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ABSTRACT

The specifications for the construction of L@&@wacking HighPerformance Concrete
(LC-HPC) bridge decks amummarized anthe survey procedure usémt analysis of cracking
performance of bridge decks is describethirteenLC-HPC decks andhirteencontrol decks
were evaluated using the survey procedure. Crack densities were calculatedchiatatiors
marked LC-HPC bridge deck#ave significantly lower crack densities thaio the control
bridge decks. The majority of cracks develapthe transverse direction, directly above and
parallel to the reinforcing steel. Longitudinal craditen propagate frorthe abutmers. The
results suggest thatack densitiesvill increase on thaepper portions o$uperelevated decks due
to increasd settlement crackingaused byhe use of high slump concredad less than optimum
curing when water is not directly supplied to the superelevated side of the @eekinishing
of concreteby means of a doubldrum roller screednay increase crackingpy increas;g the

amount of cement paste at the deck surface.
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INTRODUCTION

Cracking of reinforced concrete bridge decliecreases the protection provided by the
concrete to theeinforcing steel, which can lead to the early onset of corrodiomdquist,
Darwin, and Browning 20Q52006. Cracksin bridge deckscan also accelerate freetteaw
damage by allowing water feenetrate and expand in the concreffacors such as deck age,
construction methods, weather conditions, and concrete propeftess,the amount, type, and
location ofbridge declkcracks

As part of the currentrpject specificatiors for the construction ofow-Cracking High
Performance Concrete (LBPC) bridge deck have been developedo reducebridge deck
cracking. The specificati@focus on modifying concrete propertiaad construction methods
to improve cracking performance Ongoing research worksotenhance the LEPC
specificatiors by analyzingthe causes of cracking amtkevelopingmeansto extend the life of
bridge decks

Fifteen bridge decks have beeronstructed in Kansathat comply with the Kansas
Department of Transportation (KDOT) LEBPC specificationLC-HPC 1 through 13, 15, and
16. The bridge originally designated as 1HIPC 14 is now designated as OP (for Overland
Park) because the contractolid not follow nor did the owner enforce the {HPC
specificatiors. The results for LEHPC 15 and 16 are not presented in this repecausdhey
werenot constructeduntil the end of 2010.The cracking performance of LBPC bridge decks
is determinedased on annua&rack surveys.The decks arepairedwith control deck of similar
bridge type, age, and environmental expostwe determine the effectiveness of new
specifications in reducing crackingstandard crack survey procedures have been developed

ensure consistencyn crack survey data collesd over time. This report summarizes crack



survey data obtained as part of this program in 2009 and 2064k survey dataof 20061

2008 are summarizedby Gruman, Darwin, and Browning (2009)LC-HPC bridge deck
construction experienceand the influence of bridge design parameters and environmental
conditions on bridge deck crackiagecovered byMcLeod, Darwin, and Browning (2009).C-

HPC construction experiences and the impact of deck cagéridge deck crackingre
summarized by Lindquist, Darwin, and Browning (2008)he work is also summarized by

Darwin et al. (2010).

SPECIFICATIONS

Special provisions to thEDOT standard specifications have bedgveloped forlC-
HPC bridge deckscowerng the requirements for aggregates, concrete, and construction
practices. Summaries of these special provisions are described below.
Aggregates

The provisions cover requirements for both coarse and fine aggregate useddCLC
bridge deck. Thecoarse aggregate must be a gravel, chat, or crushed stone with a minimum
soundness of 0.9 and maximum absorption of D&leterious substance requiremeiotscoarse
aggregatare summarizeth Tablel.

Table 11 Deleterious Substance Requirements for Gose Aggregate

Substance Maximum Allowable % by Weight
Material passing No. 200 sieve 2.5%
Shale or shale-lke material 0.5%
Clay lumps and friable particles 1.0%
Sticks (including absorbed watey) 0.1%
Coal 0.5%

Fine aggregateust consist of either natural sand (Type-&Por chat (Type FAB) and
must meet requirements of mortar strength per KDOT specifications and organic impurities per
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AASHTO specifications.The provisions governingeteterious substanséor bothtypes offine
aggregatare shownn Tables2 and 3

A proven optimization method, such as the Shilstone or KU Mix Method, must be used
for the proportioninghe combined aggregate gradatidArecautionsnustbe taken to minimize
coarse and fine aggregate segregation during transportation and stockpiling.

Table 271 Deleterious Substance Requirements for Type FA (Natural Sand)

Substance Maximum Allowable % by Weight
Material passing No. 200 sieve 2.0%
Shale or shale-lke material 0.5%
Clay lumps and friable particles 1.0%
Sticks (including absorbed watey) 0.1%

Table 31 Deleterious Subtance Requirements for Type FAB (Chat)

Substance Maximum Allowable % by Weight
Material passing No. 200 sieve 2.0%
Clay lumps and friable particles 0.25%

Concrete

In the current specificatior,C-HP corcrete must contain between 5@0d 540 |b of
cement per cubic yard of concrg®97 i 320 kg/nf) with a water/cement ratio (by weight)
ranging between 0.44 and 0.45. The water/cement ratio can be reduced tat @43
construction site with approval from the engine€he specification for LEHPC bridge decks 1
through7 permittedbetween 522 and 563 Ib of cement per cubic yard of con(3&tei 334
kg/m®) with a maximum water/cement ratio (by weight) of 0.45. 3Fpecification for LEGHPC
bridge decks &hrough 13 permitted between 500 and 535 Ib of cement per cubic yard of
concrete(2971 317 kg/n?) with a maximum water/cement ratio (by weight) of 0.4®l LC-
HPC decks described in this report contained concrete with a cement content of 535 or 540

Ib/yd® (317 or 320 kg/rf). Thedesignatedir content (by volumeis between 7.@nd 9.0%with



an allowable range &.5t0 9.5% The designatedacrete kimp rangeas between 1.5 and 3 in.
(38 and 76 mmat the location of placementin the current specificati@the engineemust
reject any concrete with a slump greater than 3.@BBimm)at the truck dischargeg-orthe LC-
HPC decksdescribedin this report, thespecification stated that trengineermustreject any
concrete with a slump greater than 4.0 inO(frim). Concrete samples for air content and slump
testsmustbe obtained at the discharge end of the conveyor, bucket, or pump. pPurgent
specifications state thabwcrete compressive strengtimust range between 3500 to 5500 psi
(24.1 to 37.9 MPa) No upperconcrete compressive strendjthitation was included at the time
of construction for the LEHPC decks analyzed in thisp@t. The temperature of the concrete
immediately before placement must range between 55 and(I8°&nd 21°C) The concrete
temperature can be 5{B°C) below orabove this range with engineer approvebr LC-HPC
decks 1 and 2, the specification ethtthat the concrete temperature immediately before
placement must range betweenad@ 75°F (10 and 24°C) with ramljustment by the engineer.

In the current specificati@andthe specifications fotC-HPC 12 and 13, meral set
retarding, andacceleratingadmixtureswere and are prohibted from use in LEHP concreteA
Type A water reducer or dughted Type A water reducérType F highrange water reducer
may be used when necessary to comply with specified fresh and hardened concretesroperti
The specifications for LEPC 1 through 1kllowed the use o& Type C or E accelerating
admixtureif approved by the EngineerThe specifications foLC-HPC 1 trough 1lalso
allowedthe use obothwater reducing and set retarding admixtures ok necessary by the
Engineer. Accelerating and retarding admixtures, however, were not used on amPOC

bridge decks.Slump control may be accomplishatthe construction site only by redosing with



a watefreducing admixture.The LC-HPC decksanalyzed in this repoxtould only use vinsol
resin oratall oil based akentraining admixture.

A qualification batch must be completed by the concrete supplier before actual bridge
construction to demonstrasga ability to meet all concrete specificats. Actual concrete haul
time must be simulated prior to discharge of the qualification batch for testing. The qualification
batch must meet required specifications for air content, slump, plastic concrete temperature,
compressive strength, and unitiglg to be qualified for use in the EBPC bridge deck.

Construction

After completionof the qualification batch, qualification slab must be constructed by
the contractorprior to bridge deck constructioio demonstratan abilityto handle, place, finish,
and cure the LGHPC bridge deck. The qualification slab must be constructed using the same
personnel, construction methods, and equipment as will befaisdte actual bridge deckAs
with the qualification batch, the concretelivered to the qualification slamust meet the
specifications.

Environmental evaporation ratesiring deckconstruction must remain below Ql#sq
ft/hr (1.0 kg/nf/hr). The engineermustmeasure and record the air temperature, wind speed, and
relative humidity 12 in(305 mm)above the deck surfaees well as concrete temperature at least
once per hour during placemeatdetermine evaporation rates using the chart shown in Figure 1
Any fogging used on the deck will not be consideretthe estimation of evaporation raté/hen
the evaporation rate is greater than or equal to 0.2 Ib/sq(f/Brkg/nf/hr), actions must be
taken, such as concrete cooliogwind break installation, to lower the evaporation rate below

the limit level.



Concrete may be placed by conveyor belt or concrete bucket. Concrete pungisng is
allowed if the contractor can demonstrate the ability to pump the approvedsiig the same
equipment as will be used on the degkor to deck construction. To mimize the loss of air, a
maximum drop height of 5 ft (1.5 m) is allowed from the end of a conveyor or concrete bucket
and all pumps must be fitted with an air cuff or bladder valve.

Concrete consolidation must be performed using maghmented internal ang
vibrators whereer possible on the deck surface and haettl vibrators where necessary. Each
vibrator must have a head diameter between 1.75 and 2.5 in. (44 and 64 mm), loaded vibration
frequency between 8,000 and 12,000 vibrations per minute, aadeaage vibration amplitude
of 0.025 to 0.05 in. (0.635 to 1.27 mmYibrators must beinsertedvertically, spaced at 12 in.
(305 mm), and heldn the concretdbetween 3 and 15 seconds. Vibrators must be extracted
vertically at a rate that is slow endugo that no voids afeft.

Bridge deck surface strikeoff must be completed using a vibrating or singte roller
screed. Tamping devices are not allowed to be mowmntealler screeds. The surface should be
finished by a burlap drag, metal pan, otlh mounted to the finishing equipmentregularities
in the surface may be removeas necessarysing abullfloat or handfloat. Finishing aid,
including waterand tining of the plastic concredeeprohibited.

To provide curing, one layer of presoaked burlap must cover theHBC within 10
minutes of strikeoff. A second layer of burlap must be applied within 5 minutes. The burlap
must be presoaked a minimum of 12 hours prior to placeraadinust remain wet throughout
the 14day curingperiod Misting hoses or fogging equipment may be used before the concrete

has set up to maintain the burlap in a saturated condition. After the concrete has set, soaker



hoseamust beplaced on the burla@ndthe deckmust becovered vith white plastic to maintain

theburlap in awet condition for the duration of the curing process.
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Effect of concrete and air temperatures, relative humidity, and wind velocity on the rate of evaporation of
surface moisture from concrete. This chart provides a graphic method of estimating the loss of surface
moisture for various weather conditions. To use the chart, follow the four steps outlined above. When the
evaporation rate exceeds 0.2 Ibfthr (1.0 kg/ m?hr), measures shall be taken to prevent excessive moistur:
loss from the surface of unhardened concrete; when the rate is less than 0.2 f#ft (1.0 kg/m?/hr) such
measures may be needed. When excessive moisture loss is not prevented, plastakicrg is likely to occur.

Figure 1. Evaporation Rate Chart
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CRACK SURVEYS

Crack surveys are performed at yearly intervals on eactHRC and control bridge
deck. The procedures used to conduct these crack surveys are destthisdection
Procedures

Standard procedures are followed for each crack survehel provide anaccurate
comparison of results. Survegse conducted between sunrise and sunset ors tet are
mostly sunny. Regardless of weather conditions, the bridge decks must be completely dry before
the survey can begiand the air temperatuneust be 60°F16°C)or above.

A scaledplan of thedeck is created for each bridge deck to serve smmplate for
indicating locations and lengths of cracks on the actual deck. The plan is created at a scale of 1
in. = 10 ft (25.4 mm = 3.048 mpand should include compasand traffic directions, deck
stationing and a 5x< 5 ft (1.524x 1.524 m) grid A scaled grid is placed underneath the deck
plan to allow for accurate transfer of data from the deck to the plan.

After traffic has been oked, grid markings are placed tive deckat 5-ft (1.524m)
increments in the longitudinal and transverse directimisg a lumber crayon or sidewalk chalk
corresponding with the scaled bridge deck plahhe survey process consists of surveyors
marking visible cracks with lumber crayons or sidewalk chalk as they walk over the entire deck.
Surveyos bend at the waisind mark cracks that can be seen from this positadter a crack
has been located from this position, the surveyor is allowed to get a closer view of the crack to
complete the trace to the end of the crack. At least one other surveyor willethedk the
marked portion of the deck for additional cracks. This method has been shown to provide a

consistent measure of cracking from bridgebtalge (indquist et al.2005, 2008). Another



surveyor will transfer the marked cracks on the deck to the sceded map using the scaled
grid to accurately represent crack locations and lengths

Once a survey is complete, the crack maps are scanned and prepared for computer
analysis. Each scannedhp is edited so that pixels atarkened to the proper shaale crack
lines are continuous from beginning to end. All faoack lines on the scanned crack map,
including deck boundaries, stationing, and comphissction must be eraseoh the scanned
imageso that onlythe pixels from the cracksre analyzed. Nonlinear cracksare broken into
shorter linear sgmentsby removing single pixels so the analysis programhich measures
between end pointsan accurately calculatetal crack lengths.The analysiprogram tracks the
number of adjacent pixe(ghat aresufficiently darR (Lindquist et al2005). Crack densities for
the entire deck, as well as various portions of the deck, are measured and régwtamplete
specification of the survey process and requiremsrgeesenteth AppendixA.
Results

The bridge decksdescribed in thisreport are supported by steel girdevdth the
exception of LC-HPCG8, LC-HPCG10, Control8/10, and OPRExtra, which are supported by
precast prestressedoncrete girders. The decks are numbered in the order in which they were
bid, not the order in which they were constructed.

TableB.1 in Appendix Bshows the crack densities for each crack survey perfoased
part of thisproject The crack maps corqgsnding tothe surveys completed in 2009 and 2010
areshown onthe following pages.Crack survey data from 20G6rough2008are summarized
by Gruman et al(2009). LGHPC bridge deck construction experiences and the influence of

bridge design parameteasid environmental conditions on bridge deck cracking is covered by



McLeod et al.(2009). LCGHPC construction experiences and the impact of deck age on bridge
deck cracking is summarized hindquist et al(2008)
LC-HPC-1

LC-HPC1 was cast in two placements separated by 19 daysvey 4 at 43.5 and 44.1
months andsurvey 5 at 55.0 and 55.6 months are included in this report.Survey 443.5 and
44.1 monthy the total deck crack density was 0.093 f/ms shown inFigure 2.
Approximately twice as much cracking walsservedn the second placement (nor#ts) onthe
first placement (0.125 m/vs. 0.060 m/f). This observatiortiffers fromthe previous crack
surveyat approximately 32 monthsvhere the first placemenisplayedmorecracking than the
secondplacement (0.044 m/mvs. 0.024 m/M) (Gruman et al.2009). During Survey 4,
significant map cracking wasbservedthroughout the second placement. A femad cracks
were foundnear and parallel to the pier at npds the negative moment region of the bridge.
The majority of cracks foundt 44 montls were longitudinal near the abutments, parallel with
the length of the bridgethis cracking was most likely due tbe restraint provided bthe
abutments. At ages of 55.0 and 55.6 mor{@srvey 5, the total deck crack density was
significantly lower at 0.027 m/rh  The cracks that were not marked in the 55 month survey
were the smaller cracks in Survey 4 and could have been overlookieel fiyrveyors.
Control-1/2

Control1/2 was also cast in two placements. Survey 4 at 43.6 and 44.2 months and
Survey 5 at 55.2 and 55.8 months are included in this report. After 44.2 months (Placement 1)
and 43.6 months (Placement 2)istleck exhibitedan overall crack density of 0.184 nfinas
shown in Figure 4, nearly double the value from the previous year, of 0.099wifem the two

placements were, respectively 32.2 and 31.6 months old (Gruman et al. 2009).
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Placement 1 exhibiteover twice thecrack densityf Placement 2 (0.261 mfms. 0.133 m/rf).
A majority of the cracksveresmall longitudinalcracks neathe abutments on Placement 1. As
with LC-HPG-1, this cracking is likely due teestraint provided byhe abutmentslLong cracks
were found near and parallel to the pier, similar teHRC-1. At ages of 55.8 and 55.2 months
(Figure5), the total deck cracHensityof 0.115 m/m is, like that ofSurvey 5 for LGHPC 1,
lower thanthe value obtained iBurvey 4. The unmarked cracks in the most recent survey were
small and could have beenerlooked by the surveyors.
LC-HPC-2

Surveys 3 and 4 of LEIPG2, at32.5 and 44.5 months, are included in this report.
Surveys 3 and 4 produced crack densities of 0.085 miiter 32.5 months and 0.059 n¥/after
44.5 months, as shown in Figures 6 and 7, respectively. These crack density values are over
twice as high ashe previous value, 0.028 n7mat 21.2 months, reported by Gruman et al.
(2009). The majority of the cracks are parallel to the pier in the negative moment regien.
crack density after 43.6 and 44.2 months for Coritfdlis more than three times tloeack
density of LGHPC-2 at 44.5 months (0.184 mfws. 0.059 m/r).
LC-HPC-3

Surveys 2 and 8f LC-HPG3, at 19.2 and 31.5 monthare included in this report. The
crack density of LHPG3 at 19.2 months was 0.110 nf/nas shown in Figure 8. Atl®b
months, the crack density remained constant at 0.10&,rshown in Figure 9. These values
represent significant increases from the crack density at 6.5 months, 01828Gniman et al.
2009). The majority of the cracks at both 19.2 months and 31.5 months occur near and parallel
to the first and third piers, as shown in Figures 8 and 9. No significant cracking has occurred

near the second (middle) pier.
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Control-3

Surveys 2 and 3 of Contrgl, at 22.6 and 35.4 months, are included in this report. The
crack density o€ontrot3 at 22.6 months was 0.216 nf/ras shown in Figure 10, nearly double
the crack density of LAHPCG3 at 19.2 months and significantly greater than the value of 0.037
m/m? at 10.4 month§Gruman et al2009). The crack density at 35.4 months for @oh3 has
increased again to 0.232 nfjmas shown in Figure 11, more than double the crack density-of LC
HPGC3 at 31.5 months. The cracks in Cor8ohre primarily transverse and spread across the
full length of the bridge. They appear to be directhyp\se the top reinforcing steel. This
transverse cracking is most likely due to settlement and shrinkage at the reinforcing steel. This is
unlike the cracking observations from {HPGC-3, where the majority of cracks have occurred
near to the piers.
LC-HPC-4

LC-HPCG4 was cast in two placements, separated by a cold joint. Survey 2 at 21.2 and
21.3 months and Survey 3 at 32.7 and 32.8 months are included in this report. At ages of 21.3
months for Placement 1 and 21.2 months for Placement 2, the overé&llderssity was 0.090
m/n?, as shown in Figure 1Placement 1 had a higher crack density than Placement 2 (0.113
m/m? vs. 0.079 m/M). The crack density at ages of 9.4 and 9.5 months for Placements 1 and 2,
respectively, was considerably lower, at 0.008nm(Gruman et al2009). At ages of 32.8
months for Placement 1 and 32.7 months for Placement 2, the overall crack density increased to
0.146 m/m, as sbwn in Figure 13, with the crack density of Placement 1 again significantly
higher than that oPlacement 2 (0.261 mfrvs. 0.094 m/if). Notably more cracking occurred
in Placement 1 than Placement 2 between 21 months and 32 months. In Placement 1, small,

transverse cracks developed near the easternmost pier. Transverse cracks developed near
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midspan in Placement 1l.In Placement 2, a number of small cracks developed near the
westernmost pier, witBeveral longer transverse cracks developing randomly throughout the rest
of Placement 2.
Control-4

Surveys 2 and 8f Controt4, at 19.7 and 31.6 monthare included in this reportThe
crack density for Contred at 19.7 months was higat 0.366 m/fy as shown irFigure 14, a
value thatwas much higher than thalueof 0.050 m/m at 6.8months Gruman et al2009).
The crack density at 31.6 months increased to 0.473,ragshown inFigure15, which isover
three times thecrack density at 32.7 and82.8 months for LEHPC-4. For Controi4,
significant crackingoccurred near and parallel to each pier. In addition, significant cracking
has occurred at both abutments, propagating concentrically from each corner of the deck. Most
cracks are orientedansversely to the bridge, directly above the reinforcing steel. A number of
cracks are also oriented longitudinally along the edges of the deck.
LC-HPC-5

Surveys 2 and 8f LC-HPGS5, at 19.4 and 31.1 monthare included in this report. The
crack density for LEHPG5 at 19.4 months was higher than most othe/HFRIC decks at 0.123
m/n? (Figure 16). The previous survey had yielded a crack density of 0.059an®®months
(Gruman et al2009). The crack desity at 31.1 months increased slightly to 0.128 fn/m
Nearly all cracks propagatechnsversely from the south sidéthe bridge, as shown in Figure
17. This is most likely due to the superelevation of the bridge deck, as thesisleaththe deck
wasconstructed at a higher elevation than the nsida In addition, he southsideof the deck

likely dried out during curing because the curing water flowed tontréh side which
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