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Abstract

Engineered cementitious composites (ECCs) are fiber-reinforced materials with enhanced
tensile strength, ultra-high ductility, crack resistance, and long-term durability. This review
aims to explore the latest developments when combining ECC and 3D printing in depth. It
will analyze the main technologies used, the specific properties of the materials employed,
the results achieved so far, and the challenges still to be addressed for the wider deployment
of these innovative solutions. The goal is to provide a comprehensive and up-to-date
overview, highlighting the potential of this technology.

Keywords: engineered cementitious composites; ECC; 3D printing; 3D-printable strain-
hardening cementitious composites; 3D-SHCCs; mechanical properties

1. Introduction

Concrete is by far the most used construction material on Earth, and it is characterized
by a high compressive strength as well as a low tensile strength (corresponding to about
10-12% of the compressive strength) [1]. Thus, fibers have been added to concrete mixes for
more than 60 years to increase the fracture toughness of hardened materials. In this case, the
resistance against cracking is improved by controlling crack opening and propagation [2,3].
When opening cracks are bridged by fibers, then debonding, fiber fracture, and fiber
pull-out may happen between fibers and the matrix at rupture, leading to pseudo post-
cracking ductility on stress—strain curves and decreasing brittleness. The tensile strength
of composite materials can also be increased due to the presence of fiber reinforcement.
Engineered cementitious composites (ECCs) or Strain-Hardening Cementitious Composites
(SHCC:s) [4] or bendable concretes are fiber-reinforced high-performance materials designed
by Prof. Victor Li and co-workers [5] at the University of Michigan in the 1990s. These
materials have ultra-high tensile ductility and crack widths limited to less than 100 pm,
combined with an ultimate tensile strain capacity of more than 3%, while keeping a fiber
volume fraction below 2% [6], as shown in Figure 1. These features are obtained by the
addition of high-strength fibers into the cementitious matrix, which dissipate the fracture
energy, distribute and limit crack apertures when the material is under stress, and prevent
sudden brittle failure under tensile loads [7]. The mechanical concept behind SHCCs/ECCs
is the following: when the first initial microcrack appears, the fibers supply the tensile
force. Then, when the fibers bridge the crack, the force equilibrium of the damaged element
is restored. If the applied force rises again, a new crack will appear at a different place,
and the same mechanism repeats. This process happens repeatedly, until the tensile force
within the concrete specimen surpasses the fiber bridging capacity of the formed cracks.
At that point, the crack will be localized, leading to material failure. This mechanism can

Ceramics 2025, 8, 141

https://doi.org/10.3390/ ceramics8040141


https://doi.org/10.3390/ceramics8040141
https://doi.org/10.3390/ceramics8040141
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ceramics
https://www.mdpi.com
https://orcid.org/0000-0003-2419-4383
https://doi.org/10.3390/ceramics8040141
https://www.mdpi.com/article/10.3390/ceramics8040141?type=check_update&version=1

Ceramics 2025, 8, 141

2 of 36

be activated if two micro-mechanical conditions are fulfilled: the matrix cracking strength
is lower than the maximum fiber bridging capacity of the already formed cracks, and the
fiber can bridge the matrix crack [8]. When the fiber/matrix interface is too weak, the
fibers are simply pulled out, while when the interface is too strong, the fibers break. In
these cases, the complementary energy will not be enough to create a steady-state crack,
and the composite will rather display a strain softening behavior. On the contrary, for
strain-hardening behavior, it is of paramount importance that the fiber has just enough
freedom to deform. Then, only in this condition, complementary energy is needed to reach
a steady-state crack propagation and the corelated strain-hardening behavior [8].
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Figure 1. Tensile stress—strain curve of an ECC compared to a traditional concrete. In ECC, when the
first microcrack appears, fibers supply the tensile force and bridge it. When further increasing the
applied force, a new crack will appear at a different place, and the same mechanism repeats. This
process goes on until the tensile force within the concrete specimen is higher than the fiber bridging
capacity of the formed cracks. Then, the crack will be localized, leading to material failure. Thus, the
strain value is 300-500 times higher than that of concrete. Reprinted from ref. [9] with permission
from Elsevier.

ECC is in fact a family of materials that display different tensile strengths and ductility
values adapted for a particular structure due to a design based on micromechanical theory
(Table 1).

Table 1. Main properties of ECC [6].

Compressive First Crack Ultimate Ultimate Young's Flexural Densi
Strength Strength Tensile Strength  Tensile Strain Modulus Strength ( g/cmg,
(MPa) (MPa) (%) (GPa) (MPa)
20-150 4-20 3-12 1840 10-50 0.95-2.3

ECC can be used in new constructions and structures in place of conventional concrete
for structural elements such as beams, walls, and columns. The high ductility of ECC
notably increases the element’s capacity to absorb impact energy, limiting structural damage.
Thus, ECC coupling beams have been proposed in place of reinforced-concrete coupling
beams for tall building designs in Europe, Japan, and the United States (like the Glorio-
Tower, a 27-story structure located in central Tokyo, the Nabule Yokohama Tower, a 41-story
skyscraper situated in Yokohama, and the Kitahama Tower, a 60-story tower located in
Osaka) [10]. In addition, infrastructural elements, such as water irrigation channels, dams,



Ceramics 2025, 8, 141

3 0f 36

and road pavements, also use ECC to increase their operational efficiency and increase
their lifespan [7]. The water permeability of ECC can be effectively controlled during the
strain-hardening phase thanks to its limited crack width [11].

ECC’s composition can be adapted to many structural requirements: blast resistance
ability is guaranteed by high-tensile-strength ECC, while building damper properties are
reached by high-compressive-strength ECC, and structural durability is ensured by tight-
crack ECC [12]. Thus, using ECC guarantees increased service life, improved functionalities
such as leak-proofing and energy absorption, and limiting installed costs [13]. In the case
of earthquakes or to decrease the brittleness of building materials, ECC can be useful for
several structural applications too. ECCs present high ductility and toughness, which make
them ideal candidates for scenarios where elevated deformations and cracking resistance
are requested. The use of ECC within the plastic connection zone in place of concrete
and as a partial replacement for transverse reinforcement can significantly increase energy
absorption capacity, joint shear resistance, and cracking response. Moreover, joint seismic
resistance will be increased while simultaneously reducing reinforcement congestion,
simplifying the construction [14]. Experimental results demonstrated that polypropylene
fiber-reinforced ECC was able to replace transverse reinforcements in the beam—column
links of railway rigid-framed bridges [15].

Several review papers on ECCs are available in the literature and deal with material
properties and applications [11,16,17], durability in various environments [18], structural
design and performance [19], and self-healing properties [20].

The strain-hardening ability of ECCs makes them appeal also for 3D concrete printing
techniques. While conventional printable mortars show brittle failure when submitted
to tensile loads, ECCs can withstand them, making them much safer for structural appli-
cations [21]. Pioneering works on 3D-printed ECCs showed promising results. Actually,
printed concrete structures often need post-tensioning systems for reinforcement [22,23].
While these systems introduce positive compressive stresses in the printed materials, they
also generate tensile stresses perpendicular to the direction of reinforcement [24].

Thus, this review aims to explore the latest developments when combining ECCs and
3D printing in depth. It will analyze the main technologies used, the specific properties
of the materials employed, the results achieved so far, and the challenges still to be ad-
dressed for the wider deployment of these innovative solutions. The goal is to provide a
comprehensive and up-to-date overview, highlighting the potential of this technology able
to revolutionize how we design and build our environment.

2. Composition of ECC

The composition of ECC includes fibers, fine aggregates, cement, water, supplementary
cementitious materials (SCMs), and admixtures [7]. The first ECC materials relied on high-
modulus polyethylene (PE) fibers and reached a compressive strength of 65.6 MPa, with a
tensile strain capacity of 5.6% [25]. Then, in the early 2000s, Li et al. [26] replaced PE fibers
with polyvinyl alcohol (PVA) ones for manufacturing ECCs for structural applications.
These new materials showed a tensile strength and strain capacity of up to 5.0 MPa and
4.6%, respectively. To prevent PVA fiber breakage in the cementitious matrix as a result of
strong chemical bonding, their surface was coated with oil [27].

Fibers can have different features, shapes, and sizes. However, their selection should
be carried out with attention, as glass, basalt, and recycled polyethylene terephthalate fibers
can be degraded over time due to the high pH value of cementitious materials [28-30].
Fibers can lower the total cost of the construction of concrete structures, as they can replace
traditional rebars [29,31]. In addition, the labor and maintenance costs will be reduced, as
well as time during the phase of the structure’s construction and the final building. The



Ceramics 2025, 8, 141

4 of 36

embodied energy of the structure (the energy needed to produce a material or a building,
from the quarrying and processing of natural resources to production, transport, and
product delivery) will be lowered too, as the amount of added fibers is much lower than
the volume of steel used for traditional rebars. Incorporating recycled fibers from waste
materials is also a possible option [32].

Different kinds of fibers such as PVA, PE, and steel (SF) fibers have been proposed
alone or to be used in combination for manufacturing ECCs [6]. Recently, polyvinyl-
pyrrolidone-modified [33] or ethylene-vinyl acetate modified [34] polyethylene fibers and
aramid nanofibers derived from recycled aramid fibers [35] were also proposed. However,
the cost and availability of aramid fibers should be assessed for real constructions and not
only for laboratory testing. Hybrid fibers with high- and low-modulus fibers can also be
employed to reach an optimal balance between ultimate strength, crack width, and strain
capacity [6,26,36—40]. Carbon fibers induce a low tensile ductility in cementitious materials,
as the strain capacity is below 1%. However, they can be used to develop multifunctional
cementitious materials because they are electrically conducting [41].

Recycled polyethylene terephthalate (PET) fibers were also investigated; however,
chemical degradation concerns in alkaline environments remain even if physical and
mechanical properties of fibers can be improved [42]. Natural fibers, like banana stem,
coconut, Curaud, sisal, and bagasse fibers, were also studied in cementitious materials,
though their durability is expected to be weak [42-44].

In composite materials, interfaces are of paramount importance during stress transfer
between the fibers and the matrix. Thus, fibers for the production of ECCs must fulfill these
requirements [41]:

Amount < 2 vol%;

Diameter from 20 to 50 um;

Length from 6 to 12 mm; increasing fiber length leads to poorer printability;
Tensile strength > 800 MPa;

Elastic tensile modulus > 10 GPa;

Tensile strain capacity > 3%;

Limited or no interfacial chemical bond;

Interfacial frictional bond from 1 to 6 MPa, depending on fiber strength;
Enough corrosion resistance and chemical stability in cementitious systems;

Stability of properties over time.

The recommended fiber diameter values lead to high aspect ratios, which favor
polymeric fibers because of their production techniques. Lower diameter values limit
too large aspect ratios (~300) that would reduce workability and hamper fiber dispersion.
The fiber tensile strength governs fiber rupture and the maximum bridging stress oy
(initial crack sizes must be smaller than the fiber bridging capacity, og) [45,46], while
the fiber tensile modulus is less important in the ECC’s mechanical properties before
cracking. However, this modulus is important to limit the crack aperture in damaged
materials [45,46]. Another critical feature is the fiber tensile strain capacity to prevent
failure when mixing [47]. Fiber rupture during the mixing step reduces the fiber length
and aspect ratio and limits the ECC’s reinforcing performance. Moreover, fiber breakage in
hardened composites is challenging for randomly oriented low-shear-strain fibers when
they need to bend during microcrack bridging. For example, when forming a certain angle,
most carbon fibers with a low shear strain capacity can break. Therefore, metallic and
polymeric fibers perform better in this particular condition [48-50].

Fiber /matrix interfacial bonding is a key point to ensure the mechanical performance
of ECCs. With a limited interfacial bond, the crack bridging ability is reduced, allowing
fibers to slip out, conferring to the composite low tensile ductility and large crack widths.
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On the contrary, if the bond is too strong, fibers have a tendency to break instead of sliding
out, decreasing the energy absorption and strain capacity of the composite [51]. Polymeric
fibers usually have low bond strengths (below 1 MPa), with the exception of PVA fibers
that present a frictional bond ranging from 2 to 5 MPa. This high interfacial bond can be
reduced by coating them with oil.

PVA fibers can be used to limit an excessive fiber breakage and loss of tensile duc-
tility [27]. The targeted range of the interfacial bond is also a function of the fiber length,
diameter and strength [47].

Fibers also contribute to increasing the surface area to be wet, thereby decreasing the
availability of free water to lubricate cement grains, specifically for PVA fibers that are
hydrophilic and have low density. On the contrary, PE fibers are usually hydrophobic and
do not reduce the amount of free water in the mix, displaying a different behavior [52].

In general, lower fiber volume fractions, shorter fibers, lower w/b ratios, or nanoclay
addition improve the printability of ECCs [53].

Finally, the chemical stability of fibers is of paramount importance to maintain the
composites” performance over time. It is obvious that carbon and polymeric fibers are
much more corrosion-resistant than steel fibers, especially if stainless or galvanized steel
fibers are not used [54]. Concerning chemical stability, carbon fibers are usually inert, while
some polymeric and glass fibers can degrade or undergo aging phenomena due to the high
basicity of the cement paste [54]. Fibers density is not crucial due to the rather low fiber
volume fraction in ECC [47]. However, since the cost of fibers is based on a unit mass,
while their reinforcing effectiveness is estimated in volume [10], considering the same fiber
volume fraction, high-density fibers tend to weigh and cost more than a corresponding
low-density fibers.

To sum up, the key points related to fiber properties and contents for ECC production
are as follows:

PE and PVA fibers that are 20-50 um in & are commonly used for ECC manufacturing;
Recycled aramid nanofibers seem promising as well;
High aspect ratios are needed;

A high tensile strength and a rather low bond strength with the cementitious matrix
are desirable;

Common dosages are 1-2 vol%;
e  Chemical stability in high-pH environments is mandatory.

3. Printing Processes with Concrete

Nowadays, the use of 3D-printed concrete technology is mostly restricted to formwork
printing (i.e., contouring process [55]) because of concrete’s low tensile strength, poor
ductility, and brittleness [56]. Thus, reinforcing techniques, such as prestressing, wire mesh,
and simultaneous printing of steel bars, have been investigated [57-59]. However, all these
techniques require additional labor and energy input, which is inefficient and incoherent
with the 3D printing process of concrete (3DPC). Therefore, fiber addition before printing
allows for self-reinforcement of the composite and makes ECCs highly compatible with
3DPC [52].

Common concrete printing methods include extrusion- and powder-based methods.
In the extrusion-based technique, the raw materials are pre-mixed and extruded layer-by-
layer. A high viscosity is required to confer low slump and self-support abilities, which
makes this process close to extrusion. The mix must be extrudable and robust enough to
maintain its shape during printing. In the powder-based technique, the raw materials are
divided into two parts: on one side are the liquids, and on the other side are the powders.
The liquids are dripped to the desired position by the printer layer-by-layer on the powder
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bed made of cement, fly ash, sand, etc. Thus, the liquid and powder parts are printed
alternatively, which is another difference between the two techniques [60-64]. Optimal
contact between the liquid and the powder parts is crucial for the quality of the printed
parts. In the case of 3D-printed ECCs, only the extrusion-based method is used due to the
presence of fibers.

The 3DPC process is shown in Figure 2.

Model
design
R Mixed
e e materials Printer
pumping
Structure
printing

Post process

Figure 2. Flow chart of 3DPC. Figure adapted from ref. [60]. Licensed under CC BY 4.0.

In addition to the features of the printed mix, the ability of the printers and printing
parameters are also important. For example, the extrusion speed should match the printing
speed to control the shape and quality of printed filaments [65]. A reduced extrusion rate
can produce thin layers, or even worse, discontinuous layers, while a very high speed can
lead to hose blockage. In addition, waiting for a long time between printed layers allows the
layer below to become too stiff to support the layers printed above, but this also decreases
the bond strength between the layers [66]. Generally, printing directions show limited
influence, but the distance between the nozzle and printed filaments is important [67].
A shorter distance decreases the time and space for gravity to deform filaments before
encountering the bed. The accumulative deformation of each layer reduces the total height
and also increases the distance between the nozzle and the last printed filament (standoff
distance). Thus, the printing toolpath must be modified periodically to compensate for
dynamic errors and maintain this distance. Many printing parameters of extrusion-based
printing are reported in [60]. Printed filaments can have a height of 5-25 mm and a width
of 30-65 mm. Meanwhile, the printing speed is different in the horizontal (H) and vertical
(V) directions. These rates can vary from 20 to 157 mm/s (H) and from 1 to 13 mm/s (V).
Finally, the volume of extruded material is in the range from 1 to 29 L/min, or if expressed
in mass, it can reach up to 850 kg/h [60].

Several papers have studied the 3D printing process of ECCs [68-71], evidencing the
strong potential of these composites as self-reinforcing printable materials [13]. However,
some technical problems have still to be solved, as detailed below [21].

The key points when dealing with concrete 3D printing are as follows:

e  The extrusion speed should match the printing speed to control the shape and quality
of printed filaments;

e Long delays between printing one filament above an existing are not advisable;

e  The standoff distance should be kept constant throughout the process.



Ceramics 2025, 8, 141

7 of 36

4. Extrusion Process and Fresh State Properties
4.1. Mixing Procedure

Figure 3 shows the mix preparation procedure of a 3D-printed ECC (3DP-ECC) [72].
All the solids (binder, sand, fly ash (FA), silica fume (SF), and superplasticizer (SP)) were
first premixed for 1 min. Then, 90% of the mixing water was added, and the mix was stirred
for 2 min. The PE fibers were divided into three equal amounts, each one added after a
3 min mixing time step. The remaining part of the water was finally added to the mix once
a uniform fiber dispersion was reached. The mixing speed was maintained constant at
48 rpm during the whole process. The fresh mixture of PE-ECC was transferred directly
from the mixer to the material hopper of the 3D printer at a time of 20 min after the addition
of the first batch of water.

Premixing of dry

Mixing after
ingredients: Mixinia st addition of 1/3 of
: g after :

binder, FA, SEF, addition of 90% fibers
o of water Mixing after
addition of 1/3 of
fibers
—
Mixing after
addition of 1/3 of
fibers

Mixing after
ECC ready for addition of 10%
printing of water

Figure 3. Mix preparation procedure of 3DP-ECC. Figure adapted from ref. [72].

1 min

In ref. [73], all the solids (binders + sand) are mixed at 140 rpm for 120 s, then water
and SP are added, and the wet mix is stirred at 140 rpm for 180 s. At this point, the HPMC
powder is poured and mixed for 60 s. PE fibers are added gradually while the stirring
speed is raised to 420 rpm. A similar procedure was also used in ref. [69] with PVA fibers.

A slightly different mixing sequence is shown in [74], where presoaked pumice
lightweight aggregates are proposed as internal curing agents. Mixing was performed in
four steps (Figure 4). First, the solids (binders (cement + GGBFS) and fine aggregates) were
mixed for 5 min at a low speed (140 £ 5) rpm. Then, a solution of water and SP (high-range
water-reducing agent, HRWRA) was poured into the dry mix and mixed for 3 more min.
At this point, presoaked pumice aggregates were added into the wet mix. Finally, PE fibers
were supplemented, and mixing went on for 5 min at a low speed, (140 =+ 5) rpm, before
switching to a high speed, (285 £ 10) rpm, for 5 min.

3D Gantry Printer
Mix for 5 min Mix for 3 min Mix for 2 min Mix for 5 min
at low RPM atlow RPM atlow RPM atlowRPM &5 - —
min at high ——, Flowability
RPM Measurements

Flow Table

Cementitious ‘Water + Pre-Soaked PE Fibers
Materials HRWRA LWA (Pumice)
3 s e 2. A '
‘T’g &5 'ééx & A\ 'é;'ﬁ e Extrudability
@'s [ o
0 ] ] o . N Buildability
-— H
| JR— S
| 1
) i
i
1
i
1
i

1
1
A

Figure 4. Mix preparation procedure of 3DP-ECCs with presoaked pumice aggregates. Reproduced
from Zafar et al., 2025, licensed under CC BY 4.0 [74].
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In any case, a common denominator can be found throughout the different mixing
procedures: solids are first dry-mixed for 1-2 min, then water and SP are added (totally or
only 90% of liquids) and mixed for 2-3 min, while fibers are progressively supplemented
and mixed for several minutes at the end of the process. Finally, if remaining liquids are
available, they are introduced into the mix.

4.2. Material Features

As for normal concrete, the printing process requires specific features of the material,
specifically, the pumpability, extrudability, buildability, and open time (Figure 5). When
printing, the material’s properties evolve due to hydration reactions; thus, the strength
and stiffness of the material continuously increase over time, decreasing its fluidity and
increasing its bearing capacity. First, the mix should have a low initial stiffness to be
pumped through the printing system and extruded, while the buildability requirement
needs a material that is strong enough to bear its own weight, as well as the weight of all
the successive layers on top. These two requirements are clearly in conflict from the point
of view of the fresh material’s properties [21].

Printability
Hose oo

Nozzle ' Extrudability

A gt i B i A S

[ Printed filament

Figure 5. Workability requirements with 3D-printed concrete. Figure adapted from ref. [75]. Licensed
under CC BY 4.0.

The open time should be at least 30 min, but several papers have evidenced successful
printability for more than 60 min, keeping in mind that 3D printing is a time-sensitive
process. The optimal open time is a balance between keeping sufficient flowability for
extrusion and satisfying stiffness for buildability and shape retention of each deposited
filament [76].

The open time is sometimes defined in two ways:

- Dynamic open time: The material is in the mixer at 140 rpm, simulating its movement
in the hopper during the printing process.

- Dynamic-static open time: The material is kept without agitation in the mixer, and
agitation is applied at 140 rpm for 30 s before measuring the consistency.

The rheological behavior of the mix is important, as well as its thixotropic character, to
better understand what happens during its stay in the hopper [77]. Thixotropic materials
present a reduced viscosity under shear stress (during pumping) to guarantee flowability,
which suddenly increases when the stress stops (rebuilding process). The thixotropy of
the mix is intimately related to its buildability [78]. The complexity of fulfilling all the
requirements is well illustrated in the study by Figueiredo et al. [69,79]. The authors first
adjusted the fresh material properties by means of admixtures and by varying the water-
to-cement (w/c) ratio to meet the requirements of pumpability, extrudability, and open
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time. However, this was not sufficient regarding the buildability. Moreover, because of the
adaptation of the mechanical properties in the fresh state, the strain-hardening capacity of
the ECC was compromised. This was also highlighted by van Overmeir et al. [71], who
pointed out the difficulty in satisfying all the requested mechanical properties. In their
research, these authors designed ECC mixes with an optimized particle size distribution to
guarantee a good packing of particles and sufficient buildability and used a gantry system
printing facility with a nozzle with a rectangular cross-section of 40 x 14 mm?2. However,
even if some samples possessed a strain-hardening capacity, mechanical tests evidenced
that the composites’ matrix was too strong to guarantee enough strain-hardening capacity.
In general, PVA-reinforced ECCs have a compressive strength of about 40 MPa after 28
days of curing [13,68,80-82]. However, the two studied mix designs showed an average
compressive strength of 51 and 56 MPa. Additionally, better buildability led to a reduction
in pumpability and print quality, probably due to the arching phenomenon [83,84] in the
hopper of the pump. In fact, an arch-like supported mass of bulk material formed in the
reservoir pump during gravitational flow, probably due to a high initial yield stress or
high thixotropic behavior of the mix. These features did not let the material flow down in
the reservoir when the mix underneath was transported by the transport screw. On the
contrary, the bulk material formed a self-supported arch, and no material was transferred
towards the rotor-stator, producing large air voids [21].

A lack of buildability can reduce the stability and reliability of printed elements: an
insufficient buildability can lead to the local failure of the material and overall collapse
of the structure [85]. At the material scale, the printed filaments must withstand their
own weight and the increasing weight of the successive layers placed on them. There-
fore, fast development of the strength and stiffness capacity is needed after filaments are
placed [85-88]. Limited and controllable deformation under load facilitates the freshly
printed filament to stick to the previous layer and to have sufficient adhesion with it [89].
However, excessive deformation undermines the stability of the structure and results in
overall failure. Once the vertical stress in the filament exceeds its capacity, the filament
will yield or deform significantly, producing a change in its cross-sectional shape and
instability of the structure. At the structural scale, even if the stress in a filament is main-
tained below the stress threshold, without causing any rupture, the cumulative strain
and stress due to all the layers may weaken the shape control and structural stability of
the printed part, leading to the collapse of the element, especially in slender structures
sensitive to self-buckling [85,89-92]. To estimate the structural failure, Suiker [93] proposed
mechanical models that take into consideration elastic buckling failure of printed structures.
Roussel [85] calculated the critical height, H,, at which self-buckling can occur in a slender
structure by means of Equation (1):

1
8EI \ 3
Hew (pgA) @

where E is the elastic modulus of the fresh material, I is the moment of inertia, p is the
density of the fresh material, g is the acceleration of gravity, and A is the horizontal cross-
sectional area. The estimated height value can be used to set the nozzle standoff distance
when printing and avoid structural instability problems [64].

The simplest method to assess buildability consists of comparing the maximum height
or number of filaments that can be piled up under the same printing job settings [94-99].
Nevertheless, printing is needed to assess the buildability of the mix, which consumes
time and material. At the same time, vertical strain or deformation of printed filaments
also serves as an indirect evaluation index [100-102]. Another strategy is to indirectly
estimate the buildability of materials by measuring some of their properties, like green
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strength [90,103-108], yield stress [109-112], penetration resistance [111,113] of wet material,
etc. The cylinder stability test, where a concrete cylinder is deformed after dynamic tamping
or under static loading, has also been proposed to assess shape stability [96]. In ref. [114], the
slump value determined according to the ASTM standard C1437—15 (Standard Test Method
for Flow of Hydraulic Cement Mortar) was used to assess the buildability of LC3-ECC
mixes and was related to the shape retention capacity of a large structure without collapsing
during the 3DP process. However, these indicators can only give information at certain
time frames, independently from printing parameters [76]. Thus, a quantitative evaluation
approach for buildability of 3DP-ECC, considering both the material and the structural
scale, is described in [76]. At the material scale, a constant-shear-rate test, incremental
loading test, and green strength test were used and showed that the risk of material failure
was low, at least for the investigated material compositions [76]. These authors used the
following printing parameters: when the structure buildup speed was 3 layers/min over a
0.5 m straight line printed with a nozzle travelling speed of 1.5 m/min, the corresponding
uniaxial loading rate was 1.5 N/min. At the same time, for a 10 layers/min buildup rate,
the loading speed was around 5 N/min. The mix design was based on 605 kg/m? of
ordinary Portland cement (OPC), 678 kg/m? of FA, 372 kg/m?3 of sand, 1.8 kg/m? of SP, a
water-to-binder (w/b) ratio of 0.24, and 1.5 vol% of PVA fibers.

At the structural scale, the critical height for self-buckling can be estimated based
on the evolution of stiffness over time. Premature self-buckling can be limited by proper
design and printing parameters for a given material behavior evolution. The critical height
of a printed structure at self-buckling is a function of time (Equation (1)), considering that
the elastic modulus of the material can be estimated according to Equation (2):

E(t) ~ 2.65-t + 43 )

where E(t) is the elastic modulus of the material as a function of time in kPa, and ¢ is the
time in min.

According to Kruger et al. [115], printed cementitious materials should have an initial
strength in the range from 1 to 10 kPa and a stress development ranging from 0.05 to
0.5 kPa/min during the first 60 min.

A change in printing parameters leads to variation in the microstructure of 3DP-ECC,
which, in turn, influences the material’s properties (Figure 6).

® Nozzle s Fiber * Tensile
distance orientation strength

* Nozzle * Pore ® Strain
travelling distribution capacity
speed * Etc. e Interlayer

* Extrusion rate bonding

¢ Nozzle size ® Buildability

¢ Etc.

give
feedback
Figure 6. Influence of printing parameters on ECC’s microstructure and properties. Figure adapted
from ref. [72].

In [77], apart from extrudability and buildability, the workability, another crucial
parameter in 3D printing, was evaluated by means of the consistency table according to the
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EN 1015-3 standard [10] at 0, 10, 20, 35, 45, and 60 min. A shape retention test was carried
out as follows: the freshly extruded mixture was introduced into a mini-slump cone, which
was lifted after 1 min. Then, a weight of 465 g was placed on top, and the material was
allowed to deform under the load for 45 s. Then, another weight was added to the previous
one to reach a final mass of 700 g, and the material was allowed to deform for another
45 s. After each rest time of the mix, the expansion of the material was measured in two
directions at 90°. The smaller the diameters, the higher the shape holding capacity of the
material [77].

The layer-by-layer printing process produces weak interfaces, which result in a pro-
nounced anisotropy of the structures [5]. Nonetheless, the fibers in 3DP-ECC materials tend
to be aligned according to the printing direction, leading to the absence of fiber penetration
between layers [6,7]. This anisotropy is higher than in 3DPC. The influence of mix com-
positions on the fresh properties and anisotropy of 3DP-ECCs, the shape retention ability,
and the anisotropy of the compressive strength of 3DP-ECCs with different amounts of fly
ash (FA) and hydroxypropyl methyl cellulose (HPMC) were investigated in [116]. HPMC
allowed the shape of the printed filaments to be maintained: an addition of 0.35% resulted
in a total deformation of 2.67%. HPMC also increased the viscosity and the thixotropy
and prevented segregation when pumping [68]. In addition, it acted as a water reservoir
when the mix was still fresh and also contributed to the internal curing effect of cementi-
tious composites [79]. Contrarily, when the content of FA increased, the shape retention
decreased from 5.3 to 45%. 3DP-ECC materials presented significant anisotropy in terms
of compressive strength in different directions according to the following order: z >y > x,
with the z direction showing the highest compressive strength, while the x direction had
the lowest one [116].

Microsilica, ground silica flour, and attapulgite nanoclay can also be added to improve
early strength and thixotropy and enhance cohesion [68]. The silica fume content and
the water-to-solid ratio are also important parameters to optimize fresh properties and
strain-hardening behavior [117]. Calcium aluminate and sulphoaluminate (CSA) cements
can increase the early flowability and the early strength [68]. Sodium silicate can also be
used in place of CSA cement, even if its cost is higher, but the effect is strong, and a reduced
amount is required to make OPC rapidly set after deposition.

4.3. Influence of Nozzle Size

In [53], three rectangular nozzles with the same cross-sectional area of 150 mm? were
tested to investigate the effect of the extrusion nozzle size on the 3D printability of a mix
made with 0.6 OPC, 0.3 FA, 0.1 microsilica, 0.2 sand, 0-0.5% nanoclay, a 0.325-0.375 w/b
and 1-2 vol% PE fibers that were 24 um in diameter and 9, 12, and 18 mm in length. The
nozzle with a smaller width-to-height ratio (5 x 30 mm?) showed a higher probability of
smooth printing with a continuous and non-cracked layer. However, the nozzle size had
less influence on fiber agglomeration and clogging in the pump screw.

4.4. Rheological Properties

ECC pastes behave as non-Newtonian fluids. Usually, the Bingham model finds agreement
for describing the non-Newtonian fluid rheology of cement pastes (Equation (3)) [117-119]:

T="T+1Y ©)

where 13 and T are the yield stress and shear stress, respectively, in Pa; 7 is the plastic
viscosity, in Pa.s; and 7 is the shear rate, in s L.
Rheological properties can be determined by means of a rheometer. However, the

fiber dispersion of ECC significantly impacts its rheological properties. Fibers also increase
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the yield stress at rest times, as well as the plastic viscosity and the dynamic yield stress of
cementitious composites [52]. Therefore, the printability and fiber dispersion of 3DP-ECC
need to be evaluated in a different way.

The yield stress should be lower than the maximum shear force exerted by the extrusion
system to guarantee a smooth extrusion process of the mix during printing. At the same time,
it should be higher than the weight of the upper extruded filament to maintain its shape.
Thus, these two requirements must be fulfilled by the yield stress (Equation (4)) [118]:

Pgh(t) < 0 < Pextrusion 4)

where p is the density of the mix, in g/ cm?, g is the gravity constant, equal to 9.8 N/kg,
h(t) is the height of printed layers, in mm, and P50, 1S the maximum shear force of
the printer extrusion system, in Pa. It is also worth mentioning that printed materials
commonly contain accelerating agents like sulphate aluminum cement to rapidly confer the
extruded filaments enough strength and stiffness. The self-weight pressure of two printed
layers can be set as the lower boundary (Equation (5)):

pgh(Z) < 10 < Pextrusion (5)

where h(2) is the height of two printed layers, in mm. The theoretical relationship between
slump and yield stress was proposed by Hu et al. [120] and is described by Equation (6):

T = LI;; 5) _ 3.7-p(H —s) (6)

In this way, the yield stress can be related to the slump (Equation (7)):
s1< s < 5 )

where H is the slump cone’s height, in mm; s is the slump, in mm; s; represents the lower
boundary of the slump, in mm; and s, represents the upper boundary of the slump, in
mm [121].

In [122], the highest flowability in ECC is achieved with a sand-to-binder (s/b) ratio
of 0.35 and a superplasticizer-to-binder (SP/b) ratio of 0.30. The ECC mix with PVA fibers
reached a compressive strength of 41.71 MPa after 28 days. This result was due to the good
dispersion of fibers within the cementitious matrix during the mixing step thanks to the
use of a superplasticizer [122].

To adapt the workability and homogeneity of the fresh mix, two admixtures, i.e.,
superplasticizer and thickener (or viscosity modifier), must be used [68,123,124]. The
thickener changes the rheology of the material and contributes to dispersing the fibers.
Then, its influence on tensile properties is high. A high thixotropy is helpful to guarantee
that the extruded layers firmly stack up [13]. Therefore, thixotropic additives, like HPMC,
can influence printability [73]. The thickener retains water and reduces capillary water
absorption [125]. However, its use causes an increase in the void content of about 20 vol%
in mortars, which obviously decreases the mechanical properties [126,127]. For example,
in [128], the tensile strength and the tensile strain capacity first increased and then decreased
with the addition of HPMC, and the optimum value was 0.05%. However, HPMC addition
had negative effects on the initial cracking strength and the elastic modulus. When the
HPMC content reached 0.05%, the ECC samples showed the ability to saturate multiple
cracking, and the crack number, the average crack size, and the average crack spacing
almost reached the optimal level. Nevertheless, due to the entrapped air effect of HPMC,
the matrix compactness was altered, and the density gradually decreased when increasing
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the HPMC content. The matrix fracture toughness was in line with the variations in the
initial cracking strength and the compressive strength. The addition of HPMC weakened
the frictional bond strength as well as the slip-hardening coefficient during the slippage
of fibers from matrix. The effective fiber-bridging effect was the reason for the observed
improved tensile properties [128].

Pretreated incinerator bottom ash (IBA) was also used for preparing 3DP-ECCs and
showed a positive effect on the fresh properties of the material by decreasing the spreading
diameter and the dynamic stress, while the plastic viscosity increased, indicating a better
printability [129]. The pretreated IBA led to an increase in tensile strength by 7%, while
the compressive strength decreased by 22%. The early-age shrinkage of 3DP-ECC was
significantly decreased by adding pretreated IBA. The autogenous shrinkage at 7 days
and the plastic shrinkage at 24 h were decreased by 56% and 30%, respectively. The
substitution of IBA influenced the hydration products and pore structure of 3DP-ECC
mainly at the early age: for example, the content of portlandite at 3 days and the content
of calcium carbonate at 7 days were decreased by 30.9% and 29.9%, respectively. The
volume fraction of macropores increased by approximately 300% and 500% at 3 days and
7 days, respectively, which caused a reduction in compressive strength as well as early-age
shrinkage. Due to the lack of formworks, once printed, 3DP-ECC is directly exposed to the
environment and undergoes a higher shrinkage compared to traditional concrete. Thus,
IBA can mitigate the risk of cracking due to shrinkage, especially for on-site 3D printing
applications in real environmental conditions [129].

4.5. Printing Parameters with ECCs

For printing, pumpable mixtures with the requirement of the highest bulk yield stress
and extrudability (i.e., below the shear yield stress limit) should be preferred because they
should result in excellent buildability [69]. Thus, the use of rheology-modifying agents is of
paramount importance for the development of ECC composites with dough-like texture in
the fresh state [69]. Among the influencing parameters, the liquid-to-solid ratio of the mix is
highly pertinent to the shape stability of printable mixtures, rather than the superplasticizer
content. The particle size distribution and the ratio of liquid to total surface area of all solids
are also more pertinent than the addition of rheology-modifying agents. In addition, these
agents do not significantly influence the mechanical properties of printed composites [69].
Mixtures with a 2 vol% of PVA fibers with a bulk yield stress of 34.26 kPa could pass
through a 5 m hose in ref. [69].

In [119], the fresh ECC mix (20 min after water addition) with a w/b of 0.24 and
1.2 vol% of PVA fibers and an initial spread diameter of 132 mm was filled into a cone and
showed, after cone removal, a spread diameter under a weight of 600 g equal to 106 mm.
This mix was used to print a 1.5 m high twisted column with 150 printed layers of 10 mm.

For buildability measurements, a 10-layer structure was printed with a rectangu-
lar printing nozzle (10 x 100 mm?) in [114]. Each layer was theoretically 10 mm in
height (h;) and 100 mm in width (w;), and the real height (1,) and width (wy) of each
printed layer were measured by means of a ruler and compared with the theoretical ones.
Then, the relative deviation in height (d;) and width (d,) were calculated by means of
Equations (8) and (9), respectively:

hy—h
(%) = “’hd”| x 100 (8)

h; —
dop (%) = [wha =] 100 )

wy
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The total height of the 10 printed layers was 99 mm, 98 mm, and 97 mm for mixes
with 2.0%, 1.5%, and 1.0% PE fibers, respectively. The corresponding deviation value, d,
was equal to 2% at maximum, while the deviation width, d;,, was no more than 6%. All the
prepared mixes in [114] showed excellent buildability and shape-retention ability when
printing 10 layers at a time.

A uniaxial unconfined compression test (UUCT), on a cylinder with a diameter of
70 mm and a height of 140 mm, was also proposed to evaluate the green compression
strength of printable mortars in [71]. When the UUCT is performed at different time
intervals after mixing, it can determine the initial yield strength and apparent Young's
modulus as well as their evolution over time. Young’s modulus appeared to be the critical
fresh mechanical parameter for the two developed mixes and was equal to 209.3 kPa (mix
A) and 54.6 kPa (mix B). Both mixes had high initial yield stress and presented no plastic
failure during buildability tests.

Another way of assessing buildability was illustrated in [130]: a 24-layer structure
with a height of 120 mm and a horizontal width of 28 mm was printed, and the slump
ratio (f3) of the total stacking height after 48 h of printing was calculated. When (3 was
higher than 9%, the buildability was considered unacceptable, while if 3 was below 3%, the
proposed lightweight ECC possessed ideal buildability and maintained stability without
huge deformation during the printing process.

In [131], a six-axis robotic arm with an extruder and a nozzle of 5 x 30 mm? printed
with a linear speed of 15 mm/s. The mix was made of 0.6 OPC, 0.3 FA, and 0.1 SF, the
sand-to-binder ratio was 0.2, and the nanoclay-to-binder ratio was equal to 0.005, while
the water-to-binder ratio was 0.3. Finally, a 1 vol% of PE fibers with a diameter of 24 um
and a length of 12 mm was added. The printing process was strictly controlled, and the
distance between the nozzle and the printed layers was minimized to improve the interface
between the layers as well as the quality of printing.

A mix made with 656 kg/m? of OPC 52.5, 118 kg/m? of SF, 604 kg/m3 FA, 410 kg/m3
of sand with a maximum size of 1.18 mm and a fineness of 1.62, 1.5 vol% of ultra-high-
molecular-weight PE fibers, and a water-to-binder ratio of 0.26 was extruded through a
30 mm diameter nozzle and used as a formwork for casting concrete in [132]. The printed
filament height was in the range from 10 to 30 mm, and the speed rate of the nozzle was
40 mm/s. The interfacial bond strength between the 3DP-ECC and cast concrete was
influenced by the fiber content and filament printing height, showing an improvement and
then a reduction. It was then also observed that there was a limited difference in the width
of the interfacial transition zone between the printed and cast concrete when the filament
printing height was 15 mm and 20 mm, while the width was reduced when the filament
printing height was 10 mm. The same mix design and printing conditions were then used
to investigate the interlayer bonding properties in [133]. Elliptical and flattened pores were
observed within the interfaces, and their sphericity was influenced by the printing height of
the filaments: a higher thickness increased the pore sphericity. When the fiber content was
equal to 1.5 vol% and the printing filament height was 15 mm, the porosity at the interface
was reduced. When the fiber content increased and the filament printing height rose, the
interlayer interface bonding strength first increased and then decreased, evidencing the
importance of an appropriate filament printing height and fiber volume content.

A mix based on 259.2 kg/m3 of CEM 1 42.5, 604.9 kg/m? of blast furnace slag,
864.1 kg/m?3 of limestone powder, 26 kg/m? of PVA fibers (2 vol%), 5.1 kg/m? of HPMC,
17.3 kg/m? of SP, and 345.6 kg/m? of water was printed in filaments that were 10 mm
in thickness and 50 mm in width at 100 mm/s in [79]. The initial bulk and shear yield
stress was equal to (34.74 £ 5.20) kPa and (4.41 =+ 0.18) kPa, respectively. The time in-
terval between two contiguous filaments was 3, 2, and 4.5 min, respectively, for samples
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printed with two, three, and four layers. After 28 days of curing, a compressive strength of
(44.09 £ 4.33) MPa was reached by the printed layers perpendicular to the load, while
it was equal to (41.93 £ 1.88) MPa for the printed layers parallel to the load. Moreover,
these average compressive strength values were close to that of cast samples. Extruding a
filament against the previous one was a good strategy to increase its bond strength as well
as to orient the fibers perpendicular to the printing direction.

To sum up, the key points related to the fresh mix properties are as follows:

e  The order of mixing the products is fundamental in 3DP-ECC: First, solids are dry-
mixed, then water and SP are added, and fibers are progressively introduced in the
mix. Finally, the VMA is supplemented;

e  The open time should be 30-60 min and should be compatible with buildability;

e An optimized particle size distribution guarantees a good packing of particles and
contributes to buildability;

e  The mix should have a low initial stiffness to be pumped and extruded, while the
buildability requirement requires a stiff material able to bear its own weight;

e  Fibers increase the yield stress at rest times, as well as the plastic viscosity and the
dynamic yield stress;

e HPMC increases the viscosity and the thixotropy and prevents segregation when
pumping as well as favors the internal curing effect;

e A high thixotropy is helpful to guarantee that the extruded layers firmly stack up;

e  Microsilica, ground silica flour, and attapulgite nanoclay improve early strength
and thixotropy and enhance cohesion. The silica fume content and the water-to-
solid ratio are important parameters to optimize the fresh properties and strain-
hardening behavior. Calcium aluminate and sulphoaluminate cements increase the
early flowability and the early strength;

e  The liquid-to-solid ratio of the mix is fundamental for the shape stability of printable
mixtures, rather than the superplasticizer content;

e A nozzle with a smaller width-to-height ratio has a higher probability of smooth printing;

e  The maximum printable height value can be estimated and used to set the nozzle
standoff distance when printing to avoid structural instability problems;

e  ECC pastes behave as non-Newtonian fluids, whose behavior is usually described by
the Bingham model;

e  The yield stress of the mix should be lower than the maximum shear force exerted by
the extrusion system;

e  The yield stress can be related to the slump value.

5. New Compositions
5.1. Use of Limestone-Calcined Clay Cement

Manufacturing ECC requires a high cement content because of the absence of coarse
aggregates, contributing to high carbon emissions and energy consumption. Thus, more
sustainable ECC compositions must be developed for the 3D printing process [52]. To
this aim, limestone-calcined clay cement (LC3), a new cement based on limestone, cal-
cined clay, and cement, appears to be a sustainable alternative to ordinary Portland ce-
ment (OPC) [134-136]. The tensile strain capacity of LC3-based ECC reached 6%, with
an average residual crack width below 50 um, and the compressive strength reached
32 MPa [137]. Lightweight engineered cementitious composites with LC3 cement (LL-ECC)
and polyethylene (PE) fibers were studied in [52]. The optimal mixture for 3D printing due
to rheological properties and suitable open time range was the LL-ECC with a 1.25% PE
fiber content. Moreover, the compressive strength and fracture toughness of the printed
LL-ECC-1.25% showed weak anisotropy. Additionally, the printed LL-ECC-1.25% evi-
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denced a higher shear strength and energy dissipation ability with respect to mold-cast
LL-ECC-1.25%. These results were attributed to the relatively high interlayer bond strength
(2.62 £ 0.18) MPa, the fiber orientation, and the piling up of layers due to the printing
procedure. Moreover, printed LL-ECC-1.25% beams presented 40% higher flexural strength
than cast samples with close damage patterns and a limited anisotropy. The cracks in the
printed beams were fully developed and spread throughout the section. A gantry-type 3D
printer was used with an extrusion rate of 0.9 L/min and a nozzle travel speed of 30 mm/s.
Finally, LL-ECC-1.25% was more sustainable than regular OPC-ECC: its embodied energy
was equal to 3.952 MJ/kg, while the carbon footprint was 483 kg/m3 [52].

On the contrary, in [138], the tensile strength and strain capacity of printed LC3-ECC
decreased by 16.6-22.7% and 43.3-54.6%, respectively, compared to that of cast specimens.
This was mainly due to a heterogeneous orientation of the PVA fibers during printing. The
loss in strain capacity was more pronounced than that of the tensile strength, highlighting
that the bridging ability of the fibers was decreased. Moreover, the compressive and
flexural strengths presented significant anisotropy, which became more prominent at
28 days with respect to 7 days. Moreover, the x/y/z compressive strengths and y/z
flexural strengths of the printed LC3-ECC were higher than those of the cast specimens. A
lower flexural strength was noted in the x-direction and was attributed to the presence of
the printed interfaces. SEM observations and X-CT scan images evidenced that the pore
structure of the printed LC3-ECC was denser than that of the cast specimens. The number
of pores bigger than 0.25 mm in the printed LC3-ECC was relatively lower than that of the
cast specimen, but the pores in the printed samples were rather ellipsoidal, resulting in
anisotropic properties of LC3-ECC. Compared to the mold-cast samples, 3DP improved
either the compressive and the flexural strength of LC3-ECC, as well as its strain-hardening
and multiple cracking behaviors. The 3D concrete printer head moved with a speed of
50 mm/s, and the extrusion rate was 1.5 L/min, while the nozzle had a diameter of 15 mm.
The printed layers had a height of around 7.0-7.2 mm.

In [139], two ECC formulations, LC3-ECC and calcium sulphoaluminate—-ECC (CSA-
ECC), were designed to be printed and compared with cast materials. Cast LC3-ECC
showed a gradual stabilization of shrinkage during the 28-day air-curing period, while CSA-
ECC evidenced an expansion behavior either under air-curing or wet-curing conditions.
Moreover, 3-day wet curing after demolding led to a consistent expansion of CSA-ECC.
The experimental results highlighted that when keeping the same compositions and curing
conditions compared with that of cast ECC, printed ECC had a greater shrinkage or a
decreased expansion. The main reason was the exposition of the material to an external
environment at an early stage. On the contrary, wet curing or water spraying during
the first hours after printing CSA-ECC led to an expansion of the material. Considering
the important expansion observed in cast CSA-ECC, the increase in the wet-curing time
after printing guaranteed a certain expansion. The designed LC3-ECC and CSA-ECC
materials had a much lower carbon footprint (by 75% and 59%, respectively) than the
concrete reference and lower embodied energy than classic M45-ECC (by 73% and 67%,
respectively; M45-ECC had a tensile strength of 4.5 MPa and a strain capacity of 3% at
28 days). In addition, when taking into consideration the higher mechanical properties of
ECCs to reduce the size of the structure with the aim of reducing material consumption,
the embodied carbon and energy in printed ECC structures will be significantly reduced
with respect to that of concrete structures. The mechanical properties of printed ECC
surpassed those of cast specimens, and printed CSA-ECC samples demonstrated similar or
even higher mechanical properties than printed LC3-ECC. However, when carbonation
was actuated, the flexural performance of printed ECCs decreased. Thus, carbonation
curing used to mitigate the carbon footprint of materials should be performed with care.
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Moreover, the open time of a fresh mixture can change when using different printing setups,
requiring the adjustment of the proportion (or CSA dosage) to satisfy specific printability
requirements. Finally, the impact of a prolonged wet-curing time on the expansion behavior
of CSA-ECC requires further investigation [139]. A rectangular nozzle was mounted on
a six-axis robotic arm which moved at 3 m/min. The layers were 10 mm in height and
30 mm in width.

5.2. Strain-Sensing Cements

Recently, functionalized cementitious materials with strain-sensing ability were also
3D-printed [140]. The cementitious materials were made by adding graphite (G), milled
carbon microfibers (MCMFs), and/or chopped carbon microfibers (CCMFs) to reach elec-
trical percolation and activate a piezoresistive effect. The results showed that electrical
percolation was reached by using a mix of G and CMFs. In particular, with respect to
the weight-to-cement percentage (wt%), optimal mixtures were obtained when adding
10 wt% G and 0.5 wt% MCMEF for G+MCMEF specimens, 10 wt% G and 0.125 wt% CCMEF for
G+CCMF specimens, and 10 wt% G, 0.250 wt% MCME, and 0.125 wt% CCMEF for hybrid
filled G+MCMF+CCMEF specimens. The 10G250M125CCMF mixture (10 wt% G, 0.25 wt%
MCMF and 0.125 wt% CCMF) demonstrated optimal sensing performance and mechanical
strength. Specifically, a static gauge factor of 622, a resolution of 167 e, an accuracy of
19.24 pe, and a Young’s modulus of 798 MPa were measured [140]. The gauge factor is the
ratio of the relative change in resistance divided by the strain.

5.3. Rubberized ECCs

In recent times, rubberized ECCs were proposed in [141]. All the compositions investi-
gated reached a compressive strength of 25 MPa, required for structural applications, except
for the one with 15% rubber. Rubberized ECC containing 5% waste crumb rubber (CR) was
3D-printed and showed strong anisotropy, highly evident during flexural tests. Testing in
parallel to the fiber direction resulted in 3 and 4% higher early-age and lateral compressive
strengths, respectively, compared to the z direction, perpendicular to the fiber direction. In
addition, the printed specimens showed less stiffness, more deflection capacity, a prolonged
strain-hardening region, higher peak stress, and higher post-peak stress compared to the
mold-cast ones. Moreover, flexural tests revealed that when loaded according to the z
direction, where the fibers were parallel to the longitudinal axis of the printed sample,
increases of 104% and 47% in the 7- and 28-day flexural strengths, respectively, were ev-
idenced with respect to the specimen printed in the z’ direction, where the fibers were
mostly perpendicular to the longitudinal axis of the printed specimen. This could be due to
the ability of the fibers to resist tensile stresses parallel to the longitudinal axis of the sample
when undergoing flexural tests, along their length. Compared to the mold-cast specimen,
158% and 75% higher 28-day flexural strengths were noted for the printed specimens in
the z and z’ directions, respectively, which were due to the alignment of the fibers during
the extrusion from the nozzle and to their uniform distribution within the specimens. In
addition, the samples printed in the direction parallel to the fiber orientation revealed 27%
less drying shrinkage compared to the perpendicular direction after 56 days of printing.
Finally, shrinkage strains decreased by 64% and 74% for the perpendicular and parallel
printing directions, respectively, when compared to the mold-casted samples. The reasons
were a higher number of voids due to the CR aggregates and the presence of weak joints
between printed layers that could block water [141]. The samples were printed with a
HC1008 Desktop Concrete 3D Printer and a 20 mm nozzle.
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5.4. Carbonation Curing

Carbonation curing was proposed with ECCs to reduce their carbon emissions. This
process has the advantage of rapidly leading to high-strength cementitious products when
carried out at an early age. In addition to cement, alkaline industrial by-products rich
in CaZ*, A%, Mg2+, etc., can be carbonated if present in the mix and contribute to the
formation of stable carbonates that improve the fiber-matrix interface and the mechanical
properties of ECCs [142]. However, the CO, concentration (20%) and pressure need to be
high, which limits the use of this technique to prefabrication plants.

Carbonation curing was also associated with the use of sisal fibers in [44]. The selection
of sisal fiber for low-carbon ECC manufacturing targeted several purposes. First, from a
sustainability point of view, sisal fiber increased carbon sequestration by 10% by favoring
diffusion transport of CO, into the samples during carbonation curing due to their hollow
structure. Then, from a mechanical performance point of view, sisal fibers enhanced the
tensile ductility of the ECC by acting as artificial flaws and triggering a larger number
of microcracks in the matrix during tensile strain hardening. The cast specimens were
demolded 18 h after manufacturing and dried with a fan for 4 h to remove water from
capillary pores and enhance CO, diffusion. Then, the samples were cured for 24 h under
5 bars of CO; (99.8%purity) at room temperature (23 £ 2) °C. The addition of 0.5% sisal
fibers led to an ultimate tensile strength of (6.14 & 0.02) MPa with an ultimate tensile strain
of (8.62 £+ 1.28)% after carbonation curing. The lowered alkalinity due to carbonation
curing is also expected to mitigate the well-known degradation problem of sisal fiber in
cementitious composites [44].

To sum up, the following are observed:

e  More sustainable ECC compositions based on limestone-calcined clay cement (LC3)
can be successfully developed and printed;

e  New mixes containing crumb rubber, recycled aggregates [118], and conducting fillers
can be printed to produce more sustainable and self-sensing concretes;

e  Carbon curing can be actuated on ECCs, which can lower the pH of the matrix and
make it more compatible with natural fibers.

6. Mechanical Properties and Durability of Printed ECCs
6.1. Anisotropy of Mechanical Properties

Several papers [20-22] evidenced that the mechanical strength of the interfaces be-
tween deposited layers is significantly influenced by the material composition, print time
interval, surface moisture, and physical layer interlock, as well as extrusion speed. How-
ever, no systematic characterization of interface toughness has ever been performed. These
interfaces may also influence the compressive strength, resulting in anisotropic compressive
strength and different stress—strain relationships in the parallel and perpendicular directions
to the printing direction. While anisotropic compressive strength [23-25] is well known,
the constitutive stress—strain laws in the longitudinal and transverse directions necessary
for the structural design of 3DP-ECC elements have not yet been investigated [119].

Printed ECCs show anisotropic properties, maintaining the tensile strain-hardening
features in the printed filaments according to the printing direction, while the ductility in the
filament in the perpendicular directions is much lower, specifically in the vertical direction
across the interfaces. This anisotropic behavior is not surprising due to the fiber alignment
in the printing direction during the extrusion process, although the magnitude of fiber
alignment depends on various printing parameters. Surprisingly, a minimal toughness
across the interface between superposed filaments is observed, probably due to fibers
crossing the filaments when printed layers are deposited while still in the fresh state. The
weaker interfaces between printed filaments remain a bottleneck that needs further efforts
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by researchers to ensure structural reliability and robustness for full-scale structures. Other
research areas should be studied as well, like, for example, the curing of printed structures,
long-term durability under various environmental exposures, and the response to different
loading types (static, impact, creep, etc.). In addition, the quantitative determination of
fiber distribution and orientation due to the extrusion step and the way these have to be
incorporated into mechanical models appear also as a major research topic priority. Once
these studies are completed and validated by large-scale structural tests, the emergence of
3DP-ECC structures will be possible [13].

The mechanical anisotropy coefficient (I;) can be calculated according to Equation (10),
as proposed in [142]:

2 2 2
I = \/(fx —f)"+ (fyfc_fC) +(fz = f) (10)

where, fy, fy, f- are the compressive, tensile, and bending strengths, etc., of printed materials

tested in the x, y, and z directions, respectively. f. is the strength of mold-cast samples. For
cast samples, considered as homogeneous materials, I, = 0.

In [119], as expected, an increase in the compressive strengths of 3DP-ECC samples
with curing ages from 1 day to 28 days was observed, as well as anisotropic behavior. The
specimen cut perpendicular to the printing direction (Prism-Per) had a more ductile failure
mode together with a higher compressive strength and strain and a gentler descending
branch compared to those cut parallel to the printing direction (Prism-Par) specimen.
However, due to the closing of the space at layer interfaces, the elastic modulus of the
Prism-Per specimen was 16% lower than that of the Prism-Par one, which could potentially
induce a larger deformation of the 3DP-ECC element and needs a special attention in the
design of 3DP structural elements. Under uniaxial tensile load, the 3DP-ECC showed
multiple microcracking and strain-hardening performance, with a strain capacity of 3.0%.
For printed samples with a smooth interface, a fiber-bridging effect was noted in broken
samples, contributing to a limited increase in the load—displacement curve after an initial
decrease, when a crack grows along with the interface from the notch tip. This effect
was due to fiber interpenetration across the deposited filaments while in the green state.
However, the interface remained quasi-brittle. To overcome this drawback, grooved layers
were printed by means of a shaped nozzle (groove depth and width were about 3 x 3 mm?).
Then, mechanical interlocking between the deposited filaments was observed, and this led
to a non-brittle failure response associated with a higher loading capacity. Groove printing
seems to be a promising solution to produce tougher filament-to-filament interfaces and
limit the delamination failure tendency of 3DP-ECC structures [119]. A six-axis robotic arm
with a pump installed on a linear gantry was used to print the samples. The nozzle had a
cross-section of 30 x 10 mm?, and the printing speed was 50 mm/s (extrusion speed equal
to 0.9 L/min).

6.2. Patterned Structures

The flexibility and precision of the 3D printing technique were fully exploited to
design personalized and customized structures able to mimic complex biological structures
with high performance in [143] (Figure 7). Then, investigations on the fracture behavior of
3DP-ECC with Bouligand structures replicating a mantis shrimp shell were conducted.
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Figure 7. Parallel- and Bouligand-printed structures with different pitch angles (y). Reproduced from
ref. [143]; published by Elsevier, 2025.

Three groups of samples, including parallel-printed, Bouligand-printed, and mold-
cast notched beam specimens, were manufactured and tested in three-point bending.
A six-axis robotic arm alimented with a pump was used with a rectangular nozzle
(3 x 50 mm?). The flow rate was set to 0.02 L/s, while the nozzle travel speed was
100 mm/s. The influence of different pitch angles (15°, 30°, 45°, 60°, 75°, and 90°) on
the fracture behavior of the 3DP-ECC specimens was studied too. The parallel-printed
specimens presented a more uniform and brittle failure mode, while the Bouligand-printed
samples showed different fracture patterns, characterized by microcracking, crack delami-
nation, crack branching, crack bridging, and crack twisting. Contrarily, the cast samples
evidenced a singular, almost linear crack propagation path with microcracking and fiber
bridging. The parallel-printed specimens evidenced a flexural strength and fracture energy
of 33% and 67% lower than those of the cast samples, respectively, while the Bouligand-
printed specimens showed a flexural strength ranging from 0.97 to 1.29 times and a fracture
energy ranging from 0.99 to 1.63 times that of cast specimens. The Bouligand-printed
samples with a 30° pitch angle gave the highest values. The parallel-printed specimens
presented a fracture toughness 60% lower than that of the cast specimens. On the contrary,
the Bouligand-printed samples showed a toughness ranging from 2.24 to 3.76 times that of
the parallel-printed specimens and 0.87 to 1.47 times that of the cast specimens, with, again,
the highest toughness for a 30° pitch angle. Finally, the fracture behavior of 3DP-ECC
with Bouligand structures was simulated by means of a combination of the concrete plastic
damage model and cohesive elements. The simulation results were in good accordance
with the experimental data, with errors ranging from 1.45% to 7.16%. Cohesive elements
underwent shear and tensile failure, which was consistent with experimental observations.
The synergistic effects of crack twisting and bridging in the Bouligand-printed samples
were able to enhance the toughness, in agreement with natural toughening mechanisms.
A 30° pitch angle provided optimal energy absorption, maximizing the crack bridging
and twisting effects and resistance to crack propagation. A nonlinear regression analysis
method was also used to model the relationships between pitch angles, flexural strength,
fracture energy, and toughness. The maximum flexural strength was obtained with a pitch
angle of 31.44°, while the highest fracture toughness occurred at 30°, and the maximum
fracture energy was reached for a pitch angle equal to 23.56°. These results evidenced that
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the optimization of the pitch angle of 3DP-ECC with Bouligand structures could improve
fracture performance for specific applications [143].

Knitted and tilted filaments were also designed to mimic the crossed-lamellar micro-
structure of conch shells and were printed in [144] (Figure 8). Their features were compared
with filaments classically printed parallel each other. The fresh mix was put into a hopper
connected to a peristaltic pump and transported through a 5 m long tube to a six-axis

robotic arm.

Figure 8. Schematic diagrams of filaments: knitted (a) and tilted (b); loading modes for filaments:
knitted (c) and tilted (d). Arrows indicate loading directions. Reproduced from ref. [144]; published
by Elsevier, 2023.

These patterns introduced a complex 3D interface system exploiting the original
weak interfaces as a structural strengthening method. In four-point bending tests, parallel
printed filaments loaded perpendicularly and parallel to the printing direction evidenced
excellent flexural strengths and strain-hardening behavior, significantly higher than the
cast specimens. These results were explained based on the fiber alignment in the extruded
ECC filaments, the crack branching and deflection in the laminate structure, and crack
trapping by the fibers. Knitted and tilted filaments had a bending strength higher than or
comparable to cast ECC samples when tested according to orientations 1 and 2. Moreover,
knitting and tilting filaments led to a unique failure mode: multiple cracks occurred from
the bottom of the samples (tensioned zone) and rose in the loading direction. Further
deflection and bifurcation then happened when the cracks met the filament interfaces,
causing energy dissipation and delaying failure to increase ductility. Thus, anisotropy was
notably reduced due to these innovative printing patterns. Moreover, when the specimens
were tested according to orientation 3, a strong increase in flexural strength was noted
in knitted and tilted filaments compared to parallel ones. An increase of up to 179% was
measured in the tilted filaments, and the strength of the knitted filaments also increased
compared to that of parallel filaments by 116%. The ratio of the strength in orientation
3 relative to orientation 1 was enhanced from 8.6% to 30%, indicating a notable reduction
in anisotropy in 3DP-ECC.
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Finally, without steel reinforcement in 3DP-ECC, durability concerns due to steel
corrosion should be null. However, because of complex interfaces between the printed
filaments, further research should be carried out to study the ingress and diffusion transport
mechanisms of aggressive agents inside 3DP-ECC in harsh environments and the eventual

damages to fibers and the matrix [144].

Table 2 reports the results of the best mixes reported in literature.

Table 2. Comparative results on 3DP-ECC.
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(In kg/m3 If No Additives wib Fiber Type Open Time Slump/Thixotropy Mechanical Ref
Other SP and Content Window Index Strength L.
Information)
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Table 2. Cont.
Composition
(In kg/m? If No Additives Fiber Type Open Time Slump/Thixotropy Mechanical
%ther SP wib and Content Window Index Strength Ref.
Information)
Initial slump . .
diameter of 115 mm Anisotropic
oPC R g /13 and of ~103 mm par amgterlzo.799l
360 52.5 10-17.5 m : after 60 min, initial on nominal tlexura
’ 1.0 HPM g 4 min,
196.5 MK, 98.3 QEEMC, 264 water PE fibers o domin  “flow diameterof  strengthand 0067  [119]
LS, 360.3 GGBFS, 24 um in @ 130 mm and of on compressive
~115 mm, flow strength (1.25 vol%
table test (1.25 vol% of fibers)
of fibers)
223 PLC, 71 MK Spread diameter = :
4 ’ ~4.8 MPa tensile
511LS, 841 FA, 165 mm 20 min after St ~D 70
30 SF, 30 CR 40P 253 water 20 PVA 39 um 60 min water addition,  Strength with ~2.7% )
(40-80 mesh), 466 n® ~145 mm 60 min tensile s'tl:‘am
sand after water addition capacity
1 vol% 17.41 MPa flexural
0.6 OPC, 0.3 FA, !
0.1 SF, 0.2 sand 0.005 nanoclay 0.3 water . UHMWPE. n.d. n.d. strength BOUhgoa?d [143]
(100-300 pm) fibers 24 um in structure at 30° in
0 %) the z direction
21.6 MPa flexural
strength // to
497 OPC, 781 FA, 320 water 26 PVA 39 um . . R
332 sand 2.55P (w/b=025) in @ (2 vol%) n.d. n.d. printing direction, [144]

~16.5 MPa L to

printing direction

(n.d.: not determined, SP: superplasticizer, SAC: sulphoaluminate cement, *: mass ratios of the binder mass
(CEM+SAC+FA+SF), °: mass ratios of the binder (OPC+SAC+FA) weight, except the fiber content (vol-
ume fraction), ANC: attapulgite nanoclay, CAC: calcium aluminate cement, LS: limestone, MS: microsilica,
GS: ground silica, “: % to total cementitious materials, BFS: blast furnace slag, VMA: viscosity-modifying agent,
HDPE: high-density polyethylene, MK: metakaolin, SG: semi-hydrated gypsum, GGBFS: ground granulated blast fur-
nace slag, PLC: Portland limestone cement, CR: crumb rubber, UHMWPE: ultra-high-molecular-weight polyethylene).

To summarize:

e  3DP-ECCs show anisotropic properties according to the printing direction;

e  The ductility in the filament in the perpendicular direction is much lower, specifically
in the vertical direction across the interfaces;

e  Groove printing seems to be a promising solution to produce tougher filament-to-
filament interfaces;

e  Patterned structures like Bouligand ones, as well as knitted and tilted structures, can
improve fracture performance for specific applications. They also fully exploit 3D
printing potentialities;

e Durability aspects of 3DP-ECCs are still to be investigated.

7. Critical Steps in the Printing Process

In [72], cast specimens performed better than printed ECCs in terms of multiple
cracking ability, tensile strength, and strain capacity. In fact, both the fibers and cementitious
matrix were responsible for the performance decrease when printing. When the blades
of the pump rotated, fresh ECC was continuously submitted to shear stress in the hopper
and extruded out of the nozzle in a twisted form. As a result, the thin synthetic fibers were
curled because of their flexibility. This curling effect then hampered the crack-bridging
ability of the fibers, which were not totally exploited under tension. In addition, the
orientation of the fibers inside the twisted filament was rather well aligned with the
printing direction, while fibers in the cast specimens presented a random distribution
and orientation. For example, in the filaments printed with a nozzle standoff distance
of 12 mm and a speed of 8 m/min, a fiber orientation of about 45° with respect to the
printing direction was noted and weakened the tensile resistance in the printing direction.
Moreover, in the samples printed with a nozzle standoff distance of 12 mm and a speed of
7 m/min, the fibers were oriented almost perpendicular to the printing direction and led to
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a limited tensile strength with a low printing speed. It was also expected that the extrusion
step guaranteed less porous specimens than cast ones because the shear forces made the
material denser [70,149]. However, this was not always what happened; in fact, cast ECCs
could have a higher volume of finer pores compared with 3DP-ECCs. Thus, cast ECCs
presented a higher initial cracking strength under tensile loads because of a denser matrix.
The standoff distance of the nozzle strongly influenced the tensile strength of 3DP-ECC:
a lower standoff distance led to a higher mechanical performance. For a lower standoff
distance, the nozzle flattened the fibers and better aligned them in the horizontal plane
because of an extra compressive stress. Consequently, the out-of-plane angle of the fiber
was limited, and the tensile resistance in the printing direction was higher due to better
fiber orientation. At the same time, as the material compacted after deposition, due to
the action of the nozzle, the pore structure was slightly impacted. Thus, lower standoff
distances produced a less porous matrix, and the initial cracking stress of the 3DP-ECC
was in general inversely proportional to the nozzle standoff distance. For example, when
the nozzle standoff distance decreased from 14 mm to 10 mm, the strain capacity of the
same mixture increased by about 30%, while the tensile strength was up to 39% higher.
Concerning the nozzle travelling speed, moderate printing speeds yielded superior tensile
strength, demonstrating that the printing speed may be optimized to lead to optimal tensile
performances. However, low printing speeds could lead to potential accumulation of
an excess of material: because of a limited space for the already printed material, the
newly extruded one compressed the previously deposited one, yielding more aligned fibers
perpendicular to the printing direction. For high printing speeds, though the matrix was
compact, the tensile strength was lower because the extruded filaments were thinner than
standard ones due to the reduced material volume flow. Therefore, a gentle smaller vertical
secondary compaction was caused by the additional stress of the nozzle. Consequently,
a higher number of out-of-plane fibers were produced, leading to a reduction in tensile
strength [72].

The interfacial bonding between 3DP-ECC filaments has two origins. On one hand,
part of the adhesion is due to the contact area between the fresh materials deposited and is
related to the printing job. Then, the printing speed has a notable influence on the formation
of weak interfaces. On the other hand, another contribution to interfacial bonding derives
from fibers bridging the interface. As previously mentioned, when an upper layer of
material is printed, its own weight presses it onto the underlying layer and part of the fibers
penetrate in it, contributing to inter-layer fracture resistance. During flexural tests, the load
first linearly increases as a function of the displacement until the fracture toughness of
the matrix is reached. Then, the brittle fracture of the matrix leads to a rapid post-peak
decrease in load without reaching the null value, as in the case of brittle failure of common
cementitious materials. This is due to the presence of fibers that redistribute stress after
matrix cracking and fibers bridging cracks that play a fundamental role in load bearing.
The load capacity increases halfway until it reaches another peak or a plateau and allows
for further development of a large deflection. The second rising branch characterizes the
fiber bridging capacity of ECCs, and the enhancement in overall fracture resistance ability
is notable [72].

Fibers are mainly responsible for the difference in fracture resistance between inter- and
intra-layer specimens: fiber bridging capacity in printed layers is usually higher because of
the fiber amount. Consequently, the fracture resistance of intra-layer specimens is much
higher than that of inter-layer ones. Pore distribution along the layer stacking direction
was studied by p-computer tomography scanning, and it appeared that the inter-layer
porosity area did not show significant differences from intra-layer ones. More pores were
introduced into the bulk of the filaments than the interface due to the agitation of the pump.
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Nonetheless, the pore distribution investigation also confirmed that a nozzle standoff
distance slightly lower than the filament height could effectively eliminate the formation of
interlayer voids [150]. To sum up, both the inter-layer and intra-layer fracture resistance
capacity are proportional to the nozzle standoff distance due to the number of fibers
bridging adjacent layers as a result of the deformation of the overlapping areas in contact.
A higher nozzle standoff distance generally produced more important cross-sectional
deformation. In addition, because of the unavoidable weight loading from the upper layers,
the printed filaments are vertically squeezed, and the contact area of adjacent layers is
augmented. In the meantime, the fibers close to the surface penetrate the cementitious
matrix of the filament below, raising the interfacial fracture resistance. Interlayer bonding
is then increased. Contrarily, a lower nozzle standoff distance produces less rounded cross-
sections during extrusion, and the deformation between two successive layers is limited.
Moreover, more fibers are flattened and aligned along the printing direction, reducing
the number of fibers penetrating the interface and leading to weaker interfacial fracture
resistance [72].
To sum up, the following observations are made:

o  When the nozzle standoff distance decreases by about 30%, the strain capacity of the
same mixture can be increased by about 30%, while the tensile strength can be up to
39% higher;

e  Moderate printing speeds yield superior tensile strength;

e Low printing speeds could lead to potential accumulation of an excess of material and
should be adapted to the feeding rate of the nozzle (better integration and interface
between the hardware of the printing chain).

8. Current Technical Challenges and Limitations

Contrarily to what happens with conventional concretes, ECCs are designed and
processed according to micromechanical principles [151,152] to trigger steady-state crack
propagation and multiple cracking behavior [153-155]. However, as previously seen,
manufacturing of these materials introduces variations in their properties, specifically in the
case of a non-uniform fiber distribution within the cementitious matrix [13,76,156]. A loose
fiber dispersion decreases fiber bridging abilities, potentially hampering the composite’s
strain-hardening capacity while also limiting tensile strength and strain capacity [157-159].
Thus, the rheological properties of ECCs in 3DPC must guarantee optimal fiber dispersion
and suitable printability. This complexity shows that the rheological optimization of 3DP-
ECC is much more difficult than in traditional 3D concrete printing as well as in casting
common ECC mixes [121]. Thus, an innovative printability evaluation method specifically
designed for 3DP-ECC that considers the impact of fiber dispersion while also emphasizing
cost-effectiveness and efficiency was proposed in [121]. The method simplifies rheological
parameters through slump and slump flow tests. Moreover, the determination of the
printable open time is also possible, thus adjusting the mixing time of the ECC paste. The
feasibility of the proposed method was validated through printing and rheological tests
(the Marsh cone flow test was used as a fiber dispersion evaluation technique, and a flow
time of between 24 and 33 s was set). The experimental results were in good agreement
with theoretical ones. Finally, the tensile strength of 3DP-ECC was also studied, further
validating this new methodology [121].

However, significant gaps in the field of 3DP-ECC structures need to be investigated
deeper. Some of the parameters to take into consideration include the curing conditions
of printed structures, their durability over time when exposed to different environmental
conditions, and their response to diverse loads [13].
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Internal curing can be actuated by means of lightweight aggregates like presoaked
pumice [74]. A mix was made of 50% OPC and 50% GGBES, 0.7 river sand, 0.01% methyl-
cellulose, 0.0015% SP, 2 vol% of PE fibers that were 17.9 pm in @ and 6 (1 vol%)-10 (1 vol%)
mm in length, and a water-to-binder ratio of 0.3. The flow diameter of ECC mixes with
2% PE fibers ranged from 14 to 15 cm. A printing speed of 1 cm/s with an extrusion rate
of 0.1 rounds/s led to a smooth filament texture, dimensional consistency, and a stable
extrusion process. The use of presoaked pumice aggregates caused a slight reduction in
buildability (which was 16 layers with 30% of pumice aggregates). Other self-curing or
internal curing agents could include polyethylene glycol (PEG) [160] or coarse biochar [161].
To the best of the author’s knowledge, none of these have been used yet during ECC print-
ing. Finally, fine biochar (10-20 wt% additions) has not only the potential to decrease the
carbon footprint of cement in general but also to reduce the chemical and frictional bond
strength between the fiber and matrix [162].

Possible methods to increase the tensile strength of printed ECCs include limiting the
adverse impact of the progressive cavity pump and/or increasing the favorable wall effect
of the extrusion nozzle. Future studies should also consider the evaluation of the fiber
distribution and orientation in extruded filaments [119]. However, it should be emphasized
that an extensive design based on micromechanics and fracture mechanics concepts is still
needed to correctly understand the mechanical and electrical features of ECCs [163].

Moreover, due to the use of plastic microfibers, some concerns can be raised in terms
of workers exposed during the preparation of the mixes as well as during the demolition of
ECC structures. Cerebral and epithelial human cells exposed to 3-16 pm PE fibers under
10 ng/mL-10 pg/L for 24-48 h during in vitro tests showed oxidative-stress-induced
cytotoxicity [164]. Thus, personal protection equipment (gloves, googles, and respiratory
masks) is recommended when handling them. On the contrary, electrospun PVA nanofibers
are used in tissue engineering and scaffold production because of their biocompatibility
and biodegradability [165].

To summarize, the following observations are made:

e  Fiber dispersion is of paramount importance, and rheological properties should
be adapted;

e Internal curing should be considered to improve mechanical strength;

e  Further micromechanics and fracture mechanics concepts should be studied to under-
stand the mechanical behavior of 3DP-ECCs;

e  Safety precautions should be taken by workers when handling PE fibers.

9. Advancing the Field of ECCs Through Machine Learning

In the last years, machine learning (ML) techniques have been proposed as cost-
effective and efficient ways to predict the influence of materials on properties, costs, and
timelines of proposed mixtures [166]. To this aim, Shi et al. [163] used the artificial neural
network (ANN) method to predict the mechanical and electrical properties of ECCs. Their
study evidenced good agreement between the anticipated and observed outcomes, indi-
cating that ANN models can forecast the properties of electrically conductive composites.
The ANN technique was also used by [166] to predict the compressive strength of ECCs
manufactured with fly ash and ground granulated blast furnace slag. While various ML al-
gorithms were used to forecast various features of concrete, their use to predict self-healing
ECC properties is not common and is challenging. Recently, in [167], the anisotropic—
mechanical properties of 3DP-ECC were experimentally investigated and examined by
means of ML prediction models like the non-dominated sorting genetic algorithm II (NSGA-
II) to simultaneously optimize mechanical, environmental, and economic performances. A
total of 114 sets of compressive strength data and 104 sets of flexural strength data were
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used. As expected, 3DP-ECC showed a mechanical anisotropy particularly during flexural
tests, attributed to weak interfaces and fiber orientation effects. The highest compressive
strength was observed in the z direction. Moreover, 3DP-ECC displayed a lower com-
pressive strength than cast ECCs whatever the loading direction. However, the flexural
strength between the different samples was as follows: 3DP-z > 3DP-y > cast > 3DP-x.
The grey relational analysis (GRA) results showed that the critical parameters influencing
the mechanical properties of 3DP-ECC were the SCM-to-binder, aggregate-to-binder, and
water-to-binder ratios, the fiber reinforcing index, and the loading direction, confirming
the results of the papers analyzed in the previous chapters. Back-propagation artificial
neural network (BPANN) models were interpreted with Shapley additive explanations
(SHAP) and partial dependence plots (PDP) analyses. The results showed that the most
significant parameters that impact the compressive strength of 3DP-ECC (R? = 0.999 and
RMSE = 3.817 MPa when testing) were the water-to-binder ratio as well as the loading
direction during flexural strength tests (R? = 0.998 and RMSE = 1.37 MPa when testing), as
also shown in the previous chapters. In addition, the PDP analysis highlighted how each
parameter influenced the anisotropic-mechanical properties of 3SDP-ECC. However, further
studies are still needed, as the specimen size and shape, curing age, and printing process
parameters are also key factors that influence the mechanical properties of 3DP-ECC. Thus,
their effects should also be taken into consideration in ML property prediction. Finally,
this study mainly focused on the compressive strength and flexural strength of 3DP-ECC,
omitting other important features like flowability and rheology, interlayer bond strength,
and durability performance.

To sum up, machine learning techniques have confirmed that the crucial parameters
influencing the mechanical properties of 3DP-ECC are as follows:
SCM-to-binder ratio;

Aggregate-to-binder and water-to-binder ratios;
Fiber reinforcing index;

Loading direction.

10. Conclusions and Perspectives

3DPC technology presents several benefits for the construction sector, such as a re-
ductions in costs because of less labor (due to a lack of formwork, it is a direct process,
and there are less risks for workers), as well as a decrease in energy consumption (lower
movements of materials) and pollution (less waste produced). However, transferring these
advantages to 3DP-ECC is not obvious. As previously discussed, the challenge of balancing
conflicting requirements such as pumpability and buildability is not immediate due to
the presence of fibers that should remain aligned in the filaments and ideally penetrate
between the different layers to improve the interface strength.

The crucial parameters when 3D printing ECCs are as follows:

Chemical stability of fibers in high-pH environments is mandatory;

PE and PVA fibers that are 20-50 um in & are commonly used for ECC manufacturing;
Recycled aramid nanofibers seem promising as well;

High aspect ratios are needed;

Common dosages are 1-2 vol%;

A high tensile strength and a rather low bond strength with the cementitious matrix

are desirable;

o  Fibers increase the yield stress at rest times, as well as the plastic viscosity and the
dynamic yield stress;

e  Fiber dispersion is of paramount importance, and rheological properties should

be adapted;
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e An optimized particle size distribution guarantees a good packing of particles and
contributes to buildability;

e  The open time should be 30-60 min and should be compatible with buildability;

e  The order of mixing the products is fundamental in 3DP-ECC: first, solids are dry-
mixed, then water and SP are added, and fibers are progressively introduced in the
mix. Finally, the VMA is supplemented;

e  The mix should have a low initial stiffness to be pumped and extruded, while the
buildability requires a stiff material able to bear its own weight. Stiffness can be
increased by CSA or sodium silicate additions;

o  The extrusion speed should match the printing speed to control the shape and quality
of printed filaments;

e Long delays between printing one filament above an existing are not advisable;

o  When the nozzle standoff distance decreases by about 30%, the strain capacity of the
same mixture can be increased by about 30%, while the tensile strength can be up to
39% higher;

e Internal curing should be considered to improve mechanical strength;

e  Carbon curing can be actuated in ECCs, which can lower the pH of the matrix and
make it more compatible with natural fibers.

Experimental tests and machine learning techniques showed that the crucial parame-
ters influencing mechanical properties of 3DP-ECC are as follows:

SCM-to-binder ratio;
Aggregate-to-binder and water-to-binder ratios;

[ ]
[ ]
e  Fiber reinforcing index;
[ ]

Loading direction.
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Abbreviations

The following abbreviations are used in this manuscript:

ECC Engineered cementitious composite
SHCC Strain-hardening cementitious composite
3D-SHCC 3D-printable strain-hardening cementitious composite
SCM Supplementary cementitious material
PVA Polyvinyl alcohol

PE Polyethylene

PET Polyethylene terephthalate

3DPC 3D printing process of concrete

3DP-ECC  3D-printed ECC

FA Fly ash

SF Silica fume

SpP Superplasticizer

HRWRA  High-range water-reducing agent
HPMC Hydroxypropyl methyl cellulose

w/b Water-to-binder

IBA Incinerator bottom ash

OorC Ordinary Portland cement

s/b Sand-to-binder

UCCT Uniaxial unconfined compression test

LC3 Limestone-calcined clay cement
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CSA Calcium sulphoaluminate

LL-ECC Lightweight engineered cementitious composites
G Graphite

MCMF Milled carbon microfibers

CCMF Chopped carbon microfibers

ML Machine learning

ANN Artificial neural network

NSGA-II  Sorting genetic algorithm IT

GRA Grey relational analysis

BPANN Back-propagation artificial neural network
SHAP Shapley additive explanations

PDP Partial dependence plots

PEG Polyethylene glycol
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