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SUMMARY

The goal of this research is to develop high performance fiber reinforced cementitious
composites [HPFRCCs] with self crack (or damage) sensing capacity for the repair or
reinforcement of current civil infrastructure. The early deterioration and severe damage of civil
infrastructure under climate change and extreme loads such as earthquakes, impacts and blasts
has generated considerable cost and even human death. Thus, it is important to have periodic
inspections for the infrastructure and provide suitable remedy within a reasonable time. Current
monitoring systems are able to provide the information about the current loading carrying
capacity of various structural systems in civil infrastructure. However, the attached and/or
embedded sensors in the monitoring system are still suffering their limited service life, less
than a few years, which is much shorter than the service life of civil infrastructure. The
embedded sensors could even generate unfavorable effects in the durability of the
infrastructure.

In this study, in order to overcome the limitations of current monitoring system as above
mentioned, we investigated the self damage sensing capacity of HPFRCCs. Detailed objectives
are 1) to investigate the effect of fiber type and volume contents on the self damage sensing
capacity of HPFRCCs, 2) to find the way to enhance the self sensing capacity of HPFRCCs,
and 3) to investigate the effects of different temperature and relative humidity on the electrical
resistivity of HPFRCCs.

Based on the experimental results, among the fibers investigated in this study, the HPFRCCs
with twisted steel fibers produced the best self damage sensing capacity during the tensile
strain hardening region accompanied with multiple micro-cracks. The gauge factors, i.e., the
change of electrical resistivity per unit strain, of HPFRCCs were estimated for quantitative
comparison: the HPFRCCs with 1.5% steel fibers produced the highest gauge factor while
those with 2.0% steel fibers showed the highest tensile strength.

Beside, as one of ways for enhancing the self damage sensing capacity of HPFRCCs, carbon
black (CB) and ground granulated blast furnace slag (GGBS) were added in the mortar matrix.
The addition of CB and GGBS in the matrix of HPFRCCs could increase the self damage
sensing capacity of HPFRCCs without reducing the tensile resistance of them. In addition, the
blending macro steel fibers and micro carbon fibers in the HPFRCCs also could further
increase their self damage sensing capacity.

Finally, the effects of temperature and humidity on the electrical resistivity of HPFRCCs were
investigated. As the temperature increased or the relative humidity increased, the electrical
resistance clearly decreased.

Consequently, this research project produced one domestic patent application, one SCI journal
paper published in the journal of Composite: part B, and two conference proceedings.



Based on the research in this project, the HPFRCCs with self damage sensing capacity can be
used as a construction material for monitoring the behavior or damage of civil infrastructure.
In addition, the application of HPFRCCs into infrastructure is expected to enhance the
durability of civil infrastructure. And, the application can reduce the cost for monitoring, repair
and maintenance by lengthening the service life of civil infrastructure. Finally, the HPFRCCs
with self damage sensing capacity is expected to increase the safety of human society.

As future research, for the practical application of HPFRCCs with self damage sensing
capacity, the sensing ability of HPFRCCs under compression and bending load should be
understood. In addition, the self sensing capacity of large sized structural members with
HPFRCCs should be understood.
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sl AFA

AldA e A7) AdES S5 9l 45 A 234 probe method)S o] &3kl th EA
A ol AFA wEAL 50 x 25 mmo]i, ¥F A 100 mm ot} & A= 27)
Aol ] 71El= 180 mm E &bn, Hoke FAsks UiF A5 27l= 2% 2.6 oA yERd o
2 AFE AFolA AFo R 40 mm Aol fASHES vk 48 AAS AFA] A
S 25t AUFE AHE AojstuA, HEREHY dARdS
10 £AZ A ZF AFAY A7) B AdEe] HAE wizkA] A4S 5 AdAE Aol
A ARA fE whs s AR (UTM)ell AXAste 2 AldAe] A7) AdES tdE
7HA gAl = A7) AZE S0 Ed 5, W8 ws AR ARVI(UTM)E °l &
A% A Al o WAool £5= 01 ~ 1.0 mm/min 2 AFst], AdA A
el F2gk WA 22 S sto] e HAARTH o
NG stFom gk AlFA Y] A7 AFS S48t

1¢h o ofo
_OL
2
o

T )

165 200 165

~
(=)
i]‘l%
o
)
(=)
~
(=]
"l

0s
v
!

szl

[
fuiu)
N
[e)]
S,
N
Y
o2
il
|\
o
flo
o
et
Y
41
e
iy,



W AREFI AREA ARE ERARY A7|RA eH A= ¥

1) e
ANEA 5Hol et 1S AHE7 AHE B34 5 (HPFRCC)S 7Nat7] 98 ofee)
T F A B ARe FAAAT $4 A s AEeN 18T ARui
AHE E3AQzA AR = A2 /77 A7 AddEe vAes 93 FHrtsk, 1
Fol 1A% AHET AHE BRAR A7 YL Bk skl AgEtE
seld 2% AFRZ ARE BRAR) A7) AFES Y5t
ARG E AHFETFR7E 285 ARG AHE 53R A7) AdE vX = FFH
W AHRZE AUNE BARe 47198 A% nAt 3FE 2] s
TA A A= Aol 7k B E-(T30/0.3), Zol7t 71 F¥ 3 (S30/0.3), dol7F 71
< =(H30/0.375), Zo]7} 3k HIE R (T20/0.2), Aol7F F7+Ql FwE(S19/0.2), Ho]7}
> Fidgs1302) 0.2 67k FEe HfE ARSIl AR Fuinls 1.5% ot
¥ 21 - AR Ass A7) 54
A ¢ Tensil Elasti Electrical
. Fiber Diameter | Length Spec Density enstie astic resistivity
Notation tvDe (mm) (mm) ratio (g/cc) Strength | modulus o
yp &/p | Y (MPa) | (GPa) f
(kS2-cm)
Long -8
T30/0.3 . 0.3 30 100 7.9 2428 200 1.94x10
twisted
Long -8
S30/0.3 0.3 30 100 7.9 2580 200 2.06x10
smooth
Long -8
H30/0.375 0.375 30 80 7.9 2311 200 1.94x10
hooked
T20/0.2 Me_dlum 0.2 20 100 7.9 2676 200 1.94x10®
twisted
S19/0 | Medium |5 19 95 7.9 2788 200 | 2.06x10°
smooth
s1302 | Short 0.2 13 65 7.9 2788 200 | 2.06x10°
smooth
E 22 - FARE Yepd sjES A0 v &} dFHE
Cement Silica Silica Super- f.
(Typelll) fume sand Fly ash plasticizer Water (MPa)
0.80 0.07 1.00 0.20 0.04 0.26 90
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(2 4347

6712 Alg]=9 1T AFEG AHME SARE 5o nMdEs sRkst g A3
AES RAFYL a8y, A7) AFgEYL dr|9sr A Ao F5Hel wet 19 279
2637 o] g S HAAFSY A HY A7) AFgES el 185 AR
AHE B&AQ7 dr|ddst AsS 19 283 o] WEHE 2%7H4] ZAME ST 6719
A =s 38 150 =Z ool o] +7T 4
e Zo)|7} 71 A& 18 T30/0.3, S30/0.3 12] 1. H30/0.375
o Zol7} kel A+ 1 T20/0.2 181l S19/0.2
o Zoj7} & MF 15 S13/0.2
A7 AFdES SHY A71AS AJFdA Y el o& 2[2.3]37 #o] AAtE T

A
p—R-f [2.3]
p A7 AZE, R: A7IAF, 4 AlFAY @HF,
L NEA SHdo] e YR ddd=70 A
A71A g2 AgAe] S do] 4 whd Ao g B, A7) AFES JAH = FAH

250
= 211.66 Average value
? (36.28) (Standard deviation)
E 200 | Ao 18170
o 1640227260 B33 40008
= (20.80) [TTTTHHH B07) 15094
QO 150 - aeiels EEEE 18.50)
z i
Z HHH
Z wor -
4 samm N
; HH N
= sof H N
= I
w2 HHH
HHH N
0 ]

0> @ a® F ek 0¥
.‘3“' *‘5\\-\\\\\',(\} oV _:‘\Q'l ,?-.\‘.'!“

Steel fiber type

a9 27 - ARERel whE 28T ARG AHME B4R AV ALEY] IF
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Elongation (mm)

2 2
100 0 E]I,4 (];3 I;.- ]I,f! 215
=80
>
'S 60
7]
= 40
5 20 F
3
=
0 : : : : 0
0 0.4 0.8 1.2 1.6 2
Tensile strain up to peak stress (%)
(2) T30/0.3
Elongation (mm)
2 2
1000 0}4 O,IR 1.2 1.6 2 15

Reduction in resistivily, pf'p“ (%)

Reduction in resistivity, p/p (%)

=

ow
(=1

(=]
[=]

e
o

(5
(=1

0 : L . : 0
0 0.4 0.8 1.2 1.6 2
Tensile strain up to peak stress (%)
(b) S30/0.3
Elongation (mm)
100 0 LII_4 O.IB 1.2 1.6 2 18

T T

0 L L : : 0
0 04 0.8 1.2 1.6 2
Tensile strain up to peak stress (%)

(c) H30/0.375
28 - A Tl WE 14T A
AgES

Tensile stress (MPa) Tensile stress (MPa)

Tensile stress (MPa)
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Elongation (mm)

0.8 1.2 1.6

(1]

n

Reduction in resistivity, p/p (%)

T T

0 1 L 1 L 0
0 0.4 0.8 1.2 1.6 2
Tensile strain up to peak stress (%)
(d) T20/0.2
Elongation (mm)
100 0 0.4 O,IR 1;2 l.lﬁ 2 15

0

Reduction in resistivity, p/p (%)

0 1 1 L L
0 0.4 0.8 1.2 1.6 2
Tensile strain up to peak stress (%)
(e) S19/0.2
Elongation (mm)
23
100 0 ();4 u,ls II.- I,I() 2 15
=0 f — =0
=
z
3 60 E
=
= a0k i 416
z .2‘1"-:':""-:-.:- =25
£ i ~.“.._“:""'Iﬁ-‘“:,“%
E :of TSR E
0 1 L L L 0
0 0.4 0.8 1.2 1.6 2

Tensile strain up to peak stress (%)

(f) S13/0.2

Tensile stress (MPa) Tensile stress (MPa)

Tensile stress (MPa)



A] A
AR XV] A s8s Frietr] sk Adolnt. EA TS Hole AHE
A5 7, gauge factor= Stz A skl HFA DA Alelo] 7] AFES] Aol
Az} WA 1A AfRd AAE B3R A% ALEl W 03y
HEALAWIE: ¢, 7HA) o W gauge factors A4tst7] 918 2[24]15 A &3H3ith
AR/R, (R,—R,/R, (R—R,) (p,—p,)
Gauge fa,ctor(G'Fl’)C)— N (Spc_ 0 e, = [2.4]

R, or p, : etz Al A7 AT = AFE

0

R

. OF p, ATHAANFY A7 AT = ATE

F Tl uet 2% AFRG AHME S8R 27 AFE (p)H A7 F

H AZE (p)E AT 7 Alel =9 B A7) AR ES % 23¢9 19 289
e 6709 A2l =9 p,i= 150.94004 211.66 kf2-em® LEFSEAL, pi= 62.44004 106.49
k2-em® W2 e

S13/0.24 2 R 145 AFRA AME SR 7MY =2 A7) ARALS
eI, H30/0.3754 F2 BA4E SdAEE 7MY @S A7) AxAdS BoFT. 145
ARFEZ AHE B3RS A7) AEAS S5 A5 vzl &) 44 #ct
(Banthia et al., 1992). R=E}= wlEZ XS] v v A7) AxdS =2 A4S 7
A RACE 145 AREA AWNE B3R d7] AdRAds AT dolrt
#Ze AF (S13/0.2) = AEFWS 7HITh Agrt, #

A BAke Aozt 1
=4

sz 47 4

# 23 - 479 TRl mE 2T AREG AWME SR AV ALE

Series T30/0.3 S30/0.3 H30/0.375 T20/0.2 $19/0.2 S13/0.2

Initial
resistivity, 62.44 76.28 106.49 84.72 79.75 92.56
pi (k2-cm)

Stable

resistivity, 164.42 177.10 211.66 181.70 162.28 150.94
p, (kf2-cm)
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SRR ANE BRARY 47 AR 995 $He 19
289 447 o] 1A 6719 AP vE AR Fo| SrdHA A7) AFEL
AF AR FYE] gasts AFL wolF ek Gauge factor (GF,), AT AN
(N,), AFTFALE (0,), AFTARDE (5,) & 2 25 HFuG AHNE 2R
A AZE AN AT BYS P 98 249 2o 2ARH AT #Ye

| s o, sme TS

t

BAG FRO wE o ARde) Bl E 240 GERIQTh 19 29 () A
2 AT FEAS (N,) o FFL welFrh nATDe] FRAFE 16.40,

10.20, 5.67, 12.50, 15.33, ~12]3L 3.50° % T30/0.3, $30/0.3, H30/0.375, T20/0.2, S19/0.2, “1&] 3L

S13002 £M % tebget. ol vAFAY A5t FAESE B GFE HnE 4%

DA ARG AHE SRR A4SH-AFE NEE AE BF 42 1Y 280
AR el 69 A= B AYARAES HolFUAW, Nf EF W=
AFATE B2 P wol Tk Af FF B2 QAT AR 0,9 5,9 JFL

GF,©| Astst W%E, oIk 31 Afe Fel A AgzEo] ok de Afun
N, 0,7t 7 e A9 Pelrk 1 Aezd g, Aolsk 79 AR Mgz

A YERS T

324 - I T AFTEAG AHE SRA59 Ar]de As A%

Strain, Stress, Average Resistivity, Ressltztrl:n(t);; at Gauge

Fiber Epe Tpe number of Ppe loadi factor,

oading, p

(%) (MPCL) CraCk’ M)C (kQ—cm) (kQ‘Cm)O G'F;)C

T30/0.3 0.55 10.00 16.40 55.54 210.64 -138.09
S30/0.3 0.53 7.64 10.20 109.06 234.84 -99.85
H30/0.375 0.42 6.72 5.67 175.03 269.87 -88.50
T20/0.2 0.41 10.99 12.50 113.58 252.51 -139.68
S$19/0.2 0.38 8.05 15.30 352.11 562.57 -99.70
S13/0.2 0.33 5.69 3.50 628.97 764.10 -52.90
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200 15
Average value Average value
160 (Standard deviation) qogg Standard deviaton)
[ 13009 139.68 8T 81
(0.58, = :
5 § g
E 120 \ .70 S of 8.05
S \ 26.01) ? 0.
0 \ = 569
z o} \ 26t 0.36)
\ 199 e
[+
40 \ = at
0 R 3 0 Y 0 5 A P 2 30 3
<R AT O LR Q- 2 AN R\ e Q-
Ve Vet o VT et o
Steel fiber type Steel fiber type
P
(a) Gauge factor, GF,, ) AFTTLLE, o,
25 0.8
Average value Average value
-} (Standard deviation) ) . (Standard deviation)
2 1533 S 1)
17 .
S st — 2 048 o
g " 1250 i e 04
% 0.10)
- - oy R 00N o3
c 10 2 3358 0.0
510 somp
E 5 e
= s
Z st :-:g 0.16 F (g?%‘
= \_.fxl
L) < .\Q-‘
111 0
n o o P
D ad ot s S 2 3 o b R 3
0 e Al Q e N QR B QR !
Ve Vg e %3“\\\30‘@ AWt o
Steel fiber type Steel fiber type
PN =y L
(b) PIAIFL A, N, @ HF59, e,

I 29 - AFERE AV A Ak vAs %

GF,.= N8 78 o] 3l Zlo] 2aHgith uids AFid AHME SAse] 17]
1

ATES ASTANAZA N0 S7rErES
o



el Aok wde], BTelel A71AT (R &
RIS

B7ele] A7) AFEC] AT V] ATE
AGEL vA N5 SR Q& FAEH

Aol EHAZE qU7] wiel Az H5d

B7olo] Qo] F7tz F7kelAl Bk,
7] w g,

AN@A AA ] D)

dAot Aol BT Y A=

Al A5 AR AV AZEC FEFE vAA A

Multiple micro-cracks
— within gauge length L

..'l'flﬁ'-.‘ ) T
L s
| (LK A W] |

="
Debonding area (B) = e | » Bridging crack
‘ 4 using steel fiber
¥
I
No crack area (A) * J; * Crack slit
'r "
i 3

| [—ALgebond

19 210 - ol mA #E S M E AT

R, =

R,

oA Ak AFFANE AFgHS

(L-N, AL....) R = p, NowALy,
P L A,
L AL »
=R, +Ry = p, — ——end I—" X N e
4 A v, '
f electri istan
I f I
Reomposite |1 Ripe i Reom i Riser 1} Reomponn
4 bk A :
v v v v v
A B A B A

AR AHE BEgae] 4748 mE

(Song, 2013)
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(1) ML
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ahol, 44 A%

P 9

ZA}E
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. C+ .+ — )= (V) [2.5]

b NER A 7] ARE
byt A A7) ARE

ij o AR e dsgel BE vATE wlel A%

fif
ko

(Wen & Chung 2003). Ao FEFHE &3 AFRA 7y IS
YA, 1T ARFEAL AHE E3 =71 A7] AgE S A [2.7]
vlasto] jgbes Adslh & 2.69F 2ol igke] Wyt ke
%&353 iFrE 12 7FAedth E 269 19 212004 e
} 05014 2%= S 7FstAA ik 4.53¢4 5.80°.%

2 2.10% AFRZE Fyau)e] gk jo Asta shskS vEbHYh jgko] Atk
Ao Azdde e E g, Ad B Sk A0 Asdde s

m
i H
QL'
2

Y o Y R OHUORN X
_OL
2
£
> M
©

A e MR o
me
: o
o
o
T
0?‘~
L
4
N

N
—_

326 - AFEAG FIRIE A el A= dF

V; Estimated coefficient, j
(%) i=1 i=2
05 453633 453622

' (0.101) (0.10M)
Lo 5.00985 5.00976
' (0.10M) (0.10)
L5 5.49637 5.49622
' (0.15) (0.157)
’0 5.79474 5.79461
' 0.09M) (0.09M)
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200 6.5
5 6 1
= ® @
2 1ol L . _sst )
. : = i
2 O] S z
3 S g o 9
3 oo 5
w N N . & =
Zoof ® ¢ i T oast ¢
I 2 : o
F : Al
7 L
_{0 L 1 1 1 3-_..'\ 1 1 1 |
0 0.5 1 1.5 2 0 0.5 1 1.5 2 2.5
Fiber content by volume (%) Volume contents of steel fibers (%)
% 211 AR F8)7F " A7 % 212 A FyR7E Al
AGgEol A= T joll MA&= &

¥ 27 - Af 5% mE 34% ARRg ANE BRAR @78 A% 54
Fiber Tensile . .
volume resistance Electrical resistivity Gauge I\.Iumber of
Specimen factor, micro-cracks,
content, € Tpe £, Ppe F N
V(%) (%) | (MPa) | (kS2-cm) | (kS2-cm) be be
SP1 0.28 4.28 139.50 97.58 -108.75 2
SP2 0.36 4.68 149.00 114.78 -64.26 3
0.5 SP3 0.20 5.63 117.55 96.21 -88.78 1
AVG 0.28 4.86 135.35 102.86 -87.26 2.00
STD 0.077 0.69 16.13 10.35 22.28 1.00
SP1 0.42 7.74 86.44 17.77 -190.14 6
SP2 0.58 8.10 97.24 16.02 -144.84 8
1.0 SP3 0.58 6.60 130.88 30.51 -132.99 8
AVG 0.52 7.48 104.85 21.43 -155.99 7.33
STD 0.092 0.78 23.18 7.91 30.16 1.15
SP1 0.54 10.47 129.36 7.29 -176.31 9
SP2 0.48 8.60 122.53 25.42 -166.53 12
15 SP3 0.47 10.90 63.90 18.68 -149.88 11
AVG 0.49 9.99 105.26 17.13 -164.24 10.67
STD 0.035 1.22 35.98 9.16 13.37 1.53
SP1 0.57 12.60 112.77 10.93 -158.95 14
SP2 0.54 12.14 80.08 6.73 -168.59 19
2.0 SP3 0.55 12.84 76.14 16.53 -142.07 17
AVG 0.55 12.53 89.66 11.39 -156.54 16.67
STD 0.013 0.36 20.11 4.92 13.43 2.52

AVG: Average value STD: Standard deviation
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Tensile strain up to peak stress (%)
(d) M1 v, =2.0%
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Norminal gauge factor, GF

240
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Fiber content by volume (%)

(a) Gauge factor, GF,
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Number of micro-cracks (ea)
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o A718A T8 Y3
(1) 7fL

E g ~of carbon bIack(CB = 1245 2(GGBS)E A 3halo] 1A
Age 3 T

0

O]

ol 9% B AME $EARY AN ATER AN Sl HIHE
bl ot
o

BN o Jhi I
ol
> 32 9

==

g CB2| H7Fel GGBS®| H7bz Q% 7] AFEH A9 e Ags A3

<>ﬂ vebd ZA " CB9} GGBSE H7tekA] ¥ wEAE M1, CBE FH7thet
!

|
Ky

]

(]

2
J
A}
E

2
E

a

£ F

_IE

M2, GGBSE 7} wjEEAE M3gt W stth CBE AHEES 2AHZ 1%
GGBS+= A|WIEE F AN E 25% X35}t AJWES] Xgo 2 AJdE g}
= FAN = 4AsHA s

]‘.L_
Al

ol

10 %@ |

)

o

S
=

O
N

]_

% 28 - MEE A wghH], =R E T8l A AGE

Cement | Silica | Silica | Fly Su_pe:r Carbon GGBS | Water I Po,m
(Type HI) | fume | sand | ash | plasticizer | black (MPa) | (k£2-cm)
M1 0.80 0.07 | 1.00 | 0.20 0.04 - - 0.26 89 168.11
M2 0.792 0.07 | 1.00 | 0.20 0.04 0.008 - 0.26 92 150.30
M3 0.640 0.07 | 1.00 | 0.20 0.04 - 0.16 0.26 109 155.94
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. . i i Electrical
. Diameter | Length Asp_ect Density Tensile Elastic L .I
Fiber type (mm) (mm) ratio (g/cc) strength | modulus | resistivity, p,.
i T (1) D) IR (mpa) | (GPa) (kQ-cm)
Long smooth |, 5 30 100 7.9 2580 200 2.06%10°
(Steel)
Carbon 0.0072 12 1667 1.81 4137 240 1.55x10°
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Tensile resistance Electrical resistivity Number of
. Gauge factor, .
Matrix Epe Ope Py Pre oF micro-cracks,
(%) (MPa) | (k€2-cm) | (k§2-cm) pe N,
M1 0.55 12.53 89.66 11.39 -156.54 16.67
(Control)
M2 0.53 11.79 54.49 7.87 -161.44 16.00
(CB) . . . . . .
M3 0.44 12.44 67.28 17.90 -167.46 17.33
(GGBS) . . . . . .

_38_



Elongation (mm)

Elongation (mm)

100 15 100
- 0
s NN L3
=80} - 12 R §
2 W\ e, e 7 [
2 0 T, 1. S =
T 60| 2 R 45 =%
Z SN eeae. Stress = F7
c 40} = Resistivity 46 2 c 40
. z g
£ K k-]
§ 20 3 2 .:'—. 20
3 3
3 o
0 ) " . 0 0
0 0.2 0.4 0.6 0.8 1 0

Tensile stress (MPa)

Stress
— Resistivily

Tensile strain up to peak stress (%)

(a) CBE X

s

9 215 - A7MAo] u}E 29%2] B

sk M2

= O =
5 AFE

wggne A7)t 7

0.2 0.4 0.6 0.8 1
Tensile strain up to peak stress (%)

(b) GGBSE 33k M3
Brst i AREG AME

5

(1b) Carbon A9 &4lo] AT AFEA AME BEFA5 A7198 Awel vAE
63:

I% 2162 145 AFEA AWE AR HEAst As T A7 AZES HIE
HolErh 7 282 E 1.5%2] o7t 21 ¥¥E AAFE RS AgAL 1.0%e] Aot
5 Aol dolzk -2 carbond -+ 05%E ST AF A A9 E Aot %
2118 A7198 Ao AxE vebd Zolth Carbonid o &4 st 7HA AR/E
AHERE AR 1 MY Eo] TS w, A7) AFESY W/t ¥ A vEETh
ol GE, Adlgke] ¥ Ave A YuistH, S A71HAA w0l ¢ it A
T3]k AR, 2 carbon’d 9] H7b= Holrt 71 Y NS ARERS
ARt A7) AgEo] AA YERETh ol % 299 vERA Z3} o] carbon’d 2 7]

AdEo] dol7t 71 ¥y A frT A7)

100

0

o
o

[+
o

40

Reduction in resistivity, p/p (%)

wolt},

Resistivity vs strain
Solid : hybrid fi

.
o -

LT

Dashed: mono fibers ]

412

bers

Tensile stress (MPa)

20 Stress vs strain
0L L L L L Il 0
0 0.2 0.4 0.6 0.8 1 1.2
Tensile strain up to peak stress (%)
Z19 2.16 - Carbon A1+ 05%9] Z§o] 15 AFEG AHE E3AR]
A7198 AFel nA= FF

_39_
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A Fx
Strain, Stress, Average Controlled stable
. Gauge factor, .
Fiber Epe Tpe number of or resistivity, p,
(%) (MPa) | crack, N, e (kS-cm)
Mono fibers 0.53 7.64 10 -99.85 177
(Long smooth)
Hybrid fibers
4 81 7 -122.27 184
(Long smooth+Carbon) 049 68 8
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This research investigates the electromechanical damage-sensing behavior of strain-hardening steel
fiber-reinforced cement composites (SH-SFRCs) with six types ol steel fibers (1.5% volume [raction con-
tent) within an identical mortar matrix (90 MPa}, The six types of steel fibers studied are long twisted
{T30/0.3), long smooth (530/0.3), long hooked (H30/0.375), medium twisted (T20/0.2), medium smooth
{519/0.2), and short smooth {S13/0.2) steel libers, The damage-sensing behavior was evaluated by mea-
suring the changes in the electrical resistance during direct tensile tests, The electrical resistivity of the
SH-SFRCs clearly decreased as the tensile strain increased until the post-cracking point, owing to the gen-
eration of multiple micro-cracks during strain-hardening, All the SH-SFRCs investigated had nominal
gauge factors ranging between 50 and 140; these values are much higher than the commercially conven-
tional gauge factor, which involves metal and is around 2, Both T30/0.3 and T20/0.2 produced the highest
gauge factor, i.e, the best damage-sensing capacity, whereas $13/0.2 produced the highest electrical

conductivity,

i 2014 Elsevier Lud, All rights reserved,

1. Introduction

Structural health monitoring (SHM) refers to the implementa-
tion of damage detection strategies for engineering structures,
such as changes to their material andfor geometric properties,
which adversely affect the structures’ performances. Numerous
researches have been performed on SHM to detect damage to civil
infrastructure due to rapid deterioration, as well as to evaluate the
current ability of the infrastructure to perform its intended func-
tions over a long term. Further, the techniques for monitoring
structural health have rapidly developed. Nevertheless, the sensors
used in the system have the disadvantages of high cost and low
durability; moreover, the use of sensors leads to the degradation
of the load-carrying capacity of the structural members embedding
them |1},

To overcome these limitations, cement-based strain sensors
were developed, and their sensing abilities were successfully
improved by incorporating electrically conductive fibers |2-7],
conductive nano particles [8-14|, and conductive metals [15] or
their combinations |16-20], Self damage-sensing construction

# Corresponding author.
E-mail address: dilkim75@sejong.achr (D). Kim)

luttp:/ (ds.doiorg/ 1001 016 composi tesh. 2014.09.037
1359-8368/@ 2014 Elsevier Ltd. All rights reserved.

materials are currently classified as multifunctional or smart mate-
rials [21],

A few researchers have also reported the self-sensing behavior
of steel-fiber reinforced concrete, Chung | 16] and Wen and Chung
|17] investigated the piezoresistivity of cement-based materials
containing steel fibers and reported the self-sensing capacity of
steel fiber-reinforced cementitious composites (SFRCs). However,
their results were limited in the elastic region because the SFRCs
they studied could not exhibit tensile strain-hardening behavior
that requires some conditions for reinforcing fibers [22.23]. Never-
theless, their results led to considerable interest in the self-sensing
capacity of cement-based materials containing steel fibers,
Strain-hardening steel fiber-reinforced cementitious composites
(SH-SFRCs) are characterized by tensile strain-hardening behavior
accompanied with multiple micro-cracks. Further, they have
demonstrated much higher load carrying and energy absorption
capacities than normal concrete |24,25|. If SH-SFRCs could exhibit
self damage-sensing behavior as well, they would be more
attractive to civil engineers as multifunctional materials for the
development of robust, tough, and durable civil infrastructure,

However, there is very little information regarding the factors
that influence the electromechanical behavior of SH-SFRCs. Among
the influential factors, the type of fiber is expected to significantly
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The effect of steel fiber type on the electrical resistivity of
high performance fiber reinforced cementitious composites

TPt EUE FA}o)* AEF
Manathamsombat, Chatchai Kim, Dong Joo
Abstract

In this study, the electrical resistivity of high performance fiber reinforced cementitious composites
(HPFRCC) with four different types of steel fiber were investigated namely as twisted fiber, hooked fiber,
smooth fiber (0.2 mm) and smooth fiber (0.3 mm). Experimental results indicate that the electrical resistivity
of HPFRCC changes with type and diameter of steel fiber.

1, Introduction

The electrical conductivity of HPFRCC is relevant to the use of these composites for
self-sensing composites, which can be used for structural health monitoring (SHM). To improve
the electrical conductivity of HPFRCC, steel fiber was used due to good mechanical properties
and electrical conductivity with low price. The aim of this study is to investigate the electrical
resistivity of HPFRCC with different fiber diameter and types of steel fiber,

2, Experimental program and results

The composition of matrices 18 provided m Table 1. Four different tvpes of steel fiber were
used in an amount of 2% by volume composite namely as twisted fiber (@ 0.3 mm), hooked
fiber (@ 0.375 mm), smooth fiber (@ 0.2 mm) and smooth fiber (@ 0.3 mm). After demolding,
all the specimens were placed in a water tank for 14 days. Then, the specimens were removed
from the water tank and dred in air for 45 days. To measure the electrical resistivity of the
specimen, the silver paste and the copper tape were used. A layer of silver conductive paste
was applied to the surface of specimen for the better electrical conductivity between the copper
tape and the specimen. After that, the electrical resistivity and tensile strength of the specimen
were measured at room temperature.

* ol & ulE Azlo], AEFd sty 2 EFEITA BAl A
e @AAZ HEYES D E|EFZATY I (djkim75@sejong.ac.kr)
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Effect of fiber type on damage-sensing capacity of
strain-hardening steel-fiber-reinforced cementitious composites

&9 9 H o
Nguyen, Duy Liem Kim, Dong Joo

Abstract
The effect of steel fiber types on the self-sensing capacity of strain-hardening fiber-reinforced cementitious
composites (SH-SFRCs) was investigated. Three types of fiber, including twisted, smooth and hooked fibers,
were used with a volume content of 1.5% in a mortar matrix. Although all the SH-SFRCs exhibited self
damage-sensing capacity, the gauge factor, representing for damage-sensing ability, was different according
to the types of fiber as follows: twisted (138.09) > smooth (99.85) > hooked (88.50). The SH-SFRC with
twisted fiber produced the highest gauge factor which is very favorable for development of self damage-sensor.

1. Introduction

SH-SFRCs is characterized by high tensile strength, high ductility and toughness owing to their
unique tensile strain hardening behavior accompanied with multiple micro-cracks. In addition to high
mechanical resistance, SH-SFRCs are expected to generate self damage-sensing capacity owing to the
high electrical conductivity of steel fibers [1]. However, there is still little information about the
effects of different steel fibers on their self damage-sensing capacity. Thus, this research is aimed
to discover the effect of fiber types on the electro-mechanical response of SH-SFRCs. This research
is expected to provide useful information for development of self-sensing SH-SFRCs in detection of
damage or cracks.

2, Experimental program

Three series of SH-SFRCs were prepared by adding 1.5% fiber content by volume. The series
1, 2, 3 of SH-SFRC specimens contained twisted (d=0.3 mm, L=30 mm), smooth (d=0.3 mm, L=30
mm) and hooked fibers (d=0.3 mm, L=30 mm), respectively. Four specimens were prepared per each
series. A universal testing machine (UTM) with displacement control was used for the direct tensile
tests while a fluke 8846 A multimeter was used for measuring electrical resistance by four-probe
method under direct tension. The displacement speed of UTM was maintained as 1.0 mm/min and

« Nguyen, Duy Liem, AZdgn, A483543} Ay
+s Kim, Dong Joo, A&di¢m, 4@ %3 Eus - 3444 (dikim@sefong.ac.kr)
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[0026] AA, & £t A4 AAYas P& Fod ddtd 52 QI3

& Adof st=dl, olgd FxE9 7|F 94 I AFEHF L wa glonz,

£ oEdd o] 2 go] FapHolr},
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(00271 =4, @& 4 7EEA &3 AdFass L= Ae 59 7R £

2R 24T A, AT AaAF £ /A 25 Sl adFoln,

[0028] AA, #old Tz H© thele] 7] e g4 Aol
o go], & Wyl sojnel= AHE B nPY mads 7Y Fd Ex
&g A7 24 Y E= NS H4Y A9, A% WAE 248 4 92 A
% $8 9 WYL BAs: ol ZnHolg,

[=H9 2tag 4]

[0020] = 12 Z4d# BZE #7] E3E 7289 ¥AT ¥g Ags
Yehlie, = 1(a)e A& W3 (tensile strain)o] §lE Afolx, = 1(b)= A%
W& (tensile strain)®] 7kl wE wAgt AF AE(tensile stress)?] ¥}

=g agelt).

= 2 QuHel WY 4 AME Zse A3 WY As A
& 243408 Yed adgelot.

£ 32 B 4ddA AHEE AR ()9 223709 Argleltt,

T 4T {95 B AR @244/ EFEU FoluE AR/
AHgd 238 E F289 A7]-7]1AH (electromechanical) A &S #BAT Ao
o

= 5% 1.0 vol#9] ZA4f7F £od F3E FxEA WA, FHHE @

Z2Afre] okol]l mpE A 7]-7] A4 (electromechanical ) A% WilE &A¢ Ao}

38-13
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(% bSa: B4%4% 0 vol%, = 5b: BA4F 0.5 vol%, = 5ci B4R 1.0 vol%,
=5d: B2 1.5 vol%).

T 62 1.0 vol%e] A7 288 ZIEE FRE d&A, g4
d2 WAl A 54 Flgauge factor)gkelc}.

T 72 1.5 vol%d] G471 23d E38E F2E dsiA, F7MEE &
A4 ol & A7]-7] A1 (electromechanical ) A% WalE 543 Aot
(= 7a: @297 0 vol%, = 7b: @24 0.25 vol%, = 7c: ©A2A4F 0.5
vol%).

= 8(a)e= 1.5 vol%9] ZAdH7F 289 S32E FZ254 d&id, d23F

o

o] okg WslAH =A% GF(gauge factor)gteli, =8(b)E= BriAdf9o <o wWsl

o]

B

2 Q1% W= (tensile stress) gte] WslE SAHE Aot}
(23 A7) e FAHA W8l

[0030] ojatell A= £ 2o 7|&3 54L& 7AHoz d9ny] 98 4
Al E9& Azste] Addtua gk 28y ok B I99 sHF A
o AAde] B3 Polm ¥ IHe vl AMEE BF dude e
oiez, B @i &4 AFd dolA o5& WAR F e GUdd #5ET
g o Ee] A& F AEE olssteiof it
[0031] dWtH o2 FIe|ER UEHE AIMEA SdAc 8 4 Q%8s

gt g z7l@de]l BATH olF ol FA3 Askets ANH 4AL

38-14
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7HA 3 fgom, AR BAG 2 5 AAAETL wol F&F wdo] 24

43, o FAEFE g% dAAATT AT WP 22 2HE 7L

e

5 23YETEEY Y74 2 A4 g 2R ] A HH o g

[0032] o]&1d EAHE 237 A8t SAGEA FAfr(steel fiber)
£ E4gld duk 3B Hste] FAE H A4S SN AARRT 23
g E7 AMREO] ftov, 3 9 AFEF FALE A 277 de] 24T o]F WYy
o ket IA 8o AA3] A3tEE FHAEY A& Zn glov, 8 A
g 2 mztA 1~2719 wave] AL ¥ wdo] 543 FHol ¥F ¥H
o A Bl 7EE Aoyt A A Ao EAsEE, wdi e 4 Fx9
sl mE A7) vAFe] Wsl Fo] 22 EAlFe] R

[0033] &9, A2 AFR7d S3UERTY & 2 AT, dEAEYT

A HYEF Fol $5¢ GATED AME EgdA9 AxrEe] d7EHIZ dony
o] A4 ZEAEAPE)IFvt UL E(PVA) et &2 volaz Jios

9508 AMgEtn Qo] Ao S olF dstFddA 8ol FH3] AstsAYG T
g9 287t F48 A== gGo] EAg Ak

[0034] & Lol olelgd BARE A5 7] A8, daz 4/ 24
o d2AHE FAd 22E T2 F4tn, A wgu s 2FFe
2 Fgoesd, FaYE FxE9 W9 ZAF(Strain hardening) 54S Fdjst
3, A7] AEEE FIANA, E2E FxEY TdH £2 v HIE Bg

AAHoAME AHstA] AR + d= WUFH FAE ATHA @
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[0035]1 Wukdom Qlhigoe] gl HHelAs Eladt go] 24+ ®n73d
Z23E F2EL AZEFT @40l 719se A7) uARe] z7)dlE FrtEdst
Ale] 5ol vt HAFE pE 2A 9y

[0036] &t gk, A+ BAY FIYUE FxB AF wWH(tensile
strain)o] 7}s]d Ao, Z1be] =} Zo] 94 WMol Flge] wel <l
% S3(tensile stress) DA vl&se F718lar, A7 v A& (resistivity)S 7
Z35tA doh. dAe, HEFERE(post cracking strength) o]de= 13 WY
o] 3718 Agde A% ¥ 238 FAaHA Hz;, AY) WAZS 9 o
wsleka] e AR $¥e] ZAaddar o od Wil g

(00371 717] w]AFL obd ()3 o] A7) AFR)E FAspaL, =

I
o2

wud W3 248 W AF Aol AYWLTH Avd & Aok,

D

I

o
N

[0038] (1)
[0039]1 94714 pE= #7] ulAE, RS AZAEY, A- 9HFd, L& F 719

Ul A5 Alelo] A, 8] A¥ARE ou|dd.

[0040] Yukxgd oz A7 v]AF(resistivity) > A8 FAojy FZo=

dFs A @G Ase Ifg A4 AT, A7) A (resistance)S TH

Ask W3 AF Alole] Aolsh g F2A Wadl 9L WA Huw, A7) A%
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2 F38o A7) nAgoR fitd dast g,

[0041] W& Ask(strain hardening) @4to] WAE= E3zE FTxE9
A7) HAY FH4L 5 A7 &4 A 789E Hrkstr] 9ste], @9 ¥WE &
A& Wgle] H]89 GF(gauge factor) 2 AlEstA Ho}h. o]2|d GF 2 tha9

A1 (2)9) #Zo], 913 WEH(tensile strain) A|AFE 72 LA H(post cracking

point)7tA¢] HEo s ALE £ dd, dF9 A (2)AME = 169 0lA e,

7tA1 el 9 Ao wE Av] uAd(EE A7) A g MsEe] HE FAs

o Astd 5 .

ar <2818

(00421 Az
100431 2

GF = Ap/p,
100441 Ag

GF |8 /Po| _(Po= Py )-100

g Ag ‘ L€

100451 " o (2)

(00461 21714, ARZ H7|A %o W, R UF8HFel Alzd weof A

AANG%, ced AFHEY] WAGF, e..= TE TAPAAY PAIFE, 2
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B A7) A akgel WEE, pos AeFol ARE el Ay WA, Ap,

T 7 AR A7) uALEe] WERF, p.= TE TAMNAY A7 w]

gt Hebdc,

[0047]

=)
=
2
b
o]
iy
ro
oA
%2

Jo| Z7lel we FARE AstE 23E FEA
o] dut¥Ql U WY AFS =HHoE U FAeg, W (strain) 27]d=
g4 49 49)E vetdibrt, ®Mdo] F71ES4E §90] Frlste] EEE A9
o] wrste A% A ATl 49)& ved F, oS WY S wet =
do] v st Agdtomd 038 FHo| FAdE AT Ad(strain
softening) ZE(III ¥%)& uetd}. AF s d4de] 2s= 271 TEANH

A9 g $YF AF WIL A7 0.5 .2 e, o o AF B
ASL wold @A W AZ FANRAINY A% 27 A% WAL A7 o,
9 ez vepdc,

[0019] £842 %3 2ase FzAs W8 4% ASE 0,7} o.ny

E2 AP deldA He, 99 As AF AYdA SEIE F2A 9 Fdoly
4 7= H5E ZANAY ZUHF FOo=K, F3E FEEY Td = &

& A7 734 2+ Ad.
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[0050]1 & 2HAA AMgHE ¥E B8 AsE e Z3fE T2B4E,
2afe BR4R%E xdse solrz= A/ AMSEAY. Badhe AR
7t £9 slolBE H{E A%OoE F3YE ZHEA HLJo=H, o
FAYE THEE AT F3YE T2 A FE(tensile strength)2t A4
(ductility)& EAldl FIAF £ ded, daz 449 AHHe 948 371
718 dlela 2 AF9 B24%E AFRESE FINTId 2AHoE Jd8)
wf 7o) e}

(00511 &A%, oleiet aE EgEo] wWgsHE B3 A4 AHEFS
294 (workability) &2 <la] Ags=d, daz df A9 Hd 2 volw7tA
AHE 7hsdta, mlelaz A A Hul 6 volw7hA AHEHE Zo] Lo,

[0052] E3t, & 2HdA volaz AFE AMEHE Baidhe 4 25

BAA Hd) 2agE FEE Yo ERHoE FExd 5 4 Bek ok

rlo

}

A

i

RAY, BE ol $48u, e 5 Ee F9u(aspect ratio > 150

2= P WA WAz AH9 FEHs 23E Ao

o Al Rxse] AR AREE FIAIEY ERHOE Aol@ & Qol, 2

JE 7zze A7) WAT As SAL B9 B 2 A7) &4 2R B 2
A9 NAEE B % Aok,

[0053] o} dlelnel= wAdz wAdd 2ads 7z A7) &4

A WYE, BAf(steel fiber)sh ¥4 (carbon fiber)& Eghshs solng

E AR A 2HEL 71FLE 1.25 ~ 2.0 vol%d] MYE TIHEE Z3E
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2454 Agd F, FIYE FE2ES Axdn, 7] FIHE F23 AVE

Z3YE FzF9 HAF AdE SR8 GAE =P, 47 A% sl
e B|AF Wi e f3E FEEY UTAH A4 F7], 2 Al e
EAG Atde] BAG AF F AMEAF Bad A71E A3 ddste 2Ass 3
£3 7heste

[(0054] o]u] AlgHE faE 2PBE 23E Z4BdE FH7)
1.0~1.5 vol%9] HH= EFHI, BodHE 0.25-0.5 vol%d] HI= EFH=
o] uigdsln}, 2R ASL 0.25-0.45 mm, Aol 25-45 muolz, A7) @24
fro] A& 0.006~0.01 mm, Zol= 10~17 mm¢] o] uighAed], oleld A ES
AHEEte] 2A2E FE2E AAd Z2A AFT FE ARG, 7 B &4 9
AeEE FAYUE 729 54 o FHd dlMT IR AlFdE A= sbest
t}.

(00551 ®¢t, 7]1& FagE dABd gz 53 AF Fod dsiA
By FA FEE B one dolrelE AR mAAs AMSE 23dE 72ES

gruo duhgos AAse A% 7H5se, Bod we A3 X} &

mlo

= IR R R B R B 2 A S 2 =
[0056] & &4 o2 A4 FHQ ZAE F2E9 7] &4 74 F

A=, A3 (steel fiber)®k ©A/dr(carbon fiber)E Egsl= slolBE=E A4

=
2
2
BN
o,
il
e
]

|02 1.25 ~ 2.0 vol%9] WYE xad EZ3E ZAHEER
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348 madE 722 47 23dE F2EH 9 NS A7HoE A2

[0057] ¥ EHolA] SAYE F2EE Azsted AHEHE Z3E 24
52, AL 100 FFR ddle AEE 75-85 FHR, IR 2A= 510
FHR EZgo] A 15-25 FFF, RS EFGAE 1-10 FFHE, LS 20-30
ZHFRE THst AzHY, olu AMRHE Eelo] oAl BEE7F 3000-4000 af

fgolar, A7l dia] Aela= HFFAo] 0.01-1 molH, A7) FAlE HEFaAo]

[0053]
[0059] [AA]<] 1]

[0060] & o] Alg== FelBEl= Af2 B27d E3E 7289

O_L.

T B &4 A7 73 AeE AWR7] YA, HGTTE RAASE AHEE

(s

zase F2E} 304 L BAUHE TP solnes MiE RARE
g 2adE 2YEBE ASEt] 247 NEg AR o & RE A
of wwsct,

[0061] & AN clolA AHgR ZAfe Brafs £ 19 A& 83

oo}, o8 AHle E 3o YeEhlidY. AR RAAE AHEE Atde A

38-21
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A 23E 2AZAA B4R 1.6 voli7t HESE E3YE T W3R

o, slolBgl= ARFE AMEsle] B AgdE AA57F 1.0 vold, 244

7} 0.5 vol® EFHES 23 E =4S 2§39,

[0o62] [E 1]

A9 5 A4 [om] 2] [wm] A [g/cc] 217 7 [NPa] g4 Al 5= [GPal
gidf 0.005-0.01 10~17 1,81 4137 240
ki 0.25~0.45 25~45 7.9 2580 200

(00631 A7) 2IHUE 2AEE AHESe ¥y Zolg ZadE F2EL
sk FAEY @A o2 2o

[0064] AIRIE, FEele]l efAl(fly ash), A&7 FH(silica fume), A}
(silica sand), B2HFE 587 dx £gste Al 194 47 A 1649 =
B BS WG F 383 Egste A 294 A7) A 2dAlY £ 284
(plasticizer)& F71e F 5-1083F &8t #l 364 A7) Al 3 249 £8&

o ZAFE TR F oA 5EL e A 484 47 A 4849 EHES

l':~

gxd stz vAg AFE FE A 58 A7) A s59Ad EHES &
Y ANER Ho] g 247 B#Aste Al 694 47] A 6849 HAAE &

=old Az 14947F & dAst= A e A7) A rdAle] AdAE 12-364]

A

a2l el A 89 R AV Al 8dA e AEA el 2-352 EFE]

s

< weEle A 9dA E AH Azdd.
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[0065] olw] A== FEeto] ofrle EEE7F 3000~4000 arf/go]i, A7)
A7 T2 FFA7A0] 0.01-1 mol™, 27] FAE F#A o] 0.01-0.5 mme]
e Ze o =g A7) FA 100 3R dist A7) ARMEE 75-85 FFY,
A7) A=A &L 510 TFF, 7] Zelo] GAE 1625 FFR, 7] EAE
1410 3%, 47 B2 20-30 TFH9 W= 9.

[0066]1 2 fh& RAAZ ALEd F-¢ds 47 A 19404 B23F/
g Adstne U9 WYYPor FIEE ARL AZSUT. ogA Azxd 4z
o] EaE AW 2 #Ho|x=E(silver paste)E AAZ 74 & F FU HolZ
(copper tape)& B ZAEES €l Alolo] A7l ARLE FAE F, 4V

3 E A¥d 43 355 7I8tEA Ar) X9 ¥

]
i
oA,
_O;_I‘
x5
o
a2
i
.
1o

Al dig 43 238 Asd d2d] E 2 R = 49 o

[00671 [E 2]

A7z Wy 97 39 A7 79 F GF @

£ %) a,.(MPa) Npe
i his 0.53 7.64 10 99.85
SolHe= Af 0.49 6.81 7 208.23

[0063]1 A7) 3% 29 Zuet = 42 7]A-A7] A (mechanical electrical) &
t 7 F(response behavior)& A RHA, FAF7HE BAAR AL EAFE A
Hi 2849 24878 BF 99 solBg= AFE B4R A4 S22

E A EF AQHQ WY A5 AFS UeiAR, FAHnE A At
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Wl aolnEl= A4t AR 2adE Aol A% Wad AP SN

[00691 514 %, @9 91F Wedol WE WY Wt dehls GRakel 2
W o]0z Bolde FAT 4 Qglow, B e d@snd s 2=

TEE A7) &4 FA g5 fEEe UL 5 AU

[oo701  [HAd 2]

(00711 &A1 [ZAld 119 54 PP Sto|BE ARE AHESI] &
A8E ANEE Azsgod, olw AIRHE A4dHe 4e, SEHE 2459 F
HNEgEe 1.0 volkz AR, B2dFd 4& FWEZEY 0 wli%, 0.5 vol,
1.0 vol% 2 1.5 vol%% WA|A EAE AHE AAd F, T4 PPz 7]
A-A714 &7 ASS 23 en, 2 2R = ba WA 5do] eI

[0072] = baEs ©V2A/7 AHEEA opeta Ad{wo] 1 vol% AMEE
ZagE AH9 7A4-A713 38 A%E duss, = sbe WA = s 747
A lvol%ell B4+ 0.5, 1 2 1.5 volo7} 8 dolBlE {8 AMLs}
o Azy 2AYE AHd g 7|A-4748 $F AEL e,

[0073] Z7df5ke] 1.0 vol%EgE A5 24F 1.0 volb L B2
0.5 vol%E E st Aol dF A W3 7l(strain hardening) 75 YE

Ygon, eadfe] Alggko] ZriEo] 1.0 5 1.5 vold ¥858 A= ¥ig

38-24
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A8l(strain softening) 7152 Yepo], £ dyds] siAdstaz st F3E

TEEY A7] &4 2Ad HEdA F2E ¢ F AU

[0074] 7]z o] AT ol F AFWH ] Frtedel wel 2 AFAEEH
o] Z&&HA HA, g5 ulH 7do] AASHE Aol opdet, e Fdo] HA
a Fo] ks "o, webd FxEe WraEs @ Ald But oidet, 3F
AR s A3 A €.

00751 47] Z3E Ediz zZtzte] Aol dd GF &S Adste] vlzd

in

FE & 6ol el en, 7347 1.0 vol%, ©2AR7t 0.6 volse] o=

!
sl
)

zage AAY GF gl 7HE 2o g2 AL 2P + 99

(0761 [AA9] 3]

(00771 A [2A]e] 219 TU@ WP LR Sfo B = HFE AMESt &
aE ARE Azdgon, ojd ARHE FAfe] ¥, TEHE 2489 F
e 1.5 vols® mASIL, B2AFY & 474 FNFFY 0 vols, 0.25
volt R 0.5 vol%2 WBAA F3E AAE AZF F, F4F Yoz 7A-

A7)

2
oo
o
Y,
o
e
ma
ol

ol
b4t
e
S

, 1 A= = 7a WA Teol veh 9.
[0078] & 7a:x ©-42A87 AFEE A olslm 74 -8uko] 1.5 volh AFR-E
3 E ANHY 71A-A714 ¢ A5S dugn, & % = e &7 G

1.5vol%o] &4/df 0.25 2 1.0 vol%7} g% slo]lBE= HiE AEEle Az

38-25
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Jepag

e

H 3E Aldq dg 7A-A714 $8 A%

(00791 34 #5ke] 1.5 vol®Edd A+ 2dF 1.5 vold R S2dF
0.25 vol% E& 0.50 vol%E& XE¥stes ZAfwto] AFHA ¥y FHsl(strain
hardening) A&& WEhioH, BadFe] AHEFo] F71H9] 1.0 volt EFE

Agolls gA AAle] 264 #FQlgh nje} Fo] WE A3}(strain softening) A%

e

E

F

yehfe], B gdda] gAsnza st 2adE FREY A &4 A4
HAsA] &t
[0030]1 7] ZxE Edi& zhzte] A 4o digk F @ Al4bstel vligk

Ads A% B9

A
ol
un

g Ztzt & 8a%t = 8bel Heluilen, w7t 1.5

-
o
=
pu
>
o

71 0.5 vol%e] oz EFHE =ZIEE AHE GF #o] 71 ¥

Fg 71RE FAT F Uden, A AE(tensile stress)e] W3 FA| g4 4

Jo
1o,
o2
9,
I
e
3
R
X,
2
ol
N
=
=)
=
=
)
1y
=
rE
)
iﬂl
N
&2
!
o
.
W
!
¥
nle
il
S
r =3
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(5337491
[37% 1]
Z3E FEREY A7) &4 FA WA dojA,
8 Ex &3 did=Ee 47 EagE 7289 IS 298, R
(steel fiber)®} ¥A/d+r(carbon fiber)E& E@sh= dtolBa= AH7t dA =4

7|08 1.95 ~ 2.0 vol%o] HMYE TdH £38E ZHES Aldsle 84

tle

5
3= A1 g

7] EIE 2AES AHS d4E 7] 232E F2E9 AG ¥4
of A& FAskes Al 2 @A 2

7] ASd AFE FFEHA A Wsle] e FIE FREY A% §
el vAY WstE SA8s A 3 @A E EeE stolBEE AR/E T B

H Z38E 7229 749 &&= &4 27 724 4y,

A1l QlofA,

47 E38E 2AFdE AAF7F 1.0 ~ 1.5 volb EFEHT, 2248 Rk=
0.25 ~ 0.5 vol%9 E92 P A& S5H22 3, o= 4&KE B3
22E EF3E 7289 74 = &4 A7) EA 9.
[37% 3]

A1l oA,

38-27
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A7 e ASL 0.25 ~ 0,45 mm, ZolE 25 ~ 45 mmo] L, V] ®©AA
frol AEL 0.005 ~0.01 mm, Aol 10 ~ 17 ¢! AL 5Aow 3=, dlolng
EAFE 59 23E E39E 7259 FQ T &4 Ay 2A .
[B37% 4]

ALgal ojA,

A7) 23E ZABE, FAF 100 FFF diste AfEE 75 ~ 85 F
F5, 4238 8= 5 ~ 10 FFF, ko] A= 15 ~ 25 FFF, 1FE £
gAe 1~ 10 3%, 82 20 ~ 30 FF47 2P A& o= =, do)
BIE ARE 59 2A4Y 23dE FEEY 79 T 24 A7) 23 W,
[37% 5]

A48l oA,

A7) Ealo] oAl EEET) 3000 ~ 4000 ai/ge]lx, A7) dEs A Ae
HgA7e] 0.01 ~ 1 meld, 47 A HaEA7He] 0.01 ~ 0.5 el A& 53

o= s, solnels A4E F w3E Fads TR 74 =t &4 A

SAYE FxE9 A7) &4 BA FAC g1,
7 fr(steel fiber)9 g2+ (carbon fiber)E& ¥§5l= dolBEl= A

7t AA =HES ZIELE 1.25 ~ 2.0 vol%9 HYE IFH ZITE A EE
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A7) A% 398 9 4

A7) AFRE B ARE TFA Yy Tads 722 A% 299
Aol mE A7) wAge WehE e Ao 9

A7) AFRe} A7) AoRE AVHoE AZsE AN E EIeE 3

HIE AFE B3 23 S2YE 7229 F4 = &4 A7) 24 FA.

Aegel AojA,
A7) 3aE zAZdE A4/47 1.0 ~ 1.5 volfEddn, Bodds

0.25 ~ 0.5 vol%9] W2 THe AL Exoz 3= sloluz= AHE =3

I

R g2aE 7289 79 Bt &4 A7) #2A A,
(3% 8l

Aol olA,

471 B NS 0.25 ~ 0.45 mm, ZolE 25 ~ 46 molx, 7] ©@AA
frol A2 0.005 ~ 0.01 mm, Zol= 10 ~ 17 m A& 5Fo= 3=, stojng
EARE 58 nd E3dE 72EY #d B &4 A7) B2A FH.
[3+% 9]

Aol 2oiA,

A7) ZAagE A=, A 100 SR tfste] AREE 75 ~ 85 F

38-29
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TR, 4E8 Agste 5 ~ 10 FBE, S8k AE 16 ~ B FTHFY, IUE &

A 1~ 10 FFR, 2 20 ~ 30 FFH7F ERHE AL 5Fos g, F9
BeE H4E 53 249 E3E 7289 749 £ &4 A7) 24 2A.
[37% 10]

A9l oA,

A7) Zejo] ofAle EEE7L 3000 ~ 4000 ai/geli, 7] AR M=
HaEd7e] 0.01 ~ 1 mo]™, 47 Ak BEAZe] 0.01 ~ 0.6 m¢] A& 53

o2 Fle, FelBEE AFE B8 nAdd Z3FE F2E9 #48 e

rbr

4 7

7l &R AA.
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(2]
[2F]
B ouge 74 Er &40 daH: masE 72Ed A% 39 74

3 ads ge oATE UsE Ao Jgstn 9gsA gdsiAY 2YEY §

Ei Folrt a7 gaE TaEY) A% RTe EWHS 2 solnas
47 24 194 EaEE 24RE B AFS F, A4S A 14

= 43l d73 AFd dde] AxE A5

e

B ARE T NAYE B
UHY ez, F38E 78 TE A= v &Y HHE EAHc|RARE
AAHoz 3] AYT F e ZA7 A

[HEE]

X6

38-81
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Reduction of resistivity, p/p (%)

[=¥]
[= 1a]
350
B '
£
<
S
g
-
2
n
"
o
ol
) L 1 A i
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This research investigates the electromechanical damage-sensing behavior of strain-hardening steel
fiber-reinforced cement composites {SH-SFRCs) with six types of steel fibers (1.5% volume [raction con-
tent) within an identical mortar matrix (90 MPa). The six types of steel fibers studied are long twisted
{T30/0.3), long smooth (530/0.3), long hooked {H30{0.375), medium twisted (T20/0.2}, medium smooth
{519/0.2), and short smooth (513/0.2) steel fibers, The damage-sensing behavior was evaluated by mea-
suring the changes in the electrical resistance during direct tensile tests, The electrical resistivity of the
SH-5FRCs clearly decreased as the tensile strain increased until the post-cracking point, owing (o the gen-
eration of multiple micro-cracks during strain-hardening. All the SH-SFRCs investigated had nominal
gauge factors ranging between 50 and 140; these values are much higher than the commercially conven-
tional gauge factor, which involves metal and is around 2. Both T30/0.3 and T20/0.2 produced the highest
gauge factor, ie, the best damage-sensing capacity, whereas 513/0.2 produced the highest electrical

conductivity.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Structural health monitoring (SHM) refers to the implementa-
tion of damage detection strategies for engineering structures,
such as changes to their material and/or geometric properties,
which adversely affect the structures’ performances. Numerous
researches have been performed on SHM to detect damage to civil
infrastructure due to rapid deterioration, as well as to evaluate the
current ability of the infrastructure to perform its intended func-
tions over a long term. Further, the techniques for monitoting
structural health have rapidly developed. Nevertheless, the sensors
used in the system have the disadvantages of high cost and low
durability; moreover, the use of sensors leads to the degradation
of the load-carrying capacity of the structural members embedding
them [1].

To overcome these limitations, cement-based strain sensors
were developed, and their sensing abilities were successfully
improved by incorporating electrically conductive fibers [2-7],
conductive nano particles [8-14/, and conductive metals [15] or
their combinations |16-20]. Self damage-sensing construction

* Corresponding author.
E-mail address: dikim75@sejong. ackr (D] Kim).

http:jjdxdoiore/10:1016]j compaositesh. 2014.09.037
1359-8368/2 2014 Elsevier Lud. All rights reserved.

materials are currently classified as multifunctional or smart mate-
rials |21).

A few researchers have also reported the self-sensing behavior
of steel-fiber reinforced concrete. Chung | 15] and Wen and Chung
| 17] investigated the piezoresistivity of cement-based materials
containing steel fibers and reported the self-sensing capacity of
stee] fiber-reinforced cementitious composites (SFRCs). However,
their results were limited in the elastic region because the SFRCs
they studied could not exhibit tensile strain-hardening behavior
that requires some conditions for reinforcing fibers [22,23]. Never-
theless, their results led to considerable interest in the self-sensing
capacity of cement-based materials containing steel fibers.
Strain-hardening steel fiber-reinforced cementitious composites
(SH-SFRCs) are characterized by tensile strain-hardening behavior
accompanied with multiple micro-cracks. Further, they have
demonstrated much higher load carrying and energy absorption
capacities than normal concrete [24.25]. If SH-SFRCs could exhibit
self damage-sensing behavior as well, they would be more
attractive to civil engineers as multifunctional materials for the
development of robust, tough, and durable civil infrastructure.

However, there is very little information regarding the factors
thar influence the electromechanical behavior of SH-SFRCs. Among
the influential factors, the type of fiber is expected to significantly

_97_



160 i Nguyen et al /Composites: Part B 69 (2015) 159-168

influence the electrical resistivity versus strain responses as well as
the tensile stress versus strain responses of SH-SFRCs under direct
tension. The electromechanical behavior of SH-SFRCs under direct
tension strongly depends on the interfacial bond strength between
the fiber and matrix, which is a function of the properties of the
fiber [26]. Hence, the effects of fiber type on the electromechanical
behaviers of SH-FRCCs should be understood to develop the sens-
ing capacity of SH-5FRCs as a self damage sensor.

This situation has motivated us to carry out experimental stud-
ies on the self damage-sensing capacities of SH-SFRCs with various
high-strength steel fibers under direct tension. The ohjectives of
this paper are to (1] investigate the effects of fiber type on the elec-
trical conductivity of SH-SFRCs, {2 discover the effects of fiber type
on the sell damage-sensing capacity as well as the tensile resis-
tance of SH-SFRCs, and (2) understand the correlation between
the electrical and mechanical behaviors of SH-SFRCs.

2. Electromechanical behavior of strain-hardening steel fiber-
reinforced cementitious composites (SH-SFRCs) under direct
tension

Direct tensile behavior of steel fiber reinforced cementitious
composites can be classified into strain-hardening and strain-soft-
ening behavior according to the tensile response after the first
cracking point. The condition for tensile strain-hardening behavior
is that the post-cracking tensile strength { point B] should be higher
than the first-cracking strength {point A) [3%] as shown in Fig. 1.
The point A is the limit of proportionality in the curve while the
point B is the peak stress point. The tensile stress and strain at
point A were notated as & and &, while those at point B were
notated as o, and g, respectively.

The change of electrical resistivity of SH-SFRCs under direct ten-
sile load is shown in Fig. 2: Fig. 2a shows the typical change in the
electrical resistivity of SH-SFRCs owing to electrical polarization
before applying tensile load whereas Fig. 2b shows the typical
change in the electrical resistivity of SH-SFRCs under direct ten-
sion. As shown in Fig. Za, under electric current without tensile
load, the electrical resistivity rapidly increased for the first
10 min owing to the electrical pelarization and became stable after
20 min. Dielectric materials including cement-based composites
generally produced the electrical polarization under an applied
DC electrical field: when the polarization-induced electrical field
and the applied DC electrical field are opposite in direction, the
polarization increased the electrical resistivity with time [3036].
Many researchers have reported about the electrical polarization

of cement pastes as well as cementitious composites |27-3236].
The tensile load would be applied after stabilizing the electrical
resistivity to avoid the effect of polarization on the measured
Tesistivity.

The electrical resistivity can be calculated from the measured
electrical resistance, using Eq. (1), that is depending on the geom-
etry of the specimens.

A y
4 R'l’ (1}

where p is the electrical resistivity; £, the electrical resistance; A,
the cross-sectional area; and L, the length between the two inner
electrodes, which is also the gauge length of the specimen.

The electrical resistivity can be recognized as a material prop-
erty that is not dependent on the geometry of the specimen,
whereas the electrical resistance is influenced by the area of the
section and the length of the specimen between two inner
electrodes.

A gauge (or strain} factor is defined as the fractional changes in
the electrical resistance per unit strain and is applied to evaluate
the self damage-sensing capacity of SH-SFRCs. For a strain-harden-
ing cement-based material, the nominal gauge factor (GF] would
he evaluated based on the difference in the electrical resistance
between the start of loading and post-cracking peint, Eq. (2) can
be applied to calculate the GF of SH-SFRCs as the tensile strain
changes from zero to the post-cracking strain (e;.).

oF —ORIRy _ (Ro—Ryc)/Ro _ (Ro—Roc) _ (P = i)

A @0 Rt Potn @

where Ry {or pg) and Ry (or g,.) are the corresponding electrical
resistance (or resistivity) at the start of loading and post-cracking
point, respectively.

3. Experiments

An experimental procedure was conducted o investigate the
effects of fiber types on the electrical conductivity and electrome-
chanical behavior of SH-SFRCs under direct tension. The following
six types of steel fibers were investigated: long twisted (T30/0.3),
long smooth ($30/0.3), long hooked {H30/0.375), medium twisted
{T20/0.2), medium smeoth {$19/0.2), and short smooth {513/0.2)
steel fibers. The content of the steel fibers was 1.5% by volume in
all the specimens.

A
?’,‘
i Multiple
.ﬁ a,. Cracking and
“ Localization
Multiple' Cracking ﬂm
T~ {strain hardening) Softening =]
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]
Slope — Elastic s
- o]
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€ . g o
0 e STRAIN #PY g Crack Opening Wy
| L2
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Fig. 1. Typical tensile strain-hardening behavior of SH-SFRCs [33]
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3.1. Materials and specimen preparation

The material and electrical properties of the six steel fiber types
investigated in the experiments are summarized in Table | while
the composition and compressive strength of the mortar matrix
are given in Table 2. Both loeng (T20/0.3) and medium (T20{0.2)
twisted fibers had a triangular section and three ribs within the
fiber length. A Hobart type laboratory mixer with a capacity of
20 L was used for mixing. Cement, silica fume, fly ash, and sand
were first dry-mixed for 10 min. Water was then added and mixed
for 5 min. A polycarbonate-based superplasticizer was also gradu-
ally added and further mixed for approximately 5 min. When the
mertar mixture showed the appropriate workability and viscosity
for achieving uniform fiber distribution, the steel fibers were care-
fully added into the mortar mixture manually and mixed again for
5 min. And, the mortar mixture with the fibers was poured into
molds from one end of the specimen to the other end using a wide
scoop. The specimens were slightly vibrated to minimize the air
bubbles present inside them. The specimens’ casts were then cov-
ered in plastic sheets and placed in a laboratory at room tempera-
ture for 2 days prior to demolding. After demolding, the specimens
were cured in a water tank at 25 °C for 14 days. After curing, the
specimens were removed from the water tank. Subsequently, they
were dried at 70 °Cin a drying oven for at least 12 h. All the spec-
imens were tested at the age of 18 days. To measure the electrical
resistivity of the specimens, a layer of silver paste was first applied
onto the surfaces of the specimens to enhance the electrical con-
ductivity between the copper tapes and specimens; subsequently,
the copper tapes were attached on the silver-paste layer, as shown
in Fig. 3. Besides, steel wire meshes were used to reinforce both

ed cementitious compesites [SH-SFRCs )

ends of specimens for preventing failure of the specimens outside
of the gauge length as well as cracks at the electrode locations. The
electrical resistivity of the steel fiber was measured Lo be between
1.94 = 107% and 2.06 x 10°% kQ-cm (Table 1)

3.2. Test setup and procedure

All the specimens were placed in a chamber with constant tem-
perature {at 20 °C] and relative humidity {at 70%). Then the electri-
cal resistivities of all the specimens were measured under no
tension to investigate the effect of fiber type on the electrical resis-
tivity of SH-SFRCs. Under direct tension, the setup for the measure-
ment of the electromechanical behavior of SH-SFRCs was
illustrated in Fig 2: the geomelry of tensile specimen is shown
in Fig. 3a, while the system for measuring the elongation and elec-
trical resistivity of the specimen under tension is shown in Fig. Sh.
The electrical resistivity was measured using a multimeter { Fluke
BB46A). As shown in Fig. 3b, the specimen was subjected to direct
tension using a universal testing machine (UTM) with displace-
ment control. The applied speed of the machine displacement
was LOmmfmin. The data acquisition frequency was 1Hz To
maintain pure tensile conditions, both ends of the specimen were
designed to connect with hinge systems. During the testing, the
load history was obtained from the load cell {5-tonf capacity)
attached to the top of the specimen while the elongation history
of the specimen was measured using two linear variable trans-
formers {LVDTs), as shown in Fig. 3h. Prior to applying the load,
the specimen was carefully aligned to minimize the effects of
eccentricity on the measured tensile response. The direct tensile
tests were carried out at temperatures between 3 and 10°C and

Table 1
Material and electrical properties of the investigated steel fibers.
Motation Fiber type Dameter Length Aspect ratio Density Tensile strength  Elastic medulus  Electrical resistivity, oy
(mm} [mm) (o) (glec) [MPa) (GPa) (k€2-trn)
T300.3 Long twisted 0.3 30 100 79 24287 200 1.94 « 1078
530/0.3 Long smocth 03 30 100 79 2580 200 2.06 % 1078
H30{0.375 Long hooked 0.375 30 a0 19 231 200 1.94 « 10°%
T2040.2 Medium twisted 0.2 20 100 FL 2676" 200 1.94 « 10°%
519/0.2 Medium smooth 0z 18 85 15 2788 200 2.06 « 107
513j0.2 Shert smoeoth 02 13 G5 79 2788 200 2.06 « 1078

? Equivalent diameter.
? Tensile strength of fiber after twisting.
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Table 2
Composition of the mortar matrix mixture by weight ratio, and their compressive strength.
Cement ( Type 111} Silica fume Silica sand Fly ash Super-plasncizer Water Fi (MPa)
080 oo? 100 020 .04 0.26 an
125
e —
SN
Silver paste
hi] lower laver)
i o /CC}TFICT‘.HI‘E,
il It /" (upper layer)
=N il '—':— === wmmmis [nput cumrent
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= g 50
=1 5— - =
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& 1 - - Voltage I
B T
: ) s Crutput current
| ¥
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" -
g = i Electrica
+ TEnGE
| . Vo) B sltimeter
—r L -
(a) Dimensions of the specimen (unit: (b} Setup for the measurement of the
mm} electrical resistivity of the specimen
under direct tension
Fig. 3. Test setup for the measurement of the electrical resistance of the specimen under direct tension.
relative humidity values between 40% and 60%. The electrical resis- 250
tance was simultaneously measured during the tests by using the 21166 Average valus
four-probe method. The tensile load was applied after stabilizing - 36.2 (Standard deviation)
the electrical resistivity for 20 min, and subsequently, the tensile 5 200 b mjn‘F_- 184.70
load, elongation, and corresponding electrical resistance were E 16442027 26) _:3.'-‘.3! 16228
recorded. ) (20.80} | Linjeer 15084
=5 [18.50]
oo 150 |
4. Results and discussion £
£
All six series of SH-SFRCs exhibited tensile strain-hardening g 106 |-
behavier accompanied with multiple micro-cracks. However, o
their electrical resistivity and electromechanical performances =
were quite different according to the type of fibers applied as R
shown in Figs. 4 and 5. The multiple cracking behavior of all
the series can be found in Fig. 6. The electromechanical behavior,
tensile stress and electrical resistivity, of SH-SFRCs were investi- 0 L

gated as the tensile strain increased from zero to of 2% strain
(2 mm elongation} as shown in Fig. 5. Although the curves for
the reduction of resistivity versus strain responses in Fig. 5b are
more scattered than the others shown in Fig. 5, the results are
generally acceptable. The six series of SH-SFRCs can be classified
into three groups according to the length of the fibers: long-fiber
group (T30/0.3, S30/0.3, and H30/0.275), medium-fiber group
(T200.2 and $19/0.2}, and short-fiber group (§13/0.2). The electri-
cal conductivity, self damage-sensing capacity, and tensile resis-
tance of the SH-SFRCs will be discussed in the subsequent
sections.

2o 3 a3 o
oo g_\ﬁ‘:‘wu,ub oot ™
Steel fiber type

Fig. 4. Effects of fiber type on the electrical resistivity of SH-SFRCs,

4.1. Electrical conductivity of SH-SFRCs

The effects of various steel fibers on the electrical resistivity of
SH-SFRCs were evaluated by investigating the initial resistivity { p,)
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Fig. 5. Effects of fiber type on the tensile responses {dashed curves) and piezoresistivity responses [selid curves) of SH-SFRCs,

and the stable resistivity after the electric polarization {p,). The
electrical resistance of SH-SFRCs was measured under a constant
remperature of 20°C and relative humidity of 70%. The electrical
resistance was then converted into electrical resistivity using equa-
tion [1]. The averaged electrical resistivity of each series is pre-
sented in Table 2 and Fig. 4. The g, of all six series varied
between 15094 and 211.66 k€2-cm and was greater than the g
of them that ranged between G244 and 106.49 kQ2-cm. The p,

was 164.42, 177.10, 211.66, 181.70, 162.28, and 150.94 kf2-cm
for SH-SFRC containing T30/0.2, 530/0.3, H30/0.375, T20/0.2, 519/
0.2, and 513/0.2, respectively.

The SH-SFRCs with 513/0.2 fibers exhibited the highest electri-
cal conductivity, whereas those with H30/0.375 fibers exhibited
the lowest electrical conductivity. The electrical conductivity of
the SH-SFRCs mostly depends on the network of conductive steel
fibers in the composite [34]. The mortar matrix itsell has very
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(a) T30/0.3 (d) T20/0.2

(e) 819/0.2

(c) H30/0.375 () 813/0.2

Fig. 6. Effects of fiber type on the multiple micro-cracking behavior of SH-SFRCs under direct tension,

Table 3
Electrical resistivity of strai ing steel fil i C ii compasites {SH-5FRCs) at the temperature of 20 °C and relative humidity of 70%
Series T30/0.3 530/0.3 H30/0.375 T2002 §19/0.2 51302
Initial Tesistivity, p; (k€-cm) 62.44 7628 106.49 84.72 79.75 92.56
(1234} (16.70) (27.87) (821) (273} (17.68)
Stable resistivity, po (k€-cm) 164.42 177.10 211.66 181.70 16228 150.94
(20.80) {27.26) (36.28) (3.93) (8.07) (18.500
Table 4
Effects of fiber types on electro-tensile parameters of SH-SFRCs,
Fiber Strain, &, (%)  Stress, o, (MPa)  Average number of crack, N, Resistivity, p,.  Resistivity at start of loading. g (kft-cm)  Gauge factor, GF
(kf2-cm)
T20/0.3 0.55 10.00 16.40 55.54 210,64 138.09
(011) (0.27) (0.55) (21.24) (41.64) (35:69)
530403 053 7.4 10.20 109.06 23484 99.85
(0.15) (0.32) (2.59) (31.78) (18.64) (9.06)
H30/0.375 0.42 6.72 5.67 175.03 269.87 B850
(0.18) (0.34) (1.15) (12.40) (1352) (25:72)
T20/0.2 041 10.99 12.50 113.58 25251 139.68
0.10) (0.61) (0.58) (34.00) (58.54) (28.27)
519/02 038 8.05 153 352.11 562.57 99.70
(0.07) (0.85) (2.52) (54.59) (7129) (26.01)
513/0.2 033 5.64 350 628,97 Ta4.10 5250
(0.07) (0.36) (0.58) (33.00) (73.72) (3.59)
The standard deviations are provided in brackets. g, and pp were measured under room temperature and humidity.
low electrical conductivity; hence, the addition of steel fibers, than that of longer fibers. These reasons result the different electri-
which are highly conductive, much enhances the electrical conduc- cal conductivities of SH-5FRCs.
tivity. The short smooth (513/0.2) fibers have the largest contact The enhanced electrical conductivity of the SH-SFRCs due to the
area between the fibers and surrounding mortar. In addition, the addition of electrically conductive steel fibers in mortar matrices

distribution of shorter fibers within the matrix is generally better has various applications such as electrical grounding, lighting
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protection, resistance heating, static charge dissipation, electro-
magnetic interference shielding, thermoelectric energy generation,
and cathodic protection [21|. The electrical conductivities of
the SH-SFRCs observed in this study, which differed with the
type of steel fiber, provide useful information for the develop-
ment of SH-SFRCs with high electrical conductivities as a
non-structural function, in addition to their superior mechanical
resistance,

4.2, Self damage-sensing capacity and tensile resistance of SH-SFRCs

The change in electrical resistivity versus strain responses of the
SH-SFRCs under direct tension are plotted in Fg 5 using solid
curves. For all six series, as the tensile strain increased, the electri-
cal resistivity significantly decreased prior to the post-cracking
point. Four parameters - the nominal gauge factor {GF), number
of micro-cracks (N}, tensile strength {on.), and strain capacity
{pc) = of the SH-SFRCs were investigated to evaluate the electro-
mechanical behavior of SH-SFRCs; they are listed in Table 4. The
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Fig. 7. Effects of fiber type en the nominal gauge factor and number of micro-
cracks,

number of cracks was counted at both front and back side within
the gauge length of specimens and then averaged.

The reduction in the electrical resistivity per unit tensile strain
was calculated as GF using equation [ 2]. Even though all six series
showed identical tendency in their electromechanical responses
under tension, the GF differed with the type of steel fiber. The
GFs of each series — averaged from at least four specimens — are
presented in Table 4; the larger the GF, the higher the self dam-
age-sensing capacity. Fig. 7a shows a graphical comparison of the
effects of the fiber type on the averaged GFs of all six series. The
GFs of the long-fiber group were obtained as 138.09, 99.85, and
88.50 for SH-SFRC containing T30/0.3, 530/0.3, and H30/0.375,
respectively. The GFs of the medium-fiber group were measured
as 139.68 and 99.70 for SH-SFRC containing T20/0.2 and 519/0.2,
respectively. Finally, the GF of the short-fiber group was 52.90
for SH-SFRC containing $13/0.2. In general, the GFs of SH-SFRCs
were much higher than the commercially conventional GF, which
involves metal and is around 2 [1]. Moreover, the twisted fibers
had the highest GFs, whereas the hooked fibers had the lowest
ones.
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Fig. 10. Proposed model describing the electrical resistivity of SH-SFRCs with multiple micro-cracks [35].

The averaged number of multiple micro-cracks, according to the the fiber type, whereas Fig. 7b shows the effects of the fiber type
type of steel fiber, is presented in Table 4. As mentioned previously, on the number of multiple micro-cracks (Ny). The average number
Fig. 7a shows the effects of the fiber type on the GFs according to of multiple micro-cracks was 16.40, 10.20, 5.67, 12.50, 15.33, and
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3.50 for SH-SFRC containing T20/0.3, $30/0.2, H30/0.275, T20/0.2,
519/0.2, and 513/0.2, respectively. Generally, SH-SFRCs with higher
values of Ny, had higher values of GF.

The tensile stress versus strain responses of the SH-SFRCs are
plotted in Fig. 5 using dashed curves, according to the fiber type.
Although all six series showed tensile strain-hardening behavior,
their tensile responses were quite different and depended on the

h

[ 1enon; and, it requires further investigation for thoroughly
understanding. Based on the experimental results reported in this
paper, the addition of electrically conductive fibers with higher
interfacial bond strength would be favorable for reducing the elec-
trical resistivity of SH-SFRCs during strain-hardening.

5. Concl

fiber type. The effects of the fiber type on the tensile | ers
including &, and e, are compared in Fig. 8. The average o, and
ey Values taken from at least four specimens are listed in Table 4.
The average o, values were 10.00, 7.64, 6.72, 10.99, 8.05, and
5.69 MPa for SH-SFRC containing T30/0.3, 530/0.3, H30/0.375,
T20{0.2, 519/0.2, and 513/0.2, respectively, while the average e,
values were 0.55%, 0.53%, 0.42%, 0.41%, 0.38%, and 0.33% for SH-
SFRC containing T30/0.2, S30/0.3, H30/0.375, T20/0.2, 519/0.2,
and $13/0.2, respectively. Similar to the results for GF, the long-
and medium-fiber groups generally had higher N, and &, values
than the short-fiber group. The long-fiber group had slightly higher
ez than the medium-fiber group. And, the width of those micro-
cracks counted within the gauge length was between 10 and
40 pm, after unloading as shown in the photos taken by using a
digital microscope (Fig. 9).

4.3. Correlation between GF and N, of SH-SFRCs

The GF was found te be strongly correlated with Np,: the electri-
cal resistivity of the SH-SFRCs noticeably decreased as the number
of multiple micro-cracks increased in the strain-hardening region
prior to the post-cracking point. Beyond the post-cracking point,
the electrical resistivity was almost constant at the minimum value
since there was no further cracking. This ohservation is consistent
with that of Wang et al. [2] for single carbon fiber in epoxy and for
polymer-matrix composites containing continuous conductive
carbon fibers. A different tendency had been observed in the case
of strain-hardening engineered cementitious composites {ECCs)
including polyvinyl alcohol {PVA) fibers |7,18]. Ranade et al [7]
and Li et al. [158] reported that the electrical resistivity of ECCs
increased after the first cracking with the tensile strain, unlike
the SH-SFRCs in this research. The different tendencies in these
cases of electrical resistivity are due to the different electrical con-
ductivity values of the fibers: the conductivity of carbon andfor
steel fiber is generally very high, whereas that of PVA fiber is low.

An analytical model was proposed by Song [35], one of coau-
thors, to explain the reduction in the electrical resistance of the
SH-SFRCs during the strain-hardening, which is accompanied by
the formation of multiple micro-cracks. The total electrical resis-
tance of the SH-SFRCs can be attributed to the two parts labeled
A (the un-cracked region} and B {the cracked region) in the series
model shown in Fig. 10. At the parnt B, steel fibers bridging the
micro-crack are assumed to be partially debonded and thus the
electrical current flows through the debonded steel fibers only.
As the number of micro-cracks increased, Ry, the total resistance
of part A, would decrease since the total length of the part A was
reduced whereas, Ry, the total resistance of part B would increase
due to the increase of the total length of part B. Because the resis-
tivity of part B is much lower than that of part A, the total resistiv-
ity of the specimen consequently decreased as the number of
multiple micro-cracks increased. In addition, the steel fibers at
the part B can be connected because the steel fibers at this part
are not fixed by surrounding matrix. The increase of tensile stress
within the post-cracking point would also affect the contact of
microstructures and thus the electrical resistivity of material. All
of the reasons above mentioned might contribute to the change
of electrical resistivity of the SH-SFRCs investigated. However,
the reduction in the resistivity of SH-SFRCs within tensile
strain-hardening region is newly observed and an interesting

The effects of six types of high-strength steel fibers on the elec-
tromechanical behavior of SH-SFRCs under direct tension were
investigated. The six types of steel fiber were long twisted {T30/
0.3), long smooth (S30/03), long hooked {H30/0.375), medium
twisted (T20/0.2), medium smooth {519/0.2), and short smooth
{513/0.2) steel fibers. The volume content of the steel fibers was
1.5% for all six series. The different types of steel fibers produced
clear differences in the electrical conductivity and electromechan-
ical behaviors of the SH-SFRCs under tension. Based on the test
results, the following conclusions could be drawn:

« The electrical conductivity of the SH-SFRCs is clearly influenced
by the size of steel fibers: the addition of smaller steel fibers led
te higher electrical conductivity than that of larger steel fibers.

The SH-SFRC with short smooth ($13/0.2) fibers showed the

lowest resistivity (15094 kQ-cm), whereas that with long

hooked (H30/0.375) fibers showed the highest resistivity

(211.66 k£2-cm) under the constant temperature of 20 °C and

relative humidity of 70%.

All the SH-SFRCs investigated in this research had GFs ranging

between 50 and 140 and their GF values were much higher than

that of the commercially conventional gauge factor involving
metal (approximately 2), i.e., the SH-SFRCs exhibited high self
damage-sensing capacities.

+ As the tensile strain of the SH-SFRCs increased, the electrical
resistivity significantly decreased until the post-cracking point.
The reduction in the electrical resistivity of the SH-SFRCs was
strongly correlated with the increase in the number of multiple
micro-cracks during strain-hardening.

« Both the long and medium twisted fibers showed the highest
GFs of about 140 and the highest post-cracking tensile strength
more than 10 MPa. The order of performance in terms of dam-
age-sensing capacity (GF) and mechanical resistance of SH-
SFRCs is as follows: twisted fibers>smooth fibers > hooked
fibers.

-

In this manner, our results can lead to the development and
usage of SH-SFRCs as multifunctional materials in  civil
infrastructure,
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The effect of steel fiber type on the electrical resistivity of
high performance fiber reinforced cementitious composites

S A§F*
Manathamsombat, Chatchai Kim, Dong Joo
Abstract

In this study, the electrical resistivity of high performance fiber reinforced cementiious composites
{HPFRCC) with four different types of steel fiber were investigated namely as twisted fiber, hooked fiber,
smooth fiber (0.2 mm) and smooth fiber (0.3 mm). Expenmental results indicate that the electrical resistivity
of HPFFRCC changes with type and diameter of steel fiber.

1. Introduction

The electrical conductivity of HPFRCC is relevant to the use of these composites for
self-sensing composites, which can be used for structural health monitoring (SHM)., To improve
the electrical conductivity of HPFRCC, steel fiber was used due to good mechanical properties
and electrical conductivity with low price, The aim of this study is to investigate the electrical
resistivity of HPFRCC with different Sber diameter and types of steel fiber,

2, Experimental program and results

The composition of matrices is provided in Table 1. Four different types of steel fiber were
used in an amount of 2% by volume composite namely as twisted fiber (@ 0.3 mm), hooked
fiber (@ 0.375 mm), smooth fiber (@ 0.2 mm) and smooth fiber (& 0.3 mm). After demolding,
all the specimens were placed in a water tank for 14 days. Then, the specimens were removed
from the water tank and dried in air for 45 days. To measure the electrical resistivity of the
specimen, the silver paste and the copper tape were used A layer of silver conductive paste
was applied to the surface of specimen for the better electrical conductivity between the copper
tape and the specimen. After that, the electrical resistivity and tensile strength of the specimen
were measured at room temperature.

« st gulE Aiaje], HlEd Sty FIEFEUTY YA
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Table 1. Composition of matrices by weight ratio

Cement (Type I} | Silica fume | Silica sand | Fly ash Super plasticizer Water

080 0.7 1.00 0.20 0.04 .26

3. Discussion and conclusion

From the results of electrical resistivity and tensile tests, it can be observed that the
electrical resistivity of HPFRCC with 2% smooth fiber {@ 02 mm) was highest. This is
because of the fiber diameter of smooth steel fiber {@ 0.2 nm) was smaller than hooked steel
fiber {@ 037 mm), smooth steel fiber (@ 02 mm) and twisted steel (@ 03 mm) fiber.
Furthermore, the electrical resistivity of twisted fiber and hooked fiber were not significantly
different due to the slightly different size of fiber diameter. However, the electrical resistivity of
smooth fiber (@ 0.3 mm) was slightly lower than twisted and hooked steel fiber. This is
possibly due to better dispersion ability of smooth fiber which results in more conductive
matrix. Moreover, the highest tensile stress to lowest tensile stress was twisted steel fiber,
smooth steel fiber (@ 03 mm), smooth steel fiber (@ 02 pm) and hooked steel fiber,
respectively. The highest tensile stress of twisterd steel fiber specimen iz due to their shape
that can better bridging crack than smooth and hooked steel fiber. In addition, the lowest
tensile stress was hooked steel fiber. This is possibly due to ther shape that difficult to
disperse in the cement matrix and results in void inside specimen,

Acknowledgement

This research was supported by a grant (12CCTI-C062938-01) from Construction
Technology Innovation Program funded by Ministry of Land, Transport and Maritime
Affairs (MLTM) of Korea government and Korea Institute of Construction & Transportation
technology Evaluation and Planning (KICTEP). Authors also acknowledge a grant from the
Human Resources Development of the Korea Institute of Energy Technology Evaluation and
Planning {KETEP) grant funded by the Korea government Ministry of Knowledge Economy
(No. 20104010100520).

- 398 -

- 108 -



4 FETZEARRA R TEE 20149 B SeiEs =84

A4 57 98 A8 AR 2 ANE BRA R
A7) &4 A s WAL g

Effect of fiber type on damage-sensing capacity of
strain-hardening steel-fiber-reinforced cementitious composites

49 AEF
Neguyen, Duy Liem Kim, Dong Joo

Abstract
The effect of steel fiber types on the selfsensing capacity of strain-hardening fiber-reinforced cementitious
compasites (SH-SFRCs) was investigated. Three types of fiber, including twisted, smooth and hooked fibers,
were used with a volume content of 1.5% in a mortar matrix. Although all the SH-SFRCs exhibited self
damage-sensing capacity, the gauge factor, representing for damage-sensing ability, was different according
to the types of fiber as follows: twisted (138.09) > smooth (99.85) > hooked (88.50). The SH-SFRC with
twisted fiber produced the highest gauge factor which is very favomable for development of self damage-sensor.

1. Introduction

SH-SFRCs is characterized by high tensile strength, high ductility and toughness owing to their
unique fensile strain hardening behavior accompanied with multiple micro-cracks. In addition to high
mechanical resistance, SH-SFRCs are expected to generate self damage-sensing capacity owing to the
high electrical conductivity of steel fibers [1]. However, there is still little information about the
effects of different steel fibers on their self damage-sensing capacity. Thus, this research is aimed
to discover the effect of fiber types on the electro-mechanical response of SH-SFRCs. This research
is expected to provide useful information for development of self-sensing SH-SFRCs in detection of
damage or cracks,

2. Bxperimental program

Three series of SH-SFRCs were prepared by adding 1.5% fiber content by volume. The series
1, 2, 3 of SH-SFRC specimens contained twisted (d=03 mm, L=30 mum), smooth (d=03 mm, L=30
mm} and hooked fibers (d=0.3 mm, L=30 mm), respectively. Four specimens were prepared per each
series. A universal testing machine (UTM) with displacement control was used for the direct tensile
tests while a fluke 8846 A multimeter was used for measwing electrical resistance by four-probe

method under direct tension. The displacement speed of UTM was maintained as 1.0 mm/min and
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the data acquisition frequency was 1 Hz. The electrical current was first added to the specimen
before the direct tensile tests. After about 20 min for stabilizing the electric polarization, the tensile
load was applied. Under tensile load, the electrical resistance of the tested SH-SFRC specimens was
simultaneously measured. Finally, these data acquisition were translated and described under stress
versus strain and resistivity versus strain curves.

3. Test result and discussion

The self-sensing capacity of SH-SFRCs was appraised by means of gauge factor (GF). Although
all series showed strain-hardening and multiple cracking behavior, their performances on
piezoresistive behavior were different. Series 1, 2 and 3 produced the gauge factor of 138.09, 99.85,
and 8850, respectively, while their average crack numbers within gauge length were counted as
follows: 16.4, 10.20 and 5.67, respectivey. The couples of post-cracking strength and strain capacity
of each series were also observed as follows: 10.00 MPa and 0.55% for series 1; 7.64 Mpa and
0.53% for seres 2; 6.72 MPa and 0.42% for series 3. Generally, all the studied parameters had
same tendsncy with order of performance as follows: twisted > smooth > hooked fiber. The
interfacial bond resistance between fiber and matrix was the key factor resulting both tensile and
cracking resistance, while gauge factor highly correlated with number of cracks [2]. The gauge
factor of SH-SFRCs, more than 88, were much higher than values around 2 for conventional gauge
factors [3]. It meaned SH-SFRCs can favorably serve as a self damage-sensor.

4. Conclusions

The following observations and conclusions can be drawn from this experimental study:
+ The investigated SH-SFRCs exhibited high self-sensing capacity with gauge factor in the range of
from 88 to 140.
+ The ranking in terms of gauge factor, tenmsile strength, strain capacity and crack mumber,
regarding the steel fiber fypes, was as follows: twisted > smooth > hooked fiber.
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