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Abstract: In this work, the formation and evolution of internal damage points in three types of ultra-high performance
concretes (UHPC) during the direct tension testing process were monitored by acoustic emission (AE) analysis system.
At the same time, the crack-width of UHPC was measured by the crack observer. Comparing with the strain-softening
UHPC and low strain-hardening UHPC, the high strain-hardening UHPC has the performances of high tensile strength
and ‘metal-like’ tensile strain-hardening. In the strain-hardening state of high strain-hardening UHPC, the equivalent
deformation was equilibrated by the uniform propagation of multiple micro-cracks, exhibiting excellent control capability
of crack width. The gas permeation test shows that the strain-hardening UHPC has excellent impermeability. In the
unloading state after tensile strain reached 2000ue, its impermeability was still better than that of C50 concrete without
loading. In view of these characteristics, it is meaningful to use strain-hardening UHPC in the bridge construction with high
risk of cracking, for example, in steel-UHPC composite bridge and cable-tower anchorage zone of cable-stayed bridge.
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Table 2 Characteristic parameters of steel fiber
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Fig.3 Propagation of acoustic emission waves
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Table 3 Basic mechanical properties of three types of UHPC

PUEBRJE (MPa) FUTHRE (MPa) S{EAS R (GPa)
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RS EkAr, UHPC  125.7 (0.031) 21.37(0.080) 47.4(0.026)
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Fig.5 Stress-strain curves of three types of UHPC
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Table 4 Tensile properties of three types of UHPC
UHPC %Y i Jue(MPa) S (MPa) ey (%) FHE (%) Sou(MPa)  SFEH (MPa) v (%) SFEEH(%)
1 6.97 0.025 — —
AR AL 2 7.98 7.72 0.018 0.021 — — — —
3 8.22 0.021 — —
1 8.30 0.028 8.96 0.087
R AE s Ak 2 8.60 8.37 0.021 0.023 9.44 9.39 0.147 0.116
3 8.21 0.020 9.77 0.114
1 10.07 0.025 12.46 0.394
AR BT Ak 2 10. 15 10.08 0.025 0.025 12.21 12.56 0.388 0.395
3 10.03 0.024 13.01 0.404

T 1 ARGESCHRT 10 Ky S LA A8 ik A B 14 Y 2 20 39 00 Tl B2, T A4 38 i O A o B O S AR KR LA e , o O 949 02 3 Ay S AR R A7 437 3 B2

Suwe s FFVEAELRE Ty 1 SR A BRATILHRE S, o JIT0F IO 0 01 A8 Sy i AR BB 2S00

13 5

12 1

11 1

10 1

94

CH

= 81 e ‘,I)fi
E 7} [NB
2 ¢ t
=5 N E&

41 SAK

3 4

2

14

0 + + + + + - + |

0 500 1000 1500 2000 2500 3000 3500 4000
NiZE (ue)
(a) Bz g -1y A% 28
AR BA CH DA Ef
500 SR} — 800 F— K0T 80
0 4“0 450 0
a0 @ . 4w 40
0 *0 30 30 30
20 - E 200 300
= 20 I ] 0 neq -
o 209 a 20 0 B bt
1 150 19 180 180
"0 %0’ " " "0
Y !

&

13 5

12 A

10 A Dx

o] Y
~ 81
§ 71 B 1
=X 61 ER
= 5

4]

31 \A).‘—i

2]

11

0 : t ¢ . t ¢ : ]

0 500 1000 1500 2000 2500 3000 3500 4000
BEAE (pe)
(a) LI g -0 A2 itk
AR BA CH D& Ex

0. S = e — @ e
& 4“5 450 40 .
«0 = @ i |
0 0 0 0
0 20 0 0
P =
0 B
1 190
10 +°0
S USSE A N L

(b) 75 J 040 5. 3 A 14
6 RrEE{L UHPC AR T A BRI =3
Fig. 6 Distribution of internal damage points at different

strains of strain-softening UHPC

(b) P RS54 1 40 A1 16
7 RREEIE{L UHPC A B R 22 4b B A R % = 53 76
Fig.7 Distribution of internal damage points at different

strains of low strain-hardening UHPC



FS50% A1 TARBIGE - v AL 50 A e

BIRBE 1 () B P I HL B AN 52 .15 -

13
12 CHi /D"*“ et
11

BA&

AR

% 71 (MPa)
o—-wu.uu.o«\xooxos

0 500 1000 1500 2000 2500 3000 3500 4000
REAE (ue)

(a) LI g -1 2% il £&
A% B& CH D& EX

3 260° 0

0 0 g

2 0 70

00 » »

8 140 150°
0 = 0 B e
£ @

(b) P RSB43 1 50 A7 1&]
B8 SR EEML UHPC R ELA K NARIRG 22
Fig.8 Distribution of internal damage points at different

strains of strain-hardening UHPC

325 B IAE = Fl UHPC 75 K& ZhRHIE .
T, AR SR UHPC T4 H 8% S48 405 st i 189 1
G 7%1 240ue , MK N A8 5% /b UHPC F1¥k{k UHPC H 8

S A IR 5 43 K 195ue Fl 174ue , 7647 Z A
HH’Jrj SHF (4000ue ) , = W AR 5 Ak UHPC R0 9 451 49
MBI Z 385 T 246 4~ KN A8 R4k UHPC (135
3 o Bk 220 ARz, AR B Ak UHPC 451473 1
TR D, 7T A 45005 55 80 R 5 AR 3 Ak UHPC 1y
31.3% o 75 RS A0RNA R HAT EH A — B0
RN P R B BB s RO T R REAS ] 45475
RS AR AL UHPC (45 14 o5 3 B AY Bhe T%a
R ] 4 187 A8 B 58475 5 B8R T B £, U B
Frbs B AN AT 5 45 )5 ﬁtﬁﬁwi{ﬁﬂ’ﬂmﬂiﬁwﬁm
PER R B R R TR B, [R5
{b UHPC. P35 A S 4 4% 1 FF & HUAIG Rz A8 38 Ak UHPC 11
Ak UHPC B ¥5) 7 A — BN 45T, vl R
YN IRZEEL
2.2.2  UHPC # R 56517 5553 1 R AE

PR = BRI 10 2545 115 A S5 4005 0

RS FEEGEIFE
Table 5 Activity characteristics of AE

ESaEiiLiae 4 P45 a5 AR RSk B
UHPC Ffi2k i
(114000 ue) R Jy(MPa) — Ji7E(ue)
Jof AE R A, 77 7.78 174
R AE B AL, 220 8.20 195
1 0 AR 5 Ak 246 8.37 240

(1 55 EE I 220 R AR &, 25 2R AN 1AL 9 Firaise I A2 414k
UHPC i fF b 453 0 i A B 3 42 73 K, He
98. 7% [ s K5 o A AE IR 150 ~250mm [y
FIREN , HLix98. 7% H45 475 s 44 7E190 ~ 240 mm ) &

1001
90
. 801
< 704
60
& o
B 40
=y
= 30
@ 20-
10
04 —
0 50 100 150 200 250 300 350 400 450 500
B3 R A AR Bl (mm)
(a) ¥k UHPC
401
351
S 301
2 25
& 201
= 157
2 10
5-
04 . . . . .
0 50 100 150 200 250 300 350 400 450 500
B4 5 AR B FEl (mm)
(b) ik N A% 5%k, UHPC
30-

25

201

A XIRB5 415 (%)

0 50 100 150 200 250 300 350 400

B3 A\ AL AR FEl (mm)
() ¥ R A5 Ak UHPC
9 =AY UHPC BL SR G SRS HE
Fig.9 Columnar distribution of AE damage points of
three types of UHPC

450 500



.16 - + A I B ¥ #

2017 4

BEN . TEARN A8 34k UHPC 3 vp, 35345 55 Y B 7E 6
ANEE S DB, B0 B e 2 1 XS 100 ~
150mm f) = BE S50 N, o LUk 37.27% o 7E 1= W A8 5
Ak UHPC 3R, 0 4 i A 10 AN 545 53 XSy, Horp
P15 S B 2 1Y X 2 400 ~ 450mm 1 5 i A4E 43
WLl HEAY 260 12% o M3 HIORE R &, g I 72 5 Ak
UHPC #5473 55007 o DX ) s B2 e K, A I A8 5 Ak UHPC
1) 1.67 £, %4k UHPC 1) 3.33 £, IWELERE, M
i AER AL UHPC e %5 52 A IX %% B2 (50mm 4543 X [H]
AR P BB B/, O AR A B Ak UHPC
70. 1% , %4k UHPC 1 26.5% .,

BT RS UHPC b7 a0 B0 s | =5 Wy AR
Ak UHPC FEH A fap 28 T PR 43 2 BE 22, A1 i [
T DA P A5 1 0 T N AT K 5 AR TR
2 R B A TE R IR 2, il B S U B0 1) 58
B B AR BRI 7K, BA R 8 6 TR s
R TRIY B 4 o 31X 88 2 pi 43 A 20 /N 34 80 1) 77 A Al
{E AR SR UHPC 3 HH R 110 1o S 1 ey 2 e 42 o
REJT, S A A IRBOIR S T B 55 77 24 PR RE AT A
PERERIHLEE
2.3 BSNTENL UHPC MELURES TSR

1R I A% 5 Ak UHPC (%) 55 £k A% B N A8 88 3 T
2000 e , 8 2ok 1 38 38 A A 1) JeE IR 0 A%, BRIG AT 5 22
[F] 520, TESS A e 1 v s 22 2% 1§ UHPC 1 Hihi ok
A —J5 1, iR AR 3 Ak UHPC &b 1 78 8 4k B s € 77
AL EfiMA s, BAREG 5 PR KoR ek
PRI A2 i 4t 1500 e ) UHPC A] g2k g 75 1000pe Z
HIEBEATFRFIAB KB, 0 FUR e PR, A3
R AR EPE I 5 2k PE s A2 58 Ak UHPC
FERL I AZ K 3] 2000 I B 211 285 BT YERE, N
Ze Rt — 2D R

SEBBERLR A T E R Autoclam KB, W0
K110 7 Autoclam 3B ASCR FH I [A] 48 5t & ) 22 1)
W 2, RYEA A [R)00 46 g %) %5 DA 25 40 v 1) s 4
AARE A A TE I s 1] AR (AR S Y €S0 TR
A N AR R AL UHPC) 10835 , R 5 W DN %85 1A 2%
i (14 He 7 36 el 2 45 BOME 56 S B A R AE iR F B9 <
B IENE . A RIS ] P R ) 5 a0, 350 T3 4 fr)
BB PUIBRE T o AR SCR % T 2
41 4R i 7128 500mbar( 1mbar = 100Pa =0. 001 > KA
JE) a5 B[] 15min, SR % R 80 APL A4 T =0
A
APL = (Ln #JE HJ — Ln 30 245 o] 77 ) / 1S it ]

(1)

(a) C50 fRHE+

(b) 5 AL 3 Ak UHPC
10 SE2ENXILE

Fig.10 Gas permeation test

SRR EIAI R B, #0516 UHPC i (F
FER Z MRS T, 15min (58 K AL F T
7. 4mbar, Hi i 22 1K 5| 2000p.e J5 B2 H1 2 RS T,
FJ3FRE T 100mbar, i CS0 R & + 76K Z IR &
T, 15min A8 H T RS T 205 mbar, AR 4550 1
HAA R ESE AR INE 6 i, &6
A, R A 5 A UHPC A R 52 i 330 37 17 78 38 3]
2000 e Ji7 BN ZIEIBAR S I 99T B BE S 70 0 2 R %
fif CS0 JRBEL A 35. 25 £5701 2. 34 £ ilIaZs R R .
O M AR UHPC 93T PERE I 5 , ELZEXS B T4
33 e I PR 7 AR I PR T B P REATS B0 T i Bt 5
@ AR AL UHPC 755 8977 b A AR A o Ak AL
T2 R ATEREUIRZS B HATS Al A WA F A i
fo sk, AT AE UHPC 25 M 1 s it A

®6 BEEEWL UHPC WRSESH
Table 6 Gas permeability coefficient of
strain-hardening UHPC

€50 TR AR 5E AL UHPC
CREZAT)  (CRZH) (2000pe J5 BIZIEIZR)
SIRBE RS
RBERN 0.03384  0.00096 0.01447
(Ln( JE/7)/min)
Ry 123
hfz/ CIEWAE R » . 15,25 -~
(PARAZA €50 3Lk )




504 11

FARGEE - i AL SR s P RE TR B - ) AR P ML AT 5 S 17

BRI AE R RN, AR iR fE UHPC B =4
R AR BB AR R T 2R R B
s AL, HL SR AR BRIV AZ # 1 2000 e 5 — 2 2
SEPETHIRE A7, 76 0 A 3 A0 BE, A R 248 T S 4% 4 48
BARIAKN s = RATTB PRI, BLRAZ 2 2000pe
Ja RPZVE RS R P BVERE S 200 T2 TR £
ST N5 AL UHPC JX ek R ] T4 SR 46
A g I3 DX G Al 7 2 o 70 2 R ) T 5 2 15
IR EE - Z SN HTT %

S

=

4 ZHig

-l

ARSCE e IE T N AR Ak AR AR 5 Ak | = I AR
S AL =R 2T UHPC (1 %b 4 v g g A% i £, [m] B 1)
RS TCIR R H AR W T = 2R UHPC B 3R
Pt Ak 3t R ML, X HC B AR Sk 2000 we B 32444 11
BOREETE T T AR Ak UHPC (1 2448 s i HLEE,
e Ja R AAMARB B T AW T R AR i 4k UHPC
ERREUIRAS T BT RB TERe 1538 T LR 458

(1) @ n Az Ak UHPC fE S E - RS
FEIUH R AE SR AR | S L5 A B PR A 8 5 3
Fii e IR 22 2000 e

(2) 24 3h 0 0 2% 35 ) 2000w I, &5 B AE 58 1L
UHPC %448 5 B A 0. 02mm , {2 A% A8 51 ft. UHPC |
AR ER AL UHPC [ 1/5 1 1/25, R T AR G7 () 244
va e

(3) ARSI 45 R BoR , = W AR 3k 6 UHPC 78
LT RSB U SE 22, A3 A Y HE SR ), XAl
BETE/IN, DT K 45 6 78 T 3 78 1 22 A 34 AT T A 2
AR B T RERECTE R SR i3S

(4) B AS 3 4k UHPC fHL B HEREIL S, 6k
S 2RI TR 5] 2000 we J B 20 S AR S 1 B 4T
KB HET o3 AE R A2 A C50 TR % 1Y 35. 25 f5 AN
2.344%,

(5) T VA8 # Ak, UHPC 33 S6 R, 5 7 F
T TR 1t I 7 DX s H Al 7 2 v B B i Y B
PR & T 7R E - 2 SNHT T % o

2 % X M

(7]

(8]

[10]

[11]

Ultra-High Performance Fiber Reinforced Concretes Interim
Recommendations[ S|]. France: AFGC, 2002

FHWA-HRT-11-038 Ultra-High Performance Concrete Tech
Note[ S]. America: FHWA Publication, 2011

A BREE, GA B W-IREE 5 nps -
AEIR&E 1 (UHPC/UHPFR) Z —: 4-IR &E + 52 G A1
PUIR )RR %55 UHPC R e (1], REE L5,
2013 (10 ). 56-69 ( Zhao Jun,

Jianchang.

Lian Huizhen, Jin
A new model of steel-concrete composite
( UHPC/
UHPFRC) ; the status, problems and countermeasures and
the development process of UHPC[J]. Concrete World ,
2013(10) ;:56-69 (in Chinese) )

MCS-EPFL. Ultra-High Performance Fibre Reinforced Cement-
( UHPFRC ) : Construction material,
dimensioning und application [ S ].
Federal Institute of Technology, 2016
GB/T 31387—2015 {hitE# RiIREE [ S]. Jbat: HhEPR
R 4, 2015 (GB/T 31387—2015 Reactive powder
Beijing: China Standard Press, 2015 ( in

structure-ultra-high  performance  concrete

based composites

Switzerland: Swiss

concrete[ S ].
Chinese) )
GDJTG/T AO1—2015 5 Pk B 4L A M I 5 A H R
FAE[S]. T4, 2015 ( GDJTG/T A01—2015 Technical
Specification for Ultra-High Performance Light-Weighted
Composite Deck Structure [ S]. Guangdong, 2015 ( in
Chinese) )

AR ARSI M. e 5t 51 By Tl R
#t, 1981

ASTM E976-99 Standard Guide for Determining the
Reproducibility of Acoustic Emission Sensor Response[ S].
RS, o B, A5 RBE L SR & SHA R A
KZEWFET]. ksl 5 upifi, 2011,30(5) :196-204
(Wu Shengxing, Wang Yan, Li Jia, et al. Parameters of
acoustic emission test of concrete under static uniaxial
tension[ J|. Journal of Vibration and Shock, 2011,30(5) :
196-204 (in Chinese) )

Park S H, Dong J K, Ryu G S, et al. Tensile behavior of
ultra high performance hybrid fiber reinforced concrete[ J].
Cement & Concrete Composites, 2012,34(2) :172-184
WS, Fom, AR TRBE - S LA U Rl iz 45 4
AR AR (] AR TR 4R, 2009,42
(7):21-27 ( Wu Shengxing, Wang Yan, Shen Dejian.
Experimental study on acoustic emission characteristics of
damage process of concrete and its components under
uniaxial tension [ J ]. China Civil Engineering Journal,

2009,42(7) :21-27 (in Chinese) )

ERBU(1982 ), T, Wi W iR . BRI R PR RE K Je L4 b4 kL (UHPC, ULCC 48) MBITSE o
FBEI (1990 -) , F WL A o NS R PR RE TR BE LA 2 PR RESF T A BF T
HIgim (1962 -) 5 Pt #ofz . BRSBTS 7 R BT FE TAE.

g #1961 ) s BHR G R TR . B ENEHR BT S5

X EF (1967 -) B, 2k M LR, ERNF LR SE L UHPC fYRTH



