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Abstract
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the field evaluations and testing, along with laboratory testing or concrete core samples aed ggwpls, the field
performance of the lightweight concrete bridge decks was evalaatdompared to the performance of the normalwsg
concrete bridge decks.
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EXECUTIVE SUMMARY

Lightweight aggregate is commonly manufactured by heating clay, shale, slate, or slag in a kiln, causing expansion
of trapped gasses and subsequent formation of a porous void system within the aggregate pattigieseight

concrete mixtures, normalweight aggregate is replaced with lightweight aggregate. Structural lightweight concrete
mixtures typically include lightweight coarse aggregate with either normalweight or lightweight fine aggregate.
Most lightwdght concrete used for structural purposes has an equilibrium density between 105 and 120 pounds per
cubic foot, which is up to 30% lighter than normalweight concrete. The North Carolina Department of
Transportation (NCDOT) has constructed a number otrete bridge decks using lightweight aggregate, with
construction of the first lightweight concrete bridge deck completed approximately 40 years ago.

Use of lightweight concrete in bridge decks can significantly reduce the deadload of the struciieg dtir

longer spans and reduced sizes of other structural members. Some research has suggested that use of lightweic
concrete in bridge decks can offer advantages in addition to those directly related to the reduced weight. These
possible advantagésclude reduced cracking tendency and lower permeability. If this is true, enhanced durability
performance could result in lightweight concrete bridge decks being a more economical choice than normalweight
concrete bridge decks for some applications.

The purpose of this studyasto evaluate the field performance of lightweight concrete bridge decks, comparing to
normalweight concrete in the same structure or environmiield evaluations were performed on bridge decks
constructed of both normalvgit and lightweight concrete. For each lightweight concrete bridge deck selected for
inclusion in this study, a companion normalweight bridge deck of similar age, traffic loading, and environmental
exposure was selected. Field evaluations included Ivisurgeys and several field tests. Using the results of the
field evaluations and testing, along with laboratory testing or concrete core samples dad gaomples, the field
performance of the lightweight concrete bridge decks was evaluated and conmpdinedperformance of the
normalweight concrete bridge decks.

Although some differences in the performance of lightweight and normalweight concrete bridge decks were
observed in field and laboratory tests, a distinct difference between the overdilliguerformance of
lightweight bridge decks and normalweight bridge decks included in this study was not readily evidéig.

finding differs from those of a number of studies that have indicated that lightweight concrete can provide enhanced
durablity performance, and therefore, additional laboratmaged studies of lightweight and normalweight
concrete bridge deck mixtures using local materials are recommerdathages induced by factors such as
structural characteristics and external loads heaye played a significant role in observed distresses, as well as in
the results ofield and laboratory tests Additionally, it is possible that that there has not been ample time for
distinct differences in performance between lightweight and normdtiveancrete decks included in this study to
become evident during field observations, or measurable during field or laboratory F=ggonal trends in
performance were observed for some durability tests, however, and this information could be wtNZi®T .

Somefindings of this studycould be used to assist NCDOIR making decisions regarding use of lightweight
concrete for bridge decks icertain regions ofNorth Carolina. Information onsurface chloride contents and
diffusion of chloridednto bridge decksncluded in this studgan be used to assist with decisions regarding use of
deicers, and potentially, with maintenance and repair decisiSeseral bridge decks had some locations where
chloride contents exceeded the replacement levebaiigé corrosion threshold, and this information could be
useful in planning for repair and/or replacement of these decks. As the role of conductivity (and its inverse, surface
resistivity) in durability performance becomes better understood, surfasgvismeasurements obtained during

this study may provide insight into durability performance of North Carolina bridge deck mixtures. Additional
field and laboratornpased work is suggested to help NCDOT with decisions regarding bridge deck mixtures and
test methodshat can provide insight into the durability performance of concrete
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1.0INTRODUCTION AND RESEARCH OBJECTIVES
1.1 Introduction

In lightweight aggregate concrete, lightweight aggregates are used as replacements for either cegase, digpgr
aggregate, or both. Structural lightweight concrete typically has a density between 85 and 120 pounds per cubic
foot, and is utilized for structural purposesightweight aggregates are highly porous, comprised of either natural

or manufactued material. Typically, lightweight aggregates usedtinctural applications itNorth Carolina are
manufacturedrom slatematerialthathas been expanded by heating at high temperatures

In bridge structures, lightweight concrete can provide sewahntages over normalweight concrete. These
advantages are primarily linked to the reduced deadload of the structural components. The unit weight of
lightweight concrete is approximately 30% less than that of normalweight concrete, and therefanetatdstan

often be reduced and span lengths can be incre&3iedr advantages can include reduction in formwork costs as
well as a possible increase in productivity due to handling of lighter materials.

Additionally, in some studies lightweight agge¢e has been shown to contribute to internal curing of concrete.
Saturated lightweight aggregate particles provide a reservoir of water available for hydration purposes long after
traditional curing measures have been discontinued. Internal curingstdhin concrete with lower permeability

and reduced cracking, and therefore, enhanced durability performance.

However, lightweight concrete fgpically moreexpasive than normalweight concret&his higher cosis dueto

the cost of the lightweiglaggregate as well as the increased cement content that must sometimes be Ttikzed.
additional cost associated with its use must be justifgmime practitioners do not feel that it has been conclusively
shown that lightweight aggregate concrete deidlecks exhibit better durability performance than normalweight
concrete bridge decks. If this is the case, the benefits obtained from the additional cost of lightweight concrete are
primarily realized in the use of reduced loads in the structural design

If enhanced durability performance of lightweight concrete bridge decks can be confirmed, cost/benefit analysis of
lightweight aggregate concrete bridge decks would include both a longer service life and reduced maintenance anc
repair costs. In sonmstuations, this could indicate that lightweight concrete bridge decks are a more economical
choice than normalweight concrete bridge decks. Alternatively, if enhanced durability performance is not
confirmed, the additional cost of lightweight concretieldpe decks may not be justified.

1.2 Research Objectives

The purpose of thisesearctwasto provide NCDOT information that will prove to be useful in making decisions
regarding:

1 whether to use lightweight concrete or normalweight concrete bridge tocertain applications

I maintenance and repair, and

9 possible changes to design and construction methods and/or specifications.

The objectiveof this researchwas to evaluate the field performance of lightweight concrete bridge decks,
comparing to nanalweight concrete in the same structure or environment where posSibie.study include

field evaluations ohormalweight and lightweight concrdbeidge decks in North CarolinaBridge decks included

in this study were selected in pairor Bachightweight concrete bridge deck selected for inclusion in this study, a
companion normalweight bridge deck of similar age, traffic loading, and environmental exposure was selected.

Field evaluationéncludedvisual surveys and field tes{surface resisvity, air and water permeability and rebound
hammer testing) Drilled cores and powder samples were also removed from the concrete decks and returned to
UNC Charl otteos |l aboratory for testing. L aWdus,r at o1
sorptivity, chloride content, chloride permeability, and surface resistivity. Petrographic examinations were also
performed on portions of selected coreklsing the results of the field evaluations and testing, along with
laboratory testing focorcrete core samples and paer samples, the field performance of the lightweight concrete
bridge decks was evaluated and compared to the performance of the normalweight concrete bridge decks.
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2. LITERATURE REVIEW AND BACKGROUND INFORMATION
2.1 Literatur e Review
2.1.1 Durability of Concrete Bridge Decks

Concrete structures should be able to perform satisfactorily over an expected service life, and structures that
maintain their required strength and serviceability are deemed durable (Neville F&@lbicedmaintenance costs

and longer service lifare direct benefits of a durablgtructure For bridges, the durability performance of the
bridge deckis important, as it provides the wearing surface for trafficadinfluence théurability performane

of other structural componentsSince many bridge decks are comprised primarily (or solely) of reinforced
concrete, the durability of the concrete comprising a deck is of great interest to stakeholders.

Durability of concrete is defined by the Amexit Concrete Institute in ACI 116R000)asc o n c rabilityedd s
resist weathering action, chemical attack, abrasion, and other conditions of séteiteeability of concrete is
believed to be the most important characteristic of concrete that atsedtgability (Chini et al2003. As stated

by Neville (1995), nal l the adverse influences of
Fluids moving through concretman transporaggressive agents such asds, sulfates, anchiorides. Each of
these agents propels chemical reactions that can degrade concrete.

Forreinforced concrete bridges, one of the major forms of environmental attack is chloride ingress, which leads to
corrosion of the reinforcing steelChloride iongpresent in concrete promote corrosion of reinforcing st€eice
corrosion has initiated, cracks in concrete propagate due to tension stresses produced by corrosiqQraprnelucts
corrosion products occupy a larger volume when compared to the volumenaicorroding rebar Fresuel

Moreno et al. 2010 Damage due to corrosion caugeduction in strength, serviceabilitgsnd aesthetics of the
structure (Chini et ak003).

Controlling and reducingracks in concrete bridge decksalkso paramount tadurability performance. Cracks
provide a means for accelerated ingress of chlorides and gtessaive contaminantsausing corrosion of the
reinforcing steebnd other degradation of the concre#&kali-silica reactionsan be exacerbated layacking, as
moisture gradients promote migration of alkali ions (Neville 19%)rface scaling and spalling due tedzethaw
actionis alsoworsened by presencé cracks (Reinhardt 2008).

Recent research suggests that lightweight concaateprovide sistantial advantages/er normalweight concrete

in a number of applications, including bridge declishas been suggested thheste advantages extenbeyond
reduced selfveight, andinclude enhanced durability performanessociated withreducedpermeabity and
reducedcracking tendencyDelatte et al2007) The improved contact zone between aggregate and cement paste,
internal curingeffects and the reduced modulus of elasticity trated aspossiblecontributors tothe enhanced
durability performace of lightweight concrete(Wolf 2008, Vaysburd 1996, Ramirez et al. 20@@d others

Some esearchhas shown that lightweight concrete cahave lower levels of microcracking as well as higher
resistance to weathering and corrosion (Reinhardt 200Byroscale characteristics of the contact zone between
lightweight aggregate and cement pdsie been linketb improved durability performance of lightweight concrete
bridges(Vaysburd 1996)

The Indiana Department of Transportation conducted an éxtelaboratory study on lightweight camete mix
designs specified for Indianaridge decksfocusng on both durability performance and mechanical properties.
Mixtures were prepared in the laboratdoyt hardened concrete core samples removed fromirgxistidge decks
were not included in the research.key recommendation of this study was that in order to ensdeguate
durability performancglightweight concrete should be allowed to dry before being subjected tth&awecycles
(Ramirezet al.2000).

The Virginia Department of Transportation performestiady that includedaboratory testing of the dability of
lightweight concrete, with laboratory test specimens cast from concrete mixtures identical tepdwged for

bridges in the stateThe findings included h at A p ferdraired lightweight aoncrete made with high quality

|l ight wei ght aggregates provides satisfactory resist
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The results of laboratory studies have been utilizedenvice life prediction models to assess the potential for
lightweight concrete to extend the service life of bridge decks beyond that of normalweight bridge decks. Cusson
et al. (2010)ndicatedthat the improved internal curing of lightweight concreteerded theoredictedservice life

of each of the threbridge decks included in the case study by more than 20.yeHns longer service life
predictedwas due to significant reductions in chloride penetration, @@y shrinkage cracking, and chloride
diffusion. In a comparable study by Thomas et al. (2006), similar results were obtained. lifgetvadight
aggregateén concreteresulted in significant reduction in permeability and chloride diffusion coeffigieradingto

longer service life predions.

Use of Ightweight concret@n bridge decks has, howevegusé some durability concerrfer practitioners. These
concerns include reducedsistance to salt scaling and lower abrasion resistance (Ozyildirim 28(8pugh a

number of publicabns exist providing the results of laboratdrgsed studies on the durability performance of
lightweight concrete, far fewer studies of durability performance studies of lightweight concrete in field settings
exist in the literature Lightweight aggreg& manufacturerand otherdrave documented the fiefgbrformance of
lightweight concretén some bridge deck applicatignscluding those in severe climates in the United States (Wolf
2008) and abroad (Harmon 2005). However, only a few comprehensiestiiglies of the durability performance

of lightweight concrete bridge decks have been performed. Information on these studies is presented in the
following paragraphs.

A studyby Delatte et al(2007)for the Ohio Department of Transportation includesddfievaluation and laboratory

testing of 1160hio bridge decks. While both lightweight and normal weight decks were included, the main focus
of this study was to correlate concrete tuie designs to bridge deck cracking. Field evaluations of bridgesdeck
were correlated to concrete mixture characteristics and material properties in order to determine which parameter:
had the greatest effect on bridge deck cracking. The resultsedrawtrong correlation between bridge deck
cracking and aggregate gradati The improved internal curing of the lightweight decks (due to the use of
saturated lightweight aggregate) did show some correlation to reduced cracking but not as much correlation as
aggregate gradation.

The Federal Highway Administration (FHWA) sporedat udy ent i tl ed fACompil ati on
from High-Performance Concrete Projeéte/hich included field evaluation and laboratory testing of bridge decks.
The initial phase of this study included compilation of data on a number epbifiirmance concrete (HPC) field
applications. While 19 bridges in 14 states were chosen (including Highway 401 Bridge in Wake County, North
Carolina), an emphasis was not placed on lightweight concrete décksy recommendation of this report was
thatmore research should be conducted concerning air voids amdtha® performance (Russell et 2006).

In summary, thdindings of a number oflaboratorybased studieidicate thatightweight concretean provide
enhanced durability performanceddowever, only a few studies of theirdbility of lightweight concretdridge
decksin field conditionshave beerconducted Of the fieldbased studies of lightweight concrete bridge deck
performance that have been performed, nomwéude the same environmial conditions andocal materials
commonly usedh North Carolina.

2.1.2Cracking of Concrete Bridge Decks

Control of cracking on bridge decks is imperative, as cracks provide a means for infiltration of solutions that
promote corrosion into the norete, leading to deterioration of the reinforcing steel or other structural components.
Cracks occur when tensile stresses in the concrete exceed its tensile strength. This can occur while the concrete
in either a plastic or hardened state, and lmarthe result of a variety of causes. Although cracks can form in
response to external loading, they are more often the result of volumetric instability inside the concrete, caused by
thermal, moisture, and chemical effects (TRB 2006). Volume changss iceernal stresses, resulting in cracking.

The potential for volumetric instability in concrete is affected by mixture proportions, material camtstitand
environmental factors.



As outlined ini Contr ol of Cracking i,m Cormars@toeg:t at So-@1I0MRe o & &
prepared by the Transportation Research BBERB 2006), factors that are generally accepted to be influential in
bridge deck cracking include:

9 Bridge design

1 Concrete mixture design

I Materials used in the conceetixture

9 Placing, finishing, and curing practices

These factors contribute to restraint, thermal stresses, and shrinkage stresses responsible for initiating an
propagating cracks. In addition to the factors listed above, environmental influenceasstachperature and
humidity also contribute to the development of stresses (TRB 2006). Most bridge deck cracks initiate in early ages
(Darwin et al. 2004). These early cracks propagate over time, and additional cracks form for various reasons.

Cracking that occurs prior to setting is typically due to plastic shrinkage and settlement. Cracking that initiates in
the hardened state can be due to a number of factors, including superstructure design characteristics, concre
mixture design, material chatadstics, and construction placement, finishing, and curing techniques.
Environmental conditions present during the construction of the bridge deck, as well as those occurring over the
lifetime of the bridge deck, also influence crack initiation and @gagon.

2.12.1 Bridge DesignFactors Related toCracking

A number of factors related to bridge design can contribute to bridge deck cracking. Restraint is typically caused
by end conditions and the composite action between the bridge deck and tloetisypmembers of the
superstructure. The fixity conditions at abutments can influence cracking in the end spans of bridge decks. Bridge
decks with fixed ends at the abutments tend to exhibit more cracking near the fixed ends due to restraint. These
cracks are often longitudinal cracks, not transverse cracks (Darwin et al. 2004). Restraint can also be provided by
stayin-place forms (Saadeghvaziri and Hadidi 2005).

The type of girder used in a bridge superstructure has been shown to influence cr&cldigge decks of steel

girder bridges often exhibit more cracking than bridge decks supported by other types of girders (Darwin et al.
2004). This has been attributed to the fact that steel girders conduct heat faster than concrete girders, causing high
thermal stresses. It has also been reported that the decks of continuous steel girder bridges also have exhibite
more cracking than the decks of roontinuous steel girder bridges (Hadidi and Saadeghvaziri 2005).

The role of the rigidity of the sup&ructure in crack formation and propagation has been studied by a number of
researchers, and it is well documented that the relative stiffnesses of components of the superstructure influence
cracks. Thicker bridge decks tend to have less cracking (TRB)2although the relative stiffnesses of the bridge

deck and the girders is an important factor in the propensity for a deck to experience cracking (Hadidi and
Saadeghvaziri 2005). It has been suggested that cracking can be reduced by reducing dheéheativoss
sectional area of the girders to that of the deck (Hadidi and Saadeghvaziri 2005). Research by Saadeghvaziri an
Hadidi (2005) indicaté that superstructures that are more flexible have less cracking than more rigid
superstructures. Howevea study by Perfetti et al. (1985) found that vibrational frequency of the superstructure
did not correlate to transverse cracking of bridge decks.

Reinforcing steel characteristics (including bar size, spacing, and other details) can affect bridgaadeocd.

Larger bar sizes have been associated with greater cracking potential, but other factors including
longitudinal/transverse relative bar placements, splicing details, and epoxy coatings are also contributing factors
(Hadidi and Saadeghvaziri 2005 Concrete cover over the reinforcing steel has also been shown to influence
transverse bridge deck cracking. Generally, an increase in thickness of concrete cover results in lower cracking
tendency, alt hough 0 e kave Isesni Ivdel 0 arc imorease in tséttiernektnceasks ats
reinforcing steel (Hadidi and Saadeghvaziri 2005).

Research into the relationship of traffic to bridge deck crackingphnagided mixed findings Hadidi and
Saadeghvaziri (2005) discuss therk of several resachers thatound no relationship between traffic and bridge
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deck cracking tendencyHowever, astudy by McKeel (1985¢oncludedt h a t Abridges that c:
lower speeds exhibit less cracking than those that carry large number of truckg &t r s peeds . 0

2.12.2 Mixture DesignFactors Related toCracking

The characteristics of concrete mixtures used in bridge decks can be associated with cracking potential. AlthougF
concrete relies on its strength to resist cracking, for bridge deck&riigmpressive strength does not necessarily
correlate to more resistance to cracking (Darwin et al. 2004). This is often attributed to the higher modulus of
elasticity that accompanies early age strength gain, as well as the increased paste voluryeradiot h
temperatures associated with higher cement contents (Hadidi and SaadeghvaziriG@&ete mixtures with

higher cement contentan exhibit increased cracking due to the tendency for a greater heat of hydration, higher
modulus of elasticity deeloped at an early age, and increased drying shrinkage (Hadidi and Saadeghvaziri 2005).

It is generally accepted that concrete mixtures with high (>0.45) snaterment ratios (w/c) tend to have higher
porosity, which leads to significant drying stkage and the increased ability of chlorides to ingress towards the
reinforcing steel (TRB 2006)However, the increased autogenous shrinkage associated with low (less than 0.40)
wi/c ratios results in increased cracking (TRB 2006). Weiss (1999) citesafiters that cause an increase in
cracking potential with higher strength concrete mixtur€kese five factors are eatfyge autogenous shrinkage,
higher material stiffness, increased brittleness, reduced creep, and increased shrinkage rate. TRI8i¢2065)
that fbest results have been achieved with the w/c

Concrete mixtures with higherggregate contentaqid correspondinglylower paste content¢xhibit a reduced
tendency tocrack This isdue to reductin in the paste fraction (lowering shrinkage potential) along aith
increag inthe proportion of the mixture least susceptible to thermal str¢EBd& 2006) Delatte et al. (2007)
found that replacing a small maximum size coarse aggregate mateniangptimized coarse aggregate gradation
reduced crackingotential.

2.12.3 Material Characteristics Related toCracking

Temperature rise due to hydration of cement at early ages, along with subsequent cooling, can be responsible fo
the developmentfaesidual stresses within the concrete (TRB 2006). Temperature rise is controlled by a number
of factors, including the type of cement used, its chemical composition, and its fineness. Thermal cracks often
appear within a few days of concrete placemehtle drying shrinkage cracks often take longer (a year or longer)

to appear (TRB 2006).

The type of cement used can influeramncretecracking as well. Type Il cement has been shown to provide
greater resistance to cracking due to lower early age tatope rise, lower thermal gradients and reduced
shrinkage (Hadidi and Saadeghvaziri 200B)ring the past two decades, cement has become finer, which can also
result in greater shrinkage of the concrete (Chariton and Weiss 2002).

When supplementary cemtitious materials (SCMs) such as fly ash are utilized to replace a portion of Portland
cement,concrete has a reduced tendency to cradiis is due to lower early age temperatures and slower
development of strength and elastic modulus (TRB 2006)caSilime has been utilized in bridge deck concrete to
reduce permeability, but has also been associated with early age cracking (Delatte et al. 2007).

Since volume changes are largely attributable to the paste fraction, it is generally accepted ttatrootiares

that incorporate larger aggregate sizes experience less cracking (TRB 2006). The absorption of aggregates used
concrete Ais c¢closely related to its porosity, and
2006) . oegatea with high@bsorptions tend to be more compressible, they tend to be subject to more volume
changes due to shrinkage, with coarse aggregates tending to be more influential on the overall drying shrinkage
than fine aggregates (TRB 2006). The highoatison of lightweight aggregates, however, can be used to reduce
cracking due to internal curing (Delatte et al. 2007). Delatte et al. (2007) also found that use of lightweight fine
aggregate reduced shrinkage, and are therefore associated with lakirgcpmtential. Hadidi and Saadeghvaziri
(2005) summari ze that Aiin general, concrete mixes
aggregate to paste ratio have been observed to perf
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2.12.4 Placing, knishing, and Curin g Practices that Contribute to Cracking

A number of practices employed during construction of a bridge deck have been implicated as a caaseaof (or
contributorto) crackingof concrete Evaporative effects caused by wind and low humidity have loeg keown

to be akey cause of plastic shrinkage cracks, and proper curing techniques are essential to prevention of this type of
cracking. Pumped concrete tends to havégher slump, and therefore, settlement cracking increases (Darwin et

al. 2004).

Ealy-age thermal stresses are often influenced by ambient temperatures during placement and shortly thereafte
(Hadidi and Saadeghvaziri 2005). Construction sequencing, including pour sequencing, can influence cracking
(Hadidi and Saadeghvaziri 2005), aswbration techniques (Issa 1999). The weight and vibration of construction
equipment, as well as deflection of formwork has also been shown to increase cracking (Issa 1999).

2.13 Background Information on SelectedConcrete Characteristics and Test Mdtods
2.1.3.1 Surface Resistivity

The Rapid chloride permeability te$RCPT) has been around for approximately 20 years and is widelytosed
assess the potential for chloride ingress into concretewever theRCPT test is labor intensive and therefo
costly. For this reason, an alternatimen-dedructive test (NDT) apparatus called thefaceresistivity meterhas
been developed for use in assessing the electrical resistance, and hence relative permeability, ofComcrete.
electrical resitivity measure the ability of concrete to resist the passage of electrical cumith is passed by
the ions in the pore solution of the concre@oncrete conductivity is fundamentally related to the permeability of
fluids and the diffusivity of ioa through a porous materialAs a result, electrical resistivity can be used as an
indirect measure of the ease in which chloride ions can penetrate coRcesteefMoreno et al. 2010

The surface resistivity test apparatuses a Wenner-grobe arrayand a small alternating current to make
instantaneous readingd'he Wenner probe was originaltieveloped in ordeto determine soil resistivity in soil

strata, butthe techniquenas been adapted fose in testing otoncrete. A current is passed betee the two

outside contact probes, and the voltage drop between the two inner contact points is measured as shown in Figur
2-1. Results from using the Wenner device are in electrical resistivitye(k). The readings are returned by a
data acquisition unit as an indicati 0.8003.f the concr

()
e

CONCRETE

“\(urrent flow lines

\
\

tqlllpotén!ix;l lines
Resistivity (p) = 2na V.
1

Figure 21: Wennemeter (figure fromGowers and Millard 1999

The main application of the Wenner peobas been in testing cylindrical concrete test specimens in laboratory
settings, although Florida Departmentlofinsportatioralsouses a Wenner surface resistivity probe in the field for
assessing the concrete resistivity before the installation of adiatpimtection system so as to estimate needed
current PresuelMoreno et al. 2010 Some researchers have shown thatage resistivity measuremertiave
been shown te@orrelate well with rapid chloride permeability measurements across a wide rangenefpility
values and sample testing ageSuitable correlations have been found to exist between betlaylénd 2&8lay
surface resistivity values and the-88y rapid chloride permeability values (Rupnow and Icenogle 2011).
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There is considerable intatén determining whethesurface resistivityneasurements obtained in the field on in
situ structural components can e to estimate concrete permeability properteeéuelMoreno et al. 2010

Surfaceresistivity measurementzreinfluencedby a number ofenvironmendal factors(primarily temperature and
moisture contentlas well as the characteristics of the structure or test speciviegisurements are also influenced
by electrode spacinghe geometryof the specimen or structuralomponent bieg measured the presencef
embedded reinforcing steel, and neanface layers ofoncrete that havesistiviiesdiffering from that ofthe bulk
concretg(PresuelMoreno et al. 2010 Use of surface resistivity testing in the field requires padicolindfulness
of these factors.

Concrete with a lower degree of saturation will exhibit artificially high surface resistivity vatuesugiMoreno et

al. 201Q. Additionally, resistivity increaseas temperature increase8 method of correctingurface resistivity
measurements made at service temperatures to a standard temper&@i82Fofe94.15°K) was developed by

Elkey and Sellevold of the Neegian Road Research Laboratory, and has been utilized ibrited States
(PresuelMoreno et al.2010). Some research indicates that the relationship between temperature and surface
resistivity is not linear (Cavalline 2012). Additionalsgmeresearch has shown that the temperature effect may
vary with mosture content (Polder 2001

Prior to uing a Wenner probe surface resistivity meter, spacing oftebe probesnust be considered An
assumption is made when using the Wenner resistivity technique that the material beingchehsanegeneous.
However concrete contains aggregate partidl@lich normally have a very high resistiyitand cement paste
(which hasa mwch lower resistivity). To reduce the influence of aggregdtdsas beemecommendeé that the
minimum probe spacing be 1.5 times that of the maximum aggregate size (ChiaDéBx

Interest in measurement of resistivity, as well as its inverse conductivity, has grown in recent years. As agencies
express desire for a rapid test method that can be used to evaluate fluid transport and ion diffusion, researchers ha
been woking to develop and evaluate new test methods to measure the electrical properties of bulk specimens anc
in-situ concrete. Recent work by Spragg et al. (2011) and others will likely provide additional insight into the uses
and limitations of resistivityetsting in the near future.

2.1.32 Sorptivity and Permeability

Sorptivity is defined as thability of concrete surface to absorb water by capillary adideville 1995) Since

concrete deteriorationften depends on thenigration of fluids (and hencaggressive agenté)om the surface,
sorptivity isconsidered &haracteristic of concretgseful in prediction of concrete durabilifliiooton et al. 1993).
According to Hall (1989), fsorptivity dugatisonwithimxi ned
and curing history,o0 and can be wused to evaluate t
relative to others.

Sorptivity of concrete can be evaluated using test methods that consider pressure induced by agteadhnfuwe

the concrete surface, as in the ponding method developed by Bentz et al. (2002), or by methods that conside
capillary action only (ASTM C1585)Testing can be performed on concretssita, on laboratory cast and cured
specimens, or on specimge removed from a structure and returned to a laboratory and conditidhé&eld-

obtained core specimens are used for sorptivity testing (or if sorptivity testing is perfosiag,ithe ponding

method can provide particularly insightful results, heseathe test surface is the exposed surface of the concrete.

Initial absorption (within the first few hours) and the secondary absorption (over several days) aféritetbst.

As the test specimen absorbs water, mass change is rec@&eealise ptivity is a diffusion processherate of
increase in masger unit surface areia plotted against the square root of ti(ktall 1989) Leastsquare linear
regression is performed in order to fit two line segments to the data, the first for irstaptdin and the second

for secondary absorption. The initial absorption is often defined as the slope of the best fit line for the 1 minute to 6
hour data, and the secondary absorption is often defined as the slope of the best fit line for the dgy’ Idadad

(Bentz et al. 2002)Initial and secondary sorptivity are typically reported in units of inffion mm/mirf>, and are
sometimes referred to as sorptivity coefficients.



Sorptivity test results can be influenced by several factohe airface layer of concrete is often different than the
interior because of aumber ofreasongsincludingthose related téinishing and aggregate orientati¢Rigg 1989)

as well as abrasion wear, damage from external loads and internal stresses, and darmgauiwanmental
exposure Often the neasurface portion of concrete is denser than the interior, but this is not always the case with
Afheavily vibrated high c Somqivityis higrdyninflenmced byrconcretes saturgtibniag g
the time of testingDeSousa et al. 1997and therefore laboratory testing with controlled specimen conditioning is
often preferable tdn-situ testing (Bentz et al. 2002). Several procedures have been suggested and utilized for
specimen conditioning, witthe objective of each to obtain a known, uniform relative humidity throughout each
specimen DeSousa et all99, Bentz et al. 2002).Alternatively, DeSousa et al. (189present a means for
correlating surface humidity to moisture content, and meansdoounting for moisture in interpretation of
sorptivity values.

Guidelines for assessing sorptivity values have not been established, but values of sorptivity for concrete specimen:
removed from some existing structures have been published. Bentz(20G2) provile early and later age
ponding sorptivity values for cores or cast cylinders for concrete mixtures used for pavements in several states.
DeSousa et al. (1997) provide sorptivity values for field testing and laboratory testing of coresddmav
pavement slabs, a jersey barrier, and a bridge abutment. However, this sorptivity testing was performed using &
surfacemounted test apparatus, and results may not be directly comparable to those of Bentz et al. (2002) due tc
the difference in téanethodology. Hooton et al. (1993) present information on the results of sorptivity testing of
specimen cast from several laboratbatched concrete mixtures subjected to different curing conditions.

As discussedoreviously permeabilityhas generallybeen shown to serve as a gadadicator of the durability
performance of concrete bridge deck§he permeability of concrete is largely affected by water/cement ratio, but

al so of i mportance is the nAdegr ee materialyy gnttainadair, amount c e n
of paste, aggregate size, and possible defects such as cracks, pinholes and incomplete compaction (Geiker et «
1995). Environmental exposure during curing and in service plays a role in the permeability of concrete.
Resarchers have found thatet initial moisture content or degred saturationof the concretecan have a
significant effect on the field water permeabiligstresults(Meletiou et al1992). The air permeability of concrete

is particularly affected by mi st ure content. According to Neville
ovendried condition has been reported to increase the gas permeability coefficient by nearly 2 orders of
magnitude. 0 The di ffer ence diffarentpcaringrcenaitionsl hastbgen fodnd to o n ¢
become more pronounced in drier exposure conditiewertson and Petersson 1993).

Permeability of concrete to both air and wadee of interest, with testing for each not generally standardized
(Neville 1995). Ar and watepermeability carbe measured in thiaboratory or in the field using several methods

I n existing permeability test methods, Adi mensi ons
application of a confining pressu@the sample surfaces are some of the parameters varied (Geiker et alli995).
several popular methods, such as the Figg Method, a hole is drilled into concrete, and the water or air absorptior
rate from the hole is measured (Hall 198%he Figg Melhod (as outlined in ACI 228R-9 8 Nondestructive Test

Met hods for Evalwuation of Concrete in Structureso)
the basis of several commercially available field test ki@uidance on interpration of test results is often
provided by the manufacturer of the test equipment, although test results from a number of means of permeability
testing are presented in literature.

In service conditions, chloride ions often diffuse into concrete aloitly fluid. Chloride permeability (or
penetrability) has been the subject of many research initiatives during the past several decades, with many studie
aimed at understanding chloride diffusion theory, establishing test procedures and understandimifdtieirs,

and linking test results to-situ performance. A number of test methods to evaluate chloride permeability have
existed for some time. These include the AASHTO T259 salt ponding test, the bulk diffusion test, and the
AASHTO T277 (ASTM C102) rapid chloride ion permeability test. Review of existing procedures for FHWA by
Stanish et al. (2000) concluded that fino one test i



2.1.3.3 Dynamic Modulus of Elasticity

The satic modulus of elasticity relates the strain response of a material to applied stidsseynamianodulus

of elasticity of concretsidet er mi ned by means of vibration of a c¢i
applied, 6 aepmand rhiocrackingrde notcaffext the measured test rgddtglle 1995) For
concrete, lte ratio of static modulus to the dynamic modulus is always smaller thghevide 1995) and several
relationships have been developed relating these valeedimited ranges using different mixture characteristics.

The dynamic modulus of elasticity of concrete is highly sensitive to thekorg present in the specimen, and is
therefore useful in evaluating changes in a test specimen due to chemical fettEmthaw stresses, or other
mechanisms.Results ofdynamicmodulusof elasticity testing can be most strongly correlated with compressive
strength (Mohammad 2011).

Dynamic modulus testings most oftenperformed on specimens of a two to one lengthdiameter ratip as

outlined in ASTM C215. Hdwever other researchers haygoposd a method for determining the dynamic
modulus of elasticity using concrete disks (Leming £1298). A study performed by Dilek (2008) focuses on the
dynamic modulus otlasticity of concrete disks exposed to fire, frettmav and rain prior to testingDilek
proposeghe use of a damage index which is a means to quantitatively assess the extent efofidheagoncrete,

since calculation of dynamic modulus of elasticibf concrete isvery sensitive to condition of the specimen
Because of the sensitivity of dynamic modulus testing to the condition of the specimen used, research was alsc
conducted to determine the effect of freéizaw cycles on determination of dynamodulus of elasticity. Bairagi

and Dubal (1996) indicate that freetheaw exposure lessens the dynamic modulus of elasticity values of concrete
specimens.

In studies identified as part of this literature revidatboratorycast anccured specimensere utilized, andreeze-
thaw cycles, temperature changes and Viieze also induced in a laboratoy.needexistsfor further research
concerning dynamic modulus of concrete specimens exposed to field conditions.

2.2 Background and Supporting Information Provided by NCDOT
2.2.1 Inspection Reportand Drawings

Inspection reports and drawings for the bridges included in the study were provided to the research team by
NCDOT personnel, and were reviewddoughout thestudy Typically, the most recenhspection report for each

bridge was reviewed prior to visiting the site to perform the field evaluakoneach bridgenformation provided

on theinspectionrepors and drawingssuch as span lengths, lane widths, shoulder width and other georadric d

was usedo assist igeneraibn of an Autocad drawing of a portion (or, in some cases, all) of the bridge. Prior to
visiting the sitea preliminary sampling locatioplan was developed and noted on the drawiihgis drawing was

also used to recomdistresses observed during the field evaluation, as well as other field notes.

For some bridges, construction drawings were utilized to verify the location of lightweight and normalweight
concrete deck sections (on bridges that contained both typesnofet®) as well as to confirm geometric
dimensions.Information on the construction drawings and field reports was also used to identify the superstructure
of the portion of the bridge selected for the field evaluation. Construction drawings were itadilefar all
bridges, and review of drawings was cursory.

2.22 Concrete Mixtures

Information pertaining to the concrete mixtures used on the bridge decks included in the study was obtained from
NCDOT personnel and reviewedTypically, information on the mixture proportions, cement composition,
placement conditions, and fresh and hardened concrete test resedtson the subject bridge decks was not
available. Digital records of approved mixture designs were not available for any of the bridgeideaded in

this study.

A search of paper recordy NCDOT personnglielded approved mixture design submittalsffaur of the bridges
(330354, 240231, 070038, and 070160). For each of these bridge decks, multiple mixture designs were submitte
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andapproved and it is unclear which of the mixtures was specifically used for the portion of the deck included in
the study Typically, variations between proposed mixtures for a single project pertained to inclusion-(or non
inclusion) of fly ash, or cemeénype. Additional insight into the mixture designs used in the bridge decks was
gained through petrographic examinations. Results of petrographic examinations are presented in Section 5.7
Petrographic Examinations.
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3. PROCEDURES
3.1 Identification of Bridge Decks

This Task was completed during August and September 2010. NCDOT personnel developed a preliminary list of
candidate bridges and provided it to UNC Charlotte for review. Fhanpreliminary list of candidate bridge

decks, UNC Charlotteral NCDOT personnel collaboratively selected eighteen bridge decks for inclusion in the
study. For each lightweight concrete bridge deck selected for inclusion in this study, a companion normalweight
bridge deck of similar age, traffic loading, and envinemtal exposure was selected. Therefore, the eighteen
selected bridge decks include nine lightweight concrete bridge decks and nine normalweight concrete bridge decks.

Climatic conditions vary across North Carolina, and bridges across the state difterireg exposure to moisture
and freezeghaw cycles. Deicing and axiting methods (including application of chloribased deicers) vary
throughout the state, as dabe application frequency. Additionally, bridge decks near the abastexperiene
more chloride exposurdue to proximity to (brackish water and seawatkan those inland. Effort was made to
select bridges from three different regions of sete: the Mountains, the Piedmont, and the CoR&gional
breakdown of the selected tige decks is as follows:

1 Mountainsi 4 bridge decks (2 normalweight, 2 lightweight)

9 Piedmont 4 bridge decks (2 normalweight, 2 lightweight)

1 Coastal 10 bridge decks (5 normalweight, 5 lightweight)

Bridge decks selected for inclusion in this stualpg with information on the geographic region of the state, year
constructedtraffic information, roadway carried, and feature or intersection crogsetiown inTable3-1. To

facilitate ease of identification of pairs of decks, each bridge deck was giwair/ID designation. For each
member of a pair, the normal wei ght <concrete deck w.
was designated-laferiTiyyhe o1 nDdak]) @ Bor malsalistéedgh t i WO ,cd
while lightweight decks arist e d a s AfRetageéClailg traffic information (ADT) is also provided.

Table 31: Bridgedecksincluded inthis study

Region | Pair/ID | Number County Té'iecf f ;Eﬁtr ADT %O;?i\ggy Feature or Intersection
IN 070160 Bertie NWC 1998 | 4,300 | US17 NBL | Tributary to Chowan River
1L 070038 Bertie LWC 2000 | 9,400 US17 Chowan River
2N 150012 Carteret NWC 1995 | 1,300 NC12 Thorofare Bay Channel
= 2L 150012 Carteret LWC 1995 | 1,300 NC12 Thorofare Bay Channel
*@ 3N 150014 Carteret NWC 1994 | 6,200 NC101 Intracoastal Waterway
8 3L 150014 Carteret LWC 1994 | 6,200 NC101 Intracoastal Waterway
4N 240083 Craven NWC 1998 | 21,500 | US70 EBL Trent River
4L 240231 Craven LwWC 2003 | 16,000 usi7 Neuse River and US70
5N 270012 Dare NWC 1990 | 16,000 uUse4 Roanoke Sound
5L 270012 Dare LwC 1990 | 16,000 use4 Roanoke Sound
= 6N 330345 Forsyth NWC | 1998 | 68,000 | 140 BUS | Salem Ave. and Southern R
E 6L 330254 Forsyth LWC 1999 | 64,000 | 140 BUS Miller St. and Southern RR
3 7N 590541 | Mecklerburg | NWC 1989 | 8,500 | NC16 SBL Catawba River
0 7L 590363 | Mecklenburg| LWC 1992 | 8,000 | NC16 NBL Catawba River
) 8N 580160 McDowell NWC | 2000 | 14,000 | 1-40 EBL SR1763 and Muddy Creek
g 8L 430120 | Haywood LWC | 1999 | 14000 | US23,74 | SR1177 and Eagle Nest Cre(
3 9N 580153 McDowell NWC | 2000 | 14,000 | 1-40 EBL SR1803
= 9L 580146 McDowell LWC 1996 | 16,000 | 1-40 EBL SR1741
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The design characteristics of a bridge, ipatarly the superstructure, haeen shown to influence cracking in
bridge decks (Hadidi and Saadeghiri 2005, Hadidi and Saadeghvaziri 2005, TRB 200d)jhe type of
superstructure comprising each of the bridges included in the study is shdvaible 32. For most pairs of
bridges, he type of superstructure is similar. HoweYer, lightweight bridge decksn some locations, it was not
possible to find a copanion normalweight bridge deck with a similar superstructhetalsoclosely matched in
age, traffic, and geographic region. In the analysis portion of this report, differences in supessiaue
considered in the findingshere appropriate

Table 32: Superstructueeof ridgesincluded in tis study.

Region | Pair/ID | Number Superstructure
1IN 070160 | Reinforced concrete deck on prestressed concrete girders
Reinforcedconcrete declprestressed concrete panefsprestressed concrete girders

1L 070038 | (continuous steel plate girdessed inmainspans of bridge not included in study)
2N 150012 | Reinforced concrete deck on prestressed concrete girders

_ 2L 150012 | Reinforced conete deck on prestressed concrete girders

% 3N 150014 | Reinforced concrete deck on prestressed concrete girders

8 3L 150014 | Reinforced concrete deck on prestressed concrete girders
AN 240083 | Reinforced concrete deck on prestressed concrete gikdielened)

Reinforced concrete deck on continuous steel girgeestressed concrete girderssed
4L 240231 | in other spans of bridgenot included in study)

5N 270012 | Reinforced concrete deck on prestressed concrete girders
5L 270012 | Reinforced concrete dk on prestressed concrete girders
Reinforced concrete deck on steel plate girders (main sfianesjressed concrete
- 6N 330345 | girders used on some approach spanet included in study)
5 6L 330254 | Reinforced concrete deck on ste¢ldams
% Reinforced concrete de¢ktayin-placemetal forms at approach sggon plate girders
§ 7N 590541 | andcontinuous plate girdefsnain spans)
Reinforced concrete deck on continuous stdmldms (approach spa=ntinuous
7L 590363 | steel girder/floorbeamssed inmain span$ not included in study
@ 8N 580160 | Reinforced concretdeck(stayin-place metal forms) on prestressed concrete girder|
3 8L 430120 | Reinforced concrete decktayin-placemetal forms)n steel lbeamqwidened)
§ 9N 580153 | Reinforced concrete decktayin-placemetal forms) on prestressed concrete girderg
= 9L 580146 | Reinforced concrete decktéyin-placemetal forms)n steel lbeamgwidened)

Unfortunately after performing field work on bridge decks 4N and 4L, it weermaned that 4L was incorrectly
identified in NCDOT records as a lightweight concrete bridge deck. It is our understanding that this bridge was
initially scheduled to receive a lightweight concrete bridge deck, but changes were made just prior fadpr dur
construction, and a normalweight concrete bridge deck was constructed instead. In following with the intent of this
study (to compare lightweight concrete bridge decks and normalweight concrete bridge decks of similar age,
exposure, and traffic loaaly), results from field and laboratory testing of bridge decks 4N and 4L are not included
in this report.Therefore, the egional breakdown of the selected bridge demksiscussed in ihreportis as

follows:

1 Mountainsi 4 bridge decks (2 normalweigi2 lightweight)

1 Piedmont 4 bridge decks (2 normalweight, 2 lightweight)
1 Coastali 8 bridge decks4 normalweight4 lightweight)
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3.2 Field Evaluations and Testing

For each bridge deck, a sample section was identified for field evaluation and. t&stifigcilitate completion of
fieldwork within the allowable lane closure hoursdane working day, sections typically ranged fraa0 feet to

280feet in length. For smaller bridges (less th@0feet), the sample section included the full length eflifidge

deck. Thrutraffic needed to be accommodated during the weoksample sections typically consisted of the
shoulder and righhand travel lane When the total bridge length was longer than the sample section, effort was
made to ensure that digss visually evident in the sample section was typical of the distress visually evident on
other parts of the bridge deck. For some bridges, a portion of the ramp lane was included due to geometric
constraints and safety considerations.

Since powdesamples could not be collected for rapid chloride (RCT) testing if the surface of the concrete was wet,
fieldwork was notperformedduring wet conditions Additionally, fieldworkwas typically notperformedduring
freezing temperatures, as testing witle surface resistivity meter requires a saturated surface conditiren
temperatures approached freezing, warm water was used to saturate the surface of thefoprairdtee
resistivity testing

Field evaluations included visual surveys, remafatore samples and powdeansples, and several field tests
Visual surveyperformed by UNC Charlotte personiietiuded mapping cracks and other distresses on site plans
as well as photographically documenting the condition of the decks within theatotssbf the lane closures.
Volkert Engineering was retained by NCDOT to assist UNC Charlotte with field evaluatfsmspart of their
work, Volkert Engineeringperformeda chain drag of each deck to identify delaminations. Volkert Engineering
alsorenoved core samples and powder samples in locations selected by UNC Charlotte perSmraeedamples

and powder samples were returned to UNC Charlotte laboratories for further testing. Field tests pbyfafed
Charlotte personne&in each deck includeeair and water permeability testing and surface resistivity testing.

3.2.1 Visual Survey

A visual survey was performed on each of the bridge decks included in this study. On each bridge deck, the visual
survey was limited to the sample sectiofzach visual survey vasperformed by the project Pl in order to maintain
consistency. The surveys were performed during dry conditidissial survey observationgere noted on a field

sketch that was drawn to scale in AutoCad and printed out prior tmgitite site.Prior to beginning each visual

survey, he dimensions of the travel lanes were verified and the sample section lengittedasn thdield sketch

Specific distresses identified during the visual survey included longitudinal crachsyerse cracks, surface
cracking, delaminations, armther surface distressCracks were only noted if they were visible by viewing the
deck in a position bent no lower than the waist. If a crackolasrvedthe continuation of a crack waslded to
thefield sketch if the observer could follow it by bending no lower than the wBistaminations were identified
by Volkert personnel who performed a chain drag survéseas of delamination wereted on thdield sketches
by UNC Charlotte personnelUpon return to UNC Charlotte, thésual observations made on hastrdwn field
sketchesvere transferred into the AutoCad drawing of the sample section.

3.2.2 Location Selection and Removal of Cores and Powder Samples

During field evaluations and testjnthru traffic needed to be maintained at all times. Therefore, locations for
removal of cores and powder sampleare selected within the sample section, which typically consisted of the
right travel lane and shoulderFor each bridge deck, the eighicétions were identified and marked with
spraypaint. At each of the locations, one or more core samples were removed, along with powder samples for
chloride content testing.

On most bridges, the eight sampling and testing locations laereutalonga line oriented diagonally from the

start of the sample section towards the opposite corner at the end of the sample aestawn in Figure-B.

The first location wagypically offset five feet from the first joint and two feet from the rigide barrier. The
diagonal line in which the locations were selected was always oriented in the direction of traffic, with the first
location nearest the barrier and the last location closest to the open travel lane. This procedure typically resulted ir
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posiioning of oneto three sampling locations in the shoulder and fiveetessampling locations in the right
travel lane. The eight locations were evenly spacedach bridge deckBased on the length of the bridge (or the
sample section for larger bridg),the spacing between locations ranged from approximately 20 to 40 feet.

Y RCT-7 RCT-8.
Travel Lone I, / RCT-3 RCT—4 RCT-5 RCT-6 * gt
RS 12 RCT-2 L SR-5 % SR-7 SR-8
VLT - S - =
Vi P-2 o o RH-5 = RH-7 RH-8
sosser 133/ * 1, a e e
1

RCT-#

i
Approx. 2 ft

Figure 31: Typical sampling and testing location plan

FIVE RCT SAMPLES TAKEN AT
EACH LOCATION AT ONE INCH
DEPTH INCREMENTS

On smaller bridges, space constramguired achang inthe sampling layout and spacing from a single diagonal

line to a double diagonal lin@s shown in Figure-3. This configurationtypically resulted in two sampling
locations in the shoulder and six locations in the travel lane, allowing adequate space between locations for
movement of personnel and equipmeuting fieldwork activities

RCT=3 RCT—%
Travel Lane SR-3 K sR-4 o L RT-8
RCT—1 RCT—2 b B=A RCT—7 i
1 SR—1 SR-2 RH-3 Rli—4 RCT—5 RCT—6 SR-7 i
P-2 c-3 C-4 R—6 oy
P—1 SR-5 S c-8
RH—1 RH-2 P—5 P-6 RH=7
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C# SR—
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.. <—RCT-1
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Figure 32: Typical sampling and testing location plan for shorter bridges

Volkert Engineering personnel were responsible for removal of the cores and powder samples from each location.
At each location, Volkert persoahused a locating device to identify the top layer of reinforcing steel. Cores were
removed in a position that minimizelde likelihoodof encounteringeinforcing steeivith the drill bit The lower

layer of reinforcing steel wasometimesoffset fromthe top layer of steel, and was not detected by the locating
device. Thereforeyhenever possiblarilling was stopped prior to cutting through the lower layer of reinforcing
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steel. Cores were removed using a cold steel chisel and a hammer. To ghes&rsdu moisture content, cores
were wrapped in plastic wrap and aluminum foil, an
laboratory.

Powder samplesf the concrete bridge deckgere removed using a rotary hammer driit each loation, five
samples were taken within the upper five of bridge deck. Additional information on sampling depths is
presented in Section 3.3Bapid Chloride Test (RCT)Between each sampling deptiompressed air was used to
clean the drill bit and tblow remaining dusout of the hole

3.2.3 Air and Water Permeability Tests

Field tests to evaluatdraand water permeability were performedgeneral accordance with the Figg method as
outlined in ACI 228R-98, Ndandestructive Test Methods for&f uat i on of Concrete in
Poroscope Plus test equipmeminufactured by NDT James Instruments. This testing was typically the most time
consuming activity of fieldwork. Although effort was made to perform this test on multiplednsathe duration

of the test did not allow multiple locations to be tested during the allowable lane closure times. Due the
aforementionedtime constraints and equipment problems, air and water permeability testing was typically
performed at one to thréecations per bridge deck.

Test locations were selected as shown in the test laydugume3-1. At each test location, four 0.394 in (10 mm)
diameter and 1.56 in (40 mm) deep holes were drilled, as specified by the equipment manufacturer. hohes four
were drilled at the corners of a 3 in (76.2 mm) square. The configuration of the test holes is shown in3igure 3
The holeswere blown out with compressed aanda manufactureprovidedtest plug vasinsertedinto each hole.

Prior to insertioa of each plug, a lubrication compound approved by the manufacturer was spread onto the
circumferential side of the plug. The lubricant was not put onto the bottom of the plug. After the each plug was
inserted, @.394 in (10 mmpy 0.787 in (20 mmyoid was left at the bottom of each hol€he test plugs were then
expanded into the side walls of the hole using plastic screws provided by the equipment manufalkctoriearn

was appliedo the top of each test plug, and a hypodermic needle was ingadeshch of the test plugs. The
hypodermic needles remained in each test plug for both air and water permeability testing

Figure 33: Air and water permeability test configuration

At each test location,irapermeability testing was performedfirst. The air tubing from the Poroscope Plus
equipmentwas conneted to a hypodermic needle in one of the test plugsaamahd vacuum pumpasused to

evacuate the air from the void yacuum pressure leisan7.98 psi 65 kP3. The Poroscope Plesgupment was

thenused tameasure the time for thpressuren the hole tdncreasdrom -7.98 psi (55 kP3 to -7.25 psi {50 kP3a.
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At each test location,hits procedurewas repeated untilthe subsequent time readings stabiizéo within
approximately2%.

After air permeability readingseretaken on each of the four holes, water permealtéditying was performedAir

tubing was removed from th&oroscope Plus equipmeand the water linevas attachedo the equipment The

water line was connected frotime Poroscope Plus equipment to one of the hypodermic needles, and the water line
was attached to the equipmenf large syringewas used to force distilled water througfne PoroscopePlus
equipment and the water line urttile void in the concrete at ehbottom of the test hole was full of water, and all

air had been removed from both the test hole and the water line. For each tBstpofuepePlus equipment
measures the time it takes for a meniscus in the water tubing to move 1.97 in (50 hismeading was recorded

as the water permeability readingit each test location, the water permeability test procedure was also performed
until readings stabilized to within approximately 2%. At some locattesstimes were exceedingly long (greater
than approximately 13 to 15 minutes). For these test locations, the reading just prior to stopping the test was
recorded.

3.2.4 Surface Resistivity Tests

Surface resistivity measurements were maleelected locations on the bridge deck surface. colmamercially
availablesurface resistivity meteused for this testingitilizes the Wenner probe method of measuremeht.

voltage potential is applied to the concrete surface through the two outer pins of the probe, and the resultant
potential differenceb et ween the inner pins i s measur Adbltiomahd s L
background information on the Wenner probe method is presented in Section 2.1, Literature Review. Surface
resistivity testing is typically performed on cast concrete dglig, as outlined in AASHTO TP 950 1 1, AStan
Met hod of Test for Surface Resistivity Indication o
protocol for use of the surface resistivity meter in field applications has nbegatleveloped into al\STM or
AASHTO standard test methodTherefore, a test protocol developed by other researchers and utilized in similar
field applicationgGhosh et al. 20)2vas usedor this work.

Surface resistivity measurements were taken at &ghtions on each bridge deck. To minimize the influence of
reinforcing steel on the surface resistivity measurements, in the proximity of each test location, a pachometer
device was used to identify several bars in the top mat of reinforcing steeltiohsdar surface resistivity testing

were positioned between both transverse and longitudinal reinforcing bars, with the surface resistivity meter placed
parallel to the direction of travel.

Prior to performing surface resistivity testing on each leridgck, teslocations were conditioned gaturag the
near surface concrete and to lower the temperataeh test location was brushed with a synthetic bristle brush to
remove surface debridpproximately a half gallon of water was poured on thé&serof the deck and a wet towel
was placed on the wet surfacAn additionalhalf gallon (approximately) of water was poured on the towel. An
eight to ten pound bag of ice wdmnplacedon the wet towel Prior to placing the bag of ice on tivet towel, a
number ofholesweresliced into the underside of the bag to allow the mvelterto continue to saturate the towel
and deck surface. The bag of madtice was allowed to remain on the surface of the fmrcht least two hours
prior to performinghe surface resistivity testing.

Once the minimum twdnour conditioning timénad elapsed, the bag of ice amet towel wasremoved from the

test location. Excess water was removed from the surface of the saturated test location sigimigesic bristle
brush. A minimum of eight readings were taken at each test location, with readings spaced approximately one
apart. For this work,the four adjustable probesere each space@® in (5.08 cm)apart. A temperature
measurement of the concrete deck surfaastakenwithin a few seconds @ach surface resistivity measurement.
Surface resistivity testing is shown in Figurd,delow.
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Figure 34: Surface resistivity testing
3.2.5 Rebound Hammer Tests

A rebound hammer was used to determine theureth number of the concrete at eight test locationeach bridge

deck This testing was performed in gener al accordar
Number of Hardened Concrete. 0 At eca ardns df e surfadeoeacha t i
area spacedeveral feet apart. Although a brush was used to remove visible debris from the test surface, no
additional preparation of the surface was performed prior to testing.

3.3 Laboratory Testing

Concrete cores a@npowder samplesemoved from each bridge deeske r € r et urned t o UNC Ch
for conditioning and testing. Prior tmonditioning andesting,eachcoreremained wrapped in plastic wrap and
aluminum foil, sealed in the plastic bag it was pthinto after removal from the bridge deck (Figu®) 3Powder

samples remained sealed in glass,jafsown in Figure B. The cores and powder samples remained in a
controlled laboratory environment until testing.

Figure 35: Concrete cores as vpped for transport to UNC Charlotte and subsequent storage until testing.
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Figure 36: Concrete powder samples in sealed jars.
3.3.1 Densityand Moisture Content

Selected coreand pieces of coresere tested to obtain values for unit weight and taogscontent of each bridge
deck. This testing was performed in general accor
Absorption, and Voi dibe apparentdensity eas eaiitedGar @achrsgetinen @stecheT

boiling procedure was not us@ddetermining the saturated mass.

3.3.2 Compressive Strength

Cores were tested for compressive strengtigeneralaccordance with ASTM &2 i St andar d Test N
Obtaining and Testing Drilled Cores and Sawed Beams of Ccorer@ and ASTMnGa® d Test \
Compressive Strength of OWdcoresdalected dot testihg wecertypitaky th8sp tat i m
had the largest length to diameter (L/D) ratios and did not contain reinforcing steel. Thd eyldsders were

sawcut and a capping compound was applied to specimen not meeting the perpendicularity and planenes:
requirements of ASTM C39. Compressive strength tests were performed in accordance with ASTM C39, and for
cores with L/D ratios less thdn75,acorrection factowas applied as outlined in ASTM C42.

3.3.3 Dynamic Modulus

Testing todetermine the dynamic moduloelasticityof selected corewasperformed in generaccordance with
ASTM C 215 fStandard Test vbteet boogdudinbloand Torsiondl aResomant a |
Frequencies of Concrete Speci mens. 0 Only <cor®@ws hayv
this testing The ends of the cores were sawcut prior to testing to obtain more plumb sggaimiethemass and
dimensions okachspecimenwas recorded Prior to and during testing, specimens were stored in a conditioned
laboratory setting.

The cores were supported such that free vibration could be achieved. A small steel frame was upet tbesup
hanging specimens. The accelerometer was attached doytobencrete surfaceoreusingbeeswax. A frequency
counter in LabView software was used to measure the frequency data. Using a steel bagirapecimenvas

struck at approximatelystmidpoint to trigger the data acquisitioRor each specimerhé test was repeated two
additional times and the average frequency was calculated. If the frequency measurement varied by more thar
10%, the test was repeated. The transverse frequermymEm massandspecimerdimensions were then used to
calculate the dynamic modulus of elasticity.
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3.3.4 Sorptivity

Sorptivity isa measure of theate of absorption of water by concret@he rate of absorption of concrete will
depend on mixture rpportions, type of aggregate, air content, the existence of cracks or internal defects, and
surface finish characteristics. Since water can transport aggressive agents into concrete, low sorptivity is viewed a:
a favorable characteristic of concrete wtemsessing durability performanc&or thisstudy, two methods were

used todeterminethe sorptivity of each specimen. Firsbrtivity testing was performed igeneral accordance

with ASTM C1585, fiStandard Test Method for Measurement of Rate of Atiem of Water by Hydraulic Cement
Concrete®i n which the rate of absorption through capil!/l
testing was performed via the ponding test developed by Bentz et al. (208®)re detailed backgroundhdhese

teds is presented in Section 2.2.

Specimendor both ASTM C1585 capillary suction tests and ponding teste prepared using the top 2 in (50.8

mm) of cores. Sorptivity test results have been shown to be influenced by the moisture cortesttsgfecimens
(DeSousa et al. 1998). Therefore, it is critical that specimens be conditioned to a prescribed moisture content priol
to performing sorptivity tests.Specimenconditioning proceduregsedfor both the ASTM C 1585 test and the
ponding sorpvity testwere the same.The specinens were put irto desiccators with a solution 883 0z(80.2 9

of potassiumbromide mixedwith 3.53 0z(100 g of water. The desiccators weithenplaced into an ovenset at

122 + 35.6F (50 + 2°C) for threedays. The specimeswere then placed in airtight containers for a minimum of 15

days at a room temperature, using a separate container forpeaohen

Sorptivity testing in accordance with ASTM C1585 was performed fi@@hce conditionedthe specimen were
removed from the containers and weed For each specimengdir diametersvere measuredndthe averagevas
calculated. The circumferentialsides of each specimen ave sealed withwaterresistantduct tapeto prevent
distilled water from seepinmto the circumferentiakide surfacgof thespecimen Plasticwas therdraped over the
top surfaceof the specimelfthe surface not exposedttre distilled watérand a rubber bangas used to secure it

in place. Each specimen waken weighedn order toobtain a weight that included the duct tape, plastic, and
rubber band

Each specimen wgdaced into approximately0.040 in to 0.118 irf1 to 3 mn) of water with thesubmergedest
surfacesitting on threespherical singlgooint supports Specimeawere weighedatimmersion durations of min,

5 min, 10 min, 20 min, 30 min, 60 min, 2 hr, 3 hr, 4 hr, 5 hr, 6 hr, 1 day, 2 days, 3 days, 4 days, 5 days, and 6 days
Measuremestweretaken at time that werewithin the tolerances specified in ASTM C158Brior to weighing

each specimen at the prescriltiede, the specimen wagalbedwith adamppapertowel to remove exceshstilled

water. Each measurement did niatke longer tharl5 sec, and after weighing,each specimewasimmediatdy
replacedon the sipports, with the bottom surface submergedhmdistilled water. A photograph ofspecimens
prepared foASTM C1585 sorptivity testing is shown in Figur&’ 3

Figure 37: ASTM C1585 sorptivity testing.
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Prior to performing the ponding sorptivity tieg), specimens were reconditioned in accordance thithsame
conditioningprocedureutilized for the ASTM C1585 sorptivity testor the ponding testvater resistant duct tape
was applied to theircumferential sidesf eachspecimen, with approximatell in of tape allowed to extend above
the top surface of thgpecimen A rubber bandvas placedaroundthe tape at the top of the coreand a circular
hose clamp wathentightened around the rubber basad tape The rubber banthcilitatedeven dstribution of
pressure from thoseclamp, creating a barrier for tlbstilled water added to theeservoir created by the duct
tape extended above ttap of the core.Specimens prepared for ponding sorptivity testing are shown in Figure 3
8.

Figure3-8: Ponding sorptivity testing.

At the start of testing, distilled water was placed iteservoir created by the watessistant duct tape on the top
surface of the core. For each specimen, distilled water was added to a depth of appro@itdigéaty (3 mm)

above the surface. Weight measurements were obtained at the same intervals prescribed for the C1585 testin
procedure. Prior to weighing each specimen, the water in the reservoir was poured into a waste container, and
damp cloth was used tadot the surface to remove excess distilled water. After the specimen was weighed, new
distilled water was added to the reservoir, and the test continued. For the duration of the test, the depth of distillec
water was maintained at approximat@lg18 in(3 mm) abowe the surface of each specimen.

3.3.5 Rapid Chloride Test (RCT)

The Rapid Chloride Test (RCBy Germann Instruments was used to determine the chloride content of powder
samples of concrete removed fraight locations on eadbridge deck. Powder samples were obtained using a
rotary hammer drill, as discussed in Section 3.2.2. Chloride content tests were performed on five powder samples
from each location in order to obtain a profile of the chloride content of the uppén fivehe bridg deck. The
samplerepresentative of the in (24.4 mm)depthwas comprised of powdebtained by drilling ateptts between

% in and1% in the samplerepresentative of th2 in (50.8 mm)depth wascomprised of powdeobtained by

drilling at deptts between % inand2¥ in, and so forth.

The RCT test kit includes an electrode, electrometer, electrode wetting agent, calibration liquids, and test vials
filled with 10 mL of proprietary extraction liquid (acid solutionpfter following the manufacturer pscribed
procedure for adding concrete powder samples to the test vials, chloride ions from the concrete powder become
incorporated into the solution in the test vial. The voltage reading from a calibrated electrode submerged into the
solution can be used determine the chloride content of each powder sample.

Prior to each daybés testing, t h eprovédedecalibrationdliguidsvwite ¢ a |
chloride concentrations of 0.005%, 0.020%, 0.050%, and 0.500%. To perform theticaljlthe electrode was
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placed into each of the calibration liquids and the voltage reading (inwad/allowed to stabilize. The electrode
was cleaned between each of the calibration liquids. Voltage readings for each known seletiolottedagairst
chloride contentdn a semiogarithmic scalg and a line of best fivasdetermined using a spreadsheet program.
The equation of this best fit lineas thenused to correlate voltage readirgstained while testing vials prepared
using powder samplaexbtained from the bridge decks.

After electrode calibration was performed (once for
liquid were tested.To perform each tesf.0530z (1.5 gram} of powder (neasuredvithin a tolerancef + 2%)

was weighed and put into the test vial with gneprietaryextractionsolution The test vial was shaken for 5 min

After the vial was shaken fd min, the cap was loosened to allow gas to escape and then retightésed.
prescribed by the maifacturer, ¢st vials were allowed to sit oveght, allowing adequate contact time between the
powder sample and the extraction liqui@ihe following morning, the electrode was submerged into each vial, the
reading was allowed to stabilize, and the measent was recorded. Between test vials, the electrode was cleaned
using distilled water as prescribed by the equipment manufacturer. Using the calibration curve prepared for the

daybés testing, the mV readi ngs onteat(in peracotyThe\RChRtest satepr e ¢
is shown in Figure-3.

Figure 39: Rapid Chloride Test (RCT)

The chloride conterf concreteis often reported as pounds of chloride per cubic yard of conciéte.percent
chloride values obtained usinket calibration curve were multied by a factor of 38.15p€y/1% CI) for normal
weight bridge decks, and 34.46&y/1% ClI) for light weght bridge decks to obtain poundfchlorideper cubic
yard of concrete.These factors were obtained by assumingciete unit weights 0141.6 my for normalweight
concreteand 127.6cy for lightweight concrete.

3.3.6 Rapid Chloride Permeability Test (RCPT)

Rapid chloride permeability tests (RCPT) wegrerformedi n accordance with ASTM C
Methad f or El ectri cal I ndi cation of ConcThestest & $ypicAllgi | i t
performedon specimesprepared from cagylinders. er thisstudy, RCPT tests were performed @in thick test
specimes cut from the 4n diametercores removed from the bridge decks.

Identification of the best locations for sawcutting test specimens from the cores proved to be somewhat challenging.
Cores typically ranged from 4 in to 7 in in length, and some contained pieces of rem&isat) which cannot be
present in RCPT test specimenBo provide suitable specimens fall test performed as part of this work, it was
necessary to limit the number of coed®cated for preparation of specimens for ei@sh method Typically, only

two cores could be sawctd obtainRCPT specimensAdditionally, to minimize the effects of ingressed chlorides
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on the test results, the optimal location for spetcimers used for RCPTesting wouldoe as low agossible on the
core (furthest from t bridge deck surface).

To addresses the aforementioned limitations, a strategy was developed to assist with identification of the locations
for sawecutting the RCPT test specimens. For each bridge deck included in the study, a total of foursspecimen
prepared, removed from at least two different cores. For each ldeletwo test specimenwere cut from

l ocations deemed nAlimwoan(db etlwow tae sde pstphe cafmesh wer e cu
(from below a depth of 14n). Oneexception was bridge deck 2N, where only three specimens were tested.
Reinforcing steel placement on this bridge deck resulted in short core lengths, and many of the cores containec
some of the top layer of reinforcing steel.

Two RCPT testmachinegmarufactured by RLS Instrumentsjere provided by NCDOT for use on thstudy.

Each RCPT test machireuld testfour specimenst a time therefore raning both RCPT test machinas the

same time kowed for eight test specimarto be tested simultaneouslyn order to facilitate comparison of the

pairs of bridge deckdpur specimeafrom a lightweight concrete bridge deck were tested at the same time as four
specimen from thecompanionnormalweight concrete bridge. For example, the four test spesiimoen bridge

deck 1L were tested at the same time as the four test spednmenbridge deck 1N.The specimens from each

bridge deck were assigned to terminals on the RCPT test machines in a manner that allowed two specimens fron
each bridgeto be testedn each piece of equipment, with one HAhic
machine.

The circumferentiakides of eachspecimen vere coated in fast setting epoxy, which \alilswed to cure overnight.
Prior to testing for chloride ion permeabilityest specimensvere conditioned using the vacuum saturation
procedure specified in ASTM C1202. The vacuum saturation apparatus is shown in Hi@ure 3

Figure 310: Vacuum saturation of rapid chloride permeability test specimens.

Specimens werplaced in a vacuum desiccator, and an attached vacuum pump was used to decrease the pressure |
the desiccator to less than 50 mm Hg (6650 Pa). The specimens were allowed to remain under a vacuum for 3 hi
After 3 hr, deaerated water was allowed to flomto the desiccator. While the -derated water was put into the
desiccator, the vacuum pump remained on, and care was taken to not allow air to flow into the desiccator through
the water tubing. The emired water was added to a depth that fully sulgegtthe specimens, and the stopcock on

the water feed line was closed (preventing air from flowing into the desiccator). The vacuum was allowed to run
for one hour after the specimens were submerged. At the end of this hour, the vacuum pump was, mndesirof

was allowed to flow into the desiccator. The specimens were then allowed to soak in the water for 18 + 2 hr.
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After vacuum saturation, each test specimen was placed between two test cells, and was sealed in place wit
silicone caulk. Test dls for this test were manufactured from a polymethylmethacrylate (e.g., Plexiglas) material.
Each test cell had metal mesh mounted in front of a reservoir capable of holding a chemical reagent in contact with
the concrete test specimens. The metal niesbach test of the test cells facilitated application of a voltage
potential across the concrete test specimen, via wires connected from banana plugs on the test cells to the RCP
equipment.

After the caulk had adequately cured, the test specimens, eédoinrthe test cells, were connected to the RCPT test
equipment, with each cell on its own circuit. This test setup is shown in Fidure 3

Figure 311: Rapid chloride permeability testing (RCPT)

For each specimen, the reservoir of the test ¢elthed to the positive terminal was filled with a 8l3odium
hydroxide solution, and the reservoir of the test cell attached to the negative terminal was filled with a 3% (by
mass) sodium chloride solution. Using the RCPT equipment, a\6@6tentialwas applied to each test cell.
Instantaneous current readings and total charge passed readmegibtained at 30 min intervals for the duration

of the sixhour test.

3.3.7 Petrographic Examinations

From selected cores from each bridge deokslped surfaces and fractured surfaces were prepared for macroscopic
and microscopic observations. For aldires, the upper several inches of the core sample are of primary interest
because of the influence of the upper portion oftthidge deckon the intgrity and performance of the wearing
surface. Compared to concrete lower in the pavement slab, the upper several inches of the concrete pavement tel
to exhibit more substantiahaterialsrelated distress and cracking. The upper portion of the pavesnsmbjected

to higher stresses from external loads, is often exposed to more moisture, and potentially experiences more freeze
thaw cycles.

In selecting the orientation of the vertical plane for polished samples, an attempt was made to choosadhe direct
that would most likely intersect cracks. Selection of the orientation of the vertical plane for the polished surfaces is
summarized as follows:

1 If macrocracks are visible on the top surface of the core, the vertical plane for the polished sample wa
selected perpendicular to the macrocracks.
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9 If no macrocracks are visible on the top surface of the core, the vertical plane for the polished sample was
selected in aprientation perpendiculdo grooves, if present.

1 If macrocracks and grooves are moéesent on the top surface of the core, the orientation of the vertical
plane for the polished sample was selected at random.

Polished samples were prepared by UNC Charlotte. The samples were sawcut along the vertical plane and polishe
using progressely finer grit material. Fractured surfaces were prepared by using hand tools and compression
testing equipment. No thisection samples were prepared as part of this wbrlactured and polished surfaces

were observed using a stereomicroscope at magtiifns ranging from 7x to 45x. Observations were performed

in general accordance with ASTM C856, APetrographic
taken of the samples using a camera mounted on the trinocular tube of the stereoneicroscop

Microscopic observations included:
9 Observation of the general characteristics of the concrete, including the paste, aggregates, air void system.
9 Observation of microcracks present within the paste or aggregates.

1 Observation of secondary deposigent within voids and/or microcracks, or around aggregate
perimeters, and if possible, visually identifying secondary deposits such as secondary ettringite.

9 Observation of reaction rims present around aggregates.

Microscopic observations were used toyide an opinion regarding the quality of the paste, the quality of-paste
aggregate bonds, and the overall quality of the concrete comprising the sample. Microscopic observations, along
with macroscopic observations of the polished surface, were uspdlitatively estimate the air void content of
eachsample, and, if appropriate qualitatively estimate the amount of secondary deposit infill in the void space.
The air contents of samples were not quantitatively determined using the procedure autf&OV C457,
iStandard Test Met hod for Mi ¢cr os c o pvbid SystemDre Haedened n at
Concrete, 0 but were instead approximately estimated
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4., RESULTS OF FIELD SURVEY AND FIELD TESTING
4.1 Visual Survey

Observations made during visual surveys of the bridge decks (as outlined in SectipViSuallSurvey were
recorded on field sketches, and subsequently transferred into AutoCad drawings. These drawings aréincluded
Apperdix A T Visual Survey Rsults. Distresses that were identified and recorded during the visual survey
included longitudinal cracks, transverse cracks, pattern (surface) cracking, delaminatiatiseaadrface distress
Distresses are shown on the dnagd in the format outlined by the Federal Highway Administration (FHVKA)

the Distress Identification Manual for the Lemgrm Pavement Performance Program (2003)acks are shown

on the drawingsslines, while areas of pattern cracking are shown tétiching.

In order to provide additional insight into the condition of the bridge decks, a modification to the procedures

outlined in FHWAG6s Distress Ildentification Manual w
field sketches andates. As part of the FHWAG6s distress identific:
to map crackind s omet i mes c al | agble in pavemergs. n araeffdct itoragsidt)with judging the

relative condition of bridge decks basedvisual distresseshe project team assigneéverity leveldo observed
patterncracking(low, moderate, and high sevejity

Pattern cracking denoted as low sevetitgs typically only faintly visible during the observations, comprised of

fine hairlinecracks( as fAhairlineo 1, @dii e df oam @&ddd LROtli.ng a V
i n Se)r Me aaeks were usually networked to some extent, but often, areas of cracks were just beginning to
network. Typical pattern cracking dead as low severity is shown in Figurel4 Pattern cracking denoted as
moderateseverity waseasilyvisible during the visual survey, and the widths of the cracks were larger than what
would be considered hairlingy ACI 201.1. Typical pattern crackinglenoted as moderate severity is shown in
Figure 42. No pattern cracking observed during this study jwedged to béiigh severitycracking

Figure 41: Typical pattern cracking denoted as low severity.
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Figure 42: Typical pattern cracking deted as moderate severity.

As outlined in the literature review presented in Section 2.Xetheemany factors that influence cracking of
bridge decks. In addition to factors related to concrete mixture design, factors related to placing, curing, and
finishing of the bridge deck can play a role in crack formation and propagaBiodge design factors, such as
superstructure type, span lengths, skew angles, and joint details also affect cracking of bridg& desksption

of the superstructures the bridges included in this study is provided in Tabi 3

Continuous steel girders have historically been associated with more extensive bridgexdeéoky Darwin et al.

2004). The twobridge decks with continuous span girders (bridge débkand6L) exhibitedsome of the more
extensive pattern cracking and sotrensverse cracking, and it is possible #$@he of thiscracking could be the

result of stresses present in the deck slab due to the contirteelgirslers, rather than from conogetaterials

related causesThe most extensive transverse cracking observed on bridge decks included in the study is present on
bridge decks’/N and 7L, which are supported by steel plate girders and stbehins, respectivelyTransverse
cracking on budge deck 7N is shown in Figure34 Transverse cracking on these decks may also be related to
structuralrelated stresses, loads applied too soon after the deck was constructed, or other rddmssesiwo

bridges are also two of the oldest bridgesudeld in the study, and traffic loads could also play a role in the
development of transverse cracks.

Figure 43: Typical transverse cracking on bridge deck 7N.
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Bridge decks withstayin-place metal forms (bridge decks 8N/8L and 9N/@ll3o0 tendeda exhibit more
longitudinal and transverseacking than bridge decks on precast concrete girders anrcbntinuous steel girders.
Stayin-place metal forms are not typically bonded to the concrete deck, although some restraint due to partial
bonding andtiction can be expectedlt is interesting to note that although all four of these bridges havénstay

place forms, they are supported by different types of girders, with bridges 8L and 9L on widenethesteas, |

while bridges 8N and 9N have stayplace forms on prestressed concrete gird8&@me of the @acking observed

on the bridge decks 8N, 8L, 9N, and 9L may also be attributable to the superstructure design, rather than from
concrete materialeelated causesOther bridge decks exhibitirtgansverse crack&lbeit to a lesser extent than in

bridge decks 6N, 6L, 7N, 7L, 8N, 8L, 9N, and)9include bridge decks 1L, 3N, and 5N.

For each bridge deck included in the study, the sample section included one @xpemsionjoints. Distress
obsered neaexpansiorjoints typically included cradkg andor spalling. Cracks are often oriented perpendicular

to the expansion joint, and can likely be attributed to additional restraint due to reinforcing details at the expansion
joints. Cracks extendin perpendicular from an expansion joint are shown in Figutre Eor several bridge decks,

such as bridge deck 8L, the most significantly distressed areas were located in the proximity of the expansion
joints. Other bridges exhibiting longitudinal cradtriented perpendicular to joints included bridge dHek1L,

2L, 3N, 5N, 7L, 7N, 8N, 9L, and 9N.

Figure 44: Cracks extending perpendicular to expansion joint on bridge deck 9L.

Cracls were also observed in the vicinity of bents. Reinforcingade near expansion joints, as well as issues
related to transitions between positive and negative moment reg@amscontribute to cracking near supports.
Distresses were alsubserved at joints at abutment$.integral abutments are used in the geddesign, cracking
of bridge decks can occur some distance from the end joints.

Longitudinal crackghat are not adjacent to expansion jointse also observed on several bridge decks, including
bridge deck 5L, 7N, 8N, and 9N.A typical longitudin& crack is shown in Figure-8. Longitudinal cracks on

bridge decks can be the result of a lever arm forming due to cantilever action from wheel loads applied to the deck
alongside of girders. These could be result of overstress due to oversized tosmmecother overload issue
related to detailing of reinforcement. Longitudinal cracks could also have resulted from vehicle impacts into
barriers.
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Figure 45: Typical longitudinal cracking on bridge deck 8N.

Pattern crackingvasobservedon a numbr of bridge decks included in the study. As discussed in the literature
review presented in Section 2.1, pattern cracking can be attributed to a number of factors, both directly related anc
unrelated to concrete materials characteristidse most sever pattern crackingvas observed in bridge decks 6N

and 6L. These bridge decks, located @ lwestbound in Winste8alem, North Carolina, had the highest traffic
loading (ADT of 68,000 and 64,000, respectivelyljhis pattern cracking could have initidtelue to materials

related issues, but may also have been exacerbated due to trafficTgpdsl moderate severity pattern cracking

on bridge deck 6N is shown in Figuré4

Figure 46: Typical moderate severity pattern cracking on bridge deck 6N.

Pattern cracking was also observed on bridge decks 1INGNLLYN, 7L, and 8L. Typical low severity pattern
cracking is shown in Figure-4. Of interest are the bridge deck pairs where one bridge deck exhibits pattern
cracking and the other bridge dettes not. Bridge decks 5N and 5L are on the same bridge, the bridge on US 64
spanning the Roanoke Sound to provide access to the Outer Banks. Pattern cracking (deemed low severity) wa
observed over much of the normalweight portion of the bridge desk&redd, while no pattern cracking was
observed in the lightweight concrete dedkidge deck 5L did, however, exhibit a series of relatively short cracks
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oriented in the longitudinal directiqishown in Figure 4). The cause of these cracks@ readly evident at this
time.

Figure 47: Typical lowseverity pattern cracking on bridge deck 1N.

Figure 48: Typical relatively short longitudinal crack on bridge deck 5L.

Another pair exhibiting a difference in the presence of pattern crackindprigage deck pair 8L and 8N. Bridge

deck pair 8L and 8N may not be the strongest pairing, as they are on two different roadways in two separate
counties. However, the ADT for these two bridge decks is similar, as are the ages. Pattern crackingnv@s prese
bridge decl8L, but notbridge decl8N.

To summarize, bridge decks included in this study exhibited a wide variety of @istr&msme bridge deckzad

little to no visible distress, and other bridge decks had a significant amount of lineaattard pracking. It is
important to remember that bridge decks included in this study were typically 10 to 20 years of age at the time of
the site visit, which can be up to 1/3 of the design life of the structWwkimately, information obtained during

visual surveys was useful in evaluating field testing and laboratory tesngs. In some instancegoor field

and/or laboratory test resultsas linked to distress that was evidduating the visual survey.
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4.2 Air and Water Permeability Tests

Air permeability and water permeability tests were performed in the field using the Poroscope Plus test equipment,
which measures permeability in general accordance with the Figg Meffrtmel Poroscope Plus readings for air
permeability and water permelityi readings are in units of seconds. likerature provided with the Poroscope

Plus NDT James Instruments provides an equation for converting air permeability readings into an Air Exclusion
Rating (AER), and an equation for converting the water perilitgaieading into a water absorption rate (WAR).
These equations are shotselow as Eq. 1 and Eq. 2

80Y —— p@vu - (Eq. 1)

wo'Y —— pm (Eg. 2)

In Eq. 1 and Eq.,2 is the measured time (s@@l9 and V is the volume of the apparatus, includingtéise hole (in
mL). For the Poroscog@lusequipment, V is 77.1 mL, so AER = 0.247 Literature provided with the Poroscope

Plusequi pment (NDT James I nstruments 2007) Agives the
calculated AERmai ngs f or concrete of varying pr tnoreationfrome g u a
this table is shownin Tabled Thi s t abl e i s based upon fitentative r &

as outlined by Figg (1989). The repeatative types of materials presented by Figg (1989) are also shown in Table
4-1. Color has been addedttuis table taassist in interpreting results presented subsequently in this section.

Table 41: Values for air calculated AE&Bhd WARfor concreg of varying protective quality for embedded
reinforcement (from NDT James Instruments 280d Figg 1989

. Air Permeability Water_ . ;
Concrete | Protective Permeability Type of Material
Category Quality Time AER WAR (from Figg 1989)
(sec) (s/mL) (sec/ml)
0 Poor <30 <8 <3 Porous mortar
1 Not very good| 30-100 8-25 3-10 20 MPa (2900 psi) concrete
2 Fair 100-300 2575 10-30 30-50 MPa (43567250 psi) concrete
3 Good 300-1000 75-250 30-100 Densified, weHlcured concrete
4 Excellent >1000 >250 >100 Polymermodified concrete

For each bridge deck included in the study, air permeability and water permeability tests were performed at one or
more test locatiom At each test location, multiple readings were tad®woutlined in Section 3.2.3ir and Water
Perneability, and he testresults for each test location were averaged. Subsequently, for each bridge deck, the
average air permeability and average water permeability readings for all test locations were averaged in order tc
obtain an average air permedyiland average water permeability reading representative of the bridge Teek.
average air permeability and average water permeability for each bridge decthamecenverted intocaverage

AER andaverageWAR values and are shown in Table2d The Pooscope Plus equipmestopped working

during water permeability testing on bridge deck 6N, sceadingfor water permeability was obtained.
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Table 42: Average Air Exclusion Rates (AER) and average Water Absorption Rates (WAR)

Bridge | Average Air Exclusion Aﬁ\g%rr%%ir\llv s:taé
Deck Rate, AER (sec/ml) WAR (10° sec/ml)

1IN 29.4 44.6

1L 16.8 47.5

oN 9.2 4.3

2L 19.0 68.5

3N 24.8 17.9

3L 8.3 75.9

5N 9.4 3.4

5L 8.5 15.8

6N 6.4 N/A

oL 14.0 12.4

7N 4.4 0.1

7L 3.3 2.9

8N 49.4 7.7

sL 22.5 9.9

9N 22.1 45.3

oL 28.0 7.1

Assessing the air permeability test resulb® relative protective qualityr at i ngs of AER range.
Afair, o with mosti mrti dg efiotbadtdk weaaypwgeer.agilng i s | i kel y
the concrete comprising the bridge decks would show far better resistance to air permeabilitsurfidear
cracking of the concrete due to traffimy influencemovement of air through theonaete The results of the field

survey (in which macrocracks were observed) and petrographic analysis (in which microcracks were observed) for
each bridge deck provide insight into the role of cracking in these resnlizarticular, bridge decks 6N/6Lnd

7N/7L exhibited some of the most extensive linear and pattern cracking, and also had some of the lowest values fol
AER and WAR, exhibiting the least resistance to permeability of air and water. Bridges with the least amount of
distress tended to haverse of the highest AER and WAR values, showing the greatest resistance to air and water
permeability.

A graphical representation of air permeability test results is shown in FigireFér five of the eight pairs of

bridge decks, the AER for the norlwaight bridge deck was higher than the AER of the lightweight bridge deck,
indicating that the normalweight bridge detksbetter resistance to air permeability. For the other thags of

decks, the AER values indicate that the lightweight condvatige deck had lower air permeabilityRegional

trends in air permeability were nigadily evident. Of the four pairs of coastal bridge decks included in the study,
three out of four normalweight bridge decks had lower air permeability than theiwdight deck counterparts.

For both the piedmont and mountain regions, the results were split between the two pairs of bridge decks, with the
normalweight bridge deck having lower air permeability for one pair, and the lightweight bridge deck having lower
permeability for the other pairlt is notable that the relative protective quality ratings for the mountain bridge
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decks tended to be higher than those for the piedmont ld&tdes. Thican possiblpe attributed tahe extensive
linear and patternracking present in theiedmontbridge decks.
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Figure 49: Air permeability test results

Forwater permeability test results, thedativeprotective qualityratings of WAR ranged fromi p @ort o ,0dsggo o d
shown in Table €. During water permeality testing on bridge deck 6N, the Poroscope Plus stopped working,
and no value was obtained. Therefore, when comparing water permeability test results (via average WAR values)
data is available faseven pairs of bridge decksstead of eight pairs ofridge decks Figure 410 shows the water
permeability test results graphicallyror five of thesevenpairs of bridge decks, the WAR for the lightweight
bridge decks was higher than that of the normalweight bridge decks, indicatamyvater permeabiy. This is in

contrast to the air permeability test results, in which the normalweight concrete decks tended to have lower water
permeability.
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Figure 410: Water permeability test results

For coastal bridge deck pairs, it is notable that all fayintiveight bridge decks showed lower water permeability,
sometimes to a very substantial extent. With the exception of bridge decks 2N and 5N, coastal bridge decks alsc
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generally exhibited the lowest water permeability of all bridge decks in the sfidy.is again in contrast to the
air permeability test results, in which three of the foummaweightbridge decksad lower air permeability than
their counterpartoastalightweightbridgedecks

For piedmont bridge deck pairaregional trenccamot be identifieddue to the lack of data for bridge deck 6N.
Although theaverageaVAR values indicate that the water permeability of bridge deck 7N is lower than bridge deck
7L, both decks exhibited relatively high water permeability, rated in the logra of @A not very go
The average AER values for both bridge deck 7N and bridge deck 7lalgeien t he HApoor 6 r ang
quality. For mountainbridge deckpairs a regional trend was not evident.

Statistical analysis was perfoed by aggregating the air permeability test data for normalweight bridge decks and
lightweight bridge decks. A box and whisker plot showing the median, upper quartile, lower quartile, and
maximum and minimum values is shown in Figdrgl. When groupedthemean AER value for normalweight
bridge decks (19.4 sec/mL) is higher than the mean AER value for lightweight bridge decks (15.0 sec/mL),
indicating lower air permeability. Thmedian AER valug for the normalweight bridge declend lightveight

bridge decks are similar (15.8 for normalweight decks versus 15.4 for lightweight détdw)ever, AER values

for the lightweight bridge decks had a smaller range (difference between minimum and maximum values) than
those of the normalweight bridge decks.
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Figure 411 Range and summary statistics of air permeability tests for normalweight and lightweight concrete
bridge decks.

Statistical analysis was also performed by aggregating the water permeability test data for normalweight bridge
decks and lighteight bridge decks. A box and whisker plot showing the median, upper quartile, lower guartile,
and maximum and minimum values is shown in Figti?. When grouped, thmean WAR for the lightweight

decks is 30.810° sec/mL, which is much higher than tieean for namalweight concrete decks (188X

sec/mL). Themedian WAR value for the lightweight bridge de¢kd.1x10° sec/mL)is noticeably higher than that

of the normalweight weight bridge dec&7x10’ sec/mL) indicating lower water permeabilityHowever, WAR

values for the normalweight bridge decks had a smaller range (difference between minimum and maximum values)
than those of the lightweight bridge decks. These results are sonrewdtsedrom what was observed in the air
permeabiliy test esults shown in Figure-21.
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Figure 412: Range and summary statistics of water permeability tests for normalweight and lightweight concrete
bridge decks.

It is noted that teidies performedy (Meletiou et al. 1992) found that the initial moisturentent or degreef
saturationof the concretecanhave a significant effect on the field water permeabithitstresults. In that study,
consistent results were obtained when tést section was presaturated priortasting However, the operating
instructions for the Poroscope Pliged in this studygo not call for presaturation of concrete surface prior to water
permeability field testing.

4.3 Surface Resistivity Tests

Given the relationship between permeability of fluids and diffusivity okithrough porous material, electrical
resistivity measurements of concrete can be used t
ingress.Higher resistivity readings indicate concrete that will exhibit lower permeability and trereédrer
durability performance Surface resistivity testing was performed at eight locations on each bridge deck, as shown
in Figure3-1 and Figure 2. At each test location, eight measurements of surface resistivity were made, along
with a measuremermtf the temperature of the concrete surfa€er each test location, the eight measurements were
taken parallel to each other, within an area spaced approximatelyoll¥2in apart along the test area. The
presence (or absence) of aggregates nearrtieq localized high or low aggregate content, and intelistaess

(not visible on the surface) may have affected individual readings. For this reaseight@easurements at each

test location were averageals werethe temperature measuremerntspbtainan average surface resistivity and
average temperatel for the location Since the dimensions of the bridge deck were large compared to the probe
spacing, seminfinite geometry was assumed, and no correction was applied to the resistivity readifigom the
equipment.These dataareincluded in Appendix C.

As discussed in Section12.Literature Review, surface resistivity is sensitive to temperature, with increasing
resistance at lower temperatures. cborectthe results for temperaturan equation originally developed by Elkey
and Sellevold of the Norwegian Road Research Labordamypresented iPresueMoreno et al. 20I0was
utilized. This equationshown below in Eq. 3zorrecs surface resistivity data to 294.15°K, or 69.8°F] @&
shown below.In this equation, K = 2889, and-dsandar= 294.15°K.

? i Qo (Eq. 3)

J J

For each bridge deck, the temperatcoerected surface retivity results were averaged to provide one
temperatureorrected value. Surface resistivity testing is a relatively new technique for characterizing and
assessing concrete. Although a number of studies have been performed on concrete cylindeenbatohed in
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a controlled laboratory setting, techniques for use of the surface resistivity meter to evaluate concrete in existing
structures have not yet been extensively developed. For this reason, for each bridge deck, additional informatior
pertainingto the average surface resistivity reading at each of the eight test locations, including the average,
standard deviation, and coefficient of variation, is presented in Tekle 4

Table 43: Average temperatwerrected surface resistivity readingstegt location

Bridge Deck
Test Location N 2N 3N 5N 6N 7N 8N 9N
S c1 125 23 180 23 151 50 24 24
% § Z c-2 136 23 188 69 122 31 22 24
35 - c-3 160 15 192 38 131 37 28 27
£ g - C-4 141 35 234 44 164 68 27 31
L % - c5 140 84 248 29 111 64 23 29
gt o C-6 219 18 220 47 112 13 18 36
g O c-7 125 25 171 31 143 25 27 32
c-8 137 27 172 172 10 22 43
Average 1479 | 313 | 2006 | 566 | 1334 | 373 23.9 30.8
Standard Dev. 30.8 22.1 29.5 48.7 20.1 21.9 3.4 6.4
Coefficient of Variation 0.21 0.71 0.15 0.86 0.15 0.59 0.14 0.21

Bridge Deck
Test Location 1L 2L 3L 5L 6L 7L 8L oL
D c-1 98 26 150 59 38 88 16 15
% § 2 c-2 131 24 193 144 24 85 10 14
5% - c-3 73 60 181 135 21 31 9 17
£ o C-4 90 68 166 70 16 42 8 28
L % _ C-5 78 29 151 122 16 165 10 21
85 o C-6 59 54 144 76 27 53 11 12
g O c-7 43 66 240 100 28 59 13 17
c-8 79 56 145 70 18 61 12 25
Average 81.4 479 | 1713 | 970 235 73.0 11.1 18.6
Standard Dev. 26.4 18.5 33.0 33.0 75 41.9 2.5 5.6
Coefficient of Variation 0.32 0.39 0.19 0.34 0.32 0.57 0.23 0.30

In addition to mixture components and curing conditions, in situ moisture content and aggregate type can affect
resistivity. Other researchers have shown tbamhductivity (and hence its inverse, resistivity) is highly influenced

by thepore solutiorchemistry(Spragg et al. 2031 The presence of chlorides has been shown to decrease surface
resistivity (PresueMoreno et al. 2010).Therefore, chloride contained in the nearface concrete at each test
location could influence the sade resistivity measurementsfluencing the variability shown in Table-3
Abrasion by tires may create a more fiopend concrete
experienced along the shoulder®rainage on most bridge deckypically is routed away from the travel lanes,

with water flow directed across the shoulder towards drains along the sides of the bridge decks. This drainage
pattern often exposes concrete along the shoulder and edge of the bridge deck to more aieatiioig,the
potential for more chloride ingresg.herefore, surface resistivity measurements obtained in areas with high near
surface chloride contents could be lower than areas without significarsuréace chloride contentdJsing the

diagonal samling pattern for testing locations should have helped to address this variability when the surface
resistivity is averaged.
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Surface resistivity measurements could dsdnfluenced bylocalized cracking and characteristics of the near
surface pasteespecially at test locations within the wheelpath8ridge decks exhibiting the most extensive
cracking did not necessarily have the greatest variability in surface resistivity measuraineadis test location
The average temperatucerrected surface sestivity value for each bridge deck included in the study is shown in
Table 44.

Table 44: Average corrected surface resistivity readings.

Bridae Deck Average Corrected Surface

9 Resistivity Reading (kw-cm)
1IN 148
1L 81
2N 31
2L 48
3N 201
3L 171
5N 57
5L 93
6N 186
6L 24
7N 37
7L 73
8N 24
8L 11
9N 31
oL 19

A graphical representation of data presented in Taddlés4shown in Figure 42. It can be seen thébr coastal
bridges, two normalweight brigt decks had higher average temperatoreected surface resistivity readings and
two lightweight concrete bridge decks had higher average tempecatueeted surface resistivity readings. Some
of the highest surface resistivity readings were obta@dutidge decks 3N/3L, which are both on a bridge over the
Intracoastal Waterway near Morehead City. These high readings indicate the potebdiieimoncrete quality
including reducedpermeability and higher resistance to chloride ingress. Vely tlistress was observeliring
visual survey®n bridge decks 3N and 3L.

The greatest difference in temperatacgrected surface resistivity readings was obtained for the two bridges in
WinstonSalem, North Carolina, bridge decks 6N and 6L. Bridgd @®étexhibited far higher resistivity readings

than 6L. These bridge decks exhibited extensive cracking which may have influenced the readings, as cracks coul
have influenced the saturation of the test sites. Since both 6N and 6L had extensive craskiniy the difference

in readings may not be explained by the presence of cracks. The potential causes of this wide disparity in surface
resistivity are unclear at this time.
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For both mountain bridge deck pairs, the normalweight decks showed highera&mgpeorrected resistivity than
the lightweight bridge decks. However, some of the lowest tempei@itnected resistivity readings were obtained
for these four bridge decks addition, hese four bridge decks were also found to have some of theshgyhéace
chloride concentrations which may have resulted in low resistivity readings. Information on chloridescisnten
presented in Section 5.Bapid Chloride Test (RCT).
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Figure 412: Average temperatumrrected surface resistivity readings.

A box and whisker plot showing the summary statistics for average temperatrgeted surface resistivity is
shown in Figure 4.3. As shown in Figure 43, the readings taken on both normalweight and lightweight decks
exhibit similar ranges; however,adings taken on lightweight decks exhibit a much smaller interquartile range
indicating less dispersion in the dafhe mean temperatumorrected surface resistivity for the normalweight
decks (81.% gcm) was higher than that of the lightweight decks (65 &cm).
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Figure 413: Range and summary statistics of average tempesaitnected surface resistivity tests for
normalweight and lightweight concrete bridge decks.
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The mean and median temmpturec or r ect ed surface resistivity-cmanddi ng
55.0 k gcm, respectively) are much closer together than the nagmhmediantemperatureorrected surface
resistivity readings for the normalweight decks (8&.@cm and 43.0k gcm, respectively), indicating that the
lightweight data is more normally distributed tithe data for thenormalweight écks This may be attributable to

the fact that all lightweight bridge deck concrete from decks included in this studyegpeaontain the same
general type of manufactured lightweight aggregate. Normalweight bridge decks were comprised of concrete with
a number of different coarse aggregate types from various geographic regions of the state (mountain, piedmont, an
coastd). Information on the coarse aggregate types present in each of the normalweight bridge decks is presentec
in Section 5.7 Petrographic Examinations.

4.4 Rebound Hammer Tests
The limitations of eboundhammer tests are well documented (Neville 19951ddss et al. 2003as he rebound

number obtained from testing concrete surfaces is influenced by surface finish, moisture content, temperature,
carbonation, and rigidity of the strucaimember, among other factors. Use of the rebound hammer to paovide

assessment of strength is strongly discouraged by a
useful within a limited scope, the test is not a strength test and exaggerated claims of its use as a replacement for tt
compressionteshoul d not be accepted (Neville 1995).0

Rebound hammer testing camowever,be used to provide a quick assessment of the uniformity of concrete. As
stated by Mindess et al. (2003) , ithe generthdtitivi ew
useful in checking the uniformity of concrete and in comparing one concrete against another, but that it can only be
used to obtain a rough indi cat i ®eboundfhantmerdestcesuliscobtanede s
from the sibject bridge decks were not used to assess the compressive strength of the concrete. The results were
howeverobtained in order to allow foa general assessment of the uniformity of the concrete, and to identify
potential locations where the concreteesgth or general condition may differ significantly from the rest of the
concrete comprising the bridge deck.

Rebound hammer tests were performed at each of the eight test locations on the bridge decks included in the stud
At each test location, the sets of rebound hammer tests were perforesch test spaced several feet apatte

rebound number for each test site was computed as outlined in ASTM C805. For each test location, the three
rebound numbers obtained were averaged in order to ainadnerage rebound number for the test location. The
eight rebound numbers for each bridge deck were tallied, and are preserabteins.
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Table 45: Average rebound numbers for test locations

Location

Bridge
Deck Cc-1 C-2 C-3 C-4 C-5 C-6 C-7 C-8 | Average

IN 39.7 41.7 38.5 43.2 34.7 40.9 39.0 43.8 40.2
1L 37.5 34.2 36.5 38.6 38.2 35.6 37.4 37.1 36.9

2N 33.1 31.5 32.7 31.4 33.2 36.0 34.4 35.6 33.5
2L 33.6 33.7 30.6 34.0 33.7 35.8 29.8 31.9 32.9

3N 38.4 40.7 41.1 42.7 40.2 37.3 38.8 39.7 39.9
3L 34.2 35.3 35.3 35.5 33.4 35.3 37.7 35.4 35.3

SN 34.3 44.1 34.6 38.3 39.0 36.3 39.5 38.4 38.1
5L 28.5 34.1 30.9 33.8 38.3 34.0 34.8 36.6 33.9

6N 39.5 35.2 37.2 35.4 35.3 40.5 38.5 38.1 37.5
6L 34.0 31.6 33.9 31.8 31.7 33.2 33.9 33.6 33.0

7N 33.5 40.0 46.7 44.6 39.6 38.8 44.6 45.0 41.6
7L 35.7 36.0 41.6 38.4 38.2 36.2 39.0 40.4 38.2

8N 40.3 42.1 46.8 49.7 48.4 46.0 441 430 45.1
8L 36.4 36.7 36.9 39.1 44.0 44.9 39.8 44.6 40.3

ON 37.6 33.3 35.8 33.7 39.1 40.7 38.3 39.9 37.3
oL 34.2 34.7 38.2 38.7 39.2 39.5 38.8 38.8 37.8

It can be seen in Table3that, as expected, the average rebound numberchttest location varied across the
sample section. For some bridge decks, a few locations had rebound numbers that were somewhat lower than tho:
obtained at other locations. These relatively low rebound numbers may éndid¢atalized area of distrees

different concrete characteristics due to placement, finishing, or other.isBbegelatively low rebound numbers

may also be the result of some other suridwaracteristiof the concrete For example, groove depths on bridge
decks included in # study were of varying thickness, and sometimes the depths varied along the length of a
sample section. For this reason, this data is viewed as supplemghitaiately, diring the analysis portion of this
study,no test results from other testing weliscounted due to low rebound hammer test results.

With the exception of bridge deck pair 9N and 9L, typically the average rebound number for a normalweight
concrete bridge deck is higher than the average rebound number for its sister lightweigte dordge deck.

Again, due to limitations on interpretation of rebound hammer test results discussed above, no distinction in relative
strengths of lightweight and normalweight concrete bridge decks is implied with these results.
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5. RESULTS OF LABORATORY TESTING
5.1 Unit Weight and Moisture Content

Testing was performed to determine the apparent density and moisture content of representative cores and selecte
portions of coresA summaryof averageapparent densities aaeragemoisture contestis shown in Tablé-1.

Table5-1: Average noisturecontentsandaverageapparent densities

Bridge | AverageMoisture Content Average Apparent
Deck (%) Density (pcf)

1IN 4.8 158.0
1L 7.2 134.6
2N 3.7

2L 7.1 128.1
3N 4.0 157.9
3L 5.7

5N 3.4 155.4
5L 4.8 122.0
6N 3.5 158.6
6L 5.3 126.9
7N 4.3 159.5
7L 4.9 ---

8N 4.0 160.0
8L 6.0 129.8
9N 3.9 161.3
oL 5.7 126.0

Since most laboratory tests performed in this study require specdfainsgn conditioning procedures, moisture
contents of the concrete comprising the bridge decks is of interest mainly in evaluation of field testingFesults.

all pairs of bridge decks, the moisture content of cores removed from lightweight bridgevdsdhkigher than the
moisture content of the companion normalweight bridge decks. The difference in moisture content was most
pronounced in two of the coastal bridges, 1N/1L and 2N/2L. The greatest difference in moisture content was 3.4%
between 2N and 2lwhich are both located on the bridge to Cedar Island crossing the Thorofare Bay Channel.

Due to the limited number of test specimens obtained from each bridge deck, ASTM C642 testing to determine
apparent density of concrete was only performed orooh&o cores (or portions of cores) from each bridge deck.

The average apparent density of normalweight concrete specimens was slightly higher than the expected 140 to 14
pcf that is typical for concrete. The average apparent density of lightweighetmspecimens was also slightly
higher than the expected range of valuestarcturalightweight concrete.
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5.2 Compressive Strength

Compressive strength test results were obtained for mtierde cores per bridge deck. Additional compressive
strength test results were desired.owtver, only a limited number of cores could be obtained from each bridge
deck during the allowable lane closure period. The goal ofthidywasevaluatedurability performance, and it

was decided that since the numbétest specimens was limited, priority assignment of the seeinens should

be allottedto other tests (ragichloride permeability testingsorptivity testing, etc.jhat better assess potential
durability performance thacompressive strength tegjinThe presence of steel in a number of cores also limited

the number oBpecimes suitable for compressive strength testing. Although a rebar locator was used to identify
the location of the top reinforcing steel, occasionally reinforcing bars (typit@lbottom layer), chairs, or welded

wire was encountered by the drill bit and was included in the cores. Cores that contained steel were not tested fo
compressive strength.

When removing cores, camastaken to ensure that the cores did not go tjinotne full thickness of the bridge

deck. Care was also taken to avoid cutting through the bottom layer of reinforcing steel. For most cores, drilling
was stopped just above the bottom layer of reinforcing steel. For this reassiicores were not thASTM C39
optimum length to diameter (L/D) ratio of 2 to 1. ASTM C39 provides a correction factearious L/D ratios

and the adjusted compressive strength is lower ti@measured compressive strength. Therection factor is

scaled so that theeduction is greater for shorter test speciméhe results of compressive strength tests, including
information on the dimensions of test specimens and the correction factors applied, are included in Appendix
After the L/D ratio correction factor waapplied to each compressive strength result, the average adjusted
compressive strength for each bridge deck was computed. These averages are summarized2nbebve. 5

Table 52: Average adjusted compressive strengths

Bridge Average Adjusted
Deck | Compressive Strength (psi)
1IN 4,370
1L 3,950
2N 3,940
2L 4,555
3N 4,415
3L 3,013
5N 3,290
5L 4,850
6N 4,075
6L 4,328
7N 3,953
7L 3,130
8N 4,248
8L 3,893
ON 4,688
oL 6,015
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The averagedjusted compressive strengths for most bridges ranged from 3,200 psi to approximately 5,000 psi.
These values are lower than what may be expected based on the typical delagnc@gpressive strength for

bridge decks, which is often 4,000 psi to 6,080 pHowever, as these cores are drilled specgmemoved from

bridge decks that have been in service for many years, they likely contain internal damage that resulted in lower
compressive strength test r esul t storicallyAidhdsibéen assumédlthat, A
core strengths are generally 85% of the corresponding stacalaad cylinder strengtl®s Generally, ompressive
strengthis not viewed as a direct indicator of durability performandderefore it is the intent of ¢hauthors to

provide these adjusted compressive strength results for informational purposes only.

5.3 Dynamic Modulus

Dynamic modulus testing was performed on one to three cores per bridgeTtieskesting was performed olnet
same cores that wengsed for compressive strength testimgth the nondestructive dynamic modulus testing
performed first As discussed in Section 5.2, Compressive Strenkdisetcores did not contaieinforcing steel.
Prior to dynamic modulus testing teads of thecores were saeutto create a morplanesample for bth this test
as well as focompressive strength test

As discussed in Section 5.2, Compressive Strengtbnwioresvere removedcare was taken to ensure that the
cores did not go through the fulitkness of the bridge deck. Care was also taken to avoid cutting through the
bottom layer of reinforcing steel. For most cores, drilling was stopped just above the bottom layer of reinforcing
steel. For this reason, most cores were not the optimunthleagdiameter (L/D) ratio of 2 to 1 for dynamic
modulus testing. Unlike ASTM C39 which provides a correction factor to adjust the compressive strength, ASTM
C215 nAStandard Test Met hod f or Fundament al enCiesoih sver
Concrete Specimenso does Testirtg wasrperforina es oatlihgduirs Sectienr313.3,f a
Dynamic Modulus. Where more than one core was used for testing per bridge deck, the dynamic modulus values
were averaged. These vaduare summarized in Tableé35below. Additional datacan be foundan AppendixF.
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Table 53: Dynamic Moduludest results.

Bridge . :
Deck Dynamic Modulus (ksi)

1IN 4,640

1L 3,120

2N 4,590

2L 3,290

3N 4,720

3L 2,440

5N 4,050

5L 3,330

6N 4,630

6L 3,400

7N 4,610

7L 2,690

8N 4,670

8L 3,050

9N 4,710

oL 3,710

As discussed irbection 2.1 Literature Review, experimental determination of dynamic modulus is extremely
sensitive to cracking of the specimen. No visible marercking was evident in the specimens used for testing, but
microcrackingpresent in the test specimesmuld certainly have impacted the test resulscrocracks were likely
present due to isitu loading of traffic and environmental exposufiéhe coredrilling of the specimens coulalso

have induced microcracks at the surfaces of the specimens.

For all eight pairs of bridge deckshe lightweight concrete bridge deck had a lower dynamic modulus than the
normalweight concrete bridge deckThese radts are consistent with expedtats. Lightweight aggregate
typically has a lower modulus of elasticity than natural normalweight aggregates; theigftvegitht concrete
often has adwer dynamic modulus than normalweight concrete. One study fdundbie approximately 60% to
70% of normalweight concrete (Lee etE397).

5.4 Sorptivity

Two methods were used to characterize the sorptivity of each specimen. First, sorptivity testing was performed in
general accordance with ASTM C1585 on a savetrface corresponding to a deptimdelow the surface of the

bridge deck. Testing performed by the method outlined in this standard measures the rate of absorption througt
capillary rise. Second, a ponding sorptivity test, in which absorption istegdiy gravitywas performed on the

top surface of thesamespecimes. Ponding sorptivity testing was performed in general accordance with the
procedureputlined by Bentz et al. (2002)For each bridge deck, two specimens were tested, with both thel AST
C1585 capillary suction test and the ponding test performed on the same speditdditional information on

these tests is presented in the literature review in Section 2.1.3.2, Sorptivity and Permeability.
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For both the ASTM 158%apillary suctiontest and the ponding test, th@tial absorption and the secondary
absorptionwere determined Measurements of masgre used to compute the sdrption, |, defined by Eq.,4
where | is the absorption inmm a is the exposed area of the specimen irf,rdnis the density of water in g/min
and mis the change in specimen mass in grams at the time, t.

0 — (Eq. 4)

Absorption valueswere plotted against the square root of timd=or each test specimen, leaguare linear
regressiorwas performed in order to fit two line segments to the data. The first line segragnsed to fit the

data for absorption change between 1 minute and 6 hours. The second line sesgued to fit the data for
absorption change between day 1 and day 7. The initial absagptiefined aghe slope of the best fit line for the

1 minute to 6 hour datand the secondary absorption is defined as the slope of the best fit line for the day 1 to day
7 data. Typical plots showing the initial absorption and secondary absorption pefmdthe ASTM C1585
capillary suction test and the ponding tédbng wit the best fit linespre shown inFigure5-1 and Figure £,
respectively Sorptivity test results, including the initial absorption and secondary absorption computed for each
test specimen, are providedAppendix G.
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Figure5-1: Results from tyjral ASTM C1585 absorption test, showing initial absorp(fost line segmentand
secondary absorptidsecond line segment)
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Figure 52: Results from typical ponding sorptivity test (per Bentz et al. 2002), showing initial absorption (first line
segment) and secondary absorption (second line segment).

As outlined in Section 3.3.4, Sorptivity, the ASTM C1585 capillary suction test was performed on a sawcut surface
of a core, with the test surface oriented parallel to the wearing surface of thededepth of twin. This test

surface likely exhibits far less microcracking than the test surface used in the ponding sorptivity test. Additionally,
the test surface used in the ASTM C1585 c agohfromary
traffic. Therefore, it is likely that the C1585 capillary suction sorptivity test results are more indicative of the true
material performance (and less sensitive to other environmental or traffic related factors) than the results of the
pondingtest developed by Bentz et al. (2002).

ASTM C1585 capillary suction test specimens are submerged with the test surfacardbiva absorption of

water is not assisted by gravityr herefore, the capillary suction test method may not reflect actuhkbelitions

as well as the ponding sorptivity test. The test surface used in the ponding sorptivity test is the top end of the core
and therefore the actual wearing surface of the bridge decks. As such, the ponding sorptivity test results for this
project are influenced by the damage present at and near the surface of the bridge deck. Macrocracks an
microcracks present in the bridge detikely increase the rate of absorption, and increased surface wear would
likely also increase absorption. The thepf grooves present on the surface would also influence the absorption, as
deeper grooves would provide more surface area on the test specimen.

Manufactured lightweight coarse aggregates typically have significantly higher absorption (oftentiama®e)

than normalweight coarse aggregates. The results of sorptivity tegtirtgcularly initial absorptiongould be
significantly influenced by the absorption of the lightweight aggregates. Exposed lightweight aggregate surfaces
would likely allow for greaterinitial absorptons and possibly greateecondary absorptions as welkor both

capillary suction and ponding sorptivity tests, the amount of exposed coarse aggregate could significantly affect the
test results.For lightweight concrete, gheraggregate contemitould also result in higher absorption rates.

A summary ofthe average initial absorption and the average secondary absorption rates for both the ASTM C1585
capillary suction test and the ponding test are shown bel@atite5-4.
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Table5-4: Average initial absorption and average secondary absorption rates for ASTM C1585 capillary suction

tests and ponding tests.

Capillary Suction Test (ASTM C1585) Ponding Test (Bentz et al. 2002)
Bridae Initial Seconary Initial Secondary
D 9 Absorption, | Absorption, | Absorption, | Absorption, |
eck
(mm) (mm) (mm) (mm)

IN 0.0110 0.0012 0.0021 0.0009
1L 0.0144 0.0030 0.0033 0.0017
2N 0.0161 0.0004 0.0033 0.0022
2L 0.0122 0.0038 0.0040 0.0021
3N 0.0152 0.0010 0.0021 0.0012
3L 0.0110 0.0034 0.0022 0.0007
5N 0.0125 0.0021 0.0019 0.0005
5L 0.0115 0.0011 0.0022 0.0009
6N 0.0180 0.0008 0.0018 0.0006
6L 0.0259 0.0011 0.0031 0.0006
7N 0.0277 0.0005 0.0036 0.0034
7L 0.0183 0.0009 0.0035 0.0027
8N 0.0155 0.0010 0.0025 0.0019
8L 0.0256 0.0009 0.0025 0.0011
ON 0.0152 0.0007 0.0053 0.0030
oL 0.0205 0.0007 0.0032 0.0019

ASTM C1585 capillary suction test results are displayed graphically in Fig8rarisl Figure 8. Figure 53
shows the average initial absorption rates, and Figdreiows the average secondary absorption rates.
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Figure 53: Initial absorption, ASTM C1585 capillary suction test.
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Figure 54: Secondary absorption, ASTM C1585 capillary suctast.

For coastal bridge deck pairs, three of four normalweight bridge decks had higher average initial absorptions than
their companion lightweight bridge decks. It is notedwever, that the difference between the average initial
absorptions of theoastal bridges is less than the differences in average initial absorptions obtained for bridge deck
pairs in the piedmont and mountain regions. For mountain bridge deck pairs, both lightweight bridge decks had
higher average initial absorptions than tfeemalweight bridge decks. For piedmont bridge deck pairs, the results
were split, with one normalweight bridge deck and one lightweight bridge deck having higher average initial
absorption than the companion deck.

Average secondary absorptions faghliweight bridge decks tended to be larger than those of the companion
normalweight decks For five of the eight pairs of decks, tightweight deck exhib#éd higher average secondary
absorptions. The difference in average secondary absorptions waswvidesit in three of the four coastal bridge
deck pairs, IN/1L, 2N/2L, and 3N/3L. For theifth coastal bridge deck pair (a bridge nearQiuer Banks), the
lightweight deck had significantly lower average secondary absorption than the normalweightqfdre deck.

Bridge deck pairs in the piedmont and the mountains exhibited far less disparity between the average secondar
absorptions of normalweight and lightweight concrete bridge decks. For the piedmont bridge deck pairs, the
lightweight bridge decks had slightly higher average secondary absorptions than the normalweight bridge decks.
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For the mountain bridge deck pairs, the normalweight decks exhibited slightly higher average secondary absorption
values than the lightweight bridge decks, It difference was very small.

Box and whisker plots showing summary statistics for average initial absorption rates and average secondary
absorption rates for the ASTM C1585 tests are shown in Fighren®l Figure 55, respectively. As can be seen in
Figure 55, the average initial absorption rates for both normalweight and lightweight decks exhibit similar ranges
and similar median values (0.015 mm for normalweight bridge decks and 0.016 mm for lightweight bridge decks).
The mean values for the avgeainitial absorption value for normalweight concrete bridge decks (0.016 mm) and
lightweight concrete bridge decks (0.017 mm) were almost identical. The average initial absorption rates for
normalweight decks have a much smaller interquartile rangeaiiijcless dispersion in the data than the data for

the lightweight decks.

0.030

0.025 T

0.020

0.015 -

0.010

Initial Absorption, I (mm)

0.005

0.000 . .
Normalweight Lightweight

Figure 55 Range and summary statistics of average initial absorption rates (ASTM C1585 capillary suction) for
normalweight and lightweight concrete bridge decks.

Secondary Absorption, | (mm

Normalweight Lightweight

Figure5-6 Range and summary statistics of average secondary absorption rates (ASTM C1585 capillary suction)
for normalweight and lightweight concrete bridge decks.
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The box and whisker plot for average secondary absorption for the capillary suction test $feapgagain shows

that the normalweight and lightweight decks had similar median values. It is noted, however, that the mean for the
average secondary absorption of the normalweight concrete bridge decks (0.00095 mm) is almost half that of the
lightweight bridge decks (0.00185 mm). The lightweight decks included isttltlyhad a wider range of average
secondary absorption values, and a substantially larger interquartile range.

The average initial absorption and secondary absorption values computethé results of ponding sorptivity

tests are shown graphically in Figure75and Figure 5, respectively. For coastal bridge deck pairs, the
lightweight bridge decks again exhibited greater average initial absorption values, although for twoepaivgash

very little difference. For piedmont bridge decks, very little difference was observed between the average initial
absorption rates for the bridge decks near Charlotte, North Carolina, 7N and 7L, which exhibited the most severe
transverse crackingf the bridges included in the study. The other pair of piedmont bridge decks, 6N and 6L in
WinstonSalem, North Carolina, had some of the most extensive pattern (surface) cracking observed in the study.
For these two bridge decks, the lightweight beidigck had a higher average initial absorption value. For mountain
bridge deck pairs, 8N and 8L both had the same average initial absorption value, while bridge deck 9N had a highe
average initial absorption value than bridge deck 9L.
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Figure 57: Initial absorption, ponding test (Bentz et al. 2002).
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Figure 58: Secondary absorption, ponding test (Bentz et al. 2002).

As can be seen in Figure8 the average secondary absorption values from the ponding sorptivity tests were
significantly different than the secondary absorption values from the ASTM C1585 capillary suction sorptivity tests
(as shown in Figure-8). In the capillary suction sorptivity test, specimens from bridge decks from the piedmont
and mountain regions had some of the loawgrage secondary absorption values of all bridge decks included in
the study. Conversely, in the ponding suction tests, both bridge deck pairs in the mountains, as well as one pair ir
the piedmont region (7N and 7L), exhibited some of the highest aveeagadary absorption rates. For each of
these pairs of bridge decks, the normalweight decks had higher average secondary absorption rates than th
lightweight bridge decks.

For two of the coastal bridge deck pairs, the average secondary absorgtdiordhie normalweight bridge decks

were higher than the average secondary absorption rates for the lightweight bridge decks. The lightweight bridge
decks had lower average secondary absorption rates than the normalweight bridge decks for the athstatwo ¢
bridge deck pairs. The average secondary absorption rates for the normalweight deck and lightweight deck in twa
bridge deck pairs, 2N/2L and 6N/6L, were ti@arlythe same.

Box and whisker plots showing summary statistics for average inligbrption rates and average secondary
absorption rates for the ponding sorptivity tests are shown in Figdr@n8 Figure 5.0, respectively. As can be

seen in Figure-8, the initial absorption rates for the normalweight bridge decks have a largelarahgemewhat

larger interquartile range than the lightweight bridge decks. The median value for average initial absorption of the
normalweight bridge decks is somewhat lower than the lightweight bridge decks, but it is noted that the means are
relativelyclose (0.00281 mm for normalweight decks and 0.00299 mm for lightweight decks).
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Figure 59 Range and summary statistics of average initial absorption rates (ponding test developed by Bentz et al.
(2002)) for normalweight and lightweight concretelge decks.
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Figure 510 Range and summary statistics of average secondary absorption rates (ponding test developed by Bentz
et al. (2002)) for normalweight and lightweight concrete bridge decks.

The box and whisker plot of average secondary absarpéilues for the ponding sorptivity test indicates that again

the normalweight bridge decks had a greater range and interquartile range. The mean and median values fo
normalweight bridge decks (0.00170 mm and 0.00154 mm, respectively) and for lightaragbtdecks (0.00146

mm and 0.00140mm, respectively) were relatively close.

Overall, it would be of interest to link these sorptivity test results to predicted durability performance. For both the
ASTM C1585 capillary suction test and the ponding ®atp test, very limited test data is available from other
studies. Most published data on sorptivity is from laborat@sed studies. Of note, Bentz et al. (2002) performed
ponding sorptivity tests on test specimens prepared from normalweight copavetaent slabs cast as part of
work performed for Missouri DOT. Initial and secondary absorption rates from ponding tests performed as part of
this work were lower than those obtained by Bentz et al. on specimens from pavement slabs.
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5.5 Rapid Chbride Test (RCT)

Rapid chloride testing (RCT) was performed to determine the chloride content cbrtbeetepowder samples
removed from each bridge deck. For each powder sample, millivolt readings from the RCT equipment were
converted into chloride coents as outlined in Section 3.3.RCT data and computed chloride contents is provided

in AppendixH, with data arranged by both depth and test location.

Diffusion of chlorides into concrete can be affected by a number of factors, including crackfage condition,
drainage, and road salt application techniques. These factors can each differ depending on location. On a bridg
deck, cracking may be more prolific in the travel lanes (particularly in the wheelpaths). Abrasion by tires may
createanor e Aopend concrete surface. This may resul t |
shoulders. However, drainage on most bridge decks is away from the travel lanes, with water flow directed across
the shoulder towards drains alomg tsides of the bridge decks. THiminage pattern ofteexpose concrete along

in the shoulder and edge of the bridge deck to more chloride, creating the potential for more chloride ingress. To
address this variability, powder samples were taken aatiggonal line spanning from the shoulder across one or
more lanes of traffic.

The concept of corrosion threshold is used to assist in determining an estimated value for the chloride concentratior
that will initiate depassivation of the reinforcingedteand hence support the initiation of corrosion. Although test
methods can be used to determine the corrosion threshold values for specific materials, a specific value is ofter
identified by an agency as the corrosion threshold to be used for assesgmeses. The chloride threshold for
bridge decks used by NCDOT is IJpdy. Another chloride threshold used in assessment of bridge decks is the
replacement level FHWA recommends that concrete bridge delo&seplacedwhenthe chloride concentrations

reach 2ocy.

In the data presented in Appendix test results exceeding the corrosion threshold (greater thatylbut less

than 2.0pcy) are formatted in yellow, while test results exceeding the replacement level (greater they) aré
formatied in red. In order to assist with assessment the relative durability performance of lightweight concrete
bridge decks as compared to similar normalweight concrete bridge decks, the number of test results where the
replacement level and/or the corrostbneshold were tallied for certain depths. Of particular interest are the test
results at the 2 in depth, as this is roughly the level of the top layer of reinforcing steel in many bridge decks. This
information is presented in Tablesb
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Table5-5: Chloride ontentsexceedingcorrosionthreshold andeplacementevel at 2in depth

Bridge Number of Number of test locations Number of test locations
Dec?k test where corrosion threshold has| where replacement levehas
locations been exceeded at & depth been exceeded at id depth
1IN 8 0 0
1L 8 0 0
2N 8 0 0
2L 8 0 0
3N 8 0 0
3L 8 0 0
5N 8 0 0
5L 8 0 0
6N 8 0 0
6L 8 4 0
7N 8 2 0
7L 8 2 0
8N 8 6 2
8L 8 5 2
ON 8 4 1
oL 8 5 4

Review ofthis data mdicaes that some bridge ecks have areas where the chloride content exceeds pihg 2
replacenent level at a depth of 2 imelow the surfacehe approximate level of the top layer of reinforcing steel
These bridges were in the mountains, where road gadtilikely more frequenthan some other areas of the state
particularly in urban areas One lightweight concrete bridge deck (9L) had 4 locations exceeding the replacement
level at a depth of 2 in, while its sister deck (9N) had only 1 location excetiak replacement level at a depth of

2 in. For this pair bridge decks, the number of locations where the corrosion threshold was exceeded at a depth of .
in was similar (4 locations for 9N versus 5 locations for 9L). The other pair of bridge debksnitountains (8L

and 8N), had similar numbers of locations where the replacement level was exceeded (2 locations for both 8L anc
8N), as well as the number of locations where the corrosion threshold was exceeded.

No bridge decks included in this gu from the piedmont region had chloride contents that exceeded the
replacement level at a depth of 2 in. Bridge decks 7N and 7L each had two test locations where the corrosion
threshold was exceeded at 2 in. However, when comparing bridge decks 6N, anddiiceable difference is
present in that the corrosion threshold was exceeded at a 2 in depth at 4 locations on bridge deck 6L, but at n
locations on bridge deck 6N. Test results for coastal bridge decks included in this study (1N/1L, 2N/2L, 3N/3L,
5N/5L) indicated that the corrosion threshold and replacement level were not exceeded at the 2 in depth for any of
these bridge decks.

To assist with analysis, review of the chloride content data at the 1 in depth wasfalsogee This information
is presented in Table-6.

53



Table 56: Chloride ontentsexceedingcorrosionthresholdand replacementevel at lin depth

Bridge Number of Number of test locations Number of test locations
Dec?k test where corrosion threshold has| where replacement level has
locations been exceeded at 1" depth been exceeded at 1" depth
1IN 8 0 0
1L 8 0 0
2N 8 8 3
2L 8 1 0
3N 8 0 0
3L 8 0 0
5N 8 1 0
5L 8 2 0
6N 8 2 1
6L 8 8 7
7N 8 8 3
7L 8 7 5
8N 8 8 8
8L 8 7 2
ON 8 8 7
oL 8 8 8

The corrosion threshold and replacement level were exceeded at all test locations at the 1 in depth for bridges deck
8N and 9L, and at all but one location on bridge deck 9N. Bridge deck 8L showed better performance than the
other bridge decks in th@ountain region, with the replacement levels reached at only 2 test locattithres 1 in

depth. One notable difference, however, is that bridge deck 8L is located along US23/74 in Haywood County,

while bridge decks 8N, 9L, and 9N are all located aled@ in McDowell County.

For the Piedmont region bridge decks included in the study, the normalweight concrete bridge decks had fewer
instances where the replacement level was exceeded at 1 in. Bridge deck 6N had significantly fewer locations
where the orrosion threshold was exceeded than bridge deck 6L. For coastal bridges, this trend was reversed for
bridge decks 2N and 2L, where the normalweight bridge deck (2N) had significantly more locations where the
corrosion threshold and replacement level weteeeded at the 1 in depth than the lightweight bridge deck (2L).
Results for 5N and 5L were similar, with 1 and 2 locations where the corrosion threshold was exceeded at the 1 in
depth. No test results at the 1 in depth exceeded either the corrasisimottl or the replacement threshold for
bridge decks 1N, 1L, 3N, or 2L.

Powder samples were collected from each bridge deck in a manner that spread the sampling locations out from th
shoulder progressively across the lanes of traffic. Almost all déelised towards the shoulder, and therefore
ponding occurs, it would most likely be at the neadge sampling locations (hole 1). Review of data from
individual holes indicates that the chloride content values for the sampling locations closeside dfi¢he bridge

tended to have the highest chloride contents, most noticeably within the upper two
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For each bridge deck, chloride contents computed at each test location were used to cdifipsitenacoefficient
characteristiof the bridge dek. Diffusion coefficients were computed using a MathCad worksheet developed by
Gergelyetal.( 2006) as part of t hei rConpreteDiffusion GoefficiertsaradrExisting f o r
Chl oride Exposure in North BaHWY200dE, The MathDad worlkRheat e a r
utilizes a cumulative minimization of the squaredm of err or met hod t o f iwhidh sol u
describes the diffusion of chlorides into concrete. This equatisimisn as Eq.,5vhere C is theoncentration of
chlorides, G is the surface concentration of chlorides,ithe diffusion coefficient (ﬁﬁyear), t is time in years,
anderfis the error function.

6ad 6 p QI — (Eq. 5)

To obtain the representative diffusion coefficient and surface concentration for each bridge deck, the data for all
eight holes was included in the cumulative minimization of the squared sumroofneethod utilized in the
MathCad program. According to work by Tempest (2006), this method of determining a representative diffusion
coefficient and surface concentration value for a bridge deck may be more representative than computing values fo
eachindividual hole and then averagindpiffusion coefficients and surface chloride concentratiomsputedfor

each bridge deck are shown in Tablé. 5These values are shown graphically in Figufel@nd Figure 5.2

Table 57: Surface hloride concertrations andliffusion coefficients

Bridge Surface Chloride Apparent Diffusion
Degk Concentration, C; Coefficient D,
(Iblyd) (in®lyear)

1N 0.305 0.759

1L 0.611 0.318

2N 3.748 0.072

2L 3.906 0.027

3N 0.279 0.238

3L 0.279 0.116

5N 1.299 0.034

5L 2.456 0.022

6N 2.546 0.070

6L 8.106 0.078

7N 2.811 0.157

7L 2.913 0.163

8N 12.654 0.088

8L 8.507 0.114

9N 9.168 0.101

oL 7.010 0.113
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Figure 511: Surface chloride concentrations for normalweight and lightweightretmbridge decks.
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Figure 512: Apparent diffusion coefficients for normalweight and lightweight concrete bridge decks.

With the exception of bridge decks 2L and 2N (which are on the same bridge over the Thorofare Bay Channel,
leading to Cedar Istal) surface concentrations of chlorides tended to be highest on bridge decks in the mountain
and the Piedmont regionsthis can be seen in Figurel2. It is alsoevident that for the bridges in the coastal
region, the normalweight concrete decks hadhdigdiffusion coefficients. However, for th@edmont and
mountain regions, the lightweight concrete bridge decks had higher diffusion coefficients.

Age plays an important role in diffusivity. Time is included in the mathematical functions goveifiiugiod,
based on Fickés second | aw. Addi t i cateafingrgss of chloralesk st
One of the criteria used to assist in identifying bridge deck pairs included in this study was that they should be of
similarage. Most bridge deck pairs were constructed either the same year, or had the construction dates within one
year of each otherlt is noted, however, thahtee pairs of bridges, had construction dates that differed by two
years (bridge decks 1L and 1Nhyee years (bridge decks 7L and 7N), four years (bridge decks 9L andrais).
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may help in explaining the relative difference in diffusion coefficients for 1N and 1L, although the diffusion
coefficients for 7L and 7N, as well as for 9L and 9N, areixayt close.

Statistical analysis was performed by aggregatingagiarent diffusion coefficierdata for normalweight bridge
decks and lightweight bridge deck#& box and whisker plot showing the median, upper quartile, lower quatrtile,
and maximum andninimum values is shown in Figurel3. Apparent diffusion coefficients for the lightweight
bridge decks$ad a smaller ranghan those of the normalweight bridge decks. The apparent diffusion coefficient
for bridge deck 1N was much greater than thathef other normalweight bridge decks, which is also evident in
Figure 513.
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Figure 513 Range and summary statistafsapparent diffusion coefficienfer normalweight and lightweight
concrete bridge decks.

The mean apparent diffusion coefficidnt normalweight bridge decks was significantly higher (0.1$0/éar)
than that of the lightweight bridge decks (0.119yiea). This difference is reduced, however, if the apparent
diffusion coefficient for bridge deck 1N is removed from the data¥éten bridge deck 1N is removed from the
dataset, the mean apparent diffusion coefficient for the normalweight bridge decks is reduced t&/ged9 in

5.6 Rapid Chloride Permeability Test (RCPT)

Rapid chloride permeabilitiests (RCPT) were perfoed on four specimexfrom each bridge deck. The 2 in thick
slices of cores used were obtained at positions in cores that corresponded to depths outlined in Sediapi@.3.6
Chloride Permeability Test (RCPTRAccording to ASTM C1202, chloride ion peredhility is assesseds shown in

Table 58. Typically, good quality concrete mixtures with low watement ratios (resulting in dense
microstructures antbw permeability concrete) have lower charge passed (coulomb) values and better withstand
chlorideingress.

Table 58: Chlorideion penetrabilitybased orchargepassed (according to ASTM C1202)

Charge passed (Gulombs) Chloride lon Penetrability
>4,000 High
2,000 to 4000 Moderate
1,000 to 2000 Low
100 to 1000 Very Low
<100 Negligible
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RCPT test resultdrom this studycan be compared to the relative penetrability ratstgswvn in Table 8. It is
important to remember, however, thae RCPTtest is typically performed orastconcrete cylinders Test
specimen used for thisstudywere @mprised of concrete that had been in service for a number of ydacs,
have beensubjected to traffic loading and othersitu stresses. Thefore, the test specimetikely contained
microcracksthat may have affected the resuitscreasing the cinge passed values to some exteAtditionally,
the test specimen for thetudyhad also been exposed to chlorides, which wouldiatsease the coulomb values
obtained in the RCPT

The results of RCPT tests for each bridge deck are provideabie 59. Also includedn this tableis information

on the depth at which the specimens were cut from the cores. As outlined in SectiolR&o8I6Chloride
Permeability Test (RCPT)he limited number of cores that could be removed from eachalleskedonly two to

three coreso be available foeach test. The presence of reinforcing steel in a number of cores limited the depth at
which the 2in thick specimen could be removed. Effort was also made to obtain specimen from as low as possible
on the coref(rthest from the bridge deck surface) to minimize the effects of ingressed chlorides on the test results.
For each bridgean attempt was madetodutwo t est speci men from | ocations
in) and two test specimen were cutfro | ocat i ons deemed @ hi g oAn éxteptiomto b e | «
this was bridge deck 2N, where reinforcing steel placement resulted in short core lengthsf, wizaly contained
reinforcing steel. For bridge deck 2N, only three specimens wstedt

Review of Table B indicates that specimens removed from shallower depths did not always have coulomb values
higherthan the specimens from the same bridge deck that were removed from deeper Adpttisnal work

would need to be performed evaluate the effect of specimen depth on coulomb values. For this study, the
average values of specimen depth were tabulatedagaefor each bridge deck, ansked in further evaluation of

the results.

58



Table 59:

Description of RCPT test specinseand test results

Bridge . Depth Of Top Depth of Bottom| Average Specimen Specimen Charge Passe( Average Charge Average_ Depth Fo
Deck Specimen ID of Specimen of Specimen (in Depth (in.) Depth (Coulombs) Passed all Specimens from

(in.) P ’ p ' High/Low (Coulombs) Deck
IN C2 1.5-3.5 1.5 3.5 2.5 H 3,457
INC4 2.5-45 2.5 4.5 3.5 H 3,471

IN 1IN C7 3.0-5.0 3 5 4 L 4,107 3.637 3.50
1IN C8 3.0-5.0 3 5 4 L 3,512
1L C2 1.25-3.25 1.25 3.25 2.25 H 3,405
1L C8 1.5-3.5 1.5 3.5 2.5 H 3,238

i 1L C2 3.25-5.25 3.25 5.25 4.25 L 3,481 3,330 3.38
1L C8 3.5-5.5 3.5 5.5 4.5 L 3,197
2N C1 0.75-2.75 0.75 2.75 1.75 H 12,470

2N 2N C8A 1.25-3.25 1.25 3.25 2.25 H 13,184 10,823 2.17
2N C2 1.5-35 15 3.5 2.5 H 6,816
2L C8 1.5-3.5 1.5 3.5 2.5 H 2,113
2L C8 1.5-35 1.5 35 2.5 H 2,382

2L 2L C6 5.75-7.75 5.75 7.75 6.75 L 3,181 2,476 481
2L C6 6.5-8.5 6.5 8.5 7.5 L 2,229
3N C7 1.25-3.25 1.25 3.25 2.25 H 3,038
3N C7 3.25-5.25 1.75 3.75 2.75 H 2,609

SN 3N C5 3.25-5.25 1.75 3.75 2.75 H 3,477 3,118 3.00
3N C6 1.75-3.75 3.25 5.25 4.25 L 3,346
3L C4 0.5-2.5 0.5 2.5 1.5 H 2,044
3L C4 1.25-3.25 1.25 3.25 2.25 H 3,233

st 3L C2 4.5-6.5 4.5 6.5 5.5 L 2,530 2,423 3.88
3L C1 5.25-7.25 5.25 7.25 6.25 L 1,884
5N C5 1.0-3.0 1 3 2 H 3,452
5N C6 1.0-3.0 1 3 2 H 9,539

SN 5N C1 3.0-5.0 3 5 4 L 3,532 5,105 2.88
5N C1 2.5-45 25 4.5 3.5 L 3,898
5L C2 1.75-3.75 1.75 3.75 2.75 H 2,233
5L C8 3.0-5.0 3 5 4 L 4,353

SL 5L C5 3.5-55 35 55 4.5 L 4,037 3841 4.00
5L C6 3.75-5.75 3.75 5.75 4.75 L 4,739
6N C2 1.0-3.0 1 3 2 H 5,404
6N C5 1.5-3.5 1.5 35 2.5 H 4,255

6N 6N C2 3.0-5.0 3 5 4 L 5,642 4,785 3.50
6N C5 4.5-6.5 4.5 6.5 5.5 L 3,839
6L C4 1.0-3.0 1 3 2 H 14,157
6L C7 1.0-3.0 1 3 2 H 9,968

oL 6L C4 3.0-5.0 3 5 4 L 10,799 11,681 3.00
6L C7 3.0-5.0 3 5 4 L 11,798
7N C4 1.0-3.0 1 3 2 H 10,072
7N C4 3.0-5.0 3 5 4 H 14,711

N 7N C5 3.5-5.5 3.5 5.5 4.5 L 9,868 10,525 4.25
7N C5 5.5-75 55 7.5 6.5 L 7,449
7L C4 1.0-3.0 1 3 2 H 9,618
7L C2 2.25-4.25 2.25 4.25 3.25 H 14,717

n 7L C3 3.0-5.0 3 5 4 L 8,419 11,701 3.94
7L C6 5.5-7.5 55 7.5 6.5 L 14,049
8N C5 1.0-3.0 1 3 2 H 10,224
8N C1 1.0-3.0 1 3 2 H 10,724

8N 8N C6 3.0-5.0 3 5 4 L 9,761 11,440 3.06
8N C5 3.25-5.25 3.25 5.25 4.25 L 15,052
8L C2 2.25-4.25 2.25 4.25 3.25 H 6,361
8L C6 2.25-4.25 2.25 4.25 3.25 H 9,197

8L 8L C2 4.25-6.25 4.25 6.25 5.25 L 7,104 7,891 425
8L C6 4.25-6.25 4.25 6.25 5.25 L 8,901
9N C4 2.5-45 2.5 4.5 3.5 H 9,582
9N C7 3.5-5.5 3.5 5.5 4.5 H 9,727

N 9N C4 4.5-6.5 4.5 6.5 5.5 L 8,172 8,830 5.00
9N C7 5.5-7.5 55 7.5 6.5 L 7,840
9L C7A 1.0-3.0 1 3 2 H 9,943
9L C4 5.25-7.25 5.25 7.25 6.25 L 7,752

oL 9L C1 5.75-7.75 5.75 7.75 6.75 L 7,185 9,240 5.50
9L C2 6.0-8.0 6 8 7 L 12,080
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The results of the RCPibr the specimen for each bridge deck were averaged in order to obtain a representative
RCPTvalue for each bridge deck, shown in Tabl&(® The average depth from which each of the four specimens
wasobtaned is also shown in Tablel®.

Table 510: Average total charge passed (coulombs) for RCP§.test

Bridge Average Total Charge | Average Depth of Test
Deck Passed (Coulombs) Specimen (n)

1IN 3,637 3.50

1L 3,330 3.38

2N 10,823 2.17

2L 2,476 4.81

3N 3,118 3.00

3L 2,423 3.88

5N 5,105 2.88

5L 3,841 4.00

6N 4,785 3.50

6L 11,681 3.00

7N 10,525 4.25

7L 11,701 3.94

8N 11,440 3.06

8L 7,891 4.25

ON 8,830 5.00

oL 9,240 5.50

It is evident that the veerage coulomb values for all bridge decks were relatively higher than what would be
typically expected from tests performed on specsngrepared from cast cylinders of bridge deck concrete
mixtures. Due tdhe critical role a bridge deck playspnotedion of the bridge superstructure as wellitgagole in
carrying traffic, bridge deckoncretemixtures are often relatively high strength mixtures with low weéenent
ratios Testing of ast cylinders of bridge deck mixtures typically resuit coulanb values in the very low, low,

and possibly moderate range of values (as shown in Te)e Best specimenssed for this study wergbtained

from coresremoved from decks which had experiencegrg of environmental exposure and traffic loading
Therdore, RCPT coulomb valuek or t hes e fida mawoald eépettezlly bdiglsepharcthoseef n s
otherfiundamagetispecimens of similar mixture proportions.

For coastal bridges, treulomb values tended to be within the moderate range afiddlin penetrability, which

could be considereakspectable given the age (and hence, relative condition) of the test specimen used for testing.
Lightweight concrete bridge decks tended to show better performance, having average coulomb values lower thar
their counterpart normalweight concrete bridge decks. This was particularly evident when comparing the results
from bridge deck 2N and 2L, both of which are on the britdg€edar Island, spanning over the Thorofare Bay
Channel. The normalweight portion of th bridge deck has some of the highest coulomb values, indicating high
susceptibility to chloride ingress, of all decks included in this stutdig. noted that onlghree specimens from this
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bridgewere tested. Additionallyeach of these test specimsemere obtained from locations on the cores that were
relatively close to the deck surface.

A graphical comparison of coulomb values for bridge deck pairs is shown in Figute [ost of the average
coulomb values for piedmont and mountain region keidecks were relatively higher than those on the coastal
bridges. For dmont bridge decks, the lightweight concrete bridge decks had highlemtiovalues than the
normalweight concrete bridge decks. Mountain bridge decks had mixed results, with theenofmalweight

bridge decks (9N) and one of the lightweight bridge decks (8L) having better resistance to chloride penetration than
their counterpart decks.
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8,000

6,000

4,000

2,000

Charge Passed (Coulombs)

0
INIL 2N2L 3N3L 5NSL 6N6L 7N7L 8N8L 9N9L

Bridge Deck ID

Figure 514: Average total charge passed for RCPT for normalweight and lightweight comédgge decks.

Statistical analysis was performed on the RCPT average coulomb values for normalweight bridge decks and
lightweight bridge decks. A box and whisker plot showing the median, upper quartile, lower quartile, and
maximum and minimum values shown in Figure 85 When grouped, the mean coulomb value for the
lightweight bridge decks (6,573 coulombs) was lower than the mean coulombfmathe normalweight bridge

decks (7,283 coulombs), indicating a greater resistance to chloride ion penetrat
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Figure 515. Range and summary statistics of average charge passed (coulomb values) for normalweight and
lightweight concrete bridge decks.

Similar to the mean coulomb values, the median value for the lightweight bridge decks was lavtiee thadian

value for the normalweight bridge decks. The range of values for the results could be considered similar between
the normalweight and lightweight decks. It is of note that when aggregated, the average depth from which all
normaiveight specirans were obtained w&a.52in, while the average depth from which all lightweight specimens
were obtainedvas 4.05in.

5.7 Statistical Analysis of Results

To assist in comparing the performance of normalweight and lightweight concrete bridge decks,i@lstatist
analysis techniquethe Wilcoxon matcted pairs test, was performed using key results from efsgd and
laboratorytest. The Wilcoxonmatched pirs test is a neparametric hypothesis test usedet@luate whethethe
means of two conditions withia matched groups study are significantly differelt performing the Wilcoxon
matchedpairs test, it is assumed thatoh pair of observations represeatrandom sample from a populati@md

each pair isndependent of every other pair of observation® perform the Wilcoxon Matched Pairs test, data
does not necessarily need to be collected from a normal distribufibarefore, for sample sizes with unknown
di stributions, the Wil coxon mat ch e dtesp dhisrwas pdrtieutatly i s
useful, as the test results from the relatively small dataset of 16 bridges (8 normalweight, 8 lightweight), did not
exhibit a normal distribution for some test results. Howevés, noted that the Wilcoxon atchedpairs test, like
many statistical tests, is more powerful when used with larger samples.

For theWilcoxon matchedpairs test, the null hypothesiim (this casethe difference in means is equal to zero, or

the mean of test results for lightweight concrete is equdldartean of the test results for normalweight concrete)
is rejectedfithe pvalue is less than 0.09f the pvalue is greater thah 05 then the null hypothesis is not rejected,

and it cannot be said that the mean of the test result for the lightweigirete decks was different than the mean
of the test result for the normalweight concrete decks at the level of statistical significance.

Results of the Wilcoxon atchedpairs tests for key performance parameters are shown in Takde & all

instances, except for dynamic modulus, the data does not demonstrate a statistically significant difference in
performance(at U=0. 05) bet ween nor mal wei g hAs distussedk im Seatiord 5.3) i g h
Dynamic Modulus it is expected that the mean dynic modulus of lightweight concrete deckmuld be
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significantly differentthan the mean dynamic modulus of normalweight concrete decks, since dynamic modulus is
dependent on the density of the concrete (and hence the density of aggregates)

Table 510: Resultsof Wilcoxon matchedpairstests

- Result
Performance Characteristic p-value (at U=0.05)
Statistically significant difference betwee
Dynamic Modulus 0.012 accept performance of lightweight and
normalweight concrete decks
Secondary Sorptivity Suction 0.161 reject
Water Permeability (WAR) 0.204 reject
Secondary Sorptivity Ponding 0.310 reject
Initial Sorptivity - Ponding 0.327 reject
Diffusion Coefficient 0.362 reject Performance of lightweight and
, — - normalweight concrete decks not
Air Permeability (AER) 0.400 reject statistically differentati= 0 . 0 5
RCPT 0.484 reject
Surface Resistivity 0.575 reject
Surface Chloride Concentration| 0.612 reject
Initial Sorptivity - Suction 0.674 reject
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5.8 Petrographic Examinations

Petrographic examinations were performed on polished surfaces and fractured surfaces pértiportipns of
selected cores. As outlined in Section 3.3.7, Petrographic Examinations, observations were made with a
stereomicroscope at magnifications ranging from 7x to 45x. A scanning electron micr@Edfjewhich can be

used for examinations dtigher magnifications, was not used as part of this work. During petrographic
examinations, observations regarding the general characteristics of the concrete, including the paste, aggregate
and air void system, were made. Observations on air contemgcracks, secondary deposits, and the presence of
secondary cementitious materials such as flyvasre also recorded. Datasheets outlining the macroscopic and
microscopic observations of polished samples are included in Appéndix summary of the esults of our
petrographic observations is included in this section.

As part of this work, NCDOT requested that UNC Charlotte provide an opinion regarding the durability
performance of decks that contain fly ash. NCDOT personnel indicated that flyiisslyipresent irbridge decks
constructed after June 2000 in Divisions 5, 710, 11, 12, 13,4, (some mountain and piedmont areasy
bridges east of US 1(¢oastal bridges)In currentNCDOT Standard Specificationdpsing for Class F Fly Ash is

20% by weight of required cement content with 1.2 |Ib Class F fly ash per Ib of cement repBasetl this
information, the followingsummary is provided regarding fly ash in the bridge decks included in this study.

1 Fly ashshould be present ioridge dek 4L, which has a 2003 construction date.

0 Mixture submittals were not available for this bridge deck.

o0 Visual observations of samples prepared from this bridge deck indicate thashflyslikely
present Dark particles that may be fly ash were observethe paste matrix, and cenospheres
were observed after acid etching of the samples. Additional analysis (using SEM or other
techniques) could be used to confirm the presence of fly ash.

1 Fly ashcould be present ibridge decks 1L, 8N, and 9N, which ed@ve a construction date of 2000.

o Itis uncleawhich of these decks were constructed before/aftefuthe2000 requirement.

0 Visual observations of samples prepared from bridge deck 1L indicate that fly ash is present, which
is consistent with the mixtarsubmittal for this bridge Dark particles that may be fly ash were
observed in the paste matrix, and cenospheres were observed after acid etching of the samples.
Additional analysis (using SEM or other techniques) could be used to confirm the presénce
ash.

0 Mixture submittals were not available for bridge decks 8N and ®€cause these bridges are
located in McDowell County (Division 13) it is possible that fly ash was included in these
mixtures. Although dservations made during petrographi@aminations of samples from these
bridge decks did not confirm the presence of fly ash, it may be present. Dark particles that may be
fly ash were observeid the paste matrixout cenospheres were not observed after acid etching of
the samples. Additiomanalysis (using SEM or other techniques) could be used to confirm the
presence of fly ash.

1 Theremainingbridgesincluded in this studylN, 2N/2L, 3N/3L, 4N, 5N/5L, 6N, &, 7N, 7L, 8L, and 9)
have pre2000 construction dates, and may or may not coffiaiash in the decks.

0 Mixture submittals were not available for these bridge decks.

o Bridge deck 1N appears to include fly ash, as dark particlsmay be fly askwere observed in
the paste matrix, and cenospheres were observed after aditjettihhe samples. Additional
analysis (using SEM or other techniques) could be used to confirm the presence of fly ash.

0 Observations made during petrographic examinations of samples from bridge3tlec¥s, 4N,
5N, 5L, 6N, 6L, 7N, 7L, and 9did not confirmthe presence of fly ash. Dark particles that may be
fly ash were observed, but cenospheres were not observed after acid etching of the samples.
Additional analysis (using SEM or other techniques) could be usddtémmine whethefly ash
was used in thse mixtures

o0 Observations made during petrographic examinations of samples from bridge deck 8L indicated
less evidence of the presence of fly ash. Fewer dark particles were present in the paste indicating
that fly ash mayr maynot have been included the mix. Cenospheres were not observed after
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acid etching of the samples. Additional analysis (using SEM or other techniques) could be used to
confirm thepresence oabsence of fly ash.

The presence (or absence) of microcracks and secondary depdsitaimaas of specific interest during
petrographic observations. Microcracks may be the result of a number of madaitdd and streselated

causes, as discussed in the literature review. Microcracks allow for the ingress of moisture and eggergsiv

and could have influenced the results of other field and laboratory tests. Secondary deposits can be crystalline
material from a number of internal sources (secondary ettringite) or external sources (salts), and can infill entrained
air voids, esulting in reduced freezbaw durability of concrete.

In this study, the performance of bridge decks pairs was compared. For this reason, information observed
differences in microcracking and secondary deposits present may supplement test kesyldifferences in
performance between samples from bridge deck pairs, along with other petrographic observations of note, are
provided below.Photomicrographs from some petrographic specimens are included in Appendix .

Bridge deck pair IN/1L

More miaocracks were observed the sample from 1N than from the sample from 1L. Microcracks presentin
samples from 1N appear to extend significantly deeper into the sarijie.sample from 1L that was
observed also contained a significant number of entrappedids.

Bridge deck pair 2N/2L

Samples from both bridge decks 2N and 2L contain a relatively high air content. In a humber of areas, air
voids hae coalesced, resulting in high air content in many localized areas. This high air content may have
bee a key contributor to the relatively poor performance of these bridge decks in some tests. Samples from
bridge deck 2L contained more microcracks than samples from bridge deck 2N, which may be due to the fact
that localized areas of high air content agpde be more prevalent in samples from bridge deck 2L.

Bridge deck pair 3N/3L
A similar extent of microcracking was observed in samples from both 3N and 3L.

Bridge deck pair 5N/5L
A similar extent of microcracking was observed in samples from kgthrisl 5L. Samples from 5N were
judged to have higher entrained air corgeimdin samples from 5L.

Bridge deck pair 6N/6L

An inordinate number of water voids is present in samples from 6L, and some segregation is evident in one
sample from 6L. This inofdate number of air voids may have contributed to relatively poor performance of
specimens from bridge deck 6L in some tests. Samples from both 6N and 6L contained a number of
microcracks, with samples from 6N appearing to contain more microcracks tngfesdrom 6L. More
secondary deposits were observed in air and water voids in samples from 6L than in 6N, however, possibly
showing additional ingress of water and some deleterious substances (such as salts).

Bridge deck pair 7N/7L

A similar extent of ricrocracking was observed in samples from 7N and 7L. However, more secondary
deposits were observed in samples from 7L than in samples fropo3bibly showing additional ingress of
water and some deleterious substances (such as salts).

Bridge deck pai8N/8L
A similar extent of microcracking was observed in samples from 8N and 8L.

Bridge deck pair 9N/9L

The extent of microcracking observed in samples from 9N was judged to be greater than the extent of
microcracking observed in samples from 9L. Homreynore secondary deposits were observed in samples
from 9L than in samples from 9Nyossibly showing additional ingress of water and some deleterious
substances (such as salts).
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6. FINDINGS AND CONCLUSIONS

The purpose of this research was to providdD®CT information that will prove to be useful in making decisions
regarding 1) use lightweight concrete or normalweight concrete bridge decks for certain applic&jons,
maintenance and repair, ar®) possible changes to design and construction method®raspecifications.
Although some differences in the performance of lightweight and normalweight concrete bridge decks were
observed in field and laboratory tests, a distinct difference between the overall durability performance of
lightweight bridge deck and normalweight bridge decks included in this study was not readily evidéid.

finding differs from those of a number of studies that have indicated that lightweight concrete can provide enhanced
durability performanceand additional laboratornpased studies of lightweight and normalweight concrete bridge
deck mixtures using local materials are recommended.

Damages induced by factors such as structural characteristics and external loads may have played a significant rol
in observed distresses well as irthe results of a number 6i€ld and laboratory tests. Additionally, it is possible

that that there has not been ample time for distinct differences in performance between lightweight and
normalweight concrete decks included in this studyp@¢oome evident during field observations, or measurable
during field or laboratory testsRegional trends in performance were observed for some durability tests, however,
and this information could be utilized by NCDOT.

Based on the results of our v@usurveys, suctural characteristics of some bridges may have influenced the
cracking observed on both lightweight and normalweight bridge ddgddge decks with continuous steel girders
exhibited some of the more extensive pattern crackind someransverse cracking The most extensive
transverse cracking observed on bridge decks included in the study is presesmt lomdge decks which are
supported by steel plate girders and stdmdms, respectively. Transverse cracking on these decks soageal

related to structurakelated stresses, loads applied too soon after the deck was constructed, or other reasons. Bridge
decks with stayn-place metal forms also tended to exhibit more longitudinal and transverse cracking than bridge
decks on precasoncrete girders and naontinuous steel girderCracking perpendicular texpansion jointsvas

likely related to additional restraint from ngaint reinforcement, rather than materia¢dated causesOn some

bridges, cracks were observed in thanity of bents. Reinforcing details near expansion joints, as well as issues
related to transitions between positive and negative moment regions, could have contributed to this cracking.
Integral abutments could have also contributed to some cracking.

The most severe amdostextensive pattern cracking was observed on bridge detkshe highest traffic loading.
Pattern cracking could have initiated due to materikted issues, but may have been exacerbated due to traffic
loads.For many pairs fodecks, both the lightweight deck and normalweight deck had similar pattern cracking
present. However, for two bridge deck paose bridge deck exhitad pattern cracking while the other bridge
deck dd not. Bridge deck 5N and 5L are on the same lidgith the normalweight deck exhibiting pattern
cracking while the lightweight deck did not. Bridge deck 8L exhibited pattern cracking, while bridge deck 8N did
not, it is, however, noted that 8L and 8N\earot the strongest pairing for comparisoflthough these two bridge
decks have similar traffic loadings aagks,they are two different roadways in two separate counties.

To summarizebased on cracks observed during the visual surveys of braddested for this study, it was not
readily evidenthat one type of bridge deck consistently exhibited less cracking than another type of bridge deck. It
is possible that over time, the differences in durability performance between the lightweight decks and
normalweight decks will become more pronouncat] differences in the extent and severity of cracks between
bridge deck pairs could be observed in future visual surveys.

The moisture content of concrete can influence a number of tests performed in this study. Specimens can be
conditioned to minimizehe effects of different moisture contents in interpretation of test results. In the field,
however, tests must often be performed at thsitin moisture content. In this work, all field tests except for
surface resistivity were performed at thesitu moisture content. Later, laboratory testing of selected cores and
pieces of cores was performed to estimate tk@tinmoisture content. df all pairs of bridge decks, the moisture
content of cores removed from the lightweight bridge deck was higlaer the moisture content of the cores
removed from the normalweight bridge deckhe difference in moisture content was most pronoumntégo of

the coastal bridges withé greatest difference in moisture content was 3.4% between bridge decks 2N s 2L.
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part of this testing, the apparent density of selected concrete cores and pieces of cores was deterraverdgd he
apparent density dfoth normalweightand lightweightconcrete specimens was slightly higher than the expected
values.

Surface reistivity measurementsanbe used to indirectly measure concr
Higher resistivity readings indicate concrete that will exhibit lower permeability and therefore better durability
performance. In recent years, sudaesistivity tests using the Wenner probe apparatus have become increasingly
attractive because they are quickly performed and aredesinuctive. A number of recent studies have linked
surface resistivity measurements to durability performance vidabweatoryperformed RCPT procedure. Very

few of these studies include data obtained in the field. As part of this study, a database of surface resistivity
measurements of 4isitu concrete of varying compositions, age, and exposure were obtained. ahsgowgrk
continues in this area, the relationship between measured surface resistivity and durability performance will become
better understood, and surface resistivity measurements obtained as part of this work could possibly be used t
predict concret@erformance with more certainty.

Overall, themean temperatte or r ect ed sur face resi sti vi-tny) wdsadighert he
than that of the [|cmygihdicatiregihg potential rdodtter duradility. pérforknanteoking

at the results regionally, surface resistivity results were mixedthe four pairs of coastal bridges, two decks had
higher average temperattrerrected surface resistivity readings than their counterpart lightweight decks. For the
other two pas of coastal bridges, the lightweight concrete decks had higher average tempenaaied surface
resistivity readings.For both pairs of bridge decks in the mountains, the normalweight decks had higher average
temperatureorrected surface resisty values than the lightweight decks. However, some of the lowest
temperatureorrected resistivity readings were obtained for these four bridge decks. These decks were also found
to have some of the highesurface chloride contentsvhich may have ats caused low resistivity readings.
Additional work could be performed to link chloride content to surface resistivity measurements.

For this study, a field test to evaluate air permeability and water permeability was performed using commercially
availabk test equipment. When compared to published valuiespeameability ratings (AER)and water
permeability ratings (WAR) for both normalweight and lightweight bridge decks typically correlateixttires

with less than desirable durability charactersticHowever, it is suspected that these readings are greatly
influenced by the microcracking present in the vicinity of the test plugs. It is likely testéfd during early ages

(prior to cracking due to environmental and traffic loatt®® concreteomprising the bridge decks would show far
better resistance tooth air and permeability. Also, ssomefield air and water permeabilitiest results may have

been influenced by the presence of highly porous aggregate(s) in the immediatg ofciome diled test holes,
particularly for the lightweight bridge decks. Other researchers have cautioned about the effect of moisture content
on permeability test results. For these reasdnis suggested that ah methods of assessing air and water
permeabdity may offer better insights into these durability performance characteristics.

Although ®mpressive strength is ngénerallyviewed as a direct inditar of durability performanceseveral cores

from each bridge deck were tested for compressive strenyverage adjusted compressive strengths for most
bridges ranged from 3,200 psi to approximately 5,000 psi. These values are lower than what may be expectec
based on the typical design-88y compressive strength for bridge deck&veral factors malyave played a role

in these relatively low compressive strength test results. Perhaps most importentlgstt specimenaere
comprised of concrete that dvdoeen in service for many years, and likely contained some internal damage.
Additionally, most mreshad a length to diameter ratio of less than the optimal L/D ratio specified in ASTM C42 of

2 to 1, and a correction factor was applied to the compressive strength test raSTitd. C42 emphasizethat
Ahistorically, i t heagths dreegeneral 85sofitiheecarrespamding stastatsed eylirgldr r
strengths. 0

Dynamic modulus testing of selected cores from each bridge deck was performed in accordance with ASTM C215.
For each pair of bridge decks, the lightweight deck had arloyeamic modulus than the normalweight deck.

Both the static modulus and dynamic modulus are dependent on gdeimsiglightweight aggregates have a lower
density than normalweight aggregatigse test results are @gpected.Although dynamic moduls can be used to

assess damage, direct comparison between dynamic modulus test results for pairs of bridges is limited due to th
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change in aggregate densitysing relationships between static and dynamic modasupublished bWeville
(1995)and othes, thedynamic modulusalues can provide insight into the anticipated static modulus values.

Sorptivity tests performed as part of this work provide insight intcstiszeptibility of these concrete bridge decks

to water permeability, and hencan be inked todurability performance Results of the ponding sorptivity test
provide insight into the gravitgided absorption of water. Since the tests were performed on the actual wearing
surface of the bridges (top end of cores), they include influensexiated withmicrostructual damageand
abrasion and are representative of actual field sorptivity characteristics. The ASTM C1585 capillary suction test
was performed on a surface 2 in déepn the wearing surface of the deck, where abrasion is fexttar, and
microstructural damage is likely far less prevalent than nearer to the surface of the deekoref &STM C1585
capillary suction test results may more closely represent the results that would have been obiteisexbiicrete
mixtures hal been testegrior to service When comparing the sorptivity test results of pairs of bridge decks, the
higher absorption of emufactired lightweight aggregates must kept in mind Results of these tests on the
lightweight concrete specimens could Highly influenced by the exposed lightweight aggregate on the exposed
surface (ponding test) or sawcut surface (suction tédiyration of water, and hence aggressive agents, through
the paste, is typically of concernSome research has indicated thghtweight concrete can show decreased
permeability (compared similar normalweight mixtures) due to a formation of higher density paste in the near
aggregate interfacial transition zone and often a more compatible elastic modulus between the pasi@eightligh
aggregate.

For the bridge deck pairs included in this stuadypsvity testresultsdid notclearlyshowthatone type of concrete
performed better tharthe dher. However, some regional trends were evidemnt.the capillary suction sorptiyit

test, it is interesting to note that the coastal normalweight bridge decks typically had slightly higher initial
absorption rates than the lightweight decks. Conversely the same decks had significantly lower secondary
absorption rates than the lightwkigbridge decks.In both sorptivity tests, both lightweight bridge decks and
normalweight bridge decks imeé piedmont and mountaimten had higler initial absorption rates than coastal
bridge decks This should be of concern to NCDOT, mgasuredsurface chloride contents were very high in
mountain decks.High initial absorption rates coupled with heavy deicer application could result in accelerated
chloride ingress, and ultimatetyore rapiddeterioration of bridge

FHWA recommends that concrdiedge deckdereplaced whetthe chloride concentratiomgar reinforcing steel

reach 2pcy. Several mountaibridge deckswvere found tohave areas where the chloride content exceeds the
replacement level at a depth of 2 in below the surf&a®. one bidge deck pair, the lightweight bridge deck had

more locations exceeding the replacement level at a depth of 2 in than the normalweight bridge deck. Hewever, t
number oflocations where the corrosion threshold was exceeded at a depth of 2 in was dimtiter other pair of
mountain bridge decks, the lightweight bridge deck showed similar performance to the normalweight bridge deck,
with a similar number of locations where the replacement lewel corrosion thresholdiere exceeded. No
piedmont or castal bridge decks included in this study had chloride contents that exceeded the replacement level at
a depth of 2 in.

NCDOT utilizes a corrosion threshold chloride conteni df pounds per cubic yardBoth the normalweight and
lightweight deck inone pair of piedmont hdge decks had 2 of 8 ¢ést locations where the corrosion threshold
was exceeded at 2 irkor the other pair of piedmont deckise corrosion tteshold was exceeded at a 2lagpth at

4 of 8 testocations orthe lightweight deckbut at no locations othe normalweight deckThe corrosion threshold
was not exceeded at the 2 in depth for any of the coastal bridge decks included in this study.

Chloride contents at the 1 in depth also provided insightlredifference in perfanance between lightweight and
normalweight bridge decks. For the four mountain bridge decks included in the beitgplacement level was
exceeded adll test locations at the 1 in depth for one normalweight deck and one lightweightiddck7 outof

8 testlocatiors on the other normalweight decKhe other lightweight bridge deskowed better performance than

the other bridge decks in the mountain region, with the replacement levels reachgd?atfdhbftest locations at

the 1 indepth. Fothepiedmont region bridge decks included in the study, the normalweight concrete bridge decks
had fewer instancethan lightweight bridge deckshere the replacement level was exceedetlia. For coastal
bridges,a trend in the type of bridge deckosting greater chloride contents was not readily evident.

68



Chloride contents of neooastal bridges were quite high in the piedmont and mountain region, providing findings
similar to those of Gergely et al. (2004) in a study of North Carolina bridg@she bridges in the coastal region,

the normalweight concrete decks had higher diffusion coefficients. However, for the piedmont and mountain
regions, the lightweight concrete bridge decks had higher diffusion coefficidiite. mean apparent diffusion
coefficient for normalweight bridge decks was significantly higher (0.18@dar) than that of the lightweight
bridge decks (0.119 ifyr). If the apparent diffusion coefficient for bridge deck 1N is removed from the dataset
this difference is reducedndthe mean apparent diffusion coefficient for the normalweight bridge decks is reduced
to 0.109 iflyear.

The RCPT test is used to evaluate the relative chloride permeability of condreteage coulomb values for all
deckswere relatively higher thamhose thatwould typically be expected from tests performed on specimen
prepared from cast cylinders of bridge deck concrete mixtures.isTlkely due to the damaged nature of the test
specimens, and to some extent, the presence of ingressed chioridestest specimensMost castal bridges
(both lightweight and normalweight) had the best performance in RCPT tesisig to have coulomb values
within the moderate range of chloride ion penetrability. Lightweight concrete coastal bridge delgd ten
perform better, having average coulomb values lower than their counterpart normalweight bridge Miesks.
average coulomb values for piedmont and mountain bridge decks were relatively higher than those on the coasta
bridge decks.For piedmont kidge decksnormalweightconcrete bridge decks hbmver coulomb valuethan thé
counterpart lighveight concrete bridge deckshowing increased resistance to chloride penetrati@mn mountain
bridge decks, results were mixed, with one of the normghweridge decks and one of the lightweight bridge
decks having better resistance to chloride resistance than their counterpart decks.

Petrographic examinations provided some insight into the characteristics of concrete mixtures used in the bridge
decks,and also provided insight into possible influences on some test results. Key findings of petrographic
examinations included a relatively high air contenbridge decks 2N and 2L. Samples from these two bridge
decks intude areas of coalesced entrairgd voids. This high air content may have been a key contributor to the
relatively poor performance of these bridge decks in some tests. Samples from bridge deck 2L contained more
microcracks than samples from bridge deck 2N, which may be due to ththdadocalized areas of high air
content appear to be more prevalent in samples from bridge dechdlitionally, an ordinate number of water

voids was observed in one sample from bridge deck ®his inordinate number of air voids may have contedut

to relatively poor performance of specimens from bridge deck 6L in some tests. Samples from both 6N and 6L
contained a number of microcracks, with samples from 6N appearing to contain more microcracks than samples
from 6L. In bridge decks from both ipgt 2N/2L and 6N/6L, however, more secondary deposits were observed in
samples from the lightweight bridge deck than from the normalweight bridge deck. When comparing the extent of
microcracks present in pairs of bridge decks, the extent of microcrasksftea judged to be similar.

Based on NCDOTO6s history of specifying fly ash on b
should contain fly aslin particular, 1L, 8N, and 9N) Petrographic observations using a stereomicroscope
indicated that fly ash is likely present in some of these bridge dankisgood performance in some tests could be
linked to the presence of fly askowever, additional work would need to be performed to confirm the presence of
fly ash in aseveralothea bridge decksas well as to provide a firm statement regarding the durability performance

in bridge decks containing fly ash.

In conclusion, further laboratotyased study of lightweight concrete made with local materials may provide better
insight irto the durability performance of lightweight concrete. Findings of labordi@sgd studies by a number

of researchers indicate that lightweight concrete can provide enhanced durability performance, which would be an
advantage beyond the reduced struttimads offered by use of lightweight aggregate. Recent studies on internal
curing using saturated lightweight aggregate provide insight into the formation of a denser paste microstructure that
can offer reduced permeability and better durability perfageaf lightweight concrete. Further laboratbgsed
studyusing local materialgnd/or future visits to the bridge decks included in this study, magddfel inassising

NCDOT with decisions regardingpssible changes to design and construction rdstbospecifications.
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7. RECOMMENDATIONS

The results of this study hayovided insight into the durability performance of lightweight and normalweight
concrete bridge deskin a variety of service conditionsAlthough the Findings and Conclusionsegented in
Section 6 will be useful to NCDOTdditional work to supplement this study could be performed in the future,
offering more insight into the relative performance of lightweight and normalweight concrete bridge Alscis.
some tests performeab part ofthis study arenot currently tilized by NCDOT, and showpromise foruse in the
future. Areas in whichurther researcts recommended are discussed below

91 Laboratory study on durabilitperformanceof lightweight concretaith materials use in North Carolina

Some differences in the performance of lightweight and normalweight concrete bridge decks were observed
in field and laboratory tests. However, a distinct difference between the overall durability performance of
lightweight bridge deks and normalweight bridge decks included in this study was not readily evident.
Factors other than material characteristics, such as differences in structural characteristics and traffic
loading between bridge deck pairs, may have playsidraficantrole in the findings of this studyMuch

work to evaluate the durability of lightweight concrete has beenmpegtbina laboratory setting, where

the performance of materials can be evaluated without the influence of other factors such as structural
charateristics, traffic loading, and environmental exposure. Findings of labotladsed studieby a

number of researchers indicate that lightweight concrete can provide enhanced durability perfaltigance.
recommended that a laboratory study be performethg materials typically utilized in North Carolina,
where lightweight concrete mixtures will be compared to the performance ofraimifaalweight concrete
mixtures Findings of tke laboratory study could be compared with the results of this fialtydb better
understand the role ebncrete materiatharacteristics in field performance.

1 Additionalfieldworkto supplement thiesearch

It is possible that there has not been ample timdigbinct differences in performance between lightweight

and normalweight concrete decks included in this study to become evident during field observations, or
measurable during field or laboratory tesésnumber of bridge decks included in this study did not exhibit

an appreciable amount of distressthe timeof our visual survey In other cases, the extent of distress
observed on the normalweight bridge deck was very similar to the extent of the distress on the lightweight
bridge deck. It is recommended that pairs of bridge decks (including both the lgjittvaand
normalweight decks) that did not exhibit significant distress be revisited at future times to observe and
document changes condition, and if possible perforfield and or/laboratoryests If a full scope of field

and laboratory testing cannbé performedn these pairs of bridge declabservations of distress made
during a visual survey could provide some insight into performai&imilarly, information collected as

part of other researgbrojecs and/or periodic inspections could be usedupplement the findings of this
study. Of particular interestould bethe results of RCT tests to evaluatéoride ingress.

9 Laboratory study on internal curing using locally available lightweight aggregates

The increased absorptive capacity of lighight aggregates has been shown to facilitate delivery of
moisture to concrete for internal curing. Internal curing promotes formation of a denser paste
microstructure, resulting in reduced permeability, higher strength, and better durability performance.
number of studiebave shown that prewetted lightweight aggregate can be successfully used in concrete
mixtures to provide additional water to facilitate internal curing (Delatte et al. 2007, Bentz 2009, and
others). If it can be shown that the in@ed quality of concrete constructed using lightweight aggregates
for internal curing provides longrm cost benefits, NCDOT may be able to justify changes in policy
regarding when and where these mixtures should be specHi¢aboratory study on inteah curing using

locally available lightweight aggregates is recommended.
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9 Field and/or laboratory studgn the durability performance of bridge decks constructed using fly ash.

As part of this work, test data was obtained that provides an indicatidre alutability performance of some

North Carolina bridge decks that likely include fly ash. Currently, NCDOT specifies that fly ash must be used
in bridge decks constructed in coastal locations, as well as in bridge decks constructed in certain other
divisions. Additional field and laboratory studies could be performed to assist North Carolina in determining
whether fly ash should be specified for bridge decks in other areas of the state.

9 Study to assess the use of surface resistivity to evaluate lityrpbiformance in field and laboratory

Work bya number of researcheiSgngul and Gjarv 2008, Presibreno et al. 20105pragg et al. 2011,

and othershas showrhat surface resistivity (and conductivity) test results canskdto predict the ease

of fluid migration (and hence the migration of aggressive agents such as chionidamcrete. Surface
resistivity and conductivity tests arapid,fairly easyto perform and can provide insight into the durability
performance of bridge decks as welB other concrete structural componenSome state DOTs are
considering specifying surface resistivity testing for use in construction projects (Rupnow and Icenogle
2012)in lieu of ASTM C1202 rapid chloride penetrability testinghis studyhasgenerséed a database of
surface resistivity measurements obtained in the f@ldn-situ concrete. Relatively few comprehensive
studies of surface resistivity in field applications exist at this time. NCDOT could consider additional
research to establish areelation between laboratory measurements of surface resistivity and field
measurements, in hopes of correlating durability performance to this relatively  smopbiestructivetest
procedure.

9 Study onncorporation of surface resistivity and/or caradivity into concrete materials testing program

NCDOT should consider identifying areas in which surface resistivity and/or conductivity testing could be
used to supplement other materials testi@glinder specimens and core specimens used for otfterdan
quickly andeasily be testeth accordance with AASHTO TB5, and a database of measurements can be
developed. Similar to work done by Rupnow and Icenogle (2012), rapid chloride permeability testing
(ASTM C1202) could be performed on selected cetec specimens to correlate surface resistivity
measuements to chloride penetrabilityDnce a correlation is established, surface resistivity measurements
on concrete cylinders and commsuld be utilzed to predict the chloride penetrability, and hepreslict the
durability performancef a number of concrete mixturased in North Carolina

1 Identification of gpreferredmethod for obtaining air and water permeability in field and laboratory settings

Air and water permeability test results are indicaitof the ability of aggressive agents to be transported
into concrete, and are therefore seen by many as good predictors of durability performance. In this study,
commercially availablgest equipmenwas used to measure air and water permeability én figld.
Although portable and relatively easy to ud®e testprocedure was found to be time consuming and
requiredsignificant effort fromthe technician. Due to the duration of each testprk could only be
completedat a few locationgtypically oneto three locationsjluring the allowable lane closure timego

have more confidence in the measurementiit@nal data would have been desirableThis test
equipment may prove useful in testing other structural componemituationswhere adguatetime is
available. Aso, dthough the WAR and AER can be correlated to standards established by the equipment
manufacturer(and by extension, other published worthesestandard have not been correlated to the
performance oNorth Carolinamaterials. If NCDOT is interested in obtaining air and water peability
measurementsf concretefor otherpurposesit is recommaded that other equipmeat test methods be
utilized and evaluated Other testghat may prove to be more useful to NCDOT includepsiwity testing

(in a laboratory setting) of test specimens prepared from coresptiv8y test results obtained from
specimens included in this stugere fairly relable and consistenand showed good correlation to the
published results of othersrfeimilar applicationgBentz et al. 2002)
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8. IMPLEMENTATION AND TECHNOLOGY TRANSFER PLAN

Research Productl

Results of field evaluations and laboratory tests comparing lightweight and normalv
concrete bridge decks.

Suggested User

Bridge Maragement Unit and Materials and Tests Unit

Recommended Use

Recommendations of this study can be used to assist the Bridge Management

deciding whether to use lightweight concrete bridge decks when designing new b|
or repairing existing bridgesThe bridge decks included in this study are from a num
of locations statewide, and represent a range of traffic loadings and ages. Insight i
durability performance of other bridge decks, both lightweight and normalwg
concrete, could be gad from the results of this study. This information could be u
to assist in design and in service life prediction. Some data could be used in seleq
input values for service life prediction models. Decisions regarding maintenanc
repair cald also be aided by the results of this study. The visual survey drawing
chloride ingress information could be particularly helpful to those responsible
maintenance and repair decisions.

Recommended
Training

Nonerecommendedt this time.

Research Product2

Surface chloride contents, diffusion coefficients, and profiles of chloride content vs.
for 18 normalweight and lightweight bridges in coastal, piedmont, and mountain reg

Suggested User

Bridge Management Unit and all divis®n

Recommended Use

Diffusion coefficients can be utilized in service life prediction models in design of f
bridge decks. Information on chloride contents for-noastal bridges can be used
evaluation of deicer applications, and can be used tpleament other ongoing resear,
in this area.This information could also be useful in selection of mixture designs fo
in future bridge deck construction.

Recommended
Training

None recommended at this time.

Research Product3

List of bridge deckswhere tloride contents exceethe corrosion threshold an
replacement levelat1in and 2in deptts.

Suggested User

Bridge Management Unit and division personnel

Recommended Use

Bridgesin which chloride contents exceed the corrosion threshold andaempient levels
at 1 and 2n depths could be consideradhen planningepair anl rehabilitation This
information could also be relayed to other parties involved in periodic bridge evalu
to assist in future monitoring

Recommended
Training

None reommended at this time.
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Research Product4

Surface resistivity measurements of 18 normalweight and lightweight concrete
decks.

Suggested User

Materialsand Tests Unit, Bridge Management Unit

Recommended Use

Surface resistivity tests resultsviegabeen shown to correlate well with results of AS]
C1202 Rapid Chloride lon Permeability Test results (Rupnow and Icenogle 2012).
researchers are currently investigating the use of conductivity (inverse of resistivit
predictor of concretewtability. Ongoing research efforts by a number of researcher
agencies should result in additional guidance on use of surface resistivity in th
future. As findings and standards become available, surface resistivity data colle]
part of his work could potentially be used to assess durability performance.

Recommended
Training

If surface resistivity is integrated into procedures utilized by the Materials and Test
minimal training on the device would be required. AASHTO provisistaidard TP 95
11 can be used as guidance for use of the surface resistivity meter in the lab
setting. The field testing protocol utilized by UNC Charlotte researchers for this
could be used until other procedures are adopted by AASHTO oMAST better
procedures are identified by researcher and practitioners.

Research Products

Distress surveys of 18 normalweight and lightweight bridge decks in coastal, pie(
and mountain regions.

Suggested User

Bridge Management Unit

Recommended Qe

Cracking exhibited by bridge decks can be the result of design characteristics. Peg
involved in bridge design may be able to correlate some distresses observed ¢
bridge decks to design features or construction practices. Insight gagmedtese
distress surveys could be used to assist in design of future bridges.

Recommended
Training

None recommended at this time.

Research Product6

Results of field evaluation and laboratory testing of two normalweight concrete |
decks in Crave@ounty, NC (240083 and 240231).

Suggested User

Bridge Management Unit, Materials and Tests Unit, and Division 2 personnel

Recommended Use

After field evaluations were performed, it became evident that bridge 24023
incorrectly inventoried as a lgweight bridge deck. Therefore, this bridge deck al
with its companion normalweight concrete deck 240083 could not be included
performance comparisons or statistical analysis with the other 8 pairs of bridge
However, the same suite akld tests and laboratory tests performed for other br,
decks was performed on 240083 and 240231, and these results will be prov
NCDOT in a separate report. This information could be used to by Bridge Manag
Unit or Division 2 personnel tevaluate the performance of these two important bri
near Edenton, North Carolina.

Recommended
Training

None recommended at this time.
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Research Product7

Results of field testing using air and water permeability test apparatus and ¢
resistivty meter.

Suggested User

Materials and Tests Unit

Recommended Use

UNC Charlotte gained insight into use of two pieces of test equipment not currentl
by NCDOT. The Poroscope Plus apparatus is used to measure air and water perr
in the field and the surface resistivity meter can be used to measure resistivity of c(
in both field and laboratory settings. Should the Materials and Tests Unit be intere
using these devices, this report outlines a field test procedure and predatdbase 0
test results for North Carolina bridge deck concrete.

Recommended
Training

Manufacturerods operating instructi ofrAS
number of publications regarding surface resistivity, as well as an AASHdA@Iad
(AASHTO TPR95), are also available.UNC Charlotte personnel could meet w
Materials and Tests Unit personnel to assist in training, if requested.

Research Product8

Digital datebase of test results from field and laboratory testing

SuggestedJser

Materials and Tests Unit

Recommended Use

Information contained in this database could serve as reference data for evalua
concrete mixtures and/or test methods in future wofkata could also be used
supplement additional databases on neédired by the Materials and Tests Unit.

Recommended
Training

None recommended at this time.

Research Product9

Information on role of fly ash in durability performance of 18 normalweight
lightweight concrete bridge decks.

Suggested User

Bridge Maragement Unit and Materials and Tests Unit

Recommended Use

As part of this work, preliminary observations were made regarding the performa
bridge decks containing fly ash. Some of these preliminary recommendations cg
used to supplement otherformation used to assist in deciding whether to use fly a
future bridge decks construction. This information could also be used to help N
personnel in determining future changes to design and construction specifi
regarding fly ash.

Recommended
Training

None recommended at this time.
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NOTE:

e PC-L OVER PORTION OF MOST
OF RIGHT HAND TRAVEL LANE.

* NO DELAMINATIONS IDENTIFIED.
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Figure A1l: Visual survey results for bridge deck IN.




NOTE:

e PC-L in all sections of
RHL observed. Severity is
same over extent of

section.
e Just beginning to network
in most
/l/ locations.
e Little to no PC

observed in shoulder.
« No delominations identified.
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Figure A2: Visual survey results for bridge deck 1L.




Expansion joint
at bent

NOTE:

*» Traces of pattern craocking evident in o few areas at
very edge of shoulder.

Very low traffic bri

Expansi
at

dge.

No delaminations identified.

jon joint
bent

Several LF of lengitudinal cracks at Joint 1.
Only distresses observed were o few popouts/scuffs.
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Figure A3: Visual survey results for bridge deck 2N.
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Expansion joint
at_bent

NOTE:

¢ No pattern cracks observed in travel lane.
¢ Only a few longitudinal cracks near Joint 1.
e No delaminations identified.
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Figure A4: Visual survey results for bridge deck 2L.




NOTE:

e No pattern cracks observed in sample section.

e Only a few feet of longitudinal cracks observed,
but approximately 50 LF transverse cracking outside sample
section.

* No delaminations identified.

N

Unsealed joint Unsealed joint Unsealed joint
at bent ot bent at bent
\ \ |
Popouts and
e paste deterioration
i RCT-2 i RCT—4 i RCT—6 Ly
Travel Lane 1L. :52;11 EREZ 2333 g'i:" 7( gR_-Ss SREG §§1_77 7( Esaz
o g RH-3 3 w RH-5 et P—7 Spall =
] ) « & e & oS oy w7 o
c-=7
Shoulder 3 1% 5P <%0 \
* 5 \ 35" 85" /o5 125’ 154’ 185' 213 217
Distar;ce gm ft) to Minor Croze Cracks Minor Craze Crac NOTE: Apply SO LF of transverse cracking In next span.
core location (Out of survey area). .
'T'eosured al_ong 5 cracks total: approximately 68 ft apart
right edge line prior to pour break
RCT (P R) SAMP
AVEMENT SURFACE
RCT—# w o
7.“: ‘.4.'.
TEST ARRANGEMENT EACH LOCATION (typ.) “ ....'T_"C'H
KEY ) P— 'f“—-— RCT-2
RCT=RAPID CHLORIDE TEST SAMPLE RCT—# g
C=CORE =LANE NOT OBSERVED =CRAZE CRACKS Approx. 2 ft R . i
SR=SURFACE RESISTIVITY TEST 2
P=POROSCOPE PLUS TEST C—#
RH=REBOUND HAMMER % :
PC—M=PATTERN CRACKING—MODERATE SEVERITY =PATTERN CRACKING— =PATTERN CRACKING— LA 0. (i
PC—L=PATTERN CRACKING—LOW SEVERITY LOW SEVERITY X MODERATE SEVERITY pprox. 2 ft :

FIVE RCT SAMPLES TAKEN AT EACH LOCATION AT
ONE INCH DEPTH INCREMENTS

3N Bridge 150014 NC 101
Carteret County 76°41'29.0" 34°49°31.0”

Figure A5: Visual survey result®r bridge deck 3N.



NOTE:
e No pattern cracks observed in span.
e Only one longitudinal crack observed (near Joint 1 )

N e No delaminations identified.
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Figure A6: Visual survey results for bridge deck 5N.



/ \ NOTE:

» Some low severity surfoce cracking
observed in most sections.

N Particularly prevalent between 6 and 8

(7-8B heaviest). Some starting to

network, but not extensively.

e Transverse cracks propagating from
drains to interior edge of shoulder.

¢ No delaminations identified.
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Figure A7: Visual survey results for bridge deck 5N.




Figure A8: Visual survey results for bridge deck 5L.

88



