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DISCLAIMER

The contents of this report reflect the views of the author(s) andesessarily the views of the University. The
author(s) are responsible for the facts and the accuracy of the data presented herein. The contents do not neagssarily
the official views or policies of either the North Carolina Department of Tratadjfwor or the Federal Highway
Administration at the time of publication. This report does not constitute a standard, specification, or regulation.
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EXECUTIVE SUMMARY

Concrete structural element$ bridges constructedithin highly coriosive areasof North Carolina(NC) are
required to contain corrosion inhibiting admixtures and pozzolans in order to extend their service life in aggressi
environments.The currentNorth Carolina Department of Transportation (NCDQarpvisions provide mscriptive
specifications for concrete mixtures used in certain elements of bridges built in corrosive régmigended outcome is
that the use of pozzolans should slow the ingress of chloride by reducing the permeability of the concrete, amd corro:
inhibitors should delay the onset of corrosion once chloride reaches corrosion initiation Tésetfficacy of the existing
policy and materials specifications for concrete components designed for use in corrosive service hasatiohdeen
sysematically verified. Since the existing policy went into effect200Q more than 200 bridges have been constructed
These structures have been in service for a number of years, andriamtly available to observe and tedtheir
performance to date and remaining service life can be used to evaluate the impact of the corrosive sites policy and c
also inform potential updates to the policy.

This study was undertaken to determiviesther the specifiecover requirementdly ash andsilica fumeaddition
rates and corrosion inhibitor dosage rates are consistently and sufficiently achieving their objective of delaying the on:
of corrosion Additionally, this study was tasked wigélvaluating the current method of delineating the corrosive and highly
corrosive zonedn order to evaluate the effectiveness of the current policy for corrosive sites, the UNC Charlotte resear
teamusedliterature review, field evaluatigtaboratorytesting,and life-cycle modeling methodsThe scope of the research
includedthe following five objectives:

1. Summarizethe state of knowledge of NC bridge performance by reviewing previous NCDOT research project
related to corrosion and corrosion proteuti

2. Determinethe current state of policies and specifications used by NCDOT and other state departments
transportation to prevent corrosion in concrete components

3. Evaluatethe condition of bridges constructed within corrosive zones of North Carolihin&rcurrent condition
to corrosive site conditions

4. Estimatetypical service life of bridges constructed with current corrosion protection methods

5. Providerecommendations to retain or revise provisions of the existing corrosive sites policies

Theteam made the following primary observations during the study:

9 Field measurements detectatjoing corrosion in all the structures that were samplé@ most significantcive
corrosion was detected in the tidal zone of bridge piers, althilwegborrsion rate was significantly reducedi
locations outside of the tidal zone. Limited evidence of corrosion was detected or observed on the portions of
bridges that receive only atmospheric contact with chlorides through spray, splashing, and mist.

1 Although most bridges did nokkibit significant visual signs of corrosioat some locationthe team identified
exposed prestressing stragdncrete spalling and exposed steel bar of the benegamples of consolidation
problems, and efflorescence.

1 On almost all elementested,chloride concentration tests indicated a rapid decrease of chloride contamination
between the surface and two inches below the surface. The significant contamination of chloride was limited mos
to the portions of the stcture that are frequently exposedtackishwaters.

1 Most concrete was found to have diffusion coefficients lower than the typical/target values proposee/éar 100
service life by NCDOT (Rochelle 2000). However, most structures located very clbeedosan were found to
have more severe exposure than would be anticipated by those models.

1 In most cases the calcium nitrite corrosion inhibiting admixture concentrations measured from powder sampl
collected in the field met or exceeded the specified®CT minimum addition rate of 3 gal/§.dThis finding
confirmed that calcium nitrite is being utilized in the mixtures in approximately the correct dosage rates. Howeve
the dosage rate did not have the expected effect of raising the corrosion inkigshotd of chloride concentration
to above 9 Ib/yd

1 Three of the bridges studied had expected service lives greater than 100 years, one just over 50 years, and thre
than 50 years. The three bridges with expected service lives of less than 5@ereasdl characterized by high
chloride exposure and loading (ie. less than 3 miles from the ocean) and problems with concrete quality tt
increased the diffusion coefficient.

9 Evaluation of bridge deterioration rates (tracked as condition ratings iMBhéatabase) and the frequency of
various flaws listed in NCDOT bridge inspection reports did not indicate that bridges constructed under the curre
policy are less susceptible to typical corrosion damage than bridges constructed under previasis policie
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T The NC corrosion policy has similar features to n
specified requirements. Some staiessite-based chloride sampling of coastal waters to determine the severity
of the corrosive envimment (rather than ocean proximity zones) and to set design guidelines based on severit
Several states allow the use of more corrosion resistant materials such as galvanized and stainless steel reinfor

The findings of this research project susfgtihat thecurrentcorrosion policy is effective delaying the onset of
corrosion in concrete components in most cases. It is effective at providing protection to concrete elements thahgre recei
chloride loading from splashing, spray, or atmosphegjmodition. It is also effective at providing protection to bridges in
locations where the concentration of chlorides in the brackish water is low. However, many bridges constructed under
current corrosion policy are not on track to have total maintefeee service lives in excess of 75 or 100 years. Bridges
that meet the current specified requirements of the corrosion policy to include silica fume, proper concrete cover, ¢
corrosion inhibiting admixture, may have maintenafiee service lives dess than 50 yeaikthey are sited very close to

the ocean

As a result of the findings, the team proposes the following updates to the corrosion mitigation strategy:

1

= =4

Create specifications for structures with extreme proximity to the coast thaiedyediface very high chloride
loading and fouling. These structures require either higher performance requirements for concrete mixtures
corrosion resistant steel.

Enhanced provisions for elements exposed to wetting and drying are recommendedetthenservice life
goals are met. These provisions could include increased concrete cover, protective jacketisign resistant

stee| or other approaches.

Continue to require and encourage use of pozzolans through binary and ternary cementiidaisbheats,

but develop performance standards for these mixtures when used in tidal zones.

Reducereliance on corrosion inhibitors until their lobgrm efficacy can be verified.

Use water samples to verify chloride exposure and to determine the aggress of individual bridge sites.
Reuvisit the boundaries of the highly corrosive and corrosive zones based upon the results of chloride cont
testing of the coastal waters.

Add surface resistivityperformance requiremente concrete mixture qualification processes. Add surface
resistivity testing to the quality control protocol for concrete accep&ngkar to those described (Eavalline

et al. 2020).

Vi
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1.INTRODUCTION AND RESEARCH OBJECTIVES

Concrete structural elemertsbridges constructedithin highly corrosiveareasof North Carolina are required to
contain corrosion inhibiting admixtures and pozzolans in order to etteircservice life in aggressive environmeritie
dosage rates prescribed in the specification are fixed, and were established following internal NCDOT research condu
by the Materials and Tests UniBridges constructed since the specification wstsldished have now experienced
sufficient exposure to chloride rich environments that an assessment of their performance can serve as an evaluation c
effectiveness of the policyFindings of this evaluatiowill enable NCDOT to confidently continugsing the current
specification, owill inform modifications tathe specification in response to measured performance.

The current provisions provide prescriptive specifications for concrete mixtures used in certain elements of bridg
built in corrosiveregions. The intended outcome is that the use of pozzolans should slow the ingress of chloride by reducir
the permeability of the concrete, and corrosion inhibitors should delay the onset of corrosion once chloride reaches corro
initiation levels. This study was undertaken to determivieether the specified fly ash and slag addition rates and corrosion
inhibitor dosage rates are consistently and sufficiently achieving their objective of delaying the onset of cortasion.
corrosive sites policy atslinks the construction location with required corrosion mitigation specificatiibmaust also
verify that these requirements are being properly applied to all bridges that are substantially affected by corrosion.

The field study component of this pecffocusedon a broad, representative sample of the more than 200 bridges
that have been constructed during the fifteen years since the corrosive sites policy came intbheffeample primarily
included typical bridges (those not included in the Highlue Bridge list) that utilized regularly implemented design
considerations, materials, construction techniques, andr@ACprovisions. The research methodology emy#d field
evaluation of bridges along with lfeycle modeling to assess whether the bridges are on track to achieve their service lif
expectations.

Research Need

The efficacy of the existing policy and materials specifications for concrete componegtsede®r use in
corrosive service locatioas not been systematically verifieBlenefits of the current poli¢which is applied to two areas
primarily delineated using selected roadways as boundareghat it is easy to apply with only the knovgedof the
planned location of the bridg®rotective enhancements, such as addition of pozzolans and corrosion inhibiting admixture:
are prescriptive, and are therefore also easy to implenitawever, whether these provisions are sufficiently reducing
maintenance and extenditige potential service lif@f bridgesshould be confirmed if the policy is to be continuddre
than 200 bridges have been constructed under the provisions of the existing policy and are currently available to obs
and test. Their performance to date and remaining service life can be used to evaluate the impact of the corrosive s
policy and could also inform potential updates to the policy.

Research Objectives

In order to evaluate the effectiveness of the current pfaioyorrosive sites, the UNC Charlotte research tesaal
literature review, field evaluatiorand life.cycle modeling methodsThe scope of the researalasencompassed by the
following five objectives:

1. Summarizethe state of knowledge of NC bridge performance by reviewing previous NCDOT research project
related to corrosion and corrosion protection

2. Determinethe current state of policies and specifications used by NCDOT and other state departments
transportéion to prevent corrosion in concrete components

3. Evaluatethe condition of bridges constructed within corrosive zones of North Carolina and link current conditior
to corrosive site conditions

4. Estimatetypical service life of bridges constructed with catreorrosion protection methods

5. Providerecommendations to retain or revise provisions of the existing corrosive sites policies

1.2Corrosive Sites

To delay the deterioration of structural concrete in areas of increased chloride concentrations, the North Carol
Department of Transportation (NCDOT) Structures Management Unit (SMU) created a Design Manual that includ
multiple requirements and specdtions related to the prevention of corrosion related damage. The SMU Design Manua

1



divides the coast into twareaseach requiring additional treatments to deter and/or slow the ingress of chiNGI2®T

2018) Structures lyingwvithin these areaand meeting additional criteria are identified as corrosive sites. Thethiaes
demarcéee the corrosive arease shown below in Figure 1.3l structures falling east of the highly corrosive line (red)
are to follow all corrosive sites requirements and apply them to all bridge elements. Bridges falling east of the owrosive |
(blue) amd west of the highly corrosive line (red) are to apply all corrosive sites requirements only to those bridge elemel
located within 15 feet of the mean high tide.

LY CORROSIVE LINE

CORROSIVE LINE

CORROSIVE AREAS MAP

Figure 1.1. Map otorrosivesitesdividing lines. (Originally from NCDOT SMU Design Manu&igure 1229
(NCDOT 2018)

1.3 NCDOT Corrosion Prevention Measures
The NCDOTSMU Design Manual provides guidelines for treating structures located wwitkirof the corrosive
site boundaries previously mention@dbrief description okach corrosion prevention measigrpresented below:

1 Section 125 of the SMU DesigiManual explains requirements related to when epoxy coated reinforcing steel is
required. At corrosive sites, all castplace (CIP) concrete elementsstd have epoxy coated reinforcing steel,
bar supports, and incidental steel. Additionally, all preaadtCIP culvert¥ocatedeast of the corrosive line shld
have epoxy coated reinforcing steel and bar supports.

1 Sectonl212 (fACorrosion Protectiono) of the SMU Desi g
used as corrosion protectiont ldast one of the following measures is suggested for use:

Increased clear cover for reinforcing steel

Epoxy coated reinforcing steel

Addition of calcium nitrite corrosion inhibitor

Addition of silica fume

Addition of fly ash or granulated blafstrnace slag

Specification of Class AA concrete in substructure elements

Limiting the use of uncoated structural steel

OO0 O0OO0OO0OO0OO0o



The selection of a measure and the degree of protection required varies depending on the location of the bridge.
factors that influace the selection aippropriate measurese whether the bridgs locatedeast of the corrosive line or
east of the highly corrosive line, and if the bridge falls within certain state divisions that experience significanf levels
deicing agents. The SMreferences the use of the flowchart shown in Figuze(Eigure 1230 in NCDOT SMU Design
Manual) to determine the extent of corrosion protection required.

e SEE SECTION 12-13, “PAINTED STEEL", ENTER
FOR LIMITATIONS OW THE LUSE OF
WEATHERING STEEL. +

® PLACE NOTE *L ON THE
GENERAL DRAWING,

® SEE SECTION 10-5 FOR

YES THE MIMINUM EPOXY
COATED REINFORCING

STEEL REQUIREMENTS.

* SEE SECTION 10-5 FOR THE MINIMUM
EPOXY COATED REINFORCING STEEL
REQUIREMENTS.

IS THE BRIDGE
LOCATED IM
OIVISION
5 7. OR 9-147%

Y

o NO ADODITIONAL CORROSION PROTECTION

MO ADDITIONAL

CORROSIVE (BLUE)
LIME OF FIGURE
12-17%

IS NECESSARY. wc‘ CORROSTON
i i t PROTECTION IS
NO 15 THE BRIDCE NECESSARY.
. A STREAM
ES CROSSING?
CORROSIVE STITES
I% THE BRIDGE ® 00 WNOT DESICW & STEEL SUPERSTRUCTURE,
LocaTED ON OR UMLESS OTHERWISE APPROVED.
EAST OF THE YES o
~ HIGHLY CORROSIVE * 0O NOT USE METAL STAY-IN-PLACE FORMS,
MO (REDY LINE OF &% ADDRESSED IM SECTION 12-13.
FIGURE 12-177
s INCREASE CONCRETE COVER 45 OUTLIMED
IN SECTION 10-3
® 4| REINFORCING STEEL, INCIDENTAL STEEL
NO AND BAR SUPPORTS IN CAST-IN-PLACE
MO CONCRETE SHALL BE EFOXY COATED
s ALL PRESTRESSED CONCRETE GIRDERS
SHaLL BE DESIGNED FOR ZERO TENSION IN
I5 THE BRIDGE THE PRECOMPRESSED TEWSILE ZOME.
LOCATED ON OR
EAST OF THE EnCASE alLL TIE ROD ENDS FOR

FRESTRESSED GIRDERS IN A GROUTED

RECESS. SEE FIGURE &-82.

FLACE NOTES #2 AND #3 ON THE GEMERAL

DRAWING.

s PLACE NOTES #4, #5, AND #6& ON THE
APPROPRIATE STRUCTURE STANDARD
TES DRAWINGS.

* MODIFY MNOTE #7 TO INCLUDE THE
APPROPRIATE STRUCTURAL ELEMENTS
AND FLACE OMN THE GEWERAL DRAWING,

I5 THE
BRIOCE ELEMENT YES * MODIFY MOTE *8 TO IMCLUDE THE
LOCATED WITHIN ———= APFPROPRIATE STRUCTURAL ELEMENTS

1% FT. OF THE AMD PLACE ON THE CORRESPONDING
MEAN HIGH TIDE® STRUCTURE STANDARD DRAWINGS,

e PLACE NOTE *39 ON THE GEMERAL
DRAWING AS DIRECTED BY SECTIOM
12-13, MODIFIED TO INCLUDE THE
APPROPRIATE STRUCTURAL ELEMENTS
IF NOTE #9 IMCLUDES A& PRECAST MEMBER,
ALS0 PLACE THE MOTE ONW THE PRECAST
MEMBER DETAIL SHEET.

DETERMINATION OF CORROSION PROTECTION

Figure 12. Flowchart tadetermindevel ofcorrosionprotectionrequired. (Originally from NOOT SMU Design
Manual, Figure 180 (NCDOT 2018)




The research team used several strategies to study and evaluate the effectiveness of the corrosion policy. The
included:

Review of other Statesd Policies

As a method of determining the statethe-art in terms of corrosion prevention policies, multip st at e s
bridge design manuals were analyzed. For completeness, all states that have a coastal boundary were involved in this ¢
The states included were Alabama, California, Connecticut, Delaware, Florida, Georgia, Louisiana, Maine, Massachust
Mississippi, New Jersey, New York, North Carolina, Oregon, Rhode Island, South Carolina, Texas, Virginia, ar
Washington. The results of the reviewere summarized and compared to the policy used by Nfe review of other

stat esd pol eddn Ghapteri2sandsnormiully descebed in Appendix C.

Field Investigation

To obtain a clear picture of how these structures were performing, a representative subset of structures constru
under the current corrosion policy were selected fad inspections were performed to determine the current state of
corrosion related deterioration. The structures selected were within the age range of 10 to 15 years old to ensure that
have had a significant amount of time to be exposed to corslttian cause weathering and potentially show early signs of
corrosion. The investigation included corrosion rate and surface resistivity readings at multiple locations on each struct
along with a visual inspecticand concrete specimen collectiofheconcrete specimens were evaluated in the lab at UNC
Charlotteto determine the concentration of chlorides and concentration of corrosion inhibiting admixture that were prese
The fieldinvestigationwasintended to provide information to determine tuerent state of corrosion of typical structures
near the North Carolina coastling.full description of the methods and procedures used to collect data in the field are
described in Chapter 3, and the results are presented in Appendix A.

Service Life Maeling

Modeling the effects of corrosion on bridge components selected for this analysis was performed us36$ Life
software. Modeling provides an estimate of the service life a bridge will have before major repairs or reconstruction :
necessary. Thianalysis is commonly known as a life cycle analysis (LCA)-86® allows a variety of corrosion mitigation
techniques to be assessed on their impact to service life. The service life of a concrete structure is equal to the sum c
time it takes forcorrosion to begin (initiation period) plus the time it takes for corrosion to reach an unacceptable leve
(propagation period) (Bentz and Thomas 2018). Data collectedffiiield investigatiorand laboratory testingeveused
as inputs to thenodelingeffort. Additional information on service life modeling and the findings of this effort are presented
in Chapter 4.

Defect Mapping Investigation

An analysis of NCDOT maintenance records for structures located in the corrosive boundaries was performed
determine if structures constructed after the policy was enacted are performing better (i.e. longer mafntersarsice
lives, delayed onset of corrosion, etc.) than structures constructed before the policy. The maintenance records were filt
to cantain only defects that were potentially caused by corrosion of the embedded steel. In addition to determining whet
structures are performing better following the enactment of the corrosion policy, this study was also intended to aid
determining whdter the corrosie boundary lines are drawn in the correct locatidine defect mapping procedure and
results are described in Chapter 6 of this report.

Deterioration Modeling Investigation

Condition rating data sourced from the NBI database for strsckocated near the North Carolina coastline were
used to creatdeterioratiormodels. These models show the average time taken for a structure to deteriorate from conditic
rating 9 to condition rating 6 or 5 (not all structures reached condition rabef@Ee receiving maintenance which increased
the condition rating). Additionally, a statistical analysis of this same dataset was performed using Minitab to determi
whether the differences shown on ttieteriorationmodels were statistically significanthis study was intended to
determine whether structures constructed after the corrosion policy were performing better than those constructed be
and to determine if structures constructed within the corrosive boundaries are performing equally tortsiogeted
outside of the corrosive boundaries (i.e. west of the corrosive boundary line). This study also aided in determining whet
the boundary lines are drawn in the correct locatibdditional information and the findings of the deterioration el
investigation are presented@napter @



Thisreport summarizes the findings of a broad study. Greater detail is provided in three thesis documents that
were generated by the Graduate Research Assistants that contributed to the project (Ne&ovhel&fe, 2020; Al
Salihi, 2022).



2.SUMMARY OF KEY LITERATURE FINDINGS

2.1 Overview of Corrosion

Corrosion in steel is an electrochemical process in which iron (Fe) is removed from the steel and dissolves into
surrounding pore solution. Once dissolved in the solutiorfetineus ironions (F€) are able taeact with hydroxide ions
(OH ) and dissolved oxygen molecules) form one of the many varieties of r¢&CI 2019) The presence of chlorides
from winter maintenancmaterals, seawateror other sourcefcilitates the onset of corrosiomhis corrosiorthresholdof
chlorideion concentration, also referred to as the critical chloride content, can vary greatly and is dependent on many fac
such as the interface betwedeet and concrete, the chemistry of the pore solution, and the amount of oxygen that can mal
its way to the stedgBertolini et al. 2013)

2.1.2Mechanism

The process of corrosion occurs along the length of the reinforcing steel from an anodic site to a cathodic site. -
process begins at the anode bydtssolutionof iron into the pore solution, along with the loss of electr@®SI 2019) as
described by the following anodic d#@n:

&R &A  cA (2.1)

These electrons then flow through the reinforcement to the cathode, combining with the available water and oxyc
whichis present withirthe pores of the concrete. This combination leads to the creation of hydi@xiieX)19)as shown
in the following cathodic reaction:

A (1 1 oT( (2.2)

The creation of anodic and cathodites are theinitial reactions in the formation of a rust-pyoduct, with the
actual formation of rust requiring several additional reactions. As there are many different ways to express the formatior
rust, only ones detailedhere. The following series of reactioesaibe how iron and hydroxide iong (  areformed at
the cathode (Equation 2.2)dcombine to create ferrous hydroxide. The ferrous hydroxide combines with available oxyger
and water to create ferric hydroxide, which then dissolves into hydrated feidie mst(Zhao and Jin 2016)These
reactions areescribed in equations 2235

"0Q ¢00 © "OQ) O Ferrous hydroxide (2.3)
TOQ O 0 ¢O0° 10 O Ferric hydroxide (2.4)
"OQ) 'O © "M JOUL 00 Hydrated ferric oxide rust (2.5)

2.1.3Factors Affecting Corrosion Rate

The creation of anodic and cathodiitesleads to the accumulation of positive and negative charges. Hydroxide
ions diffuse in the direction of trenode where they combine with the available ferrous ions. This combination, when the
anodic and cathodic processes take the form of a corrosion cell with no additional electrons, causes electrical nmeutraliza
If no source of electrons is present, tlie@ oxidation rate at the anode must be equal to the reduction rate at the cathod
Therefore, the corrosion rate is reflected by the rate of electron(lbmo and Jin 2016)However, he rateat which
corrosionoccurscan also benfluenced by many different factors such as concrete, steel, and environmental properties. Or
factor that cameducethe rate of corrosion is the availability of dissolved oxygen in the cathodic re@bas and Jin
2016) As oxygen is consumed in the cathodic reaction as shown in Equation 2.2, the lack of a continuous supply of oxy:
can significantly reduce the rate of corrosion. One way that oxygen is limidgdrisreased concrete cover.

Another factor that has a significant impact on the rate of corrosion is passivation. Passivation occurs when a tt
passive layer of insoluble metal oxide or hydroxide forms on the surface of the steel. This layer fanntisevgteel is
exposed to an alkaline condition with a pH greater than 11.5 in an environment containing dissolved oxygen. Under th
conditions, the steel can react with the oxygen to form the passive layer. With a passive layer surrounding the steel
given the same conditions required to create the passive layer, the rate of corrosion is effectively reduced to a neglig
amount(ACI 2019) But even under continuous environmental exposure to alkaline conditions, the passive layer can t
broken down by the ingress of chlorides



2.2Methods of Chloride Ingress

The four main mechanisms that allow the transport of chlorides into the concrete matrix include diffusion, capillal
suction, permeation, and migratigBertolini et al. 2013) While each mechanism can work alone, they often work
simultaneously or in sequence with one another. Under diffenenintstancesoneparticular method is more likely to be
the dominant transport mechanism. When the pores of the concrete are relatively dry, capillary suction is likely to be
driving mechanism, however, when the pores are relatively saturated, diffasidely to be the driving mechanism
(Basheer et ak001)

2.3 Corrosion Mitigation Methods

Corrosion mitigation methods typically revolve around the protection of the reinforcing steel, as that is where tt
corrosive damage will begirBelection ofan appropriate mitigation methdzhsed on theusceptibility of individual
structurego corro$on damage during their projected service life. Thisaadleddifferenty by various coastal stateBhe
methods covered in this section include minimum concrete cover requirements, reinforcing steel coatings, material select
and common admixtures.

Staes with a coastal border haaerarietyof methodgo identify which bridges are required to receive additional
treatments omeet special specificationStatesvith themost extensiveoastlines (California, Florida, ettypically have
more specificall defined locations that require special treatments than stateslesghcoastal exposui@labama,
Mississippi, etc.)Some of the common ways to define a corrosive environment include a threshold content of chloride
measured in the water (CalifornidpfRda), the distance from the nearest coastline (Florida, North Carolina), marine water
crossings (Louisiana, Maine), and defining specific counties as coastal counties (Georgia, South (aliznad 2003;
FDOT 2019; GDOT 2018; LADOTD 2005; MEDOT 2003; NCDOT 2018; SCDOT 200@)isiana also includes areas
with a history of corrosive damad@eADOTD 2005) Florida, California, and North Carolina all have different levels of
corrosion prevention requirements based on parameters including distance from the nearestardexgtirad partsper
million (ppm) chloride conterfCaltrans 2003; FDOT 2019; NCDOT 2018)

Common mitigation methods are designated as either physical, passive, or active systems, and each can be us
conjunction with another. A physical method would be a matter of des&gerials and/ogeometry, such as increased
concrete cover and epoxgating on the embedded steel or concrete surface. This acts as a way of increasing the time
corrosion initiation by providing a physical barrier between reinforcing steel and chlorides. A passive system would be 1
inclusion of admixtures, such as figh and other pozzolans. Passive methods work by decreasing the permeability of th
concrete, therefore slowing the rate of chloride ingress. An active system would be the act of chemically raising time corro:s
threshold of the steel. This is commonly i@eled through the use of corrosion inhibit@Rochelle 200Q)

2.3.1Minimum Concrete Cover

Oneof the simplest mitigation techniques used by many states is the specification of a minimum depth of concre
coveroverthe reinforcing steel, commonly defined for the top or bottom surface of the bridge deck. Some states also inclt
a specification foexposed or submerged piers and bents. The most common minimum specification for top of bridge de
concrete cover is 2.5 inches, which is what North Carolina currently spdbifti30T 2018) Alabama, Louisiana, and
Maine specify 2 inches for the minimum co&LDOT 2017; LADOTD 2005; MEDOT2003) Florida and Georgia
specify 2 inches if the bridge meets certain requirements, but typically specify a larger minimu(RD&lie2019; GDOT
2018) While 2.5 inches is a common specification amorayrstates, it appears that this is a moderately conservative
value, as some statesentioned abovepecify a minimum value as low as 2 inghasd others, such as Delaware, specify
a minimum value of up to 3 inché®elDOT 2017)

2.3.2Reinforcing Steel

The most common steel choices specified for high potential corrosion areas include epoxy coating, galvanized, :
stainless steel. Based oarreviewof US coastalstase6 br i dge design manual s, the n
specified for corrosion resistance or mitigation is epoxy coated.

2.3.2.1 Epoxy Coated Steel

Epoxy coated steel is one of the primary mitigation methods employed by North Carolina as well as mar
other states. This type of coating would be considered a physical mitigation method as it provides a physical bar
between the pore solution withinetltoncrete and the reinforcing steel. The benefit of using epoxy coated steel is



that it has been used in both laboratory and field testing for decades, and has proven to be successful in dela
the onset of corrosion due to chloridé<l 2019)

A downside of using this methos that the coating can significantly loseptstectiveproperties if it is damaged.

This is asignificant concern since damagmn easilyoccur on a construction sitelf damage occurs during
constructionit is typically requiredo be repaired before moving forward. The concern is tltatid be easy for
damage to occur and go unnoticed or unreported.

At the time of this research, only 6 of the 19 states reviewed either do not specify or do not permit the use of epc
coating.These states include Alabama, Florida, Mississippi, Oregon, South Carolina, and V&gD@T 2017;

FDOT 2019; MDOT 2010; ODOT 2018; SCO 2006; VDOT 2011)

2.3.2.2 Galvanized Steel

Galvanized, or zincoated, steel is another commonly specifiedtectionfor reinforcement found in
environments designates having a high corrosion potential. This type of coating is an example of a sacrificial
protection. This means that the zinc coating undergoes corrosion and acts as the anode in the galvanic couple r
than the steel. An alternative protection methadild be norsacrificial, in which the coating protedhe steel as
long as it remains undamaged. Neacrificial coatings include copper and nickel, however -zoated reinforcing
bars are most commonly availaljfeCl 2019)

Similar to epoxy coated steel, galvanized steelldgs used in structures for decades. Howeawdike
epoxy coated steel, the performance results of galvanized reinforcement under corrosive conditions have shc
conflicting results. Some lab studies show an increase in the time required t(Coatek and Bresler 199@hile
others show a reduction in the time required to c(&ckfin 1969). A field study of galvanized steel reinforcement
that had been in service foamyyears did not she significant deficienciedHowever, it was noted that the chloride
concentrations at the depth of the reinforcing steel were fairly low so it could not be conclusively determined th
the galvanized bars were working effectivéBook and Radtke 197.7Additionally, marine and accelerated field
studies showed that galvanized steel reinforcement wagssfat in delaying the onset of corrosion related
damage, such as delaminations or spalling dimihot prevent them entirelfArnold 1976; Sopler 1BB). At the
time of this research, very few coastal states specify or allow the use of galvanized steel, with Massachusetts, N
York, and Texas being trexceptiondMassDOT 2013; NYDOT 2017; TXDD2018) Virginia explicitly states
thatgalvanized steedhould not be use®DOT 2011)

2.3.2.3 Stainless Steel

Stainless steel as reinforcement was first introduced in the 1930s, ith@ugbt used often due to limited
availability and high cost. It is currently being used more frequently as reinforcement for structures in environmer
with a higher corrosion potential due to its demonstrated ability to resist corrosion relative to conventional ste
(ACI 2019) Stainless steel has also been used in conjunction with carbon steel in an efé@atecosteffective
design. This design methodology involvescilg stainless steel in areas where corrosion is to be expected, such
as the top layer of a bridge deck where water containing chlorides may sit for extended periods, and placing car
steel where corrosion is less likely to oc(A€1 2019)

Currently, there are three states WN¥ork, Oregonand Texas) thausestainless steel as an option for
reinforcement(NYDOT 2017; ODOT 2018; TXDOT 2018New York allows the use of epoxy coated steel,
stainless steel, or galvanized steel for bridgefoecemen(NYDOT 2017) Oregon specifically statésatstainless
steel should be used and epoxy coated steel Eenatitted( ODOT 2018) Texas specifies the use of epoxy coated
steel or galvanized steel, with stainless steel be&iggired for areas of severe expogr€DOT 2018)

2.3.3 Admixtures

The most common admixtures specifiedimme di f ferent <coast al st actloaumd b
nitrite, fly ash, granulated blast furnace slag, and silica fume. Tagerialswork in different ways and each fall under
the category of either a corrosion inhibitor or a pozzolan.

2.3.3.1 Corrosion Inhibitors.

A corrosion inhibitor is a chemical admixture that reduces the rate of corrosion on the reinforcing stee
without actually reducing the concentration of the corrosive species. Corrosion inhibitors effectively raise th
corroson threshold level, requiring that a higher level of chlorides be present on the surface of the reinforcing ste
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in order for corrosion to initiate. Calcium nitrite is an example of a corrosion inhibitor and is currently used as
corrosion protection nasure in Florida, Louisiana, Maine, New York, North Carolina, and VirgFixOT 2019;
LADOTD 2005; MEDOT 2003; NCDOT 2018; NYDOT 2017; VDOT 2011)

2.3.3.2 Pozzolans

A pozzolan is aupplementary cementitious material (SQRBt is used to refine and reduce the concrete
porosity by filling in the smaller gaps found between aggregates. By filling these gaps with very fine mineral
concrete demonstrates significantly enhanced resistance to chloride pené@ti@019) However, the use of
SCMs canbe counterproductive if too much is added. There are calcium hydroxides (Gaf@i)ed when
portland cement hydrates which creates a buffer for the pore solution, helping to maintain a constant pH level. Wi
too much of a mineral admixture is introducatl of the calcium hydroxides will be used in the pozzolan reaction
(ACI 2019) This eliminates its ability to act as a buffer and allows the pH to get to a lower level where the stee
will no longer be passivated. Fly ash, granulated blast furnace slag, and silica fume atenpabat are currently
being used as a corrosion protection measure in California, Florida, Louisiana, Maine, North Carolina, Oregon, &
Rhode IslandCaltrans 2003; FDOT 2019; LADOTD 2005; MEDOT 2003; NCDOT 2018; ODOT 2018; RIDOT
2007)

24 Test Methods for CorrosionRelated Processes

A portion of this project included performing field investigations of structures located within the NCDOT defined
corrosive zong These field visits included the collection of corrosion rate data, surface resistivity datanearedgpowder
sampledrom bridge elements

24.1 Corrosion Measurement Device Selection

To obtain data about ongoing corrosion during field vigitssiCOR by Giatec was used.The iCOR is a non
destructive testing (NDT) devi€ao direct contact with the reinforcing steel is requitbdjincludes aiserfriendly tablet
based interfactha is wirelessly connected to thandheldransducer. Additionally, testing indicated that the iCOR has a
smaller margin of error and reported more precise measurements than the Ga({RreuliH 9)

24.2 CEPRA Method of the Giatec iCOR

The i COR makes use of Giatec Sci e nessiElectricad BulsqppRespenset e
Analysis (CEPRA). CEPRA is what differentiates the iCOR from other corrosion measurement devices that we
commercially available at the time of this study because it is not necessary to expose the reinforcing steel to t
measurements. Using four electrodes, the electrical response of reinforcing steel in concrete can be determined. Th
depicted in Figure 2.1. An AC current is applied to the surface of the concrete between the two outer electrodes while
voltage betwee the two inner electrodes is measured.

— a 4 a t R —

(1)
&/

Figure 2.1. Layout oflectrodeautilized by Giatec iCOR.
(Originally Figure 3 from Giatec iCOR Manugbiatec 2019)



During testing, the applied AC current is varied between a low frequency and a high frequency while the voltage
the inner electrodes is recorded. The use of varying frequencies is key dudiff@tbrece in response between a corroding
bar and a noworroding bar. The voltage response of a-norroding bar increases when a lower frequeneppied The
voltage response remains nearly constant with varying frequencies for a bar that isg@@iatiec 2019)This relationship
is depicted in Figure 2.2.

A
Low frequency High frequency

Non-corroding bar

Voltage (V)

Corroding bar

\y

v

Frequency (Hz)

Figure 2.2. Grapkdemonstratinglifferent voltageresponses betweercarroding and
non-corrodingbar (Originally Figure 4 from Giatec iCOR Manuy@&iatec 2019)

While the voltage response varies between a corroding andanmding bar under the application of various
frequencies, direct measurement of this-frequency response is time consuming and is vulnerable to cwisgtion
(Giatec 2019)This makes it impractical to apply this technigue to measure the corrosion rate of steel embedded in conct
in a fidd setting. The Giatec iCOR avoids these issues by applying a narrow DC/AC current pulse over a short time per
(6-10 seconds) while using a high sampling rate (3 samples per second) to record the voltage(f&spen2619)

The limitations of the device includes inability to testcomponents witkepoxy coated steel, galvanized steel, or
prestressed post tensioned tendons that are placed in a protective tube. Additionally, the results can be affecte
temperature, moisture, concrete cover thickness and material properties, and the availability of oxygen.

The interpretation of results is largely driven by the coefficient of determinatiorsqu#&ted value, which is the
proportion of observed variatiorx@ained by the regression mod8levore 2010) The Rsquared value ranges from 0.0
meaning no correlation to 1.0 meaning a perfect correlation. After each individual test is pertbarsaftware plots a
graph of change in voltage over the total test period and generates a best fit curve along with the correspqudiag R
value. At this stage, the data can either be saved if thguRred value is acceptable or deleted so thaegtanay be
performed again. The-Bguared values that were accepted in the field are discussed in Chapter 3: Field Investigation.

2.4.3Corrosion Rate

The corrosion rate is usually described asofsteellosas nd i s typi cal |l y ceomgiarsgars e (
year). There are many factors that can influence the magnitude of the corrosi@uchtas temperature or humidity
(Bertolini et al. 2013)Bertolini et al. (2013) suggest the following ranges for interpreting corrosiomeatsurements
Negligible: Less than 2 em/year
Low: 2i5 em/year
Moderate: 51710 em/year
Intermediate: 10150 e m/ year
High: 501100 em/ year
Very high: Greater than 100 em/year

=A =4 =48 -8 -8 =9

Alternatively,the Giatec iCOR User Manusliggests the rangestable 2.1Giatec 2019)These ranges were used
in the field work in this studjo create heat majis the
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Table 21 Classification oforrosionrateresults(Giatec 2019)

Color Code Corrosion Rate (um/year) Classification
Green <10 Passive/Low
Yellow 10- 30 Moderate
Orange 30- 100 High

The iCOR is capable of calculating the corrosion rate by first determining the polarization resistance ¢
rebar, oiRe, by making use of the following equatiof@iatec 2019)

2 8 Y (2.6)
3 6 2.7)
E v

In Equations & and 27, Ar is the polarized area of steB4 is the charge transfer resistance of the steel (defined
previously in Figure 2.3)icorrosion IS the corrosion rate of the steel, aBds a constant parameter that is determined
experimentallfGiatec 2019)lts houl d be noted that the variables descr
tablet and the equations are solved automatically after testing a particular grid point.

2.44 Surface Resistivity

Surface resistivity is a measure of the abitityan electrical current to flow within a material and can be used as a
parameter to describe the ability of concrete to resist the ingress of chlorifleatarzse 2010)Resistivity can be influenced
by several factors such as, cement type, wateement ratio (w/c), and the presence of chlorides. While some factors work
to decrease the resistivity and therefore increase the rigkroiston,otherfactors such as a low w/c ratio or the addition
of a pozzolan work to increase the resistivity, therefore decreasing the risk of co(Besimtini et al. 2013)It has been
shown that the addition of a pozzolan, such as silica fume (a common pozzolan used by the NCDOT), can reduce
electrical conductivity of concrete by more than 90% when comparadconventional mixture with portland cement
(Ramezanianpour et al. 2011; Shi et al. 1998)face resistivity is inversely related to electrical conductivity, meaning that
as the conductivity is reduced, the resistivity is increased.

The resistivity of conete can range in value from less than ten to hundreds of kiloehtimeters (tens to
thousands of ohrmeters) with lower values indicating a higher risk of chloride ingress and higher values indicating a lowe
or negligible risk of chloride ingre¢Bertolini et al. 2013)The following table Table 22) presents global reference values
for the surface resistivity of mature (age > 10 years) daggesgate concrete measured at 20°C (6@BX et al. 1997;
Polder et al. 2000)

Table 22. Globalreferencevalues at 20°C foresistivty of mature (>10 yearsjoncrete(Cox et al. 1997; Polder

et al. 2000)
Environment Concrete resis
Ordinary portland | Blast furnace slag
cement or fly ash cement
including silica
fume
\Very wet, submerged, splash zone 50-200 300-1000
Outside, exposed 100400 500-2000
Outside, sheltered, coated, hydrophobized (not carbonate(200-500 10004000
Outside, sheltered, coated, hydrophobized (carbonated) [1000+ 20006000+
Indoor climate (carbonated 3000+ 400010000+
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There havebeen multiple recent projects completed at UBH&rlottein which surface resistivity specifications
were recommended for use by the NCD@iggers 2019; Cavalline et al. 202Bowever recommendations frofiggers
(2019) and Cavalline et al. (202&)enot directly applicable to the study of concretes in this project due to ditfesein
testingconditions (structural elements in the field vs. laboratory cured specincen®nt type, concrete moisture content,
chloride contamination, specimen shape, etc. The previous research at UNCC wamaldy related to early age surface
resistivitywhile all structures investigated for this thesis were within 10 to 15 years old at the time of testing. For the purpo
of the field work, the ranges Table 23 were used to interpret the surface ridgty data. This table has been suggested
for use by Feliu et al. (1996) and Polder et al. (2000).

Table 23. Classification oburfaceresistivity results(Feliu et al. 1996; Polder et al. 2000)

Color Code Resistivity(kohm.cm) Classification
Green >100 Very High
Yellow 50- 100 High
Orange 10-50 Moderate

The Giatec iCOR is capable of determining the surface resistivity of concrete by making use of the followin
equation(Giatec 2019) )
Mm ¢m 2 (2.8)

In Equation 28, } is the surface resistivity is a constant parameter based on the geometry of the electrodes, ant
Ris the equivalent resistance of the concrgtie.calculated froniR:2, Res, andRc4 which were previously defined in Figure
2.3. The iCOR user manual notes that by using this approach the effect of rebar would be minimized whereas other
measurement techniques will have inherent dfaitec 209). It should be noted that the variables described above are all
determined by the i CORb6s companion tablet and the eql

2.45 Variability Associated with Surface Resistivity

Field tesing of surface resistivity, regardless of testing device, has inherent variance due to constantly changi
conditions such as fluctuations in the weather and tides. Pidsueho et al. (2010) performed a field study of more than
60 new and old bridgesdated in coastal environments in Florida. The study included the creation of surface resistivit
profiles at varying elevations of partially submerged reinforced concrete substructures at and above the mean w
elevation. The field testing of surfacesisivity wasperformedusing a commercial Wenner probe with electrode spacings
of 3 centimeters (cm) and 5 cm. The profiles demonstrated a surface resistivity gradient from low to high starting within t
submerged zone and extending upwards to an ebevatitside of the splash zone, which Preddeteno et al. (2010)
attributed to the elevation dependence of moisture saturation (higher moisture content at lower elevations for example)

Concrete has an outer surface layer that can have a surfaceitgsialiie different than that of the bulk material.
This layer could be the result of chloride ingress, carbonation, or differential moisture content and can range inndepths fi
a fraction of a millimeter to a few centimetéPsesuelMoreno et al. 2010)t was found that the relative huritidat depths
of 3 centimeters or greater is constant, which would result in a constant surface resistivity unless chlorides hawe penetr
deeprthan 3 centimeter@icCarter et al. 2000; Pruckner and Gjorv 2001; Saleem et al..1996)

In addition to the field study, Prestidiorenoet al. (2010) collected nominali@ch cores in the same vicinity as
the surface resistivity profiles were tested and performed surface resistivity measurements in a controlled laborgtory set
Prior to performing the laboratory measurements, the egges placed in a high humidity chamber for a few weeks (exact
timeframe not specified). These resistivity measurements were considered to be wet while the resistivity measurem
made in the field were considered to be dry. The wet and dry measurementemwelated, andesearchers observetiat
the dry (field tested) resistivity values were about 3 times higher than the wet (laboratory conditions) resistivity valu
(PresuelMoreno et al. 2010)
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2.5Chloride Concentration Measurementsin Concrete Samples

A common way to test hardened concretectdoride contentis the rapid chloride test (RCT). This test requires
that a powder sample be takandrilling into hardened concrete. It issthmixed with an acidic extraction liquid liberate
thechloride imsfrom the concrete matrid he separated ions can then be measured with a calibrated electrode as a functic
of chloride percentage by mass of concrete (Germann Instruments 2020). Powder samples taken at vasiatitheepth
same location allow for a@l to be generated that depicts the chloride pradiiehanges in concentration with depthis
test method provides equivalent resultstteer typical methods such as AASHTO T260, ASTM C114 and gpltshed
by international agenciefAASHTO 2021; ASTM 2018) A diffusion coefficient can be calculategsing these
measurements of chloride concentrations at various depths. This diffusion coefficekey variable taservicelife
prediction models, such as Li865,and quantifieshe rate at whiclehlorides can move along a concentration gradient

2.6 Techniques to Verifythe Presence of Corrosion Inhibitors

To limit the impact of corrosion on reinforced structures, the use of corrosion inhibiting admixtures has becon
common. Many types of corrosion inhibiting admixtures are commercially available, but the most common ones ultili:
calcium nitrite as the actvingredient (Jeknavorian et al. 1995). Calcium nitrite acts as a corrosion inhibitor by preventin
the creation of expansive corrosion products while repairing oxidization damage on the steel surface (Jeknavorian e
1995). In North Carolina, these athures are utilized in specified quantities based upon individual contracts to optimize
their performance against different levels of chloride penetration (Jeknavorian 2005, Jeknavorian et al. 1995). Test
methods have been developed to assess if duifigol dosages of nitrite corrosion inhibitor have been added to the mixture
while it is in the fresh or hardened state. Most highway ageos&bese methods as a form @€ for new construction
as well as to ensure the levels of calcium nitrite hatelapleted below the level needed for sufficient protection over time
(Jeknavorian et al. 1995). Several test methods have been developed that allow for detection of the calcium nitrites in |
fresh and hardened concrete.

Detecting calcium nitrite psence in fresh concrete is challenging due to the difficulty of bringing analytical
instruments into the field. The W. R. Grace corporate research laboratory developed the first method of detecting chlol
in hardened concrete in 1980 (Jeknavorian et945). It involves collecting a powdered sample of concrete and treating it
with several reagents before anamggcalorimetrically (Jeknavorian et al. 1995). This method is still widely utilizatia
method utilizingColorimetry has been adopted dadts greater ease of use and less specialized equipment. In this method
concrete extract is treated with sulfanilic acid that is diazotized by the nitrite. It is then coupled with ethylenediamine
produce a purple color that is measured by a spdaitometer.

2.7 Corrosion Modeling

Since corrosion is known to bepamary deterioration mehanismin coastal environments, service life prediction
models thafocus specifically oiits impactsare often usedrhese models allow a quick and eeffective means to predict
how reinforced concrete structures will perform with various design features, concrete mixtures, environmental conditio
and mechanical loads (ACI 2017Most methods utilize diffusion coefficients anbloride concentration threstusl for
onset of corrosioip determine the rate at which chloride ingress occurshainine for corrosion tanitiate andpropagate
(Bhattacharjee 1998). Most models use the error func:
it takes for chloride ions to penetrate concrete to the depth of the reinforcing steel, but other methodgsa@:. also

The Life-365 consortium developed LH&65 as a modeling software to analyze and estimate the service life and
lifecycle costs of concrete structures subjected to failure by chloride ingress induced corrosion (Bentz and Thomas 20
The consortium was spprted by Master Builders Technologies, GCP Applied Technologies, and the Silica Fume
Association, with the intention to develop a standardized model to predict corrosion deterioration. This failure mechani
is theprimary one modeledndthe softwaredoes not predict other deleteriopsocessessuch as carbonatiamr sulfate
attack(Bentz and Thomas 2018). It also assumes that the concrete is in ideal condition which is saturated and uncrac
(Ehlen et al. 2009). The presence of cracks in concrete fdlcchlorides to access the reinforcing steel and daesarly
onset of corrosionThe software isften utilized topredictthe benefitdhatspecific corrosion prevention measures have on
the service life of a structure.

Like many models,itsanalsi s i s based wupon the error functlti on
assumes that corrosion due to chloride ingress is the failure muodevhich to determine the end of the service lifae
software allows for user inputs for the geometi the structure, materials utilized, and chloride exposure conditions. These
are all factors of known importancethelongevity of reinforced concrete. It accounts for some of the complex pheaomen
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associated with corrosion and diffusion by makingesahassumptions to simplify analysis while being applicable to a wide
array of situations (Bentz and Thomas 2018).

Life-365 defines the service life of a structure bytttaltime necessary for chlorides to penetrate and for corrosion
to first beginand then produce damage to a structure. These two stages of the service life are respectively known as
initiation period and the propagation period (Andrade et al. 2012). Factors specific to concrete mix design that impact
time to onset of corrosn arew/cm use of pozzolans, and corrosion inhibitors. Additional factleded tahe design and
construction are increased concrete cover, the use of epoxy coated, galvanized, orstiz@hledsar, and membranes or
sealers (Ehlen et al. 2009) féi365 allows for the input of all these corrosion prevention measures and estimates a servic
|l ife using the error function of Frickbé6s second | aw
demonstrates théteinitiation period irtreases witlgreater concreteover anccorrosionthreshold values antldecreases
with larger chloride concentration and diffusion coefficients (Hodhod and Ahmed 2013). Bectngswafthis modeling
system estimates service life, determining an ateulifusion coefficient is critical to achiang the best results from it.
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3. FIELD TESTING PROGRAM AND RESULTS

A total of 90 bridges have been construdgtedC within the highly corrosive zone and corrosive zeimee 1999
when the corrosion policy was initiated subset of these structures were seleftiefleld assessmeiitt consultation with
the NCDOT Steering and Implementation Commi(&EIC). In the ®lection of bridgeseffort was made timcludebridges
at sites distributed throughottoth corrosive zones and bridges that hdnezn in service for a duratisufficient to
demonstrate performance. Tiesearch tearthenvisited thestructures to detarine their current condition and to collect
concrete specimerier subsequent lab testing.he following activities wergypically performed dring the field visit to
each bridge

1 Visual assessment to locate and map evidence of existing corrosions suabks, spalls, stains, and efflorescence

9 Collection of concrete powder samples from relevant compotenisasure chloride content andiiermine the
amount of corrosion inhibitor present in the concrete

1 Measurement of corrosion current to detbetonsetand relative severitgf corrosion

1 Measuremendf surface resistivity to characterize concéete p e r me eedistahce tb ghlora@ingress

The original project proposal indicated that concrete cores would be collected for water permeabitigy t

however onthe advice of the NCDOT STIC the value of the results did not warrant the potential damage to the structul

The selection ofepresentativeridgeswas a first step inndertaikng the reviewoN CDOT6s current cor

policy. The ®lection criteria generally includdatidges

Located within corrosive or highly corrosive zones

Crossng a brackishriver or creek

Designed with current corrosion polispecifications

In service with aleast 10 years afoastalexposure

Safely accessible by the research teaimgeithercanoe rowboat or waders

With typical secondary road bridge design (ie. no high vatumusuabridgedesign$

= =4 =4 =8 =8 =9

3.1 Description of Bridges Selected
The locatiors of the bridges selected for field visése shown in Figure 3.1.The final selection of bridges was
approved by the NCDOSTIC.

9 260007

1am

D
Raleigh
o

(55

teville

Figure 31: Location of bridges that were visited
15



Nine bridges were selected fewvaluation, as shown in Tal8el. Depending on access, the sampled locations are
described as eithatmospherior tidal. The contaminationf the concrete in the atmospheric zone comes from chloride
ionsin the marine airdeliveredby spraying and splashingn the tidal zongthe chloride is delivered dgngdaily wetting
anddrying cycles (Sun, Xiao, Jian Guo, & Zhao, 2019).

Table3.1 SelectedBridge Characteristics

Zone Bridge Element .

Structure # Age.at tlm_e of
Atmospheric Tidal Pier Cap Pier site visit

90056 X X X 16
660019 X X X 12
660021 X X X 15
640010 X X X X 14
90061 X X 15
90206 X X 12
150026 X X 14
260007 X X 13
150020 X X 12

3.2 Field Testing Procedures

The work performed during each field visit included field testing and observations. These included a visual surve
NDT methoddo determine the current corrosion rate and concrete resistivity, and collection of powder samples for furth
analysis at th&JNC Charlotte laboratory.

3.2.1 Visual Observations

A visual survey for corrosiorelated deterioration was completed at each bridge visited. The primary signs of
deterioration from corrosioimcludediscoloration or staining, cracking, and spalling. Staiction defects that could lead
to an increased risk of corrosion or chloride ingress were also of interest and recorded if noticed. Due to the relagively yo
age of the bridges selected (10 to 15 yehifs the team acknowledged that it wouldurdikely that many signs of corrosion
would besufficiently manifested to create visual distress at the time of this study.

3.2.2 Corrosion Rate and Concrete Resistivity

Testing of the current corrosion rate and concrete resistivity were completed sinugtandgth the Giatec iCOR
NDT device. To begin this testing procedure, a flat reinforced concrete surface was selected to map the corrosion rates
concrete resistivity A pachometer was also utilized to identify the location of reinforcing steststing grid was drawn
in chalkover the area to be evaluated and marked with an identifyingassteownin Figure 3.3) Testing bcations were
strategicallyselectedf they incorporatedmultiple accessibleelementsand areas ofworstcaseexposure (e. not rain
washed, as close to thaterline as possible)In several cases, the locations of greatest interest were fouled by oysters an
other marine life.In each ofthese instanceshé team removed the fouling with shavehdfreed the testing ardaom
debrisas much as possible before making measurements.

3.2.3 Powder Sampl€ollection

Powder samples were removed from several locations on each bsithgea rotary hammarill in a manner
consistent with the method described in ASTM C1152 and AASHTO T260 (ASTM 2020, AASHTO. &Eaipling
locations were determined based on proximity to water, bridge elgraenéssibility, and areas with a high cesiom rate
asdetermined by the Giatec iCOR NDT deviBeinforcing steel locations were mapped with a pachorpaterto drilling
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to ensure thatoles drilled into the concreteoidedthereinforcing steel At each location, powder samples were obtained
at three to five depths in omech increments ranging from a depth of one inch to five inchis.powder samples obtained
for each onénch drill depth are comprised of the concretéinth above and below the representative depth. To avoid the
possibilty of contamination from previously drilled depths, powder samples were takenongimyill bit to sample and a
larger bit to clear the previous sampling hdel Yxinch diameter drill bit was utilized as a pilot bit, while a drill bit with

a ¥inch diameter was utilized deesampling bit. The procedure at each location began by using the largech bit to

drill a half inch into the surface of the concrdike newly drilled pilot hole was cleaned of all loose powder with a vacuum
or blast of canpressed air before the smalletiriéh bit is used to drill from a depth ofiviche to 1 “%4inches in the center

of the pilot hole. To prevent crossontamination of powder from different depths, each drill bit was cleaned using
compressed air and isoprdmcohol after drilling each hole segment.

Powder created while drilling the oirech sample was collected in a clean powder collection pan held underneath
the drilling location. The powder sample was transferred to a polyethylene bag and labeledogiitiois and depth. The
larger pilot bit was then usedealarge the holom the depth of ¥nch to 1 Y4inchesalong the bore of the sampling hole
The remaining dust was cleaned away with the vaclResearchers continuetlis drilling process untiltie desired
sampling depth waachedTheprocesss illustrated in Figure 2. After all powder samples were acquired the sampling
hole was cleaned and filled with a quick setting repair mortar. Special care was taken to ensure that the entiretkelume o
drill hole was filled with the mortar to ensure that the site of the drill hole would not compromise the integrity of the
structure.

— 0.5" l 1.0" 1.0"
CONCRETE TN

SURFACE

1.25"  0.75"

R

SAMPLE 1 SAMPLE 2 | SAMPLE 3
0"DEPTH — 1" DEPTHF—=1==2"DEPTH [=—
0.0"-0.5" 0.5"-1.5" 1.5"-2.5"

Figure 32: Powder sample acquisition process

3.3 Laboratory Testing Procedures

Laboratory testing of concrete powder samples included analysis of powder samples taken duringtéisérfigld
portion of the project. These powder samples were returned to the UNC Charlotte laboratory to be tested for chlor
concentration and corrogionhibitor content.

3.3.1Rapid Chloride Test

Rapid Chloride Tests (RCT)leveloped and manufactured by Germann Instrumemtse usedto determine the
concentration of chlorides at various depths in the concrete elerbetsests were conductéd duplicate onseparate
powder samples from each depth at each location. A full summary of the laboratory testing results of all RCttestsicon
is provided in Appendix BAn example of the rapidhloridetest results is presentéat Structure numbe860021 which
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provides results that could be considered to represent those found at many of the structures included in Thés study
structureis located in the highly corrosive zone crossing Bear Creek. The prestressed pile substructure of Bent 1 v
evaluated. Powder samples were acquired from twogtites zonesthetidal zore, wheredaily tidesinundateand expose

the concete, and thatmospherizone wherechlorides are depositédthe concreteby splashing, mistingand other forms

of atmospheric depositioithe two locationsire identified as1 and L2for both zonesindare labeled in Figurd.3.

The RCT results indating the chloride concentrations detected are shown in Babéand the resulting chloride
profile is shown in Figure8.4. As is apparent in these results, the chloride concentrations from the tidal zone are
substantially greater than the atmospheric zone at shallow depths. At greater depths, the chloride concentrations be
nearly zero, obackground level®f the small anounts of naturally occurring chlorides in the aggregates and concrete
mixing water. Another common observation is the considerable variability of surface chloride concentrations betwe
different locationsThetidal concentration at L1 (8 W/yd®) is mwch less (nearly half) the tidal concentration at L2 (15.7
Ib/yd®). This is likely attributable to the fact that L1 is on an exterior pier that may be washed by rain, wheréash?2 is
interior areathat is protected from freshwater washing. Also shawRigure 3.4 is an indication of the depth of steel for
the pier. In the tidal zone, tlohlorideconcentrationsrearound @b/yd®, which would typically be associated witlvery
elevated probability of corrosion. The stelelpth chloride concentratioms the atmospherizone are barely above the
background level. This observation demonstrates the degree to which exposure is highly variable at different locations
the same element.

"‘i& i 1 .”"}:&\(: .. -

Figure3.3 RCT test locations L1 and L2 on bridge 660021
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Table3.2 RCT Results for test locations L1 and L2 on bridge 660021

S Chloride Content
# Zone | Location | Depth | % Conc. Chlorides
(in) by Wt. (Ib/CY)
0 0.220 8.397
1 0.243 9.252
© 2 0.150 5.738
e L1
(== 3 0.094 3.592
4 0.018 0.705
5 0.012 0.443
0 0.115 4.404
£ 1 0.023 0.887
< 2 0.004 0.156
] L1
g 3 0.003 0.109
< 4 0.003 0.105
660021 5 0.003 0.102
0 0.412 15.718
1 0.297 11.327
© 2 0.161 6.157
=) L2
— 3 0.030 1.159
4 0.006 0.247
5 0.005 0.185
0 0.183 6.987
= 1 0.043 1.628
S 2 0.004 0.145
) L2
g 3 0.004 0.142
= 4 0.003 0.112
5 0.003 0.116
0.45 : 18
g 0.40 16
s 035 ! Depthof 14§
c - T
8 030 Steel e
S 025 105
5 020 : g &
£ | S
8 0.15 6 6
O (@)]
c; 0.10 a g
Z 005 2
0.00 - 0
0 1 2 3 4 5 6

Depth (in)
—&— Atmospheric L1—@—Tidal L1 Atmospheric L2—@—Tidal L2

Figure3.4: Chloride profile for locations L1 and L2 on bridge 660021
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3.3.2Surface Resistivity an€orrosion Rate Testing

The Giatec iCOR was used neeasurghe rate of ongoingcorrosion and surface resistiviby the concreteThe
device is capable of performing both tests simultaneously t&3timg locations were selected to obtain data at differen
levels of exposure. Data wasllected at elevations withinoththe atmosphericand tidalexposurezonesof the piers and
pier caps. If accessible, data was also collected frorarttierside of the cored slabs, which typicaligeives very low
e structureds
attempted taobtain a similar number of readings fragach element of interest at each structure. Wais not always
possible due to accalsgity challenges, such as excessive heigbvathewater or piers thaveremostlysubmergd. Due
to the results being deemed typical of many structures included in the dtudiyre number 660021 wagainselected
to demonstrate the corrosion arahcrete resistivity rates for tidal and atmospheric zavieish are presented in Table 3.3.
The corrosion rate found in the atmospheric zone was relatively low and iddicpséessive condition by the instrument
gui del i nes.
collected from all structures is providedTiable3.4.

exposue depending

manufacturer o6s
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t h

n the
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Table 3.3:Example of surface regtivity and corrosion rate datallected fronmstructure # 660021
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Table 3.4: Summary of surface resistivity and corrosion ratecdfieeted fromall bridges visied

Corrosion .
Structure B Rate Surface Resistivity
. kqlkcm
- Location Element Pozzolans Zone (um/year) (kaq )
Avg. | Max. Avg. Min.
Prestressed . Atmospheric| 56 90 81 49
L1 . Silica Fume -
Pile Tidal 78 191 32 10
660019 -
Prestressed . Atmospheric| 38 136 96 51
L2 . Silica Fume -
Pile Tidal 64 218 57 7
L1 Prelf;ti{eessed Silica Fume Tidal 120 | 274 28 7
090061 Prestressed
L2 Pile Silica Fume Tidal 154 251 23 7
L1 Bent 1 Cap Fly Ash/Silica Atmospheric| 3 7 361 172
Fume
Atmospheric| 42 77 118 91
L2 Pres'gressed Silica Fume - b
640010 Pile Tidal 26 45 61 32
L3 Bent 3 Cap Fly 'A:sh/S|I|ca Atmospheric| 3 5 103 91
ume
Atmospheric - - - -
L4 Prest_ressed Silica Fume - b
Pile Tidal 30 40 52 32
Atmospheric 4 7 212 200
L1 Prest_ressed No Pozzolans - pher
Pile Tidal 197 403 28 9
660021 _
Prestressed Atmospheric 5 10 176 158
L2 . No Pozzolans -
Pile Tidal 88 147 35 10
L1 Pres'gressed Fly Ash/Silica Tidal 83 120 35 o5
090206 Pile Fume
L2 Pres'gressed Fly Ash/Silica Tidal 103 138 30 13
Pile Fume
ili Atmospheric| 28 99 171 46
L1 Bent2Cap| VY ﬁi%i"'ca SP
090056 _ Tidal 81 155 45 16
L2 Bent3Cap | Y Ash/Silica Tidal 30 | 87 90 24
Fume
L2 Bent 1 Cap Fly Ash Tidal - - - -
150026 -
L3 Bent 1 Cap Fly Ash Tidal 9 28 305 199
560007 L1 Bent 3 Cap Slag Atmospheric| 22 52 187 67
L2 Bent 3 Cap Slag Atmospheric| 31 52 137 67
L1 Prestressed Fly Ash Atmospheric| 5 7 190 109
Pile
150020 Prestressed
L2 Pile Fly Ash Atmospheric| 4 11 518 407

Indicatesdata was not collected or technical issaegme of testing

The heat maps shown kigure3.5are a representation of how corrosion ratessamthceresistivity were
typically distributed on elementés could be expectedhe highest rates of ongoing corrosion were often discovered
within the splash or tidal zone where daily wetting cycles occur. Outside of the splash zone, values tended to be much
lower. This same trend was seen with regard to surface resistivity. Becaosaghae content of the concrete was not
controlled during the field tesig, there was often considerable variability between wet and dry locations.
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Figure 35. (a) Perspective on high tide location, [Bjers:corrosionrateheatmap
(c) Piers: Surfaceesistivity heatmap
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3.3.3Diffusion Coefficient and Surface Concentration Calculations

The diffusion coefficient i s a thatadesarimes the permieabilityFof & k
medium to a particulaspecies or agenfThe chloride concentration profiles that were collected from the field provide
datapoints that can be u®eedolutiomthat relates theoscentratidndf chlorideodt a F i
particular depth after a particular time of exposure, given a known concentration at the susfamen as e§.1.

6 ofp 0 p QI @— (3.1
whereC is the concentration of chlorides depthx and timet, Cp is the surface chlorideoncentrationerf is the error
function, andD is the chloride diffusion coefficient indfyear Since theb r i dageartd £xposure duratiph is known
and the concentration at depths known, the parametthat requiresolving bycurvefitting are D, and Co. Fitting the
parametersvas undertaken usirtge Solver packagan Microsoft Excel A set of optimizatiortonstraintavere created
within Solver to estimate a value fBx; so that it would be 1donsistent between locations sampled on similar elemiests (
those cast at the same time and with the same concrete mixtures, such as two locations on the, santi@ paurate to
predict chloride concentration at deptlyivenCo. The optimizationroutinearrived at values fdb. andCo by nominating
values that minimizethe squared difference between fileéd-measurediata point and themodeled datapoinThe praess
the Slverfunction uses to fit the dataiterative nonlinear leasisquares regressipand itacceptsiserinput of themodel
nonlinear function(in this casekq. 3.1).

Theiterative nonrlinearleastsquaresegressiommodeloutputtablescan be seen iAppendix B A summary ofthe
surface concentration and diffusion coefficient information calculatethéiterative nonrlinear leastsquaresegression

modelcan be seen imable3.5.

Table3.5: Summary of measured diffusion coefficients andace concentrations

Chloride Surface
Concentration (Ib/yd?)
. Diffusion .
SLELE Location EE Pozzolans Zone Coefficient I\/I_odel Flele
# Element (in%yr) Estimated | Measured
L1 Prestressed Silica Fume Atmospheric| 0.0443 10.56 1110
660019 Pile Tidal 0.0443 11.8 11.53
L2 Prestressed Silica Eume Atmospheric 0.0443 12.61 13.00
Pile fica Fu Tidal 0.0443 17.87 17.83
L1 Prestressed | gjjica Fume Tidal 02587 | 1848 | 15.89
Pile
090061 Prestressed
L2 Pile Silica Fume Tidal 0.2587 28.42 28.97
L1 Bent 1 Cap Fly éﬁ?ﬁ'“ca Atmospheric| 0.0439 0.23 -
Lo Prestressed Silica Fume Atmospheric 0.0454 8.15 8.04
640010 Pile Tidal 0.0454 11.13 11.24
L3 Bent3Cap | TV éﬁ%ﬁ"'ca Atmospheric|  0.0439 4.38 4.40
Prestressed - Atmospheric 0.0454 15.71 14.53
L4 . Silica Fume -
Pile Tidal 0.0454 21.68 22.42
Prestressed Atmospheric 0.1686 3.15 4.40
L1 X No Pozzolans -
Pile Tidal 0.1686 10.77 8.40
660021 -
Prestressed Atmospheric 0.1686 5.06 6.9
L2 X No Pozzolans -
Pile Tidal 0.1686 15.95 15.72
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L1 Prestressed | Fly Ash/Silica Tidal 00513 | 57.5 57.24
090206 Pile Fume
L2 Prestressed | Fly Ash/Silica Tidal 00513 | 66.% 67.23
Pile Fume
ili Atmospheric| 0.0695 10.08 12.13
L1 Bent2Cap | 7V éﬁ%se"'ca SP
090056 ) Tidal 0.0695 26.43 23.61
L2 Bent3Cap | "V ";ﬂi'“ca Tidal 0.0695 3010 28.37
150026 L2 Bent 1 Cap Fly Ash Tidal 0.0365 18.3 18.06
L3 Bent 1 Cap Fly Ash Tidal 0.0365 13.% 13.60
260007 L1 Bent 3 Cap Slag Atmospheric| 0.0472 6.01 6.19
L2 Bent 3 Cap Slag Atmospheric| 0.0472 3.90 3.61
L1 Prestressed Fly Ash Atmospheric| 00261 | 10.69 10.78
Pile
150020 Prestressed
L2 Pile Fly Ash Atmospheric| 0.0261 1910 11.&

Thefeasibility of thevalues generated by the curve fitting routine were verifipdwo benchmarlng techniques
Figure 36 provides a comparison of the surface chloride concentration measured in the field with the value predicted by
modeling parameters determined dayve fitting As is evident ifFigure 3.6 as well as by comparing the rightmosib
columns of Table 3.3he values are very similar, indicatitite reliability of the model to relate surface concentration with
diffusion coefficientand predict the current condition3able 3.6 provides the range of values determined for concretes
containing various SCMdetrmined from this studylhesecanbe compared with secondset of reference poimalues
that weredevelopedy Rochelle (2000) for NCDOT farse withcoastal bridge service life modeling. The model was used
in the design of the Manteo Bypdsidge Forcomparative purposes, the values estimated from field data collected during
this project are shown alongside tigpicalv al ues based oMostRalueshaeeleither Gonsisiera with the
ranges that Rochelle prepared for various concrete elspmenslightly lower. Only two were found to be higher, however
thesestructures hadeitherphysical defectsr did not contaipozzolans
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Figure3.6: Measuredss modeled surface concentration
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Table 3.6Diffusion coefficientrangefor various concrete mixtureketerminedy testingfield sampés

Diffusion Coefficient
Pozzolans .

(in“/yr)
Silica Fume 0.0250.045
Fly Ash 0.0250.045
Slag 0.0450.065
Silica Fume/Fly Ash 0.0450.075
No Pozzolans >0.2

Table3.7: Estimated tidal zone diffusion coefficients compareMmteoBypass service life modéRochelle,

2000)
Iterative Non-linear Least-Squares Regression Manteo Bypass Durability DesignM odel
Structure Bridge Iéf:;;gg Corrosion | v ach | sia Silica Diffusion Value from RP 201922
# Element ot (in2 Inhibitor yo/ o 91 Fume Coefficient corresponding with
o ( gallyd®) 0 ? % (in? fyrs.) Manteo Bypass model?
660019 Pre;ti'lfsse‘j 0.044 3 0 0 5 0.0392- 0.1225 In Range
090061 Pre;ti'lfsse‘j 0.259 3 0 0 5 0.0392-0.1225 | Above RangdHigh)
Bent Cap 0.045 3 25 0 5 0.0784- 0.147 Below RanggLow)
640010
Pre;ti{gssed 0.045 3.5 0 0 5 0.0392- 0.1225 In Range
660021 Pre;ti{gssed 0.169 3.5 0 0 0 0.0392-0.1225| Above RangéHigh)
090206 Pre;ti'lrgssed 0.051 3 0 0 5 0.0392- 0.1225 In Range
090056 Bent Cap 0.070 3 25 5 0.0784- 0.147 Below Rang&Low)
150026 Bent Cap 0.037 3 30 0 0 0.0784- 0.147 Below Rang&Low)
260007 Bent Cap 0.047 3 0 43 0 0.0784-0.147 Below RanggLow)
150020 PreFS,ti[sssed 0.026 3 30 0 0 0.0392-0.1225| Below RanggLow)

3.3.4Corrosion Inhibitor Concentration

Once concrete has hardengmconcentration of corrosion inhibitor can be determined fiield-collectedpowder
sampleaising chemical analysi$ his technique isometimegperformedor quality assurance to ensure the correct dosages
of the inhibitorwere addedand that theadmixturewas thoroughly mixed into the concrete. The method utilized for
determining the corrosion inhibitor concentration in the briglgenents included in this studyas adopted from the W. R.
Grace chemical procedure #0D.0 for Determination of Nitrite in Hardened Concrete (Jeknavorian 2808)s described
in Appendk B.

To verify that the minimum dosage rates and uniform dispersion of the calcium nitrite @@migte achieved,
powder samples from two different depths at one location from each bridge were selected for testaguiethe
remainingconcentration of corrosion inhibitor. Each bridge location selected included a test of the powder taken from tv
inches (which is the depth of the outermost steel) and of the powder taken at the deepest depth sampled (which in
cases was five inches).

The calcium nitrite extraction procedure utilized has known limitations in recovery rate, with expected recover
rates between 85% and 96% of the theoretical calcium nitrite concentration within the concrete published in the literat
(Jeknavorian 2005)To acknowledge the expected range of extraction efficiehwy, values for the theoretical
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concentration are reported beside lthb Measuredtoncentration in Tabl8.8. The first theoretical concentration assumes

a recovery rate of 96%. This is a consémeavalue as it is assuming that all but 4% of the calcium nitrite was extracted
and allowed to be measured. The second is the theoretical concentration assuming a recovery rate of 85%. This is a
realisticvalue which assumes that 15% of the nitwtes not extracted

Table3.8 Theoretical calcium nitrite concentrations of varying recovery rates

Calcium Nitrite Concentration (gal/CY)
Bridge- Sample e Theoretical Theoretical
Location | Depth (in) " (96% Recovery | (85% Recovery
easured
Rate) Rate)
2 2.98 3.11 3.51
15002012 5 3.03 3.15 3.56
2 3.62 3.77 4.26
660019L1 3 4.28 4.46 5.03
2 3.14 3.27 3.69
2600071 5 1.27 1.32 1.49
2 2.38 2.48 2.8
64001011 5 2.84 2.96 3.35
2 3.87 4.03 4.55
66002111 5 3.2 3.33 3.76
2 1.96 2.04 2.3
090061L1 5 3.05 3.18 3.59
2 2.79 2.9 3.28
15002612 5 3.13 3.26 3.68

The theoretical concentrations for both the minimum theoretical concentration (with a recovery rate of 96%) ar
the maximum theoretical concentration (with a recovery rate of 85%) are displayed indigiitas figure illustrates that
in most cases thheoretical calcium nitrite concentration from the powder samples met or exceeded the NCDOT minimut
required. This verifies that calcium nitrite is being utilized in the mixtures at approximately the correct dosagealates. In
samples where the minimumag/ not met, a powder sample acquired from a different depth tested positively for a calciun
nitrite concentration that meets specifications. This phenomenon is most likely explained by variations in the powc
samples due to concrete being a compositenmaht&he testing procedure calculations account for an anticipated portion
of the powder sample being comprised of coarse or fine aggregate which will not contain any calcium nitrite, and
anticipated portion of the sample being paste which will cortaicium nitrite. If a drilled powder sample happened to
contain a larger than average proportion of coarse aggregate powder it would cause a test result indicating an artifici
low concentration of calcium nitrit@his is most likely the cause lfwer than expectedoncentrations of calcium nitrite
on a fewof the tests None of the samples tested indicated lower than required corrosion inbditm@ntratiorat both
depths sampled.

The calcium nitrite detected at the depth of steeh¢hes) andleeper into the concrete element (3 iméhes)
were found to be either similar concentrations or show no discernable trend between where the calcium nitrite is
concentrated. Thisuggestshat the corrosion inhibitor admixtuveas generallynixed unformly within the concrete. This
is desirable to ensure that all embedded steel is afforded the same level of corrosion protection by the admixture.

The NCDOT Materials and Tests unit has used shene procedure (W.R. Grace Chemical Procedur2G@) to
verify proper dosing of corrosion inhibiting admixtuiiéable 3.9 provides a comparison of measurements taken by both
UNC Charlotte and NCDOT at four locations. The NCDOT measurements were taken during construction and the Ul
Charlotte measurements wesken after 1114 years of service. here is no discernible trertfiat indicaesthat the
concentratiorwasbe impacted by timelt is also important to note that the NCDOT measured values reported in3T@ble
aretheaverage of several tests condudea variety of locations on the concrete element. Amongst these test results it was
common to see a wide range of results of both acceptable and unacceptable nitrite concentrations within the same elel
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The average of these results in some casesdieliithe minimum specified concentration of 3.0 gal/CY, but all location
had at least one test indicating that the concentration was #imdieits, and therefore all elements tested were ultimately
accepted for use by the NCDOT. The variability of ¢éhésst results, and the acceptance of doesr than expected
concentrationsindicate that this procedure for determining nitrite concentration is utilized as a simple validation tha
calcium nitrite is present within the concrete mixture.
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Figure3.7: Theoretical calcium nitrite concentrations
Table3.9: Calcium nitrite concentration as measured by Ubharlotteand NCDOT
NCDOT % Difference
aridae. UNC Charlotte Measured Measured NCDOT
Loca?ion Time Since Average Average Test Status Measured vs.
Acceptance | Concentration Concentration UNC Charlotte
Tested (yrs) (gal/CY) (gal/CY) Measured
150020L2 alz 3.01 2.87 Accepted -5%
660019L1 ald4 3.95 2.61 Accepted -51%
090061L1 al4 2.51 2.96 Accepted 15%
15002612 alil 2.96 3.49 Accepted 15%
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4. SERVICE LIFE MODELING

Service life modeling was completed usingife-365 software The modeling strategyfor this projectused
information gathered from the field study to determine the concrete performance characteristics. The information &
variables utilized to complete the model and the results of the modeling process are providechapteiand futher
elaborated in Appendi&. The service life modelsereused to assess whether concrete structueesmade sufficiently
durable byuse of the provisions currently includedlire corrosion policy in th8tructuralDesign Manual.

4.1 Model Inputs

TheLife-365software estimateservice life based on material properties, expgsurécomponent geometr{For
this study, field data regarding concrete material properties and exposure was collgutestifessed piles and bent caps
(as described in Chapter 3Y.he type of element, its dimensions, anddbecretecover isedon each component modeled
are showrin Table 4.1 The exposure conditions were infgatbased upon as maffigld measurediatapints as possible.
These conditions, which can be seen in Tal#lgidclude the estimated surface concentration and the buildup period which
is the age of the bridge. The average monthly temperature valuegopetated with values for thregion surrounithg one
of three North Carolina cities: Jacksonville, Wilmington, and Nags Hehatthever was closest to the structuréhe
vertical distance from high tide elevatitimat is reportedor each location is an approximate value identified using the
approxmate elevation where high tide was observed on the day of testing. Many factorstivapelevation othe high
tide on a day to day basis, so the reported value is only approximated to the nearest iNdfig&dioevalues indicate that
thesamplinglocation was belovthe high tidemark on the structur@heteam attempted to sampé the structurem the
tidal zone at least one foot below the high tid@rkings The value, m, is a diffusion decay modifier that is based on the
guantity of fly ash osilica fume present in the mixture.

Table4.1: Geometry and element type inputs of modeled locafjitesl zone)

Structure . Vertical Distance from . . . . .
Number Location High Tide Elevation (ft) Bridge Element Dimensions(in) Cover (in)
L1 -1 PrestresseRile 16x 16 2
660019 -
L2 -1 PrestresseBile 16x 16 2
L3 -1 PrestresseRile 20x 20 2
090061 X
L4 -1 PrestresseRile 20x 20 2
L1* 5 Bent 1 Cap 30x 33 2
L2 -1 PrestresseRile 16x 16 2
640010
L3* 5 Bent 3 Cap 30x 33 2
L4 -1 PrestresseRile 16x 16 2
L1 -1 PrestresseRile 12x 12 2
660021 :
L2 -1 PrestresseRile 12x 12 2
L1 -1 PrestresseRile 16x 16 2
090206 5
L2 -1 PrestresseRile 16x 16 2
L1 -1 Bent 2 Cap 30x 33 2
090056
L2 -1 Bent 3 Cap 30x 33 2
L2 -1 Bent 1 Cap 42x 44 2
150026
L3 -1 Bent 1 Cap 42x 44 2
L1* 2 Bent 3 Cap 33x50 2
260007~
L2* 2 Bent 3 Cap 33x50 2
L1* -1 PrestresseRile 20x 20 2
150020* 5
L2** -1 PrestresseRile 20x 20 2
* Atmospheric
*x Approximated
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Table 42: Exposure condition inputs of modeled locati¢i$al zone)

Vertical
Structure Location Distance from Age §/rs.) Surface Con. | Temperature
Number High Tide 9 ' (% wt. conc) Region
Elevation (ft)
L1 -1 0.309 ,
660019 12 Jacksonville
L2 -1 0.468
L3 -1 0.485 -
090061 15 Wilmington
L4 -1 0.745
L1* 5 0.006
L2 -1 0.292 I
640010 14 Wilmington
L3* 5 0.115
L4 -1 0.568
L1 -1 0.282 _
660021 15 Jacksonville
L2 -1 0.418
L1 -1 1.501 .
090206 12 Wilmington
L2 -1 1.752
L1 -1 0.693 I
090056 16 Wilmington
L2 -1 0.789
L2 -1 0.482 _
150026 14 Jacksonville
L3 -1 0.347
L1* 2 0.158
260007* 13 Nags Head
L2* 2 0.102
L1* -1 0.280 _
150020* 12 Jacksonville
L2** -1 0.501
* Atmospheric
* Approximated

Table 43: Corrosion protection in concrete mixtures

Structure Catesion Silica
Location | Inhibitor Fly Ash Slag
Number Fume
(gallcy)
L1 3 - - 5%
660019
L2 3 - - 5%
L3 3 - - 5%
090061
L4 3 - - 5%
L1* 3 25% - 5%
L2 3.5 - - 5%
640010
L3* 3 25% - 5%
L4 3.5 - - 5%
L1 3.5 - - -
660021
L2 3.5 - - -
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L1 3 - - 5%
090206
L2 3 - - 5%
L1 3 25% - 5%
090056
L2 3 25% - 5%
L2 3 30% - -
150026
L3 3 30% - -
L1* 3 - 43% -
260007*
L2* 3 - 43% -
L1* 3 30%- - -
150020*
L2* 3 30%- - -
* Atmospheric

Table 44: Concrete property input values of modeled locations

5 Constant Values Estimated Values
o) —~ [o0]
S T J N
2 s | 5| 82| § c® 3
o T = g > ° 2 ec
5 S 2 g3 s R £
8 - £ | §% S GEQ
= S | &2 | & Sz
] T O O ©°
L1 2.33E09
660019 0.24 0.26
L2 2.33E09
L3 1.45E08
090061 0.24 0.26
L4 1.45E08
L1* 0.24 4.89E09 0.40
L2 0.28 2.49E09 0.26
640010
L3* 0.24 4.89E09 0.40
L4 0.28 2.49E09 0.26
L1 2.15E08
660021 0.28 0.26
L2 2.15E08
25 6
L1 7.65E09
090206 0.24 0.26
L2 7.65E09
L1 8.17E09
090056 0.24 0.40
L2 8.17E09
L2 1.14E08
150026 0.24 0.44
L3 1.14E08
L1* 1.47E08
260007 0.24 0.45
L2* 1.47E08
L1* 7.65E09
150020 0.24 0.44
L2* 7.65E09
* Atmospheric

Theresultsoutputfrom the service life modeling processingboth methodsre summarized in Table 8. The
total maintenancdree service lifefrom the time of constructiowas estimated based on exposure conditions for each
individual element modeled. Because these can vary substantially based on individual corftbtimbal tnaintenanee
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free bridge service lifes reported as the minimunewvice lifeof any of the componentaodeledon the bridgeUsing the
field measuredurrent conditions as inpyt87% of structural concrete bridge elements observed were predicted to have a
maintenancdree service life greater than $0ars and33% of structural concrete bridge elemeabserved were predicted

to have a maintenandeee service lifdessthan 50years

Table 45: Summary of service life modelir(tjdal zone)

Vertical Distance
Structur . . Distar!ce from Total
e Location Corrosive Bridge from High onen Component Maintenance
Number Zone Element Tide Wgter Service life Free Life (yr)
Elevation (mi) (yr) y
(ft)
Prestressed
L1 ' Pile -1 337.
660019 Corrosive 4.95 141
L2 Prestressed 1 141
Pile
L3 . Prest'ressed 1 31
090061 Highly Pile 3.88 24
La Corrosive Prestressed 1 ) 24
Pile
L1* Bent 1 Cap 5 506
640010 3 Corrosive Bent 3 Cap 5 3.87 506 111
Prestressed
L4 Pile -1 111
L1 . Prest'ressed 1 506
660021 Highly Pile 6.42 33
L2 Corrosive Prestressed 1 ) 33
Pile
L1 _ Prest_ressed 1 29
090206 Highly Pile 2.07 21
L2 Corrosive Prestressed 1 ) 21
Pile
L1 Highly Bent 2 Cap -1 57
090056 2 Corrosive Bent 3 Cap 1 1.15 = 52
L2 Highly Bent 1 Cap -1 -
150026 3 Corrosive Bent 1 Cap 1 7.29 134 139
L1x Highly Bent 3 Cap 2 506
2 7 ;
6000 L2* Corrosive Bent 3 Cap 2 2 506 506
L1* Prestressed 1 409
150020 Corrosive PreEt"risse 5 2.5 104
L2* Pile -1 104
* Atmospheric
** Approximated

Since the components that were considered in this study primarily featuresimidaytypes of concrete mixtures
due to the requirements of the corrosion policy, most had very similar diffosedficients The level of exposure, and
therefore, thesface concentration was the masiportantvariable thaimpactedthe expected duration of service life.
Based on the results of the modeling it appearstiieahain factor impacting the service life is the frequewityr which
the concreteelements exposed to the chloridech water. In all casesf modelinglocationsin the atmospheric zonthe
maximum service life of 506 years wastimatedoy both modeling methodshis is the naximumtimeframeconsidered
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by the softwark This indicates thaih locations where concrete elements doexgierienceéheavy chloride loading from
regular exposure to chloride rich watele risk of corrosionelated deterioration isw. In tidal areasexposed tdrequent
wetting and dryingycles thepredictedservice livesveremarkedly shortenwith some structures having less than 50 years
of predicted maintenance free service.lifeequent wetting and drying of the concristenown toenhancehloride ingress
due tothe absorptive propertied the concrete capillary pore structure (ACI 2010).

Thevariationin surface concentratidmetween multipldocations for the same structure can be seen in Tahle 4.
Thechloride concentration is a direct measoieatof the severity of exposure to chloridRochelle (2000) estimated that
severeexposures at the NC coast would hataoride concentratiain the range ofl5 to 25lb/yd®. In fact, during this
study, dloride concentrations up to approximatelylB4/d® were determined. divever the average surface concentration
in the tidal zone locations sampled was 0.515% by weight of concrete db/A/@%

As expected, the diffusion coefficient is an importantalalg related to the ingress of chlorides #retendency
to corrode. Figure 4.1 relates the diffusion coefficient estimated from concrete samples and existing exposure, with
modeledservice life of the bridgeThe three structures withpredicted service life greater than 100 years had diffusion
coefficients less than 0.05 #fyear. Structures predicted to have servicediféess than 50 years were associated with
diffusion coefficients greater than 0.15%/irear. Although service life is a function of both permeability and exposure, the
importance ofow permeability to chloride ions is demonstrated by this relationsNigte that the structure with heavy
fouling and a construction defect (and notably lower expected remaining service life) was excluded from this model.
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Figure 4.1: Relationship beeen diffusion coefficient and predicted service life
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Table 46: Summary of surface concentration and service life

C
o (@]
g 8 '5 < Cg Diffusion Component Tatal Bitiusion Component
SE| G 5> L Mt Maintenance Coefficient at 28 M
23 S | 8 8 | Coefficientat28 | Service life(yrs.) Free Life (yrs.) days (in*in/sec) Service life (yrs.)
hZ | 4 (/5) ~ | days (in*in/sec) '
Ly | 1180 2.33E09 337 4.09E09 143
66001 5 141
O |12 17686 2.33E09 141 4.09E09 63
18.48
09006| -3 4 1.45E08 31 9y 9.34E09 61
1 L4 28941 1.45E08 24 9.26E09 42
L1* | 0.233 4.89E09 506 7.85E09 506
saoor| L2 115;12 2 49E09 506 7.85E09 506.
111
0 L3* | 4.382 4.89E09 506 7.85E09 137
L4 21468 2.49E09 111 7.85E09 63
10.76
66002| 1 p 2.15E08 506 s 7.91E09 506
Ll 152'95 2 15E08 33 7.91E09 53
57.24
09020| L1 8 7.65E09 22 » 4.83E9 25
6 1 12 665;84 7.65E09 21 4.83E9 230
26.43
09005| L1 3 8.17E09 57 o 4.57E09 94
6 1 12 305"09 8.17E09 52 5.40E09 84
Lo | 1837 1.14E08 ; 9.87E09 294
15002 5 139
6 L3 137'25 1.14E08 134 9.87E09 132
26000| L1* | 6.012 1.47E08 506 506 9.34E09 506
7 L2* | 3.900 1.47E08 506 9.34E09 506
*
L} HoEes 7.65E09 409 9.87E09 319
15002 6 G
0 L2* | 19.09
. - 7.65E09 104 9.87E09 82

*%k

Atmospheric
Approximatedbased on
data from locations with
similar proximity to

open water
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5. ANALYSIS OF EXPOSURE STUDY AND SERVICE LIFE MODELING RESULTS

During the field portion of this research projestaterial samplegere collectedrom several coastal NC bridges
that were built in corrosive and highly corrosive designated areas. These samples enabled the team to estimate current!
of exposure and chloride permeability (diffusion coefficients) for locations opi¢ihe and bent caps that are within the
tidal zone. The team also measured rates of ongoing corrosion. This chapter presents an analysis that combines the fin
from data collected in the field with the results of the service life modeling in ordestuibe correlations between exposure
and durability.

5.1Minimum service lifevs Maximum surface concentration (Tidal Zone)

High chloride surface concentrati®@rwere consistentlyassociated withshorter predicted service life. This
relationship can bseenin Figure 5.1 Althoughatotal expected maintenandeee service life was predicted for about one
third of the bridgessampled in the tidal zonethe remaindeiof the bridges in the tidal zone havepaedictedtotal
maintenancdree service lifeof lessthan 100 yearsThe linkage between service life and exposure showedtiugfes
with a chloride surface concentratigreaterthan 25 Ibs/yélwere predicted to have service lifeof lessthan 75 yars on
their current trackStructurenumber660021was excluded from the relationship because itsurdesign did not include
pozzolans Structurenumber090206was found to have amnusually highsurface chloride concentrati@66.8 Ib/yd),
whichindicates that its exposure conditions may have been urigthés caséeavy foulingfrom oysterswas present, as
well as severadhoneycombs on the surface of the pigise effects of marine organisms, such as algae, mollusks, bacteria,
and crustaceansn marine structurasn increasexposure to chloridg®8S 63491-1 2013). Some marine mollusks living
in warm coastal waters bore irtoe concretesurfaceandlessen the protectiveapacityof concrete cover (PIANC 1990).
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Figure 5.1Relationshp between maintenance free service life and surface concentration

5.2Distance from open water (Tidal Zone)

The distancef structuredrom the coastline significantly impacts the surface chloride concentraftiogations
within the tidal zone Bridges that were further from open water hatlch lowersurfacechlorideconcentratiorthan those
closer to open wateilhis relationship & be seen ifigure 5.2 Structure numbe®90206was an outlier due to its very
high chloride surfacehlorideconcentratia. However, the cause of this seemeagainbe related tohe presence dfeavy
fouling by marine life and honeyconmy in the caocrete.
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Figure 5.2:Relationship between surfacencentratiorand distancérom open water

The dataalsoshow a strong relationship between the distance from open water (proximity to the coastline) an
service life which can be seen in Figui3. The expected service life increases withincrease idistance from open
water. Two bridges with outlying conditions were excluded from the relationship. Structure number 660021 did not follo
the trend because its concrete did not contain pozzolanédilatherstructuresand its diffusion coefficient (0.1693%yr.)
was substantiallhigherthan those typical dfridgesdesigned in accordance with the provisions includetiércorrosion
policy. Structure number 090061 wags outlier to this relationshipAlthough it contained silica fumé, hi s st r u«
diffusion coefficient was exceptionally high
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Figure5.3: Minimum service life vs distance from open watéridal Zone)
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5.3 2in Chloride Concentration vs. Avg. Corrosion Rate

Figure 5.4 shows a strong correlation between the chloride concentration ahahwlepth and the rate of ongoing
corrosion. Low corrosion rates were associated with chloride ctvatien below the threshold of approximately th4/d®.
In previously published information about corrosion modeIN@DOT hasutilized a chloride threshold for nararbonated
concrete at a steel depthi(9 of 1.4lb/yd® for concrete notontaining a calcium nitrite corrosion inhibiting (CNI) admixture
and9 Ibs/yd for concrete mitureswith 3 gal/yd of calcium nitrite corrosionnhibiting admixture(Rochelle 2000Q)Each
of the concrete elements that were testutainectorrosioninhibiting admixturedosed at ratesetween 3.5 gallyd, yet
ongoing corrosion was detected in several structures with a chloride concentration atinye®iadd less than 910/yd®.
This finding indicates that the corrosion inhibiting admixture dose8a6 gal/lyd may not be providing adequate
protection to bridge components with heavy chloride loading, such as those in the tidal zone.
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Figure 5.4: Relationship between average corrosion rate arithtWwahloride concentration

Studies orCNI havefound that calcium nitritércreases the chloride concentration threshold that depassivates stee
reinforcing, and that the strength of this effect is strongly linked to the dosage g#wnn2007) The concentration of
CNI around the steel is also ridd to the rate of corrosion once it begins. However, some of the early research the
established commonly used dosage rates was based on test methods that have since been abandoned due to occa:
misleading results. Berke and Hicks (2004) propdsegbrotective CNI dosage rates summarized in Table 5.1, which were
based on direct observations of corrosion from field samples of bridge decks. Sufficient protection is associated with
ratio of chloride to nitrite (CI:Ng@) at the depth of the stelging less than the values in the rightmost column of Table 5.1.
The FHWA has also conducted research (with different methods) that established this protective ratio as between 0.9
1.0 (Paul and Clemena, 1998). The notion of a:Nl0ratio of betweer®.34 to 0.66 being associated with the onset of
corrosion was also described by Ann et al . (2006) .
notation, the upper end of this range (0.66) is similar to the GIrhlids protectie ratio proposed by Berke and Hicks in
Table 5.1. There is wide variation in the ratios that have been proposed by various researchers.

The CI:NQ ratios of bridges in the NC study are summarized in Figure 5.5 and compared with the rate of ongoir
corrosion. The Cl:N@ratio is based on the prescribed CNI dosage rates (3 or 3.5%galéydhown on accepted mix
speci ficati on shitldoeide soncerdratidns measuredirothedieddp The average corrosion rates were als
measured in the field as part of the experimental phase of this study. There is a clear relationship between thedCl:NO
and the average amount of ongoing coopsiGiatec, the corrosion measurement device manufacturer, proposes tha
corrosion rates in excess of-30 um/yearcan be considered as significantly high (belovad@yearis considered passive).
Therefore, from the data shown in Figure 5.5, it seeatsatower ratio of Cl to N©would be required to delay the onset
and progress of corrosion in NC bridges. Berke et al (2004) suggests thatdoatio, low permeability concretes
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containing mineral admixtures may require approximately 5 gilidyedcheve maintenance free service life of 100 years.
The current documentation from the manufacturers of CNI suggest that up to 6 maljyide required in order to achieve
corrosion protection in the most severe environments. These dosages are generdldp&0¢peater amount than are
currently required in the NCDOT corrosion specification.

Table 5.1: Protective CNI dosages (Berke and Hicks 2004)

Calcium Nitrite [I/m3, (gal/yd3)] | Chloride Concentration [kg/m3, (Ib/yd3)] | CI/NO>
10 (2) 3.6 (6) 1.3
15 (3) 5.9 (9.9) 1.5
20 (4) 7.7 (13) 1.4
25 (5) 8.9 (15) 1.3
30 (6) 9.5 (16) 1.2
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Figure 5.5: Relationship of corrosion rates &tdNO; ratios for NC bridges sampled during study

5.4 Concrete DiffusionCoefficientand Resistivity

The diffusioncoefficient describes the permeability of concrete to chloride ions. Itsedirumodelsto estimae
corrosionrelated service life for bridges that are exposed to chlorides. As was described in Chapter 3, the diffusi
coefficient was estimated by collecting samples of concrete from the field and measuring the existing chloride concentra
at variousdepths within the concrete. A second, indirect measurement of permeability and general concrete quality
resistivity. Although resistance to electron flow is a surrogate for permeability to chloride ions, there is a stronghiplatio
between the twonlthe following plots, these quantities are relatezhith otheand to ongoing corrosion that was measured
in-situ in the structureddeasured values for corrosion rate, surface resistivity, and diffusion coeffi@eatassigned to a
color-coded classication system based upon published informatifimis classification system is displayed in Tabl&
(Erdogdu, et al. 2004, GiatecScientific Inc. 2020).

In Figure 5.5, the diffusion coefficient is related to the predicted service life bfitlges in the study. With strong
correlation, higher diffusion coefficients were related to shorter service life. Bridges with a predicted service life great
than 100 years were associated with diffusion coefficients of less than #y@ainTheseoncrete mixtures were achieved
by using silica fume or fly ash in the mixtures. They were also achieved-imgaate bent cap mixtures (e.g. in structure
150026).
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Table 5.1: Interpretation of corrosion rate and surface resistivity measurements

Corrosion Classification Surface Classification Diffusion Classification
Rate Resistivity Coefficient
(em/lyr (kag*cn (in?lyr)
<10 Passive/Low >100 Very High <0.3 Low
10-30 Moderate 50-100 High 0.30.6 Moderate
30-100 High 10-50 Moderate >0.6
>100  [SOSEE | <10
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Figure 5.5Relationship betweethe diffusion coefficient and predicted service life

As was previously described in Figure 5.4, thee of ongoing corrosiorwas strongly related to the chloride
concentration athe two-inch depth within the concrete. This depth is typically close to the first layer of steel within
reinforced concrete components. High levels of chlorides were fouhe &to-inch depth within conrete components
with low surface resistivity. This relationship is shown in Figure 5.6. Figure 5.7 similarly relates the rate of actsiercorr
with the surface resistivity measured in the field. Low corrosion rates were associated with high sistadg/rand high
corrosion rates were associated with low surface resistivity. Not only is the concrete resistivity an indication of lo
permeability to chloride ia it alsoindicates that therogress of corrosiois impededonce chlorides build up ae the
steelreinforeement Although this correlation is strong, the values of surface resistivity measured in the field are no
standardized taethods that would be used in 1Ak to measure resistivityjpue to the field conditions, the concrete was
nottestedat a standard temperature or moisture congrtbecause elements had spent years in sewaealso heavily
contaminated with chlorides. Therefore, although these results are a good justification to incorporate surface régistivity |
the corosion polity specification for concrete, the appropriate threshold may not be determined from this data.
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DEFECT MAPPING AND DETERIORATION MODELING

In order to performa broader survey of bridge conditioand deterioration within the corrosive zones, defect
mappingand deterioration moeling were used to supplement the field visits that were made by the Aequery of
NCDOT maintenance records from 2048&s usedietermine whethehere are relationshifetweemroximity tothe coast
(i.e. within corrosive zones) and corrosion relatmagesuch asgdelamination and spalling, concrete crackamgund
reinforcementand efflorescence. The structures included were limited to bridges near the North Carolina coasdtthat are
watemway crossings and have elements located directly in therwat

6.1 Creating the Dataset

The dataset for this analysis wgsnerated by querying database diICDOT bridge maintenance records from
2016that had been prepared ®mpreviougesearclproject for the NCDOTLukavsky 2019 Cavalline etl. 2020 as well
as additional files provided by tkeu r r e nt pr o j e c t. Dhebridgéseamsideraddn this analysis tveindd el
into three groups based dimeir proximity to the coast. These groups includeitiges withinthe highly cerosive and
corrosive zongas defined by the NCDQRdditionally, a groupof structures located west of the corrosive zone boundary
in noncorrosive areas was included for comparissinucturesvere alsocsegregatedby whether they were constructed
beforeor after the corrosion policy was enact&te maintenance records were filtered to exclgttactureghatwerenot
reinforcedconcrete or if thereported defectavere notlikely caused by corrosion. THinal data set of bridges included
229 structurewith delamination/spalling, crackingginforced concretand other)or efflorescence/rust stainings shown
in Table 6.1The number of structures in each zone for this analysis wdsslcausenly structures having defects reported
in the year 2016vereincluded in the study.

Table6.1: Breakdown oftructuresincluded fordefectmapping.

) Number of Structures Included
Location : :
Pre-Policy PostPolicy
Highly Corrosive Zone 19 15
Corrosive Zone 6 17
Outside Corrosive Zone 31 141
Total 56 173

6.2 Defect Mapping Results

The summary results presented in this sedfi@ablest.2 through6.4) are conveyed using two different measures.
The first measure is the number of structures affected in each zone. The second measure is the averag¢ateniion s
is included with each report of a specific defect. When a defect is reported, it is accompanied by a condition state wt
ranges from 1 to 4. Condition states are included to aid in defining the severity of a defect. The four states aye genel
described as good (1), fair (2), poor (3), or severe (4) condidganet al. 2012) The reports do not speculate as to the
cause of damages or deterioration that is discovered during inspections. Thelgferthese defects avery commonly
initiated by corrosionthere was no additional verification of theause.

Table6.2: Summary ofdelaminationgpall reports

. Percentage of Structures Average Condition State
Corrosive Zone Affected
PrePolicy | PostPolicy | PrePolicy | PostPolicy
Highly Corrosive Zone 63% 20% 2.50 2.14
Corrosive Zone 67% 53% 2.59 2.11
Outside Corrosiv&one 61% 25% 2.37 2.44
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Table6.3:

Summary okfflorescencatststainingreports

. Percentage of Structures Average Condition State
Corrosive Zone Affected
PrePolicy PostPolicy | PrePolicy | PostPolicy
Highly Corrosive Zone 42% 53% 2.28 2.53
Corrosive Zone 33% 59% 2.40 2.59
OutsideCorrosive Zone 29% 55% 2.29 2.47

Table6.4: Summary ofcracking (RC and Othergports.

. Percentage of Structures Average Condition State
Corrosive Zone Affected
PrePolicy | PostPolicy | PrePolicy | PostPolicy
Highly Corrosive Zone 58% 80% 2.22 2.15
Corrosive Zone 67% 71% 2.17 2.05
OutsideCorrosive Zone 71% 78% 2.25 2.12

6.3 Defect Mapping Findings

The percentage of structures with reported delamination or spalls in 205&wiéisantly lower (reduced by over
a third) for structures in the highly corrosive zone that were built after the enactment of the current NCDOT corrosi
policy. There was also a decrease of structures affegtddlamination and spalls the corrosie zore. However, it is not
as significant of a decrease as in the highly corrosive zone. This could be due to the differing and/or lack of-corrosi
related construction specifications in the corrosive zone.

The highly corrosive zone had a slightlyeaer percentage of structures affected by delamination or spalls
compared with the bridges outside the corrosive zone prior to implementation of the corrosionRaodlosying the
implementatiorof the corrosion policy, structures in the highly corrosweezhacb% fewerstructures affected thautside
thecorrosive zoneThe average condition staiébridgeswithin the highly corrosive zone and corrosive zangenerally
lower for bridges constructed under the current policy. ifdEaesthat thedefects reportedretypically less severe on
structures constructed under the corrosion policy

The percentage of structures affected by efflorescence or rust staining increased in all three zonepdlay pre
to postpolicy. Although this is the oppite of the trend seen in Tab&2 with delamination and spalling reports, the
increase in reports between falicy and pospolicy in the highly corrosive zone (11% increase) is significantly lower
than the increase in the corrosive zone (26% increasutside corrosiveone (26% increase). Looking at only the post
policy percentages, the highly corrosive zone shows a lower percentage of structureskaffefflextscence and staining
than bridges inthe corrosive zonand bridges outside the cosiee zone The average condition state of the reported
efflorescence or rust staining increased in all three zones froqmopog to postpolicy. Although the average severity
(condition state) of this defect increased for gasicy structures, the didbution between the highly corrosive, corrosive,
andoutside corrosivegone remained relatively the same when compared tpgliey structures.

The percentage of structureshibitingconcrete cracking/as higher in pospolicy bridges than prpolicy bridges
The prevalence of cracking withitihe highly corrosive zone anble corrosive zone aslower thanoutside the corrosive
zone before the corrosion policy wamplemented Following theimplementationof the policy, the corrosive zone
continued to cotain alower proportionof structures affectetly crackingthanoutside the corrosiveone The highly
corrosive zonalso featured morerackingin concrete structures than outsaféhe corrosiveone.The average condition
state of thdocations withcracking decreased in all three zones frompuicy to postpolicy, which couldindicate that
extent of thidefect was typically lesseverdollowing the enactment of the policy. This was the only defethe analysis
that showed a decreased average condition state even though the percentage of structures affecteilipereastt:
implementation of the policy.

There were not large differences in the condition state or the prevalence of caetaeshdefects reported within
the corrosive zones compared to outside the corrosive ZBeeausethe structures in the pmolicy categorywerein
service longer than those in the pgsblicy category andbecausehe defects considered for bathtegorieswere from
2016, itis not possibléo draw strong conclusioreboutwhether structures constructed ppeticy are more resistant to
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corrosion damage than thosenstructed prgolicy. During this period of time, the standards for describing dekagrity
couldalsohave changed with departmental inspection policies. While this study included the condition state as a portion
the analysis, the actual severity of defects could not be adequately captured with the information available €ivel four |
measure of severity). It is possible that, although-pobty structures appeared to be experiencing a larger percentage of
defects, the defects are now typically less severe, or vice versa. With the records available for this analysis, it was
possible to determine this with a high level of certainty.

6.4 Deterioration Modeling

Condition rating records from the National Bridge Inventory (NBI) were used to determine the deterioration rate ¢
a broader set of bridges than those that couldidited in person during this study. The deterioration models that were
prepared allowedamparison®f bridge componentype (substructure versus superstructoriege componehtgeographic
location in relation to the NCDOT corrosive zone map (highlyasive zone, corrosive zone, or neither), and structure age
(built before or after current NCDOT corrosion policyhe results of this analysis were used as evidenedether the
current NCDOT corrosiopolicy hasextened the corrosion related maintenaricee service lives of structures located
near the coast.

6.4.1 Methodology of Deterioration Modeling

The design policy ofite current corrosive sites wiagplementedn 2003. One of thanticipatedbutcomes
of this andysis was tadhighlight anynoticeable differences or trenifsdeterioratiorbetween bridges constructed
before and afterthe policy was put it place To ensure there was an equivalent representation of bridges
constructed before the policy was enacted laridges constructed after the policy was enacted, a range of 20 years
between 1993 and 2012aw choserto include10 years befor¢he policyand 10 year after These ranges are
referred to as prpolicy and pospolicy, respectively. The dataset fdrig analysis was created using records
sourced from the National Bridge Inventory (NBI) for North Carolina ranging from 1992 to 2018. After
downloading the NBI characteristic and inspection data for all available years, the information necessary
complee thedeteriorationmodeling and statistical analyses was compiled into a single Excel spreadsheet. Thi
spreadsheet included the structure number, latitude and longitude, year built, substructure condition ratir
superstructure condition rating, and @iag type. The condition ratings for both the substructure and superstructure
follow the general guidelines beldgiRyan et al. 2012)

Code Description

NOT APPLICABLE

EXCELLENT CONDITION

VERY GOOD CONDITIONi no problems noted.

GOOD CONDITIONi some minor problems.

SATISFACTORY CONDITIONI structuralelements show some minor deterioration.

FAIR CONDITIONT all primary structural elements are sound but may have minor sectior

cracking, spalling, or scour.

POOR CONDITIONI advanced section loss, deterioration, spalling, or scour.

SERIOUS CONDITION loss of section, deterioration, spalling, or scour have seriously

affected primary structural components. Local failures are possible. Fatigue cracks in stee

shear cracks in concrete may be present.

2 CRITICAL CONDITION i advancedleterioration of primary structural elements. Fatigue
cracks in steel or shear cracks in concrete may be present or scour may have removed
substructure support. Unless closely monitored it may be necessary to close the bridge ul
corrective action is tadn.

1 Al MMI NENTO FAI L UR Baj@ Oeteiioraiioh @ Bection loss present in critic.
structural components, or obvious vertical or horizontal movement affecting structure stak
Bridge is closed to traffic but corrective action may put briogek in light service.

0 FAILED CONDITION T out of service; beyond corrective action.

oo ~NoooZ

w s
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The full datasecompiled from the NBI filexonsisted of 18,377 bridges and culverts across North Carolina. To
limit the records contained in the spreadsheet to thiolyeassociated with structuredated to this study of coastal bridges
several filters werapplied including proximity to coast, structure type, structure crossing type, year built, and accuracy ar
length of available records. With the previouslyatised filters applied, the final breakdown of structures included in the
analysis is shown below in Talfeb.

Table6.5: Breakdown ofstructuresincluded fordeteriorationrmodeling.

Number of Structures Included
Location Pre-Policy PostPolicy
1993- 2002 2003- 2012
Highly Corrosive Zone (Zone 1) 26 28
Corrosive Zone (Zone 2) 21 18
Outside Corrosiv&one(Zone 3) 68 67
Total 115 113

A mapshowing the geographic distributiarfi the structures described in TalBl& is shown in Figures.1 along
with theboundary lines of theorrosive sitesThe structuresnarkedby a red pinpoint are in the highly corrosive zone, the
structures denoted by a yellow pinpoint are in the corrawe and the structures denoted by a green pinpoint are not in
either zone.
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Figure6.1: Map ofbridgesincluded inanalysis

Structuresn NCDOT Divisions 1, 2 and 3 that anear the coast but outside the corrosive zarsealsoincluded
in this aralysis These bridges outside the corrosive zones wereasgdomparative or contrgroup Also, if any of
them exhibited greater prevalence of corrosive damagetltaewould indicate that the zone boundaries may need to be
updatedIn thefigures andables below, these zones will be abbreviated &ighly corrosive, 2corrosive, and -®utside

the corrosive zone.
6.4.2 Deterioration Modeling.

Once data from the NBvas compiled, a script in the application MATLAB was used to count the number of
years the substructure and superstructure of each bridge spachinondition rating-ollowing the count, the
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performance of each group (as the duration spent in eadition rating between 9 and 5), and the confidence
interval of each group was determingsing the following steps:

Calculate the average time spent in a condition rating
Calculate the standard deviation (std.dev) of the time sperdandition rating
Determine the number oécordg(n)
Calculate the standard error (std.err) using the formula below
v s g | 0BRQU
YO we IIT'E +M—€
5. Use the buikin Excel function T.INV.Z (probability, deg_freedom) where probability is se®1®5 (for a 75%
confidence interval) and deg_freedom is equal to n minus one
6. Calculate the 75% confidence interval in Excel by using the formula below

pPwdPE

X U B & & QOUMEN b AR | "BOU&YTR & p

Most of the bridgesansidered in this analysis ¢haot reached condition ratings below 7. Either they have been
rehabilitatecandor repaired during their lifecycle, or they have not experienced sufficient exposure to reach high levels
deterioration. Therefore, the confid® in the time spent in lower condition ratings is less than higher rafliaide 6.6
presergthe nvalue for each element (substructure versus superstructure), agel{pyeversus pospolicy), and condition
rating (9 through 59f the bridges infte dataseflhe width of confidence intervadfiown inthesubsequent summary output
are influenced by the magnitude of thealue; a larger +value results in a more confident statement whereas a smaller n
value results in a less confident statement é.emall range of potential values versus a large range of potential values,
respectively).

Table6.6: N-value forobservations o$tructures in eachonditionrating

Element =oliey n-Value
Zone CR9 | CR8 | CR7 | CR6 | CR5
Pre /1 4 19 20 8 0
fsj Post /1 3 19 26 1 2
S Pre /2 4 16 13 1 0
2 Post /2 3 11 18 2 0
@ Pre /3 11 59 33 9 0
Post /3 14 40 67 6 2
° Pre/1 6 20 13 5 0
2 Post/ 1 3 19 25 5 1
g Pre /2 5 16 8 1 0
7] Post / 2 3 11 18 0 0
a Pre /3 14 57 20 4 0
Post/ 3 13 40 64 2 1

Figures 62 and 63 show the deterioration rate for substructures of bridges built bef@eaitd after (&) the
current corrosion policyPrior to the current corrosion policy, substructures appear to be perfcsimiiteyly regardless of
thdr proximity to the coast, with substructures in the highly corrosive zone deteriorating at a figfietiyate tharwithin
the corrosive zone amltside the corrosiveone (see Figur@?2). This implies that prior toamplementatiorof the corrosion
policy, the substructurgserformedroughly equally whether they were in a corrosive environment or not (i.e. with no
defined corrosive boundary or difesrce in specifications).
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After implementation of thecorrosion policy, substructures located within the highly corrosive zone and the
corrosive zone appear to be performing equatlislightly betterthanthose located west of both corrosive boundarysline
until reachingcondition rating 6 After condition rating 6, bridge substructurestliwe highly corrosive zone appear to
outperform substructuselocatel outside of the corrosiveone (see Figuré.3). This is an indication that the current
corrosion pdty is having the intended effeof extending the maintenanée=e service lives of the substructure elements.
This is shown in Figuré.3 wherethe deteriorationrmodels follow nearly the same trajectory from condition rating 9 to
condition rating 6After condition rating &he structures located in the highly corrosive zonetla@dorrosive zone appear
to be performing better (i.e. taking a longer time to deteriorate from condition rating 7 to condition rating 5) thaesstructu
locatedoutside the arrosive zones.

The deterioration curves in Figuée4 show that substructures constructed-poticy are performing better than
substructures constructed ppsticy. However, this may be due to the shorter period of time structures buHpqast
spend in condition rating 9 Also, due to the small number of bridges available to establish the deterioration trends in th
lower condition ratings, the 95% confidence interval is very wide, as shown with horizontal bars in Hglires Gost
policy substuctures appear to spend more time in condition rating 8 thapofioy substructures by 2.1 years on average.
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Figure6.3: deterioratiormodel comparing posgiolicy substructures.
(Zone 1: n=26. Zone 2: n = 18. Zone 3: n = 67)

9 =

8 r —

7 S
D
% 6 B Fem e
04
S5 —_y
= Pre-1&2
§ 4 Post-1&2

3

2

1

01 2 3 45 6 7 8 9 1011121314 1516
Time to Deterioration (years)

Figure6.4: Deterioratiormodel comparing preand posipolicy substructures
(Pre-Policy: n = 49. PosPolicy: n = 44)

As is shown in Figure B, superstructures built in the corrosive zone before the current corrosion policy appear t
perform equally to those outside of the corrosive zones until reaching condition rating 7. Under the current polic
superstructures in the highly corrosive and csiv® zones appear to be performing equally to those outside the corrosive
zone until condition rating 7. After this pojrthe condition rating of superstructures located within the highly corrosive
zone begins to decline at a faster rate than strudincated in the corrosive zone and outside corrosive zone (see Figure
6.6).

The superstructures constructed pgadlicy appear to be deteriorating at a faster rate than the superstructures
constructed prpolicy (see Figure 8). Similar to the trend showr the substructures, pegblicy superstructures appear
to be spending slightly more time in condition rating 8 tharpplicy superstructures by 0.5 years on average. The analysis
showed a statistically significant difference of time spent in comdiiting 8 (pospolicy outperforming prgpolicy), with
the differences of time spent in condition ratings 7 and 6 being insignificant. This implies that the differences seen on
deterioration models are mostly statistically insignificant (except fodition rating 8) and structures built pgsilicy are
performing very similarly to structures constructedjpoécy.
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Figure6.7. Deteriorationrmodel comparingpre- andpostpolicy superstructures.
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6.5 Statistical Correlation Results

The results presenteabove were evaluated withta@o-sample ttest analysido indicate the significance of the
findings based on the number of structures in the sarfbie analysis was completadthe statistical appiation, Minitab,
for substructures in the highly corrosive zone, substructures in the corrosive zone, superstructures in the highly corro
zone, and superstructures in the corrosive zone. The Minitab analysis showedplditpr&ructures typicallgpent more
time in condition rating 8 than pepblicy structures. This was true for substructures and superstructures in both corrosivi
zones (highly corrosive and corrosive). It vedso cleaithat postpolicy substructures in the highly corrosive zoperd
more time in condition rating 7 than ppelicy substructures. These observations were the only differences that the two
sample ttest determined to be significant.

The analysis determined that the difference in average time spent in conditior®ritinigoth substructures and
superstructures in the corrosive zone were not significant. This was also the case for substructures and superstructul
the corrosive zone and superstructures in the highly corrosive zone; the differences seen in catdifidgnwere not
significant. Additionally, superstructures in the highly corrosive zone in condition rating 6 were determined to have r
significant differencesvhetherthey were constructegre-policy or postpolicy. While there were four cases (condition
rating 8 for all four scenarios) that showed a statistically significant difference in performance withgbgyretructures
performing better, there were six cases that were determined to have no statigficHibast differences betweegore-
policy and pospolicy and one case where the ppsticy structures were performing better.

6.6 Summary of Findings

The completion of defect mapping and deterioration modeling have both suggested that the peréfrionimiges
constructed with the provisions of the current corrosion policy has not significantly improved over the performance
bridges constructed prior to the policy. However, both of these analyses were completed using subjective data that
colleced by different inspectors over a long period of time. The standards and methods for assessment during bri
inspections changed during this period, as have construction metbodguction conditions (schedule, materials quality,
labor experiencelandtypical bridge designs. Although this analysis has not yielded strong evidence that the corrosio
policy has lessened the rate of deterioration for bridges within corrosive areas, it is significant that bridges within t
corrosive zones perform similalyo i nl and bridges. This can be taken ac
fieldo for structures exposed to corrosive agentsy 1In
improved performance of bridges in omsive zones over bridges outside of corrosive zones. This observation also support
the suitability of the current zone delineations.
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7. SUMMARY AND CONCLUSIONS

During this study, fieldneasurement@nd concrete samples were taken from the pierpi@ndaps of nine bridges
that crossed waterways in the corrosive and highly corrosive zones of the North Carolina coast. Ongoing corrosion \
detected ircertain elements dll structures that were samplgghrticularly areas exposed to tidal watdiise team used
the data collected in the field to prepare service life models of the biidgeder to arrive at the conclusions highlighted
and summarized below:

7.1 Conclusions from Field Testing

Visual InspectionAlthough most bridges did né¢ature sigificant visual signs of corrosiothe team identified

exposed prestresisig strandand large unfilled honeycomb (Structure numbe660091), concrete spalling and
exposed steel bar of the benpad (Structure numbed90056) andrequent examples of consolidation problems
andefflorescenc®n most structures.

Corrosion Detection (Giatec DeviceActive corrosiomat a range of ratesas detected in the tidal zone of bridge
piers, althoughhe rate of corrosiodropped off quickly at locations outside of the tidal zone. Limited evidence of
corrosion was detected or observed on the portions of the bridges that receive only atmospheric contact v
chloridesthroughspray, splashingand mist.

7.2 Conclusions from laboratory Testing

Chloride Concentration MeasurementChloride concentrationests indicated a rapidecreaseof chloride
contaminatiorbetween the surface and two inchetow the surface calmost all element#lthough the chloride
levels were high ahe level of the steel (above typical corrosion inducing thresholds), they were low towards the
interior of the elements. This is most likely due to the limited exposure most structuresrerpdsecause of their
relatively young ag€dless than 25 yeain service)and theeffect of the policy requirements to add SCMbjch
impedeingressof chlorides The significant contamination of chloride was limited mostly to the portions of the
structure that are frequently exposed to coastal waterst.concrée was found to have diffusion coefficients lower
than the typical/target values proposed for-$6@r service life by NCDOT (Rochelle 2000). However, most
structures located very close to the ocean were found to have more severe exposure than waeifohtwe dnt

those models.

Corrosion Inhibitor Detection In most cases the calcium nitrit®rrosion inhibiting admixtureoncentratios
measuredrom powder samplesollectedin the field met or exceeded tepecifiedNCDOT minimumaddition

rate of 3gallycf. Thisfinding confirmedthat calcium nitrite is being utilized in the mixtures in approximately the
correct dosage ratedowever, he dosage rate did not have the expected effect of raising the coiroadion
threshold of chloride concentiat to above9 Ib/yc?. Active corrosion was detected at moderate to high rates in
components that contained corrosion inhibiting admixture and had less than*@flolytbride.

7.3 Conclusions from Service Life Modeling andeterioration Rate Modeling

Service Life Modeling Three of the bridges studied had expected service lives greater than 100 years, one just o\
50 years, and three less than 50 years. The three bridges with expected service lives of less than 50 years we
characterized by gh chloride exposure and loadinge(iless than 3 miles from the ocean) and problems with
concrete quality that increased the diffusion coefficient. These problems included honeycombing, cracking,
excessive fouling by oysters.

Exposure to ChloridesService life modeling results indicated that keg factor impacting the servidde is the
tendency for the concrestructureto be exposed to (or intermittently exposed to) chloride rich watgreally
piers and/or pier cap3he severity of gpoaure was strongly related to proximitf the structureo the coast.
Factors such as fouling and construction defects increased the vulnerability to high rates of chloriddingjiess.
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cases where locations experienced infrequent wettiogosion wasnot predicted to be thpredominantor
significantdeterioration mechanism.

Deterioration Modeling Evaluation of bridge deterioration rates (tracked as condiitimgs in the NBI database)

and the frequency of various flaws listed in NCDOT bridge inspection reports did not indicate that bridge
constructed under the current policy are less susceptible to typical corrosion damage than bridges constructed u
previous policies.

Comparison with other St aTlheNCgoastabhridgeorrasisn palioychas Sipikarc i f
features t o many budstniore detatet than engsbin ifs specifreduirersents Some states
utilize site-based chloride samplirgg coastal water® determine the severity of the corrosive environment (rather
than ocean proximity zones) atwset design guidelines based on severity. Several states allow the use of mor
corrosion resistant materials suahgalvanized and stainless steel reinforcing.

Expected Service Life of Bridges in Corrosive Arél®e findings of this research project suggesttti@torrosion
policy is effective delaying the onset of corrosiorcancrete components in most casdes effective at providing
protection to concrete elements that are receiving chloride loading from splashingyisatayspheric deposition.
It is also effective at providing protection to bridges in locations wihereoncentration of chlorides in theackish
water is low. Howevemnany bridges constructed under the current corrosion paleEyot on track to have total
maintanancefree service livedn excess o5 or 100 years. Bridges that meet the curreetifipd requirements
of the corrosion policyo include fly ash andsilica fume, proper concrete coyand corrosion inhibiting admixture,
may have maintenandeee service lives of less than 50 years. Bridgik piers in contact withbrackish water
within three miles of the coast are especially likely to be vulnerable to corrosion.
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8. IMPLEMENTATION AND TECHNOLOGY TRANSFER PLAN

The findings of this study have focused attention on the potential to update the corrosion policy for structures tt
areconstructed in close proximity to the coast. Therefore, there is an opportunity to revise the corrosion policy to addr
these particular conditions. The durability of concrete components exposed to seawater is a function of concrete que
depth of cacrete cover over the reinforcing steel, and both physical and chemical protection of reinforcing steel. Matr
combinations of these strategies could effectively achieve corrfigierservice life greater than 50 years and up to 100
years. The followingprovisions are recommended for inclusion in the corrosive sites specification:

Additional Site Characterization

9 The tidal zone is not strictly defined in the SMU Design Manual, however it is referenced in the proligon.
recommended that NCDODrsder adopting a formal definitiotihat identifies the areas of structures that will be
exposed to wetting and drying cycléhis will enable the application ohbanced provisions for elements exposed
to wetting and drying These provisions could includecreased concrete cover, protective jacketaugrosion
resistansteel, or other approaches.

1 Water samples from the site of the structure could be used to establish the level potential chloride exposure an
determine the aggressiveness of individualge sites. Revisit the boundaries of the highly corrosive and corrosive
zones based upon the results of chloride concentration testing of the coastal waters. Since the evaluation of w
samples would add tasks and costs to the work of bridgengesj@ map of coastal salinity could also be prepared
and provided within the corrosive sites policy in the SMU Design Manual.

Concrete Quality

1
1

Continue to require and encourage use of pozzolans through binary and ternary cementitioudhbhaatksy;al

but develop performance standards for these mixtures when used in tidal zones.

Add surface resistivity performance requirements to concrete mixture qualification processes. Add surfa
resistivity testing to the quality control protocol for coneratceptance similar to those described in (Cavalline
et al. 2020). Based on the findings of the previous study, a minimum surface resistlvity ofGcmksq
recommended for coastal bridges as an initial performance target.

Based on the findings of N@OT RP20181 4 , AiDurabl e and Sustainable
Engineered Concrete Mixtures, o0 Cavalline et al
testing specification into the NCDOT Standard Specifications for Roads and &sudtbe method in which

this specification was suggested for implementation was the same manner in which LADOTD initially
implemented surface resistivity testing (LADOTD 2018). The recommendation for revising SectiefCL000
was presented as follows, tvitecommended changes showiitatics:

(C) strength and Surface Resistivity of Concrete

The compressive strengdind surface resistivitgf the concrete will be considered the average test
results of two 6 inch x 12 inch cylinders, or two 4 inch x 8 inch cylinders if the aggregate size is not large
than size 57 or 57M. Make cylinders in accordance with AASHTO T 23 from the concretzatbtio the
work. Make cylinders at such frequencies as the Engineer may determine and cure them in accorda
with AASHTO T 23 as modified by the Department. Copies of these modified test procedures are availab
upon request from the Materials and Bddnit. Testing for compressive strength should be performed in
accordance with AASHTO T 2Zesting for surface resistivity should be performed in accordance with
AASHTO T 358Nhen the average compressive strength or surface resistivity of the coestretdinders
is less than the minimum targets specified in Table 10@Mhd the Engineer determines it is within
reasonably close conformity with design requirements, these properties will be considered acceptab
When the Engineer determines averagendgr strength or surface resistivity is below the specification,
the inplace concrete will be testedBased on these test results, the concrete will either be accepted with
no reduction in payment or accepted at a reduced unit price or rejectedoash setArticle 1053.
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The following table (Table X.X) would be added or incorporated into Table-1@Gith the
associated footnote.

Table X.X: Suggested addition to NCDOT specification for roads and structures

Minimum surfaceesistivity at

56 daxm) ( K¢

AA 15.0*

Pavement 11.0

*A 56 day minicmumaaf bk6r@qligqgred at the enginee
risk of chloride ion penetration is high.

Class of Concrete

Protection of Reinforcing Steel

1 Enhanced provisions felements exposed to wetting and drying are recommended to ensure the service lif
goals are met. These provisions could include:
O increasing concrete cover to 30 for prestres
0 utilizing protective jacketing
o specifying corrosion resistant steel
o other performanceerified approaches

1 The findings indicated that the currently required CNI dosage is likely too low to achieve the desired level ¢
protection. The proper dosage is a function of the ratio of cldadncentration to nitrite concentration, and
therefore is based on the severity of chloride loading. Other protective features, such as cover over the steel
low concrete permeability, are important to maintain because the CNI alone cannot rekaipdy exttended
service life. Also, high CNI dosage has negative effects such as accelerated set time and lowered compres
strength. It is recommended that the CNI dosages be increased for coastal bridges with tidal exposure by eit
1) following mandacturers guidelines for establishing appropriate dosage rates based on site severity, or
develop mixture designs that achieve suitable rheological and mechanical properties while containing ftl
maximum dose of 6 gal/yd

1 Reevaluate the effectiveness@NI corrosion inhibitors at higher dosages after exposure in the field. Other
corrosiondefensive measures, such as higlality concrete and sufficient cover, should augment the protection
offered by the CNI.
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APPENDIX A: Data for Each Bridge

A.1Structure 660019 Results Summary

A.1.1 RCT Test Results (Chloride Content Profile)

Structure _ Chloride Content .
4 Location | Zone | Depth | % Conc. Chlorides

(in) Wt. (Ib./CY)
0 0.302 11.532
1 0.125 4.768
S 2 0.011 0.436
= 3 0.004 0.154
4 0.005 0.193
5 0.005 0.183
- 0 0.291 11.096
2 1 0.051 1.963
2 2 0.003 0.109
3 3 0.003 0.098

£

<

660019

0 0.457 17.429
1 0.188 7.186
S 2 0.034 1.281
= 3 0.018 0.692
- o 0 0.341 13.001
15 1 0.081 3.096
(= 2 0.004 0167
é 3 0.004 0.171
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A.1.2 iCOR Test Results ( Corrosion Rate & Surface Resistivity)

Atmospf]gric Zone Tida[_Zone
. g |8 g |2 g |5 A
| & |5 [Ee| 2|22, | 5 |8e| % |28,
? 8|z | 8= 8|z | 8§ |=<
8.1 133.0 1 48.4 38.0 0.92
8.4 99.0 1 67.6 28.0 0.95
2.7 130.0 1 12.0 0.51
5.0 187.0 1 .7 37.0 32.0 0.98
4.6 161.0 1 10.0 0.92
10.0 190.0 095 | 1.9 67.0 0.8
L1 40.0 31.2 102.0 1156 0.99
36.0 95.0 0.99
49.0 133.0 0.98
90.0 49.0 0.99
73.0 52.0 0.94
660019 47.0 56.0 0.99
2.9 104.0 1 12.1 37.0 0.98
5.5 57.0 1 0.87
0.8 129.0 1 25 | 643 | 84.0 | 57.2 | 0.99
13.0 78.0 1 4.4 115.0 0.99
3.6 147.0 0.99 | 84.6 43.0 0.98
L2 19.0 | 22.9 | 104.0| 99.6 1
17.0 105.0 1
5.0 138.0 0.99
10.0 108.0 1
39.0 51.0 1
[ 136.0| 75.0 0.95




A.1.3 Model 2:

Iterative Noflinear LeastSquares Regression

Corrosive/Silica Fume

Model 2: Iterative Non-linear

LeastSquares Regression

i c Chloride Content
£ 2|2 Age | Diffusion
§ S '9‘ % (® | Coefficient ConScuer:l?rceiion
a |- Depth | con, | Chiorides (nin/yn)| /ey (Co)
(in) (X) | (Ib/CY) (D) .
W,
0 | 0.302] 11.5320
1 | 0.125| 4.7684
| 2 |0011| 0.4364
S ooosl o141 | 12| 0044 11.805
4 | 0.005| 0.1931
L1 5 | 0.005| 0.1831
o| 0 [0.201] 11.0959
S| 1 0051 1.9626
8| 2 [0003] 01092 | 12 | 0.044 10.560
£ 3 [0003] 00975
660019 <
0 |0457| 17.4292
_[ 1 Toi8ss| 7.1863
S| 2 |0034| 12813 | 12| 0.044 17.866
13 [0018] 06924
L2757 0 [0341] 13.0012
9| 1 0081 3.0959
g 2 0.004| 0.1674 | 12 0.044 12.613
£ 3 |o0004] 01712
<

Best
Fit
Curve
Cix.t

Residual
Square

0.074
0.720
0.033
0.012
0.037
0.034
0.287
2.384
0.197
0.004
0.000
0.191
1.572
0.119
0.394
0.000
0.151
1.193
0.243
0.016
0.000
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A.1.4 Corrosion Modeling Service Life Reports

Life-365 v2.2 - Concrete Mixes and Service Lives

Project: 660019 L1 Description: Bent Cap\Highly Corrosive Zone
Analyst: Taiseer Al Salihi Date: 07/30/2021
200i Surface Concentration Monthly Temperatures
.00 in . I
o off g% c” _/\
16.00 in S 02 5501
%04 8 s
o o : )1 :_J >
0.0’ — - - — - 0’ _ y - -
0 100 200 300 400 S00 0.0 25 S0 75 100
Year Month
square column/beams (2-D) Max surface: 0.312 % wt. conc. Loc: user-defined
Outer dim: 16in; clear cover: 2in Years to buildup: 12 Type: user-defined

Concrete Mixes

Alt name User? w/cm SCMs Inhib. Barrier Reinf.

Assumed Concret Properties 0.35 Silica Fume (5%)); Ca Nitrite - 3 Black Steel
gal/cub. yd.

Measured Concrete Properties yes n/a n/a n/a Black Steel

"n/a" indicates that, since the user is specifying the diffusion properties of this mix, this value is not specified.

Diffusion Properties and Service Lives

Alt name D28 m Ct Init. Prop. Service life
Assumed Concret Properties 4.09E-9 in*in/sec 0.2 0.24 % wt. conc. 136.7 yrs 6 yrs 142.7 yrs
Measured Concrete Properties ->2.33E-9 in"in/sec ->0.26 ->0.24%wt conc. 3308 yrs > 6yrs 336.8yrs

">" indicates that the user has directly specified this value; "+" indicates the service life exceeds the study period.




Life-365 v2.2 - Concrete Mixes and Service Lives

Project: 660019 L2 Description: Bent Cap\Highly Corrosive Zone
Analyst: Taiseer Al Salihi Date: 07/30/2021
i Surface Concentration Monthly Temperatures
12.00 in 5 ]
o] o é 0.4 { T -_/\
16.00 in S 03| 8%
0.21 E |
O o] 801 :
0.0°2 - — — - — 02 _ — . —
0 100 200 300 400 S00 0.0 25 S0 75 100
Year Month
square column/beams (2-D) Max surface: 0.457 % wt. conc. Loc: user-defined
Outer dim: 16in; clear cover: 2in Years to buildup: 12 Type: user-defined

Concrete Mixes

Alt name User? w/cm SCMs Inhib. Barrier Reinf.

Assumed Concret Properties 0.35 Silica Fume (5%); Ca Nitrite - 3 Black Steel
gal/cub. yd.

Measured Concrete Properties yes n/a n/a n/a Black Steel

"n/a" indicates that, since the user is specifying the diffusion properties of this mix, this value is not specified.

Diffusion Properties and Service Lives

Alt name D28 m Ct Init. Prop. Service life
Assumed Concret Properties 4.09E-9 in*in/sec 0.2 0.24 % wt. conc. 57.2yrs 6 yrs 63.2yrs
Measured Concrete Properties ->2.33E-9 in"in/sec =026 ->0.24 % wt. conc. 134.7 yrs =>6yrs 140.7 yrs

=" indicates that the user has directly specified this value; "+" indicates the service life exceeds the study period.




A.1.5 Materials and Tests Unit Statement of Concrete Mix Design

Form 312U
3-96
North Carolina Department of Transportation, Division of Highways, Materials and Tests Unit
Statement of Concrete Mix Design and Source of Materials
Project Date Expires 12/31/2075
Mix Design Status Active Concrete Producer S & G PRESTRESS CONCRETE
County Plant Location & DOT No. LELAND, NC - 2
Resident Engr. Contractor
Class of Concrete = PRESTRESS Date Assigned
Mix Design No. 2PVU13CIMSE Contractor's Signature
Note Mix Design Units (English or Metric) ENGLISH
Mix Design Proportions Based on SSD Mass of Aggregates
Material Producer Source Qty. per Cu.
Yard
Cement ARGOS USA BARRANQUILLA PLANT - (FORMERLY CEMENT( 665 Ibs.
Pozzolan Degussa Rheomac SF 100 silica fume 35 Ibs.
Fine Aggregate MARTIN MARIETTA ROCKY POINT QUARRY - ROCKY POINT 1244 Ibs.
Coarse Aggregate MARTIN MARIETTA GARNER QUARRY - GARNER 1700 Ibs.
Total Water WELL 29.4 gals.
Air. Entr. Agent BASF CONSTRUCTION CHEMICALS, LLC MASTERAIR AE 90 (AKA MB AE 90) As recommended
Retarder BASF CONSTRUCTION CHEMICALS, LLC POZZOLITH 122R As recommended
Water Reducer
Superplasticizer BASF CONSTRUCTION CHEMICALS, LLC MASTERGLENIUM 3030 (AKA GLENIUM 3030NS As recommended

Corrosion Inhibitor

BASF CONSTRUCTION CHEMICALS, LLC

MASTERLIFE CI 30 (AKA RHEOCRETE CNI)

As recommended

Mix Properties and Specifications

Slump 7.00 in. Mortar Content 16.60 cu. ft.
Max Water 310 gals. Air Content 50 %
Material Specific Gravity % Absorption Unit Mass Fineness
Modulus
Fine Aggregate 265 1.0 NA 240
Coarse Aggregate, #67 262 05 935 NA

312 under "pozzolan.") Max. water-cement ratio is 0.4.

Cast-in-place concrete shall conform to Section 1000, precast concrete to Section 1077, and p
the applicable edition of the Standard Specifications for Roads and Structures plus all applicable Special Provisions.

d concrete to S

ion 1078 of

Comment Mix is designed for 6000 psi. Mix contains 3.0 gals. CNI and 35 Ibs. Rheomac SF 100 silica fume. (Silica fume quantity is listed on Form




A.2Structure 090056 Results Summary

A.2.1 RCT Test Results (Chloride Contdmrtofile)

Structure _ Chloride Content .

# Location | Zone | Depth % Conc. LT

(in) Wi. (Ib/CY)

0 0.619 23.610

1 0.536 20.450

8 2 0.017 0.659

[ 3 0.005 0.200

4 0.007 0.269

L1 5 0.004 0.135

2 0 0.318 12.133

2 1 0.041 1.569

2 2 0.006 0.240

£ 3 0.007 0.261

< 4 0.007 0.283

090056 0 0.744 28370

1 0.538 20.510

8 2 0.007 0.257

= 3 0.003 0.113

4 0.003 0.100

L2 5 0.004 0.135

o 0 0.122 4.668

5 1 0.023 0.890

s 2 0.008 0.321

8 3 0.011 0.406

g 4 0.010 0.363

5 0.009 0.339




Avg. Cl Content (%) Conc. Wt.)
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& ®
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=
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A.2.2 ICOR Test Results ( Corrosion Rate & Surface Resistivity)

Atmospheric Zone

Tidal Zone

2 s | 2 |¢ g s | 2 |g

? S | 2 3 | < S | 2 3 | <
7.86 151 0.98 71 21 0.98
3.22 188 1 17 0.95
98.98 21.98 46.4 171.35 0.95 18 0.94
1.86 300 1 17 0.95
16 0.98
L1 81 18 45 0.93
33 0.96
27 101 0.96
32 96 0.96
15 78 0.98
29 79 0.97
48 38 0.93
87 31 0.94
84 31 0.98
090056 63 24 0.97
60 39 0.96
4 55 0.94
24 72 0.96
11 64 0.99
11 111 0.98
L2 Data Not Collected 7 30 154 90 097
4 159 0.98
2 209 0.96
1 210 0.99
10 134 0.95
40 64 0.96
37 67 0.96
20 86 0.99
22 69 0.99
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A.2.3 Model 2:

Iterative Noflinear LeastSquares Regression

A Atmospheric L1
—Best-Fit Curve Tidal L2

Best-Fit Curve Tidal L1
—— Best-Fit Curve Atmospheric L1

Model 2: Iterative Non-linear
:2.; c Chloride Content LeastSquares Regression
5 |82 Age | Diffusion Surface Best
‘E’ S Q % (t) | Coefficient Concentration Fit | Residual
& — Depth Conc Chlorides (in*in/yr) (Ib/CY) (Co) Curve | Square
= (M ) | e | (BICY) (D) | Cwy
2 :
> 0 0.619| 23.610 7.966
'a'; 1 0.536| 20.450 51.367
E —
= g 2 0.017| 0.659 16 0.070 26.433 16.777
Lclc-s [ 3 0.005| 0.200 0.940
Qo 4 0.007| 0.269 0.006
@ L1 5 0.004| 0.135 0.013
= | 0 ]0318] 12133 4.195
g e 1 0.041 1.569 12.242
S | 090056 @ 2 [0006] 0240 | 16 | 0070 10.084 2.479
g = 3 0.007| 0.261 0.034
< < 4 ]0.007| 0.283 0.044
T 0 0.744| 28.370 2.974
1 0.538| 20.510 29.019
< 2 0.007 0.257 26.595
L2 | © 16 0.070 30.095
[= 3 0.003 0.113 1.486
4 0.003 0.100 0.014
5 0.004| 0.135 0.012
2.00
_ 180 70
; 1.60 60 &
S ! Depthof Steel | O
S 1.40 S
(&} 50 =
N 1.20 =
= 40
g 1.00 %
§ 0.80 30 O
e ()
5 0.60 ° 2 5
% 0.40 <
< 0.20 10
0.00 A o o 0
0 1 2 3 4 5 6
Depth (in)
Tidal L1 @® Tidal L2
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A.2.4 Corrosion Modeling Service Life Reports

Life-365 v2.2 - Concrete Mixes and Service Lives

Project: 090056 L1 Description: Bent Cap\Highly Corrosive Zone
Analyst: Taiseer Al Salihi Date: 07/30/2021
; Surface Concentration Monthly Temperatures
2.001in i
o} O g = 75 /‘\
33.00 g 0% 3%
$ 025 5
o o 3 5 2 1‘
0. . . . . - - - - -
fJ 100 200 300 400 S00 0.0 25 5.0 75 100
Year Month
square column/beams (2-D) Max surface: 0.690 % wt. conc. Loc: user-defined
Outer dim: 33in; clear cover: 2in Years to buildup: 16 Type: user-defined

Concrete Mixes

Alt name User? w/cm SCMs Inhib. Barrier Reinf.
Assumed Concret Properties 0.37 Class F Fly Ash Ca Nitrite - 3 Black Steel
(25%); Silica Fume gal/cub. yd.
(5%);
Measured Concrete Properties yes n/a n/a n/a Black Steel

"n/a" indicates that, since the user is specifying the diffusion properties of this mix, this value is not specified.

Diffusion Properties and Service Lives

Alt name D28 m Ct Init. Prop. Service life
Assumed Concret Properties 4 57E-9 in*in/sec 0.4 0.24 % wt. conc. 88.4 yrs 6 yrs 94.4 yrs
Measured Concrete Properties ->8.17E-9 in"in/sec =04 ->0.24 % wt. conc. 51.4yrs >6yrs 57.4yrs

~>" indicates that the user has directly specified this value; "+" indicates the service life exceeds the study period.

13



Life-365 v2.2 - Concrete Mixes and Service Lives

Project: 090056 L2 Description: Bent Cap\Highly Corrosive Zone
Analyst: Taiseer Al Salihi Date: 07/30/2021
4‘2. 00 in Surface Concentration ‘ Monthly Temperatures
O O é 0.751 - 751 /—\
33.00 in S 050 ;Sﬂ;
D) 25 ,°_=J E3 |
o o 3 |
0.00°% — - - — - 0t _ _ - -
0 100 200 300 400 S00 0.0 25 S.0 75 100
Year Month
square column/beams (2-D) Max surface: 0.792 % wt. conc. Loc: user-defined
Outer dim: 33in; clear cover: 2in Years to buildup: 16 Type: user-defined

Concrete Mixes

Alt name User? w/cm SCMs Inhib. Barrier Reinf.
Assumed Concret Properties 0.37 Class F Fly Ash Ca Nitrite - 3 Black Steel
(25%); Silica Fume gal/cub. yd.
(5%);
Measured Concrete Properties yes n/a n/a n/a Black Steel

"n/a" indicates that, since the user is specifying the diffusion properties of this mix, this value is not specified.

Diffusion Properties and Service Lives

Alt name D28 m Ct Init. Prop. Service life
Assumed Concret Properties 4.57E-9 in*in/sec 04 0.24 % wt. conc. 78.4 yrs 6 yrs 84.4 yrs
Measured Concrete Properties -=8.17E-9 in"in/sec =04 ->0.24 % wt. conc. 457 yrs ->6yrs 51.7yrs

=" indicates that the user has directly specified this value; "+" indicates the service life exceeds the study period.
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A.2.5 Materials and Tests Unit Statement of Concrete Mix Design

Form 312U
3-96
North Carolina Department of Transportation, Division of Highways, Materials and Tests Unit
Statement of Concrete Mix Design and Source of Materials
Project Date Expires 02/28/2011
Mix Design Status Expired Concrete Producer ARGOS USALLC
County Plant Location & DOT No. LELAND, NC- 15
Resident Engr. Contractor
Class of Concrete CLASS AA Date Assigned
Mix Design No. 152VFB034E Contractor's Signature
Note Mix Design Units (English or Metric) ENGLISH
Mix Design Proportions Based on SSD Mass of Aggregates
Material Producer Source Qty. per Cu.
Yard
Cement CEMEX KNOXVILLE, TN (TYPE I/1l) 540 Ibs.
Pozzolan THE SEFA GROUP WINYAH GENERATING STATION/GEORGETOW! 135 Ibs.
Fine Aggregate CAPE FEAR PAVING, LLC WILMINGTON MATERIALS - OAK RIDGE PIT #1 11860 Ibs.
Coarse Aggregate  MARTIN MARIETTA CASTLE HAYNE QUARRY - CASTLE HAYNE 1540 Ibs.
Total Water WELL 30.0 gals.
Air. Entr. Agent BASF CONSTRUCTION CHEMICALS, LLC MASTERAIR AE 90 (AKA MB AE 90) As recommended
Retarder BASF CONSTRUCTION CHEMICALS, LLC POZZOLITH 122R As recommended
Water Reducer
Superplasticizer
Corrosion Inhibitor BASF CONSTRUCTION CHEMICALS, LLC MASTERLIFE CI 30 (AKA RHEOCRETE CNI) As recommended

Mix Properties and Specifications

Slump 3.50 in. Mortar Content 16.84 cu. ft.
Max Water 32.3 gals. Air Content 8.0 %
Material Specific Gravity % Absorption Unit Mass Fineness
Modulus
Fine Aggregate 2.65 1.0 NA 2.40
Coarse Aggregate, #57 243 3.1 76.5 NA
Comment Mix also contains 35 Ibs. Elkim silica fume and 3 gals. CNI corrosion inhibitor. Use of 5 % silica fume and 1:1 cement:fly ash replacement rate are

in accordance with a note on the plans for 8.1231503. Mix is for caps on bent #s 1 - 4.

Cast-in-place concrete shall conform to Section 1000, precast concrete to Section 1077, and prestressed concrete to Section 1078 of
the applicable edition of the Standard Specifications for Roads and Structures plus all applicable Special Provisions.
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A.3Structure 660021 Results Summary

A.3.1 RCT Test Results (Chloride Content Profile)

Structure _ Chloride Content .

# Location | Zone | Depth | % Conc. Chlorides

(in) Wi, (Ib/CY)

0 0.220 8.397

1 0.243 9.252

S 2 0.150 5.738

= 3 0.094 3.592

4 0.018 0.705

L1 5 0.012 0.443

o 0 0.115 4.404

15 1 0.023 0.887

= 2 0.004 0.156

8 3 0.003 0.109

g 4 0.003 0.105

5 0.003 0.102

660021 5 oA s

1 0.297 11.327

K 2 0.161 6.157

= 3 0.030 1.159

4 0.006 0.247

L2 5 0.005 0.185

o 0 0.183 6.987

5 1 0.043 1.628

s 2 0.004 0.145

o) 3 0.004 0.142

g 4 0.003 0.112

5 0.003 0.116
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Avg. Cl Content (%) Conc. Wt.)
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A.3.2 ICOR Test Results ( Corrosion Rate & Surface Resistivity)

Atmospheric Zone Tidal Zone
g5 | 2 |¢g gls | 2 |g
® | s 2|8, | &8, g (g | & |5,
5 = c = ® = o~ c =g @ c .2 ~
§ | §| 2 |88| 8 |88| B | % |858| & |88 &
= S S & E’ o o g o E () o
? S |z 3 | < S | < 8 | <
4 119 1 0.96
5 112 0.97 0.99
5 208 0.99 0.99
L1 1 4 204 180 0.99 206 0.98
4 234 0.96 0.99
7 200 0.89 0.98
0.92
0.99
a0z 0 257 0.97 1
3 226 0.97 1
3 178 1 0.98
3 4 191 198 0.98 0.99
L2 3 177 0.99 88 0.95
10 158 0.98 0.99
0.99
0.94
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A.3.3 Model 2: Iterative Noflinear LeastiSquares Regression

Highly Corrosive/No Pozzolans

Model 2: Iterative Non-linear

ﬁ - Chloride Content Least-Squares Regression
= © | o . .
= | < Age | Diffusion Best
3 S| S oy Surface :
= § N | Depth| % : ® C_oifﬁment Concentration | /"
&3 (n) | conc. Chlorides (in*in/yr) (Ib/CY) (Co) Curve
© | wt | (PCY) (D) Cox
0 0.220| 8.397
1 0.243| 9.252
< 2 0.150| 5.738
E 3 0094 3592 15 0.169 10.765
4 0.018| 0.705
L1 5 0.012| 0.443
o 0 0.115| 4.404
5 1 0.023| 0.887
S 2 0.004| 0.156
Q.
é 3 0003 0109 15 0.169 3.151
g 4 0.003| 0.105
5 0.003| 0.102
660021 0 0.412| 15.718
1 0.297 | 11.327
< 2 0.161| 6.157
.E 3 0030 1.159 15 0.169 15.953
4 0.006| 0.247
Lo 5 0.005| 0.185
o 0 0.183| 6.987
5 1 0.043| 1.628
S 2 0.004| 0.145
Q.
é 3 0004] 0142 15 0.169 5.059
g 4 0.003| 0.112
5 0.003| 0.116

19

Residual
Square

5.606
4.769
2.936
2.656
0.011
0.026
1.569
1.397
1.045
0.217
0.018
0.000
0.055
0.726
0.037
3.057
0.911
0.055
3.717
2.869
3.050
0.609
0.072
0.000




2.00

_ 180 70
= 160 '

.o I 60
g 140 '—— Depthof Steel | o
8§ ! 50 8
< 120 : —
o ] c
= 1.00 : 0 g
£ 080 ' 30 8
8. | O
s 0.60 : 20 Q

. 0.40 : =2
(@] 1
z 0.20§ 10 <

0.00 — 0
0 1 2 3 4 5 6
Depth (in)
Tidal L1 @ Tidal L2
A Atmospheric L1 A Atmospheric L2
Best-Fit Curve Tidal L1 —Best-Fit Curve Tidal L2
——Best-Fit Curve Atmospheric L1 —— Best-Fit Curve Atmospheric L2
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A.3.4 Corrosion Modeling Service Life Reports

Life-365 v2.2 - Concrete Mixes and Service Lives

Project: 660021 L1 Description: Bent Cap\Highly Corrosive Zone
Analyst: Taiseer Al Salihi Date: 07/30/2021
Surface Concentration Monthly Temperatures
;r2.00 in < 751
o) o § 53 £ ’/\
12.00 in 3 2501
B 0 LES
° ° : 0.0’ - - ~ - — 0l = - - >
0 100 200 300 400 S00 0.0 25 S.0 75 100
Year Month
square column/beams (2-D) Max surface: 0.263 % wt. conc. Loc: user-defined
Outer dim: 12in; clear cover: 2in Years to buildup: 15 Type: user-defined

Concrete Mixes

Alt name User? w/cm SCMs Inhib. Barrier Reinf.

Assumed Concret Properties 0.32 Ca Nitrite - 3.5 Black Steel
gal/cub. yd.

Measured Concrete Properties yes n/a n/a n/a Black Steel

"n/a" indicates that, since the user is specifying the diffusion properties of this mix, this value is not specified.

Diffusion Properties and Service Lives

Alt name D28 m Ct Init. Prop. Service life
Assumed Concret Properties 7.91E-9 in*in/sec 0.2 0.28 % wt. conc. 500+ yrs 6 yrs 506+ yrs
Measured Concrete Properties ->2.15E-8 in"in/sec ->0.26 ->0.28 % wt. conc. 500+ yrs > 6yrs 506+ yrs

"

=" indicates that the user has directly specified this value; "+" indicates the service life exceeds the study period.

21



Life-365 v2.2 - Concrete Mixes and Service Lives

Project: 660021 L2 Description: Bent Cap\Highly Corrosive Zone

Analyst: Taiseer Al Salihi Date: 07/30/2021
Surface Concentration Monthly Temperatures
IZ.OO in Yol 71
o o g . Q -_/\
12.00 in S 0.3 2501
0.21 [~
o o E 0.1 e
o |
0.0°% - - — - - 02 _ — , —
0 100 200 300 400 SO0 0.0 25 S.0 75 100
Year Month
square column/beams (2-D) Max surface: 0.436 % wt. conc. Loc: user-defined
Outer dim: 12in; clear cover: 2in Years to buildup: 15 Type: user-defined
Concrete Mixes
Alt name User? w/cm SCMs Inhib. Barrier Reinf.
Assumed Concret Properties 0.32 Ca Nitrite - 3.5 Black Steel
gal/cub. yd.
Measured Concrete Properties yes n/a n/a n/a Black Steel
"n/a" indicates that, since the user is specifying the diffusion properties of this mix, this value is not specified.
Diffusion Properties and Service Lives
Alt name D28 m Ct Init. Prop. Service life
Assumed Concret Properties 7.91E-9 in*in/sec 0.2 0.28 % wt. conc. 46.5 yrs 6 yrs 52.5yrs
Measured Concrete Properties ->2.15E-8 in"in/sec =026 ->0.28 % wt. conc. 26.8 yrs =>6yrs 328 yrs

">" indicates that the user has directly specified this value; "+" indicates the service life exceeds the study period.

A.3.5 Materials and Tests Unit Statement of Concrete Design
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Form 312U

3-96
North Carolina Department of Transportation, Division of Highways, Materials and Tests Unit
Statement of Concrete Mix Design and Source of Materials
Project Date Expires 12/31/2075
Mix Design Status Active Concrete Producer FLORENCE CONCRETE PROD.
County Plant Location & DOT No. SUMTER, SC - 10
Resident Engr. Contractor
Class of Concrete PRESTRESS Date Assigned
Mix Design No.  10PVO6167935E Contractor's Signature
Note Mix Design Units (English or Metric) ENGLISH
Mix Design Proportions Based on SSD Mass of Aggregates
Material Producer Source Qty. per Cu.
Yard
Cement HOLCIM (US) INC. HOLLY HILL, SC (TYPE I/) 752 Ibs.
Pozzolan Ibs.
Fine Aggregate AMERICAN MATERIALS CO. SUMTER COUNTY SAND PIT 1005 Ibs.
Coarse Aggregate MARTIN MARIETTA CAYCE QUARRY - CAYCE, SC 1866 Ibs.
Total Water CITY 28.4 gals.
Air. Entr. Agent SIKA CORPORATION SIKAAEA-14 As recommended
Retarder SIKA CORPORATION PLASTIMENT As recommended
Water Reducer
Superplasticizer SIKA CORPORATION SIKA VISCOCRETE-6100 As recommended
Corrosion Inhibitor SIKA CORPORATION SIKA-CNI As recommended
Mix Properties and Specifications
Slump 8.00 in. Mortar Content 15.59 cu. ft.
Max Water 33.0 gals. Air Content 50 %
Material Specific Gravity % Absorption Unit Mass Fineness
Modulus
Fine Aggregate 262 05 NA
Coarse Aggregate, #67 262 04 NA

Comment Designed for 6000 psi at 28 days. Contains 3.5 gals. corrosion inhibitor. Max. w/c = 0.40.

Cast-in-place concrete shall conform to Section 1000, precast concrete to Section 1077, and prestressed concrete to Section 1078 of

the applicable edition of the Standard Specifications for Roads and Structures plus all applicable Special Provisions.
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A.4Structure 640010 Results Summary

A.4.1 RCT Test Results (Chloride Content Profile)

Chloride Content

Stru;ture Location | Zone | Depth | % Conc. Chlorides
(in) Wt (Ib/CY)
. 0
= 1 0.018 0.69240
L £ 2 0.004 0.13930
2 3 0.004 0.15010
5 4 0.004 0.14460
5 0.003 0.13160
o 0 0.211 8.0443
2 1 0.089 3.4037
< 2 0.008 0.3142
] 3 0.010 0.3771
g 4 0.010 0.3861
s 5 0.008 0.3052
0 0.295 11.237
1 0.104 3.957
s 2 0.010 0.391
2 3 0.011 0.408
4 0.013 0.504
5 0.012 0.468
640010 ) o 0115 4.3951
g 1 0.041 1.5741
g £ 2 0.007 0.2814
2 3 0.004 0.1416
g 4 0.003 0.1251
5 0.004 0.1573
0 0.381 14.5323
1 0.234 8.9158
s 2 0.043 1.6317
2 3 0.023 0.8800
4 0.024 0.9211
> 5 0.024 0.9322
U 0 0.588 22.424
= 1 0.166 6.347
< 2 0.017 0.648
3 3 0.019 0.738
g 4 0.023 0.860
5 0.021 0.793
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Avg. Cl Content (%) Conc. Wt.)
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A.4.2 ICOR Test Results ( Corrosion Rate & Surface Resistivity)

Atmospheric Zone Tidal Zone
g2 15 2 | g gls | 2 |¢g
T | s| |3, | &8, g | & |5,
5 = c =2 o c.2 o~ S =3 o A N
g | 8|S |88 8 |S8| &g |38 8 S8 8
= S g & E c&>0: g o E cbn:
? S | 2 8 | < S | 2 8 | 2
2.7 159 1
2.5 161 1
3.8 162 0.99
1.6 182 1
L1 3 2.2725 62 242.38 0.95
1.8 364 0.96
0.88 352 1
1.9 497 0.99
8.7 72 1 17.7 71 0.95
6 65 1 14.37 93 0.98
4.3 13 1 21.18 61 0.97
9.2 189 1 21.78 26.493 67 005 0.91
L2 7 7.4333| 50 |90.889| 1 39.22 32 0.97
5.4 57 1 44.71 39 0.83
1.7 160 0.99
17 88 1
7.6 124 1
0.83 173 1
640010 3.3 127 1
2.9 186 1
7 172 1
3 350 0.99
L3 0.46 2.104 142 390.6 1
0.37 801 1
0.76 624 1
0.92 461 1
15 570 0.99
19 172 1 23.43 74 0.97
4.1 144 0.98 | 17.59 85 0.98
6.5 130 1 30.69 43 0.93
77 91 0.97 | 31.03 40 0.97
L4 14 314 136 | 128.44| 1 39.8 | 29.538| 33 |52.444| 0.86
67 134 0.96 | 34.44 32 0.97
36 107 0.99 | 33.27 34 0.96
44 111 0.96 | 17.16 87 0.97
15 131 0.97 | 38.43 44 0.94
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A.4.3 Model 2:

Iterative Noflinear LeastSquares Regression

Highly Corrosive/Silica Fume

Model 2: Iterative Non-linear

LeastSquares Regression

t‘; - Chloride Content
5 2|2 Age | Diffusion
§ § N % O Cosiee! Conscuer:l?rce?[ion
i - Depth Chlorides (in*infyr)
. Conc. (Ib/CY) (Co)
(i) 0 | e | (bICY) (D)
o 0 0.211| 8.0443
S 1 0.089| 3.4037
S 2 0.008| 0.3142
o
é 3 0010 03771 14 0.045 8.153
2 4 0.010| 0.3861
L2 5 0.008| 0.3052
0 0.295| 11.237
1 0.104 3.957
© 2 0.010 0.391
_E 3 0011 0.408 14 0.045 11.125
4 0.013 0.504
5 0.012 0.468
SRR o 0 0.381| 14.5323
= 1 0.234| 8.9158
= 2 0.043| 1.6317
Q.
é 3 00231 0.8800 14 0.045 15.707
b 4 0.024| 0.9211
L4 5 0.024| 0.9322
0 0.588| 22.424
1 0.166 6.347
< 2 0.017 0.648
_E 3 0.019 0.738 14 0.045 21.684
4 0.023 0.860
5 0.021 0.793
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Fit
Curve
Cix.t

Residual
Square

0.012
0.120
0.093
0.098
0.147
0.093
0.013
0.046
0.206
0.103
0.250
0.219
1.379
9.164
0.192
0.574
0.837
0.869
0.547
3.178
0.998
0.324
0.725
0.629
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A.4.4 Corrosion Modeling Service Life Reports

Life-365 v2.2 - Concrete Mixes and Service Lives

Project: 640010 L2 Description: Prestressed Pile\Highly Corrosive Zone
Analyst: Taiseer Al Salihi Date: 07/30/2021
Surface Concentration Monthly Temperatures
12 00 in . 031 7
o fon E - 75 /-\
16.00 i g o2 o
5 5 \5 0.1 82
o
0.0°% = = — — — 0 — — — — =
0 100 200 300 400 S00 00 25 S0 75 100
Year Month
square column/beams (2-D) Max surface: 0.295 % wt. conc. Loc: user-defined
Outer dim: 16in; clear cover: 2in Years to buildup: 14 Type: user-defined
Concrete Mixes
Alt name User? w/cm SCMs Inhib. Barrier Reinf.
Assumed Concret Properties 0.32 Silica Fume (5%), Ca Nitrite - 3.5 Black Steel
gal/cub. yd.
Measured Concrete Properties yes n/a n/a n/a Black Steel
"n/a" indicates that, since the user is specifying the diffusion properties of this mix, this value is not specified.
Diffusion Properties and Service Lives
Alt name D28 m ct Init. Prop. Service life
Assumed Concret Properties 3.47E-9 in*in/sec 0.2 0.28 % wt. conc. 500+ yrs 6 yrs 506+ yrs
Measured Concrete Properties -> 2 49E-9 in*in/sec ->026 ->0.28 % wt. conc. 500+ yrs > 6yrs 506+ yrs

“>"indicates that the user has directly specified this value; "+" indicates the service life exceeds the study period.
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Life-365 v2.2 - Concrete Mixes and Service Lives

Project: 640010 L4 Description: Prestressed Pile\Highly Corrosive Zone

Analyst: Taiseer Al Salihi Date: 07/30/2021
Surface Concentration Monthly Temperatures
12 00 in _
fe) o1 £ 050 - 75 /\
16,001 8 350
£ 05 £

o o ; s

0.00 — - — — — 077 T B = =
) 100 200 300 400 S00 0.0 25 S.0 75 10,0
Year Month

square column/beams (2-D) Max surface: 0.588 % wt. conc. Loc: user-defined
Outer dim: 16in; clear cover: 2in Years to buildup: 14 Type: user-defined

Concrete Mixes

Alt name User? w/icm SCMs Inhib. Barrier Reinf.
Assumed Concret Properties 0.32 Silica Fume (5%); Ca Nitrite - 3.5 Black Steel
gal/cub. yd.

Measured Concrete Properties yes n/a n/a n/a Black Steel
"n/a" indicates that, since the user is specifying the diffusion properties of this mix, this value is not specified.

Diffusion Properties and Service Lives
Alt name D28 m Ct Init. Prop. Service life
Assumed Concret Properties 3.47E-9 in*in/sec 0.2 0.28 % wt. conc. 56.5 yrs 6 yrs 62.5yrs
Measured Concrete Properties ->2.49E-9 in*in/sec ->0.26 ->0.28 % wt. conc.  104.7 yrs -=>6yrs 110.7 yrs

">"indicates that the user has directly specified this value; "+" indicates the service life exceeds the study period.
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A.4.5 Materials and Tests Unit Statement of Concrete Mix Design

Form 312U
3-96
North Carolina Department of Transportation, Division of Highways, Materials and Tests Unit
Statement of Concrete Mix Design and Source of Materials
Project Date Expires 12/31/2075
Mix Design Status Active Concrete Producer ARGOS USALLC
County Plant Location & DOT No. WILMINGTON, NC - 192
Resident Engr. Contractor
Class of Concrete = CLASS AA Date Assigned
Mix Design No.  1922VF6034CE Contractor's Signature
Note Mix Design Units (English or Metric) ENGLISH
Mix Design Proportions Based on SSD Mass of Aggregates
Material Producer Source Qty. per Cu.
Yard
Cement ARGOS USA BARRANQUILLA PLANT - (FORMERLY CEMENT( 540 Ibs.
Pozzolan SOUTHEASTERN FLY ASH SEFA - WINYAH GENERATING STATION/GEORG 135 Ibs.
Fine Aggregate CAPE FEAR PAVING, LLC WILMINGTON MATERIALS - OAK RIDGE PIT #1 1160 Ibs.
Coarse Aggregate  MARTIN MARIETTA CASTLE HAYNE QUARRY - CASTLE HAYNE 1540 Ibs.
Total Water WELL 30.0 gals.
Air. Entr. Agent BASF CONSTRUCTION CHEMICALS, LLC MASTERAIR AE 90 (AKA MB AE 90) As recommended
Retarder BASF CONSTRUCTION CHEMICALS, LLC POZZOLITH 122R As recommended
Water Reducer
Superplasticizer

Corrosion Inhibitor

BASF CONSTRUCTION CHEMICALS, LLC

MASTERLIFE CI 30 (AKA RHEOCRETE CNI)

As recommended

Mix Properties and Specifications

Slump 3.50 in. Mortar Content 16.84 cu. ft.
Max Water 32.3 gals. Air Content 6.0 %
Material Specific Gravity % Absorption Unit Mass Fineness
Modulus
Fine Aggregate 265 1.0 NA 2.40
Coarse Aggregate, #57 243 31 76.5 NA

Cast-in-place concrete shall conform to Section 1000, precast concrete to Section 1077, and prestressed concrete to Section 1078 of
the applicable edition of the Standard Specifications for Roads and Structures plus all applicable Special Provisions.

Comment Mix contains 35 Ibs. Elkim silica fume and 3 gals. CNI corrosion inhibitor. Use of 5 % silica fume and 1:1 cement:fly ash replacement rate
are in accordance with a plan note for 8.1231503. Mix is for caps on bent #s 1 - 4. Cement imported by Port Royal.
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Form 312U

3-96
North Carolina Department of Transportation, Division of Highways, Materials and Tests Unit
Statement of Concrete Mix Design and Source of Materials
Project Date Expires 12/31/2075
Mix Design Status Active Concrete Producer S & G PRESTRESS CONCRETE
County Plant Location & DOT No. LELAND, NC -2
Resident Engr. Contractor
Class of Concrete = PRESTRESS Date Assigned
Mix Design No. 2PVU13CIMSE Contractor's Signature
Note Mix Design Units (English or Metric) ENGLISH
Mix Design Proportions Based on SSD Mass of Aggregates
Material Producer Source Qty. per Cu.
Yard
Cement ARGOS USA BARRANQUILLA PLANT - (FORMERLY CEMENT( 665 Ibs.
Pozzolan Degussa Rheomac SF 100 silica fume 35 Ibs.
Fine Aggregate MARTIN MARIETTA ROCKY POINT QUARRY - ROCKY POINT 1244 |bs.
Coarse Aggregate  MARTIN MARIETTA GARNER QUARRY - GARNER 1700 Ibs.
Total Water WELL 29.4 gals.
Air. Entr. Agent BASF CONSTRUCTION CHEMICALS, LLC MASTERAIR AE 90 (AKA MB AE 90) As recommended
Retarder BASF CONSTRUCTION CHEMICALS, LLC POZZOLITH 122R As recommended
Water Reducer
Superplasticizer BASF CONSTRUCTION CHEMICALS, LLC MASTERGLENIUM 3030 (AKA GLENIUM 3030NS As recommended
Corrosion Inhibitor BASF CONSTRUCTION CHEMICALS, LLC MASTERLIFE CI 30 (AKA RHEOCRETE CNI) As recommended

Mix Properties and Specifications
Slump 7.00 in. Mortar Content 16.60 cu. ft.
Max Water 31.0 gals. Air Content 50 %
Material Specific Gravity % Absorption Unit Mass Fineness
Modulus
Fine Aggregate 265 1.0 NA 240
Coarse Aggregate, #67 262 0.5 935 NA

312 under "pozzolan.") Max. water-cement ratio is 0.4.

Comment Mix is designed for 6000 psi. Mix contains 3.0 gals. CNI and 35 Ibs. Rheomac SF 100 silica fume. (Silica fume quantity is listed on Form

Cast-in-place concrete shall conform to Section 1000, precast concrete to Section 1077, and prestressed concrete to Section 1078 of
the applicable edition of the Standard Specifications for Roads and Structures plus all applicable Special Provisions.

A.5Structure 090061 Results Summary
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A.5.1 RCT TestResults (Chloride Content Profile)

Structure

Chloride Content

4 Location | Zone | Depth | % Conc. Chlorides
(in) Wi, (Ib/CY)
0 0.417 15.894
1 0.405 15.463
L1 T_g 2 0.256 9.762
= 3 0.164 6.268
4 0.102 3.908
5 0.065 2.498
090061 0 0.759 28.972
1 0.567 21.638
< 2 0.300 11.451
L2 =
= 3 0.181 6.905
4 0.085 3.249
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A.5.2 ICOR Test Results ( Corrosion Rate & Surface Resistivity)

Tidg_lZone
g |8 |3 |8
e | 5% |B8,|€ |54

2 | % |8s| 58| es| 88| ¢
1S E|s|E | 8"
? 8 |z |8 |<

9 73 0.93

9 144 0.98

4 283 1

88 30 0

| 104 | 40 97

1 176 0.96

47 44 1

13 59 0.99

1 403 0.99

L2 37 76 84 098

65 0.99

61 0.99

0.99

0.98

0.98

0.99

0.99

49 1

090061 70 0.96

185 0.92

128 1

52 0.98

51 1

35 1

58 0.93

73 0.99

L3 63 mam 58 .

1

1

0.99

0.99

1

1

1

0.99

0.99
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A.5.3 Model 2:

Iterative Noflinear LeastSquares Regression

Model 2: Iterative Non-linear
4:) c Chloride Content LeastSquares Regression
5 |28 Age | Diffusion Surface Best
S |g|N - _ () | Coefficient | o = "= | Fit
= = Depth Chlorides in*i NG TENY
0 Jep oG, (in*in/yr) (Ib/CY) (Co) Curve
(in) (x) Wi (Ib/CY) (D) Cx.t)
GEJ 0 0.417| 15.8939
L:L> 1 0.405| 15.4630
© © 2 0.256 9.7618
L1 15 0.259 18.484
2 2 3 [o0164| 62677
« 4 | 0.102| 3.9075
090061 5 0.065| 2.4984
0 0.759| 28.972
= 1 0.567 21.638
L2 | © 2 0.300| 11.451 15 0.259 28.419
= 3 | 0181| 6.905
4 0.085 3.249
2.00 .
_ 180 : 70
2 160 |
. L . 60 &
g '—— Depthof Steel | 8
Q 1.20 | 0=
X+ | =
% 1.00 40 %
£ 0.80 30 S
O ! O
G 060 | 20 o
S 0.40 : " z
< 0.20 :
0.00 ! bt 0
1 2 3 4 5 6
Depth (in)
Tidal L1 @ TidalL2 Best-Fit Curve Tidal L1 ——Best-Fit Curve Tidal L2
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Residual
Square

6.709
4.671
1.044
1.131
1.243
1.333
0.305
1.407
3.946
1.204
1.091




A.5.4 Corrosion Modeling Service Life Reports

Life-365 v2.2 - Concrete Mixes and Service Lives

Project: 090061 L3 Description: Bent Cap\Highly Corrosive Zone

Analyst: Taiseer Al Salihi Date: 07/30/2021
Surface Concentration Monthly Temperatures
Iz,oo in , 05 7S
fo) ol § 0.4 £ '/'\
12.00 i S o3 250
o e} ; g; g2
s
0.0°% - — = —_— 0 — = = = -
0 100 200 300 400 SO0 0.0 25 S0 75 10.0
Year Month
square column/beams (2-D) Max surface: 0.485 % wt. conc. Loc: user-defined
Outer dim: 12in; clear cover: 2in Years to buildup: 15 Type: user-defined

Concrete Mixes

Alt name User? w/cm SCMs Inhib. Barrier Reinf.
Assumed Concret Properties 0.35 Silica Fume (5%), Ca Nitrite - 3 Black Steel
gal/cub. yd.

Measured Concrete Properties yes n/a n/a n/a Black Steel
"n/a" indicates that, since the user is specifying the diffusion properties of this mix, this value is not specified.

Diffusion Properties and Service Lives
Alt name D28 m ct Init. Prop. Service life
Assumed Concret Properties 4.09E-9 in*in/sec 0.2 0.24 % wt. conc. 546 yrs 6 yrs 60.6 yrs
Measured Concrete Properties -> 1.45E-8 in*in/sec ->026 ->0.24 % wt. conc. 253 yrs > 6yrs 313 yrs

">" indicates that the user has directly specified this value; "+" indicates the service life exceeds the study period.
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Life-365 v2.2 - Concrete Mixes and Service Lives

Project: 090061 L4 Description: Bent Cap\Highly Corrosive Zone

Analyst: Taiseer Al Salihi Date: 07/30/2021
Surface Concentration Monthly Temperatures
= 12 00 in g 0.75 75
) fo) fo) - z -_/-\

12.00 i < g 50
o o : 0.25 E k]

< 000 S —— 0t - : - :

0 100 200 300 400 SO0 00 25 S50 75 100
Year Month
square column/beams (2-D) Max surface: 0.745 % wt. conc. Loc: user-defined
Outer dim: 12in; clear cover: 2in Years to buildup: 156 Type: user-defined

Concrete Mixes

Alt name User? w/icm SCMs Inhib. Barrier Reinf.
Assumed Concret Properties 0.35 Silica Fume (5%); Ca Nitrite - 3 Black Steel
gal/cub. yd.

Measured Concrete Properties yes n/a n/a n/a Black Steel
"n/a" indicates that, since the user is specifying the diffusion properties of this mix, this value is not specified.

Diffusion Properties and Service Lives
Alt name D28 m Ct Init. Prop. Service life
Assumed Concret Properties 4. 09E-9 in*in/sec 0.2 0.24 % wt. conc. 35.7yrs 6 yrs 41.7 yrs
Measured Concrete Properties -> 1.45E-8 in*in/sec ->0.26 ->0.24 % wt. conc. 179 yrs >6yrs 239 yrs

">"indicates that the user has directly specified this value; "+" indicates the service life exceeds the study period.
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A.5.5 Materials and Tests Unit Statement of Concrete Mix Design

Form 312U
3-96
North Carolina Department of Transportation, Division of Highways, Materials and Tests Unit
Statement of Concrete Mix Design and Source of Materials
Project Date Expires 12/31/2075
Mix Design Status Active Concrete Producer S & G PRESTRESS CONCRETE
County Plant Location & DOT No.  LELAND, NC - 2
Resident Engr. Contractor
Class of Concrete ~ PRESTRESS Date Assigned
Mix Design No.  2PVU13CIMSE Contractor's Signature
Note Mix Design Units (English or Metric) ENGLISH
Mix Design Proportions Based on SSD Mass of Aggregates
Material Producer Source Qty. per Cu.
Yard
Cement ARGOS USA BARRANQUILLA PLANT - (FORMERLY CEMENT( 665 Ibs.
Pozzolan Degussa Rheomac SF 100 silica fume 35 Ibs.
Fine Aggregate MARTIN MARIETTA ROCKY POINT QUARRY - ROCKY POINT 1244 Ibs.
Coarse Aggregate  MARTIN MARIETTA GARNER QUARRY - GARNER 1700 Ibs.
Total Water WELL 29.4 gals.
Air. Entr. Agent BASF CONSTRUCTION CHEMICALS, LLC MASTERAIR AE 90 (AKA MB AE 90) As recommended
Retarder BASF CONSTRUCTION CHEMICALS, LLC POZZOLITH 122R As recommended
Water Reducer
Superplasticizer ~ BASF CONSTRUCTION CHEMICALS, LLC MASTERGLENIUM 3030 (AKA GLENIUM 3030NS |  As recommended
Corrosion Inhibitor BASF CONSTRUCTION CHEMICALS, LLC MASTERLIFE CI 30 (AKA RHEOCRETE CNI) As recommended

Mix Properties and Specifications
Slump 7.00 in. Mortar Content 16.60 cu. ft.
Max Water 31.0 gals. Air Content 50 %
Material Specific Gravity % Absorption Unit Mass Fineness
Modulus
Fine Aggregate 265 1.0 NA 2.40
Coarse Aggregate, #67 2.62 05 935 NA

Cast-in-place concrete shall conform to Section 1000, precast concrete to Section 1077, and prestressed concrete to Section 1078 of
the applicable edition of the Standard Specifications for Roads and Structures plus all applicable Special Provisions.

Comment Mix is designed for 6000 psi. Mix contains 3.0 gals. CNI and 35 Ibs. Rheomac SF 100 silica fume. (Silica fume quantity is listed on Form
312 under "pozzolan.") Max. water-cement ratio is 0.4.
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A.6Structure 090206 Results Summary

A.6.1 RCT Test Results (Chloridéontent Profile)

Structure Chloride Content
# Location | Zone | Depth | % Conc. Chlorides
(in) Wt (Ib/CY)
0 1.500 57.241
1 0.543 20.711
© 2 0.153 5.844
L1 k=]
[ 3 0.005 0.185
4 0.013 0.508
090298 0 1.762 67.231
1 0.611 23.305
< 2 0.150 5.741
L2 o
= 3 0.030 1.143
4 0.003 0.119
—~ 200
2 180 70
d Lon)
Lg) 00 — Depthof Steel | 60 §
= 1.40 2
S 50 =
= 120 =
5 c
£ 100 a0 g
S 5
S 0.80 30
& 0.60 -
3 20 >
< 040 &
0.20 10
0.00 0
0 1 2 3 4 5
Depth (in)
Tidal L1 Tidal L2
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o TN

A.6.2 ICOR Test Results ( Corrosion Rate & Surface Resistivity)

Tidal Zone
@ c *% O
H* < 2 o]
o s |2 |8 |& |54
2 | 8 || 58 |es|8a| ¢
= | 8 g=|SE g |88
n 5 =2 = >
8 |§ |8 |z
48 42 0.98
49 39 0.98
L1 | 9 | 83 | 38 | 35 | 092
31 0.98
25 0.98
090206 43 0.98
36 0.98
93 33 0.92
L2 1
98 B 1 *° [oos
89 24 0.98
| 138 | 13 0.99
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A.6.3 Model 2:

Iterative Noflinear LeastSquares Regression

Model 2: Iterative Non-linear
:gt) c Chloride Content LeastSquares Regression
5 |28 Age | Diffusion curface | BESt
S | 8N 5 (t) | Coefficient . Fit
= o Y% . o Concentration
& — Depth Conc Chlorides (in*in/yr) (Ib/CY) (Co) Curve
(M) ) | e | (BICY) (D) 7| Cy
o :
g 0 1.500| 57.2408
LL = 1 0.543| 20.7113
3 L1 | 2 0.153| 5.8441 | 12 0.051 57.248
o = 73 [0.005| 0.1847
4 0.013| 0.5079
090206 0 1.762| 67.231
= 1 0.611| 23.305
L2 | © 2 0.150 5.741 12 0.051 66.845
F 173 0030 1.143
4 0.003 0.119
2.00 ,
_, 180 : 70
; 1.60 ] 60 &
2 ' Depthof Steel | 8
S 1.40 . S
O ! 50 =
N 1.20 : 2
- ! 40
§ 1.00 : %
S 0.80 30 O
O . 5
o 060 ! 20 o
o 0.40 : z
< 0.20 ' 10
0.00 0
1 2 3 4 5 6
Depth (in)
TidalL1 @ TidallL2 Best-Fit Curve Tidal L1 ——Best-Fit Curve Tidal L%

A.6.4 Corrosion Modeling Service Life Reports
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Residual
Square

0.000
0.102
3.084
0.043
0.240
0.149
1.565
0.935
0.470
0.010




Life-365 v2.2 - Concrete Mixes and Service Lives

Project: 090206 L1 Description: Prestressed Pile\Highly Corrosive Zone
Analyst: Taiseer Al Salihi Date: 02/16/2021
2.00 i Surface Concentration Monthly Temperatures
<00 In . 154 7s]
o o -
16.00 in Suo <] N
; 05 E 25
o] o $ |
0.0°% — — - — — 02 _ v . v
0 100 200 300 400 S00 0.0 25 S.0 75 100
Year Month
square column/beams (2-D) Max surface: 1.501 % wt. conc. Loc: user-defined
Outer dim: 16in; clear cover: 2in Years to buildup: 12 Type: user-defined

Concrete Mixes

Alt name User? w/cm SCMs Inhib. Barrier Reinf.
Assumed Concret Properties 0.38 Class F Fly Ash Ca Nitrite - 3 Black Steel
(46%); Silica Fume gal/cub. yd.
(7%);
Measured Concrete Properties yes n/a n/a n/a Black Steel

"n/a" indicates that, since the user is specifying the diffusion properties of this mix, this value is not specified.

Diffusion Properties and Service Lives

Alt name D28 m Ct Init. Prop. Service life
Assumed Concret Properties 3.47E-9 in*in/sec 0.57 0.24 % wt. conc. 163.5 yrs 6 yrs 169.5 yrs
Measured Concrete Properties -= 7.65E-9 in"in/sec =057 ->0.24 % wt. conc. 73.2yrs -=>6yrs 79.2yrs

=" indicates that the user has directly specified this value; "+" indicates the service life exceeds the study period.
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A.6.5 Materials and Tests Unit Statement of Concrete Mix Design
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