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GLOSSARY

The following is a glossar of terns for High performance concrete (HP@sal in
this report.

0.1 General Terms

High Performance Concrete -Concreeé in which certan desirel propertis hae been
enhancedfor a given applcation beyoml the properties foplain concrete.

High Strength Concret - Concree with compressig strengt in exces d 42 MPa

(6000 psi is refered to a high strength concrete.

Admixtures — Admixturs ae materiad othe than water aggregate or hydradic

cement which are addd to the batch immediatglbefore a during the mixing operation.
Ther function is o nodify properties d concree © & © male it more suitabé for the
work & hand or for economy or for other purposesich & saving energy.

Fly ash - Fly ash is a finey divided residue which is tre by-prauad of the combustia of
ground @ powdere cod exhaus fumes o coal-fired powe stations.

Silica fume - Silica fume $ a by-praud resultirg from the use dhigh purity quartz with
coal n the electric arc fuace n the producin d silicon ard ferro silicon alloys

Chlorid e Permeability of Concrete -Measure bconcrets ability to resis penetration
of chloride ions.

Flexural Toughness - Tre area under éhflexurd load-defection curve obtained fro a
statt tes of a speanen up b a specified deflection It is an indication of the energy
absorptio capabity of a material.

Impact Strength - The total energ requirel to beak a standdrtes speamen of a
specifie sizz under specifie impad conditions as given by ACI Commitee 544.

Static Modulus - The value 6 Young’s moduls o elasticity obtainel from measuring
stress-stram relationshig derivel from othe than dyname loadng.

Accelerated Curing —Curing concret usimg wamm wate to accelerate strerfggain.

0.2 Acronyms Used
ACl — American Concreg Institute

PCC —Portland CemdnConcrete

Xiv



ASTM — American Societ of Testirg of Materials
AASHT O — American Associatio of Stae Highway and Transportatio Officials
FHW A — Feder&dHighway Administration

SDDOT — Sout D&ota Departmeinof Transportation
HPC —High Performance Concrete

HSC —High Strength Concrete

MRW R —Medium Rang Water Rducer

HRWR —High Rang Water Rducer

RCPT — Rapid Chloride Permediby Test

AEA - Air Entrainng Agent

SDSM&T — South Dakot Schobof Mines & Technobgy

SDSJ - Souh Dakot Staé University

SSD —Saturated SurfacDry

0.3 ASTM Specifications

C 31 - Practices for Making and Curing ConcretTes$ Speamers in the Field

C 39 - Tes Methad for Comprasive Strengt of Cylindricd Concree Speenens

C 78 - Teds Methdd for Flexurd Strengh of Concree (Usirg Smple Bean with Third-
poirt Loading)

C 94 - Specification for Ready-Mixed Concrete

C138 - Ted for Unit Weight, Yiet ard Air Conten (gravimetric) of concrete
C 143 - Tes Methdd for Slunp of Portlard Cemeh Concrete

C 172 - Methad of Samplng Freshy Mixed Concrete

C 173 - Teg Methad of Air Conten of Freshyy Mixed Concreg by the Volumetric
Method

XV



C 231 - Tes Methdd for Air Content of Freshyy Mixed Concree by the Pressure
Method

C 469 - Tes Methdd for Statc Modulus o Elasticity and Passon’s Rab of Concrete
in Compression

C 1064 —Standard Tedviethad for Temperature fa~reshyy Mixed Portland Cement
Concrete

C 1202 -Teg Methdd for Electricd Indication of Concretes Ahility to Resis Chloride
lon Penetration

C 666 - Teg Methad for Resistane d Concree to Rapid Feezng and Thawing
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CHAPTER 1.0
EXECUTIVE SUMMARY

1.1  Problem Description

Due 1 tightenng budgé constraintstransportatio engireers ae chdlenged to construct
transportation fatities econmicdly with an increag in performace. However, ismultaneous
improvemens in cos ard performane are unlikegl unles materih properties a construction
method can be enhancettigh performance concrete (HP@ay be uilized to enhance the
desired concretpropertis for a given appication.

Thes are tle tmes when bridge designer ae concerned wit overhead earance for
highways benedt bridges the need fo increased spalengths withou increashg girde depth,
or may desie o reduce tie number bgirders for a brdge dl of which would requie HPC In
Souh Dakota de-ichg chemicad ae used to asgisn the removkof ice fram driving surces.
Thee chemica pose problesr on pavemerd aml bridge decks Due o the concrete’s
permeabity as wdl as ary cracking, chemica can penetra¢ the concrete cauginrebar
corrosion and concret deterioratia ove time in bridge deck shortenig deck life.

Understanding th possiké benefis d HPC, SDDOT’s brdge designer wantel to
construt ard evaluag¢ two bridge deck as wdlas prestressegirdes for two bridges Therefore,
trial HPC batche wee prepared and ¢hnecessgrtesting é fresh and hardened concrete
properties wee coructal to ensue that tle desired concrete propesieere achievedSorne of
the fred and harderteconcre¢ properties foeach HEE mix wee unknow and neededtbe
detemined prior to the constructia of girders ard decks Sone propertis in questio for HPC’s
were 28-da/ compressive strengthobtainng strand relea&sstrengh in a specifid time, thermal
properties, aep shrinka@ aml elastc shortenig for high strength concretwith limestone and
guartzie aggregatespermeabiliy and crack potentieof concrete utilizng fly ash, sili@ fume, or
a canbinaton d fly as ard slica fure with limestae and quartzit aggregate; etc.

1.2 Researd Objectives

1. Toreconmerd HRC mix desigs for use in bridge deck ard prestresal girders.

2. To evaluag the constructabiit ard performage d HPC in bridge deck am prestresed
girders.

1.3 Details d Bridges

The two ralroad overpas brdges constructé and evaluated fothe HRC Regarch
project ae located n Minnehala Couny agpproximately oe mile nort of the interchange
betwea 1-29 and 1-90 Bridge no 1, & it is refered to in this report carries 1-29 norhbound
traffic over tle Buldington-Northen Ralroad track The secod bridge refared to as brdge 2 in



this reporf carries 1-29 soutbound tréfic over tle same railroad &ck Bridge 1 wa constructed
in the summerfdl999 awl bridge 2 wa constructe in the sunme of 2000.

The locatiom was chosa mainly becaus high trdfic couns aml heavy us d deicing
sals providel a trie tes of the strengt and durabiliy of HPC. Also, moe clearance waseeded
for tha ralroad. The bridges a 5236 m (718 ft) in length, hag a 27 left-hand forward
(LHF) skew ard are designed foa 1219 m @0-foof) roadway Each brdge has thee spans
with four girder lines o AASHTO Type Il prestresal girdes (totd of twelve girders) Eight of
the prestressegirdes ae 1638 m 63.75 ft) long and ae used o the 16.46 m34 ft) erd spans.
The other four girders arl836 m ©0.25 ft) long and ae usedn the 1859 m @1 ft) long center
span The Souh D&ota Departmenof Transportatio inventoy numbes for the® brdges are
50-1814155 fa bridge 1 and 50-180-155ifbridge 2.

The girdes ae spaced 3.49 mi{42 ft) center ® center wih an overhangfo  1.28m
(4.208 i) on each sid o the brdge When the deck ws placed abutmeh concrete § cast
arourd the end o the girders which mace the girdes integrawith the abutmentAt the bents
fairly thick diaphragms wee cas arourd the girder endswhich hels continuiyy betwea spans.
The use bHPC allowal designes o reduce tle number dgirders in each spa from five to
four. Desigh compressig strengt of the girder concret was 68 MPa (9900 psi with a
strengh of 56.9 MPa 8250 ps)j required at rele@sd the prestressm stramls.

1.4  Literatur e Review

A comprehensig literatue review relevainto HPC' s use fo bridge deck aml prestessed
girders as wdlas instrumentatio method o monitor then was corducted whit helpel in the
planning and conducting &hreseare progct.

1.5 Trial Mixes

The dm was 0 design evaluae ard recanmend mixtue proportios for the brdge deck
ard the prestressegirde concrete Fa the high performance bridgydeck concrettwo different
coar® aggregate wee used (quartzat ard limestong ard ten mixes wee cas$ with each
aggregateln each mix th percentage replacentesi cemen by weigh with dlica fune ad fly
ash was varied keepng the w/c ratdo constant The speéners wee tested fo compressive
strength statt modulus modulss o rupture amd chloride permeality. For the high-strength
bridge girder concrefetwelve mixes wee cas varying boh the percentage replacereot
cemen with silica fume arml the w/c ratios The percentage replacemsnivestigatd were 7%,
10% anl 12% anl the wi ratics investigatd were 0.8, 030, ard 0.32. Tle speimers cas were
tested fo compressive strengh and stat modulus.

It was fourd tha the addion d fly as ard glica funre reduce the chlorice permeabbty
of concree significanty while increasig the compressive strengtiBasel on the analys of
resuls obtained ore mix wa chosenas the bes mix havng al the propertis requirel for a
high performance bdge deck The resuls obtaind from the tess carried out o the high



strengh concre¢ mixes wee analyzed thoroughland oe mix wa selectd basd on the
strengh requiremens & releag o prestress. Ths mix was cast agaiand tes wee coructel to
confirm the results Additiondly the rapd chlorice permeaitity teg was also coductal on this
mix.

1.6  The field sampling program

The samphng frequeng for the project wa seécted n orde to provide the necessary
information to permi the evaluatio of the concrete propersed interest All the standard
routine tess wee performed o the fred concre¢ samples Detaled strengh histories of the
concrets wee developed by perforing compressiwe tess & concreé ages b1, 3, 7, 14, 28, 56
(or 90), 180 day ard ore year Fa the instrumente girders both a corpanian curel series and
a laboratory-cured sesevee employed A partid series was fabrcated fo girders thadid not
carty instrumentation The deck concretwa sampld & each midspaand & each bent This
resultal in five samples ahfive seris weke fabricated foeach éck.

1.7 Instrumentation for Girders and Bridge Decks

The instrumentatio was developd for taking of measuremestd straing temperatures,
ard deflectiors in both the girdes amd the decks Two girdes in the ed span of these structures
were selectedd receive instrumentation In each bdge tte instrumented girdsrae located in
the north end-span and arthe wetside edge girder ahthe adjacenhinterior girder. Strains
were measured wit Geokon ModeVCE 4200 vibrating wee stran translucers Each vibrating
wire translucer § capal® o providing a temperature measuremen addition b a strain
measurementSever themistors wee incudel in the concrete deskin orde to measure
additiond temperatures.

In orde to measue the strais in the girdersfour stran transluces wee located athe
mid-span of eadh girde ard were distributed mar a less uniformly through the dept of the
girder. To enab¢ the measuremerof deflections full depth rods wee embedde in the girders
at tre center ends am the quarte points d the beams The® full-deph rods permited the
measuremdnof deflectiors ove the tgp of the girdes ard the later measuremerof the
deflectiors o the girdes aml thus tle bridge from undereat the structure.

A shrinkage block 5152x152x304 mm 6 x 6 x 12 incheswith an embeéded vibrating
wire stran translucer wa cast with edt instrumentd girde in orde to track the tme
dependenbehavia of the concrete.

In the brdges addition&strain tranduces wee placed athe benin the gap between the
end d an instrumentd girde ard the following center-spa girder Three tranduces were
distributel in this s@ce thraigh the dept of the girder The deck instrumentatiowas se& up to
permi the measuremenof deck strais & eight additionhlocations Two locatiors were
directly abow tre instrumentatio in the girdes am distributel through the thicknesd the
deck Two additiondlocatiors wee at mid-spa of ead instrumentd girde but 90 degees to



the girder' s longitudindaxes ard midway between the girder linesAt the bens fou additional
locatiors wee established along éhcenteline o the abutmentTwo of theg locatiors were
directly abowe the tranduces within the behard two wee located midwg between the girder
lines At each 6 thes eigh locations two vibratirg wire trangluces ard ore themistor were
instdled. The vibratirg wire transluces wee positioned tathe levd of the tq and bdtom mat
of steé with the themistor located midwg between the strai translucers In orde to measure
the deck-concret shrinkag strains two shrinkag@ blocls wee cas from the deck concrete.
The® blocks wee o the same mnensiors as tle girder blocks ard ead carried a strain
tranglucer.

There was interestni taking measurementd impedare n the deck concreteParallel
plate devics wee fabricated and embedtléen the deck in orde to permi the®e measurements.
A totd of six were embedde in eat deck The® were distributedni the north end-span fothe
bridges amd located randomyl acrcss tle width of the deck In each seof three, two were
stacked verticdy such tha orne was &the leve of the bdtom ma of sted and the other was
located &the tgp md of steel The third devie was located a shodisiance awy ard po#tioned
a the leve of the tgp ma of steel With only minor interruptiors the instrumented girderand
decks hal been continuoust monitorel from the time the concrete waghaced

1.8 Tests ; Hardened Concrete Field Samples

For the two bridges a total & 796 cylindes wee prepared Of this number
approximately 92 cylindex wee assigned to ehrapd chloride test In total 701 cylindes were
testa in compression (Tlke were nbtested.) To documenthe nodulus d elasicity 102 tests
were performed.

The girder mixe employd glica fume mn the concrete mixThe rang in compressive
strengh & 28 dag rangd from a lov of 91.0 MPa (13200 ps) to a high valle d 1082 MPa
(15,700 psi) The average vakibeng 99.28 MR (14,400 p9i with a standat deviation of 6.8
MPa Q90 psi) The stresstatransfe was specified to ke nd less tha 586 MPa (8520 psj with
a minimum compressig strengt & 28 dag o 68.26 MPa (9900 psi) It took about thee days
to obtan the needed compressive strénigtorde to permit prestres transfeto the girders.

Two differert deck mixes wee employed A silica fume mix wa use on the brdge
built in 1999 ad a fly ahh mix was usel for the bridge buit in 2000. The resuls from the five
compressie strengt series for the silica fune deck produced a rangecompresive strengt at
28 day from 4654 MPa o 4875 MPa (6750 b 7070 psi) The mea of the 28 d& tess was
48.75 MPa (7070 psi with a standat deviation d 2.28 MPRa 330 psi).

The resuls for the fly ash mix for the deck o bridge 2 yieldd a range at&day from
436 MPa © 490 MPa (6330 b 7110 psi) At 28 days the mea was 46.6 MR (6,760 pg with
a standat deviaton d 2.2 MPa (320 psi).



In the desig of prestressal concreg structuresit is importanto hawe a réiable esimate
of the malulus o elasticity for the concreteThe equatia tha is recanmende for use with high
strengh concreg will be referrel to & the ACl 363 equation.

.5
: W,
£, = (40000,7, +1.000,0003% 1
C Cc |jl45|:|

E. = Modulus d Elasticity (pg units).
We = Unit weight of the concrete (Ib§t%).

f(;: Compressig strengh of the concrez (p$ units.)

In total 98 modulg o elasticity tess wee performed o the concrete sampled frothe
girders ard the decks The conclusio reached fron the presenwork is thd the above equation
can be used to estate the malulus o elasticity for the concreten this stug if the constanof
6895 MR (1000000 ps) is repaced by te constan13,790 MRa (2000000 psi) This resul is
not unexpgected The wok tha was dore o develop te ACI 363 equatia utlized limestone
aggregates The mixes in this stugy mack use 6 quartzie aggrega ard quartzie is a much
harder ggregate This equatian can le used o the deck concreseas well It shoutl be noted
that a the pesentime, high strangth concrete is a conceetvith a 28-dgt compressig stragth
greater tha 4137 MPa (6000 psi).

The rapd chloride permeabilttes (RCPT) was corducted & pe¢ ASTM C 1202. A total
of 60 speanenrs from bridge 1 and 32 specimeifrom bridge 2 wee testedThe perneabilities
for the slica fume brilge deck varig from 398 b 621 coulombswith an averag value (fo 24
specimenpsof 462 coulombsFar the fly ash brilge deck concreféhe permeaititie s varial from
708 0 1404 coulomb with an averag value & (for 24 spetmeng 1038 coulomhsThese
variatiors wee less tha othes experiened fa field concre¢ ar it indicatel a goa quality
contrd in the praluction of concrete.

The majo purpog d this progct 5 o develop te concree mix designd minimize the
intrusion of chloride iors so thareba corrosion is reduced The project's requirements stated
tha “the brdge deck permeabiitshould be reduced to a signifart amount $0%) as compared
to DDOT" s standat bridge deck mix” The permeaitity of SDDOT' s standat bridge deck mix
(laboratoy mix) was 4158 coulombsThere was a 88.9% daiction in permealiity for silica
fume brdge deck concretam 75% reluction in perneability for the fly ash concrete However
the fly ash concret had 123% higher permealyilihan tie slica fune concrete.

The high strength HE mix usel for the fabricatiom of the girdes hal very low
permeabities, 65 coulomb for bridge 1 and 87 coulombsrftridge 2 which are accordig to
ASTM C 1202 ae "Nedigible". The high strength HE usel for girders was almost
impermeal® ard the steel tendeswould na corrode due to the chloride penetration.



1.9 Performance d HPC Bridge Girders and Decks

1.9.1 Deflection Measurements The initial se& of deflection measuremest was taken
immediatey afte the transfer dprestress b the girders Observatioa continue to be taken at
close bu increasng tme intervat ou to ore month thereafte reading wee taken
approximately monthly. Aftethe concrete deck vgaphced eadngs wee taken fron the
undersi@ o the girders The thiee wie leveling technique mployed is expectal to yield results
within £0.46 mm (£ 0.018 in).

The averag maximum instantaneasi cambe (upwad deflection after the transfer of
prestras b the two girdes from bridge 1 wa 178 mm (0.70 inches) The correspondup value
for the girdes for bridge 2 § 168 mm (066 inches) About a manth later the maximum camber
tha was exhibited averaged 24.4 m (096 inche} for the girdes for bridge 1 and 30d. mm
(1.21 inche} for the girdes for bridge 2 This diferenee in cambe is 45 percenor 31 pecent
dependng which girde is seécted a the bag for comparison The displacemestdue ¢ deck
placemen were —8. 6 M (=034 inch for bridge 1 am —11.2 mm €044 inch for bridge 2.
This is an interesting restlsince the deck wee designeda have the same thicks&e Two
differert concrets wee use in the tw decls bu ther densitis woull na differ by this
amount.

Since the deck hae be@& placed the long-tem deflectios ae nd changng
significantly. Bridge 2 § exhibiting about dable tre long-tem upwad cambe as compard to
bridge 1 127 and 6.35 m (0.50 aml 025 inches) respctively.

1.9.2 Impedance measurementsThe measuremesitd impedarme n the dica furme concrete
hawe showm a tremendosl degee d variallity. This is particulay true durirg the winter.
Average values in the winter ted to ke up around 45,000 ofsnard abait 15,000 to 20,000 ohms
in the summer The fly ash concret has nb shown this variahlity, averagng perhaps 500
ohms ove both the winter ad the summer. The reading from the fly ah deck al® terd to
increag dightly during the winter monthsbu not & dramaticlly as the reading from the silica
fume deck.

1.9.3 Thermal and shrinkage strains In orde to analye the strais in the girdes am in the
deck a reliable esiate d the coefficien of thermd expansio is reeded To obtan this
esimate shrinkag blocls wee cast ore for each girde ard two for each @ck Early in the
history of thes blocls the shrinkag is supemposeal on the thermbchange takirg place and
are d the same orderfanagniude Fa this reason ore mus wait severamontts in orde for
the shrnkage ra¢  slow, 2 thd a reliable esinate o the coefficie of thermd expansio can
be made. tlwas notel tha the winter monte dd na produce satisfactgr esimates for the
coefficiert of thermd expansion It appeared s if the freeze-thaw féects wee affectig the
expansio and contaction of the blocks.



It was decidd to uge only sunme montts 0 estima¢ the thermd coeficient. In
addition in orde to adl rdiabilit y to the resultsa diurnatemperatue change obnot less tha 18
Fahrenhaidegees woul be required befa ths temperatwe change wuld be used to eshate
the codficient of themal expansion.

It had bea decidedbasé on sone o the year 2000 reswitard befoe dl of the daa was
available tha a coefficiem of thermd expansim equd to 7.50 x 1¢/°F would be used fo the
project As it turned ou this valle mg hawe been aittle low, but in any casgit was usel. The
stran analyss is nd that sensitive © the exact vala d the codficient of thermé expansion The
value selected fouse does fi within the range bvalues thd are quoted fo quartzie aggregate
concree in ACI Publicatio 209R92 (650 x 16/ °F —8.11 x 16/ °F

Having a vale for the coefficien of thermd expansionthe therméstrairs wee filtered
from the shrinkage block stmaihistories This isolate the shrnkage strai and permg the
analyss o the tme variation of the shrinkage strainsThe classt increas in shrinkag@ strain
with time durirg the eary age d the concrete was observedfter this moe rapd devebpment
of shrinka@ strairs the shrnkage straia leve off and in theory asymptoticly approach a
limiting maximum value Fa the sake bdiscussionthe early-age wilrefer to the firs 100 days
and late-age will refer to the time peria late than 100 days.

All stran histories gopear © exhibt a significah seasonbeffect afte the initia shrinkage
occurs The shrinkage decreas®ve the winter montk ard then rises o a maximm value
during the sunme months The reasao for this phenomenons nd fully understood It is likely
tha the concrete actugllgairs back a portion of the initial shrinkage whe wate from ran or
melted snav permeats into the blocks A furthe comgicating facta in the behavio of the
blocks is the dfect of freezing and subsequethawing or the effect & severd of thes cycles.
In addition, tle suppot conditiors mgy hawe teen a issue Furthe monitorirg of the brdges is
needed n orde to detemine whether thg variation in the shmkage $ a seasohghenomenon
due b the interactio of the blocls with the evironment or somehing diferent.

The girder concret for bridge 1 demonstrated a maximwearly-ag@ shrnkage @ about
150 pe(microstrain = 10 in/in) the correspondin valle for the girdes for bridge 2 § 200 pe
This differerce s abow 25 to 30 pecert dependig on how ore elecs © expres tle diference.
Wha is interestig is thd there 5 nd nearl this variation betwen tle two shrinkage bbcks It
may be indicatie o the variatio inheren in dealng with a silia fume mix This differerce in
shrinkage contributeto the increased camlveha developd in the girdes for bridge 2.

The deck concrewepresena little differert picture The eary periad shrinkag for the
silica fume concrete makg up tle deck $ abow 240 b 250 pe The carespondig fly ash
concree eary periad (first 100 day} shrinkag is abon 150 pe This differerce s significant.
The silica fune concrete exhibited aboutlimes & mud eary periad shrinkage as efly ash
concrete This differerce hold true for the late shmkage a well.



1.9.4 Developing the strain time histories In orde to analyz the strai time series several
adjustmerg wee maa o the basic data.The stran transluces yield rav stran measurements.
In orde to analge the resudt tre data was cwvertad to a bas temperatwe o 72 Fahrenheit
degees In al cases a tme zep was seécted about tov days afte the concrete was initiy
placed n the forms The sekction d the ime zep does influerce tre subsquert time histories,
but a halday one wa or the other dog nd hawe a geat affect a the results.

After the tme histories a& generatedthe resuls from the shrinkage block ae used to
facta ou the shrnkage strains The® resultng stran histories ae subjecteda furthe analysis.

1.9.5 The girder strain time histories As has bee stated a total ¢ four stran translucers
are located &the mid-spa cross-sectia of eadh instrumentd girder. A each ime for
which readngs wee taken a regressio analyss was carried dwn the resuk from theg four
tranglucers Fram this regressio result a stran is conputed d the t fiber of the girder a the
bottom fiber of the girder ad & the centradl of the girder.

From the measurementshe following observatios can be made. Td averag initial
compressie stran & the centraidl of the girdes for bridge no 1 is abot 425 pe Since this
stran is & the centrad of the sectionit is an indicata of the initial prestres foce, R. In Bridge
2, it is observe tha the initial compressive strain atetentrad is abot 525 pe The diference
between thes two values is abotw 19 pecent This differerte seers large considerig the
agreemenin the initid deflections.

The ime variation chang in the straa due b creep fron the ime the girder ws cast
until the deck wa phlced $ abow 25 pein Bridge 1 and about57ue in Bridge 2 Thes values
represeha change oabou 5.9 pecert in the initid prestress n the girdes for bridge 1 and
about a 14) pecert chang in the initid prestres fa bridge 2 This chang in strain @curs over
an goproximae two-monh period.

There s o significart long-tem chang in the strais measuredn bridge 1 fran August
1999, thraagh March 2000.After March 2000, theg is an goparem long-peria seasonhchange
or perhap a nonrecurrim changewhich of the two tha it is canno be detemined More daa is
neededn orde to detemine what § accuring. This indicates thiathe total losse due ¢ creep
ard relaxatio is abot 6.0 pecert for bridge 1 This analyss is complicatd by thke variation
noted above.

After the deck $ in place o bridge 2 thee is a smdlbut continuel devebpmert of creep
strain This is abot 20 © 30 pe This stran devebping ove an 11-monh period This is
indicative d an addition&4 to 5 pecert loss n initial prestress foce. This brings tle total Iss
due b creep and shrinkage tdae to 180 pecert for bridge 2 More analys is reeda in order
to give a moe definitive resul for the lossesn these brilges.

1.9.6 Girder mid-span curvatures and bert curvatures: The curvature ga cress-ction d a
beam is tre reciprochof the radis o which the been is ben at tha point n the beam This can



be calculated frm measured strainsThis was doa for each ¢ the instrumented girdersAfter
they were conputel for each girdethe valus were averaged fahe girdes far each bidlge The
avera@ curvatue that develop afte prestrass transfe is abow 200 pe/in for the girdes in
bridge 1 and abdw®50 pe/in for the girdes in bridge 2 Thee reflect a dfererce d 20 to 25
percent again, dependg upm which vale is usel to malke the comparisonTheg percentages
are in reasonable agreemevith the dffererce n the strais & the centrad of the sectionwhich
they should be becaus the prestres thats applied cases tle initid curvature.

At the benin the space betwerthe gircer end a sé of three vibrating wie translucers
were arrange in a stackedraay. The® trangluces wee used to compatthe curvaturetahe
bent Two instdlations o this type wee maden each brdge The two ses install@ in bridge 1
provide god results The set n bridge two & the exterio girder wa damage during deck
placement The other insthation a the ben in bridge 2 § working okay The curvatures were
conputed for the remainng three ses o tranglucers.

The curvatures tathe berm in bridge 1 demonstra an almats linear reduction in
curvatue over tle two years sirce the briige was constructedThe chang s from a value of
abou 95 pe/in to aminimum valle in Augug of 2001 d abou 4.5 pe/in. Thee is nd as much
data avalable for bridge 2 but it ppeas © be behavig in a smilar manner. Tlg chang in
curvatue mg be caused by éhtendeng of the decls o shrink and thus chaaghe curvature
betwea the girders More dat is reeded m orde to se exacty wha is hgpenng & these
locatiors in the bridges This is a puzzling but interesgrphenomenon.

1.9.7 Deck strains The analyss o the strais in the deck praceededn the manner discussed
for the girdes with the exceptio tha only strairs & the mid-thicknes o the decls were
conputed for each 6 the eigh instrumentd locatiors in the deck The resuls from the four
locatiors & mid-span were then averaged The fou locatiors & the bem were al® averaged.
Focusig on the net stram afte the shrinkage stragmhae bea factored outthe following
observations gabe made. Tdtende strairs ae significanty highe in the silca furre deck of
bridge 1 & compard to the fly as deck d bridge 2 Bridge lhas an averag tende stran of
abou 160 peat mid-span The carespondig value over ta ben is abot 420 pe Similar
resuls for Bridge 2 ae 60 peat mid-span and 25Que over the bent If one averages €h160 and
the 420 and divide this numbe by the average fothe 60 and td 250, tle resuil obtained
indicates thathe bridge 1 ha tende strairs abot 1.9 times greater tha bridge 2.

The strairs in the deck a interestingbu difficult to explain They are consistenwith
the devebping dat that indicate tha the gli ca furre deck exhibgd a geate terdeng to shrink
ard thus develp tensié stresses. the other handas will be seenthere are abautwice as
mary transvers craclks in the dica fune deck a compard to the fly ash @ck thus with
cracking the tende stresss slould be reduced The datas consistenwith a highy restrained
element which the deck seesnio be Not mud is known abou the creep bconcretem tension
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except thait certainy takes place. Addtional data anl furthe detailed analyss is needed before
additiond commens can be made.

1.9.8 Underside deck crack surveysSignificart transvers deck cacking was notel in bridge
1 during tte firs winter (Early Januay 2000) aftertiwas constructed Transvers deck cacking
was also not in bridge 2 during tha brdge' s first winter In Augug of 2001, undersid deck
surveys wee corducted on theg two bridges The number dcracks was count# between each
girder aml along tle overhangs.

The® cracls hae be@ observd to ®ep moistug durirg the winter This is eagy
observe during tle winter month arl was the reasa tha the cracls wee firg noted in January
of 2000. Nearly all of thes cracls are ghibiting calciun carbonat precipitate.

The crack spaag in the ed spans bthe brdge 1 § abow double the spacig observed
in the center spanFa bridge 2 thé sane relative spaag is observedThis indicates, which
makes sensgthd there 5 mae restraihin the centespan which contribute o greaér cracking.
Overall the average crack spag in bridge 1 § abot 1.37m (45 feet) The caresponding
value for bridge 2 § abot 2.32m (76 feet) The rato of the crack spacm in bridge 2 6 the
crack spacig in Bridge 1 § 1.7 This is n generbhagreemenwith the shmkage data frm the
two bridges This ratig as previous) cited is 1.6 The basic poihis thd there is significantly
more crackig in the dica fume deck a compard to the fly ash @ck and ths is supportd by
the dah thda has bea taken.

110 Cog Comparison

In the twn HPC bridges constructedonly 4 girdes wee used ingad ¢ 5 usal in
similar bridges in SDDOT preseh design Therefoe the girder spacig hal increased
necessitatig an increas in deck sld thickness. A compariso of the coss for the girdes and
decks for the HRC in the year 1999 and 2000dathe presern SDDOT desig is shom below.

Conventional High Performance | High Performance

Concrete Concrete (1999) Concrete (2000)
Girders $94, 778.75 $50, 459.2 $91, 660
Deck $72, 587. 27 $81, 972 $85, 536

The total cos comparisa between HRC bridges in 1999 and 2000, dnthe standat concrete
bridge n 1999 $ showm below:



1999-First Year Bid | 2000-Second Year
Cost Bid Cost
Conventional
Concrete Bridge
Girders $94, 778.75
Deck $72, 587. 27
Total 167366.02
HPC Bridge
Girders $50, 459.2 $ 91, 660
Deck $81, 972 $ 85,536
Total 132431.2 177196
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In the year 1999, ehgirder coswas wel below the average (standérconcretg ard the total
bridge cos was also below averagbecaus for the 1999 bridgethe prestressegirdes were
purchasd by SDDOT directly from the fabrcata and suppied to the corractor.

1.11 Conclusions

Based o the tesresults ad the observatios mae during tle course Pthis

investigationthe following conclusions aroffered.

1.11.1 High Strength HPC Mix and Performance d Prestressel Girders

The silica fune high strength HE mix developd by the laboratgrtrial mixes am slightly
modified for the field conditions ad usel in the fabricatia of prestressal girdes performed
well both in the fref and hardened statéihe selected mix th40324 kg/nt (680 Ib/cu.yd)
cemen ard 49.81 kg/m (84 Ib/cu.yd) é silica fume with a water@ cemenratio of 0.28 and
water b cemeh + silica fune rato d 0.25. Ths mx gawe the requirel 127 6178 mm to 7
incheg slunp and 4.01.0 % air The coarse aggregateonsistd of 19 mm (34 inch Sioux
falls quartzie aggregateThee was a significanincrea® in the compresses strengt due to
the additio of silica fume. Ths mix exceeded ehspecified desigstrength requiremesof
569 MPa 8520 p9 & releag o the strand ard 68.3 MR (9900 ps)i a 28 days This mix
developéd a ran@ in stress & 28 days ¢ 89.64 MPa (13, 000 pgito 108.25 MR (15700
psi). Basel on the result obtained from the field concre¢ used n the fabricatio of the
girders ths high strength HE mix ould be used wit design strength28 days)
conservative} se at 827 MPa (12,000 psi) This predicts tha95 perert of the resuls would
break at or higher tha the desig strength. Tl statemeinassums thd three cylnders be
usal and averaged to produceedes result ard that tle te$ resuls are normily distributed.
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The moduls o elasticity of the high strength HE mix with quartzie aggrega was higher
than the DOT standadl mixes usel for prestrasal girders The moduls o elasticity for
this mix can be estimaidby the recanmerded AQ 363 equatia with the sibstitution in this
equatian of 13790 MR (2000,000 pgifor the 6895 MR (1000,000 pgiconstant.

The moduls o elasticity of the high strength HE mix with quartzie aggrega was higher
than the DOT standadl mixes usel for prestrasal girders The curernt equation thd is
recanmende for evaluatig the madulus o elasticity of HSC is thre ACl 363 equation It
has the form-

ACI equatian 363:

5
E; = [40.000/f¢ +1,ooo,oo%{"ﬁ%§ eq. 4-2

An gquatian to predid the modulus @ elasicity for HSC is not provided in eithe the curent
AASHTO or ACI 318 speciftations Basel on the tess corductel as paitt of this research,
ard limited to mixes contaimmg Sioux Quartzé aggregateit is conclded tha the above
equation be used wit the nodification tha the 1,000000 constat be chaged to 2,00@00.
The resultig form is —

5
; w
E :(4o,ooq/f +2,ooo,ooc)B—°H eq. 4-3 .
¢ ¢ 1450 q

The girdes in bridge 1 exhibited a maxinm eary age (firsg 100 day¥ shrinkag d 150 e
the correspnding valte for the girders bbridge 2 wa 200ue. This is a variation of 25 o 30
percent It is likely to be indicative & the variatio in shrinka@ that can be expecteddlica
fume high strength HPC This was obserwketo be abou haf of that predictel for "so-
cdled", standad concre¢ (Usirg the recanmendations as suggesteby thke AC 209
commitee.)

The loss n initial prestres fa the girdes due © the combined #ect of creep and relaxation
up o the time the deck wscast was abow 6 pecert for the girdes in bridge 1 ard abat 14
percert for the girdes in bridge 2 The girdes in bridge 2 exhibited a addition®4.8 percent
loss from the ime that tle deck wa plced upa the ime that tle girdes wee one year of
age Due 1 the form of the data recal for bridge 11 is nd possibé o esimate the losses in
bridge 1 aftethe deck plaemen (More dat is needd &s the recod is devebping a possible
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perodic component) It is exgected thaadditiond losses (It is believel tha ther magniude
is nd large) hawe occured bu thar magniude cannbbe esimated athis ime. Additional
daia ard furthe analyss will be neededa detemine amore reliable esiate o the ime-
dependenlosses in theg girders.

The long-tem curvatue in bridge 2 § abot doubk the curvature exhibited bridge 1 This
conclusion is consisteh with the measured defitions With the deck in place, these
structures hae nd shown a tendeng to devel@ increasng long-tem deflections It can be
concldel thd this is due o the shrhkage thatd cccuring in the deckwhich counteacts the
tendenyg for the girdes to exhibt increasd camber This conclusio is basd on limited
data.

The measured curvatigetaken in the gap beteen the girder & the bem demonstrate
significart reduction ove time. In bridge 1 i has be@ reduced fran 95 to 40 (Curvature
units in*, the values have be@ multiplied by 10.) over a tvo yea time period The results
for bridge 2 shav a smilar trerd but it 8 nd as dramatic The problen is tha only ore year
of data is availabé from bridge 2 ad more data wil be needed tosses ths behavior The
trerd in the curvaturestahe beng is dfficul t to explain.

The average chloride permaelitty for the girdes in bridges 1 and 2 wer 65 and 87
coulomlts respectively Accordirg to ASTM C 1202, tle chlorice ion penetraliity for both
bridge girdes is "Negligible" Therefoe the hidgn strength HE coull be considered as

impermeal® ard the corrosian potenial of the prestesse seel tendoa is neggible.

1.11.2 Bridge Deck Concret and Performance d the Decks

Based o the analysi d the tial mixes the following conclusions are made:

The compressive strengtlof concrets contaimg slica furre am fly ash were significantly
higher whe@ compard to plan concrete & the same w/c rati ard age The increase in
strengh due to the additioof minerd admixtures was moe praminert at late ages (2 day).
There was 0 significart chan@ in the moduls o rupture values for concrete contairnng
silica fume ard fly a$h when compakto plan concretestahe sane wic ratio.

The increas in statc modulis valus was moe praninert in concrete containmg jug silica

fume when compard with plan concreg¢ da the same wi/c ratios.
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There was o significart chang in the compressive stremgtiue © variatin in the type of
coare aggrega used Almog al the mixes containng limestore aggrega showe higher
modulus @ rupture values whe compard to the sane mixes containig quartzite aggregate.
There was a significarreduction in the chloride permedivy values in concrete containng

silica fume when comparkto plan concrete & the same w/c ratios ' he reductio was more
prominert in the concretes contang jug silica fume than the concretes contaigi a
combinatio of silica fume am fly ash Concrets contaimg jug fly ash showe higher
chloride permealities when compard to concrete with siica fume bwi lower chloride
permeabities when compard to gain concretes.

The resuls o the rapd chloride perreability tess carri@l out on speamens subgcted to
accelerated curing showed a domrrelation with the resutt obtaine from the tess carried
out a 90-days.

All mixes contaimg minerdadmixtures showd low workability ard hene water rducers
were used to obtaithe required workabilityThe addition of the water rduces dd not

affect the strength.

Based o the tesresults 6 the field concre¢ usedn bridge 1 and 2, t& following conclusions

are offered:

The 28 dg compressig strength obtaind were dlica fune trid mix 61.5 MPa 8910 psi),
silica fume mix fo bridge 1 48.8 MRa (7070 psi) fly ash mix for bridge 2 - 466 MPa 6760
psi). At 90 daysboth concretehal the sane compressi strengt 53.5 MR (7760 psi) The
1-year compresse/ strength weee silica fume mix fo bridge 1576 MPa (B350 psi) fly ash
mix for bridge 2 624 MPa (9040 psi) Both mixes hal mud highe strengh than the design
28-day strengh 31 MRa (@500 psi) This is abot 50% highe strengh than the required
strength At 28 days the slica fume mix use in the bridg deck yieldd a 5 petert greater
strength tha the fly ash mix usel in bridge deck no2. At ore year tle fly a$hh mix yielded
compressive strengt resuls 7 gercert highe than tre sli ca funme mix This was as expected.
The silica furre deck concretexhibitel 1.6 times moe eary age shrnkage stran than tke fly
ash concre¢ mix This hal contributed to th greater dck cacking than was observe in the
fly ash deck concrete.
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* Both decks tendd to develop significantensie strains On averag the silica fune deck
developed average tensile stell® times greater tha the average tensile straitha were
measurd in the fly ash deck.

* There was a higher heaf hydration and highe temperature durirg the eary curing period
in glica fume concrete as compar® the fly ash concrete.

A codficient of thermd expansim of 135 x 10° °C* (75 x 10° °F') can be used with
confiderce fa silica furme amd fly ash mixes representaterd those sudied in this research.

* The crack surve data demonstra&t thd there wa 17 tmes mae crackimg in the slica fume
deck & compard to the fly ash @ck This is h generbagreemenwith the deck tensile
stran data.

* The fly ah mix is considere to be bette for deck ue than the siia fume nx becaus of
the fly ash concretes tendeng to devele lowa shrinkag strais am thus develp fewer
cracks A furthe negatie for the silica fume mix $ tha it requires mud more care during
the plachg and curing bthe concrete. Hothis reason silica furme concre is likely to cost
more than f ash concrete.

* The rapd chloride permeabilite & measured frm the ASTM C 1202 tes for the silica
fume bridge deck concretranged frm 393 to 621 coulonsard for fly ash concreg¢ used in
bridge deck 2 varg from 708 b 1404 coulomhsThe average pereability (24 speanens)
for silica fune concrete was 462 coulombs wdes tle permeaitity of SDDOT' s standard
bridge deck concretwas 4158 coulombdhis is 889 % reluction which ha far exceeded
the required 50% reductio The average pereability (24 specimenjsfor the fly ash conrete
was 1038 coulonmbwhich was a reductia of 75%. The perneability of fly ash concret was
123 % higher thatha of the silica furre concrete containg 7 pecert dlica fume.

* According to ASTM C1202, tle chlorice ion penetraliity is "very low" for the silica fume
concree ard "low" for the fly ash concrete It is conclided tha the potentia for rebar
corrosion is low for both silica furre ard fly ash concretes.

1.11.3 Cost
* The cos of the superstructue for the brdges was tle same o a fird cost bas for both the

HPC bridge anl the normd concree DDOT presendesign bridge Howeve the life cycle
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cod might be cheaper fothe HRC bridge becausefdhe anticipated longelife am reduced
maintenane cost.

* The use 6HPC alloweal designes o reduce tle number bgirders in each spa from five to
four. Howeve the thicker @&ck reeded dueot the wider girder spacgnegatd the savings
redized in the girders.

1.12 Recommendations

Prestressal Girders:

1. For the fabrication of prestresseal girders when compresive strength greater tha 62 MPa
(9000 pgi are requiredthe high strength silia fume HRC shoudl be specified The 28-day
desigh comprasive strengt coutl be specifiel as high as 827 MPa (12,000 psi) but the
fabricata would wart the corcree  reach tle releae strendtin a fev days for praduction
purposes Therefoe tre mix shoull be designed toeach the fabricators required rekease
strengh in the specified numbef days.

The feasillity of producing and using hig strengh slica fune HRC mix hal been
successfuf demonstraté in this project The concrete was almost impermealand
hene the corrosim potentidwas eliminated The anticipated bene$itae les numbe of
girders less defkection less prestrss Iess dued creep and shrinkage.

2. Basal on extensie testig of trial mixes am analysis the following mix proportios are
recanmende for high strength girdeconcrete This mix wa usel for a desig strength ¢ )
of 68.3 MPa (9900 psi ard the average strengtobtainel was 993 MPa (14400 psi) The
fabricata wantal to achiee the specified strand releastrengh of 56.9 MPa 8250 psj in 3

days.
Cement (Tyg 1) 403.24 kg/m 680 Ibs./pcy
Wate included from
Silica furre slury ard HRWR 112.67 kg/m 190 Ibs./pcy
Coare aygregate /4" quartzite)  1082.23 kg/m 1825 Ibs./pcy
Fine aygregate (S.S.D) 683.16 kg/m 1200 Ibs./pcy
Silica furre 49.81 kg/nd 84 Ibs./pcy
Air Content 4.0+1.0% 4.0+1.0%
Water b Cemenratio 0.28 0.28
Water/C+S.F ratio 0.25 0.25

Note: The reconmended slunp was 127 b 178 mm § to 7 inches) The dosage foHigh Rang@ Water Rducer
(HRWR) and/o wate reducer shou ke adjusted ecordirg to the field condtions to achieve the specified slump.
The 19mm (3/4 inch) quartite aggregat usedn this propct conformd to the stadard specificéons far Road and
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Bridges Section &0 far Size Na 1 (DDOT). The mixing wate shoutl be adjusted tak{ into accourt the excess
wate presehin the slica fume slury and the high range and mid range wateducers.

3. The equatio curently recanmende for calculation of modulus o elasticity (Ec) for HSC is
the ACI 363 equation:

5
E; = [40.000/f¢ +1,ooo,00(%;’l’705 g

Based o the malulus d elasticity (ASTM C469) tes$ comucted as pat of this researe and
limited to mixes containig Soux Quartzie aygregateit is ecanmerded that the above
equatian be nodified by changng the 1,000,000 constato 2,000,000. Thereferthe
recanmende formul becomes:

5
; w
E :(4o,ooq/f +2,ooo,ooc)B—°H
¢ ¢ 450

It is recanmendd tha the ACI 363 equatio be used without adification for mixes
containing limesto@a aggregate sirce the researe was nd corductal on mixes containing
limestore aggregate.

Bridge Deck:

4. For the constructia of bridge decksthe Class F fiy ash concret which was siccessfilly
usal in the constructio of bridge deck 2, shodl be specified fo future deck concrete.
Compare to plain deck concrete, the benefit using fly as deck concret as demorisated
in this progct, are substantiareduction in the chlori@ ion penetrability & "low" value as per
ASTM C1202) reduced corrosio potential higheg modulis concrete reduced plastic
shrinkage reduced drying shrinkageeduced restrained shrinkage craxkin the underside
of the deck slahsreduced eayl temperatue rise dued the hydration activity, less micro-
cracking highe durability, beter workability, ard good finishability This fly ash concrete
developd smalle tensik stressn the deck thathe silia fume concrete. Althes benefits
could be redized without & increa® in cost.

5. The reconmende bridge deck concretmix proportions a given below.

Cement (Tyg 1) 349.87 kg/n 590 Ibs./cu.yd.
Fly as (Class F) 7453 kg/m? 124 Ibs./cu.yd.
Wate 151.22 kg/m 255 Ibs./cu.yd.
Fine agregate (sand) 724.65 kg/m 1222 Ibs./cu.yd.

Coare aggregae (rock) 968.96 kg/m 1634 Ibs./cu.yd.
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Perert air 6.5%t+1.0% 6.5%1.0%
WaterC ratio 0432 0.432
Water/C+F ratio 0357 0.357

Note: Appropriae quanity of wate reducer &her mid range a high rang shoutl be useda obtan the
specified slump The mixing wate shoutl be adjusted taking intaccour the excess watén the wate reducer
used An appropriad anourt of air entrainng ageh shoutl be useda obtan an aii conten of 6.5+1 %.

The 28-dg design compressig strengh could be specified as 379 MPa (6500 psi because
this mix gave a averag compressive strerfgtf 46.2 MPa (6700 ps & 28 days According
to ACI 318, fa a desig strength @ ) of 37.9viPa (5500 psi) the required average strength
would be 6500+1200) 6700 psiThis highe desig strength coual be usedn the desig of
the deck sla to reduce tle thickness. Basd on the performancefahe brdge deck in
bridges 1 and 2, th fly adh mix is deemé bdter for deck ug than dica fume mix Thee is
apparentl no econanicd way to dficiently contrd the shrnkage ard thus tle tendeng to
produce crack in the silca fume mix.

. Whetre higher strengit concreg is nd needed and wirtethe desig compressig strengh of
31 MPa 4500 p9 is require then the followirg Clas F fly a$h concre¢ coutl be used for
both limestone amh quartzie aggregateThis recommendatio is basd on the ongoing
researb "Detemination of Optimized Fly Ash Content m Bridge Deck ad Bridge Deck
Overlay Concrete SDO0-06". When this mix is use the chlorice ion permealhity a 90 days
(ASTM C1202) woudl be reduced mar than 50 pecert comparéd to Clas A brdge deck

concree currenty used.

Cemen Type I/l 291 kg/n? 491 Ibs./cu.yd.
Fine Aggregaée 652 kg/m 1100 Ibs./cu.yd.
Coare Aggregae 1023 kg/nd 1725 Ibs./cu.yd.
Wate 155 kg/n? 262 Ibs./cu.yd.
Fly Ash 97 kg/nt 164 Ibs./cu.yd.
Percen air 6.5%t1.0% 6.5%1.0%
Wate to Cemenratio 053 0.53
Water/C+S.F ratio 0.40 0.40

Note: The appopriat anourt of air entraining agershould be usedylthe contractoto obtan the sgecified air

content.

. For bridge deck concretethe rapd chloride permeality a 90 days as detemined by the
ASTM C 1202 testshoudl be specified fo accepting the concrete. Td specificatio should
require that tke charge pasdeshould be less tha 2000 coulomb & 90 dag testing which

ensurs the "low' chloride ion penetraiity. The majo obgective o this progct wa to
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devel@ amix proportin to reduce tke chloride permealid y by 50 percentThe fly ash deck
concree usedn the project achieved a 75%gduetion in the chlorde permeability.

In case whee tle w/c ratic ae ver low (in the range ©0.28 o 032) ad mineral
admixtures sut as dlica fune am fly ash ae in use high rang water rduces are
recanmendedIn cass whee the w/c rab is aroud 0.4Q mid range water teices ma/ be
sufficient Addition of large quantitis o mid range wateraduces lowes tre rae d strength
gain.

It is strongy recanmende that wheneve silica fume $ use in bridge deck concrefea
prope 100% humid curirg for 5 to 7 dag is recessay to minimize shrinkage crackingrhis
could be achieved wit continuos wate spray a misting and/o fogging devicesThe same
constructim proccedurs for mixing, transporting, plcing, constdating, finishing and tining
usal for constructiom with standadt concre¢ shoull be followed The same construction
techngues ard equipmetwithout majo modification ®uld be used fothe constructia of
HPC bridge decks.

General:

10. When dlica fume $ use in a slury form, the slury shoutl be sampled and tested while

11.

being continuougl agitated befoe use ad a specified intervas durirg the concrete
production The amouh of silica fume m the slury could be detemined by the hydrometer
test Becaus the sili@ fume § suspende in wate (na dissolved) thee is an inevitable
tendeng for the slica fune o setté o the bdtom To avod this a continuos agitation of
the liquid with prope instrumens is recanmended The water m the slury stould be
accounted foard the mix wate shoutl be adjusted.

Whea HPC mixes ae usedit is recanmende tha the following qualiy contrd tests slould
be comuctal in the fietl ushg ASTM ted procedurs for the fred concrete slump unit
weight, ar content ard the concre2 temperatureThe ambieh temperature humidity, and
the wind velocity shoutl be recorded durinthe bridge deck concretplacemenor the
fabrication of the prestressk girders The compressive strergtand stat modulis tests
should be comucted on the fiel sampls cdlected and cured accordinto the ASTM
standad procedures & 28 days When HPC is usel for fabricating prestresel girders it is
recanmende tha companio cylindes (preferaly 102 mm x204 mm (4" x 8")) shoutl be

placed ear tle girder ad cured undeidentcal conditiors as tle girdersto detemine when
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the prestressestrands aa be releasedsape specifications When chlorice perneability is
specified the hardened conceetsample mae from the actual concret placed sbuld be
testa for rapd chloride permeality a 90 dag as pe ASTM C 1202. Tle cylinde samples
can be madenithe fietl and curedspe standard ASW procedurs for 28 days.

12. Thes two bridges slould continue ¢ be monitored by usg the alreag instdled
instrumentatia and by visubobservationOnly limited data (one-year fa bridge 2 ard two
yeass for bridge ) hawe be@ gatheredTo detemine the lorg tem behavioy severbyears of

monitoring is required.
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CHAPTER 2.0
PROBLEM DESCRIPTION AND OBJ ECTIVES

2.1  Problem Description

Due © tightenng budgé constraintstransportatio engireers ae chdlenged to construct
transportation fatities econmicdly with an increag in performace. However, ismultaneous
improvemens in co$ ard performane are unlikel unles materia propertiess a construction
method can be enhancettigh performance concrete (HP@ay be uilized to enhance the
desired concret propertie for a given appication. Recently HPC was redefind and, althagh
this definition is severbpages long may be summarizedsa“the enhancemerof certan desired
concree propertis for a given apgication beyond tk properties foplain concrete.”

Thes are tle tmes when bridge designer ae concerned wit overhead earance for
highways benedt bridges the need fo increased spalengths withou increashg girde depth,
or may desie o reduce tie number bgirders for a brdge dl of which would requie HPC In
Souh Dakota de-ichg chemica ae used fo removing ice from driving surfices These
chemtak pose problesman pavemerd ard bridge decksDue o the concretes permeaiity as
well as ary cracking chemicad can penetrag the concrete cauginreba corrosion and concrete
deterioratim ove time in bridge decls shortemg deck life.

Understandig the possitké benefis d HPC, SDDOT’s brdge designer wantel to
construt ard evalua¢ two bridge deck & wel as prestressegirdes for two bridges While
HPC may gppear © hawe higher initid costs the® higher cost may be dfset through reluced
girder depthsreduced numhbeof girders reduced numbe of substructue units or reduced
concree deck thicknesdHPC in concre¢ deck surfees ca resut in highe resistase b chloride
intrusion less surfae crackig and geater resistamc o freeze-thaw deterioratioTherefore,
where HRC is utilized thee is a potentiato reduce repaiard replaemenm costs SDDOT took
the opportinity to incorporag HRC into two bridge deck an 1-229 n Siow Falls as wdlas the
decks am prestresal concre¢ girdes for two alditiond bridges an 1-29 north d Sioux Fdls.
Trial HPC batche wee prepared and ¢éhnecessagrtesting & fresh and hardened concrete
properties wee corductal to ensue that tle desired concrete propesieere achievedSone of
the fred and harderteconcre¢ properties foeach HEE mix wee unknow and neededtbe
detemined prior to the constructia of girders ard decks Sone propertie in questio for HPC’s
are 28-dyy compresivwe strengthobtainng strand rele@&sstrengt in a specifiediie, thermal
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properties creep shrinkag ard elastt shortenig for high strength concretwith limestone and
guartzie aggregatespermeabiliy and crack potentieof concrete utilizng fly ash, sili@ fume, or

a canbinaton d fly as ard dlica fume with limestame and quartzit aggrgate.

2.2 Researt Objectives
1. Toreconmerd HRC mix desigs for use in bridge deck ard prestresal girders.
2. To evaluat¢ the constructabijtard performane d HPC in bridge deck am prestresed

girders.

2.3  Materials

2.3.1 Cemert: Type I/l portland cemeh satisfyng tre requiremerst d ASTM C150 wa used
for al mixes The cemen was aupgied by Dacota Cement.

2.3.2 Coarse Aggregate The coarse aggregaused wa crushd limestore am quartzite The
maximun size d the coare aggrega was % in with absorption coefficientfa0.45 % The
specifc gravity of the limestoe aggregat wes 268 ar tha of the quartzie aggrega was 3.
The quartzie aggrega was suppied by Wintes Concret¢ & L.G. Everes ard the limestone
aggregas was obtaing from Hills Materia] Rapd City, Souh D&ota.

2.3.3. Fine Aggregate The fine aggrega used wa naturé sard with a water absorption
coefficiert of 1.6% It was obtaind from Birdsdl Sard and Gravelfrom their sites & Igloo and
Oral, Souh Dakota ard suppied by Wintes Concret & L.G. Everest.

2.3.4 Water: The water usg was tgp wate from the Rapd City Municipd wate supply
system.

2.3.5 Admixtures: The minerhadmixtures usel were Coal Ceek Fy Ash (Clas B suppied
by JTM Industries, WashBurn, NdrtD&ota am Densified Sili@ Fume gpplied by Norchem
Concree Pralucts Inc. The chemich admixtures usel were Standad Air Entrainhg Agent
(AEA) - MB-VR (Maste Builders) High Rang Water Rducer (HRWR) Rheoblad 1000
(Maste Builders), Medium Rang Wate Reducer (MRWR -Polyheedd97 (Maste Builders).

2.4  Quality Control Tests

2.4.1 Tests n Fresh Concrete The freshy mixed concre¢ was test for slunp (ASTM
C143) ar conten (ASTM C231) fresh concre¢ unt weight (AST™M C138) ard concrete
temperatue (ASTM C 1064) The ambiehtemperatug and humidity were al® recorded.



23

2.4.2 Tests ;1 Hardened Concrete:
2.4.2.1Compressiwe Strengh and Static Modulus: Cylindes wee tested fo static
modulws (ASTM C 469) ad compressive strerfg{ASTM C 39) & 14 and 28 daysPrior
to the compressio test the cylindess wee al® testel for the statt modulis o elasticity
(ASTM C 469) axl for dry unt weight. The diy unit weight wa obtainé by dividing the
weight of the spegmen by the measured voluend the speanen The size 6 the
cylindess was 150 mm x 300mm (6 in. x 12 in.).

2.4.2.2Modulus of Rupture Teg (Static Flexural Strength): Beans wee tested al4
ard 28 dayg for the flexurd strengh in accordace with the AST™ C 78, whidh was a
load-contrd test The bears wee tested owea simpy supporte spa of 300 mm (2
incheg ard third poirt loadirg was appied to the beamsThe size 6 the beams was 100
mm x 100 mm X350 mm (4x444 - inch).

2.4.2.3Rapid Chloride Permeability Teg (RCPT): The RCH (1,2 was coructel in
accordane with the procedw given in ASTM C 1202. A brié¢ summar of the
procedue followed is given below:

Test Specimen: The 100 mm x 200 m (4 in. x 8 in) cylinders wee cu to a thicknss of
50 mm @ in.) from the tgp (finished surface ly using a concrete sa(the sav used vas a

diamord saw) This dice was use &s the te$ specimen.

Conditioning

* Two liters d tap wate were bded vigorousy ard then allowel to cool b the room
temperature.

* The specimes wee allowed o diy for one hour A suficient amoun of two-part
epo¥yy was mixal in a plastic containerThis epxy was then coatel on the
circumferentidsides o the specimesiusng a brushThe epoy usel wes DEVOON
High Strength epoxresn (5 minue fag drying), 2,4,6-TR (Dimethylaminomethyl)
Phendand Amine/Mecaptan hardeneil he epxy was allowel to cue thoraighly.

» The specimes wee then placel in the vacum desscata (PR-1070L for
humidifying 8 sample baight from German Instrumentsbowl sud tha both ends
of eadh specimen wer exposedThe edgs d the lid were ckane ard lightly oiled.
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The lid was then placed o the dessicatcard the vacum pump wa turnel on The
vacuun was maintaind a -0.8 BAR (-13 ps) for 3 hours.

After three hoursthe separatyr funnd was filled with deaerated waterWith the
vacuun pump stil running, tle water stopcdcwas opend and sufficiehwate was
let into the dessicatioto completey submerg the specimend he stopcock wathen
closal and tle vacuun punp was run for one addiona hour.

At the er of the additiondhour the vacum punp weas turne off and the vacuum
line stopcock ws opend to ld in the ai ard the specimes wee allowed © soak
unde water for 182 hours.

Test Procedure

The specimes wee removed frm the vacuun desscata ard were prevented from
drying by enclosng the specimensiia plast bay ard pourirg wate into it.

The insice surface bthe vulcanized rubbregaskes (100 mm B in] outsice diameter
ard 75 mm [3 in] inside diameter ah 6rm [0.5 in] thick) were coated with a de
sealant The sealanhusel was SILICONE (Dowv Cornirg Brand) availatd in 82.8 ml
(2.8 fl.oz) tubes.

Onre o the gasket (PR1010M sebling rings baugh from German Instrumentswas
placed n the space abovedhmesh Then the speitnen was pushd into the gasket.
The spacer waphced ove the speanen and tle other gaskewas positiond & the
erd of the specimenFindly, the secod haf of the cel was positiond ove the
gaske with bolts goirg through the attachmeholes The washes am the nus were
attached to th bols aml tightened.

The specima was positione in the measung cdl (PR-1000 Measunng Cdl,
complee with two connectig cable ard temperatwr prole baight from Germann
Instrument}¥ containng a flud reservai for each ad o the speanen Ore reservoir
was flled with 3% sodium chlorice (NaC) solution and tle other wih 03 N sodium
hydroxide (NaOH) solution The speenen was positiond sud tha the finished
surface @ the specime was facng tre NaG reservoir ad the cu surace faang the
NaOH reservoir The reservaicontainng NaQ is conrected o the negative teminal;
the NaOH reservoiis conmected to th positive temind of the power apply.
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» The lead wire wee attached a cel electricd connectos aml the cdls were
connecte to the power gpply. The power apply usal wes PROOVE IT (PR4050
bough from German Instruments Inc.) powe supply with micropraesso and
circuits for measumg tre voltag am the curernt on each atiched ck The voltage
supplied to the power spply unit was 230V AC @ 115V AC frequeny 50 a 60 Hz.
The voltage outpufrom the power gpply unit was 10/20/3080 VDC, sekcted by the
micropracesso (we used 60 VDC)The power gpply can tes a maximun of 8 cdls
at a tme. The built-in A/D converte was contrdled by the microproessoy which in
turn transfered the dat o the conputer, whese the data was peessd and stord for
a later printout.

* The power gpply was turnel on and tle voltage value was tséo 60 VDC. The
compute progran usel (PR-1040 Softwa supplied by Germann Instruments)
recorded the currérfin mA) ard temgratue (in °C) values evey 5 minutes.

* The tes was teminatal afteg six hours The speanen was remove and tle cdls
were rinsed thoroughlin tap wate ard the resilud sealart was strpped out and
discarded.

2.5 Ted Specimens
The specimesicast fo each mix ag & follows:
* Eight 200 mm x 100 mm x 350m (4 in. x 4 in x14 in) beans - Fou to ke tested at
14 am four @ 28-day for statt flexurd strength.

e Six 150 nm x 300 nm (6 in. x 12 in) cylindess — Thee b be tested @14 and thee at

28-days for statt modulis ard compresiwe strength.

« Ten 100 mm x 200 mm (4in x 8 in) cylindels — To ® used n the Chloride

Permealiit y Tests.

All the bears wee cas in woode molds ard al the cylindess in plastc molds All the
molds wee dled prior to the casting The specimes wee covered wh plastc sheed for
twenty-fou hours afte castirg & room temperatureThey were then demoldé and plaed n a
lime saturated watéark for curing The bears arl cylindes remaind in the curilg tanks unt
testirg a eithe 14 a 28-days.
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2.6  Details o Bridges

The two ralroad overpas brdges constructé and evaluated fothe HRC Regarch
project ae located n Minnehala Couny agpproximately oe mile nort of the interchange
betwea 1-29 and 1-90 Bridge no 1, & it is refered to in this report carries 1-29 norhbound
traffic over tle Butington-Northen Ralroad track The secod bridge refared to as brdge no.
2 in this report carris 1-29 soutbound tréfic over tle same railroad ack Bridge 1 was
constructd in the smmea of 1999 awl bridge 2 wa constructe in the sunme of 2000.

The locatim was chose mainly becauws high treffic couns am heavy us d deicing
sals providel a trie tes of the strengt and durabily of HPC ard to provide more clearaa for
the railroal below.

The brdges ae 5236 m (L718 ft) in length, hag a 27° left-hand forwdr(LHF) skew,
ard are designed foa 1219 m @0-foof) roadway Each brdge has tlee spas with four girder
lines of AASHTO Type Il prestresal girdes (totd of twelve girders) Each brdge has eight
prestressg girders which ae 1638 m 63.75 ft) long and ae used o the 1646 m 64 ft) end
spansIn addition eat bridge has fougirders 186 m ©0.25 ft) long and ae usedn the 18.59
m (61 ft) long cente span The Souh Dakota Departmenof Transportatio inventoy numbers
for the® brdges ae 50-181-155 fobridge 1 and 50-180-155rfdridge 2.

The girdes ae spaced 3.49 nml{42 ft) center ® center wih an overhang fol.28m
(4.208 fi) on each sid o the brdge When the deck ws placed abutmeh concrete was cast
arourd the end o the girders which mace the girdes integrawith the abutmentAt the bents
fairly thick diaphragm ae cas$ arour the girder @ds which hep to produce continuity
betwea spans.

The use bHPC allowed designes o reduce he numbe of girdes in each spa from five
to four. Desigh comprasive strengh of the girder concret was 68 MPa (9900 psj strengh of
56.9 MR (85200 psirequied d release bthe strands.
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CHAPTER 3.0
TASK DESCRIPTION

3.1 Tak 1- Review and summarize literature relevant to HPC’s use fo bridg e decks and

prestressed girdes as wdlas instrumentation methods usd to monitor them.

3.11 High Performance Concrete:High Performane Concrete (HPChas maly definitions.
The FederbHighway Administration (FHWA) definition states tha “HPC is a concrete that has
been designd to ke moe durabd ard if necessarystronge than conventionaconcree” (1). A
Strategt Highway Regard Progran (SHRB study (2 defined HPC for concree as
1. A maxmum water—cementiticairato of 035
2. A minimum durability facta of 80% & detemined by ASTM C 666, and
3. A minimum strengh critera d either
* 21 Mpa @000 Psiwithin 4 hous afte placemen(Very Early Strength),
* 34 Mpa 6000 P9giwithin 24 hous (High Early Strength or
* 69 Mpa 0,000 P9giwithin 28 dag (Very High Strength)
In a PDOT sudy SM4-04 (3 HPC was definel "as a concrete wit highly enhanced (or
improved) desiralel propertis for the specift purpog am functian for which it is used! It need
not necessarnyt be high-strendit concreteHPC for the brdge deck overlgypavement, ahwhite
topping will hawe enhanced duty, impermeallity, fatigue strength impact resistance,
toughness, wear resistare ard durability The Amercan Concret Institue (AC) defined HPC
as “Concreeé meetig special combinatiend performane am uniformity requiremerg that
cannd always e achievd routinel using comentiond constituens and normamixing, placng,
ard curirg practice$ (1). In othe words (3-10) high performance concrete (HP@ any
concrete which has one or more d its dtributes enhaned beyond thaof ordinary concreé to
meet tle performance needrf@ specific applicatianThe use 6fly ash silica fure am slag in
various types bconcrets includng high strength concreteis essentiatoday In orde to
achiewe workability uniformity, strengh and durality, sud additives ae moe ready use in
today’s structurhapplications Additiondly, environmentd need requie the dispodeof these
ingrediens ard ther use in concre¢ achieved costHective enhanceménof the concrete

properties If concrets o compressive strength in excess d 83 Mpa (2,000 psj hawe © be



28

achieved the the use bthes ingrediens become essentiaExanples d characteristis that may
be considered ttical for an apfication are:
» Ea® d placement
Compactim withou segregation
Early age strength
Long tem mechaniceproperties
Permealbity
Density
Heat d hydration
Toughness

Volume staltity

YV V.V V V ¥V VYV VY VY

Long life in sevee environments

Becaug mary chamacteristis d high performance concrete are interrelatechang in one
usually resuls in change in one @ more d the other characteristicConsguently if several
chamacteristis hae © be taken inb accouhin praducing concreg¢ for the intended appiation,
ead of these characteristics muselzleary specified.

HPC ha maly usefu applicatiors ard potenial benefis o the highwg industry,

which include:
Bette performae am servce life o highway facilities.
Less maintenace, lecause benhared concret durability.
Lower life-cycle cost.
Less constructia time, as in repais aml fag track construction.
Higher productivity ard qualiy of pre-cas and prestresed prducts.

YV ¥V ¥V V V V¥V

Less consumptin of cemei ard more conservatin d resouces

High-performace concrete fo bridges (4-10) is a new pproach b concre¢ materials
engineemg which places increased emphasion boh strength and durability Although
compressive strengt has typicdly been the mai considerationn concre¢ mix designspecified
compressive strength ae usualy much lowe than wha can be curently achieved In addition,
durability concers hawe often bee limited to providing protectio from freeze-thaw

deterioration.
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The durability of concree (11413) depend largey on its ablity to resi$ the penetration
of water and aggress® compoundsFou major typs o environmentd distress @cur in
reinforced concrete corrosion of reinforcement alkdi aggregaé reactivity freeze-thaw
deteriorationard atack ly sulfates Corroson d steé occuis mos extensively.

In ead case, wateor solutiors penetratig the concrete initiateroaccelerag the distress,
making costy repais recessaryAir-entraine concrete with low permeabity are required to
resig the infiltration of harmfu solutiors ard provide the necessadurability when exposd to
the environment Low-perneability concrete perfom bette in sevee environmerd than
ordinaly portlard cemeh concrets (RCC) am can be categorized digh-performane concrete
(HPC).

The laboratoy ard field studies corducted by the Virginia Departmeinof Transportation
(VDOT) indicate that bridg deck concret with a cowventiondw/c rato of 045 o less provide
the coulonb values specifiel by VDOT (11,14) & lorg & a pozzola o slag is used Proper
constructio practices a& neededa produce qualt concreé elements The rapd chloride
permeabiliy teg (RCPT) provides satiséctoy resuls am is usel in the specification for
acceptilg concrete.

A high performane brdge deck wa constructé in Nev Hampshie (12). The University
of New Hampshie (UNH) performel field ard laboratoy testig on three diferert mix
proportiors as a parof the project resarch work. Th requiremerst for the three mixe were:
design strength 542 Mpa 6945 psi) 28-day cylinde strengh of 50 Mpa {200 psi) ard a
maximum chlorice ion permealtit y of 1000 coulombstab6 days Tes slals representim each
mix were instdled & a UNH bridge deck testig facility located n RochesterNew Hampshire.
The slals wee subjected todaw trudk traffic with recorded weiglst upb 59000 kgs 65 tons)
for a peria of 6 months durig the winter ®ason The mix tha exhibited the bes$ performace
was ulimately se¢cted a8 a bas for the HRC bridge deck specigation The find product
exceeded expectation®No visible cracls on the te@ surfa@ o the deck wee fourd during
severapost-constructio reviews coructed by researchconstructio and desig personnelThe
28-day concree strengt exceeded th specificatio requirement However the moduls of
elasticity was lowe than expected The freeze-thaw durabilitychloride-ion perneability, and
scaling tess reveald excellen results Basel on prdiminary evaluationsit was conclided that
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the concret deck woutl be highly resistant @ chloride intrusia and feeze-thaw deterioration
ard would provice siperia long-term senge (12).

Phag Il of the Purdg Whaf devebpmen (55 on the Helifx Waterfror consists ba
22-stoy office tower foundd on drilled cassm piles. Thee are 32 caissend 1220-nm (48.03
in.) diameter ad 30 cassors o 1066-nm (4197 in) diameter. Th averag lengh of a caisson
is abow 21 m 6885 ft.). The ples ae socketed into bedrkdor a deph of 1.8 m (59 ft.). The
piles wee heaily reinforced thus al4 mm (055 in) nomind size d aggrega¢é was proposed
for use A superplasticder wa specifiel to increag the workability The contrat specifcation
for the ple required a compressive streimgof 45 Mpa €525 ps) a 28 days Concrete
containng high volumes o low-calcium fly ath was selectd for pat of this progct The
maximum size d coar® aggrega was # mm (055 in.). Compressig strength d the order of
32 (4640 pgiard 55 Mpa 7975 p9 & 7 and 28 daysresgctively were obtained fo this
concrete In situ tess wee al® performel to detemine the bod strengh between concretand
rock Bord strengh devebpmen was shown to be quie satisfactorywith values o greater than
3 Mpa @35 ps) - about 25 times the design criterio of 1.2 Mpa (74 psi).

In Texa (15) two overpasse hawe keen constructe with HRPC in propcts sponsore by
the FederaHighway Administratioln (FHWA) ard the Texa DOT nh ocooperation with the
Cente for Transportatio Regard a the Universiyy of Texas & Austin Using the knowledge
gained fron theg two propcts the researcherd the Universiy of Texas & Austin and the
Texas DOT personraevelopé a perreability specification for bridge deck am substructures.
The curert permeabity specifcation for HPC bridge decls in Texa requires a maxinm of
2000 coulombs passet 28 days as pe AASHTO T277, ad 5 © 8 pecert totd air in place.
The permeaitit y requiremenat 28 days stould be consigent with the streagth requiremetof 28
MPa @000 psi for the cast-in-place faping and 34 MpaH000 ps) for precas subdkck panels.
Difficult y in obtainhg permeabilitis less tha 2000 coulomb passe & the eary age ¢ 28 days
has resulté in the evaluatino of an accelerated cugnmetha for permeabity testirg tha was
usal in Virginia (14) o goproxmate field permeaitiiti es & ore year.

Malhotra & a (47) workel on praducing high-volure fly ash-blendé cements.
CANMET developd high-volune fly ash HVFA) concreé in which 55 to 60% fothe Portland
cemen is rephced by a low-calcm fly ash This type d concree has demonstrateexcdlent

mechanical properteeard long tem durability and & slowly gainng acceptare worldwide.
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Currenty fly ah has o be addd & a readymixed concre¢ batch planta produce HVFA
concrete this recessitate addition& storag silos ard quality contrd at ready-mixel concrete
plants To addres these isssemajo progects wee undertakenot develop a blended cement
incorporating hi@p volumes o ASTM Class F ¥ ash. Tle blended ceméns mae by inter
grinding approximatel 55% d a low-calciun fly ash and 45%foASTM Type | o Type IlI
cemen clinker together wih smal anounts d gypsun ard a dy highrange water-reucing
admixture.

The mechanidaproperties d concree mae with the HVFA-blendd cemers depend
primarily on the tye d fly a$h usel in the blended cementtn general theg properties are
excellert becaus o the dens microstructue ard the low wate conten of the concrete made
with this type o cement.

Malhotra & da (47) conclided tha Concrete made witthe HVFA blendel cements
showeal highe resistane © the chloride-im penetratia than the conventioh@ortlard cement
concree o similar strengh in the test performe accordig to ASTM C 1202. Fo example the
28-day value d the total charg passe in coulombs a measwe o the resistance faconcree to
the chloride-ion penetration rangefrom 300 to 2000 fothe concrete made vitthe HVFA-
blendel cementsversis 2500 ® 6000 coulomd for the contrd portlard cemenh concrete A
value o less than 1000 oulomts is indcative d concree with very low permeabity.

The co$ of the blended cemestdiscusseé abowe will deperd on the cosof the cement
clinker, fly ash, ad the energ requira for grinding. Althaugh no detéded dat have developed
on this issueit is bdieved tha the co$ of the blended emens slould be lowe than tlre cos of
normd portlard cement.

HVFA-blended cemerg can be prduced wih the cemeinclinkers ard fly ashe having a
wide range bchemical compositios amd physcal propertis as show by Bouzoulaa et &(48).
Most of the blended cemesitpraduced can meeghe ASTM requiremen for blendel cemerg if
an gopropriae grindng pracedue s used Concreé mae with HVFA-blendel cemerd has
adegjuake early-age ahexcellen lata-age mechanidaproperties ard demonstrate remarkable
performane in durability aspgects sud a resistace D freezhg and thawing and chloride-ion
penetratio (49-51) Becaugs d low cemen content the temperature rsin concre¢ made with
the HVFA-blendel cemers is rathe low. Thus, HVFA-blendd cemersg ae ided for concrete

structures whee high heat ¢ hydration is a concern.
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High content 6fly ash is beng tried in extuded cementitios composite 62). Thee is a
growing interes in the use bthe extrusim pracess m the fiber-reinforced cememomposites
industry To minimize defec$ in extudabe mixtures additives ard admixturessud &s fly ash
coud be used The advantag d using extrusim in cemeh produd processilg is tha the fiber
can be alignedni the load-beang direction the matrk and fibe packing can be optimized to
achieve low porosity ard the fiber-matrx bond can be improvedComposite containng
differernt percentages fofl y ash & a replacemeérfor cemem hawe be@ fabricated The ue o fly
ash improves bot the strendt and toughnesd the composite. Tli improvel performance,
however was observd only when fibers weke incorporated it the mixture, ad is dependeron
the type o fiber. The reductim in the fiber-matot bond strendt changd the mocee o failure
from fiber fracture for composite withou fly ash o fiber pullout for composite with fly ash.
This resuls in ducile behavio of the composites wit fly ash as opposd to more britle
behavio of those withou fly ash.

Investigation on long-tem mechanichproperties ard durabiliy chaacteristic o high-
strength/high-performase concrete incorporatirsupplementgrcementig materiat unde both
laboratory ad outdoo exposure conditis ha be@& carried out (53) After ten years the
compressive strendgh of the cores drilld from the columm elemerd o the contrd portland
cemem concrete ath concre¢ incoporatirg various supplementaicementig materias ranged
from 864 to 1103 MPa (12528 b 159935 psi) The highes strength wa obtaind for the
concree with fly ash The fly ash concre¢ had lowe strengh & ages up b 28 dag than the
othe concretesbu it had the highes strength gan of more than 120 % beteen 28 day ard 10
years In tess performe accordig to ASTM C 1202 the charge pasdehraugh al the corcretes
at 10 years wa less tha 1000 coulombsindicating vely high resistance fothe concretes to
chloride-in penetration §2). Wheeeas tle concrete incorporagnslica fume ha the highest
compressie strengh a ages p to 28 days bu it had a strendt gain d only 18 % beyod that
age.

Unde high- performaoe concrete we have a new catggadrconcrete know & the self-
consolidatiig concre¢ (SCC) whidh is chaacterized by & ability to spead eadily into place
ard self-consbdate withou exhibiting any significant separatiaf constituens 53). The u® of
self-consdidating concre¢ can enalbl the reductio of labor demal for vibration and surdce

finishing, accelerated @temen rate d concrete ard <cue superiad surface quality.
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Investigation has be@ carried out o mixture prgortionng d air entrainel SCC suitabé for
filling congestedestions sud a in the case forepar of the underside fobridge deck girders,
ard conventionhnonrestrictel elementsSud concrete hae be@ usel in densel reinforced
beam in parkng structure amd moderatel reinforced lram-wal elemen with restrictel access
in powerhouses.

Khaya (54) ha show thda the ar-entrainel mixtures optimed fa field repai exhibit
high resistancea surfae settlement, @ temperatue rise, adguae strengt devebpment,
moderaé shrinkage ah permeability ard excelleh durability to freezirg and thawing and to
deicng sal scalng. When propery proportioned, sule high-performance GC can offer an
effective option to repai damagd structurd sectiors tha present difficultis for concrete

placemenard consdidation.

The smilarities in the abog mentioned prejct are listd below:

* Readuced life-cyod coss basd in pat on longe lastig bridge deck am reduced
maintenane are anticipatéwith the ue d HPC.

* The emphasi on HPC for bridge decls is fa improved durability ard consistenyl good
constructabiliy rathe than highe strength.

* To the maximum extent possible, local materials and conventional methods are used.

* Multiple laboratoy ard field trial mixes wee developed ah batched. Performasa
characteristis variel depending 0 type brand and conbination d mix constituents.

* In additim to ue d a unifom consisten produd with enhanced propertiegproper
constructim practices ag essentidor long lastirg concrete structures.

* Where special problers ae expectedsut as in aras hawng alkalireactive aggregateand

in aleas hawig high sulfates, speid tests are needed theck chemidalurability.

3.1.2 High Strength Concrete

Production of high strength concret (defined a concre¢ with specifiel comprasive
strengh highe than 6000 ps(49 Mp3g) requires specid considerationsThe use dhigh strength
concrets bega in the 19605 amd ha progresse seadily since then Today, concrete with
compressive strength o 69 Mpa (0000 psi can ke routiney produced The initial applications
of high strength concresewee in columrs o high-rise buldings. The availaldity of high-
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strengh concre¢ maca it possibé to achiee greater heighi¢o reduce colum sizes ard to
provide greater stiffres © buildings The focts d apdications has nw shifted to bridges where
potentid apdications in pre-stresel concre¢ ae nov beirg pursued. Té improvel durability,
which occurs with low pernmeability, has led to broadeapplicatiors sut as desig of longe life

highways ar parking structures (4).

High-strengh concre¢ (16418) can be used to irea® the spa lengh of girders reduce
the number bgirders requirel in a givan bridge a allow for the ug d shallowe sections The
use d high-strengh high performance concrete bridge girdes has, generally, deiced the
numbe of girders requir@ for a given span lengh or has resultd in the abiliy to increas span
lengths.

When high strength concresewee praduced fron the bast ingrediens d cement,
aggregae am water the maximum achieval® compressive strerfgtwas limited to 62 Mpa
(9000 psi) However, wih the avdability of minerd admixtures in the fom of fly ash slag, and
silica fume, ad with the advenof high-range water-reucing agents compresivwe strength as
high as 135 Mpa 20,000 psj can nov be achieved wit concrete thd are eayg to place. The
availablity of high-range water rducing adnixtures has enabteconcre¢ mixes © be designed
with even lower water-cementitiosi ratios tha was prevously possibé (16-18).

ACl 363R aml othe ACI guidelines aldress sore recanmendatioe an placing,
compactiig and curing bhigh strength concretéfhege documert also disclos some general
principles & mix design. However, desigaf concree entdls detaled knowledge bproperties
of local materials i.e., @gregatescementard pozzolarec admixtures.

3.1.3 Fly Ash

Fly ash is a finey divided residue which is tre by-pralud of the combustia of ground
or powderel cod exhaus fumes d coal-fired powe stations It is compose of siliceols and
aluminiows ingrediens amd possesse imited cementitious properties unless so findlvided
tha its finenesss gjud to o less than the finenss d the cemetwith which it is mixed In the
presece d the water m the mix it react with the calciun hydroxice at ordinay temperatures,
therely forming compounds thdawe high cementitios qualiy (18).

ACl Commitee 226 (17,19) lapublishe a reparon fly as in concrete Wheneve fly

adh is usedthe volune d pase in the concrete mix auld normdly exceed thain a no-fiy ash
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concreeé mix The increased voluend pase praduces ber workability. As a resulta smdéer
wate content is reeded m mixes with fly ash thann mixes whee fly ash is nd used Fly ash
reduces #edng aml retards te ime o set Superplastizers ae necessgrin high volune fly
ash concre¢ whee the W/CH- ratb is abot 0.3 The dosage fofly ash require is generby
abou 15 pecert of the total cementitious material (17).

The use 6ASTM Class F fiy ath can resulin a lower comprssive strengt & early ages
(3-7 days) Thereatfter, s the strengh contribution ra¢ o the portlaml cemenh decreasesthe
continuel pazzolanc activity of the fly ash contentni the hardenim mix contribute o higher
strengh gain & late ages This highe rate d strengh gain continus with time, resultirg in
highe ultimate strength compard to concrete withou fly ash content 20). Fram the repot of
ACl Commitee 226 (19)tican be deduced théhe modulis d elasticity of fly ah concrete,
particulary a early agesis slighty highe than plain concrete.

Long-tem behavio is measured by eep and drying shrinkage deformatio@seep is
the transvers flow of the materihunde externd load or stress. Bu it is dfected ale by the
duration of the load the strengt of the concrete, # aggrega contenttemperatur effects and
moisture conditions However, may investigatios hae demonstrated thdly ash concretes
generdly exhibit lower long-term ceep straia kecaus d ther higher ra¢ o late age strength
gain Drying shrinkag is influerced by evironmentaconditiors su¢ as ambiebhtemperatures,
humidity, cemem content ad type watertementitios ratiq ard aggregat type. Tle use dfly
ash in concree hels 0 rephce a parof its cemeh conten resultirg in the nodification d its
properties.

Beneits o Fly ash in Fredh Concrete
* Increa® in the initid setting ard find seting time
* Chang in workability
* Readuced segregativand béedng

» Decreae in peak temperaterdue to reduction in cement content

Benefits ©Fly ash in Hardenel concrete

* Increag in long tem strengh due ® continued pozzoloaireactim of fly as in the
presece d moisture
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* Reduced strengta early ages The moduls o elasticity of fly ash concret is a little
lower & early ages ard higher & later ages

* Improves ceep behavioof concree particulary a earl ages

* Improves tre bor interction of the concrete constitueies it reduces #edng in fresh
concrete

* Realuces tk concrete permetity

* Reduces alkalsilica reaction

* Increa® in the sulphate resistance

3.1.4 Silica fume

Silica fune is a by-pralud resultirg from the use ©high purity quarz with cod in the
electrc arc furnace m the praluction of silicon and fero silicon alloys {8). It is generly
accepted | an efficient adnixture for high-strengt concre¢ mixes Its man constituent fine
sphertal particls d silicon dioxide makes it an ideal cemen repacemehn smultaneously
raising tle concrete strengthThe diameter bsilica fune particles is 01 — 0.12pn (394 —
4.73yin.) ard thei surface aea 5 15 — 20 rfig (703840 iflb.). In comparison, ASTM
conforming portland cemeror fly ash size ae almos$two ordes d magniude larger tha silica
fume particles i.e 10- 12in (394 — 47.3un.). Beng a waste pmaud with relative eas in
callection as compard to fly ash @ slag silica fune ha gaineé rapid popularity Silica fume is
availabk in loos buk form, densifi@ form, slurry form, ard in the fom of blended siica fume
portlard cement.

The small size (0.1-0.1gm) ard spheral shap d the silica fune particles allov them
to fill the voics betveen the larger cemeparticles (L0-12um) which would have otherwis been
filled with mix water The entrappé wate is consgquenty unabé to contribue © the
consisteng of the mix. In spie o the bette particke distribution the larger specifi area bsilica
fume particé increasg its capaci to absob wate with the resultig need fa more watern the
mix. High rang water rduces elminate the need fo ary additiond water. This is due ¢ the
extensive dispersaf the cemen particles ard dlica funme with decreased coatt betveen their
particles In addition, wih high cementitios content herce alow W/(C+SH ratio, the

cohesivenss d the paste increaseconsideralyl due b the reductio of internd bleedirg in the
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mixture As a result more waterreducing agens ae needed (18)The chang in the fresh

concree propertis ae & follows

Reduces concretsegregatio and increaseits cohesiveness
Decreasse beedng due ¢ its high affinity to water

Decreasse concret air-contehdue to is very high surfae area
Increases plastishrinkage

Permealiity ard strengh improvemen are the two maja reasos for the use 6 silica

fume in concretelf a large percentagd oemen sud as 20 perceinis repaced by silia fume,

the compressive strergtf the concrete increases consideralilge addition of silica fume may

produce concretes wita compress& strengh in exces d 15000 psi The improvel (18)

gualities o concree with the adiion d silica fume can be sunmarized a follows:

Considerabf reduced permeality

High compressivetensie aml flexurd strengths

At similar water/cementitiosi materials ratiodrying shrinkage bsilica fume § often
lower than tha of non-silica fure concrete

Creep deformatianare 40-70 peert of non silica fume type [l cemen concrete
Reduced reinforcemercorrosion

Bette freeze-thaw resistae comparableot propery ar entrainel non dlica fume
concrete

Increases thfatgue life

Improves concret sulphate resistance

Increases resistaado chemichattack

Long-tem durability ard strength devebpmen of silica furme concrets ha been

studied by Malhota @ al. (23). They usal a W/(C+Sly ratio d 0.25 fa non ar entrainel mixes

ard 0.3 an 0.4 fa air-entraind mixes usng a maximm aggregaé size 619.7 mm (34 in.). A

superplastider wa usel to maintan a slunp of 150175 mm (6-7 in.). The following

conclusiols wee mae after 3 %2 gas o study:

Sone retrogressio is notced n comprasive strengh between the agesf®1 day ard 2
% years It becomes mar pronouncedsathe W/(C+SFH ratio is increase from 025 to
0.45. Howevethis decreas in strength wowl na be d significane in structures.

Silica furre concretesxibit gan o flexurd strengh with age.
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e Carbonatio measured tathe erd of 3 Y2 yeas does nbseem b be d any significarce
with W/(C+SH ratio na exceedng 0.25. A this ratd increasescarbonatia penetration
becoms signifcant At 040 ratig acarbonatio depth 8 mm (0.31 in) was observed.

3.1.5 Chlorid e Permeability

The durabiliy of concree largey depend o its ablity to resi$ the penetratn d water
ard aggrssiwe solutions Ore d the majo environmenta distress n reinforced concret is the
corrosion of sted reinforcement Significat dama@ t© concre¢ resuls from the intrusion of
corrosive solutions Any treatment thiaeffectively blocks the penetratio of thee solutiors will
greatl reduce ths damag aml leal to inceased durabilft with the consequéneconanic
benefits Considerald researc has be@ done m this aea includng the evaluatio of special
coatings pore-blockig adnixtures ard specié concrets appied as overlays. Oa successful
systan for overlays ha keen latex-radified concre¢ (24). In adition to the addd cog of
materias for sud overlays specia experti® am equipmen are needed fofield applcations;
consequenyl sudh concrete ae consideralyl more expensive tha commercidly prepared
readymixed concrete (27). A variety of materiat hae been develope which by virtue o their
low perneability can retadl the ingres o chloride iors into the concrete coverAll other factors
being equal low permeabity concrete perfom bdter in sevee environmenthan ordinary
Portland cement.

The AASHTO Ted Methad T277 “Rapid Determinatio of Chloride Permeaibty of
Concree” was adopte in 1983. Virtualy the same teésprocedue was designateby the ASTM
as (1202, “Ekctricd Indication of concrete$ ahlity to Resis Chloride lon Penetration”In this
ASTM test ore surface ba water saturateconcre¢ speanen is exposd to a sodim chloride
solution ard the other sudce b a sodim hydroxice solution A 60-vot DC ekctricd potential
is placed acrss tke speanen for a six-how period The electrichcharge (in coulombg passed
through the concretspeanen in tha time represestits “rapid chloride permability”. The ease
ard speed bthis test methd has maak it more pgular compard to the other methosl (28).

The AASHTO T259 90-ds ponding tes was usel to evaluag chloride penetratio of
concree for mary yeas pria to the adaptatio of the rapd tes (AASHTO T 277 or ASTM
C1202) Permeaitity, diffusion and absorptio are the importam physica processs contrdling
chloride penetratio into concre¢ durirg the 90-dg ponding testwhereas edctricd resistivity
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appeas  be the pimary facta controlling charge pasdehrough the ragitest The sensitivity
of the two methodsd the® different physicd processes macaug signifcart variatiors in the

ranking o permeallities o various concretes. éstatd in the scopefopASTM C1202, tke rapid

tes procedue is appicable © types d concree in which carelation has be@& established
betwee this rapd tes¢ procedue ard long-tem chlorice ponding pracedurs sud as AASHTO

T259.

The rapd tes metha ASTM C1202 8 nov commony requirel by constructia propct
specificatiors for both precas ard cast-in-plae concrete. A arbitray value o less tha 1000
coulomts is typicdly selected by te engineer nowner This ratig usudly chosen from the
scak show belov is chaacterized a “very low” chloride ion penetraltity.

Charge Passed Chloride Permeaibity
(Coulombs) (ASTM C 1202)
> 4000 High
2000-4000 Moderate
1000-2000 Low
100-1000 Very Low
<100 Nedigible

3.1.6 Effect d Curing Temperature an Strength and Permeability

Moist-curirg greatl fadli tates the gan in compressive strengthThe 28-dg compressive
strengh in ar-dried glica fume concretes can be 20 % lawdan moist-cure slica fume
concretesas continuous gaiin strengh is achievd with time.

Ozyildirim et.al (29) comuctel test afte subjecthg concred t© variols curing
temperatures. Controoncrets ar concrets contaimg 15 % fi/ ash, 50 % slagard 7 % silca
fume were prepared~ar each variabletwo batchs d concrete ore with Type Il ard another
with Type Il cemen were preparedTes spe@mers weke prepared fochloride permeabiliy and
strengh & room temperature Within haf an hour they were placed n differert curing
environmens & 4°C @0°F), 23°C (73°P ard 38°C (L00°H withou remova of the noulds.
Moulds wee removed té following d&y ard the speéners returne to differert curing
environments Cylinders for the rapd chloride perraablity tes were ke moig for 2 weelks and
air dried for 2 weeks Tho® for the strengh were mois cured unti testing.
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The resuls from the tess comuctel & 28 dag indicatel tha contrd concrets with
eitha cememn had comparald values fo totd charge passed through speen (Q value$ at
23°C (73°F ard 38°C (L00°F) bu the contrd concree cured 84°C @0°FH had significantly
highe Q values Strengts wee comparable rosignificantly highe for concrete containmg
Type Ill cement With eithe cementsthe highes strengtls wee obtained whe curel & 23°C
(73°FH ard the lowes$ when cural & 38°C (LO0°F) With eithe cement the Q valus o the
specimen decreased significantles the curirg temperatw increasedSpeamers curel & 38°C
(100°H had Q valus indicative o chloride permeaitities in or very close t the vel low range.
The resuls for the speamers cure a 23°C (/3°F indicated hidp chlorice permeaitties, and
thos cura & 4°C (40°F) indicatel even highe permealbities.

Fly ash concrete with Type Il cemeh had the lowes strength when cudea 4°C @40°F)
ard the highes strength when cudea 38°C (LOO°F) With Type Il cement fly ash specimens
cured & 23°C (73°F) developd the highes strength.

The resuls for concreeé containng slica fume indicated # lowes$ permeabity of 580
coulomts when combineé with Type 11l cemen ard cured &838°C (L10C°F). The Q valus for the
concrete mae with eithe cemem ard cured & 23°C (73°P were @proximately 1000
coulombs indicatirg low chloride permeability This was also trel for those containng Type |l
cemen curael & 38°C (@00°F) Significanty highe Q values wee obtained fo concretes
containng eithe cemem when curel & 4°C @0°F) The highes strengtls for concretes
containng glica fune were obtained winespecimers wee cured &23°C (73°F for either
cemen (29).

Resuls d the 90-dg pondng te$ on concrete with w/ic of 0.40 and containing
pozzolans slay or latex had less chloriéé intrusion than the controjsbu all the values were
abowe the threshdl value ¢ 0.78 kg/nt (1.32 Ib./cu.yd) excep for ore batch 6 silica fume
concrete. Athe deeper deptof 6 to 19 mm (0.75 to 1.25 in). the chlorice intrusio for al the
concrete was vey low. The highes value was m the contrb concree that hd an average
chloride contenof 0.22 kg/ni (0.38 Ib./cu.yd.) It appeas likely tha al the low w/c concretes in
this stug (040 o less) woull hawe significan resistane © chloride penetratio unde actual

servie that mg be expected fnm them.
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3.1.7 Effect d Fundamentd Properties d Concrete
Mobashe et al (30) comucted the AASHTO T277 tes ard reportel tha several
fundamenthproperties dfect chloride permeattt y of concrete:

* Chloride Permeaihit y increass as watecemen ratio increases.

* Permeality varies with coarg aygrega¢ seéction.

» For a given aggregae source, peraability is lowe for a dense-graded conaedhan fo a
gap-gradd concree¢ and amory dense-graded concretefsdecreases as ehmaxmum
size d the aygregate decreases.

* Permealiity increase as tle entrained aiconter in concreg¢ increases.

A one percemhincrea® in ar conten has the sane impact @ the chloride
permeabity as a 003 increas in wate-cemen ratio.

3.1.8 Effect d Silica Fume

Permeabily is reduced n the concrete elemethrough tle addtion o silica fune t© the
mix as the permeattity of the cemehpaste decreaseshis is due ¢ the grea dispersio of the
finer silica fune particles as discusseatier, filling mos$ of the voids previousy occupied by
the mixing water The addition of silica furre at 10 pesert of cemen by weigh reduces the
wate perneability codficient from 16 x 107 to 4x 10 m/sec (63 x 10° to 16 x 108 in./sec).
If the slica fune replacemenis increase to 2025 pecent the perneability almog approaches
zera This geat reluction in perneability improves tre freeze-thaw resiste@ d the concrete
since vey little water can dfuse thraugh the concrete sate (18).

Perratm & a (28) comlucted te AASHTO T 277 teson contrd ard silica fume concrete
ard reported thiathe curren passing thragh contrd concrets with wi/c ratios d 0.4 ard 0.5 was
consistentt highe than the silca furre concretesThe values obtaind in this seris for control
concrets with w/c ratics o 0.4 and 0.5 & in good ageemen with tho® obtained by Whitig
(27). The authos concludd tha the resuls obtaine “cleary indicate he beneficihinfluence of
silica fume an chlorice ion permealhity ” as previoust shown by Ozyildiim (29). Accordirg to
the perneability scale provided by Whing (27) it can be saethda the silica fume concretes
with wic of 0.4 exhibt chloride-ion permealiit y equivalemnto tha of latex-nodified concreteln
the case Dsilica fume concres with w/c of 0.24, the totdamount of electrical chage passg in 6

hours was qud to 150 coulombsThis leve of chloride ion permealiity is only matche by
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polyme impregnatd concrete accordig to Whiting (27) Peraton @ d (28) concludd tha the
corcep of permeallity of concree is moe compl& than it gopeas on the surface. The
permeabit y coefficiert not ony varies accordig to the type o fluid used @ measue it but also
with sampé preparationlit has bkeen found thaconcrete with w/c ratics o 0.5 or les are
practicdly impervious to any wate flow whethe dlica fume § adnixed or not If the chloride
ions can pas thraugh saturated non-sik fune concrete, t higher tle w/c ratiq the higher the
amoun of chloride iors pasig through concreteThis pdtem remairs truie when concrete
contairs silica fume @1-33) The majo effect of silica fume on chlorice ion permealtity,
however is a drastic decreas@ tha silica fune concretes prov@chloride-i; impermeatty
in the same ramgas late concrets with w/c ratios d 0.4 to 05 or polyme impregnated
concrets with a w/c ¢ 0.24. Tre experimerg coructel al® show thadosage d silica fume
greater tha 75 pecert by weigh of cemen do not cecreae the perraability significantly. The
sane patten was also foud in compressig strengt results.

For a comprehensive stydof literature relevah to HPCs use fo bridge deck and

prestresse girde's refer b references 56 thugh 184 m the bibliography.

3.1.9 HPC Application in Bridges

The use 6HPC in highwa structures mainly bridges has shown pramise & a wag of
achievng long-term cog effective resuls (34). HPC enhancs the strengh and durabily of a
bridge’s beams, eck ard columns With the highe strengh, bridge gars can be ioreasd and
girders can be reducedni numbe or cross-sectio size while improvemen of durability lessens
the deterioratia of the structure overirne. Even thaugh HRC is moe expensived produce than
normd concrete cos savings mg be incured with a reductio of materials improved
capabilities reduced maintena® csts and by extendng the service lié for the stucture (35).

This sectiom preserg the backgroud informatin for HPC with focusel discussions on
the use b concree strengt to esimate madulus o elasticity ard time dependdnbehavior A

review of previous instrumentatio method usel to monitor HRZ bridges is also discussed.

3.110 Federd Highway Administration Showcas Projects

The FederaHighway Administration in cooperation with stat highwg departments,
has a curert progran to construt demonstratio showcas brdges with HRC thraughou the
United Stats (5) The goais to promoe the implementatin of HPC technobgy for use in
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highways am highway structures Using this programstates can sha knowledgebenefits, and
challengs with eat other Since severhstates acrss tle U.S haw bea involved HPC
bridges with variows dimatic condtions, trefi c weights ad volumeslocally availalbe mateials,
ard constructio method hawe be@& constructed Theg factors alorg with others require
differert approaches o bulding with HRC (45).

3.1.11 Using Compessive Strengh to Estimate Modulus of Elasticity of HPC

Compressie strengthspecifi@ & a certan numbe of days afte placementis tre major
desigh paramete for structurd concrete Seconday parametes sut a the moduls of
elasticity shrinkage, tenle strength etc haw al been empirichy linked to, aml can be
esimatal based n the compressive stremg37).

The increased compressive streggtim HPC raisel the need @ re-evalua the
estalished equatios usel to preditthe modulus d elasticity. The current guatiors wee based
on concre¢ with much lowe compressig strength ard simply extrapolatig the equations did
not produce adequatresults When extrapolatd pas spproximately 3% MPa (5000 psi) the
equatin suggestd by Paw (38) praluces edsmates thd are o large Pauw's equatian is the
long-standiag equatio tha is curently recanmendé in the AG 318 building code ahin the
current ASHTO specification It is given below for reference.

E =33w"°(f,)°° equ. 3-1
E = Statt moduls o elasticity, psi

f.= Compressie strengt of the concretgpsi

We = Unit weight of concrete Ibs/ft

Resard was initiated and conductedt &orndl University (39) in orde to provice an
equatiao for HSC A series o experimens was coductal to develop a equatin to predit¢ the
modulws d elasticity of high strength concret(HSC) The equatio (equ. 3-) was developed
using leas$ squares regressio technique am was basd on unt weigh armd comprssive
strength.

E = (40000%(f )% + 1*10°)*(w J/145)-° equ. 3-2
E = Statc modulis o elasticity, psi
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f. = Compressive strengtof the concretetsime d test psi

W = unt weight of concrete Ibs/ft’

In the 1984 Statd the Art Repot on HSG ACI Committee 363 ecognized equatio3-1
as the equatio to ue when esinating the moduls o elasticity of HSC. This equatia is still
recagnized by tle ACl Committee 363 (17) ithe equatio for estmating the moduls for HSC,
though thee is consideralel researis tha disputes its accurag ard appicability.

The AC Commitee 363 equatio follows directly from resears by Pauw utilizing the
linear relationshp between the exp@nentd modulus o elasticity and tle gjuae root d the
compressive strengthThe resultig equatio (equatian 3-2 does nd take into accountha the
materid properties o the individud componerg dfect the nodulus & elasicity. Carasqullo, et
al. (39) admited tha the aggrega plays a significah role in the moduls o elasticity of the
concree mix However, o considerationsi given a 0 the effecs d the use © different
aggregate an the modulus

Iravan (40) comlucted a sudy o accuratgl measue the &ects o various parameters on
the physicapropertis & HSC. The type @& coar® aggrega used wa fourd to be the largest
influence an the moduls o elasticity In light of this fact Iravan developeé the following
suggestd equatio for normd weight HSC. The equatia is presented below.

E =56,600( Ga) (fo)°° equ. 3-3
E = Statc moduls o elasticity, psi

C., =Coar® aygregae coeffcient,
f. = Compressive strengtof the concretetstime d test psi

This egquatian takes into accouh the influerce d different coarge aggregate an the
modulws o elasticity.

3.112 Time Dependent Behavior of HPC

In orde to accouh for the total straa occuring in concre¢ structuresthree major
componerd ae consideredcreep stran relatel to appliel loads shrinkage, ah temperature.
Detemining eath componens contribution to the total straa proves o be extremet difficult.
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In orde to fully understad the natue d the problen each d thee time dependdnphenomena

mug be analyzed.

3.113 Temperature Effects

Similar to othe materials the properties b concree ae affected by change of
temperature Thermad expansion heat d hydration ard temperatw gradient ae important
mechanisms considaten concre¢ analysis Exced in extrene casesconcree bridges wil not
lose structural capagitas a resul of temperatue variations The pimary detimentd effect
from temperatur variation is the formation of unaceptabé cracls in concree that coud reduce
the serviceatltit y of the bridge @1).

When working with HPC heat d hydration is an importan aspetto consider especitly
in structure with large mases. Internd loads ae induced by the heaf aemen hydratian in all
concree structures In the case oHPC, whee increased amountd cemen ard silica are
apdied, the® intern& loads wuld becone quite substantial High temperaturg in concrete
during hydration coull lead b cracking or could adversel affect tre devebpmen of mechanical
properties.

Since the expansio propertis d the rock usd in a concrete mix goverthe expansion
properties d the composite, HE is fourd to expan and contrécin a similar fashian to normal
concrete Thee migh be a $ight reduction in the expansio coefficient & HPC becaus the
hardened pasts often stronge than trke aggregate, whicreduces th aggegate’s overaleffect.

3.1.14 Creep and Shrinkage ¢ HPC

Creep and shrinkage arinterrelatd phenomea becaus there a& a number of
similarities between the tw (42). Expelimentd parametes dfect creep tle same wa as
shrnkage becaws smilar to shrinkage creep § a paste propertard the aggrega in the
concree serves as a restraifithe magnitdes d the strairs ae the same ahthey ead incluce a
considerald amoun of irreversiblity. Shrhkage plag an integrd part in evaluating aep.
Usudly the anourt of stran relatel to creep $ detemined by factorirg out shrinkag strain,
which only adds o the complexiy of accountig for time dependenphenomea in concrete

design.
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3.1.15 Creep

Most research concerng creep boks d the effect é the increased compssive strength
of HPC. In generalas the strengt of concree increasesthe magnitude d the creep straiis
reduced The total lo@ induced deformatigrhowever, depersgdan the initid strain & wdl as
the creep strain It must ke noted thiaithe initial stran & ary stress-strendt rato (fc/f’c) is
always greater tle higher te strength As a resultthe total lo@ induced strai & early ages of
loading is greater fo higheg strengh concre¢ as comparck to lowa strengh concrete In
addition & the same stress-strehgtatio the initial recovey is geater for higher strength
concree whle the amounof creep ecovey is comparald @3).

3.1.16 Shrinkage

Since shrmkage crackig plays a majo role in reducing tie durability of concree brdge
decks mudh emphas ha be@ placed o regard relatel to this phenomenan Even thaugh
HPC ha lowe wi/c ratics than norma concrete ard therefoe less wate in the mix the total
shrnkage n HPC is usudly greater When compamg the dryng shrinkage HPC is very
comparal# o norma concrete The problen lies with the plastic shrinkage. KPoften uses
minerd additives as partiareplacemertt for cement The® additives namey fly ash and silica
fume increa® the cohesivenssX the cemeh paste This increase cohesivenss reluces the
amoun of bleedng in HPC A reduction in bleed wate causes th surfae layes o a concrete
elemen to dry ou more quickly which in tum increases th amouh of plastc shrnkage This
problem has keen shownad be more prevaldnwhen slica fume $ usé in the mix Knowing
this, specid curing pracedures stould be implement# for HPC usirg dlica fume whenever
possible.

3.117 Previous Instrumentation Methods Usel to Monitor HP C Bridges

The instrumentatio and monitorig of structures is crucid to the continung
devebpmen of HPC. In preparatia for this researce progct the documenFHWA-SA-96-075,
“Implementation Progran on High Performance Concrete: Guidefin@r Instrumentatia of
Bridge$ was consulted Along with this documentpreviols wok relatel to the monitorirg of
HPC bridges was reviewed The following is an overviev of a few progcts thd implemented
instrumentatia method similar to the ones uskfor this researc progct.
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Lachem et. al (44) instrumente the PortnetiBridge n Quebe with thermocaples and
stran gags in the deck The instrumentatio was usel to monitor tle heat develppmen during
concreeé hardemg and to follev the mecharal behavio of the deck sla durirg the post-
tensionng & wel as durirg ambieh temperatug variations Twenty-fou thermocaiples and
twenty-fou vibrating wire transluces wee placed avariows locatiors in the deck slab The
thermocaiples wee placed n siacks & five pre-detenined locatiors while the vibratig wire
transduces wee placed ovetwo of the bears in the longitudinbdirection of the brdge The
analyss d the temperature anhcarespondig stran dat deal only with the thermbeffects in
concreé such a temperatwer diferences ad gradients The CNI' Supea Bridge n Japan was
instrumentd by Yonezaw et al. @5) ard monitorel to ensue safey ard obtan technicé data
for future reference. TEhproject wa nd large in alke bu was significan in tha it proposed
severdnew bridge design conceps — mos importanty the firs gpplication of 100 MPa (14,500
ps) ultra-high strength concreteSimilar to this researc propct, the long-tem behavio was
monitoral using strai gags imbelded into the girder Specimers for measurig drying
shrinkage ath creep wee al® fabricatel in orde to detemine the magniude d ead of these
phenomea o the total deformation.

For the Colorado Showae an HPC Box-Girde Bridge Shirg et al. @6) instrumented
girders b detemine, amomy othe things transfe lengths camber, @ep shrinkage ard curing
temperatures The instrumented girderwee scaled dow versions bthe actuabox girders
specifie for use in the Yaé Avenwe Bridge n Denver, Coloralo. High performance concrete
was implemente becaus the fou span bridge was beig rephced wih a two span bridge an a
high span-to-depth ratiwas reeded To evaluag transfer lengthstran gags wee attached to
the side éthe girder ad readngs wee recorded beferard afte transfe of prestressing The
cambe was detemined by stretching a fishg line tigh between tvo bolts atbched athe center
of gravity a each end fathe girder Shrinkage ad creep strainsiithe corcrete were determined
from tes specimers evaluatd in laboratoy conditions Findly, thermocaiples wee placed in

the girdes & each thid poirt to monita curing tempgeratures.

3.2 Research Tak 2: Meet with Technicd panel to review the research topt and work
plan.

Both P. I' s participatd in a RDN conferege a dune 2 1998 n which the DOT
reeard personnelbridge personneand the contractas participatedThe following topics were
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discussd and satisictoly solutiors wee agreed upanconcreé mix desigpn instrumentation,
samping ard testing, tesslah deck plaement curing ard constructios costs fo the 1-29

bridges A technicé panéd meetirg was hetl on Octobe 23, 1998 in Piee, Dr Ramakrishnan
ard Dr. Sig attended At this neetirg detdls of the tesks tha related to the constructio portion
of the project wee discissed Detdls corcernng tre field quality contrd tests sampling,

numbe of specimensard tes procedure wee finalized.

3.3 Research Tak 3: Determine the HRC mix desigh which beg improves the desired
properties for th e bridge decls and prestressel girders by testing trial batches.

3.3.1 Bridge Deck Concrete:

The properties thawill be improvel are reduced permeabifitard low crack potential.
The d@m was 0 reduce th brdge deck permeabyitby a significam amount (50%as compared
to SDDOT standadt bridge deck mixTrial mixes wee made incorporatinfly ash silica-fume, a
combination of fly ash and iéca-fume, limestom aggregate aml quartzie aggregatesThe
following variables wee investigated.

Type d Aggregate - imestore ard Quartzite

Silica Fume - Optimum amoum of silica fume t be added to

achiewe the desired reductio in permeaittity
without compranmising strendt was investigated.

Combinatio of

Silica Fume ad Fly ash - In orde to achiee the desired improvememvith

minimum cost opimum blendirg of silica fume
ard fly ash wa investigated.

First the mix prgortions wee investigated without & addition of mid-range water
reducer (MRWR ard na exceedig the DDOT specifiel wate to cemen ratios arl cement
content The selected mix pmmortions satisfid the strengt and workabiliy requiremerg of
SDDOT Class A Concret for bridge deck constructiomhe coarse aggregateonforme to the
gradation requiremesitdd Size Number 1.

The following trid mixes wee tested:

* Contrd mix with no adnixtures

» Cemenmrepbhcemenwith fly ash a 15, 20, anl 25%.
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* Cemenrepbhcemenwith silica furme & 7, 10, ard 12%.

» Cemen repacemen with a combinatia of silica furre am fly ash a the following
percentages5% silica fume ad 15% fly ash 5% glica furme ard 20% fly ash 7%
silica fume ard 15% fly ash.

Ten mix proportions wex tested foeach ggregae type ad the total trid mixes wee 20.

When sone d the mixes dd na hawe the requiré workability of 125 nm to 150 nm (5 to 6
inches of slump MRWR was alded to achiee the required workabilitylThe anourt of MRWR
addal was recorded.

Test wee carriel ou to detemine the following progerties:

* Fred concree¢ properties sutas slump ar-content unt weight aml temperatu of
concrete.

» Hardened concret properties sut as compress® strength statc modulus static
flexurd strength ard unt weigh were fourd & 14 and 28 dasyusing the appropriate
ASTM test methods.

Chloride Permealbty tess wee carri@l out n accordace with the AST™M C1202 as

follows:

» Testk wee carrigl ou for dl mixes afte subjecting the specime to 7-dg acceérated
curing.

» Test wee carrie ou for dl mixes & 90-days.

3.3.2 Concrete for Prestressed Girders

Trial mixes wee cormuctal to achiee increased 28-gastrengh and easl strength
devebpmen to achiee the required strand releasstrengt in 18 hours The specified
compressie strenght and strand releasstrengt were detemined by the fice o Bridge
Design SDDOT.

High compressig strengt and east strength develpmen can be achieved whitlow
wate to cemenratios ard the addition of silica fume. © achiee the required workabilityHigh
Rang Wate Reducer (HRWR) waused.

Mixture proportios wee decided fo twelve mixes varyng the water ® cementitious
materias rato (0.28 0.30, ad 0.32) & wel as the percentage replacentesi cemen with silica
fume (7% 10% ard 12%). Tes were carriel out b detemine the following properties:
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* Fred concree properties sutas slump ar-content unt weight aml temperatw of
concrete.

» Compressie strengt teg was carrig ou a 1, 3, 7, 28 and 56 dayar teg for static
modulws was carried dwt 28 and 56 days.

After detaled analyss it was decidd to repeaone mix (ou of the 12 Hidh Strength
Concree Mixes) This mx was seécted basedrothe concrete strerfgtrequiremen at release.
The tess corducted @ this mx were two fold:

* Speamers wee sibjected to accelerated curing and &vedested fo comprasive
strengh and stat modulis & the em of 6, 12, 18, 2 hrs amd Rapid Chloride
Permeabily Teg (RCPT) a the erd o 24 his d accekrated curing.

* Speadmers wee subjected to normacontinucs moist curig and wee tested for
compressive strengt and stat moduls & the age o 1, 2, 3, 7, 28 and 56 dayand
Rapd Chloride Permealii y Teg at the age 690 days.

3.3.3 Mixtur e and Specimen Designation
The bast mix proportiors for the high performace brdge deck concrete migewith the mixture
designatios ae given in Tables A1, A2 and, B ard A9, Appendx A. A totd of twenty mixes
were made. Mixe Q1LGONTROLWO04 through QOF0S12W016 wee made © quartzite
aggregat am mixes LIGONTROLWO4 through [LOF0S12W0G16 wee mae d Limestone
aggregateThe following mix designatin schere is used The firg lette refers b the type of
aggregae used Q-Quartzite L-Limestone H-High Strengt Girde Concrete The secod letter
indicates a number thandicates the mix number The nex letters indcate whether tB mix
contairs fly ah and/o silica fume: F-Fly AshS Slica Fume. Th number followng S @ F
indicates tlb percentag o cemen repbaced wih fly ash and/o slica fume. Azero indicates no
fly ath o slica fume. Tle las letter with W indicates the water & cemen ratio. All control
mixes ae referrel to & CONTROL followed by the wate to cemert ratio.

The mixture designatios ard mixture proportios for the high strength bdge girder
concreé mixes ae given in Tables Bl and B2, Apendk B. The mixtue proportios for the

correspondig quartzite ad limestore aggegates remaad the same.
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Each mix wa maga in a batb of 0.08 n? (3.5 cu.ft.) All the mixing wa dore in a drum
mixer o 0.25 nT (9 cu.ft) capacity The batchig o the materia$ was doa one dg prior to the
mixing and storedni the ld a constah humidity and temperatwe conditions The moisture
contens o fine am coarg aggrega were determinedThe mixing wate was adjustd to
saturatd surfice dy (SSD condition of the coarse ahfine aggrega based o the calculated
moistue conterd o the aggregatesThe fly ah and sili@ fume wee mixed with the cement
during batching. Th mixing wa dore thoraighly ensumg uniform mixing. Mixing was done
accordig to ASTM C192 n the followng sequece:

First the coarse aggregatard then the fire aggrega were added. Two-thisdwater
mixed with the ai-entrainirg agem was then added to the aggregat ard mixed for one minue to
allow the aggrega b absob the water Cemen ard the remainng one-third watewere then
added. Al the ingredierd wee then mixed for three minuteswhich was followed by a three-

minute res$ ard a find mixing perod d two minutes.

3.3.4 Ted Specimens
The specimesicast fo each brilge deck mix a & follows:
* Eight 200 mm x 100 mm x 350m 4 in. x 4 in x14 in) beans - Fou to be tested at
14 ard four & 28-dg for statt flexurd strength.
e Six 150 nm x 300 nm (6 in. x 12 in) cylindess — Thee b be tested @14 and thee at
28-day for statt moduls ard compressive strength.
* Ten 100 nm x 200 nm (4in. x 8 in) cylinders — To l@ usedn chloride permeaitity
tests.
The specimesi cast fo each brilge girder mix a a follows:
* Ten 100 mMmm x 200 nm (4in x 8 in) cylinders — To @ usedn comprasiwe strength
tests.
The specimes cast fo the recanmendd girde mix are & follows:
* Twenty-two 100 mm x200 mm (4in x 8 in) cylindes — To le used n chloride
permeabity tess amd compressive strerfgtests.
All the bears wee cas in wood@& molds ard al the cylindess in plastc molds All the
molds wee dled prior to the casting The specimes wee covered wh plastc sheed for

twenty-fou hours afte castiig & room temperatureThey were then demolde and plaed in
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lime saturated watéark for curing The bears arl cylindes remaind in the curilg tanks unt
testirg & eithe 14 a 28-day.

Researt Task 3A: Quality Control Tests for Fresh and Hardened Concrete for Bridge

Deck Concrete

3.3.5 Fresh concrete Properties

The freh concre¢ dat for al the mixes showd good uniformiy ard a degree of
consistencyThe resuls d the tess for unit weight, ai-content slump ard concre¢ temperature
are given in Tables A3 ard A10, Appendx A, ard Figures 31 through 3.3 and 3.through 3.7,
for quartzie am limestor® mixes resgctively. The slunp of concree varied fran 100 mm (4
incheg to 230 mm (9 inche$ for quartzie aggrega& concrete ahit varied from 75 mm (3
incheg to 200 mMm (8 inche$ for limestore aggregat concrete. Td ar conten varied from 4
percert to 8 pecert for quartzie aggrega concrete ah5 pecert to 9 pecert for limestone
aggregage concrete. Therwas o significart differerce between the fresconcre¢ unt weights
betwea the varios mixes in eithe the quartzie o limestore aggrega concretesAnd there
was o gopreciabé differerce n the uni weights é quartzie amd limestore aggrega concretes
with the same aicontem ard slump. Tle roan temperature humidity ard the concrete
temperatue wee recorded and themwas o gpreciabk differerce n thee valuesthe average
room temperatie was 22 C (72 F), the average humiditwas 35% ard the average concrete
temperatue was 28 C (89 F).
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3.3.6 Hardened Concrete Properties
3.3.6.1Compressive Strength The compressiv strengh resuls & 14 and 28-daare given in
Tables A4 and A6 and A1l ahAl3, Appendk A, for the quartzie mixes amd limestore mixes
respectively. The correspnding ba chars are showin Figures 3.4 ad 3.8.

Among the mixes tha containel bot silica fune and fly as ard, quartzite aggregatéhe
mix Q3FL5S5W05 (5% d cemen by weigh repbhced wih silica fume amd 15% wih fly ash)
showal the highes compresive strengh (14-day 36.7 MPa [5830 psi] 28-day 499 MPa [7222
psi). Among the mixes thd had jud fly ah as replacementthe mix Q5F15S0W0.47 (15% of
cemenm by weigh repbced wih fly ast) showel the highes compressie strengt (14-day 34.1
MPa [4928 psi] 28-day 388 MPa [5622 pd). In the mixe containmg jug slica fune as
replacement mix Q10F0S12WO0.46 (12%facemen by weight rephced wih siica fume)
showed tk highes compresive strengh (14-day 596 MPa [8632 psi] 28-day 624 MPa [9025
psi)). Mix Q7R25S0W054 (25% & cemen by weigh repbhced wih fly ash) showel the lowest
compressie strengt (14-day 262 MPa [3797 psi] 28-day 329 MPa [4757 pg)), and mix
Q1OF0S12W0.46 (12%focemen by weight replhced wih dlica fume) showe the highest
compressie strengh (14-day 596 MPa [8362 psi] 28-day 624 MPa [9025 pd)) values
respectively. The same trerslwee followed & both 14 and 28-days.

Among mixes thd containel both silica fume ard fly ash andlimestore aggregatethe
mix L2F15S7W052 (7% d cemen by weight replacel with dlica furme ard 15% wit fly ash)
showal the highes compresive strengh (14-day 44.3 MPa [6408 psi] 28-day 572 MPa [8283
psi). Among the mixes tha had jug fly athh as cemenrepbhcemen the mix L6R2Z0SOWO0.50
(20% d cemen by weigh repbced wih fly asl) showel the highes compressie strengt (14-
day 34 MPa [4923 psi] 28-day 38 MPRa [5495 pd)). In the mixe containng jug silica furre as
cemen rephcementmix LIOFOS12WQ16 (12% & cemen by weight replaced wih glica fume)
showed tk highes compresive strengh (14-day 522 MPa [7560 psi] 28-day 60.1 MPa [8697
psi)). Mix L5F15S0W047 (15% & cemen by weigh replaced wih fly ash) showe the lowest
compressie strengt (14-day 304 MPa [4393 psi] 28-day 364 MPa [5270 pgj), ard mix
L10FOS12Wa16 (12% & cemen by weigh rephced wih silica fume) showe the highest
compressie strengh (14-day 522 MPa [7560 psi] 28-day 601 MPa [8697 pd) values
respectively. The same trerslwee followed & both 14 and 28-days.
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Figures 39 and 3.10 she a compariso of compressive strengh of concrets containng
limestore armd quartzie aggregateFrom the figures it can be conaldel tha there is no

significart chang in comprasiwe strengh due to variation in type of aggregate used.

3.3.6.2Static Modulus: The statt moduls results 814 and 28-dagyare gren in Table A4 and
A5 and All ad Al3 far the quartzie am limestore mixes resgctively in Appendkx A. The
correspondig bar charts are shawin Figures 3.11 ad 312.

The three quartz# mixes tha containel bot silica fune ard fly ash Q2FL5S7W0.52,
Q3F15S5W®m0 and Q4F20S5W0.54) shosveapproximately the same statmodulis value
(2.9x10* MPa [4.2X1.0° psi) at 14-day aml the mix with the highesstrength [Q3E5S5W0.50],
showel the highes statc modulis vale at 28-day (3.740* MPa [5.3X.C° psi], & expected.
Among the mixes contaimg jug fly ashh & a cemen rephcemen material] the mix
Q5FL5S0W047 (15% & cemen by weigh replced wih fly ash) showe the highes 14 and 28
day statt moduls values {4-day 3.3xL0° MPa [4.7XL.0° psi]; 28-day 3.2xL0° MPa [4.7x.0°
psi). In the mixes contaimg jug silica fune as a cemeénreplaemen materia] mix
QLOF0S12W016 (12% & cemen by weigh replaced wih dlica fume) showe the highes 14
ard 28-dy statt modulis values (14-day 3.4x10° MPa [5.0xL0° psi]; 28-day 4.2x10° MPa
[6.0x1C psi). Mix Q7R25S0W054 (25% @& cemen by weight replaed wih fly ash) ad mix
QLOF0S12W016 (12% & cemen by weight replced wih slica fume) showe the lowes static
modults (14-day 2.4x10* MPa [3.5X.0° psi]; 28-day 2.9x10* MPa [4.2XL.0° psi) and highest
statt moduls (14-day 3.4x10° MPa [5.04.0° psi]; 28-day 4.2xL0° MPa [6.04.0° psi) values
respectively.

Among mixes tha containel bot silica fume am fly ash andiimestore aggregatethe
mix L2F15S7W052 (7% d cemen by weigh replace by slica fune am 15% ly fly ash)
showael the highes 14 arl 28 da statt modults value (14-day 3.6x10° MPa [5.3X1.0° psil; 28-
day. 3.6x10° MPa [5.3X.0° psi). Among the mixes tha had jug fly ash a a replacementhe
L6F20S0WO050 (20% & cemen by weigh replced wih fly asl) showel the highes 14 and 28
day statt moduls values {4-day 3.2xL0° MPa [4.7XL.0° psi]; 28-day 3.6xL0° MPa [5.3x.0°
psi).
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In the mixs containmg jug silica fune as cemdnrepbhcement mix L10F0S12WO0.46
(12% d cemen by weigh rephced wih glica fume) showe the highes statc modulis (14-day:
3.6x10" MPa [5.3XL.0° psi]; 28-day 4.2x10* MPa [6.0X.0° psi). Mix L5F15S0WO0.47 (15% of
cemen by weigh rephced wih fly asl) showel the lowes 14 and 28 dwg statc modulis values
(14-day 2.9x10° MPa (4.240° psi); 28-day 3.6x10° MPa [5.3X0° psi) armd mix
L10F0S12Wai6 (12% & cemen by weigh replaced wih dlica fume) showe the highes 14
ard 28 dy statt moduls valus (14-day 3.6xL0° MPa [5.3x.0° psi]; 28-day 4.2x10° MPa
[6.0x1C psi).

3.3.6.3Modulus o Rupture (Static Flexurd Strength): The resuls d the moduls d rupture
teg & 14 and 28-daare given in Tables A5 ard A7, ad A12 am Al4 fo the quartzie and
limestore mixes resgctively in Appendk A. The carespondig ba chars ae show in Figures
3.13 and 3.14.

Quartzite: Among mixes thd containel bot silica fume ad fly ash and quartataggregatethe
mix Q3FL5S5WO050 (5% d cemen by weight repbced wih silica fume ard 15% ly fly ash)
showal the highes statt flexurd strengh (14-day 5.1 MPa [740 psi} 28-day 5.7 MPa [825
psi). Among the mixes thd had jud fly ah & replacementthe mix Q5F15S0W0.47 (15% of
cemen by weight repbced wih fly ash) showel the highes statc flexurd strengh (14-day 5.0
MPa [725 psi} 28-day 6.1 MPa [885 psj). In the mixes containg jug slica fune as cement
repcement mix Q1O0F0S12WO0.46 (12%facemen by weight remced wih silica fume)
showed tk highes statc flexurd strengh (14-day 6.2 MPa [903 psi} 28-day 7.0 MPa [1007
psi)). Mix Q7R25S0W054 (25% & cemen by weigh replhced wih fly ash) showel the lowest
14 amd 28 dy statc flexurd strengh values (14-day 3.9 MPa [560 psi} 28-day 4.5 MPa [650
psi) and mix Q10F0S12WeL6 (12% & cemen by weight rephced wih dlica fume) showe the
highes$ 14 and 28 da statc flexurd strength values (14-day: 6.2MR [903 psj; 28-day: 70 MPa
[1007 pd). The sane trend were followed & both 14 ad 28-days.

Limestone: Among mixes thd containel both silica fune ard fly ash, ad limestore aggregate,
the mix L2F15S7W0.52 (7%f@emen by weigh replced wih silica furre am 15% ly fly ash)
showal the highets 14 and 28 dastatc flexurd strengh values (14-day 5.7 MPa [827 psi} 28-
day 6.6 MPa [953 ps]). Among the mixes thd had jud fly ash as cemen replaement mix


https://L2F15S7W0.52
https://Q10F0S12W0.46
https://Q7F25S0W0.54
https://Q10F0S12W0.46
https://Q5F15S0W0.47
https://Q3F15S5W0.50
https://L10F0S12W0.46
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https://L10F0S12W0.46
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L6F20SO0W050 (20% & cemen by weigh replced wih fly asl) showel the highes 14 and 28
day statt flexurd strengh values (14-day 5.7 MPa [825 psi] 28-day 6.2 MPa [895 ps)).
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Fig. 3.13 : Comparis on of Modulus o f Ruptur e at 14 and 28 day
(Quartzit e Aggregate)
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Fig. 3.14: Compariso n of Modulu s of Ruptur e at 14 and 28 day
(Lim eston e Aggregate)
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In the mixs contaimg jug silica fune as cemdnrepbhcement mix L10F0S12WO0.46
(12% d cemen by weigh rephaced wih dlica fume) showe the highes statt flexurd strength
(14-day 7.4 MPa [1074 psi] 28-day 7.5 MPa [1085 pg). Mix L5F15S0W047 (15% & cement
by weight repaced wih fly ash) showeal the lowes 14 and 28 dg statt flexurd strengh values
(14-day 58 MPa [843 psi] 28-day 5.8 MPa [845 ps) and mix L10FOS12W0.46 (12% of
cemen by weigh repbced wih silica fume) showe the highes 14 and 28 dastatc flexural
strengh (14-day 7.4 MPa [1074 psi] 28-day 7.5 MPa [1085 pd) values resgctively.

Figures 315 amd 3.16 shw comparatie bar chad o concrets containmg limestore and
guartzie aggregated-ram the figures it can be conclded tha the limestoe mixes shav higher

modulws o rupture when comparckto quartzite mixes.

3.3.6.4Dry Unit Weight: The diy unit weight results 814 and 28-daare given in Tables A4
ard A6 ard A11 and A3 for the quartzie ard limestor mixes resgctively in Appendk A. The
comparatie bar chag ae show in Fgures 317 and 3.18. Téa highesvalue for dry unt weight
(23570 kg/n? [147 2 Ib./ff%] at 28-day was obtaine for mix Q3FL5S5W050 (5% d cemen by
weight replaced wih dlica furme ard 15% wit fly ash) ard the lowes value for dry unt weight
(22280 kg/nT [1391 Ib./ft°] at 28-day was obtaind for mix Q7R25S0W054 (25% 6 cement
by weigh repbced wih fly ash) Amorg the mixes ushg limestoe aggregate mix
L6F20S0WO050 (20% & cemen by weigh replced wih fly asl) showel the highes value for
dry unit weight 3501 kg/n? [146.7 Ib./ff] at 28-day ard mix L4F20S5W054 (5% d cement
by weigh repbhced wih silica fume am 20% ly fly ash) showe the lowes value for dry unit
weight (22734 kg/n? [141.9 Ib./ff] at 28-day).

The trend show in the resuk ae the same as th#llowed by compresive strength,
modulws o rupture ard statc moduls excepin a few specimensvhich could be considered as

outliers.
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3.3.6.5Chlorid e Permeability. The resuls d all tests corductal for chloride permeabily are
tabulatel in Tables A15 through A8 in Appendk A ard ba chars ae show in Figures 319
through 3.22.

Initially it was expected thaa signifcart reduction in chloride permeaitit y would occur

betwea the agesfol4 and 28-daysMixes QLCONTROLWO4 through Q7B5S0W054 were
testel afte beirg subgcted to 14 day d normd moig curing in cod wate ard mix
Q1CONTROLWO04 was also sbjected 6 28-dy testig unde the same conditisd curing.
As can be followed frm the resuls d the tess on mix Q1LCONTROLWO.4 (Takl Al5,
Appendk A) which showel 7941 ad 5719 coulombstal4 and 28-dg (both high values),
reliance an age alone wa nd enaigh D differentiag between the mixture§herefoe i was
decidel to subgct tre specimensotaccetrated curinglin this type d curing the specimens after
being demolded & placed n a curig tank containing watermaintaine & a constant
temperatug o 38°C (10C°F). The firs batdhh (Q1GONTROLWO.4 was subgcted to 1 da of
accelerated curing dnmix Q2FA5S7W052 was subgcted to 12 day o acceleratd curing.
Basel on the resuf o thee test it was decidd to subject the specimes o a constant
accelerated curing period seven days befag testing The tess wee then carried out dnthe
resuls tabulatd (Tabk A15, Appendk A).
Quartzite: Among mixes tha containe boh silica fune arl fly ash andquartzie aggregatethe
mix Q2FL5S7W052 (7% d cemen by weigh repbced wih silica fume ad 15% ly fly ash)
showel the lowes$ permeallity (Charge Passed533 CoulombsASTM Category Very Low).
Among the mixes tha had jug fly ash a cemehrephcemenh the mixes Q5A5S0W047 and
Q7F25S0W0.54 (wit 15% ad 25% d cemen by weigh replhced wih fly ash resgctively)
showed lowe perneabilities (Charg Passed 4088 and 4059 Coulombrespectively as
compared to mix Q6R20SOWO050 (with 20% d cemen by weight replaceé with fly ash) which
showal a higher vala (4548 Coulombs).

In the mixs contaimg jug silica fune as cemenrephcement mix Q10F0S12WO0.46
(12% d cemen by weigh rephced wih dlica fume) showe the lowes$ permeabiliy (Charge
Passed 132 Coulombs ASTM Category Very Low) ard mix Q1GONTROLWO040 (plain
concree with no minerhadmixture$ showel the highes chloride permeaitity (Charg Passed:
5566 CoulombsASTM Category High) values.
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Fig. 3.21: Chlorid e Permeabiility of Quartzite Mixes at 90-day

7000+

6000+

5000+

4000+

3000+

Coulombs

2000+

1000+

O,
L1 L2 L3 L4 L5 L6 L7 L8 L9 L10O

Mixtur e Designation

Fig. 3.22: Chlorid e Permeabiility of Lim estone Mixes at 90-day

68



69

Limestone: For the mixes with limestore aggrega it was decide to subgct tre specimensot3
days o accelerated curing (immediayehfter demolding the speeners & 24 hrg before testing
for chloride permealtity. The resuls o the tess carri@ ou are tabulatd in Tabke Al16 and a
comparatie bar charts show in Figure 320.

Among mixes thd containel bot silica fume ard fly ash, ad limestoe aggregatethe
mix L2F15S7W052 (7% d cemen by weigh replacel with dlica fume ard 15% ly fly ash)
showal the lowes chloride permeaitit y (Charge Passed481 CoulombsASTM Category. Very
Low). Amorg the mixes thd had jug fly ah as cemen replacemen the mix L5F15S0WO0.47
(15% d cemen by weigh rephced wih fly ash) showel lowe chloride permeabilg (Charge
Passed 4979 Coulombs ASTM Category High) as compard to the other tw mixes,
L6F20SO0WO050 amd L7F25S0W0.54 (20% dn25% d cemen by weigh repblced wih fly ash,
respectively) which showel almos$ equd values (Charg Passed7249 and 7232 Coulombs,
respectively) In the mixes contaimng jug silica funme & cemeh replaement mix
L10FO0S12Wa16 (12% & cemen by weigh rephced wih silica fume) showe the lowest
chloride permeaitit y (Charge Passed354 CoulombsASTM Category. Very Low).

The mixes wee subjected to rapid chloride permahtty tess agan afte 90-days The
resuls d thes tess ae tabulatd in Tables A17 and A18, Apendk A. The comparative bar
chars ae show in Figures 321 and 3.22. Téa spegners wee subjecta to an averag o 28
days d continuots moist curig and the ar-dried till they reachal an age o 90-days They were
then testel for chloride permeality. A comparatie analys o the resuls d the accelerated
curing and 90-dgp teg results shows a gdocorrelatim for 12 mixes (Q2FL5S7WO0.52,
Q3F15S5W0.50, QMOS5W0.54, Q8FOS7WO0.43, Q9FIBNO.45, QOF0S12WO0.46,
LICONTROLWO0.4 L2F15S7W0.52, L3E5S5W0.50, L8FO0S7W0.43, L9F0S10WO0.45 and
L10F0S12W0.46)The comparative biechars are showin Figures R5 ard R6.

Among mixes thd containel boh silica fume am fly ash and quartat aggregatemix
Q2FL5S7W052 (7% d cemen by weigh replced wih slica fune amd 15% ly fly ash showed
the lowes chloride permealtity (Chargge Passed1207 Coulomhs ASTM Category Low).
Among mixes thda had jug fly athh & cemenh repla&cement mixes Q5A5S0W047 and
Q7F25S0W®B4 (with 15% ad 25% d cemen by weigh replhced wih fly ash resgctively)
showed lowe chloride permeattities (Charg@ Passed3475 and 4704 Coulombs respively) as
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compard to mix Q6R20SOWO050 (with 20% replaemen by fly ash) which showel a higher
value 6831 Coulombs).
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Fig. 3.23: Compariso n of Chlorid e Permeability of Quartzit e Mixes
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In the mixs contaimg jug silica fune as cemenrephcement mix Q10F0S12WO0.46
(12% d cemen by weigh rephced wih dlica fume) showe the lowes chloride permeaitity
(Charge Passed323 CoulombsASTM Category Very Low). Mix Q1GONTROLWO04 (plain
concree with no minerb admixture$ ard mix QLOFOS12WQ16 (12% & cemen by weight
rephced wih silica fume) showe the highes chloride permeattty (Charge Passed4158
Coulombs ASTM Category High) ard lowed chloride permeaility (Charge Passed323
Coulombs ASTM Category Very Low) values resgctively.

Among mixes thd containel bot silica fume ard fly ash andlimestore aggregatethe
mix L2F15S7W052 (7% d cemen by weigh replacel with dlica fume ad 15% ly fly ash)
showal the lowes chloride permeaitit y (Charge Passed430 CoulombsASTM Category. Very
Low). Amorg the mixes thd had jug fly ah as cemenreplaememn mix L7F25S0W054 (25%
of cemen by weight repbced wih fly ash) showel lowe chloride permeaitity (Charge Passed:
986 CoulombsASTM Category Low) as compard to the other twvo mixes L5F15S0W047 and
L6F20SOW050 (15 and 20% focemen by weigh replacel with fly ash, respctively) which
indicated highe chloride permeailities (Charg Passed 3553 and 1455 Coulombs,
respectively) In the mixe contaimmg jud silica fune a cemet replacemen material] mix
L10FO0S12Wa16 (12% & cemen by weigh rephced wih silica fume) showe the lowest
chloride permeaitit y (Charge Passed373 CoulombsASTM Category. Very Low).

3.3.7 High Strength Concret for Prestressal Girders

3.3.7.1Fresh Concrete Properties The freh concre¢ data fo all the mixes showe good
uniformity. The resuls d the tess for unit weight, ai-content ard slump, ae given in Tabk B3,
Appendx B. The measured slurspior various mixes ae show in Fig 3.25 and té recorded air
contens ard fresh concre¢ unt weights ae show in Fig 3.26 and 27 respectivelyThe slump
varied fran 889 mm (35 inche$ to 2159 nm (85 inche$ ard the ar conten varied from 2.5%
to 7% The freh Concreg¢ unt weights wee neany the sare for all mixes ard it had an average
value d 22862 kg/n? (1427 Ib./f°). The roam temperaturethe humidiy ard the concrete
temperatue were neaylthe sane for al mixes The averag valie d the roan temperatur was
24°C [75°F)), the average vakid humidity was 35 % ad the average concietempeature was
28°C [82.4F].
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Fig. 3.26: Air Content of Fres h Concret e for Bri dge Girde r Concretes
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3.3.7.2Hardened Concrete Properties

Compressive Strength

Testirg for compressie strengt was carried a1, 3, 5, 7, 28, ath56 days The resul$ of

the® test ae given in Tables B4 through B in Appendkx B. The compressi strengh test

resuls & various ages aabe sunmarized a follows (refe Tables B4 through B in Appendx B
ard Figures 328 through 3.33)

At 1 day

At 3-day

Plain Concre¢ speaners showe the regulatrerd i.e The mix HLGQONTROLWO028
with the lowes w/c ratb (028) showe highe$ compressig strenght (452 MPa
[6548 pd) and mix H3CONTROLWO0232 with the highesw/c rato (032) showed
lowed compresive strengh (25.3 MPa [3665 ps).

In mixes with 7% of cemen by weight repkaced wih dlica fume, te mix with w/c
ratio o 0.30 (H/TFOS7WO0.30) showeehighes compressive strengti43.1 MR [6235
psi) as compard to the other tvo mixes H4FOS7W028 and H10FOS7W0.32) with
w/c ratics d 0.28 and 0.32.

In mixes with 10% d cemen by weigh replaced wih glica fune the mix with w/c
ratio 0.3 (H8FOSLOWO0.30) showe the highes compresive strengt (468 MPa
[6775 pd) as compard to the other tw mixes H5F0S10W®R8 and
H11F0S10WO0.32) wit wi/c ratics o 0.28 and 0.32.

In mixes with 12% d cemen by weiglt repbced wih dlica fure the mix with the
highes$ wi/c rato d 0.32 (HL2F0S12W0.32) showlethe highes compresive strength
(429 MPa [6205 p9)).

Plan Concre¢ specners showd the same treth & & 1-dgy with mix
H1CONTROLWO028 showing te highes compresive strengt (535 MPa [7743
psi).

In mixes with 7% of cemen by weight replaced wih slica furme the mix with w/c
ratio 0.2 (H10FOS7WO0.32) showkthe highes compresive strengt (434 MPa
[6283 pd) as compard to the other tvo mixes H7FOS7W®0 and H4FOS7WO0.28
with w/c ratics a 0.28 and 0.30.
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Fig. 3.29: Compressiv e Strength at 3-day for Bri dge Girde r Concretes

Compressive Strength

Hla H2a H3a H4a H5a H6a H7a H8 H9 H10 H11 H12
Mixtur e Designation

Fig. 3.30: Compressiv e Strength at 7-day for Bri dge Girde r Concretes
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Fig. 3.31: Compressiv e Strength at 28-day for Bri dge Girde r Concretes
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At 7-day

At 28-day

77

In mixes with 10% d cemen by weigh replaced wih glica fune the mix with w/c
ratio 0.2 (H11F0S10W0.32) showlethe highes compressie strengt (565 MPa
[8170 pd) as compard to the other tvwo mixes H5FO0S10W®R8 and
H8F0S10W0.30) wit wi/c ratics o 0.28 and 0.30.

Mixes with 12% d cemen by weigh rephced wih silica fume showed tb same
trerd & d 1-day with the mix HL2ZF0OS12W@®2 showing te highes compresive
strengh of 69.6 MPa (10,075 psi).

Plain concre¢ speeners showe the same trethas & 1-day ard 3-day with the mix
H1CONTROLWO028 showing te highes compresive strengt (613 MPa [8865
psi).

Mixes with 7% of cemen by weigh repbhced wih silica fume showed té same trend
as a 3-day with the highess valee beng 52.4 MR (7585 ps for mix
H10FOS7WO0.32.

In mixes with 10% d cemen by weigh replced wih dlica fume, tlb mix with w/c
ratio 0.3 (H8FOSLOWO0.30) showe the highes compresive strengt (849 MPa
[12,283 ps]) as comparé to the othe two mixes with wi/c ratios d 0.28 aml 0.32.
Mixes with 12% d cemen by weigh rephced wih silica fume showed tb same
trerd & d 1-day ard 3-day with the mix H2F0S12W®B2 showing tk highest
compressie strengt of 78.9 MPa (11423 psi).

Plan concre¢ speaners showd the same tresh &s & 1,3,7-dy with the mix
H1CONTROLWO028 showing tk highes compresive strengt (692 MPa [10008

psi).

Mixes with 7% of cemen by weigh repbhced wih silica fume showed té same trend
as & 3,7-dy with the highes value beng 67.1 MR (705 pg for mix

H10FOS7WO0.32.

In mixes with 10% d cemen by weigh replaced wih glica fune the mix with w/c

ratio 0.2 (H11F0S10W0.32) showlethe highes compressie strengt (696 MPa
[10,078 ps)) as compard to the other tw mixes H10FOS7WOB2 and
H12F0S12W0.32) wit wi/c ratics  0.28 and 0.30 @me tred as &3-day).
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Mixes with 12% d cemenm by weigh rephced wih silica fume showed ta same
trerd & d 1,3,7-dg with the mix HL2F0S12W@®B2 showing tke highes compressive
strengh of 93.9 MPa (13,593 psi).

Plain concre¢ speoners showd the same tremh as & 1,3,728-dgy with the mix

H1CONTROLWO028 showing tk highes compresive strengt (715 MPa [10343

psi).

Mixes with 7% of cemen by weigh repblced wih silica fume showed té same trend
as & 3,7,28-dg with the highes value beng 68.4 MR (@900 psj for mix

H10FOS7WO0.32.

In mixes with 10% d cemen by weigh replaced wih glica fune the mix with w/c

ratio 0.3 (H8FOS.0W0.30) showe the highes compresive strengt of 1032 MPa

(14935 ps) as compard to tlke other tw mixes H7FOS7W030 and
HOF0S12W0.30) wit w/c ratics o 0.28 and 0.32.

Mixes with 12% d cemen by weigh rephced wih silica fume showed ta same
tred & & 1,3,728-dyy with the mix H12F0S12WB2 showing tk highest
compressie strengt of 99.8 MPa (14443 psi).

Among dl the mixes the mixes with a wt rato of 03 showed tB maximum
compressie strengt & al ages Amorg the mixes with w/c of 0.30 the mix H8FOS10WO0.30

(with 10% d cemen by weigh rephced wih siica fume) showe the highes compressive

strengh & dl the ages tawhich the mix wa testedFigures 340 and 3.41 slw comparatie bar

chars o compressive strengt & 56 day with variation é the percentage replacenmesf cement

ard wi/c ratio. From Figure 340 we can se that a wateptcemenhratio d 0.30 aml a percerage

replacemenof 10% seers o be the belscombination The sane is confirmel from Figure 341.

Static Modulus

The specimes wee tested fo statt modulis & 28 aml 56 dag aml the resuls are

tabulatel in Tables B7 and B8, m Appendx B. The comparatig bar charts show in Figure
H10F0S7WO0.32.
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Statc Modulus followed the same tresh as the compressive strergi.e; the mix, which
showal the highes strength alsoshowel the highes statc moduls & tha particula age The
statc moduls values :

« For plain concree varied betwen 41 x 10 MPa (60 x 1 ps) ard 45 x 10 MPa (65 x 16
ps) a 28 days ad between 45 x 10* MPa (65 x 1¢ psj) ard 4.8 x 18 MPa (70 x 1¢ psi)
at 56 days.

« For mixes with 7 of cemen by weight replaced by dica fure varied betwee 38 x 10
MPa (55 x 1¢ psi) ard 4.5 x 18 MPa (65 x 1¢ psj) a 28 day aml betwea 41 x 10f MPa
(6.0 x 1F ps)) ard 4.8 x 16 MPa (70 x 10 psj) a 56-days.

« For mixes with 10% d cemen by weigh replacel by slica fume varied betwee34 x 10
MPa (50 x 1 psi) ard 5.2 x 18 MPa (75 x 1¢ psj) a 28 days aml betwea 48 x 10f MPa
(7.0 x 1Fpsj) ard 6.2 x 16 MPa (90 x 1¢ psj) a 56-days.

« For mixes with 12% d cemen by weigh replacel by slica fume varied betwee41 x 10
MPa (60 x 1¢ psi) ard 4.8 x 18 MPa (70 x 1¢ psj) a 28 day aml betwea 48 x 10f MPa
(7.0 x 1P psj) ard 6.2 x 16 MPa (90 x 10 psj) a 56-days

Dry Unit Weight

The trend shown in the resulf ae the same as théllowed by compressi strength,
modulws o rupture ard statc modulis excep in a few specimensvhich can le considered as
outliers. The dry unit weight resultstal, 3, 7, 28, b days a given in Tables B4 through B8in
Appendx B. Also comparatie bar chag ae show in Figures 335 through 3.39. Tdaverage
value o dry unit weight wa fourd to be 23196 kg/n? (1448 Ib./ft%) & 56-day The highest
value 23997 kg/n? (1498 Ib./ft%) was obtaind for mix H8FOS10WO0.30 (10%facemen by
weight replaced wih dlica fune and wic ratb of 030) ardl the lowes value 21827 kg/nT (136.3
Ib./ft®) was obtaind for mix HSFOS10WO0.28 (10%facemen by weigh replacel with slica
fume ard w/c ratb of 032) & 56-day The trend followed by the resuls ae the sane as that
followed by comprssive strengt and stati modulis excepin a few specimensvhich can be

considerd as outiers.


https://H5F0S10W0.28
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Fig. 3.35: Dry Unit Weight at 1 day for Bri dge Girde r Concretes
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Fig. 3.36: Dry Unit Weight at 3 day for Bri dge Girde r Concretes
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Fig. 3.37: Dry Unit Weigh t at 7 day for Bri dge Girde r Concretes
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Fig. 3.38: Dry Unit Weight at 28 day fo r Bri dge Girde r Concretes
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Fig. 3.39: Dry Unit Weigh t at 56 days fo r Bri dge Girder C oncretes
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3.3.8 Tests Carried out on Recommended Mix (HBRFOS10W0.30)

3.3.8.1Fresh Concrete Properties The freh concre¢ data fo the mix showed satisfactory
results It showel a slunp of 1461 mm (575 inches) ar conten of 6.2% ard a uni weigh of
2300 kg/ni (143.6 Ib/ft).

3.3.8.2Hardened Concrete Properties
Compressive Strength: All the resuls ae given in Tabke B9 Appendx B.
The testig tha was carriel out an this mix far compressig strengh was two fold:
» Tesk carri@ ou afte the speenen was subjectd to accelerated curing 6, 12, 18
ard 24 hours.
The resuk from the® tess indicatel the strengt gain d this particula mix over
a peria of 24 hous wha subjectd to accelerated curing. Ehmaxmum
strengh of this concret & the erd d 24 hous wa 903 MPa (13,073 psi).
» Tesk carriel ou afte the speaners wee normaly cured in cod wate a 1, 2, 3, 7,
28 and 56 days.
The resuls from the® tess indicatel the strengh gain d this concre¢ over a
period of 56 days This particula concreé showed a compressive stréngif
468 MPa (6775 ps a the e of ore cay ard 62.8 MR (9085 p9 at the el of
2 days This strengt is enaigh far release The maximun strengh of the
concree d the erd o 56 day wes 1032 MPa (14,935 psi).

Static Modulus: The specimes wee tested fo statc modulss & 1, 2, 3, 7, 28 and 56 dsyafter
normd curing ard the resuls ae tabulatedn Tabke B9 Appendk B. Statc moduls followed

the same tresh as the compressie strengt i.e the mix, which showel the highes strength also,
showal the highes statc modulis & tha particula age The statc moduls varial with the age
of the concret ard curing @ndtions. The maximum statc moduls valie was show by the mix

at 56-dag (6 x 10" MPa [87 x 1¢ psi). The spe@mers subgctal to accedrated curing ere also
testel for statt moduls ard the resuls from thee tess ae given in Tabk B9 Appendxk B.


https://H8RF0S10W0.30
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Dry Unit Weight: The diy unit weight resultsal, 2, 3, 7, 28, % days a& given in Tabk H8.
The average valid dry unit weight wa found © be 24437 kg/nt (152.55 Ib./ff)

The trend show by the® resuls ae the samesathd followed by compress# strength
ard statc moduls excegt in a few spcimenswhich could be considere as outiers.

Chloride Permeability: The rapd chloride permeality teg was comucted on a total & four
specimenstwo afte 24 hous d accelerated curing and two aft@0-day o normd curing (28
days continue moist curig and the ar dried for 62 days) The specimenswhich were tested
after beirg subgcted to, accelerated curing showan averag value é charge passedsal58
coulomts ar the 90-dg tes showel a value 6515 coulombsBoth the tesresuls indcate that
this concre¢ coms unde the ASTM C1202 Gitggory of “Very Low” chloride permeaitity.

3.4 Task 4: Prepare and submit a field sampling and testing ppgram for determining
the deck and girder HPC fresh and hardened concre¢ properties b the technica panel for

approval.

3.4.1 Field Sampling and Testing for Cylnder Concrete

Wheel-barows wee used @ obtan fresh concreg¢ for testig and sam@ preparation.
The slump ar content temperature, ahunt weight standat test wee performed o the plastic
concrete. Oce trese test were @mpleted the field sampls were fabrcated.

The compressio testing machine at SShas a maximm capaci of 300000 Ibs.
Becaug very high comprasive strength wee expectedthe 15.248048 an (6x12 inch)
standad cylinde coud na be used To permi the testig of cylinders exhibiting theg high
strengtls it was decide tha all cylinder tess woul be coructed on 10.16<20.32 an (4x8 inch)
cylinders.

To obtan sone measuwr d the variane in the processt was decidd tha a compression
teg result woull be the averagefdhe resuls o testirg three cylnders A strengh time series
was defind & a sequercd tests comluctal & predetemined ages A full strengh time series
provided test & concree ages b1, 3, 7, 14, 28, 56 (or 90), 180 daysd 1 year. If a full series
were planned foa specific girder tisirequirel 24 cylinders In addition, cylhders wee needed
for the rapd chloride test Typically, the rapd chloride tesrequired 2 to 4 additionlacylinders.
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A series resuls from ead girde tha is cast A full or shortend series was utilizel for all
concree that wa cast A sunmary of the chronabgy o the concrete placemefor the girders
ard the deck fo each & the two bridges is providel in Tabke 3.1 A summal of the cylinders
cag ard tested fo each serg is also presentein the table. tlshoutl be noted thea each
fabrication two girdes were cast andas has beestated, tw serias for testirg were generated.

The instrumented girdsrrequirel additiond field samples Fa the® girders it was
decidel to produce tw series for each girder The fird series was curé overnigh a the
fabrication yad and subsequegtkransportd to the laboratoy ard moig cured for the entire
testirg period. Tis seris is definel as a laboratgr cure The secod series was ched a
compania cure ard thee cylindes wee cura with the girders The companion-curecylinders
were retrieved and brouglo the laboratoy just before they wee © be tested.

The precedig discussio preserg the generbphilosghy d the testig program There
were sone variatiors from this standat format With the firg trial mix (April 28, 1999) nine
15.24>x3048 an (6x12 inch cylinders wee cas ard testel along wih the 10.1620.32 ¢n (4x8
inch) cylinders It was observd tha there was litte if any differerce betwen the te on the
4x8 cylindes ard the tess an the &12 cylinders ard thereafte no alditiond 6x12 cylinders

were cast.

3.4.2 Field Sampling and Testing for Bridge Ded Concrete

The testig of the concrete fothe deck phcemen proceeded a little differently The routine
tess d slump ar content fresh uni weight, ad temperatur wee al® carriel out o the deck
concrete. It was decided to ctiect cylindess for five testig series The need fo five series was
arrived & by considerig the confguration d the decks Both bridges includel in the stuy were
three-span structuredt was decided 6 obtan a series ear tle midde o ead span and one
series eath & the bentsthis requirs five series The one-dg tes was nd run thus a series
consisted 621 cylinders Fou cylindess wee needed forapd chloride testig 0 the total
number & cylinders cane © 25 cylinders Fran this itis observd that 125 cylindex were cast
for each @ck The firstyear (brdgel) 12 beam® x 6 x 22 nch) were casard testel & age 28
days b detemine the moduls o rupture No beans weke casfor the secod year (brdge 2).
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Projected testing age

Rapid

Chﬁ)ride Total |[Type  ofl (P2Ys)
Casting/date Cylinders| Cyl. |Curé 1

1 [3 |7 [14 |28 |56 |90 [180]yr.

Bridge no 1 (B1)
Trial mix no. 1 yes 49 Laboratory |x |Xx |X |X [X [X X
April 28, 1999
Trial mix no. 2 yes 40 Laboratory |[x X |X [|X [X [X
May 4, 1999 Companion|x |x |X |X [xX [X
Girder Castig (G1) |yes 40 Laboratory [x [x |xX |X [Xx [X
May 21, 1999
Girder Castimg (G2) |yes 40 Laboratory [x [x |xX |X [Xx [X
May 24, 1999
Girder Castimg (G3) |yes 100 |Laboratory |x (X |[X |X [X |X X X
June 31999 Companion|x |X |X |X [xX [X X |X
Girder Castimg (G4) |yes 22 Laboratory X |- X [X
June 41999
Girder Castimg (G5) |yes 22 Laboratory X |- X [X
June 11, 1999
Girder Castimg (G6) |yes 22 Laboratory X |- X [X
June 14, 1999
Deck Trid Mix yes 19 Laboratory X X |X X |X
July 9 1999
Deck Pacement yes 125 |Laboratory X [X |[x |X X X |X
Augug 16, 1999
Bridge no 2 (B2)
Girder Castimg (G2) |yes 46 Laboratory X X |X [X X X |X
April 28, 2000
Girder Castimg (G3) |yes 46 Laboratory X |[X |X [X X X |X
May 9, 2000
Girder Castimg (G5) |yes 100 |Laboratory |x |[x [X [X [X X X |X
May 18, 2000 Companion|x |Xx |X |X [X X |X |X
Deck Pacement yes 125 |Laboratory X [X |[x |X X X |X
July 20, 2000

Note I A laboratoy cure s a standar moig¢ cure A Compania cure defines a series thevas

cured with the girder fo which the seriessirepresentative.
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3.4.3 Girder Fabrication

The fabricatin sejuerce at tle precastig yad bega with the prestressinsted being
tension@ on the prestressinbed. The prestresag beal was large enoughd accommodte up to
four girders Standad reinforcing stelefor two girdes was tiel in position on the bed The
forms for the® two girdes wee set ad the girdes wee fabricated Due  the amouh of
concrete required fothe two beamstwo concreg¢ trucks wee needed to diger the concrete.
Following tre placemenof two of the girders sieel was tied for two additiond girders forms
were set fo the® secod two girders ard concre¢ was phced This secod placememn was
normally on the followiry day afte the firg fabrication The full complemen of four girders
was curel on the bed uritsufficient strength wa obtaind 0 tha prestras coull be transferred
to the girders This typicdly was thiee days Prestres wa then transfered to the girdes and
the bed wa ckared The cyck then repeats Each bridge required 12 girdergherefore 6 girder
fabricatiors wee required.

3.5 Task 5: Prepare and submit instrumentation and evaluation plans for the HPC
decks and girders to the technicd panel for approval by Septembe 15, 1998.

The instrumentatio plan wa prepard and subntied to the DDOT on Septemhbe?28,

1999. Tke sare instrumentatio layou ard monitorirg was usel for both bridges Strairs were
measurd by ushg Geokm modé VCE 4200 vibrating we (VW) stran translucers These
devices measuwe stran ove a gage lengit of 1524 an (60 inches) In addition ® measuring
strain eadt vibrating wie tranglucer carries a thermisttha provides the function of measunng

temperatue in addition b strain Severa thermistos wee enbedded aselectal locatiors in the

bridge deck in orde to supplementhe temperature readiagha were beirg obtaine from the
vibrating wire translucers The generhlayou of the bridge showig the location of the

instrumentd girdes aml the layou of the deck instrumentatioae provided m Figures 344 and
3.45.

3.5.1 The Girder instrumentation:
The brdges incudd in this stug carried four girde lines d AASHTO type Il girdess on
three spans Two girdes in the ed span of thee structures wer selected a receive
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instrumentation In each bidge tke instrumented girderweke locatedn the norh end-span and
are the wesside edge girdr ard the adpcent intaior girder.

The girdes wee instrumentedtaher mid-span cross sectiog with four vibrating wire
transduces distributel through the deptof the girder The typical locatiors o these translucer
locatiors ae show in Figure 344. The lowes$ tranglucer wa located a few inclefrom the
bottom of the girder The tg translucer wa located & the approximag centrad of the top
flange elemenof the girder The remainng two were located approximatelytaequd spacng
betwea the tg and b&tom translucer Two companio shrinkag@ blocks ore for each girder,
152x152x304 mm (&6x12 inchey in siz were casteach contaimg a vibratig wire

transducer The® permited the trackirg of shrinkage strains.

3.5.2 The Deck instrumentation:

Eight deck locatiors wee selecteda receiwe vibratirg wire instrumentation The general
positiors d thes tranglucer Iecatiors ae provided m Figure 343. Fou of these were located at
the mid-spa of the norh end spa of the bridge The remaning four were located ovethe bent
centefine. Of the fou locatiors & mid-span two ame located dectly above the set of
trangluces in the girders The other two are located midwga betwea the girder lines
perpendiculato the longitudindaxis o the girders At the bent the two locatiors ae positioned
over tke gap betwen the girdey amd thus diectly abowe the stacked tean the bent the
remaining tvo are located midwsa between the girder lines.

The instrumentatio in a deck leation consiss d two vibratirg wire transluces one
positional in the plane bthe tgp ma of sted and the lower tranducer n the plane bthe bdtom
ma of steel A themistor located midwg between the tw vibrating wire transluces completes
this instrumentation See Fgure 345 for the generbhdetails showig typical transluce layouts
a the deck leations. D permi the trackirg of shrinkage strais in the deck concretewo
shrinkage block wee fabricated Each blo& contained a vibraton wire translucer.
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3.5.3 The bert instrumentation:

A stacked seof three tranduces wa placed n the gap beteen the wesexteria girders
a bent numbeone A scord stacked skof three tranduces was plaed n the ceoresponding
location & the adpcert interior girde line d the sane bent In each sick the lowes translucer
was located ear tle bdtom of the girder the top translucer wa located ear tle tgo of the
girder ard the middle tranducer wa located abou midway between the tp and bétom

tranglucers.

3.5.4 The Deflection measurements:

In orde to track the camber aoh deflection of the instrumented girderseferere points
for monitorirg deflection were establistieon each 6the instrumente girders. In the girdes for
bridge 1 five fll depth rods wee placedn the girder forrm ard cas into the girder The end
rods wee placel a the suppot points d the girder The remaning three rod were lacated one
a mid-span and othetwo & the quarte points o the span The lengtls d thee rods were
recorded g tha deflection measuremestcoudl be transferrd to the underside fothe girders A
three wie levelng technige was use to obtan relative elevatios of these reference points.
Initial readngs wee taken on thesrods priar to castig the bkeams Reading wee taken
immediatey afte prestres transfeboth on the bed and aftehe girdes wee removed frm the
bed Thereafterreading wee taken ticlose bu increasng ime intervas until a the curent
time, reading ae beng taken monthly.

After the deck wa cas the elevatiors wee taken fron the underside fothe girders At
tha time the reference pomitd the sippot poirt of the bears wee o longe available (The
ends d the girdes hal bea cas in the abutmenard in the behard thus wee integral pas of
these componen)s.Priar to the deck being cas permandnreferere poirt was establishe on
the abutment Essentialy this establishé the dmension between the reference pdiard the
suppot points d the girder.

With one nodification the sane procedue was followd for the secod seé of
instrumentd girdes for the secod bridge The change that veamad was instad @ five rods
being cas into theg girdes seva rods wee used The additionatwo rods wee positioned just
interior to the rods tha were located &the bean sat Iacations The® rods wee positiond so

tha ther lower ends woul jud clear tle face @ the abutmenor bert when the girdes wee set
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in place a the brdge This made tle lower end d these rod awilable for unde-side elevation
readings.

3.5.5 The Impedance measurements:

Devices wee fabricated thapermittel the measuremerof impedare d the concrete in
the deck The® devices wex patterned aftea device that #h DOT hal developed and used
in a previos brdge structureEach impedace device consistedf two stainles steé pardlel
plates gpaced 561 mm (20 inches) apart Wires that permitted the energig o the circut were
attached to each plateThe plates a& 25 mm (10 in) wide by 50 mm (20 in.) long. The
spacng betwea the plates wamaintaind by ushg two blocks d polyethylere attacheda two
pieces d acrylic plastic. Tl stainles steé plates wee in tum atached ¢ the acrylic plastic
plates.

A totd of six devices wee embeddednithe deck bead bridge Of the sk devices,
three were locatedhithe eashaf and three wee located n the wes haf of the norh span of
ead bridge Devie one ad two were shcked vergally with the number om devce beng
located n the plane bthe bdtom ma of sted and devce number tw being located in the plane
of the tgp ma of steel The third devce wa located n the plane bthe tgp ma of sted but
severafeet fran the other tw devces This sane patten was usel to locate the other three
devices i.e. two devices wee stacked vertidy and the thid devce wa located sevetaeet
from the first device.

3.6 Task 6: Attend preconstruction meeting(9 to ensue the HRC mixes sampling and
testing instrumentation, curing methods and monitoring are undersbod by all.

Both Investigatos arml graduat¢ sudens from SDSM&T ard SDSJ attende the
prestraseal girde trial mixes am bridge deck triamix in which SDDOT engireers the concrete
supplier ard the prestresskgirde supplier participated The first girder trial mix was dore on
April 28, 1999 and # secod tridd mix was dore an May 4, 1999. Additionatrial mixes were
performel unil the approprisg mix wa seécted to tk satisfactia of all concerned This final
trial mix had the required frels and harderte concre¢ properties ah thee were vey minor
variatiors from the origind recanmendé mix. In the trid mixes ard the actubdmix usel for the
twelve brdge girdes a silca fune slurly was use insead d the condensg silica fure powder
used n the laborator trial mixes.
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The researis team fran SDSMT reached té site at 9:0 AM and md the engieess from
SDDOT, W.R.Giace, Concret Materials Gage Brothes am the resears team d the South
Dakota Staé Universiy (SDSU) & the concrete materglplant The storag tanks containng
the silica fune slurly were inspectedThe silica fune slurly was beng stired for 15 minutes per
hou in the tank The mix proportim was ageed upa and 5 cu.yd. foconcree was mixd in the
mixing plan of Concree Materias ard then transportd to Gage Brotherby transi mixer.

The concrete was testdy the Gage BrotherpersonnelThe ar-contert was fourd to be
12% anl the slunp was fourd to be 140 nm (55 inches) To increas the slum to 178 nm (7
inches) 140 ouwkes d high rang waster rducer wa alded into the truck thoraughly mixed for
2 minutes A sampé o concree was take again and testedrf@ir conten ard was fourd to be
12%. Therefoe the mix was regcted.

The secod mix reached te Gage Brother plart a 11:20 AV and was testd for air-
contert ard slump. Tle slunp was fourd to b2 121 mm (45 inche} ard the ar-contert was
7%. To increa® the slump 140 oures ¢ extra high rang water rducer wa aldel into the
truck and wa thoraighly mixed for 2 minutes A sampé d concree was take again and tested
for slunp and ai content The slunp was fourd to ke 178 mm 7 inche$ ard ar-conten was
fourd to be 6.5% The samping d the concrete was denby reeard teans from SDSM&T,
SDSU Gag Brothes amd DDOT. The slunp and aicontert were tested by # SDSU
researb team ad was fourd to ke 178 mm T inche$ ard 6.5% respctively. The SDSM&T
researb team casted 16 cylinderto be tested fo compressie strengt and chloride
permeability Two girdes wee cast The concre¢ wa vibratel using a gud vibrate and
covera with we burlap The girdes wee covered wh burlgp ard moistue was supied
through soakehose to maintan 100% hunidity. The humidity-temperature sensowvee placed
under tle burlap neito the concrez to monita the humidity condtions contiruously.

During the trid mixing, the sane field quality contrd testing as it would be dore for the
final girder manufcturing ard bridge placementwas done The samplng, testing, curing
methods instrumentatio and monitorig were discissal and # concernel ageed m these
procedurs 1 be followed The bridge deck triamix was dore an July 9, 1999.

Dr. Ramakrinan attendd the pre-pou constructio check fo the secod bridge deck
on Wednesdga July 19, 2000. Th DDOT engireess wee checkig the reinforcemeindetals,
the potentibdeptts o deck sld when finished ard the potentiacrown in the deck slablt was
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fourd tha they had to geé differert chairs The mix proportios wee changed fothis deck.
Silica fume was ontied and flyal was added & a replacemeénfor cement The actual mix

proportiors © be used wer discissal ard finalized. Tke mix design uskfor this deck s given

below:
Mix Proportions for 1 Cubic Meter for 1 Cubic Yard
Cemen (Lehigh Type II) 349.87 kg 590 Ibs.
Fly ash (CoalCeek ND) 74.53 kg 124 Ibs.
Wate 151.22 kg 255 Ibs.
Fine ggregate (sand) 724.65 kg 1222 Ibs.
Coare aggregae (rock) 968.96 kg 1634 Ibs.
Percert air 6.5 6.5
Wate reducer (WR-91) 8510 nilliliters 220 oz
Water/C+HA ratio 0.357 0.357

3.7 Task 7: Purchase and install the goproved bridge deck and prestressa girder
instrumentation for the trial as wel as actud HPC Placements.

The two instrumentd girdes for bridge 1 wee fabricated o June 3 1999. The
instrumentatia for the® girdes was instdled ove a caiple d days precedng tre fabrication of
the girders The deck fo bridge 1 wa phced @ Augug 16, 1999. Th instrumentatio for the
deck wa instdled ove a three-dg periad from Augug 10 through Aigug 13.

The instrumented girdsrfor bridge 2 wee cas on May 18, 2000. The instrumentation
for the® two girdes was instdled starting a cople d days ahed of the actual fabrication The
deck fa this secod bridge wa cas on July 20, 2000. The instrumentatio for the deck was
instdled ove a peria of severddays just pecedng the placemeinof the deck @ July 20, 1999.

3.8 Task 8: Attend the contruction of a trial slab on grade utilizing the recommended
HPC mix for th e bridge decks Conduct the sanpling and testing for the trial placemert as
approved in Tasks 4 and 5 abve As a resut of the trial, recommend necessgrHPC mix
desig alterations.

The constructia of the trid slab on graé utilizing tre reconmende HPC mix for the
bridge deck was carried dwn July 9 1999. Boh Dr. Ramakrishna and Dr Sig were present

during the trid slab construction. Té objective wasad teg the performane d the mix and to
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obsere the &ectiveness bthe proposed foggm ard finishing equipment A shot section of

the trid slab concre¢ was phced @ the existig intersta¢ pavemenapproximately one-half
mile souh of the bridge constructiosite It was detemined thd the plastt propertis d the mix

were satisfactory The finishng equipmenhwas detemined to be satisfactor but the fogging

equipmen was nd quite perfoming as expected Modifications wee suggestd ard it was

expectd tha with modificatiors the fogging equipmetwould perfom satisactorily. The SDSU

researb sampld and testé the plastic concrete approved in Tasls 4 anl 5. Basd on the

satishctoy performane d the mix durng the trid placement the find mix desigh was

approved. M change o alteratiors wee recommaded for the mix.

Dr. Ramakrisinan visited the sla site ar inspected tle trid slab on Juy 22, 1999. There
were o plastc shrinkage cracksThee was a longitudidacrack ove the entie lengh of the
slah This clack wa abot 7 nm wide It was immediatel aboe tre centeiine joirt in the slab
below. This lookd like a reflection crack which was due ¢ the thermastress aa migh have
been due b the dryng shrinkage.

3.9 Task 9: Attend the construction of the HPC bridge declks and prestressed girders.
Conduct sampling and testing & gproved in Tasks 4 and 5 albve In addition, record
weather canditions, evaporation rates (n the deckg and obsene and record construction
methods.

The girdes for bridge 1 wee fabricated two taa time with the fird sd fabricated @ April 28,
1999 and th lag sd on June 14, 1999. Conceeplacemen was by crare ard concre¢ bucket A
phob of this activity is providel in Figure 346. The concrete was sampleand testé as
approval in Tasls 4 and 5. Té detds of the cylindes cas ard tesed are providechi Tabk 3.1.
The deck plaemen for bridge 1 wa comucted on Augug 16, 1999. Th weather wa abot as
goad as coutl be expected during ¢hplacement The high temperature for the day were in the
middle 80" s Thee was littt a no wind during tle time that tle deck wa phced Several
measuremestwee made brelative humidiy with the average value dugrplacemet beng
arourd 60 pecent.

The placemenhbegan abou 5:00 p.m & the norh end @ the bridge (Trs is the
erd of the bridge that carrig instrumentation.)A picture d the deck phcemen activity as it
approached
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Figure 3.46 Castirng ore d the girders for bridg e 1.

the instrumentatio sction of the deck $ give in Figure 347. The wok was finishel between
8:00 and 9:00 p.m(An exact time wa nd recorded.).

A conveya systen was usel to plae the deck concretdhe foggirg systen wes used The
work proceeded smoothland without incident. One note shoul be made. # tke work
apprached completio nea the souh end & the brdge it was detemined tha the slunp was
too high this raisel corcem abou maintainng the pavemencrown Becaus d this cortern a
couple d loads o concree wee rejected Cylinders wee prepared frm the deck concret as
detaled in Tabk 3.1.

Curing consisted bwet burlgp topped wih a plastic coverat preveh evaporatio of
watea from the deck Somne d the burlap thewas phced @ the deck ws nd fully saturated
prior to being paced @ the deck A soake hos was use unde the burlap in orde to keep the
deck continuouglwet.
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Figure 347 Deck placemert on bridge 1.

Furthe commen need © be made concerninthe foggirg equipment The fogging
nozzles wee o high abowe the deck to b completly efective. If the nozzés had beel © 1.5
feet lowe they would hawe be& momre effective. Thex was a delain gedting the fogging
machine operational All in all, it is had to sy how effective a ineffective the fogging
operation was.

It shoutl be noted thtaconsiderald effot was expendeé on the develpmen of the
fogging equipmentna only by the contractas personel bu alo by the personneof the
SDDOT. The eguipment jus did na work exacty as expected.

The girdes for bridge two were fabricated owethe peria between Apil 28, 2000, and
the e of May 2000. Tl SD3J resarch personhattendel haf of the girder fabmatiors for
the secod bridge The dates bthe fabricatios dtendel and tle number bcylinders taken are
listed in Tabk 3.1.

The deck fo bridge 2 wa plhced @ July 20, 2000. The weather fothis phcemetwas
very good The high temperature for the dgy were in the hidn 70° s The wind was blowng but
it was ro mor than a breeze. &helative humidiy was nd recorded.
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The concrete fothis deck wa plced by concretpump The wok bega & 10:45 a.m.
with the arrivhof the firg truck The wok proceeded frm the souh end & the brdge b the
north end (Tle transluces ae locatedn the norh span.) It progresseal slowly a times bu the
minimum rake o deck placemenwas met No significart problens developéd during tle deck
placement The lag concrete was pladeg 3:50 p.m.

The curirg conditions wez the same as wbén the firg bridge Concreg cylindes were
cag as detded in Tabk 3.1.

3.10 Task 10: Revienv and evaluate two curing methods an the two bridges in 1-29. One
deck will use PDOT" s standard method d curing and the £cand will utilize a soakd 1"
cotton blanket backed with polyurethane in lieu of the burlap. Basel on the findings from
the curing methods recommend a curing methodd be use& which is believel to give the
bed product.

A supplier could na be located fothe polyurethane dton blanke which was plannd as
an alternatie curirg method. Fothis reasm the $DOT' s standad methal of curing was used
for both bridge decks This standat curirg method utilize we burlgp covered wit plastic.

Soake hose ae used undethe burlg to suppy wate to the burlg ard keep i moist.

3.11 Task 11: Conduct performance tess d hardened concrete o the cdlected field
samples for the bridge deck and the prestressel girders as @proved in Taxk 4.

In totd for the two bridges 796 cylindes wee cast Fou hundrel seventy-nine were
cag for the firg bridge while 317 cylindes wee cas for the secod bridge The diferent
numbe betwea the two years is pimarily due b the fact thatwo trial mixes ard a trid deck
placemenwere completed th firs year, bu the® tasls wee nd pat of the wok the second
year. Sample wee taken fron each girde fabrication the firg year, bu in the secod year
sampls weee taken fron only half of the girder fabrications Of the total cyinders (796), about
92 cylinders wee assignedot the rapd chloride test In total 701 cyinders wee tested in
compression To document # modulus belasticity, 102 test wee peformed 49 the fird year
ard 53 the secod year.
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3.11.1 The Rapd Chloride Permeability Test

The rapd chloride permeabilt tes was dore at tle SDSM&T Civil Engineerng
Laboratoy on dl the samples supplieby SD3J and tre resuls ae given in Tabke 3.2 The test
was counuctal s pg ASTM C 1202 A totd of 60 specimens fim the constructia of first
bridge n 1999 wee tested.

Table 3.2: Individua | 90- day Permeabilitie s of th e Specime ns Obt ained fro mSDSU

Specimen Total Charge Specimen Total Charge
Source “ Passed Remarks Source # Passed Remarks
(Coulombs) (Coulombs)
Girder
Trial Mix 1 T™ 1-38 146 One Truck Fabrication 6 G6-10 58 First Truck
™ 1-39 178 G6-11 51
T™ 1-40 160 G6-21 71 Second Truck
Average 161 G6-22 65
Trial Mix 2 ™ 2-21 109 One Truck Average 61
Deck Trial
T™ 2-22 105 Placement DT-16 543 One Truck
™ 2-23 112 DT-17 553
™ 2-39 100 DT-18 629
™ 2-40 117 DT-19 508
Average 109 Average 558
Girder Deck
Fabrication 1 G 1-19 43 First Truck Placement D1-22 281 Sample # 31
G1-20 41 D1-25 323
G1-39 41 Second Truck D1-23 323 Sample # 33
G1-40 42 D1-24 342
Average 42 Average 317
Girder Deck
Fabrication 2 G2-21 66 First Truck Placement D2-22 359 Sample # 34
G2-38 76 Second Truck D2-23 414
G2-39 74 D2-24 535
G2-40 82 D2-25 534
Average 75 Average 461
Girder Deck
Fabrication 3 G3-49 72 First Truck Placement D4-22 625 Sample # 35
G3-50 68 D4-23 654
G3-99 64 Second Truck D4-24 581
G3-100 70 D4-25 622
Average 69 Average 621
Girder Deck
Fabrication 4 G4-10 57 First Truck Placement D5-22 300 Sample # 35
G4-11 57 D5-23 484
G4-21 74 Second Truck D5-24 432
G4-22 56 D5-25 355
Average 61 Average 393
Girder Deck
Fabrication 5 G5-10 108 First Truck Placement D3-22 439 Extra
G5-12 64 D3-23 582
G5-21 71 Second Truck D3-24 482
G5-22 79 D3-25 560
Average 81 Average 516
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The girdes for the secod bridge wee fabricated o April 28, May 9, ard May 18, 2000. The
bridge deck wa constructe on July 20, 2000. Speuers mae from the actal concrets usel in
the six-girder fabigation and tle brdge decka total 32 spemens weke tested and éresuls are
given in Tabk 3.3

3.12 Task 12: Periodically colled the data from the instrumentation and condud visual
condition surveys d the constructel HPC brid ge girders and decks & approved in Task 5.

The instrumented girdsrfor bridge 1 hae be@& continuoust monitorel exceg for two
interruptiors sin@ they were cas on June 31999. The firg interruption occured while they
were transported fnm the prestressg yard and dein place at tb brdge site. Th second
interruption occured when the data-loggm compute failed in Septembe of 1999. The
instrumentd girdess from the secod bridge experienced gnbne interruptiontha interruption
coinciding with the tme that tle girdes were transpoed aml erecte into locatian & the brige
site.

The intervad at which the sensarhawe be@ read ha varied Generally, a clasinterva of
5 to 10 minutes was use during periods whe detal was desired ard a longer itne interval
betwea readings when long-tem informatian was desired The time interva for obtainng
long-tem informatian wes seécted a& 30 minutes.

The intervd between theitmes thd the data wa downloaded frm the conputea has also
varied Eally in the life d the girders the dat was downl@aded ever few days This coincded
with retrievng compania cylinders a taking deflection reading on the girders As the girders
aged the interva betweean the dow loading ¢ data was inceased Orce the brlges were
complete the data was downloadeorce a month At thee monthy visits, in addition to
downloading dta deflection ard impedare readigs were recaded.

The fundamentlecontrd in the loggig of the dat is the clock n the data Igger At the
sekcted incremenof time the comute pdls the translucer arrg ard record the data. Athe
conclusian of the pdling of the translucers the conpute record the clock tme at whid the
data was taken This clok time carespong © the total dag sirce the compute clodk was set
ard the hou minute aml scord into the curent 24-hou period The record contain
temperature in Celsis degees ad the gjuae d the naturéfrequencies o the wires n the
vibrating wire translucers This is the data thats downloadd from the conputer.
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Source Date Cast Comment Sp.no | Permeability | Remarks Source Date Cast |Comment| Sp.no [ Permeability | Remarks
Girder Deck South
Fabrication 2 |April 28,2000 |First Truck |Y2-G2-22 100 Very Low | [Placement |July 20,2000 |Bent D2-22 676 Very Low
Girder Deck South
Fabrication 2 |April 28,2000 |First Truck |Y2-G2-23 110 Very Low | [Placement [July 20,2000 |Bent D2-23 620 Very Low
Deck South
AVG 105 Very Low [ |Placement |July 20,2000 |Bent D2-24 941 Very Low
Girder Second Deck South
Fabrication 2 |April 28,2000 |Truck Y2-G2-45 80 Negligible | [Placement [July 20,2000 |Bent D2-25 593 Very Low
Girder Second
Fabrication 2 |April 28,2000 |Truck Y2-G2-46 95 Negligible AVG 708 Very Low
Center of
Deck Middle
AVG 88 Negligible | [Placement [July 20,2000 |Span D3-22 1548 Low
Center of
Girder Deck Middle
Fabrication 3 |May 9,2000 [First Truck |Y2-G3-22 71 Negligible | [Placement [July 20,2000 |Span D3-23 1396 Low
Center of
Girder Deck Middle
Fabrication 3 |May 9,2000 [First Truck |Y2-G3-23 68 Negligible | [Placement [July 20,2000 |Span D3-24 1279 Low
Center of
Deck Middle
AVG 70 Negligible | |Placement [July 20,2000 [Span D3-25 1394 Low
Girder Second
Fabrication 3 |May 9,2000 |Truck Y2-G3-45 93 Negligible AVG 1404 Low
Girder Second Deck North
Fabrication 3 |May 9,2000 |Truck Y2-G3-46 76 Negligible | [Placement [July 20,2000 |Bent D4-22 1219 Low
Deck North
AVG 85 Negligible | [Placement [July 20,2000 |Bent D4-23 1157 Low
First
Girder Truck,Moist Deck North
Fabrication 5 |May 18,2000 (Cure Gb5A-25 86 Negligible | [Placement [July 20,2000 |Bent D4-24 1417 Low
First Truck,
Girder Companion Deck North
Fabrication 5 |May 18,2000 |(Cure G5A-50 93 Negligible | [Placement [July 20,2000 |Bent D4-25 1436 Low
AVG 90 Negligible AVG 1307 Low
Center of
Girder Second Deck North
Fabrication 5 |May 18,2000 |Truck G5B-25 90 Negligible | [Placement [July 20,2000 |Span D5-22 877 Very Low
Center of
Girder Second Deck North
Fabrication 5 |May 18,2000 |Truck G5B-50 87 Negligible | |Placement |July 20,2000 |Span D5-23 944 very Low
Center of
Deck North
AVG 89 Negligible | [Placement [July 20,2000 |Span D5-24 1052 Low
Center of
Deck Center of Deck North
Placement July 20,2000 |South Span D1-22 844 Very Low | |Placement [July 20,2000 |Span D5-25 1079 Low
Deck Center of
Placement July 20,2000 |South Span D1-23 654 Very Low AVG 988 Very Low
Deck Center of
Placement July 20,2000 |South Span D1-24 827 Very Low
Deck Center of
Placement July 20,2000 |South Span D1-25 804 Very Low
AVG 782 Very Low
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After the raw dad was downloadedt was pracessd through two prograns  produce a
standad recod containng a calendar datea clock ime, strains, ad temperatures To this
standad record in addition o thee elementsis alded a ime variabls thd record the age, in
days of the girdes ard the deck The® record pioduce aitne seris tha was subjectd to
severacycles o analysis.

In orde to provide a generadea d the anourt of data beirg gathered and catajoed,
conside the following. In a complete bridge there are 32 vibratingewtransluces ard 10
temperatue sensorsEach vibrating wie tranglucer yield temperatwe ard the natural frquency
of the wire in the tranducer In totd 74 pieces o information are recordedtaeach ime interval.
In addition, 1 takes five pieces d information to provide calendar informatioand tke clock tme
for the record It requires two variables © log the age 6the girdes aml the deck In totd 81
pieces d information are logged in eat recod with a recod beirg loggel evey 30 minutes.
The total amounof data catalgued pe bridge per gar 5 obtaine by multiplying 81 peces of
information pe record times 48 ecords pe day, times 365 dag pe year whid resuls in more
than 1400000 peces d information Actually, ths is tre minimun sine there wes tmes for
both the girdes am the deck wha close spaced eading wee taken Though ths mg na be
considerd to ke a luge anourt of datg it is signfi cant.

To dak the tranduces hae performed ver well. In bridge one w hae log the
temperatue sensp on one vibratig wire translucer In bridge two ore vibratirg wire strain
tranglucer ha qut working The temperatw senso associatd with this transducersi sill
functioning As thi indcates the translucer array ae perfoming very well.

On July 20, 2000, jusprior to the deck phcemenfor bridge 2 Dr. Ramakrishna and
project monit@ Mr. Dan Strand conducted a viduaspection of the deck fo bridge 1 Both the
undersie ard the tap of the bridge deck wer inspectedA few photograph wee taken.

There were a considerable numbdrasacks on batom side o the slab The® cracks
were transverse craskextendig rearly the entire widh of the slab The crack spacing was
approximately 3 to 5 m1Q o 15 ft) apat in the ed spans In the middle spa the crack
spacngs wee mud closer In neary evely corne created by th girder neetirg the abutment
diagona cracks extendd from the girder © the abutmentin sone cases multigl cracls o this
type existed The® cracls were restraing shrnkage cacks.
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On the t@ of the deck thee were a few tim transvers cracks The® were no clearly
visible. Thee wee a number focracks an the JersgBarrier. The® cracls ae considered to be
restrainé shrinkage crackssone cracls observd on the barrier hé extendedd the edge bthe
deck slab The® were thinner cracks.

Visud condition surveys bthe decls wee completed an both bridges shorty before they
were openedd traffic. The® surveg notel a goa numbe of fine cracls extendig transverse
to the longitudind axes o the brdges They were more easjyl observe cloe © the Jersey
Barrier bu because tthe tining, dfficult to trace inb the interia of the deck.

Significart cracks wee noted a the undersidefdoridge 1 n Januay of 2000. These
cracks wee observed to é weepig moistue indicatirg thad wate was seepig out d the
concrete In Januay of 2001, a snilar condition though with fewe totd cracks was not&l on
bridge 2 Due b the heay traffic on theg brdges no top-siek inspectio has bea carried out
on theg brdges sirce the two surveyg thda were cormuctal jug before the brilges wee opened
to trdfic (excep as notel above) A visud survey of the under sid d both bridges was
corducted in Augug of 2001. Thes resuls will be discisseal late in this report.

3.13 Task 13: Basel on the data collected fran the instrumentation as wdl as the
condition surveys evaluate the performance éthe HPC bridge girders and decks.
3.13.1 The Girders:

The readerd refered to chapte4 for the complete reswdtamd conclusionsbu selected
summary information will be presented hereln orde to evalua¢ the girdes ore mus look at
severaparameters.

The fird is comprssive strength Fa a prestresske apgication high strengh is of
primary interest The instrumented girderexhibited a 28-dg compresive strengt rangng
from a lowv of 91.0 MPa (13200 ps) to a high of 1082 MPa (15,690 psi) If one conputes the
statistics on the 28-dg compressive strengthsthe resuls yied a mea of 99.3 MPa (14,400 psi)
and a standdrdeviation of 6.83 MPa (990 psi) The rato of the standat deviation to the mean
defines tle coefficien of variation which, n this case,d 69 pecent This indicates a w
controlled pracess.

It gppeas thd these strendt resuls can be achieved \nitreasonald exgectation If one
assume thd acceptace test were as is tte cag in this report mace up d three cylnders
averagd to produce a singlresulf ore can arrie at tie desig strengt & follows Takirg the
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position tha one expect 95 pecert of the 28 dg teg resuls o be above the specified design
strength the desig strength 6this mix coudtl be set 8883 MPa (12800 psi) or conservatively
at 82.7 MPa (12,000 psi) This assumes théhe tes resuls ae normdly distributed.

A secord parameteis the malulus d elasticity It is importam tha the moduls of
elasticity be able ® be predicted wh reasonald accurag during the eary age d the concrete,
normally within the fird 28 days It was fourd in this reseaire tha the moduls wuld be
predictal with acceptald resuls by the AQ 363 equatia if one chang is made (This equation
is given ealier in this chapte as equation 32 unde tak 3.) This chang is in the constan6890
MPa (1000,000 psi) It is recanmendd tha this constah be replaced wit 13800 MPa
(2,000,000 psi).

The girder concret demonstrated a 28ydaverag@ moduls (al test9 resut of 49,600
MPa (720 x 16 psi). A high modulus for the girder concrete resuitin increase girde stiffness,
which hels contrd short-term a wel as long-tem deflections Both the shartem ard long
term deflection basé on the data to date, are considered acceptable.

A third pararete is the defectiors exhibited by the girders This includes the immediate
deflection praduced & transfe ard the addition& deflection tha develops with time. The
maximunm cambe reached by girdeG5-A, bridge 2 was 318 mm (125 inches) The camber
exhibited by its siste girder, G5-B was 300 mm (118 inches) The two girdes from bridge 1
exhibited maximun cambes o 254 mm ard 23.6 nm (1.00 aml 0.93 inches).

If one makes use fothe somemmesrefereed L/360 parameteas a Imit of
serviceability this calculatio yields a maximm deflection of 45.7 mm (180 inches) The L in
tha expressia is the spa length. Wih the deckn place theg girdes ae nd exhibiting any
tendeny to develop significanaddtional long-tem deflections.

A fourth parameteis shrinkage The eary age shmkage first 100 days, ws.obgrvel to
be abow 150 pefor the girdes o bridge 1, ard about 200 pdor the secod sé of girders that
wert into bridge 2 The standat equatios tha are reconmendé by the AC would yield
esimates o shrinkage 4100 day o abaut 400pe. Thus it is observd tha this is belav the so-
cdled standard concretdt is known tha silica furre increass the tendeng for the concreg to
shrnk. The dat shove thd there is inteaction with the e@vironmen ard afte the early
shrnkage occus tte shrinkage does haontinlte o increase. tl gopeas thd thele ma be a
long-perial cyck that § dfecting the later-ag shrnkage The readers refered to Figures 4.9
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through 4.12 in Chaptel. The shrihkage &hibited ty the concre in trese girdes is considered
to be wdl within design limits.

The lag parametetha is importam in assessig the performance fathes girdes is the
time-dependenloss d initial prestress. T initial prestres resultd in an averag compressive
stran of 425 pein the tw girdes for bridge 1 ard a value 525 pe in the girdes for bridge 2.
The losses, ovethe time that tle girdes wee storedn the prestressinyard, wee abot 5.9
percert for the girdes in bridge 1 ard about 14) pecert for the girdes in bridge 2 Additional
long-tem chang after tle deck wa plced $ nd noted in bridge 1 In bridge two an additiond 5
percert loss @wcured from the ime that tle deck wa phaced untithe brdge wa ore year old.
No aditiond data is availabé for this brdge Adding theg values resuls in a lsss d 5.9
percert ou to two year for bridge 1 ard a losss d 19 pecert in bridge two for the firs year.
The® valus b na include the #ect of shrinkage bu do include tle combined #ect of creep
ard relaxation Low relaxation strand wa used s the loss due to relaxation is small.

Overall, tre performancefdhe girdes is pdgel to ke excellent.

3.13.2 The Decks

Two differert types d concree mixes wee usedn the decls for the® two bridges A
silica fume mix wa usel in the deck bthe firg bridge anl a fly adhh mix was usel in the deck
for the secod bridge The achievemenof high concreg¢ strength was no the majo objective
when selecting tB mixes for the® two decks Neverthelss, fairl/ high compressig strengths
resulted fron the mixes tha were employed An averag 28-dg compressig strengh of about
488 MPa (7070 psj was attaind in the silca fume mix ard a 28-dg compressig strengh of
466 MPa (6760 ps was dtained with the fly adhh mix. At 90 days the silica fume mix had
attainel a compressive stremgof 53.4 MPa (7750 ps while the fly ash mix reached te same
strengh exhibiting a value 65357 MPa (7770 psi) Thus the strength wee vely comparable
in thee two decks.

Of major interest is the shrnkage potentieof these mixes Two shrinkag blocls were
cag from eatr mix. The two blocks o the same concrete esselyiaexhibited the same
shrinkage history If one arbitrariy defines the shrinlage ttat takes @ce n the first 100 dag as
the eary periad shrinkagethe silica fume mix exhibited a maximustran of 240 pe, while the

fly ash concre¢ exhibited a maxinm stran of 150 pe Fram this it is observe tha the silica
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fume mix exhibited 1.6 tmes moe shrnkage in the first 100 dag as the fly ah concrete This is
very significar as i reflects tre relative tenderncfor shrnkage crack to occur.

Deck surveyg wee comuctel in Augug 2001 b asses the crack develpmen tha had
occured in theg bridges Theg surveg wee comuctel on the undersid d the bridges.
Summary dat s presentd in Tabke 412 in chapte 4. The resul of this surveg yielded an
average crack spacind .37 m (45 fee) in the sili@ fune deck and a spag d 2.32 m (7.6
fee) in the fiy adh deck The ratb of 232 b 137 is 17 ard is essentidy the same as thratd of
the shrhkage that hebe@ cited This ma be a coinciénce bu it can be agued that th clack
spacng is indcative d the shrinkag strains Neverthelss, tle crack spacing datsuppot the
shrinkage data.

A significart numbe of stran transluces wee embedde in each dthes decls (Thirty
two). Half of the trangduces wee embeddg & the middle @& the norh span 6thes brdges.
The other hdlwere embedde & the first bert from the north ed d the brdges If one factors
out the shrhkage strai and snply consides an overdl average the silica fume mix yield an
avera@ tensile strai of abou 160 peat mid-span and & averag tensile strai of 420 ueat the
bent Pardel values for the fly ash mix ae 60 pea mid-span and 250 psove the bent The
actual dat from which theg figures hae be@ taken is presentg in Figures 420 and 4.21 in
Chapte 4. The® numbes supparthe generhobservatio tha more cracking is likely to show
up in the dica fune deck wha compard to the fly ash deck.

Based o this data the fly ah mix is deeméd bdter for deck ug than the silia fume mix.
There s gparenty no econaonicd way to dfectively contrd the shrnkage ard thus the

tendeng to produce @acks in the silica fune mix.

3.14 Task 14: Determine the cos difference fa the HPC decks and girders as compared
to coss for SDDOT presert design.

The information abou the cos$ of the HRC girdes am bridge decksard the normal
girders amd bridge deck was supplié by Mr. Hadly Eisenbeisz Office d Bridge Design,
SDDOT. In the HRZ bridges constructe as pat of this researt 4 prestresel girdes (AASHTO
Type II) were usd pea spa instead ¢ 5 as s dore for similar bridges in SODDOT. In HPC
bridges the girdes wee spacedta3.48 m (11 ft-5 inche¥y ard the deck thickngs was 22 an (9
inche3 wherea in the DOT preseh design the girder spacig woutl be 272 m (8ft1l
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incheg ard the deck thicknss would be 21 en (825 inches) Far the HRC girders the design
compressie strengh was 683 MPa (9900 psj with a strendt of 56.9 MPa 8250 ps) required
before strad rekase. Th use 6HPC allowed designes o reduce te number dgirders in each
span from five o four, howeve there was mincrea® in the thicknes o the deck and therefore
an increased quangtof HPC deck concreteA comparisa of the coss for the girdes aml decks
for the HRC in the year 1999 and 2000,dathe presenSDDOT desig prestresal girdes and
decks is given in Tabk 3.4

Table 3.4 Cost Comparison

Conventional High Performance | High Performance
Concrete Concrete (1999) Concrete (2000)
Girders $94, 778.75 $50, 459.2 $91, 660
Deck $72, 587. 27 $81, 972 $85, 536

In the fird year, the prestressk girdes wee purchasg by DDOT directly from the
fabricata (Gage Brothes) ard the secod yea the contracto purchasd the grder from the same
fabricata (Gage Brothery ard instdled & almost twee the costThe cos of the girdes were
less fa bridge 1 becawsthe hil itens wee set up to remavary risk to the contractorThe fact
that the contractohad no risk possiby was the caus far the reduction in girde cost Theefore it
is difficult to compae the actual unit cosf the HRC girdes with tha of the standat girders It
can be fairy assumeé tha the unt cog of the HRC girdes ard the standat concreg¢ girders
would be the samin the future as #hfabricato ard contracto gan enaigh experiece n the

Table 3.5 Total Cost Comparison

1999-First Year Bid | 2000-Second Year
Cost Bid Cost
Conventional
Concrete Bridge
Girders $94, 778.75
Deck $72,587. 27
Total $167366.0
HPC Bridge
Girders $50, 459.2 $91, 660
Deck $81, 972 $ 85, 536
Total $132431.0 $177196
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use o HPC girders The HRC for the 1999 bride deck consistefllmth silica fune am fly ash,
wherea the HRC for the 2000 bridge had onfly ash & partidreplacemenfor cement HPC for
both decks gae an averag compressive strerghighe than 483 MPa (7000 psi) The required
compressie strengt for the deck wa 31 MRy (4500 psi) If this highe compresive strendt is
usal in design, ta HRC deck thicknas ould be reducedThe cos of the 1999 HE deck was
$345/cu.y and tle 2000 HZ deck wa $360/cu.gl even thaugh silca fume was noincluded in
the mix Thee was a 48 pecern increa® in the uni cog between the 1999 and 2000 deck
concreteswhich can be considered anflation cost Therefoe it can be stated thdoth HPC
with and without gica fume would cog the same. Té co$ of normd concree in 1999 was
arourd $312/cu.yd.n the log run the HRZ cos may cone down when the concretcontractor
gairs enaigh experiencenithe praluction and ue o HPC. The total cemeincog in HRC is less
than for the normé& concrete The total cos comparisa of the HRC bridges in 1999 and 2000,
with a typica SDDOT prestresal girde bridge constructkin 1999 § showm in Table 3.5

In the year 1999, ehgirder coswas wel below the average (nornhaoncret¢ ard the
totd bridge cos was also below averagbecause fahe reasos statd above The cos of the
girders wee les for bridge 1 lecaus the bd itens wee set upd remowe ary risk to the
contractor The fact that th contracto had no risk possiby was the caus for the reductio in
girder cost When comparing tb HRC superstructue with 4 lines d girders o a more
conventionad bridge with 5 lines o girders the HRC superstructue co$ was abotr $ 5700 more.
The thicker éck due @ the wider girder spang had a higher cosf arourd $5800 ad the deck
groovirg added addition& 5400. Tie ore les girde savel ebout $ 12,500 bithe highe priced
thicker deck negaté tho® savngs Therefoe for this particula bridge the cos$ of the
superstructue was tle same o a fird cost bas for both the HRC bridge ard the nomal concrete
SDDOT presendesig bridge Howeve the life cycle cosmight be cheaper fothe HRC bridge

becaue d the anticipated longdife am reduced maintenaecost.

3.15 Task 15: Recanmend mix design testing and construction guidelines for using
HPC in prestressel girder and bridge deck gplications base o results observel from this

study.
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3.15.1 Recommended Mx Design

Basal on extensie testiry of trial mixes ard analyss o the resuls as give in Tak 3,
the following mixture proportios wee recoanmendéd for the high strength HE for prestresed
girders ard HPC mix for the bridge deck using kta fume.

315.1.1 Recommendd Mixtur e Proportions for Bridg e De& Concrete:
(for Quartzit e Aggregates)

Cemen Type 111 303 kg/m (511 Ib/cu.yd.) 0.073 ni (2.58 cu.ft.)
Fine Aggregaée 652 kg/ni (1100 Ib/cu.yd). 0.190 n? (6.70 cu.ft.)
Coare Aggregaé 1023 kg/ni (1725 Ib/cu.yd). 0.297 nt (10.51cu.f)
Wate 157 kg/ni (264 Ib/cu.yd) 0.120 n? (4.23 cu.ft.)
Fly Ash 70 kg/n? (118 Ib/cu.yd) 0.022 n? (0.76 cu.ft.)
Silica Fume 33 kg/n? (55 Ib/cu.yd) 0.012 n7 (0.42 cu.ft.)
Air 6.5%+ 1.0% 0.050 n7 (1.76 cu ft.)

0.764 i (26.96 cu.ft.)
Note:
A mid range water ducer (Polylkeed997 Maste Builders) was usel & 8 oz/cwi of cement The
Air-entrainng ageh MB-VR Standadl (Maste Builders) shal be used An gopropriae amount
of air-entrainng agehshould be used to obtaian ai conten of 6.5 + 1%.
The recanmendé slunp is 127 to 178 m (5 to 7 inches) An gppropriae amouh of approved
superplasti@er (Hich Ran@ water reducer) can be dséneedel to obtan the specifiel slump.
The following propertie were obtaind from the tial mixes dore at tle SDSM&T Laboratory:

Plastic Properties:

Slump 190 mm (75 in.)
Air Content 5.40%
Unit Weight: 2258.85 kg/m (141.2 Ib/ff)

Hardened Properties:

14-day 28-day
Compressive Strength 35.41 Mpa %135 ps) 42 Mpa 6140 psi)
Statt Modulus 2.92x10 Mpa 3.24x10 Mpa

(4.24x16 psi) (4. 7x1.0° psi)
Modulus o Rupture 455 Mpa 660 ps) 5.5 Mpa @00 psi)
Chloride Permeaibty: 1207 Coulomb (Catgory: Low)

(at 90 days)

3.15.1.2 Recommended Mixture Proportions for Hig h Strength Concret for
Prestressal Girders:

CemenType Il 374 kg/n? (630 Ib/cu.yd) 0.089 n? (3.18 cu.ft.)
Fine Aggregag 712 kg/ ni (1200 Ib/cu.yd. 0.204 ni (7.3L cu.ft.)
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Coare Aggregaé 1082 kg/ ni (1825 Ib/cu.yd). 0.311 n? (11.12 cu.ft.)

Wate 112 kg/ n? (189 Ib/cu.yd.) 0.085 ni (3.0 cu.ft.)
Silica Fume 42 kg/n? (70 Ib/cu.yd)  0.015n? (0.53 cu.ft.)
Air 4.0%+ 1.5% 0.050 n? (1.76 cu.ft.)

0.754 m (26.8 cu.ft)
Note:
A High Range Water Rieicer (RHEOBUIID 1000 Maste Builderg was usel & 26.7 oz/cwt of cemetitious
materid (1739 n/100 kg) The Air-entrainirg agen MB-VR Standad (Maste Builderg shal be used Appropriate
amoun of air-entrainhg ageihshoud be useda obtan an ar content 6.5+ 1.5 %.
The recanmende slunp is 127 to 178 mm (5 to 7 inches)An appropria¢ anourt of approved superplascizer
(High Rang wate reducei) shoutl be useda obtan the sgecified slump.
The fdlowing propertis wee obtained fro the trid mixes dore at te SDSM&T Laboratory:

Plastic Properties:

Slump 146 mm (575 in.)
Air Content 6.20%
Unit Weight: 2300.04 kg/m (1436 Ib/ft®)

Hardened Properties:

7 -day 28-day
Compressive Strength 85 Mpa 12280 psi 97 Mpa (L4065 psi)
Statt Modulus 4.28x10 Mpa 497x10 Mpa

(6.2x10° psi) (7 .2x16 psi)
Chloride Permeadlity: 158 Coulomb (Catgory:Very Low)

(at 2 days afer accetrated curing)

Note:

1. Reyuired f¢ = 68.% MPa (10000 psi)

According to Ad 214, the target strength fothe mixtue shoull be fc' x=82.74 MPa (12,000 psi). We used
101.6x2032 mm (4'x8") cylinders far the compressiotests We can asune thd the compressi strendt indicated
by the smdler cylinders 101.6x202 mm (4'%8") will be dightly highe than tha indicatel by standad cylinders
152.4x3048 mm (6"xI2"). This ma/ be gproximatey abou 8 to 10%. Therefar the target strength shalibe
dightly highe then 82.74 MR (12,000 psi).

2. The trid mix for which the propeies ae given below containg 49.8 kgm? (84 Ibs./cu.yd bsilica fume which is
12% replaemen of cemernt by weight The siggestd mixture propotions whidh has 10% replaemen of cement
by weight will hawe vely smilar propertis as tle trial mx H8FOS10WO0.30We hawe used Rhebuld 1000 & the
superplasticizebut any equivalent appoved superplasticizecan ke used.

The silica fune used sbuld satisy ASTM C1240, whit coves bot densifiel glica
fume ar liquid form Clas F fly ah was recanmended The same aggregat€bot fine and
coarse) currenflusel in the DOT progcts in the Siox Falls aea, withow any chang in the
aggregae gradatio coutl be used The recanmendd slump ¢ 127 © 1778 nm (5 to 7 inches)
was basd on the experiencefoothe states (particulary Virginia). They did na hawe any
problens when the finishhg machine ws used Becaug d the inclusio of silica fune ard fly
ash no segregation waanticipated The reasa for recanmendirg high slunp was o ensure
prope distribution of silica fume am good conslation. With this slump the rae of
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devebpmen of heat d hydration would be reduced and éhpotenti&for microcracking in the
concree woutl be reducedwhich would be essentidfor reduced permabllity. No chang in the
setting tme compared # standat concre¢ in the sinme time was anticipatd based o the
laboratoy trial mixes ard in discussios with othes wip hawe used isnilar mixes Of course the
sd properties migh vary, within reasonald limits, with a chang in the ambientemperature and
humidity conditions No speci& finishing requiremerst wee recanmended It was strongly
recanmerd that wheneve silica fume was used prope 100% humid curing 5 to 7 dagywas
essential This ould be achieved wit continuos wate spray a misting and/o fogging
devices.

In the laborator trial mixes diy densifiel dlica fune wa used However the concrete
supplier on the project hé requesté to use the slurly form of silica fume n the HRC mixes,
eventhaigh the specificatianfor this progct dd na allow slurry. After considerald discussions
ard regarch the concrete pplier was allowea to ue the slurly form of silica fume. However
certan conditiors wee specified sudh as samping o the slury before ard during addition of
the slury to the mix Becaus the sili@ fume § suspendkin wate (na dissolved) thee s an
inevitabe tendeng for the silicafume ¢ setté © the bdtom To avod this a continuous
agitation of the liquid with prope instrumens was ecanmended The standad vibration used
for plain concre¢ was suggedstle becaus from ou experiece aml experiene d others
(Virginia, Texa ard othe statey the entrappé ar in slica fune concrete was ha@ problem.
Therefoe excessig vibratim was nd necessar and the standat ar tes was recommended to
measue the ai conter in freh concrete.

Trial mixes wee dore at tle Concrete MaterialPlam (concrete gpplier) ard transported
to the prestressionplant (Gage Brothers) The slump air, a unt weight tests wee coructed.
The compressive strerigtess indicatel the specifiel earl strengh (prestres reéa® strength)
was na obtainel eventhough the 28 galesigh strength wa satisactory This migh hawe been
due b the additin of silica fume n the slury form insiead d the condensedilsca fure powder
used n the laborator trial mixes Therefore to obtan the required earlstrength the cement
quantity was increased by 285 kg/nt (50Ibs.cu.yd) wih the approvieof SDDOT enginees and
the adnixture water wa consideredHoweve the wate to cemeh ratio was kep the same at
0.28. Two mixes o 4.59 nT (6 cubt yard3 of concree were mixd & the concrete materials

plat ard transportd to the castig yad (Gage Brothejsby transt mixer. 652 mililiters of
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superplasti@er per 100 kgs (Lounces prel00 Ibs) of cemenm was alded during tle mixing at
Concree Materia$ amd a slunp of 1016 mm @ inch was obtained Anothe 652 nilliliter s of
superplasti@er per 100 kgs (Lounces pel00 Ibs) of cemen was alded & the prestressing
yard and a slup of 2159 mm (85 inche$ was obtained The ar was fourd to be 41 pecent.
Inspection of the freqr concree had show tha the materisd hal mixed wdl with no
segregation. Tér compressive strerygttess indicated thathe specified eayl strengtls were
obtained Becaug o the satisfactor performace d this mix both & the fredr and hardened
states ths mix wa recanmendd for dl further girde fabrication Howeve the ar content
specification was change to 4+1% becaus the HRZ concree for the girdes will be moe dense
ard les permeal@ than norma girder concretesless entraing ar can be tolerated without
affecting the durability of the concrete girdersThe reduced aiconten alo helpel to increase
the strengt dightly. The following was the find mix design ecanmende for high strength

HPC mix for prestrasal girders.

Mix Proportions for 1 Cubic Meter for 1 Cubic Yard
Cemen (Type II) 403.24 kg 680 Ibs.
Wate included from

silica funme slury ard HRWR 112.67 kg 190 Ibs.
Coare gggregate /4" quartzite) 1082.23 kg 1825 Ibs.
Fine agregate $.S.D) 683.16 kg 1200 Ibs.
Silica fume 49.81 kg 84 Ibs.

Air Content 4.0+1.0% 4.0+1.0%
Water b Cemenratio 0.28 0.28
Water/C+S.F ratio 0.25 0.25

Note: The reconmended slunp was 127 b 178 mm § to 7 inches) The dosage foHigh Rang@ Water Rducer
(HRWR) and/o wate reducer shou ke adjusted ecordirg to the field condtions to achieve the specified slump.
The 19mm (3/4 inch) quartite aggregat usedn this propct conformd to the stadard specificéons fa Road and
Bridges Sectin 80 far Size Na 1 (DDOT).

The gproxmate adnixture dosges usé in this project a given below:
Air entrainhg ageh- Maste Builders Pavai 232 milliliter/n? (6 oz pa cubic
yard)
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HRWR- W.R.Grace/ Dacen 19- 2217 nilliliters/100 kgs @4 @ per 100 Ibg. of
cementitios material.

Wate Reducer-

Master BuildersMB 997 - 391 milliliters/100 kg (6 @ per 100 Ibg.of
cementitios material.

Silica furre slury -

W.R.Grace / Foce 10,000 69.15 liters/m(1397 gallons pr abic yard).

The cemen used wa producedtahe Saith D&kota Cemernt Plant.

3.15.2 Recommended mix proportions for Bridg e Deck

For bridge ro 1, the reconmendé HPC mix with silica fune based o the laborator trial mixes
performel satisfactory in the field in boh fresh ad hardened stateHoweve highly contrdled
curing was requirel to eiminate plastic shrinkage crackinghe® were a numberfaracks at
bottom surfices d the deck dued the high restraim caused by t deck reinforement It seemed
tha silica fume addition caused highreshrinkage crackig. Therefore, fothe secod bridge,
silica funme was ontied ard only fly ash wa incuded & a cemenreplacement. Thi mix
performeal wel both in fredh and hardened stateEhere was also ks cacking & the bdtom
surface @ the slab Therefoe this mix s recanmende for all future bridge deck construction.

The recanmendeé mix proportions ae given in Tak 6.

3.15.3 Recommended Qualiy Control Testing

When glica fume $ usel in the slury form, it is recanmendé tha the slury mug be
sample and tested beferuse ad a specifi@l intervas durng concret¢ praluction The amount
of silica fume n the slury can be detemined by a hydrometer teskt is suggesttha a curve
can be generated by tagira sample ahrunning tle hydrometer testgnon the slurry For a
given sampé hydrometer testcoutl be run with different wate contens © genera¢ acurve.
Also, from a sample, #nslury could be carefily dried to detemine the amoumof silica fune in
the sample. Baskeon this information and tle curve, tk silica furre contehcould be eagy and
quickly detemined when the slury consiss o water ard silica fune only.

When HPRC mixes ae used it is recanmende tha the following qualiy contrd tests
should be cormuctal in the fietl using AS™ test preedure for the fred concreteslump unit
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weight, ar content ard the concret¢ temperatureThe ambien temperaturehumidity, ard the
wind velocity be recorded during placingf the concreten the brdge deck o fabricating the
prestrassal girders The following hardene concre¢ contrd tess shoull be coducted on the
field sample cdlected and cured accordinto the ASTM standad prccedurs & 28 days:
compressive strengh and stati modulus When HPC is usel for fabricating prestresa girders,
it is recanmendeé tha compania cylindess (preferabl 102 mmx 204 mm (4 x 8")) be placed
near tle girder ad cured unde identicd conditiors as te girders to detemine when the
prestras can be released pe& specifcations.

The specification for bridge deck concretard al for the high strength concretused
for prestrasel girdes stould include a required Chloride Perméilp value as measudeby the
ASTM C 1202. Whe chlorice permeaittty is specified the hardened conceetsample made
from the actuaconcree placed sbuld be tested forapid chloride permeabilitas pe ASTM C
1202.

The standat ASTM test pre¢edurs  be followed ae given in Chapte 2.

3.15.4 Construction Guidelines

When glica fume concretesiuse for the brdge deck the curirg specifcatiors (as
mentionel eatier) stould be stricty followed The same constructioprocedure for mixing,
transporting, placig, consbtdating, finishing and tinning ugk for constructio with standard
concrete be followed The same constructio techngues am equipmet without major
modification ould be used fothe constructn d HPC bridge decks.

3.16 Task 16: Submit a final report summarizing relevart literature, research
methodology, te$ results, specifications desiqn standards conclusions, ad
recommendations.

With the acceptancef this draf final repot the revised finarepot will be submited
before December 30, 2001.

3.17 Task 17: Make an executive presentatioé to the DDOT Researdr Board
summarizing the findings ard conclusions.
A presentatia to the DDOT Regarch Boad will be given on Novembe28, 2001.
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CHAPTER 4.0
FINDING S AND CONCLUSIONS

4.1 Compressive strendt results:

Summaries o the extensive testthda were comuctel in orde to assess tle strengt and
strengh devebpmen with time are providedni Tables 41 through 4.6 Tables 41 through 4.4
provide information on the concrete used the prestresgegirdes whle Tables 4 and 4.6
provide strendt information fo the deck concretes Note tha a single resalin a tabé is the
avera@ d three separate cyldea tests The exceptio to this is trid mix one whee more
cylindes wee tested In sone instancesboth companion cuikcylindes as wé as moist cured
cylindes wee used Companio cural cylindes wee cured wih the girder for whib they were

representative up uhthe cylindes were retrievd for testing Tabk 4.1 contais the information

Table 4.1 Trial Mixes, Bridge na 1 (B1) Compressiwe strengh results.

Trial Mix no. 1 Trial Mix no. 2 Deck Trid Mix
Concrete Cast April 28, 1999 Cast May 4, 1999 Cast July 9, 1999
Age Moist cure Moist cure Companiao cure Moist cure
Days No. of fo fo fo fo
evinder| (s (ps) (ps) (ps)
6 3,430 5,500 5,500 -
3 9 6,400 7,290 7,090 5,840
8 7,590 8,550 9,220 7,230
14 6 9,670 9,82d 9,450 8,070
28 6 10,720 11,660 11,840 8,910
56 6 11,520 12,760 13,176 9,020
180 3 11,880 - - -

Unit Conversionsl ps = 0.006895 MPa
Note I All compressive strengt resuls ae the averagefdhree cyinders excepas specified
for Trial mix no. 1.
Note 2 No difference between the compantue ard the moi¢ cure & one day Only three

cylindess wee tested.

Note 3 Test wee comuctal & four days insead ¢ three days.
Note 4 Test wee comuctal & thirteen days insad ¢ fourteen days.
Note 5 Companio cural the firg fourteen daysmoid cured thereafter.
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Table 42 Bridge na 1 (B1) Girder Fabrications, Compressie strengh results’.

Fabrcation 1 Fabrcation 2 Fabrcation 4 Fabrcation 5 Fabrcation 6
May 21, 1999 |May 24, 1999 |June 4 1999 June 11, 1999 |June 14, 1999

'Cb\:onc. Girder | Girder | Girder | Girder | Girder | Girder | Girder | Girder | Girder | Girder
Dg?/s no.1 | no.2 | no.l1| no.2| no.1fno.2|no.l|no.2j no.ljno.2
f, f, f, f, f, f, f, f, f, f,

(psi) | (psi) | (psi) | (psi) | (psi) | (psi) | (psi) | (psi) | (psi) | (psi)

1 |7200] - |6120] - - - ] ] ] ]

9,830 - 8,670 | 8,950 - - - - - -

7 11,880| 12,140| 10,740| 11,350| 12,630| 13,170| 11,710| 11,720| 12,410| 11,900

14 | 13,800| 14,200| 12,960| 13,300| 15,560 15,930| 14,070| 14,810 16,500| 15,950

28 | 15,350| 15,950| 14,100| 14,860| 15,740| 16,540| 14,480| 15,360| 16,690| 17,300

56 | 16,180 16,780| 14,700| 15,400 - - - - - -

180 - 18,106| - - - - , - B _

Unit Conversionsl ps = 0.006895 MPa

Note I All compressive strengh resuls ae the averagefdhree cyinders.

Note 2 Ore cylindea broke signifcantly highe than the other two The tes$ cylinde results

were & follows 17,600, 1330 ar 19,100.

for the variots trid mixes thd were comducted. Theg do na provide information on the specific
mixes tha were employed but thyeare inclded lere fa completeness. Trid mixes na 1 ard 2,
were corductal on April 28, ard May 4, 1999. The specified strengtfor the girder mix was
6826 MPa (9900 ps) & 28 days The stresstaprestres transfewas requirel to be 586 MPa
(8,520 psi) Upon refection itis clear that tk governing requamert is the stresstaransfe. In
orde to mee the productio sheduk the prestres supfer wantel to transfe prestess & three
days a less. By inspecting the trid mix results it is sea tha neithe of these mixes mé this
requirement.

The deck trihmix employng slica fune was comucteal on the intersta near tk bridge
site aml was coructead on June 14, 1999This mix employd silica fune am the trid mix was
conductd to provide experience whit handing the praluction mix and to testhe fogging
equipmenthat he cortracta was reuired to use with this concrete Strength was not tle main
corcem for the deck concrete The majo emphas was ¢ produce concretd very low
permeabity so tha the decls wauld hawe superia resistance to thmigraton d chlorides to the
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levd of the reinforcig steel As statedthe trid mix resuls ae smply repraluced heg for
completenss.

The resuls from the praluction girde mixes ae presentedni Tables 42 through 4.4.
Table 42 contains th compressi strengh resuls for the five girder fabgation seuences for
bridge B1 Initially, the plan was to tes cylindess from the concrete frm the instrumented
girders only. A chang@ was mad am during tle first year &l girder fabricatiors wee attended
with cylinders beng prepared and tested rincead sejuence. Ta time seris for the girders
employed test & 7, 14 and 28 days The secod year, only half the girder fabrcatiors were
attende but a more completénte histoy was developed The® resuls gopear n Tabk 4.3 In
generathes concretes achieved sufficiestrength aithree dag 587 MPa (8520 ps) in order
to permt the transfe of prestress b the grders.

Table 4.3 Bridge na 2 (B2 Girder Fabrications, Compressive strengh results".

Fabrration 2 Fabrration 3
Conc. April 28, 2000 May 9, 2000
DAE;S Girder'no. 1 Girder'no. 2 Girder'no. 1 Girder'no. 2
fe fe fe fe
(psi) (psi) (psi) (psi)
3 6,770 7,310 8,000 8,380
9,050 10,020 10,200 10,140
14 11,050 12,670 12,350 11,650
28 12,340 13,880 13,780 14,080
90 13,190 15,190 15,010 14,950
180 13,410 15,190 14,810 15,350
1 year 14,090 15,690 15,470 16,150

Unit Conversionsl ps = 0.006895 MPa
Note 1 Each comprssive strengt is the average fathree cylnders.

When reviewng thege resuls it stould be noted thiathe ready-ni supplie was trying to
produce tke same mix with the expectatio tha the strength woutl be the same. perusing
the rov an esimate o the variation from mix to mix can be noted Two separat trucls were
usal to produce each girderAn interesting phenomendha was notel throughotithe project
was tha the cylnde strengths frm the secod trudk were alwag highe than tre strengths from
the firg truck.
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In eat year two girdes wee selecteda receive instrumentation The instrumentation
permited the measuremerof stran and temperatera mid-span of eadh girder In addition,
reference poirst wee estalished on the girder @ permi the measuremerof deflections These
two girdes were alwayg the tvw girdes that wee © be placedn the en spa a the norh erd of
the brdge Thee girdes occupied tle wes$ exteriac ard the nex adpcen interior girder
positions The firg year thes two girdess wee fabricated that in the sequese. The secod year
the instrumented girderwee fabricated fith in the sequese. The compressive strerfgresults
for the® fou instrumentd girdes are listd in Tabk 4.4.

The instrumented girdsrexhibited a 28-d§ compressie strengh rangng from a lov of
91.0 MPa (13200 psj to a hidh of 1082 MPa (15,690 psi) If one conputes the statistics o the
28-day compressig strengthsthe resuls yield a mea of 99.3 MPa (14,400 p9gi ard a standard
deviatin of 6.82 MPa (990 psi) The rato of the standat deviation to the mea defines the
coefficiert of variation and thé is 69 pecent This indcates a well-contited pracess. It
appeas thd the® strengt resuls can be achied wih reasonald exgectation.

Assumng the acceptance testwere as is tle casen this report mace up d three
cylindess average to produce a singlresult Then— if one expect 95 pecert of thee results
to be above the specified desigtrength 128 days the desig strength bthis mix could ke set
at 882 MPa (12,800 psi)or conservativet a 82.7 MPa (12,000 psi) This assumes thahe test
resuls ae normdly distributed An instrumentd girde time seris begn & ore dgy ard was
definad as ages b3, 7, 14, 28, 6 or 90, ard 180 dag with the find ted beirg conducted teone
year. Note that n the secod year thke 56-dg teg of the firs year wa nd carried out bu tha a
90-day tes was substiuted This it is believel, permis a béter plot.

The® time series & presented graphitain Figue 4.1 Also presente in this figure is
a line that representsdtresuls from the standad equatio tha is use to predit¢ strength vs.
time for a mois$ cured Type | cemeh concrete In this figure the line for each brige B the
avera@ o the resuls from the two instrumented girderfor tha bridge Thaugh difficukt to
discem in the fgure the maximum eary periad differerce between thestwo curves (The first
28 day$ is abaut 11.0 pecent At later agesthey are esgntially identical.

The deck compssive strengt resuls ae providedm Tables 45 and 4.6. Foeach éck
five time series wer developed The ime historiesn the tables wer defin@l by testing thee

cylindess & each ageThe concrete fbeach serg was take & one tme arl the time selected
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dependd upan whee in the deck @cemen the contracto was Concre¢ was sampld a the
center dthe firs span a the firs bent, &the middle d the cente span a the secad bert ard at
the middle @ the lag span In the case fobridge one, tb deck placemeérproceeded fron north
to south Therefore series ore is representates o the concrete tathe middle @ the norh span
and & the locatio of the deck instrumentation.

Table 4.4 Instrumented Girders, Bridges 1 and 2 Compressie strengh results™.

Bridge m 1 Bridge no 2
Castirg date June 3, 1999 Castirg date May 18, 2000
Girder no. 1 (G3B) | Girder no. 2 (G3A) | Girder no. 1 (G5A) | Girder no. 2 (G5B)
conc. Moist Comp. | Moist Comp. | Moist Comp. | Moist Comp.
Age Cu're Cu're Cu're Cu're Cu're Cu're Cu're Cu're
Days fe fe fe fe fe fe fe fe
(ps)) (psi) (psi) (psi) (psi) (psi) (psi) (psi)
6,430 6,430 6,060 6,060 | 5,240 5,408 6,103 6,198
4 9,510 | 10,600 | 10,400 | 11,330 | 7,810 8,790 9,540 | 10,030
7 11,020 | 12,140 | 11,770 | 13,000 | 9,520 10,690 | 11,470 | 12,110
14 12,800 | 12,940 | 13,790 | 14,070 | 10,880 | 12,020 | 13,310 | 13,605
28 13,200 | 13,840 | 14,630 | 15,320 | 13,230 | 13,950 | 15,410 | 15,690
56 14,200 | 14,230 | 15,660 | 14,990 - - - -
90 - - - - 14,180 | 14,270 | 16,540 | 15,940
180 14,300 | 15,140 | 16,530 | 16,240 | 14,860 | 13,900 | 16,820 | 16,270
1year | 15,680 | 15,100 | 17,200 | 16,450 | 15,390 | 15,000 | 16,900 | 16,650

Unit Conversionsl ps = 0.006895 MPa

Note 1 Each comprssive strengt is the average fathree cylnders.

Series two was taken from concre¢ placed tthe firg bent ad coincided wih a locatio at
which instrumentationsi located Tabk 46 presert the parallé information for bridge 2 In this
case, th placemenwas from souh to norh 2 series fou ard five representhe concrete tathe
locatiors o the instrumentatio in the secoah bridge The two deck concrete wee nd the same.
In bridge 1 a silia fume mix wa use while in bridge 2 a fiy ah mix was employed Figure
4.2 provices aime histoy plot d the averag strength from dl series for each bridge.
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Figure 4.1 Compressiwe strengh history for the instrumented girders of Bridges 1 and 2.

Table 4.5 Bridg e 1, Deck placemen (Augud 16, 1999 compressive strendt sunmary .

Series (All entries Ibs/irf, vale listed resut from 3 cylinders) Row
Concrete Average

Age No. 1 No. 2 No. 3 No. 4 No. 5

3 4030 3740 3720 3640 3990 3830

7 5300 5020 5040 4960 5290 5120

14 6730 6100 5960 5970 6490 6250

28 7530 6830 6960 6750 7290 7070

90 8260 7560 7520 7430 8000 7750

191 8140 7820 7900 7890 8410 8030

1 year 8510 8080 8290 8280 8570 8350

Unit Conversionsl ps = 0.006895 MPa
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Table 4.6 Bridge 2 Deck placemen (July 20, 2000 compressie strength summary.

Series (All entries Ibs/irf, valie listed resut from 3 cylinders) Row
Concrete Average

Age No. 1 No. 2 No. 3 No. 4 No. 5

3 4450 3990 4420 4270 4420 4310

7 5030 4440 5000 4970 5150 4920

14 5840 5400 5870 5610 6070 5760

28 6860 6330 6950 6530 7110 6760

920 8120 7030 7930 7520 8360 7770

180 9090 7690 8110 8100 8720 8340

1 year 9590 8655 8705 8850 9420 9040

Unit Conversionsl p$ = 0.006895 MPa
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Figure 4.2 Compressiwe strengh history of the deck concree o Brid ges 1 and 2.
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The compressive strerigtesuls from theg two mixes ae rather comparahleOre notes from
Figure 42 tha the fly ash mix praduced 8ghtly highe long tem strengh than the sita fume
mix. It is wdl establishd tha fly ash tend o hydrae slower tha silica fume, ad thus
contributes moe significanty to late strengh gain. Tle previoust mentionel standard
equatia is also presentein Figure 4.2 This standat cune is calibratd to the average fothe
two mixes & 28 days It provides relativey good strength prediction withne for both of the

mixes.

4.2  Modulus o Elasticity Results:

In order b design prestsseal structure a even regula concreé structures iizing HPC
or HSC ore need an equatin tha is capal® o providing a reasonaplaccurag¢ esimate o the
modulws o elasticity of the concrete tavarious ages. A has bee notal ealier in this report,
severd equations hag be@& usel for this purpose Equatian 4-1 given belov is the long
standilg equatio usel in boh the AASHTO ard ACI 318 desig specifications The ACI 363
equatian is the one curremnyl recanmerded fa high strengh concrete.

AASHTO ard ACI 318 equation:

Ec :33\/\115'5\/7(; eq. 4-1

ACI equatian 363:

5
E; = [40.000/f¢ +1,ooo,oo%{"ﬁ%§ eq. 4-2

E. = Modulus d Elasticity (ps units).
We = Unit weight of the concrete (Ib§t%).

fé: Compressig strengh of the concrez (p$ units.)

The equatio 4-1 is the one that & lorg bee usel to esimate tte moduls o elasticity of

normd strengh concrete It is consideré to yield resuls tha are tao high fa HSC The ACI

363 equatia is recanmendd for HSC concrete i.e. concreg¢ with a 28-d§ compressive
strengh greate than 6000 psi This euatim was basd on concreg¢ utilizing limestone
aggregates.
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The resuls from all the moduls o elasticity tess corluctal on the concrete fim the

instrumentd girdes are presented iTabk 4.7. Tk table indlides data fran both bridges In

Table 4.7 Bridges 1 ard 2, Modulus d Elasticity results far the instrumented girders®.

Bridge 1 Bridge 2

Mod of Elast. Mod of Elast.
Conc. Av. st. dev. Av. st. dev.
DAE;S Av. st dev. | (x10°) | (x10°) Av. st. dgv. (x10°) | (x10°)

(psi) (psi) (psi) (psi) (psi) (psi) (psi) (psi)
1 - - - - 5,740 462 4.98 0.213
4 10,460 | 1,120 6.27 0.289 9,010 951 5.62 0.351
12,090 775 6.60 0.269 | 11,090 | 1260 6.26 0.363
14 13,390 882 6.89 0.261 | 12,450 | 1290 6.82 0.340
28 14,320 984 7.28 0.148 | 14,460 | 1080 7.13 0.332

56 14,750 671 7.18 0.387 - - - -

90 - - - - 15,450 | 1410 7.03 0.366
180 15,600 | 1060 7.01 0.387 | 15,600 | 1124 7.06 0.268
1lyear | 16,230 589 7.02 0.230 | 15,920 863 7.20 0.318

Unit Conversionsl ps = 0.006895 MPa
Note 1 The resuls & each ag are fron four individual cylinders.

total this dat represest 60 tests Thes tess wee coructal accordig to the procedure
outlined in ASTM C-469, "Standat tes methal for statt modulss o elasticity ard poisson’ s
ratio of concre¢ in compression” The unt weight of the te$ concrete wa obtaine from the
individud cylindess usé in the test Theg resuls ae plotted m Figure 4.3 The gjuae symbols
in Figure 43 represendl of the data fron the instrumented girder3 he data fron the two sets
of girders from the two bridges wee tested statistally with the conclusio tha the two ses of
moduls dat were no significantly different Proceedig from the let side d the figure the
regressio line an the expamentd data is the uppe line. Two thirds d the way alom its length
it passe unde the line that representséhong-standig equatio tha has be@ in the AG code
for mary years the ACl 318 equationincludel in this figure is the ACl 363 equatia and the
equatian by Iravani The regressio resuls on the dad yieldal aline essentidly pardlel to the
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Figure 43 Modulus d elasticity regressiacn analysis all instrumented girders and both
bridges.

ACI 363 equation The specifd: form is —
( , W, HS
E. =138900, fo+ 2,000,00 < eq. 4-3.
¢ ¢ 145

The terns in this equation are as previougl defined The constanmultiplying the \/fi term in

the ACI 363 equatia was detemined to ke 38900 n the presenwork This is nd viewad as
significantly differert than the value, 40,00(ithe AG 363 equation The constahof 1,000,000
ps in the AGQ 363 equatia was detemined from the project datact be 2000000 psi This is
viewed as a signifcart differerce.

This differerce can be partidly explainel by notirg tha the wok tha was dore to
develp the ACI 363 equatio was corducted on concreg tha utilized limestoa aggregatesAs
is known the quartzie aggrega which was usel in the mixes developé in this project is a
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mud harde rodk and expected to exhtba higher modulus It is interestig to noe that the

standad equatia tha is considere to yield resul thd are o high for HSC, praduces

Table 4.8 Bridges 1 ard 2, Modulus d Elasticity results far the deck concreté

Bridge no 1 Bridge no 2

Mod. o Elast. Mod. of Elast.
C':A(\)gn;' Av. st. dev. Av. st. dev.
Days Av.. st dgv. (xlO'.G ) (xlO'.G ) Av.. st. dgv. (x10°) (xlO'.6 )

(psi) | (psi) | (ps) | (ps) | (ps) | (PSD | (ps) | (psi)
3 3,750 202 3.84 0.028 4,230 271 4.40 0.211
5,170 240 4.51 0.243 4,800 267 4.55 0.152
14 6,090 303 4.90 0.163 5,840 220 5.23 0.338
28 7,120 465 5.22 0.231 6,640 421 5.62 0.217
90 7,840 262 5.14 0.276 7,480 817 5.67 0.079
18CF 7,820 67 5.34 0.182 8,400 472 5.96 0.133
1 year 8,150 278 5.37 0.079 9,280 464 6.19 0.372

Unit Conversionsl ps = 0.006895 MPa
Note 1 The resuls & each ag are fron three individu&cylinders.
Note 2 The cylindes for bridge na 1 wee testd & 191 dag insead & 180 days

reasonald resuls for the mixes usel in this project Iravani' s equation is also een b produce
acceptald results He includes a factor in his equation for the type of aggregate used in the mix.
undersi@ d the girders.

Forty-two moduls o elasticity tess wee coructal on the deck concretfrom
the two bridges The basic tesresuls ae sunmarizel in Tabke 48 and presentkin grghical
form in Figure 4.4 In Figure 44 two regression line ae presentedore for each briige These
data ses hae nd bea tested statistidly in orde to determie if they are significanyt different,
but it is bdieved tha they will test es ore se of data Included n this figure as wa dore in the
previows figure are the ACI 318 and 363 equationsBy inspection it is observe tha the two
regressia lines for bridges 1 anl 2 ae reasonalyl pardlel to the ACI 363 equation The dfset
betwea the® two is also abouthe same. Té conclusio is tha the previos ejuatian 4.3

obtainal from the girder test will yield reasonable resglifor this dat & well.
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Figure 4.4 Modulus d elasticity regresson analysis d the deck concreteboth bridges.

4.3  Girder and Bridge Deflections.

Initial girder deflectiors wee taken immediatgl after the transfer © prestres.
Observatios continue to ke taken tclose bu increasng time intervas ou to ore month,
thereafter readirgywee taken pproximately monthly After the concrete deckwas phced
reading hal to be taken fron the underside fothe girders The three wie levding technique
employel is expected o yield resuls within £0.46 mm (x 0.0015 ft)

Deflection summarie ae provided m Tabe 4.9 Note that tle girdes from bridge 2
exhibited more eary cambey more deflectiom due b the deck loading, ahmaintaine a greater
camber undelong tem loading In both casegrestres was transfeed ove the peria of about
a half-day ard the girdes wee removed frm the bed tle nex day Deflection reading were
taken jud a the conclusio of prestress transferon the bed th nex day prior to removing the
girders from the bed ard immediate} after the beams wee removed fron the prestresso bed.
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The girdes from bridge number tw increased theicamber abau04064 nm (0016 inches)
during the time they were lifted from the bed Both girdes exhibited the sane deflection
increase. Tlsiincreag dd na occur with the girdes from bridge 1.

Table 49 Mid-span deflection data both bridges.

Bridge 1 Bridge 2
G3-A G3-B G5-A G5-B
(in.) (in.) (in.) (in.)
Instantaneous Camber 0.74 0.67 0.72 0.60
Maximum Camber 1.00 0.93 1.25 1.18
Deck PacemenDeflection -0.33 -0.36 -0.45 -0.42
Average deflections:
Winter 1999 0.25 0.21 - -
Summe 2000 0.29 0.25 - -
Winter 2000 0.23 0.20 0.48 0.44
Sunme 2001 0.29 0.24 0.54 0.49

Unit Conversionsl ps = 0.006®5 MPa

Note 1 Positive valus indicat an upward deflection.

Note 2 The deflectiors hawe nd been corrected faemperature.

Note 3 Girders G3A and G5A are inste girdes while Girders GRB ard G5B are exteriogirders.

The averages fothe wintes ard sunmeis indicate that tle girder deftctiors hawe nd changed
very mud ove the monitorirg period. Tle graf of the deflectim histol for the instrumented
girders in bridge 1 specifcally, G3A and G3B, is providel in Figure 4.5 A pardel graph for
the girdes G5A and G5B n bridge 2 § providel in Figue 4.6.

The chang in cambe tha was previoust noted as the G5A and G5B girdes were
removeal from the bed $ eadly seen in Figure 4.6 The two grapls clearly shav the devebpment
of cambe with time. This cambebeing due to t creep ath shrnkage occtring in the girders.
Careful insction notes tre onset bthe downwad deflection due o the placemehof the deck
formwork. Clearly visible is tre instantaneaideflectimm due b the placemenof the deck In
both bridges the outside girder tersdio deflect moe than the insiel girder The dight tendency
for the deflectios t decreas durirg the winter month ard increas slightly during tre summer
montls can be observedin generalthe girder deflectios ae nd changiry significantly The
separat deflectiols d the two instrumented girdefor each brdge wee averaged and gied on
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a ime scale hawig zep &s the ime at whit prestres was transfeed to the girder the® results

are provided m Figure 4.7.
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Figure 4.5 Bridg e na 1, mid-span deflection history of both instrumented girders.
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Figure 4.6 Bridg e na 2, mid-span deflection history of both instrumented girders.
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Figure 4.7 Bridges 1 and 2, average mid-spa deflection for each brid ge.

The elapsediitne in this case represemtoncret age By placing both sets of girdsra this
scak one cannspet what is hgpening n eat bridge relatie to the age d the concrete The
cambe differences ae easy obsered & wel as the geate long-term detéction differences in
the two bridges.

4.4  Impedance Measurements:
As was detiéed in chapte 3, six devices wee embedda in the deck concretd each

bridge that permitiet the measuremerof the electricaresistace n the concreteThe electrical
resistace d the concrete was measdrasing thes pardlel plate devices Thee s sone belief
that hich values o electricd resistage are indiative d relatively impermeal# concrete Also, a
sudde chan@ in resistane mg indicatke the presencefahloride iors am thus tle potentiafor
corrosion to be initiated in the steel.

The deck o bridge 1 wa plhced o Augug 16, 1999 Due o the slav pace at whib the

formwork was removed the firsd electricd resistame measurememtwee nd made untl



132

Septembe23, 1999. Sice that time measuremesthae be@ taken & gpproximately monthly
intervals The deck fo the secod bridge was giced @ July 20, 2000. The firs reading from
this deck wee recorded 0 Septemhbel8, 2000. This was on} abou ore monh afte the deck
was plazed.

The measuremesifrom the silica fure concret o the firg bridge hae tendedd exhibit
a great dal d variallity. While the measuremestrom the fly ash concret in the secoth deck
hawe nd shown neary as mud variablity. The detailel reading are nobpresentd in this report
(They are given in the quarteyl reports) bu a summay of the measuremesitis presente in
Figure 4.8 Each point thais plated in the fgure is the average fothe sk readngs fran the
individud devices embedel in the deck A great dehkof variablity is evidert in the glica fume
concree over a one-year periodn generglthe winter peria resuls ae mud highe readings
than the smmmer. It was notel tha a transducer could give very different readings from month to

month.

70,000

| N
N AN
/ \/ \ / \Br.dfel

10,000 *IJ V \r\‘//z )

NY Bridge 2

O T T T T T
Sep-99 Dec-99 Apr-00 Aug-00 Dec-00 Apr-01 Aug-01
Date

Ohms

Figure 4.8 Deck impedarce readings.
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To provide a partiadiagnoss o the reasa for the® readings the instrumet was
checkel by nmeasunng the resistace d a high precision known resistance. Tiindicated that
the instrumeh was working carectly. The nex diagnostt tes tha was comuctel involved
taking multiple reading from the arrg of devices by discaonectirg ard reconrecting the lead to
the instrument. Tlsi pracedue d disconnectig and econnectig the device wa followed if the
device beng read yieldd greatl differert readings eithe from the ime before, o quite
differert from the othes in the array This pracedue was followe to detemine the chang in
resistage that cou be attributedd smply making the connectia to the measurig instrument.
This providel no explanation & to the variabilily of the readings The ony remainng
conclusio is tha the reading in the dica fune concrete have a tiglegee d variahlity and
borde on beng eratic.

This tendeng is nd observe in the fly-as concre¢ deck Thes reading hae been
relatively stable As with the siica-fume concrete, thfly-ah concre¢ al® tend o exhibit

highe values in the céd months ard lower values in the warme manths.

4.5 Thermal Strains:

Shrinkag amd temperatug related strag wee evaluated wiht the use D shrinkage
blocks The® blocks wee fabricated along witthe brdge girdes am decls am subgcted to
the same mvironmentaconditions The shrnkage block hae dimensios 152.4452.4x304.8
mm (6x6x12 in) ard contan vibrating wie gage thda are embedeal in the approximat center
of eadh block In total eight blocks wee casta companio blodk for each instrumentkgirder
ard two compania blocks for each @ck.

The blocls experiene boh temperatur aml shrinkage strains In orde to be able to
evaluae the shnkage strainsore mus first filter ou the thermastrains To accompish this,
the codficient of themal expansia for the concret mus be determined.

Early in the histoy of the shrnkage blocksthe shrnkage strais ard the thermastrains
are approximately bthe same orderfomagniude Fa this reason a significam time must
elape © thd the shrinkage strasthd occur during a hal diurnd cycle are smalwith respetto
the thermastrains After analyss o the time variation of shrinkage strainsit was detemined
tha this condition would be met @proximately 90 day afte the concret was cast.
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The equatia for evaluatig the codficient of therm& expansio is

£, -&)B
a. :ng Eq. 4.4
(Tl _To)
o¢ = Coefficiert of thermd expansim for the
concrete.

04 = Coefficiert of thermd expansia for the
vibrating wire gage. (6.8 x 10° 1/°F)

€0, €1 = Strairs measuredfatimes yard t;
respectively.

To, T2 = Temperature measure a times yard t;
respectively.

B = Calibratian facta for the gage (®80).

Each days cyck gives an opportunity to calculaé two esimates o the coefficien of
thermd expansion After inspecting the daily temperatue effects it was detemined the best
resuls carelatal with cycles showirg reasonalyl large temperature changesTherefore, the
calculation of the esimate d the coefficiens d thermd expansim was restricte to time-periods
with temperatue changs geater tha 100 °C (18 °F). The origind plan was o group the data
into montls amd evaluag the resuk for the entire data lgging time-frame A curiows problem
developé during the analysis It gppeare tha during the cold moths thre coéficient of thermal
expansio was signifcantly less than durirg the summe months It seemd that tle blocks were
frozen or, perhaps frozen b the suppors amd were nd respondig without restraih to the
temperatue change. Therefore, datvas analzed fa the sunmea months only, this included
May, June, July, ahAugug of 2000 and 2001.

The meas am variance for each morit were conputed. Thee meas wee tested to
see f they were signifcantly different statisticdly. Fa this analyss it was detemined thd the
monthly mears o the coeficient of thermal expansia were satisticdly different. The diference
in the coefficieh of thermd expansim from monh to monh coutl be attributed @ sasonal
thermohygrometa cycles In previots researie it has be@ hypothesied tha the coefficien of
thermd expansim in concreg is not constant, where hygrometric exchanges with the atmosphere
causes fluctuations ithe value.The nex stg was b compre he average valgeran blok to
block to detemine if they differed significantly from ead other Fram this analyss it was
detemined tha ther is a smdlbut statisticdly significart differerce amog the meas for the

coefficiert of thermd expansia for the blocks Becaus the difererce 5 small it was decided
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to ignote ths differerce anl ue a single averagvalue fo the coefficiem of thermd expansion.
Resuls on the averag values fo each blok during eatr monh are show in Tables 410 for
bridge 1 and 4.11 fdoridge 2.

It is notel tha analyss d coefficients d thermd expansio during year 2001 produced a
gightly larger value than in yea 2000. This could be due ¢ the improvel field support
conditiors d the shrinkage blockfor the year 2001. i year 2000 th blocks wee smply sd on
a flat pece d wood In 2001 tke blocks wee set o a frane ar supported by fers. This set
up was bdter suital for the analyss of temperatue effecs becaus ar was allowel to circulate
underreah the blocls ar the rdlers providel less friction agains movement.

Table 410 Bridge na 1, codficient of thermal expansion summary results.

Month Girder G3-A Girder G3-B Deck Shrinkage | Deck Shrinkage

Ygarl]r Shrinkage block | Shrinkag Block Block na 1 Block na 2

2000 Average o Average o Average o Average o
1°F 1°F 1°F 1°F

May, 2000 | 7.283 39 7.172 43 7.333 33 7.289 37

June 2000 | 7.406 37 7.183 44 7.400 32 7.417 37

July, 2000 7.761 48 7.761 44 7.628 43 7.661 45

Aug., 2000 | 7.606 38 7.506 38 7.567 41 7.478 38

Summary
Preceding
Four
Months

7.528 162 7.406 169 7.500 149 7.472 157

May, 2001 7.761 45 7.350 47 7.656 40 7.472 34

June 2001 | 7.561 38 7.517 40 7.756 49 7.628 44

July, 2001 7.628 49 7.600 53 7.611 55 7.633 54

Summary
Preceding
Three
Months

7.556 132 7.494 140 7.678 144 7.589 132

Note I The 'n'v alue in the tab¢ indicates hev mary separag coefficiens wee in the sample
for which the averagesiquote in the table.
Note 2 All coefficients o thermd expansim in the tak® have bee multiplied by 10.
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Table 411 Bridge na 2, codficient of thermal expansion summary results.

Girder G5-A Girder G5-B Deck Shrinkage | Deck Shrinkage
I\<I(oer2rh Shrinkag Block | Shrinkag Block Block na 1 Block na 2
2001 Average o Average o Average o Average o
1FF 1FF 1FF 1FF

May, 2001| 7.628 43 7.611 37 7.450 41 7.455 42

June 2001| 7.817 51 7.850 46 7.639 47 7.555 47

July, 2001 | 7.739 55 7.744 55 7.717 55 7.628 556

Summary
Preceding
Three
Months

7.739 149 7.744 138 7.644 143 7.578 145

Note I The'n 'v alue in the tak# indicates hev mary separag coefficiens wee in the sample
for which the averagesiquote in the table.
Note 2 All coefficients o thermd expansim in the tabé have bee multiplied by 106.

It had been decided basé on sone do the year 2000 resgtamd befoe dl of the daa was
available tha a coefficiem of thermd expansim equd to 7.50 x 16/°F would be used fo the
project As it turned ou this valle mg hawe been aittle low, but, in any casgit was usel. The
stran analyss is nd that sensitive © the exact vala d the codficient of thermé& expansion The
value selected fouse does fi within the range bvalues thd are quoted fo quartzie aggregate
concree in ACI Publicatim 209R92, 11.76 x 18/ °C to 146 x 10°/°C (6.5 x 10°/ °F — 8.11
x 10°/ °F).

4.6  Shrinkage strains.

Having a vale for the coefficien of thermd expansionthe therméstrairs wee filtered
from the shrinkage block stmaihistories This isolats the shrnkage strai and permg the
analyss d the tme variation of the shrinkage strainsThe resultng stran histories for dl eight
blocks ae provided m Figures 49 through 412. All four figures illustrae tre classichincrease
in shrinkag stran with tme durirg the eary age o the concrete. Aftethis moe rapid
devebpmen of shrinkage straig the devebpmen of shrinkag strairs leves of and in theory,
asymptottally gpproaches a limitihg maximum value.

In the resuk from dl eight blocks thee appeas o be a signifcart sesasonbeffect after
the initial shrinkage occursThe shrnkage decreases avihe winter month ard then rises © a
maximum vale durng the sunmea months The reasa for this phenomeno is nd fully
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understood. tlis likely tha the concrete actugilgairs back a portio of the initi shrinkage
when wate from ran or melted snav perneates inb the blocks A furthe comgicating factor
in the behavioof the blocks s the dfect of freezng and subsequethawng, a the occurerce
of severdfreeze-thaw cyclesin addition, tle sippot conditiors ma/ hawe been a issue It will
be interestig to e if the seasonal effects continue.

Furthe monitorirg of the brdges is reededn orde to detemine whethertiis a seasonal
phenomenn due b the interactio of the blocks with the environmentor somethig different.
The daiy and weekly undulatiors o the plos representhe influerce d seasonband daly
variatiors in relative atmospheric humigiiard the fact thathe temperatwe related strasmay

not be coompletey removed.
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Figure 4.9 Bridg e 1, girder shrinkage strains both blocks.
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Figure 4.11: Bridge 1, deck shrinkage strairs (silica fume), both blocks.
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Figure 4.12: Bridge 2 deck shrinkage strairs (fly ash), both blocks.

A logarithmic trendline has bee fitted for each se of da@a t© show tle general
devebpmen of shrinkage strain Anothe trendiine is showm on the plad illustratirg the
predictel value fo shrinkag usng the standat shrinkage equatiolisted in ACI Publication
209R-92. Tle fom of this equatian is (moist curd concretg

t

€ =—E€ equ. 4.5
shit 35+t sh,u q

&sne= Shrinkage straia ace t days.
t = Age d the concrete in days
&snu= Ultimate shrhkage strai as t gos 1 infinity.

If no bette information is available this publcation recanmend an ultimae shrinkage
stran valle o 780 pe The symbd 'y’ |, represerst a multiplier gqud to 10 The tem €' stands
for strain To this ulimate shrinkage value, a wection for humidity is recanmended Eastern
Souh Dakot has a annudaverag relative humidiy of 70 pecent The coefficiem for this

humidity is 070. With this nodification the ulimate shrnkage strai estmate is 550p¢.
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The AASHTO specifcation does nd hawe an equatian of this exat form. The apprach
in the AASHTO specificatio is to predi¢ the stress Iss due @ ultimate shrinkage directlin
ore calculation In addition, tle carection for humidity is incoporatel in the equation The
AASHTO guation can be put m a stran form by dividing the referenced equatioby the
modulws o elasticity of prestressig strand, whik is 1861 MPa (27,000000 psi) The resulting
equatia is given below

Esnu= (630 -5.56 H) 18 equ. 4.6
&shu= Ultimate shrnkage strain.
H = Relative humidity in percent
Substitutirg the average relative humigliof 70 pecert for Eastern South Dxata ore obtairs an
esimate d the ulimate shrinkage ©240 pe.

If one consides the eary shrnkage 0 be that th& occurs within the firs 100 daysthe
following observations can be madehe girder concret for bridge 1 demonsated a maximum
early age shrinkage fabou 150p€ the carespondig value fo the girdes in bridge 2 § 200pe.
This differerce s abow 25 to 30 pecert dependig on how ore elecs © expres tle diference.
The average fothee two strairs is abott 180 pe Wha is interestig is thd there is nd nearly
this variation between the respectv shrnkage block from the sanme brdge It may be
indicative d the variation inheremn in deding with a silca fume mix This differerce in
shrinkage $ a facto in the increased cambiha developéd in the girdes for bridge 2.

Turning to the poirnt of predictirg ultimate shrinkage athcomputing tk ratb of the 180
HE averaged the ulimate shrinkage asecanmendé by the AQ 209 Canmittee 690 pg the
resuls is 030. In generbone coutl ue a conservative estate o abou haf of 590 peto
esimate the ulimate shrnkage fo the concrete used ithe girdes in thee bridges If one next
compars ths vale o the ulimate shrnkage as predictefrom the curent AASHTO eguation,
one mus$ note that a wdifying codficient is requirel tha reflects the surface areatvolume
ratio of the elemenfor which the ulimate shrnkage $ beng esimated This codficient is about
0.76 for the girdes usel in thee brdges Applying ths coefficier to the 590 peone end up
with an edtated ultimate shrinkage strai for the girdes d abou 450 pe Applying this
coefficiert to the average fathe maximum 100-da shrinkag stran from the blocks ore obtains

approximately 135 pe This is les than the value predicted fro the curent AASHTO
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equation 240 pe The conclusio is thd the shrinkag strais in the dica fure girder mix
appear 6 ke les than wha ore woul predi¢ for normad concrete Ore mus be carefliabout
generalizng thi result.

The deck concregepresena little diferert picture The eary periad shrinkage fothe
silica fume concrete makg up tle deck $ abow 240 b 250 pe The carespondig fly ash
concree eary periad (first 100 day} shrinkag is abot 150 pe This differerce s significant.
The silica fume concrete exhibited aboutlimes & mud eary periad shrinkage as énfly ash
concrete This diference hold true for the laie shrnkage & wdl.

4.7  Developmer of the strain time series and sekction of the initial time (to):

The data fron the vibratirg wire stran transluces is initidly convertel to rav strains.
Thee strais ae subsequenticonvertel to a base temperature thd the seris can be analyzed
without the temperature effectsThe base temperatithat wa se¢cted wa 222 °C (720 °F).
The conversin of the stran to the base temperatirequires a aoection for expansio of the
gage as wé as a caorection for the thermaéexpansiom of the concrete. This praduced a series
that can le considere to have beeraken aa commao temgerature The nex stg was © define
azem tme 9 that tte differerce n stran relative to ths ime-zeo cauld be detemined.

This gquatim is given as

Ag,

=€, —& equ. 4.7

0
Ag; = Changein strainsince f,
g, =Strainattimet;
g, = Strainattime t,
Thes differencs in strain ag the values thare o interes in the tme histoy analyss o strain.
Time zeo was selectd by insgcting the dat over tle firs few days afte the concrete was
placed Ore seek a tme close ¢ the time that tle concrete has sefe at a ime at whid the
temperatue has sitled down a litle bit In dl four casesthe two girde placemerg ard the two
deck phcementsa ime zep was seécted about 2 days aftéhe concrete was initiallplaced in
the forms The selectio of time zeo does influerce the subsequériime historiesbu a haf day
ore way or the other wil not hawe alarge influerce an the straa time histories tha are

calculated.



142

Once the ime histories wer generatedthe shrinkage blockirne histories wes used to
remo\e the shmkage strainsThis was doa accordig to the following equation

Ne, =Ne, —Deg, equ. 4.8

A:»:'ti = Strainincrementat time t; , with theshrinkagestrainremoved
Ag, = Strainattimet;.
Ag, i = Shrinkagestrainattime t; .

The stran time series tharesult fran the applicatio of equatian 46 are then sulgcted to
further analysis.

4.8 Analysis d the girder strain time histories:

As has ben notd eatier in this report each prestsseal girde had four vibratirg wire
stran transluces located amid-span These tranduces were distributd uniformly through the
deph of the girder A progran was developd tha permittal the linear regressio analyss on
these fou readings After the regressio analyss wa performegthe resultilg regressio results
were used to compaitstrairs an the top batom ard & the centradl of the AASHTO Type I
girders This exercise warepated aieach 30minute interval throughout a 24-hour period.

After this was completedhe reading wee averaged through the dayhis averagig
tends b remo\e the remaimg cyclicd daily variations m the data.Once ths was complet&on
all of the data, th resuls for each girde were plotted The® two separa plos ae smilar to
ead other The nex st was 0 averag the resu from the two separat girders The resul of
this operatio is providel in Figure 413 for the instrumented girdsrfrom bridge 1 ard in
Figure 414 for the girdes from bridge 2 Inspection of these two grapls provide interesting
insights into the behavio of thes girders.

By inspectig Figures 413 and 4.14, th strairs intraduced ind the prestresskegirders
due b transferriig prestres s readily observed The average compressisstran a the centroid
of the girdes from bridge 1 $ abow 425pe. Sine thi stran is & the centrail of the sectim it is
an indicata of the initial prestress foce, R.  Inspectirg the graf for bridge 2 it is observed
that the initial compressie stran & the centrad is abot 525 pe The difererce betwen these

two values is abow 19 pecent This differerce seerm a litle large consideng the agreemenn
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the initial deflections (Tabk 4.9) The changesni strain associate with the east camber
devebpmern are notedm the fgures.

The chang in strains associadewith the plaang d the decls is cleary observd in the
figures by focusng o the lines thd represent th strairs & the top and bottn fibers o the
beam The pla of the stran & the centrad stould na shaw ary effect from the placemenof the
deck The fact tha it does shav a smdl incremen of stran indicates thathe actuacentrod is
not located eactly as predicted.

The chang in the stran with time at tle centrad of the cress sectia is indcative d the
effect of creep It would include shrinkge strains ithese hae been removedIt does include
the effect @ relaxatian in the steelbu low-relaxation strand wa specified 0 the relaxation
effect is nd very large The ime variation chang in the stran due b creep fran the time the
girder wa cas until the deck wa placel is abot 25 pe in bridge 1 and about57ue in bridge 2.
The® values represena change foabou 5.9 pecert in the initid prestress n the girdes for
bridge 1 and abdua 140 pecert chang in the initid prestress fa bridge 2 This chang in

stran occurs ove an goproximae two-monh period
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Figure 4.13: Bridge na 1, girder daily average stran histories.
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Figure 4.14: Bridge 2 Girder daily average stran histories.

After the deck $ in place, tle neutral axs shifts upwat to a lccation near tle tgp fiber of
the girder The tap line in the fgure can be taced to detenine the time dpendent changethat
take place after # deck $ placed Thee s o significart long-tem chang in the grap for
Bridge 1 fron Augug 1999, thragh Mard 2000. Afte March 2000, i gppeas thd a seasonal
effect begins If itis nd seasonait is & leas a lorg period ©iange It will be interestig to see
if thee trend ae indeed log period sasonhchanges or smply a nonrecurrig change Note,
tha all three lines reman separated byneequd amount This indicats the systen is respondig
in alinear maner. Sirce the strais movel in a compressive dction it indicates the beara are
coming uncer a unifom comprasive force. This lehavia is interesting.

Inspectig Figure 414 (bridge 2 dafefor this sane long-tem changeit is notel tha the
strairs & the tq edge bthe girde do indiate a long-term changédt is notel to be abot 20 to
30 pe This stran devebping ove an 11-monh period This indicates a further 4 to 5 memt
loss in the initid prestres foce. t gppeas thd this trem tends ¢ reverg at tle erd of this 11-
month period More dah is reeded toee T this continuesif it continuesit is the same behavior
as observe in bridge 1.
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There s ore curiots even in the straa histoy of bridge 1 Note the gap mn the data
during Septemhe1999. A littl e to the right of this gap $ a smadlbut noticealte inflection in the
stran registerd by al three tranducers The gap itsdlis due ¢ the failure o the conputer
someime after Labor Dy in Septemhe 1999. The conpute was pu back onfine in late
SeptemberThe locatio in time d this inflection carespong gproximately 6 the time that the
traffic was routd ove the bridge. Tk inflection takes phace over sevelalays perhag ten
days. Tle dhang o the top fiber of the bean is tende which carespond © a smdlincrea® in
camber (upwat defection) In any casetiis interesting In late analysis it will be noted that

this inflection only occured in the outer girder.

4.9  Girder curvature analysis:

The curvatue o a keam & an indicato of the radiss © which the bem is bent.
Specificdly the curvatures tre reciprochof the radits © which the been is flexed In general,
it changs in a contimous manne alorg the keam Itis defined Iy the following equatians-

_ (e -2) Equ. 4.9

¢= h

Ol

@ = curvature

p = radiws o which the bean is bent
€1, & = stran & the top and bottom fiber of the beam respectively.
h = the det of the beam.

From the stran measurementshe strairs & the top and b&tom fiber of the bean are known.
These equatiaae simply equations 6 kinematics am do na require elastic behavioof the
material A progran was developd tha conputed the curvature n the girdes from the
tranglucer readings Thee are fou trangluces & the center dthe girder and as has been
stated a regressio line was corputed from theg fou readings From this regressio line the
stran was conputed on the t@ and botten fibers o the beam Fram the® two values d strain,
the curvatures arconputed. The curvatures fothe two girdes (G3A and G3-B) in bridge 1
are providedn Figure 415. The curvatures fothe instrumented girdsr(G5A and G5-B) in
Bridge 2 ae providedm Figure 416. Large positive values bcurvatue indicate a tendepdor
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the bean to exhibt upwad cambe (upwad defection) A decreae in positive curvature
indicates tk bean is tendig to exhibi downwad deflection.

This positive chang in curvatue is notel in al four girders ove the peria tha they
were stored in the prestresgigard. h addition, the instantane@iard maximun cambe are in
generdagreemenwith the deflection tha were measuredrotheg girders From Tabk 4.91is
noted tha girder G3-A exhibited a maxmum cambe of 254 mm (100 inche} ard girde G3-B
exhibited a maximm cambe of 23.62 nm (093 inches) The difererce n thee two values is
abou 3 pecent The curvature fothe® two girdes is abow 220 and 24.0 respectivelyThis is
a difererce d abou 8 pecent This is relative}y good agreementThe maximun cambe noted
in girdes G5A and G5B was 318 mm (125 in) ard 30.0 nm (118 inche} resgectively.
Ther two curvature ae rearly identical as ae the deflectionsin bot figures the dfect of the
deck phcemenis notel by a shap drgo in curvature The deck phcemen occuring in August
1999 fa bridge 1 ad in July 2000 fo Bridge 2.

There s a shay positive curvature chaagn Girde G5-B (Brdge 3 immediately after
the deck wa plced This chang s nd mirrored in Girde G5-A. This is puzzling. it were an
elastic changet iwould reflect a changef@abou 4.8 mm (019 inche¥ in deflection This is not
noted on the grap of deflections This cauld indicate that th response vgainelastic Thereafter
the two girdes exhibit nearly identical curvatures.

Creep shuld shav up & a positive b negatie drift in the curvatue with time. The
trends in theg figures refect tre observatiost ma@ an the straa & the centradl of the girders.
The difficulty is thd it is nd as eag to obsere smal changes in this figure due ¢ the scale
employed For exampé if the curvature were abb®é, then al0 pecert chang would change
this vale by 0.6. This chang nd beirg obvous dued the scale dthe graph.

The inflection tha was previous} noted on Figure 413 an Bridge 1 ca be observedsaa
chang in the curvatue d Girder G3B in Figure 415. There mg be a smdlcorresponding
chang oan the grap of Girder G3A, bu it is vely slight This inflection resuls in an increag in
the cambe of the beam.
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Figure 4.17: Bridges 1 ad 2, average girde mid-span curvature.

The curvatures fothe two separa girdes in eat bridge were averagedThe resuls o this
exerci® are presentedh iFigure 417. In this figure the time scaé is just dag from time zero,
time zeo beirg the time o the castig of the girders The differerte between the wvgirder
averags is easierd view in this figure As notel previously the camber ash thus tle prestress,
was greater n the girdes cast fo bridge 2 Na only this bu the lorg tem curvatue is about
double in this secod sé of girders as comparkto the girdes from bridge 1 The trend can
be verified by inspctirg the chang in the deflectios kack n Figure 4.7 Thes al® ae in the

sane ratio.

410 Bent curvature analysis:

A uniformly spaced sicked skof three vibratig wire transluces was plaed & the bent
in the gap beteen the prestressgirders As the deck $ placed ths region between tle girders
is filled with fresh concrete This forns an integra bert diaphragm In each bridg two ses of
transduces wee placed athe bent Ore set wa phced n the gap betweethe tw girders
located o the outside girder lineThe secod sé& was phced n the gap beteen the girder at
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the adjaceninterior girder line. The ben transduces in bridge 1 ae all providng, wha appears
to be useable readingsin bridge 2 oe o the bottan ben transluces was pparenty ruined
during the placemenof the deck This raeduced tle set & three b two transducers The
remainng two do not gpear 6 be giving good eadings Becaus o these apparen poor
readings this groyp was nd usel to develop tk information for the following discussion The
secord sd in bridge 2 § believel to ke providng useald resuls amd has be@ employel to
devel@ the following results.

The ben curvaturs wee conputed employing tle sane methal tha was usel for the
girder curvatures The resuls ae provided m Figure 418. The pla for bridge 1 § the most
interesting It is observd tha the curvature has eadily decreased ovethe two years thd the
bridge ha be@ monitored This gragh is the average fotwo locations bu both Iccatiors show
this sane generhtrend It is possit¢ that ths curvatue chang is due © the higher eéck
shrnkage that hmbe@ notal in bridge 1 The girdes ae tendilg to cone together tather tops
ard tending © separat d ther bottom fibers This sane trerd mg be showirg upin the second
bridge bu there has nbbeen sificient data gatheredtindicate thattiis definitey taking place.
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Figure 4.18: Bridges 1 and 2, curvature between tle girders & the bent.
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Figure 4.19: Bridges 1 and 2, centroidal strains between the girdes a the bent.

Onre coudl argue that durgnthe firs year tle chang in curvatue was abou2. Over the first
year n bridgel this chang was abou2.5 More datas reeded to ee f this trer continues.
Stran between the girdex a the leve of the girder centroidl is plottel in Figure 419. Thi strain
is relativey insensitie © the curvature. Thee strais demonstr& thd tensle strairs are
devebping between the girder ersdd the leve of the girder centroids In this case, t& two
bridges ae comparable. & statedthe strairs betwea the girder ensl ae tensile, ath vary
cyclically abou a value 6 abou 175 pe More daa record aml furthe analyss ae needed

before one can imke furtter caonmens m the behawar o the brdge at tle bem locations

411 Deck Strains:

There are fou ses o two stran transluces positione & mid-span with a secod dmilar
array ove the bent Utlizing the two transluces tha are stacked vertidly in the deck,
regressio analyss was employe to conpute the constastfor an equatio tha would permt the
conputatin of stran thraugh the thicknes o the deck The stran was then conputel & the
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mid-deph of the deck After the separate values veerconputed they were then averaged.
Figure 420 preserd the resuls from boh bridges for the mid-spa location Figure 421
provides smilar resuls ove the bent.

The resuls befoe the shrinkage strais ae removed & presented along witthe results
after tre shrnkage strais ae subtracted Sirce the shrinkage stramae negative, suldicting
them from the recod resuls in a shif in the tensile, 0 positive direction Here as m other
results thee is a lory period cyclcal chang indicated This cyclcal chang s demonstratkein
both figures ard is cccuring in boh bridges Focusng an the net strainsafta subtractig out the
shrinkage strainsit is observe tha overal the tensile stramake significanty highe in bridge 1
as compar o bridge 2 Bridge one haan averag tensile stra of abou 160 peat mid-span.
The carespondig value over ta bei is abow 420ue. Similar resuls for Bridge 2 ae 60pe at
mid-span and 250 pover the bent If one ratics the numbes for each brdge the resuls ae 2.6
for Bridge no ore ard 42 for bridge 2 The ratics ae nd comparable.

The strairs in the deck a interestingbu difficult to explain They are consistenwith
the devedping dat that indicats tha the gli ca furre deck exhibgd a geate terdeng to shrink
ard thus develp tensie stresses. ®the other handss will be seenthee are aboutwice as
mary transvers cracls in the dica fume deck a compard to the fly ash @ck thus with
crackirg the tende stresse stould be reduced.

The datas consistenwith a highy restraind elementwhich the deck seesnio be Not
mudh is known abou the creep b concree in tension excdptha it certainy takes plece.
Additiond data ard further ektaled analyss is needed beferadditona comments can be nde.

4.12 Underside deck crack surveys:

Significart transvers deck cacking was notel in bridge 1 during té firs winter (Early
Januay 2000) afterti was constructed Transvers deck cacking was also noté in bridge 2
during this brdge' s first winter In Augug of 2001, undersie deck survey wee corducted on
the® two bridges The® surveg wee cormucted from the ground The number dcracks was
countel between each girdeard along tle overhangs In sone casesa significamh distarce
occured between the eth o the s@n aml the first crack. Whae this was observkthe distance to
the firg crack wa esimatel ard this dmensim to the firs crack wa taken into consideration

when conputing the crack spacop in tha span In generalwithin a spa the spacig between
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cracks was relativey uniform Reasonald esimates d dimensiors coutl be mae due o the
imprint of the 4X8 plywood form-sheet on the underside fahe deck concrete Nearly all of
the® cracls are ghibiting calciun carbonag¢ precipitag ard unde appropria¢ winte conditions
exhibit moistue seepage. Thiwas eadily observe during tle winter monte ard was the
reasm tha the cracls wee firg noted in Januay 2000. Tle resuls o the surveg an the two
bridges ae sunmarizel in Tabk 412.

A coupk d points must le noted Conside the firs bridge The crack spacingiithe end
spans s abot double the spacig in the center spanThis sane relative spaag is true & well
for bridge 2 This indicates which makes sensethd there is moe restrain in the center span
which contribute o greate cracking Overdl, the average crack spagi in bridge 1 $ about
1.37 m (45 feet) The carespondig value fo bridge 2 § abot 2.3 m (76 feet) The ratd of
the crack spacingi bridge 2 © the crack spacig in bridge 1 is 1.7 This is in generhagreement
with the shmkage data frm the two bridges This ratiq as previousf cited is 1.6 The basic
point is thad ther is significanty more crackng in the silca fure deck a compard to the fly
ash deck and ths is supporta by the data that has bedaken.
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Figure 4.20: Bridges 1 and 2, mid-thickness ceck strain at mid-span.
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Figure 4.21: Bridges 1 and 2, mid-thickness deck strain at the bent.
Table 412 Bridge no 1 and 2, Summary crack data (Surveys d August 2001).
Bridge no 1 Bridge no 2
No. of Cracks Spacimg (ft.) No. of Cracks Spacimg (ft.)
North Span 38 6.0 17 12.9
Middle Span 82 3.3 49 5.4
Souh Span 43 5.5 27 8.1
Overal Data 163 4.5 93 7.6

Unit Conversionsl ft = 03048 m

4.13 Temperature analysis:

There are a larg number btemperatue sens® in ead of thee two bridges Only

summary information s presenta hee because detadleanalyse hawe nd been completed The

maximum temperatue that wa observd in the instrumented girdedurirg the initial hydration

of the concreg was essentlly the sane for each girér ard was abait 60°C (140°F). This peak
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temperatue was achieved about 16 heuwfte the concree was phced The fabricato gpplied
supplementar heat n the fom of hot wate tha was circulatel through pips tha are directly
under tle bean forms Insulatirg blankes were used to retaithe heatm the girders.

The highestemperature that waobseved durirg the curing 6 the decls was abait 52.8
°C (127 °F) in the silia fume deck ad about 46.£C (115 °F) in the fly ash @ck The high
temperatue in the silia fume deck wa achievd about 23 howr afte concreé placement The
high temperatw in the fy ash @ck wa achievd about Z hous afte the deck wa initialy
placed Sirce glica fume hydrates verapidly am contribute significanty to eary strength
gain, ore woull expect tre dlica fumre mix to exhibt a highe peak temprature han tle fly ash
mix.

The average girder dndeck temperaterfor bridge 1 during tb summea ard winte of
2000 ae provided m Figures 422 and 4.23, reggtively. Averaghg dl temperatue translucers
in the deck and perforing a smilar averag for the girdes generates these curveBhe
individud values ae daily averagesfor this reasm they do not refect tre durnd variation over
the day In addition to the dataa trend line has been imposed. As would be expected the girders
are coole than tre deck.
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Figure 4.22: Bridge 1, average day deck and girder temperatures during the sunmer of
2000.
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Figure 4.23: Bridge 1, average day deck and girder temperatures during the winter of
2000.

By examining the trer ling, it can be saethd in the sinme the girdes ae abow 9°C (5 °F)
coole than the deck This differerce causes therrhgradiens am will give rise b thermal
stresses.

A similar graph is presente for the winter ¢ 2000. Winter 2000 wa a significant
winter. It was vely long and a recat duration of continuows snav cove was recorded The
winter was nd extremey cold, though signifcan stretche o cold weather acured As weas the
ca® in the summerthe girdes ae cooler tha the deck The difference thogh s nd very
much beig  the order 1 °C (2 °F) degrees Wha can na be seenr the datas tre diurnal
effect. This woutl be expecteda be more signiftart in the deck tha in the girders The data
does shw tha on an averag bass the girdes ae nd too mud different n temperatue than the
deck.

414 Rapid Chloride Permeability

Durability of the concret in bridge decls has a majoimpact an maintenance castand
the materihdesig is o utmog importarce. Ore o the mos sevee problens is the corrosio of
the brdge deck reinforcing steedggravate by chlorice ions Penetratia of the chlorice ions
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into ard through the deck concretéo the reinforchg steel is a critich paramete to be
contrdled. The majo purpog d this projet is to develop te concred mixture proportios to
minimize the transparof chloride ions.

The specimes fabrcated fran the actudconcrets usel in the brilge decksprestrased
girders ard trial mixes wee tested forapd chloride permeality as pg ASTM C 1202. The
individud ted results ae given in Tables 32 and 3.3n Tak 11. A totd of 92 speaners were
testel ard the average valued capid chloride permeaittit y for the trid mix concretethe girder
concree and bridge deck concrete@agiven n Tabk 413 fa bridge 1 constructein the summer
of 1999 and tb correspondim values obtaind for bridge 2 constructed duringatsunme of
2000 ae given in Tabk 414.

4.14.1 Bridge Deck Concrete

The compariso of the permeabilitis measure for various batches fothe concrete used
in the constructio of bridge 1 n the summerfl999 5 shown in Fig 4.24. Fo this deck slica
fume HRC mix was used The values rangk from 393 © 621 coulomhsThis is a vey low
variation which is due ¢ the bette quality contrd used in the praluction of concrete A similar
compariso for the varios batche o deck concret used fo the constructia of the bridge 2
during the sunme of 2000 5 show in Fig 4.25. Fo this deck glica fume was omtted ard fly
at wes aldal as partid replacemenfor cement The permeabilitis varie from 708 b 1404
coulombs which is agan a lowv variability for field concrete It shows thd the same quality
contrd was also maintairefor the constructn d this bridge.

The man obgctive d devebping a HRZ mix for the brdge deck constructiowas to
reduce the chloride permmability of the concrete @ tha the carosion potentid of the steel
reinforcemen is redluced The project's requiremenstatel tha "The bridge deck permeability
should be reduced by a signifart amount $0%) as compard to the DDOT" S standat bridge
deck mix The averag values bpermeallities for all the concretes ugeduring tle construction
of both bridges ae comparedn Fig. 4.26. Tle rapd chloride perreability (averag o 24
specimenk for the HRC silica fune concrete usechibridge 1 § 462 coulomb whereas the
permeabity of SDDOT' s standat bridge deck mi was 4158 coulombsAccordirg to ASTM
C1202, tle chlorice ion penetrabiliy is "High' for SDDOT' s standat concre¢ ar it is "Very
Low" for HPC bridge concreteThis is a 88.9% rductian which ha far exceeded #érequired

50% reduction The chloride perraability (an averag d 24 spe&imeng of the concrete
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usal for the secod bridge is 1038 coulombs.

Table 4.13: Bri dge 1 (Summe r 1999) - Av erage Chlorid e Permeabiilitie s of Sampl es
taken at differen t tim es

Girder Fabrication Bridge Deck Concrete
Total Charge Total Charge
No. of Passed No. of Passed
Source Specimens|(Coulombs) - Source Specimens | (Coulombs) -
Average Average
Deck Trial
Trial Mix 1 3 161 Placement 4 558
Deck
Trial Mix 2 5 109 Placement 1 4 317
Deck
Average of 8 specimens 135 Placement 2 4 461
Girder Deck
Fabrication 1 4 42 Placement 3 4 621
Girder Deck
Fabrication 2 4 75 Placement 4 4 393
Girder Deck
Fabrication 3 4 69 Placement 5 4 516
Girder
Fabrication 4 4 61 Average of 24 specimens 462
Girder
Fabrication 5 4 81
Girder
Fabrication 6 4 61
Average of 24 specimens 65

There was a reductio of 75% in the chloride permediby, which is agam greater than
suggested. Howevehe perneability of this fly ash mix was 123 % higher thatha of the HPC
mix tha containel 7 pecert silica fume.

Table 4.14: Bridg e 2 (Summer 2000) - Average Chlorid e Permeabilitie s of Sample s
taken at different tim es

Bridge Deck Concrete

Girder Fabrication
Total Charge
Source No_. of Passed
Specimens| (Coulombs) -
Average
Girder
Fabrication 2 4 96
Girder
Fabrication 3 4 77
Girder
Fabrication 5 4 89
Average of 12 specimens 87

Total Charge

Source No_. of Passed
Specimens | (Coulombs) -
Average
Deck
Placement 1 4 782
Deck
Placement 2 4 708
Deck
Placement 3 4 1404
Deck
Placement 4 4 1307
Deck
Placement 5 4 988
Average of 24 specimens 1038
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Accordirg to ASTM C1202, tte chlorice ion penetralhity is "low" for the fly ash HRZ mix used
in Bridge 2 Therefore,tican be assurdethat the potentidor the rebar corrosiois vey low for

bridge 1 ad low in bridge 2.
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4.14.2 Bridge Girder Concrete

The average valged the permealities o concrets use in the fabricatio of prestressed
girders for bridge 1 and 2 & comparedn Fig 4.27 and 4.28 respectivelyhe perneabilities
varied from 42 © 81 in bridge 1 and 77 to 96nibridge 2 This variation can be considered
reasonald for field concre¢ ard it can be assundehat tfe silica fume distrituted propest in the
concrete. Th quality contrd obtainal in the praluction of HPC was good The permeaitity
(averag@ o 24 specimensfor bridge 1 $ 65 coulombs ahthe perneability (averag o 12
specimeng for bridge 2 § 87 coulomhs According to ASTM C 1202 the chlorid ion
penetrabity is classifiel as "Negligible" Therefoe the hidp strengih HPC coutl be considered
as impermeable arthe crrosian potentid of the prestesse steétendors is neghible.
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4.14.3 Accelerated Rapid Chloride Test

Currently the 90 dg rapd chloride permealty (ASTM C 1202) result are spdfied for
bridge deck concreseby variols DOT' s (14). This is too long a perid to wat to know the
results Therefoe accelerated curingf the specimes & a higher temperature @rthen testing
them within a few dag to detemine the permealiity is quicke way to ge the same resulfThis
procedue hal bee suggestd by tke Virginia DOT (4) ad Malhotra (21) In this propct a
comprehensi testig progran was corductel to prowe that i is possilé © predit¢ the 90-day
rapd chloride perreability a a 7 day testig by ushg the accelerated cuignof concrete
specimen befoe testiy for permeability. The folowing pracedue was use for accelerated
curing The specimeswere demolded afte24 hous following the ASTM specification and they
were placedn an accelerated curing tank containing wataintainel & a constantemperature
of 38° C (100 F) for 3 days Then they were tested fothe rapél chloride permedlity using the
ASTM C 1202 tesprocedure.

4.14.4 Ted Program and Regression Model:Ten mixes with quartzie aggrega with various
guantities o silica fune ard fly ash wee mae aml eigh spe@mers from eat mix were
fabricated fran theg mixes Fou specimers wee subjectel to accelerated curmgn mentioned
abow aml tested afte7 days fo rapd chloride perraability. The remainng four spetnens
were standat cured fo 90 days ad were then tested forapid chloride permeabilityThe test
resuls ae given in Tabk 415.

A log-log linea modé for predictig the relationstp between the accelerated
permeabity (Y), a dependdnvariable ard the 90-dg permeabiliy value (X), an independent
variabk is presented.

Log(Y) = kp +bLog(X)

In the above equatiothe constasthy ard by are evaluated by regssicn analyss and
they are equd to -08307 anl 1.2245 respctively. Hypothess testig was al® dore to detemine
whethe a strolg and significahrelation existel betwea Y ard X. Adequag of the regression
modd was assesskusing tle values o coefficiert of correlation conditiond estimation of
standad deviation ard the significarce+ (p-value) 6 the hypothesis tesComplete detds of the
analyss ae given in Appendx C.
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Table 4.15 Predicted 90 Day Rermeability Values using Logtog Linear Model

Proposed Logarithmic Model: Log Y= bo+biLog X
Accelerate d
90 Days Coulombs Standard

Coulombs (X) (Y) Log X Log Y Pred Log Y | Residuals Pred Y
323 132 2.51 2.12 2.24 -0.84 174.51
812 692 291 2.84 2.73 0.75 539.56
1207 533 3.08 2.73 2.94 -1.50 876.67
1219 1337 3.09 3.13 2.95 1.24 887.35
1774 1559 3.25 3.19 3.15 0.31 1404.85
1943 1642 3.29 3.22 3.20 0.13 1570.44
3475 4088 3.54 3.61 3.51 0.74 3200.25
4158 5566 3.62 3.75 3.60 1.01 3986.66
4704 4059 3.67 3.61 3.67 -0.40 4636.83
6831 4548 3.83 3.66 3.86 -1.44 7321.69

Table 4.16 Regessian Statistics of Modd for Predicting 90 Day Rrmeability

Proposed Logarithmic Model: Log Y= bot+biLog X

Std Devidion bo b1 Cod of R Square Significancq ;
Sy/x (Intercept) | (X Variable) Correlatian r g F-P value
0.15 -0.83 1.22 0.96 0.92 1.07E-05 93.95

Table 416 gives the regressio statistis d the developed modeThe norméaprobablity
plot of the restluak is show in Figure 429. Tre logaritimic line fit plot of permealbity in
coulomts due ® accelerated curing {Ywith perneability in coulomis due © standard 90-day
curing (X) is showm in Fig 4.30.

This equatian can be used to pretithe 90-dg permeabity for the quartzie aggregate
concrets usel in this progct far any compressig strengthif the accelerated peeability value
is known for tha concreteThis is highly advantagemibecaus we need nbwait for 90 dag to
know the permeaitity of concree used Sone preiminary tess dore with limestone aggregate
seemd to agre with the siggestd equation howeve furtha extensie testig is needd to

devel® a universbequatio applicabé to dl aggregates.
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4.15 Conclusions

Based o the tesresults ad the observatios mae: during tle course Pthis

investigationthe following conclusions aroffered.

4.15.1 High Strength HPC Mix and Performance d Prestressel Girders

The silica fune high strength HE mix developd by the laboratgrtrial mixes am slightly
modified for the field conditions ad usel in the fabricatia of prestressal girdes performed
well both in the fref and hardened statéihe selected mix th40324 kg/nt (680 Ib/cu.yd)
cemen ard 49.81 kg/m (84 Ib/cu.yd) é silica fume with a water@ cemenratio of 0.28 and
water b cemen + silica fune rato o 0.25. Ths mx gawe the requirel 127 6178 mm § to 7

inches slunp and 4.01.0 % air The coarse aggregateonsistd of 19 mm (34 inch Sioux
falls quartzie aggregateThee was a significanincrea® in the compresses strengt due to
the addition of silica fume. Thé mix exceeded ehspecified desiystrength requiremenof
569 MPa 8520 p9 & releag o the strand ard 68.3 MR (9900 pg)i a 28 days This mix

developéd a ran@ in stress & 28 days ¢ 89.64 MPa (13, 000 pgito 108.25 MR (15700
psi). Basel on the result obtaine from the field concre¢ used n the fabricatio of the

girders ths high strength HE mix ould be used wit design strength28 days)
conservative} se at 827 MPa (12,000 psi) This predicts tha95 perert of the resuls would
break at or higher tha the desig strength. Tl statemeinassums thd three cylnders be
usal and averaged to produceedes result ard that tle tes$ resuls are normily distributed.

The moduls o elasticity of the high strength HE mix with quartzie aggrega was higher
than the DOT standadl mixes usel for prestrasal girders The moduls o elasticity for

this mix can be estimaidby the recanmendé ACI 363 equatian with the substitutian in this
equation of 13790 MR (2000,000 p9ifor the 6895 MR (1000,000 pgiconstant.

The moduls o elasticity of the high strength HE mix with quartzie aggrega was higher
than the DOT standadl mixes usel for prestrasal girders The curernt equation thd is

recanmende for evaluatiig the malulus o elasticity of HSC is thre ACl 363 equation It

has the form
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ACI equatian 363:

5
E; = [40.000/f¢ +1,ooo,oo%{"ﬁ%§ eq. 4-2

An gquatian to predid¢ the modulus @ elasicity for HSC is nd provided n eithe the curent
AASHTO o ACI 318 speciftations Basel on the test corductal as pat of this research,
ard limited to mixes containmg Sioux Quartzé aggregateit is conclded tha the above
equation be used wit the nodification tha the 1,000000 constat be chaged to 2,00@00.
The resultig form is —

5
; w
E :(4o,ooq/ i +2,ooo,ooc)B—°H eq. 4-3 .
¢ ¢ 1450 q

The girdes in bridge 1 exhibited a maxinm eary age (firsg 100 day¥ shrnkage d 150 g
the correspnding valte for the girders bbridge 2 wa 200ue. This is a variation of 25 o 30
percent It is likely to be indicative & the variation in shrinka@ that can be expecteddlica
fume high strength HPC This was obserwketo be abow haf of that predictel for "so-
cdled", standad concre¢ (Usirg the recanmendations as suggesteby thke AC 209
commitee.)

The loss n initial prestress fa the girdes due © the combined #ect of creep and relaxation
up o the time the deck wscast was abow 6 pecert for the girdes in bridge 1 ard abat 14
percert for the girdes in bridge 2 The girdes in bridge 2 exhibited a addition®4.8 percent
loss from the ime that tle deck wa plced upa the ime that tke girdes wee one year of
age Due  the form of the data recal for bridge 11 is nd possibé o esimate the losses in
bridge 1 aftethe deck plaemen (More dah is needd &s the recod is devebping a possible
perodic component) It is exgected thaadditiond losses (It is believel tha ther magniude
is nd large) hawe occured bu thar magniude cannbbe esimated athis time. Additional
daia ard furthe analyss will be neededa detemine amore reliable esiate o the ime-
dependenlosses in theg girders.

The long-tem curvatue in bridge 2 § abotl doubk the curvature exhibited bridge 1 This
conclusion is consisteh with the measured defitions With the deck in place, these

structures hae nd shown a tendeng to devel@ increasng long-tem deflections It can be
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concluded thithis is due o the shrhkage thats cccuring in the deckwhich counteacts the
tendenyg for the girdes to exhibt increasd camber This conclusio is basd on limited
data.

The measured curvatigetaken in the gap beteen the girder & the bem demonstrate
significart reduction ove time. In bridge 1 i has be@ reduced fran 95 to 40 (Curvature
units in?, the values have be@ multiplied by 10.) over a tvo yea time period The results
for bridge 2 shav a smilar trerd but it 8 nd as dramatic The problen is tha only ore year
of data is availabé from bridge 2 ad more data wil be needed tosses ths behavior The
trerd in the curvaturestahe beng is dfficul t to explain.

The average chloride permalitty for the girdes in bridges 1 and 2 wer 65 and 87
coulomlts respectively Accordirg to ASTM C 1202, tle chlorice ion penetraliity for both
bridge girdes is "Negligible" Therefoe the hidgn strength HE coull be considered as
impermeal® ard the corrosian potenial of the prestessé seel tendoa is neggible.

4.15.2 Bridge Deck Concree and Performance d the Decks

Based o the analysi d the tial mixes the following conclusions are made:

The compressive strengtltf concrets contaimg slica furre am fly ash were significantly
higher whe@ compard to plan concrete & the same wi/c rati ard age The increase in
strengh due to the additioof minerd admixtures was moe praminert at late ages (2 day).
There was 0 significart chang in the moduls o rupture values for concrete containng
silica fume ard fly a$h when compakto plan concretestahe sane wic ratio.

The increas in statc modulis valus was moe praninert in concrete containng jug silica
fume when compard with plan concreg¢ d the same wi/c ratios.

There was o significart chang in the compressive streigtiue b variatian in the type of
coare aggreg& used Almog al the mixes containng limestore aggrega showe higher
modulus & rupture values whe compard to the sane mixes containig quartzite aggregate.
There was a significarreduction in the chloride permediby values in concrete containng
silica fume when comparkto plan concrete & the same w/c ratios'he reductio was more
prominert in the concretes contang jug silica fume than the concretes contaigi a
combination of silica fune ard fly ash Concrets contaimg jug fly ash showe higher
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chloride permeailities when compard to concrete with siica fume bui lower chloride
permeabities when compard to gain concretes.

The resuls o the rapd chloride perreability tess carri@l out on speamens subgcted to
accelerated curing showed a domrrelation with the resutt obtaine from the tess carried
out a 90-days.

All mixes contaimhg minerdadmixtures showd low workability ard hene water rducers
were used to obtaithe required workabilityThe addition of the water rduces did not
affect the strength.

Based o the tesresults 6 the field concre¢ usedn bridge 1 and 2, t& following conclusions

are offered:

The 28 dg compressig strength obtaind were dlica fune trid mix 61.5 MPa 8910 psi),
silica fume mix fo bridge 1 48.8 MRa (7070 psi) fly ash mix for bridge 2 - 466 MPa 6760
psi). At 90 daysboth concretehal the sane compressi strengt 53.5 MR (7760 psi) The
1-year compresse strength weee silica fume mix fo bridge 1576 MPa @350 psi) fly ash
mix for bridge 2 624 MPa (9040 psi) Both mixes hal mud highe strengh than the design
28-day strengh 31 MRa (@500 psi) This is abot 50% highe strengh than the required
strength At 28 days the slica fume mix use in the bridg deck yieldd a 5 pecert greater
strength tha the fly ash mix usel in bridge deck no2. At ore year tle fly adh mix yielded
compressive strengt resuls 7 gercen highe than tre slica fume mix This was as expected.
The silica furre deck concretexhibitel 1.6 times moe eary age shrnkage stran than tke fly
ash concre¢ mix This contributd to the greater éck cacking than was observd in the fly
ash deck concrete.

Both decks tendd to develop significantensie strains On averag tre silica fume deck
developed average tensile steil® times greater tha the average tensile straitha were
measurd in the fly ash deck.

There was a higher heaf hydration and highe temperature durirg the eary curing period
in glica fume concrete as compar® the fly ash concrete.

A codficient of therma expansim of 135 x 10° °C* (75 x 10° °F') can be used with

confiderce fa silica furme amd fly ash mixes representaterd those sudied in this research.
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* The crack surve data demonstra&t thd there wa 17 times mae crackimg in the slica fume
deck & compard to the fly ash @ck This is h generbagreemenwith the deck tensile
stran data.

* The fly ah mix is considere to be bette for deck ue than the siia fume nx becaus of
the fly ash concretes tendeng to devele lowa shrinkag strais am thus develp fewer
cracks A furthe negatie for the silica fume mix $ tha it requires mud more care during
the plachg and curing bthe concrete. Hothis reason silica furme concreg is likely to cost
more than fi/ ash concrete.

* The rapd chloride permeabilite & measured frm the ASTM C 1202 tes for the silica
fume bridge deck concretranged frm 393 to 621 coulonsard for fly ash concreg¢ used in
bridge deck 2 vargk from 708 b 1404 coulomhsThe average pereability (24 speanens)
for silica fune concrete was 462 coulombs wdes tle permeaitity of SDDOT' s standard
bridge deck concretwas 4158 coulombdhis is 889 % reluction which ha far exceeded
the required 50% reductio The average pereability (24 specimenjsfor the fly ash conrete
was 1038 coulonmbwhich was a reductia of 75%. The perneability of fly ash concret was
123 % higher thatha of the silica furre concrete containg 7 pecert dlica fume.

* According to ASTM C1202, tle chlorice ion penetraliity is "very low" for the silica fume
concree ard "low" for the fly ash concrete It is conclded tha the potentia for rebar
corrosion is low for both silica furre ard fly ash concretes.

4.15.3 Cost

* The cos of the superstructue for the brdges was tle same o a fird cost bas for both the
HPC bridge anl the normd concree DDOT presendesiqn bridge Howeve the life cycle
cod might be cheaper fothe HRC bridge becausefdhe anticipated longelife am reduced
maintenane cost.

* The use 6HPC allowel designes o reduce tle number bgirders in each spa from five to
four. Howeve the thicker @&ck reeded dueot the wider girder spacgnegatd the savngs
redized in the girders.
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4.16 Recommendations

Prestressal Girders:

1. For the fabrication of prestresseal girders when compresive strength greater tha 62 MPa
(9000 pg are requiredthe high strength silia fume HRC shoudl be specified The 28-day
desigh comprasive strengt coutl be specifiel as high as 827 MPa (12,000 psi) but the
fabricata would wart the corcree o reach tie releae strendtin a fev days for production
purposes Therefoe tre mix shoull be designed toeach the fabricators required rekease
strengh in the specified numbef days.

The feasillity of producig and using hig strengh slica fune HRC mix hal been
successfuf demonstrate in this project The concrete was almost impermealand
hene the corrosim potentidwas eliminated The anticipated bene$itae les numbe of
girders less defkection less prestrss Iess dued creep and shrinkage.

2. Basal on extensie testig of trial mixes am analysis the following mix proportios are
recanmende for high strength girdeconcrete This mix wa usel for a desig strength ¢ )
of 68.3 MPa (9900 psi ard the average strengtobtainel was 993 MPa (14400 psi) The
fabricata wantal to achiee the specified strand releastrengh of 56.9 MPa 8250 psj in 3

days.
Cement (Typ 1) 403.24 kg/m 680 Ibs./pcy
Wate included from
Silica furre slury ard HRWR 112.67 kg/m 190 Ibs./pcy
Coare aygregate /4" quartzite)  1082.23 kg/m 1825 Ibs./pcy
Fine aygregate (S.S.D) 683.16 kg/m 1200 Ibs./pcy
Silica furre 49.81 kg/nd 84 Ibs./pcy
Air Content 4.0+1.0% 4.0+1.0%
Water b Cemenratio 0.28 0.28
Water/C+S.F ratio 0.25 0.25

Note: The reconmended slunp was 127 b 178 mm § to 7 inches) The dosage foHigh Rang@ Water Rducer
(HRWR) and/o wate reducer shou ke adjusted ecordirg to the field condtions to achieve the specified slump.
The 19mm (3/4 inch) quartite aggregat usedn this propct conformd to the stadard specificéons far Road and
Bridges Secticn &0 far Size Na 1 (DDOT). The mixing wate shoutl be adjusted tak{ into accourt the excess
wate presehin the slica fume slury and the high range and mid range wateducers.

3. The equatio curently recanmende for calculation of modulus o elasticity (Ec) for HSC is
the ACI 363 equation:

5
E; = [40.000/f¢ +1,ooo,00(%;’l’705 g
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Based o the malulus d elasticity (ASTM C469) tes$ comucted as pat of this researe and
limited to mixes containig Soux Quartzie aygregateit is ecanmerded that the above
equatian be nodified by changng the 1,000,000 constato 2,000,000. Thereferthe

recanmendd formuk becomes:

.5
. W,
E :(4o,ooq/ f +2,ooo,ooa549
C Cc |:ﬂ4.5|:|

It is recanmendd tha the AC 363 equatio be usd without nodification fa mixes
containing limesto@ aggregate sirce the resears was nd corductal on mixes containing
limestore aggregate.

Bridge Deck:

4. For the constructia of bridge decksthe Class F fiy ash concret which was siccessfilly
usal in the constructio of bridge deck 2, shodl be specified fo future deck concrete.
Compare to plain deck concrete, the benefit using fly as deck concret as demorisated
in this progct, are substantiareduction in the chlori@ ion penetrability & "low" value as per
ASTM C1202) reduced corrosio potential highe modulis concrete reduced plastic
shrinkage reduced drying shrinkageeduced restrained shrinkage craxkin the underside
of the deck slahsreduced eayl temperatue rise dued the hydration activity, less micro-
cracking highe durability, beter workability, ard good finishability This fly ash concrete
developd smalle tensik stressn the deck thathe silia fume concrete. Althes benefits
could be redized without & increa® in cost.

5. The reconmende bridge deck concretmix proportions a given below.

Cemer (Type I/1l) 349.87 kg/m 590 Ibs./cuyd.
Fly ash (Clas F) 74.53 kg/n 124 Ibs./cuyd.
Wate 151.22 kg/m 255 Ibs./cuyd.
Fine aggregate (sand) 724.65 kg/m 1222 Ibs./cu.yd.
Coare gggregae (rock) 968.96 kg/m 1634 Ibs./cwd.
Percent air 6.5%t1.0% 6.5%1.0%
Water/C ratio 0432 0.432
Water/C+HA ratio 0.357 0.357

Note: Appropriae quanity of wate reducer &her mid range a high rang shoutl be useda obtan the
specified slumpThe mixing wate shoutl be adjusted taking intaccourt the excess watén the wate reducer
used An appropriad anourt of air entrainng ageh shoutl be useda obtan an aii conten of 6.5+1 %.

The 28-dg design compressig strengh could be specified as 379 MPa (6500 psi because
this mix gave a averag compressive strerfgtf 46.2 MPa (6700 ps & 28 days According
to ACI 318, fa a desig strength @ ) of 37.9viPa (5500 psi) the required average strength
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would be 6500+1200) 6700 psiThis highe desig strength coual be usedn the desig of

the deck sla to reduce tle thickness. Basd on the performancefahe brdge deck in

bridges 1 and 2, th fly ash mix is deemeé bdter for deck ug than dica fume mix Thee is
apparentl no econanicd way to dficiently contrd the shrnkage ard thus tle tendeng to

produce crack in the silca fume mix.

. Whetre higher strengit concree is nd needed and wirmethe desig compressig strengh of

31 MPa 4500 p9 is require then the followirg Clas F fly a$h concre¢ coutl be used for
both limestone amh quartzie aggregateThis recommendatio is basd on the ongoing
researb "Detemination of Optimized Fly Ash Content m Bridge Deck ad Bridge Deck
Overlay Concrete SDO0-06". When this mix is use the chlorice ion permealhity a 90 days
(ASTM C1202) woudl be reduced mar than 50 pecert compared to Clas A brdge deck

concree current used.

Cement Typ I/ 291 kg/mi 491 lbs./cuyd.
Fine Aggregag 652 kg/mi 1100 Ibs./cd.
Coar® Aggregate 1023 kg/m 1725 Ibs./cud.
Wate 155 kg/nd 262 Ibs./cuyd.
Fly Ash 97 kg/nmt 164 Ibs./cuyd.
Percenair 6.5%¢1.0% 6.5%1.0%
Wate to Cement rad 053 0.53
Water/C+S.F ratio 040 0.40

Note: The appopriat anourt of air entraining agershould be usedylthe contractoto obtan the specified air
content.

. For bridge deck concretethe rapd chloride permeality a 90 days as detemined by the
ASTM C 1202 testshoudl be specified fo accepting the concrete. Td specificatio should
require that tke charge pasdeshould be less tha 2000 coulomb & 90 dag testing which
ensurs the "low' chloride ion penetraiity. The majo obgective o this progct wa to
develg amix proportin to reduce tke chloride permealid y by 50 percentThe fly ash deck
concree usedn the project achieved a 75%gduetion in the chlorde permeability.

. In cass whee the w/c ratic ae vey low (in the range ©0.28 © 032) amd mineral
admixtures sut as glica fune am fly ash ae in use high rang water rduces are
recanmendedIn cass whee the w/c rat is around 0.4Q mid range water teices ma be
sufficient Addition of large quantitis o mid range wateraduces lowes tre rae d strength
gain.

. It is strongy recanmende that wheneve silica fume $ use in bridge deck concrefea
prope 100% humid curirg for 5 to 7 dag is recessay to minimize shrinkage crackingrhis
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could be achieved wit continuos wate spray a misting and/@ fogging devicesThe same
constructiom procedurs for mixing, transporting, jpicing, constdating, finishing and tining
usal for constructiom with standadt concre¢ shoull be followed The same construction
techngues ard equipmetwithout majo modification ®uld be used fo the constructia of
HPC bridge decks.

General:

10. When dlica fume $ use in a slury form, the slury shoutl be sampled and tested while
being continuougl agitated befoe use ad a specified intervas durirg the concrete
production The amouh of silica fume m the slury could be detemined by the hydrometer
test Becaus the sili@ fume § suspende in wate (na dissolved) thee is an inevitable
tendeng for the glica fune o setté o the bdtom To avod this a continuos agitation of
the liquid with prope instrumens is recanmended The water m the slury stould be
accounted foard the mix wate shoutl be adjusted.

11. When HRC mixes ae usedit is ecanmendd tha the following qualiy contrd tests slould
be comuctal in the fietl ushg ASTM ted procedurs for the freh concrete slump unit
weight, ar content ard the concred temperatureThe ambieh temperature humidity, and
the wind velocity shoutl be recorded durinthe bridge deck concretplacemenor the
fabrication of the prestressk girders The compressive strergtand stat modulis tests
should be comucted on the fiel sampls cdlected and cured accordinto the ASTM
standad procedures & 28 days When HPC is usel for fabricating prestresel girders it is
recanmende tha companio cylindes (preferalyf 102 mm x204 mm (4" x 8")) shoutl be
placed ear tle girder ad cured undeidentcal conditiors as tle girdersto detemine when
the prestressestrands aa be releasedsape specifications When chlorice perneability is
specified the hardened conceetsample mae from the actual concret placed sbuld be
testa for rapd chloride permeality a 90 dag as pe ASTM C 1202. Tle cylinde samples
can be madenithe fietl and curedspe standard ASW procedurs for 28 days.

12. Thes two bridges slould continue ¢ be monitored by usg the alreag instdled
instrumentatia and by visubobservationOnly limited data (one-year fa bridge 2 ard two
yeass for bridge ) hawe be@ gatheredTo detemine the lorg tem behavioy severayeais of
monitoring is required.
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APPENDIX A

Details of Trial Mixesfor Fresh and Hardened
Concrete Properties for Bridge Deck Concrete

Note:

The following mix designation scheme is used. The first letter refers to the type of
aggregate used: Q-Quartzite, L-Limestone, H-High Strength Girder Concrete. The second
letter indicates a number that indicates the mix number. The next letters indicate whether
the mix contains fly ash and/or silica fume: F-Fly Ash, S- Silica Fume. The number
following S or F indicates the percentage of cement replaced with fly ash and/or silica
fume. A zero indicates no fly ash or silica fume. The last letter with W indicates the water
to cement ratio. All control mixes are referred to as CONTROL followed by the water to
cement ratio.

Examples:

QLCONTROLWO.4 - Mix no 1, with quartzite aggregate, with no cement replacement:
Control, with water to cement ratio of 0.4.

Q2F15S7W0.52 - Mix no 2, with quartzite aggregate, with 15% of cement by weght
replaced by fly ash, and with 7% of cement by weight replaced by
silica fume, with water to cement ratio of 0.52.

LI9FOS10WO0.45 - Mix no 9, with limestone aggregate, with no fly ash, and with 10%
of cement by weight replaced by silica fume, with water to cement
ratio of 0.45



Table Al: Mixtur e Designations for Mi xes wit h Quartzit e Aggregate
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Mixtur e Description
Designation
Q1CONTROLWO.4 |Mix with no cement replacement : Control

Q2F15S7W0.52
Q3F15S5W0.50
Q4F20S5W0.54
Q5F15S0W0.47
Q6F20S0W0.50
Q7F25S0W0.54
Q8FOS7WO0.43
Q9F0S10W0.45

Q10F0S12W0.46

Mix with 7% of cement by weight replaced by silica fume and 15% by fly ash
Mix with 5% of cement by weight replaced by silica fume and 15% by fly ash
Mix with 5% of cement by weight replaced by silica fume and 20% by fly ash
Mix with 15% of cement by weight replaced by fly ash

Mix with 20% of cement by weight replaced by fly ash

Mix with 25% of cement by weight replaced by fly ash

Mix with 7% of cement by weight replaced by silica fume

Mix with 10% of cement by weight replaced by silica fume

Mix with 12% of cement by weight replaced by silica fume

Note: Multiplication factor of 1.2 used for volume correction for fly ash addition
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Table A2: Mixtur e Proporti ons fo r Mixes wit h Quartzit e Aggr egate

Mixture Mixture Proportion s (Ibs/cubic yard)
Designati on Cement | Fly Silica Coarse Fine Water | w/c |w/(c+f+sf)
Ash Fume | Aggregate | Aggregate
pcy pcy pcy pcy pcy pcy
Q1CONTROLWO0.4| 655 0 0 1725 1100 264 |0.40( 0.40
Q2F15S7W0.52 511 118 55 1725 1100 264 10.52 0.39
Q3F15S5W0.50 524 118 39 1725 1100 264 10.50( 0.39
Q4F20S5W0.54 491 157 39 1725 1100 264 |0.54( 0.38
Q5F15S0W0.47 557 118 0 1725 1100 264 10.47 0.39
Q6F20S0W0.50 524 157 0 1725 1100 264 10.50( 0.39
Q7F25S0W0.54 491 197 0 1725 1100 264 ]10.54 0.38
Q8F0S7W0.43 610 0 55 1725 1100 264 10.43( 0.40
Q9F0S10W0.45 590 0 78 1725 1100 264 |0.45( 0.40
Q10F0S12W0.46 577 0 94 1725 1100 264 10.46( 0.39

* Conversion Factor: pcy x 0.59 = kg/m®

Table A3: Fres h Concret e Propertie s for Mixe s wit h Quartzite

Aggregate

Mixture Unit Weight Air Slump
Designati on Ibs/ft® | kg/m? % inch es mm
Q1CONTROLWO0.4| 139.2 |2229.6 8.0 4.00 102
Q2F15S7W0.52 141.2 |2261.6 54 7.50 191
Q3F15S5W0.50 144.4 [2312.9 4.4 5.25 133
Q4F20S5W0.54 140.8 [2255.2 6.8 8.25 210
Q5F15S0W0.47 140.8 [2255.2 7.0 7.50 191
Q6F20S0W0.50 140.8 [2255.2 7.2 8.25 210
Q7F25S0W0.54 139.6 [2236.0 7.6 9.00 229
Q8F0S7W0.43 143.6 |[2300.0 5.8 7.00 178
Q9F0S10W0.45 146.4 |[2344.9 4.8 4.25 108
Q10F0S12W0.46 | 144.4 [2312.9 4.4 6.00 152
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Table A4: 14- Day Compressi ve Strengt h and Stati ¢ Modulus

(Quartzit e Aggregate)
Spec. Age Length Diameter Unit Static Mod. | Compressive
Weight psi Mpa Strength
ID # days| in. | mm | in. | mm | pcf | Kg/m? | (x10%| x10%]| psi | Mpa

Q1CONTROLWO0.4-C1| 14 [ 12.00| 304.8| 6.01 | 152.6 | 142.2 | 2277.9| 4.2 29 | 4955 | 34.2
Q1CONTROLWO0.4-C2| 14 [ 12.00| 304.9]| 6.00| 152.5] 145.1 | 2323.4| 4.2 29 | 5320 | 36.8

*Q1CONTROLWO0.4-C3| 14 [ 12.00| 304.8] 6.00| 152.5] 145.0 [ 2322.8 | 5.3 3.7 | 5250 | 36.3

Averag es 12.00 [ 304.8 | 6.00 | 152.5| 144.1 ]| 2308.0| 4.2 3.2 [ 5175 | 35.8

Q2F15S7W0.52-C1 14 | 12.00| 304.8] 6.00 | 152.4 | 145.2 23249 | 4.2 29 | 5110 | 353
Q2F15S7W0.52-C2 14 | 12.00| 304.8] 6.01 | 152.5]| 144.9( 2321.0| 4.2 29 | 5120 | 354

Q2F15S7W0.52-C3 14 ]12.00| 304.8] 6.00 | 152.5] 145.0 [ 2322.0| 4.2 29 | 5175 ] 35.8

Averages 12.00 [ 304.8 | 6.00 | 152.5) 145.0| 2322.6| 4.2 29 [ 5135 | 355

Q3F15S5W0.50-C1 14 | 12.00| 304.8] 6.00| 152.5]| 147.6 | 2364.1| 4.2 29 | 5640 | 39.0
*Q3F15S5W0.50-C2 | 14 [ 12.00| 304.8 ] 6.01 | 152.5| 147.5| 2361.7| 4.2 29 | 4275 | 295

Q3F15S5W0.50-C3 14 ]12.00| 304.8] 6.01] 152.5] 150.0 { 2402.4| 3.9 2.7 | 6020 | 41.6

Averag es 12.00 [ 304.8 | 6.00 | 152.5) 148.3] 2376.1| 4.1 2.8 | 5830 | 36.7

Q4F20S5W0.54-C4 14 | 12.00| 304.8] 6.00 | 152.4 | 142.6 | 2284.0| 4.2 29 | 4600 | 31.8
Q4F20S5W0.54-C5 14 | 12.00| 304.8 ] 6.00 | 152.4 | 142.6 | 2284.0| 4.2 29 | 4795 | 331

*Q4F20S5W0.54-C6 | 14 [12.00| 304.8] 6.00 | 152.4 ] 142.6 [ 2284.3| 4.2 2.9 | 4050 | 28.0

Averages 12.00 [ 304.8 | 6.00 | 152.4 | 142.6 | 2284.1| 4.2 29 [ 4698 | 31.0

Q5F15S0W0.47-C3 14 | 12.00| 304.8] 6.00 | 152.4 | 142.6 | 2284.0| 4.7 3.2 | 5025 | 34.7

Q5F1550W0.47-C4 14 | 12.00| 304.8 ] 6.00 | 152.4 | 142.6 | 2283.2| 4.7 3.2 | 4900 | 33.9

Q5F15S0W0.47-C5 14 112.00| 304.8] 6.00 | 152.4] 142.6 [ 2283.2| 4.7 3.3 | 4860 | 33.6

Averag es 12.00 [ 304.8 | 6.00 | 152.4 | 142.6 | 2283.5| 4.7 3.3 [ 4928 | 34.1
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Table A4: 14- Day Compressi ve Strengt h and Stati ¢ Modulus
(Quartzit e Aggregat e)...continued

Spec. Age Length Diameter Unit Static Mod. [ Compr essive
Weight psi Mpa Strength
ID # days| in. | mm [ in. | mm [ pcf | Kg/m?®|(x10%| (x10%| psi | Mpa

Q6F20S0W0.50-C2 14 | 12.00| 304.8] 6.00 | 152.4 | 142.6 | 2284.0| 4.2 29 | 4420 | 305
Q6F20S0W0.50-C3 14 | 12.00| 304.8] 6.00 | 152.5]| 142.5( 22826 | 4.2 29 | 4435 | 30.6

*Q6F20S0W0.50-C4 | 14 [12.00]| 304.8] 6.00| 152.4] 142.6 [ 2283.2| 4.2 2.9 | 4065 | 28.1

Averages 12.00 [ 304.8 | 6.00 | 152.4 | 142.6 | 2283.3| 4.2 2.9 | 4428 | 29.8

Q7F25S50W0.54-C2 14 | 12.00 | 304.8 ] 6.00 | 152.4 | 140.0 | 2242.5| 3.5 24 | 4175 | 2838
Q7F2550W0.54-C3 14 | 12.00 | 304.8 ] 6.00 | 152.4 | 140.1 | 2243.2| 3.5 24 | 3785 | 26.2

Q7F2550W0.54-C5 14 ]12.00| 304.8] 6.00 | 152.4] 140.0 [ 2242.5|] 3.5 2.4 | 3430 | 23.7

Averages 12.00 [ 304.8 | 6.00 | 152.4 )| 140.0 | 2242.8| 3.5 24 | 3797 | 26.2

Q8F2550W0.54-C2 14 | 12.00| 304.8] 6.02 | 152.9 | 144.4 | 2312.7| 4.7 3.2 | 6490 | 44.8
Q8F25S0W0.54-C3 14 | 12.00| 304.8 | 6.01 | 152.7 | 144.5( 23148 | 4.7 3.2 | 6410 | 443

Q8F2550W0.54-C4 14 ]112.00| 304.8] 6.01 ] 152.7 | 144.2 [ 2309.0| 4.7 3.2 | 6485 | 44.8

Averages 12.00| 304.8] 6.01 | 152.7 | 144.4| 2312.2| 4.7 3.2 6462 | 44.7

Q9F0S10W0.45-C3 14 | 12.00| 304.8] 6.01 | 152.6 | 147.3 | 2359.6 | 4.7 3.2 | 7230 | 50.0
Q9F0S10W0.45-C4 14 | 12.00| 304.8] 6.01 | 152.7 | 147.1 | 2356.1| 4.7 3.2 | 7045 | 48.7

Q9F0S10W0.45-C5 14 112.00| 304.8] 6.01| 152.7 | 147.2 [ 2357.7| 4.7 3.2 | 7050 | 48.7

Averag es 12.00| 304.8| 6.01 | 152.7 | 147.2| 2357.8| 4.7 3.2 7108 | 49.1

Q10F0S12W0.46-C2 | 14 | 12.00| 304.8 | 6.00| 152.5 | 147.5| 2362.5| 5.0 3.4 | 8655 | 59.8

Q10F0S12W0.46-C3 | 14 | 12.00| 304.8 | 6.00 | 152.5 [ 147.6 | 2363.3| 5.0 34 | 8835 | 61.0

Q10F0S12W0.46-C6 | 14 | 12.00]| 304.8 | 6.01] 152.5 [ 147.5] 2361.7| 5.0 3.4 | 8405 | 58.1

Averages 12.00 [ 304.8] 6.00 | 152.5] 147.5] 2362.5] 5.0 34 [ 8632 | 59.6

Note: *Specimen Not considered for calculation of average value as it is an outlier.
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Table A5: 14-Day Fl exural Stre ngth (Quartzit e Aggregate)

Spec. Age| Length Breadth Depth Unit Maximum Flexural
ID # Weight Load Strength

days| in. [ mm | in. [ mm | in. | mm | pcf kg/m®| Ibs kgs |psi| Mpa

Q1CONTROLWO0.4-B1| 14 [14.00|355.6{4.00|101.6{4.00|101.7|150.4| 2408.4(3900.0( 1769.0|{ 730| 5.0
*Q1CONTROLWO.4-B3| 14 |14.00(355.6(4.00|101.7({4.01|101.8(146.2]|2341.3|3260.6( 1479.0{610| 4.2
*Q1CONTROLWO.4-B5| 14 |14.00(355.6(3.97|100.9(4.01|101.8(147.4]|2361.2|4484.8(2034.3|840| 5.8

Q1CONTROLWO0.4-B6| 14 [14.00|355.6{4.01]|101.8{4.00|101.7|146.2| 2341.5(3750.1|{1701.0|{703| 4.9

Averag es 14.00/355.6(/4.00)101.5{4.01|101.7[147.5] 2363.1|3848.9(1745.8{717]| 5.0

*Q2F15S7W0.52-B1 | 14 |14.00|355.6|4.04]|102.6(4.05]102.9| 143.3| 2296.0(4300.7( 1950.8| 780| 5.4
Q2F15S7W0.52-B2 | 14 (14.00|355.6/4.07|103.3|4.06(103.1]|142.0]12275.2|3579.7| 1623.7| 635 4.4
Q2F15S7W0.52-B3 | 14 (14.00|355.6/3.98(101.2|4.03{102.4]|146.0]2339.2|3353.6| 1521.2|635( 4.4

*Q2F15S7W0.52-B4 | 14 |14.00|355.6|4.09]|103.9(4.02]102.0| 142.7(2286.5(3190.4| 1447.1|580| 4.0

Averages 14.00|355.6(4.05]102.7[{4.04]|102.6[ 143.5]2299.2|3606.1| 1635.7{635| 4.4

Q3F15S5W0.50-B1 | 14 (14.00|355.6/4.03|102.2|14.00{101.7]146.012339.1|3830.3|1737.4| 715 4.9
*Q3F15S5W0.50-B2 | 14 |14.00|355.6/4.01|101.8(4.01]|101.8|146.0(2338.6(3681.7|1670.0|690| 4.8
Q3F15S5W0.50-B3 | 14 (14.00|355.6/4.00(101.7|4.02{102.0| 145.912336.7|3989.9| 1809.8| 740 5.1

Q3F15S5W0.50-B4 | 14 (14.00|355.6/4.01{101.7|4.01{101.8]149.9]12401.9|4101.1|1860.2| 765 5.3

Averages 14.00|355.6{4.01)101.9{4.01]|101.8[147.0] 2354.0{3900.8{1769.3[{ 740| 5.1

Q4F20S5W0.54-B1 | 14 (14.00|355.6/4.00(101.6|4.00(101.6]142.7|2285.6| 3300.0| 1496.9|620( 4.3
Q4F20S5W0.54-B2 | 14 (14.00|355.6/4.00(101.6|4.01{101.7]|142.5|2283.3|3100.0| 1406.1|580( 4.0

Q4F20S5W0.54-B3 | 14 (14.00|355.6/4.00(101.7|4.00{101.7]|142.4|2281.6| 3100.0| 1406.1|580( 4.0

Averages 14.00]|355.6{4.00) 101.6{4.00|101.7[ 142.6] 2283.5| 3166.7[ 1436.4{593| 4.1
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Table A5: 14-Day Fl exural Stre ngth (Quartzit e Aggregate)...conti nued

Spec. Age Length Breadth Depth Unit Maximum Flexural

ID # Weight Load Strength

days| in. mm | in. | mm [ in. | mm | pcf [ kg/m?| Ibs kgs |psi| Mpa

Q5F15S0W0.47-B1 14 |14.00|355.6/4.00/101.6{4.00|101.6(146.5[2346.3(3991.7| 1810.6|750| 5.2
*Q5F15S0W0.47-B2 | 14 |14.00|355.6/4.00(101.6(4.00]101.7|142.6|2284.2|2919.7( 1324.4|545( 3.8
Q5F15S0W0.47-B3 14 [14.00]|355.6/4.00/101.6{4.00|101.6(146.5(2347.0(3725.5|1689.9]1700| 4.8
*Q5F15S0W0.47-B4 | 14 |14.00|355.6/4.00(101.6(4.00]101.7|142.6]|2283.5|3425.6( 1553.8|640( 4.4
Averag es 14.001355.614.00/101.6/4.00{101.7{144.6]/2315.3[3515.6| 1594.7]725| 5.0
*Q6F20S0WO0.50-B1 | 14 |14.00|355.6/4.00(101.6(4.00]101.6|139.6]|2235.8|3200.4(1451.7|600( 4.1
*Q6F20S0W0.50-B2 | 14 |14.00|355.6/4.00({101.6(4.00]101.6|139.6]|2235.8|4057.3(1840.4| 760 5.3
Q6F20S0W0.50-B3 14 |14.00|355.6/4.01|101.8{4.01|101.9(138.9|2224.6(3625.2| 1644.4|1675| 4.7
Q6F20S0W0.50-B4 14 |14.00|355.6/4.00/101.7{4.00|101.7(139.4|2232.4(3612.5| 1638.6|675| 4.7
Averages 14.00]355.614.00]101.7(4.00{101.7[139.4]2232.2|3623.9(1643.7|675| 4.7
*Q7F25S0W0.54-B1 | 14 |14.00|355.6/4.00(101.6(4.00]|101.6|142.6]|2284.7|3424.7(1553.4|640( 4.4
Q7F25S0W0.54-B2 14 [14.00]|355.6/4.00/101.6{4.00(101.6(142.7|2285.1(3013.6| 1366.9|1565| 3.9
Q7F25S0W0.54-B3 14 |14.00]|355.6/4.00/101.6{4.00(101.7( 142.6{2284.2(2932.4| 1330.1|1550| 3.8
Q7F25S0W0.54-B7 14 [14.00]355.6/4.00/101.6{4.00|101.6(142.7|2285.1(3020.0| 1369.8|565| 3.9
Averag es 14.00]355.6]4.00]101.6/4.00{101.6{142.6{2284.8[3097.7| 1405.1]1560| 3.9
*Q8F25S0W0.54-B1 | 14 |14.00|355.614.03|102.3(4.03|102.4|144.4]12313.2|4137.5(1876.7| 760 5.3
Q8F25S0W0.54-B4 14 |14.00]355.6/4.02|102.2|14.03|102.3( 144.7|2317.3(4655.3| 2111.6|855| 5.9
Q8F25S0W0.54-B5 14 [14.00]|355.6/4.00/101.6{4.01|101.9(150.0{2402.7(4669.0| 2117.8|1870| 6.0
Q8F25S0W0.54-B7 14 [14.00]|355.6/4.00/101.6{4.01|101.8(146.3|2343.0(4474.8|2029.7|1835| 5.8
Averages 14.00]1355.614.01]101.9/4.02{102.1{146.3[2344.0{4484.2]1 2034.0|/853| 5.9
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Table A5: 14-Day Fl exural Stre ngth (Quartzit e Aggregate)...conti nued

Spec. Age Length Breadth Depth Unit Maximum Flexural

ID # Weight Load Strength

days| in. | mm | in. | mm [ in. | mm [ pcf | kg/m?| Ibs kgs [psi| Mpa

Q9F0S10W0.45-B1 14 [14.00]355.6/4.02|102.2|14.02|102.1(148.8|2383.2(4739.2| 2149.7|1875| 6.0
Q9F0S10W0.45-B2 14 |114.00|355.6/4.06(103.114.02(102.2| 147.4| 2360.6| 4368.1| 1981.3|800( 5.5
Q9F0S10WO0.45-B3 | 14 (14.00|355.6/4.00(101.6/4.01{101.8]|150.1|2404.6|4348.1|1972.3|815( 5.6
Q9F0S10WO0.45-B4 | 14 (14.00|355.6/4.01{101.9|4.01{101.8]149.7|2397.3|4185.8|1898.6| 780 5.4
Averages 14.00]1355.6]14.02]102.2|14.01{102.0{149.0{2386.4[4410.3| 2000.5|818| 5.6
*Q10F0S12W0.46-B1 | 14 (14.00(355.6(4.01|101.9/4.01|101.8]149.8|2399.2|14307.1]1953.7|805| 5.6
Q10F0S12W0.46-B2 | 14 (14.00(355.6(4.00|101.7|14.01|101.7|150.1|2404.0|4753.7]|2156.2|890| 6.1
*Q10F0S12W0.46-B3 | 14 |14.00|355.614.00(101.7|4.00(101.7|150.2| 2405.8| 4445.6| 2016.5|835( 5.8
Q10F0S12W0.46-B5 | 14 (14.00(355.6(4.00|101.7|14.00|101.7|150.1| 2404.6|4894.1]|2219.9|915| 6.3
Averag es 14.001355.614.01]101.7(4.00{101.7{150.1] 2403.4]/4600.1 [ 2086.6|903| 6.2

Note: *Specimen not considered for the calculation of average value as it is an outlier.



Table A6: 28- Day Compr essive Strengt h and Stati ¢ Modulus

A9

(Quartzite Aggregate)

Spec. Age Length Diameter Unit Static Mod. | Compre ssive

ID # Weight psi Mpa Strength
days| in. | mm | in. | mm | pcf | Kg/m?®|(x10%] (x10%)| psi | Mpa
Q1CONTROLWO0.4-C4| 28 [12.14]308.4|6.01|152.5|142.412280.2| 4.7 3.2 5685 | 39.3
Q1CONTROLWO0.4-C5( 28 [12.16]308.9|6.00(152.5|142.412281.0| 4.7 3.2 5935 | 41.0
*Q1CONTROLWO0.4-C6| 28 |12.08|306.8(6.01|152.5|142.4(2280.2] 4.2 2.9 5775 | 39.9
Averages 12.13]1308.0(6.00| 152.5]|142.412280.4| 4.7 3.2 5798 | 40.1
Q2F15S7W0.52-C4 28 [12.09]307.1(6.01|152.7|142.1|12276.5( 4.7 3.2 6170 | 42.6
Q2F15S7W0.52-C5 28 [12.10]307.3(6.01|152.7|142.0|12274.7 4.7 3.2 | 6000 | 415
Q2F15S7W0.52-C6 28 [12.12]307.8(6.01|152.8|144.5|2314.0( 4.7 3.2 | 6250 | 43.2
Averages 12.101307.4|6.01[152.7]1142.9|2288.4| 4.7 3.2 6140 | 42.4
Q3F15S5W0.50-C4 28 [12.30]312.4(6.01|152.7|147.1|12356.3| 5.3 36 | 7395 | 51.1
Q3F15S5W0.50-C5 28 112.141308.4(6.01|152.71147.2|12357.7| 5.3 3.7 7225 | 49.9
Q3F15S5W0.50-C6 28 [12.16]308.9(6.01|152.7|147.2|12356.9 5.3 3.6 | 7045 | 48.7
Averages 12.201309.9(6.01|152.7]147.2] 2357.0f 5.3 3.7 7222 | 49.9
*Q4F20S5W0.54-C1 | 28 |12.16(308.9|6.01|152.6]139.6]|2236.6| 4.0 2.8 | 5290 | 36.6
Q4F20S5W0.54-C2 28 [12.14]1308.4(6.01|152.7|139.5|2234.9( 4.7 3.2 5570 | 38.5
Q4F20S5W0.54-C3 28 [12.20]309.9(6.01|152.7|139.5|2235.0( 4.7 3.2 | 5655 | 39.1
Averages 12.17]309.016.01{152.7|139.6] 2235.5| 4.7 3.2 | 5505 | 38.0
Q5F1550W0.47-C1 28 [12.02]305.2(6.02|152.8|141.7|2269.6( 4.7 3.2 | 5810 | 40.1
Q5F1550wW0.47-C2 28 [12.13]308.1(6.01|152.7|141.9|2273.5( 4.7 3.2 | 5495 | 38.0
Q5F15S0W0.47-C6 28 [12.15]308.6(6.02|152.8|141.7|2269.4( 4.7 3.2 | 5560 | 38.4
Averages 12.10] 307.3]6.01|152.8|141.8]|2270.8] 4.7 3.2 | 5622 | 38.8
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Table A6: 28- Day Compr essive Strengt h and Stati ¢ Modulus
(Quartzit e Aggregate)...conti nued

Spec. Age Length Diameter Unit Static M od. | Compre ssive
ID # Weight psi | Mpa Strength
days| in. | mm | in. | mm | pcf | Kg/m?®|(x10%] (x10%)| psi | Mpa

Q6F20S0W0.50-C1 28 [12.15(308.6|6.02(153.0(141.3(2263.7| 4.4 3.1 | 5175 | 35.8
Q6F20S0W0.50-C5 28 (12.11(307.6|6.02|152.9(141.6(2268.0 4.7 3.2 | 5185 | 35.8

Q6F20S0W0.50-C6 28 (12.16(308.9|6.02(153.0(143.9(2304.2| 4.4 3.1 | 5000 | 34.6

Averages 12.14{308.4(6.02{ 153.0{142.3| 2278.6] 4.5 3.1 | 5120 | 35.4

Q7F25S0W0.54-C6 28 (12.18(309.4|6.02|153.0(138.9(2224.0 4.2 2.9 | 4685 | 324
Q7F25S0W0.54-C1 28 (12.10(307.3|6.01|152.8(139.4(2232.0 4.2 2.9 | 4875 | 33.7

Q7F25S0W0.54-C4 28 [12.08(306.8|6.02|152.9(139.1(2228.0 4.2 2.9 | 4710 | 325

Averages 12.12{307.8(6.02{152.9{139.1| 2228.0] 4.2 29 | 4757 | 32.9

Q8F25S0W0.54-C5 28 (12.11(307.6|6.01|152.6(144.6(2315.6| 5.3 3.7 | 6840 | 47.3
Q8F25S0W0.54-C6 28 (12.11(307.6|6.01|152.7(144.5(2314.8| 5.3 3.7 | 7420 | 51.3

Q8F25S0W0.54-C1 28 (12.01(305.0|6.01|152.7(141.9(2272.5| 5.3 3.7 | 7045 | 48.7

Averages 12.08[{306.7({6.01{152.7{143.7| 2300.9] 5.3 3.7 | 7102 | 49.1

Q9F0S10W0.45-C2 28 [12.02(305.3|6.02|152.8(146.7(2350.2| 5.3 3.6 | 8445 | 58.4
Q9F0S10wW0.45-C1 28 (12.08(306.8|6.01|152.7(146.9(2352.7| 5.3 3.6 | 7925 | 54.8

Q9F0S10W0.45-C6 28 (12.09(307.1|6.01|152.7(146.9(2352.9] 5.3 3.6 | 7710 | 53.3

Averages 12.06[{306.4[6.01{152.7[/146.8| 2351.9] 5.3 3.6 | 8027 | 55.5

Q10F0S12W0.46-C4 | 28 (12.01|305.1|6.02|153.0/144.0|2305.6( 6.0 42 ] 9130 | 63.1
Q10F0S12W0.46-C1 | 28 (12.01|305.1|6.01|152.7|144.412312.7( 6.0 42 | 8875 | 61.3

Q10F0S12W0.46-C5 | 28 (12.23|310.6|6.02|152.9|144.0|2306.8 6.0 4.2 | 9070 | 62.7

Averages 12.08{307.0{6.02{152.9{144.1|2308.4] 6.0 4.2 | 9025 | 62.4

Note: *Specimen not considered for the caluulation of average value as it is an outlier.



All

Table A7: 28-Day Flexural Stre ngth (Quartzit e Aggregate)

Spec. Age Length Breadth Depth Unit Maximum | Flexural
ID # Weight Load Strength
days| in. | mm | in. [ mm [ in. | mm | pcf | kg/m?®]| Ibs | kgs | psi | Mpa

*Q1CONTROLWO.4-B4| 28 |14.00|355.6(4.00|101.6{4.00/101.7]|146.5(2345.8|5138(2330| 730 | 5.0
Q1CONTROLWO.4-B8| 28 |14.00(355.6(4.00{101.6|4.00|101.7{146.5|2346.5[5534(2510]|1035] 7.2
*Q1CONTROLWO0.4-B2| 28 |14.00(355.6/4.00|101.6(4.00(101.7]146.5(2346.3{4193]|1902] 785 | 5.4

Q1CONTROLWO0.4-B7| 28 |14.00(355.6/4.00({101.6|4.00/101.6|146.5|2347.0|15043(2287| 945 | 6.5

Averages 14.00|355.6/4.00|101.6{4.00]|101.6]146.5[2346.4|4977[2257] 990 | 6.8

*Q2F15S7W0.52-B7 | 28 |14.00(355.6(4.02(102.2(4.05|102.9|147.7(2366.0|4314(1957| 785 | 5.4
Q2F15S7W0.52-B5 28 [14.00|355.6/4.01(101.814.011102.0(145.7|2334.2|14383(1988| 810 | 5.6
*Q2F15S7W0.52-B6 | 28 |14.00(355.6(4.02(102.2(4.02]102.1(148.9|2384.3|4037(1831| 745 | 5.1

Q2F15S7W0.52-B8 28 [14.00|355.6]4.02(102.214.05/102.9(143.9|2305.3|4765(2161] 865 | 6.0

Averages 14.00]355.6/4.02]102.1{4.03]|102.5]|146.6]12347.5|14375[1984| 838 | 5.8

*Q3F15S5W0.50-B8 | 28 |14.00(355.6(4.02(102.2(4.02]102.1(148.8|2382.5(5017(2276]| 715 | 4.9
Q3F15S5W0.50-B5 28 |14.00|355.6/4.011102.0|4.01|101.9]149.5|2393.7|4297|1949| 800 | 5.5
*Q3F15S5W0.50-B6 | 28 |14.00(355.6(4.01{101.9(4.01]101.9(149.6(2395.7|5132(2328]| 955 | 6.6

Q3F15S5W0.50-B7 28 [14.00|355.6]4.02(102.114.021102.2(148.9|2385.4|4592(2083] 850 | 5.9

Averages 14.00|355.6[/4.02]|102.0{4.02]102.0]|149.2| 2389.3|4759| 2159| 825 | 5.7

*Q4F20S5W0.54-B8 | 28 |14.00(355.6(4.01(101.8(4.011101.8(142.2|2277.9|4524(2052| 845 | 5.8
Q4F20S5W0.54-B5 28 [14.00|355.6/4.01(101.914.011101.9(141.8|2271.7|3862(1752] 720 | 5.0
Q4F20S5W0.54-B6 28 [14.00|355.6/4.01(101.914.011101.9(141.9|2272.8|4246(1926] 790 | 5.5

Q4F20S5W0.54-B7 28 [14.00|355.614.01(101.914.011101.9(141.9|2272.2|13876(1758] 720 | 5.0

Averages 14.00(355.614.01]101.9|14.01]101.9]142.0|2273.7{4127]|1872] 743 | 5.1




Table A7: 28-Day Flexural Stre ngth (Quartzit e Aggregate). ..continued
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Spec. Age Length Breadth Depth Unit Maximum | Flexural

ID # Weight Load Strength
days| in. | mm | in. [ mm [ in. | mm | pcf | kg/m?®] Ibs | kgs | psi | Mpa

*Q5F15S0W0.47-B5 28 |14.00(355.6]4.02|102.0|4.01]101.8|145.7|2334.2{4026| 1826] 750 | 5.2
Q5F15S0W0.47-B8 28 |14.00(355.6/4.01/101.9|4.01|101.8|145.9|2336.6[4695(2129| 875 | 6.0
*Q5F15S0W0.47-B6 28 |14.00(355.6/4.01/101.9|4.01]101.9|145.7|2333.5(3970( 1801| 740 | 5.1
Q5F15S0W0.47-B7 28 |14.00(355.6]/4.01/101.9|4.01|102.0|145.6{2331.9(4823(2188| 895 | 6.2
Averages 14.00(355.614.01]101.9|4.01]101.8]145.7|2334.0{4378]1986] 885 | 6.1
Q6F20S0W0.50-B8 28 |14.00(355.6/4.01/101.9|4.011101.9|141.9(2272.2(3962|1797| 735 | 5.1
Q6F20S0W0.50-B6 28 |14.00(355.6]4.02/102.0|4.011101.9|141.8{2270.4|3584| 1625| 665 | 4.6
Q6F20S0W0.50-B7 28 |14.00(355.6]/4.01/101.9|4.02]102.1|141.6|2267.7|3640| 1651| 675 | 4.7
*Q6F20S0W0.50-B5 28 |14.00(355.6/4.01/101.9|4.011101.9|141.8{2271.7|3277|1486| 610 | 4.2
Averages 14.00(355.614.01]101.914.01]101.9]141.8|2270.5/3616]1640] 692 | 4.8
*Q7F25S0W0.54-B6 28 |14.00(355.6]4.02|102.2|4.011101.9|141.6{2267.7|2954| 1340| 550 | 3.8
Q7F25S0W0.54-B5 28 |14.00(355.6]4.01/102.0|4.01]102.0|141.7{2269.9|3571| 1620| 665 | 4.6
Q7F25S0W0.54-B8 28 |14.00(355.6(4.021102.1|14.011102.0|141.6|2267.7| 3431|1556 635 | 4.4
*Q7F25S0W0.54-B4 28 |14.00(355.6]4.02/102.1|4.021102.1|141.3|2263.7|3863| 1752| 715 | 4.9
Averages 14.00]| 355.6(4.02]102.114.01]102.0|141.6]| 2267.2| 3455| 1567] 650 | 4.5
Q8F25S0W0.54-B8 28 |14.00(355.6|4.02/102.1|4.03]102.3|144.8(2318.6(4578|2076] 845 | 5.8
Q8F25S0W0.54-B2 28 |14.00(355.6]/4.01/101.9|4.02]102.1|145.4|2328.9|/4666(2117| 865 | 6.0
Q8F25S0W0.54-B3 28 |14.00(355.6]/4.01/101.9|4.02]102.1|145.4{2329.0{4520(2050| 835 | 5.8
Q8F25S0W0.54-B7 28 |14.00(355.6]4.01|102.0|4.02]102.2|149.1|2387.3[4754|2156| 880 | 6.1
Averages 14.00( 355.614.02]102.0|4.02|102.2] 146.2| 2341.0{4630|2100] 856 | 5.9
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Table A7: 28-Day Flexural Stre ngth (Quartzit e Aggregate). ..continued

Spec. Age Length Breadth Depth Unit Maximum | Flexural
ID # Weight Load Strength
days| in. | mm | in. [ mm [ in. | mm | pcf | kg/m?®] Ibs | kgs | psi | Mpa

Q9F0S10W0.45-B5 28 |14.00|355.6]/4.021102.0|4.02|102.0]1 145.4|2328.4|5539| 2512| 1025] 7.1
Q9F0S10W0.45-B8 28 |14.00|355.6]/4.021102.0|4.01|101.9]145.6]2331.3|5409| 2454| 1005| 6.9
Q9F0S10W0.45-B6 28 |14.00|355.6]/4.01|102.0|4.02|102.0]149.3]2391.3|5289| 2399| 980 | 6.8

*Q9F0S10W0.45-B7 | 28 |14.00(355.6(4.02(102.0(4.01)101.9(145.5(2330.6/5097(2312| 945 | 6.5

Averages 14.00|355.6[/4.02|102.0{4.01]102.0]| 146.4] 2345.415334| 2419/ 1003] 6.9

Q10F0S12W0.46-B4 | 28 (14.00|355.6/4.03|102.3|4.03|102.4|148.212373.1|5340|2422| 980 | 6.8
Q10F0S12W0.46-B7 | 28 [14.00|355.6/4.03|102.4|4.03|102.4|144.4]12312.9|5628|2553|1030( 7.1
Q10F0S12W0.46-B8 | 28 [14.00|355.6/4.03|102.4|4.03|102.4|148.212373.1|5518| 2503|1010 7.0

*Q10F0S12W0.46-B6 | 28 [14.00(355.6|4.03|102.4|4.03(102.3|148.2|2373.1|6496|2946|1190( 8.2

Averages 14.00]355.6/4.03]102.4{4.03]102.4]147.2| 2358.0| 5745] 2606 1007] 7.0

Note: *Specimen not considered for the calculation of average value as it is an outlier.
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Table A8: Mixtur e Designations fo r mixes wit h Lim estone Aggregate

Mixtur e Description
Designation

L1CONTROLWO.4 |Mix with no cement replacement : Control
L2F15S7W0.52 |Mix with 7% of cement by weight replaced by silica fume and 15% by fly ash
L3F15S5W0.50 |Mix with 5% of cement by weight replaced by silica fume and 15% by fly ash
L4F20S5W0.54 |Mix with 5% of cement by weight replaced by silica fume and 20% by fly ash
L5F15S0W0.47 |Mix with 15% of cement by weight replaced by fly ash
L6F20S0WO0.50 |Mix with 20% of cement by weight replaced by fly ash
L7F25S0W0.54 |Mix with 25% of cement by weight replaced by fly ash
L8FOS7WO0.43 |Mix with 7% of cement by weight replaced by silica fume
L9F0S10WO0.45 |Mix with 10% of cement by weight replaced by silica fume

L10F0S12W0.46 |Mix with 12% of cement by weight replaced by silica fume

Note: Multiplication factor of 1.2 used for volume correction for fly ash
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Table A9: Mixtur e Proportions fo r Mixe s with Limestone A ggreg ate

Mixture Mixtur e Proportions (Ibs/cubic yard)
Designation Cement| Fly |[Silica| Coarse Fine Water | w/c |w/(c+f+s f)
Ash | Fume | Aggregate | Aggregate
pcy pcy pcy pcy pcy pcy
L1CONTROLWO0.4| 655 0 0 1725 1100 264 (0.40 0.40
L2F15S7W0.52 511 118 55 1725 1100 264 |0.52 0.39
L3F15S5W0.50 524 118 39 1725 1100 264 ]0.50 0.39
L4F20S5W0.54 491 157 39 1725 1100 264 |0.54 0.38
L5F15S0W0.47 557 118 0 1725 1100 264 |(0.47 0.39
L6F20S0W0.50 524 157 0 1725 1100 264 ]0.50 0.39
L7F2550W0.54 491 197 0 1725 1100 264 |0.54 0.38
L8FOS7W0.43 610 0 55 1725 1100 264 (0.43 0.40
L9F0S10W0.45 590 0 78 1725 1100 264 (0.45 0.40
L10F0S12W0.46 577 0 94 1725 1100 264 |0.46 0.39

* Conversion Factor: pcy x 0.59 = kg/m®

Table A10: Fresh Concret e Propertie s for Mixe s wit h Limestone

Aggregate

Mixture Unit Weight Air Slump
Designation lbs/ft> | kg/m®| % inch es mm
L1CONTROLWO0.4| 139.6 |2236.0] 9.6 7.25 184
L2F15S7W0.52 141.6 |2268.0| 6.2 5.50 140
L3F15S5W0.50 139.6 |2236.0/ 8.0 8.00 203
L4F20S5W0.54 140.4 |2248.8| 7.4 7.00 178
L5F15S0W0.47 143.2 |2293.6| 6.2 7.50 191
L6F20S0W0.50 145.6 |2332.1| 5.2 6.00 152
L7F25S0W0.54 141.6 |2268.0| 6.8 7.00 178
L8FOS7W0.43 144.0 |2306.4| 6.4 4.88 124
L9F0S10WO0.45 142.8 |2287.2| 5.6 4.50 114
L10FO0S12W0.46 | 144.8 [2319.3] 5.2 3.00 76




Table Al11: 14- Day Compressi ve Strengt h and Stati ¢ Modulus

Al6

(Lim eston e Aggregate)
Spec. Age Length Diameter Unit Static Mod. | Compressi ve
Weight psi Mpa Strength
ID # days| in. mm | in. | mm | pcf Kg/m®| (x10°%) | (x10% psi Mpa
L1ICONTROLWO0.4-C4| 14 |12.02|305.3(6.06|153.9|144.0(2305.8| 5.3 3.6 | 5760 [ 39.8
L1ICONTROLWO0.4-C1| 14 |12.02|305.2|6.06(153.8|143.3|12294.4 5.2 3.6 5415 | 374
Averages 12.02]|305.2(6.06] 153.9| 143.6(2300.1| 5.2 3.6 | 5588 [ 38.6
L2F15S7W0.52-C5 14 [12.02]1305.2]16.02(152.91142.2(2277.8| 5.3 3.6 6380 | 441
L2F15S7W0.52-C6 14 (12.011305.116.02|153.01143.9(2304.4| 5.3 3.6 6385 | 44.1
L2F15S7W0.52-C4 14 (12.011305.116.02|153.01143.9(2305.2| 5.3 3.6 6460 | 44.6
Averages 12.01]|305.1(6.02] 153.0| 143.3|2295.8| 5.3 3.6 | 6408 | 44.3
L3F15S5W0.50-C4 | 14 [12.02[305.2(6.02|153.0|143.8(2303.9| 4.7 3.2 | 5300 | 36.6
L3F15S5W0.50-C5 | 14 [12.02[305.3(6.02|153.0|143.8(2303.7| 4.7 3.2 | 5440 | 37.6
L3F15S5W0.50-C6 | 14 [12.02[305.2(6.02|153.0|141.3(2263.4| 4.7 3.2 | 5265 | 36.4
Averages 12.02]|305.2(6.02| 153.0| 143.0(2290.3| 4.7 3.2 | 5335 | 36.9
L4F20S5W0.54-C6 14 [(12.011305.116.03[153.21141.1(2259.2| 4.7 3.2 5095 | 35.2
L4F20S5W0.54-C4 14 [(12.011305.116.03|153.21143.4(2297.0| 4.7 3.2 5070 | 35.0
L4F20S5W0.54-C3 14 (12.001304.8]16.03|153.21141.1(2260.2| 4.7 3.2 5075 | 35.1
Averages 12.01]|305.0(6.03]| 153.2| 141.9(2272.1| 4.7 3.2 | 5080 [ 35.1
L5F15S0W0.47-C4 14 [(12.011305.116.02(153.01141.4(2264.2| 4.2 2.9 4390 | 30.3
L5F15S0W0.47-C5 14 [(12.011305.116.03[153.21143.6(2299.7| 4.2 2.9 4395 | 30.4
*L5F15S0W0.47-C6 14 [12.02]305.2]16.03|153.21140.9(2257.3| 4.2 2.9 4725 | 32.6
Averages 12.01]305.1]16.03[153.11142.0]|2273.7| 4.2 2.9 4393 | 30.4




Al7

Table All: 14- Day Compressi ve Strengt h and Stati ¢ Modulus
(Lim eston e Aggregate).... conti nued

Spec. Age Length Diameter Unit Static M od. | Compressi ve
Weight psi | Mpa Strength
ID # days| in. | mm | in. | mm | pcf [Kg/m?|(x10%|(x10%)| psi Mpa

L6F20S0W0.50-C3 14 [12.02(305.2|6.02|152.91144.1(2307.4| 4.7 3.2 | 4955 | 34.2

L6F20S0W0.50-C1 14 [12.01{305.1|6.02|152.8|146.8(2351.1| 4.7 3.2 | 4890 | 33.8

*L6F20SO0W0.50-C2 | 14 ]12.01]305.0|6.02(152.9{146.7]|2349.9( 4.7 3.2 | 4485 | 31.0

Averages 12.01]305.116.02(152.8{145.9]|2336.1| 4.7 3.2 | 4923 | 34.0

L7F25S0W0.54-C2 14 [12.02(305.2|6.02|152.8|141.6(2268.2 4.7 3.2 | 4570 | 31.6

L7F25S0W0.54-C1 14 [12.01{305.0|6.02|152.91144.2(2309.5| 4.7 3.2 | 4660 | 32.2

L7F25S0W0.54-C5 14 [12.02{305.2]|6.02|152.9|144.1(2308.0| 4.7 3.2 | 4605 | 31.8

Averages 12.01]305.116.02(152.8{143.3|2295.2 4.7 3.2 | 4612 | 31.9

L8FOS7WO0.43-C4 14 112.01(305.0|6.03|153.1|143.7(2301.6 5.3 3.6 | 6660 | 46.0

L8FOS7WO0.43-C5 14 112.01(305.1|6.03|153.1|143.8(2302.6 5.3 3.6 | 6925 | 47.9

L8FOS7WO0.43-C6 14 112.01{305.016.03]|153.0|141.3{2263.8[ 5.3 3.6 | 6750 | 46.6

Averages 12.01]305.016.03[{153.1)142.9(2289.4 5.3 3.6 | 6778 | 46.8

*L9F0S10W0.45-C3 | 14 |12.01]|305.116.02(152.9(141.6|2267.8( 5.3 3.6 | 7345 | 50.8

L9F0S10W0.45-C1 14 [12.01{305.0|6.02|152.8|144.3(2310.5| 5.3 3.6 | 7125 | 49.2

L9F0S10W0.45-C2 14 [12.01{305.116.02|152.9]146.7(2349.9] 5.3 3.6 | 7175 | 49.6

Averages 12.01]305.116.02(152.9{144.2]|2309.4 5.3 3.6 | 7150 | 49.4

L10F0S12W0.46-C1 | 14 |12.01]|305.116.02(152.8(149.3|2390.7( 5.3 3.6 | 7560 | 52.2

L10F0S12W0.46-C3 | 14 |12.01]|305.116.02(152.9]149.2|2390.1| 5.3 3.6 | 7560 | 52.2

*L10F0S12W0.46-C5| 14 [12.011305.116.02|152.8]149.3({2390.7| 5.3 3.6 | 7070 | 48.9

Averages 12.01]305.116.02(152.8]149.2(2390.5[ 5.3 3.6 | 7560 | 52.2

Note :* Specimen not considered for the calculation of average value as it is an outlier.
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Table A12: 14-Day Fl exural Strengt h (Limest one Aggregate)

Spec. Age Length Breadth Depth Unit Maximum Flexural
ID # Weight Load Strength
days| in. [ mm [in. | mm | in. [ mm | pcf [kg/m?| lbs kgs | psi [Mpa

L1CONTROLWO0.4-B5| 14 |14.00(355.614.02]|102.1|14.02|102.1]|145.2(2325.1|4356.3| 1976.0| 805 | 5.6

*L1CONTROLWO0.4-B6| 14 |14.00|355.6(4.02|102.2]14.02|102.2|144.9]12320.5|3819.4|1732.4| 705 | 4.9

L1CONTROLWO0.4-B3| 14 |14.00(355.614.02]|102.1|14.02|102.1|145.1(2324.0|4737.3|2148.8| 875 | 6.0

L1CONTROLWO0.4-B2| 14 |14.00(355.614.02]|102.1|14.02|102.2|145.0( 2323.4]|4658.912113.2| 860 | 5.9

Averages 14.00{355.6/4.02]102.1{4.02{102.2]| 145.0{2323.3]14393.0] 1992.6( 847 | 5.9

*L2F15S7W0.52-B3 | 14 |14.00(355.6/4.02|102.2(4.03|102.4| 144.6]|2315.8|5317.1|2411.8| 975 | 6.7

L2F15S7W0.52-B4 14 [14.00(355.6]|4.03|102.3]4.03|102.4| 144.4| 2313.1|4466.6]| 2026.0( 820 | 5.7

L2F15S7W0.52-B2 14 [14.00(355.6|4.03|102.3|4.03|102.4]| 144.4| 2313.6|4566.6| 2071.4| 840 | 5.8

L2F15S7W0.52-B1 14 [14.00(355.6|4.03(102.3]4.03|102.4| 144.4| 2313.6|4466.6]| 2026.0( 820 | 5.7

Averages 14.00(355.614.03]102.3{4.03[102.4)| 144.5]2314.0|14704.2]1 2133.8| 827 | 5.7

L3F15S5W0.50-B5 | 14 [14.00|355.6(4.04(102.5|4.04]102.7(143.8/2303.3(3998.6|1813.7| 730 | 5.0

L3F15S5W0.50-B7 14 [14.00(355.6|4.03|102.4|4.03|102.4| 144.3| 2311.8|4080.0| 1850.7( 750 | 5.2

L3F15S5W0.50-B6 | 14 [14.00|355.6(4.03(102.4]4.04]102.5(147.912368.7(4215.1|1911.9| 770 | 5.3

L3F15S5W0.50-B8 | 14 [14.00|355.6(4.03(102.4]4.03]|102.4(148.1|2372.7(4096.8| 1858.3| 750 | 5.2

Averages 14.00(355.614.03]|102.4{4.03[102.5)| 146.0]2339.2| 4097.6] 1858.6| 750 | 5.2

L4F20S5W0.54-B6 14 [14.00(355.6]|4.02|102.0{4.02|102.1]| 141.5| 2266.8|3974.4]| 1802.8( 735 | 5.1

*L4F20S5W0.54-B1 | 14 |14.00(355.614.02]102.0(4.02|102.0|137.7(2205.5|4362.7]1978.9( 810 | 5.6

L4F20S5W0.54-B5 14 [14.00(355.6|4.02|102.1|4.02|102.2| 137.4| 2201.6|4224.1] 1916.0( 780 | 5.4

Averages 14.00[355.614.02|102.0{4.02{102.1)| 138.9]|2224.6|14187.1]1899.2| 758 | 5.2




Table A12: 14-Day Flexural Stre ngth (Limest one A ggregate)...continued

A19

Spec. Age Length Breadth Depth Unit Maximum Flexural

ID # Weight Load Strength
days| in. mm | in. [ mm | in. | mm | pef [ kg/m?3| Ibs kgs psi Mpa

*L5F15S0wW0.47-B1 14 |1 14.00(355.614.02|102.0{4.02|102.2(149.0|2386.113944.3|11789.1| 730 5.0
L5F15S0W0.47-B2 14 |114.00(355.614.02|102.2|14.02|102.1(144.9]|2321.514522.2|12051.2| 835 5.8
L5F15S0W0.47-B3 14 |114.00(355.614.02|102.1|4.02|102.2(145.0]|2322.614655.3|2111.6| 860 5.9
L5F15S0W0.47-B4 14 | 14.00(355.614.03|102.2|4.02|102.1(145.0]|2322.014522.2|12051.2| 835 5.8
Averages 14.00] 355.6|4.02(102.2|4.02| 102.1| 146.0/ 2338.0|4411.0| 2000.8] 843 5.8
L6F20SOW0.50-B7 | 14 |14.00|355.6|4.03|102.3(4.04(102.5|148.0|2371.2|4397.3|1994.6| 805 5.6
*L6F20S0W0.50-B8 | 14 | 14.00|355.6|4.03|102.3|4.03|102.4(144.4]12313.3|5007.212271.2| 920 6.4
*L6F20S0W0.50-B6 | 14 |14.00|355.6|4.03(102.5(4.03|102.3|144.3|12311.1{5198.6]/2358.0 950 6.6
L6F20S0W0.50-B5 14 |1 14.00(355.614.02|102.0{4.03|102.2(145.1]|2323.714572.3|2074.0| 845 5.8
Averages 14.00] 355.6|4.03[102.3|4.03| 102.4| 145.5[2329.8]|4793.9|2174.5] 825 5.7
*L7F25S0W0.54-B3 | 14 | 14.00|355.6|4.041102.7|4.04|102.7(147.3|2359.0/5188.612353.5| 940 6.5
L7F25S0W0.54-B2 14 |1 14.00(355.6|4.05|102.914.04|102.6(139.5|2234.714372.711983.4| 795 5.5
L7F25S0W0.54-B1 14 |114.00(355.6|4.05|102.8|4.04|102.7(143.8|2303.714679.0|12122.4| 850 5.9
L7F25S0W0.54-B4 14 |1 14.00(355.614.04|1102.7|4.04|102.5(143.8|2303.114281.6|1942.1| 780 5.4
Averages 14.00] 355.6|4.05[102.8|4.04|102.6| 143.6/2300.1]4630.5| 2100.3] 808 5.6
*L8FOS7WO0.43-B4 14 | 14.00(355.6|4.031102.3|4.03|102.3(144.6]2315.7|5601.5|2540.8| 1030 7.1
*L8FOS7WO0.43-B3 14 | 14.00(355.6|4.031102.414.03[102.3(148.3]2376.0|5775.612619.8| 1060 7.3
L8FOS7W0.43-B2 14 |1 14.00(355.6|4.03|102.3|4.03[102.3(140.7]|2254.215002.6|2269.1| 915 6.3
L8FOS7W0.43-B1 14 |114.00(355.614.02|102.2|4.03|102.3(144.7]|2317.3]14892.3|2219.1| 900 6.2
Averages 14.00] 355.614.03]102.3|4.03| 102.3| 144.6|2315.8|5318.0| 2412.2| 908 6.3




Table A12: 14-Day Flexural Stre ngth (Limest one A ggregate)...continued

A20

Spec. Age Length Breadth Depth Unit Maximum Flexural

ID # Weight Load Strength
days| in. | mm |[in. | mm | in. [ mm | pcf | kgm?3| 1Ibs kgs psi Mpa

L9FO0S10W0.45-B1 | 14 |14.00|355.6(4.03|102.3|4.03(102.4(148.2|2373.1]5459.3|2476.3| 1000 6.9
L9F0S10W0.45-B2 14 114.001355.6(4.03|102.4(4.04]|102.5|148.0]2370.2|5215.0|2365.5| 955 6.6
L9F0S10W0.45-B3 14 |114.00(355.614.02|102.1|4.03[102.2(144.9]12321.315026.412279.9| 930 6.4
L9F0S10W0.45-B4 14 |114.00(355.6|4.02|102.114.02{102.2(145.0]|2322.014862.2|2205.5| 900 6.2
Averages 14.00| 355.6]4.02]|102.2|4.03| 102.3[ 146.5]|2346.7[5140.7| 2331.8] 928 6.4
L10F0S12W0.46-B2 | 14 |14.00|355.6/4.021102.2(4.02(102.0|141.3|2263.7|5495.8|2492.9( 1015 7.0
L10F0S12W0.46-B3 | 14 |14.00|355.6/4.021102.2(4.02(102.1|145.012322.0|6148.4|2788.9| 1135 7.8
L10F0S12W0.46-B4 | 14 |14.00]|355.6/4.02(102.2(4.01|101.9]|141.5|2265.9|5312.5(2409.7| 985 6.8
L10F0S12W0.46-B1 | 14 |14.00|355.6/4.021102.2(4.02(102.2|144.912320.916293.0|2854.5( 1160 8.0
Averages 14.00]355.614.02|102.2(4.02{102.0| 143.2]12293.1|5812.4| 2636.5| 1074 7.4

Note: *Specimen not considered for calculation of average value as it is an outlier.
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Table A13: 28- Day Compressi ve Strengt h and Stati c Modulus
(Lim estone Aggregate)

Spec. Age Length Diameter Unit Static M od. | Compressiv e
ID # Weight psi | Mpa Strength

days| in. [ mm | in. | mm | pcf |Kg/m?[(x10%[(x10%| psi | Mpa

L1CONTROLWO0.4-C3| 28 [12.01(305.1|6.01|152.7(141.9(2273.1| 5.3 3.6 | 6005 | 415

L1CONTROLWO0.4-C2| 28 |12.01{305.1|6.02]152.9(144.1{2308.5[ 5.3 3.6 | 6135 [ 424

Averages 12.01{305.116.02]152.8{143.0|2290.8] 5.3 3.6 | 6070 | 41.9

L2F15S7W0.52-C1 | 28 |12.00[304.9(6.02]|152.8|144.4|2312.1| 5.3 3.6 | 8445 | 58.4

L2F15S7W0.52-C2 | 28 |12.01|305.1(6.02]152.91141.5|2266.1| 5.3 3.6 | 8150 | 56.3

L2F15S7W0.52-C3 | 28 |12.01]305.0(6.02]152.9]|144.1|2307.2] 5.3 3.6 | 8255 | 57.0

Averages 12.01{305.016.02]152.9{143.3|12295.1] 5.3 3.6 | 8283 | 57.2

L3F15S5W0.50-C1 | 28 |12.02(305.2|6.02]|152.9(144.0|2305.6] 5.3 3.6 | 5795 | 40.0

*L3F15S5W0.50-C2 | 28 [12.01(305.1]|6.021152.9(141.5(2266.9( 5.3 3.6 | 4955 | 34.2

L3F15S5W0.50-C3 | 28 |12.02[{305.3|6.02]152.8({144.212309.3] 5.3 3.6 | 5860 | 40.5

Averages 12.02{305.216.02]152.9[{143.2|12294.0] 5.3 3.6 | 5828 | 40.3

L4F20S5W0.54-C1 | 28 |12.01|305.1|6.01]|152.7|141.9|2273.1| 4.7 3.2 | 6060 | 41.9

*L4F20S5W0.54-C5 | 28 [12.01(305.1]|6.01|152.7(141.9(2272.7 4.7 3.2 | 5725 | 39.6

L4F20S5W0.54-C2 | 28 |12.01|305.1{6.01]152.7|142.0|2274.4] 4.7 3.2 | 6080 | 42.0

Averages 12.011305.1|6.01]152.7|141.9| 2273.4| 4.7 3.2 | 6070 | 41.9

*L5F15S0W0.47-C3 | 28 [12.01(305.0|6.02|152.8(141.7(2270.2 5.3 3.6 | 4855 | 335

L5F15S0W0.47-C2 | 28 |12.021305.2(6.02]|152.91144.0|12305.8| 5.3 3.6 | 5270 | 36.4

L5F15S0W0.47-C1 | 28 |12.02]305.3|6.02]152.9]|141.4|2265.0| 5.3 3.6 | 5270 | 36.4

Averages 12.01{305.116.02]152.9{142.4]12280.3] 5.3 3.6 | 5270 | 36.4
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Table A13: 28- Day Compressi ve Strengt h and Stati c Modulus
(Limestone Aggregate)... conti nued

Spec. Age Length Diameter Unit Static Mod. | Compr essiv e
ID # Weight psi | Mpa Strength
days| in. [ mm [ in. | mm | pcf |Kg/m?[(x10%[(x10%| psi | Mpa

L6F20SO0WO0.50-C4 | 28 |12.01(305.1|6.02]152.8(146.8|2351.1| 5.3 3.6 | 5490 | 37.9

L6F20S0WO0.50-C6 | 28 |12.02(305.216.02]|152.8(146.7|2349.4] 5.3 3.6 | 5630 | 38.9

L6F20S0W0.50-C5 | 28 |12.01]305.1{6.02]152.9]|146.7|2349.7] 5.3 3.6 | 5365 | 37.1

Averages 12.01{305.116.02]152.8{146.7|2350.1] 5.3 3.6 | 5495 | 38.0

L7F25S0W0.54-C4 | 28 |12.01|305.1|6.02]|152.9|1144.2|12309.3| 4.7 3.2 | 5485 | 37.9

L7F25S0W0.54-C3 | 28 |12.02|305.3(6.02]|153.0|143.9|2304.7| 4.7 3.2 | 5265 | 36.4

L7F25S0W0.54-C6 | 28 |12.01]305.0{6.02]152.9]|146.8|2350.5| 4.7 3.2 | 5415 | 374

Averages 12.011305.1|6.02]152.9]|144.9| 2321.5| 4.7 3.2 | 5388 | 37.2

*L8FOS7WO0.43-C2 | 28 |12.01(305.2|6.02|152.9(144.0(2305.8| 5.3 3.6 | 8500 | 58.7

L8FOS7WO0.43-C1 28 112.021305.2(6.02]152.8|144.212308.9| 5.3 3.6 | 8090 | 55.9

L8FOS7W0.43-C3 28 [12.01]305.1{6.02|153.0|144.0|2306.0f 5.3 3.6 | 7710 | 53.3

Averages 12.01{305.216.02]152.9{144.0|2306.9] 5.3 3.6 | 7900 | 54.6

L9F0S10W0.45-C4 | 28 |12.02|305.2(6.02]|152.9|1144.1|2307.6| 5.3 3.6 | 8225 | 56.8

L9F0S10WO0.45-C6 | 28 |12.02(305.216.02|152.9(146.6|2347.8|] 5.3 3.6 | 8350 | 57.7

L9FOS10WO0.45-C5 | 28 112.01[{305.116.02]152.9{149.212390.1| 5.7 3.9 | 8440 | 58.3

Averages 12.01{305.216.02]152.9[{146.6|2348.5| 5.4 3.7 | 8338 | 57.6

L10F0S12W0.46-C2 | 28 |12.01|305.1(6.02]152.9|146.6|2347.5| 6.0 4.2 | 8515 | 58.8

L10F0S12W0.46-C6 | 28 |12.01|305.1(6.02]152.9|146.7|2349.4| 6.0 4.2 | 8860 | 61.2

L10F0S12W0.46-C4 | 28 ]12.02]|305.2(6.02]152.9]|146.6|2347.3] 6.0 4.2 | 8715 | 60.2

Averages 12.01{305.116.02]152.9{146.6]|2348.0] 6.0 4.2 | 8697 [ 60.1

Note: *Specimen not considered for the calculation of average value as it is an outlier.
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Table Al4: 28-Day Flexural Strengt h (Lim estone Aggregate)

Spec. Age Length Breadth Depth Unit Maximum Flexural
ID # Weight Load Strength
days| in. | mm | in. | mm [ in. | mm [ pcf | kg/m?| Ibs kgs psi | Mpa

L1CONTROLWO0.4-B8| 28 |14.00(355.6(4.02(102.1{4.02|102.2(141.2]|2262.3]4655.3| 2111.6 | 860 | 5.9

L1CONTROLWO0.4-B4| 28 |14.00(355.6(4.02(102.1{4.02|102.1{141.3]|2263.914923.3| 2233.2 | 910 | 6.3

*L1CONTROLWO0.4-B1| 28 [14.00|355.6|4.02|102.114.03|102.3|141.2|2261.2|4364.5| 1979.7 | 805 | 5.6

L1CONTROLWO0.4-B7| 28 |14.00(355.6(4.02(102.1{4.02|102.1{145.2]|2325.8|4703.6| 2133.5 | 870 | 6.0

Averag es 14.00]355.6/4.02|1102.114.02]102.2|142.2[2278.3[4661.7| 21145 | 880 | 6.1

*L2F15S7W0.52-B6 | 28 [14.00|355.6/4.03(102.214.03|102.4|140.7|2254.3|6028.1| 2734.3 |1105| 7.6

L2F15S7W0.52-B7 | 28 |14.00]|355.6(4.03|102.3|4.02]102.0(145.0{2322.9]15105.6( 2315.9 | 945 | 6.5

L2F15S7W0.52-B5 | 28 |14.00]|355.6(4.03|102.4|4.04]1102.7(136.3(2183.7(5350.8( 2427.1 | 975 | 6.7

L2F15S7W0.52-B8 | 28 |14.00]|355.6(4.02|102.2|4.03]102.3(148.5(2379.3|5102.9( 2314.6 | 940 | 6.5

Averages 14.00]355.6[4.03)]102.3|4.03]102.4(142.6[2285.0{5396.9| 2448.0 | 953 | 6.6

L3F15S5W0.50-B4 | 28 |14.00]|355.6(4.02|102.0|4.01]101.9(141.7{2270.2|5390.9( 2445.3 | 1000| 6.9

*L3F15S5W0.50-B3 | 28 [14.00|355.6/4.02|102.0]14.01]|101.8|141.9]2273.1|8049.0| 3651.0 | 1495] 10.3

L3F15S5W0.50-B2 | 28 |14.00]|355.6(4.02|102.1|4.02]102.2(145.0(2323.4|4684.5( 2124.9 | 865 | 6.0

L3F15S5W0.50-B1 | 28 |14.00|355.6(4.02|102.2|4.021102.1(148.8(2384.1|4733.7| 2147.2 | 875 | 6.0

Averages 14.00]355.6[4.02|102.1]14.02]102.0(144.4[2312.7[5714.5[ 2592.1 | 913 | 6.3

L4F20S5W0.54-B4 | 28 |14.00|355.6(4.02|102.1|4.03]102.4(141.0(2257.9(4889.0( 2217.6 | 900 | 6.2

*L4F20S5W0.54-B8 | 28 (14.00|355.6/4.02(102.114.02|102.1|141.4|2265.1|4720.0| 2141.0 | 875 | 6.0

L4F20S5W0.54-B3 | 28 |14.00/355.6(4.02|102.1|4.02]102.1(141.4{2265.1|{5050.0 2290.6 | 935 | 6.5

L4F20S5W0.54-B7 | 28 |14.00|355.6(4.02|102.1|4.03]102.4(141.0{2257.9(15124.0( 2324.2 | 940 | 6.5

Averages 14.00]355.6/4.021102.114.02]102.2|141.3[ 2262.7[4886.3| 2216.4 | 925 | 6.4




Table Al4: 28-Day Flexural Strengt h (Lim estone Aggregate)
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..... continued

Spec. Age Length Breadth Depth Unit Maximum Flexural

ID # Weight Load Strength
days| in. | mm | in. | mm [ in. | mm [ pcf | kg/m?| Ibs kgs psi | Mpa

L5F15S0W0.47-B7 28 |114.00]355.6/4.03(102.3|4.01]101.9|145.2|2324.9|4824.0( 2188.1 | 890 | 6.1
*L5F15S0W0.47-B6 | 28 [14.00(355.6(4.021102.114.02|102.0(141.4|2265.4(3798.0| 1722.7 | 705 | 4.9
*L5F15S0W0.47-B8 | 28 [14.00(355.6(4.021102.2]14.04|102.6(148.1|2372.0|4058.0| 1840.7 | 745 | 5.1
L5F15S0W0.47-B5 28 114.00]355.6/4.02(102.1|4.01]101.9]149.2]|2390.4|4334.0( 1965.9 | 800 | 5.5
Averages 14.00]355.614.021102.2]14.02{102.1{146.0{2338.2(4253.5| 1929.4 | 845 | 5.8
L6F20S0W0.50-B1 28 114.00]355.6/4.02(102.0|14.01]101.8]145.7]|2333.0|4688.0( 2126.4 | 870 | 6.0
L6F20SOW0.50-B3 28 114.00/355.6/4.01(101.9|4.01|101.9]149.4]12393.3|5100.0( 2313.3 | 945 | 6.5
L6F20S0W0.50-B2 28 114.00]/355.6/4.01(102.0|14.01]101.9|145.7]|2333.0|4692.7| 2128.6 | 870 | 6.0
*L6F20SO0W0.50-B4 | 28 [14.00(355.6(4.021102.114.01|101.9(145.3|2327.8(4320.0| 1959.5 | 800 | 5.5
Averages 14.00]355.614.02|102.0{4.01[101.9{146.5]2346.8[4700.2( 2132.0 | 895 | 6.2
L7F25S0W0.54-B8 28 |114.00]355.6/4.02(102.2|4.02]|102.0]|148.912384.9|4768.3| 2162.9 | 880 | 6.1
*L7F25S0W0.54-B5 | 28 [14.00(355.6(4.021102.114.02|102.2(148.8|2383.2(5199.5| 2358.5 | 960 | 6.6
L7F25S0W0.54-B6 28 |114.00]1355.6/4.02(102.1|4.02]|102.1]|145.2|2324.9|4838.5( 2194.7 | 895 | 6.2
*L7F25S0W0.54-B7 | 28 [14.00(355.6(4.021102.114.02|102.0(149.0|2387.2|4530.4| 2055.0 | 840 | 5.8
Averag es 14.00]355.6]4.02|102.1]14.02{102.1{148.0]2370.0{4834.2( 2192.7 | 888 | 6.1
L8FOS7W0.43-B5 28 114.00]355.6/4.02(102.2| 4.02]|102.0]|149.0|2386.1|5717.3| 2593.3 | 1055] 7.3
*L8FOS7W0.43-B6 28 114.00]355.6/4.03(102.3|4.02]|102.0]|145.012323.1|5041.8( 2286.9 | 930 | 6.4
*L8FOS7W0.43-B7 28 114.00]355.6/4.02(102.2| 4.02]|102.0| 145.2]2325.5|6104.7| 2769.0 | 1130] 7.8
L8FOS7W0.43-B8 28 114.00]355.6/4.02(102.2| 4.02]|102.0|141.4]|2264.3|5891.4( 2672.3 | 1090| 7.5
Averag es 14.00]355.6]4.02|102.2]4.02{102.0{145.1{2324.7[5688.8| 2580.4 |1073| 7.4
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Table Al4: 28-Day Flexural Strengt h (Lim estone Aggregate)

..... continued
Spec. Age Length Breadth Depth Unit Maximum Flexural
ID # Weight Load Strength
days| in. | mm | in. | mm [ in. | mm [ pcf | kg/m?| Ibs kgs psi | Mpa

L9F0S10W0.45-B8 | 28 |14.00|355.6(4.02|102.1|4.021102.1(148.9(2385.4(5378.2| 2439.5| 990 | 6.8

*L9F0S10WO0.45-B6 | 28 (14.00|355.6/4.02(102.114.02]|102.1|145.1|2324.4|16280.6| 2848.8 | 1160| 8.0

L9FO0S10WO0.45-B7 | 28 |14.00(355.6|4.02|102.114.02]102.1(145.112323.7|5393.7| 2446.5| 995 | 6.9

L9FO0S10W0.45-B5 | 28 | 14.00(355.6|4.02|102.114.02]102.1(148.912385.4|5222.3| 2368.8 | 965 | 6.7

Averages 14.00]355.6/4.02|102.114.02]1102.1|147.0{2354.7[5568.7[ 2525.9 | 983 | 6.8

L10F0S12W0.46-B7 | 28 |14.00]|355.6(4.02|102.1|4.03]|102.3|152.4(2441.2(5743.0( 2605.0 | 1055| 7.3

L10F0S12W0.46-B8 | 28 |14.00]|355.6(4.02|102.1|14.02]|102.2|148.8(2383.8(6265.0( 2841.8 | 1160| 8.0

*L10F0S12W0.46-B5 | 28 | 14.00] 355.6(4.02(102.2|4.02|102.2(152.5]|2441.8|5425.0| 2460.7 (1000 6.9

L10F0S12W0.46-B6 | 28 |14.00]|355.6[4.02|102.1{14.01]|101.9|153.0( 2450.3|5625.4| 2551.6 |1040| 7.2

Averag es 14.00]355.6/4.021102.114.02]102.2|151.7[2429.3[5764.6[ 2614.8 |1085| 7.5

Note: *Specimen not considered for the calculation of average value as it is an outlier.
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Table A15: Chlorid e Permeability of Quartzit e Mixes

Mix
Id:

Age
(days)

wic

Cement

Fly Ash

Silic a Fume

pcy |kg/m?®

pcy

kg/m 3

pcy

kg/m 3

Air
%

Coulombs

Average
of Spec.

Cure History

Q1CONTROLWO0.4

14

0.403

655.0|388.4

0.0

0.0

0.0

0.0

8.0

7941

4

14 days continuos
moist curing

Q2F15S7W0.52

14

0.403

655.0|388.4

118.0

70.0

55.0

32.6

5.4

6679

3

14 days continuos
moist curing

Q3F15S5W0.50

17

0.403

524.0(310.7

118.0

70.0

39.0

23.1

4.4

3276

17 days continuos
moist curing

Q4F20S5W0.54

16

0.403

491.0|291.2

157.0

93.1

39.0

231

6.8

6880

16 days continuos
moist curing

Q5F15S0W0.47

15

0.403

557.0(330.3

118.0

70.0

0.0

0.0

7.0

10744

15 days continuos
moist curing

Q6F20S0W0.50

14

0.403

524.0|310.7

157.0

93.1

0.0

0.0

7.2

11143

14 days continuos
moist curing

Q7F25S0W0.54

14

0.403

491.0|291.2

197.0

116.8

0.0

0.0

7.6

14317

14 days continuos
moist curing

Q1CONTROLWO.4

28

0.403

655.0|388.4

0.0

0.0

0.0

0.0

8.0

5719

28 days continuos
moist curing

Q1CONTROLWO0.4

37

0.403

655.0|388.4

0.0

0.0

0.0

0.0

8.0

5566

14 days continuos moist
curing + air dried
for 22 days + 1 day
accelerated curing

Q2F15S7W0.52

47

0.403

655.0|388.4

118.0

70.0

55.0

32.6

5.4

533

Continuously moist cured
for 28 days+air-
dried for 7 days+12 day
accelerated curing

Q2F15S7W0.52

43

0.403

655.0|388.4

118.0

70.0

55.0

32.6

5.4

713

Continuously moist cured
for 28 days+air-
dried for 7 days+12 day
accelerated curing

Q3F15S5W0.50

51

0.403

524.0(310.7

118.0

70.0

39.0

231

4.4

1337

Continuously moist cured
for 44 days + 7
days accelerated curing

Q4F20S5W0.54

49

0.403

491.0|291.2

157.0

93.1

39.0

231

6.8

1599

Continuously moist cured
for 42 days + 7
days accelerated curing

Q5F15S0W0.47

48

0.403

557.01330.3

118.0

70.0

0.0

0.0

7.0

4088

Continuously moist cured
for 41 days + 7
days accelerated curing
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Table A15: Chlorid e Permeability o f Quartzit e Mixes (...continued)

Mix
Id:

Age
(Days)

wi/c

Cement

Fly Ash

Silica Fume

pcy

kg/m?

pey |kg/m?®

pcy

kg/m*

Air
%

Coulombs

Average
of Spec.

Cure History

Q6F20S0W0.50

47

0.403

524.0

310.7

157.0| 93.1

0.0

0.0

7.2

4548

2

Continuously moist cured
for 40 days + 7
days accelerated curing

Q7F25S0W0.54

45

0.403

491.0

291.2

197.0| 116.8

0.0

0.0

7.6

4059

Continuously moist cured
for 38 days + 7
days accelerated curing

Q8FOS7W0.43

44

0.403

655.0

388.4

0.0 | 0.0

55.0

32.6

7.6

1642

Continuously moist cured
for 39 days + 5
days accelerated curing

Q9F0S10W0.45

45

0.403

590.0

349.9

0.0 | 0.0

78.0

46.3

4.8

692

Continuously moist cured
for 38 days + 7
days accelerated curing

Q10F0S12W0.46

43

0.403

577.0

342.2

0.0 | 0.0

94.0

55.7

4.4

132

Continuously moist cured
for 36 days + 7
days accelerated curing

Conversi on Factor:

1pcy = 0.593 * kg/m®



Table A16: Chlorid e Permeabilit y of Lim estone Mixes
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Mix Age | wic Cement Fly Ash Silica Fume | Air [ Coulombs |Avg.of [ ASTM | Cure History
Id: days pey [ka/m®[ pey [kg/m®| pey |kaim3| % Spec. | Category

3 daysin

L1CONTROLWO0.4 4 10.403]655.0/388.4| 0.0 | 0.0 | 0.0 | 0.0 (9.6 6340 3 High water at 51 C
3 daysin

L2F15S7W0.52 4 10.403(655.0/388.41118.0] 70.0 | 55.0| 32.6 | 6.2 481 2 Very Low | water at 46 C
3 daysin

L3F15S5W0.50 4 10.403(524.0{310.7|118.0] 70.0 | 39.0| 23.1 | 6.2 4478 2 High water at 34 C
3 daysin

L4F20S5W0.54 5 10.4031491.0/1291.2(157.0f 93.1 | 39.0| 23.1 |74 2703 3 Moderate | water at 35 C
3 daysin

L5F15S0W0.47 4 |0.403(557.0/330.3|118.0| 70.0 | 0.0 | 0.0 |6.2 4979 3 High water at 40 C
3 daysin

L6F20S0W0.50 4 10.403(524.0/310.7|157.0] 93.1 | 0.0 0.0 |52 7249 3 High water at 43 C
3 daysin

L7F25S0W0.54 4 10.403(491.0/291.2|197.0] 116.8| 0.0 0.0 |68 7232 3 High water at 44 C
3 daysin

L8FOS7W0.43 4 10.403(610.0/361.7] 0.0 0.0 [55.0]| 326 6.4 1089 3 Low water at 44 C
5 daysin

L9FOS10WO0.45 6 |0.403[590.0/349.9] 0.0 [ 0.0 | 78.0| 46.3 |5.6 574 3 Very Low | water at 44 C
4 days in

L10F0S12W0.46 5 [0.403|577.0]1342.2 0.0 0.0 |94.0]| 55.7 |5.2 354 3 Very Low | water at 44 C

Note :

Conversion Factor : | pcy= 0.593 x kg/m®
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Table Al17: Chlorid e Permeability of Quartzi te Mixes - 90 day tests

Mix Age | wic Cement Fly Ash Silica Fume | Air | Coulombs | Avg.of | ASTM | Cure History
Id: days pcy kg/m3 pcy kg/m3 pcy kg/m3 % Spec. | Category

Continuously
moist cured in
water for 75
days:air dried
for 22 days

QICONTROLWO.4| 97 |0.403|655.0|388.4| 0.0 00 | 00| 0.0 (8.0 4158 3 High

Continuously
moist cured in
Q2F15S7W0.52 | 102 | 0.403]655.0/388.4(118.0] 70.0 |55.0] 32.6 |8.0 1207 2 Low water for 73
days:air dried
for 29 days

Continuously
moist cured in
Q3F15S5W0.50 | 100 | 0.403]524.0/310.7(118.0f 70.0 |39.0] 23.1 (4.4 1219 3 Low water for 71
days:air dried
for 29 days

Q4F20S5W0.54 | 100 | 0.403491.0(291.2|157.0f 93.1 |39.0] 23.1 |6.8 1774 3 Low Continuously
moist cured in
water for 69
days:air dried
for 31 days

Continuously
moist cured in
Q5F15S0W0.47 | 98 |0.403(557.0/330.3|118.0f 70.0 [ 0.0| 0.0 |7.0 3475 2 Moderate | water for 67
days:air dried
for 31 days

Continuously
moist cured in
Q6F20S0W0.50 | 99 |0.403(524.0/310.7|157.0f 93.1 [ 0.0| 0.0 |7.2 6831 2 High water for 65
days:air dried
for 34 days

Continuously
moist cured in
Q7F25S0W0.54 96 [ 0.403]1491.0(1291.2(197.0{ 116.8]1 0.0| 0.0 |(7.6 4704 3 High water for 62
days:air dried
for 34 days

Continuously
moist cured in
Q8FOS7WO0.43 97 |0.403|610.0(361.7 0.0 | 0.0 |55.0| 32.6 |[5.8 1943 2 Low water for 60
days:air dried
for 37 days

Continuously
moist cured in
Q9F0S10W0.45 | 95 |0.403(590.0/349.9| 0.0 | 0.0 [78.0| 46.3 |4.8 812 2 Very Low | water for 58
days:air dried
for 37 days

Continuously
moist cured in
Q10F0S12W0.46 | 98 |0.403(577.01342.2] 0.0 0.0 [94.0| 55.7 |4.4 323 4 Very Low | water for 55
days:air dried
for 43 days

Note :
Conversion Factor : | pcy = 0.593 x kg/m®
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Table A18: Chlorid e Permeability of Lim estone Mixes a t 90-day

Mix ID:

Age
(Days)

wi/c

Cement

Fly Ash

Silica Fume

pcy

kg/m?>

pcy

kg/m?>

pcy

kg/m?>

Air
%

Coulombs

Avg . of
Spec.

ASTM
Category

Cure History

L1CONTROLWO0.4

96

0.403

655.0

388.4

0.0

0.0

0.0

0.0

9.6

6577

High

Continuously moist
cured in water
for 28 days:air dried
for 68 days

L2F15S7W0.52

96

0.403

655.0

388.4

118.0

70.0

55.0

32.6

6.2

430

Very Low

Continuously moist
cured in water
for 28 days:air dried
for 68 days

L3F15S5W0.50

95

0.403

524.0

310.7

118.0

70.0

39.0

23.1

8.0

615

Very Low

Continuously moist
cured in water
for 28 days:air dried
for 67 days

L4F20S5W0.54

99

0.403

491.0

291.2

157.0

93.1

39.0

23.1

7.4

1785

Low

Continuously moist
cured in water
for 28 days:air dried
for 71 days

L5F15S0W0.47

95

0.403

557.0

330.3

118.0

70.0

0.0

0.0

8.0

3553

Moderate

Continuously moist
cured in water
for 28 days:air dried
for 67 days

L6F20S0W0.50

145

0.403

524.0

310.7

157.0

93.1

0.0

0.0

5.2

1455

Low

Continuously moist
cured in water
for 28 days:air dried
for 117 days

L7F25S0W0.54

143

0.403

491.0

291.2

197.0

116.8

0.0

0.0

6.8

986

Very Low

Continuously moist
cured in water
for 28 days:air dried
for 115 days

L8FOS7WO0.43

154

0.403

610.0

361.7

0.0

0.0

55.0

32.6

6.8

685

Very Low

Continuously moist
cured in water
for 28 days:air dried
for 126 days

L9F0S10W0.45

152

0.403

590.0

349.9

0.0

0.0

78.0

46.3

5.6

511

Very Low

Continuously moist
cured in water
for 28 days:air dried
for 124 days

L10F0S12W0.46

154

0.403

577.0

342.2

0.0

0.0

94.0

55.7

5.2

373

Very Low

Continuously moist
cured in water
for 28 days:air dried
for 126 days

Note :
Conversion Factor

;1 pey = 0593 x kg/m®



APPENDIX B

Details of Trial Mixesfor Fresh and Hardened
Concrete Properties for Bridge Girder Concrete

Bl



Table B1: Mixtur e Designati ons fo r Bri dge Girde r Con crete

B2

Mixtur e
Designation

Descripti on

H1CONTROL W0.28

H2CONTROLWO.30

H3CONTROLWO.32

H4F0S7W0.28

H5F0S10W0.28

H6F0S12W0.28

H7FO0S7W0.30

H8F0S10W0.30

HI9F0S12wW0.30

H10F0S7W0.32

H11F0S10W0.32

H12F0S12W0.32

Control mix with water to cement ratio as 0.28

Control mix with water to cement ratio as 0.30

Control mix with water to cement ratio as 0.32

Mix with 7% of cement by weight replaced by silica fume and w/c = 0.28
Mix with 10% of cement by weight replaced by silica fume and w/c = 0.28
Mix with 12% of cement by weight replaced by silica fume and w/c = 0.28
Mix with 7% of cement by weight replaced by silica fume and w/c = 0.30
Mix with 10% of cement by weight replaced by silica fume and w/c = 0.30
Mix with 12% of cement by weight replaced by silica fume and w/c = 0.30
Mix with 7% of cement by weight replaced by silica fume and w/c = 0.32
Mix with 10% of cement by weight replaced by silica fume and w/c = 0.32

Mix with 12% of cement by weight replaced by silica fume and w/c = 0.32

Note: Multiplication factor of 1.2 used for volume correction



Table B2: Mixtur e Proportions fo r Bridg e Girder Concrete

B3

Mixture Proportions (Ibs/cubic yard)

Mix % replace -| w/c | Cement | Silica Coarse Fine Water |w/(c+sf)
Id. ment Fume | Aggregate | Aggregate
pcy pcy pcy pcy pcy

H1CONTROL WO0.28 0 0.28 700 0 1725 1100 196 0.28
H2CONTROLWO0.30 0 0.30 700 0 1725 1100 210 0.30
H3CONTROLWO.32 0 0.32 700 0 1725 1100 224 0.32
H4FOS7WO0.28 7 0.28 651 59 1725 1100 182 0.26
H5F0S10W0.28 10 0.28 630 84 1725 1100 176 0.25
H6F0S12W0.28 12 0.28 616 101 1725 1100 172 0.24
H7FOS7W0.30 7 0.30 651 59 1725 1100 195 0.28
H8F0S10W0.30 10 0.30 630 84 1725 1100 189 0.26
H9F0S12W0.30 12 0.30 616 101 1725 1100 185 0.26
H10FOS7W0.32 7 0.32 651 59 1725 1100 208 0.29
H11F0S10W0.32 10 0.32 630 84 1725 1100 202 0.28
H12F0S12W0.32 12 0.32 616 101 1725 1100 197 0.28

Table B3: Plasti ¢ Properties o f Concret e for Bridg e Girders

Mix Slump Air Unit Weight
Id: in. mm % pcf kg/m?®
H1CONTROL WO0.28 43/4 121 10.0 137.6 2203.9
H2CONTROLWO.30 6 152 6.0 143.6 2300.0
H3CONTROLWO.32 33/4 95 9.8 137.6 2203.9
H4FO0S7WO0.28 43/4 121 11.6 135.6 2171.9
H5F0S10W0.28 5 127 11.0 133.6 2139.9
H6F0S12W0.28 2 51 10.0 135.6 2171.9
H7FOS7W0.30 7.5 191 10.6 127.6 2043.8
H8F0S10W0.30 53/4 146 6.2 143.6 2300.0
HI9F0S12W0.30 6 152 2.4 152.0 2434.6
H10FOS7W0.32 7 178 6.4 142.4 2280.8
H11F0S10W0.32 7 3/4 197 4.0 147.6 2364.1
H12F0S12W0.32 33/4 95 3.2 148.0 2370.5
H4aFO0S7W0.28 7 178 6.2 144.4 2312.9
H5aF0S10W0.28 51/2 140 3.8 147.6 2364.1
H6aF0S12W0.28 71/2 191 3.2 151.2 2421.8
H7aF0S7W0.30 7 178 5.8 144.8 2319.3
H1aCONTROL WO0.28 81/2 216 4.0 147.6 2364.1
H2aCONTROLWO0.30 33/4 95 3.8 150.4 2409.0
H3aCONTROLWO0.32 7 178 7.0 141.2 2261.6

Note: Mixes having 'a' as subscript are mixes which have been repeated but have
the same mix proportions as the original mix.
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Table B4: 1-Day Compressi ve Strengt h for Bridg e Girder Concret e

Spec. Age Length Diameter Unit Weight | Compr essi ve Strength

ID # (days) [ (inches) | mm |(inches) | mm | (pcf) Kg/m3 psi Mpa
H1CONTROL WO0.28A-2 1 8.01 203.4 4.02 102.1 | 153.1|2451.6 6540 45.2
H1CONTROL WO0.28A-1 1 8.01 203.5 4.02 102.0 | 153.4]|2456.4 6555 45.3
Averag es 8.01 203.4 4.02 102.0 | 153.2|2454.0 6548 45.2
H2CONTROLWO0.30A-1 1 8.01 203.4 4.02 102.0 | 153.3|2455.4 4735 32.7
H2CONTROLWAO.30A-2 1 8.01 203.4 4.03 102.3 | 144.112308.0 5105 35.3
Averages 8.01 203.4 4.02 102.1 |148.7{2381.7 4920 34.0
H3CONTROLWO0.32A-1 1 8.01 203.5 4.04 102.6 | 143.1|2292.4 3510 24.3
H3CONTROLWO0.32A-2 1 8.01 203.4 4.02 102.2 | 144.4]12313.0 3820 26.4
Averages 8.01 203.5 4.03 102.4 |143.8[2302.7 3665 25.3
H4FO0S7WO0.28A-2 1 8.01 203.5 4.02 102.1 |135.9|2176.6 4805 33.2
H4FO0S7WO0.28A-1 1 8.01 203.4 4.02 102.1 |135.9(2177.2 4920 34.0
Averages 8.01 2034 | 4.02 102.1 1135.9]2176.9 4863 33.6
H5F0S10WO0.28A-2 1 8.01 203.3 4.02 102.1 |136.0{2178.0 5710 39.5
H5F0S10WO0.28A-1 1 8.01 203.4 4.02 102.1 |135.9(2176.9 5905 40.8
Averages 8.01 203.4 4.02 102.1 |135.9{2177.4 5808 40.1
H6F0S12W0.28A-2 1 8.02 203.6 4.02 102.1 |135.9(2176.6 5120 354
H6F0S12WO0.28A-1 1 8.00 203.3 4.02 102.0 | 136.3/2183.4 5525 38.2
Averages 8.01 2035 | 4.02 102.1 1136.1]2180.0 5323 36.8
H7F0S7WO0.30A-1 1 8.01 203.5 4.03 102.2 |135.7|2173.0 6485 44.8
H7FO0S7WO0.30A-2 1 8.01 203.4 4.02 102.2 | 144.4|12312.5 5985 41.4
Averages 8.01 203.4 4.02 102.2 |140.0{2242.8 6235 43.1
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Table B4: 1-Day Compressi ve Strengt h for Bridg e Girder Concret e
(...continued)

Spec. Age Length Diameter Unit Weight | Compressive Strength
ID # (days) | (inches) | mm |(inches) | mm | (pcf) | Kgim? psi Mpa
H8F0S10W0.30-16 1 8.01 203.3 4.02 102.1 | 153.1|2452.2 6380 44.1
H8F0S10W0.30-15 1 8.01 203.4 4.02 102.1 | 153.0|2451.2 7170 49.5
Averages 8.01 203.4 4.02 102.1 | 153.1|2451.7 6775 46.8
HI9F0S12W0.30-2 1 8.01 203.5 4.03 102.4 |135.1|2164.4 6500 44.9
HI9F0S12W0.30-1 1 8.01 203.4 4.02 102.1 | 136.0|2178.6 6145 42.5
Averag es 8.01 203.5 4.03 102.3 | 135.6{2171.5 6323 43.7
H10F0S7W0.32-2 1 8.01 203.5 4.02 102.1 |135.9|2176.7 4135 28.6
H10FO0S7W0.32-1 1 8.00 203.3 4.01 101.9 |135.4|2168.1 3920 27.1
Averages 8.01 203.4 4.02 102.0 | 135.6{2172.4 4028 27.8
H11F0S10W0.32-1 1 8.01 203.5 4.03 102.4 |135.3|2166.5 4785 33.1
H11F0S10W0.32-2 1 8.02 203.6 4.03 102.4 |135.1|2163.3 5010 34.6
Averag es 8.01 203.5| 4.03 102.4 1135.212164.9 4898 33.8
H12F0S12W0.32-8 1 8.01 203.5 4.03 102.4 |135.2|12164.9 5980 41.3
H12F0S12W0.32-9 1 8.01 203.5 4.03 102.4 |135.3|2167.1 6430 44.4
Averages 8.01 203.5 4.03 102.4 |135.2{2166.0 6205 42.9
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Table B5: 3-Day Compressi ve Strengt h for Bridg e Girder Concret e

Spec. Age Length Diameter Unit Weight | Compr essive Strength

ID # (days) [ (inches) | mm |(inches) | mm | (pcf) Kg/m3 psi Mpa
H1CONTROL WO0.28A-3 3 8.01 203.3 4.02 102.1 | 153.2|2454.1 7925 54.8
H1CONTROL WO0.28A-7 3 8.02 203.6 4.02 102.1 | 152.8|2447.1 7560 52.2
Averag es 8.01 203.5 4.02 102.1 ] 153.0]2450.6 7743 53.5
H2CONTROLWO0.30A-5 3 8.02 203.6 4.02 102.1 | 144.5|2314.6 6780 46.8
H2CONTROLWO0.30A-3 3 8.00 203.3 4.02 102.0 | 144.7]2318.0 6700 46.3
Averages 8.01 203.5 4.02 102.0 | 144.6{2316.3 6740 46.6
H3CONTROLWO0.32A-9 3 8.00 203.3 4.02 102.0 | 145.0|2321.7 5450 37.7
H3CONTROLWO0.32A-8 3 8.01 203.4 4.02 102.0 | 153.3|2455.1 4970 34.3
Averages 8.01 203.4 4.02 102.0 |149.1{2388.4 5210 36.0
H4FO0S7WO0.28A-7 3 8.01 203.5 4.02 102.2 | 144.4|12312.4 6495 44.9
H4FO0S7WO0.28A-10 3 8.01 203.4 4.02 102.2 | 144.2|12309.5 6445 44.5
Averages 8.01 203.4 4.02 102.2 |144.312310.9 6470 44.7
H5F0S10WO0.28A-7 3 8.01 203.6 4.02 102.1 | 152.8|2447.4 8190 56.6
H5F0S10WO0.28A-10 3 8.01 203.5 4.03 102.2 | 152.6|2444.5 8060 55.7
Averages 8.01 203.5 4.02 102.2 | 152.7{2446.0 8125 56.1
H6F0S12W0.28A-10 3 8.02 203.6 4.03 102.3 | 152.3|2439.2 8475 58.6
H6F0S12WO0.28A-8 3 8.02 203.8 4.04 102.6 | 151.3|2424.0 8590 59.4
Averages 8.02 203.7 4.03 102.4 1151.8]|2431.6 8533 59.0
H7F0S7WO0.30A-6 3 8.02 203.6 4.04 102.5 | 152.1|2435.4 7795 53.9
H7F0S7WO0.30A-3 3 8.02 203.8 4.03 102.4 |143.6(2299.9 7845 54.2
Averages 8.02 203.7 4.03 102.4 |147.8{2367.6 7820 54.0
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Table B5: 3-Day Compressi ve Strengt h for Bridg e Girder Concret e

(...continued)

Spec. Age Length Diameter Unit Weight | Compressive Strength
ID # (days) | (inches) | mm |(inches) | mm | (pch | Kg/m? psi Mpa
H8F0S10WO0.30-14 3 8.01 203.4 4.02 102.0 | 153.3|2455.1 10260 70.9
H8F0S10WO0.30-17 3 8.01 203.4 4.02 102.1 | 153.0|2451.2 9810 67.8
Averages 8.01 203.4 | 4.02 102.1 | 153.2]2453.2 10035 69.3
HI9F0S12W0.30-9 3 8.00 203.3 4.02 102.1 |136.0{2178.5 10235 70.7
H9F0S12W0.30-10 3 8.01 203.4 4.02 102.1 |136.0{2178.5 10165 70.2
Averag es 8.01 203.3 4.02 102.1 |136.0{2178.5 10200 70.5
H10F0S7W0.32-6 3 8.01 203.5 4.02 102.0 | 136.2|2181.7 6275 43.4
H10F0S7W0.32-8 3 8.01 203.5 4.02 102.2 |135.7|2173.0 6290 435
Averages 8.01 203.5 4.02 102.1 |135.9{2177.4 6283 43.4
H11FO0S10W0.32-5 3 8.01 203.4 4.02 102.1 | 144.5(2314.8 8355 57.7
H11F0S10W0.32-3 3 8.00 203.3 4.01 101.9 | 145.1|2324.2 7985 55.2
Averag es 8.01 203.3 4.02 102.0 | 144.8/2319.5 8170 56.5
H12F0S12W0.32-6 3 8.01 203.3 4.01 101.8 | 136.8(2191.8 9985 69.0
H12F0S12W0.32-4 3 8.01 203.6 4.00 101.7 | 145.6|2331.6 10165 70.2
Averages 8.01 203.4 4.01 101.8 |141.212261.7 10075 69.6
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Table B6: 7-Day Compressi ve Strengt h for Bridg e Girder Concret e

Spec. Age Length Diameter Unit Weight | Compr essive Strength

ID # (days) [ (inches) | mm |(inches) | mm | (pcf) Kg/m3 psi Mpa
H1CONTROL WO0.28A-5 7 8.01 203.4 4.02 102.1 | 153.1|2451.7 8865 61.3
H1CONTROL WO0.28A-4 7 8.01 203.4 4.02 102.1 | 153.0|2451.2 8865 61.3
Averag es 8.01 203.4 4.02 102.1 |1 153.1]2451.5 8865 61.3
H2CONTROLWO.30A-6 7 8.02 203.8 4.02 102.1 | 152.7|2445.0 7875 54.4
H2CONTROLWO.30A-8 7 8.01 203.4 4.02 102.1 |153.1|2451.4 8275 57.2
Averages 8.01 203.6 4.02 102.1 | 152.9]2448.2 8075 55.8
H3CONTROLWO0.32A-6 7 8.01 203.5 4.03 102.3 | 143.8(2303.2 7450 51.5
H3CONTROLWO0.32A-10] 7 8.01 203.5 4.03 102.3 | 143.912305.3 5100 35.2
Averages 8.01 203.5 4.03 102.3 |143.9]2304.3 6275 43.4
H4FO0S7WO0.28A-3 7 8.00 203.3 4.01 101.8 | 145.4|2329.5 8715 60.2
H4FO0S7WO0.28A-9 7 8.00 203.3 4.02 102.2 | 152.9]2448.8 8495 58.7
Averages 8.00 | 203.3| 4.02 | 102.0|149.2|2389.2 8605 59.5
H5F0S10WO0.28A-6 7 8.01 203.4 4.02 102.0 | 153.3|2454.9 11050 76.4
H5F0S10WO0.28A-8 7 8.01 203.5 4.01 101.8 | 153.8|2463.3 11250 7.7
Averages 8.01 203.5 4.01 101.9 | 153.5[2459.1 11150 77.0
H6F0S12W0.28A-9 7 8.01 203.5 4.01 101.9 | 153.4|2457.5 11540 79.7
H6F0S12W0.28A-3 7 8.01 203.4 4.02 102.1 | 153.0{2450.9 11900 82.2
Averages 8.01 203.5 4.02 102.0 | 153.2|2454.2 11720 81.0
H7FO0S7WO0.30A-7 7 8.01 203.5 4.01 102.0 | 145.0|2321.7 10040 69.4
H7F0S7WO0.30A-9 7 8.01 203.4 4.02 102.1 |153.1|2451.4 10050 69.4
Averages 8.01 203.4 4.02 102.0 | 149.0{2386.5 10045 69.4
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Table B6: 7-Day Compressi ve Strengt h for Bridg e Girder Concret e

(...continued)

Spec. Age Length Diameter Unit Weight | Compressive Strength
ID # (days) | (inches) | mm |(inches) | mm | (pcf) | Kgim? psi Mpa
H8F0S10W0.30-19 7 8.01 203.5 4.02 102.1 | 153.0|2450.4 11820 81.7
H8F0S10WO0.30-12 7 8.01 203.5 4.02 102.0 | 153.2|2454.4 12745 88.1
Averages 8.01 203.5 4.02 102.1 | 153.1[2452.4 12283 84.9
HI9F0S12W0.30-3 7 8.01 203.4 4.03 102.4 | 152.1|2436.2 12140 83.9
HI9F0S12W0.30-4 7 8.01 203.5 4.04 102.5 |151.8|2431.4 12120 83.7
Averag es 8.01 2034 | 4.03 102.5 1152.012433.8] 12130 83.8
H10F0S7W0.32-7 7 8.01 203.3 4.03 102.4 |143.9]2305.0 7370 50.9
H10F0S7W0.32-4 7 8.01 203.5 4.02 102.1 | 144.5(2313.7 7800 53.9
Averages 8.01 203.4 4.02 102.2 |144.2{2309.3 7585 52.4
H11FO0S10W0.32-4 7 8.02 203.6 4.03 102.3 | 152.4|2440.7 9425 65.1
H11F0S10W0.32-6 7 8.01 203.4 4.02 102.2 | 152.8|2447.1 8655 59.8
Averag es 8.01 203.5 4.03 102.2 | 152.6|2443.9 9040 62.5
H12F0S12W0.32-10 7 8.01 203.4 4.02 102.0 | 153.3|2455.6 11445 79.1
H12F0S12W0.32-1 7 8.01 203.4 4.02 102.2 | 152.7|2445.2 11400 78.8
Averages 8.01 203.4 4.02 102.1 |1 153.0]2450.4 11423 78.9




Table B7: 28-Day Compressive Strengt h and Stati ¢ Modulus for

Bridge Girder C oncrete
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Spec. Age Length Diameter Unit Static Mod . | Compressiv e
Weight psi Mpa Strength

ID # days| in. | mm | in. [ mm | pcf |Kg/m?®|(x10%|(x10%| psi Mpa
H1CONTROL WO0.28A-8 28 | 8.01 [203.6]|4.02|102.1(152.9(2449.3| 6.2 | 4.3 | 9535 | 65.9
H1CONTROL WO0.28A-5| 28 | 8.01 [203.5[4.02]102.1|153.0/2450.3] 6.2 4.3 | 10480 | 72.4
Averages 8.01 [203.514.02|102.1{153.0{2449.8| 6.2 [ 4.3 | 10008 | 69.2
H2CONTROLWO0.30A-9| 28 | 8.00 [203.3(4.02/102.0|153.4|2456.2] 5.4 | 3.8 | 9115 | 63.0
H2CONTROLWO0.30A-7 | 28 | 8.01 [203.5(4.03|102.3|152.4|2440.8] 5.4 | 3.7 | 8830 | 61.0
Averages 8.01 [203.4]4.02|102.2(152.9{2448.5| 5.4 | 3.7 | 8973 | 62.0
H3CONTROLWO0.32A-5( 28 | 8.01 [203.5(4.02/102.1|153.0|2450.4] 4.8 | 3.3 | 7525 | 52.0
H3CONTROLWO0.32A-3| 28 | 8.01 [203.5(4.02/102.1|153.1|2451.9] 54 | 3.7 | 8690 | 60.0
Averages 8.01 [203.5|4.02|102.1|153.0{2451.2| 5.1 3.5 | 8108 | 56.0
H4FOS7WO0.28A-4 28 | 8.01 (203.414.02|102.1|144.412313.0] 5.4 3.7 9645 66.6
H4FOS7W0.28A-6 28 | 8.01 [203.4]|4.02|102.1(153.0{2451.2| 6.2 | 4.3 | 9495 | 65.6
Averages 8.01 [203.4]4.02|102.1|148.7{2382.1] 5.8 [ 4.0 | 9570 | 66.1
H5F0S10W0.28A-9 28 | 8.00 [203.3|4.02|102.1(153.3(2455.1| 6.2 | 4.3 |11830| 81.7
H5F0S10W0.28A-4 28 | 8.01 (203.414.02|102.1|153.2|12453.6] 5.4 3.7 |11450| 79.1
Averages 8.00 [203.3]4.02|102.1[153.2{2454.4] 5.8 [ 4.0 | 11640| 80.4
H6F0S12W0.28A-4 28 | 8.01 [203.514.02]102.1|153.1|12451.9] 6.2 4.3 | 14985| 103.5
HB6F0S12W0.28A-6 28 | 8.00 [203.3|4.01|101.9(153.8(2462.8| 6.2 | 4.3 | 14240| 98.4
Averages 8.01 [203.4]4.01]102.0|153.4]|2457.3] 6.2 4.3 | 14613 ] 101.0




Table B7: 28-Day Compressi ve Strength and Static Mo dulus for
Bridge Girder C oncret e (...continued)
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Spec. Age Length Diameter Unit Static Mod. | Compressiv e
Weight psi Mpa Strength
ID # days| in. | mm | in. | mm | pcf [Kg/m?®|(x10%)](x10%)| psi Mpa
H7FOS7WO0.30A-5 28 | 8.01 [203.514.02]102.0{153.2]|2454.3| 6.2 4.3 | 11445 79.1
H7FOS7WO0.30A-4 28 | 8.00 [203.314.02]102.11153.2|2453.2| 6.2 4.3 | 11425| 78.9
Averages 8.01 |203.4]4.02]102.1{153.2]2453.7] 6.2 4.3 |11435] 79.0
HB8F0S10W0.30-9 28 | 8.01 [203.4(4.02|102.0(153.3|2455.1| 7.2 5.0 | 14205| 98.2
H8F0S10W0.30-11 28 | 8.01 [203.4(4.02|102.0(153.3|2455.2| 7.2 5.0 | 13930 96.3
Averages 8.01 |203.4]4.02(102.0{153.3{2455.2| 7.2 5.0 | 14068] 97.2
H9F0S12W0.30-6 28 | 8.01 [203.3(4.02|102.2(152.7|2446.4| 6.9 | 4.8 | 14350] 99.2
H9F0S12W0.30-7 28 | 8.01 [203.3(4.03|102.3(152.5|2442.6] 6.9 | 4.8 | 14130| 97.6
Averages 8.01 |203.3]4.03[{102.3(152.6{2444.5| 6.9 [ 4.8 | 14240| 98.4
H10F0S7W0.32-10 28 | 8.01 [203.5(4.02|102.1(144.5|2314.0] 6.2 | 4.3 | 9970 | 68.9
H10FOS7W0.32-9 28 | 8.01 (203.514.02|102.2]1152.7]|2446.0f 6.2 4.3 9440 65.2
Averages 8.01 [ 203.5|4.02{102.1{148.6{2380.0| 6.2 [ 4.3 | 9705 | 67.1
H11F0S10W0.32-9 28 | 8.01 [203.4(4.01|101.9(153.5|2459.3| 5.4 | 3.8 | 10670| 73.7
H11F0S10W0.32-12 28 | 8.01 [203.5(4.01|101.9(153.5|2458.3] 5.4 | 3.8 | 9485 | 65.5
Averages 8.01 [ 203.4]4.01{101.9(153.5{2458.8| 5.4 [ 3.8 | 10078| 69.6
H12F0S12W0.32-7 28 | 8.00 [203.314.02]102.21152.9]|2448.5| 6.2 4.3 | 13375| 92.4
H12F0S12W0.32-5 28 | 8.01 [203.4(4.02|102.0(153.3|2455.6] 6.2 | 4.3 |13810| 95.4
Averages 8.01 | 203.3]4.02{102.1{153.1{2452.0] 6.2 | 4.3 ]| 13593]| 93.9




Table B8: 56-Day Compre ssive Strengt h and Stati ¢ Modulus for

Bridge Girde r Concrete
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Spec. Age Length Diameter Unit Static Mod . | Compressiv e
Weight psi Mpa Stre ngth

ID # days| in. mm | in. [ mm | pcf Kg/m3 (X106) (x104) psi Mpa
H1CONTROL W0.28A-10[ 56 | 8.01 |203.5(4.02]102.0|153.2(2454.4| 6.2 4.3 10375 71.7
H1CONTROL W0.28A-9| 56 | 8.01 1203.4(4.01]101.8|145.5(2329.7| 7.2 5.0 110310 71.2
Averages 8.01 [203.414.011101.9{149.3]12392.1| 6.7 4.6 |10343| 71.5
H2CONTROLWO0.30A-4 | 56 | 8.01 |203.4(4.01|101.9|145.0|2322.6| 6.2 | 43 | 9330 | 64.5
H2CONTROLWO0.30A-10| 56 | 8.01 |203.5|4.01(101.9(145.2(2325.3| 7.3 | 5.0 | 9500 | 65.6
Averages 8.01 [203.414.011101.9({145.112324.0( 6.7 4.7 9415 | 65.1
H3CONTROLWO0.32A-4 | 56 | 8.01 |203.4(4.01|101.8|145.4|2328.6| 6.2 | 4.3 | 9110 | 63.0
H3CONTROLWO0.32A-6 | 56 | 8.01 |203.5(4.02|102.1|144.5|2314.1| 6.2 | 43 | 8865 | 61.3
Averages 8.01 [203.4/4.01|102.0{144.9(2321.3| 6.2 | 4.3 | 8988 | 62.1
H4FOS7W0.28A-5 56 | 8.01 |203.4|4.02(102.0(144.9(2320.2 6.2 | 4.3 |10860| 75.0
H4FOS7W0.28A-8 56 | 8.01 |203.5|4.02(102.0(144.7(2318.0( 7.2 5.0 | 10655| 73.6
Averages 8.01 [203.4]14.02]102.0{144.812319.1| 6.7 4.6 | 10758 | 74.3
H5F0S10W0.28A-3 56 | 8.01|203.4|4.02(102.1(136.1(2180.6| 7.2 5.0 | 12815| 88.6
H5F0S10W0.28A-5 56 | 8.01 |203.3|4.02(102.0(136.4(2184.9( 7.2 5.0 | 13030| 90.0
Averages 8.01 [203.4/4.02|102.0{136.3|2182.7| 7.2 5.0 |12923| 89.3
H6F0S12WO0.28A-5 56 | 8.01 |203.4(4.01|101.8(145.412328.1| 8.7 6.0 | 16245| 112.3
H6F0S12W0.28A-7 56 | 8.01 |203.3|4.01(101.8(145.4(2328.9 8.7 6.0 | 16640 | 115.0
Averages 8.01 [203.4(4.01|101.8|145.4|2328.5| 8.7 6.0 | 16443 | 113.6




Table B8: 56-Day Compre ssive Strengt h and Stati ¢ Modulus for
Bridge Girde r Concret e (...continued)
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Spec. Age Length Diameter Unit Static Mod. | Compressiv e
Weight psi Mpa Strength
ID # days| in. mm | in. [ mm | pcf Kg/m3 (x106) (x104) psi Mpa
H7F0S7W0.30A-8 56 | 8.00 [203.3|4.01(101.8(145.4(2329.0( 6.2 | 4.3 |12875| 89.0
H7F0S7W0.30A-10 56 | 8.00 |203.3|4.01(101.8(145.6(2332.7 6.2 | 4.3 |12895| 89.1
Averages 8.00 [203.3/4.01]|101.8|145.5{2330.9| 6.2 | 4.3 |12885]| 89.0
H8F0S10W0.30-8 56 | 8.01 |203.4|4.01(101.7(154.2|2469.5| 8.7 6.0 | 14405| 99.5
H8F0S10W0.30-2 56 | 8.01 |203.4|4.01(101.8(145.5(2330.0( 8.7 6.0 | 15465 | 106.9
Averages 8.01 [203.4(4.01|101.8{149.8(2399.7| 8.7 6.0 | 14935 103.2
H9F0S12W0.30-7 56 | 8.01|203.4|4.01(101.8(145.6(2331.6( 7.3 | 5.0 |14800| 102.3
H9F0S12W0.30-5 56 | 8.00 [203.3|4.01(101.9(145.3(2327.3| 8.7 6.0 | 14250| 98.5
Averages 8.01 [203.4/4.011101.8]145.4(2329.4] 8.0 | 5.5 |14525] 100.4
H10F0S7W0.32-3 56 | 8.00 |[203.3|4.01(101.9(145.3(2327.1| 6.2 | 4.3 | 9500 | 65.6
H10F0S7W0.32-5 56 | 8.00 [203.3|4.01|101.8(145.4(2329.2| 7.3 | 5.0 |[10300| 71.2
Averages 8.00 [203.3/4.01]|101.8|145.4(2328.2| 6.7 | 4.7 | 9900 | 68.4
H11F0S10W0.32-7 56 | 8.01 |203.5/4.01(101.9(145.0(2321.7 7.3 | 5.0 |12650| 87.4
H11F0S10W0.32-8 56 | 8.01 |203.3|4.02(102.0(144.9(2321.5( 7.2 5.0 | 13110| 90.6
Averages 8.01 [203.4/4.01|102.0{144.9]2321.6] 7.2 5.0 |12880] 89.0
H12F0S12W0.32-5 56 | 8.01 |203.3|14.01(101.9(136.6(2188.4( 7.3 | 5.0 |14635]| 101.1
H12F0S12W0.32-3 56 | 8.01|203.3|4.01(101.9(145.3(2326.9( 7.3 | 5.0 | 14250| 98.5
Averages 8.01 [203.3]4.01]101.9{141.0|2257.7 7.3 5.0 | 14443 ] 99.8
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Table B9: Compressiv e Strength and Stati ¢ Modulus o f
reco mmended mi x (H8) after accelerate d curing

Spec. Age Length Diameter Unit Static Mod. | Compressiv e
Weight psi Mpa Strength
ID # days| in. | mm [ in. | mm | pcf [Ka/m?®|(x10%)|(x10%| psi | Mpa

H8F0S10W0.30-8* 1 | 8.01203.4(4.011101.9|153.6(2460.9] 6.2 4.3 | 8700 | 60.1

H8F0S10W0.30-4* 1 | 8.01203.4(4.02]1102.1|144.6(2315.6] 6.2 4.3 | 8075 | 55.8

Averages 8.01 [203.4]4.02|102.0]149.112388.2] 6.2 4.3 | 8388 | 58.0

H8F0S10W0.30-3** 1 | 8.00[203.3(4.02]102.0|153.4(2456.4] 7.2 5.0 | 11050| 76.4

H8F0S10WO0.30-2** 1 | 8.00203.3({4.011102.0(153.6/2460.9] 7.3 5.0 | 10830| 74.8

Averages 8.00 [203.3]4.02|102.0]153.5|2458.6] 7.2 5.0 ]110940] 75.6

H8F0S10WO0.30-1*** 1 | 8.00[203.3(4.02]102.0|153.4|2456.8] 7.2 5.0 | 11205| 77.4

H8F0S10W0.30-5*** 1 | 8.01203.6(4.02]102.0|153.2(2453.2] 7.2 5.0 | 11680 | 80.7

Averages 8.01 [203.4]4.02|102.0]153.3]2455.0] 7.2 5.0 | 11443] 79.1

H8F0S10W0.30-6 2 |8.01(203.3]4.011101.9(153.7|2462.0] 7.3 5.0 | 13450 | 92.9

H8F0S10W0.30-7" 2 |8.01(203.4]4.021102.1|153.2|12453.2| 7.2 5.0 | 12695 | 87.7

Averages 8.01 [203.4]4.02|102.0]153.4]2457.6] 7.2 5.0 | 13073] 90.3

H8F0S10W0.30-16 1 | 8.01[203.3(4.021102.1|153.1|2452.2] 5.8 40 | 6380 | 44.1

H8F0S10W0.30-15 1 | 8.01203.4(4.021102.1|153.0{2451.2] 5.8 4.0 | 7170 | 49.5

Averages 8.01 [203.4{4.02]102.1{153.1|2451.7] 5.8 4.0 | 6775 | 46.8

H8F0S10W0.30-13 2 | 8.00 [203.3]4.02]102.0]153.5|2458.4] 6.2 43 | 8845 | 61.1

H8F0S10W0.30-18 2 1 8.00(203.2]4.01|1101.7|154.3|12470.9| 6.2 43 | 9325 | 644

Averages 8.00 [203.3]4.01|101.9]153.9]|2464.7] 6.2 4.3 | 9085 | 62.8

*Specimens subjected to accelerated curing for 6 hrs.

*Specimens subjected to accelerated curing for 12 hrs.
***Specimens subjected to accelerated curing for 18 hrs.
* Specimens subjected to accelerated curing for 24 hrs.



Table B9: Compressiv e Strength and Stati ¢ Modulus o f
recommended mi x (H8) after accelerate d curing (...continued)
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Spec. Age Length Diameter Unit Static Mod. | Compressiv e
Weight psi Mpa Strength
ID # days| in. | mm [ in. | mm | pcf [Ka/m?®|(x10%|(x10%| psi Mpa
H8F0S10W0.30-14 3 | 8.01203.4(4.02|102.0/153.3|2455.1| 6.2 | 4.3 | 10260 70.9
HB8F0S10W0.30-17 3 | 8.01(203.4(4.02|1102.1|153.0|2451.2 6.2 | 4.3 | 9810 | 67.8
Averages 8.01 |203.414.02|102.1|153.2|2453.2] 6.2 [ 4.3 | 10035( 69.3
H8F0S10W0.30-19 7 | 8.01|203.5/4.02(102.1(153.0{2450.4| 6.2 | 4.3 | 11820 81.7
H8F0S10W0.30-12 7 8.01 |203.5(4.021102.01153.2|12454.4] 6.2 4.3 | 12745 88.1
Averages 8.01 |203.5(4.02]102.11153.1]2452.4] 6.2 4.3 | 12283 | 84.9
H8F0S10W0.30-9 28 | 8.01 |203.4|4.02|102.0|153.3|2455.1| 7.2 5.0 | 14205| 98.2
H8F0S10W0.30-11 28 | 8.01 |203.414.02|102.0|153.3|2455.2| 7.2 5.0 | 13930 | 96.3
Averages 8.01 |203.414.02]|102.0| 153.3| 2455.2| 7.2 5.0 | 14068 | 97.2
H8F0S10W0.30-8 56 | 8.01 |203.4|4.01|101.9|154.2|2469.8| 8.7 6.0 | 14405| 99.5
H8F0S10W0.30-2 56 | 8.01 |203.4|4.01|101.9|145.5(2330.5| 8.7 6.0 | 15465 | 106.9
Averages 8.01 |203.414.011101.9]|149.9|2400.1] 8.7 6.0 | 14935 103.2

Note:

1. Chloride Permeability of HBFOS10W0.30 after being subjected to accelerated curing for 24 hrs.
70 C was found to be 158 Coulombs (ASTM Category: Very Low)

2. Chloride Permeability of HBF0S10W0.30 at 90-day was found to be 515 Coulombs.
(ASTM Category: Very Low)

at


https://H8F0S10W0.30
https://H8F0S10W0.30
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APPENDIX C

Details of Statistical Analysis
for Accelerated Rapid Chloride Permeability
Test
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A NEW ACCELERATED RAPID CHLORIDE PERMEABILITY TEST FOR
DURABILITY OF CONCRETE

INTRODUCTION

This pape preserd the resuls o an expeimentd investigatio to develop a new
accelerated Rapid Chloride Perafbility test As we usualy have b wat for 90 dag to
obtan the chloride permedby of concrete thee was a need to find ehpotential
chloride permeality a a faster rate SO a relatim between the rapi chloride
permeabiliy values obtaind for the samples cutenormdly for 90 dag (ASTM C 1202)
ard the specimes which welre subjecteda accelerated curing werestablished A
statisticd analyss was doa © enhane tle obtained relationship. Threlationstp can
be used n predicting tle potentih ninety-day rapd chloride permeaitity, when the
accelerated cured tagsults ae awailable.

ACCELERATED CURING AND CHLORIDE PERMEABILITY

In this type o curing, the speaners afte beng demolded wer placedn a curing
tark containing watemaintainel & a constantemperature 638°C (100°F) After a few
trials with different curig duration it was decidd to subgct the speaners o 3 dag of
accelerated curgqn immediatey after demoldng the speemers & 24 hrs After
accelerated curgnfor 3 days the specimes weke tested fo rapd chloride permeability
as pe ASTM C1202.

The specimes from the same concretes weersibjected © Rapd Chloride
Permeabily tes after 90 days The specimes unde wert an averag d 28 day of
continuows moist curig and the ar dried till they reached a age d 90 days They were
then testel for chloride permeaitty.

TEST RESULTS

The mixture designatiosiusel are given in Tabe Al, Appendx A ard the actual
mixture proportios usel are given in Tabe A2, Appendx A. The fred concrete
properties ae given in Tabke A3, Appendx A.
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Chloride Permeability

The resuls d all tests corductel for chloride permeaitit y are tabulatedn Tables
A15 and A17 ad ba chars ae show in Figures 319, 3.21, 3.3 (Chapte 3). Initially it
was expected thaa signifcart reduction in chlorice permeaitity would occur between
the ages D14 and 28-dayMixes Q1GONTROLWO04 through Q7E5S0W054 were
teste afte beirg subgcted to 14 day of normd moist curing in cod wate ard mix
Q1CONTROLWO04 wes also sbjected to 28-datestiig unde the same conditias of
curing As can be sem from the resuls d the tess an mix Q1LGONTROLWO4 (Table
A15, Appendx A), which showel 7941, ad 5719 coulombstal4 and 28-dga(both high
values) The® values wee consideralyl highe than the normbavalues becaus sufficient
curing and drying di na take place. Therefar it was decided to subgt the speimers to
accelerated curgqhfor seven days befor testiig and tle resuls ae given in Tabe Al5,
Appendk A.

The same concretes veesibjected 0 rapd chloride perraability tess agamn after
90-day curing The specimesweke subjected toraaverag o 28 days d continues moist
curing and the ar-dried till they reached a age o 90-days They were then tesie for
chloride permeallty. The resuls d thes tess ae tabulatedn Tabke Al7, Appendx A.
The bar chas for the permeaitit y values obtaind are show in Figure 321, Chapte 3.
A comparatie analyss d the resuls d the accelerated curing drf0-da teg results
shows a god correlatim (Q2FL5S7W0.52, Q3E5S5W0.50, Q4F0S5WO0.54,
Q8FO0S7W0.43, QI9FA®WO0.45, QOF0S12WO0.46) The comparatig bar chad are
shown in Figure 323, Chapte3.

STATISTICAL MODELS

Probability distributiors ae usefli for modding and analyzing real-world
process. th sone cass theoretichdistributiors closey fits the historicd data that has
been cdlected about a processn lothe cases w male judgemerg abow the
fundamenth natue o the process ahclboe an apropriag theoretichdistribution
without cdlecting data The field of statistis corterned wih makng infereres about
populatiors ard population chaacteristics Experimerg ae cormucted with resuls that
are sibject b changesThe compressio testing & a number bconcree cylindess is an
exampe d a ‘statistichexperiment’; a ten thd is usel to describ ary process ly which


https://Q10F0S12W0.46
https://Q9F0S10W0.45
https://Q8F0S7W0.43
https://Q4F20S5W0.54
https://Q3F15S5W0.50
https://Q2F15S7W0.52
https://Q7F25S0W0.54
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severd charce observation wee generatedThe tes results shav considerald scatter
under vey carefully testing environmentt is therefoe desirabled appy probabilistic or

expected value procedwr® insue adequate resistanckeooncrete structures.

REGRESSION ANALYSIS

Regressia analyss is usel to sohe problens involving ses d variables when it
is known tha there exits sone inherenrelationshp among tk variables The statistical
aspect bthe problen then become ore d the ariving & the best estimate oelationship
betwea variables while correlation analyss is usd to detemine the degree of
associatio between the variablesSone statistichassumptios reed to le recanized
before the applicatin d linear regressio analyss  an expemmentd staistics d data In
mog appgications thee is a clear distinctio between the variablessafa as ther role in
the expeimentd process $ corcerned Thee s a single ‘dependénariablé or response
Y, which is uncontrded in the experimentThe Y; are randon variables possessg the
sane variance & This response depesmidn the one pmore ‘independenor regressor
variablessay x3,x,...X which ae measured whit negligibk errg ard indeed ae often
contrdled in the expament Thus the independdnvariables x,x,...xx are nd random
variables ard therefoe have o distribution&properties.

REGRESSION MODEL FOR ACCELERATED RAPID CHLORIDE
PERMEABILITY

A full modd for predictirg the Accelerated Rapid ChloedPermeaibty of the
concree was obtaimg using Regresion Analysis The dependen variabe was
Accelerate Rapd Chloride Permealiiy (Y) ard the independenvariabke was ninety-
day rapd chlorice permeattity values (X). Smple Linear regressiowas dore o the
above variables ahnthe carelation coefficient wa obtaine as 096 thd indicates strong
regressionEquation for thefull log-log linear model isasfollows
Log Y= B, +BiLog(X)
Where Y= Acceleratd Rapid Chloride Permedtiby Values

X= Ninety-Day Rapd Chloride Permeaibt y Values
Bo ard B; = Constants.

It was fourd afte regressia tha the valus d B ¢ =-083 and B=1.22
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ADEQUACY OF THE REGRESSION MODEL

The errg introduced n the regressio modé is due ¢ the variation between the
values d Y within the give values d x. This componenreflects mee randen variation
or pure expeimentd data Ore d the way d assessihg the adequag of the regression
modd is to detemine P the ‘ multiple carelation coefficient guared: I* expresse the
proportian of the total variatio in the values the variable Y thacan be accounted for
or explainel by alinear relationsip with the values bthe randaon variables x The
measue d linear associatio betwea two variabé x and y $ esimated by tre sample
correlation coefficient , r The value 6 r varies betwea +1 ard -1 . A value d r=1
implies a perfect lipar relationsip with a positive slope while walue o r=-1 results
from a perfect linearelationshp with a negative slope. Buhe value ¢ r does not
necessanl mean tha a goda relation exits The following should al® be considered for
assessig the adequac of the model.
* Normd probabhlity plot of resdualg e ) (Fig C1) If the resduak ae normdly

distributed then the pld should approximately & straigh line (Fat Pentitest) (Fig

C2).

» The standardized residsad, :% . If the resduak ae normdly distributed,
%

then 95 % d the d should fall in the interva (-2, 2). (Tabé C1)
Figure C3 gives the Log-Lag plot d the X ard Y dai poins amd the predicted valueof
accelerated rapid chloride perméialp of the concre (Y) usirg the proposed model.
Regressia statistic d the ful modd is given in Tables @2 and C3.

HYPOTHESISTEST

The process fodichotamizing the outcomes foan experimernt ard the usng the
theoly of probablity to choog between the tw alternative is known & hypothesis
testing. h this test two-tded tes was adopted.
Hypothesis Test on M odel
Null Hypothess - H,: ;=0 - There & ro relation between Y anX.
Alternative Hypothes - H;: 31# 0- There is a strog relation betwen Y ad X.
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The nul hypothess ha to be rejected ver strongy and tle alternative hypotheshas to
be accepted whitwill indicate that thee is a strog linea relation between the Y ahX
values.
F (t)= [SSR/K] [SSE/n-k-1]
Where
SSR = S of squares abotiregressia line
SSE = erroof sum of squares for model
K = no d independast variable for model
n=sample size
F (T)= favivz)
If F () > F (T) then H, is repcted
Where
o= Confidene leve (95%)
vl=k degees 6 freedom
v2=n-k-1 degees 6 freedom
Significance Level test on model
F (t)= 93.95 ad F (T)=532 since F (t)>F (YRegct H,
This implies tha there exis a linea relationshp between the dependerard the
independenvariables The P vale signifies the highesvalue d the confidece interval.
The P vale obtained fothis modéis 107 e5 (Tabk C3 i.e. even if the vale o 1-a is
equd to 1.07e5 there exis a strog relationship.
HypothesisTest on R value

Ho: R=0.
Hi r# 0.
RvVn-2
T =T, =
@ 1-R?
Where

R= correlation coeficient.
n= sample size
t()=t(n-2012)
If T(t) >t(t) or T(t) < - t(t)
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then H, is repcted

Where

o= Confidene leve (95%)

n= sample size

Significance Levkted on R

T ()= 9.693 and t (1)=2.306 since T (t)>t (t) Reject H

Even though ve have take less numbe of observations & strongy reject the nul

hypothesis ths indcates a strong casélmear relation.

CONFIDENCE INTERVALS

A confiderce intervé establishe two values a lowea confiderte imit ard an
uppe confidene limit that defire a intervd estimate wih pre-spedied confidence. The
confiderce intervéd is formeal by addng and subtacting the boum on the erra of
esimation from the poirt esimate The boumn on the erra of esimation is (z or t times
the standat erra of the poirt esimate where tre z o t value depersl an the levé of
confiderce. It representsnanterval sud a specified rando variabé will fall within that
intervd with the given levd of confidence.
Confidenceintervals about 3o

The confideoe intenal abou 3 is calculated ypthe formulae

Bo £t 20125y m
Therefore the confidee interva of 3o is (-1.7924, 0.13097)
Confidenceintervals about 3;
The confideoe intenal abou 3; is calculated Y the formube
1
S (x - %)

Therefore the confidee interva of 31 is (0.9332, 1.5158)

Bl * tn—2,ar/25y/ X

Using the technique similato thog above, tb following 1-a confiderce Imits, for the

mean of Y given specifc paired vale d x.
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1 X —X)
\Gitn-z,a/zsy/m/l"'ﬁ"' ﬁ

the values 6 Y are given in Tabe C4 A confiderre Bam of a future value 6 Y
(Accelerated CoulombgFig. C4)

CONCLUSIONS

The resuls d the Rapd Chloride Permealli y ted carried out on speaners subjectd to
accelerated curing shodea goa correlatim with the resu obtaind from the tests
carried oti & 90 days The correlaibn ccefficient (R) obtainel from the regressio on full
log-log modé indicated vely strorg relationship and can be accepted poedictirg the
values Hypothess test (significace leve tes) dore on mode and r value was vey good
even thaugh the sample size was small.

This euatin can be used to pretdithe 90-dg permealiity for the quartzite
aggregas concretes usein this progct fa ary compresive strengthif the accelerated
permeabity value is known for tha concrete This is highly advantagea becaus we
need no wait for 90 dag o know the permeaitity of concree used Sone preiminary
tess dore with limestone aggregatseemedat agee wih the siggestd equation,
howeve furthe extensie testig is reeded to develop a univergguatian apgicable to
all aggregates.

Table C1: Predicted 90 Day Permeability Valuesusing Log-L og Linear M odel

Proposed Logarithmic Model: Log Y= bo+biLog X

Accelerated Standard

90 Days Coulombs Predicted | Residuals | Residuals
Coulombs (X) (Y) Log X | LogyY LogY ei di Pred Y
323 132 2.51 2.12 2.24 -0.12 -0.84 174,51
812 692 2.91 2.84 2.73 0.11 0.75 539.56
1207 533 3.08 2.73 2.94 -0.22 -1.50 876.67
1219 1337 3.09 3.13 2.95 0.18 1.24 887.35
1774 1559 3.25 3.19 3.15 0.05 0.31 1404.85
1943 1642 3.29 3.22 3.20 0.02 0.13 1570.44
3475 4088 3.54 3.61 3.51 0.11 0.74 3200.25
4158 5566 3.62 3.75 3.60 0.14 1.01 3986.66
4704 4059 3.67 3.61 3.67 -0.06 -0.40 4636.83
6831 4548 3.83 3.66 3.86 -0.21 -1.44 7321.69
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Table C2: Summary of Regression Statistics of Model for Predicting 90 Day Per meability

Proposed Logarithmic Model: Log Y= bo+bilLog X

. Hypothess
Hypothess Tes yr')re g
. on Modé
Std Devidion bo b1_ Cod gf R on R Vale
Sy/x (Intercept) (X Variable)|{Correldion r| Squarg Significanct o | e | 10|
F-P value
0.15 -0.83 1.22 0.96 0.92 1.07E-05 [ 93.95 | 5.32 |9.693| 2.306
Table C3: Regression Statistics of the L ogarithmic M odel
Regression Statistics
Multiple R 0.9599641
R Square 0.9215311
Adjusted R Square| 0.9117224
Standard Error 0.1523191
Observations 10
ANOVA
Significance
df SS MS F F
Regression 1 2.179770091] 2.179770091] 93.9512 1.0709E-05
Residual 8| 0.185608769| 0.023201096
Total 9] 2.36537886
Coefficients |Standard Error t Stat P-value | Lower 95% [pper 95%
Intercept -0.8307127| 0.417036714{-1.991941481] 0.08153| -1.79240174| 0.131
X Variable 1 1.2244995| 0.126330295| 9.692841096| 1.1E-05| 0.9331811]| 1.5158

RESIDUAL OUTPUT

Standard
Observation Predicted Y| Residuals Residuals
1 2.2418044 -0.12 -0.844177823
2 2.7320371 0.11 0.752528795
3 2.9428362 -0.22 -1.504855681
4 2.9480972 0.18 1.239725395
5 3.1476293 0.05 0.314863494
6 3.1960205 0.02 0.13476056
7 3.5051846 0.11 0.740393788
8 3.6006094 0.14 1.009233439
9 3.6662216 -0.06 -0.402502648
10 3.8646113 -0.21 -1.439969317

PROBABILITY OUTPUT

Percentile Y
5 2.1206
15 2.7267
25 2.8401
35 3.1261
45 3.1928
55 3.2154
65 3.6084
75 3.6115
85 3.6578
95 3.7455
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Table C4: 95% Confidence Region
for Predicting Y given X

Upper Lower

X Y Band Band
2.60 2.35 2.80 1.91
2.85 2.66 3.06 2.26
3.02 2.87 3.25 2.49
3.21 3.10 3.47 2.73
3.32 3.24 3.60 2.87
3.45 3.39 3.77 3.02
3.56 3.53 3.91 3.15
3.62 3.60 3.99 3.22
3.71 3.71 411 3.32
3.81 3.84 4.24 3.43
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Fig C1: Normal Probability Plot of Residuals
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Dear Dr. Ramakrishnan,

I am sending you the report on the South Dakota Bridge that includes the final measurements
using electromagnetic sensors am also attaching a supplement showing the calculation of losses
in the high strength girder. I am sending you a copy of the same by fax and also sending you the
final report by mail for your convenience. I am including few details of the final measurement in
this letter.

A final set of measurements of the magnetoclastic sensors was attempted on 27 Nov 2001;
readings for S3 and S4 were unambiguous and are summarized below. Data from sensor S1 9
nearest to the end of the beam) remained unavailable because of damage to the internal cable,
sustained between 19 Jul 01 and 20 Jul 01, when the deck was poured and tamped. During the
present visit difficulties were also experienced with sensor S2. The readings from S2 overranged ,
most likely due to an open circuit at some point. Because this sensor was functioning correctly
after the pour on 20 Jul 01, the problem experienced with this sensor is probably due to factors
related to external cable/connectors. However, due to deep snow, heavy winds, and freezing
conditions on 27 Nov, no attempt was made to diagnose the location of the problem.

Readings for sensors S3 and S4 were obtained as follows. The steel/concrete temperature was
measured using the type K thermocouple placed with the sensors during its fabrication. The
measurement was made with a handheld thermocouple reader, yielding a value of —1.8 C. the
discharge voltage was set to 150 V, the same as in previous measurements. The voltage set points
between which the induced voltage was integrated were set to 0.574 and 0.757 volts, respectively,
also matching the previous measurements. Three measurements of induced voltage were
measured for each of the two sensors, as follows: S3 (2.6004,2.6022, 2.6013), and S4
(2.611,2.6121,2,6105). The mean values of 2.6013 and 2.6114 volts, respectively, were used in
conjunction with the measured internal concrete/steel temperature to yield the following in-situ
stresses: S3 =185.94 ksi and S4 = 187.88 ksi.

The corresponding forces in the cable are therefore 28447 and 28745 1lbs , respectively. The
average loss in prestress force is 5.5 % according to calculations from the measured values as
shown in Appendix I .

It should be noted that the combination lock securing the instrumentation enclosure was frozen
shut and all attempts of opening it failed. With the assistance of SDDOT personnel, the lock was
removed with a bolt cutter. At the conclusion of the visit, SDDOT supplied a keyed lock , the
keys to this lock were given to the lead project engineering in Sioux Falls, Mr. Craig Smith
(SDDOT, P.O. Drawer L. Sioux falls, SD 57101-1927, 605 367 5680)

Please don’t hesitate to contact me, if you need more information.

Yours sincerely,

Prof. Ming L. Wang

Director

Bridge Research Center
University of Illinois at Chicago
Chicago , IL -60607



Measurement of Prestressed Force of a High Strength Beam

By
Ming L. Wang
Department of Civil and Materials Engineering
University of Illinois — Chicago

Introduction

The field project in South Dakota demonstrates the application of magnetoelastic
method to monitor strand stress in I-beams. These beams were fabricated by Gage
Brothers Inc, SD, for a three span pre-tensioned concrete bridge. Figure 1 shows the
cross-section of one of the I-beams. Each I-beam has 28 FW 0.5” 270 grade strands.

The purpose of this project was to develop a stress monitoring system for one strand of
the beam shown in Fig. 1. Fig. 2 shows graphically the location of sensors along the
strand. In order to avoid the possible damage and corrosion during construction and
sensor’s service period, a plastic dip (colored in yellow) was used to cover the steel
covering of the sensor in the laboratory. After the sensor was installed on the strand,

silicon sealant was used to fill the gap between the strand and the sensor.
Sensor Specifications

The sensors were designed at the University of Illinois at Chicago in the Civil
Eng. laboratory and permeability function for each sensor was calibrated. Following are
the specifications for the sensors used in the field test:
Cross-sectional area of 0.5” strand , A=0.153 in®= 98.71 mm?*
Effective area for 0.5” sensor , A, = 0.332 in®=214.98 mm>
Capacitor voltage Vcap =150 V, AV=0.272 V
Primary coil , 1700 turns, 18 gauge (0.01” in diameter) magnetic wire

Secondary coil , 700 turns, 38 gauge (0.004” diameter) magnetic wire.



According to the laboratory test results, optimal working point is calibrated at I,
equal to 1.29 A, Al as 0.544 A and the corresponding permeability function is listed

below.

w(o,T)=5.7113-2.4531x10 67 +3.3558x10 26 =1390x1027 (1)
To solve the stress from above equation, we rewrite the equation as
w(o,1) = ko(o ~0,)+a,T + 1(0,0) )

thus stress can be expressed as

0':%[0'0—\/O'(f+4(,u—,u0—alT)/k] 3)
where o, =-m1/m2=1367.98 ksi

k=m2=-2.4531x10""

a, =139 x10°

£(0,0)=5.7113

Here we have focused on the linear elastic region. The permeability equation
(Eqn. 1) gives 2 roots for stress. The root out of elastic region is excluded because the

yield stress for FW 0.5” strand is less than 500 ksi. Table I list some parameters obtained

in the laboratory. Detailed description and analysis of the method is given in Appendix I.

TABLE 1
PARAMETERS FOR THE SENSORS USED IN FIELD TEST
Sensor | Resistant | Resistant of Uhign(V) Uiow(V) Uin(V)
number | of primary | secondary optimal Optimal | Electromotie

coil (Q2) coil (2) | working point | working force at
point T=23°C

1 18.3 73.7 0.802 0.530 1.3513

2 17.9 72.6 0.802 0.530 1.3562

3 18.0 73.7 0.802 0.530 1.3513

4 18.6 74.9 0.802 0.530 1.3583




Discussion :

The test was conducted at Gage Brothers Inc. in Sioux Falls, SD from May 16 to
May 23. Three beams of length 54°, 61° and 54’ respectively, were fabricated in a 200’
long prestressing ‘bed’ simultaneously. Four sensors were installed on the strand before
the strand was tensioned up to 31,000 Lb. Figure 3 to Figure 5 show the sensors on the
strand. As shown in Figure 6, a lab-top, a pulsed measuring device and a voltage
controlled current source were used to measure the permeability of strand. Stress is
calculated by inserting the permeability value into Equation 3. Table II is the measured
results of forces along the strand at various stages of loading history.
Loading history includes the pouring of concrete in the test bed as shown in Fig. 7, after
cutting the strand while resting in the concrete yard as shown in Fig. 8 and before pouring
the concrete while resting at the bridge site as shown in Fig. 9. Fig. 10 shows the plot of

Force vs Time for the sensors 1-4 during the complete test.

Conclusions :

1. The first measurement was taken after the strand was tensioned up to 31,000 Ibs. From

the results, it is seen that the stress is almost homogeneous along the four measured

locations. As listed in Table II, the measured force is approximately 4% less than that of

applied force (31,000 lbs). Considering the force applied at the end i.e. 160" away from

measuring location, the measured value of stress is reasonable.

2. The second measurement taken 2 hours after the strand was tensioned showed no
significant loss in stress.

3. The beam was cast on May 18, 2000. Third measurement was taken 6 days after the

strand was tensioned. Stress loss of 1 % to 2% was measured during this period.



4. Concrete cylinders were cast using the same concrete as the I-beams and at the same
time when the beams were fabricated. Strands were not released until the compressive
strength of the concrete cylinder sample reached 8.75 ksi. On June 15, another
measurement was taken after the strand was released. The value obtained from the
first sensor showed stress loss to 97.7 ksi (14946 Ibs in tension) that is half of the
original stress value. This was because the measured location was 1’ 34” away from
the end of beam where the released stress of the strand was zero. It is also seen from
the results that there is an increase of about 0.5% to 1% in stress at other three
locations even though the strand was released. This is due to the reason that the
temperature went down to 12 C and a tensile force was applied to the strand by the
concrete due to difference in their coefficient of expansion.

5. As seen from step 4 to step 5 there is an increase in force by 400 Ibs when the beam
was under its self weight at its final position at the construction site. However, the
sensor that is 1’3/4” from the anchorage is further relaxed in tension of about 2100
Ibs. This is attributed to the continuation of slippage between the strand and concrete.
Several strain gages were also installed near the anchorage. These strain were covered
by a thick layer of teflon for protection of strain gages against moisture. However,
this cover prohibits the development of bond strength between the strand and the
concrete.

6. There was an increase in force by 400 lbs after concrete was poured in the deck.
Unfortunately, the wire of sensor 1 was damaged by the vibrator after pour of

concrete.



Figure 1. Cross section of the I-beam fabricated by Gage Brothers, Inc, SD
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Figure 2. Sensor locations on the strand of a 54 long simple supported I-beam



TABLE II: TEST RESULTS (Force Only)

Schedule Sensor 1 Sensor 2 Sensor 3 Sensor 4

Event

Tested after the strand was 29,300 29,391 29619 29656
tensioned Strand un-
released Concrete un-cast

T=22° C (05/16/00)

2 hours after the strand was 29,272 28,700 28,714 28,760
tensioned Strand un-
released Concrete un-cast

T=22"C  (05/16/00)

6 days after the strand was 28,934 28,554 28,639 28.825
tensioned , Strand
unreleased 4 days after
3 concrete was cast

T=27.3° C (05/22/00)

30 days after the strand 14,946 28,714 28,760 29,085
was tensioned Strand
released 25 days after
concrete was cast

4 T=15.2" C at rest position
(06/16/00)

Beam under it’s self weight 12,820 29,121 29,180 29,463
at final construction site

5 Before pouring concrete on
deck T=154C

(6 p.m, 7/19/00)

Before pour of concrete on 13,089 29,133 29,189 29.464
deck T=15.0C
(10:30 a.m ,7/20/00)

After pour , deck formed Wire damaged 29,534 29,786 30,113
7 T=182C (Gpm,
07/20/00) by vibrator

16 months from the Wire Unable tq
8 casting, 11/27/01 damaged by take reading 28,447 28,754
’ vibrator due to frozen

connector




Flgure 3 Magnetoelastlc sensors mstalled ona strand

Flgure 4. Magnetic sensor (colored in yellow) installed on a strand



Figure .Magnetoelastic sensor on a tensioned strand

Figure 6. Field test facilities



Figure 7. Magnetoelastic sensors installed in a fabricated beam

s

Figure 8. Fabricated pre-tensioned I-beams
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Figure 9. Final position of the beam at the site.
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