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In this study, the performance of corrosion protection systems used in post-tensioning
construction fields is discussed. First, a literature review of prior research on stress corrosion
is conducted, followed by in-depth review of corrosion protection methods applied in the
field of post-tensioning construction, and finally performance of single strand specimens
having bonded (grouted) strand, unbonded (greased) strand, and greased sheathed strand
(GSS) with and without grouting is investigated using test results of electrochemical and
weight loss measurement conducted in accordance with modifications based on PTI M55.1-12
specification. Corrosion was activated by: chloride ion (Cl-), and chloride ion and dissolved
oxygen (Cl- + DO). The investigation indicated that all specimens using HDPE (high-density

polyethylene) sheath showed excellent corrosion protection performance.
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1 Introduction

Corrosion-related failures of prestressing strands were reported in the late 1990’s in the
USA (Lau, 2016), and strand failure was examined in a concrete viaduct in the Republic of
Korea (Son, 2016). Understanding of strand corrosion is important for the development of

durable post-tensioned (PT) concrete structures.

This study is devoted to an in-depth review of stress corrosion and current corrosion
protection methods for multi PT strands for design application. To examine performance
of corrosion protection systems widely used in the multi-strand PT construction fields, the

electrochemical method was chosen.
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Technical background

2.1  Previous researches on stress corrosion

Typical causes of prestressing strand corrosion and concern have been attributed to poor
grouting, development of bleed water and subsequent re-absorption or evaporation
(Powers, 1999; Hansen, 2007; Trejo et al., 2009). In addition, corrosion failure of post-
tensioning strands in Europe has been attributed to grout segregation (Bertolini and
Carsana, 2011). Main causes of premature prestressing strand corrosion have been
attributed to chloride or sulfate ions, micro-cracks, oxygen, voids in cement grout filled

ducts, and humidity (Figg Bridge Engineers, 2010).

When cement grout is exposed to salt water or CO, gas, corrosion can be initiated by
chloride ions penetration or carbonation, as shown in Figure 1. After corrosion initiation,
the rate of corrosion is governed by various factors such as oxygen inflow, water content,
electrical resistance, and pH of cement grout (FHWA, 2014). It is reported that gypsum
grout, with low pH and high chloride or sulphate content, caused accelerated corrosion of
strands (O'Reilly et al., 2012). Reis (2007) examined elemental composition of corrosion
products on surfaces of strands by means of EDX (Energy-Dispersive X-ray microanalysis),
however, there was no evidence of chloride or significant amounts of sulphate present on

any surfaces of samples.

The strand at ions and galvanic interaction with the metal ducts and anchorages increase

macrocell corrosion.
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Figure 1: Causes of corrosion in PT duct
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Prestressed concrete members have three life cycle stages: (1) crack initiation stage, (2)
slow crack propagation stage, and (3) fast crack propagation stage, which induces a rapid
brittle failure of prestressing strand by stress corrosion cracking (Brown, 1968). Stress
corrosion cracking is due to hydrogen embrittlement. The higher the strength of the
prestressing strand the more vulnerable it is to hydrogen embrittlement and potential
failure (Fricker and Vogel, 2007). The higher degree of corrosion coupled with higher levels
of prestress leads to higher losses of prestress. This loss may need to be accounted for as

an additional loss at the design stage (O’Flaherty et al., 2017).

Stress corrosion can be electrochemically divided into two types: anodic and cathodic. The
anodic type, which occurs at the site of the anode in a corrosive situation, exists in many
different types of environment. Each metal requires a specific active agent which produces
the stress crack. The cathodic type takes place at the cathode and is generally associated
with hydrogen embrittlement because of the release of hydrogen at the cathodic site.

Hydrogen is generated at the cathode as a result of loss of metal at the anodic site.

Stress corrosion cracking is the growth of crack formation in a corrosive environment. The
initiation and propagation of stress corrosion cracking is a very complex degradation
process governed by many parameters. These parameters can be classified as

microstructural, mechanical and environmental.

Microstructural factors include: grain boundary chemistry and segregation; thermal
treatment which can cause intragranular and intergranular metallic carbide distribution;
and grain size along with cold work or plastic deformation which determines yield

strength. These factors are depicted @ in Figure 2.

Mechanical factors include: applied and residual stresses. These stresses can be described

as stress intensity “K” (optionally, strain and strain rate).

Environmental factors include: temperature T; activity of [H*]; solution or water chemistry;
and inhibitors or pollutants in solution. These last two are shown as [x] in Figure 3. In
addition, environmental factors include: electrode and corrosion potentials E and E,, and

partial pressure of hydrogen which reflects on potential (Aly and Neto, 2014).

41



2H* + 2 = H; or i
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Figure 2: Mechanism of stress corrosion cracking [Woodtli and Kieselbach, 2000]

Depth of SCC Environmental Electrode Corrosion
penetration pH species potential potential

\,
.
N,
\
.
\

S

u
E-E

x = A [H" [P KM e e

| |

Alloy composition Stress intensity
Alloy structure (optically instead of
K, € or € can be used)

Temperature

|

Time

Figure 3: General relationship for stress corrosion cracking process depending on many parameters

with adjusted constants of b, m, n, R, p, and q, thermal energy Q, and universal gas constant of R

[Staehle, 2001]

42



Stress corrosion cracking can be examined and categorized by crack path: trans-granular
stress corrosion cracking (TGSCC) and inter-granular stress corrosion cracking (IGSCC), as
shown in Figure 2. Depending on the environment and condition of the metal, stress
corrosion cracking progresses along the transgranular or intergranular. For carbon steel,
TGSCC can happen in a corrosive liquid environment such as: Ammonia, HS solution,
CO-CO»-H20, cyan solution, and so on. Whereas, IGSCC can occur under a corrosive

medium combination of Nitrate solution or NaOH.

Tendon failure is usually induced by atomic hydrogen that penetrates the metal lattice.
Conditions required for cracking are: sensitive material, tensile stress and an environment
that produces atomic hydrogen on the steel surface. The atomic hydrogen on the steel
surface may induce initiation and propagation of cracks starting from the metal surface,
especially in the presence of notches or localized corrosion attack. Even in the absence of
flaws on the surface, atomic hydrogen may penetrate the steel lattice, accumulate in areas

of defects, and lead to brittle failure (Bertolini et al., 2013).

Stress corrosion cracking is also characterised by the evolution of pitting corrosion attacks
that result in the development of both micro-cracking and micro-voids in the steel bulk (Vu
et al., 2009). Evolution requires the presence of a stress - either residual, applied, or in
combination, a specific corrodent and a susceptible strand (Sedriks, 1996). It can lead to
unexpected sudden failure of the strand when subjected to a tensile stress, in particular, at
elevated temperatures. A reduction in the elastic modulus and the elastic limit, which
reach 25% and 15%, respectively, can be expected due to steel micro-cracking (Vu et al.,

2009).

Stress corrosion cracking is also highly chemically specific in that certain alloys are only
likely to undergo cracking when exposed to explicit chemical environments. The chemical
environment that causes stress corrosion cracking can often be one which is only mildly
corrosive to the metal. Metal parts with severe stress corrosion cracking can appear bright
and shiny, while being filled with microscopic cracks. This factor makes it common for
stress corrosion cracking to go undetected prior to failure. The specific environment is of
crucial importance. Only very low concentrations of certain highly active chemicals can
lead to catastrophic cracking, often leading to devastating and unexpected failure (NPL,

1982).
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2.2 Corrosion protection methods for post-tensioning multi-strand tendon

Multi-strand tendon consists of multiple bare strands in a post-tensioning duct. The
strands are pulled after pouring concrete through a pre-installed duct. After the strands are
placed, the interior of the duct is filled with cement grout or flexible filler materials to

prevent corrosion of the strands.

Depending on the filler materials and strands, corrosion protection methods for post-
tensioning tendon can be classified into: (i) grouted (bonded) tendon; (ii) unbonded tendon
with flexible fillers; and (iii) extruded greased sheathed-strand (GSS) tendon with grouting
as shown in Figure 4. The grouted tendon consists of multiple bare-strands with cement
grout filling the inside of the duct. Since cement grout is injected into the duct and
hardened after tensioning of strands, the strands and cement grout are bonded
mechanically. The bonded tendon is the most widely used method for corrosion
protection, since cement grout is relatively cheap when compared to other filler materials.
The unbonded tendon is composed of multiple bare-strands with flexible fillers such as
grease or wax filling into the duct after post tensioning. Likewise, the strands are not
bonded to the surrounding duct and concrete. In short, the tendon is mechanically
unbonded, which means that strain compatibility is not established between the tendon
and surrounding concrete. The extruded greased sheathed-strand (GSS) tendon consists of
multiple GSSs and cement grout. Each GSS for this study is comprised of: a 7-wire strand,
PT coating (i.e., grease) and high-density polyethylene (HDPE) sheath. The inside of the

duct is filled with cement grout, but the tendon is mechanically not bonded to surrounding

concrete.

Flexible filler
(grease or wax)

Greased sheathed-strand
(7-wire bare-strand
+ PT coating + HDPE sheath)

a) Grouted tendon b) Unbonded tendon ¢) GSS with grouting

Figure 4: Typical section compositions of each post-tensioning method
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The grouted tendon is the most economical system among the three systems in Figure 4,
since cement grout used to fill the duct is relatively inexpensive. Whereas, the conventional
unbonded tendon is considered uneconomical in terms of material cost, since flexible fillers
(wax or grease) are relatively expensive. In the case of the GSS tendon, total material cost is
higher than the grouted tendon but lower than the unbonded tendon utilizing flexible

fillers.

In construction of post-tensioned structures, both bonded tendon and unbonded tendon
with flexible fillers are constructed in the following sequence: (i) concrete curing and
strand installation; (ii) tensioning of strands, and (iii) injection of cement grout or flexible
fillers. Because tensioning of strands is conducted after curing of the outside concrete, the
construction period is relatively long. Given the strands are exposed to the outside air
before injection of cement grout/flexible fillers, there is the possibility of strand corrosion
during the construction. However, these two systems have an advantage over the GSS
tendon in that they have relatively small duct size. Current code and specifications such as
AASHTO (2017), FHWA (2013), and PTI (2012) require 2.0 to 2.5 in terms of duct/tendon

area ratio.

In the case of GSS tendon, strand installation and cement grout injection/curing can be
done during curing of the outside concrete resulting in an overall shorter construction
period. The down side is that the use of GSS increases the cross-sectional area of the
strands, resulting in a relatively larger required duct size. In addition, threading of GSSs is

more difficult since sheathing damage can occur during the installation.

In terms of structural performance, bonded tendon and unbonded tendon with flexible
fillers experience large prestress loss due to friction. Because bare-strands are in contact
with each other, friction between the strands and duct surface exists during tensioning. In
addition, strands can become twisted and tangled during individual strand installation.
There is also the possibility that some strands may become damaged due to compression
between the tangled strands. Whereas, GSSs have independent paths provided by HDPE
sheathing. Even though entanglement between strands exists, there is no friction between
strands or compression failure. Given independent pathways, GSS tendon has very low
associated friction coefficients. In PTI/ ASBI (2012), recommended values for curvature and
wobble friction coefficients are 0.15 ~ 0.25/rad and 0.000164 ~ 0.000984/m, respectively for
GSS tendon and 0.01 ~ 0.05/rad and 0.000164 ~ 0.000984/m, respectively for conventional

tendon using corrugated metal duct.
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With regard to maintenance, old strands of bonded tendon cannot be replaced by new
strands due to the hardened cement grout within the duct. In addition, it is not possible to
directly measure prestress force of the tendon using lift-off test while in service. In the case
of unbonded bare-strand tendon, strand replacement is possible. But all of the strands
should be de-tensioned, replaced and re-tensioned. In other words, it is not possible to
replace only one strand without detensioning/replacing other strands in the tendon, since
bare-strands are engaged with each other. For similar reasons, tensile force measurement
for in service strands through lift-off test can be made for the entire tendon, but lift-off test
of individual strand is not possible. On the other hand, replacement and tensile force
measurement of individual strands are possible in the grouted GSS tendon, due to

independent path of the strand provided by HDPE sheathing.

In terms of durability (i.e., corrosion protection), the bonded tendon has a layer of cement
grout that protects strands from penetration of harmful substances such as water or
chloride ions. If water and/or chloride ions penetrate into cement grout, strands may be
vulnerable to corrosion. The main causes of harmful substance penetration route are as
follows: (i) insufficient filling of the duct with cement grout; (ii) cracks due to drying
shrinkage; and (iii) voids generated by bleeding (Figure 1). The unbonded tendon also has
a single corrosion protection layer provided by flexible fillers. As is for the bonded tendon,
the duct may not be sufficiently filled with flexible fillers. Also due to the material
characteristics of flexible fillers - gel like state, the fillers may leak out of the duct at
connection and near anchorage, especially in vertical installations, resulting in voids
(Figure 5a). In the case of grouted GSS tendon, a 7-wire strand is protected from corrosion
by cement grout, HDPE sheath and PT coating (grease). However, HDPE sheath damage
may occur during the installation of GSSs and create infiltration pathways for harmful

substances (Figure 5b).

Since prestressing strands are inserted into an empty duct, the strands are not uniformly
distributed and often eccentrically arranged resulting in strands placed in direct contact
with the conventional corrugated metal duct surface and not encased or properly protected
from corrosion-inducing substances by cement grout or flexible fillers. This may not be a
problem for GSS tendon, as the extruded HDPE-coated strands are still resistant to

corrosion (Figure 6).
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Figure 5: Adverse factors on corrosion resistance
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Figure 6: Corrosion risk due to eccentrically arranged strands

3 Investigation of corrosion tests

3.1 Specimens

The selected specimens from the corrosion tests of the authors (Yoon et al., 2019) are shown
in Figure 7. For all specimens, a 7-wire strand with a nominal diameter of 15.7 mm was
used, and the length was 120 mm. Figure 7a shows a 7-wire bare-strand (PS-0) where
corrosion protection is not applied. Figure 7b shows a strand protected by oil grease (PS-G)
applied throughout the bare-strand exterior surface. Figure 7c shows a cement grout-
protected specimen (PS-C) which was prepared to evaluate the corrosion resistance of

bonded tendon. The thickness of the cement grout coating chosen was 7.2 mm. Figure 7d

Bare strand

Bare strand HDPE Bare strand Grease Cement grout  npE Rare strand  Grease
/ : L Cement
grout
Cement -
\ gro+t E:
a) Bare b) Grease (PS-G) c) Cement d) Grease + HDPE
strand (PS-0) grout (PS-C) Cement grout (PS-GPC)

Figure 7: Experimental variation for corrosion-protection system in specimen
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shows a GSS that is also protected by cement grout (PS-GPC). Here, the thicknesses of

grease, plastic sheath and cement grout were 0.4 mm, 1.0 mm, and 5.8 mm, respectively.

For all the specimens with the exception of specimen PS-0 (bare-strand), both ends of the
duct were sealed with epoxy so that the 7-wire strands would not be exposed to air or

solution in the corrosion test cell.

3.2 Corrosion cell

To evaluate the corrosion resistance of each post-tensioning method, the experiment
apparatus designed is as shown in Figure 8. The apparatus differs slightly from the
accelerated corrosion test (ACT) method specified in the Appendix B of PTI (2012). The
chloride ion (Cl) concentration made by dissolving sodium chloride (NaCl) in distilled

water for the corrosion cell was 5%.

Two series of experiments were investigated with this type of corrosion activation:

1) chloride ion only; and 2) both chloride ion and dissolved oxygen. In order to evaluate
corrosion by chloride ion and dissolved oxygen, the concentration of dissolved oxygen was
21 ppm when measured by dissolved oxygen meter (DO meter). Consequently, a total of
sixteen specimens were investigated: 1) two specimens per type with chloride ion only and

2) two specimens per type with both chloride ion and dissolved oxygen.

Strands were polished with sandpaper and then cleaned up with acetone. Cement grouting
was cured for 28 days and the formulation was based on the common post-tensioning

grouting used in the Republic of Korea.

3.3  Electro-chemical measurement

Corrosion of prestressing strand specimens protected by each protection method was
electrochemically estimated based on the polarization resistance method. Polarization
resistance (Rp) is defined as the ratio of the applied voltage (AE) (shift in potential from
Ecorr) to current step (Al), when the metal is slightly polarized (about 20 ~ 50 mV) from its
free corrosion potential (Ecorr) (Andrade and Alsonso, 2004). In this study, the potential
static method was used for corrosion measurement based on the polarization resistance
method. A graphite rod was used as a counter electrode, and a saturated calomel electrode
was used as a reference electrode. The working electrode was a prestressing strand
specimen. The electrodes were connected to an electrostatic potential device, and the

potential of the working electrode was measured as current was applied.
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Figure 8 : Corrosion cell set-up

The linearity of current-potential is known to be in the range of 20 to 30 mV for reinforcing
steel. When subject to a high corrosion rate, it is known to be linear in the range of 100 mV
(Polder et al., 1993). Due to a lack of research on the linear range of prestressing steel, a
current corresponding to -10 ~ +10 mV with respect to open-circuit potential (E,) was
applied. The prestressing strand specimens were immersed in the corrosion solution for 60

days, and corrosion current density was measured every 15 days.
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3.4 Measurement of weight loss

To evaluate the degree of corrosion, weight loss of the prestressing strand due to corrosion
was measured. Strand weight was measured before and after the corrosion test. A
precision balance with 0.1 mg of sensitivity was used to provide accurate weight
measurements. At the end of the corrosion test, the prestressing strand specimen was taken
and impurities along with corrosion products removed. The prestressing strand was
immersed in a cleaning solution and the corrosion product was removed using a resin
brush. The cleaning solution was mixed with 20 g of antimony trioxide (Sb.O3) and 50 g of
stannous chloride (SnCly) in 1 L of hydrochloric acid (HCI) solution. The cleaning
procedure followed ASTM G1 (ASTM, 2017).

Discussion

4.1  Corrosion due to chloride solution

The corrosion current density of the specimens over time was obtained from the
accelerated corrosion test by chloride (Cl-) solution (Figure 9). The PS-0 specimens, not
having any corrosion protection layer, had very high corrosion current densities. Corrosion
current densities measured were higher than 80 pA/cm? in 15 days. Specimens with

application of corrosion protection methods had significantly lower corrosion rates.

Specimens coated with grease “PS-G” and cement grout “PS-C” for corrosion protection
exhibited similar levels of corrosion current densities. However, the time-dependent
response was different. The PS-G specimens showed a tendency of increasing corrosion
current density over time indicating that the grease coating of the specimen immersed in
the chloride solution had been damaged. In other words, portions of the grease coating
were washed out in the solution. The grease coating effectively protected the strand from
chloride ion intrusion at the initial stage of experiment, but gradually allowed penetration
of chloride ion due to the loss. Because the persistency of ion penetration resistivity of the
grease coating may vary depending on the concentration of ion along with the type and

thickness of the grease coating, further study is recommended.

The PS-C specimens showed a decreasing trend of corrosion current density over time. The
specimens had fine cracks on the surface of hardened cement grout. Because fine cracks
often occur in construction, corrosion test was carried out without any repair to reflect the

actual field conditions. For corrosion test, the corrosion reaction may be affected by the

51



surface condition. Rapid penetration of chloride ions through the microcracks on the
cement grout surface led to a rapid corrosion at the initial stage of testing. However, over
time, the corrosion product layer on the surface of prestressing steel delayed penetration of
chloride ions, and the measured corrosion current density reduced. For bonded tendons,
improved corrosion resistivity can be achieved if high quality control is maintained during

construction to minimize fine cracks.

The PS-GPC specimens, as anticipated, exhibited the lowest corrosion current density and
the best corrosion protection performance among all the specimens tested in this study.
The experimental results confirm the superior corrosion resistance of the GSS tendon

system.

4.2 Corrosion protective performance

Average corrosion current density for each specimen is shown in Figure 9. The average
corrosion current density was high in the order of PS-0, PS-G, PS-C, and PS-GPC. The PS-G
specimens with grease coating and the PS-C specimens with cement grout had the same
level of corrosion rate in chloride ion (Cl-) solution corrosion test. However, in the
corrosion test with chloride ion and dissolved oxygen (Cl- + DO) solution, the PS-G

specimens showed a higher average corrosion current density. Since the thickness of PT
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Figure 9: Average corrosion current density
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coating (grease) and cement grout applied to each specimen was different, it is difficult to
directly compare their corrosion resistance performance. Unlike the current test condition
of directly immersed specimens in the corrosive solution, there will be little loss of grease
on the strand surface due to the presence of post-tensioning duct in actual construction.
Therefore, with the same thickness and corrosive environment, post-tensioning method
using grease is expected to be similar to that with cement grout. The PS-GPC specimens

showed the lowest corrosion rate.

4.3  Weight loss of strand

Figure 10 shows weight loss of the prestressing strand due to corrosion. The PS-0
specimens, which had no applied corrosion protection, had very severe weight loss. The
weight loss due to corrosion by chloride ion and dissolved oxygen was twice the weight
loss by chloride ion solution and lied in close agreement with the results of corrosion

current density.

Weight loss due to corrosion had increased significantly when the specimens were exposed
to chloride ion and dissolved oxygen in order to replicate a complex corrosive
environment. In particularly, the PS-G specimen, which was protected by only grease

coating, experienced about 20 times the difference in weight loss due to chloride ion
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10000

1000

100

Metal loss (mg)
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PS-0 PS-G Ps-C PS-GPC

Type of specimen

Figure 10: Amount of metal loss of strand due to corrosion
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solution alone. This difference is attributed to damage to the grease coating caused

physically by gaseous oxygen bubbles.

Weight loss of the PS-GPC specimens with HDPE sheath showed a tendency similar to
measured corrosion current densities. Here, the HDPE sheath served as an effective barrier

to block the inflow of chloride ion or oxygen.

It is concluded that the corrosion protection performance of each corrosion protection
method was consistent with the tendency found in the corrosion current density
measurement. The current experimental study is of value, as it is the first with respect to

scientific verification of the corrosion protection performance.

Conclusions

The corrosion protection systems for the widely used multi-strand post-tensioning
methods (bonded tendon, unbonded tendon, and grouted GSS tendon) were compared
and discussed. The grouted GSS system exhibited the best test result, scientifically

demonstrating superior corrosion protection performance.

Results of this study should be used as a basis for further research for assessment of
corrosion protection performance of prestressed and post-tensioned concrete structures. In
addition, data derived can be used as a basis for selecting post-tensioning method type for
a wide array of concrete structures: buildings, reservoirs/tanks, bridges, nuclear
containment structures and shelters among others that have varying degrees of durability

requirement and environmental conditions.
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