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Abstract

Abstract

As Canadab6s ever expandi ng t rtleercests associadd withn n et

rehabilitating and replacing structural elements, such as bridges, continues to grow. This
rehabilitation is often required because the structural reinforcing has begun to corrode, producing
corrosion product with a largeolumethan the initial reinforcing steewhich leads to cracking
and debonding of the concrete. In the past, most departments of transportation have used low cost,
carbon steel. Now, as the Ministry of Transportation of Ontario looks for alternative matéhals
longer service lives, the use of stainless steel reinforcing bars in critical structural locations has

become increasingly financially feasible.

Thus, at the request of the Ministry of Transportation of Ontario, an experimental and analytical
projeded was undertaken to compare the corrosion resistance of six stainless steels and two
corrosion resistant reinforcements: S31653, S32205, S32101, S30403, S24100, S32304, MMFX,
and galvanized steel with that of the traditional low carbon 400W reinforcefiggre are two
objective of the project, first to experimentally compare the corrosion resistance of the different
reinforcements in both sound and cracked concrete while being exposed to a 21.1% chloride brine,
while the second is to create a model far torrosiordimited service life of reinforced concrete

which includes both sound and cracked concrete.

The experimental monitoring included comparing the corrosion resistance of the different
reinforcements in: sound (namacked) concrete, concrete lwita crack transverse to the
reinforcement, and concrete with a longitudinal crack above, and parallel to, the reinforcement.
After the concrete was cured for 28 days, the cracks were induced, and the sides that did not contain
the cracks were coated withaxy to ensure unidirectional chloride diffusion through the exposed
area and the cracked region. The specimens were then monitored by conducting galvanostatic
pulse (GP) tests weekly and linear polarization resistance (LPR) tests monthly. The resulting
corrosion current densitycgr) andopen circuipotentials (korr) values were monitored over a 600

day exposure period. Both th@randEcor data indicate that the reinforcement in the sound
concrete specimens remained passive over this period tardfdre, monitoring will continue

until active corrosion initiates. In the longitudinal and transversely cracked concretgy tredi

Ecorr Values ndicated that corrosion had initiated in a number of specimens, so all the specimens
i
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were removed fromheir chloride baths, autopsied, inspected, and ranked. The ranking of
reinforcement from most resistant to least corrosion resistant is as follows: S32205, S32101,
S32304 S30403,S31653 S24100, galvanized, MMFX, and 400W.

The corrosion modkng expanded upon two models from the literature, Hartt ¢ijahnd Lu et

al. [2], by using Fickds second | aw to model t he
concrete. Once the model was created, a Monte Carlo simulation was performed to statistically
determine the effects of: chacwidth, crack density, concrete cover, chloride threshold
concentration, surface chloride concentration, and chloride diffusion on the expected life of a
concrete structure with both a 100 and 300 year service life. This allowed a critical cost rafio (CCR

to be computed, solely on the value of the reinforcement without taking into account any other
owner or social costs. The CCR is defined as how much an owner would be willing to pay for
corrosion resistant steel compared with 400W steel over the tifie sfructure. The results of this
analysis can be summarized in three ways. First, this procedure has determined that the parameters
that have the greatest effect on the service life of the structure from least to greatest are: surface
chloride concentrain, crack width and density, chloride diffusion rate of the concrete, and the
chloride threshold level of the proposed alternative stainless steel. If the structural designer
actively designs to limit the first three parameters, the financial feasibilitprrosion resistant
reinforcing dramatically decreased. Second, 15 design curves have been created to help designers
quickly assess the financial feasibility of corrosion resistant reinforcement based on the specific
requirements of their highway sttuce. Third, if the design curves suggest corrosion resistant
reinforcement is viable, it is recommeutithat the analysis be +en for the proposed
reinforcement once the chloride threshold for the specific corrosion resistant rebar grade and local
surface chloride accumulations have been determined. This will allow the designers to have site
specific critical cost ratios, allowinthemto determine if the owner @odetal costs must be

included in the feasibility study.

Both the experimental and mdteg data strongly suggest that corrosion resistant steel, especially
S32205 and S32101, are financially viable replacements for traditional 400W reinforcement,
especially in critical structural applications where access or user delay costs gdrehistt

replacement or rehabilitation.
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Chapter 1  Introduction

1.1. Background

Concrete structures make up a significant percentage of the aging national infrastructure system.
As a result, the durability and life cycle costs associated with the maintenance of these structures
has never been of higher importance. Concrete strugilangs pivotal role in: buildings, highway

and utility networks, national defence, and marine applications. These structures often play a
critical role in public safety (e.g. bridges on major transportation links, hospitals, dams, etc.)
Although concrete wuld appear to be a very durable, long lasting building material, concrete
structures are extremely susceptible to deterioration in harsh environments, such as those where

repetitive freeze thaw cycles and high chloride levels are present.

What makes conete such a durable material is that fact that it is: resistant to water ingress
(limiting shrinkage and warping seen in timber), stable in the natural environment, and extremely
strong in compression. The low strength of concrete in tension, on the atitkri$ia challenge

that must be overcome in the design of concrete struciMigsthe exception oflome and arch
structures, which carry primarily compressive forces, tensile forcesnwétiably be induced.

These tensile forces can be resisted byezidimg steel reinforcing bars (rebar) in the concrete,
creating a relatively durable composite material, but one that is susceptible to another form of

deterioratiori corrosion of the reinforcing bars.

In the production of steel, the base materials a@eresl from a lower energy state, to a higher
energy state. Reversing this change is the driving force for corrosion as the steel wants to return to
its lower free energy state. Although the concrete initially protects the steel by forming a passive
film on the surface, corrosion will eventually initiaf8].The two most common causes for
corrosion of rebam concrete are carbonation and chloride ingress. Carbonation is a chemical
reaction of carbon dioxide, and the calcigiticate hydrate in the concrete. This reaction produces
calcium carbonate and water, which reduces the pH and changes the pernwahiitgurface
concrete[4]. As the pH decreases, the passive film that was protecting the steel from actively
corroding breaks down and the steel becomes susceptible to rapid corrosion. Chloride ingress is
the more common cause for omgion, especially in marine environments and for highway

infrastructure subjected to dl@ng salts As salt concentrations build up on the surface, the
1
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chlorides begin to diffuse through the concrete, eventually reaching the surface of the rebar. Once
the chloride concentration surpasses a threshold value, typically believed to be @56 by

weight of cementitious material for standard black rebar, active corrosion is likely to ifgtiate

Traditional carbon steel reinforcing bars (black rebar) in Canada are used in most regular concrete
applications because of thee t a | €ost anldts passivity in high pH environments. These bars
typically consist of low alloy steel with a yield strength of 400 to 500 MPa, which conforms to
CSA G30.196]. These reinforcing bars, can be either weldable orweldable. Depending on

the structural application and geometry, bar diameters from 10 mm to 55 mm can be specified and

are readily available (s@eablel-1).

Table1-1: Properties ofleformedreinforcingbars|[6]

Properties of Deformed Reinforcing Bars
Nominal Dimension Mass Per
Desli3g€:1ration Diameter| Area | Perimeter| Unit Length
(mm) | (mm?) | (mm) (kg/m)
10 11.3 100 35.5 0.785
15 16 200 50.1 1.57
20 19.5 300 61.3 2.355
25 25.2 500 79.2 3.925
30 29.9 700 93.9 5.495
35 35.7 1000 112.2 7.85
45 43.7 1500 137.3 11.775
55 56.4 2500 177.2 19.625

Corrosion of machinery and infrastructure in general has a detrimental effect on all sectors of
society including: transportation, infrastructure, utilities, manufacturing, and government. A 2002
report by the US Department of Transportation Federal Hightwhministration[7] stated that

the direct cost of corrosion in that industry was approximately $137.9 billion/year. When this was
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extrapolated to include indirect costs, it exceeded $279 billion/year, or 3.1% of the US gross

domestic prodct (GDP) in 1998 when the data was collected Esgerel-1).

Government Infrastructure
$20.10 billion $22.60billion
(14.6%) (16.4%)

Production and

Manufacturing

$17.60 billion
(12.8%)

Utilities
S47.90 hillion

Transportation (34.7%)

$29.70 billion
(21.5%)

Figurel-1: Cost ofcorrosion inindustrycategories[7]

Highway bridges fall under the infrastructure category, and comprise 37% of the initial estimate
of $22.6 billion/year (se€igurel1-2). This was broken down into four categories: $3.8 billion to
replace structurally deficient bridges, $2 billion for maintenance and capital costs of concrete
bridge decks, $2 billion for concrete substructure, and $0.5 billion fortemance of steel bridge
structureg7]. Although the direcannualcost of corrosion here is assumed to be $8.3 billion, it is
estimated that the indirect costs (eg. user delays, environmental disturbances, elevated noise levels,

increased accidenf8, 9]) canrunup to 10 times more than the direct costs.
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HAZMAT Storage

Highway Bridges $7.00 bLIIiOn
$8.30 billion (31.0%)
(36.7%)

\ Waterways and Ports

$0.30 billion
(1.3%)
Gas and Liquid Transmission
$7.00 billion
(31.0%)

Figurel-2: Infrastructurecost of orrosion[7]

If it is assumed thaalthough the infrastructure has agiw percentage of GDP remathssame,
the direct cost of corrosion would be approximately 520 billion doflanuallybased 0ri6.8the
trillion GDPin 2013[10].

TooompaeOnt ari o6s i nhatafte Unied Statessaudwlbytsthtistits Canada

[11], which finished in 200/d et er mi ned t hat the average age ¢
infrastructure was 24.1 yeanshich isslightly lower than the aflime high of 24.5 yearslhis

means that the 2600 bridges un[dZ® had Mackedsn j ur i
average of 56 percent of their useable service Wlach changedrom a 50 year to a 75 year

design life when CS#A6-00 was introducefll3, 14]. By comparison, Transportation for America

reported in 201315 that American bridges average 43 years of &ge report also suggests that

11% of American bridges are deficient, with an average age of 65 years for these bridges.

1.2. Research Objetives

As the Ministry of Transportation of Ontario (MTO) continues to strive to improve the state of the
highway infrastructure in Ontario, the need to provide structures with increased service lives is
paramount. As suckthe MTO now requires bridge dgsis to comply with a 76100 year service

life, ideally without major rehabilitationwWith the harsh Canadian climate, many freeze thaw
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cycles, and exposure to heaagplication ofde-icing and antiicing agents, there are amber of

ways to reach thisaal, including the use of more corrosion resistant reinforcing steels.

Against this background, the objectives of this thesis are as follows:

1) to perform corrosion tests on both sound and cracked concrete specimens to evaluate six

2)

3)

1.3.

grades of stainless stg®@JNS 31603, UNS S24100, UNS 32205, UNS 32304, UNS 32101,
and UNS 30403) and two grades of corrosion resistant steel (galvanized and MMFX) and
compare their performance to traditional carbon steel reinforcing;

to develop a probabilistic model for predhgs the service lives of reinforced concrete
structures subjected to corrosion of the reinforcing steel, which considers the effect of cracks
on the rate of chloride diffusion and the effect of the reinforcing steel grade; and

to use the probabilistic moljes well as a comprehensive literature review, to determine the
optimal steel grade for areas of high corrosion in highway bridge structures, from the point of

view of minimizing direct and indirect lifeycle costs.

Scope

As this study is limited in duration and content breattth,scope is limited as follows

1 The experimentalprocedurehas utilized electrochemical test methods to determine the

corrosion rates of the reinforcing steel in the three different concrete envirtmnidese
measuredorrosioncurrentsare averaged ovéine whole exposed area of the steajjive

the corrosion ratesvhile likely only local corrosion has initiated. Thus the electrochemical
datacan only be used to comparatively view the corrosgsistance of the different steels.
The stainless steels used do not encompass all commercially available grades. This study
has utilized the most common forms of steel reinforcement currently being used by
departments of transportation around North America

By wet curing the concrete for twergyght daysthe quality of the concrete likely exceeds
that d field concrete. The results of time to corrosion initiation should be scaled back based
on known black bar corrosion initiation in different concreteir@mments.

The definition of failure used for the life cycle monitoring was,tbate concrete spalling

has occurred, the structure has come to the end of its service life, although field data

5
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demonstrate that this is not the case. As silghcritical ©st ratios demonstrate a worst
case scenario.

1 The assumption of averaging the chloride diffusion rate in the cracked and uncracked
regions can overestimate the concrete service life because corrosion in the cracked region
will occur more quickly than thprogram estimates, leading to higher failure rates than the

analysis has suggested.
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Chapter 2  Literature Review

2.1. Traditional Corrosion Resistant Concrete Reinforcement

In concrete applications which are highly susceptible to cracking and chattad&, (highway or
marine infrastructurgeorrosion resistant rebar has been utilized in locatiotisestructure that

have historically demonstrated the highest corrosion potential. For highway bridgeartdeese
include: bridge deck top reinforcing layers, regions around expansion joints, the bases of bridge
piers subject to chloride splashing, as well as barrier wagjare2-1. Knudsen et a[.16] suggest

that although the initial cost of corioa resistant or stainless steel rebar is much higher than that
of black rebar, savingacuredthrough: increased service life, reduced reinforcement cover, and
fewer social impacts through road closers make the costs comparable over an 80 yeardigialge de
life [16]

Bridge cross section

Potential areas where stainless
steel may be used

Bridge longitudinal section
=t

I
Y

L_1
= L=

[l

Figure2-1: Potentialcostsavingregion withuse ofcorrosionresistanteinforcing[16]

Traditionally, corrosionresistant reinforcement has included products such as galvanized and
epoxy coated rebar, but have grown to inclgtiss fibre reinforcedglymers (GFRP)carbon
fibre reinforced plymers (CFRP)stainless steend proprietary products such as MMFX.

2.1.1. Epoxy Coated Rebar
Epoxy coated rebar was introduced in the 197
chloride ions, thereby increasing the time to corrosion initiation. The process of coating a bar in
epoxy is a four part fusion bonding processist the rebar must be cleaned of surface
contamination, and all sharp and rough edges removed, &lelxtomated primer is applied to the
7
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surface,theh he bar must be heated to meet thebpexyepoxy
coating isappliedelectrostatically8]. Once an even coating has been applied, between 175 to 300

em f or s f{l7]athegcbating is euredfter which the bars are cut to the required length

and a patch is applied to seal the exposed ends. Until March 2013, epoxy rebate was a
recommended corrosion resistant reinforcenmre@ntariq but has since been removed from new
highway infrastructure. Mannirnd.8] concluded thatesearch has shown that epoxy coatings fail

for a number of reasons including: loss of adhesion when mogttsainder theoating, failure

of coating in bend locations, and surface induced damage from improper transportation and
installations practicesthis has led to instances of corrosion initiation ranging between ten and

thirty-five years, a limited result considering the premium paid for the product.

2.1.2. GFRP Rebar
Although fibre reinforced polymers (FRP) have been commercially available since thedr8d0 6 s ,
glass fibre reinforced polymers have only bee]
As the name suggests, the main constituent of a GFRPabhuigle ofjlass fibres which account
for approximately 6680% by volume of the finalrpduct[19]. The rest of the volume is made up
of a resin matrix consisting of either: polyester, epoxy, or vinyl ester, depending on the mechanical
properties required. The glagisres are formed by extruding molten glass and, once drawn through
the resin, the strands are oriented and compressed together then heated and pulled through shaping

rollers, Figure2-2.

Squeeze and orientation
bushing

Surfacing material

/Heated die

Reinforcement supply
(glass fibers)

Resin dip tank

Figure2-2: Pultrusionprocess of GFRIP19|

Themain advantagef using GFRP instebof traditional black rebar iss nonmetallic properties.
These properties include: high tensile strength, no corrosion susceptibility, as well as being non

magnetic, a valuable property when used for structures housing magnetic resonance imaging

8
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(MRI) equipment [20]. Although it seems like a prime candidate for highly corrosive
environmentsit also suffers from a number of durability issues that AClI Committee 440 describes
in Table2-1.

Table2-1: Advantages and disadvantages of FRP reinforcefaéht

Advantages of FRReinforcement Disadvantages of FRP Reinforcement

-High longitudinal tensile strength (varies wi

sign and direction of loading relative to fibres -No yielding before brittle rupture

-Corrosion Resistance (not dependent ol - Low transversstrength (varies with sign ar
coating) direction of loading relative to fibres)

-Low modulus of elasticity (varies with type

-Nonmagnetic reinforcing fibre)

-High fatigue endurance (varies with type | -Susceptibility of damage tpolymeric resing
reinforcing fibres) and fibers under ultraviolet radiation exposi

-Lightweight (about 1/5 to 1/4 the density | -Low durability of glass fibers in a moi
steel) environment

-Low thermal and electric conductivity (f¢ -Low durability of some glass and aram
glass and aramid fibres) fibers in an alkaline environment

-High coefficient of thermal expansiq
perpendicular to the fibers, relative to conci

-May be susceptible to fire depending
matrix type and concrete cover thickness

Thedisadvantages, alongside the limited long term data available, require extreme care to be taken
when designing with GFRP.

2.1.3. Galvanized Rebar
Over the last 780 years, galvanized rebar has been an option for the replacement of traditional
black steel in reiforced concrete due tas stability in the lower pH environment produced by
concrete carbonatiorand a higher chloride threshold value than that of black $&%l
Galvanizing utilizes the corrosiamsistant attributes of zinc in concrete and is apphgdtiot

dipping, flame sprayingor electroplating Each process includes multiple surface preparation
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stages where oxidized iron and mill scale are removed before the molten zinc layer is applied,
Figure2-3.

Cooling & Inspection
Zinc Bath

Rinsing Solution

Caustic Rinsing
Cleaning

Figure2-3: Hot dippedgalvanizingprocesq22]

The zinc layer acts to prit the steel in two waygirst, Andrade and Macig23] found that in
solutions simulating that of concrete pores (12+1< pH <13.3 +/0.1) that the galvanized steel
produced a protective layer of calcium hydroxyzincé@a(Zn(OH})2), which reduces the
corrosion rate of the zin&econd it can act as a sacrificial anode which will corrode instead of
the basesteelmaterial, but after a higher chloride threshold has been surpd&setista and
GonzaleZ424] suggest that once active corrosion of the zinc has bégeitotal thickness can be
lost in less than five years, and corovsiof the black steel can commence, making galvanized

steel ideal for moderately aggressive chloride concentrations .

2.1.4. Stainless Steel Concrete Reinforcement
The use of stainless steel for reinforcement has often been seen as a last resort due to the high
initial cost. It is thought to have first been used between 1937 and 1941 to create a 2100 meter
long pier in the Port of Progreso, Mexi¢a5]. In 1999 Arminox Stainles$26] conductedoth a
physical inspection and chloride penetration analgsid determined that théNS32304stainless
steel in soundoncrete had exhibited little corrosion over the first 60 years of its service life. In
comparisona second pier build in the early 19706s

deterioratedy 1999and was no longer useabkegure2-4.

10
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Figure2-4: Progreso Pier, Mexic(26]

Three groups of stainless steel are typicall
austenitic duplex andferritic. Both the austenitic and ferritic, as their names suggest,

single phasaustenite and ferrifeespectively. Austenitictainless is often considered to have

the best corrosion resistance due to its high nickel content, which comes at a price premium.
Compatratively, the duplex and ferritic stainless steel have approximately half the nickel and

no nickel respectivelj27].

11
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Table2-2: Comparison of composition and mechanical properties of austenitic, duplex and

ferritic stainless ste¢R7]

- .
Group of Grade Composition(EN 10088) DIUCt'I'tY e
Stainless elongation)
Steel  "EN ASTM Cr Ni Mo

~1.4301 UNS $30403 175195 8.0105 - 45
Austenitic

1.4401 UNS S31603 16.518.5 10.013.0 2.02.5 40

1.4162 UNS S2101 21 15 0.3 30
Duplex 1.4362 UNS S2304 22.024.0 3.55.5 0.1-0.5 20
1.4462 UNS S2205 21.023.0 4.56.5 2.53.5 20

1.451 UNS $43035 16.018.0 - = 23
Ferritic 1.4509 UNS $44100 175185 - - 18
1.5421 UNS $44400 17.020.0 - 1.825 20

When comparing the pricesf the different grades of stainlessis important to look at the
percentages of both molybdenum and nickel as the price paesfuh&se componentsan range
from eight to thirty times as much as chromium and manganese, making 316 and 2205 the most

expensive stainless steel options from a raw materials perspéatuee2-5.

12
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Raw Material Costs, US S/lb

$4.50

$4.00

$3.50

$3.00 —316
$2.50 — 304
$2.00 2205

$1.00 / —2101
S
$0.50 =~ 2304

$0.00

5 1"
06 05ec0ec 00 03 ec 0 O e 08 00 0 oA e A Vg ec Ao

Figure2-5: Rawmaterial ©st comparison

2.2. Chloride Threshold Values

When evaluating the corrosion resistancstetlin concretethe chloride threshold level (CTL)

is of particular interest. The chloride threshold levethis chloride concentration at which the
passivelayer of the steel is likely to break down amadtive corrosionis initiated. This
concentration can be presented as either total chlbydeeight % of cementitious material
(weight % cementpr free (nonchemically bound)chloride (weight % cement)n order to
determine thse levelsa number of testhave been employed including: rebar specimens in
synthetic pore solutiof28, 29|, rebar specimens in concrete or mortar with known amounts of
admixedchlorides[30], and rebar samples removed from field applications such as bridges or
piers.Although many researchers uge CLT to compare the corrosion resistance of different
materials, the levels can vary significantly in single experisyantdwhen comparing results with
many studies. Randstrom et 1] demonstrate this wheszomparingtheir own results fo2101

with those ofHurley and Scully, wittvaluesvarying fran 1.1:1.4 wt % to 5.710.6 wt %

13
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Table2-3: CCLT values in wt % chlorides for the investigated stainless steel rebar grades.
Comparison with other groups using a similar method have also been added. Numbers in

brackets represent the number of rebar t§&#d

Stainless Steg Randstrom e| Bertolini et| Bertolini et| Hurley and
Product al. 2010[3]] al. 1996[32] | al. 2009[33] | Scully 2006[34]
pH (after test) | 12.813.3 12.6 12.6 12.6

304L 2.810.6 5 6.510 -

316L 5.7-6.8 5.5 >10 2.811.29

LDX 2101 5.7-10.6 - 3.56 1.1-1.4

2304 4.6-10.6 >10 7.58 -

Glass and Buenfelb] present Hansson and Sgreng@i$ datafor black steeln such a way as
to emphasize howlightly differing concretemixture designscuring regimesand black steel

surface conditions will vgrthe CCLT from 0.4 t@.70wt%, Figure2-6.

N
N (%]
|
T
=

opC T F—+—H

0.4
0.45
31days
OPC
clean
rusted
0oPC
10%SF m————

Chloride Threshold (wt% cement)
o =
o V)] = [4,]
| | |
T T T
=
0.5 I
0.6 ==
3 days T
7 days ImE=—t———
l4days TT——
=
22% PFA I
!
ST ol —— R
RHPC =1

mill scale

Water - Cement Curing Period CacCl2 Bar Condition Danish Swedish

Figure2-6: An analysis of published data giving the mean and standard deviation of the chloride
threshold levels determined for six replicate mortar specimens in a range of experimental
conditions[5].
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2.3. Life Cycle Cost Analysis

Although corrosion of steel in concrete continues to be a large problem, federal and provincial
infrastructure managers daomue tofiercely debate the merits of stainless steel relativetiier
expensive replacement options. Without an analysis of the complete life of the structure including
use costs, the uffront costs ardnard to justify for materials that do not have long teervise
records. With the Ministry of Transportation of Ontaaiad other departments of transportation
mandating 78L00 year life cycledor highway bridgesfollowing the recommendation of the
Canadian Bridge Design codid6], a number of studies, procedures, and programs have been
completed or are ongoinglhese programs aim to model: the diffusion of chlorides through both
sound and cracked concrete, corrosion initiation times for numerous ah#yees, and crack

propagation and structural failure periods based onimigetdata

2.4. Chloride Transportation Modelling

Since the primary caus# reinforcement corrosion is via chloride ingress, many researchers have
attempted to create models that adequately explatrethgportation methoas chlorides through
different types of concreteR?oulsen and Moejbri87] suggest that thisansportatiortakes place

via: diffusion, permeation, igration, or convectin, with diffusionand convectiobeing the most

common.

2.5.  Sound Concrete
To modeldiffusion many author$l, 2,38 useare x t ensi on of \Whickdatess s econ

o

_ - a X C .
C(x,T)—CS%. ERF%W : Equationl

1-O:

Where C(x,T)is the free chloride concentration (kgjnat a deptix ata timeT; Csis the surface
chloride content (kg/f), ERF is the Gaussian error function, ddds the apparent diffusion
coefficient (n/s). AlthoughEquationl appears to be straight forward if the parameterkraoen
determining these parameters for different environmamtismaterials iextremely difficult. For
instance, theoncretamix design theplacing, compactingnd curing conditions and temperatures,

and the use ofater reducers, accelerators and other admixwatiedrastically vary the diffusivity

15
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of the concrete. This equation is also meant for homemgenmaterials andnedimensimal

diffusion, so additional considerations are needed for cracked or deteriorated concrete.

2.6. Life-365

In 1998 ACl 6s strategic devel opment counci l speci
model, and with the funding of Master Builders Inc, @r&onstruction Products, and the Silica
Fume Associatiorthe initial Life-365programwas created by Michael Thomas and Evan Bentz

at the University of Torontaand released in October of 20[B®]. The initial program required

user defined:geographiclocation, type of structure, type of exposure, corrosion prevention
strategies, and the concrete cover. In 28ntz and Ehlen were tasked with updating the
software, with updates including: improved time to corrosion initiation, estimated construction
costs, pesent worth life cycle costs, and concrete design constituents for diffusion redd6tion

This update also takes into account the varying chloride build up mtekfferent regions in

North America, based on local climates andideg techniqueg41], Figure2-7. It should be

noted that for the Ontario chloride buildup range of 0.06 to 0.08 wt. % of concrete per yea
translates into a chloride buildup rate of between 0.35 and 0.45 wt. % cementitious material per

year

Ke Build-up

(wt. %/yr)

e

<0.015
0.015 to 0.03

0.03 to 0.06

0.06 to 0.08

>0.08

OCHERC

No data available

Figure2-7: Chloride buildup rate (wt. % concrete per year) by North American Régidn
16
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This version of the softwarallows the user to analyze the financiaffects of using corrosion
medation techniques such as: blagk epoxy coated vsstainless steel rebar, or sealers and

membranes vsupplementary cementitious materials for reducing chloride diffusion.

Although Life-3652.0is a very vigorous and efféve tool a number of limitations were noted
which include:(i) given propagation periods for black and epoxy coated steel of 6 and 20 years
respectivelyinstead of a statistical or mathematical modeling apprdachpt including concrete
cracking @rameters to increase effective diffusion coefficient &ny utilizing a chloride
threshold value for all stainless steels of 10 times that of black steel (0.5% by weight of

cementitious material) instead of a grade comparison technique.

2.7. Concrete Cover

Concrete cover for structural members is designdanib the chloride ingress aritie time to
corrosion initiation. The concrete cover requirements vary drastically based on exposure condition
(sea water, de&ing solutions, sulphate exposure, freezawttetc), or the application of the
member. An example of this is the C$6] requirements forblack rebar in:beams, girders,
columns, and piles not exposed to chlorides or freeze thaw cycles versus structurally reinforced
concrete exposed to chlorides and extreme environments with high durability requirements, which
require 30mm and 60m of concrete coveespectively When used in highway structure design,

the minimum concrete cover increasgable2-4, due to the high costs assateid with the repair

or replacement.
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Table2-4: Minimum concretecovers andolerances, Canadian Highway Bridge Design Code

[36]
Concrete cover and toleranc
Environmental Component Reinforcement/ Cas“?éce Precggacrete
exposure P steel ducts b ' ’
mm mm
1 -reinforcing steel 40+/-10 40 ++ 10
@) Top of bottom g
slab for -Pretensioning 55+t 5
De-icin rectangular deck .
chemicgals; spray g -Posttensioning 60 ++£10 60+~ 10

or surface runoft 3y Top surface of  -reinforcing steel 70 +£ 20 55 +£ 10
containing  de structural

icing chemicals; component -Pretensioning 70 ++5
marine spray

(10) Pprecast 7, or  -reinforcingsteel 35 +1045
box girder -Pretensioning 50 +£ 5
-Posttensioning 55 +£ 10

Alternatively, if stainless steel is introduced into these exposure conditions, the concrete cover
could logically be decreased due to the largely incregsledde threshold of stainlesghe United
Kingdomés Department of Transportation has re
manual for roads and bridge¥2] which allows for stainless steel to be used with a concrete cover

of 30mm, if contraairs can ensure exceptionally rigid tolerances are malternatively,
Bergmann and Schndgl3] suggest that a reduction of concrete cover from 75mm to 50mm can
have a concrete deck volume reduction of 10.5%, which can reduce the total factored load on the
girders by up to 4%.

18



Experimental Procedure

Chapter 3  Experimental Procedure

3.1. Rebar Grades

The experimerstweredesigned and organized in order to compare the corrosion resistance of a
number of stainless and corrosion resistant steels under similar conditions. As such, six different
grades of staless(with two suppliers of one gradefwo corrosion resistant, and regular 400w
grade steels were chosérmble3-1. The reinforcing steels, which were provided by a number of
manufacturersyerel5M and came in 1220mm (4ft) sections, the exception lkea20M 304L
stainless steel provided by Valbruna in both 1220 (4ft) and 610mm (2ft) sections for a previous
study. These steels were chosen at the request oMthistry of Transportation of Ontarito

compare currently used stainless steel (S31653, S24100), with new less expensive grades of

stainless steel.

Table3-1: Steelrebartested

UNS Designation Type Supplier Bar Designation
S30403 304L Valbruna 20M
S31653 316LN Valbruna 15M
S32101 XM-26 Outokumpu 15M
S32205 XM-26 Valbruna 15M
S32304 XM-26 North American Stainless 15M
S24100 XM-28 Talley 15M
S24100 XM-28 Valbruna 15M
400W Black Harris Rebar 15M
Galvanized|International Zinc Association |[15M
ASTM A1035M MMFEX MMFX Steel 15M

According to the American Society for Testing and Materials, each gradé¢ meet certain
chemical requirements, outlidén Table3-2. This ensures the quality acdnsistency across the

manufacturing process.
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Table3-2 Stainlesssteel chemicalcompositionrequiranents[44]

S30403 304L 0.03 2 0.045 003 |1 18.020.0 |8.012.0 |- -

S31653 316LN | 0.03 2 0.045 003 |1 16.018.0 |10.013.0 | 2.003.00 0.100.16
S32101 2101 0.04 4.06.0 0.04 003 |1 21.022.0 |1.351.70 | 0.10-0.80 0.20-:0.25
S32205 2250 0.03 2 0.03 002 |1 22.023.0 |4.56.5 3.035 0.140.20
S32304 2304 0.03 2.5 0.04 003 |1 215245 |3.055 0.050.60 0.06:0.20
S24100 XM-28 | 0.15 11.014.0 | 0.045 003 |1 16.519.0 | 05250 |- 0.200.45
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3.2. Salt Solution

In Ontario there are a number of aiting agents that are applied to the highway infrastructure
including: sodiumchloride (NaCl), magnesiunchloride (MgCly), calciumchloride (CaCb), and a
multi-chloride, which is a combination of ththree.All four are used in different parts of the
province of Ontario based on local availability dochl temperature (i@equiring lower eutectic
freezing points)A sample of the four chlate solutions waanalyzedoy Activation Labs and the

chloride levels were determined, Table3-3.

Table3-3 Chemical ompositions anadhloride concentrations of decing agents

Percentage of Solution

Solution
NaCl | MgcCl, | cact | TO@

CI
NaCl 25 1 0 15.7
MgCl> 0 32 0 23.3
CaCk 1 0 37 24.5
Multi CI™ | 12 4 16 21.1

Although all the salt solutions were available, the multi chloride brine wasingbéd present
experimentglue tolocal availability, and relatively lower cost than titber brines.

3.3. Rebar Preparation

The rebamwerecut into 356mm (14 inch) lengths with a band saw and the cut edges were ground
to remove burs. A 4.5mm hole was drilled to a depth of &fim, into which a 20 gaugspper

wire was soldered to create an electrical connection. Each specimen type had wire with a specific
colour coating, in order to easily differentiate the different steel grades while embedded in
concrete. The ends were thesaled withvarying lengths of epg lined shrink tube (25mm (1

inch) to 76mm (3 inches)), allowing between 204m (8 inches) and 25&,m (10 inches) of
exposed length. The ends were filled with hot glue to fully seal the end of the bar and limit end
effects Figure3-1.
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3.4. Concrete

3.4.1. Concrete Mixture Design
The concrete mix desigiable3-4, follows the MTO guidelines for concrete bridge mixtures with

two exceptions being: the wet curing time and the size of the large aggregate.

Table3-4: Ontariobridge mix design

Ontario Bridge Mix Design

Constituent Amount (n¥)

Gravel (14mm) | 1045| kg

Sand 705 | kg
GU Cement 297 | kg
Slag 98 kg

Euclid Air Extra | 237 | mL

Superplasticizer | 900 | mL
Water 155 | L+ abs

wi/c 0.40 | ratio

The difference in curing time being that the specimens were cured in the humidity chamber for 28

days compared with the minimum 4 days of wet curing specified by the Ontario Provincial
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Standard Specification (OPSS) 904 for concrete structures, when the curing temperature is above
zero degrees Celsi{45]. The large aggregate in the concrete was 14mm, slightly smaller than the
19mm aggregate specified by OPSS 1P to ensure even aggregate distribution in the small
laboratory specimens.

3.4.2. Concrete Casting

Due to difficulties in determining the optimal design for the longitudinal cracks, the initial casting

plan was to cast the specimens in two separate castsrdtheaft included: stainless steel sound
concrete specimens, and stainless steel transversely cracked specimens. The second cast included:
black and corrosion resistant sound concrete specimens, black and corrosion resistant transversely
cracked specimengnd the longitudinally cracked specimebBsie to preparation errors in the

black and non stainless steel sound concrete specimens, a third casts was required.

3.5. Specimen Design

The threespecimen designused to evaluate the corrosion resistancéhefdifferentrebar
grades correspond tdhree differentfield surface conditions: sound concrete above and around
reinforcing bars, concrete with cracks oriented transversely to the reinforcement, and concrete with
cracks oriented longitudinally tand above, threinforcementThe sound concrete represents the
ideal conditionswhich are often not present in the fighiit is typical of laboratory specimens
The transversely and longitudinally cracked specimens represent more realistic field conditions,
with cracking occurring due tshrinkageoading,andthermal variations

3.5.1. Sound ConcreteSpecimens

The concrete beamspecimensFigure 3-2, were designed toepresensound concreténot
cracked)with a single steeleinforcement matThe top bar of the mat was positiorizanm (1
inch) below the surface of 88mm (1.5 incl) deepponding wellto be filled withmulti chloride
brine The cover of 25mm, differed from the 60mm7i 75mm for structural concrete members
exposed to chlorides the field in orderto limit the time required for chloride ingress to reach

the surface of theemforcemen{6].
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Figure3-2: Soundconcretebeam

Eight different sound concrete specimens were,dafibwing the basic layout shown in
Figure3-2 andFigure3-3. The different specimens include:

M four beans, eachwith one of each ofevenstainless steel bars described able

3-1 with ashort section ofransverseebar Figure3-3);
1 two beans, eachwith 2 of each of the threeone stainlesbarstestal (galvanized,

MMFX, and Black);and
M two beamseachwith two of each of the three non stainless bars tested without the

transverse rebar shownkgure3-3.
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Figure3-3: Soundconcreteplan view

To ensure a consistent ponding well, and for ease of construction the specimens were cast upside
down on top of a 38 m (1.5 inch) extruded polystyrene utegtion board Figure3-4. This also
allowed for the 64nm (2.5 inch) transverse rebar to be tied to the bottom side @Dtham (8

inch) exposed section t#st specimen using UNS31653 stinless steel tie wire.
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Figure3-4: Sound concreteofmwork

3.5.2. Transversely Cracked Concrete
The specimens used to simulate cratkesverse (perpendicular) to the rebeere cast
individually in concretgrisms measuring: 6mMm (~2.75 inchesyquareby 356mm (14 inches)
long Figure 3-5. This allowed for a 255m (10 inch)long exposed surfac&imilar to thesound
concrete specimens, a Btim cover was used wlow timely chloride diffusion.To ensure that
the rebar was approximately centred in the concrete prism, formwork was created which centred
the exposed epoxy coated end, while fishing line was utilized to support the fully embedded end

of the specimen.
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Figure3-5: Transverse craekl specimen

Once the specimens hadencuredin the humidity chambeiior twenty-eight days a transverse
crack was induced in each prism bp@nt bendingThereafteran epoxycoating was applied to
the four(left, right, base, and bottons)des of the prism to simulate deck continuity and try to

limit the chloride ingresso only the cracked regiorkigure3-6.

Figure3-6: Epoxycoating on two sides of the beam cracked perpendicular to the rebar
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3.5.3. Longitudinally Cracked Specimens

These specimens wepeepared to represent the cracks which often form above, and parallel to,
the lateral bars of a bridge deck. Eight baith a 255mm exposed lengtivere casinto concrete
beamaneasuring966 mm (~38inches)longby 114mm (~4.5inches) tall by 356nm (14 inches)

wide, Figure3-7. The specimen was cast upside dawith the bars located abovesat mm (1/4

inch) deemlexiglasgriangularprism. Thiscreated a notch ithe surface of the beam to create an
area of higher stress when inducing the cizatallel to the rebarThis provideda 25mm cover
between the root of the notch and the surface of the rebar.
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L . | ° VRN i [ - B i
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o 2o d oo d ol gro o drolodeo lodre e grolooy
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Concrete . GFRP

956
& . [poxy Cooted
‘*. /8,‘ Shrink Tubing . Concrete

206
209

Figure3-7: Longitudinalspecimenbeam

The bars were supported two 15mm Glass Fibre Reinforced Polymer (GFRP) barsrder to
reinforcethe concrete while the cracks were induddee GFRPwas used becauseastan effective
electical insulatorand prevented shorting between bars during subsequent electrochemical testing
Figure3-8.

28



Experimental Procedure

Figure3-8: Formworkand bars for longitudinally cracked specimens

Once the cracks were indugexs described belothe specimens were cut half, theexposed
GFRPwasremoved, and then epoxigde prisms were coated with eposg four (left, right,
bottom and base) sidés limit chloride ingress to only the cracked region. Two specimearsh
with four barswere then placed upright in a container and the multi chloride brine solution was

added to approximately 268m (1 inch) below thép concrete surfacdsigure3-9.

Figure3-9: Longitudinaly cracked pecimensoakingin antricing solution
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3.6. Inducing Longitudinal and Transverse Cracks

The cracks for both the longitudinand transverse specimens weanduced by placing the
specimens in three point bendjiggure3-10. Once the cracks had been indu@e804 stainless
steel shim (10mm wide by 10mlong by 0.26mm thick) was placed in the crackprevent the
crack from closingThis was don# simulate worst case bigd deck conditionsof approximately
0.3mm,the crack opening level above whittie Ministry of Transportation of Ontaricequires

thecrackbe sealed47).

P
e e
R B GFRP
7 & ] 251
114
p
1 _ 816

-

— - 251

Figure3-10: Threepoint bending- longitudinalspecimens

3.7. Electrochemical Testing
In order todeterminethe comparative corrosion resistance of the steels in the three different
environments micraell corrosion monitoring techniques were used. These techniques included:

galvanostatic pulse (GP), linear polarimatresistance (LPR), and cyclic polarization (CP). These
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three techniques were employed with different test frequencies of weekly, monthly, and a single

testrespectivelywith GP and LPRallowing for polarization resistance gRto be determined.

3.7.1. Galvanostatic Pulse Technique

The galvanostatic pulse techniq&]r equi res t he application of a
experiment,to the rebarand measuringthe esulting potentialsin the case of specimens in
concrete it allows for both the polarization resistance and the concrete resistance to be determined,
assuming a steady state is reachiéigure 3-11. If the potential or potential step between
measurements are low, or the specimen is not shielded (eg Faraday Cage) the data will be
susceptible to noise which can result in data that is difficult to analyze.

Galvanostatic Pulse Technique

o

I'R,

Potential, mV

Elapsed Time

Figure3-11. Galvanostatipulsetechnique

3.7.2. Linear Polarization Resistance Technique

The potentiostaticlinear polarization resistance technig#9] requires the application of a
constant potential and the resulting current respaseeasuredfFigure 3-12. This technique
requires two scans, +20mV vs open circuit potentiédp Ein this experiment, of 150 seconds to
allow the current responge) to enter the linear regio@nce the current response is determjned
the polarization resistance can be determined WEsigition2, and, once combined with the taffel
constantff), and the exposed ared (can be used to determine the corrosion current density (

Equation3.
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Figure3-12: Linearpolarizationresistance

DE :
R, = o Equation2

ooy = 0 |
cor T o A Equation3

3.7.3. Cyclic Polarization Technique

For the potentiodynamicyclic polarization techniquibQ], a large range of potentials applied

at aconstanscan rateDuring the current testing, a scan rat®.01mv/S,was appliedrom open

circuit potential to+500mV and then reersing to -900nmV, Figure 3-13. The curve below
demonstrateboth a stablénot corroding)and nonrstable(corroding)samplein black and red

curve respectivelygigure3-13. Asthe potetial is increaseghe passive filnimpedance decreases
and, depending on the material composition, a newrfibly becreated. Irthe caseof the passive

bar, when the potential is decreased,ithpedance of th&élm slowly increases and is greater than

the original (exhibiting a lower current density at each potential and a more anodic open circuit

potentia). In the case of the active haéne passive film has broken down amdhen the potential
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scan reverseshe bar is not stable enoughréborm thepassive film(resulting in a higher current

density at each potential and a more cathodic open circuit potential)

Cyclic Polarization V316 Specimens
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Figure3-13: Cyclic polarizationcurve forpassivdy andactively corrodingsteel

33



Experimental Results and Discussion

Chapter 4 Experimental Results and Discussion

The following sections describe the physical properties of the materials tested as wellaztite
results from the@ngoingexperimental ppgram.

4.1. Concrete

To ensure that the corate exceeded the 35 MPa compressive strength required for Ontario
highway bridges, compression tests were complat@8 days after castinthe results of which

are presented imable4-1 . What can be noted is that the average compressive strength of the
tested cylinders is-85% higher than the required 35 MPa specified strengib.itommon and

due to the risks assesbby the contractor. It is much cheaper to provide mixes with strengths

much higher than the required strength, then to have to remove the concrete if the strength it too

low.
Table4-1: Averageconcretecompressivestrength (MPa)
Average Compression Strength (Mpa)
Cast Date Air Content
7 Day 14 Day | 21 Day |28 Day
#1 19-Dec12 | 4.50% - - 48.17 47.16
#2 24-Jan13 | 6.00% 32.3 39.07 - 45.38
#3 27-Feb13 | 6.10% - - - 38.13
4.2. Chemical Compositionof the Alloys

The composition of the steels used in the experimental program are presdarabld2. These
data were collected using-péy fluorescence, and ihsuld be noted that all the different steels
fall within acceptableranges for chemical compositioAlso note that this technique cannot
determine the lighter elements (egrbon nitrogen because it cannot accurately detect elements

with atomicmasdessthan aluminum.

4.3.
The following sections discuss the results of the electrochemical ttedtwere performed on:

Electrochemical Testing

fifty-two bars in soundoncrete specimens, fifty longitudinally cracked specimens, and fifty
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transversely crackespecimenskrom these test the: corrosion current density)(iopen circuit
potential (Ecorr), and the concrete resistance;)(Rere able to be determinedhe following
sections discusthe results of the electrochemical testing by breaking the spasimto three
categories which are: black and corrosion resistant reinforcement, recently developed stainless

steel grades, and traditional stainless steel grades.

4.3.1. Corrosion Potential (Ecorr) and Corrosion Current Density (Icorr)

In order to inerpret the corrosion potential of uncoated reinforcing steel in field con&®Tem

C876 was establishe[§1]. The standard suggegistentialso comparehecollectedopen circuit
potentialsagainst in order to determine the possibility of corrosion, graphically depickeglire

4-1. It should be noted that the recommended interprewtiénhis test were designed for black
steel, based on years of experimental results, theseinterpretations are not applicabier the
stainlessor galvanizedsteel. If thesound concretelata in Figure 4-2 is compared tadhose
presented ifrigure4-14 andFigure4-8 it can be noted how much variation the corrosion potential
of stainlessteel has compared with traditional black reinforcement. While the black reinforcement
stays relatively constant at a potentiat@flL mV vs saturated calomel electrode, well within the
low probability of corrosion region dfigure4-1, the stainless steels vary fro125 mV to-

0.275 mV vs saturated calomel electrode under passive corrosion conditions. Thus, in order to use
a method similar to thgiresented in ASTM C876, a different chart should be created for each
stainless stegewhich compares the open circuit potential vs probability of corrogton.the
current experiment, both linear polarization resistance and galvanostatic polarizatroquesh
were used with average Ecorr values presentéghpendix A
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Table4-2: Chemicalcomposition ofexperimentsteeldetermined by XRF (note this technique cannot determine carbon and nitrogen

contents).
UNS. | Type Actual Chemical Composition, % (XRF)
Designation Carbon| Manganese| Phosphorus| Sulfur | Silicon | Chromium | Nickel | Molybdenum
S30403 304L <LOD |1.32 <LOD <LOD |<LOD |18 8.6 0.49
S31653 316LN <LOD | 1.24 0.082 0.3 0.85 17.64 104 2.14
S32101 2101 <LOD | 4.87 <LOD <LOD | 0.87 21.07 1.46 0.165
S32205 2205 <LOD | 1.56 0.14 0.38 |0.89 21.7 4.94 291
S32304 2304 <LOD | 1.63 <LOD <LOD | 0.54 22.36 3.94 0.21
S24100 Valbruna XM28 <LOD | 12.03 <LOD <LOD | 0.53 17.62 2.31 <LOD
S24100 Talley XM-28 <LOD | 12.15 <LOD <LOD | 0.63 16.83 0.73 0.17
* Areas marked A<LODO mean el ement | evels fall below | evel
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Figure4-1: ASTM C876: Corrosiompotential ofuncoatedlack reinforcingsteel inconcrete
4.3.1.1. Black and Corrosion Resistant Renforcement

4.3.1.1.1. Sound Concrete

From both the Err andicorrdatg Figure4-2 andFigure4-3 respectively, the black and corrosion
resistant rebar in sound conterespecimens currently do not appear to be corroding because the
Ecorr values are in the low risk of corrosion region for the black steel the dorr values fall below

0.001 A/nf, which equates to an average coyearosi on
Note however, how anodic the galvanized rebar is, betvB&smV and-225mV, compared with
the-950mV to-400mV (Figure4-4), and-1000mv toi 500mv (Figure4-6) for the transversely

and longitudinally cracked bars respectfully. It should also be noted thattti@ta from the LPR

testsall fall well below the values determined by the GP techispcause the concrete resistance

cannot directly be removed by the polarization resistance of the system.
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AverageE_,,, VS Time - Sound Concrete
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Figure4-3: Averageicorr - Corrosionresistantebar insoundconcrete
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4.3.1.1.2. Transverse and Longitudinally Cracked Concrete

Theopen circuitpotentials of the bars in the cracked concrete are significantly more cathodic than
those in the sound concretedicating that they are actively corroding. From both the LPR and

the GP curvedrigure4-4 to Figure4-7 , it appears that corrosion initiated almost as soon as the
specimens were exped to the multi chloride brine. Although the data from the LPR is almost an
order of magnitude lower than the GP values, because the concrete resistance cannot be determined
from the LPR technique, both sets of data show that the large crack widthedatteavchloride

direct access to the steel surface. For both the longitudinal and transversely cracked specimens,
the corrosion potential and corrosion current density decreased with time, potentially due to the
oxygen limiting the reaction, seen in thesed half ofEquationd4. Another possibility is that the
corrosion products have built up on the surface of the bars, and seeped into theblekikg,

the cracks antimiting the transportation of more chlorides to the rebar surface.

Fe- F&' +2¢

1 Equation4
2¢ +20, +H,0 -2(OH")

For the transversely cracked concrete the average value ebtiesion potentiabppears to
become more anodic and, similarly, the corrosion current density decreases around day 375 of
exposure to chlorides. Thish&cause the specimen exhibiting the highest corrosion rate for each
of the black, galvanized and MMRXars was removed and autopsied at this time. Therefore the
data collected after this time were the average values for the four bars exhibiting the lower

corrosion rates.
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AverageE_,,, vs Time - Transversely Cracked Concrete

-0.2
-0.3
o 1
- v — 1
—< T T =< ""'{)1.-,——"-'
-05 Y “l ' \tl\ ~__L-=
§ Ny =~ - - o r _, /
> 06 25
L
w
0.7 A
i _!
0.8 \vl
4 —Black-LlPR - —Black-GP
0.9 P ——Galvanized-LPR — —Galvanized-GP |
‘ /’ — MMEFX-LPR - = MMFX-GP
-1
0 100 200 300 400 500 600

Exposure Time, Days
Figure4-4: Average ko i Corrosionresistantebar in transversely cracked concrete

Average i.oy VS Time - Transversely Cracked Concrete

1 | |
Black-LPR — — Black-GP ——— Galvanized-LPR
= = @Galvanized-GP ——MMFX-LPR = = MMFX-GP
0.1 . 4
ry »n “1 o "rn|
™ J g
< \ PR v an -~
p s~ \/ v N .~ .
A
-~ H\ ! 'I L] V)
0.01 \ S h .
. A | } T ¥ \ - _ -
_ﬁ,\\,\l‘,ld\m_“ TENE. <\ _--
M e —
0.001
0 100 200 300 400 500 600

Exposure Time, Days

Figure4-5: Averageicorri Corrosionresistantebar in transversely cracked concrete
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AverageE_,,, vs Time - Longitudinally Cracked Concrete
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Figure4-6: Average Eor - Corrosionresistantebar inlongitudinallycracked concrete
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4.3.1.2. Traditional Stainless SteeGGrades

4.3.1.2.1. Sound Concrete

From the data presented kigure 4-8 and Figure 4-9, again it is assumed that the steel is not

corroding.
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Figure4-8: Average Eorr - 304L, 316LN, and 2205 stainless steel rebaoimdconcrete

42



Experimental Results and Discussion

Average i, vs Time -Sound Concrete
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Figure4-9: Average dorr - 304L, 316LN, and 2205 stainless steel rebaoundconcrete

4.3.1.2.2. Transverse and Longitudinally Cracked Concrete

Analysis of the data for the transverse and longitudinally cracked spec¢iigure4-10to Figure

4-13 and the individual data in Appendix Alectrochemicallyndicates thathloride has reached

the surface of all the stainless steelWWhen the single bars of each specimen are analysed, the
304L and 2205 appear to confirm what the averages suggested. When the individual 316LN bars
in the longitudinally cracked specimeBsr and torr dataareanalyzed it looks as if specimen 1

and 5have begun to actively corrode, but when the specimens were autopsied only specimen 1
exhibited corrosion product on the exposed surface, appendig Getermine the full extent of

the corroson, the bars have been removedfrihe concrete and photograpliveith the results of

the longitudinal autopsy presented in Appendix C.
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AverageE_,, vs Time - Transversely Cracked Concrete
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Experimental Results and Discussion

4.3.1.3.

4.3.1.3.1.

Sound Concrete

Recently developed Stainless Steel Grades

From the data presented kigure 4-14 and Figure 4-15, it can be assumed that the steel is not

corroding for a two reasonBirst, the black and corrosion resistant rebar in the same environment

did not exhibit corroded material properties. Secondthedlues are well into what is considered

a passive

state

(i e

d

epth

0SS

o f both Balleg antl h a n

Valbruna have open circuit potentials betweEdOmV SCE and125mV SCE, which remained

relatively consistent throughout the ongoing tests. The data also demonstrates that the open circuit

potentials of passive Outokumpu 2101 and Amerisaminox 2304 are more cathodic, ranging
between-250mV and-190mV SCE and270mV and-220mV SCE, respectivelyThis is

interest.i

4-8.
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Average i, Vs Time -Sound Concrete
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Figure4-15: Averageicor - Stainlesssteelrebar insaund concrete

4.3.1.3.2. Transversely and Longitudinally Cracked Concrete

Comparing the averaggen circuipotentials of the bar in transversely and longitudinally cracked
specimens to those of the bars in sound concrete, the data suggests that chloride has reached the
surface of the bar, and has begun to break down the passive film. This is best showMBa&he
specimens as thapen circuipotential dropped from approximatefl50mV in the sound concrete

to -350mV in the longitudinally cracked specimens. Although the average corrosion current
density values all appear to be in the passive range, whendi@iral specimen results are
viewed,AppendixA, it appears as though a number of specimens hegento actively corrode,
examples of which are givenfgure4-20 andFigure4-21. It should also be noted that corrosion
current density values given in the plots are determined using the entirsedxgrea of the bar

(steel not covered by end capping) whereas, if only the area of localized corrosion is accounted

for, more bars may exhibit active corrosion tendencies (have corrosion current densities above
0.01 A/n?).
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AverageE_,,, vs Time - Transversely Cracked Concrete
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Average E_,, vs Time - Longitudinally Cracked Concrete
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Armenox 2304 Longitudinal - I ,, VS Time
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4.3.2. Cyclic Polarization

4.3.2.1.

43.2.1.1.

From the cyclic polarization curveBjgure 4-22 to Figure 4-24, it can be seen that the black,
galvanized, and MMFX specimens all exhibit passive corrosion (on the reverse anodic potential

sweep, the corrosiorurrent density is at lower values than those in the initial curve).

4.3.2.1.2.

For both the bars in longitudinally and transversely cracked specimeapeheircuitpotential
is significantly more negative than tleosf the bars in sound concrete. The exponential shape of

the curves and the data for the return potentials sweep being at higher current density values are

Sound Concrete

typical of metals exhibiting active corrosion.
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4.3.2.2. Traditional and Recently DevelopedStainless Steel Rebar

4.3.2.2.1. Sound Concrete

From the cyclic polarization curveBjgure 4-25 to Figure 4-31, note that all the steels exhibit
passive behaviour, as the current density is lower when the potential is decreased from 500mV
than on the positive potential swedjne 316LN and 220Steelshave passiveurrent densities
(estimated by Tafel extrapolationj 2x10* and 4x10* A/m?, respectivelywhereas those of the
otherstainlesssteels are much lower, namely between Zxa0d 8x1. This is in agreement

with the GP and LPR measurements

4.3.2.2.2. Transversely Cracked Specimens

The initial open circuitpotentid of transversely cracked specimens in all casesore cathodic

than that of the bars in sound concrete specimens. The curves all show pitting potentials and, when
the potential was decreased, all steels continued to actively corrode and exhibiteccathmatic

open circuitpotential than initially recorded

4.3.2.2.3. Longitudinally Cracked Specimens

The initial open circuit potentiabf all the bars in the longitudinally cracked concrete, except
Tal | ey g svereXmddée &athodic than those of the bars in ble¢hsound concrete and
transversely cracked concrete. TgwentialofTal | ey 6s XM28 bar in the
concrete was approximately 75mV more anodic then that of the bar in the transversely cracked
concrete, and had a slightly lower corrosaumrent density at the maximum applied potential of
500mV vs SCE. It should also be noted that the 2304 haughestcorrosion current density (

A/m?) at a potential of 500mMn the longitudinal specimen
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06 Cyclic Polarization A2304 Specimens
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Cyclic Polarization TXM28 Specimens
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06 Cyclic Polarization V316 Specimens
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06 Cyclic Polarization VXM28 Specimens
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Figure4-31: Cyclic polarization XM28
4.4. Autopsy Results

4.4.1. Transverse Specimens

In May 2014, after more than a year of electrochemical testing, one specimen of each rebar type
in the transversely cracked concrete was autopsied. The specimens were chosen based on apparent
corrosion rates, from electrochemical testing, to confirm tttateacorrosion had initiated and to
determine the area of steel which has been affected. An example of the electrodhgiresalts

is displayedn Figure4-32, to demonstrate why specimen number one of this grade of steel was

chosen.
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0.01
0.001
E
E
<
0.0001
0.00001

Once the specimens were removed from the rohltride brinethey were photographed to
document any corrosion staining on the outside of the concrete, such as that dhigure33.
Note two observationdirst, the 304 shims inserted to hold the crack open at 0.3(tom and
bottom of the crack)did not survive the chloride andecondjt appears that corrosion product
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Figure4-32: Talley XM28transverse&rackedicorr

from the bar below is being driven out of the crack.
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Figure4-33. Example of aransversely cracked sample of Valbruna 304 before autopsy

The specimens were then autopsied by cutting the concrete on both sides to a depth of
approximately 3mm (1/8 inch) above the steel, as to not detiatheeffect the surface of the

rebar, or wash away corrosion products. One side of the sample was then compressed in a vice and
levered to crack the prism in half. This allowed the surface of the rebar to be examined for
corrosion, and the adjacent corteréo be examined to determine the migration of corrosion

products Figure4-34.
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Figure4-34: A: Corrosion products migratiasemonstrated othe concretesurface adjacent to

the steelB: rebar surface corrosiam Valbruna XM28

It was noted that all the stainless steat well as the corrosion resistant steels exhibited corrosion
to varying extats beginning directly under the crack with corrosion and corrosion products often
migrating horizontally along the surface of the relsee summary and rankTiable4-3. This is

likely because of different crack widths and crack length providing different chloride

concentrations to each specimen.

Table4-3: Rankng of transversely cracked specimens by crack size and extent of visual

corrosion

Bar Crack Size (mm) | Extentand locatiorof Corrosion Product Rank
02101#2 0.204 lcn? 1
V2205#1 0.250.6 4 cnt 2
V316-#3 0.150.33 Under end cap + strip along surfan®gerfection | 3
A2304#1 0.4-0.5 6en? 4
VXM28-#1 | 0.150.25 3cnt 5
V304-#1 0.250.5 13cnt + Under enctap 6
TXM28-#1 | 0.250.4 12cn? 7
Galvanized | 0.2-0.8 25cnt (Concrete exhibitedevere cracking) 8
MMFX-#5 | 0.150.4 16cnt + severe pitting 9
Black 0.150.4 40 cnt - general corrosion 10
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After the initial specimens were assessed, the remainder of the transversely cracked specimens
were autopsied on January",52015, following the procedure outlined previously. The
approximate crack size of each specimen was recorded, as well as the area of the corrosion product.
Each specimen was given a s¢dEquation5, and then the average score was used to rank the

stainless steels,

90.00

20.00 - Transversely Cracked Concrete

70.00

60.00 -

50.00 - ]

40.00 -

Corrosion Score

30.00 -

20.00 -

10.00 - H
V2205 A2304 02101 304 VXM28 V316 TXM28
Stainless Steel

Figure
4-35, with the lowest score being the most corrosion resistdrd raw data has been placed in

Appendix C

A
Score= % Equation5
k
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Figure4-35: Corrosion score of transversely cracked concrete specimens

4.4.2. Longitudinal Specimens

In October of 2014after 18 months exposure® multi chloride one bar of every steel type was
removed from the multi chloride bath and autopsied to confirm the results of the electrochemical
testing. Since the geometries of these specimens were diffierenthose of the transverse bars,

the specimen selection wasre based on the accessibility of bars, not the corrosion levels, which
has provided some interesting resulste due to accessibility issues an MMFX sample was not
able to beemoved from the tanK he average crack widths, amount of corrosion prodsoivell

as rank are presentedTiable4-4, andicor results have been displayedrigure4-36.

Table4-4: Crack widths of longitudinally autopsied specimens

Bar Crack Size (mm) | Extentand locatiorof Corrosion Product | Rank

VV2205#5 a0.15 -No corrosion 1
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02101#5 0.20-0.45 -corrosion under one end cap 2
V304-#4 0.200.40 -corrosion under one end cap 3
V316-#5 0.150.20 -corrosion under one end cap 4
VXM28-#5 00.15 - ocalized ZQorrosiolb
TXM28-#5 a0.15 -two localizedc or r osi?on &7¢¢6
A2304-#5 0.250.33 -approximately 40% of exposed surface |7
Galvanized#5 | 0.20-:0.30 -approximately 25% of exposed surface | 8
Black-#5 0.150.25 -approximately 40% of exposed surface |9
10 T I I T T
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Figure4-36: icorr data for autopsied longitudinally cracked specimens

As the data suggest, both the galvanized and the black bar are corroding at a much higher rate than
the stainless steels, even though the crack width falls withiMinistry of Ontario specifications.

The 2304 has surface staining over approximately 40% of the exposed area, potentially because of
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the larger crack widths. Both XM28 bars exhibited low surface staining suggesting that corrosion
has just recently iniited despite the smaller crack widths, and without much change igo.the
valuesseen inFigure4-36. The 304L, 316LN, and 2101 all exhibit small amounts of casrosi
under the end cap. The fact that there isamgt corrosionof the exposed surfacan be expected

from the 316, with the small crack widths and high corrosion resistance, but the fact that both 304
and 2101 have exhibited passive behaviour with clacger then Ministry specifications is rather

surprising

Approximately one month after the initial bars were autopsied, the remainder of the bars were
removed from the chloride solution and autopsied, the crack widths and extent of corrosion have
been pesented iMAppendix C Although many of the bars have exhibited corrosion products on
the surface of the rebar, and staining on the condretk of the XM28 bar exhibited a different
surface staining pattern. While most corrosion product appears to be wet, with an expansion and
delamination of the corroding ste&ligure4-37, the XM28 corrosion product appeared dry and

did not appear to stain the concrétgure4-38.

Figure4-37. Delaminated corrosion product on 2101 stainless steel
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Figure4-38: Adherent dy corrosion product on Valbruna XM28 stainless stedbse

Similarly to the transverse specimens, the longitudinally cracked specimens were scored using

Equation5, with the results displayed Figure4-39, with the raw data available Appendix C
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Figure4-39: Corrosion score of longitudinally cracked concrete specimens
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4.4.3. Comparison

In order to determine the ideal rebar for a specific exposure condition and price point, all the
corrosion resistant rebar must initially be compacethe base black bar. Based on the results of
a visual inspection of the bars in both the longitudinally and transversely cracked specimens, as

well as work done by a colleague on rebar in pore solution and a modified Europeaaltiest,

4-5 was created

Table4-5: Comparison and ranking of rebar results from four different tests

Modified EN: | Longitudinally Transversely Pore Solution

480-14: 2006 | cracked concrete| cracked concretd Tests
S32205 1 1 1 1
S32101 2 2 3 4
S31653 3 6 6 5
S30403 NA 4 4 3
S32304 5 3 2 2
S24106V | NA 5 5 6
S24100T |4 7 7 7
Galvanized NA 8 8 NA
MMFX NA 9 9 8
Black NA 10 10 9

The purpose of having several replicate specimens of each condition type was to determine the
variability of the results, so that the data could be extrapolated to a 75 year design life. When
comparing the results froMable4-5, there is a lot of consistency across the modified EN: 480

14, longitudinally cracked, and transversely cracked result, while the pore solution results differ
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slightly. Note, that the pore sdion ranking was done by comparing the average chloride threshold
values.The data suggest that the 2205 and 2101 are consistently the top performers, while 304L,
Talley 24100 and 2304 round out the top five. While comparing the stainless steels to MMIFX a
galvanized rebar, it is interesting to note that galvanized bars tended to be more consistent than
MMFX. Although limited corrosion was observed on the galvanized bar, it appears that the zinc
coating, was performing as a sacrificial anode as it wagrkrs to. Thus, this steel may be
considered to be a viable option for high traffic municipal structures because of the price point and

durability with soluble corrosion products.

4.5. Discussion

The electrochemical testing of the sound concrete samplesndbesdicate that any of the
reinforcing bars have started to corrageifying the low chloride diffusion rates of concrete with

low water/cementitious material ratios and tightly controlled casting conditions. The data suggest
thatafter nearly 600 daysf chloride exposure, the chloride concentration at the depth of the rebar
has not even exceeded the chloride threshold for black reinforcing bars, while the cracked
specimens indicate the black rebar started to corrode within days of expapiesisinghe

need for corrosion models to include the effect of cracks.

When comparing the sound, transverse, and longitudinal concyete polarization data
presented ifFigure4-22 to Figure4-31, a number of interesting observations were made. In the
sound concretdoth the black and MMFX sgimens reach a maximum current density of
approximately 1.5x1® at 500mV vs SCE, slightly lower than thalues for2205 and 316LN

which were approximatex102?, whilethe galvanized reinforcingeaked at approximately 6x10

3, more similar to the othestainless steelsThe trend of 2205 and 316LN having the highest
passive corrosion current density of all the reinforcement tested in the sound concrete specimens
was also obseved by linear polarization resistance and galvanostatic pulse te&iiggye 4-9.

When the longitudinal and transversely cracked concretiéc polarizationdatawerecompared,

it wasinteresting to note that the corias current density oblack, galvanized, and MMFA

peak around 5xIDA/m?, which is a similar range tihat ofthe stainless steels except the 2304.
Which is counterintuitive, as the stainless steels should be more resistant to corrosion, thus having

a lower corrosion current densitlf is difficult to know why the 2205 and XM28 have higher
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corrosion in the transversely cracked specimens rather than the longitudinal specimens, but it could
be due to the width and depth of the crack, limiting the aeodiffusionin the longitudinally

cracked specimens.

68



Analysis

Chapter 5 Analysis
5.1. Deterioration Modelling

5.1.1. Sound Concrete

In order to investigate the IHeycle cost implications of choosing stainless as opposed to black

steel reinforcing, a probabilistic corrosion model was developed, which combined elentewnts of

exi sting modEl]service IFeipmojection mddel wals wtikizeathis modelsesd i1 ¢ k 6 s
second law,(Equationl), to determine the time until corrosion initiation and the time until
corrosion propagation results in concretacking and /or spallingThis model is described
graphically inFigure5-1[1], wheret;is the time to corrosiomitiation,tpi s t he fipr opagat
from corrosion initiation until concrete spalling renders the structure unusablg,iside total

service life after which it is assumed that rehabilitation or replacement is required.

N

Cumulative Damage

N

Time

Figure5-1: Hartt's graphical representation of the time scale of corrosion initiation, crack

propagation, and time to failure of rebar in concrete strucfdfes

Hartt calculateds as a statistical distribution, by defining the input parameters as statistical

variables. He solves for this statistical distribution in a cldseah expression, which requires
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integration over the ranges of the statistical varialmetfie model developed for the current study,
the same expression ftywas used. However, Monte Carlo simulation (MCS) was employed
rather than integration to determine the statistical distributiot.féour input parameters were
varied, namely: theusface chloride contenCgin kg/m?), the apparent diffusion coefficierd {n

m?/s), the concrete covek (n m), and the chloride threshold lever(in wt% cementitious
material). Once the chloride level is exceeded, corrosion is assumed to hatedirtid the
associated time; has been determinelNext, t, is determined by usingquation6, whegis e G
the critical corrosion section loss requited@rack the concrete, afZRavcis the average corrosion

rateover the whole rebar surface

t = CCrit

= Equation6
P CRAVG

Gerit IS determined usingquation7, wherex is the concrete cover in metréss the bar diameter
in metres, and is the bar lengtin metres (conservatively assumed to be infinite):

ax &x .

Cepr (M) :11*1068%; g 4 Equation?

¢’ & -
Equation7 was based on an experimental stbigySagues et aJ]52]. As the rebar corrodes it
experiences section loss. However, the corrosion product that results has a larger volume than the
original metal. The result is that tensile stresses are introduced in the concrete, which eventually
cause it to crack and spall. kevelof section loss associated with spalling depends primarily on

the bar diameter and cover, according to this model. Presumably the concrete strength also plays

a role. However, the model does not consider this.

CRavcis determined usingquation8, where ERF is the Gaussian error function, Bnd the

diffusion coefficient

e a 3 X oc
CR,,¢ =0.61851.45, p1- ER%zi__ Equation8
Tho =001l B b & |
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This equatiorassumes that the chloride concentration at the rebar depth is varying according to
Fickdés | aw and the corrosion rate i noOmncetases

andtp, have been determined, the service l§eis simply the sum df andtp.

5.1.2. Cracked Concrete

To incorporate the effect of concrete cracking, a model from Lu ¢PJalvas used. Concrete
cracking occurs in a number of ways, including but not limited to: impact damage, loading
(i.e. structural cracks), and during ceoate curing (i.e. shrinkage cracks). These shrinkage and
structural cracks can go undetected until a detailed bridge assessment is conducted, greatly altering
the corrosion initiation time estimates. If the extent of the cracking is known, LU &t sliggest

a mathematical approach, whereby the combined diffusion rates in both the cracked and un

cracked regions arepresented by a weighted average as shouiuation9:

— AD& + Ar DCI’

cc A+ A Equation9

where D¢ is the combined chloride diffusion coefficient §8), Da and Dcr are the apparent
chloride diffusion coefficients of the sound concrete and the cracked concrete, respectiggly (m
andAc is thetotal area of the crack Lu et al. also providequations for cracked concrete diffusion
coefficients following the procedure of Djerbi et F33] (Equation10) and equations for sound

concrete with or withowupplementary cementing materied<CMs,Equationl1to Equationl3):

&(0.16n, - 3 10'° BOmME w, €100 /mr

D, = i
er : 130101 )l.; W, 2 1007m Equationl10
D, =10 T doe B sem Equation11
D =10°"® Fue i som Equation12
w___ 2 Equation13
e e— uation
b f'c+135 a

71



Analysis

wheref @ the compressive strength of a standard cylinder (MPayasdhe crack width. In the
mo d e | devel oped for the cur DeeplacedbyDd ahlgulatedHar t t 6
using the formulas proposed by Lu et al. to consider the preseoccks.

5.1.3. Surface Chloride Build Up

Since the different regions of North America encounter different amounts of snow and winter
weather, the structures in these regions are exposed to a varying range of dntonidesiicing
agents To consider this, #hchloride buildup rates assumed in the L8365 software and shown

in Figure2-7, [41] were used to select a rate for the corridor from Windsor Ontario to Montreal

Quebec. These rateseaconsidered to be among the most severe rates in North America.

5.1.4. Input Parameters

The model described in the previous sections was used to determine the conditions under which
the use of different stainless steel grades would be optimal fromaydilie cost perspective. To
dothisallof t he model s i nputprpeasi@eaionenedums vaghde fivar i
serviceconditions. A summary of the six input parameters, with their assumed negasnsd(

standard deviationgl), can be seen ifiable5-1. In this table, the standard deviations consider

both the uncertainty and the natural variability of each parameter. It should be noted that the
coefficient of variation (CoV) for each parameter was hettstantand equal to the value assumed

by Hartt[1], (where applicable), because of a latklata available to assume otherwise.
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Table5-1: Input parameters favlonte Carlo simulation

Environmental Condition Severity Low Medium | High
_ e | 100 300 500
Crack width Wstruct( € M) .
u |30 90 150
. e |01 0.5 1.1
Crack density Dstruct(m/n?)
g |0.18 0.91 2
T A e | 1.7 3 4.9
Chloride Threshold CLsrainless stee
(wt% cem.) G 0164 |0.29 0.474
e |3 5 7
Concrete Cover X (cm)
g 0.3 0.5 0.7
_ _ e |3 6 9
Surface Chloride Concentratior Cs (wt% cem.) o
u | 0.75 15 2.25

€ | 1.00E12 | 4.00E12 | 7.00E12
Chloride Diffusion Coefficient | D (m?/s)

3.33E13 | 1.33E12 | 2.33E12

Co

5.2. Crack width and density

Since crack widthWstue) and densityDstrucy) are affected by many variables (concrete strength,
reinforcement ratio, loading, etc.), the model must take this variability into consideration when
trying to represent a wide variety of corterstructures in a variety of environments. For the crack

widths, a lognormal distribution is assumed (since this distribution stops at zero and negative crack
widths and densities are not possible), widlanv al ues ranging from 100 egr
em crack width was considered based on the Mir
that crack widths larger than this must be sealed by the contfdélofhe 100c m cr ac k wi dt
was considered to determine the effect of tighter crack control standards, and to see if it would

i mprove the service | ife of bl ack reinforcem
determire if larger cracks would drastically reduce the service life of stainless steel. As for the

crack densities, Darwin et §4] have presented a range of field data that show that crack densities

can range from 0.in/n? to 1.06m/n¥ depending on the type of girder connection, and the year

and season of construction (dealingrwehanging concrete quality). The cumulative distribution
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functions (CDFs) of the three analyzed scenarios for crack width and crack density are plotted in

Figure5-2 andFigure5-3 respectivelywith mean and standard deviations in parentheses
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8 /
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Crack Width, W, (um)
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Figure5-2: C D F fors100, 300, and 509 m cr ack wi dt hs
0.8 R
rd
I'd
'y
o 0.6 //
8 y
0.4 o
/
/
0.2 /

0.0 —ammewrs’cm = =7

0 200 400 600 800
Crack Width, W, (um)
——LN(100,30) oo LN(300,90) = -=-=0LN(500,150)

Figure5-3: C D F @r0.1, 0.5, and 1.1 m/fcrack dengies
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5.3. Chloride Threshold

When considering the variance in chloritieeshold value$or stainless steelfRandstrom et al.
[31] have suggested it rangestween 2.5% and 11% in pore solution, as sedialohe2-3. The
chloride concentration in the pore solution is not equivalent to the chloride ca@ticenby mass
of cement because some of it becomdgemicallyboundor physically trapped in the cement
hydration productsThus, the free chloride in the pore solution needs to be deternwiezh
Anderset al.[55] analyzed the pore solutiaxpressed frormordinaryPortlandcement pasteith
w/c = 0.5Q they were able to plot the relationshigrigure5-4, which correlated the chlorides in

pore solution to known amounts gastin chlorides by mass of cement.

)
[ R = & T =

Chloride content of pore solution, %
'—l.
=

L T S T O = T

0 2 4 = 8 10 12

Admixed Chloride % by mass of cement

Figure5-4: Chloride concentration gfore solution of pastes with admixed chlorides as NaCl

[53]

Figure5-4 suggests that 2.5% and 11% chloride in pore solution is equivalent to 1.7% and 4.9%
respectively by mass of cement. The third value of 7% was used as a central value which correlates
to approximately 3.0% by mass of cement. Tinaglative distribution function (CDF) of the three
lognormally distributed parameters analyzed is givefigure5-5.
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Figure5-5: C D F 6f 4.7, 3.0, and 4.9% chlorideresholdby weight of cementitous material

5.4. Concrete Cover

Whendetermining how the use of stainless steel, or corrosion resistant reinforcing could improve
the durability of concrete igictures, variations in concrete cover must be considered. The United
Kingdomdéds Department of Transportation has pr
structures where stainless steel is used if contractors can adequately ensure specifications are
tightly met[42]. Alternatively, the New York State Department of Transportaish already

allows for a concrete cover reduction of 1 inch @%) from 3 inches to 2 inches (#mto 50

mm) if a solid stainless steel or stainless steel clad reinforcing bar is used in the top mat of the
bridge decklLastly, a 70mm concrete cover has been recommended in the Canadian Highway
Bridge Design cod¢36] for structures using regular reinforcing. Regardless of which value is
assigned for the nominal cover, cover is a parameter that is expected to vary considerably, due to
the normal variations in construction tolerances. The cumaldistribution function (CDF) of

the three lognormally distributed parameters analyzed is givieigume5-6.
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