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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. 



23 

 

  



24 

 

 
 
 
 
 
 
 
 
 
 
 

 
Session 1 

 
 

WIM Algorithms, Technology and Testing 
 
 
 

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

Co-chair : JESUS LEAL (CEDEX, Spain) 
 
 

  



25 

 

  



26 

 

AN EXPERIMENTAL WIRE LESS ACCELEROMETER -BASED SENSOR 

SYSTEM FOR APPLICATI ONS TO WIM AND VEHIC LE CLASSIFICATION  

 

       

 

R. BAJWA 

Univ. of 

California, 

Berkeley, 

CA 

 

E. COLERI  

Univ. of 

California, 

Davis, CA 

 

C. 

FLORES 

Sensys 

Networks 

Berkeley, 

CA 

 

R. 

RAJAGOPAL  

Stanford Univ., 

Stanford, CA 

 

R. 

KAVALER  

Sensys 

Networks, 

Berkeley, 

CA 

 

P. 

VARAIYA  

Univ. of 

California, 

Berkeley, 

CA 

 

B. WILD  

Sensys 

Network, 

Berkeley, 

CA 

 

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. 



27 

 

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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Abstract 
We present breakthrough findings based on significant modifications to the Weigh-in-Motion 

(WIM) Gen II approach, so-called the modified Gen II. The revisions enable slow speed 

weight measurements at least as precise as in ground static scales, which are certified to 0.1% 

error. Concomitant software and hardware revisions reflect a philosophical and practical 

change that enables an order of magnitude improvement in low-speed weighing precision. 

This error reduction breakthrough is presented within the context of the complete host of 

commercial and governmental application rationale including the flexibility to extend 

information and communication technology for future needs.  

 

Keywords: Portable Weigh-in-Motion, Vehicle Oscillation Error Characterization, Time-

serial Error Filtration, WIM Data Management Methodology. 

 

R®sum® 
Nous pr®sentons perc®e des conclusions fond®es sur des modifications significatives ¨ la 

Weigh-in-Motion (WIM) Gen II approche, dite de la modification Gen II. Les r®visions 

permettent vitesse lente pesages au moins aussi pr®cis que dans le sol bascules statiques, qui 

sont certifi®es ¨ 0,1% d'erreur. Concomitante de logiciel et de mat®riel r®visions refl¯tent un 

changement philosophique et pratique qui permet ¨ un ordre de grandeur am®lioration de la 

faible vitesse de pesage de pr®cision. Cette erreur r®duction perc®e est pr®sent® dans le cadre 

de la s®rie d'achever gouvernementales et commerciales, y compris les motifs de demande de 

la souplesse pour ®tendre l'information et la technologie de la communication pour les besoins 

futurs. 

 
Mots-cl®s: syst m̄e portable de pesage en marche, caract®risation dôerreur due aux 

oscillations du v®hicule, filtrage temporel d'erreur, m®thodologie de gestion de donn®es de 

pesage en marche. 
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1. Introduction  

Previous work has been performed to estimate static axle weights from multiple sensor WIM 

systems. These works include multiple algorithms varying from Maximum Likelihood 

(Stergioulas et al. 2000) to Kalman Filtering techniques (Sainte-Marie et al. 1998). More 

recent developments include a new Statistical Spatial Repeatability (SSR) algorithm that 

removes bias due to pavement (OôBrien et al. 2010) and impact factors (OôBrien et al. 2008, 

2009). To this end, an effort to perform probabilistic modeling on Weigh-in-Motion (WIM) 

Gen II sensor data was performed in order to reduce error in the static weight measurement 

due to vehicle oscillation.  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 multi-body system of discrete masses (e.g., body, load, wheels) that 

are (ii) interconnected by springs (e.g., cab-load 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, engine vibration) with (iv) nonlinear 

damping by slip-stick friction and shock absorbers. Lower-frequency oscillations (1-5 Hz) 

arise from vehicle dynamics (e.g., side-to-side rocking, front-to-back rocking, vertical 

bouncing of the load on the suspension, load-bed flexure, twisting about coupling points, and 

nonlinear couplings among them). Higher-frequency oscillations (9-14 Hz) depend on vehicle 

size (e.g., tire rotation). Accurate weights require minimization of these oscillations, which 

are presently reduced via 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 

single-axle weight measurements as the vehicle crosses multiple weigh pads; and (d) 

continuous motion to foster dynamic friction, which reduces the slip-stick friction 

(Abercrombie et al., 2008).  

 

The work focused on modeling simulated data of a Ford F-250 driving slowly in a straight 

line across a portable low speed Gen II measurement system shown 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 created.  The relevant differential equation for the simplified model was: 

 

mxt +g xt +kxt = Ft
               (1) 

 

where xt is the distance of the vehicleôs center of mass below its equilibrium point at time t, x t 

and x t  are the first and second time derivatives of xt, m is the mass of the vehicle, ɔ is the 

damping coefficient, k is the spring coefficient, and Ft is the external (broadly defined) force 

pushing down on the vehicle at time t. The observations are not directly of xt, but rather the 

readout of a sensor that has its own dynamics and includes measurement error. We chose a 

further simplification: to subsume the sensor dynamics into the sensor measurement error. 

 



36 

 

 

Figure 2 - WIM Gen II 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 transition 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 primarily in the 

method by which the parameters are estimated. 

 

The hidden Markov model is based on a Markov chain of the state X = {xt} which transitions 

over time according to the differential equation.  We allow an arbitrary forcing function to act 

on the vehicle, but model it as independent identically distributed (i.i.d.) normal random 

variables with mean zero and known variance. The observations, S, of the hidden Markov 

model come from the sensor data. Given sensor observations, the approach is as follows: (1) 

choose an initial value of the parameters P, (m,ɔ,k), (2) use P and S to find the expected values 

of the position at each time, (3) use S and X to find P that maximizes the likelihood of the S 

given X and P (4) go back to step 2 and iterate until P converges. This has been implemented 

and it is possible to show that better estimates can be derived from poor initial starts.  

 

The position and derivative of the position at time t+1 can be written in terms of the velocity 

and acceleration at times t and t+1 (as follows from the definition of the time derivative where 

a small time difference  between samples is assumed). 

 

               (2) 

 

xt+1 = xt +
D

2
xt + xt+1( )

                (3) 

 

 

1. System Rationale 

Recent developments for the low-speed Weigh-in-Motion (WIM) Gen II produced 

breakthrough results enabling an order of magnitude improvement in weighing precision 

(better than 0.1% error). Concomitant software and hardware revisions reflect a philosophical 

and practical change to the previously reported approach and the changes presented here 

represent a significant improvement compared to those previously reported (Abercrombie et. 

al., 2005). Moreover, such improvements enable a full set of new commercial/governmental 

application features including the flexibility to extend the systems information and 

communication technology to future needs. Gen II validation testing enabled the development 

team to understand both operational process
 
and product precision issues. Most recently, 

studies on vehicle oscillation error have enabled time-serial error filtration algorithms to be 

developed which were key 

to gaining the higher 

precision as will be 

described here.  

 

Vehicle characterization, 

such as weight and 

volumetric measurements 

has obvious purpose: 

highway inspections, air, rail 

and seaports checkpoints for 

compliance, safety and 

security. Precise and 

accurate load planning characterizations for air and surface movements is a common practice. 

Durable accurate portable devices that can be easily deployed and quickly assembled provide 

obvious advantages over traditional methods.  

1.1 System Overview 

The portable low speed Gen II measurement system is shown in Figure 1. The Gen II system 

automatically obtains from a moving vehicle and its cargo the following data: weight on each 

tire (or pair); single-axle weights; total vehicle weight; axle spacing; longitudinal and 

transverse center of balance; wheel spacing on each axle using from one to four pairs of weigh 

pads. The Gen II system uses the ascertained axle spacing data to derive an estimate of 

vehicle volume (length, width, and height) from two digital camera acquired images. 

Moreover, the system was designed to enable vehicle identification via radio-frequency 

identification tags, barcodes, or manual entry and characterization of the vehicle and cargo. 

The Gen II system also includes features to facilitate data management via a Pocket PC/WiFi-

enabled PDA or cell phone and/or XP-Windows based ruggedized tablet platforms and an 

information infrastructure (including data repository) needed for secure in process visibility. 

The systemôs portability features include a total weight of 2200 pounds crated in a specially 

designed ruggedized box, as well as carefully designed physical, electrical and software 

interfaces highly tolerable to weather and human error. Additionally, the Gen II system is 

capable of acquiring data in either a static or dynamic mode when assembled on smooth 

asphalt or concrete surfaces (with roughly no more than 2 degrees of longitudinal or 

transverse slope). 

 Figure 1 - WIM Gen II System Diagram Showing Control/ 

Data Management Pathways.
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The second derivative is determined by Newtonôs second law of motion using Equation 1 for 

the value of the acceleration: 

 

xt = Ft + mg - kxt - g xt( ) / m
              (4) 

 

These equations can be used to write a relation between the xt for three consecutive times, t.  

This allows for the development of the second derivative, which is necessary to include the 

force function and the parameters. 
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where 

 

   

F t +1 =
Ft + 2Ft +1 + Ft +2

4               (6) 

 

As a result, expected values for the sequence of positions and parameter estimates can be used 

to compute the smoothed forcing function

   

F t.  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 states. The sensor measurements are 

modeled as: 

 

st = k
xt + xt+1

2
+g

xt+1 - xt

D
+ e t

                         (7) 

 

where the Ůt are the sensor errors, which are modeled as independent and identically 

distributed (i.i.d.) normal with mean zero and known variance. (This is actually the expected 

sensor measurement for time t + ½. Using this offset simplifies the analysis.)  

 

(Let P = (m,ɔ,k) be the parameters, X = {xt} be the state, and S = {st} be the sensor data.) 

 

Now a key observation is that the Ft and Ůt error terms are linear in state, xt, and also in the 

parameters m, ɔ, k after multiplying Equation (5) through by m. Therefore 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. 

¶ Given P and S, find the most likely state sequence X. 

¶ Given X and S, find the most likely parameters P. 

 

In each case, the likelihood increases by iterating between the two leads to a locally optimal 

solution. 
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3. Simulated Analysis, Experiment, and Results 

The analysis used 100 simulated measurements taken 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 used to update the state xt 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 

measurements were then input into the hidden Markov model estimation algorithm.  The 

estimation algorithm also requires a preliminary ñguessò of the parameters, which were 

intentionally selected to be very different from the true values. 

 

Figure 3 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 horizontal axis in Figure 

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

actual forcing function.  

 

Figure 4 shows the first of the estimated sensor measurements (in red) as compared to the true 

values (in blue). The initial low estimates of 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.  Despite 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 parameters.  The true, initial guess, and final estimate parameters are shown in Table 

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 seems that to better estimate these values, more advanced 

methods need to be employed, such as incorporating prior distributions on the parameters. 

 

The model is currently being implemented into a modified Gen II WIM System. 
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Figure 3 - Simulated forcing function data and fitted data (red line overlaying horizontal 

axis) 

 

 

 

 

Figure 4 - Estimated sensor data (red) superimposed on the simulated sensor data 

Table 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 Coefficient 35000 N/m 70000 N/m 46563 N/m 
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o
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e
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N
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4. Conclusions and Recommendations 

A hidden Markov model was used on simulated data of a Ford F-250 driving slowly in a 

straight line across a portable low speed Gen II measurement system to assist in the weight 

measurement error that arises from complex vehicle oscillations of a system of discrete 

masses. 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.  While our method appears to accurately estimate 

the mass coefficient, the effect of the spring and damping coefficient may be too subtle to 

estimate without longer runs of measurements. Recent research on sensor corrugated plates 

(Bin and Xinguo, 2010) may lend itself to the manufacture of larger sensors, thus allowing 

longer runs of measurements. Further research will investigate data requirements for these 

parameters and for parameters within more complex models of vehicle 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 work will 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 Weigh-In-Motion system with newly architected load cells. This work is 

ongoing and being funded under the US Army Small Business Innovation Research (SBIR) 

program. In cooperation with International Electronic Machine Corporation, the development 

of a Slow-speed Weigh-in-Motion Error Reduction System (SWIMERS) is being developed 

that will refine and implement the model discussed in this paper as well as algorithms and 

refinements used in the modified Gen II WIM System (Abercrombie et al. 2008). 
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Abstract 

In the paper a new method of automatic vehicle classification called ALT (ALTernative) is 

presented. Its characteristic feature is open structure - a user can adjust the number of vehicle 

categories according to individual needs. It uses an algorithm employing data fusion methods 

and fuzzy sets. The presented method was compared with other axle-based classification 

schemes such as FHWA and LTPP. The high effectiveness of ALT classification while 

retaining high selectivity of divisions was proved by test results. The effective classification 

of all vehicles at the level of 95% and goods trucks of 100% is more than satisfactory. The 

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, Weigh-in-Motion, WIM, Fuzzy Sets, 

Data Fusion. 

 

Résumé 

Ce papier présente une nouvelle méthode de classification automatique des véhicules nommée 

ALT (¨ partir du mot ñAlternativeò). La particularité de cette méthode réside dans sa structure 

ouverte qui permet dôajuster le nombre de cat®gories dans lesquelles classer les véhicules aux 

besoins individuels. Lôalgorithme pour lôidentification automatique des v®hicules utilise des 

méthodes de fusion de données et des ensembles flous. Cela assure un rendement élevé de la 

classification et en même temps  la sélectivité élevée de lôalgorithme. 

Mots-clés: Classement automatique des véhicules, pesage en marche, ensembles flous, la 

fusion de données.  
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1. Overview of Existing Classification Schemes 

Intelligent Transportation Systems (ITS) and particularly automatic weigh-in-motion (WIM) 

systems require a concurrent and unique classification of the vehicles in terms of both type 

and chassis characteristics. These needs result from law enforcement regulations determining, 

for example, the permissible axle loads depending on the axle configuration and spacing. 

Recent works resulted in developing several classification methods and automatic 

classification algorithms. The schemes differ in the number of vehicle categories that are 

based mainly on the vehicle functional features and its gross weight and mostly ignore the 

chassis characteristics.  

 

Practical applications employ at least several vehicle classification schemes and a large 

number of specific methods developed for individual end-users. The most popular are: the 

American FHWA (FHWA, 1995) and LTPP (FHWA, 2010) classification, European EURO-

13 and COST 323 (COST 323, 1999) classifications. The COST 323 solution is the least 

selective one; it comprises only 8 vehicle categories; for instance, two-axle and three-axle 

road tractors with single-axle or two-axle semi-trailers are categorized into one group. The 

EURO-13 classification is more detailed and a given category comprises vehicles of similar 

gross weight and overall dimensions. However, this classification scheme ignores the 

categorization according to the chassis type and therefore renders iy impractical. The FHWA 

and LTPP classification seems to be the most selective with respect to axle configuration. It 

differentiates two-axle vehicles into cars, delivery vehicles and lorries, and three-axle single 

vehicles are distinguished from vehicle combinations. However, articulated vehicles are 

divided in a manner that precludes their unique classification; moreover, this scheme also 

includes vehicles which can be hardly found on European and Polish roads. In (Cheng et al. 

2005) automatic vehicle classification algorithms have been presented. Authors discuss a 

vehicle detection and classification system using model-based and fuzzy logic approaches 

based on video images.  

 

Because vehicle outlines are differentiated by their functional design in addition to the 

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

do not meet the selectivity requirements. Unfortunately, developing a single universal 

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

often infeasible because of a macro-scale diversity of vehicles. The traffic structure varies 

with the geographical situation and is dissimilar in various countries. Therefore a universal 

vehicle classification should not have a closed structure but should be characterized by: 

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

- high effectiveness - associated with the algorithm employed; 

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

given area. 

2. ALTernative Vehicle Classification 

To satisfy the requirements for vehicle classification laid down for modern ITS systems and 

automatic weighing purposes, the author proposes a novel solution based on the ALT 

classification and an 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 axles (Van Boxel et al., 2005). First, 8 basic groups of vehicle configurations 

have been selected. Some of them can occur only singly (e.g. cars) and some, like trailers, can 



44 

 

only be coupled with other units. Each group is denoted by a letter symbol:  M ï Motorbike, 

C ï Car, D ï Delivery vehicle, L ï Lorry, T ï Tractor, R ï Trailer, S ï Semi trailer, B ï 

Bus.The vehicle symbol is supplemented with the number of vehicle axles, e.g. a three-axle 

lorry is denoted 3L, and two-axle semi-trailer is denoted 2R.  

 

Next, basing on an analysis of the vehicle types structure in Poland, the elements from the 

basic groups were formed into suitable combinations corresponding to vehicle outlines of the 

most frequent occurrence. For example, an articulated vehicle, which consists of a two-axle 

tractor and three-axle semi-trailer is classified into category 2T+3S, and a vehicle 

combination of two-axle lorry and two-axle trailer is categorized as 2L+2R. Twenty vehicle 

categories most frequently found in Poland are listed in Table 1. 

 

Table 1 ï Classification scheme and algorithm effectiveness 

 
 

The resultant categories uniquely characterize a vehicle for a given configuration of 

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 vehicle classification process is the measurement of vehicle characteristic 

parameters, such as the number of axles and their spacings or the vehicle magnetic profile that 

form the so-called characteristic parameters vector. The decision whether a vehicle falls into a 

given category is taken by comparing the characteristic vector with the vector for the model of 

this category. The simplest case is a coarse division into large and small vehicles, based on 

measuring of only one parameter, i.e. length. The selectivity can be improved by increasing 

the number of parameters; e.g. in the case of division according to the number of axles, better 

selectivity is achieved by measuring the second parameter, i.e. axle spacing. The classification 

process is then a multi-stage and hierarchical one. The decision criteria used in  classical logic 

(i.e., "true" or "false") , as will be demonstrated, is the reason for a low effectiveness of such 

classification algorithms.  

3.1 Classical Logic and Fuzzy Sets  

In the domain of classical 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: 

 

( ){ })(, xxA Aj=      (1) 

where:  

- {}xX =  - is a certain wider set of values (in this case: the distance between axles or the 

vehicle length); 

- }1,0{:)( ­XxAj  - is referred to as the classical membership function that to each element 

of the space X assigns the number ñ0ô which means non-membership or ñ1ò -  

membership.  

 

Within the group of vehicles with the same number of axles, various types of vehicles with 

similar axle spacings can be specified. It is therefore not possible to define  disjoint criteria, 

and inferring  vehicle membership to a given category on the basis of classical logic has no 

meaning, as illustrated in Figure 1 for the parameter 12x - the axle spacing 1-2. 

 

The classical approach lowers the effectiveness of classification, which in the presented form 

does not exceed 60ï70%. Since unique assignment of an element to the set does not apply 

here,  fuzzy logic should be employed as a measure of fuzzy, multiple-valued and imprecise 

concepts. 

 

The fuzzy set B defined on X can be represented as the following set of pairs, see (Kacprzyk, 

1986): 

()( ){ } XxxxB B Í"= ,m     (2) 

where: 

- {}xX =  - as in (1); 

- ]1,0[: ­XBm  - is the membership function which to each element from space X assigns a 

degree of membership in the given fuzzy set: from non-membership ( () 0=xBm ) through 

partial membership ( () 10 << xBm ) to full membership ( () 1=xBm ). 
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Figure 1 - An example illustrating the formulation of vehicle category models for 

rectangular (classic) membership functions and the procedure in the event a new result 

of measuring xi is obtained. 

In  fuzzy set theory the transition from non-membership to membership is gradual rather than 

abrupt as in non-fuzzy sets. The shape of the membership function depends on the problem 

being considered, and may take form from a simple analytic function to complex relations that 

are combinations of many simple functions (Mathworks, 2011). At the same time there are no 

exact rules for choice of the optimum shape of the membership function; the procedure is 

largely subjective and non-formalized, which is the drawback of this method. For the 

purposes of the algorithm for automatic vehicle classification,  triangular and trapezoidal 

shapes of the membership function were selected.  

 

Aside from the ñmembership - non-membershipò alternative, characteristic for classical logic, 

the case of partial membership also occurs. An example of the triangle membership function 

of the fuzzy set ñaxle spacingò - 12x is shown in Figure 2. Practically, the notion of a fuzzy set 

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

in this work. 
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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 xi is obtained. 
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The use of triangular membership functions eliminates the ambiguity characteristic for non-

fuzzy sets. The membership function values 1m  and 2m  obtained in this example should be 

interpreted as the measure of membership of a vehicle with the axle spacing 12x  in one of the 

two categories: a car or delivery vehicle. The value (() 65.02 =ixm ) > ( () 25.01 =ixm ) indicates 

that the vehicle with measured axle spacing of xi, ñbetterò matches the category of delivery 

vehicles than that of cars. The above considerations can be generalized to an arbitrary number 

k of vehicle categories and number N of measured parameters. 

 

Each membership function 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 manufacturer specifications - passenger vehicles and two-axle and three-axle 

lorries; 

b) the Polish Committee for Road Transport - over 300 results of measurements and 

dimensions of lorries (mainly five-axle); 

c) data acquired from the WIM system - over 5000 results of axle spacing measurement and 

the electrical equivalent length of a vehicle. 

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

determined for 3 selected parameters of a vehicle: 

- axle spacing; 

- length (evaluating on the basis of vehicle magnetic profile);  

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

The coefficients of membership functions were determined by means of statistical analysis 

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

vehicles were formulated. 

3.2 Data Fusion 

The classification algorithm consists of the use of the data fusion method. This notion will be 

understood as a set of operations whose purpose is to combine data from various sources in 

order to reach decisions, or achieve results better, in qualitative or quantitative terms than 

those obtained from an individual analysis of each source data separately (Sroka, 2008). The 

use of common information, ñhiddenò in the original measurement data, allows obtaining new 

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 classification. The vector of characteristic parameters, obtained from the 

measurement has the length N that depends on the number of vehicle axles: 

 

parameters=[ ld , xld , 12x , 23x ,...,](1xN),    (3) 

 

where: ld is the vehicle length, 12x is the distance between axles 1 and 2, 23x between axles 2 

and 3, etc. and xld  is the difference between the vehicle length and the distance 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 measurement of N parameters are 

compared with K membership functions that constitute the models for particular categories. 

As the result of the comparison N values of the membership function are obtained for 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 of functions executing the data fusion. Two functions yielding the best results were 

found by testing: 
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Figure 3 - An example illustrating models of three categories of vehicles, the procedure 

in the case of obtaining a new result, and data fusion. 

The choice of the function depends on the number of axles of the vehicle. As the result of 

fusion one obtains one number for each category being considered. The largest value indicates 

the category to which the considered vehicle shall be assigned. 

4. Test Results 

The aim of the tests was the comparison of effectiveness of three algorithms for automatic 

vehicle classification: 

- classical classification algorithm employing the FHWA scheme; 

- classical classification algorithm employing the LTPP scheme; 

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

 

For  purposes of comparison, measurement data were used from the 16-sensor MS-WIM 

installed on road No. 81, in Gardawice. The system is provided with piezoelectric load 

sensors, evenly spaced at a distance of 1m from each other, as follows from  modeling 

research (Burnos, et al. 2007)). A total of  1097 vehicles was recorded and, based on visual 

assessment, assigned to appropriate categories. The results of automatic classification were 

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 effectiveness. Results 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 non-classified using ALT classification, whereas in the case of FHWA and LTPP 
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algorithm almost 10% and 6% respectively of all results was non-classified. Moreover, 

despite the fact that the ALT classification is more selective (20 categories) than FHWA and 

LTPP (13 categories), the overall effectiveness of ALT classification is 10% higher than that 

of FHWA and LTPP. This proves the correctness of the concept of employing fuzzy logic and 

data fusion for automatic vehicle classification. Although the ALT classification scheme is 

currently in use in ñTraffic-1ò system (measuring system of road traffic parameters) it is 

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

5. Conclusion 

The work described in this paper presents an alternative scheme of vehicle classification, 

ALT. Its characteristic feature is versatility resulting from its open structure. A user can adjust 

the number of vehicles and their categories according to individual requirements. 

Supplementing the ALT classification method with the algorithm based on fuzzy measures 

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 satisfactory. The 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 accurate measurement of vehicle axle spacing and its 

length and the choice 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 systems have been studied and experiments have been conducted in France for 15 

years, in the European WAVE project and for the Ministry of Transport. The two main 

applications are bridge monitoring and overload preselection. However, the type of 

instrumented bridge and the structural behavior are of great importance for WIM accuracy. 

This paper reports B-WIM results collected by LCPC and now IFSTTAR on reinforced 

concrete bridges and steel orthotropic deck bridges, from 1997 until 2010, and analyses the 

influence of the bridge type and the algorithm used by the weighing system. It also highlights 

the importance of sensor location to obtain accurate results. The challenges for bridge 

monitoring and maintenance are highlighted, using the IQOA, a French quality assessment 

system for bridges.  

Keywords:  B-WIM, reinforced concrete bridges, steel orthotropic deck, accuracy, trucks, 

traffic loads, enforcement, bridge monitoring. 

 

Résumé 

Des systèmes de pesage par pont instrumenté ont été étudiés et expérimentés en France depuis 

15 ans, dans le projet européen WAVE et pour le ministère des transports. Les deux 

principales applications visées sont le suivi des ponts et la présélection des surcharges. Le 

type de pont instrumenté et le comportement structurel influent beaucoup sur la précision des 

résultats. Cet article pr®sente des r®sultats recueillis par le LCPC puis lôIFSTTAR sur des 

ponts en béton armés et des dalles orthotropes métalliques, de 1997 à 2010, et analyse 

lôinfluence du type de pont, de lôalgorithme de pesage et de la position des capteurs. Les 

enjeux pour la surveillance et la maintenance des ponts sont soulignés dans le cadre de la 

d®marche IQOA, un syst¯me dô®valuation de lô®tat des ouvrages du r®seau routier national 

français.  

Mots-clés: Pesage par pont instrumenté, pont en béton armé, dalle orthotrope, poids lourds, 

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

In France, engineers good knowledge of the structural health of bridges, primarily due to the 

1995 adoption of the IQOA (Image and Quality of Structures) procedure as mandatory for the 

assessment of bridges on the National road system (Lefebvre et al., 2010). Each year, this 

procedure is applied to one third of the bridge stock, and every second year a general report 

on the state-owned bridge structural health is published. 

 

In 2010, 11,930 bridges were inspected with a total deck surface area of 55,657,494 m
2
 of 

which 1,477 are located in Paris region. A half of these bridges (5,771) are reinforced 

concrete structures, with a surface area of 1,549,629 m
2
, and 2,218 are medium to long span 

pre-stressed bridges, with a surface area of 2,634,104 m
2
. 

 

Pre-stressed concrete bridges are not suitable for bridge WIM (B-WIM), because of their long 

spans and influence lines, which lead to frequent multiple presence events that are difficult or 

impossible to manage, and their low sensitivity to axle and single vehicle loads. Therefore 

experiments were carried out on reinforced concrete bridges, mainly on integral (frame and 

bent) bridges. In France, there are 2,550 integral bridges (440,000 m
2
) and 1,754 slab bridges 

(604,000 m
2
) (i.e. their structures are occur frequently and are of special interest for B-WIM). 

 

The inspected bridges are categorized  into 5 quality classes:  

Class 1: good 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 specialized treatment.  

Class 2E: same as class 2, but needing an urgent treatment.  

Class 3: bridges with structural defects, needing a non-urgent repair.  

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

 

Table 3 - Assessed health of French bridges (see (Lefebvre et al, 2010)) 

Class 1 2 2E 3 3U Non assessed 

Percentage 11% 47.4% 22.5% 5% 1.1% 13% 

 

In 2010, most of the inspected bridges were in Class 2 (Table 1). Most of the defects do not 

concern equipment, but are localized on the bearings of the structure. This assessment 

demonstrates the need for preserving these structures, by monitoring their live loads - here the 

traffic loads - and behavior.  

 

In 1997-99 the LCPC (IFSTTAR since 1/1//2011) developed and tested a B-WIM system on 

steel orthotropic bridges within the WAVE European project (Dempsey et al., 1999). Since 

2005, the Slovenian SiWIM system was tested on integral concrete bridges and steel 

orthotropic deck bridges. This paper summarizes these experiments and the applications of the 

collected data to bridge monitoring and to overload screening.
  

2. Instrumented Bridges 

2.1 Concrete Bridges 

Nogent-sur-Seine  

The SiWIM was tested on two frame bridges, on the National roads RN4 (Rozay-en-Brie) and 

RN19 (Nogent-sur-Seine). 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 Paris, carries 2 lanes, one in each direction with 

approximately 1,500 trucks/day. It is a 10 m span frame bridge, 11 m in width with a slab 

deck of 0.60 m in depth (Figure 1), which is quite sensitive to the axle loads.  

 

 
Figure 1 ï B-WIM instrumented f rame bridge on the RN19 near Nogent-sur-Seine 

 

The test conditions were environmental repeatability (I) and full reproducibility (R2) for the 

test plan. The multiple presence events were removed manually, which led to rather good 

results with an accuracy in classes B(10) and C(15) according to the European Specifications 

COST323 (Jacob et al., 2002) depending on the lane (Table 2). The lower accuracy on lane 2 

is explained by a bump prior to the bridge in this direction. 

 

Table 2 - B-WIM accuracy on the bridge of Nogent-sur-Seine (RN19) 

Conditions I/R2 GVW Axle groups Single axles Axles in groups Global 

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

Lane 2 C(15) B(10) B(10) B(10) C(15) 

The sensor location was chosen according to the moment diagram for this kind of structure 

(Figure 2). The maximum strain is observed at mid-span. A node must be avoided and the 

best results are obtained near an antinode (Vabre and Ieng, 2011).  
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Figure 2: Moment diagram for a frame bridge, with fixed bearings 

On the slightly skewed frame bridge of Rozay-en-Brie (RN4), the SiWIM accuracy was 

C(15). This accuracy is just enough for overload screening, but not for direct enforcement. 

Fabregues-Montpellier 

Bents in reinforced concrete are very frequent bridges on French roads. A simple bent is 

composed of a bridge sleeper fixed on the abutments, which lies on a spread footing or deep 

foundations.  

 

The SiWIM experiment was conducted on a bent bridge at Fabregues, with hinges at the 

bearings, on the A9 motorway south of Montpellier (Figure 3). This bridge behaves very 

similarly to a frame bridge (Figure 2), but the rotations at the bearings are 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 doubtful with 

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 (GVW, weight of axle groups, etc), 

and s is its standard deviation.. 

 

 

(a) Bridge         (b) Sketch of the structure 

Figure 3 ï B-WIM on a bent bridge of the A9 motorway near Montpellier  
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Table 3 - B-WIM accuracy on the bridge of Fabregues (A9) near Montpellier 

Conditions I/R2 GVW Axle groups Single axles Axles in groups Global 

Whole sample 

n = 94 

m = 2.61 

s = 6.91 

C(15) 

n = 91 

m = 3.77 

s = 9.59 

D+(20) 

n = 188 

m = 1.21 

s = 6.74 

B(10) 

n = 273 

m = 4.06 

s = 12.26 

D+(20) 

D+(20) 

Sample without 

3 outliers 

n = 91 

m = 2.06 

s = 4.35 

B(10) 

n = 88 

m = 3.23 

s = 5.28 

B(10) 

n = 182 

m = 0.64 

s = 4.99 

B+(7) 

n = 265 

m = 3.51 

s = 9.29 

B(10) 

B(10) 

 

The above results show that reinforced concrete frame and bent concrete bridges are suitable 

for B-WIM, and therefore are appropriate locations for overload screening on highways and 

motorways. They are generally easy to access and to instrument (deck underside), without 

traffic disturbance, and multiple presence events are rare on such short span bridges. 

However, these structures are not of great interest for bridge monitoring.  

2.2 Orthotropic 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 Saint-Nazaire, Normandie and Millau in France. 

This type of bridge is also common for moveable structures, such as in the Netherlands over 

canals and in harbors. The first instrumented orthotropic deck in France for B-WIM was the 

Autreville viaduct on the A31 motorway in eastern France (Figure 4), between Metz and 

Nancy (Dempsey et al., 1999). It is a two girder bridge, with three spans of 60-90-60 m.  

Autreville viaduct 

 

Figure 4 ï Cross section of the Autreville viaduct 

Strain gauges were attached to the bottom of the 13 longitudinal stiffeners under the two 

traffic lanes of the north-south directions, at mid-span between two cross beams at 4.2 m. 

separation. Therefore, the longitudinal bending moment influence lines are rather short (e.g. 

approximately 12 m if the two adjacent spans are considered - for other spans the signal 

vanishes quickly), which means that multiple presence events are mostly not an issue. 

Moreover, the short spacing between the two stiffeners (0.60 m) makes it possible to detect 

the lateral position of the wheels. However, such structures need a 2-D model and a suitable 

algorithm to correctly weigh the trucks, as shown in Table 4 and by (Schmidt et al., 2012) and 
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(Ieng 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 developed for the viaduct of 

Millau. 

 

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

Conditions I/R2 GVW Axle groups Single axles Global 

1-D bridge model 

n = 44 

m = 1.12 

s = 7.61 

C(15) 

n = 44 

m = -0.50 

s = 10.12 

D+(20) 

n = 89 

m = 3.79 

s = 10.10 

C(15) 

D+(20) 

2-D bridge model 

n = 28 

m = 0.55 

s = 5.55 

C(15) 

n = 27 

m = 0.17 

s = 8.22 

C(15) 

n = 55 

m = 0.79 

s = 8.95 

C(15) 

C(15) 

Millau viaduct 

In 2009 and 2010 the SiWIM was tested on the cable stayed viaduct of Millau (Figures 5), 

which crosses the Tarn valley in southern France, 270 m above the bottom of the valley. The 

whole viaduct length is 2,460 m, with 7 spans of 340 m. The 32 m in width deck is a box 

orthotropic deck made of S355 and S460 steel plates (Figure 6), and carries two traffic lanes 

and one emergency lane in each direction of the A75 motorway (Clermont-Ferrand to Bezier 

and Montpellier). The 7 pier heights vary from 77 m to 245 m, with an additional height of 87 

m for the pylons, which carry 11 cable stays on each side. 

 

(a) (b) 

Figure 5 - (a) viaduct of Millau,  (b) Instrumented longitudinal stiffenners under the 

deck inside the box, with extensometers  

The results are given in Table 5 for both years. Each year trucks from the traffic stream were 

weighed over 2 consecutive days, and weighed 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 class D+(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 eliminated, the 

sample size is only reduced to 126, while the accuracy class jumps into C(15). However, 



56 

 

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 difficult to weigh because of the 

dynamics of the liquid.  

 

Figure 6 ï Cross section of the orthotropic deck of the viaduct of Millau 

 

Table 5 - B-WIM accuracy on Millau viaduct  (A75) in 2009-2010, conditions I/R2 

Year GVW Axle groups Single axles Axles in groups Global 

2009 

n = 43 

m = -3.24 

s = 5.76 

C(15) 

n = 39 

m = -8.01 

s = 5.32 

C(15) 

n = 86 

m = 1.09 

s = 11.18 

D+(20) 

n = 115 

m = -7.38 

s = 10.43 

D+(20) 

D+(20) 

2010 

n = 127 

m = -2.36 

s = 6.67 

C(15) 

C(15) 

n = 119 

m = -6.43 

s = 8.44 

D+(20) 

C(15) 

n = 254 

m = 1.14 

s = 7.91 

C(15) 

B(10) 

n = 346 

m = -6.47 

s = 11.19 

D+(20) 

C(15) 

D+(20) 

C(15) 

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

 

The accuracy obtained on the orthotropic decks is less (by one class in average) than the 

accuracy on concrete frame and bent bridges. This orthotropic structures needs a 2-D model 

(influence surface) and adapted algorithms to process the signals (Ieng et al., 2012), which are 

not yet built INTO the SiWIM system.   

3. Infrastruct ure Manager Perspectives 

The French and European infrastructure networks are aging. Many structures were built 

quickly after the destruction of World War II, and are reaching a critical state. Conversely, the 

structures built after 1995, and designed with the Eurocodes, are mostly in good shape (i.e. 

very rarely in class 3U). Most of them are in Class 2. The class split by period of construction 

is given in Table 6. 
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Table 6 - Classification of the structures according to their period of construction 

Class <1850 1850-1900 1901-1950 1951-1975 1976-1995 >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 funds are decreasing and these structures need maintenance, the repair work 

must be prioritized. Therefore, load effects, stresses and strains, due to traffic loads in our 

perspective, and structural behavior assessment is required. B-WIM is a useful tool which can 

provide vehicle weights and dimensions together with the strains induced in the structures. 

With such data, reliability and probabilistic methods can be used to calculate probabilities of 

failure and prioritize and orient repair work, adaptation of legislation on commercial vehicle 

weight and dimensions, specific regulations of some structures, etc. 

4. Conclusion 

This paper recalls experiments with B-WIM carried out in France by LCPC and now 

IFSTTAR, over more than a decade, and their implications on structural behavior and life. It 

is shown that the current B-WIM 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 

preselection, the accuracy may be further improved. 
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Abstract 

Classical B-WIM systems are generally based on Mosesô original work using influence line 

theory. The systems have been successfully tested on concrete bridges around the world. This 

paper presents an investigation of the use of B-WIM in the viaduct of Millau, which is a 

cable-stayed bridge with an orthotropic deck. We first show why the B-WIM system cannot 

be used 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 classification algorithms 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 such as the 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-in-

Motion, WIM. 

 

Résumé 

Les systèmes B-WIM classiques sont généralement fondés sur les travaux de Moses utilisant 

la notion de la ligne d'influence. Ces systèmes ont été testés avec succès sur les ponts en béton 

à travers le monde. Ce papier s'intéresse aux travaux de recherche concernant l'utilisation d'un 

système B-WIM sur le viaduc de Millau qui est un pont à haubans avec une à dalle 

orthotrope. Nous montrons d'abord qu'un système de B-WIM ne peut pas être utilisé 

directement sur ce type de pont sans adaptation des algorithmes à cause des effets très 

localisés des charges sur la structure. La majorité des signaux ne sont pas utilisables pour 

l'estimation des charges. La méthode proposée est fondée sur les algorithmes de classification 

statistiques pour identifier les signaux utiles des signaux bruités ou complètement  noyés dans 

du bruit. Seuls les signaux utiles sont pris en compte dans l'estimation des charges des essieux 

pour certaines applications comme le contrôle-sanction des surcharges.  L'algorithme a été 

testé sur les données recueillies sur le viaduc de Millau en 2009.   

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

en marche, WIM. 
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1. Introduction  

The concept of B-WIM was introduced by (Moses 1979). The principle is to calculate axle 

loads by analyzing measurements from strain sensors 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 and axle spacing measured 

separately by road sensors. Until now, most of the B-WIM tests and implementations were 

conducted on concrete integral bridges and beam bridges (Ģnidariļ 2005) and many recent 

improvements has been made for these kinds of bridge (Ģnidariļ 2010). A few experiments 

were conducted on steel orthotropic deck bridges (Dempsey 1999, Jacob 2010, Ieng 2010), 

when the LCPC launched the idea of using this type of bridge for B-WIM. Orthotropic decks 

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

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 each stiffener under 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 

calculation 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 the B-WIM system 

by providing an accurate 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 evaluate 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 influence on B-WIM 

system accuracy? 

- How many axle load sensitive signals can be found and used when a truck 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 non load-sensitive signals 

class, the noisy 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 signals and only use them for 

axle weight estimation. This 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 cable-stayed multiple 

span bridge, in the south 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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2.1 Sensor installation 

The instrumented section is located in the first span, close to the north end of the viaduct, 

under the slow lane in the south-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 mid-span 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 upstream.  This sensors are used 

to detect heavy vehicles using the so-called Free of Axle Detector B-WIM system (FAD) that 

avoids installation of sensors in the pavement (Znidaric2005). The installation scheme is 

shown in figure 1(b). 

 

(a) (b) 

 

Figure 1ï Sensor 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 expansion join. 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 recorded, where nearly all trucks drive. 

2.2 Data 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 presented 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 the B-WIM 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 as required 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 other sensors 

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 notice that the signals 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 not similar. 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 2ïThree signals acquired 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 first investigation 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 algorithms can be 

applied to classify automatically each signal. We were interested in the well-known Bayesian 

classifier described in the next section.  

3. Signal classification approach 

Classification can be carried out using different kind of signal features that are characteristics 

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 well-known Principal Components Analysis (PCA) as it was proposed 

in (Ieng 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 raw signal will not be robust to the noise. The solution is to extract a set 

of a few features that are really representative of trucks. 

3.1 Signature extraction 

The features that are representative of a truck can be, for instance: the axle number, the axle 

spacings, 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 peaks histogram 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 (constant 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 many occurrences 

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 be more chaotic and bigger (Figure 

4). Only a few interesting values are extracted from these two kinds of diagram. 

 

 

  

 

Figure 3ïThe signal skeletons provide a simple description of the signal shapes: peaks 

number, the peak length, bifurcation location and also the evenness of the 

shape. 

 

3.2 Classification 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. One classical classifier uses Bayesian theory(Ieng 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 assumption is suitable. 

For this application, we assume that the probability law is Gaussian and the parameters we 

need to learn are the mean m and the covariance matrix P. Once these parameters are learnt, 

we can derived the separating curve using a discriminant function (Ieng 2007): 

     

g(x)=
ī1

2
(Xīm)

T×
ī1

(Xīm)+ ln (P(C))       (1) 

 

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

The separating curve is g(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 4ïThree histograms derived from the signals shown in figure 2. Notice that the 

histogram corresponding to the unreliable signal is bigger. 

3.3 Results 

For signal selection in the B-WIM application, a classification map was built for the five-axle 

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). Three classes are visible in 

Figure 5. At the left-hand 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. 

 

 

 

Figure 5ïClassification Map that contents three classes. At the left-hand side, are 

strongly noisy signatures, in the centre, are the  slightly noisy signatures 

and at the right-hand side are the noisy signatures. 

 

100
nbof 3īintersections

nbof 2īintersections
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The vehicle's transverse position influences 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 signals for the axle 

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 trucks passing 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 to use 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 1 ï The proportion of the signal of each class when a vehicle is passing 

Clean signals Slightly noisy signals Strongly noisy signals 

21% 17% 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, the 

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 (right-hand and left-hand side). The more 

numerous are the clean signals, the more reliable will be the axle estimation. By examining 

the classification map (Figure 5), a truck should be weighed if there are many signals 

classified in the right-hand side part of the map. On the contrary, if all the signals are 

classified into the strongly noisy class, the truck 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 Axles is C(15). However, five trucks are not weighed because the signals are 

not reliable enough to be used for axle load estimation.   

 

Table 2ï  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 3ï  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 B-WIM system is now a mature technology when it is used in concrete integral 

bridges. However, there is very little experimentation on steel orthotropic 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 majority of signals 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 signals that 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 is split 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 classified and plotted 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 WIM application, it would be wise to weigh the 

truck when the quality of the signal set is good enough if high accuracies are necessary.    

6. References 

¶ Moses, F. 1979. Weigh-In-Motion System using instrumented Bridges, ASCE 

Transportation Engineering Journal, 105, 233-249. 

¶ Dempsey, A., Jacob, B. & Carracilli, J. 1999. Orthotropic Bridge WIM for determining 

Axle and Gross Vehicle Weights, in Weigh-in-motion of Road Vehicles, ed. B. Jacob, 

Hermes Science Publications, Paris, 227-238. 

¶ Ģnidariļ, A., Lavriļ, I. and Kalin, J. 2005. Nothing-on-the-road Axle Detection with 

Threshold Analysis, Proceedings of the fourth Int. Conf. On Weigh-in-Motion(ICWIM4), 

February 20-23, 2005, Taipei, Taiwan, 95-106 

¶ Ģnidariļ, A., Lavriļ, I. and Kalin, J. 2010.  Latest Practical Developments in the Bridge 

WIM Technology, Proceedings of the fifth Int. Conf. On Bridge Maintenance, Safety, 

Management and Life-Cycle Optimization(IABMAS2010), July 11-15,Philadelphia, 

USA,  993-1000.   

¶ Jacob, B., Hannachi, M. and Ieng S.-S. 2010 Bridge Weigh-in-Motion on Steel 

Orthotropic Decks ï Millau Viaduct and Autreville Bridge, Proceedings of the 5th Int. 

Conf. On Bridge Maintenance and Safety (IABMAS2010), Philadelphia, USA, July 11-

15.   

¶ Ieng, S.-S. 2010, Bridge Influence Line Estimation for Bridge Weigh-in-Motion System, 

Proceedings of IEEE Int. Conf. On Measurement and Control Engineering (ICMCE2010), 

November 16-18, Chengdu, China, 25-29. 

¶ Ieng, S.-S., Grellier, C., Rivault, J., Bertrand, J. and Pithon 2007, On the Inductive Loop 

Based Vehicle Signature Features Analysis and the Anonymous Vehicle Re-Identification 

for Travel Time Estimation, 86th annual Transport Research Board Meeting, Washington 

D.C., USA, January 21-25, 

¶ Cristianini, N. and Shawe-Taylor, J. 2000, An Introduction to Support Vector Machine 

and other kernel-based learning methods. Cambridge University Press, UK  

  



66 

 

BRIDGE WEIGH -IN-MOTION BY STRAIN MEA SUREMENT OF  

TRANSVERSE STIFFENERS 

 

   

E. YAMAGUCHI  Y. OGAMI  Y. MATSUKI  

Kyushu Institute of Technology 

Japan 

 

Abstract 

For constructing a good maintenance scheme of an existing bridge, it is essential to know the 

truck loads acting upon it. As many bridges age rapidly and the economy is troubled in Japan, 

one of the greatest needs for bridge maintenance is for the development of an economical yet 

practically acceptable WIM technique.  

One method of WIM is BWIM, which is based on the deformation of a bridge. While the 

mainstay of the conventional BWIM is the strain of the main girder, extra measurements such 

as the strains of transverse stiffeners are required for supplemental information. In the present 

study, an effort is made to conduct BWIM only by the strains of transverse stiffeners. The 

study concludes that if the transverse stiffeners are carefully chosen, it is indeed possible to 

estimate truck loads with good accuracy using only the strains of transverse stiffeners. It is a 

BWIM based on the integration method with transverse stiffeners and is therefore called 

BWIM-IT. The proposed method is simple yet economical, reducing the cost significantly. 

Keywords:  Bridge-Weigh-In-Motion, Integration Method, Transverse Stiffener, 3-D FEA. 

 

Résumé 

Pour élaborer un plan de maintenance pour un pont existant, il est important de connaitre les 

charges de poids lourds sôexer­ant sur celui-ci. Comme beaucoup de ponts vieillissent 

rapidement et que la situation économique au Japon est morose, une des plus grandes attentes 

pour assurer le maintien des ouvrages dôart existants est la mise au point dôun syst¯me de 

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 du B-WIM repose sur les déformations 

de la structure principale du pont, des mesures supplémentaires telles les contraintes des 

poutres transversales, sont n®cessaires. Dans ce papier, lôobjectif est de r®aliser le principe 

mais en utilisant seulement les contraintes des poutres transversales. Côest la m®thode de 

pesage par pont instrument® bas®e sur la m®thode dôintégration avec des poutres transversales, 

elle est donc appelée BWIM-IT. La méthode proposée est simple mais efficace, réduisant les 

coûts de manière non négligeable. 

Mots-clés: Pesage par pont instrument®, m®thode dôint®gration, poutre transversale, mod¯le 

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 requirements for the highways. Because of this, techniques that weigh trucks in 

motion without disturbing traffic flow have attracted many highway engineers and 

researchers. Those techniques are called collectively weigh-in-motion (WIM). 

 

One of the WIM techniques is based on the deformation of a bridge and is called bridge-

weigh-in-motion (BWIM). The technique was first explored by Moses (1979). Because of its 

lower cost than conventional pavement scales, much attention has been drawn to BWIM in 

Japanese bridge engineering community (Matsui & El-Hkim 1989, Ojio et al. 2001, Miki et 

al. 1987, 2001, Ishio et al 2002). 

 

The authors have also conducted BWIM since 2002 (Yamaguchi et al. 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 two-span continuous bridge with skew was the only 

bridge available to the project while a short, simply-supported 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 type of bridge 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 by measuring the strains of main girders. But those strains are 

insufficient to conduct BWIM. Supplemental information such as truck velocity is required 

and needs be acquired by monitoring the strains of transverse stiffeners. 

 

A good portion of a stock of bridges in Japan was constructed in the 1960s and the 1970s, 

which was the high-economic-growth period of Japan. This indicates that many bridges in 

Japan are aging rapidly; as a result, more bridge accidents are reported in recent years. Yet the 

current economic situation in Japan does not allow bridge owners to allocate enough budget 

to maintenance work. Especially, small cities and towns have trouble conducting sufficient 

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 bridges vital to local 

activities. Therefore, it is crucial and critical to develop maintenance methods that even those 

small cities and towns can afford. 

 

The objective of the present study is to explore the possibility to apply BWIM solely by using 

the strains of transverse stiffeners, which could lower the cost of BWIM considerably since 

the required measurements and the data manipulation are significantly reduced. It is BWIM 

based on the integration method with transverse stiffeners and is therefore called BWIM-IT. 

While more sophisticated WIM techniques are available in recent years (for example, 

Sivakumar 2007, Mini -Symposia 2010), the present research seek an economical WIM and 

tries to establish BWIM-IT to this end. 

2. BWIM -IT  

BWIM-IT employs the BWIM technique presented in Ojio et al. (2001). It involves the 

integration of the time-history response of strain and was originally associated with the strains 

of stringers. Herein it is associated with the strains of transverse stiffeners instead. 

Supplemental information such as truck velocity (which can be obtained in the same way as 

that of Yamaguchi et al.(2004) through the strains of transverse stiffeners) is needed with this 

BWIM as well. The basic idea of BWIM-IT is explained herein. 
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When a truck with n axles runs over a bridge, the strain at the point of interest g(x) can be 

given generally as follows: 

 

() ( )ä -Ö=
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k
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                                                                                         (1) 

 

where x = position of the first axle; Wk = weight of the k-th axle; f(x) = function of an 

influence line; and Lk = distance between the first axle and the k-th axle. In BWIM-IT, the 

following integration is carried out: 
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where W = gross weight of the truck. The above integration corresponds to the area A 

surrounded by the x-axis and g(x) in the x-g(x) graph, which is called the influence area in the 

present study. Equation (2) indicates that the area A is proportional to the gross weight of the 

truck. Hence, if the influence area Ac due to a truck of known weight Wc is available, the 

weight of a truck W can be evaluated from the corresponding influence area A as follows: 

 

c
c

W
A

A
W Ö=                                                                                                             (3) 

 

Strains are usually obtained as a time-history response. Therefore, when a truck runs with 

constant velocity V, the influence area A can be computed alternatively as 

 

()ñ
¤

¤-

= dttrVA                                                                                                           (4) 

 

where r ( t ) is the time-history response of the strain. 

 

The truck velocity is obtained by measuring the strains of two transverse stiffeners 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 auto-correlation function. 

3. Field Test and Result of BWIM -IT  

The bridge used in this project on National Highway 201 is Sasaguri Bridge, which actually 

consists of two parallel bridges, the up-lane bridge and the down-lane bridge. The up-lane 

bridge is about 70 m long while the down-lane bridge is about 80 m long. Otherwise, they are 

very similar to each other. Both are a two-span continuous plate-girder bridge with five main 

girders. The plan is presented in Figure 1. The solid lines and the dotted lines in the direction 

perpendicular to the bridge axis indicate cross girders and cross frames, respectively. Each 

bridge has a side walk: it is located above the G5 girder in the up-lane bridge while it is above  
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Figure 1 ï Sasaguri Bridge (top: down-lane bridge; bottom: up-lane bridge) 

 

 
 
 

 
Axle weight 

Gross 

weight 

a1 a2 a3  

Truck A 50.4 73.7 74.5 198.6 

Truck B 50.7 70.6 74.9 196.2 

Truck C 43.6 51.3 56.7 151.6 

 

Figure 2 ï Trucks for preliminary filed test  

 

the G1 girder in the down-lane bridge. The bridges cross a river and the pier is inclined 

severely to the bridge axis, making the bridges quite skewed. While the axes of the girders are 

composed of line segments, the bridge decks and thus the traffic lanes are curved, so that the 

distances between running trucks and the girders vary along the bridge axis. The pavement 

condition as to smoothness was found good in both bridges at the time of the project. 

 

At the initial stage of the project, the accuracy of BWIM was the major concern, since 

Sasaguri Bridge is by no means ideal for BWIM. Therefore, a preliminary field test was 

carefully conducted, in which the strains of the transverse stiffeners were measured for 

obtaining supplemental information. Three trucks of known weights were used in this test. 

The strains of the transverse stiffeners recorded in the test are utilized in the present study to 

explore the validity of BWIM-IT using  the strains of transverse stiffeners. 

 

The circles in Figure 1 show the locations of the transverse stiffeners whose strains were 

measured in the preliminary filed test. There are two measured transverse stiffeners in each 

lane for evaluating 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 ends of the bridges: specifically, the strains measured at U1B, U4B, D3A and 

D5A are  used. To assess the effect of dynamic response, several truck velocities were tested, 

revealing no significant difference in the measured strains.  

 

The preliminary field test was conducted in May, 2002. Using three calibration trucks (Figure 

2), the following four traffic patterns were considered in the preliminary field test: 

 

   
 

 (a) Pattern 1 (b) Pattern 2 

 

 

   
 

 (c) Pattern 3 (d) Pattern 4 

Figure 3 ï Traffic patterns in preliminary field test  

Table 1 - Average percentage error of 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) 

Down-lane 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 in the same lanes 

Pattern 3: Two trucks run side 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 pattern, various combinations of trucks were 

considered and the test of the same traffic situation was repeated three times. The total 

number of the truck-running tests was 60. 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 on the bridge 

during the truck-running tests. 

 

For the estimation of truck weight, AC in Equation (3) must be evaluated first. The 

measurements in Pattern 1 were used to this end. Since multiple truck-running tests were 

conducted within Pattern 1 and each test yields a unique value of AC, the average was taken 

for the value of AC to be applied for the BWIM-IT. It is however noted that the variation of AC 

is quite small. 
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The results for the error in BWIM-IT are shown in Table 1. BWIM-IT yields satisfactory 

accuracy in the case of the up-lane bridge as the maximum error is only 11.9%. However, the 

error is large in the case of the down-lane bridge, especially so in Patterns 3 and 4, with the 

maximum error being about 70%. The smallest standard deviation is 1.0% of the average in 

the estimation of the weight of Truck A in Pattern 1 of the up-lane bridge while the largest is 

13.8% of the average in the estimation of the weight of Truck B in Pattern 4 of the down-lane 

 

 

Figure 4 ï The locations of three transverse stiffeners 

 

bridge. There is a tendency for the standard deviation to be large where the estimation error is 

large. 

 

By closely examining the strain measurements, the reason for the low accuracy in the down-

lane bridge was identified as the influence of a truck in the adjacent lane on the strains of 

transverse stiffeners. When a truck runs in the cruising lane of the up-lane 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 of the down-lane 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 in BWIM-IT and is considered a source of the error of BWIM-IT in the down-lane 

bridge. 

4. Improvement of BWIM -IT  

To find a way to improve the BWIM-IT with the down-lane bridge, a 3-dimensional finite 

element analysis (3-D FEA) of the down-lane bridge was conducted. Nastran (MSC.visual 

Nastran 2003)was used in this analysis.  

4.1 Finite Element Model 

The 3-D FE model of the down-lane bridge was constructed by applying 4-node shell 

elements to the main girders, cross beams, transverse stiffeners and horizontal stiffeners, 2-

node beam elements to cross frames and lateral bracings, and 8-node solid elements to a 

concrete slab. As for material properties, Youngôs modulus and Poissonôs ratio are assumed 

2.0×10
5
 N/mm

2
 and 0.3, respectively, for steel, while for concrete they are 1/7 and for steel 

0.167, respectively. A moving load is considered to simulate a running truck. 

4.2 Strains of Transverse Stiffeners 

There are three transverse stiffeners between the adjacent cross members. The three transverse 

stiffeners could be influenced differently by a truck running in the adjacent lane. In the 

present FEA, strains in the three transverse stiffeners shown in Figure 4 were evaluated to see 

the difference. 
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Figure 5 shows the FEA results. Strains at the three locations are indeed different from each 

other. The strain at D5A, the closest to the cross beam, is the largest, the strain at D5A2, the 

closest to the cross frame, is the second largest and the strain at D5A1 is the smallest. 

Apparently the cross beam and the cross frame play a role of initiating deformation in the 

transverse stiffeners due to a truck  running in the adjacent lane. The smaller the influence of 

the truck in the adjacent lane, the better the accuracy of BWIM-IT: the strain in the transverse 

stiffener located in the middle between the adjacent cross members should be used for 

BWIM-IT. 

 

 

Figure 5 ïStrains of three transverse stiffeners in Figure 3 

 

 

 

Figure 6 ï Transverse stiffeners of interest 

 

This observation further leads to the computation of the strains of the transverse stiffeners at 

such locations. There are 13 transverse stiffeners and their positions are illustrated in Figure 6. 

Te 3-D FEA then reveals that the strain at D57 is the smallest, indicating this strain is the best 

for BWIM-IT. 

4.3 Improvement 

The accuracy of BWIM-IT with the strain at D57 was investigated using the 3-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 obtain Ac in 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 3-D FEA, BWIM-IT with the strain at D5A was also carried out. 

The result of the truck-weight estimation is 210.0 kN. Since the true weight of Truck C is 

151.6 kN, the error turns out 38.5%. As Table 1 shows, the average error in the preliminary 

field test is 37.0%. The validity of the present FEA is thus confirmed. 
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BWIM-IT with the strain at D57 was then conducted, giving 165.8kN. The error was reduced 

to 9.4%: by using the strain at D57, the accuracy is thus improved considerably. 

5. Concluding Remarks 

BWIM-IT with only the strains of transverse stiffeners has been explored. A good result is 

obtained in one bridge while a large error is observed in the other. The reason behind this was 

identified as the influence of a truck in the adjacent lane on the strains of transverse stiffeners. 

A 3-D FEA was then conducted, revealing that this influence varies from transverse stiffener 

to transverse stiffener. The selection of a transverse stiffener to be used for BWIM-IT is 

therefore important. Further investigation of the 3-D FE simulation demonstrates that the 

proper selection of transverse stiffeners could make BWIM-IT with the strains of transverse 

stiffeners valid in practice. 
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Abstract  
Most of the commercially available Bridge Weigh-in-Motion (B-WIM) systems are based on 

an algorithm developed by Moses (1979). The performance of this method is generally 

acceptable for estimating Gross Vehicle Weight, but can be unsatisfactory for estimating 

single axle loads. The new approach described in this paper filters the strain signal 

corresponding to the truck dynamic loads, boundary conditions and vibration etc, among 

others. Mosesô algorithm is then applied to the filtered parts of the strain signals. The new 

approach is tested on a United States Interstate Highway 78 bridge structure in Alabama with 

a system called SiWIM. It is shown to result in a substantial improvement in accuracy. The 

results also provided a better understanding of the complicated effects of Highway Bridge. 

Keywords: Bridge, Influence line, Moments Strain, Weigh-in-Motion, WIM, Wheel Axle 

Loads. 

 

Résumé 

La plupart des systèmes de pesage par pont instrumenté (B-WIM) disponibles sur le marché 

sont basés sur un algorithme développé par Moses (1979). La performance de cette méthode 

est généralement excellente pour l'estimation du poids total en charge du véhicule, mais peut 

être insatisfaisante pour l'estimation des charges sur un essieu simple. La nouvelle approche 

décrite dans ce papier filtre le signal de contraintes correspondant aux charges dynamiques de 

poids lourds, en prenant en compte les conditions aux limites, les vibrations, etc. En effet, 

l'algorithme de Moïse est encore appliqué, mais sur les parties filtrées des signaux. La 

nouvelle approche est testée sur une structure de lôInterstate Highway 78 dans l'Alabama avec 

un système appelé SiWIM. Il est montré quôil permet dôaboutir à une amélioration 

substantielle de la précision, et ainsi dôoffrir une meilleure compréhension de l'impact 

environnemental du trafic routier. 

Mots-clés: Pont, ligne d'influence, contraintes de flexion, pesage en marche, WIM, charges à 

l'essieu. 
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1. Introduction  

It is important that an authority charged with the keeping of a regionôs transport infrastructure 

have accurate estimates of the characteristics of the traffic fleet that make use of all the 

components of the 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 velocity. Bridge Weigh-in-Motion (BWIM) 

systems are one method of obtaining this data. 

1.1 Weigh-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 reduces the number of 

excessively heavy vehicles on a regionôs roads. Whether or not enforcement is effective, it is 

important to get unbiased, reliable data on the traffic fleet for design and assessment purposes. 

Pavement-based WIM systems and Bridge-based Weigh-in-Motion (B-WIM) pro-vide 

methods of automatically weighing trucks at full highway speeds, and in the case of Nothing-

On-Road (NOR) B-WIM, this can be achieved without even the knowledge of the vehicle 

drivers. 

1.2 Bridge-based Weigh-in-Motion 

The concept of using 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 B-WIM (WAVE 2001) measure the vehicle velocity and axle spacing. An 

algorithm then uses these strain readings, axle spacing and velocity to infer the static axle 

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

section 2. 

1.3 Dynamic Increment of Load 

The use of a parameter to provide for dynamic amplification of the effect of traffic load is 

common among design guides 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 natural 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 effect (total = 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 & Enevoldsen 1997, Heywood, Roberts & 

Boully 2001, SAMARIS 2006, OBrien et al. 2009). 

 



76 

 

Any direct measurement of dynamic increment is sensitive to the accuracy of the B-WIM 

estimate of static axle weights. By improving the accuracy of B-WIM systems, more accurate 

studies of the dynamic increment of load effect can be conducted.  

2. B-WIM Algorithm  

2.1 Moses Algorithm 

The main advantage of B-WIM systems is that the vehicle is in contact with the apparatus 

(i.e., the bridge) for periods of the order of one second. B-WIM systems take advantage of 

this fact by smoothing out the dynamic component, even if there is no active attempt to 

remove it. 

 

The algorithm developed by Moses in the late seventies remains the basis of modern B-WIM 

systems. The algorithm is based on the assumption that a moving load will induce strains in a 

structure proportional to the sum of products of axle weights and corresponding influence line 

ordinate values. The influence line refers to the point of measurement which is often taken as 

around mid-span, the point where strains are generally greatest. Recording 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 differences between 

theory and measurement: 
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where S is the total number of scans; Mk
m
 = measured bending moment (proportional to 

strain) in scan k and Mk
th
 = theoretical bending moment in scan k. 

  
The theoretical response used in Equation 1, Mk

th
 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 scan. The influence line used for the calculations has a 
very significant bearing on the resulting axle weight calculations. For the 1-D theoretical 
simulations described herein (simulating a simply-supported structure), the influence line is 
the true influence line used to calculate the static response. Currently commercial system uses 
the Moses algorithm, so this testing method will be labeled ñAlgorithm #1ò based on 
commercial equipment results.  

2.2 A Filtered Measured Moment Strain Approach 

Simulation Model 

In reality, the influence line of a simply-supported bridge is not triangular and may lie closer 

to something between the simply-supported and fixed cases (ĢnidariĪ & Baumgªrtner, 1998). 

This is due to support joints were not in ñidealò single support, and the actual connection has 

the ability to transfer the forces and the moments. The bridge is vibrating while the vehicle is 

moving over the bridge (single supported or continuous span) and in multi-span bridges in 

particular, each spanôs vibration has the interacting influence activated by the traffic vehicles. 

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 bridge, the following effects will 

be considered: 

Loads Effects 

Figure 1 shows the normal tire forces including vertical dynamic loads Fv and horizontal tire 
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friction loads Ff when vehicle across the bridge. For the horizontal loads, at traffic status, the 

tire rolling friction coefficient is about 0.01- 0.015, but at fully brake status, the static friction 

coefficient is about 0.8. For vertical dynamic loads, the method of Tikhonov regularization 

(Tikhonov & Arsenin 1977) is employed to provide a bound to the error and smoother solutions to 

the Moving Force Identification problem (Law et al 2001, Law & Zhu 2000). A simplified model 

was applied in the paper (as shown in Figure 2), including the interaction of the bridge road 

roughness and vehicle suspension system, so that the tire response force can be obtained using 

Equations 4. The Figure 3 shows an example of a simulation results about the identification of 

the moving simulation force for one pre-weighted axle loads. At the bridge expansion joints, 

since the road 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 vertical dynamic loads, simulation equations can be represented by Equation 2, 3 and 4 

including the interaction with road roughness and vehicle suspension system: 
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Where; Ugo is the displacement amplitude of harmonic ground motion; Ust is the wheel 

displacement; and Rd is the deformation response factor 

 

 
 

Figure 1 - Horizontal and vertical force 

model 

 

 Figure 2 - Vehicle and road interaction 

model 

 

 

Figure 3 - Wheel loads simulation response for one axle 

 

Wheel jump 
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Boundary Conditions and Joint Rotations Effects 

Boundary conditions and joint rotation during vehicle movement can influence the strain 

results from sensors. As an example, the boundary conditions of a US 78 bridge is shown in 

Figure 4. As shown in the left of Figure 4, there are no vertical tie and horizontal restraint at 

the expansion joint location. So the bridge has the potential to move along the horizontal 

direction; therefore a horizontal spring is provided in the simulation to restrain the horizontal 

movement and simulate the friction loads. In addition, at the fixed joint (Fig. 4 in the right), 

the vertical rebar, bridge girder and the support beams work together to restrain the vertical 

rotation, but this connection cannot fully transfer forces and the related moments. Therefore, 

these types of joints can be represented as a plastic joint where, it only can transfer partial 

moments and loads within the maximum limits where, the spring constant of expansion joint 

can be decided based on rebar and geometries of expansion joint. Moreover, the vertical 

springs are provided at each vertical support to identify the influence of the moment strain due 

to the foundation settlements depending on soil property, where, the spring constant of 

foundation can be decided by soil report and foundation pier types. In Figure 5, the dotted 

lines show the possible deflected shape of a US-78 bridge along with the horizontal and 

vertical springs provided to simulate the possible movements in the model.  

 

 

Figure 4. Boundary conditions of a US-78 

Bridge 

Figure 5. Simulation model for boundary 

conditions and joint rotation 

Vibrations Effects 

Once the vehicle tire touch the bridge, the tire force activates the bridge and the bridge will 

response with free vibration after the vehicle leave the bridge. Usually there are two types of 

free vibration: bending vibration in longitudinal direction and transverse vibrations at 

transverse direction. Figure 6 shows the 3D transverse vibration signals from WIM testing on 

US-78 bridge. It is obvious from the figure that both longitudinal and transverse vibrations 

would influence the strain sensor readings. At the same time, when the tire arrives at the 

expansion joints, the gap of expansion joint will cause the tire impacting the bridge in the 

horizontal direction; and this horizontal sudden impact forces may increase or decrease the 

free vibration amplitude, and may change the vibration directions.   

 
 

Figure 6 - 3D signal view of transverse Vibration 

 

Transverse Vibration 

Direction 

Girder 4 
 

 

Girder 3 
 

 

Girder 2 
 

 

Girder 1 
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Elastic stiffness Effects 

The bridge load capacity and deflection are controlled by the bridge stiffness. But the bridge 

stiffness is significantly affected by many factors including boundary conditions, concrete 

property and the integrity of bridge structure among many others. The bridge elastic stiffness 

may be predicted using the design information of bridge geometries. But the bridge elastic 

stiffness changes as bridge ages, and it is also affected by the changing of seasonal 

temperatures. Therefore, the actual elastic stiffness cannot be obtained based on design 

information only except by the field testing.  Another method could be to obtain the elastic 

stiffness is by using bridge single degree freedom model, where the bridge bending moment 

domain frequency can be related to bridge elastic stiffness (Equation 5) with different 

boundary conditions as follows: 

2
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Where: m is the bridge unit mass; ɚn is the coefficient for different boundary conditions; fn is 

the first bending moment domain frequency and L is bridge length.  

Time Delay Effects 

It takes some time for energy to transfer from wheel activated locations to the testing sensors. 

The concrete shear wave speed is about 3500 ~ 6000 ft/s and the testing sensor frequency is 

512 hz. For example, if sensor location is 100 ft away from the wheel location, it will need a 

time delay ȹt of about 0.019 ~ 0.027 second to transfer the wheel force effect to the sensors, 

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 means the multi-wheel force cannot arrive to the 

sensors at same time. The dynamic force simulation model would be totally different from the 

ideal static force situations model. Therefore, the time difference or distance difference needs 

to be adjusted to fit the moment strains obtained from the sensors. 

Summary of Effects 

WIM testing moment can be assumed to be equal to the moments from the effects of loads, 

boundary conditions, vibration, elastic stiffness and time issues. The WIM testing moment 

can, therefore, be obtained from Equation (6); 

 
TimeBoundaryStiffnessVibrationLoadWIM MMMMMM ++++=       (6) 

 

Where: M
WIM

 is the moment from WIM testing; M
Load

 is the moment effect from loads; 

M
Vibration

 is the moment effect from vibration; M
Stiffness

 is the moment effect from elastic 

stiffness; M
Boundary

 is the moment effect from boundary conditions; M
Time

 is the moment effect 

from time delay. 

Simulation Mathematical Model 

Based on the above assumptions, mathematical simulation model as shown in Figure 7 was 

developed to simulate the WIM testing in a US 78 bridge in Birmingham, Alabama. In this 

model, boundary conditions, joint rotations, dynamic loads, elastic stiffness, and time delay 

all are included. Using slope-deflection method, effects from each parameter can be obtained 

and the related moment at testing location also can be identified from the simulation model. 
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Where: DFEAHDC
R
B

L
BA DDDDD ,,,,,,,,, qqqqq  are the parameters of simulation model, [X] is 

stiffness matrix, [M] is the end moments at each related end joint. 
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Figure 7 - Mathematical simulation model for highway 78 

AASHTO based Model 

Following the AAASHTO guide requirements, this bridge was designed as multi-single 

support beams as shown in Figure 8. For multi-moving loading, the moment at the testing 

location due to vehicle is identified in Equation 8 based on vehicle velocity V, time t and 

number of wheel axle i at different location. 

))(())(1((

))(()1))(((

1

0

1

0

1

1

'

1

0

1

01

'

ä-<ä--ä=

ä-²-ä-ä=

-

=

-

==

-

=

-

==

n

i
ii

n

i
iLi

n

i
T

n

i
iiL

a
n

i
ii

n

i
T

wVtPawVtaPM

wVtPawVtPM
         

(8) 

 

Figure 8 - AASHTO based model 

WIM Testing Data Analysis 

One of the US-78 highway bridge located at Graysville 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 underneath mid-span of each girder as shown 

in Figure 9. Based on WIM moment strains, the individual girder moment,
W

jiM , , and the total 

moment, 
W
jM , can be identified as shown in equations 9 and 10. Figure 10 shows the field 

testing the moment, 
W

jiM , , at different girders and the sum of the whole bridge response 

moment,
W
jM . 
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Where: 
W

jiM , is the moment at location j for girder i; ‐ȟ is the moment strain at location j for 

girder i; EI is the elastic stiffness; i is the number of the girder; j is the scan of the location; n 

is the total girder number. 
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Figure 9 - Bridge WIM testi ng of Highway 78 

 
Figure 10 - WIM testing moment Result 

 

Figure 11 - Bridge moment comparisons 

Moment Results Comparisons 

Figure 11 presents the comparison among the simulation model moment, the AASHTO based 

model moment and WIM testing moment. From this figure, it shows that the AASHTO based 

model moment is significantly different than WIM testing moment, but the simulation model 

moment is very close to the WIM testing moment. Also, when the vehicle is at span 1 and 

span 2 (negative coordinates), the moments at testing location in span 3 is negative; which 

means that the connection joints are not actually ideal simple connections but partial moment 

connections. The results also confirmed the assumptions made in the simulation model that 

each part of bridge cannot work individually, and would be interacted by each other for multi-

span bridges. 

2.3 Filtered Measured Moment Strain Approach 

As shown in equation 6, the WIM testing moment include effects from 5 contributing factors 

identified. So, to obtain the true vertical bending moment due to vehicle load, the WIM 

testing moment strain will be filtered from all the 5 contributing effects i.e., the moment form 

dynamic loads, boundary conditions, elastic stiffness, free vibration and time delay. The 

resulting filtered static moment M
Static-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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Where: Pi is the i
th
 wheel axle load; i is the wheel axle number;  Xj is the moment influence 

line at j
th
 location;  j is the scan number of WIM testing. 

 

But the equation 12 is ill conditioned equations, so the conventional matrix method cannot be 

used to obtain the solution. Therefore, the matrix SVD method is applied. This method would 

run all equations together to find out the best answers to match all equations. Using this 

method, the wheel axle load can be obtained. This method is labeled ñAlgorithm #2ò, Table 1 

summarizes the two alternative B-WIM 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 filtered  

  moment strains, applied to related influence line 

3.  Results 

The bridge BIN 7633 of US Highway 78 East in Graysville, Alabama was instrumented and 

tested using SiWIM BWIM testing equipment.  This bridge is a three span simply supported 

T-beam concrete bridge with each span of 42 ft length having two lanes in each direction, and 

was built in 1960. Based on WIM testing and simulation model results, 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 Algorithm #2 predicted 

both single axle and GVW with significant improvement; the error being less than 5% and 1% 

for single axle and GVW.  

4. Conclusions 

A filtered based B-WIM algorithm was developed and verified based on field WIM data. 

Applying filters to the measured moment strain response by removing the effect resulting 

from bridge dynamic, multi-span interaction, time delays and boundary conditions true static 

response as required for WIM weight calibration was obtained. Based on the new approach, 

much better accurate prediction for the axle weight and GVW was possible. 
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Table 2 - Algorithm Errors of Axle Weight  

 

   Single Axle 
GVW 

Run  

Vehicl

e Type  

Axle 

1 

Axle 

2 

Axle 

3 

Axle 

4 

Axle 

5 

1 1 

Static Weight (kip) 11.05 15.65 16.1 18.2 18 79 

Simulation Weight 

(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 -2.65 1.64 -1.61 0.45 -1.63 -0.6 

         

2 1 

Static Weight (kip) 11.05 15.65 16.1 18.2 18 79 

Simulation Weight 

(Kip) 11.36 16.01 15.57 18.01 18.46 79.4 

Error (%)-Alg. #1 -28.2 12.7 0.6 -18.5 -0.4 -12 

Error (%)-Alg. #2 2.77 2.33 -3.31 -1.06 2.58 0.52 

         

6 2 

Static Weight (kip) 10.05 16 15.8 18.3 18.05 78.2 

Simulation Weight 

(Kip) 10.31 16.25 15.38 18.99 17.58 78.5 

Error (%)-Alg. #1 1.9 -14 5.2 -8.2 12.2 -0.6 

Error (%)-Alg. #2 2.61 1.57 -2.64 3.76 -2.61 0.4 

         

8 2 

Static Weight (kip) 10.05 16 15.8 18.3 18.05 78.2 

Simulation Weight 

(Kip) 10.28 15.78 15.21 18.53 18.97 78.8 

Error (%)-Alg. #1 -1.5 -14.8 4.1 -8.8 11.5 -1.7 

Error (%)-Alg. #2 2.24 -1.36 -3.71 1.22 5.1 0.72 

Note: Above Alg. #1 and Alg. #2 indicate the application of the algorithms 1 and 2 

described   in Table 1. 
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Abstract 

To perform effectively, a Bridge Weigh-in-Motion (B-WIM) system requires accurate 

information on the location and speed of all axles on the bridge. In recent years, axle detection 

is by sensors under the bridge ï so called Free-of-Axle-Detector or Nothing-On-Road (NOR) 

B-WIM. As axles pass over an axle detecting strain sensor, there is a peak in strain which can 

be detected by the data acquisition system. This approach works well for some bridges but 

there are challenges for beam-and-slab 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 transverse position 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, Weigh-in-Motion, WIM, B-WIM, BWIM, Axle, Detection, FAD, NOR. 

 

Résumé 

Pour fonctionner correctement, un système de pesage par pont instrumenté requiert une 

information correcte en ce qui concerne la position et la vitesse de tous les essieux du 

v®hicule sur le pont. Ces derni¯res ann®es, la d®tection dôessieux se r®alisait par des capteurs 

sous chaussée, système qui est appelé pesage par pont instrumenté avec Free-of-Axle-

Detector (FAD) ou Nothing-On-Road (NOR). Quand les essieux passent au-dessus dôun 

capteur de d®tection dôessieux, on observe un pic de contrainte qui peut °tre détecté par le 

syst¯me dôacquisition. Cette mani¯re de faire fonctionne correctement pour certains types de 

ponts mais il reste des problèmes en ce qui concerne les ponts à poutres où les poutres ont une 

hauteur importante, ce qui est une structure commune en Alabama. 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 la détection des essieux pour différentes stratégies dépendant 

du type de ponts et de poutres.  

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

NOR.  
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1. Introduction  

The principle of Bridge Weigh-in-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 electrical contact 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 detector on the road surface 

raises issues of safety and traffic disruption during installation and maintenance. Znidaric et al 

(2005) propose Free-of-Axle-Detector or Nothing-On-Road (NOR) B-WIM, where axles are 

detected using sensors attached to the underside of the bridge, 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 B-WIM sites, worldwide. 

  

Despite its popularity, NOR B-WIM does raise some issues (Chatterjee et al 2006). 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 rate in excess of 250 Hz. This approach works well 

for some bridges ï short slender spans with a good road surface to minimise vehicle 

dynamics. However, the problem is more complex for beam-and-slab bridges where the 

beams are deep, a common form of construction in Alabama. 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, the peaks 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 be Vierendeel bending in the slab which can cause little or no direct strain mid-way 

between beams. 

  

This paper describes one element in the Next Generation Bridge WIM project which will be 

carried out in the United States, Northern Ireland and the Republic of Ireland through 2011-

2014. In this study, the issue of axle detection in Bridge WIM systems is addressed. Two 

approaches are considered: 

¶ Better positioning of direct strain transducers: Complex 3-dimensional Finite Element 

models will be used to assess axle 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. 

¶ A novel shear strain sensor will be assessed to determine the feasibility of using shear 

as opposed to direct (axial) strain for axle detection. Again, 3-dimensional models will 

be used to determine the required accuracy of such a sensor and where it may best be 

placed.  

Field trials are planned where axles will be detected by conventional means using low grade 

piezo sensors. The piezo sensors, located on either side of a test bridge, will be used 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 motion ï an 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 advantages ï it is very accurate for gross 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 system traditionally consists of two components: (i) a device which monitors 

a varying property of the bridge structure, usually longitudinal strain, using strain transducers; 

(ii) a device which detects the presence of an axle and hence finds the speed and axle spacing 

of the vehicles crossing the bridge. The passage of a vehicle is usually in the order of seconds 

which can help to reduce inaccuracies due to high frequency axle hopping motions in vehicles 

travelling at speed.  

 

The conventional bridge weigh-in-motion (B-WIM) algorithm is credited to Moses (1979). It 

finds static axle weights by minimizing the sum of squares of differences between measured 

bridge strains and corresponding theoretical strains. Generally, two axle detectors in each lane 

were used to provide the times of occurrence of each axle of the vehicle and thus the axle 

spacing, velocity and vehicle class. In 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 have been replaced by sensors attached to the slab underneath the bridge 

(Figure 1(b)). This latter approach is the so-called óNothing-On-Roadô (NOR) or óFree-of-

Axle-Detectorô (FAD) Bridge WIM system. It has many advantages of durability and safety 

as no part of 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 for lighter axles. 

 
 

 

 

 

 

 

 

 

 (a) Surface mounted detectors 
(b) NOR axle detectors  

Figure 1 ï Axle Detection 

3. ROC Shear Strain Sensor 

An electrical resistance strain gauge takes advantage of the physical property of electrical 

resistance and its relationship with the strain of the material. The WIM sensor developed by 

the ROC company in the European 7
th
 Framework ASSET project [1] uses four electrical 

resistance strain gauges to measure the shear deformation in a small plate ï Figure 2. It is 

designed as a multipurpose 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, i.e., the right hand side 



89 

 

will be pushed up and the left side down. The 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 the ROC shear 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 where, in the bridge, the changes in shear strain are 

maximum. 

 

 
 

(a) Photographs of sensor (b) Diagrammatic view of sensor: Original geometry 

(above) and Deformed geometry (below) 

Figure 2 ï ROC Shear Strain Sensor 

4. Bridge Model 

A bridge and loading were selected 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 slab). For the purposes of this study, one ótypicalô simply supported bridge was 

selected ï Figure 3. A span at the longer end of the range considered suitable for Bridge WIM 

was chosen, namely 30 m. A beam-and-slab configuration was chosen with the 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 3 ï Dimensions of bridge Finite Element model 

The óPatranô software was used for the analysis using 3-dimensional solid óbrickô elements. A 

simplified load case was considered of a knife edge load of magnitude 10 kN/m (900 kN in 

total) ï Figure 4. 

 

Figure 4 ï Bridge loading and supports 

The sign convention is illustrated in Figure 5 where X is longitudinal (direction of span), Y is 

transverse (perpendicular to span) and Z is vertical (out of plane). The shear stresses of 

interest are:  

txz: X-face and Z-direction 

tyx, Y-face and X-direction 

The former is the usual shear stress considered (for 

which shear links are usually provided) ï it would be 

expected to vary parabolically with Z and to be a 

maximum about mid-depth in the web. Significantly, it 

will change sign as a knife edge load passes over that 

point, making it a good candidate for an axle detector. 

The latter stress, tyx, is also known as interface shear 

stress. This is caused by the dispersion of longitudinal 

axial stresses into the flanges as bending moment 

increases. Again, it will change sign as a knife edge 

load passes as the situation changes from one of 

increasing moment (with X) to one of decreasing 

moment. 

Figure 5 ï Shear stresses 
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5. Preliminary Results 

 

Figure 6(a) shows the distribution of vertical shear stress on the X-face at mid-span (x = 15 m) 

when the knife edge load is just before that point (x = 14.9 m). The stress does not vary 

parabolically with Z as might be expected ï this 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 

maximum stress in the web is near the top (where it meets the flange) and it is about 160 

kN/m
2
. 

 

 

 

 

 

 

 

 

 

(a) txz, at x = 15 when load is at x = 14.9  

 

 

 

 

 

 

 

 

 

(b) txz, at x = 15 when load is at x = 15.1  

Figure 6 ï Vertical shear stress distributions on X-face 

 

Figure 6(b) shows the corresponding distribution at mid-span (x = 15 m) when the load has 

just passed that point (i.e., load at x = 15.1 m). This distribution is similar but of opposite sign 

to that when the load is approaching. Apart from the local minimum at the edge, the minimum 

in the web is where it meets the slab and is about -160 kN/m
2
. It can be concluded that the 

shear stress changes from 160 to -160 as the 900 kN load passes, a change of 320 kN/m
2
. 

 

Figure 7 shows the interface shear stresses 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 kN/m
2
, occurring in the slab just where it meets the 

web. This is matched by a stress of about -180 kN/m
2
 at the same point, just after the load has 
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passed. The difference is 360 kN/m
2
 corresponding to a knife edge load of 900 kN. It would 

appear that the maximum shears in Figures 6 and 7 correspond to each other, i.e., there is a 

shear flow of about 170 kN/m
2
 that 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
2
.  

 

 

 

 

 

 

 

 

 

 (a) txy (=tyx) at x = 15 when load is at x = 14.9  

 

 

 

 

 

 

 

 

 

 (b) txy (=tyx) at x = 15 when load is at x = 15.1  

Figure 7 ï Interface shear stress distributions on X-face 

 

Shear strain is ʐ', where '
Ȣ

 = 13x10
6
 kN/m

2
. Hence, the change in shear 

strain as 900 kN axle passes is (340/13x10
6
 =) 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 corresponds to a deformation of (50x0.14 

=) 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 30 m span 

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 could detect 50 kN axles). 

 



93 

 

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. From 2011-2014, 

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, using a low-grade 

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

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 ï Recommended sensor location 
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Abstract 

Bridge weigh-in-motion systems have for decades exhibited their accuracy and ease of 

installation. At the same time, one of their disadvantages which affects the accuracy of their 

results has been their inability to deal with more than one vehicle on the bridge at the same 

time, particularly if the vehicles meet close to the centre of the bridge span. The linear 

algorithms that are traditionally used for distributing the global loading effect among the 

different vehicles can potentially result in considerable errors. While on low-volume roads 

and on short-span bridges a percentage of such events can be neglected, the potential error 

increases rapidly on longer bridges and with higher traffic volumes. Because the theoretical 

solution  using 2-dimensional influence surfaces would be difficult to implement, sensor strips 

were proposed as a compromise that takes into account the transverse position of vehicles on 

the bridge but keeps the calculation procedure reasonably simple and, above all, does not add 

complexity to the calibration procedure. 

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

in-Motion, WIM. 

 

Résumé 

Le pesage par pont instrumenté démontre depuis des décennies son potentiel, tant au niveau 

de la précision que de la facilit® dôinstallation. Mais en m°me temps, un de ses grands 

inconvénients est son incapacité à traiter le cas de multi-présence sur le pont, en particulier si 

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

potentiellement mener ¨ dôimportantes erreurs, quand on r®partit lôeffet global de la charge 

sur divers véhicules. Même si sur des routes peu fréquentés et des travées courtes, ces 

ph®nom¯nes peuvent °tre n®glig®s, cela nôest plus le cas pour des trav®es de ponts longues et 

des routes beaucoup fréquentées. Puisque la solution théorique consistant à utiliser des 

surfaces dôinfluence serait difficile ¨ mettre en place, des barreaux sont propos®s comme 

compromis qui prend en compte la position transversale des véhicules sur le pont, mais 

conserve des calculs raisonnement simples et nôapporte pas de complexification ¨ la 

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 Weigh-in-Motion (BWIM) results based on the traditional algorithm 

(Moses, 1979). In the traditional analysis, the signals from all strain transducers are summed 

together and the results (axle loads) are calculated from this global response of a bridge 

caused by all vehicles that are crossing it (WAVE, 2001). While this does not cause 

difficulties for vehicles following each other, it becomes a problem when two vehicles in 

adjacent lanes meet close to the centre of the bridge span (Figure 1). Then the basic bridge 

WIM algorithm has difficulty dividing the global response between the two vehicles. This is 

due to the definition of the problem (OBrien, Ģnidariļ, & Ojio, 2008) which is based on a 

linear model (influence line) and can be solved only when introducing an additional parameter 

into the mathematical description of the problem: the width of the bridge as the second 

dimension. Using an influence surface instead of influence lines may in theory almost 

completely eliminate the MP problem, but the calculations required would be extremely 

demanding. Furthermore, the procedure to calibrate such a system would be very complex, 

requiring far too many vehicle runs to be commercially viable. To overcome this situation an 

alternative approach, only marginally more complex than the basic BWIM methodology, was 

developed, implemented and verified. 

  

Figure 1 ï Multiple presence event on a bridge with two vehicles following each other 

(left) and driving side-by-side (right). 

1.1 Definition of the problem 

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

usually at mid-span or where bending moments and strains are the highest (Ģnidariļ, Lavriļ, 

& Kalin, 2002). The passage of a truck with N axles deforms the bridge and the induced 

strains are transformed into voltages and read by data acquisition hardware. The entire 

passage of a truck is represented by M×K  measurements where K 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 measurements at time tk are summed across sensors: 

Ὃὸ ВὫ ὸ   

(1) 

 

where gj(tk) is the measured signal on j
th
 sensor at time tk (Moses, 1979). 
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The equation representing the influence of the truck on the bridge at time tk can be written as: 

Ὂὸ ВύȢὍȢὺȢὸ ὸ    

 

(2) 

 

where the sum is taken across N axles, i = 1..N, wi are the individual axle loads, ti is the time 

of passage of i
th
 axle, vi is the speed of the vehicle to which the i

th
 axle belongs and I(x) is the 

influence line ï the response of the bridge to a passage of a unit load, measured at the sensor 

location and dependent on the unit load position x. This type of model fits into the category of 

general linear least squares modeling of data, where the model is a linear combination of the 

so-called basis functions (Press, Teukolsky, Vetterling, & Flannery, 2007). The functions 

themselves can be arbitrary; of importance is the linear dependence of the model on the 

parameters wi. 

 

A merit function 

… ύȟύȟȣȟύ ВὋὸ Ὂὸ                                         (3) 

 

 

is defined as a sum over all squares of differences between the measured and the fitted 

influences. The best-fit 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 vehicle, 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 axles in neighboring lanes arrive on 

the sensors at exactly the same time, if the vehiclesô speeds are the same, and if the shapes of 

influence lines are the same for both lanes, it is mathematically impossible to determine 

weights for each axle. We can only solve for the sum of two weights, whereas the individual 

weights themselves are indeterminate since there are an infinite number of combinations that 

give the same sum. Even if the basis functions are not exactly the same, but are merely 

similar, the solution is very sensitive 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 vibration. This is the main source of errors for the MP events when using a 

traditional bridge WIM algorithm. 

 

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 calculated with a much higher accuracy than the axle loads which, 

depending on the user requirements, can be illogical and even negative. 

1.2 The proposed solution 

The most straightforward way to solve the MP problem is to use an influence surface. 

However, the calculation 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 

calibration vehicle. 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, multiple runs at many different transverse 
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positions are needed and it could take a few days to calibrate a bridge properly. This clearly is 

not an acceptable solution for commercial applications. 

 

The proposed strips method is an enhancement over the classical Moses method, but does not 

need extra calibration 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 time tk, the sensors are separated into groups. Signals are then summed within groups 

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 typically be: 

Ὃ ὸ ВὫ ὸ Ƞ   Ὦ ρȢȢψ     and  

Ὃ ὸ ВὫ ὸ Ƞ   Ὦ ωȢȢρφ  (4) 

 

The reason for 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 will provoke a higher 

response on sensors underneath that lane. Just how much higher is unknown and, in principle, 

needs to be resolved. This results in a non-linear as opposed to a linear problem. However, the 

load distribution can be approximated across sensors by averaging 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 equations used 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 Brazil. 

2.1 A 7-m long slab bridge 

The first test was performed on a 7-m long slab bridge (CE0122) instrumented with a SiWIM 

BWIM system on a heavily trafficked road in Slovenia (Figure 2). The traffic on the bridge 

was running in two lanes in opposite directions. Such 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 lane 1 and 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 (COST 323, 2002) was, due to the relatively short span, in a good accuracy 

class, B(10), in the 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 in three stages:  

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 attachment of sensors on concrete structures or due to cracks in the 

concrete,  
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2. the contribution of each sensor per lane of traffic is evaluated by averaging the 

maximum responses 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 individual sensors were assigned to the relevant strips; in the example in Figure 3 

two strips were defined to describe two lanes of traffic. 

 

   

Figure 2 ï CE0122, a 7-m 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 according to the COST 323 WIM 

specifications (COST 323, 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 classes (criteria 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. 

 

 

Figure 3 ï Lateral distribution and  defined strips for lanes 1 (left) and 2 (right) for the 

CE0122 slab bridge, as selected in the SiWIM software. 

 

 

 

Table 1 ï Accuracy without applying strips at CE0122 bridge ï calibration runs 

 Criteria No. Ident. Mean Std. ó Class d dmin dcrit dclass  ́  ́ Acc. 

  

STRIP 2 

STRIP 1 

STRIP 2 

STRIP 1 
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(%) (%) (%) (%) (%) (%) (%) (%) (%) class 
L

a
n

e
 1
 GVW 12 100% 0,00 2,42 95,9 B(10) 8,0 7,1 8,9 10 95,9 97,8 

B(10) Group 12 100% 0,00 3,15 95,9 B(10) 10,4 9,3 8,1 10 95,9 97,8 

Single 12 100% 0,00 3,34 95,9 B(10) 12,0 9,8 8,0 10 95,9 98,7 

L
a

n
e

 2
 GVW 13 100% 0,00 3,69 96,2 C(15) 12,0 10,8 13,5 15 96,2 97,9 

C(15) Group 13 100% 0,00 4,33 96,2 C(15) 14,4 12,7 12,9 15 96,2 98,1 

Single 13 100% 0,00 4,81 96,2 C(15) 16,0 14,1 12,0 15 96,2 98,1 

 

 

 

Table 2 -  Accuracy after using strips at CE0122 bridge 

 Criteria No. 
Ident. Mean Std. ó 

Class 
d dmin dcrit 

dclass 
 ́  ́ Acc. 

class (%) (%) (%) (%) (%) (%) (%) (%) (%) 

L
a

n
e

 1
 GVW 12 100% 0,00 1,55 95,9 B+(7) 5,6 4,6 5,7 7 95,9 98,7 

B+(7) Group 12 100% 0,00 2,51 95,9 B+(7) 8,0 7,4 6,5 7 95,9 97,3 

Single 12 100% 0,00 2,54 95,9 B+(7) 8,7 7,5 5,9 7 95,9 98,3 

L
a

n
e

 2
 GVW 13 100% 0,00 2,02 96,2 B(10) 8,0 5,9 7,4 10 96,2 99,4 

B(10) Group 13 100% 0,00 2,68 96,2 B+(7) 8,0 7,9 6,9 7 96,2 96,5 

Single 13 100% 0,00 2,92 96,2 B+(7) 8,7 8,6 6,9 7 96,2 96,6 

2.2 A 31-m long beam-deck bridge 

The second test was done on a heavily trafficked motorway at Araranguá in Brazil on a 31-m 

long three-span beam bridge instrumented with a SiWIM bridge-WIM system. The main 22-

m span consisted of ten prefabricated reinforced concrete beams. Cross-beams at one 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 two strips were 

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 depicts a 3-dimensional 

representation of the responses from all 10 strain signals during a multiple presence 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 initial calibration of the site was done with a 6-axle semi-trailer 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 to those obtained with 

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 

were using lane 2 which corresponded to the driving lane. 
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Figure 4 ï Araranguá beam bridge and strain sensors installed 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 were reduced after 

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.  

 

Figure 5 ï Strain signals from individual strain transducer of a MP event with 

corr esponding lateral distribution of each vehicle 

 

Accuracy results under full reproducibility and environmental repeatability with and without 

strips are summarized in Table 3. Despite less than 10% of multiple-presence cases, which 

included some cases of one 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 of dmin was close to 5%, which is the threshold for 

class A(5). 

 

Table 3: Measured error of multiple-presence runs at Araranguá bridge. 

Time 
Static GVW WIM error 

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 44.91 -2.4% -1.8% 

15:12:50 44.26 -3.9% -2.3% 

15:17:25 52.06 -2.5% -2.2% 

 

 

 

 

   

STRIP 2 

STRIP 1 

STRIP 2 

STRIP 1 
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Table 4: Accuracy of gross weights without and with strips at Araranguá bridge. 

Method No. 
Ident. Mean Std. ó 

Class 
d dmin dcrit 

dclass 
 ́  ́

(%) (%) (%) (%) (%) (%) (%) (%) (%) 

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 

3. Conclusion 

A drawback of the traditional bridge WIM algorithms is the difficulty of dividing the global 

bridge response among the vehicles in a multiple-presence event, i.e. with several vehicles on 

the bridge at the same time. To mitigate this problem, the strips method has been developed 

and implemented in the SiWIM bridge weigh-in-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 the COST 323 

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 multiple-presence events.  

 

Using strips is the first step towards full implementation of the influence surface which is 

believed to be the ultimate solution not only for the multiple-presence events, but also to 

improve results on flexible superstructures (OBrien, Ģnidariļ, & Ojio, 2008). Using the 

traditional easy-to-perform calibration procedure, the strips can efficiently increase accuracy 

of bridge weigh-in-motion results.  
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Abstract 

A new Bridge Weigh-in-Motion (WIM) algorithm which makes use of strain sensors at 

multiple longitudinal locations is tested using experimental data from an integral bridge in 

France. The optimisation procedure at the core of the proposed algorithm seeks to minimise 

the difference between static theory and measurement, 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 equations 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 

weights 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 procedure based on 

using trucks from ambient traffic and the effect of the number of calibration vehicles on 

accuracy are investigated. 

Keywords:  Weigh-in-Motion, Bridge WIM, Integral Bridge, Experimental Testing, 

Algorithm. 

Résumé  
Un nouveau pont de pesage en mouvement (WIM) algorithme qui utilise des capteurs de 

déformation à plusieurs endroits longitudinale est testée en utilisant des données 

expérimentales à partir d'un pont ancré en France. La procédure d'optimisation à la base de 

l'algorithme proposé cherche à minimiser la différence entre la théorie statique et de mesure, 

une procédure courante dans la majorité des algorithmes de WIM Bridge. Contrairement à la 

seule valeur unique, calculé pour chaque essieu en commun algorithmes WIM Bridge, 

l'algorithme mis en îuvre la proc®dure d'optimisation s'applique ¨ un ensemble d'®quations 

formulées à chaque balayage du système de pont WIM, de donner une histoire du temps des 

poids par essieu calculé. Etudier le déterminant du système d'équations élaborées à chaque 

balayage, les portions de l'histoire du temps de calcul le poids par essieu pour lequel le 

système d'équations est mal conditionné sont retirés de la décompte final des poids par essieu. 

L'algorithme proposé permet l'utilisation d'un filtre à moyenne mobile robuste 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 l'effet du nombre de véhicules sur la 

précision de l'étalonnage sont étudiées. 

Mots-clés: Pesage en marche, Pont WIM, pont intégré, des essais expérimentaux, 

Algorithme. 
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1. Introduction  

Bridge Weigh-In-Motion (WIM) systems measure the deformation of a bridge, most 

commonly in the form of strains, and use these measurements to estimate the characteristics 

of the traversing traffic loads. The data gathered at Bridge 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 enforcement to name 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 less accurate systems used to select trucks 

suspecting of being overweight, these trucks then being weighed on a static scales. This paper 

presents results of an experiment to test an algorithm proposed by González et al. (2011), 

which utilises bridge response readings (strains) at multiple longitudinal locations to provide 

an instantaneous calculation and a time history of applied forces for each axle. The 

experimental data is from a bridge in the south of France, and the algorithm is a further 

development of that implemented by Gonzalez et al. (2010). The multi-sensor algorithm is 

found to improve the accuracy of the system compared to the traditional algorithm based on a 

single longitudinal location, i.e., mid-span. 

 

The stalwart algorithm proposed by Moses in the late seventies (1979) remains the basis of 

most modern Bridge WIM systems (OBrien et al. 2002, Rowley et al. 2008, Ģnidariļ et al. 

2002). Mosesô original algorithm is based on the minimisation of an objective function 

defined as the sum of the squared differences 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 period the vehicle is on the bridge, the objective function of the multiple-sensor 

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 axles to be able to 

solve the system of equations that relate the expected (theoretical) response to the measured 

one. In the case of 5-axle trucks with a tridem as considered in this study, the axles of the 

tridem are assumed to carry equal load. This reduces the number 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 each time-step, the determinant of 

system matrices (det(G)) is calculated, using this 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 sufficiently well-conditioned.  

2. Site Description 

The experimental data was gathered from a bridge at Saint-Jean 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 span integral 

structure; 14.4m wide with no skew and the road surface is in very good condition. An 

elevation of the bridge is shown in Figure 1. 
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Figure 1 ï Photo of the elevation of Bridge at Saint-Jean de Védas 

 

The bridge was instrumented with a Slovenian Bridge WIM system (SiWiM) (Ģnidariļ et al. 

2002). The installation consisted of sixteen strain sensors, twelve located at mid-span and four 

off mid-span (two at approximately ¼-span and two at approximately ¾-span). Within the 

SiWIM system set up, the sensors at mid-span are those primarily used in determining axle 

weights, while those at the off mid-span locations are used for axle detection and calculating 

velocity. The sensor locations are shown in Figure 2. 

 

Figure 2 ï Sensor Locations (showing road markings). 

 

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

weighing station. On 1
st
 and 2

nd
 December 2009, 79 5-axle trucks were identified crossing the 

bridge and pulled into the static weighing station to be weighed. As a result of this campaign, 

the complete strain records from sixteen sensors are available together with accurate static 

axle weights. 
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2.1 Bridge Response 

The response of the bridge at Saint-Jean de Védas was found to contain very little dynamics. 

An example response is shown in Figure 3. Analysing strain readings from the bridge during a 

period of free vibration, the first natural frequency was found to be 35 Hz. The very high first 

frequency, of 35 Hz, is of the order that we would expect to see for very stiff integral 

structures such as this bridge and explains why there are very little dynamics evident in the 

measured response signals. 

 

 

Figure 3 ï Measured response from Site. 

 

The off-mid-span measurements are plotted with heavier line-weights; there are two for each 

longitudinal location. There are twelve mid-span sensors, plotted with lighter line-weights in 

Figure 3. 

2.2 Suitability of Site 

The set-up of the instrumentation at the site is not the ideal testing conditions for the 

algorithm proposed in this paper; there are only three longitudinal locations instrumented and 

two of these locations have far less sensors than the mid-span location, two at each off-mid-

span location and compared with twelve at mid-span. The span is so short that the period over 

which det(G) 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 still offers an 

improvement over the original Bridge WIM algorithm. 

3. Algorithm Influence Line  

Implementing and testing the proposed Bridge WIM algorithm with a sample of 79 trucks, it 

is decided that 20 trucks are to be used in the calibration of the system. Figure 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 using the full sample of 79 trucks as a test population. 

The primary y-axis measures the sum of the squared differences between the influence line 

obtained using n trucks and the influence line obtained using n-1 trucks. The secondary y-axis 

shows the mean of the error in individual static axle weights obtained with the influence line 

calibrated with n trucks and it is represented with symbols in the figure. 
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Figure 4 ï 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. This set of influence lines is provided in Figure 5 for reference. 

 

Figure 5 ï Influence lines used in experimental Bridge WIM  algorithm. 

4. Limit of det(G)  

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

In choosing the limit of det(G) for bridges as short as the bridge in this case, the state of the 

particularly small length of signal portion for which det(G) is large enough so as to inspire 

confidence in the predictions, must be considered in deciding the limit. A study of the errors 

obtained varying with the choice of det(G) limit is presented in Figure 6. 
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Figure 6 ï 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 is no portion of the force history prediction for which det(G) > 0.03. The 

optimum limit of det(G) 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. 

 

Figure 7 ï Force predictions for a measured truck. 

 

The plot style of Figure 7 is as follows: for each force predicted there is a heavy line-weight 

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 heavy line-

weight solid section is the section of the force history prediction for which det(G) is above the 

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

the secondary, right-side y-axis. The measured axle weights (dotted in Figure 7) are 76.5kN, 

130.4kN and 67.7kN for the 1
st
, 2

nd
 and 3

rd
 axles respectively. The corresponding axles 

weights calculated by the proposed Bridge WIM algorithm were 77.2kN, 131.7kN and 

68.9kN, giving errors of 0.9%, 1.0% and 3.8% for the 1
st
, 2

nd
 and 3

rd
 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 experimental data the 

period of high det(G) values is very short; if it was longer, the force history predictions would 

ósettle downô and become less erratic as the distances between the transition zones of axles 

entering/ exiting the bridge, become longer. It would be advantageous to have, in any Bridge 

WIM system, a method of identifying those predictions which are likely to be erroneous. The 

proposed-WiM algorithm has a method, comprised of two indicators of identifying the 

potentially erroneous readings/ predictions. In 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 which det(G) > Limit has 

been identified, 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 demonstrated in Figure 8. In general, 

those runs with the worst slope/ correlation values contain the worst axle weight predictions. 

 

Figure 8 ï Error in predicted axle weights Vs slope & Ɇ(diffs)
2
 for line of best fit. 

 

5.1 System Classification and Removing Outliers 

 

COST323 (2002), in their final report presented a method classifying Bridge 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 case to B+(7) and A(5) at the upper end. 

Classifications A(5) and B+(7) are recommended for legal or enforcement purposes. The 

classifications are based on confidence intervals for the predicted weights, for example in the 

case of B+(7), the vast majority of individual static axle weights will be 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 results which can be shown to be potentially erroneous before 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. The system was 

then classified as B+(7). The classification categories 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 GVW category, 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 categories of 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 et al. 2006), for the critical categories Table 1 is offered. 

 

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

 Individual Axles Group of 

Axles 

Final 

 ɛ (%) ů (%) ɛ (%) ů 

(%) 

Classification 

SiWiM Bridge WIM algorithm  1.7 4.2 3.2 4.1 B(10) 

Proposed Bridge WIM algorithm 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 

accuracy of the axle weights calculated using a novel Bridge 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 be included in the 

calibration procedure and the value of determinant to be used in the selection of those portions 

of system matrices that are best conditioned. Furthermore, using a linear fit to the axle weight 

prediction histories for which the determinant of the system 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 savings 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 has produced 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 Latin-American 

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 contrôle des 

charges en a été rendu plus efficace et montre une faible fréquence de surcharges, ce qui 

entraine des ®conomies pour maintenir lôinfrastructure dans un bon état de service. Quand 

cette technologie a été mise en place, une proportion de 15% de véhicules surcharges avait été 

constat®e alors quôen 2011, cette m°me proportion était de 2%. En 1981, le nombre de 

v®hicules contr¹l®s ®tait dôun nombre l®g¯rement sup®rieur ¨ 1 million, alors quôen 2011 il 

atteignait les 12 millions, avec un taux de temps de fonctionnement de 98% et une précision 

avec une erreur inf®rieure ¨ 1%. Ainsi lôexp®rience avec le pesage en marche est consid®r®e 

comme très positive au Chili, parce que cette technologie a permis dôaugmenter le nombre de 

poids lourds contr¹l®s et dôobtenir une reconnaissance internationale. Une grande partie des 

pays latino-américains a ainsi mis en place des systèmes similaires suite à cette expérience.  

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

1.1 Description 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 scale.  They 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 of 5%.  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 

required 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 are not required 

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 data, technical information 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 the driver identification, vehicle owner and load 

dispatcher are entered and the overweight vehicle fines are automatically registered. 

 

The automation includes an audio system with pre-recorded messages to communicate to the 

drivers without operator intervention about the correct procedure of weighing the vehicle and 

its detour to the parking area. The operating software works in a ñWindowsò environment, 

and has a maintenance management program incorporated that registers any technical 

interventions on the equipment and the weigh station system maintenance. 

 

1.2 Selection 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 

communicates 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 vehicles that 

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 electronics generate a signal with two 

displays (return to highway arrow or proceed to precision scale arrow, depending on the 

vehicleôs weight). Additionally, vehicle height is controlled with an optical beam. 

 

The selection scale screen (Figure 2) shows the summarized 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 and Capacity 

Precision 
Maximum Error +/- 5 % up to 60 km/h 

Maximum deviation 1 sigma 

Nominal Capacity 20 Tons 

Maximum Capacity 30 Tons 

 

 

 

Figure 1 ï Selection Scale 

 

 

Figure 2 - Selective Scale Screen 

1.3 Precision Scale   

The precision scale is composed of a platform with four load cells and inductive loops for 

vehicle presence detection. The micro-computerized electronic model DAW50 contains 

analog amplification, digitalization and processing circuits, determines the weight information 

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 four wheels from 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 weight 

Static Weighing 2 Maximum Error  +/- 1 % of the load over the platform 

Nominal capacity 20 Tons 

Maximum Capacity 30 Tons 

 

Figure 3 ï Precision Scale 

 

 

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 vehicle can 
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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 vehicle is overweight and the driver 

will be fined. 

1.4 Parking 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 to vehicles.  

    

2. Mobile Weigh Stations 

2.1 Description of Mobile Weighing Equipment  

In Chile two types of mobile weighing equipment of similar technical characteristics are 

utilized, the PAT Traffic model DAW-300 PC and the Captels model Alco CET10-4 (Figure 

5).  The first one has ñbending plateò type sensor plates and the second has sensor plates with 

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 electronic unit that 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 the software is executed indicating the data obtained from the 

weighing. 

 

 

Figure 5 ï Mobile Weight Stations 

 

Leveling is a fundamental factor to obtain accurate measurements   For this reason,  leveling 

mats provided by the supplier 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 sensor plates are 

installed. 

2.2 Equipment Components 

The components of the equipment are: 

¶ Electronic unit 

¶ Weight sensor plates   

¶ Portable Computer 

¶ Printer   

¶ Leveling ramp  

¶ Battery unit 12 Volts  

¶ Red-green traffic Light    

 

 

Figure 6 - Mobile Weight Operations Screen 

2.3 Weight 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 van-type vehicles especially enabled to do field work.  They contain 

automated electrical energy systems, exterior illumination devices, a traffic 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 validate the 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 apply 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 Institute 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 a range 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 provides a statistical 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 different speeds 

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 Standardization of 

Chile NCH ISO17025, in reference to the Laboratory Calibrations. 

 

Figure 7 - Calibration Laboratory 
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Abstract 

Overloaded vehicles cause considerable damage to the roads and therefore reduce the length 

of their usability. They are also responsible for dangerous traffic accidents. Standard WIM 

solutions are designed to capture axle weight and gross vehicle weight. These parameters are 

used to detect vehicles that exceed allowed axle or gross vehicle weight. This allows detection 

of overloaded trucks but not overloaded vans, which are also responsible for the road damage 

and road accidents. 

This document describes a solution which is a combination of video recognition and weight in 

motion solutions 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. Ils sont également responsables dôaccidents de la route. Les stations de 

pesage habituelles sont conçues pour enregistrer le poids par essieu et le poids total en charge 

du véhicule. Ces paramètres sont utilisés pour détecter les véhicules avec dépassement du 

poids autorisé 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 est une 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 are loaded above the maximum authorized weight cause not only considerable 

damage to the roads and therefore reduce the length of their usability but they are also 

responsible for dangerous traffic accidents. Standard WIM solutions are designed to capture 

axle weight and gross vehicle weight. These parameters are used to detect vehicles that 

exceed allowed axle or gross vehicle weight. This allows detection of overloaded trucks but 

not overloaded vans or other vehicles, which are also responsible for the road damage and 

road accidents. 

One of the most tragic examples of accidents caused by an overloaded van was an accident 

that took place in Poland on 17.10.2010 on the national road No. 707 on the outskirts of Nowe 

Miasto on the Pilica river (Figure 1). In this crash a Volkswagen Bus collided with a truck. 

The accident killed 18 people, who were all van passengers. This case shows how thoughtless 

drivers can be.   

 

  

Figure 1 - Tragic car accident near Nowe Miasto 

The solution described below prevents damage to the roads caused by any kind of vehicle and 

at the same time prevents such dangerous accidents. 

The solution uses two detection subsystems: 

¶ Weigh in motion  and 

¶ Video identification which allows linense plate, make and model recognition. 

The implemented solution uses the following components: 

¶ Weigh in motion software and electronic equipment from Traffic Data Systems GmbH 

(Germany), 

¶ LINEAS quartz sensors from Kistler Instrumente AG (Swiss), 

¶ Video cameras from Bosch AG , 

¶ ANPR-MMR engine (automatic license plate, make and model recognition) and 

additional hardware and software from IBDiM and Neurosoft Ltd (both from Poland), 

¶ Supervising software from Neurosoft Sp. z o.o. 

The main idea of the solution is based on comparing two sources of data - real weight of a 

vehicle and legally allowed maximum vehicle weight (gross vehicle weight).  

2. WIM subsystem 

2.1 Quartz 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 (type 9195F) dedicated for 

calculation of WIM type pressure, see Figure 2a. This sort of pressure sensor is characterized 
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by very impressive metrological parameters - high precision in the full range measurement, 

low sensitivity to temperature changes (less than 0.02% per degree Celsius), and excellent 

linearity throughout the full range of measurement (deformation % FSO less than +-2). In 

addition during the mounting process these sensors require insignificant interference in a road 

surface which means that the damage to its structure is minor. For this reason these sensors 

can be successfully mounted in concrete as well as asphalt pavements. 

Due to a good quality of pavement, special sensor construction as well as the double set of 

sensors, the system achieves the best available accuracy (A class) in accordance with the 

COST323 European Specificationò (Jacob et. al., 2002). 

2.2 WIM Computer  

The WIM subsystem aggregates the loads of wheels, axles, axle groups and weight of 

vehicles. To improve the accuracy, an average value is calculated from the two rows of 

sensors provided. The two weight measurements are carried out independently. The inductive 

loop classifier is required for segmenting the stream of vehicles. An appropriate signal from 

the inductive loop classifier indicates the end of the vehicle, which would otherwise not be 

recognised in the pulse train from the row of sensors, especially in heavy traffic. The 

inductive loop classifier also provides the speed required for the weight calculation as well as 

classifying vehicles into 8+1, or 13+1 vehicle classes.  

 

These provide data related to the wheel, axle, axle group and gross weight of the vehicle, from 

which a maximum load is determined. A very important component of the vehicle measuring 

system is a vehicle classification module using inductive loops mounted in the road surface, 

between the weight measuring sensors.  

 

This module provides the following information: 

¶ vehicle class, 

¶ exact vehicle speed, 

¶ total vehicle length and spacing between the axles,  

¶ the total length of vehicleôs passage through the measurement point (in milliseconds), 

¶ distance between any two vehicles. 

 

The WIM system uses the best available module for vehicle loop classification ï TDS 821R 

made by Traffic Data Systems GmbH from Germany (see Figure 3). Device TDS821R is 

connected to the loop system in a configuration TLS Type 2 ï this configuration is 

recommended for measurement points located on national roads, where vehicles travel at a 

moderate speed.  This device is the only one in the world with a Class A1 quality certificate 

according to German standards (TLS, 2002). Among others this ensures accuracy of vehicle 

detection grater than 99% of all vehicles driving through the measurement point.  

 

The TDS 821R module classifies vehicles according to the TLS (2002) to 8+1 categories. In 

addition to basic categories, a vehicleôs shape classification is included. This classification 

indicates the way axles are group, including division for a vehicle and a trailer. As a result of 

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

3. Video identification subsystem 

The video subsystem is responsible for automatic identification of the vehicles based on their 

images generated by a video camera. Within the identification process for each vehicle the 

system determines the following parameters: 
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¶ content of the registration plate and the country of origin, 

¶ affiliation with one of the vehicle classes (motorcycle, car, van, truck, coach), 

¶ make, model and colour of the vehicle (MMR). 

 

The system monitors all road traffic vehicles driving with a speed of up to 250 km/h. For the 

registration of a passing vehicle, the system does not require additional elements to  trigger 

taking a photo (triggering).  The identification is carried out only on the basis of analysis of 

photo sequences supplied by a video camera. Based on the generated photos the system 

detects the presence of the vehicle and then determines all of the parameters mentioned above. 

In each measurement point, two video cameras are mounted on a gantry located around 17 

meters away from the sensors (see Figures 4 and 6): 

¶ Overview video camera ï registers a view of an entire road, including an overview of 

the controlled vehicle (Figure 7),  

¶ Measurement video camera ï captures the front view of the vehicle at the time of 

driving onto the weight sensors; this cameraôs task is to capture the content of the 

number plate and make & model of a vehicle, which must be automatically recognized 

(Figure 5). 

The measurement video camera is equipped with a special infrared light radiator allowing 

receipt of clear images of the 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 width. For this reason its light doesnôt pose a threat to be 

mistakenly taken for a red traffic light above the traffic lane.  

 

 

Figure 4 ï ANPR Camera 

 

Figure 5 - Picture from the ANPR camera 

Depending on the vehicle speed and the way the camera is mounted, 3 to 20 images can be 

generated for each vehicle. If the camera is mounted in a standard way and a car is driving 

with the speed of 90 km/h, the registration plate will be visible on 7-9 photos.  



126 

 

 

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 network also recognizes the make and the model. The whole process 

of identification takes less than 40 milli seconds.  Several dozen photos are generated for each 

vehicle depending on its speed, time of the day and season. The procedure of identification is 

performed for each photo (Figures 8 and 9), the result is classified, and finally the frame with 

the best identification result is chosen. An additional camera installed on the gantry delivers 

an overview picture with the site view of the vehicle. 

 

 

Figure 8 - Region of interest for MMR ï truck  

 

Figure 9 - Region of interest for MMR - car 

The quality of identification of the registration number depends on the lighting conditions and 

the scene geometry defined by a number of parameters: perspective rate, zoom, and turning 

angle. In good lighting conditions and with optimal adjustment the system shows the 

following effectiveness for a regular traffic: 

 

¶ 99% correctly recognized registration plates, 

¶ 98% correctly recognized types, 

¶ 95% correctly recognized makes, 

¶ 80% correctly recognized colours. 

4. Supervising unit 

All of the data from 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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¶ data delivered from a dynamic scale, 

¶ recognized number plates, 

¶ recognized make and model, 

¶ pictures of the vehicles.  

 

The supervising unit sends all of this information to the central system. Additionally the 

system compares the legally allowed maximum vehicle weight determined by a make and 

model with the real total vehicle weight delivered by the WIM system. If the real weight 

exceeds the allowed weight, the system generates alerts by SMS, SNMP, e-mail or directly 

via the warning screen in the user interface application. 

4.1 Consolidating and archiving the measurements 

Responsibility for joining all types of measurements from the 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 data from the recognition module and from the weighing and 

vehicle classification module. After receiving these data they are combined into an integrated 

information set about the vehicle ï 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 information about the 

location of the measurement point as well as the precisely defined time of capturing the 

vehicle (date, hour, minute and millisecond). To this measurement file are additionally added 

photos of the vehicle ï one image from the measurement camera (front view of the car) and 

an appropriate image from the overview camera (overview of the car). After creating the data 

package containing the description of the single vehicle, the system analyzes the content of 

these data and determines whether a specific 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 for the presentation module is generated, that another incident of offense has been 

recorded.  

4.2 Presentation 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 allowed maximum weight, or which 

exceed the allowed speed or length can be also 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 (see Figure 10). 

 

This module provides data thanks to the internet server built into the system, which allows 

users to plug in via any web browser (MS Internet Explorer, Mozilla Firefox, Google Chrome, 

Apple Safari, Opera) to the system from any computer connected to the local network. The 

Java virtual machine is required to run Java applets.  After opening an appropriate website the 

user has access to all functions of the system including: 

¶ preview of the systemôs condition,  

¶ preview of the last 10 recorded vehicles, 

¶ preview of the last 10 vehicles recorded in the offence register, 

¶ system configuration. 

 

The website data is refreshed automatically (AJAX technology) immediately after each new 

incident appears (e.g. after recording another overweight vehicle).  
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Figure 10 - Information about truck with exceeded axle weight 

4.3 Data 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 can be carried 

out remotely. The module is a part of Neurosoftôs  NeuroCar 2.0 Terminal system. For data 

transmission, the system uses a different communication platform 

GPRS/EDGE/UMTS/CDMA, Wi-Fi, Ethernet, WiMax.  All communication channels provide 

a safe connection of the system with a public Internet network but without an external IP 

address.  

5. Results 

There are 17 different locations with the installed WIM-P solution as described in this 

document. Each location is equipped with WIM and video identification subsystems.  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).  
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Picture 11 Overloaded Van/LGV 

Table 1 Vans or LGVs ï November 2011, national road no1 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 detection 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 of the make 

& 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 3 m axle base 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 version of the 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 vehicle ï overloaded in the meaning of 

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) became the very first country in the European region and 

also in the world where the traffic law allowed the use of HS-WIM systems for direct 

enforcement concerning weighing road vehicles while the vehicles are moving along its route. 

During the year 2011 different 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 important 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 parts of this 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 performed on location during road traffic which a manufacturer applying for a 

type approval certificate or verification shall undergo. 

Keywords: Weigh-In-Motion, Type Approval, Certification, Initial Verification, In-Service 

Verification, Direct Enforcement, Overloading. 
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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): 

¶ Weighing performed by high speed weighing-in-motion systems where the trucks to be 

controlled are not diverted from their route; 

¶ Weighing performed in other ways, including low speed weighing-in-motion and 

weighing on static stales. 

Through the new traffic law the high speed (HS-)WIM systems have become one of the 

weighing technologies that can be legally used for direct law enforcement. Although the use 

of the HS-WIM 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, HS-WIM systems fell into the instruments category intended for official periodic 

verification. By an amendment of a decree (legislation document connected to metrology 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 (CMI) is the competent 

authority for type approvals, initial verifications and subsequent verifications. CMI elaborated 

a national regulation (designation 0111-OOP-C010-10) stipulating metrological and technical 

requirements, including test methods, for specified measuring devices: "HS-WIM 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 on those used in (OIML 2006), (COST323, 

1999), ASTM E1318 and (FiWi, 2010). HS-WIM systems for direct law enforcement are 

defined as: ñAutomatic scales that measure the dynamic force on the tires of a moving vehicle 

and detect its presence on a pressure sensor over time, and calculate the total vehicle mass 

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

legislation, while the vehicle is moving along its routeò. 

 

The requirements for the measurement accuracy for weighing-in-motion correspond to a 

combination of the classes A(5) and B+(7) as mentioned in (COST323, 1999) and (FiWi, 

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

axle group load are specified in Table 1. 

 

Tables 1, 2, 3 ï Specifications for weighing ranges (1,2), and for scale intervals (3) 

 

Max. Error % 

Axle and 

Axle Group 

Loads 

± 11% 

Vehicle 

Mass 

± 5% 

 

Weighing 

range 

min 

[kg] 

max [kg] 

Axle load 1000 20,000 

Vehicle 

mass 

3500 Ó 48,000 or as 

specified by 

special legislation 
 

Scale 

Interval 

[kg] 

Axle 

load 

20 kg 

Vehicle 

mass 

50 kg 

 



134 

 

The requirements for the operation conditions are based on the requirements of 

recommendation OIML R-134-1 (OIML, 2006) and the Draft European Standard on Weigh-

in-Motion of Road Vehicles (FiWi, 2010) and include Service conditions for: operating 

temperature range, operating speed and weighing range. The specifications for the weighing 

ranges are given in Table 2. The specifications for the scale intervals are given in Table 3. 

 

The other technical requirements are based on the requirements of (OIML, 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 

speed, 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 receptor over time and 

calculating total vehicle mass, axle loads, speed, plus other vehicle parameters required by 

specific legislation (e.g. axle separation, vehicle type, etc.). 

 

Since HS-WIM 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 specified: Physical robustness, Weather resistance, Dust and water 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 nature specified 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 after their closure; 

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 accuracy. Each 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 sensor rows (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 configuration including the use of different sensor types.  

3.1 Validity 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 or any other 

maneuvers just 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 on the driverôs behavior, and more than that, to use this information to improve 

the accuracy of the measurement results. The use of the validity of measurement concept, is 

considered the key for the full integration of WIM into an automatic weighing system. From 

the userôs point of view, Validity of Measurement is one number in percentage indicating the 

success of measurement. In addition, this validity number is also followed by full list of 

http://slovnik.seznam.cz/?q=manoeuvres&lang=en_cz
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factors having some exact influence during measurement process. End users can then easily 

interpret what has happened in system (Figure 2). 

 

 

WIM electronic cabinet, TCP/IP

LPR & overview cameras  

Accelerometer

Temperature sensor

Lineas ï quartz crystal sensor

Wheel position, twin tyre detection

Inductive loop
 

Figure 1 - WIM system configuration 

 

 

 

Figure 2 - Example of validity of measurement 
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3.2 Vehicle detection 

Based on speed and weight data from each wheel and axle, and compared to time, WIM 

system is able to detect following vehicle maneuvers: acceleration/speed up. Even minor 

changes in each wheel speed can be detected. De-acceleration/brake actuating: in opposition 

on acceleration, even minor changes in each wheel speed can be detected. Slight 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: if vehicle is turning rapidly, system is 

able to recognize and identify that. Because of all of vehicleôs events are stored in database 

(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 some wheel information 

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 result of lane pass detection, validity trace 

will include all necessary information for identifying incorrect vehicle drive. 

 

For WIM system, each vehicle has a unique ñsignatureò. Signature is footprint of the vehicle 

mass moving over inductive loops. In classification model, each signature is then compared to 

special dictionary. Classification results 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 recording 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 each single picture ï 

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 the unit of measurement 

¶ 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 (day, month, 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 

 

For digital images, image information and information regarding measured 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 is uniquely identifiable via coding (the ID number of the 

video document, Figure 3). 

3.3 Software security 

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 and its nature 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 be given 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 access, if 

memory capacity for access 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 performed or launched 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: 

¶ external inspection, 

¶ tests of the scales' resistance to disruptive environmental effects, 

¶ functional WIM tests on location during road traffic 

4.1 Required test equipment 

The reference vehicles were selected for weigh-in-motion tests so that they represent various 

axle configurations, truck/trailer configurations, truck/trailer connection systems and 

suspension systems. During testing the reference vehicles were used both unloaded and 

loaded in a way that two significantly different load levels are used, according to (FiWi, 

2010). During testing, stand alone reference scales were available to determine the reference 

(or conventional true value) mass, the single-axle or axle group loads of each vehicle. The 

mass of the reference vehicles is determined by full-draught weighing scales with an error less 

than or equal to one third of the applicable MPE for weigh-in-motion. To determine the 

reference axle loads, portable static scales for weighing Class III 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 axle load values 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 calculated 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 reference value during the acceptance tests is calculated as: 

   
VM

VM
AxleCorrAxle

ref
ii ³=       (1) 

VMref is the conventional value of each reference vehicle mass determined by full-draught 

weighing. 

4.2 Test runs 

Each reference vehicle, unloaded and then loaded, must perform at least five test runs at each 

of the three following speeds: near the maximum operating speed, vmax, near the minimum 

operating speed, vmin, near the middle of the operating speed range  (each reference vehicle 

must thus perform a total of 30 test 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. 

4.3 Criteria 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 relative error d is calculated 

in percent: 

   %100³
-

=
R

RC
d        (2) 

 C the value measured by the scales, 

 R  the corresponding reference value measured by the reference scales. 

 

The percentage of relative errors d that exceed the maximum permissible error for each 

quantity is determined as follows: 

   100³=
N

n
Pde

        (3) 

 n the number of calculated differences exceeding the max. permissible error, 

 N  the total number of recorded values for the given quantity. 

The number of relative errors exceeding the maximum permissible error Pde must not be 

greater than 5%, with their distribution among individual vehicle types being recorded. 

4.4 Speed tests 

During the operating speed blocking test, a reference vehicle will pass the system at speeds 

outside the operating speed range. The scales must detect this and must react correctly. 

¶ speed of least 5% higher than the maximum operating speed, vmax, 

¶ speed of least 5% lower than the minimum operating speed, vmin, (if the scales can be used 

for this). 

 

To determine and test operating speed during a weigh-in-motion test, six test runs shall take 

place with an unloaded two-axle rigid reference vehicle across load receptors at a constant 
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speed. Three runs must take place near the maximum operating speed vmax, and three 

additional runs must take place at exactly the listed minimum operating speed vmin. The 

indicated operating speed error must not exceed the error given in (FiWi, 2010). 

4.5 Simulated 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 (in the laboratory), then it is allowed to 

perform to use a load signal generator taking the place of load receptors. The following 

simulated tests were performed: 

¶ Shock resistance test, Weather resistance tests, Resistance to limit temperatures, 

Resistance to operating temperatures, Resistance to air humidity, Dust and water 

resistance 

¶ Electromagnetic compatibility (EMC) tests: Resistance to interference caused by power 

lines, induced by high-frequency fields, Resistance to radiated high-frequency 

electromagnetic fields at radio frequencies, Resistance to electrostatic discharge, 

Resistance to electrical fast transients/bursts, Resistance to electrical surges, Resistance to 

power-frequency magnetic fields, Resistance to AC mains voltage dips 

5. Results 

¶ Two HS-WIM systems were approved by CMI approved: Cross a.s. (CZ) and Camea s.r.o 

(CZ). Both systems have been installed on the entrance motorway section city of Brno, 

I/52 BrnoïVienna and where directly connected with the toll collection. 

¶ According to the results of the accuracy tests and with aspect to fulfilling of all other 

metrological test the systems received type approval for direct enforcement;  

¶ The applied method ñvalidity of measuringò gives a warranty for a fair direct enforcement 

of overloaded vehicles based 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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Abstract 

The Federal Highway Administrationôs (FHWAôs) Office of Freight Management and 

Operations recognized a need to encourage uniformity in the design, testing, installation, and 

performance of weigh-in-motion (WIM) technology and subsequently encourage acceptance 

by prosecution agencies (administrative or judicial) regarding the validity of WIM 

technologyôs role in supporting commercial motor vehicle (CMV) weight enforcement. In 

response to this need, FHWA is seeking to integrate WIM technology into the National 

Institute of Standards and Technologyôs (NISTôs) Handbook 44: Specification, Tolerances 

and Other Technical Requirements for Weighing and Measuring Devices. 

Keywords:  Weigh-in-motion, enforcement, commercial motor vehicles. 

 

Résumé 

Le bureau de la gestion du fret de lôagence f®d®rale des autoroutes des Etats-Unis (FHWA) a 

reconnu le besoin dôencourager lôuniformisation dans la conception, lôinstallation et la 

pr®cision des syst¯mes de pesage en marche, et ainsi encourager lôacception des agences de 

contrôle (administratives ou judicaires) en ce qui concerne la légitimité du pesage en marche 

pour le contrôle sanction. En cons®quence, lôagence FHWA essaie dôint®grer le pesage en 

marche dans le manuel 44 de lôinstitut des normes et des technologies américain (NIST) : 

spécification, précision et autres requis techniques pour le pesage et la mesure. 

Mots-clés: Pesage en marche, contrôle sanction, poids lourds commerciaux. 
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1. Introduction  

The Federal Highway Administrationôs (FHWAôs) Office of Freight Management and 

Operations recognized a need to encourage uniformity in the design, testing, installation, and 

performance of weigh-in-motion (WIM) technology and subsequently encourage acceptance 

by prosecution agencies (administrative or judicial) regarding the validity of WIM 

technologyôs role in supporting commercial motor vehicle (CMV) weight enforcement. In 

response to this need, FHWA is seeking to integrate WIM technology into the National 

Institute of Standards and Technologyôs (NISTôs) Handbook 44: Specification, Tolerances 

and Other Technical Requirements for Weighing and Measuring Devices (Handbook 44).   

 

The National Institute of Standards and Technology is a non-regulatory agency of the U.S. 

Department of Commerce, which, until 1988 was known as the Nation Bureau of Standards. 

At that time, the agencyôs responsibilities were expanded and the name changed. In the U.S., 

there are no federal regulations for commercial weighing and measuring equipment except in 

the areas of grain and livestock, 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 and Measures (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, device requirements, and test procedures. One of the things NIST does to 

promote uniformity is to publish Handbook 44 on an annual basis.  

 

While not a regulatory document in its own right, Handbook 44 has been adopted by all U.S. 

State weights and measures jurisdictions, either by reference or through their State 

administrative procedures processes. As far as Handbook 44 itself, it is comprised of a 

comprehensive set of requirements for weighing and measuring devices that are used in 

commerce as well as law enforcement. 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 for goods and services.   

2. Motivation  

Existing CMV weight enforcement efforts in the United States are characterized by: 

¶ Limited enforcement resources with significant effort expended on compliant carriersð

estimated overweight violation capture rates at continuously operated fixed weigh stations 

on the U.S. Interstate System approximate 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 

ñtrustò in technology performance. 

¶ A lack of coordination, shared technologies, and data exchange between and within 

agenciesðincluding enforcement, transportation, prosecution, and regulatory agenciesï

that adds to enforcement costs. 

¶ Ineffective penalties and prosecution procedures that encourage rather than discourage 

overloading as a routine business practice among industry components. 
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¶ Performance measures that are focused on activities (citations issued) rather than 

outcomes (reductions in overloading). 

 

Despite the challenges facing CMV enforcement agencies in the U.S., certain industry 

organizations continue to press Congress to lift the freeze on longer combination vehicles and 

increase existing Federal truck weight limits. Congress directed that ñpilot testsò be conducted 

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 economic implications 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 cover a 20-year period.   

 

Concurrent with industry pressures 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 deterioration. These 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 consensus among CMV weight enforcement agencies at State and Federal 

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 technology 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 facilitated through FHWAôs Virtual Weigh Station (VWS) 

concept, FMCSAôs Wireless Roadside Inspection (WRI), 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 WIM technology) 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: 

¶ 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 perceived and 

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, or vehicle 

dynamics. A lack of WIM technology end-user training coupled with a lack of 

manufacturer/vendor support can lead to noted performance issues with WIM equipment. 

¶ Based in part on historic performance, WIM technology and the resulting weight 

measurements it 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 agencies often reduce or dismiss fines for 

overweight transport without 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 encourage 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 the adequacy 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 standards for WIM equipment is being promoted by WIM device 

manufacturers. 

 

The integration of WIM technology into NISTôs Handbook 44 would address these issues by 

lending consistency to existing WIM technology design, installation, acceptance testing, 

maintenance, and 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 following work tasks: 

¶ 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 group from 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 the project duration. 

¶ Solicit input to support development of a proposed ñWIM Scale Codeò through 

meetingsðinvolving the working group as a whole or focused sectors of the working 

group (e.g., State departments of transportation, State law enforcement agencies, WIM 

technology manufacturers and vendors, academic researchers, or other)ðand various 

other information exchange mechanisms. 

¶ Draft the proposed WIM Scale Code language, ensuring that it builds upon the existing 

state-of-knowledge expressed in existing standards and specifications, reflects WIM 

technology stakeholder community input, and is consistent with NISTôs Handbook 44 

format and content requirements. 

¶ Submit any and all supporting materials and documentation used in developing the 

proposed WIM Scale Code 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 will begin shortly after this projectôs completion. 

3.1 Working Group  

The project team established 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: 

¶ State department of transportation administrative and technical staff responsible for 

weight enforcement, WIM system calibration, planning and programming, and other 

functions. 

¶ State law enforcement administrative and technical staff responsible for weight 

enforcement. 
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¶ Weights and measures regulatory officials who are responsible for testing devices once 

installed and who can assist in advancing a draft code through the NCWM adoption 

process. 

¶ Equipment manufacturers and vendors producing and providing WIM technology and 

directing new developments for a variety of applications. 

¶ Academic researchers and private consultants who have conducted detailed investigations 

related to WIM technology. 

¶ Federal agencies, motor carrier representatives, and other organizations with a vested 

interest in WIM technology. 

¶ International organizations directly involved with the use of WIM as an enforcement 

screening tool or, in limited cases, involved with WIM for direct enforcement.  

3.2 Working Group Charter  

During key planned meeting events and at various other times throughout the duration 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 specification language, 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 unattainable. To ensure 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 of order, have been established. 

3.3 Draft WIM Code  

The project team is in the process of drafting a WIM Scale Code, ensuring that it builds upon 

the existing state-of-knowledge expressed in existing standards and specifications. It will 

reflect the WIM technology stakeholder communityôs input, and will be consistent with 

NISTôs Handbook 44 format and content requirements. Five content areas, as identified by the 

OWMôs staff, will be included as part of the proposed WIM Scale Code: 

¶ Application. 

¶ Specifications. 

¶ Notes. 

¶ Tolerances. 

¶ 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 organize, 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 Web-based format if in-person attendance is confirmed to be 

too low. 

 

Irrespective 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 areas, as well as 
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supplement the User Requirements section, will be obtained from various sources including 

but not limited to the following: 

¶ The technical support teamôs own knowledge of state-of-the-practice WIM technologyð

including existing design, testing, and installation procedures and performance across 

various system/weight sensor types; 

¶ Existing or proposed WIM technology standards and specifications, including but not 

limited to: 

o Title 23 Consolidated Federal Regulations (23 CFR) Part 500, Subpart B ï Traffic 

Monitoring System. 

o Traffic Monitoring Guidelines; USDOT, FHWA Office of Highway Policy 

Information, FHWA-PL-01-021. 

o ASTM E1318ð09 Standard Specification for Highway Weigh-in-Motion (WIM) 

Systems with User Requirements and Test Methods. 

o Ancillary ASTM standards and specifications, including but not limited to the 

following: ASTM E867-06 Standard Terminology Relating to Vehicle-Pavement 

Systems, ASTM E2415-05 Standard Practice for Installing Piezoelectric Highway 

Traffic Sensors, ASTM E2467-05 Standard Practice for Developing Axle Count 

Adjustment Factors, ASTM E2300-09 Standard Specification for Highway Traffic 

Monitoring Devices, ASTM E2665-08 Standard Specification for Archiving ITS-

Generated Traffic Monitoring Data, and ASTM E2532-09 Standard Test Methods 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 Weigh-in-Motion of 

Road Vehicles project. 

o The International Organization of Legal Metrologyôs (OIMLôs) Automatic 

Instruments for Weighing Road Vehicles in Motion and Measuring Axle Loads Part 1: 

Metrological and Technical RequirementsðTests (OIML R 134-1 Edition 2006 (E)) 

and Part 2: Test Report Format (OIML R 134-2 Edition 2009 (E)). 

o Expert technical advice and guidance offered by OWMôs staff. 

 

OWMôs staff has been instrumental in providing procedural guidance throughout the duration 

of the project. These individuals possess unique knowledge related to amendment preparation 

and submittal requirements as well as technical content and language requirements that will 

greatly benefit this projectôs outcome and the subsequent success of the proposed WIM 

technology amendment through the formal NIST/National Conference on Weights and 

Measures amendment process. 

3.4 National Conference on Weights and Measures 

Handbook 44 requirements are based upon proposals developed through another 

organizationðthe National Conference on Weights and Measures or 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 measuring equipment, 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 everybody 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 proposalsð

those regulatory officials would then go back to their respective jurisdictions and adopt the 

updated sections  of Handbook 44 as 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 and comment on any proposal put forward to the NCWM. 

 

As to how Handbook 44 becomes a regulatory document, most states adopt the document 

through referencing it in their weights and measures law. Some states adopt an earlier version 

of Handbook 44 rather than adopt the handbook each and every year. That typically has to do 

with how they adopt the handbook in their particular jurisdiction. Handbook 44 has been 

adopted by all states, but not necessarily the same version for commercial weighing and 

measuring applications.  

 

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. The working groupôs overall approach will take a 

draft or straw man and refine it through an iterative process to request input from people 

affected by the code. Generally, the process builds upon the current state of knowledgeðin 

this case the weigh in motion scales system standard. ASTM E1318-09 will 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 obtained. The process may go on until 

the working group achieves consensus on the final draft code. It is then ready to begin the 

process of adoption into Handbook 44. The NCWM is made up of weights and measures 

officials, manufacturers of equipment, users, and so forth. 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 it is supported 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:  

¶ Continue to develop the proposal. 

¶ Retain as informational.  

¶ Put it forward for a vote.  

¶ Withdraw it.  

 

Those decisions are made based upon input that is received in open hearings and in writing.  

In summary, NIST publishes Handbook 44 to promote uniformity. It has been widely adopted 

for commercial weights and measures application. 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, users, 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 for enforcement personnel: 

¶ 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. 

¶ Enhanced equity in the highway transport 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 for 

weight compliance while traveling at highway speeds.  

 

Factors that could be used to quantify the improvements include: 

¶ Costs: more maintenance, more calibration, and upgraded WIM in some cases. 

¶ Savings attributed to reduced motor carrier delay, fuel usage, emissions, and noise. 

¶ Savings attributed to reduced frequency of crashes at inspection and compliance sites. 

¶ Savings attributed to reduced pavement/bridge damage and extended service life of 

highway infrastructure improvements.  

 

One of the early projects 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 transponder-equipped vehicles resulted in 

positive findings. The technologies included automatic vehicle identification, weigh-in-

motion, automatic vehicle classification, and integrated communications systems and 

databases. The benefits data were developed as a projection of experience from the 

HELP/Crescent project. A full implementation of services examined in the Crescent project 

would yield a benefit-to-cost ratio of 4.8 for a typical state government over a 20-year period
2
. 

Less complete implementations will result in benefit-to-cost ratios for the government ranging 

from no benefits up to 12:1.  

                                                 

 
2
 

http://www.itsbenefits.its.dot.gov/its/benecost.nsf/ID/36CFF2BCED3A6CCA852569610051

E2AD?OpenDocument&Query=BApp accessed January 17, 2012.  

http://www.itsbenefits.its.dot.gov/its/benecost.nsf/ID/36CFF2BCED3A6CCA852569610051E2AD?OpenDocument&Query=BApp
http://www.itsbenefits.its.dot.gov/its/benecost.nsf/ID/36CFF2BCED3A6CCA852569610051E2AD?OpenDocument&Query=BApp
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Abstract 

This paper gives a review of recent developments in  the standardization of Weigh-in-

Motion systems in Europe. The output of the recent FiWi project - a FEHRL institute WIM 

initiative - is reported, i.e. the up-date and submission to the CEN (European Committee on 

Standardization) of the COST323 specifications, to form a full standard. The main 

developments are discussed. Finally the 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:  Weigh-in-Motion, WIM, Standards, Specification, Testing, International, 

Enforcement, Overloading, WIM Technology and Sensors. 

 

Résumé 

Cet article donne un aperçu des récents développements en matière de normalisation du 

pesage en marche en Europe. Les résultats du récent projet FiWi  - initiative des institutes 

du FEHRL sur le pesage en marche - sont présentés en ce qui concerne la normalisation, à 

savoir la mise à jour et la soumission au CEN (Comité européen de normalisation) des 

spécifications COST323, pour constituer une vraie norme. Les principaux apports du 

nouveau projet de norme sont exposés. Enfin on esquisse les besoins pour mettre au point 

une norme complémentaire, ou compléter le projet actuel, pour couvrir le contrôle direct à 

lôaide du pesage en marche. 

Mots-clés:  Pesage en marche, norme, spécifications, essai, international, contrôle, 

surcharge, technologies et capteurs de pesage en marche. 
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1. Background 

There have been considerable developments in the Weigh-in-Motion industry in Europe 

since the early 90ôs. In addition to technical improvements of WIM sensors and WIM 

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). 

1.1 Current WIM standards  

At the moment there are three existing international sets of specifications on Weighing in 

Motion of road vehicles and a European Directive on measuring instruments: 

 

¶ The COST323 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 official international standard it is widely used as a reference in the 

testing and acceptance of WIM systems. 

¶ The ASTM E-1318 óStandard Specification for Highway Weigh-In-Motion Systems 

with User Requirements and Test Methodsô (ASTM, 2009) from the American Society 

for Testing Materials defines and specifies four different types of WIM systems. Type 

IV systems are intended for Low-Speed weighing for enforcement purposes. ASTM E-

1318 is intended to facilitate the relationship between a buyer and a vendor. 

¶ The OIML R-134 (OIML, 2004 and 2006) from the International Organization for Legal 

Metrology is a recommendation for óAutomatic Instruments for weighing road vehicles 

in motionô. This recommendation is intended for use in enforcement and trade, however 

only for low speed weighing and weighing in controlled environment. This means 

restricted weighing areas and not on main roads. 

¶ The Measuring Instrument Directive (MID, 2004)) is the EU-directive regularizing the 

construction and certification procedures of several measuring 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 been incorporated into the MID. 

1.2 Need for an updated Standard 

The COST323 Specification has been the de-facto European (and worldwide) pre-standard 

for WIM systems for the past 10 years. Formally it is neither an official European nor an 

International standard; however it is widely used as a reference 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 document. Finally 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 measurement by a WIM-system without human interaction. 

2. Proposed European Standard 

For of these reasons the Forum of European Highway Research Laboratories (FHHRL)  

initiated the FiWi project (i.e., FEHRL institutes WIM initiative). The participants were: 

LCPC (France, project manager), BAST (Germany), CEDEX (Spain), EMPA 

(Switzerland), RWS (The Netherlands), UCD (Ireland) and ZAG (Slovenia). The project 

ran over a 3-year period (2007-2010). The main goals of the project were: 

¶ to make a general update of the COST323 specification; 

¶ to add content on new developments like Bridge-WIM and WIM for direct enforcement; 

and 

¶ to prepare a document that is suitable for official European standardization. 

 

The FiWi project also provided a platform where FEHRL members and WIM research 

institutes and users could share information on all WIM projects in Europe. The procedure 

for official standardization remains with the European Committee for Standardization 

(CEN). However the updated version of COST323 was written by the project members in 

the format required for the CEN standardization procedure.  

2.1 Scope of the proposed Standard 

The draft European standard specifies the requirements for installation, calibration, 

performance and accuracy assessment, and test methods for Weigh-in-Motion (WIM) 

systems that 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: 

¶ WIM systems installed on road infrastructure (including bridges), but not to WIM 

systems installed on board vehicles; 

¶ High speed WIM (HS-WIM) systems, i.e., systems installed in one or more traffic 

lane(s) of a road, and operated automatically under normal traffic conditions, and to low 

speed WIM (LS-WIM) systems (i.e., systems installed in a controlled weighing area, 

and operated under controlled conditions); 

¶ WIM systems using either scales which are able to weigh standard masses statically, or 

other sensors which may measure the loads indirectly; 

¶ On-site full WIM system performance assessment and model (type) approval, but 

excludes laboratory (product) tests or tests on parts of systems (e.g. sensors only). 

¶ All WIM applications, except trade. For load enforcement of road vehicles, this standard 

or the OIML (International Organization for Legal Metrology) international 

recommendation R 134-1 and 134-2 (OIML, 2004 & 2006) may be applied, depending 

on national requirements and legislation. 

 

The main differences between OIML recommendations R134-1 and R134-2 are that they 

apply to WIM systems used for 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 to the 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 Preliminary Questionnaire (PQ) procedure.  This 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 submitted for a final vote. 

2.2 Structure of the proposed Standard 

The standard contains all three elements necessary for the successful installation: type 

approval, verification or assessment of accuracy, testing and operation of WIM systems 

(Figure 1). 

 

 

Figure 1 ï Structure of the Draft Standard 

System Specifications 

The requirements to assess the performance of the system consist of the operating 

conditions, general specifications and weighing specifications: 

¶ Operation conditions: within the rated operating conditions a WIM system shall perform 

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. 

¶ Weighing specifications, consisting 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 low 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. 

¶ General Specifications, other specifications for non-weighing related measurements 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 describe how the test should be done in order to verify if the WIM system meets its 

specifications. Three different types of test are distinguished: 

¶ Type Approval Test: first 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 the other test types for the same type of systems. It is 

planned to further develop this section in future versions of the standard. 

¶ Initial Verification: test made after installation or significant repair of a WIM system in 

order to assess the performance of this system under the specific conditions at the site 

where the system is installed. The results of this test are used for the acceptance decision 

by a buyer; 

¶ In-Service Verification: test to verify if an 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 then, based on the sample statistics and test 

conditions, how to determine the accuracy class obtained. 

  

Recommendations: non-mandatory but very useful practical information on the installation 

and operation of WIM systems based on decades of international experience is given. It 

contains information on site selection, possible applications, calibration procedures, 

standard test plans, alternative decision support procedures to check the accuracy by testing, 

and data storage and transmission format. The site selection specifications (chapter 4) are 

only mandatory to refer to an excellent, good or average site, in client specifications or call 

for tender prescriptions. Calibration methods are described in chapter 7 and are 

recommended, but other methods may be used.  

2.3 Content 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 al., 2002), the 

new standard was divided in two parts, as shown in Figure 2. 
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Figure 2 - Content of the proposed European Standard 

 

Both Parts I and II are based on the same structure as described in §2.2, while some 

chapters or sections are common to both parts. To avoid unnecessary duplication of 

information some chapters are described only in Part I, and referenced in Part II. The 

document is divided into the following chapters: 

 

Chapter Content          

1. Scope 

2. Normative References 

3. Terminology and Symbols 

4. WIM Site Selection Criteria 

5. Operation Conditions and Environmental Requirements 

6. Accuracy Class Tolerances with Respect to the Weights (Accuracy Classes) 

7. On-Site Systems Checks and Calibration and Test Conditions 

8. Type (Model) Approval 

9. Initial and In-Service Verification 

10. Procedure to Check the Accuracy of a WIM System by Testing 

11. Data Storage and Transmission 

 

Chapters 1, 2, 3, 4, 8, 9 and 11 are common to both parts.  Chapter 5 is very similar in each 

part, with more clauses on sensor and electronic requirements in Part I. The accuracy 

classes defined by tolerances (with tolerance intervals) are common to both parts (chapter 

6), as well as the definitions of environmental conditions E1 to E3, and vehicle sample 

conditions R1 to R4 (chapter 7). 

2.4 Diff erences between Parts I and II  

Part I provides general requirements that apply to any test conditions, sample size and types 

of vehicles, and therefore offers full flexibility. It gives detailed clauses to address all cases 

that may be encountered in practice, and a full procedure that allows in-depth analysis of 

any test results and discrimination of the performances of WIM systems. This procedure is 

based on  statistical interval estimation procedures described in (Jacob, 2000). This part is 
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needed for scientific investigations of WIM system behavior and performance assessment, 

analysis of the details of extensive tests, and understanding of the background information.  

 

Part I provides formulae and tables to assess the accuracy class of a series of measurements, 

using the tolerances d 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, s) of the relative errors
3
, to a minimum required 

confidence level p0 (given probability) with respect to the test conditions E1 to E3 and R1 

to R4, and the sample size. Tables provide the p0 values for each test conditions and sample 

size. The more repeatable the test conditions, the higher the required confidence level p0; 

the larger the sample size, and the higher the required confidence level. The 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 a proposed accuracy class d, p Ó p0 the class 

is accepted. If not, and while p is an increasing function of d, a lower accuracy class (for an 

increased tolerance d) is used, and the test is repeated with the new p value, and so on. 

Alternatively, the lowest tolerance dmin which exactly leads to p = p0, is computed and gives 

the higher accepted accuracy. 

 

Part II provides simplified minimum requirements of practical use.It is intended as an easy 

to use reference to facilitate the relation between buyers and vendors. Part II uses a default 

confidence level of 95%, which complies with four proposed standard test plans, with 

specified test vehicles, load and speed configurations and number of runs, and is justified by 

two reasons:  

¶ Using a default confidence level makes it easy to compare the test results from different 

WIM systems while still using the well known ï and easy to use - way of classification 

of WIM systems (classes A ï E).  

¶ The use of a tolerance interval combined with a standard confidence level of 95% is 

similar to the common description of measurement equipment specifying the 2ů interval 

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 

understand the outcome of an acceptance test. 

 

Part II 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 chart diagrams while the other uses simple formulae to 

calculate a ñsample toleranceò to be compared to the standardized tolerances given in 

chapter 6. The accuracy class assessment may be performed by a pocket calculator using the 

chart diagrams or the simple formulae. 

 

                                                 

 
3
 p = F(u1 )-F(u2 ) , where u1=(d -m) /s - tn,1-a/2 /n

1/2 
   and    u2=(-d -m) /s + tn,1-a/2 /n

1/2
  ,  

F is the cumulative distribution function for a Student-t distribution, and  tn,1-a/2  is a Student 

variable with n = n-1 degrees of freedom. a is taken equal to 0.05 
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Part II suggests alternative procedures to assess the accuracy by testing using the sample 

statistics (n, m, s), (e.g. the Tolerance Interval Procedure (Lieshout, 2000)) and the YONA 

program (Slavik, 2008), called decision support programs. 

2.5 Main Additions compared to the COST323 Specifications 

The main additions with respect to the original COST323 specifications are: 

¶ In the simplified requirements (part II), a default confidence level of 95% is specified.  

¶ The vehicle sample conditions R1 to R4 replace the former repeatability and 

reproducibility conditions (r1, r2, R1 and R2). 

¶ Minimum test conditions were specified (number of vehicles and runs, variations in the 

environmental conditions), with respect to the type of verification to be performed. 

3. HS-WIM for direct Enforcement  

The next step and challenge is to improve and adapt HS-WIM 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 vendors. Presently, there are 

several barriers preventing the use of HS-WIM for direct enforcement, such as a lack of 

appropriate certification. Therefore it will  be necessary to develop a structure and 

procedures for the acceptance of WIM systems for overloading direct 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 procedures will work in the future, the types of 

organizations that will be involved, and their roles in the process. 

 

 

Figure 3 - Acceptance of WIM  for direct enforcement 

 

In 2011 the Czech Republic became the first European country to allow the use of HS-WIM 

systems for direct enforcement of overloading (Doupal 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 by the Czech 
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Metrology Institute (CMI). The used test procedures are a compilation of the OIML R-134-

1, ASTM E-1318, COST323 and FiWi documents. 
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Abstract 

In recent years the development of new applications for WIM systems has resulted in an 

increased need for standards for 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 climatic chamber as well as on the road. 

The purposes of the tests were to assess the performance of the sensor and system according 

to different international standards and to evaluate possible differences among the standards 

as a basis for new certification procedures. 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 COST323, ASTM E1318 and YONA. 

Keywords: Weigh-In-Motion, WIM, Performance, Specification, Testing, Certification, 

Norm, OIML R134, COST323, ASTM E1318, YONA. 

 

Résumé 

Ces dernières années, le développement de nouvelles applications pour le pesage en marche 

a entrain® un besoin accru dô®valuation des performances, de tests et de certification des 

systèmes de pesage en marche. Ce papier décrit les résultats dôimportants tests réalisés sur 

un système de pesage en marche, avec des capteurs quartz, en conditions de laboratoire et 

in-situ. Les objectifs de ces tests ®taient dô®valuer la performance de ces capteurs et de ce 

syst¯me, conform®ment aux normes internationales, ainsi que dô®valuer les diff®rences entre 

les normes pour obtenir les bases dôune nouvelle proc®dure de certification. Ces tests ont été 

réalis®s par METAS (lôOffice F®d®ral Suisse de métrologie), en suivant les spécifications de 

lôOIML R134. Les résultats ont alors ®t® analys®s avec dôautres méthodes, telles COST323, 

ASTM E1318, YONA.  

Mots-clés: Pesage en marche, WIM, performance, spécification, test, certification, norme, 

OIML R134, COST323, ASTM E1318, YONA.  
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1. Background 

Since the introduction of Weigh-In-Motion (WIM) decades ago, the main performance 

requirements for WIM sensors and systems have been the accuracy and repeatability of 

their measurements. Nowadays, these aspects 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 only has WIM technology improved, but also the WIM 

applications have developed from óData Collection for Statisticsô to óPre-selection for 

Enforcementô, óTolling by Weightô, and ultimately to óDirect Enforcementô. These new 

high-end applications have resulted in a need for high-quality data which should be 

guaranteed over time. This means that there is a need for certification of WIM system 

performance. Such performance certifications must be based on national or international 

standards, specifying the system performance and the test procedures required to verify the 

performance. 

 

In the field of WIM, a number of international norms or standards for vehicle weighing 

already exist, such as COST323, ASTM E1318 and OIML R134. However, all of these 

standards have their own specific advantages and disadvantages: 

¶ The OIML R-134 recommendation (OIML, 2003) is widely accepted, as it is supported 

by the International Organization for Legal Metrology. However, the recommendation 

only applies to WIM systems installed in a controlled weighing area where the vehicle 

speed is controlled in order to eliminate the effects of vehicle dynamics. Some of the 

test methods described are applicable to WIM systems that are capable of measuring 

static loads. 

¶ The COST323 Specification (COST323, 1999; Jacob et al., 2002) is widely used to 

assess WIM performance, but it is a non-normative document that was issued at the end 

of a European research project. During the FiWi (FEHRL institutes WIM initiative) 

project, an update of the COST323 specification (FiWi, 2010) was made and submitted 

to the members of the European Committee for Standardization (CEN) for public 

enquiry. 

¶ The ASTM standard E1318 (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 pavement to ensure reproducible results. Although 

the quality of the pavement has a major impact on the performance of the WIM system, 

it is not part of the performance of the WIM system itself. 

2. Introduction  

To set a basis for future WIM certification, Kistler decided to perform an extensive test on 

one of its WIM systems. The purposes of the test were: 

¶ to assess the performance of the quartz WIM system according to the OIML R134, 

¶ to evaluate possible differences in the results when applying the COST323 and ASTM 

E1318 standards, 
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¶ 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 tests consisted of two separate parts: 

¶ Laboratory tests performed on the Lineas WIM sensor. In particular, linearity, 

temperature behavior and stability were tested according to the OIML R134. 

¶ In-motion tests of the complete WIM system installed in the road pavement. 

The OIML R134 recommendation inherits a lot of features from the OIML R60 

recommendation, like the thermal stability test, the heat damp test and the long-term 

stability test. The OIML R134 has several classes of maximum permissible error: 0.2, 0.5, 

1, 2, 5, 10. An important specification of OIML is that, for the system certification or for the 

initial verification all the measurements, 100% of the data sets must be within half of the 

maximum permissible error; thus, a sensor of class 10 shall not have any measurement with 

a relative error greater than 5% for all of the tests performed. 

3. Climatic and long term stability tests 

Climatic and long term stability tests are required by OIML-R134 and are performed using 

a static load: 

¶ Measurement at 20°C, 62°C, -40°C, 5°C and 20°C in dry condition from 0 kg to 6000 

kg in 500-kg steps. 

¶ Measurement before, at the end of 48 hours at 60°C with at least 85% humidity, and 

after cooling back to room temperature. 

¶ Long-term stability test over a time span of at least 28 days 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 remained lower than 2% in agreement with 

the requirements of Class 5 for OIML 134.  
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Figure 2 ï Error for the several loading steps during the climatic test. The dark line 

shows a maximal permissible error of 2.5% as required for the Class 5 of 

OIML 134.  

No significant difference was detected between the measurements made at 60° C and 90% 

relative humidity and those made 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 

4.1 Location and Test System 

A special condition considered in the testing was the system performance at low speed. A 

minimum speed between 0 and 5 km/h was targeted. Therefore, a test location was selected 

in a former airfield near Interlaken, Switzerland. This location, being ideal for low speed, 

did not allow testing at speeds above 60 km/h with vehicles of 40 tons weight. Therefore, 

the speed range that was tested was 3 to 60 km/h. 

 

For the test, a WIM system was used consisting of two sensor rows each with two 1.75m 

Lineas quartz WIM-sensors type 9195F411 and two induction loops laid as shown in Figure 

3. 

 

On the road side in the 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 pavement in good condition, with a lateral slope of 2 %, a 

longitudinal slope of 0.5 % and with rutting maximum of 4 mm. The system was calibrated 

using a two-axle truck fully loaded, making 16 passes over the sensors at a speed of 11 

km/h. 
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Figure 3 ï Layout of test system. 

4.2 Test procedure 

The OIML R134 requires performing the in-motion tests at three different speeds: the 

minimum, the maximum and the middle speed (between minimum and maximum speed). In 

this case, the measurements were made at 3 km/h, 15 km/h, 30 km/h and 60 km/h to have a 

full set of results usable for an evaluation in different ranges with maximum speed of 30 

km/h or 60 km/h. 

 

According to the OIML R134, three different types of truck configuration must be used. 

The trucks selected were a rigid axle truck with two axles in order to assess the precision of 

the axle weighing, a four-axle leaf beam truck in order to qualify the system for use with 

leaf beam trucks, and a rigid 2-axle truck towing a 2-axle trailer. 

 

Prior to the in-motion measurements, the trucks were statically weighed on four portable 

wheel scales (Dini Argeo, type: WWSE15T, uncertainty: 20 kg) calibrated using a dead-

weight machine. Each wheel scale measured the load on a single wheel. Static 

determination of the weight was made in a place with less than 0.5% slope and by having 

the truck facing one direction for half of the measurements and facing the opposite direction 

for the other half of measurements (as prescribed in Annex A.9.3.1.3 of OIML R-134). The 

loads per axle and gross weights are listed in Table 1 with their respective uncertainties. 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 uncertainty of larger than 10 kg, the value of the load is given with 1 kg precision as this 

is required by the OIML R134 evaluation scheme. 

 

Each truck was measured in an unloaded state and at maximum load capacity. For each 

speed, truck type and load, the test was performed twice on the left side, twice on the right 

side and five times on the centre of the sensor. The whole set of test results consisted of 216 

measurements covering the different configurations of speed, type of truck and loads. A 

totlal of 720 individual axle load measurements was performed. 
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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  Axle1 Axle2 Axle3 Axle4 GW 

2 axles 

empty  

Weight (kg) 5252 4368   9621 

U (kg) 25 25   20 

2 axles 

loaded 

Weight (kg) 7359 13209   20568 

U (kg) 100 100   50 

4 axles 

empty 

Weight (kg) 2716 3177 3969 3765 13618 

U (kg) 100 250 60 40 100 

4 axles 

loaded 

Weight (kg) 4607 5325 9365 9228 28527 

U (kg) 70 250 350 120 120 

2 axles+ trailer 

empty 

Weight (kg) 5252 4368 3527 3815 16963 

U (kg) 25 25 30 30 30 

2 axles+ trailer 

loaded 

Weight (kg) 7359 13209 9699 11563 41831 

U (kg) 100 100 160 180 70 

5. Evaluation of in-Motion Tests 

The measurement results of the in-motion tests were evaluated using four different methods: 

OIML R134, ASTM-1318, COST323 and YONA. 

5.1 OIML R134  

The in-motion measurements show that the maximum error with respect to the reference 

value for the gross weight is less than 5% (max. 4.76%) for all 216 measurements. 

Therefore, according to OIML R134, the system meets class 10. In a statistical analysis of 

the gross weight data, the standard deviation is 2.2 % and the mean value is 0.95%. For the 

axle weights, the maximum error is less than 15% (max. 14.69%) for all 720 measurements. 

The standard deviation is 3.5 % and the mean value is 0.85%. 

 

The histogram in Figure 4 shows the distribution of the results for gross weights and axle 

loads. The x-axis shows the error (calculated as the relative errors between the weight 

measured in motion and that measured statically). The y-axis shows the number of 

measurements. Therefore, the curve indicates the distribution of the error. 

 



166 

 

 

Figure 4 ï Distribution of error for gross weights and axle loads. The standard 

deviation is 2.2 % for the gross weight and 3.5 % for the axle load. 

 

 

The histogram of the relative error for the gross weight and the axle load is not a Gaussian 

distribution, but shows that several measurement populations are present. This is inherent to 

the requirement of OIML R-134 and the specific 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 conditions (just 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. 

5.2 COST 323 

The COST 323 recommendation gives a lot of freedom in the way the test of the system is 

conducted and provides some mathematics to determine the confidence interval based on 

the type of measurement. The way the dynamic test is required in OIML R134 is defined, in 

COST 323, as a measurement with limited reproducibility (R1) in environmental 

repeatability (I). The minimum level of confidence and the theoretical confidence level are 

given in Table 2. It appears that the results obtained comply with the requirements of 

COST 232 if all of the results are interpreted together. The sub-class of measurements made 

at 60 km/h fails to comply with the requirement of COST 323, presumably due to the 

dynamic effects of the vehicles at high speed. It has to be noted that the result for the gross 

weight fails in spite the fact that all of the points are within the tolerance of 5 %. This 
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contradiction comes from the fact that in COST 323, a hypothesis on the distribution is 

made and the results are calculated based on the standard deviation and mean value. In this 

set of measurements at higher speed the measurements look more like a square distribution 

and are not well described by the hypothesis of COST 323. The difference is, however, 

marginal; it fails shortly in COST 323 while is complies with a tight margin in OIML-134. 

 

Table 2: Analysis of the measurements, according to the mathematical model of 

COST 323. The two first lines include all of the measurements and are the conditions 

required by COST 323 while the two last lines are presented in order to compare the 

acceptance criteria.  

Speed range Gross  

weight / 

 Axle 

Sample 

 

(n) 

Mean 

 

(m) 

St.Dev. 

 

(s) 

Toleran

ce A(5) 

(ŭ) 

Min. 

Level. 

(0́) 

Theoretical 

confidence 

(ˊ) 

2 ï 60 km/h Gross 216 -0.95 % 2.23 % 5 96.0 % 96.1 % 

2 ï 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 % 

 

5.3 ASTM E1318 

The ASTM E1318 standard defines several functional performance requirements. The Type 

III implies a maximum deviation of 6% for the gross weight and a maximum deviation of 

15% for the axle load. Since both criteria are fulfilled, the system meets class ASTM Type 

III.  However, it has to be mentioned that the maximum speed of the measurement is limited 

to 

60 km/h in this test, while ASTM E1318 requires 130 km/h for class III. 

5.4 YONA 

The results of the test measurements were also evaluated using the YONA program (Slavik, 

2008). YONA is not a standard, but a software tool for evaluating the performance of WIM 

systems. Based on the characteristics of a test sample, YONA provides a rating of the 

accuracy class for the system under test. The rating uses accuracy classes mentioned in the 

COST 323 recommendations for gross weight and single axle loads. As input, YONA 

requires information about: 

¶ the test sample: sample size (n), mean error (m), standard deviation of error (s) and error 

source (vehicle mass or axle load measurements); 

¶ the expected accuracy: delta (ŭ); this has no influence on the end result, only on the time 

the simulation needs to find the result; 

¶ the settings for simulation: maximum percentage of excessive errors (Qcrit), minimum 

confidence level for the result of the assessment (Conf). For all evaluations, the values 

Qcrit = 5% and Conf = 95% were used, because this results in a value for delta where 

the accuracy interval [-ŭ, +ŭ] contains 95% of all measurements. This is similar to the  

[-2ů,+2ů] interval of the Normal distribution; 
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¶ the vendor risk (G) and buyer risk (B); for these values, default values were used, since 

they are not relevant for this type of evaluation. 

 

. 

In this case, YONA was used to find the accuracy class (WIM rating) of the system under 

test for two situations: A) All speeds (5km/h, 15km/h, 30km/h, 60km/h) and B) High speed 

(only 60km/h). The results of the evaluation are shown in Table 3. 

 

Table 3 ï Results Assessment by YONA. 

Speed range Gross / 

 Axle 

Sample 

(n) 

Mean 

(m) 

St.Dev. 

(s) 

Delta 

(ŭ) 

Rating 

2 ï 60 km/h Gross 216 -0.95 % 2.23 % 6% B(6) 

2 ï 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(6), but for high speeds it is slightly 

lower, B(7). As can be seen in Table 3, the standard deviation for the (54 and 180, 

respectively) high-speed measurements is higher than that of all measurements together 

(high speed and lower speeds), due to dynamic effects as mentioned earlier. It must be 

noted that the rating obtained with YONA is very similar to the value obtained directly with 

COST 323. 

5.5 Analysis 

Table 4 ï Rating Results for all Methods. 

Method / Class Vehicle 

Mass 

Axle Loads 

OIML R-134 Class 10 -- 

COST323 (2 ï 60 km/h) A(5) A(5) 

COST323 (60 km/h) B+(7) B+(7) 

ASTM E1318 Type III Type III 

YONA (All)  B(6) A(5) 

 

Table 4 shows the rating results (accepted classes) from the different methods. The results 

from COST323, ASTM E1318 and YONA are similar. The rating of OIML R134 is almost 

2 times higher, Class 10 instead of Class B(5) or B(6), respectively. The reason is that 

OIML R134 has separate requirements for initial verification that are 2 times stricter than 

those for in-service verification. 

6. Conclusions and Recommendations 

A WIM system consisting of two rows of Kistler Lineas WIM-sensors 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 values measured by static 

scales, with results as follows: 
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¶ 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 system tested meets class A(5) for speed 3 ï 60 km/h. 

¶ The system tested meets the ASTM E1318 requirements for Type III systems; the 

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, this has been 

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 when different assessment methods are 

used. Difference has been noted between a recommendation that relies on the effective 

distribution of the measurements (OIML 134) versus recommendations that make 

assumptions on the distribution of the measurements (COST 323, YONA). WIM users need 

one internationally accepted reference for the performance of their systems that is both 

practical to use and scientifically well-founded. At the same time, this reference is equally 

essential for the WIM users to be able to confidently make an objective selection of which 

systems meet their requirements. 
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Abstract 

With the evolvement of modern Weigh-In-Motion equipment both in the field of sensor and 

logger technology the way in which calibration and verification is undertaken has also 

changed. This paper discusses some traditional calibration and verification methods and 

suggests how to implement more reliable in-field and statistical calibration and verification 

methods. 

Keywords:  Weigh-in-Motion, WIM, Calibration, Verification, Front Axle Mass, FAM, 

Truck Tractor (TT) Method  

 

Résumé 

Avec lô®volution des syst¯mes modernes de pesage en marche tant au niveau de 

lô®quipement que de la connectique, la mani¯re dont sont r®alis®es la calibration et la 

vérification doit aussi changer. Ce papier discute de méthodes traditionnelles de calibration 

et de vérification, et suggère quelques manières statistiques et fiables pour réaliser ces 

mêmes opérations.  

Mots-clés: Pesage en marche, WIM, calibration, vérification, charge sur premier essieu, 

FAM, méthode Truck Tractor (TT).  
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1. Introduction  

With the evolution of Weigh-In-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 some aspects of these changes. 

2. In -Field Calibration and Verification  

Most of todayôs WIM systems use digital methods rather than a physical óturn-the-knobô 

process to calibrate a WIM system. When a wheel moves over a given WIM sensor the 

signal from the sensor is digitized giving a set of signals (s1, s2, s3é sn) 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 then related 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 óvalueô (C) was set on the logger by physically turning 

a knob on a gain amplifier or by adjusting some 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 logger thus 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 two things. 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 now post-calibrate all 

ónon-calibratedô WIM data after the WIM has been calibrated. 

 

Since WIM systems measure the instantaneous in-flight 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 and the aim of the calibration  process is to reduce 

the mean weight error or mean weight difference to zero.  

 

The aim of the verification process is to determine the extent to which the WIM weights 

differ from the static weight. This is normally expressed as the standard 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 required physical adjustments to the electronics a number of 

calibration runs had to be done, and the calibration óknobsô turned, until the system was 

deemed calibrated; only then would one proceed with the verification runs. To get this 

calibration órunô information is time consuming and also 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 the calibration and why it is advantageous to use both the 

ócalibrationô and óverificationô run information as one set. The relative error (ei) between the 

WIM weigh result (wi) and that of the statically weighed vehicle result (W) is defined as 

(expressed as a percentage) 

 

 ei = 100 * (wi-W)/W 

 

If we have (n) samples then the mean error (x) and standard deviation of error (s) are given 

by 

 

 x = (× ei ) / n   and  s =  [ { n  (× ei
2
 )  - (×ei )

2
  } / n (n - 1) ]

½ 

 

A WIM system is typically calibrated by adjusting the calibration factor C such that the 

mean error (x) is ZERO.  If one uses the individual axles for calibration, for example, then 

the calibration factor C is  

  

 C =  (× Wa) / (× rai) 

  

If the number of samples (n) is large then the calculated mean error (x) approximates the 

true mean error (µ) well, but if the number of samples is small then the difference between 

x and µ can be quite significant. The same applies to the accuracy with which the calculated 

standard deviation (s) approximates the true standard deviation ů. Classical statistics tells us 

that the confidence interval A(1-Ŭ) for the mean with n samples (and n small) is given by 

 

 x - tŬ/2 s / ãn  <  µ  <  x + tŬ/2 s / ãn 

 

where tŬ/2 is the value of the Students t distribution with n-1 degrees of freedom and leaving 

an area of Ŭ/2 to the right of the distribution 

 

Similarly the certainty with which we can determine the true standard deviation ů is also 

dependent on the sample size and the confidence interval is given by 

 

 (n-1) s
2
 / ɢ

2
Ŭ/2  <  ů

2
  <  (n-1) s

2
 / ɢ

2
1-Ŭ/2 
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where ɢ
2
Ŭ/2 is the chi square distribution with n-1 degrees of freedom leaving and area of Ŭ/2 

to the right of the distribution 

 

For example, if one is dealing with an ASTM Type I WIM system, then one expects that 

95% of the individual axles weights fall between ±15% of the static weight i.e. one would 

expect a ů of no bigger than 7.6%. If one plots the expected uncertainty of the calibration at 

95% confidence for the number of available samples then one gets the plot in Figure 1. 

 

Typically, a 5 axle (122) vehicle is used to calibrate and verify a WIM system. Usually 2 

runs are done to ócalibrateô the system and 10 runs to verify the system. If one uses the 

individual axles to calibrate the system, then each órunô adds 5 samples to the sample set. 

After the first run we have a potential error on our calibration of 13%, after the 2
nd

 run the 

error 7% while after 10 runs the potential error has reduced to 3% (Figure 1).  

 

 

Figure 1 ï % Error on the calibration of an ASTM Type I WI M as relates to sample size. 

 

Figure 2 - % Error made when estimating the ů for axle weights on an ASTM Type I 

WIM  

To determine whether a system performs within specification the system is verified using 

10 runs, thus 50 axles. On an ASTM Type I WIM (15%) one 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. Clearly more 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 Front Axle 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 selected trucks (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). Never-the-less, with site specific knowledge on the behaviour of the 

FAM at a given site, this reference is still a good check to evaluate the drift and 

performance of a WIM system. 

 

Figure 3 ï Average daily FAM for 6 axle articulated vehicles (Dec 2010 to Feb. 2011) 

 

 

Figure 4 ï Average FAM Frequency Distribution of 6 axle articulated vehicles 
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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 done by 

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 when it abruptly climbs. 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 according 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 Ton respectively. 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 

the FAM climbs on a Sunday (Figure 3). 

 

Figure 5 ï FAM Frequency Distribution of Empty, Half and Fully loaded vehicles 

 

Figure 6 ï Daily Average % Loading of Empty, Half and Fully loaded vehicles 
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If one looks at the FAM from each individual sensor then one observes that the sensors in 

the left wheel track óunder weighô while those in the right wheel track óover weighô (see 

Figure 7). This is partially due to the fact that the calibration was done using static weights 

measured on a flat surface while the WIM site 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 authors have observed these differences at a number of other sites in 

South Africa, Australia and the US too. In the US where trucks drive on the óotherô side of 

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 November 2010 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. 

 

Figure 7 ï FAM Frequency Distribution of individual WIM sensors (February 2010) 

With the advent of faster computers, better methods, such as the Truck-Tractor (TT) 

method, have been developed (by De Wet and others) that allows one to verify WIM 

systems more reliably 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 21.8 Ton. The correction method is based on a multi-pass process whereby the 

ócalibrationô of the WIM data is adjusted by a factor k until the mean TT weight of the 

sample is 21.8 Ton. Two sample selection methods were proposed; one using a running 

count of trucks (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 so common 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 actual target mass used by the authors (23.5 Ton) has still to 



177 

 

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 post calibration 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 

post-calibration is that the slow drift has been removed (see Figure 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. 

 

 

Figure 8 ï TT Truck Frequency Distribution of the WIM sensors prior post 

calibration 

 

Figure 9 ï TT Truck Frequency Distribution of the WIM sensors after post calibration 

Statistical post calibration using the TT-Method can remove slow drifts in the calibration of 

a WIM system but further research is required on the TT target mass and on how to 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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Figure 10 ï Average daily FAM after post calibration using the TT Method 

4. Conclusion 

Providing the WIM data logger ensures the integrity of actual 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 mix and vehicle configuration in the population plays in 

selecting reference values.  
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Abstract 

This work presents the method of autocalibration of WIM systems. The algorithm  allows 

for ongoing compensation of the influence of factors interfering with the system accuracy. 

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 predominance of the autocalibration method over the 

preliminarily weighed vehicles calibration method. 

Keywords:  Autocalibration, Weigh-in-Motion, HS-WIM 

 

Résumé 

Ce papier pr®sente une m®thode dôauto-calibration de systèmes WIM qui permet de 

compenser lôeffet de facteurs affectant lôexactitude des r®sultats de pesage. Des r®sultats de 

simulations présentés sont obtenus par les conclusions des expérimentations de pesage sur 

des stations équipées de deux capteurs piézopolymères. Les résultats montrent clairement la 

supériorit® de cette  m®thode sur la m®thode classique dôauto-calibration utilisant des 

véhicules pré-pesés. 

Mots-clés: Auto-calibration, pesage en marche, HS-WIM. 
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1. Overview of WIM System Calibration Methods 

The aim of WIM system calibration is to determine the calibration coefficient C according 

to the equation: 

() ()iy
C

iys Ö=
1         (1) 

where: 

()iyS  - calibrated result of weighing the i-th vehicle, i.e. evaluation of total mass of the 

vehicle or static load of a selected axle, 

()iy   - non calibrated result of weighing the i-th vehicle, i.e. the result of processing the 

signal from WIM system sensors.  

 

In the process of calibration the key element is the reference value. The most often used 

method of WIM system calibration is preliminarily weighed vehicles, which is appropriate 

for the majority of weighing systems (Jacob et al., 2002). The whole process lasts between 5 

and 8 hours and, despite the simplicity of the idea, it is hard to carry out due to many 

additional requirements (Huhtala, 1999). A different method consists in the use of an 

instrumented vehicle equipped with a measuring system that enables ñself-weighingò 

(Kalibra, 2009). It is a significant advantage of the method that it enables precise 

determination of axle load on the sensor at the moment of measurement. Among the 

drawbacks of the method is the high cost of vehicle construction. Methods using static and 

dynamic force actuators are rarely used due to many disadvantages: e.g. it does not take into 

account the pavement/vehicle interaction. Described calibration methods are time-

consuming and expensive and for these reasons are not normally carried out more often than 

every 6 months. Taking into consideration the fact that WIM systems with piezoelectric 

polymer sensors are nonstationary (LTPP, 2002) (Burnos, 2006), double calibration of the 

system in a year is not sufficient.  

 

Increased frequency of calibration is possible by means of using a method that uses 

reference vehicles. Its grounds for the first time were formed in 1984 in the work (Stanczyk, 

1984), and then developed in (Stanczyk, 1991): 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 systems calibration.  

2. Autocalibration  

The autocalibration method consisted of a continuous estimation of the WIM system 

calibration coefficient and modification of weighing results according to the currently 

specified estimate. The basis of the method is the assumption that weighing results for a 

certain vehicle category participating in the traffic stream can 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 axle should have a known expected value and low relative 
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random deviation, 2) the population of such vehicles should be large at the WIM site, 3) 

such vehicles should be easily recognisable by the calibrated system. 

 

Vehicles that meet these terms will be referred to as the reference vehicles. This category of  

vehicles has been specified based on analysis of weighing results from a Multi -Sensor WIM 

(MS-WIM) system (Burnos et al., 2007) installed on road 81 in southern  Poland (results of 

weighing over a million vehicles) and from the Polish Road Traffic Inspection Office (this 

institution uses precise static or low-speed scales with a legalisation certificate). Basis on  

statistical analysis of data, a category of five-axle articulated vehicles was specified, 

including a two-axle tractor with a three-axle semi-trailer, as a category of reference 

vehicle. Loading of the first axle of those vehicles is characterised by the lowest random 

variability among all examined categories of vehicles. Furthermore, this load is most 

weakly correlated with the loads of other axles and the total mass. This means that the load 

of this axle is relatively stable and insignificantly depends on carried load. A mean value 

m0= 61670 N of the first axle of reference vehicles was chosen as a reference value in 

autocalibration method. 

2.1 Algorithm  

Taking into consideration the fact that the calibration coefficient C should be specified in a 

continuous manner, a modified Weighted Recursive Least Squares algorithm with 

exponential forgetting factor (Vahidi et al., 2005) was used for computation. Modification 

of the algorithm was done by making the forgetting factor ɚn dependent on the time period 

between reference vehicles ntD  by means of  a weight function (Burnos, 2008). 

3. Simulation Test  

Sensitivity of the autocalibration method and the preliminarily weighed vehicles method 

(i.e., classic method) to 4 parameters of the weighing system was tested using simulation. 

The basis of the simulation tests was a model of a WIM system with special consideration 

for its nonstationarity. This model is excited with a simulated input, and its output is a 

simulated measurement result that undergoes calibration by means of the classic method or 

the autocalibration method. Comparison og the calibrated weighing result with the 

simulated excitation is the measure of system accuracy.  

3.1 WIM System Model 

The model of the WIM system has been assumed in the form described by equation (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. 

() () ( ) ()[ ]

() () ()
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where: y
j
(i) ï simulated result of weighing of the i-th vehicle by the j-th system sensor, p

j
(i)  

ï excitation model ï e.g. load of the first axle of the i-th  reference vehicle, C(Ta
m
)  ï 

calibration coefficient model which depends on model Ta
m
  ï changes of asphalt 

temperature, k, w, d ï model coefficients, sz ï parameter determining relative (referred to 

m0) variability of sensitivity along the load sensor, z(i) ï random component with uniform 

distribution from interval [-0,5 · 0,5],  r ï constant value ï bias error load (Jacob and 

Dolcemascolo, 1998).  

3.2 Model of Reference Vehicle Axles Load 

Assuming that in the moment of weighing the vehicle moves with constant speed V and 

load sensors are arranged uniformly within mutual distances D, then the temporary axle load 

on the       j-th sensor counting from the arrival direction, can be calculated according to 

formula (3). 
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0 2sin jp     (3) 

where: j = 1, 2, 3, .. ,  P0 ï constant component - static axle load, Pk, fk, jk ï models of 

parameters of the k-th dynamic component of the load signal, respectively (Cebon, 1999): 

amplitude (linear model assumed), frequency (random variable with normal distribution) 

and initial phase (random variable with uniform distribution). 

3.3 Model 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 southern Poland. Sinusoidal 

variability of daily fluctuations of this quantity with a long-term tendency resulting from the 

change of the mean value due to changes of the seasons of the year has been assumed. 

3.4 Model of Algorithm of Static Load Estimation  

In the classic WIM system configuration with two (j=2) polymer sensors, the algorithm for 

estimation of static load y(i) for the i-th vehicle is reduced to the mean value estimator: 

() ()ä
=

=
2

12

1

j

j iyiy       (4) 

3.5 Criterion for  Weighing Results Accuracy Evaluation 

As a criterion for WIM system accuracy estimation, the relative root mean square error 

(r.m.s) was selected as defined with the following formula: 
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Simulation tests consisted of the evaluation of the sensitivity of the algorithms for classic 

calibration and autocalibration to changes in 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 simulation the value of only one 

of them, was changed and the other ones were held constant. 

a) ntD  ï time period between reference vehicles, (reference value 0,05 h) 

b) 
0P

p
p

s
ds= ï relative standard deviation of the simulated first axle load of reference 

vehicles (reference value 10%), where: ps ï standard deviation of the simulated axle 

load, 0P - constant component ï static load of the simulated axle load, 

c) TaA  ï amplitude of asphalt temperature changes (reference value 8 °C),   

4. Classical Calibration and Autocalibration ï Evaluation of Properties of the 

Methods 

As presented in Figure 1a, the characteristics clearly indicate that the classic calibration 

method does not work well in the case of nonstationary systems. The autocalibration 

method provides almost double the accuracy of weighing results in given measurement 

conditions characterised by the reference values of the WIM system parameters.  

The quality of the road influences the amplitude of the vertical oscillations of a vehicle ( pds

). Despite doubts, random variability of the reference value is not a critical parameter of 

autocalibration method (Figure 1b), which indicates its usability at WIM sites installed on 

the worst quality roads.  

 

The amplitude of the asphalt temperature influences the range of calibration coefficient 

changes, and at the same time the degree of system nonstationarity. 
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Figure 1 ï Influence of: a) time periods 
ntD , b) relative variability of t he load of the 

first axle of reference vehicles c) asphalt temperature amplitude on weighing results 

error . 

The larger the amplitude, the higher is the nonstationarity of WIM system. The classic 

method of calibration indicates very high sensitivity to the changes of asphalt temperature 

amplitude (Figure 1c). The autocalibration method can be used in significantly                

nonstationary systems without major influence on calibration quality. 

5. Experimental test ï evaluation of WIM  system accuracy 

Evaluation 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 between 4:30 a.m. and 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 8:00 a.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 

recorded. Therefore, the experiment was carried out experiment in two stages: Stage I ï 4:30 a.m. ï 

8:00 a.m. ï 120 weighing results for preliminarily weighed vehicles and few dozen reference 

vehicles were recorded (due to thick cloud cover asphalt temperature did not change significantly 

within these hours); and Stage II - 8:00 a.m. ï 12:00 p.m. ï weighing results of reference vehicles 

passing through WIM station. During Stage  II of the experiment weather conditions changed and 

the asphalt temperature grew rapidly (Figure 2). 
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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 the for evaluating  WIM system accuracy, as shown in 

equation  (5) where simulated results have been replaced with measured results. 

Additionally, in order to visualise the probability of occurrence of a specific value of 

relative error of weighing results, a reliability measure has been defined: 

 

() ()gg P-=1Pr         (6) 

 

where: 

() ()
()iPs

iPsiy -
=g  ï absolute value of relative weighing error, ()iy  ï result of weighing a given 

axle or estimation of the total mass of the i-th vehicle, ()iPs  ï result of static weighing a 

given axle (or the total mass) of the i-th vehicle, ()gP  ï distribution function of gerror. 

5.1 Stage I 

Three types of heavy vehicles with five axles were chosen for preliminarily weighed 

vehicles. According to the European Specification COST323 (Jacob et al., 2002), total 

masses of the vehicles selected to be 19980 kg, 26840 kg, and 35860 kg. Vehicles passed 

the calibrated WIM site 120 times at different speeds. Table 1 presents the evaluation of the 

accuracy of weighing results produced by a WIM system calibrated with the use of the 

classic method dclass and autocalibration dauto, while Figure 3 presents the reliability 

characteristics. The obtained results indicate comparable accuracy of weighing results in a 

WIM system calibrated by the classic method and by autocalibration. However at this stage 

of the experiment asphalt temperature did not change; therefore, it is hard to generalise this 

conclusion for the case of a nonstationary system. The results, though, have demonstrated 

the usefulness of the autocalibration method as an alternative for the classic preliminarily 

weighed vehicles calibration method for WIM systems.  

 

a) 

b) 


























































































































































































































































































































































































































































































































































































































