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Abstract:

Partial replacement of ordinary portland cement (OPC) with supplementary cementitious materials
(SCMs) is a ubiquitous and effective approach to design concrete mixtures with lower embodied
carbon and improved durability compared to plain OPC concrete mixtures. However, the global
supply of common industrial SCMs, like fly ash (a byproduct of coal combustion) and blast-
furnace slag (a byproduct of steelmaking), is dwindling due to global decarbonization efforts and
sustained demand from the concrete industry. The newly standardized ASTM C1897 rapid,
relevant, and reliable (R3) test is an effective screening method to measure the chemical reactivity
of potential SCMs. However, the sample quantity requirements impede the rapid-throughput
screening of new SCM sources that may currently be available only in small quantities. The
objective of the current study was to design and validate a small-scale modified R3 test to enable
standardized characterization and rapid-throughput screening of novel SCMs. The results
substantiate that the ASTM C1897 R3 bound water method can be performed with sufficient
accuracy at a much smaller scale (i.e., 0.01 g of SCM per test) using the thermogravimetric method

developed and validated herein.
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1. INTRODUCTION

Concrete, which is comprised primarily of ordinary portland cement (OPC), mineral aggregates,
and water, is the most utilized anthropogenic material on Earth. More than 4 billion tonnes of OPC,
the key binding material in concrete, are produced annually', accounting for approximately 7% of
global carbon dioxide (CO,) emissions?. Clinker substitution, a strategy in which OPC clinker is
partially replaced by supplementary cementitious materials (SCMs), is the most promising strategy
to reduce CO, emissions from OPC production in the near term®*. SCMs are chemically
compatible with OPC and contribute to the hardened-state properties of concrete through hydraulic
and/or pozzolanic activity. Partial replacement of OPC with SCMs of industrial origin (e.g., fly
ash, ground granulated blast furnace slag, silica fume) and natural origin (e.g., calcined clays,
zeolites, pumice, limestone) is practiced widely around the world.

The use of SCMs reduces environmental impacts of concrete due to the reduction of clinker
content while improving the durability of concrete due to densification of the paste
microstructure’. However, maintaining consistent supplies of many industrial SCMs has recently
become challenging®. Fly ash, a byproduct from coal combustion, has been the most used SCM in
recent decades. While fly ash was once considered an abundant waste material’, the global supply
is now dwindling due to global decarbonization efforts (i.e., switching away from coal power) as
well as sustained demand from the concrete industry. For example, coal consumption in the United
States declined by almost half over the twelve-year period from 2007 to 2019, falling from
1,045,140 million to 539,420 million US tons®. Ground granulated blast furnace slag (hereafter
referred to as “slag”) is a byproduct of the smelting of pig iron that exhibits latent hydraulic activity
as an SCM in concrete. Like fly ash, the supply of slag is also threatened as very high quantities
of suitable blast furnace slag are already in use in concrete?.

Considering this marked decline in supplies of today’s most widely utilized SCMs, there
is a need for more rapid and versatile standardized protocols for testing the chemical reactivity of
potential new sources of SCMs. An ideal reactivity test to screen and qualify SCMs for use in
concrete should be quick, accurate, and reproducible while requiring a small sample quantity so
that novel sources of potential SCMs can be screened more efficiently. Today, traditional
standardized test methods fall short of one or more of these criteria °.

The strength activity index (SAI) test (ASTM C311)'°, in which OPC is partially replaced

by a potential SCM in standard mortars and evaluated by a measure of 28-day compressive
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strength, is one of the most utilized conventional methods. Significant drawbacks associated with
the SAI method include a relatively long testing time (28 days), prevalence of false positive results
(i.e., inert materials passing as reactive)' 2, high variability due, in part, to the variability of OPC,
and high material quantity requirements (>100 g of SCM). The Frattini pozzolanicity test (EN 196-
5) can be performed more quickly (8-15 days) and with less material (~4 g of SCM per test)>.
However, issues regarding accuracy and reproducibility have been noted in the literature that are
due, in large part, to the sensitivity of the experimental set-up’. Similarly, the Chapelle test'*!*> and
the modified Chapelle test (NF P18-513) can be performed in 1 day and only require ~1 g of SCM
per test, but these methods have shown poor correlation to 28 day relative compressive strength
(R? < 0.50) as well as poor interlaboratory reproducibility due to the complexity of the
experiments’.

Recently, a rapid, relevant, and reliable (R3) test has been developed to determine the
chemical reactivity of potential SCMs in a simplified system'®. This work and subsequent related
work”!” were used to develop a new standard, namely ASTM C1897-20: Standard Test Methods
for Measuring the Reactivity of Supplementary Cementitious Materials by Isothermal Calorimetry
and Bound Water Measurements. ASTM C1897 includes two alternative test methods (Method A
and Method B) to assess the chemical reactivity of an SCM in a hydrated paste composed of the
SCM, calcium hydroxide, calcium carbonate, potassium sulfate, and potassium hydroxide cured
at 40 °C for 7 days. Method A measures heat evolution using isothermal calorimetry while Method
B measures chemically bound water using a furnace. No requirement or preference to use Method
A or Method B for a given application exists, as both cumulative heat evolution and bound water
content have shown good correlation to 28 day relative compressive strength (R? > 0.85) and
excellent interlaboratory reproducibility®.

A modified R3 test, also sometimes referred to as the pozzolanic reactivity test (PRT), has
also been developed by making some key modifications to the R3 system!®!°. Most notably,
potassium sulfate and calcium carbonate are omitted from the system. Research has shown that
the addition of sulfates in the R3 test can lead to preferential reaction with aluminous phases to
form monosulfo-aluminates and ettringite!®. Another key difference is that the modified R3 test is
carried out for a duration of 10 days at a temperature of 50°C. Particularly for slowly reacting
materials, the acceleration provided by the longer duration and higher temperature in the modified

R3 test might be more reflective of later-age properties. The modified R3 test also directly
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measures calcium hydroxide (CH) consumption which can enable greater distinction between
latent hydraulic and pozzolanic reactivity and prediction of calcium oxychloride damage!'®,

The objective of this methodological study was to adapt the R3 test as described in ASTM
C1897 to use an even smaller sample size (on the order of milligrams) using thermogravimetric
analysis (TGA). The original R3 test was chosen for adaptation because, to the authors knowledge,
it is the only test that has been optimized and validated via interlaboratory ruggedness and round
robin testing!8. ASTM C1897 specifies that both Methods A and B are to be performed using a
sample size of 15 g freshly mixed paste (~2 g of SCM per test). This sample quantity requirement
is generally acceptable for screening materials from existing supply chains (e.g., waste materials,
industrial byproducts) or geological deposits (e.g., clays, natural pozzolans). However, the sample
quantity requirements impede the rapid-throughput screening of novel SCM sources that might
currently only be available in small quantities, particularly manufactured, biomanufactured, and/or
synthetic materials that do not yet have a consistent supply chain. A small-scale R3 method could
also enable efficient, rapid-throughput assessment of different physical and chemical treatments
methods designed to improve the reactivity of alternative SCMs. Combined with machine learning
and artificial intelligence, the data could lead to the discovery of new physical and chemical
treatment methods that improve alternative SCM reactivity.

First, both ASTM C1897 Methods A and B were performed on full-scale (i.e., 15 g) paste
specimens containing five different mineral powders spanning a wide range of SCM types. Next,
paste samples were prepared across different orders of magnitude by mass including full-scale (15
g), mid-scale (0.15 g), and small-scale (0.015 g) for bound water testing using TGA. It was
determined that bound water content was statistically similar regardless of scale or measurement

technique, which validated the small-scale modified R3 test proposed herein.

2. MATERIALS AND METHODS

2.1. Materials

Deionized water (DI-H>O) was used for all experiments. Potassium sulfate (K2SO4) and potassium
hydroxide (KOH) were obtained from Fisher Scientific (Hampton, NH, USA). A potassium
solution was prepared by dissolving 4 g/L (71 mM) KOH and 20 g/L (115 mM) K>SO4 in DI-H>O.
The potassium solution was allowed to equilibrate at ambient temperature for at least 1 hour prior

to experimentation. Reagent-grade calcium hydroxide, or portlandite, was obtained from Sigma-
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Aldrich (St. Louis, MO, USA). Reagent-grade calcium carbonate, or limestone, was obtained from
Research Products International (Mt Prospect, IL, USA).

Five mineral powders representing a wide variety of SCM types and reaction mechanisms
were obtained for chemical reactivity measurements, as shown in Table 1. Common pozzolanic
SCM types including calcined clays, natural pozzolans, and industrial pozzolans were represented
by metakaolin (MK), diatomaceous earth (DE), and fly ash (FA), respectively. Latent hydraulic
materials were represented by ground granulated blast furnace slag (SL). Finely ground quartz (Q)

was also included as an inert material to serve as a negative control for chemical reactivity®2%2!,

Table 1: Summary of mineral powders tested as SCMs used in this study.

Abbreviation | Material Mechanism | Source

MK Metakaolin Pozzolanic BASF Sandersville, GA, USA

SL Granulated blast furnace | Latent US Concrete San Jose, CA, USA
slag (Grade 120) hydraulic

DE Diatomaceous earth Pozzolanic PF Harris Cartersville, GA, USA

FA Fly ash (Type F) Pozzolanic US Concrete San Jose, CA, USA

Q Quartz Inert Sigma-Aldrich | St. Louis, MO, USA

2.2. Scanning Electron Microscopy/ Energy-dispersive X-ray Spectroscopy (SEM/ EDS)

The microstructure and elemental composition of each unreacted SCM were investigated using a
Hitachi SU3500 SEM (Santa Clara, CA, USA) equipped with an Ultim Max EDS detector (Oxford
Instruments, UK). A thin layer of powdered sample was mounted on carbon tape and sputter coated
with 8-10 nm of platinum. SEM was conducted at a magnification of 1,500x using an accelerating
voltage of 10 kV and a working distance of 8-10 mm. Average EDS spectra (i.e., over the entire
scan frame) were collected at five randomly selected sites for each sample; the five EDS spectra
for each sample were processed in AZtec software and averaged to minimize potential variability

due to material heterogeneity.

2.3. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)
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A commercial laboratory (Hazen Research, Inc., Golden, CO, USA) was employed to perform
quantitative chemical characterization of the unreacted SCMs. ICP-OES was performed using a
Perkin Elmer Optima 7300 DV. Prior to analysis, ~0.2 g of each sample were added to a 95%/5%
Pt/Au crucible and mixed thoroughly with 2 g fluxing agent (1:1 lithium metaborate/ lithium
tetraborate) and 5-10 drops of 25% lithium bromide. Acid digestion was performed using ~90 mL
of DI-H>0, 10 mL of concentrated hydrochloric acid (HCI), and 1 mL of concentrated hydrofluoric

acid (HF) in a Teflon beaker, followed by fusion using a Claisse fusion instrument.

2.4. X-Ray Diffraction (XRD)

A Bruker D8 Advance X-ray Diffractometer (Billerica, MA, USA) with Cu Ko radiation
(wavelength 1.5406 A) was used to collect qualitative XRD data for each unreacted SCM powder
and selected reacted paste mixtures. Approximately 20 mg of each sample was mixed with
isopropyl alcohol and poured onto a silica zero background plate. The isopropyl alcohol was then
allowed to evaporate prior to testing. Data was collected from 5-65° 20 with a step size of 0.02°
and a dwell time of 2 sec per step. The current was 40 mA and the voltage was 40 kV. Crystalline
phases were identified using Bruker DIFFRAC.EVA software and the International Center for
Diffraction Data (ICDD) PDF-4 AXIOM 2019 database.

2.5. Preparation of Paste Samples

Mixtures were proportioned according to ASTM C1897%. The SCM-to-portlandite, SCM-to-
limestone, and potassium solution-to-solids ratios (by mass) were held constant at 1:3, 2:1, and
6:5, respectively, in accordance with ASTM C1897. For each of the five SCMs in the current
study, paste samples were prepared across different orders of magnitude by mass as displayed in
Table 2. While the mixture proportions stipulated by ASTM C1897 were kept constant for each
mix, additional DI-H,O was added to the 10-? and 10~ mixes to ensure homogeneity and reduce
the risk of carbonation due to the smaller sample size. At the largest scale (full-scale), pastes were
prepared by combining all the ingredients in a glass beaker and mixing by hand with a metal
spatula for 2 min. The other mixes (mid-scale and small-scale) were prepared in microcentrifuge

tubes and mixed by pulse vortex for 2 min.
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Table 2: Mix designs at multiple scales.

Scale SCM | Portlandite | Limestone | Potassium DI-H:O
(mg) | (mg) (mg) Solution (mg) | (mg)

Full (10°) 10,000 | 30,000 5,000 54,000 -

Mid (10) | 100 300 50 540 540

Small (107) | 10 30 5 54 54

2.6. Isothermal Calorimetry (ASTM C1897 Method A)

A TAM Air 8-channel isothermal calorimeter (TA Instruments, New Castle, DE, USA) was used
to measure the cumulative heat release of the full-scale paste samples according to ASTM C1897
Method A%, The bath temperature was set to 40 °C, and the calorimeter was allowed to equilibrate
at 40 °C for at least 24 hours prior to testing. 15 g aliquots of freshly mixed paste were transferred
to glass ampoules. The ampoules were hermetically sealed and then loaded into the calorimeter as
quickly as possible, which was typically within 2 minutes of the end of mixing. The signal was
allowed to stabilize for 75 minutes, and then heat flow data were collected for at least 7 days.
Cumulative heat release normalized by mass of SCM was calculated at 3 days and 7 days. Each

sample was tested in duplicate.

2.7. Bound Water Content (ASTM C1897 Method B)

Chemically bound water content was determined for the full-scale paste samples according to
ASTM C1897 Method B?? using a furnace. First, 15 g aliquots of freshly mixed paste were
transferred to plastic containers, sealed, and then cured in an oven at 40 °C for 7 days. Following
curing, the pastes were removed from their containers and crushed to a particle size finer than
2 mm. Each crushed paste specimen was then spread evenly in a thin layer (< 10 mm) in a glass
petri dish and returned to the oven to dry at 40 °C for 24 hours. Approximately 5 g of each dried
crushed paste specimen were transferred to a ceramic crucible and the mass was recorded. The
crucibles were then transferred to a furnace at 350 °C for 2 hours at which time they were removed
and allowed to cool for approximately 1 hour. The final mass was recorded. Bound water content
was determined by calculating the difference between the mass of the sample before and after

heating at 350 °C. Each sample was tested in triplicate.
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2.8. Thermogravimetric Analysis (TGA)

TGA was performed on all reacted paste samples (full-scale, mid-scale, and small-scale) using a
TA Discovery 5500 (TA Instruments, New Castle, DE, USA) in an inert nitrogen atmosphere.
Approximately 10 mg of reacted paste were placed in a platinum pan and allowed to equilibrate at
40 °C. Then, the temperature was ramped up to 350 °C at a rate of 10 °C/min. Bound water content
was determined by calculating the difference between the initial mass of the sample at 40 °C and

the final mass after heating to 350 °C. Each sample was tested in triplicate.

2.9. Statistical Analysis

Mann-Whitney U tests?* were performed to examine (1) the influence of measurement technique
(furnace vs. TGA) on bound water content for full-scale mixes, and (2) the influence of sample
scale by mass (i.e., full-, mid-, small-scale) on bound water content as determined by TGA. The
Mann-Whitney U Test was chosen because it is nonparametric and, therefore, does not require any

assumptions about the distribution of the data.

3. RESULTS AND DISCUSSION

3.1. Characterization of Unreacted SCMs

3.1.1. Particle Size and Morphology (SEM)

Representative micrographs for each unreacted SCM powder obtained via SEM are displayed in
Figure 1. It is known that characteristics such as particle fineness and surface area can influence
both the rate and final degree of reactivity of an SCM in concrete?*. Therefore, one of the most
important physical properties of potential SCMs is the particle size**2’. From Figure 1, the
powders generally appeared to range from 1-30 um which is considered within the appropriate

range for chemical reactivity?.
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Figure 1: SEM images of unreacted SCMs. MK = metakaolin; SL = slag; DE = diatomaceous
earth; FA = fly ash; Q = quartz. Scale bar = 10 um.

Another pertinent physical property of an SCM is particle morphology, which can also be
observed via SEM (Figure 1). In the currently study, MK exhibited an irregular, somewhat angular
morphology. Similar characteristics have been observed in several other studies utilizing
metakaolin as a cementitious material?®?°, SL was also angular, which is attributable to the fact
that ground granulated blast furnace slag requires additional crushing and grinding to a finer
particle size prior to valorization as a cementitious material*®. FA, which is known to rapidly
solidify while suspended in exhaust gases, was spherical as previously reported in the literature?!.
DE particles were predominantly rod-shaped with nanostructured surface details, which has also
been observed previously*?34. Finally, Q powder exhibited angular morphology which was

expected, since the inert quartz control in this study was finely ground.
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3.1.2. Chemical Composition (EDS & ICP-OES)

The elemental composition of each SCM was determined via EDS and substantiated using ICP-
OES. The data were converted to oxide notation. The oxide compositions of each SCM are shown
in Table 3. The data obtained via EDS and ICP-OES are in relatively good agreement, particularly
for Si0,, Al,O3, and CaO. These are the most abundant oxides and the most relevant oxides for
screening cementitious materials. Notably, some variation exists because sulfur was not reported
by the ICP-OES analysis, and several trace elements detected in very minor quantities by ICP-
OES (e.g., manganese, phosphorous) were not detected by EDS analysis. The percentage
differences between the oxide compositions estimated by ICP-OES and EDS were also calculated
for each SCM and provided in Table 3.

ASTM C618% can be used to classify all the materials except for SL by chemical
composition. According to this standard, MK, DE, and Q each meet the chemical requirements for
classification as a Class N natural pozzolan. These requirements are that the sum of SiO>, A,O3,
and Fe;O3; must be greater than or equal to 70 wt%, and the maximum SOs3 content is 4 wt%. By
ICP-OES analysis, the sums of SiO2, Al>O3, and Fe,Os for MK, DE, and Q are 96.91, 96.95, and
98.24 wt%, respectively. The same values for MK, DE, and Q measured by EDS are 97.54, 98.38,
and 99.53 wt%, respectively. Sulfur was not detected in MK, DE, or Q; therefore, their
corresponding SO3 concentration were assumed to be zero. FA met the chemical requirements for
a Class F fly ash according to ASTM C618 (the sum of SiO;, Al,O3, and Fe;O3; must be greater
than or equal to 50 wt%, and the maximum CaO and SO3 concentrations are 18 and 5 wt%,

respectively).
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Table 3: Oxide compositions for the SCMs calculated from elemental compositions determined
via ICP-OES (n=1) and EDS (n=5), and the % difference between the methods.

SCM/ Oxide Composition (wt%)
Method SiO: | ALOs | CaO | Fe203 | MgO | K2O | Na;O | SOs | TiOz | CuO | MnO | P20s
ICP 5145 | 4507 | 0.07| 039 | 0.05| 028 | 0.76 -| 1.56 -| 0.00 | 0.36
MK EDS 52.78 | 44.76 - - - - 0.18 -| 228 - - -
Difference 3% 1% | N/A| NA| NA| NA|125% | NA | 37% | N/A| N/A| NA
- ICP 3225 | 1334 | 4427 | 087 | 645| 062 | 0.70 -| 0.50 -1 0.14] 0.86
EDS 26.01 | 10.87 | 52.02 | 0.79 | 4.66| 0.38 - | 4.65| 0.63 - - -
Difference 21% | 20% | 16% 9% | 32% | 49% | N/A|N/A| 23% | NA| NA | NA
ICP 91.62 | 435| 0.66| 098 | 0.58| 031 | 0.62 -| 0.26 -1 0.01] 0.62
bE EDS 9127 | 564 | 0.70 1.47 | 0.59 - - -1 0.26 | 0.07 - -
Difference 0% | 26% 6% | 40% 2% | N/A| NA|NA| 0% | NA| NA| NA
ICP 56.05 | 2620 | 527 | 387| 099 | 194 | 3.53 - 0.99 -1 0.03] 1.14
FA | EDS 5339 | 26.05| 6.58| 7.09| 092 128 1.62|1.28 | 1.78 - - -
Difference 5% 1% | 22% | 59% 6% | 41% | 74% | N/A | 57% | N/A| N/A| N/A
ICP 9729 | 091| 0.08| 0.04| 0.03| 074 | 0.39 -| 0.04 -1 0.00| 048
Q EDS 9535 | 4.18 - - -1 047 - - - - - -
Difference 2% | 129% | N/A| N/A| NA| 45% | NA|NA| NA| NA| NA| NA

The position of each SCM on a ternary SiO2-Al,03-CaO diagram is shown in Figure 2. As
expected, reagent-grade Q was comprised of almost entirely SiO> with trace amounts of AlOs.
DE was comprised of mainly SiO, with trace amounts of Al,O3;, CaO, Fe;03;, MgO, TiO,, and
others. DE contained ~91 wt% SiO». The silica concentration of diatomaceous earth used in the
construction materials literature typically ranges from approximately 75 — 95 wt% SiO, 3638, MK
contained just over 50 wt% SiOz with Al2Os as the majority of the remaining fraction, with trace
amounts of TiO,. Similar oxide compositions have been reported in the literature for pure
metakaolin®®-3°-4!,

Because they are industrial waste products, the composition of fly ash and slag varies
widely in the literature. FA and SL were the only SCMs investigated herein to contain >1 wt%
CaO. The CaO content of the FA was <10 wt%, which was expected since it was classified as
Class F. Accordingly, FA was expected to exhibit primarily pozzolanic reactivity as opposed to
hydraulic reactivity. On the other hand, SL contained ~50 wt% CaO which suggested that it would

exhibit primarily latent hydraulic reactivity.
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Figure 2: Ternary diagram for the primary oxide composition of unreacted SCMs.

3.1.3. Mineralogy (XRD)

Qualitative XRD was performed to investigate the mineralogy of each unreacted SCM powder,
and these data are shown in Figure 3. As expected, Q (Figure 3e) was highly crystalline while the
MK, SL, DE, and FA (Figures 3a-d) were mostly amorphous and partially crystalline. For
predominantly siliceous and aluminosiliceous (i.e., non-hydraulic, low calcium) materials such as
MK, DE, FA, and Q, amorphous content is known to correlate well with pozzolanic reactivity*>*3.
Therefore, these data, taken together with oxide analysis data from Table 3, suggested that MK,
DE, and FA would likely exhibit some degree of pozzolanic reactivity while Q would likely exhibit

little to no reactivity.
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Figure 3: XRD diffractograms of unreacted a) MK = metakaolin, b) SL = slag, ¢c) DE =
diatomaceous earth, d) FA = fly ash, and e¢) Q = quartz.

As displayed in Figure 3a, MK exhibited slight peaks that matched with anatase (TiOz).

This result was expected since >1 wt.% TiO, was detected in the MK powder in the previous

section (see Table 3), and previous studies have shown the presence of trace amounts of anatase

in metakaolin via XRD analysis****+46. Metakaolin is formed by thermal dehydroxylation of

kaolinite at temperatures typically between 600 and 800 °C depending upon the properties of the

raw clay *7. Notably, no kaolinite peaks were detected, suggesting that the aluminosilicate phases

in the MK had been successfully converted to amorphous metakaolinite by thermal activation. SL

was partially amorphous with slight peaks matching belite, calcite, and anhydrite. The mineralogy

of blast furnace slags in the literature ranges from completely amorphous depolymerized calcium

silicate glasses*®~>° to partially crystalline, often containing crystalline calcium silicates’!, calcite,

quartz, and anhydrite or gypsum?®.
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DE exhibited an almost entirely amorphous structure, with very slight peaks matching
those of calcite and quartz (Figure 3c¢). Similar results were obtained for diatomaceous earth
samples by Li et al.’® and Hassan ef al.*®. FA was the most mineralogically complex of the
materials surveyed herein, which was anticipated, given that fly ash exhibits the greatest chemical
and physical variability of conventional SCMs**. Peaks corresponding mainly to mullite, calcite,
and quartz were detected in FA (Figure 3d). Several studies containing XRD analyses of siliceous

Class F fly ashes reported the presence of similar mineral phases, particularly mullite>> 6!,

3.2. Characterization of Reacted ASTM C1897 Mixtures
3.2.1. Cumulative Heat Release (ASTM C1897 - Method A)
Heat evolution was determined according to ASTM C1897 Method A for the full-scale mixtures.
Results for cumulative heat release are shown in Figure 4. Very low 7-day cumulative heat (23
J/g SCM) was detected for samples containing Q powder, which confirmed that it was inert, as
expected. Several studies in the literature have included a similar inert quartz control and have
reported 7-day cumulative heat values ranging from 21-25 J/g SCM?®2*2! which is in agreement
with the current study. As expected, the remaining SCM powders each exhibited some degree of
reactivity, as indicated by heat release within 24 hours.

The highest rate of heat evolution (i.e., heat flow) as well as the highest 7-day cumulative
heat release was detected for MK (910 J/g SCM) followed by SL (682 J/g SCM), DE (592 J/g
SCM), and FA (218 J/g SCM). Reports in the literature for 7-day cumulative heat release of ASTM
C1897 samples containing calcined clay range from approximately 500 — 980 J/g SCM, depending
upon the chemical purity and other properties of the calcined clay®?!. It was anticipated that the
MK in the current study would exhibit reactivity on the higher end of similar calcined clays
reported in the literature since the concentrations of SiO> and Al,O3 were considerably high (see

Table 3) as was the amorphous content (see Figure 3a), indicating high purity.
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Figure 4: Representative results for pastes containing each SCM from isothermal
calorimetry at 40 °C for 7 days. The rate of heat evolution and cumulative heat release are shown
by solid and dashed lines, respectively.

The latent hydraulic SL exhibited the second highest 7-day cumulative heat release (682
J/g SCM) of the materials surveyed. Kancir ef al.®? reported that a blast furnace slag released 451
J/g SCM over 3 days, which was similar to the 3-day cumulative heat release of SL in the current
study (551 J/g SCM). The natural pozzolan DE released 379 J/g SCM and 592 J/g SCM over the
time periods of 3 days and 7 days, respectively. Although reasonably similar 7-day heat release
measurements were obtained for SL and DE (i.e., <100 J/g SCM difference, in the moderately-to-
highly reactive range), the rate of reaction was substantially greater for SL than for DE. This trend
is represented by the magnitude of the heat flow (solid lines) and the slope of the heat flow (dashed
lines) shown in Figure 4.

FA exhibited a substantially lower rate of heat evolution and total evolved heat than MK,

SL, and DE. However, it was indeed reactive, releasing 218 J/g SCM over 7 days as compared to
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23 J/g SCM for the inert control Q. This is in agreement with Snellings et al.?’, where a Class F
siliceous fly ash released 225 J/g SCM over 7 days, and reactivity was subsequently increased (up
to 375 J/g SCM) by milling and classification treatments. The same study reported a 3-day
cumulative heat release of approximately 110 J/g SCM for the plain Class F fly ash, yielding a 3-
day to 7-day cumulative heat release ratio of 0.49?7. The 3-day cumulative heat release and the 3-
day to 7-day cumulative heat release ratio for FA in the current study were 126 J/g SCM and 0.58,

respectively.

3.2.2. Bound Water Measurements (ASTM C1897 - Method B)

Chemically bound water was determined according to ASTM C1897 Method B for the full-scale
mixtures using a furnace. The data for bound water measurements are displayed in Figure 5. Very
good correlation (R?= 0.9662) was obtained between the bound water content and cumulative heat
release, which is also shown in Figure 5. The samples containing inert Q contained 1.04 =0.09 g
of bound water per 100 g dried paste. Other studies that have included inert quartz control samples
have reported bound water contents ranging from 0.3 —2.15 g/100 g dried paste®2%21-3663 Samples
containing the highly reactive MK powder contained 16.71 £ 0.17 g of bound water per 100 g
dried paste. ASTM C1897 bound water content for calcined clays has been previously reported in
the literature to range from 7.5 — 14.0 g/100 g dried paste®?!-%,
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Figure 5: Chemically bound water (Method B) vs. cumulative heat release (Method A)
for full-scale ASTM C1897 samples. Bound water content was measured by calculating the mass
loss between 40°C and 350°C. Horizontal error bars represent the range for duplicate samples;
vertical error bars represent the standard deviation for triplicate samples. In most instances, the
error bars are small and, thus, obfuscated by the data point marker.

Samples containing SL and DE contained 8.71 £ 0.57 and 7.43 + 0.46 g of bound water
per 100 g dried paste, respectively. ASTM C1897 bound water data for blast furnace slags in the
literature ranges from 4.9 — 8.5 g/ g dried paste?*2!?7; no previously published bound water data
was found for diatomaceous earth. FA contained 4.27 + 0.29 g of bound water per 100 g dried
paste in the current study. Fly ashes in the literature have exhibited bound water contents ranging
from 1.9 — 7.5 g/ g dried paste, and generally calcareous type C fly ashes had higher bound water

contents than siliceous type F fly ashes®2%-21:64,

3.2.3. Thermogravimetric Analysis



Manuscript submitted to:
Cement

Results for bound water content determined via TGA for full-scale, mid-scale, and small-
scale mixtures containing each SCM are displayed in Figure 6, alongside the bound water content
measured on full-scale samples using the furnace method in the previous section. Bound water
content measurements for the full-scale samples were extremely consistent (R? = 0.99) regardless
of measurement technique (i.e., furnace, TGA). This result is supported by Wang et al.%> in which
high correlation (R? = 0.96) was observed between full-scale R3 bound water measurements
obtained using a furnace and TGA. It is also evident from Figure 6 in the current study that bound
water was consistent regardless of scale. In fact, the bound water contents determined for each
SCM determined via TGA at each mass scale (i.e., full, mid, small) were ranked in the same order

as for the full-scale furnace bound water content where MK > SL > DE > FA > Q.

20 1

@ Full-scale (furnace)
& Full-scale (TGA)

& Mid-scale (TGA)

@ Small-scale (TGA)

18 1

165

14 ]

12 1

Bound Water (g/ 100g paste)
o

S
R

DR

MK SL DE FA Q

Figure 6: Bound water content at all scales. Bound water content was measured by
calculating the mass loss between 40°C and 350°C. Error bars represent the standard deviation
for triplicate samples.
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3.2.4. Statistical Analysis (Mann-Whitney U Tests)

A summary of statistical two-tailed Mann-Whitney U Tests, shown in Table 4, were performed to
confirm that the data were statistically similar across all scales and measurement techniques.
Scenario 1 demonstrated that, for the full-scale ASTM C1897 samples, bound water content
measured via TGA was statistically similar (i.e., U>Udcritical) to bound water content measured using
a furnace. Scenarios 2 and 3 compared the full-scale furnace data to mid-scale and small-scale
TGA data, respectively, and the outcome of both scenarios was statistical similarity. Finally,

scenario 4 showed that the full-scale and small-scale TGA data were statistically similar.

Table 4: Summary of two-tailed Mann-Whitney U tests performed on bound water data.
For each scenario: o = 0.05, n; = n2 = 15, and Ucritical = 64.

Group 1 Group 2 Are Groups 1 and 2 statistically
Scenario | Scale | Method | Scale | Method | U different (i.e., Ucritica>U)?
1 Full Furnace | Full TGA 107 No

Full Furnace | 102 TGA 106 No

Full Furnace | 1073 TGA 111 No

Bl W N

Full TGA 103 TGA 93 No

3.2.5. Mineralogy (XRD)

Qualitative XRD was performed on each paste mixture at both the full-scale and small-scale to
interrogate the influence of scale on mineralogy. These data are shown in Figure 7. From Figure
7, it is evident that the sample scale did not influence mineralogy of the reacted paste mixtures.
Crystalline portlandite was detected in all samples; this was expected since the SCM-to-portlandite
ratio of 1:3 in the R3 test is designed to provide excess portlandite to ensure a complete pozzolanic
reaction. Additionally, reaction products including calcium silicate hydrate and ettringite were
detected in mixtures containing the reactive MK, SL, DE, and FA. Due to the overlapping nature
of the peaks for calcite (which is added to the R3 pastes as an excess counter anion for the alumina-
bearing phases?>%*) and poorly crystalline CSH at ~29° 26, it was not attempted to interpret the

presence and/or relative intensities of CSH phases.
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Figure 7: XRD diffractograms of full-scale (solid lines) and small-scale (dashed lines) reacted
R3 pastes.

3.3 Significance and Limitations

In this study, it was substantiated that the R3 bound water content test could be performed with
sufficient accuracy at a significantly smaller sample size than has been shown previously in the
literature. Five different SCMs spanning a wide range of reactivities were tested according to both
the ASTM C1897 isothermal calorimetry (method A) and bound water (method B) procedures at
the full-scale (i.e., 15 g). The results were in good agreement with the literature, and good
correlation (R? = 0.9662) was obtained between the two methods. Bound water content was also
evaluated for each of the five SCMs at the full, mid, and small-scale (i.e., 10°, 102, 10~ scale) via
TGA. The bound water contents appeared reasonably consistent for each SCM regardless of the
measurement technique (i.e., furnace vs TGA) or the mass scale (i.e., full, mid, small). Statistical

similarity was confirmed by a series of statistical Mann-Whitney U Tests.
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The results from this methodological study could be interpreted as a modified R3 test that
significantly reduces the sample size requirement from approximately 2 g of SCM per test to as
low as 10 mg per test. This milligram-scale thermogravimetric method enables very high-
throughput reactivity screening of alternative SCMs. Using this method, researchers can now
screen multiple alternative SCM sources and treatments thereof using milligram-scale quantities.
Combined with machine learning and artificial intelligence, optimal physical and chemical
treatment methods to improve alternative SCM reactivity could be elucidated using this method.
Researchers should take caution in applying this approach to quarried and/or waste minerals that
are substantially more heterogeneous than the minerals investigated herein. For more chemically
heterogeneous materials, sampling requirements such as those stipulated in ASTM C311 may need
to be followed to ensure that representative samples of each SCM are obtained and tested.
Additionally, whether it is conducted at the full-scale described in the ASTM C1897 standard or
the small-scale described herein, the R3 test should be considered an initial screening method to
determine chemical reactivity. Further experimental testing including trial batching and durability
testing is required prior to implementation in real world concrete mixtures.

It is anticipated that the small-scale R3 bound water method developed herein will enable
high-throughput screening of more diverse materials that might currently be available only in small
quantities, such as manufactured, biomanufactured, and/or synthetic materials that do not yet have
a consistent supply chain. Such a method could facilitate and accelerate the discovery of new
SCMs that will alleviate the challenges associated with increasing demand and diminishing global

supply of SCMs that are currently used around the world.

4. CONCLUSIONS

In the current study, a small-scale thermogravimetric method to measure the chemical
reactivity of minerals based on the principles of the R3 test was designed and validated. The results
from this methodological study could be interpreted as a modified R3 test that significantly reduces
sample size requirements, which could in turn enable rapid, high-throughput screening of novel

SCMs that are needed to accelerate the decarbonization of the global cement and concrete industry.

1. ASTM C1897 cumulative heat (Method A) and bound water (Method B) were
determined for metakaolin, a slag, diatomaceous earth, a fly ash, and inert quartz

using the standard sample size of 15 g of hydrated paste (i.e., full-scale). Excellent
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correlation (R?= 0.9662) was obtained between the two methods, and the results
were also in good agreement with the literature.

2. Paste samples were prepared across different orders of magnitude by mass (i.e.,
full-scale (10%), mid-scale (102), and small-scale (10-)) for bound water testing
using TGA. By inspection, the results appeared to be consistent regardless of
sample size or measurement technique.

3. A two-tailed Mann-Whitney U test indicated no statistical difference between the
bound water measurements obtained by the full-scale method and the small-scale

thermogravimetric method proposed herein.
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