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A review of rheological properties and influencing factors of 3D printed concrete
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Abstract: 3D printed concrete has the advantages of green environmental protection, efficient and intelligent
production, labor saving, and no formwork, and is one of the important ways to promote the industrialization and
upgrading of the construction industry to intelligent and digital development. Corresponding to the three
important stages of 3D printing for concrete: Pumping, extrusion and construction, the printability that determines
the success of its preparation mainly includes pumpability, extrudability and buildability. However, there are
contradictions and balances between these characteristics, and they are closely related to rheological properties.
Therefore, the rheological properties of concrete are vital important factors for 3D printed concrete, and it is also
the main factor restricting the wide application of 3D printing technology in civil engineering. At present, there are

many researches on the rheological properties of 3D printed concrete, however, there is still no comprehensive
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understanding for the key research directions such as the test scheme and influencing factors of the rheological

properties of 3D printed concrete. Therefore, this paper first reviewed the test protocols, measuring ranges and

models for rheological parameters (yield stress, plastic viscosity and thixotropy) of 3D printed concrete. Secondly,

the factors affecting rheological properties of 3D printed concrete were analyzed, influencing factors include raw

material properties, mix proportion, printing parameters and temperature, and the method of controlling rheologi-

cal parameters is obtained. Finally, the problems in the research of 3D printed concrete rheological properties are

pointed out and improvement measures are proposed, as well as its development trend and application prospect are

prospected.

Keywords: 3D printed concrete; rheological property; yield stress; plastic viscosity; thixotropy
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Fig.1 Testmethod and shear stress curve of static yield stress: (a) Constant shear rate test’?; (b) Shear stress-time curve'*’!
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Table1 Comparison of static yield stress evolution models

Fitting cases of 3D
Model Equation Fitting time Disadvantage . &
printed concrete
o 700 =700+ Amixlrest o
Roussel ™ Ay = 70 Within 40 min after resting It fitting time is short Perrot et al®!
X —
T
F ting to printable It lacks the fitting of th Perrotetal™,
rom resting to printable acks the fitting of the . .
Perrot®®™ 1 (f) = 70,0 + Athixle (e’ml/ fe _ 1) ) o glop . 8 . Shahmirzadi
time limit re-flocculation period et al™

7s (1) = Tp i + Renix? (E<tye)
y 7s,i—TDi
Kruger™ fif = —5——

75 (1) = 7s,i + Amix (= tef) (> 1:1)
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Kruger et al®™ %,
De Vlieger et al“"]

Notes: 79o—Initial static yield stress; t.,—Resting time; T—Thixotropic parameter; 7,(f)—Time-varying static yield stress; f.—

Characteristic time; 7¢(f)—Time-varying static yield stress; Ry,—

Re-flocculation rate; T ;—Initial dynamic yield stress; 75;—Initial static

yield stress; t—Time since cessation of agitation; t,;—Time period over which re-flocculation occurs; Ag,;;—Structuration rate.
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Fig.2 Test method and rheological curves of dynamic yield stress and plastic viscosity: ((a), (b)) Test method and shear stress-shear rate curves of linear

shear method®™; ((c), (d)) Test method and shear stress-shear rate curve of step shear method'®"!

% 2 Bingham 3!, i Bingham # 20 Herschel-Bulkley &3 L
Table 2 Comparison of Bingham model, modified Bingham model and Herschel-Bulkley model

Model Equation Advantage

Disadvantage Ref.

Itis a linear model to facilitate

Bingham T=T0+1ny

data processing

Modified Bingham 7 = o+ 3y +cy? avoids the case of 7, < 0

It can fit most experimental data It has mathematical limitations on shear-

Herschel-Bulkley 7 =79+my"

It has high fitting accuracy and It sometimes lacks of transformation

with high fitting accuracy

It is not suitable for shear-thinning and

36, 42, 74, 79-80
shear-thickening fluids [ ]

[76, 81-83]
formulae

thickening fluids, sometimes fitting 7,<0 [36, 42, 61,76, 83-84]

Notes: 7—Shear stress; y— Shear rate; 7—Dynamic yield stress; 7—Plastic viscosity; c—Second order parameter; m—Consistency factor;
n—Flow index (n < 1: Shear thinning fluid; n > 1: Shear thickening fluid).

P BE X b %mgiﬁfﬁﬁﬁgm -3 1 [l )9
OYMTEESE T —A TSRS 1 AR, 1R 3,
b AR AR () B SCHE T T LR *ﬂrﬁ;,u\xﬂw@%i
TAEVERE YRR, (R T AR P YR E A TR
e SHRIE SR I, LU SIPR . SR,
AR O R AR AR R T AR SR T
H A A 6 s A5 AL iz T 3D F1 B IR B 4 4

XT 3D ?TEH /w(%%i{;ﬂ“'féﬁ%ﬁ%%%m{ﬁﬁﬁﬁ ,

23

1.3 T

7E 1.1.2 i 82 20 25 L BR AN AE F st J iR
JIRNEEEEYG N, X B PR BE 1 78 55 VI 7 7R H
RN, FERERT, TR SR T Uk
DA 246 235 Ky A e IR AT R A R I R R R Y



5760 EAMHEER

=3 BUMERMEER

Table 3 Plastic viscosity characterization models

Plastic viscosity .
L. Equation Notes
characterization model
—2.5af —kac —kag
F C G
n=ml +ksps)(1 - "’—) (1 - ﬂ) (1 - ‘L)
QaF ac aG
43 Ve Vg
Hu and De Larrard"” = L = L bG = )
u and De Larrar oF Vot Vi ¢c Vot Vet Ve (e} Vo Vit Vet Vo It fits with general accuracy
4. \019
Cymax = 1—0.45(4) ,x=F,C,G
Dy
m=1+mna
4(1-y
A= y3 ( )

4(1+10) = 25y3(1 +y4) +42)5
Y(®) = @/ ma)' > (1 - Kp)

Me
Kp=Cp—
My

Mahmoodzadeh and Chidiac®® It is more accurate to fit than the former

n=46.8F —21.09A - 24.71R + 147.09
Li et al®™ o= 2 (= ra/fm)™

PFT (a+bgpa/pm)©
Notes: nj,—Plastic viscosity of water; k,, k—Fit by curve; p,—Maximum proportion of water reducing agent; F, C, G—Silica fume, cement,
aggregate, respectively; —Volume concentration; ¢r, ¢c, ¢c—Volume concentration of silica fume, cement, aggregate, respectively;
ap, ac, ag—Maximum packing density of silica fume, cement, aggregate, respectively; V—Volume fraction; V;, Vg, Vi, Vg—Volume
fraction of water, silica fume, cement, aggregate, respectively; @xmax —Maximum packing density; d,, D,—Sieve sizes corresponding of
10%, 90%, respectively; n,—Relative plastic viscosity; n;—Intrinsic viscosity; ¢max —Maximum packing density; 1—A function of y;
y—Ratio of the particle radius to the cell radius; Kp—A calibration parameter; Cp,—Fitting parameter; m,, m,,—Mass of cement and water
in the mixture respectively; F—Flatness; A—Angularity; R—Roughness; D—Equivalent diameter; PFT—Paste film thickness; ¢, —Fine
aggregate volume fraction; ¢, —Packing density; a, b, c—Dimensionless fitting parameters obtained from the regression analysis.

JEORS B Ay fih A P, S R K R SRR B S A AT A e AR RO g 8 T ARk S A B o e, 1]

Zhao et al'® It is not widely applicable

It is a semiquantitative model
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Fig.3 Test method of thixotropy: (a) Hysteresis loop method®®; (b) Shear stress decay method""; (c) Viscosity recovery method*®!
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Table 4 Effect of material ratio on rheological properties of 3D printed concrete

Material ratio Rheological parameter Ratio Growth rate/% Ref.

o 0.8>1.2 847 [70]

Static yield stress 0515 130 57]

. 0.6>1.5 173 [45]
Dynamic yield stress 1.051.8 23 (102]

Sand-binder ratio lastic viscosi 0.6>1.5 29 [45]
Dlastic viscosity 10518 153 [102]

0.6>1.5 -22 (45]

Thixotropy 0-0.67 213 [57]

0.8>1.2 180 [70]

A 0.38->0.40 -35

Static yield stress 0.22-50.28 _90 [38]

Water-binder ratio Plastic viscosity 0.220.28 Y (34]

Thixotropy 0.38->0.40 -33 [38]
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Table 5 Effect of chemical admixtures on rheological properties of 3D printed concrete

Chemical admixtures Rheological parameter Content/wt% Growth rate/% Ref.
. 6.156.9 ~33 [59]
Static yield stress 1.26>1.48 73
Superplasticizer [52]
Dynamic yield stress 1.26>1.48 ~130
Y be 6.156.9 32 [59]
. 0->0.4 1000 [106]
Shear yield stress 0.1450.48 150
[107]
Tensile yield stress 0.14-0.48 100
Bulk yield stress 0->0.4 141 [106]
Static yield stress 0-0.3 81
Viscosity modifier L
Dynamic yield stress 0->0.3 105 611 [74]
Plastic viscosity 0->0.3 176
Dynamic yield stress 0->1 190
Plastic viscosity 0->1 21 [80]
Thixotropy 01 130
Static yield stress 0-0.25 -36
Dynamic yield stress 0->0.25 -24
Plastic viscosity 0-0.25 -14 |
[53
Static yield stress 0-0.25 -37
Retarder Dynamic yield stress 0-0.25 -27
0-0.25 -15
Plastic viscosity
0-0.25 15
Dynamic yield stress 0-0.1 -80 [35]
Thixotropy 0-0.1 -85
Accelerator Static yield stress 0->10 50 [39]

Note: If it is not specified in detail, the content in the table defaults to the quality content of the cementing material.
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X and Y denote different printing series, and the VA suffix denotes the viscosity modifier dosage, e.g. 1 is 0.1wt% solids dosage
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Fig.5 Effect of viscosity modifier on extrusion conditions (a) and yield stress (b) of 3D printed concrete!"”
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Fig. 6 Effect of retarder (a)"™ and accelerator (b)* on static yield stress of 3D printed concrete
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Table 6 Effect of nanofillers on rheological properties of 3D printed concrete
Nanofillers type Rheological parameter Content/wt% Growth rate/% Ref.
0->3 137 138
Static yield stress > [138]
0->1 900 [139]
Nano silica Dynamic yield stress 145
0>3 a [138]
Thixot
Hotopy 051 800 [139]
Nano calcium carbonate Static yield stress 0->4 188 [62]
0->0.5 57 [56]
Static yield stress 0->1 494 [28]
0->2 755 [29]
D ic yield st 140
ynamic yield stress 051 (28]
Nano clay Plastic viscosity 220
A Vi . 0->0.5 39 [56]
pparent viscosity 052 101 [29]
. 0>0.5 176 [56]
Thixotropy 0>1 105 [28]
Static yield stress 143
Carbon nano tube Dynamic yield stress 0->0.1 192 [15]
5.0 200 -(bsz_.z. 16 000 (c)
P 45 © ccs » 12000 b
: R £
= g L= S
Z 4.0 Z 100 | P___Lci—a ? 8000 &
2z 5 g
~ 35 " s L ccr Z 4000 |
30 1 1 1 1 1 1 1 1 1
0 15 30 0 15 30 0 15 30

Time/min

Time/min

Time/min

CM, CS, CC, CCS—Blank group, silica fume group, nanoclay group, silica fume-nanoclay group, respectively;
CCR—Silica fume, nanoclay and retarder group

B 7 QOREG L% 3D FTENREE LS HEREH I . () IHERIEE; (b) SN ST (o) flstE &)

Fig. 7 Effect of nano clay on rheological properties of 3D printed concrete: (a) Plasticity viscosity; (b) Dynamic yield stress; (c) Thixotropy'
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Table 7 Effect of fibers on rheological properties of 3D printed concrete

Fiber type Rheological parameter Content Growth rate/% Ref.
Bulkyield stress 0->2.2wt% 81 (106]
1106
Polyvinyl alcohol fiber Shear yield stress 0->1.6Wt% 75
Dynamic yield stress 0->0.5wt% 25 [135]
Static yield stress 69
Dynamic yield stress 0->9wt% 97 [59]
Polypropylene fiber
Dynamic yield stress 3 1667
Plastic viscosity 0->5.4 kg/m 107 (34]
Initial shear yield stress 395
Steel fiber Thixotropic stress 0->2vol% 494 [29]
Thixotropy 293
40 (a)— CM-0FM-0PP £ ~ 1200 © —— CM.OFM-0PP
35 | ---CM-1FM-0PP = @ & o Yy 0¥
& : 2 g 1000 - +- CM-QFM-1PP
= 30 g & i _0FM-
= B > g0l ¢ +- CM-2FM-0PP
5 25 k Z L -+ CM-0FM-2PP
B 20 ¢ = 2600 p
< 15 ¢ o z
= = = 400 r
210t g 2
” s | g, £ 200 f
v A < e
0 5 10 15 20 25 30 & & & & & 0 1 2 3 4 5 6 7
Time/min 53\ ,\@“ 9@“ 955\ S‘V\ Shear rate/s™!
& & & & ¢

CM, FM, PP—Control mix, face mask and polypropylene fiber respectively; e.g. CM-1FM-0PP stands for 1vol% face mask and no polypropylene fiber
El8 MRS R AERIER I (PP) £F4ixt 3D $TENIREE L AEPERRIUEIA : (a) BRI 5 (b) WA ; (c) FAR N

Fig. 8 Effects of mask recycled fibers and polypropylene (PP) fibers on rheological properties of 3D printed concrete:

(a) Static yield stress; (b) Dynamic yield stress; (c) Apparent viscosity*"
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Table 8 Effect of mineral admixtures on rheological properties of 3D printed concrete

Types of mineral admixtures Rheological parameter Content/wt% Growth rate/% Ref.
Static yield stress 0->10 140 [153]
o 052 70 [35]
Dynamic yield stress 010 650 [43]
Silica fume  viseOsi 0->2 30 (35]
Plastic viscosity 0516 1320 [74]
02 33 (35]
Thixotropy 0->10 185 [153]
0>10 767 [43]
o 50->80 -57 [154]
Static yield stress 020 45 [61]
. 040 -62 (30]
Fly ash Dynamic yield stress 020 _73 [61]
A tviscosi 0->40 -201 [30]
pparent viscosity 5080 -20 [154]
Thixotropy 0->20 -90 [61]
o 0515 44 [155]
Static yield stress 0570 123 [55]
0->70 141 55
Limestone packing Dynamic yield stress 0530 182 {15]2]
Plastic viscosi 070 238 [55]
astic viscosity 0530 30 [152]
128 153
Static yield stress 0->10 [153]
726 [43]
Blast furnace slag
Dynamic yield stress 0->10 61 [43]
Plastic viscosity 0->10 196 [43]
- 03 75 [36]
Static yield stress 010 285 [31]
03 27 [36]
Dynamic yield stress
Metakaolin Y v 0->10 129 [31]
Plastic viscosity 0->10 49 [31]
. 0->3 62 (36]
Thixotropy 010 5457 [31]

Note: If it is not specified in detail, the content in the table defaults to the quality content of the cementing material.
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Fig.9 Rheological parameter range division and printable region: (a) Static yield stress; (b) Dynamic yield stress;
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