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Calcined clay plays a critical role in controlling the rheology of limestone-calcined clay cement (LC®). This study
shows that the yield stress of LC® mixtures with ultra-high volumes of calcined clay and limestone evolves
significantly faster within the first 90 min than that of plain cement pastes at the same solid volume fraction. Two
key mechanisms were identified: (1) calcined clay alters particle packing through its layered structure and micro-
cavities, promoting physical water absorption; and (2) it enhances interparticle attractive forces via “bridge”

formation (C-(A)-S-H bridges and colloidal attractive forces) between cement and calcined clay particles in the
fresh state, accelerating rigidification. However, this bridging effect can be hindered by the addition of PCE-

based superplasticizers.

1. Introduction

To address growing concerns over CO, emissions in the cement and
concrete industry, low-carbon cementitious materials have become a
focus of research in recent decades [1]. One practical approach is to
reduce clinker/Portland cement content using supplementary cementi-
tious materials (SCMs) [2,3]. However, the availability and supply of
conventional SCMs, such as fly ash and slag, are becoming a concern for
long-term implementation [4,5]. Calcined clay and limestone are
considered promising alternatives, offering a low carbon footprint dur-
ing manufacturing and widespread availability [6]. Concerning the
dilution effect on strength and required rheology for mold casting,
limestone calcined clay cement (LC®) typically consists of up to 50 wt%
of clinker, along with a blend of calcined clay (30 wt%), limestone
(15 wt%) and gypsum (5 wt%) [4,7].

In 3D concrete printing applications, more than 50 wt% of Portland
cement/clinker can be replaced by limestone and calcined clay. This is
possible because: (1) the size and amount of aggregate are limited by the
printing setup and process, resulting in a high content of binding ma-
terials in the printable concrete [8,9]. As a result, the strength of the
hardened concrete can still be maintained even with more than 50 %
clinker replacement; (2) high fluidity of fresh concrete is not a priority.
Instead, printable concrete must exhibit sufficient yield stress and rapid
structuration after layer deposition (buildability) which is more critical

* Corresponding authors.

[10]. Our earlier work [8] shows that the buildability of LC3 is signifi-
cantly enhanced by increasing the calcined clay content (see Fig. 1),
attributed to the unique physical characteristics of calcined clay, i.e., its
fine grain size, high specific surface area (SSA), and plate-like
morphology.

However, it is somewhat arbitrary to attribute the enhancement of
the yield stress of LC solely to the physical features of calcined clay. In
many earlier studies [8,11-14], Portland cement/clinker is replaced by
the mass of calcined clay and limestone, rather than by volume. Due to
the lower density of limestone and calcined clay compared to Portland
cement, this replacement increases the solid volume fraction (SVF),
which also significantly influences the rheology of the fresh mixture.
Additionally, beyond SVF, yield stress is dictated by particle in-
teractions, including colloidal attractive forces and C-(A)-S-H nucleation
[15,16]. So far, very little attention has been paid to revealing the
physicochemical role of calcined clay in the particle interactions of fresh
LC® mixtures at very early ages. Moreover, the kinetics of these particle
interactions in LC2 has not yet been thoroughly investigated.

This paper aims to explore the role of calcined clay in the static yield
stress and structural build-up of fresh cementitious pastes with high-
volume of calcined clay and limestone. To achieve this goal, the rheo-
logical properties of a ternary blend with varying SVFs (39 %, 43 %, and
55 %), as well as plain Portland cement pastes with an SVF of 43 %,
including visco-elasto-plastic behaviors, evolution of static yield stress
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and elasticity with time (first 1.5 h), were quantified and compared.
Moreover, the early-age hydration kinetics of studied mixtures were
determined by isothermal calorimetry. Finally, plausible mechanisms
related to the observed phenomena are discussed in three distinct per-
spectives, i.e., physical characteristics of particles, particle interactions
and rigidification kinetics.

2. Materials and methods
2.1. Raw materials and mix designs

In this study, CEM I 52.5 R Portland cement, limestone powder,
calcined clay and gypsum were employed to make the cementitious
matrix. Gypsum with more than 99 % purity was supplied by Merck
KGaA, Germany. Calcined clay containing high volume of quartz im-
purity (see Fig. 2(a)) was provided by Argeco, France. As shown in Fig. 2
(b), calcined clay had the coarsest grain size of the fines due to the large
particle size of quartz. This was confirmed by the microstructure
observation (Fig. 3) and elemental mapping using scanning electron
microscopy coupled with energy dispersive spectrometry (SEM-EDS)
(Fig. 4). As shown in Fig. 3, three types of calcined clay clusters were
observed: (1) quartz particle covered by a layer of agglomerated meta-
kaolin particles; (2) agglomerated metakaolin particles; (3) dispersed
metakaolin particles. It should be noted that in this paper, “agglomer-
ation” was mainly used to describe the clusters of undispersed particles.
The content of quartz and amorphous phases (mainly metakaolin) was
34.2 wt% and 64.1 wt%, respectively, which was quantified by using
quantitative X-ray diffraction analysis using Rietveld refinement
method. As mentioned earlier, the presence of quartz impurity in
calcined clay can be beneficial to reduce the water demand and to
improve the flowability of fresh cementitious materials [17]. Addition-
ally, chemical compositions (as determined by X-ray fluorescence) and
physical features of binding materials were summarized in Tables 1 and
2. Calcined clay exhibited extremely high SSA compared to the other
fines. Due to the low SSA of quartz impurities, the SSA of the calcined
clay used in this study may be relatively low compared to other calcined
clays with similar kaolinite content (prior to calcination).

Table 3 presents the mix designs of all studied pastes. For this study,
the mixtures can be classified in three groups. The mixtures in the first
group had the same solid volume fraction (SVF), including PC, M75,
L75, and CC. Mixture M75 contained 25 wt% of Portland cement and
75 wt% of the blend of calcined clay, limestone and gypsum in the
binder. The water-to-binder mass ratio (W/B) in mixture M75 was 0.5,

Buildability

max. layer number =12

30 wt.% calcined clay
15 wt.% limestone powder
55 wt.% Portland cement

max. layer number = 18

B N

50 wt.% calcined clay
25 wt.% limestone powder
25 wt.% Portland cement
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which was adjusted in other mixtures to keep the same SVF. The
calcined clay-to-limestone ratio was 2.4 for all mixtures except for PC,
L75 and CC. The effect of increasing calcined clay and limestone con-
tents on fresh properties was investigated by comparing the test results
of mixtures PC and M75. For determining the role of high-volume
calcined clay in this context, L75 and CC were considered as reference
mixtures. In the second group, mixture M75-1 had a 0.60 of W/B, which
largely decreased the SVF from 42.91 vol% to 38.51 vol% compared to
mixture M75. The last two mixtures (M75-SP1 and M75-SP2), belonging
to the third group, exhibited the same binder compositions and W/B
(0.30) but different polycarboxylate ether (PCE)-based superplasticizer
(SP) dosages (MasterGlenium®51, BASF). The SP used in this study is in
liquid form with a solid concentration of 35 %. This SP was selected to
maintain consistency with our previous study [8]. The SVF of both
mixtures was about 55 vol%.

As reported by [18,19], sulfate depletion (aluminate peak) may
occur before the main hydration peak if there is under-sulfation in LC3
pastes, which may adversely affect the hydration and early-age strength
development. Therefore, additional gypsum (4 wt%) was added into
mixtures M75, L75, M75-SP1, and M75-SP2 for keeping the similar
CaSO4 content to that of mixture PC. The additional gypsum amount was
determined by a preliminary isothermal calorimetry screening (see
[20]). All fresh paste samples (about 0.5 L each time) used in this study
were prepared using the same planetary HOBART mixer and procedures:
(1) mix at low speed for 1.5 min after pouring liquid (time zero=the
time of adding liquid); (2) pause, scrape the inner wall and bottom of
bowl; (3) mix at high speed for 1.5 min.

2.2. Test methods

2.2.1. Isothermal calorimetry test

The hydration heat released in the first 2 days was measured by using
a TAM Air isothermal calorimeter. In this test, fresh paste (6 g) was
poured into a 20 ml glass vessel after mixing the pre-weighed binder
with the water (or water+SP) by a small mixing machine for about
3 min. A reference vessel filled with fine quartz sand (0.125-0.25 mm)
together with paste sample vessel were placed in the isothermal calo-
rimeter at 20 °C.

2.2.2. Rheological tests

The rheological tests, including strain sweep, constant shear rate
(CSR) and SAOS-time sweep tests, were conducted using an Anton Paar
MCR 302e rheometer equipped with a cylindrical cell (inner diameter:

max. layer number > 21

60 wt.% calcined clay
30 wt.% limestone powder
10 wt.% Portland cement

Limestone and calcined clay content (wt.%)

Fig. 1. Buildability performance was enhanced by increasing limestone and calcined clay content (wt%) in printable cementitious materials, adapted from [8].
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Fig. 2. (a) X-ray diffraction (Cu-Ko radiation) patterns of calcined clay. Qz-quartz. (b) Particle sized distribution of CEM I 52.5 R Portland cement, limestone powder,

gypsum and calcined clay measured by laser diffractometry.
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Fig. 3. Particle morphology observation of calcined clay under increasing magnification of secondary electron mode imaging. Three main types of particles were
observed: quartz covered by agglomerated metakaolin, agglomerated metakaolin and dispersed metakaolin.

28.92 mm; depth: 68 mm) and a four-blade vane (diameter: 22 mm;
height: 40 mm). For each test, about 85 g of fresh paste was poured into
the cell. The temperature (20 °C) of the cell was maintained by a Julabo
refrigerated circulator. The specific procedures for all rheological tests
are summarized and detailed in Table 4.

2.2.2.1. Strain sweep test. After 30 s of pre-shear and resting sessions
(material age: 10 min), the applied rotational speed increased linearly
from Omin~! to 100 min~! in 90s and was kept at the constant

rotational speed of 100 min~" for 45 s. Afterwards, the rotational speed
was reduced from 100 min ! to 10 min~? in nine consecutive steps (45 s
for each step). After waiting for about 10 min, strain sweep test was
executed with the applied strain from 0.001 % to 500 % and a frequency
of 1 Hz that was also employed by studies [21-23]. The theory of
oscillatory shear test can be found in [24,25]. Fig. 5(a) illustrates the
typical storage (G’) and loss factor (G"/G') vs. applied strain curves.
Three regimes can be obtained: liner-viscoelastic domain (LVED), crit-
ical strain to flow point, and the domain above flow point (G’>G). G’
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Fig. 4. ESEM-EDS elemental mapping analysis of 28-day LC® paste sample (30 wt% calcined clay, 15 wt% limestone, 53 wt% Portland cement, and 2 wt% gypsum,
0.30 of W/B and 0.8 wt% SP): (a) BSE micrograph; (b) Elemental mapping image of Ca (calcium); (c) Elemental mapping image of Al (aluminum); (d) Elemental
mapping image of Si (silicon); (e) Overlay masks of quartz (Cyan) and metakaolin (Yellow) particles determined using Compass+XPhase on Pathfinder X-ray
Microanalysis Software (Thermo Fisher Scientific).

Table 1 Table 2

Oxide compositions of calcined clay, limestone powder and Portland cement. Physical characteristics of calcined clay, limestone powder, Portland cement and
XRF [wt%] Calcined clay Limestone powder Portland cement gypsum.
Cao 0.54 55.40 67.87 Clalcined Limedstone Portland Gypsum
Si0, 54.38 0.17 17.20 8y powder cement
Al;03 37.90 0.03 4.56 Density [g/ 2.51 2.65 3.12 2.32
Fe,03 2.56 0.04 2.72 cm?]
K20 0.17 0 0.62 BET-SSA [m?/ 11.19 1.22 1.16 0.53
TiOy 1.10 0 0.34 gl
ZrOy 0.05 0 0 Dyso [pm] 54.09 24.19 14.86 31.94
SO3 0 0 2.41
Others 1.93 0 3.06
LO.L 1.37 44.36 1.22
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Table 3
Mixture composition of cementitious materials.

Construction and Building Materials 492 (2025) 142898

Portland cement Calcined clay Limestone powder Additional gypsum Water Sp Solid volume fraction
[wt% of the binder] [vol% of the paste]

PC 100 0 0 0 42.64 0 42.91

M75 25 50 21 4 50 0 42.91

L75 25 0 71 4 48.66 0 42.91

CC 0 100 0 0 52.97 0 42.91

M75-1 25 50 21 4 60 0 38.51

M75-SP1 25 50 21 4 30 0.8 55.18

M75-SP2 25 50 21 4 30 1.2 54.97

SP: superplasticizer.

Table 4
Procedures of rheological tests.

Material age Strain sweep

Material age

CSR and Intermittent Material age Continuous SAOS

[min:s] [min:s] SAOS [min:s]
9:00-9:30 Pre-shear 1 (100 min 1) 9:00-9:30 Pre-shear (100 min 1) 9:00-9:30 Pre-shear
(100 min™ 1)
9:30-10:00 Resting 9:30-10:00 Resting 9:30-10:00 Resting
10:00-11:30 Pre-shear 2: Ramp up of rotational speed from 0 to 100 min ! 10:00-10:20 CSR test (0.2 min~1) 10:00-90:00 SAOS (0.005 %,
1 Hz)
11:30-19:00 Pre-shear 3: Rotational speed of 100/90/80/70/60/50/40/30/20/  10:20-10:30 Resting
10 min ! (40 s for each step)
19:00-29:40 Resting 10:30-30:00 SAOS (0.005 %, 1 Hz)
29:40-53:40 Strain sweep test-after 10 min of resting time (0.001 %—500 %, 30:00-30:20 CSR test (0.2 min™1)
1 Hz)*
30:20-30:30 Resting
30:30-50:00 SAOS (0.005 %, 1 Hz)
50:00-50:20 CSR test (0.2 min~ ")
50:20-50:30 Resting
50:30-70:00 SAOS (0.005 %, 1 Hz)
70:00-70:20 CSR test (0.2 min ')
70:20-70:30 Resting
70:30-90:00 SAOS (0.005 %, 1 Hz)
90:00-90:20 CSR test (0.2 min 1)
* The material age for strain sweep test-after 60 min of resting time: 79:40-113:40 [min:s].
T T 4.0
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Fig. 5. Strain sweep test: (a) An example curve of storage modulus G and loss factor G”/G as a function of applied oscillation strain (0.001 %-500 %); (b) The

obtained curve of shear stress and applied oscillation strain (0.001 %-500 %).

showed a relative constant value or small growth in LVED. The critical
strain is defined as the end of LVED. According to [15,26], the measured
G’ is independent of the applied strain within this regime (smaller than
the critical strain). Once the applied strain is greater than the critical
strain, G’ decreases as applied strain increases. The flow point can be
obtained when G”=G'. After the flow point (G'<G”’), the fresh mixture
shows more liquid-like properties [25]. The shear stress (oscillation) vs.
applied strain curve was also acquired from this test, as shown in Fig. 5
(b). One or two peaks may appear within about 10 % of applied strain,

which seems to be related to the disruption of C-(A)-S-H nucleation
and/or colloidal interactions between particles [16,27-29]. The shear
stress increased rapidly as the applied strain increased from about 10 %
and approached the peak value after 100 % strain is applied. In this
regime, the growth and peak of shear stress may be attributed to the
hydrodynamic force dominated by the viscosity of liquid phase and/or
the direct contact between solid particles induced by inertial effect
[28-30].
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2.2.2.2. CSR and SAOS tests. CSR-single sample approach was used to
quantify the evolution of static yield stress (SYS) within the first of
90 min. About 30 s of pre-shear and resting were also conducted prior to
the CSR test. It should be noted that the preshear procedure was applied
only prior to the material age of 10 min. At material age of 10, 30, 50, 70
and 90 min, 0.2 min~! of constant rotational speed and 20 s of testing
duration were applied. The peak value of each test was defined as the
SYS at the specific age. Intermittent SAOS test with 0.005 % strain and
1 Hz (referred to [21]) was performed during the resting time between
two consecutive CSR tests for monitoring the elasticity recovery and
development of fresh mixtures. In contrast, continuous SAOS with the
same testing parameters as the intermittent one was performed on the
basis of a new sample from 10 min to 90 min of material age. Fig. 6
shows an example of continuous and intermittent SAOS test results.
Owing to the destructive nature of CSR test, the obtained G' from
intermittent SAOS test is smaller than that of the continuous test espe-
cially after 30 min. Please also note that the measured SYS using a single
sample approach in this work appears to be smaller than that of
multi-sample measurements, as discussed by [31,32]. Nevertheless, the
applied deformation for each sample at every test cycle was kept iden-
tical. CSR-single sample test is still a viable approach to compare the
evolution of SYS for different mixtures.

3. Results
3.1. Visco-elasto-plastic behaviors

Fig. 7(a) reports G' as a function of applied oscillation strain
(0.001 %-500 %) for different mixtures after 10 min of resting time.
Within LVED, most of mixtures showed a relatively constant G', whereas
mixtures CC, M75-SP1 and M75-SP2 displayed an increase in develop-
ment with time due to their relatively long percolation times as illus-
trated in Section 3.2.2. According to Alnahhal et al. [29], the critical
strain can be determined by a decrease in G, which indicated the
breakage of network. As shown in Fig. 7(b), the critical strain is in the
range of 0.008 %-0.07 % for all studied mixtures. Except for mixture
L75, mixtures with the same SVF had the similar critical strain. The
critical strain can be increased by increasing SVF, or SP. After the LVED,
G’ started to decrease with increasing applied strain. Two humps were
determined for most of mixtures (except for mixtures CC, M75-SP1 and
M?75-SP2) within about 10 % of applied strain. Similarly, they were also
observed in the shear stress response at the same applied strain in Fig. 7
(c) (d). The first peak may be attributed to the breakage of rigid network
between particles, and the second one can be correlated to the rupture of
flocculated particles, according to [16,28,29]. The increase in shear
stress after peak 2 seems to be related to the hydrodynamic force and the

350000
Continuous

SAOS
300000

250000 Intermittent

SAOS .,
200000 -

150000 -

100000 -

Storage modulus G' (Pa)

50000

1
0 10 20 30 40 50 60 70 80 90 100
Time (min)

Fig. 6. Comparison between intermittent (CSR test was executed at material
age of 10, 30, 50, 70, 90 min) and continuous SAOS tests.
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rigid grain-to-grain contacts between particles. Especially the latter
appears to become predominant at large applied strains, contributing to
the third peak. Compared to mixture PC, the blended mixture required a
higher applied strain to reach both peaks (Fig. 7(c)). Both peak values
were summarized in Fig. 7(f). It was found that mixture M75 had the
highest peak values compared to the other mixtures. Both peak values
slightly decreased by reducing SVF (M75-1) and significantly decreased
by replacing calcined clay with limestone (L75).

For mixtures CC, M75-SP1 and M75-SP2, only one peak that may be
related to the deformation of colloidal interactions can be observed in
Fig. 7(c) and (e). For mixtures with SP, the presence of PCEs on the
surface of cementitious particles appeared to inhibit C-(A)-S-H nucle-
ation at the very early-age, as reported by [33,34]. The strength of
colloidal interaction seemed to be dependent on the competition be-
tween attractive colloidal forces and dispersion effect induced by PCEs.
The latter was clearly enhanced by increasing the concentration of PCEs.
Therefore, mixture M75-SP2 showed a much lower shear stress to break
colloidal interactions than mixture M75-SP1.

As shown in Fig. 7(c)—(e), the shear stress showed a decrease trend
after the peak related to the breakage of colloidal interactions and then
increased rapidly from the applied strain of 10-30 %. The flow point,
defined as the crossover point of G’ and G” curves (G'=G’’), was
determined for most of mixtures in Fig. 7(g). The applied strain at the
flow point was reported in Fig. 7(h). For the mixtures with the same SVF,
increasing calcined clay content resulted in a higher requirement of
applied strain at the flow point, whereas the increase in limestone
content significantly reduced that (L75). As discussed in Section 4.1
(Fig. 13), increasing the calcined clay content reduces the water film
thickness (WFT), while increasing the limestone content has the oppo-
site effect. A higher WFT facilitates the flow of the fresh mixture, which
likely explains the observed trends. The decrease in SVF did not severely
affect this strain (mixtures M75 and M75-1). The addition of SP can
further increase the required strain to reach the flow point in mixtures
M75-SP1 and M75-SP2, whereas the strain was slightly decreased by
increasing SP%. In the strain range of 100-500 %, a peak or relatively
high value of shear stress was observed in Fig. 7(c) (d) (e), which could
be attributed to the hydrodynamic viscous dissipation and/or direct
frictional contact between particles [28,30].

3.2. Structural build-up

3.2.1. Evolution of static yield stress

Fig. 8(a) shows the development of SYS of fresh mixtures without SP
addition within the first 1.5 h (material age). At 10 min, mixture PC had
the highest SYS than others. Mixture M75 displayed a much higher value
than that of mixtures CC, L75 and M75-1. A similar SYS was found
between mixtures L75 and M75-1, which was lower than mixture CC.
After that, the SYS of mixture M75 evolved rapidly and was stronger
than mixture PC. Mixture M75-1 had a much higher SYS than mixtures
CC and L75. The SYS evolution of mixtures M75-SP1 and M75-SP2 are
compared in Fig. 8(b). Mixture M75-SP1 exhibited extremely high SYS
at all testing time and had a rapid growth of SYS during the first 50 min.
Afterwards, the development of SYS clearly slowed down. A higher SP
dosage in mixture M75-SP2 delayed the growth of SYS, resulting in
smaller values within the first 1.5 h compared to that of mixture M75-
SP1.

3.2.2. Evolution of elasticity and rigidity

Fig. 9(a), (b) report the test results of continuous SAOS, i.e., the
evolution of G’ and G” /G’ within the first 1.5 h of material age. Similar
G’ and G"/G' curve patterns can be found in mixtures without SP
addition (except for mixture CC). Two regimes were determined: (1) G’
and G"/G evolved rapidly within the first 10 min of resting time; (2)
Afterwards, the growth of G’ became slower, and G”/G’ approached
zero. The first regime seems to be related to the formation of a network
induced by the flocculation of cementitious particles at rest, and the
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Fig. 7. Strain sweep test results: (a) G’ vs. applied oscillation strain (0.001 %-500 %); (b) Critical strain (end of linear-viscoelastic domain) of different mixtures; (c)
The obtained shear stress under applied oscillation strain (0.001 %-500 %)-mixtures with the same solid volume fraction but different binder compositions; (d)
Mixtures with the same binder compositions but different solid volume fractions; (e) Effect of different dosages of SP; (f) A summary of the required shear stress to
reach peak 1 and peak 2. (g) Loss factor vs. applied strain (0.001 %-500 %); (h) Applied strain at the flow point (G'=G’"). Error bars represent the standard deviation

of repeated test results.
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Fig. 8. CSR test results: (a) Static yield stress development within the first 1.5 h of mixtures without SP addition; (b) Static yield stress development within the first
1.5 h of mixtures containing SP. Error bars represent the standard deviation of repeated test results.

second one can be attributed to forming a rigid percolated network, as
explained by Roussel et al. [16]. G’ of mixture M75 developed slower
compared to mixture PC which seems to contradicting with the SYS
results. According to earlier studies [26,35], a high G’ is not necessarily
coincident with a high SYS due to different testing mechanisms. The
strain sweep test results (Fig. 7(a), (c)) show that mixture M75 also
exhibited a lower G’ within the LVED regime but a higher shear stress
(peaks 1 and 2) than mixture PC. Additionally, the G’ in SAOS depends
only on the elastic response of 0.005 % amplitude strain, which is
dominated by the energy transferring capacity of a rigid percolated
network. This capacity appears to be related to the formation of
C-(A)-S-H bridges and other precipitates (e.g., ettringite and hydrated
aluminates). Clearly, mixture PC, with its high concentration of chem-
ical species, is expected to show a fast G’ evolution. In contrast, the SYS is
defined as the required shear stress to reach flow onset, which requires a
much larger applied strain than that in SAOS. Energy dissipation caused
by disrupting particle interaction (C-(A)-S-H bridges and colloidal
attractive forces) and friction for initiating relative motion between
particles plays a critical role in this context. Therefore, as shown in
Fig. 10, the increase of G’ in SAOS arises from the increasing number of
“bridges” in the cementitious particle system, whereas the SYS depends
on not only the number of “bridges” but also the strength of these
“bridges” (particle interactions) and even rigid grain-to-grain contacts.
Further discussion was provided in Section 4.2. Replacing calcined clay
by limestone (L75), or decreasing SVF (M75-1) negatively affected the
growth of G with time, in comparison with mixture M75. The
inter-particle distance was increased for both mixtures (see Section 4.1)
and the concentration of chemical species (sourced from Portland
cement) was diluted in mixture M75-1. For mixture CC, the develop-
ment of G'and G”/G' can be linked to the particle percolation induced by
sedimentation.

In contrast, mixtures containing SP showed different G' and G”/G’
curve patterns (three regimes). Both mixtures experienced a regime of
slow growth in G’ and G”/G/, prior to the rapid development. This
regime appears to be caused by the retarding effect of SP, i.e., steric
hindrance, on flocculation [33,34,36], which was extended by the in-
crease in SP dosage. In addition, the slope of G’ development in the fast
evolution regime was also reduced by the presence of SP. However,
mixture M75-SP1 reached the similar elasticity (G’) and rigidity (G”/G")

at 1.5 h compared to mixture PC, due to the relatively high SVF. To
indicate the transition between two regimes, percolation time was
defined according to [37,38] and computed using the derivative value of
loss factor as shown in Fig. 9(c). Fig. 9(d) summarizes the percolation
time of different studied mixtures. Similar percolation times were found
for mixtures PC and M75. The percolation time can be extended by
lowering the SVF (M75-1), increasing limestone content (L75), or
adding SP. The addition of SP played a more dominant role on increasing
percolation time than other factors.

Fig. Al (a)-(h) compare the G' development with time using
continuous and intermittent SAOS approaches. Clearly, CSR measure-
ment can disturb the elasticity and rigidity evolution of fresh cementi-
tious pastes, resulting in a much smaller G’ after each test cycle (after
30 min) compared to the value obtained by the continuous method,
which agreed well with the earlier studies [23,27]. The last value of each
G’ evolution curve (before each CSR test cycle) from intermittent SAOS
test was compared with that of continuous SAOS test in Fig. 11. As can
be observed, the mixture with a fast G’ growth in the continuous SAOS
test (see Fig. 11 (a)) also displayed large values in the intermittent SAOS
test. This can confirm that test results obtained from CSR-single sample
measurement and intermittent SAOS are still feasible to compare
structural build-up of various mixtures. Fig. 11 (b) presents the differ-
ence in G’ between continuous and intermittent SAOS tests at the
different material ages. For different mixtures, the influence of CSR
testing on the G’ is not the same. Except for mixture CC, the mixture with
arelatively high Portland cement content showed a fast G’ recovery. This
implies a relatively small interference on the structuration of fresh
mixture. The presence of SP causes a significant delay of G’ recovery
resulting in a huge difference between G'c and G';. For mixture M75-SP1,
this effect becomes minor at 90 min compared to earlier ages.

3.3. Early-age hydration kinetics

Fig. 12(a) reports the normalized heat flow of studied mixtures over
the first 2 days. Mixtures PC and M75-1 showed a similar duration
before the main hydration peak. In contrast, for mixtures M75, M75-1
and L75, the main hydration peak appeared about two hours earlier,
which may be considered as the filler effect of calcined clay and/or
limestone, as reported by [14,39]. Increasing the content of limestone
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Fig. 11. (a) Correlation between storage moduli from intermittent SAOS test (G;) and continuous SAOS test (G'c). The dashed line indicates that both values are
equal; (b) The reduction of G’ caused by CSR test ((G. - G})/G) after each cycle. Error bars represent the standard deviation of repeated test results.

and calcined clay also decreased the intensity of the peak caused by the
dilution effect. The addition of SP delayed the time of the main hydra-
tion peak but did not modify the intensity. For mixtures containing
calcined clay, a small peak or shoulder was observed at 28 h (except for
mixtures M75-1 and M75-2, the time was delayed about 3-7 h), which
can be attributed to the aluminate peak due to the temporary sulfate
depletion [40]. As shown in Fig. 12 (b), the cumulative heat of hydration
was increased by the increase in PC content. Compared to mixture L75,
mixtures with 50 % of calcined clay (M75, M75-1, M75-SP1 and
M75-SP2) showed much higher cumulative heat value from 24 h of
hydration. Such an increase can be caused by the aluminate-sulfate and
pozzolanic reactions induced by the calcined clay.

To study their very early-age hydration, the normalized heat flow
over the first 4 h was illustrated in Fig. 12 (c). Within the first 1 h, the
intensity of normalized heat flow decreased rapidly with time. The
decrease in Portland cement content reduced the normalized heat flow
value. Compared to mixture L75, mixtures with calcined clay showed a
higher intensity of normalized heat flow. The required time to the onset
of acceleration stage for different mixtures was summarized in Fig. 12
(d). It can be found that mixtures PC and L75 required the similar resting
time. In contrast, the addition of calcined clay clearly extended the
dormant period. Such a delay may be related to the aluminate ions
released from metakaolin dissolution which can inhibit C3S dissolution,
as reported by [41]. Besides, calcium hydroxide (CH) can also react with
metakaolin to form C-A-S-H gel, resulting in the decrease of Ca®" con-
centration in the pore solution [4]. Adding SP further delayed the onset
of acceleration stage. The increase in normalized cumulative heat
(10-90 min) of different mixtures was summarized in Fig. 12 (e). The
relationship between the increase in cumulative heat and the increase in
G’ (Continuous SAOS-time sweep test results) was indicated in Fig. 12
(f). For the mixtures without SP, a near linear correlation can be found
between these two values. As mentioned earlier, adding SP significantly
reduced the initial G’ and delayed the hydration. However, the G’ in
mixtures M75-SP1 and M75-SP2 evolved rapidly, which may be related
to the small particle distance caused by the high SVF.

4. Discussion

4.1. Effect of physical characteristics of particles on static yield stress
The SYS of fresh mixtures at a very early age appears to be primarily

governed by colloidal attractive forces, the formation of C-(A)-S-H

bridges, and solid particle contacts [35,42]. The physical features of
binder particles, i.e., particle size, SSA, and packing density, can
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severely influence one or all of factors as mentioned above. Water film
thickness (WFT) as one indicator can be used to describe most of
physical characteristics of binder particles at the original stage (without
considering hydration), as proposed by [43,44]. According to studies
[14,45], WFT also indicates the inter-particle distance, which severely
influences SYS of fresh mixture. The low WFT is usually correlated to a
low flowability and high SYS (see Refs [14,46,47]).

SSAtotal = SSAPRP + SSACR(; + SSALRL + SSAGRG (2)
1-¢ _ 1-¢max
wrr = Wo=Wn _ 75 = g _ b 3
SSAtoml SSAmml SSAmml

where SSAp, SSA¢, SSAL, and SSAg represent the specific surface area
(m2/g) of Portland cement, calcined clay, limestone powder, and gyp-
sum. Rp, R¢, Ry, and Rg are their volume proportions to the total solid
volume. Wy and W;,, mean the water ratio of the paste (water volume/
solid volume) and the void ratio (void volume/solid volume), respec-
tively. ¢ and ¢, denote the SVF and the maximum SVF of studied
mixtures. Fig. 13 (a) shows the SSAq of studied mixtures. As can be
observed, the mixture with the same binder composition has the similar
value (M75, M75-1, M75-SP1 and M75-SP2). Owing to the very high
SSA of calcined clay, mixture CC displayed the highest SSAq compared
to others and mixture M75 showed a much higher value than mixture
PC. The addition of limestone powder resulted in a decrease in SSAq
(L75). As mentioned by Ref [48], ¢, is difficult to be quantified using
an experimental approach. In this study, the value of ¢,,,, is assumed in
the range of 0.55-0.7 for all studied mixtures (this range was made
according to [28,30]). The computed WFT was summarized in Fig. 13
(b). Mixtures M75, M75-1, M75-SP1 and M75-SP2 with the same binder
composition should have the similar ¢,,,,. Thus, their WFTs are solely
depended on the SVF. A high SVF led to a low WFT. One may debate that
the presence of SP may increase ¢,,,.. As shown in Fig. 13 (b), when ¢,
of M75-SP1 or M75-SP2 is 0.7 and ¢,,,, of M75 is 0.55, WFT of M75-SP1
or M75-SP2 is still lower than M75. Thus, the effect of SP on ¢, is
considered negligible in this context. Mixtures PC and L75 exhibited a
much higher WFT than mixtures with calcined clay. By comparing the
SYS and WET of different mixtures, it can be seen that a low WFT does
not always correspond to a high SYS in this study, especially for mixtures
M75 and PC at 10 min. It must note that WFT of mixtures may be
underrated since the agglomeration of particles was not considered in
the calculation.

As mentioned in Section 2.1, calcined clay used in this study is a
blend of coarse quartz and fine metakaolin. The quartz particle with a
coarser grain size than limestone could increase pore size between
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particles. By contrast, due to its fine grain size, metakaolin is expected to
reduce pore size, thus counteracting the effect of coarse quartz on pore
size. However, the fine particles of metakaolin are prone to agglomer-
ation, which can cause them to adhere to quartz surfaces or cluster
together. When this happens, the surface area of the metakaolin is
greatly reduced, and initially, a card-house structure is formed that
contains many unfilled micro-cavities. This can temporarily increase the
free water content and result in a lower SYS (a higher WFT than the
expected value) compared to the PC mixture at the beginning. Over
time, these agglomerated clusters of metakaolin absorb free water (see
Fig. 14). Additionally, the absorbed water in the agglomerated meta-
kaolin particles seems to be stored properly and cannot contribute to the
fluidity of the mixture, which could be one of the reasons for the higher
SYS of mixture M75 from 30 min when compared to mixtures L75 and
PC.

4.2. Effect of particle interactions on static yield stress

According to [16,49,50], the non-retarded van der Waals interaction
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is considered to dominate other colloidal interactions for cementitious
pastes and the attractive energy potential ®, can be given as:

"
~ Aoa

D, ~
° =~ 12H

4

where Ay denotes the non-retarded Hamaker constant; a* means the
radius of curvature of the “contact” points and H represents the surface-
to-surface separation distance. For a cementitious material system, Ap
and a* are fixed values and therefore, the van der Waals attractive
interaction mainly depends on H. In the case where all particles are
suspended in aqueous solution, WFT is considered as the similar term of
H. As mentioned in Section 3.1, one or two peaks of shear stress
appeared within a few percent of applied oscillation strain (Fig. 7(c)-
(e)). Peak 1 is only found in the mixtures containing Portland cement
without SP and peak 2 exists in all mixtures. According to [16,28,29],
peak 1 is probably correlated to the rigid interaction caused by
C-(A)-S-H nucleation. PCEs covering the surface of Portland cement
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delayed the formation of C-(A)-S-H bridges [34], resulting in the absence
of peak 1 in mixtures with SP. Peak 2 appears to be dictated by colloidal
interactions. The relationship between WFT and Peak 2 is shown in
Fig. 15. For mixtures without SP (except for CC), an increase in WFT
resulted in a reduction of shear stress induced by colloidal interactions
(Peak 2). The presence of SP in mixtures M75-SP1 and M75-SP2
enhanced the dispersion force caused by steric hindrance, which
weakened the colloidal attractive force. The decrease in Peak 2 seems to
be amplified by increasing the SP dosage.

However, mixture M75-SP1 displayed the highest SYS compared to
others within the first 90 min. This may be attributed to the high solid
contact forces between particles during CSR testing. As shown in Fig. 16,
to reach the critical strain of flow onset (peak value of CSR curve),
mixtures with SP require a much higher applied strain than that of
mixtures without SP. Please note that the applied (oscillation) strain
cannot be regarded as the “real” deformation of tested material due to
the existence of strain lag [32,51]. For mixtures M75-SP1 and M75-SP2,
the applied strain at the flow onset in CSR test is much larger than the
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Fig. 16. The applied oscillation strain at the flow point from strain sweep test (conducted at material age of about 30 min) and applied shear strain at the flow onset
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strain of peak 2 and smaller than that of flow point in strain sweep test.
The shear stress increased with applied strain immediately after peak 2.
Compared to the value of peak 2, a comparable or even larger shear
stress caused by rigid grain-to-grain contacts is found in the range of
10-100 % of applied oscillation strain. Thus, the solid contacts are hy-
pothesized to play a significant role in SYS of mixtures M75-SP1 and
M75-SP2, owing to their small particle distances (high SVF). In the case
of mixtures without SP (PC and M75), the applied shear strain at flow
onset is also greater than the strain at peak 2 but less than the strain at
the flow point. However, the shear stresses at peaks 1 and 2 are much
higher than that at the applied strain at the flow point. Clearly, the
measured SYS is dominated by C-(A)-S-H nucleation and colloidal
attractive interactions. Since peak 1 is higher than peak 2 in both mix-
tures, C-(A)-S-H nucleation plays a more critical role than colloidal
attractive interactions at the testing age. Please also note that the SYS
may be dictated mainly by colloidal interactions at a very early age and
with a resting time of less than the percolation time of the mixture
(about 5 min for mixtures PC and M75, see Fig. 9(d)). When the resting
time is longer than the percolation time, the rigid interaction caused by
C-(A)-S-H nucleation become more predominant, as reported by Roussel
etal. [16].
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4.3. Rigidification kinetics of static yield stress

In this study, a stronger particle interaction, induced by C-(A)-S-H
nucleation and colloidal attractive forces, is observed for mixture M75
compared to mixture PC, as shown in Fig. 7(c). To determine the evo-
lution of these particle interactions with time, the strain sweep tests
were performed on mixtures PC, M75 and M75-SP1 using the same test
protocol but with a longer resting time (60 min) and the test results are
reported in Fig. 17. As can be observed, both peak 1 and peak 2 were
significantly enhanced for mixtures PC and M75, with a substantial in-
crease in peak 2 found for mixture M75-SP1. The increase in peak 1
appears to be attributed to the growth of C-(A)-S-H bonds between
particles. Such bonds are only formed among Portland cement particles
in mixture PC. In contrast, mixture M75 offers more possibilities for
particle bonding, such as bonds between Portland cement and meta-
kaolin (from calcined clay), Portland cement and limestone, and/or
Portland cement and quartz (from calcined clay). However, no chemical
bonds are formed between calcined clay, quartz, and limestone in the
first 90 min of hydration.

According to Kumar et al. [52], fine limestone is a superior filler for
promoting C-(A)-S-H growth compared to quartz. Similarly, Berodier
and Scrivener [39] found that the use of fine limestone filler resulted in a
shorter dormant period and higher acceleration of main hydration than
quartz filler. The surface of limestone particles is fully covered by nuclei
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even within 90 min of hydration, which was not observed in the case of
quartz, slag, and fly ash. However, in this study, limestone powder with
a coarser particle size than Portland cement did not show a strong
enhancement in the strength of C-(A)-S-H bonds (see mixture L75, Fig. 7
(c)). Due to the large grain size, quartz (an impurity in calcined clay) is
considered an inert filler, showing minor contribution to C-(A)-S-H
nucleation as well. Therefore, in this context, we attribute the bond
between metakaolin and Portland cement as the main cause of the in-
crease in the strength of C-(A)-S-H bonds (peak 1). Ferron et al. [53]
found that the minor addition of metakaolin (1.5 wt% of Portland
cement) contributed to forming a more flocculated network than plain
cement paste. Strong interparticle bonding that can resist significant
breakage and erosion of flocs was observed. However, the authors [53]
attributed this bonding to colloidal attractive interactions, instead of
any chemical bridges.

The isothermal calorimetry results (Fig. 12 (e)) provide some evi-
dence of chemical reaction promotion induced by metakaolin. It can be
seen that the accumulated heat (in the period of 10-90 min) of mixture
M75 was lower than that of mixture PC but higher than that of mixture
L75. Both mixtures M75 and L75 generated more than 25 % of the cu-
mulative heat of mixture PC. The additional heat in mixture M75 could
be attributed to the enhanced cement hydration resulting from the filler
effect and/or a potential reaction between the metakaolin and Portland
cement. The increase in the dormant period (Fig. 12 (c)) may also reveal
the consumption of CH by metakaolin at a very early age, as mentioned
in Section 3.3. However, the mechanism of physicochemical bonding
between Portland cement and metakaolin particles within the first
90 min of hydration remains an open question that requires further
investigation. On the other hand, the higher SYS (CSR test) and peaks 1
and 2 (strain sweep test) of mixture M75, compared to mixture PC, could
also be attributed to the enhanced particle interactions between Port-
land cement particles. As discussed earlier, the addition of calcined clay
can reduce the WFT/particle distance, which may promote the floccu-
lation and nucleation of cement particles, according to [14,39].

For mixture M75-SP1, peak 2 correlated to colloidal attractive force
increased with an extension in resting time. To describe the colloidal
attractive force between cement particles with SP, Gelardi and Flatt [36]
introduced an interparticle force parameter G, considering the effect
of van der Waals force Fpqw), electrostatic force Fs), and steric repul-
sion force F(sg).

Fiyaw) — Fgs) — Fisp)
a

Gn = )
where @ represents the harmonic average radius, which can be regarded
as a constant value in a cementitious material system. The increase in
G can be resulted from the increase of Fpqw) and/or the decrease of
Fs) and F(gg). As reported by Mantellato et al. [54], the amount of PCE
polymers available for dispersing cementitious particles is reduced with
precipitation of early-age hydration products. This is because the PCE
polymers preferentially adsorb on the surface of hydrated aluminate
phases and ettringite instead of cement particles. Owing to the reduction
of dispersion force, the particle distance may be decreased, resulting in
the growth of Fpqw). In addition, PCE polymers can also be adsorbed on
the surface of calcined clay particles. Li et al. [55] revealed that the
initially negatively charged surface of calcined clay can adsorb a large
amount of Ca®* from the pore solution, thereby enabling this process.
The solid contacts (shear stress at large deformation) that may be related
to the water absorption of agglomerated metakaolin particles were also
enhanced after 60 min of resting time. However, the growth rate of
colloidal attractive force and solid contacts is very limited after 50 min
of material age, resulting in a slow evolution of SYS in mixture M75-SP1.
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The formation of C-(A)-S-H bridges is still hindered by the PCEs adsor-
bed on the surface of cement particles.

5. Conclusion

This study investigates the role of calcined clay in the static yield
stress (SYS) evolution of fresh cementitious pastes with a high substi-
tution rate (75 % by binder mass) of Portland cement with calcined clay
and limestone. The visco-elasto-plastic behaviors, structural build-up,
and early-age hydration kinetics of plain Portland cement (SVF: 43 %)
and ternary-blended pastes (SVFs: 39 %, 43 %, and 55 %) during the
first 90 min of hydration were quantified and compared. Results show
that high calcined clay content not only alters particle packing but also
strengthens particle interactions, accelerating SYS development.

At equivalent SVF, the ternary blend (M75) exhibited a lower SYS at
10 min but surpassed plain cement paste (PC) after 30 min. Initially,
agglomerated fine metakaolin clusters retained free water, forming large
capillary pores and lowering SYS. Over time, water absorption by these
clusters reduced inter-particle distances, enhancing C-(A)-S-H nucle-
ation and colloidal attractive forces, leading to a rapid rise in SYS. The
"bonding" between metakaolin and cement particles likely contributed
to this effect.

Increasing SVF using a PCE-based superplasticizer (SP) further
reduced average inter-particle distance, increasing van der Waals forces.
However, steric repulsion from SP initially suppressed colloidal attrac-
tions and hindered C-(A)-S-H bonding. Rigid grain-to-grain contacts
were the primary reason for the highest initial SYS observed in the M75-
SP1 mixture (0.8 % SP). At later stages, reduced SP effects allowed
colloidal attractions to grow, but the lack of sufficient C-(A)-S-H nuclei
slowed SYS evolution after 50 min.

These findings advance the understanding of limestone-calcined
clay-based rheology, highlighting that calcined clay plays an active
physicochemical role beyond acting as an inert filler. The study also
suggests that optimized SP dosage can enhance SYS without severely
sacrificing fluidity, benefiting 3D concrete printing applications. How-
ever, delayed SYS evolution due to weakened chemical bonding remains
a challenge, especially for the rapid construction of slender printed
structures.
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