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Abstract Limestone calcined clay cement (LC%)
is emerging as an alternative to Portland cement,
offering economic advantages, reduced CO, emis-
sions, and mechanical properties on par with Portland
cement. Central to the effective utilization of LC? is
understanding how the fineness of its components
affects its performance. The current study investigates
limestone calcined clay cement mixtures composed
of kaolinite, illite, and montmorillonite calcined clays
and limestone at two levels of fineness. Strengths of
mortar cubes were tested at 1, 3, 7, and 28 d and sta-
tistical analysis was performed with a 95% confidence
level. Additionally, LC> pastes were analyzed using
x-ray diffraction, mercury intrusion porosimetry,
scanning electron microscopy, and isothermal calo-
rimetry. The fineness of the calcined clay along with
the fineness of limestone is found to be statistically
significant for 28-d strength in LC® mortars made
with kaolinitic and montmorillonite calcined clays.
All hydrated blends had a hemicarboaluminate phase,
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whose intensity was related to the fineness of the cal-
cined clay, and the monocarboaluminate phase forma-
tion was found to be dependent on both the fineness
and type of calcined clay. Porosimetry revealed that
LC? pastes with illite clay have larger threshold pore
diameters than those with kaolinite clay. LC> pastes
containing kaolinite have denser microstructures due
to C—S-H and hemicarboaluminate formation. Pastes
produced with coarse calcined clay and coarse lime-
stone led to a broader, weaker heat development peak
and lower normalized cumulative heat. LC? with kao-
linitic clay has the highest normalized cumulative
heat, while that with montmorillonite calcined clay
has the lowest.
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1 Introduction

Cement industry activities are estimated to contribute
5-7% of global man-made CO, emissions [1-4]. Sup-
plementary cementitious materials (SCMs) have been
used by the cement industry to reduce CO, emissions
for many years [5-9]. However, since Portland cemen-
titious systems cannot incorporate high amounts of
SCMs without compromising mechanical proper-
ties, and because SCM properties vary by region,
the search for alternative binders has intensified. One
such binder is limestone calcined clay cement (LC>).
LC? boasts lower CO, emissions and cost compared
to Portland cement, due to its significantly lowered
clinker content. Beyond ~7 d, its mechanical proper-
ties mirror those of Portland cement. Furthermore,
it can be produced using equipment and materials
already present in existing cement factories [10-12].
Typical LC? comprises 50% Portland cement clinker,
30% calcined clay, 15% limestone, and 5% gypsum
[13, 14]. Its mechanical performance, as well as its
mineralogical and calorimetric properties, are related
to the type and grade of calcined clay used in the
binder, and the fineness of the components that make

up LC? [15, 16]. Common types of clay found in the
earth’s crust include kaolinite, illite, and montmoril-
lonite [17]. Calcination or thermal activation is the
predominantly adopted method for increasing the
reactivity of clays [18-21]. When thermal activation
is applied, the pozzolanic activity of these minerals
ranks, from highest to lowest, as kaolinite, mont-
morillonite, and illite [15]. Mechanical activation
has gained attention in recent years as an effective
method for activating illitic or montmorillonite clays.
In addition to its lower energy requirement compared
to calcination, mechanical activation can amorphize
the structure of illitic and montmorillonite clays, a
feat that most thermal activation methods cannot
achieve [22-24]. Since kaolinite is richer in alumino-
silicates than the other two clay minerals, most stud-
ies on LC> have concentrated on utilizing kaolinite
of various grades [10, 16, 25-27]. Notably, after 7 d,
LC>-50 mortars, which incorporated calcined clays
with at least 41.9% kaolinite, demonstrated mechani-
cal properties comparable to those of Portland cement
mortars [20]. This performance might be attributed
to the formation of calcium silicate hydrate, resulting
from the reaction of metakaolin with portlandite, and
to the generation of carboaluminate phases, namely
hemicarboaluminate and monocarboaluminate [28].
These phases develop through the interaction of alu-
mina in C;A with both portlandite and limestone. In
LC3, a similar reaction takes place, which involves an
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interaction among the reactive aluminosilicate phases
derived from metakaolin, calcium carbonate from
limestone, and portlandite from Portland cement.
The fineness of the constituents directly affects the
hydration degree of cementitious systems [29, 30]. A
recent study [16] investigated the impact of two dif-
ferent fineness levels of each component of a typical
LC? mix, which included calcined clay (with less than
50% kaolinite), limestone, and cement. The study
found that while clinker and calcined clay fineness
can impact strength at all ages, limestone fineness
significantly impacts only the early-age strength.

Current literature reveals a gap in studies that
compare different clay types with significantly var-
ied levels of fineness, aiming to highlight the critical
role of component fineness in LC3. Moreover, these
studies lack substantiation of their findings through
comprehensive statistical analysis. To address this
gap, the design of the study focuses on evaluating the
performance of LC?, paying special attention to two
distinct fineness levels of calcined clay and limestone.
Consequently, three distinct types of calcined clays
(kaolinite, illite, and montmorillonite) were carefully
selected. The impact of the fineness of these clays
and limestone on compressive strength was evaluated
using univariate statistical analysis. Additionally, the
study investigates the influence of component fine-
ness in LC? on the mineralogical, morphological, and
hydration characteristics.

2 Materials and methods
2.1 Materials

The LC? blends were prepared in a laboratory by
mixing Portland cement (PC) clinker, limestone
(LS), gypsum, and various calcined clays. These
clays included kaolinite clay (Kao, from Zafer Min-
ing, Balikesir), illite clay (Ill, from Bastas Cement
Plant, Ankara), and montmorillonite clay (Mont,
from Votorantim Cement Plant, Ankara). The chemi-
cal composition of the raw materials was determined
using x-ray fluorescence spectroscopy (XRF, Rigaku
ZSX Primus II), and their various physical properties
are presented in Table 1.

Figure 1 shows the x-ray diffraction (XRD) pat-
terns for the starting materials. Their mineral phase
compositions were determined through Rietveld
refinement using MAUD [31], as shown in Fig. 2.

Figure 3 showcases the Blaine fineness of the
materials and the grinding duration required to
achieve the desired levels of fineness. The order of
hardness of the LC® mineral admixtures used in this
study appears to be I11>Mont > LS > Kao, consistent
with findings from prior research [32].

Prior to milling, 5 kg of material was dried
at 110 °C for each run. The ball mill, measuring
465 mm in length and 370 mm in diameter, had a
volume of ~50 dm?>. The milling media consisted of
15 hard steel balls of 50 mm diameter, 62 balls of
40 mm, 174 balls of 29 mm, 160 balls of 22 mm, and
210 cylpebs of 16 mm length, totaling 621 balls with
a combined mass of ~57 kg, as described in [33].
The milling process, conducted using this labora-
tory ball mill, was performed at a rotation speed of

Table 1 Oxide

. . Oxide (%) PC clinker Kao 11 Mont LS Gypsum

composition and physical

properties of materials used CaO 65.8 02 21 37 535 373
Sio, 20.7 55.2 51.3 61.5 1.1 0.6
Al O4 52 30.1 23.4 14.3 0.4 0.2
Fe,0; 3.0 0.7 7.7 8.6 0.2 0.1
MgO 1.8 0.1 2.9 2.6 0.4 0.2
K,O 0.7 0.8 4.7 1.6 0.1 0.0
SO, 1.2 29 0.5 0.1 0.1 47.0
Na,O 0.4 - 1.1 0.3 - -
Loss on ignition 1.2 10.0 6.3 73 442 14.6
Density (g/cm?) 3.11 2.63 272 2.63 272 2.51
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70 rpm. After the clays were ground, they underwent
a calcination process. The optimum calcination tem-
peratures for each type of clay were determined based

on the strength activity index (SAI) test, following
the specifications outlined in ASTM C311 [34]. SAI
is defined as the ratio of the compressive strength of
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mortar incorporating 20% by mass of the calcined
clay in the binder to the strength of the control mor-
tar without any clay. A higher SAI indicates higher
activity of the calcined clay. In determining the opti-
mal calcination temperature, SAI was determined for
clays calcined at every 50 °C increment between 600
and 900 °C. All the clays were heated at 5 °C/min,
held at the target temperature for 3 h, and then cooled
naturally in the furnace. The results indicated that the
optimum calcination temperatures were 650 °C for
Kao, 850 °C for IlIl, and 600 °C for Mont. Although
“optimum” temperatures reported in the literature for
clays seem to vary, similar thermal activation tem-
peratures have been reported for Kao [35, 36], Il
[37, 38], and Mont [39, 40]. However, it is important
to note that the optimum calcination temperature is
influenced by various factors, including the type of
calcination (flash or static), the fineness of the clay
being calcined, the amount of each mineral (kaolinite,
illite, or montmorillonite), and the impurities present
in the clay [41, 42].

2.2 Mix design

The gypsum content of the PC control mixture,
needed to regulate the setting of the PC clinker, was
determined using strength tests as outlined in ASTM
C 563 [43], resulting in a PC gypsum:clinker ratio of
5:95. For LC? containing 30% calcined clay and 15%
limestone, the gypsum:clinker ratio was increased
slightly and set as 3:52. The ratio used here is lower
than in the literature that attempt to achieve a “sulfate
balance” or to increase strength. The “proper” amount
of added gypsum in LC> depends on many factors,
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including SCM fineness and chemical composition.
The use of calorimetry curves have been proposed to
identify this amount [44, 45]. The decision to use a
low amount of added gypsum allows the investigation
of the effect of clay type and fineness and of lime-
stone fineness on the sulfate need of the system. The
samples were labeled according to the following con-
vention: “LC>-Calcined Clay Typecycined Clay Fineness™
Limestone; jesone Fineness - 1able 2 gives the Blaine
finenesses chosen for the powder components of the
different mixtures.

2.3 Test methods

Mortars were prepared using silica sand in accord-
ance with ASTM C305 [46], with a water-to-binder
ratio of 0.48 and a flow of 110+5%, achieved by
adjusting the superplasticizer content as specified
by ASTM C1437 [47]. The LC? blends incorporated
a superplasticizer (Sikament FFN) with a density of
1.15-1.19 kg/l at 20 °C. The amount of superplasti-
cizer varied depending on the fineness of the calcined
clays and limestone, with 1.5% by weight of cement
used when both materials were fine, 1.3% when cal-
cined clays were fine and limestone was coarse, and
1.0% when calcined clays were coarse, and limestone
was fine. No superplasticizer was used when both
materials were coarse. Strength development of these
mortars was evaluated in accordance with ASTM
C1009 [48], using 50 mm cubes. After being removed
from their molds, the mortar cubes underwent a cur-
ing process in water at room temperature (23 +2 °C)
until reaching specified test age (1, 3, 7, and 28 d).
The microstructures of the hardened LC? pastes were



183 Page 6 of 18

Materials and Structures (2024) 57:183

Table 2 Finenesses chosen

. Mixture ID Blaine fineness (mzlkg)

for the components in the

LC? blends PC Kao 1l Mont LS Gypsum
Control 380 - - - - 350
LC3-Kaog,. LS e 380 1000 - - 1000
LC3-Kaog, LS course 380 1000 - - 380
LC3-Kao,ozreLSfine 380 390 - - 1000
LC3-Kao,o,ceLScoarse 380 390 - - 380
LC31,LSge 380 - 1000 - 1000
LC3-M15, LS course 380 - 1000 - 380
LC-1,0 5L Sfine 380 - 370 - 1000
LC3TM o5 LS coarse 380 - 370 - 380
LC3-Monty;, LS, 380 - — 1000 1000
LC3-Montg, LS oz 380 = — 1000 380
LC3-Mont, . LSgine 380 = - 380 1000
LC3-Mont,,.L.S 380 - - 380 380

coarse coarse

investigated using scanning electron microscopy
(SEM) coupled with energy dispersive x-ray (EDX)
composition analysis (Zeiss Evo LS10). For the SEM
analysis, paste samples were prepared following the
mixing procedure outlined in ASTM C 305 and cured
in water at room temperature until the day of test-
ing. The 28-day bulk paste samples were examined
at magnifications of 250X and 3000x. Additionally,
28-day bulk paste samples, prepared according to the
same mixing procedure as the SEM analysis, were
used for the mercury intrusion porosimetry (MIP,
Quantachrome Poremaster 60) analysis. Pore size
distribution was determined using a maximum pres-
sure of 375 MPa. XRD analysis (Olympus BTX-II)
was conducted in the range of 5-55°20 with a resolu-
tion of 0.25°20 at room temperature (23 +2 °C). For
the XRD analysis of raw materials, no curing was
applied, whereas for the hardened paste samples, the
tests were prepared in accordance with ASTM C 305
and cured in water at room temperature (23+2 °C)
until the day of testing. On the testing day, the hard-
ened paste samples were ground, and their micro-
structure was examined under the specified initial
settings. The heat evolution of pastes was meas-
ured using an isothermal calorimeter (TAM Air, TA
Instruments). Consequently, 10 g paste samples were
prepared at room temperature (23 +2 °C) and subse-
quently loaded into the device. The hydration kinetics
of the paste samples were monitored for up to 48 h.

3 Results and discussion
3.1 Strength development

Figure 4a, c, and e depict the strength develop-
ment of LC?® produced using combinations of fine
or coarse ingredients, Kao/LS, III/LS, and Mont/
LS, up to 28 d. Meanwhile, Fig. 4b, d, and f show
both the main effect plot and statistical outputs (i.e.
F-value and p-value) for calcined clay and LS, con-
sidering two different fineness levels for the afore-
mentioned test ages. The main effect plot represents
the mean responses corresponding to each level of
an independent variable, thereby illustrating the
impact of these variables on the dependent variable
within the context of an experiment.

The 1-d and 3-d strength of LC® mortars pre-
pared using various clays are similar irrespective
of the clay type and its fineness. However, strengths
at 7 d and 28 d reveal that the clay type directly
influences the performance of LC>. The difference
in performance can be attributed to the distinct
structural characteristics of the clays. For instance,
kaolinite has a 1:1 structural layer, while illite
and montmorillonite feature a 2:1 structural layer.
Kaolinite has more OH groups in unique positions
within its structure compared to illite and montmo-
rillonite, leading to a unique decomposition that
reduces crystallinity significantly, making it more
reactive at later ages. Conversely, in illite and mont-
morillonite, the 0%~ groups from one layer align
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Fig. 4 Strength development (a, ¢, e), and main-effect plots and statistical results (b, d, f) for LC? mixtures produced with fine and/

or coarse Kao/LS, III/LS, and Mont/LS

next to those of another layer, leading to fewer OH
ions being released into the solution. Additionally,
the structure of these minerals features an octahe-
dral alumina sheet encased between two silicon tet-
rahedron sheets. Consequently, illite and montmo-
rillonite are less reactive than kaolinite [15].

The main effect plots in Fig. 4b, d, and are uti-
lized to analyze the differences in strength from the
mean strength at different levels of the fine/coarse

factor, represented by a line. A horizontal line indi-
cates the absence of a main effect. Slight deviations
from the horizontal line may significantly impact the
response. A steeper slope signifies a greater magni-
tude of the main effect. The p-values helps interpret
the significance of the result. For a confidence level
of 95%, a p-value greater than 0.05 suggests that
the result is not significant. A p-value less than 0.05
indicates significance, a value less than 0.01 denotes
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high significance, and so on [49]. Based on this infor-
mation, whenever the fineness of clay or limestone
at various ages is statistically significant, the corre-
sponding F-value and p-value for these materials are
highlighted with a yellow dashed rectangle. Figure 4b
shows that in LC3-Kao-LS, the impact of Kao fine-
ness on 28-d strength, and that of LS at 3 and 28 d, is
statistically significant. The statistical significance of
Kao fineness in the 28-d strength could be linked to
the aluminate content and the structural layer of kao-
linite. Meanwhile, the 1:1 structural layer of kaolin-
ite fosters a more alkaline environment by releasing
additional OH™ ions into the cementitious matrix, as
reported in [15, 50]. On the other hand, the statisti-
cal significance of LS fineness in LC*-Kao-LS on
3- and 28-d strengths is attributed to the filler effect
of LS at 3 d and its role in forming carboaluminate
phases at 28 d. Figure 4d shows that the fineness of
Il significantly affects strength at 1 d, 3 d, and 28 d,
while the fineness of LS influences strength at 1 d and
3 d in LC3-II-LS. Interestingly, coarser Il resulted in
higher 1-d strength compared to its finer counterpart.
This phenomenon was also observed in LC? mixtures
made with Kao, though the effect of Kao fineness on
1-d strength in LC3-Kao-LS did not reach statistical
significance. In LC® mixtures containing Kao and
111, the result is linked to sulfate content. As reported
by [51, 52], the sulfate requirement in cementitious
mixtures is determined by their aluminate content.
Therefore, the addition kaolinite, which is rich in alu-
minate, calls for adjusting the sulfate levels. Incorpo-
rating additional gypsum into the LC> may slow down
the hydration of aluminate components but improves
that of silicate components, highlighting the pivotal
role of gypsum in early-age strength. Consequently,
in LC? mixes with coarse Kao and Ill, lower sulfate
demand for finer cases results in higher 1-d strength
compared to mixes with finer Kao and Ill. Similar
observations have been reported in other studies [53].
The statistical significance of Ill fineness in the 3- and
28-d strengths of LC3-III-LS is attributed to its inert
nature and resulting physical effects, such as cement
dilution, dispersion, and nucleation. This inert char-
acteristic of Ill is further indicated by the lack of sta-
tistical significance in LS fineness, suggesting a lim-
ited interaction among Ill, LS, and Portland cement at
28 d. Figure 4f shows that the effect of the fineness of
Mont and LS on strength of LC>-Mont-LS is statisti-
cally significant at different intervals: Mont at 3 d and

7 d, and LS at 3 d and 28 d. The significance of Mont
fineness for strength at early ages might be due to the
nucleation and filling effect of Mont. Although mont-
morillonite shows greater pozzolanic activity than
illite, the statistical insignificance of Mont fineness
for strength at later ages could be related to with the
low amount of montmorillonite in this clay (Fig. 2).

3.2 Mineralogical changes

The 28-d XRD curves for LC? pastes prepared with
clays and limestone of varying fineness are shown in
Fig. 5.

Figure 5 demonstrates that hemicarboaluminate
which refines the pore structures and contributes to
strength development [25, 28, 54], formed in all mix-
tures, regardless of the type of calcined clay used.
However, in mixtures containing finer limestone, its
intensity is more prominent. Both monocarboalu-
minate and hemicarboaluminate were observed in
LC3-Kaoy;, LS, and LC*-Kao,, . LSs,. (Fig. 5a).
The conversion of hemicarboaluminate to mono-
carboaluminate in these mixtures occurred at 28 d,
driven by the higher aluminate content in Kao com-
pared to other calcined clays, the structural layer of
kaolinite in Kao, and the influence of particle size
of LS. Figure 5b illustrates that the greater amounts
of hemicarboaluminate form in LC*-II-LS mixtures
with fine LS than in mixtures with coarse LS. The
fineness of Ill does not significantly impact the for-
mation of hemicarboaluminate. This observation is
also corroborated by the statistically insignificant
strength of LS at 28 d in Fig. 4d. Figure 5c indicates
that hemicarboaluminate in LC3>-Montg, LS, . 1S
greater than in LC3-Mont,, LS., This suggests
that Mont might be a significant aluminum source for
LS. Several studies have highlighted that while mont-
morillonite possesses a 2:1 structural layer like illite,
it is inherently less stable and may provide greater
amounts of aluminum. Consequently, montmorillon-
ite emerges as a more reactive component in LC? [15,
55].

3.3 Pore size distribution and porosity

The pore structures of 28-d-old LC> pastes deter-
mined with MIP are presented in Fig. 6.

The LC? pastes made with coarse calcined clay,
typically exhibit the highest porosity, regardless of
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Fig. 5 28-d XRD patterns
of LC? pastes produced
with fine and/or coarse: a
Kao/LS, b III/LS, ¢ Mont/
LS (Legend: E-ettringite;
Hc-hemicarboaluminate;
Mc-monocarboaluminate;
T-Tobermorite; CH-Portlan-
dite; Q-Quartz; G-Gypsum;
C-Calcite)
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Fig. 6 Volume intruded and pore size distribution curves for 28-d LC? pastes: a, b LC3-Kao-LS; ¢, d LC3-11I-LS; e, f LC>*-Mont-LS

the type of clay used (Fig. 6a, c, and e). The pore size
distribution confirmed the predominant presence of
capillary pores (0.005-5 pm) across all samples. In
the coarse samples of LC3-Kao and LC>-III, larger
pores (>1 pm) were primarily observed, potentially
due to less effective compaction. In contrast, the fine
cases of LC3-Kao and LC-Il exhibited fewer large
pores and a higher concentration of capillary pores in
the 0.010-0.1 pm range. Both fine and coarse ingredi-
ent cases of LC>-Mont displayed significant amounts
of capillary pores, with the coarse case showing a

slightly higher presence of larger pores compared to
the fine ones. Comparing the threshold pore diam-
eters of the pastes, the largest pore size at which the
volume of mercury intruded increases significantly
[56], the differences are noted depending on the
type of calcined clay used. Specifically, for Kao, the
threshold pore diameters range from 0.02 to 0.06 pm;
for I11, they vary from 0.008 to 1.8 um; and for Mont,
they extend from 0.03 to 0.1 pm. Assessment of the
threshold diameter and normalized volume reveals
differences in strength by highlighting the differences
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in quantities of large and small pores within the sam- 3.4 Microstructure characterization

ples. Even though LC3-Kaog, LS, has the highest

strength without having the smallest threshold diam- Figure 7, 8, and 9 illustrate the effect of calcined
eter, the varying pore sizes in other mixtures account clay and limestone fineness on the microstructures
for their lower strengths. of LC?. Figure 7a—e shows the impact of Kaog,./
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Fig. 7 SEM/EDX micrographs of 28-d pastes: a, b LC3-Kaog, LS,e; ¢ EDX result of Spot 1 in (b); d, e LC>-Kao,,LS
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Fig. 8 SEM micrographs at 28 d: a, b LC3-Tll;, LS, ¢, d LC3-TI1

Kao g, and LSg /LS .. on the microstructures
of LC?. LC*Kaoy;, LSy, matrix, rich in amorphous
CSH gel and with minimal portlandite, contrasts with
LC3-Kao,,,LS.ouse- This difference stems from
pozzolanic reaction that fills voids and enhances the
microstructure. Despite the identification of needle-
like ettringite structures in Fig. 7b and e, the observed
densification of the microstructure in Fig. 7b may be
predominantly attributed to the concurrent formation
of CSH and hemicarboaluminate. This is confirmed
by the EDX analysis of the hexagonal particles with
smooth surfaces in Fig. 7b and e, which suggests
they may be a poorly crystallized kaolinitic phase, in
alignment with the clay mineral images in [57, 58].
The labeling of this mineral as hemicarboaluminate
rather than calcium hydroxide is related to the amount
of aluminum observed in the EDX analysis. Addition-
ally, the presence of hemicarboaluminate in the 28-d

coarseL

A (b)
. Portlandite L

Illite

Calcite

o EWT=2500k/  Mag= 300KX Date 20Nv2023 (=) CrNDM

S

coarse

XRD results further supports the identification of this
mineral as hemicarboaluminate. The abundance of
kaolinite in Fig. 7e relative to Fig. 7b might imply a
lower hydration degree in LC?-Kao,,, LS oase COM-
pared to LC3-Kaog;, LS.

Figure 8 shows a pronounced presence of air
voids in LC? pastes made with Ill. This situation is
not fineness-specific, as it persists across different Il
fineness levels (fine and coarse) and is also evident at
greater magnification (Fig. 8b and d). The simultane-
ous presence of portlandite and Ill suggests reduced
pozzolanic activity of I1l. In effective pozzolanic reac-
tions, products like C—S—H typically fill voids, result-
ing in a denser microstructure. A greater amount of
voids may imply less efficient reactions leading to
reduced strength, similar to [59]. The characterization
of the irregular sheet-like shapes with rough surface
morphology in Fig. 8b and d as illite, based on [60],
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C3-MontgneLStine
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Fig. 9 SEM/EDX micrographs at 28 d: a, b LC3-Montg,LS,; ¢, d LC>-Mont

further supports the conclusion that LC? pastes incor-
porating IlI fail to develop a densified microstructural
matrix.

The visibly microcracked microstructure in
Fig. 9a contrasts notably with that of Fig. 9c, the
disparity is attributed to the expansive properties
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of montmorillonite (detected by EDX analysis in
Fig. 9e) and aligns with findings in previous studies
[61, 62]. Figure 9b further reveals the presence of
portlandite and calcite structures, indicating incom-
plete reaction of Mont. Moreover, the microstruc-
tural of LC3-Mont;, LS. (Fig. 9b) reveals porous
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formations resembling holes. This observation sug-
gests a potential delay in the pozzolanic reaction of
Mont particles, agreeing well with [63—-65].

3.5 Heat evolution

The change in normalized heat flow and cumulative
heat for the various pastes are systematically pre-
sented in Fig. 10.

A consistent observation across all samples is the
occurrence of a marked exothermic reaction. The ini-
tial phase of this reaction, which lasts up to 30 min,
is attributed to the wetting and dissolution processes
characteristic of the paste composition. The second
(alite) peak is directly related to the dissolution of C;S
and the subsequent precipitation of C-S-H. In this
phase, sulfate is also adsorbed onto the C—S—H. This
peak becomes much more prominent when calcined
clay and limestone are integrated into the cemen-
titious matrix. This can be observed from Fig. 10
if heat flow is normalized by the amount of clinker
instead of total binder. Since LC> contains nearly half
the amount of clinker in PC, the LC> curves need to
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be doubled leading to alite peak heights of 5.0-5.5
mW/g clinker compared with~3.9 mW/g clinker peak
height for the control. This increase is linked to the
filler effect produced by these two SCMs [28]. This
physical effect related with the increased surfaces pro-
vided by the fine materials promotes the accelerated
nucleation of C-S—H and adsorption of sulfate ions
from the pore solution [44, 66]. The alite peak also
helps assess the sulfate balance in LC>. Given a suf-
ficient sulfate amount in LC>, the aluminate peak (the
third peak) invariably succeeds the alite peak [44, 45].
The alite peak emerges earlier in LC? produced with
Kao compared to blends containing other clays, when
the same clay/limestone fineness combinations are
compared (Fig. 10a vs. Figure 10b or Fig. 10c). This
suggests that gypsum is depleted more rapidly in LC?
mixtures containing Kao and that the chemical com-
position of the calcined clay is a factor influencing the
sulfate balance. The enhanced alite reaction results
in a higher rate of C—S—H and ettringite precipita-
tion, and consequently, earlier sulfate depletion [67].
Additionally, the time between the aluminate and alite
peaks in LC? mixtures produced with Kao (compare
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the curves in Fig. 10a) is shorter than in those pro-
duced with Il and Mont. Considering that all pastes
contain the same amount of gypsum, this indicates
a higher gypsum need (sulfate demand) in Kao-con-
taining mixtures. Kao also causes narrower aluminate
peaks. Furthermore, the LC® paste produced with
Kao,,. has a longer time between these peaks than
the paste produced with Kaog,., showing the effect of
SCM fineness on the sulfate need. Hence, LC? with
Kaog,,. requires a greater amount of gypsum than LC?
with Kao,,.. Similarly, LC3-Kao,,..-LS,. requires
more gypsum than LC3-Kao,,.-LS .. However,
the effect of LS fineness appears to be less signifi-
cant than that of the Kao. This could also be related
with the greater amount of calcined clay than lime-
stone (30% and 15%) in LC>. Similar effects of clay
fineness and limestone fineness are also observed in
Fig. 10b and c. LC? blends with Kao exhibit higher
heat flow during the dormant period compared to
those with Il and Mont which also suggests more
extensive sulfate consumption in kaolinite-rich mix-
tures. Comparing the total heat released by the dif-
ferent pastes, LC> blends produced with Kao achieve
the highest cumulative heat at 48 h, due to combined
hydration, pozzolanic reaction, and formation of car-
boaluminates. LC> blends with Mont registered the
lowest heat. Although montmorillonite is generally
more reactive than illite [15], the higher 48-h cumu-
lative heat evolved by pastes containing Il can be
attributed to Il containing ~62% illite but Mont con-
taining only ~26% montmorillonite. Past studies [44,
45, 68, 69] offer mixed views on the impact of the
calcined clay’s chemical composition on the sulfate
need of LC>. The findings in this study suggest that
both the fineness and chemical composition of the
calcined clay influences the sulfate need of LC>.

4 Conclusions

This study statistically examined the effects of parti-
cle size and type of calcined clay, along with lime-
stone particle size, on the mechanical performance of
LC?, as well as their effects on morphology, miner-
alogy, and hydration kinetics. The following conclu-
sions were reached:

e The fineness of kaolinitic clay significantly influ-
ences 28-d strength at a 95% confidence level, but

its effect is not statistically significant at earlier
ages. Similarly, the fineness of calcined illite clay
is significant for late ages, yet does not enhance
early strength. The effect of the fineness of these
two clays on late strength relates to their structural
layers and chemical compositions. The fineness of
montmorillonite clay significantly affects strength at
3 and 7 d, while its impact on 1 and 28-d strength is
not significant. This could be due to the low mont-
morillonite content in the clay used, mainly physi-
cally affecting hydration.

e Limestone fineness has a significant impact on 28-d
strength of LC? blends containing calcined kao-
linitic and montmorillonite clays but not in blends
with illite clay. The interaction between limestone
and calcined clay emphasizes the crucial role of the
position of aluminates within the structural layers of
clays.

e The hemicarboaluminate phase occurs in all LC?
mixtures, independent of clay type; however, mono-
carboaluminate formation requires the fine grinding
of kaolinitic clay and limestone. Unlike kaolinitic
and montmorillonite clay, whose fineness signifi-
cantly affects the hemicarboaluminate quantity, the
fineness of illite clay has little impact.

e Clay type directly influences threshold pore diam-
eter, with fineness playing a more crucial role in
calcined clays of high activity and less so in those
of low activity. Calcined clay fineness contributes to
a denser microstructure more effectively than lime-
stone fineness.

e The sulfate requirement in LC> mixtures is influ-
enced more by the filler effect of calcined clays than
by limestone. The aluminate peak intensity depends
on the position of aluminum within the structural
layer of calcined clay and its physical impact on the
hydration of the cementitious system
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