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Abstract: Recently, 3D printing technology has become more popular in the field of construction.
For the extrusion-based 3D concrete printing (3DCP) process, the cementitious material needs to
be strong and flowable enough to ensure buildability and pumpability. Nanostructured silica, a
kind of additive, has been used to modify the 3DCP concrete to meet these requests. However,
most previous studies focused on the effect of nanostructured silica on rheological properties and
failed to link the obtained rheological properties of nanostructured-silica-modified cementitious
materials to the performance in 3D printing. In this paper, the 3DCP mixture based on premix cement,
river sand, silica fume, and water was modified by different dosages of nanostructured silica (from
0.25% to 1.00% by the total weight of the 3DCP mixture). The effects of nanostructured silica on
the rheological, hydration, printing, and microstructural properties were determined by rheological
tests, stress growth tests, setting time tests, printing tests, and scanning electron microscopy (SEM)
tests, respectively. This paper revealed that the nanostructured silica has a positive effect on 3DCP
buildability but negatively affects the printing quality, which fits the effect of nanostructured silica on
the rheological properties. Hence, the determined rheological properties can qualitatively evaluate
the printing performance of nanostructured-silica-modified cementitious materials.

Keywords: 3D concrete printing; additive manufacturing; nanostructured silica; buildability;
scanning electron microscopy (SEM)

1. Introduction

In the past few decades, 3D printing technology, regarded as additive manufacturing,
has been widely used in the aerospace and biomedical fields [1,2]. Recently, it has become
more popular in building and construction. One typical method is to combine traditional
concrete-cast technology with 3D printing technology. As studied by Burger et al. [3] and
Jipa et al. [4], non-cementitious material, such as polymers, is feasible to be printed as
the formwork for cast concrete. In this system, the 3D printed formwork provides the
possibility of a flexible design, and the cast concrete provides the loading resistance for
structures. In addition to cementitious material as the loading-resistance material, it can
also be acted as the material for 3D printing. The corresponding technology is called 3D
concrete printing (3DCP). A series of projects, such as contouring crafting, D-shape project,
and concrete printing, applied the 3DCP technology due to its high-level automation [5,6].
Among all methods in the 3DCP technology, the one which is most widely used is extrusion-
based 3DCP [7], where the fresh state cementitious material is extruded layer by layer via a
pumping system without any formwork [8]. Since the cost of formwork and corresponding
labor accounts for a significant part of the total cost [9], the 3DCP can save the total cost
of construction [10]. Additionally, same as the 3D printing technology in other fields, the
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3DCP technology allows the flexible design for different-style structures, which can satisfy
architectural requirements and reduce material waste [11,12].

Because of no formwork for extrusion-based 3DCP, the fresh cementitious material
shall have enough strength and modulus to resist the increasing gravity and deformation
during the printing process [13], which is regarded as buildability for 3D printing. On
the other hand, due to the usage of the pumping system, the fresh cementitious material
shall have enough workability to guarantee a smooth extrusion [14], which is regarded as
pumpability for 3D printing. It is believed that the cementitious material which satisfies the
requirement of buildability and pumpability tends to possess a high thixotropy, a material
rheological property about the yield stress recovery and development [15,16]. Therefore,
to obtain suitable material for 3D printing, different kinds of additives were applied to
modify the rheological properties of fresh cementitious materials, such as accelerator,
superplasticizer, nano-clay, and nanostructured silica. Among all additives, nanostructured
silica shows great potential. The corresponding comparison can be summarized as follow.
Even though Ramakrishnan et al. [17] reported that the encapsulated accelerator could
improve 500% and 220% strength and modulus of 3D printed filament with excellent
pumpability, it can lead to the rapid development of hydration temperature and shrinkage
cracks [18]. Opposite to the accelerator, the effect of the superplasticizer is mainly to
enhance material pumpability by reducing the dynamic yield stress [19]. However, at the
same time, the static yield stress is negatively affected, which reduces the possibility of high
buildability. Compared with the accelerator and superplasticizer, nano-particles, such as
nanostructured silica and nano-clay, are not only effective in enhancing the static yield stress
for 3DCP [20–23] but also provide better mechanical and durable performances [23,24].
The background mechanisms mainly contain three aspects based on Neville [18]: firstly,
due to the significantly large surface area, nanostructured silica and nano-clay tend to
absorb the free water, which can result in the enhancement of the yield stress; Secondly,
the silicon dioxide (SiO2) contained in nanostructured silica and nano-clay will react with
Ca(OH)2 and H2O to produce C-S-H which is the main hydration product to provide
strengths for cementitious materials (pozzolanic reaction); thus, mechanical properties
of cementitious materials are improved by nanostructured silica and nano-clay. Thirdly,
particles of nanostructured silica and nano-clay can easily fill in the pores among cement
particles, which can result in the improvement of mechanical properties and durability
for cementitious materials. Moreover, according to the studies conducted by [25–28],
the mechanical performances of cementitious materials are enhanced with the increasing
dosage of silicon dioxide (SiO2). Thus, in the aspect of improving material mechanical
properties, nanostructured silica possesses more potential compared with nano-clay. On
the other hand, Reales et al. [21] demonstrated that nanostructured silica is a more effective
inorganic thickener and accelerator to improve the initial value and growth rate of material
static yield stress compared to nano-clay. Consequently, in the aspect of modifying the
material rheological properties, nanostructured silica shows more potential as well.

Even though nanostructured silica shows more potential among additives, most
studies focused on the effect of nanostructured silica on rheological properties and failed to
link the effect of nanostructured silica on the rheological properties to the corresponding
effect on the performance in real printing. To fill the research gaps, different dosages of
nanostructured silica (from 0.25% to 1.00% by the total weight) were selected to study the
effect of nanostructured silica on the rheological, hydration, printing, and microstructural
properties by conducting rheological tests, stress growth tests, setting time tests, printing
tests, and scanning electron microscopy (SEM) tests, respectively. By applying different
failure criteria, this study established the link between the rheological properties and the
3DCP performance of nanostructured-silica-modified cementitious materials.
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2. Materials and Methods
2.1. Methods

Based on the introduction in Section 1, most studies focused on the effect of nanostruc-
tured silica on the rheological properties of fresh cementitious materials; however, limited
papers studied the link between the rheological properties and printing performances
for nanostructured-silica-modified cementitious materials. Therefore, this study conducts
the flow chart as shown in Figure 1. Firstly, the cementitious material, based on premix
cement, sand, silica fume, and water, is modified by different dosages of solid powder
and liquid aqueous dispersion nanostructured silica (from 0 to 1.00% by the weight of
3DCP mixture). Secondly, to study the effect of nanostructured silica on the rheological
properties, hydration process, printing performances, and hydration products of 3DCP
mixture, rheological tests, stress growth tests, setting time tests, printing tests, and SEM
tests are conducted, respectively. Thirdly, by combining the analysis of rheological tests,
stress growth tests, and setting time tests, the mechanism of the nanostructured silica
affecting the rheological properties will be determined. Finally, by printing and SEM test
results, the 3DCP performances will be evaluated by macro-scale printing characteristics
and micro-scale hydration products. On the other hand, through different failure criteria,
the rheological properties of nanostructured-silica-modified cementitious materials will be
linked to the printing performances.
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2.2. Material and Mixing Process

Synthetic amorphous silica (SAS) is an industrially produced silica with this random-
ized internal structure. These are produced commercially from processes such as fumed
process and precipitation process. Commercial manufacturer, such as Evonik, produces
all these grades in the category of SAS. In the fumed silica process, a precursor for the
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silica is dosed into a hydrogen/oxygen flame, where the silica is formed at very high
temperatures. Silica grades produced according to this process are called fumed silica.
Evonik’s brand name for fumed silica is AEROSIL®. (EVONIK (SEA) PTE. LTD, Singapore,
Singapore) Liquid dispersion chemistry based on such fumed silica is produced under the
AERODISP® (EVONIK (SEA) PTE. LTD, Singapore, Singapore). In the precipitated silica
process, the silica is precipitated from an aqueous solution of waterglass. Silica produced
by this process is called precipitated silica. Evonik’s brand names for precipitated silica are
SIPERNAT® (EVONIK (SEA) PTE. LTD, Singapore, Singapore). These materials are often
nanostructured, with a nanoscale structure within the material or at its surface.

The 3DCP mixtures in this study consist of premix cement (PHOENIX Portland-
Composite Cement—LAFARGE, Buildmate PTE. LTD, Singapore, Singapre), river sand
(particle size ≤ 2 mm), silica fume (Microsilica Grade 940, Elkem company, Singapore, Sin-
gapore), water, solid powder nanostructured precipitated silica (SIPERNAT ® 380, EVONIK
(SEA) PTE. LTD, Singapore, Singapore) or liquid aqueous dispersion of nanostructured
fumed silica (AERODISP® W 7520 P, EVONIK (SEA) PTE. LTD, Singapore, Singapore), and
tap water. The corresponding mixture compositions are presented in Table 1. The liquid
aqueous dispersion of nanostructured silica is the solution containing 20% nanostructured
silica powder by the total solution weight, and the corresponding composition also follows
Table 1 after counting in the water in the liquid aqueous dispersion of nanostructured silica.
The proportions of premix cement, river sand, silica fume, and water are the same among
all mixtures. The mixture without nanostructured silica is considered the reference group
(REF), and the other four mixtures contain different dosages of nanostructured silica from
0.25% to 1.00% by the weight of the REF.

Table 1. 3D concrete printing (3DCP) mixtures composition (kg/m3).

Name of Mixture Silica Type Premix Cement River Sand
(0–2 mm) Silica Fume Water Nanostructured

Silica

REF NA 1151.30 590.00 28.80 413.70 -
SIP380_0.25% Solid 1151.30 590.00 28.80 413.70 5.46
SIP380_0.50% Solid 1151.30 590.00 28.80 413.70 10.92
SIP380_0.75% Solid 1151.30 590.00 28.80 413.70 16.38
SIP380_1.00% Solid 1151.30 590.00 28.80 413.70 21.84

W7520P_0.25% Liquid 1151.30 590.00 28.80 413.70 5.46
W7520P_0.50% Liquid 1151.30 590.00 28.80 413.70 10.92
W7520P_0.75% Liquid 1151.30 590.00 28.80 413.70 16.38
W7520P_1.00% Liquid 1151.30 590.00 28.80 413.70 21.84

Table 2. Mixing process.

Mixing Time (min) Rotational Speed (rpm) Solid Powder Case The Liquid Aqueous Dispersion of
Nanostructured Silica Case

0.5 33 Sand + nanostructured silica Sand
0.5 61 - -
0.5 33 Premix cement + silica fume Premix cement + silica fume
0.5 61 - -
1.0 33 Water Water + nanostructured silica
0.5 61 - -
1.0 113 - -

Hobart Mixer HL200 was applied for the material mixing. The mixing process is
shown in Table 2. For the solid powder nanostructured silica case, firstly, the powders of
sand and solid powder nanostructured silica are mixed at 33 rpm for 0.5 min and 61 rpm
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for 0.5 min. Secondly, premix cement and silica fume are added and mixed at 33 rpm for
0.5 min and 61 rpm for 0.5 min. Thirdly, water is added to the mixer with the rotational
speed at 33 rpm for 0.5 min. Finally, the mixing procedure continues at 61 rpm for 0.5 min
and 113 rpm for 1 min. For the liquid aqueous dispersion of the nanostructured silica
case, the liquid aqueous dispersion of nanostructured silica is added to water, and the
corresponding solution is mixed with all powders in the third step.

2.3. Experimental Design

Since the properties of fresh cementitious material are significantly affected by the
environmental temperature and moisture [16], the rheological test, shear stress test, setting
time test, and printing test were conducted in the laboratory with the temperature and
humidity at 22.5 ◦C and 56%, respectively.

2.3.1. Rheological Test

In the 3DCP process, the cementitious material is extruded layer by layer through the
pumping system without any formwork support. Thus, the fresh cementitious material is
required to possess enough buildability and pumpability to resist the increasing gravity
and smoothly flow through the pumping system. It is believed that the buildable and
pumpable cementitious material has a high thixotropy, a rheological property correlated to
the material yield stress and plastic viscosity [15,16].

In this part, a Schleibinger Viskomat XL rheometer with 10,000 N·mm maximum
torque was used as the test device, with the rotational speed and torque recorded once
per second. A rheological test protocol (Figure 2a), based on Weng et al. [14], was applied
to determine the effect of nanostructured silica on the static yield stress, dynamic yield
stress, and plastic viscosity, which contains two stages. Firstly, the rotational speed of
the rheometer stirrer linearly increases from 0 rpm to 60 rpm within 5 min. In this stage,
the peak value of torque (Figure 2b), regarded as the static torque, can be converted into
the material static yield stress by Equation (1). [29]. Secondly, the rotational speed of the
rheometer stirrer linearly decreases from 60 rpm to 0 rpm in another 5 min. In this stage,
the torque viscosity and flow resistance (Figure 2b) can be converted into the dynamic
yield stress and plastic viscosity by Equation (2) since the rheological properties of fresh
cementitious materials can be described by the Bingham model as Equation (3) [30].

τ =
T

(2πr1
3)
(

l
r1
+ 2

3

) (1)

T =
4πr2

1r2
2lµ

r1
2 − r1

2
ω−

4πr2
1r2

2lτd

r1
2 − r1

2
ln

r1

r2
(2)

τ = τd + µ
.
γ (3)

where T (N·m) is the torque from the rheometer. τ (Pa) and τd (Pa) correspond to the shear
stress and dynamic yield stress. µ (Pa·s) and

.
γ (s−1) represent the plastic viscosity and

shear strain rate. ω (rad/s) is the rotational speed from the rheometer. r1 (m) and l (m) are
the radium and height of the rheometer stirrer, while r2 (m) is the radium of the unit cell of
the rheometer.

Furthermore, to study the effect of nanostructured silica on the material thixotropy,
the thixotropic index (Ithix) was applied as Equation (4), based on Weng et al. [16].

Ithix =
τs

τd
(4)

where τs (Pa) and τd (Pa) correspond to the material static yield stress and dynamic
yield stress.
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2.3.2. Stress Growth Test

For 3DCP cementitious materials, the rheological properties are time-dependent. After
the material is extruded from the pumping system, the material is under a resting state
without shearing. During this period, the microstructure of the material tends to recover to
the original state before shearing and continues to grow due to the flocculation and C-S-H
nucleation [31]. Furthermore, as studied by Roussel [32], the relationship between the
material static yield stress and the resting time can be modeled by Equation (5) as follows:

τs = Athixt + τs,ini (5)

where τs (Pa) is the static yield stress at a certain time, t (min), while Athix (Pa/min) and
τs,ini (Pa) are the growth rate and initial value of the static yield stress.

In this part, the effect of nanostructured silica on the growth pattern of the material
static yield stress was studied to represent that on the growth pattern of the material
rheological properties. An Anton Paar Modular Compact Rheometer (MCR 102) with
200 N·mm maximum torque and the stirrer of ST22-4V-16 was used as the test device,
with the shear strain and torque recorded twice per second. A stress growth test protocol
(Figure 3a) based on Kruger et al. [15] was applied to determine the material static yield
stress. During the protocol, the shear strain rate was set as 0.1 s−1 for 2 min to avoid
aggregate mitigation [33], and the static yield stress (Figure 3b) can be obtained by torque
from Equation (1). Furthermore, to determine the evolution of the static yield stress, the
stress growth test protocol, as mentioned above, was repeated at 0 min, 7 min, 14 min,
21 min, 28 min, and 35 min, respectively.

2.3.3. Setting Time

Compared with silica fume, nanostructured silica is much more active due to the large
surface area; thus, it tends to positively affect the fresh cementitious material strength
growth by accelerating the hydration of cementitious materials. To quantitively measure
the effect of nanostructured silica on the hydration process, the setting time tests were
conducted by using a MATEST VICAT apparatus. In these setting time tests, the needle of
the VICAT apparatus was set to penetrate the material 41 times with 10 min time intervals,
according to ASTM C191 [34]. Accordingly, the initial setting time can be estimated to the
nearest 1 min based on Equation (6)

Tsetting =

((
H − E
C− D

)
× (C− 25)

)
+ E (6)



J. Compos. Sci. 2023, 7, 191 7 of 20

where E (min) is the time of the last penetration higher than 25 mm, while C (mm) is the
penetration depth at time E (min). H (min) is the time of the first penetration lower than
25 mm, while D (mm) is the penetration depth at time H (min).
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2.3.4. Printing Test

To investigate the effect of nanostructured silica on the performance in 3D printing,
a series of printing tests were conducted via a customized printing system (in Figure 4),
which includes a gantry printer with a 1.2 m× 1.2 m× 1.0 m (L×W × H) printing volume,
an MAI Pictor pump, and a hose with 3 m in length and 2.54 cm in diameter. The printing
path is a hollow circular column with a 100 mm inner diameter. The dimension of each
filament was set as 20 mm in width and 10 mm in height. During the printing process, the
pumping flow rate was 1.8 L/min, and the nozzle travel speed was 150 mm/s.

The whole printing test contains two rounds. The first round aimed to study the effect
of nanostructured silica on buildability; thus, the printing process stopped till the printing
sample collapsed. Correspondingly, when the final collapse happens, the maximum gravity-
induced vertical stress (GIVS) can be calculated as follows:

σu = ρgh (7)

where σu (Pa) and h (m) are maximum gravity-induced vertical stress (GIVS) and the
printing height when the final collapse happens. ρ (kg/m3) is the material density. The
second round of printing tests aimed to study the effect of nanostructured silica on the
material pumpability and printing quality; thus, the printing process stopped until the
cylinder column achieved x − 1 layers, with x equal to the maximum layers in the first-
round printing.

2.3.5. Scanning Electron Microscopy (SEM) Analysis

To study the effect of nanostructured silica on the hydration products of the 3DCP
cementitious material. A series of scanning electron microscopy tests (SEM) was carried
out, which includes solid powder nanostructured silica particles, liquid aqueous disper-
sion of nanostructured silica particles, the powder mixture of solid powder NS_1.00%,
28-day-water-cured REF 3DCP samples, 28-day-water-cured solid powder NS_1.00% 3DCP
samples, and 28-day-water-cured liquid aqueous dispersion NS_0.75% 3DCP samples. Be-
fore SEM tests, all samples were coated with platinum under 30 mA currents for 15 s. Then,
the samples were scanned by FE-SEM device: JEOLJSM-6340F. The accelerating voltage
and probe current of FE-SEM 6340F were set as 5 kV and 12 µA, respectively.
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3. Results and Discussion
3.1. Rheological Test Results

During the mixing process, it was observed that the workability of the cementitious
material became worse with the increasing dosage of nanostructured silica. As shown
in Figure 5, the mixture of aqueous dispersion NS_1.00% agglomerated after mixing and
trapped the rheometer probe. Furthermore, the corresponding static yield stress is so
high that it has been beyond the capacity of the rheometer. Thus, for W7520P_1.00%, the
rheological properties and printing performances cannot be determined.

Except for W7520P_1.00%, the rheological test results of the remaining mixtures are
shown in Figure 6, which include static yield stress, dynamic yield stress, plastic viscosity,
and thixotropy index. Firstly, from Figure 6a, it can be observed that as the dosage of
solid powder nanostructured silica increases from 0% to 1.00%, the static yield stress tends
to increase significantly from 1110 Pa to 3942 Pa, and for the liquid aqueous dispersion
of nanostructured silica cases, the static yield stress increases from 1110 Pa for REF to
4388 Pa for W7520P_0.75%. The significant enhancement of static yield stress can be
attributed to the enormous surface area of nanostructured silica particles absorbing the
free water [35]. Hence, nanostructured silica can be considered an inorganic viscosity-
modifying admixture (VMA) and thickener [36]. Secondly, as shown in Figure 6b, the REF
mixture without nanostructured silica possesses a 173 Pa dynamic yield stress. As the
dosage of nanostructured silica increases from 0.25% to 0.75%, the dynamic yield stress
slightly increases from 210 Pa to 290 Pa for solid powder nanostructured silica cases, while
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the dynamic yield stress of liquid aqueous dispersion of nanostructured silica cases stays at
approximately 230 Pa. Furthermore, with 0.25% more nanostructured silica application,
the dynamic yield stress of solid powder nanostructured silica cases has a significant
increase from 222 Pa to 428 Pa, and the dynamic yield stress of liquid aqueous dispersion
of nanostructured silica cases cannot be determined due to the limitation of rheometer
capacity. Thus, the dosage of 0.75% can be regarded as a threshold of nanostructured
silica significantly affecting the material dynamic yield stress. Thirdly, from Figure 6(c),
it can be observed that the plastic viscosity is not always increasing with more dosage of
nanostructured silica. Instead, both solid powder nanostructured silica cases and liquid
aqueous dispersion nanostructured silica cases achieve their peak plastic viscosity at the
dosage of 0.75%. Finally, as shown in Figure 6d, the effect of nanostructured silica on the
material thixotropic index has a similar trend as the one of plastic viscosity. Thus, to obtain
the cementitious material with the highest thixotropy, the optimal dosage of nanostructured
silica shall be 0.75% by the total weight of the 3DCP mixture.
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3.2. Stress Growth Test Results

The effects of nanostructured silica on the growth pattern of the material rheological
properties were represented by the effect of nanostructured silica on the growth pattern of
the static yield stress. As shown in Figure 7, the development of the static yield stress of
REF and nanostructured-silica-modified 3DCP materials can be approximately described
by linear fitting, which is summarized in Table 3. By combining Figure 7 and Table 3, it is
evident that the 3DCP material without nanostructured silica achieves the lowest R2 value
as 0.7873, while the growth of the static yield stress of the nanostructured-silica-modified is
more closed to the straight line, which is consistent with the model of Roussel [37]. More-
over, the solid powder nanostructured silica and liquid aqueous dispersion nanostructured
silica show similar effects on enhancing the initial value and growth rate of the static yield
stress. As the dosage of solid powder nanostructured silica increases from 0% to 1.00%, the
initial value of the static yield stress increase from 821 Pa to 3988 Pa, and the growth rate of
the static yield stress is improved from 38 Pa/min to 68 Pa/min. On the other hand, as the
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dosage of liquid aqueous dispersion nanostructured silica increases from 0% to 0.75%, the
initial value of the static yield stress increase from 821 Pa to 3822 Pa, and the growth rate of
the static yield stress is improved from 38 Pa/min to 65 Pa/min. Due to the enhancement
of initial value and growth rate of the static yield stress, the nanostructured silica can im-
prove both flocculation or C-S-H nucleation in fresh cementitious materials. Consequently,
nanostructured silica can be regarded as an inorganic thickener or accelerator, which fits
the conclusion of Lavergne et al. [22].
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Table 3. The evolution of static yield stress (Pa) as the resting time (min).

Mixture Static Yield Stress R2

REF τs = 38t + 1122 0.7873
SIP380_0.25% τs = 55t + 1643 0.9736
SIP380_0.50% τs = 49t + 2094 0.9168
SIP380_0.75% τs = 65t + 2838 0.9232
SIP380_1.00% τs = 68t + 4274 0.9209

W7520P_0.25% τs = 35t + 1537 0.9795
W7520P_0.50% τs = 52t + 2877 0.9392
W7520P_0.75% τs = 65t + 3989 0.9687
W7520P_1.00% NA NA

3.3. Setting Time Results

As discussed in stress growth tests, the nanostructured silica improves the growth
rate of the static yield stress. To study the mechanism of enhancing the static yield stress
development, setting time tests were conducted. As shown in Figure 8, with the increasing
dosage of nanostructured silica, the initial setting time of cementitious materials tends
to decrease (from 202 min to 105 min for solid powder nanostructured silica cases and
202 min to 153 min for liquid aqueous dispersion nanostructured silica cases); however, the
decreasing trend of the initial setting time becomes slower, which is consistent with the test
results of Sikora et al. [38]. Hence, the effect of nanostructured silica on the enhancement of
static yield stress evolution is attributed to nanostructured silica improving the hydration
process, and nanostructured silica can be considered an inorganic accelerator. However,
the corresponding effect as an accelerator tends to be more insignificant with the increasing
dosage of nanostructured silica.
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3.4. Printing Test Results

To study the effect of nanostructured silica on the 3DCP performance, the modified
cementitious materials were printed for two rounds, as shown in Figures 9 and 10.
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As the aspect of the printing quality, it can be observed that For REF and liquid
aqueous dispersion NS_0.25%, the materials are printed smoothly without any cracks or
discontinuity. The deformation of the printed samples continuously develops until the
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cylinder collapses at the 13th layer and 12th layer extrusion, and it is difficult to determine
the exact position where the deformation happens. Thus, 0.25% liquid aqueous dispersion
nanostructured silica does not significantly affect the printing quality. For solid powder
NS_0.25%, there is no obvious deformation for the first 10-layer printing; however, apparent
deformation can be observed when the material is printed till the 16th layer extrusion,
and the deformation continues to develop until the cylinder collapse at the 18th layer
extrusion. For solid powder NS_0.50%, no apparent deformation can be observed; however,
continuous cracks appear at the final stage of the printing (20th layer extrusion). For solid
powder NS_0.75%, solid powder NS_1.00%, liquid aqueous dispersion NS_0.50%, and
liquid aqueous dispersion NS_0.75%, cracks and discontinuity exist during the whole
printing process. The cracks and discontinuity become more significant as the increasing
dosage of nanostructured silica. Therefore, it indicates that the nanostructured silica tends
to negatively affect the printing quality, which is consistent with the effect of nanostructured
silica on the material dynamic yield stress.

In addition to the printing quality, the effect of nanostructured silica on buildability
is described by the maximum gravity-induced vertical stress (GIVS) of 3DCP, based on
Equation (7). As shown in Figure 11, it can be observed that for solid powder nanostruc-
tured silica cases, as the dosage of nanostructured silica increases from 0% to 1.00%, the
maximum GIVS tends to increase from 2678 Pa to 5768 Pa linearly. Different from solid
powder nanostructured silica cases, 0.25% liquid aqueous dispersion nanostructured silica
shows a significant influence on the maximum GIVS; however, when the nanostructured
silica is beyond 0.25%, the maximum GIVS significantly increases to 4120 Pa for liquid
aqueous dispersion NS_0.50% and 7416 Pa for liquid aqueous dispersion NS_0.75%. Conse-
quently, it suggests that the nanostructured silica tends to benefit the buildability, which
fits the effect of nanostructured silica on the static yield stress. The effect of liquid aqueous
dispersion nanostructured silica on the 3DCP buildability tends to be more effective than
the one of solid powder nanostructured silica, which can be attributed to more uniform
particle distribution for the liquid aqueous dispersion of nanostructured silica case and can
also be related to different particle sizes for these two types of nanostructured silica.
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Therefore, the printing tests indicate that nanostructured silica benefits the material
buildability and negatively affects the printing quality, which is consistent with the ef-
fect of nanostructured silica on the rheological properties. In the next step, the effect of
nanostructured silica on rheological properties will be quantitatively compared with the
corresponding effect on the printing performances.

3.5. Comparison of Different Test Results

In this part, the relationship between the compressive strength and shear strength of
fresh cementitious material is applied to quantitatively compare the effect of nanostructured
silica on the rheological properties and printing performance. As Roussel [25], the ratio
of compressive strength and shear strength is equal to

√
3, based on the Von Mises failure

criterion, while Kruger et al. [39] proposed that the corresponding ratio shall be equal
to 2FAR with FAR as the confinement-related correction factor depending on the aspect
ratio of filament cross-section, according to Tresca failure criterion. In addition, since the
mechanism of fresh concrete to resist gravity is considered the same as cohesive soils [40],
the Mohr–Coulomb failure criterion is available to describe the relationship between shear
and compressive strength [41], which can be written as:

τs = c =
σu

2
cos ϕ− σu

2
(1− sin ϕ) tan ϕ (8)

where c (Pa) is the cohesion, and ϕ is the friction angle.
With the assumption that the period of the 3D printing process is negligible, the static

yield stress from rheological tests, maximum gravity-induced vertical stress, and friction
angle are compared in Table 4. It can be observed that as the dosage of nanostructured
silica increases, the ratio of the maximum GIVS to static yield stress is not a constant but
has a roughly decreasing tendency, which is not consistent with the model proposed by
Roussel [32] and Kruger et al. [39]. It is because both Von Mises and Tresca failure criteria
are valid for ductile materials instead of brittle cementitious materials. Additionally, it can
be observed that except for REF, SIP380_0.25%, and SIP380_0.50%, the friction angles of each
case are negative, which does not fit the domain of the friction angle and is not consistent
with the test results of Li et al. [42]. The background reason can be that the maximum
gravity-induced vertical stress from the printing tests underestimates the compressive
strength of the fresh nanostructured-modified cementitious materials. As discussed in
rheological tests, stress growth tests, and printing tests, nanostructured silica tends to
benefit the buildability in 3DCP by enhancing the initial and growth rate of the static yield
stress; however, the 3DCP buildability can also be affected by the printing quality, which is
negatively influenced by the increasing usage of nanostructured silica.

Table 4. The relationship between static yield stress and maximum GIVS.

Mixture τs σu (Pa) σu/τs ϕ (◦)

REF 1110 2678 2.41 10.68
SIP380_0.25% 1503 3296 2.19 5.27
SIP380_0.50% 1893 4120 2.18 4.84
SIP380_0.75% 3233 4738 1.47 <0
SIP380_1.00% 3942 5768 1.46 <0

W7520P_0.25% 2021 2472 1.22 <0
W7520P_0.50% 2437 4120 1.69 <0
W7520P_0.75% 4388 7416 1.69 <0
W7520P_1.00% - - - -

Consequently, it indicates that there is no optimal failure criterion to link the rhe-
ological properties to the corresponding printing performances; however, the rheologi-
cal tests are still effective in qualitatively evaluating the printing performances for the
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nanostructured-silica-modified cementitious materials. Additionally, to further determine
the exact printing performances, the printing tests are essential to be conducted.

3.6. Scanning Electron Microscopy (SEM) Analysis Results

The effect of nanostructured silica on the hydration products of the 3DCP mixture is
studied by SEM tests, as shown in Figures 12 and 13. For the pure nanostructured particle
in Figure 12, it can be observed that both solid powder and solute nanostructured silica are
spherical in shape, which is like fly ash and silica fume; however, the particle size of nanos-
tructured is even smaller than 100 nm. Due to the extremely fine particle, nanostructured
silica tends to be significantly active in improving the hydration kinetics as an inorganic
accelerator [22]. For the REF and nanostructured-silica-modified silica in Figure 13, it
can be observed that the printed sample of REF has incompletely unreacted fly ash and
CH, indicating that the fly ash is not active enough to react with CH for the pozzolanic
reaction. The remaining CH in REF suggests that the corresponding microstructure is dense
sufficient to avoid carbonation. The SEM image of Solid powder NS_1.00% in Figure 13
shows that the hydration products mainly consist of C-S-H and ettringite. Compared
with REF, it demonstrates that the CH has been reacted with nanostructured silica and
converted into C-S-H through the pozzolanic reaction; however, the solid power NS_1.00%
can be observed as much more porous, which reveals the negative effect of nanostructured
silica on the printing quality. Different from the solid powder NS_1.00%, the SEM image
of Liquid aqueous dispersion NS_0.75% in Figure 13 shows that its hydration products
contain a cubic crystal layer. Due to the existence of ettringite in hydration products, the
reactants of the hydration possess enough gypsum. Thus, the observed crystal layer is
CaCO3 instead of the hydrogarnet. Therefore, it indicates that the negative effect of liquid
aqueous dispersion nanostructured silica is much more significant since the CO2 in the air
has permeated and converted CH into CaCO3. Consequently, the effect of nanostructured
silica on the printing performance can also be demonstrated by the hydration products of
the 3DCP mixtures.
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4. Conclusions

In this paper, a series of experiments have been conducted to study the effect of
solid powder and liquid aqueous dispersion nanostructured silica on the properties of 3D
printing cementitious materials. The corresponding conclusions can be drawn as follows:

1. Through rheological tests, it confirms that the nanostructured silica tends to improve
the static yield stress, dynamic yield stress, and plastic viscosity. To determine the
fresh cementitious material with the highest thixotropy, the optimal dosage of nanos-
tructured silica is 0.75% by the weight of the total 3DCP mixture.

2. Stress growth tests demonstrate that nanostructured silica has similar effects as an
organic thickener and accelerator since it improves the initial value and growth rate of
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the static yield stress. Its corresponding effect on accelerating hydration is also proved
by decreasing the initial setting time of the 3DCP mixtures in setting time tests.

3. The printing tests indicate that the nanostructured silica tends to benefit the 3DCP
buildability but negatively affects the printing quality correlated to material pumpa-
bility. These trends are consistent with the effects of the nanostructured silica on the
static yield stress and dynamic yield stress in the rheological tests.

4. By comparing different failure criteria, it shows that for all nanostructured-modified
3DCP cementitious materials, the static yield stress from rheological tests can only
quantitively predict the failure caused by gravity-induced vertical stress. Thus, print-
ing tests are still essential to evaluate the printing performance of nanostructured-
silica-modified cementitious materials.

5. The results of SEM show that the hydration product of CH is reacted with nanostruc-
tured silica and converted into C-S-H due to the pozzolanic reaction. However, heavy
carbonation tends to appear with the increasing dosage of nanostructured silica.

In summary, this paper studies the effects of nanostructured silica on rheological
properties, hydration properties, microstructural properties, and printing performances
of cementitious materials in 3D printing. Based on test results, this paper reveals that
nanostructured silica tends to affect the 3DCP buildability positively but negatively affects
the printing quality, which is consistent with the effect of nanostructured silica on rheo-
logical properties. Thus, the rheological tests are effective in qualitatively evaluating the
printing performance, and the printing test method is still essential to further quantitatively
determine the 3DCP performance of nanostructured-silica-modified cementitious materials.
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