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ABSTRACT The yield stress and plastic viscosity represent the rheological behavior of freshly-mixed concrete. Their
measurements need a rheometer using a sample more than 20 L volume. A delicate control and analysis on the measurements,
together with the high-volume sample requirement, makes it hard to apply the use of a rheometer in field. This paper proposes an
analytical model to estimate the yield stress and plastic viscosity using the results of the slump flow test. The model is linearly
approximated with its volume-of-fluid simulation results. A general tendency on the rheological properties is clearly confirmed with
the proposed model: A high yield-stress concrete shows a higher slump flow, and the time to get 500 mm flow (7s) is dominantly
proportional to its plastic viscosity. In addition, the model reflects a small but non-negligible effect of the plastic viscosity on the
slump flow, also the effect of yield stress on Tsy, for the estimation. Finally, the model estimations are compared with the
measurements using a commercialized rheometer such as ICAR and BML. Their biased measurements are discussed with the
estimates using the proposed model.

Keywords : slump flow, rheology, Bingham model, yield stress, plastic viscosity

1M B ZAYES ﬂ%%%ﬂz} 2AAEE ZAYES ¢on
)

HE ARgste] 548 4= Slth(Brower and Ferraris 2003;

27 ore g E o] AN E] W A LEA 7} o Koehler and Fowler 2004). JHY ZIAYEL HenEHe F
A Jr12 YA, 2 EY dewA B4 S & ol weh FA S vl disiA S4gke] AAkE 5
o] A3ty TEAC AMES A} L3l 2O EE Y AL A AR 9 S g o o A= el Al Al
2 © 2 Bl A E Z 3(thixotropy) 42} &7 kil 3K shear- Aol A o] A-go] g ot

Toox ok

ZAYER devEHE talstr] flal, €82 AF(KS
F2402) T 293 22 AJ3(KS F 2594) 2725 E] 82
LRI Po] ZAYE AFOR FEHE S5, 8 A EE FstA sk Ayt vk A
2 (yield stress) ?} 22/ % E(plastic viscosity) = -4 = Haolvh 5, ZAES] Sy Z e} d559 9 %L%%ﬁ]
',E 2 d(Bingham model)= ©]&3}0] d& 24 Rd& (Ferraris and de Larrard 1998; Roussel and Coussot 2005;
A|A 55 48 4= Q) Uh(Ferraris et al. 2001; Roussel Wallevik 2006) 3= L5 A ES] SHZ E2 9 &5
2007a, 2007b; Wallevik et al. 2015). 52 9] A7 FA|(Roussel and Coussot 2005; Petit et al. 2007;
Thrane et al. 2007; Neophytou et al. 2010)E- A A 3}o], & o]

thining) A &S Ho| B2, AT EE5 T e} AekA| e uf
2 129 Z23}7} & 2 3tk (Roussel 2006; Choi et al. 2019).

iz n&i
oo {kl

ol ogk wfy v
ok

o
*

Mo A dakE gt RS FEHT B3 &

*Corresponding author E-mail : jae.kim@kaist.ac.kr
Received November 05, 2019, Revised February 07, 2020,
Accepted February 10, 2020

(©2020 by Korea Concrete Institute

Yo e Peje] 2 AR P AL % A A0S o]
3 dE2A 54 kel tig Ay A E A Qo
(Nguyen et al. 2006; Roussel 2007; Kim et al. 2017).

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/ 165
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



(material constant)= /\1 =, Ct]]—o} A} =
58 za(dHHe 2 5y AR
AoV Aok, o] e, A5 S e
% ZazEe] 522 YAoR GR YN 2 HES
Brret7] 918l £/ £ 25 A4H+A < SH(CFD) Al & o]
A 719k 2 ATRA A & A A 834 B AR Q1o
] Volume of Fluid(VoF) 7|H& o] &35t £HE Z2 5
CFD Al &0l dstal, o7 T A9 &= aLelet] &5
43 2HAES deldets dnelEe JUsrkshin

nqm
b
m
o
r-& 19

R

=
=

et al 2017). 71=2] SallA] A] ARt v] A8 &2 s} oz
S AP o2 BT o BN, AN EHEZ ZE
3} 500 mm = AIZHS S8k 58 2 A H = E
27 F7FsFAf skt =3 500 mm =2 AIZE Ol £H
ZRIANY HEEE ZH= A o RAGA T A A
QFat A} E}D}. upz] ek o 7% 9470 9] -5 ST E )
k& o] &-3to] AdkiAl A o] A A S AS skl gt
2. Akt oY

21 AlEd|o|M

2.1.1 e

S ZE A tish VoF Al Ed o], A F 200

O

mm, A5 100 mm, =°] 300 mmY 1% <3 E% s

2 5 Al(single fluid) = 7}g 5+ A15(F 2 7155 9.81 m/s?)
of o5t EEa EAFSFITE 314 2 48 e siA =2
1321 ABAQUS 6.14-25 AFE-3SIth 2d# 2t 24
(Eulerian element) ]| 4] &) -4 2] F-3] &5 AAIH S 0.52 7}
AL, Q40 Ht A7]= 8~10mmE A/ E 7|9k Al 5
o] CFD &4l A gst 17| 2 A4 313 tHKim et al. 2015).
a4 AlEY o)A A3l Fig. 17} 2ol 44 8407H91 ey
2lelet @ 4% 3AH 1/4 N B E-S A skl 1, sy B
o e wgo R £2 5 F-&eto] AARdS st
Sttt Al ZHSH-(time increment)< 0.03 s 243} 30 s &
Q] E5-& AlE# ol sttt

2.1.2 ME&

1
9o, 2AYEY G22A SHS A ()3} 2L AT
(- AR ESEG) S WA Z BB

T=1,4n,y (1

A, 7= Bl w, 5t 24 ARl JE A
A

BAFE DRE 2R SUX F2 W) A3

166 | et=2232|Ests| =2%! H323 H2= (2020)

[ lisii]
WL ;1

=0.0s

T
W

=1.0s

T
W

=3.0s

e
W

=10s

Fig. 1 Snapshots and volume fraction contours of the VoF
simulation of the slump flow
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Fig. 3 Relation between the plastic viscosity and D,

Table 1 Coefficients of the correlation equations (2) and (3)
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Fig. 4 Correlation between the yield stress and the slump
flow of concrete (7;,=3 s, d,,,=25 mm, and ¢=0.35):
The nonlinear optimization to get the correlation
can be approximated using the bilinear equation, of
which breaking point is located at 600 mm. The
breaking point moves down with a higher 7j.

Table 2 Coefficients of the approximation equation (8)

oy (Mm) 13 20 25

p, (Pals) 7.230 6.615 6.210
p, (Pa/mm-s) 0.0616 0.0563 0.0529
p, (Pa/mm-s) 0.0798 0.0730 0.0685

The value of each p, needs to be corrected as +0.5 %

when the volume fraction of coarse aggregates (¢) is
changed by +0.01 based on ¢=0.35.
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Fig. 6 Comparison of the estimated yield stress with ICAR
measurements: The yield stress of ICAR measurements
is overall 52 % less than that obtained by the proposed
estimation
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measurements is overall 48 % less than that obtained
by the proposed estimation

2005), ICAR =4 gholl A = F 847 2o
Ak Bl o] A LS P& 7 X] o] Z o
o} v S W ol BEsch Agte mal s
S EUE FRE e MR ATAdY A2 )
o] A A= 50 Pa ©]4F xFo] 7} LER = 9l &S &
T T2 Aol 7t FE-g o] wj A= dFow,
Ao M= e g = QIQIT) 3HE, ICAR & 2.1 E] =
<y o”—i.%i’—‘}]%lf— D e o] &3 AP ZER Th gkl o =
370 ] vl e - 4470 vk 82 o] 0 Pa?l
(Newtonlan fluid)2 3 7}adTh o] ¢ 3 e =3 719
<, ICAR &l 2.1|E] 8] 57 W 9] 2] shAlollA] 7]Ql ek 2

A= B olrh
Fig. 714 & 23 A ol th & S gkt Al qbel w2 o) Al

]_

ogt

el rﬁ

Ty,0l Sk el whet 2 A =7 S7HeE E1E it
o7, 71E B ‘“(Koehler etal. 2010)> F o7 EHEZE

SO E2 AYES 0|18 17ES 2A2IEQ| =St AMTEE EIH 169



S O1 B T e e 7N E LR FAHAC B E AT A
o7 VA S E = 1,8 AFEste] AP AR ETE o
2 ZAvle] nlal) vhA Bxstodnt. sk, Al @ o] 2jo)
yEete e A E F4 2 a7k o ofF gul =
Atk ol = Anky o7 Z 2 E ¢ 9 u|E] o] Fijof upE
g 7ke] HAR7} - 27] wEol v}

AN Ho

3.2.2 BML

BML # 218 S574%ke] -9 ICAR 2 H 54 %kt
A B3-S zh=th HAIRE ICAR S gkell vl &l 3
S AYNH R AT %), 2N E=AYHoR =
Al(133 %) =7 ¥ THHocevar et al. 2013). Fig. 83} Fig. 9=
BML 2 U] E] &4 3t3} Al ete 2 dlS o] 83k A 1S H)
WA O 2, kA ICAR Pl @7 E] S 33t 2ol DT &
H 7 -2 RS PSS FLsHA BolFa gl

300
o o— Proposed model
-==--Roussel and Coussot
3 Q
200 1, o—BML

) BN

B N

=, \\s,‘ Oy o °

* 100 -

7] Fu

@ e o

Z kg g

- 4O Tt __ 0

v o go 6"0‘ ________
= 04 68 Sgbog

D ofd 1
= o 8

b o

-100 T T

450 550 650 750

Slump flow, D, [mm|]

Fig. 8 Comparison of the estimated yield stress with BML
measurements: The yield stress of BML measurements
is overall 13 % greater than that obtained by the
proposed estimation

800

o— Proposed model

====Koehler et al. (inverted cone)

(=)

(=

(=
1

o—BML

o

=]

<)
1

[§®]
()
(]
&
e

Plastic viscosity, 7, [Pa‘s]

<
\
[}
]
oo,
|
]
1
\ g
}‘Idk
[} 56
1
I‘o—o——cao
\
o
1
el
1
]
\
\
\ Q
1
]
[}
|
|
[}
\
1
\
[
i
1
]
1
]
\
'
1

Fig. 9 Comparison of the estimated plastic viscosity with
BML measurements: The plastic viscosity of BML
measurements is overall 59 % less than that obtained
by the proposed estimation
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