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Executive Summary

Research conducted in Part 1 has verified that precast prestressed concrete piles in
Georgia’s marine environment are deteriorating. The concrete is subjected to sulfate and
biological attack and the prestressed and nonprestressed reinforcement is corroding. Concrete is
reported as “soft” in many bridges; and exterior cracking indicates reinforcement corrosion.
Researchers reviewed concrete durability and reinforcement corrosion research and
experiences. These reviews gave the necessary background to evaluate the condition of
Georgia’s prestressed concrete piles and to establish future tests for strand corrosion and for
concrete mix design experiments.
Based on discussions with the Bridge Maintenance Engineer, four 40-ft lengths of piles
were removed from the Turtle River Bridge and transported to Georgia Institute of Technology.
The forensic examination of the piles indicated that after 32 years in service, the concrete within
the water had suffered from biological attack by sponges which consumed the limestone
aggregate, and the cement had deteriorated due to sulfate attack. Prestressing strands and tie
reinforcement had severely corroded in spash zones due to high levels of chloride. Concrete
above water was in good condition.
Experiments on the corrosion resistance of typical A416 prestressing strand wire and on
7-wire prestressing strands were conducted. Solutions represented various chloride conditions;
concentrations varied from none to twice that of seawater. Georgia marsh conditions have an
average chloride content about one-half that of open seawater. For wire in good quality, noncarbonated concrete, corrosion is very limited. In carbonated concrete, corrosion starts quickly at
low chloride concentrations.
The experiments further showed that prestressing strands exhibit a 60-70% reduction in
corrosion resistance when compared with wires and reinforcing bars because of crevices created
in the stranded geometry. Future experiments must consider such crevice corrosion. Most of the
past corrosion research did not consider this effect of crevice corrosion due to stranding.
Six alloys of stainless steel were considered for potential use as prestressing wire and
strand. Most stainless steels are not capable of developing the high strength needed for
prestressing applications. Change in structure of the steel due to cold drawing has the potential
for making the steel very susceptible to corrosion. Further, stainless steels such as the nitronic
33 used in older Navy piles have high stress relaxation. While all six will be investigated in Part
2, the most promising alloys are 2205 and 2304. Such stainless steel prestressing strands seem to
be the best solution for providing durable piles in the marine environment.
Based on the research conducted in Part 1, research in Part 2 will concentrate on (1)
concrete mixes which have improved sulfate resistance, resist biological attack and have the
ability to self-heal cracks caused by pile driving, and (2) determination of stainless steel
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properties including corrosion resistance, stress relaxation, yield strength, ultimate strength and
ductility. The result of the research will be recommendations for high-performance concrete for
marine piles and for corrosion-resistant high-strength stainless steel prestressing reinforcement.
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1. Introduction
1.1 Purpose and Objectives
The purpose of the overall research project is to determine methods which may be applied
economically to mitigate corrosion of reinforcement in precast prestressed concrete piles in
Georgia’s marine environments. The overall goal is to improve the durability of bridge piles so
that a design life of 100 years may be achieved.
The research has four specific objectives. The first objective is to determine the extent of
corrosion damage in Georgia’s structural concrete bridge piling and the success of methods used
to improve the durability of bridge piles in Georgia.
The second objective is to fully document past research and investigations on the durability
of structural concrete in the marine environment with particular emphasis on the corrosion of
reinforcement and its mitigation. The latter includes learning from state departments of
transportations: finding from their experiences with corrosion mitigation including the effect of
concrete quality and cover and with regard to types of reinforcement, their metallurgy and
coatings.
The third objective is to perform a preliminary experimental investigation on the corrosion
of reinforcement in concrete piles in Georgia by measuring corrosion potential and by
characterization of concrete, steel, and reinforced concrete, including samples obtained from the
field. The durability of these field and laboratory samples will be compared to the findings from
the literature study to see how Georgia’s marine environment and construction matches that
found from the other states.
The fourth objective is to identify what, if any, further research needs to be undertaken to
determine improved methods to increase the durability of piles in Georgia’s marine environment.

1.2 Need for Research
The maintenance costs for Georgia bridges are growing. There is a need to reduce
maintenance costs. Further, the Federal Highway Administration has mandated that the design
life of new bridges be between 75 and 100 years; the Georgia State Bridge Engineer has
suggested that the design life be 100 years.
Some prestressed concrete piles in the coastal region of Georgia have been shown to have
severe corrosion damage in the splash zone after less than 25 years of service. Therefore, the
current design standards for assuring durability of new structures are not sufficient if the 100year design life is to be achieved. New standards must be developed and implemented; but what
those standards are is unknown. One suggestion is to require that concrete for precast
prestressed piles be High-Performance Concrete (HPC) with a rapid chloride ion permeability of
less than 2000 coulombs. While it is probable that this standard will improve the durability of
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piles, it is unknown if it is sufficient or if it is “overkill”. Further, piles are sometimes cracked
during driving. If an HPC pile is cracked, it is unknown if the 2000 coulomb requirement will
still protect the reinforcement from corrosion. Thus, an understanding of the influence of crack
width, including the role of self-healing, will be important in determining the durability of HPC
piles.
If cracking prestressed piles does lead to early corrosion of the reinforcement, then there
should be changes in pile composition and construction and driving techniques to prevent or
minimize cracking. Those compositional changes (e.g., fiber reinforcement) and construction
techniques need to be identified, their economic implications need to be defined, and sample
construction specifications need to be developed.
At one time it was thought that epoxy coating of reinforcement would indefinitely protect
reinforcement from corrosion damage. Recent studies have shown that this hypothesis is not
true, yet other studies indicate that changing the metallurgy of reinforcement can diminish
corrosion potential. There is a need to determine if there is any economical method associated
with the composition of non-prestressed and/or prestressed reinforcement to mitigate its
corrosion. Of especial benefit might be the use of stainless steel prestressing strand with
nonprestressed ties.
Significant corrosion of prestressing steels has been reported on concrete bridges in coastal
environments, particularly in precast prestressed concrete piles used in bridge substructures
(Griggs, 1987, and Hamilton, 2007). Figure 1-1 shows typical reinforcement corrosion on a
coastal concrete bridge substructure.

(a)

(b)

Figure 1-1: Corrosion of (a) concrete pile cap and (b) precast prestressed concrete piles (from
Hamilton, 2007)

1.3 Report Organization
Past research on pile durability is reported in chapters 2 and 3, literature surveys of
reinforcement corrosion and concrete durability, respectively. Particular attention is paid to the
1-2

potential application of stainless steel for prestressing reinforcement and its corrosion resistance.
Chapter 4 discusses the findings from interviews with Georgia DOT personnel. Chapter
5 presents an inspection report which identifies typical pile performance in Georgia’s marine
environment. Based on the interviews and inspections, deteriorated piles from the Turtle River
Bridge were withdrawn and transported to Georgia Tech for forensic analysis. Chapter 6
presents the forensic analysis which includes investigation of concrete and corrosion of the
prestressed and nonprestressed reinforcement.
Preliminary experimental corrosion studies on typical A416 prestressing strands are given
in Chapter 7, while the potential for use of stainless steel alloys for prestressing reinforcement is
given in Chapter 8.
Based on the background investigations, the forensic pile investigation and the corrosion
experiments, studies planned for Part 2 of the research is presented in Chapter 9. Chapter 10
gives the conclusions based on Part 1 of the overall study.
References for each chapter are given in each chapter. All references are repeated in the
Combined References.

1.4 References for Chapter 1
Griggs, R.D. (1987), Structural Concrete in the Georgia Coastal Environment. 1987, GDOT:
Atlanta, GA.
Hamilton III, H.R. (2007), St. George Island Bridge Pile Testing. 2007, FDOT.
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2. Background – Corrosion Mechanisms in Reinforced and
Prestressed Concrete Structures
Corrosion of steel in reinforced and prestressed concrete structures has been one of the
prevalent deterioration mechanisms since their introduction in the early 1900’s. Previously
thought to occur due to stray currents, we know today that most corrosion in reinforced concrete
is caused by the ingress of aggressive agents such as Cl- and CO2. The corrosion of reinforcing
steels became especially prevalent in the 1960’s with the increased use of deicing salts, causing
extensive corrosion of bridge decks in areas with harsh winters (Hartt, et al., 2004). Today,
reinforcement corrosion affects all types of concrete elements, including bridge girders and
decks, exposed members of buildings, concrete pavements, and substructure members such as
precast concrete piles.
Steel embedded in concrete is typically very durable and resistant to corrosion. Calcium,
potassium, and sodium hydroxides present in the pore solution of the hydrated cement paste
provide the high pH (12-14) necessary for mild carbon steels to develop a protective passive film
on their surface. This passive film is only degraded in the presence of chlorides or when pH falls
due to carbonation of the cover concrete (Revie, 2000). In most cases, corrosion caused by the
ingress of chlorides is the main concern, as carbonation rates are typically low in modern
structures with higher quality concretes. Structures exposed to severe marine environments,
industrial conditions, and/or deicing salts are at the greatest risk of reinforcement corrosion
caused by the ingress of Cl-.
Corrosion of steel can lead to a variety of different modes of failure in a concrete
structure. As corrosion occurs, its products are bulky hydrated metal oxides, which occupy a
volume much greater than that of the reacted metal. Expansion due to oxide formation eventually
results in the spalling of concrete as expansive stresses exceed the tensile strength of the cover
concrete. Spalling of the cover concrete results in an autocatalytic form of deterioration, where
more cracking and spalling further accelerate Cl- ingress and reinforcement corrosion. Another
result of corrosion is loss of reinforcement cross section and in turn member strength. This is
generally not a large concern in reinforced concrete structures, as corrosion will be very apparent
by staining and cracking before a large loss of strength occurs (Young, et al., 1998). Section loss
is however a great concern in prestressed concrete structures. The small diameter of wires used
for prestressing strands and their high initial stress makes them susceptible to fracture if
corrosion occurs. Other forms of failure such as environmentally induced cracking are also a
concern in prestressed concrete structure, and will be discussed further in subsequent chapters
(Hope, et al., 2001).
Failures of structures due to reinforcement corrosion can be seen throughout recent
history. Almost all bridges include reinforced concrete decks, with 50% of new bridges being all
concrete, including precast prestressed concrete girders. Approximately 13% of the nations
595,000 bridges have been classified as structurally deficient according to the Federal Highway
Administration’s 2006 Report to Congress (Federal Highway Administration, 2006). The
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projected average annual cost of just maintaining these bridges in their current state is $8.3
Billion, with a cost of upwards of $150 Billion to improve the condition of existing
infrastructure. Many of the deficiencies in these bridges are due to the corrosion of reinforcement
from the use of deicing salts and/or exposure to coastal environments. In addition to direct costs
of corrosion, indirect costs stemming from increased traffic congestion, bridge closures, affected
businesses, and off-system structures like parking decks and piers have been estimated to be
between $50 and $200 Billion annually (NACE, 2008).
Bridges and other coastal structures here in Georgia and throughout the Southeast are
deteriorating prematurely due to corrosion (Griggs, 1987, Hamilton III, 2007). Numerous
failures have occurred in substructure members such as piles and pile caps, leading to the costly
repair and replacement of either the entire bridge or the affected members, if possible. Figures
2-1 and 2-2 show typical corrosion related degradation of a bridge structure.

Figure 2-1: Typical Corrosion of Precast Prestressed Concrete Piles (NACE, 2007)
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Figure 2-2: Corrosion of Pier Cap on Steel Girder Bridge (Inc., 2008)
Reinforcement corrosion can also be found all over the globe. Severe distress was found
in over 100 bridges only 20 years after their construction in the Arabian Gulf due to the
combined effects of a harsh environment and poor construction practices (Matta, 1993). The 70
year old Progresso Pier was constructed with stainless steel reinforcement to replace a
conventionally reinforced pier which failed after only a few years in the same exposure
(Knudson, et al., 1999). Collapse of the roof of the Berlin Congress Hall in 1980 was caused by
corrosion (environmentally induced cracking) of the prestressing strands because of poor
construction practices (Isecke, 1982). Many other examples of reinforcement corrosion can be
found throughout the literature. In today’s society, it is believed that numerous corrosion-related
failures go undocumented and are settled through litigation before any investigation or research
is conducted (Hope, et al., 2001).
While reinforcement corrosion can occur in all types of structures and exposures, the
main focus of this chapter is to provide an in-depth discussion of the relevant corrosion
mechanisms in reinforced and prestressed (focus will be given to precast pretensioned members)
concrete members in marine environments. Concrete structures in coastal areas are especially
prone to corrosion due to three main factors, (1) high Cl- content in seawater, (2) potential for
high temperature and relative humidity, and (3) cyclic wetting due to tidal and splash action
(Mehta, 1991). In order to achieve the now required 75-100+ year design life in new bridges,
changes must be made in the design and materials used for new construction.

2.1 Electrochemistry and Corrosion Theory
The production of most structural metals, including iron (the main constituent of steel),
involves the creation of a pure metal from its respective ore. As an ore, most metals are in their
most stable form. Corrosion of a metal is its natural breakdown into a more stable state, as a
metal oxide (Singh, 2008). For a corrosion cell to form, five main components are required:
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(1)
(2)
(3)
(4)
(5)

an anode where metal is oxidized, example: Fe  Fe 2  2e 
a cathode to accept (reduce) electrons, example: 2H 2 O  O2  4e   4OH 
an electrical connection between the anode and cathode to transfer electrons
an electrolytic environment to transfer ions and complete the circuit
availability of reactants at the site of corrosion such as O2, Cl-, H2O

For corrosion reactions to proceed, each one of the five components must be present.
Corrosion reactions are controlled mainly by electrochemical phenomena, that is, the interchange
of chemical and electrical energy at the interface between a material and an ionically conductive
electrolyte. Just as a metal naturally “wants” to become an ore, electrochemically reactive
surfaces naturally want to react with their surrounding environment.
The main focus of this section is the corrosion of metals which exhibit metallic bonding.
Metallic bonding occurs due to the atomic orbital morphology of most structural metals. The
large amount of electrons residing in high energy d-orbital levels makes the promotion of
electrons to the conduction band from the valence band relatively easy. Due to the high electron
mobility of metals, when atoms come close together, as in a close packed face centered cubic or
body centered cubic (FCC or BCC) crystal structure, valence electrons have an increased
tendency to delocalize and be shared randomly by all of the metal atoms in the structure. While
the more complicated Band Theory is typically employed to describe metallic bonding, most
elementary texts describe metallic bonding as consisting of positively charged metal nuclei
which are surrounded by an electron gas (Zumdahl, 2000).
The electrochemical reactivity of surfaces and interfaces is mainly a result of changes in
bonding present at the surface compared to in the bulk of the material due to edge effects. In the
bulk of the material, the atoms will coordinate themselves to achieve the lowest energy structure
with charge neutrality. As the structure present in the bulk approaches the surface, the lack of
atoms to complete the periodic crystal structure results in unsatisfied bonds at the surface –
which in most cases leads to some buildup of charge (Skorchelletti, 1976). Figure 2-3 shows the
surface of an FCC metallic crystal structure.

Stable FCC
metallic
bonding in
bulk of
material

Charged
surface with
unsatisfied
bonds present

Figure 2-3: Surface of FCC Metallic Crystal Structure
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In order to achieve energetic stability and charge neutrality at the surface the material will
either alter its structure (a high activation energy process) or it will react with the environment.
Reactions with the environment for a surface to achieve energetic stability are the main cause of
corrosion in metals. In the case of metallic corrosion, the charged surface will cause the
adsorption of solvated compounds from the electrolyte, forming a double layer at the surface as
shown in Figure 2-4. The adsorbed compounds and ions at the surface react with the metallic
substrate to stabilize the surface (Young, et al., 1998). It is these surface-interface reactions
which result in metallic corrosion.
Adsorbed
solvated
anions

Pole oriented
H2O molecules

Figure 2-4: Double Layer on Charged Metallic Surface
Corrosion reactions occur in localized cells where all five components of the
electrochemical circuit are present. For an electrochemical cell to form a surface inhomogeneity
must be present to initiate an anodic and cathodic site for oxidation and reduction reactions to
occur, respectively. Due to the inherent defects present on material surfaces caused by
processing, surface inhomogeneities will undoubtedly be present (Singh, 2008). Anodic sites will
typically exhibit more unsatisfied bonds while cathodic sites will have a more stable / less
reactive structure. Thus, the presence of defects such as slip steps, scratches, grain boundaries,
dislocations, and vacancies has a large effect on the electrochemical reactivity of the surface
(Morrison, 1990). An example of a surface defect is given in Figure 2-5.

Edge dislocation site at
surface of metal, site of
high surface energy and
electrochemical
reactivity

Figure 2-5: Electrochemically Reactive Defect Sites on Metal Surface
Once an electrochemical circuit is complete on the surface of the metal a corrosion cell
can form. Corrosion cells can exist as microcells as shown in Figure 2-6, or macrocells as shown
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in Figure 2-7. Microcells occur when the anode and cathode of the corrosion cell are very close
in proximity, usually on the same reinforcing bar in the case of reinforced concrete. Macrocells
are created when there is a large separation between the anode and cathode. A typical example of
a corrosion macrocell is when the top mat of reinforcement in a bridge deck has begun corrosion
due to Cl- exposure from deicing salts and acts as the anode, while the unaffected bottom mat of
reinforcing acts as the cathode, both being electrically connected by ties, stands, or stirrups, with
ionic transfer occurring through the hydrated cement paste’s (HCP) pore solution (Kurtis, 2007).
Limitations in the distance between anodic and cathodic sites are controlled mainly by Ohmic
resistance present in the material and the electrolyte. Metals generally have low resistivity and do
not greatly limit the transfer of electrons between the anode and the cathode of an
electrochemical cell. However, concrete, being a high resistivity medium, can limit distance of
effective ionic transfer between the anode and the cathode (Bohni, 2005).

Figure 2-6: Anode & Cathode in Corrosion Microcell on Reinforcement (PCA, 2007)

Figure 2-7: Typical Corrosion Macrocell (Hansson, et al., 2006)
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2.1.1 Thermodynamics of Corrosion
The tendency for a corrosion reaction to initiate is determined by the electrochemical
reactivity of the surface on which it will occur. The spontaneity of a corrosion reaction is
proportional to the change in Gibb’s free energy which occurs due to the reactions (Perez, 2004).
From thermodynamics, it can be shown that:

G  H  TS  W

(2.1)

Where:
G  Change in Gibb’s free energy
H  Change in enthalpy
T  Temperature
S  Change in entropy
W  Change in additional external work
However, in the case of a typical corrosion reaction, environmental conditions are
relatively constants and changes in entropy and enthalpy tend towards zero (Thomas, 2003).
Therefore, equation (2.1) reduces to:

G  W

(2.2)

Equation (2.2) can be used to correlate the change in Gibb’s free energy of a system
resulting from a corrosion reaction to the work done by the reaction. In an electrochemical
system, W  Q  E , where E is the electrochemical potential difference formed by the spatial
distribution of ions in the double layer as shown in Figure 2-4, Q is the charge / ion transfer
present at the interface between the metal and the electrolyte, and the negative sign is included
by convention for electrochemical potential measurements. According to Faraday, Q  n  F ,
where n is the number of electrons transferred in the reaction and F is Faraday’s constant (96,500
C
/mol). Thus, equation (2.3) shown below, can be used to relate the change in Gibb’s free energy
to the electrochemical potential present at the surface (Thomas, 2003).

G  n  F  E

(2.3)

Using equation (2.3) and a measured value of the electrochemical potential, E, the
spontaneity of a corrosion reaction can be determined. Negative values of G indicate a
reduction in free energy, and thus a spontaneous reaction. Positive values of G indicate an
increase in the free energy of the system and a thermodynamically unstable condition (Jones,
1996).
Like any thermodynamic quantity, values of the electrochemical potential cannot be
determined against an “absolute” reference point. Therefore, a standard non-polarizable
reference electrode, the standard hydrogen electrode (SHE), has been adopted as a reference
point for the measurement of electrochemical potentials. In many cases, more durable reference
electrodes are used for laboratory and field work, such as the saturated calomel electrode (SCE),
the silver / silver chloride electrode (Ag – AgCl), and the copper / copper sulfate electrode (Cu –
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CuSO4) (Landolt, 2007). Potential measurements taken against an alternate reference electrode
are adjusted to match the SHE potential reference level. The electrochemical potential is
typically measured in the laboratory using a Daniell cell, shown in Figure 2-8.
Voltmeter to
determine
electrochemical
potential

SHE reference
electrode

Figure 2-8: Daniell Cell with SHE Reference Electrode
Values of the electrochemical potential vs. SHE have been experimentally measured for a
variety of materials and collected in the electromotive force series (EMF series). An example
EMF series for a variety of different metals is shown in Table 2-1. Reactions in the EMF series
are written as reduction reactions by convention. Therefore, according to equation (2.3), positive
values of ESHE will proceed as reduction reactions (results in negative G ) and negative values
of ESHE will force the reaction to proceed in the opposite direction, as an oxidation reaction.
Table 2-1: EMF Series vs. Standard Hydrogen Electrode
Standard Potential
Reaction
ESHE (V)
+
Noble O2 + 4H + 4e = 2H2O (pH 0)
+1.358
Pt2+ + 3e- = Pt
+1.118
O2 + 2H2O + 4e = 4OH (pH 7)
+0.820
Fe3+ + e- = Fe2+
+0.771
O2 + 2H2O + 4e = 4OH (pH 14)
+0.401
2+
Cu + 2e = Cu
+0.342
2H+ + 2e- = H2 (SHE Reference)
0.000
2+
Ni + 2e = Ni
-0.250
2H2O + 2e- = H2 + 2OH- (pH 7)
-0.413
2+
Fe + 2e = Fe
-0.447
Cr3+ + 3e- = Cr
-0.744
2+
Zn + 2e = Zn
-0.762
Active 2H2O +2e = H2 + 2OH (pH 14)
-0.828
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It should be noted that all values in standard EMF series are calculated at standard
temperature and pressure (STP, 25ºC and 1 atm) with an activity of all reaction components of
1.0. According to chemical potential theory:

Gi  Go  RT ln(a)

(2.4)

Where:
Go  Initial change in Gibb’s free energy at STP

Gi  Change in Gibb’s free energy at non-standard state
T  Temperature
R  Universal gas constant (8.314472 J /mol*K)
a  Activity coefficient of reactant
Combining equations (2.3) and (2.4) yields:

 n  F  E i   n  F  E o  RT ln(Q)

(2.5)

where Q is the activity of the products over the reactants. Therefore, a relation has been made to
calculate electrochemical potentials when conditions differ from that of the standard state. This
relation is given by the Nernst equation (Perez, 2004). For the half-cell reaction written in the
cathodic direction as aA  mH   ne   bB  dH 2O :
Ei  E o 

b
d
RT  B H 2O 
ln 

nF  Aa H  m 

(2.6)

 

Where:
Ei  Non-standard state electrochemical potential

E o  Standard state electrochemical potential from EMF series
X x  Activity / concentration (mol/L) of component X raised to its reaction coefficient
A, B, a, b, m, d = chemical variable of the half cell reaction
Assuming standard conditions with a temperature of 25ºC, activity of H2O of 1.0, and converting
the natural logarithm to a base ten logarithm yields (Jones, 1996):
Ei  E o 

 Aa  m
0.059
log  b    0.059  pH
n
 B  n

(2.7)

Equation (2.7) can be used to construct Pourbaix diagrams, which map regions of
stability for products formed by corrosion reactions for various electrochemical potentials and
values of pH. A basic Pourbaix diagram is shown in Figure 2.9. Active regions represent
reactions where the product formed is not protective and corrosion reactions act continuously.
Passive regions represent reactions where the product form is protective to the surface, causing
corrosion reactions to slow greatly. Immune regions represent reactions where the pure metal is
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stable and corrosion reactions will not occur (i.e. G for the reaction is positive). More detail on
active – passive behavior will be given in Section 2.1.3. It should be noted that Pourbaix
diagrams are only valid for aqueous environments with little resistivity. Therefore, their
application to corrosion in reinforced and prestressed concrete is limited and should only be used
to approximate behavior (Kurtis, et al., 1997).

Figure 2-9: Example E vs. pH Pourbaix Diagram
Section 2.1.1 has provided an introduction to the thermodynamics of corrosion reactions.
However, thermodynamics relations can only be used to compute the spontaneity of a corrosion
reaction in a given environment and in no way can predict the kinetics of these reactions.
Therefore, we must investigate reaction kinetics, as these control the degradation caused by
corrosion.
2.1.2 Kinetics of Corrosion
The occurrence of an electrochemical reaction due to its spontaneity does not dictate the
rate at which it proceeds. The rate of a reaction is controlled by its environment, resistivity of the
electrolyte transferring ions, the availability of reactants, conductivity of the metal transferring
electrons, and the nature of the product which is formed during the reaction which may be rate
limiting.
Many experimentalists use conventional mass loss measurements to determine corrosion
penetration rates. Equation (2.8), shown below, is easily derived and can be used for simple
experimental measurements (Jones, 1996).
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rp 

K  m
  At

(2.8)

Where:
rp  Penetration rate of the surface corrosion
K  Constant for unit consistency
m  Change in mass of the sample
  Density of the material
A  Exposed surface area
t  Exposure time
While this is useful for long term testing, in many instances an “instantaneous”
measurement of the corrosion rate is needed. As discussed in Section 2.1, electrochemical
reactions occur as a circuit with mass transfer (formation of ion) and electron transfer. By
Faraday’s law, we can develop an equation to relate mass transfer (chemical energy) to electron
transfer (electrical energy) (Devine, 1997).
rp 

K I a
A   n F

(2.9)

Where:
I  Measured current between anodic and cathodic sites
a  Atomic weight of the material
Thus, a relation has been made between mass and electron transfer, which can be used to
quantify corrosion rates by current measurements using simple electrochemical testing
techniques. It should be noted that equations (2.8) and (2.9) assume a uniform reaction of the
surface which may not occur if corrosion is of a localized morphology, as is the case with pitting
corrosion.
At equilibrium between the metal surface and the electrolyte, the surface will exhibit a
rest potential, Eo, and exchange current density (current present between anode and cathode at
equilibrium), io. By polarizing the material from its equilibrium potential, Eo, and measuring
current, the corrosion behavior of the material can be determined for a wide range of
electrochemical potentials. Electrochemical polarization is given by:

  Ei  Eo

(2.10)

Where:
Ei  Polarized electrochemical potential

Eo  Equilibrium electrochemical potential
  Electrochemical polarization from equilibrium
  0 Anodic polarization
  0 Cathodic polarization

2-11

Behavior resulting from polarization from equilibrium is most easily visualized using E
vs. log(i) polarization diagrams, where i is the current density (I/A). Figure 2-10 shows a basic
polarization curve in a region near equilibrium. Although a detailed explanation is beyond the
scope of this chapter, a brief discussion of Maxwell reaction rate / chemical potential relations is
warranted. According to Maxwell’s Distribution Law (Singh, 2008):

  G 
K  C  exp 
 RT 

(2.11)

Where:
R  Universal gas constant
K  Reaction rate
C  Constant
T  Temperature
Combining equations (2.11) and (2.3) yields:

i 

(2.12)

   log  i 
i
 o

Where:

  Polarization overpotential
RT
 Tafel constant / slope of polarization curve
nF
ii  Polarized corrosion current density

  2.3

io  Exchange current density
  Constant related to surface geometry
R  Universal gas constant
F  Faraday’s constant, 96485 C/mol
n  Number of electrons transferred in anodic reaction
T  Temperature
Equation (2.12) provides a relationship between the applied polarization and the change
in corrosion current density of a material. In addition, equation (2.12) verifies the experimentally
observed linearity in the relationship between current and polarization when curves are plotted
using a log scale for the current component. Tafel constants βa and βc used in equation (2.12)
typically range between 0.05 and 0.2 V/decade and represent the ~constant linear slope of the
anodic and cathodic portions of a polarization curve (Jones, 1996).
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Figure 2-10: Example Polarization Curve
For corrosion reactions to proceed, chemical and electrical energy exchange between
anodic and cathodic sites must occur at the same rate. By plotting anodic and cathodic
polarization curves on the same diagram their interaction can be observed. These combined
interaction diagrams are typically the subject of Mixed Potential Theory.
In many cases complete linearity is observed when plotted against the logarithm of
current, indicating the reaction is activation controlled (rate of reactions controls corrosion
according to equation (2.12)). An example corrosion reaction exhibiting activation control is
shown in Figure 2-11. In some instances nonlinearity may be oberserved and is known as
concentration control. Concentration control may result from high rates of reaction causing
reactant depletion at the surface and/or the buildup of reaction products on the surface limiting
the availability of reactants (Jones, 1996). Figure 2-12 shows a corrosion reaction in which the
cathodic portion of the electrochemical cell exhibits concentration polarization induced
nonlinearity.
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Figure 2-11: Activation Controlled Polarization Diagram

Figure 2-12: Concentration Controlled Polarization Diagram
In addition to its use for simple systems, Mixed Potential Theory can also be used to
describe the interactions associated with crevice corrosion, galvanic coupling of dissimilar
metals, concentration cells corrosion, and systems where there may be multiple anodic and
cathodic reactions occurring simultaneously.
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2.1.3 Active – Passive Behavior of Metals
While the kinetics discussed in Section 2.1.2 are theoretically applicable to all corrosion
reactions, consideration of the reaction products formed on the surface should also be given, as
they have a great influence on the corrosion behavior of the material. In the case of concrete
reinforcement, we are mainly concerned with conventional carbon and stainless steel alloys.
Shown in Figures 2-13 to 2-15 for Fe, Cr, and Ni, respectively, the Pourbaix diagrams indicate
regions of phase / structure stability with respect to E and pH. Depending on E and pH, a surface
may exhibit passive behavior by the buildup of a nanometer thick passive metal-oxide layer,
active behavior by continuous dissolution of metal ions into the electrolyte, or immune behavior
if the surface is thermodynamically stable in its pure form. The passive condition is shown in the
aqua shaded regions on Figures 2-13 to 2-15.

Figure 2-13: Iron E vs. pH Pourbaix Diagram (Pourbaix, 1974)
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Figure 2-14: Chromium E vs. pH Pourbaix Diagram (Pourbaix, 1974)

Figure 2-15: Nickel E vs. pH Pourbaix Diagram (Pourbaix, 1974)
In order to effectively explain passivity of metallic concrete reinforcement, a description
of the environment present at the surface for the embedded reinforcement is necessary. Normal
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Portland cement concrete (PCC) consists of fine and coarse aggregates, cement, and water. In
many cases, additional chemical and mineral admixtures may be used to produce concretes with
higher strength and durability. Hydration of cement produces a porous hydrated cement paste
(HCP) structure of calcium silicate hydrate (C-S-H), calcium hydroxide (CH), ettringite (Aft),
and monosulfate hydrate (Afm). In addition, a pore solution rich in KOH, NaOH, and Ca(OH)2
exists in the HCP. The presence of hydroxides in the pore solution raises its pH to approximately
12.5 to 14 (Kurtis, 2007, Mehta, et al., 2006).
As indicated in Figure 2-13 and experimentally observed, in the highly alkaline pore
solution, normal steel reinforcement develops a strongly protective passive film on its surface,
resulting in a high resistance to corrosion (Ahmad, 2003, Jones, 1996, Mehta, 1991, PCA, 2007).
Many mechanisms, which will be discussed in subsequent chapters, may degrade the protection
offered by the passive film. For example, if a process results in a drop of pH to near neutral
conditions or the stability of the film is jeopardized, corrosion may be initiated.
To achieve increased resistance to corrosion, alloys which develop a passive film over a
wider range of E and pH may be utilized. For civil infrastructure applications, stainless steels are
the typical alternative alloys used for concrete reinforcement to provide high corrosion resistance
(Hartt, et al., 2007). Stainless steels are comprised mainly of Fe, Cr, and Ni. As shown in Figures
2-13 to 2-15, each of these alloys develops a passive film in an alkaline environment under
ranges of potential which are typical in reinforced and prestressed concrete. When passive
regions are superimposed, the effectiveness of adding Cr to the alloy is indicated by a much
wider range of passivity. Figure 2-16 shows the regions of passivity in a Fe-Cr-Ni alloy, with Fe
shaded red, Ni, shaded aqua, and Cr shaded blue.

Figure 2-16: Superposition of Fe, Cr, and Ni E vs. pH Pourbaix Diagrams (Pourbaix, 1974)
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In most stainless steels, Cr is the main contributor to increased passivity. However, the
effectiveness of Cr is only gained if addition is upwards of 10% in the stainless steel, as
evidenced in Figure 2-17. At lower alloying percentages, Cr only participates in metallic bonding
of the Fe-Cr-Ni structure. Its ability to form a stable Cr2O3 passive film structure over a wide
range E and pH provides stainless steels with a high resistance to corrosion once a passive film
has formed (Skorchelletti, 1976).

Figure 2-17: Effect of Cr Addition on Corrosion Rate
Nickel shows little benefit beyond that given by Fe in the formation of a passive film.
The primary function of Ni is to stabilize the FCC structure of Fe present in typical austenitic
(e.g. Types 304 and 316) stainless steels. Further information on the use of stainless steels
(including austenitic, duplex, and new innovative alloys) for concrete reinforcement will be
presented in subsequent chapters.
Experimentally, the presence of a protective passive film may be shown on a polarization
diagram, where corrosion current density remains constant or decreases over a wide range of E,
indicating the presence of a reaction limiting product being formed on the surface. Figure 2-18
depicts the typical behavior of an active – passive metal with the large region in which corrosion
rates are constant with increasing values of E (Singh, 2008). The active region represents
dissolution of the metal to solvated cations in the electrolyte. The passive region represents the
buildup of a stable passive film on the surface. Once potentials reach the transpassive level,
corrosion protection is lost as the passive film’s structure begins to degrade (or O2 may be
evolved), particularly at defect sites such as scratches and grains boundaries.
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Figure 2-18: Polarization Curve for Active – Passive Metal (Jones, 1996)
The effect of alloy composition, solution / electrolyte aggressiveness, temperature, and
many other factors all alter the behavior of polarization curves (Jones, 1996). For example,
Figure 2-19 illustrates the increase in passivity resulting from addition of 10.5% Cr to a normal
Fe steel in an aqueous alkaline environment. It should be noted that polarization curves are
specific to the material and environment tested and cannot be used for broad applications of
electrochemical behavior.

Figure 2-19: Polarization Curve for Fe & Fe + 10.5% Cr Alloys (Jones, 1996)

2.2 Corrosion Mechanisms in Concrete
2.2.1 Carbonation Corrosion
Corrosion of reinforcement caused carbonation of the cover concrete occurs with the
ingress of CO2 from the atmosphere and its subsequent reaction with phases present in the HCP.
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For corrosion to occur, carbonation of the HCP must occur to the level of the reinforcing steel.
Ingress of CO2 has been shown to follow (Bertolini, et al., 2004):
d  K  t 1/ n

(2.13)

Where:
d  Depth of carbonation
K  Experimentally curve fitted constant
t  time
n  Curve fitting factor (2 in PCC and >2 in HPC)
The ingress of CO2 is greatly affected by environmental conditions such as relative
humidity (RH) and temperature. As shown in Figure 2-20, maximum CO2 ingress occurs
approximately at a RH of 60-70% and moderate temperature of 20-25˚C. Lower carbonation
rates may occur when concrete is saturated by rain or dry due to little exposure.

Figure 2-20: Carbonation Depth vs. Time (Wierig, 1984)
Once the carbonation front reaches the surface of the reinforcement, pH falls as CO2
reacts with the components of the concrete pore solution (Bohni, 2005), as shown below:

2 NaOH  H 2 O  CO2  Na2 CO3  2H 2 O
2KOH  H 2 O  CO2  K 2 CO3  2H 2 O
Ca(OH ) 2  H 2 O  CO2  CaCO3  2H 2 O

(2.14)
(2.15)
(2.16)

Each carbonation reaction requires H2O to complete. This requirement is the reason a
moderate RH of 60-70% is required for carbonation rates to be at a maximum. To high of a RH
will limit the ingress of CO2 gas, while to low of a RH will limit the availability of H2O. Cyclic
wet/dry cycles can also increase carbonation rates. Dry cycles allow CO2 to permeate into the
concrete, while wet cycles provide the H2O needed for carbonation reactions to occur. CO2
concentration can also have a large impact on carbonation rates. Under normal conditions CO2
concentrations are in the order of 0.03%, with up to 10X higher concentrations in industrial or
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urban areas, and up to 100X higher concentrations in areas such as highway tunnels or power
plants (Hope, et al., 2001). As would be expected, increased temperatures also increase rates of
carbonation and carbonation related corrosion.
The products of the carbonation reactions, sodium and potassium carbonates have a high
solubility, therefore, they stay in solution while the calcium carbonate has a low solubility and
precipitates out of solution, often filling the pore space and reducing CO2 ingress rates. The
consumption of the sodium, potassium, and calcium hydroxides leads to a reduction in the pH of
the pore solution to approximately 7 to 9. At the neutral pH, the protection offered by the passive
film is lost, and uniform corrosion of the reinforcing steel begins (Broomfield, 2007). Figure
2-21 illustrates the typical distribution of pH with carbonation depth.

Figure 2-21: Typical pH Distribution during Carbonation (Broomfield, 2007)
Determination of carbonation depth is typically made with the use of a Phenothalien /
alcohol indicator which turns pink at a pH greater than 9. As shown in Figure 2-22, the cover
concrete has been carbonated, while the inner concrete is still highly alkaline. In this case,
carbonation has reached the surface of the reinforcement inclusion in the core.
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Figure 2-22: Carbonation of Cover Concrete
In the U.S., corrosion due to carbonation is of little concern in most modern structures
which utilize low w/c ratios, cover concrete thicknesses greater than 1”, supplementary
cementitious materials, proper curing, and high cement contents provided that proper
consolidation of the concrete occurs (Bertolini, et al., 2004). In these structures, carbonation rates
are typically in the order of 1-5mm/yr (Hartt, et al., 2004). Many regions around the globe where
climates are more favorable to accelerated carbonation rates (moderate temperature with frequent
wet / dry cycles) are subject to corrosion induced by carbonation of the cover concrete
(Broomfield, 2007). However, as service lives extend beyond 75-100 years, carbonation may be
an additional mechanism which must be considered in order to assess the corrosion resistance of
a concrete structure.
In addition, carbonation of the cover concrete may also liberate bound chlorides in the
HCP. Monosulfate hydrate and ettringite phases present in the HCP have the capability to bind
Cl- to form Friedel’s Salts ( 3CaO  Al 2O3  CaCl2 10H 2O ).Once the cover concrete has been
carbonated and bound Cl- released, a “front” of high Cl- concentration results. Once the Cl- front
reaches the level of the reinforcing steel corrosion may be initiated by Cl- interaction with the
passive film as will be discussed in the following section.
2.2.2 Chloride Induced Corrosion
In modern structures, ingress of Cl- ions from the environment is the predominant cause
of corrosion in reinforced and prestressed concrete members. Because corrosion by chloride ions
is of utmost importance, this section will discuss the effect of marine and deicing salt exposure,
Cl- corrosion mechanisms, transport mechanisms including the effect of Cl- binding, the effect of
cracking, and a discussion of accepted Cl- threshold values.
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2.2.2.1 Marine and Deicing Salt Exposure
The most destructive component of a salt bearing environment is the Cl- ion. In seawater,
salt content ranges from 33-38 parts per thousand (ppt) and is usually considered to be 35 ppt in
open ocean water (Mehta, 1991). While the salts are made up of various elements including
sodium, potassium, and magnesium, the main ion present in seawater is the chloride ion. Table
2-2 shows the typical anion and cation content in open ocean water. Chlorides can also ingress
into concrete through the use of deicing salts in regions with severe winters, resulting in
extensive corrosion of bridge decks and concrete pavements. Degradation can also be accelerated
in tropical regions, where marine conditions are accompanied by increased temperatures and
relative humidity (Hartt, et al., 2004).
Table 2-2: Seawater Ion Content (Chandler, 1984)
Seawater Ions Content (g/kg)
Total Salts
35.10
Sodium
10.77
Magnesium
1.30
Calcium
0.409
Potassium
0.338
Chloride
19.37
Another important consideration in both bridge decks and marine exposures is the
potential for periodic wet and dry cycling. Periodic wetting due to tidal or splash action in
marine structures, or periods of rain/snow and dry on bridge decks can allow chlorides to ingress
at high rates during wet periods and then precipitate and deposit during dry periods. Examples of
this can be seen in Figures 2-23 and 2-24, showing the increased Cl- concentration occurring in
the splash zone and submerged areas relative to the dry regions. Even though Cl- contents can be
very high in submerged areas, corrosion is of little concern due to the lack of O2 to carry out
reactions at the cathodic site. It is only in the wet/dry areas of the splash and tidal zone where a
supply of both chlorides and oxygen is present and corrosion rates are accelerated (Sandberg, et
al., 1998).
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Figure 2-23: Typical Cl- Profile at Waterline (Nuernberger, 1995)

Figure 2-24: Cl- Concentration vs. Depth for Coastal Piles (Hamilton III, 2007)
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2.2.2.2 Chloride Induced Corrosion Mechanisms
As discussed in Section 2.1.3, steel typically does not corrode in concrete as portlant
cement-based concrete has a high pH and causes passivation of the steel surface. In Cl- bearing
environments, the main danger of corrosion is the localized breakdown of the passive film. Once
Cl- has reached a sufficient concentration at the level of the reinforcement, passivity can be lost
locally, initiating corrosion. Breakdown of the passive film is caused primarily by diffusion of
Cl- into the passive film (Jones, 1996).
Under normal conditions the passive film dissolves at a slow and steady rate. Cl- at the
passive layer – electrolyte interface can dissociate hydroxyl ions in the passive film, forming
metal chlorides (halides) which dissolve into the electrolyte (pore solution in this case).
Degradation of the passive film occurs according to equations 2.16 to 2.18 (Kurtis, et al., 1997).
It should be noted that the reaction shown in equation 2.18 involves the formation of Fe(OH ) 2
corrosion product and, most importantly, the release of the Cl-. Thus, the breakdown of the
passive film is an autocatalytic reaction, with the Cl- reactant not being bound into the corrosion
products (Kurtis, et al., 1997).

Fe 2  6Cl   FeCl 6

4

(2.16)

3

(2.17)

Fe 3  6Cl   FeCl 6
3

FeCl 6  2OH   Fe(OH ) 2  6Cl 

(2.18)

Reactions will occur preferentially at defect sites in the passive film. Defects can be due
to grain boundaries in the underlying metal, slip planes at the surface, or scratches and
imperfections. From the localized sites of dissolution, larger pits will eventually be formed
leading to corrosion damage. A typical corrosion pit is shown in Figure 2-25. Inside of the pit Clare concentrated and pH falls to very acidic levels approaching 1 due to the formation of H+
(Revie, 2000).

Figure 2-25: Typical Corrosion Pit Morphology (Jones, 1996)
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Because the ingress of Cl- is typically fairly uniform, breakdown of the passive film
occurs uniformly across the surface of the reinforcing steel. Once pitting has become extensive
on the surface of the reinforcement, pits will eventually coalesce and transgress into general /
uniform corrosion, causing the typical cracking and spalling of the cover concrete.
2.2.2.3 Cl- Transport Mechanisms in Concrete
For Cl- induced corrosion to occur, Cl- must reach the depth of steel by transport from the
surface. The ingress of chlorides is controlled by many different mechanisms including diffusion,
capillary suction, and chloride binding. Diffusion is defined as transport (in this case of Cl-) into
a material due to a concentration gradient. Capillary suction is the absorption of a fluid into a
material due to capillary tension forces (also known as capillary action). When concrete is
saturated, diffusion is the dominant transport mechanism, and when dry, capillary suction upon
first wetting is the main mode of transport for chlorides (Thomas, et al., 1999). Concrete which is
completely dry has almost no ability to absorb Cl- and is resistant to corrosion.
Most research performed on chloride ingress utilizes Fick’s second law for diffusion to
model the non-steady state transport phenomena found in concrete. Fick’s second law states that:

C
 div (J )
t

(2.19)

Where:
C  Concentration
t  Time

J  Diffusional flux across a boundary


Using Fick’s first law, J   DC and taking D (the diffusion coefficient) to be constant, we
obtain the usual form of Fick’s second law, a 2nd order partial differential equation (2.20).

C
 2C
D 2
t
x

(2.20)

Where:
D  Diffusion coefficient
x  Depth of ingress
Through Boltzman substitution,  x 2 Dt , equation can be transformed from a partial
differential equation to an easily solved 2nd order homogeneous ordinary differential equation of
the form:

 2C
C
 2
0
2



(2.21)

Solution to equation (2.21), incorporating boundary conditions and an error function to simplify
calculations yields (Kreyszig, 1967):
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x 

C ( x, t )  Cs 1  erf

2 Dt 


(2.22)

Where:
C ( x, t )  Concentration at depth x and time t
Cs  Concentration at surface
Many researchers have used normal diffusion models to predict Cl- ingress successfully
(Bertolini, et al., 2004). Thomas et. al used a normal Fickian model to test the effectiveness of
supplementary cementitious materials (SCMs) at limiting Cl- ingress effectively, accurately
predicting chloride concentrations, as shown in Figure 2-26.

Figure 2-26: Comparison between Diffusion Model and Data (Thomas, et al., 1999)
To accurately model Cl- ingress, capillary suction should also be considered. When
concrete is dry, at first wetting liquid is absorbed quickly into the matrix due to the action of
capillary suction. Capillary absorption of water is typically modeled according to the equation:
A  R  S  t 1/ 2

(2.23)

Where:
A  Water uptake capacity of the concrete
R  A constant to account for surface roughness
where A represents the water uptake capacity of the concrete, S is the sorptivity, t the elapsed
time, and C a constant to consider the disturbance (roughness) of the surface (Basheer, et al.,
2001).
For a complete transport model the effect of Cl- binding must also be considered.
Chloride binding occurs due to the formation of Friedel’s salts ( 3CaO  Al 2O3  CaCl 2 10H 2O )
by reaction Monosulfate hydrate (Afm), ettringite (Aft), and Cl- (Mehta, et al., 2006). Two
accepted mechanisms are responsible for the chloride binding capacity of Friedel’s salts, the
adsorption theory and the anion-exchange theory. In the adsorption theory, it is theorized that Cl-
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penetrates the lattice structure of the Afm and Aft phases and is physically bound to the crystal
structure through bonding. The anion-exchange theory speculates that Cl- physically bonds to the
surface of the Afm and Aft phases to form Friedel’s salt (Suryavanshi, et al., 1996). Whether these
theories are completely accurate does not invalidate the fact that Cl- binding does occur in the
HCP. As would be expected, an increase in C3A content in cement, resulting in an increased
amount of Monosulfate hydrate and ettringite present in the HCP, has been shown to increase a
concrete’s ability to bind chlorides (Glass, et al., 2000). It is important to note that only free Clpresent in the HCP can participate in corrosion reactions.
Many models have been proposed which consider all of the transport effects present in
concrete, including Cl- binding. Boddy et. al have developed a transport model for computer
implementation which follows (Boddy, et al., 1999):
dC
d 2C
dC   dCb
 D 2 v

dt
dx
n  dt
dx

(2.24)

Where:
  Q / nA  Flow velocity according to Darcy’s Law
Q  Flowrate
n  Porosity
A  Area of fluid flux
  Density
t  Time
x  Distance from exposed surface
Cb  Concentration of bound ClC  Concentration of free ClGlass et. al also developed a transport model based on the Langmuir adsorption theory to
account for the effect of chloride binding. Equation (2.25) shown below, is used to determine the
concentration of bound Cl- present in the HCP.
Cb 

 C
1  C

(2.25)

Where:
 ,   Experimentally fitted constants
When equation (2.25) is input into a Fickian non-steady state diffusion model the following
results (Glass, et al., 2000):


 dC

d 2C

 D 2
1 
2 
dx
 w  (1  C )  dt

(2.26)

Where:
w  Constant related to the ratio of free to bound Cl-
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The effect of including chloride binding in a transport model can be seen in the
concentration vs. depth graph shown in Figure 2-27. While many researchers have sufficiently
relied on diffusion models to predict Cl- ion transport, much controversy still exists as to their
accuracy with respect to newer models which take into account all effects. One important
consideration which is neglected in these models is the increase in Cl- concentration which can
occur at the splash/tidal zone in marine structures and the presence of cracks. In addition, each
model relies on experimental data to fit theoretical equations using variable constants. While
empirical curve fitting results in an acceptable prediction of Cl- ingress, applying these models
without any specific experimental data to a material as variable as concrete is ineffective given
current technologies.

Figure 2-27: Concentration Profile With and Without Cl- Binding (Basheer, et al., 2001)
2.2.2.4 Effect of Cracking on Chloride Ingress
While much debate exists over the influence of cracking on Cl- ingress, it is universally
accepted that the presence of cracks will increase permeability. Numerous studies have been
conducted to determine the effect of cracking, and evaluate at which size a crack begins to affect
the ingress of Cl-. Most studies indicate that if a detectable crack is present, it will greatly
increase the ingress of Cl-, and the width of the crack has little effect on the rate of ingress
(Rodriguez, et al., 2003, Schiel, et al., 1997). Others, such as Hansson et. al, indicate that crack
width can effect the ingress of Cl-, finding that cracks less that ~0.5mm in width have little
influence on the ingress of Cl- (Hansson, 2005). Cracking of cover concrete not only allows for
Cl- to reach a direct point on the surface of the reinforcement, but also allows for additional
ingress of Cl- into the HCP through the interior surfaces of the crack. Figure 2-28 illustrates the
typical progression of Cl- through a crack in the cover concrete.
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Figure 2-28: Effect of Cracking on Cl- Ingress
Much research has also been conducted on the possibility of autogenous self healing of
cracks to limit permeability. Self healing is possible due to the combined effects of swelling and
additional hydration of cement paste, precipitation of carbonates, such as CaCO3, and crack
blocking by impurities or broken concrete. While self healing of cracks was not found to be
possible when widths are large, healing was found to occur when crack widths were less than
~0.1mm, with almost a full recovery in permeability (Edvardsen, 1999). While larger crack
widths will experience some self healing, their rate of recovery is limited as evidenced in Figure
2-29. In any case, researchers agree that over a long design life (as is the case in current bridges
with a 100+ year design life) the presence of cracks only accelerates the initiation of corrosion
(Ahern, 2005).

Figure 2-29: Relationship Between Crack Width and Self healing (Edvardsen, 1999)
In the case of prestressed concrete structures, the possibility of crack closure and
subsequent self healing due to the presence of precompression forces has received little
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investigation. It has been shown that the self healing of cracks to restore original permeability
properties is greatly accelerated at early ages by the presence of compressive stress to close the
crack. In addition, it was found that only enough compressive stress to close the faces of the
crack was needed to initiate self healing (Heide, 2005). Figure 2-30 shows the results of crack
self healing in the presence of compressive stress imaged using fluorescent epoxy impregnation.
Self healing experiments conducted in compression are typically performed at early ages when
hydration is still occurring. Further research is warranted which investigates the effect of cracks
in compression in fully hydrated concrete exposed to realistic non-laboratory environments.

(a) Impregnation immediately
(b) After healing without
(c) After healing with
after cracking
compression
compression
Figure 2-30: Self Healing of Cracks With and Without Compressive Stress (Heide, 2005)
2.2.2.5 Chloride Threshold Level
The parameter utilized by most engineers for Cl- limits is the chloride threshold level,
commonly known as the CTL. This value is typically expressed as the weight percent of chloride
vs. the weight of cement in a concrete mixture, or weight of chlorides per cubic volume of
concrete and represents the concentration of Cl- when corrosion is expected to initiate. In the
United States, a CTL value of 1 to 1.5 lb/yd3 (.6 to .9 kg/m3) has been agreed upon by most
researchers for mild steel reinforcement in concrete (Ann, et al., 2007, Manera, et al., 2007). Due
to the large variability in values for the CTL reported by researchers, the American Concrete
Institute (ACI) has taken a conservative stance on CTL values. CTL values given in the ACI
318-05 Building Code Requirements for Structural Concrete and Commentary are shown in
Table 2-3. ACI 318-05 CTL values are much less than those of 0.4 to 0.6 % used in Europe and
Canada (Hope, et al., 2001).
Table 2-3: CTL Values Recommended in ACI 318-05 (Wight, 2005)
Maximum water soluble Cl- in
Type of member
concrete, percent by weight of cement
Prestressed Concrete
0.06
Reinforced concrete exposed to Cl- in service
0.15
Reinforced concrete that will be dry or protected
1.00
from moisture in service
Other reinforced concrete construction
0.30
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Another measure of chloride content recommended by researchers is the use of a molar
chloride-to-hydroxide ratio, [Cl-]:[OH-] (Ann, et al., 2007). Researchers indicate that this value is
more inclusive of the corrosion inhibiting behavior of concretes with higher OH- contents. While
ratios of 1 to 3 are typical, variability from 0.5 to 40 seems to make the [Cl-]:[OH-] ratio an
unreliable indicator of the CTL (Ann, et al., 2007, Thangavel, et al., 1998).
In both the cases of the typical weight % measure of CTL and the [Cl-]:[OH-] ratio,
variability in laboratory and field conditions and concrete placement techniques makes any
measure of CTL inherently unreliable (Hope, et al., 2001). The CTL is affected by numerous
factors, including concrete quality, the presence of voids, temperature, relative humidity,
cracking, and oxygen availability. Therefore, there is a synergistic relationship present between
the many possible variables which interact differently to give the true CTL of a particular
reinforced concrete element. Figure 2-31 illustrates these interdependent relationships as
determined by the CEB-FIP committee on Durable Concrete Structures.

Figure 2-31: CTL Recommendations by CEB – FIP (FIP, 1992)
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2.2.3 Consequences of Carbonation and Cl- Induced Corrosion
Damage to structures caused by corrosion occurs over an extended period of time.
Depending on the quality of the concrete, the environment, cover, and many other factors, the
time until failure of the structure occurs and/or rehabilitation is needed can vary greatly.
Corrosion timelines include an initiation period where carbonation of the cover concrete or
ingress of Cl- to the level of the reinforcing steel occurs and a propagation period as corrosion is
initiated and damage to the structure begins. As explained in Figure 2-32, the length of each
period is affected by many factors.

Figure 2-32: Corrosion Damage Timeline (Bohni, 2005)
Once corrosion of the reinforcement has initiated, it is the reaction itself and the
corrosion products formed which degrade the integrity of the concrete structure. Corrosion
reactions result is dissolution of metal, in this case Fe, from the surface of the reinforcement,
resulting in a loss of cross sectional area. Due to decreased cross section, the design strength of
the member may be decreased. However, in most cases general reinforcement corrosion is noted
by cracks and brown rust stains like those depicted in Figure 2-33 well before strength is
degraded to dangerously low levels (Bertolini, et al., 2004).

Figure 2-33: Cracks and Rust Staining on Concrete Member

2-33

The far greater impact of corrosion is the formation of corrosion products on the surface
of the reinforcement. As shown in Figure 2-34, products formed by corrosion reactions when
hydrated can occupy up to 7 times the volume when compared to that of the reacted metal
(Mehta, et al., 2006).

Figure 2-34: Relative Volumes of Fe Oxides (Hope, et al., 2001)
Expansive corrosion products develop tensile hoop stresses around the perimeter of the
reinforcing bar. With concrete being weak in tension, cracks develop perpendicular to the tensile
hoop stresses, as shown in Figure 2-35. Eventually, cracks will become extensive and spalling of
the cover concrete occurs (see Figures 2-1 and 2-2). In addition to reducing the member’s
strength, cracking and spalling greatly lowers the concrete’s resistance to the ingress of Cl- and
other reactants such as CO2 and O2, leading to accelerated corrosion (Broomfield, 2007). The
formation of corrosion products at the steel / concrete interface may also lead to bond
degradation (Kurtis, et al., 1997).

Figure 2-35: Cracking and Spalling of Concrete Caused by Corrosion (Rourke, 2008)
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2.3 DEGRADATION OF PRESTRESSING STEELS
In addition to the corrosion mechanisms discussed in section 2.2 present in reinforced and
prestressed concrete, other dangers exist in prestressed concrete structures. Due to their high
level of initial stress and inherent metallurgical properties, prestressing steels may be susceptible
to environmentally induced cracking (EIC) and strength and fatigue degradation in the presence
of a corrosive environment.
In the case of prestressed concrete structures, two modes of EIC are of particular concern,
stress corrosion cracking (SCC) and hydrogen embrittlement (HE) (Hope, et al., 2001). In many
cases, SCC and HE mechanisms may occur simultaneously and interact with each other. The
main danger of EIC is a reduction in both strength and ductility of the affected metal resulting in
brittle failure modes at lower than anticipated loadings, as shown in Figure 2-36.

Figure 2-36: Slow Strain Rate Testing of Steel (a) in Air, and (b) in Seawater (Landolt, 2007)
Much like the timeline for Cl- corrosion initiation, EIC includes an initiation period when
cracks begin to form, a propagation period as cracks grow through the microstructure, and a
damage period when fast fracture and failure of the metal occurs (Landolt, 2007). Corrosion of
prestressing steels may also result in a loss of strength, ductility, and fatigue resistance through
what is referred to as corrosion fatigue. For background, the following section will review the
properties of prestressing steels.
2.3.1 Properties of Prestressing Steels
Steels used for prestressing are high-strength carbon steel Fe alloys with approximately
0.85% C, 0.65% Mn, 0.23% Si, and other trace elements such as S, P, Al, Mo, Cr, Cu, Ni, and V
(Schroeder, et al., 2003). Prestressing steels are manufactured in a continuous process, producing
a coil of wire which can then be manufactured into various forms for use in prestressing systems.
Finishing of the wire during the first phase of manufacture is done using the Stelmore process.
This process uses a quick quenching of the steel from 1500ºF to room temperature to create the
fine pearlitic microstructure of prestressing steels (Hope, et al., 2001). Wire produced using this
process has strength of approximately 160ksi (1100MPa).
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In order to achieve the desired 250-270ksi (1720-1860MPa), wires produced at the mill
are cold drawn and heat treated. Cold drawing is done by reducing the diameter of the wire by
approximately 25% at each stage until the desired wire diameter is obtained. Following cold
drawing, post processing of the wires to reduce residual stresses created during cold drawing is
done to produce a linear stress vs. strain relationship and to limit stress relaxation of the wire.
Figure 2-37 shows the strand production process at Insteel’s Jacksonville, FL production facility,
one of the largest prestressing wire, strand, and bar producers in the country. The stress relieving
process is performed at approximately 700ºF, allowing residual stresses in the wire from the
drawing process to “relax”, resulting in improved material properties. The currently used lowrelaxation method combines the high temperature of stress relieving with stress of approximately
40% ultimate tensile strength (ASTM, 2006). The resulting product possesses an alternating α-Fe
and Fe3C pearlitic microstructure (shown in Figure 2-38), with high-strength (250-270ksi),
moderate ductility (of ~5%), and low stress relaxation (typically less than 2% to 3% by ASTM
A416 specifications (ASTM, 2006)) (Hope, et al., 2001, Lewis, 1969, Nawy, 2000).
Stages of cold drawing

Transfer for stranding
and low-lax treatment

Figure 2-37: Prestressing Strand Production Process

x

z

y
Figure 2-38: Pearlitic Microstructure (a) Parallel to z-axis, and (b) Normal to z-axis (Elices, et
al., 2008)
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Wires manufactured for use as prestressing are processed into three different
configurations; single indented wires, multi-wire strands, and threaded bars. Single indented
wires are typically used for specialty pretensioning applications such as precast concrete pipes,
where a large amount of prestressing force is not required. Multi-wire strands are by far the most
popular material used in prestressing systems. Strands are typically manufactured in a 7-wire
configuration, although 3, 19, and many other configurations are available. 7-wire prestressing
strands are available in 3/8”, 7/16”, 1/2", and 0.6” diameters, with the most common “1x7”
configuration shown in Figure 2-39. 1x7 prestressing strand is used in both pre and posttensioning systems in prestressed concrete. Threaded bars used for prestressing are typically used
in post-tensioning operations. Prestressing bars are manufactured with lower strengths of 150160ksi (1000-1100MPa) and in a variety of diameters (Nawy, 2000).

Outer Wire

Center Wire

Crevice Site
Interstitial
Region
Figure 2-39: 1x7 Prestressing Strand Configuration
2.3.2 Stress Corrosion Cracking
Brittle failures caused by SCC may result when a susceptible alloy is placed in a
corrosive environment while under a constant tensile loading (Schweitzer, 2003). In many cases,
only specific alloy / environment combinations may be susceptible to damage by SCC. High
strength alloys are at the greatest risk of SCC, owed to their high defect density and possible
microstructural inhomogeneities resulting from production (Jones, 1996).
SCC may be intergranular or transgranular, as shown in Figure 2-40. Transgranular
cracking results from reaction with the alloy itself along specific crystal planes and directions.
Intergranular cracking results from inhomogeneities present at the surface causing cracks to be
initiated preferentially at sites such as grain boundaries and defects (e.g. dislocations and
vacancies) which have reached the surface. This is especially prevalent in cases where metal
processing has resulted in undesirable precipitates (such as chromic carbides) being formed at
grain boundary sites due to improper heat treatment (Jones, 1996, Mietz, et al., 1997, Singh,
2008).
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(a)

(b)

Figure 2-40: SCC (a) Intergranular, and (b) Transgranular (Landolt, 2007)
SCC is mainly limited to active – passive alloy / environment combinations, with damage
occurring primarily in regions where passive film stability is easily jeopardized. Figure 2-41
shows zone 1 and 2 potential regions where SCC will most likely occur. In the transpassive
region zone 1, the passive film is becoming weak as pitting occurs and the film begins to
breakdown. As will be discussed later, pitting corrosion has also been shown to assist in the
initiation of SCC, although it is not the only mechanism responsible for SCC. In zone 2, a stable
passive film is just beginning to be formed and is not stable. Therefore, the metal’s surface can
easily transfer between active and passive states, resulting in randomly distributed local anodic
sites with large cathodic regions driving the formation of electrochemically active crack tips
(Jones, 1996, Landolt, 2007).

ZONE 3

Figure 2-41: Regions of SCC and HE Susceptibility (from (Jones, 1996))
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While most theories of SCC attribute anodic dissolution of metal at the crack tip to be the
driving force for damage, examination of fracture surfaces shows little anodic dissolution of the
faces of cracks, indicating combined SCC and mechanical modes of fracture. An example of
intergranular SCC induced cracking in a prestressing steel is shown in Figure 2-42. In Figure
2-42, note the intergranular cracking which is adjacent to the region of ductile fracture of the
prestressing steel.

Figure 2-42: Intergranular SCC Cracking in Prestressing Steel (Mietz, 2000)
2.3.4 Hydrogen Embrittlement of Metals
Damage of metals due to hydrogen diffusing into the crystal structure of an alloy is
referred to as hydrogen embrittlement. Much like SCC, HE results in brittle modes of failure
with cracking of the microstructure upon tensile loading. Cracks formed by HE are mainly
transgranular, as HE typically results in the most damage when occurring in the lattice structure
and not at defects and grain boundaries where porosity is relatively high compared to the bulk.
HE may occur only when atomic hydrogenis present due to high pressure hydrogen gas,
generation at cathodic reaction sites, or by corrosion reactions (Nuernberger, 2002). Thus, in
civil infrastructure applications, atomic hydrogen may only be generated at sufficient levels of
cathodic polarization through excessive cathodic protection, as shown in Zone 3 of Figure 2-41;
or when corrosion potentials are such that cathodic reactions result in the formation of atomic
hydrogen (below H2 stability line on Pourbaix diagram, see Figure 2-43) (Bertolini, et al., 2004).
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O2 Stable

H2O Stable

H2 Stable

Figure 2-43: Regions of Stability for Cathodic Reactions (from (Pourbaix, 1974) and (Bertolini,
et al., 2004))
Atomic hydrogen may be present at the surface by reduction of water or hydrogen cations
in neutral and acidic solutions (Landolt, 2007), respectively:

H 2O  e   H  OH 
H   e  H

(2.27)
(2.28)

Because hydrogen exhibits a +1 oxidation state, it will normally react to form covalently
bonded molecular hydrogen by H  H  H 2 . However, reactions to form molecular hydrogen
may be slow, allowing atomic hydrogen present on the surface of the metal to penetrate the
lattice before reaction to form H2 (Skorchelletti, 1976). Reaction times may be significantly
slowed by the presence of doping agents in the alloy such as S, As, Sb, and P. The formation of
expansive hydrides by reaction with Ti, Zn, Hf, V, Nb, Ta, and Pd are also mechanisms for HE
(Jones, 1996), but these elements are not typically present in great quantities in alloys used for
civil engineering applications.
Once atomic hydrogen has entered the lattice, it will occupy interstitial sites and other
regions of high porosity, such as grain boundaries and defect / dislocation regions. Interstitial
sites for H occupation in BCC and FCC metals are shown in Figure 2-44 below.
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(a) FCC Octahedral Site
(b) BCC Octahedral Site
(c) BCC Tetrahedral Sites
Figure 2-44: Interstitial Sites for H Occupation in BCC and FCC Metals
With atomic hydrogen present in the crystal lattice, reaction to form molecular H2 results
in expansion and dilation of the lattice as the larger molecule is formed at interstitial and defect
sites (Jones, 1996, Skorchelletti, 1976). Dilation of the lattice from HE results in weakening of
metallic bonding, resulting in a structure which is susceptible to crack formation upon tensile
loading.
FCC structures with larger interstitial sites and higher ductility are generally less affected
than BCC metals which have lower H solubility and restricted slip capabilities. Cracks formed
by HE are generally transgranular, as the lattice structure itself is most affected by the formation
of molecular H2 (Landolt, 2007). An example of transgranular HE induced cracking in
prestressing steel is shown in Figure 2-45.

Figure 2-45: Transgranular HE Fracture of Prestressing Steel (Schroeder, et al., 2003)
2.3.5 Mechanisms of SCC and HE Crack Formation
The degradation of a metal caused by SCC and HE can be explained by many
mechanisms. While an in depth examination of each possible mechanism is beyond the scope of
this report, Figure 2-46 shows 6 accepted mechanisms which may lead to SCC and HE cracking.
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Figure 2-46: Proposed SCC and HE Crack Propagation Mechanisms (Jones, 1996)
Most popular mechanisms used to describe SCC include electrochemical dissolution at
the crack tip in conjunction with mechanical fracture to model crack propagation through the
metal. Cracks initiate at preferential sites of corrosion, such as corrosion pits, grain boundaries,
slip steps, and other defects or dislocations present on the surface (Jones, 1996, Landolt, 2007).
Anodic dissolution of metal occurs at the crack tip with large cathodic areas forming on the inner
faces of the crack as the crack progresses through the metal. In addition to anodic dissolution,
stress concentrations and degradation of bonding at the crack tip / corrosion pit lead to brittle
mechanical fracture in front of the crack (Singh, 2008). Other mechanisms, including film
rupture at slip lane intersections shown in Figure 2-47, may lead to accelerated dissolution and
crack velocity in the metal.

Figure 2-47: Film Rupture of Passive Film at Slip Plane Intersection (Landolt, 2007)
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Degradation caused by HE is mainly due to bond weakening at the crack tip from the
buildup of H2. As H2 forms in the lattice, the structure is dilated and bonds between adjacent
metals atoms weaken. In addition to weakening bonds, regions in front of the crack tip may be
brittle due to the dilation causing solution hardening of the metal, increasing its tendency to
fracture in a brittle manner (Nuernberger, 2002).
2.3.6 SCC and HE in Prestressing Steels
With an applied tensile stress of 55 to 75% ultimate tensile strength, cracking and
embrittlement caused by SCC and HE may result in catastrophic failures of prestressed concrete
structures with little to no warning. Therefore, prestressing steels should be carefully evaluated
to determine their susceptibility to SCC and HE. Previously used quenched and tempered
prestressing steels showed significant SCC and HE problems and resulted in a switch to cold
drawn production. Currently used cold drawn and stabilized prestressing steels have shown
exceptional resistance to SCC and HE (Lewis, 1969, Mietz, 2000).
Many test methods are available to determine resistance to SCC and HE, most focusing
on HE and hydrogen induced stress corrosion cracking (HI-SCC). The most popular tests are
those developed by the International Federation of Prestressed Concrete (FIP test) and Deutsches
Institut für Bautechnik (DIBt test) (Elices, et al., 2008). Both tests utilize a wire specimen tested
at 80% ultimate tensile strength while exposed to a corrosion solution. A typical constant load
experimental setup used for FIP and DIBt testing is shown in Figure 2-48. Many alterations to
the setup shown in Figure 2-48 may be used, including actuators for loading, various frame
configurations, and instrumentation to monitor times to failure. The FIP test, developed in 1978,
uses a 20% aqueous solution of ammonium thiocyanate (NH4SCN) maintained at 50ºC. The
DIBt test, developed in 1982, uses what is thought to be a more “realistic” test solution of
0.014M KCl, 0.052M K2SO4, and 0.017M KSCN maintained at 50ºC. The main purpose of
Thiocyanate compounds is to promote the uptake of hydrogen into the lattice, accelerating
damage caused by HE and HI-SCC (Hartt, et al., 1993).

Figure 2-48: Experimental Setup Used for FIP and DIBt Tests (Elices, et al., 2008)
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Most researchers state that the DIBt test is much more realistic than the solution exposure
used for FIP testing, which is seen as an extremely conservative accelerated test procedure
(Elices, et al., 2008, Schroeder, et al., 2003). The main disadvantage of DIBt testing is that it can
take weeks to years for fracture of the wire specimen to occur, while FIP testing typically only
requires a few hours to a few days before fracture occurs (Elices, et al., 2008). Acceptable
environmentally induced cracking (EIC) behavior of a prestressing steel is indicated by times to
failure greater than 2000 hours in the DIBt test and 10 hours for the FIP test (no clear delineation
for FIP test though). However, it should be noted that good correlation has been found between
the results of FIP and DIBt testing. Figure 2-49 shows the results of both test methods performed
on prestressing steel of varying tensile strength. Note that as tensile strengths rise above 1900
MPa and DIBt values drop below 2000 hours, FIP times to failure drop accordingly. Also, recent
work to compare the two tests has shown that fracture surfaces of wires used in both tests, shown
in Figure 2-50, show the same behavior.

Figure 2-49: Times to Failure vs. U.T.S. Using FIP and DIBt Tests (Elices, et al., 2008)

(a) FIP Fracture Surface
(b) DIBt Fracture Surface
Figure 2-50: SEM Micrograph of FIP and DIBt Test Fracture Surfaces (Elices, et al., 2008)
Both the FIP and DIBt tests have been used with success to conservatively determine the
susceptibility of prestressing steels to EIC. However, many researchers state that both the FIP
and DIBt tests do not accurately represent an accurate environment for prestressing steels
embedded in concrete (Elices, et al., 2008, Mietz, 2000, Schroeder, et al., 2003). Therefore,
many recent experiments have begun to utilize more modern EIC testing techniques, including
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slow strain rate testing (SSRT) and fracture mechanics testing. These new test methods are being
conducted in more accurate environments modeled after concrete pore solutions with addition of
Cl- and in some cases thiocyanate to promote hydrogen uptake (Hartt, et al., 1993, Schroeder, et
al., 2003).
In general, research has shown that cold drawn eutectoid prestressing steels used in
current construction are resistant to EIC given proper construction practices (Nuernberger,
2002). While it has been shown that EIC is possible when tested in the lab, very few failures in
actual structures have been attributed to EIC, with most being caused by the general and pitting
corrosion mechanisms. However, newly developed alloys for use as prestressing steels should be
thoroughly evaluated for their EIC resistance. A good summary of the possible effects which
may initiate EIC in prestressing steels is given by Dr. Ulf Nürnberger, noted expert on EIC of
prestressing steels, who states that:
“Major issues which strongly influence the level of durability actually achieved
are insufficient design (poor construction), incorrect execution of planned design
(poor workmanship), unsuitable mineral building materials (e.g. concretes,
grouts, and mortars), unsuitable post-tensioning components (e.g. anchorages,
ducts), including prestressing steels. Insufficient design and incorrect work
execution will mean that the necessary corrosion control is not guaranteed from
the beginning in all areas or that as a result of natural influences (i.e.
carbonation and Cl- ingress) it will get lost soon within the time frame of the
originally anticipated life time. Unsuitable materials or inappropriate substances
in materials will further corrosion and/or stress corrosion cracking. Sensitive
prestressing steels cannot withstand even inevitable building-site influences and
will fail while in use (Nuernberger, 2002).” - Dr. Ulf Nürnberger
2.3.7 Strength and Fatigue Resistance Degradation
The mechanical properties and performance of prestressing steels have been shown to be
degraded when corrosion occurs on the steel’s surface. Of particular concern is pitting corrosion,
which may lead to losses in strength and fatigue resistance. Relatively little research has been
performed in this area, but it is one which deserves attention. Figure 2-51 shows the deterioration
of tensile strength, ductility, and fatigue loading (for N = 2*106 cycles) versus the depth of
localized corrosion present on the surface of the prestressing steels (Nuernberger, 2002). Note in
Figure 2-51, it takes approximately a 0.5 to 0.6mm depth of localized corrosion for fracture to
occur in an 1860MPa prestressing steel stressing to 70% ultimate tensile strength. Also, a depth
of 0.2mm of localized corrosion may decrease fatigue resistance from approximately 400MPa to
100MPa, a 75% reduction. While the large reduction in fatigue resistance seems to be a
“dangerous” concern, in most cases large loads (e.g. heavy trucks on bridges) will occur at very
low frequencies, with only small vibrations (from wind and light vehicles) occurring at high
frequencies (Nuernberger, 2002).
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Figure 2-51: Deterioration of Mechanical Performance by Corrosion (Nuernberger, 2002)
In the same research, Professor Nürnberger also tested the effect of surface corrosion on
EIC using the FIP. Figure 2-52 shows the time to failure of FIP prestressing steel test specimens
when local surface corrosion has occurred on the surface. Localized corrosion depths of as little
as 0.2mm were found to reduce times to failure by up to 75%.

Figure 2-52: Effect of Surface Corrosion on FIP Times to Failure (Nuernberger, 2002)
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3. Background – Concrete for Marine Piles

3.1 Deterioration Mechanisms of Concrete Piles in Marine Environments
Concrete structures exposed to marine environments are subjected to multiple
deterioration mechanism. Prestressed concrete piling in coastal exposures is subjected to
biological, physical, and chemical attack. The reinforcement steel, aggregate, and paste all have
the potential for degradation under the environmental conditions present. Figure 3.1 shows the
typical degradation mechanisms that occur in marine environments. Chloride ingress and
chloride induced corrosion is discussed in section 3.2, carbonation of concrete and carbonation
induced corrosion in section 3.3, sulfate attack of concrete in section 3.4, and biological attack of
concrete in section 3.5.

Figure 3.1: Typical degradation mechanisms in coastal concrete piling (Mehta, 1991)

3.2 Chlorides in Concrete
The ingress of chlorides into reinforced concrete is an important concern for the
durability of prestressed concrete piles. The rate of ingress and concentration of chlorides at the
steel reinforcement depth can dictate the usable service lives of structures by induced damage by
the corrosion of prestressing steel.
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3.2.1 Sources of Chlorides
Chlorides can be introduced into concrete from either internal or external sources.
Internal sources of chlorides could include the use of sea water for mixing water, dredged
aggregate, aggregate washed with sea water, and chloride containing admixtures (Bertolini, et.
al., 2004). External chlorides typically occur from environmental factors. Typical external
sources are from the ingress of seawater in marine environments, and from the use of deicing
salts containing chlorides in colder climates (Bertolini, et. al., 2004). Additionally, concrete may
be exposed to chlorides if used in industrial applications where chemicals may contain chlorides,
like dry-cleaning facilities, paper mills, and aquariums (Bertolini, et. al., 2004).
3.2.2 Transport Mechanisms
External chlorides ingress into concrete occurs through several transport mechanisms.
Three primary forms of transport occur in concrete: diffusion, permeation, and absorption
(Stanish, et. al, 1997). Additionally, the binding of chlorides can affect these transport
mechanisms (Bertolini, et. al., 2004).
3.2.2.1 Chloride Diffusion
The primary form of ingress is through diffusion, which is the flow of ions due to a
concentration gradient. The behavior and modeling of chloride diffusion is discussed in Section
2.2.2.3.
3.2.2.2 Chloride Binding
Within the concrete, chlorides exist in a free or uncombined form and in bound forms,
where they may combine with existing hydration products or unhydrated cementitious phases.
The bound chlorides do not contribute to corrosion initiation in concrete (Mohammed and
Hamada, 2003). In the bound form, the most common product formed is Friedel’s salt
[Ca2Al(OH)6Cl·2H2O]. The extent of chloride binding that can occur in a mix depends upon the
cementitious materials contained in the mix (Mohammed and Hamada, 2003).
3.2.2.3 Chloride Permeation
Permeation occurs due to the presence of a pressure gradient. If an applied hydraulic
head exists on one face of the concrete and chlorides are present, they may permeate into the
concrete under the pressure gradient. This mechanism requires a large pressure head to cause
the flow of chlorides to the depth of reinforcement (Stanish, et. al., 1997).
3.2.2.4 Chloride Absorption
As a concrete surface is exposed to the environment, it will undergo wetting and drying
cycles. When water, potentially containing chlorides, encounters a dry surface, it will be drawn
into the pore structure through capillary suction. Absorption is driven by moisture gradients, and

3-2

for wetting and drying cycles the depth of drying is small. Therefore, absorption is not able to
bring chlorides to the depth of reinforcement for a good quality concrete (Stanish, et. al., 1997).

3.2.3 Effects of Mix Design on Chloride Durability
Alterations to concrete mix design can drastically affect the chloride ingress properties.
Polder (1995), Luping (1992, 1995), Bamforth (1993), Collepardi (1972), Diab (1988), Dhir
(1990), and Johnson (1996) each investigated the effect of varying water-to-cement ratios on the
diffusion coefficient of concrete. The results of these investigations are shown in Figure 3.2.
The data shows that the diffusion coefficient increases with the water-to-cement ratio. The large
spread of values on the graph for the same water to cement ratio is due to differences in the mix
designs, including aggregate type and content, type of cement used, and age of curing before
exposure.
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Figure 3.2: Effect of water to cement ratio on diffusion coefficient in Portland Cement Concrete

The effect of age of exposure on the diffusion coefficient was investigated by Polder
(1995), Luping (1992), Kanaya (1998), Pedersen (1998), and Mangat (1994), and the results of
their studies are shown in Figure 3.3. The data suggests that the diffusion coefficient decreases
as the chloride exposure is initiated at later concrete ages. Stanish (2003) developed Eq. 3.1 to
predict the diffusion coefficient of concrete at any age given that it is known through testing for
at least one age.
(

)

(Eq. 3.1)

Where,
Davg

= average diffusion coefficient at teff
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Dref
tref
teff
m

=
=
=
=
=

diffusion coefficient at reference age
reference age of concrete
effective age of concrete
coefficient based upon mix parameters
0.32 for OPC, 0.66 for 25% fly ash replacement

Figure 3.4 shows Stanish’s estimator equation plotted with the experimental results for
diffusion coefficients of OPC concrete mixes. The data suggests the estimator equation provides
an accurate estimate of how the diffusion coefficient varies with time. The decreased diffusion
coefficient with time suggests that longer curing periods would lead to decreased rates of
chloride ingress.
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Figure 3.3: Effect of age of exposure on diffusion coefficient in OPC Concrete
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Figure 3.4: Comparison of time dependent diffusion coefficients with estimator equation

The effect of using supplementary cementitious materials (SCMs) on the diffusion
coefficient has been investigated by Bentz (2000), Basheer (2001), and Thomas (1999). The
results of the Basheer study are shown in Figure 3.5. The results show that the use of SCMs
decreases the diffusion coefficient, with fly ash, slag, and metakaolin having larger effects than
silica fume. This result is in contradiction to the research performed by Bentz. Bentz’s research,
which is shown in Figure 3.6, showed that the diffusion coefficient with 10% silica fume
replacement was an order of magnitude smaller than the OPC mix with the same parameters.
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Figure 3.5: Effect of SCM's on diffusion coefficient

Diffusion Coefficient (m2/sx10-12)

100
OPC w/ 62% Aggregate
10
OPC w/ 70% Aggregate
5% SF w/ 62% Aggregate

1

5% SF w/ 70% Aggregate
0.1

10% SF w/ 62%
Aggregate

0.01
0.2

0.3

0.4
w/cm

0.5

0.6

10% SF w/ 70%
Aggregate

Figure 3.6: Effect of silica fume content on diffusion coefficient
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3.3 Carbonation of Concrete
Carbonation of concrete can occur due to the diffusion of carbon dioxide through the
pores of concrete. Carbonation of concrete can cause strength loss of the concrete and initiate
corrosion of reinforcing steel (as discussed in section 2.2.1). Carbonation of concrete leads to
the depletion of calcium hydroxide, which causes the decrease in pH, and can lead to a loss of
calcium silicate hydrate (C-S-H), which is the primary strength giving component of hydrated
cement paste (Neville, 1997). The decreased pH can lead to the initiation of general corrosion of
reinforcement. The rate of carbonation is affected by environmental factors (humidity,
temperature, and CO2 concentration) and concrete properties (Bertolini, et. al, 2004).
The effect of humidity on carbonation rate is shown in Figure 3.7. The maximum
carbonation rate has been shown by Papadakis (1991) and Bertolini (2004) to occur at
approximately 60-70% relative humidity. An increase in temperature will also cause the
carbonation rate to increase (Bertolini, et. al., 2004).

Figure 3.7: Effect of relative humidity on carbonation rate (Bertolini, et. al., 2004)
The permeability of concrete has a large influence on the rate of carbonation. Decreasing
the water to cement ratio (w/c) can vary the permeability by orders of magnitude (Papadakis, et.
al., 1991). Figure 3.8 shows the effect of water to cement ratio on depth of carbonation. Also,
the binder composition has a large influence on the carbonation resistance. The use of SCM’s
may decrease the initial pH of the concrete, but decreases the permeability (Bertolini, et. al.,
2004). The effect of binder composition on carbonation depth is shown in Figure 3.9.
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Figure 3.8: Effect of water to cement ratio on carbonation depth (Bertolini, et. al., 2004)

Figure 3.9: Effect of binder composition on carbonation depth (Bertolini, et. al., 2004)

3.4 Sulfate Attack
3.4.1 Degradation Mechanisms
Concrete piling in seawater and brackish water can be exposed to high concentrations of
sulfates. In addition to sulfates present in the water, it is being investigated if additional sulfates
may be produced by bacteria on the surface of the piles. The primary forms of sulfates present
are NaSO4 and MgSO4 (Skalny, et. al., 2002). Damage to the concrete due to various reactions
between the ingressing sulfate ions and hydration products and anhydrous cement phases in the
cement paste is termed “sulfate attack”. Two primary mechanisms are associated with sulfate
attack. First, sulfate ions can react with monosulfoaluminatate or available tricalcium aluminate
to form ettringite. The formation of ettringite can be expansive and lead to cracking and
spalling. The calcium consumed in this reaction comes from the dissolution of available
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portlandite. In addition, sulfate ions may react with available calcium hydroxide to form
gypsum. If there is no portlandite present, then the calcium comes from the decomposition of the
calcium silicate hydrate phase (C-S-H). The loss of calcium from the C-S-H leads to a reduction
in strength (Skalny, et. al., 2002).
In the case of magnesium sulfate attack, additional reaction mechanisms are possible.
Magnesium sulfate reacts with portlandite to form brucite, in addition to gypsum.
Simultaneously, C-S-H is decomposed and converted to an amorphous hydrous silica or
magnesium silicate hydrate phase. The decomposition of C-S-H is significantly faster with
exposure to magnesium sulfate compared to sodium sulfate (Skalny, et. al., 2002).
3.4.2 Effect of Concrete Mix Designs
Alterations to the binder composition has been shown to improve sulfate resistance of
concretes. ACI 318 (2008) requires the use of an ASTM C 150 Type V cement in areas with
high sulfate concentrations in the water or soils. This cement has a decreased C3A content,
which will decrease damage due to sulfates reacting with it to form ettringite (Skalny, et. al.,
2002). The use of SCM’s was investigated by Kaid (2009), Torii (1994), Mangat (1992), and
Khatib (1998). Their results showed that the use of fly ash, silica fume, and metakaolin
improved sulfate resistance. Slag provided only marginal improvements (Mangat and El-Khatib,
1992).

3.5 Biological Attack
Biological attack may be a concern in prestressed concrete piles, specifically the effect of
the boring sponge, Cliona. There have been reports of Cliona sponges at Gardiner’s Island, New
York (Nicol and Reisman, 1976), along the coast of Virginia (Hopkins, 1962), Corpus Christi,
Texas (Miller, et. al., 2010), and off the coast of Jamaica (Scott, et. al., 1988).
A reported case of boring sponge attack was reported in Jamaica due to Cliona lampa (Scott,
et. al., 1988). The sponges burrowed through the limestone aggregate of concrete masonry
blocks manufactured with limestone aggregate. The damage was primarily at the corners, and
irregular shaped bore holes occurred in the aggregate. The sponges use etching secretions to
penetrate calcium carbonate and form the boreholes (Nicol and Reisman, 1976). The genus
Cliona sponges leave silicate spicules near the surface of their borings. The length of the
spicules varies by species but is typically between 200 m to 400 m (Zea and Weil, 2003).
Studies on the erosion rate of the sponge show that the rate may exceed 1 mm (0.04 in.) per year
of ingress in solid limestone (Neumann, 1966). Further research is needed on biological attack
of concrete piles including a foundation of knowledge on the species causing attack, the rate and
effects of their ingress, as well as methods of preventing and mitigating damage to existing piles
need to assessed.
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4. Background – Interviews
4.1 GDOT Preconstruction and Maintenance Division Interviews
Interviews were performed with staff from the GDOT preconstruction and maintenance
divisions to establish observed damage, current design methods and criterion, and research areas
of interest. Interviews were later conducted with GDOT field office employees in District 5,
Savannah and Brunswick. Mr. Richard Potts of Standard Concrete Products, Savannah, was also
interviewed because that company supplies may prestressed concrete piles to GDOT.

4.2 Paul Liles, Assistant State Preconstruction Engineer, and Mike Clements, Bridge
Maintenance Engineer
Messrs. Paul Liles and Mike Clements were interviewed on January 25th, 2010 at the
Georgia Department of Transportation’s One Georgia Center location. Topics discussed in the
meeting were the goals that the Georgia Department of Transportation (GDOT) hopes to achieve
from this project, observed trends of corrosion induced damage in coastal Georgia bridges,
GDOT experience with mitigation techniques, and current design practices.
It was established the desired goals of the project for GDOT are as follows: (1) the
development and implementation of corrosion resistant stainless steel strands for prestressed
concrete piles in the substructure of coastal bridges; (2) development of service life and damage
estimation capabilities based on salinity maps for concrete mix designs; and (3) provide design
recommendations to achieve service lives in excess of 100 years.
Corrosion induced damage has been observed primarily in simple pile bent bridges in
coastal and marsh regions. The damage is localized primarily in the piles, not in the pile or pier
caps. This may partially be due to the fact that most of the bridges have the pile caps directly
below the girders and elevated from the water. GDOT prefers to use prestressed concrete piles
over steel H-piles and sheet piling in aggressive environments. The damage on the concrete piles
is mostly found in the splash zone, extending approximately 18” to either side of the mean water
level in most cases. There is also concern that piles may be damaged during driving which may
lead to cracking. No testing has been done to verify this, but driving guidelines are given in the
GDOT specifications to prevent this damage. The state currently does not have requirements for
the jetting of piles for placement except in special soil conditions.
GDOT is currently employing the following design practices to provide corrosion
resistance in prestressed concrete piling: (1) Use of high performance concretes that contain
supplementary cementitious materials, a low water to cementitious material ratio, and are limited
to a maximum of 2000 coulombs charge passed on the rapid chloride permeability test; (2) a
minimum cover distance of 2 inches is required for increased durability, and no piling less than
12” in width is used; and (3) the superstructures of bridges are built a minimum of 1 to 2 ft above
the 50 year storm water level. Additional information on the standard pile sections is available
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through AASHTO and the GDOT website. Currently no service life modeling efforts are used in
the design of prestressed concrete piles.
GDOT has attempted to implement several other methods for providing corrosion
resistance, but have discontinued the use for various reasons. A bridge in Chatham country was
constructed using corrosion inhibitors, epoxy coated rebar, and supplementary cementitious
materials on individual piles. A report was written in the 1980’s on this project, but no
monitoring after construction was completed. Cathodic protection was implemented on the
Sidney Lanier Bridge in Brunswick, Georgia. The system proved to have large maintenance
issues and GDOT no longer will use electrochemical methods of protection for future projects.
Epoxy coated rebar was briefly used in concrete piles, but was discontinued after poor
performance was observed by the Florida DOT.

4.3 Mike Clements, Bridge Maintenance Engineer, and Andy Doyle, State Bridge
Inspection Engineer
Messrs. Mike Clements and Andy Doyle were interviewed on February 1st, 2010 at the
Georgia Department of Transportation’s Confederate Avenue office. Topics discussed included
inspection techniques used, typical damage to concrete piles observed, and repair techniques for
damaged piles.
GDOT performs inspections of prestressed concrete piles using a dive team of inspectors.
The submerged regions of piles are inspected by visually scanning the surface of each face of the
pile along the length while also running hands along surface for damage. A small hammer is
used to tap at the surface if damage is suspected. If cracks are observed, the size is noted and
attempt to open them is made. The atmospheric and splash zones of the piles are visually
inspected for damage and a hammer is used similarly in the submerged section of the piles.
Typical types of damage that have been observed are as follows: (1) degradation and
softening of concrete starting at 1 to 2 ft below the water line and extending to the mudline; (2)
longitudinal cracks along the corners of the piles extending from mudline to low tide region of
pile; and (3) color change and spalling of concrete along corners of piles in submerged region.
If damage is observed, GDOT does not have standard methods of repair. The repair
methods employed vary by district, and are only performed in response to damage. Currently no
preventative repair is performed on concrete piles.

4.4 Myron Banks, Concrete Engineer, and Jeff Carroll, Materials and Research Branch
Messrs. Myron Banks and Jeff Carroll were interviewed on February 8th, 2010 at the
GDOT Materials and Research Branch facility. Topics discussed included GDOT mix design
specifications for prestressed concrete piles, reported damage patterns to concrete piles, and
areas of research needed.

4-2

GDOT has two mix design specifications for prestressed concrete piles. Any piling in an
aggressive environment has been required to follow the high performance concrete (HPC)
specifications for the last 2 to 3 years. The HPC guidelines require a maximum of 2,000
coulombs passes on the rapid chloride permeability test, a maximum water to cementitious
materials ratio of 0.35, and a 28 day strength of at least 5,000 psi. Fly ash can be used as a
cement replacement up to 15%, without any restrictions on whether Type C or F is used. If
alkali silica reaction (ASR) is a concern, then Type F is used with a CaO limit of 5%. Silica
fume is allowed as a replacement up to 10%. Mix designs meeting these criteria often contain air
entraining admixtures and super-plasticizers. For other regions, a Class AAA concrete can be
used. The specification for this mix has been in place and unchanged for over 25 years. The mix
has a minimum cement requirement of 675 lb/yd3, a maximum water to cementitious materials
ratio of 0.44, an air content of 2.5 to 6%, and a minimum strength of 5,000 psi at 28 days of age.
The prestressed concrete piles are typically placed at between 7 to 14 days of age.
Standard designs utilize a 3 in. cover distance for strands. No life cycling modeling is currently
employed, but is an area of interest. GDOT has not attempted to implement mitigation methods
that are available or in use in other states. South Carolina requires the use of a calcium nitrite
corrosion inhibitor in its mix designs. GDOT does allow for the use of fibers and slag, but
neither is being utilized.
The following types of damage have been reported or observed: (1) transverse cracking
with a spacing of 3 to 5 ft, possibly due to over-driving or reflective cracking; (2) spalling of
corners of the piles down to the level of the corner strand in the splash zone; (3) surface wear
from wave action; and (4) delamination of cover concrete due to corrosion.
Areas of interest for research are the as follows: (1) development of lower permeability
concrete mix designs; (2) the effect of micro-cracking during driving practices on the durability
of prestressed concrete piles; and (3) feasibility of self-healing concrete for improved durability
characteristics.

4.5 Mike Garner, Bridge Liasson, and Slade Cole, Assistant Area Engineer
Messrs. Mike Garner and Slade Cole were interviewed on May 3, 2010 in the Savannah
GDOT District 5 office. The damage patterns in piles were discussed, as well as the repair
techniques employed. Until recently, overdriving of piles was not considered or heavily
monitored. Contractors would continue to attempt to drive the piles without regard to a “refusal”
limit, which is approximately 10 blows per ½ in. Overdriving in the coastal region now is
typically only a concern when a hard layer of soil or lime rock layer is reached, but the refusal
limits are monitored.
The reflective cracking of piles is still an area of concern for GDOT. It most commonly
occurs when a soft layer of soil is hit immediately following a hard layer, or when the contractor
is not following standard practice (bad pads or oversized hammer). Reflective cracking is
identified by “dusting” of the piles where a small amount of powdery material is lost from the
cracked region. The cracks are typically very small, and hard to find (hairline) due to
prestressing effects. If a reflective crack occurs in the Savannah region, the procedure for repair
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varies, depending on the location in the pile. If the crack location is below the mud line, then no
repair is made; however, if the crack will be located above the mud line, then it is patched with
epoxy. The 18” square piling is the most common to have reflective cracking occur. The
hypothesized reasoning for this is that the 18” design has a lower precompression stress than the
other sizes and therefore is more susceptible to developing tensile forces during driving.
Once piles begin showing major signs of deterioration, there are two primary methods of
repair that are used. The first method is to encase the piling in concrete, by either placing a
corrugated steel tube around it and filling with concrete, or by using a plastic jacket and pumping
concrete into it. The second method of repair is to epoxy jacket the piles, which is expensive to
perform. This technique was employed on the Back River Bridge discussed in Section 5.5.
These are not long-term solutions to bridge deterioration, but simply methods to add a short
amount of time before the bridge will require replacement.
For future research, construction is about to begin on a project which will have over 1000
piles driven, and the GDOT is willing to help in attempting to determine the effects of driving on
permeability due to microcracking. Additionally, GDOT may also be able to provide a boat to
aid in future bridge inspections.
4.6 Standard Concrete Products
Messrs. Richard Potts and Alan Pritchard of Standard Concrete Products (SCP) – Savannah
were interviewed on May 3, 2010 at the plant. Concrete mix designs were discussed and their
variability between requirements of different states. In Georgia, any piling going into
“aggressive” coastal environments is required to be cast using a high performance concrete. The
HPC mix specifications require a rapid chloride permeability of less than 2000 Coulombs, which
is the upper limit for the rating of “Low Chloride Ion Penetrability” according to ASTM C 1202.
Fly ash can be used as up to 15% cement replacement and silica fume for up to 10%.
Additionally, once cast, the concrete must age at least 18 hours or until the release strength is
met, which is between 3,500-4,000 psi depending on the pile size. The piles must meet 5,000 psi
design strength requirements before placement and must also be at least 5 days of age.
The mix design that SCP uses contains 15% Class F fly ash replacement, no silica fume, and
a high paste content of approximately 900 lb/yd3 of cementitious material. Their mix design has
an ultimate strength of 8,000 to 10,000 psi. Silica fume is avoided in their mix designs due to its
higher cost and an increased susceptibility to shrinkage cracking. All of their mix designs specify
a granite coarse aggregate and a natural sand fine aggregate. The piles are typically delivered and
placed at 7-14 days of age.
The normal strength standard mix that is produced for piling in regions other than the
“aggressive” environment is a 750 lb/yd3 cement content mix with no supplementary
cementitious materials and no requirement on the rapid chloride permeability.
The mix designs for other states vary considerably with those for Georgia. The mix design
for Florida employs 18% fly ash replacement and a variable design strength which is typically
6,000 to 8,000 psi. Florida also allows for the use of ultra-fine fly ash. South Carolina utilizes a
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calcium nitrite corrosion inhibitor in several of its mixes. Alan Pritchard agreed to email the mix
designs and state specifications that are used for these states.
The concrete piles that were forensically investigated from the I-95 at Turtle River Bridge
were most likely produced at Gates Precast in Jacksonville, Florida. The mix designs at the time
of construction were typically a 0.5 w/c with no SCM addition. Richard Potts will contact the
former plant manager there and attempt to find out more specific information.
It was reiterated that overdriving of piles in Georgia was previously not heavily controlled or
monitored. Also, Mr. Potts said that the 18” piling is understressed compared to the other size
designs in Georgia with an effective prestress of approximately 700 psi after losses compared to
most other piling having 800-900 psi, and he believed that such understressing is the cause of
increased amount of reflective cracks noticed when using 18” piling.
The use of epoxy coated or stainless steel prestressing strand to increase the corrosion
resistance of piles was also discussed. Richard stated that SCP had used epoxy coated strand
briefly. Temperature control problems (which influence the properties of the epoxy) were found
to be a concern in addition to the sand grit embedded in the epoxy to increase bond. The sand
grit causes excessive wear on the beds and grips. SCP expressed interest in the use of stainless
steel strand for the construction of “highly” corrosion resistant piling, although they were
concerned that the high cost to produce the piles (~40% of cost is steel currently) would limit the
economic feasibility of their use in bridge construction.
4.7 Lisa Sikes, Bridge Liasson, and Brian Scarbrough, Area Engineer
Messrs. Lisa Sikes and Brian Scarbrough were interviewed on May 4, 2010 in the GDOT
Brunswick office. Damage and construction practices of piling were discussed. It was reiterated
again that the 18” piling is problematic with reflective cracking. In contrast to the Savannah
office, the Brunswick office personnel will reject piling if “dusting” is seen during driving. The
commonplace practice of overdriving in older construction was again discussed. When asked
about a few of the bridges of interest, it was noted that there were paper mills present in close
proximity and that run-off from them may be partially responsible for some damage seen on the
piles. Brian Scarbrough agreed to email pictures of damaged piling on another bridge that was
not visited over the South Brunswick River on I-95.
The I-95 at Turtle River piles that were delivered to the Georgia Tech Structures Laboratory
were battered piles located on the edge of the bents. The remainder of the piling is still in place,
although no longer in a load carrying capacity. Photos are shown in Chapter 5.
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5. Georgia Coastal Bridge Inspections
5.1. Overview
Bridges of interest in the coastal counties with reported damage to the concrete piling were
inspected from May 2nd through the 4th, 2010. Additionally, interviews were performed with
Georgia Department of Transportation (GDOT) personnel at the Savannah and Brunswick
offices and with Standard Concrete Products (SCP) engineers in Savannah.

5.2. Bridge Inspections
Eleven bridge sites shown in Figure 5-1 were inspected during the trip. Table 5-1 gives the
bridge numbers and names. The sites were selected based on the extent and types of damage
noted in inspection reports provided by the GDOT Bridge Maintenance Office, varying
proximities to the coast, and distribution throughout the coastal counties of Georgia. All bridges
spanned rivers or inlets with fresh or brackish waters. At each site, photos were taken of any
visible damage, and water samples were collected for pH, sulfate content, and chloride content
testing.

Table 5-1. Bridge ID Numbers and Names for Locations Inspected
Bridge Name
Harriet's Bluff Road at Deep Creek Bridge
Houlihan Bridge
US 17 at Back River Bridge
US 80 at Lazeratto Creek Bridge
Island Expressway at Wilmington River Bridge
Oatland Island Research Bridge
Long Bridge Road at Ebenezer Creek Bridge
I-95 at Turtle River Bridge
Torras Causeway at Little River Bridge
Ocean Highway at Riceboro Creek Bridge
Ocean Highway at Champney's River Bridge
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Bridge Number
039-0049
051-0054
051-0059
051-0066
051-0132
051-5013
103-0030
127-0052
127-0063
179-0005
191-0005

Effingham

Chatham
Bryan

Liberty

McIntosh

Glynn

Camden

20 miles

Figure 5-1. Bridges Inspected Along Georgia’s Coastal Counties. Red dots indicate bridge
locations.

5.3. Harriett’s Bluff Road at Deep Creek Bridge (Bridge No. 039-0049)
Located approximately 8 miles from the coast in Camden county, the Harriett’s Bluff Road
Bridge spanning Deep Creek exhibited significant corrosion-related deterioration, primarily in its
superstructure. The bridge was constructed in 1964 with a reinforced concrete superstructure and
precast concrete pile-bent substructure system. The substructure looked to be in fairly good
condition, with minimal surface abrasion and heavy marine growth and oyster scale in the tidal
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region (Figure 5-2). However, given that the inspection coincided with high tide, a detailed
assessment of the substructure could not be made.

Figure 5-2. Substructure of Harriett’s Bluff Road at Deep Creek Bridge (Bridge No. 039-0049)
The superstructure of the bridge exhibited the most significant deterioration. Cracking and
spalling of concrete, especially in the cast-in-place concrete railing/barrier system, was
widespread throughout the superstructure. Typical corrosion damage observed in the barrier is
shown in Figure 5-3 below.

Figure 5-3. Corrosion Damage in Cast-in-Place Barrier of Harriett’s Bluff Road at Deep Creek
Bridge (Bridge No. 039-0049)

5.4. Houlihan Bridge (Bridge No. 051-0054)
Constructed in 1953, the Houlihan Bridge is located approximately 17 miles from the coast
near Port Wentwork in Chatham county. The bridge consists of a reinforced concrete beam

5-3

superstructure, a precast concrete pile-bent substructure, and a central movable steel truss span.
An overall view of the bridge is shown in Figure 5-4.

Figure 5-4. Overall View of Houlihan Bridge (Bridge No. 051-0054)
Similar to what had been recorded in GDOT bridge inspection reports, the most significant
deterioration observed on the Houlihan Bridge was found in the submerged and tidal zone of the
concrete substructure. Significant surface abrasion was ubiquitous, with fully exposed aggregates
from the top of the splash zone down. In some cases, abrasion was so aggressive that
hourglassing of the piles could be seen even at a distance. Some typical photos of surface
abrasion are shown in Figures 5-5 and 5-6. In Figure 5-5, it should be noted that abrasion
occurred on both the precast piling and the cast-in-place support for the movable bridge span in
the background. Given the bridge’s location fairly far inland, little oyster shell was present on
the piles.

Figure 5-5. Surface Abrasion of Concrete Substructure on Houlihan Bridge (Bridge No. 0510054)

5-4

Figure 5-6. Surface Abrasion Oberved in Concrete Substructure of Houlihan Bridge
(Bridge No. 051-0054)

5.5. US 17 at Back River Bridge (Bridge No. 051-0059)
The Back River Bridge is located at the Georgia – South Carolina border just east from the
Talmadge Bridge, approximately 12 miles from the coast in Chatham county. The bridge was
constructed in 1954 with a reinforced concrete beam superstructure and a precast pile-bent
substructure with a total length of approximately 0.5 miles. The precast pile substructure, which
is shown in Figure 5-7, is extensive and has been severly damaged by corrosion.

Figure 5-7. Pile-Bent Substructure of US 17 at Back River Bridge (Bridge No. 051-0059)
5-5

Almost all piles have vertical cracks at the corners, extending from the waterline up to 2 to 3
feet above high tide with rust staining present. Many of the cracks appear to be much larger than
hairline in width, although measurements were limited due to the marsh surrounding the bridge.
Typical damage observed in the piles is shown in Figure 5-8. The substructure had recently
undergone a retrofit of the piles conducted by an external contractor. This retrofit consisted of
fiber-reinforced polymeric (FRP) jackets being compression fitted onto the most significantly
damaged piles in order to provide confinement of the cracked concrete and to limit any
subsequent corrosion damage. A typical jacketed pile is shown in Figure 5-9.

Figure 5-8. Vertical Cracking at Corner of Concrete Pile on US 17 at Back River Bridge
(Bridge No. 051-0059)

Figure 5-9. Corrosion Damaged Piling with FRP Jacket Retrofit on US 17 at Back River Bridge
(Bridge No. 051-0059)
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5.6. US 80 at Lazeratto Creek Bridge (Bridge No. 051-0066)
Located adjacent to the coast at the mouth of the Savannah River in Chatham county, the US
80 Bridge spanning Lazeratto Creek was constructed in 1960 with a precast concrete and steel
girder superstructure and a precast pile-bent substructure. The overall bridge structure is shown
in Figure 5-10 below, with only the central steel spans of the bridge over water.

Figure 5-10. Overall View of US 80 at Lazeratto Creek Bridge (Bridge No. 051-0066)
Due to the marsh adjacent to the bridge and our inspection occuring at high tide, limited
access to the substructure in the spans over water was available for photos. In the dry marsh
approach spans, a detailed inspection of the precast piles could be made. Grout repairs of what
looked to be traverse cracks likely caused during driving were observed in some piles (see Figure
5-11). Poor construction in the cast-in-place pile caps was also evident with honeycombing and
exposed reinforcement in some cases (see Figure 5-12).

Figure 5-11. Grout Repair of Traversve Crack in Precast Concrete Pile on US 80 at Lazeratto
Creek Bridge (Bridge No. 051-0066)
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Figure 5-12. Honeycombing and Exposed Corroding Reinforcement in Pile Cap on US 80 at
Lazeratto Creek Bridge (Bridge No. 051-0066)

5.7. Island Expressway at Wilmington River Bridge (Bridge No. 051-0132)
Located approximately 8 miles inland in Chatham County, the Island Expressway Bridge
spanning the Wilmington River was constructed in 1963 using a precast concrete girder
superstructure and precast pile-bent substructure. A steel moveable span is located in the center
of the bridge. An overall view of the bridge as seen from the underside is shown in Figure 5-13.
The adjacent bridge shown on the right of Figure 5-13 carrying westbound traffic appears to be
much newer and constructed with piers rather than pile bents. No record of the reconstruction of
the westbound lanes was found in the inspection reports.

Figure 5-13. Underside of Island Expressway at Wilmington River Bridge (Bridge No. 0510132)
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At low tide a detailed inspection of the submerged regions of the piling was performed.
Limestone aggregates showed deterioration and abrasion on all piles (see Figure 5-14). The
limestone aggregate were exposed on the surface of the piles due to pop-outs and and showed
severe abrasion. Large longitudinal cracks at the corners with rust staining were present in most
piles. Severe cases of cracking and spalling, as well as “hour-glassing” in the tidal region, are
shown in Figure 5-15.

Figure 5-14. Deterioration of Limestone Aggregates Present at Concrete Surface on Island
Expressway at Wilmington River Bridge (Bridge No. 051-0132)

Figure 5-15. Severe Damage to Concrete Piling on Island Expressway at Wilmington River
Bridge (Bridge No. 051-0132)
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5.8. Oatland Island Research Bridge (Bridge No. 051-5013)
The Oatland Island Research Bridge was constructed in 1987 using precast concrete girders
and a precast concrete pile bent substructure. An overall view of the bridge is shown in Figure 516. The bridge was constructructed using a variety of corrosion mitigation methods. The
following methods were used in each bent: epoxy coated strands, calcium nitrite corrosion
inhibitors, and high performance concrete with supplementary cementitous materials (SCM’s).
While access to the substructure for photos was limited due to the surrounding marsh and oyster
shell growth on the piling, all of the piles looked to be in excellent condition with no apparent
cracking and very limited surface abrasion (Figure 5-17).

Figure 5-16. Oatland Island Research Bridge (Bridge No. 051-5013)

Figure 5-17. Pile-Bent Substructure of Oatland Island Research Bridge (Bridge No. 051-5013)
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5.9. Long Bridge Road at Ebenezer Creek Bridge (Bridge No. 103-0030)
Located approximately 30 miles inland in Effingham county, the Long Bridge Road Bridge
spanning Ebenezer creek was constructued in 1968 with a reinforced concrete superstructure and
precast concrete pile-bent substructure. An overall view of the bridge is shown in Figure 5-18.

Figure 5-18. Long Bridge Road at Ebenezer Creek Bridge (Bridge No. 103-0030)
Bridge 103-0030 was selected for inspection primarily due to the mention of driving cracks
in the piles recorded in its inspection report. Tranverse cracks which had been repaired with
grout were observed on two piles but were not present throughout the bridge. A typical repair is
shown in Figure 5-19.

Figure 5-19. Grout Repair of Tranverse Cracking Likely Caused by Overdriving on Long Bridge
Road at Ebenezer Creek Bridge (Bridge No. 103-0030)
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The most predominant deterioration observed on the bridge was degradation of the paste
fraction of the concrete piling in regions from the high-water mark down. Above the high-water
mark, the concrete was in good condition. Below the high-water mark, the paste was extremely
friable and could be scratched easily. This condition was observed on all piles. A typical case of
surface abrasion is shown in Figure 5-20.

Figure 5-20. Surface Abrasion of Concrete Below High-Water Mark on Long Bridge Road at
Ebenezer Creek Bridge (Bridge No. 103-0030)

5.10. I-95 at Turtle River Bridge (Bridge No. 127-0052)
The Turtle River Bridge is located approximately 10 miles from the coast near Brunswick,
GA in Glynn County. The bridge was recently upgraded but was inspected because it was the
site where piles were pulled and shipped to the Georgia Tech Structural Engineering and
Materials Laboratory for further forensic investigation in February 2010. The piles that used for
the forensic investigation showed the following deterioration mechanisms: abrasion and “hour
glassing” in the splash zone, longitudinal cracking and spalling in the tidal and submerged
regions, rust staining along the corners of the piles, softening of the concrete in the submerged
region, and biological attack on the limestone aggregate.
Due to the expense of pulling all the piles, only those which needed to be removed were,
with the rest of the piles from the original bridge left in place underneath the new structure. The
new structure consists of precast concrete girders and drilled shafts supporting large transfer
beams which span to substructure of the old bridge. An overall view of the new Turtle River
Bridge is shown in Figure 5-21. Figure 5-22 shows the substructure of the new bridge with the
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original piles integrated into the large transfer beam. The bridge was inspected near high-tide and
limited access for photos was available under the bridge.

Figure 5-21. Updated I-95 at Turtle River Bridge (Bridge No. 127-0052)

Figure 5-22. Transfer Beam with Original Piles Left In-Place on I-95 at Turtle River Bridge
(Bridge No. 127-0052)

5.11. Torras Causeway at Little River Bridge (Bridge No. 127-0063)
The Torras Causeway Bridge was constructed as part of a series of bridges in 1986 close to
the coast near Brunswick, GA in Glynn county. The bridge was built to replace an older
corrosion damaged bridge using precast concrete girder superstructure and a precast concrete
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pile-bent substructure with larger piers in the center spans over the intercoastal waterway. An
overall view of the structure is shown in Figure 5-23, taken from the adjacent fishing pier which
is actually the remains of the original Torras Causeway Bridge constructed in the 1950s.

Figure 5-23. Torras Causeway at Little River Bridge (Bridge No. 127-0063) on Right and
Adjacent Fishing Pier on Left
With the heavy oyster shell growth present in the tidal zone of the piles, it was difficult to see
any surface abrasion or damage from a distance. No longitudinal cracking or rust staining could
be seen on any of the piles. A typical pile-bent at the waterline is shown in Figure 5-24. Access
to the original bridge was also available from the adjacent dry marsh. The piles under the
original bridge showed significant deterioration with large longitudinal cracks, rust staining, and
spalling of concrete. On many of the piles, concrete repair jackets were present. A typical pile
from the older structure is shown in Figure 5-25.

Figure 5-24. Pile-Bent on Torras Causeway at Little River Bridge (Bridge No. 127-0063)
Approach Span
5-14

Figure 5-25. Corrosion Damage in Original Torras Causeway at Little River Bridge Substructure
(Bridge No. 127-0063)

5.12. Ocean Highway at Riceboro Creek Bridge (Bridge No. 179-0005)
Located 20 miles inland over Riceboro Creek in Liberty County, bridge 179-005 was
constructed with a reinforced concrete superstructure and precast concrete pile-bent substructure
in 1957. An overall view of the bridge is shown in Figure 5-26. All piles showed significant
deterioration with surface abrasion of the paste fraction below the high-water mark, longitudinal
cracks at the corners, and rust staining from corrosion present on most piles (see Figure 5-27).

Figure 5-26. Ocean Highway at Riceboro Creek Bridge (Bridge No. 179-0005)
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Figure 5-27. Deterioration of Precast Concrete Piles in Substructure of Ocean Highway at
Riceboro Creek Bridge (Bridge No. 179-0005)

5.13. Ocean Highway at Champney’s River Bridge (Bridge No. 191-0005)
The Ocean Highway Bridge is located approximately 10 miles inland spanning Champney’s
River in McIntosh county. The bridge was constructed in 1981 with a precast concrete girder
superstructure and precast concrete pile-bent substructure. An overall view of the structure is
shown in Figure 5-28. Hollow square piles, 36”x36”, were used in the substructure. Leftover
piles from the bridge were placed on the bank forming a seawall at an adjacent boat ramp. Closeup examination of these piles revealed the concrete was manufactured using limestone coarse
aggregates (see Figure 5-29).
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Figure 5-28. Overall View of Ocean Highway at Champney’s River Bridge (Bridge No. 1910005)

Figure 5-29. Remaining Piles on Bank Adjacent to Ocean Highway at Champney’s River Bridge
(Bridge No. 191-0005)
A fishing pier attached to the side of the bridge was used to take photos of the substructure.
The bridge was inspected at high tide and photos of regions of the piles well below the high
water mark could not be taken. Surface abrasion, particularly at the site of limestone aggregates,
was present on all of the piles. No significant cracking or rust staining was observed on any of
the piles. The typical condition of the piles is illustrated in Figure 5-30.
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Figure 5-30. Typical Surface Abrasion of Concrete on Ocean Highway at Champney’s River
Bridge (Bridge No. 191-0005)

5.14. Water Sample Testing
Water samples were collected at eight of the bridge sites visited. Access to collect samples at
the other sites was not possible. The samples were tested for chloride content, sulfate content,
and pH. Chloride contents were obtained by diluting 1 mL of the sample with 50 mL of
deionized water and titrating using the Metrohm 798 MPT Titrino. A silver / silver chloride
standard electrode was used. 0.1 N silver nitrate is added in 0.1 ml steps to the sample until an
equivalence point is achieved.
The sulfate content was determined by performing inductively coupled plasma atomic
emission spectroscopy (ICP) on a Perkin Elmer Optima 7300 DV Optical Emission
Spectrometer. The pH was measured using a Thermo Scientific Orion 3-Star Plus pH Portable
Meter. The results of the tests performed on the water samples are given in Table 5-2.
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Table 5-2. pH, Chloride, and Sulfate Contents of Water Samples
Bridge Name

Bridge ID

pH

% NaCl
(g/g)

Tide

[SO42-]
(mg/L)

Harriet's Bluff Road at Deep
Creek Bridge

039-0049

7.41

2.77

High

2070.75

Houlihan Bridge

051-0054

7.04

0.05

Low

52.91

051-0132

7.32

1.38

Low

1058.58

103-0030

5.88

0.00

Low

13.65

127-0052

7.47

1.99

High

1527.54

127-0063

7.41

2.34

Mid

1746.22

179-0005

7.25

0.38

Low

219.95

191-0005

7.18

0.00

High

22.65

Island Expressway at
Wilmington River Bridge
Long Bridge Road at
Ebenezer Creek Bridge
I-95 at Turtle River Bridge
Torras Causeway at Little
River Bridge
Ocean Highway at Riceboro
Creek Bridge
Ocean Highway at
Champney's River Bridge

The salt content of water is used to differentiate between fresh, brackish, and saline (sea)
water. Table 5-3 shows the general ranges of NaCl concentrations as given by the USGS [1].
From Table 5-3, it can be seen that all of the bridges except for the 051-0054, 103-0030, and
191-0005 are in brackish water. The three bridges considered to be in fresh water were located
further inland than the rest investigated and no signs of corrosion induced damage were noticed.
Table 5-3. Water Salinity Based on Dissolved Salt (NaCl) Concentration
Fresh water
<0.1 %

Brackish water
0.1-3.5 %

Ocean Water
3.5 %

The pH of water is highly variable. According to the USGS [1], seawater has a pH of
between 8 and 9. However, the average field pH is 4.7 for coastal Georgia [1]. The values of pH
observed at the inspected bridge sites fell between the two reported values. Only bridge 1030030 was located in acidic water. The damage observed on the bridge was consistent with the
signs of acid attack, including the observations of exposed coarse aggregate on the surface due to
the loss of paste, and severe softening of the paste content. The other bridge locations had a near
neutral pH, typically measuring in the range of 7.1 to 7.4.
The sulfate contents varied significantly among the water samples. Seawater has an average
sulfate content of 2,700 mg/L [2], and a study by Murata [3] suggests that the sulfate content in
brackish water is typically in excess of 1,000 mg/L. The measured values of sulfate
concentrations at the bridge sites varied by two orders of magnitude. The wide spread of
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observed concentrations could be due to both varying distance from the coast, as well as the tide
when measured [1]. ACI 201.2 [4] provides design requirements based upon the sulfate content
in water, and requires preventative measures to protect against damage to the concrete by sulfate
attack for a concentration above 150 mg/L. Additional measures are required for
concentrations exceeding 1500 mg/L, which would apply to three of the bridges visited. ACI
201.2 states that for concentrations less than 150 mg/L no special requirements are necessary for
sulfate resistance. For concentrations between 150 and 1,500 mg/L the w/c should be no greater
than 0.50 and an ASTM C 150 Type II or ASTM C 1174 Class MS cement should be used. For
concentrations between 1,500 and 10,000 mg/L the w/c should be no greater than 0.45 and an
ASTM C 150 Type V or ASTM C 1174 Class HS cement should be used.
X-ray diffraction was performed on piles from the Turtle River Bridge (127-0052) to
examine if sulfate attack was the cause of the softening of the surface concrete. The
concentration of sulfates in the water appears to be sufficient to cause significant sulfate attack,
but other local sources of sulfates, particularly biological sources, may contribute to the
degradation as well.
The concentrations of sulfates and chlorides in the water can vary widely with variations in
rainfall and seasonal effects. Regional data will be investigated further to determine the extent of
this variation, and how the data collected compares with historical data.

5.15. Summary
The inspections of bridges along the coast suggest that the causes of damage observed during
the forensic investigation of piling from the Turtle River Bridge is representative of other bridges
located along the coast. The types of damage observed were cracking and staining due to
corrosion, abrasion and “hour-glassing” in splash and tidal zones, loss of limestone aggregates,
and severe biological growth in tidal zones. The interviews of GDOT field personnel and SCP
employees suggest that driving practices for piles have improved over the last several decades;
however, when damage is noticed during driving, there is no standard method of repair or
rejection criterion.
The current HPC mix design requirements being used by GDOT lead to a significantly more
durable concrete than the concrete mixes used in the past. However, GDOT limits the
replacement of cement with SCM’s to lower levels than currently being employed by Florida,
therefore, the benefits of higher replacement levels need to be evaluated. Additionally, GDOT
does not require the use of an ASTM C 150 Type II or ASTM C 1174 Class MS cement in
coastal concrete piling, but there is evidence that sulfate attack may occur in this environment if
preventative measures are not taken.

5.16. References for Chapter 5
[1] USGS Surface Water Information Pages, United States Geological Survey, June 3rd, 2010,
from http://water.usgs.gov/osw/.
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[4] ACI Committee 201, (2008) “ACI 202.2R-08 Guide to Durable Concrete,” American
Concrete Institute, Farmington Hills, Michigan.

5-21

6. Forensic Investigation of Turtle River Bridge Piles
6.1.

Introduction

The objective of this research was to characterize the degradation mechanisms present in
prestressed concrete piles exposed to marine environments in Georgia. With an in-depth
understanding of relevant degradation phenomena, novel methods to increase the durability of
coastal bridges can be developed with the goal of increasing bridge service lives to 100+ years.
To better identify the pile deterioration mechanisms, piles from the I-95 at Turtle River Bridge
in Brunswick, Georgia were investigated.
The deterioration of prestressed concrete piles in marine environments is a growing expense
for the Georgia Department of Transportation (GDOT). Bridges are having to be replaced after
less than 40 years in service, which is significantly less than the 75 to 100 year service life
desired by the Federal Highway Administration (FHWA). For example, the substructure of the
I-95 at Turtle River Bridge was replaced after only 32 years in service.
The exposure of structural concrete to the harsh Georgia coastal environment can cause
several forms of degradation. The forms of attack vary with the exposure zone on the piling, as
shown in Figure 6-1. Corrosion of the prestressing steel typically occurs in the tidal and splash
zones, while carbonation and sulfate attack may occur in the submerged regions of the piles
(Mehta, 1991). The piles recovered from the Turtle River Bridge upgrade were investigated for
these damage mechanisms, in addition to inspection for any other potential degradation hazards.
Section 6.2 investigates damage caused by corrosion of the prestressing steel. Section 6.3
examines the degradation of the piles due to sulfate attack. Section 6.4 investigates the
biological attack that occurred on the concrete piles. Section 6.5 presents the conclusions and
recommendations drawn from this study and suggest future research in certain areas.
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Figure 6-1: Typical degradation mechanisms in coastal concrete piling (Mehta, 1991)
6.1.1 Bridge Description
The I-95 at Turtle River Bridge (Structure ID: 127-0052-1) is located approximately 10
miles from the Atlantic coast, near Brunswick, GA, in Glynn County, as shown in Figures 6-2.
The original bridge was constructed in 1977, and upgraded in 2009 by replacing the heavily
damaged substructure. The damage observed by inspection teams is presented in section 6.1.2.
Figure 6-3 shows the original and upgraded Turtle River Bridge. The bridge has 43 spans and
has a total length of 3,488 ft. The bridge has a concrete road deck. The bridge has three primary
spans, which are approximately 200 ft in length and are supported by steel I-girders. The
remaining 40 spans are supported by prestressed concrete girders. The girders rested on
elastomeric bearing pads on pier caps. The substructure consisted of 30”x30” hollow prestressed
concrete piles, which supported the pier caps.
The piles were constructed with 9/16” prestressing strands and a 0.50 water-to-cement (w/c)
ratio concrete using ASTM C 150 Type I cement. Natural sand was used for the fine aggregate,
and a 1” maximum size aggregate (MSA) limestone was used for the coarse aggregate.
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20 miles

Figure 6-2: Location of I-95 at Turtle River Bridge

(b)

(a)

Figure 6-3: Overall view of bridge (a) before and (b) after upgrade
The substructure on the bridge was replaced using large transfer beams and drilled caissons
into the subgrade. Figure 6-4 shows the original and upgraded substructure. The piles used for
the forensic investigation were removed during construction so that the new caissons could be
built. Only existing piles that interfered with the new substructure were removed. In Figure 6-4
(b), the old piling can be seen in place under the new bridge structure.
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(a)

(b)

(c)
Figure 6-4: View of bridge substructure (a) before, (b) transfer girder after upgrade, and (c)
drilled caisson support after upgrade
Four piles were delivered to the Georgia Tech in February, 2010. Figure 6-5 shows the piles
upon delivery. Three of the piles contained the splash, tidal, and submerged regions, and the
fourth was a fully submerged section. Figure 6-6 shows a pile after cleaning the biological
growth off of the surface. The splash, tidal, and submerged zones are labeled.
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Figure 6-5: Piles from Turtle River Bridge

Submerged Zone
Tidal Zone
Splash Zone
Atmospheric Zone

Figure 6-6: Pile after removal of biological growth
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6.1.2 Inspection Report Data for Original Substructure
Access to the most recent inspection reports for the Turtle River Bridge was provided by
GDOT. The most recent inspection of the substructure before replacement was performed in
2005, along with notes from previous inspections. The bridge inventory listing and bridge
inspection reports are given in Appendix A.
In the splash and tidal zones of piles, visual inspection of the piles showed heavy marine growth,
moderate scaling and abrasion, vertical cracking, spalling, exposed prestressing steel, rust
staining, and delaminations. The reported vertical cracks varied in width from hairline to 1/4 in.
For the submerged region of the piles, it was noted that the concrete piles were “soft” and that
the concrete could be easily chiseled off. Also, several piles had vertical cracks in the corners
that ran from the mudline up 6 ft to 12 ft, with a width varying from hairline to 1/32 in. (0.030in.) in width. Additionally, according to the report, multiple piles had been encased in a
fiberglass sheath with epoxy as a rehabilitation method.
The inspection reports suggest visual signs of degradation consistent with chloride-induced
corrosion of the reinforcement plus chemical attack and potential biological attack of the
concrete. The forensic investigation of the recovered piles characterized the deterioration
mechanisms present that caused the observed damage.

6.2.

Corrosion of Prestressing Steel

Concrete’s highly alkaline environment allows for the formation of a thin oxide layer on the
surface of reinforcing steel. The thin passive film protects the steel from corrosion in alkaline
environments. If the passive layer is destroyed, active corrosion can occur. The passive film can
be broken down by decreasing the pH of the surrounding environment, local attack from
aggressive ions, or a concurrence of both (Bertolini, et. al., 2004).
Chlorides from the surrounding marine environment are able to ingress into the concrete over
time through various transport mechanisms. The protective oxide film that forms on the surface
of the steel in the alkaline concrete environment is broken down locally by the presence of a
sufficient local chloride concentration, and pitting corrosion can result. Pitting is a localized
form of corrosion which initiates when chlorides attack defect sites in the passive film. Two
reactions that occur in breaking down the passive film are given below in Eq. 6-1 and Eq. 6-2
(Bertolini, et. al., 2004).
(Eq. 6-1)
(Eq. 6-2)
The reactions do not consume the chlorides, and lower the pH at the pitting site by depleting
the OH- ions in the formation of the iron oxides. In concrete, the surrounding regions remain
alkaline, and hydroxide ions are available in the pore solution which causes the surrounding
regions to act as cathodes for the corrosion reactions. As the pit grows, it gains a net positive
charge from the hydrogen and metal ions which attract more chlorides into the pit, causing an
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autocatalytic reaction. At the surface, a porous cap can form from the corrosion products that
further allows the pit to grow.
The corrosion of the prestressing steels leads to a loss of steel section. Additionally, the
corrosion of steel leads to the formation of iron oxides which are less dense than the original
steel and occupy more volume. The formation of oxides causes tensile forces in the surrounding
concrete and can lead to cracking and delamination of the cover concrete, as well as rust staining
on the surface of the piles.
The causes and extent of damage produced by chloride-induced corrosion were investigated
by performing a visual assessment of the damage (section 6.2.1), mapping the corrosion
potentials (section 6.2.2), and determining the chloride profiles (section 6.2.3). The chloride
profiles were used for service life modeling.
6.2.1 Visual Assessment of Damage
A visual inspection of the splash and tidal zones of the piles showed vertical cracks along the
corners of the piles as shown in Figure 6-7. The average crack widths were approximately 0.01”,
but were as large as 0.05”. Additionally, delamination of the cover concrete had occurred over
the corner strand on one pile. The exposed surface showed extensive corrosion damage to the
strand and staining of the surrounding concrete (Figure 6-8). The delamination occurred normal
to the surface of the concrete through the corner strand location as illustrated in Figure 6-9.

(a)

(b)

Figure 6-7: (a,b) Corrosion induced longitudinal cracking of piles
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(a)

(b)

Figure 6-8: (a,b) Corrosion induced delamination, loss of steel section, and staining of piles

Figure 6-9: Cracking and delamination pattern on the cross-section in splash and tidal zone
Inspection of corroded strands indicated the presence of pits and preferential locations in the
crevices between the braided wires of the strand. Figure 6-10 shows a core through a corroded
strand and a magnified image of the corrosion products around the strand.
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(a)

(b)

Figure 6-10: Corrosion of prestressing steel in extracted core
The pH of the concrete cover was studied by using a phenolphthalein indicator solution on
freshly cut surfaces of the piles. The indicator solution turns pink if the pH is above
approximately 9.2, representing uncarbonated concrete. The carbonation front can be seen in
Figure 6-11. The carbonation front was found to be approximately 1” beneath the exposed
surface of the piling, both in the submerged and tidal regions. This limited depth suggests that it
is unlikely that corrosion of the reinforcement was caused by carbonation, but that a combination
of decreased pH and ingress of chlorides caused pitting corrosion to occur.
Although carbonation of the concrete did not cause general corrosion of the reinforcement, it
may have contributed to degradation of the cover concrete. Carbonation of concrete leads to the
depletion of calcium hydroxide, which causes the decrease in pH, and can lead to a loss of
calcium silicate hydrate (C-S-H), which is the primary strength giving component of hydrated
cement paste (Neville, 1997). Additionally, ettringite is unstable at a pH below 11 (Neville,
1997).
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(a)
(b)
Figure 6-11: (a) Phenolpthalein indicator solution on sawn surface of pile, and (b) measurement
of carbonation front
6.2.2 Half-cell Corrosion Potentials
The half-cell potential of the imbedded steel strands was used to identify regions where
corrosion was occurring in accordance with ASTM C 879 (2009). The measurements were
performed by measuring the half-cell potential of a strand versus a Cu/CuSO4 electrode (CSE)
using a voltmeter and by measuring the potential at one-foot intervals along the length of the
pile. An electrical contact solution consisting of liquid dish detergent mixed with water was used
to wet the surface for readings. Figure 6-12 shows the experimental set-up used.

Figure 6-12: Half-cell potential measurement set-up
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Figure 6-13 shows the half-cell corrosion potentials from all four sides of a pile. According
to ACI Committee 222 (2001), a half-cell potential greater than 350 mV indicates a 90% or
greater probability of corrosion occurring. A half-cell potential less than 200 mV indicates a
10% or less probability of corrosion occurring. The results suggest that from 2 ft above high tide
and below that there is a strong probability that corrosion is occurring. The rate of corrosion
cannot be determined using this method. Therefore, a half-cell potential in excess of 350 mV
does not indicate that corrosion is occurring at a highly deleterious rate. The corrosion rate is
heavily influenced by environmental factors, including adequate presence of moisture and
oxygen. If insufficient oxygen is present, then the corrosion rate can be orders of magnitude
smaller.
The lack of oxygen in the submerged zones of piles explains why no corrosion induced
damage was seen, even though the half-cell potential suggests that corrosion is occurring. The
tidal and splash zones of piles have adequate access to moisture and oxygen due to the wetting
and drying cycles present. This leads to a significantly faster corrosion rate, which could be the
reason for the large amount of damage found.

Figure 6-13: Half-cell potential map of the four faces of a Turtle River Bridge pile
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6.2.3 Chloride Profiles
The concentration of chloride ions near the reinforcement surface is critical in causing the
onset of pitting corrosion and in furthering the corrosion reactions; therefore, it is important to
understand the migration of chloride ions through the concrete and to understand the interactions
between those ions and the cementitious system. Chlorides ingress into the concrete piles from
the surrounding brackish water. Their movement through the concrete is often modeled with
Fick’s second law of diffusion. However, other transport mechanisms, like capillary action, can
affect the transport of chlorides through the cement paste. The apparent diffusion coefficient of a
concrete mix exposed to chlorides can be determined experimentally and used for service life
estimation in a given environment (Bertolini, et.al., 2004).
Within the concrete, chlorides exist in a free or uncombined form and in bound forms,
where they may combine with existing hydration products or unhydrated cementitious phases. In
the bound form, the most common product formed is Friedel’s salt [Ca2Al(OH)6Cl·2H2O].
When the concentration of chlorides reaches a threshold value at the surface of the reinforcing
steel, corrosion will initiate when the passive film is broken down. There is considerable debate
as to how to define the chloride threshold limit (CTL) and what the value should be (Mohammed
and Hamada, 2003). The threshold values are typically reported as the total or free chlorides as a
percent mass of concrete (or cement) or by the ratio of the concentration of chloride ions to the
concentration of hydroxyl ions ([Cl-]/[OH-]).
In practice, the total chloride content is used more frequently for threshold values, even
though it is generally believed that the free chlorides are responsible for the initiation of
corrosion (Mohammed and Hamada, 2003). The CTL is typically assumed to be between 0.4%
to 1% mass of binder, or approximately 0.05% to 0.2% by mass of concrete, for total chloride
content (Bertolini, et. al., 2004). However, reported values for the CTL have varied from 0.04%
to 8.34% by mass of binder based upon total chloride content (Angst, et. al., 2009). The CTL is
difficult to define since the reported values vary with cement composition, water to cement ratio,
exposure temperature, internal pH, and type of steel used (Angst, et. al., 2009).
6.2.3.1 Test Methodology
The total chloride concentration was measured using the ASTM C 1152 (2004) procedure,
which was performed by taking 3” diameter cores through the depth of the cross-section, drilling
at 1/2" increments using a 3/8” masonry bit, and collecting the powder. The concrete powder
was ground using a mortar and pestle and sieved until a minimum of 30 g passed through the 850
mm sieve for each depth increment. The acid soluble chloride testing was performed by
measuring 10 g of the powder into a beaker and adding 75 ml of reagent water. Next, 25 ml of
dilute (1:1) nitric acid was added to the beaker. The sample was stirred until any lumps were
broken up. Next, the sample was rapidly heated to a boil for 10 seconds, then removed from
heat. The sample was then filtered using a Buchner funnel and filtration flask with suction
through a Grade 41 coarse-textured filter paper. The sample was then allowed to cool to 25 °C.
The sample was titrated with Silver nitrate solution (0.1 N) to determine the acid soluble
chloride content.
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The free chloride concentration was measured using the ASTM C 1218 (1999) procedure,
which was performed by taking 3” diameter cores through the depth of the cross-section, drilling
at 1/2" increments using a 3/8” masonry bit, and collecting the powder. The concrete powder
was ground using a mortar and pestle and sieved until 30 g passed through the 850 mm sieve for
each depth increment. The water soluble chloride testing was performed by measuring 10 g of
the powder into a beaker and adding 50 ml of reagent water. Next, the sample was covered and
brought to a rapid boil for 5 minutes. The sample was allowed to sit for 24 hours. Next, the
sample was filtered using a Buchner funnel and filtration flask with suction through a Grade 40
Class G filter paper. After filtering, 3 ml of (1:1) nitric acid and 3 ml of hydrogen peroxide
(30% solution) were added to the sample, which was then covered and allowed to stand for 1
minute. The sample was then brought to a boil for 10 seconds while still covered, then removed
from heat. The sample was then allowed to cool to 25 °C. The sample was titrated to determine
the water soluble chloride content.
Titrations were performed using the Metrohm 798 MPT Titrino. A silver/silver chloride
standard electrode was used. Silver nitrate solution (0.1 N) was added in 0.1 ml aliquots to the
sample until an equivalence point was achieved. Figure 6-14 shows the filtration and titration
methods. The chloride content was then determined using Eq. 6-3 to compute the percent
chlorides by mass of sample.
(Eq. 6-3)
Where,
V
N
W

= milliliters of AgNO3 solution used for titration at equivalence
point
= exact normality of AgNO3 solution
= mass of sample, g

(a)

(b)

Figure 6-14: (a) Filtration of chloride sample, and (b) titration of sample
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6.2.3.2 Results, Chloride Concentrations
Total and free chloride concentrations were determined at various heights along the pile,
as shown in Figure 6-15. The locations were chosen to coincide with the atmospheric, splash,
high and low tide, and submerged regions of the pile. The notation used for identifying samples
was that a positive value indicated a depth below high tide, and a negative value was above high
tide. Cores were taken in the center of the pile to avoid the effect of 2-D transport from another
surface of the pile.
-9 ft
-2 ft

5 ft

12 ft

Figure 6-15: Locations of chloride concentration sampling
Figure 6-16 shows the total chloride concentrations from each sampling location with
respect to depth into the cross-section. The results suggest that the concentration of total
chlorides at the level of the reinforcement is significantly higher than the CTL values given in
the literature. The concentrations were in agreement with the half-cell corrosion potentials,
which suggested that active corrosion was occuring due to depassivation and destruction of the
passive film on the surface of the steel. The chloride profiles for high tide, 5 ft, and 12 ft
elevations were very similar. However, the concentration at the surface varied widely between
the elevations and may be due to the presence of wetting and drying cycles in the tidal zone
compared to the fully saturated condition in the submerged region. The 2 ft above high tide
profile had a greatly reduced chloride content compared to submerged regions. Additionally,
was observed from the 9 ft above high tide data that the background chloride content in the mix
was 0.01% by mass of concrete. The low background content suggested that the mix did not use
seawater for mixing, dredged fine aggregate, or large quantities of chloride containing
admixtures.
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Figure 6-16: Total chloride content of concrete columns at various depths

Figure 6-17 shows the free chloride concentration profile at the selected locations along the
length of the pile. The results suggest that the concentration of free chlorides at the level of the
reinforcement is significantly higher than the CTL values given in the literature. The free
chloride profiles follow a similar trend to the total chloride profile at each depth. The profile for
9 ft above high tide shows that all chlorides present over ½ in. into the section were bound.
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Figure 6-17: Free chloride content of concrete columns at various depths

A comparison of the total to free chloride content measured at each increment from the
piles is given in Figure 6-18. From a simple linear regression between the total and free chloride
concentrations, it was found that 18.6% of the total chloride content is bound. There is a large
scattering of data, but the percent bound chlorides is consistent with the value of 18.7% found by
Mohammed and Hamada (2003) from field exposure measurements.
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Figure 6-18: Comparison of total to free chloride concentrations

Figure 6-19 shows the free and total chloride concentrations at 12 ft, 5 ft, high tide, and -2 ft.
The free chloride content follows a similar profile to the total chlorides, but the value is reduced
due to binding of chlorides. The concentrations near the surface were highly variable between
acid and water samples for the same depth, and could be due to variable surface conditions of
cores due to biological attack and coring induced damage.

6-17

Chloride Content (% mass)

Chloride Content (% mass)

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

1

2
3
Depth (in)

4

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

5

0

1

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

1

2
3
Depth (in)

4

5

4

5

(b)

Chloride Content (% mass)

Chloride Content (% mass)

(a)

2
3
Depth (in)

4

5

(c)

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0

1

2
3
Depth (in)
(d)

Figure 6-19: Chloride profiles at (a) 2 ft above high tide, (b) high tide,
(c) 5 ft below high tide, and (d) 12 ft below high tide

6-18

6.2.3.3 Chloride Ingress Modeling
The ingress of chlorides into a structure is often treated as a diffusion-based transport
phenomenon (Bertolini, et. al., 2004). Fick’s second law can be used with experimental data to
determine the diffusion coefficient that characterizes the diffusion-based transport properties of a
concrete mix. Additionally, if the diffusion coefficient and environmental parameters are
known, the time necessary for the CTL to be reached can be determined and used for service life
modeling.
The chloride profiles were used to determine the apparent chloride diffusion coefficient by
performing a non-linear regression analysis, using the method of least squares to fit to the
equation given by Eq. 6-4 (ASTM C 1152, 2004).
(

√

)

(Eq. 6-4)

Where,
C(x,t) = chloride concentration, measured at depth x and exposure time
t, mass %
Cs
= projected chloride concentration at the interface between the
exposure liquid and test specimen that is determined by the
regression analysis, mass %
Ci
= initial chloride-ion concentration of the cementitious mixture
prior to submersion in the exposure solution, mass %
x
= depth below the exposed surface (to the middle of a layer), m
Da
= apparent chloride diffusion coefficient, m2/s
t
= the exposure time, s
erf
= error function
=
∫
√
An approximation developed by Winitzki (2006) for the error function was used to perform
the regression analysis. The approximation, given in Eq. 6-5, results in a maximum relative error
of less than 1.3%.
[

(

(

))]

(Eq. 6-5)

Life 365 Service Life Prediction Model (Ehlen, 2009) was used to estimate the diffusion
coefficient and expected service life of the structure. The primary parameters necessary for
using Life 365 are the structure location, exposure type, concrete cover distance to reinforcing
steel, and mix design details, including w/cm, percent replacement of cement with
supplementary cementitious materials, and use of corrosion inhibitors. The results of the
nonlinear regression diffusion coefficient results compared to the Life 365 estimates are shown
in Table 6-1.The Life 365 estimates were based upon a marine tidal zone exposure in Savannah,
Georgia for a 0.50 w/c mix design using only Portland cement. The experimentally determined
data were compared to the Life 365 data for the estimated time to corrosion initiation based upon
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a CTL of 0.05% by mass of concrete, which is the default value used by Life 365 (Ehlen, et.al.,
2009).

Table 6-1: Comparison of Life 365 estimates to experimental data

Diffusion Coefficient
(in2/s * 10-8)
Surface chloride
concentration (% mass
concrete)
Time to corrosion initiation
(years)

Experimental

Life 365

% Difference

2.56

2.14

16.44

0.797

0.800

0.44

3.1

3.7

19.35

Overall, Life 365 gave reasonable predictions of diffusion coefficient, surface chloride
concentration and time to corrosion (Table 6-1). Life 365 underestimated the diffusion
coefficient that was observed from curve fitting. However, the diffusion coefficient observed
could be influenced by other damage mechanisms that were occurring in the piles. The observed
biological attack, sulfate attack, and potential cracking from construction practices could all lead
to an increased permeability and diffusion coefficient. The discrepancy between diffusion
coefficients is responsible for the variation in time to corrosion initiation. Life 365 and the
experimental data were in agreement on the surface concentration for this exposure zone. The
time to corrosion initiation was significantly less than the 75+ year lifespan desired by GDOT.
After corrosion initiates, the time until repair or replacement is required varies heavily on the
corrosion rate, which can vary by orders of magnitude. The Life 365 program assumes a 6 year
propagation time in their service life calculations (Ehlen, et. al., 2009). However, frequently the
failure of a structure due to chloride-induced corrosion is assumed to occur at corrosion initiation
for service life modeling (Bertolini, et. al., 2004).

6.2.4 Conclusions, Corrosion of Prestressing Steel
The piles from the Turtle River Bridge showed extensive damage from chloride-induced
corrosion. The corrosion half-cell potentials indicated that the prestressing strands were
undergoing active corrosion from the tidal zone to mudline. The chloride profiles indicated that
the concentration of chlorides at the reinforcement, 0.35% to 0.45% by mass of concrete, was
significantly higher than the 0.05% necessary to initiate pitting corrosion. The large amount of
concrete cracking and spalling and of steel corrosion damages were limited to the tidal and
splash zones on the piles, due to the limited availability of oxygen in the fully submerged regions
of the piles.
The diffusion coefficient for chloride transport in the concrete showed that the concentration
of chlorides at the level of the steel would exceed the threshold value after only 3.1 years of
6-20

service in the marine environment. This suggests that the concrete mix used is not adequate for
long-term exposure to this environment. The service life analysis program Life 365 was able to
predict the diffusion coefficient to within 16% of the measured value. The measured was higher,
likely due to contributions of additional forms of degradation to increased permeability in the
concrete piles.

6.3.

Sulfate Attack

Concrete piling in seawater and brackish water can be exposed to high concentrations of
sulfates. In addition to sulfates present in the water, it is being investigated if additional sulfates
may be produced by bacteria on the surface of the piles. The primary forms of sulfates present
are NaSO4 and MgSO4 (Skalny, et. al., 2002). Damage to the concrete due various reactions
between the ingressing sulfate ions and hydration products and anhydrous cement phases in the
cement paste is termed “sulfate attack”. Two primary mechanisms are associated with sulfate
attack. First, sulfate ions can react with monosulfoaluminatate or available tricalcium aluminate
to form ettringite. The formation of ettringite can be expansive and lead to cracking and
spalling. The calcium consumed in this reaction comes from the dissolution of available
portlandite. In addition, sulfate ions may react with available calcium hydroxide to form
gypsum. If there is no portlandite present, then the calcium comes from the decomposition of the
calcium silicate hydrate phase (C-S-H). The loss of calcium from the C-S-H leads to a reduction
in strength (Skalny, et. al., 2002).
In the case of magnesium sulfate attack, additional reaction mechanisms are possible.
Magnesium sulfate reacts with portlandite to form brucite, in addition to gypsum.
Simultaneously, C-S-H is decomposed and converted to an amorphous hydrous silica or
magnesium silicate hydrate phase. The decomposition of C-S-H is significantly faster with
exposure to magnesium sulfate compared to sodium sulfate (Skalny, et. al., 2002).
Visible signs of sulfate-induced damage include a whitish appearance of the cement paste in
damaged areas, as well as cracking (due to expansion), softening of the paste, delaminations, and
spalling, with the damage typically starting at corners and edges. In addition, loss of strength
and modulus can be measured (Neville, 1997). The sulfate attack damage to the bridge piles was
characterized by performing a visual inspection of the piles, hardness measurements, and TGA
(thermo-gravimetric analysis) and XRD (x-ray diffraction) analysis.
6.3.1 Visual Assessment of Damage
A visual assessment of the submerged region was performed. Cracks were found near the
corners of the piles that extended from the mudline up to low tide. The width of these crack
varied widely, with a maximum of 0.05 in., but most were approximately 0.025 in. in width.
Spalling and abrasion was also apparent at the surface. Additionally, marine life had grown
along the cracks that growth may have led to increased deterioration. Figure 6-20 shows the
measurement of a crack, along with marine growth inside of a crack.
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(a)
(b)
Figure 6-20: (a) Cracking along corner of pile, and (b) marine growth in crack
A core taken through the cross-section revealed a visible whitish discoloration of the cement
paste near the surface in the submerged region of the pile as shown in Figure 6-21. The depth of
the color change was consistent with the cracking location along the corners of the piles.

1 in.

Figure 6-21: Whitish discoloration near surface in submerged region
6.3.2 Hardness Measurements
To determine if a variation existed between the different exposure regions, the hardness of
the concrete was measured using two different methods - rebound hammer to measure coarser
variations in hardness along the length of the piles and Vickers hardness to measure finer
variations in hardness through the depth of the pile. . Rebound hammer testing was performed
at 1 ft increments along the length of the pile in accordance with ASTM C 805 (2008). A
minimum of 10 readings were taken at each location on a smooth surface. Any reading outside
the average by more than 6 units was discarded. The calibration from rebound number to
strength (or hardness) is provided by the manufacturer for each orientation of testing. The
calibration is affected by moisture condition of the concrete, depth of carbonation, and other
environmental factors that make the relationship highly variable. However, the rebound hammer
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number was correlated to a strength for interpreting results to correct for the orientation of the
hammer during testing, which affects the rebound number. The calibration from rebound
number to strength (or hardness) was provided by the manufacturer (Figure 6-22).

Figure 6-22: Rebound hammer calibration
The results from the rebound hammer testing performed on two piles have been converted
into compressive strengths, as previously described, and are shown in Figure 6-23. A negative
depth represents above high tide; a positive depth is below high tide. The results suggest a large
change in surface hardness, and potentially strength, that occurs in between the splash and low
tide region of the piles. The results show an average reduction in strength of approximately
50% from the region of the pile exposed to the atmosphere to the submerged concrete. The
reduction in strength occured rapidly near the high tide region of the piles, and continued to
decrease at a gradual rate with increasing depth.
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Figure 6-23: Rebound hammer results
Vicker’s indentation measurements were performed on polished slices of cores to determine
the variation in micro-hardness of the cement paste with depth into the section. Vicker’s
indentations were performed in accordance with ASTM C 1327 (2008) using 1 kg mass applied
for 15 seconds. A minimum of 5 indentations were made at ¼ in. increments into the section on
sections polished with 1 micron alumina.
The indentations were measured using a Leica TCS NT confocal microscope.
Measurements were made to the nearest micrometer across both diagonals, then the average used
for calculating the hardness number. Figure 6-24 shows the results of the measurements for 2 ft
above high tide and 12 ft below in the submerged region. The outer 2 in. of the submerged
region had a reduced hardness compared to the 2 ft above high tide sample. The depth at which
the hardness significantly increased coincided with the location of the whitish color change on
the samples.
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Figure 6-24: Vicker’s hardness measurements
6.3.3 Compressive Strength Testing
The compressive strength of the piles was determined in accordance with ACI 214.4R-10
(ACI Committee 214, 2010) and ASTM C 39 (2005). Two sets of tests were performed. First,
three 3 in. diameter cores were obtained away from the surface of the pile, as shown in Figure 628. Three sets of cores were taken along the length of the pile in the atmospheric, tidal, and
submerged zones for comparison of the undamaged concrete along the length of the piles. The
specimens were cut to a 6 in. length using a wet cut concrete saw.

Figure 6-28: Compressive strength core locations
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Also, cores were taken through the section to determine if there was a variation between
concrete near the surface and the interior undamaged concrete. Cores were taken at -9 ft, high
tide, 5 ft, and 12 ft depth. Four 3 in. diameter cores were taken through the section and cut to 3
in. lengths, one at the surface and a section near the center of the pile at each location tested.
The location and diagram of the stub specimens are shown in Figure 6-29.

(a)

(b)

Figure 6-29: (a) Compressive strength core locations, and (b) surface (top) and interior
samples (bottom)

The results of the compressive strength testing of undamaged interior concrete along the
length of the piles are given in Figure 6-30. The average compressive strength from all three
locations was 5.92 ksi, which is above the design strength of 5 ksi. ANOVA testing, using an
alpha of 0.1, showed that the concrete from all three locations at the interior of the pile was
statistically equivalent. Since the undamaged interior concrete was shown to be the same in the
submerged, tidal, and atmospheric zones of the pile, the data suggested that the variation in
rebound hammer results was due to a softening of the surface, and not a variation in undamaged
concrete properties.
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Figure 6-30: Compressive strength of undamaged interior concrete

The results of the stub compression tests comparing the surface to interior concrete are
shown in Figure 6-31. The compressive strengths of the interior samples at all depths were
determined to be statistically equivalent using ANOVA testing with alpha equal to 0.1. ANOVA
analysis between the surface and interior concrete at each depth showed that only the -9 ft and
high tide sections were statistically equivalent. The 5 ft and 12 ft samples both had statistical
evidence to show the average compressive strengths were not the same. At 5 ft depth, the
surface compressive strength was 80% of the interior concrete’s strength. In the submerged
region, the surface compressive strength was 55% of the interior concrete’s strength. The
strengths measured were consistent with the strengths determined from the impact hammer
measurements.
The large reduction in compressive strength may be explained by a loss of C-S-H from
sulfate attack or other forms of degradation, including carbonation. All of the surface samples
from 12 ft below high tide failed due to a crushing near the surface and a single large crack
through the remainder of the sample. The paste portion in the crushed region was a powdery
consistency after failure.
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Figure 6-31: Compressive strength of surface versus interior concrete
6.3.4 X-Ray Diffraction
Powder X-ray diffraction (XRD) was performed on ground concrete samples to identify
variances in the composition at various heights and depths into the cross section. Samples were
taken at -9 ft. -2 ft, high tide, 5 ft, and 12 ft. Powder was obtained by taking a 3 in. diameter core
through the section and then drilling at controlled increments using a 3/8 in. masonry bit.
Powder was collected from the surface a ½ in. increment, then at 1 in. increments into the crosssection. The powder samples were then ground with mortar and pestle and sieved through an
850 m (No. 20) sieve. Figure 6-32 shows a prepared XRD sample.

Figure 6-32: XRD sample
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XRD analysis was performed using a Philip’s X’Pert XRD system. The scan was performed
over a 2θ range of 5˚ to 75˚ using a scan rate of 0.05˚ per second under Cu K- radiation. Table
6-2 gives the notation used in labeling the peaks on the XRD profiles for each sample. In
multiple incidences, peak locations for two or more phases overlapped. If other unique peaks for
each phase were identified, then the shared peak was labeled for both phases.
The calcium carbonate and calcium magnesium carbonate phases represented the coarse
aggregate in the concrete, as well as carbonated cement and calcium hydroxide. The quartz
phase represented the fine aggregate used. The calcium hydroxide, ettringite, and gypsum
phases occurred in the hydrated cement paste fraction of the sample. Calcium silicate hydrate,
the predominant product of portland cement hydration, is largely amorphous, producing a broad
peak around 30o on the 2 scale.
Table 6-2: Chemical Symbols with Correlated Composition for XRD Profiles
Symbol
CH
Ca
Ca(Mg)
Q
E
G

Composition
Calcium Hydroxide
Calcium Carbonate (Calcite)
Calcium Manganese Carbonate
Quartz
Ettringite
Gypsum

6.3.4.1 XRD Results from 9 ft above High Tide
The results at 9 ft above high tide is given in Figures 6-33 and 6-34 for the 0 to 0.5 in. and
0.5 to 1.5 in. increments, respectively. The results from these samples serve as a reference for
samples located in the exposure zones of the piles. The 9 ft above high tide samples showed the
same compositions at both depth increments. Quartz, calcium carbonate, and calcium
magnesium carbonate were all present due to the coarse and fine aggregate. The peaks from the
aggregate are more intense than the paste phases due to their increased volume fraction. Calcium
hydroxide was detected, but no residual ettringite from hydration or gypsum. Additionally, the
amorphous rise is present from a 2θ of approximately 20˚ to 75˚ and indicates the presence of
non-crystalline phases like calcium silicate hydrate.
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Figure 6-33: XRD profile for 9 ft above high tide at 0 – 0.5 in. increment into section
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Figure 6-34: XRD profile for 9 ft above high tide at 0.5 – 1.5 in. increment into section
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6.3.4.2 XRD Results from 2 ft above High Tide
Samples from 2 ft above high tide were taken to characterize the splash zone of the piles.
Table 6-3 provides a summary of the results from all increments tested, where a check-mark
represents the phase was present and an x-mark if not found in the increment. Calcium
carbonate, calcium manganese carbonate, and quartz were detected in all samples.
Table 6-3: XRD results summary for 2 ft above high tide

Calcium Hydroxide
Ettringite
Gypsum
Calcite
Calcium Manganese
Carbonate
Quartz

0-0.5"

0.5-1.5"





1.5-2.5"





2.5-3.5"

3.5-4.5"








The XRD profiles for the 0-0.5 in., 0.5-1.5 in., 1.5-2.5 in., 2.5-3.5 in., and 3.5-4.5 in.
increments are given in Figures 6-35, 6-36, 6-37, 6-38, and 6-39, respectively. The results show
the presence of gypsum near the surface, but it was not detected deeper than 2.5 in. into the
section, and no ettringite was detected. The presence of gypsum may result from prolonged
exposure to brackish water, which contains large amounts of sodium sulfate and magnesium
sulfate. The sulfate concentration was measured to be 1527 mg/L at the Turtle River Bridge
during high tide. Calcium hydroxide was present at all depths sampled, suggesting that an
alkaline pH was maintained. The XRD profiles deeper than 2.5 in. into the section are identical
to the reference samples from 9 ft above high tide, which suggest that no significant changes to
the microstructure have occurred in those increments.
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Figure 6-35: XRD profile for 2 ft above high tide at 0 – 0.5 in. increment into section
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Figure 6-36: XRD profile for 2 ft above high tide at 0.5 – 1.5 in. increment into section
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Figure 6-37: XRD profile for 2 ft above high tide at 1.5 – 2.5 in. increment into section
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Figure 6-38: XRD profile for 2 ft above high tide at 2.5 – 3.5 in. increment into section
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Figure 6-39: XRD profile for 2 ft above high tide at 3.5 – 4.5 in. increment into section
6.3.4.3 XRD Results from High Tide Region
Table 6-4 provides a summary of the results from all increments tested at the high tide region
of the pile.
Table 6-4: XRD results summary for high tide

Calcium Hydroxide
Ettringite
Gypsum
Calcite
Calcium Manganese
Carbonate
Quartz

0-0.5"

0.5-1.5"





1.5-2.5"





2.5-3.5"

3.5-4.5"








The XRD profiles for the 0-0.5 in., 0.5-1.5 in., 1.5-2.5 in., 2.5-3.5 in., and 3.5-4.5 in.
increments can be found in Figures 6-40, 6-41, 6-42, 6-43, and 6-44, respectively. The results
show a small presence of ettringite in the surface to 3.5 in. depth increments, and gypsum
throughout the depth. Calcium hydroxide was present at all depths, but the intensity near the
surface is greatly reduced from the other increments. These results suggest changes in the
microstructure from the reference samples that are consistent with sulfate attack. The presence
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of ettringite at depths nearer to the surface and gypsum throughout the section depth suggest that
sulfate ions were able to penetrate through much of the depth of the pile at the high tide location.
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Figure 6-40: XRD profile for high tide region at 0 – 0.5 in. increment into section
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Figure 6-41: XRD profile for high tide region at 0.5 – 1.5 in. increment into section
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Figure 6-42: XRD profile for high tide region at 1.5 – 2.5 in. increment into section
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Figure 6-43: XRD profile for high tide region at 2.5 – 3.5 in. increment into section
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Figure 6-44: XRD profile for high tide region at 3.5 – 4.5 in. increment into section
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6.3.4.4 XRD Results from 5 ft below High Tide
Samples from 5 ft below high tide were taken to characterize the low tide region of the piles.
Table 6-5 provides a summary of the results from all increments tested.
Table 6-5: XRD results summary for 5 ft below high tide
0-0.5"
0.5-1.5"
1.5-2.5"
2.5-3.5"
3.5-4.5"
Calcium Hydroxide





Ettringite





Gypsum

Calcite

Calcium Manganese

Carbonate
Quartz


Ca
Ca

350

Ca

Ca

Q

400

Ca

The XRD profiles for the 00-0.5 in., 0.5-1.5 in., 1.5-2.5 in., 2.5-3.5 in., and 3.5-4.5 in.
increments can be found in Figures 6-45, 6-46, 6-47, 6-48, and 6-49, respectively. The results
show a small presence of ettringite at the surface, and gypsum throughout the depth. Calcium
hydroxide was not detected in the outer 1.5 in. of the section, but was present in depth
increments farther into the section. These results, like the others presented previously, suggest
changes in the microstructure compared to the reference samples that are consistent with sulfate
attack and carbonation.
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Figure 6-45: XRD profile for 5 ft below high tide at 0 – 0.5 in. increment into section
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Figure 6-46: XRD profile for 5 ft below high tide at 0.5 – 1.5 in. increment into section
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Figure 6-47: XRD profile for 5 ft below high tide at 1.5 – 2.5 in. increment into section
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Figure 6-48: XRD profile for 5 ft below high tide at 2.5 – 3.5 in. increment into section
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Figure 6-49: XRD profile for 5 ft below high tide at 3.5 – 4.5 in. increment into section
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6.3.4.5 XRD Results from 12 ft below High Tide
Samples from 12 ft below high tide were taken to characterize the submerged region of the
piles. Table 6-6 provides a summary of the results from all increments tested.
Table 6-6: XRD results summary for 12 ft below high tide
0-0.5"



Calcium Hydroxide
Ettringite
Gypsum
Calcite
Calcium Manganese
Carbonate
Quartz

0.5-1.5"



1.5-2.5"
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3.5-4.5"
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The XRD profiles for the 0-0.5 in., 0.5-1.5 in., 1.5-2.5 in., 2.5-3.5 in., and 3.5-4.5 in.
increments can be found in Figures 6-50, 6-51, 6-52, 6-53, and 6-54, respectively. The results
show a presence of ettringite near the surface, and gypsum throughout the depth. Calcium
hydroxide was not detected in the outer 1.5 in. of the section, but was present at deeper depths
into the section. These results suggest changes in the microstructure compared to the reference
samples that are consistent with sulfate attack. The lack of calcium hydroxide near the surface
also suggests carbonation and/or leaching.
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Figure 6-50: XRD profile for 12 ft below high tide at 0 – 0.5 in. increment into section
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Figure 6-51: XRD profile for 12 ft below high tide at 0.5 – 1.5 in. increment into section
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Figure 6-52: XRD profile for 12 ft below high tide at 1.5 – 2.5 in. increment into section
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Figure 6-53: XRD profile for 12 ft below high tide at 2.5 – 3.5 in. increment into section

0
5

15

25

35

45

55

65

75

2θ (Degrees)
Figure 6-54: XRD profile for 12 ft below high tide at 3.5 – 4.5 in. increment into section
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6.3.5 Thermo-Gravimetric Analysis
Thermo-gravimetric analysis (TGA) was performed on ground concrete samples to identify
variations in the composition at various heights and depths into the cross section. Samples were
taken at -9 ft. -2 ft, high tide, 5 ft, and 12 ft. Powder was obtained by taking a 3 in. diameter core
through the section and then drilling at controlled increments using a 3/8 in. masonry bit.
Powder was collected from the surface ½ in. increment, then in 1 in. increments into the crosssection. The powder samples were then ground with mortar and pestle and sieved through an
850 m (No. 20) sieve.
The analysis was performed using a Seiko TG/DTA in accordance with ASTM E 1131
(2008). Approximately 30 mg of sample powder were placed in platinum pans and brought to
100˚C and held for one hour to remove any remaining free water from the sample. After the
initial hold period, the sample was heated at a rate of 10˚C per minute up to a maximum
temperature of 950˚C, while continually measuring the mass of the sample.
TGA analysis allows for determination of phases present based upon mass loss over their
degradation temperatures. Ettringite decomposes at temperatures less than 115˚C and is not
easily determined using TGA due to degradation temperature coinciding with the evaporation of
free water. C-S-H undergoes dehydration between 100˚C to 200˚C, and a decomposition and
change in structure between 200˚C and 400˚C. Portlandite (Ca(OH)2) undergoes
dehydroxylation between 425˚C and 600˚C. Above 750˚C, calcium carbonate degrades.
However, because the coarse aggregate used was primarily calcium carbonate, the mass loss in
this temperature range does not represent only a degradation of calcium carbonate in the cement
paste.
Figures 6-55 and 6-56 show the TGA mass loss curves for the 9 ft and 2 ft above high tide
samples. Both curves show a consistent mass loss in the regions due to alteration of C-S-H and
decomposition of portlandite. The mass loss due to alteration of C-S-H is a gradual change over
the thermal range. The decomposition of portlandite occurs over a small temperature range near
425˚C. A consistent mass loss of 1% occurred in all of the samples at these depths due to the
loss of portlandite. The presence of portlandite in all of the depths tested is consistent with the
XRD results.
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Figure 6-55: TGA for 9 ft above high tide
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Figure 6-56: TGA for 2 ft above high tide
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The results of TGA on the high tide region are shown in Figure 6-57. The samples from 0.5
in. and farther into the section are consistent with the 9 ft and 2 ft above high tide samples.
There is a consistent mass loss due to degradation of portlandite present. The surface interval
sample does not show an appreciable mass loss due to portlandite degradation. This is not in
complete agreement with XRD results, which suggested a small amount of portlandite was
present compared to the other increments tested at the depth. The TGA data may be more
accurate due to the test giving quantitative characterization of phases present and being more
sensitive to small amounts of phases present.
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Figure 6-57: TGA for high tide region
The TGA results for 5 ft and 12 ft below high tide are shown in Figure 6-58 and 6-59,
respectively. The surface interval on both data sets showed a decreased rate of mass loss
between 100˚C and 400˚C than samples farther into the cross-section and at unsubmerged
depths. This suggests that C-S-H was lost on the surface of the piles, most likely due to sulfate
attack and carbonation. Additionally, the outer 1.5 in. of both samples showed an absence of
portlandite. This is consistent with XRD results for these depths. Additionally, the mass loss
during the degradation of portlandite decreased from the loss 9 ft above high tide samples,
suggesting a decreased amount present. These results are consistent with the damage patterns
that would occur with sulfate attack.
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Figure 6-58: TGA for 5 ft below high tide
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Figure 6-59: TGA for 12 ft below high tide
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6.3.6 Conclusions, Sulfate Attack
The piles from the I-95 at Turtle River Bridge exhibited several characteristics of sulfate
attack. The submerged regions of the piles showed an absence of calcium hydroxide near the
surface, and the presence of gypsum and ettringite. This result is consistent with sulfate attack,
which would lead to a decrease in calcium hydroxide near the surface, and the presence of
ettringite and gypsum. Additionally, TGA suggested a decrease in C-S-H near the surface that is
also consistent with carbonation and which would cause decreased compressive strength.
Testing of cores for compressive strength showed a decrease of 45% near the surface of the pile
in the submerged regions. The use of a ASTM C 150 (2009) Type I cement, an ordinary rather
than sulfate-resisting cement, and a w/c of 0.50 could have allowed the sulfates from the
surrounding water to ingress into the section over time and cause the extensive damage found.

6.4.

Biodeterioration

There have been few reported cases of biological attack on coastal concrete structures. Here,
a visual inspection and microscopic analysis techniques were used to characterize the biological
attack on the piles.
6.4.1 Visual Inspection of Damage
A visual inspection was performed on the submerged region of the piles. No significant
deterioration was visible until after cleaning the marine growth off of the surface of the piles.
After removal of biological growth, large amounts of surface damage were visible. The damage,
as seen in Figure 6-60, consisted of large pits on the surface of the piles. The damage was more
pronounced along the corners of the piles, where the presence of boreholes and spalling were
present. The pits occurred where coarse aggregate had been present on or near the surface of the
piles.

(a)

(b)
Figure 6-60: Surface damage to concrete piling
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Cores taken in the submerged region showed extensive damage to aggregate within 1.0 in. of
the surface of the piles, as shown in Figure 6-61. Boreholes were present in aggregate near the
surface in over 70% of cores taken. Damage was observed at over 1 in. depth into the section.

(a)
(b)
Figure 6-61: Boreholes in limestone aggregate of cores
The damage pattern observed visually was consistent with reported descriptions of Cliona
borings on limestone and coral. A reported case of boring sponge attack was reported in Jamaica
due to Cliona lampa (Scott, et. al., 1988). The sponges burrowed through the limestone
aggregate of concrete masonry blocks. The damage was primarily at the corners, and irregular
shaped bore holes occurred in the aggregate. The sponges use etching secretions to penetrate
calcium carbonate and form the boreholes (Nicol and Reisman, 1976). The genus Cliona
sponges leave silicate spicules near the surface of their borings. The length of the spicules varies
by species but is typically between 200 m to 400 m (Zea and Weil, 2003). Figure 6-62 shows
spicules from Cliona caribbaea.

Figure 6-62: Spicules of Cliona caribbea (Zea and Weil, 2003)
There have been reports of Cliona sponges at Gardiner’s Island, New York (Nicol and
Reisman, 1976), along the coast of Virginia (Hopkins, 1962), Corpus Christi, Texas (Miller, et.
al., 2010), and off the coast of Jamaica (Scott, et. al., 1988). Studies on the erosion rate of the
sponge show that the rate may exceed 1 mm (0.04 in.) per year of ingress in solid limestone
(Neumann, 1966). The rate of biological degradation of the limestone aggregate in these piles,
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>1 in. in 35 years, is consistent with the rate of attack measured by Neumann (1966) for Cliona
on solid limestone. The boring sponge is shown in Figure 6-63 on a coral reef.

(a)
(b)
Figure 6-63: Cliona caribbaea boring sponge (Zea, 2003)

6.4.2 Microscopy Characterization
Further investigation of the boreholes using environmental scanning electron microscopy
(ESEM) revealed the presence of rod-like structures. Energy dispersive x-ray analysis (EDS) of
the rod-like structures revealed them to be highly silicate in composition. The rod-like structures
inside of a borehole in the aggregate are shown in Figure 6-64, and the corresponding EDS
spectrum is shown in Figure 6-65.

(a)

(b)

Figure 6-64: (a,b) Silicate rod-like structures inside of boreholes through aggregate
(Courtesy of Robert Moser)
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Figure 6-65: EDS spectrum of rod-like structures
(Courtesy of Robert Moser)
Characterization of the limestone aggregate by EDS showed that the aggregate was
composed primarily of calcium carbonate, although some aggregates were calcium magnesium
carbonate, as expected. The types of calcite present were in agreement with XRD results. The
composition of the aggregate suggests it is a Pleistocene limestone that is commonly found in
southern Florida and the Bahamas.
Morphological and chemical comparison suggests that the rod-like structures resemble the
siliceous spicules of Cliona boring sponges. The bioerosion patterns were similar to those
reported by Scott (1988) in submerged concrete structures in Jamaica subjected to bioerosion
from Cliona caribbaea. The patterns suggest that boring sponges are the most likely source of
this form of damage to the piles. Further research is needed to better understand how the boring
sponge damages the aggregate and to develop mitigation techniques for preventing damage in
new construction.

6.5. Characterization of Prestressing Steel
In order to evaluate the prestressing steel used in the Turtle River piling, cores including
segment of prestressing strand were extracted and split to expose the strand. The surface
condition and corrosion damage of the strand was characterized using SEM. The microstructure
of the prestressing steel was examined using SEM and optical microscopy by polishing
longitudinal and transverse cross sections of the steel and wet etching in a 2% Nital solution.
EDS analysis was conducted in conjunction with SEM imaging in order to determine the
elemental composition of features present on the surface of the steel. The composition of the
prestressing steel was determined using combustion and ion coupled plasma (ICP) atomic
emission techniques conducted by an external laboratory.
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6.5.1. Surface Condition of Prestressing Steel
The electron micrograph shown in Figures 6-66 illustrates the typical morphology present
on the surface of prestressing steel strands extracted for cores. The surface of the prestressing
steel was observed to have an extremely heterogeneous microstructure with some regions of only
exposed steel, some regions with the ZnPO4 coating intact, and other areas largely comprised of
corrosion products. Interestingly, the ZnPO4 coating was found to be in a similar condition to
that of as-produced prestressing steel with very little degradation. The presence of this coating at
later ages indicates that the effect of surface coating and possible defects in coating should be
included when evaluating the long-term corrosion resistance of prestressing steels.

ZnPO4
coating

Exposed
steel
Corrosion
products

Figure 6-66. Surface morphology of prestressing steel strand
Figure 6-67 depicts a typical region where the ZnPO4 has been partially retained on the
surface of the prestressing steel with damage to the coating aligned with the longitudinal drawing
direction of the steel. As observed by backscattered electron SEM imaging coupled with EDS,
brighter regions were found to be primarily composed of steel (i.e., Fe) while darker regions
were found to be a mixture of Zn, P, Fe, and Ca. The presence of Ca may be due to residual
coatings of stearate drawing lubricants not removed during cleaning of the strand following
stabilization heat treatments and/or cement hydration products.
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Figure 6-67. Composition of residual surface coating

Prestressing strand segments were also dissected to expose the center “king” wire of the
strand. The interstitial regions of the strand were found to be largely void of cement hydration
products, being either completely empty or partially filled with corrosion products. Figure 6-68
depicts the typical surface of the center wire. Similar to the surface of the entire prestressing
strand, the highly defective ZnPO4 coating was found to be largely intact with sparsely
distributed precipitates of Ca(OH)2 crystals being bonded to the surface of the steel. At the
crevice / impingement sites between prestressing wires adjacent to corrosion product deposits
pitting corrosion sites were also observed (see Figure 6-69).
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Figure 6-68. Surface of center wire extracted for prestressing strand sample

Figure 6-69. Pitting / crevice corrosion sites present at wire impingement sites
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6.5.2. Microstructure of Prestressing Steel
As expected for highly cold drawn eutectoid prestressing steel, a highly oriented
anisotropic microstructure was observed with the lamellar pearlitic microstructure preferentially
aligned with the direction of cold drawing. The optical micrographs shown in Figures 6-70 and
6-71 illustrate the typical longitudinal and transverse etched microstructures observed,
respectively. When compared with modern prestressing steels, the microstructure of the
prestressing steel used in the Turtle River piling was found to have a larger grains of ferrite and
distributed regions of pearlite (ferrite + cementite). This can be seem in the electron micrograph
shown in Figure 6-72 with the brighter regions being primarily ferrite and the distributed
pearlitic regions shown by black and white striations.

Figure 6-70. Longitudinal microstructure of prestressing steel
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Figure 6-71. Transverse microstructure of prestressing steel

Figure 6-72. SEM image of etched prestressing steel microstructure
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6.5.3. Composition of Prestressing Steel
Table 6-7 details the composition of the prestressing steel used in the Turtle River piling.
This composition conforms with the currently specified AISI 1080 steel used for the production
of A416 prestressing strand. While the C content of 0.78% is slightly lower than the typical
0.81% for modern prestressing steel, this deviation is well within the standard error associated
with C content measurements.

Table 6-7. Elemental composition in % of prestressing steel (Fe Balance)
Identification
C
Mn
P
S
Si
Ni
Cr
Mo
Cu
V
AISI 1080 Spec. 0.75-0.88 0.6-0.9 0.04 0.05
Turtle River Steel
0.78
0.69 0.01 0.025 0.26 0.01 0.02 <0.01 0.02 <0.01

6.6. Conclusions
6.6.1 Summary of Results
The forensic investigation of the I-95 at Turtle River Bridge piles revealed extensive damage
from multiple deterioration mechanisms. Chloride-induced corrosion of the prestressing strands
in the splash and tidal zones of the piling had induced cracking and delamination of the cover
concrete as well as a loss of steel cross-section. The level of ingress of chloride ions suggested
that the concrete was inadequate to provide 100+ year service life in the marine environment.
Additionally, severe deterioration of the concrete due to sulfate attack and carbonation occurred
in the submerged regions of the piles. A loss of over 40% of the compressive strength near the
surface of the piles occurred due to loss of C-S-H and the formation of ettringite and gypsum.
Also, in the submerged regions of the piles, extensive damage to the coarse aggregate had
occurred. This damage was likely caused by the presence of Cliona boring sponges. The piles
exhibited extensive damage that led to the discovery of unexpected threats to bridge
substructures in marine environments, and the study emphasized the need for adequate protection
from known environmental hazards.

6.6.2 Future Research Topics and Recommendations
The forensic investigation of the damage to the piles from the I-95 at Turtle River Bridge
indicated a need for research in several areas as follows: (1) the development of high
performance, normal strength concretes capable of withstanding sulfate attack, carbonation and
chloride ingress to ensure service lives exceeding 100+ years while also meeting strength and
design criteria necessary for precast concrete applications; (2) the development and
implementation of corrosion resistant metallurgies possessing the mechanical properties
necessary for use as prestressing strand; and (3) the biological attack on piles needs to be
investigated, and a foundation of knowledge on the species causing attack, the rate and effects of
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their ingress, as well as methods of preventing and mitigating damage to existing piles need to
assessed.
The forensic investigation also demonstrated a need for changes in the construction materials
used. First, eliminate the use of calcium carbonate-based (Limestone) aggregate to prevent a
large source of nutrients for the biological life that attacked the surface of the piles. The use of
limestone powder in cement has not yet been examined, but may also provide a source of
nutrients for the biological life. Second, use an ASTM C 150 (2009) Type II or ASTM C 1157
(2004) Class MS cement in place of an ASTM C 150 (2009) Type I or III cement to mitigate the
risk of sulfate attack on future concrete structures as recommended by ACI Committee 201
(2008). An ASTM C 150 (2009) Type III Cement can be used in conjunction with
supplementary cementitious materials or admixtures if the expansion for the ASTM C 1012
(2009) test meets the limits given by ACI Committee 201 (2008). Future research to be
performed will develop draft design recommendations and concrete specifications to mitigate
damage from the marine environment and allow for longer service lives.
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7. Preliminary Experiments:
Corrosion of A416 Prestressing Steel
7.1. Introduction
Decades of research conducted on the corrosion of reinforcing steels in concrete has
provided many insights into the fundamental mechanisms of corrosion initiation and
propagation. It is known that in a typical reinforced concrete system, the alkaline solution present
in the pore space of the hydrated cement paste with pH of 12.5-13.7 infers exceptional corrosion
resistance via passive film formation on the surface of the steel (Ahmad, 2003, Poursaee, et al.,
2007). It is only when chlorides reach a sufficient concentration (i.e., the chloride threshold level
(CTL)) or with carbonation of concrete and its associated reductions in pH to the depth of the
reinforcing steel that corrosion may initiate (Angst, et al., 2009). Reinforced concrete structures
exposed to marine environments or heavy doses of deicing salts are typically most prone to
premature deterioration caused by the initiation of corrosion (NACE, 2008).
Numerous studies examining CTLs, the passivity of steel in concrete, models for service
life estimation, and novel corrosion mitigation / rehabilitation strategies have been conducted in
the laboratory and the field; yet, the problems associated with corrosion continue to plague
concrete structures around the globe (Virmani, et al., 1998). Further, a vast majority of prior
research has focused on the corrosion of mild steel reinforced concrete structures, with relatively
less research effort devoted to prestressed concrete (PSC). With the advent of PSC structural
systems, engineers have been able to overcome the weak tensile strength of concrete by applying
“precompressive” stress; allowing for longer spans, more complex structural systems, and in
many cases decreased cost (Nawy, 2000). Precompressive stresses are typically applied by the
tensioning of high-strength prestressing steels embedded in concrete as shown in Figure 7-1.
Through design, prestressing forces can be tailored to negate tensile stresses induced by self
weight and external loadings, thus limiting deleterious tensile cracking and increasing durability.
In corrosive environments, bridges utilizing PSC elements (e.g., girders, piles) have seen
increasing use in the last two decades as PSC bridges are generally considered to have superior
durability compared with other bridge systems along with the other benefits discussed above
(West, et al., 1999).
High-strength prestressing steels used in the construction of PSC elements are typically
highly cold drawn, eutectoid (100 % pearlitic) steels with an ultimate strength of approximately
1860 MPa and ductility of 5-8 % (Nawy, 2000). A coating (typically rich in ZnPO4) is applied to
the surface of the steel to aid in drawing and in preventing atmospheric corrosion prior to
embedding in concrete (Diaz, et al., 2009). Following drawing, thermomechanical stress relief
treatments are performed to minimize stress relaxation and increase stress vs. strain linearity. For
most applications, the resulting cold drawn wire with diameter of approximately 4 mm is
produced in a stranded geometry as shown in Figure 7-2, allowing it to be shipped as a coil for
use in subsequent construction processes. Most importantly, in a stranded geometry, crevices are
formed at the impingement sites between adjacent wires (see Figure 7-2), leading to concerns for
crevice corrosion mechanisms which may influence resistance to corrosion initiation (Talbot, et
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al., 1998). Thus, when compared with low-carbon ferritic mild steels used in reinforced concrete
structures, high-strength prestressing steels are fundamentally different in composition, surface
condition, and geometric configuration – all of which likely play a synergistic role in their
corrosion behavior in concrete. Consequently, the vast amount of knowledge gained from
research conducted on the corrosion of mild steel reinforcement in concrete is not directly
applicable to PSC systems when considering the underlying mechanisms of corrosion initiation
in prestressing steels.

Reinforced concrete element

P

+

Prestressed concrete element

P

Strain at
midspan

Figure 7- 1. Influence of prestressing reinforcement on the behavior of a concrete element

Previous research evaluating the corrosion resistance of prestressing steels can generally
be divided into two categories: (1) small-scale electrochemical studies conducted in simulated
concrete pore solutions using prestressing wires (Diaz, et al., 2009, Hartt, et al., 1993), and (2)
large-scale studies using prestressing strand embedded in concrete and exposed to chloride
containing solutions (Ahern, 2005, Kalina, 2009, Lean, 2008). Relatively few studies have
considered the crevice effects associated with stranded geometries or the influence of as-received
surface coatings (i.e., most used polished samples) on the electrochemical behavior of
prestressing steels (Brooks, 2003, Proverbio, et al., 2002). Of these, only qualitative relationships
between the presence of crevices between wires in a stranded geometry and alterations in
corrosion resistance were examined (Proverbio, et al., 2002). In order to properly evaluate the
corrosion resistance of prestressing steels with the goal of calculating CTLs and predicting
service lives, these effects must be considered in order to reliably predict the field performance
of PSC structures exposed to corrosive environments.
This chapter presents the results of a study examining the corrosion behavior of
prestressing steels considering crevice effects and surface imperfections. Single wire and
stranded prestressing steel specimens were produced with their as-received surface coatings left
intact. Specimens were exposed to a simulated concrete pore solution with additions of NaCl and
evaluated using cyclic potentiodynamic polarization (CPP) techniques. Following testing,
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samples were characterized using optical and scanning electron microscopy (SEM) coupled with
elemental analysis by energy dispersive X-ray spectroscopy (EDX). Select additional
electrochemical experiments were performed to validate proposed corrosion damage
mechanisms based on the results of polarization experiments. The primary objectives of this
study were: (1) to quantitatively determine the impact of crevices caused by stranding on the
chloride-induced corrosion resistance of prestressing steels, (2) to determine if the presence of
imperfections in as-received surface coatings influences corrosion behavior, (3) to develop a
model describing corrosion initiation processes in prestressing strands in concrete, and (4) to
determine the influence of stranding on the service lives of PSC structures.

7.2. Experimental Program
7.2.1. Materials
Prestressing steel used for all experiments was produced by MMIStrandCo, LLC.
(Newnan, GA) with a diameter of 15.2 mm in the 7-wire geometry shown in Figure 7-2. The
chemical composition of the steel used is recorded in Table 7-1. As is typical for most highly
cold drawn prestressing steels, a highly anisotropic pearlitic microstructure was observed with
alternating lamellae of ferrite (white) and cementite (black) oriented longitudinally in the
direction of cold drawing as illustrated in the electron micrographs shown in Figure 7-3 by wet
etching in a 2 % Nital solution. The electron micrograph shown in Figure 7-4 depicts the
disordered morphology of the as-received ZnPO4 surface coating on the prestressing steel. Both
the morphology and composition of the as-received surface coating are evidence of flaws
generated during cold drawing and subsequent thermomechanical processing during strand
production (Osborn, et al., 2008).

Outer Wire

Center Wire

Crevice Site
Interstitial
Region
Figure 7-2. Stranded prestressing steel configuration

Table 7-1. Elemental composition of prestressing steel
Element
C
Mn
P
S
Si
Cr
Ni Mo Cu
V
Weight % 0.81 0.73 0.009 0.005 0.24 0.04 0.06 0.01 0.11 0.08
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(a)
< Drawing Direction >

(b)

2μm

2μm

Figure 7- 3. Pearlitic microstructure of prestressing steel in (a) longitudinal and (b) transverse
orientations

200μm

Figure 7- 4. As-received ZnPO4 surface coating on prestressing steel
7.2.2. Fabrication of Test Specimens
Two specimen geometries were developed through numerous trials to simulate a single
prestressing wire and a 7-wire prestressing strand. Details on the fabrication techniques used for
each specimen geometry are described below.
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7.2.2.1. Wire Specimen Geometry
Figure 7-5 (a) depicts a typical completed wire specimen. The center wire of a 7-wire
prestressing strand was extracted and used to fabricate prestressing wire corrosion test
specimens. A slow-speed diamond wafering saw was used to cut 63.5 mm long segments of the
center wire. Polyolefin heat-shrink tubing was applied to the upper portion of the specimen to
eliminate any air / solution interface effects. A polytetrafluoroethylene (PTFE) plug was affixed
with epoxy to the end of the specimen to be immersed in the solution to isolate only the ZnPO4
coated surface to the testing solution. Silicon adhesive sealant was applied circumferentially
around the top and bottom of the area to be exposed to the testing solution as to prevent crevice
corrosion from occurring under the heat shrink tubing or the PTFE plug. The resulting wire
specimen had an exposed area of 3.5 cm2.
7.2.2.2. Strand Specimen Geometry
Figure 7-5 (b) depicts a typical completed strand specimen. All strand specimens were
fabricated using as-received 7-wire prestressing strand. A slow-speed diamond wafering saw was
used to cut 37 mm long segments of the prestressing strand. In order to preserve the original
geometry of the strand (helical twist and impingement locations between wires), plastic cable ties
were secured along the segment prior to prevent movement of the wires during cutting.
Following cutting, the segments were ultrasonicated in ethanol to remove any oils, metal
shavings, or debris lodged in the interstices of the strand. The seven wires of the strand were then
soldered together and to an electrical lead to be connected to the potentiostat. To ensure that only
the ZnPO4 coated surface would be exposed to the testing solution and to seal off the soldered
connections, both ends of the specimens were potted in epoxy (Sikadur 32 Hi-Mod) which had a
viscosity that allowed it to properly encapsulate the strand without wicking up into the
interstices. Once the epoxy had cured, the cable ties were removed and the specimen could be
tested. The resulting strand specimen had an exposed area of 24.5 cm2.
7.2.3. Testing Procedures
All experiments were performed at 25 ˚C in a solution based on a composition present in
the pore space (i.e., a pore solution) of the hydrated cement paste of a typical concrete (Page, et
al., 1983, Poursaee, et al., 2007) with composition shown in Table 7-2. The resulting solution
possessed a pH of approximately 13.6. Chlorides (Cl-) were added to solutions with NaCl up to
1.0 M concentration in steps of 0.1 M (i.e., 0.0 M, 0.1 M, 0.2 M, and so on). All CPP
experiments were conducted in a basic three-electrode electrochemical cell shown
diagrammatically in Figure 7-6 with a platinum foil counter electrode with surface area of 4 cm2,
a saturated calomel reference electrode (SCE), and the working electrode being either the wire
(as shown in Figure 7-6) or strand specimen. Wire specimens were tested in a solution volume of
250 ml while strand specimens were tested in a solution volume of 700 ml. These solution
volumes were used in order to meet minimum solution volume-to-specimen surface area
requirements of 0.2 ml/mm2 outlined in ASTM G 31 (ASTM, 2004).
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Table 7-2. Composition of simulated concrete pore solution
Compound KOH NaOH CaSO4∙2H2O Ca(OH)2 NaCl
Conc. (g/L) 17.94 5.24
0.55
2.40*
Varies
*Mostly precipitated out of solution

(a)

Heat Shrink
Tubing
Wire
Segment
Silicone
Sealant
PTFE
Plug

Solder

(b)

Wire
Lead
Epoxy

Strand
Segment

Figure 7-5. Overview of prestressing (a) wire specimen and (b) strand specimen configuration
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Figure 7- 6. Three electrode electrochemical cell used for CPP experiments

Prior to CPP testing, a two-step sample conditioning procedure was used for each sample
tested. First, specimens were exposed to the simulate pore solution without Cl- for 90 min in
order to stabilize the passive film as it would be in the field prior to any Cl- exposure. Following
the 90 min passivation period, specimens were transferred into a pore solution containing the Clconcentration to be tested and allowed to acclimate for an additional 30 min, yielding total
sample conditioning time of 120 min prior to testing. Time periods selected for sample
conditioning were based on open circuit potential (OCP) vs. time studies which showed that after
approximately 90 min the OCP began to stabilize as shown in Figure 7-7.
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Figure 7- 7. Open circuit potential vs. time for prestressing wire immersed in simulated concrete
pore solution without chlorides
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Following the 120 min sample conditioning period, CPP was used to evaluate each
specimen’s resistance to corrosion initiation when exposed to a given Cl- concentration. It is
important to note that each experiment utilized a new sample that underwent its own sample
conditioning procedure. CPP experiments were performed using GAMRY PC3/300, PC4/750,
and Reference 600 potentiostats and an EG&G-PAR 263A potentiostat. A scan rate of 0.1 mV/s
was used for all tests. Scans began at -25 mV vs. OCP (to limit cathodic film removal) and were
run until reaching a current density of 0.25 mA/cm2, at which point the scan rate was reversed
and the potential was brought back down to -25 mV vs. the original OCP. The maximum current
density 0.25 mA/cm2 generally corresponded to an increase in current of approximately two
decades due to either O2 evolution or the initiation of localized corrosion. Following each
experiment, tested samples were forensically thoroughly examined to ensure that no unintended
crevice corrosion had initiated due to poor sample preparation techniques. If, for example,
unintended corrosion was found under heat shrink tubing in one of the wire specimen, the data
was disregarded and a new test was performed with a new specimen.
Using CPP techniques, corrosion initiation was clearly indicated by a sudden increase in
current density during the anodic scan occurring at the breakdown potential (Ebreakdown), with the
current density remaining high even as the potential is reduced during the reversed scan (Alonso,
et al., 2002, Bertolini, et al., 2009, Li, et al., 2002). An example of this is shown in Figure 7-8 for
a prestressing wire specimen, where no corrosion initiation occurs under a 0.0 M Cl- exposure
whereas when exposed to a 0.9 M Cl- solution localized corrosion clearly initiates at an Ebreakdown
of 175 mVSCE with the current density remaining high through the remainder of the test.

Figure 7- 8. Comparison between polarization behavior under 0.0M and 0.9M Cl- exposures
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One important factor to consider in any electrochemical experiment (particularly CPP
studies) is the inherent variability in corrosion initiation and the Ebreakdown at which it may occur
(Li, et al., 2002). These effects become especially important when evaluating systems where
localized corrosion which is highly dependent on the random presence of surface defects to
provide initiation sites. An example of the typical variability in CPP results obtained for
triplicate specimens in the present study is shown in Figure 7-9. When no Cl- is present (Figure
7-9 (a)), polarization behavior is easily replicated as the electrochemical reactions occur
uniformly across the surface of the steel (e.g., uniform passive film formation or the evolution of
O2). However, when Cl- is added to the solution (Figure 7-9 (b)), while corrosion does initiate in
all cases, the Ebreakdown at which it occurs varies over a range of approximately 200 mV. In order
to account for these effects, triplicate tests were performed at all Cl- concentrations studied.
Additionally, five to six replicate tests were performed near Cl- concentrations that resulted in
corrosion initiation (i.e., CTLs) to capture any stochastic variability in observed polarization
behavior.

(a) 0.0M Cl- exposure

(b) 0.9M Cl- exposure

Figure 7- 9. Polarization behavior of triplicate specimens under different exposure conditions

7.2.4. Materials Characterization
Following testing, corrosion damage was characterized using either a LEO 1530
thermally-assisted field emission SEM or a Hitachi S-3700N variable pressure SEM. All images
were acquired using backscattered electron detectors. Both systems are equipped with Oxford
INCA EDX detectors for performing elemental analysis in conjunction with imaging. The
Hitachi S-3700N is capable of imaging non-conductive samples at low vacuum. Samples
analyzed using the LEO 1530 required sputter coating with Au for imaging. Samples with
extensive buildup of corrosion products were imaged using the Hitachi S-3700N as it does not
require the products be removed or sputter coated for imaging. A Leica MZ6 stereomicroscope
was also used to characterize corrosion damage at low magnifications after testing.
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7.3. Experimental Results and Discussion
7.3.1. Chloride-Induced Corrosion
7.3.1.1. Prestressing Wire
Figure 7-10 shows the polarization curves obtained from CPP experiments conducted on
prestressing wire specimens in 0.0, 0.7, 0.8, 0.9, and 1.0 M Cl- exposures. Cl- concentrations
which showed little effect (i.e., no corrosion initiation) have not been included in Figure 7-10 for
brevity. Following the 120 min sample conditioning period, an open circuit corrosion potential
(Ecorr) of approximately -240 mVSCE was measured for all wire specimens regardless of Clconcentration.

Figure 7- 10. Polarization curves for prestressing wire specimens at various Cl- concentrations
When no Cl- was present in solution, full repassivation was observed during the reverse
potential scan following polarization into the O2 evolution region (E above approximately 500
mVSCE). Little influence of Cl- was detectable until reaching a concentration of 0.6 M, at which
point localized corrosion initiated during the anodic scan with the formation of an Ebreakdown prior
to entering the O2 evolution region. Based on the simulated concrete pore solution used for all
experiments with pH of 13.6 (an [OH-] of 0.4 M), this Cl- concentration (0.6 M) would
correspond to a [Cl-]/[OH-] ratio of approximately 1.5, a value which is comparable to CTLs
determined using similar experiments on mild steel reinforcing bars in simulated concrete pore
solutions (Alonso, et al., 2009, Angst, et al., 2009). As expected, Figure 7-10 also shows that as
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Cl- concentration increased, the barriers to corrosion initiation decreased as evidenced by the a
continual decrease in Ebreakdown.
One other key result shown in Figure 7-10 is that no protection potential (Eprot) was
formed during the reverse potential scan portion of the CPP scan above the original Ecorr; that is,
once corrosion initiated, anodic dissolution continued to occur even without the application of an
overpotential by the potentiostat. These effects become particularly apparent as shown in Figure
7-11 when comparing values of Ecorr before and after conducting CPP experiments for the Clconcentrations studied. Prior to the CPP scan, the influence of Cl- concentration on Ecorr was
negligible even up to 1.0 M exposure for 30 min during the second portion of the sample
condition procedure. Following the CPP scan, as Cl- concentrations increased from 0.0 M to 0.6
M a slight decrease of 60 mV in Ecorr was measured, indicating a weak interaction between Cland the passive film that did not result in corrosion initiation. However, above 0.6 M Cl-, on the
reverse scan Ecorr shifted drastically to near -900 mVSCE. This result is critically important
because it suggests that the Cl- concentration at which irreversible corrosion initiation occurs in
CPP experiments (above 0.6 M in the case of prestressing wire) should be considered as the CTL
for the prestressing wire specimen geometry and solution composition tested.
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Figure 7- 11. Ecorr vs. [Cl-] for prestressing wire specimens before and after CPP testing
7.3.1.2. Prestressing Strand
Figure 7-12 shows the polarization curves obtained from CPP experiments conducted on
prestressing strand specimens in pore solutions with 0.0, 0.2, 0.3, 0.4, and 1.0 M Cl-. Results for
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other Cl- concentrations have not been included in Figure 7-12 for brevity. Following the 120
min sample conditioning period, Ecorr was approximately -330 mVSCE; 90 mV less than the Ecorr
of prestressing wire specimens. This shift in Ecorr relative to prestressing wires is likely an
indication of the formation of concentration / aeration cells between the outer portion and inner
(mass transport limited) portion of the prestressing strand resulting in a measured cathodic
polarization of Ecorr (Jones, 1996, Landolt, 2007).
At Cl- concentrations of 0.0 and 0.1 M, no corrosion initiation occurred with full
repassivation after polarization into the O2 evolution region. Corrosion initiation in prestressing
strands occurred at a Cl- concentration of 0.2 M (a [Cl-]/[OH-] of 0.5) and higher – significantly
less than that of prestressing wire specimens and clear evidence that stranding geometry does
have a significant influence on the prestressing steel’s resistance to chloride-induced corrosion.
Similar to the behavior observed for prestressing wires, as Cl- concentration increased Ebreakdown
continued to shift negatively until reaching -100 mVSCE at 1.0 M Cl-.

Figure 7- 12. Polarization curves for prestressing strand specimens at various Cl- concentrations

Measurements of Ecorr made before and after CPP testing of prestressing strand samples
are shown in Figure 7-13. At Cl- concentrations below 0.5 M, Ecorr values were fairly stable near
-330 mVSCE, while at higher concentrations, values of Ecorr varied significantly between -300 and
-450 mVSCE and generally began to shift negatively immediately after being transferred from the
non-Cl- pore solution to Cl- containing pore solution during sample conditioning – an indication
that Cl- were beginning to interact with the specimen prior to polarization. Analogous to the
results obtained for prestressing wires, once corrosion initiated (at [Cl-] greater than 0.2 M)
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repassivation with the formation of an Eprot did not occur and Ecorr continued to decrease to less
than -900 mVSCE following CPP testing. Therefore, in prestressing strands, the Cl- concentration
at which corrosion initiates may also be considered as the CTL for the prestressing strand
specimen geometry and solution composition tested.
7.3.1.3. Prestressing Strand vs. Wire
Figure 7-14 presents a comparison between the mean Ebreakdown determined for all
replicate prestressing wire and strand specimens at each Cl- concentration tested. The limiting
Ebreakdown of 500 mVSCE shown for both prestressing wire and strand specimens represents the
potential above which O2 evolves. As discussed previously, for prestressing wires, Ebreakdown
began to decrease above Cl- concentration of 0.6 M, while for prestressing strands corrosion
initiated at Cl- concentrations as low as 0.2 M. For prestressing strands, at Cl- concentrations
above 0.4 M, Ebreakdown reached a limiting potential of approximately -100 mVSCE. This limit was
not observed for prestressing wires, although perhaps if wires had been tested at higher Clconcentrations a limiting in Ebreakdown may have occurred. Nonetheless, when compared with
prestressing wires, stranding was found to have a significant impact on resistance to chlorideinduced corrosion initiation, resulting in a 67 % reduction in the CTL. The most important
ramification of reductions in the CTL of prestressing strands is its impact on the accuracy of
service life models that typically utilize CTLs based on mild steel reinforcement to predict the
field performance of PSC structures exposed to corrosive environments.
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Figure 7-13. Ecorr vs. [Cl-] for prestressing strand specimens before and after CPP testing
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Figure 7-14. Breakdown potential vs. Cl- concentration for prestressing wire and strand
specimens
7.3.2. Morphology of Corrosion Damage
Following all CPP experiments, each specimen was examined to characterize the
morphology of corrosion damage. Once corrosion initiated at Cl- concentrations above the CTL
for each specimen geometry, the damage observed and products formed were similar for both
prestressing wires and strands. Figure 7-15 depicts the typical damage observed before and after
testing at Cl- concentrations above the CTL. Observed corrosion damage on prestressing wires
and strands could generally be divided into two types: (1) localized pitting or crevice corrosion
associated with corrosion initiation, and (2) uniform surface attack associated with corrosion
propagation following initiation.

(b) Wire with Cl- exposure

(a) Wire without Cl- exposure
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(c) Strand without Cl- exposure

(d) Strand with Cl- exposure

Figure 7- 15. Specimens before and after corrosion initiation by CPP experiments

In prestressing wires (Figure 7-15 (a) and (b)), corrosion was observed to initiate at
surface imperfections with the formation of localized pitting type of corrosion attack, followed
by uniform attack of the surface. Additional details on the influence of surface imperfections on
corrosion initiation are provided in Section 7.3.3. In prestressing strands (Figure 7-15 (c) and
(d)), corrosion was observed to initiate first in the crevice regions of the strand with products
forming between wires, followed by more uniform attack spreading onto the outer portions of the
strand. Cross sections of strands imaged using optical microscopy before and after testing (see
Figure 7-16) showed that attack was also occurring in the interstices of the strand, with the
formation of corrosion products adjacent to the impingement sites between wires.
Interestingly, at sites of localized corrosion (i.e., surface pitting or crevice corrosion)
products formed as hollow “whiskers” with a morphology similar to that reported by Cherry and
Price (Cherry, et al., 1980). In many cases whiskers were up to 1 cm long suspended in solution.
X-ray diffractions patterns generated from whisker formations ground into a powder showed that
the whiskers were primarily goethite (FeOOH). Extensive pitting was observed at the base of the
whisker formations when removed. Figure 7-17 depicts a typical pit observed at the base of a
whisker formation using SEM. Pits ranged in diameter from 5 to 20 μm and typically exhibited
concentric circular deposits of corrosion products on the pit walls as shown in Figure 7-17. With
corrosion products removed in regions of uniform surface attack, corrosion damage was found to
be preferentially aligned in the drawing direction of the steel as shown in Figure 7-18. This type
of damage mechanism was first described by Trejo et. al,(Trejo, et al., 2000) who proposed that
given the dual phase microstructure of pearlitic steel, microgalvanic cells may form on the
surface of the steel with ferrite acting as the anode and cementite acting as the cathode.
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(a)

2mm

(b)

2mm

Figure 7-16. Cross section of prestressing strand (a) without exposure to Cl- and (b) after
corrosion initiation above the CTL

Figure 7-17. Typical pitting site on surface of prestressing steel with concentric circular deposits
of corrosion production on the pit wall
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← Drawing Direction →
Figure 7-18. Uniform surface corrosion damage preferentially aligned in the drawing direction of
the prestressing steel

Based on this investigation of corrosion damage, it was concluded that corrosion
initiation in prestressing strands is controlled primarily by the presence of crevices at the
impingement sites between wires along with imperfections in surface coatings, while in
prestressing wires corrosion is influenced by the presence of surface imperfections which
provide initiation sites. Once corrosion has initiated, its propagation occurs in a similar manner
in both prestressing wires and strands, spreading from sites of localized corrosion into a more
uniform attack of the surface.
7.3.3. Influence of Surface Imperfections
Through the characterization of corrosion damage discussed in Section 7.3.2, it became
apparent that imperfections in the surface coating of the prestressing steel (along with crevices in
prestressing strands) were typically the sites where corrosion would initiate. Imperfections in the
ZnPO4 surface coating can be divided into two categories: (1) scratches and blemishes in the
coating due to cold-drawing prior to stranding operations, and (2) abrasion of the coating due to
relative displacement between the wires which can occur during stranding and tensioning. Type
1 imperfections are typically present as either carbon rich (from wearing of the drawing die) or
bare metal “streaks” aligned in the drawing direction of the wire. Type 2 imperfections are
typically present as bare metal “streaks” running helically with the twist of the strand and can
only be seen if the strand is dissected.
In-depth SEM and EDX analyses were performed on prestressing steel samples to
characterize imperfections in their as-received surface coatings. Figure 7-19 details the
heterogeneity present in a 1 mm2 area of the coating at a Type 2 imperfection site (i.e., at the
impingement site between two wires in a strand). EDX analyses performed at three sites are also
shown. In the center of the backscattered image shown in Figure 7-19, a bright diagonal Type 2
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imperfection band (marked by dashed lines) is evident making a helical twist at the impingement
site between an outer wire and center wire of the prestressing strand. EDX analysis of this region
indicates that most of the ZnPO4 coating has been abraded off, leaving only Fe exposed.
Adjacent to this imperfection, the surface coating remains intact with EDX analyses showing the
presence of both Zn and P. In many cases trace amounts of Ca were also detected in the surface
coating. These Ca deposits are likely residual coatings of stearate-type drawing lubricants which
were not completely removed during post-processing stress relief and cleaning treatments
(Osborn, et al., 2008).

← Drawing Direction →

250μm

keV
Figure 7-19. Typical Type 2 imperfection in ZnPO4 surface coating of prestressing steel
In order to elucidate the effects of surface imperfections, additional CPP experiments
were conducted on prestressing wire specimens. These tests were conducted using similar
procedures to those presented in Section 7.2.3; however, when corrosion initiated at Ebreakdown the
test was halted and the sample was removed and flushed with acetone. Using this technique, sites
of corrosion initiation could be identified prior to the extensive formation of corrosion products
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like those shown in Figure 7-15. Figure 7-20 depicts two samples tested using this procedure to
determine preferential surface sites for corrosion initiation. Initiation was found to occur at Type
1 and Type 2 imperfections prior to general attack of the ZnPO4 coated steel surface. Type 1
attack is clearly shown in Figure 7-20 on sample #2 with corrosion products forming on the
carbon rich black streaks aligned in the drawing direction. Corrosion initiation at Type 2
imperfections is also shown in Figure 7-20, with corrosion products aligned with the helical twist
of outer prestressing wires around the central prestressing wire. These results suggest that the
presence of, and more importantly imperfections in, as-received surface coatings play an integral
role in providing sites for corrosion to initiate. Such effects would not be detected by
experiments conducted on polished samples. Moreover, considering that Type 2 imperfections
occur at the same location as crevices in prestressing strands (impingement sites between wires),
surface imperfections may act synergistically with crevice mechanisms to reduce the barriers to
corrosion initiation in prestressing strands.

#1

#2
Type 2

Type 1

Figure 7- 20. Attack of surface imperfections during CPP corrosion initiation experiments

7.3.4. A Model for Corrosion Initiation in Prestressing Strands
Based on these data, many insights into the fundamental mechanisms of corrosion initiation
in prestressing strands can be made. The results presented in Sections 7.3.1 and 7.3.2 have shown
that both the electrochemical behavior and morphology of damage observed in prestressing
strands is fundamentally different than that of prestressing wires. Crevice corrosion phenomena
have been studied extensively in other fields of corrosion science but have only recently been
noted as a possible mechanism for corrosion initiation in prestressing strands. Crevice
mechanisms which may occur in the Cl- containing pore solution system include:


O2 deficiencies in crevice regions due to mass transport limitations causing impaired
passivity (Sharland, 1992). Lack of O2 within the crevice may also result in the attraction
of higher mobility Cl- into the crevice in order to preserve charge neutrality (Jones,
1996).
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Acidification of the crevice region due to the hydrolysis of water in the presence of Clleading to the formation of HCl and corrosion products (Jones, 1996) according to the
reaction:
Fe 2  2H 2O  2Cl   Fe(OH ) 2  2HCl

In addition to crevice mechanisms, results presented in Section 7.3.3 showed that
imperfections in as-received coatings also play a role in corrosion initiation. Key in the case of
prestressing strands is the fact that the location of Type 2 surface imperfections coincides with
the location of crevices formed at the impingement site between adjacent prestressing wires.
Another factor to consider is that prestressing strand is embedded into concrete wherein the outer
surface of the strand is in direct contact with cement hydration products (including Ca(OH)2)
while the interstitial space of the strand is not. Once corrosion initiates within crevices and
acidification occurs in the interstitial region of the strand, the outer surface of the strand will be
continuously buffered by solid Ca(OH)2 while the inner portion likely continues to acidify, thus
amplifying concentration cell effects between the inner and outer portions of the strand.
Building on these mechanisms and the results presented herein, a three-step “thought” model
has been proposed to describe the corrosion initiation and propagation process in prestressing
strands. An overview of the model is shown diagrammatically in Figures 7-21 (a) to (c) and is
described as follows:




Step 1 – Figure 7-21 (a): Crevice corrosion initiates at the impingement sites between
adjacent prestressing wires once Cl- concentration exceeds the CTL.
Step 2 – Figure 7-21 (b): Following initiation, localized corrosion continues to occur at
crevice sites accompanied by acidification of the interstitial region of the prestressing
strand as indicated by change in color from black to white.
Step 3 – Figure 7-21 (c): Once corrosion products have built up to a sufficient amount
such that the mass transport of reactants to crevice sites is limited, corrosion attack
spreads to the surface of the strand resulting in damage similar to what was observed on
prestressing wires.

(a) Step 1: Initiation

(b) Step 2: Acidification

(c) Step 3: Propagation

Figure 7- 21. Model for corrosion initiation in prestressing strands
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7.3.5. Potential Impact on Service Lives
A final point warranting further discussion is the impact of this study on the field
performance of PSC structures exposed to corrosive environments and the techniques used to
predict their service lives. For any service life model to reliably predict field performance of PSC
structures, an accurate value for the CTL is necessary. These data show that in the case of
prestressing steel produced in a stranded geometry, using CTLs based on the results of studies
evaluating the corrosion resistance of mild steel reinforcement and prestressing wires may not be
entirely accurate. Based on the results of the present study, reductions in the CTL due to
stranding would likely decrease the time required for corrosion to initiate but have little effect on
its propagation. Using a basic Collepardi type non-steady state Fickian diffusion model (Nilsson,
2009) like that shown in Figure 7-22, it is clear that reducing the CTL from that of a prestressing
wire (same as mild steel reinforcement) to that of a prestressing strand can result in premature
corrosion initiation provided that Cl- has reached a sufficient concentration at the cover depth.

Cl- Source

[Cl-]

CTLWire
CTLStrand

x
Cover Depth
Figure 7-22. Influence of reductions in CTL on corrosion initiation based on 2nd-order Fickian
diffusion

In order to investigate the influence of reductions in the CTL due to stranding on
predicted service lives, a series of virtual experiments were conducted on model concrete
systems using the service life and life-cycle cost estimation tool Life 365 (Thomas, et al., 2009).
One-dimensional Cl- diffusion experiments were conducted using a cover depth of 50 mm and
surface Cl- concentration of 18.8 kg/m3. The CTLs for prestressing wires and strands were
assumed to be 1.0 and 0.33 kg/m3, respectively based on the results of the present study. For
simplicity, the influence of Cl- binding, reductions in diffusivity with time, and corrosion
propagation time prior to repair/replacement were neglected. Virtual experiments were
conducted using diffusion coefficients ranging from 1∙10-12 m2/s representing a concrete with
w
/cm below 0.4 containing supplementary cementitious materials such as fly ash or silica fume to
100∙10-12 m2/s representing an ordinary portland cement concrete with w/cm near 0.7 (Thomas, et
al., 1999).
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Results of virtual time-to-corrosion experiments are shown in Figure 7-23 for
prestressing wires and strands. Reductions in the CTL to account for stranding did lead to a
decrease in the time-to-corrosion. However, this decrease was not linearly related to the change
in the CTL. For a 67 % reduction in the CTL from 1 kg/m3 (based on mild steel reinforcement)
to 0.33 kg/m3 to account for stranding, the time to corrosion was reduced by approximately 34 %.
While the authors accept that additional research is required to validate laboratory-based
electrochemical studies and virtual service life experiments presented herein, these results clearly
demonstrate that stranding and its associated reduction in the CTL should be considered in any
service life model used for predicting the field performance of PSC structures exposed to
corrosive environments.
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Figure 7-23. Influence of reductions in CTL on corrosion initiation times using Life 365

7.4. Conclusions of Preliminary Experiments on A416 Prestressing Strands
The influence of crevices present in stranded geometries and as-received surface coatings
on the corrosion resistance of prestressing steels was evaluated using CPP techniques.
Prestressing wire and strand specimens were exposed to a simulated concrete pore solution with
Cl- added as NaCl up to 1.0 M.
1) CPP experiments conducted on prestressing strand samples showed a 67 % reduction in
values of the CTL when compared with prestressing wires. Once above a
Cl- concentration at which corrosion would initiate, repassivation did not occur and
samples continued to undergo anodic dissolution at an Ecorr of approximately -900 mVSCE
without any perturbation by the potentiostat.
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2) Corrosion initiation in prestressing wires occurred primarily at the imperfections in the
as-received ZnPO4 coated steel surface. Corrosion initiation in prestressing strands was
found to occur initially in crevices located at the impingement sites between adjacent
wires. The morphology of corrosion propagation following initiation was observed to be
similar in both wires and strands, transitioning from localized corrosion into more
uniform surface attack.
3) Additional CPP corrosion initiation experiments indicate that imperfections in the asreceived ZnPO4 surface coating provide preferential sites for localized corrosion to
initiate. These effects would not be detected by experiments conducted on polished
prestressing steel specimens.
4) Based on the results of CPP studies and characterization of corrosion damaged samples, a
“thought” model was developed to describe the mechanisms of corrosion initiation in
prestressing strands. Traditional crevice corrosion mechanisms likely interact with
surface imperfections, resulting in the significant reduction in CTLs found for
prestressing strand.
5) Virtual Cl- ingress experiments conducted on model concrete systems showed that a
reduction in the CTL due to stranding of 67 % resulted in a decrease in the time-tocorrosion initiation of 34 %. In order to accurately predict the field performance of PSC
structures exposed to corrosive environments, service life models must take into account
the influence of stranding on reductions in the CTL.
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8. Stainless Steels for Prestressing Strand
8.1. Introduction
Corrosion of reinforcing and prestressing steels in concrete structures exposed to
corrosive environments is the predominant deterioration mechanism that reduces service life.
While significant research on corrosion mitigation in concrete has been conducted over the last
few decades, the challenges associated with the corrosion of steel reinforcement in concrete
remain. Recent studies indicate that 15 % of structural deficiencies in U.S. bridges are the result
of corrosion, with direct annual costs of $3.5 billion for the replacement of bridges damaged by
corrosion and $4 billion to maintain and replace corroded concrete bridge decks and
substructures (Koch, et al., 2008).
Recent initiatives such as the Bridge Life Extension Act and FHWA’s 100+ year bridge
service life goal have provided a new impetus for the implementation of corrosion mitigation
technologies in new concrete structures (Koch, et al., 2008, NACE, 2008). A majority of
developed corrosion mitigation technologies have focused on concrete structures reinforced with
mild ferritic steels, including high performance / low permeability concretes (Hansson, 2005,
Hope, et al., 2001), epoxy coated and galvanized reinforcing steels (Darwin, et al., 2007, Sagüés,
et al., 1994, Zemajtis, et al., 1999), electrochemical methods of protection (Bertolini, et al., 1993,
Cramer, et al., 2002, Sharp, et al., 2006), corrosion inhibitors (Zemajtis, et al., 1999), and surface
coatings and sealers (Broomfield, 2007).
One of the most effective methods of corrosion mitigation in reinforced concrete is the
use of corrosion resistant reinforcing (CRR) materials, typically austenitic and/or duplex
(austenite + ferrite) stainless steel reinforcing bars (Bautista, et al., 2006, Garcia-Alonso, et al.,
2007, Hartt, et al., 2004, Nürnberger, et al., 2008). Stainless steels possess chloride (Cl-)
threshold levels (CTLs) typically more than one order of magnitude greater than normal mild
reinforcing steels (Hartt, et al., 2004). However, the extension of CRRs from reinforced to
prestressed concrete (PSC) is a topic which has received limited attention in the literature, but is
one which looks to provide many of the same durability benefits witnessed in reinforced concrete
structures. The growing use of PSC elements, especially in bridge structures (e.g., piles and
girders) is a cause for increased awareness of the corrosion issues and mitigation techniques;
especially because prestressing steels differ in composition, surface treatment, and geometry
when compared with mild reinforcing steels.
The goals of this chapter are: (1) to provide a basic understanding of PSC structural
systems and their degradation by corrosion, (2) to briefly examine the corrosion resistance of
stainless steels in reinforced concrete, (3) to critically review research performed on highstrength stainless steels (HSSSs) for use in prestressed concrete, and (4) to present a synopsis of
research on HSSSs conducted in other industries which may be applicable for corrosion
mitigation in PSC.
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8.2. Characteristics and Degradation of Prestressed Concrete Structural Systems
Concrete structures utilizing prestressing reinforcement (either pre-tensioned or posttensioned) instead of mild steel reinforcement allow for longer spans with smaller cross sections,
more complex structural systems, and less tendency for deleterious tensile cracking of the
concrete which can accelerate corrosion by Cl- ingress and/or carbonation of the cover concrete.
Prestressing steel is typically stressed between 60 to 80 % ultimate tensile capacity (ζult) to apply
a “precompression” force to the concrete element as shown in Figure 8-1 (Nawy, 2000). These
stresses are much higher than the 40 to 50 % ζult typically used for tendons in suspension and
cable-stayed bridge structures.

Prestressing Steel

Figure 8-1: Behavior of simply-supported prestressed concrete beam
Typical prestressing systems utilize fully pearlitic (δ-ferrite + Fe3C-cementite) eutectoid
steels (0.8 % C, 0.75 % Mn, 0.25 % Si, and other trace elements) which when cold drawn
significantly increase their tensile strength. Low-relaxation thermomechanical processing is
performed using an inline induction furnace at approximately 370 ºC and 40 % ζult (Atienza, et
al., 2007). The resulting “stabilized” product possesses a yield strength (ζy) of approximately
1720 MPa, ζult of 1860 MPa, ductility (εult) of 7 %, and stress relaxation (∆ζr) less than 2 to 3 %
(2006, Hope, et al., 2001). As illustrated in Figure 8-2, these mechanical properties place
prestressing steels among the highest strength steels used in engineering practice. Prestressing
steels are typically manufactured as 12.7 to 15.2 mm seven-wire (“1x7”) strand (see Figure 8-1),
allowing the material to be shipped in a coiled form for use in subsequent construction processes.
Due to the small 3 to 5 mm diameter of wires used in prestressing strands, small cross
section losses caused by corrosion can quickly lead to significant structural deficiencies
(Nürnberger, 2002). Some researchers have noted that the interstitial regions and wire
impingement sites in a stranded geometry are inherent crevice sites where localized corrosion
may be preferentially initiated (Ahern, 2005, Brooks, 2003, Proverbio, et al., 2002). Recent
studies conducted by the authors have shown that prestressing steels produced in a stranded
geometry resulted in a 67 % reduction in measured CTLs compared with single prestressing
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wires (Moser, et al., 2010). In addition to traditional corrosion mechanisms, susceptibility to
environmentally assisted cracking (EAC) is also a concern due to the prestressing steel’s inherent
metallurgical properties when combined with high tensile stress (Mietz, 2000, Nürnberger, 2009,
Schroeder, et al., 2003). The following section reviews corrosion and EAC mechanisms relevant
to the degradation of prestressing steels.
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Figure 8-2: Strength vs. ultimate strain formability chart for a variety of engineering steels

8.2.1. Mechanisms of Prestressing Steel Degradation
Similar to the behavior of mild steel reinforcement, prestressing steels are typically
highly resistant to corrosion when embedded in concrete. The alkaline solution with pH 12.5 to
13.5 (Mehta, et al., 2006) present in the capillary pore space of the hydrated cement paste infers
exceptional corrosion resistance by the formation of a stable passive film on the surface of the
steel (Poursaee, et al., 2007). This film, consisting primarily of Fe oxides and oxy-hydroxides
(Addari, et al., 2008, Rossi, et al., 2001), has been shown to decrease anodic dissolution rates by
multiple orders of magnitude by limiting corrosion reactions on the metal surface (Schmuki,
2002). It is only when this film is degraded by the ingress of aggressive agents from the
environment or when conditions for EAC are present that damage can occur.
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8.2.1.1. Corrosion Initiation by Chloride Ingress
In modern PSC structures, the ingress of Cl- from the external environment by marine
and/or deicing chemical exposure is the predominant mechanism that can initiate corrosion of
prestressing steels (Andrade, et al., 2001, Hansson, et al., 2006). Cl- will ingress into concrete,
generally according to non-steady state Fickian diffusion, eventually building up to a sufficient
concentration at the depth of the reinforcing steel that results in the initiation of corrosion (i.e., at
the CTL) (Nilsson, 2009). Cl- at the passive film – electrolyte interface will preferentially attack
defect sites in the film such as inclusions or film grain boundaries (A. Rossi, 2001, Schmuki,
2002), resulting in anodic dissolution of Fe and the formation of corrosion products according to
equations 8.1 to 8.3 (Kurtis, et al., 1997).

Fe 2  6Cl   FeCl 6

4

Eq. 8.1

3

Eq. 8.2

Fe 3  6Cl   FeCl 6

Fe 2  2H 2O  2Cl   Fe(OH ) 2  2HCl

Eq. 8.3

It should be noted that the reaction shown in Eq. 8.3 involves the formation of Fe(OH ) 2
corrosion product and, most importantly, the release of the HCl. Thus, the breakdown of the
passive film is an autocatalytic reaction, with the Cl- reactant not being bound into the corrosion
products and acidification of the local environment near the initiation site (Jones, 1996). Once
pits become numerous, they eventually coalesce and lead to cracking, spalling, and strength and
stiffness degradation of the concrete structure.
8.2.1.2. Environmentally Assisted Cracking
In prestressing steels, EAC typically falls into three categories: SCC, HE, and a
combination of SCC and HE, hydrogen-induced stress corrosion cracking (H-SCC) (Hope, et al.,
2001, Mietz, 2000, Nürnberger, 2002). In most cases, a specific environment in conjunction with
a susceptible alloy and tensile stress may result in EAC and a loss in strength and ductility. SCC
is typically caused by localized electrochemical dissolution (e.g., pitting corrosion caused by Cl-)
which follows the path of galvanic microcells present in the steels microstructure, such as grain
boundaries (Hope, et al., 2001, Mietz, et al., 2002). These deep, localized attacks when combined
with external tensile stress can result in stress concentrations, leading to mechanical fracture by
SCC.
In the case of HE and H-SCC, the absorption of atomic hydrogen (Hab) into the metal
lattice initiates damage. Atomic hydrogen is typically present in corrosion pits acidified by
hydrolysis of Fe2+ or in cathodic reaction regions (Nürnberger, 2002, Nürnberger, 2009). In most
cases, H+ produced by cathodic reactions will combine with electrons at the cathodic site to form
H, followed by the reaction 2H→H2 to form molecular hydrogen (Mietz, 2000). However, in
many cases such reactions may be slowed by the presence of compounds (such as As, S, and
thiocyanates) which may poison the formation of H2 and promote the absorption of Hab (Mietz, et
al., 2002). Once absorbed, Hab will reside in microvoids, dislocation sites, and interstices present
in the lattice structure, leading to HE by limiting ductile slip mechanisms (Hope, et al., 2001).
When combined with tensile stress, HE can result in the initiation and propagation of cracks as
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H-SCC (Hope, et al., 2001, Nürnberger, 2002). The author notes that many other theories have
been developed to explain the mechanisms driving damage by EAC. The reader is referred to the
following seminal texts and papers for further information (Jones, 1996, Landolt, 2007, Mietz, et
al., 2002, Nürnberger, 2002, Nürnberger, 2009, Schroeder, et al., 2003, Skorchelletti, 1976).
8.2.2. Historical Corrosion Damage of Prestressed Concrete Structures
Corrosion-induced structural failures of PSC structures are rare; in fact, most would agree
that PSC provides much higher durability than normal reinforced concrete. This is, in part, due to
the relatively young age of PSC infrastructure when compared to normal reinforced concrete
structures along with the generally higher quality of construction present in PSC structures. In
general, corrosion initiation is likely caused by poor construction practices, insufficient design
details, improper materials (e.g., concrete of poor quality and susceptible prestressing steels), and
excessively severe environmental exposures (Hope, et al., 2001, Nürnberger, 2002). Yet
corrosion of PSC has caused many structural elements to be repaired or replaced with resulting
significant economic impact (Griggs, 1987, Hamilton III, 2007, Thaesler, et al., 2005).
The occurrence of brittle failures initiated by environmentally assisted cracking (EAC)
(i.e., anodic stress corrosion cracking (SCC) and hydrogen embrittlement (HE)) is rare as
currently used cold drawn and stabilized eutectoid prestressing steels have shown exceptional
resistance to EAC (Lewis, 1969, Mietz, 2000). In a study performed by Schupack and Suarez in
1982, 10 of the 50 structures investigated exhibited damage likely caused by EAC (Schupack, et
al., 1982). A majority of these failures were caused by improper construction and exposure to
extremely severe environments (e.g., sewage digesters).
8.2.3. Corrosion Mitigation Methods in Prestressed Concrete
Many technologies have been investigated to mitigate corrosion in reinforced concrete.
Of those, high performance concretes and large cover thicknesses along with proper design (i.e.,
limiting cracking) have found the greatest use in PSC structures exposed to corrosive
environments. Galvanized coatings and cathodic protection methods have fallen out of favor
(and in fact are not allowed in many localities) due to concerns of HE and H-SCC resulting from
the excessive generation of hydrogen by unintentional “overprotection” of the steel substrate
(Hartt, et al., 1993, Raharinaivo, 2005, Virmani, et al., 1998). Epoxy coated strands have been
used but suffer the same concerns as epoxy coated rebar: reduced bond, potential breakdown of
bond, and coating defects caused by handling and construction (Salas, et al., 2008). Fiber
reinforced polymers have been investigated for use in prestressing systems, but the high cost of
manufacturing, limited applied research, shear lag deficiencies, lack of ductility, creep and stress
relaxation, and concerns related to high temperature and high strain rate behavior have limited
their employment in prestressed concrete structures (Salas, et al., 2004).

8.3. Applications of Stainless Steel Reinforcement in Concrete
The use of stainless steels as concrete reinforcement can greatly extend the usable service
lives of reinforced concrete structures exposed to even the most severe of environments (Hartt, et
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al., 2004). Such alloys provide exceptional corrosion resistance by the formation of a highly
stable passive film which maintains its integrity over a much wider range of pH and Clconcentration and which is mainly composed of Cr oxides and oxy-hydroxides (with
contributions by Ni and Mo if present) (A. Rossi, 2001, Addari, et al., 2008, Schmuki, 2002). As
shown in the Schaeffler constitution diagram in Figure 8-3, stainless steels can be divided into
four different families: austenitic, ferritic, martensitic, and duplex (a mixture of γ-austenite and
δ-ferrite). In Figure 8-3, the Ni equivalent has been shown including the DeLong correction to
account for the effect of N on austenite stability (DeLong, et al., 1956). The stable phase depends
primarily on composition, with Ni, C, Mn, and N acting as austenite stabilizers and Cr, Mo, and
Si acting as ferrite stabilizers.

Nickel Equivalent = %Ni + 30∙%C + 0.5∙%Mn + 30∙%N
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Figure 8-3: Schaeffler – DeLong constitution diagram for stainless steels (adapted from (DeLong,
et al., 1956, Schaeffler, 1949))

In the U.S., Canada, and Europe, stainless steels have been increasingly used in bridge
decks and coastal bridge substructures to mitigate corrosion. Austenitic grades SAE 304 and 316
and duplex Type 2205 have seen the largest use as reinforcement in concrete, primarily owed to
their high availability and the extensive amount of research conducted on their corrosion
resistance in concrete (Hartt, 2005). Ferritic grades such as SAE 430 have also been investigated
for use as reinforcement in concrete but have seen limited application due to the superior
corrosion resistance of readily available austenitic grades (Hartt, et al., 2004). Lower cost lean
duplex alloys such as 2101 and 2304 have also been investigated for used as reinforcement in
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concrete and generally exhibit exceptional mechanical properties and corrosion resistance
comparable with SAE 304 and 316 (Clemena, 2003, Dupoiron, et al., 1996, Hartt, 2005, Hurley,
2006). Specialty alloys such as low-Ni, N-charged or Mn rich stainless steels (e.g., ASTM XM29 / Nitronic® 33) and lean Cr microcomposite steels (e.g., MMFX-IITM) have seen increasing
interest recently due to their lower cost (decreased Ni and Mo content) when compared with
traditional austenitic grades such as SAE 316 (García-Alonso, et al., 2007, Presuel-Moreno, et al.,
2010). Typical elemental compositions for these alloys are shown in Table 8-1. The relative
resistance of these stainless steels to chloride-induced pitting corrosion has also been recorded in
Table 8-1 as the pitting resistance equivalency number (PREN) calculated according to Eq. 8-4
(Markeset, et al., 2006).

Eq. 8-4
Where:

β = 30 for duplex grades
β = 16 for other grades

Table 8-1: Elemental composition and PREN for common stainless steel grades investigated for
use as reinforcing steel in concrete
Composition (wt.%) – Fe Balance
PREN
C
N
Cr Ni Mo
Other
304
Austenitic
0.04 0.06 18.2 8.1 19.2
316
Austenitic
0.04 0.06 17 11 2.8
27.2
XM-29
Austenitic
0.08 0.30 18
3
13Mn
22.8
430
Ferritic
0.04
16.5 16.5
MMFX-II Microcomposite 0.15 0.05
9
- 1.5Mn, 0.5Si
9.8
2101
Duplex
0.03 0.22 21.5 1.5 0.3
5Mn
29.1
2205
Duplex
0.02 0.17 22 5.5 3
37.0
2304
Duplex
0.02 0.10 23 4.8 0.3
27.0
Grade

Type

The use of stainless steels to replace normal mild steel reinforcement has been shown to
provide decreases in maintenance costs of greater than 50% while extending the structure’s
service life to far greater than 100 years in most applications with only modest increases in initial
expenditures (Cramer, et al., 2002). One of the best examples of the performance of stainless
steel reinforcement is the Progresso Pier located on Mexico’s Yucatan Peninsula, constructed
using SAE 304 reinforcing in an extremely corrosive environment. The pier, built in 1939 with
poor quality concrete and a cover thickness of 25 mm, is now over 70 years old and shows no
signs of corrosion, while a companion pier built in 1979 with normal ferritic mild steel
reinforcement has had to be demolished due to corrosion damage after two decades of service
(Knudson, et al., 1999).
With the success of stainless steels when utilized in reinforced concrete structures, their
use is PSC structures may provide a means to corrosion mitigation which warrants further
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investigation. As presented by Schupack (Schupack, 2001) and as discussed below, limited
research (particularly applied research) has been conducted on the use of stainless steels as
prestressing reinforcement for concrete structures. The challenges associated with optimizing
mechanical properties, materials production and processing techniques, resistance to corrosion
and EAC, and economic considerations have made research on HSSSs for PSC a difficult task
which few have pursued.

8.4. High-Strength Stainless Steels
8.4.1. Austenitic Stainless Steel Grades SAE 304 and 316 for PSC
The most significant investigations of austenitic HSSSs for PSC applications stem from
research conducted as a part of COST Action 534 – New Materials and Systems in PSC
Structures, an effort supported by the European Union (Alonso, 2007, Alonso, et al., 2007,
Alonso, et al., 2008, Nürnberger, 2003, Nürnberger, et al., 2005, Nürnberger, et al., 2008, Wu, et
al., 2009). HSSSs of grades SAE 304, 316, and 316LN (a low C, N-charged grade) were cold
drawn until achieving ultimate strengths in the range of 1400 to 1850 MPa. Stress relaxation of
these HSSSs was found to be approximately 7 % (much higher than the 2-3 % typical for
prestressing steels). Higher strengths were achieved with SAE 304 when compared with SAE
316. This result is expected given the low stacking fault energy (SFE) of meta-stable austenitic
SAE 304 which will readily undergo transformation-induced plasticity (TRIP) during cold
drawing – transforming from face centered cubic (FCC) γ-austenite to body centered cubic
(BCC) α-martensite (Dash, et al., 1963). Given the large cold reductions used to achieve these
high strengths, α-martensite volume contents exceeding 50 % can be expected in SAE 304
(Milad, et al., 2008). The presence of α-martensite was confirmed in SAE 304 through
metallographic observations along with magnetic permeability measurements. Magnetic
permeabilities of 17.7, 1.2, and 1.0 were measured for SAE 304, 316, and 316LN, respectively.
In the case of SAE 316 and 316LN, the increasing Ni content (and N addition in 316LN)
increases austenite stability, resulting in strengthening primarily through dislocation pinning and
Hall-Petch effects with little contribution by TRIP mechanisms present in SAE 304.
Corrosion susceptibility of these alloys was evaluated using potentiodynamic polarization
techniques on samples exposed to simulated concrete pore solutions with Cl- added up to 2.5 M
concentration (Alonso, 2007) or embedded into alkaline or carbonated mortar cylinders with 5
wt.% Cl- by weight of cement. Using this technique, corrosion susceptibility is clearly indicated
by the formation of a breakdown potential prior to entering the O2 evolution region (Hurley,
2006) indicating that the threshold resistance for chloride-induced corrosion has been exceeded.
The results of these studies suggest that SAE 304, 316, and 316LN are resistant to corrosion
initiation up to Cl- concentrations of 1.5 M, above which SAE 304 becomes susceptible while
316 and 316LN remain resistant. It should be noted that even though SAE 304 was found to be
susceptible to corrosion initiation above Cl- concentrations of 1.5 M, the typical Clconcentration of seawater does not exceed 0.5 M. Therefore, as long as alkalinity of the pore
solution is preserved, corrosion initiation will likely not occur even for SAE 304.
Similar performance of SAE 304 was also observed in tests conducted in Cl--containing
mortars (Wu, et al., 2009). Figure 8-4 summarizes the results of testing conducted in alkaline and
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carbonated mortars for samples with and without cold drawing. The researchers state that the
poor performance of SAE 304 was most likely due to the presence of α-martensite which
initiated pitting by galvanic microcells occurring between martensite inclusions (which function
as anodic sites) and the surrounding austenite phases. In the carbonated mortars, pitting
potentials with and without cold drawing decreased approximately 200 mV universally. In all
cases, SAE 316LN provided the highest resistance to pitting corrosion, with little to no
degradation even in the case of a carbonated Cl- containing mortar embedments. Thus, the
researchers concluded that SAE 316 grades tested should provide acceptable corrosion resistance,
while corrosion of SAE 304 may be a concern.
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Figure 8-4: Pitting potential of HSSS embedded in alkaline and carbonated Cl--containing
mortars (adapted from (Wu, et al., 2009))
Chloride-assisted SCC was evaluated using U-bend specimens placed in Cl--containing
solutions with pH of 4.5 (such as in an ungrouted post-tensioning duct), 8.5 (typical of
carbonated concrete), and 12.1 (alkaline concrete) at temperature between 30 and 80 ºC. It was
accepted by the researchers that a HSSS is sufficiently resistant against Cl--assisted SCC in the
respective medium if it does not fracture up to a threshold temperature of 40 ºC after 20,000
hours of exposure. Only SAE 304 was found to be susceptible to SCC in pH 4.5 and 8.5
environments and thus may not be acceptable for use if such exposure is anticipated. The
researchers again attributed the reduced stress corrosion performance of SAE 304 to inclusions
of α-martensite. SAE 316 maintained resistance to Cl--induced SCC in all ranges of pH.
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Additional testing for H-SCC susceptibility was performed using the standard
International Federation of Prestressed Concrete (FIP) time-to-failure method. The FIP test
utilizes an ammonium thiocyanate solution exposure maintained at 50 ºC which promotes the
uptake of Hab while recording the time-to-failure of a wire stressed to 80 % ζult. It is generally
considered that times-to-failure greater than 5 hours indicate acceptable resistance to H-SCC.
Times-to-failure of 131, 2820, and 5000+ (no fracture) were recorded for SAE 304, 316, and
316LN, respectively, indicating that these alloys are highly resistant to H-SCC when compared
with typical prestressing steels.
8.4.2. Nitronic® 33 Nitrogen-Strengthened Austenitic Stainless Steel for PSC
One of the first studies investigating the use of HSSS for PSC applications was lead by
the Naval Facilities Engineering Command (Jenkins, 1987). The primary goal of this study was
to develop a high-strength non-magnetic prestressing steel for use in concrete piling to be placed
in a military deperming facility where ships and submarines are serviced to reduce their magnetic
signature to camouflage them from magnetic detection techniques. Consequently, an austenitic
stainless steel with high resistance to the formation of ferromagnetic α-martensite was desired in
order to preserve paramagnetic properties even under excessive cold drawing. A nitrogenstrengthened high Mn proprietary alloy known as Nitronic® 33 (ASTM XM-29) was cold drawn
and produced as 7-wire prestressing strand. The resulting strand exhibited ζy of 800MPa, ζult of
938MPa, and εult of 33.3%. No stress relaxation values were reported. These mechanical
properties are far below those required for most prestressing systems, although strengths as high
as 1650 MPa have been achieved using the same alloy in more recent unpublished studies
(Insteel Industries, 2002).
Durability testing of the Nitronic® 33 HSSS focused on chloride-induced corrosion, with
no investigation of SCC and H-SCC. Preliminary testing conducted in mortar extracts with the
addition of Cl- at pH values between 10.0 and 12.1 found that normal carbon prestressing steel
suffered significant corrosion at a pH of 11.6 with a small addition of 200ppm Cl-, while Nitronic
33 suffered no damage even at a pH of 10.0 and 6000ppm Cl-. Further testing performed in
cracked concrete specimens exposed to seawater solutions showed that corrosion initiated on
carbon prestressing steels, while Nitronic 33 remained passive in all cases. Full-scale PSC piles
constructed using Nitronic 33 prestressing strands were also included in the study.
Nondestructive potential measurements indicated that corrosion may have initiated on the
Nitronic 33 HSSS. Upon forensic autopsy of the piles, corrosion was only found to be occurring
on carbon steel wire ties used to secure the Nitronic 33 HSSS prestressing strands with no
damage found on the strands themselves. Subsequent investigation of piles using Nitronic 33
HSSS placed in the Port of Tacoma Washington has indicated no signs of corrosion initiation
(Jenkins, 1987).
8.4.3. Duplex Stainless Steel Type 2205 for PSC
The only documented research which has examined a duplex grade HSSS for PSC was
performed by the Shinko Wire Company in collaboration with Kyoto University (Shirahama, et
al., 1999). The duplex HSSS investigated was similar in composition to Type 2205 with ζult of
1636 MPa and εult of 4.0 % following cold drawing and stranding. Stress relaxation of 0.5 % for
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the duplex HSSS was also similar to normal prestressing steel when tested by an accelerated 10
hour method. These results indicate that the mechanical behavior of 2205 duplex HSSS may be
far superior to the austenitic HSSSs discussed in Section 8.4.1.
In addition to mechanical testing, durability tests examined the susceptibility to damage
by chloride-induced corrosion, exposure nitrate containing solutions, and H-SCC. Pitting
corrosion time-to-failure tests were performed on duplex HSSS stressed to 80 % ζult while
immersed in a 3 % NaCl solution maintained at 90 ºC. The tests were stopped after 350 hours
when failure had not occurred. A similar test was used to test for damage caused by nitrates, a
problem encountered in industrial and agricultural environments. Strands were stressed to 70 %
ζult while immersed in ammonium nitrate (NH4NO3) solutions maintained at 100 ºC. Once again,
the tests were stopped after 350 hours when failure had not occurred. For comparison, normal
eutectoid prestressing steel which also was included in the study failed these tests after 100 hours
of exposure. H-SCC resistance was evaluated using the FIP test method presented in Section
8.4.1. The developed duplex HSSS did not fracture even after 350 hours of exposure, while the
eutectoid prestressing steel failed after 8 hours. No testing to evaluate resistance to Cl- induced
SCC was performed. These results, when combined with mechanical behavior, indicate that the
developed duplex HSSS with composition similar to Type 2205 provides the better balance
between mechanical performance and corrosion resistance, particularly when compared to
austenitic HSSSs.
8.4.4. Developments in Other Industries
While the aforementioned studies have provided many useful insights into the use of
HSSSs for corrosion mitigation in PSC systems, developments from other industries also warrant
investigation. A majority of research on HSSSs has been conducted in the aerospace and spring
wire industries. In the case of spring wire, it is not high tensile strength which is desired, but
rather a high range of elasticity. HSSS research in these industries has mainly focused on
techniques to strengthen readily available grades such as SAE 304 and 316. The replacement of
C with N, or the addition of N along with C has been shown to be an extremely effective means
of strengthening austenitic grades in conjunction with cold drawing (Shanina, et al., 2002). N has
been shown to be an effective solid-solution strengthener, has a much higher solubility than C
(0.4 wt.% and up to 1 wt.% if high pressure melting techniques are employed), and N also acts as
an austenite stabilizer (i.e., prevents the formation of α-martensite) (Simmons, 1996). N addition
along with cold drawing has been successfully used to increase the strength of austenitic stainless
steels to levels similar to those used in prestressing applications (i.e., 1500 to 1900 MPa) (Stein,
et al., 1990).
Precipitation hardenable (PH) stainless steels such as 15-5, 17-4, and 17-7 have long been
used in the aerospace industry for their moderate corrosion resistance and high tensile strengths
(approximately 1000 MPa in the annealed condition) which can be increased through cold
drawing. PH stainless steels have received little attention as reinforcement in concrete as even
their annealed strengths far exceed the typically required tensile strengths of reinforcing steels of
approximately 500 MPa. However, given the high desired tensile strengths of prestressing
reinforcement, PH stainless steels may make an ideal candidate. Semiaustentic PH grade 17-7 is
one of the most used HSSS in the spring wire industry as it readily work hardens by a
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transformation from an austenitic to fully martensitic microstructure, resulting in strengths of up
to 1800 MPa in the range of wire diameters typically used in prestressing strands (Izumida, et al.,
2005). The composition of PH grade 17-7 and its PREN value is recorded in Table 8-2.
Table 8-2: Elemental composition and PREN of 17-7PH stainless steel
Grade
17-7

Composition (wt.%) – Fe Balance
PREN
C N Cr Ni Mo
Other
Semiaustenitic PH 0.09 - 17 7.1 - 1Mn, 1Si, 1Al
16
Type

As discussed in Section 8.3, duplex stainless steels exhibit exceptional mechanical
properties and corrosion resistance along with economically “leaner” compositions. More recent
work in the spring wire industry has resulted in the development of high- and super-high-strength
duplex stainless steels with tensile strengths exceeding 2000 MPa (Chai, et al., 2007). While
limited research has been conducted on the corrosion resistance of these newly developed duplex
HSSSs, based on the results presented in Section 8.4.3, further investigation of common duplex
grades such as 2205 as well as new lean grades such as 2003, 2101, and 2304 for PSC
applications is certainly warranted.

8.5 Conclusion Regarding Stainless Steel Reinforcement
Service life limiting deterioration resulting from corrosion of reinforced and PSC
structures is a problem of critical concern which, even with extensive research, continues to
plague civil infrastructure. Recent efforts to increase the durability and sustainability of civil
infrastructure have provided a new impetus for the development of novel and innovative
corrosion mitigation technologies. Research and field studies on stainless steels used in
reinforced concrete applications have shown the potential for significant increases in service
lives with decreased maintenance costs. The use of HSSSs as prestressing reinforcement to
mitigate corrosion has the potential to play an integral role in the construction of durable and
sustainable PSC structures in the future.
The research contributions reviewed in Section 8.4 have provided many useful insights
into the behavior of HSSSs for use in prestressing systems and in other applications. However,
the limitations associated with optimizing mechanical performance in conjunction with corrosion
resistance are vast. Furthermore, prior research has been limited to a select few alloys, namely
austenitic SAE 304 and 316, and duplex Type 2205. Future studies will be required to investigate
other alloys (e.g., Types 2003, 2101, and 2304 duplex, PH, and low-Ni grades) and new
proprietary microcomposite alloys (e.g., MMFX-IITM) which may provide many of the same
benefits at a lower cost. Significant basic and applied research on these alloys will be required to
develop a catalog of data as robust as that available for currently used eutectoid prestressing
steels. Future studies should also focus on critical mechanical parameters (e.g., fatigue resistance
and stress relaxation) and production considerations which have received limited attention
compared to corrosion resistance in previous studies. HSSS prestressing reinforcements
developed under such guidelines will be more readily implementable in civil engineering
practice.
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9. Future Studies Planned for Part 2
Part 2 of the project will continue to address the durability concerns for prestressed
concrete piles exposed to marine environments. A series of experiments will be performed to
evaluate the durability characteristics of concrete mix designs exposed to this environment.
Corrosion studies of stainless steel prestressed and nonprestressed reinforcement will continue as
discussed in Section 9.2.

9.1 Concrete Studies
9.1.1 Concrete Mix Design
The mix designs to be characterized are chosen to represent the current high performance
concretes being used and modifications of those to improve durability requirements. Using ACI
211.4R-08 (2008), a base mix design (T2) can be determined for the given chloride exposure and
sulfate exposure found in coastal Georgia, which is given in Table 9-1. Table 9-2 gives the mix
design (SCP-HP) currently being used for piles in the state of Georgia. SCP-HP contains both an
air entraining admixture and a super plasticizer.
Table 9-1: ACI durability criterion mix design (T2)
Weight (lb/yd3)
305
763
1096
1905
0.4

Material
Water
Type I/II cement
Natural Sand
#67 Stone
w/cm

Table 9-2: Current HPC mix design (SCP-HP)
Weight (lb/yd3)
307
789
140
1003
1606
0.33

Material
Water
Type I/II cement
Type F Fly Ash
Natural Sand
#67 Stone
w/cm

In order to achieve the desired service lives, further refinements to the mix designs in use
are required. The first method of improving durability is decreasing the water to cementitious
materials ratio (w/cm) to 0.3. Next, modifications were made to improve durability properties
9-1

for chloride exposure, carbonation, and sulfate attack. Table 9-3 shows the base mix design to
be investigated. The binder compositions to be investigated are given in Table 9-4. The
dosages of air-entraining and high-range water reducers will be determined during mixing to
attain desired workability and air content values. Four of the mix designs will also be
investigated for the effect of self-healing capabilities on the ingress of chlorides. These mix
designs are designated with a check mark by their binder compositions.
Table 9-3: Base experimental mix design
Material
Water
Binder
Natural Sand
#67 Stone
w/cm

Weight (lb/yd3)
285
950
866
1905
0.30
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Table 9-4: Binder compositions for experimental mix designs
Mix ID
T2
SCP-HP
F25
F25-SF5
F25-MK5
F25-SF10
F25-MK10
S35-MK5
S50-MK5
S35-SF5
S50-SF5

Cement
(%)
100
85
75
70
70
65
65
60
45
60
45

Cement
Type
II
III
II
II
II
II
II
II
II
II
II

Fly Ash
(%)
0
15
25
25
25
25
25
0
0
0
0

Slag
(%)
0
0
0
0
0
0
0
35
50
35
50
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Silica
Fume (%)
0
0
0
5
0
10
0
0
0
5
5

Metakaolin
(%)
0
0
0
0
5
0
10
5
5
0
0

w/cm
0.4
0.33
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3

Self-Healing




-

9.1.2 Mechanical Property Characterization
The compressive strength and elastic modulus of each mix design will be investigated.
The compressive strength will be measured in accordance with ASTM C 99 (2005) on 4” x 8”
cylinders. Three cylinders will be tested at 3, 28, and 56 days of age to determine the strength
characteristics of each mix for precast use. The elastic modulus will be measured in accordance
with ASTM C 469 (2002) on 4”x 8” cylinders. Three cylinders will be tested at 56 days of age.
9.1.3 Carbonation Resistance Properties
The carbonation resistance properties of each mix will be characterized by using an
accelerated exposure test. The test will be performed on 3 in. x 3 in. x 11.25 in. concrete prisms.
The samples will be removed from the form after 24 hours cured in limewater until 21 days of
age. The samples will then be environmentally conditioned at 25˚ C and 50% relative humidity
for 7 days. Next, the samples will be exposed to a 20% carbon dioxide environment, at 55%
relative humidity and 40˚ C in a Nuaire US Autoflow NU-4850 Incubator. After exposure
periods of 1, 3, 7, 14, 21, and 28 days, samples will be tested by dry cutting three slices through
the cross-section at least 3” from each end of the sample. Next, a phenolphthalein indicator
solution (1% phenolphthalein, 20% water, 79% ethanol w/v), as used by Kurth (2008), will be
applied to the cut surfaces and the distance to the carbonation front, as defined by color change at
pH of 9.2. The location of the carbonation front will be measured to the nearest 1/32” at 3
locations along each face of the specimen, except for the face in contact with the racks in the
incubator.
The results will be compared with estimator equations developed by Papadakis (2000)
and Steffens (2002). Additionally, modeling of the carbonation depth versus time will be
performed to aid in service life prediction calculations. The depth of carbonation, in conjunction
with modeling of chloride ingress will be used to predict the onset of corrosion in reinforced
concrete sections.
9.1.4 Sulfate Attack Resistance Properties
Sulfate resistance of each mix design will be investigated using two accelerated test
methods. Accelerated expansion tests will be performed in accordance with ASTM C 1012
(2009) on mortar samples. The mortar samples will be cast using the same relative binder
compositions as the concrete mix designs being investigated. For each mix, 6 bars (1 in. x 1 in. x
11.25 in.) and 12 cubes (2 in. x 2 in. x 2 in.) will be cast. Two cubes will be broken at 24 hours
after casting, and two more every 24 hours until the samples have reached a minimum of 2850
psi. All samples will be cured in saturated limewater at 23˚ C until the strength surpasses 2850
psi. After the strength is met, an initial length reading will be performed and the mortar bars will
be placed in a sulfate solution (0.5% Na2SO4 by mass) and sealed. Readings will be taken at 1,
2, 3, 4, 8, 13, and 15 weeks of exposure. Additional readings will be performed at 6, 9, and 12
months of exposure. At each reading, the sulfate solution will be replaced.
Compressive strength testing will be performed on paste cube samples by the method
used by Kurtis, et. al. (2001). Samples will be cast simultaneously with ASTM C 1012 (2009)
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samples. For each mix, the compressive strength of 8 samples (0.5 in. cubes) will be tested at the
time of exposure, as well as, 28, 90, and 180 days after exposure. The compression testing will
be performed at a load rate of 600 lb/min. The samples will be made with the same relative
quantities of binder components as the concrete mix designs, using a 0.5 w/c. Samples will be
cured in the molds for 24 h followed by moist curing at 50˚C until time of exposure. Samples
will be exposed to a 4% Na2SO4 solution with a controlled pH of 7.2 after the ASTM C 1012
mortar cube samples reach 2850 psi. X-ray diffraction (XRD) will be performed on powder
samples from specimens to determine microstructure changes in samples after prolonged
exposure to high sulfate concentrations.
9.1.5 Chloride Ion Penetration Resistance
The chloride transport properties of each mix will be evaluated using a rapid migration
test and with a long-term exposure test. The rapid chloride permeability of each mix design will
be determined using ASTM C 1202 (2007) at 56 days of age. The bulk diffusion test (ASTM C
1556, 2004) will be used to determine long-term exposure properties of the concrete mix designs.
9.1.5.1 Rapid Chloride Permeability
The rapid chloride permeability tests will be performed using the Proove-It test set-up, as
shown below in Figure 9-1. The results will be compared between mix designs and with
literature for their performance. The current GDOT limit for high performance concrete for
bridge piles is 2000 coulombs. Table 9-5 gives the chloride penetrability rating according to
ASTM C 1202 (2007).

Figure 9-1: Test set up for rapid chloride permeability test
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Table 9-5: Chloride ion penetrability based on charge passed (ASTM C 1202, 2007)
Charge Passed (coulombs) Chloride Ion Penetrability
> 4,000
High
2,000-4,000
Moderate
1,000-2,000
Low
100-1,000
Very Low
<100
Negligible
9.1.5.2 Bulk Diffusion Testing
The bulk diffusion test (ASTM C 1556, 2004) will be performed on slices of 4 in. x 8 in.
cylinders. Bulk diffusion samples will be moist cured for 28 days, and then the samples will be
prepared and exposed to a chloride solution (165 g/L) for 180 days. After removing from the
exposure solution, samples will be rinsed with tap water and allowed to dry for 24 hours. Profile
grinding will be performed on the samples using an adapted coring bit in a milling machine that
will be donated by Dr. Thomas. Samples will be ground at 0.04 in. increments (1 mm) and the
acid soluble chloride content will be determined using ASTM C 1152 (2004).
The chloride profiles will be used to determine the apparent chloride diffusion coefficient
by performing a non-linear regression analysis, using the method of least squares to fit to the
equation given by Eq. 9.1 (ASTM C 1152, 2004).
(

)

(

)

(

√

)

(Eq. 9.1)

Where,
C(x,t) = chloride concentration, measured at depth x and exposure time
t, mass %
Cs
= projected chloride concentration at the interface between the
exposure liquid and test specimen that is determined by the
regression analysis, mass %
Ci
= initial chloride-ion concentration of the cementitious mixture
prior to submersion in the exposure solution, mass %
x
= depth below the exposed surface (to the middle of a layer), m
Da
= apparent chloride diffusion coefficient, m2/s
t
= the exposure time, s
erf
= error function
(
)
=
∫
√

An approximation developed by Winitzki (2006) for the error function will be used to
perform the regression analysis. The approximation, given in Eq. 9.2, results in a maximum
relative error of less than 1.3%.
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[

(

(

))]
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(Eq. 9.2)

In addition to the traditional ASTM C 1556 (2004) test, a modified version will be run on
the SCP-HP mix design. The exposure solution will be modified to contain two concentrations
of Na2SO4 (0.5% and 4% by mass). These tests will help to show if there is a coupled effect
between sulfate attack and chloride ingress, as well as the effect of varying concentrations of
sulfates. Mix design SCP-HP was chosen due to its use of an ASTM C 150 (2009) Type III
cement, which should be more vulnerable to sulfate attack due to its higher C3A content.
9.1.6 Self-Healing Characterization
The self-healing capabilities of four mix designs will be evaluated. The mix designs
were selected based upon the binder compositions potential for autogenous self-healing to occur.
Table 9-6 shows the four selected binder compositions.
Table 9-6: Self-healing mix design binder compositions

Mix ID
SCP-HP
F25
S35-MK5
S50-MK5

Cement
(%)
85
75
60
45

Cement
Type
III
II
II
II

Fly Ash
(%)
15
25
0
0

Slag
(%)
0
0
35
50

Silica Fume
(%)
0
0
0
0

Metakaolin
(%)
0
0
5
5

The self-healing specimen dimensions are shown below in Figure 9-2. These dimensions
were selected to ensure that flexure controlled cracking and not shear. Specimens will be cast
with a 1-1/2 in. PVC conduit in the center to allow for unbonded post-tensioning of the samples
using 1 in. diameter Dywidag post-tensioning bars.

5 in.
5 in.

18 in.
Figure 9-2: Self-healing specimen dimensions
Specimens will be cast with two per mold, separated by a thin 18 gage divider plate, as
shown in Figure 9-3. The specimens will remain in this geometry throughout testing to allow for
lower losses of prestressing force due to slipping of the nut after jacking. Cast samples are
shown in Figure 9-4, and Figure 9-5 shows the conduit at the end of a sample where the posttensioning bar would be placed.
9-7

Figure 9-3: Self-healing specimen formwork

Figure 9-4: Self-healing specimens
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Figure 9-5: Post-tensioning bar conduit in self-healing specimen
The specimens will be pre-cracked with a through-specimen crack and flexural crack at
14 days of age, as shown in Figure 9-6. The crack orientations were chosen to represent the
possible cracking patterns observed in piles due to reflective tension cracking and flexural
cracking during handling. Through cracks will be created using knife edge bearings and flexural
cracks will be created using a three point bending test. Specimens will be reinforced, but not
prestressed at time of cracking.

(a)

(b)

Figure 9-6: (a) Through crack specimen, and (b) flexure crack specimen
After cracking the specimens, 900 psi of prestressing will be applied to the specimens to
simulate the current level of prestressing used in the state of Georgia. The set-up for posttensioning of specimens is shown below in Figure 9-7. After post-tensioning, the crack size will
be measured, the sides of the specimen sealed with Sikadur 32 Hi-Mod epoxy, and the ponding
container attached to the top of the specimen. Samples will be ponded with a chloride solution
(165g/L NaCl). Specimens will be tested at 28 days and 180 days of exposure by grinding
powder from the crack location at 0.04 in. increments using a 3/8 in. diameter masonry drill bit.
The total chloride concentration will be determined. Profiles will also be determined away from
the crack to determine the effect of 2-D ingress from the crack location in addition to the
ponding surface.
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Hydraulic Actuator

Samples

Disc Spring

Load Cell

Figure 9-7: Post-tensioning set-up
9.1.7 Service Life Modeling
The results of the bulk-diffusion, self-healing, and carbonation tests will be used to
perform service life modeling of the mix designs tested. The results of these tests will be used in
conjunction with the Life 365 (Ehlen, 2009) and Femern (Frederiksen and Geiker, 2008) models
to predict service lives from chloride ingress. Additionally, using a chloride threshold defined by
the chloride to hydroxide concentration will be used to predict service lives due to combined
chloride ingress and carbonation of samples.
9.1.8 Concrete Research Activities
The proposed concrete research will be broken into a series of tasks to be completed.
The various tasks are listed below.
1) Design experimental test specimens
a) Construct formwork for self-healing specimens
b) Attain raw materials for mix designs
2) Perform sulfate attack resistance tests
a) Cast ASTM C 1012 (1012) samples
b) Perform length change readings on samples
c) Cast accelerated sulfate exposure samples
d) Perform compressive strength evaluation of samples after exposure periods
e) Perform XRD on samples for microstructure changes
3) Perform mix design durability characterization
a) Cast concrete samples
b) Perform mechanical property testing
c) Perform carbonation resistance characterization
d) Perform rapid chloride permeability testing
e) Perform bulk diffusion testing
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4) Perform self-healing characterization
a) Pre-crack specimens
b) Apply post-tensioning load
c) Begin ponding of salt-solution on surface
d) Determine effect of self-healing of crack on chloride ingress
5) Create service life estimates for mix designs
a) Compare methodologies for service life estimation
b) Estimate service life for structures in marine environments
6) Create recommendations for longer service lives of prestressed concrete piles
a) Propose draft mix design specifications
b) Recommend design methods and techniques

9.2 Prestressing Steel Corrosion and Mechanical Characteristics

Development and
production of materials

1. Mechanical
behavior

2. Materials
characterization

3. Corrosion
behavior

Properties:
σy, σu, E, εy, εu

Microstructural
characterization

General and
localized

Stress relaxation
testing

Composition and
inhomogeneities

Environmentally
induced cracking

Collect and
interpret data

Acceptable
behavior?

Indentify optimal material to
use as prestressing strand

Figure 9-8: Proposed stainless steel experimental program
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Stage 3

Mechanical?
Microstructure?
Corrosion?
COST?

Stage 2

Stage 1

Our research approach for investigating stainless steel prestressing reinforcement will
include three stages of development and testing: (1) production of candidate materials, (2)
testing, and (3) identification of an optimal prestressing alloy. An overview of the proposed
experimental program is shown diagrammatically below in Figure 9-8.

Stage 1 includes the development and manufacturing of high-strength (greater than
200ksi/1380MPa) stainless steels (HSSSs) to be used for testing performed in Stage 2. Alloys
consistent with conventional ASTM A416 prestressing steels and currently available stainless
steels (austenitic, martensitic, and duplex) will be obtained and processed in a manner similar to
those used for prestressing steels (heavy cold drawing). Task 1 will determine the mechanical
properties of each alloy, including stress relaxation (a critical parameter in prestressing
applications). Task 2 will characterize the microstructure of each alloy, including expected vs.
actual compositions, and examination for structural defects and local compositional
inhomogeneities. Task 3 will test the corrosion behavior of each alloy. Possible forms of
corrosion investigated will include general and localized (pitting) corrosion in addition to more
critical hydrogen embrittlement (HE) and stress corrosion cracking (SCC). Stage 3 will evaluate
all of the results obtained during Stage 2 with the goal of identifying an optimal alloy for the
production of HSSS prestressing strand.
9.2.1 Stage 1 – Production of HSSSs
Materials included in our study are shown in Table 9-7 below along with their key
alloying elements and PREN values. Two typical austenitic grades (304 and 316) were selected
based on their high availability and high corrosion resistance in reinforced concrete. Three
duplex grades (2101, 2205, and 2304) were selected for their improved mechanical properties
when compared with the austenitic grades and high corrosion resistance. Duplex grades 2101 and
2304 are also referred to as “lean duplex” due to their lower Ni and Mo contents, leading to
lower initial raw material cost. One precipitation hardenable (PH) martensitic grade 17-7 will
also be included in the study for its high strength. These stainless steel grades were selected
based on their availability, potential corrosion resistance, potential for achieving high strengths,
and cost. In addition, typical A416 prestressing steel will be included in all testing as a control.
Table 9-7: Candidate HSSSs to be produced during Stage 1

Alloy

Structure

Composition (%) – Balance Fe
Cr

Ni

Mo

Other

302/304 Austenitic 18.2
316
Austenitic 17
2101
Duplex 21.5
2205
Duplex
22
2304
Duplex
23
17-7PH Martensitic 17

8.1
11
1.5
5.5
4.8
7

2.8
3
0.3
-

5Mn, 0.22N
0.17N
0.10N
1Al, 1Si

PREN
19.2
27.2
29.1
37.0
27.0
17.0

Stainless steels of said compositions will be acquired as raw rod coil material and will be
strengthened by cold drawing to form HSSS wires. No strands will be produced during the initial
multi-alloy investigation as the production of strands is very costly for this preliminary research.
Wires will be cold drawn to achieve desired tensile strengths with a wire diameter of 3.5-6mm
(the range typical for a prestressing strand). Wire will be cold drawn at stainless steel spring wire
production facilities utilizing equipment similar to that shown in Figure 9-9, wherein stainless
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rod coil is drawn at sequential levels of cross section reduction, resulting in a final product
exhibiting the desired wire diameter.

Typical wire drawing facility
Figure 9-9: Stainless steel spring wire cold drawing equipment, typical wire drawing facility

9.2.2 Stage 2 – Testing and Characterization
9.2.2.1 Task 1 – Mechanical Behavior
Testing performed during Task 1 will characterize the mechanical behavior of HSSSs
produced during Stage 1. For optimized prestressing systems, it is critical to achieve σy:σuts
approaching 1.0 and ductility of approximately 5 %. Stress vs. strain behavior and elastic
modulus (E) will be determined for each material by uniaxial tension testing. Tests will also be
performed to determine the % stress relaxation which occurs during 200 hr constant strain tests
conducted at 70% of the ultimate tensile capacity of the HSSSs being examined. Stress
relaxation tests will be conducted on tensile creep frames adapted as shown in Figure 9-10.
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Load Cell

Specimen
Data
Acquisition

Figure 9-10: Tensile stress relaxation experimental setup
9.2.2.2 Task 2 – Materials Characterization
Each material (including the control) produced during Stage 1 will be tested to determine
its exact composition (i.e., Fe, Cr, Ni, C, etc. contents) during Task 2 – occurring concurrently
with Task 3. Metallographic techniques will be used to characterize the morphology of each
alloy, including grain size and orientation and the presence of deleterious microstructures such as
strain-induced martensite inclusions. X-ray diffraction and magnetic permeability techniques will
also be used to identify microstructural features which may not be evident using traditional
metallography. Following corrosion testing performed during Task 3, each alloy will be
inspected using scanning electron microscopy (SEM) for intergranular and/or transgranular
cracking induced by HE/SCC and to correlate corrosion damage with microstructural features.
Energy dispersive X-ray spectroscopy (EDX) will be used to locally investigate alloy
composition at bulk and grain boundary regions where deleterious phase precipitation (such as S,
P, and Cr3C2) may lead to HE/SCC susceptibility.
9.2.2.3 Task 3 – Corrosion Behavior
Of critical importance to the proposed research is testing of corrosion behavior which
will occur during Task 3. First, alloys developed during Stage 1 and the control will be tested
using long-term in-solution and cyclic potentiodynamic polarization techniques with and without
stress to determine susceptibility to general and localized forms of corrosion (i.e. pitting). The
techniques employed and sample types used will be similar to those presented in Chapter 7. Two
simulated concrete exposure conditions will be used for all corrosion testing: (1) an alkaline
solution of saturated Ca(OH)2 with pH of 12.5, and (2) a carbonated solution of 0.3M NaHCO3
and 0.1M Na2CO3 with pH of 9. Solution 1 represents a concrete at later ages which has not yet
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carbonated, thus leading to a pH of 12.5 corresponding to the maximum solubility of Ca(OH)2.
Solution 2 represents a concrete which has fully carbonated. In order to simulate a marine
exposure, Cl- will be added to these solution as NaCl in concentrations of 0.0M (no Cl-), 0.25M
(brackish water), 0.5M (open ocean water), and 1.0M (worst case). These Cl- concentrations
were conservatively selected considering that at 100+ years of service Cl- concentrations at the
cover depth may begin to approach that present at the surface of the concrete.
Second, each candidate alloy will be tested for susceptibility to EAC mechanisms such as
Cl assisted SCC and HE. Slow strain rate testing will be conducted using dogbone specimens
exposed to simulated concrete pore solutions discussed above. Chlorides will be added to the
solution to determine SCC susceptibility and excessive cathodic polarization will be used to
determine HE susceptibility. As discussed in Section 9.2.2.2 – Task 2, each alloy tested for
HE/SCC will be inspected for cracking and fracture induced during the test as illustrated in
Figure 9-11.
-

Figure 9-11: Intergranular SCC in a Prestressing Steel (Mietz, 2000)
9.2.3 Stage 3 – Identification of Optimal Prestressing Material
At the completion of Stage 2, all results will be thoroughly examined to determine which
alloy presents acceptable mechanical properties and adequate corrosion resistance while also
considering factors such as cost and availability. This most optimal material will then be
investigated for production as prestressing strand. Larger quantities of rod coil will be predrawn
to the correct diameter for prestressing strand, with more attention played to the cold drawing
process itself with the goal of achieving higher strengths than were obtained in the initial alloy
screen phase discussed in section 9.2.1. Since the microstructure of this material may be different
than that originally tested (due to high degree of cold drawing), additional studies similar to
those presented in section 9.2.2 will be used to verify that corrosion resistance has not been
jeopardized. In addition, tests applicable to prestressed concrete such as pullout strength, transfer
length, stress relaxation (of strands), and stress vs. strain behavior of the developed stainless steel
prestressing strand will also be performed. Thus, the goal of Stage 3 is to fully characterize the
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developed stainless steel prestressing strand such that it can be used in the construction of
prestressed concrete elements.
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10. Conclusions
The interviews with GDOT personnel, the forensic analysis of the piles from the Turtle
River Bridge, the preliminary corrosion tests of normal A416 prestressing wire and strands, plus
literature reviews of concrete materials and of reinforcement corrosion has led to the following
conclusions:
1) Marine piles in Georgia are subject to chloride intrusion, cracking due to pile driving,
biological attack and sulfate attack. Normal quality concrete is not sufficient to resist
these actions. It is unknown if the now-required high performance concrete will provide
100-year performance.
2) Sulfate attack on the concrete piles was unknown as a deterioration mechanism in
Georgia. Research in Part 2 of this project should include a focus on sulfate attack and
on concrete mix designs that resist such attack.
3) Biological attack of limestone aggregate and limestone-cement was unknown in Georgia
waters. While Georgia now specifies the use of granite aggregates for marine piles, older
piles were made using limestone aggregate. New maintenance techniques for those older
piles need to be researched and developed to eliminate the biological deterioration and to
assure that new limestone cements are resistant to that attack.
4) Cracking during pile driving may be limited to piles which have a pre-compressive stress
less than 1000 psi. Georgia’s prestressed concrete pile design should be reviewed with
respect to required pre-compressive stress.
5) Typical A416 carbon steel prestressing wire and strand is very susceptible to chloride
induced corrosion. Part 1 preliminary studies showed that the crevices created in
prestressing strands dramatically increased the onset of corrosion compared to
prestressing wires alone. It is noted that the literature is dominated by corrosion studies
of wire alone which data lead to non-conservative estimates of durability.
6) For typical concrete covers, it is expected that the cover concrete will carbonate between
30 to 40 years after which time the concrete alkalinity will not be sufficient to passivate
typical prestressing steel. That prestressing will then corrode rapidly. Therefore, either
the concrete cover must be made to have very low permeability to prevent chloride
intrusion, or the prestressing steel must be non-corroding, or both.
7) The preliminary study of stainless steel prestressing strands investigated common
stainless steels like 304 and 316 plus duplex stainless steels like 2101, 2205, and 2304. It
also investigated grade 17-7, a nitronic stainless steel which was similar to the grade 33
used previously by the U.S. Navy for marine piles in degaussing facilities. Based on
material properties and corrosion resistance, the 2205 and 2304 grades appear most
promising for prestressing applications. Other stainless alloys do not develop sufficiently
high yield stress for prestressing applications, or they have high stress relaxation which
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prevents their use. Of these two alloys, the 2304 appears most economical. It is
proposed that both 2205 and 2304 alloys be chosen as the alloys used for further research
in Part 2 of the research.
8) To assure a 100-life for prestressed concrete piles in Georgia’s marine environment, the
preliminary conclusion is that a special high-performance, high-durability concrete needs
to be developed and that non-corrosive prestressing strand and non-prestressed
reinforcing steel should be used. Further research in Part 2 will clarify this preliminary
conclusion.
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Appendix A: I-95 at Turtle River Bridge Inspection Reports
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