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ABSTRACT

EFFECTS OF DESIGN PARAMETERS ON DECK CRACKING FROM RE&IRED
CONCRETE SHRINKAGE IN JOINTLESS BRIDGES

By
David Jonathan Stringer

Bridges have traditionally relied on a system of expansionsjonatler supports, and other
structural releases to accommodate expansion and contraction movenerits temperature,
creep, and shrinkage loading. Joints and elements in their vicimgrierce a high amount of
damage and degradation; thus modern design approaches are advocatingntbeal, with
movement accommodated through flexible piles and abutment walls.e Yghtless bridges
have been performing well, many of them suffer from widesprearly-age transverse deck
cracking. A literature review and field investigation was catelll to identify the primary
causes for early-age deck cracking in jointless bridges. Theduoosnant source of early-age
transverse deck cracking is due to restrained concrete gigink&xperimentally-calibrated
finite-element models were used to predict cracking behaviomriougfull bridge systems with
different bridge design parameters undergoing shrinkage loadingula8on results confirmed
that the more restraint present in the system the more cgaitiahwill occur. Models showed
that steel and concrete beam bridges are equally susceptitdsti@mined shrinkage cracking.
The lowest amount of cracking was predicted for bridges with miegyial abutments, higher
shear connector spacing, and a low-shrinkage concrete mix. Cgdhgimleck reinforcement
configuration had little effect on bridge performance. Of thepaters considered, a low-
shrinkage mix had the greatest impact on minimizing deck crackingrall, the simulations
indicated that restrained shrinkage cracking in jointless bridgés is unavoidable, but that

modifying design details and improving concrete mixture designs candulperits extent.
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1 INTRODUCTION

1.1 Background

Traditionally, highway bridges have relied on a system of eipaj@nts, rocker bearings,
and other structural releases to accommodate expansion and comtractvements due to
temperature, creep, and shrinkage loading [10][30]. These expansiorhpet®een the cause
of many deterioration problems, as deicing chemicals and other geévient the joints from
functioning properly and lead to the corrosion of the structure beneHitis leads to high
maintenance and rehabilitation costs, and reduces the servicéoletred bridge [10][20]. Due
to these issues, recent measures have been taken to elimisatpimts and allow the bridge to
function as a continuous structural system. These are referesintegral or jointlessbridges
[10][15][42]. In jointless bridges, the expansion joints over the prerglaninated and the deck

is made continuous, as shown in Figure 1.
Bridge Deck Expansion joint
|

Abutment | | ~Pier

a) Schematic of bridge with expansion joints

Expansion joint Continuous
/Approach Slab /Deck Slab

| | |
-

{
Abutment-"| ¢ LI:l'l\Pier

{i_Flexible Piles

b) Jointless bridge layout
Figure 1. Jointless bridges vs. bridges with expansion joints (adapted from [6])
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Newly designed bridges are connected with the abutment wallgliitngg the structure to
act as a single system. Jointless bridge systems hee eiinsidered integral bridges (where the
girders are cast into the abutment wall), or non-integral lsidgdnere the substructure is

traditional, while the deck is continuous and cast with the abutment wall) [1#jigiee 2.

L )| T
LAA
(@) Integral Bridge Abutment Detail (b) Non-integral Bridge Abutment Detail

Figure 2. Integral bridges vs. jointless decks (adapted from [10])

Non-integral bridges do not have girders cast into the abutmentwna@ithe substructure is a
traditional design, typically with battered piles at the abutyreerd roller, pin, or fixed supports.
The bridge deck either rests on top of the abutment wall and isealltovslide, or is cast
monolithically with the abutment [21]. In either case, the movengr@ccommodated by
placing expansion joints beyond the abutment walls, and the deck belsagesoatinuous
system.

While the design guidelines vary from state to state, intégidges are grouped into two

major categories: (1) Fully-integral (full moment transfabutment systems, and (2) Semi-



integral (shear transfer only) abutment systems. In both ,cdsegirders are cast into the
abutment backwalls and the abutments are supported using flexableHspiles oriented in
weak-axis bending. In fully-integral systems, the abutmenbnsected rigidly to a single row
of flexible piles that move to accommodate full shear and momansfer. In semi-integral
systems the backwall is allowed to move or rotate on top of the abutmall, creating a shear

transfer but no moment transfer [10][30][42]., see Figure 3.

Abutment Abutment
Backwal\ BackwalN
Girder Girder
Neoprene
| bearing ™ fscesd TT
Abutment~__ “‘\\Dowel Abutment~__ |
Flexible Flexible
Piles ™| Piles ™|
L L
(a) Fully-integral Abutment (b) Semi-integral Abutment

Figure 3. Jointless Bridge Abutment Details (Adapted from [10])

A fully-integral abutment is designed by placing position bal®tween the top and bottom
sections of the abutment backwall to preventing it from slidinges& bars are placed along the
centerline of each beam bearing. The bars provide added rebebigen the abutment wall
and the backwall and full moment transfer. The entire abutmelesigned to move and rotate
as a single system, transferring movements to the flexilde priented in weak-axis bending.
Semi-integral abutments are designed the same as fullyaht@gutments, with the exception

that semi-integral abutments do not have the presence of position doWedsbottom of the



backwall is allowed to move with frictional resistance, thus teariag only shear forces due to
the frictional resistance between the bottom of the backwall and the top of theeabuiall.

At least 32 states in the U.S. use jointless bridges. Thdlaesmns consist of continuous
decks with capped pile stub-type abutments resting on steel $1-miented in weak-axis
bending [20]. While the maximum length constraints vary from stastate, typical ranges for
total bridge lengths are 200 to 500 ft for steel girders, and 1800tdt for concrete girders [30].
Many types of jointless bridge systems have been studied, witmgalesigns regarding fully-
integral abutments, semi-integral abutments, concrete girded, gitders, maximum skew

angle, span length, and number of spans [6][15][16][20][30][31][36].

1.2 Motivation

Jointless bridges are overall performing well, and they haveiaddld the deterioration
problems experienced in conventional bridge design. Eliminating expajosits has provided
increased ride quality, less required maintenance, and overalsecdréongevity of the structure
[10][21][30][42]. A survey conducted by the New York State Departhof Transportation
(NYSDOT) found that at least 30 states use integral abutmelgtelsriand that most of them are
considered to be in ‘good’ or ‘excellent’ condition [20]. While jas bridges are overall
performing as designed and are performing better than Bridgh joints, there is interest in
investigating the various problems that have arisen in these négeb1j6][10][30][42]. Most
of the problems are attributed to the increased rigidity oylséem, resulting in less freedom of
movement and higher stress levels due to temperature, creep, amkhgdrmovements.
Problems that have arisen include settlement and cracking ofagppstab, separation of the
approach slab with the abutment, cracking in abutment end diaphragmsareswerise cracking

in the deck [6][10][17][30][31][41][42].



Transverse cracking in bridge decks is a common problem for botlegeiriridges and
bridges with joints, and has been studied extensively. Howeverydraascracking in bridge
decks has been found to be the most common problem experienced Bsgobttiges, when
the restrained mass of concrete experiences a change ofevahthgenerates additional stresses
due to the restraint in movement. Transverse cracking occuns thkelongitudinal tensile
stresses exceed the concrete modulus of rupture. Studies have shbwrorte than 100,000
bridges in the United States experience transverse deckngdaki[17][18][29][31][36][41].
Cracks often appear at an early age, sometimes before dge Isiopen to traffic. The cracks
are often full-depth, spaced 3-9 ft apart, and continue growingtiwith This could potentially
lead to further deterioration problems within the deck and supportinglergir
[10][16][17][18][31][41]. Cracks are typically concentrated otle® transverse rebar in negative
moment regions and along the longitudinal edge of girders. These are more susceptible to
forming a plane of weakness in the concrete [29]. Crackingesterin longer spans and older
decks [16][29]. Additionally, cracking has often occurred in apprdast units as soil backfill
settles and resultant forces are transferred into the approf2bigal][30]. Longitudinal
cracking has been a common problem in concrete girder bridges hegdes of the girders,
due to the formation of weak planes at the girder edges [17]. tyjesof cracking can be
attributed to the bridge geometry and is not due to restrained concrete shrinkage.

Overall, deck cracking can be attributed to the build-up of forcesaedduyg the secondary
effects from temperature, creep, and shrinkage induced volume changegent Glesigns
account for dead and live loading, as well as for temperature l¢#alsever, many agencies do
not account for concrete creep and shrinkage in bridge deck desigih mhy explain the

presence of cracking [20][30][41].



1.3 Research Objectives

The overall objective of this research project was to investibat performance of jointless

bridges, identify the causes that lead to early-age deck cgackid develop solution strategies

to minimize or eliminate this damage. This was accomplishedghrexperimentally-calibrated

finite-element computer simulations and field assessment. Thallovigjective was completed

through the following tasks:

Task 1. Literature Review. This task’s aim was to determine the current state-ef-the
art on the behavior of jointless bridges to identify the existing ketiye on the causes
for deck cracking as well as any potential solution strategies.

Task 2: Field Inspection. The focus of this task was to perform field inspections on
jointless bridges in Michigan that are known to suffer from decking. The
parameters and conditions that could predict the cause of thegdisgesidentified and

a matrix of bridge design features and cracking patters wadoged to summarize the
predominant parameters. This information was used to verify tigéin§is from the
literature review and to develop a prototype system for the expetan and
computational evaluation.

Task 3: Experimental Evaluation. This task focused on experimentally evaluating the
behavior of jointless bridges at the sub-assembly level throughdifferent test unit
systems. The relative differences between the test units determined and the
experimental data was used to validate the computer modeling approach.

Task 4. Computational Evaluation. The aim of tis task was to evaluate the behavior
of jointless bridges through experimentally-calibrated finite el@mmodels. The
modeling approach was verified through smaller sub-assembly maddlsnplemented
on full bridge systems. Parametric studies were performeevatuate the bridge
behavior for different bridge design features.

This research study provides an in-depth analysis of the behayanttéss bridges and

identifies the predominant causes that lead to early-age dackirgy. Solution strategies for

future bridge design and construction are also developed and propodes.infdrmation

presented in this report is immediately applicable to the work of MDOT anckeleitgneers.



1.4 Report Organization

This report is organized to highlight the results of each ofdue thsks outlined in the
previous section. A literature review is presented in Chaptepgsent the current state-of-the-
art on deck cracking in jointless bridges. Chapter 3 presentgshksrand conclusions of the
field investigation. Chapter 4 discusses the experimental evaluaticluding the methods,
approach, and results. Chapter 5 discusses the computer modelwachppnd the verification
of the computer modeling through comparison with experimental dalt@pter 6 presents and
discusses the results from the series of finite-element cemgintulations with different bridge

design parameters. The overall conclusions and recommendations are preséhtguter 7.



2 LITERATURE REVIEW
2.1 Sources Contributing to Deck Cracking

Due to the increased rigidity created by eliminating expansiots) jointless bridge systems
have less freedom of movement and thus less opportunity to relievaréisees induced by
temperature, creep, and shrinkage effects. The behavior of jointldgesbis complex and
requires an investigation of many parameters affectingtiffieess of the overall system, which
dictates the amount of deck cracking. These parameters inclateiah properties and mix
design, soil-structure interaction/abutment movement, temperateep, @nd shrinkage loading

effects, and bridge design features.

2.1.1 Material Properties and Mix Design

Much research has been performed on the effect concrete hpatgperties and mix design
has on deck cracking. A study was performed on 40 steel girdgebrid Kansas to investigate
the relation of material properties to deck cracking [15hilgvthe bridges selected were not all
jointless, the effects of material properties apply to alldygfebridges. The study found that the
amount of cracking increased with an increase in slump (althoughskenp was found to be
worse due to the lack of consolidation), water content, compressargyst, and a decrease in
air content. Although this was not always the case, the stunlyoaisd that the higher wi/c ratio,
the more cracking. Most of the cracking occurred along\eass reinforcement, in the areas of
concrete settlement adjacent to the reinforcement [29][36]. Other studjgested that cracking
increases with higher w/c ratio, cement content, and air corit@}jit8]. The same studies also
found that larger aggregate volume would minimize cracking due toethetion in cement

content.



Overall, the underlying premise behind the effects of material piegpand mix design is
that the higher content of water and cement, the more concrete gleritiiked will occur, which
will lead to higher restraint forces from volume changes and initamrease the amount of
cracking [16][36]. Research has found that limiting the w/©ydbwering the cement content,
lowering the air content, and increasing the aggregate contentedilte the amount of deck
cracking [16][29][36]. Reduced cement paste volume and low cemergntsrdare associated
with reduced heat of hydration, which leads to reduced thermasesdresid reduced cracking
[16]. Specifically, it has been found that low shrinkage aggregateshe largest possible size
should be used. Type Il cement should be used due to its reducgedheanhal gradient
[18][29]. Compressive strength should be limited. Finally, setdietg admixtures should be

used, as they reduce the rate of early temperature change [18].

2.1.2 Soil-Structure Interaction and Abutment Movement

Cracking in bridge decks relates heavily to the overalnetit of the system, which is
partially dictated by the soil-structure interaction at #fseitment and supporting piles. This
issue has been investigated to a moderate extent, although further reseaszted. The largest
induced movement for jointless bridge systems is found to occur abthments. Therefore,
large stress concentrations develop in this region of the bddgke [30]. The overall length
limitations for jointless bridges are often dependent on soil/strei@bteraction, and how much
lateral movement can be accommodated without compromising theustrusrviceability
[9][15]. In addition to bridge decks, the approach slabs in jointless bradigeexhibit cracking
problems as stress levels increase due to the settlemswit backfill and restrained movement
of the bridge system [20]. Since most approach slabs rest on tiop abutment backwalls and

extend longitudinally from the decks, stresses are induced due to load tratisfeataitment.



The behavior of a prototype integral abutment bridge in Minnesota tudieds through
instrumentation during and after construction. The bridge was an3sp®ly supported
concrete girder system with a continuous deck. The study found dbahent movement
behaved in translation instead of rotation, and that the tops of pifesmeée in double
curvature. The study also found that the lower the freedom of movetmehigher the induced
stress levels and the higher the amount of cracking [21].

Most agencies simplify the soil pressure behind the abutment arattsuppiles as a linear,
triangular pressure distribution. The calculation of the soffne8s involves an iterative
procedure, where the magnitude of the soil lateral loads areagsti and applied with linear
springs [15]. However, this is not the case, as the true soilmeas non-linear and varies with
the depth, amount, and mode of pile displacement. The amount of soil predsinaease as a
function of the pile displacement. Nonlinear p-y design curves, age@lby the American
Petroleum Institute, can be used to model nonlinear soil behaviofT[#g. behavior of soil is
very complex and current methods over-simplify soil/structure response.

A 3D Finite-Element model was used by researchers to stedideémis Road Bridge in
Fitchburg, Massachusetts [15]. The Bemis Road Bridge ispar3{silly-integral abutment steel
girder bridge that is 150 ft long. The soil response was modeled as a serieakdé\\prings,
and p-y design curves were used to model the nonlinear springs abutment wall and pile
nodes. The soil compaction levels were varied: loose/dense, loose/tteyse/loose, and
dense/dense. The analysis results indicated the level of soil coompbehind the abutment
wall is of utmost importance, as the axial forces and bending mernretihe deck more than
doubled when the soil compaction was varied from loose to dense [V&alDit was found

that the larger the soil compaction level, the more rigidity withe system and the larger the
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amount of cracking. While having looser soil may help mitigateesomthe deck cracking
issues, it is necessary to have enough compaction to support the apesiachit. Soil-
structure interaction is a parameter that is currently #iegbland not much research has been

conducted on its behavior [9][15][21].

2.1.3 Temperature, Creep, and Shrinkage effects

Temperature effects have been studied in detail, and it iskm@Nn that both daily and
seasonal temperature fluctuations create movement within thetusé. Daily fluctuations
create a thermal gradient through the cross section of theus&uathile seasonal fluctuations
lead to overall structural expansion and contraction. [21][30]. Teahpereffects are taken into
account in current designs, and use the equation for thermal expakisidmTa [20]. The
effects of temperature have been found to be as much as the effects of live[@&ding

Volume change in concrete is unavoidable, resulting from dryirngrudrete materials and
internal chemical reactions that lead to concrete shrinkage.afiount of concrete shrinkage is
dictated by mix design and construction practices, and is corngitiedee the most dominant
source of deck cracking in jointless bridges due to the restraintolome change
[10][16][17][29][36][41]. Restrained concrete shrinkage causdg-age cracking in particular,
since most shrinkage magnitude and strength gain occurs within rdte féiv weeks
[16][17][21][40]. Concrete shrinkage is resisted by girderfreggs, shear connectors, and
reinforcing steel. The downward deflection of the deck-girdeesystue to composite action
with the deck creates restraint to concrete shrinkage, inducisgetestresses within the deck,
which leads to cracking [17][18]. This is illustrated below in Figure 4.

Consider a regular reinforced concrete section supported on its tao \@ften undergoing

restrained shrinkage, the specimen will first crack in the cesseshown in Figure 5. After this,
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the two cracked pieces will act individually and shrinkage-inducediagaevill continue at the
quarter points. Cracking will continue until the total shrinkagenstsaaccommodated, and the
length of the un-cracked section is small enough to allowl¢esisesses to be accommodated by
the concrete. This is shown in Figure 6. This mechanism possibligirex the equal spacing of

early-age transverse cracks observed in the bridge deck systems.

(c) ()

a) Concrete cast b) Concrete shrinkage
c) Girder restraint produces a downward displacement d) Temesses are induced

Figure 4. Shrinkage-induced stress development in concrete bridge decks [31]

a) Before Shrinkage

Tension Crack

.

b) After Shrinkage

Figure 5. Simplified Shrinkage Cracking (adapted from ref. }17]
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a) Before Shrinkage

b) After Shrinkage

Figure 6. Cracking in continuously restrained concrete test unit (adapted frqavief

In bridges, restraint is only provided at the bottom surface, aukilcg initiates at the
bottom surface and increases in depth until the total shrinkagesséire accommodated. Since
the bottom surface is typically sealed by stay-in-place $owhile the top surface is free to
shrink, differential shrinkage strains form through the depth of the deagingacurling. This
creates additional tensile stresses in the bottom surfabe detk. These stresses are higher for
systems more susceptible to this differential shrinkage, suchridges with steel girders,

concrete girder bridges with overlays, and bridges with stay-ireglack forms [17].

Before Shrinkage

\Sealed Surface

After Shrinkage

Figure7. Curling of concrete deck due to sealed bottom surface (adapted from ref. [17]
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There are four major types of concrete shrinkage, all of wdantribute to inducing tensile
stresses. These include plastic shrinkage (moisture losstmoonete before it sets), autogenous
shrinkage (loss of water from capillary pores due to hydrati@anponation shrinkage (chemical
reaction of hydration with the air, which occurs on exposed concuetacss), and drying
shrinkage (long-term volumetric change due to concrete dryik¢file total shrinkage is the
sum of all four types, carbonation and autogenous shrinkage do not contrgmifieasitly to
deck cracking [17][18][19][31][41]. Since early age crackm@f particular interest, the effects
of creep can be neglected. Creep is a long-term effecéadanainly by the deck self-weight,
and cracking most often occurs before creep is able to take place [19][31][41].

Concrete shrinkage is a parameter that is not always takeacecdunt in design. A survey
performed by the NYSDOT revealed that 75% of agencies do keirttb account shrinkage of
concrete in design, and those that do confine it only to prestressa@tednridge elements [20].
If shrinkage is evaluated, it is taken into account over the long-tehile short-term volume
changes due to shrinkage are overlooked and dismissed as insignificant. Culgerpraesces
consider shrinkage as a secondary, long-term effect, and use oldggkerm drying shrinkage
component as the ultimate shrinkage value. However, this is inaE@inge most concrete
shrinkage occurs at an early age and exceeds the amount of ionghienkage. Shrinkage
stresses can potentially exceed even traffic loading conditionsjsstherefore inappropriate to
consider shrinkage as a secondary effect [16][17][19][20][31][41]. Egdwalume change due
to drying shrinkage is of great importance and should thus be comsidedesign. Drying
shrinkage magnitude is dependent on the amount of water lost duriegnplaicand the rate of

evaporation. Typical values are around 1 mm/m or less over the long-term, buéshorélues
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could be 5 mm/m or greater during accelerated drying. Tloifda equal to or greater than the
28-day drying shrinkage measurements [19].

The University of West Virginia performed a study to investigae effects of early age
shrinkage stresses [41] in which researchers instrumentspan3:zontinuous steel-girder bridge
with fully integral abutments. Sensors were placed along halétigth of the first stage of the
bridge deck construction to monitor strain and temperature in theadécteinforcing steel, and
the overall expansion and contraction of the bridge system. Str@Emnwds taken every 30
minutes, which was used to analyze the induced stresses. disgasered that the strain at the
top of the deck was higher than the strain at the bottom, sint®tioen is more constrained to
due formwork and shear connectors. This produced tensile stredsedog of the deck, which
exceeded the concrete modulus of rupture and led to cracking.stithe found that as the
concrete ages the stresses due to shrinkage stabilize. Howtewsas discovered that the
magnitude of the shrinkage stresses exceeded the concrete moidulygure and produced
cracking. Overall, the study confirmed that volume changes and ohéti@sses from drying
shrinkage are of paramount importance and that the stresses \bktpdare relatively high,
even when compared to traffic loading. The study suggestedhehadffect of shrinkage be
considered in design as a primary load [41].

Research on the specific effects of concrete shrinkage on dexiing is limited, and its
behavior is largely unknown [30]. However, all the studies agreedhthdtigher the shrinkage
rate and the higher amount of shrinkage, the more deck cracking
[10][16][17][18][19][30][31][41]. Gaining an understanding of early aghrinkage is of
increasing concern and studying it in more detail could helmatithe problem of early-age

cracking.
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2.1.4 Bridge Design Features

Many different types of bridge designs and the effects of thesignd on early-age deck
cracking have been studied. There is much disparity in designeemuits, which vary from
state to state. A field investigation and parametric studyoqmmeed by the Minnesota
Department of Transportation (MNDOT) investigated the effedtdoridge design on deck
cracking. Seventy-two bridges were investigated, including 34 witicrete girders, 34 with
steel girders, and 4 with W-shaped steel beams [16]. The top aondhlaeck crack patterns
were documented and summarized and the bridge decks were gatergdrom ‘5’ to ‘9’, with
9 corresponding to a ‘no cracking’ condition. While the field investigavas able to consider
the system as a whole, the parametric study was used to isolate indivotioa. fa

Overall, the more restraint that was present in the systemrmdtee cracking that occurred.
The field study found that concrete girder bridges performédriidan steel girder bridges. Of
the 34 concrete girder bridges studied, 25 had ratings of ‘8’ or betide of the 38 steel girder
bridges studied, only 12 had ratings of ‘8’ or better. This waibuatidd to reduced end restraint
provided by simply supported concrete girders with continuous decks andbetiedicial
shrinkage characteristics of the concrete girders [16]. $ied#r bridges have differential
shrinkage characteristics between the deck and the girders, whdeete girder bridges exhibit
shrinkage of both the deck and the girders. Since steel girderstdshmigk, they create
increased rigidity in the system, thus leading to higher stseasd lower overall deck ratings.
This phenomenon can also be seen in deck reconstruction on concreténgigks, which had
more cracking than on new bridges. This is because the dlwimckaracteristics of girders for
the reconstructed deck bridges had already been stabilized, ttragneg the shrinkage of the

deck and having a similar effect to steel girder bridges. rQiheclusions drawn from the field
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study was that longitudinal restraint should be limited by swirgy girder spacing and the
number of shear connectors used should be limited. It was concludédicker decks should
also be used, and should be above 6.25 inches thick. Additionally, the trarsaessze should
be limited while the spacing should be maximized. It was rezamded to use No. 5 bars
spaced at 5.5 inches or No. 6 bars spaced at 7 inches. Crack aiimentwere found to occur
in the area of cross-frames and diaphragms. For steel sgésidiue larger the girder spacing the
less cracking that occurred. The field study found that multgaiors exist, making it difficult
to pinpoint individual parameters [16].

For the parametric study, computational analyses were pedousing the finite-element
programPBEAM[16]. A fiber, or layered, analysis approach was used anddlss section of
the girders and test unit were divided into layers. The bridge bouodadytions were modeled
as fixed, pinned, or roller supports. A prestressed concrete girdge bvas modeled, as well as
a continuous steel girder bridge. Nonlinear static analysis emréucted by varying the key
parameters of shrinkage, end conditions, girder stiffness, crosedyaplices, and the value of
the deck modulus [16]. Differential shrinkage between the concrekeathel supporting girders
was the primary cause of cracking, which was especially ewithesteel and reconstructed
concrete bridges. Additionally, the rate of shrinkage had a langact on deck cracking.
Reducing the initial rate of shrinkage reduced early transveesxkicg. For end boundary
conditions, the most extensive cracking was found for an idealized-fixed case. The end
boundary conditions had the greatest effect on the extent of crackimig girder stiffness,
cross-frames, and splices dictated the crack locations. Thefstuatythat crack concentrations
were increased in areas of cross-frames and splices. Additjastdfer girders produced more

uniform cracking, while flexible girders exhibited increasedckreoncentrations at midspan.

17



The study also found that the smaller the value of the deck g#aundulus the more allowed
shrinkage deformation and the less cracking. The parametric studyated well with the field
study [16].

Purdue University also performed a field investigation and crdabtedatory models to
investigate the effect of design factors on bridge deck crgdiid]. The field investigation
involved visually inspecting twenty bridges, which included eleven gied#r bridges and nine
concrete-girder bridges. The most transverse cracking wasvelisen steel girder bridges
incorporating composite action and SIP forms, while the least anobendcking was observed
on bridge decks cast monolithically with concrete superstructurese Mngitudinal cracking
was observed on concrete girder bridges than on steel girdgesrikely due to the planes of
weakness formed along the edges of the concrete girders [1liig¢ oNithe eleven steel-girder
bridges experienced transverse cracking, while only four of tiee goncrete-girder bridges had
transverse cracking. Interestingly, one of the concretkegbridges only experienced cracking
on a newly widened portion of the bridge deck. Since the originalopoai the deck had
already undergone shrinkage, it created an additional restaitmef shrinkage movement in the
widened portion. The original portion prevented the widened portion from sigifigely, thus
inducing cracking in that region. This observation is similar todibgervations noted with
reconstructed decks cast on concrete-girder bridges in the MN@iy, where new deck
portions experienced restrained shrinkage, leading to the build-up dé teorses and deck
cracking [16][17].

The study performed at Purdue also included a field instrumengatibextensive laboratory
investigation into the effects of design factors on concretekstgenand deck cracking [17]. For

the field instrumentation, a series of strain gages weregliacthe deck and supporting girders
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of a new bridge to measure thermal and strain gradients throegldeck and girders. A
dramatic increase in strain in the deck reinforcement was a6tedys after casting, while there
was no change in the steel girder strain, likely indicatiegdtvelopment of transverse cracking.
It was determined that once the deck cracked, the stress aonlceste was transferred to the
reinforcing steel and eventually decreased over time due te fedistribution [17]. The
laboratory investigation consisted of three parts. The firstipaolved creating cut models
from the instrumented bridge deck, the second part involved crestialj shrinkage models to
investigate various design parameters, and the third part involvetthgreginforced concrete
test unit models to investigate the effect of reinforcing lee, sspacing, and epoxy-coating
thickness [17]. From the first part of the study it was detezd that moisture loss and drying
shrinkage commenced at the completion of curing and that the prim#sg o deck cracking
was the restraint of concrete drying shrinkage. From the sts#¢gond part it was determined
that sealing the bottom surface of the deck (through SIP fongsifisantly influences the
amount of concrete shrinkage, that increased deck thicknessdeaadkiced shrinkage, that and
increasing the reinforcement reduces the total shrinkage buasesr¢he amount of curling. In
the third part of the work it was determined that as the reiefioent spacing was decreased, the
spacing and size of primary cracks decreased but the number abfs drecreased. As
reinforcement spacing was increased the number of cracks detrbat the crack width
increased. Additionally, it was determined that as epoxy co#tiogness was increased, the
average and maximum crack widths also increased [17].

Another study developed 2D and 3D finite-element models to examine the efid@sgihg
various design factors and boundary conditions [31]. The computer prégi&iviSvas used to

model the Hackensack Avenue Bridge over New Jersey Route 4. nok@asing uniform
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shrinkage loading was applied, and cracking was assumed to ocsudd®n jumps in the
shrinkage strain curves. The study revealed that cracksopesadidenly from the bottom to the
top, and are full-depth. The more rigid the boundary conditions and eralmestmditions, the

lower the amount of shrinkage required to cause cracking [31]. Diffelesign parameters
were varied in the 2D model for each boundary condition. An increaseenall stress levels
led to an increase in the amount of cracking. The analyses revealeddavinfyll

Increasing boundary restraints increased tensile shrinkage stresses.

Span length had no effect on shrinkage stresses.

Increasing deck thickness reduced shrinkage stresses.

Increasing girder spacing reduced shrinkage stresses.

Increasing ratio of girder to deck moment of inertia increased shrinkagsest. It is
desirable to have flexible supporting girders.

Increasing area of longitudinal reinforcement increased shrinkagsestres

e Changing the distribution of reinforcement had no effect on shrinkage stif@ides

The study also investigated the effect of shear connectors on i@detling. It was determined
that reducing the number of connectors would be beneficial in redusengigidity of the
system. However, current amounts are required by desigiote far composite action. The
study proposed a mechanism to prevent composite action at thestegydg (during early age
shrinkage), but that will initiate when higher service loads anohaté loads are applied. The
proposed idea was to wrap the shear connectors in a hyperela®i@hibhat would compress
during early age shrinkage and provide enough resistance dtrtasrto provide full composite
action [31]. Overall, the study proposed the following conclusions:

Stresses between the deck and girders are concentrated at the two endsdgfehe br
Time-dependent volume changes due to shrinkage should be considered in bridge design.
Construction practices should not introduce unnecessary restraints on the girders
The ratio of girder/deck stiffness should be minimized.
More flexible superstructures are recommended: have a minimum deflecfioreneent
and increase the maximum limit.
e Uniform reinforcement is recommended, and increasing the reinforcewmlantezabove
code levels was not found to be beneficial.
e Controlled composite action (wrapped shear connectors) should be investigated. [31]
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Most jointless bridges use piles in favor of spread footingsarsldtionally stiff foundations
induce greater superstructure loads due to less freedom of move@ement designs assume
axial pile loads are distributed evenly, and over 50% of agenciggndes vertical eccentric
loading at the tops of the piles [15][20]. Expansion for jointlessdges is provided at the far
end of the approach test unit or between the abutment and the apfastaghit. For steel
structures, having expansion joints beyond the backwall produced less deck d@i§Rbig

A research study was also performed at Marquette Univettsiough the Wisconsin
Department of Transportation to investigate early-age deck cracKirige effects of design
parameters, construction practices, and concrete mix design gragaricracking were all
investigated by means of a field investigation and finite-eldroemputer modeling [40]The
field investigation showed a varied trend in cracking patterns anallnwidge properties were
able to be investigated. However, the study found that bridgescanitrete girders exhibited
the most cracking, which is in conflict with other research figdi[40]. It was determined that
the type of superstructure can greatly influence the amoumacking and that it is important to
consider.

Finite-element computer modeling was also performed to simuoaierete shrinkage and
traffic loading. Shrinkage loading was applied through temperathie traffic loads were
simulated through pressure points. The analysis did not use fulltioetseterial behavior.
Instead, cracking was determined to occur when the concrets sixeseded the concrete
modulus of rupture. The analysis found that longitudinal stresseslavgez than transverse
stresses, so transverse cracking would dominate. It also founevdraif deck cracking does
not occur due to shrinkage loading alone, the added stresses duéddomding may be high

enough to cause cracking [40].
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Design criteria vary considerably from state to state,emedy bridge investigated in the
literature contained different types of designs. Overall, itdedermined that the more restraint
in the system, the more susceptible it was to deck crackigereral, concrete girder bridges
experienced less cracking than steel girder bridges, lakmvs produced more cracking
(especially in steel girder bridges), larger span lengths peaddmore cracking, and the closer

the girder spacing the more cracking that occurred [6][16][17][18][20429]

2.2 Concrete Shrinkage Standard Tests

Many standard tests exist for studying concrete shrinkage andetermining restrained
shrinkage strain and cracking. The most common test is the “sh{ teiterature describing
ring test experiments is widely available, along with margsults for comparison
[8][22][33][34]. The literature focuses mostly on the effeatsconcrete material properties,
fibers and shrinkage-reducing admixtures on shrinkage strain and crdttk wiich goes
beyond the scope of this research [33][34]. However, review ofitimiatlre revealed that most
free shrinkage strain occurs during the first month of drying Ewels out with time
[22][33][34]. This is illustrated below in Figure 8. Additionallye literature indicated that
cracking occurred fairly consistently at a steel ring strain of 100 to $28ju-[8][22][33][34].
While the literature obtained on concrete shrinkage standardgtdetused on material
properties and mix design, it was determined that the ring ¢eable to predict cracking
potential and restrained shrinkage strain reasonably well TBoésdrom the literature were

thus used further as a comparison for computer modeling and to verify modeling bpproac
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Figure 8. Development of Free Shrinkage Strain with Time (adapted from ref. [22])

2.3 Questions and Outstanding | ssues Remaining

Overall, the behavior of jointless bridges has been considerabstigated, and research is
widely available on the effects of mix design and primary logdiHowever, more work and
research is needed for the behavior due to the secondary firé¢emperature, creep, and
shrinkage, particularly in the area of shrinkage. While temyrera&tffects have been studied to
some extent, the effects of concrete creep and shrinkageilatargely unknown, and need
further investigation. Specifically, the effect of bridge desigcidrs on concrete shrinkage
needs further investigation, as the effect of mix design orretanshrinkage has been studied in
more detail. Conducting more research in all these areashei light on the issues currently
facing jointless bridges, specifically in the area of decklking. This research can be used to

develop new designs that could help mitigate the problem of deck cracking iesgintidges.
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2.4 Conclusions, Recommendations, and Suggestionsfor Prototype Bridge System

It is hypothesized that evenly-spaced early-age transversldngy in jointless bridge decks
are primarily caused by restrained concrete shrinkage. oaird of shrinkage is dictated
primarily by concrete material properties and mix designbhdge design factors can also have
an effect. Overall, it is predicted that the more restraesent in the bridge system, the more
cracking that will occur. Bridge designs can be modified to redneeamount of restraint,
which will decrease the amount of early-age cracking.

Deck cracking appears to be more prevalent in bridges supportadebygisders due to
differential shrinkage and temperature characteristics thrthug section depth, along with the
added restraint provided by the shear connectors. Reconstructed brattgesdpported by
concrete girders also experience deck cracking, as they behalag o steel girder bridges.
Nonetheless, this research considers both steel and concrete lgidkesy. The effects of
boundary conditions, girder spacing, rebar size and spacing, deck thiekmkssver, and the

effects of shear connectors are studied.
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3 FIELD INSPECTION

A field inspection was conducted to examine several jointlesselritgigMichigan that are
known to have suffered from early-age deck cracking. Fifteen bridgesoaitilifferent ypes of
superstructures were visited. The field inspection was used tdfyddm parameters and
conditions that could cause distress in bridge decks. The findingsceempared to the results
from the literature review and used to develop a prototype bridgersyfor further research

tasks.

3.1 Past Field Investigation Studiesthat have been Perfor med

A number of field investigation studies have been performed to deeernie parameters
causing deck cracking in jointless bridges. The study perfobydtle Minnesota Department
of Transportation outlined in the literature review involved an exterfeeld investigation [16].
Seventy-two bridges in the Minneapolis/St. Paul area were igatsd, including 34 with
concrete girders, 34 with steel girders, and 4 with wide-flastieel beams. A wide range of
roadway types, ages, lengths and deck conditions were chosen. The dedigmal, and
construction data were collected for each bridge and documented.ndlbded information on
the year of construction, overlay/redecking, dimensions, average tdaffiz, span lengths,
girder spacing, deck reinforcement and shear connector detaisntsupplier and detailed mix
design, deck contractor, joint type, and high and low temperaturaegdthie day of deck
placement. The top crack patterns in the deck were examinedgllaaswthe bottom crack
patterns by fascia girders, joints in parapets, cross franddjeld splices. Crack patterns were
documented and given a deck rating similar to the rating syssech by MNDOT. The rating

was on a scale from ‘5’ to ‘9’. The detailed criteria are presented bel6yv: |
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‘9’ — No cracks

‘8" —A few single cracks less than 0.03” wide

‘7’ —Single cracks with crack width less than 0.03” and crack spacingegrisan 6’

‘6’ —Areas with high crack density. Crack width less than 0.03” and crack spasing
from 3’ to 6’

‘5’ —Areas with high crack density and large crack width. Crack with grdea 0.03”
and crack spacing less than 3’

The deck condition rating was compared to the design, material, aridicomis data, and
relationships between the deck rating and various parameterplatteel on 2D graphs. Linear
regression was used to determine cracking tendency [16].

Another field investigation was conducted by researchers at Punierdity [17]. The
field investigation involved visually inspecting and documenting crackandencies on bridges
in two regional transportation districts. Bridges chosen wnerenewly constructed, or older
bridges known to be experiencing deck cracking. Both concrete andjistise bridges were
investigated. Twenty bridges were inspected, which included 11 gitelelr bridges and 9
concrete girder bridges. The top surface of the bridge deck waallyiinspected by walking
the entire length of the bridge. Any type of cracking or detaimm was noted and documented.
The bottom surface of the bridge was also examined. Crackiagescarded for bridges not
using stay-in-place (SIP) forms, while the use of thesedamas also noted. Photographs were
taken to capture the deterioration, and crack width/spacing wasimeéasPertinent information
recorded was the Indiana Department of Transportation (INDQUgtste number, date of
construction, date of rehabilitation or widening (if applicable)e daspected, type of girder,

skew angle, use of SIP forms, and cracking type. Major conceloesrved were also

documented and summarized [17].
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3.2 Bridgelnformation Provided by MDOT

MDOT provided information for this research on several bridges iochiyan that have
experienced deck cracking. Information provided included bridge inepeotports and
photographs of damage. The bridge information was reviewed anttia ofidhe deck cracking
was developed. General bridge information was recorded, includingritdhge ID number,
location, date of construction, date of inspection, repair actioes takew angle, and type of
deck forms used. A description of the type of cracking was thendaadyvialong with the
MDOT deck rating. A summary of the provided information was madealdtermine the
structures to visit for the field investigation. Please refeeference [35] for a summary of the

bridge information provided by MDOT.

3.3 ParametersConsidered and Bridges Visited

The bridge inspection reports and photographs provided by MDOT weretaugpeddict
whether or not transverse cracking was evident. A decision wasnidd® whether or not each
bridge was a potential candidate to visit. Bridges selected itomgse those that appeared to
have widespread transverse cracking, indicating restrained corstrebhkage. Bridges with
recent deck replacements that were known to experience cracknggodv particular interest,
since these would have early-age cracking. Bridges with lskger angles (greater than 20
degrees) were discarded, along with bridges known to have part-witklruction. The bridges

visited are summarized below in Table 1. The bridge locations are shovguia B.
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Table 1. Bridges visited for field investigation

Bridge L ocation BridgeID Girder Reason to visit
Number Type

[-96 wb @ Lansing la Side-by-side Cracking pattern of interest, close

Rd. box beams | proximity to MSU

[-96 eb @ Lansing 1b Side-by-side Cracking pattern of interest, close

Rd. box beams | proximity to MSU

[-496 eb @ 2a Side-by-side Cracking pattern of interest, close

Pennsylvania Ave. box beams | proximity to MSU

[-496 wb @ 2b Side-by-side Cracking pattern of interest, close

Pennsylvania Ave. box beams | proximity to MSU

M-52 over Looking 3 Spread box| Extensive transverse cracking |is

Glass River beams | evident

US-10 eb over 4 Concrete | Extensive transverse cracking, spaced

Sanford Lake I-beams | at 10’, interestingly the westbound
counterpart has no cracking

M-57 over US-127 5 Spread boxBased on photos and inspection

beams | report, there is extensive cracking

Halsted Rd. over 6 Steel girders Cracking evident prior to recent

[-696 concrete overlay

[-96 eb over 7a Concrete | Cracking possibly widespread, close

Grange Rd. I-beams | proximity to MSU

[-96 wb over Grange 7b Concrete | Cracking possibly widespread, close

Rd. I-beams | proximity to MSU

Kensington Rd. over 8 Steel girders Photos indicate possible transverse

[-96 cracking, has a high deck rating

M-6 eb over 9 Concrete I-| Need photos to document the

Buck Creek beams | damage, extensive cracking not
evident

44" Street over 10 Steel Widespread transverse cracking, may

US-131 Girders | be affected by part-width
construction

Burlingame Rd. ovef 11 Concrete | Transverse cracking appears

M-6 I-beams | concentrated at the piers

Milham Rd. over 12 Spread box| Photos and inspection report indicate

US-131 beams | widespread cracking

26 Mile Rd. over 13 Spread box] Some cracking over piers, recent

M-53 beams | deck replacement

Walton Blvd. over 14 Spread box] Some cracking throughout, recent

I-75 beams | deck replacement

Hawkins Rd. over I+ 15 Spread box| Inspection photos indicate cracking,

94 beams | recent deck replacement

[-94 over Sandstong 16 Steel Transverse cracking evident, receént

Creek Girders | overlay and deck widening
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Figure9. Field investigation locations

(For interpretation of the references to color in this and all other figures atther i referred to
the electronic version of this thesis)

The field investigation examined a wide variety of bridge rstipeture types and a variety

of locations. Most of the bridges indentified by MDOT are supddrieconcrete beams, since

that is the most common construction practice for new bridges.
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3.4 Field Inspection Results

All of the bridges for the field investigation were visitedimigira one-week period in
October, 2011. The visits occurred between mid-morning to lamaftin, in weather ranging
from sunny to overcast/light rain. Cracks were able to be oltservall days the bridges were
visited. Pertinent bridge information was recorded, such as suparstriugpe, number of
spans, type of abutment, use of stay-in-place forms, and skde: aNgxt, photographs were
taken of the overall bridge deck top surface and elevation to verify#rall design parameters.
The bottom surface of the bridge deck was then inspected and photographeddancdeeof
visible cracks was documented. Most bridges had stay-in-pdages f which prevented seeing
evidence of cracking on the bottom surface. Finally, the entirestoface was visually
inspected by walking the length of the bridge. All crack typese documented and
photographed. Based on the photographs, a qualitative assessment of tlye ceasa
developed, and a prediction was made on whether or not cracking wasbgnsstrained
concrete shrinkage. Typical photographs of damage are shown belayuia EO to Figure 14.

Please refer to reference [35] for detailed photographs for each bridge.
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Figure 10. Semi-integral abutment connection (Bridge No. 13, 26 Mile Rd. over M-53)

a/guty
Figure11. Fully-integral abutment connection (Bridge No. 4, US-10 over Sanford Lake)
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Figure 12. Transverse cracking over pier/negative moment region (Bridge No. 13, 26 mile Rd.
over M-53)

Figure 13. Typical transverse cracking in deck surface (Bridge No. 5: M-57 over US-127)
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Figure 14. Typical longitudinal cracking (Bridge No. 11: Burlingame Rd. over M-6)

The results of each bridge inspection are summarized below in Table 2.
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Table2. Field investigation results

Abutment Shrinkage-
Bridge Type Type Cracking Type Induced? Recently
Re-
Transverse Longitudinal constructed?|
I-96 @ Lansing Rd. | Adjacent Box Beanm  Integral Yes, at piers and joints | Yes, evenly spaced Not likely No
I-496 @ Pennsylvania Adjacent Box Beam Integral Yes, at piers and joints Yes Not likely No
M-52 over Looking
Glass River Spread Box Beam| Integral Yes Yes Yes No
M-57 over US-127* | Spread Box Beam| Integral Yes, widespread Not much Yes No
I-96 over Grange Road I-beam Integral Yes, only at piers Not much No Yes
Hawkins Rd. over I-94 Spread Box Beam Integral Yes, especially at piers | Yes, evenly spaced Possibly No
I-94 over Sandstone
Creek Steel beams Non-integral No No No Yes
US-10 over Sanford
Lake MI-1800 I-girder Integral Yes, at piers Yes Possibly No
Kensington Rd. over [} Yes, spaced
96* Steel beams Integral Yes, at piers and joints randomly Yes Yes
26-Mile Rd. over M-53 Spread Box Beam| Non-integral Yes, at pier Yes, evenly spaced  No No
Walton Blvd. over I-75 Spread Box Beam| Non-integral Yes, at pier Yes, evenly spaced  No No
Halsted Rd. over I-696 Steel beams Non-integral No No No Yes
M-6 over Buck Creek| MI-1800 I-girder | Non-integral| Yes, at piers and in-betwegn No Yes No
44th Street over US-
131 Steel beams Non-integral Yes, at piers No Yes No
Burlingame Rd. over
M-6 MI-1800 I-girder Integral Yes at piers Yes, evenly spaced  No No
Milham Rd. over US- Yes, spaced
131* Spread Box Beam| Integral Yes, widespread randomly Yes Yes

Note: "Integral” refers to beams cast into the abutment, while "non-integral” neféirsams not cast into abutment.
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3.4.1 Transverse Cracking

Transverse cracking was evident in the negative moment regiongheyeers) in almost all
of the bridges inspected. Transverse cracks in these regioadikety caused by the negative
bending moment rather than induced tensile forces from restrainedetrghrinkage.
Restrained shrinkage cracking was indicative by the preseneermi/espaced transverse cracks
throughout the entire bridge surface. This appeared to have occurredigests, 8, 9, 10, and
12. Interestingly, it was evident in bridges with three diffesenerstructure types (spread box
beams, concrete I-beams, steel girders). It was only not evidesite-by-side box beam

bridges.

3.4.2 Longitudinal Cracking

Longitudinal cracking was common in bridges with side-by-sidedaaxms and spread box
beams. The cracks typically spanned the entire length of thgebaind were spaced at the same
spacing of the beams. The longitudinal cracks in the side-bybsi@i® bridges were likely due
to either differential settlement between the beams and the fijleyytor loss of post-tension
force between the beams. For the spread box beam bridges, longitadicahg likely
occurred due to a concentration of longitudinal shear forces at ¢jes el the beams. This is
assumed since the spacing of the cracks matches the beam spacingypEseskcracks are not

due to restrained concrete shrinkage.
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3.5 Summary and Conclusions

Based on the field investigation, some general trends were obsardethe following
conclusions can be made:

Bridges with fully integral abutments (beams cast directly into the amnijm
experienced more cracking than bridges with non-integral abutments (beams not
cast into the abutment). This is expected, since bridges with fully integral
abutments have more restraint.

Bridges with larger girders experienced more cracking.

Part-width construction on Bridge 12 may have had an influence on the extent of
cracking.

Bridges with spread box beams experienced both transverse cracking and
longitudinal cracking. Longitudinal cracking was evident along the beam edges
and transverse cracking was evident in both the positive and negative moment
regions.

Bridges with steel girders had extensive transverse cracking, but dixhrat e
longitudinal cracking.

Bridges with side-by-side box beams did not exhibit transverse cracking.

In general, the information obtained from the field inspection etecklwell with the

information provided by MDOT. It is difficult to pin-point which tyjeé bridge will experience

the most restrained shrinkage cracking, since transverse gagésievident on a wide variety

of superstructure types and each bridge is unique. However, tthenfrelstigation was able to

confirm the hypothesis that increased restraint in the systibhead to more cracking. Overall,

it appears that bridges with spread box beams and steelsgingemost susceptible to restrained

shrinkage cracking.

Based on the results of the field investigation, two prototyjpkgdsiwere chosen to develop

finite-element computer modeling at the global/system levelad initially understood that the

Halsted Rd. over [-696 bridge experienced a heavy amount of transrackeng, and was
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considered as a prototype for the steel-girder laboratory modi&dsvever, based on the field
investigation, that was not the case. Of the steel bridgesdiisite Kensington Rd. over 1-96
bridge (Bridge 8) appeared to be the best candidate to usgrei®type for computer modeling,
since it had the largest extent of transverse cracking antengtéel girder bridges. Of the
spread box beam bridges visited, the M-57 over US-127 bridge had themoasttaf cracking.

These two bridges were thus used as prototypes for further computer modeling.
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4 EXPERIMENTAL EVALUATION

The experimental evaluation was used to investigate the influemesti@ined shrinkage in
jointless bridges at the sub-assembly level. This was cosdplst constructing four different
full-scale test unit slabs. The data was used to comparel#tize differences in the shrinkage

behavior of each test unit and to validate the computer modeling approach.

4.1 Approach

The causes behind restrained shrinkage cracking may be groupesk d¢vkis: (i) material,
(i) sub-assembly, and (iii)) system. Material effects oncrete shrinkage have been studied
considerably and are not in the scope of the current project. Subbhgsevel effects include
structural design features such as girder type, diaphragms, deuk, fdeck reinforcement
details, and shear connector configuration. System level efflecisde those from support
conditions, soil/structure interaction, and interaction between sub-assembly unit

Evaluating behavior at the global level is complex since it regj@imulation of boundary
conditions and soil-structure interaction. Thus, the laboratory invaetigaas designed to
assess behavior at the sub-assembly level. The approachmidasts a laboratory investigation
performed at Purdue University, which consisted of square deck téstegments attached to
longitudinal edge girders and incorporating relevant design featswel as transverse
diaphragms, shear connectors and formwork panels [17].

The effects of restrained shrinkage were evaluated by medms afttial volume change of
the concrete in the deck test unit. Thus, no attempt was madeulatsimestraining effects from
the rest of the bridge or to introduce mechanically equivalemksiye loads. Four beam/test

unit assemblies were designed to experimentally evalleeeffects of different design
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parameters. The following parameters were considered be impirtsiminkage restraint at the
sub-assembly level:

e Deck-girder shear interaction: shear connector spacing and amount.

e Transverse system stiffness: diaphragm type (i.e., channel vs. x-Bracing

e Deck reinforcement: mainly transverse reinforcement size and spacing.

e Deck thickness.

e Formwork system.

Of these parameters, deck thickness was eliminated since it is constantiEn MDOT bridge

designs. Also, the effects of formwork were evaluated by tiv& at Purdue University [17] and
no repetition was needed. While the focus of the researchmaissy on the effects of design
factors on restraining concrete shrinkage, MDOT was alsoesttzl in studying an optimized
concrete mix design, which would contain less cement and therefore tbabretxperience less
shrinkage. Based on these considerations, the experimental tagtshawn in Table 3 was
developed. The baseline details for deck reinforcement, shear condecsity, and size and

girder spacing was obtained from the Halsted Rd. over 1-696 bridge.

The experimental data was used to calibrate material and gj@iskaulation finite element
models. The finite element models for the sub-assemblies wetleerf used to evaluate
variations on the design parameters. Evaluation of system-ldeetsefsuch as soil-structure
interaction and skew angle were done on finite element modeldl biriige systems using the

calibrated material and shrinkage modeling approach used for the sub-assenhdl; m
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Table3. Experimental Test Matrix for Sub-Assembly Evaluation of Shrinkage Effect

Test | Girder | Diaphragm Shear Reinforcement | Concrete | Unique Parameter
No. | Type Type Connectors Detail Mix
1 Steel | C-Channe Studs- Detail 1 Standard| Standard Design
Density 1
2 Steel | C-Channe Studs- Detail 1 Standard| Shear Connector
Density 2 Density
3 Steel | X-Bracing Studs- Detail 2 Standard| Diaphragm Type
Density 1 and Reinforcement
Density
4 Steel | C-Channe Studs- Detail 1 Optimized Concrete Mix
Density 1

4.2 Test Unit Design Parameters

Based on the revised approach described above, designs were develajpéouiotest units.
As previously stated, the originally-considered prototype bridges(ethIRd. over 1-696) was
used as a basis for the designs. Each test unit consisted d@f lyl100 ft test unit cast on two
beams, spaced apart by 7 ft on center. The Halsted Road Briglgeghider spacing of 9’-4” on
center. However, due to laboratory size constraints and typiciebgirder spacing from the
literature, a 7 ft spacing was chosen. The overall testsir@twas based on the beam spacing
and space constraints in the laboratory. The design developmeracto parameter shown in

Table 3 is described in the following sections.

4.2.1 Steel Beam Size Determination

The two parameters considered in determining the steel beamasizxial stiffness and top
flange width. The beams had to be as stiff or stiffer thanitderg used in the Halsted Bridge,
and the top flange width had to be the same in order to matéhténaction between the steel
and concrete. Since the span length of the test units wersmallycompared to the actual span

length in the prototype bridge, the governing criteria was to hmiie top flange width. The
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flange width of the girders used in the Halsted Bridge is 14”hecstnallest wide flange beam
section with a 14 in. flange was desired. This led to sel&¢tléx176 beam. However, this
section has a large cross-sectional area and would have produdethnger axial stiffness than
the actual prototype bridge. Therefore, the beam selectisrmadified by selecting a smaller
section and then welding extension plates to the top flange to dbw&ioorrect width. A

W12x40 section was thus chosen, which is the smallest sectio8 wit wide flanges. In order
to reach the required 14 in. width on top, 3 in. extension plates vetdedvon either side of the

top flange, as shown below in Figure 15.

3" phtes o 37 butt welds spa. @ 10 5

3"wide phte
, 1 »
Vi /i W12x40 Beam Top Flange

W 12x40 B y o .
X eam 3"wide phte

Cross-section View Plan View

Figure 15. Steel beams selected, with welded extension plates

4.2.2 Diaphragm Section Determination

As shown in Table 3, two different types of diaphragms are usetthdotest units. The

diaphragms were selected to match the axial stiffness dC{tigannels used in the prototype

bridge, which were C12x25 shapes with a cross-sectional aréeG:bfinz. The transverse

spacing of the beams in the laboratory test units was the sathe actual bridge. Therefore,
the cross sectional area of the chosen diaphragm shape had tosaenthéo match the axial

stiffness. Double angle sections were used in lieu of C-chamsiatg, the available C-channel
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sections were too tall for the W12x40 beams. The diaphragm thusteonsf two back-to-back

angles (2L5x5x3/8) with a cross-sectional area of 72.3 in

MDOT specifications and structural analyses were used to detetime angle size to
produce equivalent stiffness for the cross-bracing diaphragmg, &itsoss-bracing design for
the Halsted Bridge was determined according to the MDOT strsgeacifications, as shown

below in Figure 16.

[ ] “L” Min Angle Size
Less Than 6’-9” 3x3x5/16
6'-9" to 9'-3” 4x4x5/16
9-3" to 11'-6" 5x5x3/8
= =1 116" to 13-9” 6x6x3/8
. 13-9” to 18'-6" Sx8x/5

L

Figure 16. MDOT cross-bracing standard specifications (adapted from ref. [26])

Since the girder spacing (L) is 7 ft in the Halsted Bridlge angle size that would be used in
a cross-bracing diaphragm is L4x4x5/16. This cross-bracing for théeHldsidge was then
modeled in SAP2000 [14] with a unit force, as shown in Figure 17. cbneesponding

displacements are shown in Figure 18.

42



A — =1

H=42" (Halsted Bridge
girder height )

—
Y

W=7'-0" (Halsted Bridge
girder spacing)

Note: MDOT specs. require two cross -members, as well
as a straight member across the bottom , as shown

Figure 17. Halsted Bridge cross-bracing dimensions and SAP 2000 model

delta=0.0012"

Ave. delta=0.00095"

» delta=0.007"

24

Figure 18. Cross-bracing displacement results

The shapes for the lab model cross-bracing were selectibatsihe overall axial stiffness
was equivalent to the prototype bridge. The process for detegnthe correct shapes is

summarized below in Equations 4-1 to 4-7.
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Stiffness, k= % =2 (4-1)

5
k = ETA (axial stiffness (4-2)
Koottom= 5—FE = 5o57= 1429 (4-3)
Ktop = ?tz'; - 0.01012: 833 @9
Kbottom=1429= 290?_0*%' — Apottoni= 373 s0. it (4-5)
op =833=22000 " 5 A= 2,18 sq. i (4-6)
Aotal =5.49n° . 2.78? per angle in lab brac (4-7)

Note that two angles were chosen for the lab dooasing instead of three due to the height of

the beams. With 2.75 2|rrequired per angle, a shape of L3x3x1/2 was saleftr the cross-

bracing members in the laboratory models.

Two sets of diaphragms were placed for eash uait, 1 ft inward from the ends of the
beams. The diaphragms were attached to the beagnsset plates. The plate dimensions were
chosen to be 3/8 in. thick fit in between the top &dottom flanges of the beams. The gusset

plate details are shown below in Figure 19.
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~0.37/2"

4.2.3 Shear Connector Layout Determination

Two different shear connector configurationsrevwelded to the top flange of the beams.
The shear stud spacing in the Halsted Bridge vdraed 6 inches to 2 ft. Therefore, to examine
the effect of shear stud density, both extremeswsed. The 6 in. spacing was used for test
unit 2, while the 2 ft spacing was used for testsuh, 3, and 4. The same 0.75 in. diameter by 6
in. tall shear connectors were used in the tess.uin all cases three connectors were placed per

row (across the flange width), with a 5 in. dis@ngetween them. The shear connector

—6.623"—

1//

3;5”

337"

3./2"

_73//

262"

Figure 19. Gusset Plate Dimensions

configurations are shown in Figure 20 to Figure 22.




55"

1 1 1/47
1%,’x6” ShearS tuds L:g
Spaced @ 5” 3/81]
603/ 4"
e weld
S - ( allaround )

Beam §

Figure 20. Shear Connector Spacing over Top Flange

10-0"

n’=a" 4 Spaces @ 2-0"=8'-0" g
I B N B

I~ WI2x40 Steel Beam 7‘2

=
— 2L.5x5x% D aphragm s ( welded ) —
673
Figure21. Shear Connector Detail 1(Test units 1, 3, and 4)
Wo)iOM
5" 18 Spaces @ 6'=9'-0" 5

| N
I
WI2x40 Steel Beam

~on—|

21.5x5x% D aphragm s ( welded i@,,

Figure22. Shear Connector Detail 2 (Test Unit 2)
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4.2.4 Deck Reinforcing Steel Determination

Two different reinforcing steel configurationgere used for the test units. The first
configuration matched the MDOT specifications foe 7 ft beam spacing used in the lab test
units. This was used for test units 1, 2, 3, 5 &n The second configuration matched the
Halsted Bridge reinforcement, which was derivednfrine girder spacing of 9’-4” in the actual

bridge. This was used for test unit 4. The twofoecement configurations are summarized

below in Table 4, and are visually representedguie 23 and Figure 24.

Table4. Test Unit Reinforcement Details (Derived from Refere)

Reinfor cement Top Top Bottom Bottom
Type L ongitudinal Transverse L ongitudinal Transverse
Detail 1 #3 Bars #5 Bars #4 Bars #5 Bars
Spa. @ 10.5” Spa. @ 8” Spa. @ 8.5” Spa. @ 8”
Detail 2 #3 Bars Spa. @ #6 Bars #5 Bars #6 Bars
10” Spa. @ 8.5” Spa. @ 9” Spa. @ 8.5”

a7




Longitudinal Reinforcenent Detail

10'-0"
#3 Bars Spa. @ 10 1/2"=11 bars #5 Top Bars

S N
o o
(:. .:) ‘,LQ

44 Bars Spo. © 8 1/2=14 bars o Botiom Bars

Transverse Reinforcement Detall

10°-0"
#3 Top Bars ( Longitudihal)
#4 Bottom Bars ( Longitudhal)

07‘ A ‘:LO

#5 Bars Top and bottom Spa. @ 8'=15 bars each layer
Figure 23. Deck Reinforcement Detail 1 (Test units 1, 2, apd 4

Longitudinal Reinforcenent Detail

10=0"
#3 Bars Spa. @ 107=12 bars #5 Top Bars

1™

207‘“ % N 2 a . %j"m

—

2l

5 #5 Bottom Bars
#5 Bars Spa. @ 9 =13 bars

Transverse Reinforcenent Detall
10°-0"
#3 Top Bars ( Longitudnal)
#4 Bottom Bars ( Longitudinal)

#6 Bars Top and bottom Spa. @ 8.5"=14 bars each layer

Figure 24. Deck Reinforcement Detail 2 (Test Unit 3)
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4.2.5 Weld Design

The connections for the gusset plates, sheemls,sand diaphragms were welded together
using the AISC minimum weld size specificationsccérding to the AISC manual, for a plate
and angle thickness of 3/8”, the minimum weld sg8&/16” [3]. The weld strength is specified

below in Equation 4-8.

Ryeld =0.75(0.707% *L *0.6*60ksi)= 19.089*L *t (kips (4-8) [3]

Assuming 3/16”-thick welds, the weld strength is:
The weld lengths were dictated by the required eotion details. Using Equation 9, the weld

strength for each the connection is given as:

Rueld  gusseE 3-98*(2*[6"+ 6" 5")=121.72 kips =121,72Bs (4-10)
Ryeld  diaphragms=3-58*(2*[2*5.5"]) = 78.76 kips =78,760 It (4-11)
Rueld  x- bracing=3:58*(2*[2*5.5"])=78.76 kips =78,760 Ik (4-12)

Since these strengths are much higher than thei@ated forces expected for the lab models, it
was determined that using 3/16” welds would beqa@d¢e. The weld details are shown in

Figure 25.
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Section A4A
] 2L 5x5x%

-?% »
3 ”3/16” E @M 16 :%6”
e ! ﬁ%&? 2L 5x5x% ¢ s,
» ”»
%6 3/16

A ¢S tiffenerP hte
a) Gusset Plate and Diaphragm Connection Cross-Seéiesm
€W 12x40 Beam

e

3 »
16

3/1677

3 »
16

3 »
¢S tiffener | = oL /16 ZL 5X5X%
P hte D aphragm
N /
3" phtes
(welded)

b) Diaphragm Connection Plan View

=
i. Weld Detall ii. Dimension Detall
c) Cross Bracing Connection

Figure 25. Welded connection configurations
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4.2.6 Pin Support Design

The beams were set on pin supports at each Bnel bases for the supports were made from
cut sections of W8x31 beams. Grooved steel plates round steel bars were utilized to
simulate the rocker bearings used in bridges. €Siine anticipated rotations at the supports were
small, the pin dimensions did not need to matctdiheensions of the rocker bearings used in the
Halsted Bridge. The pin support details are shdelow in Figure 26 and Figure 27. The
supports were placed 6 inches from the ends of eeaim. Bolted connections were used so that

the plates could be re-used.

4//
-0.5"diam etersteelbolts
71//

1"x47x10” steelphtes
— ——1.5"dam etersteelrod

S

1//7

40 0.5"diam eter steelbo Its

Figure 26. Pin plate details

—14 01" "—
338.01¢33"
- e 51 W12x40 Beam
”» ”» ”» | | 4‘5”7‘—‘_’1‘ TLS//
L x4 x10_steelphies -1.5"dim eterstee lmd 5&%
8‘5//7-—1 t—'*g‘g// 8‘5” 8‘5”
. | ——W 8x31 Beam
W8x31 Basewﬁ@/; === (10”"Deep)

Figure 27. Pin connection setup

51



4.2.7 Ring Test

In addition to the four test units, a concr&teinkage ring test was performed to evaluate the
shrinkage properties and cracking potential ofdbiecrete. The test setup was based on ASTM
C1581-04. In the test, a ring-shaped sample otreba is cast between an instrumented steel
ring and a circular mold. After the specimens diwe circular mold is removed and the top
surface is sealed, which allows free shrinkage onlythe exterior surface of the concrete ring.

The interior steel ring restrains the shrinkagehaf concrete ring, and compressive strain and

stress is induced [5]. The test setup is showkigare 28.

OverallTestSetup ( Pln Viw )

/O uterSteelR ng

/C oncrete R ng
/Bolts w ith eccentric washers

“~hnerSteelR ng ( wih strath gages)

—Non-absomptive base
( seald orcovered pywood )

OverallTestSetup ( Secton View )

_—Seal~

|
60t

gages

/F1/2 »
/t:1/2 »

L 13.07—

—I16.0/"——

Figure 28. Ring Test Setup (adapted from ref. [5])
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Strain gages were placed on the interior @tlsting to measure strains in the circumferential
direction. As the concrete shrinks it compress®s ihner steel ring, inducing compressive
strains. The steel ring restrains the shrinkagevement of the concrete ring and the
compressive strains increase until cracks formhan ¢oncrete [5]. Compressive strains were
measured from the time of casting, and crackirigdgated by a sudden decrease in strain. An

example strain output is shown in Figure 29. Thiegs were cast for each batch of concrete.

Steel Ring Strain (x10/-6)
o A
o O
Yyl

0 2 4 6 8 10
Specimen Age, Days

Figure29. Example Ring Test Strain Output (adapted from[Edj.

The overall designs for all four test unite aummarized in Table 5 and a three-dimensional

drawings of the test unit is shown in Figure 30.

Table5. Test Unit Design Summary

Test | Girder Diaphragm Shear Reinforcement | Concrete Mix
No. Type Type Connectors Detail
1 | W14x176| 2L 5x5x3/8 angles| 1.25x6"” studs Detail 1 Standard
spa. @ 2’-0”
2 | W14x176| 2L 5x5x3/8 angles| 1.25x6” studs Detail 1 Standard
spa. @ 6”
3 | W14x176| L 3x3x1/2 X-bracing 1.25x6” studs Detail 1 Standard
spa. @ 2’-0”
4 | W14x176| 2L 5x5x3/8 angles| 1.25x6” studs Detail 2 Optimized
spa. @ 2’-0”
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Figure 30. Test Unit Overall View

4.3 Instrumentation Layout

A combination of LVDTSs, thermocouples, andastrgages were used to monitor the early-
age concrete behavior in the test units and to uneathe effect of concrete shrinkage.
Instrumentation was placed so that an overall sspriative behavior of each test unit could be

obtained and used to calibrate the computer models.

4.3.1 Strain Gages

Wire-resistant strain gages were attachedath mats of reinforcing steel and through the
depth of the beams to determine the strain gradieatigh the depth of the test units. The strain

gage locations are shown below in Figure 31 tofeig4.
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/#3 Longitudinal Bars

#5 Transverse Bars

5I_OII

Indicates Strain Gage Locations

Figure 31. Reinforcing steel top mat strain gage locations

10-0"

4 Longitudinal Bars
#5 Transverse Bars

5I_OII

. Indicates train Gage Locations

1OI_OII

Figure 32. Reinforcing steel bottom mat strain gage locations
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Steel Beam Strain Gage Locations

(Test Lhits 1-4)

6" Support

Support

3 Strain Gages
(see detail A)

Strain Gages
(see detail A)

2 Strain Gages
(see detail C)

+Beam Midspan

)-0" Beam Midspan
2 Strain Gages
-/ (see detail C)
2'-6"
Q“ Support Support
Detail A Detail B Deti'lc
* Indicates Strain Gage Locations
Figure 33. Steel beam strain gage locations
[‘1' 7II' rll_?ll__.\

f(

i |
Il

~_| H
L 3x3x% Dlaphragms

i
\H ==

56

hrd

=

imi
v‘—f

1

—+1'-8"+
* 1

T.Tmow 2)
I H/J

-
\

|

5l

2L 5x5x38 D aphragm s
" Indicates Strain Gage Locations
Figure 34. Diaphragm strain gage locations



4.3.2 LVDTs

Several 0.05-in. LVDTs were used to measuee \hrtical deflection of the laboratory
models. The LVDTs were calibrated using plateqywaown heights, which was required to
convert output voltage to displacement. The LV@Yyout is shown below in Figure 35. As
shown, the LVDT's were placed underneath each betamid-span, as well as two locations in

the center of the test unit.

10'-0"
5'-0"
Support Support
5'-0" .
lO|_O" [ ] [ J 9
Support Support

* |ndicates LVDTI Locations
Figure35. LVDT Locations
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4.3.3 Thermocouples

Type K thermocouples were used to measurdgetn@erature change in the concrete during
curing, as well as the ambient temperature. Taaribcouples were positioned at the same level
as the top and bottom mats of reinforcing steehentest unit, while the ambient thermocouple

was placed close to the test units.

4.3.4 Instrumentation Naming Scheme

The following naming scheme was used to idierntie locations of each instrument. This
naming scheme was utilized in all the data outputs.
(Test Unit)-(Type)-(X-coordinate)-(Y -coor dinate)-(Depth)-(Orientation)

TestUnit: 1, 2, 3,0r4

Type: LVDT (D), Strain gage (S), Thermocouple (T)
X-coordinate: See Figure 36

Y-coordinate: See Figure 36

Depth: See Figure 37

Orientation: Transverse (T), Longitudinal (L)
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(X=Girder 1) (X=5'0")

(X=Girder 2)
(X=3'4")

10-0" =

(Y=2'6")

% %( l

2222 > %

V7%

Figure36. X-Y orientation for instrumentation

Tp (Top mat)
Bt (Bottom mat)

L AL (3) Tf(Top Flange)
JL @ W (Mid. Web)
@ Bf (Bottom Flange)

Figure 37. Depth locations for instrumentation
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4.4 Test Unit Construction and Casting

The construction process of the laboratory tests is described in the following sections.
Please refer to reference [35] for detailed pha@plys of the construction process. Due to space
constraints in the laboratory, two test units wevastructed and tested the same time. A local
fabricator assembled the steel girder/diaphragmnalskes and attached the shear studs. The test
unit steel frames were then brought into the lalooyaand set on the supports as shown in

Figure 38 and Figure 39.

- % - 13 ol

5,

Figure 38. Test Unit Steel Frame Assemblies (Test units and,4)
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Figure 39. Test Unit 3 Steel Frame Assembly

441 Formwork

Standard stay-in-place metal bridge deck fowese used in between the steel beams, and
were spot-welded in place on the beam top flangése corrugations of the forms were filled
with Styrofoam inserts, which is typical for MDOTrithges. The metal form installation is

shown in Figure 40 to Figure 42.
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Figure40. SIP forms front view

Figure4l. SIP forms Styrofoam fillers
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Figure 42. Spot-welding of the forms (typical)

Removable lumber forms were used for the edfése test units, as well as the cantilevered
sections. A schematic of the formwork for the dawéred section is shown below in Figure 43.

Photos of the formwork construction are shown guie 44 to Figure 46.

¥, plywood ||
Steel beam — N
x4" lumber
| / braces
| — ™ 2”X4”
. lumber
o o
o)
XE M
Support N3

Figure43. Schematic for the cantilevered section formwoite these forms are removable)
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Figure44. Cantilever forms bottom section

Figure45. Completed cantilever forms
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Figure46. Completed formwork (all lumber forms are removable)

4.4.2 Reinforcing Steel

The mats of reinforcing steel were tied togethith steel wire and then positioned in the test
units. Each intersection of the bars was tied secured, ensuring the bars did not move.

Concrete spacers were cut to provide the requicagrcfor both mats of steel, as shown in

Figure 47 to Figure 49.
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Figure 48. Spacing between reinforcing steel mats (typical)
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Figure 49. Reinforcing steel side cover (typical)

4.4.3 Instrumentation Installation
Strain gages were attached directly to thefeeting steel and structural steel. The

installation followed the procedure outlined below.

¢ The installation surface was ground smooth, ane@vipith rubbing alcohol to ensure a
clean surface.

e The strain gage was taped to the surface usingptelhe tape
e The tape was pulled back from one end to exposbkdtiem of the strain gage. Then, a
fast-cure adhesive was applied to the bottom o$tlan gage, which was pressed down

for at least one minute.

¢ The cellophane tape was removed, and the lead wies adjusted, ensuring they did
not touch one another or the steel surface.

¢ The entire assembly was covered with a protectivglia paint.
o Electrical tape was placed over the strain gagedwide further protection.
This process is shown below in Figure 50.
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a) Ground and cleaned surface
r

c) Lead wires adjusted so they do not d) Assembly covered with M-Coat D

touch the steel

e) Electrical tape placed to protect strain

gage
Figure50. Example strain gage installation process (typioakfl strain gages)
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LVDT's were positioned directly underneath thettom flanges of the beams to record
midspan deflections. Wooden stands were consttuctéiold the LVDT's in place. For the
LVDT’s in the middle of the test unit, a small dteed with an aluminum plate was positioned
into the deck. The LVDT’s were positioned undathethe aluminum plate, so that deflections
of the concrete test unit could be directly measguréhis was done in case the concrete deck and

formwork became separated. The LVDT placemerttiosva below in Figure 51 and Figure 52.

a) LVDT stand setup b) Steel bonding rod

Figure51. LVDT placed underneath mid-test unit

Figure52. LVDT in place (mid-span of beam)
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4.4.4 Test unit Casting
4.4.4.1 Concrete Mix Design

Two different types of concrete mixes wereduisethe test units. For the first three testsinit
the MDOT standard Grade D concrete mix was usedevahmodified Grade D mix was used
for the fourth test unit. Both mixes had a 28-dagign compressive strength of 4,500 psi and
maximum aggregate size of 1 inch. The only diffees between the two mixes were in the
cement content and aggregate gradation. The raddifix had a 30% slag cement replacement
and an optimized aggregate gradation. The inténetbte modified mix is that its performance
should be better in terms of reduced shrinkagetdulee lower cement content. The details for

each mix are summarized in Table 6 and Table 7.

4.4.4.2 Concrete casting

The first two test units were cast at the siime to ensure they experienced the same
shrinkage characteristics. The concrete was adddadmom Shafer’s, a local redi-mix company.
The concrete was mechanically vibrated during ngdt ensure proper consolidation. The test
unit surfaces were then finished with a bull flo&te first two test units were cast in the
morning of February 10, 2012. The third test was cast in the morning of March 23, 2012,
and the fourth test unit was cast in the morninlylafch 26, 2012. Casting took about 30-45
minutes for each test unit. The casting and finghvork is shown below in Figure 53 and

Figure 54.
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Table6. MDOT Grade D Concrete Mix Design

Material Quantity
Portland Cement 658 Ib/yc?
Fly Ash None
Lafarge Slag None
Sand (2NS) 1195 Iblyd
Gravel (26A) None
Gravel (6AA) 1740 Iblyd
Water 270 Ib/yo3
WI/C ratio 0.41
Air content (%) 6.5
Slump (in.) 4.5
Fine agg./total agg 0.41
percentage

Table7. MDOT Modified Grade D Slag Replacement Mix Design

M aterial Quantity
Portland Cement 461 Ib/yOS
Fly Ash None
Lafarge Slag 197 |b/yo3
Sand (2NS) 1088 Ib/yd
Gravel (26A) 508 Ib/ydg
Gravel (6AA) 1306 Ib/yd
Water 270 Ib/yo3
W/C ratio 0.41
Air content (%) 6.5
Slump (in.) 5.25
FA./TA percentage 0.55
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Figure 53. Placing and vibrating the concrete (test unit 3)

Figure54. Bull floating the concrete surface (test unit 3)
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Fresh concrete properties (air and slump) vedse tested for each concrete mix using the

standard test methods. The results are summariZeable 8.

Table 8. Concrete Fresh Property Characteristics

Mix Slump (in) Air content (%)
Test unit 1 and 2 4.5 5.5
(Grade D)
Test unit 3 4.25 6.5
(Grade D)
Test unit 4 4.25 6.5
(Grade D-Mod.)

After the concrete initial set, the test wstfaces were covered with wet burlap and plastic t
provide a seven-day wet cure in accordance with NIB@ndard specifications [26]This was
done four hours after the concrete surface washed. The burlap was examined daily to
ensure it was kept saturated, and was re-wettech wleeessary. All wooden forms were
removed after three days. A typical timeline of®tg from casting to the end of curing is shown

in Figure 55. The times listed are approximate\aarted slightly for each test unit.

Burlap re-wetted
Wet burlap at12 PM
placed at 4 PM

Hydration ended Burlap re-wetted Burlap removed
Peak deck and wooden atp1 0 AM atp11 AM

Slabs cast  |temperature  forms removed
between 9 AM at11 AM at 9AM Burlap re-wetted Burlap re-wetted
and 12PM at 10 AM at 10 AM

I I I I I I I I I I I I I I I >
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5 55 6 6.5 7
Time (days)

Figure55. Timeline of events between casting to the end astrmuiring(typical)
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4.4.5 Completed test units

After the seven-day wet cure the burlap arabtd was removed and the top and outside
surfaces of the test units were exposed to drylmglsage. The completed test units are shown

below in Figure 56 to Figure 59.

Figure56. Completed test unit overall view (test unit 4)
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Figure57. Completed test unit cantilever section (test upit 3

Figure58. Close-up of completed test unit top surface (tegt4)
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Figure59. Test unit cross-section (test unit 4)

4.4.6 Concrete Shrinkage Ring Tests

Concrete rings were cast for each mix in otdetetermine the shrinkage characteristics and
cracking potential at the material level. For tingt two test units, three rings were moist-cured
for seven days, while one ring was moist-cure®fbhours. For the second set of test units, two
rings were cast using the standard Grade D mix (i@ 3), and two rings were cast using the
modified Grade D mix (test unit 4). These fourgenwere moist-cured for seven days. The
rings were placed in a separate room where consarngerature and humidity was maintained,
as illustrated in Figure 66 and Figure 67. Aftee moist-cure period was completed, the top
surfaces of the rings were sealed with siliconastbnly allowing shrinkage from the outside

surface. An overall view of the completed ringsh®wn in Figure 60.
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Figure 60. Overall view of shrinkage rings

45 Results

The data obtained from the laboratory invedicn was used to: (1) calibrate the material and
shrinkage simulation of the finite element computedels, and (2) analyze the effect of bridge
design parameters at the sub-assembly level. Xperienental data was used to verify the

computer modeling approach and validate its us&fbbridge models at the global level.

4.5.1 Data Acquisition

Data was collected onNational Instruments SCXI-10@ata acquisition system. Data was
collected continuously, starting within two houriea the top surface of the concrete was
finished. Readings were taken every minute dutiregduration of the test; and the tests were

run for a period of three weeks, including the areek of wet curing.
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4.5.2 Concrete Material Testing

Standard compressive and split tensile sthemggts were performed on 4”x8” concrete

cylinders at ages of 3, 7, 14, 21, and 28 dayse dyinders were de-molded three days after

casting and placed in a curing room with a constamperature of PF and constant relative

humidity of 80%. The cylinder strength testingsisown in Figure 61 and Figure 62. The
compressive and split tensile strength gain cufeesach mix are shown below in Figure 63 to

Figure 65.

As shown in Figures Figu68 to Figure6b, the compressive and split tensile strength values
were fairly consistent for all of the concrete naxél'he peak compressive strength at 28 days
was approximately 7,000 psi for all mixes, whichsv2g500 psi higher than the design strength.
The modified Grade D mix had similar material styfgncharacteristics to the standard mix.
Thus, the mix design modifications did not haveetiact on the concrete strength. The concrete
strength data was used further to develop the etaanelastic material properties in the

computational evaluation.

The rest of this page was left blank intentionally.
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Figure 61. Concrete split tensile strength testing

Figure 62. Concrete compressive strength testing
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Figure63. Test units 1 and 2 (MDOT Grade D mix)
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Figure65. Test unit 4 (Modified MDOT Grade D mix)
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4.5.3 Ambient temperature and relative humidity

The ambient temperature and relative humidiéd monitored daily in the laboratory main
test bay and in the ring test room. The data vsexl dor developing the shrinkage loading
characteristics in the computational evaluatiorne Temperatures and relative humidity for the
first set of test units are shown below in FiguBea®d Figure 67. The temperatures and relative
humidity for the second set of test units are showiigure 68 and Figure 69. Note that 100%
relative humidity was assumed during the time off eueging.

As shown in Figures Figure 66 to Figure 6@, tismperature and relative humidity remained
fairly consistent in both the main lab and the riegt room. A humidifier was placed in the ring
test room to try to maintain a consistent humidityp0%. However, due to the heaters running
and the large size of the room, this was diffitalachieve. The temperature and humidity data
were used further to calculate the required eqgentathrinkage loads for the computational

evaluation.

The rest of this page was left blank intentionally.
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Figure 66. Ambient temperature values, first set of tests
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Figure 67. Relative humidity percentage, first set of tests

85



(0]
o

~N
(92

U
Ul

(9
o

Temperature (F)

~
o

Ul

(o))
o

Temperature (F)
(e)]

Time (days)

a) Main Lab

0 5 10 15 20 25
Time (days)

b) Ring Test Room
Figure 68. Ambient temperature values, second set of tests
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Figure 69. Relative humidity percentage, second set of tests
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4.5.4 Thermocouples

Thermocouples were positioned at the top atbim mats of reinforcing steel, the beam top
flange, and the beam bottom flange. This allovesdperature profiles through the depth of the
test units to be measured. An ambient thermocowpkealso positioned next to the test units to
monitor the temperature variation in the lab. Témperature in the deck for test units 1 and 2
are shown in Figure 70, while the lab ambient tenajoee is shown in Figure 71.

The concrete temperatures of the two tessuwarhained consistent. This was expected, since
the two test units contained the same concrete niike maximum deck temperature was
reached about 24 hours after casting, and the tigdnaeriod ended at about three days. The lab
ambient temperature remained fairly consistentttier duration of the test. The drops shown
were times when the door was opened and the lakaiaged to cool. The initial increase in
temperature was due to the thermocouple being ghlanderneath the plastic that was covering
the two test units. After the hydration periode ttoncrete temperature was about the same as
the ambient temperature of the lab.

The temperature gradient through the depth of@keunit is shown in Figure 72. As shown in
this figure, the temperatures at the top and botiwats of steel were very similar, the beam top
flange was slightly cooler, and the beam bottornga was very close to the ambient

temperature.
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Figure 70. Concrete deck temperatures at the bottom mat fioreing steel (test units 1 and 2)
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Figure 72. Maximum temperature gradient through the deptimeftést unit (test units 1 and 2)
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The temperature in the deck for test unite@® 4 are shown below in Figure 73, while the lab
ambient temperature is shown in Figure 74. Duthng test, the data acquisition system was

accidently disconnected, so some of the values slavevpredictions for the missing data.
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Figure 73. Concrete deck temperatures at the bottom mat fioreing steel (test units 3 and 4)
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Figure 74. Lab ambient temperature, second set of test units

The concrete temperature maximum range fotwloemixes was about the same, while the
hydration period for the slag mix (test unit 4) vaightly longer and the concrete remained at
the peak temperature longer. The initial set tim&est unit 4 also took longer than in the first
three test units. The concrete temperature digiab was very similar between test unit 3 and
the first two test units, since they were made with same concrete mix. The lab ambient
temperature remained fairly consistent throughbattéest, except during the casting of test unit
4. The large temperature drop shown is when tloe thothe lab was left open during the casting
of test unit 4, allowing the lab to cool. Afterthydration period, the concrete temperature was
about the same as the ambient temperature of the Tdne temperature gradient through the

depth of the test unit is shown below in Figure 75.
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Figure 75. Maximum temperature gradient through the deptimeftést unit (test units 3 and 4)

As seen in Figure 75, the maximum temperaligteibution through the depth of the test
units was very similar to the distribution for thst two test units. The concrete temperature at
the top and bottom mats of steel were similarpfe#d by a slight decrease at the top flange, and
the bottom flange was consistent with the averaggient temperature. Overall, the temperature

distribution was consistent with expectations.

455 LVDT's

The vertical displacements for all four tesitsiare shown below in Figure 76 to Figure 78.
Note that negative values indicate downward moveénvenile positive values indicate upward
movement. Also note that the LVDTs were not posid until after the concrete initial set, so
they do not show an initial downward deflectionttheuld have occurred due to the concrete

self-weight.
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Figure 76. Girder 1 mid-span displacement (L-G1-1/2)
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Figure 77. Mid-test unit displacement (L-1/2-1/2)
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Figure 78. Mid-test unit quarter-span displacement (L-1/2-3/4)

At each LVDT location the test units underwém¢ same general behavior. The upward
displacement corresponds well with the concreteptature values. The concrete expanded
due to the temperature rise during hydration, capan upward displacement. There was then a
slight drop in the displacement due to the remo¥#he wooden forms. The displacements then
leveled off while the concrete surface remainedeced during the seven-day wet cure. When
the burlap was removed, there was a sudden drpeidisplacements due to immediate drying

of the concrete. The displacements then decresdsadily due to drying shrinkage effects.

4.5.6 Strain Gages

There were several errors in the strain gade fr the first two test units. Since the dassw
taken continuously and the system was not resatglthre test, the system became saturated and
skewed the data points after the first few daysr tEst units 3 and 4, the system was stopped

and reset daily, and the strain data turned outhnimetter overall. Selected strain plots for test
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units 3 and 4 are presented below. Please refefeécence [35] for the full data output. Note
that in the following plots, compressive straing aegative and tensile strains are positive.

Recall that the instrumentation naming schemeasented in Figure 36 and Figure 37.
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Figure 79. Top mat longitudinal rebar strains, middle of tesit (S-Tp-1/2-1/2-L)
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Figure 80. Bottom mat longitudinal rebar strains, middle afttenit (S-Bt-1/2-1/2-L)
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Figure 82. Bottom mat transverse rebar strains, middle ofurgt(S-Bt-1/2-1/2-T)
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The strain output behavior is summarized below:

Longitudinal Strains: All of the longitudinal strain gages showed agéarspike in
compressive strain during the concrete hydrationoge followed by a leveling off
during the remainder of the wet-cure period, thesteady increase in compressive strain
due to drying shrinkage.

Transverse Strains: The transverse strains exhibited similar ovebahavior to the
longitudinal strains but were smaller in magnitudéiis was expected, since the bar size
for the transverse steel was larger than the lodjial steel.

Top Flange Strains:The beam top flange strains were very similatherebar strains,
and also smaller in magnitude.

Mid-Web Strains:In the web, there was a large increase in tesgign due to the beam
expansion during hydration. The strains then kdelff to close to zero and remained
there for the remainder of the test.

Bottom Flange StrainsLike the web, in the bottom flange there was adangrease in

tensile strain due to beam expansion during hyalrati The strains then leveled off,
followed by a steady increase in tensile strainmudrying shrinkage.
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To determine if the beams were bending inw@ardutward, longitudinal strain gages were
placed at the inside and outside of the bottomgian The bottom flange inside and outside

strains for test unit 3 are shown below in Figuse 8
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Figure 86. Beam bottom flange, mid-span longitudinal straside and outside comparison

As shown in Figure 86, the strains at theidatsf the bottom flange remained slightly higher
than the strains at the inside of the bottom flangkis indicates that the bottom flange not only
experienced positive bending, but also bent sghtivard.

To determine the effect of using straight Hi@agms verses cross-bracing, the diaphragm
strain data was compared. The strains on thedsutsant surface are compared below in Figure
87. It can be seen that both sets of diaphragme inéension during the initial deck expansion
from hydration, then undergo compression due tai@a shrinkage. The strain values were for

each diaphragm, although the straight diaphragm dtigtitly larger strain magnitudes. The
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cross-bracing diaphragms likely created slightlyrencestraint in the system than the straight

diaphragms.

80

60 -

40 -

20 - \ —Test Unit 3 (X-Bracing)
" T=——=]
S

Test Unit 4 (Straight)

g

Microstrains

0O 2 4 6 8 10 12 14 16 18 20
Time (days)

Figure 87. Diaphragm strain data comparison

The maximum strain gradients through the depthoth test units were extracted at the mid-
span of Girder 1. They are presented below inrei@8 and Figure 89. Note that tension is
plotted to the right (high) side of the x-axis.

As shown in Figures Figure 88 and Figure 88thbmats of reinforcing steel bent in
compression, while the beams deformed in positeeding, with compressive strains on top,
nearly zero strain in the web, and tensile stramghe bottom. The maximum strain gradient
was larger for test unit 4 than test unit 3, whias likely due to the smaller bar sizes that were
used.
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4.5.7 Ring Test Crack Growth
The shrinkage rings were monitored daily faacking. Once the presence of cracking was
detected, the cracks were measured and crack gdoith were developed. The crack growth

plots for Rings 1 to 4 (corresponding to the cotectesed in Test units 1 and 2) are shown below

in Figure 90.
0.025
0 e
o 0.02 —a* -
g ’n“ Kode ¥eoooe X
= 0.015 ™
< *'r“("‘**‘xx —s—Ring 1 (7-day cure)
= :
S 0.01 T == Ring 2 (7-day cure)
> X ,' .
8 0.005 i . Ring 3 (7-day cure)
o .xa‘< ¥ -+>¢++ Ring 4 (24-hr cure)
0 -cossmomacens: .
0 20 40 60 80
Time (days)

Figure 90. Concrete ring crack growth, Rings 1 to 4 (Grade R)M

As expected, Ring 4 was the first ring to krance it only underwent moist curing for 24
hours. Rings 2 and 3 experienced a similar crackiend for the first few days, while the crack
width for Ring 2 continued growing. Ring 1 did mmoack until much later. In general, the rings
began to crack at around 15-20 days after castiagh ring contained one vertical crack, which
kept growing as the rings continued to undergong&age. An example ring crack is shown

below in Figure 91.
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For test units 3 and 4, two rings were castefaich concrete mix and moist-cured for seven
days. Rings 7 and 8, the rings made with the medlierade D mix did not crack. The rings
made with the standard Grade D mix began crackirpaund 18 days, which was consistent

with the first set of rings. The crack growth gléor Rings 5 to 8 is shown below in Figure 92.

Figure91. Ring test cracking (Ring 2)
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Figure 92. Concrete ring crack growth, Rings 5to 8
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4.6 DataAnalysis

Overall, the data matched what was expectethétesting. The data revealed the test units
initially expand due to the concrete heat of hyidraand then leveled off while they remained
covered during wet curing. Once the wet burlap reasoved, drying was initiated and the test
units steadily curled inward in a bowl-shaped patteThe overall trends and analyses for each
type of instrument are presented below. Variatiamsbehavior due to different design

parameters at the sub-assembly level are presgntieel computational analysis section.

4.6.1 Temperature

Overall, each test unit exhibited the sameegdrniemperature response. In the concrete, there
was a large increase in temperature during the4ours of hydration, followed by a decrease
until the end of hydration at three days. Thelsteflange temperature was slightly cooler than
the concrete, while the steel bottom flange tentpesaremained close to ambient. After the
hydration period, the concrete internal temperatvas slightly warmer than the lab ambient
temperature.

All three test units made with the standard WD Grade D mix exhibited very similar
temperature trends, indicating consistency in tire rihe modified Grade D mix had a similar
temperature magnitude to the other mixes, but himshg@er initial set time and remained at the

peak temperature longer.

4.6.2 Vertical Displacements

As expected, the overall deflection magnitudese larger underneath the test unit than

underneath the steel beams, and were largest imitidle of the test unit. This behavior
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matched the overall deflected “bowl-shaped” pattdrthe beam/slab assembly due to concrete
shrinkage, with the largest displacement in thedheid

Overall, test units 2 and 4 exhibited veryiamdisplacement trends, as well as test units 1
and 3. The high shear stud density in test uhike®y produced added restraint, thus limiting the
overall amount of displacement, and the low-shigekanix for test unit 4 also limited the
displacement. Test units 1 and 3 had the same ofpeoncrete, with different rebar
configurations and diaphragm types. From a defoamgoint of view, these design features do
not appear to have a large effect. Since testaihéd the smallest overall displacements, it can

be seen that increasing the shear stud densitgalees the overall deformations.

4.6.3 Strains

Overall, the strain behavior was as expected matched well with the deflection and
temperature data. All of the reinforcing steelists remained in compression, which was
consistent with the expected “bowl-shaped” deforomabf the test unit. The beams initially
showed a combination of positive bending (due tacoete self-weight) and expansion (due to
heat of hydration). After the hydration period wager, the beams continued to experience
positive bending, with compressive strain in the tiange, nearly zero strain in the web, and
tensile strain in the bottom flange. Based onlibiom flange strain gage data, the beams also
bent inward slightly. The overall strain magnitade test unit 4 were higher than in test unit 3.
This was slightly surprising, since test unit 4 laaldwer-shrinkage concrete mix. However, test
unit 3 had a heavier reinforcement scheme, which naae caused lower values of strain. The
diaphragm strain values were similar for both typésliaphragms, although the cross-bracing

diaphragms likely created slightly more restralart the straight diaphragms.
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5 COMPUTATIONAL EVALUATION

Finite-element computer models were developednulsite restrained concrete shrinkage in
jointless bridge systems. An approach was devdldpesimulate concrete shrinkage through
temperature loading. The approach was verifieccdapparing the experimental data to the
computer model data. The approach was then impiddor full bridge systems, and results

were compared for different bridge design features.

5.1 Modeling Approach

A method was developed for modeling and evadgaestrained concrete shrinkage through
finite-element analyses. The finite-element progd@BAQUSwas used for all computational
evaluations [37]. The method utilizes temperatio@ding on exposed concrete surfaces to
simulate free shrinkage strain. To develop thaireq temperature loading, the shrinkage strain
relationship given by ACI 209 was used [2]. Thisidesign code and is conservative by nature,

which would give shrinkage values on the higher. efldis allows for a “worst-case” scenario to

be simulated. The free shrinkage strain at tini® calculated using the relationship given by

ACI 209, as shown in Equation Seglow[2].
__t 5-1
(esh)t= 35+t*(5st) L (5-1)
In Equation 5-1(&gp)t is the free shrinkage straibjs the time (in days), anEsp)y is the
ultimate shrinkage strain. The ultimate shrinkatyain is based on a number of factors related
to relative humidity and mix design as shown in &apn 5-2 below.

(£sh)u=T780*Acp* A3 * AyE A% Ayt A%c 2310 6 (5-2)
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In Equation 5-Zﬂcp depends on the number of days of moist curijgdepends on the
percentage of relative humidit§,sdepends on the volume/surface area ratio @rdepends on
the slump (in.)/ly, depends on the percentage of fine aggregate toapgeegated . depends on

the cement content (Ib/Sid andA, depends on the air content (%). Equations for efi¢hese

parameters are listed below.

Aep = 1.0 for 7 — day moist cure (5-3)
4, —14-0.017, for 40%< 4 < 80% (5-4)

A =3.0-0.03%, for 80%< 4 < 100¢
-0.12%V _ _ (5-5)

As=1.2%e A Where% Is volume to surface arezhes
As=0.89%0.041*s, where s is the slump (i (5-6)
Ay 20-3+0.014% , for'¥ < 809 (5-7)
¥ 73.0-0.03%, for 4 >100 %
Jc=0.75+ 0.00036t , where c is the cement mmt(yds) (5-8)
y

A, =0.95+ 0.008% , wherex is the air content)( (5-9)

Values for all these constants were calculédedach of the four laboratory test units, and

are listed below in Table 9.
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Table 9. Shrinkage strain calculation constants

Constant Test unitsland 2 Test Unit 3 (Standard Test Unit 4 (Modified
(Standard Mix) Mix) Mix)
Aep 1.0 1.0 1.0

M Varies, dependent on Varies, depends on Varies, depends on

humidity (see Figure 67

humidity (see Figure 69)

humidity (see Figure 69)

Avs 1.114 1.114 1.114
As 1.075 1.064 1.064
Ay 0.874 0.874 0.874
Ac 0.987 0.987 0.916
Aa 0.986 1.002 1.002

After calculating the values shown in Tabldl® free shrinkage strain at time(sert, was

determined. To apply this strain through tempeeatoading, Equation 5-1 was set equal to the

equation for free thermal expansion, as shown beidsaquation 5-10.

(‘9Sh) t= o * T (5'10)

In Equation 5-10¢ is the coefficient of thermal expansiono(E) andT is the temperature

(°F). Finally, the temperature loading to be appliadthe finite-element modeling was

determined by solving Equation 5-10 for T.

T - _(eshlt (5-11)

(24
The temperature values calculated in Equabehl were applied to exposed concrete
surfaces to simulate free shrinkage strain, whiteraperature of zero degrees was applied to
restrained concrete surfaces. The temperatureevalere applied using transient coupled

temperature-displacement loading in ABAQUS.
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5.1.1 Free shrinkage model

To verify the approach in Equation 5-11, a@ified concrete block model was created and

simulated. The block model is shown below in F&g88.

Figure 93. Concrete free shrinkage block overall model

Assuming a shrinkage strai(zgh)t)of 10Qu and concrete coefficient of thermal expansion

(o) of 6.0*166, the applied temperature loading was -1667 This was applied to the outside

of the block on all surfaces. The strain values @eflected shape are shown below in Figure 94.

E, Max, Principal
(Avg: 75%)
-1.000e-04

O0e-0d4
Ode-04

Figure 94. Free shrinkage model strains and deflected shape

As shown in Figure 94, the strain throughdwt éntire block was the assumed free shrinkage
strain of 10Q.. Additionally, the stress throughout the blocksweero since the block was
completely free to contract. This analysis indechthat the temperature equation (Equation 5-

11) could be used to successfully simulate fremkage strain.
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5.2 Computer Modeling Features

As previously stated, the finite-element pesgrABAQUSwas used in all computational
evaluations [37]. Transient coupled temperatuspldcement analysis was used to model
concrete shrinkage through temperature loading.e @halysis procedure allows for the
simultaneous solution of deformations with the demin temperature. The system is solved by

using Newton’s method, as illustrated below in Eoum5-12 [38].

) (39)( )

In Equation 5-12 abovelu and 46 are the corrections for incremental displacemert a

(5-12)

temperature Ky are the stiffness values for the Jacobian matind R, and Ry are the
mechanical and thermal vectors.

Different types of elements were used for ttagious parts in the models. Reduced
integration was used for all analyses. The elemgrds used for each part are summarized in

Table 10. Schematics and available degrees afidrador each element type are illustrated in

Figure 95.
Table 10. Element types used in computational evaluation
Part Element Type ABAQUS Element | Number of Nodes
Designation Per Element
Concrete Deck 3D Thermally- C3D8T 8
Coupled Solid Brick
Steel Beams & Diaphragmss 2D Shell S4R 4
Stay-in-place forms 2D Shell S4R 4
Reinforcement 1D Truss T3D2
Shear Connectors 1D Truss T3D2 2
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Figure 95. Schematic representation of elements used [38]
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5.3 Material Properties

Inelastic concrete behavior was implementedubyg the ‘concrete damaged plasticity’
material model in ABAQUS [37]. The material is lagticity-based damage model for concrete,
and is good to use for concrete in all types afctres under low confining pressures [38].
can be used in both plain and reinforced concretdets, although it is primarily used to model
reinforced concrete. It is able to model the iersible damage that occurs when concrete cracks
through strain softening. While it does not intiod cracking directly at material integration
points, cracks can be visualized to occur in laretiwhere the maximum principal plastic strain
outputs are larger than zero. To model the inel@sincrete behavior, it implements damaged
elasticity, along with tensile and compressive fptdg, and requires the input of uniaxial

concrete stress/strain curves in tension and caajoe

The concrete stress-strain curves were gestelat using the model proposed by Collins, et.

al. [13]. The compressive stress/strain equations are shelewlin Equation 5-13 [13].

fo _ c (5-13)

fo & (n- 1)+(/ K

In Equation 5-13]‘C is the compressive stress (psﬁp is the compressive strength (psiy,is

the compressive strain (in/in, ¢ is the strain WheréC reachesf’C (infin), and N andK are

curve-fitting factors, as shown below in Equatiéas4 and 5-15. FatJ/ee >1,

f'e (5-14)
k=0.67+—~= 9000 (psi’

(5-15)

f
n=0. 8+m (psi)
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The equation fog’ ¢is given as

f . 5-16
g'C:EC*n—El (in./in.) (-10)

The concrete modulus of elasticify, was predicted using the ACI code
Ec.=57,00Q/f & (psi (5-17)

The tensile stress-strain relation proposeddxchico and Collins [39] was used. The stress-

strain behavior of the concrete in tension wasmssuto be linear-elastic, with modulbs, up

to cracking. After cracking, the average tenditess, including the effects of tension stiffening,

was defined by:
(5-18)

f .
Oc = ——=— (psi)
1+ SOo*gcr

In Equation 5-18g is the concrete stress (pdiy is the concrete tensile strength (psi), and

Ecris the concrete strain after cracking. The coectetsile strength varies greatly, and several

different equations are proposed for calculatirgténsile strength. For the computer modeling,

the following relationship in Equation 5-19 was dise

for =7.5%JF ¢ (5-19)
This relationship was used in lieu of actual stteraata from the laboratory, due to the scatter in

the data output.
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For the computer modeling, a concrete compresstrength of 7,000 psi was assumed for all
of the analyses, since all the concrete had a 2&admpressive strength of 7,000 psi or slightly
higher. The concrete stress/strain curves werergted using the method described above, and
are shown below in Figure 96. The “approximatiocatves shown in Figure 96 were the values
inputted in ABAQUS since the simulations would wonverge if all the values in the data sets

were inputted.

8000

7000

6000
Z /X
.“?A: 5000 / \ —— Compression
@ 4000 \ Curve

£ 3000 /
“ 2000 I \ —=- Approximation
1000 f
0 \""'I
0 0.0025 0.005 0.0075
Strain (in/in)

a) Compression

700
:

600 ]-\

= 500
(7]
=400 +
(7]
§ 300 -
&» 200
100
O R T T
0 0.005 0.01
Strain (in/in)

—+—Tension Curve

=== Approximation

b) Tension
Figure 96. Concrete damaged plasticity stress/strain curves
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In addition to the concrete inelastic behawseaveral elastic material properties were modeled
for both the concrete and the steel. Note thastakl was modeled as elastic. The material

properties for the steel and concrete are showowbiel Table 11.

Table11. Material properties used in the computer analyses

Material Property Concrete Steel
Modulus of Elasticity E (psi) 4,768,962 29,000,000
Poisson’s Rati@ 0.2 0.3
Mass density (slugs/irf) 0.00261 0.00881
Coefficient of thermal expansian(per°F) 6.0 x 10° 6.5 x 10°
Thermal conductivity (Btu/in*hr*°F) 0.15 2.5

54 Laboratory Models

Before implementing the loading approach tb fudge models (see Chapter 6), it had to
first be calibrated and validated. This was conggldy comparing the computer model data to
the results obtained from the laboratory investigat Models were created to simulate both the

ring test and the four test unit slabs.

5.4.1 Concrete Shrinkage Ring Test

A computer model was first created to simuthte shrinkage rings cast in the lab. Separate
parts were created for the concrete and steel,renys the dimensions corresponded to those
shown in Figure 28. Both the concrete and steekweade of solid 3D elements, with six
elements through the depth of the concrete ringfiaedelements through the depth of the steel
ring. Friction interaction was implemented in taegential direction between the concrete and

steel, with a friction coefficient of 0.45. “Hardbntact was used for the interaction between the
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steel and concrete in the normal direction. Fikedndary conditions were placed at the four
contact points where the bolts were located atrther steel ring. The ring test assembly setup

is shown below in Figure 97

Figure 97. Concrete ring test assembly

A zero-degree boundary condition was implemerior the steel ring, as well as the inside,
top, and bottom surfaces of the concrete ring,esithese drying was prevented from these
surfaces. The outside surface of the concretehaaltime-dependent tabular temperature values
applied, corresponding to the calculated ACI 208efishrinkage strain values [2]. The
temperature values were calculated as describ&dation 5.1.

Originally, the entire outside surface of thencrete ring had a uniform temperature
distribution applied. With this approach, instegiddamage being concentrated in a specific
region of high stress, the entire ring would becataenaged, since it has uniform material
properties and loading. Therefore, a material ni@@tion was created along a small strip in the

concrete ring. This was done to provide a stresgentration and produce cracking in a
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specified region of damage. An arbitrary value8010'6 was chosen for the imperfection

region. This is illustrated below in Figure 98.

Figure 98. Material Imperfection Assignment
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Figure 99. ACI 209 Temperature values (applied to outsideasar©f concrete ring) [2]
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The calculated temperature values applietiémtitside surface are shown in Figure 99. The
temperature values were applied as shown in Fif0e The analysis was run for the entire

time period, and the plastic strains were monitdi@dcracking. According to the results,

cracking began at a temperature value oPF4%orresponding to a time of 17 days. This was

very similar to the time for cracking in the actdaboratory models. The plastic strain
magnitudes at that time are shown below in Figlxe 1

The plastic strains through time in the regddimperfection were extracted and are shown in
Figure 102. The strains through time at the insniéddle surface of the ring are shown in Figure
103. This is the same location where strain gagee placed for the ring test. Additionally, the

concrete ring strains in the location of damagesveattracted and shown in Figure 104.
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Figure 100. Temperature distribution through the rings
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Figure 101. Concrete Ring plastic strain PE, Max Princigalrae of 17 days
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Figure 102. Plastic strain magnitude outputs through for tiggare of damage
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Figure 103. Steel ring strain output through time
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Figure 104. Concrete ring strain output through time
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As shown in Figure 102 to Figure 104, thelsteg compressive strains increased with time,
but did not experience a sudden drop, which wonldeality happen when cracking occurs.
However, evaluation of the predicted concrete strgins shows that softening does occur, and
that the strains drop after cracking occurs. Téason why the steel ring strains did not drop
may be due to the plastic strains not being fulitdeand the effect of a continuum-based plastic
assumption in the finite-element simulations.

The material imperfection approach was suéalgsble to concentrate the plastic strains in
one particular region where cracking would occostead of having evenly-distributed damage
throughout the entire ring. It can be seen th&bducing random imperfections should be
considered in the full bridge parametric studieprioduce accurate cracking distributions, and
prevent uniform damage from occurring throughoetehtire model.

The time for cracking matched well with thepesimental results and the steel ring strain
results matched the overall magnitude of the reduttm the lab. Overall the approach was

shown to be logical, and correctly implementeddbiecrete material properties and damage.

5.4.2 Lab Test Unit Test unit Models

Computer models were next created to simdletdest unit test units that were created in the
lab. Each model consisted of the same designamdif as the test units. The effect of different
design parameters at the sub-assembly level wasiead, along with the validity of the overall

computer modeling approach. An overall view of th@del is shown in Figure 105.
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Figure 105. Lab test unit test unit models overall view

Tie constraints were used to simulate all eeldonnections. This included the connections
between the stiffener plates and beams, diaphraguhsstiffener plates, metal forms and beam
top flanges, and the shear studs and beam topeBanbhe reinforcing steel and shear studs were
embedded in the concrete using the ‘embedded regomstraint option in ABAQUS. Friction
interaction was modeled between the steel and etsparts with a friction coefficient of 0.45.
Since the effects of the concrete self-weight wese monitored during the laboratory testing,
self-weight loading was not included in the compatel analyses. The pin bearings from the
experimental setup were simulated through boundanditions along a path at the bottom

flanges of the beams, where rotation in the x-timacwas allowed and all other degrees of
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freedom were fixed. To simulate shrinkage, tempeedoading was applied to the top and side
surfaces of the test units, while the bottom s@fhad a temperature of zero degrees. This
created a linear temperature distribution through depth of the test units. The temperature

loading values that were applied are shown belokigare 106.
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Figure 106. Temperature loading values for lab test unit arealys

The overall deflected shape for the test mmodels at the end of the analysis is shown in

Figure 107. Note the presence of the “bowl-shagadtern which was discussed in Chapter 4.
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Figure 107. Test Unit Models Overall Deflected Shape and Vattizisplacement [37]

To validate the computer modeling approacte Hdomputational analysis results were
compared with the laboratory data. Selected coismaplots are shown in Figure 108 to Figure
117 (Refer to Figure 36 and Figure 37 for the instntation naming scheme.) As shown in the
noted figures, the computer model data correspotmléuke laboratory data reasonably well. In

general, the computer model data slightly overdpted the deflection outputs, while it slightly

+5.188e-02
+4.197e-02
+3.205e-02
+2.214e-02
+1.222e-02
+2.308e-03
-7.608e-03
-1.752e-02
-2.744e-02
-3.735e-02
-4.727e-02
-5.718e-02
-6,710e-02

under-predicted the strain data. Further discassiprovided in section 5.4.3.1.
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The computer model data for each test unit alae extracted to determine the relative

differences at the sub-assembly level. This isvshim selected results presented in Figure 118

to Figure 126.
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Figure 122. Computer model data comparison, rebar top mat.tetrasns (S-Tp-1/2-1/2-T)
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Figure 123. Computer model data comparison, rebar bott. mastistrains (S-Bt-1/2-1/2-T)
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Figure 124. Computer model data comparison, beam top flangenst(S-G1-Tf-M-1/2-L)
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Figure 125. Computer model data comparison, beam mid-web st{&irG1-W-0O-1/2-L)
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The strains through the depth of the beamlirdtsections were also determined, and are

shown below in Figure 127. Compression is plottethe left and tension is plotted to the right.
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Figure 127. Longitudinal Strains through the depth of the beast/unit section
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5.4.3 Discussion

5.4.3.1 Validation of Computer Modeling Approach

As shown in Figure 108 to Figure 117, the cotepmodel data correlated reasonably well
with the experimental data. In general, the comipuodel data slightly over-predicted the
deflection outputs, while it slightly under-predtidtthe strain data.

The computer modeling approach did not take account the spike in strains and deflections
caused by the expansion of the concrete due tchéla¢ of hydration. Instead, the model
assumed zero loading during the initial seven-daiyaure, followed by the temperature loads to
simulate drying shrinkage (see Figure 106). Affterinitial spike in strains and deflections due
to hydration most of the experimental data levedéidto around zero, followed by a steady
increase/decrease due to shrinkage. Overall the ld similar trends/slopes, but different
magnitudes. The difference in the magnitudes betwwke computer simulations and lab data
was likely due to assuming that strains and deflestwere equal to zero after the hydration
period is over. This behavior is especially ptentin the results shown in Figure 110. The
data matches the best when the experimental readnogped back to zero following the initial
spike due to hydration. This can be seen in Figag

Overall, the computer model data matched resdyg well with the experimental data. The
data followed the same trends and were close tedhe magnitude. The biggest discrepancy is
likely due to the absence of modeling concrete &tyoin, as this creates an initial jump in some
of the strain data. Other reasons for the discrepaould have been due to small changes in the
lab ambient temperature not being taken into adgduction behavior at the pin supports, and

other areas where the computer modeling simpléietial experimental behavior. Despite the
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discrepancies, the computer modeling approach Wwawrsto be valid, and comparing to the
experimental data proved the approach and implatientwas valid. Since the ring test and
test unit slab data matched with the experimeng#h,dthe computer modeling approach was

justified to be applied to the parametric studyidhbridge models (See Chapter 6).

5.4.3.2 Effects of Design Parameters at the Sub-assemisy le

While the overall trends and effects of desigmameters at the sub-assembly level can be
evaluated using the lab shrinkage test unit modedst effect on the cracking potential for full
jointless bridges cannot be evaluated until thampatric study on the full bridge models.

In general, the reinforcing steel top and dootimat strains were very similar for test units 1
and 2, and also test units 3 and 4. In generalrgbar strains in test units 1 and 2 were higher
than in test units 3 and 4. Test unit 3 most yikehd lower strain values since it had a denser
reinforcement configuration, and test unit 4 mastly had lower strain values since it had a
lower-shrinkage concrete mix. It was expected tbstt units 1 and 2 would have similar strain
demands in the reinforcement since they had theeseomcrete mix and reinforcement
arrangement. For the strains in the beam top élatggt unit 2 had the lowest values. This was
likely due to the added restraint caused by thee&leshear stud configuration. Test units 1 and 3
had similar top flange strain values, while test drhad lower values due to the lower-shrinkage
mix. The strains in the web were nearly zero fbioaithe test units. For the bottom flange
strains, test unit 4 had the lowest values, wigigt tinit 1 had the highest values. This was likely
because test unit 1 had the least amount of ouverstiaint with the regular Grade D mix, while

test unit 4 had the low-shrinkage mix.
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Analysis of the strain data through the degtlthe test units shows that both mats of steel
were in compression; while the beams behaved itiy@®ending, with compressive strains on
the top flange, nearly zero strains in the web, @mile strains on the bottom flange. The
compressive strain in the reinforcing steel was wuthe compression caused by the concrete
shrinkage as well as by the bending strain indumethe curling of the deck. A schematic of

this is illustrated in Figure 128 for test unit Mote that all the test units had a similar behavio

O L 1 J
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L = A Slab
£ 7
210 /N i o
&2 / \\/
° 2 15
.EqE) / /\ v Beam
] \
5 < 20
[J)]

25

-400 -200 0 200
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-1 +[©

Bending Compression

g

Figure 128. Strain behavior through the depth of the slab

As shown in Figure 128, the strains throughdkpth of the slab are due to a combination of
bending and compression. It can be seen that ofidisé strains are compressive, caused by the
shrinkage of the concrete. The bending effecttdube curling of the deck has a much smaller

contribution. Overall, all test units behaved isimilar manner.
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6 PARAMETRIC STUDY ON FULL BRIDGE MODELS

To evaluate the effect of bridge design facton restraining concrete shrinkage and
producing cracking at the global level, a pararmettudy was performed on full bridge models.
Two bridges in lower central Michigan were studiede concrete spread box beam bridge (M-
57 over US-127) and one steel girder bridge (Kegteim Rd. over 1-96). These bridges were
selected due to their similarity in size and layarid due to the presence of transverse deck
cracking discovered in the field investigation.e\tion and cross-section views of both bridges
are shown below in Figure 129 and Figure 130. iBdfar each bridge are summarized below in

Table 12 and Table 13

The rest of this page was left blank intentionally.
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37'-9" Span 1 122'-3"
20" Approach Sla
b\ [ lﬂ_l

Flexible Piles\

Table12. Concrete spread box beam bridge properties [25]

Beam Type 60" Prestressed Concrete Box Beams
Beam Spacing 90” on center
Beam Support Simply Supported on Elastomeric
Conditions Bearings
Number of Spans Four
Bridge L ength 322’-6"
Bridge Width 58'-8”
Abutment Type Fully Integral, with piles oriented in
weak axis bending
Skew Angle Zero Degrees

\_><7

9" deck

60" Box Beams Spa. @ 90" on Center

b) Cross-section

322'-6"
Span 2 122'-3" Span 379" Span 4
T /20' Approach Slab
IL 7 : Hi
Pier 1 Pier 2 Pier 3 lexible Piles
a) Elevation
>8'-8" 2'-10" Barrier

Figure 129. Concrete spread box beam bridge (M-57 over US-&¥jation and cross-section

[25]
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Table 13. Steel girder bridge properties [24]

Girder Type

39” Continuous Plate Girder

UJ

Girder Spacing

5'-5 1/2" on center

Girder Support Conditions

Rocker Bearings at abutmen
Fixed at the central pier

S,

Number of Spans Two
Bridge L ength 260’-0"
Bridge Width 85'-11"
Abutment Type Fully Integral, with rigid piles
oriented in strong axis bending
Skew Angle 22 Degrees

260'-0"
20" Approach Slab. 130-0" Span 1 130-0" Span 2 /20" Approach Slab
TExp Fix Expﬁ1
Rigid Piles. | | /| Rigid Piles
a) Elevation

85'-11"

2'-10" Barrier

9" deck

39" Continuous Plate Girders Spa. @ 5'-5 1/2" on Center
b) Cross-section

Figure 130. Steel beam bridge (Kensington Rd. over 1-96) elenand cross-section [24]
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6.1 ParametersConsidered

The full bridge finite element analyses weoaducted with the program ABAQUS and the
cracking potential was determined for various desgarameters. The following design
parameters were investigated:

e Reinforcement density/distribution

e Shear connector density

e Girder and diaphragm axial stiffness

e Skew angle

e Abutment Details (Integral vs. Non-Integral)

e Concrete mix (standard D mix vs. modified D mix)

The parameters were studied by conducting the sisatgses listed in Table 14.

Table 14. Analyses run for full bridge parametric study

Bridge Type Analysis Type Parameter Studied
Box Beam As-built Overall bridge performance
Box Beam Different reinforcement Effect of keeping same
configuration reinforcement ratio, different
configuration
Box Beam Denser reinforcement Effect of increasing the
configuration reinforcement
Box Beam Low-shrinkage Effect of using the low-
shrinkage slag mix
Steel Girder As-built Effect of girder and diaphmag
axial stiffness
Steel Girder Shear connector spacing Effect of gimgnthe spacing
of shear connectors
Steel Girder Abutment Detail Effect of changing tabent
connection from integral to
non-integral
Steel Girder Skew Effect of changing the skew
angle
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6.2 Loading method

6.2.1 Shrinkage loading

The loading method utilized to simulate cotehrinkage was as described and validated in
Sections 5.1 and 5.2. Shrinkage was simulatedugiirdime-dependent negative temperature
loading applied to the exposed concrete surfadesiniform average relative humidity value
was assumed for the entire analysis process. Témlbaverage was taken for humidity values
in the cities of Lansing and in Detroit for the iz of May through October, during which deck
casting would most likely occur. Humidity valuegn obtained from the National Climactic
Data Center [27].The average humidity calculated for the analyses Ti&b6. The other values

that were implemented to calculate the shrinkagditgy are summarized below in Table 15.

Table 15. Values used to calculate shrinkage load tempemature

Parameter Value
Wet Cure Time 7 days
Percent Relative Humidity 71% (calculated averaajaes/for lower Michigan)
Deck Volume/Surface Area 1.2 inches
Barrier Wall Volume/Surface Area 5.7 inches
Cement Content (Grade D Mix) 658 Iblyd
Cement Content (Low Shrinkage Mix) 461 Ib/ydg
Slump 4.5 inches
Fine Agg./Total Agg. Percentage 41%
Air Content 6.5%

Using the values from Table 18gg),, (Equation 5-2) was calculated to be 514 microstrains

for the deck, and 299 microstrains for the bamial. These values varied slightly for the low-

shrinkage mix. Plots of the temperature load &plpfor the deck and barrier walls in the full
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bridge models are shown in Figure 131. Note thate values are different for the low

shrinkage mix.

yaums
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Figure 131. Shrinkage load temperature values for bridge dadkoarrier wall (standard mix)

6.2.2 Gravity/self-weight loading

Gravity loading and the effects of self-weigkgre ignored in the finite element simulations.
The reasoning behind this was because the camlibe dfeams and girders would account for
the deflections due to self-weight and bridge dé&stl. Since early-age shrinkage is the

parameter of interest, the effects of traffic loapiere neglected.
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6.2.3 Pour sequencing

Pour sequencing is an important parametectaffgbridge deck performance, and was
included in the modeling. While the exact pourusstges vary for different bridge plans,
MDOT specifies that positive moment regions be 2dgdtours prior to negative moment regions
[26]. This is implemented to reduce the amount of negatiement that is induced by pouring
over the supports. Shrinkage will begin to oceuthie region of the first pour one day prior to
shrinkage in the second pour, after the seven-adywring period. Therefore, pour sequencing
was implemented in the computer models using tleeleghchange’ feature in ABAQUS [37].
The sections of the bridge deck were partitionéal different segments to account for the
different pour sequence regions. The elementsedsed with the second pour were then de-

activated until one day after the first pour.

6.2.4 Concrete barrier walls

In Michigan, concrete barrier walls are tyflicaast immediately after the seven-day wet
cure for the decks [26]. At this time, the decka@@te has cured sufficiently and gained enough
strength to handle the load of the barrier wallke the deck, the walls are cast continuously,
with expansion provided at the two ends of thed@idSince barrier walls are cast during the
early-age time region of interest, they were inelilich the modeling. To simplify the mesh, the
actual barrier wall cross section was simplifie@dt@ctangular section, as shown below in
Figure 132. The same ‘model change’ feature wiizad to implement the barrier wall
elements after the initial seven-day wet cure [Shrinkage was assumed to commence at a

time of three days, when the forms would be removed
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a) Original (per plan) Dimensions

b) Equivalent Dimensions used in
Computer Modeling

Figure 132. Barrier wall equivalent rectangular cross secti®f [

6.2.5 Concrete/soil friction at approach slabs

Since the approach slab is cast monolithicaith the bridge for both the box beam bridge
and the steel girder bridge, the friction betwess dpproach slab surface and approach fill has
an effect on the bridge restraint and needed tadgseunted for in modeling. The connection

detail is shown in Figure 133.

Approach Slab\ /Bridge Deck

\\ \
< - : : - : <= Reinforcement
. Bottom Mat
Abutment WaII%JL ] (extends into

S approach slab

Figure 133. Typical approach slab connection with bridge d&q [
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The friction between the approach slab andbsaikfill was implemented by using a series of
nonlinear springs at the bottom of the deck sl@be springs spaced at two-foot increments, and
were modeled using a nonlinear force-displacemesganse. The force-displacement behavior

was determined as follows.

In Equation 6-1y is the unit weight of concrete (taken to be IbiBtS) W is the width of the

strip in consideration (taken to be 2 ft), dhi the slab thickness (taken to be 0.75 ft). The

friction force due to the weight of the slab iswhdelow in Equation 6-2.

Ffl‘iCtiOﬂ = u*Slab Weight (6-2)

In Equation 6-2, the coefficient of friction, between the concrete and approach fill was

taken to be 0.6. Note that this relationship agslithat the soil was densely compacted for the
approach fill. Solving for equations 6-1 and @i# friction force Fiction) for each 2’-wide

segment was calculated to be 2,610 Ibs.

Once the friction force was determined thé spring curve was able to be developed. A
non-linear force-displacement relationship was m&sl) where the displacement was zero up to
the calculated friction force, after which neantgd deformation can occur. An arbitrary small
slope of 0.25 was assigned to the curve after dheefexceeded the calculated friction force.
The developed spring curve for each 2 ft wide segroéthe approach slab is shown below in
Figure 134.

Tabular values from the force-displacemenpoase were applied to the bottom of the deck

slab by using the ‘connector builder’ feature inA@US. CONN3D2elements were applied at
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various nodal locations, representing the centeyach 2 ft wide strip. The force-displacement

response was activated for the global Z-directimid@e longitudinal direction).
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Figure 134. Approach slab friction force-displacement curvedach 2’-wide segment

6.2.6 Soil/structure interaction at the piles

Soil-structure interaction at the piles wagdeied through nonlinear soil springs with varying
force-displacement responses for different deptRdes were considered to be 50 ft deep as
stated in the bridge design plans [29]he natural soil properties were assumed to vamn fr
‘loose’ to ‘dense’ below the abutments. The assiisw@l characteristics for each type of soil
were obtained from the National Cooperative Highviresearch Program design curves [28]

and are summarized below in Table 16.
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Table 16. Assumed soil foundation properties [9][28]

Depth Friction Angle Density
0’ to 15’ 29 degrees 110 pcf
15’ to 30’ 35 degrees 125 pcf
30’ to 50’ 40 degrees 140 pcf

From the assumed soil properties, nonlineaetalisplacement responses could be developed
for varying depths through the soil. The p-y desayrves recommended by the American
Petroleum Institute were utilized to model the beihavior [4].

= A* n,* K H « (6-3)
P=A* p, tanh[A*pu y}
In Equation 6-3P is the soil resistance force (Il#,is a factor to account for cyclic or static

loading (see equation 5-14), is the ultimate soil bearing capacity at variougtts (Ib/in.).k is
the initial modulus subgrade reaction (Iﬁ)irdetermined from Figure 6.8.7-1 in reference 4],
is the lateral pile deflection (in.), aidlis the depth below the surface (in.). The ultimsdé
bearing capacitypy, varies for shallow depths verses deep depths gitven as the smallest of
PusandPyg. shown below in Equations 6-4 and 6-5.
Ppus=(Cl*H+C2* D* y* H (6-4)
Pug =C3* D* »* H (6-5)
In Equations 6-4 and 6-Pysis the ultimate soil resistance (Ib/in.) at shalld@pths Oyq is
the ultimate soil resistance (Ib/in.) at deep depths the soil unit weight (Ib/ﬁ), H is the depth

(in.), D is the average pile diameter (in.), adtl C2, andC3 are coefficients determined from
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Figure 6.8.6-1 irreference [4]. The factor to account for cyclicstatic loadingA, is given

below in Equation 6-6.

_ 0.9 for dynammading (6-6)
(3.0- 0.8*% > 0.9 for static loading

P-y design curves were developed at 2 ft mergal depths along the length of the piles.

The developed curves are shown below in Figure 135.
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- 224
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Pile Lateral Deflection (inches)

Figure 135. P-Y curves for soil/pile interaction

To determine the accuracy of the developeddesign curves, the pile displacement results
for the as-built box beam model was compared talte®btained from reference [9]. In the
literature, various temperature values were moaitan a fully-integral bridge in the field, and
the pile displacement profiles were developed. pite lateral displacements are compared in

Figure 136 and Figure 137.
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Figure 137. Literature pile lateral displacement values (addyptem ref. [9)

152



As shown in Figures Figure 136 and Figure 1B& piles experience lateral displacement up
to a depth of around 10 feet, after which the plesd in double curvature, followed by
remaining essentially rigid in the deeper soiltstraSince the pile behavior in the computational
analysis follows closely with literature valuesddms a deflection profile as expected, it can be

seen that the p-y curves are correctly implemented.

6.2.7 Random load application for full bridge models

As described in Section 5.4.1, it was necgsgainvestigate a random load distribution for
correctly implementing stress concentrations andadge in the deck due to shrinkage loading.
With a uniform load application, it was expectedtthniform plastic strains would be present
throughout the entire deck, and damage would notdmeentrated in specified regions. To
apply random loading, a code was developed to rahdselect half of the nodes in the sets
where temperature is applied. These randomly-seletodes had time-dependent temperature
values of 1.5-times larger than the standard teatpex according to the ACI 209 equations. It
was anticipated that this approach would concentséitesses randomly throughout the entire
model, allowing for areas of restraint to dominatagcking behavior. To determine the accuracy
of this approach, it was only utilized for the $irpour” region. Selected output is given below
in Figure 138 to Figure 140.

As shown in Figure 139 and Figure 140, the@ggh did not produce the expected results. It
was thought that the random temperature loadingldvallow for stress concentrations and
cracking in the areas of restraint in the bridddéowever, it can be seen that cracking occurs

randomly, at the same locations where the highmpéeature values are applied. Instead of the
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areas of restraint dominating the bridge behat random locations where higher temperature

load is applied dominate the behavior.

MNT11
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-6.,795e+01
-7.5353e+01
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Figure 138. Deck top temperature values for random load appr@aax beam bridge) [37]

PE, Max. Principal
(Awg: 7FS%)

+1.3648-073
[ +1.251e-03

+1.137e-07
+1.0236-03
+9.0968-04
+7.9592-04
+6.622e-04
+5.6552-04
+4 Edfie-0d

+3.411e-04
+&2.274e-04
+1.137e-04

+0.000e+00

Figure 139. Deck max principal plastic strains with random |@ggbroach [37]
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Figure 140. Deck max principal stresses with random load@ggh [37]

In order to correctly use a random load dstibn, each element would have to have a
completely different temperature application. Tamperatures would need to be applied such
that the overall collective average temperaturalidhe elements followed a normal distribution,
with the highest frequency matching the ACI 209 gerature equivalent values. This is
illustrated below in Figure 141.

In the approach implemented, half of the el@sdollowed the ACI 209 temperature
equivalent, while the other half had higher tempeemvalues. Creating a random temperature
distribution that follows a normal bell-curve caltevely for all the elements would be very
complicated, as each element would require its setnof time-dependent temperature values.

While this would be possible to implement, it mayl produce incorrect results, and the same
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random cracking patterns, and would also be tinms@ming. Therefore, it was determined to
use the uniform temperature application to simushiénkage in the full bridge systems. While
the uniform application would not yield completalgrrect results, it could still be utilized for

comparison-sake for different design parametetisérparametric evaluation.

Frequency

I »
.

I
ACl 209 Temperature Equivalent

Temperature

Figure 141. Correct random temperature distribution applicafarbridge slabs

6.3 Concrete Spread Box Beam Bridge

6.3.1 Parts and element types

A model was first developed for the “as-built” cosie spread box beam bridge (M-57 over
US-127). The model followed the geometry and dedefails specified in Figure 129 and Table
12. Separate parts were created for the deckmaimit piles, box beams, deck reinforcement,

and piers. The element types utilized in the maael summarized below in Table 17. The
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elements were meshed so that the global elemeningigz 20”. Overall views of the model are

shown in Figure 142.

Table 17. Element types utilized for concrete box beam bridge

oh

1Y

Part Element Type ABAQUS Element Mesh Size
Designation
Concrete Deck and 3D Thermally- C3D8T 6 elements through
Barrier Wall Coupled Solid Brick depth
Box Beams 3D Thermally- C3D8T 1 element through
Coupled Solid Brick thickness, 3 element
through the depth
Abutment 3D Thermally- C3D8T 2 elements through
Coupled Solid Brick thickness, 6 element
through height
Piles 2D Shell S4R 25 elements throu
height
Reinforcement 2D Shell, with S4R Global element size
‘Rebar Layer’ of 20”
Option
Piers 1D Beam B31 8 elements throug

column height

h
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a) Isometric view of meshed assembly

b) End view (piles not shown)

M

c) Elevation view (piles not shown)

Figure 142. Concrete box beam bridge overall views
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6.3.2 Concrete box beam equivalent section

In lieu of modeling the actual reinforcementthe concrete box beams, the beams were
modeled by using the equivalent stiffness of thecoete/steel composite beam. The calculation
for the equivalent stiffness involved calculatihg transformed section modulus of elasticity and
moment of inertia, as outlined below.

Etransformed= (Atiot* E) +(At£ot* E ©
In Equation 6-7EiransformediS the modulus of the transformed section (pEp,is the

concrete modulus of elasticity (psBs is the steel modulus of elasticity (pshy is the concrete

.2 , 2 : 2
area (in.), Agis the steel area (ir), andAyt is the total area (in).

Table 18. Concrete box beam transformed section moment diangalculation

. 2 ** . 2
n (EJEc) _A2 n*A (in. ) d_epth d*n*A Isection| Ybar (iN.) | Yoar *N*A
(in.") (in) (in.%)

Top |6.080988 1.4 | 8513382726 3 25.54013 O -25.8571| 5691.981
Steel

Bottom| 6.080988| 9.548| 58.06127019 57 | 3309.492 O 28.14285 45985.69
Steel

Conc. 1 1104 1104 30 33120, 6007681.14285| 1441.945

2 - - 1170.574653 - 36455.03 600768 - 53119.62

The transformed section moment of inertia vadsulated according to Equation 6-8 below.

lsedion = Zl i + Z(A* n=* ybar% (6-8)
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This yielded a calculated section moment ddrtin of 653,888 iAr'l The beam side

thicknesses were changed to 4.5” (instead of €t plan), and the beam top and bottom

thicknesses were changed to 6.75” (instead op6f plan). This yielded a section moment of

inertia of 652,685 i‘r11 which is an error of only 0.18%.

6.3.3 Constraints, boundary conditions, and other modatures

Surface-to-surface tie constraints were implet@d to model the connection between the
bottom of the deck and the top of the abutmentdeNm-surface tie constraints were also used to
model the shear stirrups in lieu of actual embeddess elements. The elastomeric bearings
were modeled using a multi-point-constraint (MPi@k. This allows for free translation in the
longitudinal direction, and creates rollers at twpports. Embedded region constraints were
implemented for the deck reinforcement rebar lgyéne beam end embedment into the
abutment, and the pile top embedment into the adnitm The piles were oriented such that
bending occurs about their weak axis, as statatdeéndesign plans. Connector sections were
implemented at locations spaced at 2 ft along ¢ngth of the piles to simulate nonlinear soil
response. The force-displacement response folldhedeveloped p-y design curves shown in
Figure 135, and activated for the global Z-direct{bridge longitudinal direction). Fully-fixed
boundary conditions were applied at the bottorrhefier columns and the bottom of the piles.
Additionally, vertical displacements were restrain®r the bottom of the abutment, since

abutment movement behaves mostly in translatiqa $y[L8].
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6.3.4 Parametric evaluation features

The parametric evaluation for the concrete beam bridge studied the effects of the low-
shrinkage concrete mix and reinforcement arrangemé&he design details for each parametric
study are summarized below in Table 19. The retgiment arrangements are summarized in

Table 20. Deck reinforcement was implemented utfiagrebar layer’ feature in ABAQUS.

Table 19. Concrete box beam parametric evaluation analygdedse

Analysis Shear Stirrup Reinfor cement Concrete Mix
Spacing Detail
As-built 12" Detail 1 Standard D-mix
(see
Table 20)
Reinforcement Re- 12” Detail 2 Standard D-mix
distribution (see
Table 20)
Reinforcement 12~ Detail 3 Standard D-mix
Density (see
Table 20)
Low-Shrinkage Mix 12 Detail 1 Low-shrinkage mix
(see
Table 20)

Table20. Concrete box beam reinforcement arrangements

Reinfor cement Top Mat Top Mat Bottom Mat Bottom Mat
Detail Transverse Longitudinal Transverse L ongitudinal
Detail 1 #5 Spa. @ 97| #3 Spa. @ 10” #5Spa. @ 9” | #5Spa. @ 9”
Detail 2 (increased #6 Spa. @ 9| #4 Spa. @ 10” #6 Spa. @ 9” | #6 Spa. @ 9”
by 50%)
Detail 3 (same) #6 Spa. @ #4 Spa. @ 18" #6 Spa. @ | #6 Spa. @ 13”
12.75" 12.75"
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6.4 Sted Girder Bridge

6.4.1 Parts and element types

A model was then developed for the steel girdetdari(Kensington Road over 1-96). The as-

built model followed the geometry and design dstapecified in Figure 130 and Table 13.

Separate parts were created for the deck, abutisieed, girders, deck reinforcement, and piers.

The element types utilized in the model are sunmedrbelow in Table 21. The elements were

meshed so that the global element size was 20/er&@l views of the model are shown below in

gh

1Y

Figure 143.
Table 21. Element types utilized for concrete steel girdealdp
Part Element Type ABAQUS Element Mesh Size
Designation
Concrete Deck and 3D Thermally- C3D8T 6 elements through
Barrier Wall Coupled Solid Brick depth
Steel Girder 2D Shell S4R 2 elements throu
height and width
Diaphragms 2D Shell S4R 1 element throug
height and width
Abutment 3D Thermally- C3D8T 2 elements through
Coupled Solid Brick thickness, 9 element
through height
Reinforcement 2D Shell, with S4R Global element size
‘Rebar Layer’ of 20”
Option
Piers 1D Beam B31 8 elements throug
column height

h
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6.4.2 Constraints, boundary conditions and other modaiuees

Surface-to-surface tie constraints were imglet®d to model the connection between the
bottom of the deck and the top of the abutmentdeNm-surface tie constraints were also used to
model the shear studs at individual points in béactual embedded beam elements (as used in
the laboratory test unit models). The rocker memiwere modeled using MPC link constraints.
This allows for free translation in the longitudidi@ection, and creates pins at the supports. The
fixed bearings at the pier were modeled using MR rconstraints. Embedded region
constraints were implemented for the deck reinfmiet rebar layers and the girder end
embedment into the abutment. Fully-fixed boundaogpditions were applied at the bottom of
the pier columns and at the bottom surface of th@naent footings. Since the piles for this
bridge are oriented in strong axis bending, it wwasumed that the abutment footing would

remain fully fixed and that abutment translationwabbe restrained.

6.4.3 Parametric evaluation features

The parametric evaluation for the steel girfdedge studied the effects of the girder axial
stiffness and diaphragms, shear connector demgdittment type (integral vs. non-integral), and
skew angle. The design details for each paramstuidy are summarized below in Table 22.

Note that the Standard Grade D concrete mix was faseall steel girder bridge analyses.
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Table 22. Steel girder parametric evaluation analyses details

Analysis Shear Stud Spacing Skew Angle Abutment Type
As-built 6” in positive moment, Zero Degrees Integral
2’ in negative moment
Shear Connectof 12" in positive moment, Zero Degrees Integral
Density 2’ in negative moment
Abutment 6" in positive moment, Zero Degrees Non-integral
Configuration 2’ in negative moment
Skew Angle 6” in positive moment, 22 Degrees Integral
2’ in negative moment

In Table 22, “Integral” refers to the girdands being embedded into the abutment, while

“Non-integral” refers to the girder ends not beiagbedded into the abutment.

illustrated in Figure 2.

The deck reinforcement arrangement followexlairangement specified in the bridge plans,

and was implemented using the ‘rebar layer’ featurEhe reinforcement configuration is

summarized below in Table 23.

This is

Table 23. Steel girder bridge reinforcement arrangement

Top Longitudinal

Top Transverse

Bottom Longitudinal

Bottom Transverse

#3 Bars
Spa. @ 10”

#5 Bars
Spa. @ 8.5”

#5 Bars
Spa. @ 5”

#5 Bars
Spa. @ 8.5”
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6.5 Resaults

6.5.1 Box Beam Bridge Model Overall Results

The overall behavior of the box beam bridges sianilar for each parametric analysis that was
simulated. The bridge deflected shape and vertisglacements for the as-built model are
shown below in Figure 144. It can be seen thatketius of the bridge move inward, while the
two central spans deflect in a “bowl-shaped” patter

To examine the cracking behavior for the dehbk, maximum principal tensile stresses and
plastic strain outputs for the concrete deck atette of the analysis were extracted and they are
shown in Figure 145 and Figure 146, respectively.

The overall behavior shown in Figure 144 tgufé 146 was similar for all parametric
analyses. Interestingly, although the deflecteabshof the deck indicates positive bending in
Figure 144, the top of the deck shows the presariceensile stresses, not the expected
compressive stresses. This indicates that retraithin the bridge are inducing tensile
stresses, even though the bridge deflects in pesiending.

The regions of damage in the deck can be kgaxamining the maximum principal plastic
strain output. As shown in Figure 146, most of denage occurs on the top of the deck, while
the bottom of the deck experiences some damadpe qiiers. The highest levels of damage are
concentrated at the piers and the abutment, innggative moment region. Additionally,
damage can be seen in-between the piers, througfeintire deck. As expected, the stresses
are higher in the regions over the beams and lawketween the beams. The stresses are lower

in regions corresponding to higher plastic straimgdicating softening behavior.
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U, Uz

+5.471e-02
[ +2.447e-02

-5.772e-03
-3.601e-02
-6.626e-02
-9.650e-02
-1.267e-01
-1.570e-01
-1.572Ze-01

1
-2.175e-01
[ -2 477e-01

-2.77%e-01
-3.052e-01

b) Elevation View (deformation scale factor=500)

Figure 144. Box beam as-built model deflected shape and védisplacements (t=45 days)
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S, Max. Principal
(Awg: 75%0

+1.374e+03
+6.500e+02
+5.926e+02

+5.353e+02
+4.77%e+02
+4.205e+02
+3.63Ze+02
+3.0583e+02
+2.484e+02
+1.911e+02
+1.337e+02
+7.633e+01
+1.890e+01
-3.840e+01

a) Top of Deck

=, Max. Principal
(Awg: 75%:)

+1.374e+03
+6.500e+02
+6.2083e+02

+5.917e+02
+5.625e+02
+3.333e+02
+5.042e+02
+4.750e+02
+4.458e+02
+4.167e+02
+3.8752e+02
+3.583e+02
+3.292e+02
+3.000e+02
-3.840e+01

b) Bottom of Deck

Figure 145. Box beam as-built model maximum principal tensitesses (t=45 days)
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PE, Max. Principal
(Bwg: 75%)
+9.575e-04
+1.200e-04
+1.100e-04
+1.000e-04
+9.000e-05
+5.000e-05
+7.000e-05
+6.000e-05
+5.000e-05
+4.000e-05
+3.000e-05
+2.000e-05
+1.000e-05
+0.000e400

a) Top of Deck

PE, Max. Principal
(Avg: 75%)

+1.
+1.
+1.
+9.
+ia.
+7.
+6&,
+5.
+4.
+3.
+2.
+1.
+0.

o

275e-04
200e-04
100e-04
Q00e-04
Q0de-05
Q0de-05
Q0de-05
Q0de-05%
Q0de-05%
Q0de-05
Q0de-05
Q0de-05
Q0de-05%
a00e+00

b) Bottom of Deck

Figure 146. Box beam as-built model maximum principal plastraiss (t=45 days)

169



While the maximum principal tensile stress afaktic strain output is able to show overall
regions of damage, the directions of cracking caieodetermined. In order to determine the
cracking directions, the plastic strain outputstfer different components needed to be extracted
to derive the direction of the maximum principakgiic strains. Cracking would occur
perpendicular to the direction of maximum princigalastic strains. The plastic strain
component outputs at a time of 45 days are shovawtia Figure 147 to Figure 150.

As shown in Figure 147 to Figure 150, the maximprincipal plastic strains are mostly
influenced by the longitudinal (PE33) plastic stgin the positive moment regions, and are
mostly influenced by the transverse (PE11l) plastrains in the negative moment regions
(shown in Figure 147 and Figure 148). The vertplaktic strains (PE22) are nearly zero, and
therefore do not contribute heavily to the maximprmcipal plastic strains (shown in Figure
149). It can also be seen that shear strain (P&d8jibutes in four corners of the bridge, by the
abutment (shown in Figure 150). The transverseaias is highest at these locations, which
produces damage due to shear stresses.

Since cracking occurs perpendicular to thedtion of plastic strain, it can be seen that
transverse cracking is predicted in the positivenmiot regions (since the plastic strain is mostly
in the longitudinal direction), and both longitudinand transverse cracking occurs in the
negative moment regions, by the piers and the amitifsince the plastic strain is in both the
longitudinal and transverse direction). Additidpathe transverse plastic strain output (PE11)
predicts longitudinal cracking along the beamsps&tthe entire length of the bridge. There is
also a concentration of shear cracking at the esroiethe deck, near the abutment, as predicted
by the shear strain (PE13) output. These cracgatterns match well with the overall field

observations (see Section 3.4).
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PE, PE11
(Avg: 75%)
+1.760e-04
+1.200e-04
+1.071e-04
+9.414e-05
+58.121e-05
+6.828e-05
+5.535e-05
+4 24 2e-05
+2.949e-05
+1.656e-05
+3.6535e-06
-9.29 e-06
-2 222e-05
-3.515e-05

Figure 147. Box beam as-built model plastic strain global Xedtron (1-1) output

FE, PEZ2Z
(Bwg: F5%0
+9.215e-04
+1.200e-04
+9.530%=-05
+6.615e-05
+3.927e-05
+1.236e-05
-1.455e-05
-4, 146e-05
-6.837e-05
-9 .528e-05
-1.222e-04
-1.491e-04
-1.760e-04
-2.02%e-04

Figure 148. Box beam as-built model plastic strain global Yedtron (2-2) output
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PE, PE33
(Avg: 75%)
+2.546e-04
+1.200e-04
+1.062e-04
+9.245e-05
+7.873e-05
+6.4972-05
+5.,121e-05
+3.745e-05
+2.370e-05
+9.,935e-06
-3.820e-06
-1.758e-05
-3.134e-05
-4.50%9e-05

Figure 149. Box beam as-built model plastic strain global Zediion (3-3) output

PE, PE13
(Awg: 75%0
+1.200e-04
+1.017e-04
+8.23%9e-05
+6,358e-05
+4 .47 7Fe-05
+2.5%6e-05
+7.156e-06
-1.165e-05
-3.046e-05
-4, 927 e-05
-6.807e-05
-8.688e-05
-1.057e-04

Figure 150. Box beam as-built model plastic shear strain (bt8put
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To determine overall bridge behavior throughet the vertical displacements, maximum
principal stresses, and maximum principal straiesewextracted along a longitudinal path in
along the middle of the bridge at various time$ieSe outputs are shown below in Figure 151 to
Figure 153.

As shown in Figure 151, the overall verticapticement profile remains the same for each
time step, while the magnitudes continue to in@easThis is expected since the overall
deflections increase as the amount of shrinkageeases. As indicated in Figure 152, the
maximum principal tensile stresses continuouslyvgvath time up until the point of cracking,
when they decrease due to concrete softening. téifgle stresses are highest in the negative
moment regions at the piers and the abutments glthim first part of the analysis, after which
the tensile stress becomes uniform due to cradkirgughout the deck. As shown in Figure
153, the plastic strains remain zero up until tbiepof cracking, where they steadily continue to
grow. The negative moment regions over the piei$ the abutments experience cracking
before the other regions, and have the highesatiy#astic strain magnitudes.

To determine the presence of localizationarhdge and evenly-spaced transverse cracking,
the maximum principal plastic strain outputs wexacted in the positive moment region at the
end of the analysis. Jumps in the strain outpuatsla@vindicate presence of local cracking. The
output is shown in Figure 154, from which it candeem that there is a steady increase in plastic
strains towards the central pier as expected dnedative moment demands. Transversely, the
jumps are spaced at 3 to 5 ft, which is consisigihit the spacing of transverse cracks observed
in the field (see Section 3.4).

The development of maximum principal stresses plastic strains in the deck through time

are shown with full contour plots in Figure 155 dndure 156.
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Figure 151. Vertical displacement through time in bridge londinal direction
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Figure 152. Maximum principal tensile stresses through timbridge longitudinal direction
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Figure 154. Maximum principal plastic strain output in positir@ment region (span 2)
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Figure 155. Development of maximum principal tensile stressefsill bridge deck
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a) Legend

f) Time=28 days

g) Time=35 days h) Time=45 days

Figure 156. Development of maximum principal plastic strainguth bridge deck
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As shown in Figure 155 and Figure 156, theimar principal tensile stresses and plastic
strains begin to grow in the negative moment regiwear the beginning of the analysis, and then
continue to propagate through the deck. Transwarddongitudinal cracking begins over the
piers at around 14 days and then continues intdehk at 21 days.

The maximum principal stresses and plastairgtrwere also extracted along the longitudinal
direction at the bottom of the deck at the endhef analysis (time=45 days). The outputs are
shown in Figure 157 and Figure 158. It can be sleanthat the regions over the piers and the
abutments show the highest levels of stress. Ta&ip strains are around zero through the
entire length of the bridge, except at the abutnueminection. These areas show increased
damage, since they are areas of high restrainttaluke deck connection with the abutment
backwall.

The maximum principal stresses, maximum ppalcistrains, and deflections were also
extracted along the transverse direction midwawéen Pier 1 and Pier 2. The plots are shown
in Figure 159 to Figure 161.

As shown in Figure 159, the bridge deck disptain a “bowl-shaped” pattern along the
transverse direction, with maximum displacementhiea middle. As seen in Figure 160 and
Figure 161, the jumps in the plastic strain anditerstresses at the two ends are likely due to the
restraint provided by the concrete barrier waksdditionally, jumps can be seen in the plastic

strain plot through the width of the deck, indingtiongitudinal cracking between beams.
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Figure 161. Maximum principal plastic strains along bridge sagrse direction (time=45 days)

6.5.2 Steel Girder Bridge Model Overall Results

The overall behavior of the steel girder beidgas also similar for each parametric analysis
that was simulated. The bridge deflected shapevarittal displacements for the as-built model
are shown in Figure 162. The two spans deflea similar “bow-shaped” pattern as the box
beam bridge. Since the abutments are more rigedtduhe pile configuration, there is less
inward movement than in the box beam bridge. Tanmere the cracking behavior for the deck,
the maximum principal tensile stresses and plastain outputs at the end of the analysis were

extracted and are shown in Figure 163 and Figude reSpectively.
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u, Uz

+1.126e-01
[ +8.133e-02

+5.007e-02
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c) Elevation View (deformation scale factor=500)

Figure 162. Steel girder as-built model deflected shape anticatdisplacements (t=45 days)
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b) Bottom of Deck

Figure 163. Steel girder as-built model maximum principal ténsiresses (t=45 days)
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FE, Max. Principal
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a) Top of Deck

b) Bottom of Deck

Figure 164. Steel girder as-built model maximum principal glastrains (=45 days)
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The overall behavior shown in Figure 162 tgufe 164 was similar for all parametric
analyses for the steel girder bridge. Like in tb& beam bridge, although the deflected shape of
the deck indicates positive bending in Figure 1k shows the presence of tensile stresses,
not compressive stresses.

The regions of damage in the deck can be g@xamining the maximum principal plastic
strain output. As shown in Figure 164, almostoélthe damage occurs on the top of the deck,
while the bottom of the only experiences damagéhatcorners by the connection with the
abutment. The highest levels of damage are coratedtat the pier and abutments in the
negative moment region. Additionally, some damagbeing captured in-between the piers,
throughout the entire deck. The stresses are highbe regions over the beams, and lower in-
between the beams. Regions where the plastinstaae higher correspond with lower stresses,
which indicate softening behavior.

As with the box beam bridge output, the ptastrains were extracted for each component to
derive the directions of the maximum principal tenstresses and determine the directions for
cracking. The plastic strain component outputs &itne of 45 days are shown in Figure 165 to
Figure 168. The results in these figures show thatmaximum principal plastic strains are
mostly influenced by the longitudinal (PE33) plesttrains in the positive moment regions and
over the pier, and are mostly influenced by thedvarse (PE11) plastic strains in the regions
over the abutments. It can also be seen that ghestic strain (PE13) contributes in four corners

of the bridge, by the abutment, as well as onweddges of the bridge, by the pier.
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PE, PE11
(Avg: F5%)
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Figure 165. Steel girder as-built model plastic strain globadliXection (1-1) output

PE, FE2Z

(avg: 7590
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+1.331e-04
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+2.562e-05
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-1.358e-04
-1.625e-04

Figure 166. Steel girder as-built model plastic strain globadlivection (2-2) output
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Figure 167. Steel girder as-built model plastic strain globalizection (3-3) output

PE, PE13
(Bwg: 79%)
+5.161e-04
+1.600e-04
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-4, 810e-04
-5.393e-04

Figure 168. Steel girder as-built model plastic shear strai)(butput
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Since cracking occurs perpendicular to thedtion of plastic strain, it can be seen that
transverse cracking is predicted in the positivermot regions and over the pier, and
longitudinal cracking is predicted over the abutteenThe concentration of transverse cracking
is predicted to be highest over the pier. Thiscimad the field observations of closer-spaced
cracking over the pier (see Section 3.4). Unlike box beam bridge output, the steel bridge
simulation does not predict the presence of lodgital cracking along the entire length of the
bridge, which is consistent with field observatior&hear cracking is concentrated at the corners
of the deck and near the edges of the piers, aficped by the shear strain (PE13) output.
Cracking is concentrated in these regions due écattded transverse restraint provided by the
abutment and the pier. Overall, the cracking pastare consistent with the field observations.

To determine overall bridge behavior throughet the vertical displacements, maximum
principal stresses, and maximum principal straiesewextracted along a longitudinal path in
along the middle of the bridge at various time&ede outputs are shown in Figure 169 to Figure
171. As shown in Figure 169, the overall vertitisplacement profile remains the same for each
time step, while the magnitudes continue to in@ea3his is as expected, since the overall
deflections increase as the amount of shrinkageases. From Figure 170 it can be seen that
the maximum principal tensile stresses grow withetiup until the point of cracking, when they
decrease due to softening. Tensile stressesgtiedtiin the negative moment regions at the pier
and the abutments during the first part of the ymis| after which they become uniform due to
cracking throughout the deck. Figure 171 showstti@plastic strains remain zero up until the
point of cracking, where they steadily continuggtow. The negative moment regions over the
pier and the abutments experience cracking befi@ether regions, and have the highest overall

plastic strain magnitudes.
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Figure 171. Maximum principal plastic strains through time mdge longitudinal direction

To determine the presence of localizationahdge and evenly-spaced transverse cracking,
the maximum principal plastic strain outputs wextraeted in the positive moment region at the
end of the analysis. Jumps in the strain outpuatsldvindicate presence of local cracking. The
output is shown in Figure 172, where it can be $banthere is a steady increase in plastic strain
towards the pier, since that region has more liestrdhere is not an obvious presence of jumps
in the strain data as there was for the box beadgéwoutput. Rather, the analysis is capturing
uniform damage throughout the entire deck instéaenly-spaced localized areas of cracking.

The development of maximum principal stresses plastic strains in the deck through time

are shown with full contour plots in Figure 173 d&fngure 174.
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Figure 172. Maximum principal plastic strain output in positir@ment region (span 2)

As shown in Figure 173 and Figure 174, the imar principal tensile stresses and plastic
strains begin to grow in the negative moment regiogar the beginning of the analysis, and then
propagate through the deck. At 14 days, the plagtains originate as shear cracks at the
corners of the deck, by the abutment, and as temss\cracks in the negative moment region
over the pier. Longitudinal cracking then developsr the abutments, followed by transverse
cracking in the positive moment regions at 21 daytscan be seen that less localization of
damage is being captured in this model as theléesesses remain fairly uniform throughout

the deck.
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Figure 173. Development of maximum principal tensile stressefsili bridge deck
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The maximum principal stresses were also etddaalong the longitudinal direction at the
bottom of the deck at the end of the analysis @i#fedays), as shown below in Figure 175. The
regions over the piers abutments show the higkestd of stress due to the high restraint present
in these regions. The plastic strains were zevogathe bottom middle of the deck, indicating
that cracking did not occur on the bottom surface.

The maximum principal stresses, maximum ppalcistrains, and deflections were also
extracted along the transverse direction, midwawéen Abutment A and Pier 1. The plots are
shown below in Figure 176 to Figure 178.

As shown in Figure 176, the bridge deck disptain a “bowl-shaped” pattern along the
transverse direction with maximum displacementhea middle. As seen in Figure 177 and
Figure 178, the jumps in the plastic strain andgiterstresses through the width of the deck are
likely due to the restraint provided by the girdarsl diaphragms. The overall stiffness of the

steel girder bridge is increased due to the presehdiaphragms.
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6.5.3 Concrete box beam bridge parametric study companssults

As stated previously, the overall global bebawf the bridge was the same for all the box
beam bridge parametric analyses. To compare ttpitsy maximum principal tensile stresses,
maximum principal plastic strains, and verticalpthgements were extracted at various locations

and paths in the bridge deck. The nomenclatureé msie results is summarized in Table 24.

Table 24. Nomenclature used for box beam parametric studytees

Parameter Nomenclature used in plots of results
As-built model “As-built”
Effect of using low-shrinkage slag mix “Low-Shrirged
Effect of increasing the reinforcement “Rebar Dehse
Effect of keeping the same reinforcement ragtio “Rebar Re-Distribution”
with different configuration

Figure 179 and Figure 180 show that the terstilesses are higher near the top of the deck,
and decrease through the depth. The plastic stpgnetrate roughly halfway through the depth
of the deck. Re-configuring the reinforcement mgement had no effect on the stresses or
plastic strains, while increasing the density prelislightly higher stresses and plastic strains.
The lower-shrinkage mix had lower stress and straines overall.

Results in Figure 181 and Figure 182 show th@tmaximum principal tensile stresses are
high at the top of the deck and then drop off Sigantly and remain fairly constant in the
beams. As it was the case in-between beams, #stiqktrains penetrate to about halfway
through the depth of the deck. The stresses wigfgtlg higher for the denser reinforcement

configuration, while the plastic strains were loverthe lower-shrinkage mix.
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As shown in Figure 183 to Figure 188 aboveonéiguring the reinforcement had no effect
on the vertical displacements, maximum principadssies, or maximum principal plastic strains.
The low-shrinkage mix had the lowest plastic straafues and the highest maximum principal
stress values, which indicates the least amounddashage. The denser reinforcement
configuration produced higher plastic strain valaes lower stress values, indicating slightly
more damage. The vertical displacements were Ioleeshe low-shrinkage mix, since induced
loads are smaller. The denser reinforcement cordtgpn also yielded slightly lower
displacement values, due to the added restraisteddoy the reinforcement.

Outputs through time on the top surface ofdbek in the middle of span 2 are shown in
Figure 189. It can be seen that there is initiéeation at beginning of shrinkage, followed by
a steady increase as shrinkage continues. Timd treatches the behavior seen in the laboratory
models (see Section 4.6). Overall, the as-buildehbas the highest displacement values, while
the low-shrinkage mix has the lowest displacemaiiies. Adding more reinforcement created
additional restraint in the slabs, which also loeekethe displacement values.

As shown in Figure 190, the maximum principahsile stresses steadily grow until the
concrete tensile strength is reached. At thattpoiacking occurs, and the stresses steadily
decrease due to softening. Results in Figure tt@ldecrease in stress matches the increase in

plastic strains, as the cracks continue to open.
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The overall results of the parametric study tfte box beam bridges are shown below in

Table 25. Note that “time for cracking” is takes the time for plastic strains to first begin to

appear in the deck. This location was over thérakpier.

Table 25. Box beam bridge parametric study overall results

Analysis Timefor Maximum Plastic Maximum
cracking Strain Value Vertical
Displacement
As-Built 13 days 281-strain -0.308 inches
Low-Shrinkage 16 days 240strain -0.293 inches
Denser Rebar 12 days 2@4train -0.305 inches
Rebar Re- 13 days 281u-strain -0.308 inches
Distribution
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Overall, the bridge with the low-shrinkage rexhibited the best behavior. It had the lowest
value of plastic strains at the end of the analgsisvell as the latest time for cracking to occur.
Re-distributing the deck reinforcement did not havarge effect on the bridge overall behavior.
This is likely due to the way reinforcement was ®led in the simulation. The ‘rebar layer’
option in ABAQUS uses the reinforcement informattonmodify the overall stiffness of the
section, rather than implementing discrete reirdorent locations. Since the re-distribution of
the reinforcement kept the same reinforcement,rit®overall deck stiffness remained the same

as in the as-built model, thus not having a lafégceon the behavior.

6.5.3.1 Effect of Increasing Deck Reinforcement

Increasing the amount of reinforcement by 5€%ated more restraint in the bridge deck,
which lowered the time for cracking and increagedrhaximum plastic strain value at the end of
the analysis. While this effect was very minimie results conflict with the conventional
wisdom for the effects of adding reinforcing stedt. would be expected that increasing the
reinforcement in the deck would allow for more ss&s to be accommodated by the steel, and
thus produce less cracking. However, the full didnalyses show the opposite effect.

To investigate the effect of reinforcing steel concrete shrinkage cracking, small fixed
“prism” models were created in ABAQUS. The modeisre fully fixed at both ends, with
uniform shrinkage temperature applied to the oaetsdrfaces. The temperature followed the
same temperature loading used for the ring testelapds shown in Figure 99. A schematic of

the model is shown below in Figure 192.
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Figure 192. Prism model setup for investigating effect of rencement

10’1

As shown in Figure 192, the effect of reinfarent was investigated by means of a single
embedded bar in the middle of the prism. The ameaslyincluded a plain prism with no
reinforcement, an embedded #3 bar, and an embé@lbdr. Maximum principal plastic strain
outputs for each analysis are shown below in Fig9feto Figure 195.

As shown above in Figure 193 to Figure 19&siit strains begin to appear through the entire

prism at a time of 13.5 days for all three modelhis corresponded to a shrinkage strain of

175u-strain, and a temperature value of 280 The plastic remain uniform until a time of 23

days, after which high values and concentrationsbeaseen evenly-spaced through the length of
the prism. When comparing the results at the drileoanalysis, it can be seen that increasing

the bar size produces slightly lower plastic straitues at a closer spacing.
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a) Time=30 days (end of analysis)
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b) T=13.5 days (plastic strains begin to appear)
Figure 193. Maximum principal plastic strain output, unreinfedcprism
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b) T=13.5 days (plastic strains begin to appear)

Figure 194. Maximum principal plastic strain output, #3 embetitar
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PE, Max. Principal
(hwg: 759%)

+7 . 4753e-06
+7 47 3e-06
+7 472e-06
+7 . 472e-06
+7.471e-06
+7471e-06
+7 470e-06
+7 . 470e-06
+7 . 469%e-06
+7 . 46%e-06
+7 d465e-06
+7 . d465e-06
+7 . 467e-06

b) T=13.5 days (plastic strains begin to appear)
Figure 195. Maximum principal plastic strain output, #8 embeditar
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To further determine the effects of increadimg bar size, plots through time were extracted

for the maximum principal plastic strain and strgatlles. The stresses through time at the

outside middle point of the prism are shown belowigure 196.
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Figure 196. Development of stresses with time in prism

As shown in Figure 196, the most concreteesaig occurred in the unreinforced model,

which is indicated by the largest drop in stre$se prism with the #3 bar experienced slightly
more softening than the prism with the #8 bar.stlastrains were extracted along a longitudinal
path on the outside edge of the prism at diffetémes to determine the development of

cracking, as shown in Figure 197 and Figure 198.

211



ins)

Plastic Strains (Microstra

1800

1600 t
r
1400 4
1200 k ; ——T=7 days
1000 | ; . -=-T=13.5 days
800 - ‘ % L — 1= T=18 days
| e
600 ’ g F’ T=22 days
400 - [ i . I
! o | —= -T=26 days
200 l } o
. —« -T=30days
0
0 2 4 6 8 10

Longitudinal Distance (Inches)

Figure 197. Prism with #3 reinforcement plastic strain outputarious times

600

500

400

300

200

100

Plastic Strains (Microstrains)

0

Cx ]

Dmo
S0

T=7 days

-=- T=13.5 days

-
-
Mo moaemomsd oo

—
I
=
co
o
Q
<
(%]

- el =

T o e -

b
(.
Lo
-
b=

b

et e YOO

—>x=T=22 days
T=26 days

-=<= T=30 days

0 2 4 6 8
Longitudinal Distance (Inches)

10

Figure 198. Prism with #8 reinforcement plastic strain outputaious times

212



As seen above in Figure 197 and Figure 1398ptlsm with the #3 reinforcement had higher
plastic strain values, with less cracking locatiom&ie prism with the #8 reinforcement had more
cracking locations but lower plastic strain valtiesn the prism with the #3 reinforcement. This
behavior matches what is expected. If the bar isizacreased, it would be expected that the
crack widths would decrease, but the number ofksraeould increase; which is seen in the
plots. Comparing the plastic strains at the cotmaged areas of cracking, the larger plastic strain

values in the model with the #3 bar can be seerghwh illustrated below in Figure 199.
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Figure 199. Prism plastic strain values with time in concemdatracking areas
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The longitudinal stresses through time inlthes were also extracted. It would be expected
that the #8 bar would have lower stress valuestalits increased area. The bar stress output is

shown below in Figure 200.
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Figure 200. Prism reinforcing bar longitudinal stresses withdi

Based on these analyses, it can be seeththatodeling approach is correct in terms of load
sharing between the steel and the concrete. Itewpscted that for a larger the bar size, the the
stresses in the bar would be lower, the crack wadbhld decrease, and the distance between
cracks would tighten, all of which was capturedtwy simulation.

To investigate this issue further, the sanisnpmodels were run with a shell element and
‘rebar layer’ approach used to simulate the steieforcement. This was done since the ‘rebar
layer’ approach was used in the full bridge modelBhe maximum principal plastic strain

outputs at the end of the analysis are shown beldwgure 201 and Figure 202.

214



FPE, Max. Principal
(OOl 75%)

+1.279e-02
+2.040e-04
+1.952e-04

+1.564e-04
+1.776e-04
+1.658%e-04
+1.601e-04
+1.515e-04
+1.425e-04
+1.337e-04
+1.249e-04
+1.161e-04
+1.074e-04
+9.,858e-05

Figure 201. #3 prism with ‘rebar layer’ approach maximum prpadiplastic strains (t=30 days)
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Figure 202. #8 prism with ‘rebar layer’ approach maximum prpatiplastic strains (t=30 days)
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As seen in Figure 201 and Figure 202, using tharrédyer approach yields a slightly
different plastic strain output. Since the rebayel uses a smeared reinforcement approach,
where the reinforcement stiffness is spread a¢hesentire shell section, the plastic strain values
become concentrated at the location where theoremment is embedded. Even with this
approach, it can still be seen that increasingeidorcement bar size yields lower plastic strain
values and more cracking locations. To verify,thig plastic strains along the top edge of the

prism were extracted at the end of the analysiscantpared, as shown below in Figure 203.
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Figure 203. Plastic strains along longitudinal path for prismith rebar layer approach (t=30)

As seen above in Figure 203, the plastic rstvalues are higher for the prism with the #3
rebar layer than the prism with the #8 rebar laygrich was expected. Although it is not as
obvious as in the approach using the discrete eddukldar, it can be seen that the prism with the

#8 rebar layer has more cracking locations witheloaverall plastic strain values.
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In the full bridge models, the increase inspta strain magnitudes that is seen with the
increase in reinforcement can be attributed toinkbeeased stiffness of the deck/girder system.
In the full bridge deck, the girders create addiiorestraint, which produces higher plastic strain
values with an increase in deck stiffness. Thetmlastrains are developed as a result of the
restrained volume change from shrinkage. In abedge deck, an increase in the reinforcement
would lead to more discrete cracking locations, weer overall crack widths. However, the
computational analysis uses a continuum model within/deformation control. When the
stresses are high enough to induce plastic strarasking occurs throughout the entire model
and the analysis does not capture discrete craeitiéms. Therefore, while the models predict
increased plastic strain values with added reiefment, the crack widths and spacing would in

reality be reduced with added reinforcement.

6.5.4 Steel girder bridge parametric study comparisorutess

As with the box beam bridge, the overall gldihavior of the steel girder bridge remained
the same for all the parametric analyses. To coenfiee outputs, maximum principal tensile
stresses, maximum principal plastic strains, amticat displacements were extracted at various
locations and paths in the bridge deck. The nofaame used in the results is summarized

below in Table 26.

Table26. Nomenclature used for steel girder parametric stadylts

Parameter Nomenclature used in plots of results
As-built model “As-built”
Effect of changing abutment connection “Non-intégra
Effect of changing the shear connector “Shear Stud”
distribution
Effect of changing the skew angle “Skew Angle”
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As shown in Figure 204 and Figure 205, theiterstresses are higher near the top of the deck
and decrease through the depth. The plastic stpgnetrate roughly halfway through the depth
of the deck, as in the box beam bridge. Increafingshear connector spacing slightly lowered
the maximum principal plastic strain values, aslaslcreating a non-integral connection at the
abutment. Increasing the skew angle yielded slighgher plastic strain values.

As shown in Figure 206 and Figure 207, theimar principal tensile stresses are high at
the top of the deck and then drop off significarsthd remain fairly constant in the beams. Like
response in-between the beams, plastic straindrpséo about halfway through the depth of
the deck. The tensile stresses were slightly hifdrethe non-integral abutment connection and
higher shear connector spacing, which correspotalkxver plastic strains. Increasing the skew
angle also yielded slightly lower tensile stressmed higher plastic strains.

Results plotted in Figure 208 to Figure 218vshhat a non-integral abutment configuration
yielded higher displacements, higher stresses,l@mdr plastic strains. The increased shear
connector spacing configuration also yielded slightgher displacements, higher stresses, and
lower plastic strains, although not to the extehttree non-integral abutment configuration.
Increasing the skew angle yielded lower displacemdower stresses, and higher plastic strain
values. The amount of overall restraint createdhgynon-integral abutment connection and
increased shear connector spacing was lower treagtbuilt case, while increasing the skew
angle produced a higher amount of restraint irstrstem.

Outputs through time on the top surface ofdéek in the middle of span 2 are shown below.
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Results in Figure 214 show that there is atialndeformation at beginning of shrinkage,
followed by a steady increase in displacement asksge continues. This trend matches the
behavior experienced for the laboratory models &eeion 5.4). Overall, the bridge with the
non-integral abutment configuration had highespldisement values while the bridge with the
skew had the lowest displacement values. The érdth the higher shear stud spacing also had
slightly higher displacement values. This occurbetause the bridge with the non-integral
connection had the lowest amount of overall restrawhich allowed for increased
displacements. The skew angle created additiesdtaint in the bridge, which limited the
displacement values.

As shown in Figure 215, the maximum principasile stresses steadily grow until the
concrete tensile strength is reached. At thattpairacking occurs, and the stresses steadily
decrease due to softening. As seen in Figure thg6jecrease in stress matches the increase in
plastic strains as the cracks continue to opener&y the non-integral abutment connection
bridge had lower plastic strain values and highesss values. The higher shear connector
spacing bridge also had slightly lower plastic istrgalues and slightly higher stress values.
Since the overall restraint in these configuratians slightly less than the as-built model, less
cracking occurred, which yielded lower plastic stnealues. The stress values were higher since
less concrete softening took place. The skew dmgtige had higher plastic strain values and
lower stress values. This bridge had more restthsn the as-built model, leading to more

cracking and increased plastic strain values.
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The overall results of the parametric studytfe steel girder bridges are shown below in
Table 27. Note that “time for cracking” was talanthe time for plastic strains to first begin to

appear in the deck. This occurred in the regiaer tive pier.

Table 27. Steel girder bridge parametric study overall result

Analysis Timefor Maximum Plastic Maximum
cracking Strain Value Vertical
Displacement
As-Built 13 days 17@-strain -0.263 inches
Non-Integral 14 days 160-strain -0.301 inches
Shear Stud 13 days 1@7strain -0.262 inches
Skew Angle 12 days 172strain -0.281 inches
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Increasing the shear stud spacing slightlyawed the bridge performance, while skew angle
produced more restraint and increased the maximlastip strain value. Overall, the bridge
with the non-integral abutment connection exhibitesl best behavior. This bridge had the least
overall amount of restraint, so it had the smalpgastic strain values at the end of the analysis
and longest time for cracking to occur. Additidpalt had the largest maximum vertical

displacement values, indicating the least amount@fement restraint.

6.5.4.1 Effect of shear connector re-distribution

In the full bridge models for the parametriady the actual discrete shear studs were not
modeled, so the full effect of shear stud size aotlime was not able to be examined.
Therefore, the lab sub-assembly models were uliliseexamine the effect of size and volume.
The shear stud size and spacing was compared betivees-built laboratory models (1.25"-
diameter studs, spaced at 6”) with an arrangemhtlarger studs at greater spacing. The new
size and spacing was calculated so that the totatah shear stud volume for each beam
remained the same. The shear stud size and spexargined using the lab sub-assembly
models are summarized below in Table 28. Resuts the analysis are shown in Figure 218 to

Figure 219.

Table28. Shear stud size and volume determination for pararstudy

Stud Diameter Stud Height | Stud Spacing | Stud Volume
Per Beam
Detail 1 (as built) 1.25” 6" 6" 419.71 in°
Detail 2 (larger studs, 1.5” 7 10" 408.21 in®
larger spacing)
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Figure 217. Maximum principal stress contours (time=30 days)
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As shown in Figures Figure 217 to Figure 2h®, stresses in the concrete were higher using
the smaller shear studs at a closer spacing, vthéeoverall vertical displacement values
remained about the same. The additional amoush@ér studs in the “as-built” model created

more locations of restraint, which led to higheexall stresses in the concrete.

6.5.5 Effect of concrete tensile strength

As described in section 5.3, a tensile sttengt7.5/fc was defined for the concrete in the
computational evaluations. Since the true tensitength of concrete varies and is largely
unknown, the effect of lowering the tensile strénglas examined for the box beam “as-built”
model. Instead of the original tensile strengti &f/f'c, a lower value of 6.8fc was used. The
two analyses are compared in Figure 220 to Fig@& 2t can be seen that the overall bridge
behavior remains the same when the concrete testsliegth is lowered. Lowering the tensile
strength decreases the tensile stress values, thi@ecaaximum value that the stresses can reach
before cracking occurs is lower. Additionally, lenng the tensile strength increases the

magnitude of the plastic strain values, while redythe time for cracking to occur.
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6.5.6 Discussion

Overall, the simulations were able to captilme damage and cracking patterns that were
prevalent in the two prototype bridges in the fieldhe box beam model predicted both
transverse cracking and longitudinal cracking tgimut the bridge. Transverse cracking was
predicted along the length of the entire bridgehwd-5’ spacing between cracks. Longitudinal
cracking was predicted between beams. Crackinginatied in the negative moment regions,
and then propagated to the rest of the bridge.s@lkbeacking patterns were observed during the
field inspection of the M-57 over US-127 bridgeheTsteel girder model predicted longitudinal
and diagonal cracking at the abutments, and trasswveracking throughout the entire deck.
Unlike the box beam bridge model, longitudinal &rag was not predicted. This also matched
the field observations during the inspection of Klemsington Road over 1-96 bridge.

The steel and concrete “as-built” models exétbsimilar behavior, and one bridge type did
not perform significantly better than the otherottBbridges showed signs of cracking over the
central pier at a time of around 13 days. Botddes showed evidence of transverse cracking in
the negative moment regions (over the piers) asd sihowed evidence of transverse cracking
along the length of the spans. The steel girdetgbr showed a higher concentration of
transverse cracking in the regions over the pwelsle the box beam bridge showed cracking
that was more evenly-spaced. Both bridges alsweticsigns of longitudinal cracking and
diagonal cracking at the two ends, over the abutsnetnlike the steel girder bridge model,
however, the box beam bridge simulation predictegjitudinal cracking along the length of the
bridge, over the edges of the beams. Even witbhdegms, the steel girder bridge is much more
flexible than the concrete bridge in the transvefsection, thus this type of cracking did not

occur.
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For the parameters considered in the spreacbbam bridge simulations, the use of a low-
shrinkage mix had the greatest effect on improwrndge behavior, as expected. Changing the
distribution of reinforcement, while keeping thergareinforcement ratio, did not influence
bridge behavior. Although the reinforcement was$ discretely modeled which may have
affected the results, it is predicted that chandhmey distribution will not influence the overall
bridge performance. Increasing the amount of oetgiment created additional restraint in the
bridge deck, leading to an increase in the plasttigin values. This effect did not influence
bridge behavior to a significant extent, and thanges in behavior produced by increasing the
amount of reinforcement were small.

For the parameters considered in the stedegioridge simulations, changing the abutment
connection from fully-integral to non-integral h#ite greatest effect on the bridge behavior.
Changing the abutment to non-integral greatly redube total restraint present in the bridge,
and improved the overall performance. Fully-ine¢@butments only appear to work well if the
foundation is supported by flexible piles, orientedveak-axis bending. As expected, increasing
the shear stud density also slightly improved thége performance, since it eliminated some of
the areas of restraint. However, this did not haveery large effect on the overall bridge
behavior. Increasing the bridge skew angle proditegher plastic strain values and reduced the
time for cracking to occur. The skew angle likeleated additional restraint in the bridge,
which lowered the overall performance.

Overall, it can be seen that the restraintaficrete shrinkage is governed by both axial
behavior and bending behavior. The axial behagi@aused by the end restraint conditions at

the abutment, while the bending behavior is calsethe curling motion that is induced by the
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restraint caused by the girders, shear conne@nodsreinforcement. This is illustrated in Figure

223 below, and was illustrated for the lab modelBigure 128.
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Figure 223. Longitudinal stresses through the depth of thle s

Figure 223 shows that the stresses in thehadipof the deck, where cracking occurs in the
simulations, are caused by both axial and bendamgwor. The bottom half of the deck can be
seen to be in bending, with tensile stresses simgcto compressive stresses. If the stresses
through the top half of the deck are extractedait be seen that most of the stress is due to axial

behavior, and the contribution of the bending sesare minimal. This shows that the bending
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behavior of the slab due to curling does not carttie cracking behavior, but it is instead
governed by the axial effects due to the end riestcanditions. This explains why changing the
design parameters at the global level (such asgomgthe abutment configuration and the
bridge skew angle) had a greater impact than chgrtge design parameters at the sub-assembly
level (such as the reinforcement arrangement agar stonnector spacing).

Since the behavior is mostly dominated bylaestraint, this problem can be simplified to be
analyzed as a slab on grade, with restraints aemitis. As shrinkage is induced in the slab,
cracking will occur at the mid-point, and then pagpte to the quarter-points, until all of the
stresses are relieved. This explains the presehewenly-spaced transverse cracking in the

bridge decks.
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7 CONCLUSIONSAND RECOMMENDATIONS

7.1 Conclusions

While there are many factors that influencedyeage deck cracking in jointless bridges, the
most dominant source is restrained concrete stgekaAs the concrete is restrained from
movement, tensile stresses build up in the dealsiog cracking. Restrained concrete shrinkage
is dominated primarily by the concrete mix desigat bridge design factors can also greatly
influence the amount of shrinkage restraint.

Overall, the research confirmed the hypoth#ds$ the more restraint that is present in the
bridge system, the greater the build-up of restcitensile forces, and the more cracking that
will occur. A field investigation showed that gadge transverse cracking occurs on both steel
and concrete girder bridges, and that cracking estrprevalent in negative moment regions.
Concrete box beam bridges also experience longalidracking.

Computational simulations based on the fialement method were conducted to evaluate the
effect of concrete shrinkage in full bridge systemich were used to study the effects of
design factors at the global level. The simulatpproach was verified through experimentally-
calibrated finite-element models. The followinghctusions were drawn from the simulation
parametric study on prototype jointless bridges.

e Shrinkage cracking was prevalent in both steel @mtrete girder bridges. Concrete
girder bridges experience both transverse and tadigial cracking, while steel girder
bridges experience only transverse cracking. Weabpect to restrained shrinkage
cracking, one bridge type did not perform bett@mtthe other, and the overall behavior

was similar.
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Higher inelastic strain values and more crackinguaed in bridges with more spans and
more negative moment (pier) regions.

Using a lower-shrinkage concrete mix reduced thgnitade of shrinkage loads, and
thus reduced the amount of cracking. Changingtimerete mix had a larger influence
on bridge behavior than changing global bridgegieparameters.

The effect of changing the amount of reinforcememd the reinforcement distribution
was found to be minimal and did not greatly infloenthe expected level of deck
cracking.

Designing a bridge with integral abutments andgal foundation greatly increased the
restraint in the system and increased the amoupitenficted cracking. This was seen in
both the field investigation and the computaticaralyses of full bridge models.

Using larger shear studs at a larger spacing |lavére amount of restraint locations in
the bridge, and slightly improved performance.

Increasing the skew angle slightly lowered the alWdrridge performance as indicated by
an increase in the predicted deck cracking regear the abutment.

Soil compaction level and foundation configuratigreatly influences the overall
stiffness of the bridge system, and is importardciesider.

The cracking behavior of the deck was primarily gqoxed by the axial effects caused by
the end restraint conditions and was not influengeatly by the bending behavior and
curling of the slab. For this reason, the bridgsigh parameters at the global level
(abutment configuration and skew angle) have a mlafger effect on bridge
performance than the design parameters at the sadwbly level (reinforcement

arrangement and shear connector spacing).
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7.2 Recommendations

The following is recommended as a result of thieaech:

Measures should be taken to provide the least anafusstraint possible in the bridge.
The bridge simulations conducted in this study stubwhat the more restraint that is
present, the more cracking that will occur in trezld The shear connector density
should be minimized as much as possible, althoughauld clearly be high enough to
maintain composite action.

Overall, cracking behavior is dominated by the bat@nmands caused by the end restraint
conditions at the global level. Therefore, thebglorestraint features, such as the skew
angle and abutment configuration, have a much fafiect on bridge performance than
the restraint features at the sub-assembly level.

Bridges supported by both steel and concrete beaensusceptible to deck cracking due
to restrained concrete shrinkage. Thus, one brigige is not seen as superior over the
other with respect to this type of damage.

The negative retraining effect when using fullyeigital abutments (where the girders are
cast into the abutment backwall) may be minimizgdiing a foundation supported on
flexible piles oriented in weak-axis bending.

Changing the reinforcement amount and distributiaa a minimal effect on bridge
performance, and maintaining the current desigdejmes is recommended.

Lowering the shear connector density slightly inweid bridge performance. Increasing
the shear stud size and spacing is recommendenvae less areas of restraint within

the deck, and provide overall lower stress levaiowever, the overall improvement
239



was minimal, and care should be taken to ensutectimaposite action between the slab
and beams is maintained.

Increasing the bridge skew angle slightly redubesaverall performance of the bridge.
Thus, large skew angles should be avoided as naipbssible.

Concrete mixture designs optimized for low shrirkkaguch as the modified MDOT
Grade D mix with the slag cement replacement, e uke of shrinkage reducing
admixtures should be evaluated for their effectmanimizing early-age deck cracking
on a full-scale bridge. However, care should Hestawhen evaluating the use of
shrinkage reducing admixtures, as MDOT has founeimthto be detrimental in
applications requiring entrained air for freezewthdurability. The strength behavior of
the modified MDOT Grade D concrete mix was veryikginto the normal Grade D mix,
while the shrinkage characteristics were much bettelditionally, the cost of the mix
was comparable to the standard Grade D mix. Thekorg potential and shrinkage
magnitude was much smaller for the modified Gradmif, and it is thus recommended

for future construction.
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