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Abstract:
In a cooperative effort between its Transportation Planning and Motor Carrier Services divisions,
Montana’s Department of Transportation (MDT) has developed a Weigh-in-Motion Plan that
recommends doubling current truck weight and classification efforts by expanding to a statewide
system of 90 commercial vehicle data reporting sites. The current Plan considers exclusively bending
plate WIM systems for the 12 new permanent proposed installations. Because of the significant costs
associated with these types of installations, now is an opportune time for MDT to re-evaluate and
compare the performances and costs of bending plate and piezoelectric WIM systems.

The objectives of this research are to compare the accuracy and precision of bending plate and
piezoelectric WIM systems under Montana-based traffic loading and weather conditions, describe the
effects of traffic loading and weather factors that affect performance, develop a strategy for improving
the operation of mainline sorting, comprehensively estimate system costs and then recommend a
system for use in Montana.

The primary measures of data quality used for system performance were that of accuracy, quantified as
mean percent error, and precision, quantified as the standard deviation of the mean percent error.
Factors were investigated using both graphical relationships and multiple linear regression modeling.

Results indicate that the tremendous cost increase from bending plate to piezoelectric WIM systems is
not commensurate with a gain in accuracy and precision. In fact, the piezoelectric system at Mossmain
outperformed the bending plate system from a standpoint of both accuracy and precision. Investigation
of relationships between axle group configuration and location revealed several curious behaviors as
well. Further investigation of these phenomena is recommended.

The findings of this investigation have led to the recommendation that piezoelectric WIM systems be
used for Montana’s expanded implementation of permanent WIM sites. It is important to recognize,
however, that this recommendation is based on results obtained at a single installation in Montana. If
the performance of piezoelectric systems is sensitive to installation parameters (e.g., quality in
workmanship, nature of pavement, etc.), this sensitivity will need to be considered regarding any future
installations. 
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ABSTRACT

In a cooperative effort between its Transportation Planning and Motor Carrier 
Services divisions, Montana’s Department of Transportation (MDT) has developed a 
Weigh-in-Motion Plan that recommends doubling current truck weight and classification 
efforts by expanding to a statewide system of 90 commercial vehicle data reporting sites. 
The current Plan considers exclusively bending plate WIM systems for the 12 new 
permanent proposed installations. Because of the significant costs associated with these 
types of installations, now is an opportune time for MDT to re-evaluate and compare the 
performances and costs of bending plate and piezoelectric W M  systems.

The objectives of this research are to compare the accuracy and precision of bending 
plate and piezoelectric W M  systems under Montana-based traffic loading and weather 
conditions, describe the effects of traffic loading and weather factors that affect 
performance, develop a strategy for improving the operation of mainline sorting,, 
comprehensively estimate system costs and then recommend a system for use in 
Montana.

The primary measures of data quality used for system performance were that of 
accuracy, quantified as mean percent error, and precision, quantified as the standard 
deviation of the mean percent error. Factors were investigated using both graphical 
relationships and multiple linear regression modeling.

Results indicate that the tremendous cost increase from bending plate to piezoelectric 
W M  systems is not commensurate with a gain in accuracy and precision. In fact, the 
piezoelectric system at Mossmain outperformed the bending plate system from a 
standpoint of both accuracy and precision. Investigation of relationships between axle 
group configuration and location revealed several curious behaviors as well. Further 
investigation of these phenomena is recommended.

The findings of this investigation have led to the recommendation that piezoelectric 
W M  systems be used for Montana’s expanded implementation of permanent W M  sites. 
It is important to recognize, however, that this recommendation is based on results 
obtained at a single installation in Montana. If the performance of piezoelectric systems 
is sensitive to installation parameters (e.g., quality in workmanship, nature of pavement, 
etc.), this sensitivity will need to be considered regarding any future installations.
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CHAPTER I 

INTRODUCTION

Weigh-in-motion (WIM) systems were introduced for truck weight monitoring in the 

early 1950’s through work conducted by the U.S. Bureau of Public Roads (Mumayiz 

1988). Since their inception, the performance of WIM systems in effectively capturing 

truck weights has been the focus of significant investigation. .

Recent WIM systems typically consist of three components designed to: (I) capture 

vehicle weight, (2) capture other vehicle data such as speed and the number, type and 

spacing of axles, and (3) collect, process, transmit and analyze vehicle data. The 

mechanisms for capturing other data and processing, transmitting and analyzing data are 

relatively standard and hence, are not of particular interest in this investigation. Instead, 

this investigation focuses on the performance differences between the various 

mechanisms for weight capture. Two of the most promising mechanisms in terms of 

performance and cost-effectiveness are: bending plate scales and piezoelectric sensors.

Bending plate WIM systems use electronic strain gauges bonded to the underside of a 

steel plate (see Figure I). As a vehicle passes over the bending plate, installed flush with 

the roadway surface, the strain gauges measure the bending force applied to the scale 

platform. The static load is estimated using the measured dynamic load and calibration 

parameters to account for the effects of uncontrollable factors such as vehicle speed and 

vehicle/roadway interaction. Bending plate WIM systems consist of either one or two
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scales placed in the travel lane perpendicular to lane of travel. When two scales are used, 

one scale is placed in each wheel path, either side-by-side or staggered, so wheels can be 

measured individually.

Piezoelectric WIM systems vary in design. The more common piezoelectric sensor 

uses a coaxial cable placed in a groove transverse to the traffic lane and covered with a 

sealing material (see Figure 2). When a vehicle passes over the cable, the cable is 

compressed generating an electric charge on the conductive surface of the cable. The 

accumulated charge produces a voltage differential that is proportional to the dynamic 

vehicle load. As with the above bending plate scale, the static load is estimated using the 

measured dynamic load and calibration parameters.

Figure 2. Piezoelectric Weigh-in-motion Sensor

Problem Description

With two promising WIM technologies available for use, an ongoing debate centers

on the following questions:



3

(1) How does the performance of the bending plate WIM system compare to that of the 

piezoelectric WIM system?

(2) How does the cost of the bending plate WIM system compare to that of the 

piezoelectric WIM system?

(3) Is the cost difference between the bending plate and piezoelectric WIM systems 

commensurate with the gain in performance?

Nationally, recommendations for deploying W M  systems have been based solely on 

the performance of the weight capture mechanism; bending plate W M  systems 

reportedly outperform piezoelectric W M  systems. In a study conducted by the National 

Cooperative Highway Research Program (NCHRP), the mean axle weight error -  defined 

as the difference between the WM-reported weight and the true or static weight - for 

bending plate W M  systems was reported to be ± 4 percent, while the mean axle weight 

error for piezoelectric W M  systems was reported to be ± 6 percent (NCHRP 1986).

Of concern however, is the dated nature of the fundamental studies establishing 

bending plate W M  system performance ratings and the environment in which these 

studies were conducted. The aforementioned investigation conducted by NCHRP (1986) 

considered W M  system performance under laboratory conditions rather than dynamic 

road and environmental conditions and was conducted more than ten years ago 

discounting recent and significant advances in piezoelectric W M  system technology.

The results of more recent studies indicate that some piezoelectric W M  systems 

perform comparably to the bending plate W M  systems under dynamic road and 

environmental conditions. A study conducted by the 1-95 Coalition (1992) found that
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piezoelectric WIM systems were equal to, and in some cases outperformed, the bending 

plate WIM systems with respect to accuracy.

To date, there has been no definitive study conducted that directly compares the 

performance and costs of bending plate and piezoelectric WIM systems under dynamic 

road and environmental conditions. Hence, the objectives of this investigation were to:

(1) directly compare the performance of bending plate and piezoelectric WIM systems 

under traffic loading and weather conditions specific to Montana,

(2) describe the specific traffic loading and weather characteristics significantly affecting 

the performance of bending plate and piezoelectric WIM systems,

(3) given the findings related to each WIM system’s performance under various traffic 

loading and weather conditions, develop a strategy for improved mainline sorting 

(i.e., weigh station bypass) operations,

(4) comprehensively estimate the costs of each system including procurement, 

installation, maintenance, and calibration costs and

(5) recommend a WlM system for use in Montana, taking into account the intended use 

for the system (i.e., mainline sorting of overweight commercial vehicles), each 

system’s performance under Montana-based traffic loading and weather conditions 

and comprehensive system costs.

Background

The Transportation Planning Division in cooperation with the Motor Carrier Services 

Division has recently developed a Weigh-in-Motion Plan for the Montana Department of
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Transportation (MDT). The Plan recommends expansion to 90 statewide WIM systems; 

26 of which are permanent and operated on a continuous basis. The remaining 64 are 

operated intermittently on a three-year cycle using fully portable WIM equipment.

The intent of this statewide implementation is threefold: to improve (I) the efficiency 

and effectiveness of truck weight enforcement activities, (2) the accuracy and geographic 

diversity of truck weight and classification data used for pavement design, engineering 

and planning applications and (3) data collection in support of the Federal Highway 

Administration’s Trajfic Monitoring Guide requirements.

The current Plan considers exclusively bending plate WlM systems for the 26 

permanent installations. Because of the significant costs associated with these 

installations, now is an opportune time for MDT to re-evaluate the performance and cost 

of bending plate and piezoelectric WIM systems. If piezoelectric W M  systems prove 

sufficiently accurate and precise, MDT would realize a significant cost savings resulting 

from lower equipment and installation costs, as well as savings in long-term system 

maintenance. Further savings would be realized in having consistent system use agency

wide; the Planning Division which currently uses piezoelectric W M  systems for data 

collection would not have to re-train personnel, build a new parts inventory, and purchase 

new software to handle the required data processing.

Report Purpose and Contents

This report provides a comprehensive summary of findings related to bending plate 

and piezoelectric W M  system performance and cost. Following this introductory
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Chapter, this report provides a review of pertinent literature describing previous efforts to 

quantify WIM system performance, effects on mainline sorting operations and reported 

WIM system costs (Chapter 2). Chapter 3 describes this investigation’s methodology to 

investigate differences in WIM system performance, identify influential traffic loading 

and weather factors, consider the implications for mainline sorting operations and 

compare WlM system costs. The results of this investigation are reported in Chapter 4. 

Chapter 5 provides concluding remarks and recommendations regarding the use of 

bending plate and piezoelectric W M  systems in Montana.

The results of this study will be used by the Montana Department of Transportation’s 

Motor Carrier Services Division in determining whether piezoelectric W M  systems can 

be used instead of bending plate W M  systems for mainline sorting applications. 

Information related to traffic loading and climatic effects on W M  system performance 

will be useful in interpreting the data collected from these systems and in developing 

remedial measures to improve the quality of the resultant data.
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CHAPTER 2 

LITERATURE REVIEW

Previous findings related to WIM system performance and subsequent effects on 

mainline sorting operations -  though not directly comparable due to advances in WIM 

system design and variability in study design - provided a general benchmark for this 

investigation. A review of previous study methods helped to ensure that nothing was 

overlooked in this investigation. These earlier studies on performance in many instances 

identified important issues related to WIM performance that should not be overlooked in 

this investigation. ■

WIM System Performance

Weigh-in-motion system performance should be gauged with respect to both the 

quality of data (i.e., accuracy and precision) captured and the dependability of the 

equipment (i.e., reliability and durability). In the body of literature examined, 

information pertaining to the latter criterion -  equipment dependability -  was not found.. 

Instead, the bulk of the literature focused on the quality of WIM data. Hence, this section 

focuses on WIM data quality including: (I) common measures of effectiveness, (2) 

factors that affect data quality, (3) methods used to improve data quality, (4) acceptable 

tolerances as defined by National standards and (5) previous performance-related 

findings.
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Measures of Effectiveness

WIM system data is often referenced to weight data captured via static scales to 

determine data quality. Weigh-in-motion data quality is described in terms of accuracy 

and precision. Accuracy is the degree of conformity of a WIM measurement to a true 

value (i.e., static scale measurement) within applicable tolerances that define limits of 

allowable error. Accuracy is quantified as the mean percent error:

Error = WIM Measurement - True Value 

True Value

expressed as a percentage coupled with a confidence level (i.e., ± 5 percent at the 90 

percent confidence level). Initial and ongoing calibration of the WIM system corrects for 

accuracy.

Precision refers to the ability of the equipment to predict or account for confounding 

effects influencing the magnitude of the dynamic force measured by the WIM system. 

This ability to account for confounding factors is made apparent through the degree of 

agreement of repeated measurements. Precision is quantified as the standard deviation of 

the mean percent error.

One may consider the accuracy and precision of WIM data either as it pertains to 

gross vehicle weight or by individual axle or axle group measurements. Because WIM 

systems capture the individual axle and axle group weights and because said axle/axle 

group weights are desirable along with GVWs for various purposes beyond those of 

enforcement, it is more appropriate to consider the system accuracy and precision at this 

level. The gross vehicle weight obtained through WIM systems is simply the algebraic
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sum of all of the individual axle or axle group weights. By considering only the gross 

vehicle weight data, information related to the vehicle dynamic as it is in motion is lost.

Factors Affecting WIM Data Quality

The quality of data provided by WIM systems may be affected by a multitude of 

factors. The magnitude with which each factor may influence system accuracy has been 

poorly quantified to date. Mumayiz (1988) provides the most comprehensive list of 

factors likely to influence WIM data quality as a whole. Table I lists the factors 

identified by Mumayiz categorized as (I) vehicular factors, (2) roadway factors, (3) 

climatic conditions and (4) equipment factors.

Vehicular and Roadway Factors. The effect of vehicular and roadway factors on 

WIM system accuracy has been the focus of the previous literature. Mamlouk (1991) 

found that fluctuations in instantaneous dynamic loads can have a significant effect on 

WIM data quality. It has been shown that a load, applied to a pavement surface by a 

truck, varies instantaneously due to several factors including road roughness, truck speed, 

suspension-type, tire pressure and more.

Considering the dynamic complexity, the mass of a truck can be broken down into 

two components: sprung and unsprung mass. The sprung mass consists of the body and 

frame of the truck, powertrain, payload and driver. The unsprung mass includes the 

axles, spindles, brakes, wheels, and tires. The total load imparted to the pavement by a 

moving vehicle is the sum of the static load (weight) of the vehicle and the forces 

generated by the vertical movements of the sprung and unsprung masses (Mamlouk 

1991).
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Table I. Factors Likely to Influence WIM Data Quality (Mumayiz 1988)____________

Vehicular Factors 

•Vehicle speed
•Gross vehicle weight and its distribution 
•Payload placement and shifts
•Torque that causes dynamic load transfer between axles
•Number of axles, axle configuration, size and weight, mass moment of inertia
•Suspension system in terms of type, spring rate, damping characteristics
•Tire type and conditions, mainly stiffness, size, damping, tire pressure, tire contact 

area, single/dual and rotation
•Aerodynamic characteristics especially front profile of cab and wind effects 
•Pattern of braking and acceleration

Roadway Factors

•Alignment-horizontal and vertical 
•Surface roughness
•Macro-profile-longitudinal and transverse
•Grade
•Cross slopes

Climatic Conditions

•Temperature
•Wind
•Snow and Ice 
•Moisture

Equipment Factors

•Stiffness of load sensor/transducer on the roadway
•Oscillation of sensor that causes ringing
•Location of force sensor with respect to pavement surface
•Features of sensor
•Sensitivity to tractive forces
•Built-in software characteristics in terms of temperature adjustment, sensitivity 

algorithm, and linearity of calibration function
•Signal interpretation (digitizing, filtering, averaging, peak detection, etc.)
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The instantaneous force applied to the pavement fluctuates above and below the static 

weight, and the differences can be significant. A study by Sweatman (1983) showed that 

the instantaneous wheel force of a walking beam suspension truck, for example, could 

vary from 25 to 175 percent of the static wheel load at a speed of 50 mph on a medium

roughness road. Other studies have shown that the dynamic forces applied by moving 

truck wheels have typical root mean square amplitudes of 10 to 30 percent of the static 

wheel loads.

Much of the argument against using WIM technology for the purpose of enforcement 

has arisen as a result of concern indicated by various highway agencies that such devices 

are not accurate enough. The basis for this argument is that W M  devices rarely 

duplicate static weight measurements made under identical climatic conditions. 

However, as related by the previous discussion on vehicle dynamics, the problem may 

not be the accuracy of the W M  devices themselves but, rather, how to interpret their 

results. Because the dynamic load applied by a truck’s wheel varies instantaneously 

around the actual static weight, dynamic readings that match static readings would simply 

be the result of coincidence. A W M  device records the actual dynamic force applied to 

the pavement at a given instant in time and that particular measurement could represent a 

maximum, a minimum, or anything in between.

Directly correlated to dynamic response then, is the functionality of the suspension 

system on a given truck. Different suspensions have different vibration frequencies. 

Inaccuracies result because a W M  system is necessarily calibrated for one suspension 

type only. When Bergen et al. (1987) investigated the effects of vehicle dynamics on
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W M  data quality, he found that vibrations take one to three seconds to dampen out 

depending on the vehicle suspension type. Hence, a truck traveling at IQ kilometers per 

hour would vibrate for up to 85 meters after the point of excitation (Bergen, et al. 1987). 

Therein, Bergen, et al. found that a small bump in the pavement could produce variations 

in dynamic load as high as plus or minus 50 percent when specifically considering 

piezoelectric W M  systems.

Vehicular speed is another factor that has been proven to affect W M  data quality. 

An increase in speed seems to significantly affect the dynamic response of a truck, with 

percentage of load playing a significant role in the relationship. In a study done in 

cooperation with the Pennsylvania Department of Transportation, Sebaaly, et al. (1993)' 

found that the variability of dynamic loads at the empty load level was highly dependent 

upon speed, while at the intermediate and full load levels, the effects of speed were 

insignificant except in the back tandem axle case.

A 1999 study by Timms, Benekohal, and Barnett utilized individual difference 

analysis to investigate the accuracy of high-speed W M  system weight measurements. 

As a sidebar, the effects of truck type and speed on accuracy were also investigated. 

Tmcks were divided into non-Class 9 and Class 9 groups. Class 9 groups were further 

divided into regular trailer tandem and split-trailer tandem subsets. For each subset, 

differences between W M  and static gross vehicle and individual axle group weights 

were examined. Timms, et al. concluded that tmck speed did have a significant effect on 

W M  scale performance at a 95% confidence interval. It was also found that the first
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axle group and trailer tandem axle WIM weights were more accurate for split-trailer 

tandem trucks than regular-trailer tandem trucks.

Climatic Conditions. Climatic conditions, such as temperature change, have been 

shown to adversely affect the performance of W M  scales. Scale manufacturers are 

aware that temperature affects their equipment and have incorporated measures to 

account for such variation. What is not necessarily considered is the effect of 

temperature on the stiffness of the flexible pavements that may house W M  scale 

equipment.

As pavement temperature increases, stiffness decreases, and the “opposite and equal 

reaction” relationship is no longer valid. Southgate (1989) suggests that some of the 

energy that should be returning to support the W M  sensor is being absorbed by the more 

flexible pavement material. As the increased pavement temperature causes the stiffness 

of the pavement to decrease, the tire load is causing the pavement material to be 

compressed laterally as well as vertically resulting in energy being diverted in other 

directions. Since mass cannot be destroyed, energy cannot be lost, but one may be 

measuring only a portion of the energy and not the total energy. If some of the load is 

being distributed laterally rather than vertically as thought, then the vertical energy has to 

be less than anticipated. The reverse will be true if pavement temperature is less than that 

at the time of calibration.

W M  Equipment Factors. Equipment factors are an inherent weakness in W M  

technology. The interaction between sensitive electronic equipment and an ever-
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changing environment can be impossible to predict, allowing for systematic errors which 

are, to a certain extent, unavoidable.

WIM systems are traditionally calibrated using trucks of known weight within the 

normal traffic stream, and/or, dedicated trucks of known weight making repeated trips 

over the scale. Many states try to work around the cost of scale calibration by relying on 

a variety of auto-calibration techniques provided by W M  vendors. As time passes, the 

calibration of a scale can “drift” and begin to misrepresent truck weights.

The largest effects of such an error occur in the computation of equivalent single-axle 

loads (ESALs) for the purpose of pavement design. The fourth-order relationship in the 

mathematical formula developed by the American Association of State Highway 

Officials (AASHO) heavily magnifies the effects of poor calibration, which can lead to 

significant errors in determining the load experienced by a pavement, and thereby it’s 

expected pavement life. Although the effect of scale drift varies somewhat from site to 

site, the basic trend is that every I percent error that a scale is under-calibrated results in 

slightly more than a 3 percent under-estimation of the true ESAL value. Every one 

percent over-estimation in axle weight represents a 4.5 percent over-estimation of ESAL 

values (FHWA 1998).

Methods for Improving W M  Data Quality

The quality of W M  data can be improved through several methods. First, the use of 

more than one sensor increases the precision of W M  because multiple sensors can better 

compensate for dynamic variations (Tirums 2000, Dempsey 1996, Barbour 1993, Glover 

and Newton 1991, Routledge et al. 1989).
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A study conducted by Routledge et al. (1989) tested the precision of a conventional 

load cell WIM system as compared with one, two and three piezoelectric cables. The 

results of that study are shown in Table 2. Note that precision increases as the number of 

cables increases. In agreement with this finding, Glover and Newton (1991) found that by 

using a nine-sensor piezoelectric cable array, 89 percent of axles were weighed to within 

10 percent of their true weight compared with 59 percent using only one sensor.

Table 2. Multiple Piezoelectric Cable Performance (Routledge et al. 1989)

A x le
G ro u p

S a m p le
S ize

L o a d  C e ll P la tfo rm
I P ie z o e le c tr ic  

C a b le
2 P ie z o e le c tr ic  

C a b le s
3 P ie z o e le c tr ic  

C a b le s

M e a n
S ta n d a rd
D e v ia tio n

M e a n
S ta n d a rd
D e v ia tio

n
M ean

S ta n d a rd
D e v ia tio

n
M ean

S ta n d a rd
D e v ia tio

n

F ro n t
S te e r in g

28 -1 % 5 % -1 % 12% -4 % 10% -4 % 8 %

T a n d e m 4 4 -1 % 8 % -2 % 15% -2 % 15% -1 % 12%

G V W 2 8 0 % 4 % -1 % 9 % -2 % 8 % -2 % 6 %

S in g le 15 0 % 10% -1 % 10% 0 % 9 % + 1% 10%

Bergan (1997) recommends spacing multiple piezoelectric cables in such a way that 

the vibratory motion of the truck has a canceling effect when going from cable to cable. 

This approach is thought to maximize system accuracy and precision. He recommends a 

cable spacing equal to one-half of a wavelength and states most trucks have a frequency 

of 3 Hz. Theoretical work by Cebon and Winkler 1990 recommends the sensors be 

evenly spaced as follows:
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Cable Spacing = 2 + (« — I) * j
*  M 2/*/%

where:

cable spacing is in meters 

n is the number of sensors

s is the average traffic speed in meters per second and 

f is the average frequency of dynamic axle loads in Hertz.

Another way of increasing accuracy of WIM systems is to ensure the surrounding 

pavement is adequate. Where asphalt-concrete pavements are thin, having large in- 

service deflections, significant problems are created when using piezoelectric cables for 

weigh in motion (Routledge . 1989). Performance of piezoelectric sensors was also of 

major concern in Cottrell’s- study. In three of the five lanes of installation, the 

piezoelectric sensors failed. Pavement rutting was the major cause (Cottrell 1992). 

Another project concluded that stiffer pavements are preferable for piezoelectric WIM 

systems. (Sleath and Wanty 1992).

WIM Data Quality Tolerances

The American Society for Testing and Materials (ASTM) E1318-00 Standard 

Specification for Highway Weigh-in-motion (WIM) Systems with User Requirements and 

Test Methods (2000) defines acceptable data quality tolerances for various types of 

weigh-in-motion systems and for various weight data elements (i.e., axle weight, axle 

group weight, etc.). Highway WIM systems generally have three applications: (I) 

collecting statistical traffic data, (2) aiding enforcement and (3) enforcement. In each
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case, the required level of accuracy and precision varies. Table 3 summarizes the 

acceptable tolerances for various uses. WIM systems designated as Type I and II are 

designed for installation in up to four lanes and may accommodate highway vehicles 

moving at speeds as shown in Table 3. Types I and II differ only in that Type II does not 

deliver individual wheel load weight estimates, whereas Type I does. Type III systems 

may be installed in one or two lanes, off of the main highway lanes for lower speed 

vehicle identification. Type IV systems are designed to produce weight and load limit 

violations directly.

Table 3. Accuracy Tolerances for WIM Systems (ASTM 2000)
TYPEI TYPE II TYPE III TYPE IV

Vehicle Speed Range 10-80 mph 
16-130 kph

15-80 mph 
24-130 kph

15-50 mph 
24-80 kph

0-10 mph 
0-16 kph

Wheel Load ±25% ±20% ± 300 lbs 
± 100 kg

Axle Load ±20% ±30% ± 15% ± 500 lbs 
±200 kg

Axle Group Load ± 15% ±20% ± 10% ± 1,200 lbs 
± 500 kg

Gross Vehicle Weight ± 10% ± 15% ± 6% ± 2,500 lbs 
± 1,100 kg

Speed ± I mph 
± 2 kph

± I mph 
± 2 kph

± I mph 
± 2 kph

± I mph 
± 2 kph

Axle Spacing ± 0.5 ft ± 0.5 ft ± 0.5 ft ± 0.5 ft
± 150 mm ± 150 mm ± 150 mm ± 150 mm
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Previous Findings Related to WIM Data Quality

Much of the previous work related to W M  data quality considered the performance 

of traditional WlM systems utilizing load cell, bending plate or piezoelectric weight 

capture technologies. Focus on W M  data quality experienced resurgence in the early 

1980’s with the initiation of the Heavy Vehicle Electronic License Plate (HELP) Program 

and the related Crescent Demonstration, which extended from Washington to Texas. One 

objective of the Crescent Demonstration was to develop minimum W M  performance 

specifications based on user needs, and then to use these specifications to assess the 

relative merits of participating W M  systems. More than half of the W M  systems under 

investigation failed to meet one or more of the measures of accuracy specified by HELP. 

While discouraging, attention turned to existing equipment modifications that could bring 

weight data within specifications (Barnett, Benekohal and Timms 1999).

Similarly, in 1988 the Pennsylvania Department of Transportation investigated the 

use of two permanent W M  systems (a hydraulic load cell and a bending plate) and one 

portable technology (a capacitance weight mat). It was concluded that while W M  

technologies could provide reliable data to indicate where weight-enforcement activities 

may be needed, they were not accurate enough for use in issuing weight violations 

(Barnett, Benekohal and Timms 1999).

During this same time period, additional work to investigate W M  system 

performance was being conducted in Texas as part of a project sponsored by the Rural 

Technical Assistance Program. As part of this investigation, over 800 tmcks were 

weighed on 1-10 east of San Antonio, Texas using three types of axle load scales, three
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types of wheel load scales and a specially designed 4-lane Radian bending plate WIM 

system. The objectives of the study were to (I) compare the results of weighing methods 

and equipment, (T) determine the effects of ramping for axles and wheel load scales, (3) 

calculate the accuracy and recommended tolerances for the equipment tested and (4) 

determine equipment accuracy at 10, 30, and 55 mph. Accuracy results at a 95 percent 

confidence level for the Radian bending plate WIM are provided in Table 4 (FEWA 

1990).
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Table 4. Radian Bending Plate WIM System Accuracy (FHWA 1990)
Mean Error

10MPH 30 MPH 55 MPH

Gross Vehicle Weight 4% 6% 9%
Axle Weight 9% 10% 14%

In 1986, WIM data quality was of sufficient interest for the National Cooperative 

Highway Research Program (NCHRP) to publish a Synthesis of Highway Practice related 

to weigh-in-motion system use for data collection and enforcement (NCHRP 1986). One 

aspect of this study considered the performance of piezoelectric and bending plate WfM 

systems. Conducted under laboratory conditions, the axle weight accuracy for bending 

plate WIM systems was reported to be ± 4 percent, while the axle weight accuracy for 

piezoelectric WIM systems was reported to be ± 6 percent. One shortcoming of this 

effort was its conduct under laboratory conditions rather than dynamic road and 

environmental conditions.

The results of more recent studies indicate that some piezoelectric WIM systems 

perform with accuracy comparable to that of the bending plate WIM systems under 

dynamic road and environmental conditions. A study conducted by the 1-95 Coalition 

(1992) found that piezoelectric WIM systems were equal to, and in some cases 

outperformed, the bending plate WIM systems with respect to accuracy. The study also 

found that there were greatly reduced relative maintenance costs, for some piezoelectric 

WEM systems, particularly in flexible pavement applications.

Contrary to these findings, Cottrell (1992) conducted accuracy and precision tests on 

a permanently installed piezoelectric WIM system. Using a 95 percent confidence level,
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the mean percent error for the piezoelectric system was less than acceptable standards 

(i.e., < five percent mean error) in every case except for Class 9 vehicles with a gross 

vehicle weight (GVW) greater than 60,000 pounds. None of the measured standard 

deviations fell within acceptable ranges. Cottrell attributed these WIM data quality 

insufficiencies largely to poor road alignment and surface.

More recently and with comparative WIM system performance as a secondary 

objective, a 1998 WIM plan was developed for the state of Alaska with the objective of 

making sure that every WIM site was merited and appropriately captured the state’s truck 

traffic patterns geographically. Three types of WIM technologies were utilized: (I) 

piezoelectric cables, (2) bending plates and (3) load cells. At most WIM system sites, 

truck loads in equivalent single axle loads (ESALs) were reported at a 90 percent -  10 

percent level of accuracy (WIM data are within 10 percent of their actual value, 90 

percent of the time). For pavement design applications, the plan purports that ESAL 

figures should have a coefficient of variation in the range of 50 to 70 percent overall or 

about 14 percent for weight measurement and data reduction. This level of variation was 

achieved by all three WIM technologies, when the equipment was reasonably calibrated, 

corrected for temperature variations and maintained. Anecdotally, the bending plate 

sensors seem to work better and last longer with more reproducible results in the Alaska 

climate. It should be noted thaq in a state with less than 650,000 people, no road 

connections with other states and 6,870 miles of state highways, the truck weight needs in 

Alaska are vastly different from those of other states (Whitford 1998).
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In the same year, Bushman and Pratt (1998) provided generalized findings comparing 

the performance of the same three types of WIM systems: (I) piezoelectric cables, (2) 

bending plates, and (3) load cells. Bushman and Pratt report accuracies of ± 15 percent, 

+ 10 percent and ± 6 percent for piezoelectric, bending plate and single load cell WIM 

systems, respectively. As a cautionary note, the origin of these accuracy findings is not 

well-substantiated by the authors.

A study conducted by Alavi, et al. (2001) investigated the performance of 

piezoelectric WIM systems by testing the performance of two sensor types from two 

different vendors. Five different sealant grout types were also tested to determine the 

significance of bonding. The WIM sensors were evaluated in a laboratory setting, in field 

installations of both Portland cement concrete (PCC) and asphalt concrete (AC) 

pavements and on in-service highways in selected volunteer states. Results indicated no 

problems with WIM sensor durability; none of the piezoelectric sensors failed during the 

experiment and all of the bonding materials performed well. It was determined that the 

sensors evaluated could withstand real loading conditions in both AC and PCC 

pavements.

The most recent studies have considered the performance of quartz piezoelectric 

WIM systems, which rely on crystal deformation to capture the dynamic load. In 1997, 

the Connecticut Department of Transportation (CDOT) initiated a three-year research 

study to install and evaluate a quartz-piezoelectric WIM system. The objective of the 

study was to “determine sensor survivability, accuracy, and reliability under actual traffic 

conditions in Connecticut’s environment” (Larsen and McDonnell, 1999). Sensors were
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installed in October 1997 and reinstalled due to moisture infiltration in July and 

September of 1998. Four field validations using trucks of known weight were conducted 

between October 1998 and April 2000. Calibration adjustments were made as necessary. 

Initial findings after the first six-month period showed a significant change in output 

from the quartz piezoelectric WIM system over time; though the magnitude of change 

was small ranging from one to five percent per lane. It is not yet known whether the 

change occurred as a result of permanent equipment drift or seasonal variation. In 

general, the CDOT has been pleased with the WIM system’s performance. Accuracy and 

repeatability of data, as well as an apparent lack of temperature dependence, have led 

them to be particularly optimistic concerning future performance.

A second study that considered the performance of the quartz piezoelectric WIM 

system was conducted in Minnesota. In 2001, the Minnesota Department of 

Transportation conducted a comparison of two WIM systems at the Minnesota Road 

Research Project (MnROAD) site located on 1-94 northwest of the Minneapolis-St. Paul 

metropolitan area. The goal was to monitor and report similarities and differences in data 

simultaneously collected by a hydraulic load cell WIM system installed in 1989 and a 

quartz piezoelectric WIM system installed at the test site in 2000. Comparisons were 

made for truck volumes, gross and tandem axle weight distributions and individually 

matched trucks.

Findings showed that both systems recorded nearly the same volume of trucks and 

other vehicles. The distribution of gross weights for Class 9 trucks was found to be 

similar between the two systems, although the quartz piezoelectric WIM system weighed
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empty Class 9 trucks too heavily in comparison with general knowledge of such 

distributions. Variability was shown be less prominent for the quartz piezoelectric 

system, but this result was attributed mainly to much smoother pavement installation than 

that for the load cell system. In terms of overall performance, the two WIM systems 

were found to be very comparable. Both systems were found adequate for collecting data 

to be used for policy, planning, and design purposes (Chalkline and Dahlin, 2001).

A Technical Brief published by the International Road Dynamics, Inc. (2001) 

reiterated the findings provided previously by Bushman and Pratt (1998) comparing the 

performance of: (I) piezoelectric cables (± 15 percent), (2) bending plates (± 10 percent) 

and (3) load cells (± 6 percent) but additionally reported an accuracy of ± 10 percent for 

the quartz piezoelectric WIM system. Again, as a cautionary note, the origin of these 

accuracy findings is not substantiated.

Implications for Mainline Sorting Operations

Benefits of effective mainline sorting operations are twofold: (I) legal commercial 

vehicle operators are allowed to bypass the weigh station with stopping resulting in less 

overall delay and (2) weigh station personnel are allowed to focus on commercial vehicle 

operators that are not confirmed in good standing.

The use of WIM systems for mainline sorting operations has four potential outcomes:

(I) An overweight truck is correctly identified as overweight by the WIM system and is 

directed to pull into the weigh station
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(2) A legal truck is correctly identified as legal by the W M  system and is allowed to 

bypass the weigh station without stopping

(3) A legal truck is incorrectly identified as overweight by the W M  system and is 

directed to pull into the weigh station

(4) An overweight truck is incorrectly identified as legal by the W M  system and is 

allowed to bypass the weigh station without stopping

Certainly of most concern for regulatory agencies is the latter occurrence; an 

overweight truck is incorrectly identified as legal and is allowed to bypass the weigh 

station. I

Because of W M  technology inaccuracies, mainline sorting operations rely on 

predetermined threshold weights in making bypass decisions rather than the true weight. 

If the truck’s WM-measured weight is within a certain threshold, it is called into the 

static scale and weighed for enforcement purposes. If the truck’s weight falls 

satisfactorily below the threshold, it is permitted to continue without any penalty of time. 

The challenge is determining appropriate threshold weights for optimum mainline sorting 

efficiency and effectiveness.

Chou and Tsai (1996) described the effects of appropriate threshold weights with 

three indices:

(I) the rate of erroneous inspection, a, is the ratio of vehicles which are recorded as 

overloaded but are actually below the legal weight limit to the total number of 

vehicles that are recorded as overloaded;
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(2) the rate of correct inspection, 5, is the ratio of vehicles which are recorded as 

overloaded and are above the legal weight limit to the total number of vehicles that 

are recorded as overloaded and

(3) the rate of misjudged overloading, y, is the ratio of vehicles which are recorded as 

overloaded but are actually below the legal weight limit to the total number of 

vehicles that are recorded as legally loaded.

Of the three indices, a  and 8 are better indicators of WIM mainline sorting performance 

from an enforcement perspective. Either a low a  or a high 5 represents effective and 

efficient enforcement activity.

The authors propose a method to determine the rate of correct inspection, 8, the 

overload threshold value and the required WIM accuracy from derived relationships 

related to the maximum allowable reduction in pavement service life and the maximum 

allowable rate of misjudged overloading, y. The authors make several assumptions in the 

derivations of these relationships that may invalidate or limit their applicability. For 

instance, the authors assume constant accuracy over various truck weight ranges, which 

has been observed to not be the case. Further, these relationships were derived using 

truck traffic in Taiwan, which is notably different in composition than U.S. truck traffic.

WIM System Costs

Weigh-in-motion system costs can vary greatly depending on the type of system and 

the contractual negotiation process from state to state. Following a more general
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discussion of WIM implementation, calibration and maintenance requirements, this 

section provides comparative W M  system costs as reported in the literature.

Implementation Requirements

In general, implementation requirements for the various W M  systems differ only in 

the installation of the weight capture mechanism. Implementation of load cell or bending 

plate W M  systems requires a pit area to be excavated and a scale frame to be installed, 

with the proper cable and drainage conduits installed simultaneously. Implementation of 

piezoelectric W M  systems requires only saw cuts to be made in the pavement at the 

sensor locations and the appropriate casing to be installed. Piezoelectric W M  sensors 

have the advantage in that the installation time is as short as two to three hours allowing 

the lane to be reopened to traffic quickly, whereas other systems may require days and 

even weeks of complete road closure.

Two primary sources of information were found that provide more specific guidance 

for W M  system implementation: (I) the American Society for Testing and Materials 

(ASTM) E1318-00 Standard Specification for Highway Weigh-in-motion (WIM) Systems 

with User Requirements and Test Methods (2000), and (2) the Long Term Pavement 

Performance (LTPP) program specifications.

ASTM E l318-00. The ASTM E1318-00 specification details the roadway conditions 

appropriate for installation of the various W M  systems. These guidelines, listed below, 

serve to minimize the dynamic movement of the vehicle and the consequent influence on 

the accuracy of the W M  weight measurements. For the roadway lane 200 feet (60 

meters) in advance of and 100 feet (30 meters) beyond the W M  system sensors:
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©the horizontal curvature shall have a radius not less than 5,700 feet (1.7 kilometers) 

measured along the centerline of the lane;

©the longitudinal gradient shall not exceed two percent for Types I, II, and III and 

shall not exceed one percent for Type IV (low speed) installations; 

othe cross slope shall not exceed three percent for Types I, II, and III and shall not 

exceed one percent for Type IV (low speed) installations; 

othe width of the roadway lane shall be between 12 and 14 feet (3.0 and 3.7 meters) 

and

othe pavement condition shall be maintained in a manner such that a 6 inch (150 

millimeter) diameter circular plate 0.125 inches (3 millimeters) thick cannot be 

passed beneath a 20 foot (6 meter) long straight edge.

To ensure adequate pavement condition, many states require that W M  systems be 

installed in Portland Cement Concrete (PCC) pavement to provide adequate stability, 

durability, and smoothness throughout the expected equipment life. If the WIM system is 

to be installed in a roadway that is asphalt concrete (AC), the AC pavement is replaced 

with PCC pavement for some minimum distance before and after the WIM sensor.

LTPP Program Specifications. WIM system specifications defined as part of the 

Long Term Pavement Performance (LTPP) program relate more specifically to the actual 

system installation rather than the roadway conditions and are intended to ensure 

adequate data collection capabilities. The LTPP program guidelines for proper WIM 

system installation require that the sensors be flush with the road surface with no more 

than one millimeter separating the top of the sensor from the road surface and the
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equipment, furthermore, the sensors must be protected from water and dust; the cabinet 

must protect the system electronics from temperature, dust, humidity and insect and 

rodent infestation; the sensors must be protected from lighting; and sensors must be 

installed so that routine maintenance can occur without disruption of data collection.

Calibration Requirements

Following initial installation, the W M  system must be calibrated to adjust for 

accuracy. Three common calibration methods are used, though each has variations: (I). 

test track method, (2) reference value method and (3) self-calibration method. Each of 

these methods is described in detail below.

Test Track Method. In the test track method of W M  system calibration, one or more 

vehicles of a known weight and configuration are driven repeatedly over the weigh pad or 

weight sensors of the W M  system. Usually, a range of different vehicle speeds are used 

in the repeated runs to account for the effects of vehicle speed on the dynamic forces 

applied to the weigh pad or sensor. The weights recorded by the W M  system are 

compared to the known weights of the various vehicles to determine system accuracy and 

required calibration adjustments.

In theory, if a track of known weight is driven repeatedly over a weigh pad or sensor 

of the W M  system, there should be no difference between the two readings if the W M  

system is calibrated correctly. In practice, however, there will always be some random 

variation from ran to ran due in part to the dynamics of the moving vehicle. Hence, the 

mean W M  system weights are compared to the known weights for the various vehicle
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configurations and should not differ significantly from zero if the system is calibrated 

appropriately (Mumayiz 1988).

The California Department of Transportation (Caltrans) uses a five-axle tractor semi

trailer equipped with air suspension for both tandem axle groups as their test vehicle 

since this is the predominant truck used on the California highway system. Axles are 

statically weighed and the axle spacings and overall length are measured. The test truck 

is driven over the WIM sensors a minimum of three times at 5 mph increments typically 

between 45 and 65. This range of speeds for the test runs was selected to represent the 

range in which trucks in the traffic stream operate. The percent error is calculated for 

each speed run by dividing the difference between the known and estimated gross vehicle 

weights by the known gross vehicle weights. Errors typically exist at high or low speeds 

so upward or downward calibration adjustments can be made (McCall and Vodrazka 

1997).

The Montana Department of Transportation (MDT) historically used the test truck 

method for WIM system calibration. The Department employed repeated passes with a 

loaded three-axle truck of known weight. While the test truck method achieved a good 

estimation of the known weight of this particular vehicle type, it did not achieve a close 

approximation or consistent estimates of weights for other trucks in the traffic stream. 

Therefore, MDT moved to the reference value method of WIM system calibration using 

randomly selected trucks from the traffic stream (Straehl 1988).

Reference Value Method. The reference value method compares weight 

measurements and axle spacings obtained using a WIM system to weight measurements
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and axle spacings obtained using a vicinity static scale and manual measurements for a 

sample of vehicles randomly selected from the traffic stream. Each sample vehicle is 

weighed and measured twice; once using the WIM system and once on the static scale 

and with manual measuring devices. These two weight and spacing measurements for 

the sample are then compared to determine the calibration needs of the WIM system.

ASTM E l318-00 defines initial WIM system calibration procedures. The procedure 

recommended by ASTM is the reference value method.

ASTM recommends the following sample composition to be selected in random order 

from the traffic stream at the WIM site:

Vehicle Class

FHWA 3-Digit Number of 
Vehicles

5 023 2
6 031 3
9 051 5
13 071 3

Total 13

Additional vehicles may be included in the test sample, particularly if the sample 

composition above omits a particular class of vehicle that operates in significant numbers 

at the WIM site.

As each of the 13 vehicles specified above passes over the WIM scale or sensor, the 

system records the wheel load, axle load, axle group load, gross vehicle weight and axle 

spacing. Vehicle speed at the time it crosses the WIM scale or sensor is also required and 

can be obtained using a calibrated radar speed meter or by some other means. These
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same 13 vehicles must pass over the static scale for the various weight measurements 

(wheel loads may have to be obtained separately using wheel load weigh mechanisms). 

Further, each vehicle’s axle spacing must be physically measured.

Differences between the WIM system and static scale measurements are calculated 

and averaged. Once these mean differences are known, the WIM system can be adjusted 

so that each of the respective mean differences for the weight and distance measurements 

equates to. zero.

Self-calibration Method. A third method, the self-calibration method, is used not so 

much for initial system calibration but instead for ongoing system calibration. The self

calibration method uses weights from within the vehicle population traversing the W M  

to periodically adjust system calibration, having compared these weights to an established 

baseline to see if acceptable tolerances are exceeded.

For any sample of vehicles, certain weight consistencies can be noted for certain 

vehicle classes and for certain axles on those vehicles. Using the second axle, which had 

the lowest coefficient of variation (ratio of mean to standard deviation), Mumayiz (1988) 

determined the acceptable range of W M  measurements on a small sample required to 

ensure that the W M  system was in calibration. For example, based on a sample size of 

20, a five-axle semi-trailer truck traveling in the speed range of 50 to 60 mph should 

produce a mean value of 18,000 pounds for the second axle. If the observed mean does 

not differ by more than 1,300 pounds, it can be concluded that the W M  system is 

calibrated with 95 percent certainty. Another common choice for investigating 

consistency involves specific weight ranges for the steering axle of a class 9 vehicle.
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Maintenance Requirements

Weigh-in-motion system maintenance requirements can be categorized as corrective 

and preventative. Corrective maintenance includes any repairs or replacement of 

equipment and also includes any roadway-related failure. Preventative maintenance or 

inspection is performed to circumvent future equipment and/or site problems.

Corrective Maintenance. Corrective maintenance is performed after a problem is 

detected with the system. Usually problems are detected when performing quality 

assurance procedures for the WIM data. If the problems are first noted in the data, the 

first corrective measure generally taken is to adjust the calibration of the WlM system 

(i.e., to adjust the calibration parameters for axle weights, axle spacings, and vehicle 

overall length). If re-calibration does not correct the problem, the next corrective action 

is to repair or replace any faulty equipment detected. The third and often most costly 

corrective measure is to repair any problems with the roadway which could range from 

lane rutting to extensive road deterioration (McCall and Vodrazka 1997).

Preventative Maintenance. Preventative maintenance or inspection may be performed 

one to two times a year. During an inspection, the operation of the WlM sensor or scale, 

other WIM electronics and equipment, and peripheral data collection equipment such as 

inductive loops are typically checked. In addition, a visual inspection is typically made 

of the site to provide early detection of road-related problems. Also, as a preventative 

maintenance activity, any software upgrades are typically identified and performed 

(McCall and Vodrazka 1997).
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System Costs

Weigh-in-motion system costs can be categorized as (I) initial costs and (2) ongoing 

annual costs. Initial costs typically include capital equipment costs and the costs of 

rehabilitating the pavement to meet the quality specifications for a WIM system. Annual 

costs may include:

©ongoing pavement rehabilitation,

©other site maintenance,

©sensor or scale replacement,

©electronics replacement,

©calibration activities,

©office activities and

©travel and per diem to the WlM site.

Because WIM system costs vary depending on the. type of system and the contractual 

negotiation process from state to state, the intent of this section is to provide the system 

costs as reported in the literature to simply familiarize the reader with the relative cost 

differences for the various system types.

Consistent cost related findings were reported by Mumayiz (1988), in the States’ 

Successful Weigh-in-motion Practices Handbook (McCall and Vodrazka 1997) and most 

recently by International Road Dynamics, Inc. (2001). Tables 5, 6 and 7 summarize the 

estimated costs for various systems considering both initial and life cycle costs, including

maintenance.
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Table 5. Estimated WTM System Costs (Mumayiz 1988)

WIM System Initial Costs Expected Life Annual Life 
Cycle Costs

Single Load Cell Scales $48,700 12 $8,300
Bending Plate Scales $21,500 6 $6,400
Piezoelectric Sensors $9,000 4 $4,750

Table 6. Estimated WIM System Costs (McCall and Vodrazka 1997)

WIM System
Initial Cost Per Lane 

(Equipment And 
Installation)

Average Cost Per Lane 
(12-Year Life Span 

Including Maintenance)

Deep Pit Load Cell $52,500 $7,296
Bending Plate Scale $18,900 $4,990
Double Bending Plate Scale $35,700 $7,709
Piezoelectric Sensor $9,500 $4,224

Table 7. Estimated WIM System Costs (International Road Dynamics, Inc. 2001)

WIM System Service
Life

Initial
Equipment

Cost

Initial
Installation

Cost

Average Cost 
(12-Year Life)

Single Load Cell 20 $39,000 $20,800 $6,200
Bending Plate Scale 6 $8,000 $13,500 $6,400
Piezoelectric Sensor 4 $2,500 $6,500 $4,750
Quartz Piezoelectric Sensor 6 $20,500 $12,000 $7,500

As reported by International Road Dynamics, Inc. (1999), load cell weigh-in-motion 

systems typically have the lowest life cycle cost of any WIM system because of their 

robust design and relatively long anticipated design life. Bending plate WIM systems 

have a relatively low capital cost, which allows wider implementation particularly in 

lower volume weigh station applications. The anticipated design life for bending plate
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WIM systems is over 5 years. Piezoelectric WIM systems have the lowest capital costs 

of the alternatives considered here.

Reporting the same relative costs, the 1998 WIM Plan for the State of Alaska 

estimated the twelve-year net present value (NPV) of the costs per lane for load cell, 

bending plate and piezoelectric sensor types with 5 percent and 10 percent discount rates 

(see Table 8). Bending plate and load cell sensors were expected to last approximately 

six years in Alaska’s climate, while the less-expensive piezoelectric sensors were 

estimated to need replacement every three to four years.

Table 8. Net Present Value of Sensor Equipment -  Installed (Whitford 1998)

System Sensor Accuracy Est. as 2a
Net Present Value 12 years 

5% 10%

Load Cell +/-3% $105,000 per lane $95,000 per lane
Bending Plate +/-5% $81,000 per lane $67,000 per lane
Piezoelectric Cable +/-10% $71,000 per lane $58,000 per lane
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CHAPTER 3 

METHODOLOGY

Following a brief description of the study area, this Chapter details the data collection 

and analysis methods used to compare piezoelectric and bending plate WIM systems with 

respect to:

©accuracy and precision

©the effects of traffic loading and climatic factors 

©the implications for mainline sorting operations and 

©cost.

Description of the Study Area

Located along Interstate-90 near Billings, Montana, the Mossmain study site provided 

an excellent opportunity to directly compare the performance and costs of bending plate 

and piezoelectric WIM systems under dynamic road and environmental conditions. A 

brief description of the study area is provided below including its geographic location, 

vicinity truck and traffic volumes and existing weigh station physical and operational 

characteristics such as physical layout and approaches, hours of operation, etc.

Geographic Location

The Mossmain study site is located along Interstate-90 in south-central Montana, 

approximately 9 miles west of Billings, Montana (population: 89,847) (see Figure 3).
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Interstate-90 serves as the primary east-west trade route through Montana and directly 

connects Chicago, Illinois with the port city of Seattle, Washington.

Truck and Traffic Volumes

The Mossmain site experienced an ADT of 20,485 vehicles per day in 2001. Traffic 

in this vicinity is growing at a rate of 3.2% per year. Figures 4 and 5 summarize total 

Average Annual Daily Traffic (AADT) by month and by day of week for the Mossmain 

study site for 2001. Commercial vehicle traffic comprises 12 percent of the overall 

traffic at this site.

Figure 3. Mossmain Study Site
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Roadway Characteristics

Interstate-90, in the vicinity of the Mossmain study site, is a four-lane facility (two 

lanes in each direction) with 12-foot lanes, 6-foot shoulders and relatively flat grades.

Weigh Facility Operations

The Mossmain weigh station facility is located on the north side of westbound 

Interstate-90 at MP 439.9. The bending plate and piezoelectric WIM systems are 

installed upstream from the weigh station at MP 438.8 and 439.0, respectively. The 

physical layout of the Mossmain site is shown in Figure 6.

The Mossmain weigh station is operated seven days per week on average, except on 

State holidays, by Montana Department of Transportation, Motor Carrier Services 

personnel. The facility is open ten hours per day on three days per week (single shift) 

and 21 hours per day the remaining four days a week (double shift). The single shift 

normally runs from 6 AM until 4 PM while the double shift typically runs from 6 AM 

until I AM.

WIM System Calibration

The piezoelectric and bending plate WIM systems at the Mossmain study site are 

each calibrated manually on an annual schedule and each are also equipped with auto

calibration systems designed to account for performance drift on a continuous basis.

The piezoelectric system, manufactured by Electronic Control Measurement, Inc. 

(ECM), is manually calibrated twice each calendar year, typically during the months of 

April and October. A variation of the test-truck method is utilized; a loaded Class 9-1
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(Class 9, Subclass 37) vehicle of known weight makes several passes over the 

piezoelectric sensor. The WlM system’s weight estimations are then compared with the 

actual static weight of the vehicle. Depending on the proximity of the results, a set of 

target calibration weights for a loaded steer axle, gross vehicle weight (GVW) and a 

minimum GVW are changed until the WIM results adequately match the static scale 

results. Initial default and ongoing calibration target weights are provided in Table 11.

The auto-calibration system for the piezoelectric WIM system utilizes the same target 

calibration weights. The auto-calibration system collects data from Class 9-1 (Class 9, 

Subclass 37) trucks, discarding those that don’t meet the criteria of ±25 percent for both 

steer axle and GVW target weights. Trucks that do not meet the minimum GVW target 

are also discarded. Dynamic averaging is then used to consistently monitor the 

performance of the WIM system. Acquiescent trucks are grouped by threes into three 

groups. Data is then averaged for each group and over the entire sample of nine. 

Averages are compared to the programmed target weights for steer axle and GVW weight 

and a singular adjustment to the target weights is made. The original three trucks in the 

sample of nine is then discarded and replaced by another group of three. The auto

calibration process continues in this manner, providing continuous adjustment of WIM 

system performance.
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Table 9. Piezoelectric Target Calibration Values
Calibration Weights

ECM
Defaults 10/31/2000 1/04/2001 3/18/2002

Steer Axle Target Weight 
GVW Target Weight 
Minimum GVW

10,600 lbs 
76,500 lbs 
60,000 lbs

10,200 lbs
74.000 lbs
60.000 lbs

10,200 lbs 
73,400 lbs 
60,000 lbs

10,300 lbs
74.000 lbs
60.000 lbs

The Mossmain bending plate WIM system, manufactured by PAT America, Inc., has 

been manually calibrated just once (in February 2001) since its installation and initial 

calibration in September 2000. MDT Motor Carrier Services (MCS) personnel detect 

calibration necessity through an examination of WIM data samples. To calibrate this 

system previously, a truck of known weight was driven across the bending plate scale 

several times at three different speeds (45, 55 and 65 mph). Correction factors were then 

developed based upon the weight approximations for each given speed group as well as 

the speed limit for the stretch of highway containing the system. Beginning in September 

2002, MCS personnel will implement a preventative maintenance program to more 

closely monitor the scale’s performance as it nears the end of its projected life.

Bending plate WIM systems are similarly equipped with an auto-calibration system 

though this feature has not been enabled at the Mossmain Site at the recommendation of 

the manufacturer. Differing somewhat from the piezoelectric WIM system auto

calibration methods, the bending plate WIM system relies on a steer axle averaging 

protocol for Class 9 vehicles over several temperature ranges. Steer axle weights are
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averaged in large samples and compared with static weights. Scale parameters are then 

adjusted accordingly.

Data Collection

Data to support this investigation included traffic loading data, climatic data and 

system cost data. Specific data elements, collection periods and data sources are detailed 

in the following pages.

Traffic Loading and Climatic Data

Traffic loading data including times and dates of vehicle passage, weights of all axles 

or axle groups, gross vehicle weights, equivalent single axle load values and vehicle 

classifications was collected.from the piezoelectric WIM system, the bending plate WIM 

system and the static scale for each vehicle in the sample. Vehicle speed data, lane of 

travel and codes for invalid measurement was also available from the two WIM systems.

To determine WIM system performance, the traffic loading data captured by the 

piezoelectric and bending plate WIM systems was compared on a vehicle-by-vehicle 

basis to that of the static traffic loading data, assumed to be the “true” vehicle loading 

value. To accomplish this comparison, some means was required for correlating the 

weight data collected on a vehicle as it crossed the W M  systems with its weight as 

determined by the static scale. Because the W M  installations at Mossmain are not 

within sight of the static scale, an observer was stationed at the W M  installations and at 

the static scale to assist in matching vehicle passages over the W M  systems with the
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vehicles being weighed at the static scales. Each observer recorded identifying 

characteristics such as time of passage, cab color, company name, body style and number 

of axles as the WIM systems automatically recorded the vehicle’s weight and the static 

scale operator manually recorded the vehicle’s weight. These supplemental vehicle 

identification characteristics helped to ensure that the three weights used to investigate 

WIM performance -  the static or true weight, the weight recorded from the piezoelectric 

WIM system and the weight recorded from the bending plate WlM system -  were 

referenced to the same vehicle (see Appendix A).

This data collection protocol was beta tested to ensure that: (I) the supplemental 

vehicle identification data collection sheets were comprehensive enough to address the 

majority of observed circumstances, (2) the frequency or speed of truck traffic did not 

preclude the manual collection of data and (3). The activities of the observer at the WIM 

sites and of the observer at the weigh station could be effectively coordinated via radio 

communication. Though some minor challenges arose, the data collection protocol was 

deemed effective.

There was some initial difficulty in matching the upstream WIM records with the 

downstream static weight records due in part to (I) the learning curve of those collecting 

the data, (2) multiple lane weight measurements at the WIM sites, (3) truck bypasses 

under the Prepass program and (4) truck bypasses due to queuing at the weigh station.

Due to the level of effort required to match WIM and static scale data on a vehicle- 

by-vehicle basis, data collection occurred during discrete sampling periods during the 

year. Since WIM performance may be related to temperature and moisture conditions at
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the site, these sampling periods were established to capture system performance under a 

variety of climatic conditions. Specifically, the intent of the sampling plan was to capture 

a sufficiently large sample (number of truck weight observations) under sufficiently 

varied weather and road surface conditions so that the WIM performance could be fully 

characterized. The sampling plan addressed various combinations of moisture/ 

precipitation and temperature commonly encountered in Montana, including wet (or 

frozen) and dry, sunny conditions across the temperature categories of (a) very cold to 

cold, (b) cold to moderate, (c) moderate to warm and (d) warm to hot (see Table 9). 

Ideally, the sampling plan called for three eight-hour days of truck weight data collection 

in each of four temperature ranges and three precipitation conditions for a total of 36 days 

of data collection. Unfortunately, attempts to gather data under cold weather and/or 

precipitation conditions were limited due to an unseasonably mild and dry winter. The 

final sample record is provided in Table 10.

Table 10. Proposed Sampling Plan
Moisture/Precipitation Condition

(F) Day of 
Precipitation

Day After 
Precipitation

No Recent Precipitation 
(Bare, Dry Pavement)

-20 to 0 3 days 3 days 3 days
Oto 30 3 days 3 days 3 days
30 to 60 3 days 3 days 3 days
60 to 95 3 days 3 days 3 days
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Table 11. Final Sample
Moisture/Precipitation Condition

Air Temperature 
(F) Day of Precipitation Day After 

Precipitation
No Recent 

Precipitation (Bare, 
Dry Pavement)

-20 to 0

Oto 30
December 21, 2001 
February 28, 2002 

March 8, 2002
November 27, 2001 

January 22, 2002

30 to 60
April 16, 2002 
April 18, 2002 
May I, 2002

October 12, 2001 April 3, 2001

60 to 95
May 21,2001 
July 10, 2001 
May 2, 2002

April 26, 2001 
May 25,2001

In addition to ambient air temperature and pavement moisture, other climatic factors 

including humidity, wind speed and direction and pavement temperature were available 

from the on-site road weather information station to allow for a more comprehensive 

examination of the effects of climatic factors on WIM system performance. This climatic 

data, available throughout the one-year investigation period, can be further utilized to 

extrapolate findings related to WIM performance to an annual measure.

WIM performance may also be influenced by the configurations of the vehicles being 

weighed. The above-described sampling plan did not attempt to specifically control this 

parameter as part of this investigation. It is believed, however, that the sampling plan



48

allowed for the capture of the most common configurations operating, on Interstate-90 at 

the Mossmain site.

WIM System Cost Data

System cost data for both sites was provided by the Montana Department of 

Transportation, Motor Carrier Services Division (MDT/MCS). Three components of the 

cost were considered for analysis: (I) capital, (2) installation, and (3) maintenance costs. 

Information related to each system’s maintenance and operational requirements was also 

provided by MDT/MCS with supplemental information obtained from each of the 

system’s vendors.

Analysis

Analysis methods focused on four areas: (I) WIM system performance, (2) factors 

affecting WIM system performance, (3) implications for mainline sorting operations and 

(4) WIM system costs.

WIM System Performance

System performance of the bending plate and piezoelectric WIM systems was 

evaluated with respect to quality of data (i.e., accuracy and precision) in the field under 

actual traffic loading and climatic conditions. Depending on the outcome of this 

performance-related investigation, the possibility of improving the performance of the 

WIM systems (e.g., by using multiple sensors at a single site) and thus realizing a greater 

benefit from their use was also investigated.
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Accuracy is the degree of conformity of a WIM measurement to a true value (i.e., 

static scale measurement) within applicable tolerances that define limits of allowable 

error. Accuracy is quantified as the mean percent error:

Error = WIM Measurement -  True Value 

True Value

expressed as a percentage coupled with a confidence level (i.e., ± 5 percent at the 90 

percent confidence level). Precision refers to the ability of the equipment to predict or 

account for the effects of each of the factors known to have an influence on the 

magnitude of the dynamic force picked up by the WIM equipment. Precision is 

quantified as the standard deviation of the mean percent error.

The accuracy and precision of piezoelectric and bending plate W M  systems were 

reported for both individual axles, particularly the steer axle, and gross vehicle weight 

across the range of vehicle classes and weight ranges in the sample. Further, both the 

arithmetic mean percent error and the absolute value of the mean percent error were 

determined, such that the canceling effects of high and low W M  measurements was 

more accurately captured.

To confirm whether or not a significant difference exists between the level of 

accuracy and precision provided by piezoelectric and bending plate W M  systems and 

static systems, a paired t-test was conducted for each of the system-to-system 

comparisons. The underlying hypothesis for the paired t-test is that the difference 

between the piezoelectric W M  system reported weight and the bending plate W M  

system reported weight is zero. Because the sample comprises two W M  measures for

d

' 7 V
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each truck, the sample is considered “paired” rather than independent. The test statistic

for the paired t-test is as follows:

where:

d is the mean difference in WIM percent error given by:

^  ■_ ( ^ i  ~t~ 6̂ 2 ' ' ' ^ n  )
n

where:

di....dn are percent error differences for trucks I through n and 

n is the number of sample pairs 

and

Sd is the pooled standard deviation given by:

V  =
5 X -

( E 4 ) 2

n -1

where:

d; is the difference in percent error values for truck i and 

all other variables are as previously defined.

A 95 percent confidence level was used to confirm or refute the initial hypothesis.

The impacts of WIM system accuracy and precision on pavement design were 

considered as well. For the purpose of this investigation, ESAL calculations were made 

using the American Association of State Highway and Transportation Officials 

(AASHTO) flexible pavement design methods. A common structural number (SN) of 4 

and terminal serviceability index (TSI) of 2.5 were assumed to calculate load equivalency 

factors (LEF) and total ESALs. Calculations were performed for the entire sample and
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for each truck configuration. Static weight ESAL values were assumed to be “true;” the 

mean percent error was the primary indicator of performance. Erroneous axle group 

classification at the static scale site resulted in omission of a number of select vehicles 

from the sample.

Factors Affecting WIM System Performance

Mumayiz (1988) categorized the factors likely to influence WIM data quality as (I) 

vehicular factors, (2) roadway factors, (3) climatic conditions and (4) equipment factors. 

For this investigation, variations in WIM system performance as they relate to vehicular 

and climatic factors are of most interest. Placement of the piezoelectric and bending 

plate WIM systems in such close proximity to each other has controlled for variation in 

roadway parameters, realizing that although Mumayiz did not include such a factor in his 

list,-the systems at Mossmain are installed in two different types of pavement. 

Equipment-related factors are of interest and will be noted throughout the investigation. 

However, equipment-related effects that are independent of vehicular or climatic effects 

are likely random occurrences and less likely to reveal a trend in relation to WIM system 

accuracy and performance that could be corrected.

The extent of the effect that roadway and climatic factors have on WIM performance 

was investigated in a variety of manners. Such effects were first considered descriptively 

with respect to their independent effects on WIM system accuracy and precision. The 

relationship between each vehicular or climatic factor and any resulting patterns in scale 

performance were represented graphically to note any trends in these relationships. 

Secondly, the combined effects of vehicular and climatic factors were explored using
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standard multiple linear regression techniques. Lastly, findings related to vehicular and 

climatic effects were extrapolated across the truck traffic stream at Mossmain considering 

its composition and across a one-year time period considering typical year temperature 

and moisture conditions, respectively.

It should be noted that this portion of the investigation was constrained somewhat by 

the omission of many of the vehicular-related factors (i.e., cargo, suspension, 

aerodynamic characteristics, etc.) and the limited range of variation in climatic factors.

Implications for Mainline Sorting Operations

Benefits of effective mainline sorting operations are twofold: (I) legal commercial 

vehicle operators are allowed to bypass the weigh station resulting in less overall delays 

in their operations and (2) weigh station personnel are allowed to focus on commercial 

vehicle operators that are not confirmed in good standing.

The use of WIM systems for mainline sorting operations have four potential 

outcomes:

(1) An overweight truck is correctly identified as overweight by the W M  system and is 

directed to pull into the weigh station.

(2) A legal truck is correctly identified as legal by the W M  system and is allowed to 

bypass the weigh station without stopping.

(3) A legal truck is incorrectly identified as overweight by the W M  system and is 

directed to pull into the weigh station.

(4) An overweight truck is incorrectly identified as legal by the W M  system and is 

allowed to bypass the weigh station without stopping.
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Certainly of most concern for regulatory agencies is the latter occurrence; an overweight 

truck is incorrectly identified as legal and is allowed to bypass the weigh station. Hence, 

the ability of the WIM systems to correctly sort vehicles for scale bypass based on weight 

was quantitatively evaluated using the observed rate of occurrence for outcome 4. 

Potentially erroneous bypasses were identified by comparing the WIM weight for each 

vehicle (not participating in a bypass program) with its static scale weight. The effect of 

changing the bypass decision threshold on the rate of incorrect bypass classifications and 

the resultant effect on the total number of vehicles that require static weighing was also 

determined. Note that if WIM performance is found to vary with weather conditions, the 

rate of incorrect bypasses may also vary with these conditions. Thus, to compare the two 

WIM systems over an extended period, the incorrect bypass classification rate was 

averaged over the expected weather conditions. Such a weighted average was calculated 

by extrapolating the results obtained from the data sample across the traffic stream and 

weather conditions expected for an entire year.

WIM System Costs

Only a qualitative comparison between the respective WlM system costs and 

requirements was made. As stated previously, variations in system costs and 

requirements exist due to contractual arrangements made between the vendor and 

purchaser. Therefore, a direct system comparison is not reasonable. It is however 

thought to be beneficial to discuss qualitative similarities and differences between the two 

systems. Costs considered included system installation (including any costs associated
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with specific pavement requirements for the system), maintenance and operation 

(including calibration).

In addition to direct system costs, an estimate was made of the long term cost savings 

realized through increased pavement life (and thus lower pavement costs) offered by 

WIM systems that more accurately identify overweight vehicles that should be diverted 

into the weigh station for a static scale measurement. That is, the higher cost of a more 

accurate WIM sorting system may be justified if the use of such a system extends 

pavement life relative to that which would be realized using a less expensive, but less 

accurate system. A relative cost index was determined for each system based on the 

pavement damage predicted for the incorrectly sorted vehicles from each system.

Other issues that were considered in evaluating the relative benefits of each WIM 

system included the relative inconveniences to the motoring public associated with the 

installation, maintenance and operation of the system.
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CHAPTER 4 

RESULTS

This Chapter details the findings related to overall W M  system performance, factors 

affecting W M  system performance, implications for mainline sorting operations and 

W M  system costs for the piezoelectric and bending plate installations at the Mossmain 

study site.

W M  System Performance

To evaluate W M  system performance, respective system accuracy and precision 

were quantified using mean percent error and standard deviation of the mean for both the 

piezoelectric and bending plate W M  systems. Results were analyzed by weight range 

and configuration class, as well as by individual axle group type and location. The 

impact of the respective W M  system accuracies on pavement design Equivalent Single 

Axle Load (ESAL) estimates was also determined. Because initial and ongoing W M  

system calibration activities have a significant influence on system performance, the 

calibration activities at the Mossmain study site are initially documented.

W M  System Accuracy and Precision

W M  system accuracy and precision were considered for a sample of 3,918 trucks 

and for subsets categorized by Federal Highway Administration (FHWA) 2-digit 

configuration class and gross vehicle weight (GVW) weight range (see Tables 12 through
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15). The size and composition of the truck sample is also presented in the tables. Both 

GVW and steer axle weight estimations were targeted for analysis. Gross vehicle 

weights are used to enforce commercial vehicle weight regulation compliance in the state 

of Montana. Steer axle weights are often used in both manual and automatic calibration 

of WIM scales. The mean percent error and the standard deviation of the mean percent 

error were calculated using both the arithmetic and absolute percent error values. 

Arithmetic error indicates a system’s tendency to measure high or low as compared to a 

true weight value.. By dually reporting the absolute error, the cancellation effect of the 

high and low errors is removed and the true magnitude of error is more accurately 

quantified.

Across the entire sample and considering the arithmetic GVW mean percent error, the 

piezoelectric WlM system at Mossmain was found to perform with an average error of 

only 0.09 percent (See Figure 14). For the average Class 9 commercial vehicle in the 

sample, that degree of error amounts to only a 50-pound overestimation on the average 

GVW of a 56,000-pound truck. A paired-sampled t-test confirmed equality between 

mean weights recorded by the piezoelectric WDM system and the mean weights recorded 

statically at a 95 percent confidence interval (t-statistic = -0.795). This finding is 

contrary to previously published reports citing the poor performance of piezoelectric



Table 12. Gross Vehicle Weight Accuracy and Precision by Vehicle Class -  Arithmetic___________________
STATISTICAL

ACCURACY SIGNIFICANCE PRECISION

Mean Percent Error Paired Sample t-test Standard Deviation

Observations Piezoelectric
Bending

Plate Piezoelectric
Bending

Plate Piezoelectric
Bending

Plate
Total Sample 3918 0.09 3.91 -0.795 22.305 122 197
Class 5 11 -3.44 -0.46 -1.479 -0.179 6.70 16.28
Class 6 197 0.51 3.68 -0.456 4.196 10.17 9.66
Class 7 I -1.02 8.21 NA NA NA NA
Class 8 123 -3.31 -0.80 ■4.077 -0.938 11.08 10.27
Class 9 3024 0.15 3.99 -0.701 19.988 7.90 182
Class 10 96 -0.77 5.32 -1.956 4.760 7.79 8.84
Class 11 25 2.68 1.38 1.426 1.258 8.76 4.85
Class 12 102 0.42 7.47 0.257 8.382 195 167
Class 13 339 0.54 189 1.497 6.445 124 182



STATISTICAL
ACCURACY SIGNIFICANCE PRECISION

Mean Percent Error Paired Sample t-test Standard Deviation

Table 13. Steer Axle Weight Accuracy and Precision by Vehicle Class -  Arithmetic________________

Observations Piezoelectric
Bending

Plate Piezoelectric
Bending

Plate Piezoelectric
Bending

Plate
Total Sample 3918 -12.62 -2.60 -93.009 -14.833 7.07 11.38
Class 5 11 -19.17 -6.43 -3.557 -1.366 12.89 15.86
Class 6 197 -12.93 -3.57 -19.725 -4.841 10.31 12.39
Class 7 I -3.50 4.49 NA NA NA NA
Class 8 123 -16.18 -3.86 -16.420 -3.494 8.27 12.12
Class 9 3024 -12.24 -2.30 -86.281 -11.544 6.42 11.29
Class 10 96 -12.17 -1.84 -15.601 -2.330 9.38 12.63
Class 11 25 -12.61 -4.43 -9.693 -2.525 6.34 9.18
Class 12 102 -13.02 -2.76 -20.632 -3.204 6.40 8.77
Class 13 339 -14.39 -4.24 -21.384 -6.325 8.26 11.45



STATISTICAL
ACCURACY SIGNIFICANCE PRECISION

Mean Percent Error Paired Sample t-test Standard Deviation

Table 14. Gross Vehicle Weight Accuracy and Precision by Vehicle Class -  Absolute Value_____________

Observations Piezoelectric
Bending

Plate Piezoelectric
Bending

Plate Piezoelectric
Bending

Plate

Total Sample 3918 5.42 6.72 55.373 61.098 6.18 7.11
Class 5 11 5.67 10.84 3.121 3.112 4.76 11.67
Class 6 197 6.67 7.12 11.879 11.963 7.68 7.49
Class 7 I 1.02 8.21 NA NA NA NA
Class 8 123 7.24 6.54 8.975 9.701 8.99 7.94
Class 9 3024 5.17 6.66 49.009 54.203 5.97 7.02
Class 10 96 5.90 6.86 9.257 11.504 5.11 7.70
Class 11 25 6.21 3.74 5.071 5.437 6.64 3.30
Class 12 102 6.21 8.72 10.231 13.021 6.43 7.39
Class 13 339 5.86 6.57 18.577 18.887 5.82 7.05



Table 15. Steer Axle Weight Accuracy and Precision by Vehicle Class -  Absolute Value___________________
STATISTICAL

ACCURACY SIGNIFICANCE PRECISION

Mean Percent Error Paired Sample t-test Standard Deviation

Observations Piezoelectric
Bending

Plate Piezoelectric
Bending

Plate Piezoelectric
Bending

Plate

Total Sample 3918 12.97 8.72 99.802 61.674 6.40 7.76
Class 5 11 19.17 11.63 3.557 2.677 12.89 12.17
Class 6 197 14.41 10.05 26.142 18.164 8.09 8.05
Class 7 I 3.50 4.49 NA NA NA NA
Class 8 123 16.19 8.71 16.442 8.737 8.25 9.94
Class 9 3024 12.53 8.69 92.193 55.760 5.84 7.57
Class 10 96 13.77 7.41 22.272 8.554 6.80 10.37
Class 11 25 12.61 7.60 9.693 5.663 6.34 6.67
Class 12 102 13.06 7.39 20.897 13.685 6.32 5.42
Class 13 339 14.56 8.94 21.894 14.564 7.95 8.30
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FHWA Configuration Class

Figure 7. Piezoelectric and Bending Plate % Error vs. FHWA Configuration Class
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technology. When the true magnitude of error is isolated using absolute values, the error 

increases to 5.42 percent, which is still well within acceptable limits of performance for 

WIM equipment.

The performance of the bending plate WIM system at the Mossmain study site was 

more consistent with reported in previous literature, exhibiting a mean arithmetic GVW 

error of 3.91 percent for the entire sample, which equates to 2,200-pounds over the 

average Class 9 vehicle. This increase in error magnitude precluded a determination of 

equality between mean weights recorded by the bending plate W M  system and the mean 

weights recorded statically at a 95 percent confidence interval (t-statistic = 22,305). The 

absolute mean percent error for the bending plate W M  system is also higher than that of 

the piezoelectric W M  system; 6.72 percent.

When considering steer axle weights, piezoelectric W M  system performance 

declined dramatically. A mean arithmetic error of -12.62 percent (an underestimation of 

1,410 pounds on an 11,170-pound axle group) was observed with a standard deviation of 

±7.07 percent, The absolute mean percent error was of comparable magnitude (12.97 

percent with a standard deviation of 6.40 percent) indicating a consistent underestimation 

of steer axle weights by the piezoelectric W M  system. Both the arithmetic and absolute 

mean errors were shown to statistically differ from the static weights at a 95 percent 

confidence level.

The bending plate W M  system outperformed the piezoelectric W M  system with 

respect to steer axle measurement with a -2.60 percent arithmetic mean percent error. A 

standard deviation of 11.38 percent indicates however, a high variability in the individual
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measurements captured. This variability in individual measurements was confirmed by 

the relatively large absolute mean percent error of 8.71 percent. Again, both the 

arithmetic and absolute mean errors were proven to statistically differ from the static 

weights at a 95 percent confidence level.

By Configuration. WDVf system accuracy and precision was considered individually 

for various commercial vehicle configurations (FHWA Classes 5 through 13) to 

determine any trends (see Tables 12-15 and Figure 7). For the piezoelectric WIM 

system, arithmetic mean percent error for GVW ranged from -3.44 percent for Class 5 

vehicles to 2.68 percent for Class 11 vehicles. The configuration exhibiting the highest 

level of agreement with the static weight measurements was Class 9; the piezoelectric 

WDVf system mean percent error was 0.15 percent from a sample of over three thousand 

vehicles. This result is not surprising since Class 9 vehicles are used in both the manual 

and auto-calibration procedures for the piezoelectric WDVf system. Absolute mean 

percent error for GVW ranged from 5.17 percent for Class 9 vehicles (Class 7 actually 

exhibited a lower percent error, but contained only a single vehicle) to 7.24 percent on 

Class 8 trucks for the piezoelectric WDVf system. No other significant trends were 

observed across configurations, although the piezoelectric WDVf system did perform 

better on configurations containing multiple tandem axle groups.

The bending plate WDVf system exhibited GVW mean percent errors in the range of -  

0.80 percent on Class 8 trucks to 7.47 percent on Class 12 trucks (again, neglecting the 

single Class 7 observation). The bending plate WDM system minimized mean percent
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error for Class 11 vehicles (1.38 percent). Absolute mean percent error ranged from 3.74 

percent on Class 11 vehicles to 10.84 percent for Class 5 vehicles.

Considering steer axle weight capture by configuration, the piezoelectric WlM 

system exhibited arithmetic mean errors ranging from -19.17 percent for Class 5 vehicles 

to -12.17 percent for Class 10 vehicles. Absolute mean errors from the piezoelectric 

WIM system ranged from 12.53 percent for Class 9 to 19.17 percent for Class 5. The 

similarities in the magnitude of these errors (albeit opposition in sign) suggest consistent 

underestimation of steer axle weights by the piezoelectric WlM system.

The bending plate WlM system produced arithmetic mean errors for steer axles 

ranging from -6.43 percent for Class 5 to -1.84 percent for Class 10. Note that both the 

piezoelectric and bending plate W M  systems performed poorly on Class 5 vehicles. For 

absolute error, the bending plate W M  system’s performance ranged from 7.39 percent 

for Class 12 to 11.63 percent for Class 5 vehicles.

By Axle Group and Location. Looking more closely at various configurations with 

respect to axle group and location revealed some interesting behavior related to W M  

system performance (see Figures 9 through 14).

Considering the most common Class 9-1 vehicles initially, arithmetic mean percent 

errors were plotted as a function of axle group and location (see Figure 9). Similar 

patterns of error exist for the first two axle groups between the piezoelectric and bending 

plate W M  systems, though the magnitude of error differs significantly for the steer axle. 

The pattern consists of an underestimation of the steer axle weight followed by an 

overestimation of the weight of the first tandem axle. One explanation for this error
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pattern was thought to be vehicle aerodynamics; air resistance applied to the frontal area 

of the vehicle was thought to lessen the force exerted by the steer axle on the roadway 

and WIM weight sensor resulting in an underestimated steer axle weight. This 

phenomenon would likely transfer some of the force to the second axle group, explaining 

the tendency for both WIM systems to overestimate the weight of the second axle group. 

Of note, regression analysis results (detailed later in section 4.1.3 titled Factors Ajfecting 

WIM System Performance) revealed an opposite effect from air and local wind.

A second observation relates to WIM system recovery time. A relationship seems to 

exist between axle spacing and WIM system performance. This phenomenon is observed 

between the steer and drive axles for Class 9-1 trucks where a significant increase in error 

occurs, particularly for the piezoelectric WIM system. The drive axle reaches the weight 

sensor while it is still compressed from the steering axle passage. The sensor then is 

further compressed, allowing for an over-estimation of the drive axle’s force component. 

The error stabilizes between the drive axle and the third axle group, in part due to the 

greater axle spacing typically seen between the drive and trailing axle groups relative to 

that between the steer and drive axles.

To investigate these theories further, other configurations were analyzed in the same 

manner. A Class 6-1 vehicle revealed a pattern of behavior identical to that of the Class 

9-1 vehicle for its steer and drive axles (see 10). Steer axle weights were underestimated 

and drive axle weights were overestimated at a similar magnitude for both the 

piezoelectric and bending plate WIM systems. Again the short distance between the 

drive and steer axles may preclude system recovery time.
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Class 8-2 vehicles (see Figure 11), consisting of a single steer axle, a tandem drive 

axle and a trailing single axle again mimicked the behavior of Class 9-1 vehicles for the 

first two axle groups of this configuration; that is, low steer axle and significantly higher 

drive axle weights were reported by both systems. Interestingly enough, the trailing 

single axle weighed slightly low for both systems, although not to the same degree as the 

steer axle. It’s possible that sensor recovery time proved significant here as well. The 

longer axle spacing prevented both WIM systems, though most notably the piezoelectric 

WIM system, from underestimating the single axle’s weight by such a large margin.

Lastly, considering a Class 13-2 vehicle (see Figure 12), which consists of a Class 9-1 

vehicle pulling a “piggybacked” double-tandem trailer, the same pattern of behavior for 

the first three axle groups is observed with a dampened, more-accurate estimation pattern 

carried through axle groups four and five. The moderate increase in mean percent error 

for axle group four may again be attributable to system recovery time; the axle spacing 

between axle groups three and four is minimal.

Curiously, when single axles are utilized as drive axles, behavioral patterns along the 

length of the vehicle vary from those previously observed (see Figures 13 and 14). In 

general, the behaviors of the steer and drive axles are consistent with previously observed 

patterns. However, rather than dampening along the length of the vehicle as previously 

observed, the mean percent error in subsequent axle groups continues to positively 

increase in magnitude.

The similar patterns of behavior for both WIM systems by axle group and location 

suggest that these factors are important determinants in overall WIM system
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performance. However, differences in error magnitude should be scrutinized to better 

understand the performance of the individual sensor technologies (i.e., piezoelectric 

sensors versus bending plate scales).

By Weight Range. The behaviors observed above related to configuration, axle 

group and axle location were thought to potentially relate to a truck’s overall weight 

carrying capacity and its it loading status (i.e., loaded, partially loaded, empty). W M  

system performance was examined by weight range beginning with 10,000 to 20,000 

pounds and continuing in 10,000 pound increments to over 80,000 pounds (see Tables 16 

though 19 and Figure 8).

For the piezoelectric W M  system, arithmetic GVW errors ranged from -0.49 percent 

for 40,001 to 50,000 pound vehicles to 3.28 percent for lighter trucks (20,001 to 30,000 

pounds). The piezoelectric W M  system proved to be most accurate when weighing 

trucks in the GVW range of 30,001 to 40,000 pounds, exhibiting an arithmetic error of 

only 0.05 percent. Precision in measurement was gained as GVW weights increased; the 

absolute mean percent error ranged from 8.34 percent for the range of 20,001 to 30,000 

pound vehicles to 4.1Opercent for trucks weighing 70,001 to 80,000 pounds.

Conversely, the bending plate W M  system performed best for trucks with GVWs 

greater than 80,000 pounds with an arithmetic mean percent error of 0.30 percent. The 

arithmetic error for lighter trucks (20,001 to 30,000 pounds increased to 9.31 percent. 

The same trend was observed when considering the mean percent error in absolute terms. 

The minimum error of 4.48 percent was observed for vehicles weighing greater than



STATISTICAL
ACCURACY SIGNIFICANCE PRECISION

Mean Percent Error Paired Sample t-test Standard Deviation
Bending Bending Bending

Table 16. Gross Vehicle Weight Accuracy and Precision by Weight Range -  Arithmetic___________________________

Observations Piezoelectric Plate Piezoelectric Plate Piezoelectric Plate

Total Sample 3918 0.09 3.91 -0.795 22.305 8.22 8.97
10,001-20,000 lbs 49 3.25 6.74 2.125 3.233 11.11 14.09
20,001-30,000 lbs 238 3.28 9.31 4.745 11.832 11.17 12.42
30,001-40,000 lbs 940 0.05 6.09 -0.075 19.718 9.27 9.41
40,001-50,000 lbs 555 -0.49 5.68 -1.336 14.743 9.03 9.08
50,001-60,000 lbs 443 -0.33 4.57 -0.962 12.396 7.52 7.80
60,001-70,000 lbs 402 0.81 3.38 2.050 8.449 8.21 7.92
70,001-80,000 lbs 956 -0.46 0.41 -2.497 1.724 6.02 6.89
>80,000 lbs 335 -0.35 0.30 -0.954 0.783 6.26 6.29



STATISTICAL
ACCURACY SIGNIFICANCE PRECISION

Mean Percent Error Paired Sample t-test Standard Deviation

Table 17. Steer Axle Weight Accuracy and Precision by Weight Range -  Arithmetic_________________

Observations Piezoelectric
Bending

Plate Piezoelectric
Bending

Plate Piezoelectric
Bending

Plate
Total Sample 3918 -12.62 -2.60 -93.009 -14.833 7.07 11.38
10,001-20,000 lbs 49 -11.34 -0.89 -7.013 -0.607 10.36 13.50
20,001-30,000 lbs 238 -12.73 -1.49 -22.467 -2.459 8.87 12.95
30,001-40,000 lbs 940 -13.37 -2.69 -54.924 -8.183 7.46 10.90
40,001-50,000 lbs 555 -13.14 -2.69 -39.976 -6.156 7.04 10.61
50,001-60,000 lbs 443 -12.52 -2.37 -37.652 -4.942 7.27 11.42
60,001-70,000 lbs 402 -12.20 -2.64 -21.052 -4.141 6.73 11.42
70,001-80,000 lbs 956 -11.56 -2.31 -55.180 -6.269 5.38 11.73
>80,000 lbs 335 -13.47 -4.41 -20.457 -6.491 7.90 11.13



STATISTICAL
ACCURACY SIGNIFICANCE PRECISION

Mean Percent Error Paired Sample t-test Standard Deviation

Table 18. Gross Vehicle Weight Accuracy and Precision by Weight Range -  Absolute Value___________

Observations Piezoelectric
Bending

Plate Piezoelectric
Bending

Plate Piezoelectric
Bending

Plate
Total Sample 3918 5.42 6.72 55.373 61.098 6.18 7.11
10,001-20,000 lbs 49 7.73 11.93 7.296 9.138 8.56 9.99
20,001-30,000 lbs 238 8.34 11.47 15.792 16.839 8.11 10.44
30,001-40,000 lbs 940 6.02 8.09 26.131 32.044 7.04 7.76
40,001-50,000 lbs 555 5.82 7.58 20.103 23.739 6.92 7.57
50,001-60,000 lbs 443 5.22 6.39 20.529 21.252 5.42 6.39
60,001-70,000 lbs 402 5.53 6.04 18.208 19.548 6.12 6.14
70,001-80,000 lbs 956 4.10 4.65 28.721 28.542 4.43 5.09
>80,000 lbs 335 4.56 4.48 19.201 19.123 4.30 4.43



STATISTICAL
ACCURACY SIGNIFICANCE PRECISION

Mean Percent Error Paired Sample t-test Standard Deviation

Table 19. Steer Axle Weight Accuracy and Precision by Weight Range -  Absolute Value__________

Observations Piezoelectric
Bending

Plate Piezoelectric
Bending

Plate Piezoelectric
Bending

Plate
Total Sample 3918 12.97 8.72 99.802 61.674 6.40 7.76
10,001-20,000 lbs 49 13.14 10.50 10.151 8.076 7.89 8.39
20,001-30,000 lbs 238 13.68 9.22 27.202 15.816 7.30 9.20
30,001-40,000 lbs 940 13.77 8.35 60.699 33.347 6.68 7.50
40,001-50,000 lbs 555 13.35 8.30 42.048 25.773 6.65 7.13
50,001-60,000 lbs 443 13.17 8.76 45.164 24.114 5.99 7.70
60,001-70,000 lbs 402 12.50 8.65 21.995 14.906 6.15 7.90
70,001-80,000 lbs 956 11.67 9.07 57.324 33.816 5.14 7.78
>80,000 lbs 335 13.62 8.80 20.896 14.547 7.64 8.09
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80.000 pounds, while the maximum error of 11.93 percent was observed for 10,001 to

20.000 pound vehicles. The precision across weight ranges for the bending plate WIM 

system mimics the pattern observed for the piezoelectric WIM system; precision 

improves as the gross vehicle weight of the vehicle increases.

When considering the performance of WIM systems in capturing steer axle 

measurements, a similar pattern was observed across the various weight ranges. 

Arithmetic mean percent errors for steer axles ranged from -13.47 percent for trucks 

weighing over 80,000 pounds to -11.34 for trucks weighing between 10,001 and 20,000 

pounds using the piezoelectric WIM system. Absolute mean percent error from the 

piezoelectric W M  system was 11.67 percent for vehicles weighing between 70,001 and

80.000 pounds and 13.77 percent for trucks weighing between 30,001 and 40,000 

pounds.

Arithmetic mean percent errors from the bending plate W M  system for steer axles 

ranged from -4.41 percent for trucks weighing over 80,000 pounds to -0.89 percent on 

trucks weighing between 10,001 and 20,000 pounds. Considering the mean percent error 

in absolute terms, the bending plate W M  system’s performance ranged from 8.30 

percent for vehicles weighing between 40,001 and 50,000 pounds to 10.50 percent on 

trucks in the range of 10,001 to 20,000 pounds.

Considering these accuracy and precision finding in totality, the piezoelectric W M  

system was found to significantly outperform the bending plate W M  system in capturing 

gross vehicle weights. This finding is contradictory to those reported previously in the 

literature related to the performance of piezoelectric. W M  systems. Despite the



76

differences in performance, both systems were well within acceptable performance 

ranges for WIM data collection as specified by the American Society for Testing and 

Materials ASTM E1318-00.

Conversely, the bending plate WIM system outperformed the piezoelectric WIM 

system for steer axle weight estimation. The poor performance observed for the 

piezoelectric WIM system may result from a malfunctioning self-calibration system, 

which uses steer axle weights as an input for its adjustments. However, as long as the 

piezoelectric WfM system is measuring steer axle weights consistently, even at such a 

misconstrued level, the calibration system will perform its intended purpose. This 

contention is substantiated by the piezoelectric WIM system’s observed accuracy when 

measuring gross vehicle weights. While this phenomenon bodes well for weight 

enforcement activities, it may have serious implications when considering the use of 

piezoelectric WIM data for pavement design purposes where accuracy in individual axle 

weights in paramount.

Implications for Pavement Design

A sample of vehicles (3,188 trucks), reduced for quality purposes, revealed a static 

scale estimate of 3,235.8 truck-related ESALs over the sampling period attributable to 

3,592 single, 6,120 tandem and 128 tridem axle passages (see Table 20). Single, tandem 

and tridem axles accounted for 657.6 ESALs, 2,526.8 ESALs and 51.3 ESALs, 

respectively over the sample period.

The weight measurements from the piezoelectric WIM system provided a total ESAL 

estimate of 3,157.8; a 2.4 percent underestimation from the “true” (static) value.
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Considering single axle passages, the piezoelectric WTM system estimated 424.9 ESALs; 

a 35.4 percent underestimation from the “true” value. This is not entirely surprising, 

since the piezoelectric WIM system was previously shown to consistently weigh steer 

axles significantly low. For tandem axle groups, the piezoelectric WlM system estimates 

ESALs to be 6.4 percent higher than “true” (2,686.4 ESALs). For tridems, the 

piezoelectric WIM system underestimates ESALs by 9.4 percent. Because there are 

nearly four times as many tandem axles as singles and tridems, the overestimation of 

tandem axle ESALs effectively compensates for the piezoelectric WIM system’s 

shortcomings in performance for single and tridem axles.

Comparatively, the bending plate WTM system provided a total estimation of 3,327 

ESALs; a 2.8 percent overestimation of “true” value. The bending plate WTM system 

was 8.5 percent low on single axle ESAL estimates (601.8 ESALs) and 5.7 percent and 

8.1 percent high on tandem and tridem axle ESAL estimates, respectively (2,669.8 and 

55.4 ESALs).

To quantify these noted differences in ESAL estimations from each of the WIM 

systems, a flexible pavement thickness design calculation was completed. Initially, truck 

volume estimates were established for the calendar year, June 2001 to May 2002 using 

corresponding data samples for each month. For the months of June, August and 

September for which no data was available, projections were made based upon adjacent 

months. Adjustments were made to account for variations in truck volumes throughout 

the week since the data was sampled on individual days. Monthly Average Annual Daily 

Traffic (AADT) figures and commercial vehicle traffic stream percentages were used in
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Table 20. ESAL Estimates for Piezoelectric and Bending Plate WIM Systems________
Static________ Piezoelectric__________ Bending Plate

Axle Percent Percent
Groups ESALS ESALS Difference ESALS Difference

Single 3,592 657.6 424.9 -35.4 601.8 -8.5
Tandem 6,120 2,526.8 2,686.4 6.3 2,669.8 5.7
Tridem 128 51.3 46.5 -9.4 55.4 8.1
Total 9,840 3,235.8 3,157.8 -2.4 3,327 2.8

combination with directional and lane distribution factors of 0.5 and 0.9 respectively, to 

estimate truck volumes and subsequent ESAL estimations by month. Using the MDT- 

reported growth factor of 3.2 percent, these monthly ESAL estimates were totaled and 

projected over the assumed 20-year design life of the pavement.

The resulting design life ESAL estimation using data from the static scales was 

10,245,247 ESALs, or approximately 1,403 ESALs per day for the 20-year projection. 

Using weight data from the piezoelectric WIM system resulted in an ESAL projection of 

9,898,686 for the same time period; an underestimation of 3.38 percent from the “true” 

value. Use of bending plate WIM system data resulted in an estimate of 10,519,906 

ESALs over the design life; 2.68 percent higher than that of the “true.”

Using these design life ESAL estimations from the static scales and the piezoelectric 

and bending plate WIM systems, three separate thickness designs were performed. For 

each design, consistent input values were used with only the ESAL estimate varying. :

Initial Serviceability 4.5

Terminal Serviceability 2.5

Reliability 0.90
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Standard Deviation 0.45

Roadbed Soil Resilient Modulus (psi) 7,500

For the sake of simplicity, a crushed base course with an 8-inch minimum thickness 

(specified by MDT) was used, with a structural coefficient of 0.15, a drainage coefficient 

of 0.95 and an elastic modulus of 30,000 psi. The minimum asphalt concrete (AC) 

pavement thickness was set at 5 inches (specified by MDT), with a structural coefficient 

of 0.44, a drainage coefficient of 1.0 and an elastic modulus of 350,000 psi. Using the 

MDT-specified minimum thicknesses for each layer resulted in identical designs 

consisting of the minimum thicknesses for each layer for each of the three ESAL 

estimations.

In light of the results, a second, less conservative design was done for each case, 

indistinguishable from the first except that minimum layer thicknesses were changed to 6 

inches for the base course and 3 inches for the AC layer. The static scale ESAL 

estimation resulted in a pavement design comprised of 8.17 inches for the crushed base 

course and 3.79 inches for the asphalt pavement. An identical design resulted when 

utilizing the ESAL estimates from the piezoelectric WIM system and only an additional 

0.02 inches of thickness in the AC layer resulted when using the ESAL estimates from 

the bending plate WIM system.

Hence, a 2 to 3 percent difference in design life ESAL estimates results in negligible 

change in flexible pavement thickness design. Both WIM systems should be considered 

adequate for the collection of data necessary to support pavement design activities.
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Factors Affecting WIM System Performance

A descriptive investigation of the relationships between seasonal, climatic and 

vehicular factors and their effects on WIM system performance revealed a number of 

interesting trends (see Figures 15 through 34). Specific seasonal and climatic factors 

included month (confounded by temperature), air temperature (from a local weather 

observation site and the WlM site), air pressure, precipitation and wind. Vehicular 

factors included FHWA commercial vehicle class, number of axles, gross vehicle weight 

(GVW) and vehicular speed. A number of other factors, mostly vehicular (e.g., 

suspensions type, etc.) or WIM equipment-related (e.g., drift), could not be quantified 

and are therefore not addressed. The omission of these variables was likely detrimental 

to the overall success of the regression analyses performed.

Seasonal and Climatic Factors

Looking first at WIM performance as a function of time, mean percent error values 

were plotted from the first day of observation in April 2001 through the final day in May 

2002 (see Figures 15 and 16). Because WIM performance over time may be confounded 

by climatic factors, namely temperature, air temperature from a Billings weather station 

was included on these graphs as well. It was thought that a plot of this nature could 

discern equipment drift effects since time of calibration.

For the piezoelectric WIM system (see Figure 15), the investigators observed an 

oscillatory pattern of behavior for both the gross vehicle weight and steer axle accuracies. 

For the GVW weight measurements, a minimal amount of variance existed with the
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amplitude of the oscillation hovering around ±2 percent. The bending plate WIM system 

exhibited a similar pattern for GVW and steer axle accuracies (see Figure 16) although 

the results differed significantly in magnitude.

Both WIM system accuracy patterns correlated inversely with temperature though 

again to different degrees; colder temperatures produced higher weight approximations 

and vice versa. The similarity in WIM system accuracy patterns for both the 

piezoelectric and bending plate WIM systems suggest that outside factors have a 

significant role in overall system performance. Effects of equipment drift are difficult to 

discern separately form the effects of temperature.

Looking more closely at W M  system accuracy as a function of temperature, mean 

percent error was plotted directly as a function of the average air temperature (see Figures 

17 and 18). Average daily temperatures ranged from 13.47 degrees (F) to 82.74 degrees 

(F). Again, the performance of the piezoelectric W M  system for both GVW and steer 

axles was more consistent over the entire range of temperatures than the bending plate 

W M  system. The bending plate W M  system showed a marked decrease in accuracy 

under cold temperatures.

Looking next at mean percent error as a function of air pressure, the piezoelectric 

W M  system performed well at pressures above 725 mm Hg, but performance decreased • 

sharply at lower pressures (see Figure 19). For the bending plate W M  system, mean 

percent error for GVW measurements remained consistently high (3 to 4 percent) for all 

pressures, with a slight upward trend in error from low pressures to high. Steer axle
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accuracies mirrored the GVW pattern of error with one exception; steer axle 

measurements were heavier, albeit more accurate, at lower pressures.

Precipitation was observed to have little impact on either piezoelectric or bending 

plate WlM systems accuracies (see Figures 21 and 22). A slight increase in mean percent 

error was noted at the 25 to 50 percent of hour under precipitation level for the 

piezoelectric W M  system but this error remained below 2 percent. Comparatively, the 

bending plate W M  system error showed a gradual decline with increasing precipitation.

The final climatic factor considered in this investigation was wind speed. Both W M  

systems exhibited relatively constant errors for GVW across the various wind speed 

ranges, which were considered independent of direction. Steer axle accuracies appeared 

more susceptible to wind effects, particularly for the bending plate W M  system.

Vehicular Factors

Vehicular factors in this investigation included truck classification, weight, and 

number of axles. While no doubt significant, consideration of factors such as payload 

placement, suspension type and patterns of braking and acceleration, was beyond the 

scope of this investigation.

With respect to FHWA truck classification (disregarding Class 7 due to small sample 

size), the piezoelectric W M  system performed consistently for GVW measurement 

across all configurations (see Figure 25). Performance does deviate slightly, albeit in 

opposite directions, for Classes 8 and 11, both of which contain single drive and/or 

trailing axles for at least a segment of their respective populations. For steer axle 

measurements, piezoelectric W M  system accuracy suffers for Classes 5 and 8, but
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remains fairly constant over the remaining truck configurations. Note that Class 5 also 

consists of vehicles having singular drive and trailing axles, much like Classes 8 and 11. 

The performance of the bending plate WIM system was considerably less consistent 

across the various vehicle configurations (see Figure 26), exhibiting a general trend of 

increased GVW error with an increase in FHWA truck classification.

Considering only Classes 6, 9, 10 and 13 because of their large sample sizes, the 

effects of load conditions (empty/loaded) on W M  system accuracy was investigated. 

Class-specific GVW frequency plots revealed distinct maximums for empty and loaded 

vehicles, which were used to sort the vehicles based on this criteria. Curiously, the 

pattern of error across these four vehicle classes reverses depending on whether the 

vehicle is loaded or empty, with the higher magnitude of error resulting from empty 

trucks (see Figures 27 and 28). Certainly, these effects are more dramatic for the bending - 

plate W M  system with mean percent error for empty trucks ranging from 7 to 11 

percent. For the bending plate W M  system, a second observation of note is the 

consistency in error difference between empty and loaded vehicles. The mean percent 

error difference for Class 6, 9 and 13 is between 5 and 6 percent while the mean percent 

error difference for Class 10 is as high as 10 percent.

Considering the effects of vehicle configuration in a little more detail, W M  system 

performance was considered as a function of the number of vehicle axles. Initially 

thought to be a redundant examination since FHWA classifications are derived from the 

number of axles, unique relationships were nonetheless revealed. The piezoelectric W M  

system performed best for vehicles containing three to eight axles, with slight declines in
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performance for two-axle vehicles and vehicles with nine or more axles (see Figure 29). 

A similar pattern was noted for the performance of the bending plate WIM system with 

different magnitudes of error (see Figure 30).

Consistent with previously presented results, the piezoelectric WIM system proved to 

be most accurate when weighing trucks in the GVW range of 30,001 to 40,000 pounds, 

while the bending plate WIM system performed best for trucks with GVWs greater than 

80,000 pounds (see Figures 31 and 32). Both WIM systems lose accuracy for lighter 

trucks (<30,000 pounds) although the degree of error is more pronounced for the bending 

plate WIM system.

Considering speed as a possible predictor of performance, a. general increasing trend 

in arithmetic error with increasing speed was noted for both systems (see Figures 33 and 

34). For the piezoelectric WIM system, this trend implied an improvement in overall 

performance at higher speeds while the bending plate WIM system saw a decline in 

performance at higher speeds.

Regression Analysis

After looking descriptively at possible trends in climatic and vehicular factors 

affecting WIM system performance, multiple linear regression techniques were employed 

to statistically confirm these effects and to quantify their magnitude and direction. Four 

separate regression models were generated for each WIM system and for GVW and steer 

axle accuracies,-which served as the dependent variables. Independent variables included 

static steer axle and gross vehicle weights, vehicular speed, number of axles, axle spacing 

across the entire length of a given truck, individual axle group configurations, humidity,
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air temperature, pavement surface temperature, pavement subsurface temperature, wind, 

air pressure and precipitation. Ordinary least squares estimation was used and an 

optimum corrected R2 value was sought to maximize the explanatory power of the model.

Piezoelectric WIM System -  GVW Mean Percent Error. When predicting GVW 

mean percent error from the piezoelectric WIM system, factors found to significantly 

impact the magnitude of this error included speed, static GVW, static steer axle weight, 

the presence of a single axle in axle group three and wind (see Table 21). The R2 value 

and subsequent explanatory power for this model are low, likely a result of omitted 

vehicular and equipment-related variables as previously discussed.

Increased vehicular speed was found to decrease absolute mean percent error for 

GVW. This finding is in agreement with earlier descriptive findings that indicated poorer 

performance by the piezoelectric WIM system for lower vehicular speeds. The mean 

percent error also decreased with increasing static GVW. Again, this is consistent with 

previous descriptive findings. Higher wind speeds also decreased absolute error, but the 

magnitude of this effect was almost negligible.

Heavier static steer axle weights, on the other hand, brought about an increased level 

of error in piezoelectric WIM system GVW estimation, as did the presence of a single 

axle in the third axle group for a given truck. Recall that the piezoelectric WIM system 

performance suffered for single axles, regardless of their location. The significance of 

the third axle group is not readily apparent.

Piezoelectric WIM System -  Steer Axle Mean Percent Error. The estimated 

regression model predicting piezoelectric WIM system steer axle accuracy included an
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increased number of significant independent variables. Static steer axle weight, static 

GVW, vehicular speed, spacing between the first and second axles, the presence of a 

single axle in group three, the presence of a tandem axle in group three, the presence of a 

single axle in group four, humidity, air temperature, pavement subsurface temperature, 

pavement surface temperature and wind all proved to be significant factors affecting steer 

axle mean percent error (see Table 22).

Table 21. Ordinary Least Squares Estimation: Piezoelectric GVW Error

Dependent Variable Piezoelectric GVW Error

Independent Variable Estimated
Coefficient Standard Error t-Statistic

Constant 14.180 1.987 7.138
Speed -0.156 0.024 -6.610
Static GVW -0.063 0.007 -8.982
Static Steer Axle Weight 0.373 0.129 2.897
Single in Axle Group 3 1.637 0.289 5.671
Wind -0.072 0.033 -2.214

Number of Observations 2,726
R-squared 0.0578
Corrected R-squared 0.0558

The explanatory power of this model (R2) was greatly improved over the previous 

model, although it remained low. As with the previous regression model for GVW 

accuracy, speed, static GVW and wind were all found to decrease the error for steer axle 

weight measurements captured by the piezoelectric WIM system. Additionally, the
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Table 22. Ordinary Least Squares Estimation: Piezoelectric Steer Axle Weight Error
Dependent Variable Piezoelectric Steer Axle Weight Error

Independent Variable Estimated
Coefficient Standard Error t-Statistic

Constant 30.717 5.922 5.187
Speed -0.136 0.024 -5.668
Static GVW -8.002 0.007 -11.427
Static Steer Axle Weight 1.980 0.128 15.413
Axle Spacing from I to 2 -0.103 0.030 -3.422
Single in Axle Group 3 -15.127 6.728 -2.248
Tandem in Axle Group 3 -25.571 5.489 -4.658
Single in Axle Group 4 -11.130 3.897 -2.856
Humidity 0.009 0.004 1.942
Air Temperature 0.049 0.020 2.487
Pavement Surface Temp. 0.040 0.019 2.076
Pavement Sub-surface 
Temp.

-0.081 0.028 -2.919

Wind -0.097 0.035 -2.754

Number of Observations 2479
R-squared 0.1385
Corrected R-squared 0.1343

spacing between axle groups one and two and the presence of a single or tandem axle in 

group three and a single axle in group four were found to significantly decrease mean 

percent error for steer axles. While it might be expected that an increase in axle spacing 

would reduce mean percent error because of the associated increase in available recovery 

time, its not apparent why this factor is significant for steer axle accuracy and not gross 

vehicle weight estimations. It is also interesting to note that the presence of a single axle
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in the third group was again found to be significant, but in this case it was found to 

dramatically decrease steer axle mean percent error.

As with the GVW mean percent error model, an increasing static steer axle weight 

was found to increase the percent error for the piezoelectric WIM system measurement. 

Additional climatic factors, including increasing humidity and air temperature, were 

found to significantly increase mean percent steer axle error.. The effect that air 

temperature has on the mechanical stability of pavement explains its significance, but the 

significance of humidity is not readily explained. Conversely increasing pavement sub

surface temperatures decreased mean percent error for steer axles.

Bending Plate WIM System — GVW Mean Percent Error. The estimated model for 

bending plate WlM system GVW mean percent error contained many of the same 

predictive factors as the piezoelectric WIM system GVW accuracy model, although the 

relative magnitude of effect as denoted by the estimated coefficient differed from model 

to model. Unique to the bending plate WIM system model for GVW error, speed 

resulted in an estimated coefficient of 0.095, indicating that as speed increased, absolute 

error did as well (see Table 23). This finding is consistent with the descriptive 

observations for bending plate WlM system performance but contrary to the speed/error 

relationships noted for the piezoelectric WlM system. Additional climatic factors of 

significance include precipitation and air pressure, with increased precipitation and air 

pressure resulting in an increase and decrease in mean percent GVW error, respectively.
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Table 23. Ordinary Least Squares Estimation: Bending Plate GVW Error
Dependent Variable Bending Plate GVW Error

Independent Variable Estimated
Coefficient Standard Error t-Statistic

Constant 40.419 5.833 6.930
Speed 0.095 0.035 2.728
Static GVW -0.108 0.011 -9.464
Static Steer Axle Weight 0.452 0.186 2.428
Single in Axle Group 3 2.967 0.492 6.036
Precipitation 0.026 0.007 3.647
Air Pressure -0.052 0.008 -6.873

Number of Observations 1,275
Rsquared 0.1299
Corrected R squared 0.1258

Bending Plate WIM System -  Steer Axle Mean Percent Error. No additional 

predictive factors were introduced in the final model estimating steer axle absolute error 

for the bending plate WIM system (see Table 24). Increasing vehicular speed and static 

steer axle weights were found to increase mean percent error for steer axle measurements. 

The presence of either a single or tandem axle in the third axle group was again found to 

decrease steer axle error, as was previously discovered for the piezoelectric WIM system. 

The consistency in findings for both the piezoelectric and bending plate WIM systems 

with respect to axle group three effects on steer axle weight estimation suggests further 

investigation into the effect of trailing axles. Lastly, the climatic factors of air 

temperature and pressure were found to decrease absolute mean percent error for the 

bending plate WEM system steer axle measurements.
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Table 24. Ordinary Least Squares Estimation: Bending Plate Steer Axle Weight Error
Dependent Variable Bending Plate Steer Axle Weight Error

Independent Variable Estimated
Coefficient Standard Error !-Statistic

Constant 25.895 7.829 1308
Speed 0.079 0.031 2.536
Static Steer Axle Weight 1.314 0.155 8.487
Single in Axle Group 3 -35.551 7.330 -4.850
Tandem in Axle Group 3 -35.993 7.324 -4.915
Air Temperature -0.028 0.006 4.021
Air Pressure -0.052 0.008 -6.873

Number of Observations 2505
R-squared 0.0517
Corrected R-squared 0.0494

In general, a familiar set of predictive factors appeared in the regression models for 

both the piezoelectric and bending plate WIM systems. Though the effect was oftentimes 

in opposing directions, the significance of these factors in influencing WEM system 

performance should not be ignored. Vehicular speed, static GVW and steer axle weights, 

and the occurrence of a single axle in the third group proved to be significant in all four 

models with one exception; the bending plate WEM system steer axle estimation error 

was not significantly dependent upon the static GVW of the truck. Commonalities 

related to climatic factors were not as apparent. Air temperature proved to be significant 

in the estimation models for steer axle error only. Further, wind effects were significant 

for the piezoelectric WlM system, while precipitation effects were only significant for the 

bending plate WEM system.
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Implications for Mainline Sorting Operations

Each of the W M  systems under investigation internally record vehicle-specific 

violation information pertaining to individual axle weight violation, GVW violation and 

violations of the bridge formula for axle combinations, as well as general errors relating 

to the changing of lanes, vehicular speeds and scale imbalance. To investigate the effects 

of W M  system performance on mainline sorting operations, weight violations were 

considered exclusively and comparatively quantified as the percent of overweight 

vehicles (the ratio of vehicles in violation to the total population). This metric was 

calculated for the entire sample of trucks, and then by individual FHWA classification 

and GVW weight range. The results of these calculations are presented in Tables 25 and 

26, for the piezoelectric and bending plate systems, respectively.

The percent of overweight vehicles identified by the piezoelectric W M  system was 

approximately 16.0 percent for the total truck sample, while the bending plate W M  

system identified 19.4 percent overweight vehicles. Extrapolating this difference to the 

commercial vehicle population at Mossmain in 2001, approximately 30,750 more trucks 

(nearly 85 trucks per day) would have been sorted as “in violation” by the bending plate 

system, relative to the piezoelectric system, during that year.

Looking more specifically by FHWA configuration (ignoring Classes 5, 7 and 11 due 

to small sample sizes), the piezoelectric W M  system had weight-related violation rates 

ranging from 2.5 percent for Class 6 to 33.9 percent for Class 13. Considering the same 

range of violation rates for the bending plate system,"Classes 6 and 8 each had violation 

rates of 4.1 percent while Class 13 vehicles had a violation rate of 59.3 percent.
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Table 25. Percent Weight Violation by Class
Percent Weight Violation

Observations Piezoelectric Bending Plate

Total Sample 3918 16.0 19.4
Class 5 11 0.0 0.0
Class 6 197 2.5 4.1
Class 7 I 100.0 100.0
Class 8 123 4.1 4.1
Class 9 3024 15.3 15.9

Class 10 96 22.9 41.7
Class 11 25 4.0 0.0
Class 12 102 14.7 26.5
Class 13 339 319 59.3

Table 26. Percent Weight Violation by Gross Vehicle Weight Range
Percent Weight Violation

Observations Piezoelectric Bending Plate

Total Sample 3918 16.0 19.4
10,001-20,000 lbs 49 2.0 2.0
20,001-30,000 lbs 238 2.1 1.3
30,001-40,000 lbs 940 1.3 1.1
40,001-50,000 lbs 555 1.6 2.0
50,001-60,000 lbs 443 2.3 3.6
60,001-70,000 lbs 402 8.0 11.7
70,001-80,000 lbs 956 37.3 41.3

>80,000 lbs 335 59.7 83.3
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By weight range, the piezoelectric WIM system violation rates ranged from 1.3 

percent for trucks between 30,001 and 40,000 pounds to 59.7 percent for those weighing 

in excess of 80,000 pounds. Findings were similar for the bending plate WIM system. 

Trucks between 30,001 and 40,000 pounds had violation rates of 1.1 percent while trucks 

weighing more than 80,000 pounds had a violation rate of 83.3 percent. It should be 

noted that many of the trucks weighing in excess of 80,000 pounds, which are included in 

the 83.3 percent violation rate for this category, are legally permitted to do so.

Violation rates indicated by each WIM system were more closely examined as a 

function of time and accuracy (see Figures 37 and 38) and time and temperature (see 

Figure 39). The patterns of recorded violation rates over time mimic the accuracy levels 

over time and temperature ranges for both the piezoelectric and the bending plate WIM 

systems. Curiously, the correlation between violation rates and temperature is more 

pronounced than the previously presented correlation between WIM system accuracy and 

temperature. Violation rates for both systems react inversely as temperatures change, 

almost without exception.

Looking more closely at Figures 37 and 38, some disjoint exists when considering the 

relationships between each WEM system’s violation rates and corresponding accuracy 

levels over time. If a WEM system’s mean percent error is positive in direction, recorded 

weights are inflated. Hence, weight-related violation rates should be positive in direction 

as well. In more than one instance, an increasing mean percent error was companioned 

with a decreasing overweight violation rate.
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Figure 37. Violation Rates vs. Time (Temperature Overlaid)

Currently, mainline sorting bypass decisions at the Mossmain study site utilize 

violation information from the PrePass program and do not rely on the violation detection 

rates of either W M  system. Default bypass threshold values defined as part of the 

PrePass program are as follows:

Gross Vehicle Weight (GVW) 80,000 lbs

Steering Axle Weight 12,500 lbs

Single Axle Weights 20,000 lbs

Tandem Axle Weights 34,000 lbs

Bridge Formula +3 percent
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The single and tandem axle threshold values correspond to legal maximum weights for 

each.

At Mossmain, the default bypass thresholds have more recently been modified to 

reflect performance of the WEVf system and unique traffic stream characteristics. 

Currently, bypass thresholds at Mossmain are as follows:

Gross Vehicle Weight (GVW) 128;000 lbs

Steering Axle Weight 16,800 lbs

Single Axle Weights 26,000 lbs

Tandem Axle Weights 40,000 lbs

Bridge Formula +0 percent

To determine the adequacy of these bypass threshold parameters, average gross 

vehicle, steer, non-steer single and tandem axle weights for the entire sample were 

plotted along with the default and current Mossmain bypass threshold values (see Figures 

38, 39, 40 and 41). In every instance, the default and current bypass thresholds provide a 

significant margin above the observed weights at the Mossmain site. Perhaps a more 

significant comparison is between these thresholds and the corresponding maximum 

weights allowed by law. The current steering, single and tandem axle thresholds range 

from 17.6 percent for tandem axles to 30.0 percent for single axle weights, above and 

beyond legal limits.

As demonstrated through this investigation, the WEVf systems at Mossmain are both 

performing at a level of accuracy and precision that should allow for more realistically 

defined threshold values. Threshold values in the range of four to six percent above legal
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weight limits for individual axle groups would optimize the mainline sorting process 

without compromising enforcement efforts. In the case of GVW, a 120,000 lb threshold 

would eliminate discrimination against more heavily weighed vehicles, and the individual 

axle thresholds would still catch non-compliant trucks. Hence, the recommended bypass 

thresholds for Mossmain are:

Gross Vehicle Weight (GVW) 120,000 lbs

Steering Axle Weight 13,000 lbs

Single Axle Weights 20,800 lbs

Tandem Axle Weights 35,360 lbs

Bridge Formula +4 percent

The GVW threshold of 120,000 pounds would require that some legally loaded trucks

be pulled in for static weight inspection, but of the 3,918 trucks in the sample for this 

investigation, only 34 (0.09 percent) trucks were statically weighed in excess of 120,000 

pounds. Note that the piezoelectric WIM system, with its high level of accuracy, would 

allow for further reduction of the bypass threshold values. These threshold values should 

be adjusted seasonally to account for temperature-related effects on WIM system

accuracy.
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Time
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Figure 41. Average Tandem Axle Weights, Current and Default Bypass Thresholds vs. 
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WIM System Costs

With mutually acceptable WIM system performance observed from both systems at 

the Mossmain study site, the respective WIM system costs will more actively determine a 

recommendation for system use. System costs considered in the study include equipment 

purchase, installation (including labor, initial calibration, and mobilization) and operation 

(including maintenance and calibration). Other less quantifiable costs were considered 

such as delay to the motoring public resulting from WIM system installation, 

maintenance, and operation.

For the purpose of this investigation, the estimated useful life of piezoelectric and 

bending plate WIM systems was assumed to be four and six years, respectively (McCall 

and Vodrazka 1998). With this assumption, comprehensive WIM system costs were 

estimated over a 12-year span. It should be noted that technological advancement in the 

next twelve years may render such a comparison obsolete. Nonetheless, this 

extrapolation allows for comparable cost estimated to be determined for the two WIM 

systems given their respective design lives.

Detailed cost information for a typical four lane piezoelectric WIM system such as 

the one at Mossmain was available from the Montana Department of Transportation (see 

Table 27). WIM system equipment consisted of four components: class I and 2 sensors, 

a cabinet/counter setup and solar panels for power. Installation took approximately five 

days; three days of roadway construction during which only one lane was closed at a time 

and two days of shoulder work for wiring and cabinet installation. For the bending plate 

WIM system, MDT provided only total costs. Bending plate WlM systems require
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concrete pavement for installation; roadway construction lasted for nearly a month as 

much of the Interstate 90 roadway infrastructure at Mossmain was excavated and 

replaced with concrete pavement.

A comprehensive 12-year projection of W M  system costs for piezoelectric and 

bending plate W M  systems is provided in Table 28. This projection is based upon an 

installation for both directions of a four-lane highway system similar to 1-90 at Mossmain 

and it was done independently of time values of money concerns. Assuming a four-year 

design life, the piezoelectric W M  system would require replacement twice after initial 

construction totaling just under $300,000 in equipment and installation costs. Over the 

same period of time, the bending plate W M  system would heed to be replaced only once, 

yet installation costs would approach $800,000.

The piezoelectric system is dramatically less expensive as far as monetary Cost of 

equipment and installation is concerned. In fact, a pair of piezoelectric sites could be 

installed and maintained over the twelve year span considered and a significant cost 

savings would still be realized over a single bending plate installation. From the 

standpoint of delay, installation of the piezo system takes far less time and does not 

require road closure, thereby negating the necessity of detour routes. From a 

comprehensive cost standpoint, the piezoelectric system at Mossmain is a far more 

attractive option than the bending plate system.
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Table 27. Typical 4-Lane Piezoelectric Equipment and Installation Costs
EQUIPMENT

Class I Sensors $5480
Class 2 Sensors $883
Counter/Cabinet $9908
Solar Panels $500
Subtotal $16,771

INSTALLATION

Labor $23,743
Mobilization $2670
Phone Service $4024
Initial Calibration $1994
Subtotal $32,431

Table 28. Comprehensive WIM System (Both Directions) Cost Projection (12 years)
Cost Component Piezoelectric Bending Plate

Equipment $50,313 $787,730
Installation $97,293
Maintenance and Calibration $30,000 $56,000

Total (12 year projection) $177,606 $843,730
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

The goals of this investigation were to directly compare the performance and cost of 

piezoelectric and bending plate W M  systems under Montana-based traffic loading and 

weather conditions and to make a recommendation for system use to the Montana 

Department of Transportation.

This investigation was conducted under near ideal experimental conditions with both 

piezoelectric and bending plate W M  systems currently installed in close proximity to a 

weigh station equipped with a static scale. Commercial vehicle sample sizes along 

Interstate 90 were sufficiently large, though some commercial vehicle classes were 

underrepresented.

Conclusions

Findings related to W M  system performance, factors affecting W M  system 

performance, implications for mainline sorting operations and W M  system costs are 

summarized below.

W M  System Performance

W M  system performance was evaluated using the measures of accuracy and 

precision, quantified by mean percent error and standard deviation of the mean. 

Calculations were made both for the entire commercial vehicle sample and for subsets of
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the sample specific to vehicle configuration (i.e., FHWA classifications) and weight 

ranges. W M  system performance was also considered for individual axle groups and by 

their position along the vehicle.

Accuracy levels for both the piezoelectric and bending plate W M  systems were 

within generally accepted standards for W M  performance. For gross vehicle weight 

capture, the piezoelectric W M  system outperformed the bending plate W M  system. 

Over the various vehicle configurations and weight ranges, the piezoelectric W M  system 

exhibited more consistency in measurement as well.

Results regarding steer axle weight measurement were not as favorable for the 

piezoelectric W M  system. For the entire sample, the piezoelectric W M  consistently 

underestimated steer axle weights by more than 12.5 percent for arithmetic error and 

nearly 13 percent for absolute error, indicating that the majority of individual steer axle 

measurements were low. The bending plate W M  system also underestimated steer axle 

weights, but by only 2.5 percent on average. The bending plate W M  system’s capture of 

steering axle weight measurements was considerably more variable as denoted by the 

increased absolute error of nearly 9 percent.

Concern over steer axle inaccuracies proved unfounded in later investigations. The 

high level of accuracy attained for gross vehicle weights suggests that generally offsetting 

errors across the various axle groups in a vehicle compensate adequately for poor steer 

axle weight capture performance. While not necessarily expected, it was further found 

that errors in axle weights were not amplified in subsequent ESAL calculations for 

pavement design.
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Though single axle weights and subsequent ESALs were underestimated by both 

W M  systems, inflated tandem and tridem axle weights compensated to result in 

comparable design life ESAL projections from each W M  system. In fact, for a 20 year 

time horizon* design ESALs varied by only 3 percent resulting in a thickness design 

difference of 0.02 inches.

Factors Affecting W M  System Performance

An investigation into the specific vehicular and climatic characteristics that 

significantly affect the performance of bending plate and piezoelectric W M  systems was 

also conducted using descriptive plots and multiple linear regression techniques. Gross 

vehicle and steer axle weight accuracies, expressed as the absolute mean percent error, 

were estimated for both the piezoelectric and bending plate W M  systems.

Several common predictive factors were discovered including static GVW, static 

steer axle weight and vehicular speed. For steer axle accuracy prediction, the presence of 

single and tandem axles in the third axle group proved significant in affecting W M  

system performance. Less consistency was observed in climatic factors, though several 

were individually significant. Each of the regression models had relatively low 

explanatory power (low R-squared values) indicating omission of key factors such as 

vehicle suspension, travel speed, etc. In general, the piezoelectric W M  system was less 

susceptible than the bending plate system to the various vehicular and climatic factors 

potentially affecting W M  system performance.
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Implications for Mainline Sorting Operations

Each of the two WIM systems showed similar detection rates for overweight vehicles. 

Of interest to note is the sometimes contrary relationship between violation rates 

(expressed and percent of overweight vehicles) and WIM system accuracy; positively 

increasing mean percent weight errors were often accompanied by decreasing violation 

rates. When comparing existing bypass thresholds at Mossmain with both legal and 

typical gross, steer, single and tandem axle weights, a significant margin was observed 

ranging from 17.6 percent for tandem axles to 30 percent for single axles above those 

typical and legal weights for the state of Montana. To optimize mainline sorting 

operations without compromising enforcement effectiveness, these threshold parameters 

should be adjusted to coincide with legal weight limits and the respective accuracy levels 

of the respective WIM systems.

WIM System Costs

A comprehensive examination of W M  system equipment, installation and 

maintenance costs projected for 12-year time horizon significantly favored the 

piezoelectric W M  system despite its shorter useful life. Two piezoelectric W M  system 

installations could be implemented with a significant cost savings over a single bending 

plate W M  system installation.
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Recommendations

This investigation has shown that both the piezoelectric and bending plate WIM 

systems perform adequately in providing weight data for the purpose of mainline sorting 

activities and pavement design. However, the piezoelectric WIM system consistently 

outperformed its counterpart with respect to both accuracy and precision. The increased 

accuracy and precision will not only improve enforcement and mainline sorting activities, 

but will also lead to a savings in pavement damage, while providing more accurate data 

for planning purposes. The piezoelectric system also shows less dependence on temporal 

and climatic factors consistent with Montana’s weather patterns. As a result, seasonal 

variation and equipment drift are minimized and calibration costs for the system reduced. 

Although the projected design life is shorter for piezoelectric WIM systems, the gain in 

performance and cost savings is more than commensurate with the requirements of early 

replacement. For these reasons, the recommendation resulting from this investigation is 

to pursue continued implementation of piezoelectric WIM systems under Montana’s 

Weigh-in-motion Plan. It is important to recognize, however, that this recommendation 

is based on results obtained at a single installation in Montana. If the performance of 

piezoelectric systems is sensitive to installation parameters (e.g., quality in workmanship, 

nature of pavement, etc.), this sensitivity will need to be considered regarding any future

installations.



118

REFERENCES

I. Alavi, Dr. Sirous H., Dr. A. Thomas Papagiannakais, and David Reynaud. 
Performance Evaluation of Piezoelectric Weigh-in-Motion (WIM) Sensors Under 
Controlled Field Loading Conditions. Transportation Research Board, January 2001, 
pp. 1-29.

29. Barnett, Jeffrey C., Benekohal, Rahim F., Timms, Courtney M. Effects of TruckType 
and Speed on Weigh-in-Motion Scales. November 1999.

30. Bergan, Dr. A.T., W.A. Phang, Keith Derksen, and Brian Taylor. Development in 
Piezoelectric Wiegh-in-Motion Systems. RTAC Conference, Saskatoon, September 
13-17, 1987, pp. 1-18.

31. Cottrell, Jr., B.H. Evaluation of Weigh-in-Motion Systems. Virginia Transportation 
Research Council. Charlottesville, Virginia. December 1991. pp. 3, 34-35.

32. International Road Dynamics, Inc. Weigh-In Motion Technology Comparisons. 
January 2001. pp. 1-11.

33. Larsen, Donald A., and Anne-Marie McDonnell. Second Interim Report on the 
Installation and Evaluation of Weigh-in-Motion Utilizing Quart-Piezo Sensor 

, Technology. Connecticut Department of Transportation, November 1999, pp. 1-35.

34. Mamlouk, Dr. Michael S. A Rational Look at Truck Axle Weight. Transportation 
Research Board, TRR 1307,1991, pp. 8-19.

35. McCall, Bill, and Walter C. Vodrazka, Jr. State’s Successful Practices Weigh-in- 
Motion Handbook. Iowa State University, December 15, 1997, pp. 1-130.

36. Mumayiz, S.A., and R.M. Michaels. Investigation of the Implementation of Weigh- 
in-Motion Operation in Illinois-Phase I. Urban Transportation Center, Chicago, 
March 1989, pp. 1-94.



119

37. Routledge, Les, Terry Bergan, and Brian Taylor. Development and Demonstration of 
a Low Cost Weigh-in-Motion Scale Systemfor Highway Applications. Transportation 
Development Centre Policy and Coordination Group, Transport Canada, Saskatoon, 
Saskatchewan, May 1989.

38. Sleath, L., and D. Wanty. Installing weight monitoring devices inflexible pavements: 
the New Zealand experience. Heavy Vehicles and Roads: Technology, Safety and 
Policy, Transit New Zealand, London, 1992.

39. Southgate, Herbert F. Quality Assurance of Weigh-in-Motion Data. Executive 
Summary. Federal Highway Administration, pp. 1-21.

40. Straehl, Sandra. Montana Department of Highways Weigh-in-Motion Final Report. 
September 1988, pp. 1-64.

41. Sweatman, P.F. A Study of Dynamic Wheel Forces in Axle Group Suspension of 
Heavy Vehicles. Special Report 27. Australian Road Research Board, Australia, June
1983.

42. U.S. Department of Transportation. Federal Highway Administration. Automated 
Trajfic/Truck Weight Monitoring Equipment (Weigh-in-Motion): An Overview of 
Issues and Uses. Demonstration Project No. 76. March 1990. p. 45.

43. Whitford, Robert K. Truck Weight Monitoring Plan Using Weigh-in-Motion 
Devices: Planfor WIMfor the State of Alaska. Alaska Department of Transportation 
and Public Facilities. 1997-1998.




