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ABSTRACT

PURPOSES : In this paper, the applicability of DEM to a coarse graining method was evaluated by simulating a series of minicone tests for
cement paste.

METHODS : First, the fundamental physical quantities that are used in a static liquid bridge model were presented with three basic quantities
based on the similarity principle and coarse graining method. Then, the scale factors and surface tensions for six different sizes of particles were
determined using the relationship between the physical quantities and the basic quantities. Finally, the determined surface tensions and radii
were utilized to simulate the fluidal behavior of cement paste under a minicone test condition, and the final shape of the cement paste with
reference DEM particle radii was compared with the final shape of the others.

RESULTS : The simulations with adjusted surface tensions for five different radii of particles and surface tension showed acceptable
agreement with the simulation with regard to the reference size of the particle, although disagreement increases as the sizes of the particle radii
increase. It seems reasonable to increase the particle radii by at least 0.196 cm considering the computational time reduction of 162 min.

CONCLUSIONS : The coarse graining method based on the similarity principle is applicable for simulating the behavior of fluidal materials
when the behavior of the materials can be described by a static liquid bridge model. However, the maximum particle radius should be
suggested by considering not only the scale factor but also the relationship of the particle size and number with the radius of the curve of the
boundary geometry.
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Fig. 1 Dimensionless Liquid Bridge Force vs.
Dimensionless Separation Distance

Table 1. Properties of Liquid Bridge Model

Properties Symbol Value

Particle radius(mm) R 0.928
Particle mass(g) m 2.65
Liquid surface tension(N/m) v 0.074
Contact angle( ) ° 0.272
Liquid density(g/ml) Pliq 1.00
Liquid volume fraction(%) o 4.5%
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Fig. 2 Dimensionless Liquid Bridge Force Mastercurve
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Table 2. Adjusted Mass and Surface Tension for
Different Radius

Scale Radius Mass Surface tension
factor (cm) (9) (N/m)
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Fig. 3 Dimensionless Liquid Bridge Stress Mastercurve
with Adjusted Surface Tension Force
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Fig. 4 Dimensionless Liquid Bridge Stress Curves
with Reference Surface Tension Force

= AFL dubzel Al e
ZA7F Z2AEHA] e AME Ho]|AEL REEZ Y
tiste] S5 (fluidity)S B7Feh7] Y3t Wyes o
gt FopollA g} vy A A o
HHAQl AJHE ZA P E tfsto] fuls ST A
Ft FUsA, vwA FAT YEE SEoERE o
+ Table 30l Urehdt vRe} Zho] w9 2b2 &7l 25
2hg-gitt, oy Ado] E AHIE Ho]AES] AF
TE 2 EAAL B, ASA7IEE =294, o]4ka
2ol tigh A o] 29 A& é—% EA43F =5 (Yun,
2016; Yun, 2017)0A A4 0= 2Q1g 4= Qi

Table 3. Dimension of slump cone

Height Radius of top Radius of bottom
(cm) (cm) (cm)
5.0 35 5.0

3.2. DEME 03t AIZH(0|M
OIS ol §3to] UE AFS mA] 9l
A UUE ol AAE AL 4 ek, UAE A
WU o 7h7k glovt AES B 4 U

£ A Aol HERge Bedtet

flo
ﬂn‘
FN' rlo

u} 2 Fig. 5+ oAFQ4AH
Z-gsto] YRE BAshe HEE

:
2~
Iy

#&1%*6;}2?& o5 1
Ll
ehha e, AARAS A3 24l YAt

o
—111
ii
=)
N
N
=}
H1
H.;
R
oZ
>
mlo
u
+
p:

0.1sec 1.0sec 2.0sec 3.0sec

Fig. 5 Particle Generation in Minicone

6714 914 W7ol thate] B, (5)2 g, (NS 283
of TR A Yol A2zt AL Wge
Group 12 Boj3telom, dte] 27)7} hrets &
A3t 3719 EWAE 0.074N/m7t AEH 2 Heke

Group 2% @913}“4 & 3] YA A7} 1]
U e drke] F27F 24T 2A A ol

of Al AHE Table 29 TAYo| S| A}
Aol ml7E date] AES W 4 it} Table 4
0} 6714) IAre) Ho) thalol o] 2e 2497 9

sto] E85 & YRS 4x(total particle number), &
AR} FA(total mass of particle), & YA H5]
(total volume of particles)?} T A} Hit M=
%] &} (average number of contact between
particles)E WEIWHIL Qlom HE£7) S| HA

\= 1,
= 27 0.272, 4.5% 1.0g/m’ O 2 71381},

Table 3. Adjusted Mass and Surface Tension for
Different Radius

Total Total Average
. |Contact| Total
Radius radius | particle mass of | volume of | number of
(cm) P particles | particles |contact b/w
(cm) | number B .

(9) (cm® Vs | particles
0.05| 0.064 |286,590| 330.13 150.06 4.38
0.100| 0.127 | 36,411 | 335.54 152.82 4.44
0.140| 0.178 | 13,267 | 335.48 152.49 4.4
0.196| 0.249 | 4,811 333.82 151.74 4.36
0.274| 0.349 | 1,735 328.90 149.50 4.21
0.384| 0.489 619 322.99 146.82 4.00

E3 SEIOIA Aol wrEe A upRA L
4 ORI 15 012 Fpske ealzkaisl
S5 AW 5 YES SHAT) Table 404 &
Sl Hhe} ol qlahabe] Zhatte] whet mlUE e

H
A3t AR = AeH o2 Frtsle S Bele

B —

o
o
N

3.3. DEMZ 0|2¢t A|Z2flo|M ZHu}
Fig. 6 Table 40 AAE 270 = vy A3
HALsto] fgo] HE 2ZoA L AHE #o]A

[m oot

1o flo

- M19# Moz 27



N

4% YA Grouptt YA uel ket Lehhn
©h. Group 29 4, 949l A7lef A 59
Ewaeo] 4gHonR Qdxte] 27]7} A%l
o YA KB Yl Pl Lol
7¥sto] AHIE #|o]AEQ] 2|F fzo|7}F Wolx|1L
o] Z7kste AEFe Feld 4 Stk AAk9 ‘ﬂ}ﬁol o
g olol HW dAte] ofstel WAYsh= 1A= o] YA
A7t EE AXA =, 53] YApe vHA o]
0.140cmEth AA= 21 A AMIE Ho]AE= uf
zHeof| oAl &5l
JAFe] A7|7F 7HF AL 0.050cm 2AN A& AJHIE
Ho]AET HotEE(shear flow)ET&= AR E
(elongational flow)] A&S UeHE= A& & =+ %
), ol Q] ofstel wAlsHE Q14
o7 Z oA HA rtugo] AR
= &A E(plasticity)ol Ao =
stress)dt fFARRE 4 oh= AL
(Yun, 2017). ¥HH AN o]&& A8sto] YAtke] wt
73 2] Wato] whebs EHE % I
o= v FHgE ol 2k2E 0.100emét 0.074N/m
2 7V 71E 2400 10}04, QJ7k9] o] 2ol 7]
U AR EE 2% B0l 27 zfol7t wayetH]
UE AL & 4 9tk ¥ Group 191419] AJHIE )
o|AESL ff7]¢te] HAWE et HAL v
0.100cm, FEWAE 0.074N/m<Ql 7] 2749 3
& Uetli=dl, Ak HHgo] B 22 2o+ &
A Aolzt Ae] g AoR Uehth w3 Azt
A7 FHAE 0] 0,274em@} 0.203N/m ©]AFel 7%
NARE HAE ol Fol7} tha wAE oL, o
= AR o2 S xul—g],oq AALE J.gzokigo]q- U
ol 4] el ek Ao ARe] Eo R WAl
2 Wl Aol el ol olo] dht nake 4,24
of hekt itk Fig. 69] Group 19] thE-E] 914wl
7ol gt 2F FAE0l A 2710 FEstA e
291 @2k Wof| Jithar 7HARITHH | A o] 25 &8
Sto] YAE 71928 o] wheh A=z o] B4 WAl
= oIzlEt o] EeA-L A THS v ZEH T
g eaf et 4%— BAoNA Y] @27} o - 2h2 75
= AR+ ¥4 0.196cm, 0.140cm, 0.100cm
0.050cm®] A A7+ 27k 35 68 328, 165+%
o 508} o] **gé} l ‘IHTOIW ol& YA
pas

ne

lﬂl oN B ot 32

rir

]1

2l ofl o

e~ | [ b TREE W

4. 22 Y 0%
41, 28 Y 2%

FeARY AT Y52 71EY AlFol A== A
AR 27] F4& FA7]=t E&E 5 o,
T ARl 223} vl vhE 2200149 5% 3D
21g Ageldl AR B 24, A g 9 AR
AH] A= ZEE 4 Stks HollA 2 vzt
ot & dtolde AR S 283t ojita e
ggsto] dArtng o #dd 4 Qe AUE Ho|
sEe] 554 A% EHHOR 48 & YLAS
H7IATE o5 #fste] vy d3oM ] AHE Ho]
AES FWsh= 6719 o A WS sl
B, AP o) 2] et S E aE Aol o
ERFES Agetel 44 AAARERe] 48T T
A A S s, ol diet 235 8ofshd o
=0 2ot

L 2AdAe] wEgolt f419] f50l olg 7%l
opd ?JX} Aole] wrgEo] A5L Aujshs A¢-
oﬂ XLEﬂ S §]—_Q_'5}J:. z—lx—l ol 1117]. ol gﬂ)% 3}
%}oﬁ ARE slo|~ES] nUZ AF ASS a3}
X—]OEE}\}-‘S]—/\ 01:}_

i

2. AL BHE A8 ol AS Susts

A9, AP o) Bol 2A% YRS Yo 2

28 International Journal of Highway Engineering - Vol.19 No.6



7)ol ueh RS PSS o

2

<2

3. AAVkE YO Ao ARE: AR EH
e gAY olgel Drstel ARE ZAALE 7
% We) el fstol AHgE EAG ] Ftol
2

o3

£ o
2
i_:“

N
>
Rl
)
=
o
Wi
24

H+

0 tﬂov g LPEM%

St

_~
FIF

lov L 7
9#
=
o
U
9|
il
>.
o
(]

=5
e ol
4

w2 é
Al < 5 E

>

rlu N

1o rr

=

il

s

Ir

O

4>

nﬁﬂ

ol
A Eo
o .

Hul
rE
tlo
2

o

HEEROEE
AR 571 o
ma 325 21.80] 7 o—s}na, o] 7
7% 279 SHAAL cstel

ot
do mN b xo
lo @ o 4
[ rlo ot
N
HN
= r_l\L
rsi' -
2
>
ko
B

-2
1% l
z
r{o

.41

1/50 oJ3t2 T=4

4.2. 0

FH AE 9 RopolA AR ol 22 A8 YA
e olakade] At SIsAL ol 24 B4
uo] Bem oz Saulofof st ole} Ao ey

=T
Aol WA Az EAo| melElojof ox1E
% Qi) olo] thgt WA THT Aol A &
QJEjo] 29 Th2 fo] §EEE TS Uehd Fig, 7
o dHow mHEo] 9k,

B
B
&
_{

pacs
o

Flow stream line

N 4

(@) Flow of physical  (b) Flow of up—size  (c) Flow of up-size
particles particles (mid-size) particles (large—size)

CB o
(o]
©0%0 coode%

Fig. 7 Schematic Representation of Variation in
Up-—sized Particles

Ae] o] HEoR ¥ ol Hi 495 yeh
AAe) 27 EE )% 27 ()] Hlatel, Qe
2 Agsto] tho] YAt Lunt T YA gAE
(b)2] A7 Heket 2Al7L Bk ot
Lol (9% 2o] o3 YAk eheel A Aol
FeHQl A9, ()9 ALoA Yt Qe wdE

fr o2 ofr

(it

A (flow stream line)® Aoy & AA3] ¢

sl ekl Wb ﬂqua_ %‘X}%J A%

ol 101|

1

O B oox &
' nr

=om AAXAY B2
A =A< J:—*]_‘ﬂ Zd(radius of curve)e} YA+ 4=
22 FHE 7l~—’“°l =t} whebA
#st7] flste] At

28517] el 01% AE gt 2
UARe] Agte] gt A7t A& E|ojof 3 Ao R gtk

ZAte| 2
2 oL SiE7iMyI2eTol Zale Koz 43

SIS

REFERENCES

Alguacil, M. D., and Gauckler, L. J. (2011).
toroidal approximation for the calculus of concave and convex

“Accuracy of the

liquid bridges between particles.” Granular materials, Vol. 13,
pp.487-492.

Cengel, Y. A., Cimbala J. M. (2014). Fluid Mechanics:
Fundamentals and Applications. Third Edition, Mc Graw Hill.

Feng, Y. T., Own, D. R. J,, (2014). “Discrete element modeling of
large scale particle systems-I: exact scaling laws.” Comp. part
mec,. Vol. 1, pp.159-168.

Fisher, R. A. (1926). “On the capillary forces in an ideal soil;
correction of formulae given by W. B. Haines.” Journal of
agricultural science, Vol. 16, Issue 3, pp.492-505.

Lian, G., Thornton, C., Adams M. J. (1993). “A theoretical study of
the liquid bridge forces between two rigid spherical bodies.”
Journal of colloid and interface science, Vol. 161, pp.138-147.

Mazzone, D. N., Tardos, G. I, and Pfeffer, R. (1986). “The effect of
gravity on the shape and strength of a liquid bridge between two
spheres.” Journal of colloid and interface science, Vol. 113,
pp-544-556.

Mikami, T., Kamiya, H., Horio, M. (1998). “Numerical simulation
of cohesive powder behavior in a fluidized bed.” Chemical
engineering science, Vol. 53, pp.1927-1998

Remy, B., Khinast, J.G., Glasser, B.J. (2012). “Wet granular flows
in a bladed mixer: Experiments and simulations of
monodisperse spheres.” AIChE Journal, Vol. 58, Issue 11,
pp-3354-3369.

S=e2sts =28 - 193 XMes 29



Tsuji, Y., Kawaguch, T., Tanaka, T. (1993). “Discrete particle
simulation of two-dimensional fluidized bed.” Powder
technology, Vol. 77, pp.79-87.

Tuck, E. O., Stokes, Y. M., Schwartz, L. W. (1997). “Slow
slumping of a very viscous liquid bridge.” Journal of
engineering mathematics, Vol. 32, pp.27-40.

Vincent, L., Duchemin, L., and Dizes, S. L. (2014). “Forced
dynamics of a short viscous liquid bridge.” Journal of fluid
mechanis,. Vol. 761, pp.220-240.

Yun, T. (2016). “Review on analytical solutions for slump flow of
cement paste.” International journal of highway engineering,
Vol. 18, No. 3, pp.21-32.

Yun, T., Park, H. M. (2016). “Feasibility study on similarity
principle in discrete element method.” International journal of
highway engineering, Vol. 18, No. 2, pp.51-60.

Yun, T. (2017). “Numerical analysis on flow of cement paste using

2D-CFD.” International journal of highway engineering, Vol.
19, No. 4, pp.19-25.

30 International Journal of Highway Engineering - Vol.19 No.6





