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Abstract
This study investigates the mechanisms behind fluidity loss in superplasticized
limestone calcined clay cement (LC3), a sustainable alternative to ordinary
Portland cement (OPC). Despite its environmental benefits, in presence of super-
plasticizers, LC3 experiences significant challenges in maintaining workability,
an issue of which this paper examines the root cause. It focuses on the role that
initial reactions play in creating additional surface area and the consequence
thereof on the performance of polycarboxylate ether superplasticizers (PCE) in
LC3. Experimental results reveal that while PCEs initially disperse the cement
particles, fluidity decreases rapidly over time, primarily due to the continuous
generation of those new surfaces that exceed the adsorption capacity of PCEs.
The study also examines the potential intercalation of PCE side chains into cal-
cined clays and shows that even in the worst-case scenario withmontmorillonite
clays, intercalation is not a significant contributor to slump loss when the clays
are calcined. These findings suggest that alternative strategies, such as slow-
ing down the initial reactivity of the calcined clays, for example by combining
PCEswith other additives like diphosphonates,may benecessary to improve flow
retention in superplasticized LC3 systems.

KEYWORDS
adsorption, flow loss, limestone calcined clay cement, specific surface area, superplasticizer

1 INTRODUCTION

As the global effort to mitigate climate change intensifies,
industries are under increasing pressure to innovate and
reduce carbon emissions. The cement industry, responsi-
ble for nearly 8% of global CO2 emissions, has become a key
focus for sustainability efforts.1 Ordinary Portland cement
(OPC), the most widely used cement, is highly carbon-
intensive, which has driven the development of alternative
materials aimed at reducing the environmental impact of
construction.2 Among these alternatives, limestone cal-

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2024 The Author(s). Journal of the American Ceramic Society published by Wiley Periodicals LLC on behalf of American Ceramic Society.

cined clay cement (LC3), has shown substantial promise.3,4
In LC3 cements, a portion of OPC is substituted with
calcined clay and limestone—twomaterials that are abun-
dant, cost-effective, and environmentally less impactful.5,6
By incorporating these components, LC3 can reduce CO2

emissions by up to 30–40% compared to traditional OPC
when a 50% replacement level of OPC is used, offering
equivalent mechanical properties and enhancing durabil-
ity, andwith the potential to go even higher in replacement
for general use applications. This positions LC3 technology
as a viable solution for sustainable cement production.7–9
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Despite its environmental benefits, LC3 faces a crit-
ical obstacle that challenges its wider adoption in the
construction industry: its inability to retain slump in pres-
ence of the most widely used type of superplasticizers,
leading to a rapid loss of fluidity in fresh concrete. This
loss of fluidity complicates the handling, transportation,
placement, and finishing of concrete, thereby impact-
ing workability.10–14 Given the operational challenges and
potential effects on construction efficiency, understanding
the factors that contribute to slump loss in superplas-
ticized LC3 is essential for improving its performance
and facilitating its broader use in demanding practical
applications.
The literature identifies three primary reasons behind

LC3’s poor slump retention: (1) the adsorption of water
by calcined clay, (2) the potential intercalation of PCEs
with calcined clay, and (3) the high specific surface area
(SSA) of calcined clay.10,15–17 Initially, the water adsorp-
tion capacity of calcined clay was thought to reduce free
water in the mix, reducing fluidity.15 However, recent
studies, such as those by Luca et al., have shown that
water adsorption is not the primary cause of slump
loss in LC3.18 This shifts the focus to other potential
mechanisms, particularly the interaction between calcined
clay and PCEs, as well as the large SSA of calcined
clay.
PCEs, a widely used class of superplasticizers, have

proven highly effective in enhancing workability and
maintaining slump retention in OPC systems, even when
limestone is used as a filler or supplementary replace-
ment material.14,19–21 However, in LC3, which contains
calcined clays alongside OPC and limestone, PCEs do
not provide the same level of performance. This suggests
that calcined clay is a key driver of slump loss in LC3.
The high SSA of calcined clay is considered a major con-
tributor to this issue, as it increases water demand and
makes it more difficult to maintain fluidity.10,16 In theory,
higher dosages of PCEs used for LC3 should offset this
effect by adsorbing onto all particles, preventing floccu-
lation, promoting better dispersion, and improving slump
retention. Yet, despite the higher dosages of superplasti-
cizers in LC3 formulations, which initially provide good
dispersion (hence adequate initial slump) typically on the
order of 20–30 min, rapid slump loss persists.14 It should
also be noted that higher dosages ultimately may also
lead to the bleeding depending on the liquid to solid ratio
used.
The fast flow loss even at high dosages raises an intrigu-

ing question: if higher dosages of PCEs are theoretically
sufficient to counteract the increased water demand due
to the high SSA of calcined clay and offer initial fluid-
ity, why does fluidity continue to decrease so rapidly?
As the issue continues, the potential for PCE interca-

lation with calcined clay has also been explored as a
possible contributing factor. Indeed, in calcined clays,
unlike swelling clays where PCE intercalation is a well-
established cause for poor fluidity.22–24 Thus, the inter-
action between PCEs and calcined clays remains unclear
and warrants further investigation. The fact that PCEs
provide initial dispersion but fail to retain fluidity may
suggest that other mechanisms may be at play, par-
ticularly related to the calcined clay’s behavior in the
mix.
The yield stress of suspensions can be assessed con-

sidering the number of contacts between grains and
the cohesiveness of those contacts,25 a concept that has
recently also been shown to account for thixotropic build
up at rest.26 In presence of superplasticizers, a weighted
average force can be computed considering the number of
contacts where both opposing surfaces are either devoid of
adsorbed polymers, both containing adsorbed polymers, or
having one surfacewith and onewithout polymers.27 It can
be shown that up to high surface coverages, the contacts
devoid of polymers dominate this force, which implies that
if hydrates are being produced at contact points between
grains, they can have an important effect in increasing
the overall cohesiveness of the flocculated network and
therefore the yield stress.28 Similarly, because the adsorp-
tion of PCEs is reversible, they may be displaced toward
newly formed hydrates for which theymay have a stronger
affinity, leaving the intergranular contacts to becomemuch
more cohesive. Such effects are expected to be strongly
affected by any change in SSA caused by the precipitation
of hydrates. The focus of this paper is therefore to examine
to what extent such changes in SSA may account for flow
loss in LC3.
By addressing these factors, this research seeks to

provide a clearer understanding of the challenges fac-
ing superplasticized LC3 in maintaining workability and
to offer insights that could lead to the development of
improved formulations with enhanced slump retention
properties. Resolving these issues is critical for the success-
ful adoption of LC3 as a sustainable alternative to OPC,
thereby supporting global efforts to reduce carbon emis-
sions in the construction industry and combat climate
change.

2 MATERIALS, METHODOLOGY, AND
METHODS

2.1 Materials

In this study, ordinary Portland cement (CEM I 42.5R)
from the Holcim Group, compliant with EN 197-1 stan-
dards, and limestone (LS) from Betocarb HP, OMYA,
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TABLE 1 Molecular parameters of used polycarboxylate ether
superplasticizers (PCE).

Molecular Parameters Values
Solid content (wt%) 52
Backbone PMAA-4900 g/mol
Sidechain MPEG-3000 g/mol
C/E 5
Mw (g/mol) 54 600
PDI (Đ) 2.3
Amount of carboxyl groups per unit
mass of the PCE (mmol/g)
according to Mw

0.76

Number of monomers per side
chain (P)

66

Number of monomers in the
backbone from one side chain to
another (N)

6

Number of repeating structural
units (n)

15.92

Gay and Raphaël conformation type FBW

Abbreviations: FWB, flexible backbone worm; MPEG, methoxy polyethy-
lene glycol; Mw, molecular weights; PDI, polydispersity indices; PMAA,
poly(methacrylic acid).

were used to produce LC3 blends. The third essential
component, raw and calcined clays, was sourced from dif-
ferent suppliers. Kaolinitic raw clay (KRC) was obtained
as a sample of raw feed of an industrial pigment quality
high-purity metakaolin, and montmorillonite raw clay
(MRC) was sourced from Fisher Scientific. Additionally,
Holcim provided the industrially flash-calcined clay
(ICC), while both raw clays were calcined in a laboratory
muffle furnace at 800◦C for 1 h, resulting in kaolinitic
calcined clay (KCC) and montmorillonite calcined clay
(MCC).29
Five types of LC3 cements were produced: IC-LC3,

using the industrial calcined clay; KC-LC3, incorporating
kaolinitic calcined clay; MC-LC3, using montmorillonite
calcined clay; andKR-LC3 andMR-LC3, incorporating raw
kaolinitic and montmorillonite clays, respectively. Each
LC3 cement followed the most used LC3 50 formulations,
consisting of 53.5% OPC, 15% limestone, 30% calcined clay,
and 1.5% gypsum by mass. The gypsum content of IC-
LC3 was first determined through preliminary isothermal
calorimetry tests to ensure sufficient sulfation, specifically
targeting the aluminate peak between 2 and 4 hours after
the alite peak.30 To maintain consistency and minimize
variations in ettringite precipitation, the same gypsum
content was used across all cement types.
PCE used in the study was a non-commercial lab prod-

uct provided by Sika, with molecular parameters detailed
in Table 1. Cement pastes were prepared using a ver-

tical stirrer with a 45 mm diameter, 4-bladed propeller
at a mixing speed of 1600 rpm. To control the temper-
ature, the beaker containing the paste was immediately
placed in a water bath at 20◦C after mixing, ensuring
that hydration proceeded similarly to the samples in the
calorimeter. The chemical composition and physical prop-
erties of the materials and cements are presented in
Table 2 and 3, respectively. Methoxy polyethylene glycol
(MPEG) side chains of 1000 g/mol, also sourced from
Sika, were used to study adsorption on OPC, limestone,
and LC3 systems. Additional chemicals needed for the
model system—including calcium hydroxide, calcium sul-
fate, potassium hydroxide, and sodium hydroxide—were
sourced from Sigma-Aldrich. The model system’s alkaline
solutionwas composed of 0.1 mol/L sodiumhydroxide and
0.5 mol/L potassium hydroxide. A summary of the impor-
tant abbreviations used in the study is provided in Table 4
to make the reader familiar with them.

2.2 Methodology

This study is divided into three main parts, each focus-
ing on different aspects of the interaction between calcined
clays, hydration reactions, and polymer adsorption in LC3
systems.
The first part of the study focused on the adsorption

of PCE side chains on different LC3 cements prepared
from raw and calcined clays. Since OPC and limestone are
key components of LC3, their adsorption characteristics
were also examined to provide a more comprehensive
understanding of the entire system. To achieve this, a
water-to-solid ratio of 0.5 was selected for all thematerials,
except for the LC3 with raw montmorillonite (MR-LC3),
which required a higher water-to-solid ratio of 1 due to
its higher water demand. Additionally, a fixed dosage of
side chains, corresponding to 0.5% by weight of solids, was
selected uniformly for all materials. Total organic carbon
(TOC) analysis was used to study the adsorption behavior
of PCE side chains on OPC, limestone and different LC3
cements providing insights into how surface character-
istics and clay type affect polymer-clay interactions in
LC3 systems. Additionally, for the LC3 with calcined
montmorillonite, adsorption over time was also analyzed
to determine if it could regain its intercalation capability.
Adsorption is typically determined by measuring the
depletion of organic carbon from solution using TOC
measurements, allowing for the quantification of polymer
adsorption onto different surfaces.31–33
The second part aimed to investigate whether calcined

clays take part in initial hydration reactions. For this pur-
pose, twoLC3 systems prepared from raw clay and calcined
clay produced in the laboratory from the same clay were
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TABLE 2 Chemical composition and physical properties of the materials.

Properties OPC LS ICC KRC KCC MRC MCC
Chemical
Composition (wt%)

CaO 64.92 55.53 0.48 0.01 0.01 1.55 1.97
SiO2 21.01 0.34 63.00 45.19 52.25 49.48 62.74
Al2O3 5.03 0.06 25.26 38.76 44.73 15.52 19.68
Fe2O3 3.43 0.04 6.08 0.42 0.48 3.78 4.80
MgO 1.94 0.25 0.49 0.02 0.02 2.23 2.83
Na2O 0.18 0.00 0.13 0.20 0.24 1.89 2.40
K2O 0.99 0.01 1.95 0.29 0.33 0.41 0.52
Minor oxides 0.62 0.01 0.76 1.15 1.33 1.33 1.69
LOI 1.88 43.75 1.84 13.97 0.62 23.80 3.38

Physical properties Specific gravity 3.12 2.76 2.66 2.61 2.58 2.69 2.54
SSA (m2/g) 0.81 0.98 25.6 12.61 12.07 13.61 5.73
D10 (µm) 6.71 5.51 1.99 4.61 5.40 1.31 9.05
D50 (µm) 15.55 17.08 10.35 9.40 10.33 6.58 29.59
D90 (µm) 42.06 52.73 55.39 17.11 21.87 55.19 86.68
Dm (µm) 20.68 24.24 21.32 10.36 16.58 19.28 41.36

Abbreviations: ICC, industrially flash-calcined clay; KCC, kaolinitic calcined clay; KRC, kaolinitic raw clay; MCC, montmorillonite calcined clay; MRC,
montmorillonite raw clay; OPC, ordinary Portland cement.

TABLE 3 Chemical composition and physical properties of different LC3 cements.

Properties IC-LC3 KR-LC3 KC-LC3 MR-LC3 MC-LC3
Chemical Composition (wt%) CaO 44.18 44.03 44.03 44.50 44.62

SiO2 30.51 25.16 27.28 26.45 30.43
Al2O3 10.35 14.40 16.19 7.43 8.68
Fe2O3 3.72 2.02 2.04 3.03 3.33
MgO 1.25 1.11 1.11 1.78 1.96
Na2O 0.14 0.16 0.17 0.67 0.82
K2O 1.13 0.64 0.65 0.67 0.70
Minor oxides 0.57 0.69 0.74 0.74 0.85
LOI 8.15 11.79 7.78 14.74 8.61

Physical properties Specific
gravity

2.93 2.91 2.90 2.94 2.89

SSA (m2/g) 8.36 4.37 4.23 6.62 2.28
D10 (µm) 5.54 5.45 6.00 7.09 7.36
D50 (µm) 14.42 11.48 13.91 16.83 19.54
D90 (µm) 50.46 33.85 53.89 51.29 65.02
Dm (µm) 22.21 16.71 23.07 23.95 30.29

selected. This ensured that both systems had a similar filler
effect, with differences attributed only to the chemical
reactivity of the clays rather than their SSA. A water-to-
binder ratio of 0.5was adopted. Isothermal calorimetrywas
used to monitor heat evolution during hydration, while
SSAmeasurements were conducted by stopping hydration
at regular intervals during the first hour, with measure-
ments conducted immediately after mixing and at every
15 minutes. Additionally, a model system developed by

Scherb et al. was used to further investigate the role of
calcined clays in the hydration process.34
The third part of the study is focused on tracking the

evolution of SSA and the adsorption of PCE over time
in two systems: OPC and LC3, both having the same ini-
tial yield stress. A water-to-binder ratio of 0.35, with PCE
dosages of 0.12% and 0.35% byweight of the binder for OPC
and LC3, respectively was used. These dosages ensured
that both systems achieved an initial yield stress of 2 Pa,
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TABLE 4 Summary of abbreviations used in the study.

Abbreviation Full form
KRC Kaolinitic raw clay
KCC Kaolinitic calcined clay
KR-LC3 LC3 prepared from kaolinitic raw clay
KC-LC3 LC3 prepared from kaolinitic calcined clay
MRC Montmorillonite raw clay
MCC Montmorillonite calcined clay
MR-LC3 LC3 prepared from montmorillonite raw clay
MC-LC3 LC3 prepared from montmorillonite calcined

clay
IC-LC3 LC3 prepared from industrially calcined clay
OPC-NFLC OPC with no flow loss compensation
IC-LC3-NFLC IC-LC3 with no flow loss compensation
IC-LC3-FLC IC-LC3 with flow loss compensation

as determined using the mini slump cone and convert-
ing the diameter of the slump cone to yield stress.35 In
both instances, PCE was added directly to the mixing
water. These experimental conditions, aligned with previ-
ous studies, ensured comparability and enabled accurate
interpretation of the results. Similar to the second part,
SSAmeasurementswere conducted at 15-minutes intervals
during the first hour to monitor changes over time, while
TOC analysis was performed simultaneously to assess PCE
adsorption. In a separate experiment, PCE was added at
intervals to compensate the flow loss of IC-LC3, with
corresponding TOC analyses conducted to track polymer
adsorption. The total additional PCE required to compen-
sate for the flow loss of IC-LC3 was 0.08% by weight of
binder. Figure 1 shows the schematic representation of the
experimental setup. It is important to note that the clays
used in this part differed from the clays in the other two
parts, as the raw version of the industrially calcined clay
used later was not available.

2.3 Methods

2.3.1 Calorimetry

Since capturing the initial heat flow (within the first hour)
is important for understanding the role of calcined clays
in early hydration reactions, all calorimeter experiments
were conducted using insitu mixing. The cement hydra-
tion experiments were carried out at 20◦C, while the
model cement experiments were performed at 25◦C (as
recommended by Scherb et al.34). All the sampleswere pre-
conditioned to the temperature of the calorimeter for a day
in a climatic chamber.

2.3.2 Specific surface area measurements

To study the evolution of the SSA of cements during
the first hour of hydration, solvent exchange was used
to stop hydration immediately after mixing (at 2 min-
utes) and at 15-minute intervals over one hour. Freshly
mixed paste (2 g) was diluted with cold isopropanol (IPA,
Sigma-Aldrich, puriss. p.a., ACS reagent > 99.8%) in a 10:1
isopropanol-to-paste ratio.
Conventionally, the diluted paste is filtered using nylon

membranes (0.22 or 0.45 µm), and then the moist paste
is dried in a desiccator until a constant mass is achieved
before measuring SSA using BET analysis.25,36,37 However,
as Sha et al. pointed out, this method can lead to the loss
of nuclei and small ettringite crystals through the filter
pores, especially with high superplasticizer dosages, caus-
ing an underestimation of SSA.37 This occurs because the
adsorption of superplasticizer onto ettringite crystals can
inhibit crystal growth and drastically reduce the size of the
ettringite crystals.38
To address this issue, after adding cold isopropanol

to the paste, the slurry was centrifuged at 20,000 rpm
for 8 h using a high-speed centrifuge (Beckman Coulter
Allegra 64R). The centrifugation duration was calculated
to sediment all particles larger than one nanometer.39
After centrifugation, the supernatant was discarded, and
the centrifuge tubes with samples were dried for 3 days
in a climate-controlled chamber at 40◦C under nitrogen
purge to maintain an inert atmosphere. These conditions
were selected to prevent the decomposition of ettringite.36
Once dry, the samples were recovered from centrifuged
tubes and homogenized in an agate mortar for BET SSA
measurement.
The homogenized samples were degassed for 16 hours

at 40◦C in a VacPrep 061 degassing station (Micromerit-
ics) under a nitrogen flow rate of 3 × 10−3 m3/h. SSA
was then determined using a BET multi-point nitrogen
physisorption apparatus (Micromeritics Tristar II 3020)
with an 11-point isotherm measured at 77 K and relative
pressures (P/P0) ranging from 0.05 to 0.30.36

2.3.3 Adsorption studies

Two separate adsorption experiments were carried out:
one focused on the adsorption of side chains onto vari-
ous surfaces, such as OPC, limestone, and different types
of LC3 cements, while the other examined the adsorption
of PCE on IC-LC3. In the side chains adsorption experi-
ment, side chains were added and dissolved in the mixing
water, following the same approach as the direct addi-
tion of superplasticizer used in the study. The surface was
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6 of 16 MOGHUL et al.

F IGURE 1 Schematic representation of experimental setup used in the study: (A) with no flow loss compensation (NFLC), and (B) with
flow loss compensation (FLC).

then introduced to the solution for adsorption, mixed for 2
minutes, and allowed to rest for 5 minutes. After the rest
period, a few grams of the paste were sampled for TOC
analysis.
For the PCE adsorption experiments, samples were col-

lected immediately after mixing and at regular 15-minute
intervals, for both the cases of flow loss compensation and
no flow loss compensation. In both experiments, the col-
lected samples were centrifuged at 10,000 rpm for 10 min.
The supernatant was carefully extracted, filtered through
a 0.20 µm syringe filter, and diluted at least 20 times with
0.05 M HCl. The diluted solutions were analyzed using a
TOC analyzer (TOC-V CSH, Shimadzu).33

3 RESULTS

3.1 Adsorption of side chains in
different LC3s

The potential contribution of PCE side chain intercalation
to slump loss in LC3 cements was assessed by evaluating
the adsorption characteristics of various LC3 cements
containing both raw and calcined clays as well as OPC and
limestone. The percentage of side chains adsorbed by each
system, along with their adsorption relative to their SSA,
is depicted in Figure 2. As shown in that figure, OPC and
LS exhibit minimal adsorption of PCE side chains, with
values of 0.63% and 0.73%, respectively. These non-zero

OPC LS KR-LC3 KC-LC3 IC-LC3 MC-LC3 MR-LC3
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F IGURE 2 Percentage of side chains adsorbed across different
systems.

values are unexpected, as OPC and limestone surfaces
should ideally show zero adsorption due to the absence of
functional groups capable of interacting with the surfaces.
The slight adsorption observed might be due to minor
experimental inaccuracies rather than true surface inter-
actions. In contrast, the LC3 variants, which incorporate
raw and calcined kaolinite (KR-LC3 and KC-LC3), show
slightly higher adsorption at 1.85% and 1.74%, respectively.
These values however still indicate a low affinity of PCEs
side chains for kaolinitic clays. Moreover, the LC3 variant
with calcined montmorillonite (MC-LC3) also exhibited a
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F IGURE 3 Adsorption behavior of side chains over time in
LC3 with calcined montmorillonite (MC-LC3).

similar adsorption value of 1.84%, further indicating a low
affinity for PCE side chains, even in the case of calcined
montmorillonite. LC3 with industrially calcined clay
(IC-LC3), on the other hand, exhibits a higher adsorption
value of 4.38%, which can be attributed to its significantly
high SSA, increasing their interaction with PCE side
chains. This is evident as all systems, except MR-LC3,
show similar adsorption values ranging between 0.02 and
0.04 mg/m2.
However, the behavior ofMR-LC3 is notably different. It

displays exceptionally high adsorption at 99.1%,which con-
trasts sharply with themuch lower values seen inMC-LC3.
This significant difference highlights the fact that calci-
nating montmorillonite drastically reduces its ability to
intercalate side chains.40–42 Despite MC-LC3 representing
the worst-case scenario for intercalation, the adsorption
values remain very low, reinforcing that intercalation of
PCE side chains is not a significant factor contributing to
fluidity loss in LC3 systems.
While the above conclusions appear solid, there remains

an important point often raised in the literature based on
the behavior of PCEs in presence of non-calcined swelling
clays. Indeed, in such cases, PCEs adsorb strongly on the
clays owing to a strong affinity of their side chains for inter-
calation between such clays.22,43,44 This raises the question
ofwhether such a processmay be slowly activated overtime
with calcined clays after contact with water. To address
this concern, the adsorption behavior of LC3 with cal-
cined montmorillonite (MC-LC3) over time was analyzed
and is presented in Figure 3. The results clearly show that
adsorption does not change within the first hour, further
reinforcing the conclusion that PCE intercalation is not
responsible for rapid slump loss in superplasticizer LC3
cements. The consistently low adsorption values observed

across all LC3 cements containing calcined clays, par-
ticularly in formulations predominantly using kaolinitic
clays, indicate that intercalation of PCE side chains cannot
account for the observed slump loss. The level of interac-
tion is insufficient to cause significant fluidity reduction.
These findings suggest that other mechanisms, rather
than PCE intercalation, are responsible for the slump loss
observed in superplasticized LC3 systems.

3.2 Role of calcined clays in early
hydration reactions

Since the results from the previous section confirm that
PCE side chain intercalation is not responsible for the
slump loss observed in LC3 systems, we now turn to
explore other factors that may cause this rapid slump loss.
The impact of hydration behavior and surface area devel-
opment, which are critical for workability of any cemen-
titious system, is investigated next. To further understand
these aspects, the hydration behavior and surface area
development of two LC3 systems—KR-LC3 (containing
raw clay) and KC-LC3 (containing calcined clay)—were
analyzed. Heat flow data provides insight into the dif-
ferences in hydration between these two systems. In
Figure 4A, which focuses on the initial 2 h of hydration,
both LC3 formulations show a pronounced exothermic
peak, pointing to a rapid release of heat due to dissolution
of soluble phases. KC-LC3 exhibits a slightly higher peak
heat flow compared toKR-LC3, and its heat rate and cumu-
lative heat remains slightly higher throughout the first 2
hours indicating a more vigorous dissolution with the cal-
cined clay. Figure 4B,which spans 48 hours, shows that the
hydration rate and cumulative heat inKC-LC3 remain con-
sistently higher. The alite peak in KC-LC3 occurs slightly
earlier and with marginally higher intensity compared
to KR-LC3, suggesting a slight acceleration in the main
peak.
As shown in Figure 5, initially both systems—LC3 with

raw clay (KR-LC3) and calcined clay (KC-LC3)—exhibit
similar specific surface areas (SSAs), with KR-LC3 at
4.7 m2/g and KC-LC3 at 4.3 m2/g. By the end of the obser-
vation period, KR-LC3 shows only a moderate increase in
SSA, reaching 5.3 m2/g, indicating limited changes when
raw clay is present. In contrast, KC-LC3 demonstrates a
significant increase in SSA, rising to 6.0 m2/g, despite
starting with a lower initial SSA (4.3 m2/g) than KR-LC3,
as a consequence of more active dissolution and conse-
quent enhanced precipitation of hydrates. This substantial
increase could have different origins:

1. There could be a filler effect, which enhances the dis-
solution of cement phases and the precipitations of
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F IGURE 4 Heat flow of LC3 variants with raw and calcined
clays (KR-LC3 and KC-LC3): (A) over 2 h, and (B) over 48 h.
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F IGURE 5 Time evolution of SSA for LC3 variants with raw
and calcined clays (KR-LC3 and KC-LC3).

hydration products in LC3 with calcined clays, possibly
enhanced due to altered surface energetics.45

2. The amorphous nature of calcined clay, with increased
structural disorder, providesmore reactive sites through
the dissolution of clay minerals even at early hours of
hydration.46,47

To understand the contribution of calcined clays, dif-
ferent model systems have been proposed.34,46,48 As any
model system they have their advantages and limitations.
Their key feature is to eliminate the need for using OPC
and limestone, leading to systems to study with different
clays which helps to see reactions that may be masked
by other exothermic reactions of cement phases. However,
the limitation is the lack of competition between different
phases of OPC, which in turn can yield significantly differ-
ent dissolution kinetics. This paper reports model system
from Scherb et al.34
For that model system, Figure 6A, which focuses on

early hydration shows that calcined clay (KCC) has a
higher heat flow rate, indicating better dissolution of the
calcined clay. In contrast, the model system with raw
clay (KRC) shows an initial low heat flow that drops
sharply, suggesting that the observed heat is primarily
due to mixing, with little contribution from clay disso-
lution. Figure 6B, which extends to 48 hours, reveals
that the heat flow in the KRC system continues to
rise even after a dormant period, reaching its first peak
between 18 and 24 hours. This peak is attributed to
the formation of ettringite and calcium aluminosilicate
hydrates (C–A–S–H) due to the reaction between cal-
cined clay, calcium hydroxide, and calcium sulfate, with
additional peaks occurring between 24 and 36 hours. For
a more detailed interpretation of these curves, refer to
Scherb et al.34
It could be inferred from the model system that the

shift in gypsum depletion point and slight acceleration in
KC-LC3 might be due to the early reaction of metakaolin,
which promotes the formation of ettringite and C–A–S–H,
consuming calcium hydroxide and gypsum more rapidly.
However, this hypothesis warrants further investigation
for confirmation. Moreover, previous studies looking at
the early phase assemblage of LC3 cements have found
no evidence of an increase amount of ettringite formation
during the induction and acceleration period, although
LC3 systems still exhibit a higher amount of ettringite
per gram of binder compared to OPC systems during the
early periods.48–51 Collectively, these findings suggest that
calcined clays are indeed contributing to the develop-
ment of surface area at early age, leading to fast slump
loss although, the underlying mechanism deserves further
investigation.
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F IGURE 6 Heat flow of model systems with raw and calcined
clay (kaolinitic raw clay (KRC) and kaolinitic calcined clay (KCC)):
(A) over 2 h, and (B) over 48 h.

3.3 Role of calcined clays in slump loss
of LC3

The previous section clearly demonstrated that calcined
clays enhance early hydration and surface area develop-
ment in LC3 systems. Building on this, and to further
elucidate the inability of superplasticizers to maintain
workability, this section examines the adsorption of PCE
in OPC and IC-LC3 systems as SSA increases. Figure 7
shows the evolution of SSA with time for OPC and IC-
LC3 systems, where PCE was added only to the mixing
water and no flow loss compensation (NFLC) was applied,

labeled as OPC-NFLC and IC-LC3-NLFC, respectively. It is
evident that IC-LC3 exhibits a faster increase in SSA over
time compared to OPC (3.0m2/g/h vs. 0.65m2/g/h), which
can be attributed to the contribution of calcined clay in the
early hydration reactions, leading to a higher SSA as time
progresses.
In Figure 8, the adsorption of PCE is tracked over time

for OPC and IC-LC3 with no flow loss compensation, and
IC-LC3 with addition of PCE for flow loss compensation
(IC-LC3-FLC). In the case of OPC-NFLC, as hydration pro-
gresses, PCE adsorption increases, indicating that PCE is
adsorbing onto newly formed surfaces, such as C–A–S–H
and ettringite. Despite no flow loss compensation, fluidity
is maintained in the OPC system because the initial dosage
provides sufficient PCE to adsorb onto the generated sur-
faces and effectively disperse the particles throughout the
first 1 h of hydration.
For LC3 with no flow loss compensation (IC-LC3-

NFLC), the adsorption remains stable over time with only
a marginal increase, indicating that most of the superplas-
ticizer is adsorbed early on, leaving little PCE available
for later adsorption. Given that LC3 generates significantly
more surfaces compared to OPC during early hydration,
the lack of available PCE results in insufficient dispersion
of the newly generated surfaces, which explains the fluid-
ity loss over time.When that loss in fluidity is compensated
by adding PCE (IC-LC3-FLC) at different times, adsorption
increases as expected.More importantly, it can be expected
that this additional adsorption must allow the complete
dispersion of the newly formed surfaces.

4 DISCUSSION

The results from Sections 3.1 and 3.2 indicate that PCE
side chain intercalation does not significantly contribute
to slump loss in LC3 systems, and that calcined clays
enhance early hydration and surface area development.
These findings are robust and do not require further
analysis. The following discussion therefore focuses on
Section 3.3, specifically analyzing how, over time, changes
in SSA andPCE adsorption account for the observed slump
loss in LC3 systems.

4.1 Relation between PCE adsorption
and surface area changes

From Figures 7 and 8, it appears that both SSA and PCE
adsorption increase linearly with time up to about 1 hour.
A linear regression is therefore taken over this linear range
to infer the values of both SSA and adsorption at time
zero, just as the cement is contacted with water. With this
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F IGURE 8 Adsorption of PCE over time in OPC with no flow loss compensation (NFLC), and in IC-LC3 (LC3 with industrially calcined
clay) with flow loss compensation (FLC).

in hand, we calculate changes in both SSA (ΔSSA) and
adsorption (ΔAds), starting from time zero.
Figure 9 shows that ΔAds increases linearly with ΔSSA

in the three cases considered. However, for LC3 without
flow loss compensation (LC3, circles), this increase is only
minimal. This is in line with our previous conclusion,
that with LC3 most of the dosed PCE adsorbs initially

(> 75%). It points to the fact that the additionally formed
surfaces strengthen the cohesion between grains, causing
an increase in yield stress, explaining the rapid flow loss in
superplasticized LC3.
The other two cases in Figure 9 show a much stronger

increase of ΔAds with ΔSSA. Let us first consider the case
of LC3 with flow compensation (LC3-FLC, triangles). As a
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F IGURE 9 Relationship between the changes in polymer
adsorption and SSA. Values are calculated by taking adsorption and
SSA values at time zero from the ordinates at the origin of the
regressions in Figures 7 and 8.

reminder, these data are obtained from samples to which,
at each selected time, enough PCE is added to restore the
initial fluidity. Figure 8 shows that this flow loss compensa-
tion fluidity goes along with an increase adsorption, ΔAds,
that is proportional toΔSSA. In otherwords, if enoughPCE
can adsorb on these additional surfaces, then the flow is
retained. Returning to the normal case of LC3without flow
loss compensation, this underlines that rapid flow loss of
superplasticized LC3 is a result of ΔSSA.
The last case in Figure 9 is that of OPC. Interestingly,

it shows an equivalent proportionality between ΔAds and
ΔSSA, with fluidity being retained although no additional
PCE needs to be added over time. A first implication of
this result is that in essence the mechanism of flow loss
in OPC is the same as that in LC3: the creation of new
surfaces that increase the cohesion of the flocculated net-
work. Additionally, it also implies that retaining fluidity
requires enough PCEs to adsorb on those freshly created
surfaces.
The twomain differences between OPC and LC3 are: (1)

the rate at which these additional surfaces are formed (3.0
m2/g/h vs. 0.65 m2/g/h), (2) Not all PCE initially adsorbed
on OPC, contrary to LC3. Regarding the second point, we
find that initial adsorption on OPC only concerns about
52% of the dosed polymer, while for LC3 it is much higher
(75%).
This difference in adsorption can be attributed to the

distribution of molecular structures in PCEs, particularly
with regard to charge density, which has a profound
effect on the affinity of PCEs for surfaces. We there-
fore infer that the low charge density part of the PCE
distribution cannot initially adsorb on OPC, while it

can on LC3. Despite this, over time and in OPC, this
lower charge density fraction progressively adsorbs as SSA
increases.
This suggests that PCEs have a higher affinity for these

newly formed surfaces than for the original OPC. Also,
since most PCE adsorbs on LC3 during flow compensa-
tion, one may suspect that the newly formed surfaces are
of similar nature both in LC3 and in OPC, but this clearly
deserves further investigation. In any case, regarding LC3
which is the core topic of this paper, based on model sys-
tems of the type used in this paper, the additional surfaces
formed appear to be ettringite and C–A–S–H.50 For ettrin-
gite, PCEs are said to have a strong affinity, which would
explain why most dosed PCEs adsorb.52,53 This suggests
that ettringite may also plays a key role in ΔSSA of OPC
since the less charged PCEs are able to adsorb on the newly
surfaces that form.

4.2 Surface coverage of newly formed
hydrates

The previous section suggests that as new surfaces are
formed, theymust be covered by PCEs to prevent flow loss.
Also, the relation between ΔAds and ΔSSA is very simi-
lar for OPC and LC3-FLC. Assuming that the increased
adsorption occurs on newly formed hydrates, the pro-
portionality constant gives the surface coverage of those
hydrates, which from Figure 9 would be 0.365 mg/m2.
Should these surfaces be fully covered, we may compare
that previous value to the theoretically expected saturation
plateau obtained from an adsorption conformation model
described elsewhere.54
The maximum adsorbed mass of PCE (m

∞
) is given by:

𝑚∞ =
𝑀𝑤 × 1000

𝑆𝑃𝐶𝐸 × 𝑁𝑎

where,Mw is themolarmass in g/mol,Na is theAvogadro’s
number and SPCE is the surface area occupied by a PCE
molecule, calculated using:

𝑆PCE =
𝜋√
2
(𝑎𝑃𝑎𝑁)

(
2
√
2(1 − 2𝜒)

𝑎𝑃
𝑎𝑁

)2∕5

𝑃9∕10𝑁3∕10𝑛

where, 𝑎𝑁 is the monomer size of the backbone (0.25 nm
for methacrylate); 𝑎𝑃 is themonomer size of the side chain
(0.36 nm for ethylene oxide); 𝜒 is the Flory parameter
(0.37 for polyethylene oxide at 25◦C55); N is the number
of monomers in the backbone between any two successive
side chains; P is the number of monomers per side chain
and n is the number of repeating structural units in the
backbone.56
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F IGURE 10 Highly schematic representation of possible causes for the evolution of yield stress in PCE superplasticized suspensions:
(A) flocculated network with superplasticizer distribution, (B) strengthening of contact points from hydrate precipitation, (C) superplasticizer
migration toward newly formed hydrates in the bulk and closer cement particles, and (D) migration of superplasticizer onto newly formed
surfaces and cement particles moving closer.

Using these equations, the value of m
∞
was calculated

as 0.375 mg/m2. However, it was noted that the theoretical
surface areas are typically 13% higher than experimental
values.54 After applying this correction, the adjusted value
becomes 0.326 mg/m2, which still closely matches the
experimentally obtained value of 0.365 mg/m2, suggesting
that PCEs not only adsorbs onto new surfaces generated,
but also cover them extensively.

4.3 Microscopic look at flow loss and its
compensation

As explained in the introduction, the yield stress of
superplasticized suspensions may change due to the pre-
cipitation of hydrates, which strengthens the flocculated
network of particles. Superplasticizers, however, substan-
tially reduce the strength of any contact where they are
present. Therefore, adding hydrates at contact points and
not covering themwith superplasticizers will substantially
increase the yield stress. This situation is illustrated in
Figure 10A,B. The first of those illustrations shows two par-
ticles with a low contact strength because superplasticizers
are present at their point of closest vicinity. Figure 10B then
shows the same particles with the formation of hydrates
that strength the interparticle cohesion. That illustration
includes a change of position of some PCEs which reflects
the fact that adsorbed polymers remain mobile, which is
indirectly supported by experimental evidence that PCE
adsorption is reversible.33,57
Figure 10C shows a newly formed hydrate in the bulk

and PCEs having migrated from the cement grains to

its surface. This leads both cement particles to come
closer together and have stronger cohesive forces, without
additional hydrates having to form on their surface.
The fourth illustration shown as Figure 10D is a com-

bination of cases (B) and (C). Here hydrates are forming
on the cement grains, but they are not directly causing an
increase in interparticle cohesion, because PCEs migrate
to their surface. The change in cohesion comes from parts
of the original surface now being devoid of PCEs.
While the situations illustrated in Figure 10B–D would

have the same macroscopic consequence on yield stress
and flow loss, they are not completely equivalent in terms
of the affinity that the PCEmust have for those surfaces as
explained in Appendix A, which also elaborates on the role
of PCE dispersity.

4.4 Strategies for mitigating flow loss in
LC3

The root cause for the faster flow loss in LC3 than in OPC
is the faster rate at which additional surfaces are created
(3.0 m2/g/h vs. 0.65 m2/g/h). This implies that two main
strategies may be considered to counter that flow loss.
The first one would be to include poorly adsorbing

substances that would not adsorb initially but only later
in time as additional surface are formed. This would
mimic the situation observed with our PCE in OPC
but may be more difficult to achieve as LC3 seems
to attract PCEs more than OPC. A more fundamen-
tal issue with this option is that it does not tackle the
root cause of substantial increase in SSA over time.
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Consequently, the needed dosages of PCEs will increase
substantially.
A more promising route to prevent flow loss of super-

plasticized LC3, and one already reported to be effective,
is to use additional admixtures that hinder the early reac-
tivity of LC3, such as diphosphonate superplasticizers.14
Other studies however reported the use of clay-mitigating
agents58 and clay-dispersing agents59 which probably also
impact the early hydration of LC3, limiting the formation
of additional surfaces. While this provides a clear con-
ceptual route to control flow loss in superplasticized LC3,
the underlying chemistry and physics deserve additional
research, particularly in terms of molecular design of such
additives or formulations in relation to the early reactivity
of calcined clays.

5 CONCLUSIONS

This research delves into the underlying causes of slump
loss in superplasticized LC3, emphasizing the impact of
calcined clays and their interaction with PCEs. Our find-
ings provide critical insights into the mechanisms driving
fluidity loss not only in LC3 but also systems and offer
potential pathways for improving workability.
Our key conclusions can be summarized as follows:

1. Calcined clays and early hydration: Calcined kaolinitic
clays significantly contribute to the increase in SSA and
influence the hydration process. This increased SSA is a
key factor in the observed slump loss in superplasticized
LC3.

2. PCE interaction and fluidity: The use of a single PCE
molecule, as in this study, is insufficient to manage
slump loss in LC3. The PCE’s inability to maintain flu-
idity in LC3 is primarily due to its initial extensive
adsorption, which leaves no reserve for adsorption over
time as additional surfaces are created. Higher initial
dosages are not an option as they would lead to too high
fluidity, possibly with segregation and/or bleeding.

3. Intercalation of PCE side chains: Intercalation of PCE
side chains into calcined clays, particularly montmoril-
lonite, is not a significant factor in fluidity loss when
those clays have been calcined. Even in montmoril-
lonite clays, which represent a worst-case scenario, the
adsorption values were too low to contribute meaning-
fully to slump loss.

4. Recommendations for improving slump retention: To
effectively address slump loss in LC3, PCE formu-
lations may need to be optimized or modified with
different adsorbing groups. Alternatively, combining
PCE with additives such as diphosphonates, as pro-
posed in previous studies, could offer a tailored solution

to meet the specific demands of slump retention in
superplasticizer LC3 systems. Thereby, the most effec-
tive mechanism for such admixtures should be to
hinder a too rapid initial reaction of the calcined
clays.

5. Strategies for mitigating flow loss in LC3 and future
research directions: Current strategies to mitigate
flow loss in LC3 primarily involve using admix-
tures such as diphosphonate superplasticizers, clay-
mitigating agents, and clay-dispersing agents. However,
further research is needed to optimize the molecular
design of PCEs to better control reactivity and surface
generation, enhancing their compatibility with LC3.
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Appendix A: Possible (re)distribution of PCEs on
hydrates
The present paper has highlighted similar origins of flow
loss for OPC and LC3, although the rate at which this
happens is very different with both cements. One reason
lies in the much higher rate of surface creation in LC3
than OPC than OPC (3.0 m2/g/h vs. 0.65 m2/g/h). Another
reason results from the PCE polydispersity along with a
lower affinity of our PCE for OPC than for LC3. To better
illustrate this,wehave developed the schemes inFigureA1.

OPC
Figure A1(A) illustrates the case of OPC, where the poly-
hedron represents a cement particle. Contacts between
cement particles can be imagined as shown in Figure 10.
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F IGURE A1 Visual representation of different systems over time, organized into rows and columns. The three rows represent different
experimental setups: (A) Ordinary Portland cement (OPC) with no flow loss compensation (polycarboxylate ether superplasticizers (PCE) in
the mixing water), (B) limestone calcined clay cement (LC3) with no flow loss compensation, and (C) LC3 with flow loss compensation
(gradual addition of PCE at discrete time intervals). The three columns correspond to the adsorption of PCE at different hydration times:
immediately after mixing, 30 min after mixing, and 1 h after mixing. PCE molecules are classified into two groups based on their charge
density: low charge density (shown in green) and high charge density (shown in red). Cement particles are illustrated as polyhedrons, while
ettringite is depicted as columnar structures. For simplicity, the new surfaces generated during hydration are shown as ettringite.

The columnar structures represent ettringite. The added
PCE is broadly classified into two groups based on charge
density:moleculeswith low charge density are represented
in green, while those with high charge density are shown
in red. The 2nd and 3rd illustration in this row show that
over time additional surfaces form and absorb the previ-
ously non-adsorbed PCE. We speculate that whatever the
hydrate forming (not necessarily ettringite or only it), PCEs
have a higher affinity for it, so the lower charge density
PCEs can adsorb onto those surfaces.

LC3 without flow loss compensation
In the case of LC3, most of the PCE is initially adsorbed,
probably due to high SSA of LC3 and the fact that it forms
more surfaces for which, as for ettringite, PCEs have a
strong affinity. This implies that LC3 has little reserve
PCE in solution to counter the effect of newly formed sur-
faces. Importantly also, because these surfaces cannot be
covered by adsorbing PCEs, they will cause flow loss.27,28
As already suggested in Figure 10, this process may also

involve the new surface consuming the PCEs adsorbed on
cement particles, thereby leading to hydrate bridges and
flow loss. Whichever of those processes takes place, the
result is a loss in fluidity. The scenario of hydrates forming
in the bulk is the one shown in the 2nd and 3rd illustration
of Figure A1(B) as it is easier to represent.

LC3 with flow loss compensation
Figure A1(C) shows the case where at selected points in
time, an additional amount of PCE is added to return the
fluidity to its initial value. As shown in Figure 9, this leads
to an additional adsorption ΔAds that is proportional to
ΔSSA. The analysis in Section 4.2 suggests that the addi-
tional surfaces are extensively covered by PCEs, indicating
that they also attract lower charge density PCEs. The 2nd
and 3rd illustrations of Figure A1(C) show the same forma-
tion of hydrates over time as in Figure A1(B), but this time
with additional PCEs being made available to maintain an
overall high surface coverage. This illustration should be
considered along with Figure 10.
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