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ABSTRACT

FIELD EVALUATION OF A MODULAR PRESSBRAKE -FORMED STEEL TuB GIRDER
IN AN APPLICATION THAT |INCLUDES SKEW AND SUPERELEVATION

The Short Span Steel Bridge Alliance (SSSBA) is a group of bridge and culvert industry
leaders(including steel manufacturers, fabricators, service centers, coaters, researchers, and
representatives of related associations and government organizations) who have joined together to
provide educational information on the design and construction of span steel bridges in
installations up to 1480 @n length.A technical working groufrom within the SSSBA developed
the notionfor the modulashallowpressbrake-formed steel tub girdeas a solution for the short
span steel bridge market

After extensive testing at West Virginia University and multiple successful field
demonstrations, members of the SSSBA collaborated with the West Virginia Division of
Highways to arrange implementation of this system. The Fourteen Mile Bridge located in Lincoln
Couwnty, West Virginia, was chosen as a prime candidate to demonstrate the system due to the
significant superelevation and skew present. Upon completion of the Fourteen Mile Bridge,
researchers from Marshall University and West Virginia University travelduetbridge site to
perform a live load field test.

This study presents the results and evaluation from experimental and analytical testing of
the Fourteen Mile Bridge. Additionally, the research methods for both the experimental and
analytical testing areutlined. Liveload distribution factors were computed from the experimental
and analytical data and compared to those computed followirghBeI TO LRFDspecifications.

The results of this comparison reflect that the AASHTO LRBEcificationsare consesfative in
the analysis of predsrakeformed tub girdersThis report also includes an initial qualitative
examination of bracing configurations for noomposite presbrakeformed tub girdersThe
results provide the basis for extending the work towardkser investigation to determine the
best practices of bracing.
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND / OVERVIEW

The Short Span Steel Bridgdliance (SSSBA)is a group of bridge and culvert industry
leaders (including steahanufacturers, fabricators, service centers, coaters, researchers, and
representatives of related associations and government organizations) who have joined together to
provide educational information on the design and construction of short span stgek bnd
installations up to 1480 an length The idea of the modular prebsakeformed steel tub girder
was developed by a technical working group within the SSSB#almnésearch and testing began
in the fall of 2011. After extensive laboratodemonstrationsthe first implementation was
installed in Buchaan County, lowa in 2016 Following successfuperformance, a second bridge
was installed in Muskingur@ounty, Ohio the following year.The third bridge to employ this
technology and the first to use a precast reinforced concrete deckjimctionwith the press
brakeformed tub girders i8Vest Virginia State Project No. S332Z-3.29 00 along State Route 37
near Rangr, West Virginia (referred to hereafter as the Fourteen Mile Bridge)Fourteen Mile
Bridge is also uniqudue toboth a skew and significant superelevation pregter completion
of the Fourteen Mile Bridge, researchers from Marshall Unive8ityy) and West Virginia

University (WVU) traveled to the bridge site to perform a live load field test.

Strain data was recorded during the live load field test and the experimental results were
compared to results from a finite element model develtpedlidate field data2017 American
Association of State Highway and Transportation Officials (AASHTO) Load and Resistance
Factor Design (LRFDBridge Design Specificationhereafter referred to as AASHTO LRFD
specifications)were applied and live load distution factors(LLDFs) were computed for

experimental data, analytical data, and AASHIRFD specifications.

This report also includes efforts to examine the effectiveness of bracing configurations of
the norncomposite presbrakeformed tub girder. Whenombined with a cagh-place reinforced
concrete deck, the naomposite section must resist the full construction load of the fresh
concrete. It is imperative geometric imperfections be corsidarorder to account for second

order amplification effects



1.2 PROJECT SCOPE & OBJECTIVE S

The scope of this repowas © evaluate the field performance of a modular pbrake
formed steel tub girder bridge topped with a precaisforcedconcrete deck in Lincoln County,
West Virginia.This study also served to determine what effect skew and superelevation may have
on the distribution of live load to each girdéxlive load field test was performed, a finite element
model was developed to verify the recorded data, and the results were used to compute LLDFs.
This report also includes an initial qualitative investigatio the torsional response of the non
composite presbrakeformed tub girder under construction loadifdne following objectives

were assessed

1 A discussion of previous work relating to the implementation and design of press
brakeformed tub girders

1 A brief review of the sections of the current AASHTO LRFD specifications relevant to
the design of pregsrakeformed steel tub girdemnd LLDFs

1 An overview of the design and construction of the Fourteen Mile Bridgeldition to
the acceleratébridge consuction methods employed

1 An explanation of the research methodolagyd the field test performed on the
Fourteen Mile Bridge with a description of the procedures used for the field testing and
the finite element analysis completed

1 A summary of the reswdtand conclusions after comparing the experimental data,
analytical data, and values determined following the AASHTO LRp&xifications

1 A brief qualitative evaluation of the naomposite behavior of steel prdsmke
formed tub girders with different iatior and exterior bracing configurations under

construction loading



1.3 REPORT ORGANIZATION

The organization of thiseportis as follows:

1 Chapter 2:

o This chapter discusses previowsrk on cold-bent steeltub girders Also,
current AASHTO LRFD specifications for steel box girders are reviewed.

1 Chapter 3:

0 This chapter documents the design and construction of the composite press
brakeformed tub girder modules along with the installation of the Fourteen

Mile Bridge inLincoln County West Virginia.

1 Chapter 4:

0 This chapter details research methods utilizetthé evaluation of the Fourteen

Mile Bridge anddiscussion of equipment used during the physozadtesting.

1 Chapter 5:

0 Thischapter describes tlsructure instrumentation and testing procedures for

thelive load field test performed on the FourteereMBridge.

1 Chapter 6:

0 This chapter discusses a qualitatagsessment @lfie noncomposite behavior

of pressbrakeformed tub girders when varying bracing systems are employed.

1 Chapter 7:

o0 This chaptecompares the results of the field test to the finiéenelnt analysis.
This includes a comparison of tHd DFs determined by the field data,

analytical model, and AASHTQRFD specifications.

1 Chapter8:

1 This chapter summarizes the findings of this study and provides recommendations

for future work in this fieldbf research
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CHAPTER 2: LITERATURE REVIEW

2.1 INTRODUCTION

This chapter begins with an overviekprevious work on coldbent steel tub girders for
utilization in bridge applications. Additionally, a summary of research perform&My in the
area of design and evaluation of presskeformed steel tub girders will be discussed. This
chapter concludewith a review of articles relevant to the design of tub girder bridges from the
current 2017 AASHTO LRFD specifications.

2.2 PREVIOUS APPLICATIONS OF COLD-BENT STEEL GIRDERS

Cold-bent steel has been used in a variety of ways in bridge girdeseVferal decades
Recent initiatives have encouraged further innovaimhresearch to standardize a system of cold
bent girders for use in short span bridge applicatibhs section reviews previoussearcton

the use of coldbent steel girders in brgd applications.

2.2.1Prefabricated Pres§&ormed Steel -Box Girder Bridge System (Taly & Gangarao, 1979)

Taly and Gangara@l979)performed early development of cold formed steel box girder
systems. Two alternatives were proposed in the resefychn all steel deck and box girder
assemblyand?2) A steel box girder topped with a pcast prestresseaoncrete deck. The girder
were comprised of grade A36 steel plate bent into a trapezoidal shapar. stude/ere welded to
theplates embedded in the prast concrete plankand platesvere welded to théop flangesof
the box girder. This enallleomposite action between theatbox and the concrete dedload
transfer between adjacent girderas achieved through shear keys and weld(&&gure 2.} and

filled with a nonshrink grout.
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Figure 2:1: T-Box Girder System, Typical Giet Sectionwi t h -Bast, PRestressed
Concrete SlalTaly & Gangarao, 1979)

The box girdergan bedesigned at a variety of depths to meet different span requirements
and thesmall size of each unit makes transportation to the site el&ist fabrication for each
unit can be completed offsite, greatly reducing the necessary time for construction on site. The low

weight of the units requires less crane capacity and improves handling and erection characteristics.

2.2.2Composite Girders witlCold Formed Stel U-sections (Nakamura, 2002)

Nakamura (2002) investigated the use of cold formesth&pe girdexin continuous spans.
The girderswere cold formed from a single steel sheatda reinforced concrete slaias used
for a deck(Figure 2.2. In the middle of the span where the positive bending mowesngreatest,
shear studsvere welded to the top flange of the girder to allow composite action with the deck.
Concern avseover the supports where the bridges in negative bending, and theinforced
concrete declvas placed into tensioff.o prevent buckling, the idection actdas a mold and/as
filled with reinforced concrete with prestressing bars. This increased dead loaddifeiciht at

the supports butlid not affect the bending momeasthe loadwas concentrated near the ends.



Figure 2:2: Nakamurads Proposed Bridge System

Testing of the bending characteristics of this type of beam was performed on several
specimensThe girder model performed similarly to typical composite beams on the positive
bending sectionand the girder behaved as a prestressed beam near the supports in the regions of
positive bending. It was also determined that the system was econohmcagh a variety of
materialswere used to make each moduiecluding structural steel, reinforced concrete, and

prestressed concretgavings from reduced fabrication impealthe feasibility ofthe system.

2.2.3Folded Plate Girders (Developed at tbaiversity of Nebraska)

Research performed at the University of Nebrdskaoln investigatedebar detailing
between adjacent modulasdnoncomposite behaviaturing constructiomf a trapezoidal, cold
bent plate box girder open at the bottom. FiguBegp2esents an example cross section of the girder
and a composite deck. The fabrication process to make each girdereasily available
equipment and produde consistent product in a limited amount of time. The inclusion of an open
bottom improve the ease of inspection inside of the girder. Glaser (2010) deterrtieed
deformation under construction load was stablethrduse of horizontal tie plates connected to
each bottom flange serve to maintain the shape of the gBdener (2010) investigatkthe
detailing of the reinforcement in the closure pour region and found that in addition to being

resistant to fatigue, the hooked bar was more cost effective than the headed bar.
6



Figure 2:3: Folded PlateGirder and Composite Deck Cross Section (Burner, 2010)

2.2.4Texas Department of Transportation Rapid Economical Bridge Replacement

The Texas Department of Transportatideveloped a standardized bridge system
employing box girders as part oflarge-scalecorridor improvement of Interstate 35. FM 3267
was one of the bridges determined to be replaced (Chandar et al., 2616&hable bridge
replacements of large spamghout creatingheight restrictions, shallow box girders were chosen
due to the member @scausetof thedightweightl natee of hox girders,cng .
bent caps were required for the pier colummisich helped maintain the original elevation of the
bridge. The box girders were used in conjunction with a-gagliace reinforced concrete deck
The design for each girder was standardized to reduced design and fabricatiorsscisisin
in Figure 24, thebox girders were made up of several sizes of plate welded together to form a

modular unit.
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Figure 2:4: Cross Section of Box Girder from Bridge FM 3267 (Chandar et al., 2010)

2.3 PREVIOUS RESEARCH AT WV U ON PRESS-BRAKE -FORMED STEEL TuB GIRDERS

Research on predsakeformed tub girders aWWVU began in 2011 after researchers
collaborated with the SSSBA to develop the modwald formed box girderThis section

describes the previous research performé&tNat) concerning presbrakeformed tub girders.

2.3.1Development and Feasibility Assessment of Shallow Bedse Formed Steel Tub Girders
for ShortSpan Bridge Applications (Michaelson 2014)

Initial researclat WVU on pressbrakeformed tub girders was performed by Michaelson
(2014) and the focus was to expand and refine the development of the modular notion from the
SSSBA. The original concept included a ctddned tub girder made composite with a precast
deck Each modular unit could be transported by truck to the brgiiggo allow for accelerated
bridge constructiofABC). In order to keep the system economical, an emphasis would be placed

on utilizing plate sizes commonly available from mills.

To first graspan understanding of the behavior of the shallow pbeskeformed tub

girder, section propertiesere determinedand an iterative routine was developed in Microsoft

8



Excel and MATLARB Several variables, such as web slope, bend radii, and top flangewadth,

kept constant across all the configurations to better compare the effect of varying plate width and
thickness. Initial designs considegs t andar d pl ate widths (600, 7.
threest andar d t hi ckne.¥elénmoméni vdrescalculatéd/fo? each plated wadih)

and plotted as a function of depth of the unit to determine the optimal cross section for each

configuration(Figure 2.5.
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Figure 2:5: Design Comparisono8 4 6 Wi de St andard Mi |l | Pl at e

Once a methodology was selected for determining the geometry of theseotiss,
expermental flexural testing was performed to assess composite arcbngosite behavior.
Four specimens were fabricateda c h f r om 84 0 xTo {estthegoders to hiR@,0 pl a
a deck thickness | ess than t IEgperidégnBoAea@twmi ni mu n
used HPS0 steel with a composite castplace deckKFigure 2.9, while experimerdthreeand
four usedHPS50W weathering sed andHPS50 steel hotip galvanizedas a surface treatment
respectively
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Figure 2:6: Typical Section, Composite Test Specimen (Michaelson, 2014)

Load was applied at the midspan of each specimen with a-Bgdvaulic actuator and
spreader beam and the displacement was i ncreec
reacled failure. The composite specimens failed in ductility at approximately 304 Fgpsre
2.7). The norcomposite specimens failed due to excessive lateral deflection and twist at relatively
low-levelloadsas seen in Figure 2.8This is not a significanssueasthe intent of the system is

to be topped with a precast deck

10



Figure 2:8: Typical Lateral Failure of Non-Composite Girder Section (Michaelson, 2014)

To verify the experimental testing, finite element models were developed and benchmarked
against previous laboratory results. To fully capture theaomposite behavior, the model was
adapted to consider second order effects due to geometric imperfections and residualAstresses.
straincompatibility approach wadeveloped to assess each giédarapacity The model was
simulatedfor each experimentna little discrepancyexisted between the experimental and
analytical datgFigure 2.9.
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Figure 2:9: Comparison of Analytical and Experimental Results (Michaelson, 2014)

After the experimental results wererified against the analytical model, behavioral studies
were performed to determine the applicability of #&SHTO LRFD specificationsEach girder
configuration met the requirements to be considered as a box,gmcerseveral of the
configurations were determined to be compact. Comparisons were made to the analytical and
experimental dateandit was determined the AASHTO LRFD specifications were conservative
for calculating the nominal capacity of the sect@mdan equation that better fit data for nominal

capacity was proposed

A feasibility assessment was performed to determine if the proposed system could be
economically competitive. In order to simplify the data set of possible configurations, plate widths
outside the current industry standards were removed as options. The maximum span for each plate
size was calculated and configurations not produced at that length were removed from the data set.
Four standardized plate sizes were selected from this reglatednatrix to be used in spans up
to 8030 dn length however the systenwasmost competitive in spans up to@D én length. It
should be noted that in the design of the system, a LLDF was assumed to be 1.0, so further work

IS necessary to accurataletermine live load distribution.
12



2.3.2Experimental Evaluation of NeBomposite Shallow Pre®rakeFormed Steel Tub Girders
(Kelly, 2014)

In collaborationwith Michaelson, Kelly (2014jurthered research efforts of stability and
torsional behavior of nenomposite presdrakeformed tub girders to determine the feasibility of
a castin-place deckThe noncomposite state is critical to understand as the girder must be able
to withstand théull construction load, including wet concref@.assess this condin, destructive

flexural testing was performednd a finite element model was developed

Two specimens were tested in the laboratory using a -$gm@ulic actuator. The first
speci men was f abr i c a30@ dveatheriogrstee plate withW7T gedtiénd HP S
bolted to the top flanges at midsp&wwad was transferred to the Vg&ctionby a spreader beam
and elastomeric pad. Elastic failure occurred at the critical load of 94 kipa witasure@.25
of vertical deflectionThe second specimenwlasa br i cat ed f r ebthplaBedbiwas 7/ 16
hotdip galvanized as a method of corrosion resistance. Unlike the first specimen, a noticeable
initial twist due to fabricationvas present and varied along the span of the gagiseen in Figure
2.10. Under flexural testing, the galvanized girder experidtateral torsional buckling at a load

of 33 kips and 0.78of vertical deflection.

Figure 2:10: Initial Twist of Specimen #2 (Kelly, 2014)
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A finite element model was developed to replicate the laboratory teatidghe results
were compared tde measure@xperimental valueas seen in Figure 21. The weathering steel
speeémen behaved nearly identical to the finite element model under the loadmig the
galvanized specimen behaved similadwtil it reached the critical loadf much less than the
predicted value. This premature failure was largely attributed to serxded effects due to the
original deformity. To improve torsional stability under construction loads, it was recommended

stayin-place formwork be installed to each girder prior to erection.
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Figure 2:11: Deflection at Quarter Points (Kelly, 2014)

2.3.3Evaluation of Modular PresBrakeFormed Tub Girders with UHPC Joints (Kozhgkin
2016)

Research was extendéyg Kozhokin (2016)to evaluate the applicability of the press
brakeformed tub girder as a modular bridge component and the performance of joints between
such modules.Following research from the Federal Highway Administratioftra-high-
performance concret@JHPC) was choen to be used for the closure pour between adjacent
modules to develop durable connections. UH$& steel fiber reinforceBortlandcementbased
product with advantageous fresh d@adenedproperties.To ensure proper bonding between the

14



concrete deckrad the UHPC joint, an exposed aggregate finish would be required. Techniques
wereassessed on sample slablse best results were producedtbg application o& retarder to
the shear key formwork and renabof the concrete pastesing a wire brushFjgure 2.12).

Figure 2:12: Exposed Aggregate Finish of Shear Key Detdflqzhokin, 2016)

After the appropriate approach was determined to produce the desired shear key detail, two
full-scale modules were constructed to physically test the UHPC joint. Once the joint had cured,
testing was performed by a sesligdraulic actuator placed atidspan of one specimen along the
girder6s cent er | iingée coMactareaeod & trugkltira tvas attached Itoi the a t
actuator and an elastomeric pad was placed between the deck and the steel plate. Loading was
accomplished by thapplicationof a Fatigue | moment due to a cyclic load of 67.43 ki 2.8
million cycles and a Service Il moment due to a static load of 90.78 &mdied at10
predetermined cycle intervaléfter approximately 1.6 million cycles, the concrete deck failed
from purching shear. The actuator was moved to the adjacent, undamaged girder to continue
testing Subsequent testing found the UHPC joint satisfactorily transferred stress from the directly
loaded girder tahe indirectly loaded girdeDistribution factors werealculatedand a summary

of the values are presented in Table 2.1.
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Table2.1: Summary of Distribution Factors Kozhokin, 2016)

Average Distribution Factor
Cycle Count Directly Loaded Girder| Indirectly Loaded Girder

0 0.691 0.309
100,000 0.631 0.369
250,000 0.676 0.324
500,000 0.678 0.322
1,000,000 0.690 0.310
1,500,000 0.717 0.283
2,000,000 0.707 0.293
2,100,000 0.708 0.292
2,200,000 0.707 0.293
2,300,000 0.706 0.294
2,500,000 0.711 0.289
2,700,000 0.712 0.288
2,800,000 0.743 0.257

2.3.4Field Performance Assessment of PrBsakeFormed Steel Tub Girder Superstructures
(Gibbs, 2017)

The first bridge to utilize the pretsakeformed tub girder concept developed tne
SSSBA was installed in Buchanan County, lowa in 2015. The bridge superstructure consisted of
four tub girder s c lordip galvanzdapéatt. Uhlikedhe origitabconeeptl / 2 0

this implementation employed the erection of wompositeg i r der s t opped- with
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in-place deckand diaphragms between each girder to support the constructionl mdarther
reduce the amount of time related to constructi@egsynthetic Reinforced Soil abutments were
used. An overall view of the cqteted bridge is seen in Figure 2.13.

Figure 2:13 New Amish Sawmill Bridge (Gibbs, 2017)

Gibbs (2017, along with other researchdrem WVU andMU, performed live load testing
on siteto further develop analytical models and verify AASHTO LRFD specifications could safely
be used to design prebsmakeformed tub girders. Upon arrival at the site, the girders were
instrumented with Bridge Diagnostidac.e qui pment t o measure the str
bottom flanges. A tandeaxle truck wagositioned across the structure at various panel points
and the strain readings at each location were recorded. This strain data was used to caloaiate bot
flange bending stresses dndDFs for single lane loaded and multiple lanes loaded conditions. A
finite element model wagleveloped,and LLDFs were calculated per AASHTO LRFD
specificationsthe LLDFs from all three methods were compasdeen in Fige 2.14 It should
be notedthe stresses determined in the bottom flange byitite element model were greater

than thosef the field testingThis was attributed to a difference in the boundary conditsrize
17



bridge was constructed with integetbutments, while the finite element model assumed simply
supported boundary condi tdnuolants the edpenvenat valuest h e
The experimental anfinite element analysisFEA) values were both significantly lower than
those from AABITO. Therefore, the AASHTO LRFD specifications were determined to be

conservative in dign applications for predsrakeformed tub girders.

Truck Run #2 Average LLDFs
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0.6
0.5
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Distribution Factor

m FEA m Experimental AASHTO

Figure 2:14: FEA v. Experimental v. AASHTO LLDFs (Gibbs, 2017)

2.3.5Fatigue Performance of Uncoated and Galvanized Composite -BrakeFormed Tub
Girders(Tennant, 2018)

Galvanic surface treatments are an effective means to provide corrosion resistance to steel
members, but industry concern had arisen with the fatigue performance over the reheating of cold
formed membersTennan (2018) examined theperformance of two speuenswith varying
surface treatmentboth girders were produced using ASTM A709 steel, but one was left uncoated
(Figure 215), and the other was coated with a galvanic surface treatfRinire 216). The
composite system was fatigue loaded simulating5g/ear life in a rural environment. At a
predetermined number of load cycles, a Service Il load was applied to the system to observe the
performance of the specimeh.combination of linear variable displacement transduaedsstrain

gages were used easure deflections that could be compared for each service loading interval.
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Figure 2:16: Galvanized Steel GirdgfTennant, 2018)
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A 60 thick ¢ on c-in-place forcdach kirdew o shecama sdamposite
Compressive testing of cylinder samples taken from casting reflected the deck on the galvanized
girder had significantly loer compressive strength than the deck on the uncoated.di@er
confirm precision, loads applied by the sehyalraulic actuatowere compared to loads calculated
from the measured strain dagand the differences were small. The project concluded the heat of

galvanization had no adverse effect on the fatigue performance of dopakeformed tub girder.

2.3.6Field Performance and Rating Evaluation of a Modular PiBsskeFormed Steel Tub
Girder with a Steel Sandwich Plate Degknderwood, 201P

The Cannelville Road Bridge in Muskingum Counthio was thesecond bridgduilt
utilizing pressbrakeformed tub girders. The bridge was composedwaf modular units each
made up of two predsrakeformed tub girders attached géosandwich plate steeébPS® deck
with bolts. SPS®decks area thin, lightweight option particularly useful in areas with limited
hydraulic openingsThe tub girders were fabricated from &Mick plate and were braced at
various locations internally and externalljhe entire unit was hatip galvanized to provide
corrosion resistance. Figure 2.17 shows one of the modular units on site. Erection of most of the
superstructurgvasplaced in approximately 20 minuteand the ent& projectused only26 of the
allotted 30 days from demolition of the old bridge to carrying traffic on the new bridge.

Figure 2:17: Cannelille Road Bridge Modular Unit (Underwood, 2019)
20



Underwood (2019)vorked withresearchers at WU andMU to perform live load testing
of thebridgeto assess the applicability of AASHTO LRFD specificatitorgpressbrakeformed
tub girders topped with 8PS®deck. The structure was instrumented with Bridgegnostics
Inc. equipmentind a tandem axle load truck was placed at predetermined grid points. The bottom

flangestrainsof each girdeandthe weight of each wheel on the load trudre recorded

A finite element model was produced to make compasigorthe data collected in the
field. LLDFs were calculated for the finite element model and the experimental data and the results
were compared to LLDFs calculated per the AASHTO LRFD specifications as seen in Figure 2.18.
Inventory and operating load iags for interior and exterior girders were computed from field
data and the analytical model. Live load ratings were compared to AASHTO serviceability and
strength requirements. As in other tests, the data reflected that the AASHTO LRFD specifications
tend to be conservative and underpredict the performance of thelppedsformed tub girder

system; therefore, the provisions used safely model{mraggformed tub girders.
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Figure 2:18: Field v. FEA v. AASHTO LLDFs (Underwood, 2019)
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2.4 CURRENT AASHTO SPECIFICATIONS FOR TuB GIRDER DESIGN AND APPLICATION

AASHTO is the governing body

presence extends into the design and analysis of bridge structures viilkRBeBridge Design

regul at ed

Specifications, a code manual that is updasggbroximately every three years based on

improvements in behavioral understandings and to improve safety of the traveling public. Design
under the LRFD phisophy accounts for varying levels of loadings that may be applied to
structuresandthe varying capacity that mieis may have based on sound statistical evidence.
The current AASHTO LRFD Bridge Design Specifications (hereafter referred to as AASHTO

LRFD specifications), is theedition which was publisheth September 2017. This section

summarizes the relevanbpions of the code related to the design of the FourteenBviiige.

2.4.1Multiple Presence Factsr

Multiple presence factorare empiricalvalues used to investigate the extreme live load

force effect by considering the probability smultaneous lane occupation by the-BiR design

live load. Each design lane is defined to béQ2in width or lesser if the traffic lanes are less

than 1850 oWhen calculating digtsution factors per Articles 4.6.2.2 and 4.6.2.3, the appropriate

multiple presence factor has already been included in the expreasmhmsed not be taken into

consideration. The values are based on an average daily truck traffi®0ftBucks in a single

direction. Table 2.2 presents the multiple presence factordfi@mASHTO LRFD specifications

for each scenario of the number of lanes loaidtiple presence factors shall not be considered

for the fatigue limit state where only a single design truck is applied.

Table2.2: Multiple Presence Factors (AASHTO, 2017)

Number of Loaded Lanes

Multiple Presence
Factors, m

1 1.20
2 1.00
3 0.85
>3 0.65
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2.4.2BeamSlab Bridges$ Live Load Distribution Factors

Provisions for calculatetLDFs in Article 4.6.2.2 require the cros®ctions of bridges
containng multiple boxes meet geometidteria in Article 6.11.2.3. These specifications require
the top flanges of adjacent girders must be at least 80% and not more than 120% of the top flange
spacing of one of the girderEhese distances are represented bypdw, respectivelyin Figure
2.19. In addition, the inclination of web plate to the plane normal to the bottom flange shall be
limited to 1 to 4.The provisions of Article 4.6.2.2 are only applicable in situations where the
bearing lines are not skewdad;cases of skew at the supports, a more refined structural analysis
mustoccur. Cantilevered overhang of the concrete deck including the curb and parapet is limited
to either60 percent of thenterior spacing of the center of top flanges, 00 0 6 0

I—a =08wto1.2w

Figure 2:19: Centerto-Center Flange Distance (AASHTO, 2017)

If the crosssection of ddridge constructed from multipioxes meets these criteria, Article
4.6.2.2 may be used to calculate the LLDA&sicle 4.6.2.2 refers to use dfable 4.6.2.2b-1 for
multiple steel box girders with a concrete deck; the appropriate cross section is matched to the list
provided in Table 4.6.2.2-1. For bridges constructed of multiple steel box girders topped with a
concree deck, only one equation for determining the LLDiégardless of the number of lanes
loaded.The applicable expression is listedEgiation 21 and is valid for momerdnd sheaimn
interior beamsTable 4.6.2.2.2d specifies that Equation2may also be used for calculation of
LLDFs in exterior beam3dMultiple presence factors are already incorporaténlthe expression

for the calculation of distribution factors by approximate means.
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NL = number of design lanes

Nb = number of girders

2.4.3BoxSection Flexural Members

This section details the relevant limit states and capacity requirements that must be checked

in the design of boasection flexural members.

2.4.3.1Cross Section Proportion Limits

Webs may be either vertical or inclined; the inclination of the web platdsetplane
perpendicular to the bottom flange shall be limited to 1 to 4. In addition, the criteria of Equation

2-2 and Equation-8 must be met regarding web proportions.

For webs without longitudinal stiffeners:

— PUT Equation 22
For webswith longitudinal stiffeners:

— OTnm Equation 22

Where:D = web depth (in)
tw = web thickness (in)

Top flanges of tub sections shall meet the criteria specified in EquatipEQuation 25,

and Equation -5, regardless if the flanggection is subjected to compression or tension.
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C_O p &t Equation 24
w Ofg Equation 25
0 pPo Equation 26

Where:br = flange width (in)
tr = flange thickness (in)
D = web depth measure along inclination (in)
tw = web thickness (in)

2.4.3.2Constructability

To ensure the geometry of the box section is maintained dooimgtruction the section
must be checked in various states to verify adequate capacity. Through investigation, it may be
determined additical internal and/or external crofames may béemporarily requiredluring
construction oras a permanentfixture to support possible eccentric loadsad factors for
construction are taken from Article 3.4&ticle 6.11.3 specifies thprovisions of Aricle 6.10.3

are to be applied unless otherwise stated.

For sections in flexure, Articles 6.10.3.2.1 through 6.10.3.2.3 shall be applied to only the
top flanges of tub sectiongEquatiors 2-8, 210, and 211 shall be checked as applicabl&e
unbraced lenty is defined aghe distance between interior crdssmes or diaphragm&quation
2-9 shall not be checked in cases of either compact or noncompact webs and=-w@elf the
section contains a slender web, Equatien ghall not be checkedhe provisons specify non

composite sections with slender welmglflanges in compression shall also satisfy Equati®n 2

For discretely braced flanges in compression:

Q "Q %Y O Equation 27
Q g"Q %00 Equation 28
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"Q %0 Equation 29

Where: « = resistance factor for flexure specified in Article 6.5.4.2

fou = flange stress calculated without consideration of flange lateral
bendingdetermined as specified in Article 6.10.1.6 (ksi)

fi = flange lateral bending stress determined as specified in Article
6.10.1.6 (ksi)

Few = nominal beneébuckling resistance for webs specified in
Article 6.10.1.6 (ksi)

Fnc = nominal flexural resistance of the flaregespecified in Article
6.10.8.2(ksi), with the web loaeshedding factor, R taken
as 1.0 for constructability

Rn = hybrid factor as specified #rticle 6.10.1.10.1, R= 1.0 when
fou does not exceed the specified yield strength of the web

Fc = specified minimum vyield strength of compression flange (ksi)
For discretely braced flanges in tension:
Q "Q %Y O Equation 210
Where:Rt = specified minimum yield strength of tension flange (ksi)
For continuously braced flanges in compression or tension:
Q %Y O Equation 211
Where:Fy = specified minimum yield strength of flange (ksi)

For critical stages of constructiomorrcomposite box flanges compressioimust meet
the criteria specified in Equationl2 and Equation 23,

Q %00 Equation 212
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"Q %0 Equation 213

For critical stages of construction, roamposite box flanges tension and continuously

braced box flanges in compression or tension must meet the criteria specified in Eqddtion 2

Q %Y O Equation 214

Wherexw= p 0 — Equation 215

"y
cO O

Equation 216

fv = St. Venantorsional shear stress in the flange due to the factored

loads at the section under consideration (ksi)
T = internal torque due to the factored loads-{kip
Ao = enclosed area within box section?in

Requirements for shear strength during critical stages of construction are extended from
the bearrslab provisions. Sections must meet the requirements of Article 6.10.3.3 in addition to

Article 6.11.9 if applicable. Equatior? specifies the requiremerits webs of box sections.

W %W Equation 217

Where « = resistance factor for shear as specified in Article 6.5.4.2

u = shear in the web at the section under consideration due to the
factored permanent loads and factooeshstruction loads

applied to the nowomposite section (kips)

cr = shearyielding or shear buckling resistance per Article

6.10.9.3.3 (kip)

For inclined webs:

w

& Equation 218

p2!
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Where:V.i = vertical shear due to factored loadsnganinclined web(kip)

g = angle of inclination of the web plate to vertical (degrees)

2.4.3.3Service Limit State

Service limit states are employed to control deflectiader typical live loadsLimited
deflection not only provides user comfort, but it ensures adepadgtamance of bearings, joints,
and other critical features of the bridge structBiex sectionsnust meethe provisions DArticle

6.10.4 except in Equatio-20, fi shall be taken as zerand Equatior2-21 shall not apply.

Elastic deformation limits are specified in Article 2.5,226d when applying the relevant
criteria, the vehicular live lahtaken from Article 3.6.1.3.3hall include thedynamic load
allowance, IM per Table 3.4.1 The provisions specify all design lanes shoultbbded and all
components can be assumed to deflect uniforinlgases where a bridge is skewed, a rightscros

section may be employetihe following deflection limiis to be considered for steel bridges:

e Vehicular load, general ...........c..cocveennnee. Span/800,
e  Vehicular and pedestrian loads .............. Span/1,000,
e  Vehicular load on cantilever arms...... Span/300, and

e Vehicular and pedestrian loads on cantilever arms
Span/375.

Figure 2:20 Live Load Deflection Limits (AASHTO, 2017)

Permanent deformations are governed by Artiéld0.4.2 and Service 1l load
combinations per Table 3.411shall apply The criteria specified by Equat®2-19, 220, and2-

21 shall be met for flanges in flexure.
Top steel flange, composite sections

"Q 1Y O Equation 219
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Bottom steeflange, composite sections
Q .
Q < T80 ¥ "O Equation 220
Both steel flanges, necomposite sections
. Q . .
Q < @ v O Equation 221

Where fi = flange stress at the section under consideration due to the
Service Il loads calculated without consideration of flange

lateral bending (ksi)

fi = flange lateral bending stress at the section under consideration
due to the Service Il loads determinedspscific in Article
6.10.1.6 (ksi)

Rn = hybrid factor as specified in Article 6.10.1.10.1

In addition to flangestresscriteria, limitsalsoapply to the welof the composite section.
Except for sections in positive flexure in which the web satisfies Article 6.11.2.1.2, all sections
shall satisfy Equation-22.

Q O Equation 222

Where:fc = compression flanges stress at section under consideration due
to Service Il loads calculated without consideration of flange

lateral bending (ksi)

Ferw = nominal benebuckling resistance for webs with or without
longitudinal stiffeners, as applicable,etdrmined as
specified in Article 6.10.1.9 (ksi)
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2.4.3.4Fatique and Fracture Limit State

Fatiguelimits shallbe considered to ensuceacks in steel members due to cyclic loading
are limited and do not propagate. Article 6.10.5 specifies the general protigonsust be met
while Article 6.11.10 specifies criteria fehear connectortn cases where the cross section of a
bridge with multiple straight box girdeidoes not meet the requirements of Article 6.11.2.3,
longitudinal warping stress and transvebemding stress due to distortion shall be considered.
Connection details shall be investigated per the specifications in Article 6.6.1 with the appropriate

load combination for fatigue from Table 3.4L1

Fatigue is separated into two categories, Joadiced and distortiemduced. Load
induced fatiguas a result of the live load stresses present in membetsnbirete deck casting
scenarios, the lonterm composite section shall be used wresistingdead loadsand the shott
term composite section shall be used wresmstinglive loads. The provisions are only applicable
to details with a net tensile stresssidual stregsareto be neglected in fatigue considerations.

For loadinduced fatigue considerations, each detail shall satisfy:
' Q O Equation 223

Where:o = | oad f act or a sl fostheefatigué loadd i1 n

combination

( pf ) effedt, tive lbad stress range due to the passage of the fatigue
load as specified in Article 3.6.1.4 (ksi)

( gpF=)nominal fatigue resistanspecified in Article 6.6.1.2.5 (ksi)

For the Fatigue | load combination (infinite life), nominal fatigue restetas computed

as shown in Equation-24:
w0 w0 Equation 224

For the Fatigue Il load combination (finite life), nominal fatigue resistance is computed as
shown in Equation-25:
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Equation 225

‘l

W O

Where:l o @ ux bE 0 O"Y"Y Equation 226
A = constant taken from table 6.6.1.-2.%ksf)

n = number of stress range cycles per truck passage taken from Table
6.6.1.2.52

(ADTT)sL = singlelane ADTT as specified in Article 3.6.1.4

( ogofr ¥ constardamplitude fatigue threshold taken from Table 6.6.1.2.5
3 (ksi)

Distortionrinduced fatigue limits are provided in Article 6.6.1L3%ad paths shall be
sufficient to carry all intended and unintended forces provided by connecting transverse members
to longitudinal members by either welding or boltiggpecifications ar@rovided fortransverse
connection plates and lateral connection pldtesases where the required load is unknown, the
connection shall be designed to resist a 20.0 kip lateral load for straight mittges skew.

Fracturerequirements are specifi@gdArticle 6.6.2 Members and components shall follow
Table 6.6.2.11 to be classified as either primary or secondary. Primarglraes or components
subject to a net tensile stress unthter Strength | load combination shall be designated on the
contractplans.All primary memberandany memberor components subject to net tensile stress

under Strength | load combination shall require the performance of Champick testing.

2.4.3.5Strength Limit State

The strength limit state is employed to engheestrcture has adequate capacity to resist
moments and sheagenerated durinfpading. Article 6.11.6 specifies the provisions that must be

met. Applicable bad combinations are taken from Table 34.1
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2.4.3.5.1 GeneraFlexureRequirements
In box sections wh holes in the tension flange at the section under consideration, the
tension flange shall satisfy provisions of Article 6.10.1.8 and Equatibn 2
Q ™1 5 o O Equation 227
Where:An = net area of the tension flandetermined as specified in Article
6.8.3 (n?)
Ag = gross area of the tension flange)

ft = stress on the gross area of the tension flange due to the factored
loads calculated without consideration of flange lateral
bending (ksi)

Fu = specified minimwn tensile strength of the tension flange

determines as specified in Table 6-4.(ksi)

Sections in straight bridges in positive flexure must meet the following criteria to be
considered compact:

1 The specified minimum yield strengths of flanges and wehod@xceed 70.0 ksi

1 The web satisfies the requirement of Article 6.11.2.1.2

1 The section under consideration is part of a bridge that satisfies Article 6.11.2.3
1 The box flange is fully effatve as specified in Article 6.11.1.1

1 The sectiorsatisfies the requirements of Article 6.11.7.1

1 The section satisfies the web slenderness limit of Equatish 2

¢O o © Equation 228
5 & ) q
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Where: Dcp = depth of the web in compression at the plastic moment

determined as specified in Article D6.3.2 (in)
E = modulus of elasticitgf steel (ksi)

If the section does not meet these criteria, it will be considered noncompact and must satisfy
the requirementsf Article 6.11.7.2 Both compact and noncompagtctionanust satisfy ductile

requirements of Article 6.10.3 and Equation-29:
O m O Equation 229

Where:Dp = distance from the top of the concrete deck to the neutral axis

of the composite stion (in)

Dt = total depth of the composite section (in)

2.4.3.5.2 Flexural Capacity of Composite SectipRPositive Flexure

For compact composite sections, EquatieB0Zhall be satisfied at the strength limit state.
Lateral bendingneed nobe considered in the compression flanges ofuhesections because the
flanges are continuously supported by the concrete deck.

0 %o 0 Equation 230
Where: « = resistance factor for flexure as specified in Article 6.5.4.2

Mn = nominal flexural resistance of the section determined as
specified in Article 6.11.7.1.2 (ki)

Mu = bending moment about the major axis of the esession due

to factored loads ahé section under consideration ()
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Nominal flexural resistance ofsection shall be calculateding the applicable equat®n

Equation 231 or Equation B32.

IfO 1O,
0 0 Equation 231
Otherwise:
O
0 0 p8ry n8(6 Equation 232

Where:Dp = distance from the top of the concrete deck to the neutral axis

of the composite section at the plastic moment (in)
D: = total depth of the composite section (in)

Mp = plastic moment of the composite section as specified in Article
D6.1 (kipin)

It should be noted that Michaelson (2014) modelled several scenarios for thbrpkess
formed tub girder and found Equatiof82 from AASHTO did not accurately depict thenmaal
flexural resistance of the girders and was significantly conservative. The study recommended a

similar expression with constants that better predicted cagaei$gnted as Equatior33:
0 O 1m0
. 0 , . , Equation 233
U P8IC G R ¢ & ™®O O m © a

In cases where a continuous span is employed, the nominal flexural resistance of the section

shall satisfy Equation-24.
0 p&'Y 0 Equation 234

Where Mn = nominal flexural resistance calculated per Equati®i 2nd

Equation 232 as applicable(kimn)
My = yield moment as determined by Article D6.2 ¢kip

Rn = hybrid factor as determined by Article 6.10.1.10.1
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For noncompact composite sections, Equa2e3b shall be satisfiedor compression

flangesat the strength limit state.
Q %0 0O Equation 235
Where: «t = resistance factor for flexure as specified in Article 6.5.4.2

fou = longitudinal flange stress at the section undemsideration
calculated without consideration of flange lateral bending or

longitudinal warping as applicable (ksi

Frc = nominal flexural resistance of the compression flange
determined as specified in Article 6.11.7.2rl Equation 2
36 (kip-in)

O =YY Equation 236

Where:Ry = web loadshedding factor determined as specified in Article
6.10.1.10.2

Rn = hybrid factor determined as specified in Article 6.10.1.10.1
Equation 237 shall be satisfied for compressionritges at the strength limit state.
Q %0 O Equation 237

Where:Fnt = nominal flexural resistance of the tension flange determined
as specified in Article 6.11.7.2.2 (kip)

©=Y0Y Equation 238
Wherexw= p 0 — Equation 239
. Y _

Q Equation 240

co0 O
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The maximumlongitudinal compressive stress in the concrete deck at the strength limit

state, determined as specified in Article 6.10.1.1.1d, shall not excded 0.6

2.4.3.5.3 Flexural Capacity of Noiwomposite Sections

Compression flanges of box sections not made composgegsatisfy Equation-21 at the

strength limit state.
Q %0 O Equation 241
Where: «t = resistance factor for flexure as specified in Article 6.5.4.2

fou= longitudinal flange stress due to the factored loads at the section
under consideration calculated without consideration of

longitudinal warping (ksi)

Fnc = nominal flexural resistance of the flange as specified in Article
6.11.8.2 (ksi)

Nominal flexurd resistanceis computed by the following equationshen flange

longitudinal stiffeners are not used:

0
%0 O

O 0 p Equation 242

Where:Fc = nominal axial compression buckling resistance of the flange
under compression alone, calcelhtper Equation -23

through Equatio2-45 as applicabléksi)
If _  _ then:

O YY'OY Equation 243
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O YYO 0w 0 - == Equation 244

If _ then:

N oY Q
o —— Equation 245

Where Fcv = nominal shear buckling resistance of the flange under shear
alone and is determined by Equatiod@through Equation

2-48 as applicable

If _  p® ¢—, then:

O m i Equation 246
If p® ¢ — p& m—, then:
O M Equation 247

If _  p& m—, then:

Equation 248

Where:l = slenderness ratio of compression flange per Equatiéth 2

Equation 249

T X —— Equation 250
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T U — Equation 251

Equation 252

DYl
©
qQ
Ol 3

Where:fv = St. Venant torsional shear stress n the flange due to the factored

loads at the section under consideration per Equatie® 2

(ksi)
. Y :
Q — Equation 253
GO O
Where: iy = smaller of the compressidlange stress at the onset of
nominal vyielding, with consideration of residual stress
effects, or the specified yield strength of the web determined
per Equation 54 (ksi)
M Y M0 Equation 254

Where:k = platebuckling coefficient for uniform normal stress = 4.0
ks = platebuckling coefficient for shear stress = 5.34
« = resistance factor for flexure specified in Article 6.5.4.2
« = resistance factor for shear specified in Article 6.5.4.2
bic = compresionflange width between webs (in)
Ao = enclosed area within the box sectiorf)(in

Ro =web loadshedding factor determined as specified in Article

6.10.1.10.2
Rn = hybrid factor determined as specified in Article 6.10.1.10.1

T = internal torque due to the factored loads-fkip
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The rominal flexural resistancef a longitudinally stiffened compression flangjeall be
calculated in the same manner as the compres$isiogewhen flange longitudinal stiffeners are
notusedwith the following substitutions

1w shall be substituted fokcb
1 the platebuckling coefficient for uniform normal stress, k, shall be taken as:

o Ifn=1, then:

0 - wo Equation 255

o Ifn =2, then:

q ™00 Equation 256
vo

P8l Q 181
1 the platebuckling coefficient for shear stress, &hall be taken per EquatiorbZ:

(@)
. VO T T 00 Equation 257

Q - Vd T
€ P

Where:ls= moment of inertia of a single longitudinal flarg#fenerabout
an axis parallel to the flange and taken at the base of the
stiffener (irf)

n = number of equally spaced longitudinal flange stiffeners

w = larger of the width of the flange between Ildadinal flange
stiffeners or the distance from a web to the nearest

longitudinal flange stiffener (in)
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Compressiofflange longitudinal stiffeners shall satisfy the requirements specified in
Article 6.11.11.2. Nominal flexural resistance of tension flangésub sections shall be
determinedn Equation 258.

O YO Equation 258

Where:Rn = hybrid factor determined as specified in Article 6.10.1.10.1

2.4.3.5.4 Shear Capacity

Shear resistance shall be defined by the provisions of Article 6.1GBh{e webs. In
cases where the web is inclined, D in Article 6.10.9 shall be taken as the depth of the web plate
measurd along the inclinationStraight and curved web panels shall satisfy Equatis@ & the

strength limit state.
W %W Equaton 2-59
Where: «, = resistance factor for shear as specified in Article 6.5.4.2

V. = factored shear in the web at the section under consideration
(kip)

Vn = nominal shear resistance determined as specified in Article
6.10.9.2 and 6.10.9.3 for unstiffened and stiffened webs,
respectively (kip)

Nominalshear resistande computed by the following equatiofts unstiffenedvebs
®w w 0w Equation 260
®w T P 00 Equation 261

Where:C = ratio of the shedvuckling resistance to the shear yield
strength determinelly Equation®-65, 2-66, and 267
with, k=5.0

Ver = sheatyielding or sheabuckling resistance (kip)
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Vn = nominal shear resistance (kip)
Vp = plastic shear force (kip)

The rominal shear resistance of stiffenateriorwebpanesis determined by Equatien
2-63 and 264. The section proportions mustisét Equation 261 and must meet the provisions
of Article 6.10.9.1

— — c® Equation 262

Equation 263

w T (O 00 Equation 264
Where:do = transverse stiffener spacing (in)
Vn = nominal shear resistance of the web panel (kip)
Vp = plastic shear force (kip)
C = ratio of sheabuckling resistance to shear yield strength

The ratio, C, shall be determined as specified by Equati@gi#ough2-67:

If — p® ¢—, then:

0 p8t Equation 265
If p ¢— — p8& m—, then:
5 PRC O .
o 0 Equation 266
0
If — p8& m—, then:
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° o o Equation 267

. 0] Equation 268

If the section proportions do not satisfy Equatie®22 Equation 269 shall beused to

determine the nominal shear resistance.

v ]

, , IJ' 6 Y]

W W T@i i Equation 269
1] p Q 9 1
u O O

Thenominal shear resistance of stiffened end panels shall be determined as specified in

Equatiors 2-70and 271.
W 0w ow Equation 270
w ™™ O 0o Equation 271

Where:C = ratio of the shear buckling resistance to the shear yield
strength determined by Equation$2through 264.

Ve = sheatyielding or sheabuckling resistance (kip)
Vp = plastic shear force (kip)

Transverse stiffener spacing for stiffened end paméds or without longitudinal

stiffeners shall notexceed 1.5 times the section depth.

2.4.3.6AASHTO Equation References

Table 2.3ncludes a summary of the equations referdiacglincluded in this chapter from

the ASHTO LRFD Specifications with the appropriate AASHTO equation references.
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Table2.3: Chapter 2 Equation Legend (AASHTO, 2017)

Chapter 2 Equations

AASHTO 8™ Edition

Equation 21 Table 4.6.2.2.214

Equation 22 Equation 6.11.2.1:2
Equation 23 Equation 6.11.2.1:3
Equation 24 Equation 6.11.2:4
Equation 25 Equation 6.11.2:2
Equation 26 Equation 6.11.2:3
Equation 27 Equation 6.10.3.2:1
Equation 28 Equation 6.10.3.2:2
Equation 29 Equation 6.10.3.2:B

Equation 210

Equation 6.10.3.2:2

Equation 211

Equation 6.10.3.2:3

Equation 212

Equation 6.11.3:4

Equation 213

Equation 6.11.3:2

Equation 214

Equation 6.11.3:3

Equation 215

Equation 6.11.3:2

Equation 216

Equation 6.11.3-:%

Equation 217

Equation 6.10.33

Equation 218

Equation 6.11.9

Equation 219

Equation 6.10.4.2:2

Equation 220

Equation 6.10.4.2:2

Equation 221

Equation 6.10.4.2:3

Equation 222

Equation 6.10.4.2:2

Equation 223

Equation 6.6.1.2:2

Equation 224

Equation 6.6.1.23

Equation 225

Equation 6.6.1.22

Equation 226

Equation 6.6.1.23
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Table 2.3 (cont.): Chapter 2 Equation Legend (AASHTO, 2017)

Equation 227

Equation 6.10.14

Equation 228

Equation 6.11.6.2:2

Equation 229

Equation 6.10.7-4

Equation 230

Equation6.11.7.1.11

Equation 231

Equation 6.10.7.1:2

Equation 232

Equation 6.10.7.1:2

Equation 234

Equation 6.10.7.1:3

Equation 235

Equation 6.11.7.2:1

Equation 236

Equation 6.11.7.2:2

Equation 237

Equation 6.11.7.2:2

Equation 238

Equation 6.11.7.2:3

Equation 239

Equation 6.11.7.2:B

Equation 240

Equation 6.11.7.2:7

Equation 241

Equation 6.11.8.1-1

Equation 242

Equation 6.11.8.2:2

Equation 243

Equation 6.11.8.2:2

Equation 244

Equation 6.11.8.2:2

Equation 245

Equation 6.11.8.2:2

Equation 246

Equation 6.11.8.2:8

Equation 247

Equation 6.11.8.2:B

Equation 248

Equation 6.11.8.2:7

Equation 249

Equation 6.11.8.2:3

Equation 250

Equation 6.11.8.2:2

Equation 251

Equation6.11.8.2.210

Equation 252

Equation 6.11.8.2:21

Equation 253

Equation 6.11.8.2:22

Equation 254

Equation 6.11.8.2:23

Equation 255

Equation 6.11.8.2:3
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Table 2.3 (cont.): Chapter 2 Equation Legend (AASHTO, 2017)

Equation 256

Equation 6.11.8.2:2

Equation 257

Equation 6.11.8.2:3

Equation 258

Equation6.10.8.31

Equation 259

Equation 6.10.9-1

Equation 260

Equation 6.10.92

Equation 261

Equation 6.10.9:2

Equation 262

Equation 6.10.9.3:2

Equation 263

Equation 6.10.9.3:2

Equation 264

Equation 6.10.9.3:3

Equation 265

Equation 6.10.9.3-2

Equation 266

Equation 6.10.9.3:3

Equation 268

Equation 6.10.9.3:7Z

Equation 269

Equation 6.10.9.3:3

Equation 270

Equation 6.10.9.3:3

Equation 271

Equation 6.10.9.3:2
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CHAPTER 3: DESIGN AND CONSTRUCTION OF THE FOURTEEN MILE

BRIDGE

3.1 INTRODUCTION

This chapter details the design and construction of the Fourteen Mile Bridge in Lincoln
County, West Virginia. This was the finsistallation of a bridge in West Virginia utilizing press
brakeformed tub girdes: This bridge site has unique characterisgogh as significant skew and

superelevationThe full bidge plansare inAppendixC of thisreport

3.2 SUMMARY OF DESIGN AND CONSTRUCTION

The Fourteen Mile Bridge is a 68 dong, single span predésakeformed tub girder
bridge near the community of Ranger, West Virginia. Trglge carries traffic across
Fourteenmile Creek on State Route Number TYe bridge has a skew angle D®° and a
superelevation of 8%Constructionstartedin the spring of 201@nd completedn November 6,
2019 by Orders Construction CompaAy. aerialimage of théoridge under constructias shown

in Figure 3.1.
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Figure 3:1: Aerial View of BridgeUnder Construction

3.2.1Fabrication of Modular Components

The pressrakeformedtub girders used in construction of the bridge were assembled in
five fully composite modular components each brought to tedgitruck and lifted into place by
crane. This offsitenanufactureenabled each step of the fabrication to be closely monitored and
for progresgo continuebefore the field would typically allow certain steps to be undertaken.

The five pressrakeformedtub girderdbegara s 96 0 wi de b yAASHT@ O t hi c
M270 steel shaped usinglarge capacitypressbrake. Once formed, additional details such as
shear studsnd bearing diaphragrrend mounting angles for the internal formwork were welded
ontothe steel tubThe entire assembly was Fdipped galvaniedfor corrosion resistance. A photo

of the galvanized predsrakeformed tub girder is seen in Figuse2
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Figure 3:2: Galvanized TuliGirder, Prior to Formwork Construction

Once the presbrakeformed tub girdersveregalvanized, thgirderwereshippedo Carr
Concretdan Waverly, West Virginiawhere the formworkvasassembled and a concrete deas
cast. The precaster used wooderdstand plywood to create the intersacrificial formwork.

Figure3.3shows a presbrakeformed tub girder module with the internal formwork
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Figure 3:3: Tub Girder with Completed Internal Formwork

While internal formwork was fabricategusableexternal formwork was constructed. The
external formvork used a combination of steel formwork pan&soden studsand plywood.
Upon completion of the external formwork, each pigsdkeformed tub girder waslaced into
the forms(Figure 3.4)and the mats of rebar weaelded (Figure 3.5)A retardant was placed on
the edge®f the shear key detail on the external formwohere thdJHPCjoints would connect
This retardant allowed the concrete paste aetlgeto be removed by a pressure washer, leaving

exposed aggregate whichthe UHPCcould properlybond.
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Figure 3:4: Isometric View of Reusable Externdormwork

Figure 3:5: Close View of Rebar Placement at Semtegral Abutment End
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Following theplacemenbf the rebarconcrete castingegan. The crew used two concrete
buckets so any downtime from waitg for more material was minimizednd the deck could be
cast continuously. Once pourimgiscompleted, the deck was finished, and a plastic sheet covering
was appliedso the deck could cure. FiguBet and Figure3.7 show thecastingof the concrete

ard finishing of the deck, respectively

Figure 3:6: Castingof Fresh Concrete

Figure 3:7: Finished Concrete Deck
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After the concrete had set, the external formwork was removed, and the netirpkess
formed tub girder was placed into the formwork. After the first two modules had been cast, a test

fit was performed to ensure compatibility of the composite modulieifield. Figure3.8 shows
the test fit in the fabrication yard.

|

4‘ ‘ i ‘WW\\WW [

Figure 3:8: Test Fit of Two Precast Modules at Fabrication Yard

3.2.2Installation of Modular Components

Once all five composite modulegere completed, they were transported by truck to the
bridgesite and lifted into place by crane. TREHPC closure pours wereast and the deck was
diamond ground for the appropriate finisthorder to reduce traffic congeon during placement
and the amount of time necessary to rent the cranes, each successive truck was staged. This allowed

the next modular unit to keelivered and seh minimal time. A typicakomposite module loaded
on a staged truck is shown in Fig®®.
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Figure 3:9: Composite Module Delivered to Site

Two cranes operated in tandem to lift each composite module from the trailer to the
abutment seats. Workers on the ground verified measurements for the first compositeaziodule
this placement definefurther composite module positions. Figusel0shows he placement of
the first composite moduland Figure3.11shows the placement of the second composite module

and the appropriate fit of the two.

Figure 3:10: Placement of First Composite Module GBite
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Figure 3:11: Verification of Fit of Adjacent Modules on Site

After all composite modulesereplaced formwork was erecte@round the joints for the
UHPCclosure pours. ThHPCwas mixed onsite with a pan mixer, then concrete buggies moved
the concrete from the mixer to the bridge to place along the joints. The pouringUfi@is
shown in Figure3.12.

Figure 3:12 Pouring of UHPC Along Longitudinal Joint
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After the UHPC set, the forms wereemoved,and a diamond grinder was used to adjust
the deck profile as desir¢fiigure 3.13) This enabld a smooth transition from the castplace

concrete approach slab to the precast maaeck modules

!\ S PC1E00—

Figure 3:13: Diamond Grinder Used to Finish Deck Ofite

3.2.3Accelerated Bridge Constructi@trategies

Several accelerated bridge construction (ABC) strategies were employed in this bridge
repla@ment project to minimize projedtrationand improve the finished structure. Instead of a
traditional casin-place deck for the bridge superstructure, the Feartdile Bridge used five
composite modules manufactured individually off site. By having the deck precast in a controlled
shop environment, the contractor was able to closely monitor the application of the fresh concrete.
The minimal differencéetween the pouring of each bucket of concrete ensured that no cold joints
formedin the deck structurélhe controlled shop environment was also beneficial for the curing
process to allow the concrete to gain maximum strength. Once the composite mashales w
complete, they werednsported by truck to the bridge site and the modules were placed directly
from the trucks to the abutments. The removal of a staging yard for construction redused the
spenthandlingmaterialandthe necessary footprint ofd@lconstruction site. The choice of UHPC
was advantageous for the closure palus tothe high compressive strengthdthe short amount

of time required to develop full strength of UHPC.
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CHAPTER 4: RESEARCH METHODS

4.1 INTRODUCTION

This chapter serves fwovide anoverview of theresearchmethodology employed during
the field evaluatiorof the Fourteen Mile BridgeThis includes descriptions of the fielesting

equipment and finite element modeling, along with the data reduction approaches.
4.2 EXPERIMENTAL TESTING EQUIPMENT

This section details the pieces of field equipment used to assgsertbenanceof the
Fourteen Mile Bridge during the live load field tdastrumentation and software were developed
by Bridge Diagnostics, Inc. (BDI).

4.2.1BDI Strain Transducers

BDI strain transduceK&igure 4.) were chosen as the data seetmmeasure strain during
the live load field testThese gages are an appropriate choice for outdoor field tests bdeause t
gages are reusable arebistant to adverse weather conditioBach gage is fully sealed to the
elementshas been rated IP6@r dust and moisture resistane&d has an operatingmperature
range of-58°F to +185°FInside of each gage is a full Wheatstone bridge with four activé&/350
foil gages.The applicable range for strain measurements of the gaggO@he. Each gage is
individually calibrated taneetNational Institute oStandards an@iechnologyspecifications and
has a variation readingsof less thant1%. The BDI strain transducers attach to the surface of
the steel member with reusable tabs that included@20 threaded mounting shaft. For this live
load field teg Loctite HY 4070 Structural Repair Hybrid Adhesiveas usedto affix the

transducers to the girdeMore details on structure instrumentation are available in section 5.2.1.
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31879 *

Brldge Diagnostics, Inc.

Figure 4:1: BDI Strain Transducer, Typical Application to Girder

4.2.2STSWiFi Data Acquisition System

In order to record the data measured withstihan transducers, BDI created the SIVg-i
Data Acquisition System. This system constdtsodescollectingdata from various sensors and
a base statioservingas the interface between the nodes and the computer softwar8THhe
WiFi Data Acquisition Systens especially useful for field testing where accessgowersource
is difficult or running cables between devices is limited. Sensors, such as a strain transducer, plug
into one of thefour connectors of the wireledsur-channel nodgFigure 4.2. These nodes
transmit the data readingwer a local wireless broadcast to thebile bas station as seen in
Figure 4.3.Power is supplied to the wireless nodes and base station by rechargeable NiMH
batteries. In cases where a source of continuous AC power is available, the wireless nodes may

also be powered by a DC power adapter.
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Figure 4:3: BDI STS'WiFi Mobile Base Station

Even though the units are designed with the capability to wirelessly transmit data for use
in applications with limited access, there is the option to use wired ethernet connections between
each node and the base station. Like the strain transducersgeBiDhed the base stations and
wireless nodes to be able to resist dust and water. A weather seal and hoekimgnismis
provided on the access door to both the base station and wireless node. BDI also provided

mounting locations on the wireless nodes lbaske station; these mounts were combined with high
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strength magnets to affix the testing equipment to the outside of the girders in a sturdy and
temporary fashion. To improve data reduction efforts, each piece of equipment in the BDI Data
Acquisition Sysém is equipped withBDIfi | nt e | | i.d@hischepraliowsdhe egpipment to
identify itself inside of the software packadée ease of installation and durable nature of the

BDI system makesstuse in field testing an appropriate choice.

4.2.3Load Truk and Wheel Scales

The live load was produced by a loaded tandem dutap truck provided by usher
Trucking of Prichard, WstVirginia (Figure4.4). The btal weight of the truck was measured prior
to arrival on site. The weight of each wheel was measonedite using Haenni Wheel Load
Weigherscalesas seen in Figurd.5. The wheel scalewere providedby the Public Service

Commission of West Virginia Transportation Enforcement Division.

Figure 4:4: Tandem Axle Dump Truck used for Live Load Test

59



Figure 4:5: Haenni Wheel Load Weigher Scale

4.3FINITE ELEMENT M ODELING

This section details the process followed to conductite felement analysis to compare
analytical values to the results from the fiedbaqus/CAE 6.14L (Dassault Systemes, 2024as
used to develop a finite element model of the Fourteen Mile Brldggd simulaing a tandem
axle truckwas appliedand an analysis waonductedArticle 4.6.3.3 of the AASHTO LRFD
specifications was used as a guide foratwesiderationg arefinedanalysis approaciata from
the model was used to compare the girder strains and LLDFs calculated from the figdd resul

4 .3.1Material Definitions

The Fourteen Mildridge superstructure conssbf AASHTO M270 Grade 50 plater
the girdersand Class H concrete for the deck. Due to the narrow widths of the UHPC closure
pours, Class H concrete was assumed for the entire Belddwing AASHTO 6.4.1the structural
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steel hd a modulus of elasticity of 29,000 ksi, a minimum yield strength of 50 kseBmali s s on é s
ratio of 0.3. The compressive strength of the concrete was 4,000 psi as stated in the design plans.
Following AASHTO Article 5.4.2, the concrete hadnadulus of elasticityof 3,640 ksi anda

Poi s s o mof@.&. Limeartlastic behavior was assumed in this analysis and all materials were

assumed to be isotropic.

4.3.2Element Selection

Due to the uniform geometry ofd@hFourteen Mile Bridge, quadrilateral shell elements
were employed in the finite element modelo | | owi ng t he Abaqus/ Standa
work from previous analytical models of prdsskeformed tub girders (Gibbs, 2017
Underwood, 2019), S4R shalements were chosen to be used. & ents ardéour-noded
stress/displacement shell elensenith reduced integration. These properties make S4R elements
a suitable choice for a wide variety of uses. Comparison of analytical results to the field data

indicated the element produced accurate results for finite element analysis.

4.3.3MeshDiscretization

Following Article 4.6.3.3 of the AASHTO LRFD specifications, abrupt changes in the
sizes or shapes of finite elements should be avpaledi theaspect ratio of finite elements and
grid panels should not exceed 5This controls the shapesed in the meshnd the relative

elementsizes.

The mesh discretization diefinite element model for the Fourteen Mile Bridge adhered
to the guidelines set by AASHTO to produce accurate results. Each portion of the cross section
was seeded to genegat desired number of elements. The typical mesh discretization for the cross
section is presented in Figure 4.6. Nodes were spaced in the longitudinal dimension of the girders
at® increments for 116 el e m8athtop flasgésconsgtotwb e | eng
elementeach top and bottom bends consisttlofeeelements each, webs consist of 12 elements

each and the bottom flange consists of 10 elements.
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Figure 4:6: Typical Mesh Discretizabn for Each Tub Girder

Elements were grouped by similar geonastrand each was checked to verify the aspect
ratios met the guidelines set by AASHTO. The results of this validation are presented in Table 4.1.

Table4.1: Typical Aspect Ratio for Girder Elements

Geometry  Number of Elements Depth, D (in) Length, L (in) Aspect Ratio (D/L)

Top Flange 2 3.00 3.74 0.80
Bend 3 3.00 1.21 2.48
Web 12 3.00 1.89 1.59

Bottom Flange 10 3.00 2.16 1.39

Seeding of the deck nodes in tbegitudinaldirection matchedth@e © s paci ng used
the girder. However, for the multipj@oint constraints to be collinear between deck and girder
nodes, transverse spacings of nodes varied betveeid 7 0 froro weerttean s, 6. 410
girder , and 5.770 for i nt ededkelememnnetthe RASHTPS . Asp
guidelines for advanced modeling techniques
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4.3.4Boundary Conditionand Multiple Point Constraints

The boundary conditions of the Foumeklile Bridgewere modeled as@hi-ngkl er o
simple span which limited horizontal and vertical displacement. The girders were restrained from
lateral movement at the ends. All boundary conditions were applied to the nodes on the bottom
flange of each gder. Multiple-Point Constraints are used to associate disconnected nodes of a
finite element model to limit displacement between the two points. This feature is useful in the
analysis of bearnslab bridges when the deck is compositeerethe deck and girde can be

modeled to act together.

4.3.5Application of Live Loading

Load placement on the finite element model simulated the loading performed in the field
to maximize the strain in the bottom flange of each girder. Because the point loads were applied
in themiddle of elements and not at distinct nodes, the load from each wheel would need to be
statically distibuted to each node defimy the elemen{Figure 4.7. The proportion of the applied
load taken to each node was computed by Equatidnghdough4-4, which follows AASHTO

Article 4.6.3.3.1 as the sum for each nodal load is statically equivalent to the applied load.

Figure 4:7: Nodal Distribution of Point LoadgMichaelson 2010

Equationd-1

el
el |
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Equation4-2

6 0 = —
() P W

- , - Equatior4-3
O 0p = =
W W

5 3 - E i =

o oL = quatiord-4

W W

4.4 DATA REDUCTION METHODS

This section details the methods used to analyze the data collected in the field and from the
finite element model used to calculate tHeDFs. Example calculations for thguarterspan
bending stress andLDFs are also includedStructue instrumentation is further described in
Section 5.2Raw data from the field testing included the strain readimgssured in microstrain,
¢ )hnd corresponding gage numbers. The five strain readings from each panel point were averaged
to a single strai reading for each gage; the initial strain recorded from when the truck was located
off the bridge was subtracted from the strain at each panel point. The location of each gage on the
structure was determined from field notes, and the gages were grougeddrss.For simplicity,
the truck passes were defined as the physical positions of the truck during live load testing and the
truck runs were the positions that maximized the strains on targeted girders. More information on
the distinction between trucgasses and runs is provided in Section 5.Zt% three gage
measurements for each girder were averagettanthe strain at each panel poart eachyirder
for each truck pass. The strains were subsequently linearly interpolated to determinentlag strai

each panel point for each truck run.

4.4.1Computatiorof Quarter Span Bending Stresses

Recorded strain data was separated by girder and the readings were averaged to obtain a
single strain value for each panel point measured in microstraifihese strain values were used
i n combi nat i daw towonipilte the dending Stess atghge locations at quarter

span. The strain values weaeeraged for each girder, thdivided by 1e6 to convert to strains
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The values werenultipliedb y Y o u n g 0 & sted|dEd=129,008 ksi.oThe resultant value is
the stress in ksi at the quarspan for each girder. An example of these calculationthe selected
data shown in Table 4i8 presented beloas Equations-% and 46.

Table4.2: Strain Values, QuarteiSpan Bending Stress

Truck Pass 4, @der 3, Panel Point 5

Panel Point Strain in Gages, Girder 8%)

x () | x/L GO1 GO02 GO3

29 0.5 37.83 39.39 39.58

Average Strain in Girder 3:

- o CO0@woad ion4-
] i p ol U] oo Equatiord-5

€ o)

Applicati on oComplute B8dndiny Streéssaw t o

Equation4-6

- 20 o ®o0 ZC¢ WT T T8
" pltTET Tt pFlTT[FﬂIT[T[c
Where:n = number of gages

eavg = average bottom flange straimgj

s = bottom flange bending stress (ksi)

Es= Youngdés Modul us of Steel (ksi)

4.4.2Computation of Live Load Distribution Factors

The average girder strain for each panel point was used to calculatieliRe for each
girder following Equation 4. The strain in each girder is divided by tioéal amount of strain in
all girders.This value is multiplied by the number of applied design trucks and the multiple

presence factor, which is described in Section 2.4.1thesingle lane loaded conditiothe
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multiple presence factor is taken as 1.2, andttiertwo lanes loaded condition, the multiple

presence factor is taken as 1.0.

0000 & . a Equationd-7
B -

Where:LLDFgi = distribution factor for a targét i 6girdero
& = bottom flange statistrainf or a t arget Ai 6t ho gi
n = number of applied design trucks
m = AASHTO multiple presence factor

k = number of girders

Sample calculations will first be shown for calculatinglth®Fs for the single lane loaded
condition atPanelPoint 5 for Truck Pass 4 andsirder 2 This computatiorior the data shown in
Table 4.3is representedby Equation 48. In the case of multiple lanes loaded, strain data from
separate passes must be superimposed to simulate the loaiogroicks. This means the strain
would be the sum of the strain on a given girder due to each relevariDatspresented in Table
4.4 represents the average girder strain for each pass and the summation of girder strains for each
respective girdeiThe two lanes loaded calculations are shown in Equati®rigt thesummation
of Panel Point 5 for Truck Pass 1 andrvGirder 1.

Table4.3: Strain Values, Single Lane Loaded LLDF Sample Calculation

Truck Pass 4, Panel Point 5

Panel Point Girder Average Straimg)

x (f) | x/L G1 G2 G3 G4 G5

29 0.5 38.75 45.52 38.93 25.21 9.67
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Table4.4: Strain Values, Two Lanes Loaded LLDF Sample Calculation

Truck Pass 1, Panel Point 5

Panel Point Girder Average Straimg)

x (f) | x/L G1 G2 G3 G4 G5

29 0.5 64.28 59.56 35.36 17.46 6.42

Truck Pass 7Panel Point 5

Panel Point Girder Average Straimg)

x (f) | xiL G1 G2 G3 G4 G5

29 0.5 26.81 39.31 47.95 46.40 28.26

Truck Pass 2+7, Panel Point 5

Panel Point Girder Average Straimg)

x (f) | x/L Gl G2 G3 G4 G5

29 0.5 91.09 08.88 83.31 63.86 34.68

P81z W@t w

POOR S EeomU yBp oWe oY

8 Equation4-9

LLDFs were calculated followincAASHTO Article 4.6.2.2. The specifications within
Article 4.6.2.2 are discussed earlier in Section 2.4.2 and Equatléhrdpresents the LLDF

equation for steel box girders. In the AASHTO LRFD specifications, no differentiation is made
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for the calculation of iterior girder or exterior girder LLDFgyr for the number of design lanes

loaded.Note the multiple presence factor is already taken into consideration by Equation 4

N 0 8 .
DL OQABIL & ¥ 5 T Equationd4-10
J

Where:NL = number of design lanes as specified in Article 3.6.1.1.1

Nb = number of girders
® 0 )]
5 P
In the case of the Fourteen MiBridge, there ardive girders andwo design lanes. As
shown in Equation4.1, the LLDF determined by the methods specified in the AASHTO LRFD
specifications Article 4.6.2.2 is 0.603. It should be notedthége does not fall within the range
of applicability. The calculation of MNb is 2/5, or 0.4 whichis below the minimumequirement

the equation may be utilized for. No provisions are described by AASHTO for steel box bridges

that lie outside this range.

000 CW¥v TY ¥ al ? v 8 Equatiord-11
v
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CHAPTER 5: FIELD TESTING OF THE FOURTEEN MILE BRIDGE

5.1 INTRODUCTION

This section details tHeading and data recording process performed for the physical field
testing of the Fourteen Mile Bridge in October 20R8searchers fromlU andWVU traveled to
Ranger, West Virginia to perform a live load field test onathege. The goal of the fieldsewas
to compare measured strains due to physical loading to strains determined from analytical
modelingto assess performance of the structure

5.2LIVE LoOAD FIELD TEST ASSESSMENT

The field test of the Fourteen Mile Bridge was completed over two dhgdirst day was
used to measure and apply instruments to the structure. The field testing and data collection was

completed on the second day.

5.2.1Structure Instrumentation

The BDI STS WiFi Data Acquisition System was used to instrument the structure and
record resultaNineteengage locations were identified for this field teébtee gages were located
on the bottom of each girder (15 total) and one gage was locatedrowelaof Girdes 1 and 2.
Gages were placed at quarggran toallow for easieraccesdor preparation and removahn

overview of the gage layout shown in Figure 5.1.
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Figure 5:1: Gage Locations on Girds, Looking Upstation

To improve access to mark and prepare the giraedsipply the instrumentation, an-all
terrain aerial lift was supplied by the contractor for use during the field testing. The aerial lift is

presented in Figure B.

Figure 5:2: Aerial Lift Supplied by Contractor

Quarterspan locations were determinedrbgasuing the distance from the inside face of
oneprecast abutment to theside face of thether This distance wa8 06 pwhich wasdivided
by four to find quarter spafhe resulting distancmeasuredrom the backstation abutment to
quarterspan wad 37/16.0 A mark was madat quarterspan for the transverse middle of each

girder. Quarter points were also measureddlmag the bends of each girder; a square was used to
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mark the resulting diagonal. The middle of the gageseen in Figure 5.% at an angle parallel

to the skew. After this mark was made, measurements wereamiade6 6 nor mal t o t he
directon at each side from the center and then 1.
tab locations for the gages. The resulting grid of markings is seen in Figuk&'éb4ocations

were measucku si ng an angled rul e; t omehe bottdm flgngeg e s w.
measured along the inclination of the web. Wb gage mounting points were determined in a

similar fashion as the bottom flangeounting points Typical web gage mounting locations are

seen in Figure 5.5.

Figure 5:3: Centerline of Gages auarter Span, Looking Upstream
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Figure 5:4: Typical Bottom FlangeGage Mounting PointsLooking Upstream

Figure 5:5: Typical Web Gage Mounting Points, Looking Downstiraa

72



After the gage locations had been marked, a bagtewered angle grinder with a wire
brush attachment was used to buff the surface of the girddoto thle adhesive to bortd the
bare steelAfter the surface was prepared, the marks were replaced so the gages could be installed
at the correct location& gage blank was used in combination with the tab jig praviyeBDI
to ensure correct spacingtbke mounting locations. A small bead of LocgitelY 4070Superfast
Fixture Structural Repair Hybrid Adhesive was applied to the bottom of each tab and uniform
pressure was used to fix the tabs against the steel surface. Approximately 90 seconds after the
initial contact, the adhesive set, and pressure could be released. Figure 5.6 shows the tab mounts

in place on the girder.

Figure 5:6: Typical Tab Mounting to Steel Surface

Approximately 20 minutes following the original application, the gage Masgkemoved,
and the appropriatBDI strain transducewasinstalled based on the necessary cable length. The
gagesattaddt o t he two tabs with 7 /urdilGrug. fhe tablestivergg ht e n
connected to the appropriate wireless ndttedes were attached to the surface of the steel using

a magnetic mounting assembiiyigure 5.7 shows the gages installed on the girder.
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Figure 5:7: Typical View of Gages Installed on Bottom Flange, Looking Downstream

Because a portable generator was available, it was determined that using DC power
adapters with the wireless nodes and base station would be an appropriatéoptied.ethernet
cable connectedne of thefive nodes to the base station. Figure 5.8 shows an overvié¢hwe of

instrumentation once all connections weoenpleted

Figure 5:8: Overview of Instrumentation, Looking Backstation
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5.2.2Live Load Path Delineation

The second day of the study began with troubleshooting all connections and verifying the
systemrecordeddata correctlyThe live load paths were developed from the AASHTO LRFD
specifications for maximizing load on individual girders. Measurements to determine the panel
points started with identification of the centerline of the road survey. A straight line was marked
betweenboth survey poing. Subsequent parallel lines were measad -0 ameauéements

resulting n t he | ast | ongi 10 wrdm theaetige oh the downstggaml parapatt e d

In total, 13 longitudinal markings were made. To determine transverse locatwensgjstance

between the survey points was meagureand was broken into -0 equa
in length.

Delineation of load paths was accomplished by marking the deck by string and crayon. At
2 ® dncrements from the centerline of road survey, nails were placed uettkeat the foam
joints at the end of the precast modules. Yellow construction string lines were wrapped around the
nails and care was taken to ensure the string wagRagure 5.9. Figure 5.10 shows several
longitudinal markings with the construction striliges. In thetransverse direction, blue crayon

was used to mark the 10 panel points as seen in Figure 5.1

T

Figure 5:9: Nail placement in Foam Joint with Construction String Line Wrapped Taut
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Figure 5:11: Transverse Mark Completed with Blue Crayon
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Once the markings hadkén placed on the deckged was created with the intersections
representing the panel points for each placement where the truck would be Boatkd purpose
of this study, passes will refer to the particular transvgpaeingthat the truckpathis following,
and panel point will refer to the truck~o6s posi
by Figure 5.12It should be notedlue to the radius of curvature of the roadway, the truck would
not be able to be placed at eittieupstation or backstatiend of thdongitudinal pass for passes
12 and 13Subsequently, there is no data from either pass.

Downstream

II ;'I'."Pass 13

: _,'I'I;Pﬂs; 12

t I'Pa;s 11

T 7 .’. /Pass 10

Backstation [ 7— — [Pass 9

i i T ' i ' ‘ ' ' t t — ." 1/Pass §
— r I"' [Pass 7

-~ Pass 6
|+— ; I." I.‘I Pass 5

I:‘I — t i t t t t t —f .'. -I:JPas-; 4

[ t 1 1 t f ¥ + [Pass 3

I‘I-_,-'IPas; 2

; I-'I-_,-"Pass 1

Upstation

P 7:-" Panel Panel Panel Panel Panel Panel Panel Panel Panel |
— Point9 Point8 Point7 Point6 Point5 Point4 Point3 Point2 Pointl |

Upstream Panel
Point 0

Figure 5:12 Plan View of Panel Point Grid

Referencing work from Gibbs on temish Sawmill Bridge (2017) and Underwood on
the Cannelville Road Bridge (2019), these delineated traskgsvere linearly interpolated to
maximize loading opecific girdersStrain values from multiplpasses could be added together
for each respectergirder to simulate the effects of multiple lane loaded scenadiesfollowing
methodology was performed to determine the appropriate location oAtLimansverse distances
were measured along the grade of the d€aider 1, an exterior girdewould have the strains
maxi mi zed by havi n g0 dtom the ihsidaiecide oftha dowristeeamaparapet 2 6
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oaded s c-®mtherspaoing ofa designc o n d

Tosimulatee he two | anes |
lane, away from the first truck run, or @@ pfrom the inside edge of the downstream parapet

These two runs are shown in Figure 5.aBng with their distance to the inside edge of the

downstream parapes Runs 1 and, 4espectively A similar procedure is followed fdgirders 2

and 3. To maixnize the strain for the single lane load3irder 2, an interior girder, the truck run
9@ from the in

must be placed so tmeiddleof the tire is along the centerline@irder 1,

edge of the downstream parapet, labeled as Run dlice the multiple lane loaded scenario,

-0 én the wpgtreamidiregtions e d wii

the strains from Run 2 must
Runs 3 and 6 are used to maxim&gminfrom the single and multiple lanes loaded scenarios,

respectively, for girdr 3.

Figure 5:13: Live Load Truck Placement, LookingJpstation
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5.2.3Live Load Testing

Upon arrival of the tandem axle truck to the bridge site, testing b&tg@ntruck was
deemed fit for use in the live Iddest due to the similarity with the FH&® design load truck from
AASHTO. The initial truck pass began at the downstream edge of the deck oriented in the direction
of back stationSuccessive passes were worked in the upstream direction. Before theadmerk
onto the bridgethe right edge othe front lefttire, wheel 1, was lined up with the construction
string line. Once the physical testing begeHz was chosen as the sample vethin the BDI
Software to record strain valudsve measurementsese taken before the bridge was loaded to
serve as a baselin€he truck would be positioneat each panel point at the intersection of the
sting line and crayon marl typical pass location can be seen in Figure 5Qrce the truck
stopped and the bridgreturredto a static condition, five readings were tak&nhthe conclusion
of the testing, each wheel was weighed and the geometry of the axle spacings were measured.

Figure 5.15 shows the weight of each wheel along with the geometric configuratieneodés.

Figure 5:14: Typical Truck Pass Location

79



F 11.3 kips 111 kips | [10-3 Kips ]
W2 T || |
n RIS
“| T~ w©
E W3 W5
W1 — 14.3Kips | | 16.9 kips |
13.4 Kips ] | |
15'—9” N BTN D

Figure 5:15: Truck Dimensions and Field Weight Measurements
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CHAPTER 6: RESULTS AND ANALYSIS

6.1 INTRODUCTION

This chapter summarizes the results of the Fourteen Mile Bridge live load field test and
compares the values to those computed by analytical models. LLDFs will be compared from the

live load field test, the finite element analysis, and the AAS LRFD specification (2017).

6.2 COMPARISON OF RESULTS

This section presents the results determined from the live load field test and the finite
element model. The raw data from the live load field test is included, and the subsequent LLDFs
are discussed. Truck Run 1 will be the focus of this section. The$uilts for all truck runs with
all relevant tables and charts are shown in Appendix A.

6.2.1Live Load Field Test Results

The following section discusses the results collected from the live load field test of the
Fourteen Mile Bridge. Data was collected wiitle BDI STS WiFi Data Acquisition System, and
data reduction was performed following the methods outlined in Section 4.4. The three strain
readings across the bottom flange of each girder were averaged respectively to account for torsion;
the strain readgs from the webs were not used. Girder stresses at quarter span, where the gages
were located, were computed and LLDere determined for comparison with the finite element
model and AASHTO LRFD specifications. A sample of the raw strain data from Ruckl is

shown in Table 6.1.
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Table6.1: Measured Strain from Truck Run 1, Experimental

Truck Run 1, Measured Strain (Field)

Panel Points Average Bottom FIl ange
x (ft) x/L G1 G2 G3 G4 -
0 0 0 0 0 0 0
5.8 0.1 5.513 2.877 0.157 -1.270 -3.635
11.6 0.2 17.992 14.074 9.539 5.401 0.336
17.4 0.3 34.632 30.154 21.157 12.541 4,579
23.2 0.4 52.685 49.797 30.625 16.274 6.498
29 0.5 64.277 59.563 35.360 17.456 6.418
34.8 0.6 66.936 64.148 37.530 16.816 5.658
40.6 0.7 72.247 71.656 32.655 11.770 2.987
46.4 0.8 70.454 65.424 25.459 7.196 0.984
52.2 0.9 42.457 36.502 12.600 0.863 -2.546
58 1 0 0 0 0 0

6.2.1.1Live Load Distribution Factors

The girder strains were used to calculate the LLIDRswing the procedures discussed in
Section 4.4.2. The multiple presence factor was applied following the AASHTO LRFD
specifications. LLDFs were calculated for each panel point in the field test, but only the LLDFs at
Panel Point 5 (0.5*L) wrecompared to the analytical model because that position would have the
maximum effect of the truck on the girders. A sample of the calculated LLDFs for Truck Run 1 is

presented in Table 6.2.
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Table6.2: Compued Live Load Distribution Factors from Truck Run 1, Experimental

Truck Run 1, Simplified Distribution Factors (Field)

Panel Points Distribution Factors
x (ft) x/L G1 G2 G3 G4 g
0 0
5.8 0.1 1.514 0.790 0.043 -0.349 -0.998
11.6 0.2 0.380 0.297 0.201 0.114 0.007
17.4 0.3 0.336 0.293 0.205 0.122 0.044
23.2 0.4 0.338 0.319 0.196 0.104 0.042
29 0.5 0.351 0.325 0.193 0.095 0.035
34.8 0.6 0.350 0.336 0.196 0.088 0.030
40.6 0.7 0.378 0.375 0.171 0.062 0.016
46.4 0.8 0.416 0.386 0.150 0.042 0.006
52.2 0.9 0.472 0.406 0.140 0.010 -0.028
58 1
Average 0.504 0.392 0.166 0.032
MPF applied (1.2*PP5]  0.421 0.390 0.232 0.114
St. Dev. 0.381 0.154 0.052 0.147

6.2.2Comparison ofAnalytical and Experimental Results

This section details the comparison between the results developed from the experimental
data collected in the field and the analytical values determined from the finite element analysis.
The deflected shape of the fingeement model is shown in Figure 6.1 and additional information
is provided in Section 4.3. Table 6.3 presents a comparison between the analytical and

experimental LLDFs for each girder at Panel Point 5 for the single lane loaded condition of Truck
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Run 1.Table 6.4 presents a similar comparison for the two lanes loaded condition of Truck Runs

1 and 4. Note the appropriate AASHTO multiple presence factor is applied in each scenario.

Figure 6:1: Deflected Shpe of Finite Element Model, Truck Run 1, Panel Point 5

Table6.3: Comparison of Field and FEA Live Load Distribution Factors, One Lane Loaded

Truck Run 1, Distribution Factors at Panel Point 5

Girder

0.421 0.390 0.232 0.114

0.042

Field Results

FEA Results | 0.440 0.355 0.217 0.116 0.072

Table6.4: Comparison of Field and FEA Live Load Distribution Factors, Two Lanes Loaded

Truck Run 1 & 4, Distribution Factors at Panel Point 5

Girder

Field Results

0.490

0.532

0.448

0.343

0.187

FEA Results

0.502

0.503

0.440

0.334

0.221
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While the two methods produce similar results, some variance is still present. This may be
partially due to varying boundary conditions. The Fourteen Mile Bridge utilized integral abutments
as described in Section 3.2, which would yield similar resulis tofi ffiixxeedd 6 end condi
a stiffer structure due to the decrease in rotation at the supports. There is not an adequate manner
to model integr al abut ments in the friolilteer 0e)l e
conditions were used the analytical model. The resuttisow the LLDFs are similar in both cases.
Figure 6.2 presentsaQ pl ot reflecting the comparison of
Panel Point 5. Note the?’Ralue represents the correlation of the entire datebett single and

two-lane loaded scenarios.

Average LLDF and Summary
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Figure 6:2: Comparison Between Analytical and Experimental Live Load Distribution

Factors for Single and Two Lane Loaded Conditions
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6.3COMPARISON OF LIVE LoaD DiIsTRIBUTION FAcTOrRs witH AASHTO LRFD

SPECIFICATIONS

This section will provide a comparison between LLDFs determined from the experimental
data of the live load field test, the analytical data from the finite element model, and the relevant
AASHTO LRPD specifications. LLDFs calculated with the expressions from the 2017 AASHTO
LRFD specifications already take the multiple presence factors into consideration, so the
comparison for each scenario will have the appropriate multiple presence factors applied.
Calculations for the AASHTO LLDFs are presented in Section 4.4.2. Truck Run 1 will be used for
comparison between the three methods for the single lane condition. Table 6.5 and Figure 6.3
provide a comparison of the three methods.

Table6.5: Comparison of Field, FEA and AASHTO Live Load Distribution Factors, One
Lane Loaded Truck Run 1

Truck Run 1, Distribution Factors at Panel Point 5

Girder

Field Results 0.421 | 0.390 | 0.232 | 0.114 | 0.042

FEA Results 0.440 | 0.355 | 0.217 | 0.116 | 0.072

AASHTO 0.603 | 0.603 | 0.603 | 0.603 | 0.603
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Run #1 Live Load Distribution Factors
(Single Lane Loaded, Exterior Girder)

» 0.800
0.600
0.400

Distribution Facto

m Field Results = FEA Results

0.000 L -
Gl G2 G3 G4

Girder

AASHTO Results

|
G5

Figure 6:3: Comparison of Field, FEA and AASHTO Live Load Distribution Factors, One
Lane Loadedlruck Run 1

LLDFs determined from the fielgkstand the analytical model are similar; the AASHTO

equations predict a much higher distribution factor for the single lane loaded condition. A

comparison between the three methods for thel&we loaded scemio is presented in Tab&6

and Figureb.4. Again, the LLDFs for both the analytical and experimental methods are close, but

the AASHTO values are significantly higher. The discrepancy between AASHTO and the

analytical and experimental methods is inesghfor girders further away from the placement of

the load truck.

Table6.6: Comparison of Field, FEA, and AASHTO Live Load Distribution Factors, Two

Lanes Loaded Truck Run 1 and 4

Truck Run 1 & 4, Distribution Factors at Panel Point 5

Girder

Field Results 0.490 | 0.532 | 0.448 | 0.343 | 0.187
FEA Results 0.502 | 0.503 | 0.440 | 0.334 | 0.221
AASHTO 0.603 | 0.603 | 0.603 | 0.603 | 0.603
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Run #1 and #4 Live Load Distribution Factors
(Multiple Lanes Loaded, Exterior Girder)
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Figure 6:4: Comparison of Field, FEA, and AASHTO Live Load Distribution Factors, Two
Lanes Loaded Truck Run 1 and 4

6.4 CONCLUSIONS

This chapter provided a summary of the results computed from the experimental data from
the field test of ta Fourteen Mile Bridge along with the finite element analysis performed. The
data was used to calculate the LLOFesM the field tesand the analyticahodel. The computed
LLDFs werecompared to the LLDFs calculated following the AASHTO LRFD specificatton
assess the applicability of AASHTO in regards to pleagkeformed tub girders. The comparison
showed minor differences in LLDFs between the finite element model and the experimental
results, likely due to the differing boundary conditions. In aesa the AASHTO LLDFs
underpredicted the performance of the ptaskeformed tub girder and were more conservative
than the experimental and analytical values. Therefore, AASHTO LLDFs may be safely used in

the application of pregdsrakeformed steel tulgirder bridges.
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CHAPTER 7: QUALITATIVE ASSESSMENT OFBRACING
EFFECTIVENESS AND TORSIONAL RESPONSE FORNON-COMPOSITE

TuB GIRDERS

7.1 INTRODUCTION

When press$rakeformed tub girders are used in conjunction with a precast reinforced
concrete deck, the tdfanges are fully supported during casting. In cases where -inealsice
reinforced concrete deck is used, significant loading is placed on the top flanges. This can lead to
instability issues as the open shape of the-cwmposite tub girder is suscdpé to torsional
effects. Bracing may be added either to the interior or exterior of the tub shape to control
undesirable deflection. This chapter examines work performed by Kelly (2014) aromposite
behavior of presbrakeformed steel tub girders amdaluates different bracing scenarios from a
qualitative view. Abaqus/CAE 6.14 (Dassault Systemes, 2014) was utilized to create a finite
element model for each scenario and a nonlinear analysis was performed. Program files from
MATLAB (The Mathworks, Irt., 2020 wereused to write the Abaqus input fileshich are
included in Appendix B of this report.

7.2 VERIFICATION WITH KELLY 68 M ODEL
7.2.1Geometric Imperfections

A significant discrepancy in the critical load that led to buckling in the experiments
performed by Kelly (2014) was attributed to geometric imperfections induced during the
fabrication process of the presekeformed tub girder. Flange inclinations and web inclinations

were recorded for each specin{&mgure 7.1 and 7)2
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Flange Inclinations
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Figure 7:1: Flange Inclinations (Kelly, 2014)
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Figure 7:2: Web Inclinations (Kelly, 2014)
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The finite element model was developed to induce imperfections onto the generated mesh
based on user inputs. The geometric imperfecti@reseparated into flange tilt, girder twist, and
web out of flatnes€ach of the geometric imperfections was modeled to follow a sine curve with
the maximum amplitude and anchor points specified by the user to control the imperfection across
the meshFigures 7.3 through % present an exaggerated view of the effect ofgatilt, girder

twist, and web out of flatness, respectively.

Figure 7:3: Tub Girder Modeled with Flange Tilt

Figure 7:4: Tub Girder Modeled with Girder Wist

91



Figure 7:5: Tub Girder Modeled with Web Out of Flatness

To best fit the geometric imperfections recorded by Kelly (2014), only the flange tilt and
girder twist were considered. Using the recorded pliag@ously mentioned in Figures 7.1 and 7.2,
the amplitude for each imperfection was determined. The peak values were ifipof dange
tilt clockwise andl° of girder twist clockwiseFor both imperfectionsthe end supports were
selected as the ammhpoints to best fit the model.

7.2.2Material Modeling

To capture the behavior of a nonlinear analysis, steel material in the finite element model
was modeled using an elaspilastic constitutive law following work by Michaelson (2014) and
Kelly (2014). A mutilinear relationship (Galindez, 2009) was dde represent the stresfgrain
behavior of material modelin@rigure 7.6andTable 7.1) The plastic material propertiegre a

function of the true stress and strain, and tlese input into the Abaqus input file.
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