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Abstract

Identification and rapid characterization of novel supplementary cementitious materials (SCMs) is a critical need, driven by shortfalls in conventional SCMs.
In this study, we present a discussion of recently developed reactivity tests — the R® test, the modified R® test, the lime strength test, and the bulk resistivity
index test. These tests measure reactivity parameters such as heat release, bound water, calcium hydroxide consumption, strength, and bulk resistivity.
All tests can screen inert from reactive materials. To additionally differentiate pozzolanic and latent hydraulic materials, two parameters, for example,
calcium hydroxide consumption and heat release, are typically needed. The influences of SCM bulk chemistry, amorphous content, and fineness on
measured reactivity are outlined. Reactivity test outputs can predict strength and durability of cement paste/mortar/concrete; however, caution must be
exercised as these properties are influenced by a variety of other factors independent of reactivity. Thoughts are provided on using reactivity tests to

screen materials for concrete durability.
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1 Introduction

Currently, more than 5 billion tons of cement and 15 billion
tons of concrete are produced annually [1,2] and substantial
increases in these numbers are anticipated over the next 30
years [1]. Cement production accounts for 6% of total
anthropogenic greenhouse gas emissions [1] due to process
fuel combustion and limestone decomposition. As we must
reduce global CO, emissions, CO, emissions from cement
must be reduced. Mitigation strategies are covered at length
in [1,2]. At this time, the use of low-carbon supplementary
cementitious materials (SCMs) to replace cement, is one of
the most promising strategies to reduce cement CO,
emissions [1].

SCMs have long been used in concrete for the benefits they
provide to concrete durability [3]. Classical SCMs such as fly
ash and slag improve concrete durability, including for alkali-
silica reaction (ASR) and sulfate attack, due to their pozzolanic
and/or latent hydraulic reactions [3-5]. Due to changing
industrialization trends like the near-global shutdown of coal-
fired power plants, the availability of fly ash and slag has
considerably reduced. Therefore, there is a critical need to
identify, characterize, and ultimately use alternative SCMs [3].
Fig. 1 shows the availability (million tons/year) of cement and
several SCMs. The materials which have the greatest global
potential to reduce cement CO, emissions are limestone,
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fillers, tailings, calcined clays, natural pozzolans, and
alternative fly ashes.
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Figure 1. Availability of cement, conventional SCMs, and alternative
SCMs (adapted from [1]).
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Considerable research has been carried out on a variety of
alternative SCMs [3,6-8]. Because the number of available
sources is large, there is significant merit in providing the
ability to rapidly determine whether a material is an SCM or
not. Here, we differentiate pozzolanic and latent hydraulic
SCMs from inert fillers such as limestone [9]. While it is
important to use inert fillers in concrete, and they can
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improve concrete properties due to filler effect and reactions
with aluminate phases, they do not show pozzolanic/latent
hydraulic reactions [10]. Their extent of reaction, and
consequently, allowable replacement level in concrete are
both low [10]. For a material to be a feasible SCM, its reactivity
is one of, if not the most important factors [8,10].
Microstructural refinement, which is the cause of long-term
improvement in properties of concrete with SCMs is largely a
consequence of SCM reaction [3,11]. Therefore, in order to
consistently use alternative SCMs in concrete, their reactivity
(extent and type of reaction) must be understood.

The number of tests that can be used to quantify SCM
reactivity directly or indirectly is substantial. Older tests such
as the strength activity index test, Chapelle test, Frattini test,
etc. are not always successful in screening inert and reactive
materials, and some of them are inapplicable for latent
hydraulic materials. A discussion of these tests, including their
flaws, is presented in [12] but they are not covered in this
work. The scope of this work is limited to four recently
developed reactivity tests — the R test [13], the modified R
test [9], the lime strength test [14], and the bulk resistivity
index test [15]. The ability of the tests to differentiate inert,
pozzolanic, and latent hydraulic materials is assessed. Links
between reactivity and SCM chemistry and fineness are
uncovered. The ability of SCM reactivity to predict strength
and durability of concrete containing SCMs is highlighted,
with one objective being rapid screening of materials for
durability.

2 Overview of Reactivity Tests

An overview of the different reactivity tests is shown in Table
1.

2.1 TheR3test

The R® test involves the measurement of heat release or
bound water in a SCM-calcium hydroxide model system cured
at 40 °C for 7 days [13]. The test has been standardized as
ASTM (1897 and is being increasingly used, including in

industry, because of the ease of running bound water
measurements. The test differentiates inert and reactive
SCMs, and differentiation between pozzolanic and latent
hydraulic materials could be achieved by using an additional
measure of calcium hydroxide consumption [16]. Heat
release and bound water correlate to each other and to the
28-day strength in mortars with 30% SCM mass replacement
[8,13].

2.2 The modified R3 test

The modified R® test involves the measurement of heat
release and calcium hydroxide consumption in a SCM-calcium
hydroxide model system cured at 50 °C for 10 days. The
mixture design is similar to that in the R® test, but without
additional sulfates and carbonates [9,17]. Removing sulfates
and carbonates simplifies the system; this was done in part
because their exact roles in real systems are complex and
system dependant. Because of the longer duration and higher
temperature, this test has greater acceleration and is more
reflective of later-age properties than the R® test [13], an
important consideration for slowly reacting materials such as
Class F fly ashes. By using both heat release and calcium
hydroxide consumption, this test differentiates inert,
pozzolanic, and latent hydraulic materials. Classification
schemes based on type and extent of reactivity were
proposed [9,17].

2.3 The lime strength test

In this test, the compressive strength of a lime mortar is
measured [14,18]. This test is based on the modification of
the Canadian test method (CSA A3004-E1l) through
optimization of mixture proportions, mixing solution, curing
solution, and curing temperature as detailed in [14]. The test
can differentiate inert and reactive materials and
classification of materials ranging from inert to very high
reactivity has been proposed [18]. The 91-day concrete
compressive strength and bulk resistivity were moderately
correlated to the 7-day lime (mortar) strengths [18].

Table 1. Overview of mixture design, curing, properties measured, reactivity thresholds, and classification in different reactivity tests [8,9,14-18].
The notations used are: I/s — liquid/solid, w/b — water/binder, and s/b — sand/binder, CH — calcium hydroxide. All ratios are by mass.

Test R test Modified R test Lime strength test Bulk resistivity index test

Mixture SCM 11.11 g, CH 33.33 g, | SCM: CH 1:3, I/s 0.9, | CH: SCM 1:1.5, w/b 0.65, s/b 2.5, | SCM replacements of 30%

design water 60.00 g, KOH0.24 g, | liquid is 0.5 M KOH | CaCOs/(SCM + CH + CaCOs) 1:15; | or 50% by mass, w/b 0.40,

K2S04 1.20 g, CaC03 5.56 g | solution K2S04/KOH =5 and 0.3 M K*solution | s/b2.75

Curing 40 °C for 7 days in sealed | 50 °C for 10 days in | Mortars stored over water at 23 °C | Mortars cured at 23 °C in

conditions conditions sealed conditions (1 day), in an oven at 40 °C (2 days), | moist room (1 day), then at
and then in water at 40 °C (4 days) 50 °Cin limewater (6 days)

Properties Heat release and/or | Heatrelease (orbound | Compressive strength Bulk resistivity (normalized

measured bound water water) and CH to control with no SCMs)

consumption
Reactivity 7-day heat release 100 J/g | 10-day heat release | 7-day strength 3 MPa 100% bulk resistivity of
threshold SCM, bound water 4% 120 J/g SCM, CH control mortar

consumption 50 g/100
g SCM

Classification

Not proposed

Classification using
heat release and CH
consumption

Classes from inert to very high | Not proposed

reactivity proposed
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2.4 Bulk resistivity index test

Several studies have shown that bulk resistivity is able to
differentiate between inert and reactive materials, as the
latter show increased values of bulk resistivity, especially at
later ages, higher temperatures, and greater SCM mass
replacements [15,18,19]. The bulk resistivity index test
involves the non-destructive measurement of bulk resistivity
at 7 and 28 days, the value of which is normalized using the
corresponding bulk resistivity of the control mortar (no SCM).
The test can differentiate between inert and reactive
materials [15].

2.5 Comparison between various tests

Table 1 shows the reactivity thresholds and classification
schemes of the different reactivity tests; the thresholds
continue to evolve as test development has progressed and
further novel materials are evaluated. Heat release, bound
water, calcium hydroxide consumption, or strength
measured in these tests have been correlated to various
cement paste, mortar, or concrete properties. Reactivity
increases as the value of the measured property increases
and all tests are able to differentiate between inert and
reactive materials [8-20].

Because they are performed on mortar mixtures, and involve
the measurement of familiar properties, it could be argued
that the lime strength and bulk resistivity index tests are
simpler than the R® or modified R test. The modified R® test
is the most complex of these tests because of the need for
isothermal calorimetry and thermogravimetric analysis to
measure heat release and calcium hydroxide consumption,
respectively. Unpublished work from our group has
suggested that a furnace could be used to measure both
bound water and calcium hydroxide consumption, which
would reduce the cost and simplify the modified R test. The
mixture designs for these tests are a result of rigorous testing,
although further optimization could be possible after
ruggedness and round robin testing. To the authors
knowledge, these last steps have only been completed for the
R3 test (ASTM C1897).

It is noted that the R test is benchmarked and shows strong
correlations with the 28-day mortar strength [13]. The
modified R® test measures both heat release and calcium
hydroxide consumption. While correlations with later-age
concrete strength have been demonstrated [20], this test is
not aimed to estimate strength. Considering the numerous
factors that affect strength, the variability of strength, and the
issues with strength measures such as the strength activity
index [15], it is the opinion of the author that reactivity tests
do not have to be able to estimate strength. Mortar
compressive strength and bulk resistivity index do not
correlate, as resistivity is far more sensitive to reactivity than
strength [15]. In the bulk resistivity index test, Class F fly ashes
show greater bulk resistivity than Class C fly ashes, while the
reverse is generally true for strength [15].

The curing conditions in the different tests vary, as some use
40 °C whereas others use 50 °C. The choice of temperature
does not matter if the objective is to screen inert from

reactive materials. However, if the objective is to quantify
reactivity or to link reactivity to concrete properties, then the
choice of temperature is more important. Using a lower
temperature is advantageous in terms of phase stability and
generation of realistic hydration products. In addition, at 50
°C, quartz and other inert materials show greater extent of
reactions than at 40 °C or at room temperature [9]. However,
the lower temperature may not be adequate for low
reactive/slowly reacting materials [13]. Fig. 2 shows the heat
release that we measured for ten unconventional fly ashes
using both the R® and the modified R® tests, arranged in
increasing order of heat release from the R3 test. F1 to F5 are
Class F fly ashes and C1 to C5 are Class C fly ashes. In the R®
test, Class C fly ashes (387 J/g SCM) show a substantially
greater heat release than the Class F fly ashes (163 J/g SCM).
This is not the case in the modified R® test, with the values
being 301 J/g and 270 J/g for Class C and Class F fly ashes,
respectively. This difference is important, as Class C fly ashes
are more reactive than Class F fly ashes in cement pastes at
28 days, but not necessarily at 91 days [21]. The slow but
sustained reactivity of the Class F fly ashes is not fully captured
in the R® test, but it is better captured in the modified R® test.
It is well known that Class F fly ashes outperform Class C fly
ashes in most measures of durability — for example, ASR.
Thus, the higher temperature curing may be a better choice if
durability assessments are to be made from reactivity tests,
especially for slowly reacting materials. A more holistic
picture of material reactivity could be obtained by measuring
reactivity at both 40 °C and 50 °C. Alternatively, kinetic
corrections or data extrapolation/fitting could be used to
estimate long-term reactivity of slowly reacting materials at
40 °C.
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Figure 2. Heat release of unconventional fly ashes using the R® and
modified R® tests (unpublished data).

2.6  Are two measures of reactivity required?

Fig. 3 shows the strong correlation between heat release and
calcium hydroxide consumption for several SCMs (excluding
slag) using the modified R® test [9]. All reactive SCMs except
the latent hydraulic slags provide a heat release/calcium
hydroxide consumption ratio of around 4. The exact
relationship between these two parameters depends on SCM
chemistry [9], which is unsurprising because of differences in
reactions that happen with siliceous or aluminosilicate
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materials. The argument for obtaining two measurements of
reactivity has been that two measures are needed to
differentiate latent hydraulic and pozzolanic materials. While
this is technically true, if the purpose of reactivity testing is
screening, the differentiation could be done on the basis of
chemical composition —latent hydraulic materials such as slag
have bulk CaO contents greater than 20% [9]. For materials
with CaO > 20%, it could be useful to measure both heat
release and calcium hydroxide consumption. For materials
with CaO < 20%, one of these parameters could be used to
estimate the others using the relationship in Fig. 3 or
approaches discussed in [9]. If, however, reactivity testing is
intended to estimate durability behavior, these approaches
may lead to unacceptable errors due to the scatter evident in
Fig. 3. Correlations between heat release and calcium
hydroxide consumption in the R® test have also been
demonstrated [22]. Procedural modifications which improve
the correlation, including carbonation, thermogravimetry of
the original SCMs, and drying corrections were proposed.
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Figure 3. Heat release plotted against calcium hydroxide consumption
for several SCMs of different types using the modified R® test
(adapted using data from [9]).

3 Influences of SCM properties on reactivity

3.1 Bulk chemistry and amorphous content

The influences of SCM bulk chemistry on reactivity have been
investigated for a single type of SCM and across SCM types.
Behavioral differences between highly reactive silica fume
and inert quartz sand, both of which have similar bulk
chemistry (around 90% SiO,), show that reactivity and bulk
chemistry links should be cautiously interpreted. It is the
amorphous content and phases in most SCMs that drive
reactivity and not the bulk chemistry, explaining the limited
utility of bulk chemistry-reactivity relationships. Regardless,
our data has revealed several interesting relationships
between reactivity and bulk chemistry, with an example
shown in Fig. 4. Calcium hydroxide consumption increases
with bulk Al,O3 content when the latter is greater than 15%.
The scatter at low bulk Al,Os3 content is caused by differences
in reactivity of materials such as quartz and silica fume, which
have similar bulk Al,O3 contents [9].

Direct correlations between reactivity and SCM amorphous
content do not seem to be present in literature, likely because
of the challenges associated with systematically varying

amorphous contents and the influences of glass chemistry
and fineness. Recent publications have uncovered the impact
of composition on the reactivity of synthetic calcium
aluminosilicate glasses using tests similar to the R® test
[23,24]. Similar trends in dissolution and reactivity were
discovered; both increased as the glass network
depolymerized [23]. Glass reactivity increased as CaO and/or
Al,O; contents increased [23], with the former acting by
depolymerizing the glass network and the latter by chemical
weakening of the glass structure [24]. Reactivity testing of
magnesium substituted calcium aluminosilicate glasses
confirm that glass reactivity is to a large extent governed by
glass network depolymerization [25]. Network modifiers can
destabilize the glass in slag systems, and thus increase
dissolution and reactivity [26]. Impacts of glass composition
on SCM reaction kinetics appear not to have been
investigated in detail.

When limited to one type of SCMs; specifically calcined clays,
the kaolinite content controls their reactivity; the heat release
measured in the R® test increases linearly as the kaolinite
content increases [8,27]. Calcined kaolinite systems are
substantially more reactive than calcined montmorillonite or
illite systems due to their greater disorder and the presence
of 5-coordinated aluminum [28].
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Figure 4. Calcium hydroxide consumption using the modified R® test
plotted against bulk Al,Os content for several SCMs of different types
(using data from [9]).

3.2 SCM fineness

Using the same slag milled to six different fineness levels and
a protocol similar to the R test, Blotevogel et al. showed a
linear increase of the heat release as specific surface area
increased [29]. The 1-day heat release increased by about 4
/g for a 10 m?/kg increase in surface area. At all ages, the R®
test heat release increased as the fineness increased for a
non-ferrous metallurgy slag [30].

A summary of results from our lab showing the effects of
fineness on reactivity is illustrated in Fig. 5. When mine
tailings were milled using a high-energy disc mill, their
fineness, amorphous content, and reactivity quantified using
the modified R® test, all increased with the milling duration
[31]. Because of varying fineness and amorphous contents,
reactivity did not show a linear relationship with either, but
increased significantly beyond certain thresholds of both
parameters, in what can be considered activation of these
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low-reactivity materials. The reactivity of commercially
available pumice and glass powder, measured by heat release
and calcium hydroxide consumption in the modified R® test,
increased as the fineness increased and the median particle
size decreased; however, for limestone there was no
influence of fineness on reactivity [32]. While reactivity
typically increases with fineness, the type of milling and the
material being milled affect the relationship between
reactivity and fineness. Very coarse SCMs can register as inert
in a reactivity test, even if they have intrinsic reactivity, as
seen in Fig. 5 for the ground glass with 120 pm median
particle size, which shows very low reactivity. Fineness effects
were also investigated using the lime strength test for raw and
ground bottom ash [18]. The raw bottom ash (730 um median
particle size) showed a strength of 0.5 MPa and was classed
as inert. On the other hand, the ground bottom ash (2.4 um
median particle size) showed a strength that was 30 times
higher at 15 MPa and was classed as high reactivity. In order
to eliminate the effects of fineness to compare intrinsic
material reactivity, one could compare material reactivity at
equal fineness or compare material reactivity at multiple
fineness levels and then correct for fineness.

In addition to milling, fineness can also be increased through
size classification. Using heat release in the R3 test, 40 to 57%
increase in reactivity was quantified for size-classified or
milled Class F fly ash. Phase composition had only a secondary
effect on the reactivity [33]. However, this finding may not
hold true for some Class C fly ashes. Ongoing studies in our lab
using the modified R test suggest complex compositional and
fineness effects on the reactivity of size fractionated
alternative fly ashes. Class F fly ashes did not show substantial
compositional changes after size classification, but some Class
C fly ashes showed reduced bulk CaO contents in their coarse
fractions to the extent that the coarse fractions would be
categorized as Class F fly ashes.
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Figure 5. Influence of fineness on heat release using the modified R®
test (adapted using data from [31,32]).

4 Prediction of cement paste, mortar, and
concrete properties

A number of publications have used reactivity test outputs to
predict the properties of cement paste, mortar, and concrete,
or have discussed the potential of doing so [8-10,12-14,16-
20,32-35]. We do not attempt to cover all publications or their

results in detail, but present important findings and their
implications.

4.1 TheR3test

The 28-day mortar compressive strength correlates well with
the 7-day heat release in the R test; correlations with mortar
strength at 7-days and 90-days were also explored using 0.5,
1, 3, and 7 day heat release/bound water [13]. The heat
release in the R3 test is unable to predict the 90-day mortar
strengths as well as it can predict the 7-day or 28-day
strengths. These predictive differences are by design and
appear to be due to sustained strength gain in the slowly
reacting Class F fly ashes [13]. In another study, the 2-day
compressive strengths of mortars with 75% slag were
predicted based on slag 1-day heat release in the R® test [29].
In yet another study, strong correlations (R? = 0.85) between
180-day mortar strengths and the 7-day R® bound water were
demonstrated, however, the Class F fly ash showed greater
strength than expected from its bound water value [35]. R®
tests have also been used to show correlations between heat
release/bound water and strength development in synthetic
calcium aluminosilicate glasses [24].

The heat release/bound water is not expected to be an direct
indicator of durability behavior, as it is an overall measure of
reactivity [36]. High CaO materials, including Class C fly ashes
and slag typically generate high heat release, however, they
perform poorly in ASR testing. For ASR expansion, additional
screening/corrections based on CaO and alkali content are
needed. SCM reactivity determined using R® testing was
unable to predict SCM behavior in mitigating sulfate attack
expansion. Sulfate resistance results for materials with similar
reactivity varied, possibly due to the presence of crystalline or
other phases that were reactive but did not suppress sulfate
attack expansion [36].

4.2 The modified R3 test

Correlations have been discovered between later-age (56
days or greater) calcium hydroxide content and bulk
resistivity in cement pastes and the calcium hydroxide
consumption in the modified R® test [32,37]. Damage occurs
in cement pastes and concretes exposed to concentrated
calcium chloride solutions and low temperatures due to
calcium oxychloride formation. This damage reduces as later-
age calcium hydroxide content reduces or as the later-age
bulk resistivity increases due to reduction of damage
potential and microstructural densification [38,39]. In other
words, the reactivity in the modified R® test can predict
calcium oxychloride damage. Therefore, SCMs with higher
calcium hydroxide consumption in the modified R® test are
expected to mitigate concrete calcium oxychloride damage at
lower replacement levels than SCMs with lower calcium
hydroxide consumption.

Increased later-age bulk resistivity in concrete is driven by
microstructural refinement, which is a consequence of
sustained SCM reaction [3,11,19]. Across multiple studies and
for different SCM types, we have shown that the later-age
bulk resistivity is correlated with measures of calcium
hydroxide in model systems and cement pastes [10,15,19,32].
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While formation factor is a more fundamental property,
relationships between chloride diffusion coefficients and bulk
resistivity have been developed and validated [40], meaning
that calcium hydroxide consumption could be used to
estimate chloride diffusion coefficients.

Another durability property intimately linked to pozzolanic
reaction is ASR expansion/mitigation. As illustrated in Fig. 6,
there is a logarithmic relationship between the ASR expansion
from the accelerated mortar bar test and the product of the
calcium hydroxide consumption in the modified R® test with
the mortar SCM replacement. No relationship was found
when heat release was used instead of the calcium hydroxide
consumption, because the heat release is an indicator of both
pozzolanic and latent hydraulic reactions. There are very well-
known limitations of the accelerated mortar bar test;
however, this figure can be used to illustrate the ability of
reactivity tests to screen for concrete durability. First, we note
that for ASR, as for calcium oxychloride damage, SCM
replacement plays a major role — these damage mechanisms
do not occur in the absence of portland cement. Therefore,
SCM replacement, simply through dilution, has to be taken
into account. When the product of calcium hydroxide
consumption and SCM replacement is low (< 15, data points
shown in red), the expansion is high and the material is
unlikely to mitigate ASR. On such materials, there is no need
to perform long and laborious ASR testing. On the other
hand, when the product of calcium hydroxide consumption
and SCM replacement is high (> 35, data points shown in
green), the expansion is low, the material is likely to mitigate
ASR, and direct ASR testing is desirable. When the product of
calcium hydroxide consumption and SCM replacement is
moderate (15 to 35, data points shown in orange), the
material may or may not be able to mitigate ASR. In such
cases, factors other than reactivity could dominate expansion.
Because free alkali, calcium, and alumina contents can
strongly influence ASR expansion, developed relationships
require corrections based on SCM composition [34,36].
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Figure 6. Accelerated mortar bar test expansion at 14-days plotted as
a function of SCM calcium hydroxide consumption multiplied by SCM
replacement in mortars (unpublished data).

4.3 The lime strength test

Kasaniya et al. performed detailed investigations into the links
between concrete strength and durability and the mortar
lime strength for a number of SCMs [18,34]. The 7-day lime

strength provided a reasonable, although not strong
indication of 91-day concrete strength (R? = 0.56). Data
scatter was evident: in a relatively narrow band of 7-day lime
strength (5 to 10 MPa; all SCMs classed as moderate
reactivity), the 91-day concrete compressive strength varied
between ~ 48 and 65 MPa [18]. A similar level of correlation
was also observed between the 91-day chloride ion migration
coefficient and the 7-day lime strength. The scatter is
explained by different reaction kinetics, and secondary
factors such as chloride binding and pore solution
compositional alterations that affect durability apart from
microstructural refinement [18]. Sulfate attack and ASR
expansion were studied by the authors on the same set of
SCMs [34]. No relationship was found between sulfate attack
expansion and the lime strength, in part because of two major
outliers (Class C fly ash and metakaolin). These SCMs are
reactive and developed lime strength but did not mitigate
sulfate expansion, highlighting the complexity of concrete
durability behavior. As the lime strength increased, ASR
expansion reduced. However, mortars high in alkali or CaO
were outliers and had greater expansion than would be
expected from their lime strength [34]. The authors
emphasized that sulfate attack and ASR expansion depend on
reactivity, but also on SCM chemical composition and
replacement level in a complex manner. By incorporating
corrections based on SCM Na,O and CaO, lime strength was
able to better predict ASR expansion [34]. Lime strength, like
heat release, is an overall measure of reactivity. Correcting
lime strength for CaO content would make it a measure of
pozzolanic reactivity — similar to calcium hydroxide
consumption. Therefore, screening of materials for ASR
expansion based on (pozzolanic) reactivity is promising.

Not all concrete durability behavior is governed by pozzolanic
reactivity and not all concrete needs to be durable. However,
reactivity testing shows the ability to rapidly screen inert
materials, which will most likely not benefit durability [36].
Laborious and time consuming durability testing is not
needed for these materials. As the number of SCM sources is
large, reactivity testing could be exploited to quickly identify
the most promising sources for further investigation. While
reactivity is clearly important for durability, it is far from the
only factor that controls concrete durability — SCM chemical
composition, SCM replacement level, and other factors are
also important [18,34,36]. Nevertheless, the findings
discussed in this section show that chloride diffusion, calcium
oxychloride damage, and ASR expansion are strongly
controlled and could be predicted by reactivity, although
sulfate attack is not.

4.4 Bulk resistivity index test

Later-age bulk resistivity, similar to calcium hydroxide
consumption, is largely controlled by pozzolanic reaction
induced microstructural densification. Therefore, it correlates
with chloride migration coefficient [18], calcium oxychloride
damage [38,39], and ASR expansion [41,42]. The bulk
resistivity index test involves the measurement of bulk
resistivity at 50 °C. We have studied whether 3-day or 7-day
bulk resistivity measurements at 50 °C are representative of
90-day or 180-day bulk resistivity measurements at 23 °C [43].
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A single relationship between these two measurements was
not found; the relationship was influenced by SCM
composition, reactivity, and especially replacement level.
Therefore, similar to calcium hydroxide consumption and
lime strength, the bulk resistivity index could also be used to
screen for durability after certain corrections are made.

5 Further thoughts on reactivity

The four tests described here are commonly run for 7-10 days
but reactivity has been quantified at earlier durations, ranging
from 0.5 to 3 days [13,29,44]. Reaction kinetics in the
modified R test and the potential for reducing test duration
were explored in [44]. It was emphasized that only utilizing
the reactivity measured at the end of the test may not provide
a complete picture of material behavior, which is one concern
with the discrete bound water measurement. Reaction
kinetics are especially important for slowly reacting materials
such as Class F fly ashes and other highly siliceous SCMs. Fig.
7 shows the relationship between 10-day and 3-day heat
release for 50+ SCMs. The strong linear relationship implies
that the test duration could be reduced to 3-days and most
materials release about 80% of the 10-day heat release at 3-
days. The slowly reacting Class F fly ashes are outliers; their 3-
day heat release is around 70% of their 10-day heat release.
Class F fly ashes react slowly (Fig. 2) when the test duration is
short or temperatures are lower, but their reaction is
sustained, and at later ages, their contributions to concrete
strength and durability surpass those of most SCMs
[3,11,18,21,34]. Kinetic considerations are important in
reactivity tests, and have been somewhat ignored. While test
duration can be shortened, this may lead to an incorrect
classification of slowly reacting materials.

Regardless of kinetic considerations, all tests are able to
successfully screen inert and reactive materials. Heat
release/bound water and lime strength, as measures of
overall reactivity, show correlations to strength, as discussed
in Section 4. Heat release and lime strength can predict ASR
expansion when pozzolanic materials are studied but
compositional corrections are needed for high CaO materials
[34,36]. Calcium hydroxide consumption appears to control
calcium oxychloride damage, ASR expansion, and bulk
resistivity evolution [10,19,15,32,38,39]. An argument could
be made that calcium hydroxide consumption is a superior
measure of reactivity, but as Fig. 3 shows, it is rather trivial to
estimate calcium hydroxide consumption from the heat
release in most cases. Heat release and calcium hydroxide
consumption require complex and expensive equipment to
measure, which may limit the ability of several labs to run
such measurements. These labs could potentially measure
bound water, and estimate calcium hydroxide consumption
from the bound water, if needed. Ultimately, the four
reactivity tests provide critical information about SCMs, and it
is envisioned that their adoption in specifications will increase
SCM usage and decrease cement CO, emissions. Their
adoption will also prevent the misuse of inert materials, which
may be classified as reactive in specifications such as ASTM
C618 based on their strength activity index [15]. Therefore,
standardizing these tests and using them in specifications to
replace flawed tests such as the strength activity test [15] is a

worthwhile endeavor. Developing an online material
reactivity database that provides physicochemical
characterization and reactivity of different materials could
assist in ultimately increasing utilization of novel SCMs.
Reactivity test outputs could be used as inputs in modeling;
doing so through carefully validated models can allow for the
prediction of concrete strength and durability properties with
minimal experimental effort [45-47]. Physical, chemical,
mechanical, and thermal processing/modification of SCMs is
becoming increasingly common and reactivity tests can
provide mechanistic insights into how such processing affects
SCM behavior [33,48-50].
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Figure 7. Relationship between 10-day and 3-day heat release in the
modified R® test (adapted from [44]).

6 Conclusions

Four recently developed reactivity tests — the R® test (ASTM
C1897), the modified R3 test, the lime strength test, and the
bulk resistivity index test are discussed. All tests screen inert
and reactive materials and are promising for standards and
specifications replacing currently existing methods. The
reactivity test outputs, heat release, bound water, calcium
hydroxide consumption, strength, and bulk resistivity are
strongly correlated, however, heat release, bound water, and
strength measure overall reactivity. In order to estimate
pozzolanic reactivity or to differentiate pozzolanic and latent
hydraulic materials, calcium hydroxide consumption and heat
release (or a compositional correction), are needed. SCM bulk
chemistry, amorphous content, and fineness have complex
influences on SCM reactivity, but studies on synthetic SCM
systems show that reactivity is overwhelmingly controlled by
structural disorder/depolymerization/destabilization. Heat
release, bound water, and lime strength can be used to
estimate concrete strength, but durability assessments are
more complex. Calcium hydroxide consumption is able to
predict some durability behavior, but not others, and
corrections for oxide composition and crystalline phases
might be required to improve the obtained correlations.
Rapid reactivity information which could be used to screen for
durability may be obtained in as little as 0.5 days, however,
caution must be exercised for slowly reacting SCMs.
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