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Abstract

Additive manufacturing (AM), also referred as 3D printing, is a technology that enables building automated three-dimensional 

objects in a layer-by-layer manner. AM of cement-based and alkali-activated composites has gathered attention over the last 

decade and is one of the most rapidly developing civil engineering fields. Development of proper mixture compositions which 

are suitable in fresh and hardened state is one of the key challenges of AM technology in construction. As the behaviour 

of cement-based materials (CBM) and alkali-activated materials (AAM) is determined by chemical and physical processes 

at the nano-level, incorporation of nano- and micro-sized admixtures has great influence on the performance of printable 

composites. These modifications are attributed to the unique reactivity of nanoparticles associated with their small size and 

large surface area. This review paper summarizes recent developments in the application of nano- and micro-particles on 

3D printable cementitious composites and how they influence the performance of 3D-printed construction materials. The 

research progress on nano-engineered CBM and AAM is reviewed from the view of fresh and hardened properties. Moreover, 

comparison between nano- and micro-sized admixtures including nanosilica, graphene-based materials, and clay nanoparti-

cles as well as chemical admixtures such as viscosity-modifying admixtures and superplasticizers is presented. Finally, the 

existing problems in current research and future perspectives are summarized. This review provides useful recommendations 

toward the significant influence of nano- and micro-sized admixtures on the performance of 3D printable CBMs.
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Introduction

The construction sector has one of the slowest automatiza-

tion rates compared to other industries. Due to simplicity of 

the building techniques as well as low automatization level, 

civil engineering is a sector of the economy characterized by 

high volatility of working conditions, which are a source of 

many threats to the worker’s life and health and contribute 

to high accident rates. Therefore, various methods includ-

ing introduction of constructing systems or automatization 

are sought to speed-up the construction process as well as 

increase the safety of the workers.

Additive manufacturing (AM), also referred to as 3D 

printing, is a technology that enables building physical 

components of a three-dimensional object in a layer-by-layer 

manner. In recent years, it is one of the most rapidly develop-

ing fields in civil engineering and is considered one of the 

key pillars of the Industry 4.0 concept (Prinsloo et al. 2019). 

With AM, an innovative digital manufacturing technology is 

now available that enables freedom in concrete manufactur-

ing with an efficient use of materials. There is a global need 

to increase production of homes and to achieve the required 

outputs, the industry needs to leverage technology more 

so than ever before. Much of this will be achieved through 

utilizing Modern Methods of Construction, i.e. 3D-printed 

pre-fabricated building blocks (Ghaffar and Mullett 2018; 

Ghaffar et al. 2018; Ghaffar et al. 2020).

3D printing started being developed in the biomedical and 

industrial manufactory sector in the mid-1980s and adopted 

during the 1990s in the construction industry through the 

“Contour Crafting” and “Selective aggregation” printing 

methods to later develop in the twenty-first century “Free-

form construction” or “Concrete Printing” technology (Khan 

et al. 2020). Among digital fabrication methods: extrusion, 

formwork printing, temporary supports, slip-forming and 

particle bed fusion techniques can be distinguished (Wangler 

et al. 2019). Figure 1 shows the rise in AM for construction 

between the years 1997 and 2018, showing that the tendency 

and complexity of 3D-printed designs continuous to increase 

throughout the years.

AM technology has a manifold of benefits, when com-

pared to conventional concrete construction projects. First, 

this technology offers new structural possibilities, which 

cannot be achieved with a conventional construction pro-

cess (Pacewicz et al. 2018; Hoffmann et al. 2020). Due to 

unprecedented architectural freedom, advanced structures 

without increasing the costs or decreasing productivity due 

to the complexity of the design can be produced (Labon-

note and Rüther 2017). In addition, since 3D printing is 

formwork-free and because project times are short due to 

the continuous work of the printer and less labour force 

required, a dramatic reduction in project costs can be 

achieved as a result (García de Soto et al. 2018; Paul et al. 

2018; Valente et al. 2019). Moreover, 3D printing was found 

to reduce the construction wastes production (Zhang et al. 

2019).

Although concrete printing technology has seen 

remarkable development in recent years, there is still a 

strong need to develop a proper 3D printing material with 

improved performance along with decreasing the mate-

rial consumption, which is of high importance for the 

 CO2 reduction (Rahul et al. 2019b). One of the materi-

als which can significantly change the performance of 

3D-printed composites are nanomaterials (NMs). As the 

behaviour of cement-based materials (CBM) and alkali-

activated (AAM) materials is influenced by chemical and 

physical processes at the nano-level, the incorporation of 

nanoparticles has remarkable effects on the performance 

of printable composites. These modifications are attrib-

uted to the nanoparticles’ unique reactivity and physical 

effects associated with their small and large surface areas 

(Ma and Wang 2018; Krivenko et al. 2019). In the case 

of ordinary concretes, the majority of research attention 

has been paid to modification and evaluation of the hard-

ened properties of cementitious composites. However, 

research related to the fresh properties of cementitious 

composites modified with NMs, indicates that these 

materials might be extremely suitable for 3D printing 

concrete (3DPC) applications. NMs enable the precise 

control of the fresh state characteristics of composites 

by modifying the rheological behaviour of materials 

(inducing the thixotropy behaviour), which are crucial 

for the composite printing process. Enhanced interlayer 

bonding, layers shape stability and thus the final prop-

erties of the composite are subsequently affected. The 

Fig. 1  The rise in large-scale additive manufacturing for construc-

tion applications since the concept inception in 1997. Reprinted from 

Buswell et al. (2018)
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advantage of NMs over conventional admixtures lies in 

the fact that even a small amount of NMs have a spec-

tacular impact on the properties of fresh blends. At early 

age, the cement paste behaves as a low concentration sus-

pension with lubrication provided by the free water. As 

the hydration progresses, the points of contact between 

the particles increase along with decrement of available 

free water. This results in the reduction of the lubrica-

tion between particles provided by the water (Wang et al 

2014). Selected NMs can act as the nucleation seeds for 

the hydration reaction of the cement, which results in 

earlier formation of hydration products (e.g. C–S–H), 

which increases the number of solid–solid contacts. This 

in turn affects the thixotropic properties of the mixture 

(Land and Stephan 2012; Sikora et al. 2020b). In con-

trary, when inert NMs are used, the effect of paste rhe-

ology is mainly attributed to the ultra-fine particle size 

and consequently, the competing effects between packing 

behaviour and interparticle forces (Wang et al. 2014). 

NMs could be viable solutions to be incorporated into 

3DPC as the production costs of nanoparticles has been 

significantly decreased over years with commercially 

available products dedicated for construction industry 

(Charitidis et al. 2014; Jones et al. 2019; Ivanov et al. 

2020).

Although the effects of NMs on the properties of con-

ventional concretes are widely established, they cannot be 

directly transferred to materials used in AM technology, 

this is due to differences between the mixture composition 

of printable cementitious composite and conventional one. 

Therefore, there is a strong research need to understand the 

effects of nano- as well as micro-particles on the properties 

of printable mixtures. To date, many valuable review papers 

have been published (Buswell et al. 2018; Ma and Wang 

2018; Hamidi and Aslani 2019; Lu et al. 2019; Valente et al. 

2019; Wangler et al. 2019; Zhang et al. 2019; Mechtcherine 

et al. 2020); however, most of them deal with the topics of 

production steps, technological aspects of printing, testing 

methods, general mixture design requirements as well as 

underlying physics. To the best of author’s knowledge, the 

latest state-of-art related to the potential of nanosized admix-

tures is not available in the literature.

The objective of this paper is therefore, to summarize 

recent developments in the application of nano- and micro-

particles on 3D printable cementitious composites and how 

they influence the performance of 3D-printed construction 

materials. The research progress on nano-engineered CBMs 

and AAMs is reviewed from the view of fresh and hardened 

properties. Moreover, comparison between nano- and micro-

sized admixtures as well as chemical admixtures such as 

VMAs and SP is presented. Finally, the existing problems in 

current research future perspectives are presented.

Basic principles of 3D-printed concrete

Concrete used for 3D printing can be considered as a fila-

ment/ink material for 3D printed and has to fulfil certain 

requirements to be suitable for extrusion through a pipe-

pump-nozzle system. Three different extrusion-based print-

ing regimes have been proposed in the literature (Albar et al. 

2020): (1) conventional extrusion in which the filament and 

nozzle have the same cross-section dimensions. This method 

is generally used for the printing of ultra-stiff materials. (2) 

Free-flow extrusion, which refers to the extrusion of flow-

able material without using external forces. In this method, 

the material flows freely from the nozzle using only grav-

ity energy. It should be noted that material flows until the 

stress generated by the gravity and shear yield stress of the 

printable materials reaches the equilibrium state. (3) Utiliza-

tion of non-equal filament/nozzle cross-section dimensions 

coupled with external input forces such as vibration, enables 

stiff materials to be printed and appropriately deposited. The 

non-equality of filament/nozzle size, i.e. lower dimension 

of nozzle comparing to the filament size, induces the shear 

localization of materials in the nozzle, leading to printing 

of fluctuated material (Roussel 2018; Mechtcherine et al. 

2020). In addition, determination of the suitable mixture 

design using available high-quality cementitious materials 

is crucial when considering a mixture to be 3D printed, since 

due to overgoing cement hydration process concrete exhibits 

its fresh (plastic) properties up to a certain point afterwards 

the stiffening process occurs, which leads to hardening of the 

concrete. Since concrete has to be stable and withstand the 

subsequent layers being deposited, its mixture composition 

and fresh behaviour have to be different to that of conven-

tional concrete.

Fresh properties of 3D printable mixtures

The qualitative descriptors of the 3D printable concrete 

are pumpability, extrudability, workability, open time and 

buildability.

Pumpability can be defined as the capacity of a con-

crete specimen to be mobilized under pressure meanwhile 

maintaining the initial properties (Jolin et al. 2009). The 

pumpability index is generally tested through the classical 

slump test and slump flow test (Khan 2020). In other studies, 

pumpability has been quantified through tribometer testing, 

a sliding pipe rheometer, and a viscometer (Mechtcherine 

et al. 2014; Secrieru et al. 2017). The results of these par-

ticular tests have to be culminated to fully understand the 

phenomena of pumpability.

Extrudability is the ability of concrete to be continuously 

printed through the nozzle (Malaeb et al. 2019) and has been 

measured with a ram extruder (Figueiredo et al. 2019), by 
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visual observation (Rahul et al. 2019a), through a 4.45 KN 

servo-controlled MTS machine (Alghamdi et al. 2019) and 

using other unregulated tests for this property (Chen et al. 

2020b). Visual observation can be an initial approach, yet it 

has a significant probability of human error. These tests have 

not proven to be the most precise and reliable alternatives 

to test extrudability in 3D-printed concrete (3DPC) without 

appropriate standards and guidelines.

To determine the workability of a mixture in 3D print-

ing, open time is an important aspect to consider. Open 

time corresponds to the time the mix is dispensed through 

the nozzle without stopping or clogging (Jo et al. 2020). 

Workability in 3DPC has been tested through a rotational 

rheometer, Vicat method, and flow table (Papachristoforou 

et al. 2018). Papachristoforou et al. (2018) have remarked 

the inconsistency in the results of workability when using 

the Vicat method.

Buildability is the ability of the printed concrete layers 

to support the subsequent layers on top without buckling 

(Malaeb et al. 2019). For buildability, as there is not a 

standardized test procedure, research groups have pre-

sented various testing methods. Several consist of non-

validated methods and are unrelated to experimental work. 

However, others reported contrasting testing conditions 

(Mechtcherine et al. 2020). Mechtcherine et al. (2020) 

reported the usage of ram extruders, triaxial compression 

tests, a rotational rheometer, and unconfined material com-

pression to quantify buildability in 3DPC.

A concrete mix with high-static yield stress and low-

dynamic yield stress of concrete is desired. The discrep-

ancy between dynamic and static yield stress is related to 

thixotropy, thus the 3D printable concrete requires high 

thixotropic behaviour (Lu et al. 2019). Thixotropy is a 

time-dependent phenomenon and can be briefly charac-

terized as fluidification of the material under (high) shear 

and stiffening at rest (or at low shear rates) (Wallevik 

et al. 2015). In addition, shorter setting time and higher 

early strength to that of conventional concrete is required 

(Zhang et al. 2019). An example of desired properties 

towards theoretical good printing is presented in Fig. 2, 

where the optimum pumpability involves high-yield stress 

and a plastic viscosity on the lower side of the spectrum. 

It can also be observed that segregation in 3DPC is related 

to a very low plastic viscosity, therefore, there is a limit 

on the minimum value of plastic viscosity to achieve a 

stable 3D printable mixture.

Hardened properties and microstructural 
characteristics

Various final (hardened) properties such as layer adhesion, 

bulk density, mechanical properties, shrinkage and durabil-

ity are the factors which should be taken into account when 

designing a mixture for 3D printing (Buswell et al. 2018). 

Most of these parameters are highly dependent on the mix-

ture composition as well as the printing process.

Since 3D printable mixture requires high content of fine 

particles in the composition and hydration process is in open 

atmosphere due to the lack of formwork, moisture loss can 

occur, which could increase shrinkage and cracking of the 

structure (Wangler et al. 2019; Federowicz et al. 2020). 

These conditions where curing is not optimum can result 

in an increment of cracking in such mixtures, increasing the 

water penetration and aggressive chemicals, deteriorating 

the cement paste, and therefore, reducing the life span of the 

structure (Kaszynska and Zielinski 2015).

Among the microstructural characteristics, pore volume 

and distribution are essential to understand the behaviour 

of 3D printing concrete, especially in the interlayer bond, 

which has been characterized as one of the weakest sections 

in printed elements (Buswell et al. 2018; Nerella et al. 2019). 

Van der Putten et al. (2019) have reported that 3D-printed 

concrete possesses many flat and elongated pores, espe-

cially in the inter-layer transition zone. Similarly, Lee et al. 

(2019) have reported slightly increased porosity in the inter-

layer zones of 3D-printed specimens, although they did not 

find pore volume to be directly correlated with the tensile 

strength of specimens.

Design formulations for 3D printable cementitious 
composites

Various quantities of fine aggregates and chemical admix-

tures are required to produce concrete, depending on the 

strength category of concrete desired e.g. traditional 

concrete, ultra-high-performance concrete (UHPC) or 

3D-printed concrete. An example of raw material propor-

tions of traditional concrete, UHPC and 3D-printed concrete 

Fig. 2  Schematic diagram of the relationship between different com-

binations of yield stress and plastic viscosity in relation to concrete 

printing properties. Reprinted from Lu et al. (2019) with permission 

of Elsevier, 2019
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mixtures is presented in Fig. 3. Three cement-based mixtures 

selected to be printed (3DPC): mixture 1 (Le et al. 2012b), 

mixture 2 (Nerella and Mechtcherine 2019) and mixture 3 

(Rahul et al. 2019a) and one (mixture 6) multi-binder geo-

polymer (Chougan et al. 2020a) were analyzed. Mixture 4 

(Graybeal 2006) is an UHPC and mixture 5 (Neville and 

Brooks 2010) is a traditional concrete mixture without any 

additives (CC). Widely used supplementary binders such 

as fly ash and silica fume were selected in the mixtures to 

compare representative specimens.

One of the most significant differences between 3DPC 

and conventional concrete is the addition of coarse aggre-

gates on the traditional mixtures. Coarse aggregates are 

not printable in a general basis and not used or used in a 

small portion in UHPC. Studies have shown that the addi-

tion of coarse aggregate in the ratio of 0.33–1.00 of coarse 

aggregate over fine aggregate reduces strength between 0 

to 7% and the slump flow up to 55%, affecting workability; 

although the addition of coarse aggregate in a ratio lower 

than 0.5 improves the economy of the mix as compressive 

strength and workability is not strongly affected (Sobuz 

et al. 2016).

Another significant difference between these categories 

of concrete is the amount of cement used. Conventional 

concrete is the one that utilizes less cement in the three 

categories mentioned and that has a lower binder percent-

age, as well as a lower amount of the fine aggregates and 

admixtures.

Additional binders and admixtures are commonly used 

in 3DPC to modify the thixotropy of the mixture, which 

improve the properties of extrudability, pumpability and 

buildability. Moreover, supplementary cementitious mate-

rials (SCMs) such as silica fume or limestone powder are 

used to modify the rheological properties of mixtures 

along with decreasing the cement content in the mixtures 

(Ma et al. 2018; Skibicki et al. 2020). Additionally, nano-

materials have gathered particular attention due to their 

unique physical properties as well as significant chemical 

reactivity, which is the result of their ultra-fine size and 

high-specific surface area (Sikora et al. 2018). As such, 

even a small dosage can substantially affect both the fresh 

and hardened properties of printable composites.

Depending on the type of NM used, various phenomena 

are responsible for altering the cementitious composites’ 

properties. NMs can act as the nucleation seeds for the 

hydration reaction of the cement which results in earlier 

formation of the C–S–H phase and, in turn, substantial 

effect on the thixotropic properties and strength evolu-

tion of composites (Land and Stephan 2012; Sikora et al. 

2020b). Through the pozzolanic reaction of nanomate-

rials (i.e. silica nanoparticles) with calcium hydroxide 

(CH), the amount of calcium silicate hydrate (C–S–H) gel 

increases, which in turn affects the strength and durability 

of composite (Skoczylas and Rucińska 2018). Moreover, 

nanosized particles fill the voids in the cement matrix, 

decreasing paste porosity and refining the pore structure 

Fig. 3  Mixture composition in percentage of mass for conventional concrete (CC), ultra-high-performance concrete (UHPC), 3D-printed 

cement-based concretes (3DPC) and multi-binder geopolymer (3DGP)
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(Sikora et al. 2020a) and lead to the bridging and block-

ing effect which improve the toughness of the composites 

(Chougan et al. 2020b).

Table 1 presents the summary of recent studies related 

to the incorporation of NMs to 3D printable composites.

E�ects of nano- and micro-sized particles

Silicon-based, graphene-based, and clay 
nanoparticles: fresh properties

Cementitious mixtures being implemented in 3D printing 

processes should be flowable enough to be pumped and 

extruded through a hose/nozzle, as well as gain sufficient 

strength and stiffness to retain its shape after layer-by-layer 

deposition of printed material (Tay et al. 2019; Albar et al. 

2020). Therefore, the impact on rheology and the workabil-

ity of cementitious materials in a fresh state is a crucial fac-

tor that should be considered when choosing additives.

Silica nanoparticles  (SiO2), or nanosilica (NS), are one 

of the most popular admixtures used in the modification of 

conventional concretes. This effect is attributed to their sig-

nificant chemical and physical interactions occurring during 

cement hydration process such as: pozzolanic activity, nucle-

ating and nano-filling effect resulting in earlier formation of 

C–S–H phase and, in turn, a substantial effect on the thixo-

tropic properties and early strength development of pastes. 

The quantity of NS used in studies varies from 0.5 to 3% by 

mass of cement (Sonebi et al. 2015; Kruger et al. 2019b; 

Mendoza Reales et al. 2019). The addition of NS increases 

the flocculation rate and improves the material’s buildability 

(Kruger et al. 2019b) when increasing the structural build-

up of the material, due to its nanometric scale and chemical 

nature (Mendoza Reales et al. 2019). Thus, NS was found 

to have a significant effect to be used as a thickening agent. 

Study conducted by Mendoza Reales et al. (2019) showed 

that NS is extremely effective in increasing the static yield 

stress as well as the rate of thixotropic build-up in the 3D 

printable Portland cement pastes (Fig. 4c).

In the study of Kruger et al. (2019b), the effects of 1, 2, 3 

wt% of NS was evaluated on the rheological properties of 3D 

printable concretes. Study confirmed that NS increases the 

reflocculation rate. The highest rate of 8 Pa/s was achieved 

with addition of 1 wt% of NS. In contrast, higher dosages of 

NS were found to significantly lower re-flocculation rates, 

thus resulting in negative influence on thixotropic behav-

iour. In addition, the extensive dosage of NS resulted in sig-

nificant increment in the long term dynamic shear stress, 

thus mixture with 3 wt% of NS was suitable for 3D printing 

at the 40-min time interval (Fig. 5). In the work of Cho 

et al. (2020), positive effect of 2 wt% of NS was observed 

Table 1  Nanoclay, graphene-based materials and nanosilica additions in printable mixtures

Type of NM Specification Quantities Optimum Effect References

Nanoclay Highly purified attapulg-

ite nanoclay

0–0.1–0.3–0.5% by mass 

of binder

0.5% by mass of binder Increment in cohe-

sion and static yield 

strength

Qian et al. (2019)

Highly purified magne-

sium alumino silicate 

clay

0–3% by mass of cement 0.5–1% by mass of 

cement

Facilitates re-floccu-

lation and improves 

the thixotropy of the 

mixture

Quanji et al. (2014)

Nano-attapulgite clay 0.1–0.5% by mass of 

binder

0.5% by mass of binder Increment of the static 

yield stress without 

significantly affecting 

the apparent viscosity

Panda et al. (2019c)

Hydrophilic bentonite 

nanoclay

0.5–1% by mass of 

solids

– Thickening effect, incre-

ment in the static yield 

strength

Mendoza Reales et al. 

(2019)

Nanosilica – 0.5–1% by mass of 

solids

– Increment in the veloc-

ity of the structural 

build-up of the paste

Mendoza Reales et al. 

(2019)

– 0.5–2-3.5% by mass of 

cement

3.5% by mass of cement Reduction of plastic 

shrinkage

Sonebi et al. (2015)

– 1, 2, 3% by mass of 

cement

1% by mass of cement Increment in the re-

flocculation rate

Kruger et al. (2019b)

Graphene-

based 

materials

Nano graphite platelets 

(NGPs)

0.1–1.0% by mass of 

binder

1.0% by mass of binder Efficient rheology 

modification agent and 

improves the mechani-

cal performance

Chougan et al. (2020a)
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for optimizing the rheological and structural properties of 

a printable mixture. Thus, the buildability of lightweight 

foamed printable concrete was improved.

Another group of materials, are clay nanoparticles which 

have shown great potentials for 3D printing mix modifica-

tions. Similar to NS, clay nanoparticles are known to work 

effectively as a thickening agent that can be attributed to 

flocculation of the clay particles, their high water adsorption, 

or a possible interaction between the clays and ettringite 

(Mendoza Reales et al. 2019). In 3DPC, clay is frequently 

used in the form of micro-particles and nanoclay to alter the 

rheological behaviour and structural build-up. Various types 

of clay are used, which have diverse impacts on the proper-

ties, such as purified magnesium aluminosilicate, metakao-

lin, kaolinite, illite, among others. (Voigt et al. 2010; Gao 

et al. 2012). The quantity of micro-particles of clay used 

in studies varies up to 0.24% by mass of binder (Gao et al. 

2012; Chen et al. 2020b) and nanoclay percentages varies 

between 0.3 to 4.5% by mass of binder (Quanji et al. 2014; 

Marchon et al. 2018; Qian et al. 2019; Panda et al. 2019b, 

2020).

The addition of nanoclay, in general, increases the thixo-

tropic behaviour (Quanji et al. 2014) due to the flocculation 

Fig. 4  Static yield stress versus different resting time and linear fits 

for pastes containing a nanoclay, b metakaolin, c nanosilica and d 

silica fume used as a cement replacements of 3D printable cement 

pastes. Reprinted from Mendoza Reales et al. (2019) with permission 

from Elsevier, 2019

Fig. 5  Dynamic shear stress versus resting time gap depending on 

nanosilica (NS) content.  Reproduced from Kruger et al. (2019b) with 

permission from Elsevier, 2019
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effect (Marchon et al. 2018; Panda et al. 2019b, 2020). 

Several researchers have reported optimum quantities of 

nanoclay that improve thixotropy, such as 0.5–1% (Quanji 

et al. 2014) and 0.5% of the mass of cement (Qian et al. 

2019). However, the incorporation of a quantity higher than 

1.3% of the mass of cement decreases the rate of thixotropy 

(Quanji et al. 2014). Nanoclay improves fresh stage stiff-

ening, due to its effect in the acceleration of the building 

kinetics and the increase of the static yield stress (Marchon 

et al. 2018; Mendoza Reales et al. 2019) (Fig. 4a). Accord-

ing to Qian et al. (2019), cohesion and static yield stress 

increases with increasing nanoclay addition to the mixture. 

Among some possible mechanisms, nanoclay strengthens 

the fresh microstructure by a filling effect and interparticle 

linkage. In the work of Zhu et al. (2019), 0.5 wt% attapulg-

ite nanoclay (ANC) was used as a thixotropy improving 

admixture in ultra-high tensile ductile engineered cementi-

tious composites. The study confirmed its beneficial effect 

on the printability. Similarly in Rubio et al. (2017) study, it 

was confirmed that even low dosage of nanoclay (0.1 wt%) 

has beneficial effect on increasing the suspension viscosity 

and flocculation, thus improving structural stability, facili-

tating better extrusion and a longer open time. Panda et al. 

(2019c) also evaluated the effects of low dosage of ANC 

(0.1–0.5 wt%) on the properties of high volume fly ash print-

able mixtures. Study showed that nanoclay increased the 

static yield stress of printable mortars without significantly 

affecting the apparent viscosity, due to particle re-floccula-

tion and enhanced thixotropy. Incorporation of 0.5 wt% of 

nanoclay increased viscosity recovery as well as improving 

the structural build-up at different resting times and shear 

rates. High-yield stress led to improving the buildability and 

decreasing the deformation of the mortar during the printing 

process (see Fig. 6).

Silicon carbide (SiC) nanoparticles were also proposed as 

a potential thixotropy improving agents in the 3D printable 

concretes. Kruger et al. (2019a) performed the comparative 

study between the effects of 1, 2 and 3 wt% of silica and 

SiC nanoparticles on the fresh properties of 3D-printed con-

cretes. Study showed distinct differences between the perfor-

mance of SiC and nanosilica. Due to significant discrepancy 

between surface area ratios of nanosilica and SiC (i.e. 16:1), 

clear differences in rheological effects were observed. SiC 

nanoparticles had significant effect on improving thixotropic 

behaviour of concrete, while, nanosilica noticeably affected 

the static yield shear stress. In addition, higher dosages of 

nanosilica (2 and 3 wt%) led to an extremely stiff mix, that 

is not suitable for printing.

Several types of graphene derivatives including, graphene 

nanoplatelets (GNPs), nano-graphite platelets (NGPs), gra-

phene oxide (GO), reduced graphene oxide (rGO), as well 

as carbon nanotubes (CNTs) are introduced as relatively 

novel and advanced inclusions in cementitious composites. 

Graphene-based materials (GBMs) are characterized by their 

high tensile strength (~ 130 GPa) and elastic modulus (~ 1 

TPa), as well as their rheology modification nature (thix-

otropy), which makes them a suitable candidate for incor-

poration in cementitious composites (Soldano et al. 2010; 

Alkhateb et al. 2013). Graphene-reinforced cementitious 

composites are made by adding and mixing discontinuous 

randomly distributed graphene particles within a cementi-

tious composite mixture. It has been established that the use 

of GBMs within cementitious composites has many ben-

efits, including improved fresh and mechanical properties 

(Shang et al. 2015). Due to the newly emerging nature of 

AM, limited amounts of studies have been conducted on 

the utilization of GBMs reinforcement in 3D printable mix-

tures. Therefore, this section will explore the relevant avail-

able literature surrounding GBMs-reinforced cementitious 

Fig. 6  Buildability of the control (left) and 0.5 wt% nanoclay incorporated (right) printable mortars.  Reproduced from Panda et al. (2019c) with 

permission of Elsevier, 2019
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composites, both traditionally casted and printed, to gauge 

the potential benefits these reinforcement materials can have 

on the fresh properties of a cementitious mixture. It is well 

accepted that the fresh properties of GBM-modified cemen-

titious composites are highly dependent on the dosage, the 

number of wrinkles on the particle’s surface, oxygen content 

and the dimension of GBMs (Chougan et al. 2019). The 

presence of GBM particles within the cementitious compos-

ites in one hand can induce the lubrication effect in specific 

dosages, which decreases the rheology values (Zhu et al. 

2012). However, on the other hand, the super water sorb-

ent nature of these particles consume the mixes’ moisture, 

leading to the increased rheology values such as yield shear 

stress, plastic viscosity and apparent viscosity (Pan et al. 

2015; Jing et al. 2017). Chougan et al. (2019) confirmed that 

in the case of sample modified with the large-sized GNPs 

(i.e. average lateral size: 30 µm) in special dosages, the lubri-

cation effect dominated over the thickening effect, resulting 

in the decreased rheology values.

During the 3D printing process, it is desirable to have 

a cohesive mixture that demonstrates sufficient rheology 

values to obtain a stable structure with minimum deforma-

tion while maintaining its extrusion performance. Chougan 

et al. (2020a) investigated the effects of different volume 

fractions of nano-graphite particles (i.e. 0.1–1.0% by the 

weight of binder) on the multi-binder [i.e. fly ash (FA), 

ground granulated blast furnace slag (GGBS), and silica 

fume (SF)] printable geopolymer properties. The results of 

this study indicate that the inclusion of nano-graphite parti-

cles improved the geopolymers fresh properties by inducing 

shear-thickening effect in specific dosages (i.e. 0.3 wt% and 

1.0 wt%) compared to the control mix. The most remarkable 

improvements on rheology parameters including, yield shear 

stress (i.e. 96%) and plastic viscosity (i.e. 56%), were exhib-

ited for those composites loaded with 1.0% nano-graphite 

(Chougan et al. 2020a). Aligned with the findings above, 

Zhong et  al. (2017) also reported that shear-thickening 

behaviour is needed to print geopolymer inks. The results 

indicated that the incorporation of GO particles improves 

the geopolymer’s rheology performance, which enables the 

geopolymer mixture to be extruded smoothly while retaining 

its shape after printing. For instance, as highlighted in Fig. 7, 

at the constant stress of 50 Pa, which is generally experi-

enced during the actual 3D printing process, the addition of 

4.59 vol% of GO increases the loss and storage modulus to 

1.5 ×  104 Pa and 1.0 ×  105 Pa, respectively, which are consid-

erably higher (by 100–200%) than those values registered for 

the control sample. However, due to the lubrication behavior, 

the inclusion of higher dosages of GO particles (i.e. 5.66 

vol%) decreased the corresponded rheology parameters (Zhu 

et al. 2012; Zhong et al. 2017). In another study, Zhou et al. 

(2020) investigated the effects of GO lateral size on the fresh 

property performance of 3D-printed geopolymer inks. The 

outcomes of this study (see Fig. 7) showed that the rheology 

of the cementitious composites is drastically related to the 

GO particle’s dimension in which the addition of large-size 

GO particles increased the storage and loss modulus com-

pared to that of small-size GO particles and neat geopolymer 

(Zhou et al. 2020).

Silicon-based, graphene-based, and clay 
nanoparticles: hardened properties

Despite relatively well-recognized effects of nanosized 

admixtures on the fresh properties of 3D-printed cementi-

tious composites the data related to the hardened properties 

is relatively limited. Since nanomaterials have significant 

effects on acceleration of the hydration process and faster 

formation of the “strength-giving” phases, incorporation 

of nanomaterials seems to be an attractive solution toward 

Fig. 7  Rheology properties, i.e. shear modulus vs. shear stress. of the GO/geopolymer ink, a Zhong et al. (2017), b Zhou et al. (2020).  Repro-

duced with permission from Elsevier
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improving the early strength development of printable com-

posites. In the work Kruger et al. (2019a) the effects of 1, 2 

and 3 wt% of NC and SiC nanoparticles on the mechanical 

properties of 3D-printed concrete were evaluated. Signifi-

cant improvement of the early compressive (Fig. 8) and flex-

ural (Fig. 9) strengths were reported in concrete containing 

nanosilica, while in case of SiC-incorporated specimens, 

early strength development remained slightly hindered. 

Incorporation of 1 wt% of nanosilica resulted in improve-

ment of compressive and flexural strength by 88% and 82% 

(respectively), when compared to control specimen. Moreo-

ver, addition of both nanomaterials resulted in improvement 

of interlayer bond strength (IBS). Similarly Cho et al. (2020) 

reported that 2 wt% of NC had significant effects on increas-

ing flexural strength, compressive strength and E-modulus 

in the lightweight printable foamed concretes.

Study on the compressive strength of the high-volume fly 

ash printable mortars modified with 0.5 wt% nano attapulg-

ite clay confirms noticeable effect on the 28 days compres-

sive strength (Panda et al. 2019c). In contrary, decrease on 

the tensile bond strength, especially with increasing the gap 

time during printing, was reported (Fig. 10).

The underpinning reason for the reduction of tensile bond 

strength is associated with the thixotropic property of the 

Fig. 8  Compressive strength development of 3D-printed concretes containing 1, 2, 3 wt% admixture of NC (left) and SiC nanoparticles (right). 

Data  taken from Kruger et al (2019a)

Fig. 9  Flexural strength development of 3D-printed concretes containing 1, 2, 3 wt% admixture of NC (left) and SiC nanoparticles (right). Data  

taken from Kruger et al. (2019a)
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NC-incorporated mortar, which results in built up of the 

yield stress at the bottom layer, before placing subsequent 

layers. This subsequently leads to weak interface between 

layers. Similar observation was found in study from Panda 

et al. (2019a), where NC-incorporated 3D-printed concrete 

had higher quantities of macropores in the interface, as 

compared to control concrete, as a result of their increased 

thixotropy (Fig. 11).

Many studies have indicated the potential of GBMs to 

increase the mechanical properties of cementitious compos-

ites such as its compressive, tensile, and flexural strength 

(Singh et al., 2011; Sharma and Kothiyal 2015; Rhee et al. 

2016). Lv et al. (2013) reported that the inclusion of 0.02 

wt% (by the weight of cement) GO particles increased the 

tensile, compressive and flexural strength of final prod-

ucts by 197%, 160% and 184%, respectively. The findings 

of Lv et al. (2013) are also supported by that of Chougan 

et al. (2020b), who also found that an increase in the nano-

graphite particle content from 0.01 to 0.2 wt% leads to a 

proportional increase in compressive and flexural strength 

of the cementitious specimens. Another study by Ranjbar 

et al. (2015) explored the impact GNPs inclusion with the 

dosages of 0.1%, 0.5% and 1% on mechanical properties 

of geopolymer composites containing fly ash. Their results 

displayed remarkable improvements of 216% and 144% for 

flexural and compressive strength, respectively. In contrast 

to the findings of the aforementioned studies showing the 

positive impact of GNPs incorporation on the mechanical 

property efficiency of the cementitious composites, Hou 

et al. (2017) highlighted that addition of 0.16 wt% graphene 

particles (GNPs) has a negative impact on compressive and 

flexural strength of the samples and reduced them by 3.36% 

and 10.5%, respectively. Past studies have been reviewed to 

assess the compatibility of GBMs within cementitious com-

posites. However, the changes in mechanical performance 

are evaluated when the composite is traditionally casted. 

Only a few studies investigated the role of GBMs inclu-

sion in the 3D-printed cementitious composites. Further to 

fresh properties, Chougan et al. (2020a) also explored the 

impact of nano-graphite incorporation with the dosages of 

0.1%, 0.3%, 0.5%, and 1% on the mechanical performance 

of 3D-printed geopolymer composites and compared to the 

corresponding traditionally casted samples (Fig. 12). The 

results showed that the inclusion of nano-graphite particles 

has a positive impact on the samples’ mechanical proper-

ties after 7 days of curing. The flexural strength of printed 

objects was shown to continuously increase with nano-

graphite particle content, with the maximum strength value 

of 15.3 MPa being achieved with a particle dosage of 1%. 

This is an increase of 46% compared to the control sample. 

Moreover, the compressive strength of the 3D-printed sam-

ples loaded with 1% NGPs were increased by 14% compared 

to the control sample. This is due to the fact that a denser 

multi-binder geopolymer material will have a more compact 

Fig. 10.  28  days compressive and tensile bond strengths of con-

trol mortar and mortar containing 0.5 wt% of nano attapulgite clay 

(5NC). Reprinted from Panda et al. (2019c) with permission of Else-

vier, 2019

Fig. 11  Scanning electron microscopy of specimens containing 0.5 wt% nanoclay (a) and control specimen (b).  Reproduced from Panda et al. 

(2019a)
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matrices with fewer air voids and lower porosity. The void 

volume reduction results in limited crack propagation and 

therefore improves the external loading resistance capacity 

of composites.

Zhong et  al. (2017) also employed graphene oxide 

(GO) particles in geopolymers for 3D printing. They 

investigated the effect of GO loading dosage on the 

mechanical property and electrical conductivity of printed 

samples. Their results revealed that increasing the GO 

dosage form 4 to 10 wt% (by the weight of alumino-

silicate particles) induced improvements in compressive 

strength and elastic modulus of the printed nanocompos-

ites. However, due to the nanoparticle agglomeration phe-

nomena, the incorporation of excessive GO particles (i.e. 

20 wt%) diminishes both elastic modulus and compres-

sive strength of the printed samples (Zhong et al. 2017). 

Zhou et al. (2020) reported the impact of GO lateral size 

on the geopolymer nanocomposites. The results revealed 

that GO particles’ inclusion could modify the rheology 

of geopolymers and make the composite suitable for 3D 

printing. Moreover, they reported that the addition of 

small size particles in geopolymer is more promising in 

terms of compressive strength, elastic modulus, tensile 

strength and fracture strain comparing to the utilization 

of large-size particles (Zhou et al. 2020).

Comparison of the effects of ultra and nanosized 
admixtures

Comparative study evaluating the effects of two groups of 

micro- and nanosized admixtures was conducted (Men-

doza Reales et al. 2019), where silica fume versus nano-

silica and nanoclay versus metakaolin led to several inter-

esting conclusions. It was found that nanosized admixtures 

were more effective in increasing the static yield stress 

as well as the rate of thixotropic build-up (Fig. 4). For 

instance, with the use of nanosilica particles, only 1/3 of 

the amount was required to achieve comparable properties 

Fig. 12  Printed (PM) and casted (CM) geopolymer mixes modified with different NGP dosages a flexural strength, b compressive strength and c 

densities. Reprinted from Chougan et al. (2020a)
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as in the case of microsilica. Based on the chemical com-

position, silica nanoparticles were more efficient than 

clay nanoparticles in modifying rheological properties 

normalized per solid substitution (Table 2). Thus, NS 

when compared to NC is much more effective in improv-

ing the fresh properties of cementitious composites. Zhang 

et al. (2018) conducted a comparative study on the effects 

of NC and silica fume (SF) admixtures on 3D printing 

mixtures. Cement was replaced with 2 wt% of admixture. 

In addition, samples containing both admixtures in total 

amount of 4 wt% were produced. It was shown that both 

admixtures can enhance the thixotropy and buildability of 

3D-printed concrete, with a higher rate of increase corre-

sponding to the use of nanoclay (compared to silica fume). 

Ad-hoc buildability test confirmed that control mix was 

able to build 72 mm heights while mixtures containing SF 

and NC reached 163 and 180 mm, respectively. Incorpo-

ration of both admixtures simultaneously to the mixture 

enabled the buildability of 260 mm height object. Incor-

poration of SF and NC resulted in a reduction of flow by 

7% and 9%, while combination of admixtures resulted in 

a reduction of 10%.

To the best of authors’ knowledge, there is no literature 

that compares the effectiveness of GBMs with other types 

of additives. However, as previously mentioned, interlayer 

bonding, flexural strength and ductility are key attributes 

that 3D-printed cementitious composites are known to be 

weak in. GBMs reinforcement can improve these proper-

ties through three important events:

1. Bridging and blocking effect that enables for efficient 

load transfer across cracks, increasing the amount of 

energy that can be absorbed in the tension zone of the 

cementitious composites as well as preventing sudden 

failure (Ranjbar et al. 2014). Crack-bridging particles 

not only improve post-cracking behaviour but also con-

tribute to keeping micro-cracks from spreading by sew-

ing them together (Ranjbar et al. 2015).

2. Pore refinement process promoted by the presence of 

the GBMs. Being a pozzolanic material at a nanoscale 

size enables the GBMs to improve the bonding between 

hydration products of binders and GBMs particles [i.e. 

13.5 GPa for GO, and 1.2 GPa for GNPs (Alkhateb et al. 

2013)] as well as refine the pore structure by reducing 

the porosity of the composite matrices (Horszczaruk 

et al. 2015; Sharma and Kothiyal et al. 2015).

3. Acceleration in the binder’s hydration kinetics acts as 

a catalyst and heterogeneous nucleation site (Chougan 

et al. 2019).

Polymeric admixtures in 3D printable 
cementitious matrices

Despite the fact that polymeric admixtures can influence 

the rheological behaviour of cementitious matrices signifi-

cantly and may tailor their hydration kinetics over a wide 

range (Jolicoeur and Simard 1998; Cheung et al. 2011; Liu 

et al. 2019), research on the application of such additives 

with regards to 3D printing is mainly governed by empiri-

cal approaches for applicable mix designs. To reduce water 

drainage (Perrot et al. 2018) most widely used polymeric 

admixtures for tailoring 3D printable cementitious materi-

als are the family of viscosity modifying agents (VMA). 

Polysaccharidic macromolecules, in particular welan and 

diutan gum may result in a very prominent thixotropic 

behaviour (Reiter et al. 2018). According to (Marchon et al. 

2018), polyacrylamide is the most suitable VMA for print-

able concrete, since it limits the deformation behaviour of 

deposited material clearly. Moeini et al. (2020) used VMA 1 

wt% modified starch in combination with a polycarboxylate 

ether (PCE)-based as high-range water-reducer and reported 

a considerable increase in early age strength. An hybridized 

additive system based on 1 wt% nanoclay and 1 wt% low 

molecular weight cellulose ether was found by Douba et al. 

(2020) to tailor yield stress and plastic viscosity of cement 

paste to meet the demand for a good buildability of complex 

geometries.

Frequently, also hydroxypropyl methylcellulose (HPMC) 

is used as VMA, which is reported to influence the hydration 

process and microstructure of cementitious matrices, seen 

in an increase of portlandite and void formation (Chaves 

Table 2  Efficiency of the 

different micro- and nanosized 

admixtures on the rheological 

parameters of the printable 

cement paste, normalized 

by solid substitution. Data  

reproduced from Mendoza 

Reales et al. (2019)

Athix rate of thixotropic build-up, τ0,fit static yield stress, hmax maximum layer height, hprintable critical layer 

height

Particle Athix/solid substitution 

(Pa/min %)

τ0,fit/solid substitu-

tion (Pa/%)

hmax/solid substitu-

tion (cm/%)

hprintable/solid 

substitution 

(cm/%)

Nanosilica 7.5 291 2.7 0.15

Microsilica 1.7 82 0.8 0.03

Nanoclay 4.4 134 1.3 0.13

Metakaolin 1.1 37 0.3 0.03
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Figueiredo et al. 2019a). For limestone calcined clay cement 

 (LC3)-based matrices 0.24 wt% HPMC and 2 wt% super-

plasticizer were found for achieving good shape stability, 

buildability, and green strength by relatively small extrusion 

pressures (Chen et al. 2019, 2020b). Those ratios were also 

used for assessing different grade levels of calcined clays 

(Chen et al. 2020d) as well as printing parameters (Chen 

et al. 2020c).

A parameter study on printable strain-hardening cementi-

tious composites with varied, undescribed VMA and PCE 

contents showed that after the liquid/solid ratio, the use of 

VMA is a key factors to control the mixture stability and 

fibre dispersion, whereby the amount of superplasticizer is 

of less importance (Chaves Figueiredo et al. 2019b).

To achieve a desired setting on demand (Reiter et al. 

2020), VMA modified matrices were also combined with 

retarders or accelerator to enhance processing and setting 

time, respectively.  CaCl2 was applied to accelerate signifi-

cantly the setting of a VMA modified mortar by compro-

mising only slightly its printability (Kazemian et al. 2017). 

With regard to structural build-up a variety of accelera-

tors were investigated for cementitious matrices with 

0.15 wt% PCE and nanosilica (Yuan et al. 2020), whereby 

Mg(NO3)2 was identified as the most effective one. Com-

paring re-dispersible polymer powders based on polyvi-

nyl acetate-ethylene (VAE) and polyvinyl acetate-vinyl 

versatate-ethylene showed an increase of the structural 

build-up rate for VAE with lower ethylene content (Zhang 

et al. 2020). Le et al. applied for high-performance fibre-

reinforced concrete with 1 wt% PCE 0.5 wt% retarder 

based on amino-tris(methylenephosphonic acid), citric 

acid and formaldehyde to meet optimized workability and 

printing time (Le et al. 2012a, b).

For fast setting sulphoaluminate cements (SAC), Chen 

et al. (2018b) conducted a study with response surface 

methodology and found a mix design with 0.3% HPMC, 

0.3% PCE and 0.01%  Li2CO3 as the most suitable. For 

the same matrix system with similar HPMC- and PCE-

contents, a prolongation of the setting time was achieved 

applying tartaric acid without compromising clearly the 

mechanical properties of 3D-printed specimen (Chen et al. 

2018a). The reduction in the mechanical properties was 

more obvious using boric acid or sodium gluconate (Chen 

et al. 2020a). However, this could be compromised or even 

significantly improved by applying additional diatomite to 

the SAC pastes (Fig. 13).

Polymeric admixtures were also applied to strengthen 

the interlayer bond between 3D-printed filaments. March-

ment et al. (2019) enhanced the interlayer bond strength 

of a 3D-printed mortar by applying cementitious pastes as 

a “glue” containing either a retarder, a VMA or a “PCE”, 

and found mixtures with superplasticizer or retarder as the 

Fig. 13  3D-printed SAC pastes with different dosages of boric acid (BA), sodium gluconate (SG) and diatomite. Reprinted from Chen et  al. 

(2020a), with permission of Elsevier, 2020
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most effective ones. Wang et al. (2020) investigated poly-

mer-modified mortars as interlayer reinforcement materi-

als and found a superior interlayer bonding for the epoxy-

based system compared to the chloroprene latex-mixtures.

However, for a deeper understanding of the above-

described effects one major challenge is the numerous and 

simultaneously applied admixtures. But for tailor-made 

additive manufacturing an understanding of their potential 

interactions is of high importance and should be envisaged 

for future research.

Conclusions and future prospective

This paper reviewed the developments towards nano-and 

micro-sized additives, including nanosilica, clay nanoparti-

cles, graphene-based materials and chemical admixtures (i.e. 

viscosity modifying agents (VMAs) and superplasticizers 

(SP)) for additive manufacturing of cementitious compos-

ites. The overall conclusive statements are summarized in 

the following points:

• Nano additives act as a thickening agent, improving 

the thixotropic behaviour and the structural build-up 

of 3D-printed objects. The addition of nanosilica and 

clay nanoparticles increase the flocculation rate and 

improves the material’s buildability. Both types of NMs 

are extremely effective in increasing the static yield stress 

as well as the rate of thixotropic build-up in the 3D print-

able composites.

• Nano-sized admixtures (nanosilica and nanoclays) are 

more effective in increasing the static yield stress as 

well as the rate of thixotropic build-up when compared 

to conventional micro-sized SCMs such as silica fume or 

metakolin.

• Significant improvement of early age compressive, flex-

ural and interlayer bond strengths are reported in 3DPC 

containing NS or NC.

• When designing a 3DPC mixture the optimal dosage of 

NMs plays a vital role. Excessive dosage of NS and NC 

results in undesirable increment of specimen thixotropy 

resulting in difficulties in extrusion and weak interface 

between layers. This in turn might result in increased 

porosities as well as strength reduction.

• GBMs have demonstrated remarkable potential to 

enhance the fresh and hardened properties of both 

cement-based concretes and AAMs. The dosage-depend-

ent nature of GMBs inclusion on the rheological behav-

iour of cementitious composite in the fresh state (i.e. the 

lubrication effect in specific dosages and the super water 

sorbent nature of these particles) requires an accurate 

mix design and optimisation.

• The particle size of the GBMs affects the dispersion 

of particles within the cementitious paste leading to 

an improved fresh and hardened property of the final 

objects. The reviewed investigations have concluded that 

the inclusion of small size GBM particles in AAMs is 

more promising in terms of compressive strength, elastic 

modulus, tensile strength, and fracture strain comparing 

to the addition of large-size particles.

• VMA are the most widely used polymeric admixtures 

for tailoring 3D printable cementitious materials. Their 

optimized dosages were mainly determined empirically 

and range up to 1 wt%. Often they are used in combina-

tion with SP and accelerators. Their overlaying effects 

need to be clarified in near future for enabling a better 

understanding of their respective impacts.

Based on the presented studies, it can be concluded that 

despite comprehensive evaluations of the fresh properties 

printable composites modified with nanomaterials, the 

knowledge related to the hardened properties of the 3D 

printable composites is relatively limited. While, some of 

the data associated with the mechanical performances of 

cementitious composites are already available, the durability 

aspects of nano-modified mixtures are significantly limited. 

Therefore, further studies are required to understand the 

effects of nanoparticles on the engineering properties of 3D 

printable materials.
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