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EXECUTIVE SUMMARY

Prestressed concrete bridge construction including post-tensioned methods has been widely used.
Protection afforded by the tendon duct and the grout often are effective to prevent corrosion of the steel
strand; however, there have been several cases of premature corrosion in Florida bridges and elsewhere
related to grout voids and bleed water. Non-bleed thixotropic grouts were used to prevent the corrosion
development observed previously; however, by 2011, there were cases of corrosion associated with
physically and chemically deficient segregated grout characterized as moisture-rich, low cement content
material with high concentrations of sulfate ions. Tests prescribed for corrosion mitigation and quality
control of the grout generally focused on preventing bleed water formation and chloride contamination.
The Post-Tensioning Institute (PTI) made provisions for an accelerated corrosion test (ACT) that was
intended for quality control and developmental purposes but does not address the effects of developed
grout deficiencies such as segregation. Other test methods such as the rapid macrocell test has also been
used in research for steel strand in grouts. Due to the corrosion tendon failures in a Florida bridge in 2011
associated with a prepackaged thixotropic grout that had developed material segregation, it was of interest
to identify corrosion testing methods that would account for grout physical and chemical deficiencies. It
would be suggested that testing attuned to grout segregation such as to identify grout robustness and
corrosion mitigation could be used to prescribe grouts resistant to the recent corrosion issues. The
development of an accelerated corrosion test that considers grout robustness in terms of corrosion ideally
could disseminate the beneficial effects of corrosion mitigation technologies such as inhibitor
impregnation.

To address these research goals, testing included methods that would promote the development of
grout deficiencies. This included adverse mix conditions such as overwatering, grout prehydration, and
flow restrictions for the grouts in vertically deviated setups to promote water displacement such as the
modified incline tube (MIT) test and the inverted-tee test (INT). The results presented here for the
commercially available grouts do not represent material performance as intended following accepted
mixing protocols and specifications but were used rather for illustrative purposes to develop corrosion
testing protocols that can address grout physical and chemical deficiencies. The work explored test
methods, including modifications to the PTI accelerated corrosion test and the rapid macrocell test, to
consider grout segregation (such as implementing components of the inverted-tee test). Corrosion testing
using the modified incline tube test and electrochemical noise technique were considered as well.

The visual observations of the grout from the various test setups provided important findings for
the assessment of grout robustness. Different levels of physical grout deficiencies were visually evident
for the thixotropic grout when mixed with excess 10% water. The results showed that the INT setup with
the vertical deviation can produce enhanced transport of moisture towards the top of the tee header. The
grouts had different yields of leached sulfate ions in the INT header, but higher sulfate levels were
generally observed in the tee header than in the tee body, likely relating to the displacement of water. It
was apparent that the presence of a high-level flow constriction amplified the water displacement;
however, the experiments did not show appreciable effect to enhance sulfate accumulation due to the
grout flow constriction.

The results showed that the methodologies prescribed in existing test guidelines can be applicable
to assess grout robustness and corrosion propensity in deficient grout. Grout C and expired Grouts C and
D, cast with 10% extra water with the most adverse grout segregation showed results that would be
considered not meeting acceptance criteria. The results showed that generally Grouts A and B showed a
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longer time to corrosion. Accelerated corrosion testing can be used to identify the corrosion performance
of passive corrosion mitigation technologies (such as inhibitors and films). Application of protective
hydrocarbon films to post-tensioned tendons, such as those already commercially developed can mitigate
corrosion. The presence of severe grout deficiencies with continued exposure to adverse corrosion
environments can reduce the efficacy of the protective film. The macrocell tests were envisioned to
provide an economic alternative to the polarization resistance and potentiostatic tests. However, the
outcomes of the research showed that there were complications relating to the electrochemical activity of
the individual test cells that would obscure easy interpretation of the galvanic coupling of the cells. Any
adverse chemical effects relating to the development of deficient grout by the INT setup was not captured
by the macrocell testing. The addition of salt to the anode cell did not provide better outcomes.

The MIT and INT setups can be useful to identify the robustness of grout materials to adverse
mixing conditions (such as overwatering and prehydration). The resolved solution resistance of the grout
however was strongly differentiated between locations from the top and bottom of the tendon, indicating
differentiation in the grout and moisture content. Lower solution resistance was resolved for grout at the
top of the tendon than at the lower elevations, further supporting the use of the MIT as means to test grout
performance. The corrosion potentials and corrosion current densities for the steel embedded in the MIT
specimens and the INT specimens were correlated to the grout sulfate content. The corrosion potential
decreases to more electronegative values at the higher sulfate concentrations. Likewise, the corrosion
current density showed a general increasing trend with the higher sulfate levels. The values produced
from the test program here were consistent with historical data from earlier research, further verifying the
adverse effects of elevated sulfate ion concentrations in the segregated grout. The expired grouts
developed the highest sulfate ion concentrations and showed the greatest susceptibility for corrosion
development.

Lab testing to identify grout robustness requires aggressive test methods; however, overly aggressive test
conditions to promote grout segregation is not representative of the required and necessary appropriate
quality expected for field construction. Any development of corrosion test methods to address grout
robustness must state the expected use and handling of the materials and provide justification for the level
of adverse grout conditioning implemented for construction materials beyond that specified by the
manufacturer.

Electrochemical noise was shown to be an effective measurement technique to assess the
development of localized corrosion of steel in alkaline solution when utilizing appropriate anti-aliasing
filters and instrument settings. General statistics such as the mean, rms, standard deviation, skew, and
kurtosis of the potential and current time signatures have some experimental scatter but generally revealed
the negative the effect of elevated sulfate concentrations on electrochemical noise associated with pitting
events. Spectral analysis indicated that the characteristic charge increases and the characteristic frequency
decreases with sulfate ion concentration, yet the overall corrosion rate increases, indicating that pitting
corrosion develops.
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CHAPTER 1. INTRODUCTION

Prestressed concrete bridge construction including post-tensioned methods has been widely used.
It allows the construction of bridges with a long span and opens up a range of design possibilities [1-2].
Corrosion of steel strand in bonded post-tensioned (PT) tendons relating to defects in the grout material
has been documented since the 1990s. The grout in PT systems provides barrier protection from the
external environment in addition to that afforded by the concrete element and the tendon pipe material [3-
4]. As the grout is typically made from portland cement, the steel strand is further protected from
corrosion by the development of a passive layer in the alkaline grout pore water solution. These corrosion
protection levels often are effective to prevent corrosion of the steel strand; however, there have been
several cases of premature corrosion in Florida bridges and elsewhere [5-16]. Many of those cases were
related to the inadequate or degraded protection of the strand at joints where moisture and chloride ions
can penetrate [8]. Other cases were related to the development of void spaces within the tendon due to the
formation of bleed water in neat grouts [5-7]. In those instances, the steel strand were partially exposed in
the grout voids in contact with the grout bleed lens. In part due to aggregation of chloride ions by the
transport of the bleed water, as well as possible carbonation and moisture recharge due to imperfect duct
sealing, macrocell coupling of the developed corrosion anodes at the grout-air interface and the remaining
steel (strand embedded in the grout and auxiliary steel components) resulted in accelerated corrosion.
Bridge specifications at that time called for redundancy in sealing the duct with the concrete girder (for
internal tendons), containment within the PT duct with appropriate coupling and capping, and strand
embedment with the PT grout. After early corrosion failures, new material specifications called for grout
with non-bleed characteristics. Since the early 2000s, the non-bleed thixotropic grouts were used to
prevent the corrosion development observed prior. However, by 2011, there were cases where corrosion
developed in grouts meeting the non-bleed thixotropic grout specifications. The corrosion was not
associated with bleed water or void formation and chloride ion concentrations were not significantly
elevated in those cases. Some of these cases were associated with physically and chemically deficient
segregated grout characterized as moisture-rich, low cement content material with high concentrations of
sulfate and alkali ions [17-25].

All of these issues have proven the importance of having good grout quality to extend the service
life of bonded post-tensioned tendons. The extent of grout deficiency, moisture presence, aggressive ion
accumulation, and grout pore water carbonation contribute to the severity of the defect. Tests prescribed
for corrosion mitigation and quality control of the grout generally focused on preventing bleed water
formation. These tests included the wick-induced bleed tests, Schupak pressure test, and incline tube test.
Field tests often include sounding techniques to identify grout voids. However, case studies and quality
control checks of grouted tendons reveal that some level of grout deficiencies such as grout voids and
bleed channels often form; and in many cases, corrosion cells do not develop there. Material
specifications also maintained chloride limits, often prescribed as a percent of chloride per cement
content.

Several testing approaches relating to the corrosion performance of steel strand in the grouts have
been considered, including accelerated corrosion testing such as that made for conventional steel
reinforcement in concrete [25-31]. Trejo et al., 2009[29] evaluated accelerated corrosion test procedures
including the mini-macrocell test, the concrete chloride ion assessment test (also referred to as the
concrete corrosion inhibitor association test), and the accelerated chloride threshold test [29]. The
application of an anodic potentiostatic test was originally developed in consideration of chloride
penetration through damaged tendon ducts as part of a Federal Highway Administration (FHWA)



research project in 1992 on the durability of bonded tendons in post-tensioned bridge structures [32]. The
FHWA post-tensioning tendon installation and grouting manual [4] continues to refer to this test method.
The test method was further developed by Schokker, 1999 [33], and Hamilton et al, 2000 [34] and
addressed complications with the electrochemical polarization test parameters. Pacheco et al, 2006 [35]
included the linear polarization resistance method to provide more practical testing than the anodic
potentiostatic tests.

Based on the research by Schokker and Hamilton, the Post-Tensioning Institute (PTI) made
provisions in the PTI M55 Specification for Grouting of Post-Tensioned Structures for an accelerated
corrosion test (ACT) for the assessment of grout materials [36]. The test method was intended for quality
control and developmental purposes. It provides criteria for the acceptance of a grout material following a
two-step process. The ACT gives provision for acceptance of grout materials that exhibit a polarization
resistance greater than 700 kQ-cm? measured by the linear polarization resistance method. The
polarization resistance of steel embedded in the test grout material would give a quick indication if there
are any components in the grout mixture that would allow depassivation of the steel to occur. A grout
material that does not meet this criteria can then be tested by an anodic potentiostatic polarization test of
the grouted specimen immersed in chloride solution and polarized to +200 mVsce where the time to
corrosion must exceed that of a neat grout. The polarization would allow fast migration of the chloride ion
through the grout and holds the steel at a large anodic polarization that would allow fast detection of
corrosion once chloride-induced corrosion initiates. As mentioned earlier, this test component derived
from the viewpoint of the ability of the grout to resist chloride penetration through the grout as can occur
in scenarios where there is incomplete protection provided by the tendon duct and reinforced concrete
structural element but does not address developed grout deficiencies such as segregation. Current
specifications in Florida and Virginia require prepackaged grout materials to be tested according to the
PTI ACT method. Grouts that exhibit a time to corrosion in the anodic potentiostatic test exceeding 1,000
hours is considered satisfactory. The test method required expensive and sophisticated test equipment
including a potentiostat and a multiplexer.

The rapid-macrocell test was developed under the Strategic Highway Research Program (SHRP)
[37] for testing of corrosion of steel rebar and has been adopted for testing of corrosion resistant
reinforcing steel rebar [38-39] including in standard specifications for testing of stainless steel rebar in
ASTM A955 Annex 2.28 The rapid macrocell test has also been used in research for steel strand in
grouts[11-13,40-41]. The test method separates two unique test cells, each comprised of a steel electrode
embedded in cementitious material or immersed in a representative test solution. The two test cells are
electrically coupled with wire and a shunt resistor and ionically coupled via a salt bridge (such as agar
admixed with salt). Each test cell is assumed to develop net anodic behavior or net cathodic behavior after
its galvanic coupling where a net macrocell current can develop. In order to develop the macrocell, the
test grout and electrolyte in each cell should maintain its net anodic or net cathodic condition. With these
test conditions controlled, the rapid-macrocell test can be used to differentiate corrosion conditions with
small test elements and basic electronic instrumentations. For the case of assessing chemically deficient
grouts, the anode component should maintain those characteristics that allow for corrosion initiation (such
as pH, chloride concentration, sulfate concentration, etc.) [18-21].

Due to the corrosion tendon failures in a Florida bridge in 2011[9] associated with a prepackaged
thixotropic grout that had developed material segregation, it was of interest to identify corrosion testing
methods that would account for grout physical and chemical deficiencies. It would be suggested that
testing attuned to grout segregation such as to identify grout robustness and corrosion mitigation could be



used to prescribe grouts resistant to the recent corrosion issues. Casting grout in large mockups were
made to identify grout segregation. Full scale mockups were used prior to bridge construction in Virginia
for grout material selection. Tests such as a modified incline tube test were used in research to identify
grout segregation. However, full scale testing is not practical for material selection, material specification
or for quality control for the builders or owners, and the modified incline tube test also can be costly.
Furthermore, the chemistry of complex grout mix designs can be affected by the many environmental and
construction factors including temperature, grout storage, pre-hydration, excess moisture mixing, and
etc... As construction can sometimes be difficult, specified grouts that are robust after adverse mixing and
grouting conditions can minimize the severity of developed grout defects.

On a related technical note, inhibitor impregnation utilizing a silicon hydrocarbon polymer that
forms a protective film was applied on tendons in a FDOT bridge (Jacksonville, FL). Field results showed
that inhibitors as part of a commercially-available system could be distributed along the length of the
tendon via the strand interstitial spaces. Result of laboratory trials showed that the inhibitor-impregnated
specimens had reduced corrosion by more than 90% comparing to untreated samples [42]. The procedure
has since been used on PT tendons at risk of corrosion on other bridges, buildings and industrial
structures in Florida, Virginia, New York, Ontario, Newfoundland and the UK. The development of an
accelerated corrosion test that considers the robustness of grout materials in terms of corrosion durability
ideally could disseminate the beneficial effects of corrosion mitigation technologies such as the inhibitor
impregnation.

Development of an accelerated corrosion test is proposed to screen materials susceptible to
segregation where differentiation of localized grout chemistry could allow corrosion initiation. There are
several important questions to be addressed to determine appropriate test methods to identify corrosion
development in grouts susceptible to segregation. The major research objectives to be explored include:

1) To characterize the development of physical and chemical grout deficiencies due to excess mix water
and water volume displacement.

2) To develop small scale test methodologies that identify deficient grout.

3) To identify corrosion electrochemical characteristics of steel strand in deficient grout.

4) To develop small scale test methodologies to identify steel corrosion in deficient grout.

5) To determine application of small scale test methodologies to assess corrosion mitigation techniques
for deficient grout.

To address these research goals, testing included methods that would promote the development of
grout deficiencies. This included adverse mix conditions such as overwatering, grout pre-hydration, and
flow restrictions for the grouts in vertically deviated setups to promote water displacement such as the
incline tube test and the inverted-tee test. The results presented here for the commercially-available grouts
do not represent material performance as intended following accepted mixing protocols and specifications
but were used rather for illustrative purposes to develop corrosion testing protocols that can address grout
physical and chemical deficiencies. The report is divided into sections pertaining to test methods
including modifications to the PTI accelerated corrosion test and the rapid macrocell test to consider grout
segregation (such as implementing components of the inverted-tee test). Corrosion testing using the
modified incline tube test and electrochemical noise technique were considered as well.



CHAPTER 2. METHODOLOGY

Previous research and observations indicated that moisture content was a critical factor for the
development of physical and chemical deficiencies in post-tensioned grouts. Another complication was to
relate the grout deficiencies with its propensity for the development of corrosion of embedded steel
elements. Several exploratory test setups were made to gage the contributing effects of moisture content,
casting modality, vertical deviation, and space confinement. Different test setups to measure corrosion
activity was assessed as well.

2.1. PTI Accelerated Corrosion Test

2.1.1 Overview

Experiments following the general framework of the Post-Tensioning Institute (PTI) Accelerated
Corrosion Test (ACT) for grouts specified in the guide PTI M-55 Appendix B [36] were made but
included an approach to assess the robustness of grout materials in terms of segregation by adding 10%
additional mix water beyond the grout manufacturer’s recommended limit. The PTI ACT is currently
specified by the FDOT material specification 938-4.3. The test method includes casting 14-inch, 1-inch
diameter grout specimen with an embedded 7-wire prestressing steel strand using a PVVC pipe as a mold.
Only a 3.5-inch section of the PVC pipe is opened to directly expose the grout specimen to the test
solution; however, the electrochemical testing likely would include attenuation of current to polarize an
extended length of embedded steel. The grout products were mixed with an electric mixer and hand
poured into the PVC mold. The corrosion testing following the ACT protocols included linear
polarization resistance and an anodic potentiostatic polarization test at +200 mVsce in 5% NaCl solution.
In the work here, the top portion of the strand at the junction between the grout and the air was covered
with an acrylic paint to avoid the effects of carbonation. Specimens were cast as listed in Table 2.1.

Table 2.1. PTI ACT Specimen

Number of Grout
Grout Water Casting Date Samples Curing Specimen Tested!
Cast Time
8 28-days M51*, M52*, M54* M55* M56*, M57*
0 2 b 1 1) b b
A 10% 07/16/2019 4 56-days M53*, M58*, M59*, M510*
4 28-days M5A1, M5A2, M5A3, M5A4
3 ) l y
Control 08/16/2019 > 56-days M5A5. M5A6
8 28-days M61*, M62*, M63*, M64*, M65*, M66*
0 2 L 1 1 b L
B 10% 07/15/2019 4 56-days M67*, M68*, M69*, M610*
4 28-days M6AL, M6A2, M6A3, M6A4
3 ) l y
Control 08/16/2019 > 56-days M6A5. MBAG
8 28-days E1*, E2*, E4*, E5*, E6*, E7*
0 2 L y y ) 1
10% 07/10/2019 4 56-days E8*, E9*, E10*, E11*
4 28-days El’, E2’, E3’, E4’
0/+2 ) ) 5
C 10% 08/15/2019 > 56-days E5°. E6
ControP® | 08/15/2019 4 28-days EAL EA2 EA3 EAd
56-days EA5, EAB
Neat 10 28-days C1*, C2*, C3*, C4*, C5*, C6*, C7*, C8*, C9*
0.45 w/c* | 08/05/2019
Grout 2 56-days Cl1* C12*
1. Only defect-free specimens were tested. 2. Pre-Exposed grout. 3.As-received grout. 4. Water to cement

ratio




2.1.2. Specimen Preparation Procedures
Preparation of Steel Strand.

PTI ACT specifies a full 14” length of strand of testing where a portion of the strand exits the
grouted specimen. The exposed steel at the interface of the grout and air can be subjected to carbonation,
especially in the crevice regions between the wire interstitial spaces. To minimize this effect, the center
king wire of a 13” length strand was extended one inch and was coated with an acrylic paint (as shown in
Figure 2.1a). The paint would ideally provide a barrier coating at the steel grout-to-air interface for the
short-term experiments. A gasket was used as a spacer to center the strand within the PVC mold. The
work here used a perforated rubber gaskets. The holes were placed in the gaskets to allow greater
flowability of the grout within the mold.

PVC Mold Components, Assembly, and Grout Casting

One-inch diameter PVC pipe and caps were cut to size and prepared according the specification
guide (Figure 2.1b). A Dremel circular saw with preset cut depth stops was found suitable to make the
longitudinal slits for the center PVC section to be opened for exposure to the test solution. The PVC
components were assembled connected by silicone and duct tape as shown in Figure 2.1c. Final assembly
and grouting hand troweled in place within the mold was made as shown in Figure 1d. Specimens were
demolded in two subsets: 28-day and 56-day curing within the mold and stored in 100% RH.

Epm-\mm **_“ M-

T e

Figue 2.1. PTI Accelerated Corrosion Testing
a. Preparation of steel strand. b. PVC components. c. Assembly of PVVC components.
d. Grout casting. e. Electrochemical testing



Electrochemical Testing

The open-circuit potential (OCP) and linear polarization resistance (LPR) measurements were
made using a saturated calomel electrode (SCE). The LPR testing was made from the OCP and
cathodically polarized 25 mV. The anodic regime of the polarization prescribed by the guide was not
followed to avoid the effects of the anodic polarization as well as capacitive charging associated with the
interfacial double layer. A scan rate of 0.05 mV/s was used. The analysis region was the linear portion of
the scan that typically developed at the last 10 mV. Electrochemical impedance spectroscopy (EIS) was
conducted at the OCP condition using a 10 mV AC perturbation in the frequency range of 100,000 > f >
1000 Hz, sampling 10 data points per decade. The solution resistance, Rs, was fit to the high frequency
limit of the Randles circuit and was used to correct for the measured polarization resistance by LPR (Rp”)
following the equation Rp=Rp’-Rs. A saturated calcium hydroxide solution in deionized water (pH=12.6)
was used. OCP, LPR, and EIS tests were conducted for all cast specimens. Select specimens were further
tested by the anodic potentiostatic polarization tests.

The anodic potentiostatic test was conducted using a Gamry Ref 6 potentiostat and multiplexer as
shown in Figure 1e. A stainless steel rod was used as the counter electrode. A 5% NaCl solution was
used. Silver/silver-chloride reference electrodes were used for the multiplexed test. It was observed that
there was some drift in the reference electrodes during extending testing. For prolonged testing, the
polarization was suspended, and the reference electrodes were calibrated before resuming testing. Figure
2.2 shows a schematic of the test setup.

E?;;?;Zre Working Electrode Reference
(Stainless steel) 2 Electrode (AgCl)

i
1

14inch

3.5inch

21 gl
CaOH+
5% NaCl
Solution

Corrasion Cell Electrochemical Setup
Figure 2.2. Schematic and test setup of the anodic potentiostatic polarization test

2.1.3. Inhibitor Injection

The test specimens used for evaluation of the modified ACT to assess passive corrosion
mitigation technologies such as inhibitor impregnation were cast following the general framework of the
PTI ACT specified in the guide PTI M-55 Appendix B [36] included an approach to assess the robustness
of grout materials in terms of segregation by adding 10% additional mix water beyond the grout
manufacturer’s recommended limit. Cut sections of select specimens from Table 2.1 (after anodic
polarization test) were used. As shown in Figure 2.3, the top section (~6 inch) of the selected specimens
for Grout A, B, C, and a neat grout were sectioned (Table 2.2). After cutting the specimens to expose the
steel strand cross-section and wire interstitial spaces, an injection port was attached to introduce
compressed air and the impregnation media (Figure 2.2). WD-40 was used as a generic medium used for



demonstration purposes. Similar materials were used by Silnutzer et al., 2020 [43]. The medium was
injected with compressed air at 20 psi pressure until the medium flowed out of the outlet at the bottom of
the specimen.

>
AT ANAAT) S Manarth i
L

e

Figure 2.4. Photo of injection port.

After injection, the bottom section was sealed with epoxy. A 2-inch length opening was made in
the PVVC mold to expose the grouted specimen. The corrosion testing included linear polarization
resistance (LPR) and open circuit potential (OCP) in a saturated calcium hydroxide solution and an
anodic potentiostatic polarization test at +200 mVsce in a saturated calcium hydroxide with 5% NaCl
solution (following PT1 M-55 Appendix B). Supplemental electrochemical impedance spectroscopy (EIS)
measurements were made as well. A stainless-steel rod was used as the counter electrode. Silver/silver-
chloride electrodes were used as the reference electrodes for the multiplexed test. A saturated calomel
electrode was used as a reference electrode for the LPR measurements and supplemental open-circuit
potential (OCP) measurements. Figure 2.5 shows the corrosion cell and setup.
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Figure 2.5. Corrosion cell and experimental setup
Table 2.2. Test matrix for ACT assessment of inhibitors
Grout Mix water Control Impregnated with WD-40
A 10% excess M58, M59 M510, M511
B 10% excess M63, M66 M67, M69
C 10% excess El’, E2’ E3’, E4’
Neat Grout 0.45 W/IC C1,C2 C7,C11

2.2. Rapid Macrocell Test

2.2.1. Overview

The rapid-macrocell tests was developed under the Strategic Highway Research Program for
testing of corrosion of steel rebar subjected to de-icing salts but has been adopted for testing of corrosion
resistant reinforcing steel rebar and in research for strand in grouts. In its various incarnations, the test
method couples two unique electrochemical cells (made up of steel bar embedded in cementitious
material) placed in separate electrolyte. The electrodes were electrically coupled with wire and a 10-ohm
shunt resistor. lonic coupling between the separate electrolyte is made with a salt bridge (constituted of
agar admixed with salt to improve conductivity).

A 9-inch 0.75-inch diameter steel bar was used as the metal electrode for both test cells in both
the test grout and the control 0.45 wi/c neat-grout. The top portion of the steel bar at the junction of the
grout and the air was coated with epoxy to avoid the effects of carbonation. Grouted test specimens had
an 8” length (top 1 of steel bar extended out) and 17 in diameter. Table 2.3 lists the conditions for the
cast test specimens used for these experiments. Table 2.4 shows the conditions for the galvanic coupling
of the electrodes with dissimilar grout materials to form the macrocell. The expected net anodic cell
labeled as anode was made with the test grouts cast as prescribed by the grout manufacturer or mixed with
an excess of 10% mix water. The cell labeled as cathode was made with either the same grout material
(with normal or excess 10% mix water) or a control condition with a neat grout with a 0.45 wi/c. These
sets of experiments were made to identify the suitability of using the grout product or a control neat grout
for the cathode.



Table 2.3. Rapid Macrocell Specimen

Grout Water Casting Date Sglr:gzsrcfst Specimen Tested
10% 1 08/05/2019 4 M5W1, M5W2, M5W3, M5W4
10/07/2019 4 M5WS5, M5W6, M5W7, M5W8
A 08/06/2019 2 M51, M52
Control? 10/07/2019 4 M53, M54, M55, M56
12/18/2019 2 M57, M58
10% 08/02/2019 4 EW1, EW2, EW3, EW4
08/15/2019 4 EWS5, EW6, EW7, EW8
¢ 08/02/2019 2 El, E2
Control? 10/07/2019 4 E3, E4, E5, E6
12/18/2019 2 E7,E8
08/05/2019 4 C1,C3,C4,C5
(g\lr?)?t 0.45 wic 10/07/2019 4 C7,C8, C9, C10
12/18/2019 4 Cl1,C12,C13,C14

1. Exposed grout. 2. As-received grout.

The test method has advantages that only small test elements and basic electronic instrumentation
is required. However, the testing for various applications require consideration on the supporting test
electrolyte to maintain net anodic or net cathodic behavior of the test specimens. For assessment of grout
materials, any intrinsic corrosion behavior of the grout (including that due to its chemical makeup and its
environment) needs to be maintained. The magnitude of the macrocell is not representative of the actual
iron oxidation rate and furthermore, the level of reduction reactions at the cathode may not necessarily be
representative to that in actual production. For the case of assessing chemically deficient grouts, the anode
component should maintain those characteristics that allow for corrosion initiation (such as pH, chloride

concentration, sulfate concentration, etc.).

Table 2.4. Rapid Macrocell Anode-Cathode Coupling

g:g:te i Water f/le:g]?/\(jzter Coupled Pair (Anode-Cathode)
Control M53-M54, M55-M56
Control Excess 10% -
A Neat Grout M57-C11, M58-C12
Control M5W1-M51, M5W2-M52
Excess 10% | Excess 10% M5W5-M5W6, M5W7-M5W8
Neat Grout M5W3-C3, M5W4-C5
Control E3-E4, E5-E6
Control Excess 10% -
c Neat Grout E7-C13, E8-C14
Control EW1-E1, EW2-E2
Excess 10% | Excess 10% EW5-EW6, EW7-EW8
Neat Grout EW3-C1, EW4-C4
Neat
0.45 wlc Neat Grout C7-C8, C9-C10
Grout




2.2.2. Sample Preparation Procedures
Preparation of Steel:

Each cell had a steel bar (9-inch length, 0.75-inch diameter) cleaned with acetone and dried. The
top of the bar was drilled and tapped to insert a steel screw for electrical connection to copper wires. As
shown in Figure 2.6a, the top inch of the bar as well as the base of the steel screw was coated with epoxy
to minimize exposure as well as possible carbonation induced corrosion at the bar region at the grout/air
interface after casting. Rubber gaskets with additional holes drilled into its flange were used as centering
spacers.

PVC Mould Components, and Grout Casting:

The cell molds were comprised of a 7-inch long, 1-inch diameter PVVC pipe capped at one end as
shown in Figure 2.6b. The steel bar was placed within the mold and the mixed grout was hand-troweled
in three lifts. The sides of the mold was tapped to facilitate grout consolidation. Examples of the
specimens during fabrication are shown in Figure 2.6c.

Test Cell Assembly:

The anode and cathode specimens were demolded and copper wires were attached to the steel
screw. The specimens were subsequently placed and sealed into PVVC containers filled with saturated
calcium hydroxide solution. The anode and cathode in its respective containers were ionically coupled
using a salt bridge following methodology described by Darwin and Strurgeon, 2011 [39]. The salt bridge
was a 20” long 5/16”0D, 3/16”ID vinyl tubing filled with an agar mixed with potassium nitrate. As
shown in Figure 3d, the tubing was placed through rubber seat washers through the plastic lids for both
containers prior to filling to provide an adequate seal and to maintain a continuous medium along the
length of the u-shape salt bridge. Both ends of the tubing were immersed in the test solution in its
respective container. For 6 salt bridges, a mixture of 41 g of potassium nitrate, 4.5 g agar, and 100 g of
tap water, heated to activate the agar and cooled in room temperature, was used. The ionic electrical
resistance of each salt bridge was less than 10,000 ohm.

. A
Figure 2.6. Rapid Macrocell Test.
a. Preparation of steel bar. b. PVC mold assembly. c. Grouting. d. Salt bridge assembly. e.
Instrumentation assembly. f. Macrocell testing.
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Electrochemical Testing

An electrical breakout box was prepared for the rapid macrocell test. The anode and cathode were
electrically connected across a 10-ohm shunt resistor. The macrocell current could be calculated from the
voltage difference of the anode and cathode across the shunt resistor. Additionally, an electrical switch
between the anode and cathode was installed to allow instantaneous electrical current measurements by
opening the circuit for a short period (less than 5 seconds) using an ammeter as shown in Figure 2.6f. The
mixed potential of the coupled galvanic cell for the anode and cathode was made by placing a saturated
calomel electrode in it respective container. Figure 2.7 shows the schematic of the experiment.

\bkmeter

&

' Salt Bridge

|
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210| |z19d |
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v L J ,
Cormosion Cell Electrochemical Setup

Figure 2.7. Schematic of rapid macrocell test

2.3. Inverted Tee-Test
2.3.1. Overview

From previous research, it was identified that deficient grout can form due to the displacement of
water during the pumping stage of the grout installation. An inverted tee-test (INT) was proposed where a
dramatic change in the vertical axial cross-section of test specimens was introduced. A schematic of the
INT is shown in Figure 2.8. INT specimens were cast with a steel bar for corrosion testing and without
steel for grout material testing. The corrosion testing of specimens included methodologies adopting the
PTI ACT and the rapid macrocell test. For the latter, cathodes (of similar geometry to the anodes) were
made from 0.45 wi/c neat grouts where the grout was hand-injected into a horizontal PVC mold and filled
by a gravimetric pressure head developed by extending the vertical height of the injection point with a
series of two 45-degree PVC angles. The grout material testing included bulk resistance measurements,
water absorption and wet resistivity, and chemical analysis for grout segments partitioned as shown in
Figure 2.9.

Like the previous sample preparation procedures for the test grouts, an excess of mix water, 10%
above the manufacturers’ recommended limit, was added. For the INT test, the test grouts were installed
by a manual pump rather than hand-troweled as for the ACT and rapid macrocell test described in the
preliminary trials described earlier. Test conditions included the grout product, tee-stem height (1 ft to 5
ft), space constriction (with filters), grout prehydration (using expired grouts), and influence of external
ion contamination (sulfate and chloride ions). Figure 2.10 shows how filters were placed to create a flow
constriction between the tee body and tee stem. In some cases, flow constriction through the filter
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prevented complete filling of the tee stem and an alternative partition plan following the top 13 as shown
in Figure 2.10 was used.

Tables 2.5 and 2.6 detail the conditions for the corrosion and grout material specimens,
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Figure 2.8. Schematic of typical inverted-tee specimen.
In some test cases, different tee header lengths and filters were used.
Left: Corrosion Testing. Right: Grout Testing.
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Table 2.5. INT Corrosion Test Specimen

Grout COGnrdOi:gn Name Date Cast Sp':gi.rr?:ﬁ
IM51* 06/09/2020 2
1 ) IM52* 06/09/2020 2
A AR, 10% IM53* 06/09/2020 2
IM54* 06/09/2020 2
AR IM53 06/08/2020 2
IM54 06/08/2020 2
IM61* 06/09/2020 2
IM62* 06/09/2020 2
B AR, 10% IM63* 06/09/2020 2
IM64* 06/09/2020 2
AR IM61 06/08/2020 2
IM62 06/08/2020 2
IE1 06/08/2020 2
IE2 06/08/2020 2
AR, 10% IE3 06/08/2020 2
c IE4 06/08/2020 2
I0E1 08/03/2020 2
Expired, I0E2 08/03/2020 2
10% IOE3 08/03/2020 2
I0E4 08/03/2020 2
I1S1 08/03/2020 2
D Expired, 1S2 08/03/2020 2
10%?2 1S3 08/03/2020 2
1S4 08/03/2020 2
IC1 06/09/2020 2
IC2 06/09/2020 2
045 wfe IC3 08/03/2020 2
1C4 08/03/2020 2
Neat HC1 06/09/2020 6
Grout HC2 06/09/2020 6
0.45 wic, HC3 06/09/2020 6
H* HC4 06/09/2020 6
HC5 08/03/2020 6
HC6 08/03/2020 6

1. As-Received. 2. 10% extra mix water. 3. No. of cut specimens. 4. Cast horizontally.
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Table 2.6. INT Grout Material Specimen

- Grout No. of Specimen?®
Grout Test Condition . Name Date Cast
Condition header body
1 ) IM55 06/10/2020 10 2
AR, 10% IM56 06/10/2020 10 2
A Control AR, 10%, S* IM57s 06/12/2020 10 2
AR, 10%, C° IM58¢ 06/12/2020 10 2
AR, 10%, S+C°® IM59s+c 06/12/2020 10 2
AR IM637 06/08/2020 10 2
IM647 06/08/2020 10 2
IM65 06/10/2020 10 2
Control AR, 10% IM66 06/10/2020 10 2
AR, 10%, S IM67s 06/12/2020 10 2
AR, 10%, C IM68c 06/12/2020 10 2
AR, 10%, S+C IM69s+c 06/12/2020 10 2
B AR IM610S 06/22/2020 4 2
High IM611S 06/22/2020 5 2
Constriction IM614S 06/22/2020 6 2
AR, 10% IM615S 06/22/2020 5 2
AR IM612L 06/22/2020 12 2
Low IM613L 06/22/2020 12 2
Constriction IM616L 06/22/2020 12 2
AR, 10% IM617L 06/22/2020 12 2
IE5 06/10/2020 10 2
C Control AR, 10% IE6 06/10/2020 10 2
Expired, 10% IOE5 06/10/2020 10 2
' IOEb6 06/10/2020 10 2
. 1S5 06/10/2020 10 2
D Control Expired, 10% 156 06/10/2020 0 >
IC5 06/10/2020 10 2
045 wle IC6 06/10/2020 10 2
Control AR, 10%, S IC7s 06/12/2020 10 2
AR, 10%, C IC8c 06/12/2020 10 2
AR, 10%, S+C IC9s+c 06/12/2020 10 2
High 0.45 wic IC10S 06/22/2020 12 2
Neat Constriction ' IC11S 06/22/2020 12 2
Grout Low 0.45 wic IC12L 06/22/2020 12 2
Constriction ' IC13L 06/22/2020 12 2
Vertical 1’ 0.45 w/c ICV1 05/26/2020 3 2
Deviation 2’ 0.45 w/c ICV2 05/18/2020 5 3
5’ 0.45 w/c ICV3 05/26/2020 14 2
Vert. Dev. + 0.45 wic ICV4 05/18/2020 6 5
Constriction

1.As-Received. 2. 10% extra mix water. 3. No. of cut specimens. 4. 2,000 ppm sulfate. 5. 832 ppm chloride. 6.
Combined 2,000 ppm sulfate and 832 ppm chloride. 7. Cast with steel bar.
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2.3.2. Specimen Preparation Procedures
Preparation of Steel:

Steel bars, 36-inch length and 0.5-inch diameter, were cut and deburred for the corrosion test
specimens. The steel bars used for the anode component of the test cell were left in the as-received
condition and were only cleaned with acetone and dried with warm air. The steel bars used for the
cathode component of the test cell was ground with 80 grit sand paper until a uniform bright finish was
made. The bars were then rinsed with tap water to remove residual particles, cleaned with acetone, and
dried with war air. As shown in Figure 2.8, the stem portion of the INT sample was partitioned to make
two anode test specimens (9-inch length). The steel for the cathode test specimens were also partitioned in
9-inch segments, but were retrieved from grouted samples cast horizontally as introduced earlier. At the
location of each partition, a 1-inch length epoxy mask was applied (Figure 2.10a and 2.10b). The epoxy
mask served to prevent carbonation-induced corrosion of the steel extended out of the grout at the
grout/air interface during testing.

PVC Mold Components, and Grout Casting:

The PVC components of the INT as drawn in Figures 2.8 and 2.9 were collected and assembled
as shown in Figure 2.11c, 2.11d, and 2.11e. The PVC mold for the horizontally cast cathode component
of the rapid-macrocell test is shown in Figure 2.10f. The steel bar was placed within the INT mold and
centered within the tee stem. An example of the centering spacer for the steel bar is shown in Figure
2.11g.

The filters to provide grout flow constrictions were made by casting plastic straws of different
diameters in epoxy within a 1.25-inch diameter mold such that a ratio of open space to close space on the
transverse area was approximately 2.5 following PTI specifications. The bottom end of the straws were
initially plugged with silicone prior to being cast in the epoxy to prevent the epoxy from seeping into the
cylindrical spaces within the straws. The silicone could easily be removed after hardening of the epoxy.
Two filter sizes were made including using twelve 0.25-inch diameter straws or forty-six 0.12-inch
diameter straws. The filters and PVC filter assembly for the flow constriction experiments are shown in
Figure 2.11h, 2.11i, and 2.11;.

The completed INT specimen assemblies were placed on wooden racks to ensure vertical stability
during the grout pumping process. The grout was mixed using an electric mixer as shown in Figure 2.12a.
After mixing, the grout was poured into a manual grout pump (Figure 2.12b) and the grout was pumped
into each INT assembly allowing for grout to fill the mold and flow out of the stem prior to closing the
inlet PVC ball valve at the tee body.
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Figure 2.11. INT Assembly.

a. INT anode steel partitioning. b. Macrocell cathode steel partitioning. ¢. INT PVVC components. d.
Completed INT assembly. e. INT assembly setup for grouting. f. Macrocell cathode setup for grouting. g.
Spacer to center steel bar. h. Filters to introduce flow constriction. h. Internal view of filter assembly. i.
External view of filter assembly
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Figure 2.12. Grout Mixing nd Pumping for INT.
a. Grout mixing. b. Manual grout pump. c. Setup for INT grout injection. d. Grouted INT

specimens.

After 28 days curing within the INT mold or the horizontal mold for the macrocell test cathodes,
the PVC was cut at each partition mark for each 9-inch specimen with an electric chop saw such as shown
in Figure 2.13a. A 1/8-inch hole was drilled at the top of the exposed steel cross-section of each specimen
and a steel screw was inserted so that a hard electrical contact was made. Insulted copper wire was
soldered to the steel stud (Figure 2.13b). Both the top and bottom of each specimen were coated with an
epoxy (as shown in Figure 2.13c) to mask the exposed steel bar cross-section and the electrical
connection. The PVC pipe mold was removed by making two circumferential cuts at the top and bottom
of the specimen (~1 cm distance from each end) and two longitudinal slits. An example of an INT test
specimen is shown in Figure 2.13d. For the INT grout sampling specimens, cuts were made at each
partition mark with a shop saw creating a set of test specimens as shown in Figure 2.13e.
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FigUre 2.13. INT Test specimen fabrication.
a. Sectioning of INT specimens. b. Electrical connection to steel bar for INT corrosion specimens.
c. Sealing exposed steel on INT corrosion specimens. d. INT corrosion specimens. e. INT grout test
specimens.

Material Testing:

The INT grout test specimens were cut into segments as shown in Figure 2.9 and Figure 2.13e.
Immediately after demolding at 28 days, the grout resistance (R) for each segment (as well as grout from
the tee body inlet pipe) was measured by a 2-point method using a soil resistance meter, and the initial
grout resistivity (p) was calculated by the expression p=RA/L where A in the cross sectional area of the 1-
inch diameter specimen and L is the length of each grout segment. Also, the moisture content was
measured for select specimens from the tee stem and the tee body inlet pipe. The moisture content of the
grout samples was determined by ASTM C642. The moisture content was calculated from the mass loss
after drying the grout in 110°C until consecutive measurements in 24-hour intervals were within 5%
following the expression MC%=(m.-ms)/m, where m, is the initial mass and m is the mass after drying.

Following Figure 2.9, specimens from the tee header were sorted for chemical analysis or
conditioned in 100%RH for mass gain and wet resistivity testing. An ex-situ leaching procedure
following a FM 5-618 method was adopted for determination of sulfate and chloride. For the specimens
exposed in 100%RH (Figure 2.14a), the mass gain due to moisture uptake was monitored by gravimetric
mass measurements using a high precision lab balance. The electrical resistance was also monitored by
the 2-point electrical resistance method (Figure 2.14b). For the specimens selected for chemical analysis
(including grout specimens from the tee stem and from the tee-body inlet pipe), the grout segments were
ground to a powder and collected after sieving through a no. 100 sieve (Figure 2.14c-14f). The grinding
process included pre-drying the grout fragments at 60°C. Pre-drying the grout fragments are important
practical consideration as the moisture in the grout will create residue on the grinding device.
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Furthermore, the pre-drying can normalize grout specimens with different moisture content. The effects
of the pre-drying is further considered in the sister project to assess methodologies for sulfate ion
analysis.

Figure 2.14. INT grout material testing.
a. 100%RH exposure. b. Electrical resistance measurement. c. External view of Shatterbox. d.
Grinding grout fragments. e. Collection of ground grout powder. f. Sieving grout powder.

Electrochemical Testing

The open-circuit potential (OCP), linear polarization resistance (LPR), and electrochemical
impedance spectroscopy (EIS) was made for all anode INT specimens and cathode specimens.
Afterwards, the INT anode specimens were selected for testing following the general procedures
prescribed by the PTI ACT and the rapid-macrocell test with the modifications described earlier (Figure
2.15-2.16).
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Figure 2.15. Setup for electrochemical testing and corrosion cell

Figure 2.16. INT Corrosion Test Setup.
a. Modified PTI ACT. b. Rapid-Macrocell Test.

The corrosion testing generally followed the PTI ACT protocols including linear polarization
resistance (LPR) in a saturated calcium hydroxide solution and an anodic potentiostatic polarization test
in 5% NaCl solution. A stainless-steel rod was used as the counter electrode. Silver/silver-chloride
electrodes were used as the reference electrodes for the multiplexed test. A saturated calomel electrode
was used as a reference electrode for the LPR measurements and supplemental open-circuit potential
(OCP) measurements. Figure 2.15 shows the corrosion cell.

The rapid macrocell tests generally followed ASTM A955 Annex 2.25 [27]. Specimens labeled as
anodes were the two-cut sections from the INT header made with the test grouts as detailed in Table 2.5.
Specimens labeled as cathode were cut sections of a 0.45-w/c neat grout that was cut horizontally in 5-ft
segments. Specimen preparation and the test setup were described before. Figures 2.15 and 2.16 show the
corrosion cell and experimental testing. The specimens were subsequently immersed in saturated calcium
hydroxide solution and sealed in PVC containers. For the comparative testing after 30 days, the test
solution was renewed with saturated calcium hydroxide and 5% NaCl solution for another 30-day cycle.
The anode and cathode in its respective containers were ionically coupled using a salt bridge as described
earlier.
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An electrical breakout box was prepared for the rapid macrocell test and the anode and cathode
were electrically connected across a 10-ohm shunt resistor. The macrocell current could be calculated
from the voltage difference of the anode and cathode across the shunt resistor. Additionally, an electrical
switch between the anode and cathode was installed to allow instantaneous electrical current
measurements using an ammeter by opening the circuit for a short period (less than 5 seconds).

2.4 Modified Incline Tube Test

The MIT had been shown to promote some level of grout segregation. As such, the setup was
used to produce grout samples for further chemical analysis and assessment of sampling procedures. The
MIT test generally consists of pumping grout in a 3-inch diameter pipe, along a 15-foot length at a 30
degree incline. A schematic of the specimen assembly used in this research is shown in Figure 2.17. The
relatively high grout volume and the vertical deviation could promote transport of moisture if the grout

material is susceptible to bleed or segregate. The MIT test also included excess mix water to promote the
moisture transport.

0.5” diameter
Steel bar

1” PVC Ball valve 3x2” PVC Reducer

From Grout Pump 1" PVC Pipe 5-ft 3" PVC Pipe

2x1” PVC

Reducer 3” PVC Coupler

10-ft 3" PVC Pipe

Plastic Spacer

3x3x2” PVC Cap
3" PVC Cap

Figure 2.17. MIT test assembly

A 15-foot 0.5-inch diameter steel bar was placed in the MIT for additional corrosion testing. The
steel bar was cut to length and cleaned with acetone (Figure 2.18A). The PVC components were
assembled according to Figure 2.17 and the steel bar was placed within the pipe, centered with rebar
spacers. The specimens were placed on a steel frame with a 30 degree incline, as shown in Figure 2.18B-
D.
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Figure 2.18. MIT assembly.
A. Steel bar. B. Front view of assembly. C. Side view of assembly. D. View of steel bar near MIT outlet.
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Figure 2.19. MIT Grout Mixing and Injection

The Grout A material had been specified for horizontal PT applications and Grout B had been
specified for vertical applications. The grout mixes for both products incorporated 10% excess mix water
from the manufacturer’s recommendation. It was thought that the two products designed for different
applications (horizontal and vertical) can be used as a foil, and the two products with non-ideal excess
mix water and subject to the vertical deviation in the MIT testing would ideally create differentiation in
the grout within the assembly to provide test material for subsequent laboratory testing of deficient grout.
For each specimen, four 25-pound batches were weighed and mixed on site and pumped into the PVC
assembly. A manual grout pump was used to inject the grout into the MIT assemble (Figure 2.19). Grout
was allowed to freely flow out of the PVVC outlet. The outlet valve was first closed followed by the inlet
valve. Details of the MIT specimens are shown in Table 2.7.
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Table 2.7. MIT specimens

Number of Name of cast cylinder mold
Name Condition Casting Date Samples Specimen Name
Cast
11/20/2019 1 MIT-1 1-1%,1-2%,1-3
. MIT-2 2-11 2-21 2-3
As-received ! !
ext water MIT 5 Siertes
12/03/2019 2 MIT-8 811 g0t

MIT-9 9-1% 9-21 9-3
. 12/04/2019 3 MIT-10 10-11, 10-2%, 10-3
Grout B ;g‘z;r\fv‘;a']"fg(y MIT11 11-1%, 11-2%, 11-3,
g ot water MIT-13 13-17, 1321, 13-3,

12/17/2019 3 MIT-14 14-11, 14-21
MIT16 15-11, 15-21, 15-3

1. Grout cylinders stored in saturated calcium hydroxide solution.
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CHAPTER 3. MATERIAL CHARACTERIZATION

The development of deficient grout by the various test conditions detailed in the previous chapter
was assessed in terms of the propensity for active corrosion of the embedded steel and differentiation of
grout properties. The manifestation of grout segregation was assessed by moisture content, grout
resistivity, and general visual corrosion development. Chemical analysis for sulfate concentration was
also carried out for INT test specimen.

3.1. Visual Grout Condition

The grouted specimens from the PTI Accelerated Corrosion Test (ACT), rapid macrocell test, and
inverted-tee tests (INT) are shown in detail in Appendix A. It was evident that the fabrication of grouted
test specimens in hand-poured batches within rather tight spaces in the 1-inch diameter PVVC pipe for the
ACT and rapid-macrocell test was difficult and grout defects such as small air voids were observed in
many specimens after demolding. Casting in lifts and attempts to rod the material within the tight
geometry did not always prevent consolidation issues. Some level of grout segregation was often
observed at the location of the spacers for the rapid macrocell-test. The 0.45 wi/c neat grout poured in-
place by hand typically showed grout consolidation problems. The surface appearance of the thixotropic
grouts when mixed following recommended procedures was more uniform and had better overall visual
consistency than the neat grout. The injection of thixotropic grout in the normal condition with a grout
pump generally provided a more uniform material along the vertical height of the INT specimens. The
0.45 w/c neat grout injected by a pressure head also formed better consolidated material than its hand-
poured counterparts, although movement of air along the length of the neat grout was apparent.
Comparisons of the grout materials after demolding showed that the mixing with excess 10% water could
provide visual grout heterogeneities for all materials although the magnitude of physical grout deficiency
differed by grout product. The INT setup showed that deficient grout material created by the excess mix
water could accumulate in the tee header.

The visual observations of the grout from the various test setups provided important findings for
the assessment of grout robustness. Better grout consolidation within the small geometry test specimens
was made when the grout was injected with a grout pump rather than hand-poured. The thixotropic
grouts, when mixed following recommended practices, generally formed visually consistent hardened
grout and was more robust to consolidation problems than the neat grout. Different levels of physical
grout deficiencies were visually evident for the thixotropic grout when mixed with excess 10% water.

3.2. Effect of Grout Mix and Cast Conditions

The INT specimens from the tee header (were cut into 10 sections) as well as from the tee body
inlet valve stem were further tested to evaluate the material segregation. The effects of the excess 10%
mix water, vertical deviation in the tee header, grout flow confinement, and grout contamination were
assessed.

3.2.1. Effect of Vertical Deviation

Figure 3.1 shows the moisture content of the grout from various tee stem heights when cast with
up to 5 feet of vertical deviation. The results showed that the INT setup with the vertical deviation can
produce enhanced transport of moisture towards the top of the tee header. The grout at greater vertical
heights had correspondingly greater moisture content and the moisture content of the grout in the tee
header was consistently greater than the grout in the tee body. This effect was observed for test trials with
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the tee header made at 1 ft, 2 ft, and 5 ft. Subsequent INT tests were made with a vertical deviation of 3
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Figure 3.1. Moisture content of neat grout in INT setup with different vertical lengths.

3.2.2. Effect of Excess Mix Water

The effect of excess 10% mix water was initially assessed for grout cast in 3x6” cylinders. As
shown in Figure 3.2, the thixotropic grouts in the normal mix condition and with excess mix water were
consistently higher than that for the 0.45 w/c neat grout, indicative of the good electrical characteristics of
the thixotropic grouts. In the static pour for the cylinder specimens, the effect of the excess mix water on
the bulk resistivity was not readily apparent. Indeed, any amount of grout segregation within the cylinder
could not be easily differentiated.
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Figure 3.2. Bulk resistivity of grout cast in 3x6”’cylinders.

The INT specimens, on the other hand, allowed for a physical separation of grout from the tee
header and tee body. The results of the moisture content and bulk resistivity are shown in Figures 3.3 and
3.4. There was distinct differentiation in moisture content for the Grout C, expired Grout C and D.
Differences in moisture content of the grout from the tee header and body were less apparent for the
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Grout A and B grout. On the other hand, lower grout resistivity was apparent for the grout in the tee
header in comparison to the tee body. The grout resistivity of the Grout C grout in the tee header typically
resulted in high values due to observed high porosity that resulted from the excess mix water and water
displacement in the INT. Grout in the tee body had grout resistivity within the same magnitude of order as

the other thixotropic grouts, if not somewhat elevated.
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Figure 3.4. Bulk resistivity of grout cast in INT with 10% extra mix water

28



Figure 3.5 shows the moisture uptake and wet resistivity of the grout specimens during its
exposure in 100%RH. As of up to 60 days, the specimens have not reached a saturated moisture condition
and have not yet reached a terminal wet resistivity. The resistivity results would have the conflated effect
of cement hydration and moisture uptake. In any case, all of the thixotropic grouts show improved
permeability and resistivity characteristics over the 0.45 w/c neat grout.
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Figure 3.5. Moisture uptake and grout wet resistivity of INT setup cast with 10% extra mix water

3.2.3. Effect of Flow Constriction

Figures 3.6 and 3.7 show the moisture content and bulk resistivity of grout cast in INT setup with
the presence of high and low grout flow constriction. Similar to the INT results without the flow
constriction, the grout in the tee header had higher moisture content than the grout in the tee body. In all
test cases, the excess mix water allowed for enhanced water displacement into the tee header. However, it
was apparent that the presence of a high flow constriction amplified this effect. Much higher water
contents (>30%) was measured in the grout from tee header.
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Figure 3.7. Bulk resistivity of grout cast from INT with grout flow confinement.
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Although the bulk resistivity showed supporting and consistent results that grout in the tee header
had worse electrical characteristics than the grout in the tee body and that the excess 10% mix water
allows for greater moisture displacement, the resistivity results did not show clear effect of the grout flow
constriction. Even though the moisture content was the greatest in the tee header after grout pumping with
high-level flow constriction, the bulk resistivity of the grout before and after the flow constriction (i.e., tee
body and tee header) did not reveal a correlating effect. This was due to the fact that the thixotropic grout
could not be completely pumped through the high-level constriction filter up to the 3’ vertical deviation.
It was observed that the filter became clogged with a dense grout material allowing for the higher water
content in the grout above. The effect of grout hydration and differential drying upon demolding may also
be important. Monitoring of moisture uptake and wet resistivity of the grout conditioned in 100%RH are
described next (Figures 3.8 and 3.9).

After up to 40 days of conditioning in 100%RH, the grouts subjected to flow constriction
continued to increase in mass due to water uptake, and the wet resistivity dropped accordingly. There is
no clear differentiation in the results due to the flow confinement. Consistent with the observations from
the other test cases, the thixotropic grouts showed improved characteristics over the neat grout.
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3.2.4. Effect of External lon Contamination

Figures 3.10 and 3.11 show the moisture content and bulk resistivity of the grout specimens cast
with chloride and sulfate ion contamination. As expected, the moisture content was higher in the INT
header than the INT body. The presence of the chloride and sulfate ions would enrich the ionic
concentration of the grout pore water but it was evident that its presence would not be a dominant factor
in the grout bulk resistivity. The differentiation in the moisture content of the grout in the tee header and
tee body would imply that there was accumulation of moisture in the tee header. The transport of the
water would likely allow for differentiation of the chloride and sulfate concentrations along the vertical
height of the INT specimen.

40

35 1
30
25 4
<
8 20 -
o N - 7 7
210 4 § Z Z Z
U 7 7
s ] \ . . .
0 N 7 7 7
S8 e A S8 e R S8 e S 8 e S8 e A S8 e
Z Z Z Z Z Z Z Z Z
2000 ppm Sulfate | 823 ppm chloride Combine 2000 ppm Sulfate | 823 ppm chloride Combine 2000 ppm Sulfate | 823 ppm chloride Combine
Sulfate/Chloride Sulfate/Chloride Sulfate/Chloride
Grout A Grout B ‘ Neat Grout

Figure 3.10. Moisture content of grout cast from INT with external ion contamination.
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34

24" ‘ 24"-26" ‘ 26




] Neat Grout/ 2000ppm Sulfate

cl
B
2 o
S o
S o
S o

Bulk Resistivity (ohm.cm|
N
o
(=]
IS]
3

6000 -

" | 2"-4" | 4"-8" | 8"-12"|12"-14"|14"-16"16"-20"|20"-24"|24"-26"|26"-28"|

Neat Grout/ 2000 ppm Sulfate

Neat Grout/ 832ppm Chloride

26"-28"

0"-2" | 2"-4" | 4"-8" | 8"-12" |12"-14"|14"-16"16"-20"|20"-24"|24"-26"
BODY | BODY
1 2

INT INT
Neat Grout/ 823 ppm chloride

18000 {Neat Grout/ Combine Sulfate and Chloride

S 14000 {

Bulk Resistivity (
=
(=3
o
1S]
3

" | 4'-8" | 8"-12"12"-14"|14"-16" 16"-20"|20"-24"|24"-26"|26"-28"

Neat Grout/ Combine Sulfate andChloride

Figure 3.11-continued. Bulk resistivity of grout cast from INT with external ion contamination.

Figures 3.12 and 3.13 show the results water uptake and wet resistivity of specimens conditioned
in 100%RH. The transport of ions relating to the chemical deficiencies of segregated grout was posited to
be related to movement of water during the grout injection stage. As such, the recorded data below were
made for posterity for comparisons of various levels of grout segregation.
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Figure 3.12. Moisture uptake of grout from INT setup cast with external ion contamination.

36



2000 ppm Sulfate

10000 10000

Tee Header ( 24"-28")

Tee Header (4"-8")
,

§ §
1S 1S
< <
S S
2 2
S 1000 S 1000
k7 k7
[%2] [%2]
o} 0}
x x
X X
S —O— Grout A-Sulfate =] —O—Grout A-Sulfate
@ —&— Grout B-Sulfate o —— Grout B-Sulfate
—X— Neat Grout -Sulfate —%— Neat Grout -Sulfate
100 T T 100 T T
1 10 100 1000 1 10 100 1000
Time (days) 832 ppm Chloride Time (days)
10000 10000
Tee Header (24"-28") Tee Header ( 4"-8")
§ 5
£ £
o S
> >
.=1000 1 S 1000 §
7 =
.a g
e i)
o o
X~ X~
5 —O—Grout A-Chloride S —O—Grout A-Chloride
——Grout B-Chloride m —A— Grout B-Chloride
*— Neat Grout -Chloride X— Neat Grout -Chloride
100 T T 100 v v
1 10 100 1000 1 10 100 1000
Time (days) Time (days)
Combined Sulfate and Chloride
10000 10000
Tee Header (24"-28") Tee Header (4"-8")
5 5
S £
g <
- o
> > XX R Iy ox KK
'S 1000 1 S 1000 1
o B
7] k7]
o}
id 2
i:‘ —O—Grout A- Sulfate Chloride %‘ ST ASITaE o
o i - a —0— Grout A-Sulfate Chloride
—&— Grout B-Sulfate Chloride . Grout B-Sulfate Chloride
%— Neat Grout -Sulfate Chloride %— Neat Grout -Sulfate Chloride
100 T T 100 = =
1 10 100 1000 1 10 100 1000
Time (days) Time (days)

Figure 3.13. Wet resistivity of grout from INT setup cast with external ion contamination.

3.4. Chemical Analysis

The grout from the INT specimens were further tested following FM 5-618 to assess the effects of
poor construction on the extent to which sulfate ions can accumulate including overwatering,
prehydration, external contamination, and flow constriction. Results are shown in Table 3.1-3.3 and
Figures 3.14-3.17.
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Table 3.1. Results of Leaching Experiments (Grout A)

Sulfate Chloride
Grout Test Grout Name INT H Concentration Concentration
Condition | Condition Segment P Leachate Grout | Leachate | Grout
(ppm) | (mg/g) | (ppm) | (mg/g)
1 12.64 5 0.1 5 0.1
5 11.81 5.6 0.112 5 0.1
IM55 B 12.69 5 0.1 5 0.1
10 12.67 35 0.7 5 0.1
1 0/42
AR’, 10% 1 12.7 5 0.1 5 0.1
5 12.66 12 0.24 5 0.1
IM56 A 12.7 5 0.1 5 0.1
10 12.7 34 0.68 5 0.1
1 12.72 5 0.1 5 0.1
AR, 10%, 6 12.7 5.4 0.108 5 0.1
A Control S IM57s 9 12.66 5 01 5 01
A 12.7 5 0.1 5 0.1
1 12.6 5 0.1 5 0.1
AR, 10%, IM58c 5 12.63 5 0.1 5 0.1
o 9 12.6 5 0.1 5 0.1
A 12.65 5 0.1 5 0.1
1 12.63 5 0.1 5 0.1
AR, 10%, 5 12.62 5 0.1 5 0.1
S+C8 IM59s+c 9 12.64 5 0.1 5 0.1
A 12.61 5 0.1 5 0.1

1. As-Received. 2. 10% extra mix water. 3. No. of cut specimens. 4. 2,000 ppm sulfate. 5. 832
ppm chloride. 6. Combined 2,000 ppm sulfate and 832 ppm chloride. 7. Cast with steel bar.
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Table 3.2. Results of Leaching Experiments (Grout B)

Sulfate Chloride

Grout Te_st_ Gro_u_t Name INT oH Concentration Concentration
Condition | Condition Segment Leachate Grout | Leachate | Grout
(ppm) | (mg/g) | (ppm) | (mg/g)

1 12.53 5 0.1 5 0.1

IM637 9 12.55 5.3 0.106 5 0.1

AR B 12.59 5 0.1 5 0.1

1 12.57 5 0.1 5 0.1

IM647 9 12.6 5 0.1 5 0.1

B 12.62 5 0.1 5 0.1

1 12.52 120 2.4 2.5 0.1

5 12.52 5 0.1 5 0.1

IM65 A 12.54 10 0.2 5 0.1

10 12.73 66 1.32 5 0.1

AR, 10% 1 12.56 5 0.1 5 0.1

5 12.54 6.7 0.134 5 0.1

Control IM66 A 12.45 5 0.1 5 0.1

10 12.64 56 1.12 5 0.1

1 12.58 5 0.1 5 0.1

AR, 10%, IM67s 5 12.61 9.8 0.196 5 0.1

S 9 12.64 6.3 0.126 5 0.1

A 12.65 9.6 0.192 5 0.1

1 12.63 12 0.24 5 0.1

AR, 10%, IM68C 5 12.66 7.9 0.158 5 0.1

C 9 12.67 5 0.1 5 0.1

A 12.67 6.7 0.134 5 0.1

1 12.65 5 0.1 5 0.1

B AR, 10%, 5 12.63 7.1 0.142 5 0.1

S+C IM69s+c 9 12.65 5 0.1 5 0.1

A 12.58 9 0.18 5 0.1

3 12.57 5 0.1 5 0.1

AR IM610S A 12.57 5 0.1 5 0.1

IM611S 3 12.58 5 0.1 5 0.1

High A 12.57 5.8 0.116 5 0.1

Constrict. 1 12.51 5 0.1 5 0.1

IM614S 5 12.44 8.2 0.164 5 0.1

AR, 10% A 12.5 5 0.1 5 0.1

2 12.48 6.5 0.13 5 0.1

IM615S A 12.47 14 0.28 5 0.1

1 12.61 6.9 0.138 5 0.1

IM612L 10 12.55 5 0.1 5 0.1

AR A 12.6 5 0.1 5 0.1

1 12.63 5 0.1 5 0.1

IM613L 10 12.65 5 0.1 5 0.1

Low A 12.64 5.2 0.104 5 0.1

Constrict. 1 125 8.5 0.17 5 0.1

IM616L 10 12.47 9.7 0.194 5 0.1

A 12.49 8.8 0.176 5 0.1

AR, 10% 1 12.54 5 0.1 5 0.1

IM617L 10 12.53 5 0.1 5 0.1

A 12.57 5 0.1 5 0.1
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Table 3.3. Results of Leaching Experiments (Grout C, D, and neat grout)

Sulfate Chloride
Grout Te_st_ Gro_u_t Name INT oH Concentration Concentration

Condition | Condition Segment Leachate Grout | Leachate | Grout
(ppm) | (mg/g) | (ppm) | (mg/g)

IE5 9 12.39 38 0.76 2.5 0.05

AR, 10% B 12.17 180 3.6 2.5 0.05

IE6 9 12.4 37 0.74 5 0.1

C Control B 12.21 120 2.4 5 0.1
_ |OE5 9 11.92 470 9.4 3 0.06

Expired, A 12.35 8 0.16 5 0.1

10% IOE6 9 11.73 3.9 0.078 2.5 0.05

A 12.15 650 13 3.6 0.072

_ 1S5 A 12.68 5 0.1 5 0.1

D Control Expired, 10 12.69 250 5 5 0.1

10% 1S6 A 12.66 5 0.1 5 0.1

10 12.16 410 8.2 3.5 0.07

1 12.6 19 0.38 5 0.1

IC5 5 12.65 18 0.36 5 0.1

10 12.74 21 0.42 5 0.1

A 12.64 19 0.38 5 0.1

0.45 wie 1 12.65 14 14 5 0.1

1C6 5 12.6 17 17 5 0.1

10 12.73 36 36 5 0.1

A 12.52 19 19 5 0.1

1 12.67 8.9 0.178 5 0.1

Control AR, 10%, ICTs 5 12.68 5.2 0.104 5 0.1

S 9 12.55 12 0.24 5 0.1

A 12.57 7 0.14 5 0.1

1 12.53 5 0.1 5 0.1

AR, 10%, 1C8e 5 12.68 5 0.1 5 0.1

C 9 12.65 5 0.1 5 0.1

Neat A 12.68 5 0.1 5 0.1
Grout 1 12.64 8.7 0.174 8.2 0.164

AR, 10%, 1C9s4C 5 12.62 6.5 0.13 5 0.1

S+C 9 12.68 5 0.1 5 0.1

A 12.67 5 0.1 5 0.1

1 12.55 21 0.42 5 0.1

High IC10S 11 12.61 18 0.36 5 0.1

Cons?ricti 0.45 wlc A 12.62 19 0.38 5 0.1

on 1 12.26 20 0.4 5 0.1

IC11S 10 12.58 19 0.38 5 0.1

A 12.6 20 0.4 5 0.1

1 12.58 30 0.6 5 0.1

Low IC12L 10 12.6 27 0.54 5 0.1

o A 12.53 28 0.56 5 0.1

Con;[]rlctl 0.45 wlc 1 1264 5 01 5 01

IC13L 10 12.67 10 0.2 5 0.1

A 12.48 7.2 0.144 5 0.1

1. As-Received. 2. 10% extra mix water. 3. No. of cut specimens. 4. 2,000 ppm sulfate. 5. 832 ppm
chloride. 6. Combined 2,000 ppm sulfate and 832 ppm chloride. 7. Cast with steel bar.
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As discussed earlier, the different grout products had different yields of leached sulfate ions in the
INT header. As shown in Figure 3.14, higher sulfate levels were generally observed in the tee header than
the tee body likely relating to the displacement of water to the top of the specimen.
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Figure 3.14. Comparison of sulfate ion concentrations in grout from INT tee header and tee body.

Figures 3.15 shows the resolved sulfate concentrations in grouts subjected to sulfate
contamination. Consistent with previous research, it was shown that the sulfate ion accumulation in the
deficient grout (here in the tee header) can develop without external contamination. In the test conditions
with an additional 2,000 ppm sulfate, the resolved sulfate concentrations were lower than the control mix.
It was observed that when the additional sodium sulfate was added to the mix water, the grout mix was
thicker where less water per solids was present. This would create a lower water-to-cement ratio and
overall less water availability to be involved in the material segregation.
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Figure 3.15. Sulfate ion concentration in grout subjected to external contamination

As shown in Figure 3.16, the addition of excess mix water in the INT setup for the grouts allowed
for moisture displacement and accumulation of sulfate ions relative to the conditions with no excess mix
water. However, the experiments did not show appreciable effects due to the grout flow constriction.
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Figure 3.16. Sulfate ion concentration in grout subjected to flow constriction
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CHAPTER 4. MODIFIED ACCELERATED CORROSION TEST FOR GROUTS

The preliminary testing using a modified ACT test explored the idea of assessing the robustness
of grouts subjected to non-ideal conditioning. These tests incorporated testing of grout subjected to
adverse conditioning and mixing to promote grout deficiencies. The results of the testing described next
are not representative of performance and durability of strand in the grout if properly handled and are
only considered for research purposes to identify test methodologies that can be adopted to address grout
robustness.

4.1.ACT for Grouts following PT1 M-55

The OCP of each test specimen was obtained prior to the LPR and anodic polarization tests
prescribed by the ACT. As shown in Figure 4.1, the steel embedded in the neat grout as well as test
specimens cast with grout in the control as-received condition all developed passive potentials in the
range of -100 < OCP < -200 mVsce after 28 and 56 days of curing, regardless of any grout imperfections.
Specimens cast with pre-exposed Grout A and Grout B with 10% excess water also developed similar
passive potentials. However, specimens cast with pre-exposed Grout C with 10% excess water developed
more electronegative potentials at levels that may be interpreted as active corrosion (as negative as -400
mVsce). This observation was coincident with the physical grout deficiencies described earlier; however,
since the specimens were immersed in saturated calcium hydroxide solution prior to testing and were
tested in chloride-free saturated calcium hydroxide solution, corrosion activation was not expected.

100

-100 A

-200 A

-300 A

OCP (MVgcg)

-400

-500 -

28 56
day day

Grout A

28 56
day day

Grout B

28 56 | 28 56
day day | day day

Grout C Grout A

28 56
day day

Grout B

28 56 | 28 56
day day | day day

Grout C

Pre-Exposed with 10% excess water| As-Received Control
Neat Grout

Figure 4.1.Corrosion potentials 28 and 56 days after casting.

The polarization resistance resolved from the LPR test, assuming a nominal steel area of 96.6 cm?
(surface area of the 7-wire strand within the grout section open to the test electrolyte), is shown in Figure
4.2. Consistent with the OCP measurements, all neat grout specimens and test grout specimens (in both
control and adverse pre-exposure/mixing conditions) that developed passive-like potentials all exhibited
Rp values that meet or exceed the 700 kQ-cm? criteria established in the ACT. Likewise, the specimens
cast with pre-exposed Grout C with excess mixed water had lower Rp values, corresponding to corrosion
current densities as high as 0.68 pA/cm?, further suggesting that low to moderate active corrosion
conditions*® developed in those cases. Of note, specimens cast with Grout C following appropriate
procedures (and with generally well hardened and consolidated grout) developed the highest Rp values
corresponding corrosion rates as low 0.015 pA/cm?,
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Figure 4.2. Measured polarization resistance 28 and 56 days after casting.
Dashed line represents the limit described in PTI M55 Appendix B, 700 kQ-cm?,

Further anodic potentiostatic polarization tests for grout after 28-days and 56-days curing at
+200mVsce were made for Grouts A-C and the control neat grout (Figure 4.3). Due to the physical
deficiencies described earlier that developed for the aggressive preconditioning and mixing (particularly
that for Grout C and the neat grouts), the chloride ions in the test solution for the potentiostatic tests could
readily penetrate the grout cover. For the deficient Grout C and the neat grout, it was evident that the
embedded strand was depassivated near the onset of testing and large anodic currents developed due to
the large anodic polarization. Grouts A and B subjected to adverse mix conditions had a longer time to
corrosion as did Grouts A, B, and C when mixed following recommended procedures. The time to
corrosion activation (when current exceeded 1A) for the various test conditions are shown in Tables 4.1-

4.4

Table 4.1. Time of corrosion activation when current exceeding 1yA for Neat Grout

Neat Grout (0.45 W/C) Time of Corrosion (Day) Current at time of Corrosion (A)
Cc2 0.13 0.00147
28-day c7 0.46 0.00046
C1 1.4 0.00030
C8 2.0 0.00242
56-day Cl1 0.00052 0.00491
C12 0.00064 0.00276
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Table 4.2. Time of corrosion activation when current exceeding 1pA for Grout A

Grout A Time of Current a}t time of
Corrosion (dy) Corrosion (A)
M51* 1.8 0.0107
28-day M57* 2.95 0.00015
Pre-Exposed M52* 0.00015 0.617A
Grout with M56* 12.3 0.00018
Extra 10% M58* 0 0.00030
Mix Water 56-day M53* 5.0 0.00015
M510* 7.9 0.00469
M59* 8.5 0.00011
M5A1 5.6 0.00012
M5A3 13.3 0.00010
. 28-day
As-Received M5A4 26.9 0.00019
Grout M5A2 45.6 0.00010
56-day M5A6 145 0.00010
M5A5 44.3 0.00010

A. Accidental electrode short-circuit.

Table 4.3. Time of corrosion activation when current exceeding 1yA for Grout B

Grout B Time of Current a_lt time of
Corrosion (dy) Corrosion (A)

M66* 18.2 0.00068

28-day M61* 28.3 0.00011

Pre-Exposed M62* 34.3 0.00040
Grout with M63* 42.3 0.00082
Extra 10% M69* 7.9 0.00083

Mix Water | 56-day M68* 15.9 0.0024
M67* 21.9 0.00086

M610* 50.9 0.00099

M6A1 56.6 0.0019

M6A2 77.6 0.00097

. 28-day

As-Received M6A3 90.7 9.96E-06
Grout M6A4 93.8 0.00321
56-day M6A6 0.27 0.00011
M6A5 75.82 3.536-05
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Table 4.4. Time of corrosion activation when current exceeding 1A for Grout C

Grout C Time of Corrosion| Current a}t time of
(dy) Corrosion (A)
E1l' 1.2E-05 0.0208
E2' 0.00013 0.0351
E3' 0.00025 0.0412
28-day E4' 0.00038 0.0437
E6* 0.00053 0.0255
Pre-Exposed E1* 0.00054 0.00074
Grout with E7* 0.00065 0.0303
Extra 10% Mix E2* 0.00068 0.0126
Water E6' 0.00012 0.647
E8* 0.00027 0.0302
56-day E9* 0.00040 0.0225
E10* 0.00053 0.0353
El11* 0.00065 0.0339
E5' 0.0035 0.0123
EA2 0.021 0.00089
28-day EA1l 0.38 0.00010
As-Received EA3 2.89 0.00384
Grout EA4 2.94 0.00036
56-day EA6 1.23 0.00010
EAS5 1.35 0.00010
- 0. —Neat Grou 0.05 -
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Figure 4.3. Anodic Currents for Steel in Anodic Potentiostatic Polarization Test
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4.2. ACT for Grouting following INT test

4.2.1 Corrosion potential and polarization resistance

The OCP of each test specimen was made prior to the LPR and anodic polarization tests
prescribed by the ACT. As shown in Figure 4.4, the steel embedded in Grout A and B with or without
10% excess mix water all developed passive potentials in the range of -100 < OCP < -200 mVsce. Some
of the specimens cast with neat grout developed similar passive potentials. However, specimens cast with
Grout C, expired Grout C and D developed more electronegative potentials at levels that may be
interpreted as active corrosion (as negative as -450 mVsce) according to ASTM C876. This observation
was coincident with the physical grout deficiencies described earlier; however, since the specimens were
immersed in saturated calcium hydroxide solution prior to testing and were tested in chloride-free saturate
calcium hydroxide solution, corrosion activation was not expected. Testing of the grout pore water for
chemical deficiencies (Figure 4.5) showed higher sulfate accumulation in Grout C, expired grout C and D.
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*2: Limit for Severe Corrosion (ASTM C876)
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Figure 4.4. Corrosion potentials for INT testing.
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Figure 4.5. Sulfate and chloride concentration for INT specimens.

The polarization resistance resolved from the LPR tests assuming a nominal steel area of 91.20
cm? is shown in Figure 4.6. Consistent with the OCP measurements, grout B specimens with or without
10% excess mix water and grout A with no excess mix water developed Rp values that generally meet the
700 kQ-cm? criteria established in the ACT. Grout A with 10% mix water and neat grout which showed
lower Rp values. Likewise, the specimens cast with Grout C and expired grout C and D had much lower

Rp.
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4.2.2. Anodic Potentiostatic Polarization
Further anodic potentiostatic polarization tests at +200mVsce were applied on the specimens

(Figure 4.7 and 4.8). Due to the physical deficiencies described earlier (Task 2) that developed from the
non-ideal test mixing protocol (particularly that for Grout C, expired Grout C and D), the chloride ions in
the test solution for the potentiostatic tests could readily penetrate the grout cover. Grouts A and B, mixed
with or without the 10% excess mix water conditions had a longer time to corrosion. The time to
corrosion activation (when current exceeded 1A) for the various test conditions are shown in Table 4.5.
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The results showed that the methodologies prescribed in existing test guidelines can be applicable
to assess grout robustness and corrosion propensity in deficient grout. Grout C, expired Grout C and D
cast with 10% extra water with the most adverse grout segregation showed results that would be
considered not meeting acceptance criteria. Further test developments should consider test configurations
that would provide reasonable grout conditioning and handling yet still appropriately assess robustness.
The results showed that generally Grout A and B showed a longer time to corrosion. Figures 4.9 and 4.10
show photographs of test specimens after corrosion development by anodic polarization.
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Table 4.5. Time of corrosion activation when current exceeding 1pA

Current at Time of
Samples Condition time of Corrosion
Corrosion (A) (hour)
o IM51*T 0.00020 235
Extra10% | NI Head (257-34%) IM53*T 0.00020 356
Mix Water o IM51*B 0.00013 282
Grout A INT Head (7°-167) TV 5.00064 o8
No Extra | INT Head (25'-34) IM53T 0.0044 261
water INT Head (7-167) IM53B 0.00024 167
o IM61*T 0.00013 331
Extra10% | NI Head (257-34%) IM63*T 0.00069 330
Mix Water o IM61*B 0.00042 93
Grout B INT Head (77-16") IM63*B 0.00010 12
No | INT Head (25-34") IM61T 0.000062 900
Extrawater | INT Head (7-16") IM61B 0.000010 1215
- IELT 0.0012 0.00028
Groutc | EXtra10% INT Head (25-34") IE3T 0.00013 0.0066
Mix W. . .
X Water || (7167 IELB 0.0082 0.0033
IE3B 0.0038 0.0097
- IOELT 0.0061 0.00028
Expired | Extra100 | 1 Head (257-347) |OE3T 0.0066 0.0064
GroutC | Mix Water o IOE1B 0.0001 1.069
INT Head (7-167) IOE3B 0.00078 0.0094
- ISIT 0.0019 0.00055
Expired | Extra100 | |1 Head (257-347) IS3T 0.0010 0.0067
GroutD | Mix Water - IS1B 0.00022 0.0036
INT Head (7-167) 1S3B 0.00012 0.0097
- IC3T 0.00036 0.0128
INT Head (25-34") ICaT 0.00028 0.0158
Neat Grout 1C3B . .
INT Head (7°-16") IC4B 0.00023 1215
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Figure 4.10. PTI test specimens with no extra mix water after corrosion development

4.3. ACT for Grouts with Application of Corrosion Mitigation (Impregnation)

The solution resistance of the grouted specimens with and without the injection of the WD-40
was resolved as the high frequency limit of impedance measured by EIS. As shown in Figure 4.11, the
presence of the film increased the solution resistance indicating that there was good coverage of the
medium within the grouted specimen. Grout C, which developed physical grout deficiencies, showed the
largest increase in solution resistance likely relating to the saturation of the pore spaces with the
hydrocarbon film.
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The untreated specimens developed electronegative potentials and high corrosion currents

reflective of their corrosion conditions due to testing in salt solution in earlier experiments (Figure 4.12).

Grout C specimens, that had physical grout deficiencies, had highly electronegative potentials and high
corrosion currents. In contrast, the test specimens injected with the hydrocarbon medium showed

increases in the open-circuit potential and significant drop in corrosion current indicating beneficial effect

of the injection.
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Figure 4.13 shows the results of the anodic potentiostatic polarization tests for the test specimens
with and without the hydrocarbon film injection, conforming to the PT1 Accelerated Corrosion Test. For
all tested grout materials and the neat grout, the application of the hydrocarbon film resulted in decreases
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Figure 4.12. Open-circuit potential and corrosion current

the anodic currents. Table 4.6 lists the extent of the anodic current reduction for each of the test

conditions.
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Figure 4.13. Results of anodic potentiostatic polarization tests

Table 4.6. Reduction in current by impregnation

Grout Product Reduction_in Current by
Impregnation

Grout A 6.8

(Extra 10% Mix Water) 5987

Grout B 368

(Extra 10% Mix Water) 2.6

Grout C 21

(Extra 10% Mix Water) 3.1

Neat Grout 2.6

(0.45WI/C) 4.7

Photographs of the test specimens after the anodic potentionstatic polarization tests are shown in
Figure 4.14. Corrosion products could be seen emanating from grout C specimens (that had the physical
grout deficiencies) with and without the injection of the hydrocarbon film but was visually smaller in the

former.
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Figure 4.14. Photographs of test specimens after anodic potentionstatic polarization tests.

The results of the testing showed that the accelerated corrosion testing methods to incorporate the
consideration of grout material robustness can be applicable to assess passive corrosion mitigation
technologies such as impregnation of protective films. The development of the test specimens with grout
subjected to adverse mix conditions including excess mix water, grout pre-hydration, and water
displacement (such as by the INT setup) produce test conditions where application of the protective films
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and inhibitors can be assessed. For illustrative purposes, the testing revealed that in presence of severe
grout physical deficiencies, the hydrocarbon film can reduce the corrosion rates, but the continued
presence of aggressive chemical species such and chloride ions can still promote corrosion. Development
of these corrosion mitigation technologies can consider the effect of the grout deficiencies and the role of
the environmental exposure after injection to identify long-term performance.

In summary, it was observed that:

e Accelerated corrosion testing can be used to identify the corrosion performance of passive
corrosion mitigation technologies (such as inhibitors and films).

e Application of protective hydrocarbon films into post-tensioned tendons, such as that already
commercially developed can reduce, can have beneficial effects to mitigate corrosion.

e The presence of severe grout deficiencies with continued exposure to adverse corrosion
environments can reduce the efficacy of the protective film.

Test protocols to assess grout robustness to the effects of adverse construction practices and conditions
(such as overwatering, grout pre-hydraton, and water displacement) can be implemented to the
accelerated corrosion testing to identify the performance of the corrosion mitigation technology (ie
impregnation).
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CHAPTER 5. MACROCELL TESTING FOR GROUTS

5.1 Macrocell Testing for following in ASTM A955 Annex 2.28

Figure 5.1 shows the macrocell current in the rapid macrocell testing. In the figure, negative
currents represent net oxidation reaction in electrode 1 designated as anode. Test results showed early
high macrocell currents that later stabilized to terminal values with time. The steel couple incorporating
Grout A showed near terminal values less than 1pA. Consistent with the results from the modified ACT,
the steel couple incorporating Grout C that showed separation of a physically deficient material showed
larger macrocells in the range of 2-10pA (Figure 5.1A). As shown by comparison of Figures 5.1A and
5.1B, the development of corrosion macrocell currents of steel embedded in the deficient grout can be
captured more distinctly using a control neat grout for the cathode cell component than when using the
control mix of each grout product. Figure 5.1C-E show the condition when electrodes 1 and 2 were the
same material. This test set was used as a control set to verify the differentiation caused by the non-ideal
mixing condition.
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Figure 5.1: Macrocell currents in modified rapid-macrocell test.
Negative values represent electrode 1 is net anodic and electrode 2 is net cathodic.
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5.2 Modified Macrocell Testing following INT
5.2.1 First Cycle (No salt addition)

Figures 5.2 and 5.3 shows the macrocell current measured in the rapid macrocell tests. In the
figures, negative currents represent net oxidation reaction in the Anode cell. Test results showed early
high macrocell currents that stabilized to terminal values with time. For the first 200 hours of testing, all
Grout A, B and expired Grout C showed anodic behavior for both INT header sections. Expired Grout D
had the largest measured macrocell current (~ -2uA) compared to the other specimens (which ranged
from O pA to -1pA). After 800 hours of the testing, it was observed that most of the specimens in the
Anode cell changed from net anodic to net cathodic behavior as result of possible passivation. In the case
for Grout C and expired Grout C (both mixed with 10% excess mix water), cathodic macrocell current
was observed throughout the testing, in spite of the different levels of physical grout deficiencies (distinct

separation of friable material) that were visually evident for Grout C.
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Figure 5.2. Macrocell currents in modified rapid-macrocell test INT Head (25"-34").
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Figure 5.3. Macrocell currents in modified rapid-macrocell test for INT Head (77-16").

After 40 days of macrocell measurement, each test cell was disconnected by the electrical switch.
The depolarization potential were measured right after disconnection and after 15 min, 1 hr, 2 hr, 24 hr
and 48 hr. As shown in Figure 5.4, most of the test specimens showed active potentials. Grout C showed
more electropositive potentials. It was observed that the Grout C specimens were cathodically polarized
as much as 50 mV during the testing. Overall, there was no significant polarization due to the galvanic

coupling of the test cells.
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Figure 5.4. Potentials after disconnection (depolarization data)

Figure 5.5 shows a comparison of the corrosion potential and polarization resistance from start
and end of the ACT experiment. All specimens showed a shift from noble to active potentials by the end
of the testing. The polarization resistance correspondingly showed a decrease in polarization for all
specimens except for expired Grout C and D. The spontaneous changes in corrosion activity of the
individual cells during the course of the experiment introduce complications in the macrocell testing.

59



=
Q
S

@ o4 Nosalt
3
E—lOO—
Z-200
=
g—soo
2 -400
[8
< 500 4
5 -500 |
S - -
8 -600 1 1 o
5 oo oo Yoo
5 ' P i
S -700 i o oo
1 1 1
-800 ! 1 M 1 L
2 2/l ©]/2a |2 |2 |/ |2 ©|/a |2 |3 |2 |2 /@ | /@ =|=a =
g 3 3 3 3 g 3 3 3 3 g 3 3 3 3 3
e a8 a8 a|f a|f @|2g a2 a2 alL a|f a|f a|f a|2 a|2 |2 a2 a
- - 5 - - - - - - - - - - - - 5
B s|% |8 |8 |8 /% /8B /% |8 |% |8 |8 S |IB |8 |8 |8 &
@ @ Q @ @ @ @ @ i) L) @ @ Q @ @ @ @ @ i) @ @ @ Q @ o 3] 3] @ i) @ @ @
r £}z |z £}z &£}z £z |z |z £}z £}z |z |z |z /T | |z =
§ I 2|8 F|d I IS IS IS F|$ IS IS IS IS IS IS F|F 7
h Ml Ml Ml Mo M Ml Ml Ml Ml Ml M M N MNB N~k O~
& & & & Q & & ] & Q & & & &
Date

End Date | Start Date | End Date | Start Date | End Date

Start Date
Neat Grout Grout A Grout B

Start Date
Expired Grout D

Start Date

Start Date Start Date

Start Date
Grout A

Expired Grout C
With 10% No 10%

,4
8

=z

o

n

D

=

.
.
ey et

— ey
g
]
[~————

716" (Head-Bot) [—————]

7"-16" (Head-Bot) [—————————]

7"-16" (Head-Bot)

Polarization Resistance ( Kohm)
) =
[ I 1)
25"-34"( Head Top)
7"-16" (Head-Bot)
5"-34"(Head Top)
25"-34"( Head Top) [

25"-34"( Head Top) F

25"-34"( Head Top)
7"-16" (Head-Bot)
7"-16" (Head-Bot)
5"-34"( Head Top)
7"-16" (Head-Bot)
25"-34"( Head Top)
7"-16" (Head-Bot)
25"-34"( Head Top)
7"-16" (Head-Bot)
25"-34"( Head Top)
7"-16" (Head-Bot)
25"-34( Head Top)
7"-16" (Head-Bot)
25"-34"( Head Top)
7'-16" (Head-Bot)
5"-34"( Head Top)
7"-16" (Head-Bot)
25"-34"( Head Top)
7"-16" (Head-Bot)
25"-34"( Head Top)
25"-34"( Head Top)
7"-16" (Head-Bot)

2!
2!

&
End Date | Start Date | End Date | Start Date | End Date

Start Date
Neat Grout Grout A Grout B

Start Date
Expired Grout D

Start Date
Expired Grout C
With 10% No 10%

m
=4
a
o
=3
5

Start Date | End Date | Start Date | End Date | Start Date
Grout A Grout B Grout C

Figure 5.5. Comparison of LPR and OCP data from start to end of experiment

5.2.2 Second Cycle (with salt addition)

The macrocell testing did not reveal strong differentiation in corrosion activity that can be related
to the grout deficiencies developed by the INT setup. However, as the INT test setup did provide a means
to promote grout deficiencies, the macrocell test could be used to assess grout robustness in accelerated
corrosion test conditions in the presence of salt. After the first cycle of measurement, all the solution were
renewed and 5% NacCl solution was also added to the Anode test cell. Figure 5.6 and 5.7 show the
macrocell current measurements for the second cycle for up to 40 days. Up to 200 hrs of testing, Grout B,
Grout C and expired Grout D all showed anodic behavior, however by the end of the testing, most of the
test specimens transitioned to net cathodic behavior.
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Figure 5.7. Macrocell currents in modified rapid-macrocell test INT Head (77-16") after adding salt.

The depolarization data were monitored for (0 hr, 15 min, 1 hr, 2 hr and 24 hr). As with the first
test cycle, the galvanic coupling of the anode and cathode cell did not provide significant polarization
(Figure 5.8) and any of the effect of the grout deficiencies and the immersion in salt solution were not
well captured.
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Figure 5.8. Potentials after disconnection (depolarization data) after adding salt.

Figure 5.9 shows the corrosion potential and polarization resistance of the uncoupled test cells at
the beginning and end of the testing. After the testing in the salt solution, the grouts that had the most
severe physical deficiencies (expired Grout C and D) developed active corrosion potentials by the end of
the test and correspondingly all of those specimens developed low polarization resistance.
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Figure 5.9. LPR and OCP of decoupled macrocell test specimens after 2" cycle

5.2.3 Summary
The macrocell tests were envisioned to provide an economic alternative to the polarization resistance and

potentiostatic tests. However, the outcomes of the research showed that there were complications relating
to the electrochemical activity of the individual test cells that would obscure easy interpretation of the
galvanic coupling of the cells. Any adverse chemical effects relating to the development of deficient grout
by the INT setup was not captured by the macrocell testing. The addition of salt to the anode cell did not
provide better outcomes. The INT setup however can be useful to identify the robustness of grout
materials to adverse mixing conditions (such as overwatering and prehydration).

Lab testing to identify grout robustness requires aggressive test methods; however, overly aggressive test
conditions to promote grout segregation is not representative of the required and necessary appropriate
quality expected for field construction. Any development of corrosion test methods to address grout
robustness must state the expected use and handling of the materials and provide justification for the level
of adverse grout conditioning implemented for construction materials beyond that specified by the

manufacturer.
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CHAPTER 6. CORROSION TESTING OF MIT SPECIMENS

The corrosion activity of the embedded steel bar was assessed by measurement of the open-circuit
potential, polarization resistance (Rp) by the linear polarization resistance method (LPR), and solution
resistance by electrochemical impedance spectroscopy (EIS). At the base of each tendon, the embedded
steel bar was exposed so that electrical contact can be made for the electrochemical testing. Six portals
along the length of the MIT specimen were made to expose the grout within the duct by cutting and
removing the PVVC cover. A counter electrode made out of activated titanium mesh (4 x 3 inch) was
inserted between two wet sponges was affixed to exposed grout surface. A pen copper/copper-sulfate
reference electrode was placed at the center of the fixture.

The LPR measurements were made from the open-circuit condition (OCP) and cathodically
polarized 25 mV at a 0.1 mV/s scan rate. The Rp was corrected for the solution resistance resolved as the

high frequency limit from EIS. EIS was measured at the OCP with a 10 mV a.c. excitation voltage from
100 kHz to 1 kHz.

The OCP for the steel in the MIT specimens are shown in Figure 6.1. The OCP of the steel
showed a modest decrease to more electronegative potentials at the upper 5 feet of the tendons. However,
the potentials overall were generally indicative of passive conditions. Indeed the resolved Rp shown in
Figure 6.2 did not show strong indication for elevated corrosion rates for the steel at the upper elevations.
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Figure 6.1. Open-circuit potential of steel in MIT specimens
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The resolved solution resistance of the grout however was strongly differentiated between
locations from the top and bottom of the tendon, indicating differentiation in the grout and moisture
content (Figure 5.6). Lower solution resistance was resolved for grout at the top of the tendon than at the
lower elevations, further supporting the use of the MIT as means to test grout performance. It was noted
that greater differentiation in solution resistance between tendon elevations as well as lower values were
obtained for Grout A compared to Grout B. Indeed Grout B had better performance as it was designed for
vertical PT applications and Grout A has been accepted for only horizontal PT applications. The sulfate
content in Grout B was much greater differentiated between the high point elevation (~0.48 mg/g) and the
low point elevation (~0.13 mg/g) than for Grout A, but Grout A showed as much as ~0.6 mg/g sulfate at
high and low point elevations.
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The corrosion potentials and corrosion current densities for the steel embedded in the MIT
specimens and the INT specimens were correlated to the grout sulfate content. Figure 6.3 and 6.4 show
correlation of steel corrosion potential and corrosion current density with grout sulfate content. As shown
in Figure 6.3, the corrosion potential decreases to more electronegative values at the higher sulfate
concentrations. Likewise, the corrosion current density showed a general increasing trend with the higher
sulfate levels (Figure 6.4). The values produced from the test program here were consistent with historical
data from earlier research, further verifying the adverse effects of elevated sulfate ion concentrations in
the segregate grout. The expired grouts developed the highest sulfate ion concentrations and showed the
greatest susceptibility for corrosion development.
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CHAPTER 7. ASSESSMENT OF CORROSION BY ELECTROCHEMICAL NOISE

7.1. Electrochemical Noise

In the past 10 years, research on the effects of sulfate ions on steel corrosion has been conducted
in response to the observations of premature corrosion of steel strand in cementitious grouts in post-
tensioned bridge construction in Europe and in Florida. The steel strand corrosion appeared to be highly
localized to regions of deficient grout. The corrosion in these cases were uniquely related to moisture and
pore water in the grout that had elevated sulfate ion concentrations. The early presence of sulfate ions in
alkaline solutions can impair the formation of the steel passive layer. Carsana and Bertolini, 2011 [10]
attributed the corrosion to the development of pore water pH greater than 14. Newton and Sykes, 1987
[43] described how the elevated sulfate ion concentrations in alkaline solutions with excess calcium
hydroxide allow for an increase in pH. However, the presence of pozzolans including silica fume would
promote reactions to consume hydroxyl ions resulting in lowering the pH [44]. To further complicate the
scenario, the localization of the deficient grout in the failed bridge tendons in Florida had low cement
content (thus presumably a smaller reservoir of excess calcium hydroxide) and large aggregation of silica
fume. Due to the practical nature of the corrosion observations in the grouted PT bridge systems, there
remains interest to clarify the electrochemical behavior of steel in alkaline sulfate solutions and to provide
rationale for practical material specifications.

The electrochemical noise (EN) technique relating to corrosion of metals in aqueous solution has
been developed over the past 50 years [45-54]. The measurement technique was of interest to ideally
elucidate the localized corrosion behavior of steel subjected to the early presence of elevated sulfate ion
concentrations in alkaline solutions because of the incomplete description of how sulfate ions are related
in those systems as well as the observation of localized corrosion in the field. Assessment of additional
test parameters in the grout pore water composition by EN can be conducted pursuant to successful
implementation of the technique in these systems. The fluctuations of the electrochemical potential and
current (typically associated with unique transient events) can be attributed to corrosion processes at the
metal-to-solution interface and can ideally identify the development of localized corrosion. Although
complications exist [47], —with limitations in electronics for data acquisition, noise data interpretation,
and other confounding system noise processes (physical, chemical, and electronic)— EN provides a
useful mean to identify corrosion processes for metals in solution without the need for an external
polarization that can alter the characteristics of the interface. Results of EN measurements of steel in
simulated grout pore solution is described in the following to characterize the development of localized
steel corrosion in alkaline sulfate solutions.

7.2 Materials and Methods

EN measurements were made on coupled-pairs of nominally identical steel working electrodes
connected across a zero-resistance ammeter (ZRA) where the electrode pair was held at a common system
open-circuit (OCP) condition, and the time records for electrochemical potential and current were
measured. Each of the working electrodes in the pair was made from a cut section of a 1.27-cm diameter
smooth carbon steel bar (0.02% C, 0.16% Mn, 0.003% S, 0.03% Si, 0.006% P, 0.09% Cu and balance Fe)
mounted in an epoxy resin to expose one transverse cut face of bar, that was subsequently polished to
0.05 um following conventional metallographic preparation steps. An insulated copper wire was soldered
to the back transverse surface of the steel section via a steel screw prior to encapsulation in epoxy. The
working electrode pair was separated 7.5 mm by a plastic spacer and held together with an elastic band.
The spacer was also used to secure a micro silver/silver-chloride (Ag/AgCl) reference electrode. Several
openings were made in the spacer to accommodate the reference electrode shaft to where the tip of the
electrode was centered between the working electrodes as well as to allow mixing with the bulk solution.
The test solution consisted of a saturated calcium hydroxide solution (0.2 g Ca(OH),) and 0, 0.1, 0.6, 1, 2,
3,5, 0r 10 g Na>SO; in 100 mL deionized H,O. The test solution pH was measured with a glass pH/ATC
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combination electrode. Table 1 lists the test solution makeup and measured pH. An activated titanium rod
was placed for supplemental linear polarization resistance measurements at the end of EN testing. An
illustration of the test cell is shown in Figure 7.1.

Table 7.1. Test cell solution

Test Condition Mix Concentration Sulfate [S0.2]/
(g NazSO4/ in 100 mL H.0 Concentration pH [O|i|']
L H.0) (ppm SO4%)
0 0.2 g Ca(OH); 0 12.60 0
0.2 g Ca(OH);
1 0.1 g Na,SO4 676 12.62 0.17
0.2 g Ca(OH),
6 0.6 g Na;SO, 4,056 12.61 1.01
0.2 g Ca(OH),
10 1.0 g Na,SO, 6,760 12.60 1.8
0.2 g Ca(OH),
20 2.0 g NSO, 13,521 12.62 3.4
0.2 g Ca(OH),
30 3.0 g NSO, 20,281 12.70 4.2
0.2 g Ca(OH),
50 5.0 g NSO, 33,803 12.64 8.0
0.2 g Ca(OH),
100 10.0 g Na; SO, 67,606 12.70 14
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w .
P - Potentiostat
| Tii e (LPR &EIS)

Activated Titanium
Counter Electrode

Ag/AgCl Micro
Ref. Electrode

Saturated
Calcium Hydroxide
Solution

Working Electrodes
(1.27 cm diameter polished steel surface)
7.5 mm distance

Figure 7.1. Schematic of the test setup.

For EN testing, the test cell was placed in an aluminum enclosure to act as a Faradaic cage with
the test instrument grounded to the enclosure. The EN measurements were made in a ZRA-mode using a
Gamry Ref600 potentiostat and ESA410 data acquisition program equipped with an anti-aliasing filter,
following guidelines described by Huet and Ngo, 2019 [48] and Ritter et al., 2012 [48] with general
settings as shown in Table7.2. The I-E stability setting was set to fast. The I-E range was 6-600 nA for
testing up to 20 g Na2SO4/ L H,0, 600 nA up to 50 g Na,SO4/ L H,0, and 600 nA to 6 uA at 100 g
Na.SO4/ L H20. The potential channel range and current channel range was typically set to 300 mV for
testing up to 20 g Na>SO4/ L H>O and to 3 V at higher concentrations with some deviations to avoid
overload conditions. For each test specimen, the electrochemical potential and current time signatures
were made at time 6 hr, 24 hr, and 1 week after immersion at 100 Hz (for 170 s), 10 Hz (for 28 min), and
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1 Hz (for 70 min) sampling rates to obtain sets of power spectral density (PSD) graphs for noise data
interpretation and validation purposes. The indicated test duration for each data sampling rate provided
sufficient data points to perform fast Fourier transforms (FFT) and as recommended by Ritter et al., 2012.
[48]

Table 7.2. EN ZRA test settings

Sulfate Levels I-E I-E Range E Channel V Channel Range
Stability Range
0to 20 g Na;SO4/ L H,0 Fast 6 — 600 nA 300 mV 300 mV
30 to 50 g Na,SO, / L H,0O Fast 600 nA 3V 3V
100 g Na;SO4/ L H,0 Fast 600 nA -6 pA 3V 3V

The EN measurements were assessed by statistical evaluation of the electrochemical potential and
current time signatures such as the mean, rms, standard deviation, skew, and kurtosis. Spectral analysis
also included assessment of the PSD to characterize the characteristic charge (q), characteristic frequency
(f»), and corrosion current, (Icorr). Also comparisons of the noise impedance (Z,), noise resistance (Rn), and
polarization resistance (R,) were made.

For the R, measurements, supplemental linear polarization resistance (LPR) and electrochemical
impedance spectroscopy (EIS) measurements were made after EN testing at 6 hr, 24 hr, and 1 week.
Approximately 30 minutes after temporarily disconnecting the electrode pair from the ZRA, LPR and EIS
measurements were made for each of the electrode pair. LPR was conducted from the open-circuit
potential (OCP) condition to -25 mVocp at a scan rate of 0.01 mV/s, and EIS was made at the OCP with a
10 mV ac perturbation potential from 100 kHz to 1 Hz. The R, was calculated as the nominal polarization
resistance measured by LPR minus the solution resistance determined as the high frequency limit from
EIS.

After the electrochemical measurements for up to 1 week, the steel specimens were removed
from the test solution, surface cleaned with cotton, rinsed with ethanol, and dried with warm air. The
surface of the steel was photographed with either a metallographic microscope to identify small pitting or
a stereo microscope for low magnification of those specimens with more corrosion.

7.3. EN Analysis

The mean, rms, and standard deviation of the measured potential or current (generically described
as x below) for data points i=1 to N (where N is the data population for the time signature) is described as
in Equation 7-1 to 7-3. Higher order statistics such as skew and kurtosis can be described as in Equation
7-4 and 7-5 [45].

Mean =X = Eq. 7-1

rms = Eqg. 7-2
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Std. Dev. 6 = [ x(i)? = Eq. 7-3
N
2. (- X)’
Skew = I:Nl(xT)w Eq. 7-4
N
2. (- %)’
Normalized Kurtosis = = -3 Eq. 7-5

i=1
V(T

The mean of the electrochemical potential and current time signature would likely provide
general indication of the corrosion at the open-circuit condition (or rather the mixed potential condition of
the electrode pair). Isolated transient corrosion events only have moderate influence on the value for a
time signature if the transients have small periods relative to the recording time. Asymmetry in corrosion
behavior of the paired electrodes that result in macrocell polarization can cause significant changes in the
mean values. The rms and ¢ would ideally qualify the extent of the occurrence of isolated noise events
attributed to corrosion signal transients with magnitudes deviating from the mean, although larger values
associated with wide noise bands could mask those phenomena. These values would strongly be affected
by heterogeneities between the working electrode pair. Skew (asymmetry) and normalized positive
kurtosis (upsurge) of the distribution of the electrochemical potential and current may better reveal
localized corrosion if the transient corrosion events exhibit unique short and unidirectional noise
signatures as the occurrences of the corrosion events would provide greater statistics not conforming to a
normal distribution.

Spectral analysis of EN data include evaluation of the electrochemical potential and current PSD.
The PSD can be computed by FFT or the maximum entropy method (MEM). As described by Ritter et al.,
2012 [48] and Huet and Ngo, 2019 [47], the EN data require validation of anti-aliasing in the frequency
domain by the observation of a drop in PSD near the sampling frequency fs divided by 2 and good overlap
of PSD at different sampling frequencies. The calculated PSD from a time signature with multiple
transient events is the culmination of power spectrum of all the individual transient events [45], and
therefore systems with more events would be expected to have larger PSD. The random transient events
associated with metastable pitting would have short periods, and the associated PSD would ideally show a
low frequency limit (Pgo for potential and ¥ for current). Characteristics of the transient events can be
assessed from the PSD by shot noise analysis. The corrosion current was described as

/ ¥
leorr =B 7:30 Eq. 7-6
where B is the Stern-Geary coefficient and is related to the noise admittance Z,* = (¥io/ Pe0)*®°. The

characteristic charge, g, of the transient events was described as

0 x Peo Eq. 7-7

B
and the characteristic frequency, f,, of the transient events was described as
BZ
fn= eo Eq. 7-8
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In the cases where a low-frequency PSD limit is not observed, calculations for I, g, and f, assuming a
nominal ¥z and Yo at a low frequency such as at 1 mHz may still provide qualitative comparisons of test
parameters. As described by Cottis, 2001 [45] estimates of the PSD at an arbitrary low frequency can be
obtained by the MEM using a high order coefficient optimized by comparison with the FFT.

The noise resistance, R, has been related to the polarization resistance, Ry, used to calculate the
corrosion rate by the equation lcorr=B/R,. Ry was calculated as the quotient of the standard deviation of the
EN potential time signature and the complementary EN current time signature for the entire length of
each time signature, R, = oe/o1. Likewise the noise impedance, Zy(f) = (Pe(f)/#i(f))*° can be computed
from the potential and current PSD derived from the MEM with larger order coefficients. Comparisons of
Rnand Z, (at the low frequency limit) to R, of each of the uncoupled electrode pair measured by the linear
polarization resistance method at the end of EN testing were made. The calculated shot noise parameters
q and f, from testing at 1 Hz for 6 hr, 24 hr, and 1 week were used to make simple comparative estimates
of cumulative corrosion loss in grams using Faradaic conversion following Equation. 9,

2. (fa(i) q(i) t(i)) M

Cumulative mass loss = Eq. 7-9

nF

where i is discretized in units corresponding to the length of time t of the sampling rate (i.e. 1 Hz),
M=55.85 g/mol, n=2, and F=96,500 C/mol. The f, and g values for 0-15 hours, 15-96 hours, and 96
hours-1 week were calculated from the 6 hr, 24 hr, and 1 week EN data sets, respectively.

7.4. Results and Discussion

As shown in Table 7.1, the pH of the solution was 12.6-12.7. There was a moderate positive trend
of an increase in pH with elevated sulfate concentrations (generally conforming to the findings by
Newton and Sykes, 1987 [43]. In the absence of aggressive ions, steel passivation would be expected in
this pH range[55]. Indeed as described in the following, the control tests in sulfate-free solution showed
low corrosion activity compared to the testing in the sulfate solutions.
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Data collected at 1 Hz after 6 hr immersion. Current plotted as absolute values. Labels indicate g Na>SO.
/ L H2O. Sequence of the subplots were ordered by the magnitude of the potential and current.

Typical noise potential and current time signatures for the test specimens exposed in the alkaline
sulfate solutions are shown in Figure 7.2. The potentials were more electronegative and currents were
greater in the test solutions with greater sulfate concentrations. There was some drift in potential during
the noise recordings; however, the differences in potential were typically low (and was less than ~5 mV in
70 minutes as shown in Figure 7.2). As expected, distinct and characteristic noise events exemplified with
sharp changes and moderate recovery in potential and current were observed in the sulfate solutions and
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Figure 7.2. Example potential and current noise time signature.

larger magnitude events were observed at the higher sulfate concentrations.
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General statistics of the complete EN potential and current time signatures sampled at 1 and 100
Hz after 6 hours, 24 hours, and 1 week after sample immersion are shown in Figure 7.3. Calculations for
time signatures made at 10 Hz did not reveal significant differentiation. Consistent to the potential time
signatures in Figure 7.2, the mean potential was more electronegative for steel immersed in the higher
concentration sulfate solutions. The mean potential was -0.2 to -0.3 Vagiagcr at concentrations less than 20
g NaSO./L H,0 and more electronegative than -0.3 Vagagcr at higher sulfate concentrations. The
development of positive and negative currents indicated that net anodic and net cathodic behavior
developed on separate electrodes of the working electrode pair. Nevertheless, , consistent with the
developed OCP, the magnitude of the mean current (also exemplified by the Ins) was significantly larger
in solutions with more than 20 g Na>SO4/L H,O.

The standard deviation of the EN potential had scatter in the results (attesting to some level of
asymmetry of the working electrode pair) but the current ¢ was overall higher in the test solutions with
more than 20 g Na,SO4/L H,0. This was considered to be associated with a wider range of current
measured during the isolated noise events due to the more frequent events with larger magnitudes
Furthermore, the potential and current skew and kurtosis all showed greater values likewise in solutions
with more than 20 g Na.SO./L HO reflecting the statistics from the more numerous and greater
magnitude noise events at the higher sulfate concentrations.

It was noted that the mean potential showed trend towards more electronegative values and the
mean current showed trends to greater current magnitudes also at the low sulfate ion concentrations up to
20 g Na;SO4 / L H20, albeit to a lesser extent than that observed at the higher sulfate concentrations.
Likewise the potential and current rms, , skew and kurtosis had larger values at those low sulfate ion
concentrations than the control condition, indicating that sulfates also have effect at low concentrations.
However, the statistics in the sulfate solutions described above were more appreciable at early times of
exposure (ie 6 hrs) than after 1 week indicating that those noise events are reduced with time.

A typical example of the potential and current PSD calculated by FFT as well as MEM from EN
measurements made at 1, 10, and 100 Hz sampling frequencies are shown in Figure 7.4. As expected, the
PSD computed by MEM with a high order coefficient showed comparable results as the PSD computed
by FFT. The PSD showed cutoff frequencies at fy/2 indicating filtering of signal above the Nyquist
frequency and good overlap of the three PSD providing validation of the EN measurements. Figure 5
shows the potential and current PSD computed by MEM with an order coefficient of 500 for test
specimens (sampled at 1 Hz) immersed in the various sulfate concentration solutions for 6 hours. Figure 6
shows the calculated Z, for those specimens. Consistent with the general observation of transient noise
activity in the EN time signatures and the commensurate noise potential and current statistics for the
specimens described earlier, the potential and current PSD were generally larger in magnitude at the
higher sulfate concentrations. Likewise, the Z, was lower for the higher sulfate concentrations. These
observations provided consistent indication of greater corrosion activity of steel in alkaline sulfate
solutions.
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Table 7.3. Potential and current PSD low frequency limit (1mHz) for EN sampled at 1Hz

Test Condition Yeo (V?/H2) Yo (A%/Hz)
(9 Na2SO4/ (Low frequency limit for potential) (Low frequency limit for current)
L H:0) 6 hr 24 hr 1week 6hr 24hr 1week

0 3.47E-04 7.07E-04 1.25E-05 | 2.63E-17 5.26E-17 1.06E-18

1 1.93E-03 6.58E-05 1.77E-06 1.49E-15 1.11E-17 1.95E-19
6 1.12E-03 1.27E-03 9.91E-06 | 6.17E-16 1.05E-16 2.41E-18
10 2.04E-04 7.19E-05 1.46E-04 | 2.16E-16 1.33E-17 2.05E-17
20 2.69E-03 2.77E-04 1.07E-04 | 1.09E-15 2.91E-16 7.42E-17
30 4.22E-04 2.35E-04 1.71E-05 | 1.12E-14 8.00E-15 1.12E-15
50 5.98E-03 3.23E-04 1.19E-05 | 1.37E-14 4.30E-15 4.54E-16
100 3.49E-04 6.92E-04 1.97E-05 | 1.61E-14 2.30E-15 4.94E-15

The low frequency limits of the potential and current PSD were masked due to anomalous noise
that manifested as an abrupt increase in PSD at the low frequency end of the power spectra. As a general

approach, Ygoand ¥, were estimated as the PSD calculated by MEM with an order coefficient of 500 at a
nominal frequency of 1 mHz (Table 7.3). The calculated I, g, and f, for the specimens in the various
sulfate concentrations are shown in Figure 7 and Figure 8. The Stern-Geary coefficient was assumed to be
52 mV based on the results of anodic potentiodynamic polarization testing (to be disseminated in a future
publication) where passive-like anodic Tafel behavior was observed in test specimens immersed in
similar sulfate solutions. The R, calculated from ¢ values and Z, from ¥ values had good correlation [45]

as shown in Figure 7.9 and the estimates of %o and ¥ were deemed adequate for comparison purposes.
Furthermore, the corrosion current calculated from the measured R, by LPR for each of the uncoupled

electrode pair generally corresponded well with lcorr calculated per Equation7-6 even though some level
of electrode asymmetry was apparent as described earlier.

1.E-06 1.E+06
~ F LE+05 -O-6hr-1Hz
= 1.E-07 W —-O—-24hr-1Hz
ot R
%’:, é‘ 1.E+04 -8 1week-1Hz
= [}
& 1E-08 o 1.E+03 0 4 8 12 16 2
(@) [ Concentration (g/L)
2 L
B 1.6-:09 g 1LE+02
g . @
g -O-6hr-1Hz T 1.E+01
_CC‘E 1.E-10 —0O-24hr-1Hz & 00

g 1.E+

O —o- lweek-1Hz o 4 8 12 16 20 5

1E-11 Concentration (g/L) 1.E-01 4

20 40 60 80 100
Sodium Sulfate Concentration (gr/L)

120

20 40 60 80 100
Sodium Sulfate Concentration (gr/L)

120

Figure 7.7. EN characteristic charge, q and frequency, f, in sulfate solutions.
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Figure 7.8. Estimated corrosion current in sulfate solutions.

The lcorr Values (Figure 7.8) showed a distinct increase with the sodium sulfate concentrations but
a significant increase was observed at concentrations greater than 20 g Na;SO4 / L H,0. At these higher
sulfate concentrations, the corrosion rate showed a trend towards higher overall corrosion rates with time
of immersion from 6 hrs to 1 week. These results provide supporting evidence that sulfate concentrations
in alkaline solutions allow for elevated general corrosion activity.

In addition, the g and f, values (Fig. 7.7) provide information on the extent of localized corrosion
events. With time, at a given sulfate concentration, the magnitude of charge decreases and the frequency
of the events increases. This indicated that larger pitting events (large g and low f,) that developed at the
higher sulfate ion concentrations were more severe at early exposure times. At lower sulfate ion
concentrations below 10 g Na,SO, / L H,0, pitting events seemed significant at early times but appeared
to dissipate with time. Above 10 g Na;SO, / L H,0, pitting events were maintained after longer exposure
times (ie 1 week). Overall, the general trend of the collected data indicated that the characteristic charge
increases and the characteristic frequency decreases with sulfate ion concentration yet the overall
corrosion rate increases. The noise data would indicate that pitting events can be sustained above 10 g
Na>SO4 / L H,0 and more extensive localized corrosion develops above 20 g Na>SO4 / L H20.
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Figure 7.9. Comparison of EN data (Rn, Zn) and LPR R;. Labels indicate g Na;SO4 / L H20.
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The estimated corrosion mass loss using Faradaic conversion of the calculated EN g and f, data is
shown in Figure 7.10. As expected, the calculated mass loss for steel in the sulfate solutions was greater
than in the sulfate-free solutions. The greatest amount of corrosion loss was calculated for steel in the
sulfate solutions greater than 20 g Na,SO4 / L H2O and low corrosion loss was calculated for sulfate
solutions between 1 and 10 g Na;SO, / L H,O. The micrographs and low-magnification images of the
steel surface showed corresponding levels of pitting and corrosion. As expected, no distinct corrosion
artifacts were observed on the steel specimens exposed in the sulfate-free test solutions, consistent with
the low calculated corrosion rates and lack of signature noise events. Small pits were observed on
specimens immersed in sulfate solutions with less than 30 g Na,SO4 / L H,0O. At 30 g Na,SO4 / L H,O
and above, significant formation of pits were apparent. The results would indicate that low level sulfates
can locally impair the formation of the passive film but the associated corrosion would appear to be
modest. However, if localized breakdown or impairment of the passive film occurs at moderate sulfate
levels, it may be posited that there are certain environmental conditions that exacerbate corrosion. For
example, autocatalytic corrosion with local acidification can develop within the pit similar to that for
chlorides as described by Equation 7-10.

Fe? + 2H,0 + 8042_ — Fe(OH)z + H,SO4 Eq. 7-10
Furthermore, as observed in the field, sites for iron oxidation reaction were isolated on strand
embedded in the deficient grout, and macrocell coupling to the rest of the steel strand otherwise normal

hardened grout that can accommodate additional sites for reduction reactions (including oxygen
reduction) would allow for accelerated corrosion. High sulfate concentrations greater than 20 g Na,SO4/L
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HO could result in more egregious pitting. Indeed, in the Florida bridge case, the most severe steel strand
corrosion developed in the most severe grout segregation with sulfate levels levels (up to 12,000 ppm)
commensurate to 20 g Na,SO./L H,0. That corrosion would also be accelerated due to macrocell
corrosion.

State transportation departments have recently developed material testing and specifications to
limit free sulfate ion concentrations in deficient grout to mitigate the development of corrosion as
observed in 2011[56-62]. Such limits include 30 ppm following a leaching method for 1 g of grout in 100
mL water. Those limits would correspond to ~4,000 ppm SO4% and would be conservative value to
screen materials with propensity for grout segregation. The results of EN testing indicated similar sulfate
levels to where pitting can develop and be sustained and in part provides supporting evidence for
development of limits to be implemented in practical application for highway bridge systems.

7.5. Summary

The early presence of sulfate ions in saturated calcium hydroxide solution can allow for local
impairment of the passive film. At higher sulfate concentrations (>20 g Na,SO./L H,0), more egregious
pitting and corrosion develops. Electrochemical noise was shown to be an effective measurement
technique to assess the development of localized corrosion of steel in alkaline solution when utilizing
appropriate anti-aliasing filters and instrument settings. General statistics such as the mean, rms, standard
deviation, skew, and kurtosis of the potential and current time signatures have some experimental scatter
but generally revealed the negative the effect of elevated sulfate concentrations on electrochemical noise
associated with pitting events. Spectral analysis indicated that the characteristic charge increases and the
characteristic frequency decreases with sulfate ion concentration yet the overall corrosion rate increases,
indicating that pitting corrosion develops. Pitting events could be sustained in solutions above 10 g
Na.SO4/L H20O and more extensive localized corrosion developed above 20 g Na;SO4/L H-0.
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CHAPTER 8. SUMMARY OF MAJOR FINDINGS

Material Characterization

. The visual observations of the grout from the various test setups provided important findings for
the assessment of grout robustness. The thixotropic grouts, when mixed following recommended
practices, generally formed visually consistent hardened grout and was more robust to consolidation
problems than the neat grout. Different levels of physical grout deficiencies were visually evident for the
thixotropic grout when mixed with excess 10% water.

. The results showed that the INT setup with the vertical deviation can produce enhanced transport
of moisture towards the top of the tee header. The grout at greater vertical heights had correspondingly
greater moisture content and the moisture content of the grout in the tee header was consistently greater
than the grout in the tee body.

. The different grout products had different yields of leached sulfate ions in the INT header. Higher
sulfate levels were generally observed in the tee header than the tee body likely relating to the
displacement of water to the top of the specimen. Consistent with previous research, it was shown that
the sulfate ion accumulation in the deficient grout (here in the tee header) can develop without external
contamination.

. Similar to the INT results without the flow constriction, the grout in the tee header had higher
moisture content than the grout in the tee body. In all test cases, the excess mix water allowed for
enhanced water displacement into the tee header. It was apparent that the presence of a high flow
constriction amplified this effect. However, the experiments did not show appreciable effect to enhance
sulfate accumulation due to the grout flow constriction.

. The casting of grout specimens with adverse handling and excess mix-water can promote grout
deficiencies. There is a balance to vet grout materials using aggressive testing methods to identify
material robustness to compensate for poor construction practices when engineered materials are designed
to be used appropriately. For example, Grout C showed the best relative corrosion performance when
appropriately handled but the worst relative corrosion performance when subject to inappropriate
handling and mixing.

Modified Accelerated Corrosion Test

. The results showed that the methodologies prescribed in existing test guidelines can be applicable
to assess grout robustness and corrosion propensity in deficient grout. Grout C, expired Grout C and D
cast with 10% extra water with the most adverse grout segregation showed results that would be
considered not meeting acceptance criteria. The results showed that generally Grout A and B showed a
longer time to corrosion.

. Accelerated corrosion testing can be used to identify the corrosion performance of passive
corrosion mitigation technologies (such as inhibitors and films). Application of protective hydrocarbon
films into post-tensioned tendons, such as that already commercially developed can reduce, can have
beneficial effects to mitigate corrosion. The presence of severe grout deficiencies with continued
exposure to adverse corrosion environments can reduce the efficacy of the protective film. Test protocols
to assess grout robustness to the effects of adverse construction practices and conditions (such as
overwatering, grout pre-hydraton, and water displacement) can be implemented to the accelerated
corrosion testing to identify the performance of the corrosion mitigation technology (ie impregnation).
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Macrocell Corrosion Test

. The macrocell tests was envisioned to provide an economic alternative to the polarization
resistance and potentiostatic tests. However, the outcomes of the research showed that there were
complications relating to the electrochemical activity of the individual test cells that would obscure easy
interpretation of the galvanic coupling of the cells. Any adverse chemical effects relating to the
development of deficient grout by the INT setup was not captured by the macrocell testing. The addition
of salt to the anode cell did not provide better outcomes.

INT Experimental Setup

. The INT setup however can be useful to identify the robustness of grout materials to adverse
mixing conditions (such as overwatering and prehydration). However, there is a balance to vet grout
materials using aggressive testing methods to identify material robustness to compensate for poor
construction practices when engineered materials are designed to be used appropriately. Any development
of corrosion test methods to address grout robustness must state the expected use and handling of the
materials and provide justification for the level of adverse grout conditioning.

MIT Corrosion Testing

. The resolved solution resistance of the grout however was strongly differentiated between
locations from the top and bottom of the tendon, indicating differentiation in the grout and moisture
content. Lower solution resistance was resolved for grout at the top of the tendon than at the lower
elevations, further supporting the use of the MIT as means to test grout performance.

. The corrosion potentials and corrosion current densities for the steel embedded in the MIT
specimens and the INT specimens were correlated to the grout sulfate content. The corrosion potential
decreases to more electronegative values at the higher sulfate concentrations. Likewise, the corrosion
current density showed a general increasing trend with the higher sulfate levels. The values produced
from the test program here were consistent with historical data from earlier research, further verifying the
adverse effects of elevated sulfate ion concentrations in the segregate grout. The expired grouts developed
the highest sulfate ion concentrations and showed the greatest susceptibility for corrosion development.

Electrochemical Noise Technique

. Electrochemical noise was shown to be an effective measurement technique to assess the
development of localized corrosion of steel in alkaline solution when utilizing appropriate anti-aliasing
filters and instrument settings. General statistics such as the mean, rms, standard deviation, skew, and
kurtosis of the potential and current time signatures have some experimental scatter but generally revealed
the negative the effect of elevated sulfate concentrations on electrochemical noise associated with pitting
events. Spectral analysis indicated that the characteristic charge increases and the characteristic frequency
decreases with sulfate ion concentration yet the overall corrosion rate increases, indicating that pitting
corrosion develops.
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APPENDIX A. PHOTOGRAPHS OF GROUTED TEST SPECIMENS

PTIACT

Grout A— 10% Extra Mix Water Grout B— 10% Extra Mix Water Grout C— 10% Extra Mix Water

»

Grout A— No Extra Mix Water

Lenasesnisn

Figure Al. PTI test specimens after 28-day hydration
(Top: with 10% excess mix water, Bottom: with no 10% excess mix water)

Grout A- 10% Extra Mix Water Grout B—10% Extra Mix Water Grout C- 10% Extra Mix Water
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Figure A2. PTI test speci
(Top: with 10% excess mix water, Bottom: with no 10% excess mix water)
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Neat Grout — 0.45 W/C- After 28 day
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Figure A4. Rapid Macrocell test specimens after 28-day hydration (with 10% excess mix water)
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Figure A5. Rapid Macrocell test specimens after 28-day hydration (with no extra mix water)
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Figure A6. Neat grout test specimens for rapid macrocell testing after 28-day .
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INT Grout Test Specimens
Grout A Grout B

12 a4 1620 478" 124147 16720 124147 167207 24726"
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Figure A7. INT Tee-header test specimen after opening, cast with extra 10% mix water
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Figure A8. INT Tee-body test specimen after opening, cast with extra 10% mix water
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INT Corrosion Test Specimen
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Figure A9. INT corrosion test specimen after opening,
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No Extra Mix Water
Grout A Grout B

INT Head (25"-34")
Used for
Macrocell acT USedfor PTl
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INT Head (7°-16")
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Figure A10. INT corrosion test specimen after opening, cast with no extra mix water.
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Figure A11. INT Tee-header test specimen after opening, cast with external ion contamination and extra
10% mix water
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Figure A12. INT Tee-body test specimen after opening, cast with external ion contamination and extra
10% mix water
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Figure A13. INT Tee-header test specimen after opening, cast with control and physical confinement
condition
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Figure A14. INT Tee- body test specimen after opening, cast with control and physical confinement
condition
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	EXECUTIVE SUMMARY 
	 
	Prestressed concrete bridge construction including post-tensioned methods has been widely used.  Protection afforded by the tendon duct and the grout often are effective to prevent corrosion of the steel strand; however, there have been several cases of premature corrosion in Florida bridges and elsewhere related to grout voids and bleed water. Non-bleed thixotropic grouts were used to prevent the corrosion development observed previously; however, by 20l1, there were cases of corrosion associated with phys
	  
	To address these research goals, testing included methods that would promote the development of grout deficiencies. This included adverse mix conditions such as overwatering, grout prehydration, and flow restrictions for the grouts in vertically deviated setups to promote water displacement such as the modified incline tube (MIT) test and the inverted-tee test (INT). The results presented here for the commercially available grouts do not represent material performance as intended following accepted mixing p
	  
	The visual observations of the grout from the various test setups provided important findings for the assessment of grout robustness. Different levels of physical grout deficiencies were visually evident for the thixotropic grout when mixed with excess 10% water. The results showed that the INT setup with the vertical deviation can produce enhanced transport of moisture towards the top of the tee header. The grouts had different yields of leached sulfate ions in the INT header, but higher sulfate levels wer
	 
	The results showed that the methodologies prescribed in existing test guidelines can be applicable to assess grout robustness and corrosion propensity in deficient grout. Grout C and expired Grouts C and D, cast with 10% extra water with the most adverse grout segregation showed results that would be considered not meeting acceptance criteria. The results showed that generally Grouts A and B showed a 
	longer time to corrosion. Accelerated corrosion testing can be used to identify the corrosion performance of passive corrosion mitigation technologies (such as inhibitors and films). Application of protective hydrocarbon films to post-tensioned tendons, such as those already commercially developed can mitigate corrosion. The presence of severe grout deficiencies with continued exposure to adverse corrosion environments can reduce the efficacy of the protective film. The macrocell tests were envisioned to pr
	 
	The MIT and INT setups can be useful to identify the robustness of grout materials to adverse mixing conditions (such as overwatering and prehydration). The resolved solution resistance of the grout however was strongly differentiated between locations from the top and bottom of the tendon, indicating differentiation in the grout and moisture content. Lower solution resistance was resolved for grout at the top of the tendon than at the lower elevations, further supporting the use of the MIT as means to test
	Lab testing to identify grout robustness requires aggressive test methods; however, overly aggressive test conditions to promote grout segregation is not representative of the required and necessary appropriate quality expected for field construction.  Any development of corrosion test methods to address grout robustness must state the expected use and handling of the materials and provide justification for the level of adverse grout conditioning implemented for construction materials beyond that specified 
	Electrochemical noise was shown to be an effective measurement technique to assess the development of localized corrosion of steel in alkaline solution when utilizing appropriate anti-aliasing filters and instrument settings. General statistics such as the mean, rms, standard deviation, skew, and kurtosis of the potential and current time signatures have some experimental scatter but generally revealed the negative the effect of elevated sulfate concentrations on electrochemical noise associated with pittin
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	CHAPTER 1. INTRODUCTION 
	 
	Prestressed concrete bridge construction including post-tensioned methods has been widely used.  It allows the construction of bridges with a long span and opens up a range of design possibilities [1-2]. Corrosion of steel strand in bonded post-tensioned (PT) tendons relating to defects in the grout material has been documented since the 1990s. The grout in PT systems provides barrier protection from the external environment in addition to that afforded by the concrete element and the tendon pipe material [
	 
	All of these issues have proven the importance of having good grout quality to extend the service life of bonded post-tensioned tendons. The extent of grout deficiency, moisture presence, aggressive ion accumulation, and grout pore water carbonation contribute to the severity of the defect. Tests prescribed for corrosion mitigation and quality control of the grout generally focused on preventing bleed water formation. These tests included the wick-induced bleed tests, Schupak pressure test, and incline tube
	 
	Several testing approaches relating to the corrosion performance of steel strand in the grouts have been considered, including accelerated corrosion testing such as that made for conventional steel reinforcement in concrete [25-31]. Trejo et al., 2009[29] evaluated accelerated corrosion test procedures including the mini-macrocell test, the concrete chloride ion assessment test (also referred to as the concrete corrosion inhibitor association test), and the accelerated chloride threshold test [29].  The app
	research project in 1992 on the durability of bonded tendons in post-tensioned bridge structures [32]. The FHWA post-tensioning tendon installation and grouting manual [4] continues to refer to this test method. The test method was further developed by Schokker, 1999 [33], and Hamilton et al, 2000 [34] and addressed complications with the electrochemical polarization test parameters. Pacheco et al, 2006 [35] included the linear polarization resistance method to provide more practical testing than the anodic
	 
	Based on the research by Schokker and Hamilton, the Post-Tensioning Institute (PTI) made provisions in the PTI M55 Specification for Grouting of Post-Tensioned Structures for an accelerated corrosion test (ACT) for the assessment of grout materials [36]. The test method was intended for quality control and developmental purposes. It provides criteria for the acceptance of a grout material following a two-step process. The ACT gives provision for acceptance of grout materials that exhibit a polarization resi
	 
	The rapid-macrocell test was developed under the Strategic Highway Research Program (SHRP) [37] for testing of corrosion of steel rebar and has been adopted for testing of corrosion resistant reinforcing steel rebar [38-39] including in standard specifications for testing of stainless steel rebar in ASTM A955 Annex 2.28 The rapid macrocell test has also been used in research for steel strand in grouts[11-13,40-41]. The test method separates two unique test cells, each comprised of a steel electrode embedded
	 
	Due to the corrosion tendon failures in a Florida bridge in 2011[9] associated with a prepackaged thixotropic grout that had developed material segregation, it was of interest to identify corrosion testing methods that would account for grout physical and chemical deficiencies. It would be suggested that testing attuned to grout segregation such as to identify grout robustness and corrosion mitigation could be 
	used to prescribe grouts resistant to the recent corrosion issues. Casting grout in large mockups were made to identify grout segregation. Full scale mockups were used prior to bridge construction in Virginia for grout material selection. Tests such as a modified incline tube test were used in research to identify grout segregation. However, full scale testing is not practical for material selection, material specification or for quality control for the builders or owners, and the modified incline tube test
	 
	On a related technical note, inhibitor impregnation utilizing a silicon hydrocarbon polymer that forms a protective film was applied on tendons in a FDOT bridge (Jacksonville, FL). Field results showed that inhibitors as part of a commercially-available system could be distributed along the length of the tendon via the strand interstitial spaces. Result of laboratory trials showed that the inhibitor-impregnated specimens had reduced corrosion by more than 90% comparing to untreated samples [42].  The proced
	 
	Development of an accelerated corrosion test is proposed to screen materials susceptible to segregation where differentiation of localized grout chemistry could allow corrosion initiation. There are several important questions to be addressed to determine appropriate test methods to identify corrosion development in grouts susceptible to segregation. The major research objectives to be explored include:  
	 
	1)  To characterize the development of physical and chemical grout deficiencies due to excess mix water and water volume displacement.  
	2)  To develop small scale test methodologies that identify deficient grout.  
	3)  To identify corrosion electrochemical characteristics of steel strand in deficient grout. 
	4)  To develop small scale test methodologies to identify steel corrosion in deficient grout. 
	5)  To determine application of small scale test methodologies to assess corrosion mitigation techniques for deficient grout. 
	 
	 To address these research goals, testing included methods that would promote the development of grout deficiencies. This included adverse mix conditions such as overwatering, grout pre-hydration, and flow restrictions for the grouts in vertically deviated setups to promote water displacement such as the incline tube test and the inverted-tee test. The results presented here for the commercially-available grouts do not represent material performance as intended following accepted mixing protocols and specif
	CHAPTER 2. METHODOLOGY 
	 
	Previous research and observations indicated that moisture content was a critical factor for the development of physical and chemical deficiencies in post-tensioned grouts. Another complication was to relate the grout deficiencies with its propensity for the development of corrosion of embedded steel elements. Several exploratory test setups were made to gage the contributing effects of moisture content, casting modality, vertical deviation, and space confinement. Different test setups to measure corrosion 
	 
	2.1. PTI Accelerated Corrosion Test 
	 
	2.1.1 Overview 
	Experiments following the general framework of the Post-Tensioning Institute (PTI) Accelerated Corrosion Test (ACT) for grouts specified in the guide PTI M-55 Appendix B [36] were made but included an approach to assess the robustness of grout materials in terms of segregation by adding 10% additional mix water beyond the grout manufacturer’s recommended limit. The PTI ACT is currently specified by the FDOT material specification 938-4.3. The test method includes casting 14-inch, 1-inch diameter grout speci
	 
	Table 2.1. PTI ACT Specimen 
	Grout 
	Grout 
	Grout 
	Grout 
	Grout 

	Water 
	Water 

	Casting Date 
	Casting Date 

	Number of Samples Cast 
	Number of Samples Cast 

	Grout Curing Time 
	Grout Curing Time 

	Specimen Tested1 
	Specimen Tested1 



	A 
	A 
	A 
	A 

	10%2 
	10%2 

	07/16/2019 
	07/16/2019 

	8 
	8 

	28-days 
	28-days 

	M51*, M52*, M54*, M55*, M56*, M57* 
	M51*, M52*, M54*, M55*, M56*, M57* 


	TR
	4 
	4 

	56-days 
	56-days 

	M53*, M58*, M59*, M510* 
	M53*, M58*, M59*, M510* 


	TR
	Control3 
	Control3 

	08/16/2019 
	08/16/2019 

	4 
	4 

	28-days 
	28-days 

	M5A1, M5A2, M5A3, M5A4 
	M5A1, M5A2, M5A3, M5A4 


	TR
	2 
	2 

	56-days 
	56-days 

	M5A5, M5A6 
	M5A5, M5A6 


	B 
	B 
	B 

	10%2 
	10%2 

	07/15/2019 
	07/15/2019 

	8 
	8 

	28-days 
	28-days 

	M61*, M62*, M63*, M64*, M65*, M66* 
	M61*, M62*, M63*, M64*, M65*, M66* 


	TR
	4 
	4 

	56-days 
	56-days 

	M67*, M68*, M69*, M610* 
	M67*, M68*, M69*, M610* 


	TR
	Control3 
	Control3 

	08/16/2019 
	08/16/2019 

	4 
	4 

	28-days 
	28-days 

	M6A1, M6A2, M6A3, M6A4 
	M6A1, M6A2, M6A3, M6A4 


	TR
	2 
	2 

	56-days 
	56-days 

	M6A5, M6A6 
	M6A5, M6A6 


	C 
	C 
	C 

	10%2 
	10%2 

	07/10/2019 
	07/10/2019 

	8 
	8 

	28-days 
	28-days 

	E1*, E2*, E4*, E5*, E6*, E7* 
	E1*, E2*, E4*, E5*, E6*, E7* 


	TR
	4 
	4 

	56-days 
	56-days 

	E8*, E9*, E10*, E11* 
	E8*, E9*, E10*, E11* 


	TR
	10%2 
	10%2 

	08/15/2019 
	08/15/2019 

	4 
	4 

	28-days 
	28-days 

	E1’, E2’, E3’, E4’ 
	E1’, E2’, E3’, E4’ 


	TR
	2 
	2 

	56-days 
	56-days 

	E5’, E6’ 
	E5’, E6’ 


	TR
	Control3 
	Control3 

	08/15/2019 
	08/15/2019 

	4 
	4 

	28-days 
	28-days 

	EA1, EA2, EA3, EA4 
	EA1, EA2, EA3, EA4 


	TR
	56-days 
	56-days 

	EA5, EA6 
	EA5, EA6 


	Neat Grout 
	Neat Grout 
	Neat Grout 

	0.45 w/c4 
	0.45 w/c4 

	08/05/2019 
	08/05/2019 

	10 
	10 

	28-days 
	28-days 

	C1*, C2*, C3*, C4*, C5*, C6*, C7*, C8*, C9* 
	C1*, C2*, C3*, C4*, C5*, C6*, C7*, C8*, C9* 


	TR
	2 
	2 

	56-days 
	56-days 

	C11*, C12* 
	C11*, C12* 




	1. Only defect-free specimens were tested. 2. Pre-Exposed grout. 3.As-received grout. 4. Water to cement ratio 
	2.1.2. Specimen Preparation Procedures 
	Preparation of Steel Strand. 
	PTI ACT specifies a full 14” length of strand of testing where a portion of the strand exits the grouted specimen. The exposed steel at the interface of the grout and air can be subjected to carbonation, especially in the crevice regions between the wire interstitial spaces. To minimize this effect, the center king wire of a 13” length strand was extended one inch and was coated with an acrylic paint (as shown in Figure 2.1a). The paint would ideally provide a barrier coating at the steel grout-to-air inter
	 
	PVC Mold Components, Assembly, and Grout Casting 
	One-inch diameter PVC pipe and caps were cut to size and prepared according the specification guide (Figure 2.1b). A Dremel circular saw with preset cut depth stops was found suitable to make the longitudinal slits for the center PVC section to be opened for exposure to the test solution. The PVC components were assembled connected by silicone and duct tape as shown in Figure 2.1c. Final assembly and grouting hand troweled in place within the mold was made as shown in Figure 1d. Specimens were demolded in t
	 
	 
	Figure
	Figure 2.1. PTI Accelerated Corrosion Testing 
	a. Preparation of steel strand. b. PVC components. c. Assembly of PVC components. 
	d. Grout casting. e. Electrochemical testing 
	 
	 
	Electrochemical Testing 
	The open-circuit potential (OCP) and linear polarization resistance (LPR) measurements were made using a saturated calomel electrode (SCE). The LPR testing was made from the OCP and cathodically polarized 25 mV. The anodic regime of the polarization prescribed by the guide was not followed to avoid the effects of the anodic polarization as well as capacitive charging associated with the interfacial double layer. A scan rate of 0.05 mV/s was used. The analysis region was the linear portion of the scan that t
	 
	The anodic potentiostatic test was conducted using a Gamry Ref 6 potentiostat and multiplexer as shown in Figure 1e. A stainless steel rod was used as the counter electrode. A 5% NaCl solution was used. Silver/silver-chloride reference electrodes were used for the multiplexed test. It was observed that there was some drift in the reference electrodes during extending testing. For prolonged testing, the polarization was suspended, and the reference electrodes were calibrated before resuming testing. Figure 2
	 
	 
	Figure
	Figure 2.2. Schematic and test setup of the anodic potentiostatic polarization test 
	 
	2.1.3. Inhibitor Injection 
	The test specimens used for evaluation of the modified ACT to assess passive corrosion mitigation technologies such as inhibitor impregnation were cast following the general framework of the PTI ACT specified in the guide PTI M-55 Appendix B [36] included an approach to assess the robustness of grout materials in terms of segregation by adding 10% additional mix water beyond the grout manufacturer’s recommended limit. Cut sections of select specimens from Table 2.1 (after anodic polarization test) were used
	demonstration purposes. Similar materials were used by Silnutzer et al., 2020 [43]. The medium was injected with compressed air at 20 psi pressure until the medium flowed out of the outlet at the bottom of the specimen.  
	 
	Figure
	Figure 2.3. Test specimen 
	 
	 
	Figure
	Figure 2.4. Photo of injection port. 
	 
	After injection, the bottom section was sealed with epoxy. A 2-inch length opening was made in the PVC mold to expose the grouted specimen. The corrosion testing included linear polarization resistance (LPR) and open circuit potential (OCP) in a saturated calcium hydroxide solution and an anodic potentiostatic polarization test at +200 mVSCE in a saturated calcium hydroxide with 5% NaCl solution (following PTI M-55 Appendix B). Supplemental electrochemical impedance spectroscopy (EIS) measurements were made
	 
	Figure
	Figure 2.5.  Corrosion cell and experimental setup 
	 
	Table 2.2. Test matrix for ACT assessment of inhibitors 
	Grout 
	Grout 
	Grout 
	Grout 
	Grout 

	Mix water 
	Mix water 

	Control 
	Control 

	Impregnated with WD-40 
	Impregnated with WD-40 



	A 
	A 
	A 
	A 

	10% excess 
	10% excess 

	M58, M59 
	M58, M59 

	M510, M511 
	M510, M511 


	B 
	B 
	B 

	10% excess 
	10% excess 

	M63, M66 
	M63, M66 

	M67, M69 
	M67, M69 


	C 
	C 
	C 

	10% excess 
	10% excess 

	E1’, E2’ 
	E1’, E2’ 

	E3’, E4’ 
	E3’, E4’ 


	Neat Grout 
	Neat Grout 
	Neat Grout 

	0.45 W/C 
	0.45 W/C 

	C1, C2 
	C1, C2 

	C7, C11 
	C7, C11 




	 
	2.2. Rapid Macrocell Test 
	 
	2.2.1. Overview 
	The rapid-macrocell tests was developed under the Strategic Highway Research Program for testing of corrosion of steel rebar subjected to de-icing salts but has been adopted for testing of corrosion resistant reinforcing steel rebar and in research for strand in grouts. In its various incarnations, the test method couples two unique electrochemical cells (made up of steel bar embedded in cementitious material) placed in separate electrolyte. The electrodes were electrically coupled with wire and a 10-ohm sh
	 
	A 9-inch 0.75-inch diameter steel bar was used as the metal electrode for both test cells in both the test grout and the control 0.45 w/c neat-grout. The top portion of the steel bar at the junction of the grout and the air was coated with epoxy to avoid the effects of carbonation. Grouted test specimens had an 8” length (top 1” of steel bar extended out) and 1” in diameter. Table 2.3 lists the conditions for the cast test specimens used for these experiments. Table 2.4 shows the conditions for the galvanic
	 
	 
	Table 2.3. Rapid Macrocell Specimen 
	Grout 
	Grout 
	Grout 
	Grout 
	Grout 

	Water 
	Water 

	Casting Date 
	Casting Date 

	Number of Samples Cast 
	Number of Samples Cast 

	Specimen Tested 
	Specimen Tested 



	A 
	A 
	A 
	A 
	 

	10% 1 
	10% 1 

	08/05/2019 
	08/05/2019 

	4 
	4 

	M5W1, M5W2, M5W3, M5W4 
	M5W1, M5W2, M5W3, M5W4 


	TR
	10/07/2019 
	10/07/2019 

	4 
	4 

	M5W5, M5W6, M5W7, M5W8 
	M5W5, M5W6, M5W7, M5W8 


	TR
	Control2 
	Control2 

	08/06/2019 
	08/06/2019 

	2 
	2 

	M51, M52 
	M51, M52 


	TR
	10/07/2019 
	10/07/2019 

	4 
	4 

	M53, M54, M55, M56 
	M53, M54, M55, M56 


	TR
	12/18/2019 
	12/18/2019 

	2 
	2 

	M57, M58 
	M57, M58 


	C 
	C 
	C 
	 
	 

	10%1 
	10%1 

	08/02/2019 
	08/02/2019 

	4 
	4 

	EW1, EW2, EW3, EW4 
	EW1, EW2, EW3, EW4 


	TR
	08/15/2019 
	08/15/2019 

	4 
	4 

	EW5, EW6, EW7, EW8 
	EW5, EW6, EW7, EW8 


	TR
	Control2 
	Control2 

	08/02/2019 
	08/02/2019 

	2 
	2 

	E1, E2 
	E1, E2 


	TR
	10/07/2019 
	10/07/2019 

	4 
	4 

	E3, E4, E5, E6 
	E3, E4, E5, E6 


	TR
	12/18/2019 
	12/18/2019 

	2 
	2 

	E7, E8 
	E7, E8 


	Neat Grout 
	Neat Grout 
	Neat Grout 

	0.45 w/c 
	0.45 w/c 

	08/05/2019 
	08/05/2019 

	4 
	4 

	C1, C3, C4, C5 
	C1, C3, C4, C5 


	TR
	10/07/2019 
	10/07/2019 

	4 
	4 

	C7, C8, C9, C10 
	C7, C8, C9, C10 


	TR
	12/18/2019 
	12/18/2019 

	4 
	4 

	C11, C12, C13, C14 
	C11, C12, C13, C14 




	1. Exposed grout. 2. As-received grout. 
	 
	The test method has advantages that only small test elements and basic electronic instrumentation is required. However, the testing for various applications require consideration on the supporting test electrolyte to maintain net anodic or net cathodic behavior of the test specimens. For assessment of grout materials, any intrinsic corrosion behavior of the grout (including that due to its chemical makeup and its environment) needs to be maintained. The magnitude of the macrocell is not representative of th
	 
	Table 2.4. Rapid Macrocell Anode-Cathode Coupling 
	Anode 
	Anode 
	Anode 
	Anode 
	Anode 

	Cathode 
	Cathode 

	Coupled Pair (Anode-Cathode) 
	Coupled Pair (Anode-Cathode) 



	TBody
	TR
	Grout  
	Grout  

	Mix Water 
	Mix Water 

	Mix Water 
	Mix Water 


	A 
	A 
	A 

	Control  
	Control  

	Control 
	Control 

	M53-M54, M55-M56 
	M53-M54, M55-M56 


	TR
	Excess 10% 
	Excess 10% 

	- 
	- 


	TR
	Neat Grout 
	Neat Grout 

	M57-C11, M58-C12 
	M57-C11, M58-C12 


	TR
	Excess 10% 
	Excess 10% 

	Control 
	Control 

	M5W1-M51, M5W2-M52 
	M5W1-M51, M5W2-M52 


	TR
	Excess 10% 
	Excess 10% 

	M5W5-M5W6, M5W7-M5W8 
	M5W5-M5W6, M5W7-M5W8 


	TR
	Neat Grout 
	Neat Grout 

	M5W3-C3, M5W4-C5 
	M5W3-C3, M5W4-C5 


	C 
	C 
	C 

	Control 
	Control 

	Control 
	Control 

	E3-E4, E5-E6 
	E3-E4, E5-E6 


	TR
	Excess 10% 
	Excess 10% 

	- 
	- 


	TR
	Neat Grout 
	Neat Grout 

	E7-C13, E8-C14 
	E7-C13, E8-C14 


	TR
	Excess 10% 
	Excess 10% 

	Control 
	Control 

	EW1-E1, EW2-E2 
	EW1-E1, EW2-E2 


	TR
	Excess 10% 
	Excess 10% 

	EW5-EW6, EW7-EW8 
	EW5-EW6, EW7-EW8 


	TR
	Neat Grout 
	Neat Grout 

	EW3-C1, EW4-C4 
	EW3-C1, EW4-C4 


	Neat Grout  
	Neat Grout  
	Neat Grout  

	0.45 w/c 
	0.45 w/c 

	Neat Grout 
	Neat Grout 

	C7-C8, C9-C10 
	C7-C8, C9-C10 




	 
	2.2.2. Sample Preparation Procedures 
	Preparation of Steel: 
	Each cell had a steel bar (9-inch length, 0.75-inch diameter) cleaned with acetone and dried. The top of the bar was drilled and tapped to insert a steel screw for electrical connection to copper wires. As shown in Figure 2.6a, the top inch of the bar as well as the base of the steel screw was coated with epoxy to minimize exposure as well as possible carbonation induced corrosion at the bar region at the grout/air interface after casting. Rubber gaskets with additional holes drilled into its flange were us
	 
	PVC Mould Components, and Grout Casting: 
	The cell molds were comprised of a 7-inch long, 1-inch diameter PVC pipe capped at one end as shown in Figure 2.6b. The steel bar was placed within the mold and the mixed grout was hand-troweled in three lifts. The sides of the mold was tapped to facilitate grout consolidation. Examples of the specimens during fabrication are shown in Figure 2.6c. 
	 
	Test Cell Assembly: 
	The anode and cathode specimens were demolded and copper wires were attached to the steel screw. The specimens were subsequently placed and sealed into PVC containers filled with saturated calcium hydroxide solution. The anode and cathode in its respective containers were ionically coupled using a salt bridge following methodology described by Darwin and Strurgeon, 2011 [39]. The salt bridge was a 20” long 5/16”OD, 3/16”ID vinyl tubing filled with an agar mixed with potassium nitrate. As shown in Figure 3d,
	 
	 
	Figure
	Figure 2.6. Rapid Macrocell Test.  
	a. Preparation of steel bar. b. PVC mold assembly. c. Grouting. d. Salt bridge assembly. e. Instrumentation assembly. f. Macrocell testing. 
	 
	Electrochemical Testing 
	An electrical breakout box was prepared for the rapid macrocell test. The anode and cathode were electrically connected across a 10-ohm shunt resistor. The macrocell current could be calculated from the voltage difference of the anode and cathode across the shunt resistor. Additionally, an electrical switch between the anode and cathode was installed to allow instantaneous electrical current measurements by opening the circuit for a short period (less than 5 seconds) using an ammeter as shown in Figure 2.6f
	 
	 
	Figure
	Figure 2.7. Schematic of rapid macrocell test 
	 
	2.3. Inverted Tee-Test 
	2.3.1. Overview 
	From previous research, it was identified that deficient grout can form due to the displacement of water during the pumping stage of the grout installation. An inverted tee-test (INT) was proposed where a dramatic change in the vertical axial cross-section of test specimens was introduced. A schematic of the INT is shown in Figure 2.8. INT specimens were cast with a steel bar for corrosion testing and without steel for grout material testing. The corrosion testing of specimens included methodologies adoptin
	 
	Like the previous sample preparation procedures for the test grouts, an excess of mix water, 10% above the manufacturers’ recommended limit, was added. For the INT test, the test grouts were installed by a manual pump rather than hand-troweled as for the ACT and rapid macrocell test described in the preliminary trials described earlier. Test conditions included the grout product, tee-stem height (1 ft to 5 ft), space constriction (with filters), grout prehydration (using expired grouts), and influence of ex
	prevented complete filling of the tee stem and an alternative partition plan following the top 13” as shown in Figure 2.10 was used. 
	Tables 2.5 and 2.6 detail the conditions for the corrosion and grout material specimens, 
	 
	 
	Figure
	Figure
	Figure 2.8. Schematic of typical inverted-tee specimen.  
	In some test cases, different tee header lengths and filters were used. 
	Left: Corrosion Testing. Right: Grout Testing. 
	 
	 
	Figure
	Figure 2.9. INT Grout specimen partition plan. 
	 
	Figure
	Figure 2.10. Schematic of INT with filter for flow constriction. 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	  
	Table 2.5. INT Corrosion Test Specimen 
	Grout 
	Grout 
	Grout 
	Grout 
	Grout 

	Grout Condition 
	Grout Condition 

	Name 
	Name 

	Date Cast 
	Date Cast 

	No. of Specimen3 
	No. of Specimen3 



	A 
	A 
	A 
	A 

	AR1, 10%2 
	AR1, 10%2 

	IM51* 
	IM51* 

	06/09/2020 
	06/09/2020 

	2 
	2 


	TR
	IM52* 
	IM52* 

	06/09/2020 
	06/09/2020 

	2 
	2 


	TR
	IM53* 
	IM53* 

	06/09/2020 
	06/09/2020 

	2 
	2 


	TR
	IM54* 
	IM54* 

	06/09/2020 
	06/09/2020 

	2 
	2 


	TR
	AR 
	AR 

	IM53 
	IM53 

	06/08/2020 
	06/08/2020 

	2 
	2 


	TR
	IM54 
	IM54 

	06/08/2020 
	06/08/2020 

	2 
	2 


	B 
	B 
	B 

	AR, 10% 
	AR, 10% 

	IM61* 
	IM61* 

	06/09/2020 
	06/09/2020 

	2 
	2 


	TR
	IM62* 
	IM62* 

	06/09/2020 
	06/09/2020 

	2 
	2 


	TR
	IM63* 
	IM63* 

	06/09/2020 
	06/09/2020 

	2 
	2 


	TR
	IM64* 
	IM64* 

	06/09/2020 
	06/09/2020 

	2 
	2 


	TR
	AR 
	AR 

	IM61 
	IM61 

	06/08/2020 
	06/08/2020 

	2 
	2 


	TR
	IM62 
	IM62 

	06/08/2020 
	06/08/2020 

	2 
	2 


	C 
	C 
	C 

	AR, 10% 
	AR, 10% 

	IE1 
	IE1 

	06/08/2020 
	06/08/2020 

	2 
	2 


	TR
	IE2 
	IE2 

	06/08/2020 
	06/08/2020 

	2 
	2 


	TR
	IE3 
	IE3 

	06/08/2020 
	06/08/2020 

	2 
	2 


	TR
	IE4 
	IE4 

	06/08/2020 
	06/08/2020 

	2 
	2 


	TR
	Expired, 
	Expired, 
	10% 

	IOE1 
	IOE1 

	08/03/2020 
	08/03/2020 

	2 
	2 


	TR
	IOE2 
	IOE2 

	08/03/2020 
	08/03/2020 

	2 
	2 


	TR
	IOE3 
	IOE3 

	08/03/2020 
	08/03/2020 

	2 
	2 


	TR
	IOE4 
	IOE4 

	08/03/2020 
	08/03/2020 

	2 
	2 


	D 
	D 
	D 

	Expired, 
	Expired, 
	10%2 

	IS1 
	IS1 

	08/03/2020 
	08/03/2020 

	2 
	2 


	TR
	IS2 
	IS2 

	08/03/2020 
	08/03/2020 

	2 
	2 


	TR
	IS3 
	IS3 

	08/03/2020 
	08/03/2020 

	2 
	2 


	TR
	IS4 
	IS4 

	08/03/2020 
	08/03/2020 

	2 
	2 


	Neat Grout 
	Neat Grout 
	Neat Grout 

	0.45 w/c 
	0.45 w/c 

	IC1 
	IC1 

	06/09/2020 
	06/09/2020 

	2 
	2 


	TR
	IC2 
	IC2 

	06/09/2020 
	06/09/2020 

	2 
	2 


	TR
	IC3 
	IC3 

	08/03/2020 
	08/03/2020 

	2 
	2 


	TR
	IC4 
	IC4 

	08/03/2020 
	08/03/2020 

	2 
	2 


	TR
	0.45 w/c, 
	0.45 w/c, 
	H4 

	HC1 
	HC1 

	06/09/2020 
	06/09/2020 

	6 
	6 


	TR
	HC2 
	HC2 

	06/09/2020 
	06/09/2020 

	6 
	6 


	TR
	HC3 
	HC3 

	06/09/2020 
	06/09/2020 

	6 
	6 


	TR
	HC4 
	HC4 

	06/09/2020 
	06/09/2020 

	6 
	6 


	TR
	HC5 
	HC5 

	08/03/2020 
	08/03/2020 

	6 
	6 


	TR
	HC6 
	HC6 

	08/03/2020 
	08/03/2020 

	6 
	6 




	1. As-Received. 2. 10% extra mix water. 3. No. of cut specimens. 4. Cast horizontally.  
	 
	 
	 
	 
	 
	 
	  
	Table 2.6. INT Grout Material Specimen 
	Grout 
	Grout 
	Grout 
	Grout 
	Grout 

	Test Condition 
	Test Condition 

	Grout Condition 
	Grout Condition 

	Name 
	Name 

	Date Cast 
	Date Cast 

	No. of Specimen3 
	No. of Specimen3 



	TBody
	TR
	header 
	header 

	body 
	body 


	A 
	A 
	A 

	Control 
	Control 

	AR1, 10%2 
	AR1, 10%2 

	IM55 
	IM55 

	06/10/2020 
	06/10/2020 

	10 
	10 

	2 
	2 


	TR
	IM56 
	IM56 

	06/10/2020 
	06/10/2020 

	10 
	10 

	2 
	2 


	TR
	AR, 10%, S4 
	AR, 10%, S4 

	IM57s 
	IM57s 

	06/12/2020 
	06/12/2020 

	10 
	10 

	2 
	2 


	TR
	AR, 10%, C5 
	AR, 10%, C5 

	IM58c 
	IM58c 

	06/12/2020 
	06/12/2020 

	10 
	10 

	2 
	2 


	TR
	AR, 10%, S+C6 
	AR, 10%, S+C6 

	IM59s+c 
	IM59s+c 

	06/12/2020 
	06/12/2020 

	10 
	10 

	2 
	2 


	B 
	B 
	B 

	Control 
	Control 

	AR 
	AR 

	IM637 
	IM637 

	06/08/2020 
	06/08/2020 

	10 
	10 

	2 
	2 


	TR
	IM647 
	IM647 

	06/08/2020 
	06/08/2020 

	10 
	10 

	2 
	2 


	TR
	AR, 10% 
	AR, 10% 

	IM65 
	IM65 

	06/10/2020 
	06/10/2020 

	10 
	10 

	2 
	2 


	TR
	IM66 
	IM66 

	06/10/2020 
	06/10/2020 

	10 
	10 

	2 
	2 


	TR
	AR, 10%, S 
	AR, 10%, S 

	IM67s 
	IM67s 

	06/12/2020 
	06/12/2020 

	10 
	10 

	2 
	2 


	TR
	AR, 10%, C 
	AR, 10%, C 

	IM68c 
	IM68c 

	06/12/2020 
	06/12/2020 

	10 
	10 

	2 
	2 


	TR
	AR, 10%, S+C 
	AR, 10%, S+C 

	IM69s+c 
	IM69s+c 

	06/12/2020 
	06/12/2020 

	10 
	10 

	2 
	2 


	TR
	High Constriction 
	High Constriction 

	AR 
	AR 

	IM610S 
	IM610S 

	06/22/2020 
	06/22/2020 

	4 
	4 

	2 
	2 


	TR
	IM611S 
	IM611S 

	06/22/2020 
	06/22/2020 

	5 
	5 

	2 
	2 


	TR
	AR, 10% 
	AR, 10% 

	IM614S 
	IM614S 

	06/22/2020 
	06/22/2020 

	6 
	6 

	2 
	2 


	TR
	IM615S 
	IM615S 

	06/22/2020 
	06/22/2020 

	5 
	5 

	2 
	2 


	TR
	Low Constriction 
	Low Constriction 

	AR 
	AR 

	IM612L 
	IM612L 

	06/22/2020 
	06/22/2020 

	12 
	12 

	2 
	2 


	TR
	IM613L 
	IM613L 

	06/22/2020 
	06/22/2020 

	12 
	12 

	2 
	2 


	TR
	AR, 10% 
	AR, 10% 

	IM616L 
	IM616L 

	06/22/2020 
	06/22/2020 

	12 
	12 

	2 
	2 


	TR
	IM617L 
	IM617L 

	06/22/2020 
	06/22/2020 

	12 
	12 

	2 
	2 


	C 
	C 
	C 

	Control 
	Control 

	AR, 10% 
	AR, 10% 

	IE5 
	IE5 

	06/10/2020 
	06/10/2020 

	10 
	10 

	2 
	2 


	TR
	IE6 
	IE6 

	06/10/2020 
	06/10/2020 

	10 
	10 

	2 
	2 


	TR
	Expired, 10% 
	Expired, 10% 

	IOE5 
	IOE5 

	06/10/2020 
	06/10/2020 

	10 
	10 

	2 
	2 


	TR
	IOE6 
	IOE6 

	06/10/2020 
	06/10/2020 

	10 
	10 

	2 
	2 


	D 
	D 
	D 

	Control 
	Control 

	Expired, 10% 
	Expired, 10% 

	IS5 
	IS5 

	06/10/2020 
	06/10/2020 

	10 
	10 

	2 
	2 


	TR
	IS6 
	IS6 

	06/10/2020 
	06/10/2020 

	10 
	10 

	2 
	2 


	Neat Grout 
	Neat Grout 
	Neat Grout 

	Control 
	Control 

	0.45 w/c 
	0.45 w/c 

	IC5 
	IC5 

	06/10/2020 
	06/10/2020 

	10 
	10 

	2 
	2 


	TR
	IC6 
	IC6 

	06/10/2020 
	06/10/2020 

	10 
	10 

	2 
	2 


	TR
	AR, 10%, S 
	AR, 10%, S 

	IC7s 
	IC7s 

	06/12/2020 
	06/12/2020 

	10 
	10 

	2 
	2 


	TR
	AR, 10%, C 
	AR, 10%, C 

	IC8c 
	IC8c 

	06/12/2020 
	06/12/2020 

	10 
	10 

	2 
	2 


	TR
	AR, 10%, S+C 
	AR, 10%, S+C 

	IC9s+c 
	IC9s+c 

	06/12/2020 
	06/12/2020 

	10 
	10 

	2 
	2 


	TR
	High Constriction 
	High Constriction 

	0.45 w/c 
	0.45 w/c 

	IC10S 
	IC10S 

	06/22/2020 
	06/22/2020 

	12 
	12 

	2 
	2 


	TR
	IC11S 
	IC11S 

	06/22/2020 
	06/22/2020 

	12 
	12 

	2 
	2 


	TR
	Low Constriction 
	Low Constriction 

	0.45 w/c 
	0.45 w/c 

	IC12L 
	IC12L 

	06/22/2020 
	06/22/2020 

	12 
	12 

	2 
	2 


	TR
	IC13L 
	IC13L 

	06/22/2020 
	06/22/2020 

	12 
	12 

	2 
	2 


	TR
	Vertical Deviation 
	Vertical Deviation 

	1’ 
	1’ 

	0.45 w/c 
	0.45 w/c 

	ICV1 
	ICV1 

	05/26/2020 
	05/26/2020 

	3 
	3 

	2 
	2 


	TR
	2’ 
	2’ 

	0.45 w/c 
	0.45 w/c 

	ICV2 
	ICV2 

	05/18/2020 
	05/18/2020 

	5 
	5 

	3 
	3 


	TR
	5’ 
	5’ 

	0.45 w/c 
	0.45 w/c 

	ICV3 
	ICV3 

	05/26/2020 
	05/26/2020 

	14 
	14 

	2 
	2 


	TR
	Vert. Dev. + Constriction 
	Vert. Dev. + Constriction 

	0.45 w/c 
	0.45 w/c 

	ICV4 
	ICV4 

	05/18/2020 
	05/18/2020 

	6 
	6 

	5 
	5 




	1.As-Received. 2. 10% extra mix water. 3. No. of cut specimens. 4. 2,000 ppm sulfate. 5. 832 ppm chloride. 6. Combined 2,000 ppm sulfate and 832 ppm chloride. 7. Cast with steel bar. 
	 
	 
	 
	 
	2.3.2. Specimen Preparation Procedures 
	Preparation of Steel: 
	Steel bars, 36-inch length and 0.5-inch diameter, were cut and deburred for the corrosion test specimens. The steel bars used for the anode component of the test cell were left in the as-received condition and were only cleaned with acetone and dried with warm air. The steel bars used for the cathode component of the test cell was ground with 80 grit sand paper until a uniform bright finish was made. The bars were then rinsed with tap water to remove residual particles, cleaned with acetone, and dried with 
	 
	PVC Mold Components, and Grout Casting: 
	The PVC components of the INT as drawn in Figures 2.8 and 2.9 were collected and assembled as shown in Figure 2.11c, 2.11d, and 2.11e. The PVC mold for the horizontally cast cathode component of the rapid-macrocell test is shown in Figure 2.10f. The steel bar was placed within the INT mold and centered within the tee stem. An example of the centering spacer for the steel bar is shown in Figure 2.11g.  
	 
	The filters to provide grout flow constrictions were made by casting plastic straws of different diameters in epoxy within a 1.25-inch diameter mold such that a ratio of open space to close space on the transverse area was approximately 2.5 following PTI specifications. The bottom end of the straws were initially plugged with silicone prior to being cast in the epoxy to prevent the epoxy from seeping into the cylindrical spaces within the straws. The silicone could easily be removed after hardening of the e
	 
	The completed INT specimen assemblies were placed on wooden racks to ensure vertical stability during the grout pumping process. The grout was mixed using an electric mixer as shown in Figure 2.12a. After mixing, the grout was poured into a manual grout pump (Figure 2.12b) and the grout was pumped into each INT assembly allowing for grout to fill the mold and flow out of the stem prior to closing the inlet PVC ball valve at the tee body. 
	 
	 
	Figure
	Figure 2.11. INT Assembly. 
	a. INT anode steel partitioning. b. Macrocell cathode steel partitioning. c. INT PVC components. d. Completed INT assembly. e. INT assembly setup for grouting. f. Macrocell cathode setup for grouting. g. Spacer to center steel bar. h. Filters to introduce flow constriction. h. Internal view of filter assembly. i. External view of filter assembly 
	 
	 
	 
	 
	 
	Figure
	Figure 2.12. Grout Mixing and Pumping for INT. 
	a. Grout mixing. b. Manual grout pump. c. Setup for INT grout injection. d. Grouted INT specimens. 
	 
	After 28 days curing within the INT mold or the horizontal mold for the macrocell test cathodes, the PVC was cut at each partition mark for each 9-inch specimen with an electric chop saw such as shown in Figure 2.13a. A 1/8-inch hole was drilled at the top of the exposed steel cross-section of each specimen and a steel screw was inserted so that a hard electrical contact was made. Insulted copper wire was soldered to the steel stud (Figure 2.13b). Both the top and bottom of each specimen were coated with an
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Figure
	Figure 2.13. INT Test specimen fabrication. 
	a. Sectioning of INT specimens. b. Electrical connection to steel bar for INT corrosion specimens. c. Sealing exposed steel on INT corrosion specimens. d. INT corrosion specimens. e. INT grout test specimens. 
	 
	Material Testing: 
	The INT grout test specimens were cut into segments as shown in Figure 2.9 and Figure 2.13e. Immediately after demolding at 28 days, the grout resistance (R) for each segment (as well as grout from the tee body inlet pipe) was measured by a 2-point method using a soil resistance meter, and the initial grout resistivity (ρ) was calculated by the expression ρ=RA/L where A in the cross sectional area of the 1-inch diameter specimen and L is the length of each grout segment. Also, the moisture content was measu
	 
	Following Figure 2.9, specimens from the tee header were sorted for chemical analysis or conditioned in 100%RH for mass gain and wet resistivity testing. An ex-situ leaching procedure following a FM 5-618 method was adopted for determination of sulfate and chloride. For the specimens exposed in 100%RH (Figure 2.14a), the mass gain due to moisture uptake was monitored by gravimetric mass measurements using a high precision lab balance. The electrical resistance was also monitored by the 2-point electrical re
	Furthermore, the pre-drying can normalize grout specimens with different moisture content. The effects of the pre-drying is further considered in the sister project to assess methodologies for sulfate ion analysis. 
	 
	 
	Figure
	Figure 2.14. INT grout material testing. 
	a. 100%RH exposure. b. Electrical resistance measurement. c. External view of Shatterbox. d. Grinding grout fragments. e. Collection of ground grout powder. f. Sieving grout powder. 
	 
	Electrochemical Testing 
	The open-circuit potential (OCP), linear polarization resistance (LPR), and electrochemical impedance spectroscopy (EIS) was made for all anode INT specimens and cathode specimens. Afterwards, the INT anode specimens were selected for testing following the general procedures prescribed by the PTI ACT and the rapid-macrocell test with the modifications described earlier (Figure 2.15-2.16). 
	 
	 
	Figure
	Figure 2.15. Setup for electrochemical testing and corrosion cell 
	 
	 
	Figure
	Figure 2.16. INT Corrosion Test Setup. 
	a. Modified PTI ACT. b. Rapid-Macrocell Test. 
	 
	The corrosion testing generally followed the PTI ACT protocols including linear polarization resistance (LPR) in a saturated calcium hydroxide solution and an anodic potentiostatic polarization test in 5% NaCl solution. A stainless-steel rod was used as the counter electrode. Silver/silver-chloride electrodes were used as the reference electrodes for the multiplexed test.  A saturated calomel electrode was used as a reference electrode for the LPR measurements and supplemental open-circuit potential (OCP) m
	 
	The rapid macrocell tests generally followed ASTM A955 Annex 2.25 [27]. Specimens labeled as anodes were the two-cut sections from the INT header made with the test grouts as detailed in Table 2.5. Specimens labeled as cathode were cut sections of a 0.45-w/c neat grout that was cut horizontally in 5-ft segments.  Specimen preparation and the test setup were described before. Figures 2.15 and 2.16 show the corrosion cell and experimental testing. The specimens were subsequently immersed in saturated calcium 
	 
	An electrical breakout box was prepared for the rapid macrocell test and the anode and cathode were electrically connected across a 10-ohm shunt resistor. The macrocell current could be calculated from the voltage difference of the anode and cathode across the shunt resistor. Additionally, an electrical switch between the anode and cathode was installed to allow instantaneous electrical current measurements using an ammeter by opening the circuit for a short period (less than 5 seconds). 
	 
	2.4 Modified Incline Tube Test 
	The MIT had been shown to promote some level of grout segregation. As such, the setup was used to produce grout samples for further chemical analysis and assessment of sampling procedures. The MIT test generally consists of pumping grout in a 3-inch diameter pipe, along a 15-foot length at a 30 degree incline. A schematic of the specimen assembly used in this research is shown in Figure 2.17. The relatively high grout volume and the vertical deviation could promote transport of moisture if the grout materia
	 
	 
	 
	Figure
	Figure 2.17. MIT test assembly 
	 
	A 15-foot 0.5-inch diameter steel bar was placed in the MIT for additional corrosion testing. The steel bar was cut to length and cleaned with acetone (Figure 2.18A). The PVC components were assembled according to Figure 2.17 and the steel bar was placed within the pipe, centered with rebar spacers. The specimens were placed on a steel frame with a 30 degree incline, as shown in Figure 2.18B-D. 
	 
	 
	 
	 
	 
	Figure
	Figure
	 
	Figure
	 
	Figure
	Figure 2.18. MIT assembly.  
	A. Steel bar. B. Front view of assembly. C. Side view of assembly. D. View of steel bar near MIT outlet.  
	 
	 
	Figure
	Figure
	Figure
	Figure
	Figure 2.19. MIT Grout Mixing and Injection 
	 
	The Grout A material had been specified for horizontal PT applications and Grout B had been specified for vertical applications. The grout mixes for both products incorporated 10% excess mix water from the manufacturer’s recommendation.  It was thought that the two products designed for different applications (horizontal and vertical) can be used as a foil, and the two products with non-ideal excess mix water and subject to the vertical deviation in the MIT testing would ideally create differentiation in th
	 
	 
	 
	 
	Table 2.7. MIT specimens 
	Name 
	Name 
	Name 
	Name 
	Name 

	Condition  
	Condition  

	Casting Date 
	Casting Date 

	Number of Samples Cast 
	Number of Samples Cast 

	Specimen Name 
	Specimen Name 

	Name of cast cylinder mold  
	Name of cast cylinder mold  



	Grout A 
	Grout A 
	Grout A 
	Grout A 

	As-received grout with 10% ext water  
	As-received grout with 10% ext water  
	 

	11/20/2019 
	11/20/2019 

	1 
	1 

	MIT-1 
	MIT-1 

	1-11, 1-21, 1-3 
	1-11, 1-21, 1-3 


	TR
	11/21/2019 
	11/21/2019 

	3 
	3 

	MIT-2 
	MIT-2 

	2-11, 2-21, 2-3 
	2-11, 2-21, 2-3 


	TR
	MIT-3 
	MIT-3 

	3-11, 3-21, 3-3 
	3-11, 3-21, 3-3 


	TR
	MIT-4 
	MIT-4 

	4-11, 4-21, 4-3 
	4-11, 4-21, 4-3 


	TR
	12/03/2019 
	12/03/2019 

	2 
	2 

	MIT-6 
	MIT-6 

	6-11, 6-21, 6-3 
	6-11, 6-21, 6-3 


	TR
	MIT-8 
	MIT-8 

	8-11, 8-21 
	8-11, 8-21 


	Grout B 
	Grout B 
	Grout B 
	  

	As-received grout with 10% ext water 
	As-received grout with 10% ext water 
	 

	12/04/2019 
	12/04/2019 

	3 
	3 

	MIT-9 
	MIT-9 

	9-11, 9-21, 9-3 
	9-11, 9-21, 9-3 


	TR
	MIT-10 
	MIT-10 

	10-11, 10-21, 10-3 
	10-11, 10-21, 10-3 


	TR
	MIT11 
	MIT11 

	11-11, 11-21, 11-3, 
	11-11, 11-21, 11-3, 


	TR
	12/17/2019 
	12/17/2019 

	3 
	3 

	MIT-13 
	MIT-13 

	13-11, 13-21, 13-3, 
	13-11, 13-21, 13-3, 


	TR
	MIT-14 
	MIT-14 

	14-11, 14-21 
	14-11, 14-21 


	TR
	 
	 

	MIT16 
	MIT16 

	15-11, 15-21, 15-3 
	15-11, 15-21, 15-3 




	1. Grout cylinders stored in saturated calcium hydroxide solution. 
	 
	  
	CHAPTER 3. MATERIAL CHARACTERIZATION 
	 
	The development of deficient grout by the various test conditions detailed in the previous chapter was assessed in terms of the propensity for active corrosion of the embedded steel and differentiation of grout properties. The manifestation of grout segregation was assessed by moisture content, grout resistivity, and general visual corrosion development. Chemical analysis for sulfate concentration was also carried out for INT test specimen. 
	 
	3.1. Visual Grout Condition  
	The grouted specimens from the PTI Accelerated Corrosion Test (ACT), rapid macrocell test, and inverted-tee tests (INT) are shown in detail in Appendix A. It was evident that the fabrication of grouted test specimens in hand-poured batches within rather tight spaces in the 1-inch diameter PVC pipe for the ACT and rapid-macrocell test was difficult and grout defects such as small air voids were observed in many specimens after demolding. Casting in lifts and attempts to rod the material within the tight geom
	 
	The visual observations of the grout from the various test setups provided important findings for the assessment of grout robustness. Better grout consolidation within the small geometry test specimens was made when the grout was injected with a grout pump rather than hand-poured. The thixotropic grouts, when mixed following recommended practices, generally formed visually consistent hardened grout and was more robust to consolidation problems than the neat grout. Different levels of physical grout deficien
	 
	3.2. Effect of Grout Mix and Cast Conditions 
	The INT specimens from the tee header (were cut into 10 sections) as well as from the tee body inlet valve stem were further tested to evaluate the material segregation. The effects of the excess 10% mix water, vertical deviation in the tee header, grout flow confinement, and grout contamination were assessed. 
	 
	3.2.1. Effect of Vertical Deviation 
	Figure 3.1 shows the moisture content of the grout from various tee stem heights when cast with up to 5 feet of vertical deviation. The results showed that the INT setup with the vertical deviation can produce enhanced transport of moisture towards the top of the tee header. The grout at greater vertical heights had correspondingly greater moisture content and the moisture content of the grout in the tee header was consistently greater than the grout in the tee body. This effect was observed for test trials
	the tee header made at 1 ft, 2 ft, and 5 ft.  Subsequent INT tests were made with a vertical deviation of 3 ft. 
	 
	Figure
	Figure 3.1. Moisture content of neat grout in INT setup with different vertical lengths. 
	 
	3.2.2. Effect of Excess Mix Water 
	The effect of excess 10% mix water was initially assessed for grout cast in 3x6” cylinders. As shown in Figure 3.2, the thixotropic grouts in the normal mix condition and with excess mix water were consistently higher than that for the 0.45 w/c neat grout, indicative of the good electrical characteristics of the thixotropic grouts. In the static pour for the cylinder specimens, the effect of the excess mix water on the bulk resistivity was not readily apparent. Indeed, any amount of grout segregation within
	 
	Figure
	Figure 3.2. Bulk resistivity of grout cast in 3x6”cylinders. 
	 
	The INT specimens, on the other hand, allowed for a physical separation of grout from the tee header and tee body. The results of the moisture content and bulk resistivity are shown in Figures 3.3 and 3.4. There was distinct differentiation in moisture content for the Grout C, expired Grout C and D. Differences in moisture content of the grout from the tee header and body were less apparent for the 
	Grout A and B grout. On the other hand, lower grout resistivity was apparent for the grout in the tee header in comparison to the tee body. The grout resistivity of the Grout C grout in the tee header typically resulted in high values due to observed high porosity that resulted from the excess mix water and water displacement in the INT. Grout in the tee body had grout resistivity within the same magnitude of order as the other thixotropic grouts, if not somewhat elevated. 
	 
	 
	Figure
	Figure 3.3. Moisture content of grout cast in INT with 10% extra mix water 
	 
	Figure
	Figure 3.4. Bulk resistivity of grout cast in INT with 10% extra mix water 
	 
	Figure 3.5 shows the moisture uptake and wet resistivity of the grout specimens during its exposure in 100%RH. As of up to 60 days, the specimens have not reached a saturated moisture condition and have not yet reached a terminal wet resistivity. The resistivity results would have the conflated effect of cement hydration and moisture uptake. In any case, all of the thixotropic grouts show improved permeability and resistivity characteristics over the 0.45 w/c neat grout. 
	 
	 
	Figure
	Figure 3.5. Moisture uptake and grout wet resistivity of INT setup cast with 10% extra mix water 
	 
	3.2.3. Effect of Flow Constriction 
	Figures 3.6 and 3.7 show the moisture content and bulk resistivity of grout cast in INT setup with the presence of high and low grout flow constriction. Similar to the INT results without the flow constriction, the grout in the tee header had higher moisture content than the grout in the tee body. In all test cases, the excess mix water allowed for enhanced water displacement into the tee header. However, it was apparent that the presence of a high flow constriction amplified this effect. Much higher water 
	 
	 
	Figure
	Figure 3.6. Moisture content of grout cast from INT with grout flow confinement. 
	 
	 
	Figure
	Figure 3.7. Bulk resistivity of grout cast from INT with grout flow confinement. 
	Although the bulk resistivity showed supporting and consistent results that grout in the tee header had worse electrical characteristics than the grout in the tee body and that the excess 10% mix water allows for greater moisture displacement, the resistivity results did not show clear effect of the grout flow constriction. Even though the moisture content was the greatest in the tee header after grout pumping with high-level flow constriction, the bulk resistivity of the grout before and after the flow con
	 
	After up to 40 days of conditioning in 100%RH, the grouts subjected to flow constriction continued to increase in mass due to water uptake, and the wet resistivity dropped accordingly. There is no clear differentiation in the results due to the flow confinement. Consistent with the observations from the other test cases, the thixotropic grouts showed improved characteristics over the neat grout. 
	 
	 
	Figure
	Figure 3.8. Moisture uptake of grout from INT setup cast with grout flow confinement. 
	 
	 
	Figure
	Figure 3.9. Wet resistivity of grout from INT setup cast with grout flow confinement. 
	 
	  
	3.2.4. Effect of External Ion Contamination 
	Figures 3.10 and 3.11 show the moisture content and bulk resistivity of the grout specimens cast with chloride and sulfate ion contamination. As expected, the moisture content was higher in the INT header than the INT body. The presence of the chloride and sulfate ions would enrich the ionic concentration of the grout pore water but it was evident that its presence would not be a dominant factor in the grout bulk resistivity. The differentiation in the moisture content of the grout in the tee header and tee
	 
	Figure
	Figure 3.10. Moisture content of grout cast from INT with external ion contamination. 
	 
	 
	 
	 
	Figure
	Figure 3.11. Bulk resistivity of grout cast from INT with external ion contamination. 
	 
	Figure
	Figure 3.11-continued. Bulk resistivity of grout cast from INT with external ion contamination. 
	 
	Figures 3.12 and 3.13 show the results water uptake and wet resistivity of specimens conditioned in 100%RH. The transport of ions relating to the chemical deficiencies of segregated grout was posited to be related to movement of water during the grout injection stage. As such, the recorded data below were made for posterity for comparisons of various levels of grout segregation.  
	 
	Figure
	Figure 3.12. Moisture uptake of grout from INT setup cast with external ion contamination. 
	 
	 
	Figure
	Figure 3.13. Wet resistivity of grout from INT setup cast with external ion contamination. 
	 
	3.4. Chemical Analysis 
	The grout from the INT specimens were further tested following FM 5-618 to assess the effects of poor construction on the extent to which sulfate ions can accumulate including overwatering, prehydration, external contamination, and flow constriction. Results are shown in Table 3.1-3.3 and Figures 3.14-3.17.  
	Table 3.1. Results of Leaching Experiments (Grout A) 
	Grout 
	Grout 
	Grout 
	Grout 
	Grout 

	Test Condition 
	Test Condition 

	Grout Condition 
	Grout Condition 

	Name 
	Name 

	INT Segment 
	INT Segment 

	pH 
	pH 

	Sulfate Concentration 
	Sulfate Concentration 

	Chloride Concentration 
	Chloride Concentration 



	TBody
	TR
	Leachate (ppm) 
	Leachate (ppm) 

	Grout (mg/g) 
	Grout (mg/g) 

	Leachate (ppm) 
	Leachate (ppm) 

	Grout (mg/g) 
	Grout (mg/g) 


	A 
	A 
	A 

	Control 
	Control 

	AR1, 10%2 
	AR1, 10%2 

	IM55 
	IM55 

	1 
	1 

	12.64 
	12.64 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	5 
	5 

	11.81 
	11.81 

	5.6 
	5.6 

	0.112 
	0.112 

	5 
	5 

	0.1 
	0.1 


	TR
	B 
	B 

	12.69 
	12.69 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	10 
	10 

	12.67 
	12.67 

	35 
	35 

	0.7 
	0.7 

	5 
	5 

	0.1 
	0.1 


	TR
	IM56 
	IM56 

	1 
	1 

	12.7 
	12.7 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	5 
	5 

	12.66 
	12.66 

	12 
	12 

	0.24 
	0.24 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.7 
	12.7 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	10 
	10 

	12.7 
	12.7 

	34 
	34 

	0.68 
	0.68 

	5 
	5 

	0.1 
	0.1 


	TR
	AR, 10%, S4 
	AR, 10%, S4 

	IM57s 
	IM57s 

	1 
	1 

	12.72 
	12.72 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	6 
	6 

	12.7 
	12.7 

	5.4 
	5.4 

	0.108 
	0.108 

	5 
	5 

	0.1 
	0.1 


	TR
	9 
	9 

	12.66 
	12.66 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.7 
	12.7 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	AR, 10%, C5 
	AR, 10%, C5 

	IM58c 
	IM58c 

	1 
	1 

	12.6 
	12.6 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	5 
	5 

	12.63 
	12.63 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	9 
	9 

	12.6 
	12.6 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.65 
	12.65 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	AR, 10%, S+C6 
	AR, 10%, S+C6 

	IM59s+c 
	IM59s+c 

	1 
	1 

	12.63 
	12.63 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	5 
	5 

	12.62 
	12.62 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	9 
	9 

	12.64 
	12.64 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.61 
	12.61 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 




	1. As-Received. 2. 10% extra mix water. 3. No. of cut specimens. 4. 2,000 ppm sulfate. 5. 832 ppm chloride. 6. Combined 2,000 ppm sulfate and 832 ppm chloride. 7. Cast with steel bar. 
	  
	Table 3.2. Results of Leaching Experiments (Grout B) 
	Grout 
	Grout 
	Grout 
	Grout 
	Grout 

	Test Condition 
	Test Condition 

	Grout Condition 
	Grout Condition 

	Name 
	Name 

	INT Segment 
	INT Segment 

	pH 
	pH 

	Sulfate Concentration 
	Sulfate Concentration 

	Chloride Concentration 
	Chloride Concentration 



	TBody
	TR
	Leachate (ppm) 
	Leachate (ppm) 

	Grout (mg/g) 
	Grout (mg/g) 

	Leachate (ppm) 
	Leachate (ppm) 

	Grout (mg/g) 
	Grout (mg/g) 


	B 
	B 
	B 

	Control 
	Control 

	AR 
	AR 

	IM637 
	IM637 

	1 
	1 

	12.53 
	12.53 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	9 
	9 

	12.55 
	12.55 

	5.3 
	5.3 

	0.106 
	0.106 

	5 
	5 

	0.1 
	0.1 


	TR
	B 
	B 

	12.59 
	12.59 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	IM647 
	IM647 

	1 
	1 

	12.57 
	12.57 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	9 
	9 

	12.6 
	12.6 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	B 
	B 

	12.62 
	12.62 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	AR, 10% 
	AR, 10% 

	IM65 
	IM65 

	1 
	1 

	12.52 
	12.52 

	120 
	120 

	2.4 
	2.4 

	2.5 
	2.5 

	0.1 
	0.1 


	TR
	5 
	5 

	12.52 
	12.52 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.54 
	12.54 

	10 
	10 

	0.2 
	0.2 

	5 
	5 

	0.1 
	0.1 


	TR
	10 
	10 

	12.73 
	12.73 

	66 
	66 

	1.32 
	1.32 

	5 
	5 

	0.1 
	0.1 


	TR
	IM66 
	IM66 

	1 
	1 

	12.56 
	12.56 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	5 
	5 

	12.54 
	12.54 

	6.7 
	6.7 

	0.134 
	0.134 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.45 
	12.45 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	10 
	10 

	12.64 
	12.64 

	56 
	56 

	1.12 
	1.12 

	5 
	5 

	0.1 
	0.1 


	TR
	AR, 10%, S 
	AR, 10%, S 

	IM67s 
	IM67s 

	1 
	1 

	12.58 
	12.58 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	5 
	5 

	12.61 
	12.61 

	9.8 
	9.8 

	0.196 
	0.196 

	5 
	5 

	0.1 
	0.1 


	TR
	9 
	9 

	12.64 
	12.64 

	6.3 
	6.3 

	0.126 
	0.126 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.65 
	12.65 

	9.6 
	9.6 

	0.192 
	0.192 

	5 
	5 

	0.1 
	0.1 


	TR
	AR, 10%, C 
	AR, 10%, C 

	IM68c 
	IM68c 

	1 
	1 

	12.63 
	12.63 

	12 
	12 

	0.24 
	0.24 

	5 
	5 

	0.1 
	0.1 


	TR
	5 
	5 

	12.66 
	12.66 

	7.9 
	7.9 

	0.158 
	0.158 

	5 
	5 

	0.1 
	0.1 


	TR
	9 
	9 

	12.67 
	12.67 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.67 
	12.67 

	6.7 
	6.7 

	0.134 
	0.134 

	5 
	5 

	0.1 
	0.1 


	TR
	AR, 10%, S+C 
	AR, 10%, S+C 

	IM69s+c 
	IM69s+c 

	1 
	1 

	12.65 
	12.65 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	5 
	5 

	12.63 
	12.63 

	7.1 
	7.1 

	0.142 
	0.142 

	5 
	5 

	0.1 
	0.1 


	TR
	9 
	9 

	12.65 
	12.65 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.58 
	12.58 

	9 
	9 

	0.18 
	0.18 

	5 
	5 

	0.1 
	0.1 


	TR
	High Constrict. 
	High Constrict. 

	AR 
	AR 

	IM610S 
	IM610S 

	3 
	3 

	12.57 
	12.57 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.57 
	12.57 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	IM611S 
	IM611S 

	3 
	3 

	12.58 
	12.58 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.57 
	12.57 

	5.8 
	5.8 

	0.116 
	0.116 

	5 
	5 

	0.1 
	0.1 


	TR
	AR, 10% 
	AR, 10% 

	IM614S 
	IM614S 

	1 
	1 

	12.51 
	12.51 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	5 
	5 

	12.44 
	12.44 

	8.2 
	8.2 

	0.164 
	0.164 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.5 
	12.5 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	IM615S 
	IM615S 

	2 
	2 

	12.48 
	12.48 

	6.5 
	6.5 

	0.13 
	0.13 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.47 
	12.47 

	14 
	14 

	0.28 
	0.28 

	5 
	5 

	0.1 
	0.1 


	TR
	Low Constrict. 
	Low Constrict. 

	AR 
	AR 

	IM612L 
	IM612L 

	1 
	1 

	12.61 
	12.61 

	6.9 
	6.9 

	0.138 
	0.138 

	5 
	5 

	0.1 
	0.1 


	TR
	10 
	10 

	12.55 
	12.55 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.6 
	12.6 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	IM613L 
	IM613L 

	1 
	1 

	12.63 
	12.63 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	10 
	10 

	12.65 
	12.65 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.64 
	12.64 

	5.2 
	5.2 

	0.104 
	0.104 

	5 
	5 

	0.1 
	0.1 


	TR
	AR, 10% 
	AR, 10% 

	IM616L 
	IM616L 

	1 
	1 

	12.5 
	12.5 

	8.5 
	8.5 

	0.17 
	0.17 

	5 
	5 

	0.1 
	0.1 


	TR
	10 
	10 

	12.47 
	12.47 

	9.7 
	9.7 

	0.194 
	0.194 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.49 
	12.49 

	8.8 
	8.8 

	0.176 
	0.176 

	5 
	5 

	0.1 
	0.1 


	TR
	IM617L 
	IM617L 

	1 
	1 

	12.54 
	12.54 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	10 
	10 

	12.53 
	12.53 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.57 
	12.57 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 




	 
	Table 3.3. Results of Leaching Experiments (Grout C, D, and neat grout) 
	Grout 
	Grout 
	Grout 
	Grout 
	Grout 

	Test Condition 
	Test Condition 

	Grout Condition 
	Grout Condition 

	Name 
	Name 

	INT Segment 
	INT Segment 

	pH 
	pH 

	Sulfate Concentration 
	Sulfate Concentration 

	Chloride Concentration 
	Chloride Concentration 



	TBody
	TR
	Leachate (ppm) 
	Leachate (ppm) 

	Grout (mg/g) 
	Grout (mg/g) 

	Leachate (ppm) 
	Leachate (ppm) 

	Grout (mg/g) 
	Grout (mg/g) 


	C 
	C 
	C 

	Control 
	Control 

	AR, 10% 
	AR, 10% 

	IE5 
	IE5 

	9 
	9 

	12.39 
	12.39 

	38 
	38 

	0.76 
	0.76 

	2.5 
	2.5 

	0.05 
	0.05 


	TR
	B 
	B 

	12.17 
	12.17 

	180 
	180 

	3.6 
	3.6 

	2.5 
	2.5 

	0.05 
	0.05 


	TR
	IE6 
	IE6 

	9 
	9 

	12.4 
	12.4 

	37 
	37 

	0.74 
	0.74 

	5 
	5 

	0.1 
	0.1 


	TR
	B 
	B 

	12.21 
	12.21 

	120 
	120 

	2.4 
	2.4 

	5 
	5 

	0.1 
	0.1 


	TR
	Expired, 10% 
	Expired, 10% 

	IOE5 
	IOE5 

	9 
	9 

	11.92 
	11.92 

	470 
	470 

	9.4 
	9.4 

	3 
	3 

	0.06 
	0.06 


	TR
	A 
	A 

	12.35 
	12.35 

	8 
	8 

	0.16 
	0.16 

	5 
	5 

	0.1 
	0.1 


	TR
	IOE6 
	IOE6 

	9 
	9 

	11.73 
	11.73 

	3.9 
	3.9 

	0.078 
	0.078 

	2.5 
	2.5 

	0.05 
	0.05 


	TR
	A 
	A 

	12.15 
	12.15 

	650 
	650 

	13 
	13 

	3.6 
	3.6 

	0.072 
	0.072 


	D 
	D 
	D 

	Control 
	Control 

	Expired, 10% 
	Expired, 10% 

	IS5 
	IS5 

	A 
	A 

	12.68 
	12.68 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	10 
	10 

	12.69 
	12.69 

	250 
	250 

	5 
	5 

	5 
	5 

	0.1 
	0.1 


	TR
	IS6 
	IS6 

	A 
	A 

	12.66 
	12.66 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	10 
	10 

	12.16 
	12.16 

	410 
	410 

	8.2 
	8.2 

	3.5 
	3.5 

	0.07 
	0.07 


	Neat Grout 
	Neat Grout 
	Neat Grout 

	Control 
	Control 

	0.45 w/c 
	0.45 w/c 

	IC5 
	IC5 

	1 
	1 

	12.6 
	12.6 

	19 
	19 

	0.38 
	0.38 

	5 
	5 

	0.1 
	0.1 


	TR
	5 
	5 

	12.65 
	12.65 

	18 
	18 

	0.36 
	0.36 

	5 
	5 

	0.1 
	0.1 


	TR
	10 
	10 

	12.74 
	12.74 

	21 
	21 

	0.42 
	0.42 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.64 
	12.64 

	19 
	19 

	0.38 
	0.38 

	5 
	5 

	0.1 
	0.1 


	TR
	IC6 
	IC6 

	1 
	1 

	12.65 
	12.65 

	14 
	14 

	14 
	14 

	5 
	5 

	0.1 
	0.1 


	TR
	5 
	5 

	12.6 
	12.6 

	17 
	17 

	17 
	17 

	5 
	5 

	0.1 
	0.1 


	TR
	10 
	10 

	12.73 
	12.73 

	36 
	36 

	36 
	36 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.52 
	12.52 

	19 
	19 

	19 
	19 

	5 
	5 

	0.1 
	0.1 


	TR
	AR, 10%, S 
	AR, 10%, S 

	IC7s 
	IC7s 

	1 
	1 

	12.67 
	12.67 

	8.9 
	8.9 

	0.178 
	0.178 

	5 
	5 

	0.1 
	0.1 


	TR
	5 
	5 

	12.68 
	12.68 

	5.2 
	5.2 

	0.104 
	0.104 

	5 
	5 

	0.1 
	0.1 


	TR
	9 
	9 

	12.55 
	12.55 

	12 
	12 

	0.24 
	0.24 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.57 
	12.57 

	7 
	7 

	0.14 
	0.14 

	5 
	5 

	0.1 
	0.1 


	TR
	AR, 10%, C 
	AR, 10%, C 

	IC8c 
	IC8c 

	1 
	1 

	12.53 
	12.53 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	5 
	5 

	12.68 
	12.68 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	9 
	9 

	12.65 
	12.65 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.68 
	12.68 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	AR, 10%, S+C 
	AR, 10%, S+C 

	IC9s+c 
	IC9s+c 

	1 
	1 

	12.64 
	12.64 

	8.7 
	8.7 

	0.174 
	0.174 

	8.2 
	8.2 

	0.164 
	0.164 


	TR
	5 
	5 

	12.62 
	12.62 

	6.5 
	6.5 

	0.13 
	0.13 

	5 
	5 

	0.1 
	0.1 


	TR
	9 
	9 

	12.68 
	12.68 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.67 
	12.67 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	High Constriction 
	High Constriction 

	0.45 w/c 
	0.45 w/c 

	IC10S 
	IC10S 

	1 
	1 

	12.55 
	12.55 

	21 
	21 

	0.42 
	0.42 

	5 
	5 

	0.1 
	0.1 


	TR
	11 
	11 

	12.61 
	12.61 

	18 
	18 

	0.36 
	0.36 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.62 
	12.62 

	19 
	19 

	0.38 
	0.38 

	5 
	5 

	0.1 
	0.1 


	TR
	IC11S 
	IC11S 

	1 
	1 

	12.26 
	12.26 

	20 
	20 

	0.4 
	0.4 

	5 
	5 

	0.1 
	0.1 


	TR
	10 
	10 

	12.58 
	12.58 

	19 
	19 

	0.38 
	0.38 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.6 
	12.6 

	20 
	20 

	0.4 
	0.4 

	5 
	5 

	0.1 
	0.1 


	TR
	Low Constriction 
	Low Constriction 

	0.45 w/c 
	0.45 w/c 

	IC12L 
	IC12L 

	1 
	1 

	12.58 
	12.58 

	30 
	30 

	0.6 
	0.6 

	5 
	5 

	0.1 
	0.1 


	TR
	10 
	10 

	12.6 
	12.6 

	27 
	27 

	0.54 
	0.54 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.53 
	12.53 

	28 
	28 

	0.56 
	0.56 

	5 
	5 

	0.1 
	0.1 


	TR
	IC13L 
	IC13L 

	1 
	1 

	12.64 
	12.64 

	5 
	5 

	0.1 
	0.1 

	5 
	5 

	0.1 
	0.1 


	TR
	10 
	10 

	12.67 
	12.67 

	10 
	10 

	0.2 
	0.2 

	5 
	5 

	0.1 
	0.1 


	TR
	A 
	A 

	12.48 
	12.48 

	7.2 
	7.2 

	0.144 
	0.144 

	5 
	5 

	0.1 
	0.1 




	1. As-Received. 2. 10% extra mix water. 3. No. of cut specimens. 4. 2,000 ppm sulfate. 5. 832 ppm chloride. 6. Combined 2,000 ppm sulfate and 832 ppm chloride. 7. Cast with steel bar. 
	 
	 
	As discussed earlier, the different grout products had different yields of leached sulfate ions in the INT header. As shown in Figure 3.14, higher sulfate levels were generally observed in the tee header than the tee body likely relating to the displacement of water to the top of the specimen.   
	 
	Figure
	Figure 3.14. Comparison of sulfate ion concentrations in grout from INT tee header and tee body. 
	 
	Figures 3.15 shows the resolved sulfate concentrations in grouts subjected to sulfate contamination. Consistent with previous research, it was shown that the sulfate ion accumulation in the deficient grout (here in the tee header) can develop without external contamination. In the test conditions with an additional 2,000 ppm sulfate, the resolved sulfate concentrations were lower than the control mix. It was observed that when the additional sodium sulfate was added to the mix water, the grout mix was thick
	 
	 
	 
	 
	Figure
	Figure 3.15. Sulfate ion concentration in grout subjected to external contamination 
	 
	As shown in Figure 3.16, the addition of excess mix water in the INT setup for the grouts allowed for moisture displacement and accumulation of sulfate ions relative to the conditions with no excess mix water. However, the experiments did not show appreciable effects due to the grout flow constriction.  
	 
	 
	Figure
	Figure 3.16. Sulfate ion concentration in grout subjected to flow constriction 
	 
	 
	  
	CHAPTER 4. MODIFIED ACCELERATED CORROSION TEST FOR GROUTS 
	 
	The preliminary testing using a modified ACT test explored the idea of assessing the robustness of grouts subjected to non-ideal conditioning. These tests incorporated testing of grout subjected to adverse conditioning and mixing to promote grout deficiencies. The results of the testing described next are not representative of performance and durability of strand in the grout if properly handled and are only considered for research purposes to identify test methodologies that can be adopted to address grout
	 
	4.1.ACT for Grouts following PTI M-55 
	The OCP of each test specimen was obtained prior to the LPR and anodic polarization tests prescribed by the ACT. As shown in Figure 4.1, the steel embedded in the neat grout as well as test specimens cast with grout in the control as-received condition all developed passive potentials in the range of -100 < OCP < -200 mVSCE after 28 and 56 days of curing, regardless of any grout imperfections. Specimens cast with pre-exposed Grout A and Grout B with 10% excess water also developed similar passive potentials
	 
	 
	Figure
	Figure 4.1.Corrosion potentials 28 and 56 days after casting. 
	 
	The polarization resistance resolved from the LPR test, assuming a nominal steel area of 96.6 cm2 (surface area of the 7-wire strand within the grout section open to the test electrolyte), is shown in Figure 4.2. Consistent with the OCP measurements, all neat grout specimens and test grout specimens (in both control and adverse pre-exposure/mixing conditions) that developed passive-like potentials all exhibited Rp values that meet or exceed the 700 kΩ-cm2 criteria established in the ACT. Likewise, the speci
	 
	 
	Figure
	Figure 4.2. Measured polarization resistance 28 and 56 days after casting. 
	Dashed line represents the limit described in PTI M55 Appendix B33, 700 kΩ·cm2. 
	 
	Further anodic potentiostatic polarization tests for grout after 28-days and 56-days curing at +200mVSCE were made for Grouts A-C and the control neat grout (Figure 4.3). Due to the physical deficiencies described earlier that developed for the aggressive preconditioning and mixing (particularly that for Grout C and the neat grouts), the chloride ions in the test solution for the potentiostatic tests could readily penetrate the grout cover. For the deficient Grout C and the neat grout, it was evident that t
	 
	Table 4.1. Time of corrosion activation when current exceeding 1µA for Neat Grout 
	Neat Grout (0.45 W/C) 
	Neat Grout (0.45 W/C) 
	Neat Grout (0.45 W/C) 
	Neat Grout (0.45 W/C) 
	Neat Grout (0.45 W/C) 

	Time of Corrosion (Day) 
	Time of Corrosion (Day) 
	Time of Corrosion (Day) 
	Time of Corrosion (Day) 
	Time of Corrosion (Day) 



	 

	Current at time of Corrosion (A) 
	Current at time of Corrosion (A) 



	28-day 
	28-day 
	28-day 
	28-day 
	 

	C2 
	C2 

	0.13 
	0.13 

	0.00147 
	0.00147 


	TR
	C7 
	C7 

	0.46 
	0.46 

	0.00046 
	0.00046 


	TR
	C1 
	C1 

	1.4 
	1.4 

	0.00030 
	0.00030 


	TR
	C8 
	C8 

	2.0 
	2.0 

	0.00242 
	0.00242 


	56-day 
	56-day 
	56-day 
	 

	C11 
	C11 

	0.00052 
	0.00052 

	0.00491 
	0.00491 


	TR
	C12 
	C12 

	0.00064 
	0.00064 

	0.00276 
	0.00276 




	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Table 4.2. Time of corrosion activation when current exceeding 1µA for Grout A 
	Grout A 
	Grout A 
	Grout A 
	Grout A 
	Grout A 

	Time of Corrosion (dy) 
	Time of Corrosion (dy) 
	Time of Corrosion (dy) 
	Time of Corrosion (dy) 
	Time of Corrosion (dy) 



	 

	Current at time of Corrosion (A) 
	Current at time of Corrosion (A) 



	Pre-Exposed Grout with Extra 10% Mix Water 
	Pre-Exposed Grout with Extra 10% Mix Water 
	Pre-Exposed Grout with Extra 10% Mix Water 
	Pre-Exposed Grout with Extra 10% Mix Water 

	28-day 
	28-day 

	M51* 
	M51* 

	1.8 
	1.8 

	0.0107 
	0.0107 


	TR
	M57* 
	M57* 

	2.95 
	2.95 

	0.00015 
	0.00015 


	TR
	M52* 
	M52* 

	0.00015 
	0.00015 

	0.617A 
	0.617A 


	TR
	M56* 
	M56* 

	12.3 
	12.3 

	0.00018 
	0.00018 


	TR
	56-day 
	56-day 
	 

	M58* 
	M58* 

	0 
	0 

	0.00030 
	0.00030 


	TR
	M53* 
	M53* 

	5.0 
	5.0 

	0.00015 
	0.00015 


	TR
	M510* 
	M510* 

	7.9 
	7.9 

	0.00469 
	0.00469 


	TR
	M59* 
	M59* 

	8.5 
	8.5 

	0.00011 
	0.00011 


	As-Received Grout 
	As-Received Grout 
	As-Received Grout 

	28-day 
	28-day 

	M5A1 
	M5A1 

	5.6 
	5.6 

	0.00012 
	0.00012 


	TR
	M5A3 
	M5A3 

	13.3 
	13.3 

	0.00010 
	0.00010 


	TR
	M5A4 
	M5A4 

	26.9 
	26.9 

	0.00019 
	0.00019 


	TR
	M5A2 
	M5A2 

	45.6 
	45.6 

	0.00010 
	0.00010 


	TR
	56-day 
	56-day 
	 

	M5A6 
	M5A6 

	14.5 
	14.5 

	0.00010 
	0.00010 


	TR
	M5A5 
	M5A5 

	44.3 
	44.3 

	0.00010 
	0.00010 




	A. Accidental electrode short-circuit. 
	 
	Table 4.3. Time of corrosion activation when current exceeding 1µA for Grout B 
	Grout B 
	Grout B 
	Grout B 
	Grout B 
	Grout B 

	Time of Corrosion (dy) 
	Time of Corrosion (dy) 
	Time of Corrosion (dy) 
	Time of Corrosion (dy) 
	Time of Corrosion (dy) 



	 

	Current at time of Corrosion (A) 
	Current at time of Corrosion (A) 



	Pre-Exposed Grout with Extra 10% Mix Water 
	Pre-Exposed Grout with Extra 10% Mix Water 
	Pre-Exposed Grout with Extra 10% Mix Water 
	Pre-Exposed Grout with Extra 10% Mix Water 

	28-day 
	28-day 

	M66* 
	M66* 

	18.2 
	18.2 

	0.00068 
	0.00068 


	TR
	M61* 
	M61* 

	28.3 
	28.3 

	0.00011 
	0.00011 


	TR
	M62* 
	M62* 

	34.3 
	34.3 

	0.00040 
	0.00040 


	TR
	M63* 
	M63* 

	42.3 
	42.3 

	0.00082 
	0.00082 


	TR
	56-day 
	56-day 
	 

	M69* 
	M69* 

	7.9 
	7.9 

	0.00083 
	0.00083 


	TR
	M68* 
	M68* 

	15.9 
	15.9 

	0.0024 
	0.0024 


	TR
	M67* 
	M67* 

	21.9 
	21.9 

	0.00086 
	0.00086 


	TR
	M610* 
	M610* 

	50.9 
	50.9 

	0.00099 
	0.00099 


	As-Received Grout 
	As-Received Grout 
	As-Received Grout 

	28-day 
	28-day 

	M6A1 
	M6A1 

	56.6 
	56.6 

	0.0019 
	0.0019 


	TR
	M6A2 
	M6A2 

	77.6 
	77.6 

	0.00097 
	0.00097 


	TR
	M6A3 
	M6A3 

	90.7 
	90.7 

	9.96E-06 
	9.96E-06 


	TR
	M6A4 
	M6A4 

	93.8 
	93.8 

	0.00321 
	0.00321 


	TR
	56-day 
	56-day 
	 

	M6A6 
	M6A6 

	0.27 
	0.27 

	0.00011 
	0.00011 


	TR
	M6A5 
	M6A5 

	75.82 
	75.82 

	3.536-05 
	3.536-05 




	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Table 4.4. Time of corrosion activation when current exceeding 1µA for Grout C 
	Grout C 
	Grout C 
	Grout C 
	Grout C 
	Grout C 

	Time of Corrosion (dy) 
	Time of Corrosion (dy) 
	Time of Corrosion (dy) 
	Time of Corrosion (dy) 
	Time of Corrosion (dy) 



	 

	Current at time of Corrosion (A) 
	Current at time of Corrosion (A) 



	Pre-Exposed Grout with Extra 10% Mix Water 
	Pre-Exposed Grout with Extra 10% Mix Water 
	Pre-Exposed Grout with Extra 10% Mix Water 
	Pre-Exposed Grout with Extra 10% Mix Water 

	28-day 
	28-day 

	E1' 
	E1' 

	1.2E-05 
	1.2E-05 

	0.0208 
	0.0208 


	TR
	E2' 
	E2' 

	0.00013 
	0.00013 

	0.0351 
	0.0351 


	TR
	E3' 
	E3' 

	0.00025 
	0.00025 

	0.0412 
	0.0412 


	TR
	E4' 
	E4' 

	0.00038 
	0.00038 

	0.0437 
	0.0437 


	TR
	E6* 
	E6* 

	0.00053 
	0.00053 

	0.0255 
	0.0255 


	TR
	E1* 
	E1* 

	0.00054 
	0.00054 

	0.00074 
	0.00074 


	TR
	E7* 
	E7* 

	0.00065 
	0.00065 

	0.0303 
	0.0303 


	TR
	E2* 
	E2* 

	0.00068 
	0.00068 

	0.0126 
	0.0126 


	TR
	56-day 
	56-day 
	 

	E6' 
	E6' 

	0.00012 
	0.00012 

	0.647 
	0.647 


	TR
	E8* 
	E8* 

	0.00027 
	0.00027 

	0.0302 
	0.0302 


	TR
	E9* 
	E9* 

	0.00040 
	0.00040 

	0.0225 
	0.0225 


	TR
	E10* 
	E10* 

	0.00053 
	0.00053 

	0.0353 
	0.0353 


	TR
	E11* 
	E11* 

	0.00065 
	0.00065 

	0.0339 
	0.0339 


	TR
	E5' 
	E5' 

	0.0035 
	0.0035 

	0.0123 
	0.0123 


	As-Received Grout 
	As-Received Grout 
	As-Received Grout 

	28-day 
	28-day 

	EA2 
	EA2 

	0.021 
	0.021 

	0.00089 
	0.00089 


	TR
	EA1 
	EA1 

	0.38 
	0.38 

	0.00010 
	0.00010 


	TR
	EA3 
	EA3 

	2.89 
	2.89 

	0.00384 
	0.00384 


	TR
	EA4 
	EA4 

	2.94 
	2.94 

	0.00036 
	0.00036 


	TR
	56-day 
	56-day 
	 

	EA6 
	EA6 

	1.23 
	1.23 

	0.00010 
	0.00010 


	TR
	EA5 
	EA5 

	1.35 
	1.35 

	0.00010 
	0.00010 




	 
	 
	 
	Figure
	Figure 4.3. Anodic Currents for Steel in Anodic Potentiostatic Polarization Test 
	 
	 
	 
	 
	 
	 
	 
	4.2. ACT for Grouting following INT test 
	 
	4.2.1 Corrosion potential and polarization resistance 
	The OCP of each test specimen was made prior to the LPR and anodic polarization tests prescribed by the ACT. As shown in Figure 4.4, the steel embedded in Grout A and B with or without 10% excess mix water all developed passive potentials in the range of -100 < OCP < -200 mVSCE. Some of the specimens cast with neat grout developed similar passive potentials.  However, specimens cast with Grout C, expired Grout C and D developed more electronegative potentials at levels that may be interpreted as active corr
	 
	Figure
	Figure 4.4. Corrosion potentials for INT testing. 
	 
	Figure
	Figure 4.5. Sulfate and chloride concentration for INT specimens. 
	 
	The polarization resistance resolved from the LPR tests assuming a nominal steel area of 91.20 cm2 is shown in Figure 4.6. Consistent with the OCP measurements, grout B specimens with or without 10% excess mix water and grout A with no excess mix water developed Rp values that generally meet the 700 kΩ-cm2 criteria established in the ACT. Grout A with 10% mix water and neat grout which showed lower Rp values. Likewise, the specimens cast with Grout C and expired grout C and D had much lower Rp.  
	 
	Figure
	Figure 4.6. Measured polarization resistance. 
	 Dashed line represents limit described in PTI M55 Appendix B, 700 kΩ·cm2. 
	 
	4.2.2. Anodic Potentiostatic Polarization 
	Further anodic potentiostatic polarization tests at +200mVSCE were applied on the specimens (Figure 4.7 and 4.8). Due to the physical deficiencies described earlier (Task 2) that developed from the non-ideal test mixing protocol (particularly that for Grout C, expired Grout C and D), the chloride ions in the test solution for the potentiostatic tests could readily penetrate the grout cover. Grouts A and B, mixed with or without the 10% excess mix water conditions had a longer time to corrosion. The time to 
	 
	Figure
	Figure 4.7. Anodic Currents for Steel in Anodic Potentiostatic Polarization Test for INT Header Top Section 
	 
	Figure
	Figure 4.8. Anodic Currents for Steel in Anodic Potentiostatic Polarization Test for INT Header Bottom Section 
	 
	The results showed that the methodologies prescribed in existing test guidelines can be applicable to assess grout robustness and corrosion propensity in deficient grout. Grout C, expired Grout C and D cast with 10% extra water with the most adverse grout segregation showed results that would be considered not meeting acceptance criteria. Further test developments should consider test configurations that would provide reasonable grout conditioning and handling yet still appropriately assess robustness.  The
	  
	Table 4.5. Time of corrosion activation when current exceeding 1µA 
	Samples Condition 
	Samples Condition 
	Samples Condition 
	Samples Condition 
	Samples Condition 

	Current at time of Corrosion (A) 
	Current at time of Corrosion (A) 

	Time of Corrosion (hour) 
	Time of Corrosion (hour) 



	Grout A 
	Grout A 
	Grout A 
	Grout A 

	Extra 10% Mix Water 
	Extra 10% Mix Water 

	INT Head (25˝-34˝) 
	INT Head (25˝-34˝) 

	IM51*T 
	IM51*T 

	0.00020 
	0.00020 

	235 
	235 


	TR
	IM53*T 
	IM53*T 

	0.00020 
	0.00020 

	356 
	356 


	TR
	INT Head (7˝-16˝) 
	INT Head (7˝-16˝) 

	IM51*B 
	IM51*B 

	0.00013 
	0.00013 

	282 
	282 


	TR
	IM53*B 
	IM53*B 

	0.00064 
	0.00064 

	498 
	498 


	TR
	No Extra water 
	No Extra water 

	INT Head (25˝-34˝) 
	INT Head (25˝-34˝) 

	IM53T 
	IM53T 

	0.0044 
	0.0044 

	261 
	261 


	TR
	INT Head (7˝-16˝) 
	INT Head (7˝-16˝) 

	IM53B 
	IM53B 

	0.00024 
	0.00024 

	167 
	167 


	Grout B 
	Grout B 
	Grout B 

	Extra 10% Mix Water 
	Extra 10% Mix Water 

	INT Head (25˝-34˝) 
	INT Head (25˝-34˝) 

	IM61*T 
	IM61*T 

	0.00013 
	0.00013 

	331 
	331 


	TR
	IM63*T 
	IM63*T 

	0.00069 
	0.00069 

	330 
	330 


	TR
	INT Head (7˝-16˝) 
	INT Head (7˝-16˝) 

	IM61*B 
	IM61*B 

	0.00042 
	0.00042 

	93 
	93 


	TR
	IM63*B 
	IM63*B 

	0.00010 
	0.00010 

	14 
	14 


	TR
	No Extra water 
	No Extra water 

	INT Head (25˝-34˝) 
	INT Head (25˝-34˝) 

	IM61T 
	IM61T 

	0.000062 
	0.000062 

	900 
	900 


	TR
	INT Head (7˝-16˝) 
	INT Head (7˝-16˝) 

	IM61B 
	IM61B 

	0.000010 
	0.000010 

	1215 
	1215 


	Grout C 
	Grout C 
	Grout C 

	Extra 10% Mix Water 
	Extra 10% Mix Water 

	INT Head (25˝-34˝) 
	INT Head (25˝-34˝) 

	IE1T 
	IE1T 

	0.0012 
	0.0012 

	0.00028 
	0.00028 


	TR
	IE3T 
	IE3T 

	0.00013 
	0.00013 

	0.0066 
	0.0066 


	TR
	INT Head (7˝-16˝) 
	INT Head (7˝-16˝) 

	IE1B 
	IE1B 

	0.0082 
	0.0082 

	0.0033 
	0.0033 


	TR
	IE3B 
	IE3B 

	0.0038 
	0.0038 

	0.0097 
	0.0097 


	Expired Grout C 
	Expired Grout C 
	Expired Grout C 

	Extra 10% Mix Water 
	Extra 10% Mix Water 

	INT Head (25˝-34˝) 
	INT Head (25˝-34˝) 

	IOE1T 
	IOE1T 

	0.0061 
	0.0061 

	0.00028 
	0.00028 


	TR
	IOE3T 
	IOE3T 

	0.0066 
	0.0066 

	0.0064 
	0.0064 


	TR
	INT Head (7˝-16˝) 
	INT Head (7˝-16˝) 

	IOE1B 
	IOE1B 

	0.0001 
	0.0001 

	1.069 
	1.069 


	TR
	IOE3B 
	IOE3B 

	0.00078 
	0.00078 

	0.0094 
	0.0094 


	Expired Grout D 
	Expired Grout D 
	Expired Grout D 

	Extra 10% Mix Water 
	Extra 10% Mix Water 

	INT Head (25˝-34˝) 
	INT Head (25˝-34˝) 

	IS1T 
	IS1T 

	0.0019 
	0.0019 

	0.00055 
	0.00055 


	TR
	IS3T 
	IS3T 

	0.0010 
	0.0010 

	0.0067 
	0.0067 


	TR
	INT Head (7˝-16˝) 
	INT Head (7˝-16˝) 

	IS1B 
	IS1B 

	0.00022 
	0.00022 

	0.0036 
	0.0036 


	TR
	IS3B 
	IS3B 

	0.00012 
	0.00012 

	0.0097 
	0.0097 


	Neat Grout 
	Neat Grout 
	Neat Grout 

	INT Head (25˝-34˝) 
	INT Head (25˝-34˝) 

	IC3T 
	IC3T 

	0.00036 
	0.00036 

	0.0128 
	0.0128 


	TR
	IC4T 
	IC4T 

	0.00028 
	0.00028 

	0.0158 
	0.0158 


	TR
	INT Head (7˝-16˝) 
	INT Head (7˝-16˝) 

	IC3B 
	IC3B 

	- 
	- 

	- 
	- 


	TR
	IC4B 
	IC4B 

	0.00023 
	0.00023 

	1215 
	1215 




	 
	 
	 
	 
	Figure
	Figure 4.9. PTI test specimens after corrosion development 
	 
	Figure
	Figure 4.10. PTI test specimens with no extra mix water after corrosion development 
	 
	4.3. ACT for Grouts with Application of Corrosion Mitigation (Impregnation) 
	The solution resistance of the grouted specimens with and without the injection of the WD-40 was resolved as the high frequency limit of impedance measured by EIS. As shown in Figure 4.11, the presence of the film increased the solution resistance indicating that there was good coverage of the medium within the grouted specimen. Grout C, which developed physical grout deficiencies, showed the largest increase in solution resistance likely relating to the saturation of the pore spaces with the hydrocarbon fi
	 
	Figure
	Figure 4.11 Resolved solution resistance 
	 
	The untreated specimens developed electronegative potentials and high corrosion currents reflective of their corrosion conditions due to testing in salt solution in earlier experiments (Figure 4.12). Grout C specimens, that had physical grout deficiencies, had highly electronegative potentials and high corrosion currents. In contrast, the test specimens injected with the hydrocarbon medium showed increases in the open-circuit potential and significant drop in corrosion current indicating beneficial effect o
	 
	Figure
	Figure
	Figure 4.12. Open-circuit potential and corrosion current 
	 
	Figure 4.13 shows the results of the anodic potentiostatic polarization tests for the test specimens with and without the hydrocarbon film injection, conforming to the PTI Accelerated Corrosion Test. For all tested grout materials and the neat grout, the application of the hydrocarbon film resulted in decreases the anodic currents. Table 4.6 lists the extent of the anodic current reduction for each of the test conditions. 
	 
	Figure
	Figure 4.13. Results of anodic potentiostatic polarization tests 
	 
	Table 4.6. Reduction in current by impregnation 
	Grout Product 
	Grout Product 
	Grout Product 
	Grout Product 
	Grout Product 

	Reduction in Current by Impregnation 
	Reduction in Current by Impregnation 



	Grout A 
	Grout A 
	Grout A 
	Grout A 
	(Extra 10% Mix Water) 

	6.8 
	6.8 


	TR
	5987 
	5987 


	Grout B  
	Grout B  
	Grout B  
	(Extra 10% Mix Water) 

	368 
	368 


	TR
	2.6 
	2.6 


	Grout C  
	Grout C  
	Grout C  
	(Extra 10% Mix Water) 

	2.1 
	2.1 


	TR
	3.1 
	3.1 


	Neat Grout  
	Neat Grout  
	Neat Grout  
	(0.45W/C) 

	2.6 
	2.6 


	TR
	4.7 
	4.7 




	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Photographs of the test specimens after the anodic potentionstatic polarization tests are shown in Figure 4.14. Corrosion products could be seen emanating from grout C specimens (that had the physical grout deficiencies) with and without the injection of the hydrocarbon film but was visually smaller in the former. 
	 
	Figure
	Figure
	Figure 4.14. Photographs of test specimens after anodic potentionstatic polarization tests.  
	 
	The results of the testing showed that the accelerated corrosion testing methods to incorporate the consideration of grout material robustness can be applicable to assess passive corrosion mitigation technologies such as impregnation of protective films. The development of the test specimens with grout subjected to adverse mix conditions including excess mix water, grout pre-hydration, and water displacement (such as by the INT setup) produce test conditions where application of the protective films 
	and inhibitors can be assessed. For illustrative purposes, the testing revealed that in presence of severe grout physical deficiencies, the hydrocarbon film can reduce the corrosion rates, but the continued presence of aggressive chemical species such and chloride ions can still promote corrosion. Development of these corrosion mitigation technologies can consider the effect of the grout deficiencies and the role of the environmental exposure after injection to identify long-term performance. 
	In summary, it was observed that: 
	 
	• Accelerated corrosion testing can be used to identify the corrosion performance of passive corrosion mitigation technologies (such as inhibitors and films). 
	• Accelerated corrosion testing can be used to identify the corrosion performance of passive corrosion mitigation technologies (such as inhibitors and films). 
	• Accelerated corrosion testing can be used to identify the corrosion performance of passive corrosion mitigation technologies (such as inhibitors and films). 

	• Application of protective hydrocarbon films into post-tensioned tendons, such as that already commercially developed can reduce, can have beneficial effects to mitigate corrosion. 
	• Application of protective hydrocarbon films into post-tensioned tendons, such as that already commercially developed can reduce, can have beneficial effects to mitigate corrosion. 

	• The presence of severe grout deficiencies with continued exposure to adverse corrosion environments can reduce the efficacy of the protective film. 
	• The presence of severe grout deficiencies with continued exposure to adverse corrosion environments can reduce the efficacy of the protective film. 


	 
	Test protocols to assess grout robustness to the effects of adverse construction practices and conditions (such as overwatering, grout pre-hydraton, and water displacement) can be implemented to the accelerated corrosion testing to identify the performance of the corrosion mitigation technology (ie impregnation). 
	 
	  
	CHAPTER 5. MACROCELL TESTING FOR GROUTS 
	 
	5.1 Macrocell Testing for following in ASTM A955 Annex 2.28  
	Figure 5.1 shows the macrocell current in the rapid macrocell testing. In the figure, negative currents represent net oxidation reaction in electrode 1 designated as anode. Test results showed early high macrocell currents that later stabilized to terminal values with time. The steel couple incorporating Grout A showed near terminal values less than 1μA. Consistent with the results from the modified ACT, the steel couple incorporating Grout C that showed separation of a physically deficient material showed 
	 
	 
	Figure
	Figure 5.1: Macrocell currents in modified rapid-macrocell test.  
	Negative values represent electrode 1 is net anodic and electrode 2 is net cathodic. 
	 
	 
	 
	 
	5.2 Modified Macrocell Testing following INT 
	5.2.1 First Cycle (No salt addition) 
	Figures 5.2 and 5.3 shows the macrocell current measured in the rapid macrocell tests. In the figures, negative currents represent net oxidation reaction in the Anode cell. Test results showed early high macrocell currents that stabilized to terminal values with time. For the first 200 hours of testing, all Grout A, B and expired Grout C showed anodic behavior for both INT header sections. Expired Grout D had the largest measured macrocell current (~ -2µA) compared to the other specimens (which ranged from 
	 
	Figure
	Figure 5.2. Macrocell currents in modified rapid-macrocell test INT Head (25˝-34˝). 
	 
	 
	Figure
	Figure 5.3. Macrocell currents in modified rapid-macrocell test for INT Head (7˝-16˝). 
	 
	After 40 days of macrocell measurement, each test cell was disconnected by the electrical switch. The depolarization potential were measured right after disconnection and after 15 min, 1 hr, 2 hr, 24 hr and 48 hr. As shown in Figure 5.4, most of the test specimens showed active potentials. Grout C showed more electropositive potentials. It was observed that the Grout C specimens were cathodically polarized as much as 50 mV during the testing. Overall, there was no significant polarization due to the galvani
	 
	 
	Figure
	Figure
	Figure 5.4. Potentials after disconnection (depolarization data) 
	 
	Figure 5.5 shows a comparison of the corrosion potential and polarization resistance from start and end of the ACT experiment. All specimens showed a shift from noble to active potentials by the end of the testing. The polarization resistance correspondingly showed a decrease in polarization for all specimens except for expired Grout C and D. The spontaneous changes in corrosion activity of the individual cells during the course of the experiment introduce complications in the macrocell testing. 
	 
	 
	Figure
	Figure
	Figure 5.5. Comparison of LPR and OCP data from start to end of experiment 
	 
	5.2.2 Second Cycle (with salt addition) 
	The macrocell testing did not reveal strong differentiation in corrosion activity that can be related to the grout deficiencies developed by the INT setup. However, as the INT test setup did provide a means to promote grout deficiencies, the macrocell test could be used to assess grout robustness in accelerated corrosion test conditions in the presence of salt. After the first cycle of measurement, all the solution were renewed and 5% NaCl solution was also added to the Anode test cell. Figure 5.6 and 5.7 s
	 
	Figure
	Figure 5.6. Macrocell currents in modified rapid-macrocell test INT Head (25˝-34˝) after adding salt. 
	 
	 
	Figure
	Figure 5.7. Macrocell currents in modified rapid-macrocell test INT Head (7˝-16˝) after adding salt. 
	 
	The depolarization data were monitored for (0 hr, 15 min, 1 hr, 2 hr and 24 hr). As with the first test cycle, the galvanic coupling of the anode and cathode cell did not provide significant polarization (Figure 5.8) and any of the effect of the grout deficiencies and the immersion in salt solution were not well captured. 
	 
	Figure
	Figure
	Figure 5.8. Potentials after disconnection (depolarization data) after adding salt. 
	 
	Figure 5.9 shows the corrosion potential and polarization resistance of the uncoupled test cells at the beginning and end of the testing. After the testing in the salt solution, the grouts that had the most severe physical deficiencies (expired Grout C and D) developed active corrosion potentials by the end of the test and correspondingly all of those specimens developed low polarization resistance.  
	 
	 
	Figure
	Figure
	Figure 5.9. LPR and OCP of decoupled macrocell test specimens after 2nd cycle 
	 
	5.2.3 Summary 
	The macrocell tests were envisioned to provide an economic alternative to the polarization resistance and potentiostatic tests. However, the outcomes of the research showed that there were complications relating to the electrochemical activity of the individual test cells that would obscure easy interpretation of the galvanic coupling of the cells. Any adverse chemical effects relating to the development of deficient grout by the INT setup was not captured by the macrocell testing. The addition of salt to t
	Lab testing to identify grout robustness requires aggressive test methods; however, overly aggressive test conditions to promote grout segregation is not representative of the required and necessary appropriate quality expected for field construction.  Any development of corrosion test methods to address grout robustness must state the expected use and handling of the materials and provide justification for the level of adverse grout conditioning implemented for construction materials beyond that specified 
	 
	  
	CHAPTER 6. CORROSION TESTING OF MIT SPECIMENS 
	 
	The corrosion activity of the embedded steel bar was assessed by measurement of the open-circuit potential, polarization resistance (Rp) by the linear polarization resistance method (LPR), and solution resistance by electrochemical impedance spectroscopy (EIS). At the base of each tendon, the embedded steel bar was exposed so that electrical contact can be made for the electrochemical testing. Six portals along the length of the MIT specimen were made to expose the grout within the duct by cutting and remov
	  
	The LPR measurements were made from the open-circuit condition (OCP) and cathodically polarized 25 mV at a 0.1 mV/s scan rate. The Rp was corrected for the solution resistance resolved as the high frequency limit from EIS. EIS was measured at the OCP with a 10 mV a.c. excitation voltage from 100 kHz to 1 kHz.   
	 
	The OCP for the steel in the MIT specimens are shown in Figure 6.1. The OCP of the steel showed a modest decrease to more electronegative potentials at the upper 5 feet of the tendons. However, the potentials overall were generally indicative of passive conditions. Indeed the resolved Rp shown in Figure 6.2 did not show strong indication for elevated corrosion rates for the steel at the upper elevations. 
	 
	Figure
	Figure
	Figure 6.1. Open-circuit potential of steel in MIT specimens 
	 
	Figure
	 
	Figure
	Figure 6.2. Solution resistance and polarization resistance of steel in MIT specimens 
	 
	The resolved solution resistance of the grout however was strongly differentiated between locations from the top and bottom of the tendon, indicating differentiation in the grout and moisture content (Figure 5.6). Lower solution resistance was resolved for grout at the top of the tendon than at the lower elevations, further supporting the use of the MIT as means to test grout performance. It was noted that greater differentiation in solution resistance between tendon elevations as well as lower values were 
	 
	 
	 
	Figure
	Figure 6.3. Correlation of steel corrosion potential and grout sulfate content. 
	Circle: Grout A. Triangle: Grout B. Square: Grout C. Diamond: Grout D. Cross: Neat Grout. Filled: Expired Grout. Blue: MIT. Black: INT 
	 
	 
	Figure
	Figure 6.4. Correlation of steel corrosion current density and grout sulfate content. 
	Circle: Grout A. Triangle: Grout B. Square: Grout C. Diamond: Grout D. Cross: Neat Grout. Filled: Expired Grout. Blue: MIT. Black: INT 
	 
	The corrosion potentials and corrosion current densities for the steel embedded in the MIT specimens and the INT specimens were correlated to the grout sulfate content. Figure 6.3 and 6.4 show correlation of steel corrosion potential and corrosion current density with grout sulfate content. As shown in Figure 6.3, the corrosion potential decreases to more electronegative values at the higher sulfate concentrations. Likewise, the corrosion current density showed a general increasing trend with the higher sul
	 
	 
	  
	CHAPTER 7. ASSESSMENT OF CORROSION BY ELECTROCHEMICAL NOISE 
	 
	7.1. Electrochemical Noise 
	In the past 10 years, research on the effects of sulfate ions on steel corrosion has been conducted in response to the observations of premature corrosion of steel strand in cementitious grouts in post-tensioned bridge construction in Europe and in Florida. The steel strand corrosion appeared to be highly localized to regions of deficient grout. The corrosion in these cases were uniquely related to moisture and pore water in the grout that had elevated sulfate ion concentrations. The early presence of sulfa
	 
	The electrochemical noise (EN) technique relating to corrosion of metals in aqueous solution has been developed over the past 50 years [45-54]. The measurement technique was of interest to ideally elucidate the localized corrosion behavior of steel subjected to the early presence of elevated sulfate ion concentrations in alkaline solutions because of the incomplete description of how sulfate ions are related in those systems as well as the observation of localized corrosion in the field. Assessment of addit
	 
	7.2 Materials and Methods 
	EN measurements were made on coupled-pairs of nominally identical steel working electrodes connected across a zero-resistance ammeter (ZRA) where the electrode pair was held at a common system open-circuit (OCP) condition, and the time records for electrochemical potential and current were measured. Each of the working electrodes in the pair was made from a cut section of a 1.27-cm diameter smooth carbon steel bar (0.02% C, 0.16% Mn, 0.003% S, 0.03% Si, 0.006% P, 0.09% Cu and balance Fe) mounted in an epoxy
	combination electrode. Table 1 lists the test solution makeup and measured pH. An activated titanium rod was placed for supplemental linear polarization resistance measurements at the end of EN testing. An illustration of the test cell is shown in Figure 7.1.  
	 
	Table 7.1. Test cell solution 
	Test Condition 
	Test Condition 
	Test Condition 
	Test Condition 
	Test Condition 
	(g Na2SO4/ 
	 L H2O) 

	Mix Concentration in 100 mL H2O 
	Mix Concentration in 100 mL H2O 

	Sulfate Concentration 
	Sulfate Concentration 
	(ppm SO42-) 

	pH 
	pH 

	[SO42-]/ 
	[SO42-]/ 
	[OH-] 



	0 
	0 
	0 
	0 

	0.2 g Ca(OH)2  
	0.2 g Ca(OH)2  
	 

	0 
	0 

	12.60 
	12.60 

	0 
	0 


	1 
	1 
	1 

	0.2 g Ca(OH)2  
	0.2 g Ca(OH)2  
	0.1 g Na2SO4  

	676 
	676 

	12.62 
	12.62 

	0.17 
	0.17 


	6 
	6 
	6 

	0.2 g Ca(OH)2  
	0.2 g Ca(OH)2  
	0.6 g Na2SO4 

	4,056 
	4,056 

	12.61 
	12.61 

	1.01 
	1.01 


	10 
	10 
	10 

	0.2 g Ca(OH)2  
	0.2 g Ca(OH)2  
	1.0 g Na2SO4 

	6,760 
	6,760 

	12.60 
	12.60 

	1.8 
	1.8 


	20 
	20 
	20 

	0.2 g Ca(OH)2  
	0.2 g Ca(OH)2  
	2.0 g Na2SO4 

	13,521 
	13,521 

	12.62 
	12.62 

	3.4 
	3.4 


	30 
	30 
	30 

	0.2 g Ca(OH)2  
	0.2 g Ca(OH)2  
	3.0 g Na2SO4 

	20,281 
	20,281 

	12.70 
	12.70 

	4.2 
	4.2 


	50 
	50 
	50 

	0.2 g Ca(OH)2  
	0.2 g Ca(OH)2  
	5.0 g Na2SO4 

	33,803 
	33,803 

	12.64 
	12.64 

	8.0 
	8.0 


	100 
	100 
	100 

	0.2 g Ca(OH)2  
	0.2 g Ca(OH)2  
	10.0 g Na2SO4 

	67,606 
	67,606 

	12.70 
	12.70 

	14 
	14 




	 
	 
	Figure
	Figure 7.1. Schematic of the test setup.  
	 
	For EN testing, the test cell was placed in an aluminum enclosure to act as a Faradaic cage with the test instrument grounded to the enclosure. The EN measurements were made in a ZRA-mode using a Gamry Ref600 potentiostat and ESA410 data acquisition program equipped with an anti-aliasing filter, following guidelines described by Huet and Ngo, 2019 [48] and Ritter et al., 2012 [48] with general settings as shown in Table7.2. The I-E stability setting was set to fast. The I-E range was 6-600 nA for testing up
	1 Hz (for 70 min) sampling rates to obtain sets of power spectral density (PSD) graphs for noise data interpretation and validation purposes. The indicated test duration for each data sampling rate provided sufficient data points to perform fast Fourier transforms (FFT) and as recommended by Ritter et al., 2012. [48] 
	   
	Table 7.2. EN ZRA test settings 
	Sulfate Levels 
	Sulfate Levels 
	Sulfate Levels 
	Sulfate Levels 
	Sulfate Levels 

	I-E Stability 
	I-E Stability 

	I-E Range 
	I-E Range 

	E Channel Range 
	E Channel Range 

	V Channel Range 
	V Channel Range 



	0 to 20 g Na2SO4 / L H2O 
	0 to 20 g Na2SO4 / L H2O 
	0 to 20 g Na2SO4 / L H2O 
	0 to 20 g Na2SO4 / L H2O 

	Fast 
	Fast 

	6 – 600 nA 
	6 – 600 nA 

	300 mV 
	300 mV 

	300 mV 
	300 mV 


	30 to 50 g Na2SO4 / L H2O 
	30 to 50 g Na2SO4 / L H2O 
	30 to 50 g Na2SO4 / L H2O 

	Fast 
	Fast 

	600 nA 
	600 nA 

	3 V 
	3 V 

	3 V 
	3 V 


	100 g Na2SO4 / L H2O 
	100 g Na2SO4 / L H2O 
	100 g Na2SO4 / L H2O 

	Fast 
	Fast 

	600 nA -6 μA 
	600 nA -6 μA 

	3V 
	3V 

	3 V 
	3 V 




	   
	The EN measurements were assessed by statistical evaluation of the electrochemical potential and current time signatures such as the mean, rms, standard deviation, skew, and kurtosis. Spectral analysis also included assessment of the PSD to characterize the characteristic charge (q), characteristic frequency (fn), and corrosion current, (Icorr). Also comparisons of the noise impedance (Zn), noise resistance (Rn), and polarization resistance (Rp) were made.  
	 
	For the Rp measurements, supplemental linear polarization resistance (LPR) and electrochemical impedance spectroscopy (EIS) measurements were made after EN testing at 6 hr, 24 hr, and 1 week. Approximately 30 minutes after temporarily disconnecting the electrode pair from the ZRA, LPR and EIS measurements were made for each of the electrode pair. LPR was conducted from the open-circuit potential (OCP) condition to -25 mVOCP at a scan rate of 0.01 mV/s, and EIS was made at the OCP with a 10 mV ac perturbatio
	 
	After the electrochemical measurements for up to 1 week, the steel specimens were removed from the test solution, surface cleaned with cotton, rinsed with ethanol, and dried with warm air. The surface of the steel was photographed with either a metallographic microscope to identify small pitting or a stereo microscope for low magnification of those specimens with more corrosion. 
	 
	7.3. EN Analysis 
	The mean, rms, and standard deviation of the measured potential or current (generically described as x below) for data points i=1 to N (where N is the data population for the time signature) is described as in Equation 7-1 to 7-3. Higher order statistics such as skew and kurtosis can be described as in Equation 7-4 and 7-5 [45]. 
	Mean = x― = i=1N x(i) N  Eq. 7-1 
	rms =   i=1N x(i)2 N Eq. 7-2 
	Std. Dev. σ =  x(i)2 = i=1 N ()x(i) - x―2  N Eq. 7-3 
	Skew =   i=1 N ()x(i) - x―3  N ()x(i)23/2  Eq. 7-4 
	Normalized Kurtosis =   i=1 N ()x(i) - x―4  N ()x(i)22  -  3 Eq. 7-5 
	 
	 The mean of the electrochemical potential and current time signature would likely provide general indication of the corrosion at the open-circuit condition (or rather the mixed potential condition of the electrode pair). Isolated transient corrosion events only have moderate influence on the value for a time signature if the transients have small periods relative to the recording time. Asymmetry in corrosion behavior of the paired electrodes that result in macrocell polarization can cause significant chang
	 
	Spectral analysis of EN data include evaluation of the electrochemical potential and current PSD. The PSD can be computed by FFT or the maximum entropy method (MEM). As described by Ritter et al., 2012 [48] and Huet and Ngo, 2019 [47], the EN data require validation of anti-aliasing in the frequency domain by the observation of a drop in PSD near the sampling frequency fs divided by 2 and good overlap of PSD at different sampling frequencies.  The calculated PSD from a time signature with multiple transient
	Icorr = BΨI0 ΨE0  Eq. 7-6 
	where B is the Stern-Geary coefficient and is related to the noise admittance Zn-1 = (ΨI0/ΨE0)0.5. The characteristic charge, q, of the transient events was described as   
	q = ΨI0 × ΨE0 B  Eq. 7-7 
	and the characteristic frequency, fn, of the transient events was described as  
	fn = B2ΨE0  Eq. 7-8 
	In the cases where a low-frequency PSD limit is not observed, calculations for Icorr, q, and fn  assuming a nominal ΨE0 and ΨI0 at a low frequency such as at 1 mHz may still provide qualitative comparisons of test parameters. As described by Cottis, 2001 [45] estimates of the PSD at an arbitrary low frequency can be obtained by the MEM using a high order coefficient optimized by comparison with the FFT. 
	 
	 The noise resistance, Rn, has been related to the polarization resistance, Rp, used to calculate the corrosion rate by the equation Icorr=B/Rp. Rn was calculated as the quotient of the standard deviation of the EN potential time signature and the complementary EN current time signature for the entire length of each time signature, Rn = σE/σI. Likewise the noise impedance, Zn(f) = (ΨE(f)/ΨI(f))0.5 can be computed from the potential and current PSD derived from the MEM with larger order coefficients. Compari
	Cumulative mass loss =   i=1 ()fn(i) q(i) t(i) M   nF  Eq. 7-9 
	where i is discretized in units corresponding to the length of time t of the sampling rate (i.e. 1 Hz), M=55.85 g/mol, n=2, and F=96,500 C/mol. The fn and q values for 0-15 hours, 15-96 hours, and 96 hours-1 week were calculated from the 6 hr, 24 hr, and 1 week EN data sets, respectively. 
	 
	7.4. Results and Discussion 
	As shown in Table 7.1, the pH of the solution was 12.6-12.7. There was a moderate positive trend of an increase in pH with elevated sulfate concentrations (generally conforming to the findings by Newton and Sykes, 1987 [43]. In the absence of aggressive ions, steel passivation would be expected in this pH range[55]. Indeed as described in the following, the control tests in sulfate-free solution showed low corrosion activity compared to the testing in the sulfate solutions. 
	  
	 
	  
	Figure
	Figure 7.2. Example potential and current noise time signature.  
	Data collected at 1 Hz after 6 hr immersion. Current plotted as absolute values. Labels indicate g Na2SO4 / L H2O. Sequence of the subplots were ordered by the magnitude of the potential and current. 
	Typical noise potential and current time signatures for the test specimens exposed in the alkaline sulfate solutions are shown in Figure 7.2. The potentials were more electronegative and currents were greater in the test solutions with greater sulfate concentrations. There was some drift in potential during the noise recordings; however, the differences in potential were typically low (and was less than ~5 mV in 70 minutes as shown in Figure 7.2). As expected, distinct and characteristic noise events exempl
	  
	 
	 
	Figure
	Figure 7.3. Statistics for EN potential and current data.  
	Square: 1 Hz. Triangle: 100Hz. Black: 6-hr immersion. Grey: 24-hr immersion. White: 1-week immersion. 
	General statistics of the complete EN potential and current time signatures sampled at 1 and 100 Hz after 6 hours, 24 hours, and 1 week after sample immersion are shown in Figure 7.3. Calculations for time signatures made at 10 Hz did not reveal significant differentiation. Consistent to the potential time signatures in Figure 7.2, the mean potential was more electronegative for steel immersed in the higher concentration sulfate solutions. The mean potential was -0.2 to -0.3 VAg/AgCl at concentrations less 
	 
	The standard deviation of the EN potential had scatter in the results (attesting to some level of asymmetry of the working electrode pair) but the current σ was overall higher in the test solutions with more than 20 g Na2SO4/L H2O. This was considered to be associated with a wider range of current measured during the isolated noise events due to the more frequent events with larger magnitudes  Furthermore, the potential and current skew and kurtosis all showed greater values likewise in solutions with more 
	 
	It was noted that the mean potential showed trend towards more electronegative values and the mean current showed trends to greater current magnitudes also at the low sulfate ion concentrations up to 20 g Na2SO4 / L H2O, albeit to a lesser extent than that observed at the higher sulfate concentrations. Likewise the potential and current rms, σ, skew and kurtosis had larger values at those low sulfate ion concentrations than the control condition, indicating that sulfates also have effect at low concentratio
	 
	A typical example of the potential and current PSD calculated by FFT as well as MEM from EN measurements made at 1, 10, and 100 Hz sampling frequencies are shown in Figure 7.4.  As expected, the PSD computed by MEM with a high order coefficient showed comparable results as the PSD computed by FFT. The PSD showed cutoff frequencies at fs/2 indicating filtering of signal above the Nyquist frequency and good overlap of the three PSD providing validation of the EN measurements.  Figure 5 shows the potential and
	 
	 
	 
	 
	 
	Figure
	Figure
	Figure 7.4. Example of potential and current PSD by FFT and MEM (3g Na2SO4/ 100 mL H2O). Data after 6 hr immersion. 
	 
	Figure
	Figure 7.5. Example of potential and current PSD derived from MEM (order coefficient = 500) for sulfate solutions. 
	 Labels indicate g Na2SO4 / L H2O. (Data sampled at 1Hz after 6 hr immersion) 
	 
	Figure
	Figure 7.6. Example of Zn(f) derived from MEM (order coefficient = 500) for sulfate solutions.  
	Labels indicate g Na2SO4 / L H2O.  (Data sampled at 1 Hz after 6 hr immersion) 
	 
	 
	 
	 
	 
	 
	Table 7.3. Potential and current PSD low frequency limit (1mHz) for EN sampled at 1Hz  
	Test Condition 
	Test Condition 
	Test Condition 
	Test Condition 
	Test Condition 
	(g Na2SO4/ 
	L H2O) 

	ΨE0 (V2/Hz) 
	ΨE0 (V2/Hz) 
	(Low frequency limit for potential) 

	ΨI0 (A2/Hz) 
	ΨI0 (A2/Hz) 
	(Low frequency limit for current) 



	TBody
	TR
	6 hr 
	6 hr 

	24 hr 
	24 hr 

	1week 
	1week 

	6hr 
	6hr 

	24hr 
	24hr 

	1week 
	1week 


	0 
	0 
	0 

	3.47E-04 
	3.47E-04 

	7.07E-04 
	7.07E-04 

	1.25E-05 
	1.25E-05 

	2.63E-17 
	2.63E-17 

	5.26E-17 
	5.26E-17 

	1.06E-18 
	1.06E-18 


	1 
	1 
	1 

	1.93E-03 
	1.93E-03 

	6.58E-05 
	6.58E-05 

	1.77E-06 
	1.77E-06 

	1.49E-15 
	1.49E-15 

	1.11E-17 
	1.11E-17 

	1.95E-19 
	1.95E-19 


	6 
	6 
	6 

	1.12E-03 
	1.12E-03 

	1.27E-03 
	1.27E-03 

	9.91E-06 
	9.91E-06 

	6.17E-16 
	6.17E-16 

	1.05E-16 
	1.05E-16 

	2.41E-18 
	2.41E-18 


	10 
	10 
	10 

	2.04E-04 
	2.04E-04 

	7.19E-05 
	7.19E-05 

	1.46E-04 
	1.46E-04 

	2.16E-16 
	2.16E-16 

	1.33E-17 
	1.33E-17 

	2.05E-17 
	2.05E-17 


	20 
	20 
	20 

	2.69E-03 
	2.69E-03 

	2.77E-04 
	2.77E-04 

	1.07E-04 
	1.07E-04 

	1.09E-15 
	1.09E-15 

	2.91E-16 
	2.91E-16 

	7.42E-17 
	7.42E-17 


	30 
	30 
	30 

	4.22E-04 
	4.22E-04 

	2.35E-04 
	2.35E-04 

	1.71E-05 
	1.71E-05 

	1.12E-14 
	1.12E-14 

	8.00E-15 
	8.00E-15 

	1.12E-15 
	1.12E-15 


	50 
	50 
	50 

	5.98E-03 
	5.98E-03 

	3.23E-04 
	3.23E-04 

	1.19E-05 
	1.19E-05 

	1.37E-14 
	1.37E-14 

	4.30E-15 
	4.30E-15 

	4.54E-16 
	4.54E-16 


	100 
	100 
	100 

	3.49E-04 
	3.49E-04 

	6.92E-04 
	6.92E-04 

	1.97E-05 
	1.97E-05 

	1.61E-14 
	1.61E-14 

	2.30E-15 
	2.30E-15 

	4.94E-15 
	4.94E-15 




	 
	The low frequency limits of the potential and current PSD were masked due to anomalous noise that manifested as an abrupt increase in PSD at the low frequency end of the power spectra. As a general approach, ΨE0 and ΨI0 were estimated as the PSD calculated by MEM with an order coefficient of 500 at a nominal frequency of 1 mHz (Table 7.3). The calculated Icorr, q, and fn for the specimens in the various sulfate concentrations are shown in Figure 7 and Figure 8. The Stern-Geary coefficient was assumed to be 
	 
	  
	Figure
	Figure
	Figure 7.7. EN characteristic charge, q and frequency, fn in sulfate solutions. 
	 
	Figure
	Figure 7.8. Estimated corrosion current in sulfate solutions. 
	 
	The Icorr values (Figure 7.8) showed a distinct increase with the sodium sulfate concentrations but a significant increase was observed at concentrations greater than 20 g Na2SO4 / L H2O. At these higher sulfate concentrations, the corrosion rate showed a trend towards higher overall corrosion rates with time of immersion from 6 hrs to 1 week. These results provide supporting evidence that sulfate concentrations in alkaline solutions allow for elevated general corrosion activity.  
	 
	In addition, the q and fn values (Fig. 7.7) provide information on the extent of localized corrosion events. With time, at a given sulfate concentration, the magnitude of charge decreases and the frequency of the events increases. This indicated that larger pitting events (large q and low fn) that developed at the higher sulfate ion concentrations were more severe at early exposure times. At lower sulfate ion concentrations below 10 g Na2SO4 / L H2O, pitting events seemed significant at early times but appe
	 
	  
	Figure
	Figure
	Figure 7.9. Comparison of EN data (Rn, Zn) and LPR Rp. Labels indicate g Na2SO4 / L H2O. 
	 
	Figure
	Figure 7.10. Estimated corrosion mass loss and pitting observations. Labels indicate g Na2SO4 / L H2O. 
	 
	The estimated corrosion mass loss using Faradaic conversion of the calculated EN q and fn data is shown in Figure 7.10. As expected, the calculated mass loss for steel in the sulfate solutions was greater than in the sulfate-free solutions. The greatest amount of corrosion loss was calculated for steel in the sulfate solutions greater than 20 g Na2SO4 / L H2O and low corrosion loss was calculated for sulfate solutions between 1 and 10 g Na2SO4 / L H2O. The micrographs and low-magnification images of the ste
	 
	 Fe2+ + 2H2O + SO42- → Fe(OH)2 + H2SO4 Eq. 7-10 
	 
	Furthermore, as observed in the field, sites for iron oxidation reaction were isolated on strand embedded in the deficient grout, and macrocell coupling to the rest of the steel strand otherwise normal hardened grout that can accommodate additional sites for reduction reactions (including oxygen reduction) would allow for accelerated corrosion. High sulfate concentrations greater than 20 g Na2SO4/L 
	H2O could result in more egregious pitting. Indeed, in the Florida bridge case, the most severe steel strand corrosion developed in the most severe grout segregation with sulfate levels levels (up to 12,000 ppm) commensurate to 20 g Na2SO4/L H2O. That corrosion would also be accelerated due to macrocell corrosion.  
	 
	State transportation departments have recently developed material testing and specifications to limit free sulfate ion concentrations in deficient grout to mitigate the development of corrosion as observed in 2011[56-62]. Such limits include 30 ppm following a leaching method for 1 g of grout in 100 mL water. Those limits would correspond to ~4,000 ppm SO42-  and would be conservative value to screen materials with propensity for grout segregation. The results of EN testing indicated similar sulfate levels 
	 
	7.5. Summary 
	The early presence of sulfate ions in saturated calcium hydroxide solution can allow for local impairment of the passive film. At higher sulfate concentrations (>20 g Na2SO4/L H2O), more egregious pitting and corrosion develops. Electrochemical noise was shown to be an effective measurement technique to assess the development of localized corrosion of steel in alkaline solution when utilizing appropriate anti-aliasing filters and instrument settings. General statistics such as the mean, rms, standard deviat
	 
	  
	CHAPTER 8. SUMMARY OF MAJOR FINDINGS 
	 
	Material Characterization 
	• The visual observations of the grout from the various test setups provided important findings for the assessment of grout robustness. The thixotropic grouts, when mixed following recommended practices, generally formed visually consistent hardened grout and was more robust to consolidation problems than the neat grout. Different levels of physical grout deficiencies were visually evident for the thixotropic grout when mixed with excess 10% water. 
	• The results showed that the INT setup with the vertical deviation can produce enhanced transport of moisture towards the top of the tee header. The grout at greater vertical heights had correspondingly greater moisture content and the moisture content of the grout in the tee header was consistently greater than the grout in the tee body. 
	• The different grout products had different yields of leached sulfate ions in the INT header. Higher sulfate levels were generally observed in the tee header than the tee body likely relating to the displacement of water to the top of the specimen.  Consistent with previous research, it was shown that the sulfate ion accumulation in the deficient grout (here in the tee header) can develop without external contamination. 
	• Similar to the INT results without the flow constriction, the grout in the tee header had higher moisture content than the grout in the tee body. In all test cases, the excess mix water allowed for enhanced water displacement into the tee header. It was apparent that the presence of a high flow constriction amplified this effect. However, the experiments did not show appreciable effect to enhance sulfate accumulation due to the grout flow constriction.  
	• The casting of grout specimens with adverse handling and excess mix-water can promote grout deficiencies. There is a balance to vet grout materials using aggressive testing methods to identify material robustness to compensate for poor construction practices when engineered materials are designed to be used appropriately. For example, Grout C showed the best relative corrosion performance when appropriately handled but the worst relative corrosion performance when subject to inappropriate handling and mix
	Modified Accelerated Corrosion Test 
	• The results showed that the methodologies prescribed in existing test guidelines can be applicable to assess grout robustness and corrosion propensity in deficient grout. Grout C, expired Grout C and D cast with 10% extra water with the most adverse grout segregation showed results that would be considered not meeting acceptance criteria. The results showed that generally Grout A and B showed a longer time to corrosion. 
	• Accelerated corrosion testing can be used to identify the corrosion performance of passive corrosion mitigation technologies (such as inhibitors and films). Application of protective hydrocarbon films into post-tensioned tendons, such as that already commercially developed can reduce, can have beneficial effects to mitigate corrosion. The presence of severe grout deficiencies with continued exposure to adverse corrosion environments can reduce the efficacy of the protective film. Test protocols to assess 
	Macrocell Corrosion Test 
	• The macrocell tests was envisioned to provide an economic alternative to the polarization resistance and potentiostatic tests. However, the outcomes of the research showed that there were complications relating to the electrochemical activity of the individual test cells that would obscure easy interpretation of the galvanic coupling of the cells. Any adverse chemical effects relating to the development of deficient grout by the INT setup was not captured by the macrocell testing. The addition of salt to 
	INT Experimental Setup 
	• The INT setup however can be useful to identify the robustness of grout materials to adverse mixing conditions (such as overwatering and prehydration). However, there is a balance to vet grout materials using aggressive testing methods to identify material robustness to compensate for poor construction practices when engineered materials are designed to be used appropriately. Any development of corrosion test methods to address grout robustness must state the expected use and handling of the materials and
	MIT Corrosion Testing 
	• The resolved solution resistance of the grout however was strongly differentiated between locations from the top and bottom of the tendon, indicating differentiation in the grout and moisture content. Lower solution resistance was resolved for grout at the top of the tendon than at the lower elevations, further supporting the use of the MIT as means to test grout performance. 
	• The corrosion potentials and corrosion current densities for the steel embedded in the MIT specimens and the INT specimens were correlated to the grout sulfate content. The corrosion potential decreases to more electronegative values at the higher sulfate concentrations. Likewise, the corrosion current density showed a general increasing trend with the higher sulfate levels. The values produced from the test program here were consistent with historical data from earlier research, further verifying the adv
	Electrochemical Noise Technique 
	• Electrochemical noise was shown to be an effective measurement technique to assess the development of localized corrosion of steel in alkaline solution when utilizing appropriate anti-aliasing filters and instrument settings. General statistics such as the mean, rms, standard deviation, skew, and kurtosis of the potential and current time signatures have some experimental scatter but generally revealed the negative the effect of elevated sulfate concentrations on electrochemical noise associated with pitt
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	APPENDIX A. PHOTOGRAPHS OF GROUTED TEST SPECIMENS 
	 
	PTI ACT 
	 
	 
	Figure
	Figure A1. PTI test specimens after 28-day hydration 
	(Top: with 10% excess mix water, Bottom: with no 10% excess mix water) 
	 
	 
	 
	Figure
	Figure A2. PTI test specimens after 56-day hydration 
	(Top: with 10% excess mix water, Bottom: with no 10% excess mix water) 
	 
	 
	Figure
	Figure A3. Neat grout test specimens for PTI after 28-day and 56-day hydration 
	 
	 
	Rapid Macrocell Test 
	 
	Figure
	 
	Figure A4. Rapid Macrocell test specimens after 28-day hydration (with 10% excess mix water) 
	 
	 
	Figure
	Figure A5. Rapid Macrocell test specimens after 28-day hydration (with no extra mix water) 
	 
	 
	Figure
	Figure A6. Neat grout test specimens for rapid macrocell testing after 28-day . 
	 
	 
	 
	 
	 
	 
	 
	 
	INT Grout Test Specimens 
	 
	Figure
	Figure A7. INT Tee-header test specimen after opening, cast with extra 10% mix water 
	 
	 
	 
	Figure
	Figure A8. INT Tee-body test specimen after opening, cast with extra 10% mix water 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	INT Corrosion Test Specimen 
	 
	 
	Figure
	 
	Figure
	Figure A9. INT corrosion test specimen after opening, cast with extra 10% mix water 
	 
	 
	Figure
	Figure A10. INT corrosion test specimen after opening, cast with no extra mix water. 
	 
	 
	Figure
	Figure A11. INT Tee-header test specimen after opening, cast with external ion contamination and extra 10% mix water 
	 
	 
	 
	Figure
	Figure A12. INT Tee-body test specimen after opening, cast with external ion contamination and extra 10% mix water 
	 
	 
	Figure
	 
	Figure
	Figure A13. INT Tee-header test specimen after opening, cast with control and physical confinement condition 
	 
	Figure
	 
	Figure
	Figure A14. INT Tee-body test specimen after opening, cast with control and physical confinement condition 
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