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FOREWORD

This report presents the results and conclusions of a research study focused on
improving the corrosion performance of prestressing steel in bonded post-
tensioned concrete bridge structures. Physical and mechanical property data were
developed for several experimental grouts and these data were compared to more
standard grout formulations. An accelerated corrosion test method was developed
which evaluates the corrosion performance of prestressing steel embedded in
grout. Several of the experimental and more standard grouts were evaluated with
this newly developed method. A state-of-the-art review was conducted on the
grouting technology for bonded post-tensioned tendons in bridge structures. This
review is summarized in this report with the complete review published in report
No. FHWA-RD-60-102. This report and the previously published report will be of
interest to bridge engineers who are involved in building, designing, or writing
specifications for bonded post-tensioned structures, and especially those
involved in dealing with the grouting of the tendons.
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Directcr, Office of Engineering
and Highway Operations

Research and Development

NOTICE

This document is disseminated under the sponsorship of the Department of Transportation in the interest of
information exchange. The United States Government assumes no liability for its contents or use thereof. This report
does not constitute a standard, specification, or regulation.

The United States Government does not endorse products or manufacturers. Trade and manufacturers’ names
appear in this report only because they are considered essential to the object of the document.
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CHAPTER 1

INTRODUCTION

Currently, there is a serious problem in the United States and elsewhere
with deteriorating concrete bridges. The deterioration is due, in large part,
to corrosion of reinforcing steel which occurs when the steel loses its
ability to remain passive due mainly tec chloride intrusion into the concrete.
Historically, the problem has been associated with conventionally reinforced
concrete bridge structures as opposed to bridges with prestressed or post-
tensioned concrete members. In part, this situation may reflect on the fact
that conventionally reinforced concrete structures have been in service longer

and have not been built with as rigid quality controls as prestressed concrete
bridges.

The first pfﬁstressed highway bridge in the United States was opened to
traffic in 1950. The vast majority of the 60,000 or so prestressed
concrete bridges in the United States have been built since 1960. Post-
tensioned concrete technology developed rapidly during the 1960's. The
present practice involving the use of a rigid duct was first used around 1966
and was a major advance in minimizing the exposure of prestressing steel
strands to corrosive environments. The oldest post-tensioned concrete bridge
structures using presently accepted technology are less than 25 years old.

In post-tensioned structures, the prestressed steel tendon is encased in
a duct. A post~tensioned structure that uses a grout to f£ill the voids in the
duct is referred to as a bonded post-tensioned structure. Figure 1 shows a
typical two-way, post-tensioned deck slab on a precast tee structural element.
The purpose of the grout in the duct is two-fold: (1) to provide a nomn-
corrosive environment in which the steel tendon can remain corrosion-free for
the life of the structure, and {(2) to provide a bond to the tendon so that
anchorage failure (or removal of the anchorage) does not result in relaxation
of the stresses within the tendon. The grout must provide an adequate bond
strength and must f£ill all the interstices and voids within the duct and the
individual strands of the tendon. 1In the United States, the grout material
contains portland cement as the binder. The duct material is either metallic
{steel) or plastic (polypropylene or polyethylene).

When steel corrodes in conventionally reinforced concrete structures,
the result is first a delamination cracking of the concrete as corrosion
products grow around the bar with subsequent loss of concrete cover {spalling)
over the bar. This type of deterioration is responsible for millions of
dollars in maintenance each year for reinforced concrete bridges and cther
structures.

The consequences of steel tendon corrosion in prestressed concrete
structures are potentially of even greater concern. This is because the
structural integrity of the bridge relies on the high tensile loading of the
tendons, and loss of the tendon could lead to catastrophic failure of the
structure. Moreover, the prestressing steel is generally of much higher yield
strength than conventional rebar, making it inherently more susceptible to
embrittlement in the presence of hydrogen generated by corrosion reactiocns.

In prestressed structures, a small amount of corrosion (relative to



H!GH POINT

Cover

i

(_)‘h\\ .
x
BEAM TENDON .

H 1 _/ \ i
TEMPERATURE SLAB TENDON
TENDONS

PRECAST TEE

Figure 1. Section view of a typical two-way bonded
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conventional rebar structures) could lead to failure of the tendon and (in the
worst case) the collapse of the structure.

Such a catastrophic event has not yet occurred in the United States.
However, there is direct evidence that steel tendons can corrode in bonded
post-tensioned structures (figure 2). In this parking structure, chloride
intrusion advanced to the level of reinforcement at high points in the deck
slab causing corrosion of the steel duct and subsequently advancing through
the grout itself to the point that corrosion was initiated on the steel
tendons.

Since the grout is the final line of defense for the steel tendon in the
event the duct is breached, it is of interest to examine grout technology with
the goal being to optimize the ability of pgrouts to protect prestressed
tendons against corrosion. Accordingly, the FHWA initiated a research program
with the following objectives: (1) to develop and test new mixture designs
for grout used in ducts so that the grout may provide long-term corrosion
protection for the prestressing steel in post-~tensioned concrete bridge
structures and (2) to develop and perform accelerated corrosion test methods
on the new grout mixtures to predict their performance over the design life of
the bridge. 1In the following sections, the details, results, and conclusions
of the research are presented.
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CHAPTER 2

BACKGROUND

During the present research program, a detailed review of the literature
was performed to determine the state-of-the-art of grouting materials and
grouting technology for bonded post-tensioned tendons. The results of this
literature review are presented in FHWA report no. FHWA-RD-90-102, 1In this
section, the primary results and findings related to corrosion distress in
bonded post-tensioned bridge structures are presented.

Corrosion asscciated with the steel tendona %? prestressed concrete
structures was first reported in the mid-1950's.‘"’ At that time, Monfore
reported that the number of such failures was "“exceedingly small" with the
conclusi?ﬁ that corrosion of prestressed wire in concrete is not a common
problem. Of the failures reported by Monfore, only one occurred in a post-
tensioned structure. In that case, prouting was delayed for 5 months due to a
need to retension the tendons. After the delay, many of the cables were found
to have strands which were broken due to corrosion.

A survey conducted in 1966 (NCHRP Report 90), indicated that the total
number of prestressed bridges in service was approximately 12,000. The
great majority of these bridges (93 percent) were constructed with
pretensioned members. In California, about half of the estimated 500 bridges
in service in 1966 were post-tensioned and eight of these post-tensioned
structures had ungrouted tendons. There were 927 post-tensioned bridges in
the United States in 1966. A major conclusion of the survey was that
corrosion failures of prestressing steel was not a widespread or serious
problem with prestressed bridges in 1966. Maximum service life in 1966 for
even the oldest bridges was only 15 to 16 years. No catastrophic failures had
been reported for prestressed concrete bridges in 1966. TFor the few cases
where serious corrosion of prestressing steel had occurred, the failures were
explainable and the corrosion could have been avoided either by proper use of
materials or through greater attention to accepted construction practices.
NCHRP Report 90 also describes the result of laboratory tests investigating
the effect of voids on rusting of steel in grouted ducts. These tests
confirmed that corrosion of steel does occur in the cavities in an improperly
filled duct. '

In 1972, the Ontario Ministry of Transportation and Communication
(Ontaraﬁ MTC) conducted a study of 18 bridges having voided post-tensioned
decks. Strands were exposed and examined at 18 locations in 14 of the
bridge decks. Cracks in the concrete were directly over or adjacent to the
ducts in all but two locations. No significant corrosion of the prestressing
strands was observed at any of the 18 locations examined. Light rusting was
observed on the inside or the outside of 4 of the 18 ducts inspected. No
significant or recent corrosion was observed on any metal duct.

In 1977, Bezouska reported on an evaluation of the quaé%ty of grout on a
variety of post-tensioned concrete structures in California. Particular
attention was placed on the number and type of voids exposed and their
probable causes. An objective of the Bezouska study was to evaluate whether
the current specifications were adequate in assuring that voids in the



hardened grout were "so minimal" so as to assure that no significant corrosion
could take place. The findings of the examination were:

e The quality of the grout, as seen in the 96 duct openings in a total
of 24 tendons in the 7 bridges was generally very good, and it was
concluded that the current grout specifications and equipment appear
to produce a satisfactory product.

e Water voids at the top surface are commonly found at the tendon high
points, but this does not expose any tendon steel because the strands
are pulled to the bottom of the duct at these places.

e The type of exposure caused by the strand bearing against the helical
duct seam probably cannct be eliminated.

e The omitting of high point vents did not seam to have any visible
effect on the quality of the result.

@ The elimination of the expansive admixture has no apparent effect on
the quality of the grout.

In 1978, Schupack reported on the results of a survey of the durability
of post-tensioning tendoas with particular regard to corrosion susceptibility
in completed structures. The survey cited 28 structures with an incidence
of steel corrosion in some 200 tendons. The incidences that occurred were
attributed to either: (1) the result of poor design details, (2) inadvertent
exposure to known corrosive agents, or (3) poor construction practices..
Schupack concluded that properly detailed and constructed post-tensioned
tendon type structures can be expected to exhibit excellent performance from
the standpoint of durability against corrosion., Out of the 28 corrosion
incidents, 12 involved bonded tendons. These corrosion incidents involved the
following circumstances:

® Failure of the grout to fully encapsulate the prestressing wires.

® Corrosion of the steel ducts with no corrosion of the prestressing
wires.

e Corrosion of the prestressing wires due to inadvertent omission of
grouts.

e Corrosion of the prestressing wires at junctions of aluminum trumpets
and steel duct.

e Corrosion of steel duct following cracking/spalling of concrete
cover.

In 1985, corrosion of steel was detected and investigated in a parking
structure located in Ohio (built in 1965). The bonded post-tensioned elements
utilized multiple 1l/4 in (6.4 mm) diameter wires tensioned to about 4 tons
(3630 Kg) each and grouted in metallic conduit. Corrosion of the post-
tensioning system was first observed at the high peints of the slab tendons
when corrosion of the metallic conduits caused spalling of the overlying
concrete. The concrete cover over the slab tendons at their high points is



3/4 in (19 mm). Subsequent concrete removal and inspection revealed corrosion
of the tendon wires within the conduit ranging from a light rust, through
various degrees of pitting, to corrosion-induced wire breakage.

In 1987, Libb&)described the failure of a bridge stringer in a bridge
over a coastal bay. The post-tensioned tendons consisted of bonded stress-
relieved strands in semi-rigid galvanized metal ducts. The bridge had been in
service for about 14 years when severe cracking was observed over the length
of one-third of one end of one stringer. Research revealed that the ducts
containing the prestressing tendons were severely corroded in the cracked end
of the stringer. Individual prestressing strands near the top of the ducts
were found to not be completely encased in grout (minor corrosion was observed
on the exposed strands). Test results indicated that the chloride content of
the concrete in the cracked length of the girder was abnormally hjgh [3
percent of the cement content and the cement weight was 700 1b/yd” (415
Kg/m°)]. Chloride ion content of the concrete in areas not cracked were low
{less than 0.06 percent of the estimated cement content). Researchers
speculated that the last truckload placed in the stringer contained an
admixture containing a significant amount of chloride ion.

In a study reported in July 1989, seven prestressed concrete bridges in
Illinois, Utah, Florida, and Texas were exam&sed to detect the presence and
consequences of reinforcing steel corrosion. A number of these bridges
contained post-tensioned members. No corrosion-related steel failures were
observed in the post-tensioned members. Some steel corrosion was observed in
unbonded tendons due to a lack of grease in the duct. Some corrosion in
bonded, post-tensioned concrete was attributed to "poor grouting."

In summary, the performance record of post-tensioned concrete structures
in the United States is excellent. It has been determined that there are
relatively few documented examples of bonded post-tensioned structures in
which corrosion of the prestressed tendons has occurred. Even in many of
these instances, investigators of the structures speculated that corrosion
might not have occurred if proper construction practices and designs had been
followed. However, in one example (a mid-west parking garage), corrosion of
imbedded strands in a post-tensioned construction occurred when a large
section of galvanized duct was breached due to corrosion as a result of
chloride migration. The corrosion attack resulted in failure of at least one
wire of the seven-wire tendon. It is inevitable that additional instances of
corrosion-related problems will be observed, as the average age of these
structures continues to increase, deicing salts continue to be used, and the
salts penetrate to greater depths within the concrete. The catastrophic
nature of a serious failure within a bridge or parking garage makes it
important for the industry to continue to improve upon its practices. All
available technology which is economically feasible that could improve
performance should be incorporated into standard practices.

One such area in which improvements are possible is the grouts used for
filling the ducts containing the prestressed steel within the post-tensioned
structure. Because grouts provide the final defense against corrosion of the
prestressing steel tendons that support the structure, it is imperative to
provide a grout that incorperates the state-cf-the-art technolegy. Up to now,
the majority of grouts used in bonded post-tensioned concrete structures has



been a simple mixture of portland cement and water with water-cement ratios
typically specified to fall below 0.44 to 0.50 and with expansive and non-
bleeding additives sometimes specified.



CHAPTER 3

APPROACH

To accomplish the poals of this project, the Work Plan was divided into
four primary tasks: Task A - Develop Accelerated Test Method, Task B - Develop
Design Mixtures for Grout, Task C - Design and Conduct Laboratory Test
Program, and Task D - Specifications for Grout Mixtures. 1In the following
paragraphs, the details of the approach to each of these tasks are outlined.

TASK A -~ DEVELOPMENT OF ACCELERATED TEST METHODS

The purpose of task A was to develop an accelerated test method for
testing grout design mixtures which will predict the effectiveness of the
grout in preventing corrosion of prestressing steel over a 50-year life. The
overall approach was to identify all of the test conditions, to establish the
important variables, to determine the accelerated features of the test, and to
design a detailed test procedure including the monitoring required, post-test
examinations, and specimen configurations. Two of the most important
requirements for the test method were: (1) the method should provide some
means to accelerate corrosion and/or Cl1° permeability, and (2) the method
should be designed so that it can be used routinely by civil engineering
technicians,

In general, accelerated test methods are extremely difficult to design,
It is even more difficult to ensure that the test method represents conditions
expected over a specified period of time. It is typically very difficult to
accelerate the corrosion process and the permeation of moisture and/or
chlorides through the grout in the short time tests without altering the
mechanism by which corrosion is occurring. Anodic polarization of the test
specimen during exposure accomplishes the following three objectives: (1) it
will tend to drive chlorides toward the specimen by providing a potential
gradient, (2) it will tend to increase the rate of corrosion following
breakdown of the passive layer when and if breakdown occurs, and (3) it will
likely decrease the incubation time for passive film breakdown at a given
chloride concentration. Therefore, the anodic polarization of the test
specimen will tend to accelerate the corrosion process on the steel surface
increasing the total amount of corrosion obtained during the short-term test;
thereby, providing a significant measure of acceleration,

During task A, a series of preliminary tests were performed to examine
specific methods and aspects of the overall test method. The purposes of
these tests were: (1) to examine the effects of various test parameters on the
corrosion of prestressing steel embedded in grout, and (2) to examine wvarious
procedures for accelerating the corrosion of prestressing steel embedded in
grout. The preliminary tests included examining the following: (1) the
effects of stress for passive conditions and active corrosion of prestressing
steel embedded in grout, (2) the effects of different exXposure conditions
(salt fog versus complete immersion), (3) the effect of anodic polarization,
and (4) the effect of grout cover.



Following these preliminary tests, an accelerated corrosion test method
(ACTM) was developed and additional testing was performed to: (1) examine the
performance of conventional grouts, (2) establish baseline data for the newly
developed ACTM, and (3) to provide the first level of evaluation of the
overall test method design. At the completion of the preliminary test
utilizing the ACTM, a final test method was established for use in Task C -
Design and Conduct Laboratory Test Program.

TASK B - DEVELOPMENT OF DESIGN MIXTURES FOR GROUT

The principle objective of task B was to develop grouts which provide
long-term corrosion protection to prestressing steel. Engineering properties
of experimental grouts were compared with those of grouts currently used in
bonded post-tensioned concrete structures. The work in this task was divided
into two primary subtasks: Current Grout Designs, and New Grout Designs.

Current Grout Designs

In this subtask, current grout design and construction practices
employed for post-tensioned members were examined. The review of the state of
the art performed in this subtask has been published as an FHWA Report
entitled "Grouting Technology For Bonded Tendons In Post-Tensioned Bridge
Structures" (FHWA-RD-90-102). Data sources consulted in this review included
both open literature sources and contacts with industry and government
agencies involved in bonded, post-tensioned concrete construction as either a
supplier, a user, a specifier, or a contractor. The contacted sources
included:

e American Concrete Institute (ACI).

e Prestressed Concrete Institute (PCI).

e Post-Tensioning Institute (PTI).

e U. 8. Army Corps of Engineers (USACE).

e State Highway Departments In Virginia, Washington, Florida, Oregon,
California, Kentucky, Tennessee, Indiana, and Illinois.

o American Association of State Highway and Transportation Officials
(AASHTO).

® American Society for Testing and Materials (ASTHM).
e Grouting Contractors.

® Duct and prestressing steel suppliers.

e Grout and grout additive suppliers.

e Grouting equipment suppliers.
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e Federation Internationale de la Precontrainte (FIP).
e Portland Cement Association (PCA).

This review established that the majority of grouts used in bonded post-
tensioned concrete structures have been a2 simple mixture of portland cement
and water. The water-cement ratios are typically specified to be below 0.45
and expansive additives and/or non-bleeding additives are sometimes specified.
The results of the review also indicated that these grouts are performing
satisfactorily based on the history to date. However, this result may simply
reflect the fact that the grouts have not truly been exposed for the bridge
design life in adverse environmental conditions. In those few instances where
the duct is breached and bonded post-tensioned tendons have corroded,
chlorides have passed through the bonding grout to the tendons. Therefore,
the laboratory program described below was intended to develop grouts with an
improved ability (relative to historical grouts) to protect embedded steel
tendons from corroding even in the event of a breached duct.

New Grout Designs

The goal for this subtask was to develop a grout which has the means to
provide reduced chlcoride ion permeability and/or increased corrosion
inhibition in grouts, while maintaining or improving emplacement
characteristics. The desired changes in grout properties were sought through
the use of additives and admixtures to the standard cement/water grout. The
selection criteria for the property modification included: '

1. High-range water-reducing admixtures (superplasticizers) to provide
a reduction in water-cement ratio while maintaining adequate
fluidity.

2. Additives to provide a reduction in chloride ion diffusion rate by
modifying the microstructure, including silica fume (microsilica),
flyash, and polymer modifiers.

3. Additives/admixtures to provide improved fluidity, open time, and
resistance to bleeding and segregation including silica fume,

thickening agents, and superplasticizers.

4, Aluminum powder to provide expansion in the fresh and hardened
grout.

5. Calcium nitrite to provide corrosion inhibition.

The property measurements made on the grouts examined in task B
included:

1. Fluidity -~ ASTHM C9%39-87, the Standard Test Methed For Flow of Grout
(Flow Cone Method).

2., TUnit Weight.
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3. Setting Time - ASTM C953-87, the Standard Test Method For Time of
Setting of Grouts For Preplaced Aggregate Concrete in the
Laboratory.

4, Heat Evolution Behavior.

5. Expansion and Bleeding ~ ASTM C940-87, the Standard Test Method For
Expansion and Bleeding of Freshly Mixed Grouts.

6. Bleeding/Segregation under pressure using a Gelman pressure
filtration funnel.

The procedure in item § involves placement of a fluid grout mixture in a
pressure vessel having at one end a Gelman Type A filter. Pressure is applied
at the non-filter end of the pressure vessel with water forced from the grout
through the filter which retains 99.7 percent of all particles greater than
.0l mil (0.3 um). The pressure at which water loss first occurs is measured
for grouts and compared with an equivalent height of strand tendon,

Selection of Materials

Initially, screening trials were conducted to select admixtures and
additives that were compatible with the portland cement used in the study. 1In
most cases, each additive/admixture modifier category was represented by only
one material. The following materials were selected for use in this study:

1. Portland Cement - A Type II portland cement, manufactured by
Southwestern Portland Cement Company, Fairborn, Chio, was selected
as the cement for this investigation.

2. High-Range Water-Reducing (HRWR) Admixture - Mighty 150, marketed by
Borden & Remington Corporation, Fall River, Massachusetts, was
selected as the ASTM C494 Type F high-range water-reducing admixture
for the investigation.

3. Silica Fume - The silica fume (also called microsilica) was used in
the form of a dry powder which was obtained from Elkem Chemical
Company, Pittsburgh, Pennsylvania. The product used here is
identified as EMS 920.

4., Flyash - The flyash used in characterized as a Class F flyash (ASTM
C618) marketed by American Electric Power Company, Columbus, Ohio.
This flyash is provided by a single power plant and is widely used
as a construction material in the Central Ohio area.

5. Polymer Modifier - Dow Chemical Company's (Midland, Michigan)
Modifier A, a styrene-butadiene polymer modifier, was selected for
use in the investigation. This product has been widely used over
the past 15 years or so as a polymer-modifier in latex-modified
concrete in many construction applications in the United States. It
is supplied as a liquid with a solids content around 48 percent.
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6. Corrosion Inhibitor - The only corrosion inhibitor with a history of
use in commercial concrete applications is calcium nitrite. W.R.
Grace Company, Cambridge, Massachusetts, supplied their DCI product
for this investigation which is a liquid calcium nitrite corrosion
inhibitor,

7. Expansion Agent - Because of its wide history of use in nonshrink
grout products, aluminum powder was selected as the expansion agent
for the experimental grouts. The aluminum powder used in the

investigation was supplied by Alcan-Toyo America, Inc. Lockport,
Illinois.

8. Anti-Bleed Agent - A number of thickening agents were evaluated and
the material selected for use is a water soluble polysaccharide gum,
manufactured by Kelco, Inc., San Diego, California. This material,
identified as Welan Gum, dissolves readily in water and is stable
over a wide of temperatures and pH.

9. Commercial Grout Admixture -~ The commercial grout admixture selected
for evaluation was Celtite, Inc.'s (Georgetown, Kentucky) Celbex
209X. Celbex 209x is a free flowing powder consisting of a balanced
blend of superplasticizer, thickener, and controlled expansion
agent., It was especially developed for use with portland cement
grouts to make them thixotropic and highly water retentive.

10. Sand - A silica sand (maximum particle size 50 mesh) was used in one
of the candidate grouts. The Wedron 510 sand selected is

manufactured by Wedron Silica Company, Wedron, Illinois.

Grout Preparation Procedures

Grouts were prepared using a 0.5 HP, high-shear mixer with a propeller-,
type mixing blade (3 tines) typically operating at around 500 r/min. Dry batch
weight of the grout ingredients ranged from 4.4 to 8.8 1b (2000 to 4000 gm).
On a volume basis, this yielded around 91.5 to 183 in" (1500 to 3000 cc) of
grout. In the majority of instances, the grout had the rheological character-
istics of a thick liquid which could be poured from the mixing container. Fol-
lowing mixing of the grout, specimens were prepared for property measurements.

The steps followed for mixing the grouts included:

1. All water added to mixing container (a stainless steel bucket with an
internal diameter of 7.0 in (17.8 cm) and a height of 16.0 in (40.6
cm).

2. All of the portland cement is added.

3. The pozzolan (if used) is added in dry form.

4, The admixture(s) is added. An exception here is that the
superplasticizer, when used, was added in Step l with the water.

5. The sand (if used) is added.
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6. Steps 2 through 5 are taken with the mixer operating at 500 r/min.
After all the grout ingredients are added, mixing is continued for 3 to
3-1/4 minutes.

The reason for adding the superplasticizer at Step 1 is that with a
significant decrease in water content afforded by the superplasticizer, it is
frequently difficult to gain a liquid response from the system if the super-
plasticizer is not added before all the cement is introduced.

Property Measurements in the Fresh State

Two or more grout batches were required to prepare enough material for
all of the property measurements. In a number of instances, replicate batches
were prepared to establish the precision of the tests. The properties of the
grout were measured in both the fresh and hardened state. Property
measurements made prior to hardening (fresh state) of the grout included:

1. Unit weight (density of concrete in the fresh state).

2. Time of set.

3. Initial fluidity and change in fluidity as a function of time.

4. Expansion/bleeding.

5. Bleeding/segregation under pressure (Gelman pressure filtration).

Grout unit weight. Unit weight is the density of the grout in the fresh
state. It is expected that the unit weight of the grout will increase with
decreased water-cement ratio and with the addition of fine aggregates to the

system. Unit weight was measured by weighing a known volume of the fresh
grout in a graduated cylinder.

Time of set. The time of initial and final set of the grouts was
measured in accordance with ASTM C953-87, The Standard Test Method For Time of
Setting of Grouts For Preplaced Aggregate Concrete in the Laboratory. This
procedure uses the Vicat apparatus.

Initial setting time is defined as the time when a needle penetration of
1l in (25 mm) is obtained. Final set is defined as the time when the needile
does not sink visibly into the sample.

Fluidity and open time measurements. Most of the grouts behaved
rheologically as liquids so it was possible to use the flow cone procedure to
quantify fluidity. The procedure used here is defined by ASTM C939-87, The
Standard Test Method For Flow of Grout (Flow Cone Method)., The flow cone is a
funnel designed to hold 105.3 in" (1725 cc) of grout with the discharge en
having a diameter of 0.5 in (1.27 cm). The time required for the 105.3 in
(1725 cc) of grout to exit the cone is measured as the efflux time of the
grout. The efflux time of plain water is around 8 seconds. Any grout that
passes completely through the flow cone under the force of gravity alone,
regardless of total efflux time, can be defined as a pourable grout. For the
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present investigation, it is assumed that as long as a grout remains pourable,
it can probably be pumped using conventional grout pumps. A few of the grouts
developed a thixotropic behavior quite early in their history and would not
padss through the flow cone. For other grouts, this thixotropic behavior
developed at a much later time. In both of these instances, the fluidity of
the grouts was then defined using the flow table procedure. The equipment and
procedure for this test is defined in ASTM C230-90, The Standard Specification
For Flow Table For Use in Tests of Hydraulic Cement. In this test, a molded,
truncated cone of the test material is dropped through a height of 3/4 in (1.9
cm) on a 10 in (25.4 cm) diameter brass plate. The increase in diameter of
the sample, following 25 drops, is measured and expressed as the flow in
percent. At a flow of 152 percent, the sample is just starting to flow off of
the brass plate., In the present investigation, the initial fluidity of the
grout was measured as the flow cone efflux time 1l minute following the
completion of the mixing step. Efflux times were then measured periodically
(every 20 to 30 minutes) until the grout would no longer flow in a continuous
stream through the cone. At this point, fluidity measurements were continued
using the flow table.

Using the combined flow cone/flow table measurements of fluidity, an
open time for the grouts was defined as the sum of the total time the grout
remained pourable (passed through the flow cone) plus the time during which
the grout retained a flow table flow value greater than 100 percent. The open
time, thus defined, is related to the time during which the grout could be
pumped. All of the fluidity measurements were conducted at 73F + 2F (23C +
1C). It is expected that the fluidity and open time values will be influenced
in the field by higher and lower ambient temperatures.

Expansion/bleeding. Expansion and bleeding of the fresh grouts was
measured using the procedure of ASTM C940-87, The Standard Test Method For
Expansion and Bleeding of Freshly Mixed Grouts.

In this test, 48.8 in3 (800 cc) of freshly mixed grout is placed into a
61 in” (1000 cc¢) graduated cylinder. The volume of the sample and the time at
which the reading was made is recorded. Readings are recorded of the amount
of bleed water on the grout surface at 15 minute intervals for the first 60
minutes and thereafter at hour intervals until two successive readings show no
further expansion or bleeding. The expansion of the grout mixture and its
bleeding is expressed as percentages of the initial volume of the grout.

Bleeding/segregation under pressure (Gelman). Normally, bleeding occurs
simply as a result of sedimentation of cement and aggregate particles with
free water rising to the surface. Another form of bleeding has been described
when grouts under pressure are in contact with strand tendons. 1In this
instance, bleeding oaﬁurs because of the filtering action of the void spaces
between the strands. Pressure from the grouting operation forces the grout
against the strands where water passes through the interstices between the
outer strand and the center wire, whereas solid particles in the grout do not.
This filtering action is especially acute in strand tendons with a high
vertical rise and bleeding can amount to up to 20 percent of the height of the
vertical rise. A test procedure is available to measure the relative bleeding
characteristics of grouts that simulates the condition exper%enced in grouting
vertical tendons. A small quantity of fluid grout 42.7 in" (about 700 cc)
is placed in a pressure vessel having at one end a Gelman Type AE filter
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Figure 3. Device used to measure comparative bleeding characteristics
of grouts intended for use in vertical post-tensioned ducts.
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(Gelman Science, Inc., Ann Arbor, Michigan). See figure 3. Pressure is
applied to the other end of the vessel with water forced from the grout
through the filter which retains 99.7 percent of all particles ».0l12 mils
(0.3 microns). The pressure at which water loss first occurs is measured as
well as the amount of water lost at a given pressure up to 80 psi in 10 psi
(552 kPa in 68.9 kPa) increments.

Property Measurements in the Hardened State

Property measurements made in the hardened state included:

1, Compressive Strength.
2. Permeability.

Compressive strenpth. Compressive strength measurements were made
following the procedures of ASTM C942-86, the standard test method for
compressive strength of grouts for preplaced aggregate concrete in the
laboratory. Specimens for this test are 2 in (5.08 cm) cubes. In instances
where the grouts exhibit expansion prior to initial set, the test procedure
provides for the placement of a plate over the cube mold to assure that
expansion is confined. TIn the present investigation, compressive strength
measurements were made at intervals of 1 day, 7 days, 28 days, and 90 days.

Permeability. The permeability of the grouts was measured using the
procedure of AASHTO T277-83, The Rapid Determination of the Chloride
Permeahility of Concrete. This test measures the total electrical charge
passed through a 2 in (5.08 cm) thick specimen that contacts sodium chloride
solution on one side and an alkali hydroxide solution on the other side.

Normally, the test is run at a voltage of 60 V DC for 6 hours. It was
found that when grouts were used instead of concrete, a higher total charge
was passed which resulted in significant heating of the grout specimen.
Subsequently, the test procedure, as applied to grouts, was conducted using an
applied voltage of 30 V DC for 6 hours. This procedure accomplished the
objective of minimizing the temperature rise in the specimen during the test.

This test procedure is particularly relevant to the evaluation of grouts
inasmuch as it measures the resistance that the grout offers to the movement
of chloride ion.

TASK C -~ DESIGN AND CONDUCT LABORATORY TEST PROGRAM

The purpose of task C was to use the ACTM developed in task A to
evaluate the grout formulations developed in task B. The original proposal
indicated that three grout formulations would be selected from the most
promising grout designs developed in task B. Because the proposed ACTM is
simpler than originally planned, five new grout formulations were studied in
addition to two standard grout formulations.

Because the purpose of task A was to design the ACTM, the details of the
test method are presented in chapter 4 as the results of task A and will not
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be repeated here. Utilizing the ACTM, a minimum of quadruplicate tests for
each selected grout_and each specimen type were performed to permit a minimum
of statistics for data analysis. Because the specimen preparation procedures
were altered during task C, the quadruplicate specimen tests were repeated for
several of the grout formulations. The grout formulations examined in task C
are given below:

No. 1 Standard grout (w/c = 0.44).

No. 1B Standard grout with a high water-to-~cement ratio (w/c = 0.65).
No. 5-1 grout containing HRWR, flyash and sand (w/c = 0.32).

No. 6B grout contalning HRWR and 10 percent silica fume (w/c = 0.365).
No. 8-1 grout containing HRWR and latex additive (w/c = 0.29).

No. 10-1 Standard grout containing Ca(NO,), inhibitor (w/c = 0.44).

No. 11-1 Superplasticized grout containing an expansive additive and
an anti-bleed additive {w/c = 0.365).

For each of the above grout formulations, an initial twelve specimens were
cast; four standard specimens, four precracked specimens, and four specimens
to be used as backup specimens as needed.

For performing the laboratory test program, eight identical experimental
setups Were constructed. Potential and current data for each of the eight -
test cells were collected using a computer-based data acquisition system. N
Following collection of the data, the data were downloaded into a plotting
routine and the data for each test specimen plotted as current versus time.

TASK D - SPECIFICATIONS FOR GROUT MIXTURES

The purpose of task D was to summarize the desired requirements to
provide an improved grout for use in post-tensioned bridge structures. The
results of tasks B and C were reviewed to identify the desired characteristics
of grouts for bonded post-tensioned concrete constructions and to establish
how these characteristics can best be measured. These characteristics
included:

l. Adequate fluidity to assure that grout travel through the entire
duct length is achieved with the available placement equipment.

2. Sufficient open time (delayed set) to assure that the fluidity
remains at the desired level for a sufficient time period.

3. Acceptable consistency to minimize the potential for bleeding,
segregation, and the creation of water lenses or voids.

4, Negligible shrinkage to minimize shrinkage cracking.

5. Adequate strength to assure transfer of the stress from the tendon
to the structural member.

6. Resistance toc damage from the effects of freeze/thaw cycling.

7. Ability to provide corrosion protection to the steel tendons.
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Generally speaking, the requirements for strength and freeze/thaw
resistance have not been difficult to meet even with the simple cement/water
systems used in much of the work to date. The actual strength level necessary
for the grout to adequately transfer stresses from the tendons is quite modest
2000 to 3000 psi (13790 kPa to 20685 kPa) and is easily achieved by a cement
grout having a water-cement ratio under 0.50. The consequences of freeze/thaw
cycling of grouts in this application are minimized in view of the
unlikelihood of the grout achieving critical moisture saturation and the fact
that the grout is confined by the duct material.

In the other performance areas, there is need for improvement. This
largely relates either directly or indirectly to the ability of the grout to
protect the steel tendon from corrosion, especially in the event that the duct
is breached. These improvements are concerned not only with material
properties of the grout, but with the means of specifying, testing, and
qualifying grouts for this application.

Specifications for grouts for bonded post-tensioned concrete
applications are discussed based on the following critical areas:

1. The identification and control of factors influencing the
achievement and maintenance of a suitable grout fluidity.

2. The need for anti-bleed additives in the grout.
3. The need for an expansive additive in the grout,

4. The identification and implementation of factors providing for
improved resistance to corrosion of steel embedded in the grouts.

Consideration was also given to the cost effectiveness of the wvarious
grouts evaluated in the present program as related to the achievement of the
desired grout characteristics.

Considerable new information was developed in the present program
regarding (1) deficiencies In the present specifications of grouts for bonded,
post-tensioned construction and (2) the means to provide more control of grout
properties than was possible in the past.

The information developed in the present program should permit the
"tailoring" of grout mixtures to specific job requirements. This approach
acknowledges that it may be inappropriate to recommend or specify a single
generic grout for bonded, post-tensioned applications. There are numerous
construction and environmental parameters that influence the grouting
operation. The approach recommended here is to recognize and address these
variables and attempt to specify a grout uniquely suited to the project at
hand.
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CHAPTER 4

RESULTS

In the following sections, the results of the four primary tasks are
presented:

Task A - Development of Accelerated Corrosion Test Method.
Task B Development of Design Mixtures for Grout.

Task C - Design and Conduct Laboratory Test Program.

Task D Specifications For Grout Mixtures.

In task A, the ACTM was developed with all the procedures for performing the
ACTM and for preparing the test specimens specified. Therefore, task A
describes the detailed approach that is used to conduct the laboratory
corrosion test program performed in task C. 1In task B, the grouting
technology for bonded tendons in post-tensioned bridge structures was reviewed
and a topical report issued. Task B also included the selection of new grout
design mixtures and the testing of these mixtures to establish their
mechanical and physical properties. In task D, the results from tasks B and C
were utilized to identify the primary characteristics of grout mixtures which
may affect corrosion and placement of the grout.

TASK A& - DEVELOPMENT OF ACCELERATED CORROSION TEST METHOD

Preliminary Tests

Several preliminary tests were performed to examine various aspects of
accelerating corrosion for steel embedded in grout and to establish the
important variables to be included in the ACTM. Preliminary testing was
performed in three primary areas:

1. Grouted specimens.
2. Stressed specimens.
3. Cyclic potentiodynamic polarization (CPP) tests.

Grouted Specimens

The purposes of the preliminary tests inveolving grouted specimens were
to determine the following:

1. The ability to anodically polarize specimens.
2. The best means of incorporating the cathode.
3. Polarization level.
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4. The accelerating effect of anodic polarization versus freely
corroding conditions.

5. The best means of incorporating a reference electrocde into the
grout specimen.

6. The accelerating effect of salt fog exposure versus immersion.

The initial tests performed utilized conventional reinforcement bars,
0.37 in (0.95 cm) diameter, cast with a 0.19 in (0.48 cm) grout cover. With
the methods used, it was very difficult to get crack-free specimens. For
example, one specimen which was polarized to +0.30 V (saturated calcmel
electrode, SCE) in a 5 percent NaCl solution immediately climbed to an ancdic
current of 0.25 mA. Because this current was localized to a few cracked
areas, the current density was quite high and corrosion products very rapidly
poured out of the cracks. Tests on similar specimens indicated that the
passive current at this potential is expected to be less than .005 mA.
Although these tests were quite preliminary and performed utilizing
conventional reinforcement bars, as opposed to prestressing steel, the data
indicated that cracks in the grout cover produced a rapid increase in the
anodic current density and resulted in rapid corrosion of the imbedded steel.
These tests indicated the critical nature of preparing specimens which have no
cracks in the grout cover.

For all of the preliminary grouted specimen tests, a conventional grout
was selected for use. This grout was Type II Portland Cement with a 0.44
water-cement ratio with no additives. The grouted steel specimens consisted
of a single (center wire) of a 0.5 in (1.27 em) 7-wire strand 10 in (25.4 cm)
in length with a 0.17 in (0.43 cm) thick grout cover. A single wire of a 7-
wire strand was gelected because a single wire is all that can be effectively
loaded in a relatively small laboratory test set-up (if loading were
required). The steel specimen was masked off at either end at the grout-air
interface to prevent end effects with a 4.0 in (10.2 cm) section of steel
exposed within the grout (see figure 4). Curing consisted of leaving the
grouted steel specimens in the plastic molds for 24 to 48 hours, followed by
removing the specimens and immersing them in a saturated Ca(OH), solution for
a minimum of 7 days. Prior to testing, a platinum clad counter electrode was
wrapped around the specimen to permit polarization (see figure 4).

The test matrix developed included salt fog (5 percent NaCl) exposures,
5 percent NaCl solution immersion tests, and 100 percent humidity chamber
exposure. Specimens were tested for each of these three exposure conditions
utilizing the following three levels of polarization: (1) no polarization
(freely corroding), (2) polarization with a low voltage between the anode
(steel in grout) and cathode (platinum wire), and (3) polarization with a high
voltage between anode and cathode. Because a reference electrode is nearly
impossible to arrange for the vapor phase test, the polarization is being
controlled by a constant voltage applied between the anode and cathode. The
polarized potential of the test specimen was monitored periodically during
these preliminary tests. Time to corrosion initiation is the primary
parameter of interest in this study. For the polarized specimens, this is
determined by monitoring the current as a function of time. For the freely
corroding conditions, the time to corrosion initiation is determined by
measuring the polarization resistance as a function of time. Because the
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polarization resistance is inversely proportional to the corrosion rate, a
decrease in polarization resistance indicates the onset of corrosion.

Figures 5 through 7 show the polarization resistance (PR) versus time
for triplicate specimens in 5 percent NaCl solution, salt fog cabinet, and 100
percent humidity cabinet, respectively. These data show that the PR values
for the 5 percent NaCl solution and the salt fog cabinet are much smaller than
in the 100 percent humidity cabinet from the beginning of the tests. This
indicates a much higher corrosion rate for the specimens exposed in the 5
percent NaCl solution and the salt fog cabinet. Furthermore, a transition
from high PR values (low corrosion) to low PR values (high corrosion) was
observed for the 5 percent NaCl solution tests during the first 50 hours of
the test period. This transition is not as well defined in the salt fog
cabinet. The values of the free-corrosion potential for the 5 percent NaCl
solution tests are approximately -0.6 V (SCE) which is quite active indicating
passive film breakdown. As expected for the 100 percent humidity cabinet
tests, no chlorides, the PR values are quite high for steel embedded in grout.
In general, the data for the specimens immersed in a 5 percent NaCl solution
are much more stable with less variation from measurement to measurement than
those performed in the two atmospheric exposures.

Polarized tests were also performed in 5 percent NaCl solution, salt fog
cabinet, and 100 percent humidity cabinet. Measurement of the level of
polarization utilizing a reference electrocde is only feasible for the totally
immersed 5 percent NaCl conditions. Figure B shows the current and polarized
potential as a function of time for a specimen polarized with a constant
voltage between the working and counter electrodes of 1 V. It is seen that a
transition in the current from near zero up to 0.22 mA occurs qQuite rapidly
after approximately 35 hours. A corresponding transition in the polarized
potential from positive values to negative values occurs simultaneously with
the current transition. This transition in the polarized potential is due to
the fact that polarization is being maintained as a constant voltage between
the counter and working electrodes and the polarized potential is free to vary
depending on the conditions at the steel surface. Table 1 presents the data
from several specimens which were polarized with either a 0.5 V or 1.0 V
applied voltage between the working and counter electrodes for 5 percent NaCl
solutions, salt fog cabinet exposures, and 100 percent humidity exposures.

For the 5 percent NaCl solution tests, two trends are apparent: (1) the time
to breakdown for an applied voltage of 1.0 V is less than for an applied
voltage of 0.5 V, and (2) the current following breakdown is much greater for
an applied voltage of 1.0 V than for 0.5 V.

Salt fog exposures were performed for an applied voltage of 0.5 V. The
time to breakdown was greater for the salt fog exposures at 0.5 V applied
voltage than for the 5 percent NaCl solution tests. As expected, no breakdown
in the passive conditions occurred for the specimen exposed to 100 percent
humidity (no chlorides),

Based on these tests, the 5 percent NaCl solution provided the greatest
degree of acceleration. Also, the conditions of a totally immersed specimen
in a 5 percent NaCl solution provides a much easier test protocol as compared
to exposures in the salt fog cabinet. Also, the freely corroding tests do not
provide any clear advantage over the polarized tests, and the polarized tests
are easier to monitor than the freely corroding tests.
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Table 1. Data for time to breakdown of passivity

(corrosion initiation) for polarized grouted specimsens.

Current Current

Applied Time To Prior To | Following

Voltage, Breakdown, Breakdown | Breakdown

Test Condition Specimen \ Hours WA/ cm?2 pA/cm

5% NaCl Solution A 0.5 48-90 0.2 11
5% NaCl Solution B 0.5 48-90 0.4 23
5% NaCl Solution c 0.5 43-48 0.4 14
5% NaCl Solution D 0.5 90-114 £0.1 44
5% NaCl Solution E 1.0 17-25 0.1 290
5% NaCl Solution F 1.0 17-25 0.1 180
Salt Fog 3138 0.5 124 5 140
Salt Fog 3137 0.5 166 6 50
Salt Fog 3136 0.5 127 2 70
100% Humidity G 1.0 (a) <0.0001 ~(a)

(a) No breakdown occurred.

1uA/cm? = 6.4 uA/in2
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Stressed Specimens

The effects of an applied stress to the test specimen on the corrosion
behavior were examined utilizing a single wire of a 7-wire strand immersed in
a saturated Ca(OH), solution. The saturated Ca(OH), solution simulated the
expected pore solu%ion within the grout. An aqueous solution provided a much
easier test protocol than required for a specimen with a grout cover. The
load was selected to produce a 140 ksi (965.3 MPa) stress which corresponds to

the expected stress on a 7-wire strand in a bridge structure. The tests
performed were:

1. Fully loaded in Ca(COH), solution with no NaCl added and monitor
polarization resistance as a function of time.

2. Fully loaded in Ca(OH)2 solution with 5 percent NaCl added and
monitor polarization resistance as a function of time.

3. Unloaded in Ca(OH), solution with no NaCl added and monitor
pelarization resis%ance as a function of time.

4, Unloaded in Ca(OH), solution with 5 percent NaCl added and monitor
pelarization resistance as a function of time.

Comparison of table 2 to 3 indicate that the presence of chlorides
greatly increases the corrosion rate of the specimens as would be expected.
Comparing table 2 to 4 and table 3 to 5 indicate that the presence of 140 ksi

(965.3 MPa) stress has no effect on the measured corrosion rates for the
specimens.

CPP Tests

CPP tests were performed on the following four conditions:

1. Saturated Ca(OH)2 with no applied stress.

2. Saturated Ca(OH)2 with 240 ksi (1654.8 MPa) applied stress.

3. Saturated Ca(OH)2 plus 5 percent NaCl with no applied stress.
4. Saturated Ca(OH)2 plus 5 percent NaCl with 240 ksi (1654.8 MPa)

applied stress.

The tests were performed on the center wire of a 7-wire strand tendon. The
test setup was identical to that for the stressed specimens test described
above. Polarization curves were performed using standard CPP techniques as
described in ASTM Standard G61-78 "Conducting Cyclic Potentiodynamic
Polarization Measurements For Localized Corrosion."

The polarization behavior for the steel tendons in saturated Ca(OH)

both with and without stress applied show very similar passive behavior
exhibiting extremely low corrosion rates. TUpon examination of the specimens,
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Table 2. Free-corrosion potential and polarization resistance as
a function of time for prestressed steel exposed to saturated
Ca(OH)2 solution with no chlorides and with load applied.

Exposure Corrosion Free-Corrosion
Time, Stress, PR, Rate, Potential,
Days ksi ohm * em? um/vyr V, SCE

9 140 1.5 * 10’ 0.04 0,169
14 140 1.7 * 108 0.34 -0.173
16 140 2.5 % 108 0.23 -0.150
28 140 2.9 * 108 0.20 -0.151
48 140 7.5 * 108 0.08 -0.136
55 140 8.3 * 108 0.07 -0.127
71 220 3.5 * 108 0.17 -0.119
89 220 7.9 * 108 0.07 -0.130
106 220 7.6 * 10° 0.08 -0,039
112 220 .5 * 10° 0.09 ~0.067
127 220 7.3 * 10° 0.08 -0.087

1 ksi = 6.9 MPa
1 ohm*cm® = 0.16 ohm*in
| pym/yr = 0.04 mil/yr

2

31




Table 3. Free-corrosion potential and polarization resistance as -
a function of time for prestressed steel exposed to saturated
Ca(OH)2 solution with 5 percent NaCl and with load applied.

Exposure Corrosion Free-Corrosion
Time, Stress, PR, Rate, Potential,
Days ksi ohm * cn@ um/yr V, SCE

3 140 5,800 100 -0.462
8 140 5,500 106 -0.499
10 140 4,400 133 -0.516
22 140 4,900 115 -0.541
42 140 10,900 54 -0.523
49 140 10,500 56 —6.536
65 220 6,500 90 -0.544
83 220 8,500 69 =0.545
94 220 5,700 101 -0.579
106 220 4,200 138 -0.562
121 220 5,800 100 L -0.564
1 ksi = 6.9 MPa

1 ohm*cm”™ = 0.16 ohm*in

2

1 um/yr = 0.04 mil/yr
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Table 4. Free-corrosion potential and polarization resistance
as a function of time for prestressed steel exposed to saturated
Ca(OH)2 solution with no chlorides and no load applied.

Exposure Corrosion | Free-Corrosion
Time, PR, Rate, Potential,
Days ohm * cme pm/yr V, SCE

11 3.6 * 10° 0.16 -0.169
18 4.2 * 10° 0.14 -0.159
34 3.3 * 10° 0.18 -0.129
52 6.9 * 10° 0.08 -0.128
63 5.3 * 10° 0.11 ~0.125
75 5.9 * 105 0.10 -0.085
90 6.2 * 10° 0.09 ~0. 104
103 8.2 * 108 0.07 -0.110
118 9.7 * 10° 0.06 -0.085
1 ohm*em? 0.16 ohm*in2

1 um/yr = 0.04 mil/yr

Table 5. Free-corrosion potential and polarization resistance
as a function of time for prestressed steel exposed
to 5 percent NaCl and no load applied.

Exposure Corrosion | Free-Corrosion
Time, PR, Rate, Potential,
Days ohm * cmz um/yr V., SCE

11 6,500 90 -0.505
18 5,300 110 -0.515
34 5,800 101 | -0.541
52 6,900 85 -0.534
63 5,800 100 -0.527
75 6,600 88 -0.552
90 4,700 123 -0.551
103 5,500 105 -0.574
118 5,400 107 -0.555
1 ohm*cm? = 0,16 ohm*in?

1 ym/yr = 0.04 mil/yr
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nc visible corrosion, either general or localized, was identified on the test
specimens. The polarization parameters for the free~corrosion potential

(E ), corrosion current (i_ ), passive current density (i__ ), pitting
pogzntial (E_..), and protecgqon potential (E ) were deteré&ned from the
polarization curves and the values for these parameters are presented in table
6. Although some variation is observed for these parameters, very little
significance can be attributed to the application of stress. For example,
reproducibility to within approximately 50mV for the potential parameters and
a factor of 2 for the current parameters for repetitions of the same test
condition is not unusual. The polarization behavior for the stressed and
unstressed specimeng with 5 percent NaCl added also show similar behavior. As
is seen from the polarization parameters in table 6§, there is somewhat more
variation than observed for the no chloride conditions, but the variation
observed is still not significant. Both the stressed and the unstressed
conditions indicated breakdown of the passive film at relatively negative
potentials and a large hysteresis loop that indicates that for longer term
tests, localized attack would be expected because the free-corrosion potential
is more positive than the protection potential.

Table 6. Polarization parameters for CPP tests.

2 2
Test E_, mV i_, A/em i , A/cm E ., E .,
Condition cor cor pas o o
Stressed - 7 5
5% NaCl =480 5.2 * 10° 2.5 * 10° =240 -550°
No Stress - 7 5
5% NaCl ~415 2.2 * 10° 1 * 10° -305 <-500
Stressed - 8 . 7 :
No C1~ -240 3.8 * 10” 2.5 * 10 +575 +575
No Stress -
No C1” ~300 4.0 % 10 | 4.2 * 107 | +580 | +580

1 A/em? = 6.4 A/in2

The effect of stress on the polarization behavior for the prestressing
steel in a saturated Ca(OH), solution appears to be minimal. This is similar
to the conclusion drawn for the freely corroding specimens in which the
corrosion rate was measured based on polarization resistance techniques for
stressed and unstressed conditions.

ACTM Design

In this subtask, the ACTM was designed based on the results of the
preliminary experiments and consideration of several variables which were, at
least, initially considered important to developing an accelerated test method
for determining the corrosion performance of prestressing steel in a bonded
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post-tensioned concrete structure. Consideration was given to the following
variables:

1, Freeze-thaw cycles,

2. Wet-dry cycles.

3. Temperature,

4, Acceleration of Cl migration.
5. Acceleration of corrosion.

6. Specimen loading.

7. Types of ducts.

8. Types of prestressing steel.
9. Grout cover.

10. Grout curing.

A discussion of each of the above considerations is given below.

Because the application of post-tension bonded concrete structures
encapsulates the grout in a steel or plastic duct, it is not believed that
freeze—-thaw durability of the grout is a significant concern.

The application under study (bonded post-tensioned structures) ilnvolves
grout being pumped intoc a duct containing the steel tendons. It is not
expected that the grout would experience wet-dry cycles during operation.
Therefore, wet-dry cycles are not incorporated in the ACTM.

Temperature can be used to help accelerate the Cl™ permeation and
corrosion process. Preliminary tests on the conventional grout have not
required the higher temperature to accelerate the test. Corrosion was
initiated within a reasonable amount of time. Because this remained true for
the ACTM tests performed in task C, the ACTM was performed at room temperature
70 to 77°F (21 to 25°C).

Acceleration of C1™ migration is accomplished by two means in the ACTM:
(1) minimum grout cover, and (2) applied voltage. In the ACTM, a voltage is
applied between the tendon and a counter electrode in the test solution with
the tendon having a positive charge. This will tend to accelerate the
migration of the negative C1™ ions through the grout toward the tendon. The
degree of acceleration will depend upon the level of applied voltage.

Accelerating corrosion is of primary interest in this program. However,
it is highly unlikely that an accurate means of providing for "50 years worth
of corrosion" can be developed. 1In fact, if passivation of the prestressing
steel breaks down and corrosion is initiated, then a few months to a few years
of corrosion will likely be sufficient to cause failure of the prestressing
steel. Therefore, the most important factor is the initjiation of corrosion.
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One only has to refer to the voluminous data for pit initiation of stainless
steel by Cl ions to appreciate the difficulty of predicting such initiation
events with any accuracy. Therefore, the ACTM is designed to accelerate the
initiation of corrosion. This is accomplished by increasing the Cl~
concentration in contact with the grout surface and by the -application of a
voltage between the steel tendon and the counter electrode. The results of
the ACTM is a ranking of the new grout formulations as compared to the
"conventional" grouts in terms of time to corrosion initiation and rate of
corrosion following initiation.

Specimen loading was examined in the previously discussed Preliminary
Tests section. The data indicated that there is little or no difference in
the corrosion behavior for loaded versus unloaded steel tendons immersed in
saturated Ca(OH)2 solution or saturated Ca(OH), sclution with 5 percent NaCl
added. Tests were performed at zero, 140 ksi (965.3 MPa), and 220 ksi (1516.9
MPa) applied stress. Based on these results, loading of the steel tendons is
not performed as part of the ACTM.

The original work plan included the examination of two types of ducts:
(1) plastic, and (2) galvanized metal. Because all presently used grouts have
a high pH portland cement base, corrosion failure of the tendon only occurs
when a threshold level of Cl migrates to the tendon surface, thereby
initiating active corrosion. Furthermore, since the tendon is encased in a
plastic or metal casing, failure of the tendon must first result in failure of
the casing (with the exception of the anchors). Therefore, in any relatively
short-term accelerated corrosion test, the casing must be breached to permit
Cl™ migration through it. The ACTM has a 4 in (10.2 cm) section of casing
removed which simulates the worst case condition of a severe casing failure.
This is not an unrealistic condition and just such a failure was observed in
which the top 50 percent of a galvanized casing was corroded completely away
resulting in the failure of the tendon. It is suggested that the performance
of ducts should be tested in longer term, large scale tests which are not
within the scope of the present program.

Examining the effects of the type of prestressing steel, bar versus 7-
wire strand, was part of the original work plan. The 7-wire strand is of most
interest because it is presently more widely used and because its geometry
makes it more difficult to achieve complete cover of all strands.

Furthermore, the type of steel is not expected to have a major effect on the
corrosion performance of prestressing steel in grout. Therefore, the 7-wire
strand tendon was selected for testing in the ACTM.

One of the most important aspects of the corrosion of grouted tendons is
the depth of grout cover. In a typical structure, the grout cover can vary
from near zero to 0.5 in (1.27 cm) or more. The grout mitigates corrosion in
the following ways: (l) promotes passivity of the steel due to its high pH;
(2) impedes migration of Cl™ to the steel surface, which can cause the
breakdown of the passive film and initiate corrosion; and (3) if inhibitors
are added, the grout can further inhibit corrosion even in the presence of
Cl°. 1If significant grout cover is present, impeding the Cl migration is
likely the important property of a grout for mitigating corrosion. If little
or no cover 1is present, inhibiting properties of the thin layer of grout is
likely more important in mitigating corrosion. Thereby, the initial ACTM
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considered a range of grout cover as well as the possibility of cracks, or
flaws, in the grout.

The manner in which the grouts are cured also has a significant effect
on the properties of the grout which affect corrosion performance. Curing the
grouts in a restricted mold that is water and air tight provides conditions
similar to those expected during actual construction. Table 7 summarizes the
test conditions and grout properties discussed above.

In the following paragraphs, the ACTM is described in detail. It should
be recalled that the ACTM is designed tc establish the corrosion protection
provided by experimental grouts to establish whether significantly increased
corrosion mitigation can be expected over a 50-year life of a structure. The
focus of the ACTIM is on the grout and not the total post-tensioning system
which would include a detailed investigation of the entire system Including
tendon, grout, casing, and concrete cover. Also, many of the mechanical and
physical properties of the grout will be examined through standard test
methods being performed in task B. The ACTM is designed tc be just another
performance test for the grout. A decision for the usefulness of a grout in
post-tensioned structures will be a combination of standard test methods for
establishing physical and mechanical preoperties and the newly developed ACTM
for establishing corrosion performance.

The following is a list of conditions that are examined in the ACTM.

1. Grout with a nominal grout cover, 0.15 in (0.38 cm), (standard
specimen).

2. Grout with a minimum grout cover (dipped specimen).

3. Grout with a nominal grout cover with a preformed crack

(precracked specimen).

4. Use 0.5 in (1.27 cm) diameter 7-wire strand as specimen.
5. No load applied to specimen.
6. Cast and cure grout-tendon specimen in a restrictive water-tight

mold to simulate field conditions for grout curing.
7. Remove a section of the plastic mold (mold simulated duct) which
simulates large areas of perforation in the casing and accelerates

the test by increasing exposed grout area for Cl migration.

The standard and precracked grouted test specimens are prepared as follows:

1, Cut 0.5 in (1.27 cm) diameter 7-wire tendon into 10.5 in (26.7 cm)
length.

2. Clean and degrease tendon specimen using acetone.

3. Mask off 5 in (12.7 cm) at top of tendon specimen and 1.5 in

(3.8 cm) at bottom of tendon specimen using a coal tar epoxy
(Carbomastic l4) or equivalent.
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Table 7. Summary of test conditions
and grout properties for the ACTM.

F_
Included

Condition/Property In ACTM | Comments

Freeze-Thaw No Condition not applicable.

Wet-Dry Cycles No Not realistic condition.

Temperature Yes Held constant, could be used
for acceleration, if needed.

Specimen Loading No Loading was shown not to have
an effect.

Cl”~ Migration Yes Accelerated by ACTM.

Type of Casing No Test worst case, i.e., breach
in casing.

Type of Prestressing Yes Test 7-wire strand only.

Steel '

Grout Cover Yes Test with different cover
thicknesses.

Inhibiting Yes Test procedures designed to

Properties examine inhibiting
properties.

Presence of Crack or Yes Precracked specimens a part

Flaws of the ACTM.

Simulation of Curing Yes Curing of grout specimen will
simulate actual practice.

Acceleration of Yes ACTM accelerates corrosion by

Corrosion anodic polarization and
maximizing C1~ at the grout
surface.

e e e e e e e e e .
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10.

1l.

12.

13.

14,

Cut 10.5 in (26.7 em) length of 0.75 in (1.9 cm) Schedule 40 BVC
pipe for use as the restrictive mold (duct).

Fill concave portion of standard PVC pipe cap with epoxy and glue
end cap to one end of the pipe mold.

Insert tendon specimen with bottom washer in place. Washer will
keep tendon centered in mold.

Fill pipe mold slowly letting grout flow down one side, filling
the entire mold. Vibrate mold for 2 minutes, or until no bubbles
appear, to ensure air bubbles have been removed.

Position washer at top of tendon specimen, taking care not to
create air voids beneath washer. Vibrate again for short time.

Over-fill top of pipe mold and glue end cap with predrilled vent
hole on top of mold taking care to minimize air entrapped in end
cap (see figure 9). Seal vent hole with a self-tapping screw.

Cure grouted specimens for a minimum of 28 days.

Directly prior to testing ({ 24 hr) place pipe mold in lathe and
carefully cut a 4.5 in (l1.4 cm) gauge section out of the pipe
down to the grout (see figure 10). Care should be taken not to
disturb the grout anymore than necessary. ‘

Mask off a 4 in (10.2 cm) section of the exposed grout. Seal the
exposed grout/mold joints with epoxy (Sikaguard 62) or equivalent.
While applying sealant, keep exposed grout wet by wrapping section
in a water soaked paper towel. Also, seal cap ends to mocld. When
epoxy is semi-cured, place specimens in solution of saturated
Ca(OH)z.

Using the lathe, cut off top end cap down to the steel tendon to
permit electrical contact to the tendon (see figure 10).

Place grouted specimen with gauge section cut out of plastic pipe
directly into saturated Ca(OH)2 solution to prevent drying out.

Following removal of a section of pipe mold and exposure of the 4.5 in
(1l1.4 cm) gauge section of grout, the specimen is carefully inspected for
surface cracks or air voids within the exposed grout. Any visible crack or
void constitutes rejection of the specimen. Eight acceptable grout specimens
are required for testing. Four of these eight specimens are precracked to
evaluate the influence of flaws in the grout on the corrosion behavior as
determined by the ACTM. The following procedures were used to produce
precracked specimens:
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Self-Tapping Screw

Alr Vent

Epoxy Coating

Grout

12.7¢em

7-Wire Tendon

26.7cm

/ 3/4"PVC

e

End Cap
Filled With Epoxy

Figure 9. Schematic diagram of grouted pipe
specimen prior to cutting gauge section.

1 in = 2.54 cm
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Epoxy Seal
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Gauge Section

10.2¢em 11.4em

Figure 10. Schematic diagram of final grouted
test specimen ready for testing.
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Place the grout specimen in the test fixture as shown in figure
11,

While measuring the deflection with micromefer, apply ‘a load by
turning bolt to produce defection in 20 mil (508 um) increments.

After each 20 mil (508 um) increment, examine grout surface for
cracks,

At the first sign of visible cracks, unload the grout specimen and
label it as a precracked specimen ready for testing.

The third type of specimen to be prepared is the minimum grout cover

specimen.

Four each of these specimens are also prepared. These specimens

are prepared by the following procedure:

1.

Prepare tendon specimen and mask off surface with an epoxy as
previously described for the standard grout specimen.

Dip the specimen into the grout and pull out slowly. Do not
repeat.

Permit to cure for 4 to 8 h in a 100 percent humidity atmosphere
prior to immersion for 28 days in a saturated Ca(OH)2 solution.

It should be noted that following the performance of several ACTM tests using
these specimens in task C, this portion of the ACTM protocol was eliminated.

Upon preparation of the three types of specimens (standard grout
specimen, precracked specimen, and minimum cover specimen), the ACTM is
performed identically for the quadruplicate specimens of each type. The
following procedure is used to perform the ACTM:

1.

2.

Set up the test cell arrangement as shown in figure 12 with the
grouted test specimen immersed in a 5 percent NaCl solution.

A potentiostat is used to polarize the grouted test specimen.
Connect the potentiostat as shown in figure 13 with the potentioc-
stat in the "isolated” or "disabled" mode.

If the potentiostat has current and potential outputs, use them to
monitor current and potential.
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Figure 12. Schematic diagram of ACTM test cell arrangement.

1 in = 2.54 cm
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Figure 13. Wiring diagram for the ACTM.
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4. If the potentiostat does not have current and potential outputs;
use a Series resistor in the counter electrode lead to monitor
current (voltage drop across the resistor: I = V/R)'3 and monitor
potential at the output of+%he working and reference electrode
parts of the potentiostat.

5. Set the potentiostat to apply +0.6 V (SCE).

6. Within 5 to 10 minutes of immersion, apply the +0.6 V (SCE) by
switching the potentiostat from the "isolate" or "disable" mode to
the "run" mode.

7. Record current and potential periodically during the test (every
10 to 30 minutes is sufficient).

8. Plot current versus time until a rapid current increase signifies
the initiation of corrosion.

9. Allow tests to continue for 48 hr following initiation of
corrosion.

10. Review the recorded potentials to ensure that +0.6 V (SCE) was
maintained during the test.

11. Dismantle cell and remove test specimen,

12. For standard grout specimen, section the bottom end of the

specimen through the plastic pipe mold. Examine to see if any
voids exist in the interstices of the 7-wire strand or if the
grout penetrated and filled in the interstices.

! Measurement of voltage across a resistor in the counter electrode load must be accomplished with an

electrically isolated (Fioating ground) device that has an input Impedance 100 times the resistance of the
measurement resistor (Rm)'

2 With the volitage measurement deVlce hooked up across R_ as shown In figure 13, a positive value
indicates anodic current and a negative value indicates cathodic current.

8 Depending on the voltage range of the voltage measurement device and the current to be measured, a 100
ohm or 1,000 obm resistor should be adequate (this study used a 100 ohm resistor with a +56 V Input voltage
rangs). :

4 The potential measurement beEwean the working and reference electrode shouid be made with a retatively
high Input impedance voltmetsr (10° ohm minimum).

5 Connecting the potential measurement device as shown In figure 13 minimizes the possibility of ground
loops harming the reference electrode; but the potential measured is the reversed sign on standard
electrochemical convention (therefore, if +0.68 V Is applied by the potentiostat, a -0.8 V should bs measured
by the potential measurement davice).
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The above test methods have incorporated several modifications made to
the specimen preparation and to the ACTM test procedures during the course of
performing the ACTM on several specimens in task A. One primary modification
was going from a voltage applied polarization to using a potentiostat which
controls the potential between the working electrode (the grouted test
specimen) and a standard reference electrode (saturated calomel electrode,
SCE). Because the decision was made to use an aqueous solution of 5 percent
NaCl with total immersion of the grouted specimen, potentiostated tests were
possible and provide for much better potential control. Also, the counter
electrode is inserted next to the test specimen as opposed to rapping around
the test specimen as previously performed. Again, this is made possible
because of the totally immersed conditions for the grouted specimen in the
final ACTM test. Also, the specimen preparation is a result of a series of
modifications to minimize cracking of the specimen upon removal of the
specimen from a mold and unwanted corrosion of the test specimen at points
where the specimen is masked off. One final modification from the preliminary
tests previously described is that because stress was not applied to the steel
specimen, a full 7-wire strand was used as the specimen as opposed to a single
wire of the 7-wire strand tendon. For consistency, data that has been
ptoduced using the final ACTM procedure is included in the data presented in
task C.

TASK B - DEVELOPMENT OF DESIGN MIXTURES FOR GROUT

Work performed in this task was divided into two primary subtasks:
Current Grout Designs and New Grout Designs.

Current Grout Designs

In this subtask, current grout designs and construction practices
employed for post-tensioned members were examined. The review of the state-
of-the-art performed in this subtask has been published as an FHWA Report
entitled "Grouting Technology For Bonded Tendons In Post-Tensioned Bridge
Structures" (FHWA-RD-90-102). One of the primary data sources for
establishing the present grouting practices, and in particular, the
specifications used for the grout were the State Highway Departments. The
primary information gathered from the State Highway Departments were the types
of grouts that have been used in bonded post-tensioned highway structures and
identification of the types of quality control tests performed to ensure an
adequate grout and the general specifications used by the State Highway
Departments for specifying a grout. Although this information was discussed
in detail in the topical report, the summary tables of the details of this
information were not provided. Those tables that summarize the data collected
from the State Hiphway Departments are presented in appendix A of the present
report.

Because the details of this review have already been published in an
FHWA report, the conclusions are summarized below.

47



The technology of post-tensioned concrete structures in the U.S. is
about 25 years old. In general, the performance record of these structures is
an excellent one. It was determined that there are relatively few documented
examples of bonded post-tensioned structures in which corrosion of the
prestressed tendons has occurred. Even in many of these instances,
investigators of the structures speculated that corrosion might not have
occurred if proper construction practices and designs had been followed.
However, in one example (a midwest parking garage), corrosion of embedded
strands in a post-tensioned construction occurred when a large section of the
galvanized duct was breached due to corrosion as a result of chloride
migration. The corrosion attack resulted in failure of at least one wire of
the 7-wire tendon. This example shows the importance of the quality and depth
of the concrete covering the ducts. It is inevitable that additional
instances of corrosion-related problems will be observed, as the average age
of these structures continues to increase, deicing salts continue to be used,
and the salts penetrate to greater depths within the concrete. The
catastrophic nature of a serious failure within a bridge or parking garage
makes it important for the industry to continue to improve upon its practices.
All available technology which is economically feasible and that could improve
performance should be incorporated into standard industry practice.

One such area in which improvements are possible is the grouts used for
filling the ducts containing the prestressed steel within the post-tensioned
structure. Because the grouts provide the final defense against corrosion of
the prestressing steel tendons that support the structure, it is imperative to
provide a grout that incorporates the state-of-the-art technology. TUp to now,
the majority of grouts used in bonded post-tensioned concrete structures has
been a simple mixture of portland cement and water with water/cement ratios
typically specified to fall below 0.44 and 0.50 and with expansive and non-
bleeding additives sometimes speficied.

Based on a review of the grouts used to date and on the current
technology of additives developed primarily for use in concrete to reduce
permeability to chloride ion, the next generation of grouts could be improved
in the following areas:

1. A reduced permeability to chloride penetration.

2, An improved ability to inhibit corrosion when chloride ions
penetrate down to the prestressing steel.

3. Improved rheclogical and emplacement characteristics which reduce
the risk that voids remain in the ducts being grouted. ‘

Of principle importance to the rheological and emplacement
characteristics are:

l. Fluidity of the grout.

2. The time dependency of the grout fluidity (open time).

3. The propensity of the grout to bleed or segregate, especially when
under pressure and in contact with stranded prestressing steel
elements.
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New Grout Designs

Ten different grout series were evaluated in task B. The distinction
between the various series was done on the basis of grout additives. The
following provides a brief description of the different series examined.

1.

Series l: Standard Grout - The standard grout was chosen to be
representative of grouts that have been used for many years in
U.S. practice. It is a simple mixture of Type II portland cement
and water with a water-cement ratio of 0.44.

Series 2: Commercial Anti-Bleed Admixtures - This grout also has
a "normal" water-cement ratio (0.45) but contains a commercially
available anti-bleed admixture that has been fairly widely used in
recent years (Celtite Inc.'s Celbex 209X).

Series 3: High-Range Water-Reducer ~ The use of a
superplasticizer provides significantly reduced water-cement
ratios (15 percent to 30 percent water reduction) while
maintaining the same level of fluidity. This series provides
reduced water content grouts that are otherwise comparable (from a
materials point of view) to the standard grout.

Series 4 and 10: Corrosion Inhibitor - The corrosion inhibitor
(calcium nitrite) was used in grouts at both normal (Series 10)
and reduced (Series 4) water-cement ratics. These series are
unique in that it is the only grout that can possibly contribute
to an improved resistance to tendon corrosion after the chloride
ion has reached the steel.

Series 5: High-Range Water-Reducer Plus Flyash and Sand - This
series was formulated in an effort to produce a relatively
impermeable grout that would function at the same performance
level as silica fume grouts while costing less.

Series 6: High-Range Water-~Reducer Plus Silica Fume - Silica fume
replacements up to 20 percent of cement weight were evaluated.
Superplasticizers are required in these systems to achieve the
desired level of fluidity at a reduced water content,

Series 8: High-Range Water-Reducer Plus Latex - There is very
little in the literature concerning the use of superplasticizers
with latex modifiers in portland cement-based systems. In the
present investigation, success was achieved in producing low
water-cement ratio, latex-modified grouts.

Series 9: Expansive Agent - This grout series was evaluated at
both normal and reduced water-cement ratio levels using an
aluminum powder as the expansion-causing agent.

Series 11: High-Range Water-Reducer Plus Expansive Agent Plus
Anti-Bleed Additive - This series was evaluated to learn the
effect of the expansive additive on the performance of Grout
Series No. 3 and No. 12.
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10. Series 12: Anti-Bleed Additive - In this grout series, a water
soluble, polysaccharide gum, providing superior anti-bleed
behavior, was evaluated.

A summary of the eleven grout series is‘presented in table 8.

Series No. 1| - Standard Grout Properties and Behavior

The standard grout used in the investigation is a simple mixture of Type
II portland cement and water with a water-cement ratio of 0.44 (see table 9).
The properties and behavior of the standard grout are summarized in table 10.

At ? water—cemﬁ?t ratio of 0.44, the standard grout had a unit weight of
118 1b/ft” (1890 kg/m") and an initial flow cone efflux time of 18 seconds.
The grout poured uniformly with no disruption or tearing of the grout stream.
The standard grout showed very little bleeding at normal atmospheric pressure
but did lose almost half of its total water at a pressure (gauge) of 80 psi
{552 kPa). It is estimated that the standard grout remains pumpable for over
3 hours at 73°F (23°C). The standard grout showed good strength gain behavior
with a 7 day compressive strength of 6000 psi (41370 kPa) and a 90 day
compressive strength of almost 10,000 psi (68950 kPa). Tested at 30 V, the
standard grout showed a rapid permeability test current flow of 2400 coulomhbs
in 6 hours.

Series No. 2 - Effect of Commercial Anti-Bleed
Admixture on Grout Properties and Behavior

The commercial anti-bleed admixture selected for the investigation is
Conbex 209X supplied as a powder by the Celtite Corporation. The composition
of the admixed grout is shown in table 11, The properties of Grout 2-1 are
summarized in table [2.

The use of the anti-bleed admixture required a slight increase in the
water-cement ratio from 0.44 to 0.46 to maintain an initial pourable
consistency. Despite being pourable, the admixed grout had a significantly
higher viscosity than the standard grout (flow cone efflux time of 59 seconds
vs. 18 seconds). However, the admixed grout remained in a pumpable condition
for over twice as long as the standard grout.

The admixed grout had a slight reduction in unit weight relative to the
standard grout, reflecting in part, the entrained air derived from the
expansive additive. This feature, along with the slightly higher water-cement
ratio, was responsible in part for the reduced compressive strengths of the
admixed grout relative to the standard grout (30 to 40 percent). Despite this
reduction, the admixed grout did have a compressive strength over 5000 psi
(34475 kPa) at 28 days (5580 psi or 38474 kPa).
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Table 8.

Summary of grout compositions

evaluated in the present investigation.

Series 1:

Series 2:

Series 3:

Series 4:

Series b5:

Series 6:

Series 8:

Series 9:

Series 10:

Series 11:

Series 12:

Standard Grout

Commercial Anti-Bleed Admixtures
High-Range Water-Reducer (HRWR)
Corrosion Inhibitor/HRWR
HRWR/Flyash/Sand

BRWR/Silica Fume

HRWR/Latex

Expansive Agent

Corrosion Inhibitor

HRWR/Expansive Agent/Anti-Bleed
Additive

Experimental Anti-Bleed Additive

Note:

All grouts contained the same Type II portland cement.
When a HRWR is used, the water to cementitious
materials ratio is less than 0.37, When no HRWR is
used, the water to cementitious materials ratio is

0.44 to 0.46.

Table 9. Standard experimental grout
containing no admixtures (Series No. 1).

Constituent

Type II Portland Cement | 100 parts by weight

Composition 1

Water (w/c =

0.44) 44 parts by weight
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Table 10, Properties and behavior of standard
grout at a water-cement ratio of 0.44 (series no.

1).

Unit Initial Flow Bleeding Expansion Bleeding Under Pressure® Grout Open Time,
Weight, Cone Efflux Percent® Percent® Hr:Min
Ib/ft3 Time, sec.® (Estimated Time
Pressure, psi Percent of Grout Remains
at which water Total Water Pumpable at 74°F)
loss first Removed at

cffected 80 psi

118 18 0.1 0 0 48 3:20
Setting Time® Heat Evolution Behavior Compressive Strength, psi® Rapid Permeability Test Results®
Maximum Time to Reach Current Flow - Coulombs
Initial Final | Temperature, [Maximum Temperature| 1d d 28d 90d
Hr:Min | Hr:Min F Hr:Min 60V 30V
5:15 7:00 150 9:50 2700 | 5960 | 7840 | 9860 37,000 2,400
@ ASTM C939 @ ASTM C953
® ASTM C940 ) ASTM C942
© Gelman pressure filtration procedure ® AASHTO Designation T277-83
1 1b/ee® - 16.2 kg/md
1 psi = 6.9 kPa

5(F-32)/9 = C



Table ll. Experimental grout containing a
commercial anti-bleed admixture (Series No. 2-1).

Constituent Composition 2-1

{*

Type II Portland Cement | 100 parts by weight

Water (w/c = 0.44) 44 parts by weight

Conbex 209X 1.5 percent based on
cement weight
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Table 12. Properties and behavior of grout containing 1.5 percent
(by weight of cement) of a commercial anti-bleed admixture
(Conbex 209X) at a water-cement ratio of 0.46 (series no. 2-1).

Unit
Weight,
Ib/ft?

Initial Flow
Cone Efflux
Time, sec.®

Bleeding
Percent®™

Expansion

Percent®

Bleeding Under Pressure®

Grout Open Time,
Hr:Min
(Estimated Time

Pressure, psi Percent of Grout Remains
at which water Total Water Pumpable at 74°F)
loss first Removed at
effected 80 psi
115 59 0 1.3 30 5 8:00
Setting Time® Heat Evolution Behavior Compressive Strength, psi® Rapid Permeability Test Results®
Maximum Time to Reach Current Flow - Coulombs
Initial Final Temperature, |Maximum Temperature| 1d 7d 28d 90d
Hr:Min | Hr:Min F Hr:Min 60V 30V
*
14:00 23:30 155 11 115 | 3410 | 5580 | 6530 59,000 14,500
® ASTM (939 @ ASTM C953
® ASTM C940 © ASTM C942
) Gelman pressure filtration procedure ® AASHTO Designation T277-83
1 16/£t? = 16.2 kg/nd
1l psi = 6.9 kPa

5(F-32)

/9 = C




The admixture had a significant beneficial effect on the water retention
of the grout under pressure. A pressure of 30 psi (207 kPa) was required to
affect any water loss, and at 80 psi (552 kPa) (gauge), only 5 percent of
thetotal water was removed from the admixed grout (compared to almost 50
percent for the standard grout).

The admixture had a significant adverse effect on the permeability of
the grout as reflected in the rapid perm test. For the admixed grout, the 6
hour current flow at 30 V was 14,500 coulombs for the admixed grout compared
with 2,400 coulombs for the standard grout.

In summary, at an additional rate of 1.5 percent by weight of cement,
the commercial admixture had a beneficial effect on the water retention under
pressure of the grout and provided a modest expansion (1.3 percent) with an
increase in the time that the grout remained pumpable. At this addition rate,
the grout did have an adverse (but acceptable) effect on compressive strength
development and a significant adverse effect on the chloride permeability of
the grout.

Series No. 3 - Effect of High-Range Water-Reducer
on Grout Properties and Behavior

The compositions of the grouts containing the high-range water-reducing
(HRWR) admixture are shown in table 13. For the admixture dosage rate used
here, considerable bleeding occurred in the grouts at water-cement ratios
above 0.37. The grout selected for further study had a water-cement ratio of
0.365 at a HRWR level of 15 oz/cwt (9.7 ml/kg). The properties of this grout
are summarized in table l4.

Table 13. Experimental grout containing a high-
range water-reducing (HRWR) admixture (Series No. 3).

Constituent Composition 3

w

Type II Portland Cement | 100 parts by weight

Water (w/c = 0.32-0.44) | 32-44 parts by weight

HRWR Admixture 10 to 20 fl. oz. per
100 1b. of cement

1 f1 oz/1b = 65 ml/ke
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Table l4. Properties and behavior of grout containing 15 oz/cwt
of a high-range water-reducing (HRWR) admixture (Mighty 150)

at a water-cement ratio of 0.365 (series no.

3).

Unit
Weight,
Ib/ft3

Initial Flow
Cone Efflux
Time, sec.®

Bleeding
Percent®™

Expansion
Percent®

Bleeding Under Pressure®

Grout Open Time,
Hr:Min

(Estimated Time

Pressure, psi Percent of Grout Remains
at which water Total Water Pumpable at 74°F)
loss first Removed at
effected 80 psi _
120 19 0.15 0 10 38 4:20
Setting Time? Heat Evolution Behavior Compressive Strength, psi® Rapid Permeability Test Results®
Maximum Time to Reach , Current Flow - Coulombs
Initial Final | Temperature, |Maximum Temperature| 1d 7d 28d 90d
Hr:Min | Hr:Min F Hr:Min 60V 30V
8:06 10:00 180 12:00 4170 | 8000 | 9530 | 10,980 24,000 4,300
@ ASTM C939 @ ASTM C953
® ASTM C940 ) ASTM C942
© Gelman pressure filtration procedure ® AASHTO Designation T277-83
1 1b/£t3 = 16.2 kg/m
1l psi = 6.9 kPa

5(F-32)/9 = (¢



At an HRWR level of 15 oz/cwt (9.7 ml/kg), the admixed grout had the
same initial flow {(cone efflux time of 19 seconds) as the standard grout while
providing a water reduction of almost 20 percent. Relative to the standard
grout, the admixed grout showed equal or improved pumping time and strength
development. The admixed grout at the reduced water-cement ratio showed only
a slightly improved water retention capacity. The admixed grout lost 40
percent of its total water at 80 psi (552 kPa) (gauge) while the standard
grout lost 50 percent of its total water at 80 psi (552 kPa). The admixed
grout had a rapid permeability current passed of 4300 coulombs compared to
2400 coulombs for the standard grout,

In summary, the use of a HRWR admixture provided for the maintenance of
adequate fluidity and working time in the grout at a 20-percent reduction in
water content. Relative to the standard grout, the grout containing the HRWR
showed improvements in the rate of strength development and in the water
retention capacity under pressure., An expected reduction in chloride
permeability brought about by the lower water-cement ratio of the admixed
grout (relative to the standard grout) was not seen in the present
investigation.

Series No. 4 and 10 - Effect of Calcium Nitrite Corrosion
Inhibitor on Grout Properties and Behavior

Grouts containing the calcium nitrite corrosion inhibitor (W.R. Grace
Company - DCI) were prepared at water-cement ratios of 0.365 (Grout No. 4-1)
and 0.44 (Grout No, 10-1). The compositions are shown in table 15,
Properties of the Grout No. 4-1 are summarized in table 16.

Table 15. Experimental grouts containing a calcium nitrite
corrosion-inhibiting admixture {Series Nos. 4-1 and 10-1),.

Constituent Composition 4-1 Composition 10-1

Type II Portland Cement 100 parts by weight 100 parts by weight
Water 34,7 parts by weight 42,7 parts b{ weight
(w/e = 0.365) (w/c = 0.44)D
HRWR Admixture 15 f1. oz. per None
100 1b. of cement
Calcium Nitrite 6 gallons/yd3 of grout 6 gallons/yd3 of grout
Corrosion-Inhibiting
Admixture

(W. R. Grace - DCI)

@) Includes mixing water and water contribution from admixtures.
1 f1 oz/1b = 65 ml/ke
1 gal/yd® = 4.9 1/m
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Table 16. Properties and behavior of grout containing 6 gallons/yds
of a corrosion-inhibiting admixture at a water-cement

ratioc of 0.365 (series no. 4-1).
Unit Initial Flow Bleeding Expansion Bleeding Under Pressure® Grout Open Time,
Weight, Cone Efflux Percent® Percent® Hr:Min
1b/ft3 Time, sec.® (Estimated Time
Pressure, psi Percent of Grout Remains
at which water Total Water Pumpable at 74°F)
loss first Removed at
effected 80 psi
121 22 0.60 0 0 4 3:15
Setting Time® Heat Evolution Behavior Compressive Strength, psi® Rapid Permeability Test Results®
Maximum Time to Reach Current Flow - Coulombs
Initial Final Temperature, | Maximum Temperature| 1d 7d 28d 90d
Hr:Min | He:Min F Hr:Min 60V 30v
6:50 8:45 157 13:00 1700 | 6225 | 8740 | 9710 32,000 4000
®) ASTM C939 @ ASTM C953
® ASTM C940 © ASTM C942
@ Gelman pressure filtration procedure ® AASHTO Designation T277-83
1b/etd = 16,2 kg/nd
1 psi = 6.9 kPa
5(F-32)/9 = C



No property data was obtained on Grout No. 10-1. Only ACTM specimens
were prepared from this grout. The main objective of property measurements on
the corrosion inhibitor-containing grout was to assure that the inhibitor had
no adverse effect on the properties of the grout in the fresh and hardened
state while, hopefully, providing the desired corrosion-inhibiting function in
the hardened grout. A comparison of the data shown in table 16 with property
data on the same grout without the corrosion-inhibiting admixture (table 14 -
Series 3) confirms this desired result. The only exception is a lower 1l day
compressive strength for the grout containing the corrosion inhibitor. This
is an unexpected result as the calcium nitrite corrosion inhibitor is expected
to act as a set accelerator. However, in the present case, the set-retarding
function of the HRWR appears to offset this function.

Series No. 5 - Effect of Fine Aggregate (Sand)
Additions On Grout Properties And Behavior

Grout composition were studied which contained Type II portland cement
and a fine silica sand. The silica sand has a maximum particle size of 50
mesh. The sanded Series No. 5 grouts also contained flyash, a high-range
water-reducter (HRWR), and an anti-bleed additive (polysaccharide gum).

The composition of the grout is shown in table 17 (Composition 5-1).
Property data on this grout is summarized in table 18.

Table 17. Experimental grout containing a fine
silica sand and flyash (Series No. 5-1).

Constituent ComEosition 5-1

Type II Portland Cement 100 parts by weight

Flyash 33 parts by weight

Silica Sand 52 parts by weight

Water
[w/(c + flyash) = 0.32] 43 parts by weight

Polysaccharide Gum 0.05 parts by weight

HRWR Admixture 40 fl., oz. per
100 1b. of cement

1 f1 oz/1b = 65 ml/kg
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Table 18, Properties and behavior of grout containing fine silica sand
and flyash at a water-cement ratio of 0.32 (series no. 5-1).

Unit Initial Flow Bleeding Expansion Bleeding Under Pressure®® Grout Open Time,
Weight, Cone Efflux Percent® Percent® Hr:Min
1b/ft3 Time, sec.®) (Estimated Time
Pressure, psi Percent of Grout Remains .
at which water Total Water Pumpable at 74°F)
loss first Removed at
effected 80 psi _
128.6 86 0 0 40 5 5:00
Setting Time® Heat Evolution Behavior Compressive Strength, psi® Rapid Permeability Test Results®
Maximum Time to Reach Current Flow - Coulombs
Initial Final | Temperature, {Maximum Temperature| 1d 7d 28d 90d
Hr:Min | Hr:Min F Hr:Min 60V 30V
16:10 18:45 132 24:00 900 | 6450 | 8400 | 13,385 6960 370 (140)
@ ASTM C939 @ ASTM C953
> ASTM C940 © ASTM C942
© Gelman pressure filtration procedure ® AASHTO Designation T277-83

1 1b/£t%3 = 16.2 kg/mS
1 psi = 6.9 kPa
5(F-32)/9 = C



Sanded grouts containing up to 28 percent of the Wedreon 510 sand were
prepared with water-cement + flyash ratios in the 0.27 to 0.32 range. These
grouts had a pourable fluidity and maintained their pumpability for up to five
hours. Although initially pourable, these grouts were quite viscous with
Grout Composition 5-1 showing an initial flow cone efflux time of 86 seconds
at a water-cement + flyash ratio of 0.32.

The HRWR addition retarded the l-day strength development in Composition
No. 5-1 (900 psi or 6206 kPa) with the 7-, 28-, and 90-day strengths equal or
exceeding the strengths developed by the standard grout. In fact, the 90-day
strength of the sanded grout (13385 psi or 92290 kPa) was the highest strength
grout developed in the present prcgram. The sanded grouts showed virtually no
bleeding. Grout No, 5-1, in the pressure filtration test, required 40 psi
{275 kPa) before any water loss was effected and only 5 percent of the total
free water was removed at a pressure of 80 psi (552 kPa). Sanded Grout No. 5-
1 provided one of the better results obtain in the rapid permeability test.

The use of fine aggregate (sand) in these grouts has the potential for
reducing overall grout cost without having any adverse effect on engineering
properties relevant to the bonded post-tensioning application. In fact,
properties such as strength development and bleeding behavior may be improved
by the sand addition. It is also expected that the volume stability of sanded
grouts will be superior to that of unsanded grouts (reduced drying shrinkage
strain). It remains to determine the overall pumpability of these relatively
viscous, high unit weight grouts.

Series No. 6 - Effect of Silica Fume on Grout Properties and Behavior

Grout compositions were studied which contained Type II portland cement
and silica fume additions of 5, 10, 15, and 20 percent of cement weight. 1In
all of the silica fume grouts, it was necessary to use the HRWR to achieve and
maintain satisfactory fluidity characteristics. The composition for two of
the silica fume grouts that were studied most extensively in the present
investigation are shown in table 19 (Composition 6B - 10 percent silica fume;
and Composition 6D - 20 percent silica fume).

Table 19. Experimental grouts containing 10-
and 20-percent silica fume (Series Nos. 6B and 6D).

Constituent Composition 6B Composition 6D

Type II Portland Cement 100 parts by weight 100 parts by weight

Silica Fume (sf) 11 parts by weight 25 parts by weight

Water 41 parts by weight 46 parts by weight

(w/¢c + sf = 0.365)

HRWR Admixture 15 oz to 55 oz per 15 oz to 55 oz per
100 1b of cement 100 1b of cement

1 £f1 oz/1b = 65 ml/kg
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The silica fume was added as a dry powder and preblended with the other
dry grout ingredients. The amount of HRWR required to achieve a starting
fluidity of a 20- to 30-second flow cone efflux time increased with increasing
gilica fume content (see figure l4). The 20 to 30 second efflux time was
arbitrarily chosen to represent a "satisfactory" initial fluidity for these
relatively dense, low water content grouts. In fact, any grout that passes
completely through the flow cone, regardless of total efflux time, can be
defined as a pourable grout. To maintain a water to cement plus silica fume
ratio of 0.365 at the desired fluidity level, a silica fume content of 5
percent required a 0.7 percent addition of HRWR (19 oz/cwt 12.4 ml/kg) while a
20-percent silica fume content required a 1.7 percent addition (47 oz/cwt or
30.6 ml/kg). These silica fume grouts had an efflux time of 20 to 30 seconds
for up to 1 hour at 75%F (2400) as shown in figure 15.

The time during which the silica fume grouts remain pumpable can be
controlled by controlling the quantity of HRWR used. This phencmenon is shown
in figure 16 for a lO0-percent silica fume grout (Grout 6B). At the 10-
percent silica fume addition, the open time of the grout varied from 1 and 1/2
hours to 8 hours when the HRWR was increased from 25 oz/cwt (16.2 ml/kg) to 55
oz/cwt (35.8 ml/kg).

All of the silica fume grouts representing the data points in figures
14, 15, and 16 had a water to cement plus silica fume ratio of 0.365. The
grouts showed good stability in slurry form and showed no tendency to
gsegregate or bleed in an unpressurized condition.

The initial fluidity and open time of the silica fume grouts were also
controlled by the starting water to cement plus silica fume ratio. This,
relationship is shown in figure 17 for water to cement plus silica fume ratios
of 0.35, 0.40, and 0.45 for the grout containing 10-percent silica fume and 25
oz/cwt (16.2 ml/kg) of HRWR. At the lowest water to cement plus silica fume
ratio (0.35), the initial fluidity was 37 seconds efflux time and remained in
a pourable condition for about 1 and 1/2 hours. At the highest water to.
cement plus silica fume ratio of 0.45, the initial fluidity was 14 seconds
efflux time and the grout still had an efflux time of around 20 seconds after
2 and 3/4 hours. At the highest water to cement plus silica fume ratio
(0.45), the grout did exhibit slight bleeding.

A complete set of property data was obtained on silica fume grouts
containing 10-percent silica fume (Composition 6B) and 20-percent silica fume
(Composition 6D). These results are summarized in table 20. Relative to the
standard grout, the use of silica fume (10- and 20-percent cement replacement)
in conjunction with a HRWR provided significant improvements in water
retention capacity (under pressure) and in chloride ion permeability. These
benefits were achieved without sacrificing strength and working time
characteristics.

Series No. 8 ~ Effect of Latex Polymer Modifier
on Grout Properties and Behavior

Acrylic and SBR latex polymer modifiers were evaluated. The SBR latex
modifier (Modifier A - Dow Chemical Company) provided the most stable grout
and the most consistent properties. The latex addition wasg 15 percent
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Silica Fume Content, Percent Replacement For Cement

0.5 1.0 1.5
Weight Percent Solid Superplasticizer

Figure l4. Quantity of superplasticizer (M150) required to
maintain the same fluidity (efflux time of 20 to 30 seconds)
in a Type II portland cement grout as a function of silica
fume replacement of cement [w/(c + sf)] = 0.365.
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Time After Mixing, Hours

Figure 15. Efflux time of Type II portland cement grouts containing
5 percent to 20 percent silica fume (cement replacement) as a
function of time after mixing. Superplasticizer content was

varied from 19 oz/cwt (5 percent silica fume) to 47 oz/cwt

(20 percent silica fume). Water-cement + silica fume ratio = 0,365.

1 czfcwt = 0.65 ml/kg
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Figure 16. Initial and time-dependent efflux time of a 90 percent
Type II portland cement/10 percent silica fume grout (Grout 6B)
as affected by superplasticizer (M150) dosage rate (25 oz/cwt
to 55 oz/cwt. The water-cement + silica fume ratio = 0.365.

1 oz/cwt = 0.65 ml/kg
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Figure 17. Initial and time-dependent efflux time of a 90
percent Type II portland cement/l0 percent silica fume grout
as affected by water-(cement + silica fume) ratio (0.35 to 0.45).
The super-plasticizer dosage rate is constant at 25 oz/cwt.

1 oz/cwt = 0.65 ml/kg



Table 20.

Summary of propsrty data on experimental grouts containing

10 percent silica fume cement repllcement (Composition 6B) and
20 percent silica fume cement replacement (Composition 6D) at a
water to cement plus silica fume ratio of 0,365 (series No. 6).

L9

Grout| Unit Initial Flow | Bleeding | Expansion Bleeding Under Pressure® Grout Open Time,
Weight, | Cone Efflux ; Percent® Percent® Hr:Min
Ib/ft3 Time, sec.® (Estimated Time
Pressure, psi Percent of Grout Remains
at which water Total Water Pumpable at 74°F)
loss first Removed at
' effected 80 psi
Comp. |
6B 116 28 0 0 10 16 1:53
Comp. -
6D 17 27 0 0 30 6 6:00
Grout | Setting Time® Heat Evolution Behavior Compressive Strength, psi®)|Rapid Permeability Test Results®
Maximum Time to Reach Current Flow - Coulombs
Initial | Final |Temperature,|Maximum Temperature| 1d | 7d | 28d-| 90d
Hr:Min |Hr:Min F Hr:Min 60V 30V
Comp.
6B | 650 | 9:00 170 11:00 3310| 7130 {10,030 11,620 270 900-1000
Comp.
6D | 10:23 | 12:00 150 15:00 1930] 6760 | 8830 | 9340 590 150
@ ASTM C939 @ ASTM C953
® ASTM C940 © ASTM C942
€ Gelman pressure filtration procedure ® AASHTO Designation T277-83
1 1b/£t3 = 16.2 kg/m®
1 psi = 6.9 kPa

5(F-32)/9 = ¢



(percent of cement weight based on dry latex solids). In conjunction with the
use of the HRWR at an addition rate of 15 oz/cwt (9.7 ml/kg), a water-cement
ratio of 0.29 was achieved in a grout with an initial efflux time of 16
seconds and an open time of over 5 hours. The grout showed no bleeding or

segregation.

The composition of the latex-modified grout (Composition 8-1) is shown
in table 21 and the properties of the grout are summarized in table 22. The
curing of the latex-modified grouts differed from that of the other grouts.
Latex-modified grouts, following a 24-hour mold curing period, were sealed in
polyethylene containers so that some drying could occur to deposit the latex
film (autogenous drying).

Table 21. Experimental grout containing SBR latex
polymer modifier admixture (Series No. 8).

Constituent Composition 8

Type IT Portland Cement | 100 parts by weight

Dow Modifier A:SBR
L.atex Polymer Modifier 31.5 parts by weight

Water (w/c = 0.29)(” 13 parts by weight

HRWR Admixture ' 15 f1 oz per
100 1b of cement

@ Water-cement ratio = 0.29 (includes mixing water
and water contribution f£rom latex polymer solution.
1 f1 oz/1lb = 65 ml/kg

Shown in table 22, the latex-modified grout had an excellent fluidity
(initial flow cone efflux time = 16 seconds) that was maintained in a pumpable
condition for over 5 hours. Relative to the standard grout, the latex-
modified grout showed a significant improvement in water retention capacity
and a reduced chloride ion permeability. The l-day compressive strength of
the latex-modified grout was 65 percent that of the standard grout while
strengths at 7, 28, and 90 days were equal.

In summary, the use of an SBR latex in conjunction with a HRWR provided
significant improvements in grout properties relative to the standard grout in
the application of interest. The latex-modified grout showed the best
performance of all grouts tested here in the pressure filtration test. A
pressure of 50 psi (345 kPa) was required before any water was lost from the
grout, and at a final pressure of 80 psi (552 kPa) only | percent of the total
water was removed from the latex-modified grout (Composition 8-13}.
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Table 22. Summary of property data on experimental
grout containing SBR latex modifier (Composition 8-1)
at a water-cement ratio of 0.29 (series no. 8).

Unit Initial Flow Bleeding Expansion Bleeding Under Pressure© Grout Open Time,
Weight, Cone Efflux Percent® Percent® Hr:Min
b/ft3 Time, sec.® (Estimated Time
Pressure, psi Percent of Grout Remains
at which water Total Water Pumpable at 74°F)
loss first Removed at
cffected 80 psi

- Setting Time® Heat Evolution Behavior Compressive Strength, psi® Rapid Permeability Test Results®
Maximum Time to Reach : Current Flow - Coulombs
Initial Finpal | Temperature, {Maximum Temperature{ 1d d 28d 90d ]
Hr:Min | Hr:Min F Hr:Min
9:57 11:15 155 16:00 1775 | 5710 | 7150 | 9190 15,000 1600
@ ASTM C939 @ ASTM (953
® ASTM C940 > ASTM C942

© Gelman pressure filtration procedure ® AASHTO Designation T277-83

1 1b/£t% = 16.2 kg/md

1 psi = 6.9 kPa
5(F-32)/9 = ¢



Series No. 1l - Effect of Expansive Additive on
Grout Properties and Behavior

Opinion is divided as to the merit of incorporating an expansion-causing
additive in grouts for bonded, post-tensioned construction. In this program,
a grout composition {Composition 11L) was developed to study this variable.
Composition 1llL is shown in table 23. The properties of Grout 1llL are
summarized in table 24.

Table 23, Experimental grout containing an aluminum
powder expansion-causing additive (Series No. 1l1).

Constituent ComEosition 11

Type 1I Portland Cement | 100 parts by weight

Aluminum Powder

(Alcan No. 44) | 0.0075 parts by weight
Polysaccharide Gum 0.0]1 parts by weight
Water (w/c = 0.338) 32.7 parts by weight
HRWR Admixture 32 f1 oz per

100 1b of cement

1 £1 oz/1b = 65 ml/kg

The performance of Composition 11L somewhat péralleled the performance
of the grout containing the commercial anti-hbleed admixture (Composition 2-1
at a water-cement ratlo of 0.46). Although Composition llL at a water-cement
ratio of 0.34 was initially pourable, it was quite viscous (initial flow cone
efflux time of 57 seconds). The grout first yielded water at a pressure of 30
psi (207 kPa) and the percent of the total water removed at 80 psi (552 kPa)
was 7 percent., The grout had an open time of 7-1/2 hours and had a
compressive strength at all ages up to 90 days about 60 to 70 percent of that
for the standard grout with no admixtures at a water-cement ratio of 0.44,
Similar to the grout containing the commercial anti-bleed admixture, Grout 1lI1L
containing the experimental anti-bleed admixture showed a relatively high
value in the rapid permeability test (7200 coulombs passed in 6 hours at
30 V).

One interesting and unexpected phenomenon associated with Composition
llL was the nature of the expansion caused by the aluminum powder. In simple
cement/water systems, a powdered aluminum additive typically provides some
expansion within 15 minutes to 60 minutes after water/cement contact time.
The expansion behavior of Composition 1lL is shown in figure 18. No expansion
occurred in the grout for up to 3 hours after mixing. At that point (3 hours)
the grout began to expand and showed a final expansion value of 9 percent
after 6 hours.
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Table 24. Summary of property data on experimental grout
containing an experimental anti-bleed additive, an HRWR,
and an expansion-causing additive (Composition 1lL) at a

water-cement ratio of 0.338 (series no,

11).

Unit
Weight,
1b/ft3

Initial Flow
Cone Efflux
Time, sec.®

Bleeding
Percent®

Expansion

Percent®

Bleeding Under Pressure®©

Pressure, psi
at which water
loss first
effected

Hr:Min
(Estimated Time
Percent of Grout Remains
Total Water Pumpable at 74°F)
Removed at

80 psi

Grout Open Time,

Setting Time® Heat Evolution Behavior Compressive Strength, psi® Rapid Permeability Test Results®
Maximum Time to Reach Current Flow - Coulombs
Initial Final | Temperature, |Maximum Temperature| 1d 7d 28d 90d
Hr:Min | Hr:Min F Hr:Min 60V 30V
13:00 13:50 N.D. N.D. 1850 | 4810 | 5440 | 6225 N.D. 7200
® ASTM C939 @ ASTM (953
®) ASTM C940 © ASTM (942

© Gelman pressure filtration procedure

® AASHTO Designation T277-83

1 1b/ft3
1 psi
5(F-32)/9

= 16.2 kg/m®

6.9 kPa
C
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Figure 18. Expansion behavior (in the fresh state) of
Grout 11L containing an anti-bleed additive, an HRWR,
and Al powder at a water-cement ratio of 0.34.
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Series 12 - Effect of Experimental Anti-Bleed
Admixture on Grout Properties and Behavior

A number of anti-bleed/thickening admixtures were evaluated in the
program. Following initial screening tests, most of the work was done on
grouts containing a polysaccharide gum. The principal intended function of
the pum was as an anti-bleed/anti-segregation additive. The ability of the gum
to provide an anti-bleed/anti-segregation function (under pressure) is
demonstrated in the data shown in table 25 and in figure 19.

Shown in table 25, the standard grout containing only cement and water
at a water-cement ratio of 0.44, actually lost some water before any pressure
. was applied. With a 1.5-percent addition of a commercial anti-bleed additive
(Conbex 209X), water was first lost from a grout with a water-cement ratioc of
0.46 at 30 psi (207 kPa). Additions of the polysaccharide gum were made to
the 20 percent silica fume grout (Grout No. 6D) at a rate of 0.05, 0.10, and
0.20 percent (based on cement weight). With no gum additive, a pressure of 20
psi (138 kPa) was required to initially force water from Grout 6D. At the
0.05-percent gum level, a 30-psi (207 kPa) pressure was required while at 0.10
and 0.20-percent gum addition, the pressure to remove water was increased to
50 and 70 psi (345 and 48B3 kPa) respectively.

The polysaccharide gum had the same water retention effect in a variety
of grout compositions. Data reported in table 25 for a sanded grout (Grout
No. 5-1) containing a silica sand, -flyash, and an HRWR at a water toc cement
plus flyash ratio of 0.27. For this composition, the polysaccharide gum
overcame any tendency of the silica sand to segregate and required a pressure
of 50 psi (345 kPa) before water was removed from the grout.

Figure 19 shows the cumulative water loss in the pressure filtration
test from grouts with and without anti-bleed additives. The polysaccharide
gum not only increases the pressure required to first force water from the
grout but also limits the total amount of water forced from the grout at the
highest pressure (80 psi or 552 kPa). The best result was obtained using 0.20
percent of the gum in silica fume grout Cemposition 6D. Here, 70 psi
(483 kPa) was required before any water was forced from the grout and at
80 psi (552 kPa) only 0.5 percent of the total water was removed from the
grout.

At increasing levels of polysaccharide gum (to a maximum of 0.20
percent), the fluidity of the grout is adversely affected. However, at the
highest addition rate (0.20 percent of cement weight), the grout is still
pumpable.

TASK C - DESIGN AND CONDUCT LABORATORY TEST PROGRAM

In task A, the detailed test procedures of the ACTM were previously
presented. 1In task C, the ACTM procedures were performed on seven different
grouts. The detailed test procedures previously given in task A are the
procedures proposed for the final ACTM tests. During task C, these procedures
were modified from time to time as the testing progressed. Of significant
importance is the casting procedure used. Throughout this section, specimens
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Table 25. Pressure at which water is first lost from grouts
subjected to elevated pressure in the pressure filtration funnel.

Grout Identification

Filtration Funnel
Pressure at Which Water
Loss Was First Effected

in the Grouts, psi

"standard" Grout No. 1 containing only

cement and water (w/c = 0.44) 0
Grout No. 2-%1 containing cement, water,

and 1.5% (by cement weight) of a 30
commercial anti-bleed additive (w/c =

0.46

Grout No. 6D, a silica fume/superplas-

ticized grout (20% silica fume) having 20
a water to cement + silica fume ratio

of 0.365

Grout No. 6D containing 0.05% (by

cement weight) of Welan Gum (a poly- 30
saccharide gum - Kelco Company - K1A96 -

470042)

Grout No. 6D containing 0.1% Welan Gum 50
(polysaccharide gum)

Grout No. 6D containing 0.2% Welan Gum 70
(polysaccharide gum)

Sanded Grout No. 5-1 containing flyash 50

(w/c = 0.351)

74

1l psi = 6.9 kPa
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Cumulative water loss (cc) after 3 minutes at indicated pressure

80

40~

“Standard" Grout No. 1 containing only camant and
water (w/c = 0.44)

| -~ "Standard" Grout No. 1 containing 1.0% (by cement
welght) of a commerclal "anti-bleed" additive (Conbex
209X)
F 3 - Grout No. 6D, a silica fume/superplasticized grout
(20% sllica fume) having a water-cement+silica fume
ratio of 0.385
30—
L J - Grout No. 6D contailning 0.05% (by cement welght) of
Welan Gum (a polysaccharide gum - Kelco Company KI1A96
- 47004A)
O - Grzout Mo. 6D contalning 0.1% polysaccharide gum
20— O - Grout No. 6D containing 0.2% polysaccharide gum
Fay - Grout No. 5-1 (sanded grout)
10—
M.
| T T L T 1 ]
0 10 20 30 a0 50 60 70 80

Pressure, psi

Figure 19.Cumulative water loss from indicated grouts (from
0 To 80 psi) using the Gelman pressure filtration funnel.

1 psi = 6.9 kPa
1 cm3(ec) = 0.06 in3



were prepared using the new casting procedure unless otherwise designated.

The new casting procedures are those described in the procedures given in task
A. The original casting procedures were much more complicated and were aimed
at filling the grouted specimen from the bottom to attempt to prevent air
voids from forming. The much more complicated procedures ended up producing
more voids than the simplified procedures described in task A. It should be
noted that a void-free and crack-free specimen is mandatory prior to testing.

An additional change was made to the ACTM as described in task A. The
ACTM was to include a minimum cover grout specimen produced by dipping the
steel tendon specimen into the grout and pulling the steel specimen out
allowing the grout to freely drip off. It was extremely difficult to achieve
any consistency in specimen preparation. The initial data produced using the
dipped specimens indicated that, in most instances, corrosion was initiated
immediately such that differentiation between specimens was difficult, if not
impossible, to make. Therefore, it was decided to delete the dipped specimens
from the testing procedures.

The grouts tested in task C were selected based on the physical and
mechanical property data generated in task B. The following is a list of the
grouts examined utilizing the ACTM in this task:

1. Grout No. 1 - Standard grout, Type II portland cement and water
(w/c = 0.44).

2. Grout No. 1B - Standard Grout with high water-cement ratio (w/c =
0.65).

3, Grout No. 5-1 -~ HRWR (40 oz/cwt or 26 ml/kg) plus l4 percent

flyash and 23 percent sand (w/c + f = 0.32).

4, Grout No. 6B - HRWR (24 oz/cwt or 15.6 ml/kg) plus 10 percent
silica fume (w/c¢ + sf = 0.365).

5. Grout No. 8-1 - HRWR (15 oz/cwt or 9.7 ml/kg) plus 22 percent SBR
latex modifier (w/c = 0.29).

6. Grout No. ]10-1 - Staq?ard grout with calcium nitrite inhibitor (6
gallons/yd” or 30 1/m° of grout).

7. Grout No. 11L - HRWR (32 oz/cwt or 20.8 ml/kg) plus 0.0075 part by
weight aluminum powder and 0.01 part by weight polysaccharide gum
(w/c = 0.338).

Grout No. 1l - Standard Grout

As previously mentioned, the ACTM was performed initially using what has
been termed "original casting procedures."™ The original casting procedures
gave less than satisfactory reproducibility of the specimens due to air void
entrapments in the grout. Upon changing to the "new casting procedures", very
few specimens were rejected due to air voids present in the grout cover. 1In
the following sections, data is presented for the new casting procedures only,
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Figure 20 shows the results of the ACTM for Grout No. 1. The data are
presented as current-time plots, where an increasing current signifies the
initiation of corrosion. The important data selected from these plots are
time to corrosion initiation and total current following initiation of
corrosion. The data in figure 20 is for four replicate standard grout
specimens. As seen in the figure, the current remains near zero for an
initial period of time where the carbon steel is passive and C1” has not
migrated to its surface. Following this initial period, for specimens
prepared with Grout No. 1, there is a very sharp rise in current signifying
the onset of corrosion. It is this time to corrosion initiation that is of
most interest to this study.

A second parameter of interest is the current following breakdown of
corrosion. This current is measured 24 to 48 hours following breakdown of
corrosion. Table 26 summarizes the data for these tests. It is seen that the
mean value for the time to failure for Grout No. 1 is 164 hours with the
standard deviation of 40 hours. The mean current following breakdown is 41 mA
with a standard deviation of 3 mA. These data become the baseline information
by which all of the other grouts examined in this study are compared.

Figure 21 shows data for the ACTM performed on specimens prepared using
Grout No. 1 which were precracked prior to testing. The data for these
specimens are summarized in table 26. The mean value for the time to failure
was 89 hours for the precracked specimens with a standard deviation of 61
hours. The large standard deviation indicates a significant variation in the
data from specimen to specimen. This greater variation for the precracked
specimens was expected since the procedures for producing the cracks cannot
produce reproducible cracking from one specimen to the next. Also seen in
figure 21 is that the current following breakdown for these specimens are
continuing to increase even after 24 to 48 hours. Although the data shown in
table 26 indicates only a slight increase in current following breakdown
between the standard specimens and the precracked specimens, a comparison of
figure 20 to figure 21 show that the current following breakdown for the
precracked specimens was continuing to increase even after the ACTM was
terminated. As seen in table 26, the time to failure was greatly decreased
for the precracked specimens versus the standard (uncracked) specimens.

Grout No. 1B - Standard Grout With High
Water To Cement Ratio

The grout was prepared with a relatively high water-cement ratio (w/c =
0.65) to determine whether the ACTM would detect a "poor standard grout".
Grout No. 1B is exactly the same as Grout No. ! with a higher water to cement
ratio. Figure 22 shows the ACTM results for standard specimens prepared with
Grout No. 1B. These data are summarized in table 27. The mean time to
failure for specimens prepared with Grout No. 1B is 30 h with the standard
deviation of 13 h. This was the lowest mean time to failure observed and much
lower than for Grout No. 1. Therefore, the ACTM can easily detect the
difference between a poor grout with a high water to cement ratic and an
improved grout with a lower water to cement ratio.
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Table 26. Summary of ACTM data for Grout No. 1 - standard grout.

Current
Followin
Specimen Time To Failure, Breakdown,a
TZBe SEecimen No. Hours mA
Standard #0105 140 45
Standard #0106 205 40
Standard #0107 120 38
Standard #0108 190 40
Mean Value 164 41
Std. Dev,. 40 3
Precracked #0109 50 So(m
Precracked #0110 150 48
Precracked #0111 25 | 50
Precracked #0112 130 340
Mean Value 89 45
Std. Dev. 61 8

(@)
(b)

Measured 24 to 48 h following breakdown (initiation of corrosion).
Current continuing to increase.
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Table 27. Summary of ACTM data for Grout
No, 1B - standard grout with high w/c.

Current
Followin
Specimen Time To Failure, Breakdown,a

Type Specimen No. Hours . mA
Standard #0171 50 50(D)

Standard #0174 25 39(b.¢)

Standard #D 27 500,
Standard #C 20 500
Mean Value 30 46
Std. Dev. 13 9

%) Measured 24 to 48 h following breakdown (initiation of corrosion).
(® Current continuing to increase.

(© Data collection discontinued prior to 24 h following breakdown.
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Grout No, 5-1 - HRWR Plus Flyash and Sand

Figure 23 shows the ACTM results for the standard grout specimens cast
with Grout No. 5-1, Table 28 summarizes the data for Grout No. 5-1. It is
seen that the time to failure for the standard specimens is significantly
greater for Grout No. 5-1 than for Grout No. 1. In addition, the current
following breakdown, although slowly increasing with time is significantly
lower than that observed for the standard grout. Therefore, significant
improvement in the ability to resist corrosion of the steel tendon was
achieved utilizing Grout No. 5-1.

Figure 24 gives the results of the ACTM for the precracked specimens
cast with Grout 5-1. Data for the three replicate precracked specimens are
summarized in table 28. The time to failure for the precracked specimens for
Grout No. 5-1 is significantly lower than that observed for the precracked
specimens cast with the standard grout. In fact, two of the three specimens
initiated corrosion immediately upon beginning the ACTM.

Grout No, 6B - HRWR Plus Silica Fume

Figure 25 shows four replicate standard specimens for Grout No. 6B. The
data is summarized in table 29. The time to failure data for the standard
specimen gives a mean value of 295 h with the standard deviation of 242 h.

The large standard deviation indicates a significant variation in time to
failure data from specimen to specimen. This large variation is also observed
in the data for the current following breakdown. As seenh in Figure 25 and in
table 29, the specimens with the short time to failure also had significantly
higher current following breakdown. This is possibly due to a crack or void
in the specimen which was present, but went undetected during the wvisual
examination of the specimens prior to utilizing the specimen for testing.

This indicates the need to perform additional tests, when a large variation is
observed, to establish whether the specimens with the short time to failure
and high current following breakdown are outlyers or are typical for the
particular grout formulation. It is possible that this particular grout
formulation had physical properties which make it difficult to prepare
specimens without the presence of air voids. Even with these problems, the
time to failure and the current following breakdown is a significant
improvement over the specimens prepared using Grout No. 1.

Figure 26 presents two replicate precracked specimens prepared with
Grout No. 6B. The data for the precracked specimens are also summarized in
table 29, The data for time to failure for the precracked specimens are either
zero or near zero depending on where the initiation point is selected. This
data for the precracked specimens for Grout No. 6B are similar to that for
Grout No., 5-1.
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Table 28.

Summary of ACTM data for Grout
© No. 5-1 - HRWR plus flyash and sand.

Current
Followin
Specimen Time To Failure, Breakdown,a
Type Specimen No. Hours mA
Standard #0130 335 5@)
Standard #0131 535 10
Standard #0132 350 70
Standard #0133 450 Bm)
Mean Value 418 8
Std. Dev. 93 )
Precracked fiE 25 24
Precracked #E 0 13
Precracked #G 0 100
Mean Value 8 16
Std. Dev. 14 7

(a) Measured 24 to 48 h following breakdown (initiation of corrosion).
Current continuing to increase.

(b)
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Table 29. Summary of ACTM data for Grout
No. 6B - HRWR plus silica fume.

Current
_ Followin%
Specimen Time To Failure, | Breakdown,a)
Type Specimen No. Hoursg mA

L)
Standard #0126 245 2
Standard #0127 150 11
Standard #0128 650 2
Standard #0129 135 40®
Mean Value 295 14
Std. Dev. 242 . 18
Precracked ##H 0 7
Precracked #I 25 » 7 24m)
Mean Value 12 16
Std. Dev. .18 - 12

g) Measured 24 to 48 h following breakdown (initiation of corrosion).
) Current continuing to increase.
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Grout No. 8-1 - HRWR Plus Latex Modifier

Figure 27 shows the ACTM data for the standard specimens prepared using
Grout No. 8-1. The data selected from these curves are summarized in table
30. Six replicate specimens were tested for the standard specimen for Grout
Nc. 8~1. The data is a mean value for time to failure of 237 h with the
standard deviation of 105 h. Standard specimen no. 0140 gave the shortest
time to failure and indicated a very rapid rise in current following breakdown
which was uncommon of most of the other specimens. However, standard specimen
no. 0180, which had the longest time to failure, also gave an uncharacteris-
tically high current following breakdown. Both the time to failure and the
current following breakdown provide a significant improvement over Grout
No. 1.

The precracked specimens were tested only for the original casting
procedures. ‘The data for the precracked specimens using the original casting
procedures are summarized in table 30. The data for the precracked specimens
for Grout 8-]1 are similar to those previously described for Grouts No. 6B and
5-1. That is, several of the specimens initiated corrosion immediately upon
immersion with one specimen showing a breakdown after 90 h. The data
indicates a very small mean value for time to breakdown with a very high
standard deviation. In general, the current following breakdown is greater
than that observed for the standard specimens. It should be recalled,
however, that the information for the precracked specimens are for the
original casting procedures.

Grout No. 10-1 - Standard Grout With Inhibitor

Figure 28 presents data for standard specimens prepared using Grout No.
10-1. The important parameters for these data are summarized in table 31.
The mean value for the time to failure is 129 h with a standard deviation of
50 h. This mean time to failure is slightly less than that determined for
Grout No. 1. Although the current following breakdown is relatively high, it
is somewhat less than that observed for Grout No. 1. For the current
following breakdown, it should be noted that two of the test specimens were
not permitted to corrode for the 24 to 48 hours recommended in the ACTM (due
to data acquisition problems).

Figure 29 shows data for two replicate precracked specimens prepared
using Grout No. 10-1. The data is summarized in table 31. The mean value for
the time to failure is 48 h and the mean value for the current following
breakdown is 49 mA. The value for the mean time to failure is somewhat less
than that observed for Grout No. 1, but is much greater than that observed for
Grout Nos., 8-1, 6B, and 5-1.

Grout No. 10-1 was exactly the same grout as Grout No. 1l with the
exception that inhibitor was added. The data summarized in table 31 when
compared to the data for Grout No. l, which was summarized in table 26
indicates that a shorter time to failure for both the standard specimens and
the precracked specimens is observed with an inhibitor added to Grout No. 1.
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Table 30. Summary of ACTM data for Grout
No. 8-1 - HRWR plus latex modifier.

Current

Followin
Specimen Time To Failure, Breakdown,a

TZBe Sgecimen No. Hours mA

Standard #0138 335 5®
Standard #0140 125 39
Standard #0168 150 z®
Standard #0178 200 5
Standard #0179 220 3®
Standard #0180 390 27
Mean Value 237 14
Std. Dev. 105 15
Precracked #OO&Ow) 90 31
Precracked | _ #0041/ 0 15
Precracked #OOAZw) 0 16®
Precracked #0043 0 25
Mean Value 18 22
S5td. Dev. 40 8 _

%) Measured 24 to 48 h following breakdown (initiation of corrosion).
(0) Current continuing to increase,.
© Original casting procedures.
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Table 31.

Summary of ACTM data for Grout

No. 10-1 ~ standard grout with inhibitor.

Current
Followin
Specimen Time To Failure, Breakdown,a
Type Specimen No. Hours mA
Standard #0122 70 35(P,C)
Standard #0123 105 15®
Standard #0124 160 50(®
Standard #0125 180 3(b.0)
Mean Value 129 26
Std. Dev. 50 21
Precracked #0183 55 48
Precracked #0184 40 50(m
Mean Value 48 49
Std. Dev. 11 1

(@) Measured 24 to 48h following breakdown (initiation of corrosion).

(b) Current continuing to increase.

© Data collection discontinued prior to 24 hr following breakdown.
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It is believed that this data is not reflective of the actual corrosion
behavior of the grout with inhibitor added. This is likely due to the level
of polarization applied to this test specimen (0.6V, SCE) which is above the
breakdown potential for the inhibitor in the presence of Cl°. Therefore, a
modified ACTM test was performed using a polarization level of 0.0V (SCE) in
place of the standard 0.6V {(SCE) specified in the ACTM.

Figure 30 shows data for the standard specimens for Grout No. 10-1,
utilizing the modified ACTM., Figure 31 shows the data for the standard
specimen for Grout No. 1 utilizing the modified ACTM. Comparison of these
data will provide a better indication of the benefits of inhibitor than the
specified ACTM. The data from figures 30 and 31 are summarized in table 32.
The mean time to failure or the specimens prepared with Grout No. 10-1 (with
inhibitor) was 713 h. Two replicate specimens were tested with Grout No. 1
(no inhibitor added) and the mean time to failure was 177 h., The mean time to
failure for specimens prepared with Grout No. 1l was very similar for the
specified ACTM and the modified ACTM. Because only two specimens were tested
with the modified ACTM for Grout No. 1 and the time to failure values were
significantly different (290 h and 65 h), it is difficult to make a comparison
with a high level of confidence. The time to failure would be expected to be
the same only if no enhanced migration of Cl  is produced by the applied
potential. As seen in table 32, a significant benefit is now observed in the
time to corrosion failure for Grout No. 10~1 with inhibitor added. This shows
the importance of utilizing the modified ACTM when examining grouts with
inhibitors added. It should also be noted that the current following
breakdown for specimens both with Grout 10-1 and No. 1 were similar and much
lower than the current following breakdown for the specified ACTIM (0.6V, SCE
polarized potential) performed for Grout No. 1. This difference between the
specified ACTM and the modified ACTM and current following breakdown is easily
explained by the difference in polarized potential.

Grout No. ll1L - HRWR Plus Aluminum Powder
and Polyseaccharide Gum

Figure 32 shows the ACTM data for standard specimens of grout prepared
with Grout No. 11L. The data for these curves are summarized in table 33.
The mean value for the time to failure for the standard specimens tested in
Grout No. 11IL is 168 h with a standard deviation of 32 h. The mean data is
very similar to that obtained for Grout No. 1.

ACTM data for the precracked specimens prepared with Grout No. 1llL are
shown in figure 33. These data are summarized in table 33. The time to
failure for the precracked specimens was gquite low. These data are much lower
values than observed for Grout No. 1. The current following breakdown for
both the standard and the precracked conditions are relatively high and are
similar to those values for Grout No. 1.
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Table 32. Summary of modified (using 0.0 V, SCE, polarization)
ACTM data for Grouts No. 10-1

inhibitor and No. 1 - standard grout.

- standard grout with

Current
] ) Followin%ﬂ
Time To Failure, Breakdown,
Grout SBecimen No. Hours mA
No. 10-1 #0186 546 5(D)
No. 10-1 #0191 430 10®
No. 10-1 #0192 875 5@)
No. 10-1 #0193 1,000 5(0)
Mean Value 713 6
Std. Dev. 269 2
No. 1 #0187 290 4
No. 1 #0195 65 5(0)
Mean Value 177 4
Std., Dev. 159 1

(a) Measured 24 to 48 h following breakdown (initiation of corrosion),.

(®) Current continuing to increase.
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Table 33. Summary of ACTM data for Grout
No. 1l1L - HRWR plus Al powder and gum.

Current
. ' ] Followin%a)
Specimen Time To Failure, Breakdown,
Type Specimen No. Hours mA
Standard #0114 190 30®)
Standard #0116 140 35(D)
Standard #0117 200 25(b)
Standard #0181 - 140 40b:C)
Mean Value 168 32
Std. Dev. 32 8
Precracked #0118 10 38(m
Precracked #0119 2 38
Precracked #0120 0 36
Precracked #0121 20 47
Mean Value 8 40
Std. Dev. 9 5

(a) Measured 24 to 48 h following breakdown (initiation of corrosion).
(b) Current continuing to increase.

Data collection discontinued prior to 24 h following breakdown.
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Summary Of ACTM Results

Table 34 summarizes the ACTM results for all of the grouts tested.
First, it is important to note that a "poor" grout with a high water-to-cement
ratio (w/c = 0.65) gave by far, the worst results; indicating the ACTM can
differentiate "good" from "poor" grout. The addition of HRWR (and corres-
ponding decreases in water-to-cement ratio), flyash and sand, silica fume, and
latex modifier all improved the corrosion performance over Grout No. 1. Grout
No. 5-1 containing the HRWR, sand, and flyash provided the longest time to
failure. The increase in corrosion performance for these grouts correlates to
a decrease in Cl™ permeability (see task D for discussien).

Using the specified ACTM test, Grout No. 10-1, which was the same as
Grout No, 1 but with an inhibitor added, indicated a decrease in corrosion
performance when compared to Grout No. 1. This was due to the 0.6V (SCE)
applied polarization exceeding the breakdown potential for the inhibitor.
Upon modifying the ACIM to use a 0.0 (SCE) applied polarization, the inhibitor
indicated (based on limited data) a significant improvement in corrosion
performance., Therefore, when an inhibitor is added, the modified ACIM must be
utilized.

An extremely large variation is observed in the data for the precracked
specimens, This is because it was difficult to reproduce the cracking in the
grouted specimens. It is questionable whether the precracked specimen data
are worthwhile based on the limited data available.

TASK D - SPECIFICATION FOR GROUT MIXTURES

In the early years of bonded, post-tensioned concrete construction in
the United States, grout was a simple mixture of portland cement and water and
it is likely that the majority of grout material currently in place is
comprised of these two ingredients. The use of flyash, other pozzolans, and
fine aggregates in these grouts appears to be quite limited. However, as the
technology advanced, various additive and admixtures were used in small
quantities (typically less than 1 percent of cement weight) to favorably
modify various properties.

Currently, the proportioning and engineering property requirements for
grouts in bond?ﬁ’ post-tensioned construction include the following
specifications (also see Appendix A in this report):

1, The type and amount of portland cement.

2. The maximum water-cement ratio.

3. The type and amount of pozzolans or fine aggregate that can be used.

4, The type and amount of admixtures that can be used.
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~ Table 34. Summary of ACTM results.

Standard Standard Standard Precracked
Specimens, Specimens, Specimens, Specimens,
(0.6V, SCE, (0.6V, SCE, (0.0V, SCE, (0.6V, SCE,
Grout Polarized) Polarized) Polarized) Polarized)
Identification Time-To- Current Time-To- Time-To-
Failure, Following Failure, Failure,
Hours FailureI mA . Hours Hours
No. ! Standard 164 41 177 89
No. 1B Standard/ _
High w/c 30 46 ' - -
No. 10-1 : :
Standard/Inhibitor 129 26 713 48
No. 5-1 HRWR/ -
Flyash/Sand 418 8 - 8
No. 6B HRWR/
Silica Fume 295 18 - 12
No. 8-1 HRWR/ : ' -
Latex Mod, 237 14 - 18
No. l1L HRWR/
Expansive/Anti~ 168 32 - 8
Bleed
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5.

6.

Grout fluidity.

Grout strength.

The current specifications encompass the following three main categories
of grout technology:

1.

3.

Mix design of the grout.
Properties of the grout in the fresh state.

Properties of the grout in the hardened state.

The current specifications are deficient in a number of areas including
the following:

1.

Although "allowable" grout constituents are identified, the
engineer is given very little guidance as to what constitutes the
"best" mix design for an application.

With regard to fluidity, the only property currently specified is
the initial fluidity expressed as an efflux time value through the
flow cone. A major shortcoming here is that the flow cone test
cannot be used in grouts that contain admixtures imparting
thixotropic behavior and no guidance is given with regard to how
long this fluidity should be maintained or as to how this property
should be measured.

No requirement is currently given for an acceptable grout

consistency to minimize the potential for bleeding, segregation,

and the creation of water lenses or voids. Of particular concern
here is the tendency for grouts to segregate under pressure .when
stranded tendons are used in vertical placements.

No requirement is currently given regarding the ability of the
grout to protect the embedded tendon from corrosion.

Although frequently specified for grouts in bonded, post-tensioned
applications, additives that cause expansions of the grout in the
fresh state have not been examined thoroughly to determine whether
they represent a liability or an asset with respect to grout
performance. This work suggests that the use of these additives
should be reconsidered (see Specification Issue 3).

The next generation of grout specifications for bonded, post-tensioned
concrete applications should take all of these factors into account. All of
these issues are addressed in this-section and are offered as the first step
toward the development of an improved specification guideline for the
formulation, testing, and qualification of grouts for this application.
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Specification Issue l: Achievement and
Maintenance of Suitable Grout Fluidity

Proper emplacement of a grout in bonded, post-tensioned work can only
occur if the grout is of a "suitable" initial fluidity and maintains its
ability to be pumped throughout the entire length of the duct. Currently,
there is no concensus for a: )

1. Measurement technique for grout fluidity.

2. Specification for initial grout fluidity.
3. Specification for a time-dependent requirement for grout fluidity.

Fluidity Measurement Technique

The measurement and the specification of grout fluidity is made
difficult by the fact that the rheological properties of grouts that can be
satisfactorily emplaced using conventional pumping equipment can vary widely.
For pourable grouts, the flow cone (ASTM C939) is frequently used to measure a
property (efflux time) related to grout fluidity. However, specifying only an
acceptable efflux time range does not solve the problem for thixotropic grouts
which can be satisfactorily(ﬁ?mped with conventional equipment but may not
pass through the flow cone.

Fluidity measurements can be made on thixotropic grouts using the flow
table (ASTM C230). However, no correlations exist between flow table values
and flow cone efflux times.

Also, no precise correlation has been established between these
measurements of fluidity (flow table, flow cone) and the pumpability of a
grout. It is recommended that ultimately the specification for grout fluidity
will include a requirement for the following:

1. Initial grout fluidity (measurement within minutes after mixing
the grout).

2. Changes in grout fluidity as a function of time.

3. Temperature dependency of (1) and (2).

The fluidity measurement technique for a specific grout will be
cognizant of the rheological properties of the grout. It is expected that at

least three categories of grouts from the rheological viewpoint will be
encountered including: )

1. Grouts that remain pourable throughout the specified time period.

2. Grouts that are not pourable at any time during the specified time
period (thixotropic).
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3. Grouts that are initially pourable, remain so for a period of time
but lose this characteristic prior to completion of the specified
open time.

Because a single device does not presently exist that can be used to
measure the fluidity of all three grout categories, it is recommended that
different fluidity measurement devices be employed initially for this
measurement.

For example, for category 1 grouts, the flow cone (ASTM €939) should
prove satisfactory for use. For category 2 grouts, the flow table (ASTM C230)
should prove satisfactory. For category 3 grouts, it will be necessary to use
a combination of the flow cone (for initial measurements) and the flow table
(used after the grout is no longer pourable).

Ultimately, it is desired that a single measurement device/technique be
developed that will work satisfactorily with grouts having a wide range of
rheological properties. A procedure that has been used successfully by one of
the authors for this purpose is a standard ASTM C939 flow cone that is
subjected to vibration during the efflux time measurement period.

Specification For Initial Grout Fluidity

Until such time as a correlation is established between flow cone efflux
time (or another measurement of fluidity) and the pumpability of a grout, it
will not be possible to develop a rational specification for initial grout
fluidity.

For most of the simple cement/water grouts placed to date (with
water-cement ratios around 0.45), an efflux time range specifie? y state
highway departments falls within the range of ll to 20 seconds. However,
in the present program, grouts were developed having water-cement ratips in
the range of 0.29 to 0.37 with unit weight values as high as 130 1b/ft° (2082
kg/m” (the standard grout is 118 1b/ft" or 1890 kg/m") that were pourable but
had initial flow cone efflux times ranging from 20 seconds to 90 seconds.
Grouts having efflux times in the range of 70 to 90 seconds are extremely
viscous but it is quite likely that they can be successfully emplaced using
conventional pumping equipment and procedures.

Therefore, it is likely that in the future, an acceptable grout fluidity
range should be based on the rheological properties and characteristics of the
grout to be emplaced. This will, of course, necessitate establishing a
correlation between the fluidity range (efflux time or other measurement) and
the grout pumpability. Once this is established, it should he possible to
specify a fairly narrow fluidity range (efflux time) to define an "acceptable"
initial fluidity wvalue., It is likely that a range will need to be given in
which both the maximum and minimum fluidity value are specified.

The specification for initial grout fluidity should also include a

requirement for the ambient and material temperature of the fluidity
measurement test. This temperature requirement will take into account the
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expected ambient temperature conditions at the time the project under
consideration is initiated.

Specification For Grout Open Time

"Open time" is defined here as the time period during which the grout
retains the ability to be emplaced by the available pumping equipment under
job conditions. The requirement here would be for a time period during which
the grout stays within the specified fluidity range (efflux time or other
measurement). Grouts would be qualified by measuring their fluidity as a
function of time at a specified temperature. Between measurements, the grout
would remain in a quiescent state.

The results obtained in the present program strongly suggest that a
fairly tight range of fluidity can be specified to define an acceptable grout
open time. Data shown in figure 16 show that a pourable silica fume grout was
produced that maintained an efflux time of 15 to 20 seconds for over B hours.
This stable fluidity was achieved through the use of high dosage rates of the
HRWR (up to 55 oz/cwt or 35.8 ml/kg).

Specification Issue 2: Measurement and Maintenance of Grout Consistency

One of the problems encountered in grouting post-tensioned tendons is
the segregation of water from the grout mixture (termed "bleeding").
Normally, bleeding occurs simply as a result of sedimentation of cement and
aggregate particles in the grout prior to hardening, with free water rising to
the surface. However, when strand tendons are used, a bleeding phenomenon can
also ochﬁ)because of the filtering action of the void spaces between the
strands. Pressure from the grouting operation forces the grout against the
strands and water passes through the interstices between the outer strand and
the center wire with the solid particles in the grout left behind. This
filtering action can be a special problem in strand tendons with a high
vertical rise where bleeding cah amount to up to 20 percent of the height of
the vertical rise.

Despite its importance, none of the State DOT's contacted in a recent
survey had a requirement for ?%?eding in grouts intended for use in
post-tensioned concrete work. However, a number of State highway
departments do specify or allow the use of additives that provide an
anti-bleed function. Although some agencies have recognized the influence of
bleeding on the quality of the in-place grout and a number of proprietary
anti-bleed additives are available, there has been very little research
conducted to address this problem in grouts for bonded, post-tensioned
construction.

The phenomenon of presﬁure-induced bleeding was examined in the present

investigation. An existing technique for studying the phenomenon was used and
was found to give satisfactory results. '
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Measurement of Pressure Induced Bleeding

The test procedure/equipment used to study pressure induced bleeding
involves the placement of a fluid grout mixture into a small pressure vessel
having a filter on one end. Pressure is applied to the top end of the
pressure vessel with water forced from the grout through the filter which
retains 99.7 percent of all particles greater than 0.3 microns. The pressure
at which water loss first occurs is measured as well as the total water lost
at pressures up to BO psi (552 kPa). The procedure and equipment was
described in some detail in the approach section of this report. The pressure
at which water loss first occurs can be equated to an equivalent height of
strand tendon in-a vertical duct placement of grout as shown in figure 34.

Factors Controlling Pressure Induced Bleeding in Grouts

Table 35 summarizes pressure filtration funnel results for grouts
evaluated in the present investigation. The standard cement/water grout
(Series No. 1) at a water-cement ratio of 0.44 and containing no additives,
showed some water loss at O psi (0 kPa) (would bleed under normal ambient
conditions) and lost almost half of its total water at a pressure of 80 psi
(552 kPa). This grout would obviously be quite vulnerable to pressure  induced
bleeding in stranded tendon applications. Variables examined with respect to
their influence on pressure induced bleeding included water-cement ratio,
silica fume, polymer modifiers, and anti-bleed admixtures.

Water-cement ratio. A reduction in water-cement ratio alone (from 0.44
to 0.365) had only a marginal beneficial effect on pressure induced bleeding
(Grout 3-1) with first water loss occurring at 10 psi (69 kPa) with a total of
38 percent of the water lost at 80 psi (552 kPa).

Silica fume. The use of silica fume, combined with a low water-cement
ratio, did have a significant beneficial effect on pressure induced bleeding.
At a 10 percent silica fume addition (Grout 6B - table 35), first water loss
still occurred at 10 psi (69 kPa) but only 16 percent of the water was lost at
80 psi (552 kPa). At a silica fume addition of 20 percent (Grout 6D - table
35), first water loss did not occur until 30 psi (207 kPa) and only 6 percent
of the water was lost at 80 psi (552 kPa).

SBR latex. The use of SBR latex polymer modifier at a relatively high
dosage rate (15 percent of cement weight) produced a significant reduction in
pressure induced bleeding with first water loss occurring at 50 psi (345 kPa)
and only 1 percent of the total water removed at 80 psi (552 kPa) (Grout B-1 -
table 35),

Anti-bleed admixtures. Anti-bleed admitures are very effective in
reducing the amount of pressure induced bleeding in grouts.

A commercial grout used at a rate of 1.5 percent of cement weight (Grout
No. 2-1 - table 35) limited water lost at 80 psi to 5 percent of the total
with a pressure of 30 psi (207 kPa) being required to effect the first loss of
water.
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Table 35.

Pressure induced bleeding behavior of

various grouts grouts investigated in the present program.

Grout Identification

Pressure at Which
Water Loss Was First
Effected in the
Grouts, psi

Percent of

Total Water

Removed at
80 psi

"Standard" Grout No. 1 containing 0
only cement and water (w/c = 0,44)

48

Grout No. 3 containing cement, water 10
and a HRWR (w/c = 0.365)

38

Grout No. 6B containing cement,
water, HRWR, and silica fume {10% 10
silica fume) - (w/c =

0.365)

16

Grout No. 6D containing cement,
water, HRWR, and silica fume {20% 30
silica fume) - (w/c =

0.365)

Grout No. 6D-2 containing cement,
water, HRWR, and silica fume (20%
silica fume), and 0.1% (by cement 50
weight) of polysaccharide gum

(w/c = 0.365) °

Grout No. 6D-3 containing cement,
water, HRWR, and silica fume (20%
silica fume), and 0.2% {(by cement 70
weight) of polysaccharide gum

(w/c = 0.365)

Grout No. 2-1 containing cement,
water, and 1.0% (by cement weight) 30
of a commercial anti-bleed additive

{(w/c = 0.46)

Grout No. B8-1 containing cement,
water, HRWR, and SBR latex 50
additive (15% of cement weight) -

(w/c = 0.29)

1 psi =
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The combination of anti-bleed admixtures with low water-cement ratio and
gilica fume provided the best overall results relative to minimizing the
effects of pressure induced bleeding. Grout 6D-3, containing 20-percent
silica fume and 0.2-percent polysaccharide gum, lost only 0.5 percent of its
total water at 80 psi (552 kPa) with a pressure of 70 psi (483 kPa) being
required before any water loss at all occurred.

Specifications For Bleeding in Grouts

Bleeding in grouts, and especially pressure induced bleeding, has been
shown to be a significant variable controlling the in-place quality of the
grout. A specification for bleeding should be a requirement of grouts for
bonded, post-tensioned construction. Several means of achieving an
"acceptable" level of bleeding in grouts are available including the use of:

1. Silica fume in conjunction with reduced water-cement ratios
(requires the use of a high range water reducer).

2. Polymer modifiers.
3. Anti-bleed admixtures.

It is expected that the requirements for bleeding behavior will vary
depending upon the particular bonded, post-tensioned construction job at hand.
In applications involving only horizontal placements with solid tendons, the
requirements will obviously be much less stringent than for applications
involving significant vertical rises which include the use of stranded
tendons.

Specification Issue 3: Expansion Requirement for Grouts

A desired feature of grouts is that they not experience a reduction in
volume at any time either in the wet state, the plastic state, or after
hardening. Such grouts are accurately referred to as "non-shrink" grouts. 1In
fact, the use of the term "non-shrink" may not strictly apply to many grouts
for which such claim is made and there are those that maintain that there is
no such thing as a "non-shrink" grout based on portland cement.

Most workers agree that a slight expansion in grouts is preferred to
shrinkage. However, the mere accomplishment of expansion is not sufficient.
The expansion must be uniform and contrclled and should occur at the "right
time" during the hydration reaction. 1In grouts in which the expansive
function is provided by gas formers (aluminum, coke), gas forms and expansion
occurs only when the grout is in the fluid or plastic state. Once the grout
has hardened, the gas formation can no longer contribute to expansion. After
hardening, these grouts may then be subject to conventional drying shrinkage
strains which may cause an overall reduction in volume.

Currently, there is no concensus among workers in the grout field
regarding the need for expansive additives in grouts intended for

post-tensioned concrete construction. Some agencies have specified an
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expansive additive (aluminum powder) for many years. One result of a 1977
evaluation of a variety of post-tensioned concrete structures in California
was a conclusion that the eliminatia%)of expansive admixture had no apparent
effect on the quality of the grout.

The Case For the Use of an Expansive Additive

It appears that the principal motive for the recommendation/use of an
expansive additive is the expectation that such use will, in fact, aid in
eliminating void volumes in the ducts. A search of the literature and
discussions with knowledgable individuals in the grouting field failed to turn
up a single instance where a direct verification could be made of the fact
that the use of an expansive additive (typically in the form of aluminum
powder or coke breeze) prevented the formation of a void in the duct of a
bonded, post-tensioned structure.

The Case Against the Use of Expansive Additives

Information was developed in the present investigation on the addition
of expansive additives for grouts intended for use in bonded, post-tensioned
construction applications and the following observations were made:

1. There is no hard evidénce to substantiate the view that the
expansive additives do indeed perform their intended function of
eliminating voids in ducts.

2. Expansive additives have an adverse effect on the compressive
strength of grouts, reducing strength values by 30 to 40 percent
(relative to grouts not containing the additive).

3. The expansive additive has a significant adverse effect on
chloride ion permeability.

4, The grout producer has very little control over the time at which
the gas-forming reactions occur. It is quite possible that in
some instances the reactions have occurred prior to placement of
the grout in the ducts.

Based on the above results, the user may want to reconsider the use of
additives that cause an expansion in the grout as a consequence of gas-forming
reactions prior to hardening of the grout, '

Specification Issue 4: Requirement for Corrosion
Protection Offered by the Grout

In most reinforced concrete highway structures, the principal factor
promoting the corrosion of reinforcing steel is the ingress of chloride ions
(derived from deicing salts, saltwater, and other sources) to the depth of the

113



reinforcing steel. In bonded, post-tensioned concrete structures, such an
event requires that the duct surrounding the tendon be breached so that
chloride ion migrating through the duct grout can reach the prestressing
tendons. To date, such events have been very infrequent but they have
occurred.,

It is recommended that future specifications contain a requirement for
grouts regarding their ability to protect prestressing steel in the event that
the duct is breached. 1In the present investigation, this protective function
was sought through changes in the grout composition/micro-structure that
resulted in a reduction of the permeability of the grout to chloride ion
movement and through the use of inhibitors. The chloride ion permeability of
grouts was measured using the conventional AASHTO T277-83, the rapid
permeability test, and using a new test (ACTM) developed in this program
specifically for this purpose. The AASHTO permeability test uses a 4-in
(10,16 cm) diameter, 2 in (5.08 cm) long plug of grout while the new
accelerated corrosion tests (ACTM) simulates conditions of a bonded,
prestressing tendon in service.

Comparison Of ACTM And Rapid €1~ Permeability

The ACTM was specifically designed to simulate conditions of a bonded
prestressing steel tendon in service and to permit its use as a standard
performance test by testing laboratories. The ACTM provides corrosion
performance data which would be used in conjunction with other physical and
mechanical grout property tests to evaluate candidate grout materials.

The rapid permeability test was modified by reducing the 60 V applied
voltage down to a 30 V applied voltage. This was necessary to prevent severe
overheating of the grout during the 60 V tests. Figure 35 shows typical
current - time plots for the rapid Cl~ permeability tests. When a 60 v
applied voltage was used overheating occurred and extrapolation of the data
was required. In a few instances the overheating resulted in cracking of the
grout specimen. Table 36 shows a comparison of rapid Cl1  permeability results
for the 60 V and 30 V applied voltage. The only discrepancy in the data is
with grout 6B. The 30 V tests were repeated and it is believed that these
data are correct which indicates that the 60 V data is incorrect.

Table 37 compares the ACTM results and the AASHTO rapid Cl™ permeability
results for several grouts. For the five grouts for which both data are
available, there is a reasonable correlation between the two sets of data; as
permeability increases, the time to corrosion initiation decreases. This
correlation suggests that if Cl™ permeation is the major contributor to
corrosion initiation, the rapid Cl™ permeability test may be sufficient to
characterize a grout's corrosion performance. Therefore, in the absence of
inhibitors, a specification of corrosion performance may include only the
rapid C1 permeability test. However, initial test results using a modified
(0.0V, SCE, polarized) ACTM indicates that the addition of inhibitor
significantly increases the time for corrosion initiation. Furthermore, it is
expected (although tests were not performed) that the rapid Cl™ permeability
would have indicated just the opposite results. Therefore, when an inhibitor
is incorporated in the grout, the modified ACTM test is required to
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Figure 35. Rapid Cl™ permeability test results for
Grout No. 1 for a 60 V and 30 V applied voltage.
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Table 36. Rapid permeability test results
for 60 V and 30 V applied voltage.

Coulombs
Grout 60V 30V
B 33,000 2,400
(36,000)

2-1 59,000 14,500

3 24,000 4,300

4-1 32,000 4,000

5-1 6,900 370 (140

6B 270 1,000 (910® f
6D 590 o ogse - F

8-1 15,000 1,600

11L - _ 7,200

(@) Duplicate specimens.

Table 37. Comparison of ACTM results (0.6 Vv , SCE,
polarization) with the AASHTO rapid Cl permeability test.

ACTM AASHTO Rapid
(0.6V, SCE, Permeability Test

Grout Polarized), (6h at 30V),
Identification hours coulombs
No. 1 Standard
(w/c = 0.44) 164 2,400
No. llL HRWR/
Expansive/Anti-Bleed 168 7,200
No. 8-1 HRWR/Latex Mod. 237 1,600
No. 6B HRWR/Silica Fume 295 1,000 (910)@
No. 5-1 HRWR/Flyash/Sand 418 370 (140)®

(@) Duplicate Specimens
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characterize the corrosion performance. Also, the ACTM provides an indication
of the rate of corrosion following corrosion initiation. The test data in
task C indicated that not only did the use of additives (HRWR, flyash, silica
fume, and/or latex) all tend to increase time to initiation (also indicated as
a decrease in Cl1~ permeability) the ACTM indicated that a significant decrease
in current (corrosion rate) following breakdown resulted when these additives
were used, Therefore, the ACTM provides additional information on rates of
corrosion following breakdown which the rapid Cl” permeability test does not.

Therefore, both the rapid Cl permeability test and the newly developed
ACTM are important in characterizing corrosion performance. For examining
grouts, a modification to the rapid €1  permeability test (30 V instead of
60 V) will minimize heating of the cell. It was shown in this study, that the
rapid Cl™ permeability test provides a good ranking of grouts with respect to
time to corrosion initiation in the absence of an inhibitor. If any type of
inhibitor is added such that corrosion initiation is affected by mechanisms
other than Cl~ permeation, the ACTM is required to characterize corrosion
performance.

Specification Issue 5: General Performance
Specification or Material Specification

It is obvious that the performance requirements for.grouts used in
bonded, post-tensioned construction can vary widely depending upon the job
conditions. Consideration should be given to the creation of performance
specifications for grouts for these applications to reflect the specific
requirements of each job.

The performance specifications should include the following
requirements:

l. Initial grout fluidity.

2, Grout fluidity as a function of time and temperature.

3. Maximum tolerable values for pressure induced bleeding.

4, Maximum tolerable value for chloride ion permeability.

5. Minimum value for compressive strength and rate of compressive

strength development.

The tailoring of grouts for a specific post-tensioned job application
will dictate the choice of materials to achieve the desired performance
variables. It is envisioned that the material specification will require
attention given to the following material wvariables.

1. Type and amount of portland cement.

2. Allowable water-cement ratio.
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Type and amount of additive
bleeding requirement.

Type and amount of additive
requirement.

Type and amount of additive
requirement,

Type and amount of additive
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Table 38. Estimated cost per cubic foot of experimental grouts
evaluated in the present program relative to a standard grout
containing Type II Portland cement and water having no
admixtures and a water-cement ratio of 0.44.

Relative Cost,

Grout Number Grout Description $/Ft? of Grout

Standard Grout
1 No Admixtures 1.0
w/c = 0,44

(a)

Anti-Bleed Admixture
w/c = 0.46

Superplasticizer
wic = 0.365

Superplasticizer
4-1 Corrosion Inhibitor 1.6
w/c = 0.365

Superplasticizer
5-1 Flyash/Sand 1.9
w/c = 0.32

10% Silica Fume
6B Superplasticizer 1.7
w/c = 0.365

20% Silica Fume
6D Superplasticizer 2.5
w/c = 0.365

Latex Additive
B-1 Superplasticizer 8.3
w/c = 0.29

11L Superplasticizer/gum

Aluninum Pgwder
w/c = 0.338

1.7

(a) Actual cost of Grout No. 1 = $2.96/ft5.

1 ft3 = 0.028 m3
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CHAPTER 5

CONCLUSIONS

The results presented in chapter 4 successfully accomplish the
objectives set out at the beginning of the program. The objectives were: (1)
to develop and test new mixture designs for grout used in ducts so that the
grout may provide long-term corrosion protection for the prestressing steel in
post-tensioned concrete bridge structures, and (2) to develop and perform
accelerated corrosion test methods on the new grout mixtures to predict their
performance over the design life of the bridge. The following conclusions are
based on the results presented in F%}s report and in the previously issued
topical report no. FHWA-RD-90-102.

1. In general, bonded post~tension concrete structures have given
excellent performance based on investigations to date. However,
in at least one instance, céorrosion of the duct material and
subsequent corrosion and failure of individual strands of a tendon
have been reported.

2. Present specifications are inadequate for insuring optimum
corrosion performance of the prestressing steel based on state-of-
the-art grout technology.

3. It is possible to achieve and contreol a specified level of grout
fluidity and acceptable open time through the use of high dosage
rates of HRWR admixture.

T/ Use of modifiers and additives provided improved resistance to
pressure induced grout bleeding:

) Reduction in water-to-cement ratio had a marginal beneficial
effect.
° Silica fume combined with low water-to-cement ratio had a

significant beneficial effect.

° SBR latex polymer modifier produced a significant reduction
in pressure induced bleeding.

° Anti-bleeding admixtures were very effective in reducing'
pressure induced bleeding.

5. Based on the present investigation, the use of expansive additives

for grouts designed for bonded, post-tensioned construction should
be reconsidered.
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10.

11.

12.

13.

A test protocol (ACTM) was developed that provides a relatively
fast evaluation of the corrosion performance of grouts and which
Simulates bonded post-tensioned bridge exposures while
accelerating the corrosion process.

Evaluation of corrosion performance is accomplished by two
performance tests:

L) The ACTM developed in this study.

. Modified AASHTO rapid Cl1  permeability test method (30 V
applied voltage).

Rapid Cl™ permeability test gives similar ranking of grout
performance as ACTM when C1 permeability is the primary mechanism
controlling corrosion initiation. ACTM provides more detailed
information (time to corrosion initiation and current following
initiation) than rapid Cl1 permeability test.

A modified version of the ACTM must be used when inhibitors are
added to the grout and in these cases the ACTM is the only method
for evaluating corrosion performance.

Based on the ACTM results, additives and modifiers which
significantly reduce Cl permeation also significantly improve
corrosion performance.

Grout No. 5-1 containing 33 percent (cement weight) flyash -
provided a 3-fold increase in time to corrosion initiation
relative to the standard grout.

Grout No. 6B containing 10 percent (cement weight) silica fume
addition provided a 2-fold increase in time to corrosion
ifitiation relative to the standard grout.

Based on limited comparison data from the modified ACTM, the

calcium nitrite corrosion inhibiter provided improvement in
corrosion performance.
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CHAPTER 6

RECOMMENDATIONS

One of the principal accomplishments of the present study has been the
development of grouts having improved performance relative to the historical
standard cement/water grout used in bonded post-tensioned concrete appli-
cations. These improvements are in (1) the control of the initial fluidity
and the maintenance of fluidity in the grouts, (2) the minimization or
elimination of pressure-induced bleeding in the grouts, and (3) the ability of
the grout to prolong the time to corrosion of embedded prestressing steel.
Another major accomplishment of the present study is the development of a test
protocol for evaluating the ability of grouts to provide corrosion protection
for embedded prestressing steel.

Before the improved grouts can be recommended for implementation in
practice, additional work will be required to address the following issues:

[ ] The current specifications for grouts for bonded post-tensioned
concrete applications are inadequate, in that (1) they do not
address all of the significant performance/property requirements
for grouts and (2) in some cases, test procedures/equipment have
not been identified for quantifying these variables.

* Large-scale field trials will be required to verify that the new
grouts can be successfully emplaced under field conditions.

SPECIFICATIONS FOR GROUTS FOR BONDED
POST-TENSIONED CONCRETE APPLICATIONS

Even for the grouts currently in use in post-tensioned concrete
applications, the present specifications fail to address major performance
issues. The optimum grout for a particular application can only be identified
if acceptable property and performance criteria are identified and if test
procedures/equipment are developed to quantify the variables. The proper/
performance variables at issue here include:

] The initial fluidity of the grout.

° The time period during which the grout maintains a desired level
cf fluidity (open time).

(] The consistency of the grout, particularly as related to the
pressure-induced bleeding phenomenon.

. Expansion requirements for the grout.

° The ability of the grout to delay the onset of corrosion in
embedded prestressing steel (corrosion protection).
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Before meaningful gpecifications can be written for initial grout
fluidity and for grout open time, it will be necessary to establish a
correlation between new and existing fluidity measurements and the ability of
the grout to be pumped using field equipment. This study would be part of the
large-scale field tests and would encompass a wide range of grout
formulations.

Regarding the pressure-induced bleeding of grouts in these applicatioms,
additional work is needed in the following areas:

[ Development of a standard procedure for measuring this property.

° The establishment of meaningful limits on pressure-induced
bleeding as related to the requirements of a particular job.

e The development of a standard procedure to identify the most
cost/effective means of minimizing or eliminating pressure-induced
bleeding in grouts.

In the present study, a case was made for eliminating the use of
additives that cause expansion of the grout prior to hardening. However,
there is not yet sufficient information in hand to assess the advisability of
using expansive cements or additives that cause expansion to occur in grouts
in the hardened state. Inasmuch as grout shrinkage is highly undesirable,
this issue should be carefully reviewed and test procedures developed or
modified to appropriately study this variable as related to the bonded post-
tensioned concrete application.

The present research established a test protocol for characterizing the
ability of a grout to protect prestressing steel against corrosion. However,
a statistically significant data base is lacking at present especially as
regards the effects of corrosion inhibitors on grout performance. Additional
work is required to establish this data base by performing the accelerated
corrosion test method (ACTM) on a broader range of grout formulations and by
conducting a suitably large number. of tests for each formulation. With regard
to the effect of corrosion inhibitors on the corrosion protection offered by
grouts, several concerns remain:

. The comparison data base for this conclusion is small and must be
increased to increase the confidence level in the data.

] The corrosion inhibitor was examined only in conjunction with a
simple cement/water grout. What is the effect when adding an
inhibitor with other additives?

] Over what period of time does the corrosion inhibitor remain
effective and how is this effectiveness influenced by other

additives?

Chapter 4 of the present report reviewed the considerations for general
performance and material specifications for grouts used in bonded post-
tensioned concrete construction. Additional work is required to expand these
specifications once the above-described issues have been addressed. Also, the
cost/effectiveness of the improved grouts needs to be assessed in view of the
higher material costs and any unique handling or construction costs associated
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with their use. With this information in hand, the bridge engineer would have
at his disposal performance and material specifications for specifying grouts
for bonded post-tensioned concrete construction which would provide maximum
corrosion protection for the embedded prestressing steel.

FIELD TESTING

Large-scale trials will have to be conducted in conjunction with the
investigation of the grout specification issues just discussed. The specific
issues addressed in this work should include:

[ ] The correlation of grout fluidity measurements with pumpability.

(] The formation of voids in the grouting ducts.

] The ability of grouts to penetrate the intersticesg of stranded
tendons.

. The pumpability of sanded grouts and of grouts having higher

density/viscosity relative to the standard cement/water grout.

° The evaluation of new/improved techniques for emplacement of the
new grouts,

These field tests will be the final stage in qualifying the improved
grouts for construction and will provide the necessary information for writing
an initial new specification for grouts that address all of thé relevant
property and performance variables for this application.
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Grout
Specitic
No .

Table 39.

Spectfied By
{Ret.)

ation

Va. DOT

220.03-{c)

Cement Grout
(14}

Va. poT
220.03-(d)
High Strength
Grout

{14)

Post-
Tensioning
Instituta

(15}

Inryce, Inec,
(18)

waahington St.
DOT (Standard
Spec. for Road,
Bridge, & Mun-
icipat Construc-
tien (16}

Florida DOT
(Road & Bridgs
Spec.)

(17)

Industry
Representative
(18}

AS: Not specified by refersnce matertatl.

Material and propeortioning specificaticns for grout,

Binder
Type

Hydrautie
Cemeant
AASHTO
M240,M85

Prepackaged
Nan-Shrink
Hydraulie
Cement
Mixture

Portland
Camant
ASTM C180
Type I, II,
or III, no
Tumpe

Portlaend
Camant
ASTM cC150
Type 1

Portland
Cemant
Type II

Portiand
Cemant
(plus fly-
ash})

Portiand
Cement
Type Il

Binder Aggregate Additive
Part By Wt. Water/ Aggregate Part By wt. Add it ive Part By wt.
0f Cement Cement TYpe Gf Cement Type Gf Cement
1(wt.) As Nead Fine 2{wt} As- Needed; As Nseded
For Fras Grade A Saction 217
Flowing or ¢ 6! Road &
Bridge 3Spec;
A-T% Atr.
NS Aa Nesd NS NS NS NS
For Fres
Flawing
t{wt.) 0.45{a) LE NS Al powder or As Neadad
{water must other that
be clean & couses 5 to 10%
fres ot harm- unrastrained
ful substances). expansion. CY
< D.5% by weight
1{wt.) 0.44 NS NS Intand- 0.011
Ryerson
1{wt.} 0.49 NS NS Sika 0.004
Intraplast-N {6 oz/bag}
1(wt.) 0.35 Sand 0.75 Plasticizing As approved
{(plus 0.26 to addittve by sngineer
flyaeh) 0.53 approved by
snginesr
1{wt.) 0.4 None 1] Intrusion 0.011
to Aid
0.5

SNOIIDHHISNOD CINOISNHI-LSOd QIANO9 ¥0d SILNQOYD ¥Ood
SNOILVIOIJAIDHAS ADNHOV NOILVIYOJSNVIL NV AVMHOTIH H1IVLS

V XIANZ4dV
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Table 39, Material and proportioning
specifications for grout (continued).

Grout
Speciftcation Specifisd By Binder Binder Water/ Aggregats Aggregate Additive Additive
No. (Ref.) Type Part By Wt. Cement Typs Part B8y wt. Type Part By Wt.
8 Ooregon DOT Portland 1(wt.) <0.44 NS NS Approved that As nesded
(19, 20) Cement - gives 3-10%
Type i1 unrestrained
expansion,. ©1
<0.28% by wt.
[} California Portland 1({wt.) <0.44 NS NS Approved that As neesded
por Cement - gives 6-10%
(21, 22, {Section unrestrained
29, 30) 90-2.01) expansfon, Ct
Typs 11 20.26% by wt.
Madiffed.
Ne lumps.
10 Kentucky Approved T{wt.) <0. 44 Mortar 2 Approved As nesded
Trensportation nan-shrink - Sand non~ferroue
Cabinet grout with {Optional) expanesive
(23, 24, 28) hydraulic admixturs
comeant or
prepackaged
product.
1 Tennssses Partland 1{wt.) <0 .45 NS NS Approved that Az needed
Dot ‘Cemeant - has Gt <0,.5%
(26, 27) Type I or by wt. of
Il Secttion admixture. No
901.01%. fluorides,
sulphites or
nitrates.
12 AASHTO Portland T({wt.) «<0.48(a) NS NS Appraved that As nassded
{28, 29) Cement - glives (approx. {approx. 0.011)
Type 1, II 5=10% uUnre-
or IIt, strained
AASHTO M85 expansion. CI
<0.5% by wt.
of admixture.
{a} Water/cement ratio to bs established for Type III cement based on tests.

NS: Mot specified by reference material.
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Table 40.

Grout Compressive Bond
Specification Strength strength,
No. __ped _pei Fluidity
1 Ng NS NS
2 4,000 pst 1000 pet NS
7 Days T days
ASTHM VTM-41
c109 $1ant
Cubss Shear
3 4,000 pst N3 > 11 seec.
20 Days Eftr1ux
Time By
CAD-CT78
4 NS N3 N3
L}
5 NS NS 16-20 »seo,
Efflux
Times ASTM
c93%
L] 1] NS Equal To
That Of
Heavy
Paint
7 N3 N3 NS

ns;:

Net spesified by reference material.

1 pei{ = §.0 kPa
B{F=32)/9 = C

Open

Tima

Performance specifications for grouts.

Cyre Fresra~Thaw Blseding
T ime Parformance Charscteristics
NS DF>80 NS
wL<T
ASTM C8ES-A
w/2% Mac)
NS DF>80 NS
wL<T
SR>3
ASTM Co8é-A
w/2% Nacl
L} NS < 1% by vel.
T hre. and < 4x
total,
Separated
water absorbed
< 24 hrs,
N3 ' ns NS
Concrets N3 ns
!omp6
> 38°F
until 2=
cube hae
800 pad
comp
strength
NS L1} NS
N3 NS L }3

ther

Mests roquire-
ments whan
mined w/oil.
{Mixturss mads
w/1.8% o011.)

Efflux time not
applisd when
thixetropic addi-
tive used.
Additives not
required for
hortzontal
tendons.

Flyssh {comp-
Ties w/9-23.1)
Mmay replace up
te 20% 0f cement.
Other expansion
agents may be
used 1f not
corrosive tao
eteel. Pump
grout w/in 30
min. of sdding
Intrapltast-N.

Flyash shall
have sarbon
centent <5%.
Sand ecrasned

& washed & 100%
passing No. 18-
sleve & <3% re-
tained of Mo. 30
30 afeve,.
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Table 40. Performance specifications for grouts (continued).

Grout Compressive sond
Spenitication Strength, strength open
No. ped pei Flufdity Time
8 N3 LE] > 11 Sec. NS
< 19 Seo.
Efflux
Time.
] NS N3 > 11 $eo. NS
HIA:
Tims Cal.
Test 841,
cRo
c79-58
10 3000 min. @ NS > 11 Jes. Inftiad
7 daye; 4800 Etftlux sSet < 48
min. & 7 daye Time By min,
for appreval CAD-C79 (ASTM
on non~shrink C191 or
grout. C403)
1 [ 1] NS > 11 Sec. ns
Etttux Time
By CRD-C798
12 N3 NS > 11 Ssc. LE ]
Frtlux Time
By CAD-C7%
NS Net spacitied by reference materinl.

t psi = 6.9 kP2
B(F-32)/9 = C

Cure Freeze-Thaw Bleseding

Time Performance Characteristics Other
Cencrete NS NS Pump grout
Tomp6 hotw:on 3
> 38°F & 90°F. &
untir 2° Grout 150
Cube has pei & must
800 pat pass 0,128

in scraen.

NS L £} NS Grout must
pass 0,07 in
scraeg. Pump
& <90°F. Add-
tional re~
quirements
for eftlux
tima.

0.0% to 1,.8% ns NS Mon=-shrink

Expansion
(CRD-C821)

Cenc, Temp. NS NS
> 38 F unti}

7" Cubes

have 800 psi.

Con=6 Toemp. NS NS
> 357F Untin

7" Cubes Have

an0 psi

grout may be
an approved
mixture of
hydraul te
cement , water
F.A., &L add-
ftive or an
approved com-
mercial
product.

Admixtures
approved
include
Sika
Intraplast
N or C.
Grouts
approved
include
Mastertlow
814 Cabdle
Grout
(Mastar
Bldgre.).
Grout must
pass 0.12§
ifn screan.
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Table 41.

Grout mixtures that have been used in
bonded post-tensioned constructions.

Grout Binder Additive
Mixture Specified Bindsr Part By Wt. Water/ Aggregats Additive Part 8y Wt.
No. By Type 0f Ceament Cement Type Type of Cement User Notes
1 va. DOT Type II 1 (wt) 0.42 Nons Canhex 208 D.012 Va. Dot-1295 Vertical Tendons On 1295
(18, 10) Portland By Celtite 0095-020-101, Bridge
Cement {Celbex) B610, B611
{ASTM Chesterfield,
c150) VA
2 va. DoT Typs Il 1 (wt) 0.42 Nons Intraptast 0.010 Va. 00T-1285 Langitudinal Tendons On
(18, 30) Fortland N by Stika 0035~ 020-101, 1285 Bridgas
Cemant B610, BE11,
{ASTM Chesterfield,
C150) Va.
3 Va. DOT Type 11 1 (wt) 0.42~ Nons Combex 208 0.007-0.015 Va. DOT~-I295 Cable staye onh 1296
{18, 20) Portlang 0.43 By Celtite 0095-020-101, Bridge. Must pass thru
Camant B&10, B6E1 6.0787" screen. Mixture
{ASTM Chasterftisld, doss not meat §5-9%
¢160) VA expansion eritarfa.
4 In. DOH Type I, II 1 {(wt) < D.45 Nane Al powder 0.011 In. DOH Additive shall produce 5-
(28, 2%, er 1II or other Contract No. 10% unrestrained
at) Portland gas B-11000, Sstr. expansion
Cament svolving No.4499A
(ASTHM matsrial 77258/77
c150)
5 11. por Type I, 11 t {wt) < 0.45 Hone Al powder 0.011 I1. DOT Spec Additive shall produce
{32) or IIL or other for Rt. 408 5-10% unrestrained
Modified gas Section (75, expansion. Grout must
Portland evolving 86) -7B, Pike & pass thru 0.125 in. sisve
Cement metarial Scat, :
(ASTM

c150)
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Table 41.

Grout

Grout mixtures that have been used in
bonded post-tensioned constructicns (continued).

comprevsive

Mixture Speoified By Strangth Dimensional
No . (Ref,) psi Fiuidity Stabtl1 ity Other
1 Ve, DOT Mixed w/0.8% ofl 3028 ( & day) Ne NP Cure at 30 F uUntil
(Yiscono Rust &171E o1)) 3784 ( 1 day) Campresaive Strenglh OF 2
{18, 30) 5300 (28 day) in. Cubes B00 pei
1 Va. DOT Mixed w/1.,6% ol 3000 ( 4 day) NP NP _ 3ame as 1
3488 ( T day)
(viscono Ruet 4171E ci1) 4987 (28 day)
: (18, 30}
1 3356 ( & day) NP NP Sams as 1
YA. DOT No 011 4138 { 7 day} :
(18, 30) 5062 (28 day)
2 NP >11 S5es0. (CRD~CT8) .14 Same as 1
Va. 00T -
(18, 30)
3 3000 Minimum NP 25% Sams as 1
Va. 0OT <%
{18, 10) Expansion
4 '_ﬁ NP 14 NP
In, DOW i ’
(31)
L} NP >11 sso0 (CAD-CEY1- NP Place at 80-90 F, cure at
It. DoOT 80) >30 F until comp. str. >
{31) ¥00 pei. -

NP: Mot pertformed

1 pet = 8.0 khe
§{F-21)/% = €
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