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Experimental Evaluation of Hydrate Formation and Mechanical
Properties of Limestone Calcined Clay Cement (LC?) According to
Calcination Temperature of Low-Quality Kaolin Clay in Korea
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In Korea, low-quality kaolin has significantly greater reserves and superior economic efficiency than high-purity kaolin.
However, the utilization is low because it does not match the demand conditions of the market, and it is difficult to find a
suitable source of demand. The purpose of this study is to derive the possibility and optimal calcination temperature of
domestic low-quality kaolin that can be used as a raw material for limestone plastic clay cement (LC). Isothermal
calorimetry, Xray diffraction analysis, Thermogravimetric Analysis, and compressive strength tests were conducted to
evaluate hydrate generation and mechanical properties of LC paste according to calcination temperatures (600 °C, 700 °C,
800 °C, 900 °C). As a result, although 50 % of the clinker was replaced, the domestic low-quality kaolin clay produced
calboaluminate hydrate and C(A)SH from the 3rd day of hydration, showing almost equal or higher strength to OPC, and
there was a big difference in strength depending on the firing temperature.
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Fig. 1. Raw materials of control and LC?
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Table 1. Chemical composition of raw materials (%)

Oxides Clinker Clay Calcined clay | Limestone
CO, 7.11 7.37 5.47 39.54
Na,O 0.1485 0.32 0.37 0.06
MgO 2.92 0.45 0.48 1.86
ALO; 4.85 41.71 43.28 2.62
SiO, 18.78 45.84 45.85 9.13
CaO 59.94 1.02 1.10 45.06
Fe,0; 3.54 2.17 2.29 0.70
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(a) Particle size distribution of clinker, limestone, gypsum
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(b) Particle size distribution of clay and calcined clays

Fig. 2. Particle size distribution of raw materials
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Clinker Calcined Limestone Gypsum
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Control 95 0 0 5
LC*-600 50 30 15 5
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LC-800 50 30 15 5
LC?-900 50 30 15 5
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Fig. 3. X-ray diffraction patterns of clay and calcined clays (20 =7-40°)
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Fig. 4. TG and DTG of clay and calcined clays
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Table 3. Dehydroxylation by calcination temperature

Clay CC600 | CC700 | CC800 | CC900

Weight loss at
400-600 C(%)

wt%kaolin(®%) | 6378 | 974 | 160 | 098 | 046
DH (%) 85 98 99 99

8.9 1.36 0.224 0.138 0.065

stziMasixtelstsl =27 2022 92 255



ANRLO| T2 LC°Q} 7
LIEFLHOICH AJBIEQ| X
L

iy

=k
ol
tm
I_O

e
_E n
a
a1
2

o
vl

X, =78 (Initial reaction)

HT

C
OF~ 2AIZE OJLHo B2 &

> 0o mo 4
i
0lo
—>7—o‘ll
K 5k

Rl
’—\.l

£0of FoX|L, eolE

e ool' 4&

Nk
z
|
?
T
8

i

(%)

CHStage 1), 0l LSO MC] EHEFL

[m]

F

o
S

0

1=}

o
=

b

o IILI il
Raliv}
o o
|O |'|_|DZ
ne

= YoI0|EL HEOIEE 43i0f 9

Q

i

717F LIERTHHer et al, 2022),

mHU
0=

rr

(A)SHE} OIEZTI0IESE &
9

o

(o]
[ =
14)\|7+7M|E LFO[L0|E YAt
ﬂl N

ES

oF HX[BICY SiX|Z DHEES 700 C 0[d9] 2E2 ad
|

A0l e HRE 2=

e

i
T
o
rr
]
)
~
il
P
tu

S0 21240 23122 oiRfoks
I.

of
ta||0] U2t0|ES| 437t CHA| 2
0] L5t =0 OIS 71472k BiT(Stage I, II).

ot

A)SHOf 2Jah 0122 0|S0| HHYUM ofLETt
17

10
N
o
2

1
2
* H1
0 M
0f0
0x
1o

O\I

&l
|I_

1o 10
= 2 =0l

oA

=

=2

Im

© e

m 4 o >
d

oM ton

on
=
(@]
=

[
2

—|>+ i3
40 0% Ho
ro
M

2577}

Ofah C—(A)—S—H

SHA17 | = of

S
S

v

)él_ F
L

C

13

-

o

i)
>

rr
oy

QE ICOM HES *Hﬂitr 2 Al2|#|0|E Z(Stage |1)0]
MG =0 0l= MMt nHET H2i2 Aot SEHY
S H=0|CHHay and

a;g AN

50 %E CAlstod §|*4§1+7+ 2t |
Celik 2022). &420|4|0|E =(Stage I )8
700 °C, 800 °C, 600 °C, 900 ‘Co| &M=2

TFEQ| S5t

|
HIAMISH 7102 =St THEZE 600 TR

=2 o

Ofgt biEt7HERIol | %

4.0
Control
LC3-600
—— LC3-700
— LC3-800
— —— LC3-900
2
=
E
3
o
L
T
(0]
I
Stage I Stage I Stage I
0.0 T T T T T T T
0 6 12 18 24 30 36 42 48
time (h)

Fig. 5. Calorimetry results for control and LC® with a w/b 0.45

256 vol. 10, No. 3 (2022)

S22 85 %= 900 CEL F2 Eailatgs LIENIXE O =
1 e LR0JH|0|E ol LIEHRCE 0l= 900 T2 Adst=
PO XI7E AZE0] SEE OE7EE0] HEEs ==
12 S4Bl HIEFIZRISC O W2 B
T=EICHAlujas et al, 2015), [H2EA &

=
b Lxloks A2 ofH, A2
H

Nk
2 O_L
>-H_
% o
d
E
~

Ao

od |o
Hm
10
rc
0l0
4>

— AL

rn mg Fi
I Ooﬁ 0%
o A =
or Ir
~
N
rlo
AV
19 7o
ru
10
o
>
Rl
ol
o
HE
=)
N o
I
o
B
0x
Pl
]
2

N
k- Mo
0x
ro
H—|
<
M s

50 %E iAot A3 | mhzol sldg el 2HE 12

Y=o THEQ} AMalMol| ofer Haf sutof Qs 22712 43t
7t L=l HEE MEEN W2 Y9 piEAs0] g
ANE SISIACHLIN et al, 2021), ot AE2E0f A0l 2=
LCOI M ANTESR} Atz A5A0 tﬁ%ﬂ@ 27 PEE

LC*-9002 HMQlet 2E LC= E
=7} LMEINCE 0= LC? 431 AJAE LHO|M 722 U20|Y|
0|E 4320 @gaew MIEE'HOIE%EHHHI |E Mzt

rn

—
Q,
2
>
Nk
Tl
HL
ne

_|

O

=
k=)

Im

4>

ol
o
10

45} 32xi0| 2 =
SQIZ|IL} BIH, LC-9002 7HE B2 Atatzhamt Bt
0] ZHo{ =1 7}& M2 C(ASHE EZTI0IE, 7122 Y20|
0|E £3}=20| YNEIUCE 0l= 0™ H7LCao et al. 2021b
95171 23 20|, MEZS 900 C 0|Mo2 71EEHH URIF A
tod St =1, MHAFSH= 0 ALl (spinel, MgAleM
2L0|E(mullite, 3A1,05 * 2810;)7F M E|7| IR0 BHE40| %0
Aoz REECE 43 7YX LC-8002 LC-600
LC*-7000f Hls =

x|t ;

é
>

el
_|_

C

ALY

- O o
So w22 54 710 2 SHLBE A0l

H
fa =

=

Tufon
rol

H



24 MELY TFEQ ANRE M2 MM ANHE AHELC)S| +5t2 M8 2 714X SN It

100 0.25
CH: Portlandite Q: Quartz CC: Calcite (a) R —— Control
E: Ettringite Hc: Hemicarboaluminate Mc: Monocarboalumi ~ — LC3-600
@ 95 N —-— LC-700
L
T ot — LG 500 020
He 'CsS 90
Eme E JEo E 0
b CAF ! s Control - .
e SIS 3 F0.15 X
- IS ]
35 ; S
3 ﬂ LCo-600 3 e g -
R e G A LI f_J‘L/ o & C(A)SH/E& Ettringite s 9
= =4 P4 5 F0.10
S i h LC3-700| 75 v Ca(OH), !
£ i 0 L MM A & Y ﬁ‘l
i 704 [ b
! LC-800) / "\l CSH ~Casioa L g 05
— — 5 AN ] 65 ;“ /’
: i i LCe-900)
A A el 60 T T T — - 0.00
T T T T T T
3 s 5 a 5 2 i 200 400 600 800 1000
26 (°) Temp. (C)
100 0.25
(b) — Control
CH: Portlandite Q: Quartz CC: Calcite ~ — LC3-600
E: Ettringite Ho: Hemi inate. Mo: Monocarboalumi 95 e
o= LC-800
e ' ° 0000 F ... e Lcs-900 [ 0.20
1 90
; C
: ontrol 3 —_
i ; o 5 L0.15 2
i - B )
= : ; g0 csHaAF z
2 ; i LC™600 R Fo
i : i o / ]
> bt - F oy v €aQ0s Loto 5
7] i 54 Ca(OH), N
2 i LC2-700
= Y SRS ] v F;
; o ,’A‘i CWSH~ Casi0s| § g
LC*800 2 & A
SR [ : |
v
LC-900 60 - 0.00
T T T T .
- —— 200 400 600 800 1000
25 30 35 40 Temp. ()
200) '
100 0.25
(© —— Control
CH: Portlandite Q: Quartz CC: Calcite - - LC*-600
E: Ettringite Hc: Hemi inate Mc: Monocarboalumi 954 = L0
(c) o . e Lcs-g00 [ 0-20
'
E Q! =
' 1 ik i | Control = 81 L0.15 R
- 0 Y i g | csH & art E
=l i 3 80 s
] ; LC3-600) / [C]
= ] e / o105
z f— R— = 75 CAISH & Ms/McfHe  CalOH), 10a
g ; LC3-700 /
= - eczuR] 70
' I-0.05
; LC2-800)
; 65
LC2-900) 60 . - ; . 2 0.00
= = — A - 200 400 600 800 1000
15 20 25 35 40 Temp. (C)
26 (°)
100 0.25
(d) — Co;\trol
CH: Portlandite Q: Quartz CC: Calcite 95 - tg::sgg
E: Ettringite Hc: Hemi inate Mc: Monocar i e LC3-800
@ wd R 00 = Lc-900 [ 0.20
He CH
Eoime g 1t 85 =
Policar P < X
e | g s
el I R = o <
3| i P LC3-600 o 807 cwsgann O
- H ! 4 =
21 0 EEEI R F ol § Ca(oH), a
gl : : 2700 C(A)ftl/& Ms/Mc/He Y
E [ - SUNN N 1
P 5 : LC*800) - L 0.05
et O RN 65 - i
i H H 4 i ¢ Rt 3
P i LC3-900 k .
il Sy 60 ; : = s 0.00
T T T T T T
10 15 20 25 30 35 40 200 400 600 800 1000
26 (°) Temp. (C)

Fig. 6. X-ray diffraction pattern of hardened paste cured for (a) 1 d, Fig. 7. TG-DTG of hardened paste cured for (a) 1 d, (b) 3 d, () 7 d,
(b) 3d, (c) 7d and (d) 28 d (20 =7-40°) and (d) 28 d

=27 20223 9% 257

S idaatxtEstsl



oy
18
N
[
HI
e
il
O
=
S

m

ogr
ox

_O'I_

=2

50

o

02

10

m

gl

Ral

i

>

0

gl__l

~

o

2

e

S I

o
[l
m
mr
E
H
FO
ol
il e
1c
Okl
A4

ofm
§.'—_'
>
=
im
=2
m
m
[>
2
>.—

r

0x Mo
Il
rr
4
Ipt
o T
x

Q
Z
195)
I
J
o9 0lo

iz}
=0)
rol
4
HIT

re
rn
o
o
Hu
L2
o
rn
o
H
ro
o O
o
my 4>
o

[0 mo rlo

X
x7| Wil 712U 20|
O2 3= Mol 2
of2371| sH LC*-8000i| HIH 7
2 mCHEICKHAvet and Scrivener 2018; Cao

I
=
Im
4
tolr
1o
10

b

el
o

Sl ogr
hlolz
N
= 2
=
o £

C

b

!
mo
>

b

>

o

=

0lo

0x

mo

r

m 1o
SN

t al, 2021

O

).

[¢]

ME3W7| ol HES M0l Hlsh {2 YEI=E Lol=
ZHO 2 LIEIITH EfaAS ST Q0] 27| ZEE LCP-600,
LC*-700, LC*-8000i|lM 72| SYUHOL} C*-9002 WS o=
Y2 Lolote AS & + UUCE 0l 42k 12Xlol= 7t
229 Ertisle YFY0| 37 JES FA| Hen|, g
MeEErE 2200 9fgh YRtel ST0| © Be FdEe F=
Aoz FYEC) 45t 3Lxfet 7Y M= LC-7000] TH2
SE0 U2 JI2EYR0H|0|E fatES FEsio] AME HE

[ IControl

60 V77 600°C | %
< |@4rooc
o |Jsooc
< s0-\{Zg s00C
e
(o]
S 40 7
k7
2 304 %
a
[0}
S
£
o
o

T T
3Days 28Days

Curing age

Fig. 8. Compressive strength of hardened pastes cured for 1 d, 3 d, 7 d,
and 28 d

258 vol. 10, No. 3 (2022)

o] 2325 M| IR0 LU=
28UXI0 A LC*-8008 LCP-700EL} =2 =
Ch 0= 251270 LC*~700ELLC} LC-8000]

fon

%
<
AL

o

o
|0

Yol 7122 L20|H0IE +3H20] L]
oIt R71M0I C(ASHZ | ATE J7tat EHSof
[m]

20| AtHEOZ LC-700LC} LRV | ECZ FH

ro

Y2 oE 2
H
s
4o N e

o 0
mjo >

=2

_'
P
O
_‘
L
il
«
=
i
ofm
ol
T
o
al
4
for
o
P
0x
i}
ol
ne
o
ox
00t
r

2 A0 M ER2ET W 2 HER 1HEEZ 1C°9] ¥
22 Z25P7| Yol AN 2=0f T2 LC* I0|AES| £512 M

b 714 S40f tiet A IS HAGIRCH, Tt Z

S
S HEZ =E5IUCt

DHEQ| HpAMSEE2 ANRLI SIS STtotH A
St Sl 2 AEEY | leiAl= 700 T 0ldez AMaHOF Sl
AoZ LIEFHT,, ofX|2t ZZ22|HERIE Soff &elst THEQ
BISAHS LC-7000] 712 QoM LC*-9002 BH2-A0| SX 5]
HE A= UEHRLE et TFEQ Mo AYEHE 2H
at7| Y= XRDE &of 7I22|LI0IE ZF9| TR}
TG-DTGE Salf At EpAtskg®bt ofLet Z22HEZE
Soff 58 nFES| U3y Eot SYHE nefalof efith=
Ag =olgd 4 it

L31E7| HEZISRIQ) B240] 7P Eetst LC-7002 ¥
o ZI2HU2O|H|0|E £5t21t C(A)SH, HIEZ7I0|ES} 2
£31250| 20| MAHE= 28 XRDQ TG-DTGE Salf &l
Cf, SHXI2t 54 27| nfgho| I2HAUZ0|H|0|E £3H50] Ay
E| pN; g@

700 °C 0]4 800 C Olate| 2E=0iM MEE NHES 1AKIS
oF ANHHM AR 22 =
ControlZ} S56tHL 1
EHRC et
= FHO AY

a2 D 2SS Sl



2 AT= SHEATRHEO| HTH| X[ B(INRF—2020R1A4A1019074)
9

References

Alujas, A, Fernandez, R, Quintana, R, Scrivener, K L., Martirena,
F. (2015), Pozzolanic reactivity of low grade kaolinitic clays:
Influence of calcination temperature and impact of calcination
products on OPC hydration, Applied Clay Science, 108, 94-101,

Avet, F, Scrivener, K (2018), Investigation of the calcined kaolinite
content on the hydration of Limestone Calcined Clay Cement
(LC3), Cement and Concrete Research, 107, 124135,

Berodier, EM.J, (2015). Impact of the supplementary cementitious
materials on the Kinetics and microstructural development of
cement hydration(No, THESIS), EPFL,

Cao, Y., Wang, Y., Zhang, Z,, Ma, Y., Wang, H, (2021a). Turning
sandstone clay into supplementary cementitious material:
activation and pozzolanic reactivity evaluation, Composites Part
B: Engineering, 223, 109137,

Cao, Y., Wang, Y., Zhang, Z, Ma, Y., Wang, H. (2021b). Recent
progress of utilization of activated kaolinitic clay in cementitious
construction materials, Composites Part B: Engineering, 211,
108636,

Cement Sustainability Initiative, (2018), Technology Roadmap
Low—Carbon Transition in the Cement Industry.,

Cheng, S, Shui, Z, Sun, T, Yu, R, Zhang, G, Ding, S, (2017),
Effects of fly ash, blast fumnace slag and metakaolin on
mechanical properties and durability of coral sand concrete,
Applied Clay Science, 141, 111-117.

Hay, R, Li, L, Celik, K (2022), Shrinkage, hydration, and strength
development of limestone calcined clay cement (LC3) with
different sulfation levels, Cement and Concrete Composites, 127,
104403,

Her, S, Suh, H, Park, J, Im S, Bae, S. (2020). A sustainable and
viable method to recycle oyster shell waste as an alternative of
limestone in limestone calcined clay cement (LC3), Journal of

MBI AMEE ANE(C)] 2512 44 U 7% S5 5t

the Korean Recycled Construction Resources Institute, 8(2),
219-226,

Her, S, Park, J, Li, P, Bae, S, (2022), Feasibility study on utilization
of pulverized eggshell waste as an alternative to limestone in
raw materials for Portland cement clinker production,
Construction and Building Materials, 324, 126589,

Hong, C. (2016). Compressive strength and construction
characteristics of environment friendly soil concrete pavement
using Jeju sungup soil and red mud, Journal of Korean Society
for Environmental Technology, 17(3), 275285 [in Korean).

Jee, H, Im S, Kanematsu, M, Suzuki, H,, Morooka, S, Taku, K,
Machida, A, Bae, S. (2020). Determination of atomistic
deformation of tricalcium silicate paste with highrvolume fly ash,
Journal of the American Ceramic Society, 103(12), 7188—7201,

Lothenbach, B, Scrivener, K, Hooton, R D, (2011). Supplementary
cementitious materials, Cement and concrete research, 41(12),
12441256,

Lin, RS, Han, Y., Wang, XY. (2021). Macro-meso-micro
experimental studies of calcined clay limestone cement (LC3)
paste subjected to elevated temperature, Cement and Concrete
Composites, 116, 103871,

Moon, H,, Choi, Y., Song, Y., Moon, D, Shin, H., Jung, C. (2004),
Properties of compressive strength of mortar mixed with WCP
for soil pavement, Proceedings of the Korea Concrete Institute
Conference, 553-556 [in Korean],

Nguyen, Q.D,, Kim, T, Castel, A (2020). Mitigation of alkali—silica
reaction by limestone calcined clay cement (LC3), Cement and
Concrete Research, 137, 106176,

Panesar, DK, Zhang, R (2020), Performance comparison of
cement replacing materials in concrete: limestone fillers and
supplementary cementing materials=A review, Construction and
Building Materials, 251, 118366,

Ruan, Y. Jamil, T, Hu C, Gautam BP, Yu, J (2022)
Microstructure and mechanical properties of sustainable
cementitious materials with ultra—high substitution level of
calcined clay and limestone powder, Construction and Building
Materials, 314, 125416,

Saha, AK,, Khan, MN.N,, Sarker, PK , Shaikh, F.A, Pramanik, A
(2018). The ASR mechanism of reactive aggregates in concrete
and its mitigation by fly ash: A critical review, Construction and
Building Materials, 171, 743758,

Scrivener, KL, (2014), Options for the future of cement, Indian
Concr, J, 88(7), 121,

SlTziR BINIIStE| =27 20223 98 259

I



Scrivener, K, Martirena, F,, Bishnoi, S, Maity, S, (2018), Calcined
clay limestone cements (LC3), Cement and Concrete Research,
114, 49-56,

Sharma, M., Bishnoi, S, Martirena, F., Scrivener, K (2021).
Limestone calcined clay cement and concrete: A state—of—
the—art review, Cement and Concrete Research, 149, 106564,

Shah, V., Parashar, A, Mishra, G, Medepalli, S, Krishnan, S,
Bishnoi, S, (2020), Influence of cement replacement by limestone
calcined clay pozzolan on the engineering properties of mortar
and concrete, Advances in Cement Research, 32(3), 101111,

Teklay, A, Yin, C,, Rosendahl, L, Kehler, L., (2015), Experimental
and modeling study of flash calcination of kaolinite rich clay
particles in a gas suspension calciner, Applied Clay Science,
103, 10-19

Wang, H, Hou, P, Li, Q, Adu—Amankwah, S, Chen, H, Xie, N,
Zhao, P, Huang, Y., Wang, S, Cheng, X (2021). Synergistic
effects of supplementary cementitious materials in limestone and
calcined clay-replaced slag cement, Construction and Building
Meaterials, 282, 122648,

Zhao, H, Sun, W, Wu, X, Gao, B, (2015). The properties of the
self—compacting concrete with fly ash and ground granulated
blast furnace slag mineral admixtures, Journal of Cleaner
Production, 95, 6674,

Zhang, D., Jaworska, B, Zhu, H., Dahlquist, K, Li, V.C. (2020).
Engineered cementitious composites (ECC) with limestone
calcined clay cement (LC3), Cement and Concrete Composites,
114, 103766,

ZUOIM 7F22 =7t
HZo=z 25X 2ot
%EE iELQ_ol- A O

900 V)| wE LC?

=] EIO
T'__&! 2!

T MEE DYEQ AYE2E0 IE MM AHH

= So

2
M)
ﬂH
T
ol
|_—5

0
0|E 4521} C(A)SHE MM OPCQ} 719| SoolHLt
L

260 vol. 10, No. 3 (2022)





