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PREFACE

This is the first and final project report on the Texas RTAP WIM Demonstration Project. This project was a
cooperative effort among the Federal Highway Adminisiration (FHWA), the State Department of Highwayé and
Public Transportation (SDHPT), the Department of Public Safety (DPS), the Center for Transportation Research
(CTR) at The University of Texas at Austin with additional technical support from the Texas Department of

Agriculture and the Radian Corporation.
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ABSTRACT

In a series of data-taking sessions, over 809 trucks selected fron: the traffic stream on IH-10 near Seguin,
Texas were weighed in motion by a WIM system at three diff{crent specds and then statically by three different axle-
load scales and by three different sets of wheel-load weighers. The accuracy and efficiency with which static
weighing of truck wheels, axles and axle-groups could be accomplished was determined by comparing all other
weights against weights from a specially-designed AXLE/WHEEL scale. The effect of the height of the portat iz
axle-load scales and the wlizcl-load weighers or: weighing accuracy was analyzed. Tolerances which will allow {or
the probable weighing error when using the diffcrent 1vpes of static scales were defined.

The importance of on-site calibration of V-'IM systems was demonstrated. Considerable improvement in
WIM sysiem performance was shown when loaded 5-axle, tractor-semitrailer trucks were used as a basis for
calibration as compared with multiple runs of a loaded 2-axle, single-unit test truck. The expected range in the
variability of WIM system weight estimates from a properly-calibrated system was identified for different speeds.
Speed had a systematic, but relatively small effect on accuracy of the Radian WIM system. The Radian WIM system
produces high-quality statistical data that are essential to the transportation industry.

The potential usefulness of WIM systems for enforcement was identified. The low-speed weigh-in-motion
(LSWIM) performed better on the average and within a narrower range of variation than any of the wheel-load
weighers evaluated. It was better on average, and about the same with respect to variability as the portable axle-load
scale. It was more consistent throughout the full range of loads than the flush-mounted axle-load scale, but had

somewhat more variability.
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SUMMARY

A unique 4-lane WIM system was developed for use on this project. It was deployed initially as part of an
extensive field experimental program to study the effect of speed on in-motion weighing accuracy and later {or
routine statistical data taking at several sites in Texas. Data from these uses have been analyzed and are presented in
this report. _

The accuracy of two axle-load scales and three types of wheel-load weighers was defined from weighings on
these devices and on an accurate axle/wheel scale that was installed specially for the project. Tolerances for using
these devices in enforcement have been suggested.

Calibration procedures for the WIM system using different types of trucks were studied. The importance of
on-site calibration for every installation was identified. Accuracy of the ISWIM and HSVIM systems was improved
considerably when loaded S-axle tractor-semitrailer trucks were used as a basis for calibration as compared with
multiple passes of a loaded 2-axle, single-unit truck. Adequatc calibration of the LSWIM scales was achieved with
both dead-load test blocks and low-speed moving test vehicles.

On average, there was a very small effect of speed on the accuracy with which the Radian WIM system
estimated static weights. Higher speed increased the range of variability in the estimated weights.

A procedure for predicting traffic loading on multi-lane highways is presented. Timewise changes in the

patterns of loading are illustrated for a site on a rural interstate highway.
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IMPLEMENTATION STATEMENT

The advantages and feasibility of using WIM systems for collezting significant amounts of statistical truck
weight and classification data have been convincingly demonstrated. The accuracy of the Radian WIM system that
was evaluated in this demonstration is entirely adequate for operational data taking when the system is properly
calibrated at each site where it is used. A comprehensive, continuing data collection program with the Radian WIM
systern that was developed under this project should be implemented in Texas and should include instrumentation in
all highway lanes at all sampling sites to obtain wheel, axle, axle-group, and gross-vehicle weights alone with axle-
spacing, speed and classification information at representative locations. Other states should develop statistical data
collection programs to utilize multilane WIM systems. Statistical sampling techniques must be used in thesc
programs to assure that timewise variations in traffic loading are properiy identified. Mecans for summarizing,
interpreting, and storing the large amounts of statistical data which will be genecrated by WIM systems are urgently
needed to serve the design, management, planning, and financing needs of the State. Appropriate consideration
should be given to a network of microcomputers for this purpose. An automated vehicle-classifier system should be
devcloped 1o complement and extend the coverage of traffic data that can be represented by the detailed wruck weight
and classification data from each WIM system site.

The statistical data from routine WIM data-taking sessions should be shared with enforcement agencies to
help identify locations and times where overloading problems occur. Enforcement agencies should consider using
WIM systems as a sorting device to identify suspected overload violators. Further consideration must be given to
the possibility of using the low-speed WIM technique directly for enforcement. Appropriate tolerances for static

weighing need to be identified for use by enforcement agencies. Results of this study provide valuable information

for this purpose.
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CHAPTER 1. INTRODUCTION

During the past half century, highway agencies have been weighing trucks to obtain the pertinent
information that is needed for statistical data and {or law enforcement. Trucks have also been weighed for commerce.
Commercial truck weighing requires that a highly-accurate determination of the gross weight of individual loaded and
unloaded vehicles be made. Thus, this weight can be relied upon as the quantitative basis for trading goods without
risk of serious injury to either party involved in the transaction. For this exacting purpose, the only acceptable
means of weighing is by using a vehicle scale and single-draft weighing whereby all wheels on the vehicle are
weighed simultaneously while the vehicle is in static equilibrium.

Statistical data, on the other hand, provide descriptive information upon which decisions regarding the
planning, financing, design, operaiion, maintenance, and management of highway facilities are based. These
applications do not require the same degree of attention to the weight of individual vehicles nor to the exact
measurement of individual wheel loads as no single person or firm is at risk. Successive weighing of vehicle
wheels, axles, or axle groups statically on axle-load scales, wheel-load weighers, or weigh-in-motion (WIM) systems
is generally used for acquiring such statistical data. Sampling techniques are usually employed to weigh selected
trucks at representative locations on the highway system and to develop representative frequency distributions of
weight data. These data, along with representative frequency distributions of vehicle classification data, are utilized
to define past and present traffic loads and to forecast future patterns of traffic loading at selected locations with
respect to time. Then, based on anticipated future traffic loading, designs are drawn to accommodate efficiently and
effeétively the motor vehicle traffic that is expected to use the design facilities during some future period of time.

In order to protect the facilities from unexpected loads, legal weight limits which respect engineering
principles are established, and enforcement weighing programs are implemented. The enforcement program involves
checking wheel, axle, axle-group, and gross-vehicle weights as well as the center-to-center spacings of axles and the
overall length of individual vehicles to detect overloaded and/or oversized vehicles and to remove them from the
highways. These weight determinations must be made within reasonable tolerances as an individual is at risk when a
violation of the established legal limit is detected. Vehicle scales with single or multiple load-receiving platforms,
axle-load scales, and wheel load weighers are all used in enforcement weighing programs. Weigh-in-motion (WIM)
systems are not used directly for this purpose as the legality of WIM estimates of static weight has not been
established. The type of static scale that is used in a specific enforcement program is determined by safety
considerations, weigh site availability, equipment capabilities and limitations, type of legal limits to be enforced,
time requirements, and costs. Practicable enforcement tolerances which recognize all these factors must be adopted

either by law or by a policy of the enforcement agency.
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OBJECTIVES OF THE RESEARCH

As a continuing need exists to obtain as accurately and efficiently as possible the essential traffic data that are

required for statistical and enforcement purposes, a weigh-in-motion demonstration project was undertaken to address

the following overall objectives:

M

2)

To evaluate the practicability of using state-of-the-art WIM equipment for obtaining statistical truck

weight and classification data.

To determine the feasibility of using WIM equipment in truck weight anc size enforcement programs.

To attain these general objectives, a series of intermediate objectives were identified as follows:

M

@
G)

@

3

©)

Q]

®

To define the range of accuracy within which the portzble and semi-portable static truck weighing
equipment that is currently used in Texas performs in typical enforcement operations.

To define the attainable accuracy of a low-speed weigh-in-motion (LSWIM) system.

To explore the possibility of using LSWIM weighing to obtain truck weight and size information of
adequate quality for legal evidence of the violation of weight and size-laws.

To demonstrate the feasibility of using high-speed weigh-in-motion (HSWIM) techniques for
simultaneously collecting siatistical data and sorting suspected overweight and oversized vehicles from
the traffic stream for subsequent static weighing and dimensioning.

To study the effects of permanent weigh station operations on "by-passing” or "waiting-it-out" truck
traffic patterns.

To evaluate the practicability of combining enforcement and statistical data collection weighing
operations using WIM equipment.

To demonstrate the importance of weighing trucks in all lanes, in both directions, on multilane
highways for statistical data sampling purposes.

To study timewise variations in vehicle weights using data collected by the new 4-lane WIM system at

a site in Texas.

The unique features of this research project as compared to others of the same type are: (1) development of a

4-lane WIM system that can be deployed efficiently and effectively at various locations, (2) design of a sampling

procedure for selecting trucks for weighing statically and in-motion at three different speeds, (3) evaluation of the

overall performance capabilities of various types of static axle-load and wheel-load scales, (4) defining the accuracy of

WIM scales at three different speeds (low < 10 mph, intermediate = approximately 30 mph, and high =

approximately 55 mph), (5) study of the effect of operating a fixed weigh station on trucks by-passing on alternate

routes or waiting-out the schedule of the station, and (6) development of a practical technique for estimating the

pattern of traffic loading in each lane of multilane highways.
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STUDY APPROACH

The work reported here is largely an experimental and observational attempt to explore and develop better
ways and means of collecting high-quality weight data for the purposes mentioned above. A scries of data-taking
sessions conducted according to a carefully planned experiment in the summer of 1984 produced extensive data sets
upon which to base several of the proposed comparisons and evaluations. Chapter 2 describes the field testing
program and in addition includes a discussion of the concepts of static and in-motion weighing techniques. The
;'ariabiljt)' in truck wheel, axle, axle-group, and gross-vehicle weights that were observed when about 800 trucks
were weighed on different types of static scales is discussed in Chapter 3. This chapter presents the statistical
analysis of the data along with an evaluation of the factors which affected the performance of each scale.

WIM data were collected in the field-testing program for the same trucks operating at threc different speeds
when weighed in motion. The results are documented in Chapter 4. Comparison of the WIM-estimated weights
with the respective static weights {from an accurate referee scale served as the basis for evaluating an on-site
calibration technique that should be used immediately upon installation of a WIM system at a site and periodically
thereafter. The adequacy of using a particular type of truck for on-site calibration was investigated. Chapter 4 also
includes an analytical discussion of the difference in load carried on the left and right-side wheels of an axle, axle-
group, and truck. Furthermore, the feasibility of using WIM systems for statistical weight-data acquisition and for
enforcement purposes is evaluated and described in this chapter, and the relative accuracy of a WIM system is
documented.

Chapter 5 presents the concept of weighing tolerances and discusses the techniques used in analyzing the data
to develop appropriate tolerance limits for each type of scale that was evaluated. In conjunction with evaluating the
perfoﬁrmance and accuracy of static and WIM scales, efficiency and effectiveness of each weighing technique is
examind in Chapter 6. During the course of the field experiment, size measurements on the trucks which were
weighed were also made both manually and by the WIM system at three different speeds. This experience indicated
that WIM can simultaneously classify traffic by lane and by direction efficiently and accurately. The efficiency of
using static scales in typical weighing operations, in terms of time requirements for weighing and dimensioning, is
also evaluated in Chapter 6. Furthermore, the effects of weigh station operations on "by-passing” or "waiting-it-out"
truck traffic is described.

Chapter 7 describes a practicable technique for estimating the patterns of traffic loading in each lane of
multilane highways. This procedure is outlined and illustrated with four multi-day data sets taken during 1984 and
1985 at a 4-lane WIM site in Texas.

Chapter 8 summarizes the results of the study and presents conclusions drawn from the investigation.
Recommendations for possible implementation of the findings and for further research into WIM technology are also

presented in this chapter.
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CHAPTER 2. CONCEPTS OF WEIGHING AND EXPERIMENTAL PROGRAM

This chapter presents a discussion of the concepts of static and in-motion weighing techniques followed by a
description of the carefully-planned experimen: that was conducted. The field-testing program was designed to
produce a valid data set that could serve as the basis for defining the range of accuracy and the relative efficiency
within which a WIM system, three axle-load scales, and three types of wheel-load weighers can perform in typical
weighing operations. The WIM system was used to make dynamic tire-force measurements at three different speeds,
and the axlc-foad scales and wheel-load weighers were used to make static weight measurements on the same trucks
that were sampled from the traffic stream at an enforcement station on an interstate highway in a rural area of Texas.
The experimental site, the profile of the road surface at the site, the equipment, and the data collection process are

described in this chapter. Analysis of the data obtained from the various scales is described in following chapters.

STATIC WEIGHING

Weight is the force with which an object is attracted toward the earth by gravity. It is equal to the product of
the mass of the object and the local value of gravitational acceleration. A highway vehicle is made up of several
interconnected components, each with its own mass. The connectors, which can be viewed as springs, hinges, and
motion dampers, also have mass. A force applied to any vehicle component, such as a wheel assembly, will be
transferred to the other components through the connectors.

To weigh a highway vehicle accurately, all tires of the vehicle must be supported simultaneously on force
transducers (scales) which are capable of measuring the total upward force required to balance the downward force of
gravity when no component of the vehicle is experiencing vertical acceleration. That is, no external force other than
gravity, nor any vertical inertial force, can be acting on any vehicle component at the time of weighing. This zero-
vertical-acceleration condition is realized in practice only after a vehicle has stopped on a weighing device and
sufficient time has been allowed for any kinetic energy stored in the vehicle components to be dissipated.
Measurement of the total upward vertical force applied through the tires of the vehicle in this condition of static
equilibrium is called static, single-draft weighing and is the most accurate way to determine gross-vehicle weight.

Gross-vehicle weight can also be determined by successively stopping the axles of the vehicle on axle-load
scales or wheel-load weighers and measuring the downward force exerted by the tires of the vehicle when all vehicle
components are motionless and in exactly the same relative position to each other throughout the entire sequence of
the weighing operation. If the vehicle is moved between successive tire-force measurements, such a condition of
exact juxtaposition among the components can only be approximated in practice; therefore, some sacrifice in static

weighing accuracy must be expected when this technique is used.



Moving a vehicle usually changes the relative positions of its components due to such factors as torque in
the drive train, {riction in the brake and suspension systems, and unevenness in the road/scale surface. For all
practical purposes, gravity applies a constant downward force to each vehicle component regardless of its
displacement relative to the other interconnected components; therc{ore, the sum of these forces -- the gross-vehicle
weight -- will not change as the vehicle is moved {rom place to place. The proportion of the gross-vehicle weight
carricd by each of the interconnected vehicle components at the time of each weighing is, however, a direct function
of the relative position of all components of the vehicle at that time. '

A typical spring rate for a rear truck wheel suspension is about 3,500 to 4,000 Ib/in of displacement and each
tirc also has a rate of about 4,000 1b/in. The front suspension generally has a spring rzate of about 500 Ib/in [Ref 1].
Thus, if one wheel of a vehicle is raised or lowered with respect to the others during the weighing sequence, the
wheel weight on the scale or weigher will be considerably different than when the wheel is not displaced. Special
attention must be given to this concept when weighing the wheels of tandem or triple axles if reasonablc accuracy is
to be achieved with wheel load weighers. The same principles also apply to weighing axles and axle groups with a
set of wheel load weighers or with axle-load scales. Therefore, the only way to weigh a highway vehicle accurately
by successive positioning of wheels on a scale, or a series of scales, is 10 maintain all wheels of the vchicle on a
smooth and level surface and to have no redistribution of weight during the weighing process. This means that the
deflection of the scale itself must be considered and that the friction in the vehicle suspension, drive, and braking
system must be accounted for. A considerable amount of weight transfer among axles occurs during acceleration and
stopping of a vehicle, and the weight distribution at the time of weighing depends on the frictional forces in the
suspension system at that time. In practice, efforts must be made to minimize the effects of weight transfer during
successive weighings in order to make measurements within acceptable tolerances. The magnitude of these effects is

illustrated in Chapter 3 by analyzing data sets taken under carefully-controlled field conditions.

IN-MOTION WEIGHING

The concept of in-motion weighing is that gross-vehicle weight or the portion of this weight carried by a
wheel, an axle, or an axle group can be estimated from instantaneous measurements of the vertical component of the
dynamic (continnally changing) force that is applied to the road surface by the tires of a moving vehicle. The gross
weight of the vehicle does not change as it moves over the road, but the dynamic force imposed on the road surface
by a rolling tire can vary from more than double its static weight when it mounts a bump, thereby exerting a large
unbalanced force on the wheel-assembly mass, to zero when the tire bounces off the road.

The pattern of wheel force for a given highway vehicle traveling over the same roadway surface profile at the
same speed is consistent. This is evident from the small scatter in the experimental measures documented in Refs 2
and 3. The forces acting on the vehicle components are the same, and the response of the interconnected masses that
make up the vehicle is the same. The mass of the vehicle components affects the magnitude and the frequency of the
dynamic wheel forces and their variation from static weight; therefore, different vehicles react differently to the same

pattern of road roughness. Observation has shown that the wheels (unsprung masses) oscillate typically in the range



of about 8 to 12 Hz when displaced suddenly, and that oscillations damp rather quickly [Ref 1]. During these
veritical oscillations, the dynamic wheel force is sometimes less than static weight, and sometimes greater. An out-
of-round or out-of-balance tire or wheel can apply vertical forces to the rotating mass and cause large variations in
dynamic wheel force. Another characteristic of truck behavior is that the sprung mass (body and pay load) typically
oscillates at about 0.5 to 3 or 4 Hz depending on many factors which include mass [Ref 1]. These oscillations cause
variations in the proportion of the sprung mass that is transferred to a tire at any given instant.

Accurate in-motion weighing of highway vehicles is possible only when the vertical acceleration of all
vehicle components is zero. The sum of the vertical componen! of tire forces exerted on a smooth, level surface by
the perfectly round and dynamically-balanced, rolling wheels of a vehicle moving at a constant speed in a vacuum is
sxacily equal to the gross weight of the vehicle. None of the vehicle components will be accelerating vertically
under these ideal conditions. Such conditions never exist in practice. No road surface is perfectly smooth and level,
no vehicle has perfect components, and the existence of the earth's atmosphere cannot be ignored. The nearer actual
conditions approach ideal conditions, the better the estimation of vehicle weight that can be made from samples of
the vertical component of tire forces applied to the road surface by a moving vehicle.

In practice, the adverse effects of the roadway factors can be minimized by careful site selection, proper
installation, on-site calibration, and maintenance of in-motion weighing equipment. Undesirable environmental
effects can be recognized or perhaps avoided by scheduling weighing operations. The vehicle factors, except for
possibly speed and acceleration, are largely uncontrollable at a weighing location. Legal and safety regulations
restrict the range within which certain other vehicle factors occur, and economic considerations influence the vehicle
operating conditios that drivers and owners are willing to tolerate. Perhaps the most signilicant uncontrollable
vehicle factor that affects in-motion weighing is tire condition. Unbalanced or out-of-round tires rotating at high
speed can cause large variations in the vertical component of force acting on the wheel mass and can therefore
produce vertical acceleration of this mass. Tire inflation pressure also contributes significantly to the dynamic
behavior of the tire and wheel mass. Even though the tire-condition variable cannot be controlled in in-motion
weighing, observation and experience indicate that the tires on most over-the-road vehicles are maintained in
reasonably good condition; therefore, the results of this potentially adverse effect might also fall within tolerable

limits for most vehicles and for certain types of in-motion weighing operations.

EXPERIMENTAL PROGRAM

Site Locati

One of the early efforts in the experimental program involved the selection of an existing vehicle inspection
station where a permanent axle-load scale was in place and where a second axle-load scale (i.e. referee scale) could be
installed without major changes to the geometry of the station. Furthermore, the station needed to accommodate the

deployment of a portable axle-load scale and a set of wheel-load weighers. It was important that the selected station

meet the following conditions:



(1)  be adjacent to the lanes of an interstate highway,

(2) have arelatively straight, smooth, and level road surface,
(3) have low radio-frequency noise,

(4) have a convenient source of electric power, and

(5) be reasonably accessible to all the participating parties in the program.

The weigh station adjacent to the eastbound lanes of IH-1G at Milepost 616 east of Seguin, Texas was

selected as the experimental site for data collection. The arrangement of scales and the deployment of personnel at
this site are shown in Fig 2-1. As indicated in this figure, the weigh strip consisted of a standard tapered exit ramp,
a 500-ft straight section 40 feet wide, plus a tapered entrance ramp leading back into the main lanes.
High-speed weigh-in-motion (HSWIM) scales were installed in the right-hand main lanes about 500 ft in advance of
the exit ramp gore (see Fig 2-2(a)). A SPEED LIMIT 55 (R2-1) sign was crected 6-ft beyond the right edge of the
right-hand shoulder at 6-ft height 300 f{t in advance of the HSWIM scales, and a traffic cone was placed on the right-
hand edge of the shoulder to aid drivers in identifying the scale location. Speed over these scales actually averaged
about 50 mph in the experiment.

Intermediate-speed weigh-in-motion (ISWIM) scales were placed in the straight section of the exit ramp 470
ft in advance of the low-speed weigh-in-motion (LSWIM) scales (see Fig 2-2(b)). A SPEED LIMIT 35 (R2-1) sign
was erected on the exit ramp 6-ft beyond the edge of the scale at 6-ft height 200 ft in advance of the ISWIM scales.
In addition, traffic cones were placed at the scale to identify its location. The average speed over the ISWIM scales
was observed to be 30 mph. A STOP SIGN was erected in the weigh station 3 ft beyond the right-hand edge of the
pavement at 7-ft height 20 ft in advance of the LSWIM scales (see Fig 2-2(c)). The roll-over speed on the LSWIM
scales was less than about 10 mph. All the WIM scales were supported by an instrument system that was housed in
a mobile laboratory trailer located opposite the ISWIM scales. The referee scales were placed 80 ft beyond the
LSWIM scales on a straight level (longitudinally) section of the weigh station (see Fig 2-2(c)).

The flush axle-load scale (permanent scale at the weigh station) which was already set in a shallow concrete
pit with the long axis of the load-receiving elements in the direction of traffic (see Fig 2-2(d)) was 80 ft beyond the
referee scale. In addition, a pair of portable axle-load scales was placed on the pavement surface 70 ft beyond the
flush-mounted axle-load scales for some of the tests (see Fig 2-2(e)). This scale was operated by ramping each axle
or axle group up about 4 inches onto the platforms. Three different types of wheel-load weighers, one on each day of
the first three days of data-taking sessions, were also operated 70 ft beyond the ramped, portable axle-load scales (see
Fig 2-2(f)).

Profile of the Road Surface

Gross-vehicle weight and axle-group weights can be determined in several ways. The most accurate way
requires the use of a multiple-section vehicle scale using single-draft weighing wereby all wheels on the vehicle are
weighed simultaneously while the vehicle is in static equilibrium. Because of the expense involved, such a vehicle

scale was not made available to determine the gross-vehicle weight and axle-group weights of the trucks that were
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Figure 2-2. - (continued) (d) AX/GRP scale, (¢) AX/GRP (RAM) sacle (portable axle-load scale), (f) WLW/M300
(wheel-load weighers).



o)

Figure 2-2. - (continued) (g) Test weights on AX/WHL scale by Texas Department of Agriculture.
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weighed on the axle-load and wheel-load scales used in the study. As mentioned previously, another way to
determine gross-vehicle weight and axle-group weights is to successively weigh wheels, axles, or axle groups on
axle-load scales or wheel-load weighers with all the vehicle components motionless and in exactly the same relative
position to exch other at the time of each weighing. Theoretically, this condition of exact positioning can be best
achieved on-a perfectly smooth and horizontal surface that is free of any unevenness. In reality, however, a road
surface of this type is almost impossible to construct and maintain because of economic factors. Displacement of
any vehicie component between or during successive weighings due to torque, braking, load shifting, and the
associated frictional forces causes redistribution of the gross-vehicle weight among the axles and wheels and therefore
results in inaccuracy in the gross-vehicle weight and the axle-group weights calculated by summing the successive
mcasurements.

The existing straight, zero-grade section of the weigh station chosen for use in this study had a three-percent
cross slope to the left-hand side in the weighing lane. At the time the site was selected, the permanent axle-load
(axle/ group) scale had been installed in a shallow concrete pit with zero cross slope in the immediate vicinity of the
scales. The asphalt concrete surface had been warped from the three-percent cross slope before and beyond the
shallow pit to transition to the level plane of the scale surface. This warped cross section was not shown on the
pi%ms and was not evident until construction of the referee scale pit was begun. Limited funds and time available for
the study made it necessary 1o install the referee (axle/wheel) scale also at zero cross slope and to warp the adjacent
surface into the ten-foot long concrete approach aprons that were constructed before and beyond the scales. Figure 2-
3 shows the longitudinal profile in each wheel path at the site at the time when data collection began. The
longitudinal profile at the center of the vehicle path was excellent, but the warping of the cross slope at the scale pits
was a matter of concern as it could possibly affect wheel weights adversely. The effects of the local warping of cross
slope were not expected to be as pronounced on axle, axle-group, and gross-vehicle weights, however. The effects of
this warped surface are further discussed later in this report.

After the first two days of data taking, the resident engineer for the State Department of Highways and Public
Transportation (SDHPT) had the existing asphalt concrete surface on the right-hand side of the weighing lane
excavated. Premixed asphalt concrete was then used to build a lane with zero cross slope before, between, and
beyond the axle/wheel and the axle/group scales. This level surface held up well under truck traffic for two days of
data taking, but rutted considerably in the hot summer weather by the fifth day of data taking.

Later in June 1984, the premixed surface material was removed and replaced with hot-mixed, hot-laid asphalt
concrete to form a level lane (longitndinally and transversely) approximately 400 feet long. The LSWIM scales
were removed before the leveling and reinstalled afterwards. An additional 100 trucks were weighed on the
axle/wheel, axle/group, and LSWIM scales on 6 July 1984 after leveling the surface to within about 0.02 ft for 380

feet surrounding these three scales.

D . 1 O ional F s of Equi
The data-collection sessions were conducted over a period of five days in June and on one day in July of

1984. Table 2-1 shows the types of scales operated each day along with the number of trucks weighed by each scale
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TABLE 2-1.

TYPES OF SCALES AND TT{E NUMBER OF TRUCKS WEIGHED ON EACH TYPE

TYPE OF SCALE
DATE
AX/WHL | AX/GRP| AX/GRP (RAM) | WLW/M300 | WLW/M400 |WL/100 | HSWIM |ISWIM | LSWIM
June 5, 1984 133 133 133 100 - - 136 133 133
June 6, 1984 106 106 . - . 100 106 106 106
June 11, 1984 150 150 - - 40 - 152 | 150 150
June 12, 1984 148 148 - - - - 148 148 148
June 13, 1984 174 174 - - - . 174 174 174
101 101 - - - - - . 100

July 6, 1984

Sl
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type. A complete listing of the weight data collected by the static scales on each day has been printed, but is not
published in this report. The nomenclature and operating features of each scale are given below in the order in which

each truck passed over them.

HSWIM -- High-Speed Weigh-In-Motion. (Fig 2-2(a))

This scale used two flush-mounted wheel-force transducers, each 53 x 18 inches in plan
dimensions, centered transversely in each wheel path such that the tires travelled along the 18-inch
dimension. Each transducer was supplied with + 1 percent maximum tolerances in elecirical output
signal. The analog signal was digitized and processed by a micro-computer in real time, on site to
convort the measured dynamic wheel force to an estimute of static wheel weight. Speed and axle
spacing computations were also made by the WIM systern: from inductance loo;» type vehicle-prosence
detector signals. Thus, as a truck passed over the WM scales time of day, speed, axle spacing,
wheclbase, wheel weights, axle weights, axle-group weights, gross-vehicle weights, bridge-formula
compliance, and vehicle class were determined automatically, displayed on the video screen, and
recorded on magnetic disc in digital format. Instruments for the WIM system were houged in a
mobile laboratory trailer (see Fig 2-2(c)). '

ISWIM -- Intermediate-Speed Weigh-Tn-Motion. (Fig 2-2(b))

This scale was the same as HSWIM, but it was used at a slower speed (approximately 30 mph).

LSWIM -- Low-Speed Weioh-Tn-Motion. (center Fig 2-2(c))

This scale also was the same as HSWIM but each truck rolled over it at a speed less than about
10 mph. Furthermore, on the last day (July 6) of data taking, this scale system was calibrated in
place with ten 1,000-1bs test blocks furnished by the Texas Department of Agriculture, Weights and
Measures Section. The LSWIM scales performed within +1 percent overall system tolerances under
dead-weight loading.

AX/WHIL -- Axte and Wheel Scale. (foreground Fig 2-2(c))

This scale consisted of two scale platforms, each 4 x 6 feet in plan dimensions, arranged side-
by-side and mounted flush with the road surface so that wheels rolled along the four-foot dimension;
thus, each wheel on an axle could be weighed separately when the axle was positioned on the pair of
scales. The design of the scale utilizes all flexure-type devices to transfer forces to the levers and
finally to a single strain-gage load cell. The load-receiving surface is supported by a tabular metal
frame which deflects very little under load. The manufacturer states that one part in 5,000 (0.02
percent) tolerances are attainable with the scale. Under dead-weight testing using a series of 1,000-1bs
test blocks (see Fig 2-2(g)), the scale always indicated correctly within the 20-pound increment that
was selected for use in the study. Time of day, wheel weights, axle weights, axle-group weights, and
gross-vehicle weights from these scales were printed on a hard copy tape by a microcomputer.

AX/GRP -- Axle-Group Scale. (Fig 2-2(d))

This scale had two load-receiving elements, each approximately 30 inches x 8 feet in plan
dimensions, mounted flush with the road surface and arranged in shallow pits in the wheelpaths of the
lane in such a way that the wheels rolled along the eight-foot dimension. The signals from all strain-
gage load cells in the scale were summed electrically to give only the total weight on both platforms;
thus, the weight of either a single axle or a group of axles was measured, displayed, and printed. The
scales performed within the minimum 20-pound increments that were displayed on an indicator under
dead-load testing using a series of 1,000-1bs test blocks. The aluminum load-receiving elements of
these scales deflected noticeably under heavy axle-group loads.
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AX/GRP (RAM) -- Axle-Group Scale (Ramped). (Fig 2-2(e))

This scale had the same basic design and operational features as the AX/GRP scale, but it was
longer, had more load cells, and was placed on the road surface in each whec! path in such a way that
the wheels rolled up thc ramps of both platforms and then rolled along the 11-"ot dim¢ zion. The
hieight of the weighing surface was approximately four inches above the road. W ¢ight measurements
were displayed and printed on a hard copy tape. The printer was housed in a DPS vai.

WLW/M300 -- Wheel-Load Weigher Model 300. (Fig 2-2(f))

This scale was a hydraulic rollover-type portable wheel-load weigher approximately 20 x 10
inches in plan dimensions and 3 1/4 inches in height. Depending on the number of wheels in each
axle group, two, four, or si: weighers were positioned, one in front of each wheel in such & manner
that wheels crove along the 20-inch dimension. Dual-tire wheels were lifted somewhat less than three
inches as all load on the wheel was transferred to a single tire. The truck was not required to stop
with each wheel on a weigher as a feature of this model attempts to hold the maximum fcree reading
as the tire moves slowly over the weigher. Data werc read and recorded manually on a data sheet.

WLW/M400 -- Wheel-Load Weigsher Model 400.

This device was very similar to the Model 300 except that a single hydraulic piston is used and
no load-holding feature is provided in the hydraulic system. The wheels had to be stopped on the 10-
inch wide by 11-inch long weighing surface while the weight indication was read by the operator and
recorded manually on a data sheet,

WL/100 -- Wheel-Load Scale WI,100.

This scale was a low-height hydraulic wheel-load weigher which consists of a platform for
weight registration and of a laterally-affixed dial-type indicator. The platform is approximately 18 x
27 inches in plan dimensions and 0.79 inch in height. Both tires of a dual-tire wheel must be
approximately centered on the scale during static weighing. A firm, smooth surface is needed to
support this thin device. Weight readings were recorded manually on a data sheet.

Traffic C I 1 D Collecti

Traffic through the weigh station was controlled by uniformed officers of the Department of Public Safety
(DPS). One DPS officer and one Staiz Department of Highways and Public Transportation (SDHPT) person were
stationed approximately two miles upstream of the weigh station. Selected trucks were direcied to stop on the
shoulder by the officer; all other traffic was allowed to continue on the main lanes. A serialized identification
number was attached to the front windshield of each selected truck by the SDHPT person. The trooper instructed
each driver how to proceed through the weigh station and released a truck only when it could be processed at the
weigh station without having to stop before crossing the LSWIM scale. The release time was coordinated via radio
contact with the weigh station,

When released by the trooper, each truck traveled in the right-hand lane of TH-10, passed over the HSWIM
scale at about 55 mph, exited, and passed over the ISWIM scale at approximately 30 mph. Each truck was then
stopped approximately 20 feet in advance of the LSWIM scale and the driver was instructed to roll slowly over the
LSWIM scale and stop with the front axle on the AX/WHL scale. Another trooper instructed the driver to release the

trakes after stopping each axle on the AX/WHL scale and wait for weighing. A weight reading was taken only after
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no appreciable change in the indicated weight was observed. Mcanwhile, two CTR personnel measured the center-to-
center axle spacings of each truck at this site with a steel tape and another person recorded images of each vehicle and
its suspension system on video tape. Tire infla‘ion pressures and temperatures were measured on selected trucks by
personnel from the Texas Transportaiion Institute, Texas A&M University whiie the trucks were stopped here for
weighing. The same successive-weighing procedure was followed when each single axle or axle group was stopped
on the AX/GRP scale located 80 feet beyond. Tandem axles that were more than about six feet apart, center-to-
cenier, were weighed separately on the eight-foot long AX/GRP scale, and axle groups were split into two weighings
when necessary due to the limited length of the scales. Finally, the driver of each truck was asked to stop
approximately 80 feet beyond the AX/GRP scale. Here, the troopers placed either two wheel-load weighers, one in
{ront of each wheel of a single axle, or four wheel-load weighers, one in front of eaclr wheel of a tandem axle and
instructed the driver to drive up onto or to roll over the scales depending on the type of weigher in use. Six wheel-
load weighers were used to weigh triple axles. The identification number affixed to each truck was removed while

the truck was being weighed on tiie wheel-load weigtiers.

REFERENCE SCALE

In analyzing the field data for defining accuracy, developing calibration factors, and consequently arriving at
use tolerances for WIM systems, it was necessary to choose one scale as a control or reference scale. The AX/WHL
scale as described in the preceding section was selected to serve as the referee scale. The manufacturer of this scale
claims that it can perform within 0.02 percent tolerance. In the field when each platform of the scale was subjected
to dead-weight testing with up to fifteen 1000-1b test blocks, the scale always gave a correct indication of the applied
static load within the 20-1b increment that was selected for use in the data collection.

To further validate the reliability of this scale, a 2-axle, single-unit, loaded dump truck furnished by the
SDHPT was weighed repeatedly throughout the six days of data collection. Table 2-2 gives wheel, axle, and gross-
vehicle weight readings as well as the right and left side weights for seven successive weighings of the test truck on
the AX/WHL scale on 5 June 1984. Given also in this table are the corresponding averages and standard deviations.
As can be seen in the table, the weight readings do not differ more than 40 Ibs,

The AX/WHL scale proved to be accurate under dead weight testing, reliable in repeated weighings of a test
truck, and capable of weighing both wheel loads and axle loads without excessive deflection of the load-receiving

platforms. Therefore, it was used as the reference scale in the analysis of the data sets throughout the project.



TABLE 2-2.

WEIGHTS (LBS) FOR A 2-AXLE, SINGLE-UNIT TEST TRUCK WEIGHED ON THE AX/WHL
(REFEREE) SCALE
Front Rear Side
Run Number Left Right Left Right ) Gross
Axle Axle Left Right
Wheel Wheel Wheel Wheel
1 3400 2980 6380 8320 8240 16560 11720 | 11220 | 22940
2 3400 3000 6400 8340 8220 16560 [ 11740 | 11220 | 22960
3 3400 2980 6380 8360 8200 16560 | 11760 | 11180 | 22940
4 3360 3020 6380 8340 8220 16560 [ 11700 | 11240 | 22940
5 3400 2980 6380 8320 8200 16520 (11720 | 11180 | 22900
6 3400 3000 6400 8340 8200 16540 | 11740 | 11200 | 22940
7 3380 2980 6360 8360 8200 16560 11740 | 11180 | 22920
Mean 3391 2291 6383 8340 8211 16551 11731 11203 | 22934
Standard Dev. 16 16 14 16 16 16 20 24 19
(5 June 1984)

61
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CHAPTER 3. COMPARISON OF WHEEL-LOAD WEIGHERS AND AXLE-LOAD
SCALES

PURPOSE

To enhance safety and to protect the roads and bridges in the State of Texas from unexpected vehicle loads,
maximum load limits and maximum vehicle sizes have been established by state law. Enforcement of these weight
and size regulations is performed by the Texas Department of Public Safety (I7'S). Implementation of the weight
enforcement program involves weighing wheel loads, axle loads, axle-group loads (tandems, triples, etc), and gross-
vehicle weights as well as measuring the spacing between adjacent axles and the overall length of individual truck
units. Each of these determinations must be made within reasonable tolerances as an individual is at risk when a
violation of thie legal limit is charged by an enforcement officer. -

All weight enforcement presently is based on legally-recognized static weights obtained with one or more of
the following types of weighing devices: (1) vehicle scales with single or multiple load-receiving platforms, (2)
axle-load scales, and (3) wheel-load weighers. The type of device that is used in a specific enforcement program is
determined by safety considerations, weigh site availability, equipment capabilities and limitations, type of legal
limits to be enforced, time requirements, and costs. Practicable enforcement tolerances which recognize all these
factors must be adopted either by law or by a policy of the enforcement agency.

The purpose of this chapter is to discuss the variability in truck wheel loads, axle loads, axle-group loads, and
gross-vehicle weights that were observed when about 800 trucks were weighed in a field testing program on three
different static axle-load scales and on three different types of wheel-load weighers during a five-day period in June and
one day in July 1984. A brief description of the field testing program is given in Chapter 2. Presentation and
analysis of the data sets that were collected are discussed in this chapter. Analysis and interpretation of the data
provide a valuable resource for consideration when selecting suitable weighing equipment and when defining
appropriate tolerances for truck weight enforcement operations or for other purposes. Practicable enforcement

tolerances for using the various types of weighing devices are developed and suggested in Chapter 5.

ANALYSIS OF DATA

In analyzing the field data, a comparison is made of the wheel, axle, axle-group, and gross-vehicle weights
that were obtained for trucks which were weighed on several different scales as described in the preceding chapter.
The flush-mounted AX/GRP scale was configured to indicate only the total weight of all wheels on one axle
(single), or on two axles (tandem), that were spaced less than about six feet apart center-to-center since the length of

the scale platforms was approximately eight feet. Axles in a group with greater extreme spacing were therefore
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weighed separately, and the weights were summed. Axle groups with an overall spacing between extreme axles in
the group greater than this were weighed in pairs and separately in successive stops of the truck on the scale before
summing. The platforms of the surface-mounted AX/GRP (RAM) scale were approximately 11 {eet long; therefore,
any axle group with center-to-center spacing of the extreme uxles less than about 9 fect could be weighed in a single
stop. No axle group with greater spacing than this was encountered in the data set. All the other scales indicated the
weight of each wheel. Axle weight and axle-group weight has been taken as the sum of all wheel weights for the
particular axle or axle group under consideration, and gross-vehicle weight has been computed as the sum of all axle
and axle-group weights cn a truck or truck-trailer combinaticn. Zomparisons are arranged in the followinz order.

First, axle-group and gross-vehicle weights determined from the AX/GRP scale are compared against those
from the AX/WHL scale as the reference scale. Both of these scales were flush-mounted, certified axle-load scales
spaced. 80 feet apart. Two data sets, one taken on June 5 and 6 and the other taken on July 6, are preseiited in order
that the possible effects of the distorted cross-slope pattern described previously can be evaluated. Then, the
AX/GRP (RAM) scale data are compared against those from each of the flush-mounted axle-load scales as a refcrence
scale. Finally, weights from cach type of wheel-load weigher - the WHL/M300, WL/100, and WLW/M400 - are
compared first against the AX/WHL scale weights and then against the AX/GRP scale weights as a refercnce.

Results of all comparisons are presented in two different ways: (1) graphical representation of the data, and
(2) staustical inference values drawn from the data. In the graphical approach, the weight data for the same truck or
truck-trailer combination measured by the reference scale (scale with which other scales are compared) are plotted on
the x-axis (horizontal) and the respective values from the scale being compared are plotted on the y-axis (vertical). If
there were perfect agreement between the measurements, all the plotted points would lie exactly on a 45-degree
sloping line (equality line) which passes through the origin. Lines which represent plus and minus ten percent
deviation from the equality line are shown in the graphs to indicate visually the extent of the variation present in the
data. Dot-dash lines indicate the legal weight limits: single-axle, 20,000 lbs; tandem-axle, 34,000 lbs; and gross-
vehicle, 80,000 lbs.

Another form of graphical presentation of data uses the relative difference in the weight data for each truck
which was weighed on the reference scale and on the scale being compared. This relative difference is calculated and

expressed as a percentage of the weight measured by the reference scale. That is,
D; = 100[(C; - RP/R}] l<ic<k 3-1)

where D; = difference in the weight determined by the Compared scale expressed as a percentage of the

weight determined by the Reference scale for observation i.
C; = weightdetermined by the Compared scale for observation i.

R; = weightdetermined by the Reference scale for observation i.

= total number of observations.



If the relative differences in weights are normally distributed, statistically-based inferences can be drawn
concerning the probability of weight differences exceeding certain magnitudes. For example, if in a normally-
distributed population past experience is repeated, at least 95 out of 100 observations of weight diffcrences should be
within plus and minus two standard deviations from the mean weight difference previously observed. That is, only
five percent of the observations are expected to exceed these magnitudes due to chance alone. The assumption
concerning the normatly-distributed population of the relative differences in weights is discussed in the next section.

Percentagewise deviations of each weight from each scale are also plotted against the corresponding weights
from the reference scales. In addition, to show graphically the 95 percent confidence limits for the relative differences
1 the weight data, dashed horizontal lines whici: represent plus and minus two standard deviations from the mean
ditference (shown by a solid horizontal line) are drawn on each ploi. A vertical dot-dash line indicates the applicable

legal weight limit.

DISTRIBUTION OF RELATIVE DIFFERENCES IN WEIGHTS
The procedures used here for drawing statistical inferences from the relative differences in weights which are
computed from the sampled weight data are based on the assumption that the population of the differences is

normally distributed, or at least approximately so. Two indicators of a normal distribution are appropriate for

consideration:

(1)  the central limit effect, which shows a tendency for the frequency distribution of relative differences
to be a "bell-shaped curve”, and
(2)  the robustness or insensitivity of many commonly-used statistical tests to deviations from theoretical

Gaussian or normal distribution.

A number of procedures are described in the literature to test the normality assumption. Three of these are

summarized here for possible applicability.

Empirical Rul

The characteristic properties of a normal distribution can be used to make an informal check on the normality
assumption. A normal distribution can be defined by two parameters: population mean, }i, and population standard
deviation, ©. The population mean, [, is a measure of central tendency which locates the population distribution,
and the population standard deviation, ©, is a measure of the dispersion of the population about the mean. The
properties of the normal distribution curve have been carefully defined, and tables of values of the area under the
curve for increments of O are readily available. If the mean of the sample observations, '5, is taken as a measure of
central tendency for the sample and the standard deviation, G, of these observations about the sample mean is
calculated, a comparision can be made against the location and shape of the normal distribution curve in accordance

with an empirical rule. For the assumption of normality to be valid under one such rule, the following inequalities
must be met [Ref 4].



(1) | No.inD-s,D+s)-0683n!| <141 J/n,
@ | MNo.inD-2s,D+25)-0955n] <0.654 Vm, or
(3 | No.inD-3s,0+35)-0997n | <0.164 Jn

where n is the number of observations in the sample, D is the sample mean, and s is the sample standard deviation.

Noarmal Prohability Plot

A graphical check on the normality assumptiion can be provided by plotting the sample data levels versus the
cxpected normal values of observations at each level on normal probability paper. A sample drawn from a normally-

distributed population should roughly resemble a straight-line plot on this specially constructed paper.

Goodness-of-Fit Tests

These statistical tests are based on the comparison of the observed sample distribution (empirical) with the
theoretical distribution to see if the hypothesized distribution function "fits" the sampled observations. The most
commonly used tests of this kind are the Chi-Squared test (}:2 test), the Kolmogorov-Smirnov test (D test), and the
Shapiro-Wilk test (W test).

The Chi-Squared test is the oldest and best-known goodness-of-fit test, first introduced by Pearson [Ref 5]. It
is applicable to enumeration (counted) data which are grouped in discrete increments, and such a grouping of data is
usually arbitrary; therefore, the distribution of the test statistics is known only approximately. The test is usually
not very powerful.

The Kolmogorov-Smirnov test is usually preferred for measurement-type data, in particular if the sample size
is small. The test is exact even for small samples. There is controversy over which test is more powerful, but the
general feeling seems to be that the Kolmogorovo-Smirnov test is probably more powerful than the Chi-Squared in
most applications. For details see a paper by Slakter [Ref 6].

Tests of normality were given new insights with the introduction of the so called analysis of variance test by
Shapiro and Wilk [Ref 7]. The test statistic W is constructed by evaluating the regression of ordered sample data on
corresponding expected normal order statistics, which for a sample from a normally distributed population is linear.
Extensive empirical comparisons of the Shapiro-Wilk test with other tests of normality using computer-generated
random numbers indicated that the W test was generally superior in detecting non-normality when evaluated on
various symmetric, asymmetric, short and long-tailed alternatives over sample sizes ranging from 10 to 50 [Ref §].
Using IMSL library subroutines [Ref 9] and Statistical Algorithms [Refs 10-13], a Fortran computer program is
written to perform the Shapiro-Wilk test for samples of size up to 2000 [Ref 14] (see Appendix A).
APPLICATION OF NORMALITY TEST TO OBSERVED
RELATIVE WEIGHT DIFFERENCES

Variability in truck weight measurements on axle-load scales can be attributed to: (1) random error, (2)

equipment and operator error, and (3) inherent variability in tire forces due to displacement of any vehicle component
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between or during successive weighings - such displacement is caused by torque, braking, load shifting, and the
associated frictional forces. Mistakes due to faulty scales or human errors cannot be considered in normality tests.
The variability due only to chance errors (i.e. random errors), is considered in the population distribution.

Some of the aforementioncd tests for normality made on relative differences computed {rom the sampled
weight data, indicated that the differences are normally distributed. To illustrate the applications of thesc tests for
normality, the relative differences in gross-vehicle weights which were sampled by the AX/GRP scale and by the
AX/WHL (reference) scale on 5-6 June 1984 were used. The test results are described in the following tables and
paragraphs.

Table 3-1 indicates the results of applying the empirical rule described above to the data sct. From Table 3-1,
it is clear to see that all th~ inequalities are satisfied; therefore, an assumption of normality is plausible. As
illustrated in Fig 3-1, the plot of the sampled differences on specially-constructed normality axcs is approximately a
straight line; therciore, the sample can be assumed to be drawn from a normally-distributed population.

A goodness-of-fit test for normality (i.e., the Shapiro-Wilk test), was also applied to the example data set.
The results are presented in Table 3-2. As with the aforementioned tests, the two-tailed probability associated with
the Shapiro-Wilk W statistic fails to reject the null hypothesis. Therefore, it is reasonable to assume that the
dis&ibution of the population of the relative differences in gross-vehicle weights is normal. The frequency
distribution of the relative differences appears in Fig 3-2.

oI may be concluded that (1) the normality assumption for the relative differences in weights appears
reasonable, and (2) the relative differences computed for sample data from each compared scale should be treated

separately as the samples may be drawn from normally-distributed populations with different means and/or variances.

COMPARISON OF AX/GRP SCALE AGAINST AX/WHL SCALE

Al Truck Types

The 662 axle-group weights that were obtained for 237 trucks which were weighed on these two certified
scales on June 5 and 6 (before resurfacing of the existing straight section of the weigh station) are presented
graphically in Fig 3-3(a). Inspection of this figure indicates that there is not perfect agreement between the weights,
but that virtually all axle-group weights measured by the two scales differ by less than ten percent. The AX/GRP
scale weights are generally lower than the AX/WHL scale weights for the lighter axle groups and higher for the
heavier ones.

For further comparison, differences in the weight of each of the 662 axle groups which were weighed on the
two scales were computed and expressed as a percentage of the axle-group weights measured by the AX/WHL scale,
Figure 3-3(b) depicts these differences. A solid horizontal line is drawn at the mean of the differences (+1.8 percent),
and dashed lines indicate the range included within two standard deviations about the mean. A statistical
interpretation of the information shown in this figure indicates that only 5 times in 100, will the differences in axle-

group weights measured by these scales be expected to fall outside the -4.1 percent and +7.6 percent levels.



TABLE 3-1. RESULTS OF NORMALITY TEST BY EMPIRICAL RULE

Standard Number of
Statistic Sample Size _Mean, & Deviation Observations
n =237 D = 2.1085 S = 1.6645 In the Interval
(D-8S,D+8S) = (0.4440, 3.7730) 173
Intervals (D - 25, D + 2S) = (-1.2205, 5.4375) 225
(D - 3S, D + 3S) = (-2.8850, 7.102) 237
| 173 - .68(237) | < 1.1 237 ? Yes
Inequalities | 225 - 0.954(237) | < 0654 /237 2 Yes
| 237 - 0.997(237) | < o0.164 237 ? Yes
Decision Since all of the inequalities are satisfied, an assumption
Rule

of normality is presumably correct
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Figure 3-1.  Plot of relative weight differences on normal probability axes.



TABLE 3-2. SHAPIRO-WILK NORMALITY TEST ON SAMPLE RELATIVE DIFFERENCES
1. Null Hypothesis, H ;-
The sampled relative differences come from a
Hypotheis normally distributed population.
2. Alternative Hypothesis, H 4 -
The distribution of the differences is not normal.
n 2 n 5
W= |2 ap,, 2. (D, - D)
P | ( | ) 1 |
Test
Statistic
where D(i) is the ith order statistic with its corresponding coefficient a ;.
From the data set W is found to be .94.
I Reject Hq at the level of significance o if w is less
Criterion i )
than o quantile as given by standard tables, W, = .98
.- i =. W o= j . h
Decision Since (W = .94) < (W o= .98) do not reject H 5. In other

words, the assumption of normality is plausible.
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Figure 3-2.  Frequency distribution of the relative differences in gross-vehicle weights from the AX/GRP and
AX/WHL scales, June 5-6, 1984.
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summing individual axle weights from the AX/WHL scale, (b) percentage difference in axle group
weights for the AX/GRP vs the AX/WHL scale weights.



The gross-vehicle weights of these trucks which were calculated by summing the wheel weights and the axle-
group weights from the AX/WHL and the AX/GRP scales, respectively, are shown in Fig 3-4(a). The corresponding
percentage differences are shown in Fig 3-4(b). Inspection of these figures indicates that there is not perfect
agreement between the measurements, but that they differ by not more than about seven percent. Again, except for
the lighter trucks, the AX/GRP scale weights are shown to be generally higher, particularly for the trucks with
gross-vehicle weights above about 50,000 Ibs.

Deflection of the scale platforms under heavy loads will pitch weight toward the lower axles and tend to cause
discrepancies of this kind. The tractor drive-tandem axle groups and the trailer-tandem groups were each weighed in a
separate stop on the AX/GRP scale; therefore, the AX/GRP scale platform received all the load on each tandem axle
sct. Each axle was wcighed one at a time on the AX/WHL scales which deflected only negligibly. Visual
inspection of Fig 3-4(b), and statistical analysis of the differences in gross-vehicle weight, indicates that gross-
vehicle weight differences were between -1.2 percent and +5.4 percent 95 times in 100, with mean and standard
deviation of +2.1 percent and 1.6 percent, respectively.

The observed differences in gross-vehicle weight as determined by the AX/GRP and AX/WHL scales, each
capable of measuring loads to within 0.2 percent of an applied test load (see Chapter 2), can also be attributed to the
transfer of weight among the various axles as the truck moved into positions for successive weighing of the axles or
group of axles. However, there is no way to quantify, from the data obtained in the field, the amount of weight
transfer that occurred. Therefore, the magnitude of this effect as well as deflection of the scales and the possible
effects of transversely non-level scale approaches (including warped-surface condition) on the calculated axle-group
and gross-vehicle weights are indicative of the type of variability which can occur in practice. These effects should,
then, be considered in setting tolerance limits for enforcement weighing and for interpreting statistical data when
axle-load scales and wheel-load weighers are used. The magnitude of these effects for the other types of scales is

illustrated in the subsequent sections of this chapter, and tolerances are suggested in Chapter 5 based on the available
data.

ffect z ‘ -

On July 6, 1984, another 101 trucks were weighed on the AX/GRP and the AX/WHL scales after the adverse
cross slope in the weighing lane (see Chapter 2) had been removed. Hot-mixed, hot-laid asphalt concrete was used to
make a level surface throughout the scale area. Comparison of the weights obtained after the road and scale surfaces
had been leveled with the weights obtained when the scales were in the previously-described warped-surface condition
might give an indication of the possible effects of transversely non-level scale approaches on axle-group and gross-
vehicle weights.

Axle-group weight data for the 285 axle groups on 101 trucks after leveling the surface are shown in Fig 3-5.
These data are roughly comparable with the data shown in Fig 3-3 for the warped surface condition. Direct
comparison would require that exactly the same trucks be weighed in both cases. The similarity in the pattern of
weights and weight differences shown in these two figures is readily apparent even though the number of

observations is different. Axle-group weights from the AX/GRP scale are generally lower than those from the
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Figure 3-5. (a) Weights of 285 axle groups weighed on the AX/GRP and AX/WHL scales after removing cross
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the AX/WHL scale weights.



AX/WHL scale for lighter loads and higher for the heavier loads as noticed previously. The mean weight difference
of +1.3 percent after leveling is 0.5 percent less than the +1.8 percent mean difference for the before-leveling
condition. The scatter in the weight differences, as indicated by the magnitude of tie standard deviation about the
mean, is also nearly the same (two standard devistions = 5.8 t.cfore and 5.1 after). In addition, the results of a two-
sided (pooied standard deviation) t-test (or a one-way unalysis of variance), at level of significance a = 0.1, ({ = 2.2)
failed to prove that the difference in the two means is statistically significant. Thus, when the magnitude of the
observed variations in axle-group weight differences from the two scales is considered, it is not appropriate 1o
attribute the cause of the difference in mean values for the two data sets to the warped and unwarped surface condition
alone; part of this difference was due to ihe random {luctuation in the weight measurcinenis made on the two scales
and to variations in the behavior of each individual truck that was weighed.

Gross-vehicle weights for 101 trucks were obtained by summing the appropriate axle-group weights from the
two scales after the surface around both scales had been made level. These gross-vehicle weights arc shown
graphically in Fig 3-6(a). The pattern of gross-vehicle weights after surface leveling is quite similar to that for ilie
before-leveling conditions as shown in Fig 3-4(a). All the variations are less than seven percent. Differences in
gross-vehicle weight for the 101 trucks weighed on July 6, 1984 on the two scales with leveled surfaces are shown
in Fig 3-6(b). Again, the pattern of scatter is quite similar to that in Fig 3-4(b) and the magnitude of the statistical
inference values are very much alike. The magnitude of the mean and two standard deviations of the weight
differences is +2.1 and +3.3 percent, respectively, for the before-leveling condition comparcd with +1.5 and +3.1
percent for the after-leveling condition. The results of a two-tailed t-test using a pooled estimate of the standard
deviation, indicates that the test statistic is significant at the .01 level (1 = 3.3). That is, differences in the mean
value of gross-vehicle weights equal to or greater than those observed in the two data sets would be expected to occur
due to chance alone with a probability of only 1in 100. Surface warping around the scales - a known change in the
conditions under which observations were made - could, therefore, be said to affect the mean value of the gross-
vehicle weights measured by the two scales, based on this statistical test. The actual difference in the two mean
values was, however, only 0.6 percent (2.1 warped minus 1.5 level = 0.6). Strict interpretation of the statistical test
results in this case of marginal significance is of doubtful validity. Judgment says that differences of this magnitude
in gross-vehicle weight as measured by two different axle-load scales should be attributed to several factors including,
but not limited to, surface warping. It is well recognized by experts in the field that a plane surface around axle-load

scales is necessary for accurate weighing. Performance of the AX/WHL (referee) scale was improved somewhat afler

the undesirable transverse surface warping was removed in late June 1984,

r i- I (s (3-S2
Since about 70 percent of the trucks on IH-10 at the experimentzl site were the tractor semi-trailer type (3-
S2) and a proportional sample was attempted, 66 trucks of this type were weighed on the leveled roadway surface on
July 6, 1984. This portion of the data set is analyzed separately in order to study the variability in axle-group and
gross-vehicle weights among trucks of the 3-S2 type. Axle-group weights for 66 tractor-semi trailer trucks of the 3-
S2 type that were weighed on the two static scales are plotted in Fig 3-7. A graphical check of the data shown in
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Figure 3-6. (a) Gross-vehicle weights of 101 trucks weighed on the AX/GRP and AX/WHL scales after cross
slope was removed from the weighing lane, (b) percentage difference in weights from the AX/GRP
scale compared to the AX/WHL scale weights.
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~ Figure 3-7. (a) Weights of 198 axle groups on 66 3-S2 trucks measured on the AX/GRP and AX/WHL scales, (b)
' percentage difference in the AX/GRP vs the AX/WHL scale weights.



Fig 3-7(b) or a statistical analysis of this data set shows that the difference in the axle-group weights had a mean
value of +1.9 percent and ranged between -3.5 percent and +7.2 percent in 95 percent of the cases. This difference is
slightly larger than that for the axle-group weights on all truck types (see Fig 3-5(b)).

Gross-vehicle weizhts of the 3-S2 trucks from these two static scales are shown in Fig 3-&{a). Figure 3-8(b)
depicts the observed differences in gross-vehicle weights of 3-S2 type trucks as determined by weighing on the two
axle-load scales. Statistical analysis of these data indicates that the difference in gross-vehicle weight would lie
between -0.6 percent and +4.9 percent when weighing a 3-S2 truck on the two scales 95 times out of 100. All 3-
S2 type trucks with gross-vehicle weights above 40,000 1bs weighed heavier on the AX/GR? scale than on the
AX/WHL scale. Note that the gross-vehicle weights calculated by summing thie applicable axle-group weights have

less percentagewise variation thai- the individlual axle-group weight observations.

COMPARISON OF AX/GRP (RAM) SCALE AGAINST AX/WHL AND AX/GRFP SCALES

Axle-Group Weiehts for AU Truck Tvpes

The axle-group weights and the percent differcnces in the 355 weights that were obtained for 131 trucks
which were weighed on the AX/GRP (RAM) and AX/WHL scales on June 5 are presented graphically in Fig 3-9.
These data indicate that there is not perfect agreement between the weights, but that most of the axle-group weights
measured by the two scales differ less than ten percent. In general, the AX/GRP (RAM) scale weights are higher
than the AX/WHL scale weights, especially for the trucks with axle-group weights above about 18,000 Ibs. In fact,
all these heavier axle-group weights are within the positive ten-percent deviation range. As shown in Fig 3-9(b) the
deviations range from -6.6 to +15.1 percent with 95 percent of the observed differences lying between -3.4 and +10.2
percent (standard deviation = 3.4 percent) with a mean difference of +3.4 percent.

The 355 axle-group weights of the 131 trucks each weighed by the AX/GRP (RAM) scale are plotted versus
comparable weights from the AX/GRP scale in Fig 3-10(a). The corresponding percentage differences in the axle-
group weights are shown in Fig 3-10(b). Weights from the AX/GRP (RAM) scale were slightly higher than those
from the AX/GRP scale particularly for the lighter axle groups (mean value = 1.5 percent). From statistical analysis
of these data one can conclude that the differences in indicated weights range between -5.6 percent to +8.6 percent 95
percent of the time with a standard deviation of 3.7 percent. Note the cluster of heavier weights from the AX/GRP

(RAM) scale between 7,000 and 12,000 pounds. This is the weight range within which many front (steering) axles
fall.

- i 3-S2
The AX/GRP (RAM) scale was about three feet longer than the AX/GRP scale and its weighing surface was
approximately 4 inches above the road surface. Elevating the axle or the axle group that is being weighed causes a
redistribution of the gross-vehicle weight among axles and thus affects the actual force on the scales at the time of

weighing. The location of the center of mass of the various truck components is affected by the pitching of the
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Figure 3-8.  (a) Gross-vehicle weights of 66 3-S2 trucks weighed on the AX/GRP and AX/WHL scales, (b)
percentage difference in gross-vehicle weights by the AX/GRP scale vs the AX/WHL scale weights.
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vehicle frame and by deflection of the supporting springs. Friction in the various suspension components also
influences the force at the time of weighing.

As mentioned previously, the lighter axle groups weighed heavier on the AX/GRP (RAM; scale than on the
AX/GRP scale (see Fig 3-10). It appears that most of these axle groups are the front steering axies. This will be
examined further by analyzing the axle-group weights, obtained from both scales, individually on the basis of type
and location of axles on 3-S2 trucks. Since the 3-S2 tractor semi-trailer trucks comprised approximately 65 percent
of the trucks weighed on both scales, the axle-group weight data from 81 trucks of this kind is used in this analysis.
Thus, the front, drive-tandem, and rear-iandem axle weights {rom both axle-group scales are considered separately and
ploticd in Figs 3-11, 3-12, 3-13, respe:tively.

As Fig 3-11(a) indicates almost all the front axle weights lie above the equality line; in fact most of the
points are within the positive ten percent deviation range and several points are above the positive ten percent. The
corresponding differences in front axle weights from the AX/GRP (RAM) scale, expressed as a percentage of the
front axle weights measured {rom the AX/GRP scale, are illustrated in Fig 3-11(b). Statistical analysis of these data
shows that 95 percent of the differences in front axle weights lie between the limits -2.7 and +14.6 percent. The
mean and the standard deviation for the normally-distributed d;fferences arc +5.9 and 4.3 percent, respectively.

The information contained in Fig 3-12 indicates Lﬁat the drive-tandem axle weights from the AX/GRP
(RAM) scale are slightly higher (mean value = +1.4 percent) than those measured by the flush-mounted AX/GRP
scale. On the other hand, both scales gave virtually the same readings on rear-tandem axles (see Fig 3-13), the mean
difference is -0.1 percent. It should be noted that both axle-group scales, AX/GRP and AX/GRP (RAM), gave
heavier weight indications for heavy axle groups (tandems) than the AX/WHL scale.

Gross-Vehicle Weights for Al Truck Tvpes

Gross-vehicle weights and the percentage relative difference in these weights that were computed for the same
131 trucks of various types which were weighed on 5 June 1984 on the AX/GRP (RAM) and the AX/WHL scales
are presented graphically in Fig 3-14. Inspection of these figures indicates that all the gross-vehicle weights
measured by the two scales differ less than ten percent but that almost every truck with a gross-vehicle weight above
30,000 1bs was weighed heavier by the AX/GRP (RAM) scale. Statistically, the analysis showed that the difference
in gross-vehicle weight for any truck measured by the two scales would be expected to range from -2.4 percent to
+8.6 percent 95 times in 100. These differences have a mean of +3.1 percent and a standard deviation of 2.7 percent,
respectively.

Gross-vehicle weights of 131 trucks of various types weighed on the AX/GRP (RAM) scale are plotted
against those from the AX/GRP scale in Fig 3-15(a). The corresponding percentage differences in gross-vehicle
weights are shown in Fig 3-15(b). Statistical analysis of this data set indicates that the differences range from -2.6
percent to +4.0 percent 95 percent of the time, with a mean difference of +0.7 percent and a standard deviation of 1.6
percent. This is generally consistent with the fact that the AX/GRP scale gave gross-vehicle weight readings that
were on average 1.5 percent heavier than those from the AX/WHL scale (see Fig 3-6(b)).
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(a) Weights of 355 axle groups weighed directly on the AX/GRP (RAM) and AX/GRP scales, (b)
percentage difference weights for the AX/GRP (RAM) scale vs the AX/GRP scale weights.
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Figure 3-11. (a) Front axle weights of 81 3-S2 trucks weighed on the two axle-group scales, (b) percentage
difference in front axle weights by the AX/WHL (RAM) scale vs the AX/WHL scale weights.
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Figure 3-13. (a) Weights.of 81 rear-tandem axles weighed on the AX/GRP (RAM) and AX/GRP scales, (b)
percentage difference in weights by the AX/GRP (RAM) scale vs the AX/GRP scale weights.
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Figure 3-14.  (a) Gross-vehicle weights of 131 trucks from the AX/GRP (RAM) vs those of AX/WHL scale

weights, (b) percentage difference in weights for the AX/GRP (RAM) scale vs the AX/WHL scale
weights.
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Figure 3-15. (a) Gross-vehicle weights of the same 131 trucks weighed on the AX/GRP (RAM) and AX/GRP
scales, (b) percentage difference in weights for the AX/GRP (RAM) scale vs AX/GRP scale weights.
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COMPARISON OF WLW/M300 AGAINST AX/WHL AND AX/GRP SCALES

The cross -vehicle weights and percentage relative difference in these weights that were obtained for 93 trucks
which were weighed on WLW/M300 and AX/WHL scales are presented graphically in Fig 3-16. Inspection of these
figures shows that a few of the gross-vehicle weights measured by the 1wo types of scales differ by slightly more
than ten percent. Out of 93 gross-vehicle weights three of the observations for very light trucks and those for three
other trucks lie slightly outside the minus and plus ten percent deviation lines, respectively. Figure 3-16(b) depicts
differences in the gross-vehicle weight of each of the 93 trucks along with lines indicating two standard deviations
from the mean difference. Statistical analysis of these data indicate that the differences range from -9.9 percent to
+11.2 percent 95 times out of 100, with average and standard deviation of +0.7 percent and 5.3 percent, respectively.
Also nouce that the differences are evenly scattered around the mean difference line throughout the range of gross-
vehicle weights observed. This indicates tiiat both scales performed similarly throughout their weighing range from
light to heavy loads. There was no pronounced tendency for the WLW/M300 to overweigh or underweigh within
any load range.

Gross-vehicle weights of 93 trucks weighed on the WLW/M300 scales are plotted versus comparable weights
from the AX/GRP scale in Fig 3-17(a). The corresponding percentage differences in gross-vehicle weights are
illustrated in Fig 3-17(b). Weights from the AX/GRP scale were in general slightly higher than those from the
WLW/M300 scale particularly for the heavier trucks. This is consistent with the previously mentioned tendency of
the AX/GRP scale to indicate higher weights for the heavier loads when compared with the AX/WHL scale (see Figs
3-4 and 3-6). The extreme differences are somewhat more than ten percent in a few cases. Statistical analysis of
these differences or visual inspection of Fig 3-17(b) indicates that they lie between -11.9 percent and +8.7 percent 95
times in 100, with mean and standard deviation of -1.6 percent and 5.1 percent, respectively. Gross-vehicle weight
differences from the WLW/M300 on average agree more closely with those from the AX/WHL scale than with those
from the AX/GRP scale. Variability about the mean is virtually the same with respect to both reference scales.

Iustrated in Fig 3-18 are 260 computed axle-group weights from the AX/WHL and WLW/M300 scales and
their corresponding percentage differences. Even though, there is scatter in the axle-group weights from the two
scales, they are evenly distributed around the mean difference which is virtually zero (i.e., +0.3). The extreme
difference ranges from -36.4 to +37.3 percent with 95 percent of the observed differences lying between -15.9 percent
and +16.5 percent as shown in Fig 3-18(b). The standard deviation is 8.1 percent.

The observed and calculated weights from AX/GRP and WLW/M300 scales, respectively, for 260 axle groups
weighed by these scales, are plotted in Fig 3-19. The WLW/M300 scale weights are generally somewhat lower
(mean value = -1.5 percent) than the AX/GRP scale weights, especially for the heavier axle groups. As shown in
Fig 3-19(b), the deviations range from -36.4 to +36.4 percent (standard deviation = 7.9 percent) with 5 percent of the
observed differences lying outside the interval -17.2 and +14.3 percent . It is interesting to note that the gross-
vehicle weights computed by summing the applicable axle-group weights (see Fig 3-17(b)) have less percentage
deviation than the individual axle-group weight observations (see Fig 3-19(b)). Moreover, as this scale was a
rollover type, its height did not affect the front axle weights of 3S-2 type trucks whereas the ramped axle-load scale
{(AX/GRP (RAM)) scale indicated otherwise.
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Figure 3-16. (a) Gross-vehicle weights of 93 trucks weighed on the WLW/M300 and AX/WHL sc_ales, 5 June
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Values for the 398 individual-axle weights that were determined on both the AX/WHL and the WLW/M300
scales are shown in Fig 3-20. About 36 percent of the data points lie outside the ten-percent deviation lines,
particularly for lighter axle weights. The WLW/M300 scale weights are gencrally somewhat higher (mean value =
1.3 percent) than those determined by the AX/W L scale. The scatter of these differences is shown in Fig 3-20(b).
Statistical analysis of these differences show that they occur in the range of -25.2 percent to +28.1 percent if 95
percent of all possible comparison: are considered. Again, the scale performed rather consistently throughout the
rangc of axle weights measured by the two scales, sometimes high and son:ctimes low.

The 796 wheel weights that were summed to compute the respective axle weights shown in Fig 3-20 are
depicted individually for the AX/WHL and the WLW/M300 scales in Fig 3-21(a). Aboul 48 percent of the wheel
weights lic outside the ten-percent deviation lines, particuiarly for the lighter wheel weights. Again, the
WLW/M300 scale in general weighs heavier than the AX/WHL scale (mean value = 2.4 percent). Statistically, the
implications of these data arc that when a wheel is weighed on both scales, differences in wheel weights Iyving
somewhere between -33.8 percent and +38.5 percent can be expected 95 percent of the time; larger differcnces arc
expected five percent of the time. Figure 3-21(b) shows the scatter of these differences with a standard deviation of
18.1 percent. The 95 percent confidence limits are shown at two standard deviations about the mean. 1t should be
noted that the surface around the AX/WHL scale was warped transversely about 3 percent beyond the 10-{i long level
aprons on cach side and that the WLW/M300 scales were used on a 2 percent upiform cross slope. Some unknown

amount of the variability in wheel weights can be attributed to these factors.

COMPARISON OF WL/100 AGAINST AX/WHL AND AX/GRP SCALES

Figure 3-22 depicts the gross-vehicle weights and their relative differences, when 94 trucks were weighed on
the WL/100 and the AX/WHL scales. Inspection of these figures indicates that there is not perfect agreement
between the weights but that all gross-vehicle weights differ less than ten percent. There is approximately an even
distribution of the weights about the line of equality. As shown in Fig 3-22(b), statistical analysis of the differences
in gross-vehicle weight indicates that they range between -4.9 percent to +7.6 percent 95 times in 100, with mean
and standard deviation of +1.4 percent and 3.1 percent, respectively.

Gross-vehicle weights of the same 94 trucks each weighed by the WL/100 scale are plotted against those
from the AX/GRP scale in Fig 3-23(a). Their respective percentage differences are shown in Fig 3-23(b). Statistical
analysis of these data indicate that the differences range from -6.4 percent to +5.4 percent 95 percent of the time,
with mean of -0.5 percent and standard deviation of 2.9 percent. It has been noted previously that the AX/GRP scale
generally weighs heavier than the AX/WHL scale.

The calculated weights for 278 axle-groups from the W1./100 and AX/WHL scales and their corresponding
relative differences are illustrated in Fig 3-24. The WLW/100 scale weights are generally somewhat higher (mean
difference = +1.3) than the weights from the AX/WHL scale. Statistically, axle-group weights calculated from the
WL/100 are estimated to differ from those from the AX/WHL scale by some amount between -8.5 percent and +11.1

percent with 95 percent confidence. It can be seen from Fig 3-24(b) that the deviations from the reference scale
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Figure 3-20. (a) Weights of 398 individual axles calculated by the WLW/M300 and AX/WHL scales, (b)
percentage difference in weights for the WLW/M300 vs those by the AX/WHL scale.
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Figure 3-22.  (a) Gross-vehicle weights of 94 trucks weighed on the WL/100 and AX/WHL scales, 6 June 1984,
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Figure 3-24. (a) Weights of 278 axle groups determined from the WL/100 and AX/WHL scales, (b) percentage
difference in weights for the WL/100 vs the AX/WHL scale weights.
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weights by the WL/100 scale weights are generally scattered evenly around the mean difference (standard deviation =
4.9 percent)with a slight tendency for the WL/100 to weigh axle groups heavier than the AX/WHL scale.

The observed and calculated weights from AX/GRP and WL/100 scales respectively for all axle groups are
shown in Fig 3-25. The WL/100 scale weights are, on the average, only slightly lower (mean value = -0.4 percent)
than the AX/GRP scale weights, mainly for heavier axle groups, and are somewhat higher for most of the lighter
ones. As shown in Fig 3-25(b), the differences fall between -10.1 percent and +9.5 percent 95 times in 100. This
reflects to some extent Ui tendency of the AX/GRP scale to overweigh heavy axle groups.

For further analysis, the axle-group weight data for trucks of the 3-S2 type were separated into front, drive-
tandem, and rear-tandem axle weights. Plots of the data are not shown, but the {ollowing conclusions can be drawn
from this analysis. First, when the front axles wére weighed on the 0.79 inch high WL/100 scale they were weighed
somewhat heavier than on the AX/GRP scale, with the average deviation being +1.7 percent. The AX/GRP scale
tended to overweigh axles in the 7,000 to 12,000 pound range as compared to the AX/WHL (referee) scale (see Fig 3-
7(b)). The fact that the mean of the differences for the front axles of 3-S2 trucks weighed on the WL/100 scale
compared to the samc axles weighed on the AX/GRP scale was +1.7 percent indicates that the WL/100 scales will
tend to weigh the front axles of 3-S2 trucks heavier than the AX/WHL (referee) scale by an even larger percentage.
This is consistent with the fact that the AX/GRP (RAM) scale, which is about 4 inches high, overweighed 3-S2
front axles on the average by 5.9 percent (see Fig 3-11(b)). This is not necessarily a fault in the scales, but an effect
of the height of the scales in the mode of use on the road surface. Second, the drive-tandem and rear-tandem axle
weights from the WL/100 scale were slightly lower than those from the AX/GRP scale. As a matter of fact the
mean difference in drive-tandem axle weights was close to zero and that of rear-tandem axle weights was -1.5 percent.
The AX/GRP scale tended to overweigh heavy axle groups as compared to the AX/WHL scale.

Values for 406 individual-axle weights that were determined on both the AX/WHL and the WL/100 scales are
plotted in Fig 3-26. About 16 percent of the data points, compared to 36 percent for the WLW/M300 scale, lie
outside the ten-percent deviation lines. The WL/100 scale weights are on average somewhat higher (mean value =
+1.8 percent) than those determined by the AX/WHL scale. The scatter of these differences is shown in Fig 3-26(b).
Analysis of these differences indicates that they occur in the range of -13.2 percent to +16.9 percent when 95 percent
of all possible comparisons are made.

The 812 wheel weights that were summed to calculate the respective axle weights shown in Fig 3-26(a) arc
plotted individually for the AX/WHL and WL/100 scales in Fig 3-27(a). About 41 percent of the wheel weights lie
outside the ten percent deviation lines, particularly for lighter wheels. On average, the WL/100 scales weigh heavier
than the AX<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>