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Effect of different grade levels of calcined clays on fresh and hardened 
properties of ternary-blended cementitious materials for 3D printing 

Yu Chen *, Claudia Romero Rodriguez, Zhenming Li, Boyu Chen, Oğuzhan Çopuroğlu, 
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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   

This study aims to investigate the influences of different grades of calcined clay on 3D printability, compressive 
strength (7 days), and hydration of limestone and calcined clay-based cementitious materials. Calcined clays that 
contained various amounts of metakaolin were achieved by blending low-grade calcined clay (LGCC) and high- 
grade calcined clay (HGCC) in three different proportions. The results revealed that increasing the HGCC% 
ranging from 0 wt% to 50 wt% in calcined clay could: (1) increase the flow consistency; (2) impressively improve 
the buildability, and reduce the printability window of the fresh mixtures; (3) enhance and accelerate the cement 
hydration. However, increasing HGCC% led to an increase of air void content in the interface region of the 
printed sample, which weakened the compressive strength of the printed sample at 7 days. Besides, it confirmed 
that the cold-joint/weak interface was easily formed by using the fresh mixture with a high structuration rate.   

1. Introduction 

Over the years, 3D concrete printing (3DCP), also known as additive 
manufacturing of concrete, has received considerable attention from 
both academia and industry [1–6] due to numerous benefits for concrete 
construction, through eliminating formwork, optimizing material use, 
enhancing the freedom of building design, reducing wastes, labors and 
costs [7–10]. Two main techniques of 3DCP, i.e., particle bed- and 
extrusion-based approaches, are currently available [5,11]. Over half of 
the investigations focus on the employment of extrusion-based 3DCP 
[11]. Compared with the particle bed technique, the extrusion-based 
approach seems to be more appropriate for large-scale and in-situ con
struction [12]. 

The development of 3D printable mixtures might be one of the most 
critical aspects in the field of extrusion-based 3DCP. The fresh mixture 
should exhibit noticeable thixotropic behavior in the 3DCP process, i.e., 
high fluidibility and low viscosity for extrusion, as well as high shape 
stability and structuration rate after layer deposition, which is regarded 
as the main challenge in the material development aspect [13–15]. 
Extrudability, flowability, open time (also referred to as printability 
window [16]), buildability, and layer adhesiveness were summarized as 
the main criteria for a cementitious material to be 3D printable by [17, 

18]. Among them, extrudability, printability window, and buildability 
can be recognized as the primary features of the 3D printability. 

Extrudability is used to describe the ease of extruding a mixture 
through a nozzle continuously at a given printing speed [5]. The 
extrudability of one mixture relies on its rheological behaviors, namely, 
static yield stress and plastic viscosity, which are usually characterized 
by using a shear-based rheometer (with a specific protocol) and Bing
ham model (see [19–21]). Nonetheless, in many cases, the unreliability 
of the results can not be avoided due to the wall slip and plug flow of 
highly concentrated mixture during the test [22,23]. According to [4, 
23–26], ram extruder could also be used to characterize the flow 
properties of high stiffness fresh mixtures for which a shear-based 
rheometer would not be valid. The advantages of using a ram extru
sion test become significant for investigating the rheology of 
fiber-reinforced cementitious materials [23]. As illustrated by Chen 
et al. [4], it is feasible to quantify the rheological parameters of printable 
cementitious materials, such as flow consistency, and elongational yield 
stress, by employing a specific ram extrusion test and Basterfield et al. 
[27] model. Printability window and buildability, as two main subjects 
constrained by the 3D printing setup, rely mainly on the thixotropic 
behavior of the fresh mixtures. Printability window is defined as the 
timespan during which a mixture could be printed via a nozzle with the 
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acceptable printing quality [16]. It is a crucial parameter to evaluate the 
extrudability loss of one mixture with time. Due to the absence of 
formwork, the extruded cementitious materials are required to sustain 
its geometry under the loading from the upper layers, which is referred 
to as the term of buildability [9,12,14,28]. The test protocols of print
ability window and buildability have been developed and performed by 
past works (see [12,16,28–31]). 

To date, considerable studies have been conducted for developing 3D 
printable mixtures. Instead of plain cement, blended cement is used in 
most of the 3D printable cementitious materials. Supplementary 
cementitious materials (SCMs), e.g., limestone, fly ash, silica fume, and 
slag, have been utilized as an ingredient of the binder in 3D printable 
cementitious materials [8,9]. Nerella et al. [5] proposed a printable 
mixture containing 55 wt% of Portland cement (PC), 30 wt% of fly ash, 
and 15 wt% of micro silica (silica fume). Panda et al. [13] used 
nano-attapulgite clay as an additive to improve the buildability and 
mechanical performance of a printable cementitious material with 70 wt 
% of fly ash in the binder. Chaves Figueiredo et al. [23] developed a 
fiber-reinforced printable cementitious composite that consists of 35 wt 
% blast furnace slag, 50 wt% limestone, and 15 wt% PC. Using blended 
cement could be regarded as a sustainable approach in 3DCP due to the 
reduction of PC consumption [8]. 

However, these SCMs, including slag, silica fume, and fly ash, are 
gradually being depleted [32]. For longer-term development, calcined 
clay appears to be a suitable alternative to SCMs, as suggested by [32, 
33]. Remarkable benefits, i.e., low CO2 footprint [32,34], abundant raw 
materials [35], good compressive strength [36,37], and capillary 
porosity refinement by pozzolanic reactions [35,38,39], could be ach
ieved by using limestone calcined clay cement (LC3). The reactivity of 
calcined clay depends on the formation of metakaolin (MK) during the 
calcination of kaolinite clay at a temperature between 700 and 850 ◦C 
[39–41]. In contrast to using high-purity MK, calcined low-grade 
kaolinite clay (low MK content) shows a tremendous economic advan
tage as a clinker substitute [32,39,41]. Also, calcined clay may be an 
ideal ingredient for improving the 3D printability of cementitious ma
terials. Tregger et al. [42] found that blending a certain amount of 
calcined clay (purified calcined kaolinite) in the paste could enhance the 
shape stability and green strength of the fresh mixture in comparison 
with using the same volume of fly ash. Recently, Muzenda et al. [43] 
reported that calcined clay could contribute to increase the thixotropic 
index, apparent viscosity, cohesion, static and dynamic yield stresses of 
the fresh LC3 paste. 

Calcined clays that are sourced from different suppliers may exhibit 
different chemical compositions (especially MK contents and secondary 
phases), and physical properties, i.e., fineness, morphology, specific 
surface area, and density [33,44]. Those differences, which may be 
induced by the type of raw clays (1:1 or 2:1 clay), the heat treatment 
conditions, the temperature range of calcination and the purity of clay 
sources [45–47], may bring substantial influences on the fresh and 
hardened properties of cementitious materials. The term of 
different-grade was used in this paper to represent those differences in 
calcined clays. 

The evidence from past work has demonstrated that the rheology and 
thixotropy of fresh mixtures can be modified by using different grades of 
calcined clay. Beigh et al. [48] studied the rheological behaviors of LC3 
paste by using two different calcined clays. The authors found that the 
addition of different calcined clays could increase the structuration rate 
of the fresh mixture at rest in varying degrees to compare with plain 
cement paste, which may depend on the presence of uncalcined 
kaolinite clay. According to Chen et al. [44], increasing the MK content 
in calcined clay could shorten the initial setting time, and increase the 
extrusion pressure as well as the green strength of a developed limestone 
and calcined clay-based cementitious material at a very early age. Ara
mburo et al. [49] mentioned that the effects of different calcined clays 
on rheological behaviors of fresh pastes might be attributed to the 
reactivity of the added calcined clay, i.e., reactive aluminate content 

provided by MK. They observed that the increase of reactive aluminate 
content in calcined clay resulted in an enhancement of structural 
build-up behavior of the fresh paste. 

On the other hand, in the context of mold-cast concrete, MK content 
(calcined kaolinite clay content) was believed to be the main parameter 
to influence the hardened properties of LC3 [39]. For LC3-50 blends 
(Clinker: 50 wt%; Limestone: 15 wt%; Calcined clay: 30 wt%; Gypsum: 
5 wt%), the compressive strength from 1 day to 90 days can be enhanced 
with the increase of the calcined kaolinite clay content (MK content) 
[33]. Also, the clinker hydration is influenced by MK content. Zhao et al. 
[41] pointed out that MK accelerates the early-age hydration of clinker 
via the filler effect and subsequently reacts with calcium hydroxide to 
form calcium-aluminosilicate-hydrate (C-A-S-H). According to Avet 
et al. [39], for the LC3-50 systems containing calcined clay with more 
than 65% of MK, clinker hydration is surprisingly retarded after 3 days. 
This is probably due to a lack of pores above the critical size for the 
precipitation of hydrates. 

To our knowledge, research on the development of limestone and 
calcined clay-based cementitious materials for extrusion-based 3DCP is 
still at an early stage. Few attempts have been made to explore the 3D 
printability of such ternary-blended cementitious materials by using 
different grades of calcined clay. Herein, the objective of this paper is to 
investigate the effects of different grades of calcined clay on the 3D 
printability, on the compressive strength, and on the hydration kinetics 
of such ternary-blended cementitious materials in the context of 
extrusion-based 3DCP. This study was organized into three distinct as
pects, the first of which deals with the characterization of 3D print
ability. A specific ram extrusion test and Basterfield et al. model were 
initially utilized to quantify the extrusion rheology of fresh mixtures. 
After that, based on a lab-scale 3DCP setup, printability window and 
buildability were evaluated. Second, the compressive strength was 
measured on both mold-cast and printed samples at the material age of 7 
days. Additionally, the air void content and distribution of printed 
samples were quantified by using 3D X-ray computed tomography 
scanning and image analysis. Third, isothermal calorimetry and ther
mogravimetric analysis were carried out for assessing phase assem
blages of the resulting materials. 

2. Material and methods 

2.1. Raw materials and mix design 

CEM I 52.5R type Portland cement (PC), limestone powder (LP), and 
calcined clay (CC) formed the binder of printable mixtures. Two types of 
calcined clay were used in this work. A low-grade calcined clay (LGCC), 
which contained about 50% of MK, was purchased from Argeco, France. 
The other one, with nearly 95% of MK, was regarded as a high-grade 
calcined clay (HGCC) supplied by Burgess, USA. Table 1 illustrates 

Table 1 
Physical characteristics and oxide composition from XRF of dry components in 
binders.   

PC LP LGCC HGCC 

Density [g/cm3] 3.120 2.646 2.512 2.134 
SSA [m2/g] 1.16 1.22 10.06 12.60 
Dv50 [μm] 14.86 24.19 69.35 3.75 

XRF [wt.%] 
CaO 68.7 39.6 0.6 0 
SiO2 17.4 0.2 55.1 47.3 
Al2O3 4.1 0 38.4 50.6 
Fe2O3 2.8 0.1 2.6 0.5 
K2O 0.6 0 0.2 0.2 
TiO2 0.3 0 1.1 1.3 
ZrO2 0 0 0.1 0 
Other 6.1 60.1 1.9 0.1 
Total 100.0 100.0 100.0 100.0  
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physical and X-ray fluorescence (XRF) characteristics of PC, LP, LGCC, 
and HGCC. The Brunauer-Emmett-Telle (BET) specific surface area 
(SSA) of all dry components was measured via the liquid nitrogen (N2) 
adsorption method. 

XRD was conducted through a PhilipsPW1830 powder X-ray 
diffractometer, with CuKα radiation operated at 45 kV and 40 mA, for 2θ 
values between 5◦ and 75◦. The results for LGCC and HGCC, reported in 
Fig. 1, showed higher amorphous content in HGCC from the presence of 
a broad hump in the 2θ range of 15◦–30◦ when compared to LGCC where 
it ranges from 20◦ to 28◦. Besides, more crystalline phases, such as 
quartz (SiO2), mullite (3Al2O3⋅2SiO2) and kaolinite 
(Al2O3⋅2SiO2⋅2H2O), were observed in LGCC. The chemical dissolution 
method, according to NEN-EN 196-2 [50], was used to quantify the 
reactive content of calcined clay. The results, in Table 2, showed that the 
reactive content of LGCC and HGCC was 48.8% and 75.1%, respectively. 
Due to the size limitation of the printing setup, the sand with the 
maximum grain size of 2 mm used as aggregate of the studied mixtures. 
The gradings of all dry components were presented in Fig. 2. HGCC was 
the finest powder with an average particle size (Dv50) of 3.75 μm. The 
morphological properties of LGCC and HGCC were reported in Fig. 3. 
For both LGCC and HGCC, the thin layered, irregular flaky morphology 
was observed. 

Table 3 shows the specific proportions of the different mixtures 
studied in this paper. For all mixtures, PC was about 40% of the total 
binder mass. The limestone-to-calcined clay mass ratio of 1:2, which 
showed good early-age mechanical performance [38,44], was used in 
this research. Calcite from limestone could react with alumina species in 
pore solution to form hemi-/mono-carboaluminate, which in turn 
refilled the pores and stabilized the ettringite, resulting in a reduction in 
the porosity and an increase in the compressive strength [47,51]. In 
addition to mixture LCC, another two mixtures were prepared by 
replacing 25 wt% and 50 wt% of LGCC with HGCC to simulate the 
calcined clay with about 61.3 wt% and 72.5 wt% of MK, respectively. 
Mixture REF containing 0 wt% of calcined clay was used as a reference 
to investigate the effects of calcined clay on cement hydration and 
compressive strength of mold-cast samples. The sand-to-binder ratio and 
water-to-binder ratio was selected as 1.5 and 0.3, respectively. Besides, 
2 wt.% of polycarboxylate ether (PCE)-based superplasticizer and 0.24 
wt.% of methylcellulose-based viscosity modifying admixture (by 
weight of binder) were added to adjust the fresh state behaviors to 
satisfy the requirements for 3D printability based on our previous study 
[14]. The fresh mixtures were prepared by following a specific mixing 
protocol, as shown in Fig. 4. The time zero (T = 0 min) in this study was 
defined as the time of mixing liquid suspension (water +

superplasticizer) with dry materials. 
The influence of filler additions (limestone and calcined clay) on the 

total SSA of solid (SSAtotal) of the binder system is calculated through: 

SSAtotal =
McemSSAcem + MfillerSSAfiller

Mcem + Mfiller
(1)  

where Mcem and Mfiller are the mass percentages of PC and other fillers 
(LP, LGCC, HGCC) in the binder. SSAcem and SSAfiller mean the specific 
surface areas of PC and other fillers (LP, LGCC, HGCC) in the binder. 
Table 4 presents the SSAtotal results of different binders in this paper. 

2.2. Test procedures 

2.2.1. Ram extrusion test 
A ram extruder (see Fig. 5(a)), which consisted of a barrel, a piston, a 

stand, and an orifice, was assembled in a servo-hydraulic Instron ma
chine. The piston was connected to a 10 kN load cell that could measure 
the total extrusion force. Before the test, the barrel was filled with the 
fresh mixture. Care was taken to ensure a minimum content of entrap
ped air during the barrel filling process. Afterwards, the piston was 
operated with different speeds to extrude the fresh mixture through the 
orifice. All mixtures were tested at a material age of 15 ± 2 min. A 
typical trial of the ram extrusion test is shown in Fig. 5(c). The pre-test 
consists of a piston displacement from 0 to 29.5 mm. Two speeds (1 mm/ 
s and 2 mm/s) were used in the pre-test stage. Within the piston 
displacement between 29.5 mm and 43 mm, 12 different piston speeds 
(V0) were employed (for each test, only one speed was used), and the 
material flow rates (V) at the orifice were calculated by: 

V =
D2

0

D2V0 (2) Fig. 1. XRD patterns of LGCC and HGCC. Q-quartz (SiO2), M-mullite 
(3Al2O3⋅2SiO2), and K-kaolinite (Al2O3⋅2SiO2⋅2H2O). 

Table 2 
Reactive content of two different calcined clays (LGCC and HGCC).   

Total reactive 
content [wt.%] 

Reactive 
silicate [wt. 
%] 

Reactive 
aluminate [wt. 
%] 

Other reactive 
content [wt.%] 

LGCC 48.8 12.3 32.0 4.5 
HGCC 75.1 34.6 39.9 0.6  

Fig. 2. The particle size distribution of PC, LGCC, HGCC, LP, and sand. The 
grain size of sand was measured by using a sieving machine. All other dry 
components were determined by laser diffractometry. 
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where D0 and D represent the diameter of the barrel and die, respec
tively. The computed results were presented in Table 5. More test details 
and explanations could be found in Refs. [4]. Based on the collected 
extrusion forces, the upstream extrusion pressures were determined 
through: 

P=
4F
πD2

0
(3)  

where P and F stand for the extrusion pressure and the extrusion force, 
respectively, under one predefined piston speed. 

The analytical relationship between the material flow rates and ram 
extrusion pressure at the orifice was given by Basterfield et al. [27]: 

P= 2σ0 ln
D0

D
+

2
3n

k(sin θmax(1 + cos θmax))
n
(

1 −
(

D
D0

)3n)(2V
D

)n

(4)  

where P is the extrusion pressure; V is the material flow speed at the 

orifice; σ0 is the elongational yield stress; k is the flow consistency; n is 
the flow index; θmax is the maximum convergent flow angle (Fig. 5(b)). 
As suggested by Ref. [26,27], 45 was selected as the value of θmax. Since 
the fresh cementitious materials also followed the Von–Mises criterion 
[25], the shear yield stress could be obtained by: 

τ0 =
σ0
̅̅̅
3

√ (5)  

where τ0 means the shear yield stress. 

2.2.2. 3D printing test 
A lab-scale 3DCP setup at Delft University of Technology (TU Delft), 

as introduced in Ref. [14] was used for concrete printing. The 3DCP 
setup comprised two main components: a three-degree freedom Com
puter Numerical Control (CNC) machine and a PFT Swing-M type 
conveying pump (Fig. 6). The fresh mixture was prepared with a plan
etary mixing machine (HOBART) and then poured into the hopper 
(maximum volume: 38L) of the pump manually. A hose with a length of 
5 m (Ø 25 mm) is connected to the pump and a printhead/nozzle. The 
latter is mounted on the z-axis arm of the CNC machine. The moving 
speed of the nozzle was adjusted between 35 mm/s and 100 mm/s. As 
shown in Fig. 7, two types of nozzles were used in this study. Nozzle 1 is 
based on a hybrid back- and down-flow extrusion mechanism. It consists 
of a rectangle opening with dimensions of 40x13.5 mm2. Nozzle 2 

Fig. 3. Electron micrographs (secondary electron mode) of LGCC (left) and HGCC (right).  

Table 3 
Mix designs of cementitious materials prepared in this study.  

Mixture Mix Proportion 

Binder [wt.%] Sand and Water mass ratios Admixture mass ratio 

PC LGCC HGCC LP Sand/Binder Water/Binder SP/Binder VMA/Binder 

REFa 40 0 0 60 1.5 0.3 0.02 0.0024 
LCC 40 40 0 20 1.5 0.3 0.02 0.0024 
MCC 40 30 10 20 1.5 0.3 0.02 0.0024 
HCC 40 20 20 20 1.5 0.3 0.02 0.0024  

a REF was not developed for 3D printing. It was the reference for illustrating the effect of calcined clay on compressive strength (mold-cast samples) and hydration. 

Fig. 4. Illustration of mixing procedures for the fresh mixture preparation.  

Table 4 
SSAtotal of different binders.   

REF LCC MCC HCC 

SSAtotal [m2/g] 1.196 4.732 4.986 5.240  
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(down-flow) contains a round opening with a diameter of 15 mm. 
Printing works, and other tests in this study were performed under the 
room temperature of 20 ± 2 ◦C and at around 55% RH. 

2.2.2.1. Printability window. The test was performed as follow:  

● First, 12L of the fresh mixture was prepared and poured into the 
hopper of the printer.  

● After 10 min (material age: 20 min), the test is started. By using 
nozzle 1, one filament (with a designed dimension of 800 mm in 
length, 40 mm in width, and 13.5 mm in height) was extruded at a 
printing speed of 47 mm/s (material flow rate: 1.5 L/min). Every 
10 min, a new filament was printed. During the 10 min time gap 
between the start of mixture preparation and the test, a pre-pumping 
session of 5 min was arranged. 

Fig. 5. (a) Schematic drawing of the ram extruder; (b) Diagram of the orifice entrance flow region in a spherical coordinate system, according to Ref. [26,27]; (c) A 
typical trial of the ram extrusion test - predefined piston moving speed vs. displacement. 

Table 5 
Piston speed (V0) and computed material 
flow rate (V) at the orifice.  

V0 V 
[mm/s] [mm/s] 

0.10 0.90 
0.25 2.25 
0.50 4.50 
0.75 6.75 
1.00 9.00 
1.25 11.25 
1.50 13.50 
1.75 15.75 
2.00 18.00 
2.25 20.25 
2.50 22.50 
2.75 24.75  
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● Third, the width of the extruded filament was measured at 6 different 
positions. The whole test was terminated once the disruption of 
filament occurred, or the average width of extruded filament was 
smaller than 35 mm. 

2.2.2.2. Buildability. Two methods were employed to evaluate the 
buildability of the different mixtures. The test parameters of both 
methods were summarized in Table 6. Method 1 is quite similar to the 
buildability test that was proposed by Nerella et al. [12]. The test started 
at the material age of 20 min. A wall was designed to stack 21 layers. 
Nozzle 1 was employed for method 1. For each layer, there was only one 
filament (designed dimension: 900 mm length, 40 mm width, and 
13.5 mm height). The process of method 1 is schematized in Fig. 8(a). 
The fresh mixture was deposited from position A to B at a constant 
printing speed of 47 mm/s. Once the nozzle reached position B (one 

filament was finished), the printing work was paused. The nozzle was 
programmed to be lifted at a maximum height of 285 mm and then to 
move to Position A. The time gap between two layers was set as 30s. 
Method 2 employed nozzle 2 to print a designed object with a non-stop 
printing process (Fig. 8(b)). The path length of each layer was 4200 mm. 
The height of the nozzle was increased to 8.5 mm each time at the start 
position C. The time interval between two subsequent layers was 57s. In 
comparison to method 1, a faster printing speed (75 mm/s) was utilized 
in method 2. During the test process (both methods 1 and 2), the height 
of the printed object was measured and recorded continuously. The test 
may be terminated earlier (before finishing the printing work) due to 
collapse by buckling. 

2.2.3. Compressive strength test 
Printed prisms that contained 4 stacked layers (Length: 800 mm; 

Width: 42–44 mm; Height: 50–54 mm) were manufactured using the 
3DCP setup (nozzle 1). The nozzle moving speed and the material flow 
rate were fixed at 35 mm/s and 1.2 L/min, respectively. The time in
terval between two adjacent layers was 2 min. Note that, the fresh 
mixtures in this study showed low slump during layer deposition. Thus, 
the printed filament was wider than the nozzle opening (40 mm). 40 mm 
cube specimens were sawn from the 3D printed prisms before per
forming the test. As illustrated by Ref. [52,53], the anisotropic proper
ties of 3D printed concrete should be considered. Thus, the compressive 
strength of printed samples was tested along with three loading di
rections: D1, D2, and D3 (see Fig. 9). For each mixture and each direc
tion, three samples were prepared and tested. Besides, to determine the 
influence of the printing process on compressive strength, 40x40x40 

Fig. 6. A lab-scale 3DCP setup at TU Delft. It consists of a CNC table, a conveying pump, a material hose, and a printhead (nozzle).  

Fig. 7. (a) Nozzle 1 with a rectangle opening (40 × 13.5 mm2); (b) Nozzle 2 with a round opening (Ø 15 mm).  

Table 6 
Printing parameters for buildability test.   

Method 1 Method 2 

Nozzle type Nozzle 1 Nozzle 2 
Nozzle opening [mm] 40x13.5 Ø 15 
Layer thickness [mm] 13.5 8.5 
Nozzle moving speed [mm/s] 47 75 
Path length for each layer [mm] 900 4200 
Material flow rate [L/min] 1.5 0.9 
Time interval [s] 30 57 
Designed layer number 21 18 
Designed structure height [mm] 283.5 153 
Test start time [material age: min] 20 20  
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mm3 mold-cast specimens were also prepared. Before the test, all sam
ples were cured and stored in a fog room (20 ± 2 ◦C and above 95% RH). 
The compressive strength test was conducted under a loading rate of 
2.4 kN/s according to the specifications of NEN-EN 196-1 [54] at a 
material age of 7 days. 

2.2.4. Air void analysis 
The air void content and distribution of printed specimens were 

determined using 3D X-ray computed tomography (CT) scanning and 
image analysis through the open-source software ImageJ. Cylindrical 
samples (25 mm diameter and 24 mm height) were drilled and sawn 
from the upmost two layers of 3D printed beams, manufactured in 
Section 2.2.3. The prepared sample was scanned with a Phoenix Nano
tom Micro CT-Scanner. The obtained resolution was 13.3 μm per voxel. 
Reconstruction of the projections into a 3D volume was conducted via 
the dedicated Phoenix Datos|x software. A cylindrical region of interest 
(ROI), as shown in Fig. 10(a), was extracted from the image stack to 
perform the subsequent image analysis. Employing the Trainable Weka 
Segmentation (TWS) plugin from ImageJ [55,56], the voids from each 
image were segmented (Fig. 10(b)). Afterwards, the void content and 
average void diameter were computed through the function Analyze 
Particles in ImageJ. 

2.2.5. Isothermal calorimetry test 
An eight-channel TAM Air isothermal calorimeter was used to 

measure the heat released during the first 7 days (168h) of hydration. 
The test procedures were the same as described by Chen et al. [14]. All 
paste mixtures were prepared according to the mixing procedure in 
Fig. 4. A 20 ml glass vessel was filled with 6g of paste. The vessel was 
sealed and moved into the calorimeter under the temperature of 20 ◦C. 
Heat values were collected after every 20s. 

2.2.6. Thermogravimetric analysis 
The paste mixtures from Section 2.2.5. were also used for the ther

mogravimetric analysis (TGA). The cast cylindrical specimens (33.5 mm 
diameter and 67.5 mm height) were stored at the fog room with the 
curing conditions (20 ± 2 ◦C, above 99% RH) up to the time of testing. A 
three-step procedure, as described by Lothenbach et al. [57], was used 
for powder sample preparation:  

● First, crushing and grinding the sample in isopropanol solvent for 
about 10–15 min;  

● Second, filtrating the suspension by using a Büchner funnel and an 
aspirator pump (the size of filter paper was 8 μm), followed by 
washing the solid with diethylene ether to remove the isopropanol;  

● Third, drying the powder for about 8 min in a 40 ◦C aerated oven. 
The samples were stored in a light vacuum desiccator and tested 
within 3 days. 

TGA was employed to quantify the hydrate water (H) and calcium 
hydroxide (CH) of different mixtures at the ages of 1, 2, 3, and 7 days. 
Netzsch STA 449 F3 Jupiter was utilized for the test. For each mixture, 
about 50 mg of paste sample that was placed in an alumina crucible was 
heated from 40 to 900 ◦C with a heating rate of 10 ◦C/min and under an 
argon environment with a flow rate of 30 ml/min. 

3. Results 

3.1. Ram extrusion rheology 

Fig. 11(a) presents an example of the extrusion force concerning 
piston displacement. A pre-test zone (displacement: 0–29.5 mm) was 
utilized to compact the fresh mixture and transfer the material status 
from a static state to a dynamic state, which has been explained in 

Fig. 8. Schematic diagram of buildability test: (a) Method 1 (by using nozzle 
1); (b) Method 2 (by using nozzle 2). 

Fig. 9. Schematic view of the three testing directions for conducting the 
compressive strength test. D1 - loading on z-direction; D2 - loading on y-di
rection; D3 - loading on x-direction. 
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Ref. [4]. It could be noticed that the piston started to touch the fresh 
mixture at a displacement of about 11 mm. During the displacement 
from 11 mm to 16 mm (piston speed: 1 mm/s), an unstable curve pattern 
was observed due to the existence of air bubbles and the thixotropy of 
the fresh mixture. The curve becomes relatively stable at the end of the 
pre-test zone under the piston speed of 2 mm/s. Afterwards, the piston 
was driven under a predefined speed (see Table 5). Relatively flat curves 
could be found in the test zone. The average upstream extrusion pressure 
was calculated using Eq (3). 

Through applying the non-linear least squares regression analysis in 
the Originlab, Basterfield et al. model (Eq (4)) was fitted to the test re
sults. Both the experimental and fitted results are plotted in Fig. 11(b). 
The correlation between test results and Basterfield et al. model was 
nearly perfect since the R-squared value of three fitted curves was about 
0.99 in all cases. A shear-thinning behavior of all mixtures could be 
observed from the fitted curves in Fig. 11(b). The rheological parame
ters, namely, σ0, k, and n, were determined as well. The shear yield stress 
of the fresh mixtures was calculated according to Eq (5). Fig. 11(c) re
ports the obtained shear yield stress and flow consistency. Increasing the 
HGCC content resulted in increased flow consistency in the fresh 
mixture. Mixture HCC exhibited the highest shear yield stress. Whereas, 
there was no apparent difference between mixtures LCC and MCC in 
shear yield stress. 

3.2. Evaluation of 3D printability 

3.2.1. Printability window 
In this study, by using 47 mm/s of the printing speed, the printability 

window of mixtures LCC, MCC, and HCC was noted as 80 min, 70 min, 
and 30 min, respectively. The printability window of fresh mixtures was 
reduced by increasing the HGCC substitution (Fig. 12). 

3.2.2. Buildability assessment 

3.2.2.1. Method 1. Fig. 13(a) (b) presents the buildability test results by 

using method 1. In this test, only mixture HCC could be used to stack 21 
layers vertically without collapse. Using mixtures LCC and MCC, the 
printed structure could only maintain its shape until the 10th and 11th 

layers, respectively. The height of printed structures before the structure 
was finished or before failure was recorded and plotted in Fig. 13(b). It 
could be found that the real height of the printed structure is much lower 
than the theoretical height for all studied mixtures. This is probably due 
to the cumulative deformation of printed layers and elastic buckling of 
the printed structure, which is also evident in Fig. 13(a). Increasing the 
HGCC content could significantly improve the buildability of fresh 
mixture. As shown in Fig. 13(c), the final collapse was induced by 
misalignment of the printing path. Two reasons may lead to the insta
bility of printed structures. First, the deformation of the bottom layers 
gradually increased the nozzle standoff distance, which resulted in the 
inaccurate layer deposition (This problem could be solved by a real-time 
height measurement device and a feedback system that was reported by 
Wolfs et al. [58]. However, this technique was not employed in this 
study). As shown in Fig. 13(a), the 1st layer of the printed structure was 
severely compressed. Compared with mixture LCC, the 1st layer of the 
printed wall showed better shape stability by using mixtures MCC and 
HCC. Second, since the nozzle could not stop printing immediately after 
finishing one filament, it was required to remove the excess materials 
manually. Thus, both sides of each filament displayed uncontrolled 
shapes and positions in Fig. 13(c). For mixtures LCC and MCC, elastic 
buckling failure always started from one side to the other of the printed 
structure (Fig. 13(c)). However, these constraints did not severely in
fluence the printing process of mixture HCC. Through using method 1, 
the difference in buildability between mixtures MCC and LCC was not 
clear. 

3.2.2.2. Method 2. Fig. 14(a) (b) illustrates the maximum stacked-layer 
number and the corresponding height of the printed structure for 
different mixtures. The difference between the measured and theoretical 
heights is much smaller than that of Method 1 (see Figs. 13(b) and 14 
(b)). As shown in Figs. 14(a) and 15, the layer thickness is increased 

Fig. 10. (a) Illustration of sample preparation and CT scanning; (b) A typical example of the greyscale image segmentation process for determining the void area via 
TWS (ImageJ). 
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from the bottom to the top of the printed structure, especially mixtures 
LCC and MCC, which may offset the height loss induced by layer 
deformation. Only mixture HCC could reach the designed layer number 
without collapse, and showed relatively even layer thickness. In com
parison with method 1, the boundary condition of the printed layer in 
method 2 was more stable. The difference between mixtures LCC and 
MCC on buildability performance could be indicated. 

Overall, the buckling failure of the printed structure may be mainly 
attributed to the unstable layer deposition, which was induced by the 
increase of nozzle standoff distance (Figs. 13(c) and 14(c)), and the 
reduction of layer contacted area (Fig. 15). In method 1, each layer was 
dropped onto the substrate via a hybrid down- and back-flow nozzle 
with a rectangle opening (nozzle 1). The contact area between layers 
was quite stable and constant (Fig. 15). Since a down-flow nozzle with a 
round opening (nozzle 2) was employed in method 2, the new layer was 
deposited on the substrate through a squeezed and compressed forming 
process. The substrate needed to sustain not only the load from the 
weight of the new layer but also the force from the nozzle. However, this 
force was not constant during the printing process. It was decreased due 
to the increase of nozzle standoff distance. The contact area between 
layers, as well as layer thickness, became more uncontrollable for mix
tures with weak buildability as resulting from method 2. 

Fig. 11. (a) A typical plot of the ram extrusion test; (b) Experimental results of extrusion pressure with different material flow rates at the orifice and fitted curves via 
using Basterfield et al. model (Eq (4)); (c) Computed rheological parameters: shear yield stress τ0, and flow consistency k of mixtures LCC, MCC, and HCC. 

Fig. 12. Printability window various with the HGCC substitution in 
calcined clay. 
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Fig. 13. Buildability test results of method 1: (a) Buildability performance of mixtures LCC, MCC, and HCC; (b) Height and layer number of the printed object by 
using different mixtures (mixtures LCC and MCC: data recorded before collapse; mixture HCC: data recorded after the 21st layer); (c) Possible reasons for collapse of 
the rising structure. 
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Fig. 14. Buildability test results of method 2: (a) Buildability performance of mixtures LCC, MCC, and HCC; (b) Height and layer number of the printed object by 
using different mixtures (mixtures LCC and MCC: the maximum height before collapse; mixture HCC: data recorded after the 18th layer); (c) Possible reasons for 
collapse of the rising structure. 
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3.3. Compressive strength 

Fig. 16 shows the compressive strength of mold-cast and 3D printed 
samples (except for mixture REF) at 7 days. For cast samples, mixtures 
containing calcined clay exhibited a much higher compressive strength 
than mixture REF. Increasing HGCC% in calcined clay improved the 
compressive strength of cast samples (7 days). The increment of strength 
between mixtures MCC and HCC was limited. Anisotropic properties 
were observed for the printed specimens. According to the experimental 
results, it could be found that the printed specimens displayed the 
highest compressive strength in loading direction D2 in comparison with 
directions D1 and D3. The possible reasons have been discussed in 
Ref. [1,14,59,60]. For mixtures LCC and MCC, the printed samples were 
stronger than cast samples in all test directions. However, printed 
samples of mixture HCC had lower compressive strength than its cast 
samples except for loading direction D2. For printed samples, mixture 
MCC exhibited the optimal compressive strength at 7 days. In loading 
directions D1 and D2, mixture LCC showed higher strength than mixture 
HCC. 

3.4. Air void content and distribution 

An ROI of 13 mm in height and 25 mm in diameter were obtained in 
each cylindrical sample. After performing image analysis via ImageJ, the 
2D air void content, and the average air void diameter of each slice are 
computed and plotted in Fig. 17(a) (b). Based on the results of image 
analysis in Fig. 17(a) (b), for each sample, the interface region could be 
defined as the region in the height of 5–8 mm due to the relatively higher 
air void content. The regions of 0–5 mm and 8–13 mm in height could be 
regarded as the layer area. Fig. 17(a) (b) showed massive air voids with 
large diameters in the interface region (especially 6–7.5 mm in height) 
for samples HCC and MCC. Nevertheless, it was relatively difficult to 
distinguish the interface visually in sample LCC. Compared to samples 
MCC and HCC, the distribution of air voids in sample LCC was more 
homogeneous (please also check Appendix A, Figure A.1.). As shown in 
Fig. 17(c), increasing HGCC% in calcined clay could significantly in
crease the maximum value of air void content in the interface region. 
Furthermore, it led to a slight increase in average air void content in 
both interface and layer regions. 

3.5. Hydration kinetics 

3.5.1. Isothermal calorimetry 
Fig. 18 shows both heat flow and cumulative heat results of all 

studied mixtures. In Fig. 18 (a), for all curves, the first peak can be 
attributed to the heat released from the particle wetting, the initial 
dissolution of the dry components, and the formation of ettringite at an 
early age [61]. A dormant period was observed, followed by an accel
eration period and by the main hydration peak (I). With the absence of 
calcined clay, mixture REF had the longest dormant time of 12h and 
took near 38h to reach the main hydration peak, for which the heat flow 
resulted in the lowest among the studied mixtures. For mixtures LCC, 
MCC, and HCC, the increase of HGCC content in calcined clay results in, 
(1) a reduction in the dormant period; (2) a shift of the main hydration 
peak to the early age; (3) an increase in the intensity of the main hy
dration peak. Among them, mixture HCC showed the highest chemical 
reactivity. 

After the main hydration peak, a small shoulder (II), which was not 
present in mixture REF, was observed in the curves of mixtures LCC, 
MCC, and HCC. According to [14,62–64], peak (II) may be referred to as 
the aluminate peak. Around 36h after the aluminate peak, a lower but 
broader peak (III) appeared in the curve of mixtures HCC, MCC, and 
LCC. The appeared time and intensity of peak (III) were also dependent 
on the HGCC content in calcined clay. The formation of the AFm phases, 
which could be attributed to the pozzolanic reaction of MK with the 
relatively high concentration of CH in the pore solution [39], may be the 

Fig. 15. Cross-sections of printed samples by using nozzle 1 (left) and nozzle 2 (right). The dashed line represents the contact area between two adjacent layers.  

Fig. 16. Compressive strength of both cast and printed samples from different 
mixtures at the age of 7 days. For test directions D1, D2, and D3, the reader is 
referred to Fig. 9. 
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Fig. 17. (a) 2D air void content analysis; (b) Average air void diameter analysis; (c) Air void content in the interface and layer zones; Interface zone: 5–8 mm in 
height of the sample. Layer zone: 0–5 mm and 8–13 mm in height of the sample. 

Fig. 18. Isothermal calorimetry test results of (a) Normalized heat flow with time (4 days). (I)-main hydration peak, (II)-aluminate peak, (III)-AFm/pozzolanic 
reaction peak; and (b) Normalized cumulative heat with time (7 days). 
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reason for the appearance of peak (III). As shown in Fig. 18(b), very low 
cumulative heat was released in mixture REF, while the addition of 
calcined clay led to a distinct increase in the cumulative heat of 7 days. 
For mixtures LCC, MCC, and HCC, it was evident that increasing the 

dosage of HGCC could significantly increase the total heat emission. 
Nevertheless, mixtures HCC and MCC showed very close results of the 
cumulative heat at 7 days. 

3.5.2. Quantification of hydrate water and calcium hydroxide 
Thermogravimetric (TG) curves of different mixtures at 1, 2, 3, and 7 

days of curing are illustrated in Fig. 19(a). To identify the boundaries of 
different phases or groups of phases, derivative thermogravimetric 
(DTG) curves are plotted in Fig. 19(a) according to TG results. The mass 
loss during the temperature between 40 ◦C and 600 ◦C was regarded as 
hydrate water (H) [57]. As mentioned by Refs. [57,65], calcium hy
droxide (CH) decomposes to calcium oxide and water between 400 ◦C 
and 500 ◦C. For all mixtures in this study, the breakdown of the CH 
phase ranged between about 420 ◦C and 500 ◦C, which can be seen in 
Fig. 19(a). Peaks above 600 ◦C are due to the decarbonization of calcite, 
which is originated from the limestone filler in mixtures and the formed 
carbonation of CH during the curing time [38]. Therefore, the normal
ized amount of H and CH were expressed as a percentage of the dry 
sample weight at 600 ◦C: 

W[H2O] =
M40∘C − M600∘C

M600∘C
× 100(%) (6)  

and 

W[Ca(OH)2 ]
=

M420∘C − M500∘C

M600∘C
×

m[Ca(OH)2 ]

mH2O
× 100(%) (7) 

Fig. 19. TGA at 1, 2, 3, and 7 days: (a) a typical example of TG and DTG curves (mixture HCC); (b) The normalized amount of hydrate water (H) relative to the dry 
sample weight at 600 ◦C; (c) The normalized amount of calcium hydroxide (CH) relative to the dry sample weight at 600 ◦C. 

Table 7 
TG test results-the normalized amount of calcium hydroxide (CH) and hydrate 
water (H) at 1, 2, 3, and 7 days.  

Mixture Time [days] H [wt.%] CH [wt.%] 

REF 1 4.31 2.91 
2 8.03 7.18 
3 9.03 8.31 
7 10.77 8.77 

LCC 1 6.01 4.31 
2 9.58 6.13 
3 11.16 6.25 
7 12.90 5.10 

MCC 1 6.83 4.41 
2 9.67 5.93 
3 11.25 5.94 
7 13.14 4.52 

HCC 1 7.99 5.02 
2 10.40 5.56 
3 12.02 5.46 
7 13.30 4.21  
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W[H2O], and W[Ca(OH)2 ] are the mass percentages of H and CH in mix
tures, respectively; M40◦C, M420◦C, M500◦C, and M600◦C represent the TG 
results at 40 ◦C, 420 ◦C, 500 ◦C, and 600 ◦C, respectively; m[Ca(OH)2 ], and 
m[H2O] stand for the molar masses of CH (74 g/mol) and water (18 g/ 
mol), respectively. The computed results are summarized in Table 7. 

The H and CH contents are illustrated in Fig. 19(b) (c). More hydrate 
water content has been found in mixtures containing calcined clay in 
comparison with mixture REF within the first 7 days. Replacing part of 
LGCC by HGCC increased the H amount after 3 days of hydration 
slightly. At 7 days, mixtures LCC, MCC, and HCC showed similar con
tents of hydrate water. In comparison with mixture REF, mixtures con
taining calcined clay showed a much higher amount of CH on the first 
day of hydration. Increasing HGCC content may contribute to acceler
ating hydration in the first day. The CH percentage of mixtures LCC, 
MCC, and HCC kept an increasing trend within the first two days. Af
terwards, a significant reduction in the amount of CH was observed until 
the material age of 7 days. The mixture with a higher HGCC% in calcined 
clay demonstrated a higher reduction of CH content. Mixture HCC had 
the lowest CH content already from the second day. However, mixture 
REF exhibited a much more amount of CH from the second day in 
contrast to the mixtures containing calcined clay. As mentioned earlier, 
the consumption of CH could be due to the pozzolanic reaction, which 
was also indicated as the AFm peak (peak III) in Fig. 18(a). Since this 
reaction is still under investigation, it was not discussed further in this 
paper. 

4. Discussion 

4.1. Effect on 3D printability 

In this study, both the average grain size (Dv50) and SSA of LGCC are 
much larger than PC and LP. Partially replacing the content of LP by 
LGCC resulted in increased SSAtotal of the mixture (Table 4). HGCC 
showed a slightly higher SSA than LGCC and much finer grain size when 
compared to other dry components (LP, PC, and LGCC). According to 
Ref. [66–68], at a similar water-to-solid ratio, the mean distance be
tween the surface of particles (δ) could be expressed as: 

δ= dSSA

⎛

⎝

(
φ

φm

)− 1
3

− 1

⎞

⎠ (8)  

dSSA =
6

SSAtotal × ρ (9)  

where dSSA represents the average diameter from the specific surface 
area, and ρ is the density of the binder mixture. φ and φm stand for the 
solid volume fraction and the maximal packing fraction of solid, 
respectively. φm is not a well-defined parameter that depends on both 
the spatial distribution of particles and flow history [69]. As suggested in 
Berodier and Scrivener [66], φm can be calculated via the model pro
posed by Hu and de Larrard [70]. 

φm = 1 − 0.45
(

dmin

dmax

)0.19

(10)  

where dmin and dmax denote the minimum and maximum particle di
ameters in the mixture. Note that, according to Roussel et al. [67], the 
obtained result via Eq (10) may overestimate the value of φm. As sug
gested in Ref [66,67,69], φm is assumed as 0.64 for cementitious pastes. 
Thus, 0.64 was used as the value of φm in the case of the computed value 
via Eq (10) is larger than 0.64. The effect of admixtures and aggregate on 
mean interparticle distance was not taken into consideration in this 
study. Fig. 20(a) indicates that increasing the SSAtotal could significantly 
decrease the average interparticle distance. 

The partial replacement of LGCC by HGCC in this study did not only 
change the chemical composition (MK content), but also the physical 
properties of the binder, i.e., total SSA of solid, and mean interparticle 
distance (see Fig. 20(a)). Since the ram extrusion test was performed at 
the material age of 10 min, the physical properties of the powder skel
eton may dominate the extrusion rheology of fresh mixture at a constant 
water-to-binder ratio. An inversely proportional correlation between the 
mean interparticle distance and flow consistency of the fresh mixture 
was illustrated in Fig. 20(b). The shear between particles was increased 
as the interparticle distance diminished [66]. As mentioned by Yahia 
et al. [71], the increase of interparticle friction induced by the increase 
of solid to solid contact can be one reason for the increase of viscosity. 
Fig. 20(b) also shows the relationship between mean particle distance 
and shear yield stress of fresh mixtures. It seemed that the shear yield 
stress rarely increased until the mean interparticle distance was smaller 
than a critical value. To our knowledge, the reason associated with this 
phenomenon is still not clear. 

Regarding the printing quality, the extrusion of fresh mixtures 
should be performed within the printability window (under a specific 
printing speed). As reported in Section 3.2.1., the open time under the 
printing speed of 47 mm/s was reduced by increasing HGCC% in 
calcined clay. In Section 2.2.2.1., the fresh mixture was not printed 
continuously during the test, and there was a time interval (5 min) be
tween two subsequent printing sessions. From a microscale view, 

Fig. 20. Relationship between (a) Mean interparticle distance and total SSA of solid; (b) Mean interparticle distance and shear yield stress as well as flow consistency 
obtained in Section 3.1. 
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cement particles may experience flocculation, and nucleation during the 
time interval. Non-reversible hydrate bonds may have been formed 
between particles, which could still be broken under the effect of suffi
cient external remixing or shearing force [72,73]. Thus, it is feasible to 
print the fresh mixture after a short pre-pumping session (5 min) at an 
earlier age. Nevertheless, the chemical bonds between particles could be 
rebuilt again at rest [72]. A fixed remixing or shearing force from the 
printing system seemed insufficient to destroy all the interparticle con
nections with time passing. Eventually, the significant workability loss 
led to the termination of the test. 

According to Ref. [74,75], the buildability was dominated by the 
structural build-up behavior of fresh mixture at rest at a series of con
stant printing parameters (printing speed, time interval, printing setup, 
and the geometry of the printing path). From a macroscopic observation, 
increasing the HGCC content in calcined clay could enhance the build
ability of fresh mixture, which indicated the increase of structural 
build-up at rest. Blending HGCC in the mixture may contribute to the 
enhancement of particle flocculation and increased water adsorption 
induced by physical characteristics of HGCC particles, i.e., the fine grain 
size, high specific surface area, and layered structure [43]. However, the 
obtained results in this study are still insufficient to explain this phe
nomenon, which is currently under investigation. 

4.2. Effect on hydration kinetics 

According to the test results in Section 3.5., adding calcined clay in 
mixtures could significantly accelerate the cement hydration (Fig. 18 
(a)), and increase the content of hydration products (CH and H) after the 
first day (Fig. 19(b) (c)). For mixtures containing calcined clay, 1-day 
hydration was also accelerated by increasing the HGCC content. As 
mentioned by Lapeyre and Kumar [76], at a very early age, i.e., within a 
few hours of hydration, calcined clay (MK) could be regarded as a type of 
inert filler to provide nucleation sites to increase the hydration rate of 
clinker. According to our earlier study [44], the increase of MK content 
reduced the initial setting time significantly. The initial setting time of 
mixtures REF, LCC, MCC, and HCC are about 260, 150, 80, and 50 min. 
Thus, the filler effect induced by calcined clay may play the dominant 
role during the first day of hydration. Increasing HGCC% in calcined 
clay seemed to promote its filler effect further. Berodier and Scrivener 
[66] reported that the interparticle distance was the most critical factor 
in influencing the reaction rate of C3S hydration. The relationship be
tween the slope of the acceleration period of the main peak and the 

mean interparticle distance of different binder systems is presented in 
Fig. 21. The acceleration rate of the main hydration peak was obtained 
according to Refs. [77,78]. Fig. 21 indicates that the acceleration rate 
was increased by reducing the average interparticle distance, which 
agreed with the findings from Ref. [66]. 

4.3. Effect on compressive strength 

The compressive strength at 7 days was measured on both mold-cast 
and printed samples in Section 3.3. According to the test results from 
[33,39], increasing the MK content in calcined clay could increase the 7 
days compressive strength of LC3-50 system mortar. The test results of 
cast samples in this paper confirmed these findings. In this study, the 
only difference for different mixtures is the calcined clay composition. 
Here we assumed that the air void content and distribution of cast 
samples were similar among different mixtures. Thus, the compressive 
strength of cast samples might mainly rely on the hydration of cemen
titious materials. Positive correlations were obtained between 
compressive strength of cast samples and normalized cumulative heat 
(mixtures HCC and MCC showed very close results), as well as the hy
drate water content at 7 days in Fig. 22. 

However, these correlations could not be formulated for the 
compressive strength of printed samples. The printed sample of mixture 
HCC showed the weakest compressive strength at 7 days (see Fig. 16). 
Generally, for quasi-brittle materials, the increment of porosity could 
lead to a proportional reduction of strength [79]. Macropores, especially 
air voids, may dominate the mechanical performance of printed con
crete. As shown in Fig. 17, the air void content and distribution of 
printed samples by using different mixtures were not similar. Chen et al. 
[80] reported that the maximum value of air void content of the inter
face region could significantly influence the interlayer bonding strength 
and anisotropic properties of the printed specimens. In this study, 
mixture HCC showed the weakest compressive strength, which may be 
attributed to the highest air void content at the interface (maximum 
value) of its printed sample. 

The possible reasons why the mixtures containing HGCC showed 
large and more air voids in the interface zone were summarized as fol
lows. First, according to [72,75], for the same time interval and printing 
environment conditions (ambient temperature and relative humidity), 
the cold-joint/weaker interface could be easily formed by using a fresh 
mixture with a high thixotropy/structuration rate. As reported in earlier 
studies [53,81,82], high amount of air voids between two layers as a 

Fig. 21. Slope value of the acceleration period as a function of the mean interparticle distance.  
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typical phenomenon can be found in many 3D printed cementitious 
materials with a weak interface adhesion. Thus, in this context, the high 
air void content between layers could be attributed to the high struc
turation rate of the fresh mixture. Second, in the case of mixtures con
taining HGCC (mixtures MCC and HCC), after the top layer deposition, 
the deformation of the substrate was smaller than that of mixture LCC 
due to the fast growth of material stiffness (as indicated by the high 
buildability). This may be attributed to the fast particle flocculation and 
accelerated surface drying process induced by HGCC. Consequently, 
many unfilled areas were kept forming large air voids between two 
subsequent layers, as shown in Figure A1. 

However, in comparison to mixture LCC, the printed sample of 
mixture MCC exhibited stronger compressive strength, even containing 
a higher content of air voids at the interface region (see Fig. 17). 
Therefore, the compressive strength of printed concrete should rely on 
both the hydration degree of cementitious materials and the air void 
content at the interface region. 

5. Conclusion 

The results yielded from this study indicated the considerable effects 
of different grades of calcined clay on 3D printability, compressive 
strength, and hydration of limestone and calcined clay-based cementi
tious materials. Our findings are summarized as follows:  

● For the ram extrusion rheology, an excellent correlation between 
experimental results and Basterfield et al. model was obtained. 
Increasing HGCC% in calcined clay could modify not only the MK 
content, but also the physical property of the fresh mixture, i.e., the 
increase of total specific surface area, and decrease of mean inter
particle distance, which may be the primary reason for the increase 
of flow consistency of the fresh mixture. A steeper increase of shear 
yield stress was found between mixtures MCC and HCC, whereas 
mixture LCC showed a very close value to that of mixture MCC.  

● By increasing the HGCC content, the buildability of fresh mixture 
was noticeably improved, whereas the printability window was 
reduced. A possible reason was that blending HGCC in the mixture 
may contribute to the enhancement of particle flocculation and 
increased water adsorption induced by the fine grain size, high 
specific surface area, and layered structure of HGCC particles. 
However, further study is needed to validate this.  

● Calcined clay addition (mixtures LCC, MCC, and HCC) resulted in the 
acceleration of hydration as compared to limestone (mixture REF). 
The 1-day hydration was enhanced due to the increase in the 
replacement of HGCC, which may be attributed to the reduction of 
the mean interparticle distance. A positive correlation between the 
slope value of the acceleration period and the average interparticle 
distance was observed.  

● For the mold-cast samples, the mixture with higher dosage of HGCC 
displayed a stronger compressive strength at 7 days, and the hy
dration degree played a dominant role in the compressive strength 
development. The obtained results showed a linear relationship be
tween the compressive strength of cast samples and the normalized 
cumulative heat as well as the hydrate water content at 7 days.  

● For the printed samples, the compressive strength at 7 days was not 
only dependent on the hydration degree but also on the structural 
build-up of fresh mixtures at rest. The results confirmed that fresh 
mixtures with good buildability might be vulnerable to enclose more 
air voids for forming cold joint/weak interface between two adjacent 
layers. Due to the increase of MK content (HGCC%), more and larger 
air voids were found in the interface zone, which weakened the 
compressive strength of printed cementitious materials. 
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Appendix A

Fig. A.1. Greyscale images of different samples acquired from CT scanning.  
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[56] S. Chaves Figueiredo, O. Çopuroğlu, E. Schlangen, Effect of viscosity modifier 
admixture on Portland cement paste hydration and microstructure, Construct. 
Build. Mater. 212 (2019) 818–840, https://doi.org/10.1016/j. 
conbuildmat.2019.04.020. 

[57] B. Lothenbach, P. Durdzinski, K. De Weerdt, Thermogravimetric analysis, in: 
K. Scrivener, R. Snellings, B. Lothenbach (Eds.), A Pract. Guid. To Microstruct. 
Anal. Cem. Mater., CRC press, 2016, pp. 177–212. 

[58] R.J.M. Wolfs, F.P. Bos, E.C.F. van Strien, T.A.M. Salet, A real-time height 
measurement and feedback system for 3D concrete printing, in: D.A. Hordijk, 
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