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9 & AR WE FI7IE F2RE A¥E BYHY (SHM: Structural Health Monitoring, ©15F SHM) A|AH0]
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2% (1, 4, 8 mm/min) 3}°|A Smart Ultra High Performance Concrete (S-UHPC)9| #7]-9st4d AF<S
274319t} SSUHPCO] F o] 9= 8150fA] Stress sensitive Coefficient (SC)= 1 mm/min 3% &&= 7% -0.140
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2 55 £k SloAE 58 A A5E o] 2E AR 5kF HAE A% SHM A|AHl] &8 7Fsghe glst
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Abstract Structural health monitoring (SHM) systems have attracted considerable interest owing to the
frequent earthquakes over the last decade. Smart concrete is a technology that can analyze the state of
structures based on their electro-mechanical behavior. On the other hand, most research on the
self-sensing response of smart concrete generally investigated the electro-mechanical behavior of smart
concrete under a static loading rate, even though the loading rate under an earthquake would be much
faster than the static rate. Thus, this study evaluated the electro-mechanical behavior of smart
ultra-high-performance concrete (S-UHPC) at three different loading rates (1, 4, and 8 mm/min) using
a Universal Testing Machine (UTM). The stress-sensitive coefficient (SC) at the maximum compressive
strength of S-UHPC was -0.140 %/MPa based on a loading rate of 1 mm/min but decreased by 42.8%
and 72.7% as the loading rate was increased to 4 and 8 mm/min, respectively. Although the sensing
capability of S-UHPC decreased with increased load speed due to the reduced deformation of conductive
materials and increased microcrack, it was available for SHM systems for earthquake detection in

structures.
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Smart concretex AZEHT FZA (SSFA: Steel

Slag Fine Aggregate, ©|3} SSFA)[4,5], 7345 (steel
fiber)[5,6], 71H& A8 (carbon fiber)[9], tFEY EtAa

U FE (MWCNTs: Multi-Wall Carbon Nano
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Fig. 1. Electro-mechanical behavior of the S-UHPC
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ojtf M7|AFE (p: resistivity, °I5t p)& Eq. (1)
T} o] AXE=EH, fractional change resistivity (O]
S}, FCR)Z Eq. (3 o] Aterii].

p=RX

: M)

Pz~ Po

A
FCR,[%) = 100=L=100
Po Po

R is the resistance, A is the cross-

@

Where,
sectional area, L is the gauge length between the
Po

electrical resistivity and electrical resistivity at

two electrodes, and p, are the initial

the each compressive stress.

(@)Partially conductive path

(1) Conductive path

Fig. 2. Electrical network and equivalent circuit
model of the Smart concrete [14]
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Fig. 3. Quantum tunneling effect [15]
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AT

S-UHPCY] A7|-9sHy A% B7F AES st AEA
£ 50%x50%50 mm 27|19 &= FAAE AHEtAL

o, A7 242 919 Fig. 49} Zo] 13 71o] 20
mmh HES A3 st ol A3 2 9

A4 4] (2-probe method)& #-8513oH, glo]
of AA4% w4 2717 22 1 mm, 11 mm$! 78 <
olo} w4 (copper wire mesh)E AHE-SFSATH1I.

Table 1. Composition (by weight raio) and
compressive stress of the S-UHPC

Cement | Slica | Silica | oo | sqps |ypueer| sp | SF | fe
fume |powder (vol.%) (MPa)

1.0 0.15 | 0.25 [0.5| 0.5 0.2 |0.051 2 186
SS: Silica sand: SSFA: Steel slag fine aggregate; SP:

Super-plasticizer containing 30% solid and 70 % water; SF: Steel
fiber; fci Compressive strength

Smart UHPC

Fig. 4. The specimen shape for evaluation for
electro-mechanical behavior

S-UHPC g A, AJHIEE SAFS] 15 HEXEHCT
AHIE, A7} & (silica fume)2 EAF] 940U (Fd+
A7 0.15 pm), A7t 32 (silica powden)2} Ak
(silica sand)= Z+Z SAFY S-sil10 (B 217 4.24m)
9} JZA (Ha A7 0.22 mm), SSFAE EAF PS ball
&4 274 0.39 mm)}E AM&SHT ol ERE= 2
ol¢} 7ol Z+Z+ 6 mm, 0.2 mm<!l SAt short steel
fiberg AR&5IT}

HigR2 20 L -859] SHIE B9] 9AE ARESo] A
HE, A7HE, A7t TeE, AL SSFAR BY &
10 B2t AuiekE Agstadrt. olF Aw £ WAE 9
3 #igrE 3E THEA0= 430 A Uiro] FYotal,
LA Wi Aol o2t 2534 Uiro] FUSHA

=
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o e A= FEE AN FHRE 2T
e Fstol A 2t S @] TS == st
Fot. AR F9 olF SERF HigE &, uigle] £ HiE

2% FEetolo] ¥l4E 20 mm HH o= ujX|Et 50
X50>50 mm U5 AlFA AZE 59 2= 399
o] BREsoiTt. ol Zh Bl @Al mlAlES B
A F23E A5l As Holee ARt S-S
Etdo] £ AlgAl= EStAE AER 9of 484t &
Qb A2 20 CTolA AR F 29 stior, Foke
45171 §13] 90 T &M 383t 5 FBS A
sttt A F5 F, = 20 CoA 14 27+ F29]
Az A & dde AYso

222 M3 gy

oFg 4o W& S-UHPCY #7]-98Hd As 7t
£ 990 Fig. 59 Z©] 300 ton & WHsA=ZAIR7|eF 2
EJu]E (fluke 8846A) ARESIRTE UTML ¥9iAs}
4] (displacement control) 0.2 &= 515 A5l £
£ 29519 37K &% 4% (1, 4, 8 mm/min)°] T3l
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Fig. 5. Test setup for evaluation for
electro-mechanical behavior

U= 55 Hslol| w2 S-UHPCY] A7|Ag WskE
E457] Yol Wigd F A= HEuEE A4ty
A5F A7|A& (DC: Direct current, °]3F DC)& &%
Skeith. DC A71A% &7 A2 A &7 Al AlRto]
F713el mEt A7|AFe] Flle £=3 a4
(polarization effect)o] ¥rAystd, B Agox= £
3} A4Jo] S-UHPCY] A7]-H5Hd Aol nX= FF
= F4slel7] Yo ARA mit} 502 <2t g3} ARt
< Tk olnf E53} @42 Ao} ol 5o WS &
71%9] v WFo g Ak oleAl7lE ok B &
T 71 wjZoll Alzte] Aol wet [ Aol F7t
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she 7AToR ZAES} o] vl 2d R 70
o FAAIA TSk EAoITHL8). Ee A9 Al
UTMe] 52%& wAIgt A77F S-UHPC A71A4% 53

o YF& UAA B AFA Y5 Holl v A=A &

ehae AES WA F AR St

>~l

o

223 A Ay

Skg £X7F S-UHPCY] A7HgE A g5l HIA|
= 9T AP 98l 3714 sk &k (1, 4, 8
mm/min)°]l T& S-UHPCE] Z17]-94 7&& FAF
sk}, 7t sk &o] wE M7]-%H] AE2 Fig. 6
I Zow, 7] A7 AYE (p,: initial electrical
resistivity, °Ist py), N UF k5 (0, peck
compressive stress, °I5t 0,), 77 U Hd F=
515 (0,.: peck compressive stress of the elastic
range, °[5t 0,)% 2 Y5 ok @ FCRI} stress
sensing coefficient (sc)= Table 29} &t} ol o,
+ Eq. (), sci= Eq. (9 Zo] ARSI,

0, [MPa] =030, G
FCR,
SC, %/ MPa) = - )

T

Where, o, is the peck compressive stress, o, and
FCR, are the compressive stress and fractional

change electrical resistivity.

S-UHPCE 4= k5ol 371l wet p 7} ashe
AsS BoH, 515 &=rt S71g] net SO09) &
EH%M Aash= Aol A= 3k S 71

2 744 58 Asl= S-UHPC] BHA77 2 &4 +
ZHolA BAlel ERlE9lod, % &&= 1, 4, 8
mm/min®l A o, Al fGsk= SC, = 22 -
0.031, -0.016, -0.004 %/MPa, o, A% dFsh=
SC = 77+ -0.140, -0.080, -0.038 %/MPaZ &7 5]
k.
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Fractional change in resistivity, FCR (%) Fractional change in resistivity, FCR (%)

Fractional change in resistivity, FCR (%)

Fig. 6.
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Table 2. Parameters of S-UHPCs about electro-mechanical behavior

Loading }'ate Spec. Po Ty T pe Ppe F’C’f?pe SCpe Py FCRP SCP
(mm/min) (kQ-cm)  (MPa) (MPa)  (k2-cm) (%) (%/MPa)  (k@2-cm) %) (%/MPa)
SP1 5873.95  134.38 4031 579814  -1.29 -0.032  4646.76  -2089  -0.155

1 SP2 6416.79 148.62 44.59 6332.60 -1.31 -0.029 5236.67 -18.39 -0.124
Ave. 614537 14150 £245 606537  -130 0031  4941.72  -1964 0140

Std, 383.85 10.07 3.02 377.92 0.02 0.002 417.13 177 0.022

SP1 4834.45 136.79 41.04 4809.86 -0.51 -0.012 4304.03 -10.97 -0.080

4 SP2 4899.89 132.61 39.78 4860.32 -0.81 -0.020 4383.44 -10.54 -0.079
Ave. 4867.17 134.70 40.41 4835.09 -0.66 -0.016 4343.74 -10.76 -0.080

Std, 46.27 2.96 0.89 35.69 0.21 0.006 56.15 0.31 0.001

SP1 3775.93 130.43 39.13 3768.72 -0.19 -0.005 3600.17 -4.65 -0.036

3 SP2 4252.21 134.14 40.24 4247.43 -0.11 -0.003 4021.08 -5.44 -0.041
Ave. 401407 13229 3969 400807  -0.15 -0.004 381062  -5.05 -0.038

Std. 336.78 2.62 0.79 338.50 0.06 0.001 297.63 0.55 0.003

1 mm/min 3} kol Higt SC, & 7102 3% 160

&5} 4, U2 77t SRl wef SO, 9 Az
A7 468 %, 87.5% TASITh THEEIAZ 1
mm/min 3k 2o gt SC & 7IEo8 st &%
7} 4, 8¥l= 247} F7iRte] wet SO Adigk2 4
42.8 %, 72.7% Fastct.

224 0%

Sl &= S-UHPCY APt 88 A sl =2
FFS PIAH, Fig. 78 o] 5 &£kt S1 (1
mm/min)°llA $4 (4 mm/min), S8 (8 mm/min)Z &
7¥ghl wt A o] Haske AoR SIS
ot &=o] wE AR 599 Ask= &d1H0~0,,)
Hop 2457 Ho,.~0,)014 Aol gelelion, 2z
o] T AlHo,,., 0,0149] sce Fig. 83 2t} ol«= st
% &kof WE B4 1 W A A WY Asat
a7 2 W vl (microcrack) T HAYSO]
S-UHPCY] 7|4 YEA W3} Azl &S "IHZ
RAoZ Tt

Zhang et al. (20182 CNT9F NCB7F EAH
smart concrete?] ¢ &4 (~4 MPa) oAl
% 457} 0.2 - 0.8 mm/min 0% &71gof Qldt
AYEe A AR gol HAast] 88 AR B
o] Zrasttky AABIACEH12]. e Ul AxA Alg
9] QI 9 4] A2 MEZAS} A/ A= Ato]9
22739 Wxdst o] 9lod, Park et al. (2019)2
ok &%t SRkl wet ARt EZA Ate]d]
AW F2AE7E ST AistirHle]. mehA,

ofr
ok

WE
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2 ok% ShoAe AW FAE 37 AxA
s BE AR 9 2 A4Y A Agtsto,
Fig. 83} Zo] partially conductive path W
quantum tunneling effect H3l7} EojEo0] B4 17¢
W AR o] Hdasks AC0E wdEr)

Wu et al. (2017)2 34 9 14 HPE o o
£ UHPCY &= A5l tis 2ABICH, HIPE &
T (& ok £W)7 3RS 239 E YR g9
mlAlF o] EAE AAISHATHL7]. g ==l o=
W 22 HPE SroAs EZE YR LA v
Al#Eo] macro crackQ 2 A A5] wrAsle] = 1}y
H FES A7o] oy w2 HEE SEoA= B
A= AIZEO.2 macro cracklE W] Aol th49]
ulAletGo] WSt AgsirHlo]. B3, 55 S
7} Z71etol wet et siEE A Ato] AHo]d
(interfacial transition zone)oll Th=9] HlAlFEo] ¥
Attty B uEEE ?lon, Park et al. (20160)= ¥
A oFF HEolMe HRTE AAS] IEEe] FEol
7V F Rt S #HoIA Fgo] EAsht =& ©t
T SroAe 2 A AR AR #HE 5%
o] opd AWe] v mAlF R} A BT o
d Y ARE Z=tha AYstgirtie]. wEbA Fig. 8
I} o] B2 Y= 5% L5 T S-UHPCO] 4 &
g 7 ol A WiRel g theg] wlAltdo] #17]
S 37 AA dH A o2 A7ATE A4S
< AN AR ddEr

3. 28
£ AFoNE S-UHPCA wiste] A% 315 #Ag

9J5 SHM A28l 28 7154 Brhe 98] 3714 515
&% (1, 4, 8 mm/min) 3lIA g &= 51711

Rt W7l-oet A%S 2ARIEOH ofeh e
42E 92 4 A

1) SSUHPCE 3t5 £&7F 571l w2t 44 4%
o] Zasks AT Hou, &2 5% &k of

A= =3t AR 5= Hol XA k5 AAE
g+ SHM AlAd”lo] 28 7hsEE EI5HIH

2) S-UHPCY] Hdj &= skgollA] Stress-sensing
Coefficient (SC)= 1 mm/min 3% £k 7|&
-0.140 %/MPaZ S3=U0H, 55 &7t 4,
8 mm/min 2 Z71g0] wgt ZH 42.8 %,

87

72.7% A5kt

3) 3t &) W S-UHPCY| A7} 88 A A%

(1]

[4]

5]

o]

(7]

[8]

[9]

of Ak By 77 o) A=A ARe) WY
a4 770 AEE Y S
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