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B 2°F4 (SUMMARY)

e Background

— Increased demands on the monitoring technique for reinforced concrete
in realtime: Direct monitoring of crack propagation and nucleation,
highly—-stable measurement on chloride penetration, decrease in cost of
sensors and monitoring sets

- Overcome the technical limitations of conventional inspection methods
for reinforced concrete structures

e Purpose

- Developing the high electrical conductive (higher than 10 mS/m) cement
composite containing carbon nanotube (CNT)

- Evaluating monitoring feasibility of the composite against cracking and
chloride penetratrion

e  Concepts

- Crack monitoring: CNT/cement composite with which embedded in RC
structure may cracked along with the cracking of RC structures. The
conductivity of the composite may drastically decreased with the crack
and thus the cracking could be monitored by measuring the electrical
conductivity of the composite.

— Chloride monitoring: the electrical conductivity of solution may increase
by increase in chloride contents in the solution. When the chloride ions
penetrated to the RC structures and the CNT/cement composite
embedded in that, the electrical conductivity of the composite may
increase. The chloride attack could be monitored by measuring the
electrical conductivity of the composite. Note that the conductivity of
the CNT/cement composite were lower than chloride solution, while

higher than pure water.

* Contents and results
- Develop the CNT/cement composite with the high electrical resistance
(higher than 10 mS/m) without applying the sonication process, which
needed high cost: Low CNT contents needed: 0.370.6 wt.%/cement
- Propose the position of the composite in RC structure: 2 probe method

to measure conductivity, embedding positioning



- Confirm the feasibility of crack monitoring: Evaluate that the
conductivity of the composite was decreased to 1/271/10 from the initial
states without cracking when 0.2 mm and wider crack open depth

- Confirm the feasibility of chloride monitoring: Evaluate that the
conductivity of the composite was increased about 10 times by adding 1

wt.2%/cement of chloride ions in the composite

e Expected contributions

- Adopting of monitoring technique against crack and chloride for
reinforced and prestressed concrete structures: novel and existed
structures of building, tarnal, bridge

- Applying the monitoring for marine plants, and nuclear power plant,
where the conventional inspections could not be applied

- Improve the service life of concrete structures: reduction of life cycle
cost and COz emission

- Correspond about climate change and providing reasonable and
economical sustainable residential environment, by considering the

safety durable , energy efficient, environmentally friendly houses
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29 2-5. Effects of silica fume on strength of CNT/cement composite: (a) absolute and
(b) relative values (Kim et al., 2014a)
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[2] Kim, H. K, Nam, . W., & Lee, H. K. (2014b). Enhanced effect of carbon nanotube on mechanical and electrical properties of cement
composites by incorporation of silica fume. Composite Structures, 107, 60-69.
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(b)

11. Measuring electical conductivity of cracked CNT/cement composite: (a) portable digital

g 2
=
multimeter, (b) measurement setup, (c) controling the crack depth by cable tie

1

o

-

el
iy

o

olo

Lol

a9

B

g, A&

A8 ek

KeN
=

e+ F8 USB dvl7

el AZ1AEE gl o)

49 s

A, e o F =

=
l

o FAS

3l
=

s ol

Ayt tdo] TAE A

o

7 =

)
ks

1 30712 A%

el i3

s

oAM=

ek

=

B

I9H 2-12. Measurement of crack open depth on the CNT/cement composites: use of Portable

microscope (left)

I 9 ZA

KeR
=

D10 (SD400)

_42_



% REE=2E B Soith o] W REree wighes B 1 AYME 2
Atk REgE Bl d SR Ao A4S SR ofF AVHER F4E Tt
3 =

Hes sl d7ldees D) BR2se g 9 dd 84 4, 2) Za2se gl d dad
€4 ¥ 3 ZEEE g4 2 45 F AxdEed A4 SRy, Al 5 A F A7
Ax% 2447 Aol AVZ 24HA £& w3 vivagr. veg2s g4 Aae
79 F wgstel A 28URA £35St

ol Z A : of w dgd

Azg A2 289 F vtz FAIE FIPsidon, =
Ao digk Aojth S 7UIF 50E el A Axzg AlHe] dEiME FUe APS s

Ao gk Aol

i)
o
)
~{
rr
=
BN
>
)

[ &%icm ] _—
,—-”'—‘f‘f

4
ru

10

| onrume zomz |

19 2-13. Dimension of reinforced mortar beam (CNT/cement composite embedded)
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19 2-15. Experimental setup for measuring the electrical conductivity of the composite embedded
in reinforced mortar under bending cracking
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* peos and peos denote conductivities of CNT 0.3% and CNT 0.6% specimens,

respectively
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43 CNTs RE2e 29 AYUAoA FAHE AFs CNTs
° [e]

W Ik B el auAleld A glel, e
(W/B 50%), L3 %=(W/B 30%), 23 %E(W/B 20%) Z2Et29] 229 B4 Ue F35,
PEAwel e CNTso ks 247 Aatainh 1k ofyel, SEM #4& o] &3t 22
El2 U] CNTs9 #4He #Zs9nh

A&l A8¥ Multi wall carbon nanotubesi= Carbon Nano-material Technology Co.
Ltd.e] AFe= dstet 714 T2 (Thermal Chemical Vapor Deposition, CVD)ol] 2] 3}
A A E o] 959% o] AA AT CNTse A& 5nm-15nmelil I ZAoli= 10 pm A E9]
oh obeizEe Aol AR&"E CNTs SEM AR S ERRI 9tk CNTso whA e

2l
25-40nmelth1E EE5W= AHE(C)e A2 7HE(SF)o] nidly A= ARG AT AHE
oF Agl7FEe ¥HHA L 77 352 m2/kg(by Blaine test)®F 19,620 m2/kg(by BET test)©]
of. Al gbEol Al Si029] Aol 90%°] 4 A gt 0.15-4.75 mme] JYEREE AU H%
HAZZSFEH(S.S.D)S Ferart 2 AA)ZR A= AT ARG = A 9
0.8%°|tt. 19 19°] SEM A}zl2 FEI company®] FE-type

ME F4ES 27 2659

SEM (Nova 230)& AF-&3}$itt.

[71 ¥ W& Kim, HK, Jeon, JH., Nam, IW. and Lee, HK, On flow and mechanical characteristics of mortar with
carbon nanotubes manufactured without a sonication process, Cement and Concrete Research, submitted, & 233t o=z
AANAFAY “BAUYEFEE 83 VeA, 2AFEAF ZAYE MT HFTRIAT] YES a9k AY
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sttt 1HE EEE2 dige] Ag, ZYVIEEANMA 2RI AE AFES XSS
megze AAUdEE FAAAY. 2RERAY EYLS FHAAL W] 99 ARE
T2 oF 2wt.%®E AT FU obe] F+= Ao ALY = EEEE9 J|E widn =
e A
<3 6-1> REEE wdh) g
Purpose W/B* Volume proportion (vol.%)"
(Wt.%) C. paste’ A
W C SF SP
Step I Effect of 30 27 21 5 0.7 | 45
sonication proccess 24 24 26 8 1.0 | 41
Step I 50 29 18 0 0.0 | 53
Flow/Density/Compressivestrength 30 27 21 S 0.7 | 45
20 22 29 10 14 | 37

a Regardless of amount of water in superplasticizer
b Without considering air voids
¢ Cement paste: water + binder materials (cement + silica fume) + superplasticizer

o] Aol AFE= HAP2 28AR JAPHAT. 1AM = AHME ZEg=
CNTs® Z4ba S3IA717] 918 ayAleld g e &l el 7

Aol A#E nlgow 2vhAE AWkl 1
EgT & g CNTso 9IS A8t 294
30% (17 E REEE) 20%(214 %" RE2ELE)9] Al
283kt 1, 29 A9l CNTsE AHE )
Hot RE2EEe] ZT29= CNTs9 &9 #Agle]l 2/saA= dAGsA 233

H A
A9 19764 2UAel e e CNTs B4atgo] o|Fola wgads 124 o
e WMo wWgE meges vasdrt susdclde] ofFold A9, 1 Wy

CNTsE ZF53A7F &8 o ¥ o] bath-type (DAIHAN WUC-DI0H, 40 kHz,
200 W)} tip-type (SONICS VCX750, 20 kHz, 750 W, 30 % amplitude)®] ultrasonicator=
o] g3l AYA )AL AL AYAolA AZFE bath-typee] A% 304, tip-typed] 2% %
AlZbe] 28 =T AYAlolAd & CNTsE 3 22 vIgAHE, Ae7hF), =A<
A 4R EetdTh AYAlelAS sHA v A5-QEA), CNTsE A B 748E

1{ H gk}, o] gk g ASTM C305 It
thouE $, REEEe] F29 548 ASTM
o] b3

AW e A ZNE 24A7 Fo D@ste] 5691 Bk ALolN FF

He] A= gaste] st e] v AF+ %= FE type SEM (Nova230)
100 x 10045 mm HHAEYP AJH UEo} F5E5S S5 T
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o YA

obtf= 0.6 wt.2%e CNTs7F £ M= & A% REE=2S Y o 1

2@t (& (oo wlagte=a, wiebd AuyAold HAdS F33 47, 5

A2 lumpZt $2E L AR 358 Fadsts AS & AT vbd, Ao
f

0]
o

= T 2 EEEHEZ AU = FNE S U + k. Ajayan (1999) 2
M CNTsE single wall B+ multi-wall nanotubes®} #AIglo] &AaH YR W42 E 714
a7 WEe S F4d 4 dvhal Baskal k. o] Aol A EE}E«] D}H T
AU A ARG F-9F BAgle]l dAsiTE AYAol A o8] CNTs7} &l 4ts = 45,
CNTse= &YA oA A -gte] 443 & SFote] AxAom vld e &Aoo &
93-S st AFTE AT wtdHe, REE2E wjget $o CNTs7F 95+ 4
{ e o] AHFF7E WolA WA mEQIE &F = A
A% CNTs Y2 A~ms= B9 oko)

@) : (b) ©
2% 6-2. 06 wt.% of CNTs 3¢ 2% W22 (a) W/B 30% AuAlol A, (b) W/B 24%
2YAlel A, (c) W/B 24% AuAlolAd A

ol#lE= CNTs 06 wt.%7} €9% =
3

=2et2 9 sebvie] SEM AR
21¢] SEM AMdE F3liA &Y 1{ 4

o] CNTs¢ #4bo] mx= &AS
Atk 29 21@9 (b)ellA Holx= A o] AYyAHd A F RH=E Sl
CNTs9 5o 43EA CNTs clump’} ©AF A 1o wtaf, AuAlolAd 34 S Ay
3 A (2™ 21(0)¢} (d), CNTs9 22 clumps7F #ZHA L= 781 CNTs %3+ A
HE L A 7tEel o3 Fat=ol 2 Btk oleld FAME S Ay Aol AFE ol -
of M EEZEE9 S FIAE FASHA YERRTE ol# gt ol f =, AyAleld HA
< o] AFolA FPE = o]F Aol AeFE

Cement particle and CNTs
hydration products {Clumped)>

7

CNTs 4
(Clumped) CNTs
( Embedded) l

:La 6-3. 06 Wt/ of CNTS S Z2gE2 gdde] SEM o] v A
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$ E40l WAL 9FS by gk o] A5
B 9la) 7 mErzel AgHE & B9 G CNTs A7kelRol #Agle] AgstAl 47
E29 S4ol 9F2 WAL AxE 24 CNTse £9o2 ABsAh CNTs 06
AF A, W/B 50%, 30%, 20% EEEZ e E2$E 77} 28%, 15%, 27% i
18 AFe A4 31004 AFWEC] CNTse] B F5ol oa) vhebed lolrh A
WE, AE GAsh FAAele] FBATL i AREst MFEA] CNTsE F559)
. W/B 50%9] ®ZEp=el H] w, W/B 30%9} 20%¢] = EElEo] A=
BEGe e ARt oS AL AoE Uehueh A, Ske/mdel el ONTsE w2
x 9?\ o, W/B 30%% 20% Ale] REEE F257F W/B 50%A1H 9 &5

e AoE tehgth ot ZAEHAE eE] EYol % Aoz B
W/B 50%%1%94 A, mEpe F2e SHS o
o, olmrt e W/BS] mEmtEe] FEg 5HS X
AEe B Moy Esbe] GFL Witk wpebA, A
os CNT £9¢) 9ae W/BSl st weba] =LA Wakshn) ehivh

260

K 1.1
- - = WB 50 %
240 E| WB 30 %
= ; g 1.0 o
E lu_____‘ s ——WB 20 %
S0 B £ E ;
£ 200 H \\
[™ =
= L 5
= g0 L[ WB% \ 08 .
| ——WiB 30% S \
- |——WB20%
160 0.7
0.0 0.2 0.4 0.6 0 6
Addtion of CNTs [wt.%/cement] Addtion of CNTs [kg/m?]

a9 6-4 REgE 229 Add e CNTse 93 () Aoz, (%) ddat

Wb ojue), REEE ER$o fol $53AS U, ONTsE @3 R2e2e) vre
tEs) et 2S % 5 g9tk EU5E ONTse %o] 04 wt2%olH 06 wto 7}
g, W/B 50% == ME solsEg FA Aol HElg melrh wel,

Auj
(3 lm
o rr
T+ > -

W/B 30%%}F 20%<] EEZEE of¢} 2 FeE|l7b BFHA skrh o= CNTs9| &
Faol o AfFF FAR e AWME #Ho|~Eet ZAYA Ato]E e mlngA &
T A Hell et 1 A3E AMEZE WS JAAS AYA H7] "ot W/B 30% 22
B2 A9 06 wt.% CNTsE £¢4A], CNTs7} 22 3How BG3t= o] oA
gt ol S TYE CNTso o] @Wol 3] wig= = X37] wolth. W/B
20% EEZEFZ9] HF CNTse o] 04 wt.2%A 06 wt.%= 5713} ,
EEE7} AxEHE Ao=E ‘/‘rEPM‘ﬂr o= EEEE Ao F-Soll 9§ Aol

olgl Iy CNTsE T3t &2 REZEZ9 vAFx SEM AHS Yehdar Q)
W/B 50% w2 EEEES] F% 22 TF NEEd(E Dole &3t CNTs Al &4
o] & ARt Aol CNTs #4bS ##Es7] offh 17 26(a)oll Heol= FAH, 0.2
wt.2% CNTs EZELZ2o| A =CNTs clumpe #2377 o] L CNTs stripo] BlERE %Y

(<
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13 de2 AT 29 26(b)9 04 wt.% CNTs EEE29 7
ol e 3 ﬂ] #ZE AT clumpe EolA] &kt AT 0.6

o
g M

o] ettringite®} 7 &
$, 45 CNTs+= F3=

l

wt.2% CNTs7F €% E2e22] stddo A 0.2 wt.2%904 wt.2% CNTsE-fr EEEFZ o) A
B7] o] CNT7} thEE FH oA clumpﬂ dEE A,

W/B 30% Z2etZ9 44 02 wt% CNTs E4A, CNTsE ##317] o]Ht). o]+ W/B
50%9] A$-%= wpzzbA o)tk ©x] ¥ 27(a)oll A E CNTse di7F AWESH A gpFe
T2 #olde AL BEI 5 dud CNTs7F 04 wt.% E£4EHAS v, 2 CNTs
clump’t &&=t (Figure 27(b)). CNTs7F 0.6 wt.% o] 4% AL v, clump 9t o}
U, 298 27(c)ol YERYd A3 7ol hair-like CNTs7F AJWE )9} 3158 8= A
S ##T 4 9l Hair-like CNTsZ 7R 28] YH|7F 2 FEe] CNTs=E 7431

FERT O 52 Ao=Z Yeryth

W/B 20% EZEt29 A5 FaEo] 3 CNTE 02 wt.% CNTs EY9A HA @24
ok 04 wt.% CNTs YA, CNTs &4k ofz # o] Fojx]xvk W/B 30% EZEl=9} U}
27 °k7re] CNT clumpZ} & 06 wt.% CNTs £&3 A-¢, clumpd 71 57138}
Atk o] AFoA CNTse &1%o] Woldo = EFsla W/B 20%9F 30%2] EEZERZ
e =S CNTs 24 g4 S 1A ols =2 AgstEe &%y H4e Af5 9
3 Aottt Ag7E dAY =710 nm T 500 nm)E AWE JAe] =Z7](1 ym T 100 pm)
Hoh x4 3 7 A7]= CNTs 2719 A9 2o Aeg7ks A 2/ssA €95 €
3 wA e EEEE ujgte & Aol Aol Wiy = CNTs clump$t F&3t3th

o] TEE Q3 clumped CNTs® 7 23 Agto] Ay Aol glo] o] x™HA CNTs7F Al

o)

HE QJapAato]l 2 EAE QIth Sanchez and Ince (2009)% A& 7F&% 4AH7F AB|HIA] CNTs
LA v A= FASE 8-S SRSt [64]. AElvlEe] ol SUFska A7t

st w, AetE YA} clumped CNTs Alol e FE7F5A o] F718Fdth

Cement p}ll:ﬁ(‘.l&ﬂl;l}s—‘;- <
hydration #roducls

fr:
£ -‘I'

Cement particle and
hydration products

) . o P P (C)
a7 6-5. W/B 50% R 2EtZ gt o] SEM o1 A 0.6 wt.% CNTs &(a), 04 wt.2% CNTs

+5(b), 0.6 wt.% of CNTs 3Hr(c)

o]#3t o] F =, CNTse #4te& W/B 20%2 EZErZoA 3wt ®ak ofg), o
Ao EEE=29] W/B9 #AIgle], CNTs &4 &o] 04 wt.% o] de=z F71stH CNTs
AR ZetE A gkt

e a9e 2o e WEst FFE wek CNTse J3FS el g zouh
AZ(0D.) A8 AHEe WxE= 2000 kg/m -2100kg/m>¢] ™ Wxe] Wa= 3% nylo)

to
rc
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o =59 A$, WB 20% REE2E 04 wt.% CNTs £ 4¢ =59 Agho]

30% 743 Aoz veyon o224 W/B 20% EEZEFEZE CNTsE Qo o o

g ks 06 wt.% CNT®9 &34, 3589 7= F58°] CNTs7F &

¥z 9o mEElRo FFEI PolHt W/B 20% ZE2EelE] Hldl, W/B 30%3 W/B

50% LK ZE}E 9] %—?% EHﬂA HelE 10%0l =, 58] gt CNTse J&F2 FA
(o)

2200 20
-FE _ 15 g._.—:.————.
B 2100 g 3
= 2
S 4 b ‘-_:__ ID
E’:‘ 2000 E 4 2
& ——-"WB 50 % —B—WE 50 %% v
WEB 30 % WE 30 %
——WB 20 % —4—WB 20 %
1000 0
0.0 02 04 0.6 0.0 0.2 04 0.6

Addtion of CNTs [wt.%0/cement]
Addtion of CNTs [wt.%/cement]

I 6-6. REEE Ux(x) 2 FIFE(F) e CNTse o3k

REgt2o FFE W3k CNTse 9ae F AdtyeE g9l A8 F Uk WA,
mesopore (&9 A7 2-50nm)e] H37} CNTs &0 <] s) *—7}3 T At A¥AnE

Hler© 2 Sanchez and Ince (2009)= BJH Y (Barret, Joyner, and Halenda)ol ] 3l
¥ mesopore?] H3= CNTs £ %F =7t wet Z71scta B339tk Mesopore
=7l 327 CNTs9 ¢lE#ol2~ 57} clumped CNTsW &7te] 571, CNTsUH
Alo] Gtz e]l S7F Wit ® E 4 duh T CNTs &9 o3t 274574+ mesopore
Hy 712 A9s 4= vl Konsta-Gdoutos et al. (2010)= 0.048 wt.% multi-wall CNTs

wwwﬁ

d &L o

E

YA, AHE o] 2E(W/C 30%)8] A7l50] oF 40% Aotk wistdeh. CNTsW
FTEH =2 FAGANA AWE HolA~ES FuFrt fHAstHA BTeE Zeuhet A7
F=5 2AZ 4 At(internal curing) (van Breugel, 1991; Bentz, 2007). A|HE o]

o] A4S 20nm olst AA ¥ Fyo "= om dE AT (Tazawa,

1999). CNTs =4 &2 F71¢t A AHE #Ho]~ES] 52 Fhasta 1 A3 SFA7|7t
59t mesopore?] §-3 ZAa7l ZoEd wEkAd, £ ZE2EFE|A mesopore? H-¥E &
Y= = CNTs o] S7tel mret Azt

Hh ol 2 El= W entrained air?} entrapped air (10 ym ©]4H)¢ F 3= CNTs &
7ol whel Attt EA %S RE2EE9 HAdS RERE 25 W Hee JAoR
4 9t} (Khayat, 1998). #A &S HEZE 2 e ZAagES HAlo] & W, entrained air
9} entrapped aird 3= 743t (Khayat, 1998). :Lﬂiﬂi, 0% CNTs9 <%fo] Z7}sh
o] wz}, entrained air®} entrapped air® 37} ZASAc. REEE29 HA FIFE U
gk CNTs9 32 919 F a9 Agdoldnt. At F 819 32 CNTso v &
o} Ak weEl treksith. W/B 50%¢9F 30%¢] EEEFEC] 9, CNTs = gt 358

E_4
oft
1o of\

—_

_76_



o izt Wshrb 7] wiel, 7 acld digh dFS A Zrh w5 > W/B 20%
R=gt29] A$ 0-04 wt.% CNTs = A] entrained air®t entrapped aire] #3747} O
A Aol et ol clump$lol CNTs7h 2 #4belo] mesopored] ¥3]7} #told Aoz o
7] wEolt} AT 0.6 wt% CNTs £% REElZo|M CNTse e aA F71s
A1 AFRA o REEEY FFEL mesopored FIE7ME Qs A=A Aot
O¥e REEE 7= gig CNTs9 43S Yedt. W/B 50% EZE}
S5+ 0.2 wt.% CNTs =944 8% 7R A7 0.6 wt.%7FA] 10]/\] 10% 74~
.ol FAFSHAlL, W/B 20% REEZS A EE 02 wt.2% CNTs YA 10% =71
, 04-06 wt.2% YA, 15-20% &ttt whti=, W/B 30% EE2EE9] F57%
L= CNT EdZFol 06 wt.2%7HA, S7Fglel 30%7HA] FHaskdth ShAl @l o], CNTsel
93} entrained air9t entrapped air®] %3 7HAl o 2WI w ATz AT AL
7bA &t} o] a¥9E CNTs £y @o] AL o (02 wt% olshet FAite] & o]Foj xS o
BojX} o] A CNTse+ Tﬂgg TRkt 7tal g 97k @Ay skt (Sanchez and Ince,
2009). A9 CNTs¢} 43t& Aloleo] QI #H o]~ CNTs2 pull-out 540] €43 A4
H A ekokal, mebA], AlWE composite®] 3] wAYF A ] CNTs® 7t g = o AT
Hold = 3t

[
-
d &

R

-

rMr 2 32 1o
d
[

120 120
_ —8-WE 50 % _ BWB 50 %
7 4 WB 30 %] | £ WB 30 %
210 — ——WB 20% = \ + -’
5 & g «WB 20 %
g " & R*=0.5175
= = -
g ” B *
2 50 _ E R*=7E-05
g g 60 h—
E 40 ._'+—_L_Ti| = R*=0.0229
5 5 ‘-—.

u
nm o 30
0.0 02 0.4 0.6 0 5 10 15 20
Addtion of CNTs [wt.%/cement] Porosity [vol.%a]

a9 6-7. REBE SR tg CNTso 943 2 454%e =582 ¥

oo} wtjz, &I hFdwel WA= W/BC BAglel v Aoz veyt 1y
5 Fd & 7 AXel, CNTs &9l ot g58°] Whe E2E=e 454w 58
& dFe FA EE AS & 5 oUrk CNTse #:=3 25 £ 533 #4012 REFs
Wi-el 2 Ao 2835 CNTs9 clumpst layers SN 7|1 4FA =S HaA
2Tk

° A

2 Ame AYAedE 483 CNTs R2e 29 48384 ¥ CNTs R28 25 3+
g AidE, nAdE 2udE REREe] FRS-ok VA Add did dyE gy
WA, F7HAQ A A E AR ayAleld HAe A s SEM& o83t



of AWE WEse CNTsS| #4442 waste] 2Asgth g0, CNTsE 43}
9% w2etEsl CNTsel 448 £43e 24571 sl 2ol Aa=th U ol4ol
ke dnbt = (W/B 50%), 14 % (W/B 30%), 2317% % (W/B 20%) CNTs AWE E=
Bed BRe 54, UE, ﬂ%%, F5FEe] U CNTsel Gl hia) a7shart. 2w
obel, mEEE W CNTse] #4-2 w33 §la) SEM #40] o] Folfith the 292
%3 oldlsl 2o ARE AL 5 Atk

() WF A CNTs7h 2u7lol 4 342 ARS o), weeee] 970e s 2 dast
ZAGEe BEE2 U I A umpSel BAHYUC Jel wal, 2udeld RAe A
sae W, o Be 9ANAEE Qe 5 Uitk £F, SEM B4 T suUdelde §
@ CNTsel #abol 2 AAsigioks 22 wa & ggeh Auzled 342 Asae

g, CNTs9 2 clump’l #&AEHASAE EF35ta, AlHES} AItEFe] 3tEo] CNTs
7} & BEAkE 9o

(i) CNTsE 0.6 wt.%7FA] &39S w, W/B 50%, 30%, 20%° ZZEt=2 Z29-7F 77t

28%, 15%, 27% #rAstdth AME 4= A27kF A=, A4l o] §298S ot A

F7F M@ #Ago A CNTsoll 5507 wEolth, T3k AMEAS Ad REE29 F29

S oA CNTEH e 932> W/B Wstel dia]l ZA wslstA] &gk

(iii) W/B 20%°ll A CNTs®] E4te] 2 o] Fojxn} o]+ v w2 Ag7kF3 A9
Lotk XS REEE Z2REsAlE EYsHA7] Wil A g dAEel &

HA A ol H73 clumped CNTs¢}e] S5 2 <18 clumped CNTs9] 73t 2

z
gro] ayAlelAd §lo] @AM CNTs7F AHE
2o W/Be #AI%le]l, CNTs7h 04 wt.% °l%d &
ct.

82 U T M oy
0 Tomd o B

YAk AbolZ BAE ek Sk R,
]Q 1\% U’H, CNTSQ T'b_]‘/x\l’ol

2

o
N

(iv) CNTs7F €945 %S ul, mesopore?] H37} F7}8kA| 1k REZEF2 U] entrained air2}
entrapped air?] 3= #ZA3GT. W/B 50%<F 30% E2EF29 A9 CNTs =0 w&
TaEY ddgy wsrr 2] wEel 7 o891 o] A9 FF vk W/B 20%<F &2
o] g & W/B REEEZo AL 0-04 wt% CNTsE £<3% entrained air$}
entrapped air®] 3747} o] A ujA o2 ey}

(v) 2U7leld #go] Qe CNTs ZEetzo] 457

(some threshold) <Fzt 07}0} Auk Frpe B 0§

CNTs¢ #=3 03 B3 242 Z28=

clump®} layerE A A]7] 1L

A= W/Bell #AGo] vr A
8

megzd ¢EGEd F
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U YAl S A BAveFE 29 REEE2 d7]3H 54 HFE

g4 U FE O(CNDE AWME Al A o] dHo=z & d F glo] B& F5
S w3tk (Nam et al, 2012; Saez de Ibarra et al, 2006; Musso et al., 2009; Sanchez
and Ince, 2009; Konsta-Gdoutos et al., 2010). CNTES H+ 8 54 T s AWE A
=53 Alse] d71A AES ATste d Atk EHde olE Al e A g@A Al
(Zax= Y 54, 71 59 5) 2 25 JMAE (EA AT 5)& A& T (Chen et
al., 2004, Tuan, 2004, Tuan and Yehia, 2004; Li et al., 2006, Wen and Chung, 2007;
Wansom et al, 2006). A=A A|HE &3 A7) 54 BHIE 93 B4 HX A9

AW =25 93t X FAZ A8 A (Tuan 2004; Tuan and Yehia, 2004).
71ES A=A XH o= 2 7HA dHe] ot HA AF T w5 MMAES 2T F5
1o W44 S AskAIzIith A dhAse] FS Q3 ko] Y
:6"5‘}7]7]' S5 dE 59, AWME EFA7F 100Qcm HTh v
AHES] 20% T HEH]o ddets I S-S xshsfor skl (Li
et al.,, 2006). PF7FAI = A A 7F 100Qcm Euh & A7) AR S 7HAHE A
E9] 60780% w#Hld dFetes S +ES Estdlof stk (Chung, 2004). 3 €4 A=
o H& T2 AWE EAY 7|AA 54 2 WFAAES Ast Ao (Li et al, 2006;

Kim et al., 2014).

o] Hbsl], CNTE ofF A2 4 AWEY 1% F&hlo] dFste ozt 71 £
1S Wol TS wef =3t 5o AEAZS 7 AHE EAE A4 &
=

tm
M

—_—

T S=
A= Ao ® e (Li et al, 2006; Kim et al, 2014). =3 CNTE A% £939<S
JWE E3F Az A4 542 AstEA FAdAY 2dld MAAHJT (Kim et al,
2014). CNTE XFAI7IWA AE E3dAlo = d7]4 AmAdent of A

Aol =% At (Jeon and Lee, 2011; Le et al, 2011). A &olar A8 WMo s =
7] Aol WM3tst= ddoltt (Han and Ou, 2007). 719 &4 A85E X33 AJWE &
FA AN E A Z e e B A7 Haxa vk (Wen and Chung, 1999; Li et al,
2006; Han and Ou, 2007; Han et al., 2007; Wen and Chung, 2009). 234 CNT/AHE
Aol Aol et A ofF oH] FFEe wEa glon, HA Ad Tteds
2 tF3 9t} (Han et al, 2009; Yu and Kwon, 2009; Saafi, 2009; Azhari and Banthia,
2012). = ], mise] 5 ooy A dEFS v A= Qde #d MFAHQ A=

= orror

S~

-lN -‘FI

7} vl %)
e
ol

]

AT A, CNT/AHE H3hAlo] 7| A% 2 724 540 g
dFS AT (Nam et al., 2012a; Nam et al., 2012b; Kim et al., 2014). %
ahA] % vro E-vRely B(W/B)E A &stal ARl & XFAI7]H AW
22 & CNTe 4 A & 4 e Ae=Z Yelyt (Kim et al, 2014). o] AW
B3 A714 4de MAdste=d =gl HAth (Nam et al, 2012b; Kim et

H]
o g=
=] =
E

lm I ofo rlr

= EH 03%2 395 AWME Ho]lAE EEi= W/BZ (.25
7] Aol 108414 104Q= 1/10,000 o= IA #HAEY
(Kim et al., 2014).

oWl AFAE e Z-nkelr HE 71X CNT/AHME REEet2 B3txe] ghAe =zt

E &8 Kim, H. K, Park, I. S., & Lee, H. K. (2014). Improved piezoresistive sensitivity and stability of CNT/cement
mortar composites with low water - binder ratio. Composite Structures, 116, 713-719.2 233 Aoz AN AFLAY “BFan)
HHE 8383 VA, 2udEAE ZAYE T AFH A (2015)79 &S 2ok AY
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= oA ZRtete] F4E Eo] HRAEY FAEFAA A= G dEiAE
t} (Wen and Chung, 2008). W/B7} 04, 05, 0.6 Ajdl B =
0.1%, 0.3%, 05% AWME ZF&n]o & Isl= CNTE st

NAZZE(0.D)e] AFAE Tt AlES

EF2 E5hA) o 7\7] x47] Xﬁ"ﬂ% %@8}915}. w3l 9k

1€ X5 E AWME(C)S Elkem IncAbe] =A% (EMS-970 D) A2 714 (SF) & vt
o Am2 AFESY T A ZE S.SD. dHolw HlFo] 262 H& B (A)E AHESHS
t}.  Pozzolith LtdAFe] SdA% (GLENIUM  8008) poly-carboxylic acid-based
super—plasticizer (SP)& &% &g RZE2d 4 AAWLYEHE FS7FAZHA Y. Carbon
Nano-material Technology Co. Ltd.AFe] tF8 BAURFEE A7) A=Ad A5z AFESH

EP CNTO Mg AP 3#6-20] st 374 k& W/B (0.4, 0.5, 0.6)¢F CNT 3t

= (0.1%, 03%, 05% AHME FZFH)E 71 CNT/AIHE RE2E2 E3A|E 3193t}
HH%LH]L 201 At} ol dFE FHudH CNTE st &2 AHE Fo|~E
of REELE S AP FAIT 7 dv FFol7] it ofH AFdA = AP xFst

A ekt (Jeon, 2012; Jeong and Lee, 2012).

¥ 6-2> Properties of carbon nanotubes (CNTs)

Diameter Length Purity Bulk  density C(il(eigccl?ﬁ] %}ty
515 nm | <10um | > 95wt% 023;%94 >10°S/cm
<E 6-3> CNT/AHWE g2 Hatxg o wjatn e} ZEEE flow
Weight composition (AHIE thH] FH])
SP
W/B W C SF A CNT (%) Mortar flow (mm)
(X1000)
0.1 240
0.4 0.44 0.3 165
0.5 104
0.1 260
0.5 0.55 1 0.1 1.63 8.00 0.3 206
0.5 151
0.1 258
0.6 0.66 0.3 250
0.5 191

_80_



ARE A7k, ¢ B, ONTE 7] UAR 683 Estdon, iy AQasd
=2 2S5 FTAE Yool 15 Hobart A= 387 239t 5 4= 2 d7] A
e ZA37] Yete] 50x50x50mm’ BAEHA A FAS AFsnt. A7) AFHS =A e
7] 918te] T MY FE AFE 2em FA o2 AFAC At (29 1), iy AT A
717F Bk BAS wxEly] ¢ete] & Flo|~ER FIEE T w2 &L o] ~E At
BEE AFAE B § 24A17bo] Ava &3kl on 18+5T Al 28U 7F AT

Electrode

L

CNT/cement
mortar composite

50mm
7Y 6-8 A7) AP HHL 9@ 2 AamEst AA AR

=4 & EFEY flows ASTM C1437¢] FAste] AU (Kim et al, 2012; Kim
and Lee, 2013). R2ElZ flowe X 20 Aelskdth. FEI Co. ARl field emission type
SEM (Nova 230)= AH&3te] AJHE wjEg 2 & CNTO| #4Hs E otk SEM 404 =
wo Ay megl o A A 10720kV 7 AES AgEe] & FHEF
A3kt SEM E4S ¢33k AR A= Kim et al. (2014)04] zro} & 4= 3t} 7 CNT/
ANHE maEl2 2A4E9 A F(DC) A2 twoprobe WHS AL&3te] ZF A= AAH
AX F & gxg "HE vE (Agilent Technologies 34410A)0] &o}

= 3 O )=]
St AES &

al. (2014l A Zrol& 4= <t} o AFd A= 3t H Ax d7] AE ks Al Al
st SAste] gl o5 FHEeE A7l Ao wIE WwAs At
Chung, 2001). o7]1A E& Al@de] A7) A&dagS S AA A F M= AE B
At

289 YA T 2L BFAY ¢gFx AEE A7 9ske] 300 Universal Testing
Ao, ASTM Cl109 Al@H el =AsIAT Al@Ae] HAdAd 2
a9 29F 2ol SAHJY. 4F FF 108 UTMS AHE3ste 7Fstad. shse d=o] A
o ek A9 WIFow rhetlal, Al@del = A RA A 30% el S9E T
st h ZF A s AL dARAEES FAs7] fste ezl Hd §82 E6-49)
Attt e Aol e Alst v 02MPa/sH =t Wy d5s T
AgAel 7] A ®steE gAdE HEHEE vE 4 EH AFH AFEHAT (2
g 6-9). st ogt 7] AFAdY Wsle tey 22 Aoz ALY 4 Atk (Han et
al., 2009; Le et al., 20112} w]ul).

=
@
=}
jab)
=}
o,

0.

Electrical resistance change = AR/RO x100(%), AR=R— R, (1)
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714 R stso] 7l AlgAel A7) AggAdolm ROw= stzeol 7FallAA] &3ks o
%7 A7) AdAeltt (Han et al, 2009, Le et al., 2011).

<¥E 6-4> CNT/AWE REZEg29 4= 7o A

ot

P 24¢ 99 e Al 5

W/B | CNT (%) | Compressive strength (MPa) | Maximum stress (MPa)
0.1 40.4 12.12
04 0.3 39.3 11.79
0.5 38.3 11.49
0.1 314 9.42
0.5 0.3 31.9 9.57
0.5 31.3 9.39
0.1 27.1 8.13
0.6 0.3 29.5 8.85
0.5 26.6 7.98

S.SD. el AdAL A7 AR L
Lk OD. 44 AFASl A5 49
AL EASE 2 A ¢

AN 7 2L Akl 3w AN ARAE EvishaL

ré
O
X
B
o
oY
F
OE
EE

=)

¥ 6-10& L sl A BgA 27 A7 AFE earh 49 Ao
; s AL

|
A A Zé_JM Can ‘3-% —GH whe LJrE} ok el 5 3l
moli= CNT eFgel Aol 2 dF& AA b v g4
S AFel & dFS UI%E} /B7} 0.6°]3L S.SD. *‘H]ol 2 98]
o] 1/1,000,000 HA3 WolAL), dHoZ W/BI 04 FEo=
= CNT 3o Aol A Eolrloy drds T dFe T4
tebskth CNT shge]l 0.3705wt.%d w W/B7F 04¢]3 SSD. el A9 A&
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D. ZHiQl HFA Y A Zokrh o)A AWME wEg X~ & CNTO #4h3 31 2l

o

——W/B=0.4 (S.S.D.) < W/B=0.4 (0.D.)
10 r+w;3:0.5 (S.8.D.) --{1--W/B=0.5(0.D.)
W/B=0.6 (S.S.D.) W/B=0.6 (O.D.)

S - A
g

Electrical resistance (log Q)
o

0.1 0.3 0.5
CNT contents (%)

a8 6-10. CNT/AHE Z2Eel2 Bade a5 A5 A %7] A7 A8

Nam et al. (2012b)7} Kim et al. (2014)°A4] AF3E A HH AWE wjE8~ & CNTY
AR W/BE =9 MAE F# doH, ol =2 AV AEERE YEidt aduR v
W/BE 717 CNT/AHE E3ta= 2 7] AE%7F CNT U EH A 2 F3gS womy,
AldA e FE Eolv AA FEFS wHA Zv AL=E UEyn ONTY 7] =%
(10%s/m ©]’hE Eo A7) AE=E10 s/cm, (Fofonoff, 1985) #Fz)Etl @A =t} oW
TAAE v 22 Al 7HA 84E FJrkedd AA, v stes Uks wW gARe
HAAG, A, skl dig A7) A= wWste]l el AR, Agke] mE A AL

Akt
T2 7Fstals W CNT/E=E2 EeAo 7sixl sts3 A7) A3
vebdTh T1E 4ol wbE F7)= 8 7] AR Wste 2
Row, ol shFel oste] 7] AFo] ol S on gt (Kim

1 “9HE &5 slell A o] gAEe] bPAATE Azl st &9

rn
>,

wal Aols] e e
gAol thstel &4l

et al, 2014). o] <ol x il o =

F710 2 Agghe] WE ou|dith, Iy B R HHE Sk slol A H3HA A gAd e ok

Aol E&4E oy e FH& Folxth Ad AFolA HbE sk slol A 7] AE W)

o] kAL HIAY & e #AGe] WBZF 42T E gs S7ekd . W/B7E 0.6

FEoF =8 B9 A9 hysteresis loop®] CNT o] EZ=tox Esla ok 4|

Atk oA 7] A W= At T wel Wt S ovsitt, shdlE W/B7L
o

2 e HEA o] hysteresis loops CNTE & #ol ]ui]E o] 0.3%Y u 1
] Fut oA 5A FF9 ksl whEAoR A= st A7) AEAd st
o Ar dAsAueE AS v st

r\r
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0
S.8.D.
CNT S.8.D
0.1% -10
0.D.
20
~ -30
= 10
4]
2
W 0 S8.8.D. —
< S.8.D.
o 0.D.
CNT 2 .10
03% |8 0.D.
§ -20
©
£ -30
g 10
w
0 \:‘,sé -ﬁsﬁﬂ
CNT 10 ob 0.D.
0.5% o

0 5 10 15 0 5 10 15 0 5 10 15
Applied stress [MPa]

a9 6-11. A71AFRSE vs. CNT/AHME R 282 H3HA vhEets A sh8-

Loaded Unloaded

—y

CNT clumps
(agglomerated with big size)

(dispersed as individual fibers
in cement matrix)

Cement particles CNT‘cIumps CNT clumps
(shrunk) (nof recovered to original form )

Unloaded

ey |

T T ]

CNT network
(recovered fo original form )

Cement particles

% gd W3 a) ONT &
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5% A% CNT
o 2 3L 1)

eF kT W o

e M +
=~
2 A

<
MEs FE-FHE A% 0E
A ONT gol?] & da49 wals Wi gzo A54on fos
CNT/ARIE 23Ae] W/B7 2wl AuE veg)s /
FE2E T (Kim et al, 20149 29 7 #%). 2822 CNT HEY IS F5-3|5 AT o]
CNT sledzo] A3 @7 Qojd 4 Utk o] AL Haae] A4 Wz 2 AFe
WX CNT WEsla ddde] Walzh we e ol 2 7}
e SEM olv]x EA g sgor nm > b oot (Kim et
al., 2014).

X ot

-25

W/B=0.4 W/B=0.5

-20

15 }

(%)

Max. electrical resistance change

0.1 0.3 0.5 01 03 0.5 01 0.3 0.5

CNT contents (%)
a9 6-13. CNT/AHE "=€l2 B3 7] A3 Hste] Hdzk

< B &g SOl CNT/AHME SdA<dA vetvs 7] A o
HolFEoh izl S.S.D. AE w gke]l OD. AE o kel w®lgte] wEkekom W/Bu
a2 A4

>
32
nt
2
3
9,.
=
IS
S
—_
&
2
X
s
X
30,
In
o
@)
Z
—
N
T
ofy
o HE
gﬁ
=
ME
>

CNTe 7249 Walrt Fasita & 4 om, oz E3tAe 7]
olojd 4= 2t} 2y CNT7F 83 25 = 4§ 7
Yo Z3Ho] vt (Kim et al, 2014). o]H A $-o] AWE
M2 AY FJFoHA Fokrh EFAe A7) A stFel st 4 3]
A 04 7o @2 WBE X3 53A= 3] £4td CNT WESAE A3
ow, W/B7} 0.6°]aL CNT7} i3] BAH A 52 H Ao nste] & A
B,

gy o] FEoA S FaEA AL e AL Frded wE A vt A



=
o

o
fr
pSA

al

X

ol

!

-0

o
E s

o2 AL F ke AHeolth 19 64 B F %ol W/B7} 04 <
gAe] A9 SSD. ZEHe OD. dEHd we] Ag Wl H-ghe] Apol=
o] W/B7F 06 702 =2 Bz AS e o7t 1o~20% AL
L2 CNT ghako] 0.3 wt.%. EUl %S o SSD. AeHolA 0472 ¥ W/B Btk 0.6
=2 W/BS HFAZE Ao A Wst gho] o ZAth ol HelA AFs AAT W/B
A% gk B3kA o] 49 CNT WES AL #4ko] £3 CNT/AIHIE 53FA19] 944 o
o] 7|Al= Ao FoEHW, 7] A W3l £ F2 CNT U ES A JTFS

M ok S o{o 2 7 AN

L if o 0 8

o &
)

Y

ftlo

o2
u/ge:

oo e

A= ‘AH HA'S CNT/AWE B o Agte] WE Wbz s H ez A
AAold A S A4 Ho d7] A WHEIE dojue A7 ALl
o 7% AS oulat, v 2ol Aottt

o
el

s
o
2

Peak Shift = At/t, <100 (%) (2)

oA7IA Ate Hol A Azt A 7] A7 WS dojue AlZE Abol o] 1HA
ojnlst (1% 7), t. 3t 15719 AI7+S YWY, ayeg 43
GA e Ato]l F stFol tiste] O AlZHAo®E A )

O 82 CNT/AIHIE & zﬂ,] A WA g
WA e W/B7F #Aadgs ol af
0.3 wt.% o] 4Folar 049
o] 0°l 7}7Hth dHo = 06
OD. ZHle] A Ax A
=do=H CNT//\lﬂi B3k o A

o

o

—— Applied stress
- - - - Electrical resistance change

Electrical

Time
a9 6-14. H83 S8 A7) A A3t Aol A ek
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W/B = 0.4 W/B = 0.5 WB=06 [ _o_ssD

Peak shift (%)

0.1 0.3 0.5 0.1 0.3 0.5 0.1 0.3 0.5
CNT contents (%)
a9 6-15. CNT/AHE R=2E =29 AH WY

-

oWl Wlgel At W/BZ W AAE CNT/AWME meeze] A3 ugne) sgye

AT W/B B-dheltush ONT #3S WMEs 3 AWE R2ee Sga8 A%

Ay mE Agel ol EREFARSSD) 4 A3 AAEOD) AHd Aew

be gree duus AdAE Fesdt. ONT/R2ee 2849 27 47 Age

52 717 A FASAT. BgA 44T PR NGRS 1w fshe] 9y
: )

E
Mg 5 o= de st d7l= FaE 2] obd ONT HEdazw dAxs= A

)

(r He
S
P
S
)
|
I

oo Mt & 4y ox

(Y
)

Jozm Wi sFo] s BFA] GAF A

R

O
=)
>,
)
X

4l
-5 % Aol

L
| ©

lﬁm
s
)
2 (o
=
IS
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o
o =
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