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Soundar S. G. Balakumaran

Abstract
Chloride induced corrosion of steel in concreterie of the major forms of deterioration
mechanisms found in reinforced concrete bridgedyBae corrosion damage reduces the
lifespan of the bridges, which results in heavyrexoic losses. Research has been conducted to
identify economic solutions for significantly delag and/or preventing corrosion damage.
Considering the amount of steel reinforcement usdnlidge decks, the influence of as
constructed parameters including clear spacing detvwop and bottom reinforcement bars, ratio
of cathode to anode areas, and presence of sgalgée-forms on corrosion activity needs to be

evaluated.

The influence of the as constructed parameters beee studied using different corrosion
assessment methods including resistivity, halfqgetential, linear polarization, chloride content,
moisture content, and visual inspection. This stadiuded the clear spacing distances between
the anode and cathode of 51, 76, and 102 mm @hB4-inch), number of cathodes as 1 and 2,
and the presence and absence of stay-in-place f@rata up to 15 months were taken from a
previous study by Smolinski and integrated intodbeent study period of 35 to 45 months. A
trend line may be established to illustrate thengea which took place over the missing time
period, from approximately 15 to 35 months, sirfee4pecimens were maintained in controlled

environment.

Analysis of the data showed that there is a sigaifi difference between the spacing values (2,
3, and 4-inch) through all forms of evaluationsg&eling the other parameters, no significant
difference was identified. Variations in resistywith increasing spacing, even when the water-
cement ratio was kept at 0.50, maybe the resuteflifference in unit consolidation between
the clear spacing specimens. Thus, the corrosiaamésm observed in this study may be
resistivity-controlled. Also, autopsy showed thatrosion on the top bars was in general
agreement with the measured corrosion activity. Adtéom bars had no visible corrosion and
the chloride had not penetrated to the bottom agardless of the separation distance between
the top and bottom bars. For this laboratory sttitly, measurements showed that macrocell

corrosion influence on the total corrosion wasgnsgicant.
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INTRODUCTION

Corrosion is a natural process which involves thidining of metals that are refined from
naturally occurring ores. Bridges constructed usiegl, whether they are reinforced concrete
bridges or steel bridges, suffer corrosion evehtu@he collapse of Silver Bridge in 1967 has
led to a closer inquiry into the corrosion problenioridges. The collapse resulted in the
founding of the National Bridge Inspection Standandder the Federal-Aid Highway Act of
1968 and the Special Bridge Replacement Progrararihd Federal-Aid Highway Act of 1970
(Weingroff, R.F. 1996).

Corrosion damage in bridges may result in high aggares for repair and rehabilitation and
may even result in loss of lives in extreme cashs. winter maintenance activities, mainly
consisting of using chloride containing deicingsaln road surfaces, increase exposure to
chloride which promotes steel corrosion. Corrogibreinforced concrete bridges is considered
to be one of the largest maintenance, repair, @ndhilitation problems. The United States of
America uses over 15 million tons of chloride-badetting salts per year as winter maintenance
on highway roads (Salt Institute). The state highagencies spend about $750 million per year
on all the winter maintenance activities, of whadfout 20% or $150 million is spent for deicing

salts (Transportation Research Board 1991).

A large number of research studies have been ceedlutthe past 40 years on controlling of
damage to concrete bridge decks due to chlorideceu corrosion. But little information is
available on the influence of bridge deck constaicparameters that affect the rate of
corrosion. This study addresses the effects of cleacrete spacing between the anode and
cathode, cathode area in concrete bridge deckgyrasdnce of stay-in-place forms on overall
corrosion of the bridge decks. The rate of chlopdaetration into concrete will also be
evaluated. The study will include the contributafrmacrocells and microcells to the total
corrosion. An attempt at writing new user-friendbftware for calculating corrosion current,
polarization resistance, and other interpretatafrdata obtained from 3LP instrument will be

made.



LITERATURE REVIEW

Reinforced Concrete Corrosion

Reinforced concrete is an economic, versatile amg widely used material in construction
works throughout the world. Yet, corrosion of tletnforced concrete can be considered one of
the major problems faced by civil engineers (Broefdf J.P. 2007). Corrosion damage can
result in heavy economical loss and, in extremesasven in loss of lives. There is a need for
research studies on significantly delaying andferenting corrosion damages. Many structures
with an expectant life of 120 years were experiegt¢ieavy corrosion damage as early as 20
years (Berke, N.S. and Hicks, M.C. 1996). Suchyezgk damage results in significant
economic losses. General causes for the corradisteel in concrete are credited to

chlorination and carbonation. The increase in @omrelated damages has resulted in the need

to develop and implement economic solutions.
Corrosion Mechanism in Concrete

Alkalinity of concrete forms a passive layer on sheface of the steel, protecting it from
corrosion. The breakdown of the passive layer tesulactive corrosion of reinforced steel. The
two main conditions that can break down the padsiyer in concrete are carbonation and
chloride attack (Broomfield, J.P. 2007).

Corrosion of steel in concrete starts with the kdeavn of the passive layer on the steel surface.
The chemical reactions are the same for corrosyaralbonation or by chloride attack
(Broomfield, J.P. 2007). Beyond initial conditionise corrosion process involves two separate
and coupled chemical reactions that take placéfateht places on the surface of the steel.
These electrochemical reactions are called anaaiccathodic reactions, occurring at the anodic
and cathodic areas of steel (Bentur, A., Diamon@&n8l Berke, N.S. 1997).

The anodic reaction is an oxidation reaction tltaues at the anode sites. Metallic ions are
formed at the anode with the removal of electrsomfthe metal resulting in the loss of metal

occurs at the anode areas. The anodic reacti@ptiesented by the following equation.

(Equation 1)



The electrons flow through the steel towards lopaential areas of the steel surface. The
electrons collect on the steel surface and incréaselectrical potential of the area (Bentur, A.,
Diamond, S. and Berke, N.S. 1997). The ferrous,iftorened in the anodic reaction, dissolve in
the water at the steel surface and produce ancamdidition.

(Equation 2)

The electrons lost in the anode flow towards theelopotential area called as cathode and are
consumed in the cathodic reaction to maintain teetecal neutrality. The reduction reaction at

cathode results in the formation of hydroxyl ioas,shown in Equation 3.
- (Equation 3)

The above reactions at anode and cathode resait iimernal current flow from anode to
cathode. This current flow lowers the potentiathef anode and raises the potential at the
cathode. The positively charged ferrous ions, pcedun the anodic reaction, dissolve in the
concrete pore water and flow towards the cathodewise, the negatively charged hydroxyl
ions, produced in the cathodic reaction, flow taygathe anode forming a closed loop of ionic
current (Bentur, A., Diamond, S. and Berke, N.27)9The presence of pore water and a

continuous pore system in the concrete is essdatigthe ionic current to flow.

The cathode and anode reactions must occur aathe sate. Thus the number of electrons lost
at the anode must be equal to the number of electronsumed at the cathode during the
corrosion process (Bentur, A., Diamond, S. and BekkS. 1997).

The above mentioned processes initiate the forminmgst on the steel surface. The formation of
rust occurs by several processes which follow dinéciflow and electronic current flow as

follows.
(Equation 4)

The ferrous ions, formed by anodic reaction (Ecumati), flow towards the cathode, where they
react with hydroxyl ions, formed by cathodic reantito form ferrous hydroxide (Equation 5).

(Equation 5)



The ferrous hydroxide reacts with oxygen and cdeqoere water to form hydrated ferric oxide

(Equation 6).
(Equation 6)

Figure 1 summarizes the corrosion process for siemncrete.

CONCRETE
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Figure 1 — Electrochemical process of Steel Coorogi Concrete

The unhydrated ferric hydroxide has a volume twia of ferrous hydroxide, while the
hydrated ferric oxide swells even more to resuli olume increase of six to ten times the
ferrous hydroxide (Broomfield, J.P. 2007). Thusalrentual increase in the volume will create
an internal pressure great enough to surpassrbgetastrength of concrete, which leads to
cracking, spalling, and delamination of the corever (Berkeley, K. and Pathmanaban, S.
1990).



Carbonation

Carbonation is a simple process which occurs duleetinteraction of atmospheric carbon

dioxide gas and the alkaline hydroxides presettienconcrete pore water.

Carbon dioxide is a commonly occurring gas, espigai@ar bridge structures because of
vehicular exhaust, which can penetrate concretedasdlve in the pore water to form carbonic
acid. The carbonic acid reacts with the alkalindrbyides in the concrete to form carbonates.
Calcium hydroxides present in large amount in cetecpores maintain the pH around 12-13.
The intrusion of carbon dioxide and formation oftmaic acid with calcium hydroxides, result
in solid carbonates, reduces the pH which resnltee steel corrosion (Broomfield, J.P. 2007).

The reactions are represented by the following &opus
(Equation 7)
(Equation 8)

Carbonation will attack the concrete surface anteprate into the concrete gradually. Steel
starts corroding at a pH level at or below 11, wlhile carbonation reduces the pH from 12-13 to
8. The passive layer formed by the alkalinity oficete cannot be sustained at lower pH levels,
(Revie, R.W. 2000).

The time to carbonation induced corrosion is relatethe concrete cover, concrete quality,
moisture content, consolidation, and age of cordiRevie, R.W. 2000). It also depends on the
environmental factors such as humidity, temperatamd the carbon dioxide concentration

(Bertolini, L. 2004). Carbonation depth is relatedhe age of concrete as:
(Equation 9)

Where, d = carbonation depth (mm)
t = time (years)

A = carbonation coefficient (mm/y&&)



Chlorination

Chlorination is a process by which the excess piasef chloride in the concrete damages the
passive layer on the reinforcement steel. Unlikb@aation, chlorination does not affect the pH
of the concrete pore water. Chloride acts as dysat® corrosion without being consumed in the
process (Broomfield, J.P. 2007). Chlorides in tbeepvater react with the passive layer (
Fe203) and break it down for the corrosion to pedcgBertolini, L. 2004).

Chlorides can be cast into the concrete by delibeaddition of chloride-based accelerators, by
use of sea water in the mix, or by use of chloddataminated aggregates. Chlorides can also
diffuse into the hardened concrete due to the comteh seawater, use of deicing salts, or use of
other chemicals (Broomfield, J.P. 2007).

Chlorination begins with the penetration of chlesdnto the concrete to the surface of the
reinforcing steel. Presence of a small quantitgidbride will not initiate corrosion. Even though
the threshold values for the chloride content inacete is determined using experimental
evidence, the actual numbers are a function oftised@bservation of the structures
(Broomfield, J.P. 2007). Once the chloride conteeds a threshold value, corrosion will

initiate.
Electrical Potential

An amount of chloride required for corrosion iniiten, referred to as the critical chloride content
or threshold value, has been reported to be bet@®eto 1.2 kilograms of chloride per cubic
meter of concretéBerke, N.S. 1996). However, there is no singleigdbr chloride initiation of

steel in concrete but a range of values depengent many factors.

As stated earlier, the electrons are removed artbbele and react at the cathode. This deposition
results in the increase of potential in the cathenig, likewise in the decrease of potential in the
anode. With the increase in the flow of electrasf anode to cathode the potential difference
between the anode and cathode increases. Thustiémipl difference can be used to predict the
likeliness of corrosion occurring in the system.TASC 876-91 provides a method to measure
the electrical potential difference and to intetphe values to predict the probability of

corrosion. In this method, a standard copper-coppkate half-cell is used as a reference

electrode.



The half-cell potential values do not representriiies of corrosion, but indicate the probability
of corrosion. The interpretation of the half-cadt@ntial (Cu/CuSg) values suggested in ASTM
C 876-91 is as follows.

Potential Value (mV) Corrosion Probability
Low, less than 10%
Uncertain

High, greater than 90%

Influence of Micro and Macrocell Corrosion

Based on the different spatial locations of anatt @athode, the corrosion in steel occurs in
different forms (Elsener, B. 2002). Two importaotrhs of corrosion are microcell and

macrocell corrosions.
Microcell Corrosion

Microcell corrosion can take place when the anadid cathodic reactions are adjacent to each
other (Elsener, B. 2002). This leads to uniforrmidissolution over the whole steel surface
(Elsener, B. 2002). This uniform corrosion is getigrcaused by carbonation or by chlorination
with very high chloride contents in the proximitlysteel bar (Elsener, B. 2002 and Raupach, M
1996). Microcell corrosion is localized and occatssolated conditions as pitting corrosion.
Since the microcell is microscopic in size, thepegr to produce uniform loss of metal
(Raupach, M 1996). Knowledge about the mechanistheomicrocell corrosion is vital for

understanding their effects on the overall cornosio
Macrocell Corrosion

Macrocell corrosion occurs due to chlorination, wladarge amount of chlorides accumulate in
the anodic areas (Elsener, B. 2002 and Raupacl@9d)1Macrocells are formed in the presence
of large anodic reinforcement areas that are iotebal contact with the cathodic areas. For the
electrochemical cell to complete, the water indbecrete acts as the electrolyte. The macrocell
corrosion maybe augmented by the effects of thvishaal microcells, so they should not be
neglected (Elsener, B. 2002 and Raupach, M 199®).tatal corrosion in the steel is the sum of



the corrosions due to the macrocells and micracehss, to accurately reproduce the corrosion
occurring in a given structure, the effects ofitierocells should be included with that of the
macrocells (Andrade, C. et al 1991).

There are many difficulties in accurately measuthngtotal corrosion because of the various
factors that influence it. The simplest way to gralthe total corrosion is by using the
polarization resistance technique which involvesblarization resistance and the size of the

steel area under study.

I % .
TGS &—( (Equation 10)

Where, l.ugg = COrrosion current
B = constant depends on whether corrosion is activet
) » = polarization resistance
S = exposed steel area to corrosion

The polarization resistancg-() is the ratio of the change in potential to thargae in polarizing
electrical current. The corrosion currehjds) represents the overall corrosion mechanism
including microcell and macrocell corrosion, white galvanic current () provides

information on macrocell corrosion.

Interpretation for macrocell currents is given dsewthe average macrocell current reachAQ
and at least half the total number of samples smaarocell currents more than 18, it is
considered as the time to failure (ASTM G 109-99a).

Clear Spacing differences on Macrocell Corrosion

If the resistivity of the concrete is high, the ma®ell would not produce a significant increase of
the corrosion rate over that of the microcell, sih@yh resistivity will significantly reduce the
ionic conduction for long distances. Thus loweigtgty of the concrete will allow the cathodic
current to travel to the distant anode (Bertolini2004). According to Bertolini, the cathodic

current can travel distances in range of metetke@node.



Increased Cathode Area on Macrocell Corrosion

It is a popular belief among corrosion experts thatratio of cathode to the anode area has
significant effects on the rate of corrosion. Inaiisamples of reinforced concrete, the corrosion
is entirely due to microcells (Andrade, C. et @1p It is also believed that when the structural
dimensions increase, the effects of macrocell smwromust not be neglected but must be added
to the effects of microcell corrosion. Large sturat dimensions will result in a condition where
the outer surface will be penetrated by chlorides the inner surface will remain chloride-free
and passive. With the increase in the dimensioniseo$tructure, it is possible that the passive
areas are much larger than the active outer aféascontribution of the macrocell corrosion to
the overall corrosion increases with the increag@e ratio of cathode to the anode area. It is
possible that large macrocells may occur in théesysSuch large macrocells would accelerate
the rate of corrosion, making macrocell an impdrtamcern for corrosion researchers (Elsener,
B 2002).

Experimentation has shown that when the cathoeia &raround 41 times greater than the
anodic area, the macrocell corrosion current isetho six times greater than that of microcell
corrosion (Andrade, et al, 1991). These experimeasalts support the popular belief that
macrocell corrosion contributes more to the ovearattosion in large structures that have very

large cathodic or passive areas compared to tretade areas.
Stay-in-Place Forms on Macrocell Corrosion

Stay-in-place forms in a bridge deck will limit thettom concrete deck surface exposure to air,
and thus oxygen. Without stay-in-forms, both thegaaes of a bridge deck are exposed to the
atmosphere. According to Raupach, bridge decksowithtay-in-forms will experience
increased effects of macrocell corrosion, sinceside of the deck will be exposed to chlorides
from deicing salts and the other side will be exgob® the atmosphere. Macrocell corrosion
occurs when the anode has a very low potentialusecaf the presence of higher amount of
chlorides and high water content, and when theocktthas a very high potential because of the
exposure to high oxygen content in the atmospfdre higher potential difference between an
anode and a cathode with some distance betweenvifierasult in the formation of macrocell.

Thus, the stay-in-place forms are expected to affexrocell corrosion in the system.



Methods used to measure corrosion activity

With the availability of a number of methods to mi@e corrosion activity, the choice depends
upon the speed and cost at which a method candrateg (Berkeley, K. and Pathmanaban, S.
1990). Also, the corrosion activity should be amaly by a combination of methodologies to
minimize the probability of errors. The three mpgiminent testing methods are discussed

below.
Resistivity

The rate of corrosion depends upon the ease witthvthe corrosion current can flow inside the
concrete and, thus, depends upon the electridatixety of the concrete (Berkeley, K. and
Pathmanaban, S. 1990). The flow of charged iotisarconcrete pore water, known as the ionic
current, will be affected by the electrical resista of the concrete, thus affecting the corrosion
activity (Broomfield, J.P. 2007). Factors that ughce the structural composition of the concrete
such as the moisture content, and size and cotytiofithe pore system determine the resistivity

of the concrete (Berkeley, K. and Pathmanaban990)1

Different measurement techniques such as singbtretie system, two-probe system and four-
probe system can be employed to measure the cenmemstivity. The most preferred system to
measure resistivity is the four-probe system, asvshin Figure 2. The Wenner 4-Probe was
originally designed to measure solil resistivityeTdevice adapted for concrete testing is a spring
loaded instrument to avoid drilling holes in thencete surface. The inner probes sense the
potential difference, while the outer probes passreent through the concrete. Sometimes
wetted wooden plugs are placed at the end of thiegsrto increase conductivity (Broomfield,
J.P. 2007). The probes are to be placed on thacgudf concrete while avoiding contact with
reinforcement, exposed aggregates and concrets edges to prevent errors in the readings.
When the steel reinforcement cannot be avoidedpiibiees are to be placed perpendicular to the
reinforcement such that steel is not aligned witti aot parallel with the conductive path of

electrical current.



Figure 2 — Wenner Probe or Four-probe ResistMigger

Though the two probe system is cheaper, it is daemed less accurate than the four-probe
system. Holes are to be drilled into the concretdltfe probes to be inserted so as to avoid

contact with minor carbonation and other impuri{@soomfield, J.P. 2007).

A single electrode system works by placing thetedele on the concrete surface and by using
the rebar network to measure resistivity. This rodtban be operated using the corrosion rate
measuring device with two electrodes. It measundgthe resistivity of the concrete cover. The

contact resistance problem can be considered slaelvintage of this instrument.

Wenner four-probe system will be used all throughroject study and the resistivity is
calculated as follows.

,-) (Berkeley, K. and Pathmanaban, S. 1990) (Equdti
Where, = resistivity (ohm - cm)
a = spacing between the electrodes (cm)

R = resistance obtained from Wenner Probe (ohm)



The resistivity value is used to predict the cafyaai the concrete to resist corrosion, but cannot
be used to determine the corrosion rate or eveprésence of corrosion. The interpretations of

the resistivity values are empirical and are listedable 1.

Table 1 — Interpretation of Concrete Resistivityoés (Langford and Broomfield, 1987)
Negligible
Low
High
/ Very High

Half-Cell Potential

The measurement of the corrosion potential is ittn@lest and the most commonly used method
to determine the presence of corrosion in the seeforcement of concrete structures (Bentur,
A., Diamond, S. and Berke, N.S. 1997). Since gugk and cheap, half cell potential testing is

more commonly used for field measurements (Mehtg, RO05).

Half cell potential testing consists of a standaatf cell as the copper/copper sulfate electrode
(CSE) with a porous plug that is kept moist by Bapi action. An electrical junction device

such as a sponge is used to provide a low elektdsstance bridge between half cell and
concrete (ASTM C 876-91-2004). There are standalidcells other than copper/copper sulfate
that may be used, such as silver/silver chlorideragrcury/mercury oxide (Broomfield, J.P.
2007). The CSE half cell consists of a dielectantainer inside which a copper rod is immersed
in a saturated solution of copper sulfate. Oneddrile lead wire is electrically connected to the
half cell and the other end of the wire to the niegaerminal of the voltmeter (ASTM C 876-
91-2004). The positive terminal is connected diyettt the reinforcement, which must be
electrically continuous. The half cell is placedom sponge wetted with an electrolyte which
acts as an electrical junction device to providevaelectrical resistance bridge between half cell
and concrete. The half cell is moved over the cetecor an embedded reinforcement to take

potential readings.
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Figure 3 — Half-Cell Potential Apparatus

The voltmeter measures the potential difference/éen the reference electrode and the
embedded steel reinforcement. The potential vadinebe used to assess the probability of active

corrosion. The interpretation of potential valug$isted in Table 2.

Table 2 — Interpretation for Corrosion of Reinfatc®teel for a Copper/Copper Sulfate Half-cell

(ASTM C 876-91)

Measured Potential (mV vs. CSE) Corrosion Probability

Low, less than 10%

011
011 23 451
/451

Linear Polarization

Uncertain

High, greater than 90%

To measure the rate of corrosion of the reinforagreteel in concrete, linear polarization can be

utilized. One of the fastest and most commonly usethods to measure rate of corrosion is the
three-electrode polarization method (3LP methoslsheown in Figure 4. Though this method is



a physically non-destructive method, this may retbnsidered non-destructive since it

accelerates the corrosion rate when current issdassough the concrete.

The 3LP test method is based on the Stern-Gearpciesization of a polarization curve for
corrosion. The method utilizes three electrode Steel bar which is tested for corrosion rate is
called “working electrode” (Clear, K.C. 1989). Thieference electrode” is a standard half-cell,
usually CSE electrode, which is used to measurpakential changes in the steel bar (Clear,
K.C. 1989). The third electrode is called a “courectrode”, which is a conductive metallic
mesh, used to introduce current into the concnederainforcement (Clear, K.C. 1989). The
counter electrode is placed over a sponge on ttiecguof the concrete directly above the
reinforcing steel. A current is applied through toeinter electrode into the concrete
reinforcement and the corresponding potential ceangensed by standard half cell and

recorded. Using the Stern and Geary equation,dhvesion current (Icorr) is calculated.

Stern-Geary equation is as follows.

loygs 67§i9 .; 8_; = (Equation 12)
; L8 <
Where,
l.ugg = COrrosion current in mA
I = current required to polarize the rebar by déférpotential values from static potential
6: = absolute value of polarization potential mines hatural electrical half cell potential
?_ = anodic tafel slope

?. = cathodic tafel slope

%

)«

Equation 13
@aBB (Eq )

C —2 = (Equation 14)

vy 81 <
Where,
Ry, = polarization resistance in ohms
Dygs = corrosion current density in pA/ém
B = constant value between 26 and 52 (mV), a vaful® is used in the unguarded 3LP device
(Clear, K.C. 1989)
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Figure 4 — Three Linear'PoIar:iz‘ation Apparatus

Corrosion current is representedlby; while corrosion current density is representedas

Theicor is calculated from the corrosion curreht{) and the polarized area of steel. It is
assumed in the calculation that the whole surfaee af the steel bar beneath the probe becomes
polarized during the measurement. The measuredstorr current value is for the instant of

time the measurement is done and is not considenestant times. However, assuming the
corrosion current is constant over tilhggg can be converted to MDD (milligrams per square
decimeter per year) and to MPY (mils of penetrapenyear) as different interpretations (Clear,
K.C. 1989). The interpretations for the unguardextasion 3LP current values are listed in

Table 3.



Table 3 — Interpretation of Corrosion Current Dgn¥ialues (Clear, K.E. 1989)

Corrosion Current Density (EFCH ©) Expected time for corrosion

Jnzki / No corrosion damage expected
Juazkik 1023L 1 Corrosion damage possible in 10-15 years
Juaki L 123L1 Corrosion damage expected in 2-10 years
JH3ki - Corrosion damage expected in 2 years or less

Chloride Content

Chloride content is measured either by using acldkde method or by water- soluble method.
Out of the two methods, the acid-soluble methag@e®mmended for routine analysis (Bertolini,
L. 2004). The amount of acid-soluble chloride inyalraulic-cement system is equal to the total
amount of chloride in the system, except someaihytinsoluble organic matter (ASTM C
1152/C 1152M). For the chloride content measurenuamicrete cores or drilled concrete
powder samples are taken. The concrete coresyaritdland powdered (< #30 sieve).

Chloride concentration of the powdered sample feach depth will be determined using
potentiometric titration. According to ASTM C 11821152M, a 10-gram powdered concrete
sample is dissolved in 1:1 nitric acid solution &mein brought to a rapid boil for not more than a
few seconds. Then it is cooled and filtered usimgarse-textured filter paper. Finally 2 ml of
standard 0.05N NacCl solution is added to the #ldesolution. The filtrate is titrated against
0.05N AgNQ.

The percent of chloride by mass of the concretebeafound as:

PQ RR ST

MN O 3

(Equation 15)

Where, V1 = milliliters of 0.05 N AgN@solution used for sample titration (equivalencenf)o
V2 = milliliters of 0.05 N AgNQ solution used for blank titration (equivalencenpi
N = exact normality of 0.05 N AgN¢olution

W = mass of sample, g



For calculating kilograms of chloride per cubic regfpounds of chloride per cubic yard) of
concrete, multiply percent chloride by D1/100 or/ T to the nearest 0.1 kgiitib/yd®).

Where, D1 = oven dry density of concrete
D2 = saturated-surface-dry density of concrete

It is important to prevent any cross-contaminatiomong the samples. Interpretation of the
chloride concentration required to initiate coromstan be conservatively taken as 0.7 Rg/m
(1.2 Ib/yd), though the actual interpretation is a rangeadies. The criteria for corrosion risk

due to chloride contents in Europe are given inl§ db

Table 4 — Corrosion Risk at given Chloride ContéBi®omfield, J.P 2007)

% Chloride by mass of % Chloride by mass of
cement sample (concrete)
<0.20 <0.03 Negligible
0.2-04 0.03 -0.06 Low
04-1.0 0.06 - 0.14 Moderate
>1.0 >0.14 High

In order to measure the penetration rate of atdoinmto the concrete, diffusion coefficient is
used. Using a solution of Fick’s second law, onmeatisional penetration of chloride through the

concrete medium can be estimated by:

v :
VNW X YZ[ \ ]—VO (Equation 16)
Where, VNW— concentration at depth x at time t

= surface chloride concentration
_« = diffusion coefficient

x = distance over which chloride has diffused



t = time for diffusion

erf = statistical error function

Moisture Content

Moisture content in concrete is an important fagtahe deterioration mechanism. Moisture
plays a vital role in the deterioration mechanismsh as spalling caused by corrosion and

deterioration caused by freezing and thawing (C&dy, and Carrier, R.E. 1971).

Corrosion can occur only if the ionic conductiompassible between anode and cathode, which
in turn requires moisture and continuous poresdeenThus moisture content is an essential
parameter when corrosion is concerned. Concreteweity low moisture content will have very
slow or no ionic conduction, which will result iow corrosion rate. When concrete is saturated
or has very high moisture content, the absencexyen will contribute to low corrosion rate.

Thus, moderate amount of moisture content willvallagh rate of corrosion.



Purpose & Scope of Work

The scope of this study involves the testing awdnaging of data on resistivities, half-cell
potentials, corrosion current densities, and maataarrents from reinforced concrete
specimens. The concrete specimens used are froaviays study by Smolinski, L., conducted

in the similar manner as this study. Twenty sewanceete specimens are used in the testing
program, which were made from nine batches of @iacthree specimens per batch. Integration
of data from the previous study is done with therent data into a timeline and thus the long
term effects are studied. The scope also involvesdentification of any inconsistencies in the
previous data and correcting them by comparingdiedata of the previous study. Analysis of
the corrected data will be done using JMP Stasisf\malysis Software. The scope also included
the writing of new software with easier interfansing MS Visual Basic .NET (2008 version)

for calculating and analyzing the data obtainedhftbe 3LP instrument.

Purposes of this study are to determine the folgwising previous data available and from the

continuation of the testing program:

Influence of clear spacing between anode and catbadtorrosion.

Influence of the number of cathode bars (cathodia)aon corrosion.

Influence of the presence of stay-in-place formgsamosion.

The contribution of the macrocells and microcelistioe total observed corrosion.

The critical chloride concentration in the concrittat can initiate corrosion.



MATERIALS & METHODS
Concrete Specimens

The concrete specimens were 356 mm (14.0 inchiygadbth, 318 mm (12.5 inch) in length and
with depths of 152, 178, and 203 mm (6, 7, andc8)imo vary the spacing between the top and
bottom bars, see Figure 5. To simulate the preseh8IP forms, specimens with SIP forms
were coated with a low viscosity epoxy on all ties except the top surface within the ponding
dyke, whereas, the specimens without SIP forms welgcoated on the four sides with epoxy.
In total, the study used 9 specimens without SEPhspecimens with SIP. To prevent the
occurrence of subsidence cracking over the togaeiimg bars, the specimens were casted in an
inverted position. Casting in the inverted positadso reduces the effects caused by hand

finishing on the top surface.

No coating on Top

Ponding Reservoir

25 mm ; 3] clear spacing
(1 inch)
clear cover

25 mm
(1 inch)
clear cover

1€ 356 mm (14.0 inch)

Four sides, top outside of ponding
reservoir, and bottom coated with
low-viscosity epoxy for SIP specimens

Figure 5 — Modified ASTM G 109-99a Concrete PristmBnsions

Figure 5 shows a specimen with 2 cathodes (botians) bwhile the specimens with 1 cathode
bar would has one bottom reinforcement bar. Thedwalitions, 1 cathode and 2 cathodes, are
to represent every other truss bars configuratsoim @onstructed bridge decks. The 2 cathode

specimens represent the portions of the bridge ever truss bar is in the bottom mat and the 1



cathode specimens represent the portions of tlgdrvhere the truss bar is in the top mat. The
reinforcing steel bars used in the study were 356(%.0 in) in length and 15.9 mm (0.625 in)
in diameter (#5 Rebar).

The concrete prism has dimensions modified frondiheensions listed in ASTM G 109-99a, so
that to accommodate two sets of anode-cathode griowgach specimen. Two anode-cathode
groups in each specimen will allow for the compamisf within-batch variations (Brown, M.C.
1999). While multiple batches, three, include taeability between batches. Together, the
specimens represent the total variability, sunhefiariance between and within specimens.
Clear spacing between the anode and cathode w0, 76.2 mm, and 101.6 mm (2, 3, and
4-inch) to represent the possible spacing betwieemats in actual bridge decks. Clear cover
concrete over the top bars and bottom bars isss2b anm (1 inch). The bottom 25 mm (1 inch)
clear concrete cover represents bridge deck cartgtnuwhile the top cover was reduced to 25
mm (1 inch) to reduce the time for chloride coroosinitiation.

The specimens that represent the truss bars inatthemn were cast with the triad arrangement
listed in ASTM G 109-99a, while the specimens reprging the truss bars at the top mat were
cast with 4 reinforcing steel bars. The 4 bar speais consist of a pair of top reinforcing bars
(anode) and a pair of bottom reinforcing bars (od#), while the 6 bar specimens have a pair of
reinforcing bars at the top (anode) and 4 reinfaydars at the bottom (cathode). All the
specimens had a 100 ohm resistor connecting theeasad cathode. The connection
configuration is used to compare the connecteduadnnected states. The wire with known
resistance is used to calculate the macro-celeatiwith the potential reading obtained from the
voltmeter. In the case of the double cathode becispen, the 2 cathodes are connected by a zero
ohm jumper. The resistor arrangement is showngaréi 6.



Figure 6 — Resistor Configuration of Concrete Speci

As shown in Figure 6, a ponding reservoir was aelthéo the top surface. To simulate the actual
bridge conditions during winter maintenance anahifiate corrosion, saline water was kept
stagnant on the top surface and removed as a ppagate. A ponding cycle is two weeks of

3% sodium chloride solution by mass, followed byosal and let dry for two weeks.

Test Matrix

The study test matrix is presented in Table 5.

Table 5 — Test Matrix for the Study (Smolinski, QQZ)

Clear Spacing Number of Specimens : .
mm (inch) without SIP Number of Specimens with SIP
Cathodes-2 Cathodes-2 Cathode-1
50.8 (2) 3 3 3

76.2 (3) 3 3 3
101.6 (4) 3 3 3
Total 9 9 9



The three specimens without SIP were cast withtf2ockes in each of the spacing differences
and the remaining 18 specimens were cast with@Gfifhe 18 specimens with SIP, nine were
cast with 1 cathode (bottom bar) and the other niee cast with 2 cathodes (bottom bar).
Figure 7 represents a specimen with one cathodeclBlar spacing between the top bar and the
bottom bar also varied, 50.8 mm, 76.2 mm, and 1616(2, 3, and 4-inch).

Figure 7 — Modified ASTM G 109-99a Concrete PristmBnsions with One Cathode

Procedures

The concrete specimens used in this study werarcagbrevious study by Smolinski
(Smolinski, L 2007). Details from Smolinski’'s studye summarized here for completeness and

as an aid to the reader.

Concrete Specimen

Nine batches of concrete were mixed with threeisp&as cast from each batch. The mixing of
concrete for all the batches was performed in alawre with ASTM C 192/C 192 M: “Standard
practice for making and curing concrete test spensrn the laboratory”. The water to cement
(w/c) ratio was kept constant at 0.5 with a cenvemtent of 426 kg/rh(600 Ib per cy) of
concrete. The concrete mixture included approxilm&@@ mL of high range water reducer. The



design slump was a minimum of 50 mm (2-inch) amdyea from 76 mm (3-inch) to 197 mm
(7.75 inch). Also, the mixture included about 9 oflair entraining admixtures. Air content of

concrete ranged from 5.5 to 6.9 percent.

Steel Reinforcement and Forms

Bare steel bars were utilized for the reinforcemerthe specimens, which were obtained from
the local building materials supply center. Soméhefreinforcement bars were thin ribbed and
some were thick ribbed. So reinforcement bars efstiime rib size were used in a single

specimen to reduce variations.

Figure 8 — Configuration of the Reinforcement Bar

According to the dimensions of the specimen, eaatfarcement bar was cut to a length of 356
mm (14-inch) in the laboratory. And one side of lilaes was drilled and tapped for a stainless
steel screw. Surface rust was cleaned using wirehband then the bars were soaked in hexane
after which they were dried with a lint free clo&ks shown in Figure 8, both bar ends for a

distance of 51 mm (2-inch) were covered. Thus, 2564 (10 inch) of exposed steel was directly



exposed to concrete. The cover was used to exposzlatermined length of steel bar for the
linear polarization measurements and to prevembsmn at the corrosion air interface, see
Figure 8. Bar end covering consisted of electr@ptatneoprene rubber with the annular space
filled with epoxy, see Figure 9. The isolation amyering procedure is in accordance with
ASTM C 109-99a.

Figure 9 — Reinforcement Connection Details

After the resistor and jumper were fastened withdtainless steel screws, a two part commercial
epoxy was applied over the bare steel ends. Theyeqmating was applied to prevent the
exposed steel from corroding, which may affectdbeosion measurements.

Materials Preparation

The coarse limestone aggregate was obtained frer@@N-Rock ready-mix plant in
Blacksburg, Virginia and the fine aggregate wasldical natural sand from Wytheville, Virginia
(Smolinski, L 2007). Maximum coarse aggregate sias 12.5 mm (0.5 inch). The specific
gravity and absorption for the coarse aggregate @&2 and 0.30% respectively and for the
fine aggregate were 2.61 and 0.80% respectively.



The aggregates used in each batch were oven driddalegrees Celsius (230 degrees F) for at
least 8 hours and then allowed to cool to room &naipire prior to mixing to better maintain a

constant water-to-cement ratio of 0.50 betweenhestc
Concrete casting

The details of concrete casting are also presditeédinolinski. The casting steps of the
reinforced concrete specimens described by Smolarskonly summarized here.

Taking into account the capacity of the laboratoiying equipments six specimens were cast in
one day, two batches of three specimens. BatcHititgeanaterials was done on a digital scale to
the nearest 0.01 kilogram. The concrete was mixedtub-type mixer with a capacity of
approximately 0.07 cubic meters (2.5 cu. ft). Tt the compressive strengths of the concrete,
three test cylinders of diameter 102 mm (4.0 iraaigj of length 204 mm (8.0 inch) were cast in
accordance with ASTM C 192-95 and tested in aceurelavith ASTM C 39-96.

Concrete specimens were moist cured with wet puatal covered by a polyethylene sheet, for
72 hours. After moist curing, the specimens weneawed from the form and inverted upon a
non-conducting base and air dried in a temperatndehumidity controlled room. After 72 hours
the specimens were coated with epoxy. The pondangsdvere placed on the top after 24 hours
after the epoxy cured. The ponding commenced of'tteay with a saline solution of 3%
sodium chloride by mass (ASTM G 109-99a).

After ponding for 7 days, the specimen was alloveeslurface dry for 24 hours and the first set

of corrosion measurements were taken on tffedsy.

Corrosion Testing

After allowing the specimens to surface dry fortdrs after the ponding solution was removed,

the following corrosion measurements were taken.



Macro-Cell Corrosion Measurement

Macro-cell corrosion current was measured by uaihggh impedance voltmeter across the 100
ohm resistor between anode and cathode. The measotrés the potential difference between
the top reinforcement bar and the bottom reinforsnbar. Ohm’s law states that the current
through a conductor between two points is diregttyportional to the potential difference across

two points and inversely proportional to the resise between them.

N (Equation 17)
Where, V = Potential Difference across the resi@folt)
| = Electrical Current (Ampere)
R = Electrical Resistance (Ohm)
Using the Ohm’s law, with a known resistance, tteeracell corrosion current was calculated.
According to ASTM G 109-99a, the time to failurectnsidered as the time for the average
macrocell current to reach 1@ and at least half the total number of samplesvatg a

macrocell current more than 10
Resistivity

The resistivity measurement was conducted using\teener four-probe resistivity meter, since
it is considered to be more accurate than the athgs of measuring resistivity. The
measurements were taken by placing the probeseosuitiace of the concrete specimen between
the reinforcement steel bars, in order to measweedsistivity of concrete without interference
from the steel bars. The spacing between the falygs was set at 50.8 mm (2-inch), thus,

measuring the average resistivity of the top 52-81¢h) of concrete.
Half-Cell Potential Test

Half-cell potential test was performed in accordatecthe ASTM C 876-91 standard procedure,
‘Standard Test Method for Half-Cell Potentials afddated Reinforcing Steel in Concrete’. The
measurement of potential difference indicated th&sibility of corrosive activity in the
specimens. A CSE was used to compare the magrofiutie electrical potential of the
reinforcing steel, as recommended by the ASTM steth@drocedure. The steel rebar acts as the
electrode and the pore water in concrete actseasléttrolyte. A voltmeter is attached to the



anode (top bar) and the probe, which is kept orostened sponge, thus completing the
electrical circuit. The sponge moistened with atblytic solution acts as a low resistance

connection between the half-cell and the concraetasce.

The half-cell potential value was read while the teinforcement bar was connected to the
bottom reinforcement bar through a 100 ohm resistoobtain the total corrosion activity. Then,
the half-cell potentials were read while the tod anttom bars are left unconnected, to
determine the contribution of microcells to the @#ecorrosion. The unconnected readings
represent the microcell corrosion values and tinmeoted readings represent the total corrosion
including microcells and macrocells. The unconngg@tentials can be subtracted from the
connected potentials to determine the contribudiotihe macrocell currents to the total
corrosion. Care was taken so that sufficient tinas wermitted between the connected and
unconnected readings, to allow the corrosion oetlame to an equilibrium condition.

Linear Polarization

The linear polarization test was performed to meathe rate of corrosion. Corrosion rate is a
measure of the amount of metal loss from the &@el. The test determines the corrosion
current density for a test bar at an instant irefimhich is used for predicting the rate of
corrosion. The device used in the 3LP test wasldped by Kenneth Clear (Clear, K.E. 1989).

The 3LP values were read when the top reinforcem@nand the bottom reinforcement bar
were in connected state and in unconnected stg@nAn order to determine the contribution of
the macrocell corrosion to the total corrosionhea system. The unconnected 3LP readings
represent the microcell corrosion current valuastae connected 3LP readings represent the
total corrosion including microcells and macrocellee microcell values are subtracted from the
total corrosion values to determine the contributsd the macrocell currents. Sufficient time was

permitted between the connected and unconnectdahgsa to minimize errors.
Cleaning of Reinforcement Ends

Corrosion readings were measured, stored, andzethlyy Smolinski up to 273 days (9
months). After this phase was completed, the spatsmvere maintained in the temperature and

humidity controlled room. The ponding cycle of 2eke was also continued. The current study



was commenced in March, 2009 (age of specimen ~@&hs) when the testing program was

started again.

The specimens were suspected to have corroded aekgosed ends of the steel bars. This
external corrosion could affect the corrosion measents of the specimen itself. Thus, the
cleaning of the exposed ends of the steel barsbiegiune, 2009 (age of specimen ~ 38

months) and was completed in the same month.

The cleaning up of exposed ends involved the rehaithie existing neoprene tubing and
electroplating tape using wire brush. The resigtioe and the stainless steel screw were
removed as well. Polishing the surface of the eepgands was done using a wire brush in order
to remove all corrosion products on the circumfeesand the tip surface of the bars. When the
cleaning up of the exposed ends was complete,lthesistor and jumper wires and stainless
steel screws were replaced with new ones. Theartesurface of the exposed bars was cleaned
with alcohol to remove any dirt and the ends s@faas double coated with epoxy to limit

further corrosion from occurring on the exteriodesurfaces.



RESULTS, ANALYSIS & DISCUSSION
Concrete Properties

The physical properties of concrete for the ninehes including compressive strength, air
content, and slump were taken and reported by 8sloliThe results are summarized here for

completeness.
Compressive Strength

ASTM G 109-99a does not set forth a requirementHfercompressive strength of concrete, but
states the maximum w/c ratio to be 0.50. Thus,ratio was held constant for all batches at 0.50
(Smolinski, L 2007). Compressive strength readingse taken at 7 days and 28 days and are

given in Table 6.

Table 6 — Cylinder Compressive Strengths (SmolinsR007)

Compressive Strength

MPa (psi)
7-days 28-days

1 27.4 (3980) 35.1 (5090)

2 24.1 (3500) 29.9 (4340)

3 27.4 (3980) 34.0 (4930)

4 26.9 (3900) 34.4 (4990)

5 27.4 (3980) 31.6 (4580)

6 25.8 (3740) 31.4 (4560)

7 27.4 (3980) 34.8 (5050)

8 29.1 (4220) 34.3 (4970)

9 27.4 (3980) 34.7 (5030)
A"era%‘irgr?gt‘ﬁress“’e 27.0 (3920) 33.4 (4840)

As shown in Table 6, the compressive strengthsraf batches were relatively consistent within
7 and 28 days.



Air Content

As per ASTM G 109-99a, the air entrainment valuestimeet 6 1%. The air entrainment
values of the nine batches, taken from Smolinksosk, are given below, see Table 7. As

shown, the air contents are within the specifiedts.

Table 7 — Air Entrainment Measurements (Smolinskp07)

Batch Air Entrainment (%)

1

0o N o o b~ w0

9

Average Air Entrainment

Slump

As per ASTM G 109-99a, the slump value should molelss than 50.8 mm (2-inch). The slump
values from Smolinksi’s work are shown in TableA8.the slump values are greater than 50.8
mm (2-inch) satisfying the requirement set forthtlhiy ASTM standard. Although the water-to-

cement ratio was kept constant at 0.5, batchesl B dvad slumps relatively higher than the other

batches.

6.4
6.2
6.4
6.4
6.6
5.5
6.4
6.9
6.4
6.4



Table 8 — Slump Test Measurements

Batch Slump in mm (inch)

1 88.9 (3.5)
196.9 (7.75)
101.6 (4.0)
114.3 (4.5)
76.2 (3.0)
177.8 (7.0)
114.3 (4.5)
114.3 (4.5)
139.7 (5.5)
Average Slump 127.0 (5.0)
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Corrosion Measurements

Corrosion potential and activity tests, includiegistivity test, half-cell potential, linear
polarization, chloride content, and macrocell cottest, were conducted on the specimens to
identify which test parameters, including clearcpg between anode and cathode, number of

cathodes, and presence of stay-in-place forms, aaignificant influence on corrosion activity.
Resistivity

Resistivity measurements were taken using Wenngrgmbe resistivity meter. The concrete
can support very low corrosion when the resistiviajue is more than 200 ohm-m. When the
resistivity is less than 50 ohm-m, the concretesgyport very high corrosion. The resistivity
data up to 15 months were taken from Smolinski’skvamnd integrated with the subsequent data
up to 45 months. Corrosion measurements were keh taetween the start of the present study
and the end of the Smolinski study, time periodd 835 months, But since the specimens were
maintained in controlled temperature and humidityd the ponding cycle was maintained, a
trend line may be established to illustrate thengea which took place over the 15 to 35 month



time period. The dashed lines in all the followfigures represent the trend in the change

properties between 15 and 35 months.

Resistivity as a function of time for batch-1 speens, clear spacing 2-inches is shown in Figure
10. The lowermost dotted horizontal line, paraiteK-axis, denotes the 50 ohm-m value below
which the support for corrosion rate is interpreasdrery high. Between 50 and 100 ohm-m, a
high rate of corrosion may be supported, while leetwl100 and 200 ohm-m, a low to moderate
corrosion rate. Above 200 ohm-m, low corrosion ratsupported by the relatively low moisture
(electrolyte) content of the concrete.

Figure 10 — Resistivity of Batch-1 Specimens witlSpacing

As shown in Figure 10, the resistivity is very I¢/@ss than 100 ohm-m) in the beginning
months, allowing the concrete to support higherasion rates. At this point of time the water
content in the concrete was higher and the formaifgassive layer around the reinforcements
was supported by the concrete. The resistivitygased with time as the concrete continued to
cure and loss moisture. At 35 months the resigtinitreased to greater than 500 ohm-m and at
45 months in excess of 700 ohm-m. The appearantte ofariability of the resistivity after 35
months is related to the ponding cycles, decreadimigng ponding as the saline water is
absorbed and increasing as the water evaporatastivag@onding water was removed.



Figure 11 — Resistivity of Batch-7 Specimens witlSpacing

Figure 11lrepresents the resistivity values of batch-7 speosiof 3-inch clear spacing. Similar
to the 2-inch spacing specimens, resistivity ig/vew (less than 100 ohm-m) in the beginning
months due to the higher moisture content. Regiglowly increases as time increases. At 35
months the resistivity is greater than 500 ohm-igh @5 months about 700 ohm-m, allowing

the concrete to support very low corrosion rate.



Figure 12 — Resistivity of Batch-8 Specimens witlSpacing

Figure 12 presents resistivity change with timelfatch-8 specimens of clear spacing 4-inches.
Similar to the 2-inch and 3-inch spacing specimegsistivity is very low (less than 100 ohm-m)
in the beginning months. Resistivity gradually eeses with time. At 35 months the resistivity
has increased to about 400 ohm-m and at 45 manghabout 600 ohm-m. the 2, 3, and 4-inch

spacing specimens follow the same trend with time.

The influence of the differences in the clear spgcnumber of cathodes and the presence of
stay-in-forms on the resistivity can be studiedégrranging the data according to the
comparison factors. The comparisons are done liygakto account the values from the first
month to the latest measurements to study the temdriations in the resistivities. The trend
may aid in the explanation of the corrosion acyitiitat has taken place throughout the study

period.



Clear Spacing Differences

To identify the influence of the clear spacing betw the top reinforcement mat and the bottom
reinforcement mat on the corrosion activity, therage of the resistivities among the spacing
groups are compared. The comparison is shown eati@isplot resistivity versus time in
months.

Figure 13 — Average Resistivity of Specimens with® and 4” Spacing

The average of the resistivity values from 9 spetisnof clear spacing 2, 3, and 4-inches were
compared. Comparison includes the specimens wathd12 cathodes and also specimens with
and without stay-in-place forms as the only diffexe@ should be the variations between concrete

batches, as resistivity is a measured concretereden.

As shown in Figure 13, it can be noted that thestiegty values up to about 14 months appear to
have little differences between them, irrespeatif/the spacing differences, which agrees with
Smolinski’s inference. But the values after 35 nhgrghow a consistent difference between the
different spacing values. Of the three spacings4timch spacing appears to have lower

resistivity than the other two spacings beyond 3itins. Also, the 2-inch and 3-inch spacings



appear to have little difference between them.iSiedl analyses of the results are presented

later.
Number of Cathodes

To identify the influence of the number of cathodeshe number of bottom reinforcement bars
for every top reinforcement bar on the corrosiotivag, the average of the resistivities among
the cathode groups are compared. The comparisiown as a normal scatter plot between

resistivity and time in months.
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Figure 14 — Average Resistivity of Specimens witntl 2 Cathodes

The average of the resistivity values from 9 speciswith one cathode and 18 specimens with
two cathodes are compared. The comparison inclingespecimens with 2, 3, and 4-inch clear

spacings and also specimens with and without stgpface forms.

As shown in Figure 14, it can be noted that thestiegty values up to about 14 months appear to
have no difference. After 35 months, the resisésiof specimens with one and two cathodes
also show little difference. Statistical analyses@resented later to determine if any significant

difference exists.



Presence of Stay-In-Place (SIP) forms

To identify the influence of the presence of theysh-place (SIP) forms in the corrosion
activity, the average of the resistivities among 1P groups are compared. The comparison is

presented using a scatter plot between resist@witl/time in months.

Figure 15 — Average Resistivity of Specimens Wil &Vithout SIP

The average of the resistivity values from 18 apecis with stay-in-place forms and 9
specimens without stay-in-place forms are compatedaparison includes the specimens with

2, 3, and 4-inch clear spacings and also specinvéhsl and 2 cathode bars.

As shown in Figure 15, it can be noted that thestiegty values up to about 14 months spear not
be different, irrespective of the presence of &Rpwing the same trend as the spacing
differences and cathode differences plots, whigkegwith Smolinski’'s inference. After 35
months the specimens with SIP show a small butistamd decrease in resistivity compared to
the specimens without SIP. The moisture conteatadck with SIP forms is higher than the
deck without SIP forms, because the SIP forms d@lhawv the moisture to escape from the

bottom surface (P.D. Cady and R.E. Carrier 197#&%ifivity is indirectly proportional to the



moisture content. Thus, the observations of thidysagree with the findings of P.D. Cady and

R.E. Carrier. However, statistical analyses areired to identify any significant difference.
Statistical Analysis

Statistical analyses were conducted to identifpisicant differences in resistivity exist between
clear spacing, cathode bar, and stay-in-place fofing analyses, an one-way ANOVA of the

means and student’s t-test to determine signifidéférences.
Clear Spacing Differences

ANOVA one-way analysis was conducted for the 2318 4-inch spacings as the nominal terms

and resistivities at 35, 40, and 45 months.
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Figure 16 — Statistical Analysis — Resistivity 6f 2" and 4” Spacing Specimens at 35 Months

The analysis plot (Figure 16) of resistivities &trBonths illustrates a decrease in resistivity with
an increase in spacing from 2, 3, and 4-inch sgacifihe student’s t-test at the 95% confidence
level shows that the 2 and 3-inch spacing valuesrare in common than 4-inch spacing as
noted by the degree of overlap of the circles. H@xgesince the circles do overlap, there is no

significant difference between the spacings.
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Figure 17 — Statistical Analysis — Resistivity 6f 2" and 4” Spacing Specimens at 40 Months
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Figure 18 — Statistical Analysis — Resistivity 6f 2" and 4” Spacing Specimens at 45 Months

As shown in Figures 17 and 18, the resistivitieagticmed to decrease with increasing spacing
between anode and cathode bars for both the 4@mntbnth measurements. The 40 (Figure 17)



and 45 month (Figure 1®)ots show tat the 4inch spacing values are significantly differ:
(lower) than the 2 and iBich spacng, while the 2 and 3-inch spacirggsistivities are more i

common and not significantly different, as showrtlg overlap in the circle

Even though all the concrete batches had sameatwcand similar properties, compress
strength, slump, and air entrainment, there idfarénce in resistivity with increasing cle
spacings. This could be explained as differenagliration energ for compaction of specimel
with higher spacings. Since the increase in clpaciag between anode and cathode bars
increases the volume of concrete, the amount e&titn energy per unit volume of concr
decreased with increasing spacing fe. Volume of concretencreased by 17 and 34% for th
and 4-inch spacing factoower the -inch spacing. ACI 222R1 shows that impropt
consolidation results in greater amount and deegpths of chloride penetration (ACI 22-
01). So, conjecture is &b similar compaction times for all specimens reglin relatively lowe
compaction for the specimens with higher spaciBgs, no relative data is available regard

compaction differences from autog.
Number of Cathodes

ANOVA one-way analysesondutedwith 1, and 2 cathodes as the nominal terms an
resistivities at 35, 40, and 45 months shown in Figures 19, 20, and.Zlhis analysis include

the 2, 3, and 4-inchpacings even though significant difference wasdoletweerspacings.

Figure 19 -Statistical Analysi— Resistivity of Specimens with 1 & 2 Cathodes atBinths



As illustrated, there is no significant differenneesistivity between 1 and 2 cathodes at 35, 40,
and 45 months. As resistivity is a concrete relai@émeter, the number of bars should not

influence resistivity.

Figure 20 — Statistical Analysis — Resistivity gfegimens with 1 & 2 Cathodes at 40 Months
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Figure 21 — Statistical Analysis — Resistivity gfegimens with 1 & 2 Cathodes at 45 Months



However, there is a large spread in 2 cathodesukeaaf the greater number of specimens.

By including all the spacing differences in the lggas presented in Figures 19, 20, and 21, the
number of cathodes may not be shown. Thus, onlyesistivities of specimens with 4-inch

spacing at 45 months are considered with the nuwibeathodes as the nominal term.
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Figure 22 — Statistical Analysis — Resistivity 6fSpacing Specimens with 1 & 2 Cathodes at 45
Months

In Figure 22, it is shown that the number of caét®does not influence resistivity, even if the

spacing differences are excluded.
Presence of Stay-In-Place (SIP) forms

ANOVA one-way analysis was performed for specimeith SIP (Yes) and without SIP (No) as
the nominal terms and the resistivities at 35,240 45 months. The analyses include the 2, 3,
and 4-inch spacings even though significant difieeewas found between the different spacings.
Analysis also includes the different number of odts, since no significant difference is found

between them.
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Figure 23 — Statistical Analysis — Resistivity gdegimens With & Without SIP at 35 Months

The one-way analysis and student’s t-test of riggtiss at 35 months (Figure 23) show that there
is no significant difference between resistivitdspecimens with SIP (Yes) and without SIP
(No). The specimens with SIP (Yes) have slightlydo resistivity mean than specimens without
SIP (No). It was expected for resistivity, a conengarameter, to have no relationship with
presence of SIP provided the absence of SIP ddesdlow the concrete to have significantly

different moisture content.
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Figure 24 — Statistical Analysis — Resistivity gdegimens With & Without SIP at 40 Months
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Figure 25 — Statistical Analysis — Resistivity gdegimens With & Without SIP at 45 Months



The statistical analysis also shows that ther@isignificant difference between the resistivities
of specimens with SIP (Yes) and without SIP (Nod@{Figure 24) and 45 months (Figure 25).
The specimens with SIP (Yes) have a slightly loresistivity than specimens without SIP (No).
There is a larger spread in specimens with SIP)(Wesause of larger number of specimens. But

when considering all the spacings, the presen&Rhas no significant influence on resistivity.

However, since the spacing differences are includéde analysis, the presence of SIP may not
show any differences because of the larger differdietween the 4 inch and the 2 and 3 inch
spacing. Thus, only the resistivities of specimeitl 4-inch spacing at 45 months are taken and
the analysis was performed with presence of StReaominal term.
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Figure 26 — Statistical Analysis — Resistivity 6f3pacing Specimens With & Without SIP at 45
Months

As shown in Figure 26, it is again illustrated ttieg presence of SIP does not have a significant

influence on resistivities, even when the spaciiffgrénces are neglected.



Half-Cell Potential

Half-cell potential measurements were taken usiagdard copper/copper sulfate half-cell.
There is a corrosion probability of more than 90%ew the potential value is more negative than
-350 mV. When the potential is more positive th2@0-ohm-m, the corrosion probability is 10%
or less. The range between -200 mV and -350 nedlied the uncertain range. The half-cell
potential data up to 15 months are taken from Stekiis work and then are integrated with the
latest data up to 45 months. Corrosion potentrals fapproximately 15 to 35 months were not
measured. But since the specimens were maintameahitrolled temperature and humidity, and

the ponding cycle was maintained this time persotiend can be interpreted with the missing

data range.
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Figure 27 — Connected Half-Cell Potentials — BatcBpecimens with 2” Spacing

Potentials as a function of time for batch-1 specimwith clear spacing 2-inches are shown in
Figure 27. The sample plot includes values onlynftbe left side triad bars and connected state.
In the plots, the lower dotted horizontal line, gkl to X-axis, denotes the critical point below

which is interpreted as 90 percent probability cfve corrosion. The upper dotted horizontal



line, parallel to X-axis, denotes the point graphicabove which is interpreted as 90%
probability of no active corrosion. The middle rargetween the dotted horizontal lines denotes

the uncertain range.

As shown in Figure 27, the initial potential valses about -200 mV resulting from the
formation of the passive layer. But as time incesashe potential values become more positive
at about -100 mV in 14 months. After 35 months saoifrtie specimens have potentials about -
200 mV and a few have values at more positive th@8A mV. There is some variation within
the values of the same batches may be relatechobedch having specimens with 1 and 2
cathodes, and presence & absence of SIP formfieSatiance within the batch can be due to
the influence other factors. The potentials ofuiile batch with 2-inch spacing lie in the first

range where the corrosion probability is less tha¥b.
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Figure 28 — Connected Half-Cell Potentials — BatcBpecimens with 3" Spacing

Figure 28 represents the batch-4 specimens wititl3gpacing. The sample plot shows values
only for the left side triad bars and connectetestaimilar to the 2-inch spacing specimens, the
half-cell potential values show more negative csiop potentials at the beginning when the
passive layer is forming. As time increases, themoal become more positive to about -100



mV at 14 months. As explained before, the variatibserved within the batch could be due to
the influence of the different parameters. The pidkvalues after 35 months for two specimens
are about -200 mV and for other specimen it is a8 mV. However, the 3-inch spacing
specimens have potentials in the first range retesy about 10% probability of corrosion.
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Figure 29 — Connected Half-Cell Potentials — BéicBpecimens with 4” Spacing

Figure 29 shows the potential values of batch-& witlear spacing of 4-inches. It includes only
the left side triad bars and connected state. &irtolthe 2-inch and 3-inch spacing specimens,
the half-cell potential values show higher corrogimssibility as the passive layer forms. As

time increases, the potential values reach morgiymgotential than -100 mV at 14 months. As
explained before, the variation observed withinlihech could be due to the influence of the
different parameters. The potential values aftem®biths for some specimens are more negative
than -200 mV and for other specimens it is abo00-®V. Most of the specimens with 4-inch

spacing lie in the uncertain range.

The influence of the differences in the clear spgchumber of cathodes and the presence of
stay-in-forms on the potential can be evaluatedgayranging the data according. The

comparisons were performed considering the valwoes the first month to the latest




measurements to illustrate the trends in the piaieniThe trend may aid in the explanation of

the corrosion activity that has been taking pladeiwthe specimen groups.
Clear Spacing Differences

To identify the influence of the clear spacing betw the top reinforcement mat and the bottom
reinforcement mat, the average of the potentialsregthe spacing groups are compared. The
comparison is presented as x-y plot between regystind time in months.
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Figure 30 — Average Half-Cell Potentials of Speaswith 27, 3” & 4” Spacing

The average of the half-cell potential values f@specimens with clear spacing of 2, 3, and 4-
inches are taken for comparison. Comparison ingltlde specimens with 1 and 2 cathodes and
also specimens with and without stay-in-place fofonghe connected condition.

As shown in Figure 30, it can be noted that thétell potential values up to about 14 months
do not have visible differences between them, jreesve of the spacing differences, which
agrees with Smolinski’s inference. But the valuisra885 months show a consistent difference
between the 4-inch and 2 & 3-inch spacing valueg.dDthe three spacings, the 4-inch spacing
appears as a more negative potential than the tioespacings. Also, the 2-inch and 3-inch



spacings do not have visible differences betweemtlStatistical analysis of the results is

presented later.
Number of Cathodes

To identify the influence of the number of cathqd@asthe number of bottom reinforcement bars
per top reinforcement bar, the averages of theddlipotentials among the cathode groups are
compared. The comparison is shown as x-y plot betvalf-cell potential and time in months.
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Figure 31 — Average Half-Cell Potentials of Speciswith 1 & 2 Cathodes

The averages of the half-cell potential values f@specimens with one cathode and 18
specimens with two cathodes are used for comparidoe comparison includes the specimens

with 2, 3, and 4-inch clear spacings and also spexs with and without stay-in-place forms.

As shown in Figure 31, the potential values upttoud 14 months show little differences
between them irrespective of the number of cathémksving the same trend as the spacing
differences plot, which agrees with Smolinski’sar@nce. But after 35 months, the potentials of
specimens with two cathodes have more negativenpale than specimens with 1 cathode.

However, both one and two-cathode specimens ateisame range of less than a 10%



probability of active corrosion. Statistical anadyare presented later to illustrate any difference

between 1 and 2 cathodes.
Presence of Stay-In-Place (SIP) forms

To identify the influence of the presence of theysh-place (SIP) forms on the corrosion
activity, the averages of the half-cell potentetsong the SIP groups are compared in the
connected configuration. The comparison is showa ay plot between half-cell potential and

time in months.

Figure 32 — Average Half-Cell Potentials of SpecisgVith & Without SIP

The averages of the potential values from 18 spamsmvith stay-in-place forms and 9
specimens without stay-in-place forms are takercéonparison. Comparison includes the

specimens with 2, 3, and 4-inch clear spacingsadswspecimens with 1 and 2 cathode bars.

As shown in Figure 32, the potential values upltoud 14 months are approximately the same,
irrespective of the presence of SIP, following $shene trend as the spacing differences and
cathode results, which agree with Smolinski’s iefere. After 35 months, the specimens with

SIP show a little, but consistent, difference ingmtial compared to the specimens without SIP.



Statistical analysis was conducted to determiriegife is a significant difference between the

presence and absence of SIP on potentials andssmted later.
Connection State

The measurements were performed for two condittoosnnected and unconnected. To identify
the influence of the macrocell corrosion in thaltabrrosion activity, the average of the half-cell
potentials among the connected and unconnecteggiswompared. The comparison is shown

as x-y plot between half-cell potential and timerianths.
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Figure 33 — Connected and Unconnected — AverageG#dll Potentials

The average of the potential values from all 2Zspens at connected and unconnected are
compared. Comparison includes the specimens wiBh &yd 4-inch clear spacings, specimens
with 1 & 2 cathodes and also specimens with andowit SIP forms.

As illustrated in Figure 33, there is little diféarce between the connected and unconnected
potentials. Since the connected values represertbtal corrosion and the unconnected values
represent the microcell corrosion, the differenetveen the connected and unconnected values

represent the influence of the macrocell curramtbé overall corrosion. As shown, there is little



difference between the connected and unconnectedtmds. Thus, there appears to be little

influence from the macrocell corrosion on the csioa potential.
Statistical Analysis

Statistical analyses were performed to identifyitiilience of spacing differences, cathode bar
differences, and stay-in-place forms difference$alficell potential. The analyses include the
ANOVA one-way analysis of the means and studerest to determine significant differences.

Clear Spacing Differences

ANOVA one-way analysis was performed with 2, 3, dAdch spacings as the nominal terms
and potentials at 35, 40, and 45 months.
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Figure 34 — Statistical Analysis — Half-Cell Potal# of 27, 3" & 4” Spacing at 35 Months

The analysis plot (Figure 34) with potentials atn3&nths shows that there is significant
difference between the 2, 3, and 4-inch spacinpe.student’s t-test shows that for the 4-inch
spacing, even though the student’s t-test circtg skghtly overlaps 3-inch spacing, is
significantly different from 2 and 3-inch spacing#$ie cleaning of connections was performed at
about 38 months, which is later than the 35 montisereas, the 40 and 45 month plots
represent the potentials after the connection wie@ned. It may be expected that the cleaning of



the connections would have an effect on the carrosieasurements.
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Figure 35 — Statistical Analysis — Half-Cell Pdials of 2", 3" & 4” Spacing at 40 Months
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Figure 36 — Statistical Analysis — Half-Cell Potat# of 27, 3" & 4” Spacing Specimens at 45
Months



As shown in Figures 35 and 36, the potentials af@ 3-inch spacings are more positive than 4-
inch spacing specimens. The 40 (Figure 35) and d&@m(Figure 36) potentials of the 4-inch
spacing values are significantly different from thand 3-inch spacing specimens, while the 2
and 3-inch spacings are almost identical.

Number of Cathodes

ANOVA one-way analysis is conducted with 1, ancathodes as the nominal terms and the
potentials at 35, 40, and 45 months are takeneatify the significant differences. This analysis
includes the 2, 3, and 4-inch spacings even thaeiggiificant difference was found between the

different spacings for resistivities and potentials
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Figure 37 — Statistical Analysis — Half-Cell Poial# of 1 & 2 Cathodes at 35 Months

The one-way analysis and student’s t-test of patlsnat 35 months (Figure 37) show that there
is no significant difference between the 1, an@thades. The cleaning up of the specimens was
completed at about 38 months, which is after 35thmanalysis. Thus the 40 and 45 month
plots represent the potentials after the connedieaning. It was expected that the connection

would affect the potentials, because of influemoenfcorrosion at the bar ends.
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Figure 38 — Statistical Analysis — Half-Cell Potal# of 1 & 2 Cathodes at 40 Months
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Figure 39 — Statistical Analysis — Half-Cell Potal# of 1 & 2 Cathodes at 45 Months



The analysis shows that there is no significarfeteéhce between the 1 and 2 cathodes at 40
(Figure 38) and 45 months (Figure 39). Thus, ewaTsiclering the spacing factor, the number of

cathodes has no significant influence on half-getentials.

When including the spacing differences, the nunabeathodes may not show any differences.
Thus, only the potentials of specimens with 4-igpacing at 45 months are taken and the

analysis was performed by taking number of cathaddte nominal term.
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Figure 40 — Statistical Analysis — Half-Cell Potal# of 4” Spacing Specimens with 1 & 2
Cathodes at 45 Months

As shown in Figure 40, the specimens with two ca#ischave potentials which are slightly more
positive than the specimens with one cathode. Awylioere is no statistical significance

between the 1 and 2 cathode specimens when it canpegentials.
Presence of Stay-In-Place (SIP) forms

ANOVA one-way analysis was performed using specsneith SIP (Yes) and without SIP (No)
as the nominal terms and the potentials at 35ad®45 months to identify significant
differences. The analysis includes the 2, 3, amth-spacings even though significant
difference was found between the different spacfogboth resistivity and potentials. Analysis



also includes the different number of cathodes;esimo significant difference was found

between them.
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Figure 41 — Statistical Analysis — Half-Cell Potat# of With & Without SIP at 35 Months

The one-way analysis and student’s t-test of patlsnat 35 months (Figure 41) show that there
is no significant difference between potentialspécimens with SIP (Yes) and without SIP
(No). The cleaning up of the specimens was complatepproximately at 38 months, which is
after than the 35 months. Thus the 40 and 45 mualotk represent the potentials after the
cleaning up was completed. It was expected focks@ning would have an effect on the

potentials, because of influence of corrosion atethds of the bar.
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Figure 42 — Statistical Analysis — Half-Cell Potat# of With & Without SIP at 40 Months

-50

No

Figure 43 — Statistical Analysis — Half-Cell Potat# of With & Without SIP at 45 Months



The analysis shows that there is no significarfeteéhce between the potentials of specimens
with SIP (Yes) and without SIP (No) at 40 (Figu® 4nd 45 months (Figure 43). The
specimens with SIP (Yes) are slightly less negatiam specimens without SIP (No). There is a
large spread in specimens with SIP (Yes) becaussod number of specimens. But when
taking into account of all the spacings, the presasf SIP have no significant influence on

potentials.

If the spacing differences are included in the gsial the influence of SIP may not be identified.
Thus, only the potentials of specimens with 4-isphcing at 45 months were used in an analysis
of SIP as the nominal term.

No

Figure 44 — Statistical Analysis — Half-Cell Potal#t of 4” Spacing Specimens With & Without
SIP at 45 Months

As shown in Figure 44, the presence of SIP doesiang any influence on potential even if the
spacing differences are taken into account.



Connection State

To find if the macrocell corrosion has large infige on the total corrosion, statistical analysis
was performed with the connected (CON) and uncaedg¢JNCON) states as the nominal
terms. The analysis was performed for 35, 40, &whdnths to identify significant differences.
After the connected readings were taken, the cdmtpwire was disconnected and then allowed

to stabilize for a minimum of 20 minutes. Then timeonnected readings were taken.
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Figure 45 — Statistical Analysis — Connected & Umected Half-Cell Potentials at 35 Months
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Figure 46 — Statistical Analysis — Connected & Umected Half-Cell Potentials at 40 Months
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Figure 47 — Statistical Analysis — Connected & Umected Half-Cell Potentials at 45 Months



As shown in Figures 45, 46, and 47, it can be dttitat there is no significant difference
between connected and unconnected potential valhes, the macrocell corrosion appears less

significant compared to microcell corrosion on tloerosion potential.
Corrosion Current Density

The 3LP device, an unguarded linear polarizatistrument, developed by Kenneth C. Clear,
was used to measure the corrosion current dedsitording if the corrosion current value is
greater than 10 pA/cimthen the corrosion damage can be expected i3 e less. No
corrosion damage can be expected if the corrosioet value is lesser than 0.2 pAfcifihe
measurements were performed in both connectedrarahnected states. The corrosion current
density data up to 15 months were taken from Srekilisiwork and integrated with the results
of this study. The measurements from approximditbljo 35 months are not available. But
since the specimens were maintained in controlatperature and humidity, and the ponding

cycles continued, a trend can be illustrated fotal35 month time period.

For illustration purposes, corrosion current dgnsft2-inch spacing is presented in Figure 48.
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Figure 48 — Corrosion Current Density — Batch-2c8pens with 2” Spacing

In the plots, the lower dotted horizontal line,gikal to X-axis, denotes the critical point below
which there is no corrosion damage. The upper dditeizontal line, parallel to X-axis, denotes

the critical point above which the corrosion damegexpected in 2 to 10 years. The middle



region between the two horizontal lines, paratbektaxis, denotes that the corrosion damage

can be expected in 10 to 15 years.

For the remainder of this study the following relatterms will be used for the corrosion current

density readings.

Less than 0.2 A/cm? no active corrosion

0.2to 1.0 Alcm? low active corrosion

1.0 to 10.0 Alcm? moderate active corrosion
Greater than 10A/cm? high active corrosion

As shown in Figure 48, the initiadorr values are higher and about 1A/cm? as a result of the
formation of the passive layer. The drcrease towél.5 A/cm?#2°"10 months followed by
an increase to above 1.8/cm?may also be related to the continuing formatiothefpassive

layer. From 35 to 45 months, therr was about 0.75A/cm?, which is a low rate of corrosion.
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Figure 49 — Corrosion Current Density — Batch-4c8pens with 3” Spacing

Figure 49 represents the batch-4 specimens wititl3gpacing. The presented values are only
for the left side triad bars and connected stateil& to the 2-inch spacing specimem®rr
values are higher at the beginning then decreaakdot 1 A/cm? at 14 months. Thigorr



measurements after 35 months are about 0A476m?for all the specimens in this batch. The

icorr values of 3-inch spacing specimens are withiddtecorrosion rate.

- $! % &

*

)

9%(

%

— ! " 4% - ! " 4% ! "#$

Figure 50 — Corrosion Current Density — Batch-9c8pens with 4” Spacing

Figure 50 presents theorr values of batch-9 with a clear spacing of 4-indloeshe left side
triad bars and connected state. Similar to thecB-and 3-inch spacing specimens, moderate
corrosion rates are exhibited in the beginning fiossibly the formation of passive layer. With
time, the corrosion continues to decrease t010 hscemd then increases to aboutAZcm? at
about 14 months. Some of the specimens f@ore values over 2 A/cm?, while somdcorr
values are about 1A/cm?. The variability within the 4 inch batch may béated to the presence

of SIP forms, as the NoSIP is greater than theSWbspecimens.

The influence of the differences in the clear spgcnumber of cathodes and the presence of
stay-in-forms on the corrosion current density barassessed by rearranging the data according
to the conditions to be compared. The illustrat@ahgarisons included early and later
measurements to idenify the trend of variationth@icorr values. The trend may aid in the

explanation of the corrosion activity that has btking place in the specimens.



Clear Spacing Differences

To identify the influence of the clear spacing betw the top reinforcement mat and the bottom
reinforcement, the average of tiserr values among the spacing groups are compared. The

comparison is shown as a normal x-y plot betwieerr and time in months.
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Figure 51 — Average Corrosion Current Density qf2"’& 4” Spacing Specimens

The average of the corrosion current density values 9 specimens of clear spacing 2, 3, and
4-inches are taken for comparison. Comparison degduhe specimens with 1 and 2 cathodes

and also specimens with and without stay-in-placms.

As shown in Figure 51, theorr values up to about 14 months there is little défece between
the spacing factors, which agrees with Smolingkifsrence. But after 35 months, there is a
consistent difference between the 4-inch and 2i&cB-spacing values. Out of the three
spacings, the 4-inch spacing has a moderate corroaie. Whereas, the 2 and 3-inch spacings
generally have a low corrosion rate with littlefdiences between theorr values. Statistical

analyses of the results are presented later.



Number of Cathodes

To identify the influence of the number of cathodeshe number of bottom reinforcement bars
for every top reinforcement bar on the corroside,rthe average of theorr values among the

cathode groups are compared, see Figure 52.
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Figure 52 — Average Corrosion Current Density & 2 Cathodes

The averages of theorr values from 9 specimens with one cathode and é8im@ns with two
cathodes are taken for comparison. Comparisondeslthe specimens with 2, 3, and 4-inch

clear spacings and also specimens with and witstaytin-place forms.

As shown in Figure 52, it can be noted thatitoer values up to about 14 months have little
differences between them, irrespective of the nurobeathodes, following the same trend as
the spacing differences plot, which agrees with Braki’'s inference. But after 35 months, the
icorr of specimens with two cathodes is slightly higtiem the specimens with one cathode.
However, both one and two cathode specimens aeragnin the low corrosion rate. Statistical

analysis is presented later to identify differebeéwveen 1 and 2 cathodes.




Presence of Stay-In-Place (SIP) forms

Figure 53 presents the icorr values versus timéi@ISIP and NoSIP cases.
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Figure 53 — Average Corrosion Current Density ocd&@mens With & Without SIP

The averages in the connected conditaamr values are for 18 specimens with stay-in-place
forms and 9 specimens without stay-in-place forancbmparison purposes. Comparison
includes the specimens with 2, 3, and 4-inch dgacings and also specimens with 1 and 2

cathode bars.

As shown in Figure 53c¢orr values up to about 14 months are nearly ideniticzgpective of the
presence of SIP and follow the same trend as thersgp differences and cathode differences
plots, which agrees with Smolinski’s inference.ekf85 months the specimens with NoSIP have
a slightly higheiicorr values compared to the specimens with SIP. Statigtnalysis is

presented later to identify significant differermween the presence and absence of SIP on

icorr.



Connection State

The measurements were conducted in the — connactednconnected state. To identify the
influence of the macrocell corrosion in the totatrosion activity, the averages of ticerr
values among the connected and unconnected gregpsipared. The comparison is shown as a

x-y plot oficorr and time in months.
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Figure 54 — Connected & Unconnected - Average GaroCurrent Density

The averages of theorr values from all 27 specimens at connected andrnnemted state are
shown see Figure 54. Comparison includes the sgedmwith 2, 3, and 4-inch clear spacings,

specimens with 1 & 2 cathodes and also specimetfisand without SIP forms.

From the simple x-y plot between the connectedummwbnnected icorr (Figure 54), there
appears to be little difference between conneateldumconnected values. Since the connected
values represent the total corrosion and the urexded values represent the microcell corrosion,
the difference between the connected and uncorthgataes should represent the influence of
the macrocell currents in the overall corrosiomure 54 illustrates the difference between the
connected and unconnectiedrr is not notable, thus it can be inferred that meelitaorrosion

is not the dominant form of corrosion. Statistiaahlysis of comparison is presented later.



Statistical Analysis

Statistical analyses are conducted to identify siggificant differences between clear spacing
differences, cathode bar differences, and stayidnepforms on corrosion current density. The
analyses include the ANOVA one-way analysis ofrtteans and student’s t-test to identify
significant difference.

Clear Spacing Differences

ANOVA one-way analysis is presented for 2, 3, anidch spacings as the nominal terms and
icorr values at 35, 40, and 45 months, see Figureséanl 57.
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Figure 55 — Statistical Analysis — Corrosion Cutreensity of 27, 3” & 4” Spacings at 35

months

One-way analysis atorr at 35 months (Figure 55) shows that for 4-inclcspa even though
there is a slight overlap with the other studetaist-circles, there is a notable difference fordhe
inch spacings. The student’s t-test shows tha#timeh spacing is significantly different from 2
and 3-inch spacing values. The cleaning of the ections was performed after the 35 month
readings, completed at about 38 months. Thus thend@5-month plots represent therr

values after the connections were cleared.
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Figure 56 — Statistical Analysis — Corrosion Cutreensity of 27, 3” & 4” Spacings at 40

months
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Figure 57 — Statistical Analysis — Corrosion Cutreensity of 27, 3” & 4” Spacings at 45

months



As shown in Figures 56 and 57, the icorr value® ahd 3-inch spacings are lower than 4-inch
spacing specimens. The 40 (Figure 56) and 45 m@iglre 57)icorr values demonstrate that
the 4-inch spacing values are significantly differsfom the 2 and 3-inch spacing specimens,
while the 2 and 3-inch spacings are not statidyichfferent.

Number of Cathodes

ANOVA one-way analysis for the 1 and 2 cathodethashnominal terms and theorr at 35, 40,
and 45 months are shown in Figures 58, 59, and@i68.analysis includes the 2, 3, and 4-inch

spacings even though significant difference wasdoloetween the different spacings.

Figure 58 — Statistical Analysis — Corrosion Cutrieensity of 1 & 2 Cathodes at 35 months

The one-way analysis and student’s t-testoffr at 35 months (Figure 58) show that there is no
significant difference between the 1 and 2 cathodgain, the 35 month readings were taken
prior to the completion of the cleaning of the cection at 38 months. Thus, the 40 and 45

month measurements representitoer values after the cleaning.
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Figure 59 — Statistical Analysis — Corrosion Cutrigensity of 1 & 2 Cathodes at 40 months
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Figure 60 — Statistical Analysis — Corrosion Cutrieensity of 1 & 2 Cathodes at 45 months



The analysis shows that there is no significarfeteéhce between the 1 and 2 cathodes at 40
(Figure 59) and 45 months (Figure 60). Thus, wharsidering all the spacings, the number of

cathodes has no significant influence on corrosiamnent densities.

If all the spacing differences are included in dmalysis, the number of cathodes analyses may
not show any significant difference because ofiticision of the 4-inch spacing. Thus, only the
icorr values of specimens with 4-inch spacing at 45 mowntere included in the analysis of the

number of cathodes as the nominal term shown iargig1.
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Figure 61 — Statistical Analysis — Corrosion Cutrigensity of 4” Spacing with 1 & 2 Cathodes

at 45 months

As shown in Figure 61, the specimens with two cadischavecorr values that are slightly less
than those specimens with one cathode. Howeveg th@o statistical difference in tharr

measurements between the 1 and 2 cathode specatéhisnonths.



Presence of Stay-In-Place (SIP) forms

ANOVA one-way analysis was performed for specimeith SIP (Yes) and without SIP (No) as
the nominal terms andorr at 35, 40, and 45 months, see Figures 62, 6364andhis analysis
includes the 2, 3, and 4-inch spacings, even thaeiggiificant difference was found for the 4-
inch spacing. Analysis also includes the numbearatfiodes, since no significant difference is

found between them.

Figure 62 — Statistical Analysis — Corrosion Cutrieensity of With & Without SIP at 35

months

The one-way analysis and student’s t-testofr at 35 months (Figure 62) show that there is no
significant difference betweaaoorr values of specimens with SIP (Yes) and without (BI&).

The cleaning of connections was completed at 38tinspafter the 35 months readings. Thus,
the 40 and 45-month plots representitoer values after the cleaning of the connections was

completed.



Figure 63 — Statistical Analysis — Corrosion Cutreensity of With & Without SIP at 40

months
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Figure 64 — Statistical Analysis — Corrosion Cutrigensity of With & Without SIP at 45

months



The analysis shows that there is no significarfeteéhce between theorr of specimens with
SIP (Yes) and without SIP (No) at 40 (Figure 63) 46 months (Figure 64). The specimens
with SIP (Yes) have slightly lowacorr than specimens without SIP (No). But, when talirig
account of all the spacings, the presence of S¥ ha significant influence on corrosion

current densities.

If all the spacing differences are included in émalysis the presence of SIP no significant
difference may be found because of the 4-inch sgdeictor being significantly different than
the 2 and 3-inch spacing factor. Thus, onlyitoer values of specimens with 4-inch spacing at
45 months are included in the following analysiSt® as the nominal term, see Figure 65.
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Figure 65 — Statistical Analysis — Corrosion Cutfeensity of 4” Spacing Specimens With &
Without SIP at 45 months

As shown in Figure 65, the presence of SIP doesiang any significant influence acorr even
if the spacing differences are excluded.

Connection State

To determine if the macrocell corrosion has a s$icgmt impact on the total corrosion, statistical

analysis conducted with the connected (CON) andnmected (UNCON) states as the nominal



terms. The analysis is performed for 35, 40, anchdhths to identify significant differences.

Figure 66 — Statistical Analysis—Connected & Unamstad Corrosion Current Density at 35

months
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Figure 67 — Statistical Analysis — Connected & Umuected Corrosion Current Density at 40

months
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Figure 68 — Statistical Analysis — Connected & Umuected Corrosion Current Density at 45

months

As shown in Figures 66, 67, and 68, there is noifsognt difference between connected and
unconnectedcorr values. The implication is that the macrocell osion has little influence

compared to microcell corrosion on the total caons
Chloride Content and Diffusion

Chloride content was measured by taking powderedrete samples at three depths from all 27
specimens at 45 months only. Averages depths dhtiee samples were 0.25 inch, 0.75 inch,
and 1.25 inch. Acid soluble chloride content wadqgyened by potentiometric titration in
accordance with ASTM C 1152/C 1152M.

Statistical analyses are performed to find if digant differences exist between the influence of
clear spacing differences, cathode bar differermed,stay-in-place forms differences on
chloride contents. The analyses include the ANOWA-way analysis of the means and
student’s t-test to find any significant differeace



Clear Spacing Differences

Since differences were found between clear spaa@mgase of resistivities, it is expected for the
chloride contents to be influenced by the samectly®r indirectly. Figure 69 represents the
one-way analysis of the chloride contents at On2h depth (topmost layer) with respect to the

clear spacings 2-inch, 3-inch, and 4-inch as thminal terms.
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Figure 69 — Chloride Content of 27, 3” & 4” Spacsgt 0.25” depth

As shown in Figure 69, the spacings do not havgrafieant difference among them. As shown,
the average chloride content increases with inargagpacing factor from 2 to 4 inches. The
influence of resistivity on chloride content atepth of 0.25 inch can be inferred, as the

resistivity decreases with increasing spacing facto

Figure 70 represents the one-way analysis of tleide contents at 0.75 inch depth with respect

to the clear spacings 2-inch, 3-inch, and 4-incthasnominal terms.
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Figure 70 — Chloride Content of 27, 3” & 4” Spacsgt 0.75” depth

As shown in Figure 70, the spacing factors do @eeha significant difference between them.
The chloride content at 0.75 inch depth for then@ a-inch spacing are approximately the same,

but the 4-inch spacing factor is slightly higher.
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Figure 71 — Chloride Content of 27, 3” & 4” Spacsgt 1.25” depth

Figure 71 represents the one-way analysis of theidke contents at 1.25 inch depth with respect
to the clear spacings 2-inch, 3-inch, and 4-incthasnominal terms. As shown in Figure 71, the
spacings do not have a significant difference. Agtie 2 and 3-inch spacing factor are

approximately same and the 4-inch spacing is slidhgher.



Number of Cathodes

Figure 72 — Chloride Content of 1 & 2 Cathodes.260depth

Figure 72 represents the one-way analysis of theide contents at 0.25 inch depth (topmost
layer) with respect to the number of cathodes astiminal terms. As shown in Figure 72, the
number of cathodes does not relate to significédferénces between them. However, the two
cathode specimens have greater average chloridentat the 0.25 inch depth and the one

cathode specimens. There is also a large variatiboth data sets.



Figure 73 represents the one-way analysis of tleide contents at 0.75 inch depth with respect

to the number of cathodes as the nominal terms.

Figure 73 — Chloride Content of 1 & 2 Cathodes.@60depth

As shown in Figure 73, the number of cathodes isigmificantly different. The average two
cathode specimens have slightly greater averageidélcontent at the 0.75 inch depth than the
one cathode specimens. Also, the variability irodde contents is greater for the two cathode
than the one cathode.
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Figure 74 - Chloride Content of 1 & 2 Cathodes.abl1depth

Figure 74 represents the one-way analysis of tleride contents at 1.25 inch depth with respect
to the number of cathodes as the nominal termshAgs/n in Figure 74, the number of cathodes
does not cause a significant difference betweeoricld concentrations. But it is also clear that
the specimens with 2 cathodes have slightly lekside content than the specimens with 1

cathode.
Presence of Stay-In-Place (SIP) forms

Figure 75 represents the one-way analysis of theidlk contents at 0.25 inch depth (topmost
layer) with respect to the presence of stay-inglacms as the nominal terms. As shown in
Figure 75, the presence of SIP does not causendicat difference between data sets. The one
cathode average chloride content is slightly lbas the two cathodes and the variability

between data sets is about the same.
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Figure 75 - Chloride Content of Specimens With &Ngut SIP at 0.25” depth

The condition for the SIP versus NoSIP for the g contents at 0.75 and 1.25 inches are the

same as the 0.25 inch depth, see Figures 76, and 77

No

Figure 76 - Chloride Content of Specimens With &Ngut SIP at 0.75” depth
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Figure 77 - Chloride Content of Specimens With &hWut SIP at 1.25” depth

Chloride Content and Resistivity

Resistivity, being a concrete parameter, is expkidde related to chloride diffusion rate. The
statistical analyses showed that the resistivitg wwluenced by clear spacings. Increase in
spacing resulted in the decrease of resistivitgimAilar but inverse relationship between the

chloride concentrations and resistivity is thusestpd.
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Figure 78 — Chloride Content at 0.25” Depth Vs Bipgty
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Figure 79 — Chloride Content at 0.75” Depth Vs Bipgty
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Figure 80 — Chloride Content at 1.25” Depth VsiResty

As shown in Figures 78, 79, and 80, the chloridgets at 6.3 mm, 19 mm, and 31.7 mm (0.25,
0.75, and 1.25 inch), are inversely related tostegiy. However, the relationship are poor and
became more so with depth. The results indicateréssstivity may not be constant with depth.

As the resistivity values are an average of thewapinches of the concrete. That is the spacing
distance between probes.



Diffusion Coefficient (Dc)

The diffusion coefficient represents the penetratette of chloride into the concrete. It is
calculated by a solution to Fick’s second law dfugiion, equation 16. The diffusion coefficient

values are presented in Table 9.

Table 9 — Diffusion Coefficient Calculated Values

Diffusion Number of Presence of

Coefficient Cathodes SIP Clear Spacing

mnf/year inch

81 1 Yes 2

72 1 Yes 2

76 1 Yes 2

54 2 Yes 2 Mean = 60
60 2 Yes 2 n-1= 16
43 2 Yes 2 CV=27%
65 2 No 2

52 2 No 2

32 2 No 2

48 1 Yes 3

53 1 Yes 3

59 1 Yes 3

57 2 Yes 3 Mean = 49
36 2 Yes 3 n1=28
40 2 Yes 3 CV =17%
40 2 No 3

55 2 No 3

54 2 No 3

43 1 Yes 4

80 1 Yes 4

39 1 Yes 4

49 2 Yes 4 Mean = 52
46 2 Yes 4 n1=14
54 2 Yes 4 CV = 26%
37 2 No 4

55 2 No 4

65 2 No 4




The diffusion coefficient may be related to thastgity of concrete, since resistivity depends

on the volume of pores, connection of pores, ardribisture content of the concrete as does the
diffusion constant. As shown in Table 9, the averddfusion constants are approximately the
same, 49 to 60 mffyear, whereas the average resistivities decreéthéngreasing spacing

factor. The diffusion constants are highly variadellustrated by the coefficient of variation
(CV) of 17 to 27%.

Diffusion Coefficient & Resistivity

Diffusion coefficient indicates the rate with whitlie ions penetrate through the concrete.
Resistivity, as a parameter of concrete, can inéittee resistance of concrete to the penetration

of ions. Thus, an inverse relationship is expebetsveen chloride diffusion coefficients and
resistivities.
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Figure 81 — Diffusion Coefficient Vs Resistivity

As shown in Figure 81, the diffusion coefficientsrh extremely poor relationship with
resistivity. Thus, the relationship between the paoameters could not be established from the

data available. The lack of correlations is mdstlii related to the extreme variability of both
the diffusion constant and resistivity data sets.



Moisture Content
Table 10 — Relative Humidity Values

Relative Number of Presence of Clear

Humidity Cathodes SIP Spacing
% inch

91 1 Yes 2

76 1 Yes 2

73 1 Yes 2 .

73 2 Yes 2 - %
73 2 Yes 2 %

71 2 Yes 2 / 0
76 2 No 2

93 2 No 2

74 2 No 2

78 1 Yes 3

82 1 Yes 3

82 1 Yes 3

76 2 Yes 3 - A
77 2 Yes 3 %

77 2 Yes 3 / 0
97 2 No 3

79 2 No 3

79 2 No 3

82 1 Yes 4

82 1 Yes 4

78 1 Yes 4

79 2 Yes 4 - 9
83 2 Yes 4 %

78 2 Yes 4 / 0
80 2 No 4

78 2 No 4

77 2 No 4

The Table 10 presents the relative humidity valaeasured from all the specimens at the bar
level at 45 months. The average temperature afgieeimens when the relative humidity
measurements were recorded wasFo8nd the temperature was relatively constant atwe
specimens. Since moisture content requires desteutiethods, the relative humidity was

measured.



The average relative humidity are approximatelyeaetween spacing factors, see Table 10.
The relative humidity measurements are somewhatasable than the resistivity and diffusion

constant. Thus, no relationship was found.
Macrocell Current

To determine the contribution of the macrocell eatrto the total corrosion, a high-impedance
voltmeter was connected across the 10 ohm resigtermacrocell potential obtained from the
measurement was used to calculate the macrocedintursing Ohm'’s law, since the resistance

between the top and bottom bar. Figure 82 shovesnple macrocell current plot for the 45-

month time.
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Figure 82 — Macrocell Currents of Batch-1, SpadigCathode-1, SIP

The macrocell currents for most of the specimen®uess than 5A at the beginning. But as

time passed, the macrocell current values decraagedA. After 35 months, the measurements
showed greater macrocell current values. But #fieccleaning up of the exposed steel surfaces,
the macrocell values dropped to below 20in most of the specimens. Thus, the measurements
were influenced by the corrosion products at thter@x bar ends. Since the macrocell currents
of more than half the specimens were less thanAL@he macrocells were not high enough to

designate failure under the test method. The failnithis case is considered to be the



destruction of the protective passive layer. Thenmeell corrosions are presented in Appendix
D.

Autopsy

The 3LP relative corrosion rates were assessedtopsy of select samples. Six specimens were

selected, based on the different corrosion measmensee Table 11.

Table 11 — Visual Inspection Data

. Predicted
Specimen ID Bottom Bar

Corrosion

6-C2-4"—SIP -

Left High Length of Corrosion = 8” No Visible Corrosion
e

8-C-1-4"-SIP -

Right High Length of Corrosion = 7" No Visible Corrosion
1¢)

9-C-2-4"-NSIP - , - .
Moderate Length of Corrosion = 5.25”  No Visible @mmion

Right
3-C-2-2"-NSIP - _ . _
_ Moderate Length of Corrosion = 2” No Visible Cons
Right
4-C-1-3"-SIP - . o _
. Low Length of Corrosion = 1.5”  No Visible Corrosion
Right
9-C-2-4"-SIP -
Low No Visible Corrosion No Visible Corrosion

Right

Selection of six was such that two of six bars &duigh corrosion rate, two moderate corrosion
rate, and remaining two specimens low. Then theispgs were cut using a rotating saw to
separate the required slice of concrete contaithiagelected bar. The visual inspection results
of the six specimens are presented in Table 11.



As shown in Table 11, the length of corrosion obsédiin the specimens can be related to the
predicted corrosion activity. All the corrosion wamfined to the top half of the bar as the
bottom side of the top bars did not exhibit anyrasion products. Also, note that the bottom
bars did not have visible corrosion activity. Thiae bottom bar could have acted as the
macrocell cathode, but does not appear that iisan€e was significant. The photographs of the

top and bottom bars are included in the Appendix E.

Table 12 presents the measured resistivity andsom activity and literature interpretation of
resistivities for the autopsied specimens.

Table 12 — Comparison of Observed and InterprdRegjstivity

Literature Interpretation

Resistivity Measured

Specimen in -m  Corrosion Activity ~ Resistivity in Corrosion

Rate

6-C2-4"-SIP -

452 High 50 — 100 High
Left
8-C-1-4"-SIP - 532 High 50 — 100 High
Right
" Low to
9-C-2 ‘_4 —NSIP - 416 Moderate 100 - 200
Right Moderate
" Low to
3-C-2 - 2" = NSIP - 732 Moderate 100 - 200
Right Moderate
4 — C-l-. 3" —SIP - 643 Low > 200 Low
Right
9-C-2-4"-SIP - 538 Low > 200 Low

Right

The measured resistivity and corrosion activity@mpared to the resistivity interpretations

presented in the literature, see Table 12. Notettieameasured resistivities much higher than

those presented in the literature, have corrodedisRvities of greater than 4004 have been

observed with high and moderate corrosion activityere the interpretations specify that



resistivities greater than 2004 will support negligible corrosion rates. It is inga that the
observed corrosion activity does not follow theeipretations. The corrosion activity devices
used in this study and reported literature may hmeen different devices and thus the reason for

the differences in interpretations.
3LP Calculation Software

For calculating the corrosion current densitp(r) and other necessary values from the data
obtained from 3LP instrument, software called “@teR” was used. The “Corrate2” software
works in DOS environment. The results are to beualy entered into spreadsheet for various
analyses and plotting graphs, since the softwags dot export data to other analyzing software.
Since a huge number of 3LP data had to be enteckthe results had to be stored for analysis
and plotting graphs, code was written for new invpbsoftware. Microsoft Visual Basic 2008
(.NET) was used to write the codes for this sofavdihe new software “3LP Calc” has been

written as a part of this study.

Figure 83 — 3LP Calc Software — Main Interface



Figure 83 shows the main window where the calouteais done. Input of data and display of
results are designed in the same view to avoidustoiis. One click calculation makes it simpler

than calculation using “Corrate2” software.

The results can be stored in two ways. If the ssevmputer has MS Excel installed, then the
necessary results can be exported to MS ExceleXperting action can be done either by
opening a new MS Excel window or by appending tw results in the same MS Excel
window in use. If the user’'s computer does not Hd%Excel installed, a report can be made
out of the inputs and the results. The reportlisgenerated and can be saved as a simple text

file. A sample report is shown in Figure 84.

Figure 84 — 3LP Calc Software — Generated Report



CONCLUSIONS

The influence of the parameters such as spacingeleattop and bottom reinforcement mat,
number of cathodes, and the presence of stay-se@ams was studied using resistivity, half-
cell potential test, linear polarization, and cidercontent.

Resistivity

Resistivity of all specimens were measured andyaedlto find if the parameters have any
influence on corrosion activity. Significant difearces of the clear spacing groups between the
anode and cathode on the resistivity were obsdreedthe statistical analysis. Regarding the

other parameters, no significant influence was olese

The results of the autopsied specimens, and assdaarrosion current density, and resistivities
are not in agreement with the resistivity intergtieins presented in the literature. Higher
corrosion rates are observed in much higher regiss than the values presented in the

literature.
Half-Cell Potentials

Half-cell potentials of all specimens were measwued analyzed to find if the parameters have
any influence on corrosion activity. Significantluence of clear spacing groups between the
anode and cathode on the potentials was obsermaddtatistical analysis. Regarding the other
parameters, no significant influence was obseriveghsurements were conducted in both
connected and unconnected state to find the ceomiwib of macrocell corrosion on the total
corrosion. The contribution of macrocell corrostorthe total corrosion was found to be

insignificant.
Corrosion Current Density

Corrosion Current density of all specimens wasuwtated and analyzed to find if the parameters
have any influence on corrosion activity. Significanfluence of clear spacing groups between
the anode and cathode on the corrosion currenitgeves observed from the statistical analysis.
Regarding the other parameters, no significant@rfte was observed. Measurements were

conducted in both connected and unconnected stéitedtthe contribution of macrocell



corrosion on the total corrosion. The contributtdrmacrocell corrosion to the total corrosion
was found to be insignificant from the analysise Torrosion current density values exhibit a
relationship with resistivity and half-cell poteaitin accordance with the generally accepted

theory.

Chloride Content

The chloride content was obtained at three deptims the top surface of concrete. Even if no
statistically significant influence of clear spagigroups was found on chloride content, there is
a definite increase in chloride content for the@ase in clear spacing between groups. This
supports the observation formed from resistivityasweements and that corrosion activity is

resistivity controlled in the observed specimens.
Autopsy

The autopsy of the top and bottom reinforcemerd bathe selected specimens showed that the
top half of the top steel bars had corrosion. Tisaally observed amount of corrosion on each
specimen agreed with the corrosion activity preidtom instrument corrosion measurements.

The bottom half of the top steel bars may be thleockes in the corrosion reaction.
Macrocell Corrosion

From the different measurements, macrocell corrosias found insignificant in the total

corrosion.

Finally, the instrument corrosion measurementdoeted the literature that, the consolidation of
fresh concrete is an important factor in the whnmlerosion mechanism. Lower unit
consolidation energy, results in greater amountdepih of chloride penetration, per given

chloride exposure methods and times.



RECOMMENDATIONS FOR FUTURE RESEARCH

There are many questions that are left unanswer#ds study. The supposition that the
resistivity is the controlling factor of corrosi@aativity requires further support. Resistivity coul
vary with depth, thus measurement at different e[ recommended to form a consistent
relationship with diffusion coefficients and chidei contents. The interpretations of resistivity

followed in this study must be revised for bettezdictions.

The influence of the diffusion coefficient or theationship of diffusion coefficient with
resistivity was not established in this study. Atlse influence of moisture content on corrosion
activity was not defined. More chloride content pés from the same specimens would be
useful to check the consistency among the chlagent values, since only one set of chloride

cores were obtained from each specimen.

If the study will be repeated, continuous measurgmef moisture content at different depths
and more chloride samples from each specimen eaoen@ended. Also, a greater number of

specimens will be useful to form a better relattopsamong the testing parameters.
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APPENDICES



Appendix A — Resistivity Measurements



Figure A-1 — Resistivity — 2” Spacing, 1 Cathode Bar, witl Sl
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Figure A-2 —Resistivity — 2” Spacing, 2 Cathode Bars, with SIP
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Figure A-3 - Resistivity — 2” Spacing, 2 Cathode Bars, with NB S
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Figure A-4 - Resistivity — 3” Spacing, 1 Cathode Bar, with SIP
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Figure A-5 - Resistivity — 3" Spacing, 2 Cathode Bars, with SIP
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Figure A-6 - Resistivity — 3" Spacing, 2 Cathode Bars, with NB S
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Figure A-7 - Resistivity — 4” Spacing, 1 Cathode Bar, with SIP
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Figure A-8 - Resistivity — 4” Spacing, 2 Cathode Bars, with SIP
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Figure A-9 - Resistivity — 4” Spacing, 2 Cathode Bars, with SI&
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Appendix B — Half-Cell Potential Measurements



Figure B-1 - Half-Cell Potentials - 2” Spacing, 1 Cathode Baithv&IP, Left Side, Connected

% 2"$45

T T T T T T T T T 1

Figure B-2 - Half-Cell Potentials - 2” Spacing, 1 Cathode Baithv&IP, Left Side, Unconnected
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Figure B-3 -Half-Cell Potentials - 2” Spacing, 2 Cathode Barih SIP, Left Side, Connected
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Figure B-4 - Half-Cell Potentials - 2" Spacing, 2 Cathode Barh SIP, Left Side,

Unconnected
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Figure B-5 - Half-Cell Potentials - 2” Spacing, 2 Cathode Barith No SIP, Left Side,

Connected
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Figure B-6 - Half-Cell Potentials - 2” Spacing, 2 Cathode Barith No SIP, Left Side,
Unconnected
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Figure B-7 -Half-Cell Potentials -3” Spacing, 1 Cathode Barthw&IP, Left Side, Connected
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Figure B-8 -Half-Cell Potentials -3” Spacing, 1 Cathode Barthw&IP, Left Side, Unconnected
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Figure B-9 - Half-Cell Potentials -3” Spacing, 2 Cathode BarghwIP, Left Side, Connected
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Figure B-10 -Half-Cell Potentials -3” Spacing, 2 Cathode Barghw&IP, Left Side,
Unconnected
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Figure B-11 -Half-Cell Potentials -3” Spacing, 2 Cathode Barghwo SIP, Left Side,
Connected
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Figure B-12 -Half-Cell Potentials -3” Spacing, 2 Cathode Barghwo SIP, Left Side,
Unconnected
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Figure B-13 -Half-Cell Potentials -4” Spacing, 1 Cathode Bathw$IP, Left Side, Connected
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Figure B-14 -Half-Cell Potentials -4” Spacing, 1 Cathode Bathw81P, Left Side,
Unconnected
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Figure B-15 -Half-Cell Potentials -4” Spacing, 2 Cathode Bargh\&IP, Left Side, Connected
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Figure B-16 -Half-Cell Potentials -4” Spacing, 2 Cathode Barghw&IP, Left Side,
Unconnected
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Figure B-17 -Half-Cell Potentials -4” Spacing, 2 Cathode Barghwo SIP, Left Side,

Connected
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Figure B-18 -Half-Cell Potentials -4” Spacing, 2 Cathode Barghwo SIP, Left Side,
Unconnected
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Figure B-19 -Half-Cell Potentials -2” Spacing, 1 Cathode Bathws1P, Right Side, Connected
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Figure B-20 -Half-Cell Potentials -2” Spacing, 1 Cathode BathwsIP, Right Side,

Unconnected
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Figure B-21 -Half-Cell Potentials -2” Spacing, 2 Cathode Barghv&IP, Right Side,

Connected
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Figure B-22 -Half-Cell Potentials -2” Spacing, 2 Cathode Barghv&IP, Right Side,

Unconnected
% 2" 26
34 % . %$5
- 3 * 5% = $ * 5% * 5%




Figure B-23 -Half-Cell Potentials -2” Spacing, 2 Cathode Barghwo SIP, Right Side,
Connected
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Figure B-24 -Half-Cell Potentials -2” Spacing, 2 Cathode Barghwo SIP, Right Side,
Unconnected
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Figure B-25 -Half-Cell Potentials -3” Spacing, 1 Cathode Bathws1P, Right Side, Connected
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Figure B-26 -Half-Cell Potentials -3” Spacing, 1 Cathode BathwsIP, Right Side,
Unconnected
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Figure B-27 -Half-Cell Potentials -3” Spacing, 2 Cathode Barghv&IP, Right Side,
Connected
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Figure B-28 -Half-Cell Potentials -3” Spacing, 2 Cathode Barghv&IP, Right Side,
Unconnected
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Figure B-29 -Half-Cell Potentials -3” Spacing, 2 Cathode Barghwo SIP, Right Side,
Connected
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Figure B-30 -Half-Cell Potentials -3” Spacing, 2 Cathode Barghwo SIP, Right Side,
Unconnected
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Figure B-31 -Half-Cell Potentials -4” Spacing, 1 Cathode Bathws1P, Right Side, Connected
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Figure B-32 -Half-Cell Potentials -4” Spacing, 1 Cathode Barthws1P, Right Side,

Unconnected
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Figure B-33 -Half-Cell Potentials -4” Spacing, 2 Cathode Barghv&IP, Right Side,

Connected
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Figure B-34 -Half-Cell Potentials -4” Spacing, 2 Cathode Bargh\&IP, Right Side,
Unconnected
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Figure B-35 -Half-Cell Potentials -4” Spacing, 2 Cathode Barghwo SIP, Right Side,
Connected
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Figure B-36 -Half-Cell Potentials -4” Spacing, 2 Cathode Barghwo SIP, Right Side,
Unconnected
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Appendix C — Corrosion Current Density Measurements



Figure C-1 - Corrosion Current Density — 2” Spacing, 1 Cathode, Bith SIP, Left Side,
Connected
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Figure C-2 - Corrosion Current Density — 2” Spacing, 1 Cathode, Bith SIP, Left Side,
Unconnected
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Figure C-3 - Corrosion Current Density — 2” Spacing, 2 CathodesBwith SIP, Left Side,
Connected
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Figure C-4 - Corrosion Current Density — 2” Spacing, 2 CathodesBwith SIP, Left Side,
Unconnected
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Figure C-5 - Corrosion Current Density — 2” Spacing, 2 CathodesBwith No SIP, Left Side,

Connected
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Figure C-6 - Corrosion Current Density — 2” Spacing, 2 CathodesBwith No SIP, Left Side,
Unconnected
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Figure C-7 - Corrosion Current Density — 3” Spacing, 1 Cathode, Bith SIP, Left Side,

Connected
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Figure C-8 - Corrosion Current Density — 3" Spacing, 1 Cathode, Bith SIP, Left Side,
Unconnected
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Figure C-9 - Corrosion Current Density — 3” Spacing, 2 CathodesBwith SIP, Left Side,
Connected
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Figure C-10 -Corrosion Current Density — 3” Spacing, 2 CathodesBwith SIP, Left Side,
Unconnected
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Figure C-11 -Corrosion Current Density — 3” Spacing, 2 CathodesBwith No SIP, Left Side,

Connected
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Figure C-12 -Corrosion Current Density — 3” Spacing, 2 CathodesBwith No SIP, Left Side,

Unconnected
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Figure C-13 -Corrosion Current Density — 4” Spacing, 1 Cathode, Bith SIP, Left Side,
Connected
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Figure C-14 -Corrosion Current Density — 4” Spacing, 1 Cathode, RBith SIP, Left Side,
Unconnected
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Figure C-15 -Corrosion Current Density — 4” Spacing, 2 Cathode, Bith SIP, Left Side,
Connected
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Figure C-16 -Corrosion Current Density — 4” Spacing, 2 Cathode, Bith SIP, Left Side,
Unconnected
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Figure C-17 -Corrosion Current Density — 4” Spacing, 2 Cathode, Bith No SIP, Left Side,

Connected
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Figure C-18 -Corrosion Current Density — 4” Spacing, 2 Cathode, Bith No SIP, Left Side,
Unconnected
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Figure C-19 -Corrosion Current Density — 2” Spacing, 1 Cathode, Bith SIP, Right Side,

Connected
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Figure C-20 -Corrosion Current Density — 2” Spacing, 1 Cathode, Bith SIP, Right Side,
Unconnected
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Figure C-21 -Corrosion Current Density — 2” Spacing, 2 CathodesBwith SIP, Right Side,
Connected
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Figure C-22 -Corrosion Current Density — 2” Spacing, 2 CathodesBwith SIP, Right Side,
Unconnected
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Figure C-23 -Corrosion Current Density — 2” Spacing, 2 CathodesBwith No SIP, Right
Side, Connected
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Figure C-24 -Corrosion Current Density — 2” Spacing, 2 CathodesBwith No SIP, Right
Side, Unconnected
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Figure C-25 -Corrosion Current Density — 3” Spacing, 1 Cathode, Bith SIP, Right Side,
Connected
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Figure C-26 -Corrosion Current Density — 3” Spacing, 1 Cathode, Bith SIP, Right Side,
Unconnected
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Figure C-27 -Corrosion Current Density — 3” Spacing, 2 CathodesBwith SIP, Right Side,

Connected
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Figure C-28 -Corrosion Current Density — 3” Spacing, 2 CathodesBwith SIP, Right Side,
Unconnected
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Figure C-29 -Corrosion Current Density — 3” Spacing, 2 CathodesBwith No SIP, Right
Side, Connected
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Figure C-30 -Corrosion Current Density — 3” Spacing, 2 CathodesBwith No SIP, Right
Side, Connected
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Figure C-31 -Corrosion Current Density — 4” Spacing, 1 Cathode, Bith SIP, Right Side,

Connected
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Figure C-32 -Corrosion Current Density — 4” Spacing, 1 Cathode, Bith SIP, Right Side,
Unconnected

% 2" 26

%2 &4

&

___________ — -

--I I--I---I--I--I--I---I--I-X :

34 %.%%$5

- $ * 5% - $ * 5% —fe— $ * 5%




Figure C-33 -Corrosion Current Density — 4” Spacing, 2 CathodesBwith SIP, Right Side,

Connected
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Figure C-34 -Corrosion Current Density — 4” Spacing, 2 CathodesBwith SIP, Right Side,
Unconnected
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Figure C-35 -Corrosion Current Density — 4” Spacing, 2 CathodesBwith No SIP, Right
Side, Connected

% 3 2" 26

Figure C-36 -Corrosion Current Density — 4” Spacing, 2 CathodesBwith No SIP, Right
Side, Unconnected
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Appendix D — Macro Cell Measurements



Macrocell Currents - Batch — 1

Figure D-1 - Spacing-2”, Cathode-1, SIP
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Figure D-2 - Spacing-2”, Cathode-2, SIP
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Figure D-3 - Spacing-2”, Cathode-2, NoSIP
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Macrocell Currents - Batch — 2

Figure D-4 - Spacing-2”, Cathode-1, SIP
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Figure D-5 - Spacing-2”, Cathode-2, SIP
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Figure D-6 - Spacing-2”, Cathode-2, NoSIP
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Macrocell Currents - Batch — 3

Figure D-7 - Spacing-2”, Cathode-1, SIP

(qV]
o\o
&
S F
o
s
3 Prvrrr——————-——n_ . : :
2
34 % .%%5
— ! " H$ - ! * 5% — "#$6* 5%
Figure D-8 - Spacing-2”, Cathode-2, SIP
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Figure D-9 - Spacing-2”, Cathode-2, NoSIP
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Macrocell Currents - Batch — 4

Figure D-10 -Spacing-3”, Cathode-1, SIP

[qV}
O\O
&
S
&
p
3 E ; . . .
2
34 % . %$5
— ! "#$ - ! * 5% —tr— "#$6* 5%
Figure D-11 -Spacing-3”, Cathode-2, SIP
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Figure D-12 -Spacing-3”, Cathode-2, SIP
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Macrocell Currents - Batch — 5

Figure D-13 -Spacing-3”, Cathode-1, SIP
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Figure D-14 -Spacing-3”, Cathode-2, SIP
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Figure D-15 -Spacing-3”, Cathode-2, NoSIP
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Macrocell Currents - Batch — 6

Figure D-16 -Spacing-4”, Cathode-1, SIP
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Figure D-17 -Spacing-4”, Cathode-2, SIP
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Figure D-18 -Spacing-4", Cathode-2, NoSIP
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Macrocell Currents - Batch — 7

Figure D-19 -Spacing-3”, Cathode-1, SIP
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Figure D-20 -Spacing-3”, Cathode-2, SIP
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Figure D-21 -Spacing-3”, Cathode-2, NoSIP
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Macrocell Currents - Batch — 8

Figure D-22 -Spacing-4”, Cathode-1, SIP
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Figure D-23 -Spacing-4”, Cathode-2, SIP
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Figure D-24 -Spacing-4”, Cathode-2, NoSIP
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Macrocell Currents - Batch — 9

Figure D-25 -Spacing-4”, Cathode-1, SIP
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Figure D-26 -Spacing-4”, Cathode-2, SIP
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Figure D-27 -Spacing-4”, Cathode-2, NoSIP
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Appendix E — Photographs of Visual Inspection



Figure E-1 —Specimert — C-2 — 4” — SIP — Left — Top Side of both Bars

Figure E-2 —Specimert — C-2 — 4” — SIP — Left — Bottom Side of both 8ar



Figure E-3 —Specimert — C-2 — 4” — SIP — Left — Top Side of Top Bar

Figure E-4 —Specimert — C-2 — 4” — SIP — Left — Top Side of Bottom Bar



Figure E-5 —Specimen 8 — C-1- 4” — SIP — Right — Top Side of both Bars

Figure E-6 —Specimen 8 — C-1- 4” — SIP — Right — Bottom Side of both 8ar



Figure E-7 —Specimen 8 — C-1- 4” — SIP — Right — Top Side of Top Bar

Figure E-8 —Specimen 8 — C-1- 4” — SIP — Right — Top Side of Bottom Bar



Figure E-9 —Specimen - 9 — C-2 — 4” — NSIP — Right — Top Sitibaih Bars

Figure E-10 —Specimen - 9 — C-2 — 4” — NSIP — Right — BottomeSadl both Bars



Figure E-11 —Specimen - 9 — C-2 — 4” — NSIP — Right — Top Sitléap Bar

Figure E-12 —Specimen - 9 — C-2 — 4” — NSIP — Right — Top SitiBattom Bar



Figure E-13— Specimen - 3 — C-2 — 2" — NSIP — Right — TopeSiiboth Bars

Figure E-14— Specimen - 3 — C-2 — 2" — NSIP — Right — Bott8ide of both Bars



Figure E-15— Specimen - 3 — C-2 — 2" — NSIP — Right — TopeSifl Top Bar

Figure E-16— Specimen - 3 — C-2 — 2" — NSIP — Right — TopeSi Bottom Bar



Figure E-17 —Specimen - 4 — C-1- 3" — SIP — Right — Top Sidéath Bars

Figure E-18 —Specimen - 4 — C-1- 3" — SIP — Right — Bottom Sifléoth Bars



Figure E-19 —Specimen - 4 — C-1- 3" — SIP — Right — Top Sid&op Bar

Figure E-20 —Specimen - 4 — C-1- 3" — SIP — Right — Top Sid@&oftom Bar



Figure E-21 —Specimen - 9 — C-2 — 4” — SIP — Right — Top Sidbeath Bars

Figure E-22 —Specimen - 9 — C-2 — 4” — SIP — Right — Bottom Sitlboth Bars



Figure E-23 —Specimen - 9 — C-2 — 4” — SIP — Right — Top Sidéab Bar

Figure E-24 —Specimen - 9 — C-2 — 4” — SIP — Right — Top Sid8attom Bar



