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{ SUMMARY )

Purpose &
Contents

The final goal of this project is to build robust, tough and durable civil
infrastructure by developing "smart monitoring system for preventing
catastrophic failure of civil infrastructure by using self-sensing
fiber-reinforced cementitious composites (SS—-FRCCs)".

Development
Results

1) Self-sensing fiber-reinforced cement composites (SS-FRCCs): The
crack—sensitive SS-FRCCs were developed by investigating the
correlation between electro—-mechanical responses and cracks, while
retaining the strain hardening behavior, which is characteristic of fiber
reinforced cement composites, under tensile loads. To optimize
SS-FRCCs’ self-sensing performance, a milled—glass fiber (MGF) was
adapted as a functional filler to maximize the electro—mechanical
properties of the matrix, and the corresponding mixing criteria were
also developed. According to the mixing criteria, the
electro—-mechanical performance of SS-FRCCs was experimentally
investigated, and the correponding real—-scale reinforced concrete beam
was manufactured and thoroughly tested for establishing the
application plan to real structures.

2) Real-time electrical impedance data acquisition system and damage
diagnosis algorithm: The instantaneous electrical impedance data
acquisition system was developed to detect the cracks of the
developed SS-FRCCs. Then, the environmental effect—free crack
diagnosis algorithm was developed to detect the cracks of SS-FRCCs
using the collected data in real-time. The performance of the
developed system and algorithm were successfully investigated under
varying temperature and loading conditions. Futhermore, the crack
localization system and algorithm are additionally developed using the
multiplexing system, making it possible to minimize false alarm caused
by environmental effects as well as localize the crack.

Expected
Contribution

The developed technology can be applied to brand new civil
infrastructures, e.g., bridge, nuclear power plant and high-rise building, to
prevent their catastrophic failure. In addition, it can be used as repairing
process for existing infrastructures. Moreover, it is expected that the
developed technology can help cultivate human resources in the area of
smart construction materials. Furthermore, the developed research would
secure safety of our society by building robust, tough and durable
infrastructures.

Keywords

Smart Structural .
. . Real time .
Self-sensing | construction health . Disasters
. L alarming
material monitoring
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324 A7y e % 2

1. a7/ 2a 3 a9

:._l,

AT ZE | Fo ATUE A7 A7
ZRRE R ABo] BE ANAFES 2
A, 2RHANRE 5% B A5
Al WjEes 2UHIHHE ABHA &S Aeug B
ANAGY FUE | AVNAGES HAon, oE B ATolA
o filler AW B | EEFFAA S HHe] PR ARYLe FA3
= B MEHA GFFEE AL 2aPE
FAYEE AL SS-FRCCstE Y2 &-AWE
&2 A3ty =L AVAIES 7HY
Silver paste?] Z WL 23] ZY7IA A7|AEA ]
F7kst A Al A=A gasts AFS
R BAT, BRI S A Fe FAHR 0
EE 5 AVAENE 743
ANAEA B3
webe] =3 o], CNTE =8 @ 3-$olE 33 297
238 ArldEAol gastgon, 48 2YrE
A7l A=A o] F7kst7] Alastel 53 =R A 73
S AUAEARS BY
R AW 2Ee 9% ARAE Zae
. e o] 49700 AA G washel AlxtEglom,
AR g4 #de 1, 2/, 283 AFTEE E 37HA
A sl | A3 vl E e e datel 9 AFst FoAgl wet A7A Y
S| A RRA Bagol F7se 3L 2
SSTFRCC #2854 241 % Mok EY 2 Apolg Zato] Aojutr] AelE
sel R | I 4714 ANAGE A AR & Hon, gFol

AdF e Fdol e A/ AFE] A F2AUL,
2ol A5 ojw o] FolE WH7 Ak ol
WEZze 3 272 As) ArIA LRl
dR¥oz F7he

A4, ZF7FAZ
AFRT ANE

837 5.9
A71-934 4%
A7}

SS-FRCCs¥: 9%, ¥9#, 281 &= 35
sl A Fdol BTl utet A7 A Fo] FadE
A% ngon 2/7d B4 oA (4T
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A5. A SOC
A B o
SS-FRCCs ¥}

x4 g-v}ol

—J—E_

AAH O 2 SS-FRCCsE BHA7 A2 AE 92
 F skT stolM £ e Wl wet gt
A7NAGES] WMatE HAFozN, T4 FAZH 9
dZE o, F2E ZYHPE AT
ANRA AREHNE 9T FHo] THeds AAF
A Fol FEH oz SS-FRCCsE B
doZAae N 9 3 J1F st el i

A71AdES M3 Aol
A debston, 94 AA 2R o]

A5. SS-FRCCs9]

ARE AEE AFH9 copper film3 S F9
carbon tape® #3234 A& /g

&) = w o 71 AbgH B2 dFo w2 HA=H-9 copper
= A7 A8E tape <}t ?Gz—r-J sﬂver paste¢} Hl w5k S wf, Z27]
oo MPEE T FH HE wdo] ¥ A7|-98t4 7 Fo
FAAZ) S 9= W7k 7)ol AFE-3F copper taped] H-EH2
A= ) ar Wi E g 949 Y FE ATTE olH7A Y
A g5 ddo 9% AV -9F8H NE L
Ao 2 YUY
AAZE A7]-984] & ASo] 7ted =]
Al=dls F5etom, 59 AH&dE FHle
BL A4 7 C.or.lt.rol unit, arbltr.ary Wavgform geneliator,
A7) clsia oo digitizer, self-sensing circuit® & F+A &
A= stego] 7t T%5% A 2"S advanceste] THAlEE %7
AIExE AF7bssA wEdlen, a2 s
A71ZA AR AHNE EJdAQAge &4 HAE
AE 7tsA4E Y
B. At Mg g, thald A7) gAds AS A
=3 olgdtel A7|AA ARG AHE BFARY
Aol | gy gz A7 dIEA AT A2 3 4L B
Hod lagnn angs | 99 gnAE ALY
o e | Y 2E R % Wtk ge BFwst B A7)
sl Ao Wstol] &S FHogk wjAst7] 918
Sz E4RG daglE g
AAE F743Q A7-9%84 & AF J=do ¥
T H g AEs E4AG g FE ASE H3 484
NEN TR AF A% AA& dd& A
B3. A7} 2E 2 FEeof 2 3 g o Wk A7)
Madstel £74 A Wst PP gobs g A3 AAFon,
IS R g = o3k M7 Ay ghe] Wt
2> SAA AE st AujAolgt= AS Fg
=4 s

°
:>|4-_",

g
P

7]
A7 A A
AGA
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2. A7 FaUE

AR -98H ¢9 WgEst FUHE n4ds AAAN HARD AAE 2g

A& (Self-Sensing Fiber—-Reinforced Cementitious Composites, SS-FRCCs)
7N

& A B ZAYEY A714 Ass BHrhstr] fstel &
7FA (117,152, 71231 180 MPa)é] & ¢S4 =S 7HA= WEAE ARSsH (Table 1
2 &= AlgAld tigte] long smooth 447 1 vol.%¢ medium smooth
A5 1 vol%E st F 2 vol%E RS T Long smooth 479 2742 0.3

mm, 7.:_101% 30 mmeo]™, medium smooth Z+F<¢ #7442 0.2 mm, Z°l+ 19 mmeolth

Table 1 - WjEHzo] 424 B wjghn| e} 457 =

- - - Compressive
Cement | - Silica Slhci Silica | Fly Super-plasticizer | Water strength, £,
(Type) fume sand powder | ash
(MPa)
1.0 (1) - 1.00 - 0.15 0.009% 0.35 117
0.8 (1) 0.07 1.00 - 0.20 0.040? 0.26 152
1.0 (1) 0.25 1.10 0.30 - 0.067° 0.20 180
a Type A: Superplasticizer contained 25% solid content
b Type B: Superplasticizer contained 30% solid content
* Silica sand with average grain diameter of 0.22 mm
Table 2 - /< 54
. Diameter | Length | Density Tensile Elastic Electrical resistivity,
Fiber type (rm) (mm) | (a/cc) strength modulus (kQ—cm)
& (MPa) (GPa) Pi
L
ons 0.3 30 7.90 2000 200 2.06x10°8
smooth
Medium 0.2 19 | 790 2788 200 2.06x10°8
smooth
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X Eal
9l 1173} 152 MPa¢] A& A= 1443t 24°coﬂ*1 %ﬂﬂ% AAsg e, 180 MPa2l =
& YEAEE T AR REEH2E AHEY Alféﬂ% 397F 90°CAA 3 ook%% 2
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glom, el A= 270 Abele] A= 110 mm, Aste SAs= WE A= 2= d78 A
=l A %%2 30 mm Al A= sk ADATE s dxzw Fol AEA
Fel dWdlo]AEE vp=al, T 9 FJEﬂ ojZ= F-FHsdtt (Fig. 1 =)

unit: mm
I\ 3’0;,9“59,30; J
B
w
SIS ] I R
— I\I J‘ g ' ) E J
— " Copper tape \ |
s i - [ |
la [ _>| )‘_ 5 | |
: 162.5 : 200 ! 162.5 !

THE A A 4719 WAE AAT Fo HEME (Fluke 83846)9] A/FHUS 10 pA=
ato] ZF AJ@ A A7IATE SASAT YT 2-FrolAY AV ATgS %—@3}71 9l st
of AlgAE Al Hasto] A4S —iﬂ?ﬁé}fﬁzﬂﬂ, *c} —G—E—E 60%, =% 25°CE -
2189tk (Fig. 2 =), A71A g TS A Hrrsto)
sk 120459 A3k

o,
e
o,
rlo
2l
N
M
41
o,
r_BL
1-'
O
fr
ro
=
_\d

- AgAy

AR B AME EFAEY HAUVAZES WEYE AR F dFdFs ey
(Fig. 3¢9} Table 3 #x). WlEg 2~ 45747 117 MPadl A 180 MPaZ S 7Fs5, A
B AME B89 A7AFES S7stdth 271 A7IAFE (p)o] A5l 4652 k
Q-cmell A 389.08 kQ-cmo & °F 736% F7FstRom, HE HIVNAYTE (p0)8 25l
50.83 kQ-cmol Al 1316.09 kQ-cmo. =2 °F 2489% <7}ttt 120259k A7 A& W}

A% we ves gEGEd o gold AuE ngd. wEds $EZE 117 MPad)

Aols AVAY F4 F 30=AAM e AINAGE (p40)°] 50.16 kQ-cm, 60l 7]
AFE (pyg)°l 50.32 kQ-cm®E py 509 py 1o AOlel A7IAE AFel7b F 067 kQ-cm=

_1
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A71A S SA AZF 30 ol FHE A7|AT WM A gle AR eyt dhio, o
EYx 4% 180 MPa®l Ao+ pyg°l 1086.03 kQ-cm, L2l py90°] 1316.09 kQ
“em® 2N 1208 ol Fol % o da A/l APl A Ha S E AL Ak
1500
—O—117 MPa
e —1~152 MPa
B 1a00 | =180 MPa
c
&
2 900 -
2
5 600
g
E 300 |-
= — O
1 1 T 1 1 O_
00 20 40 60 80 100 120
Time (min)
Fig. 3 - "Eg X~ 44w w2 A7|AdE HE As
Table 3 - WEH: 4 E7F AAF B4 ANE EdARe] A7 AFE vx+= 9T
Series Electrical resistivity (kQ-cm) 5 (%)
Pi £o,30 Po,60 £0,120 Ap
117 46.52 50.16 50.32 50.83 431 9.25
152 74.47 139.75 146.33 15161 | 7715 103.59
180 389.08 1086.03 1211.00 1316.09| 927.01 238.26
Ao A7 RFHE AT A A Hdekr] skl APANRE ol §eke] Matlabd
3l A S ANt 2 A, sEY A A% 117, 152, 183 180 MPacl A
o] b BAIHe 747t 824, 984, T 12002 UEETE ol Falo], nlEesel o
BEot Fes% A/NAGE] HYahEE Mgkl Fou), A/AFES AT A A7)
AeEe Watg (p)v LA ddo] Ae5S AT = AT p7F EF75F A A7
Am B~ JEAET =555 AV|AEE] A8t Alte] A YERTE (Fig. 4 %
Z).
2 300 —————— 150
°\; LTI 117 MPan 120 min
2ol Bl enwo |,
A7 e ~
‘% g
E 200 R J100 E
< 98.4 min )
B (103.59%) £
8150 i 475 %
5 E
o 100 S oeoe Humm 450 g
= 'S
- o«
% %0 8.24min./ """""""" 1%
5 (9.25%)
=) | —— 0
Fig. 4 - A71A3dE W& polarization time?] 7337
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2EZ nt23, 1 9o Tl

THE AlFA O 4700 ddS dAg Fo HEME (Keysight 3458A)¢] A/HYUES 5 pA
2 3t 7k A gAY A7AFE SAAY. U SFEAAY AVAFEES FA] §
sto] AJ@AE AWl Bikste] d7ASS S48t on, ddFEs 60%, >Ev 25°CE
FA AT (Fig. 7 #%). A71A&de 4L A7|E538 ddez A% AsS s Hrtst

7] f18ke] 12085k 2H 419

>
=)

m
of

F R 2Tl A2 Ads B AME SR H7|AZE
Aok (Fig. 8% Table 5 =), 94 MPa®l mlE=g]~ k545 7HA = 7

2 JFe A%
B AME BEAR A5, 29FedfE ABAA 22 ANE 27 ANATE ()
°] 190.04 kQ-cm, HZF A7 A&E (p0 120)01 236.44 kQ-cm= YERSTE BEH 24

5 A2 AFol= p o pyag©l A 40049, 483.87 kQ-cm©
e s FEAEE /A AAF B AHME B3A45E 29 d RS A8 e
59 poie?t ZHZE 11074%, 104.65% =0 122 MPad] mlEZ 2 4EREE 7hx =

A5 B AWME B8 44.11%, 29.81% 34E ).
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1800

1500 /- L L = '

1200 | e O —{1—

600

Electrical resistivity (k Q-cm)
2

Table 5 - Zdreldrel Ago] A+ B AHME SdAQ5e] A7AGEA vA=

O ©
Series Electrical resistivity (kQ-cm) 5 (%)
Pi Po,30 Po,60 Po,120 Ap

94_0 190.04 236.41 236.43 236.44 46.40 24.42

94_5 400.49 483.84 483.82 483.87 83.38 20.82

122_0 800.27 1197.36 1203.29 1203.30 403.03 50.36

1225 1153.28 1559.28 1556.94 1562.03 408.75 35.44
- ATEA

SS-FRCCs® EEE=E mjEg 2o A7[A 3 o] 2 A5 2dFadwe A8 2=
B2 ey~ zAo] A7|A &S FT7FAIA SS-FRCCse @7 A& et A 7S s}
At} 74 o] A9 SS-FRCCse 7148 s Esle] 7 Fo SS-FRCCse #7438
E aws FusiA 7z o, e & SS-FRCCse W7 A & W3 AsS

section A4.9]A t}Et}.
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A2. AFRAZAY A7AEY F3 B¢ =5

T
M-
1oH
!

ke
T

ARZA A7]dEde] =
t} (Fig. 9 #%). Silver paste®] 7%

o)

8%

3

A

=
=

+= CNT (carbon nanotube)

silver paste &

)

il

_o/]

o] CNTE =

)

AL
of 14759k gel Felth (Fig. 10-a #%). 1

=
=

(sonicator)

59 347

of A&olA 13k

}At}. Silver paste®t CNT=

J|

ke
T

RN

CNTE

3

5

‘mwo

}9th. Silver paste =+ CNT

)

Sha A}

=
=

IH

t o,

AL S

=
=

(stereoscopic microscope)

A v 4

(Scanning Electron Microscope, SEM,

FatAoh (Fig. 10-b, ¢ ).

JSEM-6390)S

(b) Carbon nanotube (CNT)

(a) Silver paste

(b) Stereoscopic microscope (c) SEM

(a) Sonicator
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ettt (Fig. 11-13 %), Silver paste
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A3 fEH X9 HFR7AA FA5H A R AT A AVIAF A5 A

— AlE XA
= = 71
el f QRS Bete] e uEs Yo wise d5udAd (FAae v

+ 180 MPa% 454 EE 7HA = 14% R=FE

2 LS =
(Table 6 =), 219k 23 Alo] gage length &2 FAHY o]9o] t}&
9l 5

5 sto] Al Aol short smooth ZF4FE 2 vol.% &8t H7AFsA
o g4 #9S 7EY] Qs wEYAE F How o RS T oWl o
Bl wEY S o]o]F7] fste] AlFA T3kl wlgEo Eo17FE long smooth 74
o A 12 @¥e] 1 vol.% (49719 A& "l o™, foam sheet® LBAIA 74
bt dA- 71148 A EE vt (Fig. 14 #F%). Long smooth 2459 A4S 0.3
mm, 4ol 30 mmeo]™, short smooth A< A4 02 mm, Z°]= 6 mme|t} (Table
7 Zx)

Table 6 - WlEZ =9 AR 2 =7
C .

Cement | Silica = Silica | Silica = Super- OMIPTESSIVE 1 Biber volume

Wat trength, 7.,
ater|  strength, fo content * (%)
(MPa)

1.0 0.25 1.10 0.30 0.067 0.20 180 2.0

Silica sand with diameter grain diameter of 0.22 mm
@ short smooth, steel fiber with 6 mm in length

(Typel)| fume @ sand® |powder | plasticizer

Top view
50, 6x25 50
s b-a
Sy
. 2s0 |
PVC plate - 25x25x3mm
P Front view Side view
ﬁ]- | 2] I
| e o sl Els
| |Hole d=0.4mm Sl i |8 glElR
L} 3 .
49 holes (7x7) g of
wy i
|5.q] [ 25 |50 | L3e

Tensil h | Elasti 1
Fiber type Diameter (mm) Length (mm) ena(;ﬂs)ir)engt astl(cGIrDr; c;du s
Long smooth 0.3 30 2428 200
Short smooth 0.2 6 2104 200
W E

EFdARY HA7ARE Aol wA= GEFS gotetr] S
T A & SAHATES 7= AT A FAE AE oAt - T ES one cold joint
(1CJ), two cold joint (2CJ), 28] a2 pre-cracked (PRE)2. & “43}%1t}. one cold jointe] 7
< w@EE AR Zol= 15 mmelal two cold joint: 9 mm, pre-cracked A& A ¢ 74
= AT ES 8 AFA T 3 mme] Foam sheet’} 9%t} (Fig. 156 &%)

o] G B A
g+
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Matrix ——d Matrix

Y : 7: i - : :
Fiber Cold joint
surface

a) Specimens with one cold joint (1CJ)

30
9|12 19 L
A o E— ——
\ Zr-ozz ;
Matrix - t - _j_ = Matrix
;A: &: :4_ _
Fiber Cold joint
190 surface
= =

b) Specimens with two cold joints (2CJ)

30

15 F

y [ D

Matrix p4) Uy Do Matrix

. ST
Fiber Foam sheet

c) Pre—cracked specimens (PRE)
Fig. 15 - A& A1gdA] 34

A A7 A3t & 397F 90°Cell A g8 a AASAT. A7 AdS S8 WS
494 A W] (4-probe method)S Ab&3tg o, o5 A= 270 Alol2] Al 50 mm,
AstE At WP A5 20 78 A=A 2o ® 10 mm A2l f1As=s at
Ak AlFATE s AxE Fo] APA mwel AWHo]~EE w23, 1 9o el H|
olZE FAsdth FHlE Al@AC 4709 AdE d4dg F HEWE (Fluke 8346)= 7t
AN@AY A7 AdE SAsAY. FLE ATER A [V AEE FHs7] Hste] A
£5E 1.0 mm/min &2 SASAY. HAFY w11 linear varialble differential
transformer (LVDT)Z FA3l9 o 352 aHFEo €9 A+ load cellZ2FH A3

At} (Fig. 16 #=x).
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Silver paste
(lower layer)
+

Copper tape
(upper Layer)

Input current
Voltage 1

190
50

Fibier 30mm i length
Voltage 2

Output current

A7 A s 7
T ot (Fig 17-19 %+
%), zZt WfE¥~ 1C], 2CJ, 2¥]a2 PREY AHWHA F7F o &2 (Average p,)
12685, 10759, 18] 1530.3 KQ-cmeo|tl. PRES] Al A7l 71 =& @S 7IA=d Al ¢
Al T3kl Eo17F A= 3 mme| Foam sheet® 18] =2 AdgS 7FAA dAvh FHA T
Zroll A o] A&l A ICJ 2CJ, 18121 PREC] #7143 1230.1, 1033.0, 18] 22 1491.7 KQ -cm

2 A H g ASE Hir gk Zh7; 384, 429, 18] 389 KQ-cmeolth. A7 A ] 7
v WEY 2 3R] gEo] ojfolxw e mjEY o] wdR2 WAt (Table 8

2000
L5, Pt o {2400 —
— Reslmy E E
P i o
z E £
° 0 g
o =; e
5 = =
= = =
= a &
(iR @
8 &
i i
(a) 1CJ-SP2
2000 2000 : . ' 1400
400 = -
E E
- 1800 {200 @ — 1800t 2
= E = {130 £
o i % 4 2000 £ o =
W 1200 [F B Q @ 1200 Q
L=) H 1 1z00 e = + £,
5 s 5 41200 =,
S g0l 11800 2 2 g Z
= : A = W
[ 4 1400 ‘@ o @
i) J1100 @©
400 4 1200 o 200 F o
i , 4 1000 k
o L 1 0 Lt 1 L L I L 1000
0 5 10 15 20 0 05 1 15 2 25 3
Slip (mm) Slip (mm)
(c) 2CJ-SP2
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2000

{2400 Y ----:;l:;“n:e 0
z a0 {2200 EL" z e 1700 E
® "6 % 1200 | {0 &
= {1200 “: E x:
o 11400 ‘& o W
{1200 o =00 =0 &
1450
4 1000 e
20 {lﬂ D.IE 1 1?5 '4: 2?5 Hao
Slip (mm) Slip (nm)
(c) PRE-SP3
Fig. 17 - The pullout load (or electrical resistivity) versus slip curves of multi-fiber
pullout specimens
Table 8 - A 23 Az
Maximum U.mt Pullout Electrical resistivity
) maximum (kQ-cm) A Prax/ Po
Notation No. pullout work —
pullout load Appax = (%)
load (N) (N_mm) Po Pmin
(N) Po ~ Pmin
SP1 1370.5 28.0 14604.3 | 1267.2 | 12436 | 235 19
SP2 1441.6 29.4 159075 | 12646 | 12125 | 52.1 41
1CJ SP3 1728.9 35.3 155772 | 12846 | 12569 27.7 2.2
SP4 1694.5 34.6 18138.3 | 1257.7 | 12073 | 50.4 4.0
Average | 1558.9 31.8 16056.8 | 1268.5 | 1230.1 1 384 3.0
SP1 1511.3 30.8 8152.4 1155.8 | 1099.3 | 56.5 49
SP2 1600.9 32.7 8275.2 11184 | 10665 | 519 46
2CJ SP3 1521.3 31.1 8049.4 10019 | 974.0 279 2.8
SPb4 19135 39.1 8603.8 10276 | 992.2 354 34
Average | 1636.7 334 8270.2 | 1075.9 | 1033.0 42.9 4.0
SP1 1119.6 229 7927.1 14299 | 13498 | &0.1 5.6
PRE SP2 1053.5 215 6904.2 1550.8 | 1542.7 8.1 05
SP3 1139.0 23.2 9614.7 1610.9 | 15826 | 284 1.8
Average | 1104.0 225 8148.7 | 1630.5 | 1491.7| 38.9 26
- A
Aok MEY s Apele @] dojubr] A (FATIDeN M) ANAGEE Ao AP
e ZhRh el WER st A7ke] wate] Pojib Beteli Wae] Yojibi ¢t
Y ¢bdst g2o] dojup= F1hA A7 A FgEC] A A T A & AT
e, 48 Gre] Yoyt Fo| ANAZEL AH7t AwHWA WEYse] FFo] F7}
A Hol AAAer Fets frk e @ A% AW A4 oF sold FAF wA A
HE Baaae] A7]-A84 AZA &4 £ Wy wg AV HastE AE
3} o3 LM Aol 3
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- 29EH

$% BF stlAe B 2 ANE BFALe] A7-9%8 45 Brhsel 9%
% sl AAf wd ANE 2Adnel A7hA 59 Seley, Eds 4ERE
S} ZuFEAf AD ARE Geise] 1o mE JFYL Frldas sy
_ A ‘UJ ST 2 720

=
W, 7 vjEese] 2URARE 0% 5% Adse] F 47k mEEE )

, ) EF o
slo]l Hrbsldth (Table 4 #F%). ZAAF B BRE XA el oldy SdsHA H
ettt (Table 2 #x). AWME iv] X3d 29 4dF+= v 474 00135 mm, Fit
Aol 03 mmE M= E2E Y FeEAdfolt (Fig. 5 3.

Al@ A= % 50 mm, 77 50 mm, ¥°] 100 mme] #SWA PGS AbEstd on, AFA

7 AFE T 14QD 24°CAA HE FAS AAAAT ANAT WFE S
4 A%A W4 (4-probe method)E ol &3t om, 9% A3 27 Alele] Agl 55 mm
ot WF A 24 ARe A
A7t s Axd Fol A@A wHe] Amdol~ES w2, 1 9o T
I o

5]
“
Sl (Fig. 6 %) 4% £EE 10 mm/mine® Aolsigon, A

u

@
[k S 2o o
>,

T

=

o
N
N

)
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Table 9 -

w2l

120
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90

600

Electrical resistivity (k€2-cm)
Compressive stress (MPa)

800
600
400

200

-200

F7F 45 S eI FHH 0B
Age] vxE g

= 400
Strain (%)
(b) 122 MPa

Al

Electrical resistivity (kQ-cm)

HE

Compressive

1 o)
Strain (%6) stress (MPa)

Electrical resistivity
(kQ-cm)

Change in the electrical
resistivity (kQ-cm)

€er € o o,

cr

Po Per py

Ap Ap, Ap,

Y Y
0.004 = 154 | 577 | 102.5

850.2 | 849.9 | 4408

409.4 0.33 409.0

0008 | 284 | 261 | 976

330.7 | 306.3 | 218.9

111.7 24.4 874

0.006 & 278 | 81.7 | 1195

494.8 | 365.0 | 319.2

1756 129.8 45.8

0.006 & 148 | 443 | 103.7

1045.8 | 298.2 | -294.0

1339.8 7476 592.2

(o R

HE B3Ase] W74 Ase Hrhetr] Sst
PEAEE A= EYAS ALY

o] & 37FA (117, 152, 181 18 =
sl HAEATE (Table 2 Fx). A A

(Table 1 =), Ao B2 oA
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Z 50 mm, 77 25 mme H¥d AlFA

%‘%@@HtBOmmiiﬂlﬂAgﬁ,%x 1
of AA stolo wHE UG AFAY ST E%Pé}?i : OEIHL} REEZ mjEY 9]

1172} 152 MPa< ]?ﬂxl% 1494 7F 24°Col A <5

GEAEE A E EGEMEEQEEAQW}MEﬂ%BQP9WO%H g@%—@ﬂ&

Al A7 A3 HIE 5

W, o5 "= 270 Atele] Age= 11

SL' i3 rlr

J]Nv
ol
X
r\r
i)
=
)
rlo
N
il
ot
oX,
T
z

o

(=}
o

ol
-

3
2
T ©l
w o 24

A

o

g
_OL
20
o

HHo] ~EE nf=1l e Hlo]3
THIE A F A 4789 H 4

skl Z} AlAA Y] A7 A E =1

omw 300 ton &% WA EAE 7] (Universal testing machine, UTM)S ©]-&3}o] Fig.

203} #o] A 1S FPsAT O HEE 1.0 mm/mine®2 Aol o Ad

2 g4 2
Aol AAZAL IA-3 A FAoR AHS 2359}

o =
Y
PN

2 o i

DI
_OL
32
o
T

1 (Fluke 8846)°] HMF9¥e 10 pA=

g AW A 2087 AF

o,

o

i ol
‘1)‘ -10[1
g0, &
HUog
W w ®

Fig. 20 - A4 9 44 d4

- 49
AL ARG W AF AT AAA DA ATE Yo Aohe 2 A
(Fig. 219 Table 10 #2). WEY2 F53wr S43] wet Wdsd ()3 AFB=
(0,.)7F 0.43%0°ll A 1.13%, 7.0 kSa*cmoﬂ/ﬂ 151 kQ-cm% == As & A
al

obyzt, 7] AZIAFE (p)% 53 kQ-cmolA 1055 kQ-cm= 3 F AL,
A ANA7A ZFAEE AVNATE (Ap) E3F 137 kQ-cmoll A 5187 kQ-cmE €53 I
HE s gelskah
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Electrical resistivity (k Q-cm)

1 1 1

0 0.5 1 1.5 2
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(c) 180 MPa
Fig. 21 - 24 4 3% stlAle Z4% ug AUE BgARe 47-988 A%

Table 10 - WiE" 29 k54 =7F A4 A% st st A+ B AHE 53A 59

A7)-std A% wAE 4%

Tensile Tensile Electrical Change in the electrical
Series | No. | strain (%) |stress (MPa)|resistivity (kQ-cm)| resistivity (kQ-cm) N,
€cc €pe Tee Tpe Po Pec Ppe Ap | Ap, Ap,
SP1 | 0.03 042 53 7.7 53 48 40 13.8 5.7 8.1 49
117 SP2 | 0.04 037 | 4.0 6.2 54 49 41 13.1 5.2 8.0 49
SP3 | 0.03 | 050 @ 4.3 7.2 51 42 37 14.1 8.9 5.2 5.2
Aver.| 003 043 | 45 | 70 53 46 39 | 137 | 6.6 7.1 5.0
SP1 | 003 119 65 | 121 190 @ 184 @ 42 | 1487 6.1 1426 | 6.8
159 SP2 1 003 09 | 45 | 141 197 183 62 | 1183 | 14.0 120.3 | 5.7
SP3 | 0.03 088 40 | 109 | 227 | 214 | 63 | 1791 | 137 150.7 | 7.1
Aver. 003 1.01 b0 124 205 194 56 1487 11.3 1379 | 6.5
SP1 | 0.05 135 83 | 143 1036 670 @ 384 | 652.1 | 365.7 2864 |16.8
120 SP2 | 0.06 100 84 | 152 1075 743 | 513 | 562.0 | 3324 @ 2296 | 154
SP3 | 0.04 104 89 | 159 1055 879 | 713 | 3421 1756 1665 | 14.8
Aver. 0.05 1.13| 85 | 1561 1055 764 537 5187 291.2 2275 |157
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zZska ot (Fig. 23 #%).

unit; mm
EEEEE) 30 GL:50 30 I\
i | |
| [ |
a)e|| a1 |
1| , il
(=)
v
. =5 .
P 162.5 T 200 T 162.5 1
Fig. 23 - A @A &%

THHE Al FA] 4719 AAE AAS Fo] HEINE (Keysight 3458A)9] AFYUS 51
AR 3to] 7 AgA e AAEgES] kAgdstE F AEFH 2080 AFE SHFAoH, 20+
al testing machine, UTM)E& ©|-&3}¢] Fig.

2ot 2ol A 9% ABE FARL. AT FEE L0 mmninez Aol en, A%

2
g2 Y4 E 959 122 MPa B 29w Ad#E 5% A& 4
o) = 29

tensile stress (o, 0,), L3l 27| A7IAZFE (p)=

e Agsh vwste] 2 o)t YUt (Fig. 253 Table 11 #3). 3w, a4+
96 ARTE Ahol WINYE BEY (an, dg, ap)el ZEFAYR AR s
age] Aol

MEY2Y GEFEIL U HEFEE O 2 AolE itk 95 MPa A
A Aps 2HHAAFE ABSA Be A9 170 k-om, 2HFALFE 5% A8
o= 788 kQ-cmz 363%(4.61) A yEbske™, 122 MPa A @ Aol A= 184.0 kQ-cmst
3074 kQ-cmo. & 67% (1.7¥])= LhERRSTH

o,
o 2 "
Jdo =& oY M X
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Fig. 25 - Z9#yAFE A3 2
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Table 11 - 2@FAF7F BA A b5 stollAe] A B4 ANME E3A5 9
A7)-detA Ago VAL 3
T(zns.lle Tfnsﬂe Electrical resistivity| Change in the electrical
Series| No. S (1(;/;(3)11)n (SMr;ZS) (kQ-cm) resistivity (kQ-cm) Ny
€c | €pe | O | Tpe | Po | Pee Ppe Ap Ap, Ap,

SP1 1002 063 6.8 106 669 665 | 647 21.7 4.2 17.6 3.4

94 0 SP2 1002 058 56 | 85| 632 629 619 12.8 3.3 9.4 1.3
— | SP3 /002 063 | 54 106 735 | 731 718 16.6 3.8 12.9 2.7
Aver. 0.02 0.61 59 100 678 675 661 17.0 3.8 13.3 25

SP1 003 082 40 | 93 649 647 576 73.0 2.2 70.8 3.0

94 5 SP2 1003 074 6.2 106 630 627 | 535 94.3 2.8 91.5 4.0
— | SP3 10.03| 066 54 109 654 | 652 585 68.9 1.4 67.5 2.7
Aver. 0.03| 0.74 52 10.3 644 642 565 78.8 2.2 76.6 3.2

SP1 004 1.00 74 11.8 920 | 881 766 153.5 38.7 114.8 55

112 0 SP2 005 083 86 11.8 952 | 908 776 176.1 43.8 132.3 85
—| SP3 1003 072 | 82 |116 996 | 973 773 222.3 22.4 199.9 94
Aver. 0.04) 0.85 81 11.7 956 921 772 | 184.0 @ 35.0 | 149.0 7.8

SP1 004 1.06 89 137 894 @856 894 238.2 38.0 200.2 3.3

112 5 SP2 1003 089 6.0 126 1047 1035 669 376.9 105 366.4 6.4
—71 SP3 1003 098 ' 56 131 895 865 | 588 307.2 30.5 276.6 5.0
Aver. 0.04) 0.985 6.8 131 945 638 638 | 3074 20.6 @ 251.1 49
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Table 12 - "jEZ 29 FA4 4 L wjgn e} J=7=

) . Compressive
Cement Mllle.d glass S1hca* Fly ash |Super—plasticizer] Water strength, f,,
(Type I) fiber sand
(MPa)
1.0 - 1.00 0.15 0.009 0.35 95
0.95 0.05 1.00 0.15 0.009 0.35 89

* Silica sand with average grain diameter of 0.43 mm

A@AE ©w 100¢100 mm, Zo] 300 mmel A&UA AFAE A-gaAoH, AHA7}
ke F 1497 24°CAN F FAL AN AVAY WakE SHste PHe 4 9
A AY4Y B4 (d-probe method)E o] &3P oM, 9% A 27 Apele] A 220 mm,
Ate =45 Y A2 2/ A5E AZo|A b0 60 mm Aol YAFEE 5
Fh ARAZE 24 Axd FEW o] Aol 2ES e T AP A (GFAT
gt o] FEl o] ZE B3kt (Fig. 27 &%)

100 100 100
p

100

60 100 60

Fig. 27 - A @A ¥4

THE AdA ] 4709 dAdEs dAg Fo HEHE (Keysight 3458A)¢ dA7FHU& 5pA

g dAstE F JEE 208 AFE YT, 207
%ol 300 ton &9 "5 A FEAIE 7] (Universal testing machine, UTM)<= ©]&3}o] Fig.
283 #Zo] 35 B AF AFES FIYsATh 35 A2 100 mmE o, #
JY HFE+ 1.0 mm/minS = Ao 35 T
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NG % slMe qAA AFNE JFES VAT 0,0,9 fr0pE 27 0066 mmolH
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0.041 mm, 9.0 MPa°ollAl 49 MPazZ ZFAstRom, vbH 6,0, fruors ZHZE 1.64 mmell
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Fig. 20 - Z4% 27 AWE 2R 3§ 9% 8% s A7-9514 A%

]

Table 13 - Z@FIHF9 Ade] ¥ A 33 M FHF BF ANE BFAHR
47]-945ta A% vAE G

Deflection (mm) Equivalent bending | Electrical resistivity
Series| No. stress (MPa) (kQ-cm) n,,

drop 5[;0 dpor | fror b pe fyor Po | Pror | Ppc |PMOR

SP1 | 0.064 | 062 | 1.77 9.0 206 | 2577 1196 166 | 52 74 8.0

SP2 1 0.066 | 0.74 | 1.39 8.8 229 | 262 1204 179| 45 73 10.1

-0 SP3 | 0.068 | 064 | 1.74 | 93 205 | 248 1199 190| 25 79 12.8

Aver.| 0.066 0.67 | 1.64 9.0 | 21.3 | 25,6 20.0 17.8| 41 | 79| 10.3

SP1 | 0.042 | 0.72 | 1.08 5.1 178 | 192 253 247 |59 | 63 5.9

o5 5 SP2 1 0.039 | 0.73 | 1.22 4.6 153 | 160 254 253 | 81 | 65 4.9

SP3 | 0.043 | 069 | 1.25 5.1 161 172 21.1 20.7| 86 | 64 4.5

Aver.| 0041 0.71 | 1.18 49 | 164 | 175 239 235| 75 | 64 5.1
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A5. A4 SOC Al E| SS-FRCCs9 AH&Wd &=

SS-FRCCs& F&7A4 = 7" AAE AE&A SS-FRCCs® SOC A= A& 7Fs
otz & 1A ok slell A9 SS-FRCCsE B3 HIZAZE W9 %

q Be
4 AFL A,

ol

A gA Azt AREE AWEEZA2]E (normal concrete, NO)& 4574 %= 95 MPael X ZE}
, A7 238 E (steel-fiber-reinforced concrete, SFRC)= 77 27
ZAYES] A7|13A T9s FAAT7] HAste] 2dREATE 5% AN 2R AT
B7} Z3AYE (milled glass fiber reinforced concrete, MGFRC)S AF-&3}ith (Table 4).
SFRCe E7Z¥ A+ long smooth A+ (L=30 mm, D=0.3 mm)®} medium smooth
A (L=195 mm, D=02 mm)= Z}Z} 1 vol.%*® Z 2 vol.% HZEAT. Tk =of-2
A= 2ol 03 mm, A7 00135mm=Z EZ4E ZEAFe 2dRadae 349 54
Fig. 59 e AT}

A ZAYE J A Aol AFEH A2 FEAE 546 MPas 7HA & SDS00E 2174 127
mm¢e] D-13S AF&3tA Y (Table 14 33).

Table 14 - #H9] 54

Type Diameter Crossfsecti(;nal area Tensile strength (MPa) Elongation (%)
(mm) (mm?®) fy fu
SD500 (D-13) 12.7 126.7 546 693 176

Aze 2ade W A% Zol AANYOH, s A AFATe] FRIIED He] A
275 BAsdY. 238 E ¥ 150X250 mme 9 A S 7= Woz KS F 2408 (2
AYES] F Ar AY W) wel S FAA =ole] 3uf (750 mm)E o, Al
Aol & doli= A Ao HA 75 mm DA Az JE‘r% KS 4] wet AlgAe] F 4
°] & 900 mmo. & A &3ttt (Fig. 30 3x).

HA71 A Hal= 4 g3 A A w2 (4 probe method) 2.2 7|48 H4HS Tl A
A, A AF b Aol AL 560 mm, AGE FAYE O AT 4% A7
Ao A FZo 2 250 mm Al HA=E st (Fig. 30 #=x).

| 0 g 150
, , 730 T 20
LI)
D13 g J‘2-Dl3 l‘\‘
N
S50 250 " 250 ‘
7 :,V ; ; [unit; mm]
C1s0 250 150

Fig. 30 -




298 augel ohe A2 A% F A 1 4PYL ohulst 2ol ANHY

(714418 d=200 mm (A EFA=50 mm) : FA o3 HAIE F7=40 mm
@ &= (SD500/2*D-13)¢] AR HE: f, =546 MPa, A, =253.4mm?, 1= 900mm

fer  0.03 89 0.003
— = (). < 0. X X = U.
f, 0.003+e¢, 0-85¢0.65 > > 1003 + 0.0027 0474

= 0.854,

By =0.85—0.007(f,, —28) =0.85—[0.007 < (89— 28)] = 0.423 > 0.65 .., =0.65

_fy 546

v~ B, 200000 07

€

o Aswmin 12959
Pmin = 7 3 150 % 200

0.25 \/Eb g 025 /89

= 0.0043

A x 150 % 200 = 129.59 mm>

s,min = fy wW T 546
A, =—b d—£><150><200—7692mm A, o =129.59 mm?
S,Mmin fJ 549 S,min
0.003 + e 0.003+0.0027
= Yo = % 0.0474 = 0.
Pmax = 9007 0.007 0-0474=0.0386

A, 253.4
P=5d” 150x200 000845

p=0.00845 < p, =0.0474 (ABFH: Ao FHo=z 2lsle] A = vl

Pmin = 0.0043 < p=0.00845 < p,.. =0.0386 (2 3H)

@ FE=

C=T

0-85f 4ab=0.85f,.(B,c)b= A f,

0.85 X< 89 X (0.65 X ¢) X 150 = 253.4 X 546

_ 253.4 X 546
0.85X89x0.65 %X 150

C=0.85f,ab=0.85x89 X (0.65 X 18.76) X 150 = 138371.145 N = 138.37 kN

=18.76 mm

T=A,f,=253.4x546 = 138356.4 N= 138.36 kV

€ €
d—c¢ ¢
60 = -
e, =—(d—c)= ?8022 x (200 —18.76) = 0.02898 = ¢, = 0.0027 (NFH+ )

@ 29 AFZHo HE
0-60f,dy _ 0.6 546 < 12.7

1, = — — — —
SV V89

=441.01mm

DETEE 50-12.7=37.3mm > 2d, =2x12.7=25.4mm

d,
DI EFA 50—7750 1227

Soafy=1.3x1.0x1.0=1.3

=43.6bmm = d, = 12.7mm
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o] [, (afy) =1=441.01 X 1.3 =573.3mm < 900mm (G=ZAo] 1)

@ EARZ=

M, = Tx(d— %) = 138.36 %< (200 — w) = 26828.41 kN—mm
AA AHRE T3 APA = Fig. 3137 o] A#EEJom, AZdE AldA= 8 § A=
ANAl o] B AZRAZ F 149 53t 24°Coll A FEEA H AT

Milled Glass Fiber Reinforced Cementitious (MGFRC)

(a) Fx=5A A8

Normal Concrete (NC)

H
18.76 mm

Milled Glass Fiber Reinforced Cementitious (MGFRC)

(b) B4 A A -8A

Fig. 31 - A1 @A A= &4

47 At 8 A3 AABE Fig. 3201 HetdlAoh 438 Ast # AP wrsAEAIRYI
(Universal Testing Machine, UTM)& AF&3ste] ®9A1o] 1.0 mm/ming £E=2 33}
t}. Data frequencyi 1 Hzo]™, linear variable differential transfomers (LVDTs)E A}-&
of Alg@A st A AFES SAAT. SHlE AFA ] 47he] S ddst o Hy
" E (Keysight 3458A)2] AFHYS 50 pAZ sto] ZF AlgdA| e A7 AdS SA AT 2
3 o] A o) polarization effectS & A 3}sl7] Yste] A7 A8 kA3 Al 7+S

F A9e SRk

rob
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Pl

1]
1NEFRE

A5l FE2FAR A& AdA AA F A

L EE
AAAFoz A73A AFr7 ZAYEE BAES dd ZaE WL A FA=ER9
At oplel, FrE BUHGS 98 Ao0A AmAl Aol 58 A2 s
Aot (Fig. 33, 34, 183l Table 15 #x). 8 AF st5 stellA NRCe #d71A3dE W3l A
5o Aol Frbddl vk @G Fashe ASS WAk 48 QG A g
o wgte W, ANAGE] FhE AFTE FANAW, ANAGE] FA s
THEC] Heol= A& NRCO 5/ Awolth T3 27|dd olF H7AFgEo] A 3A
BEAG A AR G FAHE ABE wolAY AATES] FANEAL oA
w4 AGskel A7 AR FAA Fashs Tare]l WA Ae & 4 gt
35 180 35 40
o —&— Bending stress s — —&—Bending stress s
§ - 4 -Electrical resistivit_v_ 189 E § 30 L - @ -Electrical resistivity s
= — e ] i 2
g 1%z g e e z
o0 = & 20F g En Z
i oo B 2 N G 120 &
=1 7 g 15| e L %)
5 = 3 I 2
= e 30 g § o §
= L D 51 i i
g e ® 5 1 4 &
\_:: ‘ ) . ) 0 0 L L ! 0
2 3 4 5 6 0 0.5 1 L5 2
Deflection (mm) Deflection (mm)
Fig. 33 - & A% stz stollA A F B ANME EFdA8 HA e < ZaE
el A7-Sek4 A%
Table 15 - & 1F st stollA A7 B ARE EAs A4 g4 2 238E
WMol A7]-98+4 parameters
Deflection Equivalent bending Electrical resistivity Number of
(mm) stress (MPa) (kQ-cm) micro—cracks
drop dror frop fror Po Per Py Neyp
0.138 1.536 7.02 29.13 27.31 27.05 27.95 39.58
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Fig. 34 -

A52 I®A AAMZ AE Al APA AA L A
L
BRAY AV A ARRA TAYEES AT AT 2aE W] 3 94 §F sl
o] #7]-984 A¥E Fig. 35 363 Table 16°] YEH ST = FYE FEste] A
AlE A ZAYE WS stRont 1 A3 Ao & SFRCE HASH HWA o=
2 st wAgstel A% B A% olFol sFo] phdE AFS nath
35 180
= —Z—Bending stress -
o ! -4 - Electrical resistivity
%30_ itEln | ta—;_lmg
2 i G
2 =
& Z
0 =
3 Z
g 17
2 8
E 5
Z 2
= m
Deflection (mm)
Fig. 35 - 3 <% 3% slollA ZAF 24 AHE E3gg B2 g4 22 Z23a9E
el A7]-odetd A%
Table 16 - ¥ 0% 5 stolld A4/ A AHE EdAQs 7 g4 d Za8E
o] d7]|-948t4 A% parameters
Deflection (mm) Equivalent bending stress Electrical resistivity Number of
(MPa) (kQ-cm) micro-cracks
drop duor frop fuor Po Per Py Tep
0.112 2.868 3.36 21.87 59.48 59.37 77.01 23.48
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AS-(2) TEFAR AL A AFA AA R A [F7-A LA

- 4954

A FEE QFAA T2 )E TED6 dF 484 AEE 59 1) Aoaa
PE W AAE AN AFRG BAUER Base] ATAY TR B 4717
sHe Wrsgon, 2) PRH0E A/4A AAug BAYES BAse] E FEE
Ha A3 5Ee BARAY £, ol 4We Bl 2 AW AAHE Bl AY
Aol A} Aol FHE WAsd AARL FAsdAn

A @A Azl AFgE UHEE AP E (normal concrete, NC)&= ¢H=74% 95 MPad &

ZEE wjEg 2oln 277HA] ZAYE (steel-fiber-reinforced concrete, SFRC)&= 24
7 ZAgEY AVHRA T8E FHATI7] Sste] 29 ARE 5% ASAZ e
gAf ®B7 23 E (milled glass fiber reinforced concrete, MGFRC)S A&3F3ith
(Table 4).

SFRCY ®7ZH 74+ long smooth A1 (L=30 mm, D=0.3 mm)®} medium smooth
A (L=195 mm, D=02 mm)= ZZ} 1 vol.%® % 2 vol.% HZAHAc} =k o7
A= 2ol 03 mm, 374 0.013omm=z R7AE A 2daad79 dAS Fig. 59
et Atk H2 ZAZE W Az AREE HE2 ol AFoA AREE D-13 (Table
14)l A &%= 400 MPas 7FA & SD400°o.= ’5178] 953 mm<e] D-108.2 W 3lo] ALE
stttk (Table 17 =), A2 ZAE H9 A Sl AAEASH, 33 Al Q1%FH o]
FgEEE st A 2/E HAFsHA T J—ﬂﬂ W2 150X250 mme] ©H Ao A 150X
150 mmE 7HA & oz wAste] X3k ojd A sUsHA 750 mm=E o,
AA ] T Hole= A Al HA& 75 mm 7‘74] Az gth= KS Ao wep Al A9
ZolE 900 mmo = A&kt (Fig. 38 #F=).

A71 A8 st 4 &3 AR B4 (4—probe method) &2 A7 Ao FAHS &3 A
Holomw, oF H= 278 Abel9] A= 550 mm, HS 57‘45}% Y7 A= 27l d7&
AT A ko= 250 mm Al f1Ast=% sttt (Fig. 38 =),

i >

Table 17 - #H*o] 54

. Cross—sectional area Tensile strength (MPa)
Type Diameter (mm) 2
(mm”) fy
SD400 (D-10) 9.53 142.6 400
Lt w 150

—7 7 Te [l

2-D10 |
" \

N N N
250 250 250
Copper tape

[unit: mm]

150 250 150
Fig. 38 - AZZAYE Rl 7|2 2AA (AAA)




(ZFEALEH) d=120 mm (ZHS5M=30 mm)
X

@ &#Z (SD400/2xD-10)2| MHM ZHE: f =400MPa, A, =142.6mm’, = 900mm

fe 0.03 89 0.003
= (). —_— = (). > (). X X = U.
P = 0850 G g0+ e, 80052 00 5003+ 0.0027 V078

By =0.85—0.007(f,.. —28) =0.85—[0.007 < (89— 28)] = 0.423 > 0.65 .., =0.65

[y 400

=B~ 200000 002

A min 106.13
Pmin = T~ Thox120 00099

025V e, 025 /89
S, min fy w 400

A * 150 % 150 = 106.13 mm?>

1.4 1.4

A, = ——b,d=——x150% 150 = 63 mm’ S Ay i = 106.13mm”

400

s,min f
Yy

_ 0.003 +e¢, _ 0.003+0.002
Pmax 0.007 P 0.007

X 0.0738 = 0.0527

_ A 1426
P~ %.d 150 %120

=0.0079

p=0.0079 < p,=0.0738 (MEZE: 29| g5o=z 2lsto] Q& £ 1)
Pmin = 0.0059 < p=10.0079 < p,.. =0.0527 (Mg
E=
c=T
0.85f4ab=0.85f . (B,c)b= A.f,

0.85 % 89 % (0.65 X ¢) X 150 = 142.6 < 400

_ 142.6 % 400
©7 70.85 <89 % 0.65 < 150

C=0.85f,ab=0.85> 89 x (0.65 < 7.73) X 150 = 57015.51 N = 57.02 kN

=7.73mm

T= A,f,=142.6 X400 = 57040 N = 57.04 kN

0.003
7.73

C
Q@ HZo ol HE

!

=)

e, =—(d—c)= % (120—7.73) = 0.0436 > ¢, = 0.002 (2AZHZ

B 0.60fydb: 0.6 <400 %< 9.53

— A
ab \/E \/89

= 242.44mm

D BIZEHE 50—-9.53 =140.47Tmm > 2d, = 2x9.53 =19.06 mm

e dy 9.53 B
IS5 30— 5= 30— = 25.235mm > d, = 9.53mm

safy=1.3x1.0x1.0=1.3
Mol [, (afy) =1=1242.44<1.3=315.17mm < 900mm (HZZo| &)
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M,,:Tx(d—%)zfﬂ 04 % (120 — 065§773 = 6701.50 kN— mm
AT B AHE BEFAE FE S ASFIIE 19 A Zo st R E 50
mm%HE BT (Fig. 39 &%), Al&td AlgAE g8 § oA o7 AxA2 5
149 E<F 24°Coll A FaFA = ATt

Steel fiber reinforced Cementitious adding milled glass fibers

7
(a) FEFA AL
Normal Concrete (NC) 150
k———
7 A 4 Ik
o™
’ —— —( 2-D10|.,
Y« .
So250 7250 250 [unit: mm]

\ Steel fiber reinforced Cementitious adding milled glass fibers

(b) P4 AA 2-EA

Fig. 39 - A1 &A A= d4 HAA)

43 At 8 A dABE Fig. 400 Herl Ao 48 Ast F AP wbsAEAIRY
(Universal Testing Machine, UTM)S AF&-3ste] ®19#1o] 1.0 mm/ming] £E==2 F335131
t}. Data frequency: 1 Hzo]W, linear variable differential transfomers (LVDTs)E A}-&-3}
of AlFA Aol A e HAs FASEATE FolE AlF@ACd 44 s A o] HE
"H (Keysight 3458A)°] /A 50 pA= ato] 724 Al@A ] A7A%S S48 23
T8 o] ol polarization effectE Z2A3}sl7] 91kl A7 A Gt A kg 20w o= HA

LTEUE Tago}_ 1:]'

=
=

o

=

of
Z
a
[o

Fig. 40 - A3 A4

AS-(21) FEFAR A8A AdA A = Al

- Agan

AAH o AAF Y ANE RFARE B A2 2aYE e £4 wE wgo)
et Hae AAGE Adh ABS At (Fig 41 22). ARAE AT 2AAE We
VY % sxo] saHgon e Atde nolt WY FHAF £d vhehy
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Ab. ¥ E= W@ HE& A SS-FRCCs9 SOC A=A A5 A&Wt /g &
==
- AdsA

TEEe] A7|AA AR ANE E94ss A28 B E4oR H8d ¢ e 4
SWets =&et7] flste] A= XA & AAs e, AAE AFeaat 3
- Ay zrad

2 AEe ZAYE FEREY AR MUA(EFRY, §FA3E 5)E AFs] A% 71z
ARl Ao dR-EA VIE AME A AVAGE SAYYA AMSE s A A=
S AWE BaAe] A7 gAS 9T A 27178 v o Auste] 7)E B A5 v
e B e oA F e d5S W= Aotk Han et al (2007)0] Eaigk wlel
ofstHl AWE HFHA ] AV AE WMIE SAS] A% A= 2312 ofdet A

D A% AR AA 27 A=A Aol A3 HIIAG] FF BA gopob
2) NAE BFARY G345 L A7 SH WA F Y= GFo] Hojok g
3) NAE BgA £ Aol Qlofok sml, YA FEak &

W

BatA o] A7 AAE g AT 247 ueEt sdeE e d5e
E B3tA o] A71AgE =4S 913 A5 (Probe part); 2) il
HHUE HEZY(Adhesive part)® o] 7wt Ao AlgE

copper tape¥} A FA MEstH = A=9 AEZ copper filmo] AFEE A, HEHAd= 7S
Wil AL85 = silver paste®} ¥l o2 R carbon tapeE AF-&3A vl Fig. 453
Table 18] AH&¥ A9 F43} 545 UetldH

o A=H-(Probe part)e] A=A A5

< Copper tape, CT> < Copper film, CF >

o HZX(Adhesive part)e] AEA A=
==

h
[ -y

< Silver paste, SP> < Carbon tape, CBT>

Fig. 45 - A%%st A0 AgsE A%4 Az
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Table 18 - A=A A5 54

%thgr?gle Th(gk;)ess L(ir;r%t )h Electrical conductivity (/kQ-cm)
Copper tape 0.04 50 5.55%10™7
Copper film 0.3 50 31.5%1077
Carbon tape 0.012 50 12.5%10™7
- AT FR
AT LS A% AnH 4% WS SAste] HEE AR A £ §H
AR el gEEE PR 4GS & R FARAT(Fig. 46 F2) 1) AT 7ol

Copper tapet HZEH-9 Silver paste’} Ab-&¥ CT+SP 2) A =49 Copper film3} Copper
lineS Z3%3 Copper line probe =49 Carbon tape’} AF-8% CF+CL+CBT; 3) A =50
Copper film¥} #Z5-ol Carbon tapeE AF&3 CBT+CF=Z -3 3Fth. Fig. 47 =9
THE HEHATH

1) Silver paste’} AF-8¥ A=< & e

;omaer tape-
v /S

i

Silver paste

2) Carbon tape 7} AF&¥ =2 3
Copper film«

TR
1

Carbon tape«

Fig. 46 =3 28 d4
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s=f TIA

< Copper film probe, CP >

< Carbon tape, CBT >

< Probe CT+SP >

< Probe CBT+CF >

Fig. 47 - =9 F79 4

- Polarization time =74 4

o =
AT ATE A

i

A9 A5 B7E 9ot DC AFE Agatel AdE BgAe] A7)
A 2 Bolo] Aol Ag ThsA 2 A
5% Wkt Adel AgE ARAE ¥ el 504254200 mme] i g 9% MPa
o] 7

e 2 2adEen viEg A P8 8 )FSA =S Table 199 Yebl ik

35 =4 A BAstE polarization effect WA 5=

= ) s
=
) 2
(o]t =0y o= X H o=

Table 19 - WEZx FAAGE L 4=

S

AR
(TC§II)%G%) Silig:#?4()s)and Fly ash | Super-plasticizer water fa (MPa)
1.0 1.0 0.15 0.0055 0.35 95
EZ}% 7OL

A+ long smooth steel fiber (L=30 mm, D=0.3 mm)®} medium smooth

steel fiber (L=19.5 mm, D=0.2 mm)= Z}Z} 1 vol.%® % 2 vol.% HZAstAo. BvAte 7H4d
9 545 Table 2091 YR At

Table 20 - 49 54
. . . Tensile Elastic Electrical Volume
ﬁlber Dl(ame‘ger Izengt)h D(er/lsrc)y Strength | modulus resistivity contents
ype m m g/ee (MPa) (GPa) (kQ-cm) (%)
Long
0.3 30 7.90 2942 200 2.06%10"-8 1.0
smooth
Medium
0.2 195 7.90 2447 200 2.06%10"-8 1.0
smooth
Polarization time 23d& &

A@A e diste] FAg 2t A AES Y3

Ho
ol
&
ot
ro
ot
)y
N
o
rlo
k1
&5
A
>
k1

60% = stal HEuE A

AN
ol
_c;L
8
ul
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- Polarization time =4 243}

Electrical resistivity (kQ-cm)

Electrical resistivity (k Q-cm)

Table 21 - 7f2¥ A =9] polarization time

20

20

CT+SP
——SP1

F---SP3

— Average

I
0 3.5

1
10.5

Time (min)

Fig. 49 - CT+SP Ad=9 A7|4 A%

CBT+CF

— Average

Time (min)

I I
6 8

Electrical resistivity (kQ-cm)

Electrical resistivity (kQ-cm)

20

CT+SP
—SP1

I5F ——sp3
— Average

L L L
0 0.5 1 1.5

Time (min)

20

CBT+CF

~——SP3
— Average

. .
0 0.5 1
Time (min)

1.5

Fig. 50 - CBT+CF =9 714 A&

2

=4 A3¥ 9 parameter

Electrical resistivity (kQ-cm)

Change in the
electrical resistivity

o' | Folaation
Po | P | P | Pu Ap
SP1 443 7.65 7.94 8.11 3.68 1.71
SP2 4.87 775 7.81 7.88 3.01 1.83
CT+SP
SP3 5.09 8.03 8.22 8.57 3.48 1.73
Avg. | 479 7.81 799 | 819 3.39 176
SP1 6.55 14.49 | 14.89 | 15.04 8.49 12.87
SP2 5.66 1358 | 13.93 | 13.92 8.26 12.97
CBT+CF SP3 5.06 13.23 | 14.19 | 14.77 9.71 12.84
Avg. | 575 | 1377 | 1434 | 14.58 882 12.89
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CT+SP A=3 CBT+CF A=< #A7|A3dE WH3}e} polarization time®] 74-%- CT+SP
A=l A9 Hat 1.76% 2] polarization times E.$31, CBT+CF9 45 12. 89%?—0
polarization timeS E % tHFig. 503} Table 21 #%). o]+ =2 HESH-oF =59
Zol= ARAQ SH Aol & HQl o= FerET

|
12
&
a2
oX,
olr
o
N
)
i
j&
:onjA
>
>
ofo
i,
>,
o
__)irll
rlr
T o
ol

0 mm, 57 25 mm @ <%

Ega
g ol FujE A|PA|dd 47/e] ZH2te] A=5S dAs T HEvHY AFdS
pA 2 st 7 AlF A A7 -EE AAS AR 7EA A, 300 ton €] THe AR
Al 37] (Universal testing machine, UTM)E 01%5}04 Fig. 519} o] 44 QA% Ald&

§C9l

[

o=

=

= S

: 0

b el
= THIE
=

3 -
T —
T 8 [T
Ln H 1 &
X — 1

LLIRLD Jj1um

2
o
W,
=
Ju
=
k1
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ELEE]

Ao mE B2 AF stF stllA A71-984 AsE Fig. 52¢F Table 221
Ueb ol 710l AR E= CT+SP A=9] A5 271 #E5E HTHI7HA
A7) A &Eo] FASA HhdstE AFS BYAw, CBT+CF A= A$ 7hAast A0
Zrlele ABS Holx @i e ool ARE Wa A3 17k Abolol A Adh wo =7}
A Ao g et ol HETE A7MAS v mATdd EA ogk VA Ass
Bl Aoz AdAt(Fig. 53 F=x)

15 100 15 100
CT+SP
12 80 F B
= L= &
s $E B
z 9 60 >z = 2
£ z & &
% 6 —@—SPI_S -O--SPI.R | 49 g Lé E’z
S —M-sr2.S -fF-sP2 R s e 5
—A—SP3 S -A--SP3 R § §
R} ¢ - 420 5 s}
g e =i
e A
O 1 1 1 0
0 0.5 1 1.5 2
Strain (%)
(a) CT+SP AT 27]-93k5 A%
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Resistance at Region B
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7]— 3] AP o

297 ZaGES AU AA FEHE AFE7] 9ste] B AE = functional filler 24
=5 25 A8t b Ydt 3} 3}01]/\194 HA71-984 Asy A7 A sHS &
[e) e

Functional fillere] #7}Ze] wE A74d Ay dA7]-982 A%S xAEe] 27|72
A s Hol 7b 3% functional filler®] H7t4& =Fste AT 50l 7| 2402 ol
TP o] FAH FHToE ZEZA O functional fillerE

o L5 =2
qom BN F Yt WA BEFE ATEC] FE 5

A7) A EAgo] g 93k carbonAd AMBE7F BAE AR} ZAagES 27 73A
TE vfy $peitta Hausa QA BEee Wee s o carbonsl A&7
LA FAHA] et SA o] A KA O R XA 9lo] o]E HekE 7] 9%
A7 HFHoRE T S

ot AFAELS o714 carbonAl A & (carbon nanotube, graphene
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st stellA o] W7]-98t4 g4 wigtEe] gk A5 FdF [Monteiro et al. (2017),
Pisello et al. (2017), Sun et al. (2017)]
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D’Alessandro et al. (2016)2 A E, EE2EE, Tg|a Ho|AEe| Al FAko]

7} 3k multi-walled carbon nanotubed] H7}1#& =%39 S

Al-Dahawi et al. (2016)< silica fume, nano-silica, nano—calcite, “L&] 3L
methylcelluloseE A Z AF8-3FH 2™, Wang et al. (2017) 3 silica fume,

granulated blast—-furnace slag, “12] i1 carboxymethylcellulose sodium< #AHA) =

Agete] mEEE WEes ol carbondl AR nE BAL FET F b BH
e A v e

Al-Dahawi et al. (2016)< silica fume, nano-silica, nano—calcite, ~L&] 1L
methylcelluloseE A ZE AF8-3FH 2™, Wang et al. (2017) X3 silica fume,

granulated blast-furnace slag, ~12] 3l carboxymethylcellulose sodium= A2 &2
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- nk opye, ¥ A+AE 2 sonicator ARE, 253 w50 ZIAIAQ WS
&3to] carbonAl A g 1E FAHS FEdte] AIWIE EIARe H7|-9E4 §H
NAEE A7 [Hardy et al. (2016), Han et al. (2016), D’ Alessandro et al. (2016),

Sasmal et al. (2017)]

- Gupta et al. (2017)& A8 F7} == 7| AZA B4 34 Qg glo] REEE

] B B LR BN
EY2 Az BAgo A w2etze] TR 2o carbon nanotubed FTE A A
AHE BJAEE AAste] H7] dyds SAHS §3 FAE 9 =4 A%

- Teomete (2016) FFo] AF-AdF+ HEA A+
void e && dsjd= Agsto] d7]-9st4 &9 Wzt 2 =
= AL g3 vF 9o, Jang et al. (2017) %3+ carbon nanotube H7t AWE 53

T AN = =

A 52| carbon nanotube H7F#el W& $FEF JIA S ARSI

- Carbon/ A% <]ol % functional 4] steel shavings, Ni nanowire, nickel powder &=
HAs AME EpAge] A714 As 9 A7]-9E4 Asol AR vk s [El-¢F

T et al. (2018), Xu et al. (2018), Xiao et al. (2018)].

B A7 A AFME E3A Y &4 RUHE Jle AE AT

- %% ¢tAd EU¥E ¥ (Structural Health Monitoring, SHM)©o] 2 A FZF & 2857
A= oy FHAA 8 B W8S AAE F e v AAd BYEFo] T
shojofF 3

- Downey et al. (2017)& A-7] A %
AWE Bagge A7|-984 A=
g BUE e 7heds Hokgk B gl
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