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FOREWORD

Sdt-induced reinforcing steel corrosion in concrete bridges has undoubtedly become a consderable
economic burden to many State and local transportation agencies. Since theiron in the sted hasa
natural tendency to revert eventudly to its most stable oxide State, this problem will, unfortunatdly, il
be with us, but to amuch lesser degree due to the use of various corrosion protection strategies
currently used in new congtruction. The adoption of corrosion protection measures in new construction,
such as the use of good design and construction practices, adequate concrete cover depth,
low-permeability concrete, corrosion inhibitors, and coated reinforcing sted, is sgnificantly reducing the
occurrence of reinforcing steel corrosion in new bridges. This report summearizes the results of various
research investigations in developing and evaluating the performance of various corroson protection
systems. This report describes materials and measures that can be used for corrosion control in
reinforced and prestressed concrete bridge structures in new construction.

Thisreport will be of interest to materias and bridge engineers, reinforced concrete corrosion
specialists, and those concerned with the performance of reinforced and prestressed concrete bridges.

T. Paul Teng, P.E.
Director, Office of Infrastructure
Research and Devel opment

NOTICE

This document is disseminated under the sponsorship of the Department of Trangportation in the
interest of information exchange. The United States Government assumes no liability for its contents or
use thereof. This report does not congtitute a standard, specification, or regulation.

The United States Government does not endorse products or manufacturers. Trade and manufacturers
names appear in this report only because they are considered essentia to the object of the document.
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INTRODUCTION

The deterioration of reinforced concrete structures isamajor problem. The cost of repairing or
replacing deteriorated structures has become a mgjor liability for highway agencies, estimated to be
more than $20 hillion and to be increasing at $500
million per year.) The primary cause of this deterioration
(cracking, ddlamination, and spdling) is the corroson of
ged reinforcing bars due to chlorides. The two main
sources of chlorides are deicing chemicals and seawater.
The bare pavement palicies of many highway agencies
for winter snow and ice remova have resulted in
extensve use of sdt-based deicing chemicas. The most
common chemical used has been sodium chloride. Many
bridges have aso been built in coastd areas and are
exposed to seawater.

Bridges built with black reinforcing sted are showing
progressive concrete deterioration as the concentration
of chloride ionsincreases. According to aMay 1997
report, The Status of the Nation’s Highway Bridges:
Highway Bridge Replacement and Rehabilitation
Program and National Bridge Inventory, Thirteenth
Report to the United States Congress, about 80,000
bridges on the Federal-aid system and 103,000 bridges off the Federd-aid system are deficient in some
way. Thisincludes both sructuraly deficient and functiondly obsolete bridges. The average bridge

deck located in a snow-bet State with black reinforcing steel and 40 mm (1.5 in) of concrete cover has
shown spdling in aout 7 to 10 years after congtruction and has required rehabilitation in about 20
years after condtruction.

Figure 1. Corrosion-induced
deterioration on a bridge column.

The increase in the amount and severity of bridge deck deterioration in the late 1960's and early 1970's
darmed the State Highway Agencies and posed serious safety hazards to the traveling motorist. Asa
result several measures have been developed and implemented to prevent the chloride-induced
corrosion of sted reinforcing bars and the resulting deterioration. Some of the early measures used
included lowering the water-cement ratio of the concrete and increasing the concrete cover over the
gted reinforcing bars. Concrete permeability can dso be reduced by the use of admixtures. Corrosion
inhibitors are also being used. Epoxy-coated reinforcing sted (ECR) was introduced in the mid 1970's
as aprotection system for new bridge decks. Another protection measure is the use of corroson-
resstant solid reinforcing bars or clad black reinforcing bars. The use of waterproof membranesin
conjunction with asphaltic concrete overlays as a protective system has produced variable results. A
multiple protection strategy is the smultaneous use of two or more protection measures, such as epoxy-
coated reinforcing sted and a corrosion inhibitor.



The use of prestressed concrete membersin bridgesis ardatively new practice and consequently most
bridge applications are rlaively young. As aresult, corroson-induced deterioration of these members
only became evident in the early 1980's. Although prestressed concrete members are generdly
manufactured with a higher strength concrete under better quality control, they are subject to the same
effects of corroson asis conventionally reinforced concrete. However, because of the high stressesin
the prestressing strands, the corrosion process is accelerated. Even small corrosion pits could cause a
grand to fracture, compared to conventiond reinforcing that may rust to virtudly nothing before
breaking. There have been documented cases of prestressing strands breaking due to corrosion. Thisis
a serious problem as prestressed concrete members rely on the tengile strength of the strands to resist
applied loads.

Protective systems for prestressed concrete bridge superstructure members (girders and beams) and
substructure members (piles, piers, etc.) are sill under investigation and are being improved and
developed further. These members are generdly built with black prestressing stedl. Current research
shows promise for the use of epoxy-coated prestressing strands for prestressed concrete members. As
of now, there is no generdly accepted protective system for concrete bridge substructure members or
prestressed concrete bridge members. However, because of the use of uncoated prestressing stedl, the
use of corrosion inhibitorsin prestressed, concrete members has gained acceptance.

For most corros on-protection measures, the basic principle isto prevent the chloride ions from
reacting with the stedl surface and aso to increase the time needed for the chloride ions to penetrate
through the concrete cover. While these measures generaly do not stop corrosion from eventualy
initiating, they do increase the service life of reinforced concrete structures by dowing the corrosion
process. Cathodic protection, however, has proven to be a successful corros on-protection measure for
conventionaly reinforced and pretensioned, prestressed concrete bridge members.



CORROSION PROCESS

The corrosion of sted reinforcing barsis an dectrochemical process that requires aflow of dectric
current and severa chemicd reactions. The three essential components of a gadvanic corroson cdl are:

< Anode.

< Cathode.

< Electrolyte.

The genera relationship between the components of a corrosion cdll isillugtrated in figure 2.2

The anode and cathode can be on the same sted reinforcing bar. Figure 3 illustrates a corrosion cell for

ased reinforcing bar embedded in concrete.® The anode is the location on a sted reinforcing bar
where corroson istaking place and metd is being logt. At the anode, iron atoms lose eectronsto
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Figure 2. Electrochemical corrosion cell.

become iron ions (Fe™?). This oxidation reaction is referred to as the anodic reaction. The cathode is
the location on a sted reinforcing bar where metd is not consumed. At the cathode, oxygen, in the
presence of water, accepts electrons to form hydroxyl ions (OH). This reduction reaction is referred to
as the cathodic reaction.

The dectrolyte is the medium that facilitates the flow of dectrons (dectric current) between the anode
and the cathode. Concrete, when exposed to wet-dry cycles, has sufficient conductivity to serve asan
eectrolyte.

Both the anodic and cathodic reactions are necessary for the corrosion process to occur and they need
to take place concurrently. The anode and cathode can be located next to each
other or can be separated. When they are located immediately next to each other, i.e,, ona
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Figure 3. Corrosion cdll in reinforced concr ete.

microscopic scale, the resulting corrosion cdll isreferred to as amicrocell. When they are separated by
some finite distance, the resulting corrosion cell isreferred to as amacrocell. Figure 4 shows examples
of amicrocdl and amacrocell.®® The corrosion of stedl reinforcing bars embedded in concrete may be
due to a combination of microcdls and macrocells.
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Figure 4. Microcell versus macrocell corrosion.

Theinitiation and continuation of the corrosion process are controlled by the environment in the
concrete surrounding the sted reinforcing bars. The distribution of chlorides in a concrete bridge deck is
not uniform. The chlorides typicaly enter the concrete from the top surface. The top mat of reinforcing
ded isthen exposed to higher concentrations of chlorides. The chlorides shift the potentid of the top
meat to a more negative (anodic) vaue. Since the potentia of the bottom mat has amore positive
(cathodic) vaue, the resulting difference in potentids sets up a gdvanic type of corrosion cdl cdled a
macrocell. An dectric circuit is established. The concrete serves as the dectrolyte, and wire ties, meta
chair supports, and stedl bars serve as metallic conductors (figure 5).®) Likewise, the concentration of
chlorides a the top mat is not uniform aong the length of the sted bars due to the heterogeneity of the
concrete and uneven delcer gpplication. These differences in chloride concentrations establish anodes
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and cathodes on individua sted barsin the top mat and result in the formation of microcells.
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Figure5. Electrolytic corrosion of reinforcement in concrete exposed to
chloride and moisture.

Concrete is dkaline due to the presence of Ca(OH),, KOH, and NaOH and has an dkainity typicaly
between pH 12 and 13. The concrete pore solution consists primarily of KOH and NaOH. Dueto the
high dkdinity of the concrete porewater, the stedl reinforcing bars are passivated by an iron oxide film
(40 Fe,0,) that protects the stedl (figure 6).2 The oxide film itsdlf is a product of theinitia corrosion of
the sted reinforcing bar. In the initid stages of corrosion, a ferrous hydroxide (Fe(OH),) compound is
formed. Ferrous hydroxide has low solubility and, in the presence of oxygen and water, is oxidized to
iron oxide (Fe,O3) to form the passvation film. Asthe film is being formed, the oxygen diffuson rateis
reduced, which, in turn, reduces the corrosion rate.

Figure 6. Passivated steel in concrete.



In order for corrosion to occur, the stedl reinforcing bar needs to be depassivated. Oxygen, water, and
an aggressive ion such as chloride need to be available, and the concrete needs to have low residtivity.
In addition, dl conditions need to be present smultaneoudy.

However, the intrusion of chloride ionsis the most important factor in the corrosion of sted reinforcing
bars embedded in concrete. Possible sources of chlorides include:

Aggregates.

Mix water.

Admixtures (in particular, accelerators).
Delcing chemicas.

Seawater.

N NN NN

The chloride content of portland cement, fly ash, and silicafumeistypicaly very low. However, the
chloride content of ground granulated blast-furnace dag is variable and depends on the water used in
the quenching process. The chloride content can be significantly high if saltweter is used.

Aggregates may contain chlorides, especidly if they are obtained from Stes associated with seawater or
with groundwater containing chlorides. Depending on the amount of chlorides present in the aggregates
and the mix proportions, it is possible to produce a concrete that aready has a chloride concentration
a or above the limit for corroson initiation.

Potable water can contain small amounts of chlorides (20 to 100 ppm). This amount of chloridesis
generdly considered to be inggnificant. When used in concretes with typica mix proportions, the
resulting concrete has a chloride concentration that is much lower than the threshold limit.

Besdes admixtures based on cacium chloride (CaCl,), some water reducers and setting admixtures
contain chlorides. The amount is considered to be inggnificant if the chloride content isless than 0.01
percent by mass of the cementitious materid. The use of admixtures should be evauated on a case-by-
case basis for any impacts on the corrosion process. Cacium formate, sodium thiocyanate, calcium
nitrate, and calcium nitrite are the commonly used chemicas Cacium nitrite has been shown to be an
effective corroson inhibitor for steel embedded in concrete. Non-chloride accelerators should not be
assumed to be non-corrosive. Sodium thiocyanate in high dosage rates has been reported to promote
corrosion.

The process by which sted reinforcing bars are depassivated is not fully understood. Severa theories
have been presented to explain the role of chloride ions. Chloride ions reach the reinforcing steel by
penetrating the concrete viathe porewater and through cracksin the concrete. In the oxide film theory,
the chloride ions break down the passive oxide film. At this point, the stedl reinforcing bar becomes
depassivated and corrosion may be initiated. In the adsorption theory, chloride ions are adsorbed into
the surface of the sted reinforcing bar and attack the stedl directly. In the trangtory complex theory,
chlorideions act as a catalyst. The chloride ions combine with the ferrous ions to form a soluble iron-
chloride complex that diffuses away from the anode. Subsequent breskdown of the iron-chloride
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complex frees the chloride ions for reuse when ferrous hydroxide is formed.

When carbon dioxide (CO,) penetrates concrete and dissolves in the pore solution, carbonic acid is
formed. This acid reacts with the akdi in the cement to form carbonates and to lower the pH of the
concrete. When the dkalinity reaches alow enough level, the stedl reinforcing bar becomes
depassivated and, in the presence of sufficient water and oxygen, corrosion isinitiated and proceeds.
However, carbonation advances very dowly in sound concrete and is generally not afactor.

The corrosion of stedl in concrete in the presence of oxygen, but without chlorides, takes placein
severd steps.

1. At the anode, iron is oxidized to the ferrous state and releases e ectrons.
Fe+ Fe*" + 2¢

2. These electrons migrate to the cathode where they combine with water and oxygen to form
hydroxyl ions.

2e + H,0 + %0, =+ 20H"
3. The hydroxyl ions combine with the ferrousions to form ferrous hydroxide.
Fe'* + 20H <+ Fe(OH),
4, In the presence of water and oxygen, the ferrous hydroxide is further oxidized to form Fe,Os.

4Fe(OH), + O, + H,O + 4Fe(OH),
2Fe(OH); + Fe,05 (1 2H,0

The corrosion of stedl in concrete in the presence of chlorides, but with no oxygen (at the anode), takes
place in severa steps.

1. At the anode, iron reacts with chloride ions to form an intermediate soluble iron-chloride
complex.®

Fe+ 2Cl = (Fe™ + 2CI) + 2e
2. When the iron-chloride complex diffuses away from the bar to an areawith a higher pH and
concentration of oxygen, it reacts with hydroxyl ionsto form Fe(OH),. This complex reacts
with water to form ferrous hydroxide.®

(Fe™ + 2CI) + 2H,0 + 2e + Fe(OH), + 2H" + 2CI
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3. The hydrogen ions then combine with ectrons to form hydrogen geas.
2H" + 2e =+ H,8

4, Asin the case of the corrosion of sted without chlorides, the ferrous hydroxide, in the presence
of water and oxygen, is further oxidized to form Fe,Os.

4Fe(OH), + O, + H,O + 4Fe(OH),
2Fe(OH); + Fe,05 1 2H,0

The corroson products resulting from the corrosion of stedl reinforcing bars occupy a volume equa to
three to six times that of the origina stedl. This increase in volume induces stresses in the concrete that

result in cracks, delaminations, and spdls. This accelerates the corrosion process by providing an easy
pathway for the water and chlorides to reach the stedl.

There are two main types of chloride contents that are tested for and reported — acid-soluble chlorides,
sometimes referred to as tota chlorides, and water-soluble chlorides. Acid-soluble chlorides are the
chlorides extracted from a concrete sample using an acid. Water-soluble chlorides are those chlorides
present that can dissolve in water. The amount of water-soluble chlorides is less than the tota or acid-
soluble amount of chlorides present in a concrete sample.

The minimum chloride ion concentration needed to initiate corrosion of sted reinforcing barsis aso
cdled the corrosion chloride threshold. Although the concept of a chloride threshold is generdly
accepted, there islittle agreement on what the threshold value is. Severd factors influence the chloride
threshold value: the composition of the concrete (resdtivity), the amount of moisture present, and the
atmospheric conditions (temperature and humidity). The threshold concentration depends on the pH
level and the concentration of oxygen. When chlorides are uniformly distributed, higher concentrations
are needed to initiate corrogon. The amount of tricacium auminate (C;A) present in the cement
influences the threshold level. Regardless of what concentration of chloride ionsis needed to initiate
corrosion, an increase in the chloride ion concentration increases the probability that corrosion of the
ged reinforcing bars will occur.

In generd, the concentration of chloride ions needs to be more than 0.71 kg/m? (1.2 Ib/yd®). Theratio
of chloride ions to hydroxyl ions also needs to be greater than 0.6, However, the corrosion of stedl
reinforcing bars embedded in concrete is a complex process. The use of asingle vaue or criteriafor a
chloride threshold may not be appropriate or accurate. Thisisillustrated in figure 7, which shows that
the chloride threshold may be dependent on both pH and oxygen concentration.©

Whenever adifference in potentials on ametalic surface or between two metasis established,
corroson isinitiated. This potentia difference isreferred to as the driving force. One area on the
surface of the metd or one of the metals digplays anodic behavior and the other displays cathodic
behavior. Potentia differences can be due to variations in the compaosition of the metd or in the
environment surrounding the metd. Variaions in the environment may be due to differencesin pH,
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oxygen concentration, chloride concentration, moisture, or temperature. When the corroson cell is
creeted as aresult of differences in the concentration of oxygen, chloride, or water, the cdll isreferred
to as a concentration cell.

II:II_. I gmal

CORROSION

' 1D/TJH

Figure 7. Three-dimensional plot of oxygen
concentration, chloride concentration, and pH,
illustrating regions of corroson and no corraosion.

The four stages of chloride-induced deterioration of reinforced concrete are:
1 Chloride contamination and corroson initiation.

2. Cracking — Occurs when the corrosion-induced tensile stresses exceed the tendle strength of
the concrete (can be inclined or parallel to the roadway surface).

3. Delamination — Occurs when the cracks are parallél to the roadway surface and resultsin a
fracture plane (often at the rebar leve).

4, Spalling—When inclined cracks reach the roadway surface, freeze-thaw cycles and traffic
loading cause the cracked delaminated portions to break away (accel erates the corrosion
process).

A smple modd for the corrosion of sted in concrete is shown in figure 8. This sarvice-life modd for
reinforced concrete structures has two stages — initiation and propagation. This mode depictsthe time
to corrosion initiation and the subsequent deterioration rate. Some structures have been found to follow
this model with reasonable accuracy. Theinitiation timeis the length of time until depassivation of the
ged reinforcing bars and theinitiation of corrosion have occurred. The corrosion rate is controlled by
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corrosion-process kinetics and may increase or decrease. At some point, cracking and spalling occur
and the Structureis either rehabilitated or has reached the end of its service life and is replaced. Severd
important factors are needed in order to quantify the deterioration rate: chloride profile, cover depth,
carbonation depth, corrosion rate, concrete resstivity, and the environment.

A

Initiation Propagation

»» <<

(Carbonation, Diffusion (Rapid Corrosion)
of Chlorides) Level Where Repair Becomes Necessary

Deterioration Level

Figure 8. Smple deterioration model, corrosion of steel in concrete.

The amount of section loss after the initiation of corrosion can be estimated using Faraday’s Law. An
electrochemicd equivadent is obtained by converting the corroson current dengity to metd loss. A
corrosion current density of 1 pA/cn? is equivaent to ametd loss of 12 pmiyear (0.5 milslyear). Thisis
generdly consdered to be ahigh rate and is likely to cause cracking and spalling within 1 year.
Laboratory tests have shown that a 15- to 40-um (0.6- to 1.6-mil) loss of metal has resulted in
cracking in specimens containing rebars with a cover-to-diameter ratio between 2 and 4. Thisis
equivaent to a current density of 0.5 pA/cn?.

The three principa rate phenomenathat control corrosion-induced deterioration of reinforced concrete
bridge components are the chloride diffusion, corrosion, and deterioration rates. The chloride diffuson
rate isthe rate a which chloride ions diffuse through the concrete cover. The corroson rate is the rate
at which the corrosion process progresses after depassivation of the sted!

reinforcing bars has occurred. The deterioration rate is the rate at which concrete distress (cracking,
delamination, and spdling) progresses. The deterioration rate will determine the length of time before
repair or replacement of a deteriorated concrete bridge component is required.

10



FACTORSINFLUENCING THE CHLORIDE DIFFUSION RATE

The main factor that controls the diffusion of chloride ionsin concrete is concrete permegbility.
Concrete permesbility can be reduced by:

Reducing the water-cement ratio of the concrete.

Adding pozzolanic and pozzol anic/cementitious materias to the concrete.
Adding polymer modifiersto the concrete.

Aggregate gradation.

N N N AN

Some other factors influencing the diffusion of chloride ionsin concrete include®

< Surface charge on the hydrated cement paste.
< Formation of porous trangition zones a the aggregate/cement paste interface.
< Microcracking.

An increase in microcracking can increase the rate of chloride ion permeability for structures subjected
to cyclic loadings. Static compressive stresses do not appear to have any significant effect on chloride
ion permegbility. However, concrete exhibits a sgnificant increase in permesbility when loaded with
cyclic compressive loads that are 60 to 80 percent of its ultimate strength. The rate of chlorideion
permesability increases as resdua strength decreases.

The prediction/caculation of chloride penetration into concrete is generdly done using Fick’s Second
Law. However, the gpplication of Fick’s Second Law to predict chloride penetration yields results that
are very consarvaive. Thisismanly due to the description of concrete as a homogeneous medium to
mode the trangport of dissolved ions (i.e, it istoo sSmple amodel and is not due to any fundamenta
problem with Fick’s Law). In addition, the prediction of chloride ion penetration using diffusivity may
be uncertain as the assumption of a congtant chloride ion diffusivity is seldom seenin red sructures.

FACTORSINFLUENCING CORROSION RATE

Once a sufficient amount of chlorides has reached the stedl reinforcing bars to depassivate the bars and
initiate corrosion, factors influencing the corrosion rate of stedl reinforcing bars embedded in concrete
indude®

Availability of water and oxygen.

Ratio of the sted surface area at the anode to that at the cathode.
Amount of chloride ionsin the porewater.

Reggtivity of the concrete.

Temperature.

Reative humidity (both interna and externd).

Concrete microstructure.

N NN N N NN
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The avalability of oxygenisafunction of its rate of diffuson through the concrete, which is affected by
how saturated the concrete is with water. When totaly submerged, the diffusion rate is dowed because
the oxygen mugt diffuse through the porewater. When the concrete is dry, the oxygen can fredy move
through the pores. Alternating wet-dry cycles accelerates the corrosion process. Wet concrete has a
lower resdtivity than dry concrete due to the presence of water as an dectrolyte.

When the ratio of the area at the cathode to the area at the anode increases, the current dendity a the
anode increases. The current dengty is the amount of eectrical current passing through a unit area at the
anode. An increasein current dendity resultsin an increase in the corrosion rete.

Other porewater chemistry parameters that may influence the corrosion rate and the nature of the
resulting corrosion products include®

lonic strength.

pH.

Redox potentia.
Cation composition.

N N N AN

lonic strength affects the ionic exchange between the pore solution and the cement hydrate phases.
When the pH is between 12.4 and 13.5, pore solutions have fairly high ionic strengths. The redox
potentia determines the oxidation state for those elements with multiple valances. Portland cement
concrete pore solutions are generaly oxidizing (positive redox potential), except when blast-furnace
dag is added. The dominant cationsin portland cement porewater solutions are sodium and potassum.
The cadcium content is sgnificantly lower. Thisincudes cements with dag, slicafume, and fly ash
added. The alkdi concentration in porewater solutionsis generaly not affected by the aggregates.
However, dkdi-reactive aggregates can affect the dkali concentration as the reaction removes dkalis
from the pore solution.

The important chloride parameter is the amount of free chloride ionsin the porewater. A sufficient
amount of chlorides from externa sources may overwhelm any benefits derived from chloride binding
(high C;A content in the cement) and any effects the porewater chemistry has on the corrosion process.
An increase in chloride content increases the amount of free chlorides. A high leve of free chlorides,
together with ahigh CI/OH - ratio, leads to high corroson currents, which, in turn, result in high
corrosion rates.

The factors influencing the ionic conductivity/resistivity of concrete include®

Internd relative humidity.

Amount of free water.

Amount of connected porosity in cement paste.
lonic strength of the porewater.

N N N AN

An internd relative humidity of 70 to 80 percent is essential to maintain corroson activity. Below this
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levd of relaive humidity, active corrosion does not occur. The threshold varies with the concrete type
and the ambient conditions.

When free water evaporates, dectrical conductivity decreasesto alow leve. A high porewater content
and the presence of dectrolyte sdtslead to lower resdtivity. Lower resistivity generdly increasesthe
corrosion activity.

The controlling factors in the amount of connected porosity are the water-cement ratio and the use of
minerd admixtures. Dense concretes have higher resigtivity and inhibit ionic transport (i.e., they have
low corrosion currents). Less dense concretes have lower resitivity and do not inhibit ionic transport
(i.e, they have higher corrosion currents). Thisis particularly important when corrosion currents are
between two layers of sted reinforcing bars (i.e., macrocell corrosion).

The heterogeneous nature of concrete, ong with the non-uniform distribution of chlorides, resultsin
localized depassvation and corroson (both micro and macro) of the steel reinforcing bars. Corrosionis
not uniform over the entire surface of sted reinforcing bars. The particle Szesin portland cement
concrete range from sub-micron-sized hydrated cement phase crystallites to large coarse aggregates.
The water-cement ratio and the use of mineral admixtures influence pore size digtribution as well astotd
porosty. Thereis adifference in the porosity of the cement paste at the interface between the paste and
the embedded items (stedl reinforcing bars and aggregates), and away from these embedded items. The
digtribution of ar voids may aso be non-uniform. The air voids prefer to accumulate around the coarse
aggregates and sted reinforcing bars.

FACTORSINFLUENCING DETERIORATION RATE

To date, not much research has been done in this area. The main focus has been on the depth of the
concrete cover and permeability. High-strength concretes generdly have low water-cement ratios, low
porosity, and a rdatively high modulus of dadticity. Because of itslow porosity, high-sirength concrete
may have less ability to absorb corrosion products (i.e., they have fewer voids where corrosion
products may accumulate without exerting any internd pressure on the concrete). In generd, high-
strength concretes have a higher modulus of dadticity and are less forgiving than concretes with alower
modulus. Concretes with alower modulus may deflect without cracking, while in concretes with a
higher modulus, stresses may build up and cause fracturing.® On the other hand, higher strength
concretes generdly have lower permesbility and therefore it takes longer for chlorides to accumulate a
the reinforcement level compared to lower strength concretes.
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CORROSION-CONTROL MEASURES

Corroson-induced deterioration of reinforced concrete structures occurs when the environmental
loading on the structure is greeter than the ability of the Structure to resist the environmentd loading
(environmenta resistance). One can either decrease the loading or increase the resstance or do a
combination of both. The main deterioration mechanisms (chloride-induced corroson of rebar) focus
on the reinforcement and its protection.

Corrosion can aso occur as aresult of other deterioration processes: freeze-thaw cycles, expansve
reactions, excessive deflections, fatigue, etc. These processes cauise the concrete to crack, which
subsequently alows water and chlorides easy access to the interior of the concrete and the stedl
reinforcing bars. These other deterioration mechanisms create conditions more conducive to the
corrosion of the embedded sted reinforcing bars, which leads to further deterioration of the concrete.

The factors that influence the corrosion of sted reinforcing bars embedded in concrete are the amount
of chlorideions at the stedl leve, the resdtivity of the concrete, temperature, relative humidity (both
interna and externd), and the concrete microgtructure. In generd, by controlling these factorsto an
acceptable level, the corrosion of the stedl reinforcing bars and resulting concrete deterioration can be
minimized. Thisisthefirst step in most corrosion-control strategies in addition to other suitable
corroson-protection systems. Corrosion-control methods or systems are classified as mechanica or
electrochemical.

Mechanicad methods are physica barriersthat prevent or delay the ingress of chlorides, oxygen, and
moisture through the concrete cover to the reinforcing stedl. They include admixtures, seders and
membranes, overlays, and coatings on sted reinforcing bars. Seders and membranes made with
materias such asresins, epoxies, emulsions, etc. are used to reduce the ingress of deleterious species.
There are concerns about their effectiveness and durability on the traffic-bearing surfaces (bridge

decks) due to the abrasion of applied seders or the cracking of installed membranes. Portland cement
concrete, low-dump dense concrete, latex-modified concrete, silicafume-modified concrete, and
polymer concrete overlays are commonly used. Coatings used on sted reinforcing bars are either
organic or metalic. Organic coatings include the non-metalic fuson-bonded epoxy coatings. Metalic
coatings include materids such as nickd, stainless sted, and zinc. The nickel and stainless stedl coatings
protect steel by being a barrier system and more noble, i.e., have alower potentia than iron to corrode.
The zinc coating protects stedl by being sacrificia or more active (i.e., it has a greater potentid than iron
to corrode). Corrosion-resstant materids include augtenitic stainless stedl's and fiber-reinforced
polymer (FRP) rebars.

Electrochemica methods force the sted reinforcing bars to be cathodic. They include chloride
extraction and cathodic protection. Chloride ion extraction and cathodic protection are typicaly used in
the rehabilitation of reinforced concrete structures and not as a corrosion-control measure for new
congruction.

There are three categories of variables that influence the corrosion process and the extent of the
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corrosion-induced deterioration of reinforced and prestressed concrete members — materia, design,
and environmentd variables. Materid variables for making durable concrete include cement type,
admixtures, aggregate type and gradation, and the water-cement ratio. Design variablesinclude the
depth of concrete cover, physical properties of the hardened concrete, the size and spacing of the stedl
reinforcing bars, and the efficiency of drainage from the structure. Environmenta variables include the
source of chloride ions; temperature extremes, wet-dry cycles; reative humidity; and, to acertain
extent, gpplied live loading.

Although little can be done to control environmentd variables, materid and design variables can be
adjusted to build durable concrete structures that can resist corrosion-induced deterioration in
environments conducive to the initiation and sustenance of the corrosion process.

SELECTION OF PROTECTION SYSTEMS

The proper corroson-protection strategy will vary from structure to structure. Some factors to be
considered during the design of a structure include®

< Intended design life of the structure.

< Effects of corrosion and corrosion-induced deterioration — This includes the costs due to
closure (either permanent or temporary) for repair. Bridges on mgjor roads are more critical
than bridges on local roads.

< Qudity of workmanship in congtruction — The quality of congtruction entails good consolidation,
proper rebar placement, sufficient concrete cover over the steel reinforcing bars, and other
measures.

< Possible rehabilitation methods — The design of structures should include provisons for the
possible future rehabilitation of corroson-induced deterioration.

< Initid costs—May need to consder more than just initid codts (i.e, life-cycle costs). Asthe
rehabilitation and replacement costs increase, corrosion-control measures become more cost-
effective.

Multiple protection strategies may be cogt-effective for long-term corrosion protection.® One such
drategy is the use of epoxy-coated rebar in combination with a durable concrete containing corrosion
inhibitors, having alow permesability, and adequate concrete cover. Silicafume and fly ash can be
added to the concrete to reduce permeability and provide additiona corrosion control. However, there
isaneed to baance the costs of the additiona control measures against how much additiond service
life can be expected as aresult of the added control measures. The additiona costs can usualy be
justified based on alife-cycle cost andysis.

Some factors to be considered when choosing a corrosion-control measure include:®”
< Rdiability and effectiveness of the measure.

< Risk of unintended side effects.

< Posshility of future ingtdlation of other control measures.

15



Life expectancy of the measure.

Any incrementa costs over the “do nothing” option.

Any impacts on the cost of other eements in the structure.

How aggressive the environment is where the structure will be located.

N N NN

Corrosion-protection strategies for stedl reinforcing bars embedded in concrete can be grouped into
four generd categories. design, concrete, corroson inhibitors, and reinforcement type.

The design category includes such items as:

Concrete cover.

Maximum alowable crack widths in service,

Reinforcement distribution (crack control provisions).

Rigid overlays (slicafume concrete, latex-modified concrete, dense concrete, polymer
concrete).

N N NN

The concrete category includes such items as:

Water-cement ratio.

Pozzolans (slicafume, fly ash, dag).
Latex, epoxy, and polymer admixtures.
Cement type.

Aggregate gradation.

N NN NN

Theinhibitor category includes such items as.

< Organic corroson inhibitors.
< Inorganic corroson inhibitors.
< Mixed corragon inhibitors.

The reinforcement category includes such items as.

Epoxy-coated bars.

Galvanized bars.

Nickel-clad bars.

Copper-clad bars.

Stainless stedl-clad bars.
Stainless sted bars.
Corroson-resstant alloyed bars.
Non-metallic bars.

N NN N N N NN
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GENERAL DESIGN PROVISIONS

It is generdly the design details that influence the overal performance and durability of bridge decks
and other bridge components, both conventionally reinforced concrete and prestressed concrete. Some
design factors that affect the durability of concrete structuresinclude:

Congtruction type.

Expanson joints.

Congtruction joints.

Tendency of concrete to crack.

Duct and anchorage layout in post-tensioned concrete.
Drainage details.

Access for ingpection and maintenance.

Proximity to seaweter.

Exposure to deicing chemicals.

NN NN N N N NN

The effectiveness and lifespan of expanson joints depend on how well they are ingtdled. Whenever
possible, congtruct continuous structures and integra abutments to diminate expansion joints. However,
when joints are used, provide adequate and proper drainage so that water does not reach the
anchorages or bearings and does not pond. Include provisons for the ingpection of the joints and
structura components under the joint. Even well-constructed joints leak. Whenever possble, locate
deck congtruction joints away from critical areas (prestressed anchoragesin particular).

Cracks may be therma or shrinkage. Cracking may aso be due to creep or to the high modulus of
eladticity of the hardened concrete. Exercise proper care in the layout and sequencing of concrete pours
to minimize the risk of cracking. For post-tensoned structures, provide an adequate amount and
digtribution of reinforcement in the anchorage aress.

In post-tensoned concrete structures, the ease of grouting will influence the qudity of the completed
grouting operation. Both tendon profiles and duct size affect the ease of grouting. The location of
anchorages affects the ease of stressing and inspection, as well as susceptibility to the ingress of water.
Anchorages located in the top surfaces of decks are easy to construct, stress, and grout. However, due
to their location, it is easer for chloride-contaminated water to penetrate and reach tendons.

Severd design parameters can be adjusted as cost-effective corroson-control measures. These include
the use of adequate concrete cover, reinforcement distribution, the size and spacing of reinforcing stedl
for crack control, the use of rigid overlays, and provisons for good roadway drainage.

The use of well-consolidated, low-permesability adequate concrete cover is a cost-effective corroson-
control measure. The amount of concrete cover significantly influences the time-to-corrosion of the sted!
reinforcing bars and its quality influences the diffuson rate of chloride ions through the concrete. Since
the diffusion of chloride ionsin concrete is non-linear with increasing cover thickness, thereisa
ggnificant increase in the time required for the chloride ions to reach the stedl reinforcing bars.
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However, with increased concrete cover, thereis an increase in the potentia for concrete cracking from
shrinkage and thermal effects. The reinforcing stedl bars become less effective for crack control with
increasing cover thickness.

Chloride concentrations in the top 12 mm (0.5 in) of a concrete dab can be very high when compared
to the concentrations at depths of 25 to 50 mm (2 to 3in). A concrete cover of 25 mm (1 in) has been
shown to be inadequate in severe environments, even with awater-cement ratio aslow as 0.30. For
moderate to severe environments, the amount of concrete cover should be at least 38 mm (1.5in) and,
preferably, 50 mm (2 in). Since 1974, the American Association of State Highway and Trangportation
Officids (AASHTO) Standard Specifications for Highway Bridges has required a minimum of 50 mm
(2in) of concrete cover over the top barsin bridge deck dabs.® The minimum cover for the main
reinforcing sted with no pogtive corrosion protection in concrete deck dabs frequently exposed to
deicing chemicasis 65 mm (2.5 in) for the top reinforcement and 25 mm (1 in) for the bottom
reinforcement. The minimum concrete cover for reinforcing steel embedded in concrete with direct
exposure to saltwater is 100 mm (4 in); it is 75 mm (3 in) for concrete cast againgt earth.

The width of cracksin concrete is more of a concern than the number of cracks. The use of an
increased number of well-digtributed reinforcing stedl bars is more effective in controlling crack widths
than asmdler number of larger bars. The AASHTO Standard Specifications for Highway Bridges and
the AASHTO Load and Resistance Factor Design Specifications both require reinforcement for
shrinkage and temperature stresses, 112

The minimum practica bridge deck thicknessis 200 mm (8 in).*¥ Thisis based on the typical
reinforcement pattern in bridge decks (#4 and #5 bars), a 50-mm (2-in) concrete cover over the top
bars, 25-mm (1-in) concrete cover over the bottom bars, consideration of the typica tolerancesin
placing the bars, and sufficient clearance between the two mats of sted to place and adequately
consolidate the concrete. There is al'so more ltitude in the placement of the reinforcing stedl barsin
thicker decks. Once deterioration of a concrete deck has started, it progresses more rapidly in thinner
decks. Thinner decks also have more congtruction problems associated with increased reinforcement
congestion and poor consolidation in particular.

There are some precautions that can be taken during the design of a structure to help minimize the
potentia for corrosion. The number of deck joints should be as few as possible and unnecessary joints
should be eiminated. Open joints should be located as far asis practica from critical structura
components. Place bearing devices on pedestals and use doped surfaces on the tops of pier cgps and
abutment seats to reduce the ponding of salt-contaminated water and minimize the potentia
deterioration of these bridge dements. Gapsin railings dso alow water and chlorides to reach beams.
The coupling of dissmilar metals should be avoided to minimize galvanic corroson.

Rigid overlay systems have been used to help prevent the penetration of salt-contaminated water into
sructurd components. One such system involves the congtruction of atwo-course deck. The first
course (or sub-deck) contains the main load-carrying reinforcing steel. The concrete cover over the top
mat of reinforcing ged is 35 mm (1.375 in) and the concrete cover over the bottom mat of reinforcing
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ged is30 mm (1.25 in). The second course conssts of a40-mm (1.5-in) slicafume overlay. Oncethe
rigid overlay isin place, the completed deck system then has atota of 75 mm (3 in) of concrete cover
over the top mat of reinforcing sted. With this system, the rigid overlay can be replaced when it begins
to deteriorate and debond from the sub-deck and before chloride ions can begin to penetrate into the
sub-deck. The condition of the rigid overlay should be periodicaly monitored. An adequate overlay
maintenance program should either replace or repair deteriorated rigid overlays. Thiswill extend the
sarvice life of the deck system (i.e., the time period before the sub-deck needs to be replaced).

With careful attention to details, proper deck dopes, and the size and spacing of deck drains, adequate
deck drainage can be provided. This ensures that water will drain and not pond on the deck. Ponding
prolongs the exposure to sat-contaminated water and alows water and chlorides more time to
penetrate into the concrete. The use of fewer larger deck drainsis generaly more effective than more
sndler drains. In addition, larger drains are not as gpt to clog. Drains should be long enough and
located so that sat-contaminated water is not discharged onto beams, pier columns, and abutments.

Some characterigtics of agood drainage system are:

Sufficient size of intake —aminimum of 200 mm by 200 mm (8 in by 8 in).
Removable intake grates.

Sufficient pipe diameter —aminimum of 150 mm (6 in).

Adeguate pipe dopes—aminimum of 60E.

Properly located — away from expansion and contraction joints.

N NN NN

Inadequate drainage systems and leaky expansion joints allow water and chlorides to reach beam ends
aswell as piers and abutments. Expangion joints and drainage systems need to be properly maintained.
Some common joint defects are deterioration of the joint sedler, lack of ajoint seder, and cracking of
the concrete around the joints. No joint is perfect and traffic and environmenta forces eventudly result
in joint deterioration and leakage. An adequate joint maintenance program should either replace or
repair deteriorated joints.
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GENERAL CONSTRUCTION PROVISIONS

There are severa congruction variables that influence the durability of concrete structures. These
include concrete placing, consolidating, and curing; rebar placement; duct and tendon placement; and
grouting procedures and materids. Poor construction practices can easly negate the best design
provisions taken to produce a durable concrete structure.

Good consolidation practices help to avoid segregation and honeycombing, while yielding a uniform
concrete with low permeability. A well-consolidated concrete can be achieved through the use of
proper congtruction techniques and equipment. Poor consolidation resultsin concrete with higher
permesbility and voids, cavities, and poor bonding. VVoids, cavities, and areas of poor bonding ad in
the corrosion process. Poor procedures for grouting post-tensioning ducts can leave voids where
moisture can accumulate and initiate corrosion of the prestressing tendons. In post-tensioned structures,
certain grouts can cause severe corroson if the excess mix water bleeds into the voided areas and is
not absorbed into the grout during hardening. A recent example is the severe corrosion of al 19 seven-
wire strands in the externd post-tensioning ducts of the Niles Channel Bridge in Horida

The proper and through consolidation of the concrete ensures that concrete is in intimate contact with
the stedl reinforcing bars. A good bond between the sted reinforcing bars and the surrounding concrete
iscritica for corrosion control. As aresult of the intimate contact between the stedl reinforcing bars and
the concrete, the sted will be in the high-alkaine environment, necessary for the formation and
maintenance of the passive oxide film. Exercise extra care when placing and consolidating concrete
around embedded or partialy embedded items so that water and chlorides do not have easy accessto
the sted reinforcing bars. When using epoxy-coated reinforcing stedl, concrete consolidation should be
done with avibrator having a rubber-coated head.

Concrete curing procedures are an important part of workmanship. Proper and adequate curing
provides durable concrete through increased cement hydration. A minimum of 7 days of uninterrupted
moist cure is recommended. Whatever the curing method used, the surface of the concrete must be
kept wet. Alternating wet-dry cycles promotes cracking in the concrete. There are three genera
categories of curing methods. A continuous water cure is done by a continuous spray, ponded weter,
or saturated surface coverings (burlap). Curing compounds sedl the surface of the concrete. Moisture
barrier materids, such as plastic sheets or waterproof paper, cover the surface of the concrete. A
continuous water cure supplies sufficient water to prevent the surface of the concrete from drying. Both
membranes and moisture barriers work by preventing evaporation of the mix water from the surface of
the concrete.”

The accurate placement of stedl reinforcing bars ensures that an adequate concrete cover over the bars
will be obtained. Methods for placing and tying bars to ensure proper cover include the use of chairs,
gpacers, and form ties. Allowances for tolerances in bending bars may aso be needed. Reinforcing
gted should be adequately tied to prevent it from moving from the desired location during concrete
placement and consolidation. Reinforcement support and ties should have adequate strength to carry
congtruction loading before and during concrete placement and to avoid excessive deflection of the
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reinforcing sted. The AASHTO Standard Specifications for Highway Bridges contains provisons for
tying reinforcing bars™® All intersections around the perimeter of the reinforcing stedd mat should be
tied. Elsewhere within the reinforcing sted mat, the tie pacing should be not less than 0.6-m (2-ft)
centers or every intersection, whichever is greater. Ties for epoxy-coated reinforcing stee should be
plastic or epoxy-coated. Damage to the coating of epoxy-coated reinforcing sted should be properly
repaired. Work platforms should be supported on the forms and not the reinforcing stedl.

Mechanica finishing machines (screeds) are used to strike off the concrete to the desired profile grades.
In order to not reduce the amount of concrete cover over the reinforcing sted bars, alowances for
deflection, settlement, and camber need to be made. When the finishing machine is supported on ralls,
the rail supports need to be placed to minimize or diminate any deflection of the rail between rall
supports due to the weight of the finishing machine. A "dry run" is highly recommended to verify that the
desired amount of concrete cover over the top layer of reinforcing sted is obtained. Thiswill dlow the
contractor to make needed adjustments.

For post-tensioned concrete structures, grouting procedures are as important as the mix design. The
grout needs to fully encapsulate tendons within the ducts in order to be an effective corrosion-control
measure. Some common problems related to grouting procedures are line plugs, water and air voids,
bleed water due to segregation, and shrinkage cracks. Line plugs can be due to duct damage, the
presence of foreign materia within the duct, and rapid diffening of the grout.
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CONCRETE

In new structures with good-quaity concrete, the concrete can protect the stedl reinforcing bars from
corrosion for the service life of the structure. For stedl in good-quaity sound concrete —
"uncontaminated” (little or no chlorides), uncarbonated, and uncracked — the stedl is passvated and no
corrosion, or acorrosion rate that is very low, can be expected. Any corrosion-induced concrete
deterioration is not likely to reach a point where repair or rehabilitation will be required during the
expected service life of the structure. However, the concrete quality can be violated by ether chemica
or mechanica means. Chemica means are chloride diffuson and carbonation, and the primary
mechanica meansis cracking. Cracks in concrete dlow water, oxygen, and chlorides to enter the
concrete at afaster rate and reach the reinforcing stedl sooner than by the diffusion process done.

In arecently completed research study, the effect of changes in independent concrete materid variables
on measured variables was evaluated and is summarized in table 1.% 19 This table shows where
changesin the materid components of concrete can improve its corrosion-control qualities.

The materid variables included:

Cement type (S types).

Minerd admixture type (four types).
Fine aggregate type (two types).
Coarse aggregate type (two types).
Water-cement ratio (three ratios).
Air content (three vaues).

N NN N NN

The messured variables included:

Rapid chloride permeghility.

Compressive strength.

Electricd resdivity.

Corrosion rate.

Corrosion potential.

Find chloride concentration at the reinforcing sted surface resulting from diffuson through the
concrete.

N N N N N AN
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Table 1. Summary of the effects of material variableson concrete properties and corrosion behavior.

Dependent Variables

_ Chlorideat

Independent Variables Rapid Corrosion | Corrosion | Corrosion | Corrosion | Chlorideat Steel
Chloride Compressive Rate Rate Potential* Potential* |Steel Surface| Surface
Permeability | Resistivity Strength (Moderate) |(Aggressive) | (Moderate) |(Aggressive) | (Moderate) |[(Aggressive)
Water-Cement Ratio > ? ? > > > > =< >

Air Content =< =< ? =< ? > > =< =<
Coarse Aggregate** 7 > > 7 7 =< > =< =<
Fine Aggregate** 7 > > ') 7 =< =< =< =<
Mineral Admixture 7> > > 2> 2> —< 2> 2> 2>
Cement Type 7> ?> 7> ?> ?> ?> ?> ?> ?>

? Decrease in dependent variable with an increase in independent variable.
> Increase in dependent variable with an increase in independent variable.
=< No trend in dependent variable with an increase in independent variable.

?> Significant change in dependent variable with change in independent variable.

* Increase in corrosion potential is an increasingly more negative potential.

** Increasing aggregate refers to increasing absorbent resistance

(going from limestone to quartz or glacial sand to quartz increases absorbent resistance).

Moderate Environment: 21EC (70EF), 75% Relative Humidity, 1.8 kg/n? (3 Ib/yd®) CI
Aggressive Environment: 38EC (100EF), 98% Relative Humidity, 6 kg/n? (10 Ib/yd®) CI




The key to long-term durability of reinforced concrete structures is the use of portland cement concrete
with low permeability and adequate concrete cover. A concrete with low permesbility has an improved
resstance to chloride ion penetration or diffusion. This keeps chlorides, aswedl aswater and oxygen,
from reaching the stedl reinforcing bars. An adequate concrete cover increases the amount of time
required for any chloridesto reach the stedl reinforcing bars.

A lower water-cement ratio generdly makes concrete less permegble. Although alow water-cement
ratio does not ensure that the concrete will have alow permeability, concretes with the proper

gradation and type of fine and coarse aggregates and minerd admixtures that have a higher resstance to
chloride penetration are those with a lower water-cement ratio. Concrete also needs to be properly
proportioned and well-consolidated. A decrease in the water-cement ratio results in concrete with a
reduced porosity and areduced permeability. A reduction in water-cement ratio and the use of latex
polymer modifiers or minera admixtures, especidly slicafume, are very effective srategies for reducing
the permesbility of the hardened concrete. With adequate cover, concrete with lower water-cement
ratios perform better than those with higher water-cement ratios.

Changes in the water-cement ratio do not sgnificantly influence resigtivity a an earlier age. The
electrical resstance of concretes a 28 days and with water-cement ratios varying from 0.30 to 0.50
have been shown in tests to be smilar, but are sgnificantly atered a 90 days. The improved
performance of concretes with lower water-cement ratios is due to areduction in concrete permesbility
and an increase in resdivity. The residtivity of concretes with awater-cement ratio of 0.3 is much higher
than the resgtivity of concretes with awater-cement ratio of 0.4 or 0.5 at 90 days.

Minera admixtures can be used to enhance the corrosion-control potentia of the concrete by reducing
permesbility. Some common admixtures used are fly ash, blast-furnace dag, and silicafume. For
minerd additives, the additiona cacium slicate hydrate that the minera admixtures contribute leed to a
reduction in permegbility and areduced chloride diffuson rate. The availability of hydroxyl ionsis
typicaly expected to decrease. The sources of ground granulated blast-furnace dag and fly ash should
be evauated for changes in their chemistry. Any changes can sgnificantly affect the characterigtics of
the concrete and ultimately its performance.

Silicafumeisabyproduct of slicon metd and ferrosilicon dloy production. Slicafume consgts of fine
glassy spheres with a specific surface area of 20,025 n/kg (97,650 ft2/Ib). The specific surface area of
portland cement is 300 to 400 n¥/kg (1465 to 1950 ft%1b). The patide sze of slicafume dlowsit to fit
into the small spaces usudly occupied by water, which resultsin a denser mix.

Concrete mixes containing slicafume are highly impermegble to chloride penetration and are resistant
to the flow of corrosion currents due to their high electrica resstivity. Compressive strengths are al'so
higher. Silicafume has been shown to offer the largest and most congstent reduction in penetration
rates for chloride ionsin concrete. However, these mixes are more susceptible to cracking. Silicafume
MixXes require more mix water in order to produce a mix with aworkability comparable to a portland
cement concrete mix without slicafume. A superplagticizer can be used to reduce the amount of mix
water needed and to improve workability.
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Latex-modified concrete (LMC) is made by incorporating a polymeric latex emulson into fresh
portland cement concrete. Latex consists of a polymer suspended colloidaly in water. Specidly
formulated polymers are used in concrete. Styrene-butadiene latexes are most commonly used. Due to
the high materia cog, it is generdly used only for bridge deck overlay. These overlays are usudly not
very thick, 40 to 50 mm (1.5 to 2 in), in order to minimize costs.

Latex-modified concretes exhibit improved durability. Thisis due to areduced permeability, ahigh
degree of resstance to chloride ion penetration, and an increase in resstance to tendle cracking. The
use of alatex also dlowsfor areduction in the water-cement ratio Snce some of the mix water is
replaced by latex. The reduced water-cement ratio leads to an increase in strength aswell asa
reduction in drying shrinkage cracking. The spherica polymer particles are very smdl (~0.01to 1 pmin
diameter). They act like entrained air and improve workability and decrease bleeding. In generd, the
latex aso contains air and there may be a need to add an antifoaming agent to limit the entrained air
content, usually 6.5 percent. Higher entrained air contents reduce the flexura, compressive, and bond
grength of the LMC. If the air content is greater than 9 percent, the permegbility to chlorideion
penetration increases.

It is believed that the reduced permeability in latex-modified concrete is achieved through the formation
of a continuous polymer film lining the pores. FHIm formation is aded by the removd of water through
the hydration reaction. Therefore, there is aneed to minimize the amount of continuous wet cure. It is
generdly recommended that a 2-day moist cure be followed by adry cure for 72 h. Although this cure
procedure does not alow the full strength of the paste to develop, the drying is needed for film
development. In hot weeather placement, rapid drying makes LMC more difficult to finish and promotes
shrinkage cracking. As aresult, nighttime placement has been done to compensate for this.

The aggregate permesbility may be an important factor in the migration rate of chloride ions. For
concretes with anorma pH (12.5 to 13.8), the typica coarse and fine aggregates used in bridge
structures can be thought of as an “inert materid.”

Cement type appears to influence the diffuson of chloride ions through concrete. It is thought thet thisis
accomplished through chloride binding. Chloride binding is the chemica reaction between chloride ions
in solution and cement hydration products. It results in the formation of calcium chloroduminates, an
insoluble chloride phase. This removes chlorides from the porewater and reduces the amount of free
chlorides available to participate in the depassivation and corroson processes. The amount of free
chlorideions in the porewater is more important than the amount of total chlorideions.

Some correlations between cement chemistry and the cement’ s ability to bind chlorides have been
proposed. The key condtituent is speculated to be the tricacium auminate (C;A) content. Others have
peculated that it istotal akdinity and not the C;A content. Chlorides diffuse more in cements with low
C,A content. A cacium duminate cement may bond a large amount of chlorides, while amagnesum
phosphate cement binds little or no chlorides. Concrete mixes containing cements with high C;A
contents and ground granulated blast-furnace dag exhibit a significantly greater ability to bind chlorides.
However, the amount of chlorides bound islow relaive to chloride contents typicaly found in bridge

25



decks.

Although thereis ill a considerable amount of disagreement on the value of placing limits on chloride
content in mix ingredients, some recommendations have been made by AASHTO and the American
Concrete Indtitute (ACI). Since chlorides added in the concrete mix tend to be more uniformly
distributed than chlorides from externa sources, it is not aslikely to lead to the creation of
concentration cells. However, when concrete members are expected to be exposed to chlorides, it is
advisable to keep any chlorides added to the concrete from the mix ingredients to aminimum. The
AASHTO Standard Specifications for Highway Bridges recommends a maximum chloride ion
concentration in the concrete mixing water of 1000 ppm.® The ACI committee report, ACI 222R-96,
Corrosion of Metals in Concrete, contains recommended chloride limits in concrete for new
congtruction to minimize the risk of chloride-induced corrosion.® These limits are summarized in table
2 and are expressed as a percent by weight of portland cement. A limit on the amount of chloridesin
the fine and coarse aggregates is dso presented. The amount of acid-soluble chloridesin the fine and
coarse aggregates together should not exceed 0.06 percent by mass of aggregates.

Table2. ACI-recommended chloride limitsfor new construction.
Acid Soluble Water Soluble
(Performed by (Performed by
ASTM C1152) ASTM C1218)
Prestressed Concrete 0.08 0.06
Reinfor ced Concrete
in Wet Conditions 0.10 0.08
Reinforced Concrete
in Dry Conditions 0.20 0.15

A sgnificant amount of research has shown that corrosion can initiate at chloride concentrations aslow
as 0.71 kg/m? (1.2 Iblyd®) [approximately 0.15 percent for 341 kg (752 Ib) of cement mix]. For wet
conditions and 341 kg (752 Ib) of cement mix, the ACI criteriadlows for chloride concentrations up to
0.47 kg/m? (0.8 Ib/yd?). Thisleaves ittle room for the ingress of additiona chlorides from the
gpplication of deicers or from exposure to seawater. In addition, ACI provisons are primarily used for
building structures where the chloride exposure is sgnificantly different than that for bridges.
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PRESTRESSED CONCRETE

In prestressed concrete structures, high-strength prestressing stedl is used to increase load capacity,
improve crack control, and alow the construction of more dender components. There are two main
types of prestressed concrete: pretensioned and post-tensioned.

In pretensioned concrete, the tendons (wires or strands) are tensioned before the concreteis placed
and cured. After a predetermined required strength is achieved, the tendons are rel eased. Prestressed
concrete members are normaly produced in a controlled environment. As aresult, a higher qudity
concrete can be achieved. Standardized sections have been developed: I-beams, box beams, bulb-T,
and modified bulb-T. Prestressed concrete deck panels are also produced.

In post-tensioned concrete, the tendons are tensioned after the concrete is placed and cured, and has
achieved a predetermined required strength. After the tendons are stressed, they are anchored through
the use of mechanica anchorages at each end of the member. There are two categories of post-
tensoning tendons: bonded and unbonded. Bonded tendons are placed within ducts that were
previoudy cast into the concrete. After the tendons are stressed and anchored, the ducts are filled with
grout. Unbonded tendons are greased and then sheathed in plastic. Unbonded tendons are not used
very much since it is difficult to ensure adeguate corrosion protection. However, they have been used
as externd tendons to increase structura strength and integrity. In genera, externd tendons can be
more easly ingpected than interna tendons. Segmental bridges are atype of post-tensioned concrete
structure where precast segments are joined together by post-tensioning tendons or bars.

The two main forms of corrosive attack of prestressing strands and tendons are pitting corroson and
gress corroson (environmentally induced) cracking.

Aitting corrosion is alocdized gdvanic corroson cell & wesk points or rupturesin the passvation film.
The resulting pits reduce the cross-sectional area of the tendons and are stressrisers (i.e., they increase
the magnitude of gpplied tendle stresses). This can lead to brittle fracture of individua wiresin astrand
or tendon and ultimately the failure of the tendon and prestressed concrete member. Fitting corrosion is
aso asource of atomic hydrogen that can contribute to possible hydrogen embrittlement of the high-
strength stedl strands.

Environmentally induced cracking (EIC) is when the combination of a corrosve environment and tendle
sressesinduces a brittle fracture in anormally ductile dloy. Thetendle stressis datic and thereisa
threshold stress below which EIC will not occur. The cracks can be ether transgranular or intergranular
and propagate normaly to the direction of gpplied tendle stress. There are two main categories of EIC
— diress corrosion cracking (SCC) and hydrogen-induced cracking (HIC). The cracking in HIC is
predominatdly transgranular, usudly unbranched, and very brittle and fast growing. The cracking in
SCC is predominately intergranular, usually branched, and propagates at a dower rate.™”

Stress corrosion cracking is when corrosion of the prestressing sted in combination with high tengle
sressesin the prestressing stedl lead to cracking perpendicular to the direction of the applied stress.
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Hydrogen-induced cracking is commonly recognized as aform of stress corroson and isdueto
hydrogen embrittlement. This is when atomic hydrogen diffusesinto the sted and combinesto form
hydrogen gas. The hydrogen molecule exerts an internd pressure that when added to the applied tengile
stress can lead to fracture of the sted wiresin astrand or tendon.

Because of the high level of stress in prestressed concrete bridge members, corroson ismore of a
concern for prestressed structures than for conventiondly reinforced concrete structures. Because of
the very high tendle stresses in prestressing steel strands, any reduction in cross-sectiond area due to
pitting may lead to fracture of individua wires. Asaresult, the ACI limit on chloridesin prestressed
concrete membersis hdf of that for conventiondly reinforced concrete.

The main causes of falure for prestressing stedl in bridges are the corrosion of the sted strands or
tendons, deterioration of protective sheaths and ducts, and end anchorage failure. Although prestressing
stedd may fail due to manufacturing defects, thisis not very common. Corrosion of the prestressng stedl
prior to its placement in concrete may be due to manufacturing defects or improper handling. The most
common type of improper handling of stedl prestressing tendonsis not protecting the steel tendons from
the environment (i.e., the weather).

Corrosion of pretensioning tendons may be due to one or more of the following:®

Voids under or next to the tendons.

Lack of passivation of the tendons due to a decrease in dkdinity.

A corrosive environment at the tendons due to the presence of chlorides, water, and oxygen.
Joints that are not sedled or not watertight.

Chlorides from the mix water or aggregates.

| nadequate concrete cover due to poor construction practices.

Concrete with a high permeability due to a high water-cement ratio and/or poor consolidation.
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Corrosion of post-tensioning tendons may be due to one or more of the following:®

< No protection between the time when the tendon is placed in the ducts and is stressed and

grouted.
< Poor-quality concrete and improper construction practices.
< A corrosive environment at the tendons due to the presence of chlorides, water, and oxygen

(for bonded or unbonded tendons).
< Chloridesin the grout mix.
< Contact between dissmilar metals, such as the duminum casings a the anchorages and the sted

strands.

< Voidsin the ducts, due to poor grouting procedures, leading to inadequate bonding between
the tendon and the grouit.

< | nadequate sheathing (damaged during transportation and placement within the structure)

leading to possible exposure of the sted tendons to a corrosive environment.
< Excessve bleed water.
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< Chlorides from externa sources penetrating the concrete and accumulating at the tendons
through perforated ducts or sheathings and at anchorages.

Corrosion of prestressng stedl should not be a problem if:

Uncracked good-quality concrete is used.

Adequate cover (AASHTO recommendations) is provided.

Adequate protection of prestressing sted during shipment and storage is provided.
Good grouting practicesto minimize or eiminate voids in ducts are used.
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A good-qudity concrete with low permeability isa primary corrosion-control measure for both
pretensioned and post-tensioned concrete. Low permeshility can be achieved in awell-consolidated
concrete with alow water-cement ratio. Admixtures such as silicafume and fly ash may aso be used.
The use of a corroson inhibitor isaso possible. In very corrosve environments, it may be necessary to
use very high-qudity concretes with an extremdy low permesbility. High-quality concrete with alow
water-cement ratio and low permeability are typica characteristics of precast pretensioned concrete
that is produced in a controlled environment.

There are some corrosion-protection measures that can be gpplied to the tendons themselves. Epoxy-
coated strands are coated with an extra-thick coating of epoxy to dlow for eongation, and often have a
coarse grit embedded in the epoxy to ad in bonding. The epoxy coating provides a mechanica
moisture barrier. The coating thickness is congderably more than that on epoxy-coated sted reinforcing
bars. The performance of epoxy-coated strands in both pretensioned and post-tensioned specimens
under severe exposure conditions has been excedlent. However, there are a number of issues besides
cost-effectiveness that need to be resolved before epoxy-coated strands are commonly used in either
pretensioned or post-tensioned congtruction. An "intelligent strand” is a strand where a fiber-optic
sensor is placed through the center wire. It can be used to monitor strains and for any breaks in the
strands.

Precautions can be taken during the design of prestressed concrete beam structures that will enhance
the corrosion performance. The exposure of the ends of prestressed concrete beamsto deicing
chemicals can be minimized by using continuous prestressed concrete beams or encasing the
prestressed concrete beam endsin concrete digphragms or abutments. The structura capacity can dso
be enhanced by making the structure continuous for live load. Minimize the number of deck jointsto
avoid leakage of water and chlorides to the bridge superstructure and substructure members. Bridges
aslong as 850 m (2800 ft) have been congtructed without joints except at the abutments.

There are al'so some precautions that can be taken during the design of pretensioned box beam
sructures that will enhance the corrosion performance. These include the use of rigid wearing surfaces
or composite deck dabs, stiffenersto prevent movement of beam faces, transverse post-tensioning to
hold beams together, and adequate dope and drainage details.
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POST-TENSIONED CONCRETE

Durable bonded post-tensioned concrete structures can be achieved through improved design detalils,
specifications, and workmanship. Design details include anchorages, ducts, and provisions for the
protection of the tendons. Specifications include materids, testing, and grouting processes.
Workmanship includes congtruction practices, the grouting processin particular, and ingpection and
testing, both during and after construction. In post-tensioned concrete structures, the prestressing
tendons are enclosed in aduct. A bonded post-tensioned concrete structure is when the duct isfilled
with grout.

Failures of corroson-protection systems for bonded post-tensioned concrete structures are commonly
due to ineffective grouting materials and methods, poor workmanship, construction defects, and poor
design details. Poor design details provide easy access for chloride-contaminated water to reach
tendons. Some design factors that affect the durability of post-tensioned concrete structures include®®

Expanson joints.

Congtruction joints.

Concrete cracking.

Duct and anchorage layout.

Segmenta congtruction and joint type.
Deicing chemicals and drainage.
Waterproofing systems.

Access for ingpection and maintenance.
Proximity to seaweter.
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Both tendon profiles and duct Sze affect the ease of grouting. The ease of grouting will, in turn, influence
the quality of the completed grouting operation. The location of anchorages affects the ease of Sressing
and ingpection, as well as susceptibility for ingress of water. Anchorages located in the top surfaces of
decks are easy to congtruct, stress, and grout. However, dueto their location, it iseasier for chloride-
contaminated water to penetrate and reach tendons.

Although concrete provides a measure of corroson protection for tendons, it makes it more difficult to
ingpect and monitor the tendons for possible corrosion, and in some locations, it is practicaly
impossible. Therefore, amulti-rategy protection system is recommended. This consists of a number of
protective measures applied to a post-tensoned concrete structure. Even if an individual measure
becomes ineffective, the other remaining measures give adequate corrosion protection.

There are numerous corros on-protection measures that can be used for post-tensioned concrete
structures and some of these measures on their own can be sufficient to protect the tendons. However,
asisusudly the case, none are truly fully effective as a corrosgon-control measure and the multi-strategy
gpproach is appropriate. The designer needs to consder the risk of corrosion and the service life of the
various measures, as well as future ingpection needs. The use of amulti-Strategy protection concept for
the protection of anchorages is recommended. Some possible protective measures that are available
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that can be combined to form amulti-strategy protection system for tendons include™®

Use adequate concrete cover over the ducts.

Completely fill the ducts with grout.

Use durable and corrosion-resistant duct materials.

Design the ducts to keep out water and associated contaminates.

Pay careful attention to design details.

Provide access for ingpection, testing, and maintenance (especidly at anchorages).
Use corroson-resistant or "intelligent” strands.
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The use of a good-quality low-permeability concrete and an adequate concrete cover are good cost-
effective corrosion-control measures for post-tensioned concrete structures. An increase in concrete
cover isviable up to the point a which the added dead load requires additional prestressing force,
resulting in increased cost and weight. The same steps that are taken to reduce concrete permesbility
for conventiondly reinforced concrete structures can be used for post-tensioned concrete structures: a
low water-cement ratio and the addition of slicafume, ground blast-furnace dag, or latex and other
polymer modifiers.

The main benefit from grouting is that a suitable grout mix design creates an dkdine environment within
the ducts. This benefit is highly dependant on satisfactorily filling the ducts. Voids do not necessarily
cause corroson if the ducts are seded from chlorides as part of amulti-strategy protection system,
along with good-quality concrete cover and corrosion-resistant non-metallic pressure-tested ducts.
Suitability trids can be used to evauate the pumpability and performance of a grout. Variaionsin age,
chemica composition, fineness, and temperature of bagged cement can significantly influence grout
performance.

In post-tensioned concrete structures, the penetration of chlorides to the sted strands is much more
difficult if the ducts are intact and a good-quality grout is used. A good-qudity concrete is aso needed
to protect the ducts and the anchorages. Field sudies of existing post-tensoned concrete bridges have
shown that strands inside ducts that were surrounded by grout were not corroding. Paper conduits filled
with grease were found to have provided the least amount of corrosion protection. Bonded post-
tensioned tendons rely on the concrete cover, ducts, and grout for corrosion protection. Unbonded
post-tensioned tendons rely on specia corrosion prevention greases and plastic coatings (sheaths) for
corrosion protection.

The duct system (ducts and couplers), together with a good-quality grout, form a multi-strategy
protection system for the prestressing tendons. A sedled-duct system forms an air- and water-resistant
barrier. It should dso be strong enough to retain its shape and resst damage during ingtdlation and
concrete placement. When used as part of a multi-srategy protection system, if the duct is not
completdly filled with grout, then the sedled system is able to provide some measure of corrosion
protection. However, in order for the ducts to be an integral part of amulti-layered strategy, the duct
itself should not be subject to corrosion. It should not adversely react with the concrete or the grout.
Severd types of ducts are available: corrugated steel, smooth sted, and polyethylene or polypropylene.
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Non-metdlic ducts are made of high-density polyethylene or polypropylene. The main advantage of
non-metalic ducts is that they will not corrode metdlurgicaly; but the materid will degrade with time,
Non-metdlic duct systems can a0 be pressure-tested before placing concrete to test for system
integrity. It is aso advisable to pressure test them after placing concrete to again test for system
integrity. The minimum wall thickness for polyethylene or polypropylene ductsis 1.5 mm (0.06 in). The
minimum wall thickness for polyvinyl chloride ductsis 1 mm (0.04 in).®

Metdlic ducts are the type of ducts most commonly used in post-tensioned concrete bridges. Holesin
ducts may dlow concrete to enter and make it more difficult to place the strands (tendons) and pump
the grout. Galvanized ducts offer better corrosion resistance than bare stedl. Polyethylene ducts have
demondtrated better performance. The minimum thickness of the strip stedl used to fabricate corrugated
ged ductsis 0.45 mm (26 gauge) for ducts less than 65 mm (2.625 in) in diameter and 0.6 mm (24
gauge) for ducts greater than 65 mm (2.625 in) in diameter.®

Adequately sealed and protected anchorages prevent water and chlorides from penetrating to the
prestressing stedl. The protection of anchorages depends on the performance of the surrounding
concrete. A good-quality mortar is needed to protect the ends of anchorages (ends exposed during
stressing operation). Non-shrink grout did not perform any better than conventional mortar in
laboratory studies. Epoxy coating of anchorages and associated hardware has provided very good
corrosion protection. It may be necessary to encapsulate anchorages in an impermesble materid in
order to protect them.

The indgde duct diameter should be large enough to readily permit placement of the tendons and dlow
complete grouting of the tendons. The duct diameter depends on the size of the tendon, the curvature of
the tendon profile, and the length of the tendon. The AASHTO minimum recommended duct size is*?

< Duct diameter should be 6 mm (0.25 in) larger than the nomina diameter of the single bar or

strand.

< Cross-sectiond area (internal) should be 2.0 times the net area of the prestressing strands for
multiple bars or strands.

< Cross-sectiond area (internd) should be 2.5 times the net area of the prestressing strands

where the tendons will be placed by the pull-through method.
< Should not exceed 0.4 times the least gross concrete thickness at the duct.

The Post-Tengioning Ingtitute’ s minimum recommended duct size is®

< Duct diameter should be 6 mm (0.25 in) larger than the outside diameter (maximum dimension)

of the prestressing bars.
< Net duct area (gross area minus the area of the prestressing bars or strands) should be 1.25

times the net area of the prestressing strands.

If the actud areavariesfrom this, use grout tests to verify that adequate grouting can be accomplished.
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GROUTS FOR BONDED POST-TENSIONED CONCRETE

Most corrosion problems with bonded post-tensioned concrete structures are associated with poor
grouting practices and grouting materids. The primary purpose of the grout isto provide a non-
corrosive environment and corroson protection to the sted prestressing tendons. The grout aso
provides bonding between the prestressing sted and the concrete to transfer tensle stresses from the
tendon to the concrete dong the length of the prestressed concrete member. Grout consists of portland
cement, water, and admixtures. The high akalinity of the cement passivates the stedl. Asin conventiond
concrete mixes, the corrosion resstance for grouts is o related to its permesability to oxygen and
chloride ions. The permeahility of grouts can be reduced by lowering the water-cement ratio and
adding slicafume, ground blagt-furnace dag, or latex modifiers. When the chloride ion permesability is
reduced, the timeto initiation of corrosion isincreased and subsequent corrosion rates are decreased. It
is aso important that potentially corrosive materials are not added to grouts.

Currently, there is no single American Society for Testing and Materids (ASTM) or industry
specification covering grouts for post-tensioning tendons. The Post-Tensioning Inditute is in the process
of publishing a Guide Specification for Grouting of Post-Tensioned Sructures.® Someideal
characterigtics of grouts for bonded post-tensioned concrete are:

Low permeability to chlorides.

Ability to inhibit corrosion if chlorides reach the prestressing sted!.

Adequate fluidity and the ability to retain that fluidity during the time needed to fill the ducts.

Volume gtability — Ability to keep the duct filled over an extended period of time and not

undergo areduction in volumein the plastic or hardened Sete.

< Acceptable consstency to minimize potentid for bleeding, segregation, or the creetion of water
lenses or voids when under pressure or in contact with stedl prestressing strands.

< Adeguate bonding and compressive strength.

< Resistance to vibration and shock.

< Minima shrinkage to avoid shrinkage cracking.
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Grout viscosity during grouting should be high enough to be effectively and adequately pumped,
completely filling the post-tensoning duct, but low enough to expd ar and any water from the duct. The
grout must exhibit a suitable viscosty that can be maintained for the length of time needed to perform
the grouting operation. The rheological properties of grouts can vary widely. The time period during
which the grout can be pumped is referred to as the open time. Several methods are used to measure
the flowability of grouts. For pourable grouts, the flow cone test can be used. With ASTM C939, the
flow cone method, grout is dlowed to flow due to its own weight. However, the fluidity of athixotropic
grout cannot be determined by using the flow cone. Thixotropic grouts that can be satisfactorily
pumped may not pass through the flow cone. Most grout mixes used are thixotropic. In athixotropic
materia, the gpparent viscosity decreases when a shear stressis applied (shear thinning). Thereisa
gradua recovery in viscosty after the stress is removed. The viscosity recovery is time-dependant.
Thixotropic grouts may not exhibit flowakility until a shear sressis gpplied, either by gpplying pressure
or by agitation.
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A common problem associated with the grouting of bonded post-tensioning tendons is the segregation
of water from the grout mixture (pressure-induced bleeding). There are two forms of bleeding. In one
form, water rises to top of the duct and the heavier cement and aggregates ettle to the bottom due to
differences in unit weights. In the other form, when the tendons are made up of strands, bleeding is due
to the filtering action of the trands. In this form, water permesates through the spaces between the outer
and center strands, but solid particles (cement) do not. In both ingtances, water accumulates near the
top of the ducts. Air voids are created when water is reabsorbed into the hardened grout. Voids may
dlow air, water, and chlorides into the ducts, which may cause corrosion of the stedl tendons.

The factors that influence the corrosion protection provided by the grout in post-tensioned concrete
Sructures can be grouped into three main categories: mix design, grout propertiesin the fresh or plagtic
State, and grout properties in the hardened state.?V

Mix design factorsinclude:

Type and amount of portland cement.
Water-cement ratio.

Type and amount of minera and other admixtures.
Type and amount of fine aggregate.
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Grout propertiesin the fresh or plastic state include:

< Grout fluidity (open time, the time period during which the grout has a measurable time of
efflux).

< Bleeding characteristics of the grouit.

< Expansion of the grout.

Grout propertiesin the hardened state include:

< Grout strength.
< Permesgbility of the grout.

GROUT MIX DESIGN FACTORS

The mix design components of grouts used in bonded post-tensioned congtruction are portland cement,
minerd admixtures, chemica admixtures, aggregates, and water.

Use portland cement, Type | or Type I, that meets ASTM C150, Standard Specification for Portland
Cement. Use Type Il cement when a dower heat of hydration is desired. Blended cements (ASTM
C595, Standard Specification for Blended Hydraulic Cements) may be used if they do not contain
ground calcium carbonate, which will extend the setting time. Thiswill dlow thisfiller to rise with the
bleed water, resulting in reduced pH and cementing qudlities. Type K expansive cements (ASTM



C845, Standard Specification for Expansve Hydraulic Cement) can be used if specid attention is paid
to their interaction with admixtures and how the expansion properties may be influenced.

Minera admixtures may be used to reduce the heat of hydration, increase long-term strength, decrease
permesbility, and control bleeding. The commonly used mineral admixtures are fly ash, ground
granulated blagt-furnace dag, and silicafume or microsilica. Silicafume and latex modifiers are added
to reduce permeability for improved corrosion performance.

Hy ash (Class C and Class F) should meet ASTM C618, Standard Specification for Cod Fly Ash and
Raw or Cdcinated Natura Pozzolan for Use as a Mineral Admixture in Concrete. Use the same
amount of fly ash as used in producing portland cement concrete, typicaly 10 to 25 percent by weight
of the portland cement. Some fly ash may be susceptible to a reaction with admixtures, which may
adversdly affect setting time and expansion.

Ground granulated blast-furnace dag should meet ASTM C989, Standard Specification for Ground
Granulated Blast-Furnace Siag for Use in Concrete and Mortars. The dag activity test classfies blast-
furnace dags into three grades. Grades 80, 100, and 120. Only Grade 120 should be specified for use
in grouts for post-tensoned concrete structures. The amount of dag used typicaly ranges from 30 to 55
percent by weight of the portland cement. The dag may delay strength development and extend setting
times.

Silicafumeis added to grouts to improve its corroson-protection cgpability. Silicafume grouts have
lower chloride permeshiility, lower porosity, and finer pore sSize distribution. They aso have ahigher
compressive strength. An added benefit is that bleeding and segregation are Sgnificantly reduced. Silica
fume grouts are thixotropic and have a much higher viscosity. Thixotropic grouts stiffen in ashort time
when a redt, but viscosty islowered when the grout is mechanicdly agitated. A high-range water
reducer can be used to obtain the desired fluidity (flowability). More high-range water reducer is
needed as the silica fume content increases. Although the viscosty of silica fume grouts can increase
very rapidly, relatively high fluidities can be maintained for severa hours when the mix proportions are
adjusted to achieve an initid low viscosity. Silicafume should meet ASTM C1240, Standard
Specification for Silica Fume for Use as a Mineral Admixture in Hydraulic-Cement Concrete, Mortar,
and Grout. The amount of slicafume used istypicaly 5 to 15 percent by weight of the portland
cement.

Latex has been added to grouts to improve its corrosion performance. Grouts with latex have showed
the least amount of shrinkage. However, the compressive strength is lowered. Latex and
superplasticizers do not appear to be a good combination in grouts as bleeding and segregation become
aproblem. The equipment is aso harder to clean. As aresult, the use of latex modifiers has not been
pursued any further.

Chemica admixtures are commonly added to grout mixtures to improve the corrosion performance of
the grout, improve workability, stop bleeding, reduce shrinkage, control set time, entrain air, cause
expansion, and ad in pumping. High-range water-reducing admixtures are added to improve
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workability. Anti-bleed additives are used to reduce bleeding. The compatibility of al admixtureswith
the other components in the grout mix needs to be established through trid mixes. Admixtures are both
the expanding and non-expanding type. They should not contain thiocyanate, nitrate, formate, chlorides,
and sulphides.

Set-controlling and water-reducing admixtures are covered by ASTM C494, Standard Specification
for Chemical Admixtures for Concrete. For normal water reducers (ASTM C494 Type A), typica
dosage rates are 130 to 390 mL per 100 kg (2 to 6 oz per 100 Ib) of cement. For high-range water
reducers (also referred to as superplasticizers) (ASTM C494 Type F and Type G), dosage rates are
up to 3000 mL per 100 kg (45 oz per 100 Ib) of cement. Water reducers can be used to increase
fluidity for agiven water content or to maintain a desired fluidity while reducing the water content in the
grout.

High-range water reducers can provide highly fluid grouts with water-cement ratios from 0.3 to 0.4.
They have been used to provide up to a 20-percent water reduction and yet maintain adequate fluidity
at reduced water-cement ratios in grouts with silicafume, fly ash, and polymer modifiers. The length of
open time is controlled by the superplasticizer dosage rate. Styrene-butadiene latex modifiers, when
used in conjunction with superplasticizers, produce fluid grouts with prolonged open times.

Air-entraining admixtures (ASTM C260, Standard Specification for Air-Entraining Admixtures for
Concrete) are normally not used for bonded post-tensioned concrete construction. Historicaly, freeze-
thaw damage has not been a problem.

Anti-bleeding admixtures are used to control the bleeding characterigtics of the fresh grout. Although
there is currently no specification for anti-bleeding admixtures, test method ASTM C940, Standard
Test Method for Expansion and Bleeding of Freshly Mixed Grouts for Preplaced-Aggregate Concrete
in the Laboratory, is an attempt to measure bleeding in grouts.

The use of an anti-bleeding admixture isimportant where strands are used in high verticd lifts or when
bleed water may collect and form an air pocket. Their use should be permitted if the resulting grout mix
satidfies the test requirements for setting time, strength, permesbility, volume change, fluidity, bleed, and
corrosion. When used in post-tensioning grouts, their performance should aso meet the performance
criteriafor the modified ASTM C490 Test and the Pressure Bleed Test.

Severd methods are available to control pressure-induced bleeding. Reducing the water-cement ratio
of the grout has some effect on pressure-induced bleeding and, therefore, the water-cement ratio of the
grout mixture should be less than 0.45. In addition to alow water-cement ratio, anti-bleed admixtures
are dso effective in reducing pressure-induced bleeding. Anti-bleeding admixtures thicken grouts by
reducing its gpparent fluidity or by making it thixotropic. The addition of styrene-butadiene latex in a
reaively high dosagerate, 15 percent by weight of cement, aso resultsin asignificant reduction in
pressure-induced bleeding. Other measures for improving the anti-bleed properties are the use of fine
sand and dlicafume. The addition of slicafume to the grout, in combination with alow water-cement
ratio, results in asignificant reduction in pressure-induced bleeding.
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Expang on-causing admixtures are normally used to offset drying shrinkage by causing expanson while
the grout is till in the plagtic state. Two common gas-forming additives are duminum powder and coke
breeze. Although there is currently no specification for expangon-causng admixtures, test methods
ASTM C937, Standard Specification for Grout Fluidizer for Preplaced-Aggregate Concrete, and
ASTM C940 attempt to measure expangion. It isyet to be determined if gas-forming expansion
admixtures improve the volume gability of the grout.

Expansive additives are added to the grout mixture in order to increase the volume of the grout and
ensure the completefilling of the ducts without shrinkage. The U.S. Army Corps of Engineers has
defined four categories of non-shrink grouts®

< Gas-Liberating — These additives contain ingredients that generate or release hydrogen, oxygen,
or nitrogen gases when they react. The expangon may continue until either the reactants are
used up or the grout has hardened enough to resist further expansion.

< Meta-Oxidizing — These additives contain an oxidizable metal and an oxidation-promoting
ingredient. The oxidation of the metal causes an increase in the volume of metd and the grout.
The expangon may continue until the meta is completely oxidized or the metd is sedled off

from its oxygen supply.

< Gypsum-Forming — With these additives, the non-shrink properties are due to the reaction of
cacium sulfate hemihydrate (plaster of Paris) and water to form gypsum. The expansion may
continue until dl the calcium sulfate hemihydrate has been converted to gypsum or dl the water
has been used up.

< Expangve-Cement — The expandve agent normdly used in expangve cement is duminum
powder, which reacts with the dkali in cement to form molecular hydrogen.

There are some problems with the use of expansive additives. For gas-forming additives, it is difficult to
predict when the reaction will occur and it may take place before the grout has been placed in the duct.
Expandve additives have been found to reduce compressive strengths and increase chlorideion
permesbility. For those grouts that expand in the plagtic sate, they may ill be subject to normd drying
shrinkage and a possible reduction in volume is possible. Recent research has shown that duminum
powder admixtureswill provide an interconnected air-void system that will increase chloride
permesability. Other gas-forming admixtures may behave smilar to duminum powder. Therefore, they
should not be used in Class A or B grouts. ©

Corrosion inhibitors have been used in conventionally reinforced concrete structures as a corrosion-
control measure. Thereis currently no ASTM specification that coversinhibitors for grouts.

Aggregates normaly have not been used in grouts for bonded post-tensioned concrete structures.
Aggregates can be usad in grouts to reduce permesability and improve volume stability (reduce drying
dhrinkage). If aggregates are used, the maximum size needs to be small enough (1 mm) to alow grout to
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move through the duct and completely encapsulate the strands and should meet dl other requirementsin
ASTM C33, Standard Specification for Concrete Aggregates.

Any potable water can be used to mix grouts. If a public water supply is not used, the water should
have a chloride ion concentration of less than 500 ppm and contain no organics. If thereis any doubt as
to the suitability of awater source, testing should be done. The physica properties of the grout made
with the actua water being used should not vary by more than +5 percent from amix made with
potable water from a known source.

GROUT PROPERTIES

Performance specifications for the grout properties for grouts used in bonded post-tensioned concrete
sructures should include provisons for:

Initid fluidity.

Fluidity as afunction of time and temperature (open time).
Maximum amount of pressure-induced bleeding.
Maximum chloride ion permeghility.

Minimum compressive strength.

Rate of compressve strength gain.

N NN N NN

The materid specifications for the grout should consider:

Type and amount of portland cement.

Maximum water-cement retio.

Type and amount of anti-bleed additive (for pressure-induced bleeding).
Type and amount of corrosion-protection additive.

Type and amount of additive for initid fluidity requirement.

Type and amount of additive for open-time requirement.

N N N N N AN

PERFORMANCE AND MIX DESIGN REQUIREMENTS

The Post-Tensioning | ngtitute has identified four classes of grouts: Classes A, B, C, and D.? The
choice of which grout to useis dependant on the severity of the anticipated exposure conditions
(environment) that the structure will be in. Class A grouts are for a non-aggressive exposure. Class B
grouts are for aggressive exposure. Class C grouts are prepackaged grouts suitable for aggressve
exposure, but which can dso be used in non-aggressive exposure. Class D grouts are specidized
grouts for critica applications when properties and performance must be carefully controlled. Class A,
B, and C grouts are gpplied under positive pressure grouting [pressure less than or equa to 1 MPa
(145 Ib/ird)]. There are laboratory testing requirements for al classes except Class C, if the ClassC
grout has been demonstrated to aready meet performance requirements. On-gite testing of ClassC
grouts may ill be performed.
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The components of Class A, B, and C grouts include portland cement, Type | or Type Il; potable
water; and admixtures. Recommended mix proportions for Class A, B, and C grouts are given in table
3.4 The dlowable water-cement ratio for these grouts should be kept as low as possible, generaly
less than 0.44.

Table 3. Grout mix proportionsfor Classes A, B, and C.

Water -Cementitious M aterial Ratio 0.35t00.45

0- to 15-percent replacement by weight
Silica Fume of portland cement

0- to 25-percent replacement by weight
Fly Ash of portland cement

0- to 55-percent replacement by weight
Slag of portland cement
Other Additives Tests must show that there will be no

adverse effects with respect to corroson

of the prestressing sted

For Class C grouts, the manufacturer is responsible for determining the mix proportions needed in
order to meet the minimum performance requirements. The manufacturer is aso responsible for
performing and reporting the results of dl required testing.

The components of Class D, Specia Grouts, include portland cement, potable water, cementitious
admixtures, and chemica admixtures. Class D grouts aso need to meet dl performance requirements
for Class B and C grouts.

GROUT MATERIAL PROPERTIESTESTING

Laboratory tegting is performed to evauate the fluidity, bleeding characterigtics, volume gability,
strength, permesability, and set time of grout mixes prior to their use in a post-tensioned concrete
sructure. All laboratory mixing and testing should be done a the same temperature and humidity as will
be expected at the structure site. However, the temperature and humidity should aso be within
acceptable limits.

The U.S. Army Corps of Engineers (COE) Specification CRD-C-611 is equivdent to ASTM C939. It
has been found that some grouts passing the COE specification, but having efflux times of less than 30
S, may be susceptible to segregation. The flow table, ASTM C230, can be used to measure fluidity of
thixotropic grouts. Thereis currently no correlation between the flow table and the flow cone
measurements. In addition, no correlation has been established between the flow cone and flow table
measurements and grout pumpability.

For non-thixotropic grouts, use the fluidity testsin ASTM C939, Standard Test Method for FHlow of
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Grout for Preplaced-Aggregate Concrete (Flow Cone Method). The efflux time immediately after
thorough mixing should be between 11 and 20 s. After the grout has rested for 30 min without agitation,
the efflux time should not be more than 30 s. Remix the grout for 30 s prior to the find flow
measurement.

For thixotropic grouts, use amodified verson of ASTM C939. Thixotropic grouts should not be tested
by the flow cone method. In the modified C939 tes, the flow cone is completdly filled with grout and
the efflux timeisthe time taken to fill a1-L container placed under the cone arifice. The efflux time
immediately after thorough mixing should be between 11 and 20 s. After the grout has rested for 30 min
without agitation, the efflux time should not be more than 30 s. Remix the grout for 30 s prior to the find
flow messurement.

Other tests for the pumpability of thixotropic grouts are the pressurized flow method that is described in
Report No. FHWA-RD-92-095, Performance of Grouts for Post-Tensioned Bridge Structures.®
In the pressurized flow method, an orifice plate is placed in the bottom cap of a cylindrica brass
container. The time between the opening of the orifice until the first breek in the continuous flow of
grout is measured and compared with an acceptance criteria. For pressure-grouting operations, the
initia flow and the flow 30 min after mixing the grout, as determined using the test method described in
Report No. FHWA-RD-90-102, Grouting Technology for Bonded Tendons in Post-Tensioned
Bridge Structures, have an acceptable range of 10 to 15 s

Two bleed tests are used to determine the bleeding characteristics of grout. They are the Wick Induced
Bleed Test and the Pressure Bleed Test. The Wick Induced Bleed Test isamodification of ASTM
C40 and should be performed for Class B, C, and D grouts. The maximum permissible bleed after 4 h
is 0 percent. The Pressure Bleed Test requires the use of the Gelman Pressure Filtration Funnel to
determine the bleeding characterigtics of grouts used in pressure grouting for dl four grout classes. For
Class A, B, and C grouits, bleeding should be less than 2 percent. For Class D grouts, bleeding should
be less than 1 percent. The grout should reabsorb water during the 24 h after mixing.

The volume change testing of grout should be performed according to ASTM C1090, Standard Test
Method for Measuring Changes in the Height of Cylindrical Specimens From Hydraulic-Cement Grot.
The total volume change of the grout should be between 0.0 and 0.3 percent at 28 days. The expanson
and shrinkage tests described in Report No. FHWA-RD-92-095 may a so be performed when

specified.

Compressive strength of the grout is determined using ASTM C942, Standard Test Method for
Compressive Strength of Grouts for Preplaced-Aggregate Concrete in the Laboratory. The
compressive strength of restrained cubes should be at least 21 MPa (3000 Ib/in?) at 7 days and 35
MPa (5000 Ib/in?) at 28 days.

Permeability of the grout as determined by ASTM C1202, Standard Test Method for Electrica
Indication of Concrete's Ahility to Resist Chloride lon Penetration, should be less than 3000 coulombs
after 6 h when tested at 30V and when testing the grout at 28 days.
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The setting time as determined by ASTM C953, Standard Test Method for Time of Setting of Grouts
for Preplaced-Aggregate Concrete in the Laboratory, should be greater than 3 h and less than 12 h.

The acid-soluble chloride ion content in the grout as determined by ASTM C1152, Standard Test
Method for Acid-Soluble Chloride in Mortar and Concrete, should be less than or equa to 0.08
percent by weight of portland cement. The acid-soluble chloride ion content in dry mix ingredients as
determined by ASTM C114, Standard Test Methods for Chemica Andysis of Hydraulic Cement,
should be less than or equa to 0.08 percent. One should not intentionally add chlorides to the grout
MmiX.

Corrosion tests may be required by either the engineer or the contract documents. When a corrosion
inhibitor is used, the Accelerated Corrosion Test (ACT) procedure described in Report No. FHWA-
RD-91-092, Improved Grouts for Bonded Tendons in Post-Tensioned Bridge Structures, should
be performed.

SUITABILITY AND ACCEPTANCE TESTING

Suitability testing assesses the materids prior to their use. Acceptance and production testing eval uates
the actud materids being used and whether or not they meet performance requirements. Field testing
uses the same testing procedures asin laboratory testing. A production test frequency recommended by
the Post Tensoning Ingtitute and the minimum testing requirements for suitability and acceptance testing
proposed by the Concrete Society in the United Kingdom are summarized in table 4.4%29 The Post
Tensoning Ingtitute recommends which production tests should be performed based on the class of the
grout:

< Class A grouts— Bleed, strength, and fluidity tests.

< Classes B and D, and thixotropic grouts — Bleed, volume change, Strength, and fluidity tests.
< Class C grouts— Huidity.
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Table 4. Minimum testing requirements.

Test Grout Property Concrete Society, United Kingdom Post Tensioning In
Suitability | Fluidity Sampled immediately after mixing, one test.
Common grout: after estimated time to grout
duct or minimum of 30 min.
Special grout: after 90 min.
Two tests averaged (both cases).

Bleed Each sampled immediately after mixing,

Volume Change | threetests averaged.

Strength

Production | Bleed Two testsper day, one sampletaken from Two testsper 1.5m? (:
Acceptance grout after flow through duct, at the end Onesampletaken at tl
anchorage outlet, and the other from mixer. duct outlet when the gi

satisfactory fluidity.

Volume Change | Two tests per day, one sampletaken from Onetest per day or pe
grout after flow through duct, at the end grout.
anchorage outlet, and the other from mixer.

Strength Two testsper day, one sample taken from A minimum of one gtre
grout after flow through duct, at theend ydP) of grout.
anchorage outlet, and the other from mixer.

Fluidity Onetest immediately after mixing, one A minimum of one test

sample from mixer.

Oneted after flow through duct, one sample
from each anchorage outlet.

Onetest on completion of the grout job, one
sample from mixer.

operationsor per 1.5r
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TEST METHODS FOR BONDED POST-TENSIONED CONCRETE

Prestressed concrete structures — pretensioned and post-tensioned — rely on the integrity of high-
strength bars and strands for their primary safe load-carrying capability. The deterioration and ultimate
falure of one or more of these high-strength bars and strands could lead to the catastrophic failure of
part or dl of agtructure. In post-tensioned structures, the prestressing tendons are normaly enclosed in
ducts. It is desirable to have these tendons fully grouted as a corrosion-protection measure. If they are
not fully grouted (i.e., voids are present), moisture and aggressive chemicas could penetrate the duct,
resulting in corrogion of the prestressng sted.

The test methods should be able to demondtrate that the structure was built according to specifications
and the tendons are fully grouted and no voids are present. Testing should preferably be done before
acceptance to ensure that a durable structure was constructed. Testing can be done later in the service
life of the Structure to evauate its long-term performance.

TESTSBEFORE AND DURING GROUTING

Tests performed during the initial stage of the construction of a bonded post-tensioned concrete
sructure have the most potentid for preventing the formation of voids. Perform a pressure test to
evauate the sealing of the duct system before grouting. Perform a grout stiffness test during grouting. In
this test, gpply pressure to the grout in the duct whileit is still in a plastic State and measure its response.
Thistest is based on the principle that any gasin the grout will compress and the grout will not. Its
diffness, a"gpongy" response, could then indicate the presence of voids (trapped air). If inadequate
grouting is detected (voids), stop grouting and flush the ducts or make adjustments to the grouting
operation and then continue. The "Spongeometer” Testing Device has been able to detect voidsin full-
scale ducts 60 m (197 ft) from where the measurement was taken.™® However, entrained air could
influence the results and there ill remains some uncertainty regarding its accuracy and rdidbility. The
equipment is still under development and should not yet be used for acceptance testing. A pressure test
done after concreting could be used to determine if any magor damage has occurred during concreting
and to evauate the duct in itsfinal condition. This more closely approximates actud service conditions.

TESTSFOR VOIDSIN DUCT —HARDENED GROUT

Severd different methods of evauating the extent of grouting in post-tensioning ducts have been
developed over the years.®® Although it is more difficult to correct defects after the grout has
hardened, an evauation at thistime can reved any future potential corrosion problems due to the
presence of voidsin the ducts. At this point, the bridge owner can decide if corrective measures are
needed.

The pressure method is used to check for smdl voids in locations not ble by other methods. A
pathway to the void is needed — a vent pipe, tube, or drilled hole. However, the likely location of the
voids needs to be known. Holes should not routinely be drilled as amethod for searching for voids. The
pressure method requires speciadized equipment. Although the hole can be used to re-grout any
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detected voids, vacuum-grouting is needed to effectivdy fill these amdl voids.

Radiography uses gammarays or x-rays to detect voids in the ducts. This test shows changesin dengity
that are easy to see and understand. It can be used in concrete sections up to 800 mm (31.5 in) thick.
Most equipment used for radiography requires the development of film. New versions now provide
redl-time images. The equipment is expensve. Radiography is aso time-consuming and requires specid
safety condderations due to the high-energy outpuit. It is not practicd for very thick sections that
contain heavy reinforcement and overlgpping ducts.

Impulse radar is chegper and safer. Access from only one side of the section being evaluated is needed.
It can be used on thicker sections. The results, however, are less clear and some interpretation is
required. It isaso currently not precise enough to detect voids insde post-tensioning ducts.

The drilling and monitoring of the air flow method is a destructive method. There is a chance that the
prestressing sted may be damaged or cut. The drilled hole, even after being filled, becomes an avenue
for future corroson. Since the holes are drilled at suspected locations, one needs to know where to
test.

The boroscope method is adso a destructive method. A fiber-optic cableis used to view the insde of
the pogt-tensioning duct. Thetest is performed at the locations of suspected voids. It typicaly usesa
camera to record the images. It has the same disadvantages as the drilling and monitoring of the air flow
method.

A recent development in the nondestructive evauation of concrete structures that has good potentia for
application to concrete bridge structures is the impact-echo (IE) method.® It has been successfully
used to detect honeycombing and delaminations in the laboratory and in the fied.

A mechanica impactor is applied to the concrete surface that introduces a transient stress pulse into the
concrete member. The stress pulse propagates into the member dong spherica wavefronts. Dilatationa
(or compression) waves (P-waves) are pardld to the direction of propagation. Digtortional (or shear)
waves (S-waves) are perpendicular to the direction of propagation. There are aso surface waves,
referred to as Rayleigh waves (R-waves), that travel aong the surface away from the impact point. The
amplitude of these waves decreases exponentialy with depth into the member.

The P- and S'wavestravel through the materia and are reflected back by interna or externd interfaces
(i.e, interna defects or externa boundaries). When the reflected waves arrive back at the surface point
whereinitid impact was generated, the resulting surface particle displacement is converted into an
electrica voltage by areceiving transducer. When this transducer is placed close to the impact point, P-
wave arrivas dominate the digplacement. In order to evaluate the displacement waveform, the travel
time (At) between pulse initiation and the arrival of the first reflected P-wave is determined. When the
P-wave propagation velocity (C,) is known, the distance to the reflecting interface (d) can be
caculated.



The time-domain data interpretation is both time-consuming and tedious. A more effective gpproach is
to perform afrequency analysis on the displacement waveform. This involves the congtruction of the
frequency spectrum time-domain data versus amplitude plot. As the stress pulse propagates between
the top surface and the internad or boundary interfaces, it produces a characteristic displacement each
timeit arrives at the top surface. This displacement is periodic and can be recorded as awaveform with
aperiod (1), atravel path (2d), and afrequency (f,). The frequency is given by the following:

C
fo = 1
0" o

With aknown ve ocity and frequency, either the dab thickness or the distance to an internd interface
(defect) can be cdculated usng:

S
21,

d =

The P-wave propagation velocity is measured experimentaly usng asmple cdibration method. The
Fast Fourier Transformation (FFT) dgorithm is then used to obtain the frequency content of the
recorded waveform.

An impact-echo method congsts of three mgjor dements — an impact source, a displacement
transducer, and a data-acquisition system. Loading durations range from 10 to 55 ms and depend on
the size of the stedl ball. The impact sourceisasmall stedl ball dropped on the concrete surface or
goplied using a spring-loaded impactor. The transducer is normally a displacement sensor that is free of
strong characterigtic resonances, especidly in the frequency range used in impact-echo testing. The
data-acquigtion system should be capable of performing waveform andysisin both the time and
frequency domains.

The impact duration affects both the propagating waves wavelength and the size of the flaws or
discontinuities that can be detected. Only flaws with laterd dimensions greeter than the wavelength can
be detected. Therefore, it isimportant to apply an impact load of an gppropriate duration in order to
detect the desired flaw szes. While shorter contact times can detect smdler flaws, the ability of a stress
wave to penetrate concrete is reduced as the contact time decreases.

Studies have shown that with the impact-echo method, it is possible to detect and examine the extent of
voidsin pogt-tensioning ducts. It may aso detect honeycombing, delaminations, voids, and low-qudity
concrete. The studies performed included |aboratory and field eval uations.

A series of |aboratory tests were performed to determine the effects of various parameters on the
recalving signas. planar flaws, grouted and ungrouted meta ducts, grouted and ungrouted polyvinyl
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chloride ducts, honeycombing, and various stedl reinforcing bar sizes. Concrete samples with known
defects were fabricated and tested.

A fidd evauation of the grouting status of the ducts in an existing post-tensoned concrete box-girder
bridge in Milwaukee, Wisconsin, was performed.® The bridge is a two-span continuous structure with
24.38-m (80-ft) spans. Each girder web contains two post-tensioning tendons. The upper tendon
conssts of 31 seven-wire strands and the lower tendon consists of 19 seven-wire strands. Thefield
results agreed with the [aboratory experimental and numerica studies.

In another field study, 14 post-tensioning ducts were tested using the impact-echo method.®® The
location of the structure was not reported. Of these ducts, 11 were found to be fully grouted and 3
were found to contain voids. The results were verified by opening and visudly inspecting the ducts, the
results were accurate. The impact-echo method was able to determine the extent of the grouting, even
though test complications were present — cracking aong the centerline of the duct, the presence of
multiple ducts in close proximity to each other, and a varying concrete cover thickness.
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CORROSION INHIBITORS

Corroson inhibitors are chemical admixtures added to portland cement concrete mixes during batching
—usudly in very smal concentrations — as a corroson-protection measure. Corroson inhibitors are a
viable corros on-protection measure for the long-term durability of both conventiondly reinforced and
prestressed concrete bridge structures. When used as part of a multiple-strategy corrosion-protection
system, they are promising materias to delay the onset of reinforcing and prestressing stedl corrosion.

Inhibitors are often used in combination with low-permeability concrete and usudly they have the effect
of increasing the threshold chloride concentration needed to initiate corrosion. Inhibitors play an
important role in protecting uncoated high-strength stedl strands used in prestressed concrete bridge
members and stays used in cable-stayed bridges. They are dso used in cementitious grouts for filling the
ducts of bonded post-tensioned bridges. Inhibitors may aso reduce the subsequent corrosion rate after
the initiation of corrosion, which ultimately leads to |ess corroson-induced concrete deterioration.

There are three mgjor concerns regarding the use of corrosion inhibitors. The first oneisthe long-term
gability and performance of the inhibitor. The second is the inhibitor’ s effect on corroson propagation
after corroson initiation. The third istheinhibitor’s effect on the concrete’ s physical properties over the
sarvicelife of the structure.

In order for a corrasion inhibitor to be an effective long-term corros on-protection measure, it needsto
be able to maintain long-term stability. It should be chemicaly intact and physicaly present (not leaching
or evgporating) to retain its effectiveness.

Inhibitors may have an effect on the corroson process after corrogon initiation. An insufficient dosage
will have a negative impact on corrosion progression. Some inhibitors will have an effect on chloride
transport and can reduce the rate of chloride ion migration.

Inhibitors should not have any negative effects on the concrete properties. The use of an inhibitor should
not cause an undue increase in the amount of any concrete cracking. Some inhibitors decrease the
concrete resstivity, which has a tendency to increase the corroson rate. This effect is offset due to the
inhibition provided by a suitable corroson inhibitor.

Corrogon inhibitors are either inorganic or organic and, in generd, are classfied based on their
protection mechanism. They can protect by affecting the anodic reaction, the cathodic reaction, or both
reactions (mixed). An active type of inhibitor (anodic) facilitates the formation of an oxide film on the
surface of the sted reinforcing bars. Passve systems protect by reducing the rate of chlorideion
migration. Cacium nitrite is an inorganic inhibitor. It protects the sted reinforcing bars through
oxidation-reduction reactions at the stedl surface. Organic inhibitors consst primarily of amines and
eders. They form a protective film on the surface of stedl reinforcing bars and sometimes delay the
ariva of chlorideions a the sted reinforcing bars.
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There are four mgor commercidly avallable corroson inhibitors:

DCI (Darex Corrosion Inhibitor) and DCI-S.
Rheocrete 222 and Rheocrete 222°.

Armatec 2000, Ferrogard 901, and MCI 2000.
Catexol 1000 Cl.

N N NN

DCI (Darex Corrosion Inhibitor) and DCI-S?

DCI (cacium nitrite) is an inorganic corroson-inhibiting concrete admixture. 1t has been commercidly
available since 1978 and up to now it was only marketed by W.R. Grace and Company. Recently,
Madter Builders, Inc. dso started marketing a cacium nitrite inhibitor smilar to DCI. DCI has
approximately a 30-percent concentration of calcium nitrite. DCI-Sis the same as DCI, but dso
includes a st retarder. When slicafumeis used in combination with cacium nitrite, the silicafume
reduces the rate of chloride ion penetration (migration) and the calcium nitrite increases the threshold for
corrogion initiation. Calcium nitrite reduces the resdtivity values of concrete, but the addition of slica
fume offsets this reduction and, in fact, thereisanet gain in resdtivity.

DCl isan anodic type of inhibitor (active) and functions by passvating the anode. The oxidation-
reduction protection mechanism is eectro-chemicd in nature and, as aresult, its effectivenessis
understandable and quantitatively measurable. The chloride and nitrite ions are involved in smultaneous,
complicated, competing reactions a the surface of the stedl reinforcing bars: corrosion vs. passvation.
Chloride ions accelerate corrosion through the formation of Fe™ ions. Nitrite ions inhibit corrosion
through the formation of passve iron oxide (Fe,0;).

Cdcium nitrite inhibits or interferes with the remova of Fe™ ions through the following reaction:

2Fe™ + 20H + 2NO, 6 2NO8 + Fe,0O5 + H,0
The relative rates of the two processes (corrosion and passivation) are unknown.
This prevents further corrosion. However, nitrite ions are reduced to nitric oxide gas. This reduces the
nitrite concentration in the concrete in the immediate vicinity of the reinforcing stedl. Asthe chloride ion
content increases, the ability to maintain passvity is reduced (with a congtant amount of nitrite).
DCI gppearsto be primarily effective because it does not alow the development of large electrica
potentials between areas that otherwise would be anodic and cathodic — adjacent stedl areas in the top
mat of reinforcing steel bars and between top and bottom mats of reinforcing sted barsin abridge
deck. Electrica potentias are maintained at Smilar vaues that are dso at or near the passive range.
Large electrical potentia between otherwise anodic and cathodic areas dlows the flow of acorrosion
current and subsequent dissolution of iron in the top mat.
The relative concentrations of nitrite and chloride ions are important. For alow CH/NO, ratio (less than
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1), the potentidly anodic rebar is passivated. For ahigh CH/NO, ratio, the eventud corroson of the
ged reinforcing bar is certain.

In generd, the corrosion rate increases as the CI/NO, ratio increases. A long-term study on the
effectiveness of calcium nitrite as a corroson inhibitor was performed by the Federd Highway
Adminigration.® Earlier results showed that with a Ct/NO, ratio up to 1.25, the corrosion rate was
reduced by at least an order of magnitude. In other words, it would take more than 10 yearsto
consume an equa amount of iron asin 1 year for adab with an equd chloride ion content, uncoated
ged, and no calcium nitrite,

Subsequent data showed that in order for cacium nitrite to be an effective corrosion inhibitor, the CI
INO, ratio should be less than or equal to 1.1. For ratios between 0.3 and 1.1, the corrosion rate is
reduced by afactor of approximately 10. When the CI/NO," ratio was above 1.1, the corrosion rates
were reduced by afactor of about 2 and test dabs had cracks, mgjor rust stains, and hollow and
spalled aress.

The amount of calcium nitrite that should be added to the concrete during mixing depends on expected
chloride ion concentration at the rebar for the desired corrosion-free service life. There is no significant
benefit in usng cacium nitrite as an inhibitor for CI/NO," ratios greater than 1. Therefore, the
recommended dosage is that which will yield a Ct/NO," rétio at the rebar level that is less than or equa
to 1 during the service life of the structure. This conclusion is based on research where the chloride ions
were mixed into the fresh concrete dong with DCI, which is not the normd practice in thefield.
Therefore, the inhibitor has a better chance of performing under norma circumstances when chloride
ions diffuse through the concrete. With time, the chloride ion leve is the expected accumulative content
at the surface of the stedl reinforcing bars due to deicer applications or marine exposure. Long-term
gability isan issue asthe inhibitor is not needed until a sufficient amount of chloride ions reach the sted
and corrosion isinitiated. Recommended dosage rates for different expected chloride ion contents for a
corrosion-free sarvice life are shown in table 5.2

Table 5. Calcium nitrite dosager ates.
Calcium Nitrite Chloride lon Content
[L/m® (gallyd®)] [kg/m® (Iblyd)]

10 (2 3.6 (6.0)
15 (3) 5.9(9.9)
20 (4) 7.7 (13.0)
25 (5) 8.9 (15.0)
30 (6) 9.5(16.0)
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Rheocr ete 222 and Rheocr ete 222+

Rheocrete 222" is an organic corrosion-inhibiting concrete admixture. It is manufactured and marketed
by Master Builders, Inc. It is an improved formulation of Rheocrete 222 and contains amines and esters
in awater medium. Rheocrete 222 is a combination inhibitor, both anodic and cathodic (passve-active
mixed type). It protects the stedl reinforcing bars in two ways. First, it forms a corrosion-resistant
organic film that is adsorbed on the sted surface. Secondly, it also coats the pores of the concrete
matrix, which dows the migration of chloride ions.

Both Rheocrete 222 and Rheocrete 222" have not been available for avery long time, compared to
cacium nitrite. As aresult, there is less published data on their performance. Rheocrete 222 has been
used in anumber of parking garages, and in afew bridges and marine structures. The recommended
dosagerateis5 L/ (1 galyd®). It istypicaly added to the concrete batch water. The dosage rate is
not adjusted for the anticipated corrosiveness of the expected service environment.

Armatec 2000, Ferrogard 901, and M CI 2000?72

These inhibitors are ablend of surfactants and amine salts[specificdly dimethylethanolamine (DMEA),
a0 referred to as dkanolamines or amino-acohols (AMA)] in awater medium. Armatec 2000 and
MCI 2000 are manufactured and marketed by Cortec Corporation. Armatec is reported to have a
dightly different formulation from MCI. Ferrogard 901 is manufactured and marketed by Sika
Corporation.

According to the manufacturers, they protect the stedl reinforcing bars by forming a continuous mono-
molecular film on the stedl surface and they cover both the anodic and cathodic sites (mixed type). This
film congsts of an adsorbed layer of amino-alcohol that leads to the formation of insoluble iron oxide
complexes. These gabilize the oxide surface and inhibit further corrosion. Thefilmistypicaly 108 m
thick and also acts as a barrier to aggressive ions migrating through the concrete. It has been reported
that incoming chloride ions on the stedl surface can be displaced by amino acohols. The recommended
dosage rate for Ferrogard 901 is 10 L/m? (2 gd/yd®). The dosage is not adjusted for the corrosiveness
of the anticipated service environmen.

Catexol 1000 CI¢9

Thisinhibitor is awater-based formulation of amine derivetives. Catexol 1000 Cl is manufactured and
marketed by the Axim Concrete Technologies, Inc. The manufacture clams that protection is provided
by formation of a protective barrier. This barrier reportedly stabilizes the passve iron oxide layer. This
inhibitor gppears to exhibit the characterigtics of an organic film-forming inhibitor, as well asthose of a
nitrite-based inhibitor.
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FIELD PERFORMANCE OF EPOXY-COATED REINFORCING STEEL

The primary cause of the deterioration of reinforced concrete structures is the corrosion of stedl
reinforcing bars due to chlorides. Epoxy-coated reinforcing stee (ECR) was developed and
implemented in the mid-1970's to minimize concrete deterioration caused by corroson of the
reinforcing sted and to extend the useful life of highway structures. The epoxy codting is a barrier
system intended to prevent moisture and chlorides from reaching the surface of the reinforcing stedl and
to dectricdly insulate the sted to minimize the flow of corrosion current.

Epoxy coatings (sometimes referred to as powders or fusion-bonded coatings) are 100-percent solid,
dry powders. These dry epoxy powders are dectrostatically sprayed over cleaned and preheated sted!
reinforcing bars. The coatings achieve their toughness and adhesion to the sted substrate as aresult of a
chemicd reaction initiated by heat. These epoxy powders are thermaosetting materials and their physical
properties do not change readily with changes in temperature.

The coating process consists of several steps©Y

1. Sted reinforcing bars between 6.0 and 18.3 m (20 and 60 ft) in length and of various diameters
move dong powered rollers a speeds of 6 m/min to more than 15 m/min (20 to 50 ft/min).
Typicaly, eight bars move pardld to each other on asat of rollers.

2. The bars are blast-cleaned with grit or shot in a grit-blasting booth to a near-white blast as
specified in the Society for Protective Coatings Specification SSPC-SP-10.

3. In some plants, the bars pass through a pretrestment application unit where a pretrestment
solution is gpplied, the excessis removed, and the bars are dried prior to leaving the unit. To
date, there is not enough data to verify the usefulness of this process.

4, The bars are then heated very rapidly (within 1 to 3 s) to 246EC (475EF) as they pass through
an induction coil.

5. Asthe bars enter the spray booth, epoxy powder is electrogtatically sprayed onto the bars by
dationary automatic soray guns. When the powder hits the hot bars, it melts and becomes fluid
to form a smooth coeating.

6. After the bars leave the powder-coating booth, the ambient air beginsto cool them. The coating
continues to cure due to the heat retained within the bars. The powder coating is formulated to
be tough enough not to be marked by the rollers while it is curing. The line speed is adjusted s0
that the coating has enough time to fully cure,

7. The bars are then ether sprayed with cold water or completely immersed in water to cool the
bars so that they can be handled.
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8. When the cooled bars reach the end of the line, they are automaticaly lifted off of therollers
and stacked.

Numerous studies on the corrosion performance of ECR have been conducted. Theinitid study was
funded by the Federal Highway Adminigtration (FHWA) and performed by the National Bureau of
Standards (now cdled the Nationa Ingtitute of Standards and Technology). The results were contained
in the 1974 FHWA Report, Non-Metallic Coatings for Concrete Reinforcing Bars (Report No.
FHWA-RD-74-018). The optimum epoxy coating thickness was found to be 0.18 £0.05 mm when
considering corrosion protection, bond strength, creep characteristics, and flexibility.®? The coating
process was adapted from the method used for epoxy coating small-diameter pipes used by utility
companies and the petroleum industry. Epoxy-coated reinforcing bars for a bridge deck were first used
in 1973 in Pennsylvania. The bars were coated in a pipe-coating facility. The main problemsinfluencing
the corrosion performance a the time were considered to be damage to the coating during
trangportation and handling, and the process of bending the bars, which cracks the coating.

In the 1980's, FHWA initiated outdoor exposure tests. The purpose was to determine the benefits of
coating both mats of reinforcing stedl in bridge decks. The study intentiondly used bars with excessve
holidays, damage, and bare areas. Three different combinations for the top and bottom meats of
reinforcing steel were investigated: black-black, epoxy-epoxy, and epoxy-black. Even poor-qudity
epoxy-coated reinforcing steel was found to have reduced corrosion by 11.5 times when only the top
mat was coated and by 41 times when both mats were coated. The reduced corrosion rate was
attributed to the high electrica resistance of the coating and a reduced cathodic area.®®

Asaresult of observed corrosion in the Florida Keys bridges, the FHorida Department of
Trangportation (DOT) initiated severa studies to determine the extent and cause of the corrosion. The
substructure showed signs of corrosionin only 5 to 7 years after condtruction inthe area 0.6 to 2.4 m
(2 to 8 ft) above the mean high-water mark (splash zone). The corrosion affected both straight and bent
bars. The early studies showed that corrosion was aggravated by bending, coating defects, and
corrosion macrocells. Coating disbondment could be due to exposure to sdtwater, amild level of
cathodic polarization, and aso to the anodic conditions present while the bar was corroding. Coating
disbondment could aso occur in chloride-free concrete. In an investigation of 30 bridges, most did not
show visble sgns of corroson. The coating thicknesses were generdly within the specification limitsin
effect at the time of congtruction. The median amount of coating damage was found to be 0.4 percent of
the bar surface. There was a reduction in adhesion in the extracted coated steel specimens from most of
the bridges compared to the coated stedl at the time of construction. No evidence of rebar corrosion
was found except for the Keys bridges. It appears that a