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Because ready-mixed concrete is placed under a wide variety of environmental conditions, the influence
of temperature on the hydration reactions and the accompanying setting process is of critical importance.
While contractors are generally quite comfortable with the temperature sensitivity of conventional
ordinary Portland cement (OPC) concretes, more sustainable mixtures containing high volumes of fly
ash (HVFA), for example, often present problems with delayed setting times and increased temperature
sensitivity. Based on isothermal calorimetry and Vicat needle penetration measurements, this study dem-
onstrates that the high temperature sensitivity of such HVFA mixtures can be effectively moderated by
the replacement of a portion of the fly ash with a fine calcium carbonate powder. In addition to acceler-
ating and amplifying hydration and reducing setting times at a given temperature, the presence of the
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Hydration fine CaCO3 powder also lowers the apparent activation energy for setting for temperatures below 25 °C.
Isothermal calorimetry The reactivity of the CaCOj3 in these mixtures is quantified using thermogravimetric analysis. Comparison
Setting of results for CaCO5; powders of nominal sizes of 1 um and 17 pum, replacing 10% by volume of the cement

in an OPC mixture, indicates that the former is highly superior in accelerating/amplifying hydration and

reducing setting times.

Published by Elsevier Ltd.

1. Introduction

While high volume fly ash (HVFA) concretes have been
investigated for many years [1], recent interest in sustainability
has created renewed interest in these mixtures. The generally
acceptable performance of these mixtures at later ages from both
a strength and durability viewpoint is often offset by their reduced
constructability, as exemplified by delayed setting times, low
early-age strengths, and increased sensitivity to temperature (cur-
ing) [2,3]. Recent studies have focused on the ability of calcium
carbonate (CaCO3) powder additions to mitigate the first two of
these deficiencies in HVFA concrete mixtures [4-10], with finer
(1 wm particle size) CaCO3 being particularly efficient in this regard
[7-10]. The fine CaCO; particles provide a greatly increased surface
area for the precipitation and growth of hydration products [8] and
also participate to a small extent in reactions with the cement
phases to produce more voluminous [6] and potentially stiffer
[11] carboaluminate hydration products. While a few studies have
included temperature as a variable [12,13], the former even includ-
ing an analysis of activation energies for initial and final setting,
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neither of them used a CaCOs; powder that is as fine as that
employed in the present study. In the study of Ezziane et al. [12],
for example, the replacement of cement with 5-25% CaCOs on a
mass basis resulted in increased setting times under all investi-
gated curing conditions (20 °C, 40 °C, and 60 °C).

Activation energy analysis has been often applied to both
hydration and setting processes in cement-based materials
[12,14-17], and is, of course, the basis for the well-known and
standardized maturity method for predicting insitu concrete
strength development [18,19]. The basic premise in an Arrhe-
nius-based approach is that the rate parameter, k, for the process
of interest (hydration, setting, or strength development) is a func-
tion of temperature that can be described as:

k:Ae<7%> (1)

where A is a kinetics constant, E4 is the apparent activation energy
(typically reported in units of kJ/mol), R is the universal gas con-
stant [8.314]/(mol K)], and T is absolute temperature in K. This
equation can be conveniently applied to transform temporally vary-
ing results measured at one temperature to a second temperature, a
so-called time-temperature transformation. The equivalent time, t,,
at a reference temperature, T,, can be determined as:
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where T; and ¢t are the measurement temperature and time, respec-
tively. For example, curing a concrete specimen for 12 h at 40 °C
would be equivalent to curing for 26 h at 25 °C, for a system with
an apparent activation energy of 40 kJ/mol.

In a similar manner, results obtained at two different tempera-
tures can be analyzed to estimate the apparent activation energy
for the process. For two sets of experimental conditions, Eq. (2)
can be rearranged to solve for the apparent activation energy as:

—In (%)R
Ex= TN (3)

(1)
Eq. (3) can be applied numerically to specific events, such as the
measured initial setting times at two different temperatures in this
study, or can be applied graphically to continuous data, such as iso-
thermal calorimetry curves in this study, to assess the value of the
apparent activation energy that provides the best overlap of the
multiple (transformed) data sets. For example, initial setting times
of 239h and 3.93h measured at 25°C (298.15K) and 15°C
(288.15 K), respectively, would correspond to an activation energy
of 35.5 kJ/mol according to Eq. (3). The term apparent activation
energy is employed to indicate that cement hydration consists of
a complex set of reactions, each with its own individual activation
energy. Thus, only an apparent value is obtained when analyzing
such a system in a simple composite manner. This study investi-
gates the apparent activation energies for hydration and initial set-
ting in a variety of HVFA ternary blends for temperatures of 15 °C,
25 °C, and 40 °C.

2. Materials and experimental procedures

Materials employed in this study were equivalent to those uti-
lized in a recent study on sustainable concretes employing high
volumes of fly ash and fine (1 pum) CaCO5; powder [9,10]. A new
batch of the Type I/Il cement used in the previous study was
obtained from a local supplier. According to its mill test certificate
report, the cement has a Blaine fineness of 372 m?/kg and an esti-
mated Bogue phase composition of 58.5% C3S, 11.2% C,S, 6.4% C3A,
and 9.6% C4AF on a mass basis, after adjusting for the 3.7% CaCO3
content of the ground cement powder. The measured oxide com-
positions and densities of the cement and the two fly ashes used
in this study are provided in Table 1. The measured particle size
distributions (PSD, laser diffraction with isopropanol as the
solvent) of all powder materials are provided in Fig. 1. Both a Class
C and a Class F fly ash were examined, with their respective CaO
percentages of 24.6% and 0.7% by mass providing a reasonable
representation of the expected extremes in these values for the
fly ashes commonly available in the US. The Class C fly ash is

Table 1
Oxide composition percent by mass, loss on ignition, and density of the cement and
the Class C and Class F fly ashes.

Property Type I/Il cement Class C fly ash Class F fly ash
Si0, (%) 19.4 38.4 59.7

AlLO5 (%) 45 18.7 30.2

Fe,05 (%) 3.2 5.1 2.8

Ca0 (%) 62.3 246 0.7

MgO (%) 34 5.1 0.8

SO3 (%) 29 1.4 0.02

Na,0 (%) 0.52 eq. 1.7 0.2

K>0 (%) See Na,0 0.6 24

Loss on ignition (%) 2.7 0.3 0.8

Density 3150+ 10kg/m> 2630 kg/m> 2160 kg/m>
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Fig. 1. Measured differential particle size distributions for the various powders
employed in the present study. Results shown are the average of six individual
measurements and error bars (one standard deviation) would fall within the size of
the symbols on the plot.

hydraulic and retards cement hydration considerably [7-10].
CaCO; powder of two different particle sizes (nominally 1 pum
and 17 pm) was used to replace a portion of the cement or fly
ash in some mixtures. It has a reported density of 2710 kg/m>
and a reported MgCOs content of 1% by mass. The finer material
has a measured (BET) surface area of 9.93 m?/g, while the coarser
material has a value of 0.83 m?/g [8]. No chemical admixtures were
employed in the present study of pastes.

To provide the fairest comparison of results, all paste mixtures
were prepared utilizing volumetric proportioning, maintaining a
constant volume fraction of water and powders (cement, fly ash,
and CaCOs3) [7-10,20], based on a control cement-only paste with
a water-to-cement ratio by mass (w/c) of 0.35. Most previous stud-
ies, including those in [12,13], have performed mass-based
replacements and maintained a constant water-to-solids ratio on
a mass basis, thereby confounding the change in water volume
fraction (initial porosity) due to the differing densities of cement,
fly ash, and CaCO3 powder with the change in binder chemical
composition. Mixtures were prepared where 10% of the cement
was replaced by an equal volume of CaCO3; powder or where either
40% or 60% of the cement by volume was replaced with fly ash-
CaCO; blends. Mixture designations are summarized in Table 2;
for example, C45L15 indicates a paste mixture where 60% of the
cement by volume has been replaced, 45% by Class C fly ash and
15% by fine CaCO3 powder. The performance of the fine and coarse
CaCO; powders was only contrasted in the Portland cement-CaCO3
binary blends, as an equivalent contrast in HVFA ternary blends
had been conducted previously [8].

All powders for a given mixture were pre-blended for 30 min in
a shaker-mixer that employs rotation, translation, and inversion to

Table 2
Powder mixture proportions (volume) and designations.

Designation % Cement % Fash % Cash % Fine CaCO3 % Coarse CaCO3

Control 100

L10 90 10
L10coarse 90 10
F40 60 40

F30L10 60 30 10
C40 60 40

C30L10 60 30 10
F60 40 60

F45L15 40 45 15
C60 40 60

C45L15 40 45 15
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homogeneously mix powders of different specific gravities and
particle sizes. A total of 33 mixtures were prepared at three
different temperatures. To perform analysis of activation energies
for both low and elevated temperatures, prepared pastes were
targeted for temperatures of 15 °C, 25 °C, or 40 °C at the end of a
high shear mixing cycle by pre-cooling the raw materials and mix-
ing at a lower-than-target temperature in an environmental cham-
ber. For the pastes (Table 2) prepared at the three conditions, final
average mixture temperatures (with standard deviations) of
15.2°C+1.0°C,25.6 °C+ 0.7 °C,and 37.9 °C £ 1.1 °C were achieved.
All calorimetry and setting measurements were subsequently con-
ducted under nominally isothermal conditions, the former in an
isothermal calorimeter and the latter in a temperature-controlled
(21 °C) climatic chamber. It should be noted that the volume of
the frustum specimen employed for setting time measurements
is certainly sufficient to generate adequate heat to raise the speci-
men temperature for a period of time, even in a temperature-
controlled chamber. However, this is considered to be of minimal
concern in the present study where the focus is on initial setting
times, due to the fact that the cumulative heat released through
the dormant period and up to the time of initial setting during
the acceleratory phase is relatively small.

Isothermal calorimetry was conducted on small paste speci-
mens (~5 g) in a sealed glass vial, with data acquisition typically
being initiated some 30 min after the initial contact of cement
and water. This means that the initial heat peak due to the disso-
lution of cement upon contact with water was not captured in
the present experiments. Setting times were assessed using an
automated Vicat apparatus, following the ASTM C191 standard
procedures [21]. As per the standard, the initial setting time was
estimated as the time when a penetration of 25 mm into the paste
frustum specimen was achieved. Needle penetration results to fol-
low are presented in terms of penetration resistance, obtained by
subtracting the measured penetration from the nominal frustum
specimen height of 40 mm (a penetration resistance of 15 mm will
therefore correspond to initial setting).

Two small sealed plastic vials of cement paste (~10g) from
each mixture were prepared and stored at the target temperature
for thermogravimetric analysis (TGA) at the ages of 1d and 7 d.
Each of the five initial powders was also analyzed via TGA to esti-
mate their respective calcium hydroxide and calcium carbonate
contents. For a TGA scan, the system was first equilibrated at
30°C and then the temperature was raised to 1000 °C at a rate of
10 °C/min, while flushing with ultra-high purity (UHP) nitrogen
at a flow rate of 50 mL/min. Calcium hydroxide content was esti-
mated based on the measured mass loss between 400 °C and
550 °C, while calcium carbonate content was estimated based on
the subsequent mass loss between 600 °C and 800 °C. Both of these
determinations were conducted on a per g ignited material (final
mass at 1000 °C) basis. The raw materials were analyzed using
approximately 50 mg of powder, while the hydrated specimens
nominally consisted of 100 mg of broken paste fragments. Other
than storing the fresh paste specimens in sealed vials and conduct-
ing the TGA experiments in UHP nitrogen, no other measures were
taken to attempt to minimize their atmospheric carbonation.

3. Results and discussion

To provide further support for relevance of the present study in
pastes to real world concretes, for nine of the mixtures prepared at
25 °C, their measured initial setting times were contrasted against
those previously obtained for mortar (ASTM C403 [22]) sieved
from similar concrete mixtures [9,10]. While the control concrete
in that study was prepared with a nominal w/c of 0.4 (vs. the
0.35 for the control paste in the present study) and those mixtures

employed various dosages of a high-range water reducer, as can be
seen in Fig. 2, the comparison of setting times is generally favor-
able. This suggests that changes in setting times measured in this
paste-only study should indeed carry over to the performance of
similar field concrete mixtures.

A representative subset of the needle penetration results are
given in Fig. 3, while complete results for isothermal calorimetry
are provided in Fig. 4. The heat flow results in Fig. 4 are normalized
per mL of water in the mixture, as such a normalization has been
found to provide a better correlation with measured compressive
strengths [23,24]. The measured apparent activation energies (via
Eq. (3)) for setting and hydration based on the 15 °C and 25 °C data
sets are listed in Table 3, while those for the 25 °C and 40 °C data
sets are given in Table 4. Because the calorimetry results represent
heat flow per unit time, to properly transform them from one tem-
perature to another, not only must the time scale on the x-axis be
adjusted by an appropriate time-temperature scaling factor, but
also the heat flow values on the y-axis must be divided by this
same factor. While the same graphical analysis was conducted on
the cumulative heat release curves from the calorimetry measure-
ments, presenting the heat flow curves here is more informative
for assessing the applicability of a single apparent activation
energy in describing the changes in hydration with temperature.
Since the setting process is controlled by hydration of the silicate
phases (particularly the more reactive tricalcium silicate) in most
cases [25,26], the time transformations of the calorimetry data
for each mixture were performed to achieve a good match between
the onset and initial rise of the primary silicate hydration peaks at
each two temperatures being analyzed. The extent of the overlap of
the time-transformed curves for each two temperatures provides
an indication of the capability of a single apparent activation
energy to capture the influence of temperature on cement hydra-
tion. In cases where the overlap does not extend beyond the initial
silicate hydration peak, the determined apparent activation energy
then only accurately represents that portion of the initial (silicate)
hydration process.

For needle penetration measurements, the generally good over-
lap of the time-transformed results in Fig. 3 indicates that, for the
temperature range investigated in this study, the setting process at
any two temperatures can be described by a single apparent
activation energy. However, as can be seen in Tables 3 and 4, the
apparent activation energies are significantly different when low-
ering the temperature vs. when raising it from the nominal room
temperature value of 25 °C. The influences of fly ash and fine CaCO3
on these apparent activation energies will be considered in detail
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Fig. 2. Comparison of 25 °C paste initial setting times measured in this study to
those measured on sieved mortars from ‘equivalent’ concretes in a previous study
[9,10]. The solid line indicates the best-fit linear relationship, while the dashed line
indicates a 1:1 relationship. Error bars indicate the single-operator measurement
uncertainty according to the relevant ASTM standards [21,22].
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Fig. 3. Comparison of setting measured at different temperatures. Plotted vs. measured time (left) and transformed time (right) for control, L10, F30L10, and C60 systems.
Two measurements (separate mixtures) at 15 °C and 25 °C are shown for the C60 system to provide an indication of measurement variability.

subsequently, after first discussing the isothermal calorimetry
results for the different mixtures as a function of temperature.
The majority of the heat flow vs. time curves in Fig. 4 exhibit a
pattern typical of cements, with a dormant period followed by two
overlapping peaks. The first peak is generally attributed to reaction
of the silicate phases, while the second one is due to renewed reac-
tion of the aluminate phases, as sulfates are depleted from the pore
solution [25]. For the cement, cement with fine CaCOs replace-
ment, and mixtures with the Class F fly ash (with or without fine
CaCO0s), one can observe that the transformed 15 °C results basi-
cally overlap the original 25 °C data set throughout the first 24 h,
suggesting that it is indeed appropriate to use a single apparent
activation energy to describe the temperature sensitivity of the

early-age hydration reactions for this limited temperature range.
However, for the Class C fly ash mixtures, where the two peaks
have merged into a single (somewhat misshapen) peak, matching
the initial rises measured at the two temperatures results in the
remainder of the 15 °C peak being shifted to longer times relative
to the 25 °C curve. This would indicate that the apparent activation
energy for the reactions occurring during this phase of the hydra-
tion is higher than that determined by only fitting the first part of
the calorimetry peak. Note that based on the values in Table 1
(along with the fact that it is hydraulic in its own right), the Class
C fly ash has sufficient oxides of calcium, aluminum, and sulfur to
participate in the cement’s aluminate hydration reactions, which
could contribute to the change in apparent activation energy that
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Fig. 4. Heat flow vs. time plots for the control, 10% fine CaCO5 replacement for cement, and eight fly ash-CaCO; blends at three temperatures. Transformed data have been
obtained based on applying a single time-temperature transformation factor for each temperature pair (15/25 and 25/40). Two measurements (separate mixtures) at 25 °C
for the F40 system and 15 °C for the F30L10 and F45L15 systems are shown to provide some indication of measurement variability.

was not observed in the other three (control, CaCOs, Class F fly ash)
systems. Conversely, while CaCO3 does participate in the aluminate
reactions, leading to the formation of carboaluminate as opposed
to sulfoaluminate phases [6], it apparently does not significantly
change the temperature sensitivity of the reactions. The Class F
fly ash, on the other hand, appears to be basically inert during

the first 24 h of hydration, as supported by measured values of
0.0148 W/mL water, 0.0092 W/mL water, and 0.0066 W/mL water
for the maximum heat flow during the first 24 h for the control,
F40, and F60 mixtures, respectively. These values are reasonably
close to the ratio of 1:0.6:0.4 that might be expected based simply
on the cement volume fractions in the three mixtures, if the Class F
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Mixture 15 °C Initial setting time (h) 25 °C Initial setting time (h)  Setting ts/t;5s  Ea (setting) (kJ/mol)  Hydration tys/t;s  E, (hydration) (kJ/mol)
Control 3.93 2.39 0.608 355 0.54 44.0
L10 334 2.20 0.659 29.8 0.57 40.2
L10coarse 4.31 2.63 0.610 353 0.55 42.7
F40 6.96 3.43 0.493 50.5 0.50 49.5
F30L10 4.21 2.48 0.589 37.8 0.50 49.5
C40 10.56 5.09 0.482 52.1 0.52 46.7
C30L10 6.95 3.86 0.555 42,0 0.52 46.7
F60 7.92 5.12 0.646 31.2 0.515 47.4
F45L15 4.74 3.28 0.692 26.3 0.53 45.4
C60 16.01 9.01 0.563 41.1 0.555 421
C45L15 8.15 4.85 0.595 37.1 0.535 44.7
Average 38.1 453
Std. Dev. 8.0 3.0
Table 4

Setting and hydration apparent activation energies for 25 °C vs. 40 °C results.

Mixture 25 °C Initial setting time (h) 40 °C Initial setting time (h) Setting tso/t2s E, (setting) (kJ/mol) Hydration t4/t2s E,4 (hydration) (kJ/mol)
Control 2.39 1.69 0.707 179 0.513 34.5
L10 2.20 1.45 0.659 21.6 0.476 38.4
L10coarse 2.63 1.71 0.650 223 0.526 33.2
F40 3.43 1.97 0.574 28.7 0.513 34.5
F30L10 2.48 1.61 0.649 22.4 0.513 34.5
C40 5.09 3.53 0.694 189 0.513 345
C30L10 3.86 2.28 0.591 27.2 0.513 34.5
F60 5.12 2.86 0.559 30.1 0.526 33.2
F45L15 3.28 1.75 0.534 325 0.513 345
C60 9.01 4.55 0.505 354 0.476 384
C45L15 4.85 2.77 0.571 29.0 0.488 37.1
Average 26.0 35.2
Std. Dev. 5.7 1.9

fly ash were indeed totally inert. In summary, based on the calo-
rimetry measurements conducted at 15 °C and 25 °C, the Class F
fly ash is relatively inert during the first 24 h of hydration, the fine
CaCOs accelerates and amplifies the early-age hydration but
doesn’t alter its temperature sensitivity, and the Class C fly ash,
while initially retarding the hydration, is quite reactive at early
ages, with an apparent activation energy that is likely different
from that of the ordinary Portland cement (OPC).

As the hydration temperature is raised from 25 °C to 40 °C, all of
the mixtures in Fig. 4 indicate that a single apparent activation
energy is no longer capable of describing the complete composite
set of hydration/pozzolanic reactions. While in each case, the
40 °C heat flow results have been successfully time-transformed
to match the initial rise corresponding to the primary silicate peak
obtained at 25 °C, the subsequent aluminate reactions no longer
overlap each other for any of the 11 mixtures. The higher and ear-
lier time-transformed data for these aluminate reactions at 40 °C
would once again indicate a higher apparent activation energy
than that found for the silicate reactions, as observed for the
15-25 °C data sets for the Class C fly ash mixtures. It is well known
that the content and form of calcium sulfate (and any other
sulfates present in the cement clinker and fly ash) has a large influ-
ence on these reactions [27,28], and the variable solubility (and
stability) of these sulfate phases as a function of temperature could
certainly be one contributor to the observed differences in appar-
ent activation energy.

In examining the values in Tables 3 and 4, it is quite clear that
the apparent activation energies for setting are different from
those for hydration for these ternary blends. Furthermore, while
the apparent activation energies determined for hydration for the
11 different mixtures could arguably be characterized by a single
average value, with coefficients of variation of only 6.6% and 5.4%

in Tables 3 and 4, respectively, those for setting exhibit a much
greater dispersion with coefficients of variation of about 21% in
both cases. Previously, Ezziane et al. [12] found activation energies
on the order of 18 kJ/mol for OPC and limestone-blended cements
when evaluating initial setting time at temperatures from 20 °C to
60 °C, in reasonable agreement with the values of 18 kJ/mol and
22 kJ/mol determined for the control and L10 mixtures, respec-
tively, in going from 25°C to 40°C in Table 4. In their study,
slightly higher values were determined for mixtures incorporating
either a natural pozzolan or slag. Lei and Struble [26] determined
an apparent activation energy of about 22 kJ/mol for an OPC
system, based on measuring early age yield stress vs. temperature
from 25 °C to 65 °C. For a variety of OPC mixtures and mixtures
with either fly ash or slag and with curing temperatures varying
within a limited range for cold, control, and hot conditions, Wade
et al. [16] determined activation energy values ranging
from 23.3 kJ/mol to 35.2 kJ/mol for setting. In contrast, for OPC
mixtures, Pinto and Hover [14] found an apparent activation
energy of 40.9 kJ/mol for the time until initial set for mortar tem-
peratures between 10 °C and 35 °C, although the initial mixing
temperature was not matched to the curing temperature in their
study, with all mixtures being initially prepared at a temperature
of about 30 °C. In general, these previous values are in reasonable
agreement with the range of values determined in the current
study. While the average apparent activation energy for hydration
from 25 °C to 40 °C (35.2 kJ/mol) is about 10 kJ/mol less than that
for hydration from 15°C to 25°C (45.3 kj/mol), their overall
average value is in good agreement with the default value of
40 kJ/mol recommended for strength prediction in the ASTM
C1074 standard test method [19]. Furthermore, the trends
observed in the present study are quite consistent with the field
results of Nixon et al. [29], who determined activation energies
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of 33.5k]/mol and 40.0kJ/mol for warm-weather and cold-
weather concrete placements, respectively.

As shown in Fig. 5, for most of the mixtures and conditions
examined in this study, the apparent activation energy for setting
was less than that determined for hydration from the isothermal
calorimetry curves. Hydration and setting are clearly related pro-
cesses, as the latter requires the former. However, while hydration
is primarily a chemical process, setting is a physical consequence
of the volume and location of hydration products that are formed
by the ongoing chemical reactions [26,30-32]. One would expect
that for the current mixtures without any admixtures, the cement
particles would be highly flocculated, thereby providing a back-
bone structure upon which the precipitation and growth of hydra-
tion products would induce setting. It is quite likely that the degree
of flocculation and the geometric/topological characteristics of this
backbone structure are dependent upon both temperature and the
mixing energy that are imparted to each mixture. For example, as
the (mixing) temperature is varied from 15 °C to 40 °C, the viscos-
ity of water decreases by a factor of 1.75 [33], which should surely
have an influence on the dispersion during mixing and subsequent
(re)flocculation of the cement particles in each mixture. A lower
value for the apparent activation energy for setting vs. that for
hydration would imply that less hydration is required to achieve
setting as temperature is decreased, perhaps due to either a more
strongly flocculated arrangement of particles or a more localized
formation of (perhaps stiffer) hydration products within the more
viscous pore solution.

It should be noted from Table 3 that in every case, the incorpo-
ration of fine CaCOs into a binary blend with cement or a ternary
blend with cement and fly ash (Class C or Class F) further lowers
the apparent activation energy for setting (relative to the counter-
part mixture without CaCO3) and thus should reduce the cold
weather sensitivity of these mixtures. Understandably, this is a
desirable outcome, as the delay in initial setting time due to
reduced hydration rates at lower temperatures is at least partially
offset by the replacement of a portion of the cement with fine
CaCOs; powder. In contrast, the coarser CaCOs; powder did not
significantly change the apparent activation energy for setting
when incorporated into the OPC mixture. From Table 3, the influ-
ence of the fine CaCO; is more dramatic for the mixtures with a
40% cement replacement than for those with a 60% replacement,
but it is significant in both cases.

In progressing from OPC mixtures through binary blends with
fine CaCOs or fly ash to ternary mixtures with all three powders,
it is of interest to consider which particles are flocculating and con-
tributing to the solid skeleton that is critical to setting and subse-
quent early-age strength development. For a fairly inert Class F fly
ash, such as the one used in this study, past investigations have
indicated that the fly ash particles do not likely participate in the
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Fig. 5. Comparison of apparent activation energies determined for hydration and
initial setting for the various mixtures.

flocculation and setting processes, as the measured yield stress
was found to be only a function of the cement particle density
within the three-dimensional microstructure [34]. In this case,
the fly ash functions mainly as a diluent at early ages, lowering
the system’s yield stress and increasing its setting times. On the
other hand, the Class C fly ash used in this study is hydraulic in
its own right and will flash set when mixed directly with water.
Thus, the Class C fly ash particles could contribute to the setting
process by flocculating with the cement particles and/or serving
as precipitation and reaction sites that assist in linking up a
three-dimensional percolated solid backbone. Unfortunately, this
Class C fly ash substantially retards cement hydration (Fig. 4) so
that any of its potentially beneficial reactions are more than offset
by the delays it produces in the binary (and to a lesser extent in the
ternary) blends.

This leaves only consideration of the fine CaCO5; powder and its
fate in the setting process. Valuable information has been provided
in the studies of Sato et al. [35,36], along with the earlier research
of Ramachandran and Zhang [37]. These authors noted two key
items based on scanning electron microscopy observations and
concurrent calorimetry measurements. First, the small (down to
nano size in their study) CaCOs particles have a definite tendency
to stick to the larger cement particles. Second, hydration products
appear to be equally comfortable precipitating and growing on
CaCOs as on cement clinker surfaces. This evidence would suggest
that the fine CaCOs3 particles will be active participants in creating
a percolated three-dimensional network of solids (i.e., initial set-
ting). It must also be recognized that having fine CaCO3 particles
participate in the setting process could be quite different from hav-
ing similarly-sized fine cement particles do so, due to their large
differences in reactivity. While many fine cement particles of
1 wm diameter or less would be expected to completely dissolve
at early ages and thus be removed from any developing backbone
and perhaps even disconnect some previously formed solid
bridges, the less reactive CaCOs particles almost certainly do not
completely dissolve and therefore should provide a more stable
scaffolding for the precipitation and growth of hydration products
into a percolated network.

This role of CaCOs in setting was further investigated using a
three-dimensional cement hydration model (CEMHYD3D, version
3.0) [38]. Previously, the percolation of solids in the hydration
model has been shown to correspond closely to needle penetration
measurements for OPC pastes prepared at w/c ranging from 0.3 to
0.45 [39]. The measured PSDs for the cement and CaCO3; powder,
along with the estimated Bogue composition of the cement, were
used to create starting three-dimensional microstructures for the
control and L10 mixtures in which the cement and CaCOs particles
were flocculated into a single floc structure. Hydration was
executed and a variety of properties including heat release and
percolation of solids were monitored. The model’s time scale was
adjusted to provide a reasonable fit of the model to the experimen-
tal heat flow curves (Fig. 6) and the percolation of solids was exam-
ined under two scenarios, with and without the CaCOs5 particles
being considered as active participants in the three-dimensional
burning algorithm employed to assess solids percolation. As can
be seen in Fig. 6, while not a perfect fit, the inclusion of the CaCO3
in the setting computation clearly provides the better fit to the
experimental data, shifting the percolation curve to earlier times
and thus reducing the initial setting time.

The results in Fig. 6 indicate that CaCO3 could accelerate the set-
ting process but do not directly address the reduced apparent acti-
vation energy for the L10 relative to the control OPC mixture. There
are several potential contributors to less hydration being required
to achieve setting in the L10 mixture as temperature is lowered.
The modification of the flocculated structure that provides the
backbone for the setting skeleton has been mentioned previously.
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Fig. 6. CEMHYD3D model predictions and experimental results for heat flow (left) and setting (right) for control and L10 mixtures.

Another contribution could be provided due to the fact that the sol-
ubility of CaCOs, unlike that of most minerals, actually increases as
temperature is reduced [40,41]. Thus, the CaCO3 powder should be
more soluble at 15 °C than at 25°C. The stiffer carboaluminate
phases that would be formed as the CaCOs reacts in the binary
and ternary blends could then contribute to an increased penetra-
tion resistance. Additionally, precipitation and growth of hydration
products on the fine CaCOs3 particles that are bridging larger parti-
cles in the three-dimensional microstructure could be enhanced at
lower temperatures. Further research is required to determine the
reality and magnitude of these hypothesized contributing factors
to the reduced apparent activation energy for setting at low tem-
peratures in the presence of CaCOs.

The reactivity of the CaCOs in the binary and ternary blends was
further examined based on thermogravimetric analysis. Table 5
contains the results obtained for estimated calcium hydroxide
and calcium carbonate contents of the five raw materials employed
in this study, while the subsequent results at ages of 1 d and 7 d for
Ca(OH), and CaCOs; for hydrated systems are provided in Tables 6
and 7, respectively. In Tables 6 and 7, two determinations (separate
mixtures) are shown for the F60 mixture at 15 °C to provide some
indication of measurement uncertainty. In Table 5, the estimated
CaCOs content, equivalent to 3.68% on a per g initial material basis,
compares quite favorably with the value of 3.66% reported by the

Table 5
Estimated Ca(OH), and CaCOs contents for the raw materials (on a per g ignited
material basis).

Powder Ca(OH), (%) CaCOs (%)
Cement 0.73 3.47

C ash 0.20 0.10

F ash 0.57 0.24
Fine CaCO; 2.28 178.2°
Coarse CaCOs3 0.29 1711

2 Pure CaCO3 would have a value of (molar mass of CaCOs/molar mass of
Ca0) = 100.09/56.08 = 178.5%.

cement manufacturer and the estimated CaCOs; contents of the
two CaCOs; powders indicate that they are indeed of a high purity
(>95%).

The calcium hydroxide contents in Table 6 indicate the
expected acceleration of hydration with increasing temperature
and the accelerating influence of the fine CaCOs at 1 d in its binary
blend with cement (L10 mixture). In general, the Class F fly ash
reduces the Ca(OH), content at these early ages, but mainly due
to a diluent effect as opposed to a substantial pozzolanic reaction.
The Class C fly ash is reactive at early ages, but its influence on
Ca(OH), content is complicated in that this fly ash contains a sub-
stantial CaO content and can thus be both a source of and a sink for
Ca(OH),. For the ternary blends at 1 d, in every case, the replace-
ment of fly ash with the fine CaCO3; powder increases the estimated
Ca(OH), content, consistent with its acceleration of the early age
hydration reactions (Fig. 4). This effect is not as dramatic at7 d,
as the increase in Ca(OH), content due to increased cement hydra-
tion can be partially offset by increased consumption of Ca(OH), in
its pozzolanic reactions with the fly ash and/or its participation in
the formation of carboaluminates with the fine CaCO5; powder.

Table 6
Estimated Ca(OH), contents for the mixtures.

Mixture Initial (%) 1d(15°C, 25°C,40°C)  7d (15 °C, 25 °C, 40 °C)
Control 0.73 14.6% 14.9% 22.0% 24.0% 26.0% 26.3%
L10 0.81 15.9% 18.6% 23.1% 24.2% 25.3% 27.2%
L10coarse  0.70 14.3% 17.6% 19.9% 23.1% 24.9% 26.2%
F40 0.68 9.5% 14.0% 16.5% 17.8% 19.2% 19.8%
F30L10 0.78 10.8% 14.8% 17.8% 18.8% 15.9% 20.8%
c40 0.53 8.2% 11.3% 14.9% 16.5% 24.8% 19.6%
C30L10 0.66 10.4% 13.3% 15.5% 17.7% 18.7% 20.8%
F60 0.63 7.8% 10.9% 12.4% 14.2% N.M.* 13.5%
7.5% 14.2%
F45L15 0.89 8.4% 11.5% 13.9% 14.9% 15.9% 14.9%
C60 0.42 3.8% 6.8% 9.5% 11.5% 13.0% 14.5%
C45L15 0.68 6.0% N.M. 11.0% 12.3% 14.0% 14.2%

4 N.M. = not measured.
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Table 7

Estimated CaCOs contents for the mixtures.

Mixture Initial (%) 1d(15°C, 25°C,40°C)  7d (15°C, 25 °C, 40 °C)
Control 3.5 3.9% 3.3% 3.9% 3.8% 3.9% 3.8%
L10 12,5 12.2% 12.0% 11.9% 11.5% 11.6% 11.7%
L10coarse  12.3 12.6% 12.8% 12.7% 12.3% 12.5% 12.4%
F40 24 2.8% 2.8% 2.8% 2.7% 3.0% 2.8%
F30L10 12.6 11.9% 12.1% 12.0% 11.6% 11.5% 11.8%
c40 22 2.5% 2.5% 2.6% 2.5% 3.7% 2.7%
C30L10 12.0 11.5% 11.0% 11.1% 11.0% 10.6% 10.8%
F60 18 2.1% 2.1% 2.3% 2.1% N.M.? 2.2%
2.1% 2.2%
F45L15 18,5 N.M. 17.7% 17.1% 16.0% 17.7% 17.1%
€60 16 2.2% 2.1% 1.9% 2.0% 2.0% 2.5%
C45L15 17.0 16.1% N.M. 15.1% 15.5% 13.5% 14.8%

2 N.M. = not measured.

The results in Table 7 indicate the greater reactivity of the fine
CaCOs vs. its coarser counterpart in the binary blend with OPC.
Assuming that the CaCOs; powder in the cement/fly ash binary
blends will be relatively inert, their (increased) CaCO5 contents rel-
ative to their initial values were used to estimate the average
extent of carbonation of the specimens at ages of 1d and 7 d, an
increase of about 0.4% in CaCOs in most cases. These values were
used in turn to adjust the measured values at 1d and 7 d for the
binary (CaCOs3) and ternary blends in order to calculate an
estimated reactivity of the CaCO3; powder in these blends, with
the obtained estimates being provided in Table 8. Once again, the
enhanced reactivity of the finer CaCOs is seen in comparing the
L10 and L10coarse mixtures’ results in Table 8. The reactivity of
the coarse CaCOs at 1 d is negligible and it continues to be signifi-
cantly less than that of the fine CaCO3 at 7 d, consistent with its
reduced acceleration of cement hydration, as illustrated by
the 40 °C isothermal calorimetry results compared in Fig. 4. The
estimated reactivity of the fine CaCOs is further enhanced in the
ternary blends with fly ash, as this combination of powders
exhibits a synergy with respect to hydration and strength [4,10].

While strength was not measured in this current study on
pastes, some expectations can be inferred based on the cumulative
heat release values measured for the different mixtures [23]. For
example, for predicting relative 7 d strengths, the 7 d cumulative
heat release values (per mL initial water) for the 11 mixtures are
plotted vs. temperature in Fig. 7. The results suggest that for two
of the three curing temperatures, the L10 mixture should offer
comparable 7 d strengths to the control mixture and that the mix-
tures with Class C fly ash will offer superior strengths in compari-
son to those with Class F fly ash; the latter has indeed been
observed in actual concrete mixtures prepared at about 25 °C
[9,10]. The replacement of fly ash by fine CaCO3; powder should
also increase 7 d strengths for the 25 °C mixtures, and even more
so for the 15 °C mixtures. Once again at 25 °C, actual mixtures have
indicated significantly higher strengths at7d (and beyond) in
those ternary blend concretes with CaCO3; replacement for fly ash
[9,10].

Table 8
Estimated reaction (% remaining) of CaCOs in the mixtures.

Mixture 1d (15°C, 25°C, 7d (15 °C, 25 °C,
40°C) 40 °C)

L10 94.7% 93.4% 92.2%  89.8% 90.5% 89.3%

L10coarse 99.0% 100.9% 99.8%  97.0% 98.7% 96.1%

Mixtures with Class C or Class F
fly ash (40L10 and 45L15)

15°C=92.1% + 0.8%"
25°C=91.7%+2.7%
40°C=89.5%+2.0%

15°C=88.0% +2.2%
25°C=86.0% +6.7%
40°C=88.3%+2.7%

¢ +Value indicates standard deviation from three or four mixtures at each tem-
perature and age.
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4. Conclusions

Apparent activation energies for setting and hydration have
been determined for a variety of binary and ternary blends of
cement, CaCO5; powder, and fly ash, prepared at a constant water
volume fraction. Based on the results presented here, the following
conclusions can be drawn.

(1) For hydration, the applicability or lack thereof of a single
apparent activation energy to describe the complete early-
age hydration process can best be assessed based on time
transformations of the heat flow isothermal calorimetry
curves.

(2) Apparent activation energies for setting and hydration can
be different, as the first depends on the development of a
physical skeleton (backbone) of flocculated cement/CaCO3
particles and hydration products, and the latter is chiefly a
chemical process.

(3) For the mixtures investigated in this study, the apparent
activation energy for hydration could be adequately
described by a single (average) value with a coefficient of
variation on the order of 6% for both the 15-25°C and
the 25-40°C data sets. However, the apparent activation
energy for hydration is less for the higher temperature range
than for the lower one.

(4) For setting, there is a greater dispersion in the values of
apparent activation energy, but one clear trend is that the
replacement of either cement or fly ash by fine CaCOs
reduces the apparent activation energy for the lower tem-
perature conditions. This highlights another potential bene-
fit of the fine CaCOs in ternary blends, namely reducing the
low temperature sensitivity of high volume fly ash concrete
mixtures.

(5) The reactivity of the CaCOs, as well as its ability to accelerate
and amplify the cement hydration reactions, is influenced
greatly by its particle size (surface area), with the 1 pm CaCOs3
powder being far superior to the 17 pum CaCOs in this study.

(6) For the fine CaCO3; mixed with OPC, about 10% of the initial
CaCOs powder has been consumed (reacted) by an age of 7 d.
In the ternary blends, this consumption is increased further
by a few percent.
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