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Abstract 
Additive Manufacturing (AM), normally known as 3 Dimensional Printing (3DP), is one of many 
manufacturing processes in the field of Rapid Prototyping (RP). In 3DP process, the solid part is 
built by adding layers of materials sequentially. Compared to traditional manufacturing technologies, 
3DP has attracted more and more attention in many fields, including building and construction, 
attributed to its advantages such as greater flexibility on constructing geometrically complicated 
structures, greatly improved efficiency, reduced onsite labor requirement and less waste generated.  

Engineered Cementitious Composites (ECC) is a cementitious composite material reinforced with 
randomly distributed short fibers. It has great potential to be used in building and construction as 
well as 3D printing field due to its unique mechanical properties. Rheological property is an essential 
parameter affecting the printability of ECC during printing process. This article surveys the 
literatures on ECC, followed by a brief introduction of developments in 3DP field. The methods to 
improve the rheological property of ECC are discussed thereafter. In the last section, challenges on 
ECC printing are discussed from aspects of rheology control and printability. 
KEY WORDS: 3D printing, Engineered Cementitious Composites (ECC), rheology control, 
printability 

1. INTRODUCTION

1.1 Engineered Cementitious Composites (ECC) 

Concrete is one of the most widely used construction materials in the world. It possesses many 
excellent properties, such as convenience in application, wide raw material sources and generally 
highly reliable performance, making it a key structural material in modern civil engineering(Mehta 
and Monteiro, 2006). In United States alone, concrete industry represents a €23.3 billion of sales 
per year(Silva et al., 2015).  
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With all aforementioned advantages, conventional concrete is however a brittle material with low 
tensile strength and crack resistance, which limits its further engineering applications(Li, 2011). 
Li and Leung (1992) proposed micromechanics based design theory for a novel ductile concrete 
termed as Engineered Cementitious Composites (ECC)(Li and Leung, 1992). It has similar 
mechanical strength to conventional concrete in all aspects except for tensile properties (Li and 
Kanda, 1998). Unlike normal concrete which is brittle and prone to cracking, ECC is a special 
class of concrete with high tensile ductility and toughness. The ultimate tensile strain of the ECC 
ranges from 3% to 5% under uniaxial tension tests. After initial cracking in the matrix, ECC can 
sustain higher level of loading with strain-hardening behavior. Multi-cracking pattern is observed, 
and cracks in ECC can be effectively controlled under 60 μm (Zhang et al., 2011). The unique 
mechanical property makes ECC a potential high performance material to be used in building and 
construction as well as 3D printing. Figure 1 (a,b,c) show the tensile strain-hardening behavior 
and ultra-ductility of ECC, the ECC under four-point bending test and multi-cracking pattern of 
ECC, respectively. 

    (a)       (b) 

     (c)  
  Figure 1 Characteristic mechanical property of ECC: (a) Strain-hardening curve(Li 2002);  

(b) ECC under four-point bending test ;(c) Multi-cracking pattern of ECC(Ranade et al., 2014)

1.2 3D printing technology 

3DP is a manufacturing technology which fabricates the solid part layer by layer(Groover, 2007). 
It has attracted attentions in many fields, including building and construction due to its advantages 
over tradition manufacturing technology, such as shortened lead-time, flexibility in producing 
complex shape etc. Researchers in building and construction sector have attempted various 3D 
printing technologies, such as Contour Crafting.(Khoshnevis et al., 2006), D shape and Concrete 
Printing(Lim et al., 2012). 
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1.3 Rheological property 

During printing process, proper control of rheological property is critical in ensuring smooth flow 
during pumping and rapid setting of the concrete after extruding/printing.  

Classic Newtonian fluid, like water, is characterized by a single coefficient of viscosity at a 
specific temperature. Though the viscosity changes with temperature, it does not change with 
the shear rate(Lavrov, 2012). The large class of fluids that the correlation between shear stress 
and shear rate is not linear are called non-Newtonian fluids. The simplest and commonly-used 
model to describe the rheological property of concrete is Bingham Model, as shown in Figure 2(a). 

    (a)                                                              (b) 
   Figure 2. (a)Bingham Model; (b) Schematic of shear rate             

The Bingham model can be described as below(Banfill, 2011)  
  (1) 

Where is the yield stress at which a material begins to deform plastically,  is the viscosity 
which describes the resistance to flow, and  is the shear rate that is velocity gradient between the 
adjacent fluid layers as shown in Figure 2(b). For fluid, yield stress is the shear stress needed to 
start moving concrete. In 3D printing process, the viscosity should be low initially, then rise up 
promptly to ensure enough green strength to support the self-weight of the printed structures. In 
the following section, methods to control rheological property and challenges of ECC printing are 
discussed. 

2. METHODS TO CONTROL RHEOLOGICAL PROPERTY

Many researchers try to control rheological property of concrete via modifying mix design. Slag 
is a kind of replacement material of cement. Incorporating slag with an optimum content of 15% 
by mass in concrete can increase the workability of concrete via decreasing the dosage of cement 
(Boukendakdji et al., 2009) . Concrete is considered as a two-phase material, consisting of coarse 
aggregate (CA) and mortar. Higher content of CA and finer aggregates normally result in higher 
concrete rheological parameters, namely higher yield stress and viscosity(Hu and Wang, 2011). 
For ECC, increasing the water-binder ratio and high range water reducer(HRWR)-binder ratio 
results in a reduction in plastic viscosity and relative yield stress, relatively (Yang et al., 2009). 
M. Li and V. Li demonstrated that strong correlation existed between plastic viscosity, PVA fiber
dispersion and ECC composite behavior (Li & Li, 2013).
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It is also possible to control rheological property of concrete by changing the mixing method. 
Delaying the admixtures addition (melamine formaldehyde sulfonate and naphthalene 
formaldehyde sulfonate) increases the workability than that of simultaneous addition(Aiad et al., 
2002). Furthermore, using high shear rate mixing leads to improved flowability (lower viscosity) 
(Williams et al., 1999). Also, yield stress can be reduced to about a half by vibration than that 
without vibration, but little influenced the plastic viscosity(Hu and de Larrard, 1996). 

Addition of some admixtures can also be used to modify the rheological property. Addition of 
superplasticizer reduces yield stress, but the reduced water content  increases the plastic viscosity 
resulting in mixes which are sticky and difficult to handle(Banfill, 2011). Mineral admixtures have 
certain impact on the viscosity of cement paste and concrete. Ultrafine fly ash is considered as the 
best mineral admixtures that reduce the yield stress and viscosity among six different mineral 
admixtures including coarse fly ash, fly ash, fine fly ash, ultra-fine fly ash, metakaolin and silica 
fume(Ferraris et al., 2001). Compared to the case of no silica fume addition, mixing silica fume 
in concrete decreases the workability due to higher surface areas of silica fume particles (Nochaiya 
et al., 2010). 

3. CHALLENGES OF PRINTABILITY OF ECC PRINTING

For common 3D concrete printing process, raw materials are mixed in the mixer firstly. Then, 
they are moved to container and subsequently to nozzle through delivery system. The concrete 
are printed out upon reaching the nozzle layer-by-layer to form the solid part. One example of 
whole printing system is shown in Figure 3(Le et al., 2012) 

 Figure 3 Schematic of concrete delivery system(Le et al., 2012) 

As discussed before, the rheological behavior of concrete can be described as Bingham Model. 
Applied shear stress (e.g. translated from pressure of the air pump) should be more than the yield 
stress to ensure smooth flow so that the delivery and nozzle system will not be blocked. 
Furthermore, after concrete is printed out from nozzle, it must be capable of rapidly increasing 
viscosity to avoid severe slumping. In addition, open time, an important measure for the working 
window of the material, is also a parameter controlled by the viscosity dynamics of the concrete.  

Pumpability refers to how well the freshly mixed concrete can be transported from the container 
to the nozzle. During the entire flow process, the concrete should be kept at low viscosity value 
to flow smoothly in the delivery system. In addition, the concrete should avoid hardening and 
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blocking the pipe. Therefore, the rheological property of fresh concrete is an important parameter 
which should be considered during the pumping process. Thus, in this process, researchers should 
consider to decrease the viscosity of concrete via the methods discussed in Section 2.  

Buildability is also an essential property of printable ECC. After concrete printed out from the 
nozzle, it should have enough green strength supporting its weight to avoid slump. The viscosity 
dynamics should be thoroughly studied so that a timely increasing of viscosity can be achieved 
via many methods e.g. addition of accelerators or rapid hardening cements. 

4. FUTURE PROSPECTIVE AND CONCLUSION

This article reviews the literatures of concrete printing. ECC, 3DP and rheology are briefly 
introduced in the first section, followed by methods to control the rheological property of concrete 
in Section 2. Several parameters related to rheological property control in concrete printing are 
discussed in the third section. 

Rheological property of concrete is an essential factor affecting concrete printing. In future 
research, it is suggested to attempt different methods to control the viscosity for printing, such as 
changing mixing method, different admixtures, etc. 
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