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A Study on the Electrical Conductivity and Electromagnetic Shielding of High
Performance Fiber Reinforced Cementitious Composites(HPFRCC)

Nam-Kon Lee', Gi-Joon Park®, Jung-Jun Park’, Sung-Wook Kim®"

Abstract: This study investigated electrical conductivity, electromagnetic shielding effectiveness, and mechanical property to improve electromagnetic
shielding performance of high performance fiber reinforced cementitious composites (HPFRCC). Steel fiber, steel slag and carbon black as a conductive
material were incorporated into the HPFRCC mixes. In addition, 2% CNT solution which was produced by dispersing multi-wall carbon nanotube
(MWCNT) into water was used as a conductive material. In the test results, electrical conductivity of HPFRCC specimens was very low except for
the specimen incorporating 1% carbon black. Micro structure of cement matrix was changed as the curing time increased, which negatively affected
the conductive network of HPFRCC. In case of HC1 specimen showing a conductive network (0.083 S/cm), the electrical conductivity of the specimen
after being dried at 60 °C for 72 hours to exclude the effect of water on electrical conductivity was significantly reduced to 0.0003 S/cm. The most
important parameter of electromagnetic shielding effect was found to be a steel fiber while the effect of carbon black and steel slag was very few. The
correlation between electrical conductivity and electromagnetic shielding effect does not seem to be clear.
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] JIAFZ=, 100 MPa ©’d9] 5745 2 95t 7495
a7 & REA R wzd 20179 7)F02 o gra= ARE A AT (Richard & Cheyrezy, 1995).
EMP (Electromagnetic Pulse) B EA 4 & 23 A& 127)e]  HPFRCCS] 35 & B A4 friiatol ofs) 2 0
21,4000 7} 32 FRFA/ NN Fo/0el Bpape, o 17 HFAES S EARLE H< 298] Ykl <)
A e A710) gl A ekt 59, uakg & EE 1720) Aol Slsh & BT 8
A R4, gFEHol A ¥t g7 AW 8 =
7} Azl A A EMP WE A AElS LEE] R 9Fe- Ao |
2 2]t} (Song, 2018; Digitaltimes, 2018). EE AT ER A7 EA o) vl o, 2kt 2
EMP ZA 0] WAl A0 1 58] Fmis oo 545k 57} H &% ALY §le A0 o4t ¥, HPFRCC £
oA of] @l 2lo] Wron], B3] A4 Bdol| A EMP 45 uF He 4G AEA A 5o B2 AAu) x| A 5ol &3]
Aol UIE Q14 & o e o] Aol Wb EMP 918 Ao IRk wekA] of el et 2l
o tulsk] SIsAlE AR A o) aAAE A% e ANEe] EUSEHPFRCCS) Al AP S o
uk A7), A R AR 1SS e m e ol oL} Rtk 2R E TA AN APE FAS]
HPFRCCE v} 2326 ulaho] Ho A4S AU A #3ke] MIL-STD-188-125 71 (MIL-STD-188-125-1, 2005)
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AR T, AR E, Hej7hE, EetoloiA Y =2 -55HE
X322 Table 13} 2t} &3k HPFRCC AZE 913} silica
powder(B+ Y= 14 um), THAH(6Z, 75)7F AHE-E AT
HAEA AS2E M Adsd W @oAE), 7HEES
(OCI, N351)°] —‘;ﬂ"ﬂ"iﬂ T3 B R E(Multi-wall
Carbon nano tube, MWCNT)E S~&Hoj|A] ELEAIA A 23H
CNT &0 ARS-E] 0T} CNT-EH 9] T o= 2% Al Z3HAT

Table 1 Chemical properties of materials

.. Ordinary
0,
Composition % Portland  Silica fume Flyash  Steel slag
(mass)
Cement
CaO 60.74 0.21 22.78 28.6
ALO; 498 0.10 14.54 7.7
SiO, 20.57 95.31 38.07 20.9
Fe,05 3.39 0.35 5.42 37.8
MgO 2.64 0.80 2.67 5.7
TiO2 0.27 - - -
P205 0.11 0.03 0.37 -
Na20 0.15 0.19 0.86 -
SO; 2.38 0.55 5.45 0.6
Loss
enition (%) 3.67 2.02 7.9 2.8
Table 2 Physical properties of steel fiber
Type Density ST;;S;; Length 1Ld/(*)
3
of fiber (kg/cm”) (MPa) (mm) (mm/mm)
Straight 7.8 2,500 13 65

22 digt=E 2 M=

HI$FE = Table 33 2tk HE 7]1E2] A& 291 100 MPa
HPFRCC 8] o)™, UH+= 180 MPa HPFRCC HH%JH]OIE}
HC13} HC29l &= carbon black®] Z}2} A|HIE Z8F2] 1%, 2%
Z7FE Atk H_S20, HC1_S20, HC1_S20°1 H% A
7} Ztol ol E 100% X8t 0B = ARE F&2] 20%
A7VE R}k H N0.32F HC1 No3ollE vighre] 30%S

=13=F|
o-

Table 3 Mix proportions of HPFRCC (ratio in weight)

MWCNT £ © 2 X]3+%]$] 2, UHC1 9= carbon black©]
AHE FEFo] 1% H7F=E AT
Az WH-e o 2ok 94, AES AEl7hE, E5
ool A], A7t THAFE 108 B2t YA B3 1A
s ATAE Y }13‘ﬂ EOL 2% ‘fLE} HPFRCC7} %Eiﬂ

ALFTPHOR 2T

U=74E= KS F 240590 mHt 0100x200 mm<! 5% &
ANAE HE &2 A 2FstaL, Ho-8-5F 5,000 kNS THsA 54
] 7](Universal Testing Machine, UTM)S ©]-83}] 1.2
mm/min®] A3HE T A S 3T

A} 2w A EH-S Table 40 YUeRY Stk 7|9
MIL-STD-188-125 7%= ek Farsts, A E Al
7] (30x30x10cm)E L& 3t FHEV AZE AAsHA
AR, 7L E gHEolA S 7153 SE $HAIX|(60dB) =
A3E T3t AA AT

71 =% ZA W2 ol Four probe method, Four point
probe method 27F4] 4 W2 o] -f-AF}, Two wire method,
Four wire method”} 1T}

Four probe method 2} Four point probe method= 712
2 upgZEo) 3k o] M (electrode) 2ol gk 2] A=,
0] M=ol vk 12| a1 vaE 3] A =oll 4%
FE SHEUWFIL I 3 Ao MM AR E <

3l WA Fqte] 2t & SA T HollA] L8ttt o]
TolAE AME E3AS A7AEE SHWHOE Four
probe method S A1 B3} T}

Steel fiber
Designation W/B  Cement SF FA Filler Sand Sup f?rplas (Volume fraction, Carbon Steel MW
ticizer Vo black slag CNT
H 0.3 1 0.1 02 030 1.20 0.005 2% - - -
HC1 0.3 1 0.1 0.2 0.30 1.20 0.005 2% 0.01 - -
HC2 0.3 1 0.1 0.2 0.30 1.20 0.005 2% 0.02 - -
H_S20 0.3 1 0.1 - 030 1.20 0.005 2% - 0.2 -
HC1_S20 0.3 1 0.1 - 030 1.20 0.005 2% 0.01 0.2 -
HC2-S20 0.3 1 0.1 - 030 1.20 0.005 2% 0.02 0.2 -
H_NO0.3 0.3 1 0.1 0.2 0.30 1.20 0.005 2% - - 0%
HC1 _NO0.3 0.3 1 0.1 0.2 0.30 1.20 0.005 2% 0.01 - 30%
UH 0.2 1 0.25 0 030 1.10 0.02 2% - - -
UHC1 0.2 1 0.25 0 030 1.10 0.02 2% 0.01 - -
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Table 4 International standard and new method suggested for concrete specimens

TE MIL-STD-188-125 £33 E SE 34 (AHI%h
N3 Fak 10 kHz ~ 2 GHz IR
Loop : 10 kHz ~20 MHz
A QL BC : 20 MHz ~300 MHz =S
LP:300 MHz ~1 GHz
2=X] o) . 2=X] o) .
s el A P om b . e
QM =} T & TH TA & TH
SE 3717 10 kHz~10 MHz : 20log(f)-60 (dB) 10 kHz~10 MHz : 20log(f)-80 (dB)
10 MHz~1 GHz : 80 (dB) 10 MHz~1 GHz : 60 (dB)
DR’ &7=%7 SE gHA1A] + 20 (dB) 25

* DR(Dynamic Range) : 29922 HYstH, 2HH A7t gl Bl ol A 24 418 7184 S(Reference) oF XA 7} Lo HIE4] Aol A 9]
21415 (Ambient) 2] H] &S 2w g+

YA HEJUEE AF8-314] 4-probe method S F31 2
A4 AFHFE SAst AFgS ALK intrinsic
property?1 %17] B A3} (Electric resistivity) o] & 578 A 5.9 31 ®M7| MEs
R A7) AL AT Al W WA BE D e 2game Table s-70) et Siek 2w
QG ISR, DS OmmOI ptho) = IR o 2 stz onT el Wk AEE el 2w
HIAH RS T W T A 7 Lbebi e2gieh. chik, 7HEElo] 19 2748 HC1 S 14

AgA o] A-olls FAY 7YHE 0.0793 S/eme] AEEE U

p="— (1) Rt o= sl E— 2 Yo M4 v ES 27T A=A
= A& om gt

T2ARE 2 BT AR O] A ol = BT R AT ER
£ Urhiom, mecel el gaiglo] fiel 93
23}317] ke 124135 6000 A AZAIZ Fol] A3
A7NAHEE #= w9 Sighkth 53], HC1 QD AlH> A=

3. &AL

B

S5 0] WA, m2), L= A5} 315 Abo] o] 244, m) o],
7] AEEE uAge] S5z Aolfr). o ErIsh,

Table 5 Electrical conductivity results of specimens cured at ambient

o= % ) temperature (S/cm)
Specimen - No.=— ' o 7C 32;15 = 14 days
=] — H - - -
W F-ete s e B E AN, 5, @  3.96E-05 8.61E-05 5.74E-07
HCl O  5.44E-03 7.93E-02 0.0831
1 @  1.22E-03 1.85E-04 4.41E-05
=45 3) HNOG @D  9.29E-04 5.51E-05 1.04E-05
) @  2.64E-03 1.17E-04 2.38E-05
\ Table 6 Electrical conductivity results of specimens cured in 90°C

\ water bath during 72 hours (S/cm)

Total curing time

Specimen  No.

7 day 14 days
o+ &) 3.72E-06 4.34E-06
@ 3.86E-06 1.86E-08
ey 9 2.12E-05 7.50E-06
@ 3.27E-05 2.32E-05
mogr 2 5.13E-05 7.69E-06
Fig. 1 4 Electrodes-incorporated specimen (4 probe method) ) @ 7.61E-05 8.85E-06
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Table 7 Electrical conductivity results of specimens oven- dried at 60
C during 72 hours (S/cm)

Total curing time

Specimen No.

20 days

H ) 8.14E-06

H* D 1.05E-05
HC1 D 0.0003

HC1* ) 1.34E-05

HNO0.6 ) 3.39E-07

HNO.6* D 1.78E-05

o= 0.0831 S/cmo] oW, A3 0.0003 S/em O 2 A43]
STt mEbA, 23 EL A HH Fole 3k
o] A F A, A E v E- 2 Wof] m]A| 2 W3R QI
St AEP HES 7 Faks e 2o =2 Helth

3.2 MAtat xhH 4

Fig. 2~11-> A2t A1 A5 Yepdith 34 o
Aol we} 2HH B 37 ER=E], ©F 500MHz ©lsHEE b
¥ 237} @A 3] oA W S O E UEhl= A gkl
g = ot o= At AH A FEE S NAM= AlEA
71} ey A o] AEF SAR sted AFT) ool A
o] 2t Hlol8 &= AlE| =rF Wk A o w3t webA, o
3EZ2E0 2 1GHzol A 9] 2} E7+-= Table 891 A 23S Th

Table 80|41 213} =53 QHE|L} W&ol w2 2| & 242
I} RoFEr) gubd o 2= 2 urlak tished Al
2 A 0] Q& Ao, F2 S A5 AT
2 o0t FUHH o2 AEA Edo] EEA & H AH
2 36.3dBE HYth ol EYE A R7F AkH &) 7o
3702 g R 2% EUTO 2 S 218 36.3dB
(99.98%) 5 SHE = )5 IR 7R EH 1%E &
ARHHC1 A2 43.6dBE UEFA T 7HEE 9] H7P7t =
HA 5ol 713k A o2 welth T8y 7HEE 29, 71
HC2 Al -8 23]8 35.6dBE Ko WA 2|4l 0] A3}E ]
ok 1 o= 5 (flow) Ao} 212 #do| it 7ML
2 2% H7tol| M2 7HEE QYA vk FEFTE <lal
AHIE E3HA| 9] f-54d0] 743t al, o) 7HEEZ o]
5 AHIE E3bA of| A F-3-3] B4 77 ol ok A e
olmgit}, FHRE o] v Balw = 2| A A3l 93k
< N3-S A= BRItk AFEH 17T ol fAlE X3
SHHC20 Al H Al vI3te] 2b| A5 Fdo] o] FoiA]
] &Skt

A7 gl 2ok 7HEEE o] Al 37HE HC1_S20 Al
I} HC2 S20 A& 72} 427, 46.0 dB2] 219 &3+ LHE
o 7B (%ol e AlEe 1 X E = YeR )R] &
ko, ZHEER 2% oA & AlYEH 1 A3 UERTE
Ao AR A7t EAGE RSt 7HEEH 1 2%

Rl

40 SHRPAESXICHX|R2|R5HE =2 A 233 H 22(2019. 3)

3k % ol A7}
Sl H7EE Qe A5 BHebg o2 o] PgEE A
o7 relr}

MWCNT $-8-4(2.0 wt. %)°] Bl gh<roll tisted 30% |3
F H N0.3 A2 26.3 dBE YERITE MWCNT £ 2] A}
82 23] H Al w8 24 &35 AN AT 754
(flow) 170 mm=E H A 9| 547 5L ol th
2 &3} 7H40] 9918 MWCNT 489 Agol 93k 114
T AME EIA ol thge] 7x dAo R dakEh
H NO0.3 AH9] F7)3e oF 7% ooz dukzQl 1A%
AHIE B3| o] 37391 2~4% Ko} v -$- =& FFo ATk
MWCNT &0l 235 thaFe] AR A7F U4 744
Zoll ko] 71ZE Ul YA Aoz HAth Ul 7]
TE AWE B3A7F AHslE o] Fo T FFo g g &
At R, 2| A Aol Fagh Ule] B A o= FtE)

7HEE 1% MWCNT &4 o] |8 HC1_NO0.3 A3
21| A %50] &2Z453] 31.5dBE YERAT o] Ay= 7}
EE2 1% 7}l o3t 25 e W3] T A
° = 7HE-EH o] 7 o AlH(HC1, HC1_S20) 2] 3%
(5~7dB) &} vl|-¢- FAMSE A =5 BT

U= 180 MPa =2 HIFEAIZ A2k UH AlH-2
36.3 dBE YERILE o] = S35 100 MPa 52 vl &
AAZ AR H AR 5Y3 o2, A=A A57) of
U AHE, =4, A7 5 718240 15 ZaHE A=
58 1 o] Wt = 2| A s ol A2 ko] ith= A e
ojm|git}. o] A= A5l 7 T 8% AR A
Z= 28 S it 7R EE0] 1% H7FE UHCT Al
Ale 2313 34.2dBE Ad50| FHAstitt o] Al 54
] 130 mm {1 A& B, UH A2 vl §Fao] -9~ 7] of
ol 1%9] 7HEES VRIS 2 S f-540] ZAad Ao =
Btk 1 A, 7HEEE 9] FAFEY} wrolR| a1, A1H| 4 52
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U7 = AI= Table 891 G| = AT 7TREED 1% H7}F
B AFA HC1-S H7F=A] @& A1 A Holl v]3}e ol A%
A% 73250.4MPa) 7} HASHI I, 2% FHEEE HLA ol
ok 10MPa 743t 7HEE3 1% 71 UHCL AlH2 3
7FE)A] 98 UH Al o) Hlaled oF 19MPao] 7HAsk9d Tk 17
S ZIYEL Aol FF0 dFAE AujHoltt o =
2 AR FIYNEYFE FMEED HVE IS F548 A

57 E S @A doju= o E Bl

Table 8 SE results of the samples measured at 1GHz

Specimen Vertical Horizontal S;)emngiﬁssive
(dB) (dB) (MPa)
H 36.3 394 111.2
HC1 43.6 44.5 110.8
HC2 35.6 41.6 101.9
H S20 39.8 36.8 93.5
HC1 S20 46.3 42.7 99.9
HC2 S20 46.6 46 85.2
H NO.3 32.4 26.3 99.8
HC1 N0.3 4223 315 91.4
UH 36.3 37.1 176.8
UHCI1 34.2 39.7 157.8
ZefolofAlof Tt A& 1 X $ko & QIS ==
A5hE WAER oW, ONT €9 x| 3ol 9|3k &A= 7ha
= AT
4. &8 E
o] =M= 1T AHE B&A| o] dAka) 214 A5
S goliy] fJste AVIAEA, A} 29 A E, e A
S5 AEsigon, O Avs ey )
1) AHE EetAo] 7] A=EE HCl A|HS A9)3ka
= ¢ S S YERIT AHIE v E- s FRA
Zro] F713He mhe} vA| 24 Wyt At [
AUEHTNE BAA FEFe 7|x]= A oE BRIt
HAEAQ WESZ7F F43E HC1 Al3(0.083 S/cm)2] 73
Foll= 2 Y vAISH ] st AlE-E HAFRA
71 3o 2R3+ A7) AES7}0.0003 S/cm -2 7HAS}
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