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Abstract: 3D-printing of cementitious materials is an innovative construction approach with which
building elements can be constructed without the use of formwork. Despite potential benefits in the
construction industry, it introduces various engineering challenges from the material point of view.
This paper reviews the properties of extrusion-based 3D-printed cementitious materials in both
fresh and hardened states. Four main properties of fresh-state printing materials are addressed:
flowability, extrudability, buildability, and open time, along with hardened properties, including
density, compressive strength, flexural strength, tensile bond strength, shrinkage, and cracking.
Experimental testing and effective factors of each property are covered, and a mix design procedure
is proposed. The main objective of this paper is to provide an overview of the recent development
in 3D-printing of cementitious materials and to identify the research gaps that need further
investigation.

Keywords: 3D-printing; additive manufacturing; cementitious materials; fresh properties;
hardened properties; mix design

1. Introduction

3D-printing, more formally known as additive manufacturing (AM), is defined as “fabrication
of objects through the deposition of a material using a print head, nozzle, or another printer
technology” [1]. It has been used successfully in a wide variety of disciplines, such as aerospace,
automotive, biomedical, energy, and food industries [2—4]. It is believed to enable the next industrial
revolution because of the quick and cheap production of objects from simple to intricate designs and
geometries. Over the last few years, several 3D-printing technologies have also been developed for
building and construction. Compared to conventional methods of construction, 3D-printing has the
potential for automation; reduction of construction cost (in terms of labor and formwork), time,
material waste, and energy; and fabrication of geometrically complex structures [5,6]. It is an
attractive alternative for both on-site and off-site construction applications.

Generally, 3D-printing technologies used in the construction industry can be roughly classified
into two major groups: powder-based and extrusion-based printing [7,8]. With the powder-based
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printing technique, a liquid binder material is deposited selectively to a powder layer (e.g., sand) so
that the desired object is bonded together after repeated process layers [9]. A typical example of
powder-based printing technology in construction is provided by the company D-shape [10]. Despite
its advantages of high printing resolution, as well as considerable geometric freedom, the powder-
based technique builds up each layer at a relatively slow printing speed, and thus, it is more suitable
for off-site and small-scale manufacturing, such as fabrication of panels, permanent formworks,
interior structures, and other building components [7,8]. In addition, due to the particular binding
process, only a small range of cementitious materials, mainly fast-setting ones, such as rapid-
hardening portland cement [11], calcium aluminate cement [12-16], magnesium-based Sorel cement
[10], gypsum [13,14,17,18], and geopolymer [7,19,20] have been utilized for powder-based 3D-
printing. For a comprehensive review of powder-based printing, see Lowke et al. [9].

For the exploration of both on-site and off-site large-scale manufacturing applications, this paper
focuses exclusively on the extrusion-based printing process, another typical 3D-printing technique in
automated construction, which extrudes printable cementitious materials layer by layer in the form
of filaments from a nozzle mounted on a robotic control system (shown in Figure 1). Examples like
Contour Crafting [21-23], Concrete Printing [24,25], CONPrint3D [26], and the PennStateDen@Mars
Project [27-31] (see Figure 2) illustrate the potential use of extrusion-based printing technology for
large-scale freeform construction. However, there are some concerns about the quality of printable
mixtures, which are quite different from cast-in-place concrete.

In traditional construction techniques, formwork is commonly used for the temporary support
of cast-in-place concrete, whereas in 3D-printing of cement-based materials, they are extruded layer
by layer without the use of formwork. Explicitly, the material must maintain its shape and sustain
subsequent layers after extrusion. Lack of conventional vibrating compaction during the printing
process also leads to anisotropic (namely, direction-dependent) properties of the printed
components. Therefore, both fresh and hardened properties of the printing materials are critical for
the quality of the printed components.

In 2012, the first systematic study on properties of the printable cementitious materials in fresh
and hardened states was reported by Le et al. [32,33]. The authors successfully developed a high-
performance printable mortar for the 3D-printing process, which provided a preliminary guideline
for other researchers. Since then, an increasing number of studies addressing the specific properties
of cementitious materials compatible with 3D-printing technology have been published, with the goal
of developing the printable materials for freeform construction.

Although a few review papers on this topic can be referred to [34-39], this paper contains a much
more detailed discussion on the fresh and hardened properties of 3D-printable cementitious
materials, especially their definitions, experimental testing, and internally/externally effective factors.
Section 2 covers the fresh properties, including flowability, extrudability, buildability, and open time.
The evolution of rheological properties that are related to fresh properties is further explained.
Section 3 presents thorough descriptions of the hardened properties, such as density, compressive
strength, flexural strength, tensile bond strength, shrinkage, and cracking. Existing reinforcement
methods are also discussed. In Section 4, a summary of experimental testing and effective factors for
each property is provided, and a step-by-step mix design procedure is proposed. Finally, Section 5
identifies future research needs in 3D-printed cementitious materials.
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Figure 1. Schematic of the extrusion-based 3D-printing setup: (1) computer for printing path (or tool
path) design; (2) robot controller; (3) 6-axis robotic arm; (4) storage container for raw materials (e.g.,
cement and aggregates); (5) dry mixer; (6) wet mixer and pump; (7) pumping hose; (8) printing nozzle;

and (9) printed specimen.
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Figure 2. The 3D-printed structures from the PennStateDen@Mars team: (a) dome structure; (b) water
reservoir; and (c) one-third-scale habitat.

2. Fresh Properties

Unlike conventional cast-in-place concrete, the cementitious materials 3D-printed without the
use of formwork are expected to be low or no-slump [40-43], and thus, stiff enough to maintain stable
printed geometries. Due to the difference between conventional construction methods and the novel
concrete printing process, it is important to consider the fresh properties of 3D-printed cementitious
materials in accordance with the innovative printing technique.

In most existing literature, flowability, extrudability, buildability, and open time are
investigated as the main properties of the printing materials in the fresh state [32,44-46]. Flowability
and extrudability are the critical parameters utilized to evaluate material flow behavior during
pumping and extrusion. Although these two properties seem to be interrelated, it should be noted
that flowability emphasizes the material’s ability to move smoothly from the mixer to the printing
nozzle, whereas extrudability focuses more on the capacity of fresh paste to come out of the nozzle
as a continuous filament with the desired thickness and width. Buildability, another important
parameter, indicates whether a printed filament can retain its extruded shape under load from itself,
subsequently deposited layers, and extrusion pressure. Lastly, open time is related to the time in
which the freshly mixed materials maintain consistency (ease of flow) for smooth transportation and
desirable extrusion.

Two contradictory demands for the printable mixture limit the development of construction-
scale 3D-printing. First, the cementitious paste is expected to be “fresh” enough to be transported in
the printing system and extruded through the printing nozzle, whereas it must be stiff and have
sufficient buildability to maintain its shape right after extrusion. Second, a long open time is beneficial
to continuous extrusion, as well as good interlayer bonding, but it is detrimental to shape stability of
printed objects with respect to buildability [32].

Some researchers [32,47,48] have regarded the flow behavior of materials as workability instead
of flowability when investigating fresh properties of 3D-printed cementitious materials. However, it
is unsuitable to describe flow behavior simply as workability. Although there has been a
disagreement about the definition of workability [49-51], the term “workability” generally refers to
various properties of fresh concrete during the conventional casting process (in which the materials
are mixed, transported, placed, compacted, and finished). In terms of the novel concrete printing
process, workability (or, more precisely, printability) should be defined as the property determining
the printable performance of a cementitious mixture. It is a composite property, with at least four
principal components mentioned above (i.e., flowability, extrudability, buildability, and open time).

All the fresh properties depend on the material mixture design and the printing system
(especially the mixing and pumping systems, as well as the printing nozzle. The effects of these
influential parameters on the four key fresh properties and the evolution of the corresponding
rheological properties are discussed in the following sub-sections.

2.1. Flowability

Flowability, or pumpability [24,52,53], is a critical property that evaluates the flow behavior of
fresh materials in the pumping system. Adequate flowability enables smooth transportation of the
materials from the mixer to the printing nozzle.

2.1.1. Experimental Testing

Flowability can be investigated qualitatively by a few simple testing methods, especially the
slump flow test [44,45,54,55] and the flow table test [46,48,56-61]. Supplementary information about
viscosity and buildability (Section 2.3) can be obtained by V-funnel test [46] and squeeze flow test
[55,62]. These methods are simple and commonly used for the gross measurement to indicate how
the cementitious paste would flow in the printing process.
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In the majority of recent studies [26,43,48,54], the rheometer test was utilized to characterize
material flow behavior from a quantitative perspective, providing the intrinsic rheological
parameters, such as yield stress and plastic viscosity. Yield stress 1. is the critical shear stress above
which flow initiates. It can account for the results of the slump flow test [63]. Plastic viscosity p is
defined as the resistance to flow, which relates shear stress t to shear rate y after the initialization.
The flow behavior of fresh cementitious materials is often described as visco-plastic materials based
on the Bingham model, i.e.,, 1 =1, + py. For high fluidity, the material yield stress and viscosity
should be as low as possible.

2.1.2. Effective Factors

From the point of view of mix design, additives (e.g., chemical and mineral admixtures and
reinforcing fibers) are the main factors affecting the flowability of fresh-state cementitious materials.
Chemical admixtures, such as superplasticizers and retarders, are commonly employed to better
control the flowability of freshly printed mixtures. Superplasticizers provide an improvement in flow
[32,44,45,57], whereas an excessive amount reduces the buildability significantly [44]. Additionally,
a retarder would be helpful for ensuring a constant flow in the printing machine [32,44,47]; however,
it postpones the stiffening rate (structural rate), and as such, the layer build-up process. Air-
entraining admixtures, which provide durability for hardened concrete at freezing and thawing
temperatures, can also affect the flow behavior of fresh concrete [64—66]. Zain et al. [67] observed that
an air content between 1.5 and 2% is appropriate to maintain the flowability, but excessive air content
decreases the flowability. It should be noted that the influence of air-entraining admixtures on 3D-
printable cementitious materials has not been taken into account in most existing literature.

The addition of mineral admixtures, such as fly ash, silica fume, and slag, is also a practical
approach to control the flowability of fresh paste. This is based on the effect of particle size, shape,
pozzolanic nature, and content of mineral admixtures. An appropriate proportion of aggregate,
cement, and mineral admixtures enables a wider particle size distribution, making it possible for the
fresh mixture to achieve good flowability [68,69]. The spherical shape of fine mineral admixtures also
contributes to the flowability by reducing inter-particle friction [70-72] and fluid demands [73]. Due
to the small size and round particle morphology, Rushing et al. [57] reported that the inclusion of fly
ash increases the flowability of the printing concrete mixture. However, the addition of silica fume
in the printing mixtures decreases the flowability in most cases [48,57,60] despite a promotion of
compressive strength [56], which may be mainly attributed to its pozzolanic activity and very fine
particle size (high specific surface area compared to cement leading to high water absorption, and
thus, low flowability of mixtures). Also, an excess content of fine mineral admixtures (i.e., over the
critical content at which maximum packing density is reached) may increase the specific surface area
of particles and the viscosity of mixtures [71], resulting in decreased flowability.

Reinforcing fiber, as a useful reinforcement method for 3D-printable cementitious materials, has
an adverse impact on material flow behavior [74-76]. According to Zareiyan and Khoshnevis [60]
and Shakor et al. [77], the inclusion of fiber decreases the flowability of 3D-printed concrete.
Conversely, Rushing et al. [57] reported that adding 0.46 vol. % short reinforcing fibers (i.e., 0.5-in.-
long steel or nylon fibers) to the printed concrete increases flowability compared with the control
mixture to some extent, and that the mixture containing steel fibers flowed better than that containing
nylon fibers.

In addition to the mix ingredients discussed above, there are external factors contributing to the
flowability of printable materials, such as the mixing and pumping systems, and ambient conditions
(i.e., temperature and relative humidity). For example, the time interval between mixing and
pumping would influence the flowability of the fresh mixture. The flow behavior varies depending
on the specific pumping system, including pump pressure, pumping distance, and size and geometry
of the pumping hose [78,79]. Additionally, since the rheological parameters, particularly viscosity,
are highly temperature-dependent, ambient conditions are influential factors in the flowability of
fresh materials.
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2.2. Extrudability

In 3D-printed cementitious materials, extrudability can be defined as the capacity of fresh paste
to pass through the printing nozzle as a continuous and intact filament [32,44,45,47]. Even though
excellent flowability is an essential prerequisite for adequate extrudability, a smooth flow of the
material in pumping hoses cannot guarantee the desired extrusion through nozzles. This is because
the size and geometry of hoses may not always be consistent with those of printing nozzles. For
example, a rectangular or conical nozzle can lead to a blockage problem, due to the difference in
cross-section between the pumping hose and the printing nozzle.

2.2.1. Experimental Testing

Three main characterization methods have been proposed to evaluate the extrudability of
cementitious mixtures for 3D-printing. The first method is an assessment of printing distance over
which the paste can be extruded out without blocking, segregating, or bleeding [32,44,47]. For
example, Le et al. [32] evaluated extrudability by assessing the continuity and stability of the extruded
filaments with a total length of 4500 mm from the printing nozzle. Secondly, a manual simulation test
of 3D-printing has also been proposed to characterize extrudability. Khalil et al. [47] and Rubio et al.
[80] used a simple modified gun as the manual device, whereas Rushing et al. [57] modified a clay
extruder as the testing device. Fresh-state materials were loaded manually in both devices to simulate
the extrusion process from the printing nozzle. A qualitative rating was assigned to each mixture
depending on the relative ease with which it was extruded. Since the extrusion process is related to
the flow behavior of the materials, extrudability can be characterized by the measurement of
rheological properties [81,82], which is regarded as the third characterization method. Panda and Tan
[43] studied the yield stress of materials to evaluate their extrudability using a rheometer. High static
yield stress results in inadequate extrudability and blocking problems [83].

The first method tends to reveal the actual process of extrusion, while the third method is more
likely to characterize extrudability as an intrinsic property of the mixture. These two methods are
expected to be applied simultaneously in order to evaluate extrudability quantitatively. Without an
apparatus to quantify the pressure manually applied to the paste, the second method (manual
simulation test) can only provide a qualitative result. This method is simple but not recommended.

2.2.2. Effective Factors

To achieve good extrudability, it is wise to apply the principles of self-compacting concrete
(S5CC) and sprayed concrete to the mix design of 3D-printable cementitious materials, since the
printed mixture has the advantages of both approaches (e.g., no need for compaction or formwork
and transported through a pump under pressure). The principles require a smooth grading of
materials with minimum void content and a high volume of cementitious paste for lubrication [32].
Le et al. [32] and Malaeb et al. [44] found that increasing the cement content and decreasing the sand
content lead to better extrudability. Consistent with the observations of Rahul and Santhanam [84],
Rushing et al. [57] reported that high coarse aggregate content causes interlocking of the aggregate,
clogging in the printing machine, and bleeding of the printed concrete. Hence, a cement to fine
aggregate to coarse aggregate ratio of 1:3:1 was chosen rather than that of 1:2:3 (the latter was
described as a mix proportion for conventional concrete mixtures). Hambach and Volkmer [85]
showed that the addition of a water-reducing admixture ensures smooth and continuous extrusion.
They also found that excessive fiber content (over 1.5 vol. %) causes frequent blocking of the printing
nozzle, which has a similar trend as observed by Rubio et al. [80]. Panda et al. [42] limited the fiber
dosage up to 1 vol. % to avoid blockage and obtain good extrudability during the extrusion process.
Ma et al. [46] proposed a new parameter, the extrudability coefficient (determined by flowability and
rest time), to design and optimize mix proportions for printable materials. They also argued that the
hydraulic conductivity of materials should be taken into consideration when adjusting the extrusion
rate. If the rate is lower than the hydraulic conductivity of the materials, the liquid phase can flow
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through the granular skeleton, resulting in both paste hardening and blocking problems in the
printing nozzle [86-88].

As for the printing nozzle, El Cheikh et al. [89] argued that a diameter ratio between the nozzle
diameter and the maximum particle diameter larger than 4.25 avoids blocking during the extrusion.
Based on their conclusion, it was reasonable for Le et al. [32] to select sand with a maximum grain
size of 2 mm for a small nozzle with a diameter of 9 mm, which provides both high printing resolution
and sufficient extrudability. It is noteworthy that a small nozzle sacrifices the efficiency of
construction and restrains the use of coarse aggregates.

Apart from the size of the printing nozzle, its geometry would also influence the extrusion
process. Roussel [53] elaborated on the difference in material flow behavior between rectangular and
conical nozzles: The deposited material would experience laminar or non-laminar flow in a
rectangular or conical nozzle, respectively. In the case of laminar flow, the material is deposited as a
stiff and non-deformed filament, which is desirable to retain its shape, while for non-laminar flow, it
expands once deposited despite easier extrusion than the former case.

2.3. Buildability

Buildability refers to the printed material’s resistance to deformation under load [24,32,45].
Without formwork, fresh materials must have sufficient buildability to be stiff enough after extrusion
to sustain its self-weight, weight from the upper layers [36], and the extrusion pressure [56].
Otherwise, the high geometric accuracy of printed material cannot be achieved, and printed
structures are highly prone to collapse.

One of the problems triggered by insufficient buildability is the deformation of the deposited
layers in the vertical and horizontal directions, and thus, significant changes in the geometry of the
printed component (displayed in Figure 3). This is due to fast printing in the height direction (short
printing time interval between the successive layers for small scale printing) or low structural rate of
the material (slow setting of the cementitious mixture). In this regard, material deformation should
be taken into consideration when it comes to printing path design for high geometric accuracy of
printed components [90].

Buildability failure by plastic collapse (a strength mechanism) and elastic buckling (a stability
mechanism) of printed wall elements has been numerically studied [53,91-96]. During the printing
process, the bottom layers have to sustain the gravity-induced stresses from the upper layers. When
the stress in the bottom layer (maximum stress) reach the material yield stress, the printed wall may
fail by plastic collapse. Elastic buckling is another failure mode for slender vertical structures
reported in the literature. The elastic buckling failure can occur, due to progressive lateral
deformations or eccentric layer placement. For the structure to be stable, the elastic modulus of the
printed materials should exceed the critical value.

I ] I

(@) (b)

Figure 3. Schematic illustration of vertical and horizontal deformation of filaments deposited through
a circular nozzle: (a) theoretical and (b) practical geometries.
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2.3.1. Experimental Testing

Buildability has been estimated in sprayed concrete by the horizontal build test [97], but for 3D-
printed construction materials, there are no recognized testing methods of this parameter in the
vertical direction [32,48]. Currently, two test methods are commonly used to directly or indirectly
assess buildability of the printed cementitious materials.

The first method involves direct measurement of the layer height or number of layers that could
be printed with minimum deformation or lowest risk of collapse [32,44,47,48,59]. This method is
desirable for the in-situ test, due to its intuitive and quantitative results, as well as the simple testing
process. However, it remains unclear how the degree of “deformation” or “collapse” is defined. To
make up for this deficiency, two critical parameters—average vertical strain (the ratio of vertical
deformation of deposited layers to the theoretical height) and height-to-width ratio of printed
structures —have been developed to measure the buildability quantitatively [46]. Another method for
indirectly investigating buildability concerns mechanical properties of fresh materials, including
vertical deformation under load, green strength (i.e., strength immediately after extrusion), and
rheological properties (especially yield stress). Panda and co-workers [43,98] conducted the plate
stacking test to simulate incremental load on the lower layers and monitor the deformation behavior
of the layers with no need to print, which is similar to the method presented by Perrot et al. [99],
Kazemian et al. [56], Yuan et al. [100], and Shakor et al. [55,62]. Zhang et al. [48] measured the very
early strength by the green strength test [101]. Likewise, other researchers [84,93,102,103] measured
it by the unconfined uniaxial compression. As for rheological properties, Zhang et al. [48] evaluated
viscosity, yield stress, and thixotropy (structure re-building of fresh paste) using the hysteresis loop
test [104] with a rheometer to investigate their relationship with buildability. Perrot et al. [99]
investigated yield stress to model the evolution of the mechanical strength of the printed materials.
High yield stress ensures less deformation under load and sufficient buildability of the fresh paste
[98,99].

2.3.2. Effective Factors

For conventional concrete, favorable dimensional stability can be achieved with high aggregate
contents [105]. Similarly, for 3D-printing of concrete, Ma et al. [36] pointed out that a relatively high
content of fine aggregate could lead to adequate buildability. Additives are also the main factors
contributing to buildability. Malaeb et al. [44] reported that, as the amount of superplasticizer
increases, the number of buildable layers decreases, even though flowability could be improved.
Khalil et al. [47] mixed a small quantity of calcium sulfo-aluminate cement as a setting accelerator
with ordinary portland cement to increase the short-term stiffening and achieve better buildability.
Although the addition of an accelerator allows fresh materials to set and stiffen at a faster pace, it
should be noted that the size of printed objects should be considered when choosing the content of
accelerators. For small objects, a very short setting guarantees sufficient buildability of the printed
objects. Conversely, for large structures, fast setting would cause issues like the formation of cold
joints and weak interfaces, due to a comparatively low printing speed and a long printing time gap
between layers.

Rushing et al. [57] and Rubio et al. [80] concluded that the inclusion of fibers improves the
buildability of cementitious mixtures. Zhang et al. [48] found that inclusion of nano clay or silica fume
enhances the yield stress, and as such, the buildability of the freshly printed materials, agreeing
reasonably well with the research by Kazemian et al. [56] and Panda et al. [103]. Panda and Tan [43]
reported that the addition of nano clay, microfibers, or ground granulated blast-furnace slag
contributes to better buildability of a 3D-printable geopolymer.

When it comes to external factors, Malaeb et al. [44] argued that side and top trowels installed
on a printing nozzle create smooth surfaces, ensuring maximum buildability. As for the geometry of
the printing nozzle, according to Roussel [53], material extruded from a rectangular nozzle can be
stiff enough to hold its shape as it is not sheared in the nozzle. However, material sheared in a conical
nozzle would spread after extrusion, which is detrimental to the buildability of the material.
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2.4. Open time

Open time is identified as the time elapsed between the initial contact of dry mix and water and
the time when the material is printable (flowable in the pumping system and extrudable in the
printing nozzle). It is related to the change of the flowability with time [32,44]. Note that open time is
not the same as setting time of the materials. According to Le et al. [32], the initial and final setting
times are representative in the traditional casting process, but are not relevant in the extrusion-based
printing process. Panda and Tan [43] pointed out that the open time of printable materials is always
shorter than the initial setting time of cast materials. Kazemian et al. [56] also reported that
discontinuous extrusion and nozzle blockage happen long before the initial setting time, strongly
implying that setting time could not be regarded as an alternative indicator of open time.

As mentioned earlier, there are contradictory demands for printable materials: Adequate
flowability, extrudability, and interlayer bonding require a long open time, whereas better
buildability can only be obtained by a short open time [32]. Hence, optimal open time for the novel
printing process should be determined through a certain amount of trials.

2.4.1. Experimental Testing

Since open time is different from setting time as discussed above, test methods for the time of
setting (e.g., the Vicat needle test and the penetration resistance test) are not appropriate for open
time. Malaeb et al. [44] adopted the slump flow test to investigate the variation of the flowability after
specific time intervals. To determine the change of flowability with time more quantitatively and
fundamentally, the rheometer test is also used by quite a few researchers [32,43,98,106]. For example,
Le et al. [32] determined open time as the time interval in which yield stress of the mixture increases
by 0.3 kPa from the initial value. Panda and co-workers [43,98,106] evaluated the change of intrinsic
rheological properties (i.e., yield stress, viscosity, and thixotropy value) over time and reported their
open time results as the time when those rheological properties reach the critical values for smooth
extrusion of fresh materials.

Kazemian et al. [56] and Ma et al. [46] developed a more direct method and determined open
time as the time period in which the freshly mixed materials could be continuously extruded from
the printing nozzle without disruption. Test results of this method can be a real indicator in the
extrusion-based printing process for on-site construction, since it can consider the overall printing
parameters.

2.4.2. Effective Factors

To achieve a reasonable open time, both retarders and accelerators should be taken into account.
A retarder can be employed to maintain a sufficient open time, preventing the printed materials from
settling, ensuring smooth transportation of materials in the printing machine [32,44,48], and avoiding
any cold-joint formation between successively printed layers [46], whereas an accelerator enables the
cementitious mixture to settle and gain enough early strength at a faster pace. It should be noted that
the retarder should start to work after mixing, whereas the accelerator is expected to function after
the extrusion process. Hence, it is significantly useful for the accelerator to be dispersed in the mixture
just before extrusion [26,107] rather than mixed in the mixer before transportation in the pumping
system.

Le et al. [32] and Malaeb et al. [44] both reported that the open time of the mixture with 0.5%
retarder reaches a peak; however, additional dosage beyond 0.5% decreases it to some extent. Le et
al. [32] further pointed out that, for agitated concrete samples (obtained by shaking the rheometer
container 10 times before testing), which have a longer open time than the non-agitated ones, the
open time could be extended from 10 to 100 min with 0.5% retarder and 1% superplasticizer. This is
due to the thixotropic behavior of cementitious materials: Without agitation, the material flocculates,
and yield stress increases over time; whereas, with agitation, de-flocculation occurs, reduces yield
stress reversibly [108,109], and thus, extends the open time. It means that agitation from gentle
vibration in the printing system (especially pumping hoses) favors the extension of open time.
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For a 3D-printed geopolymer, the open time is very dependent on the nature and dosage of the
activating agent and precursor. Panda et al. [106] designed a fly ash-based geopolymer activated with
potassium silicate solution and observed that the open time of the geopolymer mortar is short and
around 20 min. They then suggested that the rapid-hardening materials are expected to be mixed and
printed simultaneously rather than mixed and then stored in the container for an extended time
before printing. Panda and Tan [43] made further efforts to study fresh properties of the same kind
of geopolymer and showed that replacing fly ash with increasing slag content results in a decline of
open time.

2.5. Rheological Evolution

The above sections reveal a strong relationship between fresh properties and rheological
properties of 3D-printed cementitious materials. During pumping, extrusion, and deposition phases,
the visco-plastic behavior of printable materials is of interest. The critical flow-onset stress 1. (i.e.,
yield stress) must be low enough to ensure sufficient flowability and extrudability. After deposition,
materials are at rest, showing the elasto-plastic behavior [110]. These materials would exhibit an
elastic behavior when the stresses are lower than the yield stress. The material shear elastic modulus
can be given by G = 1./y_, where y,_ is the critical shear strain (corresponding to yield stress). As the
gravity-induced stress on a given layer gradually increases with the rising height of the printed
structures, both yield stress (i.e., strength) and elastic modulus (i.e., rigidity) are expected to increase
with resting time to avoid material deformation and control the geometry.

Figure 4 schematically represents the expected evolution of yield stress, which is divided into
four main stages [53,111]:

e  Stage 1: At the end of the mixing phase, cementitious materials display an initial yield stress 1,
and an initial elastic modulus G,. Their evolution is limited by the competition between
flocculation and de-flocculation, due to the agitation (i.e., shear stresses) from pumping and
extrusion. Low initial yield stress is favorable in this stage for better flowability and
extrudability. Water-reducing admixtures are able to decrease yield stress as dispersants by
modifying the flocculation state of the cementitious system. The addition of fine mineral
admixtures (such as fly ash, silica fume, and slag) with an appropriate proportion can affect
yield stress, as detailed in Section 2.1.2.

e  Stage 2: Once extruded and deposited, cementitious materials show intrinsic structural build-
up. Cement particles tend to flocculate and form a network of interacting particles as colloidal
attractive forces dominate [112]. The evolution of yield stress and elasticity in this stage is
negligible. The structural build-up rate after deposition can be modified by the use of
flocculation or thixotropic agents like clays [113-115], which lower the initial yield stress but
accelerate its evolution over time (particularly after deposition, as shown by the dashed line in
Figure 4).

e  Stage 3: It shows a transition period with an almost constant yield stress, corresponding to the
induction or dormant period. Hydration products nucleate at the pseudo-contact points between
cement particles within the network. The nucleation turns the colloidal interactions into high
energy interactions, forming solid bridges that increase elastic modulus at the macroscopic scale.
This process is reversible, and the inter-particle connections can be broken by shear or remixing
(so-called reversible structural build-up). Note that the material in this stage is not stiff enough
to support subsequently deposited layers. At the end of this stage, the material is no longer
flowable and extrudable. Stage 3 thereby represents the open time of printable materials. The
duration of this stage (or open time) can be further tailored by using water-reducing admixtures
(with retarding effect), retarders, or accelerators.

e  Stage 4: The sudden increase of the macroscopic yield stress and elastic modulus in an
irreversible way results from the rise in the size or numbers of solid bridges (irreversible
structural build-up). The printed material with increased yield stress can support more weight
and minimize deformation, due to the rapid strength gain. Buildability of printed materials is,
therefore, determined by the evolution in this stage. As a new layer is deposited, the stress in
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the underlying layers increases, which requires that the evolution of yield stress must be faster
than that of gravity-induced stresses. It should be kept in mind that although the gravity-
induced stresses may stay below yield stress and no spreading flow occurs, the additional strain
from the elastic behavior could threaten the geometry control of the printed elements. While
high yield stress is a prerequisite for buildability, cold joints would become the next concern. To
satisfy the buildability requirement but avoid cold-joint formation, the proper accelerator type
and dosage need to be determined based on the scale of the printed structures.

Log(Yield stress)
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Figure 4. Evolution of yield stress of printable cementitious materials. The printing direction is
schematically represented from right to left, with shades of grey indicating the age of the material.
Note that the evolution during mixing is not included in this figure. (Adapted from Reference [111].)

3. Hardened Properties

With no vibrator employed for further densification or compaction, small linear voids are likely
to form between extruded filaments owing to the layer-by-layer extrusion method, resulting in
anisotropic behavior [33,54,98]. As defects in the printed structures, these linear voids (or inter-
filament voids, shown in Figure 5) inevitably have an adverse influence on hardened properties of
the 3D-printed cementitious materials. On the contrary, a certain amount of pump pressure in the
extrusion process reduces the volume of voids inside each filament (namely intra-filament voids),
providing benefits for the microstructure of the printed materials [33,54]. The combined effect of
inter- and intra-filament voids (related to print quality and pump pressure, respectively) determines
the hardened performance of freeform components, which is further discussed in the following sub-
sections. Here, print quality can be defined as surface quality, dimension stability and bonding
quality of the deposited material, all of which highly depend on fresh materials properties (i.e.,
extrudability, buildability, and open time) and printing parameters (including printing speed,
printing time gap, and printing path).

In most existing literature, two approaches have been adopted for deeper investigation of the
hardened properties of 3D-printed cementitious materials. One approach is to find out the difference
between printed and mold-cast specimens from the same batch of materials. The printed specimens
for testing are prepared in three different ways: extracted from printed components by sawing or
coring [8,26,33,42,46,54,58,61,98,106,107,116-121]; obtained by printing directly [47,77,85,122-124]; or
cast in special molds with a specific procedure to simulate the layering process of the extrusion
method [125-129]. The other approach is to characterize the hardened properties of the printing
mixtures merely by mold-cast samples [32,56,59,106,130]. For the former approach, the effects of the
novel manufacturing process on printed products can be better understood when compared to
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traditional construction methods. However, the latter one can be used for the optimization of mix
proportions of 3D-printable cementitious materials. Considering that the 3D-printing process is quite
different from conventional construction methods and leads to issues of anisotropy, the present
section mainly reviews the literature related to the first approach.

The focus in this section is on how the novel printing process affects mechanical strengths
(namely compressive, flexural, and tensile bond strength), which are regarded as the significant
hardened properties of cementitious materials in the construction industry. Other properties (such
as density, shrinkage, and cracking) and reinforcement methods are addressed in the subsequent sub-
sections as well.

A void between 4 filaments

A longitudinal flaw

(b)

Figure 5. Linear voids between filaments (namely inter-filament voids) in (a) transverse and (b) side

view.

3.1. Density

There are several factors that influence density, including pump pressure, printing speed, and
printing path design. Le et al. [33] reported that the well-printed specimens exhibited lower void
content (1.0%) and higher density (2350 kg/m?®) than mold-cast ones (3.8% and 2250 kg/m?). The
results can be demonstrated by the greater compaction and fewer intra-filament voids obtained with
the small, but forceful, pressure in the pumping system [33,98], consistent with the observations of
sprayed mortars [131] and extruded engineered cementitious composite (ECC) materials [132].

The printing speed balance between nozzle travel speed and material extrusion rate also
contributes to density. Figure 6 compares the print quality of printed cylinders in three different
extrusion settings. When the extrusion rate fits in well with a given nozzle travel speed, high print
quality can be achieved, resulting in a high density of the printed components (Figure 6(c)). However,
disturbance of the stated balance leads to poor quality of printing, and thus, a variation of density
(Figure 6(a) and (b)). It can be concluded that the printing speed should be engineered and adjusted
to prevent any over-extrusion and messy final printed objects.

Moreover, there are numerous printing paths to generate a particular 3D digital element, and
the choice of printing path would affect its density. Hambach and Volkmer [85] studied the influence
of different printing paths on density and explained that specimens printed in a parallel shape show
higher density than those printed in a crosshatch shape. They also applied the concept of “hierarchy”
[133-135] to the 3D-printable cementitious materials to obtain a denser printed structure with high
strength and material efficiency. This was done by printing a parallel shaped shell and a crosshatch
shaped core with carbon fiber-reinforced cement paste as a hollow formwork, and casting simple and
inexpensive mortar as a filling agent into the printed formwork to fill the voids after 24 h. Note that
the formwork lateral pressure exerted by the cast mortar becomes significant as the height of the
designed component increases; as such, higher mechanical performance or longer curing time of the
printed formwork is needed. Such hierarchical structures in 3D-printing are worth further
investigation.
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(a) (b) (c)

Figure 6. Print quality of 3D-printed cylinders with different printing speed: (a) low nozzle travel
speed (poor printing, dense but not neat), (b) high nozzle travel speed (poor printing, neat but
porous), and (c) well-adjusted nozzle travel speed (good printing, dense and neat), for a given
material extrusion rate.

3.2. Compressive Strength

3.2.1. Experimental Testing

To enhance the understanding of anisotropic properties of the printed components, quite a few
researchers [33,42,54,61,98] have conducted compression tests for saw-cut cube specimens in three
loading directions: perpendicular, longitudinal, and lateral directions (Figure 7). Apart from cube
specimens, cylinder [33] and prism [8,26] specimens were also utilized to evaluate the compressive
strength of printed materials. However, for those cases, geometry, as well as dimensions, should be
considered when analyzing the results from literature. Note that to obtain true results, plane surfaces
of the specimens are required by grinding or capping prior to testing. In several research efforts
[26,117,120], only two loading directions rather than three were tested, which is required for
consideration of the anisotropy of the printed structures.

o ) o

Y Y X

(a) (b) (©)

Figure 7. Testing directions for compressive strength test of printed cube specimens: (a)
perpendicular, (b) longitudinal, and (c) lateral to the layer orientation. Note that a coordinate system
XYZ is described where the directions of the X- and Z-axis are parallel to the printing path (dashed
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lines) and the gravitational direction (the height during the printing process), respectively. Printed
layers locate in the X-Y plane.

3.2.2. Effective Factors

Differences between compressive strength of both printed and mold-cast specimens can be
ascribed to the combined effect of inter- and intra-filament voids (related to print quality and pump
pressure, respectively) as demonstrated above. Results from previous research [136] indicate that
single-layer extruded materials show improved mechanical performance in comparison with cast
control ones, due to the pressure in the extrusion process. Nevertheless, for multi-layer extruded
components, such as 3D-printed products, pressure from the pumping system might not be
dominant, since other factors (e.g., print quality of the printed object) also play an important part in
the mechanical properties.

There is still disagreement about the compressive strength of printed and cast control specimens:
In some research [33,47,77,117,120,121], cast specimens show higher compressive strength than
printed specimens; conversely, other investigations [26] revealed that printed specimens have higher
compressive strength compared with cast ones. The opposite conclusion from the studies is attributed
to many parameters, such as materials, printing speed, printing time gap, size and geometry of the
nozzle, as well as the printed object itself, curing conditions, etc. In general, print quality and pump
pressure caused by the above parameters have a significant effect on the content and distribution of
inter- and intra-filament voids, and as such, the performance of printed structures. It can be expected
that a reasonable and effective extrusion process strengthens the compressive capacity of printed
objects.

Literature reveals that the direction of loading has a direct influence on the compressive strength
of 3D-printed specimens owing to anisotropy. Among the three loading directions, the longitudinal
direction exhibits the highest compression strength values in most of the previous works [8,33,54,98].
There is an appropriate explanation for this difference: The highest pressure acts on the printed
materials in the longitudinal direction during the extrusion process [42]; the fresh materials can
expand freely in the lateral direction with the least pressure during the setting process, due to a lack
of formwork [8]; for the perpendicular direction, the printing materials undergo a medium level of
pressure despite the weight of layers [8]. From the viewpoint of the degree of compaction, high,
medium, and low degrees of compaction exist in the longitudinal, perpendicular, and lateral
directions of the printed components, respectively. As a result, the highest compressive strength is
found in the longitudinal direction, whereas more voids or weakness are introduced in perpendicular
and lateral directions. Panda et al. [98] gave another reasonable explanation that loading in the
longitudinal direction allows high-efficiency stress transfer, whereas loading in the perpendicular or
lateral directions leads to the interfacial slip between filaments. This explanation focuses more on the
micromechanics of stress transfer rather than the degree of compaction.

On the contrary, Hambach and Volkmer [85] and Zhang et al. [61] reported that compressive
strength decreases remarkably in the longitudinal direction when compared to the perpendicular
direction. The results provided in Panda et al. [42] indicate that the printed samples show the lowest
strength in the longitudinal direction and the highest in the lateral direction. Due to these
contradictory results, extensive research and experimental data are still required, and the
mechanisms of the compressive behavior under different test directions need to be developed.

It is important to stress the fact that printed specimens in most of the research above are obtained
from the straight-line printed slabs. To further assess the potential of freeform design, Le et al. [33]
extracted printed samples from a trial curvy-shaped bench and tested them under compression. They
addressed that the compressive strength of printed samples from the curvy bench is significantly
lower than the values of the mold-cast controls and the printed samples from straight-line slabs. The
authors mainly ascribed the results to voids between the curved filaments. Asprone et al. [122] tested
a set of printed hollow cylinders under compression to investigate the potential geometrical effect of
solid and hollow shapes and showed that the compressive strength of the hollow printed cylinders
is 16% lower than that of the solid ones.
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In regard to the effect of the printing time gap between subsequent layers, Sanjayan et al. [8]
found that whichever test direction is conducted, the compressive strength of the specimens with a
20-min time gap is higher than that of the specimens with 10-min and 30-min time gaps, i.e.,
compressive strength first increases and then decreases with an increase in time intervals between
layers. Although this phenomenon was not explained by the authors, it might be due to the bond
behavior, which is highly dependent on the moisture content of the filament surface (further
illustrated in Section 3.4.2).

Hambach and Volkmer [85] investigated the influence of fiber types (carbon, glass, and basalt
fibers), printing paths (parallel and crosshatch shapes), and loading directions (perpendicular and
longitudinal directions; note that in their specific printing path design, the longitudinal direction is
the same as the lateral direction) on the compressive strength of printed components. The authors
found that fiber type and printing path do not affect the results significantly in contrast with the
loading direction. In regard to the dosage of fiber, Shakor et al. [77] reported that the inclusion of 1%
glass fiber enhances the compressive strength of the printed cement mortar. Conversely, Panda et al.
[42] revealed that compressive strength of a printable fly ash-based geopolymer mortar slightly
decreases with an increase in fiber (3-mm glass fiber) content from 0.25% to 1%, no matter which
loading direction is tested. This may be because the process of adding fibers to the cement matrix
introduces more entrapped air with an increased amount of fiber [137,138], negatively affecting the
mechanical properties.

A comparison of the nozzle geometry was reported in Paul et al. [54]. The results indicate that
the printed specimens using a rectangular nozzle show a similar trend in the development of
compressive strength of all testing directions as the cast control ones, whereas the printed specimens
using a circular nozzle show a large variation in strength development. This is because the
rectangular nozzle gives more contact area, and thus, creates fewer voids between filaments than the
circular nozzle. Nevertheless, they concluded that the circular nozzle offers excellent advantages,
including printing complex objects at various printing angles, as well as maintaining a symmetric
section and a right alignment during printing—making it possible to introduce greater geometric
freedom into the architectural design [54]. That is why circular nozzles are commonly used in
extrusion-based 3D-printing processes.

3.3. Flexural Strength

3.3.1. Experimental Testing

Like compressive strength, flexural strength of printed components is also determined by
loading directions, due to the anisotropy introduced by the 3D-printing process. From the authors’
perspective, there are six different directions for investigating the anisotropic flexural bending
behavior of printed prisms (shown in Figure 8). However, it should be noted that most studies
[33,42,98,118,120,139] focus on three loading directions rather than six, and some researchers
[8,26,46,54,77,85,107,127] only considered two directions or even one direction. These simplified
conditions might be simple in terms of the testing procedure, but are limited for analyzing the
anisotropic property. More comprehensive research is required to evaluate the mechanical properties
of 3D-printed prisms in all six directions, particularly for a prefabricated component that can be
placed in any arbitrary direction.
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Figure 8. Testing directions for flexural strength test of printed prism specimens: (a) and (b)
perpendicular, (c) and (d) longitudinal, (e) and (f) lateral to the layer orientation. The coordinate
system XYZ is the same as that in Figure 7.

3.3.2. Effective Factors

As stated above, most researchers only evaluated three of those six directions, and moreover,
they did not provide detailed descriptions for the directions they chose. In general, when testing
specimens in different directions, the highest flexural strength is expected in the loading direction,
shown in Figure 8(a). In this direction, the maximum tensile stress takes place along with the extruded
filament (i.e., longitudinal direction) at the central bottom area of the prism specimen, which governs
the flexural strength. The lower layers are inevitably compacted due to the weight from the upper
layers, and the water-to-binder ratio of the lower layers decreases with the bleeding phenomenon of
the printed materials. Therefore, a better compaction and a lower water-to-binder ratio make
contributions to the improved loading capacity of the bottom layers, and thus, a higher flexural
strength in this specific direction [33]. The difference between lower and upper layers also indicates
that the mechanical properties depend significantly on the position where the printed specimens are
extracted, which should be taken into account when investigating the anisotropic behavior.

Note that there are other factors, such as joints, that can result in anisotropic behavior. For
instance, horizontal joints between longitudinal filaments (Figure 8(b) and (d)) and vertical joints
between different layers (Figure 8(c) and (e)) are the main defects in the peak-stress region of the
beam that can significantly reduce the flexural strength. For the loading direction shown in Figure
8(a), no joint in this region leads to a relatively higher flexural strength.

Similar to compressive strength, Le et al. [33] also compared the flexural strength of the
specimens obtained from the straight-line printed slabs and the trial curvy-shaped bench. The
authors concluded that samples from the curvy component have higher results than the cast control,
but lower than samples cut from the straight slabs, due to the variation of print quality in different
printing paths. The large coefficients of variation of the results also indicate the unstable print quality
of curvy-shaped printing path.

Regarding the influence of printing time gap, Sanjayan et al. [8] observed that flexural strength
of the printed specimens first increases and then decreases as the printing time gap increases, which
follows the same pattern seen in compressive strength results. However, Al-Qutaifi et al. [127]
reported that with an increase in time gap, flexural strength decreases, due to the reduction of an
interlayer bond. Note that Sanjayan et al. [8] offer no explanation for their results; the printed
specimens in Al-Qutaifi et al. [127] were manufactured by a specific layering process with a self-made
mold rather than an automated printing process.

Panda et al. [42] evaluated the effect of fiber and showed that an increasing weight percentage
of glass fiber from 0.25% to 1% in the fly ash-based geopolymer mortar enhances the flexural strength
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of printed samples, irrespective of fiber lengths (3 mm, 6 mm, and 8 mm). A similar trend also
occurred in the research on an 18-mm basalt fiber with the content from 0% to 0.7% by weight [118].

Considering the successful application of fiber alignment in the extrusion process [140,141],
Hambach and Volkmer [85], Ma et al. [118], and Shakor et al. [77] fully leverage the potential of this
phenomenon to 3D-printed cementitious materials for enhancing the hardened performance of the
printed structure. A high degree of aligned fibers can be achieved when the diameter of the printing
nozzle is smaller than the average fiber length [85,118,141] (demonstrated in Figure 9). With the
advantages of significantly increasing flexural strength of printed structures, minimizing the content
of reinforcement steel, and enabling spatially controllable mechanical properties [85], fiber
reinforcement for printable cementitious materials by aligned fibers is promising for a fully
automated construction process.

/.H_._\
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Figure 9. Schematic illustration of fiber alignment within the printing nozzle during 3D-printing
process.

3.4. Tensile Bond Strength

Over the last few decades, the bond behavior between old and new concrete (i.e., hardened and
fresh concrete) has been extensively investigated in the field of maintenance, repair, and
strengthening of concrete structures [142-146]. Regarding the innovative 3D-printing process,
however, there is a need to study the bond behavior between fresh-state successively deposited
filaments, which determines anisotropic mechanical properties of 3D-printed components and
requires complete consideration before large-scale concrete printing.

3.4.1. Experimental Testing

Measurements of bond strength between an old concrete substrate and new-cast concrete have
been developed in terms of tension, shear, and torsion. Comprehensive reviews and comparisons of
these tests have been extensively demonstrated [126,147-151]. With regard to 3D-printing of concrete,
however, the application of these test methods is severely limited.

Tension tests are mainly applied to evaluate the bond strength of printed structures. In recent
investigations [8,33,42,58,98,106,152], the direct tension test was conducted to measure the interlayer
bond of printed specimens, whereas indirect tension tests, such as the splitting tensile test, are
adopted by Zareiyan and Khoshnevis [125,126,128], Wolfs et al. [120], and Keita et al. [153]. For
further freeform construction applications, tension tests are particularly limited in fully
demonstrating the bond strength of printed components. Based on the literature to date, the next sub-
section mainly reviews the bond strength of printed specimens with respect to tensile forces.
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3.4.2. Effective Factors

Similar to compressive and flexural strength, bond strength of the printed structures is also
controlled by the printing time gap between extruded layers, which is mostly a function of the
structure size. In most of the reported research [33,98,106,120,152], there has been agreement that
tensile bond strength decreases with an increase in printing time gap. There are several possible
explanations for this decreasing pattern. For example, Le et al. [33] attributed the strength reduction
to the decreased interlayer adhesion, as well as the non-uniform shrinkage of the newer and older
layers. Observing that an increased time gap leads to a larger amount and size of voids in the cross-
section, Tay et al. [152] gave a detailed explanation: As the initially printed layers become stiff over
time, the energy caused by deposition of the subsequent layer is not sufficient for the interface
material to rearrange its orientation to accommodate the shear stress brought by the new layer
(indicated in Figure 10). This inevitably introduces incompatibility between layers, resulting in poor
bond strength.

Despite the reasonable explanation for the observed decreasing pattern, Sanjayan et al. [8] found
a completely different trend: With 10- and 30-min time gaps, the bond strength of the printed
specimens appears to be higher in comparison to a 20-min time gap. In this case, they conducted extra
tests of surface moisture content and bleeding rate to investigate the relationship between printing
time gap and interlayer bond. The following conclusion was drawn: The initially high bond strength
is attributed to a high moisture level from a lubricating layer near the surface of the extruded paste,
but bond strength then decreases during the time gap with the evaporation of surface moisture. After
an increase in the bleeding rate from 20- to 30-min time gaps, a rise of surface moisture leads to the
increased bond strength. They then identified the evolution of surface moisture content over time as
the major factor affecting interlayer bond strength. This research not only refutes previous findings,
but provides another hypothesis about the effect of printing time gap.

From the relationship between printing time gap and bond strength mentioned above, it can be
expected that the horizontal bond between two longitudinal filaments in the same layer is stronger
because the adjacent filaments are printed right after each other in a small time interval, whereas the
bonding between different layers is weaker, since printed filaments in the lower layers start drying
and they are not as fresh as those in the newly printed layer. This effect would become more
pronounced for large structures, which take a long time to finish the printing of each layer. Hence,
some specific curing methods should be adopted to hold surface moisture and reduce shrinkage of
lower printed layers during large-scale printing for better bond behavior.

Apart from printing time gaps, Panda et al. [106] studied the effects of nozzle travel speed and
nozzle height on the tensile bond strength of 3D-printed geopolymer mortar. Results from their
research showed that higher bond strength values are obtained with a reduction in nozzle travel
speed or nozzle height. For higher compaction and enhanced interface adhesion, Bos et al. [154]
proposed a method to press layers into each other by placing the printing nozzle slightly into the
printing filament. Nevertheless, Panda et al. [106] expressed that this method might have a negative
influence on the geometric accuracy of the printed structures.

The geometry of the printing nozzles has an influence on the bond strength values to some
extent. As explained in Section 3.2.2, a rectangular nozzle creates fewer voids, and thus, more contact
area in the printed components, when compared to a circular nozzle [54]. In addition to the above
factors, bonding agents [124,129], roughness of the contact surface, and fiber distribution also affect
bond behavior —all of which require future research.
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Figure 10. Schematic illustration of interlayer bonding mechanism. (Adapted from Reference [152].)
Interface material can be considered as a thin film of layer (present in the surface of fresh material),
which serves as a lubrication layer in pumping hoses before extrusion and determines tensile bond
strength between layers after extrusion [106].

3.5. Shrinkage and Cracking

Shrinkage is an important factor in long-term dimensional stability and cracking in structures.
It is reported that shrinkage depends on the hydrated cement paste volume and the restraining effect
of aggregate [51,155]. The diameter ratio of 4.25 [89] (discussed earlier in Section 2.2.2) implies that
with a small-size printing nozzle, coarse aggregates might not be suitable in printable cementitious
mixtures. Printed materials using a high content of cement have to undergo high shrinkage strain
without the restraining effect of coarse aggregate. Additionally, as the materials are printed layer by
layer without formwork, the surface area in contact with air is inevitably large, allowing a high rate
of water evaporation, and thus, plastic shrinkage during the fresh stage, as well as drying shrinkage
during the hardened state under dry condition [33]. Both a high cementitious paste content and a
high water evaporation rate induce shrinkage behavior in the printed materials and cracking
potential in the final printed structures (e.g., cracking, as shown in Figure 11). Since high temperature
leads to a high water evaporation rate, good curing with high humidity, as well as reasonable
temperature, is ideal for better hardened performance of the printed materials. Width of printed
filaments and size of structures also affect shrinkage from an evaporation rate point of view. If
shrinkage indeed becomes a negative and harmful factor in the printing process, the inclusion of
fibers, shrinkage-reducing admixtures, or internal curing agents should be considered to obtain low
shrinkage and mitigate cracking [55,123].

Le et al. [33] monitored the effect of different curing conditions (water immersed, covered in
damp hessian with a plastic sheet wrapped, and in a climatic chamber (20 °C and 60% relative
humidity)) on drying shrinkage of the printable mixture over six months. They found that drying
shrinkage of the mold-cast samples reduces with an increasing curing humidity, agreeing with other
research on traditional cementitious materials [155-157].

Thermal shrinkage is another cracking feature for the 3D-printed objects caused by a difference
in ambient temperature and the temperature of the freshly printed material. The exothermic chemical
reaction of cement hydration raises the temperature of the bulk volume of the freshly printed
material. Without formwork, the surfaces of the printed materials would be exposed to the air and
cooling quickly during the early age. Also, the lower layers are deposited earlier than the upper
layers, and as such, have more time to cool down under ambient conditions (shown in Figure 12).
The significant thermal gradient between surface and core or between the bottom and top results in
thermal stresses and thermal cracking in the 3D-printed cementitious materials.

It is worth noting that the extrusion process (e.g., printing speed and oscillation) and the filament
curvature (associated with the printing path) would encourage further cracking. While pumping out
the material from the printing nozzle, the fresh sheared material would stretch and undergo tensile
stress at its surface [158]. It is expected that high tensile stress can be introduced by high nozzle travel
speed at a given material extrusion rate (Figure 6(b)). Furthermore, the oscillations between joints on
the printing system would have a significant impact on the stability of the printing nozzle, and thus,
the cracking potential of subsequently deposited filaments [62]. The curvature of the printing path
also applies tensile stress to the freshly printed material. A smaller radius of curvature induces higher
tensile stress, and therefore, the designed radii of curvature in the printing path should be over a
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critical value [154]. Once the applied tensile stresses—triggered by deposition stretch, oscillation, or
curvature —are larger than the tensile strength of the freshly printed mixture, it can lead to tearing
and cracking of the outer surface of the printed material.

(a) (b)

Figure 11. (a) Top view and (b) close-up view of visible crack formation (attributed to plastic
shrinkage caused by a high water evaporation rate near the surface) in a 3D-printed water reservoir.

(a) (b)

Figure 12. Infrared thermographic images of a 3D-printed cylinder with metakaolin-based

geopolymer: (a) lower layers and (b) upper layers.

3.6. Reinforcement

Concrete is a brittle composite material that lacks sufficient tensile capacity for the intended
application. Reinforcement is thereby implemented in concrete structures to improve mechanical
performance. However, reinforcing 3D-printed cementitious materials is challenging, since the
traditional method is not suitable for printed materials. In conventional reinforced concrete, steel bars
are placed inside wooden formwork, which is then filled with fresh concrete. After vibration, a strong
interface bond is formed between rebar and concrete. In terms of 3D-printed cementitious materials,
prefabricated steel bars would restrict the nozzle movement during printing. Without vibration
during the printing process, insufficient bonding would minimize the load transfer from concrete to
rebar, reducing the effectiveness of reinforcement. Reinforcement integration has to be compatible
with the novel 3D-printing technology.

Based on the stage of the manufacturing process, three possible solutions for reinforcing 3D-
printed cementitious materials have been proposed:



Sustainability 2020, 12, 5628 21 of 34

e  Pre-installed reinforcement: Reinforcement is arranged and placed in the final configuration
prior to material deposition. This method has been used by HuaShang Tengda Ltd. [159]. The
vertical and horizontal steel bars need to be pre-installed and placed manually on-site before
printing, and concrete is then extruded layer by layer from the two customized nozzles on either
side (Figure 13). This reinforcing approach is effective for vertical reinforcement, although the
interface bonding might not be as strong as that in conventional reinforced concrete. It should
be pointed out that additional labor is needed for reinforcing placements, and freeform
construction is limited in this approach.

e DPost-installed reinforcement: Reinforcement is installed after the material is 3D-printed.
Companies, such as WinSun [160] and Apis Cor [161], have considered the possibility of printing
concrete shells as permanent formwork, followed by placement of reinforcing steel bars and
casting of conventional concrete in the core. Even though this approach eliminates the
demolding process and allows a simple and straightforward implementation of reinforcement,
it seems to be impractical, due to the lateral pressure from the cast concrete. For a wall element,
the strength of the printed concrete shell must stay higher than the maximum lateral pressure at
the bottom of the wall, which might require long curing time before casting new concrete. It
further raises concerns about the bonding between printed and cast concrete, degree of
automation, and possibilities of producing geometrically complex reinforced structures. Lim et
al. [24] and Salet et al. [162] have explored the use of the post-tensioning method for the printed
elements. Designed holes or conduits are included for the placement of reinforcing bars or
cables. This method is feasible for producing a highly reinforced printed material with sufficient
stiffness and tensile capacity, even though automation is somewhat limited. Asprone et al. [122]
fabricated 3D-printed beams by using external reinforcement, in which steel bars are installed
externally to assemble printed segments together into beams. Although this method increases
the in-plane and out-of-plane loading capacity of printed structures, corrosion of external steel
bars becomes the major concern.

e In-process reinforcement: Continuous reinforcement is placed as the material is extruded.
Researchers confirmed the feasibility of simultaneously entraining steel cables to printed
mixtures during the extrusion process [163-166] (Figure 14(a)). Despite improving mechanical
capacities of printed structures, cable reinforcement fails to address the problem of weak
interlayer bonding introduced by the printing process. To improve the bonding and enhance the
overall performance, Marchment and Sanjayan [167] integrated mesh reinforcement within the
printing process. A forked nozzle (similar to the nozzle in pre-installed reinforcement) is
designed to allow the embedding of continuous reinforcing mesh in the middle of the printed
material (Figure 14(b)). Geneidy et al. [168,169] further combined a printing nozzle with a stapler
that can insert staple profiles into the printed materials, maximizing structural integrity
(indicated in Figure 14(c)). All of those methods involve directly entraining reinforcement
during printing using a highly automated printing system. The addition of fibers to mixtures is
an alternative approach that has been explored widely. A high degree of fiber alignment along
the printing direction can be introduced by the extrusion process (see Section 3.3.2 and Figure
9), improving the mechanical performance of the printed materials. Although these in-process
reinforcement methods enable the highest degree of automation and design freedom, they might
not provide the printed cementitious materials with the same level of tensile and compressive
strength as pre-installed or post-installed methods (i.e., steel rebar provides a higher reinforcing
level compared to the other reinforcing materials, such as cable, mesh, and fiber).

Among the reinforcing methods mentioned above, few of them (e.g., mesh and staple
reinforcements) are considered effective in reinforcing in the interlayer direction, which is much more
essential for 3D-printing. To maximize the mechanical performance of the printed elements,
combining some of the reinforcement strategies for specific purposes may be an appropriate
approach.
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Figure 13. Pre-installed reinforcement. (Reproduced from Reference [167], with permission from

Elsevier.)
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Figure 14. In-process reinforcement with (a) steel cables, (b) mesh, and (c) staples. (Reproduced from
References [165,167,168], with permission from Elsevier and the Institute for Advanced Architecture
of Catalonia (IAAC).)

4. Mix Design

Table 1 summarizes the internal (mix design) and external (printing parameters, printing
system, and curing conditions) factors along with experimental testing for the fresh and hardened
properties mentioned in the above sections. The reader can refer to Sections 2 and 3 for more details.

As seen in Table 1, mix design is an effective internal factor influencing both fresh and hardened
properties of 3D-printed cementitious materials. To satisfy the mentioned requirements of the
printable materials, a brief step-by-step mix design approach is proposed in Figure 15. Proportions
of printable mixtures reported in literature could be used as a starting point. Generally, the basic
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principle of raw materials selection consists of high aggregate content (buildability, shrinkage, and
cost control) and smooth particle grading (flowability and extrudability control). Since the size and
geometry of printing nozzles limit the maximum particle size of raw materials, extrudability becomes
the first parameter to be considered. The diameter ratio of 4.25 (see Section 2.2.2) can be adopted
during raw material selection.

After designing an initial mixture, performance assessments of the mixture and modification
procedures are conducted iteratively. A failure to fulfill the extrudability requirement can be due to
a high content of aggregates or fibers. Adjusting paste volume or fiber content can be an option, and
other alternative materials, such as mineral admixtures, should be considered to produce extrudable
materials with designed strength. With sufficient extrudability, other fresh properties can be refined
mainly based on the employment of chemical admixtures. Detailed discussions about the use of
various chemical admixtures can be found in Reference [111]. Note that it is necessary to identify the
printing scale (depending on the size of the designed structures), since it is highly related to the
required open time, which controls the interlayer bonding, as well as the buildable performance (see
Section 2). After the fresh properties are optimized, mechanical performance and shrinkage behavior
need to be evaluated. Finally, a full-size printer (e.g., Figure 1) is used for further verification testing
at a similar ambient temperature and humidity as the project of interest.
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Table 1. Summary of the experimental testing and effective factors for fresh and hardened properties.

Effective Factors

Internal External
Properties - . . X Experimental Testing
Mix Printing Printing Curing
design ! parameters 2 system 3 condition *
o Slump flow test [44,45,54,55]
« Flow table test [46,48,56—61]
Flowability X3 -6 X - « V-funnel test [46]
« Squeeze flow test [55,62]
« Rheometer test [26,43,48,54]
« Assessment of printing distance without disruption [32,44,47]
Extrudability X X X - « Manual extrusion with qualitative rating [47,57,80]
« Rheometer test [43]
Fresh « Direct measurement of the layer height or number of layers with minimum deformation
. o [32,44,47,48,59]
Buildability X X X - « Indirect measurements: vertical deformation under load [43,55,56,62,98,100], green
strength [48,84,93,102,103], and rheological properties [48,99]
« Direct measurement of the time period in which the materials could be extruded without
. disruption [46,56]
Open Time X . X X «Indirect measurements: slump flow test [32] or rheometer test after specific time
intervals [32,43,98,106]
. « Density and void measurements [33]
Density X X } j « Density and helium porosity measurements [85]
. « Cube specimens in three [33,42,54,61,98] and two loading directions [120]
Compressive . . . . s
X X X X « Prism specimens in three [8] and two loading directions [26,117]
Strength « Cylinder specimens [33]
Hardened Flexural Strength X X X X « Prism specimens in three loading directions [33,42,98,118,120,139]
& « Prism specimens in one or two loading directions [8,26,46,54,77,85,107,127]
Tensile Bond « Direct tension test [8,33,42,58,98,106,152]
Strength X X X X « Indirect tension test [120,125,126,128,153]
Shrinkage and X X X X « Prism specimens in three curing conditions [33]
Cracking

1 Mix design includes the type and content of chemical admixtures (water-reducing, set-controlling, air-entraining, and bonding agents), mineral admixtures (e.g., fly

ash, silica fume, slag, and clay), and reinforcing fibers. 2 Printing parameters include printing path, printing speed, printing time gap. 3 Printing system includes pump

pressure, pumping distance, size and geometry of the pumping hose and the printing nozzle, and the attached trowels. + Curing conditions include temperature and

relative humidity. >“X” denotes that there is a relationship between the factor and the property of interest. ¢ “-” denotes that the factor has little or no influence on the
y P property

property.
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Figure 15. Mix design procedure for 3D-printable cementitious materials. (Adapted from Reference
[36].)

5. Perspectives

3D-printing technology for construction applications affords significant advantages over
traditional casting methods. Successful development of the technology, however, requires
interdisciplinary research to create suitable printing systems, design strategies, and printable
materials. It is then necessary to model the complex relationships among the various variables
associated with each of these areas, and between them and environmental variables like humidity
and temperature. Regarding the printing system, it is crucial to consider aspects, such as degree of
autonomy; ease of deployment and set up; design flexibility and complexity; and the dimension of
the printing envelope. It is also necessary to identify appropriate pumping hose, printing nozzle, and
other accessories that help the automatic installation of building elements like windows and doors.

With respect to design, there are two major aspects. The first is to understand which building
forms are more amenable to 3D-printing, that is, which forms can be printed faster, with fewer
supports and less reinforcement. The second aspect is related to printing path design, and the goal is
to determine strategies to virtually decompose large buildings forms into smaller printable forms,
slice them adequately into layers, and then into filaments that can be connected to each other, thereby
defining the trajectory that the nozzle should traverse to physically recompose the form.

Research should also focus on the development of materials with adequate rheological
properties, to guarantee adequate fresh and hardened properties. It is equally important to model the
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deformation of extruded materials to take this information into account in the design of the printing
path to guarantee the accuracy of the printed forms.

Novel materials and corresponding printing systems are now under development for large-scale
construction. Future research priorities in the area of 3D-printed cementitious materials include, but
are not limited to:

e Validation and standardization of testing methods, in particular, the quantitative assessment of
the time history of material properties in the fresh age;

e  Development of effective reinforcing and curing solutions for different applications;

e  Analysis of long-term dimensional stability (i.e., shrinkage and creep) and durability;

e  Simulation modeling and analysis at multiscale level, including microscale cement hydration,
mesoscale rheology, and macroscale mechanics;

e  Utilization of anisotropy introduced by the printing process to fabricate functionally graded
cementitious materials by programmable anisotropic fabrication approach;

e  Development of durable and sustainable materials for construction-scale 3D-printing to reduce
carbon footprint; and

e  Development of printable cementitious materials compatible with harsh environments for post-
disaster housing reconstruction and planetary construction (considering resources, gravity,
temperature, humidity, and radiation).
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