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Abstract: In the production of 3D printable mortar (3DPM), numerous efforts have been made globally
to effectively utilise various cementitious materials, admixtures, and fibres. The determination of
rheological and material strength properties is crucial for successful 3D concrete printing because
the materials used in 3DPM must possess the unique characteristic of making mortar flowable while
being strong enough to support the weight of subsequent layers in both fresh and hardened states.
The complexity of the required characteristics makes it challenging to develop an optimised mix
composition that satisfies both the rheological and material strength requirements, given the wide
range of available admixtures, supplementary cementitious materials, and fibres. Fly ash, basalt
fibre and superplasticiser when blended with cement can help to improve the overall performance of
3DPM. The objective of this research is to optimise the rheological properties and material strength
of 3D printable mortars (3DPM) containing cement, fly ash, basalt fibre, and superplasticiser. This
study aims to produce 3DPM with an optimised mix composition to meet the requirements of both
rheological and material strength characteristics using the factorial design approach and desirability
function. Different dosages of cement, fly ash, basalt fibre, and superplasticiser are chosen as the
primary design parameters to develop statistical models for the responses of rheological and material
strength properties at 7 and 28 days. The results expressed in terms of the measured properties are
valid for mortars made with cement ranging from 550 to 650 kg/ m?3, fly ash from 5% to 20% (of
cement), superplasticiser from 2 to 4 kg/m?3, and basalt fibre from 1 to 3 kg/m?3. The rheological
properties are evaluated using slump flow, cone penetrometer, and cylindrical slump tests, while
the mechanical strength is evaluated using a three-point bending test and compressive test. A
full factorial design experiment (FoE) is used to determine the significant parameters effecting
the measured properties. Prediction models are developed to express the measured properties in
terms of the primary parameters. The influence of cement, fly ash, basalt fibre, and superplasticiser
is analysed using polynomial regression to determine the main effects and interactions of these
primary parameters on the measured properties. The results show that the regression models
established by the factorial design approach are effective and can accurately predict the performance
of 3DPM. Cement, fly ash, and superplasticiser dosages have significant effects on the rheological
and mechanical properties of mortar, while basalt fibre is able to influence the static yield stress and
flexural strength of 3DPM. The utilisation of regression models and isoresponse curves allows for the
identification of significant trends and provides valuable insight into the behaviour of the material,
while desirability function is useful to optimise overall performance of mix proportions to meet the
desired performance objective at fresh and hardened states.

Keywords: 3D printable mortar; basalt fibre; rheology; compressive and flexural strength; factorial
design; isoresponse curve
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1. Introduction

Three-dimensional concrete printing (3DCP) is one of the most transformative de-
velopments for the construction industry in recent years. By utilising 3DCP technology,
the need for traditional formwork is eliminated, leading to significant time, cost, and
labour savings [1,2]. A majority of the 3DCP procedures involve the use of a nozzle, often
mounted on a gantry or robotic arm, to carefully deposit cementitious material throughout
the construction process [2]. It is important to note that, without the use of formwork, the
structure is at significant risk of deforming during the initial curing stage due to the absence
of a support system [3]. Therefore, both extrudability, i.e., the ability of the cementitious
material to be extruded via a nozzle with ease, and buildability, i.e., the ability to remain
rigid enough to sustain the weight of subsequent layers, are critical to the success of the 3D
concrete printing process [2,4-6]. Developing a cementitious mixture that meets the narrow
range of rheological requirements for both extrudability and buildability is vital for reliable
3D printing and the wider adoption of this technology in the construction industry.

The 3DCP entails a sequence of processes (pumping, extrusion, and deposition of sub-
sequent layers) with distinct physical principles, imposing stricter rheological constraints
than typical concrete construction methods [3,4,7,8]. Although the associated rheological
properties are the same across these processes, their desired values change. To ensure that a
cementitious mix is flowable and consistent throughout the printing process while having
appropriate strength to sustain successive layers at an early age [9,10], it is vital to examine
the rheological properties prior to material deposition. Rheological requirements can vary
between 3D printers due to differences in printing processes and material properties [6,7].
To ensure consistent and successful printing, it is necessary to tailor the mix design of the
chosen materials to the specific operational demands of the printer for maintaining good
extrudability and buildability, which are governed by properties such as slump, slump
flow, penetration resistance, and yield stress of fresh concrete [3,9,10]. The ease of extrusion
and buildability in 3D concrete printing is often influenced by the flowability and static
yield stress of the cementitious material [4,11-14]. Therefore, it is important to consider
both of these factors in order to accurately characterise the extrudability and buildability
of the 3DCP process. Existing research has reported measuring plastic viscosity and yield
stress using a theometer for various mixtures of 3DCP [2,11,15]; however, much like the
printing process, these rheological tests conducted on the cementitious mixtures are highly
dependent on the measuring methodology and equipment used [16,17]. In this study,
field-friendly tests such as slump flow, cylindrical slump test, and cone penetration tests
are used to measure the rheology of mortar mix. While several studies have explored the
influence of mix proportions on extrudable and buildable concrete [11,18-22], few have
systematically sought to optimise the mix. Despite several empirical mix design studies for
3DCP [9,12,23,24], there are no universally recognised mix design approaches, and few of
these research studies incorporated material strength at hardened state for optimisation of
mix design. A factorial design of experiments (FoE) and an ANOVA (analysis of variance)
are used to create predictive models that fit the experimental results and streamline the
experimental process, reducing the number of trials. A desirability function is also intro-
duced to achieve the desired values of measurable properties through the simultaneous
optimisation of multiple objectives.

Statistical models can be used to predict how different materials influence the rheologi-
cal behaviour and strength of 3D printable concrete, which is now made with a wider range
of materials in addition to cement. This approach is more efficient than the traditional
experimental design, in which only one variable is changed at a time. The use of 3DCP in
construction has been criticised for its high use of Portland cement, which is known to have
a significant environmental impact [6]. However, 3DCP can be made more environmentally
friendly by adding supplementary cementitious materials (SCMs) such as fly ash, GGBS,
and silica fume to partially replace cement in the mix [12,25-27]. In addition, high range
water reducers (HRWR), superplasticisers, early strength additives, accelerators, and other
such admixtures are also used to achieve the desired rheology or improve the working
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performance of 3DCP mixtures. Studies have shown that incorporating large amounts of fly
ash can make 3DCP more easily extrudable without significantly increasing its static yield
stress [26,28]. Dispersing and water reducing agents known as superplasticisers, such as
polynaphthalene sulfonate (PNS) and polycarboxylate ether (PCE), are often used in 3DCP
mixtures to improve flowability and reduce the amount of water needed [29-31]. Most
3DCP mixtures do not contain coarse aggregates, which can increase the packing fraction of
the material and improve its apparent yield stress, or the amount of force required to cause
it to flow [32]. However, superplasticisers work by reducing the surface tension of the water
in the mixture and allowing the particles to flow more easily, which can decrease the appar-
ent yield stress and partially counter the effect of the increased packing fraction [28,29]. PCE
is particularly effective at improving flowability because it reduces plastic viscosity through
steric hindrance, which reduces attraction forces between particles and prevents them from
coming into close contact [28,29,31]. Unlike superplasticisers, fibre is known to increase
the yield stress of concrete [33,34]. The addition of fibres to concrete can significantly
increase its flexural and tensile strength, but it is important to carefully control the amount
of fibre used [35-37]. According to research conducted by Le et al. [12], a fibre content of
1.2 kg/m?3 is sufficient for producing an optimised mix of printable concrete using micro
polypropylene fibres. While higher amounts of fibre can improve the buildability due to
the high yield stress, they can also hinder extrudability. Using locally sourced materials
from the UK, such as basalt rock to produce basalt fibre [38], researchers improved flexural
strength in basalt fibre-reinforced printed elements by fibre-reinforcing the cementitious
matrix or increased the flexural toughness of high-performance fibre-reinforced concrete
(HPFRC) [36,39].

The success of 3D concrete printing relies heavily on the selection of raw materials
and the design of the mixture to ensure appropriate extrudability and buildability of the
material [12,40]. These characteristics are crucial in determining ability of the material to
flow through the printing nozzle, maintain its shape after extrusion, and have the necessary
yield stress to the support subsequent layers during the printing process. Mix design for
3D concrete printing has traditionally been limited to selecting a few raw materials and
optimizing their proportions through trial-and-error methods. However, the integration of
factorial design into the mix design process provides a more comprehensive and efficient
approach to selecting and blending raw materials by simultaneously considering multiple
factors and their interactions. As such the objective of the research presented in this paper
is to provide an approach which can optimise multiple goals to improve extrudability,
buildability and material strength of hardened mortar utilizing a suitable mix proportion.
The concept of desirability function is used in this paper for multi-objective optimisation of
measured properties. At present, there is no standard method to quantify the extrudability
and buildability of 3D printable mortar. Previous research has explored the use of multiple
tests to characterise the rheological properties of 3D concrete printing mixtures [6,9], but few
studies have utilised field-friendly tests such as the flow table, cone penetration, or slump
test to assess extrudability and buildability. This study aims to fill this gap by optimising
the mix proportion of printable mortar using the results from the flow value, penetration
depth, and static yield stress derived from the slump test to evaluate extrudability and
buildability. Establishing a clear relationship between the rheological parameters of fresh
concrete and its composition is crucial to guide the mix design of printable mortar. While
some models have been developed for this purpose [9,22], further refinement is needed to
make them reliable tools. Currently, mix design for 3DPM primarily focuses on ensuring
the printability of fresh concrete, but little attention has been paid to the characteristics
of hardened concrete, such as compressive and flexural strength. Further research is
required to develop mix design tools that target the desired properties of both fresh and
hardened concrete. This paper attempts to provide a solution for developing a wholesome
optimisation approach to incorporate essential fresh and hardened properties of 3DPM.

The aim of this study is to optimise the mix proportion of four key materials, cement,
superplasticiser, basalt fibre, and fly ash, to maximise the extrudability, buildability, and
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material strength of printed mortars. The optimisation process involves using statistical
modelling (FoE) to evaluate the effects of varying dosages of these materials on the fresh
and rheological properties, as well as the hardening behaviour of cement mortars. The
properties of the proposed mixes are assessed through a range of methods, including flow
table, cone penetration, cylindrical slump, compressive test, and three-point bending tests
on printed and mould-cast specimens. The results of the experimental work are analysed
and used to develop statistical models that accurately estimate the rheological and strength
characteristics of the materials. These models identify the primary parameters and two-way
interactions that have a significant impact on the fresh and hardening properties of mortars,
making it easier to assess the potential impact of varying the dosages. By streamlining
the mix design process, the proposed models can simplify the optimisation process and
reduce the number of trial batches required compared with the conventional one-factor-at-
a-time method. To maintain both the number of measured properties and the scope of the
optimisation process, both compressive and flexural strengths are measured perpendicular
to the direction of printing only.

2. Materials and Methods
2.1. Materials

The cement used in this study is Portland cement (CEM) type CEMI 52.5 N, as specified
by BS EN 197-1: 2011 [41], and has a specific gravity of 3.10. The fly ash with a specific
gravity of 2.21 was supplied by Scot Ash Ltd. and conforms to BS EN 450-1:2012 [42].
The chemical composition and physical properties of cement and fly ash can be found in
Tables 1 and 2, respectively. As the water-binder (W/B) ratio is known to have significant
long-term influence on the strength of cementitious material, it is kept constant at 0.41 for
all the mixtures in order to study the influence of cement and fly ash as binder on material
strength independently. A polycarboxylate-based superplasticiser with a specific gravity
of 1.06 is used to increase workability in fresh state. Basalt rock is a single-component
natural resource that is ideal for the production of continuous basalt fibre due to its low
environmental impact. Continuous basalt fibre is a product made in a single step from
molten basalt rock without the use of any chemicals. Chopping continuous basalt fibre into
short lengths produces basalt fibre [43]. Basalt fibre (BA) used in the mortar mixture was
provided by Basalt Technologies UK Ltd. and it has a specific gravity of 2.65 and a length
of 12.7 mm. Sand with a maximum particle size of 1.18 mm, absorption coefficient of 0.8%,
and specific gravity of 2.7 was used. Quantity of sand was adjusted to maintain a constant
volume. The grain size distribution of the sand can be seen in Figure 1.

Table 1. Chemical compositions of cement and fly ash.

Composition [%] Cement Fly Ash
SiO, 19.83 55.2
Al,O3 4.87 228
F6203 2.79 6.2
SO3 2.51 1.1
MgO 1.98 1.2
CaO 64.62 43
Na,O 0.19 0.8
K,O 0.65 1.9

Cl 0.084 0.1
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Table 2. Physical properties of cement and fly ash.

Cement Fly Ash
Loss on ignition (%) 1.67 -
Specific gravity 3.10 221
% Passing 45 um sieve 81 83
Mean particle size (pm) 32 -

100
90

SN N ®
o o O

U
<

% passing [cumulative]

0.001 0.01 0.1 1 10
Sieve size [mm]
—e—Sand & Fly ash -+--CEM I

Figure 1. Grain size distribution.

2.2. Factorial Design of Experiment

The statistical approach known as “factorial design of experimental” is used to investi-
gate the interaction of several parameters simultaneously. Dosages of input parameters
(selected materials) in the mortar mixtures were varied to assess their potential influence
on the measured responses. This technique not only identifies the major parameters that
influence the measured response but also the mechanism through which these parameters
do so [44] (pp. 238-248). Polynomial regression model for a two-level factorial design is
given by Equation (1) and the regression model considers the interactions between two
parameters, in addition to the main effects.

j
y=pBo+ Z,Bixi + ZZ,Bijxixj where i < j (1)
i=1 i

In Equation (1), x; and x; represent the material concentration in coded terms, By
denotes the offset term, and f; and B;; represent the regression coefficients for main effect
and interaction effect, respectively. The relationship between material concentration in
coded terms (x;, x;) and actual terms (Cornc) is:

Conc — { (Conclow + Conchigh) /2}
{ (Conchigh — Conclow) /2}

()

Xi, x]' =

In this study, the factorial design is used to quantify the rheological and mechanical
properties of fibre reinforced cementitious materials used in 3D concrete printing. The
cementitious material in this experiment is made up of four key raw materials: cement
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(CEM), superplasticiser (SP), basalt fibre (BA), and fly ash (FA), which are deemed to
have a significant influence on the properties of cementitious mixture and are chosen to
formulate statistical models for evaluating rheological properties and material strength. The
2k (k = 4) full factorial design approach, where k represents the number of parameters or
raw materials, is used to evaluate the influence of these materials used in the cementitious
mixtures. The analysis of the experimental findings will lead to the identification and
quantification of the parameters and two-way interactions that significantly affect the
properties of fresh and hardened cement mortars. The derived statistical equations will
be used to evaluate the impact of changing the dosage contents. The dosages of cement
(CEM), fly ash (FA), superplasticiser (SP), and basalt fibre (BA) can be changed to ensure
the stability of the mortar proportions. The proposed models can make it easier to test how
to improve a given mix by reducing the number of trial batches needed to find the best
balance between the different mix variables. The derived statistical models are valid for
mixes made with cement (CEM) ranging from 550 to 650 kg/ m3, percentage of fly ash (FA)
from 5 to 20% by mass of cement, the dosages of basalt fibre (BA) from 1 to 3 kg/m?, and
dosages of superplasticiser (SP) from 2 to 4 kg/m3. As reported in a review of multiple
extrusion-based concrete printing mixtures [6], the binder content used in cementitious
mixtures is typically 600 kg/m?3 or more (in some cases reaching up to 1100 kg/m?). To
ensure required performance of printable concrete, including rheology, coherent adhesion
and early strength, a higher content of Portland cement has been adopted as a general
solution [45]. This high binder content, which is commonly the most energy-intensive
component of concrete, renders 3D concrete printing less environmentally friendly due
to its substantial energy consumption. The inclusion of a low fly ash (FA) replacement
percentage of 5% in the experiment was aimed at comprehending the lower limits of fly
ash usage and its impact on the mixture’s properties. The upper limit of fly ash content in
the mixture was limited to 20% due to concerns of its impact on the compressive strength
development of the material over a 28-day period. Table 3 presents a summary of the
different values used for each of the parameters.

Table 3. Factors and levels considered.

Coded Values
Components

Concypy,(—1) Centre Points Concpign(+1)
Cement (CEM) 550 kg/m? 600 kg/m> 650 kg /m?
Fly-ash (FA) 5% 12.50% 20%
Superplasticiser (SP) 2 kg/m? 3 kg/m3 4kg/m3
Basalt fibre (BA) 1 kg/m3 2 kg/m3 3 kg/m3

A total of twenty selected mixes considered in the factorial design are listed in Table 4.
The first sixteen mixtures consist of all possible combinations of the minimum and maxi-
mum values of the four factors considered. Additionally, a mix at the central point was
replicated four times to estimate the experimental error and examine the reliability of the
models. Mixtures from 17 to 20 are centre points with the same properties that are the
average values of the four factors. The cementitious material was tested with flow table,
cone penetration, cylindrical slump, compression test, and three-point bending test for
flexural strength.
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Table 4. Mix proportions of mortar (with coded values).
Mix Cement Fly Ash Basalt Fibre Superplasticiser
[kg/m3] [%] [kg/m3] [kg/m3]
Selected mixtures 1 550 (—1) 20 (+1) 1(-1) 2(-1)
2 650 (+1) 5(-1) 1(-1) 4 (+1)
3 650 (+1) 5(-1) 3 (+1) 2(-1)
4 650 (+1) 5(-1) 3 (+1) 4 (+1)
5 550 (—1) 5(-1) 3 (+1) 2(-1)
6 550 (—1) 20 (+1) 1(-1) 4 (+1)
7 650 (+1) 5(-1) 1(-1) 2(-1)
8 650 (+1) 20 (+1) 1(-1) 4 (+1)
9 550 (—1) 20 (+1) 3 (+1) 4 (+1)
10 550 (—1) 20 (+1) 3 (+1) 2(-1)
11 650 (+1) 20 (+1) 3 (+1) 4 (+1)
12 650 (+1) 20 (+1) 1(-1) 2(-1)
13 550 (—1) 5(-1) 1(-1) 2(-1)
14 650 (+1) 20 (+1) 3 (+1) 2(-1)
15 550 (—1) 5(-1) 1(-1) 4 (+1)
16 550 (—1) 5(-1) 3 (+1) 4 (+1)
Centre point mixtures 17 600 12.5 2 3
18 600 12.5 2 3
19 600 12.5 2 3
20 600 12.5 2 3

2.3. Testing Procedure
2.3.1. Mixture Preparation

A constant water-to-binder ratio (w/b) of 0.41 was used for all the mortar mixtures.
Water temperature was maintained at 20 £ 1 °C and mixtures were prepared in 6 min in a
planar-action high shear mixer with maximum capacity of 5 L. Portland cement (CEM)), fly
ash (FA) and sand were mixed for 1 min at low speed (140 rpm) before adding a solution
of water and SP. The time when water and SP was added is considered as zero time. The
mortar was further mixed for 1 min at a low speed. After mixing for 1 min, the mixer was
stopped, and any lumps of solids were broken and dry mixture along the circumference
of the mixer was thoroughly mixed before adding basalt fibre (BA). The mortar was then
mixed for 2 min on high speed (285 rpm) and 1 min on low speed (140 rpm).

2.3.2. Flow Table Test

The timing and sequencing of all test procedures were the same for all mixes. The
flow table test conforming to BS EN 1015-3:1999 [46] was used to assess flowability (6 min
after starting mixing). The fresh mortar was conventionally cast in a truncated cone shaped
mould with a bottom diameter of 100 mm, an upper diameter of 70 mm, and height of
60 mm, placed at the centre of a jolting table. The cone was filled with mortar in two
layers and each layer was compacted by at least 10 short strokes of the tamping rod to
ensure uniform filling of the mould. After removing the conical mould, the table was jolted
15 times at regular intervals. At the end of jolting, the flow was stopped and the spread of
the mortar was measured in two perpendicular directions to obtain the average flow value.
The flow value obtained from the flow table test is a measure of the fluidity of the fresh
mortar and is directly associated with the extrudability of the mortar when it is printed
through the nozzle attached to the ram extruder. A high flow value obtained from the flow
table test is indicative of the mortar’s ability to flow with ease, which implies that it has
improved extrudability.

2.3.3. Cone Penetration Test

The purpose of this test is to measure the workability and consistency of the mortar
under a certain stress caused by the descending cone (under gravity). At first the conical



Materials 2023, 16, 1748

8 of 34

mould with a bottom diameter of 80 mm, an upper diameter of 70 mm, and height of 40 mm
was conventionally cast with fresh mortar in two layers. Then each layer was compacted
by at least 10 short strokes to ensure uniform filling of the mould. The conical plunger of
the penetrometer conforming to BS ISO 13765-1:2004 [47] was adjusted so that it touched
the surface of the mortar before releasing, and the digital reading in the screen of the
penetrometer was noted down as the initial reading. The conical plunger was then allowed
to sink inside the mortar for 5 s under its own weight and the final reading was noted
down. The difference of the reading gives the actual penetration value of the mortar. An
average of three readings was reported to better represent the consistency of each mixture.
The penetration value of the mixture is an indicator of its fluidity or workability and can be
directly linked to the extrudability of the material. As the penetration depth increases, the
fluidity and workability of the mixture increase, leading to improved extrudability. A low
penetration value suggests that the mortar mixture is less workable, making it harder to
extrude, while a high penetration value implies that the mixture is more fluid and can be
easily extruded.

2.3.4. Cylindrical Slump Test

The slump test is an empirical test [48] performed on mortar to quantify the yield
stress and to assess the spread and slump of the mortar. Because the mix needs to be
stiff for printing, a typical rheometer would not be able to measure the yield stress of the
investigated mortars. A cylindrical slump mould with an interior diameter of 64 mm, an
exterior diameter of 66 mm, and a height of 136 mm was placed at the centre of a plane
table. Mortar was then filled into the mould in two layers; each layer was compacted with
10 short strokes with the help of a tamping rod to ensure a uniform distribution of material
and reduce air pockets in the mould. The excess mortar was scraped off with a trowel and
the mould was lifted after approximately 15 s. Then two height and diameter values in two
perpendicular directions were measured.

These values were used in estimating the static yield stress (t,) of the mortar de-
pending on the ratio height/spread. There are three main flow regimes with considerably
different stress tensors depending on the observed values and these flow regimes were
represented as H >> R, H ~ R and H << R where H denotes the height and R denotes
the radius after lifting the mould [48,49]. A static yield stress calculation formula was
established for each regime. In this experiment, most mortars were found to follow the
H >> R regime, while a few followed the H ~ R regime. To calculate the yield stress in both
regimes, two dimensionless quantities stress (7,') and strain (s") were used.

O — 3)
Y om X g % ho
S =2 @)

where stress (7,’) represents ratio of yield stress (yielding under the force of gravity) after
the mould is removed to the yield stress when the material is confined in the mould. 7y is
the yield stress, p;, is density, g is acceleration due to gravity, hy is the initial height, s is
the slump, h is the height after the cylindrical mould is lifted, and strain (s’) is the ratio of
slump (s) to height ().

In this experiment the dominant regimes can be represented as “Pure elongational
flow (H > R)” and “Intermediate (H ~ R)” [48] and yield stress for these regimes can be
obtained by using the following expressions (3) and (4).

Case 1: Pure elongation flow regime

In this case the radial stress variations are negligible in comparison to the vertical
stress variations and dimensionless stress quantity is obtained using the equation.

!
; _1-—s

T, = 7

©)
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Case 2: Intermediate regime

Considering the case of ideal elastic solid when maximum stress is applied in normal
direction [50] (gravity), the simple expression for yield stress can be written as a function
of slump using the equation.

1 1
Ty,ZE_E\/? (6)

The density p,, was obtained by measuring material weight at constant volume using
the same cylindrical mould for all mortar mixture, glass plate, and a digital balance. Mortar
was filled in two layers; each layer was compacted with 10 short strokes with the help of
a tamping rod to ensure a uniform distribution of material and reduce air pockets in the
mould. Extra mortar was scraped off with a trowel, and the overall weight was calculated.
Measurement of density is necessary to calculate yield stress and hence was performed for
all the mortar mixtures. During the evaluation of buildability of the mortar mixtures via
actual printing tests, it was observed that mixtures with high static yield stress exhibited
superior shape retention ability and were able to sustain subsequent layers without altering
the shape of underlying layers. As a result, high static yield stress can be considered
an indicator of enhanced buildability. However, it was also observed that surface cracks
tended to occur at high static yield stress values as the material became stiffer. In the case
of mixtures 1, 3, 5, 10, and 13, the high static yield stress resulted in unprintable mortar and
blockage at the nozzle exit.

2.3.5. The 3D Printing of Mortar

Printing of mortar filaments was carried out with the help of a battery-operated ram
extruder with a mortar carrying capacity of 0.6 L. A nozzle with rectangular face is fitted
at the front of the ram extruder as shown in Figure 2 below. The nozzle was carefully
designed in a rectangular form (internal rectangular geometry 42 x 14 mm) to fit the
extruder and with a ribbed interior surface to allow for greater contact area at the surface
between subsequent layers. Three layers of mortar filaments, each 200 mm long, can be
easily printed with a single filling.

b

Fu::r;g.':n =4

3

d
[RCEFEERSEe s S S

200 30«0 508
-

=) i

Figure 2. The printing system used for printing of mortar (all dimensions are in mm): (a) side view
of the nozzle, (b) front view of nozzle, (c) battery operated ram extruder device fitted with nozzle,
and (d) a few printed sample later used for flexural strength test of extruded samples.
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Printing tests were conducted on each trial mix to assess extrudability and buildability.
However, there is currently no standardised method for evaluating the extrudability and
buildability of a 3D printable mixture. Typically, these characteristics are evaluated through
visual inspection, considering factors such as the proper extrusion of the layer(s) without
blockage or fracture, the presence of surface fissure or voids during extrusion, the retention
of shape or shape stability, and the layer height after printing. Extrudability refers to the
ability of concrete to flow through nozzles and is influenced by workability (consistency)
and mix proportions [12], while workability refers to the ease of flow in a system and
can be measured by the slump flow test [51]. Buildability is commonly evaluated by
measuring the height of filament layers, considering the visual deformation or collapse of
the structure during 3D printing [11,21,52] and can be associated with static yield stress of
the material [9]. The results from the flow table, cone penetration test, and slump test offer
comprehensive insights into the extrudability and buildability of the mortar mixture, as
discussed in Section 3.1.

2.3.6. Compressive and Flexural Strength Test

For testing compressive strength (f’cc) of mould-cast samples, standard cubes of
50 mm were prepared for testing at 7 days and 28 days. Moulds were filled in two layers
compacting each layer with 10 strokes and excess of mortar was removed with a trowel.
Printed layered cubes were used to evaluate the compressive strength of layers (f/.) that
were neither vibrated nor compacted. For preparing a printed cube member, three layers
were printed in a stacked manner and then cut with a tin cubic mould of 42 mm sides,
as seen in Figure 3a. The tin mould was removed one minute later. Since the top surface
of layered cubes was not exactly parallel, a cement paste was applied to the cube’s top
surface to create parallel surfaces for testing. The preparation of parallel surface for printed
cube members with the help of levelling pole can be seen in Figure 3b. This additional
material is intended to remedy any residual parallel surface flaws. However, this material
is not included in the compressive strength (f/.) calculation, which is shown below in
Equation (7). After 24 h of curing, the moulds of the cast samples were removed. All the
samples were then cured in water at (20 &= 1) °C for 7 and 28 days, respectively. Both
mould-cast and printed samples were tested at a constant load rate of 50 kN /min which
conforms to BS EN 1015-11:2019 [53].

_ Force [F]
 Surface area [A]

@)

Figure 3. Sample preparation (a) for compressive and flexural strength measurement of printed
members using the extruder, (b) preparing a flat surface for extruded samples for compressive
strength test, and (c) moulds for preparing cast samples to test compressive and flexural strength.
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For testing flexural strength, mould cast samples of size 50 x 50 x 200 mm were
prepared while the extruded samples were made of three extruded layers, as shown in
Figure 3a, where each layer was approximately 42 mm wide, 14 mm thick, and 180 mm
long. However, due to load of subsequent layers placed on top, the depth and width of
these printed members may change depending on the flowability and yield stress value
of the mortar mixture. Since each printed specimen is different in size, the width (b) and
depth (d) of all samples were measured at three different places to obtain an average value
for measurement along the plane of failure. According to BS EN 1015-11:2019 [53], flexural
strength was calculated by dividing the maximum load the specimen could sustain by its
cross-sectional area. Unlike prismatically mould-cast members, the printed specimen is
uneven and requires a more accurate result. To address this, three printed member samples
made from the same mixture were produced. The width and depth of each specimen
across the plane of failure must be measured an average of three times to determine the
flexural strength of printed members. The width of each specimen is determined by
averaging three measurements taken in the middle of each layer along the sample’s depth.
Similarly, the depth is determined by averaging three vertical measurements across the
width of the failure plane taken perpendicular to the printing direction. The length of
each specimen, measured from one support to the next, was fixed for both printed and
mould-cast specimens. The flexural strength of both layered and standard mould-cast prism
samples was calculated using the Equation (8) given below, where '+ is the flexural strength,
‘F’ is the maximum flexural force applied before failure, ‘b” is the width of the sample, ‘d" is
the depth, and ‘1" the length in between the two supports (in all cases, 1 = 110 mm):

, Fxl
fi :1.5><7bxd2 (8)

After keeping the samples in 100% humid condition and 20 £ 1 °C for 24 h, samples
were cured in water for 7 and 28 days before the flexural strength test. The flexural test was
a three-point bending test of hardened mortar samples (for both mould-cast and printed
members) at 7 and 28 days. In accordance with BS EN 1015-11:2019 [53], samples were
tested at a steady load rate of 40 N/s.

3. Results and Discussion
3.1. Fresh and Hardened Responses of Investigated Mixes

The mix design sought to optimise 3D concrete printing performance both at the fresh
and hardened states. Fresh state characteristics such as extrudability and buildability are
measured in terms of flowability, consistency and static yield stress. Compressive and
flexural strength are investigated to assess the performance at hardened state. A total of
twenty mortar mixtures were investigated, and eleven properties were considered for
which regression equations were derived using the factorial design approach. Table 5
shows the responses of the 20 mortar mixes in terms of slump flow, cone penetration, yield
stress, and compressive and flexural strength at 7 and 28 days. Mixtures 17 to 19 were used
to evaluate the repeatability of mortar compositions and are listed in Table 6 below. In
this study, measurement of the flexural and compressive strength of 3D printed mortar
elements were conducted perpendicular to the direction of printing. Flexural strength at
7 days for mould-cast and printed samples are indicated by f't.7 and f/117, respectively.
Similarly, 28-day compressive strengths for mould-cast and printed samples are indicated
as f’ ccos and f’ 128, respectively. Since the mortar was not printable for mixes 1, 3, 5, 10, and
13, the printed elements for those mixes are labelled as NP or Not Printable in Table 5.
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Table 5. Experimental results.
Mix Slump Flow Cone Penetration Yield Stress fter i fwr feL7 f te2s f cc2s f s fers
[mm] [mm)] [Pa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
1 154 8.9 1620 5.4 229 NP NP 59 40.3 NP NP
2 295 39.7 520 7.9 48.0 7.7 43.7 10.7 57.9 11.3 55.2
3 196 13.0 1640 7.5 41.6 NP NP 8.9 43.9 NP NP
4 267 38.9 550 9.1 47.6 9.7 40.6 10.8 66.4 12.5 53.8
5 123 3.7 1689 5.9 24.1 NP NP 7.3 32.8 NP NP
6 277 34.7 734 8.8 42.8 9.5 38.5 10.6 53.4 11.4 44.8
7 223 17.2 1580 7.3 43.0 7.6 37.5 9.6 48.0 109 459
8 296 35.6 986 8.8 51.9 9.0 47.8 9.3 61.2 9.9 53.1
9 259 28.9 800 9.0 427 9.3 38.1 10.4 52.2 11.9 43.1
10 177 10.0 1689 6.2 33.6 NP NP 7.9 37.4 NP NP
11 280 29.9 1062 8.1 52.1 8.9 49.7 10.2 58.2 11.8 525
12 255 371 1045 7.6 43.7 8.2 39.6 9.4 57.4 10.1 53.0
13 143 4.0 1614 5.4 29.2 NP NP 6.4 41.9 NP NP
14 266 38.7 1115 7.9 439 8.8 42.5 9.9 60.5 11.6 54.2
15 232 29.9 1292 9.2 43.0 9.5 41.3 10.3 50.0 11.6 46.1
16 212 23.2 1506 9.3 47.2 10.7 441 9.9 48.3 11.7 46.5
17 243 26.4 1166 8.5 44.5 9.0 37.1 10.3 53.6 11.8 45.3
18 245 26.6 1162 8.3 46.4 9.3 37.3 10.1 48.0 11.4 46.1
19 249 30.6 1112 8.5 41.0 9.1 38.4 9.7 52.5 11.2 47.6
20 247 31.0 1170 8.4 39.1 9.1 37.6 99 48.3 11.2 46.0
NP: Not Printable.
Table 6. Repeatability of test parameters at the central point.
Measured Slump Flow Cone Penetration Yield Stress  fc7 feer f w7 fer7 fic2s  fecas  fias  feros
Properties [mm] [mm] [Pa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
Mean 246.0 28.7 1152.5 8.4 42.8 9.1 37.6 10.0 50.6 11.4 46.3
Std. Dev. 2.6 2.5 27.2 0.1 3.3 0.1 0.6 0.3 2.9 0.3 1.0
Coefficient of 1.0 8.7 24 11 7.7 14 15 26 5.7 25 2.1
variance (%)
Half width
Of‘95 % 4.1 4.0 43.3 0.2 5.3 0.2 0.9 0.4 4.6 0.5 15
confidence
interval

The extrudability and buildability of a cementitious mortar were evaluated using
a battery-operated extruder. Extrudability is a measure of the material’s ability to flow
smoothly and continuously through a nozzle [2,12,21], and it is quantified using slump
flow and cone penetration. Buildability refers to the mortar’s ability to support the weight
of successive layers without yielding due to its weight or nonuniform geometry. It is
determined by the material’s static yield stress, which can be estimated from the slump
value [10,54]. In this study, the quality of extrudability was evaluated based on the absence
of surface voids or fissures and smooth, continuous extrusion. On the other hand, the
buildability of the material was considered to be satisfactory if it could support the weight
of at least three layers printed without bottom layer collapse, with the height of the bottom
layer being equal to that of the top layer. There is ample evidence in the literature [10,12,55]
to support that a cementitious mortar with a high static yield stress is more likely to be
able to support successive layers and maintain its shape during 3D printing. Mixtures 1,
3, 5, 10, and 13 possess high static yield stress values (>1600 Pa), but they exhibit poor
extrudability, as indicated by their low slump flow value of less than 200 mm. The high
stiffness and low flowability of these mixtures led to blockages at the nozzle exit, making
them unsuitable for 3D printing. The mortar mixtures 2, 4, 6, 8, 9, 11, and 12 have high
slump values and penetration depth, making them easily extrudable. However, these
mixtures lack buildability as their static yield stress values are insufficient to resist gravity
or support subsequent layers. Mixtures 7 and 16 are extruded with surface fissures, but they
are buildable due to their ability to retain shape and high yield stress values. The remaining
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mixtures 14, 15,17, 18, 19, and 20 can be extruded without any surface deformations and are
buildable as they can support subsequent layers with minimal deformations. The results
from the flow table, cone penetration, and slump test, combined with findings from the
printing tests, as presented in Table 5 and Figure 4, provide a comprehensive understanding
of the extrudability and buildability of the mortar mixtures.

WSTOY

(a) Mix 2 . (b)Mix9 (c) Mix 16 (d) Mix 19

Figure 4. Measurement of slump flow and slump along with printed filaments corresponding to
(a) mixture no. 2; (b) mixture no. 9; (c¢) mixture no. 16; and (d) mixture no. 19.

Figure 4 is a diagram matrix illustrating the relationship between slump flow and
extrusion, as well as slump and buildability, for mixes 2, 9, 16, and 19 from Table 5. Rows
1 to 4 in Figure 4 represent the slump flow, extrudability, yield stress, and buildability,
respectively. The slump flow value (295 mm) for mix 2 is very high, making the material
easier to extrude. Moreover, the slump for mix 2 is also high, resulting in the estimated
yield stress value being low (520 Pa). A mortar with a low yield stress value cannot support
subsequent layers on top of it, so that the bottom layers yield under gravity. The slump flow
and yield stress computed for mix 16 are 212 mm and 1506 Pa, respectively. The extruded
mortar filaments for mix 16 have certain surface flaws (visible cracks and pores) as it is
comparatively harder to extrude due to its low slump flow value. However, the mortar
layers can sustain a load of subsequent layers while maintaining the shape with minimum
settlement as compared to mixes 2, 9, and 19. The quality of extruded mortar layers for mix
19 is somewhat satisfactory, although the shape of those filaments is not better than for mix
16. It is observed that extrusion of mortar becomes easier at higher slump flow values, but
the buildability decreases due to its low yield stress.

In summary, the slump flow and estimated yield stress values can be used to assess
the extrusion behaviour and buildability of cementitious mortar, which are important
qualities for successful 3D printing. These values provide a clear indication of the favourable
characteristics for 3D printing mortar.
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Figure 4 presents the printed layers alongside the slump and slump flow values for
four different mortar mixes, providing a general understanding of the distinction between
extrudable and buildable mixtures and highlighting the importance of both slump and
slump flow in determining the suitability of a mortar for 3D printing. The flowability and
consistency of a mortar, which determine its ability to be shaped by gravity, can be assessed
using either the slump flow or cone penetration test. The results in Table 5 show that, as the
slump flow value increases, the penetration depth also increases. Figure 5a illustrates the
correlation between slump flow and penetration for all of the mixes. Additionally, analysis
of the rheological properties reveals a relationship between slump flow and estimated yield
stress, with lower slump flow values corresponding to higher estimated yield stress values,
as shown in Figure 5b.
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Figure 5. (a) Correlation between slump flow and penetration depth, and (b) correlation between
slump flow and yield stress for all mortar mixes in this experiment (mix 1—20).

The compressive and flexural strengths of the extruded samples are determined
through statistical analysis of the available data. To ensure that the results are based on
reliable and valid data, only the printable samples are included in the calculation of the
main and interaction effects. The factorial design involves fitting a statistical model to the
data and estimating the coefficients of the independent variables, as well as the interaction
terms between the independent variables in the model. These coefficients reflect the main
effects and interaction effects of the independent variables on the compressive and flexural
strengths of the extruded samples. In conducting analysis for compressive and flexural
strengths of mortars, “Design Expert” software has two options: ignore the missing data
(non-printable mixtures 1, 3, 5, 10, and 13) and perform the calculations based on only the
available data, or use an imputation method to estimate the missing values. In this study,
the first approach is used because the imputation method to estimate missing values can
potentially impact the validity and reliability of the results. Imputation methods rely on
making assumptions about the missing data and the relationships between the variables,
and if these assumptions are not met, the imputed values may not accurately represent the
true values of the missing data. Additionally, imputation methods can introduce variability
and uncertainty into the results, which may lead to a skewed or biased estimate of the
main and interaction effects. This can be concerning if the proportion of missing data is
substantial, as it can have a substantial impact on the results of a factorial design study.

The compressive strength values of elements cast in a mould at 7 and 28 days are
generally higher than those of 3D printed elements made from the same mixtures, as seen
in the test results in Table 5. This improved mechanical performance may be due to the
compaction of elements cast in a mould, while 3D printed elements are simply stacked on
top of one another. The evolution of compressive strength in standard mould-cast cubes
and 3D-printed layered cubes generally follows the same linear trend, yielding a correlation
with R? values of 0.825 and 0.822 at 7 and 28 days, respectively, as shown in Figure 6a,b.
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Figure 6. Showing correlation between mould-cast and printed members for (a) compressive strength
at 7 days and (b) compressive strength at 28 days.

The flexural strength values of 3D printed elements are generally higher than those
of elements cast in a mould. This behaviour is likely due to the alignment of fibres along
the print path [35], facilitated by extrusion through the nozzle, which increases the flexural
strength of the printed elements perpendicular to the direction of printing. Both mould-cast
prism elements and their 3D-printed layered equivalents exhibit similar trends in flexural
strength growth, with R? values of 0.87 and 0.79 at 7 and 28 days, respectively, as shown in
Figure 7a,b.
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Figure 7. Showing correlation between mould-cast and printed members for (a) flexural strength at
7 days, and (b) flexural strength at 28 days. Table 6 shows the average measured response of the

four replicate mortars mixtures (Mix 17 to 20) prepared at the centre of the experimental domain,
coefficient of variation, and half width of 95% confidence interval for each of the measured properties.

3.2. Regression Models and Isoresponse

The data presented in Table 5 obtained using a factorial design method enable the
quantification of the individual and interaction effects of the four mixture parameters
(CEM, FA, BA, and SP) on the investigated responses. Analysis of variance (ANOVA)
was carried out to test the statistical significance of main and interaction effects using the
commercial software “Design Expert”. Based on this analysis regression models were
then created under the assumption of a normal distribution of residual terms [44]. All
model parameters were statistically significant at 95%. This level of confidence is normally
considered strong evidence that the parameter is not zero, i.e., that the proposed parameter
has a significant influence on the measured response. A positive/negative estimate of the
coefficient means that an increase in the given parameter results in an increment/reduction
respectively of the measured response. Based on the statistical regression models, isore-
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sponse curves throughout the experimental domain are then created using response surface
methodology (RSM).

The regression models built using the factorial design of experiment method were
used to predict the values of mixes 17-20, as shown in Table 7. Table 8 lists the ratios of
predicted to measured responses for all the fresh state and hardened properties including
slump flow, cone penetration, yield stress, f'tc7, f't17,  tc28, £ 128, f cc7, f cL7, f cc28, and
f crL2s. These ratios range from 0.90 to 1.10, indicating that the developed regression models
predict the properties of the selected mortar mixes with reasonable accuracy, with the
exception of mix 3 for f'+.7 (predicted-to-measured = 0.88) and mix 4 for f’ .7 (predicted-to-
measured = 0.89). Overall, the proposed models seem to be satisfactory in predicting the
flowability, consistency, static yield stress, flexural strength, and compressive strength of
both mould-cast and printed samples at 7 and 28 days.

Table 7. Simulated mix composition of mortar.

Simulated Mixture Component Mix 1 Mix 2 Mix 3 Mix 4
Cement (CEM) [kg/ m?] 620 600 615 635
Fly-ash (FA) [%] 20 20 10 15
Superplasticiser (SP) [kg/ m3] 35 3 25 4
Basalt fibre (BA) [kg/m?] 3 3 25 1.5

Table 8. Ratio of predicted-to-measured values.

Properties Mixture No. Predicted Measured Ratio Properties Mixture No. Predicted Measured Ratio
1 245.7 253.0 1.02 1 9.0 9.2 1.02
Slump Flow 2 236.5 239.5 1.07 £ IMPa] 2 9.2 95 1.03
[mm] 3 217.4 212.5 0.96 tL7 |VIFa 3 93 8.8 0.95
4 2535 2579 1.03 4 8.6 9.1 1.05
Con 1 33.7 345 1.03 1 43.0 40.6 0.95
P ‘: i 2 30.0 32.1 1.06 fety [MPa] 2 39.0 36.7 0.94
erEe ra]“’“ 3 23 214 0.95 cL7 [VIFa 3 37.7 36.2 0.96
mm 4 35.2 36.4 1.02 4 452 426 0.94
1 1146.1 1187.3 1.04 1 10.0 96 0.96
) 2 1217.6 1278.9 1.05 Frers 2 93 9.2 0.99
Yield stress [Pa] 3 1327.4 1268.6 0.9 (MPal 3 9.1 9.4 1.04
4 894.9 956.3 1.07 4 10.4 9.7 0.93
1 8.6 8.1 0.94 1 59.0 55.8 0.95
2 82 8.4 1.03 fleers 2 52.2 54.6 1.05
f'te7 [MPa] 3 8.0 8.6 107 [MPal 3 477 196 1.04
4 8.8 8.6 0.98 4 60.7 57.4 0.95
1 47.3 51.2 1.08 1 11.7 10.6 0.91
2 02 44.8 1.06 fr2s 2 11.7 113 0.97
fee7 [MPa] 3 411 447 1.09 [MPa] 3 11.8 112 0.95
4 51.0 55.6 1.09 4 10.9 114 1.05
1 50.1 49.8 0.99
2 48.5 46.3 0.96
£ eL2s [MPa] 3 46.3 439 0.95
4 52.0 51.7 0.99

The developed prediction models can be used to analyse the influence of input pa-
rameters on the rheology and strength of the designed mortar mixture. The regression
coefficients presented in Table 9 were determined to be statistically significant at 95% confi-
dence level (p-value < 0.05). These regression coefficients indicate the strength and direction
of the relationship between the investigated parameters and the measured response. A
positive coefficient indicates that, as the parameter increases, the response also tends to
increase, while a negative coefficient indicates that, as the parameter increases, the response
variable tends to decrease. The magnitude of the coefficient represents the strength of the
relationship: the larger the coefficient, the stronger the relationship.
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Table 9. Regression coefficients and p-values for all measured properties.

Intercept CEM FA BA SP CEM x FA CEM x BA CEM x SP FA x BA FA x SP
Slump flow [mm] 226.3 219 10.2 294 —12.0 —-20.9 —10.6
p-values 0.0005 0.0495 <0.0001 0.0238 0.0008 0.0418
Penetration [mm)] 26.1 5.6 3.9 8.5 —4.8 —3.6
p-values <0.0001 <0.0001 <0.0001 <0.0001 0.0001
Yield stress [Pa] 1122.6 53.8 41.3 —383.9 138.6 185.5
p-values 0.0005 0.0038 <0.0001 <0.0001 <0.0001
f tc7 [MPa] 79 0.3 1.1 —0.6
p-values 0.015 <0.0001 <0.0001
1 cc7 [MPa] 414 54 5.8 —24
p-values <0.0001 <0.0001 0.0062
ft17 [MPa] 9.2 —0.5 0.5 —04
p-values 0.0003 0.0008 0.0018
f L7 [MPa] 39.0 2.8 3.7 2.6
p-values 0.0005 <0.0001 0.0004
f tc2s [MPa] 9.4 0.6 1.1 —-0.7
p-values 0.0012 <0.0001 0.0009
f ccas [MPa] 50.6 6.1 2.0 53 —-17
p-values <0.0001 0.0488 <0.0001 0.0492
f t128 [MPa] 11.5 —-0.2 -0.3 0.5 —0.2 0.3
p-values 0.0408 0.0055 <0.0001 0.0092 0.0011
f cL2s [MPa] 47.0 45 1.5 22 —-2.5
p-values <0.0001 0.0013 0.0001 <0.0001
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3.2.1. Slump Flow

The regression model of slump flow is primarily affected by SP, CEM, and FA concen-
trations, as well as by the interaction effects of SP, CEM, and FA (R? = 0.90), see Equation (9).

Slump Flow[mm) = 226.3 +21.9 CEM + 10.2 FA +29.4 SP —12.1 CEM x FA —20.8 CEM x SP —10.6 FA x SP  (9)

Because of its ability to act as a dispersant via electrostatic or steric repulsion ef-
fects [50], the content of SP (+29.4) is the most important factor in increasing slump flow
followed by CEM (+21.9), see Equation (9). The use of PCE type superplasticiser is known to
improve the flowability of fresh concrete [31]. The mixtures with the lowest superplasticiser
content (2 kg/ m3) were noticeably stiffer, making mixtures 1, 3, 5, 10, and 13 not printable.
As shown by past research [12,33,56], slump flow can also be enhanced by increasing the
dosages of CEM and FA in the mixture. Despite having the lowest SP dosages, mixes 7,
12, and 14 were printable and had slump flow values greater than 200 mm due to the high
concentration of CEM and FA [57,58]. The effect of SP on the slump flow of fresh mortar
mixes containing CEM and FA is illustrated in Figure 8a,b, respectively. Figure 8a shows
the isoresponse curve of the slump flow with a fixed proportion of FA at 12.5% and BA
at 2 kg/m?>. The gradient of the contours represents the significance of each parameter in
effecting the slump flow value. When SP dosage was 2.5 kg/m3 and CEM content was
570 kg/m3, the isoresponse of the predicted slump flow was 190 mm which is difficult
to extrude, as observed from mix 3 in Table 5. If SP dosage was increased to 3 kg/ m3,
while maintaining CEM content at 570 kg/m3, the isoresponse of the slump value was
approximately 210 mm, making the mortar extrudable. Figure 8b presents the isoresponse
of slump flow of SP vs. FA content when CEM was fixed at 600 kg/ m3 and BA at 2 kg/ mS.
In this case the significance of the effect of FA content on slump flow seemed to be less
compared to SP. This could be because of the lower percentage of the FA content (5-20%)
in the mix composition as compared to the CEM content. From the isoresponse curve it
can be inferred that the SP dosage plays a significant role in improving slump flow of the
mortar even with a smaller dosage, as compared to CEM and FA.

4 Slump Flow (mm) 4 Slump Flow (mm)
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Figure 8. Isoresponse curves of slump flow showing (a) SP versus CEM, (b) SP versus FA.

3.2.2. Cone Penetration

The regression model for the cone penetration is influenced in order of magnitude by
SP (+8.5), CEM (+5.6), and FA (+4.0) as presented in Equation (10) (R? = 0.97).

Cone Penetrationjmm| = 26.1 + 5.6 CEM + 4.0 FA + 8.5 SP — 4.8 CEM x SP — 3.8 FA x SP (10)

The presence of high SP dosages has the most significant impact on the consistency of
fresh mortar. Penetration depth increases with increasing SP dosages because the mortar
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becomes less viscous and therefore flows more easily. The mixes that have high dosages
of superplasticiser (4 kg/m?) have a noticeably lower viscosity, which makes mixtures 2,
4,6, 8,11, and 14 very suitable for extrusion. On the other hand, the mixtures 1, 3, 5, 10,
and 13 are not extrudable as the penetration depth obtained for these mixtures was less
than 15 mm. To be suitable for 3D printing, the mortar should have a penetration depth
of at least 20 mm. Figure 9a,b shows the variations in the SP dosage with both CEM and
FA content. The isoresponse contours depicted in Figure 9a,b shows that the influence
of SP in improving the consistency of the mortar is more significant than the influence
of CEM content or FA content. Furthermore, Figure 9a,b shows that the consistency of
mortar becomes more pronounced when both CEM and FA concentrations are increased,
potentially due to the sensitivity of the mortar composition to the changes in SP dosage.
Maintaining FA constant at 12.5%, CEM at 600 kg/m?, and BA at 2 kg/m?, the penetration
depth increased significantly with increasing SP content from 2 to 4 kg/m?3, as demonstrated
in Figure 9b.

4 Penetration (mm) 4 Penetration (mm)
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Figure 9. Isoresponse curves of cone penetration test: (a) SP versus CEM and (b) SP versus FA.

3.2.3. Yield Stress

The regression model of yield stress is primarily affected by the SP (—383.9), FA (+53.8),
and BA (+41.3) dosages, as indicated in Equation (11) (R? = 0.99).

Yield stress[Pa] = 1122.6 + 53.8 FA + 41.3 BA — 383.9 SP 4 138.6 CEM x SP + 185.5 FA x SP (11)

The enhancement of static yield stress values is also contributed by the interaction
between FA and SP, with a regression coefficient of +185.5, and CEM and SP, with a regres-
sion coefficient of +138.6. Lowering the SP dosage or increasing the FA and BA content
results in higher yield stress values, as shown in Equation (11), which also corresponds
to a decrease in slump flow values. The increase in SP (—383.9) dosage has nearly seven
times greater impact on reducing yield stress than the dosage of FA has on increasing yield
stress (+53.8). Adding SP improves the surface coating of cement (CEM) and fly ash (FA)
particles by a polymer, resulting in steric hindrance and electrostatic repulsion between
the particles, and hence requiring less force to disperse the particles and resulting in lower
yield stress [59]. Mortar mixes that include fly ash have been found to offer increased
resistance to segregation and improved cohesiveness [33,60], while basalt fibre decreases
both the mortar’s fresh flow and its deformation ability [12,33,34]. The yield stress of
mortar increases with the incorporation of fly ash and basalt fibre, but the improvement
is not as significant as the decrease in yield stress due to the addition of SP, see Equation
(11). This behaviour is more likely to occur when the SP dosage applied in the mixture
is less than the maximum amount (i.e., 4 kg/m?), leaving more space for the FA and BA
to act as a barrier to free flow and hence yield stress increase is more significant at low
SP dosages as in mix 3, 5, 7, and 13 in Table 2. Therefore, addition of more FA and BA
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content is able to increase the buildability of mix composition when SP dosage is lower
than 4 kg/ mS3. The regression model for yield stress indicates that the interaction between
SP and CEM, as well as between FA and SP, has a positive effect on the overall yield
stress of the mortar. Figure 10a shows the isoresponse curve of the yield stress with a
fixed concentration of CEM at 600 kg/m? and SP at 3 kg/m?3. The effect of FA content is
almost as significant as the effect of BA content on improving the yield stress of 3DPM. An
increase in the concentration of FA has approximately 1.3 times more influence on yield
stress compared to an increase in the dosage of BA. The improvement in yield stress due to
addition of FA content can be attributed to the increase in cohesion and decrease in segre-
gation [61,62]. The basalt fibre acts as reinforcement, distributing the applied stress over
a larger volume and preventing the propagation of cracks while improving cohesiveness
through the formation of a network in the mortar matrix [33,63]. However, compared to
the negative effect of SP (—383.9), the influence of FA (+53.8) and BA (+41.3) content is very
small. Figure 10c depicts the isoresponse contours, which describe the interaction effect of
FA and SP. At a lower FA%, yield stress values change more rapidly under the influence
of the SP dosage. When FA dosage is 8%, the corresponding yield stress at SP dosages of
2 kg/m3 and 3.5 kg/m? is 1600 Pa and 800 Pa, respectively, while at FA dosage of 17%,
the isoresponse of the predicted yield value is approximately 1430 Pa and 950 Pa for SP
dosages of 2 kg/m?3 and 3.5 kg/m3, respectively. Figure 10b illustrates the isoresponse
curve of the yield stress in relation to CEM and SP, with a fixed concentration of FA at
12.5% and BA at 2 kg/ m3. As observed before for the interaction of FA and SP, with the
increase in SP dosage in the mortar, the yield stress values decrease more at lower CEM
concentrations than they do at higher CEM concentrations. Although the influence of
cement on yield stress is not evident from Equation (11) in this experiment, the interaction
of CEM and SP has a positive effect on overall yield stress increase, which could be due to
SP consumption enabling adequate mixing of mortar composition and inherent behaviour
exhibited by CEM such as structuration, thixotropy, and nucleation immediately after
mixing with water [13,64]. According to the isoresponse behaviour, the limited effect of
CEM content on static yield stress at lower concentrations and higher SP dosages could
be due to the superplasticiser’s ability to keep the particles sterically separated, delaying
microstructure growth and inhibiting early age hydration [65].
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Figure 10. Isoresponse curves illustrating yield stress for (a) BA versus FA, (b) SP versus CEM, and
(c) FA versus SP.

3.2.4. Flexural Strength

Equations (12)-(15) show the regression equation between flexural strengths (f'¢.7,
ftc28, 117, and f11.28) and primary parameters (CEM, FA, SP, and BA dosages) at 7 and
28 days (R% = 0.88, 0.82, 0.86, and 0.93), respectively. The flexural strengths of mould-cast
members are represented by, f'tc7 and f'+.28, respectively, and the flexural strengths of
printed elements are represented by f'117 and f ¢1.2s.

f 17 [MPa] = 7.9 4 0.3 CEM + 1.1 SP — 0.6 CEM x SP (12)
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f 12s[MPa] = 9.4 4+ 0.6 CEM + 1.1 SP — 0.7 CEM x SP (13)
f 17IMPa] = 9.2 — 0.4 CEM 4 0.5 BA — 0.4 FA x BA (14)

f 1125MPa] = 11.5 — 0.2 CEM — 0.3 FA + 0.5 BA — 0.2 CEM x FA + 03 CEM x BA (15)

As shown in Equations (12) and (13), flexural strength is influenced, in order of
magnitude, by the dosages of SP and CEM at both 7 and 28 days. As the values of CEM are
increased from 550 kg/m? to 650 kg/m? and dosage of SP is increased from 2 kg/m? to
4 kg/m3, each contour demonstrates a noticeable trend, indicating that both of these factors
have a significant impact on the flexural strength. The primary purpose of incorporating
basalt fibre (BA) is to enhance the flexural strength of mortar through fibre reinforcement.
However, the results do not indicate any significant impact of the dosage of basalt fibre
(BA) on the 7-day and 28-day flexural strength (f tc7 and f’ ¢c2g) of the mould-cast specimens.
This could be due to the compaction of the mortar in the mould-cast specimens using a
tamping rod, which eliminates the potential alignment along the length of the specimen,
preventing it from serving as reinforcement when a force is applied perpendicular to the
specimen. This compaction effectively reduces the influence of the basalt fibre (BA) on the
flexural strength of mould-cast specimens.

Flexural strength at 7 days for cast specimens: The increase in SP affects 7-day flexural
strength approximately 3.7 times more than the increase in CEM content (1.1 vs. 0.3 in
Equation (12)). Figure 11a shows that the significance of the gradient of isoresponse for
SP dosage is much higher than the CEM content. As shown in Tables 4 and 5, mortar
mixtures 1, 5, 10, and 13 have the lowest SP dosage, resulting in lower 7-day flexural
strength in comparison to other mixtures. It is possible that lower SP dosage could lead to
improper mixing of binder and fine aggregates because of insufficient cohesion between
the components during casting. With low SP dosage, the binder might not adhere properly
to the fine aggregates, leading to inadequate mixing and weaker mortar. Despite the low SP
dosage, the mixtures 3, 7, 12, and 14 have sufficient flexural strength due to the high CEM
content. This increased cement content could lead to a denser concentration of hydration
products and a greater degree of interlocking between the cement and aggregates, both of
which enhance the flexural strength. The 7-day flexural strength of mixture 15 is 1.7 times
stronger than that of mixture 13, which is due to a 2 kg/m? increase in SP dosage, whereas
mixture 7 has a 1.4-times increase in 7-day flexural strength, which is attributed to a
100 kg/m? increase in CEM content. For SP dosage less than 3.5 kg/m?, increasing the
CEM content has a positive effect on f'.7. However, for SP dosages between 3.5-4 kg/ m3,
increasing the CEM dosage appears to decrease the 7-day flexural strength of mould-cast
specimens (f'¢c7). Additionally, the interaction of CEM and SP has a negative impact on the
overall flexural strength development of (f 7).
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Figure 11. Isoresponse curves for flexural strength of mould-cast members (a) CEM versus SP at
7 days, and (b) CEM versus SP at 28 days.
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Flexural strength at 28 days for cast specimens: The 28-day flexural strength is primar-
ily affected by the SP and CEM content of the mortar mixture. From the regression equation
(Equation (13)), it is observed that the increase in SP is 1.8 times more effective in increasing
28-day flexural strength than the CEM content. The gradient of isoresponse for SP dosage
is more significant than the gradient of isoresponse for CEM content, as evidenced by
the rapid change in strength level with change in SP dosage when compared to the CEM
content. The trend in the 28-day flexural strength mirrors that of the 7-day flexural strength.
Mixture 4 exhibited the highest flexural strength, with CEM and SP dosages at the upper
end of the experimental range, at 650 kg/m> and 4 kg/m? respectively, along with FA and
BA dosages of 5% and 3 kg/m?3, respectively. Figure 11b shows the isoresponse curves for
CEM versus SP at 28 days with FA held constant at 12.5% and BA at 2 kg/m?>. After 28 days,
at a fixed SP dosage of 2 kg/m3, increasing CEM improves the f't.23 by approximately
2.2 MPa (9.5-7.3 MPa), but for a higher SP dosage of 3.5 kg/ m?3, the increase in £ tcos is
approximately 0.5 MPa (10-9.5 MPa). Figure 11b shows that increasing the dosage of SP in
conjunction with an increase in CEM improves the f.»s value. The interaction between
CEM and SP for f 428 (regression coefficient = —0.7) is comparable to that of f'.7 (regression
coefficient = —0.6).

Flexural strength of printed elements at 7-day: As depicted by the regression models
represented in Equations (14) and (15), the primary parameters affecting the 7-day flexural
strengths (f'+7) of printed elements, in order of significance, are the dosages of BA and
CEM (+0.5 and —0.4, respectively). Increasing the dosage of BA from 1 to 3 kg/m?> enhances
the f 7 from approximately 8.5 MPa to 9.7 MPa. The increase in flexural strength of the
material being printed can be attributed to the alignment of fibres in the direction of the
printing. This alignment is a result of the flow of material becoming more constricted or
compressed as it passes through the nozzle, which is caused by the shape of the nozzle
allowing the fibres to become more tightly packed and oriented in the direction of the
flow. This phenomenon has been previously reported in the literature [66,67]. Figure 12a
shows the increase in flexural strength with decreasing concentration of CEM and higher
dosage of basalt fibre (BA). The impact of the BA dosage on the 7-day flexural strength
is the most significant and positive (+0.5), whereas the impact of the CEM content on
the 7-day flexural strength is opposite and negative (—0.4). The mixtures 3, 5, 9, 10, 11,
14, and 16 have the maximum basalt fibre; however, only 9, 11, 14, and 16 are printable
with flexural strengths of 9.3, 8.9, 8.8, and 10.7, respectively. Of all mixes considered for
factorial design, mixture 16 with a minimum cement content of 550 kg/m? and basalt
fibre of 3 kg/m? exhibits the maximum flexural strength. Among the mortar formulations,
mixtures 2 and 7 have the lowest 7-day flexural strengths. The high extrudability and
low yield stress characteristics of mixture 2 result in a cross section with the lowest depth
compared to the other mixtures, thus rendering it incapable of supporting subsequent
layers effectively. The mortar specimens corresponding to mixture 2 demonstrate the
lowest 7-day flexural strength among all the mixtures, owing to a lower resisting force
during the flexural test. The combination of low basalt fibre content and high dosages of
SP (4 kg/ m3) and CEM (650 kg/ m?3) in this mixture contributes to its high extrudability
and poor buildability, which ultimately results in a cross-section with the least resistance
to bending. In comparison, mixture 7, which has the lowest SP dosage (2 kg/m?), the
lowest basalt fibre content (1 kg/m?), and the highest cement content (650 kg/m?), exhibits
high static yield stress. This high yield stress and low extrudability (flow value) resulted
in surface fissures (Figure 4, mixture 16), which indicates insufficient cohesion in the
mortar matrix. The lack of proper interlocking of mix composition and the low basalt fibre
dosage could contribute to the low flexural strength observed after 7 days. Consequently,
it can be inferred that, in addition to the mix proportion, printing parameters such as
extrudability and buildability have a significant impact on the flexural strength properties.
The regression equation (Equation (14)) predicts that the two-factor interaction of BA and
FA is also significant and influences the flexural strength (f'¢17) of the printed elements at
7 days.
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Figure 12. Isoresponse curves showing flexural strength of printed members (a) CEM versus BA at
7 days; (b) FA versus BA at 28 days.

Flexural strength of printed elements at 28-day: The regression model presented in
Equation (15) reveals that the 28-day flexural strength of printed specimens is positively
influenced by the dosage of BA (+0.5), but negatively impacted by the dosages of cement
CEM (—0.2) and FA (—0.3), as indicated by the respective regression coefficients in Equa-
tion (15). Figure 12b illustrates the effect of increasing levels of BA and FA dosage on
the 28-day flexural strength of printed specimens (f'¢1.28). The trend for 28-day flexural
strength regarding the BA and CEM content is found to be consistent with the model
for the 7-day flexural strength. Increasing BA dosages has 2.5 times and 1.7 times more
effect on increasing the flexural strength than CEM and FA content has on decreasing it,
respectively. The effect of an increase in the content of FA on the 28-day flexural strength
was not as anticipated, similar to the impact of CEM on the 7-day flexural strength, where
higher CEM content resulted in poor buildability and made little contribution to the growth
of the flexural strength. The positive contribution of FA on flowability may result in an
unfavourable effect on flexural strength.. The increase in flowability, caused by the high
FA content, leads to poor buildability and results in unstable layers, causing a reduction
in the depth of the cross-section and decreased resistance to bending, ultimately resulting
in lower flexural strength at 28 days. From Table 5, it is observed that the mixture 8 with
high CEM and FA content but low BA content has the lowest 28-day flexural strength of
9.9 MPa and the highest flowability (296 mm) of all mix compositions. The flexural strength
of mixture 16 with low CEM and FA content and maximum BA content is 11.7 MPa. The
maximum 28-day flexural strength is observed for mixture 4 (12.5 MPa), which has a high
CEM and BA content but a low FA content. In this case, the interaction effect of CEM and
BA (+0.3, Equation (15)) might have contributed to the overall flexural strength at 28 days.
The positive effect of the interaction between CEM and BA (+0.3) is 1.5 times greater than
the negative impact of the interaction between CEM and FA (—0.2). Figure 13 depicts
printed members with basalt fibre visible from the side view of a tear.
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Figure 13. Basalt fibre aligned along the direction of printing and visible through the crack after
failure in the 3-point bending test.

3.2.5. Compressive Strength

The compressive strength of mould-cast and extruded samples at 7 and 28 days can
be predicted by the regression models represented in Equations (16)—(19). These equations
show the relationship between the primary parameters (CEM, FA, BA, and SP) and the
measured compressive strength of the samples. The compressive strength of mould-cast
samples is represented by f cc7 and f’ cc2s, and the compressive strength of extruded samples
is represented by f .17 and f’ 128, respectively. The mathematical regression models are
represented in coded values of CEM, FA, SP and BA with coefficients of determination (R?)
for f cc7, f cc2s, f 17, and f c1.28 being 0.88, 0.88, 0.86, and 0.96 respectively.

f oe7[MPa] = 41.4 + 5.4 CEM + 5.8 SP — 2.4 CEM x SP (16)
£ cczs[MPa] = 50.6 + 6.1 CEM +2.0 FA + 5.3 SP — 1.7 FA x SP (17)
fop7[MPa] = 39.0 +2.8 CEM +3.7 SP+ 2.6 CEM x FA (18)
fer2s[MPa] = 47.0 + 4.5 CEM + 1.5 FA + 22 SP — 2.5 FA x SP (19)

Compressive strength of mould-cast elements at 7 and 28 days: The compressive
strength of mould-cast specimens at 7 and 28 days is significantly influenced by CEM
and SP, as indicated by the positive regression coefficients in Equations (16) and (17),
respectively. The regression equation indicates that if the dosage of both CEM and SP
is increased, the compressive strength increases at 7 and 28 days. An increase in SP
dosage has a greater impact on the 7-day compressive strength, whereas an increase in
CEM has a greater influence on the 28-day compressive strength. The increase in SP
affects 7-day compressive strength approximately 1.1 times more than the increase in
CEM content (5.8 vs. 5.4 in Equation (16)). Similarly, the increase in CEM content affects
28-day compressive strength approximately 1.2 times more than the increase in SP dosage
(6.1vs. 5.3 in Equation (17)). FA (+2.0) has a positive effect on the 28-day compressive
strength, although to a lesser extent than CEM and SP. This is consistent with the research
showing an improvement in the compressive strength of concrete mixed with fly ash (FA)
and superplasticiser (SP) [68,69]. Figure 14a,b illustrates isoresponse curves, also showing
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the primary effect of CEM and SP on 7-day and 28-day compressive strength (f ¢c7, f cc28)-
The significance of the factors can be judged according to the gradient of the response curve.
As the level of parameters increases, the significance of CEM and SP gradually increases for
7-day compressive strength. Similarly, the increase in the levels of CEM and SP illustrates a
linear increase in the compressive strength at 28 days. The isoresponse curve indicates a
maximum compressive strength of approximately 50 MPa and 60 Mpa for 7-day and 28-day
strength, respectively. The increase in fly ash content does not seem to have a significant
impact on the 7-day compressive strength, and its influence on the 28-day compressive
strength is relatively minor (+2.0). This is likely due to the slower pozzolanic reaction of
fly ash at an early age. Mixtures 1, 5, 10, and 13 have low CEM and SP contents, which
could lead to improper mixing of the binder and sand because of the insufficient cohesion
between the mix components during casting. With a low SP dosage and a lack of cohesion,
complete hydration cannot be achieved. Moreover, this could render the material more
porous and prone to cracking, leading to reduced strength. Despite the low SP dosage,
mixtures 3, 7, 12, and 14 exhibited sufficient compressive strength owing to the high CEM
content. This increased cement content could lead to a denser concentration of hydration
products and a greater degree of interlocking between the cement and aggregates, both of
which enhance compressive strength. Mixtures 4, 8, and 11 have high CEM and SP contents
and therefore exhibit their highest compressive strengths at 7 days (47.6, 51.9, and 52.1 MPa,
respectively) and 28 days (66.4, 61.2, and 58.2 MPa, respectively).
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Figure 14. Isoresponse curves for compressive strength of mould-cast members (a) CEM versus SP at
7 days; (b) CEM versus SP at 28 days.

Compressive strength of printed elements at 7- and 28-day: As demonstrated in
Figure 15a, there is a linear increase in f' .17 with increasing concentrations of both CEM
and SP. The regression equation (Equations (18) and (19)) indicates that if the dosage of both
CEM and SP is increased, the compressive strength increases at 7 and 28 days. The primary
parameters SP (+3.7) and CEM (+2.8) have a significant influence on the development of
the 7-day compressive strength for printed members (f'c17). The increase in SP affects
7-day compressive strength approximately 1.3 times more than the increase in CEM content
(3.7 vs. 2.8 in Equation (18)). The improvement in compressive strength of the 3D-printed
cementitious material is due to the uniform distribution of cement particles within the
mortar matrix, which is facilitated by the presence of superplasticiser (SP). The increase
in SP dosage helps to homogeneously distribute the cement particles within the mortar,
producing a more uniform and denser structure, which in turn results in improved 7-day
compressive strength, as has been documented in previous studies [70,71]. The inclusion of
CEM in the mixture enhances the 7-day compressive strength owing to the formation of
additional hydration products. Although fly ash (FA) does not have a direct impact on the
7-day compressive strength (f c17) of the 3D-printed specimens, the combination of cement
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and fly ash appears to have a positive effect on the overall 7-day compressive strength (' c.7)
(as demonstrated by Equation (18)). Unlike the flexural strength test, where the layers
are allowed to stretch freely and the specimens are obtained based on the extrudability
and buildability of the mortar, the printed specimens for the compressive strength tests
are obtained using a thin tin mould that is pushed through the fresh layers. The process
of extracting the printed sample does not compromise the compressive strength because
the mould is only pushed through the sample once it has achieved sufficient strength to
withstand any applied force. This is performed to maintain a rectangular shape of the
specimen similar to its mould-cast counterpart, which is required for compression testing
(as shown in Figure 3).
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Figure 15. Isoresponse curves for compressive strength of printed members (a) CEM versus SP at
7 days, (b) CEM versus SP at 28 days, and (c) FA versus SP at 28 days.

The regression Equation (19) implies that increasing the dosages of CEM and SP
contributes to the linear increase in the 28-day compressive strength (f cL28), as shown in
Figure 15b. The contours of the isoresponse for 28-day compressive strength show that
the significance of the levels of CEM content is much higher than those of SP dosage. The
concentration of CEM (+4.5) is the most important parameter in increasing the overall
compressive strength (f c12s), followed by the concentration of SP (+2.2) and FA (+1.5).
The impact of increasing cement content (CEM) on 28-day compressive strength (f c1.2g) is
approximately 2.1 times greater than the impact of increasing the dosage of superplasticiser
(SP) and 3 times greater than the impact of increasing the content of fly ash (FA). The
effect of CEM content on increasing additional hydration products at 28 days seems to
have more significance on 28-day compressive strength (f 128) than producing a uniform
distribution of mortar mixture facilitated by SP dosage which is otherwise the case for
7-day compressive strength (f c1.7). This could be because the influence of CEM content on
7-day compressive strength may not be as significant as on 28-day compressive strength
(fcr28), as 7 days is still an early stage in the hydration process. During the first 7 days,
the CEM might not have added to the strength of the mixture by making more hydration
products. Similar to the influence of CEM on 28-day compressive strength (f cr.2s), FA
content also makes a contribution towards 28-day compressive strength (f c12s) by adding
more hydration products [72]. It is highly unlikely that the strength development by FA
content could contribute to 7-day compressive strength (' cr7) of printed specimens. The
interaction of FA and SP is observed to have a negative impact on f’.1s. Figure 15¢ shows
the effect of fly ash (FA) and superplasticiser (SP) on the 28-day compressive strength
(f cL28) of 3D printed members, with a constant cement (CEM) and basalt fibre (BA) dosage
of 600 kg/m?3 and 2 kg/m?, respectively. The isoresponse contours in Figure 15¢ illustrates
that the effect of FA content is not as significant as that of SP dosage and, as the level of both
FA and SP increases, it results in an increase in 28-day compressive strength (f cr2s). The
increase in compressive strength with higher FA content increases up to about 48.3 MPa
with a maximum SP level of approximately 3.5 kg/m?, and after that compressive strength
(F cL2s) for level of SP beyond 3.5 kg/ m?3 increases with a decrease in FA content.
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3.3. Desirability Functions for Optimisation

A multi-objective optimisation of 3DCP is performed using a statistical model and a
desirability function. The objective of optimisation is to identify the ideal CEM, FA, BA,
and SP dosages in order to simultaneously optimise slump flow, penetration, yield stress,
and flexural and compressive strength of 3D printed /mould-cast specimens in order to
produce the most suitable mortar for 3D printing.

In the desirability function approach for multi-objective optimisation, each objective
Y; is associated with a desirability function D; which varies between 0 and 1. To achieve
the desired target value (T) of the objective Yj, the design variables must be selected to
maximise the desirability function so that D; lies closer to 1. Therefore, the desirability
function will be D; ~ 1 if the objective is on target and Di ~ 0 if objective is outside the
acceptable region.

If the goal is to maximise the objective Y;, the desirability function is represented
mathematically by Equation (20), where L represents the lower bound of the acceptable
region and r is the weight associated with the objective.

<
L r
D; = {%} L<Y,<T (20)

If the goal is to minimise the objective Yj, the desirability function is represented math-
ematically by Equation (21), where U represents the upper bound of the acceptable region:

L y<rT
D= {¥=%} ; T<Yi<U (21)
0 Y, >Uu

If the target lies between the lower (L) and upper (U) bounds, the two-sided desirability

function is defined as:
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The process of evaluating multiple responses begins by transforming them into a
singular metric through the calculation of individual desire scores. This is achieved by
individually assessing each response and determining a numerical representation of its
desirability, and then maximizing the weighted geometric mean of all of these desire
scores. This method effectively consolidates the multi-response problem into a simplified
single-response evaluation, by providing a consolidated measure of overall desire score.

If Dy, Dy, and D3 are individual desire scores of individual responses measured, then
the overall desirability [44] (pp. 498-500) is represented as:

D=(D;XDyXxD3X.eovv... « Dy)" (23)

Equations (20)—(22) correspond to the algorithms for achieving maximum, minimum,
or target in range values for the desirability scores of individual responses. The desirability
D is the result of taking the n' root of the product of power exponents of each D;, where
n is the number of parameters considered in the optimisation process, as depicted by
Equation (23). Multi-objective optimisation is achieved by maximum D to obtain the best
combination of parameters.

Table 10 summarises the optimisation goals and values for overall desirability for two
different sets of targets (Case 1 and Case 2).
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Table 10. Criteria and goals used for multi-objective optimisation.

Case 1 Case 2
Criteria

Goal Weight Desirability = 0.726 Goal Weight Desirability = 0.516
PARAMETERS
CEM (kg/m?) In range 1 650 Minimise 1 614.1
FA (%) In range 1 11.2 Maximise 2 20
BA (kg/ m?) In range 1 3 Maximise 1 3
SP (kg/m?3) In range 1 2 In range 1 4
RESPONSES
Slump flow [mm] Maximise 1 235.2 Maximise 2 247.5
Penetration [mm] In range 1 35.3 In range 1 33.5
Yield stress [Pa] Maximise 1 1451.9 Maximise 1 1088.3
f tc7 [MPa] In range 1 7.7 In range 1 8.8
1 tc2s [MPa] In range 1 9.6 In range 1 10.4
f't17 [MPa] In range 1 9.2 Maximise 2 9.1
f 1128 [MPa] In range 1 12.2 Maximise 2 11.7
f cc7 [MPa] In range 1 434 In range 1 48.1
f ccos [MPa] In range 1 50.3 In range 1 57.3
f cr7 [MPa] In range 1 37.6 Maximise 1 442
f cL2s [MPa] In range 1 485 Maximise 1 49.4

Note: ‘In range”: range defined in Table 1.

The desirability function aims to find the optimal values for various measured re-
sponses, including slump flow, penetration, yield stress, and flexural and compressive
strength, for both printed and mould cast specimens at 7 and 28 days. Design Expert
software is used to optimise the mix proportion of 3DPM with the mortar mixture in two
cases (Case 1 and Case 2) using the Optimisation Numerical module. The optimisation is
based on a desirability function and results in a mix proportion with different dosage of
parameters and measured responses for each case. For Case 1, the mixture parameters and
measured responses are constrained to be within the values of the experimental range, with
the exception of slump flow and yield stress, which are set for the maximum performance
goal to ensure that the mortar mixture is flowable for ease of extrusion and have high yield
stress for better buildability. On the other hand, Case 2 focuses on minimizing the cement
content while maximizing the levels of both fly ash and basalt fibre. The optimisation
process aims to find the optimal mix composition that is easily extrudable and buildable,
while also producing maximum flexural and compressive strengths for printed specimens
at 7 and 28 days. The added constraints in goals for parameters and responses likely
impacted the mix proportion, resulting in a lower desirability value. The optimal mix ratios
for each case are shown in Table 10. The desirability surfaces and their contour lines are
shown in Figure 16.

From the results of Case 1 and Case 2, it is observed that the overall desirability
value in Case 2 decreases from 0.726 to 0.516, making the mortar mixture less favourable.
The increase in fly ash (FA) and superplasticiser (SP) content in Case 2 results in a more
extrudable mixture (247 mm vs. 235 mm) but with lower buildability (1088 Pa vs. 1452 Pa)
compared to Case 1. Although the same set of requirements are set for slump flow and
yield stress in both Case 1 and Case 2, owing to a two-fold increase in SP and 79% increase
in fly ash content, the resulting mortar has a higher yield stress and better flowability. The
flexural strengths of the printed specimens in both cases are comparable; however, a slight
decrease can be attributed to the increased dosage of fly ash (FA) in Case 2. The regression
equations (Equations (12) and (13)) demonstrate that the FA content is the likely cause of
the reduction in flexural strength, as the other parameters are constant between Case 1 and
Case 2. The 7 and 28-day flexural strengths of mould-cast specimens have increased in
Case 2, which can be attributed to a two-fold increase in superplasticiser (SP) dosage as
observed in Equations (14) and (15). On the other hand, the increase in the compressive
strength of both printed and mould-cast specimens at 28 days as well as in the mould-cast
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samples at 7 days can be observed due to the increase in the SP and FA content for Case 2.
The observed increase in compressive strength due to the increase in FA and SP is expected
as per the regression equations derived from material behaviour (see Equations (16) to (19)).
However, owing to the increased fly ash (FA) content and the negative interaction effect of
cement (FA) and basalt fibre (BA), the 7-day flexural strength of the printed specimens also
slightly decreased. Similarly, the adverse effect of increase in FA is also observed in 28-day
flexural strength for printed specimens.
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Figure 16. The 3D surface chart and contour plot of desirability obtained for (a,b) Case 1 and
(c,d) Case 2.

This comparison highlights the delicate balance between various parameters (CEM,
FA, BA, and SP) and goals set in the multi-objective optimisation procedure in accordance
with material behaviour predicted by regression models. The comparative analysis between
the two cases is also able to show how altering one aspect can impact the ultimate outcomes
of the desirability value. Hence, it can be deduced that determining an ideal mixture
composition that harmoniously balances all parameters and satisfies the set objectives is
a complex task that requires a structured and methodical approach and factorial design
method can be used to obtain an optimised mix composition suitable for 3D printing.

4. Conclusions

This study provided a novel approach for proportioning 3D printed mortar by varying
the Portland cement (CEM)), fly ash (FA), superplasticiser (SP), and basalt fibre (BA) dosages
based on the desired performance for both rheological and material strength properties.
The proposed regression models, developed using the factorial design approach, can be
used for a wide range of mix proportioning, and provide an efficient technique for assessing
the influence of mix parameters on measured properties. The models also provide a means
for optimizing 3DPM mixtures using a desirability value obtained with the above mix
components. Based on the results of this paper, the following conclusions can be made:
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This study employs standardised, field-friendly protocols to assess the extrudability
and buildability of a 3D printable mortar through the utilisation of a ram extruder.
There is a close relationship between the extrudability and slump flow, or cone
penetration, as well as between the buildability and yield stress of this printable
mortar. The suitable rheology and satisfactory printing effects were obtained only
for specific values of slump flow, cone penetration, and static yield stress. The
investigation of hardened properties demonstrated that the specimens produced via
mould casting exhibit a greater compressive strength, whereas those fabricated using
3D printing possess a superior flexural strength, both demonstrating similar trends in
their respective strengths for all mix compositions.

The study investigated the influence of increased levels of cement and superplasticiser
on the characteristics of the mix composition. An increase in the dosages led to
an enhancement in the extrudability and compressive strength, yet concurrently
resulted in a reduction in the buildability. Although flexural strength improved in
mould-cast samples, flexural strength in printed samples decreased with increasing
cement content.

The integration of fly ash into the mortar composition significantly improves the
flow value and consistency. Although the addition of fly ash has a positive impact
on the yield stress, this effect is countered by the addition of a superplasticiser,
which has a much greater impact on the yield stress reduction. Despite having no
significant influence on the flexural strength of mould-cast samples, a decline in the
28-day flexural strength of printed samples is observed as the concentration of fly ash
increases. However, as the dose of fly ash increases, the compressive strengths of both
mould-cast and printed samples increase.

The findings of this study suggest that incorporating basalt fibre in the range of
1-3 kg/m?3 has a positive effect on the static yield stress and flexural strength of the
printed elements. The increase in flexural strength is demonstrated by a significant
increase in flexural strength at 7 and 28 days when compared to their traditional
mould-cast counterparts.

The regression models were found to effectively predict the behaviour of the mor-
tar mixture, offering the potential for optimisation of the mix proportion for 3DPM.
The use of a desirability function allowed for the identification of an optimal mor-
tar mixture that satisfied the criteria for extrudability, buildability, and hardened
strength properties, enabling the simultaneous optimisation of multiple objectives for
3DPM. The validity of the optimised mix proportion is confirmed through further
laboratory testing.

A major challenge encountered in this study was the manual printing process utilizing
a ram extruder. This method presents certain limitations in terms of repeatability and
the potential for tilting to occur when printing more than eight layers. The stacking
of multiple layers can sometimes result in a slight misalignment, which accumulates
and eventually leads to geometric failure. The buildability and compressive and
flexural strengths of the samples might also be affected. In an effort to address the
limitation regarding repeatability, extra care was exercised during the printing process
to minimise surface unevenness and misalignment. This resulted in the achievement
of good repeatability, as demonstrated by the outcomes presented in the study. To
minimise the effect of tilting, the current study was conducted with a maximum of
four layers to ensure reliable and valid results, minimizing the impact of human error.
Despite the limitations, the optimisation of mix proportion to obtain a suitable mortar
mixture for 3D-printing was carried out and both fresh and hardened properties of
3DPM were successfully investigated.
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Abbreviations

3DCP 3D concrete printing

FoE Factorial design of experiment
3DPM 3D printable mortar

CEM Cement

FA Fly ash

SP Superplasticiser

BA Basalt fibre

fec7, feczs  Compressive strength of mould-cast specimens at 7 and 28 days
feL7, f s Compressive strength of printed specimens at 7 and 28 days
ftc7,ftc2s  Flexural strength of mould-cast specimens at 7 and 28 days
f17, fu2s  Flexural strength of printed specimens at 7 and 28 days

References

1.  Khoshnevis, B. Automated construction by contour crafting—Related robotics and information technologies. Autom. Constr. 2004,
13, 5-19. [CrossRef]

2. Buswell, R.A; de Silva, WR.L,; Jones, S.Z.; Dirrenberger, J. 3D printing using concrete extrusion: A roadmap for research. Cerm.
Concr. Res. 2018, 112, 37-49. [CrossRef]

3. Roussel, N. Rheological requirements for printable concretes. Cem. Concr. Res. 2018, 112, 76-85. [CrossRef]

4.  Mechtcherine, V.; Bos, EP,; Perrot, A.; da Silva, W.R.L.; Nerella, V.N.; Fataei, S.; Wolfs, R.J.M.; Sonebi, M.; Roussel, N. Extrusion-
based additive manufacturing with cement-based materials—Production steps, processes, and their underlying physics: A review.
Cem. Concr. Res. 2020, 132, 106037. [CrossRef]

5. Wangler, T,; Roussel, N.; Bos, EP; Salet, TA.M.; Flatt, R.J. Digital Concrete: A Review. Cem. Concr. Res. 2019, 123, 105780.
[CrossRef]

6.  Mohan, M.K,; Rahul, A.V,; De Schutter, G.; Van Tittelboom, K. Extrusion-based concrete 3D printing from a material perspective:
A state-of-the-art review. Cem. Concr. Compos. 2021, 115, 103855. [CrossRef]

7. Perrot, A.; Amziane, S. 3D Printing in Concrete: General Considerations and Technologies. 3D Print. Concr. 2019, 1-40. [CrossRef]

8. Perrot, A.; Rangeard, D. 3D Printing in Concrete: Techniques for Extrusion/Casting. 3D Print. Concr. 2019, 41-72. [CrossRef]

9. Zhang, C.; Nerella, VIN.; Krishna, A.; Wang, S.; Zhang, Y.; Mechtcherine, V.; Banthia, N. Mix design concepts for 3D printable
concrete: A review. Cem. Concr. Compos. 2021, 122, 104155. [CrossRef]

10. Perrot, A.; Rangeard, D.; Pierre, A. Structural built-up of cement-based materials used for 3D-printing extrusion techniques.
Mater. Struct. Constr. 2016, 49, 1213-1220. [CrossRef]

11. Zhang, Y,; Zhang, Y,; Liu, G.; Yang, Y.; Wu, M.; Pang, B. Fresh properties of a novel 3D printing concrete ink. Constr. Build. Mater.
2018, 174, 263-271. [CrossRef]

12. Le, T.T.; Austin, S.A,; Lim, S.; Buswell, R.A.; Gibb, A.G.E; Thorpe, T. Mix design and fresh properties for high-performance
printing concrete. Mater. Struct. Constr. 2012, 45, 1221-1232. [CrossRef]

13.  Roussel, N.; Ovarlez, G.; Garrault, S.; Brumaud, C. The origins of thixotropy of fresh cement pastes. Cem. Concr. Res. 2012,
42,148-157. [CrossRef]

14. Zhang, C.; Hou, Z.; Chen, C.; Zhang, Y.; Mechtcherine, V.; Sun, Z. Design of 3D printable concrete based on the relationship
between flowability of cement paste and optimum aggregate content. Cem. Concr. Compos. 2019, 104, 103406. [CrossRef]

15. Jacquet, Y.; Perrot, A.; Picandet, V. Assessment of asymmetrical rheological behavior of cementitious material for 3D printing

application. Cem. Concr. Res. 2021, 140, 106305. [CrossRef]


http://doi.org/10.1016/j.autcon.2003.08.012
http://doi.org/10.1016/j.cemconres.2018.05.006
http://doi.org/10.1016/j.cemconres.2018.04.005
http://doi.org/10.1016/j.cemconres.2020.106037
http://doi.org/10.1016/j.cemconres.2019.105780
http://doi.org/10.1016/j.cemconcomp.2020.103855
http://doi.org/10.1002/9781119610755.ch1
http://doi.org/10.1002/9781119610755.ch2
http://doi.org/10.1016/j.cemconcomp.2021.104155
http://doi.org/10.1617/s11527-015-0571-0
http://doi.org/10.1016/j.conbuildmat.2018.04.115
http://doi.org/10.1617/s11527-012-9828-z
http://doi.org/10.1016/j.cemconres.2011.09.004
http://doi.org/10.1016/j.cemconcomp.2019.103406
http://doi.org/10.1016/j.cemconres.2020.106305

Materials 2023, 16, 1748 32 of 34

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Chidiac, S.E.; Habibbeigi, F.; Chan, D. Slump and slump flow for characterizing yield stress of fresh concrete. ACI Mater. ]. 2006,
103, 413-418. [CrossRef]

Figueiredo, S.C.; Rodriguez, C.R.; Ahmed, Z.Y.; Bos, D.H.; Xu, Y.; Salet, TM.; Copuroglu, O.; Schlangen, E.; Bos, FP. An approach
to develop printable strain hardening cementitious composites. Mater. Des. 2019, 169, 107651. [CrossRef]

Kruger, J.; Zeranka, S.; van Zijl, G. A rheology-based quasi-static shape retention model for digitally fabricated concrete. Constr.
Build. Mater. 2020, 254, 119241. [CrossRef]

Arunothayan, A.R.; Nematollahi, B.; Ranade, R.; Bong, S.H.; Sanjayan, J. Development of 3D-printable ultra-high performance
fiber-reinforced concrete for digital construction. Constr. Build. Mater. 2020, 257, 119546. [CrossRef]

Chen, M,; Li, L.; Zheng, Y.; Zhao, P; Lu, L.; Cheng, X. Rheological and mechanical properties of admixtures modified 3D printing
sulphoaluminate cementitious materials. Constr. Build. Mater. 2018, 189, 601-611. [CrossRef]

Panda, B.; Tan, M.]. Experimental study on mix proportion and fresh properties of fly ash based geopolymer for 3D concrete
printing. Ceram. Int. 2018, 44, 10258-10265. [CrossRef]

Rahul, A.V,; Santhanam, M.; Meena, H.; Ghani, Z. 3D printable concrete: Mixture design and test methods. Cem. Concr. Compos.
2019, 97, 13-23. [CrossRef]

Weng, Y,; Li, M.; Tan, ML].; Qian, S. Design 3D printing cementitious materials via Fuller Thompson theory and Marson-Percy
model. Constr. Build. Mater. 2018, 163, 600-610. [CrossRef]

Tran, M.V,; Cu, Y.T.H.; Le, C.V.H. Rheology and shrinkage of concrete using polypropylene fiber for 3D concrete printing. J. Build.
Eng. 2021, 44, 103400. [CrossRef]

Kazemian, A.; Yuan, X.; Cochran, E.; Khoshnevis, B. Cementitious materials for construction-scale 3D printing: Laboratory testing
of fresh printing mixture. Constr. Build. Mater. 2017, 145, 639-647. [CrossRef]

Panda, B.; Ruan, S.; Unluer, C.; Tan, M.]. Improving the 3D printability of high volume fly ash mixtures via the use of nano
attapulgite clay. Compos. Part B Eng. 2019, 165, 75-83. [CrossRef]

Rahul, A.V,; Santhanam, M. Evaluating the printability of concretes containing lightweight coarse aggregates. Cem. Concr. Compos.
2020, 109, 103570. [CrossRef]

Marchon, D.; Kawashima, S.; Bessaies-Bey, H.; Mantellato, S.; Ng, S. Hydration and rheology control of concrete for digital
fabrication: Potential admixtures and cement chemistry. Cem. Concr. Res. 2018, 112, 96-110. [CrossRef]

Lu, B.; Weng, Y.; Li, M,; Qian, Y; Leong, K.E; Tan, M.].; Qian, S. A systematical review of 3D printable cementitious materials.
Constr. Build. Mater. 2019, 207, 477-490. [CrossRef]

Nematollahi, B.; Sanjayan, J. Effect of different superplasticizers and activator combinations on workability and strength of fly
ash based geopolymer. Mater. Des. 2014, 57, 667-672. [CrossRef]

Qian, Y.; De Schutter, G. Enhancing thixotropy of fresh cement pastes with nanoclay in presence of polycarboxylate ether
superplasticizer (PCE). Cem. Concr. Res. 2018, 111, 15-22. [CrossRef]

Lowke, D. Thixotropy of SCC—A model describing the effect of particle packing and superplasticizer adsorption on thixotropic
structural build-up of the mortar phase based on interparticle interactions. Cem. Concr. Res. 2018, 104, 94-104. [CrossRef]
Bohuchval, M.; Sonebi, M.; Amziane, S.; Perrot, A. Effect of metakaolin and natural fibres on three-dimensional printing mortar.
Proc. Inst. Civ. Eng. Constr. Mater. 2021, 174, 115-128. [CrossRef]

Nematollahi, B.; Vijay, P; Sanjayan, J.; Nazari, A.; Xia, M.; Nerella, V.N.; Mechtcherine, V. Effect of polypropylene fibre addition
on properties of geopolymers made by 3D printing for digital construction. Materials 2018, 11, 2352. [CrossRef]

Panda, B.; Paul, S.C.; Tan, M.]. Anisotropic mechanical performance of 3D printed fiber reinforced sustainable construction
material. Mater. Lett. 2017, 209, 146-149. [CrossRef]

Hambach, M.; Volkmer, D. Properties of 3D-printed fiber-reinforced Portland cement paste. Cem. Concr. Compos. 2017, 79, 62-70.
[CrossRef]

Backus, J.; Sonebi, M.; Moore, T.; Hughes, D.; Group, L.B.; Road, W.; Ireland, N. Effect of Fibre Type and Dosage on Early Age
Tensile Strength of Bedding Mortar. In Proceedings of the Civil Engineering Research in Ireland Conference (CERAI), Belfast, UK,
28-29 August 2014; pp. 2-5.

Mueller, R.P; Sibille, L.; Hintze, P.E.; Lippitt, T.C.; Mantovani, ].G.; Nugent, M.W.; Townsend, I.I. Additive Construction Using
Basalt Regolith Fines. In Proceedings of the Earth and Space 2014 Engineering for Extreme Environments—Proceedings of the
14th Biennial International Conference on Engineering, Science, Construction, Challenging Environmental, St. Louis, MO, USA,
27-29 October 2014; pp. 394-403. [CrossRef]

Smarzewski, P. Flexural toughness evaluation of basalt fibre reinforced HPC beams with and without initial notch. Compos. Struct.
2020, 235, 111769. [CrossRef]

Sahin, H.G.; Mardani-Aghabaglou, A. Assessment of materials, design parameters and some properties of 3D printing concrete
mixtures; a state-of-the-art review. Constr. Build. Mater. 2022, 316, 125865. [CrossRef]

BS EN 197-1:2011; British Standard Institution BSI Methods of Testing, Composition, Specifications and Conformity Criteria for
Common Cements. British Standard Institution: London, UK, 2011; p. 50.

BSI BS EN 450-1:2012; Fly Ash for Concrete Part 1: Definition, Specifications and Conformity Criteria. British Standard Institution:
London, UK, 2012; p. 30.

BASTECH Basalt Technology. Available online: http:/ /basalt.tech/products.html#fibre (accessed on 8 February 2023).


http://doi.org/10.14359/18218
http://doi.org/10.1016/j.matdes.2019.107651
http://doi.org/10.1016/j.conbuildmat.2020.119241
http://doi.org/10.1016/j.conbuildmat.2020.119546
http://doi.org/10.1016/j.conbuildmat.2018.09.037
http://doi.org/10.1016/j.ceramint.2018.03.031
http://doi.org/10.1016/j.cemconcomp.2018.12.014
http://doi.org/10.1016/j.conbuildmat.2017.12.112
http://doi.org/10.1016/j.jobe.2021.103400
http://doi.org/10.1016/j.conbuildmat.2017.04.015
http://doi.org/10.1016/j.compositesb.2018.11.109
http://doi.org/10.1016/j.cemconcomp.2020.103570
http://doi.org/10.1016/j.cemconres.2018.05.014
http://doi.org/10.1016/j.conbuildmat.2019.02.144
http://doi.org/10.1016/j.matdes.2014.01.064
http://doi.org/10.1016/j.cemconres.2018.06.013
http://doi.org/10.1016/j.cemconres.2017.11.004
http://doi.org/10.1680/jcoma.20.00009
http://doi.org/10.3390/ma11122352
http://doi.org/10.1016/j.matlet.2017.07.123
http://doi.org/10.1016/j.cemconcomp.2017.02.001
http://doi.org/10.1061/9780784479179.042
http://doi.org/10.1016/j.compstruct.2019.111769
http://doi.org/10.1016/j.conbuildmat.2021.125865
http://basalt.tech/products.html#fibre

Materials 2023, 16, 1748 33 of 34

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Montgomery, D.C. Montgomery Design and Analysis of Experiments Eighth Edition. Arizona State University, 8th ed.;
Montgomery, D.C., Ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2013; Volume 2009, ISBN 9781118146927.

Han, Y.; Yang, Z.; Ding, T.; Xiao, J. Environmental and economic assessment on 3D printed buildings with recycled concrete.
J. Clean. Prod. 2021, 278, 123884. [CrossRef]

BS EN 1015-3: 1999; Methods of Test for Mortar for Masonry Determination of Consistence Fresh Mortar (by Flow Table). British
Standard Institution: London, UK, 1999.

BS ISO 13765-1: 2004; Refractory Mortars Determination of Consistency Using the Penetrating Cone Method. British Standard
Institution: London, UK, 2004.

Roussel, N.; Coussot, P. “Fifty-cent rheometer” for yield stress measurements: From slump to spreading flow. J. Rheol. 2005,
49,705-718. [CrossRef]

Pierre, A.; Lanos, C.; Estelle, P. Extension of spread-slump formulae for yield stress evaluation. Appl. Rheol. 2013, 23, 63849.
Pashias, N.; Boger, D.V.; Summers, J.; Glenister, D.J. A fifty cent rheometer for yield stress measurement. ]. Rheol. 1996,
40, 1179-1189. [CrossRef]

Malaeb, Z.; AlSakka, F.; Hamzeh, F. Chapter 6—3D Concrete Printing: Machine Design, Mix Proportioning, and Mix Comparison
between Different Machine Setups. In 3D Concrete Printing Technology; Sanjayan, J.G., Nazari, A., Nematollahi, B.B.T., Eds.;
Butterworth-Heinemann: Oxford, UK, 2019; pp. 115-136. [CrossRef]

Nishijo, K.; Ohno, M.; Ishida, T. Quantitative Evaluation of Buildability in 3D Concrete Printing Based on Shear Vane Test; Springer:
Singapore, 2021. [CrossRef]

BS EN 1015-11: 2019; Methods of Test for Mortar for Masonry Determination of Flexural and Compressive Strength of Hardened
Mortar. British Standard Institution: London, UK, 2019.

Zhang, J.; Wang, J.; Dong, S.; Yu, X.; Han, B. A review of the current progress and application of 3D printed concrete. Compos. Part
A Appl. Sci. Manuf. 2019, 125, 105533. [CrossRef]

Bos, EP.; Kruger, PJ.; Lucas, S.S.; van Zijl, G.P.A.G. Juxtaposing fresh material characterisation methods for buildability assessment
of 3D printable cementitious mortars. Cem. Concr. Compos. 2021, 120, 104024. [CrossRef]

Schmidt, W.; Sonebi, M.; Brouwers, H.J.H.J.; Kithne, H.-C.; Meng, B. Rheology Modifying Admixtures: The Key to Innovation in
Concrete Technology—A General Overview and Implications for Africa. Chem. Mater. Res. 2013, 5, 115-120.

Panda, B.; Tan, M.]. Rheological behavior of high volume fly ash mixtures containing micro silica for digital construction
application. Mater. Lett. 2019, 237, 348-351. [CrossRef]

Marar, K.; Eren, O. Effect of cement content and water/cement ratio on fresh concrete properties without admixtures. Int. J. Phys.
Sci. 2011, 6, 5752-5765. [CrossRef]

Sun, Y.; Tao, Y,; Rahul, A.V,; Ye, G.; De Schutter, G. Effect of Superplasticizers on Alkali-Activated Slag Concrete. ACI Mater. ].
2022, 119, 233-245. [CrossRef]

Sonebi, M.; Garcia-Taengua, E.; Hossain, K.M.A.; Khatib, J.; Lachemi, M. Effect of nanosilica addition on the fresh properties and
shrinkage of mortars with fly ash and superplasticizer. Constr. Build. Mater. 2015, 84, 269-276. [CrossRef]

Sonebi, M. Experimental design to optimize high-volume of fly ash grout in the presence of welan gum and superplasticizer.
Mater. Struct. 2002, 35, 373-380. [CrossRef]

Arularasi, V.; Thamilselvi, P.; Avudaiappan, S.; Flores, E.L.S.; Amran, M.; Fediuk, R.; Vatin, N.; Karelina, M. Rheological behavior
and strength characteristics of cement paste and mortar with fly ash and GGBS admixtures. Sustainability 2021, 13, 9600. [CrossRef]
Zhou, H,; Jia, B.; Huang, H.; Mou, Y. Experimental Study on Basic Mechanical Properties of Basalt Fiber Reinforced Concrete.
Materials 2020, 13, 1362. [CrossRef] [PubMed]

Roussel, N.; Bessaies-Bey, H.; Kawashima, S.; Marchon, D.; Vasilic, K.; Wolfs, R. Recent advances on yield stress and elasticity of
fresh cement-based materials. Cem. Concr. Res. 2019, 124, 105798. [CrossRef]

Qian, Y. Effect of polycarboxylate ether (PCE) superplasticizer on thixotropic structural build-up of fresh cement pastes over time.
Constr. Build. Mater. 2021, 291, 123241. [CrossRef]

Qian, X.; Zhou, X.; Mu, B.; Li, Z. Fiber alignment and property direction dependency of FRC extrudate. Cem. Concr. Res. 2003,
33, 1575-1581. [CrossRef]

Arunothayan, A.R.; Nematollahi, B.; Ranade, R.; Bong, S.H.; Sanjayan, J.G.; Khayat, K.H. Fiber orientation effects on ultra-high
performance concrete formed by 3D printing. Cem. Concr. Res. 2021, 143, 106384. [CrossRef]

Tkaczewska, E. Effect of the superplasticizer type on the properties of the fly ash blended cement. Constr. Build. Mater. 2014,
70, 388-393. [CrossRef]

Sonebi, M. Medium strength self-compacting concrete containing fly ash: Modelling using factorial experimental plans. Cem.
Concr. Res. 2004, 34, 1199-1208. [CrossRef]

Cement Admixture Association Admixture Technical Sheet—ATS 2 Superplasticising/High range Water Reducing. 2012; pp. 2-7.
Available online: http://www.admixtures.org.uk/download/ats-2-high-range-water-reducing-superplasticising/ (accessed on
15 December 2022).


http://doi.org/10.1016/j.jclepro.2020.123884
http://doi.org/10.1122/1.1879041
http://doi.org/10.1122/1.550780
http://doi.org/10.1016/B978-0-12-815481-6.00006-3
http://doi.org/10.1007/978-981-15-8079-6
http://doi.org/10.1016/j.compositesa.2019.105533
http://doi.org/10.1016/j.cemconcomp.2021.104024
http://doi.org/10.1016/j.matlet.2018.11.131
http://doi.org/10.5897/IJPS11.188
http://doi.org/10.14359/51737192
http://doi.org/10.1016/j.conbuildmat.2015.02.064
http://doi.org/10.1007/BF02483157
http://doi.org/10.3390/su13179600
http://doi.org/10.3390/ma13061362
http://www.ncbi.nlm.nih.gov/pubmed/32192174
http://doi.org/10.1016/j.cemconres.2019.105798
http://doi.org/10.1016/j.conbuildmat.2021.123241
http://doi.org/10.1016/S0008-8846(03)00108-X
http://doi.org/10.1016/j.cemconres.2021.106384
http://doi.org/10.1016/j.conbuildmat.2014.07.096
http://doi.org/10.1016/j.cemconres.2003.12.022
http://www.admixtures.org.uk/download/ats-2-high-range-water-reducing-superplasticising/

Materials 2023, 16, 1748 34 of 34

71. Le, T.T; Austin, S.A.; Lim, S.; Buswell, R.A.; Law, R.; Gibb, A.G.E; Thorpe, T. Hardened properties of high-performance printing
concrete. Cem. Concr. Res. 2012, 42, 558-566. [CrossRef]

72. Fraay, A.L.A.; Bijen, ].M.; de Haan, Y.M. The reaction of fly ash in concrete a critical examination. Cem. Concr. Res. 1989,
19, 235-246. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.cemconres.2011.12.003
http://doi.org/10.1016/0008-8846(89)90088-4

	Introduction 
	Materials and Methods 
	Materials 
	Factorial Design of Experiment 
	Testing Procedure 
	Mixture Preparation 
	Flow Table Test 
	Cone Penetration Test 
	Cylindrical Slump Test 
	The 3D Printing of Mortar 
	Compressive and Flexural Strength Test 


	Results and Discussion 
	Fresh and Hardened Responses of Investigated Mixes 
	Regression Models and Isoresponse 
	Slump Flow 
	Cone Penetration 
	Yield Stress 
	Flexural Strength 
	Compressive Strength 

	Desirability Functions for Optimisation 

	Conclusions 
	References

