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Abstract
3D concrete printing (3DCP) has developed rapidly in recent years, with a relatively high amount of mortars emerging apt 
for 3D printing. Some of these mortars include fibers to improve their strength. Despite mechanical properties having been 
quite well studied, there still is missing information on cost, printability, and environmental impacts. The objective of this 
research is to select the best mortars with fibers considering four criteria: printability, mechanical strength, and economic 
and environmental impact applying a multi-criteria decision-making analysis (MCDMA). Seven types of fibers with different 
dosages were assessed in the reinforced mortars: zylon, aramid, carbon, glass, cellulose, textile, and polypropylene. AHP 
method and equal weights were used as ponderation techniques of the criteria while WASPAS and TOPSIS methods were 
used to calculate the rankings of the MCDMA. Printability was measured through rheological tests using a rotational rheom-
eter, mechanical strength through flexural tests at 28 days based on EN 196–1, and cost just considering the materials and 
environmental impact through a life cycle assessment (LCA). The results showed that 13-mm-long glass fibers with a content 
of 0.1% were the best alternative, closely followed by the mortar with 6 mm cellulose fibers with a content of 0.05%. For 
the best option (G13;0.1), the increments in the printability index, flexural strength, cost, and LCA were − 14.37%, 16.70%, 
5.88%, and 2.86%, respectively. It can also be concluded that high elastic modulus fibers (zylon and aramid), although able 
to increase significantly the flexural strength (up to 30% in the case of zylon), prevent them from being an optimal solution 
due to their high cost.

Keywords 3D concrete printing · Additive manufacturing · Fibers · Multi-criteria decision-making · Mechanical 
properties · Rheology · Life cycle assessment

1 Introduction

Engineering and construction are in continuous develop-
ment seeking to improve their productivity, incorporating 
new technologies and techniques. In recent years, the pro-
cess of additive manufacturing (AM) or 3D concrete printing 
(3DCP) has had a strong development. This construction 
system has some advantages over traditional construction, 
such as the production of complex shapes, the automation of 
the process, the reduction of waste materials, and the reduc-
tion of construction times.

The incorporation of fibers, which are already used in 
traditional construction, has begun to be tested in the field 
of concrete 3D printing by some authors using steel [1, 2], 
carbon [3, 4], glass [5, 6], PVA [7, 8], or polypropylene 
[9, 10], fibers with the aim of improving the mechanical 
properties (flexural strength, toughness, impact resistance, 
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plastic shrinkage cracking, etc.), and/or rheological behavior 
(dynamic viscosity, shear stress, etc.). However, there are no 
studies using recycled fibers (textile, cellulose) or ultra-high 
tensile modules (aramid, zylon). In the particular case of 
cellulose, some authors have already studied their potential 
application in precast concrete, because of its low cost and 
environmental impact, adequate mechanical performance, 
and sufficient durability even when exposed to weathering 
conditions such as sewage water [11] or carbonation and 
freeze–thaw cycles [12]; however, there are not yet studies 
on 3DCP.

Mechanical strength has been largely studied in fiber-
reinforced 3DCP by several authors, as reported by Alonso-
Cañon in a review paper [13]. The conclusion of this study 
revealed that adding fibers can increase up to 30% of the 
flexural strength of 3DCP with respect to a 3DCP without 
fibers while there are no clear conclusions regarding advan-
tages or disadvantages in compressive strength.

In relation to cost, several studies have attempted to 
estimate and compare costs associated with reinforced 
3D concrete printing (3DCP). The scarcity of cost infor-
mation and inconsistencies in reporting make it challeng-
ing to draw definitive conclusions. Noteworthy findings 
include Inozemtcev and Duong’s comparison, suggesting 
potential savings of 30–50% in building costs with 3DCP 
due to reduced material and machinery hours [14]. Kreiger 
et al. compared various construction technologies, but their 
estimate of concrete costs at $144 USD/m3 lacked detailed 
calculations [15]. García de Soto et al. demonstrated advan-
tages for 3DCP in building non-standard shapes, with costs 
varying between straight and curved layouts [16]. Nerella 
et al. reported a 70% higher cost for 3DCP compared to con-
ventional methods using high-performance concrete [17]. 
Otto et al. assumed a 30% higher cost for 3DCP without 
explicit calculations [18]. In Han et al.’s study, the environ-
mental and cost analysis undertaken indicated higher costs 
for 3DCP in building a silo compared to conventional con-
crete [19]. Abdalla et al. carried out an environmental and 
economical analysis of a house using conventional meth-
ods vs 3DCP; however, concrete cost per  m3 data was not 
shown, hindering a direct comparison between conventional 
and 3DCP methods [20]. Weng et al. assumed a consistent 
concrete price for both methods in an environmental and 
productivity assessment of a concrete bathroom unit [21], 
despite 3DCP generally having a larger amount of cement, 
disregarding also differences in compressive strength. Yoris-
Nobile et al. compared different mortars for 3D printing, 
providing cost per ton of material, with costs ranging from 
44.80 to 184.18 €/T, depending on the type of mortar used; 
however, none of the mortars included fibers in the mix [22].

Environmental performance has been considered a key 
advantage for concrete 3D printing technologies by many 
authors, basically based on the topological optimization 

of the shapes and the elimination of formworks. In [23], a 
multi-criteria decision-making analysis (MCDMA) apply-
ing the MIVES and Delphy techniques is proposed and 
applied to the first 3DCP bridge in the world built in 2016 
by Acciona to assess its sustainability performance. The 
material used was a concrete with 500 kg cement/m3 con-
crete that incorporated steel fibers and used D-Shape 3D 
printing technology, and also has post-tensed cables. In 
this study, greenhouse emissions, energy consumption, and 
material consumption were considered part of environmental 
indicators assigning weights to each of them (among other 
factors) with the Delphy technique. However, greenhouse 
emissions and energy consumption are somehow correlated. 
Besides, it is more adequate to consider the global warming 
potential to deal with greenhouse gas emissions. In [19], 
an environmental and economic assessment on 3D-printed 
buildings was carried out. The aim was to compare 3 types 
of 3DCP vs the other 3 types of concrete for mold cast-
ing. In the 3DCP, around 440–455 kg of cement per  m3 of 
concrete was added, while in the mold casting, they added 
between 320 and 345 kg/m3. In this study, fibers were not 
added to the concrete. Furthermore, mechanical strength 
was not considered either, despite the differences in cement 
content between the C3DP and standard concrete. Instead, it 
was assumed that both had 30 MPa of nominal compressive 
strength at 28 days (C30). Thus, environmental comparison 
of structural concretes without considering their strength is 
not fully adequate, since the rationale “the more the strength, 
the least amount of concrete required, the least the cost, the 
less the environmental impact” should be assumed. In the 
study of Alhumayani et al. [24], a comparison of 4 alter-
natives (3DCP, cob-printing, concrete pour casting, cob 
blocks) of building a structural wall was carried out, without 
using fibers in any case. The wall thickness and amount of 
material used of each alternative changed; nevertheless, no 
data about the bearing capacity of the wall was provided. 
Therefore, the conclusions regarding the LCA are not fully 
comparable, since each alternative could have a different 
bearing capacity. In [25], similarly to [24] also performed 
a comparison of a bearing wall using 4 alternatives (1 with 
standard concrete, 3 with 3DCP with or without rebars and 
different mixes), using fibers in some of the concrete mixes. 
Again, wall-bearing capacity was not provided; therefore, 
LCA results are not fully comparable.

The rheological properties play a crucial role in the con-
structability and printability of cement mortars. To assess 
these properties, various authors have conducted tests using 
rotational rheometers, enabling the determination of both 
yield stress and viscosity values. Jayathilakage conducted 
a comparative analysis of different rheometers, confirming 
that torque rheometers yield accurate rheological property 
values [26]. In another study, Chen introduced retarder dos-
ages into mortar mixtures and observed a decrease in yield 
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stress values as the dosage increased, resulting in yield stress 
values ranging from 450 to 750 Pa [27]. Additionally, Kola-
wole and Banfill investigated the impact of superplasticizer 
incorporation, revealing a significant reduction in yield 
stress values (ranging from 550 to 750 Pa), notably lower 
than the 1100 Pa observed in the control mixture [28, 29]. 
Conversely, Chen, in his research involving the addition of 
bentonite to mixtures, found that an increase in bentonite 
content led to an elevation in yield stress values [30]. Finally, 
Russel, in a rheological analysis focused on printable con-
cretes, emphasized the critical need to minimize initial yield 
stress values for these materials [31].

Overall, comparative analyses that consider not only 
mechanical properties of mortars including fibers, but also 
their suitability to be printed with a real 3D printer, cost, and 
environmental impact at the same time, have not yet been 
carried out so far. This comparison is fundamental because 
it would provide practical conclusions for 3DCP users who 
aim to include fibers in their mixes, and that need to take a 
decision regarding the most adequate type of fiber in order 
to avoid excessive costs, undesired environmental impact, or 
printability problems, and what is more, just decide not to 
use fibers, not to mention new fibers such as aramid, zylon, 
cellulose, and recycle textile.

2  Methodology

2.1  Overall procedure

The objective of this paper, based on the gaps found in 
the state of the art as previously stated, is to determine 
the best reinforcement fibers and dosages in 3D-printed 
mortars through a multi-criteria decision-making analysis 

(MCDMA). These mixtures will be a total of 36 (35 with 
fibers plus a control mortar without them), in which different 
types of fibers and percentages of fibers will be combined. 
Four criteria were selected for the MCDMA: printability, 
mechanical strength, material cost, and environmental 
impact, for which different laboratory tests were carried out 
and a life cycle assessment (LCA) was performed. The Ana-
lytic Hierarchy Process (AHP) method and equal weights 
were used to assign the criteria weights, and the Technique 
for Order of Preference by Similarity to Ideal Solution 
(TOPSIS) and Weighted Aggregated Sum Product Assess-
ment (WASPAS) methods were used to assess the MCMDA 
scores and, thus, rankings. Figure 1 represents the graphical 
abstract of the whole process carried out.

Firstly, for this purpose, the rheological and mechanical 
characteristics of the mortars will be analyzed in the labo-
ratory. Secondly, a multi-criteria decision-making analysis 
will be performed, employing firstly two weighing scenarios 
(AHP method and equal weights) and two ranking methods 
(WASPAS and TOPSIS).

Aramid, carbon, glass, cellulose, textile, polypropylene, 
and zylon fibers were used. In the laboratory, the fiber con-
tent that helped to maintain good printability was deter-
mined for each type of fiber. Steel fibers were discarded 
since preliminary tests show that they could get clogged in 
the screw and, as a result, damage the 3D printer. As the 
number of fibers increases, workability is lost until the fila-
ment starts to get choppy or plugs are produced in the extru-
sion nozzle. Therefore, the percentages used vary between 
0.05 and 0.3. Then, the laboratory tests of flexural strength, 
compression, and rheology were carried out. In the second 
part of the study, an MCDMA analysis was proposed, for 
which two methods were used: WASPAS and TOPSIS. The 
AHP method and equal weights were used to calculate the 
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Aramid fibers

Glass fibers

Polypropylene 
fibers

Tex�le fibers Cellulose fibers

Carbon fibers

Zylon fibers

Mechanical 
test

Printability 
test

Rheological test

Flexural strength 
test

Compressive 
strength test

Stadis�cal
analysis

Life cycle 
assessment 

(LCA)

Non-normally 
distributed data

Normally 
distributed data

35 alterna�ves

Criterion
1

Criterion 
2

Criterion 
3

Criterion 
4

Entropy

Calcula�on 
scores

Rela�ve 
weights

Equal weights

WASPAS

TOPSIS

Fig. 1  Graphical description of the work methodology



1466 The International Journal of Advanced Manufacturing Technology (2024) 134:1463–1485

relative weights of the criteria. This made it possible to rank 
and obtain the best fibers for 3D printing. Figure 1 shows a 
graphical description of the methodology carried out.

2.2  Materials and dosages

This study aims to compare and obtain the best 3D printing 
dosages reinforced with fibers, based on 4 different criteria, 
such as resistance, cost, environmental impact and print-
ability. Therefore, a total of 54 samples were prepared. A 
Cement type III/B 32.5 N-SR, which has a clinker content of 
31% and 66% blast furnace slag was used. As a fine aggre-
gate, sands of natural origin were used. As a fine material, 
fly ash was used, with a degree of crystallinity of 35% and 
a loss on ignition of 3.4%. To add cohesion to the mixture, 
a small percentage of kaolin was added as an addition. A 
workability modifier has also been used to give the mixtures 
the optimum consistency for printing. The selected super-
plasticizer was Mastersure 950 from BASF.

Finally, seven different types of fibers have been incor-
porated into the mixtures, whose properties are shown in 
Table 1. These fibers are aramid, carbon, cellulose, polypro-
pylene, textile, glass, and zylon. Some of these fibers have 
been supplied in different lengths, varying from 3 to 30 mm.

In terms of the percentages of fibers that have been incor-
porated, in conventional concrete are below 1%, because 
a high percentage of fibers significantly reduces the work-
ability of the mixtures [32, 33]. The 3D printing concrete 
should also maintain low percentages of fibers, so that the 
mixture can maintain its workability and no plugs are pro-
duced in the extrusion nozzle. In this study, the fibers were 
incorporated in different percentages (0.05; 0.075; 0.1; 0.2; 
and 0.3) depending on the printability of the mixtures. These 
percentages vary due to the fact that some of the mixtures 

with higher ratios begin to cut or to remain blocked in the 
extrusion nozzle. With the above-mentioned types of fiber 
and their different percentages, the 35 alternatives that were 
later used for the multi-criteria analysis were proposed. The 
fibers used in the study are shown in Fig. 2.

For the study, a reference mixture was used, composed 
of the aforementioned materials, cement, fly ash, limestone 
aggregate, kaolin, and superplasticizer, in which the differ-
ent types of fibers were incorporated in different proportions.

Table 2 shows the dosages of the mixtures according to 
the percentage of fibers. All dosages are ratios of the cement 
weight, except the fiber content, which is reported in a frac-
tion of the mixture.

2.3  Mixture preparation

A planetary mixer with a capacity of 30 l was used to pre-
pare the mixtures. It has three rotation speeds: 142 (slow), 
234 (medium), and 429 rpm (fast), but in our production, 
we only used the first two. First, the dry materials, cement, 
fly ash, kaolin, and aggregates, were mixed for 15 s at slow 
speed. Then, the water was gradually added and mixed for 
2 min with the dry materials. Subsequently, to achieve the 
right consistency, the plasticizer was added and mixed for 
one and a half minutes. Later, the fibers were added gradu-
ally, to obtain a good dispersion and mixed for half a minute. 
Finally, to complete the mixing process, the mixer speed 
was changed to medium and it started to mix for two more 
minutes.

For the testing of the study, a Delta-type printer has been 
used, model “WASP 3MT,” which is based on EMS tech-
nology and that helps to develop the elements by extrusion. 
This model has two different parts: the control panel and 
the printing system. The control panel allows to adjust the 

Table 1  Physical properties and composition of the fibers

Type Color Length (mm) Diameter (μm) Density (g/cm3) Tensile 
strength 
(MPa)

Elastic 
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
Bundled dipped chopped Gold 20 420 1.35 2600 68 4.3
Bundled dipped chopped Gold 30 420 1.35 2600 68 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 Multi-filament White 13.1 13.5 2.68 1620 74
Zylon Multi-filament chopped Gold 6 1.56 5800 270 2.5
Textile Blue 20 150–170 1.24
Polypropylene Monofilament White 6 31 0.91 1.5
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different variables, such as the printing speed, height, and 
coordinates where the nozzle starts printing and the diameter 
of the layers. The printing system, in turn, is composed of 
three articulated arms disposed in a triangular configuration 
corresponding to the x, y, and z axes. It also has a hopper, 
inside which is an endless screw, connected to an electric 
motor, which allows the material to move to the nozzle while 

it is turning. The nozzle, which was modified and made of 
TPU, has a circular section of 20 mm in diameter.

2.4  Laboratory tests

For the preparation of this study, the mechanical and rheo-
logical characterization of the mixtures was carried out.

Fig. 2  Fibers used: a aramid 
fibers non-bundled short cut. b 
Aramid fibers bundled dipped 
chopped. c Glass fibers. d Zylon 
fibers. e Polypropylene fibers. f 
Carbon fibers. g Textile fibers. h 
Cellulose fibers

a Aramid fibers non-bundled short cut b Aramid fibers bundled dipped chopped

c Glass fibers d Zylon fibers

e Polypropylene fibers f Carbon fibers

Table 2  Mixture proportions Mixtures Cement Limestone 
aggregate

Water Superplasticizer Fly ash Kaolin Fibers (%)

F0.05 1 2 0.5338 0.0093 0.5 0.0417 0.05%
F0.075 1 2 0.5338 0.0093 0.5 0.0417 0.075%
F0.1 1 2 0.5338 0.0093 0.5 0.0417 0.1%
F0.2 1 2 0.5338 0.0093 0.5 0.0417 0.2%
F0.3 1 2 0.5338 0.0093 0.5 0.0417 0.3%
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2.4.1  Preliminary printing trials

3D printing by extrusion requires specific rheological properties 
of the mixtures in the fresh state. These must have good work-
ability and flowability, allowing the material to be extruded 
through the screw and nozzle of the 3D printer placing a con-
tinuous filament. But once the layers have been extruded, they 
must have sufficient self-supporting capacity to maintain their 
shape and support the weight of the upper layers. Thus, prelimi-
nary printing trials were performed in order to realize visual 
analyses of how certain mortars could be more or less suitable 
for printing purposes (Fig. 3). The printing parameters used 
for carrying out the preliminary tests of the mortars were the 
same: 20 mm nozzle diameter (16 mm software input to force 
overlap), 8 mm layer height, 70 mm/s maximum head speed, 
300 rpm screw speed. As it can be seen in Fig. 3, two parallel 
filaments were printed to form the vertical walls.

2.4.2  Rheological tests

A correlation between printability (based on visual obser-
vations during the printing trials) and the parameter yield 
stress*viscosity is proposed, the so-called printability index. 
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.

For rheological characterization, a torque rheometer was 
used. It consists of three parts: an agitator, a cylindrical con-
tainer, and a cross-shaped paddle. The agitator, with a range 

of rotation speeds between 10 and 2000 rpm, is connected to 
a computer to collect the torque values corresponding to the 
different speeds. A cross-shaped paddle with a height of 5 cm 
and a radius of 2.5 cm will be placed on the vertical axis of 
the agitator. Lastly, a cylindrical steel container with an inner 
diameter of 8 mm and outer diameter of 8.8 cm was adjusted 
to the characteristics of the materials used [34–37].

The rheological behavior of fresh concrete is considered to 
correspond to the Bingham model, governed by the following 
equation:𝜏 = 𝜏o + ηγ̇ , where �o is the yield stress and � refers 
to the dynamic viscosity of the mixture. In order to perform 
the test, speeds, which are gradually decreasing, are set, while 
the torque data obtained are recorded. With these data, the 
following equations are applied to obtain the shear rate-shear 
stress parameters [38, 39].

To obtain the shear rate, �̇�:

where M is the torque, Ω is the rotational speed, �b and �c 
are the shear stresses on the inner and outer cylinders, Rc is 
the radius of the cylinders, and Rb and h are respectively the 
radious and height of the blade.

To calculate the shear stress, τ:

With the obtained parameters of shear stress and shear rate, 
a curve is plotted, which gives the values of yield stress and 
viscosity.

2.4.3  Mechanical tests

For the mechanical characterization, flexural and compres-
sion tests were carried out, using prismatic specimens of 
40 mm × 40 mm × 160 mm following the EN 196–1 standard 
(Fig. 4).

(1)�̇� = 2M
dΩ

dM
, if 𝜏c ≤ 𝜏o ≤ 𝜏b

(2)
�̇� = 2

M
dΩ

dM(
1 −

R2
b

R2
c

) −
Ω −M

dΩ

dM

ln

(
Rb

Rc

) , if 𝜏c > 𝜏o

(3)�̇� = max(equation(1); equation(2))

(4)
dΩ

dM
=

Ωj − Ωj−1

Mj −Mj−1

(5)τb =
M

2hR2
b

(6)τ =
1

2

(
τj + τj+1

)

Fig. 3  Preliminary printing trials
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Toughness was not studied, although the influence that 
fibers have in making concrete tougher (more energy at fail-
ure with respect to concrete without fibers) is well known, 
since it is believed that there will be somehow a correlation 
between toughness and flexural strength. Another reason of 
not measuring toughness is that there is no clear consensus 
on how to measure the area under the stress–strain curve, 
either in a tensile test or in a flexural test. In [40], tough-
ness is measured through the so-called performance level 
which represents the energy absorbed up to the peak load 
in a tensile test. In [41], toughness is measured in a flexural 
test until a deformation that represents 1/150 of the span. 
In [42], a withdrawn standard with no replacement, tough-
ness is measured through the “toughness index,” which is 
a relative measure of an area defined for different values 
of deformation. Therefore, depending on how toughness is 
measured, results could change. For the purpose of carrying 
out an MCDMA, it was considered more simple and robust 
to take only the flexural resistance of prismatic samples 
according to EN 196–1 [43].

It was also considered relevant to measure the compres-
sion strength of fiber-reinforced mortars because some 
authors have pointed out that the use of fibers might have a 
negative influence on their compressive strength while oth-
ers state that it could be the same or even improve [44, 45]. 
Since there is no general consensus, it was considered rel-
evant to measure it in this research.

Even though some studies pointed out that the printing 
process might affect the anisotropy [46], not all authors 
agree with the degree of influence of these input variables 
in the final strength, since it depends on the printing path, 
the ratio between nozzle size and fiber length, the rheo-
logical properties of the fresh mortar, and the setting time 
of mortar, among others. Since it is quite common in 3D 
printing practice that the path pattern alternates printing 
directions layer by layer, anisotropy loses its influence 
somehow. This effect of bonding filaments in the same 
3D printing plane takes more importance especially when 

using more fluid mixes, where the extruded filaments can 
bond one to another without leaving large gaps between 
them which is the main responsibility of anisotropy. Fur-
thermore, if mortar has a sufficient setting time window, 
bonding between layers can occur without generating ani-
sotropy between the printing plane and its perpendicular 
direction, or even between 3D-printed samples and cast 
samples [47]. The further anisotropy that fibers might 
introduce in the 3D-printed mortar also depends mainly 
on the ratio between nozzle size and fiber length, being the 
nozzle diameter dependent on each particular 3D printer 
used.

Therefore, in order to simplify the mechanical tests, 
prismatic samples were fabricated with cast mortar. It 
is assumed then that even though the mechanical prop-
erties of 3D-printed samples might vary a little bit with 
respect to cast samples, the relative differences between 
dosages would not be substantially altered. To calculate 
the flexural strength, the three-point loading method is 
used, with a loading rate of 50 N/s until failure, follow-
ing the EN 196–1 standard. Once the maximum force Ff 
is measured, the flexural strength is calculated with the 
following equation:

where Ff is the flexural strength (MPa), l is the distance 
between supports (mm), and b is the side of the square sec-
tion of the prism (mm).

To perform the compression test, the half-prisms bro-
ken in the flexural strength test are used. A load is applied 
uniformly at a loading rate of 2400 N/s, during the whole 
time of application of the load until the breakage. Once the 
maximum load to failure is obtained Fc, the compressive 
strength is calculated with the following equation:

(7)fs =
1.5Ffl

b3

(8)Cs =
Fc

b2

Fig. 4  Prismatic samples after 
flexural test (left) and compres-
sion test (right). Mortar with 
PP fibers
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2.5  Life cycle assessment (LCA)

An environmental analysis of the different mixtures devel-
oped was carried out, using the LCA methodology, based on 
ISO 14040:2006 [48] and 14044:2006 [49]. A gate-to-gate 
approach was selected by taking only into account the mate-
rial production stage. The reference unit was 1 t of mortar. 
Calculations were performed using the SimaPro software.

Inventory values for the electricity of the mixture and 
3D printer, cement, limestone aggregate, superplasticizer, 
kaolin, and water were collected from the Ecoinvent v3.10 
cut-off database [50] as listed in Table 3. Concerning fly 
ash, as it is considered a waste material resulting from the 
electricity production in coal power plants, no environ-
mental burdens have been considered [51]. However, for 
their use in mortar dosages, they need milling and grind-
ing, drying, and transport processes, which involve energy 
consumption. As there is no data available on the con-
sumption of these processes, an impact factor of 0.027 kg 
CO2-e/kg proposed by Turner [52] was applied. As for 
carbon, glass, cellulose, textiles, and polypropylene fib-
ers were also found in the Ecoinvent database. On the 
other hand, aramid and zylon fibers were not found in that 
database. The aramid was extracted from the GaBi V9.1 
database, while in the case of zylon fibers, Cao et al. [53] 
presented in their study the components of the material. 
Finally, the electricity consumption during the mixing and 

printing processes was measured at the laboratory, result-
ing in 9.4 kWh and 18.5 kWh.

The EF 3.0 method was selected to transform the 
resources and the emissions obtained during the inven-
tory phase into impacts. This method has been developed 
by the European Commission, to establish a common 
European methodology for the development of LCA. The 
categories of impacts and their units are shown in Table 4.

The normalization factors used in this work are those 
included in the Environmental Footprint (EF) method that 
are based on the study by [54], where global emissions 
and resource uses were collected and characterized. For 
the calculation of the normalization factors (NFs), the 
characterization factors used in the International Refer-
ence Life Cycle Data System (ILCD) and the EF methods 
were applied.

As for the weighting factors, the Joint Research Center 
(JRC) recommended a set of weighting factors for the 
European Footprint method [55]. For the development of 
these weighting set, two different methods were adopted 
by JRC. The first one consisted in a panel-based approach, 
involving two target groups: general population and 
experts in the LCA field. The second method involved a 
hybrid evidence-based and expert-judgement approach. A 
final weighting set was recommended by the combination 
of the results from both methods and incorporating robust-
ness factors.

Table 3  Datasets

Material/process Dataset Source

Cement Cement, blast furnace slag, 66–80% {Europe without Switzerland}| cement production, blast 
furnace slag 66–80% | Cut-off, U

Ecoinvent v3.10

Limestone aggregate Limestone, crushed, washed {RoW}| market for limestone, crushed, washed | Cut-off, U Ecoinvent v3.10
Water Tap water {Europe without Switzerland}| tap water production, conventional treatment | 

Cut-off, U
Ecoinvent v3.10

SP Plasticiser, for concrete, based on sulfonated melamine formaldehyde {GLO}| market for | 
Cut-off, U

Ecoinvent v3.10

Kaolin Kaolin {GLO}| market for | Cut-off, U Ecoinvent v3.10
Carbon fibers Acrylonitrile–butadiene–styrene copolymer {GLO}| market for | Cut-off, U Ecoinvent v3.10
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
Polypropilene fibers Polypropylene, granulate {GLO}| market for | Cut-off, U Ecoinvent v3.10
Textile fibers Fiber, cotton {GLO}| market for fiber, cotton | Cut-off, U Ecoinvent v3.10
Aramid fibers Aramid fiber (para aramid). Condensation of para- phenylene diamine and terephthaloyl 

dichloride; single route, at plant; para aramid (en)
GaBi V9.1

Zylon fibers Purified terephthalic acid {RoW}| production | Cut-off, U Cao et al. [53]
Phosphoric acid, fertiliser grade, without water, in 70% solution state {RoW}| phosphoric 

acid production, dihydrate process | Cut-off, U
Inorganic phosphorus fertiliser, as P2O5 {RoW}| market for inorganic phosphorus fertiliser, 

as P2O5 | Cut-off, U
Benzimidazole-compound {RoW}| production | Cut-off, U

Electricity mixer and 3D printer Electricity, low voltage {ES}| market for | Cut-off, U Ecoinvent v3.10
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However, the results of the LCA must be fed into the multi-
criteria analysis, so we need to transform these category indi-
cator results into a single value of environmental impact for 
each dosage analyzed. For this, two more steps are carried out: 
normalization and weighting. Normalization helps to convert 
the results of the environmental categories into neutral global 
units, to determine the relative importance of the results by 
dividing by a reference value. Meanwhile, weighting converts, 
by means of numerical factors, the normalized values so that 
they can be added together to obtain a single result. The nor-
malization and weighting values used are those proposed in 
the EF 3.0 method and are shown in Table 4.

2.6  Cost

Another criterion established for the MCDM analysis was 
the total cost of each mixture (in euro/ton). This was com-
puted for each alternative by summation of individual cost 
of cement, aggregates, fly ash, kaolin, superplasticizer, 
and fibers. The individual costs of each of the materials 
that make up the different mixes are shown in Table 5. The 
costs of each of the fibers were provided by the different 
suppliers, with the exception of the textile fibers, which 
are considered free of cost since they are a waste from the 
textile industry, which would be put to a new use.

2.7  Multi‑criteria decision‑making analysis 
(MCDMA)

The selection of the optimal fibers and percentages to 
incorporate into 3D printing mixtures involves several 
factors, that can be contradictory in many cases, such 
as printability and strength. The MCMD allows rational 
decisions to be made on the basis of the different criteria 
that are important for the choice of fibers. In this study, 
we use two different methods, WASPAS and TOPSIS, to 
obtain the ranking of alternatives. For assigning weighs, 
two methods were considered: AHP and equal weighs.

The four criteria considered were (1) printability, (2) 
mechanical resistance, (3) economic, and (4) environmen-
tal impact. The indicators that have been used to assess 
those criteria were, respectively, (1) yield stress*dynamic 
viscosity (Pa^2*s), (2) flexural strength (MPa), (3) cost of 
materials (€/T), and (4) points of an LCA.

2.7.1  WASPAS method

The first method to be used for decision-making will be the 
Weighted Aggregated Sum Product Assessment (WAS-
PAS). This has been developed by Zavadskas et al. [56] and 

Table 4  Environmental 
categories, units, normalization, 
and weighting factors (EF 3.0 
method)

Environmental categories Un Normalization Weighting

Climate change kg CO2 eq 0.0001235 21.06
Ozone depletion kg CFC11 eq 18.64 6.31
Ionizing radiation kBq U-235 eq 0.000237 5.01
Photochemical ozone formation kg NMVOC eq 0.02463 4.78
Particulate matter disease inc 1680 8.96
Human toxicity, non-cancer CTUh 4354 1.84
Human toxicity, cancer CTUh 59,173 2.13
Acidification mol H + eq 0.018 6.2
Eutrophication, freshwater kg P eq 0.6223 2.8
Eutrophication, marine kg N eq 0.05116 2.96
Eutrophication, terrestrial mol N eq 0.005658 3.71
Ecotoxicity, freshwater CTUe 0.00002343 1.92
Land use Pt 0.00000122 7.94
Water use m3 depriv 0.00008719 8.51
Resource use, fossils MJ 0.00001538 8.32
Resource use, minerals, and metals kg Sb eq 15.71 7.55

Table 5  Cost of individual 
materials Mortar Cement Fly ash Kaolin Aggregate Superplasticizer

Cost (€/kg) 0.11 0.08 0.15 0.01 2.63
Fibers Aramid Carbon Cellulose Glass Zylon Textile Polypropylene
Cost (€/kg) 39 26 1.35 5.8 200 - 23.2



1472 The International Journal of Advanced Manufacturing Technology (2024) 134:1463–1485

is a combination of other two MCDMs known, namely the 
Weighted Product Model (WPM) and the Weighted Sum 
Model (WSM). By combining the two models, it has become a 
very robust method [57], which has been employed in numer-
ous engineering fields. The steps of the WASPAS method are 
described below:

Step 1: Definition of the decision-making problem and 
obtaining the decision matrix. The matrix has the follow-
ing form:

X =
[
xij
]
= m × n , where m represents the defined alterna-

tives, and n the selected criteria.

Step 2: Normalization of the decision matrix. For these, the 
comparative importance of the criteria is defined, identify-
ing beneficial and non-beneficial criteria, using the follow-
ing equations:

Step 3: Determine the total relative importance of each 
alternative. For this purpose, the Weighted Sum Model 
(WSM) is used, defined by the following equation:

where wj is the weight of each criteria, which is obtained 
with the weighing method (in our case AHP method or equal 
weights).

Step 4: Determine the total relative importance of each 
alternative, using now the Weighted Product Model 
(WPM):

Step 5: Apply a joint criterion. For this purpose, both meth-
ods are combined by means of the following equation:

where � is a coefficient that linearly combines both models. 
The value that is usually used and that will be used in this 
study is 0.5, since it gives the same weight to both models, 
although this can be varied.

(9)Beneficial criteria ∶ xij =
(xij)

���i(xij)

(10)Non beneficial criteria ∶ xij =
���i(xij)

(xij)

(11)Q1

i
=

n∑

j=1

wj ⋅ xij

(12)Q2
i
=

n∏

j=1

(
xij
)wj

(13)Qi = �Q1
i
+ (1 − �)Q2

i

2.7.2  TOPSIS method

The TOPSIS method, developed by Hwang et al. [58], is one 
of the most common and widely used methods for multi-
criteria decision-making. This is based on the distances of 
each of the alternatives to the ideal solutions, both positive 
and negative [59]. The positive ideal solution maximizes the 
benefit response and minimizes the cost response, while the 
negative ideal solution is the other way around. Therefore, 
the best alternative will be the one closest to the ideal posi-
tive solution and furthest from the ideal negative solution. 
The steps of the TOPSIS method are described below:

Step 1: Establish the decision-making matrix, which has 
the following form X = [

xij] = m × n, as in the WASPAS method.

Step 2: Normalize the decision matrix with the following 
equation:

where rij is the normalized criteria rating.
Step 3: Obtain the weighted normalized decision matrix, 
with the following equation:

where [ vij ] is the weighted normalized matrix and wj is the 
weightage of each criterion.

Step 4: Calculate the positive (PIS) and negative ideal 
solutions (NIS). For this purpose, the following equa-
tions are used:

where J is a beneficial criterion and J′ is a non-beneficial 
criterion.

Step 5: Calculate the Euclidean distance of each alterna-
tive to the positive ideal solution and to the negative ideal 
solution, using the following equations:

(14)rij =
Xij

�∑n

j=1
Xij

, i = 1,2, 3,… , n;j = 1,2, 3,… ,m

(15)
[
vij
]
= [wjrij]

(16)
n∑

j=1

wj = 1

(17)
V+ = (v+

1
, v+

2
, v+

3
,… v+

n
) =

{(
���

i
vij∀j ∈ J

)
|
(
���
i
vij∀j ∈ J�

)}

(18)
V− = (v−

1
, v−

2
, v−

3
,… v−

n
) =

{(
���
i
vij∀j ∈ J

)
|
(
���

i
vij∀j ∈ J�

)}
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Step 6: Calculate the relative closeness of each alternative 
to the ideal solution, using the following equation:

2.7.3  AHP method

When using multi-criteria decision-making methods, cal-
culating and assigning the relative weights of the crite-
ria is an important part of the process to obtain an opti-
mal result. For this purpose, this study applied the AHP 
method [60], based on subjective weighting, which allows 
obtaining information based on the knowledge and experi-
ence of experts. Criteria weighting was performed using 
pairwise comparison matrices that are based on the experts 
judgement, for which a survey is designed that is sent indi-
vidually to each expert to collect their opinion. The data 
collected per each expert was converted into a pairwise 
comparison matrix form [X ] = [ xij ] = n × n, where n cor-
responds to the number of assessment criteria considered 
and satisfying the expression xjk × xkj  = 1, where xjk is one 
of the entries of the matrix and xkj its reciprocal value. The 
numerical scale from one to nine was used to measure the 
relative importance between two criteria.

The consistency of each judgment was checked by cal-
culating the Consistency Ratio (CR):

R.C.I. is the Random Consistency Index, whose values 
are defined in Table 6. C.I. is the consistency index, which 
is calculated with the following equation:

(19)d+
i
=

√√√√
n∑

j=1

(
vij − v+

j

)2

(20)d−
i
=

√√√√
n∑

j=1

(
vij − v−

j

)2

(21)RCi =
d−
i

d+
i
+ d−

i

(22)C.R =
C.I

R.C.I
< 0.2

(23)C.I. =
λmax − 1

n − 1

where �max is the maximum eigenvalue of the matrix, and 
when �max = n the matrix is consistent and starts to be incon-
sistent when this value decreases.

3  Results and discussion

3.1  Rheological tests

The yield stress values of the different mixtures range between 
100 and 700 Pa and those of viscosity between 15 and 25 Pa*s. 
Table 7 shows the values of yield stress, viscosity, and print-
ability index.

In relation to yield stress, it has been found that both fiber 
type and fiber content significantly affect yield stress (Table 8 
(a)). These findings are based on an ANOVA test to identify 
which of these 3 input variables (fiber type, fiber length, fiber 
dosage) have a significant influence on the response (yield 
stress). In the case of fiber type the p-value was 0.005 and for 
fiber dosage the p-value was 0.000. Fiber length did not have 
a significant influence over yield stress (p = 0.608). Regarding 
viscosity, the same ANOVA test was carried out finding that 
the three variables had significant influence over the viscosity, 
resulting in p-values of 0.001, 0.017, and 0.003 for fiber type, 
fiber length, and fiber dosage, respectively. For the printabil-
ity index, defined as the yield stress*viscosity, the ANOVA 
test detects significant influence on fiber type (p-value:0.000) 
and fiber dosage (p-value:0.001), but not on the fiber length 
(p-value:0.160).

As for the yield stress values, it can be observed that they 
increase as the fiber content increases in all the mixtures ana-
lyzed (Table 8 (b)). Therefore, the force to initiate flow that the 
printer endless screw has to perform becomes higher as the 
fiber content increases. This was also observed in the labora-
tory during the preliminary printing trials, since as the fiber 
content increased, the mixtures printed in worse conditions, in 
some cases beginning to cut or to remain blocked in the noz-
zle. The higher fiber contents that were analyzed and of which 
the rheological analysis was carried out were at the limit that 
allowed the mixtures to print correctly, without the problems 
mentioned above. Regarding the viscosity value, this has a 
tendency opposite to that of yield stress, since as the fiber con-
tent increases, the mixtures reduce the viscosity value. These 
variations in viscosity are not as noticeable as in the case of 
yield stress for each type of fiber. As a result, the printability 
index increases with the increase of dosage, as it can be seen 
in the regression model generated.

Table 6  Random Consistency 
Index (R.C.I.) values

Matrix size ( n) 2 3 4 5 6 7 8 9 10

R.C.I. 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49



1474 The International Journal of Advanced Manufacturing Technology (2024) 134:1463–1485

3.2  Mechanical tests

Figure 5 (top) shows the flexural strength results obtained at 
28 days for the mixtures with the different types and percent-
ages of fibers. Values ranged from 9.49 to 11.70 MPa, while 
the control sample (no fibers) achieved 9.04 MPa, showing 
that flexural strength significantly increases with the addition 
of fibers, reaching a maximum increase of 30% with zylon 
fibers. Other fibers, such as carbon, glass, or polypropylene, 
also obtained high strength increases. On the other hand, 

recycled textile fibers were the worst performers in terms 
of strength.

Regarding the flexural strength values, it can be con-
cluded that the best results have been obtained with the 
incorporation of 1% of zylon fibers, with an increase over 
the control mixture of 30%. This was followed by mixtures 
incorporating 0.1% of carbon fibers, both 6 and 25 mm in 
length, which achieved increases of 24%. In addition, both 
glass fibers with a content of 0.3% and polypropylene fibers 
with 0.05% have reached increases exceeding 20%. Finally, 

Table 7  Rheological test results and printability index

Material Fiber length 
(mm)

Fiber percent (%) Yield stress (Pa) Viscosity (Pa*s) Printability index: yield 
stress (Pa)*viscosity 
(Pa*s)

Aramid 30 0.05 339.71 22.64 7691.03
0.075 445.67 21.83 9728.98
0.1 535.59 14.95 8007.07

20 0.05 250.33 24.11 6035.46
0.1 325.87 22.54 7345.11
0.2 473.98 22.11 10479.70

6 0.05 201.42 20.56 4141.20
0.075 247.65 18.97 4697.92
0.1 282.57 17.91 5060.83

12 0.05 113.99 17.64 5060.83
0.075 591.7 15.88 9396.20

Carbon 25 0.05 204.2 22.73 4641.47
0.075 358.03 21.15 7572.33
0.1 491.63 19.23 9454.04

6 0.05 199.05 22.67 4512.46
0.1 287.39 19.03 5469.03
0.2 451.01 18.72 8442.91

Cellulose 6 0.05 246.64 19.56 4824.28
0.075 426.86 18.47 7884.10
0.1 638.25 17.23 10997.05

20 0.05 291.03 24.51 7133.15
0.075 421.99 21.14 8920.87
0.1 620.89 17.57 10909.04

Glass 13.1 0.1 185.01 23.97 4434.69
0.2 423.45 20.15 8532.52
0.3 571.77 17.96 10268.99

Zylon 6 0.05 247.46 24.96 6176.60
0.075 351.37 24.37 8562.89
0.1 472.49 23.28 10999.57

Textile 20 0.05 495.36 24.89 12329.51
0.075 596.38 24.56 14647.09
0.1 698.36 23.98 16746.67

Polypropylene 6 0.05 374.92 18.34 6876.03
0.075 425.76 18.21 7753.09
0.1 495.95 17.85 8852.71

Control 447.23 11.58 5178.92
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textile fibers with any of their contents are the worst per-
formers, as they did not achieve an increase of 10%.

Hambach [61] performed a flexural test in 3D-printed 
samples reinforced with carbon fibers by applying a force in 
the normal direction of printing planes, reporting 13.9 MPa 
of flexural strength vs 11.4 MPa of control samples without 
fibers, which represents a 22% increment. The 3D printing 
pattern used were lays where the 3D-printed filaments direc-
tion was changed 90° degrees between one lay and the next 
one (what he called “Print path B”), since it is a quite com-
mon practice in 3D printing. These results are aligned with 
the results obtained in this paper for carbon fibers, which 
prove, at a certain extent, that assessing flexural strength 
on cast samples for 3D printing applications could be an 
acceptable approach to save testing time if printing patterns 
are changed 90° between layers.

The results of the compressive strength at 28 days of the 
different mixes analyzed in this study are shown in Fig. 5 
(bottom). The compressive strength values obtained in the 
reference sample were 52.5 MPa and with the incorporation 
of the fibers the ranges varied between 49.38 and 56.92 MPa, 
yielding increments ranging from − 6 to 8%. Therefore, fib-
ers in reinforced mortar show no clear advantage or disad-
vantage, as pointed out by different authors and summarized 
in [45].

In terms of the influence on length, dosage, strength, 
and elastic modulus of the fibers in relation to the flexural 
strength, an ANOVA test was carried out to find out cor-
relations and only the elastic modulus of the fibers has a 
significant influence on the flexural strength with p-values of 
0.514 (length), 0.334 (strength), 0.904 (dosage), and 0.015 
(elastic modulus). Results of mortars including textile fibers 
and polypropylene fibers were omitted from the ANOVA 
since the manufacturers did not provide the values of fiber 
strength and/or elastic modulus.

In Table 9, the ANOVA test results and the regression 
model generated for the flexural strength are summarized. 
This finding, the correlation between flexural strength and 
elastic modulus of fibers, has been reported by [62]. The 
lack of correlation with fiber length and dosage could be 
due to the fact that these factors could be beneficial or dis-
advantegous depending on how homogenous is the mixing 
process. For example, sometimes, large amounts and/or very 
long fibers could make the batch not to as homogenous as 
desired, producing voids that might affect flexural strength. 
In other occasions, on the contrary, large amounts of fib-
ers and/or length could have the opposite effect, if mixing 
is homogeneous, might produce more resistant mortars. 
Alternatively, other factors from what we have no data, like 
the mortar-fiber bonding, could also have an influence, as 
mentioned in [62].

Finally, in order to verify that these increases in flexural 
strength with the incorporation of fibers are indeed sig-
nificant, a statistical analysis was carried out. The results 
obtained are shown in Table 10, where it can be seen that 
all the p-values obtained were lower than 0.05. These indi-
cate that the incorporation of fibers significantly affects the 
increase in flexural strength. Only in the case of the 20-mm-
long aramid fibers with a content of 0.3%, it was observed 
that this p-value was 0.326, not meeting the requirement to 
significantly affect. These fibers were the worst performers 
in flexural strength with an increase of only 5%. In addition, 
the statistical analysis of the compressive strength results 
was also carried out, proving that the results obtained for the 
p-value were greater than 0.05, demonstrating that the fibers 
do not significantly influence in this case.

With these results obtained in the statistical analysis, it 
was demonstrated that the fibers in the case of compressive 
strength had no major effect (see Table 10), but on the con-
trary, significantly impacted the flexural strength, so this was 
selected as a criterion for the MCMDA analysis.

Table 8  Correlation between rheological parameters vs. fiber type, length, and dosage

1 Printability index = yield stress*viscosity

(a) Coefficients and p-values of an ANOVA test
Yield stress Viscosity Printability  index1

Terms p-value Significance 
(p < 0.05)

p-value Significance (p < 0.05) p-value Sig-
nificance 
(p < 0.05)

Type 0.005 Yes 0.001 Yes 0.000 Yes
Length (mm) 0.608 No 0.017 Yes 0.160 No
Dosage (%) 0.000 Yes 0.003 Yes 0.001 Yes
(b) Regression models and determination coefficients
Dependant variable Formulae Determination coefficients
Yield stress (Pa) 291.9 + 1026*dosage (%) 19.70%
Viscosity (Pa*s) 22.341 − 16.77*dosage (%) 14.21%
Printability index  (Pa2*s) 6754 + 12,993*dosage (%) 7.43%
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Fig. 5  Average of flexural (top) 
and compressive (bottom) 
strength at 28 days, standard 
deviation about mean is repre-
sented by the bars
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Table 9  Correlation between 
flexural strength vs fiber length, 
strength, elastic modulus, and 
dosage

(a) Coefficients and p-values of an ANOVA test
Flexural strength

Terms p-value Significance (p < 0.05)
Length (mm) 0.514 No
Strength (MPa) 0.334 No
Elastic modulus (GPa) 0.015 Yes
Dosage (%) 0.904 No
(b) Regression model
Dependant variable Formulae Determination coefficients
Flexural strength (MPa) 10.041 + 0.00334*elastic modulus 

(GPa)
41.73%



1477The International Journal of Advanced Manufacturing Technology (2024) 134:1463–1485 

3.3  Life cycle assessment (LCA)

As the last criterion for the MCDM analysis, the environ-
mental impact was selected. The results obtained through 
the EF 3.0 method of the mixtures with the different 
types and percentages of fibers are shown in Table 11. 
The results obtained were quite similar for the different 
dosages, since they only modify the type and percentage 
of fibers, which account for a very small amount of the 

mixtures, as it can be seen in Fig. 6 (for the particular case 
of polypropylene fibers). Although these variations are not 
very large, it can be observed that the textile fibers get the 
worst results in the LCA analysis, followed by the ara-
mid fibers. In contrast, cellulose and polypropylene fibers 
were the best performers. These results of the indicators 
for each category have been converted, by normalization 
and weighting, into single results for each of the mixtures 
(Fig. 7), which can be entered in the MCMDA.

Table 10  Results of statistical 
analysis of flexural and 
compressive strength as 
compared to control mixture

Mixture Flexural strength (MPa) Compressive strength (MPa)

Test result p-value Significance Test result p-value Significance

Control 9.04 52.53

Aramid A20;0.1 10.05 0.048 Yes 53.14 0.850 No
A20;0.2 10.09 0.008 Yes 53.84 0.618 No
A20;0.3 9.49 0.326 No 53.48 0.714 No
A30;0.05 10.44 0.008 Yes 55.23 0.396 No
A30;0.075 10.75 0.006 Yes 54.20 0.553 No
A30;0.1 10.43 0.045 Yes 52.67 0.883 No
A6;0.05 9.81 0.030 Yes 52.88 0.917 No
A6;0.075 9.78 0.047 Yes 53.32 0.931 No
A6;0.1 10.25 0.001 Yes 52.63 0.970 No
A12;0.05 10.26 0.007 Yes 50.49 0.487 No
A12;0.075 10.35 0.000 Yes 49.38 0.383 No

Carbon C6; 0.05 10.04 0.036 Yes 55.60 0.273 No
C6; 0.1 11.19 0.020 Yes 54.88 0.117 No
C6; 0.2 10.63 0.033 Yes 54.88 0.541 No
C25; 0.05 10.48 0.009 Yes 55.13 0.451 No
C25; 0.075 10.74 0.008 Yes 56.18 0.284 No
C25; 0.1 11.17 0.004 Yes 56.31 0.349 No

Cellulose Cell6; 0.05 10.17 0.031 Yes 55.23 0.378 No
Cell6; 0.075 10.02 0.026 Yes 55.98 0.403 No
Cell;6; 0.1 10.05 0.001 Yes 55.03 0.352 No
Cell20; 0.05 9.68 0.041 Yes 55.52 0.286 No
Cell20; 0.075 10.38 0.002 Yes 55.61 0.296 No
Cell20; 0.1 10.34 0.002 Yes 54.89 0.371 No

Glass G13; 0.1 10.55 0.027 Yes 55.54 0.287 No
G13;0.2 10.52 0.029 Yes 56.02 0.270 No
G13; 0.3 10.87 0.004 Yes 55.68 0.245 No

Zylon Z6;0.05 10.62 0.046 Yes 56.91 0.129 No
Z6;0.075 11.15 0.022 Yes 56.69 0.170 No
Z6;0.1 11.70 0.011 Yes 56.92 0.141 No

Textile T20;0.05 9.79 0.008 Yes 54.75 0.424 No
T20;0.075 9.64 0.040 Yes 53.14 0.756 No
T20;0.1 9.91 0.011 Yes 54.89 0.371 No

Polypropylene P6;0.05 10.80 0.048 Yes 54.97 0.462 No
P6;0.075 10.35 0.042 Yes 54.63 0.589 No
P6;0.1 10.15 0.022 Yes 54.42 0.611 No
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Table 11  Environmental impact (EF 3.0 method)

Impact Control 0.05%

Aramid Carbon Cellulose Polyprop Textile Zylon

Climate change 104.31774 110.5177 106.7432 104.477 105.5053 104.329 106.1145
Ozone depletion 6.50E-06 6.50E-06 6.54E-06 6.52E-06 6.52E-06 6.50E-06 8.85E-06
Ionizing radiation 15.152888 15.44139 1.52E + 01 1.52E + 01 1.52E + 01 1.52E + 01 1.52E + 01
Photochemical ozone formation 0.2894802 0.29803 0.295877 0.29028 0.2933577 0.28956 0.298589
Particulate matter 3.11E-06 3.19E-06 3.21E-06 3.13E-06 3.15E-06 3.11E-06 3.51E-06
Human toxicity, non-cancer 9.05E-07 1.07E-06 9.12E-07 9.08E-07 9.12E-07 9.05E-07 9.63E-07
Human toxicity, cancer 3.27E-08 5.92E-08 3.32E-08 3.29E-08 3.30E-08 3.27E-08 3.64E-08
Acidification 0.4886356 0.498986 4.97E-01 4.90E-01 4.93E-01 4.89E-01 5.49E-01
Eutrophication, freshwater 0.0252474 0.025262 0.025388 0.0253 0.0254466 0.02525 0.025833
Eutrophication, marine 0.0976087 0.100264 0.099053 0.09787 0.0985082 0.09763 0.101623
Eutrophication, terrestrial 1.0865675 1.114968 1.100644 1.08933 1.0961126 1.08685 1.107859
Ecotoxicity, freshwater 2938.7667 2939.362 2963.217 2945.32 2950.7697 2938.91 3127.335
Land use 364.36805 396.6181 365.2225 365.087 366.00726 364.448 377.8594
Water use 24.837465 24.79982 26.08184 24.8707 25.310495 24.8381 26.39968
Resource use, fossils 1032.4511 1142.451 1078.728 1034.31 1070.1224 1032.62 1061.673
Resource use, minerals and metals 0.0005849 0.000586 0.000586 0.00059 0.0005922 0.00058 0.000622

Impact Control 0.075% 0.1%

Aramid Carbon Cellulose Polyprop Textile Zylon Aramid Carbon Cellulose

Climate change 104.31774 113.6177 107.956 104.5559 106.0991 104.334 107.013 116.718 109.169 104.6353
Ozone depletion 6.50E-06 6.50E-06 6.57E-06 6.52E-06 6.54E-06 6.51E-06 1.00E-05 6.50E-06 6.59E-06 6.53E-06
Ionizing radiation 15.152888 15.58564 15.1709 15.17195 15.19831 15.1543 15.2942 15.7299 15.1769 15.1783
Photochemical ozone formation 0.2894802 0.302305 0.29908 0.290678 0.295296 0.2896 0.30314 0.30658 0.30227 0.291077
Particulate matter 3.11E-06 3.23E-06 3.25E-06 3.13E-06 3.17E-06 3.11E-06 3.70E-06 3.27E-06 3.30E-06 3.14E-06
Human toxicity, non-cancer 9.05E-07 1.16E-06 9.15E-07 9.10E-07 9.15E-07 9.05E-07 9.92E-07 1.24E-06 9.19E-07 9.11E-07
Human toxicity, cancer 3.27E-08 7.24E-08 3.35E-08 3.30E-08 3.32E-08 3.27E-08 3.82E-08 8.56E-08 3.37E-08 3.31E-08
Acidification 0.4886356 0.504161 0.50072 0.490403 0.495543 0.48874 0.57933 0.50934 0.50475 0.490992
Eutrophication, freshwater 0.0252474 0.02527 0.02546 0.025322 0.025546 0.02525 0.02613 0.02528 0.02553 0.025347
Eutrophication, marine 0.0976087 0.101591 0.09977 0.098008 0.098958 0.09765 0.10363 0.10292 0.1005 0.098141
Eutrophication, terrestrial 1.0865675 1.129168 1.10768 1.090713 1.100885 1.08699 1.1185 1.14337 1.11472 1.092095
Ecotoxicity, freshwater 2938.7667 2939.659 2975.44 2948.595 2956.771 2938.98 3221.62 2939.96 2987.67 2951.872
Land use 364.36805 412.7431 365.65 365.4462 366.8269 364.489 384.605 428.868 366.077 365.8056
Water use 24.837465 24.78099 26.704 24.88726 25.54701 24.8384 27.1808 24.7622 27.3262 24.90385
Resource use, fossils 1032.4511 1197.451 1101.87 1035.234 1088.958 1032.7 1076.28 1252.45 1125 1036.161
Resource use, minerals and 

metals
0.0005849 0.000587 0.00059 0.000587 0.000596 0.00059 0.00064 0.00059 0.00059 0.000588

Impact Control 0.1% 0.2% 0.3%

Glass Polyprop Textile Zylon Glass Carbon Aramid Glass Aramid

Climate change 104.31774 106.8171 106.6929 104.34 107.9112 109.316 114.02 129.118 111.816 141.5177
Ozone depletion 6.50E-06 6.66E-06 6.55E-06 6.51E-06 1.12E-05 6.82E-06 6.67E-06 6.50E-06 6.98E-06 6.50E-06
Ionizing radiation 15.152888 15.38674 15.21346 15.1548 15.34125 15.6206 15.201 16.3069 15.8544 16.88389
Photochemical ozone formation 0.2894802 0.300931 0.297235 0.28964 0.307698 0.31238 0.31507 0.32368 0.32383 0.34078
Particulate matter 3.11E-06 3.25E-06 3.19E-06 3.11E-06 3.90E-06 3.39E-06 3.50E-06 3.43E-06 3.53E-06 3.59E-06
Human toxicity, non-cancer 9.05E-07 1.04E-06 9.18E-07 9.05E-07 1.02E-06 1.17E-06 9.33E-07 1.58E-06 1.30E-06 1.91E-06
Human toxicity, cancer 3.27E-08 3.51E-08 3.34E-08 3.28E-08 4.01E-08 3.75E-08 3.47E-08 1.39E-07 3.98E-08 1.91E-07
Acidification 0.4886356 0.507197 0.497845 0.48877 0.609558 0.52576 0.52086 0.53004 0.54432 0.550736
Eutrophication, freshwater 0.0252474 0.025982 0.025646 0.02525 0.026418 0.02672 0.02581 0.02531 0.02745 0.025336
Eutrophication, marine 0.0976087 0.1015 0.099408 0.09766 0.105637 0.10539 0.10338 0.10823 0.10928 0.113539
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Table 11  (continued)

Impact Control 0.1% 0.2% 0.3%

Glass Polyprop Textile Zylon Glass Carbon Aramid Glass Aramid

Eutrophication, terrestrial 1.0865675 1.127817 1.105658 1.08713 1.12915 1.16907 1.14287 1.20017 1.21031 1.256968
Ecotoxicity, freshwater 2938.7667 2976.867 2962.773 2939.05 3315.904 3014.97 3036.57 2941.15 3053.07 2942.337
Land use 364.36805 371.699 367.6465 364.529 391.3507 379.03 367.786 493.368 386.361 557.8681
Water use 24.837465 25.39102 25.78352 24.8387 27.96189 25.9446 29.815 24.6869 26.4981 24.61157
Resource use, fossils 1032.4511 1065.413 1107.794 1032.78 1090.895 1098.38 1217.56 1472.45 1131.34 1692.451
Resource use, minerals and 

metals
0.0005849 0.000606 0.0006 0.00059 0.000658 0.00063 0.00059 0.00059 0.00065 0.000592

Fig. 6  Contribution of unit processes to the total impact for the mixture with 0.1% polypropylene fiber

Fig. 7  LCA points of each 
mixture
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3.4  Cost

Table 12 shows the cost of each of the 36 mixes together with 
the control (no fibers). The cost of fibers has a fairly high 
weight in the total mix and is highly variable depending on 
the type. This is why the costs of the different mixtures vary 
so much, going from 49.13 €/t for textile mixes to 249.11€/t 
for mixes incorporating the highest content of zylon.

3.5  Multi‑criteria decision‑making analysis 
(MCDMA)

The weighing factors are shown in Table 13 while the values 
of the 4 indicators for the decision matrix are summarized in 
Table 14.

In relation to the weighing factors, in the AHP method, 
printability criteria was the highest, followed by mechanical 
resistance, environmental, and economic criteria. A second 
scenario was proposed in which equal weight is assigned to 
each of the criteria (25%).

The classification of the mixtures was carried out with the 
two proposed multi-criteria analysis methods, WASPAS and 
TOPSIS, to verify that the results with both methods order 
the 36 alternatives (35 + control) in a similar way. The rank-
ing of the two scenarios, with the two multi-criteria analysis 
methods, is shown in Fig. 8. The CC and JPS score values 
range between 0 and 1 for the TOPSIS and WASPAS meth-
ods, respectively, with the best alternatives having the highest 
values.

The results obtained with both methods and in the two sce-
narios were very similar showing the same mixtures in the 
first and last places. The dosages were G13;0.1, Cell6;0.05, 
and C25;0.05. This is due to the fact that these dosages present 
good increases in resistance, which, although not the high-
est, oscillate between 15 and 20%, and have good printability 
values. Also, since these are the dosages that incorporate the 

lowest percentages of fibers and the type of fibers are also 
more economical, they have the lowest costs, since fibers con-
stitute a very important part of the total price of the mixture. 
On the other hand, it has been obtained that the dosages incor-
porating both zylon, aramid of 20 mm, and textile fibers are 
the ones presenting the worst results. In the first case, in spite 
of presenting the best values of increase in flexural strength, 
these mixtures present very high costs in comparison with the 
rest of the fibers. In the second case, in addition to the high 
prices of the mixtures, they show some of the lowest increases 
in flexural strength. Finally, the textile fibers are also in the last 
positions, since they present the lowest increases in flexural 
strength and the worst printability values, as it could also be 
verified in the laboratory, since they were the fibers that pre-
sented the most problems when printing.

In addition, it is also obtained that the LCA presents very 
similar values in all the dosages because the only differ-
ence they present is the type of fibers used and in very low 
quantities. Therefore, both in Scenario 1 (weight, 21.83%) 
and Scenario 2 (weight, 25%), the results of the LCA have a 
very low impact. Furthermore, the increase of fiber content 
in all types of dosages produces an increase in the cost and 
a decrease in the workability (low workability is related to 
a high printability index: yield stress*viscosity), so that the 
mixtures with lower fiber content usually present the best 
results in the analysis, since it is difficult for the increase in 
flexural strength to be high enough as to compensate with 
the other two criteria punctuation.

In summary, mortars with glass, cellulose, and carbon 
fibers are those that occupy the first positions in the ranking. 
Those incorporating zylon, aramid of 20 mm, and textile 
fibers occupy the last positions. Control samples (no fibers) 
rank in a relatively good position, between 4 (Scenario 2, 
WASPAS) to 10 (Scenario 1, TOPSIS), proving that that 
the use of certain type of fibers would be even worse that 
not using any fibers.

Table 12  Cost per tonne for each mixture depending on the percentage of fiber (in weight) added

Table 13  Weights assigned to 
each criterion

Printability index Flexural strength Cost LCA

Scenario 1 (AHP method) 0.3814 0.2717 0.1286 0.2183
Scenario 2 (equal weights) 0.25 0.25 0.25 0.25
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4  Conclusions

In this study, an evaluation of fibers, which are incorporated 
into 3D printing mortar dosages, was carried out. The fibers 
used were aramid, glass, carbon, cellulose, textile, zylon, 
and polypropylene, in five different contents: 0.05; 0.075; 
0.1; 0.2; and 0.3. These contents of fiber might appear quite 
low; however, some authors have also determined that opti-
mal values could be 0.1% in PVA, 0.25% in PP, or 0.5% in 
basalt fibers as sumarized in [13, 63].

Firstly, a certain range of values of fiber percentages 
added to the mortars was selected in order to avoid clog-
ging or printing problems on the nozzle of the 3D printer 
based on preliminary printing trials. Then, a series of labora-
tory experiments were carried out on rheology, flexural, and 
compressive strength. Once the laboratory tests had been 
carried out, a life cycle and statistical analysis was per-
formed. With all the data obtained, a multi-criteria MCMDA 
was carried out using the WASPAS and TOPSIS methods 
to select the best alternatives. In addition, these methods 

Table 14  Input values for the 
MCDMA decision matrix

Non-beneficial criteria Beneficial criteria Non-beneficial 
criteria

Non-
beneficial 
criteria

Printability index Flexural strenght Cost LCA
(Pa^2*s) (MPa) (€/t) (Points)

Control 5178.92 9.04 49.13 8.74
A20; 0.1 7691.03 10.05 88.11 9.54
A20; 0.2 9728.98 10.09 127.06 10.34
A20; 0.3 8007.07 9.49 166.01 11.14
A30; 0.05 6035.46 10.44 68.63 9.14
A30; 0.075 7345.11 10.75 78.37 9.34
A30; 0.1 10,479.70 10.43 88.11 9.54
A6; 0.05 4141.20 9.81 68.63 9.14
A6; 0.075 4697.92 9.78 78.37 9.34
A6; 0.1 5060.83 10.25 88.11 9.54
A12; 0.05 5060.83 10.26 68.63 9.14
A12; 0.075 9396.20 10.35 78.37 9.34
C6; 0.05 4641.47 10.04 62.13 8.93
C6; 0.1 7572.33 11.19 75.11 9.11
C6; 0.2 9454.04 10.63 101.06 9.48
C25; 0.05 4512.46 10.48 62.13 8.93
C25; 0.075 5469.03 10.74 68.62 9.02
C25; 0.1 8442.91 11.17 75.11 9.11
Cell6; 0.05 4824.28 10.17 49.81 8.76
Cell6; 0.075 7884.10 10.02 50.13 8.77
Cell6; 0.1 10,997.05 10.05 50.46 8.78
Cell20; 0.05 7133.15 9.68 49.81 8.76
Cell20; 0.075 8920.87 10.38 50.13 8.77
Cell20; 0.1 10,909.04 10.34 50.46 8.78
G13; 0.1 4434.69 10.55 52.02 8.99
G13;0.2 8532.52 10.52 60.66 9.25
G13; 0.3 10,268.99 10.87 66.41 9.50
Z6; 0.05 6176.60 10.62 149.13 9.14
Z6; 0.075 8562.89 11.15 199.12 9.34
Z6; 0.1 10,999.57 11.70 249.11 9.54
T20; 0.05 12,329.51 9.79 49.13 8.74
T20; 0.075 14,647.09 9.64 49.13 8.74
T20; 0.1 16,746.67 9.91 49.13 8.74
P6; 0.05 6876.03 10.80 60.73 8.86
P6; 0.075 7753.09 10.35 66.52 8.92
P6; 0.1 8852.71 10.15 72.31 8.98
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were combined with the AHP method and equal weights of 
assigning weights, to give the relative importance of all the 
responses involved in the MCMD. The main conclusions 
obtained in this study are the following:

• With the incorporation of the fibers in the dosages used 
for 3D printing, increases in flexural strength of up to 
30% were achieved, which matches previous studies. 
Compressive strength on fiber-reinforced mortars did not 
show significant changes with respect to control sample 
(no fibers).

• Only significant correlations between flexural strength 
and elastic modulus of fibers have been demonstrated 

through a regression model. No correlations with 
amount of fibers or length could be demonstrated in 
this study.

• As far as rheology is concerned, there is a good corre-
spondence between the results obtained in the tests and 
what was shown in the laboratory when the printability 
tests were carried out. As the fiber content increased, the 
mixtures showed worse workability characteristics, to the 
point that with certain amounts of fibers the filaments 
began to break or block at the nozzle and the mortars 
were no longer suitable for printing. With the rheological 
results, as the fiber content increased, yield stress values 
increased significantly, as also reported in [45].

Fig. 8  Ranking (bars) and 
score (dots) of the alternatives 
with TOPSIS and WASPAS 
methods. a Scenario 1 (AHP 
weights); b Scenario 2 (equal 
weights)
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• With respect to the LCA results, no very notable differ-
ences were obtained between the different dosages ana-
lyzed. This is due to the fact that the fibers represent a 
small part of the dosage and are not the part that has the 
greatest effect on the LCA result. However, a quantifica-
tion of their impact is now available.

• In relation to the AHP method of assigning weights to the 
different criteria, the greatest weight was given to print-
ability (38.14%), followed by strength (27.17%), environ-
mental impact (21.83%), and cost (12.86%). However, 
since the relative difference among alternatives in terms 
of environmental impact and strength was not that high, 
printability and cost were the criteria that affect more the 
MCDMA analysis.

• The WASPAS and TOPSIS methods, in the two scenar-
ios, yield the following ranking with the best 3 dosages: 
G13;0.1 (1st position always), Cell6;0.05 (2nd position 
in Scenario 2; 3rd position in Scenario 1), C25;0.05 (2nd 
position in Scenario 1; 3rd position in Scenario 2), show-
ing that the dosages with lower fiber contents present 
better results. On the other hand, zylon and aramid fibers 
were ranked in the last positions mainly due to their high 
costs.

• Mortars with textile fibers, even though their cost is null 
(it is a residue), were ranked in relatively bottom posi-
tions (21 in the best case: Scenario 2, “T20;0.5,” WAS-
PAS), since their increase in flexible strength was quite 
low and its printability was also poor.

• Control sample (no fibers) was ranked between 4 to 10 
position, depending on weighting scenario and ranking 
method.

As an overall conclusion, it could be stated that certain 
low-medium cost fibers like glass, cellulose, or carbon could 
increase the flexural strength without compromising cost, 
printability, and environmental impact, by adding 0.05 to 
0.1% in weight depending on the case. Besides, other highly 
resistant fibers such as aramid or zylon are not cost-effective 
solutions to increase flexural strength in 3D printing mortar. 
Also, the option of not using fibers should also be consid-
ered, since it was ranked in between 4 and 10th position, 
much better than highly resistant fibers.
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