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Abstract. 3D printing can lead to a technological breakthrough in the con-
struction sector. However, the sustainability aspect of 3D printing mortar can be
disputable, as 3D printable mortar contains a high amount of Ordinary Portland
Cement (OPC). The sustainability can be increased by replacing OPC with an
Fe-rich slag, which originates from the metallurgical industry and is nowadays
used for low-value applications. A mortar composition consisting mainly of slag
and a small amount of OPC is called a hybrid mortar and is alkali-activated to
ensure that the slag is participating in the binder formation. In this study, the
amount of OPC is decreased significantly, down to 6 wt% and the slag content is
increased up to 28 wt% over total solid content. This work investigated the effect
of several components in the hybrid mixture on the early-age stiffness devel-
opment, late-age shrinkage, creep and mechanical strength and is compared to a
commercial OPC-based 3D printable mortar. The components, which are
important to obtain a 3D printable mixture, comprise OPC, Si fume, fine
limestone, superplasticizer and carbon fibres. This study shows that the addi-
tions significantly influence the stiffness and mechanical strength development
of the hybrid. The shrinkage and creep behaviour of the hybrid was considerably
lower compared to the benchmark material.
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1 Introduction

The construction sector is considered a low innovative sector compared to other
industries [1]. Extrusion based 3D printing of construction elements can be a game-
changer in the construction industry. New architectural features can be realized as 3D
printing increases the freedom of movement [2, 3]. Further, 3D printing can offer
several environmental and economic advantages compared to the traditional con-
struction process. Using 3D printing can result in a decrease in construction errors,
costs and a faster construction process with reduced labour cost and safety risks [4].
Currently, over 50% of the construction costs are allocated to the fabrication of
formwork, which is not needed anymore when 3D printing.

The environmental aspect is, however, sometimes disputable. Ordinary Portland
Cement (OPC)-based 3D-printable mortars contain a significantly higher amount of OPC,
from 10% up to 22% or more, compared to conventional high-performance OPC-based
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mortars [5]. However, to produce 1 ton of OPC, around 0.8 ton of CO2 is emitted, which
implies that OPC is an environmentally unfriendly material [6, 7]. Research is performed
on the use of precursors, alternative to OPC, for 3D printed applications in an attempt to
reduce the environmental impact. Alkali-activated fly ash (FA) 3D printable mortars are
mostly reported in the literature, with mechanical properties comparable to the conven-
tional cast process [8]. Ground Granulated Blast Furnace Slag (GGBFS) can be introduced
in FA-basedmortars as well to increase the mechanical strength [9]. Apart from the use of
alternative precursors, several raw materials suitable for cementitious as well as alkali-
activated materials are used to obtain a 3D printable mixture. Silica fume can be intro-
duced to modify the mortar consistency in such a way that the desired yield stress and
viscosity of the mixture can be obtained and the extrusion and mechanical performance
are improved [9, 10]. Limestone can also be used to increase the number of interparticle
contacts in the mixture and to improve extrudability and buildability [11]. The amount
and type of superplasticizer (SP) are important as well, as it can influence the workability
and buildability of the mixture, while fibres can improve the buildability and can reduce
the shrinkage behaviour [12].

Apart from the use of GGBFS, other slags, which are not yet valorised to their full
potential, can be used as well as alternative precursors. In detail, slags that originate
from the Cu, Pb and Zn industry differ significantly, with respect to the chemistry, from
GGBFS. These slags contain a high amount of Fe and are mostly used as a filler or are
landfilled. Fe-rich slag can partially replace the OPC and can participate, after alkali-
activation, in the binder formation. The binder formed from an alkali-activated OPC
and Fe-rich slag blend is called a hybrid binder. The use of hybrid binders can reduce
CO2 emissions up to 80% compared to OPC-based binders, although numbers vary
[13, 14]. Despite the strong environmental drive, a number of properties for both the
fresh and hard hybrid mortar are not yet investigated.

In the work herein, different Fe-rich hybrid mortar formulations are produced which
are intended for 3D printing. The different hybrid formulations are obtained by mod-
ifying the amount of several raw materials that are important for 3D printing. These raw
materials comprise OPC, SP, silica fume, fine limestone and alkali-resistant carbon
fibres. The effect of these components on the early and late-age properties of the mortar
are investigated and compared to a commercially available OPC-based 3D printable
mortar. The investigated early-age property comprises stiffness, and late-age properties
are shrinkage, creep and flexural and compressive strength. A 1 M KOH activator is
used in the hybrid formulations to enable the Fe-rich slag participation in the binder,
without the loss of the SP effectiveness. Using an alkali-resistant SP is important to
obtain suitable rheology for printing and to reduce the amount of activator, which
impact the drying shrinkage.

2 Methodology

The precursors used in the mix formulation were CEMI 52.5 R (OPC) from CRH, an
Fe-rich slag, originating from the Cu and Pb metallurgical industry, and fly-ash class F
(FA) from Baumineral. The ultrafine materials comprise limestone (FL) powder
(BETOFILL, Euroment) and silica fume (SF) from Elkem (microsilica 920). C-fibres
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(CF) were introduced in the mixture as well. Quartz sand was used as aggregate. The
crystalline composition of the Fe-rich slag was analysed by X-Ray Diffraction (D2
Phaser XRD, Bruker) measuring 2theta angles from 5° to 70° at a voltage of 30 kV and
a current of 10 mA. The crystal phases and amorphous content were quantified on a
blend composed of the slag and 10 wt% of a standard, crystalline ZnO, after milling in
a McCrone micronizing mill while using hexane (>99% pure) and corundum beads as
the milling media. The XRD pattern showed that the Fe-rich slag amorphous content
ranged from 70 to 85 wt%, with wüstite (3–9 wt%), spinel (10–20 wt%) and quartz
(0.1–1 wt%) being identified as the crystalline phases. The chemical bulk composition
of the Fe-rich slag was determined by X-ray fluorescence (XRF, spectrometer PW
2400, Philips) and is shown in Table 1. The particle size distribution (PSD) of each raw
material was determined by laser diffraction in wet conditions (Beckman Coulter LS
13 320). The PSD of each raw material is given in Table 2 and shows that SF has the
smallest D50 (0.15 µm), followed by FL (5.7 µm), OPC (5.8 µm), Fe-rich slag
(8.4 µm), FA (12.9 µm) and sand (544.2 µm). The specific density of the raw materials
was measured by a pycnometer according to ASTM-B417-64 and is shown in Table 2.
The specific density is the largest for the Fe-rich slag (3.4 g/cm3), followed by the
OPC, FL, FA, sand and finally SF.

The precursors were alkali-activated with a 1 M KOH alkali solution. The 1 M
KOH solution was produced at least 24 h prior mixing, by dissolving KOH pellets
(98% pure, Sigma Aldrich) in tab water. To lower the liquid content, two additives, a
MasterGlenium 65 Con superplasticizer (SP) from BASF and bassanite (99% pure,
Sigma Aldrich), were used. Prior to the mortar preparation, the superplasticizer and
bassanite were introduced in the alkali solution and mixed for 30 s at low speed
(130 rpm). Afterwards, the precursors and ultrafine materials were gradually added for
1 min and mixed for another minute at low speed. When C-fibres were used, the fibres
were introduced during the paste preparation. Finally, the sand was added for 1 min to

Table 1. The bulk chemistry of the Fe-rich slag.

Element FeO SiO2 CaO Al2O3 Na2O MgO Other

Range (wt%) 35-46 20-31 11-21 2-7 0.5-2.5 0.5-2.5 2-7

Table 2. The density and the D10, D50 and D90 (µm) of each raw material.

Raw material D10 D50 D90 Specific density (g/cm3)

Fe-rich slag 1.6 8.4 47.1 3.4
FA 1.4 12.9 54.2 2.6
OPC 0.9 5.8 16.8 3.1
FL 1.0 5.7 16.8 2.7
SF 0.1 0.2 0.5 2.2
Sand 348.5 544.2 790.2 2.5
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the mixture and the blend was mixed for another min at high speed (220 rpm). In this
research, the amounts of CEMI 52.5 R (OPC), superplasticizer (SP), silica fume (SF),
fine limestone (FL) and C-fibres (CF) were modified, while the amount of sand, fly ash
(FA) and Fe-rich slag remained approximately constant for each formulation. The mix
composition and the bulk density of the hardened samples is shown in Table 3, in
which the benchmark corresponds to the commercial 3D printable mortar and M to the
hybrid mix developed herein.

For identifying the dynamic E-modulus in all mixtures, an ultrasonic pulse velocity
test (Type IP8, UltraTest) was employed, which continuously monitored the velocity of
P-waves through the sample. The fresh mortar was cast in a cylindric silicone mould,
with an emitter on one side emitting a P-wave every 10 s, and a receiver on the
opposite site measuring the time delay of the wave that travelled through the sample.
From this time delay, the dynamic E-modulus (E-mod) was calculated, with the for-
mula Edyn tð Þ ¼ k v tð Þ2q with k ¼ 0:876, which gives an indication for the stiffness. The
ultrasonic measurement was initiated 8 min after mixing and lasted up to 24 h.

The fresh mixtures were cast in 4 � 4 � 16 cm3 moulds and sealed for 24 h at
room temperature. Afterward, the samples were demoulded and exposed to 20 °C and
65% relative humidity for 28 days. Once demoulded, two metallic pins were placed on
the two long side faces of each sample and the initial distance was measured. At
specific times, the length difference or displacement was measured for each sample. In
this way, the effect of the mixture composition on the displacement behaviour can be
identified. Two samples of each mixture were subjected to a vertical load of 15 kN
after 9 days of curing to measure the total creep. 9 days of curing were necessary for the
samples to develop enough strength in order to apply a load on the samples. The load
was applied to the samples for 19 days and the deformation of the samples was
measured at specific times. From the measured total deformation, the shrinkage is
deducted and divided by the load stress (11.25 MPa) to obtain the specific creep. The 2,
7 and 28 days flexural and compressive strength of each sample were tested according
to EN 196-1. Two replicates were made for each mixture to investigate the variation in
displacement behaviour and mechanical strength.

Table 3. The investigated mixtures with its raw materials and bulk density.

Raw material Bulk density (kg/m3) OPC Slag + FA SF FL Sand Additives AS CF

Benchmark 2065 / / / / / / / /
M1 2160 145 742 77 77 1157 17 185 0
M2DSP 2225 145 744 77 77 1160 13 186 0
M3IFL 2264 141 724 75 141 1128 17 181 0
M4ISF 2262 140 720 140 75 1122 18 179 0
M5DOPC 2260 72 821 77 77 1158 16 185 0
M6ICF 2185 144 738 76 76 1150 19 184 9

6 G. Beersaerts et al.



3 Results and Discussion

The benchmark exhibited a steady increase in E-mod (Fig. 1) from the start of the
measurement. After 2 h, the gradient in E-mod changed, from a steady to an expo-
nential increase, which could be related to the hardening process of the material. At that
moment, a rigid network structure is formed due to the hydration process. M1 mea-
sured a slow increase in E-mod, which was insignificant during the first 2 h. In mixture
M1, the use of SP in excess could delay reactivity, as the SP is able to change the
surface interactions of the cement particles. The early-age E-mod development is
accelerated when the amount of OPC (M5DOPC) or the amount of SP (M2DSP) is
decreased. In both cases, the increase in E-mod can be explained by the decreased
effect of the SP. The SP is effective on the cement and ettringite surface area and when
the amount of SP decreased (M2DSP), the potential for particles to agglomerate is
increased [15] and less free water is available. When the amount of OPC decreased
(M5DOPC) less ettringite is formed, and consequently less surface area is available for
the SP to adsorb on. At a later age, from 8 h, the E-mod gradient is decreased, as less
OPC was available and thus fewer hydration reactions were taking place to contribute
to the binder formation. M2DSP shows at a later age an increase in the E-mod gradient
compared to M1 because less SP was available to delay the reactivity. Increasing the
amount of FL (M3IFL) did not influence the E-mod during the 1st h post mixing. After
1 h, however, the E-mod developed much faster compared to M1, following a similar
trend as the benchmark for 2 h long. Adding FL increased the specific surface area and
could act as nucleation sites. In this way, the precipitation process is accelerated and a
mixture of fines in between the coarser slag particles could result in the formation of a
stiffer initial network structure. The introduction of other fines, such as SF (M6ISF),
accelerated the E-mod development even faster, resulting in an early-age stiffness
increase comparable to the benchmark. The alkali solution could dissolve part of the SF
and could form an initial silicate network which increased the stiffness and decreased
the setting time [16]. The introduction of CF in the mixture (M6ICF) significantly
increased the E-mod, in particular at an early-age, which was higher compared to the
benchmark. Adding CF resulted in an entangled structure in the mixture, causing an
increase in stiffness.

The mixtures investigated in the current research exhibited a negative displacement,
which implies that the samples are shrinking (Fig. 2). The benchmark exhibited a
shrinkage up to 1180 µm/m after 28 days. This high shrinkage might be explained by the
lower sand fraction in the benchmark, resulting in a less aggregate supportedmatrix and a
higher binder content [17]. The hybrid samples demonstrated much lower shrinkage
values, ranging from 491 to 800 µm/m after 28 days. The hybrid samples evolved after 14
days to a plateau value, while the benchmark sample continued to shrink. M2DSP shows
an increase in shrinkage with 30% (645 µm/m) compared to M1. The latter can be
explained by the fact that SPs are generally known to reduce the shrinkage because they
decrease the surface tension in the pores [18]. When a SP is used, less water is needed to
cover the cement surface andmorewater is free. If more water is physically bonded on the
cement surface and, at a later age in the binder micropores, a higher capillary tension is
generated to evaporate the water. Consequently, decreasing the SP increased the
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shrinkage. M3IFL shows a shrinkage behaviour similar to M2DSP and is increased with
22% (594 µm/m) compared to M1. The increase in FL resulted in an increase in the
surface area that needs to be covered by water. In this way, smaller pores are formed in
whichwater is situated and consequently higher capillary tension is generated, resulting in
a higher shrinkage. M4ISF measured a slight increase in shrinkage of 11% and is con-
sidered not significant. Decreasing the amount of OPC (M5DOPC) did not significantly
influence the shrinkage behaviour (546 µm/m), compared to M1 (491 µm/m). The
introduction of CF to themixture (M6ICF) increased the shrinkagewith 51% compared to
M1, to a value of 744 µm/m. Depending on the amount and type of fibres, the fibre
addition can have a negative effect on the shrinkage. The introduction offibres can lead to
an inhomogeneous mixture which can affect the shrinkage behaviour. The effect of fibre
addition in hybrid binders should be investigated in the future.

Fig. 1. The E-mod development of all mixtures from min 8 to 12 h post mixing.

Fig. 2. The displacement of all investigated mixtures for 28 d long.
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The benchmark shows the highest deformation creep, up to −92(µm/m)/MPa at 28
days (Fig. 3). The hybrid mixtures evolved towards a plateau after 28 days, while the
benchmark continued to shrink. The hybrid samples show a creep which is higher for
the first 2 days compared to the benchmark. The difference in creep can be explained by
the higher paste to aggregate ratio in the benchmark. M1 shows the highest creep
(−60(µm/m)/MPa) for the hybrid samples followed by M5DOPC (−44(µm/m)/MPa).
In Fig. 3 it is visible that increasing the amount of FL and SF reduced the creep. M3IFL
and M4ISF show a similar creep (−34(µm/m)/MPa), which is decreased with 45%
compared to M1. Increasing the amount of fines or surface area improved the binder
resistance to deformation when subjected to a force. It is visible in Fig. 3 that the
introduction of CF reduced significantly (M6ICF) the creep at an early and late age.
Fibres in the sample resulted in the formation of a rigid monolith, more resistant to
deformation [19]. M2DSP shows a similar creep behaviour as M6ICF, implying that a
decrease in SP resulted in a stronger binder, less subjected to deformation.

The 2, 7 and 28 days flexural strength of all samples are presented in Fig. 4a and
show that the benchmark has a significant strength increase between 2 and 7 days
(8.6 MPa). M1 shows a 28 days flexural strength of 4.9 MPa, which is almost half of
the benchmark. Decreasing the SP (M2DSP) increased the flexural strength with 48%,
due to the increased reactivity. Increasing the amount of FL (M3IFL) or SF (M4ISF) in
the mixture increased the 2, 7 and 28 days flexural strength, with a 28 days increase of
65% and 44%, respectively. M5DOPC measured a lower flexural strength compared to
M1, as less OPC is available to develop a strong binder. M6ICF obtained the highest
flexural strength, and compared to M1, a 2, 7 and 28 days flexural strength increase of
51%, 71% and 83%, correspondingly. These results state that fibres increased the
flexural strength properties of hybrid samples. The benchmark has the highest 2 days
compressive strength (29.5 MPa) compared to all other hybrid samples (Fig. 4b).
Decreasing the SP increased the 2, 7 and 28 days compressive strength properties,
compared to M1, by 22%, 28% and 31%, respectively. Increasing the amount of FL
(M3IFL) and SF (M4ISF) improved the 2, 7 and 28 days compressive strength by

Fig. 3. The specific creep from day 9 till day 28 for all mixtures.
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around 40%. The addition of fines offered additional nucleation sites and improved the
interparticle filling leading to reduced number of pores and improved mechanical
properties [20, 21]. Decreasing the amount of OPC, resulted in a decrease in com-
pressive strength with 25% (M5DOPC). The introduction of CF improved the 2, 7, and
28 days compressive strength with 44%, 50% and 63%, respectively.

4 Conclusion

In the current research, the early and late-age properties of different hybrid mortars,
originating from alkali-activated Fe-rich slag were investigated and compared with a
commercial 3D printable OPC-based mixture. The proportion of several raw materials in
the hybrid mixture, which are important to improve the printing process, was the main
experimental parameter in this study. The early-age stiffness of the commercial mixture
outperformed the hybrid mixture developed herein. The shrinkage and creep of the
commercial 3D printable mixture, however, was consistently higher compared to the
hybrid one. The rate in dynamic E-modulus development was increased when decreasing
the amount of superplasticizer. The decrease in superplasticizer had an important effect on

Fig. 4. (a) Shows the flexural strength, and (b) shows the compressive strength of each mixture
at 2, 7 and 28 days.
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the late-age properties, as it increased the shrinkage with 30%, decreased the creep with
45% and increased the flexural and compressive strength with 48% and 31%, respec-
tively. The increase in silica fume resulted in a hybridmixture with an early-age structural
build-up. Fine limestone and silica fume offered more precipitation sites to develop a
stronger binder which resulted in an increase in flexural and compressive strength of
around 40% and a decrease in creep of 45% for both. The amount of OPC in the hybrid
mixtures can influence the effectiveness of the superplasticizer andmechanical properties.
Decreasing the amount of OPC resulted in a decreased plasticizing effect and conse-
quently an earlier dynamic E-modulus development. However, when less cement was
available, a weaker binder was formed which negatively affected the mechanical prop-
erties. The addition of carbon fibres resulted in the development of a high early-age
dynamic E-modulus. Carbon fibres significantly increased the flexural and compressive
strength, by 83% and 63%, respectively, and decreased the creep by 45%. Carbon fibres
seemed to increase the shrinkage, a behaviour that should be further investigated. This
study demonstrated that hybrid binders, originating mainly from Fe-rich slags, reached
suitable late-age properties, although the early-age properties still can be improved.
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