
Intrinsic rheological behavior of limestone calcined clay cementitious (LC3) 
binders for automated construction: Effect of calcium sulfate varieties

Mirza Abdul Basit Beigh a, Cesare Signorini a,* , Asim Rauf a , Christof Schröfl a ,  
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A B S T R A C T

As the concrete industry moves toward sustainable, automated construction, understanding the rheological 
behavior of alternative binders is essential. In particular, the rheology of limestone calcined clay cement (LC3) is 
extremely sensitive to the type of calcium sulfate used. This study systematically investigates the impact of 
anhydrite (CaSO4), bassanite (CaSO4⋅0.5 H2O), and gypsum (CaSO4⋅2 H2O) on hydration kinetics, structural 
build-up, and workability of LC³ pastes. Isothermal calorimetry, rotational and oscillatory rheometry (Large- 
Amplitude Oscillatory Shear (LAOS) tests) were used to decouple the interplays between sulfate dissolution, 
hydration and thixotropic behavior. The results indicate that bassanite accelerates early-age structuration due to 
its rapid dissolution and ettringite formation, yielding a high structuration rate (Athix = 0.5 Pa/min) and optimal 
shear stress evolution (up to 102 Pa). Conversely, gypsum retards structuration and extends workability beyond 
140 minutes, but compromises early stiffening. Anhydrite, despite its coarser morphology, exhibited interme
diate behavior with rapid workability reduction. LAOS analysis also identified distinct viscoelastic thresholds. 
Pastes with bassanite reached critical strain (10− 3) and crossover strain (10− 2) at minimal deformation, ideal for 
automated construction, while gypsum formulations showed delayed stiffening. This study demonstrates that 
sulfate selection directly controls open time, with bassanite formulations requiring a 90-minute operational time 
frame to balance extrudability and layer stability. These findings underscore the need to tailor calcium sulfate 
type to application-specific rheological demands and offer a pathway to optimize LC3 binders for automated 
processes such as robotic shotcreting and 3D concrete printing.

1. Introduction

The construction industry is currently facing urgent challenges to 
improve sustainability, in particular to tackle the environmental impact 
of the massive production of concrete and cementitious materials. In this 
direction, advances in concrete technology, such as carbon capture, 
alternative materials, and efficient processing, are key areas of focus. 
Replacing Ordinary Portland Cement (OPC) with supplementary 
cementitious materials (SCMs) derived from industrial by-products 
(granulated blast-furnace slag, coal fly ash) [1] and natural ashes (e. 
g., rice husk and sugarcane bagasse ash) [2] offers a promising strategy 
to reduce CO2 emissions by 5–8 % [3]. However, these sources can 
hardly meet the high demand of the construction industry for partial 
substitution of Portland cement clinker.

As an excellent alternative, natural SCM sources that are abundant 
worldwide are kaolinitic clays, which are characterized by exceptional 
pozzolanic reactivity after calcination [1,4]. The clays of interest do not 
need to feature high purity or high kaolinite content, as clays with a 
kaolinite contents above 40 % already have excellent pozzolanic reac
tivity and are good candidates for blended binders in concrete [5]. In 
addition, limestone powder is also considered an appropriate SCM due 
to its high availability, low production costs and low energy consump
tion [6]. Notably, limestone powder adjusts the particle size distribution 
(PSD) of the binder system in the fine range, and is therefore able to 
control workability while improving early-stage strength [7–9]. Lime
stone also promotes hydration to a certain extent by providing suitable 
nucleation sites for hydrates (filler effect) and contributes to the hy
dration in the presence of the aluminate phase depending on the PSD 
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itself [9,10].
Over the past decade, the advantages of calcined clay and limestone 

have been combined to develop an innovative blended binder, 
commonly referred to as Limestone Calcined Clay Cement (LC3) 
[11–13]. LC3 typically consists of 50 % clinker, 30 % calcined clay, 15 % 
limestone, and 5 % calcium sulfate (or related hydrates) [13] and have 
recently emerged as an up-and-coming alternative for the production of 
high-performance, sustainable cement-bonded construction composites 
[14–16]. As a result, extensive research has been devoted to the further 
development of this cutting-edge concept [17–20]. Most remarkably, 
the dosage of calcium sulfate, albeit low (on average 5 % by weight), 
plays a crucial role in the microstructural development of LC3 binders. 
Indeed, it has been observed that LC3 requires an additional amount of 
sulfate, beyond what is present in the OPC to attain robust performance 
[19,21]. Zunino et al. [9] demonstrated that the increased surface area 
provided by SCMs, rather than alumina content, drives the higher sulfate 
demand in LC3. Sulfate is initially adsorbed onto C-S-H phases during the 
rise to the alite (C3S) peak, accelerating C-S-H precipitation and leading 
to early gypsum depletion. As sulfate desorbs, it reacts with aluminates 
to form ettringite, creating a nanocrystal network that promotes early 
setting [22]. If the formulation is not adjusted to the appropriate sulfate 
dosage, the aluminate peak will occur before the alite peak in calori
metric analyses, hampering the strength gain of the system [23].

The need for calcium sulfate adjustment is also highlighted for other 
blended binders where cement is mixed with other phases (e.g., indus
trial or natural ash, calcined clay, silica fume) [24–27]. The primary 
objective of adding calcium sulfate to OPC or blended cements is to 
control the reaction kinetics of tricalcium aluminate (C3A) to inhibit 
flash-setting [28]. In the case of blended cements containing calcined 
clay the proportion of calcium sulfate is typically set at around 5 % and 
plays a significant role in improving strength and durability. Zunino 
et al. [9,29] have nicely argued the importance of a well-sulfated system 
of LC3 binder system to achieve optimum performance. Indeed, under
sulfation may result in loss of strength due to the aluminate peak 
overriding the silicate peak, while oversulfation can cause a significant 
delay in the occurrence of the aluminate reaction peak [30].

In the blended cement system, a linear relationship was observed 
between the SO3 content and the heat released up to the onset of the 
aluminate peak [28]. However, the mechanism by which calcium sulfate 
slows the reaction of C3A is still a matter of debate. In this regard, recent 
studies challenge the standard textbook view that ettringite forms a 
diffusion barrier [31–33]. C3A reacts instantly with water and rapid 
setting can occur by the formation of crystalline hydrates such as C3AH6, 
C4AH19 and C2AH8, rendering the mixture unusable due to its high 
viscosity and low workability. In this respect, calcium sulfate acts as a 
setting retarder by forming ettringite. Zunino and coauthors [29,34]
showed that the increased sulfate requirement of LC3 vs. OPC results 
from the enhanced alite reaction driven by the filler effect and sulfate 
adsorption in C-A-S-H rather than the aluminate content of the calcined 
clay. These studies clearly highlight the key role of calcium sulfate in 
blended cements. However, they also leave significant knowledge gaps. 
While discussing the concepts of hydration products formation, it is 
essential to correlate them with the fresh state properties of advanced 
binder systems to ensure adequate workability, especially in the direc
tion of developing automated construction technologies. The rheolog
ical performance of LC³ systems for 3D concrete printing has previously 
been explored in the literature [35–38]. These studies provide relevant 
benchmarks for evaluating rheological performance and structuration 
characteristics of LC³ binders although they do not explicitly delve into 
the implications of using different calcium sulfate sources. This em
phasizes the need for a detailed study of the rheological properties, 
especially yield stress and viscosity, of LC3 with various calcium sulfate 
types in order to refine these new binders for practical applications [39, 
40]. On the other hand, some recent research addresses the effects of 
different calcium sulfate varieties on hydration and flowability of 
cementitious binders [41,42] and corresponding concrete formulations 

based on OPC [43]. However, neither the state-of-the-art summary by 
Sharma et al. [44] nor the review by RILEM Technical Committee 
282-CCL [45] have emphasized such a need for research for more 
complex blended binders such as LC3. Muzenda et al. [46] used Large 
Amplitude Oscillatory Shear (LAOS) to study the rheology of LC3 

binders. They found that calcined clay increases static and dynamic 
yield stress, thixotropy, plastic viscosity, and cohesion while reducing 
harmonic distortion, whereas limestone has the opposite effect. Ferreiro 
et al. [47] further examined LC3 rheology and found workability highly 
dependent on calcined clay content, especially with kaolinite. LAOS 
offers distinct insights into rheology for automated applications like 3D 
printing by identifying material responses to small deformations, 
capturing flow onset accurately [48]. It is a suitable technique to char
acterize the rheological behavior of such dynamic SCMs, in particular, 
an estimation of the open time can be achieved. Indeed, LAOS can 
distinctively identify the response of the material to certain deformation 
at very small strain levels, which are generally not apparent to normal 
observation, and then provide a detailed information on the deformation 
that leads to the visible flow i.e., the cross over [46,49–51]. Systemat
ically linking flow values and rheological indices is key to comprehen
sively understanding the rheological behavior of concrete for advanced 
automated applications [52].

Research into the rheological behavior of LC³ blended binders is still 
in its early stages and is evolving as the technology advances. This article 
is intended as a first step in addressing a critical knowledge gap by 
examining how different types of calcium sulfate affect the rheological 
properties of LC3 binders, with the goal of designing high-performance 
composites for automated construction, with properties suitable for 3D 
printing and robotic shotcrete. For the ease of material availability and 
accessibility, only commercially available substances have been used. 
Instead of starting from a Portland cement clinker, a ready-mixed 
Portland cement CEM I was used in this study, accepting its calcium 
sulfate content and types. Robust testing methods and accurate data 
processing protocols are emphasized to support this investigation.

2. Experimental program

2.1. Formulation of the binders and raw materials

Three LC3 pastes were designed to feature a nominal degree of OPC 
substitution by 50 %. A paste containing fly ash (reactivity parameter 
k = 0.4) as the sole SCM replacing OPC is considered as a benchmark and 
is referred to as M1-FA [53]. Although this formulation has a higher 
replacement level (55 %), as a result of appropriate workability ad
justments, it is here considered a benchmark with an established SCM. 
While a direct comparison with M1-FA is not possible due to the slightly 
different proportions in the binder blends and in the solid/liquid ratio, 
the results are provided to establish a qualitative benchmark, while a 
direct quantitative comparison is deemed appropriate only among the 
LC3 blends. All binder compositions are listed in Table 1 along with the 
commercial names and suppliers of the raw constituents.

A quite high dosage of polycarboxylate-type high-range water 
reducing admixture (HRWRA), with an active agent content of 39.5 % in 
the stock solution, ensures sufficient workability, i.e., flowability. The 
resulting water-to-binder (w/b) ratio, including the water from the 
HRWRA, is 0.3, according to EN 206–1/EN 1045–2. The fly ash-based 
binder contains a chemical stabilizer to stabilize the rheology in the 
fresh state. It consists of a cellulose ether matrix with calcium carbonate 
as a mineral additive. A Hägermann flow table was used to qualitatively 
control the spread diameter of the free-flowing paste, extending the 
common procedure in the EN 1015–3 that is typically restricted to 
mortars. This preliminary check was functional to slightly adjust the 
pastes to obtain a similar slump flow spread diameter, thereby ensuring 
a proper comparison. The HRWRA dosage over the sum of solid con
stituents is 0.97 % for M1-FA, 0.92 % by the weight of binder for the LC3 

counterparts, except for M1 LC3-D which required only 0.75 % to meet 
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the target flowability criteria.
The LC3 compositions investigated in this study are designated M1 

LC3-A, where LC3 contains anhydrite, and similarly, M1 LC3-B and M1 
LC3-D, where hemihydrate/bassanite and dihydrate/gypsum are used as 
sulfate carriers, respectively. The grades and properties of the calcium 
sulfates are reported in Table 2.

Since the gain in the structural build-up in the calcined clay-based 
mixes is significantly higher than in the OPC-based counterparts, and 
undersulfation leads to a rapid loss of workability [54], LC3 binders with 
50 % OPC replacement require a certain amount of calcium sulfate, 
which is 5–6 % by mass of the total binder, as also substantiated by 
preliminary studies [29,55]. Considering the presence of calcium sulfate 
hemihydrate and gypsum in the cement that was used, the remaining 
2.5 % of the sulfate was added to reach approximately 5–6 % in the mix 
design. However, previous studies have demonstrated that sulfate de
mand in LC³ is not only influenced by molar concentration but also by 
dissolution kinetics and interaction with aluminates, which affect 
ettringite formation and setting behavior [29]. Differences in solubility 
between sulfate sources (gypsum > bassanite > anhydrite) and ettringite 
formation are also expected to play a role in early structuration and 
rheology. While this is recognized, the sulfate content was standardized 
based on 5–6 % SO3 by binder mass to ensure consistency across the 
different sulfate sources. While molar mass variations exist among the 
different calcium sulfate phases (i.e., CaSO4⋅2 H2O, CaSO4⋅0.5 H2O, and 
CaSO4) the adoption of a mass-based approach aligns with industrial 
dosing practices and maintains the same sulfate availability in practical 
applications. In addition, M1 LC3-B including bassanite was developed 
in previous works where it served as the basis for the production of 
high-strength, strain-hardening cementitious composites reinforced 
with randomly dispersed short fibers [56–58].

2.2. Physical and morphological properties of the binder constituents

To characterize the cement, calcined clay, limestone, calcium sulfate, 
and its hydrates at hand, quantitative powder X-ray diffraction (Seifert 
3003 TT, Freiberg, Germany) was carried out at 40 kV and 30 mA using 
Cu Kα radiation in the range of 5◦ to 70◦ 2θ. Data were collected using a 
step size of 0.02◦ and a counting time of 6 s. Rietveld refinement was 
performed using AutoQuan version 2.70. An internal standard of 10 % 
ZnO was mixed with the samples. The analytical results, i.e., the 
mineralogical composition of the raw materials using X-ray diffraction, 
are reported in Fig. 1 for the main binder constituents and in Table 3
specifically for the calcium sulfates.

It is noteworthy that the amorphous phase in the calcined clay is 
about 65 %, while a difference emerged in the purity grades of the 
calcium sulfates as reported by the suppliers in Table 2, compared to 
Table 3, obtained by in-house investigation using XRD.

The PSD of the constituents was measured using an LS 13 320 par
ticle size laser analyzer (Beckman Coulter, Inc., USA). Related findings 
are plotted in Fig. 2. Table 4 presents the characteristic particle di
ameters. The d50 of cement is 7.4 µm and the cement particle sizes range 
from 1 µm to 30 µm. Interestingly, the d50 for calcium sulfate anhydrous 
(A) is 2.6 times higher than calcium sulfate hemihydrate (B) and 3.43 
times higher than calcium sulfate dihydrate, indicating a comparatively 
coarser PSD. Since the particle sizes of the LC3 components, especially 
calcium sulfate and limestone, are markedly higher than those of 
cement, they are unlikely to impair the fresh-state properties of the LC3 

blends compared to the reference mix [59,60].
The specific surface area (SSA) of the raw constituents was deter

mined by air evacuation and nitrogen adsorption, employing the 
Brunauer-Emmett-Teller (BET) method (Sorptomatic Model 1990, 
Porotec GmbH, Germany). Samples of the raw materials (13 g) were 
dried and placed in the apparatus at 50 ◦C. The measurement was car
ried out at a relative pressure of p/p0 = 0.33, 22 points were detected, 
and the evaluation of sorption isotherms and specific BET surface area 
was performed by the instrument software. The measurement time was 
approximately 100 minutes. It was found that the calcined clay features 
a SSA that is more than four times that of OPC and fly ash (see Table 5), 
causing the widely recognized increase in the water demand for LC3 

binders compared to plain OPC. The SSA, along with PSD, is anticipated 
to have a decisive effect on the rheological properties of the binder 
system [61,62].

It can be noted that, while the SSA of calcium sulfate A is higher than 
the other counterparts, it also has substantially coarser particles, sug
gesting the key role played by the intricate and widely cracked 
morphology of the anhydrous calcium sulfate, as evident in the polar
ized light and scanning electron microscopy images of Fig. 3.

2.3. Paste preparation for rheological investigation and isothermal 
calorimetry

A bench planetary mixer (type ZMM5, Otto Mondschein Maschi
nenbau, Meißen, Germany) was used to prepare the batches for rheo
logical investigation. One liter of cement paste was prepared for each 
experiment according to the protocol reported in Table 6. All pastes 
underwent the same shear history. Water was quickly added to the dry 

Table 1 
Mixture compositions (all dosages are given in kg/dm3 of paste).

Constituent Supplier M1 
FA

M1 
LC3-A

M1 
LC3-B

M1 
LC3-D

CEM I 52.5 R- 
SR3/NA

Holcim GmbH, DE 0.645 0.764 0.764 0.764

Fly ash Steament H− 4, STEAG 
Power Minerals GmbH, 
DE

0.791 - - -

Limestone Saxodol® 90 L.E., SH- 
Minerals GmbH, DE

- 0.242 0.242 0.242

Calcined clay Liapor GmbH & Co.KG., 
DE

- 0.483 0.483 0.483

Calcium 
sulfate*

see Table 2 - 0.038 0.038 0.038

Water Local tap water in 
Dresden, DE

0.435 0.458 0.458 0.458

HRWRA** Glenium ACE 460, BASF, 
DE

0.014 0.014 0.014 0.011

Stabilizer UW Compound− 100®, 
Sika, CH

0.002 - - -

* = Three different calcium sulfate varieties (A, B and D), see Table 2.
** = High-range water reducing admixture

Table 2 
Chemical formulation, producer, and source of origin of calcium sulfates under investigation.

Calcium sulfate Label Chemical formula Supplier Country Mol. Wt. 
[g/mol]

CAS Nr.*

anhydrous, purity grade 99 % (anhydrite) A CaSO4 Acros Organics Spain 136.14 77778–18–9
hemihydrate 

(bassanite)
B CaSO4 ‧ 0.5 H20 Honeywell Germany 145.15 10034–76–1

dihydrate 
(gypsum)

D CaSO4 ‧ 2 H2O Grüssing Germany 172.17 10101–41–4

CAS Nr*. defined as “Chemical Abstracts Service Registry Number (www.cas.org)”

M.A.B. Beigh et al.                                                                                                                                                                                                                             Construction and Building Materials 477 (2025) 141314 

3 

http://www.cas.org


pre-blended powder, followed by thorough homogenization by mixing 
at increasing rotational speed. Practical laboratory experience suggests 
repeatedly that fast water addition is necessary.

In fact, too slow and gradual addition of water in many cases results 
in inhomogeneous dispersion, leading to clearly visible flocculation that 
cannot be overcome is successive steps of the mixing sequence. The 
mixed paste was poured into the unit cell for rheometry analyses in three 
stages to ensure that no air was entrapped.

2.4. Experimental methods

2.4.1. Isothermal calorimetry
Isothermal calorimetry of the binder systems was conducted at 20 ◦C 

using a CALMETRIX I-Cal Flex calorimeter (Boston, USA). Each ampoule 
contained 10 g of paste mixed with a vortex mixer at 800 rpm for 
3 minutes. The first 45 minutes of data were excluded due to external 
mixing, and subsequent data were analyzed. The low water content 
prevented paste segregation, and measurements adhered to ASTM 
C1679, C563, C1702, and EN 196–11 standards.

2.4.2. Rotational rheometry
A coaxial rheometer Haake Mars II with a unit cell and vane rotor 

was used to investigate the rheological properties of the compositions 
(Fig. 4). Steel lamellas on the inner surface of the unit cell provide slip 
resistance. During the test, the temperature was kept constant at 20 ºC. 
As the gap between the two cylinders is minimal, a constant shear rate 
can be assumed across the test samples.

To thoroughly characterize the rheology of the LC3 pastes, compared 
to the FA benchmark, a preliminary hysteresis loop test was conducted 
to determine the Bingham properties. This was followed by a shear 
growth test to establish structural build-up parameters. Finally, oscil
lation rheological tests were conducted to ascertain the intrinsic rheo
logical behavior.

2.4.2.1. Hysteresis loop. A preliminary hysteresis loop was performed 
10 minutes after the addition of water. This loop was applied to ensure 
that the deflocculated state is achieved in the tested specimen, according 
to the reference state defined by Roussel [63], which also offers insights 
into the flocculation that occurs immediately after water addition, i.e., 
the structuration rate. To this end, a three-stage protocol similar to that of 
Nerella et al. [64] was implemented, consisting of a shear rate increasing 
from 0 to 4 s− 1 over 30 s, followed by constant shearing at a rate of 4 s− 1 

for 60 s, and a final shear rate decreasing from 4 s− 1 to 0 s− 1 over the 
next 30 s. The typical output curve for the hysteresis loop is depicted in 
Fig. 5. The slope of the descending branch (no. 3) conventionally defines 
the Bingham plastic viscosity (μ) and the intercept of branch no. 3 on the 
y-axis represents the Bingham yield stress (τ). The specimen is kept at 
rest after the hysteresis loop is recorded.

Following the hysteresis loop test, two distinct test approaches were 

Fig. 1. Mineralogical composition of the main binder constituents [wt.-%].

Table 3 
Mineralogical composition of the calcium sulfates under investigation, named as 
A, B, and D (according to the nomenclature in Table 2) and its hydrates as 
detected with XRD (all values are given in wt%).

Calcium 
sulfate 
type 
(cf. 
Table 2)

Hydrates and impurities according to XRD analysis

Anhydrite Hemihydrate Gypsum Subtotal 
(CaSO4)

Impurities
*

A 83 17 - 100 -
B - 100 - 100 -
D 6 - 91 97 3

* = Minor impurities: calcite.

Fig. 2. Differential volumetric particle size distributions of cement, calcined 
clays, limestone, calcium sulfates, and fly ash (laser granulometry).

Table 4 
Characteristic particle diameters of the powders as determined by laser 
diffraction.

Binder constituents d10 [μm] d50 [μm] d90 [μm]

Cement 0.6 7.4 26.5
Fly ash 1.6 17.6 86.4
Limestone 1.2 17.8 59.6
Calcined clay 1.1 9.3 29.2
Calcium sulfate anhydrous (A) 4.9 33.3 112.7
Calcium sulfate hemihydrate (B) 1.2 12.7 63.9
Calcium sulfate dihydrate (D) 1.7 9.7 50.5
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performed: stress growth and oscillation amplitude. A single batch was 
used for the former approach, while a multi-batch approach was adop
ted for the latter, as suggested in the literature [46,64,65].

2.4.2.2. Stress growth test. The primary objective of the shear stress 
growth test is to determine the maximum shear stress attained by the 
fresh pastes, which is considered the yield stress. Fig. 6a presents the 
typical shear strain and shear rate profiles during the tests and the ex
pected experimental outcomes to extract the main parameters from this 
test. When visualizing stress development and apparent viscosity η = τ

γ̇, 
the shear stress rises to its maximum value as the deformation continues 
beyond the elastic domain, i.e., the linear range (Fig. 6b). The viscosity 
peaks (as marked by a vertical dashed line) occur when the shear stress 
deviates from the elastic domain, as visible by tracing the tangent 
straight line (plotted in red). Beyond this point, as the shear stress in
creases, the viscosity decreases to a minimum as the maximum shear 
stress is asymptotically reached, along with the viscosity minima 
(marked by the second vertical dashed line). The average values just 
after the end of the elastic domain are conventionally defined as the 
static yield stress.

The stress growth test is conducted at the sample ages tage of 20, 40, 

60, 100, and 140 minutes accounted from the time of water addition, 
applying a constant shear rate of 0.01 s− 1 in accordance with previous 
studies [63,66–68]. The distinction between the applied shear rate and 
the effective shear rate of the rheometer has been outlined by Nerella 
et al. [64]. The stress growth test continues until the effective shear rate 
γ̇ef approaches the applied shear rate γ̇ap at which the maximum shear 
stress is attained [65]. Once the maximum shear stress is achieved the 
test automatically stops due to the break setting of the rheometer 
employed in the RheoWin software [65,69]. The testing profile is out
lined in Table 7. Each test is repeated three times to ensure statistical 
reliability and reproducibility.

2.4.3. Oscillation rheometry: Large Amplitude Oscillation Shear (LAOS) 
technique

For a detailed characterization of the structural build-up in reactive 
cement-based materials, samples must be disturbed beyond their critical 
strain (yield stress), as required by automated techniques like 3D con
crete printing. While rotational rheometry offers statistical reliability, it 
provides only instantaneous flow onset values and is somewhat 
destructive. To fully assess fresh-state properties, oscillatory rheometry 
is essential as it measures intrinsic behavior by quantifying critical strain 
and cross-over strain. Large Amplitude Oscillatory Shear (LAOS) has 
widely been utilized to evaluate the nonlinear viscoelastic properties of 
LC³ systems, particularly in high-shear applications such as 3D concrete 
printing. Unlike traditional rheological methods, LAOS allows a deeper 
assessment of the strain-dependent thixotropic behavior, providing a 
more comprehensive evaluation of flow-induced microstructural 
changes during extrusion, providing crucial insight into structural 
breakdown and recovery mechanisms, which conventional yield stress 
or viscosity tests fail to capture [46,51,70].

This study uses amplitude oscillation strain sweeps to capture the 
following key parameters: storage modulus, loss modulus, complex 
viscosity, phase angle, and shear stress. In this way, structural build-up 

Table 5 
Specific surface areas of the powders under investigation [m2/g] (BET method).

Cement Fly ash Limestone Calcined clay Calcium sulfate A Calcium sulfate B Calcium sulfate D

1.28 1.43 1.7 7.6 5.36 1.03 1.77

Fig. 3. Polar Light Microscopy (PLM, top) and Scanning Electron Microscopy (SEM, bottom) images of the calcium sulfate varieties, highlighting their distinctive 
morphology. The PLM images were taken in a Leitz Orthoplan Pol microscope, equipped with a Canon EOS 650D camera, while the field emission SEM images were 
taken in a QUANTA FEG 250 at 20 kV operating voltage and 40 Pa pressure.

Table 6 
Mixing protocol of the pastes for rheological measurements.

Time [min: 
s]

Duration [min: 
s]

Speed 
[rpm]

Action

00:00 – 00:10 00:10 - Adding water to the dry 
constituents

00:10 – 01:00 00:50 139 Mixing
01:00 – 02:30 01:30 - Wall scraping
02:30 – 03:30 01:00 591 Mixing
03:30–04:00 00:30 - Wall scraping
04:00 – 06:00 02:00 591 Final mixing
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at a micro scale is mapped. By applying the LAOS technique to LC3 

pastes at various ages, using individual samples and triplicate testing, 
open time was estimated and rheological changes were tracked over 

Fig. 4. Haake Mars II rheometer (a) and schematic of the unit-cell and (b) vane rotor (dimensions in mm).

Fig. 5. Typical hysteresis loop output with the Bingham parameters indicated.

Fig. 6. (a) Typical effective shear strain and shear rate profiles versus test time, and (b) typical output in terms of shear stress and apparent viscosity versus shear 
strain. The dotted red line in the inlet (b) shows the linear trend of the shear stress. At the maximum viscosity, the shear stress deviates from the linear domain.

Table 7 
Testing profile for assessing the structural build-up.

Stage Relative time 
[min:s]

Applied shear rate 
[s¡1]

Action

Hysteresis 
loop

10:00 – 10:30 0 – 4 Shear rate up
10:30 – 11:30 4 Constant 

shearing
11:30 – 12:00 4 – 0 Shear rate 

down
Stress growth 20:00 0.01 < γ̇ap ​

40:00 0.01 < γ̇ap ​
60:00 0.01 < γ̇ap ​
100:00 0.01 < γ̇ap ​
140:00 0.01 < γ̇ap ​
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time to rigorously profile structural build-up.
The resistance of a specimen to the applied deformation is measured 

as the normalized shear stress. Since thee raw data appear as sinusoidal 
excitations (Fig. 7) they must be normalized using Fourier Transforms 
(FT). Shear stress and shear strain can be presented in terms of sine 
waves (raw data) using the following expressions: 

τ(t) = τosin(ωt) (2) 

γ(t) = γosin(ωt + δ) (3) 

where τ [Pa] represents the shear stress, γ the shear strain, ω the angular 
velocity, and δ the phase angle or the lag. The independent variable t 
represents the time history within the oscillatory cycle, measured in 
seconds (s).

The distinct feature of the oscillation amplitude strain sweep is its 
ability to utilize the complex moduli: the storage or elastic modulus (G’) 
and the loss or viscous modulus (G”) (unit: Pa). The absolute value of G*, 
denoted as |G*| (unit: Pa.s), represents the total resistance against 
deformation and is used to calculate the complex viscosity |η*| (unit: 
Pa.s). Elastic effects are in phase with the strain, while the viscous effects 
are in phase with the strain rate, defining G’ and G”. In addition, a 
complex modulus is defined as G∗ = Gʹ+iGʹ́  where i is the imaginary 
unit [71] (Eqs. 4 to 7). 

Gʹ =
τo

γo
sin(δ) (4) 

Gʹ́ =
τo

γo
sin(δ) (5) 

G∗ = Gʹ + iGʹ́ (6) 

|η ∗ | =
|G∗|

ω (7) 

As shown in Fig. 8, three different regions that describe the rheo
logical behavior of viscous media can be identified: the linear visco
elastic region (LVR), the non-linear viscoelastic (so-called transient) 
region, and the cross-over stage. In the LVR, deformation occurs at the 
micro-level within the elastic domain, i.e., it is recoverable and does not 
induce dissipation, while the elastic and viscous moduli remain 
approximately invariant. When the micro-deformations exceed the 
elastic limit, the transition between LVR and the non-linear viscoelastic 
region occurs, defining the critical elastic shear strain and the corre
sponding elastic shear stress [72,73]. The non-linear region is charac
terized by a decreasing trend in the elastic and loss moduli, which 
account for elastic and viscous interactions. At a certain strain, G’ and G” 

tend to converge. This threshold is regarded to as the cross-over strain. 
Beyond this critical strain, the loss modulus dominates the elastic 
modulus, indicating that material is flowing [72–75].

The same Haake Mars II coaxial rheometer shown in Fig. 4 with 
RheoWin software was used for these tests. A multi-batch approach was 
adopted to avoid overestimation of the rheological properties due to 
cumulative deformation inside the sample, typical of the single-batch 
approach [65]. Strain amplitude sweeps ranged from 10− 5 to 1 unit of 
strain. Initially, this amplitude sweep was applied at 140 minutes using 
a sweep frequency of 1 Hz to determine the critical strain. Data were 
processed according to DIN 51810–2, with a tolerance for LVR deviation 
of 10 % of the G’ plateau value and considering a data tolerance of 5 % 
(Fig. 8).

A preliminary hysteresis loop was applied at the beginning of each 
test, i.e., 10 minutes after water addition. LAOS tests were then per
formed under a controlled shear strain regime by programming the 
rheometer with the “CD-Auto-strain” protocol. Tests were conducted at 
20, 40, 60, 100, and 140 minutes after water addition, analogous to the 
stress growth method. The LAOS protocol starts 5 minutes before the 
target time because the strain of 10− 5 units needs sufficient time to 
progress to the strain of 1 unit. During these 5 minutes, the material is 
perturbed in the linear viscoelastic region and the response lies in the 
elastic domain. This ensures an appropriate start of the test to capture 
the intrinsic behavior at the LVR boundary and the crossover without 
losing timely information. Data is collected in 100 steps, with each strain 
step repeated three times.

Fig. 7. (a) Shear strain excitation and (b) shear stress as a function of the measuring points (MPs).

Fig. 8. Shear moduli (G’, G”) and shear stress (τ) response to the effective shear 
strain applied to the specimen under investigation using LAOS, an example of a 
typical output.
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2.4.4. Results interpretation
The structural build-up for LC3 pastes as assessed using the rotational 

and oscillation rheometry is interpreted by fitting two established 
mathematical models of structural build-up, namely those developed by 
Roussel [68] and Perrot et al. [76] (Eqs. 8 and 9). These models describe 
the structuration rate of the suspension, a crucial parameter in advanced 
applications like shotcrete and 3D printing. 

Roussel’smodelτ0(t) = τ0 + τ0
t
T
= τ0 +Athix.t (8) 

Perrot’smodelτ0(trest) = τ0,0 +Athix.tc(etrest/tc − 1) (9) 

In Eqs. 8 and 9, τ0,0 represents the static yield stress at the beginning 
of the rest period, tc is the characteristic time, trest is the resting time, 
and Athix is the structuration parameter. This structuration parameter 
encapsulates the thixotropy due to flocculation and hydration, offering a 
comprehensive view that accurately describes the time history of the 
rheological behavior. The static yield stress in the case of oscillatory 
rheometry is defined at the first critical and cross-over strain. These two 
strains are crucial and the corresponding static yield stress is plotted 
against time as discussed in Section 3.3. The complex viscosity |η*| and 
the complex moduli (G’ and G”) are also plotted against time, with the 
results for both strain states discussed in Section 3.3. Leveraging the 
capabilities of LAOS, the structuration rate is defined as Athix,elastic and 
Athix,cross-over for the critical and cross-over strains, respectively. To the 
best of the authors’ knowledge, the approach of decoupling structura
tion rates based on the viscoelastic behavior of cement-based materials 
had not been discussed prior to this work.

3. Results and discussion

3.1. Isothermal calorimetry

Fig. 9a presents the hydration rate and cumulative heat of hydration 
over the first 72 hours after water addition. The curves reveal that the 
dormant period for the LC3 mixtures differs notably from that of the M1- 
FA mixture. The average dormant period for M1-FA is around 20 hours, 
nearly twice as long as for the LC3 binders.

In the absence of any other analytical technique, this could be related 
to the combined addition of PCE and stabilizer. In fact, the HRWRA 
dosage over the sum of solid constituents is the highest for M1-FA 
(0.97 %), exceeding that of the LC3 counterparts, namely 0.92 % for 

M1 LC3-A and M1 LC3-B and 0.72 % for M1 LC3-D. Furthermore, it 
should be noted that water-to-cement ratio is significantly higher for 
M1-FA (0.674) compared to that of LC3 binders (0.599), leading to a 
probable delay in the formation of hydration products in M1-FA. As a 
matter of fact, the effects of PCE HRWRA and other additives in affecting 
the hydration kinetics are well documented [25,26]. Alternatively, in 
the presence of fly ash, the alumina concentration in the pore solution is 
increased, which restrains alite hydration, but does not retard overall 
hydration [24,25]. Regarding LC3 pastes the three calcium sulfate types 
lead to characteristic effects on hydration. M1 LC3-A exhibits the 
shortest dormant period of approximately 9 hours (see Fig. 9b), possibly 
attributed to the specific surface effect, while M1 LC3-D has the longest, 
with around 12 hours. M1 LC3-B demonstrates a mid-way behavior of 
around 10 hours. The trend in heat release during the dormant period 
mirrors the cumulative heat released. M1-FA records the lowest heat 
release compared to all LC3 mixtures [25,26].

In addition, the alite (C3S) peak for sulfate A occurs earlier than for B, 
which slightly precedes the alite peak of D. The expected occurrence of 
aluminate peaks after sulfate depletion cannot be clearly observed. This 
is probably due to the lower C3A cement chosen. However, the deriva
tive plotted in the inlets c.1 to c.3 of Fig. 9 shows a point of inflection, 
underlying a consistent trend. Notably, calcium sulfate D appears to 
exhibit a slightly higher hydration rate, as evidenced by a slightly 
elevated alite peak. M1 LC3-D surpasses M1 LC3-B after 21 hours. 
Several studies showed that calcined clay limestone cements are highly 
sensitive to the optimum sulfate content [6,19,29,77,78]. Recently, 
Zunino [29] showed that accelerated formation of C-A-S-H in LC3 leads 
to an increased sulfate sorption on the available C-A-S-H surfaces. This 
may result in higher sulfate demand and faster sulfate carrier depletion. 
Since our cement contains only small amounts of C3A, a distinct sulfate 
depletion peak is barely visible in the calorimetric measurement. 
However, as shown by the inlets in Fig. 9, the peak of the plot, the de
rivative of the power per gram of cement versus time, appears after the 
central alite hydration peak, but with a considerable delay and an 
indistinct appearance [55]. This indicates that our systems are either 
over-sulfated or that there is less reactive aluminate or less quantity of 
required aluminate in the blended cement [9]. The substantial delay in 
the hydration of the fly ash mix is not related to the sulfate content, but 
is probably caused by some interactions between the two admixtures, i. 
e., the PCE HRWRA and the stabilizer, also in conjunction with the 
binder composition used.

The dissolution behavior of calcium sulfates in LC³ pastes is 

Fig. 9. Isothermal calorimetry data of LC3-blended mixtures showing a close-up of the derivative of power from 25 to 40 hours of reaction time for calcium sulfate.
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governed by a complex interplay between the physical and morpho
logical properties of the constituents, namely their particle size and 
specific surface area. The calorimetric data in Fig. 9 show that the LC3 

binder containing anhydrite (CaSO₄, A) exhibits an earlier and more 
pronounced sulfate release than expected on the basis of its coarse 
particle size distribution (d50 = 33.3 µm, Table 4). On the other hand, 
this deviation from typical dissolution trends can also be attributed to its 
high SSA (5.36 m2/g, Table 5). The extensive microcracking and frac
tured surface morphology, as observed in the micrographs in Fig. 3, 
increases the reactive surface area which is accessible to solvent and 
allows for dissolution of ions. In fact, such an enhanced contact area for 
water facilitates a more rapid release of sulfate ions, even though the 
particles themselves are rather coarse. In contrast, bassanite 
(CaSO4⋅0.5 H2O, B), despite having a finer PSD (d50=12.7 µm) and a 
much lower SSA (1.03 m²/g), leads to a slightly delayed response, likely 
due to its more compact, less fractured morphology which limits im
mediate dissolution. Calcium sulfate dihydrate (CaSO4⋅2 H2O, D) dis
solves more slowly due to its stable crystalline structure and lower SSA 
(1.77 m²/g), contributing to extended sulfate availability over time, 
which is consistent with its observed effect on extended workability 
windows as shown in the following sections. The study of the hydration 
kinetics of LC3 pastes containing different varieties of calcium sulfate, 
from the dormant period to the acceleration and deceleration stages, has 
been scarcely explored in the existing literature. Krishnan et al. [27]
applied isothermal calorimetry to LC3 with different gypsum contents 
but did not vary the calcium sulfate type, while Chen et al. [79] used 
complementary analytical techniques similar to the present study (i.e. 
advanced rheological tests and isothermal calorimetry) but again 
considered only gypsum as the calcium sulfate species. Thus, the un
derstanding gained in this study can provide a sound basis for eluci
dating the rheological properties and may ultimately provide critical 
insight into the mechanical behavior of LC3-based materials in their 
hardened state. The rheological response in the following sections 
further supports these trends, with anhydrite-based LC3 pastes exhibit
ing a high rate of early structuration (Athix), lending credibility to the 
hypothesis that the fractured morphology of anhydrite accelerates sul
fate release and promotes early ettringite formation and thus structur
ation. These findings underscore that sulfate dissolution kinetics in LC3 

systems cannot be solely inferred from PSD but require a combined 
evaluation of SSA, morphology, and microstructural defects, which 
collectively dictate sulfate availability, hydration kinetics, and rheo
logical evolution.

3.2. Rotational rheology

3.2.1. Hysteresis loop and Bingham parameters
Fig. 10 presents the typical shear stress vs. shear rate curves obtained 

from hysteresis loop tests used to compute the Bingham parameters and 
structuration rates. The latter serves as an indicator of the structural 
build-up of the paste. It is computed as the area enclosed by the loop 
using the established Simpson’s numerical integration rule (see Atkin
son [80], Eq. 5.1.15).

The Bingham yield parameters obtained by the linear interpolation 
of the descending τ − γ̇ef curve (refer to branch no. 3 in Fig. 5) are 
compared in the bar charts of Fig. 11. M1 LC3-A exhibits the highest 
structuration rate, followed by M1-FA (-26 %), M1 LC3-B (-36 %), and 
M1 LC3-D (-96 %). On the contrary, the reference paste M1-FA shows the 
highest values of Bingham yield stress and plastic viscosity, which is 
further confirmed and discussed in the subsequent sections.

Within the LC3 binder systems, M1 LC3-A had higher values of the 
Bingham parameters, followed by M1 LC3-B and M1 LC3-D in that order, 
with a similar trend for yield stress and plastic viscosity. The coefficient 
of variance (CoV) related to the Bingham parameters is less than 5 %, 
highlighting the good reproducibility of the measurements.

The result of the hysteresis loop demonstrates a distinct structuration 
rate of LC3 binders compared to M1-FA at a very early age, a discrepancy 
also suggested by the apparent differences in the specific surface areas of 
the powders (see Table 5). Since the Bingham parameters are derived by 
extrapolating the descending branch of the loop to the y-axis, over
simplification may bias the results due to a notable non-linear behavior 
visible at the end of the descending branch between shear rate of 1 s− 1 

and 0 s− 1, unlike the LC3 counterparts. The non-linear behavior 
observed in the descending curve of M1-FA may indicate transient 
structuring effects during flow where particle-particle interactions 
temporarily increase the shear resistance.

3.2.2. Stress growth test and structural build-up assessment
To illustrate the structural build-up of the pastes based on the stress 

growth test protocol, Fig. 12 and Fig. 13 plot shear stress and apparent 
viscosity, respectively, against the shear strain. All pastes consistently 
exhibit a monotonic increasing trend in the shear stress over time, 
correlated with the shearing applied to the specimen. At the same time, 
an increasing trend can be observed for the apparent viscosity. The shear 
stress growth at 20, 40, and 60 minutes is not well-defined for M1 LC3-A 
and M1 LC3-B. This phenomenon may result from multiple factors such 
as release of water molecules or intercalated superplasticizer from the 
calcined clay layered structure or some underlying chemical reactions. 

Fig. 10. (a) Hysteresis loops show shear stress as a function of the shear rate; (b) the area enclosed by the loops denoting the structuration rate of all pastes under 
investigation. Hysteresis loops were recorded 10 minutes after the addition of water.
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However, the precise cause needs further investigation and should be 
addressed in subsequent studies.

Based on previous findings, M1 LC3-D has the least structural build- 
up (see the inlets d in Fig. 12 and Fig. 13). Among the LC3-based pastes, 
M1 LC3-B has the highest structural build-up and apparent viscosity 

evolution over time. The results concerning apparent viscosity for M1 
LC3-A and M1-LC3-B display discrepancies at 20, 40, and 60 minutes of 
age, which warrant further investigation in future studies.

Fig. 14 presents the static yield stress and corresponding apparent 
viscosity over time for each paste along with the mean values of the 

Fig. 11. (a) Bingham yield stress and (b) Bingham plastic viscosity of the pastes.

Fig. 12. Shear stress versus shear strain curves for all pastes under investigation.
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structuration rate Athix measured accordingly. As shown in Fig. 14c, M1- 
FA has a notably high structuration rate. It is 2.6 times higher than M1 
LC3-A, 1.5 times higher than M1 LC3-B, and five times higher than M1 
LC3-D. These findings are consistent with previous observations.

In terms of apparent viscosity, M1 LC3-D demonstrates the lowest 
viscosity of the four mixes over time. However, it exhibits a steady in
crease akin to the reference paste M1-FA (Fig. 14b). Likewise, M1 LC3-A 
and M1 LC3-B show, to a lesser extent, a marginal loss in apparent vis
cosity at 40 and 60 minutes after water addition. However, these blends 
show a considerable increase in viscosity at 100 minutes and beyond.

A similar trend can be observed in Fig. 14a, which details the static 
yield stress. At the 20 minutes mark the apparent viscosity and shear 
stress of M1-FA are lower than the corresponding values for M1 LC3-A 
and M1 LC3-B, contrasting with the results of the thixotropic loop test. 
Again, the delayed formation of hydration products that was observed 
for M1-FA could be explained by the higher plasticizer dosage and w/c 
ratio, compared to that of LC3 counterparts. Interestingly, the apparent 
viscosities of M1-FA and M1 LC3-B exhibit a comparable temporal 
evolution, while their static yield stress varies significantly, indicating a 
possible correlation with the specific non-linear behavior observed in 
the hysteresis loop in Section 3.2.1. Further investigation is required to 
determine the exact cause of this unique behavior. Moreover, the impact 
of the different calcium sulfate varieties on the structuration rates of LC3 

pastes is quite noticeable. While the hysteresis loop test (Section 3.2.1) 
suggests that the initial structuration rate of mixture M1 LC3-A is higher, 
M1 LC3-B overtakes it over time. Conversely, the crystallization water of 
the gypsum in M1 LC3-D possibly consumed less water for ettringite 
formation. This way, free H2O molecules are provided to the system, 
which may suppress the structuration rate. However, in terms of the 
mass balance, this change must be marginal and should be further 
investigated [81,82]. During the initial hydration, there still needs 
clarity on which particular chemical reaction controls the flow behavior, 
especially in the first two hours after water addition. Roussel et al. [71]
mention that the beginning of hydration on the rheology is primarily 
influenced by the silicate reaction, particularly by the precipitation of 
C–S–H. Therefore, correlating the structural build-up to the hydration of 
calcium sulfates and its hydrates needs more investigation. Jakob et al. 
[83,84] emphasize that the aluminate reaction dominates the hydration 
kinetics during the initial and induction periods. Jakob et al. [83,84]
also suggest that ettringite formation leads to tangible changes in the 
water-to-solid ratio, the surface area, and the solid volume fraction.

A very important point of discussion is the water demand of 
LC³ pastes that is primarily governed by the specific surface area and 
particle size distribution of its constituents. As shown in Table 5, 
calcined clay exhibits a much higher SSA (7.6 m²/g) compared to other 
components, contributing to an increased water demand. The SSA of 

Fig. 13. Apparent viscosity versus shear strain curves for all pastes under investigation.
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anhydrite (5.36 m²/g) is also significantly higher than bassanite 
(1.03 m²/g) and gypsum (1.77 m²/g), suggesting that anhydrite-based 
pastes may exhibit higher water demand due to enhanced surface hy
dration interactions. Additionally, ettringite formation, influenced by 
sulfate dissolution rates (Fig. 9), can further modify the water-to-solid 
ratio by binding free water within its crystal structure, indirectly 
affecting rheology [85]. While the observed differences in rheological 
performance (Fig. 14) suggest possible variations in water demand 
among sulfate types, no direct measurements of water demand were 
conducted in this study. Future investigations, e.g. NMR spectroscopy, 
could quantitatively assess water retention and flow properties to refine 
the correlation between hydration kinetics, rheology, and mixing water 
requirements in LC³ formulations.

Another crucial consideration derived from the stress growth tests is 
that the incorporation of different types of calcium sulfates can fine-tune 
the open times of the LC3 binders for advanced composites. Indeed, 
thixotropy is known to be proportional to open time [86], and the sta
bilizer modifies the open time [87], while the open time affects the 
buildability [66]. Advanced building processes rely on a specific evo
lution of yield stress over time, depending on the rate at which com
ponents are built [88]. Hydration dominates in the buildup that occurs 
in the placed material [89]. The hydration rate after placing should 
remain constant throughout the whole production process to provide the 
same kinetics for each layer. This can be achieved by two different ap
proaches. The first involves the continuous production of small quanti
ties of conglomerate with high early-age strength development, such as 
traditional slip-forming or dry-process shotcrete, i.e., “gunite”, and is 
referred to as “controlled setting”. The second involves the continuous 
collection of small quantities of concrete from a larger batch and their 
activation with a setting activator, e.g. wet-process shotcrete, referred to 

as “setting on demand” [90,91]. These preliminary findings pave the way 
for future investigations and are outside the scope of the current study.

Delving into the field of 3D printing, Ibrahim et al. [38] investigated 
fiber-reinforced LC³ systems and highlighted the importance of sulfate 
additions in stabilizing structuration and reducing deformation. Their 
results align with findings of the study at hand, particularly regarding 
the role of sulfate in controlling the thixotropic behavior. However, their 
study primarily employed gypsum (CaSO4⋅2 H2O) as the sulfate source 
which exhibited slower structuration compared to the 
bassanite-modified systems of the present investigation. Similarly, Chen 
et al. [36] confirmed that inorganic additives such as gypsum influenced 
the structural build-up and very early age hydration of LC3 pastes. 
Increased dosages of gypsum can accelerate storage modulus G’ and 
static yield stress evolution, increase chemically bound water and total 
specific surface area, which is consistent with our observations that 
sulfate affects structuration kinetics. Shantanu et al. [35] and Ibrahim 
et al. [37] further emphasized the critical role of binder-aggregate in
teractions in buildability. The study at hand has expanded these insights 
by systematically differentiating the effects of anhydrite, bassanite, and 
gypsum. The stress growth test results discussed in this section establish 
that bassanite induces the highest structuration in LC3 pastes throughout 
the experiment among the three types of calcium sulfates investigated, 
whereas anhydrite provides a more gradual sulfate release, leading to 
prolonged setting and reduced early structuration.

3.3. LAOS tests

3.3.1. Linear viscoelastic region
Fig. 15 presents the development of the main rheological parameters 

for the M1-FA reference binder, including shear stress at the effective 

Fig. 14. (a) Static yield stress, (b) viscosity evolution over time, and (c) structuration rate parameter Athix based on Perrot’s model.
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shear strain, complex viscosity, storage (i.e., elastic) modulus, and loss 
(i.e., dense) modulus. The rise in loss modulus, occurring in tandem with 
the cross-over strain, provides clear evidence of shear thickening. As 
previously suggested, this phenomenon is likely driven by adding the 
viscosity stabilizer. Importantly, pronounced shear-thickening may lead 
to a significant overestimation of the real shear stress of the paste, 
thereby compromising the accurate determination of process parame
ters critical for automated applications like robotic shotcrete and 3D 
printing [92–94].

Supplementary graphs can be consulted in the Appendix and present 
the results of the LAOS protocol applied to the three LC3 blends. Shear 
stress, complex viscosity, storage modulus, and loss modulus are plotted 
in each figure in inlets a, b, c, and d, respectively. Due to the markedly 
different behavior of the tested pastes, different scales are utilized to 
highlight the evolution of these parameters over time, while a detailed 
comparison between the different pastes is provided in Fig. 16. The LC3 

pastes stiffen considerably over the test period, especially M1 LC3-A and 
-B, which reach maximum stresses of 53 Pa and 102 Pa, respectively. 
Additionally, M1 LC3-B outperforms M1 LC3-A in terms of storage and 
loss moduli.

It is crucial to note that both M1 LC3-A and -B pastes stiffen rapidly to 
the extent that measurement accuracy is affected beyond 100 minutes, 
as indicated by the irregular curve shapes. Given this critical evidence, 
the open times for these two compositions are estimated to be restricted 

to 90 minutes after water addition. In fact, irregularities in the LAOS 
curves indicate significant structuration and loss of workability and can 
serve as an indirect indicator of the open time, a key parameter for 
automated application technologies. In contrast, the relatively smooth 
curve observed for the M1-FA counterpart over the measured time frame 
of the LAOS test suggests an extended open time in excess of 
140 minutes. M1 LC3-D exhibits a markedly different rheological 
behavior over time, reaching a maximum shear stress of 26 Pa at a 
considerably later age of 140 minutes. This finding supports the 
conclusion drawn from the rotational rheology investigation that the 
slow structuration rate is attributed to calcium sulfate dihydrate. Most 
importantly, the three LC3-based compositions exhibit no shear thick
ening. No abrupt increase in the loss modulus versus shear strain is 
observed, contrary to what was experienced with the benchmark M1-FA 
binder. This observation implies that the shear stress values and process 
parameters can be accurately estimated during pumping, spraying, and 
extruding. To facilitate a comparative analysis of the different pastes, 
Fig. 16 summarizes and contrasts the evolution of the rheological pa
rameters at the boundary of the linear viscoelastic region, i.e. the first 
critical strain [63,71], over the paste age. The evolution of the static 
yield stress over time is fitted numerically using the rheological models 
of Roussel and Perrot [68,76]. The characteristic time tc measured at the 
first critical strain for M1-FA and M1 LC3-D is 90 minutes, whereas it is 
60 minutes for M1 LC3-A and M1 LC3-B. This finding indicates that 

Fig. 15. (a) Shear stress, (b) complex viscosity, (c) storage modulus, and (d) loss modulus for M1-FA paste plotted against shear strain.
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Fig. 16. Evolution of (a) elastic shear stress, (b) elastic Athix, (c) elastic shear strain, (d) elastic complex viscosity, (e) storage modulus, and (f) loss modulus over the 
paste age.

M.A.B. Beigh et al.                                                                                                                                                                                                                             Construction and Building Materials 477 (2025) 141314 

14 



nucleation sites become available for hydration with a slight delay in 
M1-FA and M1 LC3-D, whereas M1 LC3-A and M1 LC3-B adhere to Per
rot’s model with the characteristic time at 60 minutes [68,76]. Roussel’s 
and Perrot’s models show a similar trend for Athix (Fig. 16b). M1 LC3-B 
exhibits the maximum structuration rate. In line with what is suggested 
by rotational rheometry, M1 LC3-A shows unexpected behavior at 40 
and 60 minutes. The corresponding static yield stress values fall within a 
narrow range, an observation consistent with storage modulus, loss 
modulus, complex viscosity, and shear strain data. However, the reason 
for this phenomenon requires further investigation. Contrary to the re
sults of the stress growth test, the reference paste M1-FA has the lowest 
structuration rate and the least significant shear stress, complex vis
cosity, storage modulus, and loss modulus. The strain at the end of the 
LVR is 10− 3, very close to the elastic range of the mixtures. At this strain 
level, shearing is comparatively low. The storage modulus dominates 
both the loss modulus at critical strain, indicating the dominance of 
elastic rather than viscous behavior, and no shear thickening effect is 
observed. Thus, the overestimation of shear stress observed in rotational 
rheometry is not evident. Again, M1-FA shows a weak resistance to 
micro-deformation, and the critical shear stress is in good agreement 
with Roussel’s linear structuration model.

Fig. 16a shows that M1 LC3-B features the highest elastic yield stress 
at the end of the LVR, followed by M1 LC3-A and M1 LC3-D. The 
maximum critical shear strain is consistently attained by M1 LC3-D, with 
the other three mixtures following within a narrow range. Roussel et al. 
[71] suggest that a minor critical strain may be associated with early 
hydrates forming preferentially at contact points. Due to a higher spe
cific surface area, the contact points in LC3 mixtures exceed those in 
M1-FA. Consequently, M1 LC3-A and M1 LC3-B attain critical strain at 
lower values than M1 LC3-D and M1-FA mixtures. This is accompanied 
by higher storage modulus, loss modulus and complex viscosity.

3.3.2. Non-linear viscoelastic region
Fig. 17 plots shear stress, structuration rate (i.e., Athix), complex 

viscosity, and shear strain about the paste age at the cross-over point, i. 
e., the non-linear viscoelastic region. At this stage, the flow onset of the 
materials is triggered, and the contribution of colloidal flocculation and 
thixotropy becomes dominant [71,95]. M1-FA featured the maximum 
cross-over shear stress, followed by M1 LC3-B, M1 LC3-A and M1 LC3-D. 
Similarly, Athix is the highest for M1-FA, with M1 LC3-B following, ac
cording to both models used to evaluate the structuration rate. For M1 
LC3-A, the shear stress values deviate from the expected increase due to 

Fig. 17. Evolution of (a) shear stress, (b) complex viscosity, and (c) shear strain at the cross-over point over the paste age, and structuration rate Athix according to 
Roussel’s and Perrot’s models.
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the stiffness of the blend, making it difficult to effectively quantify the 
shear stress. The cross-over shear stress follows the same trend for LC3 

binders as suggested by rotational rheometry, being more than three 
times higher in the M1-FA reference paste. Again, the apparent struc
turation rate of M1-FA is the driving parameter at the cross-over 
compared to the LC3 mixtures; unexpected behavior is observed for 
cross-over shear strain and complex viscosity. In fact, one might expect 
M1-FA to exhibit the lowest shear strain and the highest complex vis
cosity according to the shear stress and the structuration rate. However, 
the measured outcome is the opposite, highlighting an apparent in
compatibility. Indeed, the risk of misleading quantification of shear 
stresses is a primary concern associated with the shear thickening phe
nomenon, as pointed out previously and substantiated here by the LAOS 
technique. M1 LC3-B accounts for a negligible cross-over shear strain, 
lower than M1 LC3-A and M1 LC3-D counterparts. This sequence aligns 
well with the principle that minimal deformation results in maximum 
resistance in cementitious materials possessing higher structuration 
[96].

This investigation asserts that the LAOS technique is crucial for 
capturing the behavior of cement-based pastes, which exhibit complex 
rheological properties. In addition, LAOS provides accurate tools for 
understanding the implications of shear thickening and its impact on 
process parameters in key automated application technologies [46, 
48–52]. From the results in the Appendix (Figs. 18–20) it can be seen 
that LAOS technique starts to show a significant scatter for mixtures M1 
LC3-A and M1 LC3-B at 100 minutes and 140 minutes after water addi
tion, unlike M1 LC3-D. This can be owing to the workability loss due to 
the anhydrite and hemihydrate in comparison to the dihydrate. A similar 
analogy was captured by isothermal calorimetry. These artifacts should 
be evaluated further using the “short amplitude oscillation technique” to 
distinguish between the linear and nonlinear stress developments in the 
mixtures. Subsequently, the structuration rate (Athix) is a critical 
parameter for automated construction techniques such as 3D concrete 
printing (3DCP) and shotcreting. In 3DCP, rapid structuration ensures 
layer stability by preventing deformation under the weight of subse
quent layers, while excessive structuration can hinder interlayer 
bonding. The results in the present study show that bassanite in M1 
LC³ -B achieves a balance, with Athix values of ~ 0.5 Pa/min enabling 
sufficient open time of ~ 90 min for extrusion while ensuring rapid 
stiffening post-deposition. This aligns with findings by Zhang et al. [86]
and Chen et al. [79] who reported optimal yield stress evolution for 
3DCP in the range of 200–1000 Pa. Conversely, dihydrate in M1 LC³ -D 
exhibited delayed structuration, making it more suitable for applications 
requiring extended workability, such as slip-forming.

Holistically, the correlation between calorimetric and rheological 
analyses in this study provides a comprehensive understanding of the 
hydration kinetics and structuration mechanisms governing LC³ binder 
behavior, particularly for automated construction applications like 3D 
concrete printing and robotic shotcrete. The isothermal calorimetry re
sults (Fig. 9) offer critical insights into sulfate dissolution dynamics, 
extent of ettringite formation and early hydration rates which are 
directly linked to the rheological evolution captured in rotational and 
oscillatory rheometry. The timings and magnitudes of the hydration 
peaks align with rheological trends, where faster sulfate dissolution 
leads to accelerated structuration, impacting yield stress development 
and open time. For instance, the rapid dissolution of bassanite correlates 
with its high early structuration rate (Athix ~ 0.5 Pa/min), making it 
ideal for 3DCP, where controlled stiffening ensures interlayer stability 
without excessive early setting. Conversely, gypsum with its delayed 
sulfate availability extends workability beyond 140 minutes, benefiting 
robotic shotcrete applications that require prolonged pumpability 
before deposition. The LAOS technique further bridges calorimetry and 
rheology, revealing that early ettringite precipitation modifies the 
viscoelastic behavior, affecting both yield stress evolution and crossover 
strain thresholds. This multi-faceted approach underscores the necessity 
of synchronizing hydration kinetics with rheological tuning to optimize 

mixture designs for automated construction, ensuring a balance between 
extrudability, buildability, and workability.

4. Conclusive remarks

4.1. Summary and conclusion

This study has systematically evaluated calcium sulfate type’s impact 
on hydration, rheology, and structuration of LC3 binders, focusing on 
suitability targets for 3D printing and robotic shotcreting. This research 
interlinks sulfate dissolution, ettringite precipitation, and rheological 
structuration. Key conclusions are summarized as follows: 

• The dissolution rate of calcium sulfate is strongly influenced by its 
morphology, particle size distribution (PSD), and specific surface 
area (SSA). Bassanite exhibits a rapid dissolution rate, leading to 
earlier ettringite formation and a higher early structuration rate, 
which aligns with its high suitability for layer-by-layer deposition in 
3D printing. Conversely, anhydrite demonstrates fast dissolution 
despite its coarse PSD, attributable to microcracks and an increased 
effective surface area. Gypsum contributes to protracted sulfate 
availability, thereby delaying structuration and enhancing work
ability retention, a property that is advantageous for robotic shot
crete applications requiring prolonged pumpability.

• In terms of rheological structuration and workability, the structuration 
rate (Athix) in rotational and oscillatory rheometry confirmed the key 
role of sulfate type on yield stress development, with bassanite-based 
pastes exhibiting rapid early structuration, which is crucial for 
enhancing buildability in 3D printing. In contrast, gypsum-based 
formulations retained workability for over 140 minutes, making 
them particularly well-suited for robotic shotcrete, where delayed 
stiffening is essential for efficient material transport.

• The unfavorable phenomenon of shear thickening was found to be 
severe for the binder blended with fly ash, potentially leading to 
nozzle clogging and inconsistent extrusion in 3D printing. On the 
contrary, the LC³ -based pastes, especially those with bassanite and 
gypsum, showed stable viscoelastic behavior with minimal shear 
thickening, with positive implications for energy-efficient pumping 
and extrusion, as well as predictable flow behavior.

• Water demand was indirectly inferred from SSA and PSD of the raw 
constituents, relating the higher SSA of anhydrite to potential in
creases in water demand, whereas bassanite and gypsum, with lower 
SSAs, showed reduced structuration resistance. The impact of 
ettringite precipitation on free water availability further affected 
structuration and rheology, as noted in calorimetry and LAOS trends.

This study draws preliminary, albeit important, considerations for 
the design of LC3 binders for advanced digitized construction technol
ogies. Its focus has been on the selection of the appropriate calcium 
sulfate type. In particular, incorporating bassanite results in rapid 
structuration, stable viscoelastic behavior, and no severe shear thick
ening, making them ideal for 3D printing applications where accurate 
layer deposition and buildability are critical. On the other hand, adding 
gypsum in the LC3 paste enables to retain workability for over 
140 minutes making them suitable for shotcrete, where extended 
pumpability is required before deposition.

4.2. Future research perspectives

While this study provides a sound scientific basis for tailoring sulfate 
selection in LC³ binders to meet the demands of emerging digital con
struction technologies, by integrating calorimetry, rheometry, and LAOS 
analysis to understand the relationship between hydration, sulfate 
dissolution, structuration, and rheological behavior, ongoing research 
shall focus on: 
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• Use of Portland cement clinkers instead of standardized CEM I 
products that already include fractions of sulfates for studying the 
effects of calcium sulfate species at a pure chemical-mineralogical 
level. Besides, various gradings of each calcium sulfate species 
individually could be used to overcome the seemingly contradictory 
SSA/PSD issues of the present study.

• Quantitative water demand assessment to refine correlations between 
SSA, hydration kinetics, and workability. In fact, hydration and 
rheology trends suggest strong intertwining with inherent water 
demand of sulfates, thus shedding more light on the impact of cal
cium sulfates on water retention and workability.

• Advanced microstructural studies (e.g., in-situ p-XRD, neutron 
scattering, or thermogravimetry) to further elucidate the role of 
ettringite evolution in structuration mechanisms.

• Adapting LC³ formulations for specific digital fabrication techniques, 
such as continuous 3D extrusion vs. high-speed shotcreting, to 
maximize material efficiency and structural stability.

By addressing these aspects, LC³ technology can further be optimized 
for sustainable, high-performance digital construction, offering a viable 
alternative to traditional cementitious materials in automated fabrica
tion systems.
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Appendix

Linear viscoelastic region

Fig. 18. (a) Shear stress, (b) complex viscosity, (c) storage modulus, and (d) loss modulus for M1 LC3-A paste, plotted against shear strain
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Fig. 19. (a) Shear stress, (b) complex viscosity, (c) storage modulus, and (d) loss modulus for M1 LC3-B paste, plotted against shear strain
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Fig. 20. (a) Shear stress, (b) complex viscosity, (c) storage modulus, and (d) loss modulus for M1 LC3-D paste plotted against shear strain

Data Availability

Data will be made available on request.
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Dresd. (2021).
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