RURAL BRIDGE SAFETY: EVALUATION OF
ATYPICALLY LARGE FAR M VEHICLES

FINAL PROJECT REPORT

by

Laura Skinner (M.S Graduate Student)
and
Ahmed lbrahim, Ph.D., P.E.
Assistant Professor
National Institute for Advanced Transportation Technology
Department of Civ and EnvironmentaEngineering, University of ldaho
Moscow, ID, 838441022
aibrahim@uidaho.edu

Sponsorship
Pacific Northwest Transportation Consortium (PacTrans)

for
Pacific Northwest Transportation Consortium (PacTrans)
USDOT University Transportion Center for Federal Region 10
University of Washington
More Hall 112, Box 352700
Seattle, WA 98192700

In cooperation with US Department of TransportafResearch and Innovative Technology
Administration (RITA)




Disclaimer
The contents of his report reflect the views of the authors, who are responsible for the
facts and the accuracy of the information presented herein. This document is disseminated
under the sponsorship of the U.S. Depart me
Transportation Centers Program, in the interest of information exchangeThe Pacific
Northwest Transportation Consortium, the U.S. Governmentand matching sponsor

assume no liability for the contents or use thereof.



Technical Report Documentation Page

1. Report No. 2. Government Accession No. 3. Reci pientés Catalo

4. Title and Subtitle 5. Report Date
Rural Bridge Safety: Evaluation of Atypically Large Farm Vehicles

6. Performing Organization Code

7. Author(s) 8. Performing Organization Report No.
Laura skinner (Graduate student), and Ahmed Ibrahim, Ph.D., P.E.
9. Performing Organization Name and Address 10. Work Unit No. (TRAIS)
University of ldaho
National Institute for Advanced Transportation Technology 11. Contract or Grant No.
115 Engineering Physics Building DTRT-G-UTC40
Moscow, D 838440901
12. Sponsoring Organization Name and Address 13. Type of Report and Period Covered
United States of America Research
Department of Transportation 14. Sponsoring Agency Code

Research and Innovative Technology Administration

15. Supplementary Notes
Report uploaded atvww.pacTrans.org

16. Abstract

The Pacific Northwest region has no data on the assessiremd recommendatiorisr the safetydesign ofrural bridges
subjected tdarmvehicle (FV) loading. The study determiheow different types of FVs with different characteristics
distribute their loads on bridge superstructures. The stagdgonducted through computer simulation using the finite
element methodThe selected bridges were representative of rural briglggect toFV traffic in the regionThe Ive load
distribution factorgLLDFs) due to shear and momeifids interior and exteriogirders under critical loading conditions
weredetermined. The computer modelgereverified using field data tox@lore a broad number of bridge casesler
various FVloads and keyparameterss the authorsoncluded that some of the F\&ich aghe Terragatoyresulted in
more loads on texterior andriterior girders. Br exampletheTerragatomproduced_LDFs higherthanthe designload
distribution factorobtained from the AASHTO LRFD, and from the standard highway truck beingarseddge design.
It is recommended that farmirsgatespay attentio to increasein FV loads and bridge weight limitespecially under
suchloadingpr t o gener at e s psigmagefoiensuretre safety ofguravbedgiddisalsarecdmmended
thatthe effecs of FVs onthelive load distribution factarfor rural bridges be addresskd AASHTO. The authors also
suggest that DO§and local jurisdictions considgostingspecial signage for rural bridgtsat carryfarm vehicles.

17. Key Words 18. Distribution Statement

Bridges, Farmind/ehicle, Live Load Distribution Factoydloments No restrictions.

19. Security Classification 20. Security Classification 21. No. of 22. Price
(of this report) (of this page) Pages

Unclassified. Unclassified. NA

Form DOT F 1700.7 (872) Reproduction of completed page authorized


http://www.pactrans.org/




Table of Contents

ACRONYMS AND ABBREVIATIONS ... eeu et ettt e et et eee e e e e e e e et e e e e e e s eemme e e e e e e e e e e e eeees XI
A CKIN OV L ED GMENT S -ttt ttt e et e ettt ee e e e et e et e e e e e emmm e e e e e e e e e e e e e e emm e e e enaaenns Xl
EXECUTIVE SUMMARY ...ttt et et Xl
INTRODUGCTION ..ttt ittt et ettt e e e et veee e et e ee ee e e e e e e eaee sammeaen e e ee te ee e e e e e enes smmmeneneneereseee e enenanss 1.
1.1 Problem BUEMENL. ... ... e 1
1.2 ODJECHVES....cceeiiiieeiiiiiiii ettt e e e e eeens e s e e e e e e e e e e e e e e e e e ananeaaaaeeeeeaeees 2
IR IV =Y i o T (o] [0 Y/ 2
1.3 Organization of the REPQAIL............uiiiiiiiiiiieeeie e 2
LITERATURE REVIEW - ettt et 5
P20 I Yo [0 =TSSR 5
2.2 Pavements and ROAUS . .. cu i 11
2.3 Live Load DistriDULION FaCOIS. . .. e 11
FINITE BLEMENT AN ALY SIS . .ottt m e e e e e e ettt e e aem e et e e e e e e e e e e e e ammae e e 17
3.1 General DeSCHPLION.......uiiiiii e e e e ee e eeeeii e e e e et enee e e e e e e e e eeeeeesea e anan 17
B2 S AP 2000, . et ——————————— 20
RESULTS AND D ISCUSSION ...t tttttteete ettt e e et eeema e e et eaee et et teseamamn s e ensesenseenseensessmamnsenenss 23
4.1 ParametriC StUAY.......oooviiiiieiiiiici e et e e e e e e e e e e e e e aeeee s 23
4.2 Moment DiStriDULION FACIOIS. ....cvie e et ee e e e 24
4.3 Strain TimMe HISTONY.......cooiiiiiiiiiie e e e e e e e e e e e e e anens 44
4.4 Shear DIStriDULION FaCTOIS. ... ..t e e ee e e e e e e enaanaes a7
4.5 Regulating Implements of Husbandry on the Idaho Bridge Inventary........... 54
4.6 Assessing the Resources Available for Analysis..........ccccooviiiiccc s 54
CONCLUSIONS ANDRECOMMENDATIONS. . .t ettt ettt teeeeeassenssmeseseasssensesensa e sesensameresnrerensenenss 57
[ = =] = N o] S TR 59



Vi



List of Figures

Figure 2.1 Bridge failures initiated by farm vehicles (Phares et al. 2005)...............cccoucee.. 5
Figure 2.2 Bridge deck punching condition: design vehicles, grain carts, and manure tank
implements. (Phares @t @009 ..........cccooeiiiiiiiiieeeeee e 8
Figure 2.3 The axle loads and stress on a bridge due to certain types of agricultural vehicles
can be many times t due to a typical highway elet{flowa DOT 2015................... 9
Figure 2.4 Envelope functions of special farm vehiotiuced distribution factors for a steel
concrete bridge (Seo et al. 2014).........coooiiiiiiiiiieeee e 10
Figure 3.1 Representative steel girder bridge...........cooooiiiioc e, 18
Figure 3.2 Vehicles used in testing: (a) Terragator, (b) Tractor with one tank, (c) Tractor with
two tanks, (d) Tractor with gramagon, (€) Serfiruck ...........cccccoeevviiiiiiiiccce e, 19
Figure 3.3 Snapshot of the bridge model developed in SAR2000.............coovvvieeereeeeeenn. 21
Figure 3.4 Strains in the bridge due to the lngdf a Terragator over time.............ccc........ 22
Figure 4.1 Flow chart showing the different loading scenarios.............cccccvvveeeeeeeeeeennnnn. 23

Figure 4.2 Load distribution factors farTerragator on a bridge with variable girder spaci2§

Figure 4.3 Load distribution factors for a tractor with a grain wagon on a bridge with variable
(o[0T ST o= Tox | o o R P TP TORPTTTR 26

Figure 4.4 Load distribution factors for a tractor with one tank on a bridge with variable
(010 =] KT o T= Tox | o o [P PPPPP PP PPPPP 27

Figure 4.5 Load distribution factors for a tractothwtiwo tanks on a bridge with variable
(o[0T KT o= Tox | o o[RS PP TP ORPTTTR 28

Figure 4.6 Load distribution factors for a highway vehicle on a bridge with variable girder
] 0= Lox | o A PP PP PUUPPUPPPR 29

Figure 4.7 Load distribution factors due to a highway vehicle on a bridge with variable girder
] 0= Lox | o A PP PP PP PUUPPPPPPRR 33

Figure 4.8 Load distribution factors due to a Terragator on a bndhyea variable number of
girders (SPaCiNg 3.28 fL.).ccei ittt 34

Figure 4.9 Load distribution factors due to a tractor with a grain wagon on a bridge with a
variable number of girders (SPacing 3.28.fL.) . ..cuveiiiiiiiiiiiiiiiee 35

Figure 4.10 Load distribution factors due to a tractor with one tank on a bridge with a
variable number of girders (SPacing 3.28.fL.) . ..eeveviiiiiiiiiiiiiee s 36

vii


file://///TRAC-LINK/home/amyo/PacTrans/Skinner%20Rural%20Bridge%20Safety/Final%20Project%20Report._Farming%20EquipmentBridge%20rev2%20AO.docx%23_Toc2845356
file://///TRAC-LINK/home/amyo/PacTrans/Skinner%20Rural%20Bridge%20Safety/Final%20Project%20Report._Farming%20EquipmentBridge%20rev2%20AO.docx%23_Toc2845358
file://///TRAC-LINK/home/amyo/PacTrans/Skinner%20Rural%20Bridge%20Safety/Final%20Project%20Report._Farming%20EquipmentBridge%20rev2%20AO.docx%23_Toc2845358

Figure 4.11 Load distribution factors due to a tractor with two tanks on a bridge with a
variable number of girders (Spacing 3.28.fL.) .....coeviiiiiiiiiieee 37

Figure 4.12 Load distribution factors due to a highwayiale on a bridge with a variable

Figure 4.14 Load distribution factors due to a Terragator on a bridge with variable. speed.
Figure 4.15 Load distribution factors due to a Terragator on a bridge with vapaele.s.....41

Figure 4.16 Load distribution factors due to a tractor with one tank on a bridge with variable
5] 01T U 42

Figure 4.17 Load distribign factors due to a tractor with two tanks on a bridge with variable
5] 01T S 43

Figure 4.18 Load distribution factors due to a highway vehicle on a bridge with variable
5] 01T S 44

Figure 4.19 Tensile strains due to a) a Terragator, b) a Tractor with grain wagon, c) Tractor
with one tank, d) Tractor with two tanks, and e) Highway truck....................... 47

Figure 4.20 Shear force distribution factors due to a highway vehicle on a bridge with
variable girder SPaCING.......ccooeiiiieei e 51

Figure 4.22 Comparison between LLDFs for the Terragator and the highway.truck....... 52

viii



List of Tables

Table 3.1 Configurations of the VENICIES...........oooi i

Table 4.1 Shear force distribution factors e@ndarious truck speeds...........ccccccvvviiiiieeennnnn.






Acronyms and Abbreviations

AASHTO: American Association of State Highway and Transportation Officials
FEM: Finite element method

FFA: Finite element analysis

FV: Farm vehicle

LLDF: Live load dstribution factors

LRFD: Load and resistance factor design

ITD: Idaho Department of Transportation

PacTrans: Pacific Northwest Transportation Consortium

SCF:Skew correction factors

Xi



Acknowledgments
The funding providedyy the Pacific Northwest Condarm-University Transpiration
Centers is much appreciated to conduct this study. The leverage of the National Institute of
Advanced Transportation Technology (NIATT) at the University of Idaho is also much valued to

accomplish this research.

Xii



Executive Summary

The Pacific Northwest region has no data onstifetydesign of rural bridges subjected
to farmvehicle (FV) loading. Tis study determinghow different types of FVs with different
characteristics distribute their loads romal steelconaetebridge superstructures. The stuss
conducted through computer simulation using the finite element méthedelected bridges
were representative of rural bridgasbject taFV traffic in the regionLoad distribution factors
due to shear and momis for interior and exterior girders under critical loading conditioaise
determined. The computer modelsreverified with field data to explore a broad number of
bridges under various FMads and key parameters.

Therewere614,387 bridges in the lited States as of 2017 (ASCE 2017). A large
portion of these bridges are rural bridges. Rural transportation systems are a key factor in food
supply chainshowever, approximately 13 percent of rural bridges are considered structurally
deficient and 10 pecent more are functionally obsolete (Orr 20M2any vehicles that travel on
these rural road systems are agricultural vehicles. These vehicles are designed for use on farms
but also often travel on roadways. Agricultural vehicles can have vastly diffeneel spacings,
footprints, and axle weights than other vehicles. Because of this, they very likely cause different
effects on bridges than vehicles whichthe AASHTOLoad and Resistance Factor Design
(LRFD) specification are base@here are currentlyo standards to determine how to design for
agricultural vehicles.

A finite element model of a steebncretegirderbridge wagyeneratecnd validated in
order to determine the live load distribution factorsduced byspecific agricultural vehicles.
Five vehicle types were used in the analysis: a Terragator, a tractor with a grain wagon, a tractor

with one manure applicator tank, a tractor with two manure applicator tanks, and a standard
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highway vehicle. The parametric study was performed to obserd#fir@nces and
distributiors of live loads that might affeetvariety of bridges. The spacing of the girders,
number of girders, and speed of the vehicles were considered key factbesaforementioned
vehicle types.

For most of the girdespacing and vehicle types, the analyticabmentive load
distribution factor LLDF) values were lower than t#eASHTO design valuesHowever, the
Terragator createahigher (4percentimomentLLDF on theinterior girderfor bridges with
smaller girder spacinthan the valueeecommendetdty AASHTO code.The moment LLDFs for
exterior girders (spacing=1.64t.) was higher than the AASHTO values pgré&ntWhen the
spacing between girders incredse 3.26ft., the Terragator showele samemomentLLDF for
the middle girder For lridges with girdespacings of 4.10 ft. and 4.92 ft., timentLLDFs
were less than the AASHTO values byggfcentand 56percent respectively. For all other
vehicles, thenomentLLDFs were less than the AASHTIORFD values.

We also dserved that themomentLLDFs due tathe Terragatoifor the exterior and
interior girderg(girder spacing= 1.64 ft.) were higher than the highway standard truck by 88
percentand 62percentrespectively. Similar observations were obtained when girdemgpac
was inceased to 2.64 ft. and 3.28 for whichthe LLDFs due to the Terragator were larfypar
the interior girdershan thehose due to atandard highway truck by f&rcenton average

The Terragatoproducedsignificantincreassin LLDFs for the exterior girders for
bridges withfour (17 percent)six (24.7 percent)andnine (93.6 percengirders.However for
the interior girdersfor the bridge witHour girders there was no significant differermsween

the numerical analysisLDFs and he AASHTO values However for bridges withsix andnine
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girders, the Terragat@roducechigher LLDFs (5percentand 43percent, respectively) thdhe
standard truck case.

Theshear.LDFs due to the Terragatdor the exterior and interior girders (der
spacing= 1.64 ft.) were higher thirose produced ke highway standard truck by pércent,
and 9pecentrespectivelyThe Terragatoproducechigher LLDFs for the exterior girdefer
bridges withfour (27 percent)six (237 percent)andnine 2& percentirders The researchers
recommendield tessto investigatahe effecs of agricultural vehicles on various bridges in
Idaho under multiple key parametesuch as girder material tyggmber, concrete, etc.), girder
spacingandotherconfigurations.Overall, he speed of the vehicles had no significant impact on
the shear of the moment LLFDs of the bridges

In conclwsion,some of the FV.ssuch aghe Terragatorproducedmore loads on the
exterior and interior girdersf steelconcrete bridge State departmesbf transportation and
local highway jurisdictions should pay attention to rural bridgasare exposed to frequent

farming vehicle traffidy postingFV weightlimit signs.
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Introduction

Bridges are usually designed and evadatith live load distribution factorLLDFs).
These LLDFs are generally defined as the ratio of the effect of maximum live load in a bridge
girderto the effect of the maximuitive load inall the bridge girdersvhen the truck is located at
acertain loation along the bridgelr'he American Association of State Highway and
Transportation Officials (AASHTO) has providetethodgo determind.LDFs for different
types ofbridges. The LLDFsare based on the shear and mom#ratatypical highway vehicle
places on a bridge. LLDFs quantify how much live load a girder must be able to hold. If the
LLDFs are estimated too high glvridge is considereaerdesignedand if they are too low
thenthe bridge may not be able to carry the weight required (Eom andk\edd8). Although
values obtainettom the AASHTO specifications tend to be conservative for typical highway
vehicles, there is not much data on how reliable they are when used to design for unusual types
of vehicles such as agricultural vehicles, whidethave very different configurations and
loadings than typical standard highway vehicles.

1.1 Problem Statement

Therewere614,387 bridges in the United States as of 2017 (ASCE 2017). A large
portion of trose bridges are rural bridg. The wral transpdation systenis a key factor in food
supply chainshowever, approximately 13 percent of rural bridges are considered structurally
deficient and 10 percent more are functionally obsolete (Orr 2012).

Many vehicles that travel on rural road systems anewdtyral vehicles. These vehicles
are designed for use on farms but also often travel on some roadways. Agricultural vehicles can
have vastly different wheel spacings, footprints, and axle weights than other vehicles. Because of

this, they very likely case different effects on bridges than the vehiglesvhichthe AASHTO



Load and Resistance Factor DesigRIED) specifications are basethere are currently no
standard®r recommendations tbetermine how to design for agricultural vehicles.
1.2 Objecties

The overall objective ahestudy presented hereiasto evaluate the live load
distributionfactor provisions in the AASHTQRFD manualfor steel bridge girdengnder farm
agricultural vehicle loading3.he goal of this studwasto performanamalyss using the finite
element rethod (FEM) A reviewof provisions forLLDFs in the AASHTO IRFD bridge @sign
manualfor steel concretagirder bridgesvasconductedand theL LDF factors obtainedrom
usingthe FEMwere compared

1.3 Methodology

A finite element modefor a steelconcretegirderbridge was created and validated to
determine the live load distribution factdos specific agricultural vehicles. Five vehicle types
were used in the analysis: a Terragator, a tractor with a grain wagon, awidittone manure
applicator tank, a tractor with two manure applicator tanks, and a standard highway vehicle. The
parametric study was performed to observe the differences and distrdnftlome loads that
might affectavariety of bridges. The spacind g@irders, number of girders, and speed of
vehicles were considered key factarcombination witithe aforementioned vehicle types.

1.3 Organization of thReport

Thisreport examines the LLDFs efeel girder bridgeunder different types of
agriculturd vehicle loading. The report is divided into five chapters. Chapter 2 summarizes
previous work performedndthe impacts of agricultural vehicles on bridges and pavenets
well as a literature review of LLDFs. Chapter 3 describes the finite elememsgrased to

determine the LLDFs. The specificatidios the vehicles and bridgeised are detailed in



Chapter 3along with the=EM model used. Chapter 4 describes the results obtained from the
finite element simulation. The analytical values obtained¢angpared to the values
recommendetly using AASHTO specifications. Lastly, Chapter 5 summarizes the results and

conclusions






Literature Review

2.1 Bridges

Bridges and culverts in rural areas in the State of Idaho are subjectetbdailysual
loads such as agricultalrfarming vehicles (¥s). The /s have various dimensions, axle loads
and characteristic3raditional bridge design and load rating systems are based on codes and
procedures that examine the capability of a bridge to resistioades m a /startdardp i ¢ a |
desi gno v e histardad 80,008b% teuckaFarhvwehicks such as farm equipment
and trucks carrying different agriculture commaadithave characteristics and axle load
distributions that are quite different froraroventional highway trucks. Specifically, they have
different wheel spacing, track widths, wheel footprints, loading configurations, and dynamic
coupling characteristics. Additionally, these vehicles tend to drive a major portion of their trips
on local rual roadsand bridgesTo date, there are no laws regtihg axle loads for farm
vehicles. Severe damage and failure of rural bridges as a result of FV loading have been reported

in the literatureas shown idigure2.1

Figure 0.1 Bridge failures initiated byarmvehicles (Pharest al. 2005)

The current American Associati of State Highway and Transportation Officials

(AASHTO) code of practice does not specifically address FVs as a separate category of vehicles



and does not consider the effeot their heavy loads on fewer axlestheir operational
characteristics in dggncodes Weighin-motion live load datdrom millions of trucks indicate
that live load is strongly sitepecific. Thereforethe AASHTO code provides anpion to
choose livdoad factos thataredifferent tharthoselisted in the codeAs a consegence, the
study of the influence of FV loads on rural bridges is a local phenomenon and warranted for the
Pacific Northwest regiorilruck weighin-motiondataindicatethatPacific Northwestfarm
vehicles areyetting largercausingunanticipatedoadson local rural and offroad bridges.
However,recommendationfor the size and weight dfVs to ensure thsafay of off-road
bridgesare limited One of the major problems with Hvadingis that the gross load is
distributedover a relatively few number alels, with gross weight that might be 0%€0,000
Ibs.,well over theB0,000Ibs average design gross load of conventional trucks.

Currently, bridge load limits are basedsemitrucks, not farnvehicles which have

different axle configurationsandwe el di mensi ons. WATheir geometr
widths are different; they haveedBlantfPhaees,ent sus
director of the Bridge EngineeringQGee r at | owa State University.
husbandryill helplimitt he conf usi on of current | oad post.i

Minnesota Department of Transportatiomdge load rating engineer Moises Dimaculangan.
The farmingindustry haggrown since 1993, whichasled touse of larger FVs.
Furthermorewhenharvest season startgain wagons are typically used to transport crops

These vehicles were exeragdfrom size, weightand load provisions on all roads except
interstatesn a law passed 14 years ag®&food and Wipf (1999) tested four timber lyabto
examine the influencef &V loading on rural bridgeddwa State Universiy The four bridges

were constructed from nominalid. by 12in. timber stringers removed from an existing bridge.



Other bridge components, including nominah3by 12in. deck planks, sill plates, and
blocking, were fabricated from new timber. Loading of thdt16pan bridges was applied at
midspan through a 3. by 2Gin. footprintto simulatethetire of a grain cart. The study

ignored theeffects of impact (dynang) and multiple lane loahnd assumed that the lateral load
distributionfor FVs and standard truckeerethe same.This work indicatd that FVs causd
demands greater than those considered during design and éakthesabkelihood of damage or
failure.

In Minnesota, FVs have punched througbdeck slatof a bridge and most bridge
failureshave beemelated to two failure modebending and punching, aeown infigure 2.2,
(Rholl, 2004).Rholl (2004) developed a procedure to estimate the punchéay demands on a
bridge deck, proportional to the perimeter of the tire patch. Therefore, the punching shear
demands for FVs and the standard design vehicle could be compared, as dhiguve 2.

Several FV configurations produced punching shear tiondiexceeding the values obtained

from the design vehicles. Seo, et aDX3 investigatedhe effects of FVs on load distribution
factors of existing steel girder bridges. The study involved five simply supported bridges on rural
roads, and it inclueld field load testing, finite element simulations, and statistical analyses. The
field response of bridges was measurgdising strain gages mounted on the bottom flanges of
thegirders. The FVs were driven across all bridges at a very slow speed whiéspionse of
thegirders was recorded. The study indicateatthe distribution factors for a€fragator were

higher than the AASHTO design values.
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Figure 0.2 Bridge deck punching conditiodesign veltles, grain carts, and manure tank
implements. (Phares et 2005

Collapses of rural bridges have been observed in conjunction with agricultural loads
(Stachura 2007, Nixon 2012). A report published by lowa DOT observed that vehicles that are
used as iplements of husbandry are not required to obey the maximum legal axle weights,
instead having their own set of allowable axle loads and gross weights. However, vehicles that
carry heavy loads on fewer axles, such as grain carts and liquid manure teaatks, cre
significantly more stress on bridges than commercial vehicles (see figure 2.3), which can shorten

the service life of a bridge and can cause visible and hidden danagadDOT 2015%.
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Figure 0.3 The axle loads and stress on a bridge due to certain types of agricultural vehicle
many timeg due to a typical highway vehic(éowa DOT 201%.

Seo et al.Z014) examined the effects afvariety of different agricultural vehicles on
steelconcrete composite bridges. Five steel girder bridges fiedddested with four agricultural

vehicles and a highway truciks well asanalytically testedavith over 120 agricultural vehicles



to deteminethe effects on the live load distribution factors (LLDFs). The results indicated that
the LLDFs were sensitive to different farm vehicle characteristics, especially different axle
weights, and transverse positions. Also, the stiffness of the exgaders significantly affected

the LLDFs. In most cases the LLDFs were smaller than the AASHTO code values, but in some

cases, they exceeded the gafecan been seenfigure 2.4 (Seo et a2014).

0.35
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S 0.25
©
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~——AASHTO Standard (1996) -==AASHTO LRFD (2010)
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(a) —~Analytical Envelope (Special) - - Statistical Threshold (Special)

Figure 0.4 Envelope functions of special farm vehiateluced distribution factors for a steel
concrete bridge (Seo et al. 2014)
Seo et al. (2015) also tested a large number of vehicles on a timber bridge and compared
the LLDFs obtainedrom field and analytial tests to those from AASHTO methodsey found
that theLLDFs againoccasionally exceeded theASHTO values (Seo et al. 2015).
Bending moment distribution factors for steel girder bridgesedeveloped byrarhini
et al. (1992)andthe study concludethat the live load distribution factors for agriculture

vehicleswerelower thanthose obtained from the AASHTO specifications.
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2.2Pavements and Roads

It is widely believed that agricultural vehicles play a significant role in the degradation of
rural roadsfor threereasonsvehiclesexceed the 20,00l singleaxle weight limit wide tire
spacing plaesheavy loads on pavement edgasdvehiclesmowve slowly, increasing the load
duration and creating rutting (Oman et al. 2001).

In 1999 Wood and Wipftadied the effecof a heavily loaded grain cart on a section of
pavement. A grain cart was rolled across a section of pavement, which was analyzed for
excessive strains in the concréfbey found that there was a potential for estessing the
pavemen and there were a few instaneesvhichthe tension stress level exceeded the concrete
rupture strength (Wood and Wipf 1999).

A study conducted by Sebaaly (3)@bserved the impaxof various agricultural
vehicles on pavemeniis compaisonto those ¢ an 18,00db singleaxle truck. They found that
one trip of an empty Terragator, a farm vehicle with a situigdeon the steering axle and a dual
tire on the drive axle, consumed the planned design life 51 to 150 times faster than a standard
singleaxletruck. One trip of a loaded Terragator was 230 to 605 tiwese than that of a
standard trucka legally loaded grain cart was 77 to 240 tinwesse and an overloaded grain
cart was 264 to 799 times worse(Seba4193.

2.3 Live Load Distribution Factrs

Live load distribution factors, or LLDFs, are used to design new bridges and evaluate
existing bridges, quantifying how much live load a girder must be able to hold. If the LLDFs are
estimated too highhethe bridge is comderedoverdesignedand ifthey are too lowhenthe

bridge may not be able to carry the weight required (Eom and Nowak 2006).
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2.3.1 Analytical LLDFs
LLDFs are defined as the ratio of the effect of maximum live load in a component to the
effect of the maximum live load in a systeBtallings and Yoo (1993) derived an equation to

determine moment distribution factors using field data:

QO | Ag—"— [ Ag—hrHh (2.1)
| h B A | h B AR

IR IR
where gi = flexure distribution factor of thé' girder
E = modulus of elasticity
S, = section modulus of thé girder at timet
Wi = strain at time at thei™ girder
M = bending moment at tinteat thei™" girder
j = number of girders
2.3.2 AASHTO Standard Specifications
AASHTO has provided specifications to determine LLBdtsbridges (AASHTO 1996,
AASHTO 2010). The AASHTO standard code bases the calculations for LLDFs on a function of
girder spacing,Y and bridge type (AASHTO 1996). These are easy to use but are often
unnecessarily conservative (Eom and Nowak 2001) AK®HTO Standard Specifications for
interior girders are given below.

For steelconcrete bridges:

0000 — (2.1a)
0000 — (2.1b)
whereS = girder spacing (ft.)
For steeftimberbridges:
ININONG] >y (2.2a)
0000 — (2.2b)
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whereS = girder spacing (ft.).

For timbertimber bridges:
0000 Y (2.3a)
0000 ru (2.3b)

whereS = girder spacing (ft.).
The AASHTO Standard equations are basedxdaloads and must therefore be divided by a
factor of 2 in order to compare them with the LRFD specifications and analytical L(HORs
and Nowak R06).
2.3.3 AASHTO LRFD Specifications

The AASHTO LRFD specifications take into account bridge geometries and other factors
and are more sophisticated than the standard specifications (AASHTO 1998). &leDFs
determinedy using LRFD specificationandgererally considered to be more consistent than
those determinely usingStandardSpecifications, particularly for bridges with long spans (Eom
and Nowak 2001). The AASHTORFD Specifications for the interior girders are given below.

For interior girders o$teetconcrete bridges:
0000 e — - e (2.4a)

8
0000 mrxv — - — (2.4b)

whereS = girder spacing (ft.)
L = span length (ft.)
Kg = n(I+Ae?), longitudinal stiffness (if)
ts = deck thickness (in)
n = modular ratio between steel and concrete
| = girder moment of inertiéin?)

A= area of theirdercrosssection(in?)
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E = eccetricity between the centroids of the girder anddbekslab (in).

For exterior girders of steebncrete bridges:
0000 ™ xx — 0000 (2.5)

8
where de = distance from the centerline of the web of the exterior girder to the interior
edge of the curb (ft.)
LLDFinterior = the distribution factor specifiad equations 2.4b
For single lane bridgesxterior LLDFs can be detmined orthe basis othe lever rule
specified in the AASHTO LRFD code (AASHTO 2010).
Skew correction factors (SCFs) are provided by the AASHTO LRFD specifications for

steelconcrete hdges, which are then multiplidny the LLDFs of norskewed bridges. The

equation to determine SCFsais follows

8 8
Y6 Op T8 U— - 0wt & (2.6)

where S= girder spacing (ft.)
L = span length (ft.)
Kg = longitudinal stiffness (if)
ts = deck thickness (in)
d = skew angle (degrees)
The LRFD specifications fateeltimber and timbetimber bridges are based on the
over rule for interior girders.

For steeltimber bridges:
0000 — (2.7a)

0000 — (2.7b)
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whereS = girder spacing (ft.)

For timbertimber bridges:
0000 — (2.7a)

NN ONG] — (2.7b)
whereS = girder spacing (ft.).
The LLDFs of exteriogirders for steetimber and timbetimber bridges can be

determined by the lever rylas seen in the AASHTO LRFD specifications (AASHTO 2010).

The details of the finite element analysis are presented in the following chapter.
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Finite Element Analysis

3.1 General Description

Bridges in rural areas are usually designed under standard highway truck loads using the
AASHTO specificationg2012. This study mainly focused on analyzing steehaetegirder
bridges with concrete decksbjected tagricdtural vehicles. The effesof agricultural
vehiclesd | oadi ng o nwdreanalgzedbyasand thelfinite élamerffiE)t i o n
softwareSAP2000.The FE modelonsideedthe 3D effecson the load distributionsetween
girders under varigs agriculture vehicle§hecode was validatelly using field datayathered
through a study done by Seo et aD14. This study included five different types of vehicles
four agricultural vehicles and one standard highway truck. In this chaptemiteesfement
analysis details of the studied bridgesintroduced and discussed.
3.1.1 Bridge Description
The bridgeunder consideratiowas a simply supported, shapan, steel-girder bridge
with zero skewangle The bridge had a span of 42t0anda 7.5in-thick concrete deck. The
steel girders had 2% 0.4in webs with 7in-wide x 0.5in-thick flanges. The initial bridge used
to verify the FE model haline girders with the interior girders spaced every &.Gand the
exterior girders spaced3ft from the interior girders. The total bridge width was Z4.3he
moduli of elasticityusedfor the concretevas3,200 ksi andor steelwas29,000 ksi. Figure 3.1

shows a local bridge that thateel girders supported with a concrete

17
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Figure 0.1 Representative steel girder bridge

3.1.2 Vehicles Description
Five vehicles were used in the testing of the bridges:
1 a Terragator with a singl@heel front ale, and two closely rear axles
1 A tractor with oneéhoney wagon tank
1 atractor with two honey wagon tanks
1 atractor with a grain wagon
1 afive-axle semitruck.
The considered agriculture vehicles are showfigure 3.2 and all the axle spacing and

configurations are presentedtable 3.1.
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(a) Terragator (b) Tractor with one tank

N

(e) Semitruck
Figure 0.2 Vehicles used in testing: (a) Terragator, (b) Tractor with one tank, (c) Tveitihor
two tanks, (d) Tractor with grain wagon, (e) Semick
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Table 0.1 Configurations of the vehicles

Vehicle Axle Axle Weight (kips)* Axle Spacing (ft.)
Number | W1 w2 W3 W4 W5 | W6 | S1 S2 S3 S4 | S5

Terragator 2 1106 [ 1621 | 1621 | NA NA | NA | 194 | 62 [ NA | NA | NA
Tractor

with one 5 11.80 | 1592 | 16.28 | 16.28 | 16.28 | NA | 10.8 | 184 | 59 | 59 | NA
tank

Tractor

with two 6 2026|1607 | 7.15 | 715 | 915 | 9.15| 128|210 | 62 | 17.1| 6.2
tanks

Tractor

with grain 3 18.84 | 18.66 | 15.67 | NA NA | NA [ 112|240 | NA | NA | NA
wagon

Five-axle 5 11.04 | 17.38 | 1738 | 17.02 | 1702 | NA | 12.1| 43 | 318 39 |NA
semi-truck

3.2 SAP2000

The finite element model was createith SAP2000. SAP 2000 is a general finite

element software that is used for linear and nonlinear structural analysis. The code is designed to

perform static and dynamic load analyses with multiple abiliiextractdata The girders

were modeledvith frame elementsand the bridge deck was moeeéith a quadrilaterakhell

elementbecause oits uniform thickness and properties. Linear links were created between the
frame elements (girders) and the shell elements (deck) to achieve full interaction between the
girders and the concrete deck an@msure that they behaythe same under the applied loads.
The frames and shells were meshed toteradinite element model (see figu8a). The bridge

supports were fixed to match the boundary conditions of the actual bestgd in the field (Seo

et al. 2014). A vehicle was moved across the center oftfigge at a crawl speed 4f5 mph

simulating a static load, and at other speadswill be shown next.
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boundary conditions

\ / ““

Figure 0.3 Snapshot of tr;tn‘ge model developed in SAP2000

3.2.1 Element Types

Frame elements were used to model the girders of the bAdgerding to the SAP2000
manual, thérame elementarefi a g e n e-diraenhsjonat, earmlemn formulation wich
includes the effects of &xial bending, torsion, axial deformation, and biaxial shear
deformations. 0 Shell el ement s, -odfeuFnodeed i n t he
formulation that combines membraneandptate ndi ng behavi or, 6 were us
concrete bridge deckinear linksd e s ¢ r i b e gbintacannedtiag link womposed of six
separates O0springs,6 one for each of werhe si x
used to tie the bridge deck and girders together. The links were fixed in all sijodsest that
the bridge would act as a single entity.
3.2.2 Verification of the Model

In order to verify the FE model, the girder strains were compared to field results. The
field results were obtained from a previous study that was done on the sulfect bial.

(2014. The model of the bridge was built in SAP2000 according to the dimensions and
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boundary conditionsakenfrom the engineering drawings they had used in their experiments
and a Terragator was run acrtiss bridge Figure 3.4 showa compaison between the FE strain
results and girder strains measured in the field. Those strains were measured at the bottom flange
of the steel girders at the mgghan of the bridgeBecause othe symmetrical shape of the bridge,
the strains of girders 1 afdveresimilar, as were those afirders 2 and 8 and girders 3 and 7,
while girder 5wasthe middle girder of the bridge. Figure 3.4 shows the strain versus time
history in seconds, where the Terragator was modeled to move over treedbadgery slow
speed of 4.5 mphThe strains obtained from the FE code congbaesy well with the field data,
and the values of the maximum strain in girder 5 (middle girdas0 micorstrainwhich was
less than the yield strain of the structural steel used in thgebf@d00207)On the basis ahat
result the authors decided tse the linear analysis optitmperform this studyBecause ofhe
very limited experimental data related to the behavior of bridges loaded with agricultural

vehicles, this was the only Ndation testinghathad beenfound

Strains due to a Terragator

70

60

.\A
50 \x
\ 4 Girders1and 9

E VA ] \ W Girders 2 and 8
E— ‘_‘ | Nl Girders 3 and 7
m %
|Tn-" O, = #  Girders 4 and 6
IR 0..-
" Girder 5
Field Data
L
—
—

15 20 25

-10
Time (sec)

Figure 0.4 Strains in the bridge due to the loading of a Terragator over time
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Results and Discussion

4.1 Parametric Study

This chapter presents the results fromRReanalysis conducted on various cases of
bridges under combinations of agricultural vehicles. The analytical LLDFs were determined
from the resulting momentnd shearandwerecompared to LLDFs derivealy using the
AASHTO manual. Figure 4.1 shows thaieas combinations of the FE models generated to
predict the live load distribution factors

Verified )
Bridge Model /
S

_— .

n a Number of f
Girder Spacing Givdess Speed of Vehicle
v J v
1.64-ft 4 2 mph
4 ‘ :
2.46-ft 6 11 mph
v
3.28-ft 9 22 mph
4.18-ft
I—
L 4
4.92-ft
Tractor with a Tractor with 1 Tractor with 2 - -
Terragator Grain Wagon Manure Tank Manure Tanks Highwavivcliicie

Figure 0.1 Flow chart showg the differenioadingscenarios
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After the finite element model had lveeerified,a number of different parameters were
varied and the effects of tse parameters on the LLDFs of the briggelerswere observed.
The parameters that were changed were the spbetageergirders while keeping a constant
number of girders, @hthe number of the girders while keeping a constant bridge width, and the
speed of the vehicles. The results obtained from each parameter are detailed below.

4.2 Moment Distribution Factors

4.2.1 Effecs of Girder Spacing

The effecs of different girderspacing was investigatéadr various agricultural vehicles,
andthe span of the bridge and number of girders were kept constanftaad@nine girders,
respectively. The spacing studied ranged from ft.64 4.96ft. between eachirder centerline.
The effecs of five vehicle types we observed on how the spacing aféekthe load distribution
factors between girders. Figur to 4.5show the LLDFs under each vehicle for different
spacing. For most of the girder spacings and vehicle types, thygicid.LDF values were
lower than theéAASHTO design value. Bwever, the Terragator creatatigher (4percent)
LLDF on the middle girdefor the bridgewith smallergirderspacing than the values obtained
from AASHTO design codesdefigure4.1a). TheLLDFs were much higher (§Fercent)than
the AASHTO valuegor the exterior girders when the girder spacing was 1.64drftl thatvas
attributed to the higher girder stiffness. When the spacing between girders idtoc2<kb ft.
and 3.28 ft., the Tergator showed same LLBFor the middle girderbut ata spacing of 4.10 ft.
the LLDFs were less than the AASHTO values bybitentandand at 4.92 ft. they were less
by 56 percent For all other vehicles, trenayticalLLDFs were less thathe AASHTO valies, as

shown infigures 4.2 to 4.6
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Figure 0.2 Load distribution factorfor a Terragator on a bridge with variable girder spacing
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