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INTRUDUCTIQN

For moré thah three decades, researchers around the world have searched for an
efficient méané;to aécurately'weiqh'énd classify véhiclés as they travel down
the highway;' This prpnccupatlon with in-motion ‘weighing terhnulogy hﬂb been
demonstrated in other transportatlon modes as well. In point of fact, similar
technlques have been 1nvestlgated to welgh rulllng raxlway cars loaded w1fh
coal and ather bulk commodltles, to monitor and record heavy hau]lng
Operatlons at constructlon or m1n1ng sltes, and to document air and ground
freight movementq. A maJor portlon of the vusearch effort expendpd thnnuqh
the years has been devoted to development of welght 3ensors su1table for
highway use. The welthng transducers which have been 1nvestlgated may be
classified into five basic categories: (1) large massive platforms, (2) smal]
11ghtwelght platforms or plates, (3) surface mats or pads, (4) embeddpd
cables, (5) exlstlng brldge spanq.

In the early 1950'5,‘the Bureau of Public Roads (now the Federal Highway
Administration) initiated weigh-in-motion research uainq a massive concrete
platform installed in a highway near Washington, D.C. The platform was
installed in the pavement and supported by straln-gaqed colunns at each
corner. This technlque was pursued by several northern States until the’
1960's when it was ébandoned. At about the same time as the BPR work,
researchers in Mississippl and Texas began invéstigating use of gteel

“plat forms fof in-motion weighing. These investigations have continued in the




United States as well as a number of other count;ieS.incquihg England, West
Germany, Canadg, and South Africa. The platfo:ms‘typicglly consisﬁvofvrigiq
steel plates(s)Vsupported by 1, 2, or 4 load cells mounted in a 1§ad Frahé
recassed intb the pavement. Research efforts have led to development of the
Radiah and Streeter-Richardson systems in the U.S., the Weighﬁrite system in
tngland, and the IRD system in Cénqqa. kTwo slightly different approaches were
developed in West Germany. One, the PAT sYstem, uses bending of the steel
plate and strain gages thus requiring a shallﬁwer pit in the pavement. The
other is a hydraulic method with éil sealed between two steel‘platés. Andther
technique for sénsinq loads inQolves the use of capabitance*type pads oh the
surface of the pavement. This research beganjiq,Sbuth.Africa.in the iéte 50's
and has resulted in the Viatec System. A similar technique is currently being
researched in the U.S. by Golden River. Both systems employ an elastomeric
pad and traFFic 100psyt0 weigh and classify vehivles. The potential of load
or prPssure qpnsttlvp cables for sen31ng and welghlnq axles is currently
rece1v1ng much, attentlon in the U.S., anland, and Fermany. These piezo-
cables arn embedded in pavement. slot% and offer considerable potentlal
esp601ally as a permanent axle sensor for class 1flcat10n purposes. The flnal
technique for in-motion welghlng utilizes ex13t1ng brldges as the welght
transducer. In thls case, the brldge is instrumented w1th portable straln
transducers and no other site preparation is requ11ed Researvh on the hrldge

concept has taken place peimarily in the U.S. over the past,10 years.

Siqce‘the early 1970's, the Federal High@ay{Administratipn (FHWA) has played é
major role in the development of the bridge weigh-inrmptiQn concept. This
WIM research program Will be reviewed 'in what follows. Completed research
projects w1ll be summarized, the status of ongoing studies will be presented
and planq for the future outllned Related qctlvltlas will also be addressed

for completeness.




PAST RESEARCH

For many yeers; FHWA has sponsored as well as conducted extensive research
edd:essinq‘the’design, response, and behavior of highway bridge structures.
FHWA hae'elso'monitored and coordinated bridge research conducted by other
reeeerche:s and in other countries. Field and laboratory testing of bridges
and’bridge”compehehte has been a major part ef this"p:cgcam; Such |
1investigétibhs’ﬁave‘provided‘considefable insight inte‘the response of
structures to loads. In the process of conducting these studies, testing
~techn1ques have been’reflned and soph1st1cated 1nstrumentat10n eysteme have

been developed

In the early 1970's, a critical need foc more complete information on the

truck populatlon was becomlnq apparent. In the paet brldqe tests were
eprlmarlly conducted to evaluate structural response to both controlled as wellk
as random traffic loadlnqs. Why not turn this approach. around and use a
eallbrated br1dge response to determine loads? To answer this queetlon, FHWA
xnltlated three short term research progeets in 197& tn 1nvestlgate the

'f9331bx11ty of utlllzlng ex1efan brldqe structurea tu welqh trucks in motion.

FCP 35F4-052 Fea51b111ty of Utilizing quhway Brldges to Welqh Vehicles in

Motion (PXOth gensors on deck)

Contractor: Integrated Systems, Inc. ’ Start Date: 6-12-74
Investigator: J. W. Fothergill Duration: 6 months

The obJectlve of this bfudy was to 1nvebtlgate the Fe331b111ty of using newly
developed eenser technology on brldQEb for weighing teucks in motlon .Ta
accomplleh this end the contractor wae required to conduct a litecature
search almed at 1dent1Fy1ng new and innovative sensors resulting from deFense,
space, or other R&D proqrame. Two basic forms oF load sensors were
identified: direct-contact form which would sense directly from the wheel

'_eontact- and lndlrect forms whlch would measure a resultant hrldge responee.




A total of nine direct-contact sensors were examined including megneto-

restrictive, peizoelectric, pneumatic, and capacitive types. OFf the

indirect sensors, only seismic were investigated in depth. Supporting sensors
for measuring assaciated traffic characteristics were also considered and
included optical, acouétic, video, laSer, radar, ultrasonic, induction, and
magnetic»dévices.; This research resulted inwcomprehensive recommendat ions
which define instrumentation requirements, systembconfigurétions, éhd data
reduction logic. The research concluéinnsiemphaSiZe the need for careful test

and evaluation of proposed sensors.

FCP 35F4-062 Feésibility of Utilizing Highway Bridges to Weigh Vehicles in

Motion (strain gages at bridge bearings)

Contractor: ASE, Inc. ' Start Date: 6-12-74

Investigator: H. J. Siegel Duration: & months

The objective of this study was to inves&igafe fhe Feasibility of using
strain gages inhovatiVely ah,bridges for weighing‘trucks in motion. In this
case, the contractor was réquired to reviéw literature whiie fﬁcusinq on
bridge/vehicle interaction theory and previous bridge testing experience. The
contractor gave special consideration ta bridge and vehicle dynamics and
identified parameters»important to the weighing application. Bfidge testing
techniques were evaluated to determine the optimum locations for strain gage
sensors. It was determined that strain gages located at the bridge bearings
would provide the greatest potential for weighing axles. Inductive loops and
pneunatic tubes were considered for measuring the traffic prcpérties. The
research concluded with complete recommendations regarding instrumentation
layout, data acquisition and proceSsing logic,‘system_block diagrams, and

hardware requirements.

FCP 35F4-072 Feasibility of Utilizing Highway Bridges to Weigh Vehicles in

Motion (strain gages on girders)

Contractor: Pile Dynamics, Inc. | ~ Start Date: 6-12-74
Investigators G. Goble, F. Moses Duration: 6 months




A\

The objective of this project was to 1nvestlgdte the fPablhlllty of using

- conventional brldge testing technlquee with strain qaqee mounted on the
bridge glrders,,for,we;ghlng vehicles in motion. Literature documenting

~ previous weiQh—in}motion reeearch and‘bridgeyload history studies was
reviewed d Methods for measuring'bridge bending moments and using these
measurements to predlct vehicle axle loads were developed As was the case
wlth the other feasxblllty studles, this research concluded with

' reoommendatlons deflnlng a proposed system conflguratlon.

' ,Upon completlon of the three feasibility studies, FHWA 1n1tlated a compre-

hen31ve review of the flndlnqs. Each proposed conoept and 1netrumentatlon
oonflgurat1on was examined to access 1ts complex1ty, potentlal For succees,
and. prototyplng costs. Although each idea had its own merits, a dPCISlOH was
" made to pursue the apploach recommended by Plle Dynamlcs, Inc. Whlle this
’de0151on was belng made, a related research effort was 1n1t1ated at Lehlqh

’ Unlver31ty.
Fcp 45F44022 Use of Bartonsyille:Bridge to Weigﬁ Trucks in Motion

Contractor: Lehigh Univereity | Start Dete: 10-7-75

Investigator: J. H. Daniels Duration: 20 months

Thls Pennsylvanla HP&R study had three main objectlves (1) to design two
1netrumentat10n setups whlch make use of the Bartonsv1lle Brldqe on 1-80 for
welghlng trucks, (2) to F1e1d test the systems for Functlonallty, (3) to use
the aystems for colleﬁtlnq data useful in evaluatlng ‘the extent of overloads
on 1-80. Data acqu151tlon was intended to be acrompllshed in a manual
fashlon. Dne system consisted of strain gages installed on all girders at

two cross— ectlons of a Smele epan whlle the second employed deflectlon gagee
at the same 1ocat10ns Slnre sensor 31gnals were summed, each system had a
elnqle output which was recorded on chart paper and later processed by hand.
Although this system was not automated, it dld clearly demonetrate the

potentlal for uslng brldgee to welgh trucks.
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FCP 25L3-032 Field Evaluation of (Bridge) Weigh-in-Motion Instrumentation

Contractor: FHWA Start Date: 4-1-78

Investigatof: ‘H. ‘R. Bosch ‘ Duration: Ongoing

This staff Study was initiated in April 1978 to evaluate, develop, and
demonstrate bridge weigh-in-motion instrumentation on in-service highway
bridges. Since initiation, this project has been extremely active and

productive. It has served as a means to evaluate instrumentation systems and

e conéegts resulting from related contract efforts. To date, five bridge
weigh-in-motion systems have resulted from contract or HP&R work and all have
been carefully reviewed under this. project. Weighing accuracies were compared

With weigh station,“velocity‘accqracies compared with radar and speed
counters, axle spacings cbmpared‘with fixed measurements. Reliability,

'portability, and ease of use were also evaluated.

Thegprqject has served as a means to improve bridge weigh-in-motion

1nstrumentat10n and advance the state—of-the—art. Durlng the course of this

study, ‘many changes have been made to both hardware and: software.

; Commerc1ally available signal conditioning with auto-balance capability was
10cated and implemented. New "button-box" circuitry and signal conditioning
Vcénter were designed and fabricated. A portable, self-contained |
"anut/Junctlon box!" was designed and fabricated to allow summing and
averaglng of straln signals from the bridge. A lane switching system was
deslgned,and Fabrlcated to allow multiple lane data aéquisitibn. Portable,
reuseable clamp-on strain transducers were develdped and impiemented far
routine use. Computer pcograms and analysis techniques were developed Fo:
eValuatihq system performance and displaying data for review and inspection.
Numerous!revisions have been made to existing computer software to improve
system eff101ency and extensive new software has been devploped to extract

Structural LnFormatlon contalned in the data.




This staff study has served as technical support to a number of other related

studies. During the course of the prOJect, an extensive data base has been
assembled on truck characteristics and brldge response data. This information
is not feadi}y available elsewhere. It has been provided to the Univeréity of
Maryland for use on several HP&R studies. The information is also available
for use on FHWA truck weight studies (TWS) and cost allocation studies as
needed. A number of cohpUter programs have been developed to enable this

transfer of data.

The project has served as a means to provide technical assistance to State

highway agencies and foreign highway officials interested in WIM technology.
Project staff have served as cmnsulfants to a number of interested parties.
State highway agencies such as WlSCOﬂaln, Mlnnesota, Utah Pennsylvanla,
Maryland,-Texas, and Georqia have been given advice and assistance on the
purchase of new WIM equipment. Other highway agencies such as Maine and South
Dakota have been given detailed information ahd guidance in deVeloping théir
own WIM systems. As a by-product of this research, a number of hardware -
devices and computer programs have been develdbed which are quite useful in
other appliéatiohs. Various highway agencies and foreign visitars have

requested information regarding strain transducers, summing boxes, etc.

The project has also served as a means to demonstrate thls rapldly PVOlVlng

technology to interestad parties. = Bridge WIM 1nqtrumentat10n and Perlodlc
enhancements of this instrumentation have frequently been demonstrated to
State highway agencies and foreign visitors. These dEMDhstratibns‘havé been
conducted at the Turner- Fairbank quhway Ressarch Center (TFHRC) TRB annual

meetlngs, and at hridge field 51tes durlnq actual testing and evaluation.

F1nally, this project has served as a means to’ d1sc0ver new appllcatlons for

WIM technology and instrunentation. Currently, WIM 1nstrumentat10n ‘is belng ;
studied as a tool for evaluating structural performance. Various portlnns of

WIM instrumentation are being used in other technical areas. For example,




self—balanc1ng signal cond1t1on1nq is being used in aerodynamlc studies at
TFHRC. The summer box is being used in developing turbulence 31qnals for
controlllng active simulation of large—scalp turbulenCP in the FHWA wind A
tunhél Clamp—on strain transducers are belnq used to measure response of
long span structures to control loadlngs. The mlcrocomputers have been linked
w1th other perlpherals to copy ‘data to different media, to assist in data
acqu151t10n on uther progects, and to prov1de data proca blhg Lapablllt;es for

a varlety of other appllcatlons.

~ FCP 35L3f132‘Weigh—in—Motion Instrumentation Modifications and Improvements

'Contravtor. F. Moses | . Start Date: 9-1-78

‘Investlgator' F. Moses | Duration: 20 months

The obJectlve of thls purchasp order was to obtain technical as‘quance from
Dr. Moses in evaluathg various lnstLumentatlnn difficulties which were
encountered durlng the early stages of the staff study. System documentation

was 1mproved wiring problems were 1denL1F13d and fixed, software bugs were

~located, and set- -up techniques were reflned as a part of this effort In

addition, recommendations were made regarding upgrade of the Varlan computer
and the addition of mult1 lane capability to the exlstlng system. Dr. Moses

also pr0v1ded a general rev1ew of data collected by the qystem.

Concurrent with our WIM staff study, Dhio'Depéftment of Transportation (0DOT)

de01ded to initiate a State research effort to develop a senond generatlon

- brldge welgh—lnumotlon bystem. This project was to build upon experlence and

lnformatlon hecomlng avallable rhrough use of the prototype.
FCP 45L3-062 Wéighind Trucks-in-Mot ion Using Instrumented Highway Bridges

Contractor: Case Western Reserve University Start Date: 2-27-79

Invastigator: F. Moses , Duration: 36 months




10

The objective of this 0Ohio study was to implement a stand-alone bridge
weigh-in-motion system which would be capable of not only acquiring data hut
also processing it for truck weights. Although the Varian computer chosen for
the prototype bridge WIM system had the potential for processing field data to
provide weights and vehicle classifications, it was intentionally not cdhfig-
ured to do so. FHWA saw a need to separate field activities and processing
activities during the developmental stage to enable a clearer focﬁs on the
many technical problems associated with this complex application. The Uhio
research led to the selection of a smaller, more portable computer, Dec Minc
11/03, for use as the system controller and data processbr. Data pfocessing
programs developed for use on mainframes were converted from Fortran to Basic
and implemented on the new minicomputer. Various types of reuseable, clamp-on
strain transducers were investigated. These transducers simplify installation
at the bridge site and provide greater sensitivity for measuring bridge
response. Data acquisition software was ehhanced to include axle counting and
vehicle detection capability. This meant that it was no longer necessary for
an observer to count and input the number of axles for each vehicle weighed.
The WIM system‘was delivered to 0ODOT and the reseérch team instructed DDUT 

personnel on its use and applieation.

In late 1980, midway through the Ohio study, FHWA awarded a major bridge WIM
contract to the newly formed Bridge Weighinq Systems, Inc. of Warrensville
Heights, Ohio. This research effort was one of many studies awarded then to
support the FHWA 3-year highway cost allocation study required by the Surface
Transportatidh Assistance Act of 1978. Specifically, the WIM contract was ta
provide the cost allocation team with accurate infbrmation‘regarding the
current truck loading spectrum. At about the same time, Maine Department of

- Transportation (MEDOT) initiated an HP&R Study to investigate the potential of
this rapidly evolving bridge WIM technology.

'?;
i
é
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FEP 35L3- 052 Loadlnq Spectrum Experlenced by Bridge Structuree in the
United. Statee '

Contractor: Brldqe Weighing Syatems, Inc. Start Date: 9-30-80

Investigator: G. Likins Duration: 38 months

The objective’of this effort was two-fold: (1) to determine the actual

spPLtrwn of 1oad1ng on U.S. hlghway bridges based upon a reprpsentat1v9

- sampling of current traffic conditions, and (2) to assemble this 1nformation
, 1nto a comprehen31ve format wh1ch would enable a detailed and accurate

'aSSPbsment of the effects of current heavy vehlcle loadings on the life of the

hlghway system. To accompllsh thls, theee new (third generatlon) brldge WIM
systems were de31gned and fabricated for use durlng the project. Fach- system
was a bit different from the previous one, 1ncorporat1ng the latest
enhancements or researching new techniques. With these new systems, one saw
the apbparance of faster and more extensive softwaie developed entirely in‘
Fortran, repackaglnq of support electronics 1nclud1ng deOUﬂCIhg and summlnq

01rcu1try, 31mp11flcat10n in cabllnq schemes whlle 1ncre831ng set- -up

'flex1b111ty, and introduction of new strain transducers. Much oF this

technoloqy was shared with the Ohio study. Detalled truck data was collpcted

at 33 brldge SlteS‘lﬂ seven States. The sites were caxefully selected to

provide a representativé sampling of traffic from a varlety of highway
facilities. At the same time, an attempt was made to use a variety of brldge

types to enable evaluation of WIM system capabilities and limitations. The

second of the three systems fabricated for this project was delivered to FHWA

shortly after assembly. It was to be used as part of FHWA's ongoing staff

: research. The remaining two systems were delivered to FHWA at the conclusion

of the prnJect
FCP 45L3-152 Weigh~in-Motion Instrumentation of a Bridge

€ontractor: Maine DOT Start Date: 7-1-80

Investigator: J. Wyman Duration: Ongoing
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The objéctiVe of this HP&R study is to use a bridge to obtain truék weight
data in an undetected manner and apply the data in determining structure and
pavement malntenanCP requ1rement9. The general approach has been to
1nvest1gate various aspentb of the bridge weigh-in-motion concept a stpp at a
time without prematurely committing to purchase of an entire system. MEDOT
has installed permanent strain gages on all girdérs of the North Channel
8ridge over the Rénnpbec River in Skowhegan. This structure experiences a
large number of heqv1}y loaded logging trunks. Strain signals from each
bridge glrder are summed and the total is recorded on strlp—chart Data
recording and processing is a manual operatlon, but works guite well in this
, appliﬁation. The State has purchased a microcomputer and is currently
investhatlng FPqulFPMPﬂtb for automatlng their sybtem. In addition, .they
have recently purchased rlamp-on strain transducers so that other bridge

sites may easily be instrumented.

Upon LOMplPthn of the first ODOT brldge WIM study, interest was redirected to
focus more sp901f1cally on the question of brldge loadings. FEarly in 1982,

a State research project was initiated to study methods for measuring extreme
bridge loads reéuiting from mUltiple vehicle events. One year later, a second
concurrent stﬁdy comnenced to evaluate bridge load data and develop load

models.,

FCP 4503-132 Instrumentation for Weighing Trucks-in-Motion for Highway Bridge

Loads
Contractor: Case Western Reserve UhiVersity Start Date: 1-1-82
Investigator: F. Moses Duration: 32 months

' The objective of this HP&R prOJect was to utilize the bridge WIM concept and
welqht predlctlon methods to provide data on the dlstrlbutlon of maximum

bridge loadlngs.b To accompllsh this end, the WIM system was first modlfled to
enable weighing with more than one‘.\‘/eh’icle fon the bridge at a time. This

activity involved simulation of combined strain records based upon examination
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of existing straln data followed by extensive software modifications and

‘~gvtest1ng In this’ Ponflquratxnn, the systpm requires a more Lumplex and time

_consumlng brldge callbratlon prooedurp since girder distribution Fartorb need
to be established as well as the normal calibration factor. Addltxonally,
‘data‘féqﬂiremehtsvdictatefthat acquisition be‘morébof a continuous operation |
resulting in mdhé informaﬁimn to be processed. A larger portion of system
 'time'ih;tﬁe field must be:deVOted to acquisition and processing becomes much
'moré compiex._“Bridﬁe‘WiM modifications were tested and demonstrated on
séVeral bridges and ODGT!perSOnneIWere instructed in use of this new
“configuration. Load data collected durlng the brldge tests was evaluated to
determlne thp frequency of extreme loads, truck headway, lanal dlstrxbutlon,

stress ranges, etc,
FCP 45A1-212 Comprehensive Study of Bridge loads and Reliability

Contractor: Case Western Reserve University Start Date: 1-3-83

1nvestigator: F. Moses ‘ ' Duration: 24 manths

The purpuqe of this HP&R study is to coordinate and assess in a re]labllltym
~based framework, bridge loading data which has recently hecome avallablp
"through the use of bridge WIM equxpment A major emphasis in thlb research

iv has been to organlyp lebtlng load information into a vomprphenslve format

that is suitable for reqearchers, designers, and code writers allke. Load

f“modellng haS»lﬂvolved,almulatlon, closed form predictions, and evaluation of
| deéiqn apprcximationq. Praocedures for applyin§ load spectra to Fatigué_

analy81b and maximumn load as isessment were developed

CURRENT RESEARCH

The first decade of FHWA WIM research (1974-1983) saw the bridge

welgh—ln—motlon technology evolve from a feasibility concept into a useful
research and planning tool for evaluatlnq traffic as well as brldge loads.,
'Nearly every study related to this dBVPlognenl has been Plth?r dlreutly or

‘Lndlrectly sponsored by the Federal Highway Administration. This PEPPBantb
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an investment of $1.2 million ($700,000-FHWA research, $500,000-State HP&R) to
develop a new technology. Bridge WIM research is continuing and current
activities are focusing on refihing, implementing, and applying this new
technhlog§ to satiéFy a wide range of highway engineering needs, 0n a broader
scale; there is an increasing awareness in the highway community regarding the
overall utility of WIM technology for addressing critical issues of truck size
and weight, cost allocation and taxation, bridge and pavement design and
rehabilitation, truck and transport safety, weight and safety enforcement,
hridge formula enforcement, and general research needs. This is resulting in

growing WIM P&R activity within other FHWA offices as well as other agencies.
FCP 35L3-092 Structural Evaluation of In-Service Bridges Using WIM Technology

Contractor: Lehigh University Start Date: 9-30-83

Investigator: J. H. Daniels Duration: 30 months

An impdrtant pacrt of the inteqrity of highway structures is determined by the
lifetime loading it experiences. Pavement stresses are due primarily td
individual truck axle loads. Bridge structures, on the other hand, respond to
a complex array of parameters such as gross weight and axle loads, axle
spacing and load distribution, truck volume and velocity, as well as bridge
static and dynamic structural characteristics. The fatigue cracking of
highway structures is a result of millions of load repetitions and their

incremental damages prior to failure.

The objective of this research is to determine what bridge response and truck
loading information is necessary for a detailed evaluation of structural
performance. Methods are being developed to use WIM technology to obtain the
required data. An FHWA bridge WIM system is being modified to enable
acquisition of more extensive bridge response information. System software is
heing extended to provide for evaluation of structural performance under known
load conditions. Four structures will be tested and evaluated using the new

system configuration.
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FCP 35N3-000 Development of a Low Cost Truck Weighing System

Contractor: Metro Systems Engineerihg Start Date: 10-1-83

Investigator: W. Cunagin Duration: 24 months

~The objective of this project is to develop éiportable, low cost and effective
'traFFio'classificatioh systém based upon weighing the axle forces of vehicles
mov1ng in normal trafrlc flow over hlqhway pavements. This research involves
review of llterature and current WIM technoloqy to 1dent1Fy the best
,approaches avallable, lab and field testing of equlpment and methods,
:development of a low cost pavemenL Lransducer, and Fabrlcatlon of a prototype

system.

Progress on the study has advanced to the point where a concept for the
prbtptype'has beén developed and assembly of a system is underway. The
thaﬁsducer will be cépacitive, portable (or expendable) and will be connected
'to‘a small battery powered data acquisition system to record weights,'vehicle
Plaselflcatlon, and tlmes on a magnetlc digital cassette tdpP 1n the
conventional manner (probably using the Streeter-Richardson system) A
threshold 36031ng deVlCe can bP used to trigger an alarm. Present development

results are Very encouraglng.

NCHRP Synthesis Topic 16-02 Use of Weigh-in-Motion Systems for Data

Collection and Enforcement

antractq::‘ Texas‘Tbanspértation Institute Start Date: 3e1~84

Investigator: W. Cunagin ‘ Duration: 18 months

The sLate of the art of weigh-in-motion equ1pment has develooed rdpldly.
Electronics and anputer breakthroughs have made tradltlonal techniques for
rollmntlnq traFflc data and truck weight enforcement obouletp. Historically,
rpllable data on truov weights, axle weights, speed, and vehlclp |

rlasqlflcatlon have been vpry expen31ve to rollect WIM allows for the
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collection of large volumes of data without additional personnel, and for

easier enforcement and monitoring of weight programs.

The synthesis will determine what kinds of data can be obtained from the
present WIM equipment. fluestions to be addressed by the synthesis include:
How is WIM. equipment cucrently being used in the United States and in other
countries? How can WIM equipment be most efficiently employed? What are the
advantages and the problems? What hierarchy of WIM and traffic equipment
would give the most data with minimum coét? How accurate is WIM eguipment and
how can it be correlated with fixed scales? Any problems (together with the
solutions) encountered in the use of WIM system will be identified. This
project is approximately 50 percent complete and the first draft of the

synthesis report has been submitted for review.

NCHRP Project 10-15 Structural Strength Evaluation of Existing Reinforced

Concrete Bridges

Contractor: Engineering Computer Corporation I - Start Date: 4-1-80
Investigator: R. Imbsen Duration: 20 months
IT - Start Date: 4-1-84

Duration: 18 months

The objective of this project is to develop improved methodblogy for
evaluating the structural capacity of existing reinforced concrete bridge
superstructure and to present it in a specification format suitable for
consideration by AASHTD. The final report on the first phase of research
includes findings and recommendations related to methods of predicting
structural capacity for loadrating concrete highway bridges. The limit-state
approach to bridge evaluation recommended in this report appears to be
promising; however, some of the factors included in the report are not well
documented, and the recommended approach is not yet ready for widespread
application. The second phase of research has as its objective further

development of the limit-state approach to evaluate the structural capacity of
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reinforced concrete bridge superstructures. The cecommended procedures will
be presehtéd in a format suitable for consideration'by AASHTO. This research
«ihéludés reviewing bridge inventory statisties, conducting a sensitivity
analysis, evaluatinq availéble test results (inciuding WIM data), calibrating
the proposed méthod using the information collected, and comparing the results
with those obtained using current procedures. Phase II progress is héhind

scheduié with only 40 pebCent of the work complete.
FCP 45K2-262 Weigh-in-Motion Applied to Bridge Evaluation

Contractor: Case Western Reserve University Start Date: 9-4-84

Investigator; - F. Moses Duration: 12 months

‘This Ohio HP&R study has many similarities with the lehigh contract described
earlier. Over 100,000 bridges ih the United States are thought to be ‘
structurally deficient. Many of these bridges were designed and construcled
in a manner that achieved greater strength than recognized in code checkihg
prcvisions; Current evaluation and rating methods emphasize bridge condition
and member dimensibns. Inspection methods, however, rarely measure bridge
loadings or member‘responses. Developments in bridge weigh—in—motion‘
technologyvmake it feasible to investigate existing bridges and prbvide more

accurate load data for the evaluation process.

This study invques testing a nunber of existing bridges using bridge WIM
equipment to obtain information useful for bridge evaluation and rating, Data
on truck axle 1oéds, impact, load distribution, extreme loads, and stresses is
beinQ achired‘and incorporated into aﬁ improved rating analysis. Several
previously rated bridges have been instrumented so far and data processing is
‘underway. Results will be cdmpared with other rating methods and 0DOT

personnel will be instructed in use of the new techniques.
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FCP 45K2-282 Implementation of a Continuous Fixed Site Bridge WIM Operation

Contractor: Bridge Weighing Systems, Inc. Start Date: 11-1-84

Invesﬁigatdr: R. Snyder Duration: 18 months

Mhe Dhiﬁ DOT has been using the bridge weigh-in-motion method for acquiring
truck weight and traffic data. This approach uses existing bridges to provide
equivalent static weights of vehicles moving at normal speeds. To date, more
than eight States and Federal agencies intend to use this method. In addition
to being a discrete weighing operation, the system was developed to be mobile,
allowing personnel to easily survey many sites. A limiting factor for
long-term surveys of sites for weekly or seasonal variations in weight data is
that the system requires two operating personnel. Thus, there is a need for

extending the system to opecate unmanned for continuous periods of time.

This study will provide 0ODOT with an operational WIM system, installed at

a bridge site fnr continuous unattended operation. This new system will
complement the State's existing portable WIM system which could be used to
check by-pass routes oc to identify the sites for long-term interval weighing.
Although this study has just begun, some progress has been made toward

identifying various system requirements,

FUTURE RESEARCH

NCHRP Project 12-26 Distribution of Wheel Loads on Highway Bridges

Contractor: Engineering Computer Corporation Start Date: Pending

Investigator: R. Imbsen Duration: 27 months

Wheel load distribution on highway bridges is one of the key elements in
determining member size and consequently, strength and serviceability. It

is, therefore, of critical importance both in the design of new bridges and in
the evaluation of the load-carrying capacity of existing bridges. Empirical

distribution factors for stringers and longitudinal beams have been present
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‘in the AASHTO Standard Specifications for Highway Bridges with only minor

' changes since 1931. “Recent additions to these specifications have included
more rétinnal load distribution factan'for'Eartichlar types of
superstructures based on tests and mathematical analysis. Recent reseacch
efforts have pr0duCed a substantial amount of information on various bridge

' types indicating a need for further revisions of the AASHTO Br idge

‘Specifications.

This research project will review the latest truck load and bridge responée
~information available from truck weight studies, weigh-in-motion studies,
laboratory and'Field tegts, and analysis to establish more realistic load
distfibution‘criteria applicable to all common types of bridges and

materials. The new load distribution criteria developed will include
simplified methods of analysis including code formulas as well as more
comprehensive analytical models suitable for computer application.
‘Recommended code revisions will apply to both service load and strength desigh

methods as well as structural evaluation of existing bridges.
NCHRP Proj&cf 12-28(1) Load Capacity Evaluation of Existing Bridges
Start Date: Estimated late 1985 Duration: 24 months

The elements fundamental to the process of estimating the load capacity of
existing structures are distinct from design elements that have been
_generalized for applicability to a wide range of structure types and service
conditions. : This generalization, when extended Eo the evalualion of.éxisting
bridges, often results in overly conservative estimates of load capacity and
may result in unjustified actions such as the replacement of adequate '
‘structures. Refinements in assumptions concerning loading and resistance can
" be justified because the cost of evaluation is only a fraction of the bridge
replabement cost. A mofe detailed and Fléxiblé methodology for the evaluation

of the load capacity of existing bridges is required.
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The load capacity of existing bridges can be determined most beliably and
economically through a multilevel procedure. A large number of existing
bridges is clearly capable of accommodating modern highway loads, and‘changes
in the present rating procedures are not required in these cases. However, |
bridges found to be deficient under the present rating procedures should hbe
reevaluated using higher level methods. This higher level rating system
should permit selection of safety levels in a rational manner based on the
effort expended on inspection, maintenance, and evaluation. This system
should take into account the states of deterioration and distress of the
bridge and permit the owner to make informed decisions about the payoff in
terms of higher load ratings resulting from such measures as additional load

control, inspection, and calculation effort.

This new study is very closely related to NCHRP project 10-15 which is
providing recommendations on the limit-state approach to bridge evaluation
for reinforced concrete bridges. The objective of this project is to extend
the application of the limit-state approach to load capacity evaluation of
various common bridge types, primarily steel and prestressed concrete,

NCHRP Project 12-28(3) Fatique Evaluation Procedures for Steel Bridges

Start Date: FExpected May 1985 Duration: 24 months

The fatigue provisions in the current AASHTO Standard Spécificatians for

Highway Bridges are based on approximations of actual conditions ih‘stEel

bridges. These provisions combine an artificially high stréss range with an
artificiélly low number of stress cycles to produce a reasonablé>design. o
Furthermore, thevcurrent'AASHTU'provisions were intended For;design
applications and not For’rating or assessing remaining fatigue life of
existing steel bridgeé, especially those built before the prESent‘prﬂvisiDns s

were adoptéd.
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1In recent years, much information has been developed on (1) variablé—amplitude
- fatigue behayior, (2) high-cycle (long;life)'Fatigue behavior, (3) actual
traffic IOadings; (ﬁ) load distribution for fatigue, (S) inspection and
assessment of material propertles and structural conditions, and (6) other
pertlnent parameters.' This new information, together with the extensive
information prev1ous1y accumulated on the fatlgue behavior of various details,
is sufflclent to permit the development of realistic procedures for the | |

fatigue evaluation of bridges.

The objective of this research is to develop practical procedures that more
accurately reflect the actual fatigue conditions in steel brldges and that
can: be applled faor fatigue evaluatlon of existing or new b01dqes.
Spec1f1cal}y, the’procedupes shall permlt determination of fatigue-load

ratings and eStimation of remaining life for existing bridges.
FCP 35K27U78 Truck Weight Monitoring Using the FHWA Bridge WIM System

Contractorﬁ ‘Washingtnn DUT Start Date: Pending

InVestigatqr: ‘M. Hallenbeck | Duration: 15 months

The FHWA Structureb D1v1510n and Implementatlon D1v151on are coordlnatlng a
task order R&D effort with the following ObJeCthES‘ (1) demonstrating new
‘hrldge weigh-in-motion technology to State highway agencies, (2) enabling
these agencies to gain hands-on experience with instrumentation, (3)‘providiJg
~a means for evaluating and»improving the WIM concept. Since this initial‘
effort will include purchasing and outfitting a field instrumentation van
suitable for housing and transporting the system, there will be cost-sharing
between FHWA and the selected State. Future efforts of this type will likely
be arrangéd thr@ugh the Stafe HP&R program.

For thls study, FHWA w111 instruct the State Dot on use of lnsttumantatlon and
evaluatlon of data (ollected by the system. Follow1ng 1nbtallat10n of the

FHWA system in the new field van, the State will use it at several bridge
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sites and evaluate its performance. Results of these tests will be compared
with other weighing techniques currently being used. A report will be
prepared which documents research findings, comments on system performance,

and makes recommendations for improvements;
FCP 31U4-132 Calibration of Weighing-in—Motion Systems
Start Date: FEstimated mid 1985 Duration: 12 months

The objective of this study is to examine a range of approach pavement
roughness profiles and their effect on measurement accuracy of various WIM
systems. Controlled laboratory tests will be performed to determine effects
of different truck configurations, suspensions, speeds and loadings. Field
tests will be pefFormed to validate and calibrate the findings obtained form
the controlled laboratory tests. The research includes selection of sites for
controlled tests and field tests, development of test plans, and analytical
estimates of effects of pavement roughness on WIM equipment. This study will
also analyze the feasibility of using several scales in series at specified
separations to overcome variations in individual WIM scales on unimproved
roads. FHWA intends to use the results of this study in a forthcoming
fegulation on the National WIM Progrém dealing with individual scale site

location.
FCP (not programmed) Strategies for Truck Transport
Start Date: Estimated mid 1986 Duration: Not determined

A considerable amount of research has been conducted in the past dealing with
truck size and weight and with pavement impécts. Much of the work, hoWeVer,
has been fragmented and was accomplished to serve different purposes and
goals. The objective of this program, proposed for FY 1986, is to recommend
optimum strategies for truck transport. This objective requires the combined

evaluations of the level and cost required for road strengthening and imhrovea
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'ment whlch will accommodate var ious typeb of truck axle suspension-tire
‘, characterlstlcs and 1oads. A range of solutlons will be sought so that
:‘  strateglc dec131ons may be made concernlng. (1) the level of road -
j}strengthenlng natlonwzde, (2) allowable ‘axle and gross weights, and tlre

. ‘type3 and‘pressures, and (3) gu1d911neszor new truck design features.

Such'strategic“deCisions must be based on factual and reliable information
-genérated»through a coardiﬁatéd R&D program. The program proposed will be
geared to ihciude past;research dévelopments and work being conducted thrbugh
other agencies. The program will generate new studies applicable to FHWA
contracts, staff HP&R NCHRP and SHRP.‘ The new studies will be farmulated to

" close the gap between theory and practice so that strateglc decision-making on

this toplc area can be made. ' ' |

NCHRP Project 3-34 The Féasibility of a National Héavy-Vehicle Monitoring |

System

| Start Date: EstiMated mid 1986 , Duration: 24 months

Various'typeé of information on‘heavy vehicles are collected by Federal,
State, and local govéfnmenté to support highway planning and design
activities, as well as to carry out weight enforcement programs and tax
administration. Collecting and processing this information is extremely
costly‘fbmn the viewpbint of both govermment and private industry, and in many
casés the data are not as complete or as accurate as desired for the intended
purpose. In addition to actual dollar costs, the present system suffers from
burdensome paperwork (as‘currently being studied by the National Governors’
Association), operator inconvenience and potential hazard, lack of enforcement
‘ uniFOrmity,vand inconsistenty among the individual States. International

inconsistency is also a concern.




24

New technologies in automatic vehicle identification (AVI), automatic vehicle
classification (AVC), and weigh-in-motion (WIM) are considered to potentially

offer a mare cost-effective approach to the collection of heavy-vehicle data.

There is a need to evaluate the feasibility of applying these relativéiy'new
technologies at the national and/or regional levels and to build on the
existing knowl@ng f;am the Frescent Project and other related studies.
Institutional issues such as privacy, access to competitive 1nf0rmat10n, and
potential for manipulation and evasion of the system will be major

determinants of feasibility and acceptability.

The objective of this research is to identify and evaluate the needs, issues,
requirements, and feasibility of using an automated system (AVI/AVC/WIM) as a
cost-effective, statistically sound replacement and/or supplement to existing
heavy-vehicle data collection systems. This research will encompass: (1) the
identification of different system-design econfigurations for the integratien
of AVI, AVC, and WIM to provide appropriate levels of monitoring and related
confidence levels, (2) amount of equipment/automatioh to achieve different
objectives, (3) site location criteria on a State, regional, and nationwide
scale, (4) an economic analysis of the alternatiVa levels of monitoring, and

(5) the full range of issues associated with implementation and operation.

NCHRP PrOJect 12 28(8) Improving Bridge Load Cap301ty Estlmated by Correlation
With Test Data ’

Start Date: Estimated mid 1986 Duration: 24 months

- A great deal uf‘knowledge has been gained by physical testing of bridges-and

their components, much of it indicating that bridges resist loads in ways not
always considéred. Some causes of these diFFerences'in behavior are:’
unintended composite action, load distribution effects, participation of
elaments such as parapets and railings, two-way slab‘action where only one-way

was. assumed, participation of the floor system with chords of trusses, the
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'différence‘between actual and assumed matefial properties, participation of
bracing and secondary members, effectiveness of shear keys, confinement,

_support characteristics, and unintended continuity.

Mqre'realistic modeling of this behavior in existing structures will make it
possible to better eyaluate load cépacity., With such refinements, more
 bridges will cdntinue_in service and provide adequate load capacity with or

without modifications and repairs.

~ The objective of this research is to assemble domestic and foreign test data
to identify,‘quahtify, and report significant aspects of observed heﬁavior

that are not now considered in load capacity estimates.
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STUDY TITLE YEAR

T4:

75

76

77

78

.79

80

81

82

83

Feasibility of Utilizing: Highway

Bridges to Weigh Vehicles in Motion}

Feasibility of Utilizing Highway
‘Bridges: to Weigh Vehicles in Motion

Feasibility of Utilizing Highway

Bridges to Weigh Vehicles in Motion]

Use of Bartonsville. Bridge to

26K

Weigh: Trucks in Motion

HWeigh-in-Motion Instrumentation

109K

Field Evaluation of (Bridge)

100K

Weiih—in-ﬂbt ion Instrumentation:
Weigh=in-Motion Instrumentation
Modifications and Improvements

10K

‘Instrumented Highway Bridges

Weighing Trucks-in=Motion Using

206K

‘Loading Spectrum-Experienced by
Bridge Structures in: the:U.S.

389K

Heigh—in—ﬁotion Instrumentation

40K

of a.Bridge L ]
Instrumentation. for Weighing

I Loads and Reliability

Comprehensive Study of Bridge

Trucks-in-Motion for Hwy. Bi. Loads|

Structural Evaluation of In-Servicef

Bridges Using WIM Technology —_
Devélopment of a: Low Cost Truck

Weighing System




Schedule of Weigh-in-Motion and Related Research - Second Decade
STUDY TITLE YEAR 84 85 86 87 88 89 90 91~ 92 ‘93
Field Evaluation of (Bridge) 100K
Weigh-in~Motion Instrumentation ——————
Weigh-in-Motion Instrumentation 90K — o o e ]
of a Bridge
Comprehensive Study of Bridge 134K
Loads and Reliability
Structural Evaluation of In-Service 300K
Bridges Using WIM Technology
Development of a Low Cost Truck | 10
Weighing System
Use of WIM Systems for Data 40K
Collection and Enforcement .
Structural Strength Evaluation of 100K
Existing Reinforced Conc. Bridges
Weigh~in~-Motion Applied to — 84K
PR R T SR ST

Bridge Evaluation

87K

Implementation of a Continuous
Fixed Site Bridge WIM Operation

Distribution of Wheel Loads on
Highway Bridges

300K

Load Capacity Evaluation of
Existing Bridges

225K

Fatigue Evaluation Procedures
for Steel Bridges

— ey S s

200K

G a— d— Gvam s

Truck YWeight Monitering Using the
FiWA Bridge WIM System

70K

Calibration of Weighing-in-Motion
Systems

Strategies for Truck Transport

e some SmEy s e

Feasibility of a Mational Heavy-
Vehicle Monitoring System

o p— —

400K

lmproving- Bridge Load Capacity
I'stimated by Correlation/Test Data

200K
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Abstract

Following completion of Federal Highway Administration
sponsored research in high speed weighing of vehiclés vsing
instrumented bridges as the load sensing element, the South
Dakota Department of Transportation became interested in the
technology as an appropriate means to gather truck weight
information. After unsuccessful efforts to obtain a proto-
type system from the FHWA, the Department decided to develép
its own bridge weigh in motion sgsibm in late 1982
Electronic equipment was pbrchaSed. weighing software was
designed and written, and a motorhome uwas ﬁﬁfcﬁaséd to house
and transport the system. Two bridges were permanently

instrumented and used for weighing in 1983.

While based on research published during the FHWA spon-
sored contracts: the system has developed indépendehtlg and
differs in some respects from those systems. Strain gages
permanently attached to structures dre vsed instead dF‘
removable transducers, photocells rather than téﬁeéwitchéé
are used to sense axles, aﬁdbéite calibration procedures are

different.

As of summer, 1985, eighteen bridge weigh in motion
sites in South Dakotd dre being used to conduct the state’s
Truck Weight Study on interstate, main rural, secondary and

. \ . ;

urban highuways.
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1.0 History

~In 1982, research sponsored by the Federal Highway
Adminiétfatiun in weigh in motion technology——a method of
weighing,vehiclés és they pass over inStruménted highway
stfuctures~*was beinQVCOmpleted. One aspect of the research
contracts involved development and delivery to the FHWA of
three prototype systems which would later be made available
to state agencies for purposes of evaluation and demonstfa—

tion.

When the South Dakota Department of Transportétiun
be#ame amare of the prototype systems, an evaluation of the
':oncept was made. Bridge weigh in motion seemed appropriaﬁg
fﬁr use in South Dakota because of its portability, because
oF'ﬁhe large number of potential sites available +throughout
the state, and because the state’s relatively low traffic
volumes Qere consistent wifh the system’s limitations at
that time. The decision was made tokpursue‘atquisition of
~one of the prototype sgstemsv primarilg qu collection of
unbiased highway design and planning data, with possible

~enforcement applications.

The Department requested that the FHWA make one of the
prototgpe systems available on either a permanent or tempo-—
\rarg_basisf Other states had also made requests, however,

's0 when timely acquisition seemed rather unlikely, the deci-—
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sion was made to develop a system inﬂapendéhtig. At the
time the decision was made, commercially available sgstems
appeared té have some shortcomings, particularly with regard
to supplying weight information in formats consistent with
alreédg established Department procedures. The development
decision was practical because technical expertise already

existed within the Department.

Equipment acgisition and égsbem devglopmeht occurred
mainly during the mintér of 1?82—19931 and first weighing
was accomplished in ihe spring of 1983. While ¢the system
was not completed in time for use in the state’é 19823 Truck
Height Studq;}it was ﬂseﬂ %ur a;fgratg studies éhd ﬁ@mbns#
trations throughout 1983 aﬁﬂ 1984. Following its present
use for the 1985 Truck Weight Study, the system will be used
to extend vunderstanding of tfwt& weight inf@rmﬁfimh; espe-~

cially with regard to effects of Ltime of day., week and year.

2.0 Bridge Weigh in Motion Theory

Bridge weigh in motion meihads are unique in that the
load sensing element is a highwag structure to which strain
measurement instrumentation has been /‘éttatﬁad.
Determination of vehicle gross anﬁ axlewaig%ts requires
considerable computation, primarily becauvse of the bridge‘s
b*éa%“iahgth. First, because the vehicle’s axles are not

individvally present on the structure eath exle's-cbhtriﬁu*'
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  ﬁidh to ,strain'must:be iso1ated from the tbtal. Secondly,
 1éa:ﬁ axle’s cﬁﬁtrihution to strain depends not anlg»upon its
Weiéﬁt:» but ~ also upon its location on the structure af the
 timé the measurement is taken. It is therefore necessary to
measure cor  predict the location of each axle all the while
the‘Véhicle'pﬁcppieS~the bridge. This section will consider
the theoretical aspects of weight and axle,locatioﬁ determi-—
,natinh;‘as,well as the methods of structure calibration and.

“in motion vehicle classification.

2;1 Vehicle Position and Geometry Measurement

Becavse a load’s effect on the structure depends on
its location, it is necessary to determine the position
of each of the(weighed‘vehicle’s éxleé at éhe times at
which éirder strain measurements are made. More specifi-
cally, it is necessary to determine the vehiéle's axle
configuration and spacing as well as an equation of
mdtidﬁ whiéh relates vehicle position to time. These may
be determined from the times recorded when each axle
baéses each of two sensors which are sﬁéced a known dis-

tance apart.

If the vehicle’s equation of motion X{(T) is assumed
to be a polynomial in time T, then X(T) may be expressed:
J J

X(T)y = X¢& + SUM C T (3.1.1)
J"—"1 : .
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where XFf is the coordinate of the first axle sensor, and

J is the order of the approximating polynomial.

The distance from axle 1 to each other axle may be
computed as the difference between the vehicle’s coordi-
nate when axle 1 was detected by the first axle sensor

and its cdnrdinate when the other axle was detected

there. The axle distances may be expressed:
Df(a) = X(T#(a))y — X(Tf (1))
J J J J
= Xf + S8UM Cy Tf(a) - Xf — BUM Cj TF(1)
J=1 J=1
J J
= QUM Cy Tf(a) (3.1. 2)
=1

where Tf(a) is the time at which axle a 1is detected by
the +first sensor and T£(1), the time at which axle 1 is

detected at the first sensor, is taken as zero.

Alternatively, the same axle distances may be com-
puted using times at which the axles were detected by the
second éensor. I Tsi{a) is the time at which axle a is

detected at the second sensor, the axle distances may be

expressed:
Ds(a) = X(Ts(a)) — X{(Ts(1))
= X{Ts(a)) —~ X{(T£(1)) + X{(Tf(1)) —~ X(Ts(1))
= X(Ts(al)) - X(T#(l)} + X¢ - Xs
‘ J J | :
= Xf - X5 + 5321CJ Ts(a) , ' (3.1.3)

If the polynomial expression for X(T) is of degree less
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‘than the number of axles, these equations are redundant

and the coefficients Cj cannot in general be determined
explicitly. A sclution can be Fuund; hbwever: which min-
ihizes the disagreement between distances determined from
sensory 1 transition times and those determined from sen-
sor 2 transition times. I# the error function E is

defined to be

A 2
E = 8UM {Dsa -~ Dfa}
a=1
A J J J 2
= BUM {Xf - Xs + SUM [Cy(Tsl(a) - Tf#(a) )1 3
a=1 J=1
A J ; ,
= UM {Xf - Xs + 8SUM Cj Hayl} (3.1. 4)
-oa=l , J=1 ‘

whare A is the total number of axles, and

‘ J J '
Hay) = Ts(a) - T#(a) (3. 1. 5)
the coefficients Cj which minimize E may be found by set—
ting partial derivatives with respect to each unknown

equal to 0. We have

0 = dE/dCk
A J
= 8UM { Xf - Xs + SUM [Cy Hayl ¥ (~2Hak)
a=] J=1
J
= Yk — SUM {Cy Z k> (3. 1. &)
J=1
where
| A
" Zyk = SUM {Hay Hak} (3.1.7)
a=1 | o

and
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Yk = SGH L(X¢$ - Xs)sHak), (3.1.8)
a=1

Because this equation is true for every k; a system of

equations is defined which may be writtenbiﬁ'matfix nota-

tion as CZ=Y. Because Y and Z are known from sensor

geometry and axle detection times, it is possible to

solve for the vector C which specifies the polynomial

coefficients Cjy which determine axle spacing and the

vehicle’s equation of motion.

The physical interpretation of this method is‘ as
follows. The axle transition times measured at the tuwo
sensors provide more information than is required to
solve for a polynomial equation of motion of order less
than ﬁhe number of axles. The method finds the polynomi-
al ‘coé?Ficiants which insure the greatest consistency
between axle spacing determinations based upon all of the
time measurements. Equivalently, the method determines
the equation of motion most cpnsistent with the measure-
ments, providing both axle 5§a¢ing and vehicle speed as

end products.

2.2 Axle Weight Determination

When a load is present on a structure, it inducesf
behding moment dependent on its magnitude and location on

the structure. The total moment induced in a steel or
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-gbﬁcrete ;girdéf structure by a’vehicie at any position p
: “:is‘diStriﬁuted among the individual girders, so the sum
 Wd£'gifdér’moments must equal total moment. The moment in
: éach girder is related to the girder’s strain by the

arelation | v
‘Mgp = Eg Sg Ugp (3.2, 1)
-Qhére Eg is the girder’s modulus of elasticity, Sg is its
ﬁettion modulus, and Ugp is the strain measured in the
girder at that vehicle position. If apother term Mo is
inﬁroducéd to account for constant offsets related to
temperature and instrumentation errors, the total
apparent -moment Mp meésured by an instrumentation system

' mag be expressed as
G

Mp = Mo + SUM Mgp (3.
g=1

LY
Pl

In terms aof axle weights and locations, the predict-

ed moment may be expressed as

A
Mp = SUM Wa I{(Xap) (3.2.3)
- a=l
where Wa is the weight of axle a. I(Xap) is the moment

influence wvalue of the structure at the coordinate Xap
occupied by axle a——that is, the amount of moment induced
at the measurement location per unit leoad applied. The
unknown values Wa and Mo may be found by minimizing the
error function defined by the squares of differences

between measured and predicted moment summed over éll
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vehicle positions:

P ‘ 2
E = 8UM {Mp - M’p)}
p=1
‘ P G A o2
= 8UM { Mo + SUM Mgp - SUM Wa I(Xap) } {3.2. 8)
p=1 g=1 : a=i

1f we define Mo equal Wo and define I(Xop) = =1, this

equation may be written

P G ' A ‘ 2 ' :
E = SUM { SUM Mgp - SUM Wa I(Xap) } o 3.2.5)
p=1 g=1 a=0 o

Values of offset and axle weights which minimize E
may be found by differentiating the expression with

respect to each unknown and equating to zéro:

0 = dE/dWb
P G A
= SUM {SUM Mgp - SUM Wa I(Xap)}[—“I(Xbp)J
p=1 g=1i - ra=]
= Yb — SUM Wa Zab T : (3.2.6)
a#Iy : ' ,
',where
©.¥Yb = SGUM Mp I(Xbp} I _ : (3.2.7)
L ,'p=1 B . )
and
, P ' 8 St : .
Zab = SUM I(Xap) I(Xbp).' el SRR S A >‘(3.2.87
Ihfmatrik notation, equat1on 3.2 & may be wrltten Y = WZ.

Matrix algebra can be applied to aolve For the offset and

axle weight vector W g:yen»the_~vectar 1Y, an¢g,maty1x Zv
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which are known #from the structure’s moment influence
line, the girder strain measurements, and axle oposition

_information.

Becauée the weighed vehicle is in motion, dynamic
load cbmponents resultiﬁg from interaction between its
-suépensibn and tﬁe road, approach and bridge profile are
significant (Figure 1), It is important to understand
that the axle weight deterhination methdd finds weights
which would generate moments most consistent with the
record observed over the entire bridge léngth rather than
at any one point on the structure. This feature has the
effect of greatly diminishing the dynamic loading effects

in the axle weight computation.

2.3 Structure Calibration

The method of axle weight determination assumes that

the bridge‘’s moment influence line is known. In prac-
tice, it is necessary to either define the line
theoreticallg or determine it empirically. Because the

actual behavior of a structure may deviate significantly
from theoretical behavior, an empirical calibration

method has been chosen.

If the moment influence line is approximated by a

“piecewise linear . function, calibration can be accom—
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vaiues, can be found which minimize the error E by dif-
: ferentiating with respect to each variable and equating

-to. zero:

i

0 = dE/dIk

P G “J

= BUM { SUM Mgp — SUM I Hyp ¥ (—2Hkp)
p:-’ﬂ]. g=1 J=0 :

P € P J
SUM SUM Mgp Hkp — SUM SUM I, Hyp Hkp
p=1 g=1 p=1 =0

fi

J
= Yk - SUM Iy Zjk , (3.3.7)
J=1 ' ‘

where
P G

SUM SUM Mgp Hkp | ‘ ‘ (3. 3. 8)
p=1 g=1

Yk

i

and
o
Zyjk = SUM Hyp Hkp (3.3.9)
p=1
Equation 3.3.7 may be expressed in matrix notation as
Y=IZ. and may be solved for the unknown oFFsef and moment
influence values Im. It is clear that the calibration
Hmethod is related inversly ﬁo the vehicle weighing
Method. In thé Fofmer, éxle weight§ are known and influ-

ence values are determined; in the latter, influence

values are known and axle weights are determined.

In order for the piecewise linear moment influence
line to be valid, moment influence points must be deter—

minéq‘at locations of curve discontinuity. Points are
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therefore required af span endpoints and at the strain
measurement location. In addition, influence points are
spaced fifty percent more densely on the strain measure-
ment span than on other spans. A total of 25 to 30
moment influence points will define the moment influence
line of a three spen structyre very completely, as is

illustrated by Figure 2.

2.4 Vehicle Classification

When trucks are weighed, it is desirable to also
obtain as much vehicle classification thormation as pos-—
sible. While axle spacing and weights aré determined
from strain and axle sensor measurements, additional réw
information and analysis is required to specify the vehi—

cle, body and hauvled commidity types.

For purpoéas’o# the Truck Heigﬁt Stﬁﬂg.vahicie type
is ‘dgangd to be a six‘digit number Speci#ging fhg vehi?
cle‘s ovefall con?igurafi&n and  axle grouping.
Autgmébiles are assigned a caode 69‘100600; while trucks,
tractor semitrailer; truck‘ trailer anq tractor semi-
trailer trailer cqmbinqtions are gssigned ’codes of
ROOQQO: 3000060, 400000, and 500000 resPeﬁtivelg.’ In 'tﬁef
casé of béayg #fucks: the second through sixtﬁ digits are
'ysgd to specifgkthe vehicle’s ’éxle configurétign. For

example, a five axle tractor semitrailer is assigned a
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“code oF’SGQOOO. specingﬁg é three axle tractor and a two
axle semitrailer. A tractor 5émitrailer trailer combina-
tion may have a vehicle code of 532400, specifying three
tractor  axles, two semitrailer axles, and four axles on
the tréiler.‘ Finally, in the case of light wvehicles, a
5épérate towed trailer will modify the vehicle code, as

.the ;éde for a car towing a cargo trailer 100300 illus—
trates.. In every case:; if the vehicle and trailer types
{single unit., tractor semitrailier, etc.) are specified

~from wvisual observation, axle distance and grouping
inFurmétion can be added to completely and wnambiguously

specify the vehicle code.

Likewise, a two digit code is assigned on basis of
bbdg type. Here, the code specifies whether the vehicle
was a car or pickup body., a flatbed, tank, ‘hopper. grain,
van or any other of fifty-three distinct body types.
While these body types can only be specified by visual

- ohservation, correct identification is generally possible

'eveh at high vehicle speeds.

Finally, a five digit commodity code consistent with
the system developed by the Bureau of the Budget for
traﬁsporation reporting purposes is assigned to the load.

MBéCBUSE it is not possible to observe enclosed cargoes as
they pass by a weighing location, uncertainty may exist

in the code assignment. ~In the case of open cargoes,
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accurate assignment is generally possible.

The scheme developed for use with the weigh in
motion system wutilizes as much visual informatio<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>