
 
 

Delft University of Technology

Improving structural build-up of limestone-calcined clay-cement pastes by using inorganic
additives

Chen, Yu; Zhang, Yu; He, Shan; Liang, Xuhui; Schlangen, Erik; Çopuroğlu, Oğuzhan

DOI
10.1016/j.conbuildmat.2023.131959
Publication date
2023
Document Version
Final published version
Published in
Construction and Building Materials

Citation (APA)
Chen, Y., Zhang, Y., He, S., Liang, X., Schlangen, E., & Çopuroğlu, O. (2023). Improving structural build-up
of limestone-calcined clay-cement pastes by using inorganic additives. Construction and Building Materials,
392, Article 131959. https://doi.org/10.1016/j.conbuildmat.2023.131959

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.conbuildmat.2023.131959
https://doi.org/10.1016/j.conbuildmat.2023.131959


Construction and Building Materials 392 (2023) 131959

Available online 2 June 2023
0950-0618/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Improving structural build-up of limestone-calcined clay-cement pastes by 
using inorganic additives 

Yu Chen *, Yu Zhang, Shan He, Xuhui Liang, Erik Schlangen, Oğuzhan Çopuroğlu 
Microlab, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, The Netherlands   
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A B S T R A C T   

In 3D concrete printing, fast structuration is a prerequisite for ideal buildability. This paper aims to study the 
impact of inorganic additives, i.e., CaCl2 and gypsum, on structural build-up and very early-age hydration of 
limestone-calcined clay-cement (LC3) pastes within the first 70–80 min. Results show that, increasing the dosage 
of CaCl2 or gypsum can accelerate storage modulus G’ and static yield stress evolution with time, as well as 
increase chemically bound water (H) content and total specific surface area (SSAtotal). Furthermore, good cor-
relations were found between G’ and H content, as well as static yield stress and the ratio of free water content to 
SSAtotal. The acceleration by CaCl2 can be attributed to stimulating C3S and C3A hydration and promoting crystal 
formation, i.e., ettringite, portlandite, and Friedel’s salt. Additionally, the increase in gypsum percentage led to a 
large amount of unreacted gypsum in the system, resulting in an increase in SSAtotal.   

1. Introduction 

Limestone-calcined clay-cement (LC3), being one of the most 
promising sustainable cements, has attracted significant interest from 
academia and industry [1–3]. Compared to common supplementary 
cementitious materials (SCMs), such as blast furnace slag, fly ash and 
silica fume, which are being depleted [3], calcined clay appears to be an 
ideal sustainable alternative to SCMs. Some of the advantages of using 
calcined clay can be listed as: (1) clay deposits are abundant worldwide 
[1,3]; (2) relatively low CO2 is emitted during the calcination [3,4]; (3) 
calcined clay is rich in reactive alumina and silica [5]. Furthermore, as a 
cement substitution, the combination of calcined clay and limestone 
brings many benefits, including the enhanced ultimate mechanical and 
durability-related performance of hardened concrete and a significant 
decrease in CO2 footprint [1,3,6,7]. Also, calcined clay is an appropriate 
resource to develop novel construction materials. For example, LC3 has 
been successfully employed as a sustainable cementitious binder for 
extrusion-based 3D concrete printing (see [8–10]). 3D printable LC3- 
based mixtures with less than 300 kg/m3 of ordinary Portland cement 
(OPC) are proposed by Chen et al. [11]. Owing to its layered crystal 
structure, high specific surface area and water absorption, calcined clay 
is considered a favorable ingredient to enhance the thixotropy of fresh 
cementitious materials [12,13]. Compared to typical OPC pastes, LC3 

pastes exhibit a higher thixotropic index and structuration rate, as re-
ported by [13,14]. However, relying solely on the high thixotropy na-
ture of calcined clay might not be sufficient to achieve the desired 
buildability in 3D concrete printing. Additional chemical additives, e.g., 
viscosity modifying agents, or setting accelerators, may still be required, 
especially to reach the goal of set-on-demand printing as described by 
[15,16]. 

CaCl2, as one of the most efficient setting accelerators [17], can be 
used to achieve the fast structuration of fresh cementitious materials. 
Many researchers [18–22] have used CaCl2 to compensate for the slow 
structural build-up and hydration, as well as to improve the low early- 
age strength of high volume SCMs (fly ash and slag) blended cements. 
Although helpful in compensating hydration rate deficiencies, use of 
CaCl2 is not allowed in reinforced concrete designs due to posing early 
corrosion risk of steel reinforcement. On the other hand, steel rebar is 
not typically employed in 3D printed cementitious materials, although 
recent developments show that it is technically possible [23,24]. Be-
sides, there has been considerable interest towards using polymeric fi-
bers and fiber-reinforced polymer (FRP) composites to improve the 
toughness and ductility of concrete (see [25,26]). Furthermore, as re-
ported by [18,27], the corrosion potential is lower in slag blended ce-
ments due to the high chloride binding capacity of reactive aluminate 
phases in slag. Compared to slag, calcined clay (especially metakaolin) 

* Corresponding author. 
E-mail addresses: Y.Chen-6@tudelft.nl (Y. Chen), Y.Zhang-28@tudelft.nl (Y. Zhang), S.He-2@tudelft.nl (S. He), X.Liang-1@tudelft.nl (X. Liang), Erik.Schlangen@ 

tudelft.nl (E. Schlangen), O.Copuroglu@tudelft.nl (O. Çopuroğlu).  

Contents lists available at ScienceDirect 

Construction and Building Materials 

journal homepage: www.elsevier.com/locate/conbuildmat 

https://doi.org/10.1016/j.conbuildmat.2023.131959 
Received 16 July 2022; Received in revised form 10 May 2023; Accepted 25 May 2023   

mailto:Y.Chen-6@tudelft.nl
mailto:Y.Zhang-28@tudelft.nl
mailto:S.He-2@tudelft.nl
mailto:X.Liang-1@tudelft.nl
mailto:Erik.Schlangen@tudelft.nl
mailto:Erik.Schlangen@tudelft.nl
mailto:O.Copuroglu@tudelft.nl
www.sciencedirect.com/science/journal/09500618
https://www.elsevier.com/locate/conbuildmat
https://doi.org/10.1016/j.conbuildmat.2023.131959
https://doi.org/10.1016/j.conbuildmat.2023.131959
https://doi.org/10.1016/j.conbuildmat.2023.131959
http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2023.131959&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Construction and Building Materials 392 (2023) 131959

2

with a higher content of reactive alumina appears to show a better 
chloride binding capacity according to [5,28–30]. However, up to now, 
far too little attention has been paid to employing CaCl2 as an acceler-
ator in limestone-calcined clay-based cementitious materials. Similarly, 
the influence of CaCl2 on rheology, structuration, and hydration of LC3 
pastes is underexplored. 

Gypsum, hemihydrate, or anhydrite needs to be added to LC3 to 
delay the aluminate reaction peak occurrence and improve the early-age 
strength [2,6,31]. As reported by [2,31–33], 1–3% of additional gypsum 

can be used in LC3 if the clinker is sourced from OPC. However, the 
additional gypsum will not lead to severe expansion since the total 
sulfate content (wt.% of the binder mass) is still below the threshold of 
5–6% (depending on the original gypsum content in the OPC used) [31]. 
In the case of commercial LC3-50, as mentioned by Scrivener et al. [3], 
5% of gypsum is directly mixed with 50% clinker, 15% limestone, and 
30% calcined clay at the cement production stage. Moreover, Hay et al. 
[6] reported that the additions of gypsum or hemihydrate could also 
mitigate the autogenous shrinkage of LC3 pastes, probably due to the 
massive formation of ettringites. For OPC, gypsum is added to retard 
aluminate compounds (C3A, C4AF) hydration, resulting in an accelera-
tion of silicate hydration. Nevertheless, if the amount of calcium sulfate 
is disproportionately higher than the aluminate ions, large crystals of 
gypsum will rapidly be precipitated, leading to a severe loss of consis-
tency, which is known as “false set” [34]. This effect may also signifi-
cantly influence the rheology and early-age hydration characteristics of 
LC3 pastes. So far, however, there has been little study about the impact 
of gypsum addition on the structural build-up of LC3 pastes. 

With the increased interest and development of extrusion-based 3D 
concrete printing (3DCP), there is an urgent need to better characterize 
and understand structural build-up of fresh cementitious materials. This 
is because formwork is eliminated in the layer-wise construction process 

Table 1 
Oxide compositions of calcined clay, limestone powder, and Portland cement.  

XRF [wt.%] Calcined clay Limestone powder Portland cement 

CaO 0.55 55.40 68.71 
SiO2 55.14 0.17 17.41 
Al2O3 38.43 0.03 4.62 
Fe2O3 2.60 0.04 2.75 
K2O 0.17 0 0.63 
TiO2 1.12 0 0.34 
ZrO2 0.05 0 0 
SO3 0 0 2.44 
Other 1.94 44.36 3.10 
Total 100.00 100.00 100.00  

Fig. 1. (a) Particle size distribution of calcined clay, limestone powder, Portland cement, and gypsum; (b) X-ray diffraction (Cu-Kα radiation) patterns of calcined 
clay, limestone powder, and Portland cement, adapted from [9]. Cal-calcite, Gp-gypsum, C3S-alite, C3A-tricalcium aluminate, Mul-mullite, Qz-quartz, Kln-kaolinite. 

Table 2 
Physical characteristics of calcined clay, limestone powder, Portland cement, and gypsum.   

Calcined clay Limestone powder Portland cement Gypsum 

Density [g/cm3]  2.51  2.65  3.12  2.32 
SSA [m2/g]  10.06  1.22  1.16  0.53 
Dv50 [μm]  69.35  24.19  14.86  31.94  

Fig. 2. Electron micrograph of (a) calcined clay and (b) limestone powder under secondary electron imaging mode.  
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of 3DCP [12,35]. Therefore, the deposited layer must exhibit sufficiently 
high strength not only to retain the shape of one layer but also to 
withstand the dead weight of the subsequent layers [9,36]. The shape 
stability of a single layer is linked to thixotropy and, more particularly, 
to the static yield stress of fresh cementitious material [36]. In this 
context, thixotropy is only defined as a reversible effect, i.e., the vis-
cosity of fresh cementitious material (originally at rest) reduces with 
increasing shear force (de-flocculation) and then recovers in time as the 
shear force decreases (flocculation) [37–39]. Roussel [40] explained 
thixotropic behavior of fresh cement pastes from a microstructural point 
of view. The macroscopic reversible effect is related to the breakage and 
reconstruction of C-S-H bridges between cementitious particles. When 
the applied shear stress is insufficient to break the bridges induced by 
the continuous progression of hydration with time, the irreversible ef-
fect is expected. As the main reason for workability loss, hydration plays 
a dominant role in influencing this irreversible effect [38]. In order to 
prevent the plastic deformation or even elastic buckling of the printed 
structure, the deposited layer needs to evolve its stiffness within a short 
time (tens of minutes) [41,42]. Structuration or structural build-up is 
used to describe the development of stiffness over time in this context. 

To quantify the structural build-up of fresh cementitious materials, 
two rheological approaches should be considered, i.e., characterizations 
of elasticity (through oscillations) and yield stress (through flow-onset) 
evolution with time [12,41]. The elasticity, stiffening and very early-age 
hydration of fresh cement paste are usually probed by small amplitude 
oscillatory shear (SAOS) test [37,43–45]. The increase in storage 
modulus G’ acquired from SAOS testing indicates the growth of C-S-H 
bridges and nucleation. Compared to the quantification of elasticity 
evolution (SAOS test) that requires an expensive and sensitive device 
[46], static yield stress measurement is a more practical and common 
method to assess structural build-up of fresh cementitious materials, 
especially for printable mixtures (see [45,47–50]). However, static yield 
stress is dominated by the overlapping effect of colloidal interaction, 
direct contact, and C-S-H bridges [41]. Thus, it is suggested to quantify 
both elasticity and static yield stress to better assess the structural build- 
up of fresh cementitious materials. According to the literature, static 
yield stress can be measured using different test protocols, e.g., constant 
shear rate [37,38,51,52], stress growth [53], and creep recovery 
[53–55]. Among them, applying a constant shear rate protocol seems to 
be the commonly agreed method to determine the static yield stress of 
fresh cementitious materials. 

This paper aims to investigate the effect of inorganic additives, i.e., 
gypsum and CaCl2, on the structural build-up and very early-age hy-
dration of LC3 pastes during a short time (70–80 min). To this end, two 
experimental approaches were organized, the first of which character-
ized the structuration of LC3 pastes using rheometry. The structural 
build-up of fresh paste samples was quantified by static yield stress 
measurement (constant shear rate protocol) and SAOS test. Secondly, 
isothermal calorimetry, total specific surface area measurement, ther-
mogravimetric and qualitative X-ray Diffraction analysis were con-
ducted to assess phase assemblages in the studied materials. Finally, 
indicators and influencing factors of structural build-up, correlations 
between structuration and hydration, as well as plausible mechanisms 
related to the observed phenomena are discussed. 

2. Material and methods 

2.1. Materials 

The solid components used in this work were CEM I 52.5 Portland 
cement (PC), calcined clay (CC), limestone powder (LP), and gypsum. 
CC that contained about 50% of metakaolin was purchased from Argeco, 
France. According to our earlier study [11], the reactive aluminate in CC 
is about 32 wt%. Gypsum with more than 99% purity was provided by 
Merck KGaA, Germany. Oxide compositions obtained by X-ray fluores-
cence (XRF) spectrometry of PC, CC, and LP are given in Table 1. Fig. 1 

(a) illustrates particle size distribution (obtained by laser diffractom-
etry) of PC, CC, LP and gypsum. X-ray diffraction (XRD) patterns of PC, 
CC and LP are demonstrated in Fig. 1 (b). A PhilipsPW1830 powder X- 
ray diffractometer with Cu-Kα radiation operated at 45 kV and 40 mA 
was employed to obtain XRD patterns. It can be found that the main 
impurity of CC was quartz. CC displayed the largest average particle size 
(Dv50) compared to other dry components, owing to the quartz impu-
rity. Table 2 summarizes the physical characteristics, i.e., density, 
Brunauer-Emmett-Teller (BET) specific surface area (SSA), and Dv50, of 
all binding materials. CC exhibited a much higher SSA than other fines. 
The particle morphology of CC and LP was observed under secondary 
electron (SE) mode of scanning electron microscopy (SEM). As shown in 
Fig. 2, both CC and LP particles showed clustered structures. A subhedral 
flaky habit was found in CC particles, which may be the main cause of 
the high SSA. In contrast, LP particles displayed granular and rhombo-
hedral crystal habits. 

Table 3 shows the mixture compositions of the LC3 pastes. In all 
mixtures, the binder mainly comprised PC (50 wt% of the binder) and 
the blend of CC and LP in a mass ratio of 2:1. For mixtures N1 and N2, CC 
and LP possessed 50 wt% of the binder. Gypsum was used to replace 2 wt 
% of CC and LP in mixtures S1, S2 and S3, and 4 wt% in mixture R. 2.4–5 
wt% of commercial accelerator solution with 33 wt% CaCl2 concentra-
tion (Cugla, Netherlands) was added in mixtures N2, S2, and S3. After 
mixing CaCl2 solution with water, a constant water-to-binder ratio (W/ 
B) of 0.3 was achieved for all studied mixtures. Additionally, a poly-
carboxylate ether (PCE)-based superplasticizer (SP) (Master-
Glenium®51, BASF, Netherlands) was used in all mixtures at 0.6 wt% of 
the binder. All fresh pastes were prepared by following the mixing 
procedures shown in Table 4. Time zero (t = 0 min) was defined as the 
moment of mixing liquid with dry components. 

The physical features, including liquid volume fraction (ϕtotal), 
packing density (φm), and water film thickness (WFT0) of the studied 
mixtures are presented in Table 5. In cementitious materials, a fraction 
of the mixing water occupies the intergranular voids. The remaining 
excess water forms a water film layer around the grains. The thickness of 
the water film layer influences the rheology of fresh mixtures [56,57]. 
According to earlier studies [57–59], the water film thickness (WFT) of 
fresh pastes can be computed by using the following equations: 

WFT =
ϕexcess

SSA0
(1)  

ϕexcess = ϕtotal − ϕvoid (2)  

ϕvoid =
1 − φm

φm
(3)  

where ϕexcess, ϕtotal and ϕvoid represent the excess water volume fraction, 
the water ratio of the paste and void ratio, respectively. φm is the packing 
density of all cementitious pastes measured using the Puntke test (see 
details in [60,61]). The mixing liquid, including water and 2 wt% SP 
(0.6 wt% of the binder), was employed in the Puntke test. SSA0 is the 
total specific surface area of studied mixtures. As shown in Table 5, all 
paste mixtures display similar values of ϕtotal, φm, and WFT0, Therefore, 
2–4 wt% gypsum addition would not distinctly modify the physical 
characteristics of the studied mixtures at t = 0 min. 

2.2. Test procedures 

2.2.1. Rheological tests 
The rheological characteristics of the studied mixtures were deter-

mined using an Anton Paar MCR 302e rheometer. A four-blade vane 
geometry (diameter: 22 mm; height: 40 mm) in a cylindrical measuring 
cup (inner diameter: 28.92 mm; depth: 68 mm.) was employed to 
perform the rheological tests. The inner surface of the measuring cup 
was equipped with steel lamellas to avoid slippage. After preparation, 
about 85 g of fresh paste was filled in the measuring cell using a spoon. 
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Prior to the test, a fresh sample was compacted on a vibration table at a 
30 Hz frequency for 10 s to reduce the amount of air bubbles. All 
rheological tests were conducted under a constant temperature at 21 ±
1 ◦C. The following subsections present the details of the test protocols 
adopted. 

2.2.1.1. Hysteresis loop and static yield stress tests. To ensure the same 
flow/shear history, the fresh paste at the material age of 7 min was pre- 

sheared at 100 s− 1 for 30 s, followed by a resting time of 150 s. A hys-
teresis loop test was then performed at 10 min following the moment of 
liquid addition (water + SP). The test procedure was identical to an 
earlier study [62]. The applied shear rate increased linearly from 0 s− 1 to 
100 s− 1 for 30 s, and it was kept at 100 s− 1 for 60 s. Afterward, a linear 
ramp-down shear rate from 100 s− 1 to 0 s− 1 was applied in 30 s. As 
shown in Fig. 3 (a), the acquired descending curve from this test was 
used to fit Bingham model (Eq (4)) for obtaining dynamic yield stress τd 
and plastic viscosity μp at the material age of 10 min. 

τ = τd + μpγ̇ (4)  

where τ and γ̇ represent shear stress and shear rate. Conducting the 
hysteresis loop test can also ensure a deflocculated state of fresh paste 
[38,62] before the static yield stress measurement. 

After waiting for 180 s, the constant shear rate (CSR) – single sample 
approach (see [62,63]) was performed at the material age of 15 min, 30 
min, 45 min, 60 min, and 75 min. This test may be terminated earlier if 
the measured torque of the tested material exceeds the Rheometer limit 
(the maximum torque: 230 mN⋅m). For CSR – single sample approach, it 
is recommended to set a constant applied shear rate and duration time to 
ensure a constant applied shear strain (deformation). Since the rigidity 
and stiffness of printable cementitious materials are significantly higher 
than flowable cementitious materials, using a slow shear rate (in the 
range of 0.001–0.01 s− 1) with a long test duration seems not to be 
suitable in this context [12,37,62]. After trial–error processes, a constant 
shear rate of 0.24 s− 1 and 20 s duration time were executed in the 
current work, resulting in an applied shear strain of 4.8 unit. Fig. 3 (b) 
presents a typical curve of the current CSR test. It can be found that the 
shear stress increases to a peak value (flow onset) and then gradually 
decreases to a relatively stable value. The peak value is referred to the 
static yield stress at the specific material age. Please note that the ob-
tained static yield stress in a single sample measurement may be smaller 

Table 3 
Mixture composition of cementitious materials (wt.% of the total dry components).   

Portland cement Calcined clay Limestone powder Gypsum Water CaCl2 solution* Superplasticizer 

N1 50 33 17 0 30 0  0.6 
N2 50 33 17 0 28.4 2.4  0.6 
S1 50 32 16 2 30 0  0.6 
S2 50 32 16 2 28.4 2.4  0.6 
S3 50 32 16 2 27 5  0.6 
R 50 30.7 15.3 4 30 0  0.6 

CaCl2 solution*: 33% CaCl2 concentration. 

Table 4 
Instructions for the mixing protocol for fresh paste preparation.  

Time [min: 
s] 

Instructions 

− 3:00 Homogenize dry blends. Mix at low speed using a HOBART planetary 
mixer. 

0:00 Add liquid (water + SP) during mixing. 
2:00 Stop, scrape the wall and bottom of the bowl by hand. 
2:30 Mix at high speed. 
4:00 Stop, start experiments.  

Table 5 
Liquid volume fraction, packing density, and water film thickness of studied 
mixtures.   

Liquid volume fraction 
(ϕtotal). [vol.%] 

Packing density 
(φm). [vol.%] 

Water film thickness (WFT0) 
at t = 0 min. [µm] 

N1  46.2  58.7  0.013 
N2  46.2  58.7  0.013 
S1  46.2  58.9  0.014 
S2  46.2  58.9  0.014 
S3  46.2  58.9  0.014 
R  46.1  58.6  0.014  

Fig. 3. Typical curves of (a) hysteresis loop test – the descending curve is fitted by Bingham model and (b) CSR test.  
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than that of a multi-sample measurement due to the destructive nature 
of the CSR protocol. Nevertheless, the objective of this study was to 
compare the effect of different chemical additives on the yield stress 
evolution with time instead of acquiring the “exact” value. 

2.2.1.2. Small amplitude oscillatory shear test. SAOS test, as a non- 
destructive test, was used to investigate the structuration (elasticity, 
stiffening, and hydration evolution with time) of different fresh pastes. A 
continuous sinusoidal excitation (which results in a controlled strain of 
usually 0.01%–0.001% for cementitious materials [37,64]) was applied 
to the sample over time, and the material response (complex modulus 
G*) that can be converted to storage modulus (G’) and loss modulus 
(G’’) was measured. 

G* = G
′

+ iG′′ (5)  

where i is imaginary unit. As the in-phase and elastic component of the 
response, the evolution of G’ can be used to indicate the elasticity 
development of fresh sample over time. In contrast, G’’ represents the 
out-of-phase and viscous component of the response, and it relates to the 
dissipated energy in each test cycle [12,41]. The ratio between G’ and 
G’’ is defined as the loss factor that is also an indicator to illustrate the 
structure network development of fresh cementitious materials with 
time [65]. It is worth noting that G’ remains independent when the 
applied strain is within the linear viscoelastic domain (LVED) [41,43]. 
Thus, prior to SAOS test, a strain-sweep test should be conducted to 
determine the LVED of studied materials. Similar to rheological tests in 
Section 2.2.1.1., a pre-shear step (shear rate of 100 s− 1 for 30 s) was 

performed initially. After a resting time of 30 s, the strain-sweep test 
with the strain of 0.001% − 50% and a constant frequency of 1 Hz was 
executed at 8 min. According to the strain-sweep test results (see Section 
3.1.2.), a SAOS test was immediately carried out at the strain of 0.005% 
(which is similar to the applied strain in [37,43,44,65,66]) and a con-
stant frequency of 1 Hz at the material age of 23 ± 1 min. The test 
duration was 60 min, and the data was collected after each 30 s. 

2.2.2. Early-age hydration 

2.2.2.1. XRD, TGA and SSAtotal measurement. Paste samples in rheo-
logical tests of Section 2.2.1. were also used for the thermogravimetric 
analysis (TGA), X-ray diffraction (XRD) analysis, and total specific sur-
face area (SSAtotal) measurement. The hydration of paste samples was 
stopped at 30 min and 75 min using solvent exchange method with 
isopropanol, in accordance with [8,67]. Netzsch STA 449 F3 Jupiter was 
employed for TGA. For each test, about 50 mg of powder sample was 
heated from 40 to 900 ◦C with a heating rate of 10 ◦C/min. The whole 
test process was at an argon environment with a 30 ml/min flow rate. 
XRD patterns of different paste mixtures were determined using a 
powder X-ray diffractometer, with Cu-Kα radiation operated at 45 kV 
and 40 mA. The diffraction angle (2θ) is in the range of 5◦-70◦. For 
quantifying SSAtotal of hydrated cementitious materials, dry powders 
were prepared according to the procedures described in [11,68]. The 
SSAtotal of samples at different material ages was measured using a BET 
multi-point nitrogen physisorption apparatus (Gemini VII 2390). 

Fig. 4. (a) Hysteresis loop curves of different mixtures at 10 min; (b) Dynamic yield stress and (c) plastic viscosity obtained by fitting Bingham model. The R-squared 
value of all linear fitted curves is more than 0.90. 
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2.2.2.2. Isothermal calorimetry test. Isothermal calorimetry test was 
conducted by an eight-channel TAM Air isothermal calorimeter to 
measure the hydration heat released during the first 2 days. The pre- 
mixed liquid composed of mixing water and SP (CaCl2 solution was 
also added for mixtures N2, S2 and S3) was poured into the pre-weighed 
dry components, and then the mixture was stirred by a small mixing 
machine for 2.5 min. Afterward, 6 g of fresh paste was filled into a 20 ml 
glass vessel. Together with the reference vessel, the sample vessel was 

placed in the calorimeter under 20 ◦C. 

3. Results 

3.1. Structural build-up of fresh pastes 

3.1.1. Yield stress evolution 
Fig. 4 (a) displays the hysteresis loop curves of different studied 

Fig. 5. CSR-single sample test results of (a) mixture N1, (b) mixture N2, (c) mixture S1, (d) mixture S2, (e) mixture S3, (f) mixture R, at 15, 30, 45, 60, and 75 min. 
Due to the limit of maximum torque (230 mN⋅m), the static yield stress of mixtures N2 (75 min) and S3 (60 and 75 min) could not be measured via the cur-
rent approach. 
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pastes at the material age of 10 min (test duration: 2 min). All curves 
show a similar pattern. The descending branch of each curve was fitted 
using Bingham model to obtain dynamic yield stress and plastic vis-
cosity, which are plotted in Fig. 4 (b) and (c), respectively. For mixtures 
containing 2 wt% gypsum (S1, S2 and S3), both Bingham values are 
clearly increased by increasing the dosage of CaCl2. However, such an 
increase cannot be found in mixtures without gypsum (N1 and N2). The 
effect of gypsum on flow behaviors can be observed by comparing 
Bingham values of mixtures N1, S1 and R. As shown in Fig. 4 (b), the 
dynamic yield stress and plastic viscosity declined with the addition of 2 
wt% gypsum and increased with increasing the gypsum content to 4 wt 
%. However, the investigation of flow behavior is not the main goal of 
the current study and will not be discussed further. 

CSR-single sample test results at different material ages (every 15 
min since water addition) are presented in Fig. 5. Please note that the 
shear stress value was computed using the measured torque, according 
to [69]. For mixtures N2 and S3, the static yield stress cannot be 
measured at the resting time of 60 min and 75 min since the maximum 

torque of the rheometer (230 mN⋅m) has been reached. As shown in 
Fig. 5, the shear stress in all curves increases gradually with increasing 
the test duration until reaching the peak value. Except for the curves at 
15 min, the peak value for different mixtures at various ages corresponds 
to a similar test duration (1.7–2.5 s). In contrast, a slightly shorter test 
duration time is required for fresh pastes at 15 min. After the stress peak, 
the shear stress decreases as the test duration approaches an equilibrium 
value. All shear stress peaks in Fig. 5 were collected and regarded as the 
static yield stresses. 

As illustrated in Fig. 6, mixtures with and without CaCl2 display 
different development trends. For mixtures S1, N1 and R, the static yield 
stress exhibits a near-linear increase with time from 30 min. The static 
yield stress at different material ages is enhanced by increasing the 
amount of gypsum. Nevertheless, owing to the addition of CaCl2 accel-
erator, a steep increase of static yield stress with time can be observed 
for mixtures S2, S3 and N2. For mixtures containing 2 wt% gypsum, the 
static yield stress at all tested ages is largely increased by adding 5 wt% 
CaCl2 (mixture S3). The yield stress of mixture S2 with 2.4 wt% CaCl2 
solution is higher than that of mixture S1 after 45 min. In contrast, the 
acceleration of static yield stress induced by the addition of 2.4 wt% 
CaCl2 solution is more efficient for mixtures without gypsum. Mixture 
N2 shows much higher static yield stresses after 15 min and 30 min than 
mixtures N1 and S2, respectively. Except for mixture S3, mixture R has 
the most elevated static yield stress within the first 30 min compared to 
others due to the addition of 4 wt% gypsum. 

3.1.2. Critical strain and elasticity evolution 
Fig. 7 shows the strain sweep response of different fresh pastes at the 

material age of 8 min. It can be found that there are two main regimes 
for each storage modulus (G’) curve: an initial plateau and a descending 
branch relating to shear-induced microstructure breakage. The initial 
plateau means the linear viscoelastic domain (LVED) and the end of 
LVED, where G’ starts to decrease with the increase of strain, is defined 
as the critical strain. As illustrated in Fig. 7, all critical strains are within 
0.01–0.1%. Thus, the strain amplitude selected in the SAOS test should 
be smaller than 0.01% to remain in LVED for all mixtures. This can 
confirm that the 0.005% strain amplitude employed in the SAOS test is 
appropriate for the current study. 

SAOS test results are presented in Fig. 8. Fig. 8 (a) and (b) show the 
storage modulus G’ development over time of different mixtures on 
linear and logarithmic scales. For fresh cementitious materials, the 
evolution of G’ value can indicate the particle flocculation and 

Fig. 6. Static yield stress of different mixtures at various resting times.  

Fig. 7. Strain sweep test results: Linear viscoelastic domain and critical strain 
of different mixtures at the frequency of 1 Hz. 
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formation of C-S-H bridges between particles due to the very early-age 
hydration [37,41]. All curves in Fig. 8 (a) exhibit the same curve 
pattern. Each curve has a near-linear increase regime (see Fig. 9 (a)), 
which is attributed to forming a percolated network due to particle 
flocculation [70]. The slope of such a linear regime is defined as the G’ 
evolution rate, as demonstrated in Fig. 9 (b). It can be found that mixture 
S3 displays the highest G’ value during the test and G’ evolution rate 
than others. For mixtures with 2 wt% gypsum (S1, S2 and S3), G’ is 
significantly increased by increasing the dosage of CaCl2. Similarly, 
mixture N2 also shows a faster development of G’ than mixture N1, 
especially after 40 min. Mixtures S2 and N2 exhibit a similar G’ evolu-
tion rate that is higher than mixtures S1 and N1. Unlike the static yield 
stress development in Fig. 6, mixture S2 has a larger G’ value than that of 
mixture N2 from 22 min to 82 min. For mixtures N1, S1 and R, 
increasing the amount of gypsum can promote the G’ evolution. How-
ever, the magnitude difference between mixtures R and S1 in G’ rapidly 
decreases from about 50 min. 

Fig. 8 (c) and (d) illustrate the evolution of loss modulus G’’ and loss 
factor of different pastes. Both values increase with time initially and 
then decrease after reaching a peak. The rising of loss factor means that 
G’’ grows faster than G’. The increase of G’’ represents the growth of 
viscous behavior of tested materials owing to the lost energy induced by 
the relative motions between flocculated clusters and/or particles dur-
ing the shear process [71–73]. This phenomenon can be attributed to the 
released free water during the condensation stage [65]. At this stage, the 
water consumption rate seems to be less than the void filling rate caused 
by the rapid precipitation of hydrates with a large volume. Also, the loss 
factor peak may be ascribed to the gelation [74]. The loss factor and G’’ 

peak time (t1 and t2) are presented in Fig. 9 (c). The mixture with a high 
G’ evolution rate corresponds to a short time to reach the peak value of 
G’’ and loss factor (see Fig. 9 (d)). After the peak, the loss factor grad-
ually decreases with time (approaching zero), which indicates the for-
mation process of a percolated network. As shown in Fig. 8 (a) and (d), 
the mixture with a small loss factor displays a large G’ at 82 min. 

3.2. Early-age hydration kinetics 

3.2.1. Isothermal calorimetry 
The normalized heat flow and cumulative heat of different mixtures 

by paste weight for 2 days are plotted in Fig. 10 (a) and (c). For mixtures 
S1, S2 and S3, the intensity and appearance time of the main hydration 
peak are significantly enhanced and declined by increasing the dosage of 
CaCl2, as shown in Fig. 10 (a). Also, the cumulative heat value within the 
first 6 h is increased. Nevertheless, after 6 h, the difference between 
mixtures S1, S2 and S3 in cumulative heat is gradually reduced. For 
mixtures without gypsum (N1 and N2), adding 2.4 wt% CaCl2 can 
accelerate the first-day hydration, whereas the cumulative heat of both 
mixtures is very similar after 31 h. By increasing the amount of gypsum 
(from 0 to 4 wt%), both intensity and appeared time of the main hy-
dration peak are not influenced, whereas the aluminate peak is delayed 
and even transferred as a broad hump in mixture R. Such a phenomenon 
is consistent with findings from [2,6,31]. With the same CaCl2 dosage, 
mixture N2 displays a slightly higher and narrower main hydration peak 
than mixture S2, probably due to the overlap of C3S and aluminate peaks 
according to [6,75,76]. Fig. 10 (b) and (d) show the heat flow and cu-
mulative heat of different mixtures from 15 min to 90 min. Note that the 

Fig. 8. SAOS test results: (a) Storage modulus G’ evolution with time – linear scale; (b) Storage modulus G’ evolution with time – logarithmic scale; (c) Loss modulus 
G’’ evolution with time; (d) Loss factor evolution with time. 
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released heat within the first 15 min was mainly contributed by the 
particle wetting and initial dissolution, which was removed in Fig. 10 (c) 
and (d). Within the first 90 min, increasing CaCl2 dosage can signifi-
cantly increase both heat flow and cumulative heat values. Also, the 
onset of the acceleration stage in heat flow occurs earlier. In contrast, 
adding gypsum appears to decrease the heat flow and cumulative heat 
within the initial 90 min (see mixtures R, S1 and N1), which can be 
attributed to the reduction of C3A hydration heat due to the high amount 
of sulfate available in the system. 

3.2.2. TGA, XRD and SSAtotal 
Thermogravimetric (TG) and derivative thermogravimetric (DTG) 

curves of different mixtures at 30 min and 75 min are presented in 
Fig. 11 (a) and (b), respectively. A prominent peak (P1) at around 100 ◦C 
in all DTG curves is induced by dehydration of ettringite and C-S-H gel 
layers [77,78]. According to [67,77,78], the peak (P2) appeared at 
125–200 ◦C in DTG curves may be the decomposition peak of gypsum 
and/or monocarboaluminate (Mc), whereas this peak may also be 
partially contributed by the mass loss of Friedel’s salt for mixtures with 
CaCl2 addition. The formation of Friedel’s salt in mixture S3 is further 
confirmed by the peak (P3) at 250–350 ◦C in DTG curves. A slight rise 
(P4) at about 430 ◦C (especially for mixture S3) indicates the decom-
position of calcium hydroxide (CH). According to Refs [8,67,79], the 
amount of chemically bound water (H) can be computed by the mass loss 
during the temperature between 40 ◦C and 600 ◦C (see Eq (6)). The CH 
decomposition temperature is in the range of 400–500 ◦C. The CH 
content of different samples was calculated using Eq (7). 

W[H2O] =
M40◦C − M600◦C

M600◦C
× 100(%) (6)  

and 

W[Ca(OH)2 ]
=

M400◦C − M500◦C

M600◦C
×

m[Ca(OH)2 ]

m[H2O]

× 100(%) (7)  

where W[H2O] and W[Ca(OH)2 ]
are the mass percentages of chemically 

bound water and calcium hydroxide in mixtures, respectively; M40℃, 
M400℃, M500℃ and M600℃ are the TG results at 40 ◦C, 400 ◦C, 500 ◦C, 
and 600 ◦C; m[Ca(OH)2 ]

, and m[H2O] represent the molar masses of calcium 

hydroxide (74 g/mol) and water (18 g/mol). 
Fig. 11 (c) and (d) demonstrate the computed H and CH contents of 

different mixtures at 30 min and 75 min, respectively. It can be found 
that both amounts are increased by increasing the dosage of CaCl2. 
Compared to mixtures without gypsum (N1 and N2), mixtures S1 and S2 
display higher H amounts, which can be partially ascribed to the 
chemically bound water from the additional gypsum. Note that the 
chemically bound water from gypsum was not deduced in the current 
calculation. Due to the high gypsum addition, mixture R exhibits a much 
higher H content than mixtures N1 and S1 at 30 min. Compared to 
mixture N2, mixture S2 shows a higher CH content at 75 min. 

XRD results do further confirm the crystal phases mentioned in DTG 
curves. As shown in Fig. 12, ettringite is found in all mixtures at 75 min 
as the most typical crystal. The intensity of the ettringite peak seems to 
be enhanced by adding CaCl2 (mixtures S1, S2 and S3 or mixtures N1 

Fig. 9. (a) Example of storage modulus G’, loss modulus G’’, and loss factor acquired from the SAOS test. t1 and t2 indicate the peak time of loss factor and G’’. G’ 
evolution rate is the slope of the linear increase regime in the G’ and time curve. (b) G’ evolution rate of different mixtures; (c) t1 and t2 of different mixtures; (d) 
Correlation between G’ evolution rate, and t1 and t2. 
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and N2), whereas it is not affected by increasing the amount of gypsum. 
As reported by [70], the rate of ettringite formation does not depend on 
the amount of gypsum at the beginning. Friedel’s salt is present in 
mixtures N2 and S3 but not in S2. The intensity of the gypsum peak is 
increased by additional gypsum (mixtures N1, S1 and R). Compared to 
mixture S2, mixture S3 displays a much lower gypsum peak. 5% CaCl2 
addition appears to accelerate gypsum consumption and promote the 
formation of ettringite and Friedel’s salt. Since the position of the Mc 
peak is very similar to that of gypsum, the intensity of Mc in mixtures 
with additional gypsum cannot be identified. 

Fig. 13 (a) compares the SSAtotal of paste samples at the material age 
of 30 min and 75 min. Compared to the CaCl2 addition, gypsum addition 
plays a more dominant role in the SSAtotal of paste samples at 30 min. 
Mixture R with 4% of gypsum shows the highest SSAtotal than the others. 
This is probably caused by the promotion of initial ettringite and gypsum 
precipitation, as reported by [68,70,80]. For mixtures with the same 
gypsum addition, the mixture with CaCl2 displays a high SSAtotal at 75 
min, whereas the increase of CaCl2% cannot contribute to the rise of 
SSAtotal at the beginning (30 min). A similar phenomenon can be found 
in mixtures N1 and N2. As shown in Fig. 13 (b), the increase rate of 
SSAtotal (from 30 min to 75 min) can be significantly boosted by 
increasing the CaCl2 percentage. Such an increase may be related to the 
precipitation of Friedel’s salt and C-S-H since adding CaCl2 can stimulate 
the C3S hydration and formation of Friedel’s salt [28,81,82]. For the 
mixtures without CaCl2, increasing the gypsum dosage can also increase 
the growth rate of SSAtotal. However, only a minor difference in the in-
crease rate between mixtures R and S1 can be observed. 

4. Discussions 

4.1. Indicators and dominant factors of structuration 

Static yield stress and elasticity evolution with time were used to 
quantify the structural build-up ability of fresh LC3 pastes. The storage 
modulus G’ obtained from the SAOS test can be regarded as the indicator 
of elasticity. According to [38,41], the fast linear increase in G’ is 
attributed to the colloidal interactions and after the formation of 
percolated network, the growth of G’ is tied to the C-S-H nucleation. C-S- 
H bridges between particles appear to play a dominant role in elastic 
behavior. In contrast, the static yield stress is defined as the minimum 
force to initiate the relative motion of particles/flocculated clusters, 
which arises from the overlap of C-S-H nucleation, colloidal attractions, 
and solid contact (frictions) between particles/flocculated clusters 
[41,53]. As shown in Fig. 14, such friction and connection between 
particles are dominated by the quantities of free water and early-age 
hydration products (C-S-H and crystal phases). The free water can be 
temporarily stored in the void between particles (later age: capillary 
water) and/or the micropores/interlayer of particles (i.e., calcined clays 
[8,13]), and physically adsorbed on the particle surfaces as lubrication 
water (later age: gel water and/or interlayer water). As mentioned in 
Section 2.1, the thickness of the lubrication water layer is defined as 
WFT, which decreases with time due to the hydration. Therefore, as 
shown in Fig. 15, when comparing different mixtures, higher static yield 
stress does not necessarily correspond to higher G’, which is in good 
agreement with [41]. Also, note that even for the same mixture, the flow 
histories in SAOS and CSR tests are different, affecting the correlation 

Fig. 10. Isothermal calorimetry test results: (a) Normalized heat flow by weight of paste with time (48 h); (b) Normalized heat flow by weight of paste with time 
(15–90 min); (c) Normalized cumulative heat by weight of paste with time (48 h); (d) Normalized cumulative heat by weight of paste with time (15–90 min). 
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between G’ and static yield stress. 
H and CH contents at 30 min and 75 min obtained by TGA can 

indicate the quantities of hydration products. The linear relationship 
between G’, static yield stress, and H, CH contents are presented in 
Fig. 16. A good correlation between G’ and H content is found at the 
same material age in Fig. 16 (a). Higher G’ indicates more hydration 
products, which means higher chemically bound water content. How-
ever, the increase in H content does not always coincide with the rise in 
static yield stress at 30 min (Fig. 16 (c)) due to factors, i.e., friction 
between particles and the thickness of the lubrication water layer. As 
shown in Fig. 16 (c) and (d), portlandite may not be an ideal indicator 
for revealing the structuration of fresh pastes due to the limited amount 
formed at very early ages (except mixture S3). Additionally, the mea-
surement of released heat and SSAtotal was also employed to characterize 
the early-age hydration of studied mixtures. Due to the inhibition of 
gypsum on C3A hydration, the growth of cumulative heat from 
isothermal calorimetry cannot fully correspond with the increase in H 
content, as illustrated in Fig. 17 (a). Furthermore, the correlation be-
tween SSAtotal and H content is relatively weak in Fig. 17 (b). Compared 
to other mixtures, mixture R with relatively low H contents at 30 min 
and 75 min exhibits extremely high SSAtotal values. 

It is assumed that the porosity (voids between particles and micro-
pores in the particles, i.e., calcined clay) of all studied mixtures is the 
same. In that case, WFT only depends on the free water amount and 
SSAtotal, according to Eqs (1) and (2). The free water content at 30 min 
and 75 min can be computed based on H content from the TGA. An 
inversely proportional correlation between G’, static yield stress, and the 

ratio of free water content to SSAtotal (free water content/SSAtotal) can be 
found in Fig. 18. Compared to G’, the increase in free water content/ 
SSAtotal leads to a more significant reduction of static yield stress. This 
phenomenon confirms the critical role of WFT on static yield stress. 

4.2. Effect of CaCl2 and additional gypsum on structuration of LC3 pastes 

Increasing the dosage of CaCl2 can vastly accelerate the structural 
build-up of LC3 mixtures with or without gypsum within the first 75 
min. As shown in Figs. 6 and 8, the mixture with a higher dosage of 
CaCl2 exhibits a relatively higher value of G’ and static yield stress 
(especially after 45 min). The acceleration of structuration induced by 
CaCl2 is likely due to the enhancement of early-age hydration. Adding 
CaCl2 can increase the influential ion concentration in pore solution, 
which appears to play a dominant role in the acceleration of C3S hy-
dration. Besides, CaCl2 increases not only the rate of structural build-up 
(Figs. 6 and 8) but also the hydration rate (i.e., the intensity of C3S peak 
and slope rate of acceleration stage in isothermal calorimetry), as shown 
in Fig. 10 (a). 

In addition, CaCl2 can also promote the crystal formation of LC3 
pastes within the first 75 min. As shown in Fig. 12, except for CH (and/or 
calcium oxychloride compounds depending on CaCl2 concentration), 
the formation of ettringite was enhanced by increasing the dosage of 
CaCl2 at 75 min. Mixtures with high content of ettringites may exhibit 
relatively high static yield stress due to the needle-like morphology of 
ettringite. However, the appearance time of massive ettringite precipi-
tation may depend on the CaCl2 concentration. As illustrated in Fig. 6, in 

Fig. 11. (a) TG and DTG curves of different mixtures at 30 min; (b) TG and DTG curves of different mixtures at 75 min; (c) The normalized chemically bound water 
content after 30 min, relative to the dry sample mass at 600 ◦C; (d) The normalized calcium hydroxide content after 75 min, relative to the dry sample mass at 600 ◦C. 
P1: C-S-H and ettringite; P2: Gypsum, monocarboaluminate and/or Friedel’s salt; P3: Friedel’s salt; P4: Calcium hydroxide. 
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comparison with mixture S1, mixture S2 shows smaller yield stress at 30 
min, which agrees with [83]. The authors attributed this initial reduc-
tion of yield stress to the delayed ettringite precipitation because of 
using a small dosage of CaCl2. Nevertheless, such a delay was not an 
issue at 75 min in the current study, as shown in Figs. 6 and 12. Friedel’s 
salt was observed in mixtures N2 and S3 at 75 min (Fig. 12). The for-
mation of Friedel’s salt is related to the reaction between chloride ions 
and C3A, C4AF and/or AFm [5,84,85]. However, Friedel’s salt was not 
found in mixture S2 at 75 min. The presence of additional gypsum in 
mixture S2 may hinder the formation of Friedel’s salt at a very early age, 
which may be related to the AFm and/or aluminate phases (e.g., C3A and 
C4AF) binding competition between Cl- and SO4

2- (see [28,86–88]). Such 
an influence seems to be diminished by increasing the dosage of CaCl2 
(in the case of mixture S3). Compared to mixture N2, mixture S2 dis-
plays a faster G’ evolution, a higher value of SSAtotal and the ratio of free 
water content to SSAtotal at the same material age. However, the static 
yield stress of mixture N2 is higher than mixture S2 within the first 75 
min. In this context, Friedel’s salt may increase the friction between 
particles dominating the enhancement of static yield stress. 

For the mixtures without CaCl2 (N1, S1, and R), increasing the 
dosage of gypsum increases the evolution of G’ (within the first 82 min) 
and static yield stress (within the first 75 min). As shown in Figs. 16, 17 
and 18, the enhancement of structuration by gypsum may be attributed 
to the increase in chemically bound water content and SSAtotal as well as 
the decrease in the ratio of free water content to SSAtotal. Increasing the 
gypsum content may slightly promote the very early-age hydration of 
LC3. Lapeyre and Kumar [89] pointed out that the aluminate ions from 
metakaolin (main reactive phases in calcined clay) may inhibit the 
dissolution of C3S and hinder the growth of C-S-H nuclei. According to 
[90,91], the inhibition of C3S dissolution depends on the calcium ions 
and pH in the pore solution, as aluminate ions interact with the hy-
droxylated C3S surface and form ionic bonds with calcium ions of the 
surface. The additional gypsum in the system may effectively bind the 
aluminate ions, thereby alleviating the inhibition of C3S dissolution. 
Additionally, Zunino and Scrivener [92] reported that the addition of 
gypsum could enhance the hydration of the pure C3S phase. However, 
the mechanism behind this enhancement remains unclear. Furthermore, 
according to Gauffinet-Garrault [70], the mechanical efficiency of C-S-H 
can be augmented by increasing the quantity of gypsum (for the alite- 
C3A-gypsum system). The author [70] attributed this enhancement to 
the presence of solid gypsum. In this study, unreacted gypsum was 
detected in mixtures S1, S2, S3 and R (Fig. 12), which may also corre-
spond to the high value of SSAtotal, especially at 30 min. Fig. 12. XRD patterns for different mixtures at 75 min. Ettr. – Ettringite; Fs. – 

Friedel’s salt; Gp. – Gypsum; Mc. – Monocarboaluminate; CH. – Portlandite. 

Fig. 13. (a) SSAtotal of different paste samples at 30 min and 75 min; (b) Increase rate of SSAtotal of different paste samples between 30 min and 75 min.  
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4.3. Potential use in 3DCP 

Set-on-demand 3DCP (rheology and/or hydration control) has been 
reported as one of the most advanced and controllable printing strate-
gies (see [15,16,93–95]). The strategy usually involves using a fresh 
mixture with great fluidity during the pumping process. The fresh 
mixture is delivered to the nozzle and mixed with an activator (or 
accelerator) only when the material is at the printhead [15]. In this 
study, we found that CaCl2 solution can significantly accelerate struc-
tural build-up of LC3 mixture, making it a promising candidate to be 
used as an activator for set-on-demand printing. However, the concen-
tration of the CaCl2 solution should be optimized according to the 
composition of the LC3-based material (i.e., gypsum content) as well as 
specific printing requirements (e.g., printing speed, object size and 
geometry). 

5. Conclusions 

The main goal of the current study was to determine the effect of 
CaCl2 and gypsum on the structural build-up and hydration character-
istics of limestone-calcined clay-cement pastes within the first 75 min. 
Based on the results and discussions, the following findings can be 
summarized:  

• The increase in storage modulus G’ of the test samples based on the 
SAOS test can indicate the C-S-H growth and nucleation, which 
correlated well with the rise of chemically bound water content. 
However, except for C-S-H bridging, the static yield stress after 30 
min seemed to be strongly influenced by the solid contact/friction 
between particles. A good inversely proportional correlation be-
tween static yield stress and the ratio of free water content to SSAtotal 
was observed. The friction appeared to be dominated by the water 
film thickness (or particle distance) influenced by the free water 
amount, SSAtotal, and voids between particles (also micropores/ 
interlayer in calcined clay particles).  

• Increasing the dosage of CaCl2 can significantly accelerate the 
structuration and very early-age hydration of LC3 pastes, i.e., the 
acceleration of G′ and static yield stress evolution with time, the 
increase in released reaction heat, chemically bound water content, 
crystal formation (portlandite, ettringite and Friedel’s salt) and 
SSAtotal.  

• For the mixtures without CaCl2, the increase of gypsum amount can 
slightly boost the development of G’ and static yield stress with time, 
and increase the chemically bound water content and SSAtotal. In 
addition, the acceleration of structuration and hydration may be 
related to the unreacted gypsum in the system, which seems to ease 
the inhibition of C3S dissolution induced by aluminate ions (from 
calcined clay) and increase SSAtotal.  

• Compared to mixture N2 (2.4% CaCl2 and no gypsum), mixture S2 
(2.4% CaCl2 and 2% gypsum) exhibited a faster G′ evolution, a 
higher value of chemically bound water content and SSAtotal, but a 
lower static yield stress at the same resting time which may be 
attributed to the absence of Friedel’s salt. 

Fig. 14. Illustration of indicators and dominant factors for the structural build-up of cementitious materials. Elasticity represents the particle connection induced by 
C-S-H nucleation, which can be indicated by the magnitude of G’ from the SAOS test. 

Fig. 15. The relationship between static yield stress from the CSR test and 
storage modulus G’ from the SAOS test. 
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Fig. 16. Correlation between: (a) Storage modulus G’ from the SAOS test and chemically bound water from the TGA at 30 min and 75 min; (b) Storage modulus G’ 
from the SAOS test and calcium hydroxide from the TGA at 30 min and 75 min; (c) Static yield stress from the CSR test and chemically bound water from the TGA at 
30 min and 75 min; (d) Static yield stress from the CSR test and calcium hydroxide from the TGA at 30 min and 75 min. 

Fig. 17. Correlation between: (a) Cumulative heat and chemically bound water from the TGA at 30 min and 75 min; (b) SSAtotal and chemically bound water from the 
TGA at 30 min and 75 min. 
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[20] B. Pacewska, I. Wilińska, G. Blonkowski, Investigations of cement early hydration 
in the presence of chemically activated fly ash: Use of calorimetry and infrared 
absorption methods, J. Therm. Anal. Calorim. 93 (2008) 769–776, https://doi.org/ 
10.1007/s10973-008-9143-7. 

[21] F. Bellmann, J. Stark, Activation of blast furnace slag by a new method, Cem. 
Concr. Res. 39 (2009) 644–650, https://doi.org/10.1016/j. 
cemconres.2009.05.012. 

[22] N. Makaratat, C. Jaturapitakkul, C. Namarak, V. Sata, Effects of binder and CaCl2 
contents on the strength of calcium carbide residue-fly ash concrete, Cem. Concr. 
Compos. 33 (2011) 436–443, https://doi.org/10.1016/j. 
cemconcomp.2010.12.004. 

[23] A. Perrot, Y. Jacquet, D. Rangeard, E. Courteille, M. Sonebi, Nailing of layers: a 
promising way to reinforce concrete 3D printing structures, Materials (Basel). 13 
(2020) 1518, https://doi.org/10.3390/ma13071518. 

[24] T. Marchment, J. Sanjayan, Reinforcement method for 3D concrete printing using 
paste-coated bar penetrations, Autom. Constr. 127 (2021), 103694, https://doi. 
org/10.1016/j.autcon.2021.103694. 

[25] A. Ahmed, S. Guo, Z. Zhang, C. Shi, D. Zhu, A review on durability of fiber 
reinforced polymer (FRP) bars reinforced seawater sea sand concrete, Constr. 
Build. Mater. 256 (2020), 119484, https://doi.org/10.1016/j. 
conbuildmat.2020.119484. 

Fig. 18. Correlation between: (a) Storage modulus G’ from the SAOS test and free water content/SSAtotal at 30 min and 75 min; (b) Static yield stress from the CSR 
test and free water content/SSAtotal at 30 min and 75 min. Free water content = Total water content + chemically bound water content from gypsum - Chemically 
bound water content (acquired from the TGA). 

Y. Chen et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.cemconres.2021.106564
https://doi.org/10.1016/j.cemconres.2019.105918
https://doi.org/10.1016/j.cemconres.2019.105918
https://doi.org/10.1016/j.cemconres.2017.08.017
https://doi.org/10.1016/j.cemconres.2017.08.017
https://doi.org/10.1016/j.matdes.2017.02.052
https://doi.org/10.1016/j.matdes.2017.02.052
https://doi.org/10.1016/j.cemconres.2017.02.003
https://doi.org/10.1016/j.cemconcomp.2021.104403
https://doi.org/10.1016/j.cemconcomp.2021.104403
https://doi.org/10.1016/j.jclepro.2016.02.125
https://doi.org/10.1016/j.jclepro.2016.02.125
https://doi.org/10.1016/j.cemconcomp.2020.103708
https://doi.org/10.1016/j.cemconres.2020.106040
https://doi.org/10.1016/j.cemconcomp.2021.104156
https://doi.org/10.1016/j.cemconcomp.2021.104156
https://doi.org/10.1016/j.cemconres.2021.106553
https://doi.org/10.1016/j.jobe.2021.103599
https://doi.org/10.1016/j.cemconcomp.2020.103516
https://doi.org/10.1016/j.cemconres.2020.106047
https://doi.org/10.1016/j.cemconcomp.2021.103972
https://doi.org/10.1016/j.cemconres.2021.106558
https://doi.org/10.1016/j.cemconres.2010.01.008
https://doi.org/10.1007/s10973-008-9143-7
https://doi.org/10.1007/s10973-008-9143-7
https://doi.org/10.1016/j.cemconres.2009.05.012
https://doi.org/10.1016/j.cemconres.2009.05.012
https://doi.org/10.1016/j.cemconcomp.2010.12.004
https://doi.org/10.1016/j.cemconcomp.2010.12.004
https://doi.org/10.3390/ma13071518
https://doi.org/10.1016/j.autcon.2021.103694
https://doi.org/10.1016/j.autcon.2021.103694
https://doi.org/10.1016/j.conbuildmat.2020.119484
https://doi.org/10.1016/j.conbuildmat.2020.119484


Construction and Building Materials 392 (2023) 131959

16

[26] B.T. Huang, J.Q. Wu, J. Yu, J.G. Dai, C.K.Y. Leung, V.C. Li, Seawater sea-sand 
engineered/strain-hardening cementitious composites (ECC/SHCC): Assessment 
and modeling of crack characteristics, Cem. Concr. Res. 140 (2021), 106292, 
https://doi.org/10.1016/j.cemconres.2020.106292. 

[27] O. Kayali, M.S.H. Khan, M. Sharfuddin Ahmed, The role of hydrotalcite in chloride 
binding and corrosion protection in concretes with ground granulated blast furnace 
slag, Cem. Concr. Compos. 34 (2012) 936–945, https://doi.org/10.1016/j. 
cemconcomp.2012.04.009. 

[28] P. Li, W. Li, Z. Sun, L. Shen, D. Sheng, Development of sustainable concrete 
incorporating seawater : A critical review on cement hydration, microstructure and 
mechanical strength, Cem. Concr. Compos. 121 (2021), 104100, https://doi.org/ 
10.1016/j.cemconcomp.2021.104100. 

[29] Z. Shi, Z. Shui, Q. Li, H. Geng, Combined effect of metakaolin and sea water on 
performance and microstructures of concrete, Constr. Build. Mater. 74 (2015) 
57–64, https://doi.org/10.1016/j.conbuildmat.2014.10.023. 

[30] Q. Li, H. Geng, Z. Shui, Y. Huang, Effect of metakaolin addition and seawater 
mixing on the properties and hydration of concrete, Appl. Clay Sci. 115 (2015) 
51–60, https://doi.org/10.1016/j.clay.2015.06.043. 

[31] M. Antoni, J. Rossen, F. Martirena, K. Scrivener, Cement substitution by a 
combination of metakaolin and limestone, Cem. Concr. Res. 42 (2012) 1579–1589, 
https://doi.org/10.1016/j.cemconres.2012.09.006. 

[32] F. Avet, E. Boehm-Courjault, K. Scrivener, Investigation of C-A-S-H composition, 
morphology and density in Limestone Calcined Clay Cement (LC3), Cem. Concr. 
Res. 115 (2019) 70–79, https://doi.org/10.1016/j.cemconres.2018.10.011. 

[33] J. Ston, A. Hilaire, K. Scrivener, Autogenous shrinkage and creep of limestone and 
calcined clay based binders, RILEM Bookseries. 16 (2018) 447–454. https://doi. 
org/10.1007/978-94-024-1207-9_72. 

[34] K. Mehta, P.J.M. Monteiro, Concrete: Microstructure, Properties, and Materials, 
3rd ed., McGraw-Hill, New York, 2006. https://doi.org/10.1036/0071462899. 
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