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ABSTRACT This research investigated the optimal ratio of graphene oxide (GO), functionalized carbon nanotube (f-CNT), and
nanosilica (NS) for reinforcing cement paste. The dispersity of the ultrasonicated nanomaterials mixed with Ca(OH), solution was
measured to assess the dispersion properties of the mixed nanomaterials in cement paste. Furthermore, the compositions of the cement
hydrates and the compressive strength of the nanomaterial-reinforced cement pastes with various mixing ratios were evaluated in
order to probe which mixing ratio of the three nanomaterials successfully strengthened the cement paste. In addition, the correlation
between the dispersity of the nanomaterials and the compressive strength of the nanomaterial-reinforced cement paste was investi-
gated. The triple-hybrid reinforced cement paste with an optimal ratio of 0.04 g of GO, 0.01 g of f~CNT, and 1 g of NS presented an
improved compressive strength compared with single- and hybrid-nanomaterial—reinforced cement paste owing to the excellent

dispersity of nanomaterials.
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.M £ A i A EY ol wet 0?91730 Al E 7 514
o 2= EhE ghs] ol A o) 8 o] o)A 3 QLo e
A EL 7bE LR o pol= AXA RN, 22 A}o] = (graphene oxide, GO)(Ghazizadeh et al 2018), &4 1}
A A T} 7 A A A =S AN 7] 7] Qe 2 Eo 2 1=+ H(carbon nanotube, CNT)(Koirala et al. 2021), U= A 2]
S w2k A L A -5 £9) ko] AFE-3H| © THMohammadi 7H(nano-silica, NS)(Di Maida et al. 2018)7} th 324 Q1 L 4
etal. 2008; Zhang et al. 2020). o] = 2B # Wy o] AR BE Pl AR GOt WL W F
Fole Az P& RSz FAo] vk W, v O R 7N Y Al E, & A EE AY L ols Byt of
AAE ol g5t FAE T AME B35 BAsH Yeh 715715 v 38kl Qlof AlHIE 5k= o A4
Aol 2R NS RE FFE /A AEE FAAL S ATANE ATl RehE o) AN E FANA 5 9l
Sk ofujel, vl A el 2] Zha A fridging effecy & § - ATIE ZIREAS 4 det w7 R A
3te] Ui F17) 9] A BE] WA 8 5 9L7) w o)l Al E 7] CNT9] 4, FE ] T 7 e ixﬁﬁé, Al
HEAE A BN 0 2 F5-5 WL QlvK(Di Maida et al. Esdtesdl” ]' ﬁﬂﬁa% Feyste] AlHE ZInk A 7o) 7
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NS+ A7 719 v A=, dnk Al

]-4 DA Z AHE A shA| el A 348
HE FokE A4S Sxskal Edst &k
reaction)= &3 7142 2 E Z=3}E(calcium
silicate hydrate, C-S-H)= 2§73 3t ] At 325 4 4
S %% SHoH(Youm and Hong 2022).

GO, f-CNT,NS & 7 F72] Whie 24 E S ol &5k
T U & 7F 8 g 2HE-(synergistic effect)o]] #3F AT =
ghiba] o] Fo] 2] 31 ¢l . w(Liu et al. 2018; El-Feky et al. 2019;
Du et al. 2020), Al F72] Ui 2A S A E 73 3}FA| ol 54

off ZYA|7]= ATt Bsh FH T o] Fo X L §l ek (Kim et al.
2022), GO, f-CNT, NSA @, o] F, AbE Ui 2 AlE T
Shuj &R U oA st dY 2R E A
20 2 v W st A= o] 8] F-53)
mheba] 2 Aol A = TRkt ‘)rL A &4 vlE= A
sto] AIE A shAlE Al&stglon, F2 &9 vj&9

A e £ S sto] v Eo whE o) 9} 7+ 544 9
A@/d ol thato] F41-& ARSI o] & S8l &, °olF,
T U A ¥ &S ﬁ’q ’\]‘ﬂ | E ﬁﬂ'xﬂoﬂ E?J 0}0%
=

oo

(pozzolanic

=
154 l"‘ir’t_‘:_ X*Oﬂ 2t9]- 7]”‘]“ % ”’—Hr@ub\j
(ultraviolet-visible spectrophotometer, UV-vis), 3} A& v
73 (transmission electron microscope, TEM)©] AF-&-%] ) 0.1 4=
3= & S48 Al X-4A 34 499 (X-ray diffraction,
XRD)} 2] of] W&t 4 2] A F47](fourier transform infrared
spectroscopy, FT-IR)E &3l A3 =335} h

2. Mz A 4y Uy
21 ARE M=z A AIEA HI=

211 M2 =

L‘rlt 2 A ZE GO >98 %, 71: ~1 nm, A5+ 0.2~10
pm, = 717 1-2), f-=CNT(-COOH: >2 wt.%, <=5 >95 wt.%,
% c}%%k >97 wt.%, 2] 217 10~20 nm, W3+ 2 73: 5~15
nm, Z2°]: 10~30 pm), NS(90~120 nm) =S A3} T A|HE
A3HA= A ARIE 9} /55 0.42] EAHER](W/C)

2 Z§3to] Al=skeltt.

212 Ut AN 2 HIZ

A W GO, f-CNTSINS & F T572] v 24 9
F& DAL YA $F T2 S W s 7 1o o}

3% ».37}3}: W02 At om, vl it O 2 A

AAE A AHE ﬁg].zﬂjg: A 2F3F ) AFA|
A ¥ g H] &2 Table 101 LFER AT},

2.1.3 AIHE ZOHl K&
ANHE AEA A AL 5x5%x10 mm® A7]2] BE=E ALE
shod A 26k 01, BE Y A S-S Table 12] vl ghu] o

102 | et=2232|Ests| =2%! M35 X115 (2023)

Table 1 Mix proportions of the nanomaterial-reinforced ce-

ment paste
wt.% of cement g ml
Sample
GO f-CNT NS | Cement | Water
OPC 0 0 0 100 40

GOCIN1 0 0.01 1.0 100 40

G2CIN1 0.02 0.01 1.0 100 40

G4CIN1 0.04 0.01 1.0 100 40

G6CIN1 0.06 0.01 1.0 100 40

G4CON1 0.04 0 1.0 100 40

G4C2N1 0.04 0.02 1.0 100 40

G4C3NI1 0.04 0.03 1.0 100 40

G4CINO 0.04 0.01 0 100 40

G4CINO.5 | 0.04 0.01 0.5 100 40

G4CINL.5 | 0.04 0.01 1.5 100 40

G2CONI1 0.02 0 1.0 100 40

G2C2NI1 0.02 0.02 1.0 100 40

G2C3N1 0.02 0.03 1.0 100 40

G2CINO 0.02 0.01 0 100 40

G2CINO.5 | 0.02 0.01 0.5 100 40

G2CINLS5 | 0.02 0.01 1.5 100 40

G2 0.02 0 0 100 40

G4 0.04 0 0 100 40

G6 0.06 0 0 100 40

Cl 0 0.01 0 100 40

N1 0 0 1.0 100 40
w2} 40 mle) &l T4 & %5 373}7](ultrasonicator) & A}
&3to] 153 1 AR X3St 3;1 A E g} Egbastaint
e S Ao w AsH] flete] Bl 3o
Ay B EQJAUE BetAol & 98-S v E T 8le

15 A 2 22 £ 3}A|(Birenboim et al. 2019)& A
2] ekttt B 24417 -, A S AlE EECA ko]
25°C, 65 RH% 2710141 1, 3,7, 28 &2 A3

b

25 0.02 mm/min©. % A4 849 7 Al
QF oFAY B A 31 A1 & E-8-3F5 Uh(Her et al.

2.2.2 AT
Ui 4 9] BAFE = UV-vis(Genesys 180, Thermo Fisher
Scientific) 2 TEM(TEM-2100F, JEOL)S %£-&}o] 38 7}k o).
UV-vis 232 #A4e Ui 2415 242 Hy09) Ca(OH), 3

i JI>+
> 0
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Fig. 1 Compressive strength test machine

g} §H O Z 34 AIA 190~1,100 nm HL] 2] W& FAFsto]
SAstelen, 545 913 Background= HOF AHE-31S1
.t A1) RARE} S ARG, 5 9 s 2

S 717] Wil FHEE fadty FEEE S HH,
Aol et 24 10 F 9 9] Huigke] EepA|
Ak wheb B Ao A= UV-vis ¥ 9] HAgS £l

ABEQ] AT S 1)1 B4 51900

ey

l

2.2.3 015 EA

3%+ XRD(D-2 phaser, Bruker), FT-IR(Nicolet S50,
Thermo Fisher Scientific)S &8} #4815 t}. XRD 2 3} 3t
2 A S 95te] 8] EXME H-4 (Rietveld refinement)
(Walenta and Fiillmann 2004)S €-8-3}3{th. XRD$} FT-IR =
R A R 75 um A AFES] S s o,
FUAT AP 2007 24 DAL} P ENE 24
H] 7 A 8t 42315 9] 74-9-, PONKCS(partial or no known crystal
structures)(Scarlett and Madsen 2006; Bergold et al. 2013)E &
23j0] 418 WA

3. A d1 | 7AM
31 % L4

300 B L AT

A= t ok 28 28‘24%}01]*1 OPC %ﬁ}xﬂiﬂ} ‘;%: & Hol3l
o E3] LONTZ &3 C1 A A oA T2 Y 22
3]st A A Bt v b= v S A 35 GO
ol ] T3] A, EHS EETE S HAse A

S W) o] = E3HA| o] H A 2 Qlsle] AW E &35

T ZAOIE, 7I15d BiA Lie RE, Lk 42|71 2

~
o

1 day [ 3 days [ 7 days [N 28 days|

Compressive strength (MFa)
N w H (4] [o2]
o o o o o

-
o
1

0-

OPC G2 G4 G6 C1 N1

Fig. 2 Compressive strength of single nanomaterial-incor-
porated cement paste

g ol A k2= Ca™t o] ol o8l WA ek B3 A/ (aggre-
gation)©| 43} W3 skA Y 58 F F(stress concentration)
S DA 7| YERd A © 2 sehE T(Chen et al. 2016; Lin
et al. 2020).

3.1.2 GO =0 IE A= LT B
o]%u] ALz UFL /\XHE_‘:] ] HE 7
W3k 71 5 A= 5797 A 9HE Fig. 3 YR
o

E AskAl 5 G609l =4
TS
At Fig. 3(a)= f-CNTSF NS&] k& 212t 0.01 wt.%S} 1.0

~
o

1 day [ 3 days [ 7 days [ 28 days|

11l

GOCIN1 G2C1N1 G4CIN1 GBCIN1
(a) 0.01 wt.% of f-CNT and 1.0 wt.% of NS

70
11 day [ 3 days [ 7 days [ 28 days|

m %

GOCIN1 G2CIN1 G4C1N1 GBCINT
(b) 0 wt.% of f-CNT and 1.0 wt.% of NS

Compressive strength (MPa)
N w » (o)) (o2}
o o o o o

-
o
1

Compressive strength (MPa)
N w H (o)) [o2]
o o o o o

-
o
1

o

Fig. 3 Compressive strength of hybrid and triple-hybrid
nanomaterial-incorporated cement paste with vary-
ing GO compositions
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wt.%E A S W] b A% FhS, Fig. 3(b)= GONS
OlF O ZNSE 1.0 wt% 2 LYAIZ S wo] 4= F e 4k
HojFETh

AbSE )] 1l o] A E B
N1 A8 7F 2h 2 74 =2 95 4
0.02 wt.% Y W &5 AE7t 7HE =4 589 G, ol F &
A B ARE gk ok G A 2412 AF- GOl =4
o] 0.04 wt.% = S etS Wl & =2 Fxlo] wAYSH
T, o9} 22 @S £ONTZFGOSF A g HAshaA
GO7} B-A = 28 WA &ko] GO7F A 34 oA 52 A E
FEE Al shv] wato] 2 ¥ =5 = 9l5=31, GO B3 £-ONT
7h e A A FEF k= Y Ao m WA Mo w
F F HDu et al. 2020).

I G4C1N1JJr G2CON1:.t} GO7} o] &1 % 7 shA) ]l

<

, GACINI1 2 G2C0

iy
=& st Gozt
%

oY

N Hir

Sl
73

A 9% ] a7t BEE G o) vl the 24 &
Q) A= OﬂHC AR Yo, 9Y 442 ¥ 5 e
GO°) xth # ol GOt Bl He] 54 a3
e, 58 A F O Qske] JEI g s R0 Fer

(Kim et al. 2022).

3.1.3 f-CNT 202k M= ot AT BiG}
Fig. 4= f-CNT ZJ 7o) Wl gof mhZ Heh= o] 5 Bl Ak

11 day [E0 3 days [ 7 days [ 28 days|

=
i)
T 40
@
£ 30
[}
1%}
(0]
S 20
€
o
(&)
0_

GACON1 GACIN1 G4C2N1 G4C3N1
(a) 004 wt.% of GO and 1.0 wt.% of NS

70
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=
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@
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172}
(0]
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o
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(b) 0.02 wt.% of GO and 1.0 wt.% of NS
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o
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Fig. 4 Compressive strength of hybrid and triple-hybrid
nanomaterial-incorporated cement paste with vary-
ing f-CNT compositions

104 | et=2232|E5t3| =2%! M35 H15(2023)

T Ui A £S5 ATHME A sk o) o5 s A2kE yER]
At Fig. 4(a) 2t 4(b)ol Al Z5F £-CNTE 0.01 wt.% ©]7d &<
FF 7% -ONTE] o] S7He5 A7t Zadhs A Eol

w2

Ao A= SRS el E E7A Q) 7h 2-8-(Chen et al.
2016)°] HFA ot} FHAFE 2 A9} o] 14T Al
(superplasticizer) 9} £ 318} ZS}A| 7} AFG-E A] o2 -
AME 733 A8s 3=
HE Z3t g §5% Ca’ o] 25 X e o] &
u

o] A5 BTt At 21 0 2 FkE th(Du et al. 2020).
J%, GACINI A 3HA19] 49, f-CNT7} GOS} A2 3 & ¢
< 3to] E5AI7F AR E A FbollE Eekal 7
s wEshs 30 e T

)

HE Y
flo ol:o

3.1.4 NS 230 [IE 2= &

Fig. 5(a)= GOE 0.04 wt.%, f-CNTE 0.01 wt.%= 117 3} 11
NSE 0.5 wt.% 7424 0 = Z7kA 71 b5 o] Wshs 3
718t ST GACINI &) §H5 =7} 78 394 0.1, GACINLS

11 day [0 3 days [N 7 days [ 28 days|

=

S

T 40

7

230+

[}

1%}

(0]

S 20

£

o

O 104
0_

GACINO G4C1NO.5 GACIN1 G4CIN1.5
(a) 0.04 wt.% of GO and 0.01 wt.% of f-CNT

[ day [0 3 days [Nl 7 days [ 28 days|

—~60 +

i

G2C1NO G2C1N0.5 G2C1N1 G2C1N1.5
(b) 0.02 wt.% of GO and 0.01 wt.% of f-CNT

Compressive strength (MPa
w
o

-
o
1

Fig. 5 Compressive strength of hybrid and triple-hybrid
nanomaterial-incorporated cement paste with vary-
ing NS compositions
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ol A efzke] e A7 QAT o] 2 5-E] GOS} -CNT

S NS7HLO wt.% T E A& o vebb= A S gelakqltt
f-CNTS} Zo] NSE GOst Ajrs A sh=l, ol s 22 4
FE0] AR TS TP oA ARl TR O o]o]
2 5= QltK(Liu et al. 2018). WA, NS7} 1.5 wt.% &1 ¢,
AS P 7 = GO 53] zhoy El NS7FE A A
H a1, o] 2 Qlste] FEr) A4Sk A o7 37 Frth(Kong et
al. 2012).

Fig. 5(b)= GOZ 0.02 wt.%, f-CNTZ 0.01 wt.% % 1733}
INSE 0.5 wt.% HE 02 S7MAI71H b5 7o Weks
AV 01, GOE 0.04 wt.% 2 LA Z S ol v =
A AT & TRE #FEE A kit o] 9} e AR
E] NS2}e] @744l 2285 18l A= 0.04 wt.% ©17-2]
GO7F 2 L3t 7l o =2 s

l
(o]

3.2 AT
3.2.1 UV-vis

Ui Al e FAREE S43H7] fl8te] v 2 A1E H0
5l Ca(OH), 3} 8- 50 mlell 242} 1 g& F]l5ko] 4531
4% FH#kS Fig. 601 YEFA QAT Ca(OH), 2£3} 8-
S A E E3F Y 7 fAReE S o A e B O] ke
Z #2317] $1310] Zhao et al. (2020)2] =3-& Farske] ca™
&% 22mMo| H =5 A48kt

H,0 3ol A] T35+ o Ui 549 ool S713t
TEH S/bshs BEa Kool ol
o)t Ao Rk & 4 QUAINE GOS} f-CNT+ +=
H,0 87 ol A vl]-¢- s o #4k 53-8 XY aL Q)

Fdh s R0 SR QIS T AR E & 7 vk v,
Ca(OH), 23} §H oA 9] T35 v 242 ¥t n
4] o= BES HolFQleEd], ol 7
717} Ca** o] 2 0. & Q1&te] B2 A HHA 5 A H A 7
2:317] w91 A1 © 2 K QI tH(Chuah et al. 2018). 53] GO=
B2 75715 2831l 9lo] H,0 370l A glold A4 &
5 AW v Ca™ o] 2ol 23 B-X|= @] A7 wiel
(Zhao et al. 2018) GOS W2 3}o] =73k Fig. 6(a)°l A U
w5 Y ofell & FFE 9] o) 7t S ehAl vrEREE A
o] 221 1 tHKim et al. 2022).

Fig. 6(a)~6(c)2] Ca(OH), 3} &< A 75t T G4CINT &
Hol| A 7Hg 358 FF =7 S A=), o= A s 4
GO7}H-CNT2}NS &} A §8hm Ca® o] 2] &S # 43}sh
o] BA 5go] ety 71 0 7 - th(Du et al. 2020).

Fig. 7% BE A &A1 2] Ca(OH), E3} &Aoo A L} 24
O] FAME S} Y A B A|E Z3HA| 0] 28U 3f oF
S e =], o] = v A o] FAME A E 7
shA o] b Aol WA sk Ado] oleS Kot

Mo K

i

o

35 453

- —0—H,0 pu
= —A— Ca(OH), g
S 3.0 L40 £
E S
o >
= o c
5 257 / -35 9,
€L

2 L o A o
T 204 3.0 8
8 £
o ©

_g 1.54 / 2.5 %
5 8
o

L T - L2.0 2
s 9
= 3
0.5 15=

T T T T
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(a) Varying GO compositions

35 45%

o —0—H,0 pu
£ |-a—Ca(OH), g
g 3.0 F4.0 £
A o E
2 25 ><A L35 O
o A e T
T 50 = 3.0 Qm’
=a o
@ IS
e 8
= 1.51 o 2.5 =
3 2
o

® 1.0 L2032
] e
= 3
05 152
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(b) Varying f-CNT compositions

35 452

-~ —0— HZO ]
= —A— Ca(OH), g
S 3.0 4.0 €
s A S
F = =
g 25 A -35
o A—””””’ i?
Q ° o
> o
e 2.0+ / \ r3.08
8 o ° 'z_:,
T B coill 252
= @
8 2
o

® 1.0 L2.0 2
% 9
= 3
0.5 15=
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Fig. 6 Maximum absorbance value of UV-vis results of
mixed nanomaterials

60 55
[ Compressive strength

55 —+— UV-vis in Ca(OH), Solution|

50
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40 ¥
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T T
w w IS
o ) =}

Fig. 7 Correlation between the compressive strength of
nanomaterial-incorporated cement pastes hydrated
for 28 days and UV-vis maximum absorbance value
experiment with Ca(OH), solution
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3.2.2 TEM

AT Wi 245 ZAA F vhie A 7 A e 24
S TEM o|u| A& Falo] skl thFig. 8).
G2CIN12] TEM o] u] ] | X =(Fig. 8(a)) GO A E ¢|°l NS
3L B3 G gl s ol 9 54 Ay
O Qlato] EEw W3] HEH 07 ol Fol A Fakl
I (Kong et al. 2012), ©]i= G2CIN12] FA 7L 2}l 4] 28 =f
Ato] ] uhe- b A TXEE ol Aow dAddrt
(Fig. 3(2)).

Y, Fig. 8(b)2] G4CIN19] B4 GO 9ol f-CNTS} NS
7} A7d3] EAtE Bgs HolFgled, ol = ek &7
Ql f-CNTE] 7hi 287 NSO EZ g Wh-g-o] HHatgl 1

Agglomerated f-CNT and
NS on GO sheets

Well-dispersed f-CNT and
NS on GO sheets
(b) G4C1N1

Fig. 8 TEM Transmission electron microscope images of
the triple-hybrid nanomaterials

—— OPC

— Fitting

——C5S

— Ettrin.

—— Quartz

—— C,A
C,AF
Calcite
C,S
Gypsum

—— CH

—— Hc

—— Mc

) CSH-Gel

—— Ms

—— Periclase

Intensity (a.u.)

10 20 30 40 50 60 70

20 (degree)
Fig. 9 Example of Rietveld refinement shown with ordinary
Portland cement X-ray diffraction results

106 | et=2232|Ests| =2%! M35 X115 (2023)

AW E 733}
(Fig. 3(a)).

A o]

==z
701-_1,:__04 Z o

= o]0}zl 2

3.3 =32 24

55

3.3.1 XRD
3HE 2492 913 XRD A} kS P EUE A S
o] g &F3}5}9 © ™ (Scrivener et al. 2004), 71 % OPC*— YJE
AE A 99 (fitting) A1 E Fig. 9o LR ATE A=
shet At 5 Mg A S A =S vERA GACINT
100 -
Variable:
GO
80 4 Mec: Monocarboaluminate
Hc: Hemicarboaluminate
CH: Portlandite, Ca(OH),
Other: Periclase + Quartz
"o\ +Monosulfate + Lime|
33 60
2
[0}
(2]
S 40+
o
0 ] Amorphous|
O N N N
& 0,\% o"e 0.\% o®
& & » P
(a) Varying GO compositions
100 -
Variable:
f-CNT
80 - Mc: Monocarboaluminate
Hc: Hemicarboaluminate
CH: Portlandite, Ca(OH),
Other: Periclase + Quartz
/-Q\ +Monosulfate + Lime)|
D
z
[0}
(7]
()
<
o
] Amorphous|
(b) Varying f-CNT compositions
100 -
Variable:
NS
80 4 Mc: Monocarboaluminate
Hc: Hemicarboaluminate
CH: Portlandite, Ca(OH),
Other: Periclase + Quartz
? +Monosulfate + Lime|
33 60
2
[0}
(2]
S 40-
o
0 [ Amorphous|
O ] o N o
& b‘c)"e 0\@ b‘o"e 0»&\
AR [CH
(c) Varying NS compositions
Fig. 10 Rietveld refinement results presented in wt.%.
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AR U 58 E S-S 7R AsHAl e S vl 24 5t

] Fig. 10°f] YER AT}

GO9| =& wigte] & o= SEA S JFs)
3+ A 3}(Fig. 10(a)), G4CIN1 A 7}% B2 kol v A A
(amorphous phase)”} T2 At} v 2 AFo] o8- A

HES] Ax Iyl b & JFS v A= C-S-H7} 2HA &}
a1 7] wl&-ofl(Scrivener et al. 2004) ©]+= G4CIN19] 74 3=
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Fig. 11 Fourier transform infrared spectra of the triple-hybrid
and hybrid nanomaterial- reinforced cement pastes
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