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1 Introduction

The Hampden Grist Mill Bridge (HGMB) Maine Department of Transportation bridge
number 2334 is a75 ftsimplespan bridge in Hampden, Maine carrying U.S. Rte. 1A/Maine Rte.
9 across Souadabscook Stream. As part of a larger project to reconstruct U.S. 1A between mid
2019 and mie2021,an existingreinforced concrete -beam bridge was removed and replaced
with a new structure, which is the first in the United States tdheskber reinforced polymer
(FRP) composite tub (CT) girdedeveloped bythe University of Maine Maine) as its main
structural members. This type of girder was developedJihine [1,2] as a alternative to
medium span girders made frasteel or concreteRelative to these conventional materials, CT
girders are light, easily transported, and highly durable.

Owing to the novelty of the CT girder system and limited previousstdle tesng[1, 2],
more information on its service performancis desired Although basic mechanics principals,
design guidance for conventional mater[&ls anddesignguidance for other FRP componejits
5] allowed a reasonable, conservative designfobeo duced, the systembs ac
accuracy of the assumptions made remained uncertain. Due to its hand in the development of the
CT girder system and experience in the spheres of research of FRP materials and biiiolge: live
behavior,UMaine was enlisted to help fill the knowledge gap between design and reeldy,
inform the design, manufacture, and construction of future bridges.

Four main tasks were given WMaine to help improve understanding of the CT girder
system in general and thE&5MB in particular. FirstUMaine facilitated he br i dgeds des
advanced numerical modeling of shear stress distribution, kesadnal buckling during
construction, and effects of impact loading. This task was the subject of a previousgmjedt
not be discussed here further. Once the final design of the HGMB had been approved, the second

task began. From first tests of CT girder man:!
deck, manufacture and cecstruduerwasobsenseaanddocumdnted. H G MI
This served the purpose of informing subseque

andallowed the challenges encountered and their proposed solutions to be documented to inform
the design and constition of future structures.

Once substantial construction of the HGMB had been completed and in parallel with
readiness for bridge opening, t h-eesttudtivedivée o f  UN
load testing (NDLLT) was conducted on the HGMB in its néggin state under aigh level of
service loading. Four overloaded dump trucks were driven onto the Bridgmsitionedtaseveral
critical locationswhi | e t he bridgeés |l ongitudinal strain
The data collected during this testing was useabsess h e b r i dsgflmegssandive-lbad a |
distributionfor comparisorwith original design assumptions, to update its capacity rating factor
based on its actual response relative to theory, and as a benchmark for future behavior predictions,
including those made as part of task 4. Task 4 itself involved crdaghdidelity, linear finite
element (FE) models of the HGMB, calibrating them based on the results of NDLLT, and using
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them to further under st andi BsprvicdbveltbdhaviorbThe d ge a
results of these tasksere intendedo be used to help avoid future challenges in design and
construction, optimize design, inform future investigation, and increase knowledge of the
structural behavior of this promising sttural system.

This report is organized infore sections including this introductory section dodr additional
sections describing testing, analysis and broader conclugibase are:

Section 20bservations of the manufacture and construction ofitas1B

Section 3Non-destructive liveload testing of the HGMB and analysis of the results
Sectiond: Finite element modeling and analysis of the HGM&d tests

Section 5: Conclusions drawn

=A =4 4 =4

Relevant calculationgdlataand ext er nal ca® prdvidea o appendices, whelp or t s
are preceded by a short list of references.

2 Observations of Manufacture and Construction

2.1 Introduction

As was mentioned above, the HGMB is the first of its kind, and as such there was very little
available information and expence upon which to base its design, manufacture, and
construction. This meant that, along with being a test case for behavior and efficacy once
constructed, the HGMB was also an experiment in manufacture and construction of CT girder
bridges. For this @eson, periodic observations were made from the time of first trial resin infusions
through laying the initial, temporary wearing surféceany manufacturing and construction
activity relating to the bri dgeos8cosmmmynieationt r uct
with the designer/manufacturer revealed a number of unpredicted challenges and proposed or
implemented solutions.

2.2 Girder Manufacturing

The HGMBO6s girders were designed and manuf
Advanced Infrastructuré¢ e c hnol ogi es (who wi || from now on
Although AIT has significant experience with FRP composites for infrastructure applications,
manufacturing the CT girder represented a significant advancement of its capabilities. For this
reason, and due to some of the challenges it faced as discussed later, manufacture tended to proceed
at a cautious pace, with numerous tests and mpskmade for proofef-concept. These proofs
of-concept, while slowing the manufacture process, alloweayrof the unforeseen difficulties to
be discovered beforehand, rather than being incorporated into Hsedidl product.

Initial test infusions and moelps were made at a temporary wspgace in Bangor, Maine
in early 2019. These first trials were coeted primarily to calibrate resin properties in order to
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tailor them for manufacture. Specifical-ly, th
out before gelation with minimal resin waste. Figure 1 shows a test panel infusion in process, with
contours drawn on the top of the vacuum bag and on the bottom of the glass infusion table to
indicate resin flowfront at certain elapsed times after initiation of infusion. Infusion of similar test

panels had the additional benefit of allowing testcoupo t o be coll ected, fro
mechanical properties could be verified.

RN -a[",

Figure 1. Test Panel Infusion to Calibrate Part Wetout (Left: Panel Top; Right; Panel Bottom)

In addition to the initial test panels, a srathle moclkup of the full girder was laidp,
consolidated, and infused, again to verify assumptions of parbwiéime and gain experience
before manufacturing full girders. This initial meak infusion vas again performed in the
temporary Bangor facility in April 2019. For this meak, a male mold was used, as seen in Figure
2. Infusion of the mockip, a 6 ft section of girder, can be seen in Figure 3. The use of a male mold
greatly facilitated layup, wh mold sides easily accessible. Unfortunately the outside of the part
(the side that would be visible on the fadale girders) developed unsightly wrinkling on transition
radii and a generally poor surface finish as compared with the inside surfade wasclaid
directly on the mold. The radial wrinkling can be seen in Figure 3 at the transition between bottom
flange and web. For this reason, all future mapk and the actual girders weegd up onto a
female mold.

Pages of 97



ial Wrinkling
B =
P
e
i

Figure 3: Infusion of Initial Girder Mock -Up on Male Mold

After the initial test infusions and smaitale mocku p |, production was mo
permanent production facility iBrewer, Maine. There, a fuflize female mold, seen in Figude
was constructed, faired, and seasoned before a seconessatalmockup girder was infused.
The second mockup, much like the first, consisted of a 6 ft section of full girder layup. For this
mockup, a HDPE caul plate was applied to one of the top flange to web transition radii, intended
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to help prevent the radial wrinkling seen in the first mapkinfusion. In addition, the remainder
of the mold was laid up with a very thin layer of glass d resiarich seasoning infusion. The
mock-up under vacuum consolidation and Icplate can be seen in Figube with the finishd
mock-up seen in Figuré.

Figure 4: Full-Size Female Girder Mold
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Figure 6: Infused, Cured Second Girder MockUp
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Once mockups had been infused and the mold repaired (as discussed later), layup and

infusion of the ful final girders commenced. In general, the workflow for manufacturing a girder
was as follows:

1.

Prepare mold by repairing any defects from the previous infusion, and apply wax and
release agents

Place reinforcement into the mold according to theulayschedule using spray adhesives
to temporarily tack them in place (Figure 7)

Install infusion consumables (resin feed lines, vacuum lines, flow improvement media,
vacuum consolidation bagging, etc.) (Figure 8)

Consolidate part by drawing high vacaypressure beneath the vacuum bag

Infuse the consolidated part with initiated, catalyzed resin and allow to cure (Figure 9)

Remove the cured part from the mold and perform-pastessing (Figure 10)

Figure 7: Layup of Girder Reinforcement in Process
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Figure 8: Consolidated Girder with Flow Media and Vacuum/Resin Feed Lines Visible

g e
e R ——— y

Figure 9: Infusion of Resin into Vacuum Consolidated Reinforcement
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Figure 10: Demonstration of Girder PostProcessing

From mold preparation to final pegtocessing, each girder took approximatahg month
to fully manufacture, not including additional time for repair of damages and defects. However,
from the firstto the fifth girder, processing time and delays tended to decrease due to increasing
experienceand girder fabrication is now much faster.

2.3 Bridge Construction

Replacement of the original HGMB began in early spring of 2020. However, due to
numerous facta, chief among them the onset of the COMI®global pandemic, the project was
delayed many times. In fact, whereas bridge opening had initially been scheduled for late summer
or early autumn of 2020, traffic was not allowed to cross the replaced brilgpesember 24,
2020. However, these del ays tended not t o
superstructure, nor as a result of using CT girders.

After the original structure had been removed, thevstek completed, and the substructure
constucted, the superstructure construction commenced. The five CT girders were transported
from AIT to the site on November 5, 2020 and placed November 5 and 6, 2020. Figure 11 shows
the first two girders being delivered to the site by extended flatbed Trrarksport of multiple CT
girders at a time exemplifies one of the advantages of CT girders over comparable prestressed
concrete girders for which they are designed to compete. Once arrived, girders were lifted from
the truck and placed on temporary suppddr staging and preparation work. Where present,
utility hangers were installed while girders were staged which spanned between girders
transversely and from which utilities (municipal water and sewer lines) were hia@dact that
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two girders could be placed at a time with a single crane is a direct benefit of their light weight,
and also simplified utility installatiof.his process and the resulting hanger system can be seen in
Figure 12. Girders were then lifted into place byherawith hangeconnected girders being lifted
together as a unit. This can be seeRigurel3, with girder ends sitting on bearings in Figure 14.

Figure 11: Girders Arriving at Bridge Site

Figure 13 Two-Girder Unit Being Lifted into Place
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Figure 14: Girder Ends Placed on Bearing Pads

After girder placement, the concrete elements of the bridge were formed, reinforced, and
cast. In general, the concrete used was a standard DOT mix with nominal compressive strength of
4 ksi and was reinforced with AM A955 stainless reinforcing bar. Three separate concrete pours
were carried out, with construction joints at the interface and reinforcing bars providing dowel
action. First, the backwalls were poured which encased the ends of the girders and agzinst whi
the roadway base was backfilled once sufficie
and poured. This pour took place December 8, 2020, with concrete placed by pump truck as seen
in Figure 15. Due to the cold temperature experienced dtirengour and predicted freetteaw
cycling over the deckés | ifetime, air entrain
entrainment to about 8. 5%. Finally, during th
cast. Once all concretdements had cured sufficiently, a temporary asphalt wearing surface was
laid, which was subsequently replaced with a permanent wearing surface the following spring.
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Figure 15: Reinforced Concrete Deck Pour

2.4 Encountered Challengeand Proposed Solutions

With any prototype structure, the use of new materials, designs, or construction techniques
reveal new, unforeseen challenges, which require solutions to be proposed and implemented. The
HGMB is no exception. Through the girder méaniure process and bridge construction, a number
of challenges arose and required immediate solutions for progress to continue. In general, the
challenges associated with the novelty of the CT girder bridge system were encountered during
manufacture of thgirders themselves and resulted from general inexperience and lack of adequate
personnetraining and quality assurance

The first major challenge arising from girder manufacture was touched upon previously.
The original plans for the CT girder systemalled for construction of a male mold onto which
fabric reinforcement would be laid and parts infused. This plan persisted until after infusion of the
first mockup part, again seen in Figuse The relatively tight transition radii between top flange
andwebs and webs and bottom flange caused reinforcement to either bunch or overstretch which,
when vacuum was pulled, causednkling (again seen in Figur). This wrinkling was not a
structural concern and persisted into the final girders. On the canthaywrinkles were
determined to be an aesthetic and public confidence concern. The use of a male mold caused these
wrinkles to form on the partds exterior and tF
not only prove unsightly, but also ma have reduced the publicés
although such a lack of confidence would have been unfounded.

To i mprove the girdersé visible finishes af
using a male mold to using a female moldisTgut the mold finish side of the parthe side that
conformed to the smooth surface of the mioldn the outside, with the inside, neisible side
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face taking surface imperfections and wrinkling. This solved the problem of poor surface finish,
but ledto additional manufacturing difficulties. When using the male mold, all portions of the
girder were easily accessible from either side of the mold without the need to step onto the mold
itself. On the contrary, nearly all operations performed when usifgmale mold required
stepping intathe mold itself and thus requirexringent cleanliness procedures and heightened
spatial awareness to prevent contamination and damage to the part, mold, and vacuum bag. This
also slowed the already laborious-lay andbagging process by limiting the number of workers
able to participate at any one time and by |
girders represented a significant investment in time and resdarcesstrucand considering that

the moldwould not be used again after, it was not justifiable to develop a method to improve part
surface finish and construct a new, fsitte male mold. However, if additional bridges of a similar

type are to be built, a method allowing use of a male mold, oe refficient manufacturing
procedures with a female mold should be developed.

After infusion and curing, inspection of each of the girders revealed imperfections and
defects requiring remedial actions to be taken. Most of these imperfections were ngnor an
aesthetic in nature, requiring straightforward repairs. These minor imperfections consisted mainly
of small areas of incomplete resin veett (sec al | ed fAdry spotsodo) on the
laminae deep. An example of one of thdsg spots is showin Figurel6. In general, dry spot
imperfections tend to result from inadequate mold surface preparation, overuse of temporary
adhesive during layup, or air bubbles in the feed resin. Repairing these imperfections required
straightforward secondary suca infusionsas can also be seen in Figu®, which could be
completed relatively quickly. However, because multiple-sprgts were present on each of the
five girders, significant pogtrocessing time was added to the overall manufacturing schedule,
andrequired a significant amount of additional hand labor.

S

Figure 16 Ri ght : Mi nor ADry Spotodo Surface I mperfection L

In addition to the minor surface imperfections present after infusion of each gifders,
the inside face of one of Girder 506s webs was
cure and debulking, seen in Figure 17, which requesednsivestructural repairs. In contrast to
the dry spot imperfections found elsewhere anginder and on others, this defect was quite large
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in area and extended through the webds enti
dry spot imperfections are devoid of resin, this defect was saturated with uncured resin. Repair of
this imperfection required removal and replacement of the spoiled fabric in the affected area,
followed by thorough cleaning, layup of new fabric, and reinfusion and curing. This process can
be seen in Figure 18.

Figure 17: Debulked Sructural Defect

Figure 18 Repair of Structural Defect: Left: Removal of Affected Laminae, Center: Layup of New Fabric,
Right: Re-Infusion

Based on analysis of the defect and the observation that it was localized to tHeaesio
feedline, it was determined that this defect was caused by contamination of resin with water,
which infused the area local to the feed line. To prevent excessive heatippailding infusion,
catalyzed feed resin was kept in thin budk&trs,which were in turn placed in buckets of water.

It is possible that some of this cooling water spilled into the feeder resin, contaminating it and
inhibiting its proper curing. This resin was infused into the girdeh&location of the eventual
defect.The fiber debulking in the area infusby contaminated resin was due teengosure to
atmospheric pressure after vacuum was released.
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The i mperfections and defects discovered on
need for more stringent quigliassurance procedures during future manufacturing efforts for future
bridges. Although they were simply aesthetic in nature, the multiple dry spot imperfections
discovered on each of the infused girders point to a need for improved mold surface preparati
employee training, and intermediate inspection. This could not only improve the quality of the
girders, but also eliminate expenditure of time and labor to repair them. These preventative
measures could also help prevent future occurrences of lagegligfe the one that occurred on
Girder 5. It was fortunate that the defect occurred in a web near midspan where shear stresses are
lowest, reducing the severity of strength and stability impacts. However, had a similar defect
occurred in a more criticdbcation, the structural effect might have been severe, requiring much
more drastic repairs or even rejection and remanufacture.

3 Non-Destructive Live-Load Testing

3.1 Introduction

NDLLT is a method by which the isitu behavior of a bridge can be inferred and compared
with the behavior assumed in design and analysis. It is aestblished practice in bridge
engineering which has been codified in Manual for Bridge Evaluatiofi6] for the purpose of
improvement of capacity load rating. In the case of newly constructed bridges, NDLLT can also
be used to establish a behavioral blase for future evaluation, and to verify assumptions made
in design. NDLLT was conducted on the HGMB December 30 and 31, 2020 under a high
degree of vehicular livkoad. The data collected from this testing were used both to improve the
asdesigned rating factor (RF) of the bridge, and to examine its behavior relative to design
assumptions. Theressiit of testing all owed the bridgebs f|
its load distributive properties to be examined, and its overall stiffness to be compared with the
stiffness assumed in design.

3.2 Loading

As in previous NDLLT conducted in previostudieg[7,8] the HGMB was loaded by two
or four overloaded wheeltype dump trucks positioned in one of five loading scenarios. These
dump trucks were furnished by MaineDOT, and their individual wheel weights, tire contact areas,
and wheel bases were seged on site. Each truck had an average gross vehicle weight of 65.6
kip, for a total applied load of 262.5 kip with all trucks on the bridge. Two of theslks can be
seen in Figurd9. The specified truck positions and test runs were selected to m@xirament
applied to different parts of the bridge and t
Test naming convention follows the pattern: n-
Serieso denotes theotype ODALT@sas (@sBlSai néd MNAK.
denotes transverse truck position (1 = downstream, 2 = centered, and 3 = upstream), and
ARepetitiond denotes the repetition number wh

conduct ed. dries ofttebtg twé tBUIBKS wereplaced on the bridge with their tandem
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back wheels straddling the midspan | ine. I n
positioned on the bridge such that they were roughly equidistant from midspan in eack lane, a
close to midspan as possible. Finally, in the
the ASBSO configuration, with t hesibletethesfiisni ng t
two. Tablel shows each of these configurations graphicaild lists the Positions and repetitions

for each series, and Figure 20 presents an aerial photo of the MAX_1 1 test in progress.

Table 1: Explanation of Test Series

Test Series | Positions Run| Number of Tests Graphical Representatio
SBS 2 2 _ - - ]E/
1 1 [] | N} mm L}
MAX 2 2 : m — mm L] u
3 1 . A .
ALT 2 1 = ’; B

Figure 19: Wheeler Type Dump Trucks Used for Loading
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Figure 20: Aerial Photo of MAX_1 1 Test (Courtesy of Advanced Infrastructure Technologies)

3.3 Instrumentation

Instrumentation used to monitor bridge response during loading was again very similar to
that used in NDLLT performed in previous studjés3]. The response of the bridge to loading
was measured as straisingthe Wireless Structural Tesyg System (STSWVi-Fi) prodwced by
Bridge Diagnostics Inc. [9]This system uses a mobile base station to communicate with six nodes,
with four, full-bridge strain transducers connected to each node. Strain transducers measure strain
continuously during &s at a sampling rate of 10 Hz. The system communicates with a dedicated
laptop running BDispecific WIinSTS data acquisition software, which automatically performs
analog to digital signal conversion and rectification of voltage to strain data usingnbuilt
calibration factors. One of the 24 transducers useadgesting is shown in FiguZl mounted
under the bridge at mispan. A schematic of the eminetwork is shown in Figur22 including
strain and displacement sensors, wireless nodes, andi#edarding laptop.
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Figure 22 BDI STS-Wi-Fi Network Setup

Strain transducers were mounted under the bridge with the aid of @&D&ihUnder
Bridge Inspection Truck. The sensors were adhered to the girders using LOCTITE 410 toughened
instant adhesive with LOCTITE SF7453 accelerator. This forms a strong bond between the sensor

mounting tabs and girders within approximately 30 secoand,achieves full cure within 24

hours. It should be noted that because of the cold temperature (around 30°F) and smooth surface
of the girders, more holtime was needed to ensure secure adhesion than in previous applications

[7,8]. Despite this, the maryity of the sensors provided reliable data throughout testing, suggesting
a strong bnd had been achieved. Figut® shows the arrangement of sensors applied to each
girder at its midspan cros®ction. One sensor was located at the bottom flange, onecaded

on the web 20.25 in. above the bottom, and one on the web 40.5 in. above the bottom. Using three
sensors in this arrangement allowed linear distribution of strains through the cross section to be

veri fi

ed,

and

al | o we deutcahais heigha with ®dundanty. Veith then
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exception of Girder 1, which was instrumented only at midspan, each of the girders also had at
least one sensor applied to its bottom flange near the support. These sensors were applied to
identify unintended rd fixity, manifested as large negative girder end str&iigsire 24 presents

aplanvi ew schematic of the bridge showing the |
AMI Do, and ATOPO referring to the same vertic

'—‘ 5
TOP
20 "
MID ]
BOT 20 7"
J

Figure 23: Midspan Sensor Arrangement
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Figure 24: Plan View of Sensor Layout
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3.4 Results

From the strains measured during NDLLT (and described in greater detail below), updates to
the flexural RFs for each of the girders can be computed. Thestekiaghdated RFs are specified
by theManual for Bridge Evaluatiof6] asshown in Equation 1.
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YO YOp v — p Equationl
whereY'QO s the nominal RF (independently calcul at
calculation package}, is a factor accounting for the ability to extrapolate the results ofdag
testing to higheloads - is the predicted strain for a given test, anis the strain recorded during
testing (corrected to eliminate unintended fixity as discusded.la is taken equal to 0.5 to
account for the high degree of load applied, but uncertainty that the results can be extrapolated to
an applied load of 1.33 times FA3. This value 0b is conservative, but higher values (up to a
maximumof1.0)ma be j ust i fi ab lelasticcbehaviottofaillkdcRP6s | i near

The bridgeds noM™MiGn Bg. 1) weetcalcalaged bnaaagirdeyrgisder (
basis using nominal geometric and material properties. The controlling flexural failure mode was
determined to be rupture of the bottom flange in tension. Rather than usingpyfif@ture
criterion, wherein the bottom flange would be
l'imit state, the girder 06 somflangexamongplies reachingtheyyt h we
ultimate tensile strain. This results in a somewhat higher resistance than would be available using
fist-ply-failure as the glass fiber laminae do not drive down the failure strain of the entire laminate.
However, thiss more than adequately offset by the high degree of strength reduction AASHTO
requires for FRP bridge components. In this case, the nominal resistance of the girder is reduced
by 62%. In addition, during previous structural tesflg a similarly desiged girder was able to
withstand moment equivalent to 2.65 times AASHTO Strength 1 loading using the Maine
Modified HL93 truck. This compares quite well with the reciprocal of the product of strength
reduction factors, which equals 2.61.

To incorporatethe f f ect s of staged construction int
factor s, both the girderds resistance and t he
strainsin the bare girders or composite sections as appropifdtis.is cemonstratd in Equation
2. Eq. 2a gives the standard AASHTO [6] RF equation for flexural members, %hisréhe
appropriate strength reduction factor for bending,i s t he member 6s nomi nal
[, ,and’ are the load factors for dedmhd from structural components, ddadd from
nonstructural components, and Il@ad, respectivelyp ,0 , and0 are the deatbad
moment from structural components, the disdl moment from nestructuralcomponents, and
live-load moment, respectively, arf@is the liveload distribution factor. Using Eulkdernoulli
beam theorynd assuming linear elasticityhe moment applied to a beam can be expressed as the
curvature in the beaf@omputed as strattivided by the distance to the neutral dxiy multiplied
byt he gi r der 6 s OUlhigeis doneaskparatelygfor thads applied to the bare, pre
composite girder prior to curing and participation by the deck (including girdewsi]ht,
harging utilities, and weight of uncured concrete), and those applied to the composite girder
(including deadoad from curbs, sidewalk, railings, and wearing surface, andldaa).
Additionally, in anticipation of concrete shrinkage, a distinction is nisde/een the longerm

Page25 of 97



and shorterm composite section, wherein the deck effective width for thetknng section is
reduced and applied to composite dézatls. This is the same procedure as is used for composite
steel girder bridges [Gdnd leads to@mewhat moreconservative rating factors in comparison to
those for which this distinction is not made. It should be noted however, that the reduction in deck
effective widthused heravas calibrated specifically to steel girder bridges, and additional study
is needed to determine if the same reduction is appropriate for CT girders.

Equation 2b presents the final rating factor equation after moments have been transformed
to strains with appropriate flexural rigiditieshere-ge is the reduced ultimatersile strain of
the carbon | aminae i-n t &and- ¢ iamre thededbad sbrans ffomm f | a |
structural components before and after the deck curing, respectively, and- are the
deadload strains from nostructural components before and after deek curing, respectively,
and - is the extreme tension flange strain from {lgading. For live-loading, he Maine
Modified HL93 truck (whit is similar to the standard 9B with the truck/tandem load increals
by 25%) was used for inventolgvel rating and the standard HL93 loading for operaliéveg!
rating. To be consistent with standard load rating practice, AASHTO distribution factors (DFs)
were used for distribution of live load (as explained furtlgow), and nonstructural fixtures (i.e.
sidewalks, curbs, and railings) were assumed not to contribute any resistance.

%b) 0 0
yo 2 F S F Equation2a

YO Yo [ - - [ - - b

Table2 presents the nominal and updated flexural RFs for each girder at both the operating
(using the AASHTO HL93 truck and operating load factors) and inventory (using the Maine
modified HL93 truck and inventorigvel load factors) level#lthough the nominal rating factors
discounte them, calculated strains (in Eq.1) for exterior girders included the stiffening effects
of sidewal ks and curbs for consi st ermrdaeywit h t
apparent, the increases in RF are significant, with percent increases of 23%, 45%, and 60% for
Girder 1, the interior girders, and Girder 5, respectively.

Table 2: Comparison of Initial and Updated Flexural RFs

Rating Level Initial/Updated Girder 1 | Girder 2, 3, 4| Girder 5
Inventory (Maine Modified Initial 1.62 1.18 1.04
HL93 Loading) Updated 2.39 1.85 2.14
: . Initial 2.60 1.86 1.65
Operating (HL93 Loading) Updated 3.84 2.93 3.41
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3.5 Analysis of Test Data and Girder Behavior

The strains recorded duringlveoad testing were analyzed to
under loading, to update its flexuRdF, and as a benchmark for subsequent finite element analyses.
Strain data were recorded continuously throughout the cafirsach test. Plots of these strain
histories are provided in Appendix A. However, for these analyses the maximum strain recorded
in any girder by any sensor was selected as the representative point of interest, and the
corresponding strains from other sers at this point taken to complete the data set for the
particular test. The points of maximum strain are noted on the strain histories in Appendix A, as
well as the corresponding data sets.

Apart from some notable exceptions that will be thoroughlgudised later, trends in the
recorded strain data suggest that the bridge behaved much as would be expected under the applied
loading. When trucks were positioned closer to a particular girder, that girder was strained to a
greater degree than when trucksrevpositioned further away. In repeated tests (e.g. SBS_2_1 and
SBS 2 2, MAX 2 1 and MAX_2_2), measured strains were practically identithal,small
observedlifferences likely reflectingninor variation of truck position. In cases of similar truck
postion and increased load (e.g. the SBS_2 and MAX_2 tests), the increased recorded strains were
roughly proportional to the increase in load. Finally, the midspan strains measured through the
depth of each girder tended to confirm a linear distributionrafrstThe exception to this was
Girder 2, for which the midheight sensor consistently measured highanexpected strain. This
is assumed to result from either improper sensor bonding or sensor malfunction, as the girder did
not display any other behawithat deviated from that of the other girders.

The linear distribution of strains measured during testing allowed girder neutral axis
heights to be inferred and compared with theoretical heights based on transformed section analysis.
For this analysisthe integral sidewalk and curb were assumed to act compositely with their
respective girders. Additionally, neutral axis heights were calculated for each girder: one assuming
a concrete elastic modulus corresponding to the nominal compressive strengti)(40d one
using the modulus corresponding to the cylinder-¢esfirmed average concrete compressive
strength measured at 28 days (6.55 ksi). With the exception of Girder 2, the inferred neutral axis
heights from testing were taken as the averagghheietermined using the top and bottom, top
and middle, and bottom and middle sensoro6s st
tests to determine final, inferred neutral axis heights. These values are presented and compared
with the theoretial values in Table 3. As can be seen, in all cases the inferred neutral axis was
close to, but slightly higher than the corresponding theoretical neutral axis height using the
measured concrete strength. This indicates either that the deck was stiffexgkated, or that
the girder was more compliant than expected. As seen later, the second option is quite unlikely,
considering the inferred increase in flexural rigidity relative to the theoretical value. This stiffer
thanexpected deck may result paryafrom the concretehaving a higheelasticmodulus than
expectedbut may also be attributed in part to participation by-stonctural fixtures (for instance,
the wearing surface and guardrails).
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Table 3: Comparison of Theoreticd and Inferred Neutral Axis Heights

Calculation Method Neutral Axis Height above Bottom of Girder (in.)

Girder 1 Girder 2 Girder 3 Girder 4 Girder 5

Theoreticalg 81 "]  57.1 49.6 49.6 49.6 52.8

Theoreticalfe 8 1 7l 57.5 50.4 50.4 50.4 53.5

Top and Mid 77.6 138 48.8 48.4 61.4

Inferred Top and Bot 61.8 54.7 54.3 53.9 52.8

from Strains| Mid and Bot 58.3 49.6 55.9 55.9 51.2

Average 65.7 52.0 53.1 52.8 55.1

Al t hough the bridgebds behavigemeralgtended wpr eser
align with expedtions onesignificant observed deviatiomasthe negativéottom flangestrains
measured near girder ends. As can be seen in the data sets provided in Appendix A, significant
negative strains were measured at theegieshds with magnitudes tending to be between 20% and
40% of the strains measured at midspan, and up to 54% in some cases. These negative strains
suggest partial end fixity that is, girder ends were somewhat rotationally restrained but not
perfectly restained as would be provided by ideal clamped boundary conditions. Despite this
restraint being obviously present from the recorded strains, the bridge was designed assuming ideal
pin-roller boundary conditions. As this behavior is a major aberration foqreated, the causes
and effectavereinvestigated.

One possible cause of the apparent partial end restraint measured durlogditesting is
the buried approach slabs that are present at both ends of the bridge. These are showr2ih Figure
from the bridgeds original design drawings, W
into which the girders are embedded. The slabs are also connected to the backwall with inclined
dowels, indicating that at least somementcan be transferred ve¢en thentegral backwall and
slabh Despite being a real, measureable phenomenon durintpéidetesting, this end restraint
cannot be assumed to be present under all loading and environmental conditions, or to remain over
the full c o usHifespan.Additiandlly rotationaldegteidt tends to reduce strains at
midspan leading to higher ratios of computed to measured strains and thus greater increases to RFs
when modified based on nondestructive load testing, which is unconservativeisfeation, a
method was developed by which the effects of apparent rotational restraint could be eliminated
from the measurenhid-spanstrainsto better represent simpsupported conditions.
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Figure 25: As-designed Girder Endswith Approach Slab

The strains measured were assumed to be a superposition of negative end moments from the
restraint onto the structurebés simple span b
supported miespan strains could be recovered by agdneach girder 6s aver a
moments to their midspan moments. However, three problems exist which prevent this technique
from being implemented directly. First, although the total moment applied to the bridge in each
test (assuming simple suppsrtcould be calculated from the bridge span and known truck
dimensions and wheel weights, the proportion of total moment carried by each girder was not
equivalent to the proportion of total strain measured, and sodhaédual observed girder mid
span mments (and end moments) were unknown. Said differently, it was not necessarily true that
a girder strained twice as much as another carried twice the moment as the other. Second, although
the theoretical flexural rigidity of each girder could be calculatedt he gi rder s6é acHt
stiffnessesikely differedfrom the theoretical stiffnesses, and so test moments could not be directly
inferred from measured strainsing nominal section propertieBinally, because the flexural
rigidity of each girder wainot constant along its length due to bottom flangelpdps, measured
end strains could not be directly added to #span strains to eliminate them. Despite these
difficulties, the basic concept of adding end moments tegpah moment to find the sinyp
supported midspan moment could still be applied per the analysis detailed next.
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From basiclinearly elasticEulerBernoulli beam theory, the strainin a linearly elastic
beam under a certain momenf can be calculated as
0w .
- Equation3
00
wherewis the distance from the neutral axis (taken as the distance to the extreme tension fiber for
maximum strain), an@©®s t he b e agidysBy fedrranginogrEa3l the midspan and
average end moments due tdteads,0 and0 can be calculated as

N 00 :

U - = Equationd
W

. 00 :

v S S o Equation5

wheres sis the absolute value of the average of two measuggdtiveend strains in one girder
and- is the measureplositivemidspan strain.

At this point, it is assumed that the ratio
rigidity at midspan is the same for the girder under nominal design condisidmsraeasured, in
situ conditions during livdéoad testing. That is,

o9 0Q

W W i Equation6
This definition of the ratid allows Eqs4 and5 to be combined as
0 i0 %—S Equation7
and the simplysupported migspan moment to be expressed as
0 0 0 0 p i %_S Equation8

Assuming the ratio of simpigupported to measured rsgan strainequals the ratio of
simplysupported t o-spammeoment)theeedpéctednstrain at midspan under simply
supported conditions (that is, eliminating the observed rotational restraint) is determined as
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- - op g Equation9
It should be noted that in a few cases, the measured girder end strains were slightly positive, in
which case they were assumed equal to zero as they did not represent any effective end restraint.
Additionally, as will be seen later, prelimary finite element analyses indicate that the monolithic
backwall into which the girders were cast may provide some rotational fixity, although the amount
is unknown. If ths is the case, this fixity mightte reliableu pon t hr ough the brioc
proving this method of eliminating all fixity to be conservative.

Although this method is rational, it does required that strains at both ends of all girders be
known. However, strains were only measured at the West end of Girder 4, and no strains were
measured at either end of Girder 1. It was observed that the ratios of end strain to midspan strains
for each end of the bridge were roughly par al

predict the missing end strains for Girders 1 and 4, pacdomictions were fit to the ratios -

and plotted as shown in Figurg and27 for the east and west ends of the bridge, respectively.
Using these projected ratios, the missing end strains were calculated, again taking positive end
strains equala zero.

Projected Ratio of End Strain to Midspan Strain
Girder 1, Left End
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— — — Projected
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Figure 26: End-to-Midspan Strain Ratiosi East End
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Projected Ratio of End Strain to Midspan Strain
Girder 1, Right End
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\
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End to Midspan Strain Ratio
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7

Girder

Figure 27: End-to-Midspan Strain Ratiosi West End

Table 4 compares the strains measured at the bottom of girders at midspan with those corrected
to eliminate end restraint. As can be seen, the corrected strains are generally much larger than the
strains measured with the effect of rotational end restiogingp to a factor of two. This increase
in test strains helps to increase the conservatism in RF updates by significantly reducing the ratio
of predicted to measured strains. This also increases confidence in the resulting RF increase by
eliminating the #ects of end fixity, the reliable degree of which is unknown acannot
necessaripe relied upon at higher | oads or througt
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Table 4: Comparison of Measured and RestraitrCorrected Mid -Span Strain

Test Mi dspan Strain (0OU)
Girder 1 Girder 2 Girder 3 Girder 4 Girder 5

SBS 2 1 Measured 72.3 114 175 137 119

- Corrected 78.9 134 209 159 132

SBS 2 2 Measured 69.7 112 176 139 120

- Corrected 76.1 132 210 161 133

MAX 1 1 Measured 80.2 153 304 280 345

— = Corrected 87.6 166 346 320 372

Measured 125 198 318 238 208

MAX_2_1 Corrected 137 226 371 274 218

Measured 134 202 310 230 202

MAX_2_2 Corrected 147 230 360 263 211

Measured 207 251 303 165 104

MAX_3_1 Corrected 226 288 350 184 104

ALT 2 1 Measured 125 202 321 239. 206

—— Corrected 136 225 372 278 213
TheManual for Bridge Evaluatioflal | ows a bri dgebés RF to be wu

of nondestructive livdoad testing as was performed on the Hampden Grist Bfidge. To

accomplish this, the strains measured under a given loading are compared with the expected strains
under the same moment, using the AASHTO (2012) recommendelddigalistribution factors

(DFs). However, the expected strains must be calculeted ed on t hebuilsorr uctur
observed stiffness. Therefore, i n order- to ca
span flexural rigidity needed to be determined. The total shsyghported moment applied to

the bridge during eackest can be calculated by simple statics, and can then be expressed as the
sum of the moment carried by each individual girder or the corresponding strain multiplied by the
girderoés flexur al rigidity at the extreme ten

0 - Equation10

00
@
where Qs the girder number, counted from North to South. Because they are designed to be
identical, the flexural rigidities of the interior girdef@ ( cfolt are assumed equal. Additionally,

it can be assumed that the ratio of the flexural rigidities of exterior girders to interior girders using
nominal dimensions and moduli are equal to the ratios for the actual girders. These ratios, denoted
0 and0 , respectively can be inserted into EQ and the equation rearranged to give the actual
flexural rigidity at the extreme tension fiber of the interior girders
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Equationll

00 0
%) - - - - 0-

Table 5 compares the flexural rigidity of each girder determined through standard transformed
section analysis using nominal girder properties with the actual rigidities deterngied1d. It
is apparent that all girders of the bridge are muctestiffan they were designed to be, despite the
elimination of apparent end restraint. Increased girder rigidity reduces computed strains, which
will in turn reduce the corresponding updated RF.

Table 5: Extreme Tension Fiber FlexuralRigidities

P =
_Z
Analysis Method «
Iagor Test Girder 1 Girder 2,3,4 Girder 5
Transformed | e 81 i 1.83 1.33 1.54
Section B 8 i i 1.93 1.34 1.59
SBS_2_1 4.69 3.33 3.90
SBS_2_2 4.69 3.33 3.90
MAX_1_1 4.40 3.12 3.66
Equation 11 MAX_2_1 4.67 3.31 3.88
MAX_2_2 4.70 3.33 3.91
MAX_3_1 4.83 3.43 4.02
ALT 2 1 4.49 3.19 3.73

To assess the realism dthe large increasem girder rigidity, additional analyses were
performed to predict bridge deflectionader test livdoad which could be compared with the
deflections of the bridge measured during the live load tests. Before testing and during two specific
tests, SBS_2 2 and MAX_1_1, engineers from AIT took elevation measurements of the bridge
deck abovehe girders with a transit level and leveling rod. This allowed rough estimates of the
bridgebs average deflection to be computed
preferable to compare predictions for measured deflections under higher locllisagsthose
produced during tests using four trucks instead of two), the transverse positioning of trucks to one
side of the bridge during the MAX_1 1 test made comparison more complicated. Therefore,
deflection predictions were compared with the measdediéctions during the SBS_2_ 2 test.

The deflection of the bridge under SBS_2_2 loading was predicted by solving

QU 0 w

— Equation12
T OD q

as a boundary value problem using a finite difference approximation, wheres the average
deflection of the bridge at a distanaefrom the support) « is the moment at the poio
produced by SBS_ 2 2 loading, and is the negative moment resulting from the rotational fixity
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observed during testing. The flexural rigyd ‘O ‘@, of the bridge is taken as the sum of the

flexural rigidities of each girder, and is a functioncbof 0 account for ply dro
bottom flange 10 ft from either support. Simple boundary conditions were enforced at the supports,

and the problem was formulated and solved in MATLJAB], using its buikin boundary value

problem solverbvp4c

For comparison with measured deflections,
loading were predicted both with and without the constaeraf observed rotational fixity, and
using both the nominal (4.0 ksi) and measured (6.55 ksi) concrete compressive strength, for a total
of four analyses. The effect of rotational fixity was included using the average end strains recorded
in each girdetand the nominal flexural rigidity of each corresponding girder at its end. When
summed, these moments give in Eq.12, which was assumed independentwoTo neglect the
effects of observed rotational fixity was simply taken as zero with the rendr of the analysis
identical. Figure28 presents the results of these analyses and compares them with the average
deflection measured by Al&t midspanAs can be seen, the maximum deflections from each of
the predictions significantly exceeded the meagwaverage deflection, even when the effects of
rotational restraint were considered. This suggests that the overall bridge system is significantly
stiffer than nominal properties would indicate.

Comparison of Predicted Deflections
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fc = 6.55ksi - with Fixity
01¢F Inferred Stiffness \
® Average Measured Deflection
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Position (ft)
Figure 28 Comparison of predicted and Measured Deflections

I n addition to predicting overal/l defl ectio
an analysis was performed using the flexural rigidities inferred from testing and calculated with
Eg. 11 and given in Table SFor this analysis, rotational fixity was neglected (as the flexural
rigidities were computed after elimination of fixity from the measuredspah strains), and the
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ratio of girder end flexural rigidity to midspan flexural rigidity was assumed consistdted by

Eg. 6). The results of this analysis are also presented in FRfurAs can be seen, the average
measured deflection is undgredicted in this analysis. However, the difference between the
measured and maximum predicted deflections fordhalysis is smaller (in an absolute sense)

than the same difference for any of the predictions using nominal properties. Additionally, the
average measured deflection is based on only two measurements, one being from the center girder,
the girder that woual presumably have the highest deflection. With additional measurements, the
average measured deflection would likely decrease, further aligning the maximum predicted and
measureddeflections It must be mentioned that the measured deflections and thetfmedi
methods used are relatively crude, and so caution must be taken before using the numeric results
presented. However, in terms of general trends and comparisons, these results suggest that using
flexural rigidities that significantly exceed nominalwes is reasonable. Additionally, the use of
greater flexural rigidity reduces the increase to the girder RF inferred frordasbructive live

load testing per thlanual for Bridge Evaluatiof6]).

Using the inferred flexuratigidities calculated in Egll and additionally justified by
comparing predicted and measudaflections, the expected strainin each girder resulting from
test loading (and assuming simple boundary conditions) can then be determined as

Q0
‘00 Equationl3
0

G

where"Qis the AASHTO[3] DF calculated for the girder add  p for Q c¢loft.

In addition to updates in RF, the results of liwad testing can be used to estimate-live

|l oad distribution. AASHfla@dnsofobeHase of lisdpad hateant t h e
be applied to a particular girder. During testing, trucks werdiponed in discrete positions, which
may or may not have caused the absolute maxifuarioadto be carried by a particular girder.
For this reason, the estimation of kead implied by the results of testing are not DFs in the
strictestsenseandsoleav been call ed fAGirder Lane Fraction
are the number of lanes of loading carried by a particular girder under a particular loading scenario
and, when multiple loading scenarios are run along the width of a bridge, cartravesin live
|l oad distribution that can be used to assess
equal to or greater than the largest GLF observed for that girder. F6 thieder, the GLF is
calculated as

wmr GO - :

Ou OW Equation14
where the A20 in the numerator accounts for t
compares the AASHTO calculated DFs for each girder with the GLFs calculated in each test, with
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t he gi r der BFIn boldaface. Auismnigdiately apparent, the maximum GLFs of two

of the five girders exceeded the AASHTO specified DFs, indicating that the DFs used in design
were unconservative. For the remaining girders, the test GLFs are smaller than the dpEsified
However, as the difference is not very large, this does not preclude the true DF from being larger
than that specified. For the most heavily loaded interior girder, the AASHTO DF is 7.1% less than

the value inferred from testing, which indicates that AASHTO DFs are reasonable for interior
girder design, but somewhat wunconservative. I
were calculated assuming it to behaWwskSHBG> a col
Table 4.6.2.2.41 (castin-place concrete slab on precast concrete box beams) and with the
corresponding equations from Tables 4.6.2.2.2ind 4.6.2.2.24 [2]. Presumabl y, the
stiffness would align more cl osely -wplachh t hat
concrete slab on steel box beams), but the bl
design lanes to number of girders) precludes the use of the corresponding equations from
AASHTO Tables 4.6.2.2.2h and 4.6.2.2.24.

Table 6: Comparison of AASHTO DFs and Test Computed GLFs

Test Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
AASHTO 0.286 0.601 0.601 0.601 0.609
SBS 2 1 0.289 0.349 0.544 0.414 0.404
SBS 2 2 0.280 0.344 0.549 0.421 0.406
MAX 1 1 0.177 0.238 0.498 0.460 0.626
MAX 2 1 0.292 0.343 0.564 0.415 0.387
MAX 2 2 0.317 0.352 0.550 0.403 0.379
MAX 3 1 0.504 0.457 0.555 0.292 0.192
ALT 2 1 0.292 0.342 0.565 0.422 0.379

As seen in Table 6, the predicted AASHID DF for Girder 1 was much smaller than the
corresponding GLF computed for the MAX 3 1 test. Without additional contexhrthgsinto
guestion this girderds rating and design. Ho\
concern. The distancetbreve en t he center of Girder 10s ext «
sidewalk (denote@® by AASHTO) is slightly over 4 ft, taken as negative because the face of the
curb is inboard of the exterior web. Using AASHTO Table 4.6.212 this bridge mostlosely
resembles a type Aco superstructure (Aconcret
4.6.2.2.2d1, a negativéQ eliminates this girder from being described by the corresponding
AASHTO exterior DF equations, meaning that DF must be ke by the lever rule with the
hinge placed at Girder 2. Accordingly, and due to the relatively close girder spacing, only a single
wheel line (half of a lane) of load is applied, leading to a low calculated DF, even whelatiee 1
multiple presence faaor is applied.

During the MAX_3_1 test, trucks were positioned transversely to maximize the load
applied to Girders 1 and 2. The center of the wheel line placed nearest to Girder 1 was about 22
in. from the inside edge of the sidewalk, 2 in. closer theaminimum specified by AASHTO and
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slightly increasing the leveule-calculated DF. More importantly however, the hinge at Girder 2
assumed in the leveule is fictitious and far from the actual behavior exhibited by the bridge. A
significant portion bthe load applied over Girder 2 was also distributed to Girder 1, increasing

the GLF above that which it would have carried if the hinge did actually exist. A final consideration

is that in the design documentation, a single DF was calculated for us¢ho@ilders 1 and 5.

This DF, reported as 0.613 exceeds the marinGLF for Girder 1 and confirmish at t he gi r c
design is in fact adequate. This being said, &
is warranted, and will be addressedhnsubsequent finite element analyses.

4 Finite Element Analysis

4.1 Introduction

The finite element (FE) method is a powerful numerical technique that allows the efficient
analysis of complex structures. It considers a structure as an assemblage of disiete, fi
elements, and, by minimizing their total potential enéngy linearly elastic analysis) or through
satisfying virtual work principles (linear or nonlinearalsis), can be used to predict internal and
external load effects with a high degree aftaacy depending on the level of detail a model uses.

In practice, bridge FE analyses tend to be simpliptiayiding the primarypenefitof improving
thepredi ction of | oad distribution. However, as
behaior can be represented more closely, to the point at which behavior measured dwring live

load testing can be accurately emulated and so investigated further. The HGMB was modeled and
analyzed using the FE method for the purpose of increasing understahd#lgehavior.

4.2 Modeling

The FE models used in this study were constructed in, and analyzed with the commercial FE
software, ABAQUS [11] to take advantage of its sophisticated modeling and analysis

environment s, i t s avai lritybTihd modes, wera mghly defailed, aut h
explicitly incorporating most of the components that could be reasonably assumed to contribute to
the structurebds response in a significant way.

top plates (which sgn the girders top flanges, creating a closed section), concrete backwalls, deck,
wearing surface, curb and sidewalk, and railings.

Concrete components (deck, sidewalk and curb, and backwalls), as well as asphalt
components (wearing surface) were modalgdd C3DR20 threalimensional, quadratic, 2@ode,
reduced integration brick elements with three degrees of freedom per node. These were assigned
isotropic, I|linearly elastic constitutive beha
and unibrm mass density. FRP components (girder and top plates) and the steel components
making up the bridgeds r ai-dimemsignal, queeratie-8ote d el e d
reduced integration shell elements with six degrees of freedom per node. Likentrete
components, the steel components were modeled as linear elastic and isotropic. However, the
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constitutive models of the FRP components were much more complex due to their inherent
orthotropy. The top plates were given a single, uniform orthotramstitutive model based on

properties reported by the manufacturer, with material coordinates assumed to be aligned with the

pl atesd axes. The girders were much more com
materials, thicknesses, and orientasionith each ply being orthotropic relative to its own material

axes. Fortunately, ABAQUS allows most shell elements to be assigned laminafss Jayhich

explicitly incorporate a |l aminab6s constitutiwv
assembl es them together when assigning an e
constitutive definition, the el ements making

bottom flanges were assigned their own specific laminate propertiesidition, two separate

laminates were defined for and assigned to bottom flanges (for the ends and for the center portion

of the girder) to account for ply drops incorpothient o t he act ual girder saé
reinforcing bar embedded withithe deck was explicitly modeled as B31 thdamensional,

linear, 2node beam elements with six degrees of freedom per node. These were assigned
geometric properties corresponding to the particular rebar section and elastic constitutive behavior.

A fully meshed model can be seen in Fig2@e

Figure 29: Meshed FE Model

In total, the models each contained around 160,000 elements and 339,000 nodes. The mesh
density of different components was determined by a convergence study, which tracked maximum
vertical deflection as a function of number of elements. The resultssofttidy can be seen in
Figure30. It should be noted that the number of elements determined from this convergence study
did not include the elements making up the wearing surface, deck reinforcement, or rails, which
contribute the remaining elements. Aduially, although it appears that deflection does not
converge when increasing the number of elements in the backwalls, a large number of data points
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exist at the end with very little increase in deflectiandthe scale of the plot makes these hard to
see.

Grist Mill Bridge FE Convergence

0.728 T
0.726 - Backwalls\ i
T 0724t 1
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©
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g Girder Top Plates
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Figure 30: Mesh Refinement Convergence Study

In general, the various components of the modele connectedgidly using tie constraints.
These constraints kinematically couple the degrees of freedom of the nodes on adjdaees
such that they act perfectly adhered. The exception to this was the connection between the girders
and the backwall, and the rebar within the
constraint, which mimics the behavior of one material emtcaghin another (such as reinforcing
bar encased within concrete). Global stability was enforced by assigning appropriate boundary
conditions along the girdersdé bearing center/l
assigned translational resint in all directions, whereas the opposite side was assigned
translational restraint in the transverse and vertical directions. This effectively produced the
simple-support conditions for which the bridge was designed.

Load was applied in two separate lesidps; a deatbad and a livdoad step. In the dead
load step, uniform gravitational acceleration was applied to the entire model which, when acting

on individual mat eri al s® ma stien ofldeadsad weyghtdrp p | i e d
the subsequent livieading step, load was applied to mimic that from the load applied during
individual livel oad tests. Using trucksd® measured whee
and positions on the bridge, theeas of the wearing surface components were partitioned and
appropriate surface tractions were applied an

tire contact pressure. Both load steps were solved with a standard Neaybson solution
algoiithm, with the results of the first loegtep propagating to the beginning of the next. Separate
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load-steps were used because the analyses considered geometric nonlinearity, and thus the
principle of superposition could not be applied. Geometric nonlibearas considered to better
account for the bridgebds actual c o,malthough ons a
deformations were small and the response was likely not significantly impacted by geometric
nonlinearitieslt is possible that additial accuracy could be achieved by explicitly considering

the effects of staged construction within the model formulation. However, incorporating these
effects would be quite complex and would likely increase solution time and probability -of non
convergence

4.3 Model Calibration

After having created the FE models, develdan appropriate mesh, and vadtheir basic
functionality and solution, the process of calibration against the measured behavior of the HGMB
beganln its initial state, the model predictéive-load strains which significantly exceeded those
measured during load testing. In addition, the base models predicted some rotational fixity at girder
ends as indicated by larger strains being predicted higher up in the section than at the extreme
battom fiber. This small negative fixity was likely a result of restraint from the backwall. The area
at which this apparent fixity was detected, as well and its proximity to the backwall can be seen in
Figure 7.3. However, this fixity was much less pronaghthan that measured during liad
testing, suggesting additional factors and sources needed to be included in the models. For these
reasons, calibration focused mainly on factors that could lead to an increase in overall stiffness
and/or add rotatiomaestraint to girder ends.

»

Region offixity

Backwall

Figure 31: FE Predicted Minor Rotational Restraint from Backwall

The initial changes made to the model focused on increasing its overall stiffness so as to
bring predicted strains into closer alignment with measured strains before examining end fixity.
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This began by updating some of the nominal elastic moduli usefietict raeasured, more realistic
values. The initial | ongitudinal modul us used
was 14,400 ksi as reported by the manufac{di@r However, coupon testing of infused samples

of the same material yielddongitudnal moduli of up to 15,000 ksi [13jnd so this modulus was
used. I n addition, concrete cylinders <cast (
periodically for concrete quality constiveol . At
strengths ranged between 5.87 and 7.85 ksi, corresponding with elastic moduli ranging between
4,410 and 5,090 kgB], significantly greater than the nominal 4 ksi and 3,640 ksi compressive
strength and elastic modulus, respectively. To maximizetifiensng effect, an elastic modulus

of 7,850 ksi was used. These changes led to a reduction in predicted longitudinal strain as desired,
but additional calibration was required to further reduce them and to address girder end strains.

As previously mentioed, a possible source sbme ofthe measured end fixity wdke
approach sl ab bear i ng -walls whicth eouldbhaveabglieddead gi r d e
eccentrically to the girder ends, inducing a negative end moment. This was incorporated by
discretelymd el i ng t he backwall 06s | edge and applying
slab and overlying soil and pavement. Because the approach slab would be continuously supported
(by either the backwall ledge or underlying soil), the magnitude of tp&edptraction was
unknown. Therefore, initially, two extreme cases were examined: the minimum case of the ledge
carrying only the force from the material directly above it, and the case of all load being carried.
However, neither case resultechigithera significant decrease in midspan strains,amincrease
in negative girder end strains. Therefore, alternative methods of incorporating end fixity were
explored.

The next possibility explored for simulating the end fixity measured duringdaet testng
was the incorporation of discrete spring elements into the model. Initially, linear translational
spring elements were added to the girdersd en
These elements added axial restraint to the girdershwhbigdd be varied from no restraint to near
complete translational fixity (e.g. pmoller boundary conditions to pipin conditions). Each
girderdés spring was assigned identical spring
were performedvith increasing values of spring stiffnefsgures32 and33 present the locations
of springs in these and subsequent analyses where they were applied to the model. Here, the
girders, deck, and backwall are colored green, red, and blue respectively rargs sppe
represented as triangléhese are further described in Table 7. In these first analyses, only Type
1 springs were used

Page42 of 97



Figure 32: Locations of Spring Elementsi Bottom View

Figure 33: Locations of Spring Elements Side View
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Table 7: Description of Restraining Spring Elements

Name Description & Location Symbol in Figure82 & 33
Linear spring at girder ends, centered on bottom fla .

Type 1 at supportresists longitudinal motion of girder Orange triangle

Linear spring at girder ends, centered on top of de
Type 2 | above girder centerline, resists longitudinal motion Green triangle
girder

Springs on backwall base, in pairs resisting rotatior :

Type 3 the backwall Purple triangle

Figure34 presents the error between predicted and measured strains using increasing spring
stiffness for midspan strains, girders end strains, and a combination of the two for spring stiffnesses
ranging from zero to effectively infinitdhese were determined as

ai¢é¢is - S Equationl5

where- is the strain predicted by the FE model, is the corresponding strain
measured during livébad testing, and the doublars indicate the Euclidian norm-(@rm). As

can be seen, each increase in spring stiffness led to a corresponding increase in accuracy for
predicted midspan strains, while a minimum error exists at girder ends and for the model as a
whole. This minimum eor occurs for a spring stiffness of around 731 kip/in, roughly midway
between negligible and (effectively) full restraint. This behavior can possibly be attributed to the
effects of shealag, as the locations of measured girder end strain were quigetcltee locations

of longitudinal springs.
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Figure 34: Error in Strain Prediction with Single, Discrete Type 1Spring Elements

While the addition and manual tuning of single, linear spring elements to girder bottom flanges
resulted in iIimprovements to the model 6s strai
error remained relatively high. Therefore, alternative methodscofporating partial girder end
fixity were investigated which had the potential to further improve these predictions. Initially, it
was hypothesized that the previously used linear springs at girder bottom flanges could be replaced
with rotational springear r anged t o act at girdersé neutral
rotational restraint without inducingshdarma g ef f ect s or pl acing undue
bottom flanges. The | ocation of n opflanges/Jso axes
rotational springs were applied in these locations. However, this method proved either detrimental
for the solver, or simply unsuccessful. Because of the various constraint functions used to
kinematically couple the girders, top plates, dmatkwalls, the introduction of additional
constraints to the degrees of freedom of the top flanges at girder ends led to solution errors and
simulation terminationThe over-constraint problems could not be solved by moving the springs
to less highly reséined regions of the upper flangdowever, lecause of its relatively flexible
behavior, the upper flange was only affected locally by the rotational springs, with negligible
effects felt throughout the rest of the girder. For this reason, two addititarabtéives were sought
and tested.

Although introducing discrete rotational springs did not provide the desired restraining effects,
the concept itself was not immediately abandoned. Rather, the concept was modified such that its
effect could still be used. To this end, rather than usiagrelie rotational springs at the neutral
axi s, tandem springs were incorporated, one a
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deck above each girdetich could produce eouple.This scheme used both Type 1 and Type 2
springs which were assigiheequal stiffnessesAlthough this restraint method could not fully
eliminate the shedag effect, its severity was reduced by inducing a more even distribution of
stress into the girders. As before, all springs were assigned a uniform stiffness, wsicried

across numerous simulation runs from zero to essentially infinite stiffness to find the most
appropriate stiffness value. In addition, the horizontal restraint boundary conditions initially placed

at one end of each girder were removed, as plapngg elements at both sides of a girder ensured
adequate horizontal stability. FiguBgpresents the erraalculated with Eg. 16etween measured

and predicted strains using this restraint method for strains at midspan, girder ends, and girders as
a whole.

Error in Predicted Strains
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Figure 35: Error in Strain Prediction with Equal, Paired, Discrete Spring Elements

An additional met hod explored for introduci
was to simulate rotat i on a lThisrwassatconglisimet byfaddiogn t h e
Type 3 springslinear spring elements to the bottom of the baclsyathichacted in the vertical
direction.These are represented by the purple triangles in Fig@rasd33. The springs forward
of the centerlineof-bearing would apply upward forces to the backwall (and by extension the
girders), and the springs behiwduld apply downward forces, both proportional to their distance
from centerlineof-bearing. Again, springs were provided uniform stiffnesses, with stiffness
changed across numerous analysis runs. Figarpresents the errocalculated with Eq. 15
resuling from each of these increases in spring stiffness. As can be seen from Figames33
addition of pairs of rotational springs and distributed backwall springs resulted in similar minimum
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total error between FEA predicted and measured strain€) Z8ith 1,700 kip/in springs and 240
OU with 2,250 kip/in springs respectively.
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Figure 36: Error in Strain Prediction with Distributed Spring Elements

As a final attempt to reduce the error in predicted strain relative to measuredtstnase, of
Type 1 and 2 springs was again investigatéalwever, rather than remaining equal, the stiffness
of both typeswere allowed to vary from one anoth&his wa done so that both the magnitude
and vertical position of the couple formed could be tuned simultaneously. Rather than adjusting
the two variables (upper and lower spring stiffness) manually, a nonlinear optimization algorithm
was employed. This algorithma gradienfree, interiofpoint trustregion method[14], was
implemented within MATLAB[10] with its builtin function fminsearch The algorithm was
configured to run simulations automatically, altering the spring stiffnesses used in each run by
updatirg the prewritten input file, and used as its objective function the minimization of the square
root of the sum of the errors between predicted and measured strains. The initial values were based
on stiffnesses leading to low midspan and gheled straings shown in Figurg5. However, after
several iterations of the algorithm, it became clear that this particular optimization implementation
was unlikely to lead to significant increases in accuracy of predicted strains. The algorithm
converged (to within a practical level algision) to a constant total error equal to that of the best
case implementation of equal springs (around @37and little significant further improvement
seemed likely. Therefore, the final, calibrated model was taken as the one Tgpgyl and 2
spiingswith a stiffness of 1,700 kip/in. This configuration and stiffness of springs was then applied
to the models whose loadings represented the other tests conducted on the HGMB, with all other
parameters and previous calibration variables kept constant.
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4.4 Results

With the final calibration efforts applied to the models representing eactioédetest
conducted on the HGMB, the analyses were conducted and the resulting strains (at the locations
they were recorded during testing) were recovered. Becaubeatialn focused on the results of
one test (MAX_2 1), the resulting accuracies are varied, but in general, the agreement between
tests and models increased significantly betvirese, urcalibrated modeland calibrated models.
Tables8 through ¥ comparethe strains measured during each test to those predicted by the
corresponding wealibrated and calibrated FE models. In addition, Tabuinmarizes the sum
of-squares error between measured and predicted strains for each test before and aftencalibratio
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Table 8: Comparison of Measured,FE Un-calibrated, and FE Calibrated Strainsi SBS 2 1
Measured (OU)

Location Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Top 25.6 33.6 49.0 38.1 28.5
Mid 54.1 102 105 82.1 79.5
Bot 72.3 114 175 137 119

Left End - -61.6 -79.6 - -39.3

Right End - -34.2 -81.2 -67.3 -17.6

FEiUncal i brated (0OU0)

Location Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Top 60.9 78.5 84.0 77.2 56.4
Mid 122 164 187 183 137
Bot 178 27 284 280 223

Left End - 58.6 30.0 - 114

Right End - 62.5 44.9 45.7 65.7

FEiCal i brated (0OU)

Location Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Top 41.6 57.3 64.2 57.5 38.6
Mid 84.2 121 143 138 94.6
Bot 122 173 215 211 156

Left End - -52.4 -82.0 - -40.7

Right End - -50.9 -81.1 -80.0 -42.6

Table 9: Comparison of Measured, Uncalibrated, and Calibrated Strainsi SBS 2 2

Measured (OU)

Location Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Top 24.3 32.3 49.7 39.2 29.0
Mid 52.3 99.9 107 83.6 80.9
Bot 69.7 112 176 139 120

Left End - -59.2 -79.6 - -37.9

Right End - -33.4 -81.1 -67.6 -17.0

FEiUncal i brated (0OU0)

Location Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Top 58.2 76.4 83.0 76.3 56.7
Mid 117 163 183 182 137
Bot 171 234 286 281 223

Left End - 61.2 26.5 - 111

Right End - 63.8 42.7 45.6 65.9

FEiCal i brated (0OU0)

Location Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Top 39.6 56.7 63.7 57.3 38.8
Mid 79.9 121 144 138 95.2
Bot 116 171 217 212 157

Left End - -50.4 -83.4 - -41.0

Right End - -49.1 -83.2 -80.3 -42.6

Page49 of 97




Table 10: Comparison of Measured, Uncalibrated, and Calibrated Strainsi MAX 1 1

Measured (OU)

Location Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Top 26.0 32.0 73.7 64.7 78.9
Mid 57.6 118 167 160 227
Bot 80.2 153 304 280 345

Left End - -24.0 -84.0 - -67.6

Right End - -35.4 -113 -111 -40.3

FEiUncal i brated (0OU0)

Location Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Top 78.4 94.8 119 128 137
Mid 158 219 29% 326 335
Bot 233 333 462 526 528

Left End - 226 113 - 114

Right End - 139 105 85.8 73.0

FEiCal i brated (0OU)

Location Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Top 42.8 59.0 82.0 92.8 103
Mid 90.2 144 214 244 251
Bot 134 220 336 395 395

Left End - -33.6 -112 - -121

Right End - -54.0 -131 -169 -160

Table 11. Comparison of Measured, Uncalibrated, and Calibrated Strainsi MAX_2 1

Measured (OU)

Location Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Top 42.6 49.9 77.4 55.3 47.4
Mid 92.9 167 186 136 140
Bot 125 198 318 238 208

Left End - -73.6 -112 - -30.5

Right End - -55.0 -138 -102 -8.7

FEiUncal i brated (0OU0)

Location Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Top 108 119 121 108 95.0
Mid 218 270 302 282 230
Bot 321 411 479 455 365

Left End - 125 68.6 - 255

Right End - 112 80.5 84.7 132

FEiCal i brated (0OU0)

Location Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Top 72.2 83.2 87.2 73.5 59.0
Mid 149 195 224 205 152
Bot 219 297 356 332 245

Left End - -80.7 -138 - -48.3

Right End - -94.1 -147 -140 -61.2
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Table 12: Comparison of Measured, Uncalibrated, and Calibrated Strainsi MAX 2 2

Measured (OU)

Location Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Top 46.4 53.0 75.6 54.1 46.5
Mid 99.3 170 181 132 136
Bot 134 202 310 230 202

Left End - -76.5 -106 - -30.5

Right End - -52.7 -126 -92.1 -6.60

FEiUncal i brated (0OU0)

Location Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Top 109 117 124 110 95.2
Mid 221 272 308 286 231
Bot 326 417 487 460 366

Left End - 120 64.4 - 256

Right End - 118 85.2 87.2 135

FEiCal i brated (0OU)

Location Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Top 73.8 81.3 88.8 75.0 59.1
Mid 152 196 228 208 152
Bot 223 300 362 335 245

Left End - -85.2 -142 - -49.6

Right End - -92.1 -146 -141 -60.1

Table 13: Comparison of Measured, Uncalibrated, and Calibrated Strainsi MAX_3 1

Measured (OU)

Location Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Top 71.6 67.5 72.3 41.9 22.8
Mid 14 214 180 95.2 71.4
Bot 207 251 303 165 14

Left End - -118 -110 - 3.00

Right End - -57.5 -108 -47.0 17.9

FEiUncal i brated (0OU0)

Location Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Top 116 124 138 112 81.9
Mid 237 312 316 274 197
Bot 351 433 484 433 315

Left End - 94.3 54.1 - 303

Right End - 110 76.3 88.7 142

FEiCal i brated (0OU0)

Location Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Top 80.6 87.3 102 77.0 44.8
Mid 167 206 235 197 121
Bot 247 317 361 312 199

Left End - -95.6 -146 - -21.8

Right End - -102 -148 -126 -35.4
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Table 14: Comparison of Measured, Uncalibrated, and Calibrated Strainsi ALT 2 1

Measured (OU)

Location Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Top 43.3 46.2 76.6 55.6 45.6
Mid 91.2 164 183 137 135
Bot 124 202 321 239 206

Left End - -53.3 -93.0 - -14.5

Right End - -54.0 -144 -114 -13.7

FEiUncal i brated (0OU0)

Location Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Top 102 127 147 114 96.7
Mid 206 263 311 285 228
Bot 29% 382 465 451 361

Left End - 173 14 - 290

Right End - 88.2 48.3 56.5 102

FEiCal i brated (0OU)

Location Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
Top 63.7 82.6 98.8 83.9 58.8
Mid 132 183 226 210 150
Bot 196 270 343 329 243

Left End - -42.1 -104 - -22.7

Right End - -106 -164 -155 -81.0

Table 15: Summary of Error in FE Predicted Strains
Test Error Before Calibrationu) Error After Calibration |(¥)
SBS 2 1 477 48.3
SBS 2 2 471 48.3
MAX 1 786 252
MAX 1 799 227
MAX 2 2 803 241
MAX 3 1 801 275
ALT 2 1 781 207

The comparisons presented in the preceding tables clearly demonstrate that the final

cal i

brati

on

scheme

used

resul

t ed

n a

signi fi

strains accurately when compaiagghinst liveload test measurements. Errors in predicted strains
were reduced by minimum of66%, with the largestmprovements occurring for the strains
predicted at girder ends. This suggeistégnot only was the rotational restraint measured at girder
endssignificant and due to more factors than the presence of the integral backwalbatoaleo

that inclusion of tandem spring elements at girder ends in a FE model reasonably and consistently
accounts for this restraint.
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4.5 Behavior Inferred from FE Maels

The midspan strains predicted by the calibr
(relative to the bottom of the section) to be calculated. For each girder and each test, three heights
were calculated using the predicted straingesponding to those measured at the bottom and
mid-height, bottom and top, and rAmight and top of the girders, and then averaged to get their
final values. These are presented in Tablealong with the overall average height for each girder.
Interestingly, Girder 5 was predicted to have the lowest average neutral axis height, despite the
presence of the overlying curb. This is also stands in contrast to the neutral axis heights predicted
by theoretical calculations and inferred from measured steaisesented in Table 3, in which
Girder 506s neutral axis was consistently high

Table 16: FE Predicted Neutral Axis Heights

Test Neutral Axis Height above Bottom of Girder (in.)
Girder1 Girder 2 Girder 3 Girder 4 Girder 5

SBS 2 1 62.2 62.4 58.3 56.5 53.3

SBS 2 2 62.5 62.8 57.9 56.2 53.3

MAX 1 1 60.3 56.3 54.1 52.9 55.0

MAX 2 1 61.0 57.0 53.9 52.2 53.4

MAX 2 2 61.2 56.2 53.9 52.4 53.3

MAX 3 1 62.2 62.4 58.3 56.5 53.3

ALT 2 1 60.5 59.5 57.5 54.7 53.3

Average 61.4 59.5 56.3 54.5 53.6
Relative to: Percent Error

Theoretical|, 8 7 6.9 18.1 11.7 8.1 0.0

NA Inferred from Strains 2.6 14.5 5.9 3.3 -2.8

Numerically, the neutral axis height predicted for Girder 5 wlase to that inferred from
live-load test strains, and practically identical to the theoretical height using a concrete
compressive strength of 6.55 ks seen in Table6l Additionally, the neutral axis height for
Girder 1 is also numerically accurafénis suggests that some factor has been introduced into the
models, which has raised the predicted neutral axis heights of the interior girders unrealistically.
A possible cause is the wearing surface, which was assumed to act fully compositely witk the de
with an elastic modulus of 2,000 ksi considering the ambient temperature duriaatiMesting
around 30F [15]. As the wearing surface spans across the full effective width of the interior girders
and not the exterior girders, any stiffening efiechay have had would affect the interior girders
more than the exterior girders, possibly raising their neutral axes artificially high. This was tested
by significantly reducing the wearing surface
small nonzero value to avoid numerical problems) and rerunning an analysis. Tgiesknts
the neutral axis heights calculated from this analysis, along with the percent error relative to those
from live-load testing. As can be seen, this change had wignif beneficial effects for the
predicted neutral axis heights of Girders 1, 2, and 3, and detrimental effects for Girders 4 and 5.
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This suggests that the wearing surface may play a part in the differences in between measured and
predicted neutral axis tght, but that simply reducing its stiffness will not lead to a uniform
improvement in prediction. However, a thorough investigation of this would fall outside the scope

of this study.

Table 17: Effect of Reducing Wearing Surface Sffness on Neutral Axis Heights

Neutral Axis Height (in.)
Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
60.4 56.0 52.5 50.9 51.3
Percent Error Relative to Inferred Strains
Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
0.96 7.67 -1.22 -3.48 -6.96

In addition to strains, many other measures of bridge and girder behavior could be extracted
directly from the results of FBnalyses. For instance, Taldl@ presents the midspan Inead
deflection predicted for each girder during each test. In a simggito the calculated neutral axis
heights, these deflections describe a stiffer response than predicted by theoretical analysis or
measured during livbad testing. This stiffethan measured response is likely due to a
combination of factors, among tinehe use of spring elements to improve the overall accuracy of
predicted strains, and the remaining uncertain overall contribution of the wearing surface and
elastic moduli of individual components.

Table 18: FE Predicted Midspan Deflection

Test Midspan Deflection (in.)

Girder 1 Girder 2 Girder 3 Girder 4 Girder 5
SBS 2 1 0.185 0.254 0.307 0.304 0.246
SBS 2 2 0.177 0.252 0.310 0.306 0.245
MAX 1 1 0.211 0.358 0.532 0.630 0.642
MAX 2 1 0.342 0.468 0.559 0.535 0.416
MAX 2 2 0.347 0.474 0.565 0.539 0.417
MAX 3 1 0.385 0.502 0.568 0.499 0.343
ALT 2 1 0.317 0.446 0.550 0.530 0.411

An important result of FE bridge analysis is a more realistic prediction of load distribution
than is available through conventionallimensional analysis. The results available from the final,
calibrated FE models allowed moment distribution to be asdessd compared with the results
of live-load testing. The longitudinal strains predicted at midspan were used to compute girder
lane fractions (GLFs) much the same way as was done with strains measured dutivaglive
testing. These were computed usim&tion 14, keeping the valuesibfconstant for comparison
with the previously computed GLFs.

Pageb4 of 97



GLFs calculated from the results of FE analyses for each girder during each test are
presented in Table 19 along with the average GLF for each girder. O fisedicted by FE
analyses indicate a much more uniform distribution of moment than was inferred freloalive
testing as presented in Table 6. In general;lthagl testing indicated that Girder 3, the central,
interior girder, carried significantly me load than other girders regardless of the testing
configuration and that the bridge experienced a high sensitivity to horizontal load position. In
contrast, the FE predicted GLF for Girder 3 is much less dominant, with GLFs between 16% and
20% smallerhian had been inferred. The opposite was true for Girder 1, for which FE analyses
predicted 12 to 34% higher GLFs than were inferred fromlbae testing. However, the general
trends in distribution were similar. For cases in which load was concentoatee tside of the
bridge (MAX_1 1 and MAX_3 1), the GLFs from that side of the bridge tended to increase. This
indicates that the model gives reasonable prediction ofldae distribution in general, but
distributes too much moment to Girder 1 and tttelio Girder 3. It is also useful to note that the
average predicted GLFs show the AASHTO design DFs to be very conservative, for interior
girders, reasonably accurate for Girder 5, and unconservative for Girder 1.

Table 19: FE Predicted GLFs

Test - - .GLF . .
Girder 1 Girder 2 Girder 3 Girder 4 Girder 5

SBS 2 1 0.361 0.363 0.451 0.442 0.382
SBS 2 2 0.344 0.361 0.459 0.448 0.387
MAX 1 1 0.235 0.274 0.420 0.493 0.578
MAX 2 1 0.391 0.375 0.451 0.420 0.363
MAX 2 2 0.392 0.376 0.453 0.420 0.359
MAX 3 1 0.443 0.404 0.459 0.397 0.297
ALT 2 1 0.367 0.359 0.456 0.438 0.379
Average 0.362 0.359 0.450 0.437 0.392
AASHTODFs 0.286 0.601 0.601 0.601 0.609

5 Conclusions

As a newly built structure, the Hampden Grist Mill Bridge offerashajue opportunity to
capture data from before, during, and after construciibese data can act as a baseline for future
load tests conducted to identibng-term deterioration or damage. However, as the first of its kind
in the nation, these data calso be used to inform the design, manufacture, and construction of
future CT girder bridges. Through observation of manufacturing and construction, challenges that
arose were identified that can be avoided or fixed during future design and construction.

The amount of time and effort used in form design and manufacture, layup, and defect repair
show that standardizationimportant fortheCT gi rder bri dgesd Chait ur e
way to mitigate these costs would be tneaton of a catalog of mndardsized girders laid on
standardized molds, or adjustable molds for de@spoke girders, thus reducing this effort on each
bridge.Additional methods of cambering girders for specific geometries might also be required,
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and cambering techniques thanploy girder selveight, posttensioning, or application of
external loads during deck casting are worthy of explora#éaiditionally, the time taken for
manufacture of each girder and the defects found on each highlight the need for more efficient,
stendardized manufacturing processes to be put into place. From observations of construction of
the HGMB, it can be concluded that the CT girder system is well suited to the construction
practices used for conventional superstructures. Neglecting the extgnistumstances of the
project due to theCOVID-19 global pandemic andesulting delays, construction of the
superstructure proceeded rapidly and without incident.cbnstructioncontractor workd with

the system quite efficiently despite its novelihis suggests that the CT girdemeasilyreplae
conventional superstructuresth little change or special consideration on the construction side.

The results of livdoad testing indicate that the HGMB specifically, and perhapgi@ier
superstructwe bridges in general, behave differently from equivalent, conventional superstructure
bridges. This leads to some particutaonclusions thatighlight these differences. First, as
evidenced by the girdersd i nfetrired, ntehud r ldG MR
girders are much stiffer than theoretical analysis would suggest. The, lgérred flexural
rigidities cannot be attributed to ospecific caussuch asa highermodulus FRRyirder or deck.

However, the highethanexpected neutralxés heights would tend to suggest that stifiness of
thedeckrelative to the girder is higher than expected

The second conclusion drawn from Head testing and subsequent analysis is that
distribution factor formulae should be develogedthese gders thatmimic those presented by
AASHTO [3] for other superstructure types. The GLFs calculated from recorded strains and
inferred, corrected flexural rigidities are not DFs in the strictest sense. However, because multiple
live-load tests were conducted with trucks placed at various transversensoacross the deck,
they tend to emwseldoopde atdhengwaresqgtui red f or DFs
a particular girder from any test can be considered its effective DF. Using this distinction, it is
clear that the DFs used in designo@a presented by AASHTO for precast concrete box girders
with concrete deckganlead to urconservative results. For interior girders, the highest calculated
GLF was 0.638, compared with the design DF of 0.6@ilaa error of 6.2%. For exterior girders,
Girder 1 in particular, the highest calculated GLF was 0.420, compared with the design value of
0.286 at an error of 46.9%. Further study is required involving both physical and numerical testing,
which can lead to a set of DF formulae that maintain theergatism and reliability required in
design.

Finally, the existence of significant, unexpected girder end fixity highlights the need for
continued monitoring of the HGMBo assess the continued presence of this partial fixity
Throughout design, constrimh, and test planning, it was assumed that the CT girders used on the
HGMB would behavenuch mordike simply-supported beams with minimal end fixity. For this
reason, only a small portion of the sensing resources were allocated to girder ends deload live
testing, leaving the nature of this fixity an uncertairBgtter understanding of the HGMB
specifically, and CT girder bridges in generaktifies additional monitoring of this phenomenon
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to more accurately locate its cause, determine if it véllbmai nt ai ned over the
whether itshould be expected from other &jirder bridges. Further monitoring may also reveal

ot her behavior al phenomena, which can also h
behavior.

From the results fofinite element analysis of models of the HGMB some additional
conclusionsobe dr awn. The addition of coupled spring
improved the prediction of strains both at midspan and at girder ends and was much miore effe
than the addition of single spring elements at girder bottoms alone. This suggests that the rotational
fixity measuredduring liveload testingand which could not be attributed to restraint by the
integral backwalls more likely a result of interion with backfill behind the backwall and/or the
approach slab than rotational or translational restraint at the bediffgsent detaik could help
eliminate the unintended rotational fixityn future bridgesand additional experimental and
numericalstudy can help to better characterize it if it is to be relied upon in future analyses

Finally, the significant differences between measured and FE anrpigsicted load
distribution points further to a complicated transverse load behavior warranditigrzal detailed
investigation. As was mentioned above, the-fédicted load distribution wasiuch more
uniform than was inferred from liviead testingwith the difference between the highest and
lowest average GLF being on®f%. This is in contrasta the actual, measured load distribution
in which load was less evenly distributexthe interior girderswith girders closer to the load
seeing more loadnd a difference between maximum and minimum average GLF of over. 150%
As the FE models encapsuldtenany of the factors traditionally considered to affect load
distribution (skew, crosslope, deck reinforcement, nstructural elements, etc.) and predicted
longitudinal strains relatively accurately, it would seem that further investigation is redthied
investigation wil/l not only help in increasin
also help inform the creation of distribution factor formulae for future design.
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A.1 Live-Load Test Strain Histories
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Figure A-2: SBS_2_1 Midspan Strains, Girder 1
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Figure A-14: SBS_2_1 Midspan Strains, Girder 3
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