
0 

 

ICWIM6  

 
 

Proceedings of the 

6
th 

 International Conference 

on Weigh-in-Motion   
 

 
Editors : Bernard Jacob, Anne-Marie McDonnell 
                & Franziska Schmidt, Wiley Cunagin 

 

 

                Dallas, June 4-7, 2012 



1 

 



2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6
th
 International Conference on Weigh-In-Motion 

 

 

 



3 

 

 



4 

 

 

 

 

 

 

6
th

 International Conference  

on Weigh-In-Motion 

ICWIM 6 

 
 

Proceedings 

 

 
Edited by 

 

Bernard Jacob 

Anne-Marie McDonnell 

 
Franziska Schmidt 

Wiley Cunagin 

 

 

 
 

 

 

 

 

     



5 

 

 

Copyright Ǩşűůů12 by International Society for Weigh-In-Motion (ISWIM) & Institut Français 

des Sciences et Technologies des Transports, de lôAm®nagement et des R®seaux (Ifsttar)  

All rights reserved. This book, or parts thereof, may not be reproduced in any form or by any 
means, electronic or mechanical, including photocopying, recording or any other information 
storage and retrieval system now known or to be invented, without written permission from 
the publisher. 

 

Legal notice 

Neither the International Society for Weigh-In-Motion , the Institut Français des  Sciences et 
Technologies des Transports, de lôAm®nagement et des R®seaux, the editors nor any person 
acting on behalf of them, is responsible for the use which might be made of the following 
information. 

The views expressed in this publication are those of the authors. 

 

 

Acknowledgement 

 
The editors acknowledge the Organizing Committee members, the members the 
International Scientific Committees ISC-WIM for the abstract and paper reviews, and 
all the authors for their valuable contributions. 

 

 

Information on: 

ICWIM6 Conference web site: http://iswim.free.fr/icwim6 

Ifsttar web site: http://www.ifsttar.fr/ 

 

 

 

 

 

 

 

 

 

 

 

 

© ISWIM & Ifsttar, Paris, France, 2012 

International Society for Weigh-In-Motion 

EMPA, Überlandstrasse 129 

CH-8600 Dübendorf 

Switzerland 

Institut Fran­ais des Sciences et Technologies des Transports, de lôAm®nagement et des 
Réseaux 

58, Boulevard Lefebvre 

75732 Paris Cedex 15 
Tél : +33 (0)1 40 43 50 00 - Fax : +33 (0)1 40 43 65 20 

  

http://iswim.free.fr/icwim6
http://www.ifsttar.fr/


6 

 

___________________________________________________________________________ 

 

Proceedings of the 6
th

 International Conference  

on Weigh-In-Motion 

 

Editors: Bernard JACOB, Anne-Marie MCDONNELL   

& Franziska SCHMIDT , Wiley CUNAGI N 

 

 

 

Keywords: Heavy vehicles, heavy vehicle technology, lorries, truck equipment, road 
transport, Vehicle classification, weigh-in-motion, WIM, WIM technology, WIM systems, 
weight measurement, standards, specification, vehicle operation, vehicle control, weight and 
size enforcement, size and weight evaluation, traffic loads, road safety, freight mobility, road 
operation, road pricing, road, pavements, bridges, vehicle-infrastructure interaction, 
environment, testing, measurements, data quality, data management, regulations, 
enforcement, sensors, accuracy, durability, databases, tests. 

 

 

 

 

 

 

International Society for Weigh-In-Motion  

Institut Fran­ais des Sciences et Technologies des Transports, de lôAm®nagement et 

des Réseaux, Publications, 2012 

Paris, France 

 

 

 

 

 

 

     



7 

 

CONFERENCE ORGANIZIN G COMMITTEE  

 

 

Anne-Marie McDonnell (chair) ConnDOT USA 

Mark Gardner 
Applied Pavement 

Technology, Inc. 
USA 

Bernard Jacob Ifsttar France 

David Jones FHWA USA 

Tom Kearney FHWA USA 

Eugene Obrien UCD Ireland 

Tom Palmerlee TRB USA 

Lily Poulikakos EMPA Switzerland 

Franziska Schmidt Ifsttar France 

Deborah Walker FHWA USA 

 

 

 

  

International Society for Weigh-In-Motion 

http://iswim.free.fr/   

 

 

 

  

http://iswim.free.fr/


8 

 

SCIENTIFIC COMMITTEE  

 

 

 

Bernard Jacob (chair) Ifsttar France 

Anne-Marie McDonnell (vice-chair) ConnDOT USA 

Eugene O'Brien (vice-chair) UCD Ireland 

Chia-Pei Chou NTU Taiwan (ROC) 

Wiley Cunagin PBS&J USA 

Morris De Beer CSIR South Africa 

John De Pont TERNZ New Zealand 

Victor Dolcemascolo MEDDTL/DGITM France 

Mark Gardner 
Applied Pavement 

Technology, Inc. 
USA 

Ralph Gillmann FHWA USA 

Jerry Hajek RRI Canada 

Tom Kearney FHWA USA 

Chulwoo Kim Kyoto University Japan 

Chris Koniditsiotis TCA Australia 

Jesus Leal CEDEX Spain 

Hans van Loo DWW/AVV  The Netherlands 

Ralph Meschede BAST Germany 

Marcio Paiva FUSC Brazil 

Lily Poulikakos EMPA Switzerland 

Aleġ Ģnidaric ZAG Slovenia 

 

with the participation of: 

Sio-Song Ieng & Franziska Schmidt, Ifsttar, France. 

 

  



9 

 

INSTITUTIONAL SPONSO RS 

 

 

 

 

  

 

 

 

 

 

International Transport Forum 

OECD/OCDE 

2, rue André Pascal, F-75775 Paris cedex 16 

France 

http://www.cemt.org/  

 
  

Forum of European Highway Research Laboratories 

Boulevard de la Woluwe 42, B-1200 Brussels 

Belgium 

http://www.fehrl.org/  

 
  

Transportation Research Board 

2100 C St. N.W. 

Washington, D.C., United States of America 

http://www.trb.org/   

 
 

 

 

 

 

 

Federal Highway Administration 

1200 New Jersey Ave., SE Washington, DC 20590, 

United States of America 

http://www.fhwa.dot.gov/  

http://www.cemt.org/
http://www.fehrl.org/
http://www.trb.org/
http://www.fhwa.dot.gov/


10 

 

MAJOR SPONSORS 

 

 

International Road Dynamics Inc. (IRD) 

Saskatoon, SK. 

Canada 

info@irdinc.com  

http://www.irdinc.com/ 

 

TDC Systems 

Weston-super-Mare, North Somerset 

England, United Kingdom 

sales@tdcsystems.co.uk 

http://www.tdcsystems.co.uk/contact 

 

Traffic Data Systems GmbH (TDS) 

Albert-Einstein-Ring 6 

D-22761 Hamburg 

info@traffic-data-systems.com 

http://www.traffic-data-systems.net/en/home.html 

 

 

 

 

Kistler Instrumente AG 

Eulachstrasse 22 

CH-8408 Winterthur 

Switzerland 

info@kistler.com  

http://www.kistler.com/ 

 

IESSA Indra Esteio Sistemas S.A 

Rua Dr. Reynaldo Machado, 1056 

Cep: 80215-010 Prado Velho 

Curitiba - Paraná ï Brazil 

comercial@iessa.com.br 

http://www.iessa.com.br/ 

 

SPONSOR 

 

 

 

Sterela 

5 impasse Pédenau   

31860 Pins-Justaret 

France 

info@sterela.fr  

http://www.sterela.fr/ 
  

 

mailto:info@irdinc.com
http://www.irdinc.com/
mailto:sales@tdcsystems.co.uk
http://www.tdcsystems.co.uk/contact
mailto:info@traffic-data-systems.com
http://www.traffic-data-systems.net/en/home.html
mailto:info@kistler.com
http://www.kistler.com/
mailto:comercial@iessa.com.br
http://www.iessa.com.br/
mailto:info@sterela.fr
http://www.sterela.fr/


11 

 

 

 

 

 

 

 

 



12 

 

Table of contents 
 

Preface ï Bernard JACOB, Anne-Marie MCDONNELL, Thomas PALMERLEE   18 

 

 

International Society for Weigh-In-Motion ï Executive Board    20  

 

    

Panel Discussion 1: Enforcement using WIM      22 

 

 

Panel Discussion 2: WIM for Infrastructures       24 

 

 

Session 1: WIM Algorithms, Technology and Testing     26 
 

An experimental wireless accelerometer-based sensor system for applications to WIM and vehicle 

classification - Ravneet BAJWA, Christopher FLORES, Ram RAJAGOPAL, Pravin VARAIYA, Ben 

WILD            28 

 

Hidden Markov modeling for Weigh-In-Motion estimation - Robert ABERCROMBIE, Erik 

FERRAGUT, Shane BOONE         36 

 

Automatic vehicle classification for WIM systems - Piotr BURNOS    44 

 

Experimentation of a bridge WIM system in France and applications to bridge monitoring and 

overload screening - Franziska SCHMIDT, Bernard JACOB     52 

 

Analysis of B-WIM signals by statistical tools - Sio-song IENG, Abderraouf ZERMANE, Franziska 

SCHMIDT, Bernard JACOB         60 

 

Bridge Weigh-In-Motion by strain measurement of transverse stiffeners - Eiki YAMAGUCHI   

            68 

 

Field verification of a filtered measured moment strain approach to the bridge weigh-in-Motion 

algorithm - Hua ZHAO, Nasim UDDIN, Eugene OBRIEN     76 

 

Strategies for axle detection in bridge Weigh-in-Motion systems - Eugene OBRIEN, Donya 

HAJIALIZADEH, Nasim UDDIN, Des ROBINSON, Rigobert OPITZ    88 

 

Using strips to mitigate the multiple-presence problem of BWIM systems - Ales ZNIDARIC, Igor 

LAVRIC, Jan KALIN, Maja KRESLIN        96 

 

Experimental testing of a multiple-sensor bridge Weigh-In-Motion algorithm in an integral bridge - 

Jason DOWLING, Arturo GONZALEZ, Eugene OBRIEN, Bernard JACOB   104 

 

 

Session 2: WIM f or Enforcement        112 
 

WIM systems in Chile, a successful experience - Raul DIAZ     114 

 

ANPR-MMR and WIM for detection of overloaded vehicles - Leszek RAFALSKI, Michal 

KARKOWSKI, Cezary DOLEGA, Janusz WROBEL      122 



13 

 

 

One year experience with use of certified HS-WIM systems intended for direct enforcement in the 

Czech Republic ï Emil DOUPAL, Ivan KRIZ,  Radomir STAMBERG, David CORNU  132 

 

Integration of WIM technology into National Institute of Standards and Technology's Handbook 44, 

2012 edition - Dan MIDDLETON        140 

 

 

Session 3: WIM Standard, Calibration, Data Quality and Management  148 

  
Standardization of Weigh-In-Motion in Europe - Bernard JACOB, Hans VAN LOO  150 

 

Testing and certification of WIM systems - David CORNU, Christian WUETHRICH  160 

 

Modern calibration & verification techniques of WIM data - Christiaan SCHILDHAUER, Rob SIK 

            170 

 

Enhanced autocalibration of WIM systems- Piotr BURNOS     180 

 

Data-based WIM calibration and data quality assessment in South Africa - Gerhard DE WET 

            190 

 

Evaluation of several piezoelectric WIM systems - Jesus LEAL     198 

 

Improvement of weigh-in-motion accuracy by taking into account vehicle lateral position - Eric 

KLEIN, Daniel STANCZYK, Sio-song IENG       208 

 

Findings from LTPP SPS WIM systems validation study - Deborah WALKER, Olga SELEZNEVA, 

Dean WOLF           216 

 

Weigh-in-Motion data: quality control, axle load spectra, and influence on pavement design - Jose I 

RODRIGUEZ-RUIZ, Rafiqul Alam TAREFDER      226 

 

Quality control of Alabama weigh-in-Motion data from data user perspective and development of 

MPEDG traffic inputs - Derong MAI, Rod TUROCHY, David TIMM    236 

 

The metamorphosis of LTPP traffic data - Deborah WALKER, David CEBON   250 

 

 

Session 4: WIM Implementation, ITS, Traffic Monitoring, Safety and Environment  260 
 

High Speed Weigh-in-Motion in the UK - Andy LEES      262 

 

Trends in HGV performance in the main Greek road network: lessons to learn - George MINTSIS, 

Christos TAXILTARIS, Socrates BASBAS, Matthew KARLAFTIS    270 

 

Environmental impact of heavy vehicles based on noise, axle load and gaseous emissions - Lily 

POULIKAKOS, Kurt HEUTSCHI, Patrik SOLTIC      280 

 

Bringing heavy vehicle on-board mass monitoring to market - Chris KONIDITSIOTIS, Steve 

COLEMAN, David CAI         290 

 



14 

 

Application of the center of gravity measurement based on the dynamic wheel loads measurements of 

vehicles - Kimio SOMEYA, Hiroyoshi OKUDA, Takekazu SHINDO, Yuji MOCHIZUKI, Norio 

SAKAI            308 

 

Sensors test at their possible failure in the array and its reduced topologies for the accurate WIM 

methods - Anna CEROVSKA, Martin OSTRIHOò, Stanislav URGELA    316 

 

 

Session 5: Application of WIM to Bri dges       326 
 

A dual purpose bridge health monitoring and Weigh-In-Motion system for a steel girder bridge - 

Richard CHRISTENSON, Anne-Marie MCDONNELL      328 

 

WIM based simulation model of site specific live load effect on the bridges - Andrzej NOWAK, 

Przemyslaw RAKOCZY         338 

 

Modeling traffic loads on bridges - A simplified approach using bridge-WIM measurements - Ales 

ZNIDARIC, Maja KRESLIN, Igor LAVRIC, Jan KALIN     346 

 

Use of Weigh-In-Motion data for site-specific LRFR bridge rating - Hua ZHAO, Nasim UDDIN 

            356 

 

A Combined Weigh-in-Motion and Structural Health Monitoring System on a Wisconsin-Michigan 

Border Bridge - David KOSNIK         366 

 

Weigh-in-Motion on the Köhlbrand bridge in the port of Hamburg - Florian WEISS, Thomas 

SPINDLER         376 

 

Assessing confidence intervals of extreme traffic loads for bridges ï Xiao Yi ZHOU, Franziska 

SCHMIDT, Bernard JACOB         388 

 

Portable bridge WIM data collection strategy for secondary roads - Bernard ENRIGHT, Cathal 

LEAHY, Eugene OBRIEN, Jennifer KEENAHAN      396 

 

 

Session 6: Application of WIM to Pavements      404 
 

Applications of weigh-in-motion in pavement engineering - Lily POULIKAKOS   406 

 

Pavement damage due to dynamic load - Brazilian road deterioration test with MS-WIM - Gustavo 

OTTO, Leto MOMM, Amir MATTAR VALENTE      414 

 

Evaluating the role of Weigh-in-Motion in mechanistic pavement analysis - Selma YOUSIF, Roanne 

KELLN, Curtis BERTHELOT, Roberto SOARES, Randy HANSON    424 

 

Session Posters          432 
 

Checking WIM axle-spacing measurements - Martin SLAVIK, Gerhard DE WET  434 

 

Traffic-1: user tailored measuring system for road traffic parameters - Piotr BURNOS, Janusz 

GAJDA, Ryszard SROKA, Marek STENCEL, Tadeusz ŧEGLEN    442 

 

Applications from a centralized system of WIM - Antoine JAUREGUIBERRY, Benoit GEROUDET 

            450 

 



15 

 

An appraisal of mass differences between individual tyres, axles and axle groups of a selection of 

heavy vehicles in South Africa - Morris DE BEER, Ismail SALLIE    458 

 

Assessment of Weigh-in-motion (WIM) systems: a Nationwide survey - Habtamu ZELELEW, Kevin 

SENN, Athanassios PAPAGIANNAKIS        468 

 

Designing WIM data aggregating systems - Vincent JANES, Eric KLEIN, Sébastien ROMON, 

Franziska SCHMIDT, Hai PHAM DOAN        476 

 

 

Index of authors          486 

 

 

 



16 

 

PREFACE 
 

 

The International Conference on Weigh-In-Motion (ICWIM6) 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 Iowa State University. The 

Transportation Research Board (TRB), in charge of NATMEC, brought a strong support to the 

International Society for Weigh-In-Motion (ISWIM) to join the efforts of the two Organizing 

Committees in preparing for a successful event.  

 

NATMEC is the premier forum for travel monitoring in the United States. It began with the focus on 

weigh-in-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," frames the shared 

conferencesô goals. Bringing together the international WIM community with NATMEC provides an 

excellent opportunity for assessing state-of-the-practice, identifying future research needs and 

strengthening the WIM community for future progress.  The proceedings 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 the North Central Texas Council of Governments and 

organized by Transportation Research Board. 

 

ICWIM has a rich history, first held in Zürich (1995), and followed by Lisbon (1998), Orlando (2002), 

Taipei (2005) and Paris (2008).  ICWIM has covered WIM technologies, 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 growth. 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 the heavy good 

vehicles comply with the legal limits and regulations, wherever they are travelling, to be operated at 

fair cost, to facilitate the inter-modality and to ensure a fair competition in freight transport. The issue 

has become timelier in many parts of the world, 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 developing and 

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 and operators 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 design and 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 require more and more 

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, it appeared 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 

exchanges of 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 assurance, enforcement, road 

operation and pricing and infrastructure related issues. It provides access to current research, best 

practice, and related policy issues. It is a multi-disciplinary, inter-agency supported event. It provides 

an international forum for 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 by 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. These sessions 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. Application 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 conference is 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 greatly appreciate the major sponsors of the conference: International Road Dynamics ï IRD -, 

TDC Systems, Traffic Data Systems - TDS, Kistler and Indra Esteio Sistemas ï IESSA -, and the 

regular sponsor (Sterela) for their support. 

 

We welcome all delegates to Dallas and to the 6
th
 International Conference on Weigh-In-Motion. 

 

 

                                                     
 

Anne-Marie MCDONNELL                                                 Bernard JACOB 
ConnDOT, United States           IFSTTAR, France 

 
Conference ICWIM6 co-chairs 

 
 

Thomas PALMERLEE 
TRB, United States 
NATMEC 2012 chair
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International Society for Weigh-in-Motion (ISWIM) 
 

 

 

This is the sixth International Conference on Weigh-in-Motion (WIM) and the enthusiasm is there for 

delegates to travel to the farthest corners of the world to share experiences of WIM and hear about the 

latest developments.  The International Society for Weigh-In-Motion (ISWIM), an international not-

for-profit organisation based in Switzerland, was born in 2007 and officially 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 objective. ISWIM successfully held the 5
th
 

International conference ICWIM5 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) and the 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 1990ôs and 2000ôs important European cooperative projects (COST323, WAVE, 

REMOVE, FiWi). 

 

ISWIM is active on the Internet through its web site (http://iswim.free.fr). 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 website also has 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 end-users 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 no membership 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 site: http://iswim.free.fr. 

 

 

 

The Executive Board, 
 

          
 

Bernard Jacob 
President 
IFSTTAR 
France                     

Lily Poulikakos   
Treasurer 
Empa 
Switzerland 

Chris Koniditsiotis       
General Secretary 
TCA 
Australia      

Chia-Pei Chou        
Information Officer   
NTU 
Taiwan   

Anne-Marie McDonnell 
Vice-president Sciences 
ConnDOT 
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: Joe CRABTREE (USA), Raul DIAZ  (Chile), Chris KONIDITSIOTIS (Australia),  

Hans VAN LOO (Netherlands) 
 

 

Around the world, the challenge that commercial motor vehicle safety program enforcement officials 

increasingly face is the ability to maintain current levels of 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 bridge infrastructure 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 program officials 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 volumes 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 become increasingly 

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 ratio of law 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 technologies 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 transport model that 

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 traditionally conducted 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 Weigh-in-Motion 

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

enforcement personnel to ñpre-screenò trucks for compliance with legal weight limits and better target 

enforcement personnel efforts toward those vehicles requiring more extensive weight measurements 

on a static scale. 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 as a result.  On-board WIM 

complements the potential enforcement tools, and allows carriers to perform self-control and public 

authorities to make a wide survey of truck fleets. Australia is one of the most advanced country using 

on-board WIM in the Intelligent Access 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, some metrological 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 enforcement frameworks will also be presented. 
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PANEL DISCUSSION 2 

APPLICATIONS OF WIM TO INFRASTRUCTURE S 

 

 

Chair: Eugene OBRIEN , UCD, Ireland 

Co-chair: Mike MORAVEC , USDOT-FHWA, United States 

 

Panelists: Mark HALLENBECK (USA), Lily POULIKAKOS (Switzerland),  

Valter TANI  (Brazil), Eiki YAMAGUCHI (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 

Mechanistic-Empirical Pavement 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 Axles to design their 

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 promoting as 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 sensitivity of pavements to different types of tire. In ICWIM5, 

South African research was reported that showed measured tire pressure ófootprintsô from different tire 

types. This shows the potential of WIM to be used to assess the road friendliness of tires. 

 

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 enhance this assessment and can identify sub-standard bridges 

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

ólong runô simulation of traffic loading on bridges where lifetimes of traffic loading, calibrated using 

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 

allow ówhat ifô questions to be answered such as ówhat would be the implications for bridges if the 

allowable legal weight limit were increasedô. 

 

Long run simulations can be also used to identify typical maximum-in-lifetime traffic loading 

scenarios. This has opened up many new possibilities ï dynamic simulation of typical maximum-in-

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.  

 

Development continues and, with the continuing improvement in access to large WIM databases, it 

seems that new uses for WIM data will continue to emerge. 
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Abstract 

The paper describes an experimental wireless, accelerometer-based 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 deflection sensors.  The third 

evaluates axle detection.  The fourth compares estimates of axle load with those of a Caltrans 

WIM station on I-80W. 

Keywords:  Wireless sensor, accelerometer sensor, weigh-in-motion, vehicle classification, 

axle load, deflection. 

 

Résumé 

Cet exposé décrit un système de mesure expérimental pour la classification des véhicules et le 

pesage en marche.  Le principe de mesure est basé sur un accéléromètre sans fil. Le système 

possède quatre rangées d'accéléromètres pour mesurer les vibrations de la chaussée et des 

magnétomètres pour mesurer la vitesse des véhicules. Les mesures collectées sont envoyées 

sans fil à un serveur informatique où elles sont traitées pour aboutir à la classification des 

véhicules et à une estimation du poids sur chaque essieu. Quatre tests sont décrits ci-dessous. 

Le premier évalue la répétabilité de la mesure. Le deuxième compare les estimations de 

déformation de chaussée avec des capteurs de flexion. Le troisième évalue la détection des 

essieux. Enfin le quatrième compare le poids par essieu donné par ce système avec la station 

de pesage, de l'exploitant Caltrans, installée sur l'autoroute I-80. 

Mots-clés: Capteur sans fil, accéléromètre, pesage en marche, classification des véhicules, 

charge à l'essieu, flexion. 
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1. Introduction  

Agencies like California Department of Transportation (Caltrans) use truck classification and 

weight data to enforce weight limits, charge fees and assess pavement damage. Today 

Caltrans has 70 static weigh stations and 106 weigh-in-motion or WIM stations to monitor 

Californiaôs 50,000 lane miles of highway and 12,488 bridges with a median age of 43 years. 

An adequate monitoring system for California needs many more weigh stations, but this need 

cannot be met by todayôs static or WIM stations, which are expensive to install and maintain.   

 

This paper describes an experimental wireless, accelerometer-based system to classify 

vehicles and estimate axle load and pavement displacement.  The system called óSensys 

Wireless WIMô or SW-WIM is still under development. It represents a promising approach 

toward an inexpensive, easy-to-install system made possible by recent advances in MEMS 

(Micro-Electro-Mechanical Systems) devices, and ultra-low power radios and 

microprocessors.  The challenge is to make SW-WIM sufficiently accurate.  The tests 

reported here suggest this is possible. 

 

SW-WIM uses four arrays of accelerometer sensors to measure the pavementôs vibration 

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 truckôs axles, estimate the pavement displacement, and the load of each axle.   

 

Four sets of test results are reported.  The first evaluates repeatability of sensor measurements 

at a Heavy Vehicle Simulator at UC Davis.  The second compares estimates of pavement 

displacement with those of deflection sensors in a Falling Weight Deflectometer experiment.  

The third evaluates axle detection using three accelerometers located downstream of a 

Caltrans weigh station on I-680S. The fourth compares SW-WIMôs estimates of axle load 

with those from a Caltrans WIM station on I-80W.   

 

The rest of the paper is organized as follows.  Section 2 describes SW-WIM.  Section 3 

presents the test results.  Section 4 summarizes our conclusions from this study. 

 

2. SW-WIM  

This section provides a description of the SW-WIM system configuration at the I-80 test site, 

the sensor design, and the signal processing algorithms.  
 

2.1 System Configuration 

Fig 1 is a schematic of SW-WIM deployed on lane 2 of westbound I-80 in Pinole, CA at the 

Appian Way exit.  The test site is directly upstream of a Caltrans WIM station whose data 

serves as óground truthô.  The left side of Fig 1 shows the sensor layout in the 3.66m (12ft) 

wide lane of the pavement (in the actual deployment each array has a small stagger to prevent 

óshadowingô of the pavement vibrations). 
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Figure 1 - SW-WIM test site on I-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 measurements permit 

separation of the dynamic and static axle load (Cebon, 2006).  (Unlike SW-WIM, todayôs 

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 to determine the 

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, from which one 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 

ruggedized óTOPBoxô.  This equipment provides remote control and observation of the SW-

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 Pan-Tilt -Zoom camera for video capture for validation; (iii) Power Supply (PS) and 

temperature controller for remote sub-system reset and monitoring; and (iv) cellular 3G 

modem, Wi-Fi bridge, and Ethernet data port for multiple ways of providing system and data 

access. The test system is a convenient and 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. 

 

2.2 Sensor Design 

Each accelerometer sensor cube is comprised of a MEMS accelerometer, a temperature 

sensor, a microprocessor, memory, a radio transceiver, an antenna, a battery, and an electronic 
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PC board that interconnects these components, assembled as in Fig 2 (left).  The assembly is 

placed in a hardened plastic 7.4 cm x 7.4 cm x 4.9 cm cube (middle), which is then filled with 

a potting material.  The magnetometer sensor cube is virtually identical, except that the 

accelerometer is replaced by a magnetometer. Each cube is placed in a 10-cm radius, 5.7-cm 

deep hole in the pavement (Fig 2, right), which is then filled with fast-drying epoxy. The 

pavement needs no preparation and a sensor cube is installed in 10 minutes.  (The system of 

Fig 1 was installed by a 4-person crew in four hours.)  The analog accelerometer sensor 

measurements are low-pass-filtered at 50Hz, sampled at 512Hz and sent through a 12-bit A/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 shown in Fig 1.  

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). 

2.3 Signal Processing 

The APCC synchronizes all the sensor clocks, time 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 be distributed among a server, the APCCs, and the sensors. 

 

Let  be the displacement of the pavement caused by a truck at sensor location  at time 

.  The accelerometer sensor measurement  in mg is  

  

Here  is a characteristic of the accelerometer, and  is measurement noise.  Let 

 denote individual truck samples, obtained by the SEG algorithm. 

 

SEG segments the continuous sensor measurements into samples  for each 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 

time ï arrival time).  Vehicles longer than 7m (20ft) are treated as trucks.  Non-truck samples 

are not used in this study which focuses on trucks. Non-truck data are recorded. 

 

Three algorithms process : NRED (Noise REDuction),  ADET (Axle DETection),  and LDC 

(Load and Displacement Computation). 
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NRED removes from frequencies above 6.2 Hz or below 0.1 Hz; the cutoffs were arrived at 

empirically.   

 

ADET  identifies the occurrence of a negative peak with an individual axle.  ADET passes the 

measured energy in  through a moving average filter and detects the peaks that are 

sufficiently spaced apart 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 double integrates the NRED-filtered response for each axle to estimate the 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 SW-WIM tests are reported in this section. 

3.1 Repeatability 

SW-WIM should give virtually identical pavement acceleration measurements from repeated 

motions of the same truck. The Heavy Vehicle Simulator (HVS) at University of California 

Pavement Research Center is used to simulate a single wheel moving repeatedly over a 

concrete road overlaid with a dense-graded polymer modified asphalt concrete layer at three 

speeds and with three wheel loads.  Sixty trials were repeated for each speed-load 

combination.   

 

 

 

 

 

 

 

 

 

 

 

 

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

 

Fig 3(a) is a record of the raw acceleration measurement (top) and its NRED-filtered version 

(bottom) for repeated runs.  The latter reveals the back-and-forth passage of the single tire 

over the sensor but the passage is obscured in the raw signal. The attenuation of 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, negative peaks, 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. Evidently SW-WIM 

measurements are similar under repeated loading conditions. 
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3.2 Pavement Deflection 

A falling weight deflectometer (FWD) experiment can be used to gauge SW-WIMôs estimates 

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 

 measured at location  at time  is an estimate of the pavement impulse response. 

 

A FWD experiment was conducted on the concrete pavement of Yolo 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 SW-WIM cube is located at the center (circle 

numbered 8,17).  The plot on the right compares the FWD-measured displacement with that 

obtained by the LDC algorithm.  The agreement is very good. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

 

 

 

Figure 4 - Measurement plan of FWD experiment (left); comparison of FWD and  SW-

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 minimum 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 Sunol on I-680S. The left panel in Fig 5 

displays three plots: the top 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 sensor detects 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 of 53 trucks (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). 

 

 

Figure 5 - (Left) Raw signal, NRED-processed signal from one sensor, and the maximum 

of three signals.  (Right) Axle detection by each sensor and by their maximum. 

3.4 Axle Load  

We begin with a ótemplateô  representing the pavementôs response to a single, isolated 

axle.  In practice,  is obtained by averaging the responses of different sensors to an axle that 

is far from the other axles.   is normalized, .  The ADET algorithm processes 

the measurement sample  of a truck and gives the number of axles and their locations.  For 

example, 5 axles may pass over the sensor at .  We find coefficients  by solving 

 .       (1) 

(Below  is the average of the response of the three middle sensors.)  We take  to be 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 

 by taking the force as .  It remains to determine the calibration coefficient , 

which relates the measured force  to the true load .  Assuming that  is correctly 

measured by the Caltrans WIM station,  is estimated via the regression model, ( is the axle 

index and  is the index for a 5-axle truck)   

      (2) 

 

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 set of  trucks.   The left panel of Fig 6 compares one 

sample  with the least squares fit  of (1).  The right panel shows the scatter 

plot  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) 

 Axle 1 Axle 2/3 Axle 4/5 Axle 2 Axle 3 Axle 4 Axle 5 

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, defined as: 

 .       (3) 

Each entry in the first row labeled óindividualô, gives  from a separate regression for each 

axle.  In the second row, three regressions are carried out: axle 1, and combined tandem axles 

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 in the ójointô estimation are smaller than in the óindividualô estimation.  

This indicates a potential improvement in our approach to the determination of  from (1).  

Ongoing work is addressing this improvement, exploring methods to divide each axleôs load 

between the left and right tires, and understanding how the calibration coefficients  vary 

with temperature and pavement type.   

4. Conclusions 

SW-WIM represents a promising approach toward an inexpensive, easy-to-install system 

based on MEMS sensors, and ultra-low power radios and microprocessors.  SW-WIM is 

under development.   Tests indicate that it adequately classifies trucks and measures pavement 

displacement.  Preliminary results suggest SW-WIM should be able to accurately estimate 

axle loads 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, slow speed 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 estimation converged 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:  Weigh-in-Motion, WIM, MS-WIM, Markov, Multiple sensors. 

 

Résumé 

Cet article décrit un modèle de Markov caché permettant de minimiser lôerreur dans 

lôestimation du poids du camion. Cette erreur vient des oscillations complexes du système de 

masses discrètes du véhicule. La réduction des oscillations se fait par une approche de lissage, 

plane et régulière à vitesse constante et lente en ligne droite. Le modèle utilise cette variabilité 

inhérente pour déterminer le poids total réel et le poids de chaque essieu d'un véhicule. 

Lôoscillation dynamique de la distribution des masses d'un véhicule roulant a été simulée. Le 

mod¯le dôestimation converge ¨ moins de 1% de la vraie masse pour les données simulées. Le 

temps de  calcul de cette méthode, bien que beaucoup plus grand que celui de simples 

moyennes, est de seulement quelques secondes sur un ordinateur de bureau. 

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