
https://doi.org/10.1016/j.cemconres.2020.106040
https://doi.org/10.1016/j.cemconres.2020.106040


Contents lists available at ScienceDirect

Cement and Concrete Research

journal homepage: www.elsevier.com/locate/cemconres

Improving printability of limestone-calcined clay-based cementitious
materials by using viscosity-modifying admixture

Yu Chena, Stefan Chaves Figueiredoa,b, Zhenming Lia, Ze Changa, Koen Jansena,
Oğuzhan Çopuroğlua, Erik Schlangena,⁎

aMicrolab, Faculty of Civil Engineering and Geosciences, Delft University of Technology, Delft, the Netherlands
bDepartment of the Built Environment, Eindhoven University of Technology, Eindhoven, the Netherlands

A R T I C L E I N F O

Keywords:
3D concrete printing
Viscosity-modifying admixture
Limestone and calcined clay
Sustainability
Mechanical performance

A B S T R A C T

In 3D concrete printing (3DCP), it is necessary to meet contradicting rheological requirements: high fluidity
during pumping and extrusion, and high stability and viscosity at rest to build the layered structure. In this
paper, the impact of the hydroxypropyl methylcellulose (HPMC)-based viscosity-modifying admixture (VMA) on
the 3D printability and mechanical performance of a limestone and calcined clay based cementitious material is
investigated. A combination of VMA and superplasticizer was used for that purpose. In this case, controlling the
competitive effects between VMA and superplasticizer becomes critical. The main strategy for 3D printing in this
study was to add an optimal dosage of VMA in the solid suspension that was already mixed with water and
superplasticizer. A lab-scale 3DCP setup was developed and demonstrated as well. A series of tests was per-
formed to characterize the effects of VMA on flowability, extrudability, open time, buildability, green strength,
hydration, compressive strength, and air void content and distribution. Experiments performed in this study
showed that the mixture containing 0.24% (of the binder mass) of VMA exhibited satisfactory 3D printability
and optimal mechanical performance. Finally, the results, limitations, and perspectives of the current research
were discussed.

1. Introduction

Additive manufacturing (AM) has been developing rapidly in dif-
ferent fields of science and engineering in the past few decades [1,2].
American Society for Testing and Materials (ASTM F2792-10 [3]) de-
fines AM as “a layer-based process of joining materials to fabricate
objects based on 3D model data”. AM technologies have become a daily
routine in many industries [2,4], e.g., aerospace, biomedical, and food,
among others [4]. In the construction industry, AM of concrete is a
natural choice, since concrete is the most widely used construction
material worldwide. 3D concrete printing (3DCP), or digital concrete
construction, has been under development for the past 20 years with an
increasing rate of research and application [5]. Currently, two major
3DCP technologies are under development: extrusion-based and selec-
tive binding methods [6,7]. This article focuses on extrusion-based
3DCP. Many companies, such as Contour Crafting, XtreeE, CyBe, Apis
Cor, WinSun, and others, attempted to implement extrusion-based
3DCP in practice [8], showing the potential of this technology.

Development of extrusion-based 3DCP could bring massive benefits

to building and construction projects. As illustrated by [5,9,10], ex-
trusion-based 3DCP can eliminate the need for formwork, reduce the
required cost and time of construction, increase the safety of con-
struction site and flexibility of architectural design. However, as men-
tioned by Wangler et al. [11], a relatively high cement content in the
mix design of digital concrete is needed to satisfy the rheological re-
quirements during the manufacturing process, neutralizes the benefit of
material-efficient designs. For extrusion-based 3DCP, most proposed
mixtures contain larger quantities of ordinary Portland cement (OPC)
than typical conventionally cast concrete [6,12–14] with similar me-
chanical performance. It is clear that for 3DCP techniques to become an
alternative to current practices, sustainable binders must be developed
that are technically capable yet do not compromise sustainability. As
the technology matures, researchers now need to develop sustainable
cementitious materials by replacing part of OPC with supplementary
cementitious materials (SCMs) for extrusion-3DCP. Many common
SCMs, such as fly ash, silica fume, and blast-furnace slag, have been
involved in many sustainable and 3D printable concrete proposals (see
[7–9,15–17]). However, these SCMs are gradually being depleted, and
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