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Literature Review on Rheological Properties and Required Performances
of 3D Printable Cementitious Materials
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3D printing techniques have been recently adopted in the construction industry. It mainly utilizes additive manufacturing
which is the fabrication process depositing successive layers of materials without any formworks. Conventional cementitious
materials may not be directly applicable to 3D printing because 3D printable cementitious materials is required to satisfy
such characteristics as pumpability, extrudability, and buildability in a fresh state. This study aimed to investigate rheological
properties and required performances of 3D printable cementitious materials, by reviewing existing studies. Test methods
and equipments, evaluation results and characteristics of mixture additives were compared. Based on reviews of existing
studies, this study indicates that the viscosity is mainly relevant to the pumpability of 3D printable materials whereas the
yield stress and thixotropy are important in securing buildability of the materials.
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Table 1. Required performances of cementitious materials for 3D
printing(Buswell et al. 2018; Paul et al. 2018; Li et al. 2020)

Performance Description
Pumpability The ability of materials tc: move smoothly through
a pipe
L. The ability of materials to be extruded out of
E 1 .. .
xirudability nozzles at a printing head as a continuous filament
The ability of materials to retain its shape under
Buildability self-weight, weight from subsequently deposited
layers and extrusion pressure, respectively
The time between when water is added to cement
Open time and when the mixture does not either flow or
extrude
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Fig. 1. Bingham model and Herschel-Bulkley model
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Table 2. Viscosity of 3D printable cementitious materials in previous studies

iscosi Mixture additives
Author Equipment Method Viscosity
(Pa - s) FA | SF | FB | NC Remark
Panda et al. | Viskomat XL | pp 0.039-0.048 o|o|x|x GGBS, K-silicate, Thixotropic additives
(2018) Rheometer
Paul et al. Viskomat XL Alkali activated geopolymer, Rheology modifier,
FCT 113-186 O] 0| 0| X .. . I . .
(2018) Rheometer Plasticizer, Potassium silicate, Potassium hydroxide
Zhang et al. Brookfield .
FCT 3.8-4.5 X X HRWR, Thicker, R«
(2018, 2019) |  Rheometer ¢ 0 0 icker, Retarder
Chen et al. Malvern
FCT 2.41-2. X X X X A HPM( T i id, M li
(2020) Kinexus Labt C 56 CSA cement, C, WRA, Tartaric acid, Metakaolin
Jo et al.
(2020) Slump Test ST - X X | X | X -

FCT : Flow curve test; ST : Slump test; FA : Fly ash; SF : Silica fume; FB : Fiber; NC : Nano clay; CSA : Calcium sulfoaluminate; HPMC : Hydroxypropyl
methyl cellulose; WRA : Water reducing admixtures; GGBS : Ground granulated blast-furnace slag; HRWR : High range water reducers
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Table 3. Rheological properties of cementitious materials(Banfill 1990)

Cement . Self-
Flowing .
paste, Mortar compacting | Concrete
concrete
grout concrete
Viscosity | 1.4 13 20 20-100 50-100
(Pa - s)
Yield stress |10 100 | 30400 | 400 50200 | 500-2000
(Pa)
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Table 4. Yield stress of 3D printable cementitious materials in previous studies

Yield stress Mixture additives
Author Equipment | Method (Pa)
Static yield stress | Dynamic yield stress | FA | SF | FB | NC Remark
Perrot et al. Anton Paar Smin : 4500 Kaolin, Limestone filler, Polycarboxylate
(2016) Rheolab QC SGT 20min : 5000 XX x| X olymer powder Superplasticizer
Rheometer ’ POy P PeLp
Khalil et al. . 10min : 2730 -
(2017) Penetration Test| PRT 15min : 95541 X | X | X | X CSA cement, Superplasticizer
Rubio et al. 10min-25min ..
(2017) Slump Test ST . 900-1150 O | O | O | X |Polycarboxylate polymer Superplasticizer
Anton Paar SGT Smin : 5200
Panda et al. MCR 101 FCT 15min : 6500 oo x )0 GGBS
2018, 2019 i in :
( )| Viskomat XL FCT - Smlfl F 1100 (0] (6] X X | GGBS, K-silicate, Thixotropic additives
Rheometer 15min : 1250
. Alkali activated geopolymer, Rheology
Paul et al. | Viskomat XL - pop | 3509 7401 2991-3622 0| 0| 0| X | modifier, Plasticizier, Potassium silicate,
(2018) Rheometer . .
Potassium hydroxide
Zhang et al. Brookfield .
(2018, 2019) Rheometer FCT - 178.5-359.8 X (0] X (0] Retarder, Thicker
Nair et al. | TA Instruments Limestone powder, Metakaolin,
- >
(2019) AR 2000EX Fet 200 010 X)X Superplasticizer
Chen et al. | Malvem SGT | 15min : 300-450 }?;Zilﬁl‘; 1:3 j]f{?j? < | x| x| x |CSA cement HPMC, WRA, Tartaric acid,
(2020) Kinexus Lab+ FCT | 20min : 450-600 v Metakaolin
303-386
Dressler et al. Penetrometer PRT | Smin : < 100000 X X x X GL, Stabilizer, PCE Superplasticizer,
(2020) Accelerator

FCT : Flow curve test; SGT : Stress growth test; PRT : Penetration resistance test; ST : Slump test; FA : Fly ash; SF : Silica fume; FB : Fiber; NC
: Nano clay; CSA : Calcium sulfoaluminate HPMC : Hydroxypropyl methyl cellulose; WRA : Water reducing admixtures; GGBS : Ground granulated
blast-furnace slag; GL : Ground limestone; HRWR : High range water reducers; VMA : Viscosity modifying agent
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Table 5. Thixotropic behaviors in the printing process

Process Description

Flocculation The material is in the hopper of the pump

The material is either pumped through the pipe

De-flocculati
e-tloceulation or agitated by rotational paddles or auger

The material is extruded and deposited onto the

Re-flocculation . .
printing bed or previous layer

Table 6. Thixotropy of 3D printable cementitious materials in previous studies

5 5 Mixture additives
Author Equipment | Method Thixotropy
FA | SF | FB | NC Remark
Smin : 0.34-0.92
Panda et al. | Anton Paar SGT 10min : 0.46-1.23
018) | MCR 102 20min : 0.66-1.42 010 XX GGBS
VRT 13-20%
Paul et al. | Viskomat XL Alkali activated geopolymer, Rheology modifier,
>
(2018) Rheometer ket 10000 Nmm  rpm 0 0 0 X Plasticizier, Potassium silicate, Potassium hydroxide
. 10min : 1.3
Soltan and L. | "y o Test | ST 20min : 1.23 olo| o] o CA cement, HRWR
(2018) .
60min : 1.05
Zhang et al. | Brookfield .
>
(2018, 2019) | Rheometer FCT 6284.5Pa/s X (¢} X (0} HRWR, Thicker
Bingham : 7000-10000Pa/s
Chen et al. Malvern FCT Herschel-Bulkley : X X X X CSA cement, HPMC, WRA, Tartaric acid,
(2020) Kinexus Lab+ 11000-16800Pa/s Metakaolin
VRT 66.7%-74%
Kruger et al. ICAR Rthix = 3.98Pa/s ..
(2019) Rheometer | 0T Athix = 0.72Pa/s 010 XX Superplasticizer

FCT : Flow curve test; SGT : Stress growth test; VRT : Viscosity recovery test; ST : Slump test; Rthix : Re-flocculation rate; Athix :

Structuration

rate; FA : Fly ash; SF : Silica fume; FB : Fiber; NC : Nano clay; HPMC : Hydroxypropyl methyl cellulose; WRA : Water reducing admixtures; GGBS
: Ground granulated blast-furnace slag; GL : Ground limestone; HRWR : High range water reducers; CA : Calcium aluminate
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Table 7. Relationships between rheological properties and required
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