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Reinforced concrete makes use of steel to 
provide the tensile and bending 
strength needed for concrete struc

tures. The steel helps prevent the failure of 
concrete structures that are subjected to tensile 
and flexural stresses due to dead, live, wind 
and temperature loads. However, when the 
steel reinforcement corrodes, the formation of 
rust leads to a loss of bond between the steel 
and the concrete, and .results in subsequent 
delamination and spalling. The cross-sectional 
area of steel can be reduced, leading to a 
reduction in strength capacity. If left 
unchecked, the integrity of the structure can 
be affected. This reduction in strength capaci-

ty is especially detrimental to the performance 
of tensioned strands in prestressed concrete. 
The main cause of the deterioration of rein
forced concrete is the corrosion of the rein
forcement steel, usually caused by either car
bonation or chloride contamination of the con
crete. This deterioration of reinforced concrete 
occurs in . two stages: commencement and 
propagation. The commencement and propa
gation of corrosion in reinforced concrete 
structures depends on many factors: perme
ability of concrete, cover thickness, envi~on
mental aggressiveness, type of loads and 
duration of application, design errors, reac
tants, etc. 

Concrete covers the rebar, providing them 
with a non-corrosive environment because of 
its high alkality. When corrosion is initiated by 
chloride contamination, it causes a reduction 
of concrete cover. Corrosion causes more dete
rioration in low-quality concrete and in con
crete with poor compaction and poor curing. 
Once the chloride penetrates through the pro
tective concrete cover, corrosion is initiated if 
the chloride concentration exceeds a· critical 
value. 

Corrosion of reinforcement results in the 
formation of rust that has two to four times 
the volume of the original steel. The increas-
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FIGURE 1. Corrosion damage in reinforced concrete. 

ing volume of rust causes concrete tensile 
stresses that may be the main cause for inter
nal microcracking, external longitudinal 
cracking and eventually spalling (see Figure 
1). Corrosion also produces holes in the sur
face of the reinforcing steel, reducing 
strength capacity due to the reduced cross
sectional area. All these factors may lead to 
serviceability failure and/ or loss of structur
al integrity. 

Rebar corrosion has been blamed for con
crete deterioration, especially on bridge decks. 
Currently, the most commonly used repair 
technique has been the mechanical removal 

· and replacement of chloride-contaminated 
concrete, which is inherently destructive. 
Replacement treats only symptoms. The other 
treatment methods deal with the actual 
cause(s) of corrosion. For example, one other 
commonly used non-destructive repair 
method is half-cell protection. 

Methods for Determining the 
Extent of Reinforcement Corrosion 
Visual Inspection. Visual inspection (VI) 
includes all unaided inspection and evalua
tion techniques that use only very basic tools 
(for example, flashlights, sounding hammers, 
tape measures, plumb bob, etc.). 
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VI is a process of examining and evaluating 
systems by using sensory systems with only 
mechanical enhancements to sensory input, 
such as magnifiers and probes. The inspection 
process can be done just by looking, listening, 
touching, smelling and applying some load. It 
depends highly on the inspector's knowledge 
of the structure and the inspector's past expe
rience. 

The accuracy of VI relies on five factors: 

• Subject factors; 
• Physical factors; 
• Task factors; · 
• Environmental factors; and, 
• Organizational factors. 

Subject factors include the inspector's visu
al acuity, color vision, eye movement, age, 
experience, personality, sex, intelligence, 
training, etc. Physical and environmental fac
tors cover lighting, aids (magnifiers, overlays, 
viewing screen, closed circuit television, auto
matic scanner, etc.), background noise, work
place design, etc. Task factors include inspec
tion time, pace, density of observations, spa
tial relationship of observations, fault proba
bility, the object's complexity, etc. Organiza
tional factors range from the number of inspec-



FIGURE 2. Side-by-side or stitch coring (left); extracting one large core (top right); and in 
standing water (bottom right). (From Ref. 2.) 

tors, their instruction, supervision, training, 
standards, budget, alertness, to social factors 
such as motivation, ~centives, etc. 

An advantage of VI is that it is inexpensive 
and easy to execute. 

Disadvantages include: 

• All the external environment factors such 
as the light, color, wind speed, traffic and 
the inspectors' visual acuity and training 
can all have negative effects on VI accu
racy. Even the choice of inspection tools 
will affect accuracy. 

• Further, VI has limitations due to its own 
nature. It cannot be used to identify small 
in-depth cracks and time-dependent 
fatigue. 

Coring. Core drilling is an economical, 
quick and clean process whose application has 
greatly expanded in recent years. Special 
equipment enables the drilling of holes up to 
48 inches in diameter (see Figure 2). Concrete 
core drill bits can range in diameter from 0.5 to 
72 inches (1.25 to 183 centimeters) in diameter, 

and drilling depths can be virtually unlimited 
due to the use of extensions. A completely 
solid and cylindrical boulder or core of con
crete is removed from the hole after the 
drilling has been completed. Concrete coring 
is most commonly used for what is known as 
a utility penetration. 

A typical core drilling could have slabs 
being drilled under load using a 3-inch (75 
millimeter) diameter diamond drill bit. If 
water is used as a coolant, it can affect the 
vibrating wire gauge readings. Depending on 
the ambient humidity and dryness of the con
crete, the cooling water could also cause the 
concrete, and in particular the core, , to 
expand. 

Core drilling methods are used widely in 
underground utilities construction, most com
monly for manhole taps, underground vault 
taps and wherever sewer, water, steam, air or 
communication lines pass through a concrete 
or brick structure. 

An advantage to core drilling is that it is a 
fast and direct way to observe the interior cor
rosion status of a structure. 
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FIGURE 3. Half-cell potential testing equip
. ment. (Courtesy of Hammond Concrete 
Testing, Ref. 3.) 

The disadvantages of core drilling are: 

• It will likely harm the structure's integri
ty: high-impact vibration causes micro
fractures of concrete. (There also is the 
potential for damage to nearby structures 
and equipment.) 

• The work environment is usually not 
very comfortable or that brief: loud noise; 
extremely dusty and time-consuming 
clean-up. 

Electrical Resistance Testing. One of the most 
common electronic methods of monitoring 
corrosion is using the electrical resistance (ER) 
technique. This technique measures the 
change in electrical resistance of a conducting 
element, and then uses this datum to calculate 
the corrosion rate. ER monitoring is an appli
cable measurement technique in either wet or 
dry conditions. 

ER probes operate on a straightforward 
basis. As the surface area of a conductive metal 
element subject to corrosion is reduced, its con
ductivity will be lowered and its electrical 
resistance increased. Readings from the sens
ing element are relative to a non-corroding ref
erence element sealed within the body of the 
probe. Small changes in resistance can be 
detected by a sensitive measuring instrument. 

A separate reference element allows testing 
of · the internal integrity of the probe. 
Through careful design, the reference element 
also serves in eliminating thermal variations. 
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Since temperature variations can have an 
effect on resistance, the reference element is 
subjected to the same temperature as the 
exposed element, which ensures consistent 
measurement. 

Probe elements are made of a material sim
ilar to that of the pipe or vessel in which it is 
placed in order to simulate as closely as pos
sible the corrosive environment. By taking 
periodic readings over a fixed time interval, 
the rate of metal removal can be determined 
and a corrosion rate in mils/year can be cal
culated. 

The advantages of ER consist of: 

• ER probes are the most flexible of the 
electronic probes in terms of their possi
ble applications. Because the technique 
does not depend on an electrochemical 
reaction, a current-carrying electrolyte is 
not necessary. 

• ER monitoring can be used to measure 
virtually all environments, such as solids, 
non-aqueous liquids, gases and vapors -
all of . which can be of high or low 
conductivity. 

• ER probes can rapidly indicate changes in 
corrosion rates, and will show when the 
changes took place, which is helpful in 
evaluating process decisions. 

Half-Cell Potential. Normally, concrete will 
protect its reinforcing bars but if chloride pen
etrates into the concrete, it will deteriorate. 
Therefore, early monitoring before cracking 
can be observed visually is very important. 
The half-cell potential measurement technique 
is a non-destructive one for evaluating and 
estimating corrosion in reinforced concrete 
(see Figure 3). This technqiue also yields the 
probability of corrosion. Its drawback is that 
this method measures_ potential on the surface 
of the concrete and not on the surface of the 
bars. After employing the half-cell potential 
method, polarization resistance can be used to 
determine the corrosion rate. 

In order to determine the corrosion rate, 
numerical methods like the boundary element 
method (BEM) or inverse boundary element 
method (IBEM) can be used. BEM is used for 
distributions and current flows of rebar and 



the IBEM is used for experimental results to 
identify the corrosion states in order to com
pensate for half-cell potential. The half-cell 
potential method is more successful than BEM 

/ but IBEM will yield a better result. 
If the concrete is assumed to be homoge

neous, the potential can be obtained by using 
the BEM method at the boundary:4 

cit(x) = .[[ G(x,y) au (y)- aG (x,y)u(y)l dS 
s an an J 

And by using the IBEM method at the inter
face of the concrete and rebar: 

u(x) = .[[ G(x,y) au (y)- aG (x,y)u(y)l dS 
s an an J 

Where: 
u(x) = the potential; 
c = the shape factor; 
y = the point on the boundary, S, of con

crete; and, 
G = fundamental solution. 

Tworeinforced concrete slabs were tested
one of them an ordinary concrete slab and the 
other with voids.4 A portable corrosion meter 
with a silver chloride reference electrode was 
used to measure the resistivity, polarization 

· rate and half-cell potential of the concrete on its 
surface. The test was done in dry and wet con
ditions. The half-cell . potential was measured· 
after 28 days of concrete immersion in fresh 
water. Then the specimens were dried and put 
in a sodium chloride solution. Afterwards, the 
concrete covering the rebar was physically 
removed in order to visually note the rate of 

· corrosion. 
Corrosion proceeds in three stages: no visi

ble rust, little rust and heavy rust. A visual 
inspection of the specimen can be used to 
determine the corrosion stage. The distribu
tion of surface potential can be influenced by 
the positioning of the electrode located inside 
the concrete and near the rebar. The values of 
cathode and anode would be the same but the 
values around or at the center of the voids can 
differ and rebar located near voids can experi
ence more corrosion than the measurement 
data would indicate. 

Half-cell potential measurements provided 
negative potentials under the wet condition in 

both concrete specimens. In the intact slab, the 
corrosion area only occurred in the right cor
ner and some parts of the rebar were corrod
ed, with a little corrosion commencing in 
other areas. In the other specimen with the 
voids, negative potentials were found on the 
right edge and all of the rebar was corroded. 

By comparing the visual inspection and the 
results of the half-cell potential measurement, 
it can be concluded that they are in poor 
agreement. In the intact specimen, the visual 
inspection noted that there was minor corro
sion observed near the anode. Also, there was 
no corrosion on the rebars of anodic and cath
ode areas of the voids specimen. Using half
cell potential without compensating for it by 
applying IBEM can yield false results. 
Therefore, IBEM should be used to refine half
cell potential by taking into account the resis
tivity of concrete around edges and voids. In 
that way, the more negative values obtained 
by half-cell potential, in comparison with 
actual corrosion, can be avoided. 

ASTM C876 - 09 Standard Test Method for 
Half-Cell Potentials of Uncoated Reinforcing Steel 
in Concrete can be used at any time during con
crete member life. This test can be used to esti
mate · the electrical corrosion potential of 
uncoated reinforcing steel. However, solely 
relying on half-cell data for detei;mining what 
bridge deck areas need repair is not recom
mended. The ASTM criteria for half-cell 
potentials can be used for the interpretation of 
data but the criteria should be modified with 
more data to take into account specific site 
conditions. The Washington State Department 
of Transportation, in cooperation with the 
Federal Highway Administration, tested bare 
concrete decks with different evaluation tech
niques, including half-cell potential.5 The test 
was done with copper electrode immersed in 
copper sulfate solution .. The magnitude of 
electrical potential was measured to deter
mine the 8itate of corrosion of the reinforcing 
steel. Normal differences in conditions, 
ground location and variant seasonal surveys 
that represent questionable corrosion were not 
significant. The half-cell potential was not sen
sitive to these factors. 

The flow of electrical current from one 
metal to another depends on their natural 
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electromotive force. The anode emits electrons 
and the cathode receives them, with corrosion 
forming in the anode. With both metals con
nected, an electrical flow can be observed, cre
ating a corrosion cell (see Figure 4).5 

Samples with half-cell potential measure
ments from copper-copper sulfate that are 
more negative than -0.35 volt have a 90 
percent possibility of corrosion. Samples that 
are less negative than -0.2 volt have a 90 per
cent possibility of passivity. Data between 
-0.35 and -0.2 volt are attributed to uncertain 
conditions.5 

Many highway agencies use this method 
for determining bridge deck conditions, 
. togethe~ with other evaluation techniques. But 

-. there are two concerns with its use. The first 
concern centers on the reliability _of the half
cell potential method and the second deals 
with the dependence of half-cell data with 
concrete deterioration and chloride contami
nation. However, the deterioration of concrete 
and the observation of rust in bars can confirm 
the presence of corrosion. Also, it should be 
noted that not all corrosion is destructive 
(causing deterioration) and not all corrosion 
activity will result in heavy corrosion. 

The advantages of the half-cell method 
include: 

• Identification of areas of potential corro
sion; 

• Testing is conducted using light-weight, 
portable equipment; and 

• The method is inexpensive and quick. 
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The disadvantages to the half-cell method 
include: 

• Requires direct connection to reinforce
ment; 

• Electrical continuity of the reinforcement 
in the structure is required (therefore the 
method is not suitable for epoxy-coated 
bars); and, 

• Concrete needs to be moist. 

Linear Polarization. Due to the widespread 
corrosion of reinforcing steel in concrete struc
tures, there has been a concerted demand for 
the development of non-destructive tech
niques to acquire an accurate assessment of 
the condition of reinforced concrete structures. 
To address this need, the linear polarization 
resistance (LPR) measurement technique has 
become a well-established method of deter
mining the instantaneous corrosion rate of 
reinforcing steel in concrete. The technique is 
quick and non-intrusive, resulting in only 
localized damage to the concrete cover so that 
an electrical connection can be made to the 
reinforcing steel. 

LPR test data yield more detailed informa
tion than a simple potential survey. The LPR 
data provide a means to acquire a more 
detailed assessment of the structural condi
tion and is a major tool in deciding on the 
optimum remedial strategy that should be 
adopted. Thus, it is imperative to obtain accu
rate LPR measurements. In LPR measure
ments, the reinforcing steel is perturbed by a 
small amount from its equilibrium potential, 
which can be accomplished potentio'-statical
ly by changing the potential of the reinforcing 
steel by a fixed amount, E, and monitoring the 
current decay, I, after a fixed time. Alterna
tively, it can be done galvano-statically by 
applying a small fixed current, I, to the rein
forcing steel and monitoring the potential 
change, E, after a fixed interval. In each case, 
the conditions are selected so that the changes 
in potential, E, fall within the linear 
Stern-Geary range of 10 to 30 millivolts. The 
polarization resistance, Rp, of the steel is then 
calculated from the equation: 



Where: 
L1E = Change in voltage 
L1I = Change in current per unit area 

In addition, there is an established relation
ship between the corrosion rate of the anode 
and the polarization resistance: 

Where: 
Icorr = Corrosion current density in area 

(ft2) 
B = A constant based on polarization 

curves (taken as 0.026 volts for steel 
in cqncrete) 

RP = Polarization in n!Jt2 

The advantages of LPR include: 

• Ability to use portable and lightweight 
measuring equipment; and, 

• Determines the rate of corrosion at the 
time of the testing. 

Its disadvantages include: 

• Requires direct electrical connection to the 
reinforcement and interconnection of all 
of the reinforcing elements; 

• Cannot test decks with epoxy-coated or 
galvanized rebar; 

• Concrete must be uncracked, even and 
free of coating and visible moisture; 

. • Results can vary widely across a deck; 
and, 

• Requires knowledgeable personnel in 
order to interpret the results. 

Magnetic Flux Leakage. Magnetic flux leak
age (MFL) is a method of non-destructive test
ing that is used to detect corrosion and pitting 
in steel structures. A magnet is mounted on a 
carriage and induces a strong magnetic field 
in the area of interest. If corrosion is present, a 
magnetic flux leakage field forms outside the 
area and an array of sensors positioned 
between the magnet's poles detects the flux 
leakage. 

MFL measures changes in the path of mag
netic force lines, or flux, near a ferromagnetic 

Magnet Carriage 
........... . . . . . ' ......... '' .... '.' ... . . . . ''' ...... ' ... ' .... '.' ... . . . . . . ' ...... ' ... . 

FIGURE 5. Magnetic flux leakage. 

material with defects. In the presence of a 
magnetic field, ferromagnetic materials align 
their electric dipoles with the external field. A 
high,intensity magnetic field has more aligned 
dipoles. The applied magnetic field needs to 
be strong enough to overcome noise, as well as 
the distance between the magnetic source and 
the ferromagnetic field. When the flux detects 
corrosion or fractured steel, it leaks out 
instead of traveling to the south pole of the 
magnet. The reduction in cross-sectional area 
of the material causes the leakage. MFL equip
ment use "Hall Effect" sensors, which react to 
and develop a voltage difference between the 
parallel faces of crystal sensors to detect the 
leakage. 

This method has certain advantages: 

• Mechanical contact with the material or 
structure under examination is not neces
sary; 

• There is no need to specially prepare the 
test area (it needs to be cleaned only); and, 

• This method detects cnicks and subsur
face inclusions down to 0.3 millimeters. 

· Since MFL is a detection technique that 
detects volumetrical changes, its results 
report no absolute values but rather relative 
volumetrical changes. However, it is a very 
suitable tool for detecting bad spots in 
plates. 

Petrography. Petrography is widely used in 
order to better diagnose distressed concrete. 
Usually poor and good quality areas are eval
uated. A petrography study provides informa
tion about the different properties of materials 
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used on a site, as well as the effectiveness of 
the concrete mix. 

Identification of aggregates can be made 
somewhat just from a visual inspection. A 
large number of minerals can be recognized 
by observing the general appearance of the 
concrete in plane polarized light, which splits 
into two rays when it passes through a certain 
filter. The light rays are viewed with a polariz
ing device called a Nicol prism. Carbonation 
and water content, degree of maturity (cement 
hydration) and bonding· within the concrete 
matrix, discoloration and staining can be 
determined using this method. This method 
can also be used to determine segregation 
caused by excessive vibration, as well as not
ing if there are any supplemental cementitious 
materials. A petrographic study can reveal cer
tain conditions of the concrete pavement such 
as alkali silica reactions (ASR), delayed ettrin
gite formation, freezing of plastic concrete, 
freeze-thaw distress, aggregate soundness, 
sulfate attack and contaminants. 

The petrography method is also used to 
determine the air content of cement, parame
ters of the air void system and the water/ 
cement ratio. 

A petrographic microscope, called a polar
izing microscope, is used to detect cracks and 
defects in the concrete; It is a compound, 
transmitted-light microscope to which compo
nents have been added in order to determine 
the optical properties of translucent sub
stances. The microscope has an ocular that 
focuses on a virtual image of the subject that is 
produced in the tube of the microscope by the 
objective lens. 

Corrosion, and the resulting expansion of 
the reinforcement that causes lateral cracking 
in the plane in which the reinforcement is sit
uated, can be viewed and determined with 
this method. Normally, the high pH of con
crete. protects the. reinforcing steel from oxi
dation. The concrete between the reinforce
ment and the outer surface of the element 
thus serves as a barrier to the ingress of chlo
ride ions or carbon dioxide. Construction 
plans should specify the concrete cover thick
ness, which is usually around 50 to 68 mil-' 
limeters. Cracks extending from the exposed 
surfaces toward the level of the reinforce-
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ment may significantly decrease the effec
tiveness of the cover concrete as a barrier, 
especially if the cracking is over an extensive 
area. 

An advantage to the petrography method is 
that it provides insight into existing concrete 
properties that are related to durability. 

The method's disadvantages are that it can 
take quite a bit of time to conduct a thorough 
petrographic study and that it requires sample 
removal. 

Corrosion Reduction Options 
Patch Option (Coat Rebar). Coating reinforcing 
bars can help prevent chloride ions from 
reaching the metal, and, therefore, help pro
tect the reinforcing steel. Epoxy coatings pro
vide protection by acting as a physical barrier 
that prevents or slows down the arrival of cor
rodents to the coating/ steel interface. Epoxy 
coating is a barrier system that is designed to 
keep chlorides and other chemicals that can 
initiate and sustain corrosion away from the 
reinforcing steel. It also provides a physical 
barrier ·between the steel and the concrete 
interface. 

However, the epoxy does uptake some 
amount of moisture, which results in a tempo
rary reduction or loss of bond. It is also 
impacted by the presence of coating damage 
or defects in the form of holidays (which result 
from areas that accidentally do not receive 
coating), mashed areas, narrow cracks and 
bare areas. The defects in the coating are nor
mally generated during the application of the 
coating, storage and handling, transportation 
to site, placement in forms and placement of 
the concrete. Corrosion on epoxy-coated rebar 
initiates at defects in the form of crevice corro
sion and can spread by undercutting. The rate 
of corrosion is controlled by the availability of 
cathodic sites and chloride ions. In addition, 
the coating may deteriorate over time. 

The two national specifications for epoxy
coated reinforcing bars reflect the preceding 
coating application processes and industry 
practices. ASTM A775 / A775M, which was 
issued in 1981, establishes the requirements 
for the epoxy coating of straight bars. The sec
ond specification, designated as A934/ A934M 
and adopted in 1995, prescribes the require-



ments for the epoxy coating of pre-fabricated 
bars. These provisions cover: 

• the surface preparation of the bars before 
the application of the coating; 

• recognition of, and permission to use, a 
pretreatment on the cleaned bars before 
application of the coating; 

• limits on the thickness of the coating; 
• limitation of holidays in the coating to an 

average of one per foot; and, 
• prequalification requirements in the form 

of testing criteria for chemical resistance 
of the coating, cathodic disbandment, salt 
spray resistance, chloride permeability, 
coating flexibility, relative bond strength 
in concrete, · abrasion resistance and 
impact. 

Damaged coating is limited to one percent of 
the surface area in any one foot length of coat
ed bar. A coated bar with damaged coating not 
exceeding the one percent limit is acceptable 
on the condition that all of the damaged coat
ing is properly repaired prior to shipment to 
the job site. 

Durng the late 1980s, in response to con
cerns about the Florida Keys bridges, a task 
group within the ASTM Subcommittee on 
Steel Reinforcement initiated a critical eval
uatipn of the A775/ A775M specification. 
The resulting revisions involved coating 
thickness, surface preparation, coating con
tinuity, coating flexibility, coating adhesion, 
permissible amount of damaged coating and 
the repair of damaged coating. These revi
sions, adopted in the A775 / A775M specifi
cation, translated into the fabrication of 
higher quality epoxy-coated bars. The lower 
value of the permitted range of coating 
thickness was raised to 7 mils (0.178 mil
limeters) from 5 mils (0.127 millimeters). 
Average readings of 1.5 to 4.0 mils (0.38 to 
0.102 millimeters) are required for the maxi
mum roughness depth of the blast profile to 
assure a suitable anchor pattern. After abra
sive blast cleaning, the use of multidirec
tional high-pressure dry air knives is 
required to remove dust, grit and other for
eign matter from the bar surface. The depo
sition of oil on the cleaned bars by the air 

knives was prohibited. A chemical wash or 
other treatment of the steel surface of the bar 
can be used to enhance adhesion. 

In-line holiday detection is recommended 
by the A775/ A775M specification. The accura
cy of the in-line system must be verified by 
checking with a hand-held detector. The limit 
on the allowable number of holidays is 
reduced to an average of one per foot from 
two per foot. Conducting bend tests of coated 
bars requires 180-degree bend angles for bars 
(except for some large bars) instead of the pre
vious bend angle of 120 degrees. In addition, 
production-coated bars should be evaluated 
by a cathodic disbandment test. 

All coating damage incurred during han
dling and fabrication must be repaired before 
shipment to the job site. Damaged coating on 
a ~ar m.ust be repaired if the amount of dam
aged coating exceeds one percent of the total 
surface area in each one foot length of the bar. 
Coating the reinforcing bars is relatively inex
pensive and appears to provide good corro
sion protection for the coated bars in the 
patches as well as for adjacent bars in the 
existing concrete. 

Patch Option (Discrete Anodes). This method 
involves the installation of an impressed cur
rent cathodic protection system for reinforced 
concrete · structures. The purpose of the 
cathodic protection system is to protect 'the 
steel embedded in the concrete from corroding 
by passing a small direct current from the 
anode to the steel. An internal discrete anode 
system (IDAS) should provide sufficient cur
rent to adequately protect the steel according 
to the current density requirements of the steel 
anµ the field-proven ventilation of· anodic 
gases. A minimum anode life expectancy of 
twenty-five years at the full design anode cur
rent density of 900 milliamps per square meter 
of anode surface area and at least five years of 
satisfactory operation· in one or more similar 
applications are required. An IDAS should 
also provide a positive system of locating and 
positioning the anodes that are being installed 
in the structure, thus ensuring a high confi
dence of zero short circuits and uniform cur
rent distribution. 

The area affected by the discrete anodes 
and their effectiveness in protecting 'against 
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corrosion can be easily disputed. These 
anodes are also somewhat more expensive 
than coating. While concrete admixtures are 
relatively inexpensive and do provide some 
corrosion protection, their use in conjunction 
with coated bars may be overkill. Silica fume 
enhances the concrete properties, but is diffi
cult to place in discrete patches without crack
ing. 

Deck Option (Bonded Overlay). Bonded over
lays are most commonly used on . deck sys
tems. Low-slump, high-density (LSHD) con
crete, latex modified concrete (LMC), silica
fume concrete (SFC) and polymer concrete are 
materials that can be used to form a bonded 
overlay on a deck. Due to their smaller degree 
of permeability than existing concrete, over
lays can make the cover over reinforcing bars 
stronger. In addition, because these concretes 
increase the weight of the d~ck, a special cal
culation at the edges is required. These con
cretes can be also used in patches. Their per
meability and electrical conductivity is less 
than that of regular concrete. LSHD has 50 
percent, SFC and LMC have 10 to 25 percent, 
and polymer concrete has less than 10 percent 
of the permeability and electrical conductivity 
of conventional concrete. 

Portland cement overlays are about 2 inch
es thick and polymer concrete overlays are 
about 0.25 to 1 inch thick. According to a sur
vey in 2005, many state highway agencies use 
more than one overlay material.6 In addition, 
it is estimated that bonded overlays add twen
ty to twenty-five years to deck service life. 

Deck Option (Membrane). An asphalt top
ping with a waterproofing membrane is 
another option that can be used to protect a 
deck from corrosion. The membrane should 
be tested for water and chloride permeability, 
along with tensile strength, durability, tough
ness, elasticity and temperature susceptibility 
as they correlate to the degree· of adhesion 
between the membrane and ,the asphalt. A 
proper anticorrosive system must · ensure a 
good adhesive force between the anticorrosive 
coating and the steel bridge deck because it is 
the strong • force of adhesion that adds to 
decreasing the deterioration in steel. 
Laboratory tests indicate that water and chlo
ride penetration is virtually eliminated and 
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the effect of reducing corrosion is significant. 
However, the topping increases the weight of 
the structure and it is recommended that the 
deck edge be designed to accommodate the 
membrane. Using membrane systems can 
increase the life of the deck for about ten to fif
teen years, but the deterioration of asphalt 
requires frequent replacement, thus limiting 
the life of the system. 

Deck Option (Surface Sealer). Surface sealers 
include silanes, siloxanes, epoxies, methacry
lates and urethanes. The sealant's usefulness 
in corrosion prevention in concrete pavement 
depends on the adhesion between sealant's 
surface and the concrete. Strong adhesion 
strength is also needed to withstand static and 
dynamic stresses such as traffic and tempera
ture fluctuations. Applied to the concrete by 
spraying, silanes and siloxanes penetrate 0.1 
to 0.25 inches into it and are widely used on 
decks exposed to traffic. Epoxies, methacry
lates and urethanes form a film sealer and 
they are applied mostly on substructure ele
ments and on superstructure. These materials 
are effective in reducing the effect of corro
sion. Over 40 percnt of state highway depart
ments use silane, 20 percent use epoxies, 16 
percent use linseed oil and another 16 percent 
do not use sealers. 

Corrosion Inhibitors 
Many kinds of inhibitors are used to prevent 
corrosion in reinforced concrete such as: 

• calcium nitrite (the traditional commercial 
inhibitor); 

• sodium monofluorophosphate (which is 
used to prevent the onset of corrosion or 
to reduce corrosion rates); 

• alkanolamines such as diethanolamine, 
dimethylpropanolamine, monoethanola
mine, dimethylethanolamine, methyldi
ethanolamie and triethanolamine (which 
are used to reduce steel corrosion rates); 

• other organic substances based on ternary 
mixtures of aldonic acid, benzoic acid and 
a triazole, carboxylic or bicarboxylic acids, 
and tannins. 

Corrosion inhibitors have been proven 
effective in steel pipelines, tanks, etc., for 



many decades. However, their use 
as admixtures to concrete is more 
recent and more limited. Their use 
in concrete is limited because they 
cannot be changed or replenished if 
they are found to be ineffective or 
have deleterious effects. Therefore, 
it is essential that the mechanism of 
inhibition be studied to ensure 

Cathodic Process Oxygen 
Reduction Diffusion of 0 2 Through 

2e- + H20 + 1/202 ~ 2(0H)-

proper use. ' r:rrlttln There are numerous compounds 
that can be investigated in the labo
ratory as potential corrosion
inhibiting admixtures to concrete. 
Sodium compounds are found to 
reduce the compressive strength of 
concrete, whereas calcium com
pounds do not. As a matter of fact, 
calcium compounds are found to 
increase the compressive strength 
of concrete. Therefore, calcium salts 
are more commonly used as anodic 
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Dissolution of Iron re Water (Electrolyte) 
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FIGURE 6. Corrosion inhibitors in concrete. 

inhibitors. Some of the organic compounds 
affect the air void materials and, as a result, 
the dosage of void-preventive materials must 
be modified accordingly. Similarly, when used 
as a corrosion inhibitor, how the concrete set 
accelerating properties of calcium nitrite and 
concrete-set-retarding effects of some of the 
organics must be understood. 

An ide;:tl corrosion inhibitor is defined as "a 
chemical compound, which, when added in . 
adequate amounts to concrete, can prevent 
corrosion of embedded steel and has no 
adverse effect on the properties of concrete."7 

As a result, only the admixed corrosion 
inhibitors are considered, although migrating 
chemicals and concrete coatings could have 
similar effects. When considering the chloride
induced corrosion of steel reinforcement in 
concrete, the factors that could be affected by 
an inhibitor are: 

• the rate of ingress of chlorides from the 
environment; 

• the degree to which these chlorides are 
chemically bound or physically trapped 
in the concrete cover; 

• the concentration of chlorides that the 
steel can tolerate without the breakdown 
of the inherent passive film; 

• the rate of ingress of dissolved oxygen to 
sustain the cathodic half-cell reaction; 

• the electrical resistance of the concrete; 
and, 

• the chemical composition of the elec
trolyte. 

Because of their set accelerating properties, 
inhibitors tend to increase pore size distribu
tion in concrete. On the other hand, it may be 
possible that chlorides that have penetrated 
the concrete from the outside may decrease 
porosity because of the precipitation of chloro
aluminates in the coarser pores, although that 
has not been confirmed. Chlorides also can 
affect the pH value of the pore solution: CaC12 
decreases the pH; whereas NaCl and KCl have 
the opposite effect. Because of their hygro
scopic character, the chlorides tend to cause an 
increase in water absorption in concrete. 
However, the relative humidity of dilute salt 
solutions is usually higher than that of highly 
concentrated solutions and, thus, the relative 
humidity of non-saturated concrete contain
ing chlorides may be lower than those with 
similar levels of water saturation but without 
chlorides. 

Finally, the increased ionic content of the 
solution due to chlorides will increase its con-
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ductivity and, consequently, decrease the elec
trical resistivity of the concrete. · 

Therefore, it is far from sufficient to consid
er only how the inhibitor affects concrete 
properties. How the chlorides affect the prop
erties of concrete containing inhibitors also 
must be considered. 

In summary, a corrosion-inhibiting admix
ture can work by: 

• increasing the resistance of the steel to 
breakdown by chlorides; 

• generating a barrier film on the steel; 
• blocking the infiltration of chlorides; 
• blocking the infiltration of oxygen; and, 
• absorbing the oxygen dissolved in the 

pore solution. 

Cathodic Protection 
The cathodic protection method is an electro
chemical technique that can minimize the cor
rosion of rebar in reinforced concrete. 
Cathodic protection works by making the 
metal act as the cathode of an electrochemical 
cell by placing it in contact with a more easily 
corroded metal that acts as the anode. In this 
rehabilitation method, the rebar at risk of cor
rosion are uniformly electrically polarized 
with -200 millivolts in order to create ideal 
protection to prevent the corrosion of unpolar
ized areas. Designing, maintaining and man
aging a cathodic protection system for con
crete structures has received very little atten
tion in the eighty-year history of the cathodic 
protection technique but now it is a popular 
method and it is used in a variety of structures 
that are subjected to corrosion. 

Most commonly, metal (rebar) that comes 
· into contact with concrete is at risk for corro

sion and its surface can sustain dissolution 
and a cathodic conjugate reaction that, in 
some cases, leads to oxygen reduction or 
hydrogen evolution. When a metal is polar
ized positively, its dissolution will be acceler
ated but the cathodic conjugate reaction will 
be decelerated and if it is polarized negatively 
its dissolution will be decelerated but the 
cathodic conjugate reaction will be accelerat
. ed. A polarization between -200 and -300 mil
· livolts is sufficient for cathodic protection. For 
the successful application of cathodic protec-
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tion, a uniform distribution over the entire 
metal (rebar) is required. 

The reasons why cathodic protection has 
not been adopted in more than 350 bridges in 
North America can be attributed to the unifor
mity of distribution of the cathodic protection 
current, the design of the ground bed versus 
rebar geometry and the locations of electrical 
contacts, as well as due to the effects of the 
environment and climate on the distribution 
of the cathodic protection current. 

The cathodic protection of steel in concrete 
was . developed initially in Europe and the 
United States for buried prestressed concrete 
water pipelines. In California and other· sites 
in North America, it was used to protect rein
forced concrete bridge decks from deicing salt. 
In the United Kingdom, the method was 
developed to tackle such different problems as 
buildings with cast-in chlorides to bridge sub
structures contaminated with deicing· salts 
and to marine structures and tunnels. In the 
Middle East, there are lots of problems of cor
rosion caused by high levels of salinity in soils 
(such as in marine conditions). In Australia, 
Japan and Hong Kong, cathodic protection is 
used extensively. In 1959, the California 
Department of Transportation, installed an 
experimental cathodic protection system on a 
bridge-supported beam. In 1972, a more 
advanced anode system was installed on the 
bridge deck that was based on a conventional 
impressed current cathodic system for 
pipelines. One problem in adopting this 
meth.od for U.S. bridge decks is that U.S. decks 
are not designed for overlays. The anode 
should not change the profile of the bridge nor 
should it increase the deadload. The most suc
cessful anodes for use in decks are now 
titanum mixed with oxide coating. 

This method is used for long-term protec
tion on corrosion-damaged structures that 
have significant residual life or on undamaged 
structures in high chloride environments. In 
the latter application, there would be a con
siderable cost saving compared to long-term 
repair, reconstruction or replacement. This 
method is useful for highway bridge/tunnel 
engineers, marine and h'.arbor authorities, 
building engineers/ architects/ managers and 
other professionals and entities who have to 



deal with corroding reinforcement. Projects 
that,combine concrete repair and cathodic pro
tection require multidiscipline skills from the 
civil/ structural/ concrete engineering profes
sionals involved. 

Chloride Extraction 
Chloride extraction was developed to treat 
corrosion damage of reinforced concrete struc
tures by removing the chloride ions from the 
contamined concrete. Chloride extraction is 
performed by applying an electric field 
between the reinforcing steel in the concrete 
(the cathode) and an externally mounted elec
trode mesh (the anode). The electrode mesh is 
embedded in a sprayed-on mixture of potable 
water and cellulose fiber. During this treat
ment, the negatively charged chloride ions 

· near the rebar migrate toward the positively 
charged anode mesh. When the chloride con
centration in the concrete has been reduced to 
an acceptable level (which also means that the 
pH level of the concrete has increased), the 
temporary electrolyte media is removed from 
the structure. This process usually takes 
between four to eight weeks. 

Chloride extraction is a non-destructive 
method and no concrete removal is necessary. 
Any noise and dust problems associated with 
concrete removal or disturbance are almost 
eliminated, and the process uses enviromen
tally safe/ materials. After treatment, some 
chlori~e will remain in the concrete: this 
method does not remove 100 percent of the 
chloride from the concrete structure; however, 
most codes accept 0.2 to 0.4 percent chlorides 
by weight of cement in new, ordinary rein
forced concrete. The concrete's ability to pro
tect steel reinforcing from corrosion changes 
with its pH level; a treated structure may offer 
added protection against renewed corrosion 
attack due to the increased pH level, prolong
ing the useful life of the structure. 

It should be noted that using chloride 
extraction in prestressed concrete structures is 
not recommended due to uncertainties related 
to hydrogen production. It may cause poten
tial embrittlement and stress corrosion crack
ing. 

Chloride extraction can be performed 
u.nder all weather conditions as long as the 

electrolyte does not freeze. The necessary 
number of rebar connections depends on the 
electrical continuity of the rebar, but there 
should be at least one every 50 square meters 
as a general requirement. Based on'the results 
of conducting an electrical continuity survey 
on the proposed structure, the typical connec
tion between two rebar connection points 
should be ideally less than 1 ohm, but up to 50 
ohms ,may be acceptable. Flexible copper 
cables are connected to the rebars using self
tapping screws and cable connectors ( other 
suitable methods can be used for connection). 

After satisfactory treatment, all equipment 
is removed and the surface is cleaned. To pre
vent the possibility of renewed chloride con
tamination and to promote long-term effec
tiveness, the surface should be treated with 
waterproof protective coating, such as sealer 
or deck coating. It would be benefical to use 
embedded electrodes to monitor future corro
sion activity on the structure. 

Brief Summary of 
Corrosion Reduction Options 
All of the corrosion reduction methods could 
be applicable, depending on the conditions 
and circumstances of the particular project. 
Each method presents its own costs and aver
age service life (see Table 1). 

Patch Option. Coating the reinforcing bars is 
relatively inexpensive and appears to provide 
good corrorion protection. Laboratory tests 
have shown that even grossly flawed coating 
provides significant corrosion protection, 
regardless of whether the coating was epoxy, 
cementitious or modified cementitious.8 Two 
coats provide better protection than one coat 
due to the fact that the second coat addresses 
some of the flaws in the first coat. These labo
ratory tests indicate that applying two coats of 
a corrosion-inhibiting materials to reinfocing 
steel in patches would yield best results.8 

Field-coating reinforcing bars may add about 
5 to 10 percent to the total patch cost. 

Deck Option. Silane surface sealers can 
reduce water and chloride penetration into 
deck concrete by 85 to 90 percent, while 
expoxies and other surface coatings can 
reduce water and chloride penetration by up 
to 95 percent. Penetrating sealers on decks 
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TABLE 1. 
Price & Service Life Comparison 

Corrosion Reduction Method Price (Square Foot) Service Life (Years) 

Coating Rebar $1 to $2 

Bonded Overlay $5 to $25 

Membrane $3 to $5 

Surface Sealer $3 to $4 

Cathodic Protection $10 to $15 

may need to applied every five to seven years. 
Epoxy, inethacrylate and urethane sealers on 
superstructure and substructure elements 
may need to be reapplied every ten to eight
een years. 

Corrosion Inhibitors. Migrating corrosion 
inhibitors are relatively inexpensive for deck 
treatment, but the degree of penetration into the 
concrete is disputed. If the inhibitor does not 
reach the steel, its effectiveness is questionable. 

Cathodic Protection. Cathodic protection stops 
corrosion activity effectively, but it is very expen
sive to implement. In 2004, over half of respond
ing state highway agencies had tried cathodic 
protection, and many reported difficulties with 
reliability and maintenance.6 Hovewer, this 
method could be considered to save costs in 
comparison to the long-term costs of repair. In 
addition, applying this method requires expert
ise from professionals experienced with dealing 
with corrosion cathodic protection materials. 

Chloride Extraction. The effectiveness of 
chloride extraction is influenced by the quali
ty of the concrete and the depth of the rein
forcing steel. The goal of the method is to 
reduce chloride levels at the reinforcing steel. 
Chloride extraction commonly requires three 
to eight weeks perform. The process of the 
chloride extration is estimated to add ten to 
twenty years to the member service life. 

Alternatives to Steel Reinforcement 

4 to 10 

20 to 25 

10 to 15 

10 to 20 

15 to 30 

cant attention in the structural engineering 
field. Fiber reinforced polymer (FRP) bars are 
made of polymer fibers pulled longitudinally 
and then held together by a resin. The advan
tages to their use include: high tensile strength, 

. light weight (which makes them convenient 
for transportation and installation), resistance· 
to corrosion and effective cost. These benefits 
make FRP bars a promising solution for the 
replacement of steel reinforcement. 

Glass (GFRP), carbon (CFRP), aramid 
(AFRP) and basalt (BFRP) fiber polymers have 
been used in experiments that have been 
devised to determine how these materials can 
improve structural stability. (See Table 2 for a 
summary of properties of these types of 
fibers.) Loss of strength over time must be 
taken into consideration in order to quantify 
the durability of these materials. Degradation 
of GFRP strength due to moisture and alkali 
reactions was studied by many researchers 
and many methods for accelerated aging tests 
were performed.9

-
11 ACI recommends that the 

strength of bars at the end of service be 70 per
cent of the initial tensile strength.12 

Glass fibers are divided in three categories: 

• E-glass - used for electrical; 
• S-glass - used for high strength; and, 
• C-glass for high corrosion resistance 

applications. 

Alternatives to steel reinforcement, such as The most commonly glass fiber used in civil 
fiber polymer materials, have gained signifi- • structures is E-glass, which is produced from 
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TABLE 2. 
Summary of Properties of FRPs 

Glass Fibers Aramid Fibers Carbon Fibers 
Typical High High Ultra-High 
Properties E-Glass S-Glass Kevlar 29 Kevlar 49 Strength Modulus Modulus 

Density (g/cm3) 2.6 2.5 1.44 

Young' Modulus 72 87 83/100 
(Gpa) 

Tensile Strength 1.72 2.53 2.27 
(Gpa) 

Tensile Elongation 2.4 2.9 2.8 
(%) 

lime-alumina-borosilicate, which is usually 
obtained from sand. 

Aramid fibers are synthetic organic fibers 
that provide good fatigue and creep resist
ance. The most common aramid fibers used in 
structural applications are Kevlar 29 and 
Kevlar 49. 

Carbon fibers are anisotropic materials and 
have lower thermal expansion coefficients 
than glass and aramid fibers. They are brittle 
materials, which makes them critical in joints 
and connections. As a result, an adhesive 
bonding should be used with them. 

The Gills Creek Bridge in Virginia was con
structed to model the behavior of polymer 
reinforcement. Extensive research was con
ducted to determine and compare reinforcing 
materials. The top mat of the deck of one end
span of the Gills Creek Bridge was reinforced 
with GFRP bars and the bottom mat was rein
forced with steel bars. Epoxy coating was 
applied on the steel reinforcement. The oppo
site span of the deck was constructed of 
epoxy-coated steel bars on the top and bottom 
mats and live load tests were performed on 
both spans in 2003 (after, construction) and 
again in 2004.12 

Stresses calculated from tests showed that 
transverse bars experienced tensile stresses 
of 75 pounds per square inch, which is below 
the ACI 440 specified tensile stress of 13.9 
kilo-pound-force per square inch and less 

1.44 1.8 1.9 2.0-2.1 

124 230 370 520-620 

2.27 2.48 1.79 1 .03-1.31 

1.8 1 .1 0.5 0.2 

than the laboratory-measured tensile 
strength of 109 kilo-pound-force per square 
inch. Allowable compressive stress is not 
specified by ACI 440 because rupture from 
creep is not governing in compression. The 
compressive stresses of 130 pounds per 
square inch recorded in this case were small 
and it was assumed that these stresses could 
be carried by the concrete. 

GFRP offers a low modulus of elasticity, 
around 6,000 kilo-pound-force per square inch 
(compared to 29,000 kilo-pound-force per 
square inch for steel), which could cause 
deflections and cracks and result in lower 
shear strength. Tests show that the stress
strain relationship is linear elastic until rup
ture, 12 which the ACI Committee 440 (2003) 
guidelines take into account in designing with 
GFRP-reinforced concrete.13 The governing 
factor in the design of GFRP-reinforced con
crete tends to limit the cracks by placing suffi
cient reinforcement and decreasing surface 
cracks. There needs to be more research on its 
long-term durability. 

Composite materials technology can bene
fit the building and development of civil engi
neering structures in terms of offering engi
neers a wider array of physical properties and 
technical solutions. In choosing these materi
als and solutions, their implementation and 
service costs also must be taken into consider
ation for their applicability. 
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