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A B S T R A C T

Large-scale additive manufacturing processes for construction utilise computer-controlled placement of extruded
cement-based mortar to create physical objects layer-by-layer. Demonstrated applications include component
manufacture and placement of in-situ walls for buildings. These applications vary the constraints on design
parameters and present different technical issues for the production process. In this paper, published and new
work are utilised to explore the relationship between fresh and hardened paste, mortar, and concrete material
properties and how they influence the geometry of the created object. Findings are classified by construction
application to create a matrix of issues that identifies the spectrum of future research exploration in this
emerging field.

1. Introduction

Large-scale, cement-based additive manufacturing processes, often
referred to as 3D concrete printing (3DCP), have been under develop-
ment for the last 10 years and more than 30 groups world-wide are
currently engaged in research. 3DCP disposes of the need for conven-
tional moulds by precisely placing, or solidifying, specific volumes of
material in sequential layers by a computer controlled positioning
process. The manufactured component is a facsimile of a 3D model from
which the machine control is derived in the same way as conventional
Additive Manufacturing/Rapid Prototyping: see either [1] or [2] for an
overview of these processes and their operation. Fig. 1describes the
growth in activity since the seminal work of Pegna [3], a recent con-
temporary review of the literature is offered in [4].

A distinction is made here between automation methods for mould
making and material shaping [5,6] and methods that ‘build’ using
discrete layer deposition. A further distinction is made between the
discrete layer deposition processes that are based on a particle bed
approach [3,7] (and Lowke et al. [8] in this issue) and those based on
extrusion.

Over half the processes under development employ extrusion, ty-
pically a small (∼6mm to ∼50mm diameter) continuous filament,
pumped through a nozzle often mounted on a gantry or robotic arm
that positions the material during the build process. The material is
typically a high cement content mortar, with a maximum particle size

in the order of 2mm to 3mm, although larger aggregates have been
used. The shape of the extrusion varies and is either circular, ovular or
rectangular and linear rates of extrusion are in the range of 50mm/s to
500mm/s. Fig. 2 offers examples of the component types, print or-
ientations and geometrical features that have been demonstrated and
can be classified into the three application families:

• Components, either stand alone (c) or for assembly (d and e);

• Walls and columns printed in-situ (f); and,

• Permanent shuttering where the shutter is printed and the structural
element is cast conventionally (a and b).

The orientation of manufacture also varies and is either pre-
dominantly vertical (Fig. 2b, c, d and f) or horizontal (Fig. 2a and e).
Components can be predominately planar (Fig. 2a, b, d, e and f) or
volumetric (Fig. 2c). The creation of overhanging features may also be
desirable and can be produced through corbeling (Fig. 2d) or by the
additional application of a removable material to create support during
printing, as has been used to create Fig. 2e. Voids can also be created to
form shafts in vertical prints, such as those to the left hand end of the
bench in Fig. 2c.

Research to date has been ad-hoc, focused on demonstrating via-
bility [1,9-11]. Currently 3DCP manufacturing processes are incon-
sistent and unreliable, requiring expert machine operators and extra-
ordinary care in the preparation and formulation of materials.
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Inconsistencies and unreliability arise from the dependency of material
properties on the process apparatus, the operational parameters, and
the generation of machine instructions from an algorithm to create the
desired geometry. The material is required to flow and extrude through
a nozzle, bond with the previous layer and maintain its shape under
increasing hydrostatic pressure generated by subsequent layer deposi-
tion. Disturbances during printing, caused by changes in the material or
problems with the process, are detrimental to the success of a build and
can influence the performance of the component.

These issues hamper the robustness of 3CDP, a critical milestone for
commercial viability, of which rheological properties of 3DCP materials
are fundamentally important. It is, however, the hardened properties
and conformity to design geometry that give the manufactured com-
ponent value. Indeed, if these processes are to become common

construction practice, engineers will need to understand how to design
structures to be manufactured with printed materials, leading to new
design codes and standardised methods of testing.

2. Method and approach

This paper provides a structured insight into the technical issues and
solutions surrounding 3DCP and discusses:

• Properties of wet materials used in 3DCP prior to solidification;

• Hardened properties of 3DCP materials;

• Achieving geometric conformity; and,

• Factors affected by application.

A thorough literature review in the area of 3DCP resulted in 50 to 60
topically relevant papers that were filtered by removing review papers
and work that did not focus on mortar extrusion-based 3DCP. The re-
maining papers were then reviewed to establish whether they com-
mented on or provided evidence of technical issues. Observations were
either based on structured investigation or experience and both were
included to form an evidence base of about 22 papers.

Reflecting on the key challenges outlined by Wangler et al. [12], the
issues highlighted by these publications are supplemented with new
insights from recent international work undertaken at Loughborough
University (UK), The Danish Technological Institute, the National In-
stitute of Standards and Technology (USA) and Conservatoire National
des Arts et Métiers (France). Reflective discussion is provided
throughout, touching on issues relating to the measurement and testing
of rheology and hardened material properties.

The work aims to provide a state-of-the-art review that can be
readily evidenced and related to key areas of material research, sign-
posting the latest publications in this special issue. At the same time, it
identifies the interdependent factors effecting, and effected by, the
component design and the mechanics and control of the process. These
issues and their interrelationships, are then collated to create a matrix
of research and development issues that are dependent on the

Fig. 1. The rise in large-scale additive manufacturing for construction appli-
cations since the concept inception in 1997.

Fig. 2. Examples of 3DCP application type and orientation of the manufactured components.
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