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DEVELOPMENT OF A NOVEL BRIDGE WEIGH-IN-
MOTION SYSTEM

Eugene J. O’Brien and Niall J. Kealy

ABSTRACT

A multiple equation B-WIM system is described which utilises data from strain gauges at a
number of locations longitudinally along a bridge. Instantaneous calculation of axle and gross
weights is shown to be theoretically possible provided the equations relating strains to weights
are not dependent. This is shown to be possible for two-axle trucks in single-span bridges and
for three-axle trucks in two-span bridges. A preliminary trial demonstrates some of the features
of the system and is a useful indicator of where further research is needed. It is reported that
further development and comprehensive testing is in progress.

INTRODUCTION

The principle of using a bridge as a scales for the weighing of trucks in motion was developed
by Moses and others in the 1970’s and 1980’s (Moses 1979, Peters 1986). As illustrated in
Figure 1, a Bridge WIM (B-WIM) system typically consists of strain sensors located
underneath the bridge and a data-acquisition system capable of recording strain at high speed.
In conventional B-WIM systems, axle detectors on the road surface are also used to determine
the number of axles, their spacing and the truck speed. Axle detectors can take the form of
pneumatic tubes, electrical contact switches or low-grade piezo-electric sensors.

The concept of B-WIM has considerable potential for accuracy as it makes possible the
measurement of impact forces over more than one eigenperiod. As bridges are large, a great
number of sensor readings can be recorded during the time it takes for a truck to cross. Full
exploitation of this information can be used to gain information on the dynamic behaviour of
the truck whose axle weights are being sought. This in turn can be used to obtain a more
accurate estimate of the static axle weights. Alternative strategies being investigated in the
EuropeanWAVE project (Jacob & O’Brien 1996) in 1997-1998 are the use of multiple bridge
strain sensors (as described here) and the use of a combination of bridge and traditional
pavement WIM sensors. A considerable research effort is also being expended on the
development of more sophisticated dynamic models than those currently used.

THEORY OF MULTIPLE-EQUATION B-WIM SYSTEMS

This paper describes a method of improving the accuracy of B-WIM systems through the
measurement of strain at more than one location longitudinally along the bridge in order to
obtain more equations relating strain to axle weights. Conventional B-WIM systems involve the



recording of strain at one longitudinal location only. The theoretical strain at such a location, A,
is a function of the influence line and the axle weights:

£, (X) = Wala(X) + Wala(x-Ly) + Wala(X-Lo) + .......... + Wil a(X-Ln.1) 1)

where:

E,IH (X) = theoretical strain at A when the first axle is at a distarfoem the start of

the bridge,

Wi, W,,......... , W, = axle weights,

n = number of axles,

Ia(x) = influence function (strain at A due to unit load at a distanitem the start of
the bridge) and,

Ly, Ly, ...t L..1 = distances of axle numbers 2, 3, nrespectively from axle No. 1.

Strain is recorded at high frequency as a truck crosses the bridge and several equations of the
form of equation (1) can be written. As there are generally more equations than unknown axle
weights, the best-fit solution is generally chosen, i.e., the axle weights which minimise:

m

0= {eN (x)-el"(x)}’ 2)
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where:

O = objective function
m = number of measurements

€XF (%) = measured strain when the first axle is at a distarfeem the start of the
bridge

Individual axle weights are summed to determine the gross vehicle weight. A major source of
inaccuracy in B-WIM systems results from truck bouncing and rocking motions. Different
forces are applied by an axle to the bridge when it is at different points along it. This affects the
measured strains and is not accounted for in equation (1).

The problem of axle bouncing and rocking motions is addressed in this study through the use of
measured strains at a number of different longitudinal locations along a bridge. If strain were
measured ah different longitudinal locations and independent equations of the form of
equation (1) could be applied, thenralixle weights can be calculated for each value, éfe.,
aninstantaneousalculation of axle weights would be possible. This would solve the problem

of varying axle forces by providing a complete history of such forces as the truck crossed the
bridge. Unfortunately, while it is possible to measure strain at many different longitudinal
bridge locations, the resulting equations are not always independent.

Single-span bridge

A single-span simply supported bridge is considered first with two longitudinal sensor
locations. The influence function for strain at a distamdeom the start of such a bridge is
given by:

E‘M fora<x
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where:



a = distance of strain gauge location from start of bridge,
| = span of bridge,

x = distance of unit load from start of bridge,

E = modulus of elasticity,

Z = section modulus (relating moment to stress).

If there are two longitudinal sensor locations, there will be two equations of then fof
equation (1). For a twaxle trudk, an instantaneous calculation can be carriet yu
substituting the measured strains for the theoretical to give:

€N (X) = Wala(x) + Wal a(x-L1)
&' (X) = Wilg(x) + Walg(x-Ly)
These can be expressed in matrix form as:

BEX”E%_DA(X) IA(X-Ll)DDNlE @
FrEE Ho 1o(x- L)

Equations (4) can be s@d forW; andW, if and ony if the deteminant of thematrix is non-
zero, i.e., ifD # 0 where:

D=1,()1g(x=L) = 15001 .(x-L,) (5)

When both axles are before the first senezation or after the secomnl senso location,
substitution of equation (3) into equations ¢Bjes a deteninant d zero. Thus the equations
are dependent and an instantaneous calculation of axgite/és not possible. Hower, when
both axles are between the sensors, equation (5) reduces to:

D:"_l

wherel isthe bridge spa length and L, is the leigth between the axles. This is clganonzero
and an instantaneous calculation is indeed possible.

A simply supporte bridge with three lomjitudinal sensor locations was alsedstgated.It was
found that, for all possible triudocations, two of the equations were dependent. ,Tiousa
simply supported brige, only two independent equations are possibhd simultaneous
calculation of axle weights is only possible for 2-axle trucks.

Two-span bridge

A two-span brige with two equal spans was alsovéstgated. Fve possible logitudinal
sensor locations were considered in total as illustratelia. 2. The five corresponding
influence lines are also illustrated in the figure.

Different canbinations of the influence functions were found to be depérnddifferert parts

of the bridye. This is illustrated schatically in Fig. 3. The cuves in ths figure indicatk the
dependencebetwea influence functions For exanple, for an axle in part AB of the brgg,

the influence functions for sensorminers 1 and 2 are dependent and élios senso numbers

3, 4 and 5 are dependent. Thisviesmony two independenhequatiors for this patt of the bridge.
Fortunatey, there are two parts of the brgg, BC and EF, where three independent equations
exist.In these parts, an instantaneous calculation of axightges possibe for trucks with up

to three axleslf it is assuned that indvidual axles within tandes a tridems are of equal
weight, then three independent equations is egioto make instantaneous calculations possible
for most trud types. For a particular emgle, the deteninant of thematrix of three equations



was calculated for a rga of positions between B and {.was found that, if amsall error
existad in the calculatel vehicle speed or axle spagjrthe deteminantvaried sgnificantly and
approached zero at one point within thgioa. However throgh most of the rgion, the
determinant was non-zero and the equations were independent.

PRELIMINARY EXPERIMENTAL VERIFICATION

A preliminary test has been ompleted of amultiple-equation BWIM systan using the
Belleville Bridge on the A31motorway near Nang in France. This brige is a two-span
composite boxgirder consistig of a sirgle steel box ath aconcree slah It is adacern to the
COST 323 Jacob 1994) Continental Motorwaled wher two B-WIM systans and six
pavement WIM systams are being testel in 1997/98. Because of the prmity to the test site, it
is possibe to identify trudks on the bride that hae been selected imthe general traffic flow
by the police and pre-weighed statically.

As llustrated in Fig. 4, strain gauwges were installed at three W®itudind locations
correspondig to senso numbers 1, 2 and 3 in Fg. 2. Instantaneous calculation of axle gias
were carried out when trks were betweemid-way and ¥away across the left span (part BC in
Fig. 2). At each logitudinal sensor location, agé electrical resistaecstran gauges were
attached to logitudinal stiffeners at two points trareysey on the bottm surfa@ on the inside
of the box.

Axle detectors are used in a@mntional BWIM systems to identify the location dthe truck, its
speel ard the numbers and spacirg of axles. Lowgrade pieo-electric bars were installed at the
end of the Bellevill e bridge for axle detection purposes. Hoveg, at the tne of the prelininary
trials, they were malfunctionirg. As a result, axle spagga weremeasuredmnanually on the
stationay trudks while thg were beig weighed staticall and the speed of datruck on the
bridge was detemnined usig a hanédheld laser déce. The synchronisatio of the measured
strain record with the theoretic calculation requires Bnowledge of the tine that the truck
reaches the start of the bridge. This was estimated from a video record of the traffic.

Preweighed dat for six vehicles was collected. One of these was selected atmaadoa
calibration vehicle and the remaining five used to carly out the prelininary test. One run of one
truck is cleary inadequate for namal calibration purposebut was considerd sufficiert for the
purposes of a prefiinary trial. Canprehenste testiig of the ystam is plannel in late Spring

1998 for which calibration in accordance with the COST 323 specification (COST 323 1997)
will be carried out. Pim-electric axle detectors will be used for this test rigprove the
synchronisation of the measured strain records with the theoretical calculation.

A typicd resut from the preliminary trial for grossvehicle weght is illustratedm Fig. 5. In the
region betwe@ 33 m and 37 m from the start of the brigk, the deteninant of thematrix of
equations wasmnsall and the calculatedgrossvehicle weghts approached infinit Outsice of
thisregion, it can be seen that the erroesy considerahy, particulary in the left portion of the
graph It is unlikely that thisvariation is due to theythamic movements of the truk althowgh
this would be expectd to be a contributgr factor. It is more likely that there are substantial
errors due to inaccuracies in theashronisation ofmeasured with theoretical results. This and
a relatvely low resolution in the strain readis would lead to errors whicwould be
exasperatedyba neaizero deteminant. The relatiely low variation in results on thegtit hand
side of thegraphmay be due to lager values of the deteninant.lIt is not clear wi there is an
apparent bias which is different in the different parts ofjtaph. Despite tigred deviation in
calculatedgross weghts fran the staticvalue, the calculatetheangross weight from all the
instantaneous values is relatively accurate.



Fig. 6 provides a comparison of the result for the multiple equation B-WIM system with results
calculated using the conventional B-WIM algorithm. Gross weights were calculated separately
using data from each of the three longitudinal sensor locations. In addition, the mean of the
three is presented. It can be seen that, except for strain gauge No. 3 (near central support), the
multiple equation B-WIM system is more accurate than the conventional B-WIM system. This
result is typical of the five trucks for which data was available. The reason for the high
accuracy of results from gauge No. 3 is not clear at this time although it is significant that the
strain resolution at this location was the highest for all locations. The gross weight calculated
using gauge No. 3 was higher than the multiple equation system in three cases, similar in one
and less high in one other.

CONCLUSIONS

The multiple equation B-WIM system is shown to be theoretically possible for two-axle trucks
on single-span bridges. For two-span bridges the parts of the bridge for which instantaneous
calculations are possible for three-axle trucks are identified. A preliminary gives some
indication of the type of results that can be expected. It is anticipated that significant
improvements will be achieved in comprehensive trials to be undertaken in Spring 1998.
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Figure 2 - Longitudinal sensor locations and corresponding influence lines
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Figure 4 - Belleville bridge and strain gauge locations
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Figure 5 - Errors in calculated gross vehicle weight versus distance




M-E B-WIM -

| Average —
= =
2| Gauge 3
n'o

) Gauge 2 S —
8 Gauge1 e ———————

-10% 0% 10% 20% 30% 40%

Percentage Error (%)

Figure 6 - Comparison of results from multiple-equation (M-E) B-WIM and conventional B-WIM algorithms






