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A B S T R A C T

3-D printing is a disruptive technology that can have enormous social and economic impacts in years to come.
The technology, which took shape in the 1980's and was initially limited to manufacturing small products, is
moving to large scale construction applications, utilizing concrete and other cementitious and binder materials.
This paper presents a state-of-the-art and state-of-the-practice of 3-D printing of concrete including a historical
background and advances in equipment, materials, and computer modeling. Some demonstration projects are
presented and opportunities and challenges associated with 3-D printing of concrete are identified. Formulation
of ink utilizing local and in-situ materials is a major challenge and will continue to develop. Developments will
also continue on large scale construction 3-D printers. The paper should be of value to both the seasoned re-
searchers and beginners in 3-D printing, and also to those working on transitioning 3-D printing in construction
from research to practice.

1. Introduction

3-D printing of concrete has lately received significant attention
from the construction industry and researchers around the world. 3-D
printing is poised to shake up the construction sector and has an impact
on how architects, engineers, and designers are using concrete. Several
reviews of 3D printing of concrete that cover the main 3D printing
technologies employed, aspects of concrete mix design, and the effec-
tive properties of the printed concrete material have recently been
published [1–4]. There has been, however, limited report in the lit-
erature on the topic of computational modeling in 3-D printing of
concrete. One of the goals of this review paper is to address this gap and
provide a review of the state-of-the-art and challenges of computational
modeling and simulation in 3D printing of cement-based materials.

The paper first provides a historical background of 3-D printing in
construction and discusses the evolution of the technology and recent
advances in equipment for 3D printing of concrete for construction
scale applications. After a review of the progress in cement-based ink
development and printed material characterization, the paper focuses
on advances and challenges in computational modeling for simulating
the 3-D printing process and predicting printed cement-based material
performance. A few demonstration projects are then presented, op-
portunities and challenges associated with 3-D printing of concrete are
identified, and social and economic impacts are discussed. Finally, the

authors' view of the future of 3-D printing in construction is provided.

2. Historical background of 3-D printing in construction

The genesis and origins of 3-D printing in construction are in au-
tomated and robotic construction, which are not new to the construc-
tion industry. A mobile or stationary system, consisting of several ro-
botic subsystems or components, is a 3-D printer and the construction
materials (concrete, mortar, asphalt, etc.) serve as the ink of the printer.
On a desktop printer, a digital image is sent to the printer, through a
computer, to be printed on a piece of paper. Similarly, in construction,
the intent is to send a digital model to the printer to create a facility at,
above, or below ground surface. There are several established defini-
tions of 3-D printing, in general, but not in the context of construction.
Khan defines 3-D printing in construction as “transforming an imagina-
tion of a facility, in whole or in part, depicted through a computer model,
into a real facility (bridges, highways, buildings, etc.), with least human
involvement and most conservation of natural resources” [5].

To most, 3-D printing is an automated process of layer-by-layer
creation of a product, similar to rock formation by acts and forces of the
nature. This is opposed to creating a product by reducing a larger mass
to a smaller mass of desired size and shape by progressively removing
materials, as is done in creating a sculpture and numerous industrial
products, and, thus, the technology getting the name “additive
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manufacturing.” Construction in buildings, bridges, highways, run-
ways, marine structures, and almost any other facility, has traditionally
been an additive or layered manufacturing process, unlike other in-
dustries. The only difference is that this additive or layered manu-
facturing in construction has traditionally been manual and extremely
labor intensive, and uses formwork. Probably, one of the reasons the
other industries did not realize the existence of additive or layered
processes in construction is that construction and manufacturing have
operated as separate industries.

Even when it comes to automation of additive and layered processes
in construction, the concept is not new. For example, the use of slip
forming techniques in construction started in the beginning of the 20th
Century, and since then numerous offshore structures, towers, tanks,
high-rise buildings, interstate highways, and runways have been con-
structed using slip forming where traditional construction techniques
would have been too difficult and too time consuming. One of the re-
cent examples is the expansion of a 0.42 m (16.5 in.) thick runway by
823 m (2700 ft.), using 3-D machine guidance, at the Fort Lauderdale-
Hollywood International Airport in Broward County, Florida in 2016.
This construction could have been easily labeled as 3-D printing. In slip
form construction, the formwork is mechanized to automatically move
vertically or horizontally as the material is continuously deposited in
layers. Slip forming can also be cost-effectively and safely used in the
construction of tall bridge pier columns and abutments.

Shotcreting is another example of additive or layered manufacturing
in construction, and again the technology is a century-old technology.
In shotcreting, the concrete is conveyed to a nozzle through a hose, and
then applied to a surface under pneumatic pressure, layer-by-layer. In
dry shotcreting, water is added to the dry concrete mix, coming through
the hose, at the nozzle and the mixing and compaction of concrete take
place at the applied surface. In wet shotcreting, the fluid concrete
mixture, including water and any other admixtures, is pumped through
the hose to the nozzle and then pneumatically applied to the surface.
Shotcreting is used both in new construction and repair/rehabilitation
of existing facilities. It has been extensively used in tunnels [6]. There
are robotic machines available for shotcreting for quite some time that
have automated the process significantly. Fiber reinforced concrete
mixes have been developed for such applications [7].

3. Evolution of the technology

In the mid-1980's, 3-D printing gained popularity in industries like
biomedical and industrial manufacturing, and commercial 3-D printers
became available, which people could use to transform digital models
into a solid three-dimensional object through their computers. Initially,
these 3-D printers were limited to printing small objects, but the re-
search and development efforts later led to printing large objects, as
large as an automobile. Probably, this was the time period when people
started thinking about construction on the lines of 3-D printing in these
other industries, which was essentially an imagination of transforming
a model or digital image to a constructed facility with the push of a
“PRINT” button on a computer keyboard or screen.

In the mid-1990's, a technology named “Contour Crafting” surfaced,
which is a modern-day additive or layered manufacturing in construc-
tion. The technology was later patented in 2010 [8]. This technology
initially started as a ceramic paste extrusion method [9], but was later
expanded to cementitious materials, aiming at large scale structural
elements and even the entire facility, for example, a printed building.
The novelty is that it utilizes guides to shape the material as it is de-
posited, without the use of formwork. The basic elements of this tech-
nology include a concrete tank, a hose, a pumping mechanism, a nozzle,
and a robotic arm that guides the nozzle in x, y, and z directions. The
nozzle deposits the concrete layer by layer, and the concrete layers cure
and gain sufficient strength fast enough to support the new layers above
them. One of the differences between contour crafting and shotcreting
is that the shotcreting process utilizes pneumatic pressure to propel

material from a nozzle to the surface. The exit velocity of the material
far exceeds that in the extrusion process, which is a piston-pump type of
mechanism, similar to a syringe.

During the same time period of the mid-1990's, another additive or
layered manufacturing technique “Selective Aggregation,” was in-
troduced, which involved laying down a matrix of sand (silica) followed
by selective deposition of cement on the sand matrix, and then acti-
vating the cement binder using steam. The process resulted in a strong
and dense material, and could be automated by using computer-aided
drafting and analytical modeling tools [10]. The technique was based
on the premise that mountains could be created by joining sand, grain-
by-grain. It appears that based on this principle of joining sand grains, a
technology “D-Shape” was developed where sand grains were joined by
selectively jetting a liquid binder on the sand matrix, which was in-
itially a polymeric material and later modified to inorganic binder due
to the problems associated with the stickiness of the polymer binder in
the machine [11].

During the first decade of this 21st Century, another technology
“Freeform Construction” or “Concrete Printing” came to attention,
which is similar to contour crafting, with some differences in the design
of the extrusion nozzle. The nozzle in this technique is capable of
printing under different resolutions, both bulk and fine details. This
technology was differentiated from others in that it focused on up-
scaling additive manufacturing in construction in terms of large-scale
structural elements. Also, the technology added functionality to its
structural components such as acoustic, thermal, and ventilation
[11,12].

It is about 25 years into the development of modern-day 3-D
printing in construction, developments have been made, but still there
is a long way to go before facilities can be printed by pushing “PRINT”
button on a computer. For practical purposes, the 3-D printing is still in
the laboratory or factory and efforts are continuing to improve the
existing construction 3-D printers or develop new printers. Also, efforts
are continuing to develop new construction materials (referred to
herein as “ink”) for these 3-D printers.

4. Advances in equipment

To date, both gantry style [13–16] and robotic [17–19] concrete 3-D
printers have been successfully implemented, both in research and real
world applications. The advantage of gantry style printers is that they
are relatively easy to scale up in size, whereas robotic arms typically
have a fixed dimension. However, the speed and degrees of freedom of
a six-axis robot allow many complex tasks to be performed that
otherwise may not be achievable with a four-axis gantry printer [20].
The pay load on a gantry style printer is generally higher than that on a
robotic arm. Fig. 1 shows different types of construction 3-D printers.

Fig. 1(a) shows the main components of a medium size four-axis
gantry system at NASA's Marshall Space Flight Center (Huntsville,
Alabama, USA). A gantry style printer is normally comprised of a gantry
mobility system for x, y, z positioning, the concrete deposition system,
and the concrete mixing and delivery system. The size of gantry printers
currently in use varies from small tabletop laboratory versions up to
large scale printers that may be used to print full size building com-
ponents. The research team at Eindhoven University of Technology
(TU/e) in the Netherlands developed a large-scale concrete 3-D printer
with a four axis gantry robot and features an adjustable printing area of
about 9 m × 4.5 m × 2.8 m (29.5 ft. × 14.8 ft. × 9.2 ft.) [13].

Although gantry style concrete 3-D printers were successful in
scaling up additive manufacturing for construction, yet they have sig-
nificant limitations. Mainly, gantry style printers are limited to vertical
extrusion. Thus, gantry style printers do not yield true 3-D, rather 2.5-D
topologies. To address this challenge, robotic arms have been devel-
oped as a means for large-scale 3-D printing research and development.
The utilization of industrial robots with accessible software and
scripting languages largely eases the planning and control of robotic
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trajectories, which, in turn, enables the printing of complex artifacts
[25].

Most of the aforementioned concrete 3-D printers are equipped with
an extrusion-type concrete deposition system, where concrete/mortar
premixes are pumped to a printing head to form the concrete filament
to be deposited. The end part of the printer head is the nozzle that forms
the desired shape and size of the concrete layer [13]. Various nozzle
shapes have been used as orifice of the extruder, such as circular, el-
liptical, square and rectangular shapes. For better surface finishing, side
trowels can also be used in the nozzle orifice as that implemented by
Contour Crafting [26]. D-shape printers, on the other hand, use a me-
chanism similar to the selective laser sintering (SLS) process, where the
printer head is equipped with a number of spray nozzles that selectively
spray a binding liquid on predefined areas of the sand layer during the
printing process (Fig. 1(c)). D-shape has been proven to be effective in
printing large scale structures [22].

Attempts have also been made towards the development of field
deployable large-scale concrete 3-D printers. The Construction
Engineering Research Laboratory of the United States Army Corps of
Engineers (USACE), together with the National Aeronautics and Space
Administration (NASA) Marshall Space Flight Center and NASA
Kennedy Space Center, jointly developed the Automated Construction
of Expeditionary Structures (ACES) system. The ACES has a mobile
robotic gantry system and an automated material delivery system
(MDS), which is comprised of a dry-goods delivery system (DGDS), and
a liquid-goods delivery system (Fig. 1 (d)). The ACES is designed to be
field deployable and requires relatively short setup time. This ACES
prototype was effective in the 3D printing of a concrete Barrack (B)-
Hut, the first habitat structure 3D printed with concrete using 10 mm
(3/8 in.) aggregate for higher strength concrete [23].

Researchers at the Oak Ridge National Laboratory's (Oak Ridge,

Tennessee, USA) Manufacturing Demonstration Facility (MDF) are de-
veloping a hanging cable-controlled large-scale deposition system with
the goal of allowing for full-scale automated construction of buildings –
the Sky Big Area Additive Manufacturing system, known as SkyBAAM.
The system is envisioned to be field deployable with conventional
construction equipment. SkyBAAM is cable-driven by four base stations
and suspended from a single crane. In contrast to gantry systems, found
commonly in large-scale additive manufacturing systems, SkyBAAM
can be set up quickly with minimal site preparation [27].

5. Advances in materials

The cement-based printing inks constitute one of the main pillars for
the success of 3-D printing of concrete structures. The development of
cement-based printing inks that have suitable flowability, extrudability,
buildability, and can set rapidly enough to meet the 3-D printing pro-
cess requirements remains a significant challenge in the application of
3-D printing in the construction industry and has been the subject of
active research in the 3-D printing of concrete during the last few years.
Compared to traditional mixing and casting, 3-D printing requires a
greater control of the hydration kinetics, rheology, and structuration
rate (i.e., the constant rate of increase in yield stress [28]) of the ce-
ment-based material to ensure buildability and shape stability of the
stacked printed layers as a result of the elimination of the use of
formwork. The material and processing challenges of designing cement-
based printing inks are many, and recent progress has been discussed in
several reviews of 3-D printing with concrete [4,29,30]. The new op-
portunities provided by additive manufacturing to optimize the ce-
mentitious binder are discussed in [31]. Rheological requirements for
printable concrete change rapidly over the printing process timeline
from the nozzle to the filament deposition, filament interface, and the

Fig. 1. Different types of construction 3-D printers: (a) Gantry style concrete 3-D printer at NASA's Marshall Space Flight Center (photo courtesy: Michael Fiske and
Dr. Jennifer Edmunson (NASA MSFC/Jacobs); (b) robotic concrete 3-D printer (adopted from [21]); (c) “D-Shape” printer (adopted from [22]); (d) the Automated
Construction of Expeditionary Structures (ACES) system developed jointly by USACE and NASA (adopted from [23], photo courtesy: Dr. Robert Mueller, NASA
KSFC); and (e) concept of ORNL's SkyBAAM printer (adopted from [24]).
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buildup of the printed element and appear contradictory to each other
[32]. Designing and formulating effective printing inks thus requires
understanding the relationship between mix design, selection of che-
mical admixtures and mineral additives, and the time-dependent ce-
ment-based paste rheological response (i.e., deformation and flow
characteristics); correlating the fluid rheological properties (static and
dynamic yield stresses) and hydration kinetics to the evolving plastic
viscosity of the fresh cement-based paste under the influence of the
printing process; addressing the inclusion of multiscale reinforcements
within the cement ink; and understanding the relationship between
fresh and hardened properties, including the material adhesion and
bonding between printed layers. Other important challenges in for-
mulating cement-based printing inks include requirements imposed by
the size of the object under construction, the speed of the robot, and the
vertical build rate.

Most research to date has focused on printing inks based on or-
dinary portland cement. A few studies have explored the use of non-
portland binders, including sulfur-based cements [33–35], limestone
calcined clay cements [36], calcium aluminate cements [37], geopo-
lymers and geopolymer mixtures [38–42], and magnesium potassium
phosphate cements blended with fly ash [43]. Available studies have
examined the effect of different setting time controllers (accelerating
and retarding agents), dispersing agents and superplasticizers, floccu-
lation agents such as viscosity modifying admixtures and nano-particles
(e.g., nano-clays and nano-silica), supplementary cementitious mate-
rials and pozzolanic additives (e.g., silica fume and fly ashes), recycled
materials, and aggregate gradation and content [33,43–59]. An over-
view of potential admixtures and additives to control the rheological
and hydration properties necessary for printable concrete is provided in
[44] along with a discussion of potential candidates for the binding
matrix as alternatives to ordinary portland cement. A few notable re-
sults reported in the literature include an increase in structural build-
ability and shape stability of fresh printing mixtures with the addition
of small amount (less than 2%) of nano-clay [47,49,53] and nano-silica
[54]; higher yield stresses (i.e., stronger material), lower plastic visc-
osity, and greater buildability with continuous gradation of sand par-
ticles [46], and a linear correlation between flowability and optimum
aggregate content [48]. Additionally, the addition of 10% silica fume
has been reported to be effective to adjust rheology for 3D printing and
fly ash (60% replacement in magnesium potassium phosphate cement
formulation) to increase working time of rapid hardening materials
[43].

Efforts on cement-based ink development have also focused on
improving the buildability and the adhesion between the printed layers.
During the deposition process, the intermixing and bonding between
layers are affected by the cement ink composition, age and moisture
content of the extruded filaments, the printing time delay between
deposited filaments, the water bleeding between printed layers, and the
surrounding environment of the deposited filaments during curing. The
surrounding environment can lead to drying, autogenous shrinkage,
and carbonation of the printed filaments, thus affecting the bonding
(adhesion) between the deposited layers. A few available studies have
examined the influence of the printing process (e.g., head speed,
printing time gap, and print nozzle height) on the interlayer adhesion
[60–65]. Notably, a decrease in bond strength has been reported with
increasing printing time gap between the layers [60,61,64,66]. How-
ever, inconsistent results have been reported with respect to the print
nozzle height [60,64]. Weak interfaces have been reported to lead to
significant mechanical anisotropy and to influence the mechanical in-
tegrity and load bearing capacity of the printed structures [1,59,67,68].
Adhesion enhancers (i.e., “glue”) have thus been explored to increase
the contact between adjacent printed layers and decrease the voids
formed between layers during the deposition. Examples include use of
cement paste and polymer-based “glue” between printed concrete
layers [59,69]. The effects of dosage of viscosity modifying admixtures,
addition of retarders at the nozzle, curing methods, and interlocking on

interlayer adhesion and strength have also been investigated
[59,69,70]. Particularly, the addition of viscosity modifying agents
(VMA) has been reported to increase the contact between adjacent
printed layers and to result in improved structural integrity [59], and
the application of a cementitious “glue” paste between layer deposi-
tions to increase the bond strength up to 60% [69]. Furthermore, the
use of interlocks between printed layers has been observed to increase
the bonding strength by 26% [70].

In addition to the research effort on printability and buildability,
recent developments in cement-based printing inks for the 3-D printing
of concrete include the incorporation of discrete, short fibers (e.g.,
microfibers) within the cement-based ink as an alternative to tradi-
tional steel reinforcement (rebar). The issue of reinforcement for 3-D
printing is discussed in [4,71]. Available studies have reported on the
use of steel, glass, polymers, basalt, and carbon microfibers [71–84]
and a recent study has reported on the use of carbon nanofibers [85]. 3-
D printing with cement-based ink containing short fibers has been re-
ported to produce printed structures that exhibit orthotropic mechan-
ical behavior with superior performance than the conventionally cast
counterpart as a result of preferential fiber alignment along the print
path direction induced by the 3-D printing nozzle [72,74,75,85]. 3-D
printed microfiber reinforced cement-based materials with ultra-high
tensile ductility and tensile strain-hardening behavior have recently
been developed [74,76,80,86,87]. The integration of fiber reinforce-
ment directly within the cement-based printing inks thus offers new
options for structural applications and opens a new design paradigm for
the development of bio-inspired and functionally graded cement-based
materials. Potential applications include the design of structures with
improved resistance to seismic events, impacts, and blast loadings
[88,89]. Other approaches to reinforcement of 3-D printed cement-
based elements that have been reported in the literature include di-
rectly entraining a continuous micro steel cable during the filament
deposition process [90,91] and directly printing of the steel reinforce-
ment using gas-metal arc welding [92].

Another opportunity for cement ink development is the incorpora-
tion of functional inclusions that can provide the printed element with
intrinsic smart properties (e.g., self-sensing, self-healing, and thermo-
responsive properties), thus transforming passive 3-D printed elements
into stimulus-responsive elements by adding functionality as a fourth
dimension to 3-D printing, referred to as 4-D printing. 4-D printing
enables shape and functionality evolution of 3-D printed materials in
response to external stimuli (thermal, chemical, electrical, and me-
chanical). Recent advances, opportunities, and challenges in 4-D
printing of multifunctional materials for applications in the aerospace,
biomedical, and semiconductors industries are discussed in [93–96].
Possible smart characteristics for concrete and cement-based materials
that have shown promises in traditional mixing and casting of cement
include self-sensing of damage (e.g., nano‑iron particles, carbon nano-
tubes, and steel and carbon microfibers), self-healing of cracks (e.g.,
capsules filled with chemical agents and super absorbent polymers),
self-cleaning (e.g., nano‑titanium dioxide), and self-adjusting to
thermal parameters (e.g., thermal-responsive or phase change mate-
rials) [97–101].

6. Advances in material characterization

While 3-D printing of cement-based materials has progressed ra-
pidly over the last years and new cement-based inks have been devel-
oped, the long-term performance and durability of the resulting 3-D
printed materials and structures have received little attention and have
yet to be fully investigated and demonstrated. In addition, there is a
growing and urgent need for standard characterization and quality
control methods to ensure consistent and reliable properties of the
printed elements and compatibility with existing design codes for safe
structural applications. The available studies have focused on methods
for characterizing and quantifying the workability, extrudability,
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buildability, and stability of cement-based inks [102–110]. The ma-
jority of the efforts on characterization of the hardened 3-D printed
structures have been on the macroscale mechanical properties
[52,66,73,74,76,78,84,111–114] and a few available studies have re-
ported on the characterization of the microstructure of 3-D printed
cement-based materials and the interlayer interface [68,72,75,85].
Recent advances in microstructural characterization of cementitious
materials are discussed in [115] and include X-ray imaging and spec-
troscopy techniques, in-situ and high-pressure X-ray diffraction, and
nanotomography.

7. Advances in computer modeling

The integration of computational modeling and additive manu-
facturing has emerged as a tool for creating and testing novel materials
and interfaces in industries like biomedicine, aerospace, automotive,
and energy. In these areas, computational modeling is typically used to
assess the impact of process parameters and to help optimize conditions
for producing 3-D printed objects with high dimensional accuracy,
consistent microstructure in terms of grain size, morphology, and
composition, and desired material characteristics and mechanical
properties targeted to specific applications [116–119]. Computational
modeling provides important insight into the multiple, multiscale, and
multiphysics (chemical and physical) phenomena that lead to the final
material properties and allows for exploring an infinitely large design
space. The Virtual Cement and Concrete Testing Laboratory (VCCTL)
software developed by NIST [120] is an example of computational
materials science tools that allow a user to model microstructure, si-
mulate hydration, and calculate physical properties and can be used in
the development, testing, and quality control of cement and concrete
materials. New modeling paradigms are emerging and a discussion of
the new frontiers in computational modeling of material structures as a
result of the emergence of the unprecedented capability offered by
additive manufacturing is provided in [121]. However, it is currently
impractical to simulate and predict the entire 3-D printing process and
printed material performance based on physics-driven models. As a
result, data-driven models are gaining significant interest. Artificial
intelligence and machine learning are now fueling the next wave of 3-D
printing to address the inextricable complexity of the relationship be-
tween process parameters and printed quality through pattern re-
cognition and data regression analysis [122]. Applications of machine
learning to cement-based materials are not new and have been used in
the literature for phase analysis of cement, prediction of microstructure
development, mix design of concrete, and prediction of fresh and har-
dened properties [31,123–129].

Most research to date on 3-D printing of cement-based materials is
based on experimental investigations. Computational simulations of the
3-D printing process of cement-based materials remain limited [130].
Some of the main modeling and simulation challenges associated with
the extrusion-based 3-D printing of cement-based materials were dis-
cussed during the Multiscale/3-D Printing Cement Workshop sponsored
by the US National Science Foundation (NSF) and co-organized by
Vanderbilt University, Purdue University, and Tennessee Technological
University in 2015 [131]. These challenges are related to the complex
nature and time dependent behavior of cement-based materials that are
multi-size, multiphase materials and that evolve over time. During the
extrusion-based printing process, cement-based materials undergo
complex, time-dependent chemical reactions and rapid phase changes.
They transform from a liquid paste that is flowable and can be extruded
to a solid paste that needs to gain rigidity rapidly after being deposited
to remain stable and withstand the load of subsequent layers. This
transformation and the final 3-D printed product are strongly affected
by the mix design (i.e., cement types, chemical admixtures and mineral
additives, and water to cement ratio), reaction kinetics, the external
environmental conditions (i.e., temperature and relative humidity), and
the printing process parameters (i.e., extrusion pressure, printing speed,

layer thickness, and infill density). In addition, during the printing
process, microscopic residual stresses can occur as a result of a me-
chanical mismatch between printed filament constituents and between
printed layers, shrinkage of the printed layers due to fast evaporation of
the mixing capillary water, and variations in printed filament age along
the printing path and from the bottom filaments to the top filaments
forming the 3-D printed object. This can lead to deformation and
cracking of the 3-D printed object, eventually leading to premature
failure. Models must thus span multiple spatial and temporal scales;
incorporate multiphysics phenomena; be capable of integrating internal
geometry architectures, multi-material configurations, and spatially
varying internal material properties; and be capable of dealing with the
evolution of the material microstructure and properties during the build
process. The following provides an overview of advanced computa-
tional methods and approaches for simulating the process-structure-
property relationships in additive manufacturing of cement-based ma-
terials.

7.1. Physics-driven computational modeling of the additive manufacturing
process

Modeling the 3-D printing process of cement-based materials is
complicated by the complex, dynamical physical and chemical trans-
formations that occur over a range of length and time scales. During the
extrusion-based 3-D printing process, particles are moving, interacting,
and reacting inside the flowing cement paste. Particle scale with hy-
dration kinetics and time-dependent rheology properties affects the
microstructure development and the overall product macroscale beha-
vior and performance. Different approaches are used to simulate the
behavior of fresh concrete flow and include computational fluid dy-
namics (CFD) methods, the discrete element and particle method
(DEM/DPM), and the multiphase suspension method. In CFD methods,
the flow of concrete is modeled using the Navier Stokes equations, and
the continuum-based partial differential equations are solved numeri-
cally using traditional grid-based methods (finite element, finite vo-
lume, and hybrid finite element-finite volume discretization) or grid-
free techniques. As an alternative to the conventional continuous
Navier Stokes solvers for CFD, the lattice Boltzman method models the
fluid as a collection of particles propagating and interacting over a
discrete lattice domain [132,133]. In DEM/DPM methods, particles are
traced individually and characterized by their specific properties. The
use of the CFD and DEM approaches to simulate the behavior of fresh
concrete are reviewed in a RILEM state-of-the-art report [134] and are
also discussed in [135–138]. The multiphase representation considers
concrete as a suspension of interacting particles carried by a fluid. This
particle-laden flow is modeled by an Eulerian-Lagrangian approach
consisting of the continuum CFD method (continuum fluid phase)
combined with the discrete DEM/DPM method (suspended, dispersed
particles) [137,139]. These modeling approaches are computationally
expensive and the coupling of the fluid and discrete particles is in-
herently complex in part because of the wide range of particles, the
large volume fraction of the solid phase in concrete, and the presence of
free-surfaces. Challenges associated with computational modeling of
particle-fluid flows with free-surfaces and fresh concrete flow can be
found in [137,138,140–142].

At this time, the majority of computational advances in 3-D printing
of cement-based materials are yet to be published in archival forms;
thus, much of the work is traceable only to presentation abstracts.
Among these on-going works, researchers at Tennessee Technological
University (Cookeville, Tennessee, USA) have developed a concept re-
ferred to as 2-dimensional stationary computational printing (2D-SCP)
[143,144]. Dealing with the free surface flow problem presented by 3-D
printing is computationally intensive in three-dimensions. To reduce
computational time, yet capturing relevant insights regarding the effect
of material rheology and scale, the 2D-SCP concept considers a 2-D
plane in which the printed object is dynamically formed layer-by-layer.
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In this context, the first 2-D layer geometry is laid down at t1 = 0,
permitted to slump until t2 when the next layer is stacked atop it and
slumped to time t3. This process is repeated to form 2-D stacks that
preserve the time-sequence of a print-job at a given point in a hy-
pothetical structure (Fig. 2). Inferences based on this approach suggest

that material rheology must be tuned to the scale of the print job, i.e. a
rheology that works well at scale A may not work well at scale B (Fig. 3)
[145,146].

These computational modeling approaches, however, only provide
an analysis of the fresh concrete in the dynamic (flowing) state during

Fig. 2. Conceptual representation of a 2-D plane (AA) developing in time as layers are printed for t3 > t2 > t1, (courtesy: Joseph J. Biernacki, Tennessee
Technological University).

Fig. 3. 2-D stationary computational printing results illustrating the effect of print scale on printing outcomes for a cement paste with yield stress of 350 Pa,
(courtesy: Joseph J. Biernacki, Tennessee Technological University).
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the extrusion process. After extrusion, these computational approaches
are, however, no longer applicable. Once deposited, the fresh 3-D
printed concrete is “at rest” and transforms with time from a fluid to a
solid, and different computational models are then needed. Numerical
models describing the time-dependent development of the mechanical
properties during the build-up process (i.e., during material deposition)
and directly after printing have recently been proposed [130,147].
However, a fundamental understanding of the relationships between
the extrusion process at the nozzle, the filament deposition, and the
evolving properties of the printed material has yet to be developed.

7.2. Topology and microstructural optimization

Additive manufacturing offers new possibilities to design and create
concrete and cement-based materials with desired properties by con-
trolling their structures at different length scales. This includes opti-
mizing the 3-D printed cement-based component in terms of weight,
mechanical properties (e.g., stiffness), and integration of function such
as self-adaptive thermal conductivity or tunable acoustic properties.
Printing enables the creation of a hierarchy of structures and patterns
over a broad range of length scales that is not possible with traditional
mixing and casting. Researchers at Purdue University (West Lafayette,
Indiana, USA) have developed 3-D printed cement paste elements with
bio-inspired structural patterns and architectures such as honeycomb
and bouligand (helicoidal) structures, which have demonstrated unique
damage control mechanisms and are showing great promise for the
creation of flaw-tolerant structural elements like beams or columns
[148].

Computational modeling and topology optimization techniques
provide for the possibility to design and optimize the 3-D printed ce-
ment-based element on a multitude of scales and materials and to
achieve more sustainable and cost-effective designs. Topology optimi-
zation consists of the discretization of an object or structure into small
elements and optimization of the material composition, volume frac-
tions, and spatial distribution within each element to achieve func-
tionally graded objects or structures with desired properties and/or
functional performance. New computational frameworks for topology
optimization with microstructures that supports design spaces of mul-
tiple dimensions are emerging and are being combined with 3-D
printing in many fields [149–153]. For concrete, topology optimization
techniques are being used to optimize the location and minimize the
amount of material to create efficient 3-D printed concrete elements
with less materials [154–158]. An example of the use of topology op-
timization combined with 3-D printing has been presented by re-
searchers at Ghent University and collaborators, who realized the 3-D
concrete printing of a topology-optimized bridge [159]. Another ap-
plication of topology optimization techniques for concrete concerns the
optimization of the cement binder itself by tuning the internal topology
at different scales. Advances and challenges in this area are discussed in
[151].

7.3. Computational materials modeling

The performance and chemo-mechanical behavior, including
strength and durability, of 3-D printed structures across length scales
(nano to macro) ultimately are linked to the early age hydration and
development of the microstructure. Over the past two decades, com-
putational modeling of cement-based materials has seen significant
advances with the ability to model the material properties and perfor-
mance over length scales ranging from nanometers to meters.
Computational materials models have been developed from first prin-
ciples of physics and chemistry to describe cement hydration and mi-
crostructure development, cement paste rheological behavior, and
transport processes and to predict the material properties and long-term
performance. An overview of the advances of material modeling of
cement-based materials can be found in [31,160]. With the advent of 3-

D printing and the need for new cement-based formulations as printing
ink, computational materials science modeling faces new challenges.
Some of these challenges, related to the complexity of the cement-based
formulations due to the use of a wide range of mineral additives and
chemical admixtures, are discussed in [31]. The modeling and predic-
tion of the structural performance of 3-D printed cement-based mate-
rials is, additionally, complicated by the anisotropic material behavior
caused by the intrinsic 3-D printed layered architecture and print-in-
duced inclusion distribution and reinforcement orientation. Other key
challenges include appropriate description of the bond behavior be-
tween inclusions (aggregates and reinforcements) within the filaments
and the matrix and bond behavior between filaments. As a result, the
design of cement-based inks is, to date, essentially based on empirical
approaches and testing. Some of the recent advances in computational
materials modeling that are poised to provide new opportunities for the
development of 3-D printed cement-based composites are discussed in
the following.

At the molecular and nanoscale level, molecular modeling and
computer-aided molecular design have emerged as tools for “in-silico”
experiments to understand the relationship between the molecular
structure and the mechanical and physico-chemical properties and to
design materials from the molecular scale at a fundamental level [31].
A review of the use of molecular dynamics for the nanoengineering of
construction materials is provided in [161]. Molecular modeling has
provided insight into the main building block of concrete, calcium-si-
licate-hydrate (C–S–H), and concrete durability and has recently been
successfully used to investigate the reinforcing mechanisms and tuning
of the mechanical properties of C–S–H with graphene and graphene
oxide [162–168] and the bonding between adjacent layers of 3-D
printed concrete [169].

A recent trend in predictive materials modeling is the coupling be-
tween computational modeling approaches at multiple length scales
and experimental characterization [170]. Data-driven and machine
learning models have recently gained interest and are emerging as tools
for designing new cement-based composites [31]. Commonly used
machine learning algorithms in materials science are discussed in
[171]. Machine learning models are based on pattern recognition in
data to make new predictions and are providing alternative approaches
to traditional physico-chemical and mechanical models for predicting
hydration of complex cement mixtures and relating microstructure
development to strength properties [127–129,172]. One of the chal-
lenges, however, in realizing the full potential of machine learning is
the need for a highly diverse training dataset and sufficient re-
presentative data from detailed material characterization.

Other data-driven models that have been developed in recent years
to describe damage evolution in cement-based materials and relate the
microstructure to the material macroscopic properties include micro-
structure informed models coupled with multi-phase homogenization
techniques. These models are informed by experimental data and take
into account the underlying microstructure and the presence of inclu-
sions to evaluate the constitutive response of the composite. For ex-
ample, high resolution X-ray micro-computed tomography has been
used to incorporate microstructure features such as volume fraction and
size distribution of anhydrous cement grains and porosity and pore size
distribution into the analysis of the material mechanical properties
[173–175]. Recently, grid nanoindentation coupled with phase ele-
mental composition and a combination of homogenization and area-
averaging techniques [176] has been proposed for quantitative char-
acterization of the intrinsic mechanical properties of the material con-
stitutive phases as a function of chemical changes and provides an al-
ternative to direct modeling of damage evolution.

7.4. Modeling the behavior of 3D-printed structures

Beyond the simulation of material behaviors during and after the 3D
printing process, research efforts have been extended into the

M.S. Khan, et al. Cement and Concrete Research 133 (2020) 106070

7



experimentation and modeling of 3D printed structural components.
Due to the complexity in geometry (one advantage offered by the
technology), inherently weak interface bond between filament layers,
and different reinforcing strategy, 3D printed structural members often
show much different failure modes and mechanical behavior in com-
parison with conventionally cast concrete members [177]. As a results,
there is still a lack of widely accepted design theories for 3D printed
structural members. For the mechanical behavior analysis of structural
components during the 3D printing process, Suiker and Wolfs
[178,179] developed a mechanistic model for analyzing and optimizing
the mechanical performance of wall structures in 3D printing processes.
Two failure mechanisms - namely elastic buckling and plastic collapse,
are considered in the analytical model. The model incorporates the
process parameters including printing velocity, the geometrical features
of the printed object, the curing characteristics of the printing material,
as well as the presence of imperfections. This provides, for the first
time, an analytical tool for engineers to gain in-depth understanding of
the in-operando behavior of structural components during the 3D
printing process.

8. Demonstration projects

A demonstration project by the Oak Ridge National Laboratory
(ORNL) well depicts the current state-of-the-art of 3-D printing in
construction. A small house has been 3-D printed using laboratory 3-D
printed panels of polymeric materials, the house is remotely connected
to a laboratory 3-D printed vehicle, and both the house and the vehicle
power each other (see Fig. 4). The researchers at ORNL also show a
timeline for their progress in Big Area Additive Manufacturing (BAAM)
using freeform construction. In January 2013, they started with a
prototype system with a build volume of 2.1 m × 2.1 m × 1.5 m
(7 ft. × 7 ft. × 5 ft.). Incrementally, in March 2017, they were able to
increase the build volume to 2.1 m × 4.0 m × 2.4 m
(7 ft. × 13 ft. × 8 ft.) [180]. The deposition rate increased from 4.5 kg/
h to 45.3 kg/h (10 lb./h to 100 lb./h). In their development efforts, the
ORNL has partnered with a number of private and public organizations,
including the Construction Engineering Research Laboratory (CERL) of
the U.S. Army Corps of Engineers.

Researchers from Southeast University (Nanjing, China), Nanjing
Institute for Green Intelligent Additive Manufacturing Co. Ltd.
(Nangjing, China), and the University of Tennessee (Knoxville,
Tennessee, USA) jointly designed a 3-D Printed concrete building with
integrated green wall for building energy savings [181]. The prototype
building is located at Jiangbei Kechuang Stadium, Nanjing, China. It
has a steel frame structure enclosed with the 3D printed vertical green

wall system (3D-VtGW). 3D-VtGW is a living wall system assembled
with 3D printed modular elements that can serve as the backbone for
growing vertical greenery (Fig. 5). Each 3D-VtGW module is comprised
of double-layer supporting wythes as well as a wave-shaped functional
surface to grow greenery, as shown in Fig. 5 (b). The cavity between the
two supporting layers can either be filled with reinforcements (e.g.,
rebar) and high performance concrete (e.g., UHPC) for load bearing, or
thermal insulation foams to improve the building's energy performance.
In addition, sinusoidal-shaped exterior wythe is integrally printed with
the wall module such that the space enclosed by sinusoidal-shaped
wythe and the supporting wythes can be filled with soil to grow
greenery. The moist soil and vegetation serve as heat sink and shield to
solar radiation. In combination with evapotranspiration within the 3D-
VtGW module, the integrated vertical green wall will significantly re-
duce through-wall heat flux and save building energy use during
summer months. For the 3D printing of 3D-VtGW module, a low-critical
shear stress mortar premixed with fine aggregates was prepared with a
rheological behavior appropriate for pumping and extrusion-based
printing. Then, the printed and cured 3D-VtGW modular elements were
assembled on-site around a load-bearing steel frame. The joints were
grouted with a non-shrink cementitious sealant to prevent water in-
trusion and minimize air infiltration. After erecting the roof and placing
fenestration components, such as windows and door frames, the en-
velope was painted with a water-proofing surface paint. Lastly, an ir-
rigation system was installed and soil with growing vegetation was
placed into each green wall module. This demonstration project high-
lights one of the most attractive features of concrete 3D printing of
concrete – i.e., the flexible design space offered by concrete 3D printing
technology allows the reconciliation of multiple architectural func-
tionalities (other than load-bearing and space separation) into one
single assembly.

The demonstration of 3-D printing in construction is slowly moving
beyond laboratory. In December 2018, the 1st Marine Logistics Group
of the U.S. Marine Corps 3-D printed a pedestrian bridge in Camp
Pendleton, California (Fig. 6). The 3-D printing of the bridge was car-
ried out in collaboration with the Marine Corps Systems Command
Advanced Manufacturing Operations Cell (AMOC) and the Army Corps
of Engineers. The bridge was 3D printed component-by-component, and
then all the components were assembled together.

9. Challenges and opportunities

The development of ink is one of the most active areas of research
on 3-D printing of concrete. Certainly, in the existing literature, very
little has been revealed on the composition of the ink or the concrete

Fig. 4. 3-D printed vehicle by the ORNL, which remotely connects to a 3-D printed house (photo courtesy: Dr. Som Shrestha, Oak Ridge National Laboratory).
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mixture used in construction 3-D printers when it comes to proprietary
ink formulations that have been used in some commercial applications.
However, significant amount of information is available in the litera-
ture coming from academic institutions where research continues to
optimize ink formulations [1,4,29–65,67–70,72–79]. These ink for-
mulations include ordinary portland cement and a variety of alternate
binder materials, including sulfur-based cements, limestone calcined
clay cements, calcium aluminate cements, geopolymers, and magne-
sium potassium phosphate cements blended with fly ash [33–43]. The
development of inks that have suitable flowability, extrudability,
buildability, and can set rapidly enough to meet the 3-D printing pro-
cess requirements remains a significant challenge, and presents an op-
portunity for further development and improvement in years to come.
Furthermore, standard characterization and quality control methods
and tools need to be developed, particularly for field applications, to
ensure consistent and reliable properties of the printed elements and
compatibility with existing design codes for safe structural applications.

The lack of design rules and guidelines to material formulation for
3-D printers, understandably, is a major challenge, considering the
emerging nature of the technology. Concrete mixture optimization
studies have been conducted for more than 100 years, and there are
always new waves of studies when a new cementitious material (fly ash,
silica fume, slag, etc.) or a new chemical admixture (superplasticizer,
accelerator, retarder, etc.) is introduced. There is a good reason for
these optimization studies because every time a new material is in-
troduced, it changes the behavior and performance of the concrete
mixture. One of the drawbacks of the mixtures used in 3-D construction
is that it completely eliminates the coarse aggregates from the mixture,
and increases the demand for cementitious materials by as much as

twice. A concrete mixture with a high cementitious material content is
never a desirable option because, first, it increases the cost of the ma-
terial, and, second, it increases the shrinkage and cracking potential of
the material. However, this challenges also presents an opportunity.
Now, the concrete materials scientists can come up with a completely
new generation of concrete mixtures for 3-D printing applications in-
corporating non-portland cement binders and technologies such as
nanotechnology [33–43,85,182].

Incorporating reinforcing steel is another major challenge in 3-D
printing in construction, particularly in case of in-situ printing. This
technology will have serious limitations if the reinforcing steel cannot
be easily incorporated in the 3-D printing process and the structural and
load bearing capacity of the constructed facility is not comparable to
traditional construction. The current code of practice is based on a
composite concrete-steel system and will remain so until a new material
can offer the same balancing attributes of compressive strength and
tensile strength. Alternative materials as a replacement to conventional
reinforcing bars are being explored. These include microfibers and
even, in some cases, nanofibers, composed of steel, glass, polymers,
basalt, and carbon [72–76,85], and continuous micro steel cable
[90,91]. Conventional reinforcing bars, but co-printed with the ce-
mentitious ink, using techniques such as gas-metal arc welding, are
being considered [92].

Most of the research on 3-D printing of concrete has so far been
experimental, with not much focus on computational simulations of the
3-D printing process, and even there is a lack of published information
on simulation and modeling. Computational modeling would provide
an opportunity to design and optimize 3-D printed cement-based ele-
ments on a multitude of scales and materials and achieve more

Fig. 5. 3-D printed concrete wall system with integrated vertical green wall (3-D-VtGW): a) The printed structure; b) geometric of the 3-D printed green wall and a
representative unit; c) the thermal network model established for building energy simulation; and d) environmental processes acting on the 3-D-VtGW. (For in-
terpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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sustainable and cost-effective designs. Advances will continue in com-
putational modeling and linking the computational models with ex-
perimental investigations will help mature the 3-D printing technology
in concrete.

10. Social and economic impacts

3-D printing, in simple terms, means more machine and less human
involvement and the capability of the consumer to create products in a
configuration and at a time and place of their own choosing. The
manufacturing that was centralized and controlled by a few in the past
would now be localized and controlled by many. The balance of the
movement and consumption of ingredient materials versus finished
products will be disrupted. This not only applies to industrial products,
but also to construction materials and products. Portland cement, ag-
gregate, and conventional reinforcing steel were the three primary
concrete-making materials, which accounted for bulk of the construc-
tion cost. With advances made in the formulation of ink for 3-D
printing, the use of these materials may be minimized or completely
eliminated, and replaced by other materials. For example, portland
cement may be replaced by non-portland binders, there may be less
demand for coarse aggregates, and alternative reinforcement materials
may be used in place of conventional rebars. Formwork is another
significant component of the construction cost, which traditionally
utilizes wood and skilled labor. 3-D printing eliminates the need for
formwork and, if needed, can even print relatively inexpensive form-
work by using recyclable materials such as engineered wax.
Furthermore, all these new or alternative construction materials, used
for 3-D printing, may be manufactured locally rather than being

imported from far away distances, which may be other regions, states or
countries. NASA is even exploring the use of in-situ materials, as ag-
gregate and binder, to 3D print facilities on the Moon and Mars
[183–185].

In a survey conducted by RAND Corporation, it is predicted that
additive manufacturing can wipe out about one-quarter of the cross-
border trade by 2060. According to the survey, this is a conservative
estimate and the impact could be even more disruptive; almost two-fifth
of the cross-border trade could diminish by 2040 if the investment in
additive manufacturing doubles every five years [186]. A diminished
cross-border trade could have both positive and negative social and
economic impacts.

A traditional supply chain typically consists of supplier, manu-
facturer, retailer, and consumer. With 3-D printing, this supply chain
can reduce to 3-D model provider, 3-D shop, and consumer, or collapse
to just 3-D model provider and consumer who has a 3-D printer. In a
traditional supply chain, freight movement connects different elements
of the supply chain (supplier, manufacturer, retailer, consumer) and
accounts for a substantial portion of the cost of a product by the time it
reaches to the hands of the consumer. 3-D printing can eliminate most
of the costs associated with freight movement. Additionally, it can
eliminate the costs associated with assembly, distribution, and ware-
housing. The shortened supply chain in 3-D printing can potentially
result in a cost saving of 50% to 90% [187].

In traditional manufacturing, the cost of a product depends upon the
complexity of its geometry, with products of complex geometry costing
much higher than those with simple geometry. However, in 3-D
printing, complexity of a product is not a factor in determining its cost.
Once a digital model is created, it essentially costs the same to 3-D print

Fig. 6. 3-D printed bridge by the 1st Marine Logistics Group of the U.S. Marine Corps, in December 2018 (photo courtesy: Dr. Michael Case, U.S. Army Corps of
Engineers).
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the product regardless of its geometry. Thus, significant cost savings
can be realized in constructions where complex geometries are in-
volved. Furthermore, if the shapes and geometries are too complex,
they simply cannot be incorporated in traditional manufacturing and
construction, but they can be incorporated in 3-D printing. Thus, with
3-D printing, more aesthetically pleasing facilities can be created.

11. Path forward

The path forward for 3-D printing in construction is bright and we
can look beyond horizons on what transformational changes this
technology can bring. Any challenges can be overcome collaboratively
by involving and engaging all disciplines and bringing together con-
cerned public and private institutions, including academia and re-
search. The engagement of government organizations is particularly
important in this journey because these are the institutions that rise
above individual, group, or entity interests and look at national inter-
ests both in terms of near-term and long-term benefits of a technology.

The information and knowledge base on 3-D printing is expanding,
and from this we can charter a path for the future, as follows:

• Continue building a platform, which can bring people and organi-
zations together, and increase the diversity and inclusion of in-
novators, entrepreneurs, researchers, scientists, practitioners, and
owners.

• Leverage and learn from the successes of 3-D printing in other in-
dustries such as automotive, aerospace, biomedical, energy, and
industrial manufacturing.

• Leverage and learn from the successes of shotcreting and slip
forming techniques in construction and bring this expertise into the
fold.

• Integrate robotics with existing crane and Self-Propelled Modular
Transporter (SPMT) technologies in the development of large scale
3-D printers for in-situ applications, such as SkyBAAM.

• Focus upon 3-D printing full-scale structural components in a plant
setting and then transporting them to the site and assembling and
connecting them, while the 3-D printing technology for in-situ ap-
plications matures.

• Continue developing and evaluating new generation concrete mix-
tures, incorporating the latest advances in the science and en-
gineering of concrete, which can serve as a strong, durable, and
long-lasting ink for the 3-D construction printers.

• Continue developing and evaluating reinforcing materials that can
either be incorporated into the cementitious ink or co-printed with
the cementitious ink, capable of providing the needed tensile and
flexural attributes to the printed material for structural applications.

• Continue advancing the technology for 3-D printing of economical
forms and molds, which accounts for substantial construction cost,
where a formed construction might still be the most feasible and
economical solution.

• Develop quality assurance/quality control (QA/QC) techniques that
can work in tandem with the 3-D printing and are non-destructive
and remotely controlled. A QA/QC check after the 3-D printing is
complete would be too expensive in case of a defect.

• Develop academic curriculum at universities for 3-D printing in
construction that combines all the needed knowledge and skills,
including materials, structures, robotics, and computer software and
hardware.

12. Conclusions

Construction industry is probably the only industry which has been
doing additive manufacturing or 3-D printing since its inception. The
only exception is that 3-D printing in construction was completely
manual initially and then automated incrementally as we progressed
through the industrial revolution. In this paper, 3-D printing in

construction is defined as “transforming an imagination of a facility, in
whole or in part, depicted through a computer model, into a real facility
(bridges, highways, buildings, etc.) with least human involvement and most
conservation of natural resources.” Using this definition, we are at a stage
where we can digitally transform a model into a constructed facility on
a limited scale and on a component level, primarily in a laboratory or
factory setting. However, from the advances this technology has made
and the potential it exhibits, it is possible that by the middle of this
century, we can 3-D print, at least some facilities, in-situ in a matter of
hours or days by pressing “PRINT” button on a computer.

The coming years and decades will witness lots of development
efforts on large-scale 3-D printers and ink (concrete mixtures) for these
printers. This presents an opportunity for concrete materials scientists
to develop new generation concrete mixtures, which are strong, dur-
able, and long-lasting, by incorporating alternate binder materials and
alternate aggregates, optimized through a combination of experimental
research and computational modeling. The developments will also
focus on incorporating alternate reinforcing materials in the cementi-
tious ink and co-printing both the concrete and reinforcing steel in the
same construction process to realize the full benefits of a concrete-steel
composite system.

The 3-D printing in construction will require a workforce with in-
tegrated knowledge of materials, structures, robotics, and computer
software and hardware. There is a need for a new academic curriculum
at universities that can prepare a future workforce capable of over-
coming the challenges of this technology.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

F. Sanchez would like to acknowledge support from the National
Science Foundation (NSF) under grant no. CMMI-1563389, a colla-
borative research between Vanderbilt University, Tennessee
Technological University (Prof. Biernacki), and Purdue University
(Profs. Zavattieri, Olek, Youngblood). The authors would like to thank
Prof. Joseph Biernacki (Tennessee Technological University) for his
valuable input and Dr. Lesa Brown for all the discussions. H. Zhou
would like to acknowledge the support from NSF under grant no.
CMMI-1663302, and discussions with Dr. Jennifer Edmunson and Mr.
Michael Fiske at Jacobs and Dr. Som Shrestha at Oak Ridge National
Laboratory.

References

[1] R.A. Buswell, W.R. Leal de Silva, S.Z. Jones, J. Dirrenberger, 3D printing using
concrete extrusion: a roadmap for research, Cem. Concr. Res. 112 (2018) 37–49.

[2] T.D. Ngo, A. Kashani, G. Imbalzano, K.T.Q. Nguyen, D. Hui, Additive manu-
facturing (3D printing): a review of materials, methods, applications and chal-
lenges, Compos. Part B 143 (2018) 172–196.

[3] P. Shakor, S. Nejadi, G. Paul, S. Malek, Review of emerging additive manu-
facturing technologies in 3D printing of cementitious materials in the construction
industry, Frontiers in Built Environment 4 (2019).

[4] T. Wangler, N. Roussel, F.P. Bos, T.A.M. Salet, R.J. Flatt, Digital concrete: a re-
view, Cem. Concr. Res. 123 (2019).

[5] M. Khan, 3-D printing in transportation: already in action, TR News (2018) 20–26.
[6] S. Nabulsi, A. Rodriguez, O. Rio, Robotic machine for high-quality shotcreting

process, The Joint Conference of the 41st International Symposium on Robotics
(ISR 2010) and the 6th German Conference on Robotics (ROBOTIK 2010)Munich,
Germany, 2010, pp. 1137–1144.

[7] V.C. Li, G. Fischer, M.D. Lepech, Shotcreting with ECC, Shotcrete Conference 2009
Alpbach - Tyrol, Austria, 2009, pp. 1–16.

[8] B. Khoshnevis, Robotic Systems for Automated Construction, United States,
(2010).

[9] H. Kwon, Experimentation and Analysis of Contour Crafting (CC) Process Using
Uncured Ceramic Materials, Industrial and Systems Engineering, University of

M.S. Khan, et al. Cement and Concrete Research 133 (2020) 106070

11

http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0005
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0005
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0010
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0010
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0010
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0015
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0015
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0015
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0020
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0020
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0025
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0030
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0030
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0030
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0030
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0035
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0035
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0040
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0040
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0045
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0045


Southern California, 2002.
[10] J. Pegna, Exploratory investigation of layered fabrication applied to construction

automation, Proceeding of ASME Design Automation ConferenceBoston,
Massachussets, 1995.

[11] J.B. Gardiner, Exploring the Emerging Design Territory of Construction 3-D
Printing – Project Led Architectural Research, School of Architecture Design, RMIT
University, 2011.

[12] R.A. Buswell, R.C. Soar, A.G.F. Gibb, A. Thorpe, Freeform construction: mega-scale
rapid manufacturing for construction, Autom. Constr. 16 (2007) 224–231.

[13] F. Bos, R. Wolfs, Z. Ahmed, T. Salet, Additive manufacturing of concrete in con-
struction: potentials and challenges of 3D concrete printing, Virtual and Physical
Prototyping 11 (2016) 209–225.

[14] T.T. Le, S.A. Austin, S. Lim, R.A. Buswell, A.G.F. Gibb, T. Thorpe, Mix design and
fresh properties for high-performance printing concrete, Mater. Struct. 45 (2012)
1221–1232.

[15] V.N. Nerella, M. Krause, M. Nather, V. Mechtcherine, Studying the printability of
fresh concrete for formwork-free concrete onsite 3D printing technology
(CONPrint3D), 25th Conference on Rheology of Building Materials Regensburg,
Germany, 2016.

[16] R.J.M. Wolfs, 3D Printing of Concrete Structures, Department of Built
Environment, Eindhoven University of Technology, 2015.

[17] E. Barnett, C. Gosselin, Large-scale 3D printing with a cable-suspended robot,
Additive Manufacturing 7 (2015) 27–44.

[18] E. Lublasser, T. Adams, A. Vollpracht, S. Brell-Cokcan, Robotic application of foam
concrete onto bare wall elements - analysis, concept and robotic experiments,
Autom. Constr. 89 (2018) 299–306.

[19] X. Zhang, M. Li, J.H. Lim, Y. Weng, Y.W.D. Tay, H. Pham, Q.-C. Pham, Large-scale
3D printing by a team of mobile robots, Autom. Constr. 95 (2018) 98–106.

[20] I.B. Ishak, J. Fisher, P. Larochelle, Robot arm platform for additive manufacturing
using multi-plane toolpaths, Proceeding of the ASME 2016 International Design
Engineering Technical Conference and Computers and Information in Engineering
ConferenceCharlotte, North Carolina, US, 2016.

[21] H. Al Jassmi, F. Al Najjar, A.-H.I. Mourad, Large-scale 3D printing: the way for-
ward, IOP Conference Series: Materials Science and Engineering 324 (2018).

[22] G. Cesaretti, E. Dini, X. De Kestelier, V. Colla, L. Pambaguian, Building compo-
nents for an outpost on the lunar soil by means of a novel 3D printing technology,
Acta Astronautica 93 (2014) 430–450.

[23] R.P. Mueller, I.I. Townsend, G.J. Tamasy, C.J. Evers, L.J. Sibille, J.E. Edmunson,
M.R. Fiske, J.C. Fikes, M. Case, Additive construction with mobile emplacement
(ACME)/automated construction of expeditionary structures (ACES) materials
delivery system (MDS), Earth and Space 2018 Cleveland, Ohio, US, 2018, pp.
1–16.

[24] B.K. Post, Breakthroughs in Large-Scale 3D Printing at ORNL, Smart
Manufacturing Seminar Series, Oak Ridge National Laboratory, 2018.

[25] C. Gosselin, R. Duballet, P. Roux, N. Gaudillière, J. Dirrenberger, P. Morel, Large-
scale 3D printing of ultra-high performance concrete – a new processing route for
architects and builders, Mater. Des. 100 (2016) 102–109.

[26] A. Bhardwaj, S.Z. Jones, N. Kalantar, Z. Pei, J. Vickers, T. Wangler, P. Zavattieri,
N. Zou, Additive manufacturing processes for infrastructure construction: a re-
view, J. Manuf. Sci. Eng. 141 (2019).

[27] P.C. Chesser, R.F. Lind, B.K. Post, A. Roschli, L.J. Love, K.T. Gaul, Using post-
tensioning in large scale additive parts for load bearing structures, Solid Freeform
Fabrication 2018: Proceedings of the 29th Annual International Solid Freeform
Symposium - an Additive Manufacturing ConferenceAustin, Texas, US, 2018.

[28] N. Roussel, Steady and transient flow behaviour of fresh cement pastes, Cem.
Concr. Res. 35 (2005) 1656–1664.

[29] B. Lu, Y. Weng, M. Li, Y. Qian, K.F. Leong, M.J. Tan, S. Qian, A systematical review
of 3D printable cementitious materials, Constr. Build. Mater. 207 (2019) 477–490.

[30] J. Zhang, J. Wang, S. Dong, X. Yu, B. Han, A review of the current progress and
application of 3D printed concrete, Compos. A: Appl. Sci. Manuf. 125 (2019)
105533.

[31] J.J. Biernacki, J.W. Bullard, G. Sant, K. Brown, Fredrik P. Glasser, S. Jones, T. Ley,
R. Livingston, L. Nicoleau, J. Olek, F. Sanchez, R. Shahsavari, P.E. Stutzman,
K. Sobolev, T. Prater, Cements in the 21st century: challenges, perspectives, and
opportunities, J. Am. Ceram. Soc. 100 (2017) 2746–2773.

[32] N. Roussel, Rheological requirements for printable concretes, Cem. Concr. Res.
112 (2018) 76–85.

[33] Z. Jianchao, T. Zhang, M. Faried, C. Wengang, 3D printing cement based ink, and
it’s application within the construction industry, MATEC Web Conf 120 (2017)
02003.

[34] N. Khalil, G. Aouad, K. El Cheikh, S. Rémond, Use of calcium sulfoaluminate ce-
ments for setting control of 3D-printing mortars, Constr. Build. Mater. 157 (2017)
382–391.

[35] M. Chen, L. Li, Y. Zheng, P. Zhao, L. Lu, X. Cheng, Rheological and mechanical
properties of admixtures modified 3D printing sulphoaluminate cementitious
materials, Constr. Build. Mater. 189 (2018) 601–611.

[36] Y. Chen, S. Chaves Figueiredo, Ç. Yalçinkaya, O. Çopuroğlu, F. Veer, E. Schlangen,
The effect of viscosity-modifying admixture on the extrudability of limestone and
calcined clay-based cementitious material for extrusion-based 3D concrete
printing, Materials (Basel) 12 (2019) 1374.

[37] P. Shakor, J. Sanjayan, A. Nazari, S. Nejadi, Modified 3D printed powder to ce-
ment-based material and mechanical properties of cement scaffold used in 3D
printing, Constr. Build. Mater. 138 (2017) 398–409.

[38] B. Panda, C. Unluer, M.J. Tan, Investigation of the rheology and strength of
geopolymer mixtures for extrusion-based 3D printing, Cem. Concr. Compos. 94
(2018) 307–314.

[39] B. Panda, M.J. Tan, Experimental study on mix proportion and fresh properties of
fly ash based geopolymer for 3D concrete printing, Ceram. Int. 44 (2018)
10258–10265.

[40] B. Panda, N.A. Noor Mohamed, Y.W.D. Tay, M.J. Tan, Bond Strength in 3D Printed
Geopolymer Mortar, Springer International Publishing, Cham, 2019, pp. 200–206.

[41] B. Panda, C. Unluer, M.J. Tan, Extrusion and rheology characterization of geo-
polymer nanocomposites used in 3D printing, Compos. Part B 176 (2019) 107290.

[42] D.-W. Zhang, D.-m. Wang, X.-Q. Lin, T. Zhang, The study of the structure re-
building and yield stress of 3D printing geopolymer pastes, Constr. Build. Mater.
184 (2018) 575–580.

[43] Y. Weng, S. Ruan, M. Li, L. Mo, C. Unluer, M.J. Tan, S. Qian, Feasibility study on
sustainable magnesium potassium phosphate cement paste for 3D printing, Constr.
Build. Mater. 221 (2019) 595–603.

[44] D. Marchon, S. Kawashima, H. Bessaies-Bey, S. Mantellato, S. Ng, Hydration and
rheology control of concrete for digital fabrication: potential admixtures and ce-
ment chemistry, Cem. Concr. Res. 112 (2018) 96–110.

[45] S. Chaves Figueiredo, O. Çopuroğlu, E. Schlangen, Effect of viscosity modifier
admixture on Portland cement paste hydration and microstructure, Constr. Build.
Mater. 212 (2019) 818–840.

[46] Y. Weng, M. Li, M.J. Tan, S. Qian, Design 3D printing cementitious materials via
fuller Thompson theory and Marson-Percy model, Constr. Build. Mater. 163
(2018) 600–610.

[47] A. Kazemian, X. Yuan, E. Cochran, B. Khoshnevis, Cementitious materials for
construction-scale 3D printing: laboratory testing of fresh printing mixture,
Constr. Build. Mater. 145 (2017) 639–647.

[48] C. Zhang, Z. Hou, C. Chen, Y. Zhang, V. Mechtcherine, Z. Sun, Design of 3D
printable concrete based on the relationship between flowability of cement paste
and optimum aggregate content, Cem. Concr. Compos. 104 (2019) 103406.

[49] B. Panda, S. Ruan, C. Unluer, M.J. Tan, Improving the 3D printability of high
volume fly ash mixtures via the use of nano attapulgite clay, Compos. Part B 165
(2019) 75–83.

[50] A.V. Rahul, M. Santhanam, H. Meena, Z. Ghani, 3D printable concrete: mixture
design and test methods, Cem. Concr. Compos. 97 (2019) 13–23.

[51] G. Ma, Z. Li, L. Wang, Printable properties of cementitious material containing
copper tailings for extrusion based 3D printing, Constr. Build. Mater. 162 (2018)
613–627.

[52] G.H.A. Ting, Y.W.D. Tay, Y. Qian, M.J. Tan, Utilization of recycled glass for 3D
concrete printing: rheological and mechanical properties, Journal of Material
Cycles and Waste Management 21 (2019) 994–1003.

[53] Y. Zhang, Y. Zhang, G. Liu, Y. Yang, M. Wu, B. Pang, Fresh properties of a novel 3D
printing concrete ink, Constr. Build. Mater. 174 (2018) 263–271.

[54] O.A. Mendoza Reales, P. Duda, E.C.C.M. Silva, M.D.M. Paiva, R.D.T. Filho,
Nanosilica particles as structural buildup agents for 3D printing with Portland
cement pastes, Constr. Build. Mater. 219 (2019) 91–100.

[55] W.-J. Long, J.-L. Tao, C. Lin, Y.-c. Gu, L. Mei, H.-B. Duan, F. Xing, Rheology and
buildability of sustainable cement-based composites containing micro-crystalline
cellulose for 3D-printing, J. Clean. Prod. 239 (2019) 118054.

[56] Z. Liu, M. Li, Y. Weng, T.N. Wong, M.J. Tan, Mixture design approach to optimize
the rheological properties of the material used in 3D cementitious material
printing, Constr. Build. Mater. 198 (2019) 245–255.

[57] S.A.O. Nair, H. Alghamdi, A. Arora, I. Mehdipour, G. Sant, N. Neithalath, Linking
fresh paste microstructure, rheology and extrusion characteristics of cementitious
binders for 3D printing, J. Am. Ceram. Soc. 102 (2019) 3951–3964.

[58] K.K. Kim, J. Yeon, H.J. Lee, K.-S. Yeon, Feasibility study of SBR-modified ce-
mentitious mixtures for use as 3D additive construction materials, Polymers
(Basel) 11 (2019) 1321.

[59] Z. Li, L. Wang, G. Ma, Method for the enhancement of buildability and bending
resistance of 3D printable tailing mortar, International Journal of Concrete
Structures and Materials 12 (2018) 37.

[60] R.J.M. Wolfs, F.P. Bos, T.A.M. Salet, Hardened properties of 3D printed concrete:
the influence of process parameters on interlayer adhesion, Cem. Concr. Res. 119
(2019) 132–140.

[61] B. Panda, N.A. Noor Mohamed, S.C. Paul, G. Bhagath Singh, M.J. Tan, B. Savija,
The effect of material fresh properties and process parameters on buildability and
interlayer adhesion of 3D printed concrete, Materials (Basel) 12 (2019).

[62] J.G. Sanjayan, B. Nematollahi, M. Xia, T. Marchment, Effect of surface moisture on
inter-layer strength of 3D printed concrete, Constr. Build. Mater. 172 (2018)
468–475.

[63] Y.W.D. Tay, G.H.A. Ting, Y. Qian, B. Panda, L. He, M.J. Tan, Time gap effect on
bond strength of 3D-printed concrete, Virtual and Physical Prototyping 14 (2019)
104–113.

[64] B. Panda, S.C. Paul, N.A.N. Mohamed, Y.W.D. Tay, M.J. Tan, Measurement of
tensile bond strength of 3D printed geopolymer mortar, Measurement 113 (2018)
108–116.

[65] B. Zareiyan, B. Khoshnevis, Interlayer adhesion and strength of structures in
contour crafting - effects of aggregate size, extrusion rate, and layer thickness,
Autom. Constr. 81 (2017) 112–121.

[66] T.T. Le, S.A. Austin, S. Lim, R.A. Buswell, R. Law, A.G.F. Gibb, T. Thorpe,
Hardened properties of high-performance printing concrete, Cem. Concr. Res. 42
(2012) 558–566.

[67] E. Keita, H. Bessaies-Bey, W. Zuo, P. Belin, N. Roussel, Weak bond strength be-
tween successive layers in extrusion-based additive manufacturing: measurement
and physical origin, Cem. Concr. Res. 123 (2019) 105787.

[68] V.N. Nerella, S. Hempel, V. Mechtcherine, Effects of layer-interface properties on
mechanical performance of concrete elements produced by extrusion-based 3D-
printing, Constr. Build. Mater. 205 (2019) 586–601.

M.S. Khan, et al. Cement and Concrete Research 133 (2020) 106070

12

http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0045
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0050
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0050
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0050
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0055
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0055
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0055
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0060
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0060
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0065
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0065
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0065
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0070
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0070
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0070
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0075
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0075
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0075
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0075
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0080
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0080
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0085
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0085
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0090
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0090
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0090
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0095
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0095
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0100
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0100
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0100
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0100
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0105
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0105
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0110
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0110
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0110
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0115
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0115
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0115
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0115
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0115
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0120
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0120
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0125
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0125
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0125
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0130
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0130
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0130
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0135
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0135
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0135
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0135
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0140
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0140
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0145
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0145
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0150
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0150
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0150
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0155
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0155
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0155
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0155
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0160
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0160
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0165
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0165
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0165
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0170
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0170
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0170
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0175
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0175
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0175
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0180
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0180
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0180
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0180
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0185
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0185
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0185
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0190
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0190
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0190
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0195
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0195
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0195
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0200
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0200
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0205
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0205
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0210
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0210
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0210
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0215
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0215
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0215
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0220
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0220
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0220
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0225
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0225
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0225
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0230
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0230
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0230
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0235
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0235
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0235
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0240
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0240
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0240
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0245
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0245
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0245
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0250
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0250
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0255
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0255
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0255
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0260
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0260
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0260
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0265
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0265
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0270
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0270
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0270
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0275
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0275
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0275
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0280
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0280
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0280
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0285
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0285
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0285
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0290
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0290
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0290
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0295
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0295
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0295
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0300
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0300
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0300
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0305
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0305
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0305
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0310
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0310
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0310
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0315
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0315
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0315
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0320
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0320
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0320
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0325
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0325
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0325
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0330
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0330
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0330
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0335
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0335
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0335
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0340
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0340
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0340


[69] T. Marchment, J. Sanjayan, M. Xia, Method of enhancing interlayer bond strength
in construction scale 3D printing with mortar by effective bond area amplification,
Mater. Des. 169 (2019) 107684.

[70] B. Zareiyan, B. Khoshnevis, Effects of interlocking on interlayer adhesion and
strength of structures in 3D printing of concrete, Autom. Constr. 83 (2017)
212–221.

[71] D. Asprone, C. Menna, F.P. Bos, T.A.M. Salet, J. Mata-Falcón, W. Kaufmann,
Rethinking reinforcement for digital fabrication with concrete, Cem. Concr. Res.
112 (2018) 111–121.

[72] M. Hambach, D. Volkmer, Properties of 3D-printed fiber-reinforced Portland ce-
ment paste, Cem. Concr. Compos. 79 (2017) 62–70.

[73] B. Panda, S. Chandra Paul, M. Jen Tan, Anisotropic mechanical performance of 3D
printed fiber reinforced sustainable construction material, Mater. Lett. 209 (2017)
146–149.

[74] G. Ma, Z. Li, L. Wang, F. Wang, J. Sanjayan, Mechanical anisotropy of aligned fiber
reinforced composite for extrusion-based 3D printing, Constr. Build. Mater. 202
(2019) 770–783.

[75] M. Hambach, M. Rutzen, D. Volkmer, Chapter 5- properties of 3D-printed fiber-
reinforced Portland cement paste, in: J.G. Sanjayan, A. Nazari, B. Nematollahi
(Eds.), 3D Concrete Printing Technology, Butterworth-Heinemann, 2019, pp.
73–113.

[76] F.P. Bos, E. Bosco, T.A.M. Salet, Ductility of 3D printed concrete reinforced with
short straight steel fibers, Virtual and Physical Prototyping 14 (2019) 160–174.

[77] Y. Bao, M. Xu, D. Soltan, T. Xia, A. Shih, H.L. Clack, V.C. Li, Three-Dimensional
Printing Multifunctional Engineered Cementitious Composites (ECC) for Structural
Elements, Springer International Publishing, Cham, 2019, pp. 115–128.

[78] J. Yu, C.K.Y. Leung, Impact of 3D Printing Direction on Mechanical Performance
of Strain-Hardening Cementitious Composite (SHCC), Springer International
Publishing, Cham, 2019, pp. 255–265.

[79] H. Ogura, V.N. Nerella, V. Mechtcherine, Developing and testing of strain-hard-
ening cement-based composites (SHCC) in the context of 3D-printing, Materials 11
(2018) 1375.

[80] D.G. Soltan, V.C. Li, A self-reinforced cementitious composite for building-scale 3D
printing, Cem. Concr. Compos. 90 (2018) 1–13.

[81] V. Mechtcherine, V.N. Nerella, H. Ogura, J. Grafe, E. Spaniol, M. Hertel, U. Füssel,
Alternative Reinforcements for Digital Concrete Construction, Springer
International Publishing, Cham, 2019, pp. 167–175.

[82] V.N. Nerella, H. Ogura, V. Mechtcherine, Incorporating reinforcement into digital
concrete construction, Proceedings of IASS Annual Symposia 2018 (2018) 1–8.

[83] B. Nematollahi, P. Vijay, J. Sanjayan, A. Nazari, M. Xia, V. Naidu Nerella,
V. Mechtcherine, Effect of polypropylene fibre addition on properties of geopo-
lymers made by 3D printing for digital construction, Materials 11 (2018) 2352.

[84] M. Hambach, H. Möller, T. Neumann, D. Volkmer, Portland cement paste with
aligned carbon fibers exhibiting exceptionally high flexural strength (> 100 MPa),
Cem. Concr. Res. 89 (2016) 80–86.

[85] M. Kosson, L. Brown, F. Sanchez, Early-age performance of 3-D printed carbon
nanofiber and carbon microfiber cement composites, Transp. Res. Rec. 2674
(2020) 10–20.

[86] B. Zhu, J. Pan, B. Nematollahi, Z. Zhou, Y. Zhang, J. Sanjayan, Development of 3D
printable engineered cementitious composites with ultra-high tensile ductility for
digital construction, Mater. Des. 181 (2019) 108088.

[87] Y. Xu, B. Šavija, Development of strain hardening cementitious composite (SHCC)
reinforced with 3D printed polymeric reinforcement: mechanical properties,
Compos. Part B 174 (2019) 107011.

[88] Y.-Y. Sun, Z.-W. Yu, Z.-G. Wang, Bioinspired design of building materials for blast
and ballistic protection, Advances in Civil Engineering 2016 (2016) 6.

[89] D.G. Soltan, R. Ranade, V.C. Li, A bio-inspired cementitious composite for high
energy absorption in infrastructural applications, Blucher Material Science
Proceedings -13th International Symposium on Multiscale, Multifunctional and
Functionally Graded Materials Sao Paulo, Brazil, 2014, pp. 1–4.

[90] G. Ma, Z. Li, L. Wang, G. Bai, Micro-cable reinforced geopolymer composite for
extrusion-based 3D printing, Mater. Lett. 235 (2019) 144–147.

[91] F.P. Bos, Z.Y. Ahmed, E.R. Jutinov, T.A.M. Salet, Experimental exploration of
metal cable as reinforcement in 3D printed concrete, Materials 10 (2017) 1314.

[92] V. Mechtcherine, J. Grafe, V.N. Nerella, E. Spaniol, M. Hertel, U. Füssel, 3D-
printed steel reinforcement for digital concrete construction – manufacture, me-
chanical properties and bond behaviour, Constr. Build. Mater. 179 (2018)
125–137.

[93] X. Kuang, D.J. Roach, J. Wu, C.M. Hamel, Z. Ding, T. Wang, M.L. Dunn, H.J. Qi,
Advances in 4D printing: materials and applications, Adv. Funct. Mater. 29 (2019)
1805290.

[94] Z. Zhang, K.G. Demir, G.X. Gu, Developments in 4D-printing: a review on current
smart materials, technologies, and applications, International Journal of Smart
and Nano Materials 10 (2019) 205–224.

[95] F. Momeni, S. M. Mehdi Hassani. N, X. Liu, J. Ni, A review of 4D printing, Mater.
Des. 122 (2017) 42–79.

[96] S. Joshi, K. Rawat, K. C, V. Rajamohan, A.T. Mathew, K. Koziol, V. Kumar Thakur,
A.S.S. Balan, 4D printing of materials for the future: opportunities and challenges,
Appl. Mater. Today 18 (2020) 1–22 100490.

[97] A. D’Alessandro, A.L. Pisello, C. Fabiani, F. Ubertini, L.F. Cabeza, F. Cotana,
Multifunctional smart concretes with novel phase change materials: mechanical
and thermo-energy investigation, Appl. Energy 212 (2018) 1448–1461.

[98] B. Han, S. Ding, X. Yu, Intrinsic self-sensing concrete and structures: A review,
Measurement 59 (2015) 110–128.

[99] J.L. García Calvo, G. Pérez, P. Carballosa, E. Erkizia, J.J. Gaitero, A. Guerrero,
Development of ultra-high performance concretes with self-healing micro/nano-

additions, Constr. Build. Mater. 138 (2017) 306–315.
[100] S. Gupta, S.D. Pang, H.W. Kua, Autonomous healing in concrete by bio-based

healing agents – A review, Constr. Build. Mater. 146 (2017) 419–428.
[101] F. Sanchez, K. Sobolev, Nanotechnology in concrete – a review, Constr. Build.

Mater. 24 (2010) 2060–2071.
[102] V.N. Nerella, M. Näther, A. Iqbal, M. Butler, V. Mechtcherine, Inline quantification

of extrudability of cementitious materials for digital construction, Cem. Concr.
Compos. 95 (2019) 260–270.

[103] G. Ma, L. Wang, A critical review of preparation design and workability mea-
surement of concrete material for largescale 3D printing, Front. Struct. Civ. Eng.
12 (2018) 382–400.

[104] M. Charrier, C. Ouellet-Plamondon, Testing procedures on materials to formulate
the ink for 3-D printing, First International Conference on 3-D Printing and
Transportation, Transportation Research Board, The National Academies, Keck
Center, Washington, DC, 2019.

[105] Q. Yuan, Z. Li, D. Zhou, T. Huang, H. Huang, D. Jiao, C. Shi, A feasible method for
measuring the buildability of fresh 3D printing mortar, Constr. Build. Mater. 227
(2019) 116600.

[106] Y. Weng, B. Lu, M. Li, Z. Liu, M.J. Tan, S. Qian, Empirical models to predict
rheological properties of fiber reinforced cementitious composites for 3D printing,
Constr. Build. Mater. 189 (2018) 676–685.

[107] J. Kruger, S. Zeranka, G. van Zijl, 3D concrete printing: a lower bound analytical
model for buildability performance quantification, Autom. Constr. 106 (2019)
102904.

[108] A. Kazemian, X. Yuan, R. Meier, B. Khoshnevis, Chapter 2- performance-based
testing of Portland cement concrete for construction-scale 3D printing, in:
J.G. Sanjayan, A. Nazari, B. Nematollahi (Eds.), 3D Concrete Printing Technology,
Butterworth-Heinemann, 2019, pp. 13–35.

[109] Y.W.D. Tay, Y. Qian, M.J. Tan, Printability region for 3D concrete printing using
slump and slump flow test, Compos. Part B 174 (2019) 106968.

[110] M. Papachristoforou, V. Mitsopoulos, M. Stefanidou, Evaluation of workability
parameters in 3D printing concrete, Procedia Structural Integrity 10 (2018)
155–162.

[111] S. Al-Qutaifi, A. Nazari, A. Bagheri, Mechanical properties of layered geopolymer
structures applicable in concrete 3D-printing, Constr. Build. Mater. 176 (2018)
690–699.

[112] P. Feng, X. Meng, J.-F. Chen, L. Ye, Mechanical properties of structures 3D printed
with cementitious powders, Constr. Build. Mater. 93 (2015) 486–497.

[113] Y. Zhang, Y. Zhang, W. She, L. Yang, G. Liu, Y. Yang, Rheological and harden
properties of the high-thixotropy 3D printing concrete, Constr. Build. Mater. 201
(2019) 278–285.

[114] R.J.M. Wolfs, F.P. Bos, T.A.M. Salet, Triaxial compression testing on early age
concrete for numerical analysis of 3D concrete printing, Cem. Concr. Compos. 104
(2019) 103344.

[115] P.J.M. Monteiro, G. Geng, D. Marchon, J. Li, P. Alapati, K.E. Kurtis, M.J.A. Qomi,
Advances in characterizing and understanding the microstructure of cementitious
materials, Cem. Concr. Res. 124 (2019) 105806.

[116] C. Seidel, M.F. Zaeh, Multi-scale modelling approach for contributing to reduced
distortion in parts made by laser-based powder bed fusion, Procedia CIRP 67
(2018) 197–202.

[117] D. Pal, N. Patil, K. Zeng, B. Stucker, An integrated approach to additive manu-
facturing simulations using physics based, coupled multiscale process modeling, J.
Manuf. Sci. Eng. 136 (2014).

[118] M. Megahed, H.-W. Mindt, N. N’Dri, H. Duan, O. Desmaison, Metal additive-
manufacturing process and residual stress modeling, Integrating Materials and
Manufacturing Innovation 5 (2016) 61–93.

[119] S. Malek, J.R. Raney, J.A. Lewis, L.J. Gibson, Lightweight 3D cellular composites
inspired by balsa, Bioinspiration & Biomimetics 12 (2017) 026014.

[120] NIST, Virtual Cement and Concrete Testing Laboratory, (2020).
[121] W. Regli, J. Rossignac, V. Shapiro, V. Srinivasan, The new frontiers in computa-

tional modeling of material structures, Comput. Aided Des. 77 (2016) 73–85.
[122] X. Qi, G. Chen, Y. Li, X. Cheng, C. Li, Applying neural-network-based machine

learning to additive manufacturing: current applications, challenges, and future
perspectives, Engineering 5 (2019) 721–729.

[123] T. Oey, S. Jones, J.W. Bullard, G. Sant, Machine learning can predict setting be-
havior and strength evolution of hydrating cement systems, J. Am. Ceram. Soc.
103 (2019) 480–490.

[124] E. Ozbay, M. Gesoglu, E. Güneyisi, Empirical modeling of fresh and hardened
properties of self-compacting concretes by genetic programming, Constr. Build.
Mater. 22 (2008) 1831–1840.

[125] J.Y. Park, Y.G. Yoon, T.K. Oh, Prediction of concrete strength with P-, S-, R-wave
velocities by support vector machine (SVM) and artificial neural network (ANN),
Appl. Sci. 9 (2019).

[126] J.Y. Yoon, H. Kim, Y.J. Lee, S.H. Sim, Prediction model for mechanical properties
of lightweight aggregate concrete using artificial neural network, Materials (Basel)
12 (2019).

[127] P. Ziolkowski, M. Niedostatkiewicz, Machine learning techniques in concrete mix
design, Materials (Basel) 12 (2019).

[128] D. Cruz, D.A. Talbert, W. Eberle, J. Biernacki, A neural network approach for
predicting microstructure development in cement, Proceedings on the
International Conference on Artificial Intelligence (ICAI), 2016, pp. 328–334.

[129] L. Wang, B. Yang, Y. Chen, X. Zhao, J. Chang, H. Wang, Modeling early-age hy-
dration kinetics of Portland cement using flexible neural tree, Neural Comput. &
Applic. 21 (2012) 877–889.

[130] R.J.M. Wolfs, F.P. Bos, T.A.M. Salet, Early age mechanical behaviour of 3D printed
concrete: numerical modelling and experimental testing, Cem. Concr. Res. 106

M.S. Khan, et al. Cement and Concrete Research 133 (2020) 106070

13

http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0345
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0345
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0345
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0350
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0350
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0350
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0355
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0355
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0355
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0360
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0360
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0365
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0365
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0365
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0370
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0370
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0370
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0375
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0375
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0375
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0375
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0380
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0380
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0385
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0385
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0385
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0390
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0390
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0390
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0395
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0395
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0395
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0400
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0400
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0405
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0405
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0405
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0410
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0410
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0415
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0415
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0415
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0420
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0420
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0420
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0425
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0425
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0425
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0430
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0430
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0430
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0435
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0435
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0435
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0440
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0440
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0445
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0445
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0445
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0445
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0450
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0450
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0455
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0455
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0460
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0460
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0460
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0460
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0465
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0465
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0465
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0470
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0470
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0470
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0475
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0475
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0480
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0480
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0480
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0485
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0485
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0485
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0490
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0490
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0495
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0495
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0495
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0500
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0500
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0505
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0505
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0510
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0510
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0510
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0515
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0515
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0515
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0520
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0520
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0520
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0520
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0525
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0525
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0525
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0530
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0530
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0530
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0535
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0535
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0535
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0540
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0540
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0540
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0540
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0545
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0545
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0550
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0550
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0550
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0555
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0555
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0555
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0560
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0560
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0565
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0565
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0565
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0570
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0570
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0570
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0575
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0575
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0575
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0580
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0580
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0580
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0585
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0585
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0585
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0590
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0590
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0590
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0595
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0595
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0600
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0605
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0605
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0610
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0610
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0610
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0615
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0615
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0615
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0620
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0620
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0620
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0625
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0625
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0625
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0630
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0630
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0630
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0635
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0635
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0640
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0640
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0640
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0645
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0645
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0645
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0650
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0650


(2018) 103–116.
[131] F. Sanchez, J. Biernacki, J. Olek, P. Zavattieri, Multiscale/3D Cement Printing,

National Science Foundation, NSF CMMI-1239979, Vanderbilt University,
Nashville, TN, July 2015.

[132] L.-C. Qiu, Y. Han, 3D simulation of self-compacting concrete flow based on MRT-
LBM, Adv. Mater. Sci. Eng. 2018 (2018) 8.

[133] S.-G. Chen, C.-H. Zhang, F. Jin, P. Cao, Q.-C. Sun, C.-J. Zhou, Lattice Boltzmann-
discrete element modeling simulation of SCC flowing process for rock-filled con-
crete, Materials 12 (2019) 3128.

[134] Simulation of Fresh Concrete Flow: State-of-the Art Report of the Rilem Technical
Committee 222-Scf, Springer, 2014.

[135] V. Mechtcherine, S. Shyshko, Simulating the behaviour of fresh concrete with the
distinct element method–deriving model parameters related to the yield stress,
Cem. Concr. Compos. 55 (2015) 81–90.

[136] V. Mechtcherine, S. Shyshko, Virtual Concrete Laboratory — Continuous
Numerical Modelling of Concrete from Fresh to the Hardened State, Springer
Berlin Heidelberg, Berlin, Heidelberg, 2007, pp. 479–488.

[137] K. Vasilic, A. Gram, J.E. Wallevik, Numerical simulation of fresh concrete flow:
insight and challenges, RILEM Technical Letters 4 (2019).

[138] K. Vasilic, M. Geiker, J. Hattel, L. Martinie, N. Martys, N. Roussel, J. Spangenberg,
Advanced methods and future perspectives, in: N. Roussel, A. Gram (Eds.),
Simulation of Fresh Concrete Flow: State-of-the Art Report of the RILEM Technical
Committee 222-SCF, Springer Netherlands, Dordrecht, 2014, pp. 125–146.

[139] N. Iqbal, C. Rauh, Coupling of discrete element model (DEM) with computational
fluid mechanics (CFD): a validation study, Appl. Math. Comput. 277 (2016)
154–163.

[140] Y. He, A.E. Bayly, A. Hassanpour, F. Muller, K. Wu, D. Yang, A GPU-based coupled
SPH-DEM method for particle-fluid flow with free surfaces, Powder Technol. 338
(2018) 548–562.

[141] N.S. Martys, W.L. George, B.-W. Chun, D. Lootens, A smoothed particle hydro-
dynamics-based fluid model with a spatially dependent viscosity: application to
flow of a suspension with a non-Newtonian fluid matrix, Rheol. Acta 49 (2010)
1059–1069.

[142] N.S. Martys, H. Chen, Simulation of multicomponent fluids in complex three-di-
mensional geometries by the lattice Boltzmann method, Phys. Rev. E 53 (1996)
743–750.

[143] A.S. Mohammad, J. Biernacki, Computational printing of cement-based pastes
with time-dependent rheology, next generation manufacturing: 3D printing of
composites, 19 AIChE Annual Meeting (November, 2019).

[144] A.S. Mohammad, J. Biernacki, Computational Printing of Cement-Based Pastes in
2D and 3D Geometries, 10th Advances in Cement-Based Materials, ACerS, June
2019.

[145] A.S. Mohammad, J. Biernacki, Modeling of Cement Paste for 3-D Printing
Application, Next Generation Manufacturing: 3D Printing of Composites, AIChE,
2018 October-November.

[146] A.S. Mohammad, J. Biernacki, Flow Behavior of Idealized Geometries of Relevance
to 3-D Printing of Cement-Based Pastes, 9th Advances in Cement-Based Materials,
ACerS, June 2018.

[147] A. Perrot, D. Rangeard, A. Pierre, Structural built-up of cement-based materials
used for 3D-printing extrusion techniques, Mater. Struct. 49 (2016) 1213–1220.

[148] M. Moini, J. Olek, J.P. Youngblood, B. Magee, P.D. Zavattieri, Additive manu-
facturing and performance of architectured cement-based materials, Adv. Mater.
30 (2018) 1802123.

[149] B. Zhu, M. Skouras, D. Chen, W. Matusik, Two-scale topology optimization with
microstructures, ACM Trans. Graph. 36 (2017) 1.

[150] H. Liu, T. Du, N.M.A. Krishnan, H. Li, M. Bauchy, Topological optimization of
cementitious binders: advances and challenges, Cem. Concr. Compos. 101 (2019)
5–14.

[151] P. Martens, M. Mathot, F. Bos, J. Coenders, Optimising 3D Printed Concrete
Structures Using Topology Optimisation, Springer International Publishing, Cham,
2018, pp. 301–309.

[152] G. Kazakis, I. Kanellopoulos, S. Sotiropoulos, N.D. Lagaros, Topology optimization
aided structural design: interpretation, computational aspects and 3D printing,
Heliyon 3 (2017) e00431.

[153] K.C. Nguyen, P. Tran, H.X. Nguyen, Multi-material topology optimization for ad-
ditive manufacturing using polytree-based adaptive polygonal finite elements,
Autom. Constr. 99 (2019) 79–90.

[154] J. Coenders, M. Mathot, P. Martens, F. Bos, R. Wolfs, A. Rolvink, P. Middelkoop,
Optimizing 3D concrete printing: exploring potentials and limitations of materials
and production, SPOOL 4 (2017) 27–31.

[155] O. Amir, E. Shakour, Simultaneous shape and topology optimization of prestressed
concrete beams, Struct. Multidiscip. Optim. 57 (2018) 1831–1843.

[156] O. Amir, A topology optimization procedure for reinforced concrete structures,
Comput. Struct. 114–115 (2013) 46–58.

[157] Interfaces: Architecture. Engineering. Science, in: A. Bögle, M. Grohmann (Eds.),
Proceedings of the IASS Annual Symposium, Hafen City University Hamburg,
International Association of Shell & Spatial Structures (IASS), Hamburg, Germany,
2017.

[158] Ghent University, Topology Optimization of a Prestressed Concrete 3D Printed
Bridge, https://www.youtube.com/watch?v=KTTWiCUBeXg, Youtube, 2019,
Accessed: November 18, 2019.

[159] Ghent University, 3D Concrete Printing of a Topology-Optimized Bridge, https://
www.youtube.com/watch?v=oTW989PjyXI, Youtube, 2018, Accessed: November
15, 2019.

[160] F. Sanchez, Atomic-Scale Computational Modeling of Cement and Concrete, 89
American Ceramic Society Bulletin, 2010, pp. 28–30.

[161] D. Lau, W. Jian, Z. Yu, D. Hui, Nano-engineering of construction materials using
molecular dynamics simulations: prospects and challenges, Compos. Part B 143
(2018) 282–291.

[162] M. Eftekhari, S. Mohammadi, Molecular dynamics simulation of the nonlinear
behavior of the CNT-reinforced calcium silicate hydrate (C–S–H) composite,
Compos. A: Appl. Sci. Manuf. 82 (2016) 78–87.

[163] D. Hou, Z. Lu, X. Li, H. Ma, Z. Li, Reactive molecular dynamics and experimental
study of graphene-cement composites: structure, dynamics and reinforcement
mechanisms, Carbon 115 (2017) 188–208.

[164] M.F. Kai, L.W. Zhang, K.M. Liew, Graphene and graphene oxide in calcium silicate
hydrates: chemical reactions, mechanical behavior and interfacial sliding, Carbon
146 (2019) 181–193.

[165] D. Hou, T. Yang, J. Tang, S. Li, Reactive force-field molecular dynamics study on
graphene oxide reinforced cement composite: functional group de-protonation,
interfacial bonding and strengthening mechanism, Phys. Chem. Chem. Phys. 20
(2018) 8773–8789.

[166] Z. Lu, D. Hou, L. Meng, G. Sun, C. Lu, Z. Li, Mechanism of cement paste reinforced
by graphene oxide/carbon nanotubes composites with enhanced mechanical
properties, RSC Adv. 5 (2015) 100598–100605.

[167] Y. zhang, T. Yang, Y. Jia, D. Hou, H. Li, J. Jiang, J. Zhang, Molecular dynamics
study on the weakening effect of moisture content on graphene oxide reinforced
cement composite, Chem. Phys. Lett. 708 (2018) 177–182.

[168] B. Al-Muhit, F. Sanchez, Nano-engineering of the mechanical properties of to-
bermorite 14 Å with graphene via molecular dynamics simulations, Constr. Build.
Mater. 233 (2020) 117237.

[169] E. Hosseini, M. Zakertabrizi, A.H. Korayem, G. Xu, A novel method to enhance the
interlayer bonding of 3D printing concrete: an experimental and computational
investigation, Cem. Concr. Compos. 99 (2019) 112–119.

[170] R. Dingreville, R.A. Karnesky, G. Puel, J.-H. Schmitt, Review of the synergies
between computational modeling and experimental characterization of materials
across length scales, J. Mater. Sci. 51 (2016) 1178–1203.

[171] Y. Liu, T. Zhao, W. Ju, S. Shi, Materials discovery and design using machine
learning, J. Mater. 3 (2017) 159–177.

[172] A. Baykasoğlu, T. Dereli, S. Tanış, Prediction of cement strength using soft com-
puting techniques, Cem. Concr. Res. 34 (2004) 2083–2090.

[173] M. Zhang, A.P. Jivkov, Microstructure-informed modelling of damage evolution in
cement paste, Constr. Build. Mater. 66 (2014) 731–742.

[174] P. Yang, S. Chowdhury, N. Neithalath, Strain sensing ability of metallic particulate
reinforced cementitious composites: experiments and microstructure-guided finite
element modeling, Cem. Concr. Compos. 90 (2018) 225–234.

[175] S. Das, M. Aguayo, S.D. Rajan, G. Sant, N. Neithalath, Microstructure-guided nu-
merical simulations to predict the thermal performance of a hierarchical cement-
based composite material, Cem. Concr. Compos. 87 (2018) 20–28.

[176] L. Brown, P.G. Allison, F. Sanchez, Use of nanoindentation phase characterization
and homogenization to estimate the elastic modulus of heterogeneously dec-
alcified cement pastes, Mater. Des. 142 (2018) 308–318.

[177] T.A.M. Salet, Z.Y. Ahmed, F.P. Bos, H.L.M. Laagland, Design of a 3D printed
concrete bridge by testing, Virtual and Physical Prototyping 13 (2018) 222–236.

[178] A.S.J. Suiker, Mechanical performance of wall structures in 3D printing processes:
theory, design tools and experiments, Int. J. Mech. Sci. 137 (2018) 145–170.

[179] R.J.M. Wolfs, A.S.J. Suiker, Structural failure during extrusion-based 3D printing
processes, Int. J. Adv. Manuf. Technol. 104 (2019) 565–584.

[180] B.K. Post, Breaking Barriers with BAAM: Large Scale AM Applications in
Infrastructure, Oak Ridge National Laboratory, 2017.

[181] Y. He, C. Zhang, Y. Zhang, H. Zhou, Energy-saving potential of 3D printed concrete
house with integrated vertical green wall system (3D-VtGW), Second International
Conference on 3D Construction Printing (3DcP 2019)Tianjin, China, 2019.

[182] M.S. Khan, Nanotechnology in transportation: Evolution of a revolutionary tech-
nology, TR News, Transportation Research Board, 2011, pp. 3–8 November-
December.

[183] R.P. Mueller, An overview of in-situ construction activities at NASA, First
International Conference on 3-D Printing and Transportation, Transportation
Research Board The National Academies, Keck Center, Washington, DC, 2019.

[184] T. Prater, The proving ground: using low earth orbit as a test bed for manu-
facturing technology development, First International Conference on 3-D Printing
and Transportation, Transportation Research BoardThe National Academies, Keck
Center, Washington, DC, 2019.

[185] W.K. Belvin, Deep space transportation: manufacturing for performance, persis-
tence, and resilience, First International Conference on 3-D Printing and
Transportation, Transportation Research BoardThe National Academies, Keck
Center, Washington, DC, 2019.

[186] T. Johnston, T.D. Smith, J.L. Irwin, Additive Manufacturing in 2040: Powerful
Enabler, Disruptive Threat, RAND Corporation, 2018.

[187] W.D. Ankner, R.L. James, Industry Significance of 3D Printing to Transportation
Logistics, Traffic Activities, Planning and Asset Management, Institute for Trade
and Transportation Studies, 2017.

M.S. Khan, et al. Cement and Concrete Research 133 (2020) 106070

14

http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0650
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0655
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0655
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0655
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0660
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0660
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0665
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0665
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0665
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0670
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0670
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0675
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0675
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0675
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0680
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0680
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0680
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0685
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0685
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0690
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0690
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0690
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0690
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0695
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0695
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0695
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0700
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0700
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0700
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0705
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0705
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0705
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0705
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0710
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0710
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0710
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0715
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0715
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0715
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0720
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0720
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0720
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0725
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0725
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0725
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0730
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0730
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0730
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0735
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0735
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0740
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0740
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0740
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0745
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0745
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0750
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0750
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0750
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0755
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0755
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0755
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0760
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0760
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0760
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0765
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0765
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0765
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0770
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0770
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0770
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0775
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0775
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0780
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0780
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0785
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0785
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0785
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0785
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0790
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0790
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0795
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0795
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0795
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0800
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0800
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0800
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0805
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0805
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0805
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0810
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0810
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0810
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0815
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0815
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0815
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0815
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0820
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0820
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0820
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0825
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0825
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0825
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0830
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0830
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0830
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0835
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0835
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0835
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0840
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0840
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0840
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0845
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0845
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0850
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0850
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0855
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0855
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0860
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0860
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0860
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0865
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0865
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0865
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0870
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0870
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0870
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0875
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0875
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0880
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0880
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0885
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0885
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0890
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0890
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0895
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0895
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0895
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0900
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0900
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0900
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0905
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0905
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0905
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0910
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0910
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0910
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0910
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0915
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0915
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0915
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0915
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0920
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0920
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0925
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0925
http://refhub.elsevier.com/S0008-8846(19)31586-8/rf0925

	3-D printing of concrete: Beyond horizons
	Introduction
	Historical background of 3-D printing in construction
	Evolution of the technology
	Advances in equipment
	Advances in materials
	Advances in material characterization
	Advances in computer modeling
	Physics-driven computational modeling of the additive manufacturing process
	Topology and microstructural optimization
	Computational materials modeling
	Modeling the behavior of 3D-printed structures

	Demonstration projects
	Challenges and opportunities
	Social and economic impacts
	Path forward
	Conclusions
	Declaration of competing interest
	Acknowledgments
	References




