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ABSTRACT

The development of 3D printable cement-based materials is a complex process with a variety of compet-
ing objectives. The compositions formed are far more complex than in conventional concrete, increasing
the difficulty in designing mixtures for 3D concrete printing. As the number of materials in mix design
increases, the workload increases exponentially during the development process. In this study, the
D-optimal experimental design method is employed to reduce the number of experiments while provid-
ing statistically grounded designs with high-quality results. The proposed D-optimal design includes 18
mixes that investigate three level-six factors. High-performance cementitious printing mortar was
selected for future applications of new thinner structures with less massive concrete. In total, three types
of cement, three types of sand and five admixtures are investigated, including superplasticizers. The fac-
tors are the cement, sand, and superplasticizer type, the water-binder and sand-binder ratio, and the use
of a viscosity modifying agent or C-S-H seed admixture. Calorimetry tests were conducted along with the
direct shear test, the flow test and the compressive strength test. Results indicated that a D-optimal mix
design can reduce the required workload while assessing the importance of each factor and level included

in a mix design with high complexity.
© 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

* Corresponding author.

1. Introduction

3D printing technology is gaining interest in the construction
industry. The flexibility to construct freeform shapes without using
formwork is one of the biggest advantages of this technology [1,2].
Researchers are seeking the best materials in the mix design to
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of pumping, material deposition and curing. In most studies, the
mass proportion of aggregate is in the range of 45-55%, which is
very low when compared to conventional concrete, typically con-
taining more than 75% of aggregate [3-8]. The average water-to-
binder ratio can also be estimated to be around 0.3 %w. Frequently,
a portion of the cement is replaced by fly ash and silica fume. Fly
ash improves pumpability and extrudability while silica fume
improves thixotropy and buildability. Various types and dosages
of chemical admixtures and rheological modifiers are used
depending on the application and the required performance of
the mixture. Superplasticizers, accelerators, retarders, viscosity
modifying agents, nano-silica, and fibers are a few examples [3].
The development of 3D printable cement-based materials is a com-
plex process with a variety of competing objectives [9]. For printed
materials with extrusion systems, high flowability before deposi-
tion, high extrudability and buildability at the time of the deposi-
tion, and high stiffness immediately after the deposition are
desirable [10,11]. The necessity to acquire all those properties
results in compositions that are far more complex than in conven-
tional concrete, increasing the difficulty in designing mixtures for
3D concrete printing. Additional complexity is added due to the
vital need for recycling and reusing products used in construction
[1,12-14]. For instance, the use of recycled glass cullets reduces
sand demand while also providing a solution for waste glass.
According to studies, using recycled glass cullets improves flowa-
bility, but compromises are made in terms of buildability and
mechanical properties [15,16].

Various methodologies are used in a mix design, such as chang-
ing one factor at a time or following a full-factorial plan [17,18]. In
fact, the mix design methods differ, as do the ingredients used.
Currently, the number of studies investigating mix design methods
is quite limited. The mixture proportion is frequently given
directly, with no design method or explanation of how the param-
eters were obtained. The two main methodologies proposed are
the empirical mix design and the mix design following a rheologi-
cal model [3]. The trial-and-error method of mix design is straight-
forward and effective [19-21]. However, with the increase of the
factors or the levels of the factors in a mix design, the number of
experiments increases exponentially [22,23]. As a result, the main
compositions of the mix, such as cement, sand, or water, remain
constant in most studies. Only a few parameters, such as admix-
ture dosage, are treated as independent variables in order to find
the best mix. Although studies with up to five independent vari-
ables or factors used regression models as guidelines, a massive
workload was still required [24,25]. Other researchers have created
rheological models to predict the static yield stress of the mixes
based on the components selected [26,27]. In this approach, the
mortar is regarded as a diphase composite material consisting of
cement paste and sand. When compared to trial-and-error meth-
ods, yield-stress-based mix design methods have significant
advantages. However, because these models were developed under
specific experimental conditions, they cannot be directly applied to
mix design for 3D concrete printing applications [3].

The flowability of the mix is one of the most important proper-
ties [17,21,28]. Slump and flow tests are used to define the print-
able region and the buildability of the mixes [17]. The
buildability of the mixes can be evaluated in terms of the maxi-
mum height printed before collapsing. The water-to-binder ratio
and sand-to-binder ratio affect the flowability and buildability.
Mixtures with a slump flow value between 50% and 90% give a
smooth surface and high buildability [17]. The material yield stress
should be within a range of 1.5-2.5 kPa to achieve extrudability
and buildability [21]. Otherwise, the material may not achieve
shape stability, or the extrudability will be reduced. The open time
of the mixture increases with silica fume or a viscosity modifying
agent, and the yield stress can be increased with a viscosity mod-
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ifying agent or silica fume [21]. The time window of the mixes has
the same importance, and the hydration process can provide
insight into the setting time [29,30]. Through the isothermal
calorimeter, the setting time of cement-based materials can be
predicted from the first derivative of the heat evolution curve
[29], and good correlations are observed with those from the ASTM
C403 tests. The setting times are proportional to the water-to-
binder ratio and inversely proportional to the cement fineness,
but the results may vary among different cements [30]. Research-
ers tend to give more emphasis in fresh properties with less con-
sideration of the mechanical properties, although this is not
always true. The compressive strength is one of the most impor-
tant mechanical properties [31,32]. Mixes with significant
mechanical strengths are a target for 3D printing [33,34]. The high-
est compressive strength is measured in the perpendicular load
direction. The compressive strength of high-performance 3D
printed specimens can be 75 to 102 MPa when the compressive
strength in casted molds for the same mix is 107 MPa [34]. While
the final properties are always crucial, for this technology, the early
age structural buildup and strength development during the dor-
mant period is equally important [35-38]. Geotechnical tests, such
as the direct shear test, have been used to acquire the properties in
fresh-state mortar mixes. A timespan of 0-90 min is recommended
for testing, with time intervals of 15-30 min [36]. A shear stress of
8.9 kPa was achieved after 90 min in the mixture used in this
study, where the structure started collapsing after 40 successive
layers. Another study claims that the shear rates do not have a
large impact in the direct shear test and that the cohesion of the
mixes is proportional to the binder-to-sand ratio [37].

The study attempts to address the question of whether the
design of experiments (DoE) can add value to the mix design in
3D concrete printing. DoE is a mathematical tool to plan and ana-
lyze experiments. The combination of this tool along with opti-
mization algorithms and artificial intelligence has the potential
to reduce the material and time required to develop a mix with
the desirable properties. The D-optimal design was selected to cre-
ate the initial set of mixes [39]. This is a nontraditional experimen-
tal design that can drastically reduce the number of experiments
and provide statistically grounded designs with high-quality
results. More details is found in Atkinson and Donev [40]. Follow-
ing a multiobjective approach, the overall objective is to develop a
flowable material that will allow good printing speed and thin
structures for 3D concrete printing applications. Flowability
depends on the extrusion system used. Mixes with high flowability
will be pumped more easily, but this will be at the expense of
buildability. Structural buildup in the dormant period is critical
for 3D concrete printing. Aiming for high printing speeds, the shear
stress should be as high as possible, although compromises need to
be made in terms of flowability or the mechanical strength. As with
the buildability and shear stress, the goal is also to increase the
hardened properties to the maximum extent possible. Achieving
high-performance cementitious printing mortar enables future
applications to use thinner structures with less massive concrete.
In total, three types of cement, three types of sand and five admix-
tures are investigated in this study, including superplasticizers. The
factors are the cement, sand, and superplasticizer type, the water-
binder and sand-binder ratio, and the use of a viscosity modifying
agent or C-S-H seed admixture. Previous results [18] were ana-
lyzed to determine which admixtures would be used in the new
mix design [41]. The calcium silicate hydrate (C-S-H) admixture
is a strength-enhancing admixture that improves both the early
and late-age strength development in concrete. The biopolymer
polysaccharide viscosity modifying agent can control the rheolog-
ical properties of the mixtures. Three types of superplasticizer are
selected, two based on synthetic organic polymers such as polycar-
boxylate ether, and the other one based on sulfonated naphthalene
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polymer. Four properties are investigated for the selected materi-
als, namely, the flowability, buildability, open time and mechanical
strength. The proposed testing methods are the ASTM C1679
calorimetry test, the ASTM C1437 flow test, the ASTM D3080 direct
shear test and the ASTM C109 compressive strength. Section 2 of
the paper presents the mix design, the selected materials and the
testing methods in more detail. Section 3 outlines the results
obtained in terms of the material properties. Section 4 concludes
the study and summarizes the results. The D-optimal mix design
and the proposed methodology showed promising results in reduc-
ing the material and time required to assess the importance of each
factor and level included in a mix design with high complexity.

2. Materials and testing methods
2.1. Testing methods and equipment used

The proposed testing methods are the calorimetry test, the flow
test, the direct shear test and the compressive strength. Those four
were deemed adequate to start with and to see which can help
draw important conclusions regarding the workability and flowa-
bility of the material, the early resistance of the mix during the first
few minutes, its setting time and its compressive strength.

The ASTM C1679 calorimetry tests [42] can provide insight into
the hydration process and compare the different mixes in terms of
the produced heat, delay in the hydration peak or estimated setting
time. A calorimetry test was performed to observe the hydration
process and estimate the final setting time of the mixes [29,30].
The channels are of the twin type, consisting of a sample and a ref-
erence chamber. Each channel accommodates ampoules with a
20 mL volume. The operating temperature was 25 °C, and the test
was conducted for 48 h. Mixing took place outside of the calorime-
ter using an advanced and high-speed overhead stirrer. The stirring
speed was 2000 rpm, and the mixing time was one minute. Then,
4.0 mL of the mixture was placed inside the ampoule, sealed and
placed inside the calorimeter to start the baseline. The measure-
ment started 45 min after mixing on average.

From the ASTM D3080 direct shear test [43], strength develop-
ment can be observed during the dormant period. The more resis-
tance the material has, the better it is. Following a similar
methodology where the same test was performed [35,36], multiple
tests were conducted within 90 min, with a time interval of 15 min
(15, 30, 45, 60, 75, 90 min after mixing). The direct shear apparatus
generally used in soil mechanics was modified instead of creating a
new apparatus as in the reference study. The modified apparatus
consisted of a shear box, a displacement sensor, a load sensor
and a linear displacement motor. The displacement rate was
12.7 mm/min, which simulates the vertical printing speed. The
shear box consisted of a cup, the upper and bottom parts, and
two bolts to keep the two parts connected (Fig. 1). Each specimen
was placed in two layers of equal size (approximately 80 g for each
layer), and a vibrating plate was used to consolidate the layers and
remove the air voids. The collected data were the load and dis-
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placement of the specimens with a 1.5 N normal load, including
the cup weight and the half-weight of the specimen. For each
mix, all the specimens were prepared at the same time, and the
process took 8 min after the mixing procedure. Each test lasted less
than 2 min.

The ASTM C109 compressive strength [44] provides information
about the final properties. Two inches or 50 mm test cubes were
prepared and compacted by tamping in two layers. Three cubes
were prepared for each test for repeatability. Bronze cube molds
were used with wing nuts and studs, which secured the mold
halves together and clamped the base to the mold body. The cubes
were cured for one day in the molds, stripped and placed in a room
where the temperature and humidity were controlled for seven
and 28 days. The relative humidity was 97.5%, and the temperature
was 22 °C on average. A semiautomatic concrete compression
machine with a hydraulic piston was used to perform the test. In
the beginning, the piston rises at a high speed until the specimen
touches the upper platen. The piston then maintains the preset
pace rate, which was 1 kN/s. When the specimen reaches failure,
with subsequent release of the oil pressure, the maximum load is
reached. The pictures of the undamaged test specimen central core
show satisfactory compressive strength results (Fig. 2) [45].

The last test is related to the workability and flowability of the
mixes. The ASTM C1437 flow test [46] allow to measure the spread
of the mixes and to correlate the results with the pumpability of
the mixes. The pumpability can be seen as the mix volume that
can be pumped within 30 s [17]. For each specimen, a truncated
cone was placed at the center of the flow table. The specimen
was prepared and compacted by tamping in two layers. The trun-
cated cone was then removed, leaving the mortar sample, which
was dropped 25 times within 15 s, maintaining a steady pace.
The diameter of the specimen was measured along the four lines
scribed on the flow table using a caliper that conforms to the spec-
ification of the ASTM C230/C230M norm. The flow of each speci-
men was equal to the addition of the four readings, within 0-
152%. The flow is the resulting increase in average base diameter
of the mortar mass, expressed as a percentage of the original base
diameter. Multiple tests were conducted within 90 min, with a
time interval of 15 min (5, 15, 30, 45, 60, 75, 90 min after mixing).
Two cameras were placed, capturing a side and the top view, to
inspect the behavior of each mixture over time (Fig. 3).

2.2. Mix design and materials used

The selected admixtures were the two most significant admix-
tures from a previous study [41] and three superplasticizers or
admixtures with water-reducing effects. The calcium silicate
hydrate admixture is a strength-enhancing admixture that
improves both the early and late-age strength development in con-
crete. This admixture improves the hydration of Portland cement
with a stable suspension of synthetically produced crystalline cal-
cium silicate hydrate (CSH-C) nanoparticles. Depending on the
desired properties of the mix, it either reduces the number of
cementitious materials or creates structures with high strength

Fig. 1. Direct shear test apparatus used in soil mechanics modified with a 100 N load sensor and 20 mm displacement sensor.
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Fig. 2. Cubes specimens after measuring compressive strength. GU with coarse
sand, HE with fine sand, GUbSF with recycled sand.

[33,34]. The biopolymer polysaccharide viscosity modifying agent
(B) can control the rheological properties of the mixtures. A few
examples are that it provides stability, thixotropic properties and
consolidation, enhances the viscosity and makes the mix less prone
to segregation. Among the three selected superplasticizers, two are
based on synthetic organic polymers such as polycarboxylate ether
(PCE). The third superplasticizer is a water-reducing and accelerat-
ing admixture that is sulfonated naphthalene polymer based. The
latter can reduce permeability, shrinkage and creep and increase
the workability and modulus of elasticity. For cement, the three
types are general use Portland cement (GU), Portland cement with
high early strength (HE) and binary cement with silica fumes
(GUDSF). The chemical analysis of the cement types is presented
in Table 1, as provided by the local supplier.

For the sand, all three types were fine aggregates with particle
sizes below 2.5 mm. However, each one has different characteris-
tics, as the first one is finer, the second coarser and the third one
is recycled sand that was collected from the residues from the sed-
imentation basin of truck concrete mixer washing facilities. The
particle size distribution is presented in Table 2. The recycled sand
is closer to the coarse sand, but it is evenly distributed with more
particles above 1.25 mm and below 315 pm than the coarse sand.

The mix design is highly dependent on the application. A differ-
ent mix design will be required for an underground, indoor or out-
door application. For the latter, different mix designs are required
for different climates. Regardless of the application, the factors of
the mix design are related to the mixing process, the equipment
used and the selected materials. The initial factors for this study
were six with three levels each, all related to the selected materi-
als. These factors are the cement type, sand type, water-to-binder
ratio, sand-to-binder ratio, superplasticizer type and use of a sec-
ond admixture [47]. Table 3 shows the proposed levels for each
factor.

Here, GU refers to the general use Portland cement, HE to Port-
land cement with high early strength, and GUDbSF to binary cement
with silica fumes (ASTM C1157). The PCEs are superplasticizers
based on synthetic organic polymers, and the SNP is a sulfonated
naphthalene polymer-based water reducer. Finally, B refers to
the addition of a biopolymer polysaccharide viscosity modifying
agent, and CSH-C refers to the addition of crystalline calcium sili-
cate hydrate. The dosage for all admixtures is the median value

0
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of the manufacturer’s recommended dosage. The particle size of
all the sand types is below 2.5 mm.
A full factorial plan for the selected number of factors and levels

would require 3° = 729 experiments to be made per test. The num-
ber of experiments would be impractical even if a fractional facto-
rial plan were used. The benefit of using a D-optimal design is that
the required runs and the amount of resources and time will be
drastically reduced. The designer can choose the number of mixes
that he or she wishes to form. This class of experimental designs
selects the best group of design points with respect to a statistical
criterion. This methodology can provide statistically grounded
designs with high quality results which can be obtained with a
reduced number of experimental runs compared to non-optimal
designs. D-optimal design criteria seek to maximize |X'X|, the
determinant of the information matrix X’X, or to minimize the gen-
eralized variance of the estimated regression coefficients [39]. The
matrix X represents the data matrix of the independent variables,
where the columns are the model terms and the rows the experi-
ment runs. The D-optimal design is created through a computer
with an iterative search algorithm. For this study, 18 mixes were
selected with a D-efficiency equal to 100%. These 18 mixes were
the initial set for a multiobjective optimization algorithm aiming
to improve the properties. R software and the available libraries
were used, such as the gen.factorial function in the package DoE.
base and the optFedeov function in the package AlgDesign [23].
The gen.factorial function was utilized to create an orthogonal
array set of candidates, and the optFedeov function was used to
select an 18-run D-optimal subset. The output is an 18x6 table
with integer values. The columns were the factors, the values the
levels of each factor and the rows the optimum treatment runs
or mixes. After the integer values were converted into the selected
materials for this mix design, Table 4 was formed.

2.3. Multiobjective approach and goals

For 3D printing applications, the optimum material should have
high flowability before deposition, high extrudability and build-
ability at the time of the deposition, and high stiffness immediately
after the deposition [11]. Apart from the fresh properties that are
crucial, the aim was also to achieve the highest possible compres-
sive strength. Various other criteria could be given in a multiobjec-
tive approach, but for simplicity and proof of concept of this
methodology, only those criteria were respected. Specifically, the
goals that were set are the following.

o Flowability: Flowability depends on the extrusion system used.
Increased flowability will be pumped more easily, but it comes
in contrast to buildability. The threshold set for this study is a
mortar flow above 60%, 5 min after the end of the mixing
process.

e Shape stability/Buildability: Structural buildup in the dormant
period is crucial. Aiming for high printing speeds, the shear
stress should be as high as possible, but compromises will be
made for the other two objectives. In this study, a threshold
of 16 kPa in 90 min after mixing was set.

Fig. 3. ASTM (1437 flow test performed within 90 min, with a time interval of 15 min.
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Table 1
Chemical analysis (%) of the general use Portland cement (GU), Portland cement with high early strength (HE) and binary cement with silica fumes (GUbSF).
Cement Si0, Al,O3 Fe,03 Ca0 MgO SO3 Loss on ignition Total alkali
GU 19.1 4.8 3.6 60.2 2.6 3.8 1.9 0.92
HE 19 4.8 3.6 60.4 2.6 4.4 1.8 0.94
GUDbSF 27 42 1.6 57.5 1.6 3.6 3 0.73
Table 2 setting time of the mixes with PCE-1 and PCE-2 are 10 h 15 min

Particle size distribution of the fine, coarse and recycled sand.

Passing through (%)

Sieve size Fine sand Coarse sand Recycled sand
2.5 mm 100 100 100

1.25 mm 90 96 83

630 um 78 67 66

315 um 57 24 34

160 pm 20 4 12

80 um 3 3 5

e Mechanical properties: A threshold of 80 MPa after 28 days was
set for the compressive strength of high-performance concrete.
As with the buildability and shear stress, the aim was to
increase the hardened properties as much as possible.

Only the mixes that respect these criteria were considered
accepted.

3. Results and discussion
3.1. Cement hydration

A good comprehension of the chemical and physical processes
of cement hydration is vital to acquire a better understanding of
the influence of concrete admixtures on the properties of fresh
and hardened concrete. In this study, an isothermal calorimetry
was used. For those tests, four factors were considered instead of
six because the tests were made on cement paste specimens. These
parameters were the cement type, the water-to-binder ratio, the
superplasticizer type and the use of a second admixture. The col-
lected data can be seen in Fig. 4, where the tests are grouped by
cement type. Each graph includes the results of six mixes, except
for Fig. 4c, in which the heat flow curves of five mixes are pre-
sented. The reason was that the test for mix 15 could not be per-
formed due to the fast setting and low flowability of the mixture.
The addition of CSH-C increases the heat flow during the accelera-
tion period (mixes 3, 12, 8, 16 and 4, 14) and increases the setting
time. On the other hand, the addition of B has a negligible effect on
the setting time or the heat flow. The third type of superplasticizer
SNP reduces the setting time, even in mixes that include CSH-C
(mixes 2, 3, 9, 18 and 14). Additionally, the PCE-1 superplasticizer
has a quicker setting time than PCE-2. To estimate the initial set-
ting time of the mixes, the first derivative of the heat flow with
respect to time is calculated. The highest point is approximately
the initial setting time [29,30]. The results are presented in Table 5,
where the observations regarding the setting time can be verified.
For instance, the average setting time for the mixes where the SNP
superplasticizer was used is 5 h and 52 min, whereas the average

Table 3
Materials selected for the mix design.

and 11 h 07 min, respectively.

3.2. Direct shear test

The time required for a test to be executed on fresh mortar
specimens is crucial to eliminate the influence of thixotropic
buildup during the test. The direct shear test meets this criterion,
and the ease of repeatability of the test allows us to acquire shear
stresses of the same mixture with 15-minute time intervals. The
collected data were the load and displacement of the specimens
with a 1.5 N normal load, including the cup weight and the half-
weight of the specimen. The behavior varied over time and for
the different mixes. In the beginning, the load is increased propor-
tionally to the horizontal displacement, showing plastic behavior
until reaching the highest peak. After the peak, as the deformation
grows, the load is gradually reduced. A more brittle failure is
observed as the age of the specimen increases. Among the 18
mixes, mix 4 (HE|Fine|0.345|2.0|PCE-2|CSH-C) was one of the
best-performing mixes. In Fig. 5a, the force-displacement graph
of the 4th mixture is presented. After the peak, in the first tests,
the force gradually decreased, while in the last tests, there was a
sudden drop in the resistance of the specimen. The collected data
were converted into a shear stress displacement graph. The results
for the 4th mixture are shown in Fig. 5b.

A shear stress displacement graph was created after the correc-
tion of the cross-sectional area of the specimen during the test
[48]. As the direct shear test progresses, the area that comes in con-
tact with the upper and lower parts of the specimen diminishes.
The area can be calculated from Eq. (2) [48]:

2
wen2 o () (0 (9

where

)

e Ay is the full cross-section of the specimen;
e D is the diameter of the specimen;
e Ah is the horizontal displacement.

The shear stress displacement for all the mixes is shown in
Fig. 6, grouped by the time when the tests were conducted. The
shear stress is defined for each test as the maximum occurring
stress after area correction, Eq. (2), and is summarized in Table 5.
The acceptable shear stresses above 16 kPa at t = 90 min was given
from mixes 2, 4, 13, 14 and 18. The presence of the SNP superplas-
ticizer can be observed in most of those mixes. Additionally, the
combination of the HE cement, the PCE-2 superplasticizer and a
type S admixture gave acceptable results.

Cement Sand Water-binder ratio Sand-binder ratio Superplasticizer (Type A&F) Type S admixtures
GU Fine sand 0.32 1.8 PCE-1 -

HE Coarse sand 0.345 2 PCE-2 B

GUDbSF Recycled sand 0.37 2.3 SNP CSH-C
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Table 4
The 18 mixes from the D-optimal mix design.
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Mix Cement Sand Water:binder Sand:binder Superplasticizer (Type A&F) Type S admixtures

1 GU Coarse 0.320 1.8 PCE-1 -

2 GU Coarse 0.345 2.0 SNP B

3 GU Fine 0.320 23 SNP CSH-C

4 HE Fine 0.345 2.0 PCE-2 CSH-C

5 HE Fine 0.370 23 PCE-1 -

6 HE Recycled 0.345 1.8 PCE-1 B

7 GUDbSF Coarse 0.370 2.0 PCE-2 -

8 GUDbSF Recycled 0.320 1.8 PCE-2 CSH-C

9 GUDbSF Recycled 0.370 23 SNP B

10 GU Fine 0.370 1.8 PCE-2 B

11 GU Recycled 0.345 2.3 PCE-2 -

12 GU Recycled 0.370 2.0 PCE-1 CSH-C

13 HE Coarse 0.320 23 PCE-2 B

14 HE Coarse 0.370 1.8 SNP CSH-C

15 HE Recycled 0.320 2.0 SNP -

16 GUDbSF Coarse 0.345 23 PCE-1 CSH-C

17 GUDbSF Fine 0.320 2.0 PCE-1 B

18 GUDbSF Fine 0.345 1.8 SNP -
3 x10° 3 x107 z x10°
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Fig. 4. The normalized heat of the mixes with GU (a), GUbSF (b), and HE (c) within the first 48 h.
Table 5

The properties of the 18 mixes.

Mix Mix description Flow in 5 min (%) Initial setting time (h min) Shear stress in 90 min (kPa) Compressive strength in 28 days (MPa)
1 GU|Coarse|0.32]1.8|PCE-1]- 95 9h33 12.0 81.3
2 GU|Coarse|0.345|2.0|SNP|B 65 4h25 20.6 66.7
3 GU|Fine|0.32]2.3|SNP|CSH-C 0 6h24 - -
4 HE|Fine]0.345]2.0|PCE-2|CSH-C 80 15 h 58 19.6 83.0
5 HE|Fine|0.37|2.3|PCE-1]- 0 9h49 - -
6 HE|Recycled|0.345|1.8|PCE-1|B 88 10h 17 12.5 81.1
7 GUDbSF|Coarse|0.37]2.0|PCE-2|- 152 7 h39 6.6 92.3
8 GUDSF|Recycled|0.32|1.8|PCE-2|CSH- 152 10 h 08 7.6 102.2
C

9 GUDbSF|Recycled|0.37]2.3|SNP|B 73 3h53 14.9 70.6
10  GUJFine|0.37|1.8|PCE-2|B 123 11 h26 9.3 76.9
11 GU|Recycled|0.345|2.3|PCE-2]- 90 11 h21 9.3 78.9
12 GU|Recycled|0.37]|2.0]PCE-1|CSH-C 111 11 h 30 11.2 78.1
13 HE|Coarse|0.32]|2.3|PCE-2|B 56 10 h 07 21.1 80.7
14  HE|Coarse]0.37]1.8|SNP|CSH-C 63 10 h 52 19.1 66.6
15 HE|Recycled|0.32]|2.0|SNP|- 0 - - -
16  GUDbSF|Coarse|0.345]2.3|PCE-1|CSH-C 70 13h24 15.0 90.7
17 GUDbSF|Fine|0.32]2.0|PCE-1|B 21 6 h 55 - -
18 GUDbSF|Fine|0.345]1.8|SNP|- 63 3 h46 16.8 69.8

The effect of the materials on shear stress development during
the first 15 min is difficult to observe. However, after 30 min, the
shear stress median value of the HE cement type mixes is double
that of the GU cement type mixes, with 13.9 and 6.74 kPa, respec-
tively. The difference between the two cement types becomes
apparent as the specimen age increases. At 60 and 90 min after
mixing, the median values for the HE cement type are 15.84 kPa
and 19.55 kPa, respectively, whereas the median values for the
GU type mixes are 7.5 kPa and 11.97 kPa for the same specimen

age. The GUDSF type mixes performed better than the GU type
but worse than the HE type. The shear stress was gradually
increasing, with no abrupt changes. As a comparison, the median
value for the GUbSF type mixes at 90 min is 14.86 kPa, whereas
the HE type mixes had a median value of 15.84 at 60 min after mix-
ing. The type of superplasticizer was the second most important
factor in the development of shear stress. For the first 60 min,
the three types had nearly identical shear stress effects, with the
PCE-2 type slightly ahead of the other two, with 13.26 kPa,
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whereas the SNP had 12.81 kPa and the PCE-1 12.52 kPa. However,
at 75 min, the SNP type increased rapidly, followed by the PCE-2,
while the PCE-1 increased gradually. The mix-containing SNP,
PCE-2, and PCE-1 had median values of 15.84, 14.38, and
12.63 kPa at 75 min and 17.97, 16.53, and 14.52 kPa at 90 min,
respectively.

3.3. Flow test and compressive strength

There was a large variation in the spread depending on the
mixes. The use of fine sand, HE cement, SNP superplasticizer, the
lowest value of the water-to-binder ratio or the highest value of
the sand-to-binder ratio resulted in mixes with a lower flow. Com-
binations of those options resulted in dry mixes that were unable
to form a flowable mortar, such as mixes 3, 5 and 15. This created
a problem to measure the rest of the properties, since it was impos-
sible to form any specimens. On the other hand, mixes 7 and 8
were so liquid that the specimen was spread all over the flow table.
The rest were in the range of a 20-125% spread increase in the
diameter of the truncated cone. Based on the criteria regarding
flowability, all the mixes were considered acceptable except for
mixes 3, 5, 13, 15 and 17. In Fig. 7a, a color-coded bar graph sum-

marizes the results of the flow tests 5 min after mixing. The results
towards the dark blue color indicate the increase in flowability,
whereas the green color indicate that the mixes are close or below
the acceptable threshold of 60% spread increase in the diameter of
the truncated cone.

Even if the flow of the mixes was not the same and not always
between 110% + 5%, as specified in the ASTM norm, the same
amount of energy was used to prepare the specimens by using a
vibrating plate to consolidate the layers and remove the air voids.
In Fig. 7b, the results towards the dark blue color indicate the
increase in the compressive strength. The average compressive
strength after 28 days of the formed mixes was close to 80 MPa,
which was also the criterion for acceptable mixes (Fig. 7b). This
test helped to indicate the mixes that performed better than the
others and to discriminate the factors and the levels that improved
the compressive strength. Acceptable results, which were above
80 MPa after 28 days, were obtained for mixes 1, 4, 6, 7, 8, 13
and 16. A closer look at those mixes reveals that the majority of
them include the HE or GUbSF cement, the coarse sand or the recy-
cled sand, the lowest values in both the water-to-binder and sand-
to-binder ratio, the new generation PCE superplasticizers, and the
addition of CSH-C. The results are presented in Table 5.
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Fig. 7. Bar graph of the flow tests 5 min after mixing for all mixes (a) and the compressive strength after 28 days (b).

3.4. Analysis and discussion

The use of the D-optimal design methodology helped to greatly
reduce the number of mixes, from 729(: 36) to 18. However,

three of the selected mixes were unable to be formed. Those mixes
were too dry, making it impossible to measure all their properties.
This was something to be expected in the initial set of mixes. The
flow was the only property that was measured for all the mixes,
regardless of whether they were able to be formed, with a range
of 0-152%. The initial setting time could be measured for all of
the mixes except for mix 15, where a fast setting was observed.
For the shear stress and the compressive strength, the 3rd, 5th,
15th and 17th mixes were unable to be measured due to the low
flow. The results are summarized in Table 5. Figs. 8-13 are the
mean plots based on the collected data from the D-optimal design.
These plots show whether the mean varies between different
levels of each factor variable. The figures are grouped by factor,
meaning the cement type, the water-binder ratio, superplasticizer
type, sand type, sand-to-binder ratio and the addition of a type S
admixture. The three most important factors were the cement
type, the water-to-binder ratio and the superplasticizer type.

Among the three levels of cement type used in this study, the
high early strength cement (HE) was the one with the largest influ-
ence on most of the properties based on the results of the mean
plots (Fig. 8). For instance, the use of HE evidently increases the
shear stress after 90 min and decreases the flow after 5 min of
the mixing process. The GU and the GUbSF have a lower initial set-
ting time than the HE. They also tended to increase the flow and
decrease the shear stress after 90 min. Regarding the compressive
strength, the mixes with GUbSF gave higher values, as expected,
followed by HE. Similar conclusions can be found in the literature
except for the setting time, where the fineness of the cement accel-
erates the reaction and reduces the setting time [29,30]. As
expected, the cement fineness decreases the flow due to the
increased absorption, and the addition of silica fume increases
the compressive strength as a result of the pozzolanic reaction
[32,49-52].

The water-to-binder ratio as a factor can be considered
normally as a continuous variable and not as a discrete variable.

However, the selected discrete values (0.32, 0.345 and 0.37) were
enough to observe the tendency. The flow is almost proportional
to the increase in the ratio, whereas the compressive strength is
inversely proportional (Fig. 9). The shear stress seems to have
an optimal point in the middle value of 0.345 and then decreases.
The effect on the initial setting time is negligible, since the mean
plot (Fig. 9b) shows that the initial setting time remains almost
the same in all values of the water-binder ratio. The water-to-
binder ratio is one of the most important parameters in mix
design, and various studies have been conducted with similar
results. For instance, with an increase in the water-to-binder
ratio, the workability increases, whereas the strength decreases
[32,52-55].

The type of superplasticizer was the factor with the largest vari-
ation in the results among the levels (Fig. 10). The mixes with PCE-
2 had the highest flow, whereas the mixes with SNP had the lowest
flow. This was also observed in the initial setting time, where there
was an accelerating effect in the mixes with SNP. The use of SNP
significantly increased the shear stress but greatly reduced the
compressive strength compared to the other two superplasticizers.
The accelerating effect of the SNP superplasticizer used in this
study resulted in a high shear stress. However, the efficiency of
the new generation of superplasticizers is better than that of the
old generation. Based on the literature, the compressive strength
was reduced when the SNP superplasticizer was used, and the
PCE superplasticizer was more efficient at increasing the workabil-
ity [56-58].

Variability was also present among the sand types (Fig. 11). The
recycled sand increases the compressive strength, although it
reduces the shear stress. Mixes with coarse sand have better prop-
erties than those with fine sand. Fine sand tends to reduce the flow
and compressive strength, whereas coarse sand seems to increase
all the properties. The calorimetry tests were performed in cement
paste, and as expected, the mean plot in Fig. 11b proves no effect of
sand on the setting time. It may appear apparent because the type
of sand was not tested with the calorimeter. The results are still
presented to show the effectiveness of the mix design method
based on DoE, which allows to draw valid conclusions. Different
results would imply that the mean value of each level is biased
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Fig. 8. The influence of the cement type on the measured properties flow (a), setting time (b), shear stress (c) and compressive strength (d).
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by other factors or that the mix design does not treat all levels of 0.16 mm, behind the coarse aggregate. The increased workability

the factors equally, which did not happen here. Studies suggest
that the effective diameter of sand is proportional to the compres-
sive strength and has a high effect on it [32,59]. The recycled sand
had the second-highest effective diameter, approximately

of the recycled sand can be explained by the rounded shape of
the particles due to weathering. The shape of aggregates influences
the workability, and by reducing the air voids, a higher workability
should be expected [60].
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As with the water-to-binder ratio, the sand-to-binder ratio is a
factor that can be considered normally a quantitative factor instead
of a qualitative factor, but for simplicity only three discrete values
were observed at this phase of the study. The selected discrete val-
ues (1.8, 2 and 2.3) showed that the flow is inversely proportional
to the increase in the ratio (Fig. 12). The shear stress seems to
increase as the ratio increases. As with the sand type discussed
previously, as expected, the mean plot in Fig. 12b proves that the
sand-to-binder ratio has no effect on the setting time. The ratio
also has a negligible effect on the compressive strength, as it
remains stable within the three discrete values. According to the
literature, the workability is expected to be reduced with the
increase of the sand-to-binder ratio. The increase results in high
porosity, which negatively influences the compressive strength
[61]. Additionally, the cohesion of the mixes is proportional to
the binder-to-sand ratio [21].

The sixth factor was the addition or absence of a second admix-
ture. The options for a second admixture, other than the superplas-
ticizer, were admixture B or CSH-C. The results for the mixes where
admixture B was included showed that the shear stress was
increased, whereas the compressive strength was reduced
(Fig. 13). The flow was slightly increased, while the calorimetry
test showed a decrease in the initial setting time. Studies suggest
that the addition of viscosity-modifying agent admixtures
increases workability. An increase in the yield stress and plastic
viscosity should be expected. However, it does not help the com-
pressive strength [50]. In contrast to the B admixture, the addition
of crystalline calcium silicate hydrate (CSH-C) seemed to increase
all the properties of the mixtures (Fig. 13). The increase in both
the initial setting time and the compressive strength was evident.
There was a slight increase in the flow and shear stress, although
the increase in the shear stress was less than that of the B admix-
ture. According to the literature, a substantial increase in compres-
sive strength can be seen with the addition of CSH-C along with an
acceleration of the hydration process [62].

A correlation between the flow of mortar specimens and the ini-
tial setting time of the cement paste specimens of the same mixes
could not be made. Aiming to determine the flowability of the
mixes, the flow test was deemed more suitable. Regarding the
three objectives, to compare the mixes and define which one per-
formed better, the values collected from the shear stress at 90 min
and the compressive strength at 28 days were normalized. Aiming
to increase both of these properties and respect the threshold of
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60% flowability 5 min after the end of the mixing process, the
two columns with normalized values were summed and normal-
ized again from O to 1. The mixes were then sorted based on their
performance, and those that did not meet the criteria of the flow,
shear stress and compressive strength were rejected. Table 6 sum-
marizes the results for the initial set based on the goals being set.
From the 18 mixes, only the 4th mix met all the criteria, with 80%
flow after 5 min, 19.55 kPa shear stress after 90 min and 82.99 MPa
compressive strength after 28 days.

4. Conclusion

The contradicting objectives in the properties of the 3D cement-
based mixes raise the challenge during the mix design process.
This study shows that it is possible to reduce the workload
required to assess the most important factors and levels included
in a mix design containing six independent variables. The D-
optimal mix design reduced the number of mixes required from
a full factorial plan, from 729 to 18 mixes while allowing to draw
important conclusions for each ingredient included in the mix
design. The investigated factors were the cement, sand, and super-
plasticizer type, the water-binder and sand-binder ratio, and the
use of a viscosity modifying agent or C-S-H seed admixture. Among
the different materials that were used, it was possible to discrimi-
nate which of them had the largest influence on the flowability,
shape stability and compressive strength of the mixture. Important
conclusions were made, even with the high complexity of the mix
design. The conclusions can be summarized as follows:

e The three most important factors were the cement type, the
water-to-binder ratio and the superplasticizer type. The flow
was almost proportional to the increase in the water-to-
binder ratio, whereas the compressive strength was inversely
proportional. The high early strength cement (HE) was the
one with the largest influence compared to the GU and GUbSF.
The type of superplasticizer was the factor with the largest vari-
ation in the results among the levels.

e The low water-to-binder ratio, the addition of CSH-C admixture,
the recycled sand and the GUbSF cement increased the com-
pressive strength. The effective diameter of sand has a high
effect on the compressive strength, whereas the addition of sil-
ica fume increases the compressive strength as a result of the
pozzolanic reaction.

Table 6
The 18 mixes sorted based on their performance.
Mixes sorted by Mix Flow Shear Compressive Normalized performance on shear  Flow Shear Compressive All
best performance # (%) stress strength in 28 days and compressive strength >60% >16kPa strength >80 MPa objectives
(kPa) (AND)

1 M13 55.5 21.12 80.70 1.00 0 1 1 0
2 M4 80 19.55 82.99 0.97 1 1 1 1
3 M2 65 20.64 66.66 0.91 1 1 0 0
4 M16 70 15.01 90.72 0.89 1 0 1 0
5 M14 62.5 19.13 66.55 0.87 1 1 0 0
6 M18 63 16.79 69.78 0.83 1 1 0 0
7 M9 73 14.86 70.64 0.78 1 0 0 0
8 M6 88 12.52 81.05 0.77 1 0 1 0
9 M1 95 11.97 81.29 0.76 1 0 1 0
10 M8 152 7.63 102.22 0.76 1 0 1 0
11 M12 111 11.24 78.12 0.72 1 0 0 0
12 M7 152 6.56 92.27 0.68 1 0 1 0
13 M11 90 9.31 78.88 0.68 1 0 0 0
14 M10 123 9.26 76.86 0.67 1 0 0 0
15 M3 0 0 0 0 0 0 0 0
16 M5 0 0 0 0 0 0 0 0
17 M15 0 0 0 0 0 0 0 0
18 M17 21 0 0 0 0 0 0 0

10
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e The use of HE, the addition of the B admixture, the SNP super-
plasticizer, and the coarse sand helped improve the shape sta-
bility and the shear stress. The accelerating effect of the SNP
resulted in a high shear stress. The cement fineness decreases
the flow due to the increased absorption and helps to accelerate
the reaction.

On the other hand, the low sand-to-binder ratio, recycled sand,
PCE-2 superplasticizer and high water-to-binder ratio helped
increase the flowability. The flow was inversely proportional
to the increase in the sand-to-binder ratio, whereas with an
increase in the water-to-binder ratio, the workability increases.
Additionally, the efficiency of the new generation of superplas-
ticizers is better than that of the old generation, with the PCE-2
being more efficient in terms of workability.

Mix 4 with HE, fine sand, 0.345 water-to-binder ratio, 2.0 sand-
to-binder ratio, PCE-2 superplasticizer and the addition of CSH-
C gave the best result, and it was the only mix that met the cri-
teria set. Flowability, shape stability/buildability, and the
mechanical properties of the mix were the three criteria. The
thresholds were a flow above 60% in 5 min, shear stress above
16 kPa in 90 min, and a compressive strength above 80 MPa
in 28 days after the end of the mixing process.

Those 18 mixes were only the initial set of mixes that were
formed for these selected materials. This study will continue fol-
lowing optimization and artificial intelligence techniques. The goal
is to improve the properties of the mixes following a trend toward
multiobjective optimization and narrow down the factors and their
levels after identifying the important ones.
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