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Abstract

High-performance concrete for 3D printing has recently attracted significant attention due
to its potential to create structural elements without the need for traditional reinforcement.
While various formulations have been proposed by researchers, evaluations are often lim-
ited to mechanical performance and printability, while cost and environmental impact are
generally overlooked. This study expands the analysis by also considering cost and environ-
mental impact, aiming to identify the optimal mix using a multi-criteria decision-making
analysis (MCDMA). In the first phase, several high-strength mortar formulations were
developed and assessed based on mechanical strength, printability, environmental impact,
and cost. In the second phase, the most promising mix from the initial evaluation was
further modified by incorporating different types of fibers, including aramid, carbon, glass,
cellulose, and polypropylene. Comprehensive testing—covering mechanical properties and
printability—together with cost and a life cycle assessment were conducted to determine
the most effective mortar formulations. One of the main findings is that adding 0.05% of
20 mm length cellulose fibers in weight to a mortar containing Cem I 42.5R can increase
the compressive strength by more than 9% without affecting the cost or environmental
impact, also allowing the obtainment of a mortar apt for 3D printing. This increase in the
compression strength is presumably related to a lateral restriction in movements of the
mortar, which makes it increase the maximal principal stresses, and thus, its strength.

Keywords: 3D printing; high-performance cements; fibers; life-cycle analysis; multi-criteria
decision making analysis; flexural strength; compression strength; rheology

1. Introduction
In recent years, concrete 3D printing (3DCP) has observed significant growth and

development across various industries. This innovative approach to building offers several
advantages over traditional construction methods, such as the ability to automate processes
and produce complex, intricate designs. Its application has enabled the fabrication of
prototypes of infrastructures such as bridges [1,2], housing units [3,4], and unique structural
components, offering significant advantages over conventional methods, such as the ability
to automate processes and produce complex, intricate designs [5].

Nevertheless, there are still some technological challenges, like reinforcing the 3DCP
or the construction of beams and slabs. To solve the particular problem of reinforcing 3DCP,
different strategies have been investigated. Some authors have tried to combine different
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robots to automate the process of 3D printing the concrete and placing the rebars [6]. Other
researchers have focused on developing high-strength 3DPC by using large amounts of
OPC, low w/c rations, and different admixtures [7]. Some other authors also decided
to add fibers to 3DCP, either in standard strength [8] or in high-strength concretes [9].
Another interesting strategy is to combine, in the same beam, different layers of concrete
with different characteristic strengths, leaving the weakest one in the neutral fiber position,
and the strongest one in the tensile side [10].

As with the use of high-strength cement in traditional construction, the incorporation
of fibers has been used extensively in traditional construction. This has also begun to
be transferred to the field of 3D printing, incorporating different types of fibers such as
steel [11,12], aramid [13], carbon [14,15], glass [16,17], polyvinyl alcohol [18,19], basalt [20],
polypropylene [21], polyethylene [22], rock wool [23], cellulose [24], and cellulose mi-
crofibers [23,24], among others. The incorporation of these fibers is carried out with the
main aim of improving the mechanical properties of the printed elements.

Nevertheless, in most of these studies, mechanical properties and/or rheological
behavior are the main characteristics studied; however, the cost or environmental impact is,
in most of the cases, overlooked.

Alonso-Cañon et al. [13] published a systematic comparison including printability,
cost, mechanical performance, and life cycle assessment over standard 3D-printed mortars
reinforced with fibers but not with high-strength mortars. Mohan et al. [25] performed a
comparison of different 3DCP that incorporated CemI 52.5, considering some mechanical
parameters, fresh state properties, cost, and environmental impact; however, mixtures did
not include fibers of any kind. Yu et al. [26] undertook a comparison of different 3DCP
that included steel slags, considering not only mechanical and rheological parameters
but also cost and environmental impact, but fibers were not considered either. Rajendran
et al. [27] conducted an interesting comparison of different 3DCP that incorporated cellulose
nanocrystals, analyzing mechanical performance, cost, and environmental impact. They
concluded that the cost was 423 USD/m3 and 1704.81 kg eq CO2/m3 for a mortar with an
approximate compressive strength of 61 MPa and a flexural strength of 7.2 MPa, assuming
they added 1% of cellulose nanocrystals (by volume of OPC). The values obtained here
are neither economical nor environmentally friendly, and therefore, there is clear space
for improvement.

Thus, from an engineering point of view, where not only mechanical performance or
printability but also feasibility should be considered, analyzing at the same time mechani-
cal performance, printability, cost, and environmental impact, there is a clear gap when
comparing different potential solutions of high-strength mortars reinforced with fibers.
Thus, the main aim of this paper is to present this comparison in order to allow engineers
to select the best dosages when combining high-strength mortars with fibers. In addition,
the materials used in this study can be found in the market, so it could be feasible for any
company of 3DCP to use the dosages described here.

To do so, the research presented in this paper is divided into two phases. Firstly, the
best high-performance cement dosages in 3D-printed mortars without using fibers were
determined (Phase 1), and secondly, the optimum mortar was analyzed by incorporating
different types of fibers (Phase 2) to the optimal dosage chosen in the previous phase.

In Phase 1, a printability analysis was carried out in the laboratory to obtain the
optimal dosages of the mixtures. With these high-performance mortars, the workability of
the mixtures is reduced, in some cases clogging the extrusion nozzle, making the printability
difficult. Subsequently, both rheological and mechanical characteristics will be obtained
for these optimum mixtures. Finally, a multi-criteria decision-making analysis will be
carried out, for which five criteria were selected: printability, flexural strength, compressive
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strength, cost of material, and life cycle assessment (LCA). Equal weights were considered
for all criteria. WASPAS and TOPSIS methods were used to evaluate the MCMD scores
and, therefore, the rankings, which allowed us to obtain the best dosage, which was used
for the second phase.

Phase 2 aims to analyze the contributions that will be achieved by incorporating
different types of fibers, aramid, carbon, glass, cellulose, textile, and polypropylene, in
the best mixture of Phase 1. For these mixtures, laboratory tests of flexural strength,
compression, and rheology were also carried out, and finally, an MCDM analysis will be
performed, in which the LCA and cost were also considered.

2. Materials and Methods
2.1. Materials and Dosage
2.1.1. Phase 1: Mortars Without Fibers

This phase aims to compare and obtain the best dosages for 3D printing with high-
performance mortars. For this purpose, a total of 30 samples were prepared until the
optimum dosages were obtained.

Two different types of high-performance cements were used, CEM I 42.5 R and CEM I
52.5 R. CEM I 42.5 R contained 95% clinker and 5% limestone, while CEM I 52.5 R contained
97% clinker and 3% gypsum. Limestone sand was used as fine aggregate. As a mineral
admixture, fly ash was used, with a degree of crystallinity of 35% and a loss on ignition of
3.4%. Three types of admixtures were also used to improve the workability and strength
of the mixes: a superplasticizer (Mastersure 950), a water reducer (MasterEase 5025), and
microsilica (MasterRoc MS 610).

For the laboratory tests, different types and percentages of the materials were used
in the dosages, resulting in 4 dosages with good printability. These dosages are shown in
Table 1 and are proportions of the weight of the cement:

Table 1. Mixture proportions (ratios expressed in weight of cement).

Mixtures Cement
Type

Limestone
Aggregate Water Mastersure

950
Masterease

5025 Fly Ash MS 610

42.5-FA CEM I 42.5 R 2 0.4 0.0083 0.0076 0.2 0.1
42.5 CEM I 42.5 R 2 0.4 0.0083 0.0076 - 0.1

52.5-FA CEM I 52.5 R 2 0.4 0.0086 0.0078 0.2 0.1
52.5 CEM I 52.5 R 2 0.4 0.0085 0.0079 - 0.1

In all the mixes carried out, the manufacturer’s recommendations regarding plasti-
cizers were maintained, keeping the values for MasterEase 5025 between 0.5 and 1.5% of
cement and for Mastersure 950 between 0.7 and 2% of cement. In addition, it was also
maintained that plasticizers could not represent more than 1.5% of the total materials in the
mix, keeping all dosages below 0.5%.

2.1.2. Phase 2: Mortars with Fibers

Once the multi-criteria analysis of Phase one was carried out and the mix containing
CEM I 42.5 R without fly ash was selected as the best performing mix in this second phase
of tests, different types of fibers (Figure 1) were incorporated. The selected fibers were those
that had obtained the best results in a previous laboratory test, carried out with Cement
type III/B 32.5 N-SR [13]. These fibers have different lengths, between 6 and 25 mm, and
are incorporated in different percentages between 0.05 and 0.1%, with 0.05% being the most
commonly used. These fiber percentages should be kept to a maximum of 0.1%, since high
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fiber percentages reduce the workability of the mixes, an aspect that is especially important
in this type of mix with HPC [28,29].

   
(a) (b) (c) 

  
(d) (e) 

Figure 1. Fibers used. (a) Aramid fibers; (b) glass fibers; (c) cellulose fibers; (d) carbon fibers;
(e) polypropylene fibers.

Five fibers were finally used: aramid, carbon, cellulose, polypropylene, and glass, and
their properties are listed in Table 2 [13].

Table 2. Physical properties and composition of the fibers [13].

Type Color Length
[mm]

Diameter
[µm]

Density
[g/cm3]

Tensile
Strength

[MPa]

Modulus
[GPa]

Elongation
[%]

Aramid

Non-bundled
short cut Gold 6 21 1.39 3200 73 4.3

Non-bundled
short cut Gold 12 21 1.39 3200 73 4.3

Carbon
Chopped Black 6 7 1.8 4280 232 1.8
Chopped Black 25 7 1.78 4300 234 1.8

Cellulose

Round
monofilament White 6 18–48 0.91 460 3.85 15

Round
monofilament White 20 18–48 0.91 460 3.85 15

Glass Multifilament White 13.1 13.5 2.68 1620 74

Polypropylene Monofilament White 6 31 0.91 1.5

With the aforementioned fiber types, 8 alternatives were proposed for analysis, and in
this second phase, a new multi-criteria analysis was carried out with these new blends. The
fibers used in this study are shown in Figure 1. In addition, Table 3 shows the dosages of
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these mixtures. All dosages are ratios of the cement weight, except the fiber content, which
is reported in a fraction of the mixture.

Table 3. Mixture proportions of the mixtures with fibers.

Mixtures Cement CEM I
42.5 R

Limestone
Aggregate Water Mastersure

950
Masterease

5025 MS 610 Fibers (%)

C6; 0.05 1 2 0.4 0.0085 0.0076 0.1 0.05%
C25; 0.05 1 2 0.4 0.0085 0.0076 0.1 0.05%
PP 6; 0.05 1 2 0.4 0.0085 0.0076 0.1 0.05%
CELL20;
0.05 1 2 0.4 0.0085 0.0076 0.1 0.05%

CELL6; 0.05 1 2 0.4 0.0085 0.0076 0.1 0.05%
G 13; 0.1 1 2 0.4 0.0085 0.0076 0.1 0.1%
A12; 0.05 1 2 0.4 0.0085 0.0076 0.1 0.05%
A6; 0.05 1 2 0.4 0.0085 0.0076 0.1 0.05%

2.2. Mixing Process

To carry out the process of preparing the different mixtures, a 30 L capacity planetary
mixer was used. It has three rotation speeds: 142 (slow), 234 (medium), and 429 rpm (fast),
but in our production, we only use the first two. Table 4 shows the process of preparing the
mixtures of Phase 1.

Table 4. Mixture preparation for Phase 1.

0:00:00 Dry materials: cement, aggregates, MasterRoc MS 610, and fly ash;
0:00:15 Water gradually added;
0:02:00 Superplasticizers Mastersure 950 and MasterEase 5025;
0:06:00 Change mixer speed to medium;
0:07:00 End of process.

The preparation of the second phase mixtures was carried out in a similar way to that
of the first phase, incorporating some modifications, as can be seen in Table 5 below.

Table 5. Mixture preparation for Phase 2.

0:00:00 Dry materials: cement, aggregates, and MasterRoc MS 610;
0:00:15 Water gradually added;
0:02:00 Superplasticizers Mastersure 950 and MasterEase 5025;
0:03:30 Fibers added gradually;
0:05:00 Change mixer speed to medium;
0:07:00 End of process.

2.3. Rheology

To calculate the rheological parameters of fresh mortar mixes, a low-cost torque
rheometer has been developed in Universidad de Cantabria (UC) as described in detail in
Ref. [30]. The equipment (Figure 2) consists of three main components. First, an agitator
with adjustable rotation speeds ranging from 10 to 2000 rpm is connected to a computer,
which records the torque corresponding to preset rotational speeds defined in the software.
The agitator is assembled on a tripod using a clamp. Second, a four-blade vane (cross-
shaped), measuring 50 mm in height and 25 mm in radius, is attached to the agitator.
Finally, a steel cup of an 80 mm inner radius and 100 mm height is used to contain the
mortar. The cup has eight ribs with 3 mm width and 3 mm depth, equally distributed,
which prevents the mortar from moving in the mortar–cap interface.
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Figure 2. Rheometer developed at UC.

The rheometer test consists of pouring a sample of the fresh mortar into the cylindrical
container, placing the blade in the center, and making it rotate at previously established
decreasing speeds (Figure 3), recording the torque (M) for each rotational speed (Ω). For
each mixture, two samples (each sample is a new batch of the same mixture design)
were tested.

Figure 3. Rotational speed profile.

The values obtained from the rheometer (M and Ω) are then converted into shear
stress (τ) and shear rate (

.
γ) using the formulas proposed by Estellé et al. [31–33]. Then

shear stress (τ) vs. shear rate (
.
γ) are graphed in order to obtain yield stress and viscosity,

assuming a Bingham model.
A correlation between printability (based on visual observations during the printing

trials) and the parameter yield stress × viscosity is proposed, the so-called “printability
index”, as discussed in [13,34]. Therefore, good printability (which means a combination of
continuity of the extruded filament and self-bearing capacity of the filaments) is correlated,
somehow, with a low value of the printability index. In order to include the rheological
properties within the multi-criteria decision-making analysis, the parameter “printability
index” was included as one of the criteria.

2.4. Mechanical Tests

For the mechanical characterization, flexural and compression tests were carried
out, using prismatic specimens of 40 mm × 40 mm × 160 mm following the EN 196–1
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standard [35]. For the flexural test, a universal testing machine Zwick/Roell Z100 of 100 kN
capacity was used, while for the compression test, an Instrom 8033 (Instron, Norwood,
MA, USA) with 250 kN capacity was employed (Figure 4). Three specimens were tested at
28 days; thus, three values of flexural strength and six values (3 specimens × 2 halves) of
compression strength were obtained (Figure 5). In order to minimize the laboratory work,
mortar was cast in molds.

 

Figure 4. Flexural test (left); compression test (right).

 

Figure 5. Prismatic samples after flexural test (left) and compression test (right). Mortars with
PP fibers.

Although some research has suggested that the printing process could influence
anisotropy, there is no consensus among authors regarding the extent of this effect. The
final strength [36] depends on factors such as the printing path, the ratio of nozzle size to
fiber length, the rheological behavior of the fresh mortar, and its setting time, among others.
In practical 3D printing, it is common for the path pattern to alternate directions from one
layer to the next, which can reduce the impact of anisotropy. This reduction is particularly
noticeable when using more fluid mixes, as the extruded filaments can merge together
without leaving significant gaps—the main cause of anisotropy. Moreover, if the mortar’s
setting time is long enough, layers can bond effectively, minimizing or even eliminating
anisotropy between the printing plane and its perpendicular direction, as well as between
3D-printed and cast samples [37].

Thus, for the purpose of this study, it was assumed that there should not be large dif-
ferences in mechanical properties between cast mortar and 3D-printed mortar as discussed
also in [13].
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2.5. Life Cycle Analysis

A cradle-to-gate life cycle assessment (LCA) was carried out for the different mortar
compositions under study, with the objective of ranking them according to their environ-
mental performance. The declared unit is 1 ton of each mortar. The impact assessment
method used was ReCiPe (midpoint level). In order to obtain a single indicator for ranking
purposes, EF3.1 normalization and weighting values, published in July 2022, have been
used. Regarding the life cycle inventory (LCI) of the raw materials used in the different
mortar formulations, the data sources are detailed in Table 6. The impacts of additives
Mastersure 950 and Materease 5025 were not included due to the lack of available infor-
mation about their production processes and their very low concentration in the overall
formulation. Estimated transportation distances are shown in Table 7.

Table 6. Life cycle inventory databases.

Material Source

Cement Cement, Portland [EU without Switzerland] production,
cut-off, Ecoinvent

Limestone aggregate Limestone, crushed, washed [CH] production, cut-off,
Ecoinvent

Water Tap water [EU without Switzerland] production,
conventional treatment, cut-off, Ecoinvent

Fly ash Average of EPD-IES-0020837 and EPD-S-P-10674
MS610 EPD-S-P-05963

Carbon fibers
EF Database 3.1: Carbon fiber production [GLO]
technology mix, production mix at plant (100% active
substance)

Cellulose fibers cellulose fiber {RoW}| market for cellulose fiber | cut-off,
U, Ecoinvent v3.10

Glass fibers Glass fiber {GLO}|market for|cut-off, U, Ecoinvent v3.10

Polypropylene fibers Polypropylene, granulate {GLO}|market for|cut-off, U,
Ecoinvent v3.10

Aramid fibers
EF Database 3.1: Aramid fiber [EU + EFTA + UK]
low-temperature solution polymerization of m-phenylene
diamine with isophthaloyl chloride

Table 7. Distances from raw material to mortar production.

Material Distance (Km)

Cement 100
Limestone aggregate 50
Water -
Fly ash 25
MS610 400

2.6. Cost

The cost of the materials used to make the different types of mixes is shown in
Tables 8 and 9.

Table 8. Cost of materials (except fibers).

Material Cement CEM
I 52.5 R

Cement CEM
I 42.5 R

Limestone
Aggregate Fly Ash Mastersure

950
MasterEase

5025 MS 610

Cost
(EUR/kg) 0.13 0.12 0.01 0.08 2.63 2.63 1.40
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Table 9. Cost of fibers.

Fibers Carbon Cellulose Glass Polypropylene Aramid

Cost (EUR/kg) 26.0 1.35 5.80 23.20 39.00

2.7. Multi-Criteria Decision-Making Analysis
2.7.1. Methodology

To undertake a multi-criteria decision-making analysis (MCDMA), it is necessary to
define the alternatives, the criteria (and the weights for each criterion), and the methods to
assess the different alternatives. In this work, the alternatives considered are the different
mortars developed in Phase 1 (mortars without fibers) and Phase 2 (mortars with fibers).
Thus, two independent MCDMAs were conducted, one for Phase 1 and another for Phase 2.
In relation to the assessment methods, WASPAS and TOPSIS were used in order to double-
check that the ranking of alternatives was comparable, independently of the method used.

2.7.2. Alternatives and Criteria

In Phase 1, four different mixtures without fibers were analyzed: 42.5-FA, 42.5, 52.5-FA,
and 52.5. Five criteria were adopted: (i) printability, (ii) flexural strength, (iii) compres-
sive strength, (iv) cost, and (v) LCA. The printability index was defined as the yield
strength × viscosity. The weights assigned to each criterion were equal; that is, 0.2.

For Phase 2, since the mortar mixture was fixed, only the fibers added may have an
influence on the results. Since the amount of fiber is very low, it was assumed that in terms
of LCA, there would not be substantial differences among mixtures; thus, in this case, only
four criteria were adopted: (i) cost, (ii) compressive strength, (iii) flexural strength, and
(iv) printability index. Equal weights of 0.25 were assigned to all criteria.

2.7.3. Assessment Methods

1. WASPAS

The initial decision-making method to be applied is the Weighted Aggregated Sum
Product Assessment (WASPAS). Developed by Zavadskas et al. [38], WASPAS inte-
grates two well-known multi-criteria decision-making (MCDM) techniques: the Weighted
Product Model (WPM) and the Weighted Sum Model (WSM). This hybrid approach
enhances the method’s robustness [39], making it widely applicable across various
engineering disciplines.

2. TOPSIS

The Technique for Order Preference by Similarity to Ideal Solution (TOPSIS), intro-
duced by Hwang et al. [40], is one of the most popular and frequently applied methods in
multi-criteria decision-making. It operates by evaluating the distance of each alternative
from two reference points: the ideal positive and ideal negative solutions [41]. The ideal pos-
itive solution represents the scenario with maximum benefits and minimum costs, whereas
the ideal negative solution reflects the opposite. Consequently, the most favorable option is
the one that is nearest to the ideal positive and farthest from the ideal negative solution.

3. Results and Discussion
3.1. Phase 1: Mortars Without Fibers
3.1.1. Rheology

Three-dimensional printing by extrusion through an endless screw and nozzle requires
a combination of rheological properties of the mixtures. On the one hand, they must have
good workability and flowability during the time necessary to extrude through the endless
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screw and be continuously expelled through the nozzle, without causing clogging or
blockages. This first characteristic is especially important in mixtures made with high-
performance mortars or concrete, which have lower flowability and shorter printing times.
On the other hand, once the layers have been extruded, they must have sufficient capacity
to maintain their shape and support the weight of the upper layers.

Table 10 shows the rheological results of the best mixtures obtained after the different
laboratory tests.

Table 10. Rheology results of Phase 1.

Mixtures Yield Stress [Pa] Viscosity [Pa·s]
Printability Index =

Yield Stress × Viscosity
[Pa2·s]

42.5-FA 480.27 15.54 7463.40
42.5 422.02 14.65 6182.59

52.5-FA 723.15 13.23 9567.27
52.5 686.35 12.68 8702.92

It was observed that the modification of the cement type significantly affects the
rheological results, both yield stress and viscosity.

The results showed very significant increases in yield stress of between 50 and 60%,
comparing CEM I 42.5 R and CEM I 52.5 R mixtures. This increase in yield stress reflects
what was observed in the laboratory tests, where the force to be applied by the worm screw
was much higher in CEM I 52.5 R mixtures than in CEM I 42.5 R. Also, some CEM I 52.5 R
mixtures clog the nozzle, while in others, the filament begins to become thinner or even lose
continuity, requiring a slight increase in the amount of superplasticizers to allow mixtures
to be printed and, at the same time, avoid collapse.

The results revealed a substantial increase in yield stress—between 50% and 60%—
when comparing CEM I 52.5 R mixtures with CEM I 42.5 R mixtures. This higher yield
stress aligns with laboratory observations, where the worm screw required considerably
more force to process the CEM I 52.5 R mixtures than the CEM I 42.5 R ones. In some cases,
CEM I 52.5 R mixtures caused nozzle blockages, while in others, the extruded filament
became thinner or even lost continuity. To address these issues and ensure both printability
and a self-support capacity, a slight increase in superplasticizer content was necessary
to add.

Viscosity, on the other hand, showed less variable values between the mixes with
different types of cement, but its value was slightly reduced with the CEM I 52.5 R mixes.

Finally, it was also observed that the use of fly ash, which had provided better results
in the mixes with conventional cements, in this case, did not improve the performance of
the HPC mixes.

3.1.2. Mechanical Tests

1. Flexural strength

In this study, the flexural strength values obtained at 28 days of the mixtures that were
suitable for printing were analyzed.

The results (Table 11 and Figure 6) show flexural strength values between 12.3 and
13.1 MPa. This represents an increase in between 35 and 45% when incorporating high-
performance cements, compared to the conventional cement samples analyzed in previous
laboratory tests [13]. Regarding the elimination of fly ash from the mixtures, it was observed
that the flexural strengths improved slightly in this type of mixture, although the increases
were not very significant, oscillating around 4%.
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Table 11. Mechanical test results of Phase 1.

Mixtures
Flexural Strength (MPa) Compression Strength (MPa)
Mean SD Mean SD

42.5-FA 12.31 0.34 73.86 4.68
42.5 12.79 0.12 76.95 1.49

52.5-FA 12.58 0.46 82.09 1.25
52.5 13.13 0.22 85.39 2.84

SD: Standard deviation.
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Figure 6. Flexural strength of mortars without fibers.

The values showed that the mixtures with the best flexural strength values were the
mixture of CEM I 52.5 R, followed by the mixture of CEM I 42.5 R, in both cases eliminating
fly ash.

2. Compressive strength

The results obtained in the compression tests at 28 days are shown in Figure 7 below,
with results ranging between 73 and 85 MPa. This represents an increase compared to mix-
tures made with conventional concretes, which range between 40 and 60%, and therefore,
the improvement provided by these high-performance cements is very substantial. The
mixtures that showed the highest values were in both cases those that incorporated CEM
I 52.5 R. As for the elimination of fly ash in the mixtures, the effect was similar to what
happened in the flexural strength tests, obtaining results with increases of around 4%.
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Figure 7. Compressive strength of mortars without fibers.

3.1.3. Life Cycle Analysis

Table 12 shows the individual impacts of each mortar measured in each category
impact unit, and also the normalized and weighted impacts using dimensional units
(Points). As can be seen, the largest impacts are “Climate change” and “Resource use,
fossils”. Those two impacts account for nearly 70% of the overall LCA points of each mortar.
The four mortars show quite similar results in terms of overall LCA punctuation, ranging
from 1.342 × 10−2 points (42.5 FA) to 1.387 × 10−2 points (52.5). This is due to the small
difference in clinker content between all of them.
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Table 12. LCA results of Phase 1.

Individual LCA Values With Their Own Units Normalization
Factors

Weighing
Factors

Normalized and Weighed LCA Values
(Points/T)

42.5, FA 42.5 52.5, FA 52.5 42.5, FA 42.5 52.5, FA 52.5

Acidification mol H+ eq. 7.94 × 10−1 7.95 × 10−1 8.05 × 10−1 8.07 × 10−1 1.80 × 10−2 0.062 8.86 × 10−4 8.87 × 10−4 8.98 × 10−4 9.00 × 10−4

Climate change kg CO2 eq. 2.73 × 102 2.84 × 102 2.78 × 102 2.89 × 102 1.32 × 10−4 0.2106 7.60 × 10−3 7.92 × 10−3 7.74 × 10−3 8.07 × 10−3

Ecotoxicity,
freshwater CTUe 2.62 × 102 2.43 × 102 2.66 × 102 2.47 × 102 1.76 × 10−5 0.0192 8.88 × 10−5 8.23 × 10−5 9.00 × 10−5 8.35 × 10−5

Particulate matter Disease
incidences 5.57 × 10−6 4.58 × 10−6 5.63 × 10−6 4.64 × 10−6 1.68 × 103 0.0896 8.38 × 10−4 6.89 × 10−4 8.47 × 10−4 6.98 × 10−4

Eutrophication,
marine kg N eq. 2.13 × 10−1 2.12 × 10−1 2.16 × 10−1 2.15 × 10−1 5.12 × 10−2 0.0296 3.23 × 10−4 3.21 × 10−4 3.27 × 10−4 3.26 × 10−4

Eutrophication,
freshwater kg P eq. 2.07 × 10−2 2.15 × 10−2 2.11 × 10−2 2.19 × 10−2 6.22 × 10−1 0.028 3.61 × 10−4 3.75 × 10−4 3.68 × 10−4 3.82 × 10−4

Eutrophication,
terrestrial mol N eq. 2.43 × 10 2.42 × 10 2.46 × 10 2.46 × 10 5.66 × 10−3 0.0371 5.09 × 10−4 5.08 × 10−4 5.17 × 10−4 5.16 × 10−4

Human toxicity,
cancer CTUh 1.76 × 10−8 1.79 × 10−8 1.79 × 10−8 1.82 × 10−8 5.80 × 104 0.0213 2.18 × 10−5 2.21 × 10−5 2.21 × 10−5 2.25 × 10−5

Human toxicity,
non-cancer CTUh 8.04 × 10−8 5.30 × 10−8 8.08 × 10−8 5.33 × 10−8 7.77 × 103 0.0184 1.15 × 10−5 7.57 × 10−6 1.15 × 10−5 7.62 × 10−6

Ionizing radiation kBq U235 eq. 8.09 × 10 8.52 × 10 8.20 × 10 8.62 × 10 2.37 × 10−4 0.0501 9.61 × 10−5 1.01 × 10−4 9.73 × 10−5 1.02 × 10−4

Land use Pt 3.14 × 102 3.28 × 102 3.18 × 102 3.32 × 102 1.22 × 10−6 0.0794 3.04 × 10−5 3.17 × 10−5 3.08 × 10−5 3.22 × 10−5

Ozone depletion kg CFC 11
eq. 1.16 × 10−5 1.22 × 10−5 1.17 × 10−5 1.24 × 10−5 1.91 × 101 0.0631 1.40 × 10−5 1.47 × 10−5 1.42 × 10−5 1.49 × 10−5

Photochemical
ozone formation

kg NMVOC
eq. 5.71 × 10−1 5.67 × 10−1 5.79 × 10−1 5.76 × 10−1 2.45 × 10−2 0.0478 6.68 × 10−4 6.63 × 10−4 6.78 × 10−4 6.73 × 10−4

Resource use,
fossils MJ 1.24 × 103 1.27 × 103 1.26 × 103 1.28 × 103 1.54 × 10−5 0.0832 1.59 × 10−3 1.62 × 10−3 1.61 × 10−3 1.64 × 10−3

Resource use,
minerals, and
metals

kg Sb eq. 1.94 × 10−4 2.03 × 10−4 1.97 × 10−4 2.06 × 10−4 1.57 × 101 0.0755 2.31 × 10−4 2.41 × 10−4 2.33 × 10−4 2.44 × 10−4

Water use m3 2.02 × 101 2.11 × 101 2.05 × 101 2.14 × 101 8.72 × 10−5 0.0851 1.50 × 10−4 1.56 × 10−4 1.52 × 10−4 1.59 × 10−4

Total
(Points)

1.342 ×
10−2

1.364 ×
10−2

1.364 ×
10−2

1.387 ×
10−2
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3.1.4. Cost

The cost of each mixture was calculated on the basis of the prices established for each
of the components listed in Table 13, obtaining the total cost of each of the mixtures (in
euros/ton). The prices of all mixes were very similar, ranging from EUR 90 to 95. This is
due to the fact that the prices of 42.5 R and 52.5 R cements are very similar, and fly ash
is the material that has the lowest weight of the mixture, having a low influence on the
total calculation.

Table 13. Cost of mortars without fibers.

Mixture Cost (EUR/T)

42.5-FA 90.91
42.5 91.22
52.5-FA 93.94
52.5 94.73

3.1.5. Multi-Criteria Decision-Making Analysis

Table 14 shows the decision-making matrix of the alternatives and criteria considered.
As indicated in the methodology, equal weights were assigned to the five criteria.

The MCDMA (Figure 8) shows that the best mortar formulation is “42.5”, which is
the mortar that uses CemI 42.5 R without fly ash. Cement I 52.5 mortars show the highest
strengths; however, these positive criteria do not compensate for the fact that they are
worse in terms of printability and cost.

 

Figure 8. MCDMA results: mortars without fibers.
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Table 14. Decision matrix of Phase 1: mortars without fibers.

Mixtures

Non-Beneficial
Criteria

Beneficial
Criteria

Beneficial
Criteria

Non-Beneficial
Criteria

Non-Beneficial
Criteria

Printability Index Flexural Strength Compression Strength Cost LCA
(Pa2·s) (MPa) (MPa) (EUR/T) (Points/T)

42.5-FA 7463.40 12.31 73.86 90.91 0.01342

42.5 6182.59 12.79 76.95 91.22 0.01364

52.5-FA 9567.27 12.58 82.09 93.94 0.01364

52.5 8702.92 13.13 85.39 94.73 0.01387

3.1.6. Discussions

The classification of the mixtures was carried out with the two MCDMA methods
described above, WASPAS and TOPSIS, to check whether the results obtained with both
methods were the same.

The CC and JPS score values range from 0 to 1 for both methods, and the best alterna-
tive is the one with the highest values. The classification obtained with the two methods
of MCDM analysis is shown in Figure 8. There, it can be seen that the mixture that has
presented the best results has been the one that uses CEM 42.5 R and no fly ash. This is
due to the fact that this dosage has the best printability among all those tested, and good
values of flexural and compressive strength, despite not being the mixture that obtained
the best values. In addition, in terms of the economic criterion, mixtures with CEM 42.5 R
presented a slightly lower value than those with CEM 52.5 R.

For Phase 2, mortars will include only CemI 42.5 R without fly ash, making variations
in dosages using different types of fibers.

3.2. Phase 2: Mortars with Fibers
3.2.1. Rheology

As we have already mentioned before, mixtures for 3D printing must combine flowa-
bility and workability with good self-supporting capacity. The rheological results obtained
are shown in Table 15, confirming that the incorporation of the fibers in the mixtures affects
both the yield stress and viscosity values. Regarding the yield stress values, it can be seen
that they increase with the incorporation of all types of mixtures. Therefore, the force to
initiate the flow that the printer’s endless screw must perform increases significantly. This
was also observed in the laboratory during 3D printing tests, since in this type of mixture,
the printing increased and worsened slightly.

Regarding the viscosity value, this has a trend opposite that of the yield stress, since
with the incorporation of these fibers, the mixtures reduce the viscosity value. These
viscosity variations are not as noticeable as in the case of yield stress. This corresponds to
what happens in the laboratory, since the mixtures that incorporate the fibers are drier and
reduce their workability.

Mortar with PP fibers (PP6; 0.05) shows the worst printability performance (higher
value of yield stress × viscosity), while mortar with 6 mm length cellulose fibers (CELL6;
0.05) exhibits the best behavior.
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Table 15. Rheology results of Phase 2.

Mixture Yield Stress [Pa] Viscosity [Pa·s]
Printability Index =

Yield Stress × Viscosity
[Pa2·s]

Ref (“42.5”) 422.02 14.65 6182.59
C6; 0.05 498.41 13.28 6618.88
C25; 0.05 546.24 14.23 7773.00
PP6; 0.05 652.56 12.85 8385.40
CELL20; 0.05 598.14 11.59 6932.44
CELL6; 0.05 594.25 10.72 6370.36
G13; 0.1 689.25 10.87 7492.15
A12; 0.05 468.27 16.12 7548.51
A6; 0.05 489.36 13.23 6474.23

3.2.2. Mechanical Tests

1. Flexural strength

The results of the flexural strength tests obtained at 28 days, for the different mixtures
in which the different types of fibers were incorporated into the mixture that had obtained
the best results in Phase 1, are shown in Table 16 and Figure 9. Average values and
dispersion are depicted on the graph. Also, in Table 16, increments with respect to the
reference sample are included. Furthermore, the average increment for both flexural
strength and compressive strength and a confidence interval of 95% are provided, assuming
a t-Student. In this test, the incorporation of the fibers did not significantly affect the flexural
strength, as proven by a p-value in an ANOVA test of p = 0.793 (>0.05). The maximum
increase in flexural strength was observed for the mixtures containing carbon fibers (3.64%
increment). In the particular case of the mixture containing 6 mm cellulose fibers, it showed
a decrease in flexural strength of 7.74%. In previous laboratory tests with conventional
cements, increases of up to 30% were achieved with the incorporation of fibers, as reported
in previous studies.

Table 16. Mechanical test results of Phase 2.

Mixtures
Flexural Strength (MPa) Compression Strength (MPa)

Mean SD Increment Mean SD Increment

Ref. (“42.5”) 12.79 0.34 76.95 1.49
C6; 0.05 13.26 0.56 3.64% 84.33 3.50 9.59%

C25; 0.05 13.26 0.50 3.64% 82.57 4.31 7.30%
PP; 0.05 12.82 0.17 0.23% 83.94 1.70 9.08%

CELL20; 0.05 12.80 0.63 0.08% 84.16 2.74 9.37%
CELL6; 0.05 11.80 0.47 −7.74% 82.70 1.67 7.47%

G13; 0.1 12.97 0.43 1.37% 81.93 2.72 6.47%
A12; 0.05 13.16 0.74 2.89% 81.74 2.95 6.22%
A6; 0.05 12.62 0.17 −1.33% 83.36 4.42 8.33%

AVERAGE= 0.35% AVERAGE= 7.98%

CI= [−2.77%;
3.47%] CI= [6.89%;

9.07%]
SD: Standard deviation; CI: confidence interval at 95% of the average.
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Figure 9. Flexural strength of mortars with fibers.

One of the additional advantages of adding fibers to mortars or concretes is the
increase in toughness (ability of a material to absorb energy and deform plastically before
fracturing), with existing examples in the case of steel and carbon fibers [42,43]. In terms
of cellulose fibers, there are no previous studies that analyzed their toughness; however,
Varela et al. [24] studied the addition of sisal fibers (agave plant), which could be considered
also somewhat similar to cellulose, concluding that they also increased the toughness with
respect to control samples without fibers. Nevertheless, this might need further research in
the particular case of mortars with cellulose fibers.

2. Compressive strength

The results of the compressive strength at 28 days of the different mixtures in which
the different types of fibers were incorporated are shown in Figure 10 below. The results
show a significant difference (p = 0.000) with respect to reference samples, showing an
average increase of 7.98%. Carbon fiber mortar of 6 mm length (C6; 0.05) shows the highest
increment, 9.59%, while A12;0.05 (aramid fiber mortar of 12 mm length) shows the lowest
increment in compressive strength. It is worth mentioning that cellulose fibers of 20 mm
length reached an increment of 9.37%, showing a better performance than cellulose fibers
of 6 mm. This increment somehow contradicts previous experiences by the authors [13],
adding fibers to standard mortars, where no significant difference in compressive strength
was found.
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Figure 10. Compressive strength of mortars with fibers.

In these fiber-reinforced high-strength mortars, it seems that the fibers are somehow
contributing to laterally confine the movements of samples under compression, which
leads to an increase in the maximum principal stress.

3.2.3. Life Cycle Analysis

Table 17 shows the LCA of mortars with fibers. Individual impacts of each mortar
with fibers measured in each category impact unit are shown, and also the normalized
and weighted impacts using dimensional units (Points) are shown. The lowest values
correspond to mortars containing cellulose fibers (1.365 · 102 points), while the highest
LCA is linked to mortars containing aramid fibers (1.556 · 102 points), which represent an
increment of 13%. Thus, even though the amount of aramid fiber added is very low (less
than 0.05% of weight), it has a relatively significant impact on an LCA.
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Table 17. LCA of Phase 2.

Individual LCA Values with Their Own Units Normalization
Factors

Weighing
Factors

Normalized and Weighed LCA Values
(Points/T)

C6;
0.05

C25;
0.05

PP6;
0.05

CELL20;
0.05

CELL6;
0.05

G13;
0.1

A12;
0.05

A6;
0.05

C6;
0.05

C25;
0.05

PP6;
0.05

CELL20;
0.05

CELL6;
0.05

G13;
0.1

A12;
0.05

A6;
0.05

Acidification mol H+ eq.
8.68
×

10−1

8.68
×

10−1

8.00
×

10−1
7.96 ×
10−1

7.96
×

10−1

8.04
×

10−1

8.41
×

10−1

8.41
×

10−1
1.80 × 10−2 0.062

9.68
×

10−4

9.68
×

10−4

8.92
×

10−4
8.88 ×
10−4

8.88
×

10−4

8.97
×

10−4

9.38
×

10−4

9.38
×

10−4

Climate change kg CO2 eq.
3.00
×

102

3.00
×

102

2.85
×

102
2.84 ×

102
2.84
×

102

2.85
×

102

3.02
×

102

3.02
×

102
1.32 × 10−4 0.2106

8.37
×

10−3

8.37
×

10−3

7.95
×

10−3
7.92 ×
10−3

7.92
×

10−3

7.95
×

10−3

8.43
×

10−3

8.43
×

10−3

Ecotoxicity,
freshwater CTUe

3.57
×

102

3.57
×

102

2.46
×

102
2.44 ×

102
2.44
×

102

2.47
×

102

9.83
×

102

9.83
×

102
1.76 × 10−5 0.0192

1.21
×

10−4

1.21
×

10−4

8.32
×

10−5
8.25 ×
10−5

8.25
×

10−5

8.35
×

10−5

3.33
×

10−4

3.33
×

10−4

Particulate matter Disease
incidences

5.85
×

10−6

5.85
×

10−6

4.62
×

10−6
4.59 ×
10−6

4.59
×

10−6

4.67
×

10−6

6.41
×

10−6

6.41
×

10−6
1.68 × 103 0.0896

8.81
×

10−4

8.81
×

10−4

6.96
×

10−4
6.91 ×
10−4

6.91
×

10−4

7.02
×

10−4

9.65
×

10−4

9.65
×

10−4

Eutrophication,
marine kg N eq.

2.33
×

10−1

2.33
×

10−1

2.13
×

10−1
2.12 ×
10−1

2.12
×

10−1

2.14
×

10−1

4.34
×

10−1

4.34
×

10−1
5.12 × 10−2 0.0296

3.53
×

10−4

3.53
×

10−4

3.22
×

10−4
3.21 ×
10−4

3.21
×

10−4

3.24
×

10−4

6.57
×

10−4

6.57
×

10−4

Eutrophication,
freshwater kg P eq.

2.18
×

10−2

2.18
×

10−2

2.17
×

10−2
2.15 ×
10−2

2.15
×

10−2

2.19
×

10−2

2.36
×

10−2

2.36
×

10−2
6.22 × 10−1 0.028

3.79
×

10−4

3.79
×

10−4

3.78
×

10−4
3.75 ×
10−4

3.75
×

10−4

3.81
×

10−4

4.12
×

10−4

4.12
×

10−4

Eutrophication,
terrestrial mol N eq. 2.58

× 10
2.58
× 10

2.43
× 10 2.42 × 10 2.42

× 10
2.44
× 10

2.52
× 10

2.52
× 10 5.66 × 10−3 0.0371

5.41
×

10−4

5.41
×

10−4

5.10
×

10−4
5.08 ×
10−4

5.08
×

10−4

5.12
×

10−4

5.29
×

10−4

5.29
×

10−4

Human toxicity,
cancer CTUh

2.84
×

10−8

2.84
×

10−8

1.80
×

10−8
1.80 ×
10−8

1.80
×

10−8

1.80
×

10−8

2.90
×

10−8

2.90
×

10−8
5.80 × 104 0.0213

3.51
×

10−5

3.51
×

10−5

2.22
×

10−5
2.22 ×
10−5

2.22
×

10−5

2.23
×

10−5

3.59
×

10−5

3.59
×

10−5

Human toxicity,
non-cancer CTUh

1.14
×

10−7

1.14
×

10−7

5.35
×

10−8
5.30 ×
10−8

5.30
×

10−8

5.34
×

10−8

2.66
×

10−7

2.66
×

10−7
7.77 × 103 0.0184

1.62
×

10−5

1.62
×

10−5

7.65
×

10−6
7.58 ×
10−6

7.58
×

10−6

7.63
×

10−6

3.80
×

10−5

3.80
×

10−5

Ionizing radiation kBq U235 eq. 9.58
× 10

9.58
× 10

8.54
× 10 8.53 × 10 8.53

× 10
8.63
× 10

1.06
×

101

1.06
×

101
2.37 × 10−4 0.0501

1.14
×

10−4

1.14
×

10−4

1.01
×

10−4
1.01 ×
10−4

1.01
×

10−4

1.02
×

10−4

1.26
×

10−4

1.26
×

10−4

Land use Pt
3.30
×

102

3.30
×

102

3.29
×

102
3.28 ×

102
3.28
×

102

3.32
×

102

3.04
×

102

3.04
×

102
1.22 × 10−6 0.0794

3.20
×

10−5

3.20
×

10−5

3.19
×

10−5
3.18 ×
10−5

3.18
×

10−5

3.21
×

10−5

2.94
×

10−5

2.94
×

10−5

Ozone depletion kg CFC 11 eq.
1.23
×

10−5

1.23
×

10−5

1.22
×

10−5
1.22 ×
10−5

1.22
×

10−5

1.23
×

10−5

1.22
×

10−5

1.22
×

10−5
1.91 × 101 0.0631

1.48
×

10−5

1.48
×

10−5

1.47
×

10−5
1.47 ×
10−5

1.47
×

10−5

1.48
×

10−5

1.47
×

10−5

1.47
×

10−5

Photochemical
ozone formation

kg NMVOC
eq.

6.01
×

10−1

6.01
×

10−1

5.69
×

10−1
5.67 ×
10−1

5.67
×

10−1

5.72
×

10−1

5.99
×

10−1

5.99
×

10−1
2.45 × 10−2 0.0478

7.03
×

10−4

7.03
×

10−4

6.66
×

10−4
6.64 ×
10−4

6.64
×

10−4

6.69
×

10−4

7.00
×

10−4

7.00
×

10−4



Buildings 2025, 15, 3307 20 of 26

Table 17. Cont.

Individual LCA Values with Their Own Units Normalization
Factors

Weighing
Factors

Normalized and Weighed LCA Values
(Points/T)

C6;
0.05

C25;
0.05

PP6;
0.05

CELL20;
0.05

CELL6;
0.05

G13;
0.1

A12;
0.05

A6;
0.05

C6;
0.05

C25;
0.05

PP6;
0.05

CELL20;
0.05

CELL6;
0.05

G13;
0.1

A12;
0.05

A6;
0.05

Resource use,
fossils MJ

1.53
×

103

1.53
×

103

1.30
×

103
1.27 ×

103
1.27
×

103

1.28
×

103

1.46
×

103

1.46
×

103
1.54 × 10−5 0.0832

1.96
×

10−3

1.96
×

10−3

1.67
×

10−3
1.62 ×
10−3

1.62
×

10−3

1.64
×

10−3

1.87
×

10−3

1.87
×

10−3

Resource use,
minerals, and

metals
kg Sb eq.

2.21
×

10−4

2.21
×

10−4

2.10
×

10−4
2.05 ×
10−4

2.05
×

10−4

2.14
×

10−4

2.39
×

10−4

2.39
×

10−4
1.57 × 101 0.0755

2.62
×

10−4

2.62
×

10−4

2.50
×

10−4
2.43 ×
10−4

2.43
×

10−4

2.54
×

10−4

2.83
×

10−4

2.83
×

10−4

Water use m3
3.29
×

101

3.29
×

101

2.15
×

101
2.11 ×

101
2.11
×

101

2.13
×

101

2.68
×

101

2.68
×

101
8.72 × 10−5 0.0851

2.44
×

10−4

2.44
×

10−4

1.60
×

10−4
1.57 ×
10−4

1.57
×

10−4

1.58
×

10−4

1.99
×

10−4

1.99
×

10−4

Total
(Points)

1.499
×

10−2

1.499
×

10−2

1.375
×

10−2

1.365 ×
10−2

1.365
×

10−2

1.375
×

10−2

1.556
×

10−2

1.556
×

10−2
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3.2.4. Cost

Table 18 shows the cost of mortars including fibers. Reference mortar represents a
mortar without fibers, containing CemI 42.5 R with the same dosage as what so called
“42.5” of Table 18. The more expensive mortars were the ones containing aramid fibers,
while the cheapest ones were those containing cellulose fibers.

Table 18. Cost of mortars with fibers.

Mixture Cost (EUR/T)

Ref (“42.5”) 91.22
C6; 0.05 103.67
C25; 0.05 103.67
PP6; 0.05 102.77
CELL20; 0.05 91.85
CELL6; 0.05 91.85
G13; 0.1 96.93
A12; 0.05 110.67
A6; 0.05 110.67

3.2.5. Multi-Criteria Decision-Making Analysis

Table 19 presents the decision-making matrix, which evaluates the alternatives based
on the defined criteria. As outlined in the methodology, equal weights have been assigned
to each of the five criteria. Figure 11 shows the results of the MDMA analysis for mortars
with fibers.

Table 19. Decision matrix of Phase 2: mortars without fibers.

Mixtures

Non-Beneficial
Criteria

Beneficial
Criteria

Beneficial
Criteria

Non-Beneficial
Criteria

Non-Beneficial
Criteria

Printability Index Flexural Strength Compression Strength Cost LCA
(Pa2·s) (MPa) (MPa) (EUR/T) (Points/T)

Ref
(“42.5”) 6182.59 12.79 76.95 91.22 0.01364

C6; 0.05 6618.88 13.26 84.33 103.67 0.01499

C25; 0.05 7773.00 13.26 82.57 103.67 0.01499

PP6; 0.05 8385.40 12.82 83.94 102.77 0.01375

CELL20;
0.05 6932.44 12.80 84.16 91.85 0.01365

CELL6;
0.05 6370.36 11.80 82.70 91.85 0.01365

G13; 0.1 7492.15 12.97 81.93 96.93 0.01375

A12; 0.05 7548.51 13.16 81.74 110.67 0.01556

A6; 0.05 6474.23 12.62 83.36 110.67 0.01556
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Figure 11. MCDMA results: mortars with fibers.

3.2.6. Discussion

Figure 11 represents the ranking of the different alternatives of mortars with fibers,
including the reference mortar without fibers. Regarding the input data considered and
the equal weights, it is worth mentioning that the best alternative is the reference mortar
(mortar without fibers). This is mainly due to the negative influence of adding fibers in
terms of printability.

Nevertheless, if we analyzed the mortars with fibers, the best mortars are those
containing cellulose fibers of 20 mm, CELL20; 0.05, which ranked in the second or third
position, depending on whether WASPAS or TOPSIS was used. This is due to the fact that
cost and LCA hardly increase with respect to the reference mortar (no fibers); nevertheless,
it is able to increase the compressive strength by up to 9% with respect to the sample
without fibers (Ref(“42.5”)).

From a practical point of view, adding cellulose fibers could be recommendable
since it hardly increases the cost or environmental impact of a 3DP mortar, although it
contributes to a slight increment in the compressive strength (up to 9%). Although it was
not measured in this research paper, they could also contribute to increasing toughness in
an eventual failure. Even though adding fibers makes the printability a bit more difficult,
this can still be undertaken. Indeed, if an MCDMA is undertaken without considering
the “printability index” as a criterion (Figure 12), but only the other four criteria (flexural
strength, compressive strength, cost, LCA), then CELL20; 0.05 is ranked the first, G13; 0.1
the second, and Ref. (“42.5”) is the third best option.

The cost of producing a mortar containing Cem I 42.5 and 0.05% of 20 mm cellulose
fibers is 91.85 EUR/T, and its carbon footprint would be 284 kg CO2 eq/T. Assuming an
average density of 2.1 T/m3, the cost would be 192.89 EUR/m3 and its carbon footprint
would be 596.4 kg CO2 eq/m3. The flexural strength of this dosage at 28 days was 12.80 MPa,
and 84.16 MPa for the compression strength. These results demonstrated a much better
performance in strength, cost, and environmental impact of this mortar with respect to
the one developed by Rajendran et al. [27], where a 7.2 MPa flexural strength, 61 MPa
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compression strength, a material cost of 423 USD/m3, and 1704.81 kg eq CO2/m3 of carbon
footprint were reported.

 

Figure 12. MCDMA results: mortars with fibers (excluding the “printability index” criteria).

4. Conclusions
In relation to the study undertaken, the main conclusions are summarized below:

• Regarding the rheological behavior, using Cem I 52.5 makes the printability difficult
since it tends to set too fast, so it is not considered adequate for 3D printing purposes.
Mortar with Cem I 42.5 and no fly ash shows a good mechanical performance (up to
77 MPa of compression strength at 28 days) and a sufficient workability window to be
used in high-performance 3DP applications. Adding fly ash did not show an increase
in the mechanical properties in any of the mortars, although it slightly reduced their
cost. Nevertheless, the MCDMA demonstrated that the optimal mortar with fibers
was the one with Cem I 42.5 without fly ash.

• Adding fibers to mortars always makes the printability process difficult. Nevertheless,
they can increase the compressive strength of the mortar to almost around 9% in the
case of cellulose fibers of 20 mm length without compromising either the cost or the
environmental impact of the mortar.

• The flexural strength of the mortar, in the particular case of high-strength mortars,
is not significantly affected by adding fibers; however, these could have a potential
impact on its toughness, which should be further explored.

• The rest of the fibers (glass, carbon, aramid, polypropylene) are not considered
adequate for high-performance 3D-printed mortars, at least for the 3D printer
used, since they do not increase its strength considerably while increasing cost and
environmental impact.

As an overall conclusion, it could be stated that cellulose fibers of 20 mm length should
be considered as potential mechanical enhancers in 3D printing high-performance mortars
since (1) their cost and environmental impact is mostly negligible, (2) they increase the
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compressive strength to up to 9% for 0.05% fiber content (expressed in weight), (3) the
mortar can still be 3D-printed, and (4) they could increase its toughness.

From a practical point of view, the formulations presented here, especially that con-
taining Cem I 42.5 and 0.05% of cellulose fibers of 20 mm, could be easily produced by
companies that are providers of concrete/mortar 3D printing services. Furthermore, this
mortar could also be considered for casting applications, either for in situ construction
or for the pre-cast industry. In the particular case of casting, the amount of fiber could
be increased, which might also involve a higher increase in its strength (or a reduction in
the amount of cement used to maintain the same strength, which implies reducing the
cost and environmental impact). In this case, the limitations in workability are not as
strict as in 3D-printed mortars or concretes, so a higher percentage of cellulose fibbers is
acceptable for casting applications. However, in either 3D printing or cast applications,
it will also be necessary to evaluate the durability of mortars containing cellulose fibers
under different environments.
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