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ABSTRACT

This study involved the spalling problem found in some partial-depth precast
prestressed bridge decks in the state of Missouri. Recently, panels of bedged have
exhibited corrosion of the prestressing steel tendons causing concreteyspatie
edges of panels. Some of the exposed tendons are corroded to the point of rupture. The
effect of factors, namely concrete side edge distance and concretahtgperion steel
corrosion in chloride-contaminated reinforced concrete was investigated siuty.

Wet-dry cycle tests and accelerated corrosion tests weredcaati®n sixty-three
specimens designed with three different side edge distances and tleemtdbncrete
mixture types. Visual inspection and gravimetric study were performed @stall t
specimens. For specimens subjected to wet-dry cycle test, corrosion potentia
measurement, electrical resistivity measurement, and chloride conadygisnvere also
conducted. For specimens subjected to accelerated corrosion test, time fiasiooor
initiation to corrosion cracking was used to verify the effectiveness of variodsls in
predicting cracking time with low impressed current. Findings indicateftrat
specimens of constant thickness, concrete deterioration and tendon corrosion decreased
as the side edge distance increased. In addition, experimental resultd stiteave
difference in deterioration levels between specimens of concrete with éibé the
control specimens with normal concrete. Higher levels of deterioration wereifound
specimens with corrosion inhibitor compared to the control specimens with normal

concrete.
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1.INTRODUCTION

Precast-prestressed concrete panels are very popular in bridge cmmstouct
accelerate the construction of concrete bridge decks. The Missouri Depioim
Transportation (MoDOT) has 10,335 structures in their bridge inventory, 1,712 of which
consist of precast-prestressed 3.0-3.5 in. thick deck panels that sstag-an-place (SIP)
formwork for a 5.0-5.5 in. thick cast-in-place (CIP) slab. The precast-pe=tresncrete
(PPC) panels also serve a structural entity in the bridge deck. Tradytjiadhafie SIP
panels are reinforced with low-relaxation, seven-wire steel prasgessands oriented
perpendicular to the traffic direction along with mild steel temperatim®reement in
the traffic direction.

Recently, some bridges with this PPC deck panel system in the MoDOT inventory
have been observed to experience rusting of embedded steel reinforcement are concre
spalling. The plausible seasons for this spalling problem observed in those bridges in
service likely include corrosion of the steel reinforcement in the panels dise of
deicing salts, permeability/cracking of the panels, and inadequate cawrete
Corrosion of steel reinforcement can be detrimental since it can result ierslierspans
for the deck panels. This is explained in Chapter 2 of this thesis.

Since the use of SIP deck panels has proven to be a very cost-effective practice
for concrete bridge deck construction in Missouri, it is motivated to investigate the
corrosion problem of embedded steel prestressing reinforcement in concrete gnd stud

more durable alternatives for using these panels in new construction.

1.1. PARTIAL-DEPTH PRECAST PRESTRESSED CONCRETE PANELS AS
STRUCTURAL FORMWORK FOR BRIDGE DECKS

Spalling problems associated with partial-depth precast concrete deck gamnel
the focus of this research study. Therefore, the main features of this systedescribed
and discussed in detail in this section.

A type of bridge deck that is commonly used in Missouri during the past 30 years
consists of a 3.0 to 3.5 in. thick precast-prestressed concrete panel performing as
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formwork and that is composite with a cast-in-place toppping slab. The panelace@ pl
adjacent to each other along the direction of traffic flow, and pretensioned straatdd loc
at mid-depth are oriented in the bridge transverse direction. The adjacestgranabt
connected to one another at the transverse joints (perpendicular to the trafficrgirec
The prestressing strands in the panels serve as the bottom layer of eengfotran the
bridge deck which resists positive moment. Cast-in-place concrete deckl{typié in.
thick) is placed on top of the SIP panels after panels are in place. The top lapdds of
steel reinforcement are placed in the CIP panels for the negative momens régjld
reinforcement is also present in both the SIP panels and CIP topping in the longitudinal
direction of the bridge to resist shrinkage and temperature stresselt as megative
moment in the bridge girder.

Wieberg (2010) concluded that “Based on the results from the first bridge
inspections in St. Louis, spalling in the PPC panels is the result of the penetration of
water and chlorides through the reflective cracking in the CIP topping, to thadeter
between the CIP topping and the PPC panels, then through the PPC panels to the
prestressing tendons located near the panel joints”. According to this, efeit edge

distance was evaluated in this study.

1.2. PROBLEM DESCRIPTION

It was recently observed that some bridges within Missouri with the panehsyste
described in Section 1.1 have experienced rustings of embedded steel reinforcement and
concrete spalling issues at the bottom of panel joints. Fig 1.2 illustrates esavhie
steel reinforcement rusting and concrete spalling observed. As shown in Figting, rus
of embedded steel tendon can be seen through the concrete cover. At the panel joint
locations, reinforcement is exposed and ruptured at some locations due to the corrosion.

Concrete spalling is also observed in the figure.
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1.3. SCOPE AND OBJECTIVES

The work included in this thesis is a portion the MTI/MoDOT Collaborative

Structures Research program (2008-2010) Project 1B: Spalling Solution of Precast-

Prestressed Bridge Decks. The objective of this thesis work was to evheiatBuence

of side edge distance and concrete materials on the spalling behavior of tharfeixC

To achieve this objective, the scope of this thesis work included the following:

1.

N

Literature review was conducted on the deterioration of steel in conudete a
techniques to monitor corrosion (Chapter 2).

Experimental investigation was performed on sixty-three reinforced t®ncre
specimens subjected to wet-dry cycle test and accelerated corrosion test t
investigate the influence of various parameters on the specimen durabdigl V
inspection, corrosion potential measurement, electrical resistivity nesasnot,
chloride content analysis, and gravimetric study were conducted (Chapter 3).
For specimens subjected to wet-dry cycle test, analysis was made baselon vi
inspection, corrosion potential measurement, electrical resistivity nesasnort,
chloride content analysis, and gravimetric study to evaluate the effectevédif
test variables on the possibility and degree of corrosion (Chapter 4).

For specimens subjected to accelerated corrosion test, time-to-corroskimgcra
determined from visual inspection was compared with models from the literature
to study the effectiveness of low impressed current technique in simulaing
chloride induced corrosion of steel in reinforced concrete structures (Chapter
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2.BACKGROUND

As introduced in Chapter 1, partial-depth precasted-prestressed concrete bridge
deck panels are widely used in bridge construction in Missouri. Recently, salgesori
with this type of deck system have exhibited significant deterioration, incluaishg r
cracks, and concrete spalling. To gain a better understanding of the etdmerdtion
process, extensive literature review was conducted and categorized amS2cti
through 2.4. Section 2.1 discusses the mechanism of corrosion of reinforcing steel in
concrete, as well as the function of different components in the electrocheroczd r
Section 2.2 describes various non-destructive techniques to monitor corrosion of steel in
concrete, providing methods to evaluate the possibility, rate, and degree of te@norro
Section 2.3 explains five models to predict the time to corrosion cracking, that can be
used to predict the corrosion service life of reinforced concrete strsindeto
determine whether repair or rehabilitate is needed. Section 2.4 discussedealte
concrete materials investigated in this research in an attempt to improwvertson
behavior of the concrete deck panels.

2.1. DETERIORATION OF STEEL IN CONCRETE

Corrosion of prestressing steel in prestressed concrete structuresictanthesa
loss of load-bearing capacity of structures through debonding between emémtcand
concrete, loss of reinforcement cross-section, cracking, and spalling oéteoridre
partial-depth precast concrete bridge deck in Fig 1.2 shows the problems observed. The
following sections describe the mechanism of electrochemical corrosicio(s2.1.1),
the passivity phenomenon (Section 2.1.2), electrolytic characteristics aéto(Bection
2.1.3), and the principles of steel corrosion in the concrete (Section 2.1.4).

2.1.1.Mechanism of Electrochemical Corrosionlt is generally accepted that
the mechanism of steel reinforcing corrosion is electrochemical in nAGt2R2R-01).
The alkaline environment of concrete results in formation of a protective filrarof i

oxides at the steel-to-concrete interface to prevent corrosion of theesté@icement.
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This passivity of the steel can be broken by carbonation or chloride attacks(detail
discussed in Sections 2.1.2 and 2.1.3). Thus, corrosion will start after the damage of the
passive film as long as a basic corrosion cell is present. Bxpamsrosion product (rust)

is formed that occupies several times the volume of the original steel. Thesiepa
corrosion products create tensile stress in the concrete surrounding the cateelitgr

that can result in cracking and spalling of the concrete.

In the electrochemical corrosion process, two reactions occur at theliogthl-
interface: the electron producing reaction, which is an anodic reaction (oxidation), and
the electron consuming reaction, which is a cathodic reaction (reduction)b&sica
corrosion cell, there are four essential components for a basic corrosionic&é®9b)
described in Sections 2.1.1.1 through 2.1.1.4.

2.1.1.1.Anode. The anode usually loses electrons from electrically neutral metal
atoms to form discrete ions. The corrosion reaction of a metal M is usuallpssgpiey
the simplified equation: M MZ*+z€". For iron, z equals two.

2.1.1.2.Cathode.The cathode reaction consumes the electrons produced by the
anode process. There are two basic reactions at the cathode which depend on the pH of

the solution:

pPH < 7: 2H 2€ - H, (2.2)
pH>7:2H0 + O, + 46 - 40H (2.2)

2.1.1.3.Electrolyte. The electrolyte refers to the conductive solution in which
cations move from anodic to cathodic regions and anions move in the opposite direction.
2.1.1.4.Electrical connection.The anode and cathode must be connected
electrically to ensure current occurs.
2.1.2. Passivity. Passivity is the phenomenon in which insoluble corrosion
product (e.g. rust) forms a protective film on the surface of the metal. Pasaivibe
divided into two types, which are chemical passivity and mechanical pas€ikgynical
passivity is due to an invisible thin but dense and semiconducting oxide film on the metal

surface, effecting electrode potential of the metal significantlhdeical passivity is
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due to the precipitation of solid salts on the metal surface, effecting corrase by
porous and usually non-conducting salt layer.

The maintenance of passivity needs certain electrochemical environmental
conditions (Liu 2006). Breakdown of the passive film will initiate the corrosion of the
metal with the presence of a basic corrosion cell described in section 2.1 \lityPEssi
usually destroyed by changes of the electrochemical environmental conditions
mechanical forces such as chloride ions.

2.1.3.Concrete as an ElectrolyteGenerally, concrete of appropriate mixture
proportion, compacting, and curing can provide an excellent protective environment for
steel reinforcement. The physical protection is provided by the cononeteldocking
the access of aggressive species. Chemical protection is provided by cohoglte’s
alkalinity solution due to the presence of sodium and potassium oxides in the pore
structure of the cement paste matrix, as well as calcium hydroxide produbed i
hydration reactions of cement components (Liu 1996).

The pH of concrete influences significantly the corrosion of steel in cencret
Generally, the lower the pH of concrete, the higher the probability of corrosion
occurrence (Bhaskara 1987). For different pH values of concrete, the rate ofocorrosi
occurrence changes as follows (Bhaskara 1987):

* pH > 10: no corrosion
* 4 < pH < 10: corrosion rate is constant
* pH < 4: corrosion rate is rapid

The range of high pH values of typical concrete (12.5-13.5) lies within the pH
domain in which insoluble oxides of iron are thermodynamically stable (Liu 1996). This
leads to the passivity on the metal surface in which significant corrosion isddruiee
to the formation of a protective surface film on the anode.

Unfortunately, due to the porous structure of concrete and existing microcracks,
which are hard to avoid completely, the ingress of aggressive species ocsimg tae
breakdown of the passive film. The most common causes of passive film breakdown are
incorporation of chloride ions in the film and neutralization of the pore solution by
atmospheric carbonation (GJLiu 1996).
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Carbonation can also reduce the pH of concrete (Klieger 1994). The reason is that
carbon dioxide in the atmosphere participates in carbonation reaction which dissolves
calcium hydroxide in the pore water. The carbonation reaction is a rather sl@sqrea
the corrosion of steel reinforcement due to carbonation is normally observed only when
the concrete cover is very thin, or when the concrete is of poor quality (Sorensen 1982).

Sections 2.1.3.1 through 2.1.3.3 describe properties of Portland cement concrete,
concrete constituents, and water in the concrete that are relevant tecthaldlc
behavior of concrete.

2.1.3.1.Portland cement concretePortland cement concrete is a very
commonly used engineering material in the building construction industry. It is
economical in terms of cost and less energy input than other materials in produnction, a
it is convenient as well in terms of ready availability. Portland cement radlsewidely
used hydraulic cement, which primarily consists of hydraulic calciucates,
aluminates, and ferroaluminates (Zemajtis 1998). Generally, the terngatggrefers to
material of granular shape, such as sand, gravel, or crushed stone. Elemenianaof port
cement concrete can be easily formed into a variety of shapes and size$eahire
excellent resistance to water and fire. Due to the much lower tenesitgstrof portland
cement concrete compared with its compressive strength, about 10 percentinginfor
steel is embedded to control cracking resulting from tensile stresset eeproperties
of the material itself, creep and shrinkage are two factors that need to be taken int
account during the design process.

2.1.3.2.Concrete constituentsConcrete is a highly heterogeneous and complex
structure, that contains a heterogeneous distribution of different types andtarof
solid phases, pores, and microcracks (Mehta 1993). In addition, the structure of concrete
is also subject to changes with time, environmental humidity, and temperature. Solid
phase and pore systems are described in Section 2.1.3.2.1 and 2.1.3.2.2, respectively.

2.1.3.2.1.Solid phase Solid phase refers to hydrated cement paste (HCP),

aggregate, and transition zone - a layer between the aggregate and cemehh@aste
transition zone is about 20n thick and is more porous than the bulk paste. Among the
solid components of concrete, the transition zone has the greatest contribution to concrete

properties (e.g. strength, elastic modulus, and permeability). At earlyedtyggyite and
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calcium hydroxide are major constituent of the transition zone causing thisvegler

and porous. After mineral admixtures are added into concrete, calcium hydroxge fur
reacts with the incorporated materials and forms calcium silicaratey@CSH), which
increases zone thickness, makes it denser, and thus less permeable (Z86&)jtis

2.1.3.2.2 Pore systemThe pore system in the HCP can be classified into four

catagories depending on their sizes: entrapped air voids (1000 pnd0@htrained air
voids (50-100Qum), capillary voids (0.014im), and interparticle spaces (0.001-0.003
um).

The structure, pore size distribution and pore connectivity in the concrete cement
phase determine the availability of oxygen and moisture at the steel sbdtcef
which are necessary for the maintenance of a passive film (Liu 1996). Boeyoailtrol
the diffusion rate of chloride ion and carbon dioxide which, as mentionegttos 2.1.1,
are the two most deleterious factors in the corrosion of embedded steel in col@ete. T
typical sizes of both the solid phase and the voids contained in hydrated cemengpaste ar
shown in Figure 2.1 (Mehta 1993).
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Figure 2.1. Dimensional range of solids and pores in a hydrated cement paste
(Mehta 1993)
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The size of interlayer space (gel pore) is too small to have an advexdeoafthe
permeability of the hydrated cement paste, and water in these small voneddalng
hydrogen bonding. It is the capillary pore system that is the major causedfftision
and permeation processes, and therefore, the corrosion.

Pore size distribution depends primarily on the water-to-cement ratiogiado)n
the degree of cement hydration. The mercury intrusion technique is used to tedt seve
hydrated cement paste specimens. Figure 2.2 shows the typical pore sizatidistr
plots (Mehta 1980).

It is generally known that small pores, less than 50 nm, mainly effect drying
shrinkage and creep. Large pores, greater than 50 nm, which develop with inaréasing
can reduce concrete strength and increase permeability. It has beenlshtdonwell-
cured laboratory specimens with w/c greater than 0.5, the permeability ofteonitre

increase exponentially (Jones 1992).

Penetration Volume (CC/
=
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Figure 2.2. Pore size distribution in hydrated cement pastes (Mehta 1980)
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Figure 2.2. (Continued) Pore size distribution in hydrated cement pastes (Mehta 1980)

2.1.3.3.Water in the concrete.A large amount of water can exist in the hydrated
cement paste, depending on the environmental humidity, porosity and pore size
distribution of the hydrated cement paste. This water, or rather pore wat@rsmiuhe
hydrated cement paste, can be classified into different forms based on howit diftian
be removed from concrete. For the water in the hardened cement paste, it canlexist in t
following forms discussed in Section 2.1.3.3.1 through 2.1.3.3.4. Transportation of water
in concrete is discussed in Section 2.1.3.3.5.

2.1.3.3.1 Capillary water. The capillary water refers to water existing in

capillaries 5 nm in diameter or larger.
2.1.3.3.2 Adsorbed water. Absorbed water exists close to the solid surface and is

positioned by attractive forces. Most portion of adsorbed water will be lost when the
paste is dried to about 30% relative humidity. Depending on the surface endrgy of t
solid, water adsorption is not limited to a mono-layer adsorption model, but follows a

multilayer model.
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2.1.3.3.3.Interlayer water. Interlayer is a monomolecular water layer that is laid

between the layers of calcium silicate hydrate structure whichdslgdtydrogen
bonding. This water is lost only with very strong drying (i.e. below 11% relative
humidity).

2.1.3.3.4Chemically combined water Chemically combined water exists as a

part of the cement hydration products in the form of hydrates and is not lost witg.dryi

2.1.3.3.5Transport of water in concrete Permeability can be defined as the

ease with which a gas or fluid can flow through a solid. For concrete, perryeiabili
directly determined by the continuity of the pore system (Section 2.1.3.2.2).

The concrete porous structure system filled with air and pore water solution
allows the ingress for deleterious substances and an electrolyte. Thenoaggnent is
determined by cracking and the HCP properties in mature concrete. Although sggrega
is usually less permeable than HCP, its presence in concrete gerwvatesnsity
transition zones which makes concrete more permeable. Furthermore, the movement of
water in HCP also depends on changes in pore structure resulting from continued
hydration, as well as changing solubility of its constituents. The anafysisahanisms
of mass transfer in concrete is very complicated because of the compfecatycrete
pore structure, variation in mixture proportioning and curing, or continued hydration
(Klieger 1994).

2.1.4. Principles of Steel Corrosion in ConcreteCorrosion of steel in concrete
is an electrochemical process as discussed in Section 2.1.1. The corroding system
consists of an anode in which steel is corroded, a cathode (graphite rods in the case of thi
study as discussed in Chapter 3), an electrolyte (e.g. 5% sodium chloride solation), a
an electrical conductor as connector. The potential difference betweenamtbdathode
is the driving electrical force for steel corrosion. (In the case of tnily s& power supply
enlarges the potential as discussed in Section 3.4.2.)

As the passive film is degraded by chloride ions attacks or carbonation, the
metallic Fe at the anode is oxidized to ferrous iorfé &eshown in Eq 2.3:

FeFe" + 26 (2.3)

The electrons released by anode are transferred to the cathodic areaoReducti

reaction occurs on cathode as indicated in Eq 2.4:

www.manaraa.com



13

2&2H,0+4 € - 40H (2.4)
Figure 2.3 illustrates the reaction on anode and cathode reflected by the Eq. 2.3
and Eq. 2.4.

Cathode Process Anode Process
0, +2H,0+4e -40H Fe = Fe¥ +2¢
0, 0,
| |
Y v
! Q G o) g o Moisture Concrete as
g - a an Clectrolyte
@) - R = R ()
X fl (o Fe,0; surface.
\ / passive film
Cathode Anode Steel

Current flow

Figure 2.3. Mechanism of corrosion of steel in concrete
(Mehta 1993)

The hydroxyl ions OHthat arrive at the anodic area electrically neutralize the
Fe?* ions to generate ferrous hydroxide which dissolves in pore water to form solution of
ferrous hydroxide (Bazant 1979) shown in Eq 2.5:

Anode: F&* + 20H - Fe(OH) (2.5)

The product ferrous hydroxide further reacts with available oxygen and water and
forms water insoluble red rust as indicated in Eq 2.6:

Anode: 4Fe(OH)+ O, + 2H,0 - 4Fe(OH} (2.6)

Red rust is not the only product of corrosion of steel in concrete. Other products
include compounds such as black rusgdzegreen rust, Fegland other ferric and

ferrous oxides, hydroxides, chlorides, and hydrates. Several factors centiilbiogir
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composition such as availability of pore water, pH and composition of the solution, and
oxygen supply.

Corrosion products are deleterious to concrete because they occupy much larger
volume than the steel bar. The black rust volume is twice as large as that of stesd, and r
rust volume is four times as large (Bazant 1979). The increase in volume causes tensi
stresses in surrounding concrete which can cause cracking and spallingafahe
concrete.

As the concentration of solution increases, ferrous corrosion products form an
acid solution with chlorides which further enhances corrosion by neutralizintktiee
concrete environment. In addition, ferrous chloride, which are more soluble than the
oxides, move away from the reinforcing steel and expose new surface ateas to t

corrosive environment.

2.2. CORROSION MONITORING TECHNIQUES

Corrosion of steel embedded in concrete cannot be visually observed until the
deterioration causes external signs such as rust, cracks, or spalling. o gnaelict the
corrosion service life of reinforced concrete structures and to determitieewtias
needed to repair or rehabilitate the concrete element, it is necessagyntinedestructive
techniques to evaluate the corrosion level or to measure the corrosion rate of the
reinforcement.

Due to the special electrolytic characteristics of concretetstes, it is difficult
to develop corrosion monitoring devices applied to the reinforced structures fort@ccura
assessment (Liu 1996). However, there are several electrochemical teslihawan be
used to monitor corrosion of steel in concrete successfully, such as corrosion ppotentia
(Section 2.2.1) and linear polarization techniques (Section 2.2.2). In addition, chloride
content measurement techniques (Section 2.2.3) and gravimetric techniques (Section
2.2.4) are two effective methods to evaluate the corrosion damage and corrosion rate,
respectively.

2.2.1.Corrosion Potential. As described in Section 2.1.1, corrosion is an

electrochemical process. Electrical potential is generateldelyrocess of corrosion, and

www.manaraa.com



15

the half-cell provides a method of measuring these electrical potentials.efihednand
equipment are explained and illustrated in ASTM C 876-09. The measurement of the free
corrosion potential of the reinforcement can determine the voltage differencehdtve
steel and reference electrode in contact with the concrete, which is shovgulsskt.4
and 2.5.

Guidance on interpretation of half-cell results and the relationship to pofential
corrosion from half-cell surveys is given in ASTM C 876-09 and is summarized in Table
2.1. As can be seen, the more negative the reading, the greater the probability of

corrosion.

Reference electrode touched Negative
down at suitable intervals on connection

concrete surface to measure
potentials of embedded High impedance digital
voltmeter measures the

reinforcing steel

potential difference betwesn
metal in reference electrode
and steel in concrete.

Concrete /

Positive
connection

Figure 2.4. Reference electrode circuitry (ASTM C 876-09)

2.2.2.Linear Polarization Technique.The linear polarization technique is a non-
destructive method for assessing the instantaneous corrosion current denagyoden
widely used in monitoring corrosion of laboratory specimens, as well as fietduses

(Zemaijtis 1998). The name linear polarization refers to the linear regioms of t
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polarization curve (current vs. potential curve), in which slight changes in cappelird
to corroding metal in an ionic solution can cause corresponding changes in theapotenti

of the metal.

Cap for attaching
voltmeter lead

Copper head
Copper bushing

Liquid level of copper sulfate solution — t 2
(level should be nearly full at all times)  §

Mon-conductive, non-sulfate or
copper reactive outer jacket

Copper rod

Sponge ’ Excess of cupric
(Electrical junction device) sulfate crystals
-X H Porous plug

Figure 2.5. Copper-copper sulfate half cell circuitry (ASTM C 876-09)

Table 2.1. Interpretation from results from half-cell potential surveyo(dimg to
ASTM C876-09)

Ecor (Cu/ CuSQ) Probability of corrosion
>-0.20V Greater than 90%_probab|I|ty of no
corrosion
-0.35t0 -0.20 V Corrosion activity uncertain
<-0.35V Greater than 90% p_robablllty of active
corrosion
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Stern and Geary showed that for a simple corroding system, a few millivolts
around the corrosion potential, the polarization curve may be considered quasi-linear
(Stern and Geary 1957). Corrosion current density is directly proportional to the
instantaneous rate of metal loss. Usually, the corrosion current densfgrisde¢o as
the corrosion rate.

3LP is one of the most common devices, which are based on the linear
polarization method, to determine the corrosion rate of steel in concrete. Tluis devi

shown in Figure 2.6.

Figure 2.6. 3LP device (Zemaijtis 1998)

The name “3LP” refers to “three electrode linear polarization” technifjue
three electrodes are: counter, working, and reference electrodes. The etaattede
applies a cathodic current to the steel reinforcement, which is called tkiegvor
electrode. A third electrode, the reference electrode, monitors thepmrdasg change
in potential of steel/concrete surface due to applied current. Given the S&@m-G

relationship, corrosion current can be determined. Then the corrosion current density or
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corrosion rate can be estimated by dividing the current by the area dhategas
polarized.

Corrosion current density measurements are very susceptible to sevatakvari
field conditions including concrete temperature, moisture, and oxygen content. The
manufacturer’s interpretation of measured corrosion current density, oorrage, using

the 3LP device is given in Table 2.2.

Table 2.2. Manufacturer’s data interpretation for the 3LP device (Zemaijtis 1998)

Icorr Interpretation
<0.21 mA/cni No damage expected
0.21-1.07 mA/crh Damage possible in 10-15 years
1.07-10.07 mA/crh Damage possible in 2-10 years
> 10.7 mA/cM Damage possible in less than 2 years

2.2.3.Chloride Content Measurement TechniquesMeasuring the chloride
content of the concrete at the depth of reinforcement is another method to estEmate t
potential of corrosion damage induced by chloride. ASTM C 1218-08 provides a standard
test method for water-soluble chloride in mortar and concrete. ASTM C 1152-04 presents
a standard test method for acid-soluble chloride in mortar and concrete.

The chloride content can be expressed in terms of percent chloride by the mass of
cement weight (% in weight of cement) or in terms of pounds of chloride per cubic yard
of concrete (kilogram of chloride per cubic meter of concrete). The redudtdoride
content may be used to determine whether the level of chloride ions of a site is hig
enough to initiate corrosion of the reinforcement. If above the corrosion threshold value,
the higher the chloride ion concentration, the greater the active corrosion (Clear 1989).
Table 2.3 provides guidelines for interpretation of chloride content measurements
(Newhouse 1993).
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Table 2.3. Recommended action for chloride content measurements (Newhouse 1993)

Chloride Concentration Recommendation
<0.59 kg/n Leave intact
0.59-1.19 kg/m Questionable area

Remove concrete below bar level or

> 1.19 kg/ni replace entire section

Samples for measuring chloride concentration are collected as pulverizedeoncre
at several average depths. Evaluating the chloride content at different plepides
important information for the chloride amount required to initiate corrosion. The
collection apparatus used is an impact drill with 29 mm (1-1/8 in) hollow diameter bit,
2.3 times the maximum aggregate size, connected to a vacuum collection upiag@ad
Gannon 1992). Figure 2.7 shows such a setup with a portable power generator for the

vacuum and the drill operation.

Figure 2.7. Sampling for chloride concentrations — collection
apparatus: impact drill with hollow drill bit, powder
concrete collection unit, and vacuum (Zemajtis 1998)
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Figure 2.8. Powder concrete collection unit (Zemajtis 1998)

2.2.4. Gravimetric Study. Gravimetric technique is a destructive method to
obtain the corrosion rate. Reinforcement bar should be weighed before and afier bei
introduced in the concrete specimens. Detailed descriptions on preparing, cleahing a
evaluating the specimens are well documented in ASTM G 1-03.

The average corrosion rate can be obtained as an expression of the loss of steel
mass (gravimetric loss) as shown in Eq 2.7:

Corrosion rate = (K xW) / (AxT'xD’) (2.7)

In Eq 2.7, K is a constant=8.740’ for desired units ahicrometres per year (see
ASTM G1-03 for more values for different corrosion rate units desired), W islossss
in grams, A is the surface area in%if is time of exposure in hours, and D is the
density of the corroding metal (D'=7.86 g/tfor carbon steel). Instantaneous corrosion
rates cannot be measured by this technique, but only a mean value during the period of
test.

Although this method is very time-consuming and only applicable to laboratory
studies, it is a useful tool and accurate method to quantify corrosion attack onessecim

in laboratory experiments (Liu 1996).
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2.3. MODELS TO ESTIMATE TIME FROM CORROSION INITIATION TO
CONCRETE CRACKING

Prediction of time to corrosion cracking is a key element in evaluating tieeser
life of corroding reinforced concrete, because the end of functional servicediten
defined by appearance of the first corrosion crack where rehabilitatioroafoaiog
structural element is required (EI Maaddawy and Soudki 2007). Sections 2.3.1 through
2.3.4 describe four models for prediction of time from corrosion initiation to corrosion
cracking. In addition, based on those four models, Section 2.3.5 explains a modified
model for a more accurate prediction of time to corrosion cracking.

2.3.1.Bazant’'s Mathematical Models.Bazant proposed a simplified analytical
model to estimate the time to corrosion cracking of concrete cover (Bazant Ra3i@)
assumptions are included as follows: 1) penetration of oxygen and chloride ions through
concrete cover is quasi-stationary and one dimensional; 2) steady-stat@siboorr
producing expansive rust layer begins at the time of depassivation; 3) the nimasds
on red rust which has the most significant influence for cracking concrete,iagsbat
pr=psi4, wherep, andpgare the density of rust products and steel, respectively.

Bazant’s model expression for time to corrosion cracking is shown by Eq. 2.8:

ter = pcor% (2.8)

In Eq 2.8, S is the bar spacing, D is the diameter of the\Bais the change in
diameter of the bar;ip the rate of rust production, apgyis a function of the mass
densities of steel and rugtor =[(1/p;) - (0.523ps)] *n/2.

According to Bazant’s models, the time from corrosion initiation to cracking is a
function of corrosion rate, cover depth, spacing, and certain mechanical properties of
concrete such as tensile strength, modulus of elasticity, Poisson’s ratio, gmd cre
coefficient. A sensitivity analysis of Bazant’s theoretical equatidemonstrates that for
those parameters, corrosion rate is the most significant parameter inidietgtie time
to cracking of the cover concrete (Liu 1996).

Bazant’s model, however, has never been consistent well with experimental and
field results (Liu 1996). In addition, Bazant’s model assumes that all corrosion products

contribute to pressure on the surrounding concrete which would underestimate tloe time t
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corrosion cracking since some of them fill the porous zone or move away from the stee
to-concrete interface (EI Maaddawy and Soudki 2007).

2.3.2. Tuutti’'s Model. According to Tuutti’'s conceptual model (Tuutti 1980), the
service life of corroded reinforced concrete structures can be divided intcatyes SAS
shown by Figure 2.9, the first is initiation perioglWhich corresponds the time required
for CO, or CI to penetrate to the steel-to-concrete interface and start the corrosion. The
second stage is the propagation periqggd,Which represents the time between corrosion

initiation and corrosion cracking.

A

Degree of corrosion at cracking

Penetration of
CO: and CI”

 Initiation penod | Propagation period

Functional service life

Figure 2.9. Service life model of corroded structures (Tuutti 1980)

Researchers concluded that Tuutti’'s model underestimates the time t@ocorros
cracking compared with times obtained from field and laboratory observaticassledat
includes the same assumption as Bazant’'s model (Section 2.3.1) that all corrosion
products create expansive pressure on the concrete.

2.3.3.Cady-Weyers' Deterioration Model. Cady and Weyers proposed their
deterioration model (Cady and Weyers 1984) to estimate the service life oéteonc

bridge components in salt-induced corrosive environment. As illustrated in Figure 2.10,
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three distinct phases are taken into account in the model: diffusion, corrosion and
deterioration. The first phase, diffusion, represents the time for chlorideipes¢trate
the concrete cover and to initiatite corrosion. The second phase, corrosion, déiseribes
time from initiation of corrosion to first cracking of the concrete cover. hing phase,
deterioration, is defined as the time for corrosion damage to a certaifdexnetessary
repair or rehabilitation.

9\1 100
Q 90
% End of functional service life
% 80 (Rehabilitation necessal
o -
o 70
2 60
E \‘o
= /
g 30
3 /
5 40 7
o
o 30 /R
<
£ 20
S /
S 10 #
a 0 L~ Diffusion | Corrosion | Deterioration
| C

I: Corrosion Initiation C: First crackina of concri

Figure 2.10. Cady-Weyers’ corrosion-deterioration model for concrete bridgptéal
from Cady and Weyers 1984)

The corrosion rate is the key to predicting the time to cracking. The corraston r
is mainly controlled by the rate of oxygen diffusion to the cathode, resistivitye gfdre
solution, and temperature (Liu 1996).

2.3.4.Morinaga’s Empirical Equation. Morinaga proposed an empirical
equation based on field and laboratory data to calculate the time from corrosidiomitia

to corrosion cracking (Morinaga 1988). Assuming that cracking of concrete siill fir
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occur when there is a certain quantity of corrosion products foromrnfe reinforcement,
the equation is shown in Eq 2.9:

0.602D(1+2)085

(2.9)

°r icor

In EqQ. 2.9, §is the time from corrosion initiation to corrosion cracking (days), i
is the corrosion rate (T0g/cnf/day), C is the cover to the reinforcement (mm), and D is
the diameter of reinforcing bar (mm).

Morinaga’s empirical equation does not consider the mechanical properties of
concrete which would be influential (EI Maaddawy and Soudki 2007).

2.3.5. Modified Model by EI Maaddawy and Soudki. After anyalyzing and
considering the primary deficiencies of previous models described by Sections 2.3.1
through 2.3.4, El Maaddawy and Soudki proposed a modified model to predict time from
corrosion initiation to corrosion cracking. The accuracy of the model was ealidgat
experimental data (EI Maaddawy and Soudki 2007). For this modified model, the
concrete around a corroding steel reinforcing bar is assumed to be a thiakayhfider
with a wall thickness equal to the thinnest concrete cover, and it is assumed that the
concrete around a corroding steel reinforcing cracks when the tensilesiretise
circumstantial direction at every part of the ring reaches the tensigytirof the
concrete (El Maaddawy and Soudki 2007).

Figure 2.11 shows the modified service life model. Propagation pegiosl T
divided into two different periods. The first is free expansion perjeghich
represents the time for corrosion products to fell the porous zone around the corroding
steel bar. The second period encompasses the time in which the stress increases.

Faraday’s law can be used to predict the actual steel mass loss ataeret

density.

__ MIT
T ZF

Am (2.10)

In Eg. 2.10Am is the mass loss of steel (g), M is the atomic mass of Fe (56
g/mol), | is the corrosion current (A), T is the time (s), F is Faradayistant (96490

C/mol), and z is the valence (Fe=2).
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Pressure required to cause cracking of concrete cover

Penetration of
CO2andCl | Free expansion |

Initiation period | Free expansion | Stress build-up |

f

Functional service life

Figure 2.11. Modified service life model (EI Maaddawy and Soudki 2007)

Combined with other expressions (El Maaddawy and Soudki, 2007) results in the
final equation as shown in Eq 2.11 which gives the time from corrosion initiation to
corrosion cracking &:

_ 7117.5(D+280)(1+v+¢)] [ZCfo 2C8(Eer ]
Tcr_[ iEef + D +(1+v+¢)(D+250)

(2.11)

In Eq.2.11, C is the thinnest concrete cover, D is the diameter of the steel
reinforcing bar (mm)y=(D+260)/2C(C+D+3y), Ec is the effective elastic modulus of
concrete that is equal tQ/EL+q), E: is the elastic modulus of concregg, is the
concrete creep coefficient (2.35 as per the CSA Standard A23.8484)pisson’s ratio
of concrete (0.18), and i is the current density (LA)cm

The thickness of the porous zakgs usually between 1jdm and 2Qum (Thoft-
Christensen 2000). So the lower and upper bonds for the time from corrosion initiation to
corrosion cracking will be approximated wiihequal to 1Qum and 2Qum, respectively
(El Maaddawy and Soudki 2007).
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2.4. ALTERNATE CONCRETE MATERIALS

Various alternate concrete materials have been developed to improve the
performance of conventional concrete in terms of durability. Corrosion inhibiting
admixture and fiber-reinforced concrete (FRC) are two types of matesidsin this
experimental study as discussed in Chapter 3. These materials are desc3ibeitbns
2.4.1 and 2.4.2, respectively.

2.4.1.Corrosion Inhibitor Admixtures. Corrosion inhibitor admixtures are
widely used to reduce corrosion rate of reinforcing steel in concrete. Tiogojwiof
corrosion inhibitors is based on the mutual dependence of anodic and cathodic reactions,
which states that corrosion can be retarded by reducing the corrosion rate of arfly one
the half-cell reactions.

The corrosion inhibiting reaction is affected by many factors, including sipjubi
precipitation, dispersion, chloride to inhibitor ratio (anodic inhibitors only), chémica
composition of cement, curing conditions, molecular structure, pH of pore solution and
temperature (Mehta 1984). The effectiveness, or corrosion inhibition efficiency, of a
corrosion inhibitor is influenced by many factors, including but not limited to: fluid
composition, quantity of water, and flow regime.

Types of inhibitors are: anodic, cathodic, and mixed which are discussed in
Sections 2.4.1.1 through 2.4.1.3.

2.4.1.1.Anodic inhibitor. Anodic inhibitors keep reacting with the corrosion
products (e.g. rust) and form passive film on the surface of steel reinforcemkall unt
the surface of reinforcement is covered. Thus, the reaction on the anode exprésged by
2.3 can be retarded. Effective inhibition can be provided only when the quantity of the
inhibitor is sufficient. Therefore, anodic inhibitors are said to be “dangeroualibec
when used in not enough quantity, they may cause the corrosion rate to increase
(Zemaijtis 1998).

2.4.1.2.Cathodic inhibitor. Cathodic inhibitors delay the cathodic reaction (see
Eq. 2.1 and Eq 2.2) by reacting with the hydroxyl ions to precipitate insoluble
compounds on the cathode site so the access of oxygen can be prevented. In contrast,
cathodic inhibitors are said to be “safe” because the active cathode ackaesire

regardless of the quantity of inhibitor used.
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2.4.1.3.Mixed inhibitor. Mixed inhibitor also effects the corrosion by formation
of a passivation layer on the surface of the material which prevents access of the
corrosive species to the metal, excluding either the oxidation or reduction et of t
corrosion system, or scavenging the dissolved oxygen.

2.4.2.Fiber-Reinforced Concrete (FRC).Fiber reinforced concrete (FRC) is
concrete containing fibrous material that increases its structurgfitytand enhances
mechanical properties. FRC contains short discrete fibers that are uypitbstnbuted
and randomly oriented. A thin and short fiber (short hair-shaped glass fiber émcie)st
can reduce cracking effectively while the concrete stiffens durinfirhdaours after
placing the concrete, but it cannot increase the concrete tensile stremgtver, a
larger size fiber (for example, 1 mm diameter and 45 mm length) can alsasac¢he
concrete tensile strength when the modulus of elasticity of the fiber isrhiggm the
matrix (concrete or mortar binder). Thus, geometry of fiber such as shay@ssibn,
and length is a very important factor to influence the mechanical propertiBCofThe
adoption of FRC to precast-prestressed panels can be an alternative wig o ma
corrosion-resistant system. Some research has indicated that usindérsited
impact, abrasion, brittle, and shatter resistance in concrete.

Fibers types include steel, glass, synthetic, and natural materials. Tafih®®S3
the mechanical properties of some fiber types that may be used in FRC (ACI 549.2R
2004).

The fiber type used this study is synthetic fiber (see Section 3.2.2.3). Synthetic
fibers specifically engineered for concrete are manufactured frarmmade material that
can withstand the long-term alkaline environment of concrete. Synthetic ditecasided
before or during the mixing of concrete. Synthetic fibers benefit the concretth the
plastic and hardened state. Synthetic fibers can reduce plastic settteac&st reduce
platic shrinkage cracks, lowered permeability, increase impact andaabrasistance,
and provide impact shatter resistance (NRMCA 1994).

The mechanical blocking action of synthetic fibers can inhibit the growth of micro
shrinkage cracks at early age, when stress exceeds the strength of tete airec
specific time due to volume changes in concrete. The uniform distribution of fibers
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throughout the concrete discourages the development of large capillaliegeiing the

permeability of water migration (NRMCA 1994).

Due to the property of synthetic fibers to enhance the overall integrity of the

concrete structure, the early age concrete benefits of synthetic fibaraiedot

contribute to the hardened concrete by reducing the permeability and incréasing t

resistance to shattering abrasion and impact forces (NRMCA 1994).

Table 2.4. Mechanical properties of various fibers (ACI 549.2R 2004)

Modulus Tensile
Tensile of strain Fiber | Adhesion| Alkali
strength clasticit (%) | diameter| to matrix | resistance
(MPa) y (max- (mm) | (relative) | (relative)
(GPa) .
min)
Asbestos 600- | 69.150 | 0.3-0.1) 0.02-30 | EXCEeNC| £y celient
3600 e
590- Poor to
Carbon 1800 28-520 2<1 7-18 good Excellent
Aramid 2700 62-130 4-3 11-12 Fair Good
Polypropylene | 200-700 0.5-9.8 | 15-10| 10-150 P;g(;éo Excellent
. 700-
Polyamide 1000 3.9-6 15 10-50 Good No
800- :
Polyester 1300 Uptol5| 20-8 10-50 Fair No
450- -
Rayon 1100 Upto 1l 15-7 10-50 Good Fair
Polyvinyl 1150-
alcobol 1470 21-36 15 4-14 Good Good
. 850-

Polyacrylonitrile 1000 17-18 9 19 Good Good
Polvethvlene 400 2-4 Ai%% 40 Excellent
Polyethylene

pulp
Oriented - - - 1-20 Good Excellent
Carbon steel 3000 200 2-1 50-85  Excelleixcellent
Stainless steel 3000 200 2-1 50-85  Excellehixcellent
AR glass 1700 72 2 12-200  Excellent Good
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3.EXPERIMENTS

3.1. OBJECTIVE

As discussed in Chapter 2, chloride induced corrosion of reinforcing steel is the
primary cause for deterioration of concrete in bridge decks. For the bimgstigated
in this research, the use of deicing salt was suspected to be the main sohloedafsc
necessary for the corrosion to take place. Figure 3.1 illustrates the thseecph@sion
phases involved. Theé'phase, diffusion, is defined as the period for chloride ions or
carbonation to penetrate through the concrete cover to the steel reinforcerfamet ©
initiate corrosion. The™ phase, corrosion, describes the time from corrosion initiation to
first cracking of corrosion cover. Prediction of this time to corrosion cracking is
important for evaluating the service life of corroding reinforced concretetsres, since
the appearance of the first corrosion cracking is a key sign marking the éed of t
functional service life where repair or rehabilitation is required. Thet@se,
deterioration, is defined as the time for the corrosion damage to reach 1 leghiin
this case, concrete spalling.

As described in Chapter 1, this study was aimed at investigating ways to reduce
the corrosion-induced spalling of PPC panels in new construction. In order to ineestigat
the effects of potentially significant variables on the threegshakthe corrosion process,
experimental tests including wet-dry cycle tests and acceleratesicor tests were
designed and carried out. This chapter describes the experiments perforloaidgribe
test variables, test specimen construction, and test methods. Results ate ¢ ease

analyzed in Chapter 4.

3.2. TEST VARIABLES

The goal of the experiments conducted was to investigate the effects of the
parameters considered, including side edge distance to reinforcement andeconcret
admixture, on the process of corrosion initiataord time from corrosion initiation to

corrosion cracking.
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Figure 3.1. Corrosion process as a function of time (Sneed et al 2010)

Table 3.1. Specimen ID for wet-dry cycle test specimens

Concrete type + 0% NacCl
Side cover Normal concrete Corrosion inhibitor FRC

Designation Designation Designation
SP1-NC-1 SP1-CI-1 SP1-FRC-1

1.5in. SP1-NC-2 SP1-CI-2 SP1-FRC-2
SP1-NC-3 SP1-CI-3 SP1-FRC-3
SP2-NC-5 SP2-CI-5 SP2-FRC-5

2.5in. SP2-NC-6 SP2-Cl-6 SP2-FRC-6
SP2-NC-7 SP2-CI-7 SP2-FRC-7
SP3-NC-9 SP3-CI-9 SP3-FRC-9

3.5in. SP3-NC-10 SP3-CI-10 SP3-FRC-10
SP3-NC-11 SP3-CI-11 SP3-FRC-11
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Table 3.2. Specimen ID for accelerated corrosion test specimens

Concrete type + 3% NaCl

Side cover Normal concrete Corrosion inhibitor FRC
Designation Designation Designation
SP1-NC-13 SP1-CI-13 SP1-FRC-13
. SP1-NC-14 SP1-Cl-14 SP1-FRC-14
L.5in. SP1-NC-15 SP1-CI-15 SP1-FRC-15
SP1-NC-16 SP1-Cl-16 SP1-FRC-16
SP2-NC-17 SP2-Cl-17 SP2-FRC-17
. SP2-NC-18 SP2-CI-18 SP2-FRC-18
2.51n. SP2-NC-19 SP2-CI-19 SP2-FRC-19
SP2-NC-20 SP2-CI-20 SP2-FRC-20
SP3-NC-21 SP3-Cl-21 SP3-FRC-21
35in SP3-NC-22 SP3-ClI-22 SP3-FRC-22
T SP3-NC-23 SP3-ClI-23 SP3-FRC-23
SP3-NC-24 SP3-Cl-24 SP3-FRC-24

A total of sixty-three specimens were included in this study. Specimem$D w
assigned and labeled according to side edge distance and type of concrete. Content of
NacCl is not labeled in the specimen ID since it was held constant in each ¢e$tdygll
of the specimens subjected to wet-dry cycle test, the NaCl content was 0%y, alhthie
specimens subjected to accelerated corrosion test, the NaCl content was @freiBpe
are numbered in the form of “SP side edge distance — concrete type — specimen number”.
In the first term, SP 1, 2, or 3 corresponded to the side edge distance of 1.5 in., 2.5 in., or
3.5 in., respectively. Side edge distance was measured from side face of sgedime
centerline of reinforcement. In the second term, normal concrete, fibesroedf
concrete, or concrete containing corrosion inhibitor were labeled as NC, FRC, or ClI
respectively. The third term represents the specimen number within the seticdtdupl
test specimens. Specimens are shown in Tables 3.1 and 3.2. Test variables aesldiscuss
in Sections 3.2.1 and 3.2.2.

3.2.1.Side Edge DistanceThe partial depth precast prestressed panels
investigated in this study had a thickness of 3 in., which is consistent with current

MoDOT specifications for SIP panels (MoDOT). Thus, this dimension was held ebnsta
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per the direction of the MoDOT. As a result, the top and bottom edge distance to
reinforcement remained constant. Side edge distance to reinforcement, homeadelnec
modified by specifying different minimum side cover requirements fopémels. Thus
the effect of varying the side edge distance in a 3 in. thick specimen wasgatezstn
this study. The increase in side edge distance was expected to incrdasgtthef the
1%'and & phase of the corrosion process (Figure 3.1) resulting in an incregs@ngby
prohibiting chloride penetration and horizontal crack propagation. Three side edge
distances were considered: 1.5 in., 2.5 in., and 3.5 in. Figures 3.2 through 3.4 show

dimensions of the profile and the cross-section of the specimens with those three side

edge distances, respectively.

—o= [—-—l 1. -3 in.*-| -3 1.
) ' )
5 ] 5 O
r*h I";;
e —={ =—() 375110

Figure 3.2. Specimens with side edge distance of 1.5 in.

- =l m. =3 111.*-1 -3 1. —
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B 11 in B —=| |=—() 37510

Figure 3.3. Specimens with side edge distance of 2.5 in.

3.2.2.Concrete Admixture. The addition of various admixtures (i.e. fibers and

corrosion inhibitor) was examined to investigate the potential durability e neftive
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to the control condition (normal concrete). Such benefits may include reduction in crack

propagation by retarding embedded steel corrosion or increasing the seesitgh of

concrete.
—— [-—l m. =3 111.*—| - 71 -
) ' 3
E ] E 0]
o (ap]
t | _ |
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Figure 3.4. Specimens with side edge distance of 3.5 in.

3.2.2.1.Normal concrete.Specimens without corrosion inhibitor and polymer
fibers added in the mixture are termed “normal concrete” and serve as tleé contr
specimens.

3.2.2.2.Corrosion inhibitor. As introduced in the Chapter 2, corrosion inhibitors,
which are organic compounds, can function by forming an impervious film on the metal
surface or by interfering with reactions of either the anode or cathodes &xpacted
that the addition of corrosion inhibitor would be mostly effective in preventing
deleterious factors from destroying the passive film, retarding th& icorrosion, and
resulting in a longer®iphase (i.e. increase ipionin Figure 3.7).

3.2.2.3.Synthetic fibers. The addition of polypropylene fibers was expected to
be more effective in the"®and 3 phases of the corrosion process in Figure 3.1 by
increasing the concrete tensile strength when the modulus of elastitity fdser is
higher than the matrix (concrete or mortar binder). Thus, service life canrbased by
longer 2° phase before cracking occurs due to tensile failure of concrete. In addition,
fibers also lower the permeability of concrete and thus reduce bleedingeof which
helps to delay corrosion problems by reducing thptase. Concrete with fibers is

referred to as fiber-reinforced concrete (FRC).
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3.3. TEST SPECIMEN CONSTRUCTION

3.3.1. Construction Procedure.All specimens for the wet-dry cycle test and
accelerated corrosion test were constructed at Coreslab Structueest poecrete plant
in Marshall, MO on December 28 and 29, 2009.

All specimens were 11 in. long and 3 in. high with different widths to
accommodate a variation in side edge distance to the centerline of the reinfar¢iethe
in., 2.51in., and 3.5 in.) as shown in Figure 3.4. Specimen height was consistent with the
MoDOT specified panel thickness (3 in.). Specimen length (11 in.) was consgigtent
the standard specimen size prescribed by ASTM G 109-07. Specimens were formed
using custom built plywood formwork. Reinforcement was supported from the soffit

using plastic bar supports as shown in Figure 3.5.

S

Fig 3.5. Specimens before concrete placement

3.3.2. Test Specimen MaterialsThe materials used to construct the test

specimens are described in the following sections.
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3.3.2.1.Cement.Ashgrove Type lll Porland Cement was used with w/c ratio of
0.341. This type of cement provides a higher early strength required in some adicati
and is excellent for use in cold weather conditions

3.3.2.2.Aggregate.Limestone was used for coarse aggregate with a ratio of 2.1
Ib per pound of cement. Kaw sand was used for fine aggregate with a ratio of 1.7 Ib per
pound of cement.

3.3.2.3.Additives. Glenium 7700 ready-to-use high-range water-reducing
admixture was added with a ratio of 0.11 oz per pound of cement. MB-VR standard
neutralized Vinsol* Resin admixture were used by 0.05 oz per pound of cement.

3.3.2.4.Reinforcement.Reinforcement consisted of ASTM A 416-10 standard
Grade 270 seven-wire strand prestressing tendons with diameter of 3/8 in.

3.3.2.5.Sodium chloride. Sodium chloride of technical grade purchased from
CQ Concepts was added to specific specimens with a ratio of 3% by volume witlg mixi
water.

3.3.2.6.Corrosion inhibitor. Unicore Type M. Corrosion Inhibitor was used in
specific specimens by 0.01 oz per pound of water.

3.3.2.7.Polypropylene fibers.MasterFiber F70-C Fibrillated Microsynthetic

Fiber was used in specific specimens by 1.5 fbryd

3.4. TEST METHODS

Of the total sixty-three test specimens, twenty-seven were subjected-tioyw
tests and the remaining thirty-six were subjected accelerated oortests using
potentiostatic approach. These tests methods and evaluation techniques dreddiescri
Sections 3.4.1 and 3.4.2, respectively.

3.4.1. Wet-dry Cycle Test.The wet-dry cycle test was conducted in the Civil
Engineering Materials Laboratory in Butler-Carlton Hall at Miss@&T from January
27, 2010 to August 3, 2010. Twenty-seven test specimens were kept indoors and were
exposed to the wet-dry cycle test. As discussed in Section 3.2, the content of NaCl wa

excluded from the inventory of parameters to investigate how chloride ions petie¢rat
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concrete cover at different times, considering the effects of only the gemahet
conditions (i.e. side edge distance) and different concrete materials.

Each cycle was one week in duration and was divided into two stages. In the first
stage that lasted four days, the specimens were submerged into a wattiog sbla
level of 9 in. from the bottom of a specimen, as shown in Fig. 3.6. The wetting solution
used was 5% sodium chloride by weight. In the second stage, which lasted three days,
specimens were subjected to drying in an oven under a temperaturérafibith
corresponds to the average highest temperature in Missouri during the summezstThi
setup was developed based on experimental works by Hamid (2004). Waterproof epoxy
coatings (Fosroc-Nitoflor FC 140 and Duromar 2510) were used to coat both the top and
bottom surface of the test specimens to promote uniform chloride penetrationthgéthi
immersed portion of the specimens.

Visual inspection, corrosion potential measurement and electrical registivit
measurement were conducted during the interim between the two stagestiémaddi
chloride content analysis was carried out every two months to investigate thafo@me
of chloride ions through concrete cover. Procedures are discussed in Sections 3.4.1.1
through 3.4.1.5.

/E])ox'y coating

___N

—j{ln [=—3 iu.—-—I
/
/

306 NaCl golution

11 in.

Epoxy coating

\_.

-3 1. =

Figure 3.6. Wet-dry cycle test

www.manaraa.com



37

3.4.1.1.Visual inspection.Visual inspection was carried out during six months
of wet-dry cycle test to examine and note locations of efflorescence,mdstracks.

3.4.1.2.Corrosion potential measurementBased on the method specified by
ASTM C 876-09, a CANIN corrosion analyzing instrument was used with a
copper/copper sulfate half-cell rod as the reference electrode to intesigbassess the
corrosion of steel in the concrete specimens by measuring the half-cellgdoEgtire
3.7 shows the instruments used and the locations of the probe for the measurements.
Measurements were conducted every two weeks before all specimenswsierited

from the dry cycle to wet cycle, and Table 2.1 was used to interpret the results.

R
N
N
L

|<—3 in.—>|

—~ 11 1n. -
Figure 3.7. Corrosion potential measurement

3.4.1.3.Electrical resistivity measurement.The CANIN' corrosion analyzing
instrument discussed in Section 3.4.1.2 was also used to evaluate the corrosion level of

steel in concrete by displaying and processing the electrical vagisteasured by a
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four-point Wenner probe shown in Figure 3.8. Location of the probe was set at the
geometric center of the side surface with thicker concrete cover.

Figure 3.8. Electrical resistivity measurement (Proceq SA 2007)

Measurements were conducted every two weeks together with corrosion potential
measurements as discussed in Section 3.4.1.2. Table 3.3 was used to interpret the
measurement results. The increase of electrical resistivity catabedreo an accelerated

corrosion activity between measurements.

Table 3.3. Interpretation from results from Electrical Resistivity

Electrical resistivity (K-cm) Probability of corrosion
>20 Low
10-20 Low to moderate
5-10 high
<5 Very high

3.4.1.4.Chloride content analysis.When the chloride concentration reaches a
threshold value, corrosion can be initiat8dhanghpurwalé006) reported this
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threshold value as 0.025% to 0.033% of concrete weight, Bhiéh and Virman{2000)
proposed a threshold value of 0.71 kij(in2 Ib/ydf). Table 2.3 presents the
recommended action for chloride content measurements.

As introduced in Chapter 2, there are two main types of chloride ion tests. The
first is the acid soluble test, which is used to determine the total chloride contest
concrete. The second is the water soluble test, which is used to provide the chloride ion
content in the pore water. In this investigation, the water soluble chloride cantdysis
method was used to measure the chloride content at different depths as specified by
ASTM C 1218-08.

In case of absence of an initial corrosion record, the chloride profile @lori
concentration variation with depth) can provide important information about the diffusion
rate of chloride ion. Measuring the chloride at different depths provides important
information for availability of chloride amount required to initiate corrosiuh source
of chloride in the concrete. In this investigation, the chloride content measuneas
made every two months at different locations including 0.5 in. from the surface, mid-
distance between the surface and steel location, and at the steel location.

The chloride content tests for two months samples were conducted by MoDOT.
For samples taken at four months and six months, the tests were conducted in the
Engineering Research Lab of Missouri S&T. Equipment from Germann Instruments
was used. The rapid chloride test water-soluble (RCTW) method was carried out
according to the instruction and maintenance manual. Chloride content was measured by
collecting concrete powder samples at different depths. Figure 3.9 shows tlenpdsit
concrete blocks cut from the specimens. Epoxy coating was applied on the cut surface
before the next test cycle to prevent chloride from penetrating the cosgrttee at the

cut location during later test.
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- =
SP3-FRC-11

Figure 3.9. Specimens after cut of concrete block

3.4.1.5.Gravimetric study. The gravimetric method was applied to specimens
subjected to wet-dry cycle test with the precision to tenth. The gravimedtiooh
requires measuring the weight of the steel tendon before concrete castitea test.
According to ASTM G 1-03, the mass loss was used to assess the corrosion damage b
corrosion rate. See Section 2.2.4 for detailed method.

3.4.2. Accelerated Corrosion TestAccelerated corrosion by means of
impressed current, which is widely used in concrete durability testing, asasgal and
carried out. Accelerated corrosion testing was performed on thirty-sikrsgres
containing 3% NacCl in the concrete mixture submerged in a 5% NaCl solution. The
addition of the 3% NaCl can provoke and accelerate the corrosion, since no time is
needed for chloride ingress. Therefore, observed times to corrosion crackimngeare t
from corrosion initiation to corrosion cracking.

The corrosion process was accelerated by inducing an impressed current of 0.4
mA into the specimens. Embedded steel tendons performed as an anode, and 0.5 in.
diameter graphite rods were used as a cathode as shown in Figure 3.10. In addition, all
specimens were connected to one power supply in parallel as shown in Figure 3.11.
Typical current densities range from 200 to 3,08¢cm? (1,290 to 19,355A/in?) based
on the study by Tamer and Khaled (2003). In this study, however, a much lower current
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density was applied corresponding to 4u28cm?. This was due to an initial calculation
error, however it allowed the unique opportunity to evaluate the behavior or the
specimens under low current density, which has not been reported in the liténattoise.
test, epoxy coating (Fosroc-Nitoflor FC 140 and Duromar 2510) was applied only to the
bottom surface of the test specimen to prohibit the chloride ingress from the bottom
surface as well as to promote of chloride ingress through the side surfestes. V
inspection and gravimetric study methods were applied which are explainedionSec
3.4.2.1and 3.4.2.2.
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Figure 3.10. Accelerated corrosion test schematic

3.4.2.1.Visual inspection.Of the thirty-six specimens subjected to the
accelerated corrosion test, eighteen of them were subjected to accaleraisin test
for six months. The other eighteen were subjected to accelerated corrosfonttesive
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months. Visual inspection was conducted on all thirty-six specimens very two or three
days to record the occurrence and propagation of cracking and concrete dieteriora

Figure 3.11. Accelerated corrosion test experimental setup

3.4.2.2.Gravimetric study. The gravimetric study method was applied to the
accelerated corrosion test specimens according to ASTM G 1-03. Mass lossteethe
reinforcement was obtained by measuring the weight of the steel tendon befoeteconc
casting and after entire testing to the precision of hundredth. Of the thirfyesixrens
subjected to accelerated corrosion test, eighteen of them were subjentpdetssed
current for six months before the gravimetric study. The other eighteemspsovere
subjected to impressed current for twelve months before the gravimetric study
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4.DISCUSSION OF RESULTS

In this chapter, results of the experiments described in Chapter 3 are gresente
and discussed. Section 4.1 presents the results of the visual inspection for both the wet-
dry cycle test and the accelerated corrosion test. In Section 4.2, gravshely results
are presented for the wet-dry cycle test and accelerated corrosidbaiession potential
measurements are discussed in Section 4.3. Electrical resistivity sreasts are
discussed in Section 4.4. Chloride content measurements are discussed in Section 4.5.

4.1. VISUAL INSPECTION
Visual inspection was conducted on specimens subjected to the wet-dry dycle tes
at the end of six months of the entire testing period as discussed in Section 3.4.1.1. It was
also carried out on specimens subjected to accelerated corrosion tess#ftgmteriods
of six months and twelve months as discussed in Section 3.4.2.1. Results of visual
inspection based on those two tests are discussed in Sections 4.1.1 andspdcByely.
4.1.1.Wet-dry Cycle Test.After six months of the wet-dry cycle test, visual
inspection was conducted to observe the concrete deterioration. The main types of
concrete deterioration observed were efflorescence, rust, and cracking.
Table 4.1 summarizes the deterioration observed in specimens with 1.5 in. side
edge distance. All test specimens showed efflorescence on the surfacehdgusatb t
solution as shown in Figure 4.1. Rust was also observed in most of the specimens on both
cross section surface and side surface with lesser concrete covegratkie were
observed in all specimens mostly on side surface with lesser concretevitbviéie
exception of those specimens with normal concrete. Figure 4.2 shows the rust and cracks
on specimen SP1-FRC-1.
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Table 4.1. Visual inspection results of specimens subjected to wet-dry stalettel.5
in. side edge distance

Specimen Concrete deterioration
designation | Efflorescence Rust Cracks
SP1-NC-1 X
SP1-NC-2
SP1-NC-3
SP1-Cl-1
SP1-CI-2
SP1-CI-3
SP1-FRC-1
SP1-FRC-2
SP1-FRC-3

X x| x| X| X|X| X]| X
X | x| x| X|X|X| X]| X
X | X[ X|X|X|X

Efflorescenc

Figure 4.1. Efflorescence on specimen SP1-NC-2
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Rust and cracks:

Figure 4.2. Rust and cracks on specimen SP1-FRC-1

. Efflorescence

]

Figure 4.3. Efflorescence on specimen SP2-NC-5

Table 4.2 summarizes the deterioration observed in specimens with 2.5 in. side
edge distance. Similar to the test specimens with 1.5 in. side edge distancejrakispe

showed efflorescence at the surface as shown in Figure 4.3. Rust and cracks were

www.manharaa.com




46

observed only in two of the specimens containing corrosion inhibitor. Cracking observed

in SP2-CI-7 was similar to that observed in the test specimens with 1.5 in. side edge
distance as shown in Figure 4.2.

Table 4.2. Visual inspection results of specimens subjected to wet-dry stalette2.5
in. side edge distance

Specimen Concrete deterioration
designation | Efflorescence Rust Cracks
SP2-NC-5 X
SP2-NC-6
SP2-NC-7
SP2-CI-5
SP2-CI-6
SP2-CI-7
SP2-FRC-5
SP2-FRC-6
SP2-FRC-7

XX | x| X| X|X| X| X
>
>

Rust and Crack

Figure 4.4. Rust and cracks on specimen SP2-CI-7
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As shown in Table 4.3, specimens with side edge distance of 3.5 in. showed
results similar to the specimens with 2.5 in. side edge distance. Effloreseasc
observed in all specimens as shown in Figure 4.5. Only specimens containing corrosion

inhibitor showed rust and cracks as shown in Figure 4.6.

Table 4.3. Visual inspection results of specimens subjected to wet-dry stalette3.5
in. side edge distance

Specimen Concrete deterioration
designation Efflorescence Rust Cracks
SP3-NC-9 X
SP3-NC-10
SP3-NC-11
SP3-CI-9
SP3-CI-10
SP3-CI-11
SP3-FRC-9
SP3-FRC-10
SP3-FRC-11

| | x| x| x| x| x| x
<

Based on observations from all wet-dry test specimens, it is apparent that
increasing of side edge distance enhanced significantly the durability spécimens in
terms of much less rust and fewer cracks. Also, the addition of corrosion inhibitor and
fibers influenced the environmental response of the concrete. According to Tables 4.2
and 4.3, FRC showed similar response to the normal concrete specimens, while the
specimens with corrosion inhibitor showed more deterioration than the normal concrete
specimens. Comparison between specimens with corrosion inhibitor and FRC specimens
shows that FRC showed better environmental performance, since rust and cracks
occurred only in specimens with corrosion inhibitor. These different performarrces ca

attributed to the inherent material characteristics. Corrosion inhibitogekahe
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chemical composition of the concrete, while the addition of fibers changes the
mechanical properties of the concrete.

Efflorescence

Figure 4.5. Efflorescence on Scimen SP3-CI-10

Rust and Crack

Figure 4.6. Rust and cracks on specimen SP3-CI-9

4.1.2. Accelerated Corrosion TestAs described in Section 3.4.2, specimens
subjected to accelerated corrosion test contained Nacl in the concrateeraixtl were
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subjected to a very low impressed current of 0.4 mA. Based upon visual inspection,

concrete deterioration observed in the accelerated corrosion test spegasaensch

more severe than those specimens subjected to wet-dry cycle test discussédrn Se

4.1.1. Results of the visual inspection after six and twelve months are discussed in
Sections 4.1.2.1 and 4.1.2.2, respectively.

4.1.2.1.Specimens after six monthsTable 4.4 summarizes the visual inspection
results for specimens with 1.5 in. side edge distance. The table shows thatirakspec
exhibited deterioration including rust (Figure 4.7), cracking (Figure 4.8), anel som
specimens exhibited loose concrete (Figure 4.9). Rust was observed on four so#s surfa

of all specimens since the depths of concrete cover of each side surfédeesame.

Loose concrete was only observed on one specimen with corrosion inhibitor and one

FRC specimen.

Table 4.4. Visual inspection results of the specimens with 1.5 in. side edge distance
subjected to accelerated corrosion test for six months

Specimen Concrete deterioration

designation Rust Cracks Loose concrete

SP1-NC-13 X X

SP1-NC-14 X X

SP1-CI-13 X X

SP1-Cl-14 X X X
SP1-FRC-13 X X X
SP1-FRC-14 X X

Table 4.5 summarizes the visual inspection results of the specimens with 2.5 in.

side edge distance. Rust was observed in all specimens on the surface with lesser

concrete cover with respect to the steel tendon (i.e. the short direction of the cross

section). Figure 4.10 shows the rust on side surface of specimen SP2-CI-17 with lesse
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concrete cover. Cracks were observed in only three specimens, and all of them occurred
on bottom surface in the short direction of the cross-section as shown in Figure 4.11.

Figure 4.7. Rust on specimen SP1-NC-13

Figure 4.8. Cracks on specimen SP1-CI-13

Similar to the results of the 1.5 in. side edge distance specimens, based upon the
comparison among specimens with 2.5 in. side edge distance, it is difficult towging
the effects of different concrete material type on the deterioratiomdespecimens

showed almost the same deterioration level. It is apparent, however, thatingiahe
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side edge distance prohibited the propagation of corrosion-induced cracks to the side
surface with greater concrete cover (i.e. the long direction of the crdssage

Figure 4.9. Loose concrete on specimen SP1-CI-14

Table 4.5. Visual inspection results of the specimens with 2.5 in. side edge distance
subjected to accelerated corrosion test for six months

Specimen Concrete deterioration
designation Rust Cracks Loose concrete
SP2-NC-17 X X
SP2-NC-18 X
SP2-Cl-17 X X
SP2-CI-18 X
SP2-FRC-17 X X
SP2-FRC-18 X

Table 4.6 summarizes the visual inspection results for test specimens with 3.5 in.

side edge distance. Rust and cracks were observed only in test specimens with normal

concrete, while no deterioration was observed in specimens containing corrosion

inhibitor and fibers. Rust and cracks are shown in Figures 4.12 and 4.13 respectively.
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Figure 4.10. Rust on specimen SP2-CI-17

Figure 4.11. Cracks on specimen SP2-CI-17

Compared with the results of specimens with 1.5 and 2.5 in. side edge distance, it
is apparent that increasing edge distance significantly improves the dyrabdoncrete,
especially on the side surface with greater concrete cover (i.e. longatiretcthe cross-
section).
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Table 4.6. Visual inspection results of the specimens with 3.5 in. side edge distance
subjected to accelerated corrosion test for six months

Specimen Concrete deterioration
designation Rust Cracks Loose concrete
SP3-NC-21 X X
SP3-NC-22 X
SP3-Cl-21
SP3-CI-22

SP3-FRC-21
SP3-FRC-22

Figure 4.12 Rust on specimen SP3-NC-21

o

Fiur .13. Cracks on specimen SP3-NC-21
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4.1.2.2.Specimens after twelve monthsvisual inspection of specimens at
twelve months shows generally much more deterioration than those of six months as
described in Section 4.1.2.1.

Table 4.7 summarizes the visual inspection results for test specimens with 1.5 in.
side edge distance. Rust and cracks occurred on all the specimens. Loose concrete
occurred only on one specimen with corrosion inhibitor and one FRC specimen. Rust,
cracks, and loose concrete are shown in Figures 4.14, 4.15 and 4.16, respectively.

Compared with the normal concrete, specimens with corrosion inhibitor and FRC
specimens showed more severe problem of loose concrete. In addition, for allesyzeci

longitudinal cracks were observed extending from the tendon to all the four sidesurfac

Table 4.7. Visual inspection results of the specimens with 1.5 in. side edge distance
subjected to accelerated corrosion test for twelve months

Specimen Concrete deterioration
designation Rust Cracks Loose concrete
SP1-NC-15 X X
SP1-NC-16 X X
SP1-CI-15 X X X
SP1-CI-16 X X
SP1-FRC-15 X X
SP1-FRC-16 X X X

Table 4.8 shows the results of visual inspection for the specimens with 2.5 in. side
edge distance. Rust and cracks are all shown to a high degree on side surfassevith le
concrete cover (i.e. short direction of the cross-section). Only one specim&i-392
exhibited loose concrete. Rust, cracks and loose concrete are shown in Figures 4.17, 4.18
and 4.19, respectively. No specimens with 2.5 in. side edge distance showed any cracks
throughout the side surface with lesser concrete cover (i.e. short direction fshe c
section) with the exception of specimens SP2-ClI-20.
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MR Crocks

Figure 4.15. Cracks on specimen SP1-NC-16

Figure 4.16. Loose concrete on specimen SP1-CI-15
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Table 4.8. Visual inspection results of the specimens with 2.5 in. side edge distance
subjected to accelerated corrosion test for twelve months

Specimen Concrete deterioration
designation Rust Cracks Loose concrete
SP2-NC-19 X X
SP2-NC-20 X X
SP2-CI-19 X X X
SP2-CI-20 X X
SP2-FRC-19 X X
SP2-FRC-20 X X

F|gure 4. 17 Rust on specimen SP2 Cl-19
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Figure 4.19. Loose concrete on specime SP2-CI-19

Table 4.9 summarizes the visual inspection results of the specimens with 3.5 in.

side edge distance. Rust and cracks were observed on two side surfaces with lesser

concrete cover (i.e. short direction of the cross-section) in every specimemastl thie
same level of severeness. Figures 4.20 and 4.21 show the rust and cracks, rgspectivel
No specimens exhibited loose concrete. In addition, according to visual observation, the
occurrence of rust and propagation of cracks were inhibited significantly on the side
surfaces with greater concrete cover (i.e. long direction of the cragsrgec

Table 4.9. Visual inspection results of the specimens with 3.5 in. side edge distance
subjected to accelerated corrosion test for twelve months

Specimen Concrete deterioration
designation Rust Cracks Loose concrete
SP3-NC-23 X X
SP3-NC-24 X X
SP3-CI-23 X X
SP3-Cl-24 X X
SP3-FRC-23 X X
SP3-FRC-24 X X
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Figure 4.21. Cracks on specimen

4.2. GRAVIMETRIC STUDY
Gravimetric study was performed on all wet-dry cycle test specitoengluate

58

the corrosion rate by obtaining the steel mass loss (Section 3.4.1.5). Gravitadiric s

was also conducted on the accelerated corrosion specimens to evaluate tess\{agabl

concrete material type and side edge distance) and to assess thesa#sstof low

impressed current technique to simulate corrosion of steel reinforcemerddadbe

concrete (Section 3.4.2.2). Results are presented and discussed in Sections 4.2.1 and

4.2.2, respectively.
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4.2.1.Wet-dry Cycle Test.All specimens subjected to the wet-dry cycle test
were prepared, cleaned and evaluated for gravimetric study according kb @3-03,
Method C3.5. As introduced in Section 2.1.6, corrosion rate can be expressed in the
following equation:

Corrosion rate = (K xW) / (AXTxD)

where K is a constant=8.76x10r desired units ahicrometers per year, W is
mass loss in grams, A is the surface area i Tris time of exposure in hours, and D is
the density of the corroding metal (D=7.86 gidor carbon steel). As introduced in
Section 2.2.4, no instantaneous corrosion rates can be measured by this technique, but
only a mean value during the period of test.

For specimens subjected to wet-dry cycle test, Table 4.10 shows the average mass
loss of specimens with same concrete material type and side edge distmutts. ¢t
Table 4.10 can be reflected by a chart in Figure 4.22. More information aboutandial
measured mass of the reinforcement steel can be obtained in Table A.1.

As shown in Figure 4.22, for specimens with side edge distances of 1.5 in. and 2.5
in., specimens with normal concrete show higher corrosion rate than specimemgwith t
other two types of concrete material. In addition, for specimens with nhormaktancr
corrosion rate decreases with the increase of the side edge distance. Howetleer
obvious trends can be found from the chart.

Results of gravimetric study on specimens subjected to wet-dry cycledesite

that six months may be a too short period to cause a significant corrosion on specime
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Table 4.10. Mass loss and corrosion rate for specimens subjected to wet-dngstycl

. Reinforcement reiﬁ%?gaeggr;)ent Reinforcement .Average
Specimens ‘mass loss/ mass loss/ | corrosion rate relnforpement

ID initial mass S corrosion rate

(%) |n|t|a})l mass (um/year) (um/year)
(%)

SP1-NC-1 0.63 4234.03
SP1-NC-2 1.90 0.85 12702.09 5645.37
SP1-NC-3 0.00 0.00
SP1-CI-1 0.35 2352.24
SP1-Cl-2 0.00 0.45 0.00 2979.50
SP1-CI-3 0.99 6586.27
SP1-FRC-1 0.00 0.00
SP1-FRC-2 0.00 0.00 0.00 0.00
SP1-FRC-3 0.00 0.00
SP2-NC-5 0.14 940.90
SP2-NC-6 0.99 0.68 6586.27 4547.66
SP2-NC-7 0.92 6115.82
SP2-CI-5 0.28 1881.79
SP2-Cl-6 0.00 0.09 0.00 627.26
SP2-CI-7 0.00 0.00
SP2-FRC-5 0.28 1881.79
SP2-FRC-6 0.63 0.52 4234.03 3449.95
SP2-FRC-7 0.64 4234.03
SP3-NC-9 0.64 4234.03
SP3-NC-10 0.63 0.42 4234.03 2822.69
SP3-NC-11 0.00 0.00
SP3-CI-9 0.64 4234.03
SP3-CI-10 0.00 0.21 0.00 1411.34
SP3-Cl-11 0.00 0.00
SP3-FRC-9 0.35 2352.24
SP3-FRC- 0.63 0.54 4234.03 3606.77
SP3-FRC- 0.64 4234.03
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Figure 4.22. Average corrosion rate of specimens subjected to wet-dryestcle

4.2.2. Accelerated Corrosion TestAll specimens subjected to the accelerated
corrosion test were prepared, cleaned and evaluated for gravimetric stacirag to
ASTM G 1-03, Method C 3.5.

In Tables 4.11 and 4.12, degree of corrosion is presented by the average
reinforcement mass loss/ initial mass loss of specimens with same galdisténce and
concrete material type. In addition, average measured mass loss/ predisgeldss
based on Faraday’s law (Eq 2.10) for impressed current of 0.4 mA are also shown, for
testing periods of six and twelve months, respectively. Results of Tables 4.11 and 4.12
can be reflected by chart in Figures 4.23 and 4.24, respectively. More information about

initial and measured mass of the reinforcement steel is provided in Tables BR2and
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Table 4.11. Measured mass loss/ initial mass of reinforcement in specimesgaitm
chloride content of 3% subjected to impressed current of 0.4 mA for six months

Average
: Average Average
reinforcement . L
. predicted mass/ measured mas$
Specimens ID| massloss/ | . .- .
o initial mass (%)| loss/ predicted
initial mass mass loss
(%)

SP1-NC-13

SPLNC-14 1.44 1.31 1.09

SP1-CI-13

SP1.CL14 2.42 1.33 1.82
SP1-FRC-13

SPLFRC-14 1.76 1.32 1.34
SP2-NC-17

SP2-NC-18 1.94 1.33 1.46

SP2-CI-17

SP2.CL18 1.29 1.32 0.97
SP2-FRC-17

SP2FRC-18 3.88 1.33 2.92
SP3-NC-21

SP3.NC-22 0.80 1.32 0.60

SP3-CI-21

SP3.Cl22 0.48 1.33 0.36
SP3-FRC-21

SP3.FRC.22 1.92 1.31 1.46
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Table 4.12. Measured mass loss/ initial mass of reinforcement in specimesgaitm
chloride content of 3% subjected to impressed current of 0.4 mA for twelve months

Average Average
. : Average measured
reinforcement  predicted
. o mass loss/ average
Specimens ID| mass loss/ | mass/ initial )
o predicted mass
initial mass mass (%) loss
(%)
SP1-NC-15
SPLNC-16 2.56 2.64 0.97
SP1-CI-15
SP1.CL16 1.58 2.63 0.60
SP1-FRC-15
SPL.FRC-16 1.80 2.66 0.68
SP2-NC-19
SP2-NC-20 1.00 2.65 0.38
SP2-CI-19
SP2-C1-20 2.41 2.65 0.91
SP2-FRC-19
SP2-FRC-20 1.23 2.66 0.46
SP3-NC-23
SP3.NC24 1.53 2.63 0.58
SP3-CI-23
SP3.Cl24 1.11 2.65 0.42
SP3-FRC-23
SP3.FRC24 1.87 2.63 0.71
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Figure 4.23. Average measured mass/ initial mass of reinforcement in spgcime
subjected to accelerated corrosion test for six months
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Figure 4.24. Average measured mass loss/ initial mass of reinforcementimesypse
subjected to accelerated corrosion test for twelve months
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As shown in Figures 4.23 and 4.24, specimens after test for twelve months
generally show a higher degree of corrosion than those after test foosiRs.

Tables 4.11 and 4.12 show the difference between measured mass loss and
predicted mass loss reflect by the ratio of average measured masxllasgi@ge
predicted mass loss. Even though Faraday’s law tends to overestimate the assual m
loss of steel, since it treats the current as fully effective which iseabstic, for those
ratios of measured mass loss and predicted mass loss less than 1, results show that
Faraday'’s law predicted much more than the measured mass loss with theachpress
current technique. In addition, there are also ratios of average measurddss assl
average predicted mass loss much larger than one. The reason for the regageely |
difference between measured and predicted mass loss can be attributed to thieskuw ¢
density 4.781A/cm?, which is much lower than the effective range of the applied
impressed current densities, 2080/cm?-300pA/cm? that has been proven by other tests
using impressed current technique to simulate corrosion of steel reinforceament i
concrete (Tamer and Khaled 2003). However, considering the different various factor
complicating the corrosion process, Faraday’s law can still givesanahle
approximation of the mass loss due to corrosion, even though the prediction is not so

accurate when the specimens are subjected to a small impressed current value.

4.3. CORROSION POTENTIAL MEASUREMENT

As discussed in Section 3.4.1.2, corrosion potential measurement was conducted
every two weeks on concrete specimens subjected to wet-dry cycle test bdsed on
method specified by ASTM C 876-09. Table 2.1 was used to interpret the measurement
results.

In the following Figures 4.25 and 4.26, each curve represents the average
measurement result of the three specimens with the same concretalrgterand side
edge distance. For example, in Figure 4.25a, curve SP1-NC represents the tiverag
measurement result of SP1-NC-1, SP1-NC-2, and SP1-NC-3.
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Figure 4.25. Corrosion potential vs. time curve for specimens with different t®ncre
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Figure 4.25 shows the relationship between corrosion potential and time for test
specimens constructed with the same side edge distance and different cgperete t
Irrespective of material properties, all test specimens showed valuastlam -200 mV,
since the first measurement, which corresponds to a lower limit corrosion priytatbili
at least 50%. Irrespective of side edge distance, specimens contaimgggocromhibitor
show the largest (i.e. most negative) corrosion potential values, indicatinghiesthig
probability of corrosion compared with specimens with the other two types of tencre
material.

Almost all the specimens showed increasing corrosion possibility up to 90% by
the fourteenth week. However, fluctuations in the data occurred to some extetiidrom
fourteenth week on. This may be due to the measurement environment with higher
temperature and moisture content in the summer. At the end of the testing pedbd, all
them showed lower corrosion possibility than that of fourteenth week. Howeuatidha
not make the corrosion possibility much lower than 90%.

Figure 4.26 shows the relationship between corrosion potential and time for test
specimens constructed with the same concrete property and different sidkséaiyees.
Irrespective of concrete property, specimens with 1.5 in. side edge distance showe
higher corrosion possibility than the others generally. However, specimén2.%vin.
side edge distance do not always show higher possibility than those with 3.5 in. side edge
distance. In addition, for specimens with corrosion inhibitor in concrete, allditee
edge distances showed nearly the same corrosion possibility with the excepgisultsf r
of eighteenth week, indicating that the factor of side edge distance had thefleasce

on specimens with corrosion inhibitor.

4.4. ELECTRICAL RESISTIVITY MEASUREMENT

As discussed in Section 3.4.1.3, the electrical resistivity measurement was
conducted every two weeks together with the corrosion potential measurement to
investigate and assess the corrosion of steel in specimens subjected toayetedigst.
Table 3.3 was used to interpret the measurement results.

In the following Figures 4.27 and 4.28, each curve represents the average

measurement result of the three specimens with the same concretalrmgterand side
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edge distance. For example, in Figure 4.27a, curve SP1-NC represents the tiverag
measure result of SP1-NC-1, SP1-NC-2 and SP1-NC-3. Some data at the fourth, eighth,
and sixteenth week are not included since they are too high to be reasonable. Those
results are attributed to the sawing operation when samples were dubfadeccontent
analysis discussed in Section 3.4.1.4. Curves including all the data are included in
Figures C.1 and C.2.

Figure 4.27 shows the relationship between electrical resistivity anddimest
specimens constructed with the different concrete property and same sidestaigzedi
It can be seen that none of the specimens exhibited a very high possibilityq@lectri
resistivity less than 5&-cm) of corrosion after six months of testing. Irrespective of side
edge distance, specimens with normal concrete show an overall better perfdimance
the others. FRC specimens show a general higher possibility of corrosion tharesgecim
with other concrete types.

Figure 4.28. shows specimens with 1.5 in. side edge distance were the only
specimens that showed a high possibility (electrical resistivityrndnga 5 K2-cm and
less than 10®-cm) of corrosion. Generally, possibility of corrosion of all specimens
decreases with the increasing of the side edge distance indicating speofrtegger side
edge distance have better resistance to corrosion.
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4.5. CHLORIDE CONTENT MEASUREMENT

As discussed in Section 3.4.1.5, the water soluble chloride content analysis was
used every two months to measure the chloride content of specimens subjected yo wet-dr
cycle test at different depths including 0.5 in. from the surface, mid-distaveednethe
surface and steel location, and at the steel location. From the data collez@dotide
content at different times was examined to determine whether the chloridatdent
enough to initiate corrosion of the reinforcement.

Figures 4.29 through 4.31 show the measured chloride content of specimens at
different locations at two months, four months, and six months, respectively. The
chloride ion content test performed at two months was conducted by MoDOT and is
presented by Figure 4.29. Chloride contents at different distances from thedexpose
surface were evaluated as parts per million (ppm) of chloride. ACI 222R spehidit at
least 330 ppm of chloride in concrete is required to initiate corrosion in concrete. So from
Figure 4.29, data collected at the steel location of all specimens exceetleésheld
value of corrosion initiation at two months. In addition, for normal concrete and FRC
specimens, specimens with larger side edge distance have less contentdd wrlerat
the steel location, which is not the case for specimens with corrosion inhibitoal3is
indicates that corrosion inhibitor is not effective to reduce corrosion in this study.

Four-month and six-month chloride tests were conducted at Missouri S&T using
rapid chloride test equipment. The unit of measurement used in this chloride test was
percentage of chloride by concrete weight. The threshold range for corrotietioimis
0.025%. In general, measured chloride content increased with increasingrtignesh
depth.

Generally, increase of side edge distance can retard the penetrationidedhlor
concrete. Specimens with concrete containing corrosion inhibitor showed rglativel
higher chloride content than the other two types of specimens with respech wids
edge distance. This result is consistent with observation of the corrosion potsntial te

discussed in Section 4.3.
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4.6. COMPARISON BETWEEN TEST RESULTS AND EI MAADDAWY AND
SOUDKI'S MODEL FROM CORROSION INITIATION TO CRACKING

As introduced in Section 2.3.6, El Maaddawy and Soudki’s model can be used to

predict the time from corrosion initiation to corrosion cracking by Eq. 2.11. Tables 4.14

through 4.16 show the ratios of the observed to predicted time to corrosion cracking for

specimens subjected to accelerated corrosion test, which can assdextiversdss

model in predicting the time of corrosion cracking subjected to low impressed afrrent

0.4 mA.

Table 4.13. Specimens of normal concrete

Observed Time to cracking
time to predicted by ElI Observed time to
Specimens ID : Maaddawy and cracking/ predicted time
cracking . .
(hours) Soudki’'s model to cracking
(2006) (hours)
SP1-NC-13 3024 1920-2640 1.15-1.58
SP1-NC-14 1344 1920-2640 0.51-0.70
SP1-NC-15 1344 1920-2640 0.51-0.70
SP1-NC-16 1388 1920-2640 0.53-0.72
SP2-NC-17 2800 1920-2640 1.06-1.46
SP2-NC-18 3024 1920-2640 1.15-1.58
SP2-NC-19 5592 1920-2640 2.12-2.91
SP2-NC-20 2280 1920-2640 0.86-1.19
SP3-NC-21 2880 1920-2640 1.09-1.50
SP3-NC-22 X 1920-2640 X
SP3-NC-23 5184 1920-2640 1.96-2.70
SP3-NC-24 5808 1920-2640 2.20-3.03

www.manaraa.com



Table 4.14. Specimens of concrete with corrosion inhibitor

Time to cracking

()J[:Jns]zrzloed predicted by EI Observed time to
Specimens ID . Maaddawy and cracking/ predicted time
cracking - .
(hours) Soudki’s model to cracking
(2006) (hours)

SP1-Cl-13 3024 1920-2640 1.15-1.58
SP1-Cl-14 768 1920-2640 0.29-0.40
SP1-CI-15 1320 1920-2640 0.50-0.69
SP1-CI-16 1320 1920-2640 0.50-0.69
SP2-CI-17 1584 1920-2640 0.60-0.83
SP2-Cl-18 X 1920-2640 X
SP2-Cl-19 4968 1920-2640 1.88-2.59
SP2-ClI-20 2280 1920-2640 0.86-1.19
SP3-CI-21 2880 1920-2640 1.09-1.50
SP3-Cl-22 X 1920-2640 X
SP3-Cl-23 2280 1920-2640 0.86-1.19
SP3-Cl-24 4896 1920-2640 1.85-2.55
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Table 4.15. Specimens of concrete with fibers

Time to cracking
Observed :
. predicted by EI . .
. time to Observed time to cracking/
Specimens ID , Maaddawy and . : .
cracking dki’ del predicted time to cracking
(hours) soudki’'s mode
(2006) (hours)

SP1-FRC-13 1080 1920-2640 0.41-0.56
SP1-FRC-14 2880 1920-2640 1.09-1.50
SP1-FRC-15 4584 1920-2640 1.74-2.39
SP1-FRC-16 2880 1920-2640 1.09-1.50
SP2-FRC-17 3024 1920-2640 1.15-1.58
SP2-FRC-18 3024 1920-2640 1.15-1.58
SP2-FRC-19 5184 1920-2640 1.96-2.70
SP2-FRC-20 2880 1920-2640 1.09-1.50
SP3-FRC-21 X 1920-2640 X
SP3-FRC-22 2880 1920-2640 1.09-1.50
SP3-FRC-23 4480 1920-2640 1.70-2.33
SP3-FRC-24 2880 1920-2640 1.09-1.50

Note: Boxes with X indicate that specimens did not exhibit cracking until being

broken for measuring mass loss.
Considering the complication of corrosion process, Tables 4.14 through 4.16
show that the use of El Maaddawy and Soudki’'s Model can give a reasonable prediction

of time from corrosion initiation to corrosion cracking.
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In addition, comparison of Table 4.14 with Tables 4.13 and 4.15 shows that

specimens containing corrosion inhibitor did not perform better than the other specime

in terms of time to corrosion cracking.
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5.CONCLUSIONS AND RECOMMENDATION FOR FUTURE STUDY

This research study involved spalling problems associated with partial-depth
precast concrete deck panels in the MoDOT bridge inventory. As described in Chapter 1,
this study was aimed at investigating ways to reduce the corrosion-indudiedsga
PPC panels in new construction. The objective of this thesis work was to evaluate the
influence of side edge distance and concrete materials on the corrosion-igpaitied
behavior of the PPC panels.

Experimental investigation of the effect of factors including concrdteesige
distance and concrete material type on steel corrosion in chloride contaiminate
reinforced concrete was carried out. Section 3.4 discussed two test methods;dhe wet
test and accelerated corrosion test, carried out on a total of sixty-thceaepe Test
variables included side cover (measured to centerline of reinforcement, 1.5 in., 2.5 in., or
3.5in.), and concrete mixture type (normal concrete, concrete with corrosion intabitor
concrete with fibers). For specimens subjected to wet-dry cycle test, mispection,
corrosion potential measurement, electrical resistivity measuremesridehtontent
analysis and gravimetric study were conducted, as discussed in Section 3dli%.d&Res
presented in Sections 4.1.1, 4.3, 4.4, 4.5 and 4.2.1, respectively, to evaluate the effect of
the two test variables described in Section 3.2. For specimens subjected t@tscteler
corrosion test, visual inspection and gravimetric study was conducted as disnussed i
Section 3.4.2. Results are shown in Sections 4.1.2 and 4.2.2. Based on visual inspection,
time from corrosion initiation to corrosion cracking was used to verify the wHeeiss
of low impressed current in simulating corrosion of prestressing stefedrcement in
concrete. Results from gravimetric study were used to evaluate thiecéffiee two test

variables.

5.1. CONCLUSIONS
Based on results of visual inspection from wet-dry cycle test (Section 4.1.1),

corrosion inhibitor added to concrete mixture did not help to enhance resistance to
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reinforced concrete specimens against corrosion. On the contrary, specinmens wit
corrosion inhibitor were even more vulnerable to corrosion compared to specimens with
normal concrete and fibers. It should be noted, however, that such test results are not
representative of the performance of concrete with corrosion inhibitor ineervic
conditions.

Based on results of visual inspection on specimens subjected to accelerated
corrosion test (Section 4.1.2), specimens after twelve months of testing period showed
much more severe corrosion than those after six months, as expected. In addition, the
occurrence of rust, propagation of cracks, and extent of loose concrete were inhibited
significantly on the side surfaces with greater concrete cover (i.e. lergidir of the
cross-section). This indicates that when the dimension of the panel thickness is held
constant as in this case (3 in. per the direction of the MoDOT), increasing of side edge
distance to reinforcement can improve the corrosion resistance of the deidgpanel
and thus the long term performance in terms of spalling resistance.

Results of gravimetric study of wet-dry cycle test (Section 4.2.1) shawiiha
months may be a too short testing period to cause significant corrosion on specimens.

Results of gravimetric study of accelerated corrosion test (Section ©h@w) s
that Faraday's law can give a reasonable prediction of the mass loss duesmprr
even though the prediction is not so accurate when the impressed current is much less
than the effective range provided by Tamer and Khaled (2003).

Results from corrosion potential measurement (Section 4.3) show that specimens
with concrete containing corrosion inhibitor exhibited generally higher corrosion
possibility than the other two types of specimens (specimen with normal eaocet
specimens of concrete with fibers). These findings are consistent with tlaé vis
inspection results of specimens subjected to wet-dry cycle test (Camcl)si

Results from electrical resistivity measurement (Section 4.4) showdhaibility
of corrosion of all specimens decreases with increasing side edge @isaeic when
panel thickness is held constant.

Results from chloride content measurement and analysis (Section 4.5) show that
larger side edge distance can retard the penetration of chloride ions ineoceea

when panel thickness is held constant. These results are consistent with thatiolbser
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electrical resistivity test (Conclusion 6). Secondly, specimens with dermyataining
corrosion inhibitor showed relatively higher chloride content than the other two types of
specimens with respect to each side edge distance. This result is comsiktent
observation of the corrosion potential test discussed in Conclusion 5 and Section 4.3.
According to the visual inspection results on specimens subjected to accelerated
corrosion test (Section 4.6), EI Maaddawy and Soudki’s model can give a reasonable
prediction of the time from corrosion initiation to corrosion cracking, considdrang t
complication of the corrosion process itself and despite the relatively lowssgre

current.

5.2. RECOMMENDATIONS TO MODOT

1. In 3in. thick precast-prestressed bridge deck panels currently specified by
MoDOT, the specified minimum side edge distance to tendon should be increased
from the current minimum of 1.5 in.

2. The addition of synthetic fiber and/or corrosion inhibitor to the concrete mixture
is not recommended because it did not reduce the deterioration level compared

with normal concrete, which is currently specified.

5.3. RECOMMENDATIONS FOR FUTURE STUDIES

1. In addition to the corrosion monitoring techniques used in this test, such as
corrosion potential measurement, electrical resistivity measuremeoridehl
content measurement, and gravimetric study, linear polarization technique could
be used to determine corrosion current density and give more accurate data of
instantaneous corrosion rate.

2. For the wet-dry cycle test, testing period of more than two years is sedges

cause significantly corrosion in the steel reinforcement.
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A. GRAVIMETRIC STUDY OF WET-DRY CYCLE TEST

This appendix provides test results of the gravimetric study on twenty-seven

specimens subjected to wet-dry cycle test as described in Section 3.4.1.5 and zegnmari
in Section 4.2.1.
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Table A.1. Mass Loss and Corrosion Rate for Specimens Subjected to Wet-dry Cycle

Test
Specimens Reinforcement o inforcement final masg Reinforcement mass loss
D initial mass @ (9)
(9)
SP1-NC-1 142.0 141.1 0.9
SP1-NC-2 142.0 139.3 2.7
SP1-NC-3 142.0 142.0 0.0
SP1-Cl-1 142.0 141.5 0.5
SP1-CI-2 140.6 140.6 0.0
SP1-CI-3 142.0 140.6 1.4
SP1-FRC-1 140.6 140.6 0.0
SP1-FRC-2 142.0 142.0 0.0
SP1-FRC-3 140.2 140.2 0.0
SP2-NC-5 140.2 140.0 0.2
SP2-NC-6 142.0 140.6 1.4
SP2-NC-7 140.6 139.3 1.3
SP2-CI-5 141.5 141.1 0.4
SP2-CIl-6 141.5 141.5 0.0
SP2-Cl-7 141.5 141.5 0.0
SP2-FRC-5 141.5 141.1 0.4
SP2-FRC-6 142.0 141.1 0.9
SP2-FRC-7 141.1 140.2 0.9
SP3-NC-9 140.6 139.7 0.9
SP3-NC-10 142.0 141.1 0.9
SP3-NC-11 140.6 140.6 0.0
SP3-CI-9 141.5 140.6 0.9
SP3-CI-10 142.0 142.0 0.0
SP3-Cl-11 140.6 140.6 0.0
SP3-FRC-9 142.0 141.5 0.5
SP3-FRC-10 142.4 141.5 0.9
SP3-FRC-11 141.5 140.6 0.9
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B. GRAVIMETRIC STUDY OF ACCELERATED CORROSION TEST

This appendix provides detailed test results of the eighteen specimens subjected
accelerated corrosion test for six months and other eighteen for twelve months as

described in Section 3.4.2.2 and summarized in Section 4.2.2.

Table B.1. Mass Loss of Reinforcement in Specimens with Sodium Chloride Conhg8at
Subjected to Impressed Current of 0.4 mA for Six Months.

Specimens R.el_n.forcemem Reinforcement Measured Predicted
ID initial mass final mass (g) mass loss mass loss (g)
(9) (9)
SP1-NC-13 141.52 139.71 1.81 1.86
SP1-NC-14 141.97 139.71 2.26 1.86
SP1-CI-13 140.15 138.80 1.35 1.86
SP1-Cl-14 140.15 134.72 5.43 1.86
SP1-FRC-13 14151 138.80 2.71 1.86
SP1-FRC-14 140.61 138.35 2.26 1.86
SP2-NC-17 140.61 137.89 2.72 1.86
SP2-NC-18 139.70 136.99 2.71 1.86
SP2-Cl-17 140.15 136.99 3.16 1.86
SP2-Cl-18 140.61 140.16 0.45 1.86
SP2-FRC-17 140.15 135.17 4.98 1.86
SP2-FRC-18 139.70 133.81 5.89 1.86
SP3-NC-21 139.70 138.80 0.90 1.86
SP3-NC-22 141.97 140.62 1.35 1.86
SP3-Cl-21 141.97 141.52 0.45 1.86
SP3-Cl-22 139.70 138.80 0.90 1.86
SP3-FRC-21 142.42 140.62 1.80 1.86
SP3-FRC-22 141.06 137.44 3.62 1.86
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Subjected to Impressed Current of 0.4 mA for Twelve Months

Specimens R_el_rt1_fo|rcemen1 Reinforcement Measulrecj Predicted
ID Initlal mass final mass (g) Mass 10S§ mass loss (Q)
9) (9)
SP1-NC-15 141.97 134.80 7.17 3.72
SP1-NC-16 139.70 139.64 0.10 3.72
SP1-CI-15 140.61 138.71 1.90 3.72
SP1-CI-16 141.97 139.40 2.57 3.72
SP1-FRC-15 139.70 138.80 0.90 3.72
SP1-FRC-16 140.15 136.01 4.14 3.72
SP2-NC-19 140.15 139.73 0.42 3.72
SP2-NC-20 141.06 138.67 2.39 3.72
SP2-CI-19 140.61 139.55 1.11 3.72
SP2-ClI-20 140.15 134.52 5.65 3.72
SP2-FRC-19 139.70 136.41 3.30 3.72
SP2-FRC-20 140.15 140.02 0.15 3.72
SP3-NC-23 140.61 138.62 1.99 3.72
SP3-NC-24 141.97 139.64 2.33 3.72
SP3-ClI-23 139.70 137.90 1.80 3.72
SP3-Cl-24 141.51 140.28 1.31 3.72
SP3-FRC-23 142.42 139.44 2.98 3.72
SP3-FRC-24 140.61 138.33 2.31 3.72
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Table B.2. Mass Loss of Reinforcement in Specimens with Sodium Chloride Conhg8at
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C. CORROSION POTENTIAL MEASUREMENT

This appendix provides complete test results of the corrosion potential
measurement on the twenty-seven specimens subjected to wet-dry cyatedestribed

in Section 3.4.1.2 and summarized in Section 4.3.

Table C.1 Corrosion potential measurement (mV)

. Week

Specimen ID 5 1

SP1-NC-1 | -242 | -235| -238.5 -300 -298 | -299.0
SP1-NC-2 | -273 | -265| -269.0| -252.3| -273 -274 | -273.5| -289.0
SP1-NC-3 | -254 | -245| -249.5 -299 -290 | -294.5
SP1-CI-1 -244 | -242| -243.0 -232 -226 | -229.0
SP1-CI-2 -240 | -245| -2425| -242.3| -331 -347 | -339.0| -274.3
SP1-CI-3 -243 | -240| -241.5 -260 -250 | -255.0
SP1-FRC-1| -351 | -337| -344.0 -347 -392 | -369.5
SP1-FRC-2| -346 | -329| -337.5| -310.3| -251 -362 | -306.5| -308.8
SP1-FRC-3| -253 | -246| -249.5 -251 -250 | -250.5
SP2-NC-5 | -237 | -234| -235.5 -241 -245 | -243.0
SP2-NC-6 | -230 | -232| -231.0| -226.8| -218 -222 | -220.0| -223.8
SP2-NC-7 | -215 | -213| -214.0 -213 -204 | -208.5
SP2-CI-5 -211 | -228]| -219.5 -221 -212 | -216.5
SP2-CI-6 -313 | -312| -312.5| -248.0| -337 -338 | -337.5| -296.3
SP2-CI-7 -212 | -212| -212.0 -330 -340 | -335.0
SP2-FRC-5| -254 | -257| -255.5 -330 -326 | -328.0
SP2-FRC-6| -221 | -222| -221.5| -240.2| -217 -205 | -211.0| -259.0
SP2-FRC-7| -244 | -243| -243.5 -235 -241 | -238.0
SP3-NC-9 | -228 | -230| -229.0 -358 -363 | -360.5
SP3-NC-10 | -222 | -224| -223.0| -229.0| -210 -220 | -215.0| -299.2
SP3-NC-11| -237 | -233| -235.0 -316 -328 | -322.0
SP3-CI-9 -243 | -242| -242.5 -330 -337 | -333.5
SP3-CI-10 | -245 | -244| -2445| -228.3| -257 -262 | -259.5| -263.2
SP3-CI-11 | -196 | -200| -198.0 -201 -192 | -196.5
SP3-FRC-9| -215 | -216| -215.5 -219 -218 | -218.5
SP3-FRC-10] -229 | -223| -226.0| -217.8| -221 -232 | -226.5| -226.5
SP3-FRC-11] -212 | -212| -212.0 -232 -237 | -234.5

www.manaraa.com



91

Table C.1 (continued)

. Week

Specimen ID 6 5

SP1-NC-1 | -250 | -246| -248.0 287 | -296 | -291.5
SP1-NC-2 | -316 | -310| -313.0| -319.5| -307 | -307 | -307.0| -320.7
SP1-NC-3 | -364 | -431| -397.5 -343 | -384 | -363.5
SP1-CI-1 | -219 | -235| -227.0 234 | -237| -2355
SP1-Cl-2 | 346 | -381| -363.5| -298.8| 379 | -411 | -395.0| -340.2
SP1-CI-3 | -301 | -311| -306.0 -378 | -402 | -390.0
SP1-FRC-1| -335 | -378| -356.5 -332 | -369| -350.5
SP1-FRC-2| -331 | -384| -357.5| -317.0| -364 | -401 | -382.5| -319.8
SP1-FRC-3| -235 | -239| -237.0 228 | -225| -226.5
SP2-NC-5 | -231 | -234| -2325 217 | -220| -2185
SP2-NC-6 | -231 | -233| -232.0| -231.7| -274 | -283 | -278.5| -253.8
SP2-NC-7 | -228 | -233| -230.5 263 | -266 | -264.5
SP2-CI-5 | -202 | -190| -196.0 237 | -243 | -240.0
SP2-CI-6 | -325 | -329| -327.0| -279.5| -259 | -283 | -271.0| -285.2
SP2-CI-7 | -312 | -319| -315.5 341 | -348 | -344.5
SP2-FRC-5| -321 | -322| -321.5 -313 | -324 | -318.5
SP2-FRC-6 | -341 | -333| -337.0| -291.7| -338 | -348 | -343.0| -292.5
SP2-FRC-7| -221 | -212| -216.5 217 | -215| -216.0
SP3-NC-9 | -344 | -362| -353.0 -355 | -366 | -360.5
SP3-NC-10 | -190 | -186| -188.0| -297.8| -172 | -175| -173.5 -306.8
SP3-NC-11 | -346 | -359| -352.5 379 | -394 | -386.5
SP3-CI-9 | -405 | -434| -419.5 -457 | -469 | -463.0
SP3-CI-10 | -275 | -276| -275.5| -292.0| -298 | -302 | -300.0| -325.5
SP3-CI-11 | -181 | -181| -181.0 215 | -212 | -2135
SP3-FRC-9| -248 | -241| -244.5 -306 | -301| -303.5
SP3-FRC-10| -247 | -237| -242.0| -251.8| -275 | -279 | -277.0| -309.8
SP3-FRC-11| -267 | -271| -269.0 347 | -351| -349.0
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Table C.1 (continued)

. Week

Specimen ID 10 12

SP1-NC-1 | -351 | -393| -372.0 -409 -362 | -385.5
SP1-NC-2 | -392 | -429| -410.5 -378.8| -476 -411 | -443.5| -413.7
SP1-NC-3 | -340 | -368| -354.0 -450 -374 | -412.0
SP1-CI-1 -395 | -426| -410.5 -451 -407 | -429.0
SP1-ClI-2 -396 | -438| -417.0 -418.2| -485 -408 | -446.5| -441.5
SP1-CI-3 | -409 | -445| -427.0 -472 -426 | -449.0
SP1-FRC-1| -365 | -405| -385.0 -412 -368 | -390.0
SP1-FRC-2| -375 | -402| -388.5 -342.0| -434 | -388| -411.0| -353.5
SP1-FRC-3| -257 | -248 | -252.5 -267 -252 | -259.5
SP2-NC-5 | -360 | -374| -367.0 -408 -396 | -402.0
SP2-NC-6 | -328 | -340| -334.0 -337.8| -383 -363 | -373.0| -387.8
SP2-NC-7 | -312 | -313| -312.5 -394 | -383| -388.5
SP2-CI-5 | -374 | -384| -379.0 -421 -406 | -413.5
SP2-CI-6 | -391 | -423| -407.0 -386.2| -461 -423 | -442.0| -428.8
SP2-CI-7 -357 | -388| -372.5 -454 | -408 | -431.0
SP2-FRC-5| -348 | -356| -352.0 -356 -345 | -350.5
SP2-FRC-6| -365 | -379| -372.0 -327.2| -399 -378 | -388.5| -333.2
SP2-FRC-7| -257 | -258| -257.5 -259 -262 | -260.5
SP3-NC-9 | -405 | -419| -412.0 -416 -409 | -412.5
SP3-NC-10| -195 | -204| -199.5 -337.0| -193 -189 | -191.0| -342.3
SP3-NC-11| -396 | -403| -399.5 -426 -421 | -423.5
SP3-CI-9 -505 | -542 | -523.5 -487 -455 | -471.0
SP3-CI-10 | -387 | -405| -396.0 -399.5| -459 -432 | -445.5| -415.8
SP3-CI-11 | -283 | -275| -279.0 -331 -331| -331.0
SP3-FRC-9| -351 | -362| -356.5 -354 | -349| -351.5
SP3-FRC-10| -291 | -285| -288.0 -355.7| -372 -363 | -367.5| -383.7
SP3-FRC-11] -413 | -432| -422.5 -445 -419 | -432.0

www.manaraa.com



93

Table C.1 (continued)

. Week

Specimen ID 14 16

SP1-NC-1 | -429 | -370| -399.5 -430 | -370| -400.0
SP1-NC-2 | -481 | -416| -448.5 -420.2| -431 | -390 | -410.5| -409.2
SP1-NC-3 | -447 | -378| -412.5 -446 | -388| -417.0
SP1-CI-1 | -481 | -411| -446.0 -507 | -426| -466.5
SP1-Cl-2 | -490 | -407 | -448.5 -455.2| -488 | -422| -455.0| -471.0
SP1-CI-3 | -491 | -451| -471.Q -525 | -458 | -491.5
SP1-FRC-1| -446 | -394 | -420.0 -421 | -376| -398.5
SP1-FRC-2| -421 | -384 | -402.5 -395.5| -411 | -359| -385.0| -338.2
SP1-FRC-3| -372 | -356| -364.0 -235 | -227| -231.0
SP2-NC-5 | -482 | -431| -456.5 -479 | -433| -456.0
SP2-NC-6 | -394 | -374| -384.0 -435.3| -342 | -333| -337.5| -418.2
SP2-NC-7 | -493 | -438| -465.5 -488 | -434| -461.0
SP2-CI-5 | -480 | -442| -461.Q -451 | -424| -437.5
SP2-CI-6 | -493 | -435| -464.0 -454.7| -485 | -435| -460.0| -444.2
SP2-CI-7 | -465 | -413| -439.0 -452 | -418| -435.0
SP2-FRC-5| -392 | -371| -381.5 -408 | -392| -400.0
SP2-FRC-6| -469 | -431| -450.0 -388.8| -419 | -392| -405.5| -327.2
SP2-FRC-7| -339 | -331| -335.0 -185 | -167| -176.0
SP3-NC-9 | -438 | -414| -426.0 -443 | -415| -429.0
SP3-NC-10| -203 | -206| -204.5 -352.2| -161 | -160| -160.5| -307.2
SP3-NC-11| -439 | -413| -426.0 -341 | -323| -332.0
SP3-CI-9 | -559 | -501| -530.0 -503 | -469| -486.0
SP3-CI-10 | -502 | -462 | -482.0 -471.5| -400 | -357| -378.5| -417.7
SP3-CI-11 | -406 | -399| -402.5 -389 | -388| -388.5
SP3-FRC-9| -354 | -351| -352.5 -375 | -362| -368.5
SP3-FRC-10| -425 | -407 | -416.0 -398.7| -440 | -418| -429.0| -395.2
SP3-FRC-11| -441 | -414| -427.5 -396 | -380| -388.0
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Table C.1 (continued)

. Week

Specimen ID 18 50

SP1-NC-1 | -452 | -380| -416.0 -357 -425| -391.0
SP1-NC-2 | -258 | -227| -242.5 32'2_0\ -352 -365| -358.5| -404.2
SP1-NC-3 | -318 | -297| -307.5 -449 -477 | -463.0
SP1-CI-1 -524 | -441| -482.5 -499 -470| -484.5
SP1-ClI-2 -491 | -385| -438.0 -457.0| -490 -445 | -467.5| -471.5
SP1-CI-3 | -496 | -405| -450.5 -426 -499 | -462.5
SP1-FRC-1| -378 | -344| -361.0 -495 -415| -455.0
SP1-FRC-2| -423 | -360| -391.5 -372.0| -392 -355| -373.5| -401.2
SP1-FRC-3| -376 | -351| -363.5 -360 -390 | -375.0
SP2-NC-5 | -261 | -261| -261.0 -492 -430| -461.0
SP2-NC-6 | -349 | -342| -345.5 -369.5| -360 -358 | -359.0| -427.8
SP2-NC-7 | -529 | -475| -502.0 477 -450 | -463.5
SP2-CI-5 | -448 | -420| -434.0 -455 -416 | -435.5
SP2-CI-6 | -478 | -428 | -453.0 -445.3| -474 | -436| -455.0| -446.8
SP2-CI-7 -477 | -421| -449.0 -480 -420| -450.0
SP2-FRC-5| -447 | -423| -435.0 -450 -438 | -444.0
SP2-FRC-6| -470 | -420| -445.0 -441.3| -443 -391 | -417.0| -430.3
SP2-FRC-7 | -448 | -440| -444.0 -424 | -436 | -430.0
SP3-NC-9 | -382 | -365| -373.5 -354 | -364| -359.0
SP3-NC-10 | -229 | -218| -223.5 -358.2| -244 | -242| -243.0| -355.0
SP3-NC-11| -507 | -448 | -477.5 -490 -436 | -463.0
SP3-CI-9 -491 | -441| -466.0 -456 -401 | -428.5
SP3-CI-10 | -326 | -280| -303.0 -350.2| -487 -486 | -486.5| -449.0
SP3-CI-11 | -288 | -275| -281.5 -443 -421 | -432.0
SP3-FRC-9| -381 | -380| -380.5 -387 -386| -386.5
SP3-FRC-10| -468 | -424 | -446.Q -328.5| -474 | -473| -473.5| -419.3
SP3-FRC-11] -166 | -152| -159.0 -388 -408 | -398.0
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Table C.1 (continued)

. Week

Specimen ID 52 >4

SP1-NC-1 | -375 | -470| -422.5 -351 -393| -372.0
SP1-NC-2 | -377 | -335| -356.0 -399.3| -392 -429 | -410.5| -378.8
SP1-NC-3 | -379 | -460| -419.5 -340 -368 | -354.0
SP1-CI-1 -424 | -379| -401.5 -395 -426 | -410.5
SP1-ClI-2 -470 | -397| -433.5 -420.2| -396 -438 | -417.0| -418.2
SP1-CI-3 | -463 | -388| -425.5 -409 -445 | -427.0
SP1-FRC-1| -490 | -448 | -469.0 -365 -405| -385.0
SP1-FRC-2| -441 | -505| -473.0 -445.2| -375 -402 | -388.5| -342.0
SP1-FRC-3| -375 | -412| -393.5 -257 -248 | -252.5
SP2-NC-5 | -489 | -416| -452.5 -360 -374 | -367.0
SP2-NC-6 | -384 | -375| -379.5 -427.7| -328 -340 | -334.0| -337.8
SP2-NC-7 | -479 | -423| -451.0 -312 -313| -312.5
SP2-CI-5 | -413 | -485| -449.0 -374 | -384| -379.0
SP2-CI-6 | -487 | -448 | -467.5 -425.0| -391 -423 | -407.0| -386.2
SP2-CI-7 -440 | -277| -358.5 -357 -388 | -372.5
SP2-FRC-5| -470 | -465| -467.5 -348 -356 | -352.0
SP2-FRC-6| -397 | -465| -431.0 -440.8| -365 -379 | -372.0| -327.2
SP2-FRC-7 | -417 | -431| -424.0 -257 -258 | -257.5
SP3-NC-9 | -366 | -382| -374.0 -405 -419 | -412.0
SP3-NC-10 | -275 | -266| -270.5 -376.3| -195 -204 | -199.5| -337.0
SP3-NC-11| -519 | -450| -484.5 -396 -403 | -399.5
SP3-CI-9 -392 | -443| -417.5 -505 -542 | -523.5
SP3-CI-10 | -478 | -405| -441.5 -374.0| -387 -405 | -396.0| -399.5
SP3-CI-11 | -271 | -255| -263.0 -283 -275| -279.0
SP3-FRC-9| -393 | -392| -392.5 -351 -362 | -356.5
SP3-FRC-10| -463 | -421| -442.q -408.7| -291 -285| -288.0| -355.7
SP3-FRC-11] -381 | -402| -391.5 -413 -432 | -422.5
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D. ELECTRICAL RESISTIVITY MEASUREMENT

This appendix provides complete test results of the electrical resistivity
measurement on the twenty-seven specimens subjected to wet-dry cyatedestribed

in Section 3.4.1.3 and summarized in Section 4.4.

Table D.1. Electrical resistivity measuremer®{&m)

. Week

Specimen ID 5 2 6
SP1-NC-1 5.80 19.00 13.00
SP1-NC-2 5.00 10.33 11.00 22.00 11.00 | 11.67
SP1-NC-3 12.00 36.00 11.00
SP1-CI-1 14.00 19.00 8.60
SP1-ClI-2 7.00 10.33 14.00 15.00 14.00 | 11.20
SP1-CI-3 10.00 12.00 11.00
SP1-FRC-1 9.00 8.50 8.10
SP1-FRC-2 9.00 8.37 5.80 7.80 6.50 7.30
SP1-FRC-3 7.10 9.10 7.30
SP2-NC-5 17.00 16.00 29.00
SP2-NC-6 15.00 15.00 12.00 15.33 14.00| 20.67
SP2-NC-7 13.00 18.00 19.00
SP2-CI-5 10.00 12.00 11.00
SP2-ClI-6 21.00 16.33 18.00 14.33 16.00| 14.00
SP2-CI-7 18.00 13.00 15.00
SP2-FRC-5 10.00 14.00 11.00
SP2-FRC-6 12.00 12.33 15.00 14.67 12.00| 11.50
SP2-FRC-7 15.00 15.00 14.00
SP3-NC-9 18.00 23.00 25.00
SP3-NC-10 16.00 16.33 20.00 20.33 28.00| 25.33
SP3-NC-11 15.00 18.00 23.00
SP3-CI-9 20.00 17.00 24.00
SP3-CI-10 15.00 17.33 18.00 18.33 25.00| 23.00
SP3-CI-11 17.00 20.00 20.00
SP3-FRC-9 12.00 16.00 27.00
SP3-FRC-10 15.00 14.00 21.00 18.33 19.00| 21.67
SP3-FRC-11 15.00 18.00 19.00
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Table D.1 (continued)

: Week

Specimen ID 8 10 12
SP1-NC-1 14.00 31.00 34.00
SP1-NC-2 17.00 18.00 14.00 20.00 11.00| 18.67
SP1-NC-3 19.00 15.00 11.00
SP1-CI-1 17.00 9.30 12.00
SP1-ClI-2 20.00 18.00 6.40 7.37 5.80 8.17
SP1-CI-3 17.00 6.40 6.70
SP1-FRC-1 15.00 6.30 6.60
SP1-FRC-2 18.00 16.00 11.00 9.10 9.10 8.57
SP1-FRC-3 15.00 10.00 10.00
SP2-NC-5 32.00 17.00 16.00
SP2-NC-6 28.00 31.00 19.00 16.67 17.00| 15.67
SP2-NC-7 33.00 14.00 14.00
SP2-CI-5 19.00 19.00 16.00
SP2-Cl-6 25.00 22.33 14.00 15.00 12.00| 13.00
SP2-CI-7 23.00 12.00 11.00
SP2-FRC-5 21.00 14.00 15.00
SP2-FRC-6 21.00 22.67 11.00 12.67 11.00| 12.67
SP2-FRC-7 26.00 13.00 12.00
SP3-NC-9 37.00 18.00 22.00
SP3-NC-10 45.00 39.00 27.00 23.00 23.00| 21.00
SP3-NC-11 35.00 24.00 18.00
SP3-CI-9 29.00 17.00 15.00
SP3-CI-10 30.00 30.33 20.00 18.67 18.00| 17.33
SP3-CI-11 32.00 19.00 19.00
SP3-FRC-9 27.00 19.00 15.00
SP3-FRC-10 29.00 28.33 18.00 19.00 15.00| 16.00
SP3-FRC-11 29.00 20.00 18.00
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Table D.1 (continued)

. Week

Specimen ID 12 16 18
SP1-NC-1 19.00 54.00 19.00
SP1-NC-2 13.00 13.67 20.00| 30.00 8.20 12.40
SP1-NC-3 9.00 16.00 10.00

SP1-CI-1 9.70 14.00 12.00

SP1-CI-2 5.50 7.83 9.50 11.83 4.80 9.60
SP1-CI-3 8.30 12.00 12.00
SP1-FRC-1 8.00 13.00 8.00
SP1-FRC-2 9.80 9.60 22.00| 17.33 9.30 10.43
SP1-FRC-3 11.00 17.00 14.00
SP2-NC-5 20.00 29.00 21.00
SP2-NC-6 21.00 19.00 31.00| 28.00 17.00 17.00
SP2-NC-7 16.00 24.00 13.00

SP2-CI-5 22.00 30.00 21.00

SP2-CI-6 14.00 16.00 19.00| 22.00 11.00 15.00
SP2-CI-7 12.00 17.00 13.00
SP2-FRC-5 16.00 21.00 13.00
SP2-FRC-6 13.00 | 14.67 19.00| 20.33 13.00 13.00
SP2-FRC-7 15.00 21.00 13.00
SP3-NC-9 22.00 33.00 17.00
SP3-NC-10 24.00 | 23.67 44.00| 34.67 18.00 18.67
SP3-NC-11 25.00 27.00 21.00

SP3-CI-9 19.00 24.00 17.00
SP3-CI-10 20.00 20.67 30.00| 30.33 20.00 21.67
SP3-CI-11 23.00 37.00 28.00
SP3-FRC-9 20.00 35.00 16.00
SP3-FRC-10 18.00| 19.33 27.00] 31.00 12.00 15.00
SP3-FRC-11 20.00 31.00 17.00
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Table D.1 (continued)

: Week

Specimen ID 20 % >4
SP1-NC-1 20.00 18.00 54.00
SP1-NC-2 10.00 14.33 11.00 13.67 20.00| 28.33
SP1-NC-3 13.00 12.00 11.00
SP1-Cl-1 11.00 10.00 14.00
SP1-ClI-2 3.00 8.33 5.00 9.00 8.50 11.50
SP1-CI-3 11.00 12.00 12.00
SP1-FRC-1 7.00 9.00 13.00
SP1-FRC-2 8.00 9.33 10.00 11.33 22.00| 17.33
SP1-FRC-3 13.00 15.00 17.00
SP2-NC-5 20.00 21.00 29.00
SP2-NC-6 16.00 16.00 15.00 15.67 31.00| 28.00
SP2-NC-7 12.00 11.00 24.00
SP2-CI-5 20.00 18.00 30.00
SP2-Cl-6 12.00 14.33 13.00 13.67 19.00| 22.00
SP2-Cl-7 11.00 10.00 17.00
SP2-FRC-5 13.00 14.00 21.00
SP2-FRC-6 12.00 11.67 10.00 11.00 19.00| 20.33
SP2-FRC-7 10.00 9.00 21.00
SP3-NC-9 15.00 18.00 33.00
SP3-NC-10 19.00 18.00 17.00 17.67 44.00| 34.67
SP3-NC-11 20.00 18.00 27.00
SP3-CI-9 18.00 17.00 24.00
SP3-CI-10 19.00 21.00 21.00 21.00 30.00| 30.33
SP3-CI-11 26.00 25.00 37.00
SP3-FRC-9 14.00 15.00 35.00
SP3-FRC-10 10.00 13.00 9.00 13.33 27.00 | 31.00
SP3-FRC-11 15.00 16.00 31.00
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