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Table 1 Comparison of the main properties of ultra high performance concrete (UHPC), high performance concrete (HPC) and

normal concrete (NC) [14.37-38]

Chloride ion diffusion

Concrete type  Compressive strength Flexural strength Elastic modulus Fracture toughness coefficient
NC 20-50 MPa 2-5 MPa 30-40 GPa 0.12 kd/m? 1.1x1072 m?/s
HPC 60-100 MPa 6-10 MPa 30-40 GPa 0.14 kJ/m? 0.6x107%? m?/s
UHPC 120-230 MPa 30-60 MPa 40-60 GPa 20-40 kd/m? 0.02x107'? m?/s
UHPC/HPC 2-4 5-10 1.2 150-300 1/30
UHPC/NC 5-11 6-30 1.2 150-300° 1/50
Concrete type Creep coefficient Carbonation depth Abrasion coefficient W?ﬁ;}:gfgrrit;i?c% D)flpeaeTei(—:tll;r; sslé;]csl:sﬁer 300
NC 1.3-21 4mm/28d 4 2.7 kg/m? 75%
HPC — 1.37 mm/28d 2.8 0.4 kg/m? —
UHPC 0.29-0.31 0 mm/28 d 13 0.2 kg/m? 96%
UHPC/HPC — — 1/2 1/2 —
UHPC/ NC 1/7-1/5 — 1/3 1/13 —
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Table 2 Classification and properties of functional fillers for fabricating SSUHPC

Geometric scale Functional filler

Dimension

Resistivity Material attribute

Millimeter scale Round steel fiber(52
Hooked steel fiber>2
Twisted steel fiber(52

Ultrafine steel fiber(5% 53

Diameter: 0.2-0.3 mm
Length: 13-30 mm kQ-cm

1.94 x 108-2.06 x 108 Metal-based material

Diameter: 8-20 um —

Length: 10 mm

Micron scale Nickel powder!?
Copper slag?
Steel slagl? 1
Nano scale Nano carbon black (NCB)[5%]

Graphenel3d]

Particle size: 190 nm

Particle size: 6-11 um —
Particle size: 140 um —

Particle size: 103 um —

1.8 x 104 kQ-cm Carbon-based material

Diameter: 5-50 um —

Thickness: 3.4-8.0 nm

Carbon nanotube (CNT)[57-5¢]

Diameter: 15 nm —

Length: 100 um
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(a) Sensing properties of SSUHPC with CNT under tension
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(c) Sensing properties of SSUHPC with CNT under compression
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(b) Sensing properties of SSUHPC with CNT and steel fibers under
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(d) Sensing properties of SSUHPC with CNT and steel fibers under
compression
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WY UHPC A B2 B 80R, R
JERAITERE, JUHRWIUR RN RS IS B P
SR . Hmm R R R BN 4R
B ESE Nguyen SEBARE T T A RIS BU £ 4 (F1
PREFYE I AN LT YR EPIR BN EF 4E) % UHPC 3247
SR RE ARSI, R LT A £ 4 2R 00 o e P 4
BVEIRE Sy, TN LT 4E N Bt % . Song 53R 7t
TN BN UHPC 2 BN RE 52, 4525
KB, RAh A RBUE A NA 4B B (A 0.5%F]
2.0%, PARFA 530 3G T 3G, sl ik 150 DA F.

WAgEES Kb RENEB R EERS T
UHPC B0 1R . Song ZE3IRF 5t % B, HiBR

|

1y
)

1

NI

LB SE &

B E A A R BRI T AR T A B A 4
UHPC [JHEFHE, FBSde M T At Bnee /s .
Lee 250571F01 Yoo ZEI6SIR)F 53 % WL, T4 K4 (0.5%, 14
S BB B4 (2%, KR E)UHPC B A
W2 RGN RE . Lee S5 43 I FRRAKE 5 2
FASFIFR O i BRI 7). 3 FAS [RJHK 42 EL (65
97. 100)MIENET4ER 5, 45REBM, eI RN 4t
UHPC [l &5 SAE TNz A AT S (LSRR R -
RAR 2 REOF AR, WiZdRE) TR I TE
Uf. Lee Z&it— DX TR B Bk, A, W
EE B4R UHPC SZh B antEpefggm, Hr
R (10%, SR B E) A B (5%, FESE) IR



- 1776 - CRERR Th 223400

J Chin Ceram Soc, 2026, 54(5): 1770-1783

2026 4

R AR, (HHZRA/NTHIPKE (0.5%, FED
W, X TR E BA /N RSTHREE, AR
T Z A ALE KSR PR T J A R 4 1 5 FEL R 45
2.3 ZLRGNMERE

XFF UHPC 3225 BAPEREWT 7T, HZ KX Gl
PRS2 BN PR AR AL, 2y X ) 5 52 h sk
FPERE AR

BT, HFRT UHPC 5225 B AN AE i Thig K
RHUFEEF 2. BANNATYE . BRET4E SRR
Dong 0% SSIEfE 5% | HA A R RSP R AR B () 4
PR LEXT UHPC 5228 B e g2, HoafFu s 3
FKH, HEANS um. KA 15 mm (B ANLT 4k
Fiplf, I UHPC 25 il S AR BB BE W] ik 2] 42,6
Valverd ZEI67150 F A= Bk 47 4k 1) 4% 7 SSUHPC, BF 7T
SERRH, MRS BN 1.0% (IR 7 2D,
UHPC 25 il S AR R Rk B i R AE,  H IR AR R B
FEAFAE 025 B HiME o E T B0IR AEUAH [ R D 21 I 28k 2%
R, 2R AR R AN 53~714, HANF
TERHIPL A ZEURY N AT 0~0.29 Z [8]. FHIELT] A,
AR 4 UHPC 1 B R e A M S A
77 LR A WIABLANAN LT 4E . Jung 2549857 1 IR KAE
TRBNAFYEXT UHPC 2728 A RE s, 45 1k
B, 4ff A R ELL IR, 0.5% (IR %) Brahik
BN 2% (R AR B0 B £ 4745 UHPC figfi% i HfH
A A R S e 2 RS L. You SEI60)
W T 0.3%(IAF /3 40) BRAUKE R 2% (1HRF 5 £5)

NAYEIRYE UHPC 28 B tERe, B h4
ALLEH, B2 5 ] DLHERR B UHPC 22 f U6 i
LT M. Wang ZEO8IEF 5T 1 R NN A 4k 5 5 84N
AYEF BT UHPC 2B IR PERe 2, B i
R, 75 UHPC IR, 0.4%(1RF5 508
YIENLF2ERT 1.4%. 1.6%F1 1.8% @MW 4R 5 )5
1) UHPC HJHBHARALZE 53 5 AL 6.20%- 6.91%
9.08%; TM{NIB N HANLT4E UHPC K HEFHAR LR
BIFE 5% 4. B 4 b DX TN 4E RS AN
YK E RS . W YEBANET 4 B B X
UHPC 328 JisnvERe fI sz ma il . anf 4a prs, 40
SR Y LB R R 11 L AR AL S A T S A S B
WL R . B 4b 45 T AR 4E I gk B B B 14k
A S =B B B RRAE . FESRPERY BE, HAERE
A A A BRI IEAROG, SEIRLN 1%; 4
RREE N AR B AL B BT, FBEL AR Ak 28 1% I ) 3
15 15%E AT S ERRAY R B, HBHAR L E A
TREFRE K . W 4c Fiw, BVLF Y ANAN £F 4
BB R B2 EWT IR KE BB IR R M
BLFRT B B P e R, (L 7R MR Y B AR A
10 B B ) FL BEL AR A 6 L 35 K TR A Y TR g oK
Bz, HHBMHBNRMRESLER. X
T2 LA R E8 GHAN £F 2 0 2 T/ 1l V) = 4k 5 FL o i
BEEEEMREE. i, ZEEAMREILZ 3
TS B A T8 B L 4 4 B A0 IR S 40 X
(1) LS55 R 2 5 1601

Time/s

. e 40 — Flexural stre: Softening 35 12 800
U - branch_ » 430 —o—F16 Load
H £ : 10} —=—F16 FCR B

6F i 115 S 301 / b dos lenp
E 5k 4 N % {20 " - 8+ A °
%4- H 10% ‘320 _152 ‘%6- 40()%
23 ¢l = E g g, i =

21 —o— Fl6Load {5 Z 10k _g s 1500

—*= FI6FCR E) 5 5l

" = HE I |

0 L . L 0 0 L dany giy 0 . ; ) -

0.0 0.3 0.6 0.9 1.2 0 120 240 360 480 608 00 02 04 06 08 1.0

Displacement/mm

(a) SSUHPC with normal steel fiberf®!
and CNTI®4

(b) SSUHPC with normal steel fiber

Displacement/mm

(c) SSUHPC with normal steel fiber and
ultrafine steel fiber(®8]

K4 25k T ) SSUHPC R o/ B BH A8 Ak 3R )R] 5% 2

Fig. 4 Relationship between stress/fractional change of resistance and time of SSUHPC under bending

EERERE, LER TR A AR R
BOK, RIS T8 fhal iR i s A A2 X, X i
B L2255 S T 32 e DX 52y X3 R % F A [
ARAK o U HBE R S0 R B UHPC 2Rk
REM RBUEIS = T 52 I EFITERE . S35, IR Atk

AT EAERZBLIX,  EIROETE P RS 52 K
RBE DR,

ARAE L3R AS [FI RT3 R IR e S i B )
., f5H SSUHPC BT i, AR UWT:
1) AARAAERAVERE AL T B BIEN, BIR



%54 55 5 1

MR S AL E B S P RIS R R - 1777 -

0 B AC I H B A5 IR A B UHPC Bt AR, mT
DIV LA & DhRe SR 3B &, AT AR A0 N
UHPC #EH& . 2) FIF B R/ASH - 8] ¢ R
FIBr UHPC SHIMLEE, U T SR yER, A
(5 v (BT i 0 &) e 0% 42 v S R 12k R P
SFVEFRNEE TS, IR 2 B 5 HR T L 1)
UHPC 52 B B 2 0 2. 3) SRAH A& 1 Fa il
i B 7 AR S A M RE R A M L R MR AN UK
B, [ES gk AR A (8] AR ik e . foldn, 7
A BRI, AR AT B TR T R X
FZHLIX
3 KEAMEZ

VER—Fpif e 5 kL, UHPC 1 ) 2 Al
AMTERECES R 2 SRR AL, HIEARAE F K
HE REE A L E IR D o [ S DTk Tk iy
X R B R B 7ok, SSUHPC IR @15 3ok
B2 OV, RS AAAE — ek, BRI

1) KHBLHIE R ReIERL & & SSUHPC 1k
THRH VR T 2MERs. Rl ERME SR
RIFEW, We4eiRy. 2RERSE. 9REAR R
Ak, B R 3D ATEIHR. AR,
B 5, AR — SRR R T 5 Ak,
BB B A B T R R R, N TR Re IRE
2 ) R ARUE T VAR W] N - B SSUHPC 1)
Wit. TEFRHBRIANZ, XA TEMEART
i FH A HE 2B SSUHPC (1 KRR £, LR Sl H
BRI RE S SR (B . B T AR
R IE

2) SSUHPC &N e 42 = e HoAh D BE 4R
J&& . SSUHPC 1) iy st M A5 5 3 B0t PR B B N AR W
LN, T LA P - X 4 o Al 2 2 i 7 AN 80 T
B BRI AR IR R R, R 7R EE 3 H UHPC
P 5 EL TR 4% B 0 N AR T ) BURRE  A
SSUHPC #] 5 HAth 56 1 (1) 7K Je 5 #4 B 4 AR AH 45
&, R Z Dk UHPC Bl i H AL Bt fe (i fe e
PRI R, Wi 185 SSUHPC(F F A 12490 45 firh

RABEIRe I WME R RCER) . B R K i
UHPC 4.

3) N SSUHPC JF KA R (EHEM 2 2 kAL %
5T RS RIS 75725 B R AN S R A4
AR PSR PR BRI AL S0t TS Bl — B AR dE R
I, 5L/ RN E L, AR RRE
FARBESRLE 5 15 S« LS S e R Al 5

RAEFAR TG 5 72K BE B A& i b ) P Feee-m41,
I FH FELES T TE (A0 AC I H B R M2 22 43 FL ER T RIS
SR RL (U oy BETSY), nlE A IR
Wi 73 B =790, it A H A R B A TV B R
NTRRE VRS T 5537 5 A B FH TR A% sk
G595 . XL yah n] Uik — 0 5 45/ s AT IR
KER, SEIUE TS S MPEE R ED . s, o
7 SSUHPC LI 5 8 11813 3 B A B2 7 4
G FR, AEIRZISZIL UHPC B & KR B0 .

4) SSUHPC HIfEEALEE, 74— 11—k
PR, HET, FT SSUHPC RILhREIURIE + 4 F.
BARIX oy & PR AN R HLEE A B TR T
SSUHPC & MERE, AT Ak 1 i vt A s
PE LA . H T SSUHPC iy Al BE i 22 RE 1 F1
AHhE e, FEX AR A EALEL A PRI R
by B BN RIS 1 B VR #E - E AN [ i 2R
S N B U IR AL G — 1 1 -
ORI L R M. AN, UHPC B B I B3 i
HJGEARGE S, R H 5 A o R A
FEE L LA, 5 0K S0 5 00 (5% PRI # 4%A
I e ) M7 AR 5 4 AL IR . RO 451
SINTRIEUMER R (23R 2 RE)E WL A, DL
SEA— W AR TR RE A B

5) SSUHPC K AR IEPERE 3L A SR BE L V5
HBERIARRL, BLAR SSUHPC P 3545k 4 558 1 bL X VR
grreERe BA S 2 AR g, H
SSUHPC I AL B i v Ak [RI A LA I AR PR &
e, H AT S Z 4 m e e AN R 1 1) 7 v AN
HE DL S RE TS o S AR T e AL 1
T TN g 3dE— 20 B A A Btk B LA R v P g
TSR PEAE R S . Wk 5 iR, @ik SSUHPC
SRR B 1) J5 A A7 AR AN PR BEAHE 5 S50 R4S P B 7
TR ZE A, ] SIS A0 45 MR S PRl A A&
SRS HPRAS T o

6) SSUHPC M FHYu Y . SSUHPC HfE (5
SHRKZ R IESH . AULEY REAKSE
VAN A [ B A5 R 41 4 3 5 R S ) (FRP) AW A 1 5 R
b2 [ RS A AR, DL AVEERIA 5T 2
(i pH B TIRE, IXAEREIE 2R W57 T
AN 7)o

7) #T SSUHPC MR Redhitt Ratiiscit L
POARVRE A 7 B AR AL 7 VR DR i
M ARGWAEREM R EEREE, XAHEX
SSUHPC (PRSI 25 & BAR TAESE PR T %,



- 1778 - CRERR Th 223400

J Chin Ceram Soc, 2026, 54(5): 1770-1783

2026 4

PAR T R SRR RA BRI EE B . -4

Jl s — AN BT, EAARE TR D ALELE P

SCIL 5 A AT A v g A A B R AT HL.

B v 4

T AR B 1 5925 70 5K d R BIR J3E L it v 4
e (i R B I AR S R VR AT T FEAE TR A AR R R
b AR BT AR AN 3 EK

Evaluating structural status of this stage,

Predictingstate evolution in the next time period

Experimental establishment of physical equations
(e.g., fatigue S—N curve, damage model, and environmenta aging)

Self-sensing
UHPC beam

Smart prefabricated structures

Load $pectrum - ) Environmental action spectrum
Actualjmeasurgd data|of actual service conditions during a time period
1 ; T s
J oo e e N SO
Wy
Self-sensing
UHPC joint

Sensing signals

Self-sensing

Smart bridge structures

K5

FF SSUHPC Ji vy 5 S 4 ) B A Bt bR 25 P At e £ [501

Fig. 5 Evaluation approach for infrastructure state based on in-situ monitoring of SSUHPCI[E%

8) SSUHPC K H B ReE I 2 RE. £2H

W BUE L T . NS — SSUHPC 4 KRN 45 K 7E
ANEJE T A B E R AT N, RHEBEZ RE
LG CAA T HE AR 2 P2 3% T 1) SSUHPC # kL5 45
FIRIAT A

9) LM TFIAEBAE SSUHPC £
5T ) G A R R 2 A VR i, DA R R A
W REIZ AT R Tk W 6 FiR, SEbR
FE BB T R BB AR AR A R, AR S R
TAR A RN S R AT R . d i S S bR
FEIR B AT LU, IFME BN TR B8 . KEE 1
BLES 2 o) S5 e R VP B ) v M . i T2
FARAERRY, RILE A A R AL R R, I
IR | G S 1) OISO R L
T R R R R A A AN E S
BB AE H W s T Mgedrh s B, A
F55 1] BE H IR 540 (W 2R SURNE 57 45 ), DA AL S i
(43 s IR 4R T v R, AT ZE K AT
i FH PR AR GE 3 A

10) SSUHPC 8% FH T s AT e AT SE A

WAl F SSUHPC % T it ) 41 B 2 e =X 85 1) FA) 300
BT, EDR A T oot S M i R4y L SEE 4y
A RAL TR/ SSUHPC f & [FIIF, Filsh] ml LA
P15 SSUHPC 7K ALFE FE i AR IE RS 5 B AR 8 1k
gho LI 2 25 R R 3R A3 1) SSUHPC BALEAL, 1]
SEIRAE i JE BVTAS AN 2 S HERIL (W E . LA
7KHE); 0] F T R B VR L, AR
Rt R (e 2 RN s B bR AR IR A8 ) s 3B mT FH T sl
BREg . AREAIHLER(WBIER . FLAR)E-82A Mg
IR IERAIBZRER: A1) I A ST (U Ko o) I LA N = 0L
W LS5 R (i LR W R E A
AL, FFR FRP QN3 HS 4T 4k 58 41 KL (GFRP) . Bk
LR YR AR (CFRP)] i3 58 SSUHPC #afF/4544
A T G A 5 R B B LA A A % b RS 1) R R
SSUHPC L FHL FRP JnEIFHZE &, o SEI A1/
GE A PR A s e

11) SSUHPC KA RESE AR DCAE . RE
ABRAER & MRS, N2 U & SSUHPC 7EAN[A]
A3 ) 2 R S e R P G 56 s 7 M 2R
RO I AT i e 5E 3, DAEik SSUHPC B H



2554 55 5 H

R S AR B RS PR RE

TR LA R RS R R . 1779 -

JRETAR BT AR RIE AR AE T A o

12) R Jim ) R KAR B IR B “ B e A ik
SRt el . SSUHPC R s BL W)-45 #3488 A
AR IRERL G SR TAR, LRI S

ZAEM IR R ST AL, A0 25R- 7
“BEMF AR -FERNLERT . “PUESSH- T B S
KIS B3, DURE AL 5815 R EE

=1 P, —
S A gpeL 8-,

Maintenance

S

Monitoring

0
©

Assessing

Real structure

[i\

Forecasting

Durability
Mechanical property
Vg

el
al —————

Structural
material

Self-sensing

UHPC Sensing

_______ material

Stress Damage
Environmental parameters

Strain

P

.2 :

P8 :

H = Y

= 1

P8 / Empirical Physical ;

= / model model :

A 0 B

Y :

i A % oy

i/ _ .

: / Machine Artificial : /
leaming intelligence y/

/

J/

/

Infrastructures
on
o= B
.é » Bridge
g » Tunnel
= H
%’ : » Building
£
» Railway
> Link
» Multidisciplinary
» Multi-physical
parameter
! » Multiscale
/ » Multiprobability
Digital twin

K6 JET SSUHPC A%y 2R A MY i e A E A7) 2 22 15 T 1 A AELLEO)
Fig. 6 A concept of developing intelligent and resilient infrastructures based on the integration of SSUHPC and digital twin [

4 Hip

ThReIERL, WM ZF e DL KSR & A S8 0 KBk ghoK
B4, I UHPC SINKE A B s 1,
1 UHPC TS A", #Jpl 7 UHPC 2 4 2K G HLIE
#, RDDIRESURIAML G B . ThREIFRHR NI
T UHPC RAF Ak pe . i APERE SR ANERE, BE
5 ST A I I S AN PR S 0] S B R R, 3
T AR RS0t P32 8 A4S 3R BEMs S, AT S
LA ) B . SSUHPC 1A —Fh B AT %
TRFVER R RESR RE 2 DIREMBL, AT B R BE SR
SCETHRERM BN SERIAARLR TR, SEELEE H-ThRE—
AL MIIREZ AR, MDD R TAZ U A v X

SE R

[1] KHAYAT K H, MENG W N, VALLURUPALLI K, et al. Rheological

properties of ultra-high-performance concrete: An overview[J]. Cem

Concr Res, 2019, 124: 105828.

LEE S J, YOU I, KIM S, Self-sensing capacity of

ultra-high-performance fiber-reinforced concrete containing conductive

powders in tension[J]. Cem Concr Compos, 2022, 125: 104331.

DU J, MENG W N, KHAYAT K H, et al. New development of

ultra-high-performance concrete (UHPC)[J]. Compos Part B Eng, 2021,

224:109220.

LIAO K'Y, CHANG P K, PENG Y N, et al. A study on characteristics

of interfacial transition zone in concrete[J]. Cem Concr Res, 2004,

34(6): 977-989.

[5]1 SHI C J, WU Z M, XIAQO J F, et al. A review on ultra high performance
concrete: Part . Raw materials and mixture design[J]. Constr Build
Mater, 2015, 101: 741-751.

[6] SCHMIDT M, FEHLING E. Ultra-high-performance concrete: research,
development and application in Europe [J]. ACI Special Publication,
2005, 228: 51-78.

[2] et al.
[3]

4



- 1780 - CRERR Th 223400

J Chin Ceram Soc, 2026, 54(5): 1770-1783

2026 4

[71 TAM C M, TAM V W Y, NG K M. Assessing drying shrinkage and
water permeability of reactive powder concrete produced in Hong Kong [J].
Constr Build Mater, 2012, 26(1): 79-89.

[8] SONG G L. Equivalent circuit model for AC electrochemical
impedance spectroscopy of concrete[J]. Cem Concr Res, 2000, 30(11):
1723-1730.

[99 SUN T, WANG X Y, ASHOUR A, et al. Sustainable
ultra-high-performance concrete materials and structures[M]//Sustainable
Concrete Materials and Structures. Amsterdam: Elsevier, 2024:
487-529.

[10] RICHARD P, CHEYREZY M. Composition of reactive powder
concretes[J]. Cem Concr Res, 1995, 25(7): 1501-1511.

[11] BACHIE H H. Densified cement ultra-fine particle-based
materials[C]//Proceedings of the 2nd International Conference on
Superplasticizers in Concrete, Ottawa, Canada, 1981.

[12] BIRCHALL J D, HOWARD A J, KENDALL K. Flexural strength and
porosity of cements[J]. Nature, 1981, 289(5796): 388-390.

[13] DE LARRARD F, SEDRAN T. Optimization of ultra-high-performance

concrete by the use of a packing model[J]. Cem Concr Res, 1994, 24(6):

997-1009.

[14] CHEYREZY M, MARET V, FROUIN L. Microstructural analysis of
RPC (reactive powder concrete)[J]. Cem Concr Res, 1995, 25(7):
1491-1500.

[15] RONG Z D, SUN W, ZHANG Y S. Dynamic compression behavior of
ultra-high performance cement based composites[J]. Int J Impact Eng,
2010, 37(5): 515-520.

[16] MAO L, BARNETT S J, TYAS A, et al. Response of small scale ultra
high performance fibre reinforced concrete slabs to blast loading[J].
Constr Build Mater, 2015, 93: 822-830.

[17] PYO S, EL-TAWIL S. Capturing the strain hardening and softening
responses of cementitious composites subjected to impact loading[J].
Constr Build Mater, 2015, 81: 276-283.

[18] R EHF, LIS, BT, YEME AR B 1% 57 1 Bk gt 7 [9).
rh k3B R, 2008, 29(4): 35-40.

YU Ziruo, AN Mingzhe, YAN Guiping. China Railw Sci, 2008, 29(4):
35-40.

[19] =181, RALME, W, . SOHLEORHE s e e 52 R
FiVEREI]. UM KL A44R, 2022, 25(4): 381-388.

LI Lijian, XU Lihua, CHI Yin, et al. J Build Mater, 2022, 25(4):
381-388.

[20] Efifd, BXIEE, RES. RELIZ RN R0 LA
TRZEIR, 1991, 24(4): 38-47.

WANG Ruimin, ZHAO Guofan, SONG Yupu. China Civ Eng J, 1991,
24(4): 38-47.

[2]] WU Z M, SHI C J, HE W, et al. Static and dynamic compressive
properties of ultra-high performance concrete (UHPC) with hybrid steel
fiber reinforcements[J]. Cem Concr Compos, 2017, 79: 148-157.

[22] DING S X, DONG S F, WANG X Y, et al. Self-heating ultra-high
performance concrete with stainless steel wires for active deicing and
snow-melting of transportation infrastructures[J]. Cem Concr Compos,
2023, 138: 105005.

[23] XI B, AL-OBAIDI S, FERRARA L. Effect of different environments
on the self-healing performance of ultra high-performance concrete—A
systematic literature review[J]. Constr Build Mater, 2023, 374: 130946.

[24] GUO Y X, WANG D Y, ASHOUR A, et al. Self-sensing ultra-high
performance concrete: A review[J]. Meas Sci Technol, 2024, 35(3):
032003.

[25] YOO D Y, YOON Y S. A review on structural behavior, design, and
application of ultra-high-performance fiber-reinforced concrete[J]. Int J
Concr Struct Mater, 2016, 10(2): 125-142.

[26] BAE Y, PYO S. Ultra high performance concrete (UHPC) sleeper:
Structural design and performance[J]. Eng Struct, 2020, 210: 110374.

[27] YOO D Y, CHUN B, KIM J J. Effect of calcium sulfoaluminate-based
expansive agent on rate dependent pullout behavior of straight steel
fiber embedded in UHPC[J]. Cem Concr Res, 2019, 122: 196-211.

[28] BAE Y, PYO S. Effect of steel fiber content on structural and electrical
properties of ultra high performance concrete (UHPC) sleepers[J]. Eng
Struct, 2020, 222: 111131.

[29] ZHOU M, LU W, SONG J W, et al. Application of ultra-high
performance concrete in bridge engineering[J]. Constr Build Mater,
2018, 186: 1256-1267.

[30] ABMBZR, HEME, ZE4E, & E MR- RPC & Hrim b
AMERERT AL AP E A 2EHR, 2012, 25(2): 40-45.

SHAO Xudong, CAO Junhui, Y1 Dutao, et al. China J Highw Transp,
2012, 25(2): 40-45.

[31] NGUYEN K, FREYTAG B, RALBOVSKY M, et al. Assessment of
serviceability limit state of vibrations in the UHPFRC-Wild bridge
through an updated FEM using vehicle-bridge interaction[J]. Comput
Struct, 2015, 156: 29-41.

[32] BIERWAGEN D, ABU-HAWASH A. Ultrahigh-performance concrete
highway bridge[C]// Proceedings of the 2005 Mid-Continent
Transportation Research Symposium, Ames, America, 2005.

[33] CHEN B C, HUANG Q W, WANG Y Y, et al. Design and construction
of the first UHPC arch bridge in China[J/OL]. J China Foreign
Highway, 2021-11-19. https://zwgl.csust.edu.cn/zwglen/article/abstract/
20210831001

[34] AZMEE N M, SHAFIQ N. Ultra-high performance concrete: From
fundamental to applications[J]. Case Stud Constr Mater, 2018, 9:
€00197.

[35] TANAKA Y, MAEKAWA K, KAMEYAMA Y, et al. The Innovation
and Application of UHPFRC Bridges in Japan [M]. Hoboken: John
Wiley & Sons, Inc. 2011.

[36] HABER Z B, MUNOZ J F, DE LA VARGA |, et al. Bond
characterization of UHPC overlays for concrete bridge decks:
Laboratory and field testing[J]. Constr Build Mater, 2018, 190:
1056-1068.

[37] LI L, WANG Y, ZHENG W Z. State of the art of durability of reactive
powder concrete [J]. Indust Constr, 2008, S1: 773-776.

[38] BHUSARI J P, S G K. A state of the art report on ultra high
performance concrete: Reactive powder concrete[J]. IOSR J Eng, 2017,
7(5): 1-6.

[39] CHEN P W, CHUNG D D L. Concrete as a new strain/stress sensor[J].
Compos Part B Eng, 1996, 27(1): 11-23.

[40] FU X L, CHUNG D D L. Effect of curing age on the self-monitoring
behavior of carbon fiber reinforced mortar[J]. Cem Concr Res, 1997,
27(9): 1313-1318.

[41]] WEN S H, CHUNG D D. Effects of strain and damage on
strain-sensing ability of carbon fiber cement[J]. J Mater Civ Eng, 2006,
18(3): 355-360.

[42] HAN B G, DING S Q, YU X. Intrinsic self-sensing concrete and
structures: A review[J]. Measurement, 2015, 59: 110-128.

[43] XU J, ZHONG W H, YAO W. Modeling of conductivity in carbon
fiber-reinforced cement-based composite[J]. J Mater Sci, 2010, 45(13):
3538-3546.



%54 55 5 1

ZEMRER S ASAE B R I R VR A A R S R « 1781 -

[44]HAN B G, YU X, OU J P. Self-Sensing Concrete in Smart
Structures[M]. Amsterdam: Elsevier, 2015

[45] HAN B G, ZHANG L Q, OU J P. Smart and Multifunctional Concrete
Toward Sustainable Infrastructures[M]. Singapore: Springer Nature
Singapore, 2017.

[46] HAN B G, DING S Q, WANG J L, et al. Nano-Engineered
Cementitious Composites: Principles and Practices[M]. Singapore:
Springer Nature Singapore, 2019.

[47] HAN B G, OU J P. Embedded piezoresistive cement-based stress/strain
sensor[J]. Sens Actuat A Phys, 2007, 138(2): 294-298.

[48] MAO Q Z, ZHAO B Y, SHENG D R, et al. Resistance changement of
compression sensible cement speciment under different stresses[J]. J
Wuhan Univ Technol Mater Sci Ed, 1996, 11(3).

[49] HAN B G, DING S Q, SUN S W, ZHANG L Q, OU J P. Chemical
modification of carbon nanotubes/nanofibers for application in cement
and concrete field[M]//Chemical Functionalization of Carbon
Nanomaterials. Boca Raton: CRC Press, 2015: 774-799.

[50] HAN B G, YU X, OU J P. Effect of water content on the piezoresistivity
of MWNT/cement composites[J]. J Mater Sci, 2010, 45(14):
3714-3719.

[51] DONG S F, HAN B G, OU J P, et al. Electrically conductive behaviors
and mechanisms of short-cut super-fine stainless wire reinforced
reactive powder concrete[J]. Cem Concr Compos, 2016, 72: 48-65.

[52] NGUYEN D L, SONG J D, MANATHAMSOMBAT C, et al.
Comparative electromechanical damage-sensing behaviors of six
strain-hardening steel fiber-reinforced cementitious composites under
direct tension[J]. Compos Part B Eng, 2015, 69: 159-168.

[53] DONG S F, DING S Q, HAN B G, et al. Multifunctional super-fine
stainless  wires prefabricated
structures[M]//European Workshop on Structural Health Monitoring.
Cham: Springer International Publishing, 2022: 794-804.

[54] VIET L, HYUNG L, JOO K. Effects of steel slag aggregate size and
content on piezoresistive responses of smart ultra-high-performance
fiber-reinforced concretes[J]. Sens Actuat A Phys, 2020, 305: 111925.

[55] HUSSAIN A, XIANG Y, YU T, et al. Nanocarbon black-based
ultra-high-performance concrete (UHPC) with self-strain sensing
capability[J]. Constr Build Mater, 2022, 359: 129496.

[56] SONG F C, CHEN Q, JIANG Z W, et al. Piezoresistive properties of
ultra-high-performance  fiber-reinforced  concrete  incorporating
few-layer graphene[J]. Constr Build Mater, 2021, 305: 124362.

[57] LEE S H, KIM S, YOO D Y. Hybrid effects of steel fiber and carbon
nanotube on self-sensing capability of ultra-high-performance
concrete[J]. Constr Build Mater, 2018, 185: 530-544.

[58] LE H V, KIM M K, KIM S U, et al. Enhancing self-stress sensing
ability of smart ultra-high performance concretes under compression by
using nano functional fillers[J]. J Build Eng, 2021, 44: 102717.

[591 SUN M Q, LIEW R J Y, ZHANG M H, et al. Development of
cement-based strain sensor for health monitoring of ultra high strength
concrete[J]. Constr Build Mater, 2014, 65: 630-637.

[60] YOU I, YOO D Y, KIM S, et al. Electrical and self-sensing properties
of ultra-high-performance fiber-reinforced concrete with carbon
nanotubes[J]. Sensors, 2017, 17(11): 2481.

[61] DONG S F, WANG X Y, HAN B G. Stainless Steel Wires-Engineered
Multifunctional Ultra-High Performance Concrete[M]. Boca Raton:
CRC Press, 2023. https://doi.org/10.1201/9781003276357

[62] QIU LS, DONG S F, YU X, et al. Self-sensing ultra-high performance
concrete for in situ monitoring[J]. Sens Actuat A Phys, 2021, 331:
113049.

reinforced UHPC for smart

[63] SONG J D, NGUYEN D L, MANATHAMSOMBAT C, et al. Effect of
fiber volume content on electromechanical behavior of strain-hardening
steel-fiber-reinforced cementitious composites[J]. J Compos Mater,
2015, 49(29): 3621-3634.

[64] JUNG M, PARK J, HONG S G, et al. Electrically cured ultra-high
performance concrete (UHPC) embedded with carbon nanotubes for
field casting and crack sensing[J]. Mater Des, 2020, 196: 109127.

[65] YOO D Y, KIM S, LEE S H. Self-sensing capability of
ultra-high-performance concrete containing steel fibers and carbon
nanotubes under tension[J]. Sens Actuat A Phys, 2018, 276: 125-136.

[66] RUAN Y F, HAN B G, YU X, et al. Carbon nanotubes reinforced
reactive powder concrete[J]. Compos Part A Appl Sci Manuf, 2018, 112:
371-382.

[67] VALVERDE D, GARCIA N, TORRENTS J M, et al. Piezoresistive
response and self-sensing properties of UHPC reinforced with recycled
carbon fibers[J]. Constr Build Mater, 2024, 448: 138171.

[68] WANG D Y, DONG S F, WANG XY, et al. Sensing performances of
hybrid steel wires and fibers reinforced ultra-high performance concrete
for in situ monitoring of infrastructures[J]. J Build Eng, 2022, 58:
105022.

[69] LI X P, LI M. Multifunctional self-sensing and ductile cementitious
materials[J]. Cem Concr Res, 2019, 123: 105714.

[70] DIAZ B, GUITIAN B, NOVOA X R, et al. Analysis of the
microstructure of carbon fibre reinforced cement pastes by impedance
spectroscopy[J]. Constr Build Mater, 2020, 243: 118207.

[71] TALLMAN T N, SMYL D J. Structural health and condition
monitoring via electrical impedance tomography in self-sensing
materials: A review[J]. Smart Mater Struct, 2020, 29(12): 123001.

[72] GUPTA S, GONZALEZ J G, LOH K J. Self-sensing concrete enabled
by nano-engineered cement-aggregate interfaces[J]. Struct Health
Monit, 2017, 16(3): 309-323.

[73] HALLAJI M, SEPPANEN A, POUR-GHAZ M. Electrical impedance
tomography-based sensing skin for quantitative imaging of damage in
concrete[J]. Smart Mater Struct, 2014, 23(8): 085001.

[74] KARHUNEN K, SEPPANEN A, LEHIKOINEN A, et al. Electrical
resistance tomography imaging of concrete[J]. Cem Concr Res, 2010,
40(1): 137-145.

[75] OU J P, HAN B G. Piezoresistive cement-based strain sensors and
self-sensing concrete components[J]. J Intell Mater Syst Struct, 2009,
20(3): 329-336.

[76] DING S Q, XU C, NI Y Q, et al. Extracting piezoresistive response of
self-sensing cementitious composites under temperature effect via
Bayesian blind source separation[J]. Smart Mater Struct, 2021, 30(6):
065010.

[77] CHANG C, SONG G B, GAO D, et al. Temperature and mixing effects
on electrical resistivity of carbon fiber enhanced concrete[J]. Smart
Mater Struct, 2013, 22(3): 035021.

[78] ZHOU Z L, XIE N, CHENG X, et al. Electrical properties of low
dosage carbon nanofiber/cement composite: Percolation behavior and
polarization effect[J]. Cem Concr Compos, 2020, 109: 103539.

[799 WANG X N, FENG D C, MENG J, et al. Double percolation
phenomenon of carbon nanotube/cement composites as piezoresistivity
sensing elements with exposure to salt environment[J]. Cem Concr
Compos, 2024, 147: 105401.

[80] WANG XY, DING S Q, NI Y Q, et al. Intrinsic self-sensing concrete to
energize infrastructure intelligence and resilience: A review[J]. J
Infrastruct Intell Resil, 2024, 3(2): 100094.



- 1782 - CHERR Sh 4 J Chin Ceram Soc, 2026, 54(5): 1770-1783 2026 4

[81] DING S Q, XIANG Y, NI Y Q, et al. In-situ synthesizing carbon fillers for crack development monitoring of a maglev girder[J]. Small,
nanotubes on cement to develop self-sensing cementitious composites 2023, 19(9): 2206258.
for smart high-speed rail infrastructures[J]. Nano Today, 2022, 43:

101438, {E& STEk SRR :

[82] HAN B G, YU X, KWON E. A self-sensing carbon nanotube/cement MR MRS . B R
composite for traffic monitoring[J]. Nanotechnology, 2009, 20(44): TEF: HE, 155, &, &t
445501, ER: SHER. BX%

[83] QIN H Y, DING S Q, ASHOUR A, et al. Revolutionizing infrastructure: BRI ik
The evolving landscape of electricity-based multifunctional concrete 2O BXgEs
from concept to practice[J]. Prog Mater Sci, 2024, 145: 101310. Zegtin. &I

[84] DING S Q, WANG X Y, QIU L S, et al. Self-sensing cementitious BT, BHss
composites with hierarchical carbon fiber-carbon nanotube composite B SR, BEEES. Bt

Research Progress on Intrinsic Self-Sensing Ultra-High Performance Concretes

LI Linweil2, DING Siqi®, WANG Xinyue*, ZHANG Liging®, RONG Hui?, LI Hongyan®, RAN Qianping®, HAN Baoguo?

(1. School of Materials Science and Engineering, Tianjin Chengjian University, Tianjin 300384, China; 2. School of Infrastructure
Engineering, Dalian University of Technology, Dalian 116024, Liaoning, China; 3. Department of Civil and Environment
Engineering, The Hong Kong Polytechnic University, Hong Kong 999077, China; 4. School of Civil Engineering, Tianjin University,
Tianjin 300072, China; 5. School of Civil Engineering and Architecture, East China Jiaotong University, Nanchang 330013, Ching;
6. State Key Laboratory of Engineering Materials for Major Infrastructure, School of Materials Science and Engineering, Southeast
University, Nanjing 211189, China)

Extended Abstract

Ultra-high performance concrete (UHPC) is fabricated via optimizing the fineness and reactivity of its constituents and
employing thermal curing to modify the composition and structure of hydration products. These techniques minimize internal defects,
resulting in a highly homogeneous and dense matrix with strong matrix-aggregate interfacial bonding. Also, the use of steel fibers
effectively addresses the inherent brittleness, low tensile, and poor impact resistance of conventional cementitious materials.
Consequently, UHPC exhibits exceptional mechanical properties, durability, and workability, while possessing the intrinsic material
“gene” necessary for the development of self-sensing capabilities. Self-sensing ultra-high performance concrete (SSUHPC) extends
the functionality of conventional UHPC via enabling in-situ self-monitoring, thereby providing a guarantee for enhancing safety and
service life of UHPC structures. SSUHPC can be also implemented as an integrated structural element, surface coating, prefabricated
component, or embedded sensors within infrastructure, providing a solution for the advancement of digital-intelligent infrastructure.

This review comprehensively represents the material composition, self-sensing properties and mechanisms, engineering
applications, current challenges, and future strategies for SSUHPC. The existing research status of SSUHPC is summarized. The
composition, fabrication, microstructure and performance characteristics of UHPC are analyzed, highlighting its intrinsic material
“gene” that underpins the development of SSUHPC. The primary and most crucial material “gene” is steel fibers, which provide both
excellent mechanical properties and electrical conductivity. Their one-dimensional morphology allows a uniform dispersion within
the matrix, forming and strengthening the conductive network. The same important material “gene” is the sole use of fine aggregates
without coarse aggregates, which avoids a disruption of the conductive network and enhances its integrity. In addition, highly reactive
fine components, such as silica fume and mineral powder, can be also regarded as the third material “gene” due to the compact
microstructure that supports the long-term stability of self-sensing properties. The review further discusses the role of functional
fillers, particularly carbon-based fillers like carbon black and graphene, which complement steel fibers to establish robust conductive
networks. These fillers introduce a large number of free electrons, forming the fourth conductive pathway, i.e., intrinsic conductive
pathway of functional fillers, which synergistically improves both mechanical properties and self-sensing capabilities of SSUHPC.
The sensing properties (i.e., sensing properties under compression, tension, and bending) of SSUHPC are reviewed, along with the
underlying mechanisms and influencing factors. The sensing properties under compression arise from a reduction in filler spacing,
which enhances contact conductivity, quantum tunneling, and field emission effects, thereby decreasing electrical resistivity. Sensing
properties under tension are primarily governed by the disruption of conductive pathways due to microcracking and filler-matrix
interface debonding, resulting in an increased electrical resistivity. The dense microstructure and high elastic modulus of SSUHPC
limit its compressive deformation, resulting in a less pronounced sensing performance under compression, compared to under tension,
which is better captured due to the material’s inherent brittleness. This is because the fractional resistivity change can accurately
characterize the entire tensile behavior from elastic deformation, plastic deformation to failure of SSUHPC, and even allow for
quantitative characterization. Sensing properties under flexure represent a combination of the characteristics observed in both the
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compressive and tensile zones. Regardless of load type, the material “gene”, i.e., functional filler composition and content,
fundamentally governs the sensing properties, followed by environment factors (i.e., temperature and humility) and measurement
methods (i.e., electrode materials and configurations). The resistance measurements can reveal percolation threshold and dominant
conductive mechanism (i.e., ionic or electronic conduction) of SSUHPC, providing a theoretical foundation for optimizing the
material design and measurement protocols. For instance, if ionic conduction is dominant, appropriate testing methods (i.e.,
measurement after drying) can improve the repeatability of sensing performance and reduce noise, or improving a functional filler
content to shift ionic conduction to electronic conduction. Finally, the review summarizes the challenges of SSUHPC in the existing
scientific research and engineering applications, proposes the corresponding strategies, and draws future development roadmaps.
Some key areas include large-scale and low-cost manufacturing, in-depth understanding of sensing mechanisms and modeling,
long-term sensing capacity and evolution models, design/optimization/software/hardware integration of intelligent structural system,
development of “digital-intelligence” and resilient infrastructure for the future information environment, and development and
establishment of relevant regulations/specifications/standards.

Summary and prospect Functional fillers, such as steel fibers, graphene, and carbon nanotubes, introduce a large number of free
electrons into UHPC, becoming a conductive material “gene” of UHPC for the establishment of the intrinsic conductive path. The
material “gene” simultaneously endows UHPC with excellent mechanical, durability, and sensing capabilities, facilitating in-situ
monitoring of the impacts of loads and environment on infrastructure. This provides a crucial data support for infrastructure operation
and maintenance, paving a way for infrastructure “digital-intelligence”. SSUHPC as a high-performance/intelligent/multifunctional
material with digital-intelligent characteristics is expected to transcend the boundaries between functional and structural materials,
achieving structural-functional integration and functional diversification, thereby driving a paradigm shift in the field of civil
engineering.

Keywords ultra-high performance concrete; intrinsic self-sensing; in-situ monitoring; intelligent; infrastructure



