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Abstract

Concrete isstrong in compression; however, it is quite fragile in tensidbm overcome this flaw,
concrete isfrequently reinforced with bardypically made of low grade, low carbon stedhe
environment inside of concrete is favorable fieel; unfortunately when passive steel is exposed to

chlorides active corrosion can indte, resulting in damage to the structure.

One source of chloride contamination is throughti-icing agentswhich are used tanhibit the
formation of ice on roadways, ensuring safe driving conditidihgs represents a serious concern from
both the costassociated withrehabilitation (Canadian infrastructure deficit in 2003 was $125 billion
[1]) and & asafety concern to the publiédn Canada5 million tonnes of road salts are used each year
[2], of whichOntario uses 500 to 600 thousand tonr{8%

As a result, the Ministry of Transportation Ontario (MTO) has requested a sfuidyrofrequently

used antiicing agents25.5% NacCl, 31.5% MgC37.9% Cagchand 32.6%multi Cl (12% NaCl, 4% MgCl
and 16% Cag}l The objective of the study is twold, the first is comparing the effects of the
solutionson steel embedded in concret@high pH environmentand the second is to compare the

effects of the anticing agentdo a variety of construction steeis atmospheric conditions (neutral
pH).

Macro-cell and micrecell corrosion in concrete were tested usibgth modified ASTM G109 prisms
and concrete beams with 6 embedded black steel badsfortunately these tests proved
inconclusiveall of the steelremained passiveThis was a result of castiaghigh qualityconcrete in
laboratory conditions which ultimately lead to minimal diffusion of the deitig solutionsTherefore,
it is recommended that for short termorrosiontesting &2 years) poor qualityconcreteor cement

pasteshouldbe used

Micro-cell testing in gnthetic concretepore solutioncontaminated with the anticing solutions was
conductedin order to obtain results in the period of the M.A.Sc. gnam and to directly observe the
corrosion The initial concentration of CTin each solution was 0.00%7;Chis was incrementally
increased by 0.005% f@leek. Potentiostatic linear polarization to resistance measurements and pH
measurements were used tmonitor the corrosion on a weekly basie results of this test showed

that MgC} has the most detrimental effestdue to the drop in pH (from 13.5 to 9.1) causedviy



replacing Ca in Ca(QHp form the less soluble Mg(OH)The transition from passivto active
corrosion initiated at 0.7, 0-8.9, 0.6 and 0.6% Gbr NaCl, MgG| CaGland multi C| respectively.

The active corrosion current densities were 11mAfor NaCl, Cagand multi C| whereas MgGhad

active corrosion rates 6f100mA/m?. One bar exposed to CaBhowed corrosion rates as high as 600
mA/m?. This was a result of crevice corrosion between the shrink fitting and the rebar. Once the
expansive corrosion products broke through the shrink fitting and ample supply of oxygen became

available, allowing the corrosion rates to spike dramatically.

The bllowing steels were testedirectly in the diluted solutiofin a cyclic corrosion chambestainless
steels: 304L, 316LM, 2101, 2205, 2304, XM28; corrosion resistant reiadrcing bars (rebar)
galvanized rebar, guard rail (galvanized plate steel) MiMFX; carbon steels: black staebar, box

girder, drain, weathering steel. Theinforcing barswvere virgin steed whereasthe remaining steels
were componentsrom the field. The testing regime followed SAE J2334 using thecamgi solutions
diluted to 3% by wt. Clas theimmersionliquid. Unfortunately, the mutli Ckolution was not tested

due to time constraintsThemass changper unit area was measured every five cycles.

All stainless steelexposed to all anticing solutions exhibited similahanges in mass per unit area
less than 1@y/m? All plain carbon steels including weathering steel exhibited mass changes per unit
area ofmore than1000g/m? with some variability between the various aiiting solutions and steel
types, although the lack steelrebar typically outperformed the other carbon steelsThe corrosion

products of MMFX weraon-adherent resulting in inconclusive results.

The galvanized layer on the guard rail, whield beenexposed to the environmerih service proved

to be more protective tharthe fresh zinc coatingn the galvanized rebakVhen exposed to the MgCl
solution, the mass change of both new and used galvanizedssiesl comparable tahat found in

the stainlesssteels.When exposed to NaCl solotis the galvanized guard radlso exhibited this
trend, whereas the new galvanic coating did not, suggesting that e¥igfosure to the atmosphere a
galvanic coating will protect theteel against NaCl. In all casgalvanized steel exposed ©aGl
solutions exhibited mass changes per umiea of less tharl00 g/m? this is considered moderate, as

this value is one order of magnitude higher than the stainless steels and one order of magnitude lower

than the carbon steels exposed to the same test.



It is ecommended that galvanic coatings be utilized in areas heavily exposed tizgiagtsolutions.
The weathering steel offes no advantages over carbon steethen directly exposed to aniting
solutions Furthermore, in areas with high amounts of exposedvanized steelCaCl should be

avoided.

Between the four solutions testedNaCl solutionsare recommended as the aniting agents that,
overall causeghe least amount of damage to both the reinforcing steel in conceetd to exposed
metallic componets. NaCl idollowed by multi Cland CaGl. Even though Mggtauses less damage
when directly exposed to carbon steels and galvanized sthals CaGJ it is much easier to repair

externalcomponents than internal components. Therefore, Mg€lnot recommended.
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Chapter 1 Introduction
This chapter discusses the background mmpose of the project. Details are provided about the
purposeofanh OAy 3 az2fdziAzyar (GKS aa20AFrGSR O2aida 27 |/
there is a need to choose more appropriate aiothg solutions to provide safe roads for mosts and

minimize the damage to the existing infrastructure (specifically concrete reinforced structures).

1.1 Background of the Problem

Concreteis the most widely usethaterial; the only substance used more is water, which is one of the
primary ingredients itoncrete The consumption of concrete by ight is 10 times that of steebver

one ton of concrete is produced for every humbeing[4]. Concrete on its own does not supply
sufficient strength in tension to meet many of te&ructural applications. To overcome this problem
reinforcementbars (rebar) typically carbons steel (known in the field as black stisefpquired to
provide the tensile strength not available through concrete aldagathermore, in some applications
where corrosion of black steel is considered problematitternatives such as stainless steel,

galvanizedtgel, fiber reinforced polymerand other corrosion resistant materidigvebeen utilized.

In addition toreinforcement in the concreteweatheringsteel is usedo create the box girders of
many bridges and overpasses supporting the reinforced concrete 8etk.the reinforcingsteel and
weathering steel are considered passive in their respective working environments, resulting in
corrosion rateshat are negligible. However, when this environment is altemtrosion can become

a significant problem.

The principal concern is corrosidne tothe presence othlorides.Chbrides are typically introduced
onto the structure fromthe proximity ofmarine environmentsn coastalregionsand as anti or de-

icing agents on roads in colder climat&ke focus of this thesis is on the latter.

In areas such as Canadae temperaturewill frequently dip below the freezing point of water. This
causes a risk to drivers as the pressure between the ice surface and the vehicle tire is sufficient to
cause regelationThe water from this process acts as a lubricant and greatly reduces atigoitr
between the tires and theemaining iceresulting inunsafe driving condition®C dzNIi KSNY 2 NB X & &
from the ice and snow can fill the tread of the tire which can further reduce the surface area of the

tire in contact with the road.To combat tts issue road salts are used to help prevent the formation of
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ice. The salts form a solution with the water causing a drop in the freezing ddiig.allowdor a

higher contact area between the tire and road, allowing for safer driving conditions.

On aveage 5 million tonnes of road salts are used each year in Cd@hdaf those 5 million tonnes

per year, Ontario uses 500 to 600 thousand tonf8s One methodusedto distribute the salts is by
spraying a salt solution on the roadBhe brinealso acts as a mild adhesive for rock salt and sand
which can further improve road safetyheProvince of Ontario currently uses fobrines(CaGl NacCl,

MgC}, and Multichloride brine). Which salt is @d is dependent on the availability of the solution and

the geographic location of where the solution is being applied. In addition to salt spray used as an
anti-icing agent, Cag3olutions are also used in the summer months as a slugpressor on upaved

roadways.

In terms of infrastructure, corrosion of reinforcing steel in concrete is a primary conSégsl in
concrete is normally protected due to the alkaline nature of the concpere solution, which allows
the formation of a passive filrfb]. When chlorides are presenthe passive filmbreaksdown and
cause the reinforcing steel taactively corrode whichis amuch morerapid processhan passive

corrosion.

The impact of corrosion on the load carrying capaed of the steel is less of a concern than the
damage the corrosion products induce on the surrounding conci#te. corrosion products of steel

are expansivébetween 23.5times the size of the original stefd] [7] and will build up pressure with

time. This eventually causes ti#mination, cracking, and spallimg shown below ifrigurel-1. This
results inchunks of concrete falling off the structure which represents a safety concern to motorists
and a cost to the public in terms of rehabilitatid®imilarly, weathering steel attacked by chlorides fail

to produce an adhesive passive film (which typicallyibiitd continued corrosion). Instead the
corrosion products can form thick layewhich lose their adhesion to the steeind can eventually
detach and fall. Once again this represents both a safety concern to motorists and a cost due to

rehabilitation.
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Figurel-1: Damage on the GardneExpressway, corrosion products from the steel expand and
cause the concrete to delaminate and crack. The results are falling concrete that pose a threat do
motorists drivingunderneath the expresswajsg].

1.2 Statement of the Problem

The Ministry of Transportation OntariGMTO) has requested an investigation be carried out to
determine the relative effects of four different decing solutions (CaGl NaCl, MgG] and Multi
chloride brine)on reinforcing steel in concrete, weathering steel exposed to the atmosphere, and
concrete exposed to the atmosphere. The focus of this thesis the effects on the reinforcing steel

and weathering steel.

1.3 Objective

The objective of this report is to quantitatively determine the impact of differeniaileg agents on

reinforcing steel andrarious other corrosion resistarsteek. Thesalt and chloride concentration of
the anti-icing solutiongeing investigated arshown below inTablel-1, the full analysis can be found
in Chapter 4Experimental Results and Discussidinis the aim of this report taategorizethe

solutionsaccording to the severity and onset of damage to the various steels.
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Tablel-1: Solutionsalt and chloride concentration[9]

Primary % Salt % Chloride
Solution (by mass) (by mass)
Constituent y y
NaCl 255 15.7
MgCh 31.51 23.3
Cad 37.9 24.5
Multi -Chloride 32.554 21.1

1.4 Importance of Study

In North America degradation due to corrosion costs over $300 billion perfy@pwith the costs to
Canada estimated to be $125 billion in 2qaR Of this approximately one third of this cost could be
prevented or avoided with the appropriate measures tak&@]. The results of this study will aid the
Ministry of Transportation Ontario in determining the best choideaati-icing agentsto use on
highway overpasses and bridges. This will allow the bridge a longer service life and help devise

appropriate maintenance plans and schedui@sthese structures

1.5 Scope of the Study

This studyhas utilizedelectrochemical methds to determine the corrosion rates of the reinforcing
steel in concrete. Thisas beerdone on both themacro-celllevel utilizing the ASTM G109 test and at
the micro-cell level observing steel embedded in concrete and submerged in synthetic pore solutio
Black steel, stainless steel and a variety of other corrosion resistant $teeés been testedn a

corrosion chamber using SAE J2B8rhersiontest.

The resuk of this studyare comparative in nature and should not be considered absolute when
attempting to predict the life expectancy of a bridggomponent The aimwasto categorizewhich
solutions do the most and least amount of damage and by what factor. Furthermore, the corrosion
chamberhas provided alimpse at which grades of stainless steels aadosion resistance steels
provide the best resistance when exposed directly to the salt solutions and what differéheay)

arethere between the various steels.



1.6 Thesis Structure

This thesis is organized in the following manrn@hapter 2Background and.iterature Reviewis a
literature review on studies completed in the field of corrosion of weathering steel and reinforcing
steel.Chapter 2also contains the theoretic premise of corrosion and the chemistry invol@kdpter

3 ExperimentalProcedurecovers the testing methods implemented in detecting corrosion of the
reinforcing steel and weathering steel as well as the methods used to determine the corrosion
products.Chapter 4Experimental Results and Discussamalyzes and interprets the results gathered
during experimental testingand summarize the datecollected Chapter 5is the summary and
conclusions drawn fromhe results collectedin Chapter 4 Chapter 6Recommendationutlines
lessons learned from the current research including ways in which to improve upon it; as well as,

recommendations for future research in the corrosion of reinforcing steel and weathering steel.



Chapter 2 Background and Literature Review
This chapter provides an overview of similar research completed in the field of corrosion and concrete
degradation as a result of artiing solutions and aniting salts. It is important to note that any

effects on the concrete will also directly impdloe performance of the embedded reinforcement.

2.1 Effects of Chlorides on the Corrosion of Steel Reinforcement and

Concrete
Steel, like many metals, does not occur naturally and is typically found as an oxide or bound with other
elements to form a variety obther compounds. When iron ore is processed into steel it naturally
wants to corrode and revert back to its lower energy states. Luckily, as mentioned in Chapter 1, steel
in concrete forms a naturally passive film that reduces the rates of corrosion églaible level. This
is a result of the high pH environment (typically pH 12383) found in concrete. From thepH
diagram inFigure2-1, shown in volts vs. a gidard hydrogen electrode (SHE), it can be seen that at
pH levels above 9 the steel can form a passive film. This film is not formed instantaneously and will
take time, about a weel6], to form as the cement reacts and the coeler cures. Unfortunately, the
passive film will become unstable and breakdown in the presence @nSlor with a drop in pH. If
the concentration of Cland/or the drop in pH is significant enough, the corrosion mechanism will

transform from passive tactive corrosion. Material loss due to active corrosion is several orders of

magnitude higher than passive corrosion, from aboutDad> Yk @ SI NJ 112 aS@SNIf YYke

and active corrosion, respectivel].
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unbound and will flow from the anode tilne cathode. This results in a localized corrosion cell. There
are four primary cathodic reactions that can occur during the oxidation of a metal, shown below in
Table 2-1. Concrete is quite basic and the typical reaction is the reduction of dissolved oxygen,

equation2-3.



Table2-1: Cathodichalf-cell reactions

pH Region of EpH diagram inFigure2-1 Cathodic reaction

< Between a and b line (water stability) 0 TO 1TQ° 00 2-1
(acid) | Below the a line (hydrogen gas stabilii ¢O cQ o0 2-2

o Between a and b line (water stability) 0 ¢O0 1TQOTULO 2-3
(base) | Below the a line (hydrogen gas stabilif ¢ObL ¢cQO0 0O 2-4

Note: above the b line is the oxygen stability region. Cathodiededllfeactions do exist here;

however, these typically do not occur naturally and will not be considered in this thesis.

Theexact mechanism of Glttack is not fully understood. However, two prominent theories exist. The
first is that the Clions react with the passive film and become incorporated into the compound. This
results in a reduction in resistance and allows theskte react more freely. This occurs locally and will
generate an area that is more anodic than the surrounding. This potential difference will act as the
driving force and perpetuate the localized corrosion. The second is that thea€is with the steel in
place of the OHons and forms a soluble compound rather than a passive film whilst also not allowing
the formation of a passive film. This compound then dissolves once it has been removed from the
a0SSt Qa adzNF I bouBdbClian ks owliibeRaZchriindm reaiting with the remaining steel
[6].

Once the iron ions are removed from the steel, they are free to react with the surrounding
environment (typically OHons and dissolved oxygen) torfio a variety of compounds. All of these
compounds are expansive as illustratedRigure 2-2. Jaffer [7] found the largest steel corrosio
product found in concrete when exposed to chlorides is ferric hydroxide, Fg(thef) has a specific
volume four times larger than irods these corrosion products form, they exert an expansive force on
the concrete. This is what damages concrete stnes; the concrete delaminates and -tbends from

the bars The resulting cracks help aid the ingress of the chloride species, oxygen and acidic carbon

dioxide making corrosion self perpetuating.



0 1 2 3 4 5 6 7
Unit Volume

Figure2-2: Specific volume of the corrosion products from ir¢h2]
2.1.1 Salt Chemistry
Although this research focuses on the effects of the variousieing salts, their effectiveness as anti
icing agents should not go without mention. One such property is the snow melting ability of each
anti-icing salt. Below irFigure2-3 the phase diagrams around the eutectic point for all of the salt
solutions is shown. It is clear that Ca@lith a eutectic temperature arounéb1°C has the potential
for melting te to much lower temperatures than Mg@hd NacCl with a eutectic temperature -&4°C
and -21°C, respectively. At a glance one would expect,Ga®le the obvious choice for antting;
however, at temperatures well below zero, the traction between vieghiites and ice is sufficient for
driving. Furthermore, phase diagrams only reveal the thermodynamic equilibrium phases at each
temperature and provide no information about the kinetics of the reaction. Likewise, if a eutectic
mixture of NaCl were used Bn environment where the temperature dipped bele@1°C, ice could
form. This ice would likely not provide adequate traction that may have been present had the melting

point not been suppressed by the application of the NaCl.
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With regards to the kinetics of salts melting ice, Fay ef18] completed researcltomparing a wide

variety of antiicing media and were primarily focused on comparing salt basedete with acetates,

formates and other agricultural based produdtgure2-4 below shows the results of Fay et al. of the
variousanthA OAy 3 | 3ASydaQ lFoAfAGe G2 YSti aafieMgGlaré pc/ @
the best choice for rapidly melting ice, where NaCl is more capable of melting larger amounts of ice
over longer durations. It is important to note that these are solid salt crystals and that the, MgClI
solution preformed the worst in terms of its aibjl to melt ice. However, Fay et §l5] pointed out

that the MgC] solution was excellent at preventing the formation of ice. Overall their report showed

that, in terms of damage to infrastructure and negative environmentglact, chloride based anti

icing agents performed least famably.

10
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Figure2-4: Ice melting capacity ofle-icersmeasured at-5°C for reagent grade chlorides, chloride
based (CB), CMA, and-#gsed (ABYe-icers De-icersnot listed as reagent grade are commercially
available produces. The salt/sand blend is 10% salt by we[dBbi.

2.1.2 Chloride Content of Cement Pore Solution

Synthetic pore solution is chemically equivalenthe environmentfound inside of concretéhere are

a few advantageusing synthetic pore solution over concrete in corrosion testifjg much more

control over the chemistry is afforded in synthetic pore solution than in concrete, (ii) it is possible to
visualy inspect thebarsthrough the life of the test and (iii) there is no waiting time for diffusion in
synthetic pore as it can be mixed. There are some disadvantages as well, such as the lack of crevices,
the possible reaction that may occur with aggregatey] relating the results gathered from synthetic

pore solution testing to field data. Several recipes for mixture design have been proposed, the mixture

used in this thesis is that proposed by Marcotte showmable2-2.

Table2-2: Syntheticpore solution composition [16]

Compound Quantity [g]
Na(OH) 12.8
K(OH) 44.9
CaSQ@w H,0 1.38
Ca(OHy 5.71
H.O 2430

*Note: Excess amount

11



To relate the chloride content in pore solution to chloride content in concrete and cement paste
Anders and Bergsnma7] cast cement paste samples with different NaCl contents and expressed and

analyzed the pore solution; the results are showifrigure2-5.
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Figure2-5: Relation between chloride content in concrete and cement to pore soluti¢hg]
2.1.3 Effects of Salt on Steel in Concrete
As mentioned previously, the ability of carbon steel to form a protectivesigaslayer in concrete
makes it an excellent candidate for concrete reinforcement. However, in the presence of chlorides or
if the pH of the concrete drops, the bars are no longer capable of forming that protective film. When
comparing different anticing agents the primary concern is with how the cations (a) influence the

ability of the Clions to penetrate the concrete and (b) affect the pH and conductivity of the concrete.

12



The former is a combination of diffusion rates and of the interaction and darttagy cause with the
surrounding concrete. If the damage to the concrete is significant and/or the chemistry of the cement

and pore solution is modified, so too will the diffusion rates. Furthermore, if the damage is severe
enough to cause significant @l@ng the diffusional driving force can be replaced by capillary action

which is much more rapid. Hansson et[dB] ¥ 2 dzy R G K| (i ~“@oAtBrt dldeSied the ICS /€
content of the pore solution alone can be used as a-rdedzNBE 2 F GKS O2NNRaAz2y
controlled by other factors, such as resistivitgrosity, pH and availabilityfo 2 E&@ 3Sy ¢ @

The pH and conductivity of the concrete is dependent on how the cation interacts with the
surrounding cement. Typically thalts will not drop the pH below the region where it is impossible to
form a passive layer; however, at lower pH levels it is more difficult for the steel to form a passive film

[11]. This combined with the presence of &l butguarantees the onset of corrosion.

2.1.4 Effects of Salton Concrete Durability

It is well established that concrete is affected byidiag agents by a variety of mechanisms including
concrete strength, scaling, aggregate attack, etc. Attempts at tabulatiegsttverity of damage
induced in concrete by these salts has been extensively reseaf@BgfiL9]- [20] with the results
being somewhat agreed upon. Furthermore, theahanism of degradation is not fully agreed upon
and ranges from the formation of complex salts to the replacement and leaching of G&tQhb
cement paste. This section reviews some of the studies and their findings with regards to the

degradation of OB-based concretes.

Cremascd13] conducted a study comparing the effects of the same-mirtig agents described in
Table 1-1 on the mechanical properties of concrete. He used the same-i@ng solutions and
concrete mixdesign as used in the present study. Concrete prisms were exposed to 400 freezing and
thawing cycles ranging froml8°C to 4°C. The prisms were divided into five groups. Each group was
exposed to the solutions at 1/3 concentration and a control group (exposed to water). He found that
the prisms exposed to CaQhulti Cland NaCl had worst damags a result of scaling than the prisms
exposed to water. Thé1gC} causing less damage than the other aning agents from the freeze
thaw tests correlateswith the findings of McDonald and PerencHhit®]. It should be notedhat,

RdzZNAY 3 / NBYFao2Qa GSadasz | tf 2splidified $le specdladed he2 ya 6 A
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reason for this was due to the impurities found in the solution or that exposure time to the low

temperatures was not sufficient enough to allohetsolidification transformation.

Lee et al.[21] completed a similar study examined concrete exposed to wet/dry and freeze/thaw
cycles exposed to NaCl, Ga®igC}, calcium magnesium acetate (CMA) of 5 different Ca/Mg ratios,
Ca-acetate and Mepcetate. Cores from existing lowa structures were cut Bx 1.5cm x 1.5cm
blocks. The wet/dry cycles consisted of repeated cycles of exposing the concrete to the solution at
58°C for 132hrs, air drying at 58°C for 2#&s and cooledo 25°C. The freeze thaw cycles included
exposing the concrete to the solution at 58°C for h82 air drying at 25°C, further cooled-#fC and

held for 24hrs, air warmed to 25°C after which the specimens are returned to the solution and the
cycles repated. Lee et al. found that the solutions containing Mg caused severe damage to the
concrete paste by forming brucite (Mg(QHand noncementitious magnesium silicate hydraé-S

H) and that NaCl was the least damaging to the cement paste and aggreddisstest may have
proven to be somewhat biased for Cag¥ Chatterj[22] found that deterioration of concrete by CacCl

was primarily due to the formation of complex salts, that do not form at temperatures greater than
40°C. This suggests that during the warm exposure cycles of 58°C, the complex salts that induce
damage on concrete would not form until the cooling cycksving more opportunity for the Mg

containing solutions to cause more damage.

Cadlis known to attack and crack concrd3] [24], which in turn results in théarsbeing exposed

to the solution h shorter periods of time. Chatterji found that the actual mechanism of attack below
20°C is due to the formation of complex salts containing £aCa(OH) and/or CaCg@ at
concentrations of Cagof 15% or highef22] which iswell below the 38% used as an aitiing in
Ontario. Chatterji exposed anhydrous and partly hydrated powders of Portland cement in various
concentrations of Cagand at 40°C, 20°C and §22]. Chatterji also found that thpresence of Cagl
leaches out Ca(OHat all temperatureg22]. This could result in the decrease in pH of the concrete,
which like the MgGlsolution would result in the degradation of thmrQa LI 84 A @S FAL YO

McDonald and Penchio[19] found in a test exposing three concrete mixes to 4% salt solutions
created using the following salté) 80% rock salt, 20% Cgii) 100% rock salijii) a proprietary salt
(composition shown belovn Table2-3); (iv) 69% rock salt, 30% KCI, 1% ¢ai (v) 50% rock salt,

50% KCI. The specimens included direct exposure via a ponding well and underwent 100 freezing and

14



thawing cycles. They found that the solution made using the proprietary salt caused the least amount
of damage for 2 of the 3 concrete mixes. McDonald and Perenchio suspected that the reason for this
could be attributed to the presence of M@9]. The reverse relationship was found when high
strength concrete was exposed to the proprietary salt solution. It is important to note that the
proprietary salt is composed mainly of chloride and sodium and in comparison to the solugiedsn

this study; the levels of magnesium are quite low even when compared to the-chldtide solution

which contained about 3§/IMg@ 60 F o o)z 6SiG o6l aA &0 ®

Table2-3: Constituents ofproprietary salt tesed by McDonald and Perenchid 9]

Constituent Percent by weight on
dry basis
Sodium 34.00
Chloride 53.97
: _-.Pptassium 0.02
i Magnésiurn 1.38
Calcium 0.30
Sulfate 1.07

'y 20 KSNJ LI NIj13Jzthdy indiiBeY fiva li2ant3 &vith embedded strain gauges and arcast
ponding well. Again he exposed the beams to the four salt solutions and one control and measured
the resulting strain over time. He found that the MgQTaGland multi solutions caused the most
strain in the specimens when compared with the NaCl and the water exposed specimens. This

correlates well with his freeze/thaw data with the exception of the MgGlution.

Darwin et al[25] tested the effects of distilled water, air, various concentrations of NaCl,,Q4GCT}

and CMA solutions on the modulus of elasticity of concrete. The concrete was exposed to weekly
wetting and drying cycles of concentrations ranging from 6.04 matatoncentration, equivalent in

ion concentration to a 15% solution of NaCl, or a 1.06 molal ion concentration, equivalent in ion

concentration to a 3% solution of NaCl, for periods of up to 95 weeks. They found that NaCl in low and
15



high concentration sbwed a relatively small effect on the concrete although a greater effect being
observed at higher concentrations. Calthd a low impact at low concentrations but a significant
impact at higher concentrations. Mg@nd CMA caused measureable damage at ¢doncentrations

and like Cagtaused considerable damage at higher concentrations.

Poursaee et a[20] compared the effects of NaCl, Mg@hd CaGlin solution by observing the macro
and micracell corrosion of embeddedexl in OPC mortar. They varied the concentration between 3
to 30% and found extensive damage to the concrete exposed to,de€d damage to the concrete
exposed to MgGland little to no damage to concrete exposed to NaCl, as shown bel&igime2-6.

The damage observed in the Ga§plecimens is also the likely cause of the high maetbcorrosion
ratesFigure2-11. This damage would allow the ions to enter the concrete directly. Furthermore, they
found that the corrosion rates from NaCl and Mg&llow concentrations were comparable but once
the concentrations were incread, the micrecell corrosion of the specimens exposed to MgCl

increased significantly

CaCl,-bottom view CaCl,-top view

NaCl-top view MgCl,-top view
Figure2-6: Surface of specimens, 130 weeks after exposure to different salt soluti@03%
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2.1.5 Diffusion of Salt in Concrete

Cremascql13] also conducted testing of diffusion of the various salts into the concrete. He found that

NaCl had the fastest initial diffusion when compared to the other salts. However, atrltinges

exposed to the Ca£IMgC} and multi solutions had higher concentration than that exposed to the

NaCl solution. This is shown belowHRigure2-7. Cremasco wggest that initially the NaCl solution

could cause more damage than the other solutions to the concrete and reinforcing steel but in the

long-run would be surpassed by the other aiting solutions. The vertical concrete cover required for

reinforcing seel according ta€CSA S66 Section 8.11.2.2 Table 8540mm, this is four times greater

than the depth measured by Cremasco. This would likely result ibahbeing exposed to the multi

chloride mixture first as it has the highest concentration atrifh and 59 weeks exposure.
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Figure2-7: Chloride penetration into concrete from one direction measured after 2, 19 and 59
weeks soaking by weight of cementitious materidls3]

Mussato et al[26] report similar findings for diffusion coefficients of the various salts in OPC mortar,

slag blended cement mortar and OPC paste showmable 2-4. It is interesting to note that the

difference between the diffusion coefficients in slag blended cement is significantly lower than the

other cements tested, which would give explanatioriiad

g Ke

I NBYl 2402 Qa

RKGIF X

showed very little variation between the different solutions. Furthermore, a field study of chloride

diffusion showed that diffusion rates were twice as high in areas where both,Mg@INaCl were
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used compaed to areas where only NaCl was used. A study by Kf¥agrees with Mussato and

/| NBYl ad20Qa

NaCl. Combining this information withNB Y I 4 02 Qa

various antiicing solutions have a significant impact on diffusion rates and thus potentially an effect

T A ¥ R A hadgthedhighestaliffistoa iatksy Galeks 3o/ dnd the lowest for

on onset times of active corrosion.

TAYRAY3a

Table2-4: Chloride diffusion oefficients fordifferent salts [26]

ddza3asSada

Effective Diffusion Coefficient (s) x 10
Salt Type OPC Mortar Slag Blended Cemern OPC Paste
Mortar
NaCl 9.1 1.4 6.6
Cad 22.9 15 9.9
MgC} 29.0 1.8 20.8

Hansson et a[18] found that CaGlcreated a more open pore structure in the concrete, whereas NacCl
and KCI also increased the pore structure but to a lesser extent. This would explain the higher

diffusion rates foundn CaGlwhen compared to NaCl. It can also be speculated that, as the,MgCl

reacts with thecalciumsilicatehydrate (GSH) and Ca(OH)and produces MsH, Mg(OH)and CaG]

a similar mechanism would occur, which explains the more severe diffusionveldserMgGl

On the other handPoursaeeet al.[20] found MgC] can form brucite, solid Mg(OH)Brucite has the

ability to block the pores on the concrete surface, which inhibits further ingress of the, BigCthus

Cl species. As a result, there is a subsequent reduction in corrosion rates of the steel.

2.1.6 Effects of Salt on pH

If has been found that both MgCind CaGlcan lower the pH of concrete pore solution whereas NacCl

can raise the pHR28]. This combined with the diffusion rates suggests that steel corrosion will likely

occur first when exposed to MgGind CaGl The explanation for the drop in pH is explained by the

chemical reactions between the concrete and the salt. The Mg in Meggaces the Ca in the-EH
and in Ca(OH)to form M-SH and Mg(OH)respectively[29] [30]. The pH of saturated Mg(OH)
AAAYARDQN FmHaT D o ERINSINK SHIERitII Brid &

OLJ Fpdpo

Aa

will reduce the strength of the concrete and eventually result in crad@d8p[30]. Similarly the Cagl

also reduces the pH of concrete, thglu this is not as severely as in the case with Mg@d the

addition of NaCl or KCI resulted in an increase ifl@jl. The decrease in pH due to Ga&posure
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and the increase in pH due to NaCl exposure were also obseyed et al[31]. This is a result of
NaCl reacting with the Ca(QH) form Na(OH). Na(OH) has a much higher solubility than CagDeH)

as a result a higher pH. The reverse reaction is true with the addition of [C8CI

Effects of M ion solubility and pH found by Brown and Dog8®] are shown inFigure2-8. The
relations between pH and Mgsolubility was found to be that as the pH decreases, the solubility and
diffusivity of Md? into the concrete increases. This would result in the pH nkarbar dropping
which reduces the steels ability to form a passive film. In addition to this, the solubility &f Mg
increases allowing high concentrations of the now unboun@@$ to attack the steel and break down

the already compromised passive film.

1E-4 -

\

\

1E-5 4 \

1E-6 -

[Mg++; mol/L]

1E-7 4

1E-8 -

L] = P —
10.0 105 11.0 115 120 125 130 135 14.0
pH
Figure2-8: The variation in the molar solubility of magnesium hydroxide as a function of pH (in the
absence of species other than magnesium and hydroi33).

A study from Levelton Engineering Ltd. by Mussato §R6él.suggested that the higher diffusion rates
associated with MggWwould result in reduced [active] corrosion initiation times; also the Mg@Lld
react with the cemat resulting in damage to the concrete. Although they mentioned that data in this
field are limited, they concluded that the use of Mg@hen compared to NaCl, would reduce the life
expectancy of a structure by 4D years. It is also suggested that thee of NaCl as a pweetting
agent in milder climates experienced in BC would be sufficient while colder climates Wwiy@l be
more effective and at significantly colder climates the use of sand would be more appropriate.
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2.2 Electrochemical Corrosion

The corrosion cell that is occurring at the surface of the reinforcing steel can occur in two primary
fashions:macro-celland micro-cell corrosion. In the first instancermacro-cell is essentiallya galvanic
corrosioncell. In galvanic corrosion threeit@rion must be met (i) a potential difference betweemo
dissimilar metals, (iphysically connected for the flow of electrons &(iig an electrolytic medium for

the flow of ions.

As chlorides migrate through the surface of the concréte top layerof reinforcing steel is attacked
and the passive film breaks down. Once this ocdines potential of thetop reinforcingsteel adjusts
and becomesnore anodiovhile the lower laye® potential remainghe same Thisis analogous tohe
two dissimilar meals found ingalvanic corrosionThis change in potentia@reates adriving force for
both the OH ions to migrate through the concreteand for the electrons to travel through the
electrical connections (vertical rebar, tie wires, expansion joints, tai. ultimately results imacro

cellcorrosion Figure2-9 (a).

Micro-cell corrosion, on the other hands a result of local geoetry and initiation pointsfor the
breakdown of the passive filmn the samebar shown schematically ifigure2-9 (b). This type of
corrosion is typically higher than maecell corrosion adboth OH ions and electrons have far less

distance to travel and fewer obstacles to overcome.

20



Fe=Fe**+ 2e"

| | l/

’.‘
T T T 1/20 +HyO+2e"=20H" T

o)} 02 02 02

(a)Macro-cellcorrosion

1/209 +HpO+2e™=20H" Fe=Fe*"+ 2e”

(b) Micro-cell corrosion
Figure2-9: Schematic of (ajnicro-cell corrosion and (b macro-cell corrosion[6]

Typically micro-cell corrosion is considered the primary mechanism of corrosion of reinforcing steel
but this does vary depending on the environment present. Work completed by Hansson[24]al.
found that between ordinary Portland cement (OPC), high performance concrete (HPC) with slag and
or fly ash, the HPC had significantly loweaicro-cell corrosion due HPC resistance to ionic fldlese

tests incorporated K S ! { ¢ a StaheanddTestiMethod for Determining Effects of Chemical
Admixtures on Corrosion of Embedded Steel Reinforcement in Concrete Exposed to Chloride
Environments as described irChapter 3ExperimentalProcedure It was found that the micro-cell
corrosion was always higher than timeacrocell corrosion, with the smallésdifference between
measurements observed in the OPC specimens shoviigure2-10. Although micro-cell corrosion

does dominatemacro-cell corrosioncan still be a significantcontributor to the overall corrosion of
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reinforcing steel in concretas some of the valuggspecially those in OPC) begin to approach a ratio

of unity between macrea

—
o

nd microecellcorrosion
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Figure2-10: Comparison

Macro-cell corrosion (A/m®?)
between thenacro-cell and micro-cell corrosion current densities for the

steel in OPC and HPC specimens when the top bars are disconnected from the bottorf2B8ars

A similar trend wa found when comparing NaCl, Mg@hd CaGlin mortar by Poursaee et al. as

shown below inFigure2-11. Note in this figure the abscissa and ordinate axis have swibch the

previous figureFigure2-10

. This figure does show several points with significantly higheero-cell

corrosion current densities.
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2.2.1 Macro-cell Corrosion

Andradeet al. states that the galvanic current is not a perfect measurement of determining corrosion
becausewithout a deaerated environment the anode can still fornrmicro-cells shown inFigure2-12.
Although the reduction of oxygen and water to OHll be slowed oreliminated in deaerated
concrete, it is still possible for active corrosion to occur byrddiction of water to hydrogen gas and

OH[33]. Therefore micro-cellcorrosion will always be a factor and should not be neglected.
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Figure2-12: Configuration ofmicro-cell activity before and after forming anacro-cell by connecting
to a passive metallic zone. Only in deaerated media does the galvanic current equate to the
corrosion intensity inmacro-cell activity [34]

2.2.2 Micro-cell Corrosion

The corrosion reaction can baodeledby an electical circuit. Typically, the circuit used to emulate

steel in concrete is the Randleiscuit[35] as shown below ifrigue 2-13.
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impedance

Figue 2-13: Randles Circuiti; represents the resistance of the concrete (or solutio) represents
the double layercapacitance, Rrepresents thepolarization resistanceand W represents the
specific electrochemical element of diffusiceiso known as a Warburg elemef6].

The resistance Rs dependent on the medium the measurements are being taken across and the
distance the electrons havto travel. For example, when testing reinforcing steel in pore solution the
R, isnegligible as the synthetic pore solution is highly conductive. On the other hand, the resistance in
a specimen of concrete is about four orders mfgnitude higher andvaries depending on the

temperature and relative humidity.

The double layecapacitance occurs at the surface of any charged swiidersedin a solution of
polar molecules. In the example shown belowFigure2-14 the negatively charged surface attracts
the positively charged hydrogen atoms of a water molectllee two layers represent the two plates

of a capacitor.
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Figure2-14: Doublelayer capacitor [37]

The Warburg impedance element, W, is used when the diffusion of atoms can limit the rate of
reaction. For example, in concrete the corroding steel needs to removaednsmaway from its surface

as well as have those ions react with water. The diffusion of the iron ions away from the surface and
the diffusion of oxygen from the atmosphere into the concrete can limit the rate of the reaction. The

Warburg impedance is fouently omitted from analysis.

The polarization resistance,,Rs the atoms resistance to ionization. That is to say, in order for an
atom to become an ion a certain amount of energy is required to strip electrons from the atom. The
amount of energy is eportional to B which ultimately dictates the speed at which electrochemical

corrosion can occur. This value will vary with both material and environment.

Sternand Geanj38] determined thatat potentials close tdhe E, value, the relationship between |
and E were linear which resulted in equati@f and is represented schematically iRigure2-15.
Furthermore, Sterrdetermined that the polarization resistance was related 4@ by a constant, B,
which varied between 13 and 58V. Forsteel in concreteit was found that 26mV was ged for the

active state and 5tV was used for the passive stgB8]-[39] [34]. This is derived il sectionA-4.2.
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Where:

Rp is the polarization resistance,
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i .l ¥ Raré the anodice and cathodic tafel slopes, respectively,

B is the Sterrseary constant and

lcorr IS the corrosion current.
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Figure2-15: The polarization resistance is the slope of the polarization curvw&jlaround the
corrosion potential (when | changes the polarity from negative to positiyé]

It can be shown that the transient responeéa potentiostatic (PS)linear polarization to resistance
(LPRtest, the resulting curve for a single capacitor resistor pair results in equ2iifiull derivation
shown inAppendix AElectrochemicaRnalysi$. From this equation it is dgie apparentthat the time
constant forpotential controlledtests are significantly more complex than the time constant for the

GP test. This is further complicated when additional parallel capa@gistor elements are
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introduced. For this reason, onllie steady state values of the LPf ased with scan rates over 80

in length, seeChapter 3ExperimentaProcedurefor details.

o Q -
YO Y oY Y'Y Y 28

Specifically for GP technig@andradeand Alonsd34], Newton[40] and Law41] report the transient
relationship to be that shown in equatio2-9 which is further discussedniAppendix A:
ElectrochemicalAnalysis Newton [40] and Law[41] also suggests several other models including
multiple time constants (multiple resistarapacitor circuitsn parallel) as part of thenodel

Yo

\4e)
Andrade[34] goes on to report the various values fimorr and their meaning towards corrosion of

Y o g v 2-9[34][40][41]

steel in concrete as shown Figure2-16 and Figure2-17 determined using the Gecor6 field testing
instrument When compared to the values compiled by Otig¢#a] in Table 2-5, the values of passivity
are comparable but the rates for active corrosion are up to two orders of magnitude hightvaior
Il YRNI RSQa @I f dzSao
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Figure2-16: Ranges of¢l, values registered in the laboratory after numerous tests in many different
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Table 2-5: Gecob and 3LHnterpretation guidelines[43] [44] compiled byOtieno[42]

Ieomr (p;\s’cmz) Gecor (corrosion state) f— (uf\s'cmz) 3LP (expected damage)

<0.1 Passive <0.2 No damage expected

0.1-0.5 Low corrosion 0.2-1.1 Damage expected in 10-15 years
0.5-1.0 Moderate 1.1-11 Damage expected in 210 years
>1.0 High corrosion >11 Damage expected in <2 years

Note: left ior Values correspond to Gecor guidelines and rightvialues correspond to 3lduidelines

2.2.3 Review of Electrochemical Measurement Techniques

Several technigues are available to measure maalb corrosion, most of which revolve around
determining the polarization resistance. These methods include, but are not limited to: potentiostatic
(PS)(LPR), potentiodynami¢PD) LPR,PD cyclic polarizath (CP),galvanostatic pulse (GP) LPR,
galvanodynamiq GD) LPR, GD C#lectrochemical impedance spectroscopy (EIS), electrochemical
noise, resistivity measurements and corrosion potentig)JEneasurements. The latter two cannot

be used to determine R

Potentiodynamic and galvanodynamic cyclic polarization apply a potential or current respectively that
is increasing or decreasing at a constant rate. These tests have several major benefits in that they
provide a large amount of information about the sjmen being tested. However, the major
limitations include damaging and altering the surface species of the sample. Tests can also be quite
time consuming as scans rates need to be sufficiently low to ensure the system is not shocked and the
changes can bproperly recorded. Furthermore, scans need to cover several hundred millivolts and

several decades of current, making the test take upwards of two days.

Galvanodynamic LPR and potentiodynamic LPR are similar to their cyclic polarization-pattsteut

do not cover the large range of potentials and currents. The potentials and currents applied were the
relationship between potential and current remain linear. The major advantage of this method is the
number of data points used to determine the total msince of the system has increase and is
therefore more robust then the transient techniques (shown below). The major disadvantages are the
difficulties associated with determining the concrete resistance and the longer times required for

testing comparedo transient techniques.
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Electrochemical impedance spectroscopy applies a sinusoidal potential with an amplitude between
10-20 mV and a variety of frequencies fromHz20 kHz[34]. These tests can show the response of
the sysem including a direct measurement of the polarizatioesistance and the double layer
capacitor. The major short coming of this system is that steel in concrete can also be controlled by
diffusion, which introduces another element in the electrical syst&his can result in complex curves

that are difficult to analyze.

Electrochemical noise applies very small voltages (micro volts) from the corrosion potential and
records the resulting current. This technique requires very sensitive equipment and thismslap

between electrochemical noise angd,lvalues is still considered uncertdB4].

Galvanostatic pulse LPR and potentiostatic LPR are among the most widely used. The steady state
results can help determine,RThe resistance of the concrete can also be corrected for using IR
compensation techniques. Using the transient response, many of the properties found using EIS can
be determined with the use of curve fitting. Esmaeilpours§£¥ found that the LPR technique
provided the most accurate results for determining values.gfwhere EIS and GP techniques are
most suitable for determining RLaw[41] somewhat disagrees with this assessment finding ttRR
measurements are somewhat lower than the GP measurements. This was about 2.5 times lower for
active corrosion which is considered reasonable but concludes that for actively corroding steel there
may be time constants present when time intervals ofslésan 30s are used which can result in

significant errors when using the LPR method.

2.3 Corrosion Resistant Steels Outside of Concrete

One of the other concerns of the MTO is corrosion with regards to exposed steel. Initially the scope of
this testing wasd expose weathering steel and plain carbon steel directly to the salt solutions using
SAE J233#nmersiontesting. However, the size of the chamber was sufficiently large to incorporate
more specimens. As a result, a variety of stainless steel gradeangaie steel and black steel were

also included in the test. This section outlines the materials tested and discusses their associated

advantages, disadvantages and typical use.
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2.3.1 Stainless Steel

A significantly more robust option for reinforcement is stagd steel. In the atmosphere stainless
steel forms a protective passive coating obk@r In high pH environments (like those found in
concrete) the mechanisms of corrosion protection are not well understood, but it is known to provide
a significant impro@ment over black steel (Grades 304 and 316 are 800 to 1500 times more corrosion
resistant than regular black stepl6]) several studies are underway to help determine the corrosion
resistant mechanisms of stainless steel anarete in Canada, Italy, Spain and the United States of
America One such study conducted by Bergsma andddan consisted afxposing various grades of
stainlesssteelsto synthetic pore solution (a solution chemically equivalent to that in concrete) and
utilized Raman spectroscopy to determine the passive films. It was found that at potentials more
anodic than-100 mV vs. a Saturated Calomel Electrode (SCE) tHeraied CyO; is not stable and
instead Cr@and mixed spinels form. Furthermore, stainledsels with Mn exhibited Raman peaks
associated with manganese spinels suggesting that it is not chromium based compounds protecting

the steel[47].

The obvious disadvantage to stainless steel is the higher cost, being up to five times that of black steel
[6]. This is due to the large amount of alloying elements required to provide the higher corrosion
resistanceThe convetional stainless steels, UNS31653 and UNS32205 contain significant amounts of
both Ni and Mo. More recently, development of lower cost alloys replaces some of the Ni and Mo
with lower cost Mn47]. Long term studie®f these $ainless steelén concreteand the effects otheir
exposure tochloridesare being conducteth a number of research lalp7]. It is predicted that these

steels willoutperform black steel andaill fulfill the requirementsof the current building codéo

provide the 75 year life expectancy of bridge construciisi[49] [6].

In addition to lowering the price of stainless steels by using tasstly alloying elements, further
construction savings can be made by strategic placement of stainless. Utilizing stainless steels in
locations where corrosion is considered critical rather than using stainless in the entire structure.
These areas incledmarine environments and on key locations exposed to-iaimig solutions, road

salts, etc. as shown below kigure2-18 [50].
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Figure2-18: A typical bridge deck highlighting critical areas on a bridge deck typically exposed to
higher amounts of ddcing salts. These areas are good candidates where alternate reinforcement
could be utlized such as stainless, galvanized, fiber reinforced polymer, or other alternatiséy

2.3.2 Galvanized Steel

Galvanized steel can protect steel in two manners (i) it provides a boundary between the steel and the

Cl and can wthstand 2.5 to 10 times the amount of @then compared with stef#1] [46][6]. In
FRRAGAZ2Y G2 1T AyOQiitis dss Gapdblé afze®etinti Jagsiat foweil gH laveds / f
(closer toa pHof 6) as shown ifrigure2-19. Furthermore, if the surface of the steel is damaged, the
YR O2NNERF

zinc is anodic to the steel and will dcta

corrosion rates will slow drasticall¥6][6].

aF ONR TAOAI §

y2RS

Though not investigated in this thesis, zinc in concrete is also known to be unatathle higher pH

levels (abovea pH of 10). However, the zinc will react with the calcium in the calcium hydroxide to

form a protective film of calcium hydroxyzincate and once the concrete hardens, the corrosion rates
will drop significantlyj52][53]® 5 dzS

g2

i AyoQsa

oAt AGE
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and in neutral solutions it is ideal for protecting steel both inside and out of concrete.
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Figure2-19: Potential (SHE) vs. pélagramof zinc[11]
During the processing of galvanizing steel, specifically flame spray astiphgalvanizing, the steel
substrate will diffuse into the zinc layeThe zinerich corner of the F&Zn phase diagram and the
corresponding phase compositions are shown belowigure2-20 and Table 2-6, respectively.n
atmospheric conditions with chloride contamination the presence eZRdntermetallic have been

found to protect the underlying steg¢b4]; however in concrete the opposite trend has been found

[52].
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Table2-6: FeZn phase ompositions[55]

Phases Formula % Iron
aFe Fe(Zn) 96.1

r FeZn; 23.5-28.0
I Fe oZngg 17.0-19.5
) FeyoZngg 7.0-11.5
d FesZngs 5.0-6.0

n Zn(Fe) 0.03

2.3.3 Other Forms of Reinforcement and Comparison

There are several other available option of reinforcement available, the most common being fibre
reinforced polymers, epoxy coated rebar and corrosion resistant bars. With the exception of MMFX,
these types or reinforcement are outside the scope of this thesis but should not go without mention.
Both polymers and epoxy are generally not affected by adsr;, however, there are limitations to

their use. These options are compared below by Bashanalite2-7.
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Table2-7: Comparison oforrosion-resistantreinforcing materialg46]

Type of Times more | Scratch Bending | Cutting | Welding Chloride Cost,
rebar corrosion and chip threshold| $/Ib’
resistant resistance
than black
rebar
Epoxy-coated Easily Allowed Allowed; | Allowed; Same as 0.32
®m Damage 150 to 1,175 damaged, but can coating coating black rebar
level 0.5% requiring damage of cut of weld
® Damage 69 to 1,762 field epoxy end required Very high
level 0.004% repairs coating required
Galvanized 38 Very tough; Allowed Allowed; Allowed; 4t0 10 0.50
(zinc-coated) hard to but may coating coating times
damage weaken of cut of weld higher
coating end required than
required black
steel
GFRP Won't corrode | Fairly tough; | Field bends | Allowed; Nonweldable | Immune 3.00
difficult to not sealing to to
damage allowed of cut end chloride 4.00*
may be attack
required
Solid 800 to 1,500 Not an Allowed Allowed Allowed; 15t0 24 1.60
stainless issue special times
steel welding higher
procedures than
apply black
rebar
Stainless- Same as Very tough; Allowed Allowed; Allowed; Same as 0.60
steel-clad solid nearly coating special solid
stainless- impossible of cut end | welding stainless-
steel rebar to damage may be procedures steel
required apply rebar’®

MMEFX is an available alloy that provides a cost and corrosion resistance combination between black
steel and stainless steel. The lower cost is attributed toldlweer amount of alloying elements; it is
considered a low carbon, low chromium microcomposite steel (ASTM A615 Grade 75). The corrosion
initiation times of this alloy have been found to be 2 times that of black $&! It must be noted
GKFG GKS O2YLX SGSR 2y (KA&a adasSSt Ay (KAaA

with direct exposure to the various deing salts and not embedded in concrete.

GdSaid i K

2.3.4 Weathering Steel
Weathering steel has been used in mabystural applications as it is a higirength, lowallow steel
that provides significantly higher corrosion resistance when exposed to atmospheric conditions then

regular carbon steel]§7] [58]. This is due to the nature of the corrosion products of the weathering
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steel. These products form a protective coating and adhere well to the body of the steel, whereas the

corrosion products of plain carbon steel do not adhere well and flake off.

2.3.4.1 Applicat ions

In the environment under normal conditions weathering steel does not require protective coatings for
extending its service life. Structural carbon steel requires coatings or other protective measures to
ensure they do not corrode. These coatings evally degrade and rapplication is required.

Weather steel does not require this form of protections which greatly reduces the costs of
YIEAYUGSylryoS +a AlG R2Sa y2G ySSR G2 06S AyAGAILffe
ability to withstard corrosion it is frequently a candidate for highway structures. Currently weathering

steel is and has been used in Europe, Japan, and North America for ovecduatifigy [59][58].

2.3.4.2 Corrosion Resistance

One of the primary alloying elements of weathering steel is copper which is typically added to alloy
steels for increased corrosion protecti¢h0]. In addition to copper, some high strength low alloying
steels (HSLA) kia small amounts of chromium, nickel, and silicon at (0.2 to 1.2%). The addition of
these alloying elements allow the formation of a tenacious oxide film that will protect the surface of
the exposed metal if normal wetting and drying cycles are permiig&d. As shown below ifrigure

2-21, copper gives significant corrosion resistance to carbon steel; however, it is the combination of
copper and other alloying elements that enhance weathering steels corrosion resig&fic®n the

other hand,when exposed to chlorides the nature of the corrosion products change and large pieces

have been seen to become loose and cause darfittje
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Figure2-21: Effects of copper and other alloying elements on the letegm atmospheric corrosion
resistance of steein[60] adopted from[61]

Alloying elements contribute to a mercompact corrosion product that adheres well to the surface of
the steel,Figure2-22. Coburn and Kini62] found that when weathering steel wagxposed to water

the steel must be allowed to dry in order to develop iron oxides and/or sulfates to form the protective
coating that seals the metal from the corrosive environment. If this is not possible and the weathering

steel renains wetted it will corrode at rates similar to carbon steels.

(@) (b)

Figure2-22: Surface oxides of (a) carbon steel and (b) weathering s{é8]
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The effectiveness ahe corrosion resistance provided by weathering steel can be greatly reduced if
water is allowed to pool on the surface of the metal. This can occur if proper drainage of water is not
designed in, in the grouhwhere ground water is preseind in crevice$requently created by bolts

and rivets in the structurg64]. To accommodate for this, minimum spacing for bS] has been

derived as well as specifications for caulking or other sea[é@{dor large overlapping joints.

Although weathering steel has shown greater resistance to corrosion than structural carbon steels,
there are still documented cases of corrosion occurring in structures at higher than expecteddate
highway bridges and overpasses this is represents a significant problem for two reasons. The first is
the thinning of the steel which compromises the structural integrity of the bridge and the second is

pieces of corrosion products falling onto thead that pose a threat to the passing traffig6] [58].

As mentioned pooling water and galvanic coupling can induce excessive corrosion in weathering steel
but they are also susceptible to ata by chlorides. Hara et d67] found accelerated corrosion
induced by chlorides was a result of rust growing by the chloride ions; this rust haspoiein its
structure which form around the chloride ions. They went on to find that even residual chloride ions
remaining on the stelein the summer from the winter applications of the salt greatly accelerated the

corrosion of the weathering steel by increasing the rust particle[6izk
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Chapter 3 Experimental Procedure
This chapter outlines the research methodedisand describes what each test intends to prove. The
tests can be divided into two major categories: (i) steel reinforcement exposed ticangisolutions
in a high pH environment either in concrete or synthetic concrete pore solution and (ii) varamesg
of steel reinforcement and structural steels exposed to -#gitig solution in a neutral pH
environment. The former is discussed in Secti®sand 3.3, the latter is discussed in Secti@rt. The

research design and materialseadiscussed in Sectio3sl and 3.5, respectively.

3.1 Research Design

For blackreinforcing steelrebar) three tests were chosermmacrocell corrosion in concrete prisms
following ASTM G109nicro-cell corrosion inconcretebearrs, and micro-cell corrosion insynthetic
pore solution The ASTM G109 test represents layers ofidgler declwhere the top mat is exposed to
anti-icing solutions whereas the bottom mat iis chloride free concrete. Macraell corrosion is
typically slower thammicro-cell corrosion[20] but it is an important mechanism thaan have severely
detrimental effects once active corrosias initiated Themicro-cell beamswith a castin ponding
well, are concretebeans containing sixeinforcing bars eachnd exposed to the antting solutionin
the ponding wellFor the third est, reinforcing bars are submerged directlysyntheticpore solution
containingthe salt solution at specified concentrations. Ttést was conductedoth to guarantee

results in the time frame of the project anid allow for direct visual inspectioof the corrosion.

The final set of testing includes a variety of construction materialduding different stainless
reinforcingsteels, weathering steel, black staebar, plain carbon steehnd galvanized steel. All of
these materials are placed inside a corrosion chamber which runs on a 24 hour cycle according to the
SAE J2334 test standard. This includes direct exposure to dilutettiagtisolutions.Though these
conditions are not the @me as tlosefound in concrete, this test providea comparative glimpsef

which of these steels can resist direct exposure and which of thdang solutions inducgthe most
damage. Furthermoreif cracks initiate in concretand the concrete begin® delaminate from the
reinforcing steel, the arnicing solution will penetrate through the macro cracks and the reinforcing
steel will be exposed directly to the a#iting solution. Weathering steel, galvanized steel, and plain
carbon steel are frequefyt used as | beams and box girders, widohdirectly exposed to anicing

solution.
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3.2 Macro-cell Testing: ASTM G109 Testing

The ASTM G109 test is used to emellttie dfects of layered rebar which areommonly foundon
bridge decks and overpassddiree lars are cast into a prism, one bar is located near the top and two
are located near the bottom; all bars are parallel as showRigure3-1 (a). The top of the prisris
typically fastened with a container to act as a ponding well where the solution is contained. In this
test, the ponding well was cash rather than fastened afterward3ypically ASTM G109 is used to test
the effects of chemical admixturds the concete on corrosion of embedded steel reinforcement
exposed to chloride environments and specifies the solution used in the ponding well as 3 parts
sodium chloride to 97 parts watdbpy mass[68]. However, the objective of thisrgject was to
determine the comparative effects of the four aiiting agents on steel reinforcement in concrete,
thus, the full-strength (i.e. nordiluted) antiicing solutions were used in place of the 3% sodium

chloride solution and the concrete mix dgis remained constant.

In this case, the top bar is the first bar exposed to chlorides, as thécargiagent will diffuse through

the ponding well located at the surface. The passive film of the top bar will break down as a result of
exposure tochlorides making this bar more anodi@he bottom barsin chloride free concrete,

remain at the samelectrochemicabotential and are thus more cathodic to the top bdahese two

bars are connected with an external wire providing little to no resigtaiitie anodic bar is connected

viaaloow NBaAad2N) 62 GKS OFIGK2RAO o60FNAXZ gKAOK OFy o
connected bystirrups and expansion joints. This completes the circuit for a maetb corrosion to

occur between the tp and bottom barsA schematic of the ASTM G108l®wn inFigure3-1.

The reason for using two cathodic bars esensure the cathodic reaction is not the limitifector
during macrecell corrosion.The cathodic barsccept the excess electrons from the top bar and
provide a constant supply ofOH ions as described in sectio.2 Electrochemical Corrosion
Furthermore, the test follows four weekcycle of two weeks wedndtwo weeks dry. This is intended
to replicate the inconsistent avironment of precipitation and application of asnting salts The
wetting and drying alse@ncouragethe ingressof the salt solutiorby allowing capillary absorption as

well as diffusion
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Cathode

The tars used in this teswere cut toa length of 360mmand ro additional surface treatments were
performed on the barsj.e. they were used aseceived which is typical of the practices on a
construction site. The bars themselves were drilled and tappedra endand fastenedwith a
stainless steel bolt and twstainless steel nutor electrical lead connection§he ends of théars
were then sealed with a heat shrink tubing containing an inside coating ofegisigring 200mm of

bar steel was exposed quick tested was completed to ensure a tight seal between the tubing and
the baras follows A smalbar samplewas sealed abne end with the shrink wrap and the entire bar
was exposed to M HCI. The bar was removed after about 5 minutes of exposuresHitiek wrap

was removed and the results are shown belowigure3-2.
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(b) ©
Figure3-2: (a) dacksteel barsample prior to testing(b) black steel bassample coated with shrink
wrap containing adhesive exposed to 1M HCI with shrink wrap agdwith the shrink wrap
removed

The shrink wrap with adhesive appeared to provide an adequate seal and was used on the bars for
ASTM G109 testingnicro-cell corrosion in concrete and micro-cell corrosion in pore solution.
Electroplaters tapgrecommended by ASTM G108as not used as th glue from the shrink wrap
provided a sufficientseal; furthermore, the standard specifies that the shrink wrap encase the
St S Ol NEapéf whichSwddigesult inmaunwanted crevice.

In total, 35 ASTM G109 specimens were cast @nthected to a datacquisition systemeach with its
own unigue channel; this summarized below iTable3-1. All specimens were exposed to the same
curing conditions; however, not adbhmples came from the same concrete batch (see se&ibr2.1
Castingfor details). Fifteen specimens wemaced outsideand exposed to the elements. These
specimens did not experience wet/dry cycles amdtead were continually exposed to the solution.
This resulted in variations of concentration as precipitation and evaporation diand concentrate

the solution respectively. At no point were the solutions allowed to dry completalthough, on
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occasion salt crystals would form in the bottom of the ponding welhd had to be periodically

removed to unblock the pores.

Three ASTM G109 samplesere cast for each solution including thecontrol samplewhich was
exposedonly to potable water for outdoor exposte. The remaining 20 specimengre dividedinto

five groups, one for each solution plugentrol that remained indoors and followed the specified wet
dry cycles. The ponding wells were all covered with duct tape to limit the amount of evaporation that
would occur. When takingorrosion potential(E.) measurements during the dry cycleater was
added to the ponding well. There were two reasons for this: the first is that a solution or damp sponge
is required to make an electrical connection between thferenceelectrode and theblack steelthe
secondwas to dissolve the salt crystals that formed at the bottom of the pondihge to the
evaporation of the remaining solutio his water was removed after all thg,, measurements were

complete.

Table3-1: ASTM G109ample configuration

Location Solution in pnding Numper of Channels
well specimens
H,0 4 101-104
NaCl 4 117-120
laboratory MgC} 4 113116
Cadl 4 105108
Multi 4 109112
H.0 3 121-123
Exposed tdhe NaCl 3 133135
elements MgC} 3 130131
(outdoor) Cad 3 124-126
Multi 3 127-129

The primary deviations from the standard includ@: creating a casin ponding well rather than

attaching a plastic ponding well after tlsencrete had curedji) exposing the specimen to various salt

solutions to compare their effects instead of exposing the specimen to the standard 3% NaCl to test

the effects of rust inhibitors an@i)i KS & LISOA YSy Qa féoi RIBKM té 1TmMmMA4SO NS | & SF
in to 6.1in). Thereason for increasing the width of the ASTM G¥p@cimenwas to increase the

thickness of theponding well wallsThe walls werdnitially 20 mm (0.79in) as specified by AW
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G109 less than double the size of the coamggregate, and were increased to #tim (1.57in) to

allow consolidaton.

Further alterations were made to the testing schedule. The standazdmmendsnacrocelland Eo
measurementdo be collected every month this was altered to weekly for themacro-cell test and
every two weeks for thdg,, measurementsIn addition to completinds,., measurements with the
top and bottom bars connected with the 100 NXB andedsirénéats were also taken when thers
were disconnectedThis was done to show thdifference betwen the mixed potential and anodic

potential. Both valuesare reported inChapter 4

The E,; potential measurements weréaken manually using high impedancemultimeter and a
saturated calomel reference electrodSCE The resistors were wired awéym the samples o5
pin connectorboardsto enable easy connections and disconnections to the resisidmasit was

possible to easily monitohe E.,,, potential with thebarsconnected and disconnected.

Wired inparallel tothe resistorsa Keithley" Model 2700 DMM, Datécquisition inconjunction with
ExceLINX!, a Microsoft™ Excel adebn wasused to measure the potential difference acrose t00m

resistor. The system was set up in such as a way that when measuring the potential, the software
would averagel00 readingver a short periodf time (less than a minute)rhis value represents a
Gayadd2idé 2F (GKS LGSy ek thd weekyhis wags2hé repbies valueiSadiod S 2
complete further calculations. In addition to the automated system, the wiring was checked
periodically to ensure that a resistance of 1004%as maintainedetween the top and bottom bars

no shortcircuiks were present, and to cross reference the readingth those measured using the
Keithley™.

To determine the corrosion current density of tmeacrocell, | O2Y0AYlIGAZ2Y 2F hKY
CI N} RIwa3ddza$R® hKYQa I 63 34,3 ustd®detgrmineythe Soljratiingi A 2 v

currentwhich is divided by the exposed area of the top bar to give the corrosion current density.

w0 31
0 v (0]

v w 3-2
Q -— T
0 0'Y

Where:



lcorr IS the corrosion current iA,

icorr IS the corrosion current density iA/m?,

n9 Aa GKS Lk 4GSy thdahoddahdite SahiBdg 8 o6 S 6SSy
A.is the corrodig area of theéop barin m”and

R is the resistance between the and bottom barsin this case thd00m resistors

The mass loss per unit exposed area canob&ined from the corrosion current densities using
CFNIRI&Qa flgd

Q o0
) 3-3
. "Oa
Equation3-3 can be converted o
to depth loss due to corrosion v X Q ov 3.4
by dividing by density. i " "Oa

Where:
& isthe mass loss per unit areagfm?,

thedlensity of the material ikg/m®,
tis the elapsed time in s,
M is the molar mass in g/mol,
C A& CIN}RIe@amolay aidl yd odc nyp
z is the valance number of the ion.
3.3 Micro -cell Testing
The aim of these tests is to determine thacro-cell corrosion ofblack steelwhen exposed to the
various antiicing solutions. This differs fromacro-cell corrosion in that the corrosiohappens locally
on a single bar witlvarious areas of the baacting as the anode and the cathode providing all the
necessary elements for corrosion. This is represented schematically belguie3-3. Note that this
figure is notto scale and that thenicro-cellwould be much smaller in size, typically with a local crack
or cavity containing pore solution contaminated with salt. The pore solution will then act as the

medium for the OHons to pass through.
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Figure3-3: Schematic omacro-cell corrosion, modified diagram of Carolyn Hanssf#}

Multiple electrochemical tests were utilized to determine the corrosion rates of the bars. The piincip

behind these methods is describedAppendix AElectrochemicahnalysisThe two primary methods

used were:galvanostatic pulse (GR)nd potentiostatic linear polarization to resistance (LPR)

compensate for the resistance of the concretiee transient response was used and analyZ€lis

provides the detail required taetermine potential drops due to concrete resistanda attempted

was made at utilizing PowerSuifédR compensation but this provided faulty results and unreadable

scans. Ansujb9] found that potential drifts resultingrom IR drops of reinforcing steel in concrete can

be complex and result in erroneous results

The @ method is used to determine the resistance of tbencrete;it was omitted from the pore

solution test as the resistance of the solution is negligiblés frirethod can be used to determine the

polarization resistance (R TheGP test used applied 0 !for 10s. An exampleof a theoretial GP

scan is shown below irigure3-4. Thefirst point is the open circuipotential, E.,,. The initial potential

spike is a result of the concrete resistarice/’ R

NB LINB & Sy (i #ihe gr&dGal iriciease iR NB LJE

potential represents thecharging of the double layarapacitor (&). This changes the branch of the

circuit froma closed circuit to an open circuit. Tigcesthe iron ions to lose electrons and polarize

(representing the polarization resistanc&uring an experimentalest, a passive specimen may not

achieve steadytate because thé&,,, potential of the specimen can drift with the test, which is why

this method was not utilized to determing,.R hisdrift occurs because the passive layer is either being
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depleted orenhancel for cathodicand anodicscans, as oxygen is expelledconsumedfrom the
surface of the material the potential will drift. In the case of active corrosion, iron ions are either being
deposited or striped from bare metal for cathodic and anodic scaspeaively. As the concentration

of iron ions in the surrounding solution changes, so will the potential; however, this happens at a
much slower rate than with passive material, which is why the potential drift during testing is less

likely to occur in adtely corroding specimeria the span of the test.

120 20
—Potential Response .
110 |—Applied Current
AE=R, X |5, 16
'; B 14—
£ 100 - <
2 L2
S g
by S
g o0 - 10 5
£ AE=R x| 5 2
b= =Re X lapp I <
% 80 - wp | : s
a
- 4
70 Y
- 2
60 I I I I D
0 2 4 6 8 10

Time [s]

Figure3-4: Theoreticgalvanostatic pulseesponse
To determine the polarization resistandbe PSLPRechnique was utilized. This technique applies a
constant potential away from the equilibrium potential. Two scans are used to determine both the
anodic and cathodic steady state responfbe concrete resistance cafsobe determined using this
method but was not used in these testShe appliedotential needs to be in the region that results in
a linear respons¢38] typically taken in concrete to b£20to +30 mV but up to 100mV have been
used [34]. For this test a potential step af20 mV was chosen To ensurethat the steady state

response was achievedad scan was held for 159 A schematic diagram adn LPRscan is shown
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below inFigure3-5. Different valuesof R, R and G (defined inFigue 2-13 pg 24) were used to
generate both scans, as a typical test would result in slightly differenesalor the anodic and
cathodic scan. As expectditie LPR scan has similar traits to thE $gan. The initial current spike is a
result of the concrete resistancand occursas soon ashe potential is applied (i.e. the instrument

turned on).

The graduatiecrease in currentepresentscharging othe double layecapacitor (g)andthat branch
of the circuitin Figue 2-13 becomesan open circuit, forcinghe iron iors to polarize and lose or gain

electrons for the anodic and cathodic scagspectively(representing the polazation resistance).

10 25
—~Current Response Scan 1
38 - = Current Response Scan 2 L 20
——Applied Potential Scan 1
6 - - — Applied Potential Scan 2 - 15
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3 4 - 10 E'
Q —_—
v 2 -5 ®
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-10 | . | | | | -25
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Figure3-5: Theoreticpotentiostatic linear polarization to resistanceesponse the applied potential

(blue) is the potential difference from &,;. Note: R in this schematic is the total resistance, i.e. the

OLiK2RAO a0lyQa O2yONBGS NBaAAGIYOS FyR LRt NRAI L
resistance ad polarization resistance.

The final methodused waspoteniodynamic cyclic polarizatiol©B. This method applies a constant

potential sweep at a constargcan rateand the range of potentials is much largean the techniques
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discussed abovéypically veral hindered miNiolts). The major advantage of this test is the amount
of detail it providesabout the system; the major disadvantageits potentially destructive nature,
which is why it will only be utilized on specimens upon completion of thetirig cycle. A sufficiently
low scan rate will beppliedto avoid both shocking the system and to ensure it has time to reach
equilibrium at all potentials For thisproject, a scan rate of 0.0InV/s was used. Furthermore, the
scans staed and encdkd at the open circuit potential whickallowed the observation of any changes to

the corrasionpotential and corrosion current densities.

3.3.1 Beamswith Ponding Well

Thebeamswith a castin ponding wellare designed with the intention of replicating the top layer of
bars on a bridge decRhe bars were cut and prepareblased on the ASTM G109 test standartis
was doneand to make the comparison afiacro-cellto micro-cell corrosion easier. For the full dats

of how the sizes were determined sé@pendix BsectionB-2 CastsA schematicdiagramof a beamis

shown inFigure3-6.
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Fivebeams were cast: one for each aitting solution and &ontrol that is exposed to potable water.
As shown inFigure 3-6, there are six bars in each beanand one castin manganesahangarese
dioxide reference electrodéMOE)which was developed fogood stability in chloridéree concrete
but can show deviations in lortgrm (~10 year) chloride contaminated concrg¢@9]. The reference
electrodein the waterexposedspecimen began to malfunction early during testing avas replaced
by an SCEpositionedin the ponding well during testing. The counter electrode wasiged metal

oxide activated titaniunmesh that was placed in the bottom of the ponding well.

The pondig wells were continuoushyet for 350 dag. AfterJanuary 232013the beams followed the
wet/dry cycles of two weeks wet followed by two weeks dry. Dutasging inthe intermittent dry
week, it was noted that salt crystals had precipitated at the bottofrthe well, preventing good
electrical contact between the electrodes and the concret&@herefore, the ponding well was
temporarily filled with potable wate(similar to the ASTM G109) to provide the necessary electrical
connection and to dissolve anwls crystals that had formed due to the evaporation of remaining
solution. After completing the weekly test the water was removed and the beams were allowed to

continue drying.

The specimens were wired througie Keithley™ Model 2750 DMM, Data Acquisitiavhichwas used
to control the channelsA Princeton Applied ResearchPARSTAT® 2263 potentiostgélvansostat/
FRA using PowerSuitesoftware was used to run the various electrochemical te$te Automatic
Corrosion Monitoring Program ACMPO], written in LabvieW 6.0 was used to communicate
between the instruments and contrelwitching the channels Periodicallythe results obtained in this
way werecross referenced with tests completed using only the PARSTAT and Pow&rBuéasure

there were no electrical connection issud@$ie set up of the test is shown belowRigure3-7.
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Figure3-7: Replica bridge deck beams with cast in ponding well test set up

3.3.2 Synthetic Pore solution Testing

The synthetic poreas defined inTable 2-2, solution was used to test micrecell corrosion in a
controlled environment where the pH and chloride conteouldbe closely monitored and controlled
respectively Thiswas tounderstard the effects of the cations in the solution as wellt@asletermine
the chloride threshold for thesteel in each solutionThiswas used in conjunction with research

preformed in parallel on the diffusion rate of these chlorides in condiE3¢

In total, five pore solution cells were created, one for each salt solution andcon&ol specimenin
saltfree pore solution Each cell contained five bars which were prepared in a similar fashion to the
ASTM G109 andeam black stel. The only variatiomas that the bars werd20mm in length with an
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exposed length of 56hm and a stainless steel shim was added to suspend the bar from the top of the
cell, this is shown below iRigure3-8 (a). The bars were suspended by the shimplastic containers

that held the pore solution. A central hole was authe center of the container lithat would act as

the port for a SCE asell as a small hole to connect to the titanium mesh counter electrode, shown in
Figure3-8 (b) and (c). Initially the mesh was only a small central wire. Later isusggected that the
surface area of the counter electrode was not sufficient and it was replaced with a larger portion of
mesh that surroundedhe perimeter of the containeno differences in test results were observed
after this changeBveryweek prior to adding the anticing solutioneach specimen was tested using
the PSLPR test method. This was ddnexacty the same fashion afor the beams;the details can be

found in ®ction3.3.1Beamswith Ponding Well

(b) (€)
Figure3-8: Pore solution(a) specimen (b) bars in solution, (c) top of specimen wired and ready for
testing

Anti-icing ®lution was added to the synthetic pore solutidny incrementally increasinghe total
chloride content by 0.05 tv% Clions per week Equation3-5 denotes the w. % Clions at any given
GAYS dzaAay3a (GKS &dzoa ONR biicentratiohlby Ri 24 ARGQWE2 (162 1Ky 2QidEN
concentration
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Where:
w is the wi. % CI ions,
m is mass,

+ A& @2ftdzyS 2F az2fdziaz2y O6dzaAy 3 &dzo aONXR LI &

denote total solution beingemoved),

C is the concentration of @ns in the salt solution, and

" is density.
The density of the salt solutions and the pore solutiwa about 1% higher than the density of water.
For simplicity, the density of watevassubstituted for the density of pore solution and salt solutions.
Substituting equatior8-6 and 3-7 into 3-5 yields equatior3-8, which can be rearranged to determine

the volume of new solution to be added to achieve the desired wt.96r@l as shown in equatids9.

Gz6 0za @ 2720

0 s ” r ’ ”
W Z a w z 3-8
6 z@mz" O 4 0 oz 2" OO 0 z4 @ 2720
®z6 0 zaz" O za4 O ¢ 2" UVza @ 2720
W Z 0 0 z” A z x X W Z"z x X
) ad z x X W Z"z x X
(o ”
0O X 4
, da w 2" zx x
(A) 6 X z" 3-9

One specimen from each cellas autopsied for visual inspection. This inclddehotographic
documentationprior to and postpickling. The pickling solution utés designated by AST®IL Annex
Al. Chemical Cleaning Procede|£l] and givenin Table3-2.
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Table3-2: Chemical cleaningnecedures forremoval of corpsion products

Solution Time Temperature Remarks
1000mL hydrochloric agti 1to25min| 20to 25°C | Solution should be vigorously
(HCl, spgr1.19) stirred or specimen should be
20g antimony trioxidéSh0O;) brushed. Longetimes may be
509 stannous chloridésnGl) required in certain instances.

3.4 Cyclic Corrosion Chamber (SAE J2334 Immersion Testing)

The purpose of the cyclic corrositestingwas twofold. The firstvas to compare the effectsef each
of the four anti-icing agents on the steelmder atmospheric conditions and exposeéidectly to salt.
The secondwas to compare the various stedbsorrosion resistance to the ariting agents. &h

solution was diluted to 3 26 Clions by mass using denized water.

3.4.1 Test Set Up
Damgaard[58] found that the SAE J2334 tesh the laboratorycould replicate the damagéo
weathering steel observeih the field. The test was originally design for automotive componeartd

follows a 24h test regimeshown below irFigure3-9.

Humid cycle
50C & 100% RH «—
6 hours

Y

Immersion cycle
Ambient temp and RH
15 minutes

:

Dry cycle
60C & 50% RH —
17 hours & 45 minutes

Figure3-9: SAE J2334&stcycle[72]
The specimens werphotographedand weighed every 5 cycles for a total of 50 cycles per salt
solution.Thed 2 f dzi A 2 y Q& LJ | y R tor@Rugin dzGéoted Miilte3508 FHNSE/DY 2 v A

conductivity measuring instrumenfThe test regimen was imposed by placing the specimens in an
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Ascott Cyclic Corrosion Test Chamber (model CC450). The system has two compeaemtwith a

450 L capacitya corrosion chamber and a solution resenssiown inFigure3-10.

(a) (b)
Figure3-10: ASCOTT (a) reservoir and (b) corrosion chamber

The Ascott system is programmable through a touch screen, amdmatically adjusts the
temperature, humidityof the chamberand immersion of the specimens. Its capacity for automatic

operation means that it could operate continuously.

Test racks for the specimens were cut from black ABS plastic tibmge3-11 shows a diagram of

the test rack (dimensions are in mmheTspecimensvere identified by different coloured nail polish.
Furthermore, the specimensere placed in ordr inside the corrosion chamberhis was don& aid

in keeping track of the specimens in the event the nail polish indicator was removed. Each time the
specimens were weighethey were replaced in a different location, shifting the specimens back one
row each test to limit the amount of bias introduced &gy variations in temperature and/or relative
humidity inthe chamber. Furthermore, the specimens weénwerted to ensure the surface facing

upwards altered with each five day cycle.

445

25| 44 (19, TYP.
’H‘_’H‘_ W "/‘ 32
= O
Figure3-11: Corrosion chambergecimenholder [58]
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3.4.2 Specimen Preparation

As mentioned, thdlackand stainlessteelrebar specimens were cut to 11@m lengths and had their

ends coated imail polishof a colour specific to each gradehe pate specimens were cut into 5m

x 50mm. With the exception of the guard rail, all plate speciméas their surface sandblasted to
remove any pain present artd expose fresh metalThe guard rail was gehnized and sandblasting
would have removed the zinc coatinfginally, all of the ends of the plate specimens were coated in
nail polish. This reason for this was three fold: (i) was to eliminate variation in exposed surface area
between plate specimens @uto the variation in specimen thickness, (ii) the paint was also used to
identify the different specimen type and specimen number and (iii) to remove any end effects from
the cutting process, particularly for the guard rail which would obviously not tiereinc coating on

the cut surfacesSamples of each specimen are shown belowigure3-12 and Figure3-13.

304L o 316LN

2101 ) ' 2205

MMFX

galvanized

XM28
Figure3-12: Steel rebar specimengrior to testing in thecorrosion chamber
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box girder ) drain

et - Tettsie S oW
guard rail weathering steel
Figure3-13: Plate steelspecimens prior to testing in theorrosion chamber

3.4.3 Deviation from the Test Schedule
Unfortunately duringtesting two of the components discussed in more detail belofigiled during
testing Both failures resuling in the ASCOTRlarm systembeing activated andcausing some
downtime during whichthe specimens were exposed to theom temperature and humiditgt about
23°C and 37% respectiveljhis may have resulted in a slight biased of mass gain during the time
exposed to these conditions. However, this bias woulddemall making difficult if not impossible
to measure. Furthermore, the bias would be emghadowed by the effects of the highly aggressive
testing regime.
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During the Cagltesting the machine was interrupted five times as the reservoir was hitting the
overflow switch resulting in approximately-3 days of exposure to ambient conditions. Tdase of

this was the small reservoir in the corrosion chamber. This reservoir was not properly draining
between theimmersioncycle and the humid cyclewhich also meant the solution, had to be adjusted

to maintain the proper Cloncentration. The smhiateservoir contains the heating elements of the
chamber, which need to be continually submerged to avoid damage. Under normal operation the
reservoir pumps this fluid out prior to pumping in solution from the reservoir. To solve this problem an
intermittent dry stage (which includes an automatic pwayt incorporaked into its process) was
added.

The second problem occurred during the Mge€sting the ball valve controlling the air intake began
to fail. This caused twashorter interruptions and two longerlinterruptions when the component
failed. This resulted in approximately 2 weekerposure to ambient conditions before the ball valve

was cleaned and serviced.

3.5 Materials
This section provides an overview of the testing methods utilized to classify #terials and to

create the specimens

3.5.1 Salt Solution

The salt solutions were specified by the MTO and provided by variousceagti contractors
throughout Ontario. In addition to acting as aiting agents, the CgQolution is also used as a dust
suppressor during the summer months. The compositions of the various salt solutions were
determined by Activation Labdd. using inductively coupled plasma optical emission spectroscopy
(ICPOES) and ion beam chromatogrgutC).

3.5.2 Concrete

The mix design of the concrete used for testing was specified by the MTO as a standard bridge deck
mix and is shown below ifable3-3. Furthermore, he amount of water was corrected such that the
aggregates were in the saturated surface dry (SSD) condition. The method of determining SSD

conditions and the specifics of each cast can be fourpjpendix BCasting and Concrete
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Table3-3: Concretemix design (per m)

Constituent Value Unit
Gravel (12.7mm, 0.5in) 1045 kg
Sand 705 kg
Cement (GU Typl) 297 kg
Slag 98 kg

Water 155 I
Euclid ar extraTM 237 ml
Euclid water educerTM 800 ml
Glenium 7_70_OTM 3862896 mi

(superplasticizer)*

*130-975ml/100kg cement as recommended by
the manufacturer

3.5.2.1 Casting
The casting procedures used ASTM C192/C192M3] as guidelines but were not followed strictly.

The concrete mixer used was a PMSA turbine pan mixer. Due to the volume limitations of the turbine
pan mixer, four batches of concrete were cast. The moaib beams were cast first and the ASTM
G109 samplewere cast in three batches (s@able3-4). A portion of one of these batches is shown
below inFigure3-14. The G109 samples weddvidedinto two batches of 10 indoor specimens for a
total of 20 samples and one batch of 15 samples for outdoor exposure. The nature of this testing is
compare the effect®f the various anticingagents to one another; therefore, to minimize potential
biases present from the two batches of concrete used to create the indoor specimens, two samples
from each batch were exposed to each anthg solutionand to potable waterfor a total of four
sampes per solution. Each of the batchess consolidated using a vibration tabfown inFigure

3-14 (c). Each batch had sufficient concrete test for total air concetration, slumpand 28 day

compressive strengthThe results of these tests can be seeAppendix BCasting and Concrete
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Table3-4: Castingbatches

Total Number of
Specimen | Location Batch samples in Description
samples
batch
Micro-cell Laboratory 5 1 5 1 NaCl, 1 MggllCad), 1 Multi, 1
Beam H,0
outdoors 15 5 15 3 NaCl, 3 Mgg|_I|BOCaQJ 3 Multi, 3
2
G109 3 10 2 NaCl, 2 Mggl2 CaGJ 2 Multi, 2
Laborator 20 H0
y 2 NaCl, 2 MggI2 CaG) 2 Multi, 2
4 10 10
2

© G
Figure3-14: Casting pictures (a) formwork of a set of ASTM G109s, (b) close up of inside an ASTM
G109 showing the three rebar and the pondiwgell, note that the specimens are cast inverted, (c)
the formwork on top of the vibration talbe ready for concrete and (d) 12 cast ASTM G109 Specimens
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All concrete specimens were cured under wet burlap and vapour barrier for two days then demoulded
and stored in a humidity chamber for 26 days. The ends oRtheay strengticompression testing

cylinders were ground flat and parallel prior to being placed in the humidity room.

3.5.2.2 Air Content

In colder climates where temperatures drops below zero degrees, liquid water in the concrete can
expand and crack the concrete; to avoid this, concrete must hasudficient amount of space to allow

the ice to expandTo achieve this, an air entraining agent is added to the mix to produce large
numbers of minute air void$dowever the concrete cannot have too many voids or large voids as this
will have a detrimetal impact on its strength and durability. The test to determine air content was
ASTM C231/C231M 10 Standard Test Method for Air Content of Freshly Mixed Concrete by the

Pressure Method. A schematic of the air chamber is shown bel&wime3-15.

Air Bleeder Valve Pressure Gauge
5 A

Air Chamber

Petcack

T Clamp

T——— Measuring
Bowl

Figure3-15: Vertical air pressure chamber use for determining the total air content of concrete using
the air method

3.5.2.3 Twenty Eight Day Compressive Strength

One of the most important qualities of concrete is its compressive strength. This is no different for
corrosion research as it (a) gives a comparison between the concrete in the lab and similar concrete in
the field ard (b) gives an idea of the soundness of the concrete. This information must be used
carefully as typical cast cylinders for compressive strength testing are roughly 10% stronger than

strength measurements of cylinders created from cores for up to 91 [F@jsThe concretdor this
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project was created and cured following ASTM C873/C87@M0 Standard Test Method for
Compressive Strength of Concrete Cylinders Cast in Place in Cylindrical [Kldsnd ASTM
C39/C39M¢ 12a Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens
[75].

3.5.3 Metal Composition

This section deals with the metals tested and the various testing methods used to determireoom
the material composition. The information from the mill certificate is used when provided; in the
cases where no mill certificateas available x-ray fluorescence (XRREhalysis scanning electron
microscope (SEM) and enerdigpersive xay spectracopy (EDS) have been utilized to determine
coatings and major alloying elements. It is important to note that none of these methods can

determine lighter elements such as carbon.

3.5.3.1 Steel Specifications

The reinforcing steel used in the G109, micedl beans and pore solutiomas10M, 400W reinforcing
steel, i.e., approximately 16m diameter, 400MPa, black, weldable reinforcirgieel. The chemical
composition of this steel is designated by CSA G30918arbon steel bars for concrete reinforcement

and is sown below inTable3-6.

For all surface area calculatioftg ribbed rebarthe equivalent diameter of a circle with the area of a

bar cross section, taking into aeeut the ribs, was used, namely 11r8n (0.445n) forthe 10Mblack

steel. The stainless steels used in the cyclic corrosion chamber testing were 15M and 20M. The same
method described above was used for calculating the surface area of each bar. A complete list of

equivalent diameters is shown belowTiable3-5.
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Table3-5: Deformed bar designationnumbers andassociatedrequirements CSA G30.48D [76]

Nominal dimensions¥

Deformation requirements, mm

Mass Maximum
(weight) gap chord
Cross- per unit Maximum Minimum  of 12.5% of
Designation sectional Diameter, Perimeter, length, average average nominal
number* arca, mm’> mm mm kg/m spacing height perimeter
10 100 11.3 35.5 0.785 7.9 0.45 4.4
15 200 16.0 50.1 1.570 11.2 0.72 6.3
20 300 19.5 61.3 2.355 13.6 0.98 7.7
25 500 25.2 79.2 3.925 17.6 1.26 9.9
30 700 29.9 93.9 5.495 20.9 1.48 11.7
35 1000 35.7 112.2 7.850 25.0 1.79 14.0
45 1500 43.7 137.3 11.775 30.6 2.20 17.2
55 2500 56.4 177.2 19.625 394 2.55 22.2

*Designation numbers are based on the nominal diameter of the bars in millimetres.
T The nominal dimensions of a deformed bar are equivalent to those of a plain round having the same mass per unit length
as the deformed bar.

Table3-6: Chemical ompositionlimits for analysis of finished ars CSA G30.18[76]

Maximum, %

Element Grades 400R and 500R  Grades 400W and 500W
Carbon — 0.33

Manganese — 1.65

Phosphorus 0.06 0.043

Sulphur — 0.053

Silicon — 0.55

There are two primary designations given by ASTM for weathering steels. The firstMsAR8Z

0 a/-hb

primary weathering steels is shown belowTiable3-7. For the Canadian standard of weathering steel

€0

Iy R

0KS yS®BNI 1grta ¢ Hpy yOrRnIY o f

CSA G421 is used. The compositions of these steels are shovalie3-8.
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Table3-7: Chemical equirements fieat analysis) of ASTM weatherindee! [77] [78]

Element A242 Type 1 A588 A588 A588 A588
Grade A Gracke B Grade C Grade K
Carbort 0.15 (max) | 0.19 (max)| 0.20 (max)| 0.15 (max)| 0.17 (max)
Manganese 1.00 (max) | 0.801.25 | 0.751.35 | 0.801.35 0.501.20
Phosphorus 0.15 (max) | 0.04 (max)| 0.04 (max)| 0.04 (max)| 0.04 (max)
Sulfur 0.05 (max) | 0.05 (max)| 0.05 (max)| 0.05 (max)| 0.05 (max)
Silicon X 0.300.65 | 0.150.50 | 0.150.40 0.250.50
Nickel X 0.40 (max)| 0.50 (max)| 0.250.50 0.40 (max)
Chromium X 0.400.65 | 0.400.70 | 0.300.50 0.400.70
Molybdenum X X X X 0.10 (max)
Copper 0.20 (min) | 0.250.40 | 0.200.40 | 0.200.50 0.300.50
Vanadium X 0.020.10 | 0.01-0.10 | 0.01-0.10 X
Columbium X X X X 0.0050.05°
b2iSY 2KSNB aXxX¢& FLIISINAR Ay GKAa GFof S

Note 1: For each reduction of 0.01 percentage point below the specifeedmum for
carbon, an increase of 0.06 percentage point above the specified maximum for

manganese is permitted, up to a maximum of 1.50%
Note 2: For plates under ¥z in. 13 [mm] in thickness, the minimum columbium is wai\

Table3-8: Chemical omposition ofweatheringsteels, wt.% CSAI0-21[79]

Element 350R 350A 350AT
C 0.16 max (.20 max 0.20 max
Mn 0.75 max 0.75-1.35 0.75-1.35
P 0.05-0.15 0.03 max 0.03 max
S 0.04 max 0.04 max 0.04 max
Si 0.75 max 0.15-0.50 0.15-0.50
Cr 0.30-1.25 0.70 max 0.70 max
Ni 0.90 max 0.90 max 0.90 max
Cu 0.20-0.60 0.20-0.60 0.20-0.60

A variety of steels, shown below Trable3-9, were tested in the corrosion chamber. All sharp edges
were ground smooth and the cut surfaces (i.e. outside faces) were coated in nail polish of different
colours. This was done to protedid steel from any deformities incurred during cutting, protect the
uncoated surface in the case of coatings and to identify the various bars. Not all of the material was

virgin; this is indicated in the table. All of the bgixder specimens are from thease box girder;
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however, the samples were from different sections which accounts for the variation in thickness. The
reason for the variability in the number of samples is due to the amount of material available and the

limitations imposed by the size dié corrosion chamber.

Table3-9: Metals tested in the corrosionftamber

. Exposed
. Number Virgin | Length| Width Bar Th_|ckness/ SuF;face
Material/Name* of . . . Diameter
Samples Material | [mm] | [mm] | designation (mm] Al’e?
[mm?]
UNS30403/304L 5 Yes 110 20M 19.5 6,739
UNS3165816LN 5 Yes 110 15M 16.0 5,529
UNS3210£101 5 Yes 110 15M 16.0 5,529
UNS3220R2205 5 Yes 110 15M 16.0 5,529
UNS32304304 5 Yes 110 15M 16.0 5,529
XM28 5 Yes 110 15M 16.0 5,529
MMFX 5 Yes 110 15M 16.0 5,529
Galvanized Yes
Rebar* 5 110 15M 16.0 5,529
Guard Rail** 3 No 50 50 N/A 13.3 5,000
BlackSteel Rebar 5 Yes 110 10M 11.3 3,905
Box Girder A 2 No 50 50 N/A 19.5 5,000
Box Girder B 1 No 50 50 N/A 10.5 5,000
Drain 6 No 50 50 N/A 8.1 5,000
Weathering Steel 5 No 50 50 N/A 16.1 5,000

* Where applicable the material will be referred to by its common name and not the UNS

numerical designation

** Hot-dip galvanized 15M rebar

*** galvanized
The ageceived condition of the nowirgin steels can be seen belowhkigure3-16. The original edges
of the asreceived samples were cut using a torch, leaving them heat treated and, for this reason, the
edges were removedAll of these samples were cut to size using acbaaw with coolant to avoid
overheating and possible heat treatment. Lastly, all plate samples with the exception of the guard ralil

were sand blasted to expose fresh metal.
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B Contract- 2011-2030
Site-37-19¢

Ml Existng Geater # 4 (From West,
Top Fsnge Seciion Sample
Location: 3 from § Abut Disphragm

e ———— ol R R -‘j,. ‘ \'.’;.. ' -unrxm ;'_'P ‘
(d) Weathering seel

(c) Drain

(e)Guard Raill
Figure3-16: Asreceived materials (a and b) are the two box girder sections (a) is the thicker web
section sample and (b) is the thinner top flange section sample. (c) is a drain. (d) ishegay steel
obtained from Algoma Steelit was originally virgin steel but left outside, it was exposed to the
elements; unlike the other specimenslitad not beenexposed to antiicing solutions. (e) is the
galvanized guard rail, all samples were taképm the web of the guard rail which had the most
intact coating.
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3.5.3.2 Scanning Electron Microscope, Energy -Dispersive X-ray Spectroscopy and Energy
Dispersive X-Ray Fluorescence

The SEM and EDS were used to determine the coating thickness, inter diffusiom afating and

steel substrate, the chemical composition of the coating and substrate metal and finally to analyze the

surface of the black reinforcing steel exposed to synthetic pore solution andcargisolutions. XRF

was used to determine the majotlaying elements of steelsere no mill certificate was provided.

The steels that were tested are outlined belowTiable3-10.

Table3-10: Materials and correspondingdst methods used for baracterization

Material Analyzed Methods Used Purpose

304L XRF composition

Black steelmill scale XRF composition

Black steelsand blasted XRF composition

Black steelested in synthetic

pore solution contaminated with SEM Observe corroded surface morphology

anti-icing solution

Box Girder XRF composition

Drain XRF composition

Galvanized rebar XRE/SEM/EDS cpmposition surfa_lc_e and substrate/coating
thickness/compositiorsurface and substrate

Guard rail XRE/SEM/EDS cpmposition surfgc_e and substrate/coating
thickness/composition surface and substrat]

Weathering steel XRF composition
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Chapter 4 Experimental Results and Discussion
This chapter provides the resultsbtain from the testing outlined inChapter 3 Experimental
Procedure Thesection are divided by test type and arel Materials Tested4.2 Macro-cell Results
ASTM G10%.3 Micro-cell Results:Beans with Ponding Well.4 Micro-cell ResultsSynthetic Pore
Solutionand4.5Cyclic Corrosion Chamber Testing: SAE JR38wersionTesting

4.1 Materials Tested

This section outlines the results of the various tests used to determine the chemical and physical
attributes of the materials tested in all tests. This includes the-iaimg solution composition, the
metals composition, properties of the gorete, and coating thicknesses, in addition to the results of
the various tests carried out. In many cases, average data for the replicate specimens are presented

here while those for indidual specimens are shown Appendix DExperimentaResults

4.1.1 Salt Solution

The compositions of théour salt solutions were determined by Activation Ldld. and are shown
below in Table4-1. Constituents with less than 30mg/L have been omitted frdable 4-1 these
include Ba Al, K Mg, Mn, Si Ag As Be Bi, Cg Cd Ce Cqa Cr, Fe Cuy Li, Mo, Na, Ni, P,Ph Sh S Se Sn
SrTeTi, TLU, V,W, Y, Zn F, C| NG, (as N)Br, NG; (as N) PQ (as Parnd SQ.

Table4-1: Salt solutioncompositionin mg/L[9]

Analyte
symbol K Mg Ca Fe Na S Sr Cl Br SQ

NaCl 172 157 1840 | <1 | 98000 | 1030 | 26.6 | 157000 | <50 | 2970

MgChL | 1640|82100| 98.6 |4.34| 1650 539 4.22 | 233000 | 3730 | 1470

CaCl | 7500| <10 | 134000 | 1.14| 4490 | <100 | 2450 | 245000 | 3140 | 83.4

Multi Q" | 5990| 9940 | 58500 | 3.57| 46100 | <100 | 1110 | 211000 | 2640 | 125

Thetype and amount of impurities ara result of the other minerals founflom where the sdutions

are mined and processed. The multi i€Imired directly in Ontario and requires minimal processing
prior to being used on the road whereas the other solutions require additional processing to achieve
the required concentrations, making the muttiloride a more favarable option[80]. This also can

give insight to where the solutions came from. For example, both the, @a€lthe multi Cl brines
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contain higher concentrations of strontium and potassium; lower concentrations phatd and
sulphur; moderate to higher amous of bromine. This suggests that these two products either came

from the same or similar mine dinat higher levels of strontiumaturallyaccompany Cagl

Although the MgGland NaCl solutions have some similaritiggith containing higher concentratien

of SQ and low concentrations of strontiumthey differ in bromine and potassium concentrations.
Even though the amounts of $@re higher in the Mgghnd NacCl, the NaCl concentrations are about
double that of the MgGl

The composition of the primangalt and chlorideconcentrationare shown below ifmrable4-2. NaCl
has the lowestsalt concentration (%) and the lowest stoichiometric ratio between Nand Cl at
one to one. WhereaMgC} and CaClhave higher salt concentrations2® and 8% respetively) and
higher stoichiometric ratio with both salts having a two to one ratio of Mgd C& to CI. The multi
chloride solution primarily consists of Ca@hd NaCl with trace amounts of MgGnd has an
intermediate concentration of 32% which ishwthe Clconcentration is higher than the NaCl but
lower than theMgC} and CaGlcounterparts Finally, all solutions contain K which is likely present in

the form of KCI witlthe NaCl solution having the lowest concentration.

Table4-2: Bulksalt and chloride oncentration

Solution name Per cent of onstituent
(primary NaCl| MgC} | Cadl | Total Cl
constituent)
NacCl 25 1 0 16
MgCh 0 32 0 23
Cadl 1 0 37 25
Multi Cr 12 4 16 21

It is important to notethat all of the solution€concentrations are high (considering ocean water is
frequently assumed to be about 5% NaChe solution concentration is higher thahat requiredto

prevent ice formationas the solution will be diluted with time from predigiion.

What is surprising is that these solutioaiee so concentrated that thegre beyond the eutectic point
of the solution as can be shown below ifable4-3. It is also important to note that the MgGind

Cadl solutions have eutectic freezing points significantly lower than NaGB&©°C and51.0°C
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respectively. At these low temperatures tiee is sufficiently cold that it will not regelate and posses

little risk to motorists.

Table4-3: Solution eutectic point, concentration and solutionrieezingpoint

Eutectic Point Actual
. Salt Liquidus Salt CI Liquidus
Solution . . .
concentration | temperature | concentration | concentration | temperature
[wt.%] [°C] [wt.%] [wt.%] [°C]
NacCl 23.3 -21.1 255 15.7 -6
MgChb 21.7 -33.9 31.5 23.3 -16
Cad 29.8 -51.0 37.9 245 -4

4.1.2 Concrete

Thecompression tests were completed using an ELE International compression tiestierading rate
was maintained between 0.15 and 0.38Pa/s during loading prior to rapid yieldinghere no
adjustments were made as per ASTM €. The average strength of each batch is presented below
in Table4-4.

Table4-4: Concrete average 28ay grength

Average Strength
Batch MPa psi
1 43 6280
2 58 8380
3 54 7800
4 51 7450
413 Metalsd #1 | ens OEQE

The compositioaof the stainless steelfnot including 304L9btained from the mill certificateyised in
the cyclic corrosion chamber tested are shown belowTable 4-5. It is important to note the
increased manganese in XM28 and 2101 both of which eaver nickel and molybdenurthan their
traditional counterparts, 316LN and 2205, respectivehaking themless costhalloys. MMFX is not
considered a true stainless due to its low chromium and nickel contents; this also maiggsfitantly

cheaper than traditional stainless steels.
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Also shown iTable4-5 is the composition of the weathering ste@lhe weathering steel was analyzed
by Bodycote Testing Group of Burlington, Ontario for Damg@a8fl The results were obtained
following ASTM D1976 M adl ASTM H019. From this analysis, the steel would be considered 350A
or 350AT according to CSA G406021 Alternatively, the steel could be classified @s ASTMA588
Grad B or A588 Grade C.

Table4-5: Compodtion of stainless steels acording tothe mill certificate provided by steel suppliers
and weathering steel by analysis

Material C Mn P S Si Ni Cr Mo N
316N 0.025| 1.17 | 0.031| 0.028 | 0.66 | 10.54| 18.00 | 2.03 | 0.14
2101 0.022 | 4.810| 0.024| 0.001 | 0.700 | 1.510 | 21.430] 0.180 | 0.211
2205 0.023| 1.46 | 0.030| 0.001 | 059 | 495 | 22.71 | 3.03 | 0.14
2304 0.018| 1.61 | 0.032| 0.0010| 0.43 | 4.05 | 22.44 | 0.19 | 0.136
MMFX 0.09 | 0.65 | 0.009| 0.009 | 0.26 | 0.09 | 9.83 | 0.01 | 0.021
XM28 0.05 | 12.12| 0.022| 0.001 | 05 | 07 | 172 | 02 | 031
\s’tveee"’l‘the””g 0.06 | 1.16 | 0.011| 0.006 | 0.40 | 0.29 | 0.49 | 0.01

Table4-5: Compodtion of stainless steels ecording tothe mill certificate continued

Material Co Cu \Vj Sn B Al Ca Nb
316LN

2101 0.245

2205

2304 0.08 | 0.38

MMFX 0.14 | 0.025 | 0.020

XM28 01| 01 0.002

\s’tveeeel‘the””g 0.24 | 0.053 0.03 | <0.005| <0.005

4.1.3.1 X-Ray Fluorescence Results

Xray fluorescenceanalysiswas used to determine some of the major alloying elements in the
materials supplied without a mill certificate. Theajor limitation of the techniquewvasthe inability to
detect the lighter elements, such as carbon and nitrageme results of the XRF analysge shown

below inTable4-6 below.
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From this analysjshe weathering steetould be classified as an ASTM A242 Type 1, A588 Grade A or
A588 Grade B (seBable3-7) but does not meet any of the CSA specifications for weathering steel
(seeTable3-8). The guard rail interior, box girder and dralo not meet any of the specificatioasd

are likely a plain carbon steelThe black steel rebashows slightly higher than expected levels of
sulphur and silicon to be classified as weldable steel Tade3-6) with almost double the amount of
maximum allowable silicon in the mill scale. The phosphorus levels are low enough to meet

specifications to be black steel.

The exterior of the guard rail shows about 9%slesc and 7% more iron than the galvanized rebar.
This is like due to the guard rail being a field sample. Some of the zinc will have been consumed during
the service life of the component bither dissolving and forming new compounds in the
surroundingsor forming a passive film of Zn(QHepending on the environmentt is also possible

that the material was galvannealed.

Table4-6: Major alloying elements by wt. % ofnaterialstesteddetermined using XRF

Material Fe Zn Ni Cr Al Mo Cu Mn Si

Black steetebar- | oz 006 | 165 | <LOD| 0.108 | <LOD | 0.008 | 0.95 | 1.178| 1.002
mill scale

Black steel rebar | o/ 4o | 4012 | <LoD| 0.064 | 3.048 | 0.007 | 0.74 | 1.154| 0.696
sandblasted

Guard rail

(galvanized) 7.823 | 85.328 | <LOD| 0.026 | 1.176 | <LOD| 0.071 | <LOD| 2.76
exterior

Guard rail

(galvanized) 98.014 | 0.202 | 0.099 | 0.149 | <LOD | 0.018 | 0.184 | 0.376 | 0.442
interior

Drain 93.404 | 0.018 | <LOD| 0.064 | 4.959 | 0.01 | 0.161 | 0.481| 0.678
Weathering steel | 92.472 | 0.016 | 0.273 | 0.572 | 3.857 | 0.009 | 0.403 | 1.148 | 1.044
Box girder 91.277 | 1.302 | <LOD| 0.035 | 4.525 | 0.006 | 0.114 | 1.158 | 1.375
S}f‘e"r’if‘)?'zed rebar | 25 433| 5713 | 0.103 | 0.118 | 15.475| 0.022 | 0.314 | 0.93 | 1.599
S)Z'(;’r?(;‘r'zed rebar | 9gg | 94.019| 0.100 | 0.151 | 2.715 | <LOD| 0.041 | 0.016| 1.557
304L 69.067 | 0.021 | 8515 | 17.81 | <LOD | 0.491 | 0.696 | 1.343 | 1.228
b2dSY I NBlFa YIFEN]JSR gA0GK arfr[h5¢ NB 0St2g f¢
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Table4-6: Major alloying elements by wt. % ofnaterialstesteddetermined using XRIeontinued

Material Nb Zr Pb W Co Sn \ Ti S P

Black steel | 4 op| <LoD| <LOD| <LOD| <LOD| 0.011 | 0.055 | 0.006 | 0.159 | <LOD
rebar-mill scale

Black steel
rebar- <LOD| <LOD| <LOD| <LOD| <LOD| 0.01 | 0.038| 0.028| 0.05 | <LOD
sandblasted

Guard rail
(galvanized) <LOD| <LOD| 1.459| 1.149 | <LOD| <LOD| <LOD| 0.048 | <LOD| 0.132
exterior

Guard rail
(galvanized) <LOD| <LOD| <LOD| <LOD| <LOD| 0.022 | <LOD| <LOD| 0.106 | <LOD
interior

Drain 0.027 | <LOD| <LOD| <LOD| <LOD/| 0.011 | 0.007 | 0.067 | 0.037| 0.02
Z\t’sgther'”g <LOD| <LOD| <LOD| <LOD| <LOD| <LOD| 0.089 | 0.037 | 0.053| <LOD
Box girder <LOD| <LOD| <LOD| <LOD| <LOD| 0.014 | <LOD| 0.053 | 0.053 | <LOD
Galvanized <LOD| 0.003 | <LOD| <LOD| <LOD| 0.012 | 0.008 | <LOD| 0.189 | 0.065
rebar-interior
Galvanized

. <LOD| <LOD| 0.239| <LOD| 0.028 | 0.079 | <LOD| 0.012 | <LOD| <LOD
rebar-exterior

304L 0.022 | <LOD| <LOD| <LOD| 0.244 | 0.02 | 0.102 | <LOD| 0.079 | <LOD

b20SY I NBlFa YIFIN]JSR 6A0GK afr[h5¢& NS 060St2g i
4.1.3.2 Scanning Electron Microscop y and Energy-Dispersive X -ray Spectroscopy Results
Scanning electron microscopy and energy dispersivay xspectroscopy were used to analyze the
crosssection of the galvanized rebagalvanizedguard rail and the stiace of the black steelrebar

used in the synthetic pore solution testinghich will bediscussedn Sction4.4.4.2

Samples of the galvanized rebar and guard rail were sectioned and poliglida final polishing step
using a0.05> Ysuspended alumina powdeAn SEM imagef each isshown inFigure4-1 and Figure

4-2, respectively The macrographs ifrigure4-1 (a) and Figure4-2 (a) showan overview of each
component The thickness and composition of the zinc coating were taken at three locations on the
cross sectiorextending approximately ovel/3 the circumferenc8ength of the specimenFigure4-1

(b), (c),(d) and Figure4-2 (b), (c), (d) In addition to these measurements, the compims of the
substrateswas measuredand the compositin across the Zifre interface was measured,shown in
Figure4-1 (d) andFigure4-2 (b) for the galvanized rebar and guard rail respectivéhe two bands

observedin Figure4-1 (b) were both scanned and the composition of the inner band was found to be
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0KS v (9b16% &Z8.75%Fe). As such, the thickness measurements were made from the

boundary between the innéband and the steel and the outside edge.

F

00pm Electron Image 1

(b)

Grmm ' Electron Image 1 T 2 - 1

L 200pm 2 Electron Image 1

” 200um . Electron Image 1
(©) (d)
Figured-1: SEM image of galvanized reinforcing steel (a) overview of the cross sectiofcjind (d)
right arethree other areas were composition and depth maagments were taken. Location {ds
where composition measurements across the-Ee boundary were made.
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> 200pm ; Electron Image 1

(b)

¥ 6mm ' Electron Image 1

200pm Electron Image 1 L 200pm L Electron Image 1

(©)

Figure4-2: SEM image o& guard rail sampl€a) overview of the cross section (b) left,(c) top and (d)
right are three other areas were composition and depth measurements were taken. Locabpis(
where composition measurements acreshe ZnFe boundary were made.

The thickness measurements of the zinc coatimmg shown below iTable4-7. On average,hte zihc
layer of the guard rail is ®blessthan that ofthe galvanized rebar. Because the guard waibk taken

from the field,it is not possible to determine the original thiness of the zinc layer.
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Table4-7: Zinc hickness neasurements of thegalvanized rebar andard Rail

Location Thicknesso > Y 8
Fllg:ligﬁf;_(; %;nd Galvanized Rebar Guard Rail

138 118

Left 113 147

149 141

285 113

Top 251 112

275 117

107 207

Right 126 199

127 185

Average 175 149
Standard deviation 73 39

The composition of the zinc coating was determined using EDS. The results are shown Qelbie in

4-8. The amount of zinc in the guard ik

rebarQ a

The galva® O2 Ay 3

phase (FeZng

27

It iy dlightly @esthad thay & thegalvanized
O ad-epkcyed The guard rail is both used,asmentimed, has a thinner zinc coating.
GKS 3dzZr NR NJ A€

YR NBol N ¢g2dzZ R

I YR Y sZris)Krespestively C S
Table4-8: Composition ofthe zinc coating
Location Galvanizedguard
Figure4-1(a) and | Galvanizedebar rail
Figure4-2 (a) Zn Fe Zn Fe
Top 100.0 0.0 91.1 8.9
Right 979 2.1 92.1 7.9
Left 982 1.8 943 5.7
Average 98.7 1.3 92.5 7.5

The line composition was taken to determine the amount of diffusion betweerzithe and substrate

as shown inrable4-9. Once again the results were not surprising as the diffusion of iron into the zinc

layer of the guard rail was higher than the galvanized rebar, whighbe attributed to its older age

and thinner zinc coatingr it may be galvannealedn the reba the galvanized layer was found to

contain diffusedmagnesium from the substratd he surface ofthe rebar consisted primarily of the
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T Ay O NAOK ' thelséfack StheqaBiidiBlasiam EG dzNB 2F (GKS TAyO
Ay G S NI S (sFnf;) fphag.It shoutd ®& noted that these variations are not exact because the

volumes of material sampled by EDS would overlap to some degree.

Table4-9: Compositionacrossthe zncgiron interface

Galvanizedebar Guardrail
Probable Probable
Locatiorf | Mn Fe Zn phase(s) Fe Zn phase(s)
1 00 | 0.0 | 100.0 ' 1.1 98.9 " bY
2 00 | 14 987 "bY | 26 974 by
3 00 | 26 97.4 "bY | 87 913 1
4 00 | 7.5 92.5 1 6.2 938 Y bt
5 01 | 90 90.9 1 118 | 882 )
6 1.4 | 974 | 1.1 hcS| 103 | 898 1
7 1.0 | 984 0.6 hCS| 999 | 01 hCS
8 05 | 995 | 0.0 hCcS| 1000 | 0.0 hCS
9 0.8 | 992 0.0 hCS| o986 | 14 h CS
10 27 | 973 | 0.0 hCcS| 985 1.5 hCS

* The location is shown in the corresponding figures, it does not correspond

distance

Note: the zindron interface in both samples is between location 5 and 6 for 1

galvanized rebaand between 6 and 7 for the guard rail
The compositions of thesubstratesteel of both samples arshown below inTable4-10. The major
difference is the larger amount of alloying elements in the guard rail. This also explains why it appears
as though a larger amount of zinc diffused into the base metal ffatsie4-9. However, from the EDS
measurements taken at the centre of the base metal, it is apparent that zinc is an alloying (or

contaminant) elemenin the guard rail steel
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Table4-10: Chemical omposition of thesubstrate steel of thegalvanizedrebar and giard rail

Galvanized| Guard
Element rebar rail

Cr 0.0 0.3
Cu 0.0 1.2
Fe 973 955
Mn 24 0.6
Ni 0.0 0.5

S 0.0 0.3
Si 04 0.2
Zn 0.0 14

One attribute that was apparent on the guard rail was the various regions in the zinc coating. Upon
closer inspection there are three distinct regiomsphases On the outer edggethere is a white layer

as shown inFigure4-2 (c) and (d)above Deeper into the zinc coating but still netdre surface a
second layer intermingled with the primary layer is visible. This is shoslow in Figure 4-3

highlighted by region one and two.

' 30um Electron Image 1
Figure4-3: High magnification micrograph of the lefide zinc coatingf the guard rail
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The EDS analysis of these regions is shoglow in Table4-11. The galvanized region is the bulk of
the galvanized layer and consists primarily atat also has low amounts of magnesium, calcium and
chlorine. However, there is stdl significant amount of sodiumh@& reason for this is still unclear. In all
regions the amount of magnesium and calcium is low with higher amounts of sodium and ehlorin

This suggests the guard rail was exposed toiamtg solutionin service

Table4-11: EDSAnalysis of the ariousregions bund in thezinc layer of theguard rail

Location
colour Figure4-2 (a) Na Mg Ca Cl Zn Fe
left 17.1 0.0 0.0 218 603 0.8
dark left 9.3 05 0.7 22.7 66.8 0.2
right 10.4 0.4 0.6 115 626 145
Average 123 0.3 0.4 18.6 63.2 52
Galvanized left 7.1 0.0 0.0 1.1 84.9 6.8
region right 153 0.0 0.0 0.0 78.0 6.7
Average 11.2 0.0 0.0 0.6 815 6.8
light right 12.8 0.0 0.2 18.6 62.6 5.7

An EDS analysis was also completbowing amount®f oxygen in thdighter region. 1 is important

to note that the ability for EDS tguantify theoxygencontentis unreliableand these measurements
should only beconsideredqualitatively No oxygen was found in the galvanized regidbhe high
amounts of oxyged y i @K U ddughdstdnsabezinc hydroxide or possibly a complex salt due

to the high presence of chlorine.

Table4-12: EDS Analysis of hite region on theoutside edge of thezinc coating

Location
Figure4-2 (a) @] Cl Fe Zn
top 246 10.7 16.1 486
right 178 10.3 134 585
Average 212 10.5 148 53.5

4.2 Macro-cell Results: ASTM G109
The followingsection discusses the results of the ASTM G109 tefltslack steel embedded in
concrete and exposed to antiing agentsThe indoor and outdoor specimens are shown below in

Figure4-4 and Figure4-5 respectively All measurements reported here are the averages oblaltk
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steel rebar exposed to similar conditions, i.e. indoor outdoor and antiicing solution. There are a
total of four and three specimens for each aiting solution for indoor and outdoor conditions

respectively. The individual measurements are repdih Appendix DsectionD-1 Macro-cellResults

ASTM G109
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Figure4-4: Twenty indoor ASTM G109 specimens
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Figure4-5: Fifteen outdoor ASTM G109 specimens

4.2.1 Corrosion Potential Measurements

Corrosion potential measurements were takewvery two weekspnce with thetop and bottom bars

connected resulting in a mixed potentidl YR 2y 0S gAGK GKS oFNE RA&aO2y
potentials. Te results are showim Figure4-6. The reason for the sinusoidal appearance of the plots

is a result of taking measurements during both the wet and dry cycles with the dry cycles imaveng

positive corrosion potential measurements than the wet cycles. All of the indoos dppear to be

passive which accounts for the small variability between the mixed potentials andeaifedic

potential. If active corrosion were to initiaté would be expected that the mixed potential would be

more cathodidhanthat of the top bartakenwhen it isdisconnected from the bottom bars

With regards to the outdoor specimens, some of pha&entialsappear to have droppetb a region

that suggestscorrosion may initiate But again the difference between the mixed amdnodic

potential is very low suggesty that the allthe bars are still passivelLastly, the gap in the outdoor
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specimen corrosion potential measurements is a result of the solution freezing. This occurred during a

snow storm which drastically diluted the solutions as well as providing adelguaw temperatures.
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Figure4-6: Average corrosion potential measurements against SCE of ASTM G109 specimens (a)
indoor specimens with resistor connected, (b) indoor specimens with resistor disconnected, (c)
outdoor specimens with resistor connected and (d) outdoor specimens with resisto
disconnected*Note all values above200mVcsgn the 90% no cansion region according to ASTM
Gl

4.2.2 Macro-Cell Corrosion Current Density

Macro-cell corrosion current density measurememSASTM G109 specimenere taken weekly and

the results are displayed below iRigure 4-7 and Figure 4-8 for indoor and outdoor specimens
respectively. In all cases the corrosion current density is low and in the passive region. In fact, the
variation in measurements is likely due to environmental factors ssoélectrical noise, temperature

andrelative humidity. The outdoor specimens display thiend during the summer months with the

83



increase in corrosion current density (both in the positive and negative direction) with current
densities that are still considered passiv@hough the current densities measured in the outdoor
specimens are tworders of magnitude higher than the corrosion current densities measured on the
indoor specimenghey are still passive with less than halfmécrometer of depth loss per year. One
possible reason for thiis the length and location of the wires. The indoor specimens are within about
2 m from the data acquisition systeninside a concrete room. On the other hand, the outdoor
specimens have wires that travel from the same room as the indoor specimen thrihwegh
engineering materials building to the outsi¢ebout 10 m) leaving them significantly more exposed to
electrochemical noiselheresults todate do not show current densities high enough to be considered

active corrosion angariations are attributedo be the result of electrical noise.

10 | ] ]
—H20 —NaCl —MgCl2 —CaCl2 —Multi

iCOI’I’ [uA/mZ]
L

0 100 200 300 400 500
Exposure to Solution [Days]

Figure4-7: Average macrecell corrosion current density measurements of indoor specimeiNote
1>A/m?=0.1 nA/cm’ 1 nmlyear
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Figure4-8: Average macrecell corrosion current density measurements of outdoor specimens
b2dS AmA=A0nA/cm’ 135nm/year

4.2.3 Micro-cell Corrosion of the Top and Bottom Bars of the ASTM G109
Specimens
Galvanostatic pulse and potetitatic LPRests were completed in order to compare the miarell
corrosionwith the typically measured macreell corrosion. The test parameters used for these tests
were the same as those outlined in secti8r8.1 The exception to this wathat the GP tests were
held for 30s instead of 1&. The counter and reference electrode were both placed in gbading
well with solution.The testsmeasurementsvere made on the dates of 201Blay-22, 2013May-22
and 2013Junel0 which correspond to 372, 385 and 404 days of exposespectively The data
shown inFigure 4-9, Figure4-10 and Figure4-11, are the averages of the bars exposed to the
particular environment and solution. Furthermore, thep bars were disconnected from thgottom

bars i.e. all measurements for the top bar represent only the top bar and measurementsof th
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bottom bars are mixed measurements of both bottom Isaxs they are still connected electrically with

a wire.

The resistance of the concrete is measured between the counter electrode angldtking electrode,

i.e. the bar(s) being tested the results are shown ifigure4-9. The bottombar of all specimens
exhibited higher resistances than the top counterparhis was a resulof the greater layer of
concrete between the bars arttie counterelectrode. The outdoor waterexposed specimens showed
significantly higher resistances than the other specimem®ré¢ than a factor of twp but the
difference between the top and bottonbars was actually quite lowin comparison to the other
specimensAnti-icing solutions in theoncete areexpected to decrease the electrical resistance of
the pore solution. Thereforeht similar resistanceof the indoor specimens exposed to the salts to
that exposed to watesuggestghat the antiicing solutions ee diffusing slowlyOn the other had, if

the solutions were to diffuse through the top layer of concrete in the watgrosed specimen, the
small difference irnresistance between thd@¢op bar and bottom barsuggest that the ionic flow
between the barswould be easier and, therefore, allowthe initiation of macrecell corrosion.
Furthermore, the specimens outside had become diluted due to precipitation, and during the winter
allowed the specimens to freeze. The freezing and thawing cycles would have induced damage to the
concrete. This woultlave opened existing cracks and/or created new cracks. These new cracks would

allow the diffusion of more salt solution and increased the conductivity.
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Figure4-9: Average oncrete resistanceneasurements of 4 and 3 bars respectively for indoor and
outdoor ASTM G109 specimens including error bars of one standard deviati@spread of the
outdoor water-exposed specimens was significantly higher than the other specimens and the
standard devidion of the top and bottom bars are 16418 | Y R mi cNBSBEMIS O A 9SSt & @

The corrosion potentiaeasurementsof LJ dza kK YAy dza (62 & (ffony Re aNdRageR S O A | (i
corrosion potentialof both the top and bottonmbars are shownbelow in Figure4-10. Thedata for all

bars except the outdoor specimens exposed to multj &llutions show potentialsnore positive than

-127 mVsce(-200 mVesg which, according to ASTM C87nplies there is a 90%probability of no

corrosion The outdoor specimens exposed to multigolutions have potentials in the region where

the probability ofcorrosion is uncertain. All of the outdoor specimeatid have at least onbar that

was in the region where corrosion may be presanitile the indoor specimens were all in thegion

of 90%probabilityof no corrosion region.
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Figure4-10: Average orrosion potential measurementzone standard deviatiorof 4 and 3 bars
respectively for indoor and outdoor ASTM G109 speciméssted using the galvanostatic pulse
technique

The micrecell corrosion measurements Rigure4-11 are all in the region of iiamps persquare
metre which isS Ij dzA @ f Sy (i { 2 gessenally reyardedéaghssidg. The iRdoor toparsare
all corroding more than the bottorbars This may be attributed to the ingress of chlorideducing
the effectiveness of the passive film of thep bars. Howeverthe waterexposed specimen also
shows this trendThis cold be attributed to thegreateravailability of oxygen, however due to the
small values for corrosion and significant overtafpvaluesbetween the top and bottom barsjo
definite correlation can be drawnThe only conclusianthat can be draware that dl bars arepassive

and the outdoor bars experience mildly higher corrosion rates with a higher spread in data.
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Figure4-11: Average corrosion current density measurements of 4 and 3 bars respectively for indoor
and outdoor ASTM G109 specimens including error bars of one standard devidtiote 1mA/m?=
100nA/cmF 1> Yk & S+ NJ

In addition to the typical corrosion measurement comparison was made between mierand
macro corrosion. The comparison of these two forms of corrosion is showRigare4-12. It is
important to note thatboth axes are plotted on a log scale and that the black line indicates a slope of
one, i.e. any points above this line represent areas dominated by r@t@orrosion and any points
below this line represent areas dominated by macedl corrosion. In all casdéise micro-cell corrosion
dominated the macrecell corrosion, in most cases by three orders of magnitude. A few of the outdoor
specimens showed some trend towards unity between mizt and macrecell corrosion, but for the
most part there is still an der of magnitude difference between the two types of corrosion. It is also
important to note that all of these measurements would be considered passiite the highest
measurements being 4.6nA/m* which is approximately 5.3 Yk @ S| NJ 2 F It RSalshi K 2 &
interesting to note the spread of the two types of data. Thiero-cell corrosion varies biess than
two orders of magnitude while macteell corrosion coversiore than fourorders of magnitude.
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4.3 Micro -cell Results: Beams with Ponding Well

The following seatin discusses the results of tmicro-cell beam testshown inFigure4-13. Using

the test datg it waspossible to determine the concrete resistanceg)(Rorrosion potential (&) and

the corrosion current density{i,). All of the measurements displayed in this section are the averages
of six black steedebar in each beanfi.e. the average of all spgnens exposed to the same aitting

solution). The results gathered from the individbakscan be found irAppendix DSection D-2.
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Figure4-13: Sample beam ponded with Caﬁbluion and disconnected from electrochemical
measuring equipment

4.3.1 Concrete Resistance

The resistance of the concrete between the reinforcing steel and the surface of the concrete exposed
to chlorides helps determine the quality and the state of the concrete. Furthermore, this value is
needed to determine the polarization resistance frpmtentiostaticLPR tests (as discussedimapter

3 ExperimentaProcedurg. The resistance was detained for each bar using the galvanostatic pulse
(GB technique The results for bars exposed to the same chloritiege been averaged for each data

point and the results are shown Figure4-14 below.
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Figure4-14: Average of sixesistance measurements between the counter electrode (Ti mesh) and
reinforcing steel specimens againstie

The reason for the drastic change at about the 360 day mark is that this is when the exposure of anti
icing solutionwas changedrom continwbusto cyclic. The high peaks represent measurements taken
during the midst of a dry cyclevhereas, the low points represent the midst of a wet cycle. This is
expected as the amount of electrolytic material available for electrons to travel is decreased in dry
concrete. Furthermore, the points with extremely high resistaam®a result of the surface being too

dry when testing during dry cyclesddingto the contact resistance between the interface of the
counter electrode and the concrete. The future measurements do not show this tendency as the

amount of prewetting of the concrete was increased.

The gradual inease ofresistance ofall specimens is a result of the concretgaturing As the
concrete cures andhardens the amount of available electrolytic paths decreases resulting in the
increase in concrete resistance. The possible reason for the higher resisthspecimens exposed to
the MgC} solution compared to the other solutions is the formation of brudidg(OH)) at the
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surface However, the difference between the reference sample and bMgQinly about 5% which is

not significantwhen the spread of the data and vation in concrete is considered

Other than the cycling of resistance with the wet and dry cycles, there is no significant change in the
concrete resistance. This suggests that there are currently no observable affetis saltson the

concrete and no cracks (corrosion induced or otherwise) have formed.

4.3.2 Corrosion Potential Measurements

The corrosion potential measurements thus far have all bieethe range designated by ASTM C876

as 90% probability of no corrosiowjth the exception of the specimens exposed to NaCl solu®n

shown inFigure4-15.5dzS G2 bl / tQa LINRPLISNIASA 2F al @I GA 2y
NaQ will maintain the relative humidity at its surface of abod®4[81]. If the relative humidity of the
surroundingair is less than thiswater evaporates anlaCl will begin to crystallize out of the solution.

This resultedn a large amount of NaCldehing out over the edge of the ponding well and onto the

outside of thebarsas shown irFigure4-16. Furthermore, the solution seeped underneath the beam

and began to be absorbed into the beam through the bott@asulting in twobarsshowing signs of

activecorrosion shown inFigure4-17.

To remedy this problemall of the beams were removed and disconnected from the measuring
equipment and cleaned with a pressure washer. The beams were then retuaiedd on PVC pipe
that acted as 2.=m (~1in) legs anglacedinside plastic containers. Furthermore, the ponding wells
were neverfully filled and the NaCl specimen was covered with cellopharanit evaporation Once

the beams were cleaned and repkd the two NaCl specimens that showed signs of corrosion
subsequently repassivated with time. It is interesting to note the steel has the ability to self heal with

time provided the continual ingress of {Slhalted.
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Figure4-16: Crystallization of NaCl solution due to relative humidity formation of NaCllatdite
(Left)
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Figure4-17: Effects of NaCl lching around and being absorbed via capillary suction through the
bottom of the beam causing corrosion

4.3.3 Micro-cell Corrosion Current Density

The corrosion current densitieshown inFigure4-18 are all n the passive region. Even tlspike
caused by thdeachingof NaCl crystals is low and passive. Thiggests that the corrosion products
observed inFigure4-17 are actually rust from the metal shelf that the beams were initially sitting on
and not from theinternal bars. Furthermore, all corrosion current density values aredsitreasing,
possibly due to the concrete resistance increassupgesting that the passive film is still developing

albeit very little.
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