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Siliceous fly ash is a pozzolanic supplementary cementitious material often used in cement and concrete pro-
duction. The influence of the chemical, mineralogical and physical properties of 75 siliceous fly ashes on their
reactivity was examined in this study. The reactivity was analyzed by relative mortar compressive strength and a
rapid screening test (a version of the R® test). A statistical data analysis was carried out to evaluate the factors
influencing the reactivity of the ash. The screening test was found to be able to predict the reactivity within short
periods of time, while the relative strength is not a good measure for reactivity. It was also found that the TiOy

and chloride content of the fly ash can serve as an indicator for its reactivity.

1. Introduction

The use of pozzolanic and latent hydraulic supplementary cementi-
tious materials (SCMs) as main components in cement has been
increasing within the last decades. In addition, materials such as fly ash,
silica fume and ground granulated blast furnace slag are directly used as
separate raw materials in concrete production. However, the reactivity
and therefore the contribution to strength development during hydra-
tion varies considerably, not just between different materials, but also
within one group of SCMs [1-3]. The accurate determination of the
actual contribution of a SCM is essential to predict the strength devel-
opment of concrete.

Internationally, a variety of test procedures exists to determine the
reactivity of SCMs indirectly, e.g. by testing the compressive strength of
a mortar containing a mixture of cement and SCM. Requirements and
testing procedures for fly ashes are documented in the American stan-
dards ASTM C618 / ASTM C311 and the European standards EN 450-1 /
EN 196-1. Unfortunately, the results of these tests depend on the
properties of the specific reference cement; a phenomenon already
stated by Sybertz [4].

Therefore, a testing procedure is needed, that can predict the reac-
tivity of a SCM in the hydration process independently of the cement
within a short time. The RILEM TC 267-TRM has tested different
methods to determine the reactivity of SCMs [5]. The test methods
considered in the work of the committee were the Chapelle Test [6], the
Frattini Test (EN 196-5), the determination of reactive silica (EN
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196-2), the Indian test method for pozzolanic materials (IS 1727-1967)
and the so-called R® test method (R® for Rapid, Reliable and Relevant)
which is focusing on the heat produced or the water bound during re-
action in an artificial cement like environment [7]. The latter seems to
be the most promising test method and was verified for a wide range of
materials by Londono-Zuluaga et al. [8]. The R® test, which has first
been published by Snellings et al. [3], was developed to obtain data
concerning the reactivity of a SCM independent from its use in a blended
cement. Therefore, a chemical environment like the one present during
hydration is simulated using analytical grade chemicals such as por-
tlandite, sulfates and alkalis. A relatively high water to solid ratio en-
sures that enough reaction medium is present, the elevated temperature
of 40 °C, at which the tests are performed, results in a slight acceleration
of the reactions without changing the reactivity mechanisms
significantly.

As this study started in 2016, the primary test version according to
[3] was performed for all relevant investigations. Meanwhile the test
was optimized [7,9] and published in 2020 as ASTM C1897 — 20 [10].

The reactivity of fly ash glass depends strongly on the alkalinity of
the pore solution of the cement paste. Additionally, the scientific com-
munity discusses several other physical and chemical properties of fly
ashes that may impact the reactivity more or less intensely. Pietersen
et al. already gave an overview on possible factors in 1989: the particle
size distribution, the glass content and the glass chemistry are discussed
as being the most influencing factors [11]. These factors and the reactive
silicon content are subject to more recent studies as well [12-16].
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However, the factors influencing the reactivity are still not under-
stood in detail. Therefore, in this study numerous fly ashes were inves-
tigated with a multitude of methods in order to understand these factors
more in-depth.

2. Materials and methods
2.1. Overview of the tested fly ashes

Representative samples of 75 different hard coal fly ashes from 15
different plants (13 plants from Germany, 1 from Mauritius, 1 from
France) have been collected over the course of seven years between
2015 and 2021 mainly as part of external quality control, but also from
research projects. An overview of the sample numbers from the different
plants is given in Table 1. Detailed information on the individual sam-
ples are given in the electronic supplement.

2.2. Characterization methods

2.2.1. Chemical analysis

For the chemical analysis the fly ash samples were ground to a
maximum grain size of 125 ym and dried at 105 + 5 °C to constant mass.
The loss on ignition was determined according to EN 196-2 on samples
0f 1.00 £ 0.05 g at 950 °C in a muffle furnace. To analyze the carbon and
sulfate contents, a carbon/sulfur analyzer Eltra CS-2000 was used. By
double determination, 0.150 £+ 0.001 g of the fly ash sample were
weighed in an annealed ceramic crucible and covered with 0.7 g iron
granules and 2.0 g tungsten granules. The crucible was sealed and put
into the induction furnace for subsequent combustion at temperatures
above 1800 °C in a pure oxygen stream. The carbon and sulfur contents
are calculated from the peak height and area of the absorption signals of
the infrared cells.

The free calcium oxide content was determined on ground samples
with a grain size below 63 um according to EN 450-1; the chloride
content was measured by potentiometric titration with silver nitrate
solution according to EN 196-2. Further chemical analysis was per-
formed by X-ray fluorescence using a Panalytical Axios X-ray fluores-
cence spectrometer: 0.8 g of annealed samples of the fly ashes mixed
with 8.0 g lithium tetraborate LT100 to produce fused tablets using a
Vulcan fusion machine 4MA by PD Instruments.

2.2.2. Mineralogical analysis

The mineralogical composition was determined using an X-ray
diffractometer Panalytical X’Pert Pro with an X’Celerator detector. Data
were acquired in a range of 5-70 °26 with a step size of 0.0167 °26 and a
total measurement time of 2 h. To determine the amorphous content of
the fly ashes, rutile was used as internal standard at a level of 20 wt.-%.
For this purpose, the rutile powder was ground together with the fly ash
sample by hand in an agate mortar until the powder was homogeneous.
Rietveld refinement was performed to determine the quantitative
composition of the samples using the software Panalytical Highscore
Plus 4.8.

Based on the bulk chemical composition from the XRF analysis, the
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determined using a CILAS 1064 and a Bettersizer 3000 Plus by 3 P In-
struments laser diffractometer. The samples were dried at 105 + 5 °C
until constant weight; measurements were done using ultrasonic
dispersion of the powders in isopropanol.

2.3. Reactivity testing by relative compressive strength

The compressive strength of mortar samples was determined ac-
cording to EN 196-1 after 28 and 90 days for specimen without and with
fly ash. The reference mortar contains water, cement and aggregates in
the weight ratio of 0.5:1:3. The relative strength, also called activity
index (AI), of mortar containing fly ash at a level of 25 wt.-% of the
binder was determined according to EN 450-1. As reference cement a
CEM I 42.5 R provided by one plant was used which meets the re-
quirements according to EN 450, but it has to be addressed, that due to
the large timespan of the sampling, different batches of the reference
cement were used. For each batch reference mortars were tested several
times. The average of reference mortar compressive strength at 28 and
90 days is 50.0 and 56.3 N/mm? respectively with a standard deviation
of 2.5 N/mm? each. The averaged standard deviation of the reference
mortar compressive strength at 28 and 90 days within one batch is 1,5
and 2,0 N/mm? respectively showing that there is no significant change
in compressive strength between the different batches.

2.4. Reactivity testing using the R® test method

Since some of the tests were already started before publication of the
final test procedure [7,10], the composition of the R® system used in
these investigations was adapted from Snellings et al. [3] (see Table 2).

Isothermal calorimetry was used to measure the cumulative heat of
reaction of 30 selected fly ashes in the R® system. An isothermal calo-
rimeter TAM Air by TA Instruments set at 40 °C and equipped with
admix ampoules for internal mixing was used to perform the measure-
ments. According to Table 2, a batch of fly ash, portlandite and gypsum
was premixed for 24 hours in an overhead mixer to achieve a homoge-
neous sample. 3 g of this powdered sample were put in the glass am-
poules and 2.7 g of 0.5 mol/l KOH solution were weighed into the
syringes before loading the samples in the calorimeter. In later in-
vestigations, the corresponding proportion of the solids was weighed
directly into the glass ampoules and premixed with a spatula. After the
equilibration of the system the measurement was started by injecting the
liquid into the powder and mixing internally for two minutes. At least
two replicates were measured for a total measurement time of 9 days for
each fly ash. Corresponding to the ASTM C1897 the heat release during
the first 75 min was neglected. The difference from the actual ASTM
protocol, which uses external mixing, is a slower mixing speed and
smaller sample size used here. A possible heat loss from channels
equipped with the internal mixing device was considered using the TAM

Table 2
Compositions of the R® test mixtures.

component R® test adapted from [3]
chemical composition of the crystalline phases according to the Rietveld fly ash 5g
refinement of the XRD pattern, and the determined amorphous content portlandite 15¢g
of the fly ashes the overall chemical composition of the amorphous sypsum Z?J‘cl:ted to Alz% content of the fly ash (mass ratio of SOs:
203, fly ash =
phase was calculated. solution 0.5 mol/l KOH
mass ratio of solution: 0.9
2.2.3. Determination of the grain size distribution solids
The grain size distribution of 59 out of the 75 fly ashes was
Table 1
Overview of the 75 fly ash samples.
Plant No. 1 2 3 4 5 6 8 9 10 11 12 13 14 15
samples taken 20 4 1 4 11 7 2 1 1 1 1 1 1 1




S. Overmann et al.
Airs “gain factor” calibration.
2.5. Statistical evaluation

Pearson correlation of the resulting data matrix and statistics on
columns has been performed using OriginLab Origin 2019b [17]. The
correlation coefficient R given in scatterplots and graphics refer to
Pearson if not stated otherwise. As the interpretation of correlation co-
efficients is not uniform and depends on the assessed data [18], in this
work, the following wording is used to describe the strength of the
correlation (significance level o of 0.05 (p < 0.05)): R is referred to as
weak for 0.2 < |R| < 0.4, moderate for 0.4 < |R| < 0.6, strong for 0.6 < |
R| < 0.8, and very strong for 0.8 < |R| < 1.0. To account for the
multitude of possible influencing factors and therefore to analyze the
relationship between several independent variables (chemical and
physical characteristics) on one dependent variable (reactivity), multi-
ple regressions were conducted using the Minitab® 18 Statistical Soft-
ware. Factors were added to the regression term using forward selection
with an a value of 0.01 for term acceptance. The model quality was rated
by correlation coefficients, normal distribution of residues and its pre-
dictive quality by 5-fold cross validation method. To display the model
performance the adjusted R? (adj. R?) is used, which considers the model
complexity and corrects R? for the number of independent variables.

3. Results and discussion

A multitude of tests was performed on the 75 fly ashes. The most
important results regarding the scope of this paper — properties and
reactivity — are presented in this chapter. However, a number of data
will not be presented, but are provided in the electronic supplement to
allow for further evaluation of the data. For the fly ash composition, it
has to be noted that sampling numbers differ between the plants (see
Table 1). However, it must be emphasized here that this does not affect
the overall correlations between properties and reactivity that are the
focus of this work.

quantity
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3.1. Chemical and mineralogical properties and their intercorrelations

3.1.1. Chemical composition

Although the fly ashes originate from different plants most of the
chemical parameters show a normal distribution according to the
Kolmogorov-Smirnov test with a significance level of 0.5, however, in
the Shapiro-Wilk test the results are varying. Performing the “two-
sample t-test” with the chemical composition of the fly ashes of the
plants with the highest number of samples (plant 1 & 7), it was found
that most of the parameters do not belong to the same statistical pop-
ulation. As stated above this does not bias the overall correlations be-
tween the properties and reactivity. The distribution of the LOI and the
SiO2+Aly03+Fes03 content of the fly ashes assigned to the different
plants are illustrated in Fig. 1 and Fig. 2 exemplarily.

According to EN 450-1 fly ashes are categorized in three LOI (loss on
ignition) classes. All but one fly ash tested in this study do fulfill the
requirements: 63 fly ashes can be attributed to category A (LOI <
5.0 wt.-%), 8 fly ashes fit into category B (LOI < 7.0 wt.-%) and three fly
ashes fall into category C (LOI < 9.0 wt.-%). One fly ash showed a loss on
ignition of 9.61 wt.-%.

Fig. 3 depicts the correlation of the carbon content of the fly ash with
the LOL. It is evident, that the unburnt carbon from the fly ash is the main
reason for the LOI and therefore the assignment of the ashes to the ac-
cording categories.

The average chemical composition of the 75 fly ashes determined by
X-ray fluorescence is shown in Table 3. Additionally, the minimum and
maximum contents are displayed. The underlying data of the individual
samples can be found in the electronic supplement. Using X-ray fluo-
rescence and diffraction data, the chemical composition of the amor-
phous phase of the fly ashes was calculated and is also shown in Table 3.

Apart from the requirements concerning the LOI, all other chemical
parameters are in accordance with EN 450-1. The sum of the oxides,
which is supposed to be relevant for the pozzolanic reaction (SiO3, AloO3
and Fey03) is 77.9-89.8 wt.-%, 84.3 wt.-% on average. The distribution
of the main oxide contents and the content of the amorphous phase can
be found in the electronic supplement 2.

3.1.2. Mineralogical composition
The amorphous content of the samples is in the range of 56-92 wt.-%

204
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Fig. 1. Distribution of the LOI content of the fly ashes assigned to the different plants.
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Fig. 2. Distribution of the SiO5+Al,03+Fe,03 content of the fly ashes assigned to the different plants.
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Fig. 3. Carbon content in correlation with loss on ignition.

Table 3
Overview over the chemical composition of the fly ashes and their amorphous
proportion.

Oxide  fly ash
minimum and maximum contents

amorphous proportion
minimum and maximum contents in

in wt.-% wt.-%")
SiO, 46.9-61.0 45.2-62.3
Al,O3  20.0-31.7 9.80-26.4
FeO;  3.59-10.4 3.70-11.7
CaO 2.14-6.50 2.57-8.92
MgO 1.16-3.28 1.43-4.08
TiO, 0.83-1.95 0.98-3.31
SO3 0.24-2.12 0.00-1.24
P,0s 0.24-2.41 0.33-4.09
Na,O 0.21-1.84 0.68-4.70
K20 0.82-4.16 1.39-5.66

1) related to fly ash glass.

(average 72.9 wt.-%). As main crystalline phases mullite (average
12.8 wt.-%), quartz (average 10.6 wt.-%), magnetite (average 1.58 wt.-
%), hematite (average 0.86 w.-%), bassanite (average 0.25 wt.-%) and
bloedite (average 0.17 wt.-%) could be identified. Minor phases with a

content of less than 1.0 wt.-% in all fly ashes were periclase (< 0.8 wt.-
%), free lime (< 0.7 wt.-%), gypsum (< 0.4 wt.-%), anhydrite (<
0.8 wt.-%) and sylvine (< 0.2 wt.-%).

Quantifiable amounts of bloedite (NapMg(SO4)2-4 H20) were found
in five samples of plant 7 (bloedite content: 1.3-1.7 wt.-%) that show the
highest contents of SOs throughout all the ashes (SO3 content:
1.5-2.1 wt.-%). The presence of bloedite in these samples seems to be
accompanied by a higher content of bassanite (1.0-1.6 wt.-%). The
elevated LOI of these ashes suggests that they were produced by burning
sulfur rich coal at relatively low temperatures [19,20]. Further research
into the source of these ashes revealed that they were produced by
mixing a regular ash with a second-grade ash from a dump.

3.1.3. Correlations

The CaO in the glass component of the fly ashes was found to
correlate with the content of CaO in the overall fly ash. Around 90% of
the CaO of the fly ashes was found in the amorphous phase. The cor-
relation is depicted in Fig. 4.

Interestingly, the amount of TiO3 in the fly ash affects the precipi-
tation of mullite in the formation process of the fly ash. Fig. 5 depicts the
correlation between the mullite content and the amount of TiO, present

CaO content of amorphous in wt.-%

R =0.96
1 2 3 4 5 6 7
CaO content in wt.-%

Fig. 4. Content of CaO in the amorphous phase of the fly ashes in correlation to
the total CaO content (both related to the weight of fly ash).



S. Overmann et al.

TiO, content in wt.-%

2.0

| ]
1.5

| |
| ]

1.0{ .

R=0.76

0 5 10 15 20 25 30

mullite content in wt.-%

Fig. 5. Correlation between TiO, content and mullite content of the fly ashes.

in the ashes examined in this study. This agrees with the study by
Montoya et al. where a higher content of TiO, leads to an enhanced
formation of mullite. Most likely this happens during the cooling of the
ash at the electrostatic precipitator. Montoya et al. reported, that Ti**
enters the mullite microstructure and forms a Ti**-mullite solid solution
[21]. Baudin et al. showed, that the addition of TiO; enhances the grain
size of mullite during sintering [22], possibly leading to an increased
amount of mullite formed during the process. Lu found that mullite
content is enriched in the coarser fly ash fractions [23].

3.2. Physical properties

It is well established, that the replacement of Portland cement with
fly ash leads to an increase in the total porosity of the hydrated product
but to a decrease of the average pore size [24,25]. Thereby, the physical
properties in terms of grain size distribution and specific surface have a
decisive influence on the reaction kinetic and microstructure develop-
ment. Chindaprasirt et al. showed, that blended cement pastes con-
taining a classified fly ash with a smaller average grain size have a
higher compressive strength than cement pastes containing the original
fly ash [26].

In this study, the grain size of the fly ashes was determined using
laser diffraction. 59 of the 75 fly ashes of this study were examined. The
results are depicted in Fig. 6.

The at least trimodal distribution of the incremental grain size dis-
tribution can be associated with the process of the electrostatic precip-
itation in the power plant. In the direction of flue gas exhaustion several
hoppers collect the fly ash particles into containers [27]. These

incremental in %

0.01 0.1 1 10 100
grain size in ym

Fig. 6. Particle size distribution — overview on 59 fly ashes.
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containers are subsequently emptied into a silo when they are full. This
results in different layers of fineness within a silo and causes the
multimodal grain size distribution. The multimodal grain size distribu-
tion has also been discussed elsewhere [14,28,29].

The average grain size of the fly ashes examined in this study was dsg
= 21.74 ym with 3.20 um standard deviation, 10% of the particles were
smaller than d;¢ = 2.53 um with a standard deviation of 0.66 um, 10%
were bigger than dgp = 78.56 um with 10.80 pm standard deviation.

3.3. Reactivity testing by relative compressive strength

3.3.1. Overview

The relative strength of a mortar containing SCM and OPC in relation
to a mortar prepared using pure Portland cement is often used as a
benchmark to determine the reactivity of SCMs. When looking at a
certain type of SCMs, e.g. fly ashes, the influence of the cement on the
reaction of the SCM becomes more pronounced, resulting in relative
strengths that are very similar. Fig. 7 shows the relative strength of the
fly ashes evaluated in this study after 28 and 90 days of hydration. Most
of the relative compressive strength data are in the range of 0.8-1.0 for
28 days and 0.9-1.2 for 90 d. The average 28-day relative compressive
strength is 0.915 with 4.9% standard deviation from mean. After 90 days
the average is 1.047 with a standard deviation of 5.4%. All results are in
the range of the plants with numerous samples (plant 19 & 20). It be-
comes obvious, that high reactivity cannot be assigned to particular
plants. Fly ashes from the same source vary significantly as is visible for
plant 1, 5, and 7.

3.3.2. Correlations

No robust correlation between the chemical or the mineralogical
composition or the amount of amorphous phase in the fly ash with the
relative strength could be found. Minor influencing tendencies on the 90
days AI (0.25 < |R| < 0.35, p < 0.05) were calculated for MnO, Fe;Os,
AlyO3glass, Fe203glass, SO3glass, periclase, free lime, gypsum, bloedite and
calcite; while the 28 days Al seems slightly more dependent on bulk
composition parameters with 0.25 < |R| < 0.55 for CaO, Fe;03, SiO,.
+Al03-+Fes0s3, Caoglass: FeZOBglass; SiOZglass’ SiOZglass+ A1203glas+
FesO3glass, periclase, and bassanite. Based on the large data base it
cannot be confirmed that the glass content itself has a major influence on
the strength activity index, as can be seen in Fig. 8. It is well known that
fly ash is composed of different glasses [38]. Not only the total amor-
phous share but rather the composition of the glass phase, which con-
tains network building oxides and glass network modifiers that are
determining solubility and therefore fly ash reactivity are affecting
strength development. Thus, also glass composition parameters, e. g.,
expressed by the NBO/T relation (non-bridging oxygen atoms / tetra-
hedral network forming ions [38], further discussed in chapter 3.4) or
the N; (ratio of network modifiers to network formers [34], further
discussed in chapter 3.5.1), were considered in the search for correla-
tions. They showed a similar pattern and correlation factors of only R =
0.14 and R = 0.23, respectively.

Also, for the physical properties only a slight tendency with R =
—0.33 for the parameter “Fineness according to EN 450" could be found
between grain size parameters and the relative strength of the mortars
after 90 days. Exemplarily this is depicted for the median particle size
and the fineness according to EN 450 in Fig. 9. Due to the general
fineness of the fly ash particles they dissolve over time so the impact of
particle size might be visible for short time but attenuates for long time
strength. A higher correlation might be found for a shorter period, e.g., 7
days strength. However, at an early age, the effect as a nucleation sub-
strate for reaction products which accelerates hydration can over-
shadow the reactivity of the fly ash itself.

It was already stated by Snellings et al. [3], that the specific surface
area of SCMs of different origins is not the main determining factor for
reactivity in terms of strength development and the effect of bulk
composition and (glass-)solubility is relevant as discussed above. Since
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Fig. 7. Box plot of the relative compressive strength after 28 and 90 days (square: average, line: median, box: standard deviation, whiskers: min/max).
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Fig. 8. Plot of relative strength after 90 days versus the amorphous content of
the fly ash.

the reactivity obviously depend on several factors a multiple regression
analysis was carried which is described in detail in the electronic sup-
plement 2. However, no sufficient fit could be generated by using bulk-
and glass composition parameters as independent variables. With the
best fit, only 27% of the data were explained by using Al;03 and Fe,Os3,

The manifestation of the factors in the relative compressive strength
in this study might be superimposed by the influence of the cements
used and different production times and conductors. The relatively bad
reproducibility of the Al in comparison to the range of variation of the
relative compressive strength data (e.g. all data for 28 days here are in
the range from 0.8 to 1.0) makes this method not suitable to precisely
assess materials with relatively similar reactivity.

3.4. Reactivity testing using the R> test method

The R® heat calorimetry test has been designed to directly measure
pozzolanic reactivity without the influence of cement within a relatively
short time. It has been shown for a large group of SCMs that the heat of
reaction in the R® system is a good indicator for the reactivity [3,5].
Therefore, it was assumed that the same applies for the reactivity of fly
ashes.

Snellings et al. proposed two distinctive time intervals, 2.8 days and
9 days, as indicator for the relative strength of mortar with SCM at 28
and 90 days [3]. In this study the total heats of reaction at those times
were chosen as parameters. As expected, the data of those intervals
correlate quite well with each other (cf. Fig. 10). It therefore can be
stated, that a test duration of around three days is enough to predict the
heat of reaction at later times reasonably well at least for fly ashes (R =
0.97). However, it has to be considered that other SCMs may show a
different correlation between these two testing times.

Fig. 10 also shows that the heat of reaction is quite different for the
investigated fly ashes. Minimum and maximum differ by a factor of 3.8
after 2.8 days and 4.3 after 9 days. Consequently, the test has a much
higher resolution in reactivity assessment compared to the strength ac-
tivity index. Londono-Zuluaga et al. found a similar trend for the recent
R® test [10] where the heat release for fly ashes after 7 days ranged from
about 160-360 J/g SCM for fly ashes and for calcined clays up to more
than 1000 J/g SCM [8].

Fig. 11 shows the relative compressive strength vs. the heat of re-
action in the R test. The 2.8-day heat release is supposed to correlate
with the 28 days strength and the 9 days heat release with the 90 days
strength. The figure shows a weak trend towards higher relative strength
at higher heat release, but the scatter is very large. Within each indi-
vidual time step, no correlation can be found (Alygg-Heaty gq: R = 0.25;
Algpg-Heatgq: R = 0.04; both not significant on a level of p = 0.05).
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Fig. 9. Relative strength after 90 days in relation to particle size and fineness
(> 0.045 mm according to EN 450) of the fly ash.

cumulative heat at 9 d in J/g
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Fig. 10. Correlation between cumulative heats in the R® system released after
2.8 and 9 d.

Inaccuracies in the method of determining the compressive strength of
standard mortars as discussed in chapter 3.3 could also contribute to the
poor correlations with relative compressive strength. Furthermore, it is
not clear how the sulfate adjustment effects the correlation to strength as
more Al,O3 and consequently more sulfate in the system should lead to
more ettringite formation which is not comparable to reactions occur-
ring in a blended cement system. However, Snellings et al. [3] found that
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relative compressive strength
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Fig. 11. Relative compressive strength plotted against cumulative heat in the
R3 system released after 2.8 and 9 days.

the test correlates with the compressive strength of blends with fly ash
and other SCMs. But the fly ashes used in their study differed much more
in compressive strength.

Apart from relative strength, there are other factors, which are
related to the heat released during reaction in the R® system. E.g.,
Pearson correlation revealed a correlation between the MgO content of
the fly ashes and the cumulative heat after 2.8 and 9 days, as can be seen
in Fig. 12 exemplarily for the heat of reaction after 9 days.

All tendencies and correlations, found for chemical, mineralogical,
and physical characteristics to cumulated heat after 9 days in the R® test,
significant on a level of p = 0.05, and additional selected parameters, of
which correlations were initially expected, are summarized in Table 4
with the correspondent Pearson R. An additionally conducted Spearman
correlation calculation showed no substantial differences.

The alkali content, expressed as NasOeq, expectedly showed no se-
vere influence on the reactivity as KOH is provided in high amounts in
the RS test. Except for chloride, all found determinants are well known
from literature discussions, as part of different reactivity indexes and
from model proposals. E.g., ASTM C618 specifies a minimum amount of
50 wt.-% of SiO2+Al>03-+Fes03 for fly ashes and of 70 wt.-% for natural
pozzolans to ensure the respective pozzolanic reactivity [31] This
comparably unspecific parameter was already found to entail drawbacks
in reactivity prediction because it firstly does not describe the amor-
phous proportion of these oxides and secondly only accounts for

MgO,,,ss content in wt.-%

2.00
1.75
1.501
1.5

| | = -
00 -, R=0.61
T 60 80 100 120 140 160 180 200 220 240

cumulative heat after 9d in J/g

Fig. 12. Influence of the MgO content on the cumulative heat after 9 d of re-
action in the R® system.
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Table 4
Correlations to cumulated heat after 9 d in the R® test.
Variable Pearson
R
Constituent of the FA (contents cr 0.62
in wt.-%) Cao free -0.39
MgO total 0.53
NagOeq 0.12
A1203 total -0.36
SiO3 total 0.34
Fe,03 -0.25
TiOy (otal -0.50
MnO ¢ota1 0.68
mullite -0.50
glass 0.26
Constituent of the FA glass Al303 glass 0.35
(contents in wt.-%) TiO2 glass -0.50
MgO glass 0.61
Fe,03 -0.27
Si05 glass 0.26
Particle size dsp in pm -0.46
Reactivity indexes ASTM C618 index 0.28
(Si04+Al,03+Fe,05) in wt.-%
N; [-] after [31] 0.01
NBO/T [-] after [36] -0.18
K-value [-] after [37] -0.10
NBO/Si [-] -0.13

*italic: not significant on a level of p=0.05

network building oxides and does not include glass network modifiers.
These network modifiers are known to determine the fly ash dissolution
and therefore the reactivity in cementitious and alkali activated systems
[16,32-36]. They destabilize the glass network by so-called nonbridging
oxygen atoms (NBOs) by disconnecting the silicate connections and
therefore increasing disorder which promotes solubility [33]. In order to
account for the network modifiers, different index proposals, referring to
a known glass chemistry ratio (¥39; ¥0, where T represents tetrahedral
network forming ions, Si is SiO3) [37,38] can be found in the literature.
E.g., Durdzinski et al. [38] are using the NBO/T ratio, Shekhovtsova
et al. [39] are using a variant of Si/NBO including shape and particle size
distribution, the so-called “K-value” to assess reactivity of fly ashes for
alkali activated materials. For cementitious systems Oey et al. proposed
an index, the so-called “network ratio (N,)” which uses the ratio of
network modifiers to network formers present in the fly ash glass. The
7-day heat release of a mix of 50% fly ash / 50% OPC of seven fly ashes
investigated in the study of Oey et al. correlated well with the intro-
duced network ratio N; [34]. N; is calculated following Eq. 2 and 3 or
simplified by Eq.4:

2-(Xcq + Xug) + X + Xna — Xuy

N, = 2
Xsi + Xur @
and
AL O3
N, = Ofor|——————— 1
o [M20 + MO} - )
N,:XCH +XMg +XK+XNa (4)

Xsi + Xar

where Xca, Xmg, Xk, Xna, Xal, and Xg; are the mole fractions of calcium,
magnesium, potassium, sodium, aluminum, and silicon in the fly ash
glass; M2O-+MO is the share of alkali (M) and alkaline earth (M) cations
present in the glass, expressed in wt.-% [33].

Regarding the correlations found in this study MgO is known as a
network modifier and therefore enhancing dissolution of fly ash glass;
MgO is considered in [33], MnO in fly ashes will react in the same way as
MgO [35], while Al,O3 TiO, and SiO, are well known as network
builders. The influence of grain size (dsp) and the mullite content were
discussed earlier in this work.
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Although the introduced indices comprise the same factors, that
were identified as relevant for the measured heat release in the R® test,
the reactivity seems not well described by these indices (see Table 4).
Therefore, a multiple regression to describe the heat development by an
empiric model was conducted.

When looking at correlations between mineralogical, physical and
chemical characterization data to reactivity and strength development,
it has to be considered that these measures only refer to bilateral,
monotonic correlations and also that these “input” parameters are
partially interrelated between each other. Fig. 13 gives an overview over
the correlations (Pearson) found for the chemical and physical param-
eters of the 75 fly ashes characterized in this work. It is revealed, that the
manifestation of most parameters seems to be codetermined by the plant
they are produced at, which might be due to differing fuel compositions
or process parameters. The correlations of Table 4 are not to be
considered as the only, respectively compulsory, determining factors for
the heat release in the R® system as, e.g., bulk aluminum content is
related to titanium content, chloride is slightly but significantly corre-
lating to magnesium, which in turn shows connections to manganese.

Multiple linear regression analysis coefficients, conducted for
different units (wt.-%total, Wt.-%glass, MOl/Kgtotal, MOl/kgglass, mol-
%glass), revealed that the TiO, content and the content of CI” has the most
relevant influence on the released heat after 9 days of reaction.

As can already be seen from the bilateral correlations, an increasing
CI" content of the fly ash increases slightly the heat release, whereas an
increasing TiO2 content lowers the heat release. The regression results
are depicted in Fig. 14; the calculated correlation function, Eq. (5), ex-
plains 78% of the data as can be taken from Table 5. It has to be noted,
that the exclusion of two datasets (samples with unexpectedly low cu-
mulative heat measured) from the regression improved the fit by 42%.

139.5
TiO,

Qoy = -33+912C1 + 5)

Where Qqq is the cumulated heat after 9 days in the R® test in J/g, Cl is
the chloride content referred to the glass in mol-%, and TiO; is the fly
ash titanium oxide content referred to the glass content in mol-%.

The apparent determining role of titanium with a negative correla-
tion to the heat of reaction might be explained rather by its relation to
mullite and the concomitant effect on amorphous aluminum content
than by its function as a network forming element. A similar effect can
be observed during the reaction of blast furnace slag [30]. As described
earlier in Fig. 5, the presence of titanium promotes mullite formation in
the combustion process. This theory is underlined by the moderate
correlation of total aluminum to mullite (R = 0.66, p < 0.0001),
respectively titanium (R = 0.75, p < 0.0001) in contrast to the negative
correlation of amorphous aluminum to mullite (R = —0.78, p < 0.0001)
and titanium (R = 0.72, p < 0.0001). Similar findings were already
drawn by Lu in 1986; a decreasing amorphous Al,O3 content was
associated with increasing mullite content [23]. Silicon as the second
element of mullite only correlates weakly, as other sources, e.g., quartz,
cristobalite, or amorphous components are present in the fly ashes, too.

(Calcium-) chloride is known as a good hydration accelerator [40]
and discussed in numerous publications. This accelerating effect could
cause the correlation to higher heat release in the R® test. E.g., amounts
of 1 wt.-% of cement (effective chloride content 0.64 wt.-%), were found
to increase 28- and 90-days compressive mortar strength by 30%
respectively 36% [41]. Giergiczny proved, that also for fly ash — Ca(OH),
pastes, CaCly works accelerating and therefore promotes heat release
[42]. Already 0.0006 wt.-% (related to cement content) of CaCl, affect
the early age 1-3 d hydration process. In the study of Venkateswara et al.
[43], potassium chloride addition improved 28 days compressive mortar
strength by 16%. Transferred to the chloride content determined for the
fly ashes in this work an increase of 2-6% could be expected.

However, chloride contents of the investigated fly ashes are pretty
low compared to most accelerator studies. An explanation for an impact
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Fig. 13. Heatmap of the Pearson correlations between fly ash characterizing parameters (n = 75) and cumulative heat after 9 days in the R® test (n = 30); significant
correlation coefficients on a level of p = 0.05 are framed black.
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Table 5
Model quality parameters for regression of chloride and titanium content in mol-
% on the heat release after 9 days reaction in the R® test.
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Table 6
Model quality parameters for regression of chloride-, titanium-, iron-, and silicon
content in mol/kg on the heat release after 9 days reaction in the R test.

term p-value contribution adj. R? term p-value contribution adj. R?
Cl in mol-% 0,000010 27.22% 76% Cl' in mol/kg 0.00004 24% 91%
1/TiO3 in mol-% 0,000001 50.53% 1/TiO, in kg/mol 0.00000 46%
Fe;03 in mol/kg 0.00068 5%
SiO, in mol/kg 0.00001 5%
despite this low content could be the concentration of chlorides in the Cl' - Fe;O3 in mol/kg 0.00002 10%
1/(SiO2+ Fe203) in kg/mol 0.00008 2%

outer sphere of fly ash particles respectively as water soluble salts on the
surface, which is a known phenomenon [11,44,45]. E.g., Deng et al.
found 23-76 wt.-% of the total chlorine at the surface of the FA particles
[44].

Besides the direct influence, the chloride content might be an indi-
cator for the network modifiers Na, K, Ca, Mg, respectively the alkali
content and distribution. Alkali salts are well known to be part of the
combustion gas flow of power plants, whereby chlorides are preferably
formed. When precipitating at lowering temperatures they are enriched
at the surfaces of fly ash particles (and other surfaces of the plant) [11,
44,45]. A higher surface enrichment may hint towards a higher bulk
alkali content which is indicated by the factor “chloride”.

Fig. 13 underlines this assumption by the statistical data of this study
where chloride shows a moderate but significant linear correlation to K,
Mg, and Mn where the latter in turn correlate with similar correlation
coefficients to the heat released in the R® system (Table 4).

Also, Deng et al. found correlations of alkalis to chlorine content in
six fly ashes with R = 0.85 for K, followed by Na (R = 0.67), and Mg (R =
0.45), suggesting a combined surface enrichment [44]. Zhu et al. found
Na, K and Ca to be the main alkali chlorides in fly ashes. The speciation
of chlorine in the fly ashes of that study averagely consisted of 15 mol-%
NaCl, 10 mol-% KCl, and 50 mol-% CaCl, The characteristics are
depending on the kind of acid gas removal and vary from 13 to 83 mol-%
for NaCl, 10-32 mol-% for KCl, and 37-73 mol-% CaCl, [46].

However, inserting the alkalis as factors instead of the chloride
content did not result in a comparably good fit. Therefore, it is likely that
the factor “chloride content” as an indicator term is relevant in combi-
nation with the accelerating effect of chloride as reactant itself and
possibly other unknown effects.

When adding oxides relevant for the pozzolanic reaction (SiO5 and
Fey03) to the model, 93% of the data can be explained as can be taken
from Fig. 15 and Table 6; considering Al,O3 or a sum of these oxides did
not improve the model. Using the unit mol.-% referred to the glass
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Fig. 15. Regression function and graphical representation of the multiple
regression results of the heat released after 9 d reaction in the R® system in
dependence of the content in mol per kg of TiO,, Cl', Fe;03, and SiO,. Probable
outlier values were not used for regression.

10

content as done for the 2-factor-model decreases the fit by 9% points.
The values are therefore expressed in mol/kg of the total fly ash. Reason
for this deviation might be increased error ranges due to the calculated
amorphous phase contents.

22.24 3675
TiO,  SiO; + Fe,03
+ 58.7Si0, — 631Fe, 03 + 173193Cl1™ -Fe, 03

Qoq = — 664 —81857C1™ +

©

Where Qqq is the cumulated heat after 9 days in the R® test in J/g, Cl is
the chloride content in mol/kg, and TiOs is the titanium oxide content in
mol/kg, SiO; is the silicon oxide content in mol/kg, and FeO is the iron
oxide content in mol/kg.

Considering an unneglectable source of error due to the heteroge-
neous material, different testing times, different operators, several lab-
oratory samples of one fly ash, method combinations, and the indirectly
determined values, the models seem satisfying.

4. Summary

In this study 75 siliceous fly ashes were analyzed concerning their
chemical, mineralogical and physical properties. To identify relevant
parameters influencing the reactivity of fly ashes and their contribution
to strength development in cement - fly ash mixtures, the relative
compressive strength (activity index) determined on cement - fly ash
mortars and heat calorimetry measurements of fly ash reaction in an
alkaline environment (old version of the R® test) were conducted. The
results were then statistically evaluated by the means of a Pearson
correlation and multiple regression calculations. The main findings of
the study can be summarized as follows:

e Chemical, mineralogical and physical properties of siliceous fly ashes
partly depend on the plant they are produced at. However, they can
vary vastly within one plant. As the power plant and fly ash sepa-
ration technologies used in Germany are very similar, the different
properties of fly ash are caused by the coal used, the grinding fine-
ness of the coal before combustion, and the co-combustion of sec-
ondary fuels. Hard coals fired in Germany are mixes from the
worldwide market and therefore can vary in properties from batch to
batch.

Contrary to literature, the heat release in the used version of the R®

test show weak (2.8 d, R = 0.22) to no (9 d, R = —0.0038) correla-

tions to the relative compressive strength. This might be explained by
the relatively low variation of composition when looking at just one
type of SCM and the superimposing effects of the test cement in
relative compressive strength testing. When having SCMs with
relatively similar reactivity, the reproducibility of relative
compressive strength testing does not allow a clear distinction of
different reactivities; in contrast, the R® test has a better resolution.

Furthermore, the sulfate adjustment in the used version of the R test

may impact the correlation to strength negatively.

o Against initial expectations, no strong bilateral correlations could be
found between the relative mortar strength or the heat released in
the used version of the R® test and the glass content or the fineness of
the examined fly ashes.
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o However, the heat release after 9 days in the used version of the R®
test can be sufficiently well described by multiple regression func-
tions based on bulk composition factors. Using chloride and titanium
oxide contents, 78% of the data can be explained. Similar to blast
furnace slag, higher TiO, content results in a lower heat released in
the R® test, which indicates a reduced reactivity of those ashes,
whereas a high chloride content maps a higher fly ash reactivity.
Adding silicon- and iron oxide contents to the two-factor model
function improves the fit to 93%.

5. Conclusion and outlook

In conclusion, the statistical analysis showed that no strong bilateral
correlations could be found between the reactivity of the fly ashes and
their chemical, mineralogical and physical properties, which demon-
strates the complexity of their relationships. The effects of several pa-
rameters are overlaid. The multiple regression analysis showed that less
expected parameters such as chloride and titanium appear to be the most
relevant. However, their exact influence on the reaction and the role of
the other parameters usually considered relevant is still not clear. On the
one hand, deeper research into the reaction mechanisms and the influ-
ence of the relevant parameters on the microstructure development will
enhance the understanding. On the other hand, it would be interesting to
validate and, if required, improve the derived function by applying it to
more fly ashes with different composition. Moreover, it should be
investigated if the function is transferable to the current R® test ac-
cording to ASTM C1897-20. Although the R® test is a comparably rapid
method to determine reactivity, the assessment based on bulk compo-
sition would be a time-saving option. However, since the cement used
has a huge superimposing effect on the strength development, the pre-
diction of the latter is still a difficult topic and the reactivity assessment
could be more relevant for applications with high fly ash usage.
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