Copyright
by
Ryan David Kalina
2019



The Dissertation Committee for Ryan David Kalina Certifies that this is the
approved version of the following Dissertation:

Evaluation of Test Methods and Specifications for Supplementary

Cementitious Materials for Concrete

Committee:

Maria C.G. Juenger, Supervisor

Raissa P. Ferron

Kevin J. Folliard

David W. Fowler

Harovel G. Wheat



Evaluation of Test Methods and Specifications for Supplementary

Cementitious Materials for Concrete

by

Ryan David Kalina

Dissertation
Presented to the Faculty of the Graduate School of
The University of Texas at Austin
in Partial Fulfillment
of the Requirements

for the Degree of

Doctor of Philosophy

The University of Texas at Austin
May 2019



Abstract

Evaluation of Test Methods and Specifications for Supplementary

Cementitious Materials for Concrete

Ryan David Kalina, Ph.D.

The University of Texas at Austin, 2019
Supervisor: Maria C.G. Juenger

Abstract: With the decrease in availability of Class F fly ash as a result of stricter
emission standards imposed on coal combustion in power plants, the concrete industry is
taking measures to find new sources of supplementary cementitious materials (SCMs) to
be used in concrete that behave similarly to, or better than, Class F fly ash. A problem that
is encountered when evaluating SCMs is that test methods and standards designed to
evaluate fly ashes and traditional sources of natural pozzolans are inadequate for evaluating
new sources of materials, including quarry by-products. The research presented in this
dissertation examined several test methods used to qualify natural pozzolans and fly ashes
in the US to determine their suitability for assessing new material sources. First, test
methods specified by ASTM C618 were compared against results from advanced
characterization techniques for material pozzolanicity, including calcium hydroxide (CH)
content via thermo-gravimetric analysis (TGA) and the recently developed rapid, relevant,
and reliable (R*) method. This was done to determine how whether or not ASTM C618 can
effectively screen inert materials. The research also evaluated the use of standardized tests

for resistance to alkali-silica reaction (ASR) and their application to natural pozzolans and
v



fly ashes, particularly in the context of SCMs with high alkali contents. The literature
suggests that the more rapid test for ASR, ASTM C1567, is ineffective for evaluating the
contribution of high-alkali fly ash in controlling ASR expansion, and this research
examined the role of alkali solubility on the test results for both high-alkali fly ashes and
natural pozzolans. Concerns with the relevance of the ASTM C311 standard method for
determining available alkalis were explored by evaluating modifications to the standard
available alkali test method that included varying the length of curing and increasing the
pH of the reagent solution to better represent conditions in real concrete. The results of the
research showed that ASTM C618 does not adequately screen inert materials for use in
concrete and fails to test for pozzolanicity. The research also showed that natural pozzolans
behave differently than high-alkali fly ashes in standardized tests for ASR in that ASTM
C1567 is sufficient in predicting the outcome of ASTM C1293 for natural pozzolans,
primarily due to the lower available alkalis of natural pozzolans compared to fly ashes. It
was also found that modifying the ASTM C311 standard method for determining available
alkalis to better represent realistic conditions is not necessary, since the results of the
modifications were not significantly different than the results of the standard method. For
several of the materials, the available alkalis determined using the standard method were
useful in understanding the role of alkalis in SCMs when assessing their performance in

ASR testing.
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Chapter 1: Introduction

Supplementary cementitious materials (SCMs) are used in concrete as a partial
replacement of cement because their pozzolanic and/or cementitious/hydraulic reactivity
enhances concrete properties, providing improved benefits in long-term strength and
durability, particularly in controlling expansion due to alkali-silica reaction (ASR) and
sulfate attack. An SCM is defined by the American Concrete Institute (ACI CT-18 2018)
as an "inorganic material such as fly ash, silica fume, metakaolin, or slag cement that reacts
pozzolanically or hydraulically." SCMs include materials such as fly ash, ground
granulated blast furnace slag, natural pozzolans, silica fume, and ground glass. Among
these SCMs, fly ash is one of the more commonly used in concrete. Fly ash is a by-product
of the coal-burning process in power plants and is defined by ACI (ACI CT-18 2018) as
"the finely divided residue that results from the combustion of ground or powdered coal
and that is transported by flue gases from the combustion zone to the particle removal
system." ASTM C618 (2015) categorizes fly ash in two classes, Class F and Class C,
which are primarily defined by the amounts of silicon, iron, and aluminum oxides (SiO»,
Fe>03, and Al,O3). A Class F fly ash must have greater than 70% of these oxides, whereas
a Class C fly ash must have greater than 50% of these oxides. Class F fly ash is generally
regarded as being of better quality than Class C fly ash for use in concrete due to its ability
to better prevent expansion from ASR and sulfate attack (Thomas et al. 2017). In addition

to the added benefits of fly ash to concrete, it is also less expensive than portland cement

(ARTBA 2015).



The production of quality fly ash has been declining steadily for several reasons,
including progressively stricter emissions standards for coal-fired power plants, the high
costs of repairs and maintenance of aging and non-compliant coal-fired power plants, and
the comparatively cheaper costs of alternative forms of energy, such as natural gas and
wind. In 2016, the overnight capital cost and operation/maintenance costs for coal-fired
power plants were reported as being significantly higher than natural gas plants and wind
energy, with higher costs associated with compliant coal-fired power plants due to the
addition of carbon capture and storage (CCS) capabilities (EIA 2016). The overnight
capital costs for compliant and non-compliant coal-fired power plants were 5,084 $/kW
and 3,636 $/kW, respectively, compared to 978-1,104 $/kW and 1,877 $/kW for natural
gas and wind, respectively (EIA 2016). The fixed operating and maintenance costs for
compliant and non-compliant coal-fired power plants were 70 $/kW-yr and 42.1 $/kW-yr,
respectively, compared to 10-11 $/kW-yr and 39.7 $/kW-yr for natural gas and wind,
respectively (EIA 2016). If US coal-fired power plants are retrofitted to meet the most
stringent air pollution regulations, it could increase operating costs by 13% while causing
a decline in the electric generating capacity from 60% to 40% (Gray 2018).

There have been 529 coal-fired power plant closures in the US between 2007 and
2017 (EIA 2019a), and the UK is expected to retire its remaining coal-fired power plants
by 2025 (McCarthy et al. 2017). The lower costs of natural gas is a significant reason for
the decline in reliance on energy from coal-fired power plants (Csereklyei and Stern 2017).
In 2018, natural gas plants accounted for 19.3 gigawatts (GW) of electric generating

capacity additions in the US (EIA 2019a). Conversely, coal-fired power plant retirements
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resulted in a loss of 12.9 GW in 2018 (EIA 2019a). It is expected that an additional
21.4 GW of electric generating capacity from coal-fired power plants will be retired
through 2024 (Feaster 2018). Additionally, the use of wind as a source of energy is also
on the rise, further threatening the need for energy from coal-fired power plants. The
energy used in the US from wind power increased from 0.55% to 2.56% between 2008 and
2018 (EIA 2019b). In 2018, wind power accounted for 6.6 GW of electric generating
capacity additions in the US (EIA 2019a).

According to the American Coal Ash Association (ACAA) (2011; 2018), the use
of fly ash in concrete and concrete products has increased by 28% between 2010 and 2017,
and the production of fly ash has decreased by 44% during the same timeframe. It is
estimated that concrete production will increase by more than 50% through 2033 (ARTBA
2015). Therefore, the depletion in the production of quality fly ash and the projected
increase in concrete production has caused a push in the concrete industry to find
alternatives to fly ash for use in concrete, which has led to an increased interest in the use
of natural pozzolans. The increased interest in natural pozzolans has also led to the possible
inclusion of new materials that do not have a history of field performance in concrete.
Testing on these new materials is important to prevent the use of inadequate materials in
concrete that could be detrimental to the long-term durability of concrete.

A natural pozzolan is defined by ACI (ACI CT-18 2018) as "a raw or calcined
natural material that has pozzolanic properties." Natural pozzolans commonly used in the
concrete industry include pumice, pumicite, perlite, vitric ash, zeolites, clay, shale, and

metakaolin. ASTM C618 assesses natural pozzolans for use in concrete, designated as a
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Class N material. Two of the requirements for a natural material to qualify as a Class N
natural pozzolan are the sum of silicon, iron, and aluminum oxides greater than 70% and
sufficient strength activity index (SAI) compared to a cement-only mortar. The
requirements in ASTM C618 were developed for assessing natural pozzolans with a history
of good field performance, such as metakaolin. However, several studies have shown that
the sum of oxides and SAI are not suitable to indicate pozzolanicity for some materials
because they do not compare well to performance of the material in concrete or to results
from pozzolanicity testing (Pourkhorshidi et al. 2010; Bentz et al. 2011; Gava and
Prudencio 2007a; Gava and Prudencio 2007b). Therefore, there is a potential for ASTM
C618 to incorrectly specify natural materials that are not pozzolanic as a Class N natural
pozzolan for use in concrete, which was evaluated in this research.

Natural pozzolans commonly have total equivalent alkali contents (Na>O.) greater
than 4%, which is designated as being high by ASTM C1778 (2016). Discrepancies
between results from the ASTM C1567 (2013) and ASTM C1293 (2018) for fly ashes with
high total equivalent alkali contents have led to recommendations by ASTM C1778 that
ASTM C1567 is not suitable for fly ashes with a total equivalent alkali content of greater
than 4%. ASTM C1778 recommends that high-alkali fly ashes should be tested with
ASTM C1293 to determine their suitability for use in concrete. This introduces the
question of whether or not high-alkali natural pozzolans behave differently than high-alkali
fly ashes in accelerated testing for ASR and if natural pozzolans should be considered

differently in specifications.



An objective of this dissertation is to assess the ability of natural pozzolans with
high alkali contents to adequately perform in concrete as an SCM in lieu of fly ash,
particularly in regards to controlling expansion due to ASR. The role of alkalis in the
natural pozzolans in their ability to control ASR expansion, which is typically regarded as
problematic for fly ashes, was evaluated. In addition to ASTM C1567 and ASTM C1293
testing, the available alkalis were determined to gain insight into the role of alkalis in ASR
testing. Five natural pozzolans were included in this research along with four high-alkali
fly ashes to compare their performance in ASR testing. Four natural minerals with high
alkali contents that were determined to be inert were also evaluated to compare with the
natural pozzolans.

The remainder of this dissertation is as follows. The entire dissertation, including
all chapters, were written by the author, Ryan Kalina. Chapter 2 evaluates the potential for
false positives in ASTM C618 specifications for the classification of natural pozzolans as
Class N materials for use in concrete. Testing was conducted on materials known to be
pozzolanic as well as new materials with unknown pozzolanicity to determine if the new
materials passed ASTM C618 as Class N materials. Pozzolanicity testing was performed
on the materials that included a relatively new method for rapid screening of reactivity and
calcium hydroxide testing using thermos-gravimetric analysis (TGA) to assess whether or
not the materials were pozzolanic. The SAI used in ASTM C618 was also evaluated for
reliability as a method for determining if materials with unknown pozzolanicity are suitable
for use in concrete as a Class N designation. The author performed the SAI and calcium

hydroxide testing with the assistance of Saif Al-Shmaisani. The rapid screening method
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for reactivity testing was performed by Saif Al-Shmaisani. The author performed the
analysis and interpretation of the data. This chapter is a copy of the author's pre-printed
manuscript that was published in the American Concrete Institute (ACI) Materials Journal.
Other authors of the manuscript include Saif Al-Shmaisani, Raissa Ferron, and Maria
Juenger. ACI allows the authors to use the published manuscript in works of their own.
The ACI publications copyright policy is as follows: "The authors reserve all the following
proprietary rights other than copyright such as patent rights and the right to use all or part
of this article in future works of their own such as lectures, reviews, personal websites, text
books, etc."

Chapter 3 evaluates the role of alkalis in the ability of natural pozzolans to control
expansion due to ASR. ASR testing was performed on the materials utilizing ASTM
C1567 and ASTM C1293 to evaluate the efficacy of the natural pozzolans in controlling
expansion due to ASR. The available alkalis of the materials were determined utilizing the
method outlined in ASTM C311 (2018) to evaluate the materials. Rietveld quantitative
x-ray diffraction (XRD) was performed on the materials to gain an insight into the
amorphous contents and crystal phases that could affect the release of alkalis. The ASTM
C1567 and ASTM C1293 testing were performed by Dr. Saamiya Seraj and Rachel Cano.
The author performed the available alkali testing with the assistance of Saif Al-Shmaisani.
The Rietveld quantitative XRD was performed by Saif Al-Shmaisani. The author
performed the analysis and interpretation of the data.

Chapter 4 has the same objective of determining the role of alkalis in the ability of

SCMs to control ASR expansion as the work presented in Chapter 3, but with an expanded
6



set of materials including the quartz, natural pozzolans, and natural minerals evaluated in
Chapter 2 as well as four high-alkali fly ashes. ASTM C1567, ASTM C1293, Rietveld
quantitative XRD, and ASTM C311 available alkali testing were performed with these
additional materials. ASTM C1293 testing is currently underway, and the most current
results are presented. The concrete alkali loadings of the ASTM C1293 prisms were
calculated by accounting for the alkali contribution from the SCMs with the use of their
available alkali contents, along with the alkali content of the cement. Testing was
conducted on the water from the ASTM C1567 immersion period to evaluate the role that
the water immersion has on alkali leaching and, thus, ASTM C1567 results. The author
developed the procedure and analysis of the testing on the water from the ASTM C1567
immersion period. A modified version of ASTM C1567, developed by the author, was
also explored to further assess the effects of the water immersion period on the results of
the testing. The author performed the testing for ASTM C1567, ASTM C1293, and
available alkalis with the assistance of Saif Al-Shmaisani. The author performed the
testing conducted on the water from the ASTM C1567 immersion period as well as the
modified version of ASTM C1567. The Rietveld quantitative XRD was performed by Saif
Al-Shmaisani. The author performed the analysis and interpretation of the data.

Chapter 5 evaluates concerns with the ASTM C311 test method for determining
available alkalis that have led to questions concerning the relevance of the results,
including the timeline of testing and the unrepresentative initial pH of the reagent solution.
This chapter evaluates modifications to the ASTM C311 available alkali test method that

included varying the length of curing and increasing the pH of the reagent solution to better
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represent conditions in real concrete. The materials tested in this chapter include the quartz,
natural pozzolans, and natural minerals evaluated in Chapters 2 and 4, the natural pozzolans
evaluated in Chapter 3, and the fly ashes evaluated in Chapter 4. To provide insight into
the factors contributing to the available alkalis of the SCMs, the mineralogies of the SCMs
were determined using Rietveld quantitative XRD. The author performed the modified
available alkali testing with the assistance of Saif Al-Shmaisani. The modified test method
of increasing the pH of the reagent solution was developed by the author. The Rietveld
quantitative XRD was performed by Saif Al-Shmaisani. The author performed the analysis
and interpretation of the data.

Chapter 6 is the conclusion of the dissertation that summarizes the results of the

evaluations and provides recommendations for future work.



Chapter 2: False Positives in ASTM C618 Specifications for Natural
Pozzolans

This chapter is a copy of the author's pre-printed manuscript that was published in
the American Concrete Institute (ACI) Materials Journal as the following:
"Kalina, R.D., Al-Shmaisani, S., Ferron, R.D., and Juenger, M.C.G. (2019). "False
Positives in ASTM C618 Specifications for Natural Pozzolans." ACI Materials Journal,
116(1), 165-172."

ACI allows the authors to use the published manuscript in works of their own. The
ACI publications copyright policy is as follows: "The authors reserve all the following
proprietary rights other than copyright such as patent rights and the right to use all or part
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2.1 ABSTRACT

ASTM C618 is used to qualify fly ash and natural pozzolans for use in concrete and for
sale to the concrete industry. This study tests the notion that ASTM C618 does not
adequately qualify natural pozzolans for use in concrete, with the primary concern that
ASTM C618 has the potential to provide “false positives” for inert materials. Pozzolanicity
tests and the tests outlined in ASTM C618 were performed on a variety of natural materials,
including those that were known to be pozzolanic or inert and those with unknown
pozzolanicity. Compressive strength testing at a fixed water-to-cementitious materials
ratio (w/cm) was also performed on the materials, and the results were compared against
the results of the strength activity index (SAI) from ASTM C618, which has a variable
w/cm. This study proves that inert natural minerals passed ASTM C618 for a Class N

natural pozzolan for use in concrete, suggesting that the standard is inadequate.

Keywords: ASTM C618; Class N; natural pozzolan; pozzolanic reaction

2.2 INTRODUCTION

Supplementary cementitious materials (SCMs) are utilized in concrete mixtures because
their pozzolanic and/or cementitious/hydraulic reactivity enhances concrete properties.
Pozzolanic reactivity results in the formation of reaction products with cementitious
properties similar to those formed from the hydration of portland cement due to the reaction
between calcium hydroxide and the oxides in a pozzolan'. Hydraulic reactivity is the
setting and hardening of a binding material by chemical reaction with water that is capable

of occurring underwater'. Materials that are relatively inert and do not react in concrete to
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form hydration products are defined as fillers'. SCMs include materials such as fly ash,
ground granulated blast furnace slag, natural pozzolans, silica fume and ground glass. The
ASTM International (ASTM) C618 standard, Standard Specification for Coal Fly Ash and
Raw or Calcined Natural Pozzolan for Use in Concrete?, consists of a series of tests that
are used to determine if fly ashes and natural pozzolans are suitable for use as SCMs in
concrete. ASTM C618 does not directly examine the pozzolanicity or hydraulic activity
of a material, rather the specification uses oxide analysis and mechanical testing as a way
to indirectly assess reactivity. With respect to oxide analysis, ASTM C618 stipulates that
the sum of silicon, iron, and aluminum oxides (SiO2, Fe>Os, and Al,O3) must be at least
70% for a fly ash or natural pozzolan to fulfill the requirements of ASTM C618? for Class
F (fly ash) or Class N (natural pozzolan). With respect to mechanical testing, in ASTM
C618, the strength activity index (SAI)® of a mortar containing the material under
evaluation is determined. The SAI compares the compressive strengths of SCM-mortars
(20% replacement of cement with SCM by mass) at 7 and 28 days to those of a control
(100% cement) mortar. The water-to-cementitious materials ratio (w/cm) of the control
mortar is held constant at 0.484 and the w/cm of an SCM-mortar is adjusted to provide a
flow that is within £ 5 of the control mortar. To pass the requirements of ASTM C618, the
compressive strengths of the SCM-mortars must be at least 75% of the control mortar at 7
or 28 days>.

Multiple studies have shown that the sum of oxides and the SAI are not suitable to indicate
the pozzolanicity of a material because they do not compare well to performance of the

material in concrete or to results from test methods for determining pozzolanicity*”’. Test
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methods for determining pozzolanicity of a material include the rapid, relevant, and reliable
(R?) method® 3, calcium hydroxide consumption in pastes using thermogravimetric
analysis* ®!!, the Chapelle test™ !> '3, the Frattini test'> 14, and a saturated lime test'?.

One reason that the sum of oxides requirement in ASTM C618 does not accurately indicate
pozzolanicity is that it does not take into account the mineralogy of the SCM, neglecting
the distribution of the oxides into crystalline and non-crystalline (amorphous) phases.
Some phases are more soluble than others, with crystalline phases such as quartz present
in fly ash and natural pozzolans being mostly insoluble. Therefore, the SiO> present in
quartz and other insoluble or low-solubility phases should not be considered when
accounting for reactive components. It has been suggested that the sum of oxides in
amorphous phases is a more accurate way of determining pozzolanicity of an SCM than
the total sum of oxides, since the amorphous phases are usually the more soluble phases®.
Methods employed to determine the mineralogy of a material include x-ray diffraction
(XRD) and insoluble residue analyses.

The SAI test is problematic for determining pozzolanicity for many reasons. For example,
mass replacement of the cement with an SCM does not take into account that the densities
of most SCMs are significantly lower than that of cement, resulting in a reduction of the
water volume fraction*>. Other standards, such as the ASTM C595 Standard Specification
for Blended Hydraulic Cements" and the NBR 5752 Pozzolanic Materials: Determination
of the Pozzolanic Activity Index'®, utilize a 35% volumetric replacement of cement by
pozzolans> ©, thus taking the specific gravity of the SCM into account. Bentz et al.> have

proposed that the SAI test in C618 use constant volumetric proportioning to take into
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account the densities of the SCMs tested, which can vary widely. They also showed that
another advantage to the use of constant volumetric proportioning is that the 7-day SAI
results correlated directly to heat produced in isothermal calorimetry testing.

The use of a varying w/cm in the SAI test has been criticized because the impact of w/cm
on mortar compressive strength masks the impact of the materials tested* > ', Adjustment
of the w/cm of an SCM mixture with low water demand to achieve an equivalent flow to
the control mixture can reduce the water content of the mixture, which can occur with some
fly ashes. The reduction of water content typically results in an increase in the compressive
strength of the mixture. Conversely, the compressive strengths of SCM mixtures with high
water demand will typically be reduced due to the necessary increase in water content to
achieve equivalent flow to the control mixture. The use of a constant w/cm for the SAI
test has been proposed by Pourkhorshidi et al.* and Donatello et al.'* to reduce the
variability in results. The use of water reducers has been recommended to achieve standard
consistency of the mixtures with a constant w/cm> 4. It has also been suggested that the
strength criteria acceptance limit for SAI of 75% be increased to 80% or 85%°. Another
problem with the SAI test is that SCMs found to be pozzolanic at later ages (i.e. slow
reacting) may be prematurely rejected based on the results of testing at 7 and 28 days.
Therefore, an increase in testing age to 56 and 91 days has been proposed”. Testing at later
ages also eliminates the potential for inert materials to pass the SAI at 7 days due to the
“filler effect,” which causes increased early formation of hydration products on the

increased sites for nucleation and growth that are provided by the surfaces of the
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inert material. This increased hydration results in increasing early age compressive
strength!! 1719,

Utilizing ASTM C618 for the qualification of natural pozzolans, in particular, poses
concerns because of the wide variety of natural materials with diverse mineralogy that fall
under this classification. Since the standard does not include a pozzolanicity test, there is
potential for non-reactive materials to pass the criteria in the specification. This has
negative implications for the concrete industry as inert materials could be marketed as
pozzolans based on the results of ASTM C618.

This study tests the notion that ASTM C618 does not adequately qualify natural pozzolans
for use in concrete, with the primary concern that ASTM C618 has the potential to provide
“false positives” for inert materials. The tests outlined in ASTM C618 were performed on
a variety of natural materials, and the results were compared against the standard’s

thresholds. Compressive strength testing at a fixed w/cm and pozzolanicity tests were also

performed on the materials in this study to compare against the results of ASTM C618.

2.3 RESEARCH SIGNIFICANCE

The test methods prescribed by ASTM C618 for qualifying natural pozzolans do not
measure pozzolanicity, which is a critical characteristic of an SCM. In the absence of
pozzolancity testing, inert natural materials can be classified and sold as natural pozzolans
under ASTM C618, and may be assumed to be applicable for use following American

Concrete Institute (ACI) recommendations for durable concrete. This study provides
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insight into the shortcomings of ASTM C618 by comparing results from ASTM C618 to

those from other test methods, including pozzolancity tests.

2.4 MATERIALS AND METHODS

Several natural materials, considered to be potential natural pozzolans, were tested in this
study. These included two pumicites (P): P-1 is a white pumicite that was known to be
pozzolanic, and P-2 is a less pure, tan pumicite that is overburden from the same quarry
and whose pozzolanicity was uncertain due to its reduced purity. P-1 and P-2 were
examined with Rietveld quantitative XRD, which revealed that the amorphous contents for
P-1 and P-2 are 90.5% and 68.8%, respectively. P-1 contained crystalline phases of
sanidine and quartz. P-2 contained crystalline phases of albite, anorthoclase, sanidine, and
quartz. Four other natural minerals (NM), designated NM-1 through NM-4, had unknown
pozzolanicity and were evaluated to determine if they are suitable for classification as
natural pozzolans (Class N) and to determine whether or not they are pozzolanic. NM1
through NM4 were examined with XRD and generally contained crystalline phases of
phyllosilicates, plagioclase feldspar, alkali feldspar, and some quartz. A fine quartz
powder, designated as Q, was tested in order to evaluate a known inert material. A cement
conforming to ASTM C150?° Type I specifications (herein denoted as OPC) was used in
this study. The oxide compositions of all the powder materials (i.e., OPC, natural minerals,
and quartz) were determined by x-ray fluorescence spectroscopy (XRF). Particle size
analysis was conducted via laser diffraction using a Malvern Mastersizer 2000 Laser

Diffraction Particle Size Distribution Analyzer. Specific gravity was determined using
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ASTM C604%!. The results from the XRF, particle size analysis, and specific gravity for
the powder materials are summarized in Table 2.1. Graded standard sand in accordance

with ASTM C109?? from Ottawa, IL was used as received.

2.4.1 ASTM C618 Tests

ASTM C618? outlines the chemical and physical properties required for a natural mineral
to be classified as a Class N pozzolan. The test methods specified in ASTM C618 are
outlined in ASTM C3113, and include moisture content, loss on ignition, fineness, strength
activity index, water requirement, soundness, and density. The chemical and physical
requirements in ASTM C618 are shown in Tables 2.2 and 2.3, respectively. These tests
were performed on all of the potential natural pozzolans and the inert quartz following the

standard procedures in ASTM C311.

2.4.2 Compressive Strength Testing

It is important to evaluate the compressive strength of mortars containing SCMs at a
constant w/cm, particularly at later ages such as 56 and 90 days to observe increases in
strength due to pozzolanic reaction. However, to keep mortar flow constant, the SAI test
in ASTM C618 varies the w/cm, which makes it difficult to use the ASTM C618 SAI
results to compare the effects of SCMs on compressive strength of mortars. ASTM
requires SAI determination at 7 and 28 days; in this study, mortars were tested for
compressive strength based on ASTM C109?? at 1, 3, 7, 28, 56, and 90 days. The mixtures

consisted of a 20% by mass replacement of the cement with SCMs, a ratio of fine
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aggregate-to-cementitious materials of 2.75, and a fixed w/cm of 0.485. Volumetric

proportioning, as suggested by Bentz et al.>, was not explored in this study.

2.4.3 Pozzolanicity Tests

As discussed earlier, many testing methods are available to determine the pozzolanicity
of materials. In this study, two tests were used: the rapid, relevant, and reliable (R
method® ' and calcium hydroxide (Ca(OH),, or CH in cement chemistry notation)
consumption in pastes measured using thermal gravimetric analysis (TGA) *°!!. The R?
method was chosen due to promising results in the literature® 1> and the ease in the setup
and performance. The R* method involves testing a paste mixture of the potential SCM,
water, calcium hydroxide, and adjusted levels of sulfate and alkalis. The adjusted sulfate
and alkali levels in the mixture were achieved with the addition of gypsum and 0.5 M of
potassium hydroxide solution, respectively. Note that no portland cement is actually used
in the R test. Rather, by using an aqueous solution of calcium hydroxide, sulfates, and
alkalis, the R test synthesizes an environment similar to an actual cement pore solution to
accelerate the pozzolanic reaction and to induce the formation of reaction products in a
manner similar to what would occur in actual blended cements. Since portland cement is
not used in the R? test, it is not intended to predict the amount of CH consumption, but
rather, to determine the degree of pozzolanicity of a material. The mixture designs of the
materials are included in Table 2.4. The pastes were mixed for 2 min using an overhead
laboratory mixer at 1600 rpm. The pastes were then placed in a glass ampoule and the heat

of the reaction was measured in a TAM Air isothermal calorimeter at 40 °C (104 °F) for 7
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days against reference water samples of equivalent specific heat. The cumulative heat was
then calculated from the evolved heat. In this study, the R* method was performed on the
potential natural pozzolans and quartz. The quartz was used as a control material to help
assess the pozzolanicity of the potential natural pozzolans, since the quartz is known to be
inert. Categories of the degree of pozzolanicity of a material have not been developed for
the R? test. However, based on the results of the testing performed for this study, the
materials can be categorized as being highly pozzolanic if the cumulative heat is greater
than 200 J/g; moderately pozzolanic if the cumulative heat is between 100 J/g and 200 J/g;
or inert if the cumulative heat is less than 100 J/g. These categories are consistent with the
results at 7 days presented by the developers of the test method® 2.

CH consumption by SCMs in cement pastes was also used as a measurement of
pozzolanicity, since a reduction in CH over time indicates that a pozzolanic reaction has
occurred. Simultaneous differential scanning calorimetry (DSC) and TGA were used to
quantify the CH content in cement pastes containing the natural minerals, the pumicites,
and Q. In DSC/TGA testing, the amount of CH present in the tested sample is determined
by measuring the water lost during decomposition of CH during heating.

The pastes consisted of 20 g (0.71 oz) cement, 5 g (0.17 oz) potential natural pozzolan/Q
(or 20% of the cement by mass), and 11.25 g (0.40 oz) water, giving a w/cm of 0.45. The
pastes were mixed for 2 min using an overhead laboratory mixer at 1600 rpm. DSC/TGA
testing was performed at 1, 7, 28, and 90 days, so the sample mixtures were separated into
four individual containers and cured at 23 °C (73 °F) and 100% relative humidity (RH) for

the specified amount of time. Upon reaching the target age, the samples were removed and
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hydration was stopped using vacuum desiccation. First, the edges of the sample were
removed and discarded in order to remove CH crystals that orient along the edges of the
sample and walls of the container. Next, the sample was quickly crushed to pass the
No. 100 sieve (150 wm) and then placed in a vacuum desiccator for a minimum of two
weeks to cease hydration. The samples were then ground to pass the No. 325 sieve
(45 pm) and placed back under vacuum prior to testing to prevent carbonation of the
materials.

The DSC/TGA testing was performed utilizing a Mettler Thermogravimetric Analyzer,
Model TGA/DSC 1. The heat flow and mass loss of 10 mg (3.5 x 10 0z) of each material
in a 70 pL (2.4 x 107 fl oz) crucible were recorded as the materials were heated from 40-
1000 °C (104-1832 °F) at a rate of 20 °C/min (36 °F/min) within a chamber with N> gas
flowing at 50 mL/s (1.7 fl oz/s) to prevent carbonation of the material while the test was
underway. The water loss during CH decomposition is converted to the amount of CH per
gram of cement by normalizing by ignited weight (mass after heating to 1000°C (1832°F))
and accounting for the mass percent of the cement in the sample tested. The method of
analyzing the DSC curve as outlined by Kim and Olek?? was used to pinpoint the exact start
and end temperatures when the mass loss of water during the degradation of CH occurs,

which is typically between approximately 350-550 °C (660-1020 °F).
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2.5 EXPERIMENTAL RESULTS AND DISCUSSION
2.5.1 ASTM Cé618

The results of tests specified by ASTM C618 to determine the chemical requirements and
physical requirements of a material are shown in Tables 2.2 and 2.3, respectively. From
the results, it can be seen that all of the potential natural pozzolans, including the inert
quartz, Q, passed the chemical and physical requirements set forth by ASTM C618. Note
that soundness testing was not performed on the inert quartz, Q. Since x-ray fluorescence
showed that the quartz contained an insignificant quantity of magnesia (Table 2.1), it is

not expected to fail the soundness test.

2.5.2 Compressive Strength Testing

Mortar compressive strength results at constant w/cm are shown in Fig. 2.1a, whereas
Fig. 2.1b presents the compressive strength results normalized with respect to the OPC
control mortars. In Fig. 2.1a, the mortars containing Q have compressive strengths at, or
lower than, the OPC control at all ages, and the reduction in compressive strength is more
significant at 90 days. These results indicate that the dilution of cement by the inert quartz
has a large effect on compressive strength at later ages. The less equivalent loss in strength
at earlier ages has been observed before and is the result of the filler effect!! '"!°. The
compressive strengths of the mortars containing NM-1 through NM-4 were similar to the
mortars containing Q and did not increase significantly beyond 28 days. The results of the
mortar compressive strength testing suggest that the natural minerals are not pozzolanic,

since the results are similar to inert quartz.
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The compressive strength of the mortar containing P-1 increased over time and was
significantly higher than the OPC mortar at 90 days, which is indicative of a pozzolanic
material. The compressive strength of the mortar containing P-2 was similar to the OPC
mortar at each age tested, with the exception of 56 days, indicating that the material may
be moderately pozzolanic since the strengths are generally greater than those of the quartz
mortar at later ages. The compressive strength of mortar containing P-1 was higher than
that of the mortar containing P-2 at each age tested, with a significant difference at later
ages, despite P-1 and P-2 having similar oxide compositions and particle size distributions.
The higher compressive strengths of mortar containing P-1 is due to the significantly higher
amorphous content of P-1 compared to P-2.

It should be noted from Fig. 2.1b that all of the materials, including the quartz control
material, resulted in compressive strengths within 75% of the OPC control mortar at all
ages. Therefore, an SAI test with a fixed w/cm and a passing criterion of 75% at any age
would pass all of these materials, including the known inert quartz. These results suggest
that if modifications to the SAI test are explored, fixing the w/cm alone is not sufficient,
but changes to the passing criterion and perhaps the replacement amount should also be

explored.

2.5.3 Pozzolanicity Testing

The results of the R? method are shown in Table 2.4 as the final cumulative heat evolved
per gram of potential natural pozzolan (J/g, kcal/lb). Greater cumulative heat values

correlate with greater pozzolanicity of the tested material. As expected, the final

22



cumulative heat of the mixture containing inert quartz, Q, was the lowest at 20.0 J/g
(2.2 kcal/lb). The final cumulative heat of the P-1 mixture was the greatest at 271.8 J/g
(29.5 kcal/lb), as expected since it is a known pozzolan, and was significantly greater than
the heats from the natural mineral mixtures. The final cumulative heats from the natural
mineral mixtures were slightly higher than that from the Q mixture, ranging in value from
33.4 /g (3.62 kcal/lb) to 83.2 J/g (9.0 kcal/lb) for NM-4 and NM-2, respectively. The final
cumulative heat from the P-2 mixture was 178.3 J/g (19.3 kcal/lb), which is significantly
higher than those from the natural mineral mixtures; however, the value is lower than that
from the P-1 mixture, indicating that P-2 is less pozzolanic than P-1. Therefore, the R3
testing suggests that the natural minerals are not pozzolanic and that P-2 is moderately
pozzolanic based on the categories of pozzolanicity previously discussed. The results of
the R testing agree well with the mortar compressive strength data.

It should be noted that there is some heat produced by the mixtures containing Q and NM.
This was also seen by Snellings and Scrivener!'? for quartz. It is possible that the relatively
high testing temperature (40°C (104°F)) results in some dissolution of crystalline silica,
causing some heat release. Nonetheless, the heat released from Q and NM is so much
smaller than that from the pumicites and materials tested in other studies® !* that the low
values suggest non-reactivity.

The results of the CH content testing using TGA are shown in Fig. 2.2 as CH content (%)
by mass of cement at each sample age. In Fig. 2.2, it is clear that the quartz and natural
minerals increase early CH content, which is a result of the filler effect'’" 1. When the

CH content of an SCM-containing paste is lower than that of the OPC paste, this indicates
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that a pozzolanic reaction has occurred. It is also clear from Fig. 2.2 that the natural
minerals are not pozzolanic because they do not reduce the CH content of the pastes for
the timeframes considered in this work. From Fig. 2.2, it can be seen that the CH content
of P-2 was slightly lower than the OPC at each age considered in the work, indicating
moderate pozzolanicity of the material. The results of the compressive strength testing, R

method, and CH content testing are consistent and assessed the materials similarly.

2.6 CONCLUSIONS

ASTM C618 is used to qualify fly ash and natural pozzolans for use in concrete and for
sale to the concrete industry. Utilizing ASTM C618 for the qualification of natural
pozzolans poses concerns because of the wide variety of natural materials with diverse
mineralogy that fall under this classification. Since the standard does not include a
pozzolanicity test, there is potential for non-reactive materials to pass the criteria in the
specification. This study tests the notion that ASTM C618 does not adequately qualify
natural pozzolans for use in concrete, with the primary concern that ASTM C618 has the
potential to provide “false positives” for inert materials. All of the materials included in
this study passed ASTM C618 for a Class N natural pozzolan for use in concrete. The
degree of pozzolanicity of the materials was assessed with mortar compressive strength
testing, the R® method, and CH content testing to determine their suitability for use in
concrete.

Based on the results of this experimental investigation, the following conclusions are

drawn:
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It is clear from the results of the compressive strength testing and pozzolancity tests
that the natural minerals (NM) are not pozzolanic and that P-2 is moderately
pozzolanic.

The natural minerals (NM) and inert quartz, Q, passed ASTM C618 for a Class N
natural pozzolan for use in concrete despite these materials not being pozzolanic.
Therefore, ASTM C618 provides false positives for materials to be classified as
acceptable for use in concrete as a natural pozzolan.

The strength activity index (SAI) should be re-evaluated. Potential avenues to
pursue are: volumetric proportioning to account for varying densities of materials;
a constant w/cm to better compare materials with varying water demands; and
increasing the testing age to not include inert materials with early increases in
compressive strength due to the "filler effect," as well as to capture SCMs that are
pozzolanic at later ages. The results of this study also indicate that evaluating the
minimum compressive strength requirements with the use of a constant w/cm is

necessary for the passing criteria.

It should be noted that the role of particle size distribution of a material was not assessed

in this paper; however, particle size distribution of SCMs greatly affects the compressive

strength of mortar and concrete. When comparing compressive strengths among SCMs

with similar compositions, those with a smaller particle size distribution will generally

yield higher compressive strengths**. Therefore, if modifications are considered to ASTM

C618, the assessment of material fineness by the material retained when wet-sieved on a

45-um (No. 325) sieve, should also be re-evaluated.
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Fig. 2.1b — Compressive strength of mortars containing 20% replacement of cement (by

mass) of potential natural pozzolans as a percent of control cement mortar compressive
strength (w/cm=0.485).

Fig. 2.2 — CH content (% by mass of cement) of pastes containing 20% replacement of
cement (by mass) with potential natural pozzolans.

Table 2.1-Oxide Compositions and Particle Sizes of Materials

Material Si0:  ALOs Fex0s CaO MgO SOs Na:O K:0  dw dso doo  Specific

(%) () (%) (o) (%) (%) (%) (%) (um)* (um)* (um)* Gravity
OPC 20.36  5.82 230 6249 136 33 0.15 0.89 2293 13907 4442 3.17
Q 99.20 0.21 0.13 0.18 0.03 0.09 002 003 441 16.19  40.32 2.64
P-1 73.99 13.08 2.08 033 0.00 0.04 440 4727 1.62 5.19 14.02 2.44
P-2 73.69 13.08 2.39 075 020 0.04 365 430 1.51 6.38 23.04 2.57
NM-1 6547 1583 5.15 280 1.36 0.07 370 3.12 1.62 6.55 40.61 2.87
NM-2 56.09 18.14 7.26 1.63 059 0.17 603 585 1.45 7.17 27.74 2.84
NM-3 57.74 1948 4.05 1.82 099 0.19 589 585 2.09 12.89  48.23 2.72
NM-4 63.26 17.56 4.69 1.69 143 0.07 3.60 427 1.55 5.55 38.75 2.85

*1in = 25400 pm

Table 2.2—-Results of ASTM C618 Class N Chemical Requirements for Potential

Natural Pozzolans

. 5112002;_ SO; Moisture Los.s.on Passes
Material Fe:0s (%) Content Ignition ASTM
(%) (%) Co618?

(%)

Q 99.54 0.09 0.7 +/-0.14 0.2 +/- 0.00 YES
P-1 89.1 0.04 2.6 +/-0.25 2.1 4/-0.15 YES
P-2 89.2 0.04 1.9 +/-0.10 1.2 +/-0.16 YES

NM-1 86.4 0.07 1.3 +/-0.10 1.0 +/-0.10 YES

NM-2 81.5 0.17 0.08 +/- 0.05 0.5 +/-0.25 YES

NM-3 81.3 0.19 1.3 +/-0.06 1.6 +/-0.15 YES

NM-4 85.5 0.07 0.9 +/- 0.06 2.9 +/-0.02 YES
Cff;;l;/[m 70% 4% 3% 10%

C 61 8 min max max max
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Table 2.3-Results of ASTM C618 Class N Physical Requirements for Potential

Natural Pozzolans

Fineness SAI SAI Water Soundness Passes
Material (% Retained) 7 Days 28 Days Requirement (%) ASTM
(%) (%) (%) C618?
Q 1.2 81 100 100 - YES
P-1 0.0 95 122 100 0.00 YES
P-2 0.0 89* 92 95 0.00 YES
NM-1 6.7 86* 81* 112* 0.00 YES
NM-2 0.2 70%" 75% 112* 0.00 YES
NM-3 4.2 75% 69*" 110* 0.19 YES
NM-4 7.3 90* 93 103%* 0.01 YES
Cff;;l;/[m 34% 75% 75% 115% 0.8%
C618 max min min max max

* Values provided by the suppliers of the materials.
A The SAI results for some of the days did not meet the minimum requirements; however, ASTM C618
specifies that the material passes as a Class N if the values meet the minimum requirements on at least

one of the two testing days.

Table 2.4-Results of R3 Testing for Potential Natural Pozzolans

Final Cumulative

Mixture Design

Material Heat Evolved per Mass of Mass of Mass of Mass of
Gram of SCM Material Gypsum Portlandite KOH
Jgn (8)* (2)* (2)* (2)*
Q 20.0 +/- 0.2 3.95 0.00 11.85 15
P-1 271.8 +/- 6.2 3.83 0.50 11.48 15
P-2 178.3 +/- 0.1 3.83 0.50 11.48 15
NM-1 43.7 +/- 0.1 3.80 0.60 11.40 15
NM-2 83.2 +/- 2.6 3.78 0.68 11.34 15
NM-3 67.3 +/-3.6 3.77 0.73 11.31 15
NM-4 33.4 +/- 0.1 3.78 0.66 11.35 15
*11b=4535¢g

A 1 kilocalorie = 4184 J
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Chapter 3: The Role of Alkalis in the Ability of Natural Pozzolans to
Control Expansion Due To Alkali-Silica Reaction

ASTM C1567 and ASTM C1293 are accelerated test methods used to determine
the efficacy of supplementary cementitious materials (SCMs) in controlling expansion
related to alkali-silica reaction (ASR) in concrete. Discrepancies in results between the
two test methods for specimens made with high-alkali fly ashes have raised concerns about
the legitimacy of the use of ASTM CI1567 for high-alkali fly ashes, resulting in a
recommendation in ASTM C1778 that fly ashes with a total equivalent alkali content of
greater than 4% be tested only following ASTM C1293. This study tested the notion that
high-alkali natural pozzolans behave differently than high-alkali fly ashes in these
accelerated ASR tests. To provide insight into the factors that contribute to the
performance of the natural pozzolans in ASR testing, the mineralogies of the natural
pozzolans were determined using Rietveld quantitative x-ray diffraction (XRD), and the
compositions of the natural pozzolans were determined using x-ray fluorescence
spectroscopy (XRF) and available alkali testing. The results suggest that the available
alkalis from fly ashes and natural pozzolans are different, and ASTM C1567 is a better
predictor of performance in ASTM C1293 for natural pozzolans than it is for high-alkali

fly ashes.

3.1 INTRODUCTION

Supplementary cementitious materials (SCMs) are used in concrete mixtures due

to their pozzolanic and/or cementitious/hydraulic reactivity that enhances concrete
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properties, particularly in regards to preventing alkali-silica reaction (ASR). Common
SCMs utilized in concrete for the prevention of ASR are fly ash, slag, silica fume, and
natural pozzolans, or a combination thereof. The efficacy of SCMs in controlling
expansion related to ASR has been widely researched, dating back to the 1940s, with initial
testing by Stanton using natural pozzolans (Stanton 1950). Since then, others have
performed a wide range of testing with SCMs related to controlling expansion from ASR
(Thomas 2011; Lindgard et al. 2012; Rajabipour et al. 2015). Several factors contribute to
the efficacy of SCMs in controlling expansion due to ASR, including the cement
replacement amount, composition, fineness, alkali content of the cement, and reactivity of
the aggregate (Thomas et al. 2006; Shehata et al. 1999). It has been shown that natural
pozzolans, such as zeolite, pumice, perlite, and ignimbrite, are effective in controlling
expansion from ASR (Ahmadi and Shekarchi 2010; Ramasamy and Tikalsky 2012; Gokce
et al. 2013). Mechanisms by which SCMs are effective in controlling expansion include
the pozzolanic reaction with calcium hydroxide to reduce the pH of the pore solution and
the binding of alkalis in hydration products, namely the production of C-S-H with a low
CaO/SiOs ratio (C/S), to prevent the contribution to ASR (Thomas 2011; Shehata et al.
1999; Neal et al. 2000).

Since SCMs are understood to control expansion from ASR through reduction of
pore solution pH and alkali binding, it becomes interesting to consider the situation when
SCMs themselves, and not just the portland cement, are contributing alkalis to the pore
solution, thereby increasing the pH. The availability of alkalis within SCMs to contribute

to the pore solution is related to the composition of the SCM. A study by Shehata et al.
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(1999) explored the effects of fly ash composition on the contribution of alkalis to cement
paste pore solutions. The study determined that fly ashes with a high total alkali content
contributed more alkalis to the pore solution than low-alkali fly ashes. Duchesne and
Berube (1994) reported similar results when conducting analyses on pore solution
extractions from cementitious pastes containing fly ashes. Further, it was determined by
Shehata et al. (1999) that fly ashes with high-CaO contents contributed more alkalis to the
pore solution than low-CaO fly ashes, possibly due to a greater proportion of alkalis bound
in insoluble crystalline phases in low-CaO ashes. A relationship between pH of the pore
solution and the parameter (CaO + (10)(Na2Oe))/(SiO2), based on fly ash oxide
composition, was found. More simply, the alkalinity of the pore solution was increased
with an increase in the C/S ratio (Shehata et al. 1999). Similarly, it has been shown that
the hydroxyl content, OH", of the pore solution is directly related to the parameter of
(Na20.)(Ca0)/(Si02)?, as determined from the oxide composition of the cement-SCM
system (Shehata and Thomas 2006; Shehata and Thomas 2010). Within this parameter,
the Na>O. represents the total alkalis in the system, and the C/S ratio represents the ability
of the hydrates to bind alkalis. It has been suggested that a possible mechanism for
pozzolanic materials being effective in controlling ASR expansion is the ability of the
lower C/S ratio of formed C-S-H to effectively bind alkalis within the pore solution
(Shehata et al. 1999; Neal et al. 2000). The lower efficacy of high-CaO fly ashes in
reducing paste pore solution alkalinity in comparison to low-CaO fly ashes correlates with
the efficacies of high- and low-CaO fly ashes in controlling expansion from ASR (Shehata

et al. 1999; Shehata and Thomas 2000; Shehata and Thomas 2010). Another study showed
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that the efficacy in controlling expansion from ASR was better for low-CaO fly ashes in
comparison to high-CaO fly ashes with similar alkali contents (Shehata and Thomas 2000).

As suggested for low-CaO and high-CaO content fly ashes, the Na>O. value from
an oxide analysis may not be an entirely accurate predictor of the alkali contribution of the
SCM to the pore solution (Shehata et al. 1999). For a given SCM, some of the alkalis may
be tied up in insoluble or low solubility crystalline phases, reducing the amount of alkalis
available to the system (Shehata and Thomas 2006). With respect to natural pozzolans, it
has been determined that natural pozzolans are effective in controlling expansion due to
ASR, despite having high alkali contents (Neal et al. 2000; Mehta 1987; Pepper and Mather
1959). It has been suggested that alkalis are bound within crystalline phases in natural
pozzolans, particularly those of feldspar and mica, that do not dissolve, and thus, the alkalis
are not released into the pore solution to contribute to ASR (Mehta 1987; Neal et al. 2000).
It has been reported that fly ashes often contain alkali sulfates such as potassium sulfate,
potassium-calcium sulfates, mixed sulfates (mostly aphthitalite), and sodium sulfate
(thernardite), as well as sylvite, which are water-soluble (Roy et al. 1985; McCarthy et al.
1984; Mehta 1989; Duchesne and Berube 1994). Common crystalline phases in fly ashes
that are considered to be non-reactive in concrete, such as quartz, mullite, magnetite, and
hematite do not contain sodium or potassium (Thomas et al. 1999; McCarthy et al. 1984).
Aughenbaugh et al. (2013) found that alkali-modified aluminosilicate glasses in a Class F
fly ash were highly soluble, releasing early into pore solutions. Hemmings and Berry
(1988) reported ranges of alkali oxides (Na,O+K>O+CaO+MgO) in typical glass

compositions of bituminous fly ashes, sub-bituminous fly ashes, and lignite fly ashes of
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10%-16%, 16%-19%, and 28%, respectively, which were suggested as being soluble in
concrete pore solutions.

The amount of available, or soluble, alkalis in an SCM can be determined
experimentally using a test method within ASTM C311, Standard Test Methods for
Sampling and Testing Fly Ash or Natural Pozzolans for Use in Portland-Cement Concrete
(2018). Shehata and Thomas (2006) performed available alkali testing on a variety of fly
ashes with equivalent total alkali contents ranging between 1.41% and 8.73% and
determined that the percentage of available alkalis relative to equivalent total alkalis ranged
between 33.3% and 74.6%. For natural pozzolans, Rodriguez-Camacho and Uribe-Afif
(2002) performed available alkali testing on a variety of natural pozzolans with equivalent
total alkali contents ranging between 2.32% and 6.89% and determined that the percentage
of available alkalis relative to equivalent total alkalis ranged between 5.7% and 23.3%.
This indicates that the percentage of available alkalis to equivalent total alkalis could be
significantly lower for the natural pozzolans tested than for fly ashes, which could have an
impact on results for test methods used to determine expansion related to ASR.

Multiple test methods for expansion related to ASR have been used throughout the
years, but the most widely used test methods today include ASTM C1567, Standard Test
Method for Determining the Potential Alkali-Silica Reactivity of Combinations of
Cementitious Materials and Aggregate (Accelerated Mortar-Bar Method) (2013), and
ASTM C1293, Standard Test Method for Determination of Length Change of Concrete
Due to Alkali-Silica Reaction (2018). ASTM C1567, also referred to as the accelerated

mortar bar test (AMBT), is an accelerated test method that provides results 16 days after
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casting the specimens. Note that ASTM C1260, Standard Test Method for Potential Alkali
Reactivity of Aggregates (Mortar-Bar Method) (2014) is the same method as ASTM C1567
and is also referred to as the AMBT, but only tests cements with no SCMs. ASTM C1293,
also referred to as the concrete prism test (CPT), is a long-term test method that provides
results at 24 months for specimens containing SCMs. The CPT is generally regarded as
the most reliable test method for predicting the performance of aggregates in the field
(Thomas et al. 2006; Duchesne and Berube 1994). When performing these tests with the
same cement and aggregate, it is expected that mixtures with SCMs passing the AMBT
should also pass the CPT. Studies have shown that the AMBT is typically adequate in
predicting the outcome of the CPT (Berube et al. 1995; Thomas and Innis 1999), and a
study by Thomas and Innis (1999) determined that this was the case for the one natural
pozzolan included in their study.

However, some SCMs have passed the AMBT and failed the CPT, specifically four
fly ashes with alkali contents of 2.8% or greater (Shehata and Thomas 2000; Thomas and
Innis 1999), raising concerns as to the reliability of the AMBT for fly ashes with high alkali
contents. It has been suggested that the reason the AMBT is not suitable for testing fly
ashes with high alkali contents is due to the possibility for significant leaching of alkalis
during the one-day water immersion period in the test (Thomas et al. 2007). For the CPT,
the specimens are stored in containers with high humidity, which also promotes the
leaching of alkalis (Rogers and Hooton 1991; Rivard et al. 2007; Thomas et al. 2007).
However, the alkali content of the concrete prisms cast for the CPT are elevated with the

addition of NaOH in the mixing water to bring the alkali content of the cement to 1.25%
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to account for leaching of alkalis over the duration of the test. Therefore, due to this
precaution, the specimens that failed the CPT retained enough alkalis to contribute to ASR
expansion. Based on the discrepancies between results from the AMBT and CPT for fly
ashes with high alkali contents, ASTM C1778, Standard Guide for Reducing the Risk of
Deleterious Alkali-Aggregate Reaction in Concrete (2016) recommends that ASTM C1567
is not suitable for fly ashes with an equivalent alkali content of greater than 4%. ASTM
C1778 recommends that high-alkali fly ashes should be tested with ASTM C1293 to
determine their suitability for use in concrete.

This study tests the notion that high-alkali natural pozzolans behave differently than
high-alkali fly ashes in accelerated testing for ASR and should be considered differently in
specifications. ASTM C1567 and ASTM C1293 were performed on mortar and concrete
containing natural pozzolans. To provide an insight into the factors that contribute to the
performance of the natural pozzolans in accelerated ASR testing, the mineralogies of the
natural pozzolans were determined using Rietveld quantitative x-ray diffraction (XRD),
and the compositions of the natural pozzolans were determined using x-ray fluorescence

spectroscopy (XRF) and available alkali testing.

3.2 MATERIALS AND METHODS

Three natural pozzolans were tested in this study, which included one pumicite, one
perlite, and one vitric ash, referred to herein as PM, PL, and VA, respectively. A cement
conforming to ASTM C150 (2018) Type I specifications (herein denoted as OPC) was

used. The oxide compositions of all the materials were determined by XRF. Particle size
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analysis was conducted via laser diffraction using a Malvern Mastersizer 2000 Laser
Diffraction Particle Size Distribution Analyzer. Specific gravity was determined following
ASTM C604 (2018). The results from the XRF, particle size analysis, and specific gravity
for the materials are summarized in Table 3.1.

Sand from Robstown, Texas, determined to be reactive per ASTM C1260, was used
for mortar testing in ASTM C1567. The same sand was used as-received for fine aggregate
in concrete testing in ASTM C1293. A graded limestone gravel was used as coarse

aggregate for concrete testing in ASTM C1293.

Table 3.1: Chemical and Physical Characteristics of Materials

CaO0 SiO: ALOs; Fe:03 MgO SO3; NaxO K:O NaOe dio dso deo  Specific

Material o) (%) (%) (%) (%) (%) (%) (%) (%) (um) (um) (um) Gravity

OPC 63.0 19.0 5.2 2.5 1.1 3.2 0.12 0091 072 2.04 1195 5691 3.14
PM 094 6942 1242 108 044 004 381 516 721 398 1321 71.55 2.44
PL 0.86 7026 1284 1.16 0.14 005 470 474 782 398 13.79 78.03 2.44
VA 331 6472 1127 0.87 138 033 365 564 736 400 21.7 99.48 2.46

3.2.1 ASTM C1567 Testing

ASTM C1567 was used to evaluate the ability of the natural pozzolans to control
expansion due to ASR. Three specimens were cast and tested for each material, the results
averaged, and the range of results was used to represent measurement error. Mixture
proportions consisted of 1 part of cementitious materials to 2.25 parts of graded reactive
fine aggregate by weight with a w/cm of 0.47 as prescribed by ASTM C1567. A
replacement of 15% by mass was used for the pumicite, PM, and perlite, PL. A

replacement of 20% by mass was used for the vitric ash, VA, initially. Expansion of the
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mortar bars were evaluated at 3, 7, 10, and 14 days. If the expansion in the bars at 14 days
was less than 0.10%, the test method declares that the materials are effective in controlling
expansion due to ASR. If expansions of the bars were near or exceeded 0.10% at 14 days,
the replacement of cement in the system was increased, which was the case for VA. The

replacement of VA was then increased to 25% by mass.

3.2.2 ASTM C1293 Testing

ASTM C1293 was used to evaluate the ability of the materials to control expansion
due to ASR. Three specimens were cast and tested for each material, the results were
averaged, and the range of results was used to represent measurement error. The concrete
mixture design used is shown in Table 3.2. The cement content was determined by
estimating the cement paste necessary to ensure a workable mixture and consisted of 335
kg of cement per m®. The replacement amounts for the natural pozzolans were chosen as
the amounts necessary to pass the requirements of ASTM C1567. The w/cm was chosen
as 0.45. The coarse aggregate gradation was determined based on requirements in ASTM
C1293. A reactive fine aggregate was used as-received. As specified by ASTM C1293,
NaOH was added to the concrete mixtures to increase the alkali content of the concrete,
expressed as NaxOe, to 1.25% by mass of cement. Since the SCMs have a lower specific
gravity than cement, and the replacement dosages are in weight percent (instead of a
volume percent), the volume of cementitious materials for all SCM mixtures was slightly

greater compared to the control mixture. If the expansion in the prisms at 24 months was
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less than 0.04%, the test method declares that the materials are effective in controlling

expansion due to ASR.

Table 3.2: Mixture Design for ASTM C1293 Testing

Component Batch Weight (kg/m®) Weight % Volume %
Cementitious Material 334.6 14.1 10.6
Water 150.7 6.3 15.1
Coarse Aggregate 1149.2 48.3 43.4
Fine Aggregate 745.7 31.3 289
Air - - 2.0

3.2.3 Rietveld Quantitative X-ray Diffraction (XRD)

Quantitative XRD was performed to determine the crystalline and bulk amorphous
contents of the materials. Samples were prepared by first grinding 2.5 g of material using
a ceramic mortar and pestle until all the material passed through a No. 325 sieve to ensure
adequate packing in the XRD sample holder. The material was then mixed with a reference
material, zincite (ZnO), at 10% by mass in an agate mortar and pestle. A small amount of
isopropanol was added to the powder mixture to ensure a homogenous dispersion of the
powders. Samples were then dried in an oven at 60°C for a short period of time (less than
10 minutes) and placed in a vacuum desiccator until testing. Once the samples were ready
for testing, the powders were packed into discs for analysis in a Rigaku Miniflex II. To
minimize preferential orientation of the crystals, a razor blade was used to form
perpendicular grooves along the surface of the powder before a glass slide was used to

press down the powder without twisting. Samples were then tested using a continuous scan
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at a measurement range of 5° to 75° 20, a step size of 0.02° 20 at a rate of 0.5° 20 per

second, a tube voltage of 40 kV, and a tube current of 15 mA.

3.2.4 Available Alkali Testing

ASTM C311 procedures were followed to determine the soluble equivalent sodium
oxide (Na2Oe (%)) of the natural pozzolans. The available alkalis determined with this test
method are intended to represent the amount of alkalis available to contribute to ASR in
concrete. Three samples were prepared and tested for each SCM, the results averaged, and
the range of results was used to represent measurement error. The samples were prepared
by dry mixing 5 g of each natural pozzolan with 2 g of hydrated lime, adding 10 mL of
water, and mixing until the sample was uniform. The mixtures were then sealed in a plastic
vial and stored at 38°C for 28 days. When the samples were ready for testing, the contents
of the vial were removed, broken up, and ground with de-ionized water to create a uniform
slurry containing no lumps. The slurry was transferred into a beaker where de-ionized
water was added to bring the total volume of the sample to 200 mL. The sample was left
for 1 h on a magnetic stirrer, after which the sample was then filtered through a medium-
textured filter paper (Fisher) into a 500 mL volumetric flask and washed 8 to 10 times with
de-ionized water at 100°C. The filtrate was neutralized with dilute HCI1 (1+3), using 1 to
2 drops of phenolphthalein solution as the indicator. The solution was cooled to room
temperature and then de-ionized water was added to fill the remaining portion of the
volumetric flask. A 2655-10 dual channel flame photometer (Cole-Parmer Instrument

Company) was used to determine the amounts of sodium and potassium in the solution,
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measured in parts per million (ppm). The values obtained were then converted to %-oxides
for sodium and potassium, then converted to the equivalent sodium oxide (Na>xO. = Na>O

+ 0.658 K>0).

3.3 RESULTS AND DISCUSSION
3.3.1 ASR Testing

The results of ASTM C1567 testing are presented in Table 3.3 as percent expansion
at 14 days. The natural pozzolans suppressed expansion below the threshold of 0.10% at
14 days with the exception of VA at a 20% replacement, which had an expansion value of
0.12%. At a replacement of 25%, the expansion limit at 14 days for VA was reduced to
0.06%. The expansion of 0.42% at 14 days of OPC places the aggregate used in the
aggregate-reactivity class of highly reactive, or R2, as classified within ASTM C1778.

The results of ASTM C1293 testing are also presented in Table 3.3 as percent
expansion at 24 months. The natural pozzolans suppressed expansion below the threshold
limit of 0.04% at 24 months. The results of ASTM C1567 and ASTM C1293 indicate that
ASTM C1567 is sufficient in predicting the outcome of ASTM C1293 for the natural

pozzolans tested.

46



Table 3.3: Average Expansion in ASTM C1567 and ASTM C1293

. ASTM C1567 ASTM C1293
Material . .
(%-Replacement) Average Expansion at Average Expansion at

14 Days 24 Months (%)

OPC 0.419 £ 0.007 0.109 = 0.020

PM (15) 0.037 £ 0.004 0.022 £ 0.007

PL (15) 0.045 +0.005 0.015 £0.001

VA (20) 0.117* £ 0.012 -
VA (25) 0.060 = 0.003 0.019 = 0.004

* Exceeded expansion threshold in ASTM C1567 and was not tested in ASTM C1293

3.3.2 Rietveld Quantitative X-ray Diffraction (XRD)

The measured XRD patterns can be found for all of the materials in Figure 3.1 —
Figure 3.3. Crystalline phases were first identified using Jade before completing the
quantitative analysis using PDXL.2. Crystalline and bulk amorphous contents of the natural

pozzolans are presented in Table 3.4.

Table 3.4: Crystalline and Bulk Amorphous Contents of the Natural Pozzolans

Phase Name Chemical Formula 517:/[) (I;f;) (‘,;?)
Amorphous N/A 99.76  92.12  86.28
Anorthoclase (Na,K)AISi;0s - 2.10 4.92
Biotite KMg,Fe);AlSiz010(OH)» - 5.28 -
Calcite CaCoO; - - 3.93
Gypsum Ca(S04):2H,0 - - 1.29
Sanidine (Na,K)(AISi303) 0.10 - -
Quartz Si0, 0.13 0.59 3.58
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Figure 3.1: Measured XRD Pattern of PM
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Figure 3.2: Measured XRD Pattern of PL
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Figure 3.3: Measured XRD Pattern of VA

3.3.3 Available Alkali Testing and Rietveld Quantitative XRD

The available alkalis of the samples at 28 days are presented in Table 3.5. The
available alkalis as a percentage of total alkalis determined via XRF are also presented in
Table 3.5. The results indicate that the available alkalis ranged between 16.3% and 20.7%
of the total equivalent alkalis from XRF for the natural pozzolans tested in this study, which
are similar to values determined by others (Rodriguez-Camacho and Uribe-Afif 2002).
These values are significantly lower than corresponding values for fly ashes in the
literature, which are on the order of 33.3% to 74.6% (Shehata and Thomas 2006). The
crystalline phases present in the natural pozzolans, anorthoclase and sanidine, are alkali
feldspars, and the crystalline phase, biotite, is a mica (Deer et al. 2013). As discussed
earlier, it has been suggested that feldspars and micas within natural pozzolans are
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insoluble (Mehta 1987; Neal et al. 2000). Therefore, one possible reason for the natural
pozzolans having a lower proportion of alkalis available to enter the pore solution
compared to high-alkali fly ashes is the presence of suggested non-reactive crystalline
phases in the natural pozzolans, consisting of feldspars and micas, as compared to the
phases that contain alkalis in fly ashes, thus preventing the release of alkalis into the
system. Additionally, more alkalis may be present in the amorphous phases of the fly ashes
in comparison to the natural pozzolans. Since natural pozzolans have a lower proportion
of available alkalis than fly ashes, it is possible that the concerns about leaching within
ASTM C1567 affects systems with natural pozzolans less than with fly ashes, resulting in

more consistent test results between ASTM C1567 and ASTM C1293.

Table 3.5: Comparison of Available and Total Alkalis in the Natural Pozzolans

28-Day 28-Day 28-Day Total Na,O Ratio of
. Available Na;O Available K;O Available Na;O. #¥¢ Available Alkalis
Material per mass of .
per mass of per mass of per mass of SCM (%) to Total Alkalis
SCM (%) SCM (%) SCM (%) ¢ (%)
PM 0.58 1.38 1.49 £0.11 7.21 20.7
PL 0.65 1.24 1.47 £0.10 7.82 18.8
VA 0.36 1.26 1.20+£0.12 7.36 16.3
3.4 CONCLUSIONS

ASTM C1567 and ASTM C1293 are utilized to determine the efficacy of SCMs in
controlling expansion related to ASR. Results between the two test methods for specimens
made with the same cement, SCM replacement, and reactive aggregate typically agree for
fly ashes and natural pozzolans; however, concerns have been raised in regards to the

legitimacy of the results of ASTM C1567 for high-alkali fly ashes. This has led to the
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recommendation in ASTM C1778 that fly ashes with a total equivalent alkali content of
greater than 4% be tested following ASTM C1293. This study tested the notion that high-
alkali natural pozzolans behave differently than high-alkali fly ashes in these accelerated
ASR tests.

Based on the results of this experimental investigation, the following conclusions were
drawn:

¢ The natural pozzolans yielded results that were comparable between ASTM C1567
and ASTM C1293, indicating that ASTM C1567 is sufficient in predicting the
outcome of ASTM C1293 when testing natural pozzolans with high total alkali
contents.

e [t is clear from the results of the available alkali testing that the natural pozzolans
have lower available alkalis than fly ashes of similar total alkali contents, as
reported by others. It is possible that fly ashes have more alkalis contained in the
amorphous phases that are readily soluble. It is also possible that the crystalline
phases in natural pozzolans that contain alkalis, such as feldspars and mica, are less
soluble than the crystalline phases containing alkalis in fly ashes, such as alkali

sulfates.
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Chapter 4: The Role of Alkalis in the Ability of SCMs to Control
Expansion due to Alkali-Silica Reaction

The research presented in this chapter has the same objective of determining the
role of alkalis in the ability of SCMs to control ASR expansion as the work presented in
Chapter 3, but with an expanded set of materials including the quartz, natural pozzolans,
and natural minerals evaluated in Chapter 2 as well as four high-alkali fly ashes. ASTM
C1567, ASTM C1293, Rietveld quantitative x-ray diffraction (XRD), and ASTM C311
available alkali testing were performed with these additional materials. ASTM C1293
testing is currently underway, and the most current results are presented here. This research
tests the notion that high-alkali natural pozzolans behave differently than high-alkali fly
ashes in accelerated testing for ASR and should be considered differently in specifications.

In addition to the testing performed in Chapter 3, concrete alkali loadings of the
ASTM C1293 prisms were calculated by accounting for the alkali contribution from the
SCMs with the use of their available alkali contents, along with the alkali content of the
cement.  This research also tests the notion that the available alkali contents of SCMs
should be considered, along with the alkali content of the cement, in determining concrete
alkali loadings. Background on how alkali loading calculations are made is included in
this chapter.

As discussed in Chapter 3, it has been suggested in the literature that ASTM C1567
is not suitable for testing high-alkali fly ashes due to the possibility for significant leaching
of alkalis during the one-day water immersion period (Thomas et al. 2007). To address

these concerns, the alkalis were measured in the water from the ASTM C1567 water
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immersion period (also referred to as the water curing period) to evaluate the role that the
water immersion has on ASTM C1567 results. The results from the evaluation of the
measured alkalis are preliminary and additional work is required to better understand the
results. Additionally, a modified version of ASTM C1567 was performed with one of the
fly ashes that included suspending the mortar bars above the water during the water curing
period of the test to evaluate the role that the water immersion period has on alkali leaching,
and thus ASTM C1567 results. The results from the modified ASTM C1567 testing are

preliminary and additional work is required to better understand the results.

4.1 BACKGROUND

ASTM C1778 (2016) utilizes alkali loading in concrete structures as a threshold to
determine risk of cracking due to ASR. The alkali loading is generally regarded as the best
indicator for predicting the performance of concrete in preventing ASR (Farny and
Kerkhoff 2007). Despite alkali contributions to a concrete system from components other
than cement, the alkali loading is typically regarded as the contribution of alkalis only from
cement (Farny and Kerkhoff 2007), and as such, only the cement alkali content is used in
determining alkali loading in ASTM C1778. The equation for determining alkali loading
within ASTM C1778 is: (kg alkali/m?) = (kg-cement/m>)(%-NaO. in cement).

ASTM C1778 also provides guidelines for maximum allowable alkali loadings of
concrete structures in the field. The maximum allowable alkali loading is based on the
reactivity of the aggregate (determined by ASTM C1260), the classification/type/size of

the structure, and the exposure of the structure, and ranges between 1.8 and 3.0 kg/m?.
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When low-alkali SCMs are used, the reduction of the cement content by the SCMs
effectively lowers the overall alkali loading to acceptable maximum thresholds, which
should not be ignored. Likewise, the addition of alkalis from high-alkali SCMs should not
be ignored.

Other standards, such as those used in the United Kingdom, take into account the
contribution of alkalis from SCMs by determining the "effective alkali" content of a
concrete system as the sum of total sodium oxide equivalent of portland cement, natural
pozzolans, and silica fume, and a percentage of the total sodium oxide equivalent for fly
ash (17%) and slag (50%) (Farny and Kerkhoff 2007). The percentages of total sodium
oxide equivalent chosen for fly ash and slag are based on work performed by Hobbs (1986)
to determine the "effective alkali" contribution from fly ash and slag in concrete specimens.
For this method, the expansions of the prisms are plotted against the concrete alkali
contents of the prisms only considering the alkali contribution from the cement (i.e., the
SCM alkalis are not considered, so that specimens with SCMs will have fewer alkalis in
the concrete due to the lower cement content). At a point where the SCM prisms and the
control prisms have similar expansions, the difference in concrete alkali content of the
SCM and control specimens is divided by the alkali content of the SCMs, which is
determined by considering the SCM replacement amount and the SCM total sodium oxide
equivalent. This value is considered the estimated alkali contribution of the SCM, deemed
the "effective alkalis." A similar study was performed by Thomas et al. (1996) using
various fly ashes that revealed that the "effective alkali" contribution to a concrete system

varies with fly ash replacement level and the reactive aggregate used. At low replacement
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values of fly ash, the alkali contribution from the fly ash was estimated to be between 35-
40% of the total alkali content of the ash; however, at higher replacement values, there was
no indication that the fly ash contributed "effective alkalis" based on the ability of the fly
ashes to control ASR expansion. Thomas et al. (1996) reported that the "effective alkali"
contribution determined by this method does not represent the actual quantity of alkalis
released by the fly ashes to the pore solution, and it is not implied to be the same as the
available alkali contents of fly ashes as determined by chemical analysis (e.g., ASTM C311
method). Their study also concluded that using a single value to calculate the contribution
of "effective alkalis" from fly ash is inappropriate. Hobbs (1986) acknowledges that these
recommendations are based on limited data and may need amendment when further data
are gathered. Duchesne and Berube (1994) performed pore solution analyses from
cementitious paste samples made with various partial replacements of fly ashes, silica
fumes, and a slag, and concluded that this method is the most realistic in terms of
determining the amount of alkalis contributed by an SCM based on ASR expansion results
of concrete samples made with the same SCMs. Further, they suggested that the "effective
alkalis" method is too conservative for good fly ashes, and not conservative enough for fly
ashes with total alkali contents (greater than 5%). Shehata et al. (1999) also found
consistent results between paste pore solution composition and concrete prism expansion

for fly ashes.
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4.2 MATERIALS AND METHODS

High-alkali natural pozzolans, natural minerals, and fly ashes were evaluated to
determine the role of alkalis on the ability of SCMs to control expansion due to ASR. Two
natural pozzolans, P-1 and P-2, and three natural minerals, NM-1, NM-3, and NM-4,
evaluated in Chapter 2, were included in the evaluation. Four fly ashes (FA) were included
in this evaluation, designated as FA-S, FA-T, FA-B1, and FA-B2. These fly ashes were
chosen for their high total equivalent alkali contents (greater than 4% Na>Oc) to compare
with the natural pozzolans and natural minerals with high total equivalent alkali contents.
A fine quartz powder, designated as Q, was included in order to evaluate a low-alkali, inert
material for comparison. As determined in Chapter 2, the natural minerals are inert and
were included in this chapter to evaluate high-alkali filler materials for comparison with
high-alkali pozzolanic materials. The oxide compositions of the materials were determined
using x-ray fluorescence spectroscopy (XRF). Particle size analysis of the fly ashes was
conducted via laser diffraction using a Malvern Mastersizer 2000 Laser Diffraction Particle
Size Distribution Analyzer, and the specific gravity was determined following ASTM
C604 (2018). Chemical and physical characteristics determined from these methods are
shown in Table 4.1.

The cement used for ASTM C1567 (2013) testing is a Type I cement conforming
to ASTM C150 (2018), denoted as OPC. A Type I cement conforming to ASTM C150 of
higher alkali content, denoted as OPC-HA, was used for ASTM C1293 (2018) testing.
ASTM C1293 specifies that a cement with a total equivalent alkali content of 0.8%-1.0%

be used; however, the total equivalent alkali content of OPC-HA was 0.78%, which was
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the highest amount attainable from the same manufacturer of OPC. Chemical and physical
characteristics of the cements are shown in Table 4.1. However, particle size and specific
gravity were not determined for OPC-HA, so are not included.

Sand from Robstown, Texas, determined to be reactive per ASTM C1260 (2014),
was used for mortar testing in ASTM C1567. The same sand was used as-received for fine
aggregate in concrete testing in ASTM C1293. A graded limestone gravel was used as

coarse aggregate for concrete testing in ASTM C1293.

Table 4.1: Chemical and Physical Characteristics of Materials

Material Ca0 SiO2 AlLO3; Fex0O3; MgO SO3 Na:0O K:O NaOe duo dso doo Specific

(%) (%) (%) (%) (%) (%) (%) (%) (%) (um) (um) (pm) Gravity
OPC 6249 2036 582 230 1.36 33 0.15 089 074 2293 13907 4442 3.17

OPC-HA 64.81 2044 543 1.93 1.16 342 015 095 0.78 - - - -

Q 0.18 99.20 0.21 0.13  0.03 009 0.02 003 004 441 16.19 40.32 2.64
P-1 0.33 7399 13.08 208 0.00 004 365 430 648 1.62 5.19 14.02 2.44
P-2 075 73.69 13.08 239 020 004 440 427 721 1.51 6.38 23.04 2.57
NM-1 2.80 6547 1583 5.15 .36  0.07 370 3.12 575 1.62 6.55 40.61 2.87
NM-3 1.82 5774 1948 405 099 019 589 585 974 209 1289 4823 2.72
NM-4 1.69 6326 1756 469 143 007 360 427 642 1.55 5.55 38.75 2.85
FA-S 565 62.86 2026 215 058 037 294 221 439 540 30.10 114.10 1.78
FA-B2 1251 4436 2135 426 236 099 635 078 686 256 1644 61.87 241
FA-T 16.70 3840 19.12 534 371 299 844 059 883 240 17.58 57.09 2.64
FA-B1 1935 3492 1844 534 448 339 768 099 833 1.84 1394 52.87 2.67

4.2.1 ASTM C1567 Testing

ASTM C1567 was used to evaluate the ability of the materials to control expansion
due to ASR. The mixture proportions are prescribed by ASTM C1567. Three specimens
were cast and tested for each material, with the exception of OPC, P-1, and FA-T, for which
six specimens were tested (one repeat batch was made for each). The results were averaged
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and the range of results was used to represent measurement error. The replacement
amounts by mass of the materials are shown in Table 4.2. Cement replacement amounts
were increased until expansion at 14 days was suppressed below the 0.10% threshold, with

some exceptions, which will be explained in section 4.3.1.

Table 4.2: Cement Replacement Amounts (by Mass of Cement) in ASTM C1567 Testing

Replacement Amounts

Material (%)
Q 20, 25, 30, 35
P-1 20
P-2 20
NM-1 20, 30
NM-3 20, 30
NM-4 20, 30
FA-S 20
FA-B2 35
FA-T 30
FA-B1 50
4.2.2 ASTM C1293 Testing

ASTM C1293 was also used to evaluate the ability of the materials to control
expansion due to ASR and to compare with results of ASTM C1567. Three specimens
were cast and tested for each SCM, the results averaged, and the range of results was used
to represent measurement error. The replacement amounts for the materials were typically
chosen as the amounts necessary to pass the requirements of ASTM C1567 with the
exception of Q and the natural minerals, which were tested at the replacement amount of

20% to compare with the results of P-1, P-2, and FA-S, which also had replacement
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amounts of 20%. FA-B1 was not tested in ASTM C1293 due to the poor performance in
ASTM C1567, which will be discussed in section 4.3.1.

The concrete mixture design used for the control, OPC-HA, is shown in Table 4.3.
The water-to-cementitious materials ratio (w/cm) was chosen as 0.45. The coarse
aggregate gradation was determined based on requirements in ASTM C1293. A reactive
fine aggregate was used as-received. As specified by ASTM C1293, NaOH was added to
the concrete mixtures to increase the alkali content of the concrete, expressed as Na,O, to
1.25% by mass of cement. Since the materials have a lower specific gravity than cement,
and the replacement dosages are in weight percent (instead of a volume percent), the
volume of cementitious materials for all of the mixtures was slightly greater compared to
the control mixture. The fine aggregate content was adjusted for the mixtures to keep the
volume constant. If the expansion in the prisms at 24 months was less than 0.04%, the test

method declares that the materials are effective in controlling expansion due to ASR.

Table 4.3: Mixture Design of OPC-HA for ASTM C1293 Testing

Component Batch Weight (kg/m®) Weight % Volume %
Cementitious Material 420 18.2 13.3
Water 189 8.2 18.9
Coarse Aggregate 1062 459 41.5
Fine Aggregate 642 27.8 24.3
Air - - 2.0
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4.2.3 Available Alkali Testing and Rietveld Quantitative XRD

Available alkali testing was performed on the additional SCMs evaluated in this
chapter using the ASTM C311 (2018) procedure as outlined in Chapter 3. Three samples
were prepared and tested for each SCM, the results were averaged, and the range of results
was used to represent measurement error. Rietveld quantitative XRD was performed on
the additional SCMs evaluated in this chapter using the procedure outlined in Chapter 3 to
determine the crystalline and bulk amorphous contents of the SCMs. Available alkali
testing and Rietveld quantitative XRD were not performed on the inert quartz, Q, since it
appeared to be nearly 100% quartz using qualitative XRD, and the total alkali content was

very low (Na2Oe = 0.04%), so the available alkalis were presumed to be negligible.

4.2.4 Alkali Loading Calculations

The concrete alkali loadings for the SCMs in Table 4.2 and the natural pozzolans,
PM, PL, and VA, evaluated in Chapter 3, were calculated for the mixture design used for
ASTM C1293, but without the increase in alkali content of the cement as prescribed in
ASTM C1293. The concrete alkali loadings of the mixtures were determined by
accounting for the alkali contribution of OPC only (ASTM C1778 method), and for
mixtures accounting for the alkali contribution of the SCMs by using the available alkali

contents of the SCMs.

4.2.5 Alkali Measurements from Water in ASTM C1567 Water Immersion Period

The water immersion period of ASTM C1567 consists of placing the mortar bars

in a container of water that is at 23°C and then placing this container in an oven at 80°C
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for 24 h £ 2 h to slowly raise the temperature of the bars to 80°C, which is the starting
temperature of the NaOH solution that the bars will be stored in for 14 days. Testing was
performed on the water from the water immersion period of ASTM C1567 to determine
the amount of alkalis that leached from the mortar bars using all of the materials in Table
4.2. Mortars containing the natural pozzolans, PM, PL, and VA, evaluated in Chapter 3
were also included in this testing. Mortars containing inert quartz, Q, at replacement levels
of 15%, 40%, and 50% were tested to use as references. Replicate tests were performed
for mortars containing straight-OPC, P-1, FA-S, and FA-T. For all replicate tests, the
results were averaged, and the range of results was used to represent measurement error.
The amount of water used in the water immersion period for all of the testing was
chosen as 1500 mL, which was an amount sufficient for the bars to be fully submerged in
the water as prescribed in ASTM C1567 (an actual volume is not given in the standard).
Upon completion of the water immersion period, the water was allowed to cool to room
temperature, filtered through medium-textured filter paper to remove any large particles,
and then tested using flame photometry to determine the amount of sodium and potassium
in the solution, measured in parts per million (ppm). The values obtained were then
converted to %-oxides for sodium and potassium, then converted to the equivalent sodium
oxide. The water was not neutralized with dilute HCI as per the procedure in available
alkali testing since a standard starting amount of water to be tested has not been established.
The timeframe between the removal of the mortar bars and testing the solution was

approximately 1.5 hours.
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Calculations were performed to determine the amount of alkalis lost into the water
from the theoretical amount of alkalis available in the mortar bars, which is expressed as a
percentage of alkalis lost (%-lost). The theoretical amount of alkalis in the mortar bars was
determined by first calculating the amounts of OPC and SCM by volume for three bars by
taking into account the volumes in the total mixture (OPC, SCM, sand, and water). The
volumes of OPC and SCM for the three bars were then converted into mass. The amount
of alkalis, expressed in grams, from OPC were taken as the mass of the OPC in the three
bars multiplied by the total equivalent oxide content of the OPC. The amount of alkalis,
expressed in grams, from the SCM were taken as the mass of the SCM in the three bars
multiplied by the 28-day available alkali content. The 28-day available alkali content was
chosen as the representative value because of the high degree of hydration of the mortar
bars resulting from curing at 80°C. The theoretical amount of alkalis in the mortar bars
was taken as the sum of the alkalis available in the OPC and SCM. The alkalis measured
in the water from the water immersion period were converted to grams to compare with

the theoretical alkalis in the mortar bars.

4.2.6 Modified ASTM C1567 Testing

A modified version of ASTM C1567 was performed using FA-T in an attempt to
evaluate the role that the water immersion period has on alkali leaching and on ASTM
C1567 results. A modification to the test method was performed in which the mortar bars
were suspended on risers above the water in the container during the water curing period

in an attempt to reduce leaching of alkalis from the mortar. The amount of alkalis in the
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water was measured after the curing period utilizing the same procedure as outlined in
section 4.2.5, to compare against the alkalis in the water when the mortar bars of the
standard test method were submerged during this period. The amount of water used in the
modified test method was 1500 mL, the same amount chosen to be used during the standard
test method. The risers were made from chlorinated polyvinyl chloride (CPVC) pipes that
have a rated resistance to temperatures up to 93°C. The test setup is shown in Figure 4.1.
Upon completion of the water curing period, the remainder of the testing was performed in
accordance with ASTM C1567.

A second set of mortar bars using FA-T was tested concurrently following the
standard testing procedure of submerging the mortar bars during the water immersion
period. The mortar bars were weighed before and after the water immersion period to
determine if there was a significant difference in water uptake between the standard and
modified test methods that may affect expansion results. The mortar bars were also
weighed immediately after the expansion measurements taken at 14 days for reference.
The resistivity of the control and modified specimens was measured before and after the
water immersion period, utilizing a Resipod (Proceq), to determine if there was a
significant difference in the pore structures of the specimens that may affect expansion
results. The resistivity of the mortar bars were also measured immediately after the

expansion measurements taken at 14 days for reference.
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Figure 4.1: Mortar bars suspended above water in the modified ASTM C1567 test
method

4.3 RESULTS AND DISCUSSION
4.3.1 ASR Testing

The results of ASTM C1567 testing are presented in Table 4.4 as percent expansion
at 14 days. The expansion of 0.35% at 14 days of OPC places the aggregate used in the
aggregate-reactivity class of highly reactive, or R2, as classified within ASTM C1778. The
natural pozzolans and fly ashes suppressed expansion below the threshold of 0.10% at 14
days with the exception of FA-B1 at a 50% replacement, which had an expansion value of
0.23%. The replacement level of FA-B1 was not increased due to the poor performance
and the impracticality of using higher replacement levels in practice. The natural minerals

did not suppress expansion at replacements of 20% or 30%, and increasing the replacement
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levels was not evaluated due to the poor performance of the materials in the ASTM C1567
tests and in pozzolanicity tests reported in Chapter 2 (Kalina et al. 2019). The inert quartz,
Q, did not suppress expansion below 0.10% at 14 days for replacements of 20%, 25%, and
30%, but did suppress expansion below 0.10% at 14 days with a 35% replacement, with an
expansion value of 0.06%.

The results of ASTM C1293 testing are also presented in Table 4.4 as percent
expansion at the month with the most current data. The natural pozzolans, P-1 and P-2,
have expansions of 0.005% and 0.009%, respectively, at 12 months, which are below the
0.04% threshold. The fly ashes, FA-S, FA-B2, and FA-T have expansions of 0.005%,
0.021%, and 0.03%, respectively, at 12 months, 9 months, and 6 months, respectively,
which are below the 0.04% threshold. The inert natural minerals have exceeded the
expansion limit of 0.04% at 12 months. Comparatively, the inert quartz, Q, has an
expansion of 0.011% at 12 months, which is below the 0.04% threshold and appears to be
likely to pass the test at 24 months.

The results from ASTM C1567 and ASTM C1293 testing indicate that ASTM
C1567 is sufficient in predicting the outcome of ASTM C1293 for the natural minerals and

appears to be promising for the natural pozzolans and the fly ashes, FA-S and FA-B2.
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Table 4.4: Average Expansion in ASTM C1567 and ASTM C1293

ASTM C1567 Age at Latest ASTM C1293
Material Average ASTM C1293 Average
(%-Replacement) Expansion at Measurement Expansion
14 Days (%) (Months) (%)
OPC 0.345 + 0.018* - -
OPC-HA - 6 0.102 + 0.007*
Q o~ 0.176 = 0.013 12 0.011 £0.002
Q (25)* 0.140 + 0.012 - -
Q (30)* 0.112 + 0.006 - -
Q(35) 0.061 = 0.009 - -
P-1 (20) 0.025 £ 0.006 12 0.005 £ 0.000
P-2 (20) 0.019 £ 0.003 12 0.009 = 0.001
NM-1 (20)* 0.222 +0.013 12 0.098 + 0.028
NM-1 (30)* 0.166 + 0.017 - -
NM-3 (20)* 0.292 +0.017 12 0.242 + 0.011
NM-3 (30)* 0.210 = 0.005 - -
NM-4 (20)* 0.246 = 0.011 12 0.114 + 0.014
NM-4 (30)* 0.179 = 0.011 - -
FA-S (20) 0.029 £ 0.005 12 0.005 £ 0.005
FA-B2 (35) 0.033 £ 0.002 9 0.021 £ 0.005
FA-T (30) 0.093 £ 0.006 6 0.030 £ 0.003
FA-B1 (50)* 0.233 + 0.005 - -

A Exceeded expansion threshold in ASTM C1567, but was tested in ASTM C1293

* Exceeded expansion threshold in ASTM C1567 and was not tested in ASTM C1293

+ Bold values have exceeded the 0.10% maximum threshold in 1567 or the 0.04%
maximum threshold in 1293

4.3.2 Rietveld Quantitative X-ray Diffraction (XRD)

The measured XRD patterns for the additional SCMs evaluated in this chapter can
be found in Figure 4.2 — Figure 4.10. Crystalline phases were first identified using Jade
before completing quantitative Rietveld analysis using PDXL2. The crystalline and bulk
amorphous contents of the SCMs are presented in Table 4.5. The natural pozzolans, P-1

and P-2, contain crystalline phases of albite, anorthoclase, and sanidine that are alkali
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feldspars (Deer et al. 2013) that have been suggested to be non-reactive (Mehta 1987). The
fly ashes, FA-T and FA-BI, contain the crystalline phase, thenardite, which is water-
soluble sodium sulfate that will rapidly release alkalis into a pore solution (Roy et al. 1985;
McCarthy et al. 1984; Mehta 1989; Duchesne and Berube 1994). The amorphous contents
of P-1 and the fly ashes were above 90%, whereas the amorphous content of P-2 was
68.8%. The natural minerals were entirely crystalline and contain crystalline phases of
albite, anorthoclase, and sanidine, which are alkali feldspars, and the crystalline phases,

biotite and muscovite, which are micas (Deer et al. 2013).

Table 4.5: Crystalline and Bulk Amorphous Contents of the SCMs

P-1 P2 NM-1 NM-3 NM-4 FA-S FA-B2 FA-T

FA-B1

Phase Name Chemical Formula (%) (%) (%) (%) (%) (%) (%) (%) (%)
Amorphous N/A 90.47 68.84 - - - 9241 91.86 9433  92.05
Albite NaAlSizOs - 427 4640 3470 40.50 - - - -
Anhydrite CaSOq - - - - - - 0.27 - -
Anorthoclase (Na,K)AlSi30s - 15.52 - 17.10 - - - - -
Biotite KMg,Fe);AlSi3010(OH)2 - - 5.65 12.50  15.00 - - - -
GA 3Ca0O- Al,O3 - - - - - - 0.22 - 1.98
Magnetite Fe304 - - - - - 0.21 - - -
Mullite 3A1,03:2510, - - - - - 5.03 1.37 - -
Muscovite  (Na,K)Al»(Al,Si)4010(OH), - - - - 13.00 - - - -
Quartz SiO; 1.15 723 27.80 - 31.60 2.36 5.91 1.21 1.45
Periclase MgO - - - - - - 0.37 1.02 1.12
Perovskite CaTiO; - - - - - - - 0.92 -
Sanidine (Na,K)(AISi3053) 838 4.14 19.10 35.70 - - - - -
Sgﬂ;‘;?h{:tzn NaFePO, - - 1.12 - - - - - -
Thenardite Na,SO4 - - - - - - - 2.52 3.39
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Figure 4.2: Measured XRD pattern of P-1
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Figure 4.3: Measured XRD pattern of P-2
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Figure 4.4: Measured XRD pattern of NM-1
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Figure 4.5: Measured XRD pattern of NM-3
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Figure 4.6: Measured XRD pattern of NM-4
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Figure 4.7: Measured XRD pattern of FA-S
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Figure 4.8: Measured XRD pattern of FA-B2
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Figure 4.9: Measured XRD pattern of FA-T
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Figure 4.10: Measured XRD pattern of FA-B1

4.3.3 Available Alkali Testing and Rietveld Quantitative XRD

The available alkalis of the SCMs are presented in Table 4.6. The available alkalis
as a percentage of total alkalis determined via XRF are also presented in Table 4.6. The
available alkalis for the natural pozzolans were 29.8% and 28.6% of the total alkalis for
P-1 and P-2, respectively. The available alkalis for the natural minerals range between
6.1% and 10.6% of the total alkalis. These values for the natural pozzolans and natural
minerals are lower than the corresponding range of values for the fly ashes of 31.5% to
69.0%. One possible reason for the natural pozzolans having a lower proportion of alkalis
available to enter the pore solution compared to the fly ashes is the presence of crystalline,
alkali-containing phases in the natural pozzolans, particularly feldspars that limit the

release of alkalis into the system, as opposed to the water-soluble crystalline phase of
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thenardite in the fly ashes. Interestingly, FA-B1 had the highest percentage of available
alkalis in total alkalis at 69.0%, and contained the highest amount of the water-soluble
crystalline phase, thenardite. The crystalline phases of the natural minerals are likely
mostly non-reactive as the available alkali testing suggests (i.e., lowest available alkali

contents of all of the materials).

Table 4.6: Comparison of Available and Total Alkalis for SCMs

Available Na;O  Available K;O  Available  Total Na;O. Ratioof
. Available Alkalis

Material per mass of per mass of  Na;O. per mass per mass of to Total Alkalis
SCM (%) SCM (%) of SCM (%) SCM (%) (%)
P-1 1.31 1.28 2.15+0.23 7.21 29.8
P-2 0.91 1.43 1.85 £0.07 6.48 28.6
NM-1 0.31 0.19 0.44 £0.03 5.75 7.6
NM-3 0.85 0.27 1.03 £0.07 9.74 10.6
NM-4 0.28 0.18 0.39 £0.05 6.42 6.1
FA-S 0.94 0.68 1.38 £0.20 4.39 31.5
FA-B2 3.49 0.43 3.77 £0.30 6.86 55.0
FA-T 4.60 0.34 4.82+0.18 8.83 54.6
FA-B1 5.26 0.74 5.75+£0.08 8.33 69.0

4.3.4 Alkali Loading Calculations

Using the same mixture design for C1293, but without the increase in alkali content
of the cement, the alkali loadings of the mixtures taking into account the alkali contribution
of OPC only (ASTM C1778 method) and the alkali contribution of the additional materials
are presented in Table 4.7. The alkali loadings of the concrete prisms when only taking
into account the alkali contribution of OPC range between 1.81 kg/m?® and 2.62 kg/m?,
which is in the range of the maximum allowable threshold set forth by ASTM C1778. The

alkali loadings of the concrete prisms when including the alkali contribution from the
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SCMs based on their available alkali content range between 2.65 kg/m’® for 20%
replacement with Q and 8.37 kg/m? for 30% replacement with FA-T.
The concrete prisms made with the natural minerals have already exceeded the
ASTM C1293 expansion criteria at 12 months. Since these materials are inert fillers with
high alkalis, it is not surprising that they were unable to control expansion from ASR due
to the lack of pozzolanic reactivity that would produce hydration products to bind alkalis
in conjunction with contributing alkalis themselves to the pore solution for ASR. It is
interesting to note that NM-3, which had a significantly greater expansion at 12 months
than the other two natural minerals, had a significantly greater amount of available alkalis
(Table 4.6). The concrete alkali loadings when considering the contribution of alkalis from
the materials are near or in excess of the maximum ASTM C1778 threshold of 3.0 kg/m3,
which would indicate that these materials would not suppress ASR expansion. Based on
these results, it is apparent that neglecting the contribution of alkalis from inert fillers with
high alkali contents in calculating concrete alkali loadings is not appropriate.
Comparatively, the concrete alkali loading for Q when considering the contribution of
alkalis is less than the 3.0 kg/m® and the C1293 expansion at 12 months is less than the
ASTM C1293 expansion threshold of 0.04%. Considering that the low-alkali inert quartz,
Q, also has a lack of pozzolanic reactivity, these results further indicate that the alkalis in
inert fillers, such as the natural minerals, are contributing to ASR.
Similarly, when accounting for the contribution of alkalis from FA-T, the concrete
alkali loading is in excess of the 3.0 kg/m? threshold and the current ASTM C1293 results

indicate that prisms made with FA-T will likely have expansions that exceed the maximum
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threshold prior to the 24 month period of the test. These results suggest that neglecting the
contribution of alkalis from FA-T in determining the concrete alkali loading is not
appropriate for predicting the ability of FA-T to control ASR expansion.

For the natural pozzolans evaluated in Chapter 3, PM, PL, and VA, the concrete
alkali loading when taking into account the alkalis from the SCMs is below the 3.0 kg/m?
threshold. As shown in Chapter 3, these SCMs suppressed ASR expansion below the 24
month threshold in ASTM C1293. These results suggests that accounting for the
contribution of alkalis from PM, PL, and VA in determining the concrete alkali loadings
was valid in predicting the ability of the SCMs to control ASR expansion.

When taking into account the alkalis from P-1, P-2, FA-S, and FA-B2, the concrete
alkali loadings are in excess of the 3.0 kg/m® maximum threshold. The results from C1293
indicate that the prisms made with these SCMs will likely have expansions lower than the
maximum threshold when testing is completed. These results indicate that accounting for
the contribution of alkalis from these SCMs alkalis in determining the concrete alkali
loadings will not accurately predict the outcome of ASTM C1293 based on the current
thresholds set by ASTM C1778. A complete analysis of the performance of the SCMs in
ASTM C1293 and the possibility of accounting for alkalis in determining the concrete
alkali loading for predicting the outcome of ASTM C1293 will be performed when the

testing is completed.
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Table 4.7: Alkali Loading of Concrete Prisms

Available Alkali Loading Alkali Loading

. OPC. Natural Alkali from Alkali from Available
Material orPC Alkali .
(%-Replacement) (kg/m®) Content Pozzolesm Content Content of Alkali Content
(%) (kg/m’)  of SCM OPC Ol;ly of SCM+?PC
(%) (kg/m®) (kg/m”)

Q (20) 336.0 0.78 84.0 0.04 2.62 2.65
P-1(20) 336.0 0.78 84.0 2.15 2.62 4.43
P-2 (20) 336.0 0.78 84.0 1.85 2.62 4.18
PM (15) 284.4 0.72 50.19 1.49 2.05 2.80
PL (15) 284.4 0.72 50.19 1.47 2.05 2.79
VA (25) 251.0 0.72 83.65 1.20 1.81 2.81
NM-1 (20) 336.0 0.78 84.0 0.44 2.62 2.99
NM-3 (20) 336.0 0.78 84.0 1.03 2.62 3.48
NM-4 (20) 336.0 0.78 84.0 0.39 2.62 2.95
FA-S (20) 336.0 0.78 84.0 1.38 2.62 3.78
FA-B2 (35) 273.0 0.78 147.0 3.77 2.13 7.68
FA-T (30) 294.0 0.78 126.0 4.82 2.29 8.37

4.3.5 Alkali Measurements from Water in ASTM C1567 Water Immersion Period

The amounts of alkalis, expressed as an equivalent sodium oxide, measured in the
water from the water immersion period of ASTM C1567 are shown in Table 4.8. Also
shown in Table 4.8 are the calculated amounts of alkalis lost from the mortar bars,
expressed as a percentage of alkalis lost, and the time period of the mortar bars in water.
The amounts of alkalis lost from the mortar bars into the water during the water immersion
period are also shown in Figure 4.11. A comparison of OPC and Q indicates that the
amount of alkalis lost from the mortar bars generally increased as the replacement level of
Q increased. The increase in alkalis lost for Q as the replacement level increased can be
attributed to a likely increase in the porosity of the mortar bars since Q is not pozzolanic

and dilutes cement content, resulting in the ability of more alkalis to be lost. Rapid chloride
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penetrability testing (RCPT) is a good indicator of concrete permeability, which can be
correlated with concrete porosity. Al-Shmaisani et al. (2018) performed RCPT in
accordance with ASTM C1202 (2017) on concrete containing straight-OPC and a 20%
replacement of cement (by mass) with Q, which revealed that the concrete containing Q
had significantly more charge passed than the OPC concrete (4,020 coulombs for Q; 2,740
coulombs for OPC). The RCPT results suggest that concrete containing Q had a greater
porosity than OPC-concrete, which is consistent with the results of this study in which the
alkalis lost from mortars containing Q were greater than the OPC-mortar, and increased
with an increase in the replacement level of Q. Of the remaining materials tested, the
mortars containing natural minerals had the greatest amount of alkalis lost, slightly less
than Q. More research is needed to understand the role of fillers such as the quartz and
natural minerals on the release of alkalis during water immersion.

P-1 was found to be more pozzolanic than P-2 in Chapter 2 (Kalina et al. 2019),
which corresponds with mortars containing P-1 having fewer alkalis lost than P-2, and both
having fewer alkalis lost than mortars containing the natural minerals. The amount of
alkalis lost for the remaining natural pozzolans, PM, PL, and VA, were similar to one
another and were in between the values for P-1/P-2 and the natural minerals.

The mortars containing fly ashes, FA-B2, FA-T, and FA-B1, had the lowest amount
of alkalis lost, with FA-B1 having the lowest amount of alkalis lost for all of the materials.
In regards to the suggestion that ASTM C1567 is not suitable for testing high-alkali fly
ashes due to the possibility of significant leaching of alkalis (Thomas et al. 2007), the

results from this testing indicate that the leaching of alkalis from the mortars containing fly
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ashes is not significant and is actually less than the mortars containing other SCMs.
Further, based on this logic, the greater amounts of alkalis lost from the mortars containing
PM, PL, and VA would suggest that these SCMs would not be suitable for testing in ASTM
C1567; however, as shown in Chapter 3, ASTM C1567 was suitable in predicting the
behavior of the natural pozzolans in ASTM C1293. Further research is needed into the
cause of the discrepancy between ASTM C1567 and ASTM C1293 results with high-alkali
fly ashes, as these results suggest that leaching of alkalis during water immersion is not

significant.
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Table 4.8: Comparison of Measured Alkalis from C1567 Water Immersion Period

Alkalis  Alkalis Lost  Li™me
. Period of
Material Measured from Mortar
(%-Replacement) in Water, Mortar .
Na,O (%) Bars(%) oarsin

Water (h)

OPC 6.74 £0.33 40.88+2.02 24.0+0.00
Q((15) 6.24 44.46 24.0
Q (20) 6.06 45.83 24.0
Q25 5.87 47.28 24.0
Q (30) 5.63 48.47 24.3
Q3% 5.28 48.89 24.2
Q 40) 5.27 52.63 25.0
Q (50) 4.77 56.64 24.0

P-1 (20) 5.36+0.08 23.76+036 24.1+0.15
P-2 (20) 6.20 29.13 24.0
PM (15) 7.22 38.28 24.0
PL (15) 7.37 39.21 24.0
VA (25) 7.31 38.89 24.0
NM-1 (20) 6.76 44 .83 24.0
NM-3 (20) 7.90 44.66 24.0
NM-4 (20) 6.64 44.65 24.0

FA-S (20) 6.67+0.13 3540+0.70 24.1+0.10
FA-B2 (35) 7.17 18.14 24.0

FA-T (30) 9.35+0.63 21.50+1.43 245+1.00
FA-B1 (50) 8.19 11.47 24.1
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Material (% -Replacement)

Figure 4.11: Amount of alkalis lost from the mortar bars during the ASTM C1567 water
immersion period

4.3.6 Modified ASTM C1567 Testing

The results of the standard ASTM C1567 test method and modified ASTM C1567
test method for mortar bars made with 30% replacement of cement (by mass) with FA-T
are shown in Figure 4.12. The mass of the bars before the water curing period, immediately
after the water curing period, and immediately after the expansion measurements taken at
14 days are shown in Table 4.9. The resistivity of the mortar bars before the water curing
period, immediately after the water curing period, and immediately after the expansion
measurements taken at 14 days are shown in Table 4.10.

The expansion results indicate that the expansions of the mortar bars tested with

the modified method had no significant change, outside of error, from the expansions of
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the mortar bars tested with the standard method at each day tested. The similar expansions
of the mortar bars suggest that there are no differences in water absorption, and thus
swelling, between the two methods of curing. This is supported by the similar changes in
mass (Table 4.9) and resistivity (Table 4.10) of the mortar bars during the water curing
period between the standard and modified test methods.

The total amount of alkalis, expressed as an equivalent sodium oxide, measured in
the water from the water curing period of the modified test method was 0.01%, which is
significantly lower than the total amount of alkalis measured in the water of the standard
test method of 9.35%, shown in Table 4.8. The alkalis in the water were then normalized
by the alkalis in the mortar bars to determine the amount of alkalis lost from the mortar
bars into the water during the water curing period. For the modified test method, this value
was 0.02% alkalis lost, which is significantly lower than the amount of alkalis lost into the
water of the standard test method of 21.50%, shown in Table 4.8. It can be concluded that
that effectively no alkalis were leached from the mortar bars elevated above the water of
the water curing period in the modified ASTM C1567 test method. Since the 14-day
expansion values of the mortar bars immersed in water and suspended over water are the
same (Figure 4.12), and leaching of alkalis are very different between these two methods,
the results suggest that leaching of alkalis during water immersion does not influence ASR
expansion. These results support the results from the alkali measurements from the water
in the ASTM C1567 water immersion period, presented in section 4.3.5, that showed that
high-alkali fly ashes leached relatively few alkalis in immersion, yet still have conflicting

results between ASTM C1567 and ASTM C1293. Results from both tests suggest the
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reason that ASTM C1567 is not suitable for testing high-alkali fly ashes is not related to

leaching of alkalis during water immersion, as previously suggested in the literature

(Thomas et al. 2007).
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Figure 4.12: ASTM C1567 standard and modified test method expansion results for 30%
replacement of cement (by mass) with FA-T

Table 4.9: Mass of Mortar Bars Taken at Various Stages within the Standard and
Modified ASTM C1567 Test Methods

Percent Difference

Mass of Percent Difference
Mass of Between Mass of
Bars Bars After Mass of Bars Between Mass of Bars After Water
ASTM C1567 Before After 14-Day Bars Before and . .
Water Immersion Period
Test Method Water . Measurements After Water
. Immersion . . and After 14-Day
Immersion . (g2) Immersion Period
. Period (g) Measurements
Period (g) (%) (%)
Standard 411.5+07 4114+12 412.2+09 -0.04 £ 0.1 0.21 £0.1
Modified 4099+06 409.0+1.2 4108 +1.2 -0.21 £ 0.1 0.42+0.0
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Table 4.10: Resistivity of Mortar Bars Taken at Various Stages within the Standard and
Modified ASTM C1567 Test Methods

Percent
Resistivity  Resistivity . Difference
P Percent Difference Between
of Bars of Bars Resistivity of e e
Before After Bars After Between Resistivity Resistivity of
ASTM C1567 of Bars Before and  Bars After Water
Water Water 14-Day .
Test Method . . After Water Immersion
Immersion Immersion Measurements . . .
. . Immersion Period Period and After
Period Period (kQcm)
(kQcm) (kQcm) (%) 14-Day
Measurements
(%)
Standard 8.6 +0.5 1973+ 53 1122 +11.5 2188.1+ 71.6 -43.0+6.9
Modified 94+04 171.6 £ 12.4 120.0+ 4.8 1728.7 +160.4 -29.9+4.8
4.4 CONCLUSIONS

ASTM C1567 and ASTM C1293 are utilized to determine the efficacy of SCMs in
controlling expansion related to ASR. Concerns have been raised in regards to the
legitimacy of the results of ASTM C1567 for high-alkali fly ashes, which has led to the
recommendation in ASTM C1778 that fly ashes with a total equivalent alkali content of
greater than 4% be tested in ASTM C1293. The behavior for three high-alkali natural
pozzolans in ASR testing was evaluated in Chapter 3 and it was determined that ASTM
C1567 was sufficient in predicting the outcome of ASTM C1293 for the natural pozzolans.
The research presented in this chapter has the same objective of determining the role of
alkalis in the ability of the SCMs to control ASR expansion as the work presented in
Chapter 3, but with an expanded set of materials including the quartz, natural pozzolans,
and natural minerals evaluated in Chapter 2 as well as four high-alkali fly ashes. ASTM
C1567, ASTM C1293, Rietveld quantitative XRD, and ASTM C311 available alkali

testing were performed with these additional materials. ASTM C1293 testing is currently
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underway, and the most current results are presented. In addition to the testing performed
in Chapter 3, concrete alkali loadings of the ASTM C1293 prisms were calculated by
accounting for the alkali contribution from the SCMs with the use of their available alkali
contents, along with the alkali content of the cement. Additionally, the alkalis were
measured in the water from the ASTM C1567 water immersion period to evaluate the role
that the water immersion has on ASTM C1567 results, and a modified version of ASTM
C1567 was performed with one of the fly ashes that included suspending the mortar bars
above the water during the water curing period of the test to evaluate the role that the water
immersion period has on ASTM C1567 results.

Based on the results of this experimental investigation, the following conclusions were
drawn:

e The natural pozzolans, P-1 and P-2, show promise in yielding results that are
comparable between ASTM C1567 and ASTM C1293. Combined with the results
presented in Chapter 3, it appears that ASTM C1567 is sufficient in predicting the
outcome of ASTM C1293 when testing natural pozzolans.

e The inert natural minerals yielded results that are comparable between ASTM
C1567 and ASTM C1293. The lack of pozzolanic reactivity of the natural minerals
results in the reduction of hydration products and the subsequent reduction of alkali
binding in hydration products, resulting in the failure of the natural minerals to
control expansion in both ASTM C1567 and ASTM C1293. Conversely, the low-

alkali inert quartz Q, which also has a lack of pozzolanic reactivity, failed ASTM
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C1567 and looks promising to pass ASTM C1293, suggesting that the available
alkalis in the natural minerals contributed to the ASR expansion in ASTM C1293.
Currently, the results of ASTM C1293 suggest that FA-T will have expansion in
excess of the maximum threshold prior to the completion of the test, which
indicates that ASTM C1567 is not suitable in predicting the outcome of ASTM
C1293 for this high-alkali fly ash. This is in agreement with the suggestions from
the literature (Shehata and Thomas 2000; Thomas and Innis 1999).

The results of available alkali testing revealed that the natural pozzolans and natural
minerals have lower available alkalis than the high-alkali fly ashes. It is possible
that the crystalline phases in natural pozzolans that contain alkalis are less soluble
than the crystalline phases containing alkalis in fly ashes, particularly the water-
soluble thenardite present in FA-T and FA-B1. The natural minerals are comprised
of crystalline phases that are likely mostly non-reactive as the available alkali
testing and reactivity testing from Chapter 2 (Kalina et al. 2019) suggest.
Neglecting the contribution of alkalis from the natural minerals, which are inert
fillers with high alkali contents, in calculating concrete alkali loadings is not
appropriate for predicting the ability of the natural minerals to control ASR
expansion in ASTM C1293.

Neglecting the contribution of alkalis from FA-T in determining the concrete alkali
loading is not appropriate for predicting the ability of FA-T to control ASR
expansion in ASTM C1293. Conversely, the current ASTM C1293 results suggest

that accounting for the alkalis of P-1, P-2, FA-S, and FA-B2 in the concrete alkali
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loadings is not appropriate when used to compare against the ASTM C1778
maximum threshold. Additional work is required to better understand the
contribution of alkalis from SCMs to concrete systems in regards to ASR
expansion.

The alkali loadings of the ASTM C1293 concrete prisms when including the alkali
contribution from the natural pozzolans, PM, PL, and VA, evaluated in Chapter 3,
based on their available alkali content are in the range of the maximum allowable
threshold set forth by ASTM C1778. These natural pozzolans passed the criterion
in ASTM C1293, suggesting that considering the available alkali content for these
materials in determining concrete alkali loading was valid in predicting their ability
to control ASR expansion. Using the total sodium oxide equivalent of the natural
pozzolans in determining the concrete alkali loading, as prescribed by standards in
other nations, would result in alkali loadings exceeding the maximum allowable
threshold in ASTM C1778, suggesting that these materials would not control ASR
expansion.

The alkali measurements from water in the ASTM C1567 water immersion period
revealed that the mortars containing the high-alkali fly ashes had the lowest amount
of alkalis lost from the mortar bars during the immersion period. The results from
the evaluation of the measured alkalis are preliminary, and additional work is
required to better understand the results.

The modified ASTM C1567 test method suggested that the leaching of alkalis from

the mortar bars during the water immersion period does not influence ASR
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expansion. These results support the results from the alkali measurements from the
water in the ASTM C1567 water immersion period that showed that high-alkali fly
ashes leached relatively few alkalis in immersion, yet still have conflicting results
between ASTM C1567 and ASTM C1293. Results from both tests suggest the
reason that ASTM C1567 is not suitable for testing high-alkali fly ashes is not
related to leaching of alkalis during water immersion, as previously suggested in
the literature (Thomas et al. 2007). The results from the modified ASTM C1567
test method are preliminary, and additional work is required to better understand

the results.
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Chapter 5: Effect of Time and pH on Available Alkalis in
Supplementary Cementitious Materials

The research presented in this chapter evaluated concerns with the ASTM C311
test method for determining available alkalis that have led to questions concerning the
relevance of the results, including the timeline of testing and the unrepresentative initial
pH of the reagent solution. This study evaluated modifications to the ASTM C311
available alkali test method that include varying the length of curing and increasing the pH
of the reagent solution to better represent conditions in real concrete. The materials tested
in this study include the quartz, natural pozzolans, and natural minerals evaluated in
Chapters 2 and 4, the natural pozzolans evaluated in Chapter 3, and the fly ashes evaluated
in Chapter 4. To provide insight into the factors contributing to the available alkalis of the
SCMs, the mineralogies of the SCMs were determined using Rietveld quantitative x-ray
diffraction (XRD), and the compositions of the SCMs were determined using Xx-ray
fluorescence spectroscopy (XRF). The modifications examined in this study produced
results that were only marginally different from the ASTM C311 standard test method for
determining available alkalis, suggesting that the existing test method may be appropriate
for use in spite of its perceived drawbacks, and added complexity in testing is not necessary

to improve relevance.

S.1INTRODUCTION

A method for determining the amount of available alkalis, commonly referred to as

"soluble alkalis," in supplementary cementitious materials (SCMs) is outlined within
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ASTM C311, Standard Test Methods for Sampling and Testing Fly Ash or Natural
Pozzolans for Use in Portland-Cement Concrete (2018). The alkalis in an SCM, with the
exception of those present in non-reactive phases, are released to the pore solution of the
cementitious system during curing (Shehata and Thomas 2006; Duchesne and Berube
1994). A portion of the released alkalis is consumed in reaction products from cementitious
and pozzolanic reactions, and the remaining alkalis in solution are deemed the "available
alkalis" and are considered available for alkali-silica reaction (ASR). Therefore, it is
important to determine the amount of available alkalis in the pore solution to assess the
susceptibility of a concrete containing SCMs to ASR. The purpose of the ASTM C311
available alkali method is to determine the amount of available sodium and potassium from
an SCM, expressed as equivalent sodium oxide (Na2Oe = NaO + 0.658 K>O) (Duchesne
and Berube 1994). This test method consists of mixing an SCM with calcium hydroxide
and water and curing the mixture at 38°C for 28 days. The sample is then ground, water is
added, and the suspension is washed with hot water and filtered. The filtrate is neutralized
with dilute HCI and then tested by flame photometry to determine the amount of sodium
and potassium in solution. The available alkali contents determined from this test method
are lower than the total equivalent sodium oxide (also referred to as the total equivalent
alkali content) as determined by x-ray fluorescence spectroscopy (XRF) and are typically
presented as a percentage of the total equivalent sodium oxide.

The method for determining available alkalis within ASTM C311 dates back to
1953 when ASTM subcommittee C09.03.08 was tasked with determining test methods for

specifying fly ashes for use in concrete (Schlorholtz 2006). The method specified by
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ASTM originated from a method used by the U.S. Bureau of Reclamation in the 1940s,
which is similar to the current ASTM C311 method with the primary difference being that
instead of mixing 2 g of calcium hydroxide with the SCM, 2.5 g of calcium hydroxide was
used (Schlorholtz 2006; Moran and Gilliland 1950).

Many others have published results from available alkali testing utilizing the ASTM
C311 method for fly ashes and natural pozzolans, and some of these data from the literature
are included in this study for comparison purposes. Table 5.1 shows example data from
the literature for fly ashes, and Table 5.2 shows data from the literature for natural
pozzolans. The data shown include the total equivalent alkali content, the ASTM C311
available alkali content, and the percentage of the total equivalent alkalis that are available.
The designations used to represent the names of the fly ashes and natural pozzolans
included in the tables are the same as those used in the cited works. The calcium oxide
content, CaO, and the sum of the silicon, iron, and aluminum oxides (SiO2, Fe>Os3, and
ADO3) of the materials are also presented in order to provide additional compositional
information about the materials. As shown in Table 5.1, the available alkali contents of
the fly ashes ranged between 0.34% and 6.39%, and the percentages of available alkalis in
the total alkalis ranged between 25.0% and 74.7%. As shown in Table 5.2, the available
alkali contents of the natural pozzolans ranged between 0.21% and 1.17% and the
percentages of available alkalis in the total alkalis ranged between 5.7% and 23.3%.

Other test methods have been performed in an attempt to represent the amount of
SCM alkalis available for ASR in concrete. The water-soluble alkali content test as

outlined in ASTM C114 (2018) includes mixing the SCM with water, shaking for 10 min,
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and then testing the resulting solution for alkali content. The ASTM C114 method has
been criticized as being unrealistic due to the short duration and low pH of the test solution,
which only captures the release of water-soluble alkalis and neglects entrapment of alkalis
in hydration products (Duchesne and Berube 1994).

Other researchers have determined a parameter referred to as "effective alkalis" by
comparing expansions of concrete prisms with SCMs replacing a portion of the cement
against prisms of a cement-only control (Hobbs 1986; Thomas et al. 1996). The "effective
alkali" content is the difference in concrete alkali content of the SCM and control specimen
divided by the alkali content of the SCM, at a point at which SCM prisms and control
prisms have similar expansions. The use of a single value to calculate the contribution of
"effective alkalis" from fly ash has been criticized as being inappropriate (Thomas et al.
1996).

Analysis of pore solution extracted from cementitious pastes (Shehata et al. 1999;
Duchesne and Berube 1994) and leaching tests on cementitious pastes (Shehata and
Thomas 2006) have been performed in an attempt to determine the amount of SCM alkalis
available for ASR. It has been suggested that the leaching tests and the analysis of pore
solutions are the most realistic in terms of determining the amount of alkalis contributed
by an SCM based on ASR expansion results of concrete prisms made with the same SCMs
(Shehata and Thomas 2006; Shehata et al. 1999; Duchesne and Berube 1994), since these
studies found no clear relation between concrete prism expansion and available alkalis as
determined with ASTM C311. One study showed that despite fly ashes with varying

calcium oxide contents (CaO) having similar ASTM C311 available alkali contents, the
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low-CaO fly ashes yielded significantly lower alkalis measured in the extracted pore
solutions than high-CaO fly ashes, suggesting that the ASTM C311 method did not
adequately capture the amount of available alkalis for the low-CaO fly ashes (Shehata et
al. 1999).

These other test methods for determining the amount of alkalis in concrete systems
available to contribute to ASR are were not assessed in this study. Despite the criticism of
the relevance of the ASTM C311 method in determining SCM available alkalis for ASR,
this method was chosen for this study as it is the only standardized test method intended to

determine the amount of alkalis available to contribute to ASR in concrete.

Table 5.1: Literature Values for Alkali Contents of Fly Ashes

LG! FM! TB! BR! PI! EW! A B2 C? CLI? NE2°® NE4° OTT?
CaO (%) 557 638 15.87 18.85 2050 2461 1.87 12.00 20.70 59 132 251 24.0
Si0; +
ALOs + 81.67 84.76 6637 5749 64.63 6237 9140 7832 5646 92.8 787  54.7 55.6
Fe>03 (%)
Total
NaxOe 2.30 1.41 8.46 8.73 3.05 1.68 2.34 3.07 8.55 2.53 1.36 2.79 2.68
(%)
Available
NayO. 1.10 0.47 3.60 4.79 1.84 094 1.02 1.31 6.39 0.77 0.34 1.44 1.68
(%)
Available-
to-Total
Na,O 47.8 333 42.6 549 60.3 56.0 43.6 427 74.7 30.4 250 51.6 62.7
(%)
! Shehata and Thomas 2006

2 Duchesne and Berube 1994
3 Leeetal. 1986
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Table 5.2: Literature Values for Alkali Contents of Natural Pozzolans!

PZ-A PZ-B PZ-C PZD PZE PZG PZH PZ1 PZ]

CaO (%) 1.8 6.4 1.0 6.7 6.4 23 5.8 3.1 1.7

SiO; +
Al,O3 + 85.6 81.4 86.2 83.5 84.7 81.2 76.5 804 859
Fe;0; (%)

Total
NayO. 5.02 4.17 6.89 4.55 4.62 3.67 2.32 244  6.30
(%)

Available
NaxO. 1.17 0.38 1.09 0.69 0.67 0.21 034 047 1.15
(%)

Available-
to-Total
Nazoe
(%)

! Rodriquez-Camacho and Uribe-Afif 2002

23.3 9.1 15.8 15.2 14.5 5.7 147 193 183

For many years, ASTM C618, Standard Specification for Coal Fly Ash and Raw
or Calcined Natural Pozzolan (2015) placed a maximum limit of 1.5% on the amount of
available alkalis for fly ashes and natural pozzolans in the chemical or optional chemical
requirements that were applicable for concrete containing reactive aggregate (Schlorholtz
2006). This requirement was removed from ASTM C618 in 2001 due to the lack of
correlation of the results to performance of the SCM in regards to ASR, concerns about the
reliability of the test method, and the lack of knowledge on the origin of the 1.5% maximum
requirement (Thomas et al. 2006; Schlorholtz 2006). Available alkali testing performed
on fly ashes and natural pozzolans by multiple labs revealed poor inter-laboratory precision
(Schlorholtz 2006). The problems with precision in the test results were linked to:

calibration standards not adequately representing unknown samples, insufficient detail in
93



the methodology for the specimen grinding and washing stages, and carbonation of the
calcium hydroxide prior to use in the test (Schlorholtz 2006). Duchesne and Berube (1994)
suggested that the ASTM C311 available alkali method overestimates the amount of alkalis
from good fly ashes due to the release of significant amounts of alkalis from hydration
products during the portion of the ASTM C311 method when the sample suspension is
washed with water. This is similar to the findings of others discussed earlier that showed
that low-CaO ashes yielded significantly lower alkalis measured in extracted pore solutions
than high-CaO fly ashes (Shehata et al. 1999). Others have described problems with the
available alkali test method, such as the timeframe and pH of the system (Shehata and
Thomas 2006).

Timeframe is a problem in the available alkali test method in that it has been shown
that alkalis in fly ash and natural pozzolans become available beyond the 28-day timeframe
of the test method (Shehata and Thomas 2006; Duchesne and Berube 1994; Barlow and
Jackson 1988; Lee et al. 1986; Brink and Halstead 1956; Moran and Gilliland 1950). This
increased amount of alkalis beyond the standard 28 days suggests that the standard method
is not adequately representing the long-term availability of alkalis capable of contributing
to ASR. Duchesne and Berube (1994) performed available alkali testing on the three fly
ashes shown in Table 5.1 at testing ages of 7, 84, 168, and 364 days in addition to the
standard 28 day testing age. The results of their study are shown in Table 5.3 and indicate
that the increase in the amount of available alkalis beyond 28 days ranged between 103%
and 129% of the 28-day value. Lee et al. (1986) also performed available alkali testing at

multiple testing ages, up to 180 days for six fly ashes. Their results were similar to those
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found by Duchesne and Berube (1994) in that the amount of available alkalis continuously
increased beyond 28 days for each of the fly ashes, with greater increases for Class C fly
ashes in comparison to Class F fly ashes. Moran and Gilliland (1950) performed available
alkali testing at 28 and 90 days on various natural pozzolans; however, since the work was
performed in 1950, the testing method varied from the current ASTM C311 method with
the primary difference being the use of 2.5 g of hydrated lime being mixed with the SCM
instead of the current standard of 2 g. The results of their study indicated that the amount

of available alkalis tested at 90 days increased between 106% and 143% of the 28-day

value.
Table 5.3: Literature Values of Available Alkalis at Different Testing Ages!
Testing Age
g{l 7 Day 28 Day 84 Day 168 Day 364 Day
90-28 %0 -28 90-28 90-28
Naz20e Day Naz20e Na20e Day Na20e Day Na20e Day

A 0.30 29.8 1.02 1.29 126.2 1.31 128.5 1.29 126.2
B 0.46 35.2 1.31 1.60 121.9 1.35 103.1 1.47 112.5
C 4.53 70.9 6.39 7.44 116.4 6.84 107.0 7.70 120.4

! Duchesne and Berube 1994

Another concern with the ASTM C311 method for determining available alkalis is
the low pH of the solution used to mix with the SCM, which does not represent the actual
conditions of a concrete pore solution (Shehata and Thomas 2006). The solution used to
mix with the SCM in the ASTM C311 method prior to curing at 38°C is referred to herein

as the "reagent solution." The solution prepared by grinding the test sample after the curing
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period is referred to herein as the "test solution." Prior to curing, the reagent solution is
saturated with calcium hydroxide, making the pH of the solution on the order of 12.5
(Duchesne and Berube 1994). During the curing period of the test, the pH of the system
increases over time as alkalis are released from the SCM. In concrete, the pore solution
pH is related to several factors, such as the cement alkalis, the water-to-cement ratio (w/c),
and the degree of hydration, and has a typical range of 13.2 to 13.9 (Thomas 2011).
Therefore, the reagent solution specified by the ASTM C311 test method does not
adequately mimic the pore solution of concrete.

A study by Duchesne and Berube (1994) modified the ASTM C311 method by
mixing the SCMs with cement instead of calcium hydroxide at cement replacement
dosages of 0%, 20% and 40% by mass. The contribution of alkalis from the SCMs was
calculated by subtracting the amount of alkalis contributed from the cement-only sample
(assuming all of the cement alkalis were released) from the measured alkali value of the
cement-SCM sample at each day tested. The results of their study indicated that the
contribution of alkalis from the SCMs was greater than or equal to the results of the
standard ASTM C311 method, which they attributed to the higher pH of the sample
solution due to the presence of cement. However, they acknowledged that the modified
method of replacing calcium hydroxide with cement yielded high errors, deeming the
modified method not precise enough to be confidently used in evaluating the available
alkalis of SCMs. Barlow and Jackson (1988) reported similar findings when the calcium
hydroxide was replaced with cement; however, the majority of their testing was performed

at 20°C instead of at the 38°C standard temperature.
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Buttler et al. (1981) also performed a modified version of the ASTM C311 method
by using three different mass ratios of calcium hydroxide to fly ash: (1) 5 gflyashto2 g
calcium hydroxide (ASTM C311 method); (2) 3.5 g fly ash to 3.5 g calcium hydroxide;
and (3) 2 g fly ash to 5 g calcium hydroxide. Their reason for lowering the mass ratio of
fly ash to calcium hydroxide was based on the amount of calcium hydroxide produced in a
concrete system with a 25% mass replacement of cement by fly ash being on the order of
a 1:1 ratio of fly ash to calcium hydroxide as opposed to the mass ratio of 2.5:1 in the
ASTM C311 method. Testing was performed on samples at multiple days before and after
the standard 28 day testing age, up to just beyond 110 days. The results of their study are
as follows: (1) the rate and amounts of extraction of sodium and potassium ions increased
as the mass ratio of fly ash to calcium hydroxide decreased; (2) if the mass ratio of fly ash
to calcium hydroxide is low, all of the sodium and potassium ions in the fly ash samples
would be released into solution; (3) for the standard ASTM C311 method, the amounts of
sodium and potassium ions did not change significantly at ages beyond 28 days; and (4)
the abilities of the sodium and potassium ions to be dissolved from the fly ash were similar.

There are many recognized problems in the ASTM C311 test method for
determining available alkalis of SCMs that cause researchers to question the relevance of
the results. This study was conducted in an attempt to further investigate two of the
problems in the standard test method. First, this study evaluated varying the length of
sample curing to include 1, 7, and 90 days, in addition to the standard 28 days, to validate
the increase in available alkalis seen by other researchers at later curing ages (Duchesne

and Berube 1994; Lee et al. 1986) and to determine if changes in the test method should
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be recommended. Second, this study evaluated increasing the pH of the reagent solution
for the standard 28 day testing age to determine if the available alkalis increase when the
pH is similar to that in cementitious pore solutions, and to determine if changes in the

standard test method should be recommended.

5.2 MATERIALS AND METHODS

Five natural pozzolans were tested in this study, which included three pumicites,
one perlite, and one vitric ash. Two of the pumicites were included in a prior study by
Kalina et al. (2019), re-printed in Chapter 2, and are designated as P-1 and P-2. The
remaining pumicite, perlite, and vitric ash are referred to herein as PM, PL, and VA,
respectively, and were included in the work shown in Chapter 3. Three natural minerals
(NM), designated NM-1, NM-3, and NM-4 were tested in this study and were also included
in Chapter 2 (Kalina et al. 2019). Four fly ashes (FA) designated as FA-S, FA-T, FA-BI,
and FA-B2 were tested in this study and were also included in Chapter 4. These fly ashes
were chosen for this study because of their high total equivalent alkali contents (greater
than 4% Na>Oe) to compare with the natural pozzolans and natural minerals with high total
equivalent alkali contents. All of the materials were examined with x-ray diffraction
(XRD). Rietveld quantitative XRD was performed on the materials using the procedure
outlined in Chapter 3 to determine the crystalline and bulk amorphous contents of the
SCMs. The crystalline and bulk amorphous contents of the natural pozzolans and natural
minerals are the same as those included in Chapters 3 and 4 and are presented in Table 5.4,

and the crystalline and bulk amorphous contents of the fly ashes are the same as those
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included in Chapter 4 and are presented in Table 5.5. Particle size analysis was conducted
by laser diffraction using a Malvern Mastersizer 2000 Laser Diffraction Particle Size
Distribution Analyzer. Specific gravity was determined following ASTM C604 (2018).
The results from the XRF, particle size analysis, and specific gravity for the SCMs are

summarized in Table 5.6.

Table 5.4: Crystalline and Bulk Amorphous Contents of the Natural Pozzolans and
Natural Minerals

Phase Name Chemical Formula P-1 P-2 PM PL VA NM-1 NM-3 NM-4
(%) (%) (%) (%) (%) (%) (%) (%)
Amorphous N/A 90.47 68.84 9976 92.12 86.28 - - -
Albite NaAlSizOg - 4.27 - - - 46.40 34.70 40.50
Anorthoclase (Na,K)AISi;0s - 15.52 - 210 492 - 17.10 -
Biotite KMg,Fe);AlSiz010(0OH)» - - - 5.28 - 5.65 12.50 15.00
Calcite CaCOs; - - - - 3.93 - - -
Gypsum Ca(S04):2H0 - - - - 1.29 - - -
Muscovite (Na,K)Alx(ALSi1)4010(OH), - - - - - - - 13.00
Quartz Si0; 1.15 723 0.13 0.59 3.58 27.80 - 31.60
Sanidine (Na,K)(AISi;Os) 838 4.14 0.10 - - 19.10 35.70 -
Sodium Iron NaFePO, - - - ; - 1.12 ; -

Phosphate
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Table 5.5: Crystalline and Bulk Amorphous Contents of the Fly Ashes

FA-S FA-B2 FA-T FA-Bl

Phase Name Chemical Formula (%) (%) (%) (%)
Amorphous N/A 92.41 91.86 94.33 92.05
Anhydrite CaSOq4 - 0.27 - -
GA 3Ca0O-ALOs - 0.22 - 1.98
Magnetite Fe304 0.21 - - -
Mullite 3A1,03:2510,2 5.03 1.37 - -
Quartz Si0O, 2.36 5.91 1.21 1.45
Periclase MgO - 0.37 1.02 1.12
Perovskite CaTiOs - - 0.92 -
Thenardite Na,SO4 - - 2.52 3.39

Table 5.6: Chemical and Physical Characteristics of Materials

Material CaO SiO2 ALO; Fe:0s MgO SOs NaxO K:0 NaOe dwo dso doo Specific

(%) (%) (%) (%) (%) (%) (%) (%) (%) (um) (um) (um) Gravity
P-1 033 7399 13.08 2.08 0.00 0.04 3.65 4.30 6.48 1.62 5.19 14.02 2.44
P-2 0.75 73.69 13.08 2.39 0.20 0.04 440 427 7.21 1.51 6.38 23.04 2.57
PM 094 6942 1242 1.08 0.44  0.04 3.81 5.16 7.21 398 13.21 71.55 2.44
PL 0.86 70.26 12.84 1.16 0.14 0.05 470 4.74 7.82 398 13.79 78.03 2.44
VA 331 64.72 1127 0.87 1.38 0.33 3.65 5.64 7.36 4.00 21.7 99.48 2.46
NM-1 2.80 6547 1583 5.15 1.36  0.07 370  3.12 5.75 1.62  6.55 40.61 2.87
NM-3 1.82 57.74 1948 4.05 0.99 0.19 5.89 5.85 9.74 2.09 12.89 48.23 2.72
NM-4 1.69 63.26 17.56 4.69 1.43  0.07 3.60 4.27 6.42 1.55 5.55 38.75 2.85
FA-S 5.65 62.86 2026 2.15 0.58 0.37 2.94 2.21 4.39 540 30.10 114.10 1.78
FA-B2 1251 4436 21.35 4.26 236 099 635 0.78 6.86 2.56 1644 61.87 2.41
FA-T 16.70 38.40 19.12 5.34 3.71 2.99 8.44 0.59 8.83 240 17.58 57.09 2.64
FA-B1 19.35 3492 1844 534 4.48 339  7.68 0.99 8.33 1.84 1394 52.87 2.67

5.2.1 ASTM C311 Available Alkali Testing

The ASTM C311 procedure was followed to determine the available equivalent
sodium oxide content of the SCMs. Three samples were prepared and tested for each SCM,

the results were averaged, and the range of results was used to represent measurement error.
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The samples were prepared by dry mixing 5 g of each SCM with 2 g of hydrated lime,
adding 10 mL of water, and mixing until the sample was uniform. The mixtures were then
sealed in a plastic vial and stored at 38°C for 28 days. When the samples were ready for
testing, the contents of the vial were removed, broken up, and ground with de-ionized water
to create a uniform slurry containing no lumps. The slurry was transferred into a beaker
where de-ionized water was added to bring the total volume of the sample to 200 mL. The
sample was left for 1 h on a magnetic stirrer, after which the sample was then filtered
through a medium-textured filter paper (Fisher) into a 500 mL volumetric flask and washed
8 to 10 times with de-ionized water at 100°C. The filtrate was neutralized with dilute HCI
(143), using 1 to 2 drops of phenolphthalein solution as the indicator. The solution was
cooled to room temperature, and then de-ionized water was added to fill the remaining
portion of the volumetric flask. A 2655-10 dual channel flame photometer (Cole-Parmer
Instrument Company) was used to determine the amounts of sodium and potassium in the
solution, measured in parts per million (ppm). The values obtained were then converted to

9-oxides for sodium and potassium, then converted to the equivalent sodium oxide.

5.2.2 Modified Available Alkali Content Testing

The first modified testing method performed included testing the samples using the
standard ASTM C311 procedure at curing times of 1, 7, and 90 days in addition to the
standard 28 day testing age. Two samples were prepared and tested for each SCM at testing
ages of 1 and 7 days. Three samples were prepared and tested for each SCM at testing ages

of 28 and 90 days. Results were averaged and the error was determined in the same manner
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as with the standard 28 day results. This modified testing was performed to evaluate the
rate at which alkalis are released from the SCMs and to determine if a significant amount
of alkalis become available beyond the standard testing age of 28 days.

The second modified testing method performed included increasing the pH of the
reagent solution and was conducted on samples tested at the standard 28 day testing age.
Three samples were prepared and tested for each SCM. This modified testing was
performed to determine if the increased pH of the reagent solution would cause more
alkalis to become available from the SCMs. For this modified testing, the pH of the reagent
solution (mixed using the standard procedure) was increased by adding aqueous sodium
hydroxide (NaOH) or potassium hydroxide (KOH). When evaluating sodium, samples
with added KOH were tested, and conversely, for evaluating potassium, samples with
added NaOH were tested. This procedure was performed to avoid error due to the
introduction of sodium and potassium into the system that would have to be subtracted
from the final values obtained via flame photometry. The sodium and potassium
concentrations from the samples were converted to an equivalent sodium content and
designated as 28* day results for comparison with the results of the standard test method
at 28 days. The error for the modified 28* day available alkalis is taken as the lowest
combination of sodium and potassium for the lower bound and the highest combination of
sodium and potassium for the upper bound. The amounts of NaOH and KOH added to the
samples were chosen so that each of the reagent solutions would have a pH of greater than
13.2 to simulate a concrete pore solution. The pH of the reagent solutions were measured

using a Brinkmann/Metrohm 716 DMS Titrino Titrator. The aqueous NaOH was 19.1 M,
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and the amount added was 0.475 mL. The aqueous KOH was 22.0 M, and the amount
added was 0.1 mL. The amount of water added to the reagent solution was altered to
account for the water in the NaOH and KOH so that the total water added was the standard

10 mL.

5.3 RESULTS AND DISCUSSION
5.3.1 ASTM C311 Available Alkali Testing

The available alkalis of the samples at 28 days according to the ASTM C 311
standard method are presented in Table 5.7. The available alkalis as a percentage of total
alkalis determined via XRF are also presented in Table 5.7. The results indicate that the
available alkalis for the fly ashes ranged between 31.5% and 69.0% of the total alkalis,
which are within the range of values determined by others (Shehata and Thomas 2006;
Duchesne and Berube 1994; Lee et al. 1986). The results also indicate that the available
alkalis for the natural pozzolans and natural minerals ranged between 6.1% and 29.8% of
the total alkalis, which are within the range of values determined by others (Rodriguez-
Camacho and Uribe-Afif 2002). The percentages of available alkalis in total alkalis is
significantly lower for the natural pozzolans compared to the fly ashes, which could
correlate with the performance of these materials in controlling ASR expansion as
discussed in Chapters 3 and 4. Interestingly, the percentage of available alkalis to total
alkalis was the lowest for the natural minerals that were determined to be inert in

cementitious systems, as demonstrated in Chapter 2 (Kalina et al. 2019).
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Table 5.7: Comparison of Available and Total Alkalis for ASTM C311 Test Method

28-Pay 2.8-Day .28-Day Total Na,O. Pe.rcentage of .
Material Available Available KO Available Na;O. per mass of Available Alka.lls

Na,O per mass per mass of per mass of SCM (%) to Total Alkalis
of SCM (%) SCM (%) SCM (%) (%)
P-1 1.31 1.28 2.15+£0.23 7.21 29.8
P-2 0.91 1.43 1.85+£0.07 6.48 28.6
PM 0.58 1.38 149 +£0.11 7.21 20.7
PL 0.65 1.24 1.47 £0.10 7.82 18.8
VA 0.36 1.26 1.20£0.12 7.36 16.3
NM-1 0.31 0.19 0.44 +0.03 5.75 7.6
NM-3 0.85 0.27 1.03 £0.07 9.74 10.6
NM-4 0.28 0.18 0.39 £0.05 6.42 6.1
FA-S 0.94 0.68 1.38 £0.20 4.39 31.5
FA-B2 3.49 0.43 3.77£0.30 6.86 55.0
FA-T 4.60 0.34 4.82+0.18 8.83 54.6
FA-B1 5.26 0.74 5.75+£0.08 8.33 69.0

5.3.2 Modified Available Alkali Testing — Additional Curing Ages

The available alkalis of the samples at 1, 7, 28, and 90 days as determined using

the ASTM C311 test method are presented in Table 5.8 and in Figure 5.1 — Figure 5.3 for

the natural pozzolans, natural minerals, and fly ashes, respectively. The average amount

of available alkalis progressively increased from 1 day to 28 days for all of the materials;

however, there was no significant change, outside of measurement error, in the available

alkalis between 28 and 90 days for most of the materials with the exception of the natural

minerals, VA, FA-T, and FA-B1. The %-increase from the 28-day values for available

alkalis taken at 90 days is included in Table 5.8. Increases that are considered to be within

measurement error are shown in parentheses. The average %-increase of available alkalis

between the average 90-day and average 28-day values for all SCMs tested, not accounting
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for error, was 24.4%. This latter value is similar to those found by Duchesne and Berube

(1994) for fly ash tested at 84 days of curing as shown in Table 5.3.

Table 5.8: Comparison of Available Alkalis at 1, 7, 28, and 90 Day Test Ages

IDay  TDay  2®Day  90Day R
Available Available Available Available .
Material  Na,O. per Na,O. per Na,O. per Na,O. per ?\?'Day Available
220, to 28-Day
mass of mass of mass of mass of Available Na,O,
SCM (%) SCM (%) SCM (%) SCM (%) (%)

P-1 0.44 £0.02 1.78 £0.12 2.15+0.23 2.25+0.20 (4.88)!

P-2 0.28 +0.003 1.17 £0.13 1.85 +£0.07 1.90 +0.25 (2.39)

PM 0.20 £0.01 0.96 £0.12 1.49 £0.11 1.68 £0.26 (12.60)

PL 0.14 £0.03 0.90 £0.10 1.47 £0.10 1.60 +0.33 (8.86)

VA 0.17 £0.00 0.66 £ 0.07 1.20£0.12 1.65+0.24 38.01
NM-1 0.17 £0.01 0.27 £0.02 0.44 +0.03 0.76 £0.08 73.87
NM-3 0.25 £0.01 0.67 £0.09 1.03 £0.07 1.37 £0.01 33.02
NM-4 0.16 £0.00 0.25+0.00 0.39 +0.05 0.69 £0.11 76.42
FA-S 0.16 £0.00 0.43 +£0.01 1.38 £0.20 1.33 £0.06 (-3.76)
FA-B2 0.59 £0.01 2.12+0.04 3.77 £0.30 3.60 £0.47 (-4.64)
FA-T 1.92 £0.15 4.00+0.24 4.82+0.18 6.44 £0.24 33.51
FA-B1 2.28 +0.15 4.50+0.24 5.75 +£0.08 6.79 +0.13 18.15

! Values shown with parentheses are SCMs with no significant change between 28- and 90-day values
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Figure 5.1: Available alkalis expressed as %-NaxOe at 1, 7, 28, and 90 days for the
natural pozzolans
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Figure 5.2: Available alkalis expressed as %-NaxOe at 1, 7, 28, and 90 days for the
natural minerals
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Figure 5.3: Available alkalis expressed as %-NaxOe at 1, 7, 28, and 90 days for the fly ashes

5.3.3 Modified Available Alkali Testing — Increased pH of Reagent Solution

The available alkalis of the samples with increased pH of the reagent solutions were
obtained at the standard 28 day testing age and are designated as 28* day. The available
alkalis of the samples at 28 and 28* days, the measured pH of the reagent solutions of the
standard test method (i.e., no addition of NaOH or KOH), and the measured pH of the
reagent solutions for each of the samples with added NaOH and KOH solutions are
presented in Table 5.9. The pH of the reagent solutions of the standard test method had an
average value of 12.74 and a maximum value of 12.97, which are similar to values reported
by others (Duchesne and Berube 1994) and lower than the typical pH of a concrete pore

solution (Thomas 2011). For all of the samples, the average pH values of the reagent
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solutions with the additions of aqueous NaOH and KOH were 13.67 and 13.62,

respectively.

Figure 5.4 — Figure 5.6 show the results of the 28 day and 28* day available alkalis

for the natural pozzolans, natural minerals, and fly ashes, respectively. The %-increase

from the 28-day values to the 28*-day values are included in Table 5.9. Increases that are

considered to be within measurement error are shown in parentheses.

The remaining

materials had no significant change, outside of error, in the available alkalis between 28

and 28* days. The average %-increase of available alkalis between the average 28*-day

values and average 28-day values, not accounting for error, for all of the SCMs is 11.7%.

Table 5.9: Comparison of Available Alkalis at 28 and 28* Day Test Ages and pH of
Reagent Solutions

Average of
28-Pay 28*:Day Percentage of pH of pH of. Reage.:nt pH of. Reage.:nt
Available  Available 28*-Day Standard Solutions with  Solutions with
Material Na;O.per Na;O.per Available Na,O. Reagent Addition of Addition of
mass of mass of to 28-Day Solution 0.475 mL of 0.1 mL of
SCM (%) SCM (%)  Soluble Na;O. NaOH KOH
(%)
P-1 2.15£0.23 236+0.16 (9.68)! 12.97 13.69 £0.19 13.72 £ 0.09
P-2 1.85+£0.07 2.10%+0.19 13.49 12.80 13.63 £0.30 13.77 £0.12
PM 149+£0.11 1.88+0.17 26.55 12.72 13.67 £0.19 13.77 £ 0.08
PL 1.47+£0.10 1.70+0.03 15.78 12.71 13.68 £ 0.24 13.72+£0.12
VA 1.20£0.12 1.53+0.04 28.21 12.75 13.70 £ 0.18 13.43 £ 0.06
NM-1 044 +£0.03 0.54+0.04 22.63 12.48 13.65 £ 0.20 13.68 £ 0.07
NM-3 1.03+£0.07 1.02+0.07 (-0.70) 12.84 13.65+0.18 13.63 £ 0.20
NM-4 0.39+0.05 0.49+£0.05 26.24 12.70 13.68 £0.16 13.77 £ 0.05
FA-S 1.38£0.20 1.18+0.01 (-14.79) 12.80 13.71 £0.15 13.61 £0.10
FA-B2 377030 3.97+0.13 (5.09) 12.75 13.58 £ 0.28 13.52+0.11
FA-T 4.82+0.18 5.04+£0.09 (4.47) 12.63 13.67 £0.21 13.35+0.09
FA-B1  5.75+£0.08 5.94+0.20 (3.41) 12.79 13.70 £ 0.15 13.44 £ 0.05

! Values shown with parentheses are SCMs with no significant change between 28- and 28*-day values
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5.3.4 Discussion

As shown in Table 5.8 and Table 5.9, the effect of increasing the timeline of curing
to 90 days resulted in a larger quantity of available alkalis in comparison to increasing the
pH of the reagent solution. The results indicate that the modified test methods do increase
the amounts of available alkalis when compared to the standard values; however, the
differences in results between the modified methods and the standard method are not
significant enough to recommend making changes to the ASTM C311 test method that
increase time or complexity of testing. Further, it has been suggested that the ASTM C311
test method overestimates the actual contribution of alkalis from low-CaO fly ashes in
concrete for contribution to ASR (Shehata et al. 1999; Duchesne and Berube 1994).

Therefore, the increase in the available alkalis by the use of the modified methods evaluated
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in this study would also not be relevant in better assessing the susceptibility of concrete to
ASR for low-CaO fly ashes when compared to the standard method.

The analysis of pore solutions from cementitious pastes (Shehata and Thomas 1999;
Duchesne and Berube 1994) and leaching tests on cementitious pastes (Shehata and
Thomas 2006), which were not assessed in this study, have been suggested as being the
most realistic in terms of determining the amount of alkalis contributed by an SCM based
on ASR expansion results of concrete prisms. It has also been suggested that there is no
clear relation between concrete prism expansion and available alkalis as determined by
ASTM C311 (Shehata and Thomas 2006; Duchesne and Berube 1994). Given that pore
solution analysis is not a standardized test method and is complex to perform, and that the
ASTM C311 method is a standardized method that is relatively simple to perform, it would
be desirable to obtain relevant results from the latter or from modifications of it. The results
from Chapter 4 suggest that the concrete alkali loadings for the natural pozzolans, PM, PL,
and VA, when taking into account the total alkali content of cement and the ASTM C311
available alkali contents of the SCMs, are in the range of the maximum allowable
thresholds for controlling expansion due to ASR set forth by ASTM C1778 (2016). These
natural pozzolans passed the expansion criterion in ASTM C1293 (2018), suggesting that
the use of the ASTM C311 available alkali contents in determining concrete alkali loading
was valid in predicting the ability of the SCMs to control ASR expansion. The ASTM
C1293 testing for the other SCMs evaluated in Chapter 4 is currently underway. An

analysis of the performance of the remaining SCMs in ASTM C1293 and the possibility of
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ASTM C311 available alkalis predicting their performance will be performed when the
testing is completed.

It should be noted that other concerns with the relevance of the ASTM C311 test
method for determining available alkalis, such as the ratio of SCM to calcium hydroxide
(Buttler et al. 1981; Lee et al. 1986) and the overestimation of available alkalis due to the
washing procedure (Duchesne and Berube 1994) were not assessed in this study. Concerns
with the consistency of the ASTM C311 test method, such as the roles of the grinding and
washing procedures (Schlorholtz 2006) were also not assessed in this paper. If
modifications to ASTM C311 are considered, the assessment of these concerns should also

be evaluated.

5.4 CONCLUSIONS

The available alkalis of an SCM as outlined in ASTM C311 represent the amount
of sodium and potassium, expressed as equivalent sodium oxide, of the SCM that will not
participate in pozzolanic or cementitious reactions in concrete and are available to the pore
solution to contribute to ASR. Concerns with the test method, including the timeline of
testing and the unrepresentative pH level of the reagent solution have led to questions on
the relevance of the results. This study evaluated modifications to the ASTM C311
available alkali test method that included varying the timeline of testing dates to include
curing ages of 1, 7, and 90 days, in addition to the standard 28-day test age, and increasing

the pH of the reagent solution.
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Based on the results of this experimental investigation, the following conclusions were
drawn:

e The average amount of available alkalis generally increased between 28 and 90
days.

e The average amount of available alkalis generally increased between 28 and 28*
days.

e The effect of increasing the timeline of curing to 90 days generally resulted in a
larger quantity of available alkalis in comparison to increasing the pH of the reagent
solution.

e The differences between available alkalis measured using the modified test
methods performed in this study and those from the standard method are not
significant enough to merit recommending changes to the ASTM C311 test method
that increase time or complexity.

e Results from the standard available alkali test may correlate well with results from
ASTM C1293 testing from ASR when the alkali contributions from the SCMs are
attributed appropriately, and perhaps changes to the method of calculating alkali
loadings and setting alkali thresholds in ASTM C1778 should be considered.

There are other possible changes to the ASTM C311 method for determining available
alkalis that may improve the consistency and reliability of the test method, including
modifications to the grinding and washing procedures and mass ratio of SCM to calcium
hydroxide. These were not tested in the study presented here, but could be considered for

future work.
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Chapter 6: Conclusions

6.1 SUMMARY OF CONCLUSIONS

The overall objective of the research reported in this dissertation was to examine
test methods used to qualify supplementary cementitious materials (SCMs) for use in
concrete to determine their suitability for assessing new material sources. The results from
this research revealed many new findings in the areas explored. This research evaluated
the potential for ASTM C618 to incorrectly classify inert natural materials as a Class N
natural pozzolan for use in concrete. The findings from this research revealed that ASTM
C618 provides false positives for materials to be classified as a Class N natural pozzolan,
and does not adequately screen inert materials for use in concrete, which is the first time
this inadequacy in ASTM C618 was observed. The strength activity index (SAI) specified
within ASTM C618, intended to address pozzolanicity of a material, was determined to be
flawed since inert materials were passing the minimum requirements.

The findings from this research revealed that ASTM C1567 was sufficient in
predicting the outcome of ASTM C1293 when testing natural pozzolans and inert natural
minerals with high total alkali contents, primarily due to the differing solubility of alkalis
between natural pozzolans and fly ash. Therefore, it was concluded that the ASTM C1778
recommendations regarding the use of ASTM C1293 for testing high-alkali fly ashes does
not need to extend to natural pozzolans. The discrepancy in results between ASTM C1567
and ASTM C1293 for high-alkali fly ashes was explored, and the conclusion from the

research conducted was that the discrepancy is not the result of alkalis leached from the
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mortar bars during the ASTM C1567 water immersion period, which conflicts with a prior,
published hypothesis.

Concrete alkali loadings of the ASTM C1293 prisms were calculated by accounting
for the alkali contribution from the SCMs with the use of their available alkali contents,
along with the alkali content of the cement, which differs from the calculation for concrete
alkali loading in ASTM C1778 that only accounts for the cement alkalis. The results from
the research revealed that neglecting the contribution of alkalis from some of the SCMs
tested was not appropriate for predicting the outcome of ASTM C1293. It was also
revealed that accounting for the contribution of alkalis from other SCMs tested was not
appropriate for predicting the outcome of ASTM C1293. Hence, it was concluded that
concrete alkali loading determinations should be revisited.

Modifications to the ASTM C311 available alkali test method were performed to
address concerns with the relevance of the test method, and included varying the timeline
of testing dates and increasing the pH of the reagent solution. It was concluded that the
differences between available alkalis measured using the modified test methods and those
from the standard method are not significant enough to merit recommending changes to
the ASTM C311 test method that increase time or complexity. It was also concluded that
the results from the standard available alkali test method may correlate well with results
from ASTM C1293 testing when the alkali contributions from the SCMs are attributed

appropriately.
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6.2 FUTURE WORK

During the experimental evaluations for the research of this dissertation, several
areas for future work were identified. Inregards to the improvement in the ability of ASTM
C618 to adequately qualify natural pozzolans for use in concrete, the SAI should be re-
evaluated. Potential avenues to consider are: volumetric proportioning to account for
varying densities of materials; a constant w/cm to better compare materials with varying
water demands; and increasing the testing age to not include inert materials with early
increases in compressive strength due to the filler effect, as well as to capture SCMs that
are pozzolanic at later ages. The assessment of material fineness by the material retained
when wet-sieved on a 45-um (No. 325) sieve should also be re-evaluated, since this method
does not account for SCM particle size distribution, which greatly affects the compressive
strength of mortar and concrete.

The evaluation conducted to better understand the role of alkalis from SCMs in
their ability to control ASR expansion identified several areas for future work. The amount
of alkalis in the bulk amorphous phase of the SCMs should be evaluated to better
understand the distribution of alkalis and how that affects the release of alkalis into a pore
solution. Additional work is required in the evaluation of the measured alkalis from the
ASTM C1567 water immersion period to better understand how fillers affect alkali
leaching during the water immersion period, since several of the mortar bars with these
materials leached more alkalis than what was expected. One avenue to pursue is the
evaluation of porosity of the mortar bars. An investigation into the cause of the discrepency

between results of ASTM C1567 and ASTM C1293 should be performed since the original
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hypothesis of the cause being leaching of alkalis during the ASTM C1567 water immersion
period was not supported by the data in this research. Based on the conflicting results in
the ability of the concrete alkali loadings to predict the outcome of ASTM C1293, the alkali
loading calculations should be evaluated. Considerations should be made in ASTM C1778
to include a separate category for natural pozzolans when providing guidelines for the
preventive measures for ASR. Additionally, long-term testing of the natural pozzolans in
large scale specimens should be performed, such as in the work reported by Thomas et al.
(2006), to further assess the ability of the natural pozzolans to control ASR.

In regards to the ASTM C311 available alkali test method, modifications to the
grinding procedure, such as specifying a maximum allowable size of the ground material
prior to the start of the stirring procedure, should be explored to improve the consistency
of results. The washing procedure should be re-evaluated to address the concerns that
washing of the sample solution results in a significant amount of alkalis from hydration
products, resulting in an overestimation of alkalis from good fly ashes. The mass ratio of
SCM to calcium hydroxide in the testing procedure should be evaluated to address concerns
that the current mass ratio does not account for the differences in the production of calcium
hydroxide in a concrete system that varies with the amount of cement replacement. The
development of a relatively simple and short-term test method to represent the long-term
contributions of alkalis to ASR to implement in the alkali loading calculations should be
performed.

When considering a new material for use as an SCM in controlling ASR,

preliminary guidelines based on the literature and work performed in this research were
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developed. The preliminary guidelines are outlined in Figure 6.1 as a general sequence of
decisions based on testing performed on a new material. The preliminary guidelines
worked for the materials tested in this study; however, the guidelines may not work for all

materials. Additional work is required to refine the values used in the preliminary

guidelines.
Is the Final Curnulative Heat Yes Material is inert.
Evolved in the R? test = 100 J/g? | Do not use as an SCM.
No
¥ Perform ASTM C1293
Is the Ca0 content | No '[S'ltht'fiA S]E:']I €3 No _ Na
=10%7 s cogtent Is 2-vear expansion
= 1.5% Nax0.? < 0.04%7
Yes Ves
Yes
Y
Perform ASTM C1567
No
Is 14-day expansion
= 0.10%7
Yes
Y ¥
The 5CM replacement and The SCM replacement and
aggregate combination tested in aggregate combination tested in
ASTM C1567 or ASTM C1293 15 ASTM C1293 is not accepted for
accepted for use to control ASR use to control ASKE

Figure 6.1: Sequence of decisions for evaluating a new material for use as an SCM in
controlling ASR
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