the driving lane.
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Figure 47 Ararangua beam bridge and strain sensorinstalled on the beams

Among the 57 statically weighed vehicles, 5 multiple presence cases were identified. Each of
the cases was examined and the results are presented in Table 3. All errors wereaftuced
implementing strips. The highest absolute improvement was attained in the first case where
the two vehicles in the adjacent lanes were driving closest to each other.

1

STRIP 1| STRIP1 |
ﬁ

Figure 571 Strain signals from individual strain transducer of a MP event with
corr esponding lateral distribution of each vehicle

il
%&\\m
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Accuracy results under full reproducibility and environmental repeatahiltty and without

strips are summarized in Table 3. Despite less than 10% of migdtgdence cases, which
included some cases ohe of the vehicles following the other vehicle in the same lane, the
accuracy of gross weights according to the COST 323 specifications increased by one class,
from B(10) to B+(7). In addition, the value dfi, was close to 5%, which is the threshold fo

class A(5).

Table 3: Measured error of multiple-presence runsat Ararangud bridge.

: Static GVW WIM error
Time . ;

t No strips Strips
11:36:44 22.76 -10.0% -6.8%
15:40:59 20.76 -2.6% -2.1%
13:29:53 4491 -2.4% -1.8%
15:12:50 44.26 -3.9% -2.3%
15:17:25 52.06 -2.5% -2.2%
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Table 4: Accuracy of gross weightsawvithout and with strips at Ararangua bridge.
Ident.|Mean Std. | ", Class d | dmin | erit e ’ ’
(%) | (%) | (%) | (%) (%) | (%) | (%) (%) | (%)
No strips| 57 | 100%|-1.15| 3.66 |91.7 | B(10) |10.0|7.73|7.73| 10 |91.7|97.9

Strips | 57 | 100%|-0.44| 2.81 |91.7|B+(7)| 7.0 |5.77|5.77| 7 |91.7|96.8

Method | No.

3. Conclusion

A drawback of the traditional bridg&/IM algorithms is the difficulty of dividing the global
bridge response among the vehicles in a mulpésence event, i.e. with several vehicles on
the bridge at the same time. To mitigate this problemstitygs method has been developed

and implemeted in the SIWIM bridge weigin-motion system. Unlike implementing a full
2-dimensional influence surface which would require very complex calculations and system
calibration, the proposed strips method is computationally efficient and does not require
changing the conventional calibration procedure. The two examples in this paper demonstrate
that using strips in BWIM calculation increases the accuracy of results. The degree of
improvement is typically in the range of one accuracy class according to tt8T G323
specifications and depends on the type of the structure (its length and stiffness) and on the
density of the traffic which governs the frequency of multjplesence events.

Using strips is the first step towards full implementation of the inflaesurface which is

believed to be the ultimate solution not only for the multgesence events, but also to

improve results on flexible superstructuresOBr i e n, Gni dar Uding the Oj i c
tradtional easyto-perform calibration procedure, th&rigs can efficiently increase accuracy

of bridge weighin-motion results.
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EXPERIMENTAL TESTING OF A MULTIPLE -SENSOR BRIDGE WEIGH-IN -
MOTION ALGORITHM IN AN INTEGRAL BRIDGE

J. DOWLING A. GONZALEZ E.J. OBRIEN B.JACOB
Ucb UcCbhD Uucb LCPC
Ireland Ireland Ireland France
Abstract

A new Bridge Weighin-Motion (WIM) algorithm whidr makes use of strain sensors at
multiple longitudinal locationss tested using experimental data from an integralge in

France. Theoptimisationprocedure at the core of the proposed algorithm seeks to minimise
the difference between static theoryglaneasurement, a procedure common in the majority of
Bridge WIM algorithms. In contrast to the single unique value calculated for each axle weight

in common Bridge WIM algorithms, the algorithm implemented applies the optimisation
procedure to a set of egions formulated at each scan of the Bridge WIM system, to give a
time history of calculated static axle weights. Studying the determinant of the system of
equations devised at each scan, those portions of the time history of calculated static axle
weight for which the system of equations is poorly conditioned are removed from the final
reckoning of the static axle weights. The proposed algorithm makes use of a robust moving
average filter to remove much of the effects of dynamics. A calibration prockdsed on

using trucks from ambient traffic and the effect of the number of calibration vehicles on
accuracy are investigated.

Keywords:  Weighin-Motion, Bridge WIM, Integral Bridge Experimental Testing
Algorithm.

Résumé

Un nouveau pont de pesage enurement (WIM) algorithme qui utilise des capteurs de
déformation a plusieurs endroits longitudinale est testée en utilisant des données
expérimentales a partir d'un pont ancré en France. La procédure d'optimisation a la base de
I'algorithme proposé cherclieminimiser la différence entre la théorie statique et de mesure,
une procédure courante dans la majorité des algorithmes de WIM Bridge. Contrairement a la
seule valeur unique, calculé pour chaque essieu en commun algorithmes WIM Bridge,
lalgorithme misen Tuvre | a proc®dure d'optimisation
formulées a chaque balayage du systéme de pont WIM, de donner une histoire du temps des
poids par essieu calculé. Etudier le déterminant du systeme d'équations élaborées a chaque
balayage, les portions de l'histoire du temps de calcul le poids par essieu pour lequel le
systeme d'équations est mal conditionné sont retirés de la décompte final des poids par essieu.
L'algorithme proposé permet l'utilisation d'un filtre & moyenne mobbeste pour éliminer

une grande partie des effets de la dynamique. Une procédure d'étalonnage basée sur
l'utilisation de camions de la circulation ambiante et I'effet du nombre de véhicules sur la
précision de I'étalonnage sont étudiees.

Mots-clés: Pesageen marche Pont WIM, pont intégré, des essais expérimentaux,
Algorithme.
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1. Introduction

Bridge WeighIn-Motion (WIM) systemsmeasurethe deformation of a bridgemost
commonlyin the form of straig, and use these measurements to estimate the charaateristic
of the traversingraffic loads.The data gathered Btidge WIM stations can be used for many
varying purposes: bridge monitoring, transport policy decisions, management of the bridge
stock, the allocation of national resources and overload enforcemeatrte but a few. The
ultimate end of the data gathered depends on the quality achievable, or the accuracy of the
inferred axle weights. Only the most accurate of systems may be used for legal purposes or
overload enforcement however, with slightly lessumate systems used to select trucks
suspecting of being overweight, these trucks then being weighed on a staticl$ualpaper
presents results of an experiment to test an algorithm proposed by Gonzalez et al. (2011),
which utilises bridge responseadings (strains) at multiple longitudinal locations to provide

an instantaneous calculation and a time history of applied forces for eachThgle.
experimental data is from a bridge in the south of France, and the algorithm is a further
development of thaimplemented by Gonzalez et al. (2010). The mwaétisor algorithm is

found to improve the accuracy of the system compared to the traditional algorithm based on a
single longitudinal location, i.e., misban.

The stalwart algorithm proposed by Moseshe tate seventies (1979) remains the basis of
most moderrBridge WIM systemgOBrien et al 2002 Rowley et al. 2008Gn i det al.i |
2000. Mosesd6 original algorithm is based on
defined as the sum of the squaratfedences between theory (static response based on
influence lines) and measurement (total strains) to provide a unique best value for each axle
force. While the objective function of Moses is based on all readings at one given location for
the entire paod the vehicle is on the bridge, the objective function of the mulsphesor
algorithm tested herein is based on the readings of all sensors at one point in time. It is
necessary to have a number of sensors equal or greater than the number of axiddetadd

solve the system of equations that relate the expected (theoretical) response to the measured
one. In the case of-&xle trucks with a tridem as considered in this study, the axles of the
tridem are assumed to carry equal load. This reducesutinbar of unknown axle weights

from five to three. This assumption is justified by the fact that most modern trucks contain
load sharing mechanisms for tandems and tridems. At eachstapethe determinant of
system matrices (de€k() is calculated, usinthis value as an indicator to remove those poorly
conditioned sections from the ultimate prediction of static axle loads. The static axle weights
are then estimated from those sections identified as being sufficienttganelitioned.

2. Site Description

The experimental data was gathered from a bridge at-eamt de Védas, approximately 7
km outside Montpellier The bridge is located on the northbound passage of the A9
motorway, which links Barcelona and Montpellier. The bridge is a single 6.5m sparalinteg
structure; 14.4m wide with no skew and the road surface is in very good condition.
elevation of the bridge is shown in Figure 1.
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Figure 17 Photo of the déevation of Bridge at SaintJean de Védas

The bridge was instrumented with a Sloveritaidge WIMs y st e m
2002). The installation consisted of sixteen strain sensors, twelve locatedsgganidnd four
off mid-span (two at approximately-&pan and two at approximately-$pan). Within the
SIWIM system set up, the sensors at 4spén are those primarily useddetermining axle

(Si Wi M)

(Gni

weights, while those at the off m&ban locations are used for axle detection and calculating
velocity. The sensolocations are shown in Figuge
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Figure 271 Sensor Locations (showing road markings).

Located approximately 3 km downstream of the bridge is a toll plaza containing static

weighing station. On®iand 2 December 2009, 79-&xle trucks were identified crossing the
bridge and pulled into the static weighing station to be weighed. As & oéshis campaign,
the complete strain records from sixteen sensors are available togethexcaurate static

axle weights.
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2.1Bridge Response

The response of the bridge at Saletin de Védas was found to contain very little dynamics.
An example respongs shown in Figur&®. Analysing strain readings from the bridge during a
period of free vibration, the first natural frequency was found to be 33 tdzasery high first
frequency of 35 Hz,is of the order that we would expect to see for very stiff iategr
structures such as this bridge and explains why there are very little dynamics evident in the
measured response signals.
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Figure 37 Measured response from Site.

The offmid-span measurements are plotted with heavierdieghts; there are two foraeh
longitudinal location. There are twelve nsgan sensors, plotted with lighter kneights in
Figure3.

2.2Suitability of Site

The setup of the instrumentation at the site is not the ideal testing conditions for the
algorithm proposed in this paper; there only three longitudinal locations instrumented and
two of these locations have far less sensors than thepaid location, two at each affid-

span location and compared with twelve at4spén. The span is so short that the period over
which detG) will be large enough so as to have a sufficiently high level of confidence in the
predictions will be very short. However, despite the disadvantages of the experimental set up
for this particular case, it will be shown that the proposed algorithm dfiksoan
improvement over the origin8ridge WIM algorithm.

3. Algorithm Influence Line

Implementing and testing the propod&ddge WIM algorithm with a sample of 79 trucks, it

is decided that 20 trucks are to be used in the calibration of the systeme. 4 shows how a
change in the number of trucks employed in the calibration affects the overall accuracy of the
multiple-sensor Bridge WIM algorithm usirtge full sample of79 trucks as a test population

The primary yaxis measures the sum of the squaiifitrences between the influence line
obtained usingp trucks and the influence line obtained usmitrucks.The secondary-gxis

shows themeanof the error in individual static axle weights obtained with the influence line
calibrated withn trucks aml it is represented with symbols in the figure.
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Figure 47 Number of trucks used in calibration Vs error in predicted axle weights.

The influence lines providing the best results are the case when 20 trucks are used in the
calibration procedure. Thistsef influence lines is provided in Figure 5 for reference.
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Figure 57 Influence linesused in experimentalBridge WIM algorithm.
4. Limit of det(G)

The scale of the values of dé)(will be different for every bridge and every bridge location.

In choosingthe limit of detG) for bridges as short as the bridge in this case, the state of the
particularly small length of signal portion for which d&}(is large enough so as to inspire
confidence in the predictions, must be considered in deciding the Airsitidy of the errors
obtained varying with the choice of dg)(limit is presentedh Figure6.
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Figure 67 Analysis of the limit of det(G).

In some cases for limits of above 0.03, imaginary predictions are returned, this means that for
some axles there 130 portion of the force history prediction for which @t(> 0.03. The
optimum limit of detG) was found to be 0.025. This limit was used and the algorithm applied
to the response of all 79 trucks. An example of the force history predictions is shown in
Figure 7.
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Figure 71 Force predictions for a measured truck.

The plot style of Figure 7 is as follows: for each force predicted there is a heaweloie

dotted line representing the actual weights recorded at the static weighing station; the light
line-weight solid line is the entire extent of the force history predictions; the heawvy line
weight solid section is the section of the force history prediction for whicBet@bove the

limit of 0.025. The value of determinant is plotted with ddshline-type and values are on

the secondary, rigkgide yaxis. The measured axle weights (dotted in Figure 7) are 76.5kN,
130.4kN and 67.7kN for the®'1 2" and 3 axles respectively. The corresponding axles
weights calculated by the propos&iidge WIM agorithm were 77.2kN, 131.7kN and
68.9kN, giving errors of 0.9%, 1.0% and 3.8% for tAe2l® and 3" axles respectively in this

case.
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5. Method of Indentifying Outliers

The predicted force history of Figure 7 highlights the fact that for this experintattathe

period of high detg) values is very short; if it was longer, the force history predictions would
0settle downdé and become | ess erratic as th
entering/ exiting the bridge, become longer. It wouldabeantageous to have, in aBgidge

WIM system, a method of identifying those predictions which are likely to be erroneous. The
proposeeWiM algorithm has a method, comprised of two indicators of identifying the
potentially erroneous readings/ predictioirs ideal conditions the force history predictions

will be horizontal straight lines and any deviation from horizontal or straight may indicate a
poor prediction. When the section of the force history prediction for whictspetlimit has

been identifid, a straight line is fitted using least squares. The slope of this line is calculated
as well as the sum of the differences squared between the time history prediction and the line
of best fit, as a measure of the goodness of the fit, as demonstrategdre & In general,

those runs with the worst slope/ correlation values contain the worst axle weight predictions.
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2 10 ) )
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Figure 8T Er r or in predicted ax|?dorliveofhpstfiits Vs sl c

5.1System Classification andRemoving Outliers

COST33 (2002), in their final report presented a method classifgndge WIM systems

based on the obtainable accuracy of the predicted axle weights in a number of categories. The
classifications range from E in the worst caseB#®(7) and A(5) at the upper dn
Classifications A(5) and B+(7) are recommended for legal or enforcepugpbses. The
classifications are based on confidence intervals for the predicted weights, for example in the
case of B+(7), theast majority ofindividual static axle weights withe predicted within £7%

of their true values, while GVW and axle group weights (tridems, etc.) will be generally
predicted within £5% of their true values.

In the WIM standard(Clause 6.3.)1 the user is permitted to remove up to 10% of the
predicted reglts which can be shown to be potentially erronebafore classifying the
system. Looking at slope and correlation of the line of best fit to the force history prediction,
those seven trucks with the worst slope or correlation values were removed. fEne \sg¢s

then classified as B+(7). Thatassification categas considered were Gross Vehicle Weight
(GVW), individual axle and group of axles, the critical classification category of these was
individual axle weight predictions. Classifications for GVWegmry, in all cases, were A(5).
Bridge WIM systems are known to be more accurate in their predication of GVW then
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individual axles, and have difficulty distinguishing closely spaced axles like tandems and
tridems (COST323 2002). The more critical categof individual axles and group of axles

will be focussed upon in presenting the results here. Comparing the predictions to those of the
original Bridge WIM algorithm of Moses (1979), with an influence line calculated from direct
measurements (OBrien dt 2006), for the critical categories Table 1 is offered.

Table 1. Mean and standard deviation values after removing outliers.

Individual Axles Group of Final

e (10 (¢e ( V! Classification
SiWiM Bridge WIM agorithm 1.7 4.2 3.2 4.1 B(10)
Proposed Bridge WINIgorithm | 3.4 3.2 3.2 2.6 B+(7)

6. Conclusions

Using strain sensors at multiple longitudinal locations from the bridge near Montpellier, the
accuray of the axle weights calculated usiaghovelBridge WIM has been improved. The
algorithm has used ambient traffic for calibration. Parametric studies have been carried out on
the key components of the system, such as the number of vehicles to bedinnlutie
calibration procedure and the value of determinant to be used in the selection of those portions
of system matrices that are best conditiof@dthermore, using a linear fit to the axle weight
prediction histories for which the determinant of #ystem is above the limit, a method of
identifying potentially erroneous predictions has also been presented.
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Abstract

For 30 years, the use of WIM systems in Chile, which replaced static weighing systems, has
allowed efficiency in vehicle weight control which has resulted in low overload rates. This
has led to avings for the State in maintenance costs and road conservation. When the WIM
technology was initially implemented, a rate of 15% overloaded vehicles were recorded; but
in 2011 less than 2% overloaded vehicles were counted. There were just over one million
vehicles in 1981, but the vehicle count reached 12 million in 2011.In the last 10 years the
operating time has been greater than 98%, with accuracy below 1% error. The experience
with the WIM systems in Chile is considered very positive because it lakiqad a
progressive increase in the number of vehicles controlled for weight, which has obtained
international recognition.As a result of this experience in Chile, many -Bati@rican
countries have implemented similar WIM systems.

Keywords: WIM, overload maintenance.

Résumé

Depuis 30 ans, le pesage en marche a remplacé au Chili les balances statiques. Le contrble des
charges en a été rendu plus efficace et montre une faible fréquence de surcharges, ce qui
entraine des ®conomiuetsre gaoswn bométat det service.rQuand i n f
cette technologie a été mise en place, une proportion de 15% de véhicules surcharges avait été
constat®e al ors (u pation éad del2%. En €981, de nomftbmaeale pr o
VvV®hi cul es cont b¥le®d ®®t aiemeddusup®Bmi eur ~ 1
atteignait les 12 millions, avec un taux de temps de fonctionnement de 98% et une précision
avec une erreur inf®rieure 7 1%. Ai nsi | 6 e x|
commetrespast i ve au Chil i, parce que cette technc
poids | ourds contr?!] ®s et déobtenir une rec:
pays latineaméricains a ainsi mis en place des systemes similaires suite expétience.

Mots-clés: Pesage en marche, surcharge, maintenance.
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1. Fixed Weigh Stations

1.1Description of the System

In Chile, there are 25 fixed weigh stations that operate every day of the year and are made up
of a selection scale followed by a precision scaléey have been operating since 1981 and

are frequently being modernized. The equipment is PAT Traffic brand. The selection scale is
located on the side road to the highway and the vehicles pass over it at speeds of up to 60
km/h with a maximum error &%. The vehicles that exceed the weight limits are detoured to
the precision scale, which operates with traffic speeds of up to 6 km/h with a maximum error
of 2%. At the precision scale, the exact amount overweight is determined, the excess load is
requred to be removed and a fine is assessed. The vehicles that do not register as oveweight
continue moving and return to the highway without major delay.

A processor exists for the selection scale that allows control of the weighing lane and
additionally of the vehicle flow in the two normal travel lanes on the highway. In the main
travel lanes, which are equipped with inductive loops, vehicles can be differentiated into 3
classes according to their size, which allows vehicles (trucks and buses) that @guired

to be weighed to still be counted. The precision scale has a central processor that
communicates with the controllers in both scales, an interface with the operator using the
screen, the keyboard and manages storage of the weighing datéaletctfarmation and
relevant operational information. The computers that control both scales are interconnected
through the network with a third computer whose function is to centralize the overweight fine
procedures. On the third computer screen theedrigentification, vehicle owner and load
dispatcher are entered and the overweight vehicle fines are automatically registered.

The automation includes an audio system withrpodrded messages to communicate to the
drivers without operator interventi@bout the correct procedure of weighing the vehicle and

its detour to the parking area. The operati
and has a maintenance management program incorporated that registers any technical
interventions on the equipmeand the weigh station system maintenance.

1.2Selection Scale

The selection scale (Figure 1) is made up of four weight sensor bending plates and inductive
loops for vehicle detection. The DAW 100 selective scale processor processes the signals and
communi@tes information to the central computer through a serial data cable RS 422,
Ethernet network connection or fiber optics cable to cover distances of approximately 200 m
between the scale and the operations unit. It has the capacity to process the tretticles

travel over the scale and the two transit lanes on the highway, detecting long vehicles (trucks
and buses) and sounding an alarm, and classifying and counting the vehicles that are not
routed through the weigh station. Relays included in the eléc¢rgenerate a signal with two

displays (return to highway arrow or proceed to precision scale arrow, depending on the
vehiclebs weight). Additionally, vehicle hei

The selection scale screen (Figure 2) shows the swinaa information of the weighed
vehicle. This window can be activated to show a more detailed vehicle image and also to
print weight information, if desired. The system is capable of differentiating between buses
and trucks.
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Table 1- Precision andCapacity

Maximum Error +/5 % up to 60 km/h
Maximum deviation 1 sigma
Nominal Capacity 20 Tons

Maximum Capacity | 30 Tons

Precision

Sé/lective
Scale

Figure 17 Selection Scale

BALANZA SELECTIVA
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12 234054 99 570 1459 2347 2598 5974 5415
11 234048 21 489 9.04 1393 66.0
9 234035 69 579 1459 23.41 4274 5215
8 234033 69 570 11.84 1754 573 S
7 233951 20 514 1068 1582 531 20172018 ’
6 233930 31 567 1393 1960 360 23:41:23
5 233854 99 550 14.09 2266 25.09 67.34 548 S
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1 286 284 570 570 7.00
2 408 414 822 50 | Pesaie 12
3 308 329 636 1459 18.00 15 Hora 234054 Laones 8 Sugu
4 408 414 822 75 [ Tio o] =]
5 419 424 844 15 | PBIfton ssn
6 334 348 682 2347 2500 15 | SCEfton
7 428 436 864 75 | SCifton 24 u e
8 453 443 896 15 | VEL(K/h
AR HE IR AE T I CHET NEEH T T |

Figure 2 - Selective Scale Screen

1.3Precision Scale

The precsion scale is composed of a platform with four load cells and inductive loops for
vehicle presence detection. The micamputerized electronic model DAW50 contains
analog amplification, digitalization and processing circuits, determines the weight ititorma

from the processed axles and sends it to the central computer through a serial interface. This
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equipment contains relays for signal control, an automatic barrier, a height detector and a
wheel classifier (which distinguishes between axles with fouselghfrom axles with two
wheels).

Two video cameras are part of the system and register the weighing process, record a video
clip of the vehicles that due to their overload must be fined, and automatically save an image
record (see Figures 3 and 4).

Table 2 - Capacity and Precision
Dynamic Weighing | Maximum Error +/ 2 % up to 6 km/h, per axle or total weigh
Static Weighing 2 Maximum Error +/1 % of the load over the platform
Nominal capacity 20 Tons
Maximum Capacity | 30 Tons

a 5 Cito6 PBT__VEL

F1 23:27:14 BNTR 65 5.26 3043 49 S

F2 6 23:26:01 SF 3452 888 6.16 1996 2887 17.76 7275 49 S

F3 S 22:52:57 YD 7301 533 462 1497 1482 3441 49

FA| 4 225209 ZU7619 699 549 17.80 2574 4303 49 S BV-1 BELLAVISTA
FS| 3 22:51:10 BGTR84 699 510 1655 2394 4559 49 T 2970172011 23-28:33
F6 2 22:49:20 CGPR 43 200 513 1028 1541 493

F7 1 23:24:36 DFGH 21 999 513 1663 2406 2152 67.34 49 S S 1
Patente : | | Ejes : D s ’ Hl el
[Eie P.Eje P Cito. Lim#te S.C._DEj Rod L1 I; ] §

1 513 513 7.00

2 1028 38 o 3

3 6.35 16.63 16.00 063 13 Patente DFGH 21 m@

4 792 7.6 Hora 23:24:36 o"c’o

5 855 1.3 Tipo 999 I I I I

6 753 2406 2300 106 1.2 PBIfton) | 67.34

SCEfton) 1.69

2 1259 e SCTfton) | 22.34

8 721 1.3 VEL(K/h) | 4.9

9 672 2152 23.00 1.3 259 IMPRIMIR F12) |  REPORTES F10) |

Figure 4 - Precision Scale Screen

The system is designed for the operator to actively maintain the precision scale screen. The
operator enters the vehicle license plate; the traffic light turns green so that the vaicle c
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move forward and begin the weighing process; the system automatically classifies the vehicle
and the screen registers the weight, shows the established limits and the result of the control,
and indicates whether the weight is within limits or the vehisloverweight and the driver

will be fined.

1.4Parking Area

The overloaded vehicles are detoured using the exit traffic light and a barrier is activated
which obligates the vehicles to drive to the parking area. There the vehicle weight is reduced
to eliminate the overload in order for the vehicle to continue. The Chilean law prohibits
overloaded vehicles from driving on the public roads. The system differentiates between
buses and trucks, assigning them different code types than those assigned ta vehicles

2. Mobile Weigh Stations

2.1Description of Mobile Weighing Equipment

In Chile two types of mobile weighing equipment of similar technical characteristics are
utilized, the PAT Traffic model DAVWB00 PC and the Captels model Alco CEHL(Figure

5. Thef rst one has fAbending plated type sensor
external load cells. The optimum vehicle speed for weighing is up to 6 km/h, with a
maximum allowed error of up to 3%.

The sensor plates are connected to an electuamtcthat transforms the analog signals to
digital signals and executes the processes to determine the weights of the vehicle axles. The
measurements are transmitted through an RS232 serial interface or an Ethernet network to a
portable computer, where ehsoftware is executed indicating the data obtained from the
weighing.

Figure 57 Mobile Weight Stations

Leveling is a fundamental factor to obtain accurate measurements For this reason, leveling
mats provided by the suligr are used as they have sufficient length so that the vehicle is
totally leveled during the weighing process. Therefore, to obtain better precision, it has been
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necessary to construct recessed sections below the pavement level where the sensar plates ar
installed.

2.2Equipment Components
The components of the equipment are:

1 Electronic unit
1 Weight sensor plates
1 Portable Computer
1 Printer
1 Leveling ramp
1 Battery unit 12 Volts
1 Redgreen traffic Light
FECHA —_—
000 )
i
peaae: [ 2 | SZE ZS
OPER. :
PESAJE :
Paca: ] meo: [] S
OK. PLACA
NUEVO VEH. 7 TOTALIZAR (FIN) | FECHA :
HORA : 23:26:42
Eje | P.1zq | P.Der.| P.Eje. |P.Coni. | Limite | S.C. |D.Ejes N
1 2.9 2.89 5.79 5.79 7.00 i
DIN/EST (F5) | | 2 424  a21 s a0 | | vELOC.: K/h
3 4.12 4,08 3.20 16.65 18.00 1.8
: v 4 383 382  1.66 8.1 PBT.: [46.28 |Ton
5 4.06 4.03 8.09 1.5 S.C. Ejes Ton
CERO (F10) I 6 4,05 4.04 8.09 23.84 25.00 1.6 S C PBT. - Ton
PtacA: [ ] pesme: [ ] rFEcHA: [0370372009 BUSCAR (F9) |
LUGAR (F3) --> | [ 1] ETHERNET | @ MULTA (F2) | INFORMES (F11) | IMPRIMIR (F12) | CAL (F7) |

Figure 6 - Mobile Weight Operations Screen

2.3Weight Records

The weight data are recorded in a storage unit (hard disk). The information includes the hour
and the weight number, the vehicle license plate, the passing speed, vehicle type, overload
status, and the weight of each group of axles (Figure 6).

For better control of truck weights in Chile, about 10 years ago mobile weighing units were
created. They consist of \aype vehicles especially enabled to do field work. They contain
automated electrical energy systems, exterior illumination devicdsaffec signal with
electronic weight indicator panel, and transmission, data, and video lines.

3. Weighing System Calibration Laboratory

The implementation of a Calibrating Laboratory for Weigh in Motion systems (WIM) is
fundamental to back up and validdite accuracy and precision of the scales that control the
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total and axle weights. In order to obtain reliable, transparent and uniform operation of the
network of weigh stations that will be accepted and respected by the truck drivers, it is
necessary to pply international, systematic. and technically proficient protocols and
traceability issued by credible and competent organizations.

The Calibrating Laboratory from the Chilean road department is officially accredited by the
National Normalization Instite of Chile as a scale certification organization at the
international level under ISO NCH 17025. The Calibrating Laboratory has professionals and
technicians with specialized equipment, including a certified high precision scale (maximum
error 10Kg. in aange of up to 45.000 Kg), composed of four independent and interconnected
modules that allow the scale to simultaneously obtain the weight of each axle, the weight of
each pair of axles, and the total weight of the trucks.

The scale calibration providesstatistical analysis of the data, linear parameters, eccentricity
and instrumental uncertainty estimation. First for the static test, standard weight masses are
used. Then tests are performed using standard calibration trucks travelling at diffeesist sp

to simulate the dynamic effect that the vehicles produce in WIM.

Besides validating the precision of the control system on the roads, the laboratory also
controls the scales of the companies that utilize heavy trucks. In Chile by law it is required
that the big companies that generate large truck loads control the weight of their own trucks in
their loading area to avoid driving overloaded vehicles on public roads.

The technical protocols adjust to the OIML rules and the National Norm Standardiahtio
Chile NCH ISO17025, in reference to the Laboratory Calibrations.

-V\'lei‘g-;ht calibration
truck '

Figure 7 - Calibration Laboratory
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ANPR-MMR AND WIM FOR DETE CTION OF OVERLOADED VEHICLES
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Abstract

Overloaded vehiclesauseconsiderable damage tberoads and therefore redethe length

of their usability. Theyare also responsibl®r dangerous traffic accidentStandard WIM
solutions are designed to capture axlegiveand gross vehicle weight. Thgs@&ametersre
used to detect vehicles that exceed allowed axle os gedscle weight. This allowdetecion

of overloaded trucks but not overloaded vans, whighalso responsible for the road damage
and road accidents.

This document describes a solution which e®@mbination of video recognition and weight in
motion solitions that allow the detection of overloaded vehicles.

Keywords: Overloaded truck and van, ANPR, MMR, WIM, Video detection.

Résumé

Les véhicules surchargés causent des dommages considérables aux routes et donc réduisent
leur durée de vie. lls sont égale n t responsabl es dbéaccidents
pesage habituelles sont congues pour enregistrer le poids par essieu et le poids total en charge
du véhicule. Ces paramétres sont utilisés pour détecter les véhicules avec dépassement du
poids autasé du véhicule par essieu ou total. Cela permet de détecter des camions
surchargés, mais pas les camionnettes surchargées, qui sont également responsables de la
dégradation des routes et des accidents de la route.

Ce document décrit une solution qui este combinaison de reconnaissance vidéo et de
pesage en marche qui permet la détection des véhicules surchargés.

Mots-clés: Camion surchargé et van, ANPR, MMR, WIM, détection vidéo.
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1. Introduction

Vehicles which arénaded above the maximum authorized weigdusenot onlyconsiderable
damage tothe roads and therefore redutiee length oftheir usability but they are also
responsibldor dangerous traffic accidentStandard WIM solutions are designed to capture
axle weght and gross vehicle weight. Theparameters are used to detect vehidlest
exceel allowed axle or gross vehicle weight. This allatedecion of overloaded trucks but
not overloaded vaner other vehicleswhich are also responsible for the road damage and
road accidents.

One of he mosttragic examples of accidentaused byan overloaded vawas an acident
that took place in Poland on 17.10.201Qwenational road No. 707 on the outskirtsNwe
Miasto on the Pilicaiver (Figure 1). In thixrasha VolkswagenBus collided with atruck
Theaccidentkilled 18 people, who werall vanpassengerd his case shows how thoughtless
drivers can be.

Figure 1 - Tragic car accident near Nowe Miasto

The solution described below prevents damage to the roasksdchy any kind of vehicle and
at the same time prevents such dangerous accidents.
The solution uses two detection subsystems:
1 Weigh in motion and
1 Video identificaion which allows linense platejake and model recognition.
The implemented solution usdgetfollowing components:
1 Weighin motion software and electronic equipment from Traffic Data Systems GmbH
(Germany),
1 LINEAS quartz sensors fromistler Instrumente AG (Swiss),
1 Video cameras from Bosch AG
17 ANPR-MMR engine (automatidicense plate, make andmodel recognition) and
additional hardware and software from IBDiM and Neuroktift(bothfrom Poland),
1 Supervising software from Neurosoft Sp. z 0.0.
The main idea of the solution is based on comparing two sources of alaweight of a
vehicle andegally allowed maximum vehicle weight (gross vehicle weight).

2. WIM subsystem

2.1Quartz sensors

The main component of the system is a module for dynamic weighing which was constructed
on the basis of specialized pressure Kistler Lineas Quartz Sensors (9gre @edicated for
calculation of WIM type pressureee Figure 2arhis sort of pressure sensor is characterized
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by very impressive metrological panaters- high precision in thdull range measurement,
low sensitivity to temperature changes (less th&2% per degree Celsiys and excellent
linearity throughout thefull range of measurement (deformation %50 less than-2). In
addition during the mounting process these sensors ragsigaificantinterference in a road
surface which means that thentige to its structure minor. For this reason these sensors
canbe successfully mounted in concrete as wedisgshalt pavements.

Due toa good quality of pavement, special sensor construction as wleatouble set of
sensorsthe systemachieves thébest available accuracy (A class) in accordanidé the
COST323 Eur ope alacologr. al¢cd002) cat i ono (

2.2WIM Computer

The WIM subsystemaggregate the loads of wheelsaxles, axle groug and weight of
vehicles To improve the accuracy, an averagdue is calculated from the two rows of
sensorgrovided. The two weight measurements are carried out independérglynductive
loop classifier is required for segmenting the stream of vehicleapfropriate signal from
the inductive loop classifiendicates the end of the vehiclghich would otherwise not be
recognised in the pulse train from the row of sensors, espeamlheavy traffic. The
inductive loop classifier also provides the speed required for the weight calculatietl as
classifyng vehicles into 8+lor 13+1vehicle classes

These provide data relatealthe wheel, ae, axle group and gross weigiftthe vehicle from
which a maximum load ideterminedA very important component of the vehicle measuring
system is a vehicle daification module using indugg loops mounted in the road surface,
between the weight measuring sensors.

This module provides the following information:
1 vehicle class,
1 exact vehile speed,
1 total vehicle lendt and spacing between the axles,
7 thetotal engt h of vehi cl e 0 sremertgomtdigraillisechnds),u gh t |
1 distance between any two vehicles.

The WIM systemuses the best available module for vehlolep classificatiori TDS 821R

made by Traffic Data Systems GmbH from Germé#ésse kgure 3) Device TDS821R is
connected to the loop system in a configuration Thype 2 1 this configuration is
recommended for measurement points located on national roads, where vehicles travel at a
moderate speed. This devisethe only one in the watlwith a Aass Al quality certificate
according to German standard4d._S, 2002). Among others this ensaraccuracy of vehicle
detectiongrater thar®9% of all vehicles driving through the measurement point.

The TDS 821R module classifies vehicles acaogdo the TLS (200Rto 8+1categoriesin
addition to basic categoriea v ehi cl ebés shape classificatior
indicates the way axleme group, including division fa vehicle and a trailer. As a result of

this, the system ssigns the studied vehicle into one of 56 specific classes defining its shape.

3. Video identification subsystem

The video subsystem is responsible for automatic identificafidime vehicles based on their
images generated by a video camé&kéthin the idenification process for each vehicle the
system determines the following parameters:
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1 content of the registration plate and the country of origin
1 affiliation with one of the vehicle classes (motorcyda, van, truck, coagh
1 make, model and colour oféalvehicle (MMR).

The system monitors all road traffic vehicles driving vatbpeed of up to 250 km/h. For the
registration ofa passing vehiclethe system does not require additional elementsrigger
taking a photo (triggering). The identificatias carred out only on the basis of analysis of
photo sequences supplied by a video camera. Basdtieogenerated photos the system
detects the presence of the vehicle and then determiradgted] parameters mentioned above.

In each measurement pgitwo video cameras are mounted on a gantry located around 17
meters away from the sensgsgee Figures 4 and:6)

1 Overview video cameral registers a view of an entire road, including an overview of
the controlled vehicléFigure 7)

1 Measurement video camerd captures the front view of the vehicle at the time of
driving onto the weight sensers hi s ¢ a me to aaptse the aost&h ofithe
number plate anthake & model of a vehicleyhich mustbe automatically recognized
(Figure 5)

The neasurement vieb camea is equiped with a special infrared light radiator allowing
recept of clear images ofhe registration plates from vehicles driving at a high speed in the
dark. This radiator creates a light completely invisible to the human eye (wave length
940nm),with a 30 degree beam widtho¥ t hi s reason its | ight
mistakenly taken for a red traffight above the traffic lane.

Figure 47 ANPR Camera Figure 5 - Picture from the ANPR camera

Depending on the vehicle speaddthe way the camera is mounted{o320 images can be
generated for each vehicle. If the camera is mounted in a standard way and drivargs
with the speed of 90 kin/ the registration plate will be visible @0 photos.
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Figure 6 - Camera for overview picture  Figure 7 - Picture from the overview camera

For all passing vehicles the system finds and identifies the number plate and at the same time
a special prepared neural netwaitko recognizes the make and the motleé whole process

of identification takes less tharD4nilli seconds Severaldozenphotos are generated feach

vehicle depending on its speed, time of the day and season. The procedure of identification is
performed 6r each photo (Figures 8 and 8)e resultis classified, ad finaly the frame with

the best identificatiomesultis chosenAn additional camera installed on the gantry delivers

an overview picture with the site view of the vehicle.

]
EuroStar

200L-20110}

type: truck type: car
manuf: iveco manuf: peugeot
color: gray color: dark red

Figure 8 - Region of interest for MMR T truck  Figure 9 - Region of intere$ for MMR - car

The quality of identification of the registratimmumberdepends o the lighting conditions and
the scene geometry definda/ a number of parameters: perspective rate, za@diurning
angle. In good lighting conditions and with optimaljustmentthe system shows the
following effectiveness for a regular traffic:

1 99% correctly recognized registration plates
1 98% correctly recognized types

1 95% correctly recognized makes

1 80% correctly recognized colours.

4. Supervising unit

All of the datafrom the video identification unit and from the WIM unit is time synchronized.
The supervising unit prepares the data package which contains the following information:
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datadelivered from a dynamic scale,
recognized number plates,
recognized make and model
pictures of the vehicles

= =4 —a A

The supervising unit sends all of this information to the central sysielditionally the
system compares tHegally allowed maximum vehicle weigldetermined by a make and
model with thereal total vehicle weight deliveredy the WIM system. If the real weight
exceeds the allowed weight, the system generates alerts by SMS, ShihaR,ce directly
via the warning screen in the user interface application.

4.1Consolidating and archiving the measurements

Responsibility for joiningall types of measurements fratime different devices falls onto a
module, which consolidates all the results and which is a part of NeuroCar 2.0 Terminal
software. This module receives dataofn therecognition module and frothe weighing and
vehicle chssification module. After receivingabedatathey arecombined intcanintegrated
informationsetaboutthe vehiclei that way for each vehicle there is one set of measurement
data saved as an XML file. To this XML file there is also added exact infamaboutthe
location of the measurement point as welltlas precisely defined time of capturing the
vehicle (date, hour, minute and millisecond). To this measuremeiatréibedditionally added
photos of the vehiclé one image from the measurement eaan(front view of the car) and
anappropriate image from the overview camera (overview of the Atiey. creatingthe data
package containintghe description ofthe single vehiclethe system analyzdake content of
thesedata and determines whether &dafic vehicle has committed an offense. If that is the
case the system forwards the entire package of data to a local offence register. Meanwhile a
signal forthe presentation module is generated, that another incident of offense has been
recorded.

4 .2Presentation module

The main responsibility of the system is active control of passing trucks and catching those
that exceed the allowed maximum weight (42t) or the allowed axle weight (11,5t).
Additionally, all vehicles, including vans that exceed the altbweximum weight, or which
exceed the allowed speed or length banalso recorded in the offence register. Access to
locally gathered information is possible thanks to the data presentation module which is a part
of NeuroCar 2.0 Terminal software (seeufi10).

This module provides data thankstte internetserver builtinto the system, whickallows
userdgto plug in via any web brows€¥sS Internet Explorer, Mozilla Firefox, Google Chrome,
Apple Safari, Operajo the system from any computer connededhe local network. fie
Java virtual machine is requiredrin Java appletsAfter opening a appropriatevebsite the
user has access to all functions of the system including:

T peview of the systemds condition,

1 preview ofthe last 10 recorded vehisle

1 preview of the last 10 vehiclesaorded in the offence register,

1 system configuration.

The website data is refreshed automatically (AJAX technology) immediatelyeaitbnew
incident appearge.g. after recording another overwetgrehiclg.
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Figure 10- Information about truck with exceeded axle weight

4 .3Data transmission module

The responsibility of the data transmission module is sending the measurement data to the
central repository. Moreover all of the administrative and maintenance work czarrissl

out remotely. The module is a part of Neur o
transmission, the system uses a different communication platform
GPRS/EDGE/UMTS/CDMA, Wi, Ethernet, WiMax. All communication channels provide

a safe conmgion of the system with a public Internet network but without an external IP
address.

5. Results

There are 17 different locations with the installed WWPMsolution as described in this
document. Each location is equipped with WIM and video identificatibsysiems. Below

are some examples of overloaded vans or LGV (light good vehicles) and the statistics from
the WIM-P system installed on the National Road No 1 in Wloclawek (Poland).

1. Wioctawek, ul. Torunska, kierunek Centrum, Pas wolny

Numer: EPI 78VA
Kierunek: 9
Typ: ciezarowy
Producent (model): Renault
Predkosé: 54 km/h

Waga: 8.35¢t

Dlugosé: 8.0 m
osie: 'Q (o)
2.7 5.6

2011-12-22 14:29:06.487

EPI 78VA
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7. Wioctawek, ul. Toruiiska, kierunek Centrum, Pas wolny

Numer: PD 815AY

Kierunek: &
. v Typ: dostawczy
e - ' Producent (model): Iveco
ostawczy; camera: pickup; ) z
P T < = i® Kolor: *silver - gray

Predkosé: 32 km/h
Waga: 6.79t
Ditugos$é: 7.5 m

osie: Q (o)

1.7 S.1

2011-11-09 12:33:00.078 PD 815AY

Picture 11 Overloaded Van/LGV

Table 1 Vansor LGVs i November 2011, national road nol in Wloclawek (Poland)

Make & model 0 <weight< 4t 4t <weight< 6t 6t <weight< 8t 8t <weight Sum
CHEVROLET 0 0 0 0 0
CITROEN 710 40 5 11 766
DAEWOO-LUBLIN 251 3 0 0 254
DAEWOO 120 2 0 0 122
FIAT 1540 54 4 14 1612
FORD-TRANSIT 2029 85 5 0 2119
HYUNDAI 51 0 0 0 51
IVECO 1140 368 51 4 1563
KIA 369 17 6 6 398
LDV 4 0 0 0 4
MERCEDES 2587 282 18 5 2892
MITSUBISHI 1 0 0 0 1
NISSAN 46 1 0 0 47
NYSA 3 0 0 0 3
OPEL 334 2 0 1 337
OPEL-VAUXHALL 1 0 0 0 1
OTHER NIGHT 6247 354 49 9 6659
OTHER 13 2 0 0 15
PEUGEOT 886 30 0 4 920
RENAULT 1982 212 15 12 2221
TOYOTA 72 3 0 0 75
VOLKSWAGEN 4330 202 17 7 4556
ZUK 4 0 0 0 4
22720 1657 170 73 24620
92,28% 6,73% 0,69% 0,30%

6. Conclusion

For the correct det#éion of overloaded vehicles it is necessary to identify exactly the make
and model for every passing vehicle, than determine the allowed gross vehicle weight (GVW)
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and compare it with real weight. Video identification allows correct identification ohtie

& model for every vehicle. In some cases this is not enough because there are LGVs (light
gross vehicles) or vans with different versions of the same model and with different GVWs.
For example, the Volkswagen Transport has a normal version with Serbase and the long
version with 3.4 m. The video system could distinguish between the Volkswagen Transporter
and Crafter but it is not able to distinguish between normal and long version of the same
model. In this case to determine correctly the versiotie vehicle, it is necessary to take in

the calculation of the make & model also the axle base which could be specified by the
inductive loops of the WIM system.

Such a solution allows identification every overloaded vefiideerloaded in the meargrof
exceeding the allowed gross vehicle weight. It could help to prevent dangerous accidents
with overloaded vehicles like the accident described in an introduction.
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Abstract

Last year the Czech Republic (CZ)hene the very first country in the European region and
also in the world where the traffic law allowed the use ofWIM systems for direct
enforcement concerning weighing road vehicles while the vehicles are moving along its route.
During the year 2011 flerent types of WIM systems were certified. These systems were
certified (type approved and verified) in accordance with a Czech national regulation
designed and elaborated by Czech Metrology Institute (CMI), elaborated taking into account
the most impo#dnt international documents used in the field of WIM (OIML, COST, ASTM
and FIWI). The regulation represents a complex document according to which the testing for
type approvals and verification is carried out.

The paper presents the most important pdrthis document regarding the metrological and
technical requirements as well as simulated functional laboratory tests carried out for
verification of the system resistance to disruptive environmental effects and functional weigh
in-motion tests performedn location during road traffic which a manufacturer applying for a
type approval certificate or verification shall undergo.

Keywords: WeighIn-Motion, Type Approval, Certification, Initial Verification, 18ervice
Verification, Direct Enforcement, Overlding.
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1. Introduction

By the amendment of the national traffic law in 2011 two ways of performing weighing as a
part of the controls of overloading by road vehicles have been established in the Czech

Republic (CZ):

1 Weighing performed by high speed weighingmotion systems where the trucks to be

controlled are not diverted from their route;

1 Weighing performed in other ways, including low speed weighmAgotion and

weighing on static stales.
Through the new traffic law thligh speed HS-)WIM systems havébecome one of the
weighing technologies that can be legally used for direct law enfergerAlthough the use
of the HSWIM systems is not mandatory for relevant road authorities it offers another legal
application of WIM for enforcement of overloading.

Since direct law enforcement is a field where only legally relevant measuring instruments can
be used, HSWIM systems fell into the instruments category intended for official periodic

verification. By an amendment of a decree (legislation document conriecteztrology law)
published by the Czech Ministry of Trade and Industry such measuring instruments with
mandatory type approvals and verification were listed and the accuracy defined.

Based on the Czech metrology law the Czech Metrology Institute (GWvihei competent
authority for type approvals, initial verifications and subsequent verifications. CMI elaborated
a national regulation (designation 01@DP-C01010) stipulating metrological and technical

requirements, including test methods, for specififedasuring devices: "H®/IM road

vehicle scales'"The regulation represents a complex document according to which the testing

for type approvals and verification is carried out.
2. System Requirements

The definitions used in this regulation are based oretliged in(OIML 2006) (COST323,

1999) ASTM E1318and (FiWi, 2010) HSWIM systems for direct law enforcement are

definedasi Aut omat i c
and detect its presence on a pressure senser towe, and calculate the total vehicle mass

scal es

t hat

measur e

t he

dyna

and load per axle or axle group, plus other vehicle parameters required by special

|l egi sl ati on,

wh i

| e

t he

vehi

c |

e

i S

mo Vv i

ng

The requirements for the measurement accuracy for wekgingtion corespond to a

combination of the lasses A(5) and B+(7) as mentioned(@©0ST323 1999)and (FiWi,

al

2010) The maximum permissible errors for measurement of the vehicle mass, axle load and
axle group load are specifiedTiable 1.

Tables 1, 2, 31 Specifications for weighing ranges (1,2), and foscale inervals (3)

Max. Error

%

Axle and
Axle Group
Loads

+11%

Vehicle
Mass

+ 5%

Weighing min max [kg] Scale [kq]

range [ka] Interval

Axle load 1000 | 20,000 Axle 20kg

Vehicle 3500 |O 48, 000]||load

mass specified by Vehicle |50kg
special legislatior] | | mass
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The requirements for the operation conditions are based on the requireofents
recommendation OIML R 341 (OIML, 2006) and theDraft European Standard on Weigh
in-Motion of Road VehiclegFiWi, 2010 and include Service conditions for: operating
temperature range, operating speed and weighing range. The specifications for the weighing
ranges are given ihable 2 The specifications for the scale intervals are givehable 3

The other techial requirements are based on the requiremen{©BiL, 2006). Scales
generally are an automatic measuring system composed of the following parts: load receptors
installed in the roadway, vehicle recognition equipment, equipment for measuring vehicle
speel, indication unit, and recording device, equipment for the optical identification of
vehicles and auxiliary equipment. The system as a whole is capable of measuring dynamic
forces on tires, detecting the presence of a moving vehicle on the load receptime and
calculating total vehicle mass, axle loads, speed, plus other vehicle parameters required by
specific legislation (e.g. axle separation, vehicle type, etc.).

Since HSWIM systems are legally relevant measuring instruments disruptive external
influences on the scales must not lead to measurement errors that would exceed the scales'
maximum permissible error specified in the metrology legislation. The following external
influences are specifie@®hysical robustness, Weather resistance, Dustveatter resistance,
Electromagnetic compatibility (EMC).

Also the software used in the scales must be presented in such a form that software cannot be
changed without damaging a seal, or each change in software can be automatically recorded
and its natureecified with the use of an ID code. All scale equipment including software,
must be equipped with a housing or other suitable security means to prevent disconnection or
removal by a user or other individual. It must be possible to seal housings aftetdbie;

sealing points must be easy to access in all instances. All parts of the measuring system that
cannot be protected by housings must be equipped with sufficiently effective means of
preventing operations that tend to influence measuring accuksmh piece of scale
equipment that could influence measuring results, especially equipment for calibration and
adjustment of scales or for correction of measured values, must be sealed.

3. System design

The WIM systems consists of; two quartz crystal semems (4 x Lineas 9195F411), one

piezo sensor for detection of transversal wheel position, three temperature sensors in different
layers for measuring of road temperature gradient and one accelerometer sensor. Figure 1
shows the layout of the system configiion including the use of different sensor types.

3.1Validity of Measurement

Based on daily experiences, drivers of heavy overloaded trucks are often trying to confuse
road sensors. They use several tricks, such as accelerating, sudden breaking oerany oth
maneuvergust to make WIM sensors unable to measure their current weight precisely.
Validity of Measurement is a unique procedure implemented in the WIM systems to identify
information ont h e dr i v e and sorebtleam that, toase this information to improve

the accuracy of the measuanent results. The use of thalidity of measurement concept, is
considered the key for the full integration of WIM into an automatic weighing systemm

the userés point of view, Validity of Measur
success of measurement. In addition, this validity number is also followed by full list of
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factors having some exact influence during measurement processsénsdcan then easily
interpret what has happened in syst@fgure 2.

WIM electronic cabinet, TCP/IP
LPR & overview cameras

o

—) o o

©  Accelerometer

O  Temperature sensor

== Lineas | quartz crystal sensor
— Wheel position, twin tyre detection
1 Inductive loop

Figure 1 - WIM system configuration

51 267 kg

Validity 96,0%

CAUSE EFFECT

Dict

2§=91.642‘}'u B0

Tick 2 Rear -201.0
Tick 4 Front -201.0

49,9 km/h
14,1m

3.6 5.0 1.4 14

, , 8283 14073 9530 9581 9800
Display weight protocol

Export to CSV/Excel Vehide is globally overloaded by 3 266 ka (+6,3%)
Vehide is overloaded on axle #2 by 2 572 ka (+22,4%:)

Figure 2 - Example of validity of measurement
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3.2Vehicle detection

Based on speed and weight data from each wheklaale, and compared to time, WIM
system is able to detedollowing vehicle maneuvers:caelerationgpeedup. Even minor
changes in each wheel speed can be detebtdcceleratiorfrake actuating in opposition

on acceleration, even minor changes ioheaheel speed can be detect8iight turning left

or right if vehicle wheels have different speed on each axles and vehicle trail is turning aside,
system will identify this. Sharp turning left or right vehicle is turning rapidly, system is
abletor ecogni ze and identify that. Because of
(such as data from WIM sensors, data from loop detectors and other events), vehicles driving
from one lane to another can be recognized and weighed properly. If somlenitrenation

is missing in one lane, system will try to find out relevant information in connected lanes and
pair all this information into one vehicle record. As resuliaoiepass detection, validity trace

will include all necessary information foradtifying incorrect vehicle drive.

For WIM system, each vehicle has a unique s
mass moving over inductive loops. In classification model, each signature is then compared to
special dictionary. Classificatioresults can also have direct influence on validity value itself.
The WIM system is equipped with an image recording unit to generate a video document
recording the situation of weighing with secure identification of the weighed vehicle. The
image recordig unit operates automatically; a set up of mass limits for a record of a video
document is done by the WIM application. The situation during weighing is taken by a digital
camera. Outputs are single digital pictures stored in a data memory. On easipisigéi

video document following data are indicated:

measured values of total mass, including the unit of measurement

maximum permissible total mass value, including the unit of measurement

measured values of axle or axle group load, including tteotimeasurement

maximum permissible axle or axle group load, including the unit of measurement

the speed of the weighed vehicle including the unit of measurement

number of axles of the weighed vehicle

the time (resolution to the seconds) and date (daptim year)

type designation of the measuring instrument

serial number of the measuring instrument

serial number of the video document

location of the measurement

additional picture description

= =4 -4 _48_a_9_98_4_-9_-9a_-4a_-2

For digital images, image information and information regaydmeasured values are
inseparably joined into one data file and integrated into the pixel structure of the digital
image. To ensure integrity, the digital image data file has a digital signature. The authenticity
of the entire digital image data file imiguely identifiable via coding (the ID number of the
video documentrigure 3).

3.3Software secuity

Legally relevant part of the software is presented in such a form that software cannot be
changed or each change in software is automatically recorded santhtiire specified
(e.g. with the use of an ID code).
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Figure 3 - Example of digital image with measurement data

Resources for securing software subject to metrological verification of measuring devices are
as follows: only authorized individuals may @een access, using codes (passwords) that are
changeable, the measuring device's memory stores all accesses, listing the date of the access,
identification of the authorized individual performing the access, and the type of atcess,
memory capacity foaccess record storage is exhausted, no automatic erasure of any stored
records can take place, it is possible to recall relevant access records to the full extent of
information recorded, only authorized person can erase access records, downloading of
software subject to metrological verification is possible only via an appropriate secure
interface connected to the scales, the software includes identification of its version, which
changes if any software version changes occur, functions that are pertorfaedched via a
software interface meet the terms and conditions of relevant legislation.

4. Type approval tests

During the type approval test the following steps were performed:
1 external inspection,

1 tests of the scales’ resistance to disruptive enviroraheffiects,

1 functional WIM tests on location during road traffic

4.1Required test equipment

The reference vehicles were selected for waigmotion tests so that they represent various

axle configurations, truck/trailer configurations, truck/trailer conoectisystems and
suspension systems. During testing the reference vehicles were used both unloaded and
loaded in a way that two significantly different load levels are ,uaedording to(FiWi,

2010). During testing, stand alone reference scales were d@dibatbetermine the reference

(or conventional true value) mass, the sirgtée or axle group loads of each vehicle. The
mass of the reference vehicles is determined bydfalight weighing scales with an error less

than or equal to one third of the ajppble MPE for weighin-motion. To determine the
reference axle loads, portable static scales for weighing Class Il or IV are used, or in case of
low-speed scales of accuracy class 1 or better.
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Reference scales are used to determine the GVW and axlevédues for an unloaded and
loaded reference vehicle. The reference scales are used to sequentially determine the load on
each axle of the reference vehicle, with at least three to five test runs in both directions. The
mean reference axle load is calteld as the arithmetic average of recorded values. To correct

for the influence of the method used, the total vehicle mass (VM) is calculated as the sum of
mean load values of the individual axles. The corrected mean load value per axle that is used
as a eference value during the acceptance tests is calculated as:

A~ VM ref
CorrAxle = Axle; 3 M (1)

VMt is the conventional value of each reference vehicle mass determined-dyafight
weighing.

4.2Test runs

Each reference vehicle, unloaded and then loadedt perform at least five test runs at each

of the three following speeds: near the maximum operating spggdnear the minimum
operating speedimin, Near the middle of the operating speed range (each reference vehicle
must thus perform a total oD3est runs). For every five test runs at a given tests speed, the
vehicle must be positioned above the centre of the load receptor three times, once on the left
and once on the right side of the load receptor. Vehicle speed must be kept as constant as
possible during each test run. Scales must indicate and record the speed of the tested vehicle
as it passes over the load receptors.

4.3Criteria for accuracy tests

The values of all vehicle mass indications and all axle load indications are recorded. For each
recorded value (total vehicle mass, axle or axle group load), the relativedasroalculated
in percent:

d=S"Rs 100 2)
C the value measured by the scales,
R the corresponding reference value measured by the reference scales.

The percentage of relative errosthat exceed the maximum permissible error for each
guantity is determined as follows:

Pde=%3 100 3)
n the number of calculated differences exceeding the max. permissible error,
N the total numberfaecorded values for the given quantity.

The number of relative errors exceeding the maximum permissible Ryganust not be
greater than 5%, with their distribution among individual vehicle types being recorded.

4.4Speed tests

During the operating speedobking test, a reference vehicle will pass the system at speeds

outside the operating speed range. The scales must tedeend must react correctly

1 speedf least 5% higher than the maximum operating spaed,

1 speed of least 5% lower than the minim operating speet,, (if the scales can be used
for this).

To determine and test operating speed during a waighotion test, six test runs shall take
place with an unloaded twaxle rigid reference vehicle across load receptors at a constant
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spee. Three runs must take place near the maximum operating spgedand three
additional runs must take place at exactly the listed minimum operating spgedhe
indicated operating speed error must not exceed the error giyieéin 2010.

4.5Simulated laboratory tests

Simulated functional tests are performed to assess the resistance to the influence of external
environment on the complete system. If the size and/or configuration of the scales make it
impossible to test them in their complete form {ive laboratory), then it is allowed to
perform to use a load signal generator taking the place of load receptors. The following
simulated testwere performed:

1 Shock resistance test, Weather resistance tests, Resistance to limit temperatures,
Resistance tooperating temperatures, Resistance to air humidity, Dust and water
resistance

1 Electromagnetic compatibility (EMC) tests: Resistance to interference caused by power
lines, induced by higirequency fields, Resistance to radiated Higlguency
electromagniec fields at radio frequencies, Resistance to electrostatic discharge,
Resistance to electrical fast transients/bursts, Resistance to electrical surges, Resistance to
powerfrequency magnetic fields, Resistance to ®&ins voltage dips

5. Results

1 Two HSWIM systems were gpoved by CMI approved: Cross a.s. (CZ) and Camea s.r.0
(CZ). Both systems have been installed on the entrance motorway section city of Brno,
I/52 Brnd Vienna and where directly coacted with the toll collectian

1 According to the results ahe accuray tests and with aspect to fulfilling of all other
metrological test the systems received type approval for direct enforcement;

1 The applied method fAvalidity of measuringo
of overloaded vehicles bad on the WIM measuring. Accelerometer and temperature
gradient outputs are used to put more precisely the axle load calculation in relation to
actual road deflection.
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1 Doupal E. (2010), Technical standard proposal for WIM systeR@ad administration
CZ, May.
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Abstract
The Feder al Hi ghway Administrationés ( FHWA:
Operations recognized a need to encourage uniformity in the design, testing, installation, and
performance of weigim-motion (WIM) technology and subseaqulky encourage acceptance
by prosecution agencies (administrative or judicial) regarding the validity of WIM
technologyés role in supporting commerci al
response to this need, FHWA is seeking to integrate WIM tdobwy into the National
I nstitute of St andar dKHandaookd44:Spectidation, [Taegapceéss ( N
and Other Technical Requirements for Weighing and Measuring Devices
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Résumé
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1. Introduction

The Feder al Hi ghway Ad mi nif BreightaManagemérg ang F H WA ¢
Operations recognized a need to encourage uniformity in the design, testing, installation, and
performance of weigim-motion (WIM) technology and subsequently encourage acceptance

by prosecution agencies (administrative or judjcieegarding the validity of WIM
technologyb6s role in supporting commerci al
response to this need, FHWA is seeking to integrate WIM technology into the National

I nstitute of St andar dHandbookd44:3pecdidation, ITaegapcess ( N |
and Other Technical Requirements for Weighing and Measuring DdéiHeeslbook 4

The National Institute of Standards and Technolisgg nonregulatory agency of the U.S.
Department of Commerce, which, until 1988swanown as the Nation Bureau of Standards.

At that time, the agencyds responkithbW.$.,iti es
there are no federal regulations for commercial weighing and measgumgmenexcept in

the areas of grain and livesk, where some applications are regulated by the U.S.
Department of Agriculture. The authority for regulating commercial weighing and measuring
equipment rests largely with State and local weights and measures jurisdictions.

The NIST Office of Weights ahMeasures (OWM) has the responsibility to promote uniform
standards of weights and measures within the U.S. to facilitate commerce. OWM works in
cooperation with States and the private sector to develop uniform weights and measures laws,
regulations, dewe requirements, and test procedures. One of the things NIST does to
promote uniformity is to publishlandbook 44n an annual basis.

While not a regulatory document in its own rigigndbook 4sas been adopted by all U.S.
State weights and measuresrigdictions, either by reference or through their State
administrative procedures processes. As faHaadbook 44itself, it is comprised of a
comprehensive set of requirements for weighing and measuring devices that are used in
commerce as well as law fencement. The goal is to try to eliminate any weighing or
measuring device that will give inaccurate results or could be used to facilitate fraud so that
the buyer does not receive what he or she has paid for or the seller does not receive fair
payment fo goods and services.

2. Motivation

Existing CMV weight enforcement efforts in the United States are characterized by:

71 Limited enforcement resources with significant effort expended on compliant carriers
estimated overweight violation capture rates at cotiisly operated fixed weigh stations
on the U.S. Interstate System approximate 1%.

1 Infrequent and inconsistent use and maintenance of technology (including WIM systems)
to support enforcement activities, leading to compromised data quality and a lack of
ft rusto in technology performance.

1 A lack of coordination, shared technologies, and data exchange between and within
agencied including enforcement, transportation, prosecution, and regulatory agencies
that adds to enforcement costs.

1 Ineffective penaltiesral prosecution procedures that encourage rather than discourage
overloading as a routine business practice among industry components.
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1 Performance measures that are focused on activities (citations issued) rather than
outcomes (reductions in overloading).

Despite the challenges facing CMV enforcement agencies in tBe tértain industry
organizations continue to press Congress to lift the freeze on longer combination vehicles and
increase existing Federal truckewesghbel cond
in the States of Maine and Vermont to investigate the influence of allowing a temporary
increase in truck weight limits. The tests were intended to assess impacts on safety, pavement
and bridge service life, the environment, and ecanomplications tied to allowing heavier
commercial motor vehicles. Since these pilots were very short in duration (one year in Maine

and a two year pilot in Vermont), Congress recently extended them to cowgearaeriod.

Concurrent with industry nessures to increase allowable weight limits for CMVs, the
Interstate system is approaching 50 years of service. The use of heavier trucks will accelerate
the rate of pavement and bridge deterioratidrese conditions of increased allowable weight
limits on an aging infrastructure coupled with ineffective and inefficient CMV weight
enforcement and the declining fiscal ability of States to maintain the infrastructure may result
in unacceptable or unsafe roadway service levels.

There is a growing consensasiong CMV weight enforcement agencies at StateFederal

levels that the increased use of and reliance on key technologies, such as WIM systems, can
significantly improve CMV weight enforcement effectiveness and efficiency. The expanded
use of WIM technlmgy is being supported and advanced at the State level through ongoing
FHWA and FMCSA initiatives. Specifically, the expanded use of WIM and vehicle
identification technologies is being facilit
concept, FMCSA s Wi r e Isieles mspeddana(VRIl) and Commercial Vehicle
Information Services and Networks (CVISN) programs, and in partnership by
FHWA/FMCSA through the Smart Roadside Initiative (SRI). The SRI and its associated
technology deployments (including WIitechnology) are expected to remain a high priority

for both FHWA and FMCSA over the long term.

Despite the strong advocacy at the national level, State CMV weight enforcement agencies
may be reluctant to embrace WIM technology for the following reasons:

1 The performance of WIM technology in producing accurate and precise axle, axle set, and
gross vehicle weight estimates has been observed to be highly variable under typical
highway environment conditions. The observed performance of WIM, both percetved an
actual, is often inappropriately attributed to shortcomings in technology design. More
often, compromised WIM system performance can be associated with improper or
inadequate installation, maintenance, calibration, and/or acceptance procedures,er vehicl
dynamics. A lack of WIM technology engser training coupled with a lack of
manufacturer/vendor support can lead to noted performance issues with WIM equipment.

1 Based in part on historic performance, WIM technology and the resulting weight
measurements provides are not anticipated to be accepted by prosecution agencies
(administrative or judicial) responsible for issuing judgments and penalties for CMV
weight violators. Already, prosecution agen®@égn reduce or dismiss fines for
overweight transpomithout fully understanding the consequence of these actions. Some
CMV weight enforcement agencies have successfully conducted targeted outreach in an
attempt to educate judicial and administrative officials involved in adjudicating truck
weight and enasrage prosecution agencies to uphold penalties and institute uniform fine
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schedules in court systems across multiple jurisdictions. Many more prosecution agencies

remain unaware of the consequences of not penalizing CMV weight violators.

Issues tied to thadequacy of WIM equipment used for truck weight enforcement
purposes are not unique to the U.S. The press for an international set of equipment
standards applied to WIM devices is occurring on a global basis. The promulgation of
international standardsrf@VIM equipment is being promoted by WIM device
manufacturers.

The integration of WHakdbdole4eWouldoatidoegsythese issues byN|I S T €
lending consistency t@xisting WIM technology designinstallation, acceptance testing,

maintenance, a@h calibration procedures leading to enhanced accuracy and precision in

weight measurements and subsequent acceptance by CMV weight enforcement and
prosecution agencies.

3. Technical approach

The technical approach for this investigation consists of the folpwork tasks:

f

Develop an initial, detailed Project Work Plan intended to guide activities, identify
outcomes, allocate expenditures, and establish a communications protocol from project
inception to successful project completion.

Establish a working grqufrom the WIM technology stakeholder community representing
State departments of transportation, State law enforcement agencies, WIM technology
manufacturers and vendors, academic researchers, and others to provide expertise and
guidance throughout thegect duration.

Solicit input to support development of
meeting® involving the working group as a whole or focused sectors of the working
group (e.g., State departments of transportation, State law enforcement ajféhdies,
technology manufacturers and vendors, academic researchers, d¥ atfeénarious

other information exchange mechanisms.

Draft the proposed WIM Scale Code language, ensuring that it builds upon the existing
stateof-knowledge expressed in existing stards and specifications, reflects WIM
technol ogy stakehol der ¢ ommun Hangbook44p ut ,
format and content requirements.

Submit any and all supporting materials and documentation used in developing the
proposed WIM Scale G to FHWA and/or the broader project oversight team to allow
for ready justification of the proposed amendment throughout the formal NIST/NCWM

amendment process that wil.l begin shortl

3.1Working Group

The project team estadhed a working group representing the broad spectrum of the
stakeholder community, including WIM equipment manufacturers/vendors and users of WIM

technology. The working group includes the following entities

f

State department of transportation administea&dnd technical staff responsible for
weight enforcement, WIM system calibration, planning and programming, and other
functions.

State law enforcement administrative and technical staff responsiloleiébit
enforcement.

143

y

q



1 Weights and measures regulatofficials who are responsible for testing devices once
installed and who can assist in advancing a draft code through the NCWM adoption
process.

1 Equipment manufacturers and vendors producing and providing WIM technology and
directing new developments fowvariety of applications.

1 Academic researchers and private consultants who have conducted detailed investigations
related to WIM technology.

1 Federal agencies, motor carrier representatives, and other organizations with a vested
interest in WIM technology.

1 International organizations directly involved with the use of WIM as an enforcement
screening tool or, in limited cases, involved with WIM for direct enforcement.

3.2Working Group Charter

During key planned meeting events and at various other times thrdubkaduration of this

project, working group members will be asked to provide input on various aspects of the
proposed WIM Scale Code. More specifically, working group members may be asked to
approve individual changes or modifications to draft specifinatanguage, comprehensive

draft specification language, or methods or approaches for advancing the draft WIM Scale
Code. Because working group members represent diverse stakeholder communities and
interests, consensus among all members may be unaltaifabensure that this lack of
consensus does not preclude progress toward developing a proposed WIM Scale Code, some
general guidelines for decision making, including working group representation, voting
eligibility and procedures, and general rules ofen, have been established.

3.3Draft WIM Code

The project team is in the process of drafting a WIM Scale Code, ensuring that it builds upon

the existing statef-knowledge expressed in existing standards and specifications. It will
reflect the WIM technologyst akehol der communityodés input,

N | S Handbook 44ormat and content requirements. Five content areas, as identified by the
OWMG6s staff, will be included as part of the

1 Application.
1 Specifications.

1 Notes.

1 Tolerances.

1 User Requirements.

Although input from the working group will be sought for each of the five content areas, their
input will be particularly beneficial when drafting the User Requirements section. As such, a
first step in this task will orgnize, facilitate, and document a user requirements workshop.
Although it is not the preferred option, the project team may choose to conduct the user
requirements workshop using a Weehsed format if irperson attendance is confirmed to be

too low.

Irregpective of the format utilized, the project team will incorporate outcomes from the user
requirements workshop into the User Requirements section of the proposed WIM Scale Code.
Additional information to support development of the remaining content aasasgell as
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supplement the User Requirements section, will be obtained from various sources including
but not limited to the following:

1T The technical support -d-thepradice WiMiechnklogp wl e d g e
including existing design, testinga@installation procedures and performance across
various system/weight sensor types;

1 Existing or proposed WIM technology standards and specifications, including but not
limited to:

o Title 23 Consolidated Federal Regulations (23 CFR) Part 500, Subpartasfic
Monitoring System.

o Traffic Monitoring GuidelinesUSDOT, FHWA Office of Highway Policy
Information, FHWAPL-01-021.

o ASTM E1318 09 Standard Specification for Highway WeighMotion (WIM)
Systems with User Requirements and Test Methods.

o Ancillary ASTM standards and specifications, including but not limited to the
following: ASTM E86706 Standard Terminology Relating to Vehidbavement
SystemsASTM E241505 Standard Practice for Installing Piezoelectric Highway
Traffic SensorsASTM E246705 StandardPractice for Developing Axle Count
Adjustment FactorsASTM E230009 Standard Specification for Highway Traffic
Monitoring DevicesASTM E266508 Standard Specification for Archiving ITS
Generated Traffic Monitoring Data, adbTM E253209 Standard Test thods for
Evaluating Performance of Highway Traffic Monitoring Devices.

o The Long Term Pavement Performance Program Protocol for Calibrating Traffic Data
Collection Equipment.

o The European WIM Specification resulting from the COST 323 Wiigiiotion of
Road Vehicles project.

o The I nternational Organi zation of Legal M
Instruments for Weighing Road Vehicles in Motion and Measuring Axle Loads Part 1:
Metrological and Technical Requiremeaht$ests (OIML R 1341 Edition 2006 (E))
andPart 2: Test Report Format (OIML R X24Edition 2009 (E)).

o Expert technical advice and guidance offe

OWMOGs staff has been instrument al in providi
of the project. These individuals possesgjue knowledge related to amendment preparation

and submittal requirements as well as technical content and language requirements that will
greatly benefit this projectds outcome and
technology amendment throughe formal NIST/National Conference on Weights and
Measures amendment process.

3.4National Conference on Weights and Measures

Handbook 44 requirements are based upon proposals developed through another
organizatiod the National Conference on Weights and Measwr NCWM. The NCWM is

a private nonprofit organization that was established by NIST in 1905. The NCWM brings
together regulatory officials who enforce weight and measurement requirements,
manufacturing companies and parties that use weighing and nmgaggquipment, and
anyone else that might have an interest in developing standards that would apply to weighing
and measuring equipment or packaged products. NIST first established the National
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Conference to work with individuals with the idea that if ebexdy could agree upon a single
standard, it might encourage uniform adoption and implementation in individual states. The
way the National Conference works is that only regulatory officials can vote on pr@posals
those regulatory officials would then go kao their respective jurisdictions and adopt the
updated sections d¢fandbook 44as approved by the National Conference. While regulatory
officials are the only ones that can vote on the proposals, any member or any interested party
can provide input andomment on any proposal put forward to the NCWM.

As to howHandbook 44becomes a regulatoryocument, most states adopt the document
through referencing it in their weights and measures law. Some states adopt an earlier version
of Handbook 44ather tharadopt the handbook each and every year. That typically has to do
with how they adopt the handbook in their particular jurisdictidandbook 44has been
adopted by all states, but not necessarily the same version for commercial weighing and
measuring appiations.

The first task in the development of a new WIM Scale Code is to agree and to define the
scope (or application) of that new code. Th
draft or straw man and refine it through an iterative procesgduoest input from people

affected by the code. Generally, the process builds upon the current state of knévihedge

this case the weigh in motion scales system standard. ASTM HEBB&Il be particularly

useful for the working group as a starting point.

The iterative process would include getting input from stakeholders, discussing any issues that
would arise from that input, making modifications to the draft, and achieving consensus that
the draft reflects and supports the input that had been obtdihedrocess may go on until

the working group achieves consensus on the final draft code. It is then ready to begin the
process of adoption intblandbook 44 The NCWM is made up of weights and measures
officials, manufacturers of equipment, users, and athf The proposed code must be
presented to the NCWM to determine if it can be included in the handbook. Under the
established process, a proposal to amend Handbook 44 has to be supported by at least one
regional weights and measures association. If guigported there, it can advance to the
national level. At the national level, the Specifications and Tolerances Committee reviews and
makes recommendations to do one of the following:

1 Continue to develop the proposal.
1 Retain as informational.

1 Put it foward for a vote.

1 Withdraw it.

Those decisions are made based upon input that is received in open hearings and in writing.
In summary, NIST publishéddandbook 440 promote uniformity. It has been widely adopted

for commercial weights and measures aggtion. It was seen as a good starting point for the
effort undertaken by the Federal Highway Administration working group. The project is
actively seeking input from stakeholders in the weights and measures community including
officials, manufacturers, ess, and others who have an interest. The final draft code will be
submitted to the National Conference for consideration with additional comment through that
forum.
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4. Expected results

Expected results from this project include the following benefits fareament personnel:

1 Enhanced national competitiveness through elimination of unnecessary delay in the
national supply chain created when legally loaded vehicles are required to pull into
compliance and inspection stations.

1 Enhanced equity in the highwayirsport market through the elimination of the incentive
to overload vehicles and underbid competitors.

An increase in the total number of trucks having their weights measured.

Enhanced judicial acceptance of the use of WIM technology in screening trucks fo
weight compliance while traveling at highway speeds.

Factors that could be used to quantify the improvements include:

1 Costs: more maintenance, more calibration, and upgraded WIM in some cases.

1 Savings attributed to reduced motor carrier delay, fugejsamissions, and noise.

1 Savings attributed to reduced frequency of crashes at inspection and compliance sites.
1

Savings attributed to reduced pavement/bridge damage and extended service life of
highway infrastructure improvements.

One of the early progs initiating Intelligent Transportation Systems in the commercial
vehicle arena was the HELP/Crescent Project in participating western states, where an
evaluation of four technologies for screening transpoeedeipped vehicles resulted in
positive findngs. The technologies included automatic vehicle identification, weigh
motion, automatic vehicle classification, and integrated communications systems and
databases. The benefits data were developed as a projection of experience from the
HELP/Crescent mject. A full implementation of services examined in the Crescent project
would yield a benefito-cost ratio of 4.8 for a typical state government over-ge2d period

Less complete implementations will result in bertfitost ratios for the goverrant ranging

from no benefits up to 12:1.

2

http://www.itsbenefits.its.dot.gov/its/benecost.nsf/ID/36 CFF2BCED3A6CCA852569610051
E2AD?0OpenDocument&Query=BApgjecessed January 17, 2012.
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Session 3

WIM Standard, Calibration, Data Quality and Management

Chair : RALPH GILLMANN (FHWA, United States)

Co-chair : MARCIO PAIVA (UFSC, Brazil)
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STANDARDIZATION OF W EIGH -IN-MOTION IN EUROPE
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Abstract

This paper gives a review of recent developments in the staratawdi of Weighin-

Motion systems in Europe. The output bétrecent FiWi projecta FEHRL institute WIM
initiative - is reported, i.e. the ugate and submission to the CEN (European Committee on
Standardization) of the COST323 specifications, to form a full standard. The main
developments are discussed. Finalthe requirements and needs to develop a
complementary standard, or to complete the current draft one, in order to address the direct
enforcement by WIM are described.

Keywords: Weighin-Motion, WIM, Standards, Specification, Testing, International,
Enforcement, Overloading, WIM Technology and Sensors.

Résumé

Cet article donne un apercu des récents développements en matiére de normalisation du
pesage en marche en Europe. Les résultats du récent projet- FiWiative des institutes

du FEHRL sur le pegge en marche sont présentés en ce qui concerne la normalisation, a
savoir la mise a jour et la soumission au CEN (Comité européen de normalisation) des
spécifications COST323, pour constituer une vraie norme. Les principaux apports du
nouveau projet deamme sont exposeés. Enfin on esquisse les besoins pour mettre au point
une norme complémentaire, ou compléter le projet actuel, pour couvrir le contréle direct a
| 6ai de du pesage en marche

Mots-clés: Pesage en marche, norme, spécifications, essai, itibe@a contrble,
surcharge, technologies et capteurs de pesage en marche.
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1. Background

There have been considerable developments in the Vifeiglotion industry in Europe

since the early 9006s. I n addition to techni
systems there has been a considerable development in the applications of WIM. The
development of WIM systems and their applications is reflected in a series of international
projects OECD/DIVINE (1997), COST323 (Jacob et al.,, 2002), WAVE (Jacob, 2002),
Top-Trial (2002), REMOVE (2006) and most recently Fiwi (2010).

1.1Current WIM standards

At the moment there are three existing international sets of specifications on Weighing in
Motion of road vehicleand a European Directive on measuring instruments

1 The COS323 European WIM Specification (Jacob et al., 2002); it applies to Low
Speed (LS) and High Speed (HS) WIM systems, for all applications but trade, and is
already widely used around the world by manufacturers and users. Even though
formally it is not an dicial international standard it is widely used as a reference in the
testing and acceptance of WIM systems.

T The ASTM E1318 o6Standard Speci f-inMatibni Systemd o r Hi
with User Requirements and Test Beciethodsod (
for Testing Materials defines and specifies four different types of WIM systems. Type
IV systems are intended for Le8peed weighing for enforcement purposes. ASTM E
1318 is intended to facilitate the relationship between a buyer and a vendor.

1 TheOIML R-134 (OIML, 2004 and 2006) from the International Organization for Legal
Metrology is a recommendation for O0Aut omat
in motioné. This recommendation is intende:
only for low speed weighing and weighing in controlled environment. This means
restricted weighing areas and not on main roads.

1 The Measuring Instrument Directive (MID, 2004)) is the-#itkctive regularizing the
construction and certification procedures of saveneasuring instruments in order to
improve free trade of these devices across Europe. The MID is a set of uniform
European specifications and a European framework for type and product approval.
Recently OIML-R134 has beemcorporatednto the MID.

1.2Needfor an updated Standard

The COST323 Specificatidmas beerthe defacto European (and worldwide) pseandard

for WIM systemsfor the pastlO years. Formally it is neither an official European nor an
International standard; however it is widely used eeference in the testing and acceptance

of WIM systems. This shows there is a need for such an international standard. Furthermore
the considerable developments in the field of WIM over the last 10 years require an update
of the content of the documentnilly the REMOVE project pointed out a strong need for

a harmonized European WIM Specification for enforcement applications, especially direct
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enforcement. Direct enforcement means that the citation for an overloaded vehicle is
directly based on the measuarent by a WiMsystem without human interaction.

2. Proposed European Standard

For of these reasons the Forum of European Highway Research Laboréfd#idRL)
initiated the FiWi projecti(e., FEHRL institutesWIM initiative). The participants were:
LCPC (Fance, project manager), BAST (Germany), CEDEX (Spain), EMPA
(Switzerland), RWS (The Netherlands), UCD (Ireland) and ZAG (Slovenia). The project
ran over a 3/ear period (2002010). The main goals of the project were:
1 to make a general update of the CO33 3pecification;
1 to add content on new developments like Britfgiv and WIM for direct enforcement;

and
1 to prepare a document that is suitable for official European standardization.

The FiWi project also provided a platformhegre FEHRL members and WIM search
institutes and users could share information on all WIM projects in Europe. The procedure
for official standardization remainwith the European Committee for Standardization
(CEN). However the updated version of COST323 was written by the proguberns in
theformat required for the CEN standardization procedure.

2.1Scopeof the proposed Standard

The draft European standard specifies the requirements for installation, calibration,
performance and accuracy assessment, and test methods for-ikvigigtion (WIM)
systemsthat are used to determine gross weights, axle and group of axle loads for road
vehicles when they are weighed in motion. The standard applies to:

1 WIM systems installed on road infrastructure (including bridges), but not to WIM
systemsnstalled orboard vehicles;

1 High speed WIM (HSNIM) systems, i.e., systems installed in one or more traffic
lane(s) of a road, and operated automatically under normal traffic condéiuts, low
speed WIM (LSWIM) systems(i.e., systems installed in amtrolled weighing area,
and operated under controlled conditigns

1  WIM systems using either scales which are able to weigh standard masses statically, or
other sensors which may measure the loads indirectly;

1 Onsite full WIM system performance assessmanti model (type) approval, but
excludes laboratory (product) tests or tests on parts of systems (e.g. sensors only).

1 All WIM applications, except trade. For load enforcement of road vehicles, this standard
or the OIML (International Organization for LegaMetrology) international
recommendation R 13% and 1342 (OIML, 2004 & 2006) may be applied, depending
on national requirements and legislation.

The main differencebetweenOIML recommendations R13% and R134 are that they
apply to WIM systems useaif trade in controlled weighing areas only, on a specified
apron and where the vehicle speed is controlled. They mainly apply to WIM systems
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composed of scales, which are capable of weighing standard masses statically. The OIML
recommendation is limited tthe highest accuracy classes (0.2 to 10) and specifies the
maximum permissible error (mpe), the tolerance for 100% of measurements.

The draft standard has been submitted to the European Committee, and successfully passed
the first stage of the PreliminarQuestionnaire (PQ) procedureThis means that the
member state standardization organizations agreed on the need for a WIM standard, and to
use this document as a draft standard, to be improved and suldoriédhal vote.

2.2Structure of the proposed Sandard

The standard contains all three elements necessary for the successful instéylpéon
approval, verification or assessment of accuraesgting and operation of WINMystems
(Figure 1).

WIM Standard
L T~ - -

Svstem Specifications Test and Check Specs Becommendations
« Operating Conditions + Minimum Test Conditions + Site selection
« General Specifications + 3 Tests Levels + Applications
* Weighing Specifications + Aszessment Procedure + Calibration

+ Exzamples of tests

+ Decision Support

Figure 11 Structure of the Draft Standard

System Specifications

The requirementso assesshe performance of the system consist of the operating

conditions, general specifications and weighing specifications

1 Operation conditionswithin the rated operating conditions a WIM system shafiope
according to the specifications. The operating conditions consist at least of ranges for
traffic intensity, vehicle speeds, temperature, humidity, electromagnetic and mechanical
conditions as specified in chapter 5.

1 Weighing specificationsconsising of the accuracy of the single axle load, axle of a
group load, group of axles load, and gross vehicle weight, are specified in the chapter 6
by 6 classes: A(5), B+(7), B(10), C(51), D+(20) and D(25). Additional classes E(30)
and below are given for Yo performance systems. The weighing intervals [min, max]
where these specifications should be met are also specified, as well as the maximum
scale interval per accuracy class

1 General Specification®ther specificationsof nonweighing related measurents that
are performed by the WIM system are given: minimum rate of detection (percentage of
vehicles detected by the system), minimum rate of complete registration, axle spacing
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and vehicle length and/or wheelbase accuracy, minimum rate of correct vehicle
classification and time stamp accuracy

Test and Checking Specifications

They descrile how the test should be done in order to verify if the WIM system meets its

specifications. Three different types of test are distinguished:

1 Type Approval Testfirst extensive test of a new type of WIM system where the
performance of the system is tested extensively under the full operating ranges. The
results of this test may be used as a European (or even international) reference. They
will also form the basis for thether test types for the same type of systems. It is
planned to further develop this section in future versions of the standard

T Initial Verification: test made after installation significantrepair of a WIM system in
order to assess the performancdhié system under the specific conditions at the site
where the system is installed. The results of this test ardarstb@ acceptance decision
by a buyer;

1 In-Service Verificationtest to verify if & in-operation system is still performing within
the specifications. This is a relatively limited test carried out when a system has been
operational for a period of time.

A standard procedure is given to assess the accuracy of a WIM system by testing. It
describes how to analyze test results, and thesedban the sample statistics and test
conditions, how to determine the accuracy class obtained.

Recommendationsion-mandatorybut very useful practical information on the installation
and operation of WIM systems based on decades of international enqegs given It
contains information on site selection, possible applications, calibration procedures,
standardest plansalternativedecision support procedurescheck the accuracy by testing,
and data storage and transmission forrhe site seldon specifications (chapter 4) are
only mandatory to refer to an excellent, good or average site, in client specifications or call
for tender prescriptionsCalibration methods are described in chapter 7 and are
recommended, but other methods may be used.

2.3Content of the proposed Standard

In order to satisfy the need for a simplified procedure without losing the valuable
knowledge and flexibility of the original COST323 specifications (Jacob et al2) 2@
new standard was divided in two pa#s show in Figure 2.
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EU-Standard for
Weigh-In-Motion System:

/\

Par |, General requiremer Part I, Simplifed requiremen

/ Advanced users, well found / Common users, easy to

/ Scientific investigationsR&D / Operational applicatiol

/ Extensive Procedur /£ Simplified & Minimum Procedure
/ Research and Developm / Relation Vendor/Us

£ All Test Plan / Standard Test Pla

Figure 2 - Content of the proposedEuropean Standard

Both Parts | and Il are based on the same structure as described inv@al2 some
chapters or sections are common koth parts. To avoid unnecessaryplitation of
information some chapters are described onlyPamt |, and referencedn Part 1. The
document is divided to the following chapters:

Chapter Content

1. Scope
Normative References
Terminology and Symbols
WIM Site Selection Criteria
Opeation Conditions and Environmental Requirements
Accuracy Class Tolerances with Respect to the Weights (Accuracy Classes)
On-Site Sytems Checks and Calibration and Test Conditions
Type (Model) Approval
Initial and InService Verification
Procedure to Ch&ahe Accuracy of a WIM System by Testing
Data Storage and Transmission

© 0N~ WDN

L
= o

Chapters 1, 2, 3, 4, 8, 9 and &% @mmon to both partsChapter 5 is very similar in each

part, with more clauses on sensor and electronic requirements in P kcturacy
classes defined by tolerances (with tolerance intervals) are common to both parts (chapter
6), as well as thelefinitions of environmental conditions E1 to E3, and vehicle sample
conditions R1 to R4 (chapter 7).

2.4Diff erences between Pars| and Il

Part Iprovides general requiremeriteatappl to any test conditions, sample size and $ype
of vehicles, and therefore offefidl flexibility. It gives detailed clauses to address all cases
that may be encountered in practice, and a full procethaeallows in-depth analgis of
any test results and discrimirat of the performances of WIM systems. This procedure is
basedon statistical interval estimatiqroceduresiescribed in (Jacob, 2000). This part is
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needed for scientific investigations of WIM system bel@vand performance assessment,
analysis of thedetailsof extensive tests, and understanding of the backgrimfioination

Part | provides formulae and tables to assess the accuracy class of a series of measurements,
using the toleranced given in chapter 6, and comparing a confidence level (or estimated
probability that the tolerance interval contains an individual measurement) calculated as a
function of the sample statistics (n, m,af)the relative errors to a minimum required
confidence leveb, (given probability) with respect to the test conditions E1 to E3 and R1

to R4, and the sample siZEables provide thgo values for each test conditions and sample
size. The rore repeatable the test conditiotfse higher the required coilience levepy;
thelarger the sample sizand thehigher the required confidence levEhe procedure is the

same as in the COST323 specifications, and founded on a statistical background described
in (Jacob, 2000) and (Jacob et al., 2000). If for ppsed accuracy clasisp Opy the class

is accepted. If not, and whifeis an increasing function of a lower accuracy class (for an
increased toleranad is used, and the test is repeated with the pewvalue, and so on.
Alternatively, the lowest terancedmi, which exactly leads tp = po, is computed and gives

the higher accepted accuracy.

Part Il provides simplified minimum requiremer$ practical usdt is intendedas an easy

to use reference to facilitate the relation between buyers andrgeRdot || uses aefault

confidence level of 95%which complies withfour proposed standard test plans, with

specified test vehicles, load and speed configurations and number of runs, and is justified by
two reasons:

1 Using a default confidence level kes iteasyto compare the test results from different
WIM systems while still using the well knovinand easy to useway of classification
of WIM systems (classes AE).

1 The use ofa tolerance interval combined with a standard confidence level of i85%
similar to the common description of measu
around the mean error containing 95% of all measurements. This approach makes it
easier for people with limited knowledge of WIM systems and/or test statistics to
undestand the outcome ohacceptance test.

Part Il suggests two simplified methods to assess the accuracy class of a series of
measurements collected following one of the four standard test plans, using the sample
statistics (n, m, s). One method uses tagrams while the other uses simple formulae to
calculate a fAsample tolerancedo to be compart
chapter6. The accuracy class assessment may be performed by a pocket calculator using the
chart diagrams or the simdiermulae.

3 p=F(uy)-F(uz), whereu;=(d-m) /s - t,1.a0 n*? and Up=(-d-m) /s + t,1.an In*? ,

F is the cumulative distribution function for a Studémdistribution, and t,;..» IS a Student

variable with/7=n-1 degrees of freedora.is taken egal to 0.05
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Part 1l suggests alternativeroceduredo assess the accuracy by testing using the sample
statistics (n, m, s)e.g. the Tolerance Interval Procedure (Lieshout, 208@) the YONA
program (Slavik, 2008)alled decision support programs

2.5Main Additions compared to the COST323 Specifications

The main additions with respect to the original COST323 specifications are:

1 In the simplfied requirements (part Il), aeflaultconfidence level of 95% specified

1 The vehicle sample conditions R1 to Réplace the former repeatability and
reproducibility conditions (r1, r2, R1 and R2)

1 Minimum test conditionsvere specifiedrumber of vehicleand runsvariations in the
environmental conditionsyvith respect to the type of verification to be performed

3. HS-WIM for direct Enforcement

The next step and challenge is to improve and adapWH® systems to direct
enforcement purposes (Jacob and van Loo, 2011). There is a strong demand for that in
Europe. If successful, that may open new markets for WIM wsndRresently, there are
several barriers preventing the use of-W8M for direct enforcement, such as a lack of
appropriate certification. Therefore itillv be necessary to develop a structure and
procedures for the acceptance of WIM systems for overigatirect enforcement.

A potential description of a harmonized European procedure for the type approval, testing
and certification of WIM systems by the legal metrology is given in Figure 3. That covers
the organizational aspects of how the procedurebwatk in the future, the types of
organizations that will be involved, and their sile the process.

Acceptance Procedure

Enforcement Criteria

Test Protocol(s)

Performance Type Approval

Legal Criteria e
2 Specifications Procedure

Verification Protocol

Technical Possibilities

Calibration Protocol

Acceptance of
WIM systems for
Direct Enforcement

Figure 3 - Acceptance of WIM for direct enforcanent

In 2011 the Czech Republic became the first European country to allow the us&\dVHS
systemdor direct enforcement of overloadiffoupal and Kriz, 2011)Two different types

of WIM systems were verified and type approved according with the new Czech national
traffic law. The performance tests, evaluation and certification on were done byetie Cz
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Metrology Institute (CMI). Thaisedtest procedures are a compilation of the OIMI1L &4+
1, ASTM E1318, COST323 andWi documents.

4.

)l
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Abstract

In recent years the development of new applications for \&jstens has resulted in an
increased need fatandardgor performance assessment, testing and certification of WIM
systems. This paper describes the results of extensive tests of a WIM system based on
Lineas quartz sensors which were performed in a climhtienber as well as on the road.

The purposes of the tests were to assess the performance of the sensor and system according
to different internationadtandardsind to evaluate possible differen@e@songthe standards

as a basis for new certification procees. The tests were performed by METAS (Swiss
Federal Office of Metrology) according to the OIML R134 specifications. The results were
then analyzed using other methods such as COSE®BY E1318and YONA.

Keywords: WeighlIn-Motion, WIM, Performance, Spéication, Testing, Cerfication,

Norm, OIML R134, COS323,ASTM E1318,YONA.

Résumé

Ces derniéres années, le développement de nouvelles applications pour le pesage en marche

a entrain® un besoin accru do®v aficaiondeson des
systénes de pesage emarche. Ce papier décritlesrésults d 6 i mp odaliséssur s t e st
un systeme de pesage en marche, avec des capteurs quartz, en conditions de laboratoire et

insi tu. Les objectifs deformanse dd ceschpteur®dt deice nt d
syst me, conf orm®ment aux normes internation
|l es normes pour obtenir | e difichtians@stestsOniégtée n o u v

real i s®s par MET AShisse tleGm@tfolbgiel; en stivand I@&cHmations de

| 60Ol ML RZ®uH.s Loenst ral or s ®t ® éhods lelpsCOST3283yv ec d o6
ASTM E1318 YONA.

Mots-clés: Pesage en marche, WIM, performance, spécification, test, certification, norme,

OIML R134, COST323ASTM E1318 YONA.
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1. Background

Since the introduction of Weiglm-Motion (WIM) decades ago, the main performance
requirements for WIM sensors and systems have been the accuracy and repeatability of
their measurements. Nowadays, thespezts of the performance of a WIM system remain

of great interest for both users and suppliers; however, a third aspect has been added:
reliability. Over the years, not onlgas WIM technology improved, but also the WIM
applicationshaved evel opeat &dr €ml b®ct i on fsaectionSfarat i st i
Enforcement ONei gB&ldl iung ilmately to ODirect En
high-end applications have resulted in a need for dgighlity data which should be
guaranteed over time. This meamsttthere is a need for certification of WIM system
performance. Such performance certifioas must be based on national or international
standards, specifying the system performance and the test procedures required to verify the
performance.

In the fidd of WIM, a number of international norms or standards for vehicle weighing
already existsuch as COST323, ASTM E1318 and OIMIL3&. However, albf these
standardéave their own specific advantages and disadvantages

1 The OIML R-134 recommendatiofOIML, 2003 is widely accepted, as it is supported
by the InternationalOrganization forLegal Metrology. However, the recommendation
only applies to WIM systems installed in a controlled weighing area where the vehicle
speed is controlled in order to elimiaahe effects of vehicle dynamics. Some of the
test methods described are applicable to WIM systimaisarecapable of measuring
static loads.

1 The COST323Specification(COST323, 1999Jacob et al., 2002y widely used to
assess WIM performance, btis a noAnormativedocumenthatwasissued at the end
of a European research project. During the F(REHRL institutes WIM initiative)
project an update of the COSR3 specificatior(FiWi, 2010 was made and submitted
to the members of the European Coited for Standardization (CEN) for public
enquiry.

1 The ASTMstandarde1318(ASTM, 2002 originates from North America and provides
practical information on user requirements and test methods. It also contains minimum
requirements for the quality of the mawent to ensure reproducible results. Although
the quality of the pavement has a major impact on the performance of thes\sfidn,
it is not part of the performance of the WIM system itself.

2. Introduction

To set a basis for futuM/IM certification, Kistle decided to perform an extensive test

oneof its WIM systems. The purposef the tesivere

1 to assess the performance of the quartz WIM system according to the R184.

1 to evaluate possible differences in the results when applying the COST3285didl
E1318standard,
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1 to gain experience with the requirements and specific characteristics of the three
different test procedures

To guarantee quality and independence, the tests were performed by the Swiss Federal

Office of Metrology (METAS). The testoasisted of two separate parts:

71 Laboratory tests performedn the Lineas WIM sensor. In particular, linearity,
temperature behavior and stability were tested accorditige ©@©IML R134.

1 In-motion tests of the complete WIM system installed in the road pavem

The OIML R134 recommendation inherits a lot of features from the OIML R60

recommendation, like the thermal stability test, the heat dampatesthe longterm

stability test. The OIML R134 has several classes of maximum permissible error: 0.2, 0.5,

1, 2, 5, 10 An importantspecificationof OIML is that for the system certification or for the

initial verification all the measurements00% of the data sets must be within half of the

maximum permissible error; thus, a sensor of class 10 shall noahgvaeeasurement with

a relative error greater than 5% for @llthe tests performed.

3. Climatic and long term stability tests

Climatic and long term stability tests are required by OIRIL34 and are performed using

a static load:

1 Measurement at 20°C, 62°€0°C, 5°C and 20°C in dry condition from 0 kg to 6000
kg in 50Qkg steps.

1 Measurement before, at the end of 48 hours at 60°C with at least 85% huandity
after cooling back to room temperature.

1 Longterm stability tesbvera time span of at least 2iys as well as before and after
the climatic tests and for at least seven measurements.

Figure 2 shows that the error of the climatic test reradiower than 2% in agreement with

the requirements dflass 5 for OIML 134.
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Error (kgf)

Load (kgf)

Figure 27 Error for the several loading steps during the climatic testThe dark line
shows a maximal permissible error of 2.5% as required for the Class 5 of
OIML 134.

No significantdifferencewas detectedbetween the measurements made at@@hd 90%
relative humidityandthosemade at 60°C in dry air. The response of the sensor after the
humidity test was similar to the response before it.

4. In-Motion Tests

4.1Location and TestSystem

A special conditiorconsidered in the testingasthe system performance at low spead.
minimum sged between 0 and 5 kmAlas targetedTherefore, a test locatiomas selected

in a former airfield near Interlaken, Switzerland. This location, being ideal for low speed,
did not allow teshg atspeeds above 60 km/h with vehicles of 40 tons weight. Tdrere

the speed rangbat wagested wag to 60 km/h.

For the test, a WIM system was used consisting of two sensor rows each with two 1.75m
Lineasquartz WIM-sensors type 9195F411 and two induction Idafgsas shown irFigure
3.

On the road side irhe electronic cabinet, the sensor signals were processed through a 2
channel charge amplifier type 5038A2Y53 and then acquired and analyzed by a calculation
unit. The road was an asphalt pavemamtgood condition, with a lateral slope &%, a
longitudinal slope 0f0.5 %andwith rutting maximum of4 mm. The system was calibrated
using a two-axle truck fully loaded, making 16 passes over gbesors at a speed of 11
km/h.
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Figure 371 Layout of test system.

4.2Test procedure

The OIML R134 requires performgnthe inmotion tests at three different speeds: the
minimum, the maximum anithe middlespeed (between nimum and maimum speed). In
this case, the measurememwsremade at 3 km/h, 15 km/h, 30 km/h and 60 km/h to have a
full set of results usable for avaluation in different ranges with maxim speed of 30
km/h or 60 km/h.

According tothe OIML R134, three different types of truck dagjuration mustbe used.
The trucksselectedverea rigid axle truck with two axles in order to assess the precision of
the axle weighinga fouraxle leaf beam truck in order to qualify the system for use with
leaf beam trucksandarigid 2-axle truck towing a zaxle trailer.

Prior to the iAmotion measurements, theicks were satically weighed on four portable
wheel scales (Dini Argeo, type: WWSE15T, uncertainty: kg calibrated using a dead
weight machine. Each wheel scale meaduthe load on a single wheel. Static
determination of the weighwasmade in a place with less than 0.5% slope and by having
the truck faing one direction for half of the measurements and facing the opposite direction
for the other half omeasurements (as prescribed in Annex A.9.3.1.3 of OIMI3R&). The

loads per axle and gross weights are listebable 1 with their respective uncertaes. The
uncertainty is given as a combination of the uncertainty of the load cell and the repeatability
of the measurement which has the largest contribution to the variation of the values. Despite
the uncertaintyf larger than 10 kg, the value of tlead is given with 1 kg precision as this

is required by the OIMIR134 evaluation scheme.

Each truckwas measured in an unloaded state abdnaximum load capacity. For each
speedjruck type and load, the testasperformed twice on the left side, twioa the right
side and five times on the centre of the sensor. The whole set of test resultedoh2it6
measurements covering the different confagians of speed, type of truck and loads.
totlal of 720 individual axle load measurementasperformed.
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Table 1: Axle loads,gross weights and their expanded uncertainties (k=2) measured
using static scales and used as reference values

Truck Type Axlel Axle2 Axle3 Axled GW

2 axles Weight (kg) 5252 4368 9621
empty U (kg) 25 25 20

2 axles Weight (kg) 7359 13209 20568
loaded U (kg) 100 100 50

4 axles Weight (kg) 2716 3177 3969 3765 13618
empty U (kg) 100 250 60 40 100

4 axles Weight (kg) 4607 5325 9365 9228 28527
loaded U (kg) 70 250 350 120 120

2 axles+ trailer| Weight (kg) 5252 4368 3527 3815 16963
empty U (kg) 25 25 30 30 30

2 axles+ trailer]| Weight (kg) 7359 13209 9699 11563 41831
loaded U (kg) 100 100 160 180 70

5. Evaluation of in-Motion Tests

The measwement results of thia-motion tests were evaluated using four differaethods:
OIML R134, ASTM1318, COST323 and YONA.

5.10IML R134

The inrmotion measurements show that the maximum esithr respectto the reference
value for the gross weight is less than 5% (max6%) for all 216 measurements.
Therefore, according to OIML B34, the system meettass 10In a statistical analysis of
the gross weightlata, thestandard deviation is 2.2 &td the mean value 695%. For the
axle weights, the maximum error is less than 15% (mag9%4) for all 720 measurements.
The standardeliation is 3.5 % and the mean value .B59%.

The histogramn Figure 4shows the distribution of the results for gross weights and axle
loads. The »axis shows the error (calculated as the relaém®rs between the weight
measured in motion anthat measured statically). The-axis shows the numbeof
measurements. Therefpthe curve indicates the distribution of the error.
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Figure 471 Distribution of error for gross weights and axle loads. The standard
deviation is 2.2% for the gross weight and 35 % for the axle load.

The histogram of the relative error for the gross weight and the axle load is not a Gaussian
distribution butshows that several measurement populations are present. This is inherent to
the requirement of OIML R34 and the spd requirements of a limited set of
measurements with drastically different conditions. The centre of gravity of the histogram is
at +1 %, as the adjustment of the response of the sensor (calibration) has been made with a
reduced set of variable condit®ifjust one vehicle, one load and one speed) compared to
the variability used in the test. This offset is not a problem, since it is much smaller than the
standard deviation of the measurements. Also it would be possible to reduce the offset to
close to 0% with a more sophisticated calibration procedure.

5.2C0OST 323

The COST323 recommendation gives a lot of freedonthe way the test of the system is
conducted and provides some mathematics to determine the confidence interval based on
the type of measuremerhe way the dynamic test is required in OIML R134 is defined, in
COST323, as a measurement with limited reproducibility (R1) in environmental
repeatability (I). The minimum level of confidence and the theoretical confidence level are
given in Table2. It appears that the results obtained comply with the requirements of
COST232 if all of the results are interpreted together. Thedabs of measurements made
at 60km/h fails to comply with the requirement of COSE3, presumably due to the
dynamic effets of the vehicles at high speed. It has to be noted that the result for the gross
weight fails in spite the fact that alff the points are within the tolerance o4& This
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contradiction comes from the fact that in CO&B, a hypothesis on the distrilmn is
made and the results are calculated based on the standard deviation and meantheue. In
set of measuremenat higher speethe measurements look more like a square distribution
and are not well described by the hypothesis of CO& The diférence ishowever
marginaj it fails shortly in COST323 while is complies with a tight margin in OIML34.

Table 2: Analysis of the measurements, according to the mathematical model of
COST 323. The two first lines include allof the measurements and i@ the conditions
required by COST 323 while the two last lines are presented in order to compare the
acceptance critera.

Speed range| Gross | Sample | Mean St.Dev. | Toleran | Min. Theoretical
weight / ce A(B) | Level. | confidence
Axle | (n) (m) (s) (0) 1o ()

27 60 km/h | Gross | 216 -0.95% |2.23% |5 96.0% | 96.1%

27 60 km/h | Axle 720 -0.85% | 3.40% |8 97.0% | 97.7%

60 km/h Gross |54 -0.65% |2.62% |5 93.7% | 93.2%

60 km/h Axle 180 -0.27% | 4.58% |8 96.0% |91.7%

5.3ASTM E1318

The ASTM E131&tandardlefines sevetdunctional performance requirements. The Type
[l implies a maxinum deviation of 6% for the grosseightand a maxiram deviation of
15% for the axle load. Since both criteaire fulfilled, the system meets cla&STM Type

lll. However, t has to be meinedthat the maxiram speed of the measurement is limited
to

60 km/h inthis test while ASTM E1318requires 130 km/h for class .

5.4YONA

The results of the test measurements were also evaluated using the YONA ({f&igrakn
2008. YONA is not a standdr but a software todlor evaluaing the performance of WIM
systems. Based on the characteristics of a test saMPIHA provides a rating of the
accuracy class for the system under test. The rating uses accuracy classes mentioned in the
COST323 recommedations for gross weight and single axledsaAs input YONA
requires informatiombout
1 the test sample: sample sizg, mean error (m), standard deviation of error (s) and error
source (vehicle mass or axle load measurements);
1 the expected accuracyed t ;ahis(has ho influence on the end resoittly on the time
the simulation needs to find the result;
1 the settings for simulation: maximum percentage of excessive errors (Qcrit), minimum
confidence level for the result of the assessment (Conf)alFeraluationsthe valus
Qcrit = 5% and Conf 95% were usedyecause this results in a value for delta where
the accuracy intervati , +U] contains 9 986 iscsimilaatb the me a s u |
[-20, +2 0] i nMNoewahdistributionf t he
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1 the veror risk (G) and buyer risk (Bjor these valuedefault values were usgsince
they are not relevant for this type of evaluation.

In this caseYONA was used to find the accuracy class (Wiaing) of the system under
test for two situations: A) Alspeeds (5km/h, 15km/h, 30km/h, 60km/h) and B) High speed
(only 60km/h). The results of the evaluation are showrainie3.

Table 37 Results Assessment by YONA.

Speed range| Gross / | Sample | Mean St.Dev. | Delta | Rating
Axle (n) (m) (s) (u)

21 60 km/h | Gross | 216 -0.95% |2.23% | 6% B(6)

27 60 km/h | Axle 720 -0.85% | 3.40% | 8% A(5)

60 km/h Gross |54 -0.65% | 2.62% | 7% B+(7)

60 km/h Axle 180 -0.27% | 4.58% | 10% B+(7)

The overall rating of the WIM system for all speeds is B§@j for high speeds is slightly

lower, B(7). As can be seen iable 3, the standard deviation for the (&4dd 180,
respectively high-speed measurements is higher than that of all measurements together
(high speed and lower speeds), due to dynamic effectseasionedearlier It must be

noted that the rating obtained with YONA is very similar to the value obtained directly with
COST323.

5.5Analysis

Table 41 Rating Results for all Methods.
Method / Class Vehicle Axle Loads

Mass

OIML R-134 Class 10 --
COST323(271 60 km/h) A(5) A(5)
COST323 (60 km/h) B+(7) B+(7)
ASTM E1318 Type llI Type llI
YONA (All) B(6) A(5)

Table 4 shows the rating results (accepted classes) from the different methods. The results
from COST323 ASTM E1318and YONA are similar. The raig of OIML R134is almost

2 times higher, Class 10 instead of Class B{EB(6), respectively The reason is that

OIML R134has separate requirements for initial verification that are 2 tgineser than

those for inservice verification.

6. Conclusions aad Recommendations

A WIM system consisting of two rows of Kistler Lineas WHénsors was tested and its
performance was assessed; a total of 216 vehicle gross weights and 720 axle loads were
measured by the WIM system and compared with the reference vaasssired by static
scaleswith results as follows
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1 The system tested meets the OIML R134 requirements for Class 10 with a maximum
measurement error of less than 5% for vehicle mass measurements.

According to COST323, the systdaastedmeets class A(Spr speed 3 60 km/h.

The system tested meets tASTM E1318requirements for Type Ill systemshe
maximum deviation is less than the required 6% for the gross weight and the maximum
deviation is less than the required 15% for axle loads. However, thisbéan
demonstrated only for speeds up to 60km/h instead of the required 130km/h.

According to YONA, the system tested meets class B(6) for all speeds and class B(7)

for high speeds (60km/h).

This test shows the differences in the rating results wheereliff assessment methods are
used. Differene hasbeen noted betweea recommendation that ek on the effective
distribution of the measurements (OIMB4) versus recommendatiosn that make
assumptions on the distribution of the measurements (G238, TYONA). WIM usersneed

one internationallyaccepted reference for the performance of their systems that is both
practical to use and scientificallyell-founded. At the same tim#his reference igqually
essential for the WIM users to be ablectmfidently make an objective selection of which
systems meet their requirements.

7.
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Abstract

With the evolvement of modern Weigh-Motion equipment both in the field of sensor and
logger technology the way in which calibration and verification is undertaken has also
charged. This paper discusses some traditional calibration and verification methods and
suggests how to implement more reliabldigid and statistical calibration and verification
methods.

Keywords: Weighin-Motion, WIM, Calibration, Verification, Front Ad Mass, FAM,

Truck Tractor (TT) Method

Résumé
Avec | 6®v ol uti on des syst mes moder nes de
| 6®qui pement gue de |l a connectique, l a mani

vérification doit aussi changer. Ce papigscute de méthodes traditionnelles de calibration

et de vérification, et suggéere quelgues maniéres statistiques et fiables pour réaliser ces
mémes opérations.

Mots-clés: Pesage en marche, WIM, calibration, vérification, charge sur premier essieu,
FAM, méhode Truck Tractor (TT).
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1. Introduction

With the evolution of Weiglin-Motion equipment both in the field of sensor technologies
and logger technologies, the way in which calibration and verification of WIM data is
undertaken has changed. We discuss saspects of these changes.

2. In-Field Calibration and Verification

Mo st of todaydés WK M systems use dhegnohodé met
process to calibrate a WIM system. When a wheel moves over a given WIM sensor the
signal from the sensas digitized giving a set of signals;($;, ¢ s, for the response

generated by the wheel. These are then processed by the WIM logger using an appropriate
signal processing relationship (f) to a single raw response (r) that is related to the weight of

the wheel. The signal processing relationship (f) depends on the signals (s), on the type of
sensors and may also depend on other variables, such as the speed, road surface deflection
etc (variables x). The actual weight of the wheel (w) or axle is thkated to this signal

response through a calibration constant (C). One can thus write

w=C*r where r= f(s, x)

On old WIM systems this calibration 6val ued
a knob on a gain amplifier or by adjustisgme resistor values. These adjustments were not
digitized and often involved setting factors that were not linear. On many modern loggers,

all adjustments are digitized and saved as part of the raw vehicle data or as part of the
logger setup. The loggénus uses the digital calibration value C only to report on the final
weight. It is thus possible to change the calibration value C in any given data set at any time

by substituting the old value with a new value.

For modern WIM loggers this implies twhings. Firstly one can use the same runs needed
to calibrate the WIM system to also verify the WIM system. And secondly, the urgency of
calibrating a WIM system after installation falls away as one can nowcplistate all
onem@al i br at e d &théNWVIM had leeenecalilardtetd.e

Since WIM systems measure the instantaneodigint weight, the weight measured by the
WIM (w) differs from the static weight (W) from run to run. Under normal conditions this
difference follows a normal distribution arttetaim of thecalibration processis to reduce
the mean weight error or mean weight difference to zero.

The aim of theverification processis to determine the extent to which the WIM weights
differ from the static weight. This is normally expressedhasstandard deviation of WIM
errors. This deviation gives information on how well the WIM performs and is used to
determine the corrections required to relate a WIM weight distribution to the actual static
weight distribution.
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On WIM systems that requireghysical adjustments to the electronics a number of

calibration runs had to be done, and the <ca
deemed calibrated; only then would one proceed with the verification runs. To get this
cal i br at i o non & tinnberc@sumingfandrate@expensive. One is thus limited to

the number of runs that one has available for either process and very often too few runs are
actually done to determine the mean error (i.e. the calibration) with any degree of certainty.

On a digital system one can use all runs to both calibrate and verify a system and thus

increases the certainty without sacrificing any runs.

We now show, using classical statistics, how the number of runs affects the certainty with

which we can determine e¢hcalibration and why it is advantageous to use both the
6calibrationd and o6verificati on@g)betweenthenf or ma
WIM weigh result (w) and that of the statically weighed vehicle result (W) is defined as
(expressedsaa percentage)

& = 100 * (W-W)/W

If we have (n) samples then the mean enxprafd standard deviation of error (s) are given
by

x= (i¥/ne and s = [ ) -( RE}MOh&-BT"

A WIM system is typically calibrated by adjirsy the calibration factor C such that the
mean errorX) is ZERO. If one uses the individual axles for calibration, for example, then
the calibration factor C is

C = A(¥aWx r

If the number of samples (n) is large then the calculated mean ) approximates the

true mean error (i) well, but if the number of samples is small then the difference between

x and u can be quite significant. The same applies to the accuracy with which the calculated
standard deviation (s) approximatesthesueandar d devi ation 0. CIl as
that the confidence interval A1) f or the mean with n sampl es

X-tgeS/ N& P <x+tges/ na

where ¢, is the value of the Students t distribution with degees of freedom and leaving
an area of U/2 to the right of the distribut

Similarly the certainty with which we can d
dependent on the sample size and the confidence interval is given by

(n-1) &/ %gps 0° < (1) §/ %@ -
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w h e Pyeis tiee chi square distributonwithh degr ees of freedom | eav
to the right of the distribution

For example, if one is dealing with an ASTM Type | WIM system, then one expects that
95% of the idlividual axles weights fall between £15% of the static weight i.e. one would

expect a u of no bigger than 7. 6 %. I f one pl
95% confidence for the number of available samples then one gets the plot inlFigure

Typically, a 5 axle (122) vehicle is used to calibrate and verify a WIM system. Usually 2

runs are done to Ocalibratedé the system and
i ndi vidual axles to calibrat e tdtheesanplg set. e m, t |
After the first run we have a potential error on our calibration of 13%, aftel"{ar2the

error 7% while after 10 runs the potential error has reduced to 3% (Figure 1).
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Figure 17 % Error on the calibration of an ASTM Type | WIM as relates to sample size.
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Figure 2-% Err or made when estimating the 0 for
WIM

To determine whether a system performs within specification the system is verified using
10 runs, thus 50 axles. On an ASTM Type | WIM (15%)e could then end up
overestimating the WIM performance (s) by 0.4% or underestimating its performance by
2% (Figure 2).

So, if one were to use only two runs to calibrate then there is a BIG chance that one does
not get the calibration right. Clearlyare effort should be placed on the calibration of the
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system, rather than verifying the system. If the system is fully digital, then all sample sets
can be used for both the calibration and verification of the WIM system.

3. Statistical Verification and Statistical Calibration

The calibration of a WIM system can drift over time and the performance of the system can
also degrade over time. One needs to correct for this drift and catch degradation in time.
Traditionally most WIM users were using the average fHfothe Mass (FAM) from a given

class of trucks as a reference to check the calibration of the WIM data and the standard
deviation of the FAM to check for failure or degradation (not discussed here). This method
is dependent on the loading of the selectadkis (full or empty) and also dependent on the
location of the WIM (i.e. whether it is located on an incline or decline and what the cross
fall at the WIM site is). Nevethe-less, with site specific knowledge on the behaviour of the
FAM at a given sitethis reference is still a good check to evaluate the drift and
performance of a WIM system.

Daily Average FAM over 3 months (SustRoad Scheme Class 9)
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Figure 31 Average daily FAM for 6 axle articulated vehicles (Dec 2010 to Feb. 2011)

Maonthly FAM Distribution on Lane 3 (AustRoad Scheme Class 9)
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Figure 47 Average FAM Frequency Distribution of 6 axle articulated vehicks
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As an example the authors chose a WIM site in Australia that has 4 WIM sensors; sensors 1
& 3 in the left and 2 & 4 in right wheel track. The site was calibrated at the end of
November 2010 using a 6 axle (123) uniformly loaded truck. Calibration was dy

setting the GVM error on all 4 sensors to zero. In Figure 3 the daily average FAM of all 4
sensors for all 6 axle articulated trucks is plotted. The FAM is fairly stable over short
periods (a month) except perhaps on Sundays and Mondays wherpityablimbs. Over

long term the FAM seems to rise. In Figure 4 the average FAM for February is shown as a
frequency distribution. The mean FAM for these trucks is at around 5.6 Ton and has a
standard deviation of 0.7 Ton.

If one splits up the trucks aaehbng to their loading as Full (>80% of GVM legal limit),

Half (>50% but <80%) and Empty (<50%) and plots these in the same fashion then on sees
that the FAM is load dependent (Figure 5). The mean FAM for Empty, Half and Full trucks
are 5.3, 5.6 and 5.8 maespectively. Clearly the mean FAM will depend on the loading of

the selected trucks on a particular day. In Figure 6 the % loading is plotted and one can see
that on a Sunday the mix of trucks changes; there are more loaded trucks. This explains why
theFAM climbs on a Sunday (Figure 3).

Monthly FAM Distribution on Lane 3 (AustRoad Scheme Class 9)
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Figure 57 FAM Frequency Distribution of Empty, Half and Fully loaded vehicles
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If one looks at the FAM from each individual sensor then ayeerves that the sensors in

the |l eft wheel track ounder weigho while th
Figure 7). This is partially due to the fact that the calibration was done using static weights
measured on a flat surface while the Wéliie is at a camber. The mean FAM for the left

sensors is approximately 4.95, while that for the right is approximately 6.25 and the average

is at 5.6 Ton. This is a variation of £10% between what the left and right sensors weigh for

the front axle. The whors have observed these differences at a number of other sites in
South Africa, Australia and the US too. I n t
the road (compared to South Africa or Australia) the effect is the same except that left and

right swaps. Great care and an understanding of the FAM limits must thus be taken when
selecting the FAM as a parameter to check long term drift.

Notice that the means of sensor 2 and 4 do not coincide. When the system was calibrated at
the end of Novembe2010 these did coincide (Figure 3). In Figure 3 one can observe a slow
long term drift. The exact mechanism is not known but the drift can probably be attributed
to settling of the WIM installation as the WIM was only installed in November 2010.

Monthly FAM Distribution on Lane 3 (AustRoad Scheme Class 9)
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Figure 77 FAM Frequency Distribution of individual WIM sensors (February 2010)

With the advent of faster computers, better methods, such as the-Tractlr (TT)

method, have been developed (by De Wet and others) that allows one to verify WIM
systems more rely and to correct for long term drift. The principle of this method is that

the whole tractor weight of a common loaded truck is used as a tracking and correction
method. Their research had shown that the mean Truck Tractor weight of a large sample

was 218 Ton. The correction method is based on a mpalsis process whereby the

6cali brationdéd of the W M data is adjusted b
sample is 21.8 Ton. Two sample selection methods were proposed; one using a running
count oftrucks (say 600) and the other using a sample over fixed a period, say a month if

there are sufficient loaded TT type trucks.

The method described by De Wet is for 6 and 7 axle trucks (123 and 1222) that are common
in South Africa, but we found, not soramon in Australia and the US. One has to adapt
these methods. We have adapted the method to use 6 axle articulated trucks that are
common in Australia and assumed, for now, that the target TT weight should be the same
for left and right sensors. The actaatget mass used by the authors (23.5 Ton) has still to
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be confirmed.In Figure 8 the frequency distribution of the Truck Tractor portion of the
trucks is plotted as well as the selected loaded trucks for the raw data and in Figure 9 the
same after postatibration was applied. The k factors for sensors 1 to 4 were respectively
1.072, 0.906, 1.092 and 0.934.

The same method was applied to the data from December and January. The result of the
postcalibration is that the slow drift has been removed (dgar& 10 and compare to
Figure 3), but the average FAM of the left sensors is still below that of the right sensors.
Further investigations are required to explain this.
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Figure 81 TT Truck Frequency Distribution of the WIM sensors prior post
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Figure 91 TT Truck Frequency Distribution of the WIM sensors after post calibration

Statistical post calibration using the -Method can remove slow drifts in the calibration of

a WIM system but further research is required on the TT target massidmawoto deal

with sensor in the left and right wheel tracks for WIM sites that have a camber, as most sites
do.
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Daily Average FAM over 3 months (AustRoad Scheme Class 9)
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Figure 107 Average daily FAM after post calibration using the TT Method
4. Conclusion

Providing the WIM data logger ensures the integrityactfual recorded raw data and no
physical modification is done at a WIM site, modern statistical verification and calibration
techniques can greatly improve the stability of WIM data. Ongoing research is still required
to determine the role local traffic miand vehicle configuration in the population plays in
selecting reference values.
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Abstract

This work presents the method of autocalibration of WIM systerhe algorithm allows

for ongoing compensation of the influence oftéas interfering with theystemaccuracy.
Presented results of simulation tests have been supported with the results of measuring
experiments on a WIM site equipped with two piezoelectric polymer load sensors. The
results unequivocally prove predominancé the autocalibration method over the
preliminarily weighed vehicles calibration method.

Keywords: Autocalibration Weigh-in-Motion, HSWIM

Résumé
Ce papier pr ®s e nt-ealibreionede sysambsoW I quil peamett de
comperfieedefack d6r s af fectant | 6exactitude des r G

simulations présentés samittenuspar les conclusions des expaentations de pesage sur

des stations équipées de deux capteurs piézopolynhe&esésultats montrent clairement la

supé i ori t® de <cette m®t h o d ealibsgiom utilisaat des®t h o d e
véhicules prépesés.

Mots-clés: Auto-calibration pesagen marcheHSWIM.
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1. Overview of WIM System Calibration Methods

The aim of WIM system calibration is to determihe calibration coefficienC according
to theequation

v()==0()) (1)
where:

ys(i) - calibrated result of weighing thieth vehicle, i.e. evaluation of total mass of the

vehicle or static load of a selected axle,

y(i) - non calibrated result of weighing thieth vehicle, i.e. the result of processing the

signal from WIM system sensors.

In the process of calibration the key element is the reference Videenost often used
method of WIM system calibtionis preliminarily weighed vehiclesyhich isappropriate

for the majority of weighing systems (Jacob et al., 2002). The whole process lasts between 5
and 8 hours anddespitethe simplicity of the idea, it is hard to carry out due to many
additional equirements(Huhtala, 1999. A different method consists in the use af

i nstrumented vehicle equipped wi-védi gaghi mgas u
(Kalibra, 2009. It is a significant advantage of the methttht it enables precise
determinationof axle load on the sensor at the moment of measurement. Among the
drawbacks of the methad the high cost of vehicle constrioh. Methods using static and
dynamic force actuators ararelyused due tanany disadvantages:g.it doesnot take into
accaint the pavement/vehicle interactiomescribed calibration methods are time
consumingandexpensiveand Dbr these reasorae not normallygarried out more often than
every 6 months. Taking into consideration the fact that WIM systems pigttoelectric
polymer sensors are nonstationgdkyf PP, 2002 (Burnos,2006, double calibration of the
system in a yeds not sufficient

Increaed frequency of calibration is possible by means of using a method that uses
reference vehicles. Its grounds for the finste were formed in 1984 in the wof8tanczyk,

1984, and then developed ifBtanczyk, 199t the idea of the method is based on the
assumption that axle load or total mass of a characteristic vehicle group can be used as a
reference value for WIM systernaalibration.

2. Autocalibration

The aitocalibration method consisteaf a continuous estimation of the WIM system
calibration coefficient and modification of weighing results accordingh® currently
specified estimate. The basis of the method is thergsgan that weighing resultor a
certain vehicle category participating ihe traffic streamcan be used as the reference
value. The population of such vehicles should be characterised with the following features:
1) total mass or load of a given axleosild have a known expected value and low relative
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random deviation2) the population of such vehicles should be laagehe WIM site, 3)
such vehicles should be easily recognisable by the calibrated system.

Vehicles that meet these terms will be reddrto as the reference vehiclesisldategory of
vehicles has been specifibdsed oranalysis of weighing results fromMulti-Sensor WIM
(MS-WIM) system(Burnos et al., 200Q7nstalled on road 81 in sowmn Poland (results of
weighing over a milliorvehicles) and from the Polish Road Traffic Inspection Office (this
institution uses precise static or lspeed scales with legalisation certificate). Basis on
statistical analysis of data category of fiveaxle articulated vehicles was specified,
including a two-axle tractorwith a threeaxle semitrailer, as a category of reference
vehicle. Loathg of the first axle of those vehicles is characterisedh®iowest random
variability among all examined categories of vehicles. Furthermore, this loatbss
weakly correlated witlthe loads of other axles aritle total massThis means that the load
of this axle is relatively stable and insignificantly depends on carried foadean value
m= 61670 Nof the first axle of reference vehiclegas chosen as reference value in
autocalibration method.

2.1Algorithm

Taking into consideration the fact ththe calibration coefficientC should be specified in a
continuous manner, a modifietVeighted RecursiveLeast Squares algorithm with
exponential forgetting faot (Vahidi et al., 2005) was used for computatibfodification
of the algorithmwas done bynakingthe forgetting factora, dependent otthe time period

between reference vehicl®s, by means ofaweight function(Burnos, 2008).

3. Simulation Test

Sensitivity of the autocalibration method atftk preliminarily weighed vehiclesnethod

(i.e., classiamethod)to 4 parameters of the weighing systerastestedusing simulation

The basis of the simulation tests was a model WM system with special consideration

for its nonstationarity. This model is excited with a simulated input, and its output is a
simulaked measurement result that undergoes calibration by means of the classic method or
the autocalibration method. Comgan og the calibrated weighing result with the
simulated excitation is the measure of system accuracy.

3.1WIM System Model

The model othe WIM system has been assumed in the form describesjbgtion(2). It

gives consideration to three major reasons for errors of weighing results: system
nonstationarity, changes of sensitivity along the load sensors and spatial repeatability of
axle load.

v ()= p ()ecfrm)es, & )+ | =

= pj(i)CngO“@am(i)+szc"z (i)+r g

2)
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where:y()) T simulated result of weighing of theh vehicle by thg-th system sensopi(i)

i excitation modeli e.g. load of the first axle of thieth reference vehicleC(T.")
calibration coefficient model which gdends on modelT,” 1 changes of asphalt
temperaturek, w, d 1 model coefficientss, i parameter determining relative (referred to
m) variability of sensitivity along the load sensnfi) 1 random component with uniform
distribution from interval {0,5 - 0,5], r 1 constant valug bias error loadJacoband
Dolcemascolo1998.

3.2Model of Reference Vehicle Axles Load

Assuming that in the moment of weighing the vehicle moves with constant Spaed

load sensors are arranged uniformly within mutuabdis¢ <D, thenthetemporary axle load

on the j-th sensor counting from the arrival direction, can be calculated according to
formula @).

P (=Rl & Pl e (e v 0f ©

k=1

where:j = 1, 2, 3, .., Ppi constant componentstatic axle loadPy, fx, /k T models of
parameters of thk-th dynamic component of the load signal, respectiy€gbon, 1999
amplitude (linear model assumed), frequency (random variable with normal distribution)
and initial phase (random variable with uniform distribution)

3.3Model of Asphalt Temperature Variability

The model of asphalt temperature variability has been specified in the basis of the analysis
of the measuring data gathered at WIM site in Gardawice in esoutoland. Sinusoidal
variability of daily fluctuations of tls quantity withalong-term tendency resulting from the
change of the mean value due to changes of therseabthe year has been assumed.

3.4Model of Algorithm of Static Load Estimation

In the classic WIM system configuration with twp=@) polymer sensear thealgorithmfor
estimation of static loag(i) for thei-th vehicle is reduced to the mean value estimator:

vi)=24y0) @

3.5Criterion for Weighing Results Accuracy Evaluation

As a criterionfor WIM system accuracy estimatipthe relatve root mean square error
(r.m.s)was selected atefined with the following formula:

1 N ayl)- py()e
d_\/ﬁelg Po (i) g ©
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Simulation tests consistaaf the evaluation ofhe sensitivity of the algorithmfor classic
calibration and autocalibration to clggsin the 3 parameters of WIM system defined
below. The influence of changes of each parameter value on the weighing results accuracy
was examined independently, which means that in a given simulagealue of only one

of them, was changed and théatones werbeld constant

a) D, i time period between reference vehicles, (reference value 0,05 h)

b) ds :%T relative standard deviation of the simulatigdt axle load of reference
0

vehicles (reference value 10%), whesgi standard deviation of the simulataxle
load, P, - constant componeiitstatic load of the simulated axle load,

c) A, I amplitude of asphalt temperature changes (reference value 8 °C),

4. Classicd Calibration and Autocalibrationi Evaluation of Properties of the
Methods

As presentedn Figure la, thecharacteristics clearly indicate that the clagstibration
method does not work well ithe case of nonstationary systenighe aitocalibration
metlod provides almost doublne accuracy of weighing results in given measurement
conditions characterised lilyereference values aie WIM system parameters.

The quality of the road influencéise amplitude ofthevertical oscillations of a vehiclgr s,

). Despite doubts, random variability of the reference value is not a critical parameter of
autocalibration metho(@Figure 1b) which indicates its usability at WIM sites installed on
theword quality roads.

The amplitude ofthe asphal temperature influences the range of calibration coefficient
changes, and at the same time the degree of system nonstationarity.
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Figure 11 Influence of: a) time periods o, , b) relative variability of t he load of the

first axle of reference vehicles) asphalt temperature amplitude on weighing results
error.

The larger the amplitude, thHagher isthe nonstationarity of WIM systemThe dassic
method of calibration indicates very high sensitivity to ¢thanges of asphalt temperature
amplitude (Figure 1c). The aitocalibration method can be used in significantly
nonstationary systems without major influence on calibration quality.

5. Experimental testi evaluation of WIM system accuracy

Evaluaton of WIM system accuracy consists of comparing results for vehicles weighed with a WIM
system with the results of weighing the same vehicles obtained using a static scale. Such an
experiment was carried out one day in July 2008 in Gardawice betweea.d138nd 8:00 a.m., as
during the sunrise the largest changes of asphalt temperature occur. Unfortunately, due to
particularly unfavourable weather conditions on that day (thick cloud cover), the asphalt temperature
did not changed significantly until 8:08&m. With regard to organisational considerations, using
preliminarily weighed vehicles was not possible after 8:00 a.m. Despite that, measurements were
carried out until 12:00 p.m., and a few hundred weighing results of reference vehicles were
recordedTherefore, the experiment was carried out experiment in two stagege 17 4:30 a.mi

8:00 a.m.i 120 weighing results for preliminarily weighed vehicles and few dozen reference
vehicles were recorded (due to thick cloud cover asphalt temperaturetditiange significantly

within these hours); anfitage Il - 8:00 a.m.J 12:00 p.m. weighing results of reference vehicles
passing through WIM station. During Stage |l of the experiment weather conditions changed and
the asphalt temperature grew rapiffiygure 2).
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a)

b)

Figure 2 - a) Variability of asphalt temperature and b) load of the first axle of
reference vehicles during the experiment.

R.M.S relative error was selected as thedealuating WIM system accuracy, as shown in
equation (5) where simulated resultshave been replacedvith measued results.
Additionally, in order to visualise the probability of occurrence of a specific value of
relative error of weighing results, a reliabilityeasurdnas been dmed:

Pg)=1- P(g) (6)

where:

g:‘M‘ i absolute value of relative weighing erragfj) 1 result of weighing a given

Ps(i)

axle or estimation of the total mass of thé vehicle, Pgi) T result of static weighing a

given axle (orhe total mass) of thieth vehicle, P(g) i distribution function ofgerror.

5.1Stage |

Three types of heavy vehicles with five axle®re chosen for preliminarily weighed
vehicles. According to the European Specificat@®ST323(Jacob et al., 2002)otal
masses of the vehicles selectedbe 19980 kg, 26840 kgand35860 kg.Vehicles passed
the calibrated WIM site 20 times at different speedTablel presentshe evaluation othe
accuracy of weighing resulgsroducedby a WIM system calibrated with the use of the
classic methodd.ass and autocalibrationd,,,, While Figure 3 presents the reliability
characteristicsThe ddtained results indicate comparable accuracy of weighing results in a
WIM system calibratetly the classicmethod and byutocalibration. However at this stage
of the experiment asphalt temperature did not chahgeeforeit is hard to generalise this
conclusion for the case of a nonstationary system. The results, thougldemawestrated
the usetilness of the autocalibration method as an alternative for the cpas$iminarily
weighed vehiclesalibrationmethodfor WIM systems.
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