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ABSTRACT

The reactions of supplementary cementitious materials (SCMs) in concrete can be pozzolanic,
hydraulic, or a combination of both. This paper focuses on the pozzolanic reactivity test (PRT) for
SCMs that are blends of reactive aluminous and siliceous phases. The PRT quantifies reactivity
by measuring heat release (Q) and calcium hydroxide (CH) consumption, which are interpreted
using thermodynamic modeling. The robustness of PRT is examined by experimentally varying
CH-to-SCM ratio, solution-to-solid ratio, sulfate content, alkali type (Na vs. K), and alkali content.
The paper also assesses similarities and differences between the PRT and the R3 test (ASTM
C1897). It was found that sulfates, which are used in the R3 test, did not impact the siliceous
reactions; however, they led to the preferential reaction with aluminous phases to form monosulfo-
aluminates and ettringite. A generalized relationship for the degree of reactivity is proposed as a

function of Q and CH consumption.

Keywords: Pozzolanic reaction, reactivity, fly ash, silica fume, calcined clay, supplementary

cementitious materials, thermodynamic modeling, GEMS
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INTRODUCTION

Supplementary cementitious materials (SCM) have been widely used to partially replace Ordinary
Portland Cement (OPC) in modern concrete (1, 2). Common SCMs include coal ashes (e.g., fly
ash), ground granulated blast-furnace slag, silica fume, metakaolin, pumice, ground glass, calcined
clay, or rice husk ash (3-7). These SCMs typically contain a combination of reactive and non-
reactive silica, alumina, and calcium, and they can undergo both pozzolanic and hydraulic
reactions depending on their chemical compositions (8-14). Hydraulic reactions of calcium-rich
phases in the presence of reactive silica can produce calcium silicate hydrate (C-S-H) and calcium
hydroxide (CH) in addition to those produced by the reactions of OPC clinker and water. The
silica and alumina phases of the SCM typically react pozzolanically with CH in the system (15-
18). Pozzolanic reactions are considered secondary reactions as their occurrence depends on the
availability of CH produced by the hydraulic reactions (19). SCMs like silica fume, Class F fly
ash, and calcined clay mainly react pozzolanically with CH in the presence of adequate moisture

to produce stable cementing compounds (20). SCMs like slag are primarily hydraulic (21-23).

Pozzolanic reactions make SCMs highly beneficial in concrete through two primary mechanisms.
First, the partial replacement of OPC with SCM leads to a lower OPC clinker content in the mixture
(dilution), which reduces the carbon dioxide (CO2) footprint of the concrete (13, 14, 24, 25).
Second, pozzolanic reactions produce more C-S-H, making the concrete stronger and more durable
(26-28). While dilution is directly related to SCM's replacement level in the mixture, several other
factors such as chemical composition and reactivity of SCMs affect pozzolanic reactions.
Traditionally, the reactivity of SCMs in OPC-based mixtures is quantified through the strength
activity index (SAI) as defined by ASTM C311 (29). Several specifications use SAI as a criterion

for allowing SCM to be used in concrete. For example, ASTM C618 (30) specifies that fly ashes

3



oNOYTULT D WN =

ACl Journal Manuscript Submission

need to satisfy a minimum SAI for use in concrete. Similarly, ASTM C 989 (6) specifies SAI
requirements for using slag in concrete. However, it is widely accepted that SAI is a poor indicator
of pozzolanic (or chemical) reactivity because non-reactive SCMs have been shown to pass the

SAI criteria of published specifications (31, 32).

To address some of the issues with strength testing, several test methods have been developed to
assess the pozzolanic reactivity of SCMs. The lime reactivity test (IS 1727-1967) (33) has practical
issues due to long test duration and reproducibility (32, 34). The Frattini test (EN 196-5) (35, 36),
the reactive silica test (EN 196-2 (37) and EN 197-1(38)), and the modified Chapelle test (NF P18-
513) (39-41) have all been proposed to address this challenge. More recently, the R3 test method
is developed, initially by Snellings and Scrivener (42) and later standardized in ASTM C1897-20
(43), as a more rapid test for assessing pozzolanic reactivity of SCMs. The R3 method determines
the reaction potential of an SCM by mixing it with CH in a medium that contains sulfates,
carbonates, and alkali and measuring the heat of reaction (Q) or the non-evaporable water of the

reacted paste. This test is accelerated by maintaining the temperature of the paste at 40°C.

In parallel with the R3 test, another test, dubbed as the Pozzolanic Reactivity Test (PRT), was
developed (44). The PRT method determines the reaction potential of an SCM by mixing it with
CH in an alkaline solution. The Q and CH consumption are measured at 50°C for ten days and the
ultimate heat of reaction (Qw) is determined. The results of this test, Q- and CH consumption, are
superimposed on plots of predetermined degrees of reaction of pure SiO2 and Al,O3 systems to
estimate the maximum degree of reactivity (DOR*) of the SCM (45-47). The DOR* of an SCM is
the theoretical maximum mass fraction of the SCM that can react. A series of papers have
demonstrated the use of the PRT (45, 48-52) with refined predictions of DOR* (53, 54), especially

when calcium oxide (CaO) is present in the SCM (45, 50). The PRT provides a quantifiable DOR*,
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which has been shown to be related to the glass (amorphous) content in the SCM (45, 55). The
DOR* can also be used as an input in thermodynamic modeling. Recent work has used these
models to make successful predictions of several parameters of OPC+SCM pastes and concrete,
such as the porosity, compressive strength, formation factor, CH content, calcium oxychloride

formation potential, and time to freeze-thaw damage (25, 28, 47, 48, 53, 54, 56-65).

The R3 test and PRT methods are similar conceptually; however, the two methods differ
practically in a few distinct areas. First, the tests are performed at different temperatures: the R3
test is performed at 40°C and the PRT is at 50°C, and this difference is not expected to cause major
differences in the way the two methods assess pozzolanic reactivity. The testing temperature used
is mainly dependent on user preference. Higher temperatures (40°C or 50°C) generally result in a
faster test, however, they might also lead to reactions that do not typically occur at room
temperature (19). This is a distinction that can be investigated; however, it is not in the scope of
the study presented in this paper. The second area in which the tests differ is in the use of sulfate
or carbonate. Unlike the PRT test (where no sulfate or carbonate is added for the test), the R3 test
uses added potassium sulfate (4.8 g SO3/100 g SCM) and calcium carbonate (50 g CaCO3/100 g
SCM) in the simulated solution. This fundamental difference between the two tests on the results
of the reactivity tests is investigated in this paper. The third difference is in the liquid-to-powder
ratio (ratio of the mass of alkaline pore solution added to the mass of SCM+CH in the test) with
the R3 method using a ratio of 1.2 and the PRT using 0.9. Finally, the pore solution pH (alkali
loading) is also different between the two test methods, with the R3 test using KoO=1.96 g/ 1 L=
0.07 M (corresponding to a pH of 12.85) and the PRT using KOH=0.5 M (corresponding to a pH

of 13.7).
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In this paper, the differences between the R3 and PRT tests are studied experimentally and using
thermodynamic calculations. The robustness of the PRT is examined by experimentally varying
several test parameters: the CH-to-SCM ratio, the liquid-to-powder ratio, sulfate and carbonate
contents, alkali cation type (NaOH vs. KOH), and alkalinity of the pore solution (pH of pore

solution).

RESEARCH SIGNIFICANCE

This paper aims to provide insight into the robustness of the PRT, which quantifies the maximum
degree of reactivity (DOR*) of an SCM. The quantification of DOR* is important because it is
needed as an input for thermodynamic models. The robustness of the PRT is assessed by studying
the impact of varying testing parameters such as the SCM:CH mass ratio, liquid-to-powder mass
ratio, pore solution alkalinity, and the chemical composition of the test mixture. This work
provides recommendations on the testing of pozzolanic reactivity and is a step toward developing

performance specifications for SCMs.

EXPERIMENTAL INVESTIGATION

The PRT consists of preparing a paste by combining one-part SCM by mass, three parts CH, and
0.5 M KOH solution. The method has a solution-to-dry powder ratio of 0.9. After weighing the
constituent materials, the paste is thoroughly mixed according to the procedure outlined in
previous work (50). In the standard procedure, 40 g of SCM is mixed with 120 g of CH and 144 g
of 0.5 M KOH solution. The heat of reaction is measured after mixing for 240-hours (10-days) at
a temperature of 50°C using an isothermal calorimeter. The extent of the pozzolanic reaction is

determined by measuring the amount of CH consumed by the SCM reaction after ten days at 50°C.
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The CH consumed is measured using a thermogravimetric analyzer. The details on the approach

are provided in previous works (45, 58).

Table 1 describes the experimental test matrix. The varied test parameters are shown in the first
column and include the CH:SCM mass ratio, liquid-to-powder mass ratio, sulfate content (as
gypsum), carbonate content (as calcium carbonate), alkali content, and alkali pore solution cation
type. The sulfate levels are representative of and exceed the typical sulfate levels in concrete
systems (66). Note that the “baseline case” (listed in the last column) includes the test parameters
used for the PRT test (CH:SCM=3:1, liquid-to-powder ratio=0.9, etc.). The table provides the
ranges over which the test parameters are varied. These ranges cover and extend beyond the

differences between the R3 test and the PRT test parameter values.

Three SCMs are tested: silica fume (SF: 95.9% siliceous), class F fly ash (FA: 51.9% siliceous and
21.7% aluminous), and calcined clay (CC: 54.2% siliceous and 37.5% aluminous). The chemical

composition of these SCMs is listed in Table 2.

THERMODYNAMIC MODELING

Thermodynamic modeling is a tool that can be used to determine the reaction products of
cementitious mixtures at equilibrium (67-69). It can be used to calculate the mass and volume
fractions of solid and gaseous phases and concentrations of ionic species by minimizing the
system's Gibbs free energy. In this work, GEMS3K v3.5 (70, 71) and the Cemdata 18 (67) database
were used to simulate reactions that take place in different examined variations of the PRT test as
per Table 1. Specifically, it is used to calculate the amount of reaction products, as well as Q. and
CH consumed during the reactions. Thermodynamic modeling also provides the theoretical

amorphous silica and alumina lines that are used to quantify DOR* (45, 58). These theoretical
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lines for pure SiO; and pure Al,Os3, which are typically used to quantify the reactivity of fly ashes,
are shown in Figure 1. These lines indicate the Q.. and CH consumption pairs when pure silica and
pure alumina are allowed to undergo pozzolanic reactions at different reactivities ranging from 0
to 100%. It should be noted that these theoretical lines are customized based on the composition
of the SCM that is tested. In thermodynamic calculations presented in this work, some phases are
blocked from forming based on evidence in the literature that they do not form in the time scales
and temperature of the PRT test. The blocked phases include C3AHs (72, 73), Gibbsite (67), and
some monosulfate phases (C4AHi3, C4AH19, and C4AsHi2 (45)). The SiO; and Al,Os3 lines are
refined from previous work (45) to include the pore solution's enthalpy while calculating the heat

released.

RESULTS AND DISCUSSION

Typical results from experiments and simulation

The experimental results obtained from the PRT conducted following the experimental matrix
described in Table 1 are discussed in this section. Figure 2 shows the Q. and CH consumed results
obtained from thermodynamic simulations of the pozzolanic reactions of SF, FA, and CC as
compared to the experimental results. The values of Q. and CH consumed for all the tests
performed are also provided in Table A-1 and Table A-2 of the appendix. The majority of the
modeled values lie within + 20% of the experimental values, indicating a good agreement between
the model and the experiment. The next few subsections will examine the variation of each test

parameter in detail and provide a discussion of the results.
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Influence of varying CH:SCM ratio on the results of the PRT

Figure 3 (a) shows experimental results of the PRT along with results from the thermodynamic
calculations for cases where the CH:SCM is varied for different SCMs. As the CH:SCM increases,
the Q. and CH consumed increase, but Q./CH consumed decreases, suggesting a potential change
in the reaction products. To better understand the changes that may be occurring, the phase

assemblages are examined.

Figure 3 (b) shows a plot of phase assemblages at equilibrium for various CH:SCM mass ratio is
varied for pure SiO>. As CH is added to the pure silica system, the silica reacts with water and the
CH to form C-S-H phases. At low CH:SiO> levels (CH:SiO2 <0.61), a portion of the silica remains
unreacted. A minimum of 61 g of CH is required for the complete reaction of 100 g SiO (solid
red line). As the CH:SiOx is increased from 0.61 to 1.98 (red dashed line), various forms of C-S-
H with varying C/S form (Jennite-D, Jennite-H, Tobermorite-D, Tobermorite-H). As a result, the
average C/S of the C-S-H increases from 0.7 (at a CH:Si02 of 0.61) to 1.7 (at a CH:SiO; of 1.98)).
For CH:Si0O; above 1.98, unreacted CH remains, and the total volume of C-S-H, as well as the

proportions of the C-S-H variations, remain constant.

Figure 3 (c) shows a plot of the phase assemblages at equilibrium for the pure alumina system. As
CH is added to the pure alumina system, the alumina reacts with water and the CH to form C-A-
H phases (C2AH7s forms in the PRT at 50°C). At low CH contents a portion of the alumina
remains. A minimum of 144 g of CH is required for the complete reaction of 100 g Al>O3 (shown
as the red dashed line). If the CH:Al;O3 is less than 1.44, unreacted alumina remains, and if the

CH:ALOs is greater than 1.44, unreacted CH remains.

The thermodynamic calculations indicate that, for any SCM, the minimum CH:SCM required for

complete hydration is 1.98:1. However, it is possible that kinetic effects and local physical
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availability of CH at low CH:SCM mass ratios may dominate, and therefore, the CH:SCM of 3:1

1s recommended for the PRT.

The experimental test results of FA (circles) and CC (stars) (Figure 3 (a)) indicate that CH is still
present after the reactivity test (10 days at 50°C) for all CH:SCM ratios (3:1, 2:1, and 1:1). This is
because the FA or CC are not comprised of pure reactive aluminate or silicate and they do not have
a DOR* of 100%. On the other hand, at a CH:SCM=1:1, the tested SF (96% siliceous) appears to
consume the entire available CH (all 100 g CH added is consumed), which is also predicted by

thermodynamic modeling.

Influence of varying liquid-to-powder ratio on the results of the PRT

Figure 4 shows the experimental results of varying the liquid (0.5 M KOH solution) to powder
(SCM+CH) mass ratio. The liquid-to-powder ratios tested are 0.75, 0.9, 1, 1.5, and 2 (shown in
Table 1). Theoretically, a liquid-to-powder ratio of 0.75 provides sufficient water and CH for
complete reaction of both aluminate and silicate phases in the SCM. However, achieving a
workable mixture at that liquid-to-powder ratio can be challenging for highly reactive materials
with a high surface area like SF. The variation in the results of CH consumed for SF and CC could
be attributed to the physical dispersion and local availability of CH around the SCMs. As the
liquid-to-powder ratio increases, the SCM dispersion improves, and the reaction would tend
toward equilibrium. However, the slight variations in the experimental results on altering liquid-
to-powder ratios, result in a relatively small variation in DOR* (DOR* varies from 71% to 79%

for SF, 43% to 39% for FA, and 75% to 89% for CC).

Thermodynamic modeling predicts that a minimum of 24 g water is required for a complete
reaction of 100 g SiO> and CH to form C-S-H (the C-S-H formed has a C/S of 0.72), and a

minimum of 97 g of water required for complete reaction of 100 g Al,O3 to form C2AH7s. If the

10
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CH-to-SCM mass ratio is constant at 3:1, the minimum liquid-to-powder mass ratio required for
complete hydration of either SiO> or Al,O3 is 0.24. Therefore, for all tested cases, the values of

liquid-to-powder ratios (0.75 to 2.00) satisty this minimum requirement.

Influence of sulfates addition on the results of the PRT

Figure 5 (a) shows the experimental results of the PRT when sulfates are present. The sulfates
(added as gypsum, CaS04.2H>0) in the SCM+CH-+liquid mixture vary from 0 g/100 gscm (the
PRT baseline case) to 30 g/100 gscwm for the tested SCMs. The addition of sulfate has a negligible
impact on the DOR* of the SF (the DOR* values are within 5% of each other). This is because the
tested SF has little to no alumina which is known to react with sulfates (Table 2). For both the FA
and CC systems, when the sulfate increased, the Q. and CH consumed increased (approximately
linearly proportional to the mass of gypsum added). For fly ash, Q« increased by 0.8 J/ggypsum
added, and the CH consumed increased by 0.15 g /ggypsum added. For CC, Q« increased by 0.6
J/ggypsum added, and the CH consumed increased by 0.1 g/ggypsum added. Also, it can be seen in
Figure 5 (a) the experimental results show a similar trend as what is predicted using

thermodynamic simulations.

Figure 5 (b) shows the phase assemblage of the equilibrium reaction of pure SiO> as sulfates are
added. The CH: SCM mass ratio is kept at 3:1 and the liquid-to-powder mass ratio at 0.90. As the

gypsum content increases from 0 g/100 gscwm to 30 g/100 gscm, thermodynamic modeling predicts

11
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that the siliceous reactions are unaffected, i.e., the same amount of C-S-H forms with the same C/S

ratio (C/S = 1.7). The CH consumption and Q. remain unchanged as well.

Figure 5 (c) shows the phase assemblage of the equilibrium reaction of pure Al>O3 system as
sulfates are added. The sulfates react with the alumina, CH, and water in the mixture preferentially
to form mono-sulfate phases. Any excess alumina (left over after all sulfates have been consumed)
reacts with the CH and water in the mixture to form C-A-H phases (C2AH75). The reaction of
alumina that produces mono-sulfate generates more Q. than the reaction that produces the C-A-H
phase observed (approximately 3.25 J/ggypsum added more Q. is produced). The reaction of alumina
that produces mono-sulfate, however, does not seem to consume more CH than the reaction that
produces C-A-H. Therefore, the alumina reaction is impacted by the presence of sulfates, and when
sulfates are present, Q« increases (due to changes in the reaction products, i.e., the formation of
mono-sulfates at the expense of C-A-H phases). However, the CH consumed by the alumina-
containing SCMs (FA and CC) seems to increase proportionally with the added sulfates. This is
possibly due to the preferential formation of AFm in these systems over C2AH75 (74, 75) The

formation of AFm approximately consumes 73.5 gcu/100 gatumina more than formation of C;AH7 5.

Influence of calcium carbonates on the results of the PRT

Figure 6 (a) shows the experimental results of the PRT when calcium carbonates are present. The
calcium carbonate in the SCM+CH+liquid mixture varies from 0 g/100 gscwm (baseline case for the
PRT) to 10 g/100 gscm for the tested SCMs. The addition of calcium carbonate has an insignificant
impact on the reactivity of SF (the DOR* values are within 5% of each other). This is because the
tested SF has little to no alumina (Table 2). For both the FA and CC systems, when the mass of
calcium carbonate added was increased, Q. and the consumption of CH increased (approximately

linearly proportional to the mass of calcium carbonate added). For fly ash, Q« increased by 1.6

12
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J/gcacos added and the CH consumed decreased by 0.1 g/gcacos added for the FA. For CC, Q«
increased by 1.2 J/gcacos added, and the CH consumed increased by 0.06 g/gcacos added. The
experimental results of Q. and CH consumed show a similar trend as the predictions from

thermodynamic modeling, as shown in Figure 6 (a).

Figure 6 (b) shows the phase assemblage of the equilibrium reaction of pure SiO; as carbonates
are added. The CH: SCM mass ratio is kept at 3:1 and liquid-to-powder mass ratio at 0.90. As the
calcium carbonate content is increased from 0 g/100gscm to 10 g/100gscm, thermodynamic
modeling predicts that the siliceous reactions are unaffected, i.e., the same amount of C-S-H forms

with the same C/S ratio (C/S=1.7). The CH consumption and Q.. remain unchanged as well.

Figure 6 (c) shows the phase assemblage of the equilibrium reaction of the pure Al>O3 system as
carbonate is added. The carbonate reacts with the alumina, CH, and water in the mixture
preferentially to form hemi-/mono-carbonate phases. Any excess alumina left over after all the
carbonates have reacted reacts with the CH and water in the mixture to form C-A-H phases
(C2AH75). The reaction of alumina that produces hemi-/mono-carbonates generates more heat than
the reaction that produces the C-A-H phase observed (an increase of approximately 10.95
J/gcacos). The reaction of alumina that produces hemi-/mono-carbonates also consumes more CH
than the reaction that produces C-A-H (an increase of approximately 2.23 g/gcacos). Therefore, the
alumina reaction is impacted by the presence of carbonates, and when carbonates are present, the
Q- and CH consumed increase (due to changes in the reaction products — formation of hemi-
/mono-carbonates at the expense of C-A-H phases). This is also observed in the experimental

results of FA and CC, which contain reactive alumina according to Table 2.

13
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Influence of alkali cation on the results of the PRT

Figure 7 (a) shows the experimental results of PRT with two different alkali pore solutions (KOH
and NaOH) for the tested SCMs. It can be seen that the alkali content and cations have almost no
impact on the results. The calculated values of the DOR* for SF, FA and CC are within 7%, 8%,

and 0.5% of each other, respectively.

Figure 7 (b) and Figure 7 (c) show the result of varying the alkali cation for the PRT for pure SiO»
and pure AOs, respectively. As alkali cations in the pore solution are changed (from pure 0.5 M
KOH to pure 0.5 M NaOH) for both systems, the only change observed is in the pure siliceous
system (a roughly 1% decrease in C-S-H volume when NaOH is used instead of KOH), where the
C-S-H may bind potassium differently than sodium. It appears that the type of cation does not

impact the PRT.

Influence of pH on the results of the PRT

Figure 8(a) shows the experimental results of the PRT with different pore solution concentrations
for the tested SCMs. Figure 8 (b) and Figure 8 (c) depict the modeled phase assemblage of
equilibrium reaction of pure SiO> and pure Al>O3 for different pore solution concentrations of

KOBH.

As seen from Figure 8 (b), as the concentration of hydroxyl ions in the pore solution is increased
from 0.25 M (pH of 12.7) to 2 M (pH of 15.2), the volume of C-S-H that forms changes slightly
due to the different amount of alkali binding (approximately 2% change in volume over the pH
range studied). The amount of CH that becomes soluble is affected by the amount of KOH in the
solution. There is no noteworthy change in the Q. or CH consumed in the model. Similarly, from

Figure 8(c), it can be seen that the change in the pore solution pH has a minimal impact on the

14
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phase assemblage (about a 1% change in volume of C-A-H that forms), and there is no noteworthy

change in the Q. or CH consumed.

Comparing the PRT with other reactivity tests

This section discusses the comparison of the PRT with the R3 test procedure. Similarities and
differences are shown in Table 3 and Figure 9. As previously mentioned, the most important
difference appears to be the addition of sulfates and calcium carbonates to the reactants in the R3
test. The addition of these materials results in a substantial difference for aluminous systems. For
example, when sulfates are added, the alumina in the SCM reacts to form mono-sulfate phases
rather than C-A-H phases, which leads to a higher Q.. When carbonates and sulfates are present,
the reactive alumina first forms ettringite, and the remaining reactive alumina forms carbo-
aluminate phases. When sulfates are added to siliceous systems the reactions are relatively
unaffected and both tests are similar. Therefore, if sulfates or/and carbonates are added, the
changes to the reaction products need to be accounted for while calculating the reactivity of the

SCM.

Figure 9 shows the initial reactants and final reaction products in the PRT and R3 tests for the three
SCMs tested. The first column for each system shows the volumes of initial reactants and the
second column shows the volume of reacted products. First, it can be seen when looking at the
SCMs in the PRT test that SF reacts pozzolanically to form C-S-H, and FA and CC react
pozzolanically to form C-S-H and C-A-H (C2AHz75). In the R3 test, the SF reacts to form C-S-H
(similar to the PRT), but the FA and CC react to form ettringite and carboaluminates rather than
C-A-H. For example, when 100 g of the tested CC is subjected to the PRT, 12 cm?/100 gscm of
C2AH75 forms, while in the R3 test, no C-A-H forms (12 ¢m?/100 gscm) of ettringite and 71

cm?/100 gscm of carboaluminate form instead). This change in the phase assemblage in the R3 test
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(formation of ettringite and carboaluminates rather than C-A-H) leads to a higher measured Q
and CH consumed (see Table 3). The relative proportions of these three reactions can also change.
It can also be seen that in the R3 test, for the compositions of the SCMs tested, all the sulfate is

consumed (to form ettringite) but not all the carbonate is consumed.

It should be noted that in both the R3 and PRT tests, the volumes of C-S-H that form are within
0.2 cm?/100 gscm of each other (the reaction of 100 g SF produces 122 cm? C-S-H, that of 100 g
FA produces 31 cm?® C-S-H, and that of 100 g CC produces 64 cm>® C-S-H). This is because the
formation of C-S-H only depends on the pozzolanic reaction of silica in the SCM, and is unaffected

by the presence of sulfates and carbonates.

In summary, the R3 test adds sulfates and carbonates; however, even the addition of a constant
amount of sulfate and carbonate can cause various phases (and various amounts of each phase) to
form when SCMs of different composition (and different percentages of reactive phases) are
tested. For example, if an SCM with very low alumina content is tested, ettringite +
hemicarbonates + monocarbonates would form in the R3 test, while if an SCM with high alumina
is tested, ettringite + monocarbonates would form (the phases that form can be determined from
the carbonate-sulfate-alumina stability diagram in (76)). This difference in the phase assemblage
would result in different amounts of heat release (or non-evaporable water) measured. Therefore,
SCMs of similar reactivities but different alumina contents could result in very different Q. (or
non-evaporable water) measurements. The PRT on the other hand does not add sulfates and
carbonates, and consistent phases form as a result of the pozzolanic reaction (C-S-H from silica,
and C-A-H from alumina). This makes the PRT a more robust tool to evaluate the reactivity of
alumina containing SCMs such as fly ash, metakaolin (or calcined clays), natural pozzolans, etc.

Additionally, the R3 test output can only be used as a qualitative comparison tool between two
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SCMs (determine which SCM is more reactive or to distinguish pozzolanic materials from inert
fillers), while the PRT has been extended to allow for calculation of an absolute numerical value

of reactivity (DOR*) which is described in the following section.

Relationship between CH consumed, Q«, pore solution composition and DOR*
The PRT measures the DOR* of an SCM. For experimental results that fall in between the
theoretical reactivity of pure SiO2 and pure Al>O3, the results can be interpolated to obtain DOR*

using:

Qoo —C1- CHconsumed (1)
C

DOR* =

where Q, is the Q. measured using an isothermal calorimeter (IC) (in J/gscm), CHconsumea 1S the
CH consumed by 100 g SCM measured using a thermogravimetric analyzer (TGA) (in g/100

gscm), and ¢4 1s 0.373 and ¢, is 695 for the PRT.

For conditions other than the PRT, the ¢; and c, constants can be calculated from the theoretical
Qw and CH consumed at complete reaction of SiO; and Al,Os3 using equation (2) and (3), shown

below:

SlOZ _ Alz 03 (2)
C _ [ee] [ee]
1= Sio, Al 03
CHconsumed - CHconsumed
Al,03 Sio, __ NSio; Al,03 3
c, = 0o CH consumed 0 CH consumed ( )
2= Si 5 Al 03
CHconsumed - CHconsumed

where Qfoi %2 and Qc‘ilzo3 are the Q. when pure 100% reactive silica and alumina react with CH
and water, respectively (for the PRT, these values are Qfoi % = 769 J/gsem and Qilzo3 = 749

J/gsem), and, CHcségéume q and CH f;flgzmed are the CH consumed when pure 100% reactive silica
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and alumina react with CH and water, respectively (for the PRT, these values are CH fgg;ume a=
198 g/100 gscm and CH?;flgzmed = 144 g/100 gscm).

The values of ¢ and c; are only dependent on the test parameters and not on the SCM chemistry.
For example, for the R3 test, the values are ¢; = 9.70 and, ¢, = —1151 . If sulfates are added
during the test (though not recommended), the values of ¢; and c, vary as a function of sulfate and
carbonate addition as shown in Figure 10 (note that the figure shows independent addition of
sulfate or carbonate, not both together; if both are present together such as in the R3 test,

thermodynamic calculations need to be performed to calculate the values of ¢; and c,).

CONCLUSION
This paper examined the influence of the testing parameters on the results of the PRT (pozzolanic
reactivity test) for SCMs. Three pozzolanic materials were measured experimentally: silica fume
(primarily siliceous), class F fly ash (22% aluminous and 52% siliceous), and calcined clay (38%
aluminous and 54% siliceous). The influence of varying several test parameters (e.g., the CH to
SCM ratio, water to CH+SCM ratio, sulfate addition, carbonate addition, alkali loading, and alkali

species) was assessed.

A CH:SCM ratio of 3:1 is recommended for determining reactivity, which is consistent with what
is currently used in both R3 test and PRT (43, 44). The minimum liquid-to-powder ratio for a
complete reaction of any SCM is theoretically determined to be 0.25; however, experimentally, it
is observed that a value above 0.9 is needed to enable the samples to be prepared for consistent

results. Liquid-to-powder ratios beyond 0.9 do not impact the results.
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The siliceous reactions are unaffected by the presence of sulfate or carbonate (the same volume of
C-S-H forms with the same C/S); however, the aluminous reactions are affected by the addition of
both sulfate and carbonate. The impact of sulfate and carbonate is not due to a change in the
pozzolanic reaction of the aluminous material but rather due to the formation of alternative reaction
products. When no sulfates or carbonates are present, C-A-H phases (C2AH7:5) form due to the
pozzolanic reaction of the Al>O3 in the SCM. In the presence of sulfates, monosulfates and
ettringite are preferentially formed instead of C-A-H phases. In the presence of carbonates, Al,O3
preferentially reacts to form carboaluminates rather than C-A-H phases. This change to the
reaction products is accompanied by an increase in heat release and CH consumption. As such, the
addition of sulfates or carbonates is not recommended for the measurement of pozzolanic
reactivity. However, if sulfates or carbonates present in the system, their impact on DOR* can be

considered mathematically.

Variations in the hydroxide composition (cation used, K vs. Na) have a negligible impact on the
reactivity for the same equivalent alkali loading (the variation in the DOR* for SF, FA, and CC is
under 6%). The change alkali loading (pH/molarity) does impact the kinetics of the experiment
though the equilibrium reactions (and reactivity of the SCM) remain relatively unaffected. A
generalized relationship is developed between the Q«, and the CH consumed to mathematically
calculate the DOR* of a pozzolan using the results of the PRT for the typical PRT and R3 testing
conditions. The PRT test is shown to be a test that primarily measures the pozzolanic reaction and
quantifies the maximum reactivity for an SCM. The paper recommends using standardized PRT

to measure SCM DOR* due to practical advantages.
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Figure 3- Plot showing (a) the influence of CH to SCM ratio on the CH consumed and Q. in the
reactivity test, (b) the phase assemblage when pure SiO; reacts with CH, and (c) the phase
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the phase assemblage and Q. when pure Al>,O3 reacts with CH and sulfate is added. The values of
Q« and CH consumed are also noted in Table A-2 of the appendix.

Figure 6- Plots showing (a) the influence of CaCO3 on the CH consumed and Q. in the reactivity
test, (b) the phase assemblage and Q. when pure SiO» reacts with CH and carbonates are added,
and (c) the phase assemblage and Q. when pure Al,Os reacts with CH and carbonates are added.
The values of Q. and CH consumed are also noted in Table A-2 of the appendix.

Figure 7- Plot showing (a) the influence of alkali cation on the CH consumed and Q. in the
reactivity test, (b) phase assemblage and Q. when pure SiO; reacts and the alkali cation is varied,
and (c¢) phase assemblage and Q.. when pure Al,Os reacts and the alkali cation is varied. The values
of Q» and CH consumed are also noted in Table A-1 of the appendix.

Figure 8- Plot showing (a) the influence of pH of pore solution on the CH consumed and Q. in
the reactivity test, (b) the phase assemblage and Q. when pure SiO; reacts, and the pH is varied,
and (c) the phase assemblage and Q. when pure Al>O3 reacts and the pH is varied. The values of
Q« and CH consumed are also noted in Table A-1 of the appendix.

Figure 9- Volumes of initial reactants and final products for the three SCMs studied in the PRT
and R3 tests.

Figure 10- (a) Variation of ¢ and c> as a function of sulfate addition, and, (b) variation of ¢ and
c2 as a function of carbonate addition. Markers are at the locations of the sulfate/carbonate

additions tested in the experiments (see Table 1).
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Table 1: Experimental test matrix

. A Sulfate Calcium
:)]:ll:zll‘il(‘lletti srt CH:SCM Lé%ul\l/? : (gslé(l)\(/;)g ng ?ll)ggagte Na%H Iz(‘)l)ﬂ Baseline
SCM)
3:1 0.90 0 0 0.00 0.50 v
CH 2:1 0.90 0 0 0.00 0.50
1:1 0.90 0 0 0.00 0.50
3:1 0.75 0 0 0.00 0.50
o 3:1 0.90 0 0 0.00 0.50 \4
quu‘f;ioo'SCM 3:1 1.00 0 0 0.00 | 0.50
3:1 1.50 0 0 0.00 0.50
3:1 2.00 0 0 0.00 0.50
3:1 0.90 0 0 0.00 0.50 \4
3:1 0.90 5 0 0.00 0.50
Sulfate 3:1 0.90 10 0 0.00 0.50
3:1 0.90 20 0 0.00 0.50
3:1 0.90 30 0 0.00 0.50
3:1 0.90 0 0 0.00 0.50 \4
Calcium 3:1 0.90 0 2 0.00 1.00
Carbonate 3:1 0.90 0 6 0.50 0.00
3:1 0.90 0 10 0.50 0.00
3:1 0.90 0 0 0.00 0.25
3:1 0.90 0 0 0.00 0.50 \4
Alkali/Molarity 3:1 0.90 0 0 0.00 1.00
3:1 0.90 0 0 0.00 2.00
3:1 0.90 0 0 0.50 0.00
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Table 2 : Chemical characterization of SCMs used

% Silica Fume (SF) Fly Ash (FA) Calcined Clay (CC)
SiO2 95.88 51.86 53.22
ALO3 0.69 21.70 36.90
Fe:03 0.12 5.04 1.21
CaO 0.70 8.61 0.57
MgO 0.26 2.58 0.36
SOs 0.15 0.78 0.06
LOI 4.30 1.42 2.21
Na20 0.16 2.58 0.15
K20 0.49 1.45 0.68
TiO2 0.01 1.19 1.87
P20s 0.05 0.23 0.11
ZnO 0.06 0.02 0.01
Mn203 0.04 0.03 0.01
Cl 0.01 0.01 0.01

Table 3: Comparison of the PRT and R3 test methods

Test Parameter PRT R3

CH:SCM 3:1 3:1

Liquid-to-powder ratio 0.9 1.2
Pore Solution alkalinity 0.5M KOH 0.07M KOH
CaCO3 added None 50g/100gscm

Sulfates added None 10.547g K2S04 /100gscm
Test Output Value of u.lti.mate pozzolanic Bound Wate‘r,
reactivity (DOR*) Heat of Reaction

. SF 646 648

The&;‘g;; Q- "Fa 277 378

CC 519 778

Theoretical CH SF 162 162

Consumed (g/100 FA 55 59

gscMm) CC 148 153
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Figure 1- Thermodynamically simulated lines of pozzolanic reactions of amorphous silica
(SiO2) and alumina (Al203) at various degrees of reaction
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Figure 2- Plot of experimentally measured and model-predicted values of (a) CH
Consumed and (b) Q« for the PRT test. The values of Q- and CH consumed are also noted
in Table A-1 and Table A-2 of the appendix.
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Figure 3- Plot showing (a) the influence of CH to SCM ratio on the CH consumed and Q«
in the reactivity test, (b) the phase assemblage when pure SiO:2 reacts with CH, and (c) the
phase assemblage when pure Al2O3 reacts with CH. Vertical lines represent the critical
CH:SCM as described in the test. The values of Q» and CH consumed are also noted in
Table A-1 of the appendix.
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Figure 4- The influence of liquid to SCM+CH ratio on the CH consumed and Q- in the
reactivity test. The values of Q- and CH consumed are also noted in Table A-1 of the
appendix.
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Figure 5- Plots showing (a) the influence of [SO4]* on the CH consumed and Q- in the
reactivity test, (b) the phase assemblage and Q~ when pure SiO: reacts with CH and
sulfates are added, (c) the phase assemblage and Q- when pure Al203 reacts with CH and
sulfate is added. The values of Q- and CH consumed are also noted in Table A-2 of the

appendix.
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Figure 6- Plots showing (a) the influence of CaCQO3 on the CH consumed and Q« in the
reactivity test, (b) the phase assemblage and Q- when pure SiO2 reacts with CH and
carbonates are added, and (c) the phase assemblage and Q» when pure Al203 reacts with
CH and carbonates are added. The values of Q- and CH consumed are also noted in Table

A-2 of the appendix.
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Figure 7- Plot showing (a) the influence of alkali cation on the CH consumed and Q« in the
reactivity test, (b) phase assemblage and Q- when pure SiO: reacts and the alkali cation is
varied, and (c) phase assemblage and Q~ when pure Al2O3 reacts and the alkali cation is
varied. The values of Q» and CH consumed are also noted in Table A-1 of the appendix.
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APPENDIX A: TABULATED DATA OF RELEASED HEAT AND CONSUMED CH
FOR THE EXPERIMENTAL TEST MATRIX

Table A-1: Values of Q- and CH consumed as predicted using thermodynamic modelling
and as measured from experiments when the test parameters of the PRT are varied.

CH:SCM | Liquid- Solution | Qw as | CH Qw as | CH
to- used predicted Consumed measured in | Consumed
powder from as predicted | experiments | as measured
ratio thermodyna | from (J/ gscm) in
mic thermodyna experiments
modeling (J / | mic (g / 100g
£5CM) modeling (g / SCM)
100g SCM)
Silica Fume
1:1 0.5 M 438 100 493 93
2:1 0.90 KOH 646 162 547 144
3:1 646 162 600 168
0.75 646 162 556 151
0.90 0.5 M 646 162 597 168
3:1 1 KOH 646 162 542 147
1.5 646 162 600 149
2 646 162 606 131
0.25M
KOH 647 162 654 159
0.5M
3:1 0.90 KOH 646 162 597 168
IM KOH 644 161 607 172
2M
KOH 635 158 687 163
0.5M
NaOH 647 162 597 168
3:1 0.90 05 M
KOH 646 162 635 172
Fly Ash
1:1 272 39 173 38
2:1 0.90 %%1;1/[ 272 39 221 43
3:1 271 39 289 62
0.75 271 39 329 60
0.90 271 39 289 62
31 1 o 271 39 299 60
1.5 271 39 287 60
2 271 39 300 61
0.25M
31 0.90 KOH 276 40 371 65

45




oNOYTULT D WN =

ACl Journal Manuscript Submission

0.5M
KOH 271 39 289 62
IM KOH 265 37 371 48

2M

KOH 209 25 331 47

0.5M
NaOH 245 27 289 62

3:1 0.90 05 M
KOH 271 39 324 57

Calcined Clay

1:1 598 100 478 72
2:1 0.90 %%1;1/[ 624 116 586 110
3:1 624 116 600 120
0.75 624 116 574 122
0.90 624 116 600 120
3:1 1 %%1;1/[ 624 116 657 121
1.5 624 116 643 121
2 624 116 677 129

0.25M
KOH 627 117 696 126

0.5M
3:1 0.90 KOH 624 116 600 120
IM KOH 616 114 654 118

2M

KOH 548 99 630 106

0.5M
NaOH 594 103 600 120

3:1 0.90 05 M
KOH 624 116 603 121

Table A-2: Values of Q- and CH consumed as predicted using thermodynamic modelling
and as measured from experiments when sulfates and carbonates are added in the PRT.

Sulfate Carbonate | Q- as predicted | CH Consumed | Qs as | CH Consumed
Added as | Added as | from as  predicted | measured in | as measured in
Gypsum Gypsum thermodynamic | from experiments (J | experiments (g
(g gypsum | (g CaCO3/ | modeling (J /| thermodynamic | / gscm) / 100g SCM)
/100 g | 100 g | gscm) modeling (g /
SCM) SCM) 100g SCM)
Silica Fume

0 646 162 597 168

5 646 160 607 161

10 0 646 157 621 169

20 646 153 626 165

30 647 149 597 171
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1

2

2 0 646 162 597 168
; 0 2 646 162 607 170
p 6 646 162 621 171
7 10 646 162 626 173
8 Fly Ash

? 0 271 39 289 62
I 5 285 42 315 79
12 10 0 306 47 399 63
13 20 334 53 459 88
14 30 335 49 516 100
15 0 271 39 289 62
]? 0 2 300 48 315 58
18 6 336 57 399 58
19 10 343 55 459 48
20 Calcined Clay

21 0 624 116 600 120
;g 5 635 118 630 127
py 10 0 656 123 672 130
25 20 698 134 706 140
26 30 741 145 764 153
27 0 624 116 600 120
;g 0 2 653 125 630 121
% 6 711 143 672 123
31 10 769 162 706 132
32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58 47

59



oNOYTULT D WN =

ACl Journal Manuscript Submission

POZZOLANIC REACTIVITY TEST OF SUPPLEMENTARY CEMENTITIOUS

MATERIALS

Antara Choudhary, Keshav Bharadwaj, Rita Maria Ghantous, O. Burkan Isgor”, and W. Jason

Weiss

*Corresponding author, burkan.isgor@oregonstate.edu

ABSTRACT

The reactions of supplementary cementitious materials (SCMs) in concrete can be pozzolanic,
hydraulic, or a combination of both. This paper focuses on the pozzolanic reactivity test (PRT) for
SCMs that are blends of reactive aluminous and siliceous phases. The PRT quantifies reactivity
by measuring heat release (Q) and calcium hydroxide (CH) consumption, which are interpreted
using thermodynamic modeling. The robustness of PRT is examined by experimentally varying
CH-to-SCM ratio, solution-to-solid ratio, sulfate content, alkali type (Na vs. K), and alkali content.
The paper also assesses similarities and differences between the PRT and the R3 test (ASTM
C1897). It is-was found that sulfates, which are used in the R3 test, did not impact the siliceous

reactions; however, they lead to the preferential fermation—ofreaction with aluminous phases to

form monosulfo-aluminates and ettringite-with-alumineusphases. A generalized relationship for

the degree of reactivity is proposed as a function of Q and CH consumption.

Keywords: Pozzolanic reaction, reactivity, fly ash, silica fume, calcined clay, supplementary

cementitious materials, thermodynamic modeling, GEMS
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INTRODUCTION

Supplementary cementitious materials (SCM) have been widely used to partially replace Ordinary
Portland Cement (OPC) in modern concrete (1, 2). Common SCMs include coal ashes (e.g., fly
ash), ground granulated blast-furnace slag, silica fume, metakaolin, pumice, ground glass, calcined
clay, or rice husk ash (3-7). These SCMs typically contain a combination of reactive and non-
reactive silica, alumina, and calcium, and they can undergo both pozzolanic and hydraulic
reactions depending on their chemical compositions (8-14). Hydraulic reactions of calcium-rich
phases in the presence of reactive silica can produce calcium silicate hydrate (C-S-H) and calcium
hydroxide (CH) in addition to those produced by the reactions of OPC clinker and water. The
silica and alumina phases of the SCM typically react pozzolanically with CH in the system (15-
18). Pozzolanic reactions are considered secondary reactions as their occurrence depends on the
availability of CH produced by the hydraulic reactions (19). SCMs like silica fume, Class F fly
ash, and calcined clay mainly react pozzolanically with CH in the presence of adequate moisture

to produce stable cementing compounds (20). SCMs like slag are primarily hydraulic (21-23).

Pozzolanic reactions make SCMs highly beneficial in concrete through two primary mechanisms.
First, the partial replacement of OPC with SCM- leads to a lower OPC clinker content in the
mixture (dilution), which reduces the carbon dioxide (CO-) footprint of the concrete (13, 14, 24,
25). Second, pozzolanic reactions produce more C-S-H, making the concrete stronger and more
durable (26-28). While dilution is directly related to SCM's replacement level in the mixture,
several other factors such as chemical composition and reactivity of SCMs affect pozzolanic
reactions. Traditionally, the reactivity of SCMs in OPC-based mixtures is quantified through the
strength activity index (SAI) as defined by ASTM C311 (29). Several specifications use SAI as a

criterion for allowing SCM to be used in concrete. For example, ASTM C618 (30) specifies that

3
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fly ashes need to satisfy a minimum SAI for use in concrete. Similarly, ASTM C 989 (6) specifies
SAI requirements for using slag in concrete. However, it is widely accepted that SAI is a poor
indicator of pozzolanic (or chemical) reactivity because non-reactive SCMs have been shown to

pass the SAI criteria of published specifications (31, 32).

To address some of the issues with strength testing, several test methods have been developed to
assess the pozzolanic reactivity of SCMs. The lime reactivity test (IS 1727-1967) (33) has practical
issues due to long test duration and reproducibility (32, 34). The Frattini test (EN 196-5) (35, 36),
the reactive silica test (EN 196-2 (37) and EN 197-1(38)), and the modified Chapelle test (NF P18-
513) (39-41) have all been proposed to address this challenge. More recently, the R3 test method
is developed, initially by Snellings and Scrivener (42) and later standardized in ASTM C1897-20
(43), as a more rapid test for assessing pozzolanic reactivity of SCMs. The R3 method determines
the reaction potential of an SCM by mixing it with CH in a medium that contains sulfates,
carbonates, and alkali and measuring the heat of reaction (Q) or the non-evaporable water of the

reacted paste. This test is accelerated by maintaining the temperature of the paste at 40°C.

In parallel with the R3 test, another test, dubbed as the Pozzolanic Reactivity Test (PRT), was
developed (44). The PRT method determines the reaction potential of an SCM by mixing it with
CH in an alkaline solution. The Q and CH consumption are measured at 50°C for ten days and the
ultimate heat of reaction (Qw) is determined. The results of this test, Q- and CH consumption, are
superimposed on plots of predetermined degrees of reaction of pure SiO2 and Al,O3 systems to
estimate the maximum degree of reactivity (DOR*) of the SCM (45-47). The DOR* of an SCM is

the theoretical maximum mass fraction of the SCM that can react.
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The R3 test and PRT methods are similar conceptually; however, the two methods differ
practically in a few distinct areas. First, the tests are performed at different temperatures: the R3
test is performed at 40°C and the PRT is at 50°C, and this difference is not expected to cause major
differences in the way the two methods assess pozzolanic reactivity. The testing temperature used
is mainly dependent on user preference. Higher temperatures (40°C or 50°C) generally result in a
faster test, however, they might also lead to reactions that do not typically occur at room
temperature (19). This is a distinction that can be investigated; however, it is not in the scope of
the study presented in this paper. The second area in which the tests differ is in the use of sulfate

or carbonate. Unlike the PRT test (where no sulfate or carbonate is added for the test), the R3 test

uses added potassium sulfate (4.8 g SO3/100_g SCM) and calcium carbonate (50_g CaCO3/100_g
SCM) in the simulated solution. This fundamental difference between the two tests on the results
of the reactivity tests is investigated in this paper. The third difference is in the liquid-to-powder
ratio (ratio of the mass of alkaline pore solution added to the mass of SCM+CH in the test) with
the R3 method using a ratio of 1.2 and the PRT using 0.9. Finally, the pore solution pH (alkali
loading) is also different between the two test methods, with the R3 test using K.0O=1.96 g/ 1 L=
0.07 M (corresponding to a pH of 12.85) and the PRT using KOH=0.5_M (corresponding to a pH

of 13.7).
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In this paper, the differences between the R3 and PRT tests are studied experimentally and using
thermodynamic calculations. The robustness of the PRT is examined by experimentally varying
several test parameters: the CH-to-SCM ratio, the liquid-to-powder ratio, sulfate and carbonate
contents, alkali cation type (NaOH vs. KOH), and alkalinity of the pore solution (pH of pore

solution).

RESEARCH SIGNIFICANCE

This paper aims to provide insight into the robustness of the PRT, which quantifies the maximum
degree of reactivity (DOR*) of an SCM. The quantification of DOR* is important beeatebecause
it is needed as an input for thermodynamic models. The robustness of the PRT is assessed by
studying the impact of varying testing parameters such as the SCM:CH mass ratio, liquid-to-
powder mass ratio, pore solution alkalinity, and the chemical composition of the test mixture. This
work provides recommendations on the testing of pozzolanic reactivity and is a step toward

developing performance specifications for SCMs.

EXPERIMENTAL INVESTIGATION

The PRT consists of preparing a paste by combining one-part SCM by mass, three parts CH, and
0.5 M KOH solution. The method has a solution-to-dry powder ratio of 0.9. After weighing the
constituent materials, the paste is thoroughly mixed according to the procedure outlined in

previous work (50). In the standard procedure, 40 g of SCM is mixed with 120 gof CH and 144 ¢

of 0.5 M KOH solution. The heat of hydratien-reaction is measured from-mixingup after mixing

for 240-hours (10-days) at a temperature of 50°C_using an isothermal calorimeter. The extent of

the pozzolanic reaction is determined by measuring the amount of CH consumed by the SCM
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reaction after ten days at 50°C. The CH consumed is measured using a thermogravimetric analyzer.

The details on the approach are provided in previous works (45, 5958).

Table 1 describes the experimental test matrix. The varied test parameters are shown in the first
column and include the CH:SCM mass ratio, liquid-to-powder mass ratio, sulfate content (as
gypsum), carbonate content (as calcium carbonate), alkali content, and alkali pore solution cation
type. The sulfate levels are representative of and exceed the typical sulfate levels in concrete
systems (6766). Note that the “baseline case” (listed in the last column) includes the test parameters
used for the PRT test (CH:SCM=3:1, liquid-to-powder ratio-=0.9, etc.). The table provides the
ranges over which the test parameters are varied. These ranges cover and extend beyond the

differences between the R3 test and the PRT test parameter values.

Three SCMs are tested: silica fume (SF: 95.9% siliceous), class F fly ash (FA: 51.9% siliceous and
21.7% aluminous), and calcined clay (CC: 54.2% siliceous and 37.5% aluminous). The chemical

composition of these SCMs is listed in Table 2.

THERMODYNAMIC MODELING

Thermodynamic modeling is a tool that can be used to determine the reaction products of
cementitious mixtures at equilibrium (6867-70869). It can be used to calculate the mass and volume
fractions of solid and gaseous phases and concentrations of ionic species by minimizing the
system's Gibbs free energy. In this work, GEMS3K v3.5 (7470, 7271) and the Cemdata 18 (6867)
database were used to simulate reactions that take place in different examined variations of the
PRT test as per Table 1. Specifically, it is used to calculate the amount of reaction products, as
well as Q» and CH consumed during the reactions. Thermodynamic modeling also provides the

theoretical amorphous silica and alumina lines that are used to quantify DOR* (45, 5958). These
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theoretical lines for pure SiO> and pure Al,O3;, which are typically used to quantify the reactivity
of fly ashes, are shown in- Figure 1. These lines indicate the Q. and CH consumption pairs when
pure silica and pure alumina are allowed to undergo pozzolanic reactions at different reactivities
ranging from 0 to 100%. It should be noted that these theoretical lines are customized based on the
composition of the SCM that is tested. In thermodynamic calculations presented in this work, some
phases are blocked from forming based on evidence in the literature that they do not form in the
time scales and temperature of the PRT test. The blocked phases include C3AHg (7372, 7473),
Gibbsite (6867), and some monosulfate phases (CsAH13, C4AH19, and C4AsHi2 (45)). The SiO»
and ALOs3 lines are refined from previous work (45) to include the pore solution's enthalpy while

calculating the heat released.

RESULTS AND DISCUSSION

Typical results from experiments and simulation

The experimental results obtained from the PRT conducted following the experimental matrix
described in Table 1 are discussed in this section. Figure 2 shows the Q. and CH consumed results
obtained from thermodynamic simulations of the pozzolanic reactions of SF, FA, and CC as

compared to the experimental results._The values of Q. and CH consumed for all the tests

performed are also in Table A-1 and Table A-2 of the appendix. The majority of the

modeled values lie within + 20% of the experimental values, indicating a good agreement between
the model and the experiment. The next few subsections will examine the variation of each test

parameter in detail and provide a discussion of the results.
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Influence of varying CH:SCM ratio on the results of the PRT

Figure 3 (a) shows experimental results of the PRT along with results from the thermodynamic
calculations for cases where the CH:-SCM 1is varied for different SCMs. As the CH:-SCM
increases, the Q. and CH consumed increase, but Q./CH consumed decreases, suggesting a
potential change in the reaction products. To better understand the changes that may be occurring,

the phase assemblages are examined.

Figure 3 (b) shows a plot of phase assemblages at equilibrium for various CH:SCM mass ratio is
varied for pure SiO>. As CH is added to the pure silica system, the silica reacts with water and the
CH to form C-S-H phases. At low CH:SiO> levels (CH:SiO2 <0.61), a portion of the silica remains
unreacted. A minimum of 61_g of CH is required for the complete reaction of 100_g SiO; (solid
red line). As the CH:SiO» is increased from 0.61 to 1.98 (red dashed line), various forms of C-S-
H with varying C/S form (Jennite-D, Jennite-H, Tobermorite-D, Tobermorite-H). As a result, the
average C/S of the C-S-H increases from 0.7 (at a CH:Si02 of 0.61) to 1.7 (at a CH:SiO; of 1.98)).
For CH:Si0O; above 1.98, unreacted CH remains, and the total volume of C-S-H, as well as the

proportions of the C-S-H variations, remain constant.

Figure 3 (c) shows a plot of the phase assemblages at equilibrium for the pure alumina system. As
CH is added to the pure alumina system, the alumina reacts with water and the CH to form C-A-
H phases (C2AH7s forms in the PRT at 50°C). At low CH contents a portion of the alumina
remains. A minimum of 144 g of CH is required for the complete reaction of 100 g Al>O3 (shown
as the red dashed line). If the CH:Al;O3 is less than 1.44, unreacted alumina remains, and if the

CH:ALOs is greater than 1.44, unreacted CH remains.

The thermodynamic calculations indicate that, for any SCM, the minimum CH:SCM required for

complete hydration is 1.98:1. However, it is possible that kinetic effects and local physical

9
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availability of CH at low CH:SCM mass ratios may dominate, and therefore, the CH:SCM of 3:1

1s recommended for the PRT.

The experimental test results of FA (circles) and CC (stars) (Figure 3 (a)) indicate that CH is still
present after the reactivity test (10 days at 50°C) for all CH:SCM ratios (3:1, 2:1, and 1:1). This is
because the FA or CC are not comprised of pure reactive aluminate or silicate and they do not have
a DOR* of 100%. On the other hand, at a CH:SCM=1:1, the tested SF (96% siliceous) appears to
consume the entire available CH (all 100 g CH added is consumed), which is also predicted by

thermodynamic modeling.

Influence of varying liquid-to-powder ratio on the results of the PRT

Figure 4 shows the experimental results of varying the liquid (0.5 M KOH solution) to powder
(SCM+CH) mass ratio. The liquid-to-powder ratios tested are 0.75, 0.9, 1, 1.5, and 2 (shown in
Table 1). Theoretically, a liquid-to-powder ratio of 0.75 provides sufficient water and CH for
complete reaction of both aluminate and silicate phases in the SCM. However, achieving a
workable mixture at that liquid-to-powder ratio can be challenging for highly reactive materials
with a high surface area like SF. The variation in the results of CH consumed for SF and CC could
be attributed to the physical dispersion and local availability of CH around the SCMs. As the
liquid-to-powder ratio increases, the SCM dispersion improves, and the reaction would tend
toward equilibrium. However, the slight variations in the experimental results on altering liquid-
to-powder ratios, result in a relatively small variation in DOR* (DOR* varies from 71% to 79%

for SF, 43% to 39% for FA, and 75% to 89% for CC).

Thermodynamic modeling predicts that a minimum of 24 g water is required for a complete
reaction of 100 g SiO> and CH to form C-S-H (the C-S-H formed has a C/S of 0.72), and a

minimum of 97 g of water required for complete reaction of 100 g Al,O3 to form C2AH7s. If the

10



oNOYTULT D WN =

ACl Journal Manuscript Submission

CH-to-SCM mass ratio is constant at 3:1, the minimum liquid-to-powder mass ratio required for

complete hydration of either SiO> or Al,O3 is 0.24. Therefore, for all tested cases, the values of

liquid-to-powder ratios (0.75 to 2.00) satisty this minimum requirement.

Influence of sulfates addition on the results of the PRT

Figure 5 (a) shows the experimental results of the PRT when sulfates are present. The sulfates
(added as gypsum, CaS04.2H>0) in the SCM+CH-+liquid mixture vary from 0_g/100_gscm (the
PRT baseline case) to 30_g/100_gscwm for the tested SCMs. The addition of sulfate has a negligible
impact on the DOR* of the SF (the DOR* values are within 5% of each other). This is because the
tested SF has little to no alumina which is known to react with sulfates (Table 2). For both the FA
and CC systems, when the sulfate is-increased, the Q. and CH consumed increased (approximately
linearly proportional to the mass of gypsum added). For fly ash, Q« increased by 0.8_J/ggeypsum
added, and the CH consumed increased by 0.15_g /ggypsum added. For CC, Q« increased by 0.6
J/ggypsum added, and the CH consumed increased by 0.1 g/ggypsum added. Also, it can be seen in
Figure 5 (a) the experimental results show a similar trend as what is predicted using

thermodynamic simulations.

Figure 5 (b) shows the phase assemblage of the equilibrium reaction of pure SiO> as sulfates are
added. The CH: SCM mass ratio is kept at 3:1 and the liquid-to-powder mass ratio at 0.90. As the

gypsum content increases from 0_g/100_gscwm to 30_g/100_gscm, thermodynamic modeling predicts

11
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that the siliceous reactions are unaffected, i.e., the same amount of C-S-H forms with the same C/S

ratio (C/S = 1.7). The CH consumption and Q. remain unchanged as well.

Figure 5 (c) shows the phase assemblage of the equilibrium reaction of pure Al>O3 system as
sulfates are added. The sulfates react with the alumina, CH, and water in the mixture preferentially
to form mono-sulfate phases. Any excess alumina (left over after all sulfates have been consumed)
reacts with the CH and water in the mixture to form C-A-H phases (C2AH75). The reaction of
alumina that produces mono-sulfate generates more Q. than the reaction that produces the C-A-H
phase observed (approximately 3.25 J/ggypsum added more Q. is produced). The reaction of alumina
that produces mono-sulfate, however, does not seem to consume more CH than the reaction that
produces C-A-H. Therefore, the alumina reaction is impacted by the presence of sulfates, and when
sulfates are present, Q« increases (due to changes in the reaction products, i.e., the formation of
mono-sulfates at the expense of C-A-H phases). However, the CH consumed by the alumina-
containing SCMs (FA and CC) seems to increase proportionally with the added sulfates. This is
pessible—possibly due to the prefrentialpreferential formation of AFm in these systems over
C2AH75 (3574, 7675) The formation of AFm approximately consumes an-additional-73.5 gcu/100

Zalumina More than formation of CoAH7s.

Influence of calcium carbonates on the results of the PRT

Figure 6 (a) shows the experimental results of the PRT when calcium carbonates are present. The
calcium carbonate in the SCM+CH+liquid mixture wary-varies from 0_g/100_gscm (baseline case
for the PRT) to 10_g/100_gscwm for the tested SCMs. The addition of calcium carbonate has an
insignificant impact on the reactivity of SF (the DOR* values are within 5% of each other). This
is because the tested SF has little to no alumina (Table 2). For both the FA and CC systems, when

the mass of calcium carbonate added #s-was increased, Q. and the consumption of CH eensumed

12
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increased (approximately linearly proportional to the mass of calcium carbonate added). For fly
ash, Q« increased by 1.6 J/gcacos added and the CH consumed decreased by 0.1 g/gcacos added for
the FA. For CC, Q. increased by 1.2 _J/gcacos added, and the CH consumed increased by 0.06
g/gcacosz added. The experimental results of Q. and CH consumed show a similar trend as the

predictions ssing-from thermodynamic modeling, as shown in Figure 6 (a).

Figure 6 (b) shows the phase assemblage of the equilibrium reaction of pure SiO; as carbonates
are added. The CH: SCM mass ratio is kept at 3:1 and liquid-to-powder mass ratio at 0.90. As the
calcium carbonate content is increased from 0_g/100gscm to 10_g/100gscm, thermodynamic
modeling predicts that the siliceous reactions are unaffected, i.e., the same amount of C-S-H forms

with the same C/S ratio (C/S=1.7). The CH consumption and Q. remain unchanged as well.

Figure 6 (c) shows the phase assemblage of the equilibrium reaction of the pure Al>O3 system as
carbonate is added. The carbonate reacts with the alumina, CH, and water in the mixture
preferentially to form hemi-/mono-carbonate phases. Any excess alumina left over after all the
carbonates have reacted reacts with the CH and water in the mixture to form C-A-H phases
(C2AHz75). The reaction of alumina that produces hemi-/mono-carbonates generates more heat than
the reaction that produces the C-A-H phase observed (an increase of approximately 10.95 J/gcaco3
added-more-heatisprodueed). The reaction of alumina that produces hemi-/mono-carbonates also

consumes more CH than the reaction that produces C-A-H (an increase of approximately 2.23

g/gcacos added-more- CHisconsumed). Therefore, the alumina reaction is impacted by the presence
of carbonates, and when carbonates are present, the Q. and CH consumed increase (due to changes
in the reaction products — formation of hemi-/mono-carbonates at the expense of C-A-H phases).
This is also observed in the experimental results of FA and CC, which contain reactive alumina

according to Table 2.

13
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Influence of alkali cation on the results of the PRT
Figure 7_(a) shows the experimental results of PRT with two different alkali pore solutions (KOH
and NaOH) for the tested SCMs. It can be seen that the alkali content and cations have almost no

impact on the results. The calculated values of the DOR* for SF, FA and CC are within 7%, 8%,

and 0.5% of each other, repseetivelyrespectively.

Figure 7 (b) and Figure 7 (c) show the result of varying the alkali cation for the PRT for pure SiO»
and pure AlbOs, respectively. As alkali cations in the pore solution are changed (from pure 0.5 M
KOH to pure 0.5_M NaOH) for both systems, the only change observed is in the pure siliceous
system (a roughly 1% decrease in C-S-H volume when NaOH is used instead of KOH), where the
C-S-H may bind potassium differently than sodium. It appears that the type of cation does not

impact the PRT.

Influence of pH on the results of the PRT

Figure 8(a) shows the experimental results of the PRT with different pore solution concentrations
for the tested SCMs. Figure 8 (b) and Figure 8 (c) depict the modeled phase assemblage of
equilibrium reaction of pure SiO2 and pure Al>O3 for different pore solution concentrations of

KOBH.

As seen from Figure 8 (b), as the concentration of hydroxyl ions in the pore solution are-is
increased from 0.25 M (pH of 12.7) to 2 M (pH of 15.2), the volume of C-S-H that forms changes
slightly due to the different amount of alkali binding (approximately 2% change in volume over
the pH range studied). The amount of CH that becomes soluble is affected by the amount of KOH
in the solution. There is no noteworthy change in the Q. or CH consumed in the model. Similarly,

from Figure 8(c), it can be seen that the change in the pore solution pH has a minimal impact on

14
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the phase assemblage (about a 1% change in volume of C-A-H that forms), and there is no

noteworthy change in the Q. or CH consumed.

Comparing the PRT with other reactivity tests

This section discusses the comparison of the PRT with the R3 test procedure. Similarities and
differences are shown in Table 3 and Figure 9. As previously mentioned, the most important
difference appersappears to be the addition of sulfates and calcium carbonates to the reactants in
the R3 test. The addition of these materials results in a substantial difference for aluminous
systems. For example, when sulfates are added, the alumina in the SCM reacts to form mono-
sulfate phases rather than C-A-H phases, which leads to a higher Q.. When carbonates and
sulfates are present, the reactive alumina first forms ettringite, and the remaining reactive alumina
forms carbo-aluminate phases. When sulfates are added to siliceous systems the reactions are
relatively unaffected and both tests are similar. Therefore, if sulfates or/and carbonates are added,
the changes to the reaction products needs to be accounted for while calculating the reactivity of

the SCM.

Figure 9 shows the initial reactants and final reaction products in the PRT and R3 tests for the three
SCMs tested. The first column for each system shows the volumes of initial reactants and the
second column shows the volume of reacted products. First, it can be seen when looking at the
SCMs in the PRT test that SF reacts pozzolanically to form C-S-H, and FA and CC react
pozzolanically to form C-S-H and C-A-H (C2AHz75). In the R3 test, the SF reacts to form C-S-H
(similar to the PRT), but the FA and CC react to form ettringite and carboaluminates rather than
C-A-H. For example, when 100 _g of the tested CC is subjected to the PRT, 12_cm?/100_gscm of
C2AH75 forms, while in the R3 test, no C-A-H forms (12_cm?/100_gscm)_of ettringite and 71

cm?/100_gscm -of carboaluminate forms instead). This change in the phase assemblage in the R3

15
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test (formation of ettringite and carboaluminates rather than C-A-H) leads to a higher measured
Qx and CH consumed (see Table 3). The relative proportions of these three reactions can also
change. It can also be seen that in the R3 test, for the compositions of the SCMs tested, all the

sulfate is consumed (to form ettringite) but not all the carbonate is consumed.

It should be noted that in both the R3 and PRT tests, the volumes of C-S-H that forms are within
0.2 cm?/100 gscm of each other (the reaction of 100_g SF produces 122 ¢cm? C-S-H, that of 100 g
FA produces 31 cm? C-S-H, and that of 100 g CC produces 64 cm? C-S-H). This is because the
formation of C-S-H only depends on the pozzolanic reaction of silica in the SCM, and is unaffected

by the presence of sulfates and carbonates.

In summary, the R3 test adds sulfates and carbonates; however, even the addition of a constant
amount of sulfate and carbonate can cause various phases (and various amounts of each phase) to
form when SCMs of different composition (and different percentages of reactive phases) are
tested. For example, if an SCM with very low alumina content is tested, ettringite +
hemicarbonates + monocarbonates would form in the R3 test, while if an SCM with high alumina
is tested, ettringite + monocarbonates would form (the phases that form can be determined from
the carbonate-sulfate-alumina stability diagram in (#776)). This difference in the phase assemblage
would result in different amounts of heat release (or non-evaporable water) measured. Therefore,
SCMs of similar reactivities but different alumina contents could result in very different Q. (or
non-evaporable water) measurements. The PRT on the other hand does not add sulfates and
carbonates, and consistent phases form as a result of the pozzolanic reaction (C-S-H from silica,
and C-A-H from alumina). This makes the PRT a more robust tool to evaluate the reactivity of
alumina containing SCMs such as fly ash, metakaolin (or calcined clays), natural pozzolans, etc.

Additionally, the R3 test output can only be used as a qualitative comparison tool between two

16
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SCMs (determine which SCM is more reactive or to distinguish pozzolanic materials from inert
fillers), while the PRT has been extended to allow for calculation of an absolute numerical value

of reactivity (DOR*) which is described in the following section.

Relationship between CH consumed, Q«, pore solution composition and DOR*
The PRT measures the DOR* of an SCM. For experimental results that fall in between the
theoretical reactivity of pure SiO2 and pure Al>O3, the results can be interpolated to obtain DOR*

using:

Qoo —C1- CHconsumed (1)
C

DOR* =

where Q, is the Q. measured using the-an isothermal calorimeter (IC) (in J/gscm), CH consumed 15

the CH consumed by 100_g SCM measured using the-a thermogravimetric analyzer (TGA) (in

g/100 gscm), and ¢4 1s 0.373 and ¢, is 695 for the PRT.

For conditions other than the PRT, the c; and c, constants that-can be calculated from the
theoretical Q. and CH consumed at complete reaction of SiO2 and Al,O3 using equation (2) and

(3), shown below:

SlOZ _ Alz 03 (2)
C _ [ee] [ee]
1= Sio, Al 03
CHconsumed - CHconsumed
Al,03 Sio, __ NSio; Al,03 3
c, = 0o CH consumed 0 CH consumed ( )
2= Sio, Al 03
CHconsumed - CHconsumed

where Qfoi %2 and Qc‘ilzo3 are the Q. when pure 100% reactive silica and alumina react with CH
and water, respectively (for the PRT, these values are Qfoi 02 — 769_J/gscm and Q;ilzo3 = 749

J/gsem), and, CHcS(iZEume q and CH f;flgzmed are the CH consumed when pure 100% reactive silica

17
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and alumina react with CH and water, respectively (for the PRT, these values are CH fgg;ume a4 =
198 g/100_gscm and CH?olrzlglimed = 144 g/100_gscm).

The values of c¢; and c; are only dependent on the test parameters and not on the SCM chemistry.

For example, for the R3 test, the values are ¢; = 9.70 and, ¢, = —1151 . If sulfates are added

during the test (though we-de-not recommended-the-addition—efsulfatesfortestingpozzeolanie

reaetivity), the values of ¢; and ¢, vary as a function of sulfate and carbonate addition as shown
in the-Figure 10 (note that the figure shows independent addition of sulfate or carbonate, not both
together; if both are present together such as in the R3 test, thermodynamic calculations need to

be performed to calculate the values of ¢; and c;).

CONCLUSION
This paper examineds the influence of the testing parameters on the results of the PRT (pozzolanic

reactivity test) for SCMs.

Three pozzolanic materials
measured experimentally: silica fume (primarily siliceous), class F fly ash (22% aluminous
and 52% siliceous), and calcined clay (38% aluminous and 54% siliceous).

The influence of varying several

test parameters the CH to SCM ratio, water to CH+SCM ratio, sulfate addition,
carbonate addition, alkali loading, and alkali species assessed.
18
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A CH:SCM ratio of 3:1 is recommended consistent with

is currently used in both R test (43, 44). Trhe minimum liquid-to-powder
ratio for a complete reaction of any SCM is theoretically determined to be 0.25; however,
experimentally, it is observed that a value above 0.9 is needed to enable the samples to be prepared

for consistent results. Liquid-to-powder ratios beyond 0.9 do not impact the results.

The siliceous reactions are unaffected by the presence of sulfate or carbonate (the same volume of
C-S-H forms with the same C/S); however, the aluminous reactions are affected by the addition of
both sulfate and carbonate-beth. The impact of sulfate and carbonate is not due to a change in the
pozzolanic reaction of the aluminous material but rather due to the formation of alternative reaction
products. When no sulfates or carbonates are present, C-A-H phases (C2AH7:5) form due to the
pozzolanic reaction of the Al>O3 in the SCM. In the presence of sulfates, monosulfates and
ettringite are preferentially formed instead of C-A-H phases. In the presence of carbonates, Al,O3
preferentially reacts to form carboaluminates rather than C-A-H phases. This change to the
reaction products is accompanied by an increase in heat release and CH consumption. As such, the
addition of sulfates or carbonates is not recommended for the measurement of pozzolanic
reactivity. However, if sulfates or carbonates present in the system, their impact on DOR* can be

considered mathematically.

Variations in the hydroxide composition (cation used, K vs. Na) have a negligible impact on the
reactivity for the same equivalent alkali loading (the variation in the DOR* for SF, FA, and CC is
under 6%). The change alkali loading (pH/molarity) does impact the kinetics of the experiment
though the equilibrium reactions (and reactivity of the SCM) remain relatively unaffected. A
generalized relationship is developed between the Q., and the CH consumed to mathematically

calculate the DOR* of a pozzolan using the results of the PRT for the typical PRT and R3 testing
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conditions. The PRT test is shown to be a test that primarily measures the pozzolanic reaction and
quantifies the maximum reactivity for an SCM. The paper recommends using standardized PRT

to measure SCM DOR* due to practical advantages.
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Figure 5- Plots showing (a) the influence of [SO4]*" on the CH consumed and Q. in the reactivity
test, (b) the phase assemblage and Q. when pure SiO> reacts with CH and sulfates are added, (c)
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reactivity test, (b) phase assemblage and Q. when pure SiO; reacts and the alkali cation is varied,
and (c) phase assemblage and Q. when pure Al>O3 reacts and the alkali cation is varied. The values

of Q« and CH consumed are also noted in Table A-1 of the appendix3.

Figure 8- Plot showing (a) the influence of pH of pore solution on the CH consumed and Q. in
the reactivity test, (b) the phase assemblage and Q. -when pure SiO> reacts, and the pH is varied,
and (c) the phase assemblage and Q. when pure Al,O; reacts and the pH is varied. The values of

Q- and CH consumed are also noted in Table A-1 of the appendix3.

Figure 9- Volumes of initial reactants and final products for the three SCMs studied in the PRT
and R3 tests.

Figure 10- (a) Variation of c; and c; as a function of sulfate addition, and, (b) variation of ¢; and
c2 as a function of carbonate addition. Markers are at the locations of the sulfate/carbonate

additions tested in the experiments (see Table 1).
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Table 1: Experimental test matrix

. .. Sulfate Calcium
it cuuscor | | G| Comate | N0t | KON g
SCM)
3:1 0.90 0 0 0.00 | 0.50 v
CH 2:1 0.90 0 0 0.00 | 0.50
1:1 0.90 0 0 0.00 | 0.50
3:1 0.75 0 0 0.00 | 0.50
o 3:1 0.90 0 0 0.00 | 0.50 v
quu‘f;ioo'SCM 3:1 1.00 0 0 0.00 | 0.50
3:1 1.50 0 0 0.00 | 0.50
3:1 2.00 0 0 0.00 | 0.50
3:1 0.90 0 0 0.00 | 0.50 N
3:1 0.90 5 0 0.00 | 0.50
Sulfate 3:1 0.90 10 0 0.00 | 0.50
3:1 0.90 20 0 0.00 | 0.50
3:1 0.90 30 0 0.00 | 0.50
3:1 0.90 0 0 0.00 | 0.50 N
Calcium 3:1 0.90 0 2 0.00 | 1.00
Carbonate 3:1 0.90 0 6 0.50 0.00
3:1 0.90 0 10 0.50 | 0.00
3:1 0.90 0 0 0.00 | 0.25
3:1 0.90 0 0 0.00 | 0.50 v
Alkali/Molarity 3:1 0.90 0 0 0.00 | 1.00
3:1 0.90 0 0 0.00 | 2.00
3:1 0.90 0 0 0.50 | 0.00
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Table 2 : Chemical characterization of SCMs used

% Silica Fume (SF) Fly Ash (FA) Calcined Clay (CC)
SiO2 95.88 51.86 53.22
ALO3 0.69 21.70 36.90
Fe:03 0.12 5.04 1.21
CaO 0.70 8.61 0.57
MgO 0.26 2.58 0.36
SOs 0.15 0.78 0.06
LOI 4.30 1.42 2.21
Na20 0.16 2.58 0.15
K20 0.49 1.45 0.68
TiO2 0.01 1.19 1.87
P20s 0.05 0.23 0.11
ZnO 0.06 0.02 0.01
Mn203 0.04 0.03 0.01
Cl 0.01 0.01 0.01

Table 3: Comparison of the PRT and R3 test methods

Test Parameter PRT R3

CH:SCM 3:1 3:1

Liquid-to-powder ratio 0.9 1.2
Pore Solution alkalinity 0.5M KOH 0.07M KOH
CaCO3 added None 50g/100gscm

Sulfates added None 10.547g K2S04 /100gscm
Test Output Value of u.lti.mate pozzolanic Bound Wate‘r,
reactivity (DOR*) Heat of Reaction

. SF 646 648

The&;‘g;; Q- "Fa 277 378

CC 519 778

Theoretical CH SF 162 162

Consumed (g/100 FA 55 59

gscMm) CC 148 153
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Figure 1- Thermodynamically simulated lines of pozzolanic reactions of
amoeurpheusamorphous silica (SiO2) and alumina (Al203) at various degrees of reaction
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Figure 2- Plot of experimentally measured and model-predicted values of (a) CH
Consumed and (b) Q- for the PRT test. The values of Q- and CH consumed are also noted
in Table A-13 and Table A-2 of the appendix4.
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Figure 3- Plot showing (a) the influence of CH to SCM ratio on the CH consumed and Q«
in the reactivity test, (b) the phase assemblage when pure SiO:2 reacts with CH, and (c) the
phase assemblage when pure Al2O3 reacts with CH. Vertical lines represent the critical
CH:SCM as described in the test. The values of Q- and CH consumed are also noted in
Table A-1 of the appendix3.
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Figure 4- The influence of liquid to SCM+CH ratio on the CH consumed and Q- in the
reactivity test. The values of Q- and CH consumed are also noted in Table A-1 of the

appendix3.
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Figure 5- Plots showing (a) the influence of [SO4]* on the CH consumed and Q- in the
reactivity test, (b) the phase assemblage and Q~ when pure SiO: reacts with CH and
sulfates are added, (c) the phase assemblage and Q- when pure Al203 reacts with CH and
sulfate is added._The values of Q- and CH consumed are also noted in Table A-2 of the

appendix4.
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Figure 6- Plots showing (a) the influence of CaCQO3 on the CH consumed and Q« in the
reactivity test, (b) the phase assemblage and Q- when pure SiO2 reacts with CH and
carbonates are added, and (c) the phase assemblage and Q» when pure Al203 reacts with
CH and carbonates are added. The values of Q- and CH consumed are also noted in Table

4A-2 of the appendix.
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Figure 7- Plot showing (a) the influence of alkali cation on the CH consumed and Q« in the
reactivity test, (b) phase assemblage and Q- when pure SiO: reacts and the alkali cation is
varied, and (c) phase assemblage and Q~ when pure Al2O3 reacts and the alkali cation is
varied. The values of Q- and CH consumed are also noted in Table A-1 of the appendix3.
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Figure 8- Plot showing (a) the influence of pH of pore solution on the CH consumed and Q-
48 in the reactivity test, (b) the phase assemblage and Q~ when pure SiO: reacts, and the pH
49 is varied, and (c¢) the phase assemblage and Q- when pure Al203 reacts and the pH is

50 varied. The values of Q- and CH consumed are also noted in Table A-1 of the appendix3.
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Figure 9- Volumes of initial reactants and final products for the three SCMs studied in the
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APPENDIX A: TABULATED DATA OF RELEASED HEAT AND CONSUMED CH

FOR THE EXPERIMENTAL TEST MATRIX

Table A-1: Values of O~ and CH consumed as predicted using thermodyvnamic modelling

and as measured from experiments when the test parameters of the PRT are varied.

CH:SCM | Liquid- Solution | Q« as | CH w0 as | CH
to- used predicted Consumed measured in | Consumed
owder from as predicted | experiments | as measured
ratio thermodyna | from (J/ gscm) in
mic thermodyna experiments
modeling (J / | mic (g / 100g
SCM modeling (g/ SCM
100g SCM)
Silica Fume

1:1 0.5 M 438 100 493 93
2:1 0.90 KOH 646 162 547 144
3:1 - 646 162 600 168
0.75 646 162 556 151
0.90 0.5 M 646 162 597 168
3:1 1 KOH 646 162 542 147
1.5 - 646 162 600 149
2 646 162 606 131

0.25 M
KOH 647 162 654 159

0.5M
3:1 0.90 KOH 646 162 597 168
IM KOH 644 161 607 172

2M

KOH 635 158 687 163

0.5M
NaOH 647 162 597 168

31 0.90 0.5M
KOH 646 162 635 172

Fly Ash

1:1 0.5 272 39 173 38
2:1 0.90 @ 272 39 221 43
3:1 — 271 39 289 62
0.75 271 39 329 60
0.90 271 39 28 62
31 TR 271 39 299 60
1.5 I 271 39 287 60
2 271 39 300 61

0.25M
3| 9% | kon 276 40 371 65
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05 M
KOH 271 39 289 62
1M KOH 265 37 371 48
2M

KOH 209 25 331 47

0.5M
NaOH 245 27 289 62

3:1 0.90 0.5 M
KOH 271 39 324 57

Calcined Clay

L1 o 598 100 278 2
2.1 090 | 23 624 116 586 110
31 — 624 116 600 120
0.75 624 116 574 122
0.90 624 116 600 120
31 1 L 624 116 657 21
s | A 624 116 643 121
2 624 116 677 129

25 M
KOH 627 117 696 126

0.5 M
3:1 0.90 KOH 624 116 600 120
1M KOH 616 114 654 118

oM

KOH 548 99 630 106

0.5 M
NaOH 594 103 600 120

31 0.0 0.5 M
KOH 624 116 603 121

Table A-2: Values of O~ and CH consumed as predicted using thermodyvnamic modelling

and as measured from experiments when sulfates and carbonates are added in the PRT.

Sulfate Carbonate | Q« as predicted | CH Consumed | Qw as | CH Consumed
Added as | Added as | from as predicted | measured  in | as measured in
Gypsum Gypsum thermodynamic | from experiments (J | experiments (g
(g gypsum | (g CaCO3/ | modeling (J / | thermodynamic | / gscm) / 100g SCM)
/100 g 100 2 | gscm modeling (g /
SCM) SCM) 100g SCM)
Silica Fume

0 646 162 597 168

5 646 160 607 161

10 0 646 157 621 169

20 646 153 626 165

30 647 149 597 171
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1

2

i 0 646 162 597 168
; 2 646 162 607 170
p 6 646 162 621 171
7 10 646 162 626 173
8 Fly Ash

9 0 271 39 289 62
I 5 285 ) 315 79
12 10 0 306 47 399 63
13 20 334 53 459 88
14 30 335 49 516 100
15 0 271 39 289 62
o 0 2 300 48 315 58
18 = 6 336 57 399 58
19 10 343 55 459 48
20 Calcined Clay

21 0 624 116 600 120
;g 5 635 118 630 127
" 10 0 656 123 672 130
25 20 698 134 706 140
26 30 741 145 764 153
27 0 624 116 600 120
;g 2 653 125 630 121
% = 6 711 143 672 123
31 10 769 162 706 132
32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58 48
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