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In the last decade, there has evolved an in
creasing awareness and understanding of en
vironmental effects and their potential for long
term degradation of the structures we build. 
Today, there is a better understanding of such 
phenomena as carbonation of concrete and 
the ingress of chloride ions even in crack-free 
concrete. As a result of these factors and re
cent evidence of severe corrosion damage, in 
many countries an increasing concern has 
arisen among engineers regarding possible 
corrosion damage to prestressing tendons and 
long-term service life. This paper discusses 
the magnitude of the problem, the corrosion 
mechanism and various types of corrosion. It 
also presents examples of corrosion damage 
and identifies those methodologies that have 
either been used or could potentially be used 
to provide increased corrosion protection of 
prestressing steels. 
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N 
othing lasts forever - man as 
well as the structures he builds 
- from the moment of birth 

and throughout their life spans, they 
undergo a process of deterioration that 
culminates in their ultimate demise. 
Even The Parthenon on the Acropolis 
in Athens, some 2400 years old, had to 
undergo reconstructive surgery to save 
it from the ravages of modern urban 
pollution. 

From the time of the development 
of reinforced concrete in the 19th 
century and prestressed concrete in 
the 20th century, we have been en
gaged in a struggle with a particular 
form of deterioration. The corrosion 
of reinforcing and/or prestressing 
steel used to enhance the load carry
ing capacity of the concrete struc
tures we build is a serious problem. 
Corrosion has been described as "the 
scourge of the century." 

For many years, the corrosion resis
tance of conventionally reinforced and 
prestressed concrete structures had 
been assumed to be adequate by virtue 
of its embedment in concrete and the 
demonstrated corrosion-inhibiting 
properties of portland cement. Pre
stressed concrete gave a new dimen
sion to the applicability of concrete 
structures. 

Prestressed concrete, in comparison 
to conventionally reinforced concrete, 
was considered to be even more resis
tant to corrosion because it was per
ceived to be crack-free as a result of 
prestressing. Indeed, there was a wide 
belief that one only needed to ensure 
the quality of materials and workman
ship to preclude corrosion in concrete 
structures. 

The corrosion of tendons in pre
stressed concrete structures can be 
much more serious than in conven
tionally reinforced concrete structures, 
since the prestressing tendons have a 
relatively small cross-sectional area 
under very high stress. The higher 
strength steel is inherently more sus
ceptible to the possibility of brittle 
fracture due to stress corrosion or hy
drogen embrittlement. Corrosion re
lated fracture of prestressing steel can 
lead to collapse of a bridge structure 
without warning.' 

In the last several decades the tech
nology of prestressed concrete has 
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progressed from relatively short span 
members, used primarily in buildings 
and bridges, to major structures such 
as cable stayed bridges, offshore sea 
structures, nuclear reactor vessels, 
large commercial and industrial build
ings, parking garages and other special 
purpose structures. An increasing 
awareness and understanding has also 
evolved of environmental effects and 
their potential for long-term degrada
tion of the structures we build. 

It must be emphasized that instances 
of serious corrosion in prestressed 
concrete structures are rare. However, 
the consequences of corrosion of pre
stressing steel in structures under se
vere exposure conditions in terms of 
structural failure, safety and economic 
impact are so potentially severe that 
prevention measures beyond current 
common practice are being sought, 
considered and utilized. 

This does not imply that prestressed 
concrete is in any way an inferior 
construction material. However, it is 
only relatively recently that there has 
been a recognition of the effect of ex
posure to particularly harsh environ
ments, and even more recently to the 
need to provide more direct measures 
of corrosion protection to the pre
stressing steel. 

The objective of this paper is to 
identify those methodologies that 
have either been used or could be 
used to provide increased corrosion 
protection of structures utilizing pre
stressing steel and thus enhance their 
service life. 

MAGNITUDE OF 
THE PROBLEM 

A number of surveys have been 
conducted and reported in the litera
ture in the last two decades in an effort 
to quantify the magnitude of the corro
sion problem of prestressing steels.2

· '
0 

A 1978 survey,5 covering a time inter
val from 1950 to 1977, cited 28 struc
tures worldwide with known corrosion 
incidents. This represents an average 
of one failure per year. This report 
cited only those cases where corrosion 
had occurred in completed structures. 

The study was specifically oriented 
to post~tensioned tendons composed 
of stress relieved wires, strands or 

high strength bars. Those cases where 
corrosion occurred during shipment, 
storage or the construction interval 
were not reported. It was estimated 
that, of the approximately 30 million 
tons (27 million Mt) of prestressing 
steel used in the Western world (at 
that time), only 200 tendons were af
fected by corrosion. The authors con
cluded that this incidence rate of 
0.0007 percent was negligible because 
the cause of corrosion was known and 
avoidable. 

Four years later, in a 1982 report6 

covering the time interval from 1978 
to 1982, 50 structures in the United 
States alone were found in which ten
don corrosion had occurred, an aver
age of 10 per year. Of the 50 inci
dences reported, 10 cases of probable 
brittle fracture were related to stress 
corrosion or hydrogen embrittlement. 
It was estimated in 1988 that, in the 
United States and Canada, the number 
of reported corrosion incidents was in 
the hundreds. 

Nurnberger9
·" evaluated 242 inci

dences of corrosion damage of pre
stressing steel that were reported in 
the literature or by various govern
mental agencies worldwide during the 
interval from 1951 to 1979. Of interest 
in this report are the statistical evalua
tions of corrosion damage. A graphi
cal depiction of the distribution of cor
rosion damage to prestressing steel as 
related to its application is presented 
in Fig. 1. Of the total 242 incidences, 
buildings, pipes, storage structures and 
bridges represent 27, 24, 19 and 13 
percent, respectively. 

Fig. 2 represents the distribution of 
corrosion damage related to type of 
prestressing, that is, circular wound 
prestressing (pipe and storage tanks) , 
post-tensioned, pretensioned and un
bonded (post-tensioned). An indica
tion of the distribution related to the 
type of prestressing steel failure is 
given in Fig. 3. 

Distribution by structure type, 
where total failure or an important 
part of it is related to corrosion of the 
prestressing steel, is given in Fig. 4. 
The failure of "parts of buildings" 
refers to failure of prefabricated pre
tensioned members. "Storage struc
tures" refers to those prestressed by 
circular post-tensioning. "Miscella-
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neous failures" refers to post-ten
sioned members and members primar
ily under axial tension (as differenti
ated from flexural members). Distri
bution of damage to the prestressing 
steel element or structure failure rela
tive to age is presented in Fig. 5. 

In Fig. 6, the distribution of the vari
ous causes leading to corrosion is pre
sented. "Corrosion protection" in Fig. 
6 refers to inadequate and/or inappro
priate corrosion protection, the term 
"Steel manuf." refers to steel types 
susceptible to corrosion, "Steel han-

dling" is with reference to damage as a 
result of inappropriate and/or inade
quate tensioning techniques or abrupt 
deviations at the anchorages, and "ag
gressive medium" is partly the result 
of the environment and partly from 
aggressive materials stored in pre-

Fig. 1. Distribution of corrosion damage related to application 
(from Ref. 9). 

Fig. 2. Distribution of corrosion damage related to prestress 
method (from Ref. 9). 

Fatigue failure 

Fig. 3. Distribution of corrosion damage related to type of 
tendon failure (from Ref. 9). 

Faulty 
structural 

lliscellaneous 

Storage 
structures 

Fig. 4. Distribution of total or partial failure resulting from 
corrosion damage to prestressing steel as related to 
structure type (from Ref. 9). 

Contact of 
dissi•ilar 
Mtals 

Steel handling 

Concrete 
(chlorides ... etc) 

Fig. 5. Distribution of corrosion 
damage related to age (from Ref. 9). Fig. 6. Distribution of corrosion damage related to cause of corrosion (from Ref. 9). 
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stressed storage tanks and vessels. 
There is a danger that the favorable 

conclusions of some of the early re
ports and surveys that dismiss the fail
ure incidences as negligible and the 
result of obvious design defects, mate
rials and workmanship may lead to 
complacency. There is a discernible 
trend to an increasing number of cor
rosion reported incidents with time. 
This may be partially explained by the 
following realities: 
• The age of the prestressed concrete 

population is increasing. 
• Many of the earlier surveys did not 

reflect the effects of the substantial 
increase in the use of deicing salts 
that began in the 1960s. 

• Structures are currently being con
structed in harsh environments, con
structed in or in close proximity to 
marine environments, urban envi
ronments subject to carbonation, 
and possibly to acid rain which has 
yet to be evaluated. 
In evaluating reports and surveys at

tempting to define the magnitude of 
the problem of corrosion of prestress
ing steels, the date of the report and 
what was known or understood about 
the phenomenon when the report was 
written has to be considered. It should 
be remembered, in addition to the 
three points previously mentioned, 
that many of the ills of earlier pre
stressed concrete structures have since 
been corrected. For example, limits 
have been placed on the chloride con
tent of the concrete, the use of sensi
tive prestressing steels susceptible to 
corrosion has been reduced or elimi
nated, some prestressing systems have 
been modified, guidelines for shipping 
and storage have been developed, and 
other improvements have been made. 

Conversely, we have only relatively 
recently begun to understand the role 
that a structure's environment plays. 
Although not well understood in some 
forms , we are gaining insight into the 
mechanism of corrosion and its differ
ent forms. We are becoming aware of 
the influence of corrosion on the prop
erties of prestressing steels, for exam
ple, that uniform corrosion can reduce 
fatigue resistance by as much as a fac
tor of two. It should also be remem
bered, especially when evaluating 
worldwide surveys, that heat-treated 

September-October 1992 

CATHODE -
PROTECTED 

ELECTROLYTE 

CORROSION 
CURRENT 

ANODE -
CORRODING 

AREA\ 

METAL 

Fig. 7. Basic corrosion cell (from Ref. 14). 

prestressing steel is not used in the 
United States because of its vulnera
bility to stress corrosion. 

It is apparent that an exact determi
nation (or even an approximation) of 
the magnitude of the corrosion prob
lem of prestressing steel with respect 
to the existing inventory of prestressed 
concrete structures is at best elusive. 

CORROSION 
MECHANISM 

Corrosion is the term used to desig
nate the deterioration of a metal by 
chemical or electrochemical reaction 
with its environment. 12 Most com
monly used metals are produced by 
extraction from their oxides. There
fore, the refined metal is in a thermo
dynamically less stable state than that 
of its natural oxide form and under ap
propriate conditions will revert to ox
ides, i.e., it corrodes. 

The process by which corrosion oc
curs is generally recognized to be an 
electrochemical reaction, that is, a gal
vanic cell is developed. In this cell, the 
metal releases electrons which are ab
sorbed by the corroding agent, usually 
oxygen. Galvanic corrosion, in a clas
sical sense, is caused by the difference 
in electrical potential that develops 
when two dissimilar metals are cou
pled (a battery effect). However, the 
term galvanic corrosion is used in a 
broader sense to denote corrosion oc
curring from dissimilar surface condi
tions of a metal, differences in oxygen 
concentrations or differences in envi
ronmental conditions (such as the 
moisture content of concrete).2.13 

A/ 

Three basic elements are required to 
establish an electrolytic cell: an anode, 
a cathode and an electrolyte. For corro
sion to occur, the anode and the cath
ode must be connected by the elec
trolyte in such a manner as to allow 
electrical current to flow (see Fig. 7). 14 

The term anode is used to denote the 
location at which the metal corrodes. 
At this location, the metal atom gives 
up electrons in a reaction with the cor
roding medium and becomes an ion. 
The free electrons are consumed at the 
cathode by oxygen reduction. 

TYPES OF 
CORROSION 

Types of corrosion may be catego
rized in several ways; for example, by 
the environment causing corrosion or 
the manner in which steel is affected. 
Categorization by the manner in which 
the steel is affected is discussed in the 
subsections that follow . The most 
common types of corrosion that affect 
prestressing steels are uniform corro
sion, localized or pitting corrosion and 
stress corrosion. 13 

Hydrogen embrittlement had for 
some time been considered as a sepa
rate type. However, now it is being 
considered as a variation of stress cor
rosion. Brittle fracture of prestressing 
steel by either stress corrosion or hy
drogen embrittlement is especially 
dangerous and of grave concern to en
gineers and designers. Fretting corro
sion is another type that is becoming 
of increasing concern. Other types of 
corrosion are crevice corrosion and 
stray current corrosion. 
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Uniform Corrosion 

This type of corrosion is one in which 
there is an approximately uniform sur
face attack of the steel, which implies 
that discrete anodic and cathodic sites 
are not present. This then requires that 
the anodic and cathodic areas are equal, 
polarization of both areas are equal and 
both processes equally control the cor
rosion rate. 10 This type of corrosion can 
be categorized as a chemical attack (as 
distinguished from an electrochemical 
cell). It occurs when unprotected steel is 
exposed to the environment, perhaps 
during shipping or storage, or prior to 
grouting. In this type of corrosion, it is 
possible for corrosion products to form 
a continuous film and thus retard fur
ther corrosion. 10

·
13

·" 

Localized Corrosion 
and Pitting Corrosion 

Because of a lack of homogeneity of 
the metal surface or the environment, 
separate electrochemical cells may be 
developed and localized corrosion can 
occur. This actioJl is in contrast to the 
designation "chemical," as applied to 
general corrosion. The corrosion be
comes more localized as the ratio of 
anodic area to cathodic area decreases, 
and a locally high corrosion rate oc
curs. This may lead to a sudden brittle 
failure after a negligible loss of mate
rial. At those locations where metal 
surface passivation has been destroyed 
or damaged, localized corrosion will 
generally occur. 

In the presence of aggressive ions, 
such as chlorides, a pitting mechanism 
may occur. Pitting produces points of 
stress concentration, which concen
trate strain in a small volume of metal. 
High strength steels of low ductility 
do not redistribute stresses readily, in
creasing considerably the magnitude 
of stresses in the area affected by pit
ting. Although total weight loss result
ing from pitting may be very small, 
the consequences can be very severe. 
Since the rate of pitting corrosion is 
usually relatively high, time from con
struction to failure of the structure 
may be short." 

Stress Corrosion Cracking 

Stress corrosion cracking (SCC) is a 
type of highly localized corrosion that 
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produces cracking as a result of the si
multaneous presence of corrosion and 
tensile stress. 16 This phenomenon is of 
importance because it can occur at 
stresses within the range of design 
stresses. Although many mechanisms 
have been postulated, none completely 
explain the phenomenon of stress cor
rosion cracking. The process of corro
sion produces a discontinuity on the 
surface of the metal (a pit), thus pro
viding a stress raiser. 

Stress corrosion cracks have often 
been observed to originate at the base 
of a pit. Once a crack has started, 
there is a large stress concentration at 
the tip of the crack, with subsequent 
crack propagation. Cracks propagate 
either along grain boundaries (inter
granular) or on slip planes within the 
crystal lattice (transgranular). 10 Even
tually, these cracks can cause suffi
cient reduction in cross section to pre
cipitate a brittle failure. 

Hydrogen Embrittlement 

Hydrogen embrittlement cracking 
of steel under stress occurs when 
atomic hydrogen penetrates into the 
metal structure, where it recombines to 
hydrogen molecules, producing an in
ternal pressure in the metal. Absorp
tion of atomic hydrogen by the pre
stressing steel usually occurs by ca
thodic charging, which happens in a 
corrosive environment when the steel 
is electrically coupled to a more an
odic metal, for example, zinc coating. 

The atomic hydrogen may be 
formed by the corrosion process itself 
or as a result of some manufacturing 
operation, such as pickling. Cracking 
of the metal may be initiated as a re
sult of the internal pressure developed 
by the hydrogen molecules causing 
tensile stress, or in combination with a 
critical external tensile stress. Atomic 
hydrogen may enter the metal over an 
extended period of time. Rupture due 
to hydrogen embrittlement has oc
curred several years after installation. 

Fretting Corrosion 

Fretting corrosion results from sur
face wear arising from two surfaces in 
contact, under load, and subjected to 
vibration and slip. Requirements for 
occurrence of fretting action are inter-

face pressure and presence of vibra
tion or cyclic relative motion that is of 
sufficient magnitude to produce slip or 
deformation of the mating surfaces. 
Relative motion required to produce 
fretting corrosion is extremely small, 
less than 0.4 micro-in. (lQ-5 mm). Fret
ting corrosion is a form of fretting in 
which the chemical reaction predomi
nates. The mechanism of fretting that 
eventually results in localized cracks 
is not known with certainty. 10 

Crevice Corrosion 

Crevice corrosion is an intensive 
localized reaction that occurs within 
crevices or other shielded areas on the 
surface of the metal. Crevices can 
originate at the contact of the pre
stressing steel to another impervious 
body. The electrolyte trapped in the 
crevice produces an imbalance of elec
trolyte concentrations within the 
crevice and the outside surfaces. A 
brittle failure of steel may occur with
out warning. 

Stray Current Corrosion 

Stray direct current may be present 
in the ground as a result of electrical 
leaks, or failure to provide positive 
and permanent electrical insulation. 
Stray currents cause corrosion at loca
tions where current leaves the struc
ture and enters the ground or water 
electrolyte. All too frequently, design
ers are unaware of or overlook the fact 
that stray electrical currents may pass 
through the prestressing steel, produc
ing a potential difference between the 
concrete and steel and leading to cor
rosion of the steel by the creation of 
electrochemical corrosion cells. 17 

Structures particularly vulnerable to 
this type of attack are those associated 
with electrified rail or tramway sys
tems; those that may be fully or par
tially embedded in the ground such as 
bridge pier footings and piles; power 
generating or transmission plants; 
chemical plants or other manufactur
ing facilities where large amounts of 
electrically conducting liquids are 
handled; structures in which there is a 
very large amount of welding such as 
nuclear vessels; and sea structures in 
which concrete and steel act compos
itely, with the sea water acting as the 
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electrolyte. Examples of the latter are 
offshore platforms, bulkheads, docks 
and floating bridges. 

High tensile prestressing steel is 
more sensitive to stray currents than 
normal steel. It requires certain pre
cautions in those structures that are 
exposed to the potential of this type of 
corrosion. Appropriate measures to 
electrically insulate the structure 
should be considered in design. 
Schrier18 provides a general introduc
tion to stray current corrosion and an 
FIP report19 discusses the influence of 
stray electrical currents on the durabil
ity of prestressed concrete structures. 

Alternating current electricity is 
much less likely to cause severe corro
sion, unless it is of low frequency 
(approximately 17 Hz). 

Corrosion Fatigue 

Corrosion fatigue , although not a 
form of corrosion per se, is the reduc
tion in fatigue resistance resulting 
from the presence of a corrosive 
medium. Fatigue stress, when accom
panied by corrosion, will normally 
cause a more rapid failure than static 
stress of the same magnitude. This 
type of failure is not related to any 
special combinations of aggressive ion 
and metal, and it occurs in most aque
ous media. The mechanism appears to 
be related to the exposure of oxide
free, cold-worked metal that becomes 
anodic and corrodes, transgranular 
cracks gradually developing under the 
cyclic stressing. 10 

EXAMPLES OF 
CORROSION DAMAGE 

An example of corrosion damage of 
prestressing steel in pretensioned !
girders of a bridge is shown in Fig. 8. 
A failure of a parking garage as a re
sult of corrosion of post-tensioning 
tendons in the floor slab is illustrated 
in Fig. 9. Both failures occurred in the 
United States. 

The Azergues River Bridge in 
France was constructed in 1962. It 
consisted of post-tensioned concrete 
girders. 20 During an inspection of the 
bridge conducted in 1972, consider
able cracking of the girders was dis
covered, the number of which in
creased with time. A detailed investi-
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Fig. 8. Corroding pretensioned !-girders. 

Fig. 9. Parking garage failure resulting from corroded tendons (Courtesy of Florida 
Wire and Cable Company). 

Fig. 10. Collapsed Ynys-y-Gwas Bridge (from Ref. 1 ). 
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Fig. 11 . Cross section of Ynys-y-Gwas Bridge (from Ref. 1 ). 

gation of 144 tendons indicated 16 
fully grouted tendons, 38 partially 
grouted tendons, 80 ungrouted tendons 
and l 0 tendons that were neither 
stressed nor grouted. This obviously 
indicates that good workmanship is 
not always attainable. It was, there
fore, of no great surprise that con
siderable corrosion - including pre
stressing steel failure- was ob-

Fig. 12. Collapsed Ynys-y-Gwas Bridge. 
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served, primarily resulting from chlo
ride penetration. The superstructure 
was replaced. 

On December 4, 1985, the Ynys-y
Gwas Bridge in Great Britain col 
lapsed without warning (Fig. 10).' 
This was a 60ft (18.3 m) simply sup
ported segmental bridge constructed in 
1953. As shown in cross section in 
Fig. 11, the bridge consisted of nine 

Flexible footway 
construction 

internal !-girders, each consisting of 
eight precast segmental sections, with 
a transverse diaphragm at one end of 
each segment. The box-section fascia 
girders were of similar segmental con
struction. The bridge was post-ten
sioned longitudinally and transversely. 
All joints of this precast segmental 
bridge were l in. (25 mm) cement 
mortar joints . Over the years, chlo
rides penetrated through the mortar 
and reached the tendons. The bridge 
had been inspected 10 times, with the 
last inspection in June 1985. None of 
these inspections revealed any warn
ing signs of distress. 

No traffic was on the bridge at the 
time of collapse. All nine internal gird
ers collapsed, but the box girder fascia 
beams remained in place (Fig. 12) . 
Corroded lengths of wire from poorly 
grouted transverse tendons are illus
trated in Fig. 13. Fig. 14 shows a trans
verse tendon crossing a longitudinal 
joint, with corrosion localized at the 
joint. 

When the structure was inspected 
six months prior to collapse, no exter
nal evidence of corrosion was found. 
The collapse of this bridge suggests 
that monitoring structural deforma
tions during inspections may detect 
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tendon failures at an early stage prior 
to sudden collapse.2

' 

Other examples are a corrosion fail
ure of a ground anchorage (see Fig. 15) 
and a strand from a cable stay fatigue 
specimen (see Fig. 16). In the latter 
case, premature failure occurred in fa
tigue acceptance testing. The source of 
corrosion was attributed to an additive 
in the grout. The shiny spot to the 
right of the break in Fig. 16 is evi
dence of fretting, where the helical 
spacer strand was in contact with the 
longitudinal strand. In Fig. 17, corro
sion of a cable stay is occurring prior 
to encapsulation by grout. The tempo
rary anti-corrosion system (prior to 
grouting) had been depleted as a result 
of extensive delays in construction. 

CORROSION 
PROTECTION 

SYSTEMS 
A number of techniques and materi

als are now in use or are being consid
ered for corrosion mitigation of pre
tensioned and post-tensioned steel 
(bonded and unbonded), ducts, an
chorage hardware and cable stays for 
bridges. Generally, techniques for im
proved corrosion mitigation may be 
divided into two broad categories: 
those that enhance concrete durability 
and/or improve its properties, and 
those that provide direct corrosion 
protection to the steel. 

In the first category, the trend had 
been toward increasing concrete 
cover, decreasing the water-cement 
ratio and limiting chlorides in admix
tures. Techniques used to improve the 
properties of the concrete or grout are 
the inclusion of corrosion inhibitors 
(such as calcium nitrite), permeability 
reducers (such as silica fume) and or
ganic sealers or membranes. 

Included in the second category are 
such techniques as epoxy-coated steel 
ducts and polyethylene ducts, epoxy
coated prestressing strand and post
tensioned anchorage hardware, heat
shrink tubing for duct joint seals and 
an electrically isolated mono-strand 
system.8 The sections that follow dis
cuss those methods and techniques 
being used or considered for the direct 
protection of the prestressing steel and 
associated hardware. 
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Fig. 13. Corroded wire from poorly grouted transverse duct (from Ref. 1 ). 

• 

·c.-
Fig. 14. Transverse tendon crossing a longitudinal joint (from Ref. 1 ). 

Fig. 15. Corrosion failure of a ground anchorage (Courtesy of Peter Matt). 
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Fig. 16. Corrosion of cable stay strand. 

Fig. 17. Corrosion of a cable stay prior to encapsulation by grout. 

DUCTS 
In bonded post-tensioned systems, 

the duct performs the function of 
forming a void in the concrete for the 
insertion of the prestressing steel, 
which is subsequently stressed. To 
serve this purpose, the duct should 
have the following characteristics:• 
• Impervious to the intrusion of mor

tar during placement of the concrete. 
• Sufficient strength to prevent crush

ing, puncture or other damage dur
ing installation of the duct or place
ment of the concrete. 

• Sufficient abrasion resistance and 
stiffness to prevent the prestressing 
steel from cutting or crushing the 
duct wall during tensioning. 
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• Adequate chemical stability to avoid 
destructive reactions with the ce
ment, grout or prestressing steel. 

• Ability to transfer bond between the 
grout and the surrounding concrete. 
Current practice for bonded post

tensioned tendons typically utilize cor
rugated ferrous-metal ducts to provide 
corrosion protection. Generally, the 
metal duct is also required, at least in 
the United States, to be galvanized to 
enhance corrosion resistance. Galva
nized strip-steel ducts are applied in 
some countries while in others they 
are not permitted. The concern is that 
corrosion of the zinc coating during 
hardening of the cementitious grout 
could polarize the bare prestressing 

steel cathodically . Hydrogen could 
then develop and jeopardize prestress
ing steels that are susceptible to hy
drogen embrittlement. 

In recent years, attempts have been 
made to increase the corrosion protec
tion afforded to post-tensioning steel 
in harsh environments or critical areas 
on monolithic segments of segmental 
bridges. This has led to an additional 
requirement of corrosion resistance of 
the duct itself. If the ducts are , in 
themselves, non-corrosive and imper
vious to chloride ions and water, then 
this is an effective way of protecting 
the prestressing steel. 

Epoxy-coated metal ducts, spirally 
corrugated and hoop-corrugated poly
ethylene ducts have relatively recently 
been introduced in an effort to provide 
additional corrosion protection. Re
cent research" evaluating the corrosion 
protection effectiveness of duct speci
mens compared the following vari
ables: bare steel duct, galvanized steel 
duct, fusion-bonded epoxy-coated 
steel duct and polyethylene duct; nor
mal cementitious grout, cementitious 
grout modified with a calcium nitrite 
corrosion inhibiting additive and ce
mentitious grout modified with a con
densed silica fume additive; and duct 
joints sealed with either normal duct 
tape or heat-shrink plastic tubing. 

Test specimens consisted of bare, un
stressed strand grouted in 2 in. (51 mm) 
diameter ducts of 10 ft (3 m) length 
with a duct joint at midlength. Test
ing consisted of submerging the 5 ft 
( 1.5 m) central portion of the duct 
specimens in a 15 percent (by weight) 
solution of sodium chloride in water 
for 31/2 days, then air drying at 100 
+/-10°F (37.8 +/-3.8°C) for 3'h days. 
The test procedure was followed for 
304 days. 

This represents an extraordinarily 
severe corrosion test, as the duct spec
imens were not encased in a concrete 
cover. At the conclusion of the tests, 
grout samples were obtained from the 
joint regions and near the edge of the 
test regions for chloride ion content 
determination. The results are pre
sented in Table 1. • 

These results indicate that, except 
for the duct joint region, the polyethy
lene duct was impermeable to chlo
rides. Although the epoxy-coated duct 
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allowed some penetration in this se
vere test, the value is only about one
fifth of the assumed corrosion thresh
old of 0.15 percent. Galvanized ducts 
were found to be more than twice as 
effective as bare steel duct. They are 
about 1ho as effective as the epoxy
coated ducts, but still allow a penetra
tion in excess of the assumed thresh
old value. Unexpectedly, the chloride 
penetration values for the calcium ni
trite-modified grout exceed those of 
the normal cementitious grout for both 
the bare and galvanized steel ducts. 
Silica fume grout, on the other hand, 
had chloride content values of about 
one-fifth those for normal grout.8 

Electrostatically applied epoxy is 
suitable only for bare metal, not galva
nized ducts . Further, only rigid ducts 
should be epoxy-coated as the epoxy 
cannot bridge the spiral seam in a cor
rugated duct when it is flexed. Epoxy
coated duct has been used only on one 
project in the United States; there has 
been a definite trend toward the use of 
polyethylene ducts for severe exp.o
sure conditions. 

A major concern in the use of plas
tic ducts is the ability of the duct to 
transfer stresses to the concrete by 
bond. In several early projects utiliz
ing corrugated polyethylene ducts, 
project specifications required the duct 
to withstand a pull-out load equal to 
40 percent of the guaranteed ultimate 
tensile strength (GUTS) of the en
closed prestressing steel. The embed
ment length of the duct during these 
tests was equal to the development 
length of the prestressing strand. 

Failure at the grout-duct or the duct
concrete interface before reaching the 
proof load constituted failure of the 
test. The basis for the 40 percent crite
rion is unknown (at least to the au
thor) . It is assumed to be associated 
with a minimum effective prestress 
force at the time of grouting equal to 
60 percent of GUTS. These pull-out 
tests were successfully attained with 
the prestressing steel pulling out of 
the grout rather than bond failure of 
the ducts. 

Spirally corrugated and hoop-corru
gated polyethylene ducts have been 
introduced into the marketplace. A 
concern has been expressed regarding 
the use of a hoop-corrugated duct (as 
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Table 1. Chloride analysis of grout from post-tensioning duct specimens (from Ref. 8). 

I 
Acid-soluble chloride ion content 

Duct specimen parameters 
I 

percent by weight of grout 

Duct (I) Grout (2) Joint (3) Average at joint Average at 1/4 point 

p c T 0.187 

0.006 
p c s 0.037 

E c T 0.331 
0.027 

E c s 0.017 
I 

B 
I 

c T 0.491 
2.536 

B c s 0.009 

B N T 0.417 I 
2.951 

B N s 0.053 

B s T 0.208 
0.525 

B s s 0.032 
I 

G c T 0.123 

I I 

0.925 
G c s 0.008 

G N T 
I 

0.159 I 
1.877 

G N s 0.012 

G s T 0.149 
0.203 

G s s 0.038 

Notes: ( I) P =Polyethylene (2) C = Normal cementitious (3) T = Duct tape 
E =Epoxy-coated steel 
B = Bare steel 

N = Calcium nitrite modified 
S = Silica fume modified 

S = Heat-shrink tubing 

G = Galvanized steel 

opposed to a spirally corrugated duct) 
with regard to a non-smooth flow of 
grout that may lead to entrapment of 
air in the corrugations and grout 
voids. However, recent tests22

·
23 indi

cate that, at least for a particular con
figuration of hoop corrugation, no 
problems were encountered with 
grouting, entrapped air or grout voids. 
If there is any question regarding the 
performance of the grouting proce
dure with respect to a specific corru
gation configuration, it is suggested 
that a confirmation test be conducted 
and autopsied to determine if the cor
rugations are completely filled with 
grout or if grouting procedures require 
modification. 

Recent research22
·
23 conducted at the 

Institute of Structural Engineering of 
the Swiss Federal Institute of Technol
ogy at ZUrich on the fatigue of post
tensioned concrete beams led to fur-

ther investigation of fretting fatigue in 
partially prestressed concrete beams. 
Tests indicated that when convention
ally corrugated steel ducts are used, 
zones of friction develop between the 
ribs of the duct and the prestressing 
steel, which produces an early occur
rence of fretting fatigue at the surface 
of the prestressing steel. There is also 
the possibility of fretting corrosion to 
exacerbate the problem. 

For this reason, a polyethylene duct 
with a new corrugation profile was in
vestigated (see Fig. 18). In regions of 
tendon curvature, conventional corru
gation can develop large stress con
centrations. The newly developed pro
file distributes the duct material to 
produce a more uniform distribution 
(see Fig. 19). 

An additional concern with the use 
of polyethylene ducts involves the 
abrasion resistance of the material. 
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Fig . 18. Comparison of conventional metal duct and new polyethylene duct 
(Courtesy of VSL International, Inc.). 

The primary purpose in using 
polyethylene ducts instead of metal 
ducts is to prevent chlorides and mois
ture from reaching the prestressing 
steel. However, should the duct be 
abraded and a hole develop during 
threading or tensioning the prestress
ing steel, the purpose is defeated. 

Wall thickness is one of the most 
important parameters of polyethylene 
ducts. The relationship between lateral 
pressure and penetration depth, giving 
the total force, Q, on a polyethylene 
sample of 1 in. (25 mm) contact length 
between strand and the polyethylene, 
is shown in Fig. 20. The relationship 

CONVENTIONAL 
STEEL DUCT 

..,. F 

PRESTRESSING 
STEEL 

HOPE DUCT 

-. F 

PRESTRESSING 
STEEL 

Fig. 19. Distribution of lateral pressure in ducts. 
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of the number of 0.6 in. (15 mm) di
ameter strands, n, to the radius of cur
vature, abrasion and wall thickness is 
shown in Fig. 21. It can be seen that 
the wall thickness increases with ten
don size and curvature. Dimensions of 
this newly developed polyethylene 
duct are presented in Table 2. 

Duct Joints 

In the corrosion tests reported in 
Ref. 8, in half of the test specimens, 
the midlength duct joints were sealed 
with standard duct tape. In the other 
half, they were sealed with a heat
shrinkable tubing developed for insu
lating and sealing electrical connec
tions. When heated, the tubing shrinks 
and the thermoplastic adhesive-sealant 
internal coating melts and flows to 
provide a moisture seal. The data pre
sented in Table 18 indicate the superi
ority of the heat-shrink tubing in com
parison to the duct tape in these tests. 

Separate field installation tests 24 

were conducted on a bridge under 
construction to determine the imple
mentability of heat-shrink materials 
for sealing joints of post-tensioned 
ducts. Two products were tested , 
sleeves and a wrap tape, and two 
methods of applying heat were used, a 
propane torch and a heat gun. Citing 
the need to quickly heat the material , 
the manufacturer recommended using 
a torch. 

During the comparative tests, the 
extreme care required in applying the 
flame while avoiding damage to the 
polyethylene duct obviated the slight 
time saving. The sleeves showed a 
marked advantage over the tape wrap 
and could provide a watertight posi
tive seal on round ducts. The sleeve 
seal appears to be Jess effective on flat 
duct couplers and a complete failure 
on the coupling to the polyethylene 
trumpets cou ld occur. This may, in 
part, be due to the thinner material in 
the coupler, the relatively loose fit-up 
of the coupler to the trumpet, and the 
geometry of the flat couplers. A joint 
made with conventional duct tape pro
vided a clearly superior joint in this 
application. 

All tests were done under optimum 
conditions- unrestricted access, warm 
ambient temperatures, no wind and no 
time constraints - all conditions un-
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likely to be found on the construction 
site. Since proper installation is some
what operator-sensitive, the positive 
seal that can be made, at least on the 
round duct, may not be achieved 100 
percent of the time and cannot be veri
fied by inspection. A satisfactory con
nection to the polyethylene trumpet 
was not made even under these opti
mum conditions. It is apparent that, al
though heat-shrink joints performed 
well in laboratory testing and hold 
considerable promise, substantial de
velopment work has to be accom
plished for implementation to actual 
construction conditions. 

CEMENTITIOUS 
GROUT 

Grouting with a properly injected, 
good quality cement grout is the most 
widely used and one of the most reli
able methods of providing corrosion 
protection for post-tensioning steels in 
low to moderate severity exposure en
vironments. The two primary purposes 
a grout must fulfill in post-tensioned 
members are to inhibit corrosion by 
encapsulation of the steel in an alka
line environment and to have the abil
ity to transfer bond stresses between 
the prestressing steel and duct enclos
ing the grout. 

In addition, an effective grout must 
possess the following characteristics: 
• Low permeability and high resistivity 
• Adequate fluidity to allow pumping 

and filling of the duct void 
• Minimum or no shrinkage in the 

plastic or hardened state and not 
suffer shrinkage cracking after hy
dration of the cement 

• Little or no segregation 
A grout must have other desirable 

characteristics that relate to grouting 
installation procedures. Recommenda
tions for the grouting of tendons are 
published elsewhere25

-
27 and are not 

discussed here. 
The most serious problem with ce

mentitious grouted post-tensioned 
tendons results from improper grout
ing techniques, which can lead to ai r 
voids at various locations along the 
te ndon length (see Figs . 22 and 
23). 1 

.. 
28

·
29 These voids will permit an 

oxygen gradient to develop, leading to 
corrosion. 
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Fig. 20. Relationship between lateral pressure and penetration depth (Courtesy of 
VSL International , Inc.). 
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Table 2. Dimensions of polyethylene ducts PT-PLUS™ 
(Courtesy of VSL International , Inc.). 

Strand type 
13 mm (0.5 in.) 

Tendon unit 

5-12 

5-19 

5-3 1 

r---

-+---

'---

Strand type 
15 mm (0.6 in.) 

Tendon unit d 

6-7 59 (2.33) 

6- 12 76 (3.00) 

6-1 9/6-22 100 (3.94) 

~ r11 1 r--+--
~j..) 

/ 

- -

Dimensions of duct 
mm (in.) 

D s 

73 (2.87) 2 (0.08) 

9 1 (3.58) 2.5 (0.01 ) 

11 6 (4.57) 3 (0. 12) 

Ill 

.. D 

~ 

- -

1--

Anchorage plug 
shrinks and becomes 
loose. 

Bleed void, unprotected 
prestressing steel. 

Top Bleed 

Section A-A 

Fig. 22. Poor details leading to corrosion in bonded tendons (from Ref. 28) . 
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Grouting may be complemented by 
a subsequent regrouting where entrap
ment of water is expected.25 Regrout
ing should commence no sooner than 
10 minutes and no later than 20 min
utes after grouting, depending on set
ting time and ambient temperature. 
Regrouting to displace water can be 
achieved by using an inlet and outlet 
near the locations where accumula
tions of bleed water are anticipated. 
Such locations may be at anchorages, 
couplers , high points of vertically 
curved tendons and at top anchorages 
of vertical tendons. 

If tendons consist of strands, pres
sure grouting may be applied. When 
the duct has been filled with grout, the 
grouting should be continued by grad
ually increasing the pressure to a 
maximum of not greater than 145 psi 
(1 MPa) . The anchorages should be 
sealed in such a manner that the ends 
of the strands protrude from the an
chorages to provide a drainage con
duit in the form of the interstices be
tween the ind ividual wires of the 
strand. 

Section 8-B 

Bleed void, 
no corrosion. 

Bleed void, 
potential 
corrosion. 
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When the grout in the ducts has 
taken an initial or permanent set (stiff
ened), and control procedures at inlets 
and outlets indicate that water pockets 
or air voids have formed, post grout
ing should be carried out. Voids 
should be filled with freshly mixed 
grout by simple topping up. Vacuum 
grouting may be required in cases with 
unacceptably large voids.30 

ALTERNATIVES TO 
CEMENTITIOUS GROUT 
Rather recently , various materials 

have been used as alternatives to in
jected cementitious grout for cable 
stay and external post-tensioned ten
don applications. 

Polymer Cement Grout 

A polymer cement grout has been 
used in Japan to achieve a crack-resis
tant grout under design load. The in
jection method is the same as that used 
for normal cement grout. Advantages 
are that it is 20 times more ductile in 
elongation than normal cement grout, 
and no special techniques or equip
ment are required for grouting. Disad
vantages are that it is relatively expen
sive, and the viscosity and hardening 
are temperature dependent. 3

' 

Polybutadiene Polyurethane 

A polybutadiene polyurethane has 
also been used in Japan to produce a 
crack-free grout. It is a two-compo
nent material of polybutadiene 
polyurethane polyol and isocyanate 
hardener. The two liquids can be pre
mixed in batches or pumped through 
separate hoses at a rate producing the 
specified mixing proportions and 
mixed at the grouting inlet port. 

This material has a very low viscos
ity and easily penetrates into the small 
voids between the wires. When hard
ened, it is very flexible and has a very 
high ultimate elongation. Specific 
gravity is one -half that of cement 
grout. No water is used during the in
jection process and, therefore, there is 
no concern for corrosion. Disadvan
tages are that it is relatively expensive 
in material and execution costs, deli
cate to handle, highly temperature de
pendent and flarnmable.3

' 
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~~~'7.~~~~~~4--grouting funnel 

~ ..... ~~~~t--lack of grouting 

Fig. 23. Grout voids (from Ref. 29). 

Petroleum Wax 

Another alternative to cement grout 
is petroleum wax enriched with corro
sion inhibiting additives. The wax is a 
homogeneous material with a micro
crystal structure that is reportedly32 re
versible at any temperature, stable in 

grouting funnel 

wire wrapping 
Jl!ti~~+--around the grouting 

funnel 

time and easily injected. It does not 
passivate the prestressing steel as ce
mentitious grout; however, it cannot 
be cracked or sheared, and its viscos
ity at ambient temperature, its tremen
dous adhesive strength and hydropho
bicity make it an effective moisture 
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screen, which considerably limits the 
risk of corrosion. The wax has a lesser 
density than cement grout, of approxi
mately 0.90. At its injection tempera
ture of 176°F (80°C), the wax is in a 
totally liquid state, which, under low 
pressure, provides excellent filling of 
the space between the wires.32 

However, research conducted for 
the Kemijoki River Bridge at the Arc
tic Circle in Rovaniemi, Finland, 
yielded some surprising results. 33 This 
research indicated a general unsuit
ability of "wax-like" injected materi
als. The term "wax-like" refers to ma
terials that must be heated and melted 
for injection and which solidify upon 
cooling. As a general rule, these mate
rials have a melting temperature vary
ing between 140 to 1 85 °F (60 to 
85°C). 

During the cooling process the ma
terial shrinks, and upon reaching the 
solidification point, and lower temper
atures, the shrinkage is restrained. In
ternal stresses, bond stresses with re
spect to the strand and other compo
nents, and possible cavities can occur. 
A further complication is that solidifi
cation is not uniform through the 
thickness - the surfaces tend to solid
ify first with respect to the interior. At 
or near the solidification point, the 
material can accept these stresses. At a 
further lowering of the temperature, 
the stresses developed cannot be ac
commodated and cracks develop at the 
surfaces to be protected. Once cracks 
and cavities develop, the stresses are 
relieved. The process is not reversible; 
the corrosion protection is lost. 

A cold injected soft material has 
been developed that also shrinks, but 
it is capable of remaining adhered to 
the surrounding surfaces, with cavities 
occurring in the interior of the mate
rial that are self-healing upon return
ing to a normal ambient temperature; 
that is, the process is reversible . The 
substance is reported33 to be thixotropic, 
to have an approximately constant vis
cosity over a wide temperature range 
and remain pumpable down to a tem
perature of 0°F (-l8°C). Tests of com
plete anchorage specimens were con
ducted with a temperature range from 
-58 to+ 122°F (-50 to +50°C). 

Waxes should be carefully evalu
ated before being used. 
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SHEATHED 
STRAND 

SYSTEMS 
Another system 

of corrosion protec
tion uses greased and 
sheathed individual 
unbonded strands, 
the so-called mono
strand tendon illus
trated in Fig. 24. 
The word "greased" 
as used in this con
text is generic. The 
material may be wax, 
grease, epoxy-tar or 
some other appropri
ate material. 

Fig. 24. Mono-strand tendon. 

The corrosion protection of un
bonded tendons relies to a large ex
tent on the prevention of moisture and 
corrosive materials from reaching the 
prestressing steel. Therefore, the 
sheathing must be completely water
tight throughout its length, up to and 
including the anchorages. Various ma
terials have been utilized for the 
sheathing. Thus far, plastics appear to 
be the most suitable.34 The sheathing 
material should have the following 
properties:34

·
35 

• Nonreactive with concrete, pre
stressing steel and the prestressing 
steel corrosion preventative coating 

• Watertight over the entire sheathing 
length 

• Durable and sufficient strength to 
resist damage and abrasion during 
fabrication, shipping, installation, 
concrete placement and tensioning 

• Chemical stability, without embrit
tlement or softenjng over the antici
pated exposure temperature range 
and the service life of the structure 

• Resistant to aging by exposure to ul
traviolet light 

• Low creep properties 
• Sufficient strength to bridge any 

fine cracks that may occur in the 
concrete 
It is recommended that a high den

sity polyethylene or polypropylene be 
used for the sheathing. Both materials 
are tough, durable and nonreactive. 
High density polyethylene is more 
flexible and less liable to embrittle
ment at extremely low temperatures, 
while polypropylene is more stable at 

high temperatures. Both materials 
have high resistance to abrasion and 
creep , although polypropylene is 
slightly superior in these respects. 34 

One method of sheathing consists of 
a longitudinal seamed plastic tube 
which is heat sealed. When this 
method is utilized, it is important to 
ensure that the seams are properly 
made since it is difficult to detect 
burst seams after the tendon is un
coiled. The coils should be of suffi
cient diameter to preclude seam burst
ing when the tendon is being coiled or 
uncoiled. To avoid this potential prob
lem, a seam-free sheathing is to be 
preferred. Extruding the plastic over 
the coated tendon is the most satisfac
tory method of ensuring a continuous, 
seam-free, waterproof tube of uniform 
thickness. 34 

Sheathing thickness of high density 
polyethylene or polypropylene for cor
rosive environments should be a mini
mum of 0.04 in. (1.00 mm). The 
sheathing should have an inside diam
eter of at least 0.01 in. (0.25 mm) 
greater than the maximum diameter of 
the strand to permit the free longitudi
nal movement of the tendon. 35 Loose 
sheaths have excess space (see Fig. 25) 
which will allow ingress of water from 
the time of fabrication to installation 
as well as during service life. 36 

Corrosion protection materials used 
in conjunction with sheathed strand 
systems must ensure protection of the 
prestressing steel throughout the ser
vice life of the structure. These materi
als generally take the form of greases, 
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loose sheath has 
excess space 

grease 

tight sheath 
(usually extruded} 

Fig. 25. Strand sheathing configuration (from Ref. 36). 

bitumastics or waxes. In general, the 
coatings should have the following 
properties:34.35.36 

• Provide corrosion protection to the 
prestressing steel and a barrier to 

Reinforcing bar 
indentation 

Anchorage plug 
shrin~s and becomes 
loose . 

moisture and air. 
• Be chemically stable and nonreac

tive with the prestressing steel, 
the sheathing material and the 
concrete. 

SHEATHED TENDON 

REBAR 

portion exposed 
to concrete 

Fig. 26. Defects in unbonded tendons that lead to corrosion (from Refs. 28 and 36). 
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• Provide lubrication between the pre
stressing steel and the sheathing. 

• Adhere to and be continuous over 
the entire tendon length to be pro
tected and should completely fill the 
sheathing without air pockets. 

• Remain ductile and free from cracks 
and should not become brittle or 
fluid over the anticipated range of 
temperature during fabrication, 
shipping, installation, concreting, 
tensioning and while in service. In 
the absence of specific require
ments, this is usually taken as 0 to 
160°F (-20 to 70°C). 

• Provide a self-healing film and dis
place water. 

• Contain no solvents to leave trapped 
residue that might become a fire 
hazard or react with the sheathing 
material. 
Testing methods, acceptance crite

ria and data for corrosion protection 
greases, waxes, bitumastic and tar 

Tie wire between 
perpendicular tendons 

49 



are given in Refs . 11, 27, 34, 35, and 
38 to 42. 

Actual flaws discovered in un
bonded mono-strand post-tensioning 
tendons are illustrated in Fig. 26.28·36 

Poor bond and nonexpansive mortar 
allows the anchorage plug to shrink 
and become loose. This gives aggres
sive materials and contaminants ac
cess to the anchorage and prestressing 
steel. After the strand extension has 
been cut off, a pressure grease gun 
should be used to fill any holes in the 
anchorage, especially between the 
wedges, with a grease that is compati
ble with that used to protect the strand. 

COVER 
OYER Ell) 
OF STRAND 

TAPE 

PLASTIC CLOSURE BETWEEN 
AIICHORA&E Nl) SHEATH 

The conical hole in the concrete at 
the anchorage should be cleaned and 
coated with a bonding agent to 
achieve proper bonding of the mortar 
plug . The anchorage pocket should 
be filled with a high quality , low 
permeability mortar that bonds to the 
surface of the pocket. If there are any 
indications of poor bond or porosity , 
the mortar should be removed and 
replaced. 36 

Fig. 27. Detail of greased and sheathed strand at anchorage (from Ref. 36). 

Corrosion can be initiated at the 
strand cut-off if inadequate cover is 
provided and/or the mortar quality is 
inadequate and, with time, progress to 
critical parts of the tendon. Recom
mended cover over the end of the 
strand (see Fig. 27) should be 1 in. 
(25 mm) in normal environments and 
2 in. (50 mm) in aggressive environ
ments. The PTI Specifications35 call 

CAP 

for a watertight cap filled with grease 
to enclose the cut end of the strand, at 
both the stressing and dead ends, if the 
environment is corrosive. 

The gap between the end of the 
sheathing and the anchorage (see 
Fig. 26) obviously violates the intent 
of the corrosion protection system of 
"greased" and sheathed strand. During 
stressing, an elongation of the strand 
occurs and the unsheathed strand is 
pulled through the concrete, producing 

CONNECTOR 

L,__-- ANCHOR PLATE 

Fig. 28. Electrically isolated mono-strand tendon. 
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a cylindrical configuration and proba
bly losing some of the grease protec
tion.28 The sheathing should be contin
uous to a positive waterproof connec
tion to the anchor (see Fig. 27). 

A tough sheathing of at least 0.04 
in. (1.00 mm) thickness should be 
used, such that tie wires between par
ticular tendons will not cause local in
dentations in the sheath (Fig. 26). The 
sheaths tend to shear off when the ten
don is tensioned. Sharp angles in the 

SHEATHING 

STRAND 
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Fig. 29. Destranding and coating operation (Courtesy of VSL International, Inc.). 

tendon geometry should be avoided. 
Radial forces developed during ten
sioning can tear or shear the sheathing, 
particularly if the tendon is supported 
by reinforcing steel (see Fig. 26).28

J
5 

An electrically isolated mono-strand 
tendon (EIT) concept is patented in 

the United States and is available from 
several suppliers. Details of the sys
tem are presented in Fig. 28. This sys
tem provides complete electrical isola
tion, preventing electric currents 
which must be present for the corro
sion process, and precludes moisture 

or chloride ion penetration to the steel. 
Workmanship normally provided 

for the end anchorage protection tends 
to be erratic and often of poor quality. 
Sealing of the end anchorage in a non
conductive enclosure provides a posi
tive corrosion protection to a critical 
zone. The EIT concept allows a lesser 
concrete cover, thus, thinner members. 
Cover required is that needed for fire 
protection of the sheathed strand, to 
allow proper concrete placement and 
to ensure that splitting in line with the 
tendon does not occur at anticipated 
stress levels. 

A recent innovation is a double cor
rosion protection sheathed strand sys
tem. The primary difference between 
this and conventionally sheathed 
strands is the additional level of corro
sion protection provided by applying a 
corrosive inhibiting material directly 
to each of the seven individual wires 
of each 0.6 in. ( 15 mm) diameter 
strand and extruding a polyethylene 
jacket over each strand. 

During the application of the corro
sion-inhibiting material, the seven-wire 
strand is put through a destranding op-

ANCHORAGE PROTECTION 
CAP WITH EXPANTION 
VOLUME 

GUIDE PIPE HOPE STAY PIPE 

STRAND OVERLENGTH 
FOR RE-/DESTRESSING 

RING NUT 

HOP£ TRANSITION PIPE 

I 
GREASED AND 
SHEATHED MONOSTRANDS 

BEARING PLATE 
HELICAL PLASTIC SPACER 

NEOPRENE BOOT 

TENSION RING 

CORROSION-INHIBITING GROUT 
PROTECTIVE STRAND SLEEVES 

ANCHORHEAO WITH STAY CABLE WEDGES 
THIXOTROPIC CORROSION PROTECTIVE GEL 

Fig. 30. Mono-strand cable stay system (Courtesy of VSL International, Inc.). 
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eration, a coating operation that covers 
the entire surface of each wire, re
stranding to the original configuration, 
and jacketing the strand with polyethy
lene (see Fig. 29). The corrosion-in
hibiting material is a soft petroleum 
base wax that can be applied at ambi
ent temperature, displaces any mois
ture on the surface, has a melting point 
over 500°F (260°C) and offers superior 
corrosion protection. 

A concern developed over this prod
uct regarding the effect of destranding 
and restranding on load-elongation 
characteristics, and the potential of 
slip of the straight center wire with re
spect to the outer six helical wires. 
Test results indicate that 1 percent 
elongation load, breaking strength and 
modulus of elasticity with this product 
do not appear to be significantly dif
ferent from conventional bare seven
wire prestressing strand. 

The "greased" and sheathed mono
strand system described here, used for 
parking garage and flat slab construc
tion, has been adapted for use in cable 
stays of bridges. The stay consists of a 
parallel bundle of 0.6 in. (15 mm) di
ameter unbonded prestressing strands 
that are individually greased and 
sheathed, enclosed in a high density 
polyethylene pipe and grouted (see 
Fig. 30). This transfer of technology 
could include multi-strand post
tensioning tendons. 

DIRECT COATING OF 
PRESTRESSING STEEL 
In the search for corrosion protec

tion methods and materials, considera
tion has been given to coatings applied 
directly to the prestressing steel. This 
approach has the advantage of provid
ing the protection directly to the com
ponent most vulnerable to corrosion, 
as opposed to an indirect method such 
as provided by a concrete sealer, con
crete cover or coating a duct. How
ever, the coating must have the strain 
compatibility to withstand the elonga
tion of the prestressing steel during 
tensioning without cracking. 

Zinc Coating 

Zinc is a well known, common and 
relatively inexpensive coating material 
for iron and steel; thus, it is an obvious 
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material to consider for the coating of 
prestressing steels. Zinc coating or gal
vanizing has the additional advantage 
that it is not easily damaged in han
dling and installation. However, it is a 
sacrificial coating; it is consumable 
with time in a corrosive environment. 

The galvanizing process affects the 
mechanical properties of prestressing 
steel. Ultimate strength is reduced and 
the ultimate elongation and long-term 
relaxation are increased.43 In addition, 
fatigue resistance may be reduced by 
as much as 20 percent.44 With some 
steel formulations, ductility may also 
be affected. 

The zinc coating may also react 
with some cements, releasing hydro
gen gas. This reaction is apparently 
dependent upon the cement alkalies 
and the composition of the galvanized 
coating. The released hydrogen pro
duces an increased porosity at the steel 
interface, reducing bond strength. 
Poor bond may also result if the galva
nized strand is not kept free of zinc 
carbonate (so-called "white rust") 
prior to embedment in the concrete. 

Variable results have been reported 
regarding the bond strength of galva
nized steel with respect to bare steel. 
Some researchers report an increase in 
bond for galvanized strand while oth
ers report a significant reduction, indi
cating that there may be other parame
ters to be considered. There is also a 
concern for the possibility of hydrogen 
embrittlement; however, there is no 
evidence to support this suspicion. 

Epoxy-Coated Prestressing 
Strand and Anchorages 

In recent years, research has focused 
on the use of epoxies to coat prestress
ing strand. One manufacturer produces 
an epoxy-coated, low-relaxation, 
seven-wire, 270 ksi (1860 MPa) pre
stressing strand.45 Coated strand of all 
sizes from 3/s to 0.6 in. (9.5 to 15 mm) 
diameter are available on a production 
basis. Coating thickness over the 
crowns of the outside wires of a strand 
have a thickness of 30 +/- 5 mils (0.76 
+/- 0.13 mm). In the valleys between 
the outside wires, the coating is 
thicker. 

There is no coating on the center 
wire or on the inside surfaces of the 
outer wires; however, since the coat-

ing is virtually holiday-free, this is not 
considered a problem as long as the 
end of the strand is properly sealed. 
Sealing the cut end of the strand is re
quired to prevent moisture and corro
sive agents from entering the strand 
and traveling into the strand by capil
lary action in the interstices between 
the wires. 

To avoid compromising the effec
tiveness of the system, attention must 
be paid to anchorage details. Special 
wedges are required that bite through 
the epoxy coating thickness and grip 
the prestressing steel strands. 

Recently, after fatigue tests, failures 
induced by fretting corrosion on the 
uncoated inner surfaces of the strand 
were observed. This led to the develop
ment of a strand where the interstices 
are filled with epoxy resin during ap
plication of the exterior coating.46 

Two grades of epoxy-coated strand 
are available, namely, a smooth coated 
grade and a bond-controlled grade. 
The smooth coated grade has poor 
bond characteristics and is intended 
for use with end anchors, as an un
bonded tendon. When encased in con
crete, the strand is not easily pulled 
out, but it does not develop sufficient 
resistance to provide any appreciable 
bond. The bond-controlled grade is 
identical to the smooth grade except 
that particles of grit are embedded in 
the surface of the epoxy to provide 
bond with concrete. 

Extensive testing has been con
ducted on this product. The standard 
tests of ultimate strength, yield 
strength, percent elongation and other 
properties are identical to those of cor
responding uncoated strand. It has 
successfully been tested for chloride 
ion permeability (FHW A-RD-74-18), 
impact resistance (ASTM G 14 ), resis
tance to applied voltage (ASTM G8), 
salt spray (ASTM B 117) with no visi
ble indication of corrosion after 3000 
hours, sand abrasion (ASTM 0968), 
cathodic disbonding (ASTM G8) and 
chemical resistance (ASTM 020). 

However, bond slip occurs some
where in the temperature range of 150 
to 200°F (65 to 93°C). This means that 
this product should not be used in a 
pretensioned or bonded post-tensioned 
application where fire protection is 
required. It could be used in an un-
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bonded post-tensioned application, 
where loss of bond capability would 
not endanger the member or structure. 
This also has implications for steam 
curing applications of precast concrete 
members. However, additional re
search is being conducted to establish 
more definitive values. 

The epoxy-coating process has an 
effect on the relaxation properties of 
low-relaxation strand. Epoxy-coated 
low-relaxation strand meets all the 
other properties of low-relaxation 
strand itemized in ASTM A416. Pure 
relaxation values (as used in pre
stressed concrete applications) for 
epoxy-coated strand (at a stress level 
of 0.7 GUTS) are increased by a factor 
of 2.0 for 0.5 in. (12.7 mm) diameter 
strand and 2.5 for 0.6 in. (15.24 mm) 
diameter strand. 

In the application for cable stays, 
the phenomenon is not relaxation, but 
creep of the strands (at a stress level 
of approximately 0.4 GUTS). It is 
suggested that, for design purposes, 
creep (elongation) in the strand 
should be assumed at 0.025 percent 
for the life of the structure, based on 
the dead load stress level, at least until 
such time as test data are available. 

The epoxy-coating technique has 
also gained popularity for corrosion 
protection of post-tensioning anchor
age hardware. Coated single and 
multi-strand anchorages are now 
being employed in the construction 
and rehabilitation of a number of 
bridges and parking garages. Coating 
requirements are the same as that re
quired for conventional reinforcing 
steel (ASTM A 775 or AASHTO 
M284). Epoxy-coating of the basic 
strand should be in accordance with 
ASTMA882. 

Ceramics 

Recent technology in the automo
tive industry for parking brake cables 
shows promise for a technology trans
fer to prestressing tendons. 47 The 
minimum ultimate tensile strength of 
the 1/s in. (3.18 mm) diameter 19-wire 
strand is 235 to 260 ksi (1620 to 1793 
MPa), and the strand is not a low-re
laxation grade. In harsh environments, 
the brake cable eventually undergoes 
stress corrosion cracking due to the 
combined action of tensile stress and a 
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corrosive environment.48 Evolving re
quirements for automobiles expect 
component life to be 100,000 miles 
( 160,000 km) in an extremely harsh 
environment. 49 

The mechanisms of failure are typi
cally due to crevice corrosion, elec
trolytic corrosion (parking brake ca
bles are frequently used for grounding 
the rear axles) and the effect of sul
fate-reducing bacteria from soil 
splashed onto the cables.'9 One re
ported solution to these conditions is 
the development of a corrosion control 
system, using a combination of up
graded thermoplastic polyester jacket 
and new type of ceramic sub-coat ma
terial based on silicate technology, 
which effectively isolates the wire 
from the environment and excludes 
chloride-laden water. 

During the stranding process, indi
vidual galvanized wire is coated with 
an organic-based alkyl silicate-zinc 
mixture:• An applicator die located in 
front of the closing die provides for 
the complete coating of each wire. The 
organic solvent of the coating evapo
rates and the alkyl silicate-ester will 
hydrolyze and polymerize upon expo
sure to air to form an inorganic silicate 
film on the wire.48 After the coating 
film is cured, the 19-wire strand cable 
is over-coated with an extruded co
polyester or other suitable plastic 
jacket. 

This new patented corrosion protec
tion system was reported by the manu
facturer to resist cracking and failure 
for a period of time extending over 
100,000 miles (160,000 km) in the life 
of the automobile. The level of corro
sion resistance can be adjusted by 
changing the viscosity of the solution 
applied to the wire:• 

The corrosion resistance of the 
strand was tested in accordance with 
ASTM B 17, Salt Spray. The corrosion 
protection level can extend to 2000 
hours in this test, which is equivalent 
to 18 to 20 years of automobile life. 
The manufacturer states that the mini
mum bend radius of the cable without 
cracking the coating is 6 in. (152 mm). 
As long as the cable is operating 
within this limit, the stress level for 
the coating does not exceed its frac
ture point. 

The adaptation of ceramic coatings 

to bridge stays is being investigated. 
Bridge stays are similar to brake ca
bles in that the same environmental 
exposure to chloride ions and other 
chemical attack is present. The current 
designs, validated by years of service 
and millions of feet of production, ap
pear to be readily adaptable to the 
bridge stay environment. 

The prestressed concrete environ
ment presents a new challenge. Some 
of the proprietary ceramic coatings 
will react with the alkalies in the con
crete or grout. New formulations have 
been developed to provide similar cor
rosion protection while reducing the 
reactivity to the alkaline substrate. The 
coatings for the prestressed market
place will feature the ceramic coating 
encapsulating each wire, with an addi
tional polymeric jacket to protect the 
ceramic during handling and installa
tion. The polymeric coating is de
signed to dissolve in the uncured con
crete and provide intimate contact be
tween the cured concrete and the 
ceramic coating. 

NON-METALLIC 
TENDONS 

During the last decade, an intensive 
research effort has been undertaken in 
Germany and Japan on the feasibility 
of using fiber reinforced plastic (FRP) 
tendons in prestressed concrete struc
tures. The emphasis in Europe has 
been to use glass fiber products 
whereas in Japan considerable work 
has been done on carbon based materi
als. Several prototype prestressed con
crete bridges have already been built 
using FRP tendons in Europe and 
Japan, and their structural behavior 
and durability are currently being 
closely monitored. One major advan
tage of FRP materials is that they pos
sess excellent corrosion resistance 
characteristics. However, before these 
materials can be used in large scale 
applications, much more research 
needs to be conducted. Also, the rela
tively high cost of using FRP tendons 
needs to be justified. 

A detailed discussion of FRP mate
rials is beyond the scope of this paper. 
Nevertheless, for more information on 
this new emerging technology, readers 
should consult Refs. 50 to 52. 
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CONCLUDING 
REMARKS 

As a result of technological ad
vancements and economic advantages, 
prestressed concrete construction has 
been increasingly utilized for large, 
major structures in recent years. At the 
same time, there has been an increased 
awareness and concern among engi
neers with regard to the potential for 
corrosion of prestressing steel sub
jected to harsh environments. 

The consequences of corrosion of 
prestressing steel in structures under 
moderate to severe exposure condi
tions, in terms of structural failure, 
safety and economic impact, are so 
potentially severe that prevention 
measures beyond current common 
practice are being sought and consid
ered. New and improved corrosion 
protection systems have evolved in re
cent years as a result of research and 
innovation and will continue to do so. 
Only time will determine which sys
tems will withstand the comparative 
tests of effectiveness, implementabil
ity and economics. 

The cost of providing an additional 
measure of corrosion protection is 
usually about 1 to 2 percent of the 
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total structure cost. Because of the size 
and economic investment in these 
structures, it is no longer a question of 
whether we can afford to provide in
creased corrosion protection, but 
whether we can afford to not protect 
this investment 

To achieve prestressed concrete 
structures with an improved resistance 
to corrosion, the following determina
tions and decisions need to be made 
during design: 

1. Determination of the severity of 
the environment. Is the structure lo
cated in a saltwater coastal environ
ment? Will it be exposed to deicing 
chemicals? Will it be exposed to in
dustrial pollution and, if so, what kind 
and to what degree? 

2. Based upon the environmental 
considerations, determine a corro
sion protection strategy (preferably, 
in the case of an extreme environ
ment, in consultation with a corro
sion engineer). 

3. In choosing a corrosion protec
tion system, the following should be 
considered: 
• Cost-benefit ratio. 
• A redundant system, such that the 

failure of one component does not 

REFERENCES 

6. Schupack, M., and Suarez, M. G., 
"Some Recent Corrosion Embrittle
men! Failures of Prestressing Systems 
in the United States," PCI JOURNAL, 
V. 27, No. 2, March-April 1982, pp. 
38-55. 

7. Peterson, C. A., "Survey of Parking 
Structure Deterioration and Distress," 
Concrete International , V. I, No. 3, 
March 1980, pp. 53-61. 

8. Perenchio, W . F., Fraczek, J., and 
Pfeifer, D. W. , "NCHRP Report 313: 
Corrosion Protection of Prestressing 
Systems in Concrete Bridges," Trans
portation Research Board, National 
Research Council, Washington, D.C., 
February 1989, 25 pp. 

9. Nurnberger, U., "Analyse und 
Auswertung von Schadensfallen an 
Spannstahlen" (Analysis and Evalua
tion of Damage to Prestressing Steels). 
Forschungs bericht aus dem For
schungsprogramm des Bundesminis
ters fiir Verkehr und der Forschungs
gesellschaft fiir das Strassenwesen 

result in the loss of the total system. 
4. The vulnerability of the chosen 

system to construction operations 
should be understood, such that appro
priate repair methods can be imple
mented in the field. 

ACKNOWLEDGMENTS 
The author is grateful to many indi

viduals and organizations who pro
vided data, information and pho
tographs, and who allowed reproduc
tion of illustrations used in this paper. 
It is impossible to recognize all of 
those who generously responded to 
my inquiries and requests. However, 
special thanks are due to the follow
ing: Dr. David Rogowsky and Dr. 
Hans Rudolf Ganz of VSL Interna
tional, Inc., for information, reports 
and illustrations provided with regard 
to polyethylene duct research and the 
mono-strand cable stay system; to Dr. 
G. P. Tilly, Transportation and Road 
Research Laboratory, Department of 
Transport, United Kingdom, for infor
mation and photographs of the Ynys
y-Gwas Bridge; and, to Mr. Peter Matt 
for information and photographs on 
the Ynys-y-Gwas and Azergues 
Bridge failures. 

e.V., Heft 308, 1980, Bundesminister 
fiir Verkehr, Bonn-Bad Godesberg, 
195 pp. 

10. FIP State-of-the-Art Report: "Corro
sion and Corrosion Protection of Pre
stressed Ground Anchorages," Federa
tion Internationale de Ia Precontrainte, 
London, 1986, 28 pp. 

II. FIP State-of-the-Art Report: "Corro
sion Protection of Prestressing Steels," 
Draft Report, Federation Internationale 
de Ia Precontrainte, London. 

12. Uhlig, H. H. (Editor), Corrosion 
Handbook, John Wiley and Sons, Inc., 
New York, New York, 1948. 

13. Wranglen, G., An Introduction to Cor
rosion and Protection of Metals, Insti
tute fiir Metallskydd, Stockholm 26, in 
German, Korrosion und Korrosionss
chutz, Springer Verlag, Berlin, Heidel
berg, New York, Tokyo, 1985. 

14. Brown, R. P., and Fitzgerald, J. H., "A 
Practical Approach to Counteracting 
Corrosion of Bridge Structures," Pub
lic Works , V. 102. No. 11, November 

PCI JOURNAL 



1971, pp. 63-66. 

15. Novokshchenov, V., "Salt Penetration 
and Corrosion in Prestressed Concrete 
Members," Report No. FHWA-RD-
88-269, Office of Engineering and 
Highway Operations , Research and 
Development, Federal Highway Ad
ministration , Washington, D .C., 
November 1988, p. 212. 

16. Monfore, G. E., and Verbeck, G. J., 
"Corrosion of Prestressed Wire in 
Concrete," AC/ Journal, V. 57, No.5, 
November 1960, pp. 491-515. 

17. Snow, W., "Pronounced Reinforce
ment Corrosion Due to Sea Water or 
Electrolysis," Engineering News
Record, V. 87, No. 13, September 29, 
1921, pp. 528-529. 

18. Schrier, L. L., Corrosion, Newnes
Butterworths, London, 1976. 

19. "The Influence of Stray Electrical Cur
rents on the Durability of Prestressed 
Concrete Structures ," Technical Re
port No. 6 on Prestressing Steels, 
Federation Internationale de Ia Precon
trainte, London, 1980. 

20. Rimboeuf, M., and Salzmann, Ch., 
"Bridge Over the River Azergues," 
IABSE Congress, Vienna, 1980, pp. 
27-31. 

21. Woodward, R. 1., and Wilson, D. L. 
S., "Deformation of Segmental Post
Tensioned Precast Bridges as a Result 
of Corrosion of the Tendons ," Pro
ceedings of the Institution of Civil En
gineers, Part I , V. 90, April 1991, pp. 
397-419. 

22. Oertle, J., Thurlirnann, B., and Esslinger, 
V., "Versuche zur ReibermUdung ein
betonierter Spannkabel ," Institute filr 
Baustatik und Konstruktion, ETH, 
ZUrich, Bericht Nr. 8101-2, October 
1987, 74 pp. 

23. Oertle, J., " ReibermUdung einbe
tonierter Spannkabel," Institute filr 
Baustatik und Konstruktion, ETH, 
ZUrich, Bericht Nr. 166, September 
1988, 213 pp. 

24. Podolny, W., Jr., "Corrosion Protec
tion of Prestressing Steels," V. 2, FIP
Xlth International Congress on Pre
stressed Concrete, Hamburg, June 4-9, 
1990, pp. T57-T61. 

25 . FIP Guide to Good Practice: "Grout
ing of Tendons in Prestressed Con
crete," Federation Intemationale de Ia 
Precontrainte, Thomas Telford Ltd. , 
London, 1990, 10 pp. 

26. PCI Committee on Post-Tensioning, 
"Recommended Practice for Grouting 
of Post-Tensioned Prestressed Con
crete," PCI JOURNAL, V. 17, No. 6, 
November-December 1972, pp. 18-25. 

27 . Post-Tensioning Manual , 4th Edition, 
1985, Post-Tensioning Institute, 

September-October 1992 

Phoenix, Arizona, 406 pp. 
28. Schupack, M., "Protecting Post-Ten

sioning Tendons in Concrete Struc
tures," Civil Engineering, ASCE, V. 52, 
No. 12, December 1982, pp. 43-45. 

29. "Scorpion II is a Modern and Powerful 
System of X-ray Radiography and Ra
dioscopy for the Inspection of Rein
forced or Prestressed Concrete Engi
neering Structures," Laboratoire Re
gional des Ponts-et-Chaussees de 
Blois, February 1986, 4 pp. 

30. Mohr, P., "Inspection of Prestressed 
Concrete Structures," FIP Notes 92, 
Federation Intemationale de Ia Pn!con
trainte, London, June 1981, pp. 7-9. 

31. Committee on Cable-Stayed Bridges, 
"Recommendations for Stay Cable De
sign, Testing and Installation," Post
Tensioning Institute, Phoenix, Ari
zona, February 1990, 37 pp. 

32. Chauvin , A., "Development in the 
Technology of Bridge Stays ," Federa
tion Internationale de Ia Precon
trainte, Tenth International Congress, 
New Delhi , February 16-20, 1986, pp. 
53-59. 

33. Buergi , P., "Recent Approaches to 
Corrosion Protection in Stay Cable 
Design," IABSE Symposium, Leningrad, 
USSR, September 11-14, 1991, pp . 
331-336. 

34. FIP Recommendations: "Corrosion 
Protection of Unbonded Tendons," 
Federation Internationale de Ia Precon
trainte, 1986, 6 pp. 

35. "Specifications for Unbonded Single 
Strand Tendons," Post-Tensioning In
stitute, Ad-Hoc Committee for Un
bonded Single Strand Tendons , PCI 
JOURNAL , V. 30 , No.2, March
April, 1985, pp. 22-39. 

36. Schupack , M ., "Unbonded Single 
Strand Post-Tensioning Tendon De
tails ," Concrete Construction, V. 33, 
No. 7, July 1988, pp. 668-670. 

37. ACI-ASCE Committee 423 , "Tenta
tive Recommendations for Concrete 
Members Prestressed With Unbonded 
Tendons," ACI Journal, V. 66, No. 2, 
February 1969, pp. 81-86. 

38. Tanaka, Y., Kurauchi, M., Nagai, H., 
and Masuda, Y., "Evaluation of Corro
sion Protection of Unbonded Ten
dons," Post-Tensioning Institute, Oc
tober 9, 1978, 35 pp. 

39. Tanaka, Y. , Kurauchi, M., and Ma
suda, Y. , "Ten Year Marine Atmo
sphere Exposure Test of Unbonded 
Prestressed Concrete Prisms," Post
Tensioning Institute, May 1988, 21 pp. 

40. The Architectural Institute of Japan, 
"Recommendation for the Prestressing 
Steels for Unbonded Systems," Jour
nal of Architecture and Building Sci-

ence, V. 94, No. 1153, July 1979. 
41. Chabert, A., "French Specifications 

Concerning Protected Sheathed Strands," 
Proceedings, FIP Symposium Israel 88, 
Jerusalem, September 4-9, 1988, pp. 
113-120. 

42. Herbst, T. F., "Principles of Corrosion 
Protection for Soil and Rock An
chors," International Symposium on 
Prestressed Rock and Soil Anchors," 
Post-Tensioning Institute, 1984, pp. 
CJ-C26. 

43 . Bruggeling, A. S. G., "FIP Commis
sion on Prestressing Steels and Sys
tems- Chairman's Report," Proceed
ings of the Ninth Congress of the FIP, 
Stockholm, V.3, 1982, pp. 63-73. 

44. Phoenix, S. L., Johnson, H. H., and 
McGuire, W., "Conditions of Steel 
Cable After Period of Service," Jour
nal of Structural Engineering, ASCE, 
V. 112, No.6, June 1986, pp. 1263-
1279. 

45. Dorsten, V., Hunt, F. F., and Preston, 
H. K., "Epoxy Coated Seven-Wire 
Strand for Prestressed Concrete," PCI 
JOURNAL, V. 29, No. 4, July-August 
1984, pp. 120-129. 

46. Chabert, A. , and Creton, B., "Protec
tive Products for Prestressing Steels," 
International Symposium on Innova
tions in the Applications of Precasting 
and Prestressing, Singapore, Novem
ber 27-29, 1990. 

47. Swait, W. J., and Funahashi, M., "Cor
rosion Protection Systems for Bridge 
Stay Cables and Anchorages, Volume 
1," Final Report, Report No. FHWA
RD-91- 050 , Office of Engineering 
and Highway Operations R&D, Fed
eral Highway Administration, Wash
ington, D.C., May 1991, 163 pp. 

48. "Process for Manufacturing Corrosion 
Resistance Cable ," United States 
Patent No. 4 ,870,814, Date of Patent 
-October 3, 1989. 

49. Heimann, R., "New Design for Long 
Life Parking Brake Cables, " SAE 
Paper No. 880253, 1988, Society of 
Automotive Engineers, Inc., Warren
dale, Pennsylvania, 6 pp. 

50. Dolan, C., "Developments in Non
Metallic Prestressing Tendons," PCI 
JOURNAL, V. 35, No. 5, September
October 1990, pp. 80-88. 

51. Taerwe, L. R ., Lambotte, H ., and 
Miesseler, H.-J., "Loading Tests on 
Concrete Beams Prestressed With 
Glass Fiber Tendons," PCI JOURNAL, 
V. 37, No.4, July-August 1992, pp. 
84-97. 

52. Minosaku, K., "Using FRP Materials 
in Prestressed Concrete Structures," 
Concrete International, V. 14, No. 8, 
August 1992, pp. 41-44. 

55 




