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Influence of silica fume and fiber diameter on bonding performance of
UHPC

YUAN Ming, ZHU Haile, YAN Donghuang, ZHU Nanxuan, YUAN Sheng

(School of Civil Engineering , Changsha University of Science & Technology,Changsha 410114, China)

Abstract: In order to reveal the influence of steel fiber type on the bonding performance of ultra-high
performance concrete (UHPC) matrix, 10 groups of double fibers pull-out tests were carried out with
different straight circular fiber diameters (0.2 mm and 0.3 mm) and mixing amounts of silica fume as
variables. The results show that with the increase in the mixing amount of silica fume, the pull-out
load, pull-out work, and bond strength of the straight circular fiber with a diameter of 0.3 mm follow a
trend of first increasing and then decreasing. When the mixing amount of silica fume is 20%, the
utilization rate of steel fiber reaches its peak of 43%. A further analysis was made on the effect of the
mixing amount of silica fume on straight circular fibers with a diameter of 0.2 mm, and it is found that
the variation of evaluation parameters (such as pull-out load, pull-out work, and bond strength) is
completely opposite to that of 0.3 mm fibers. Although the load-slip curves of the two kinds of steel

fibers show some similarity in trend, the curves of the straight circular fibers with a diameter of 0.3
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mm are relatively full, and there are many peaks and troughs. To sum up, both the steel fiber diameter

and the mixing amount of silica fume largely influence the bonding performance of UHPC. This finding

not only deepens the study of the internal mechanism of UHPC composites but also provides valuable

reference for further optimizing the overall performance of UHPC and exploring its wider applications.

Key words: bridge engineering; ultra-high performance concrete; double fibers pull-out test; bonding

performance; steel fiber type
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Table 1 Performance parameters and numbering of steel
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Table 2 UHPC benchmark mixture ratio design

KRB % | BEIRAB A% | KIELE | BPIELE | ok FRli%
80 20 0.17 1.1 1

R3NP XA LG5
Table 3 Sample group numbering of fiber pull-out test

Rifk | gF4n | mEKE WL AL S

Tk | Wimm | B/% | FEE(02mm) | HEEE(0.3 mm)
10 10-S0.2-6 10-S0.3-6
15 15-S0.2-6 15-S0.3-6

2

o 6.0 20 20-S0.2-6 20-S0.3-6

Pk
25 25-50.2-6 25-S0.3-6
30 30-S0.2-6 30-S0.3-6

fibers
WL 4E | SFAGRI T | SRR | KB | SRR bThR
s 2 /mm B/mm? mm J&/MPa
S0.2-13 0.2 0.031 4 13 2200
50.3-13 0.3 0.070 7 13 3000
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Fig. 1 Steel fiber shapes
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Table 4 Results of double fibers pull-out tests

MEREE | 2mm | B G/ e BRALIR Faksh | iR | PSS SRS | PO

/% i 2/N (N-m) i F3/MPa RIE/MPa | HEEE/MPa | FIFHER/%
10-S0.3-6 10 151.64 726.95 1072.63 12.38 18.26 36
15-50.3-6 15 157.49 774.73 1114.01 12.85 19.46 37
20-S0.3-6 0.3 6.5 20 184.36 909.27 1304.08 15.05 22.83 43
25-50.3-6 25 166.78 829.89 1179.73 13.61 20.84 39
30-50.3-6 30 158.61 570.80 1121.94 12.95 1433 37
10-S0.2-6 10 104.62 465.16 1 665.08 12.81 17.52 83
15-S0.2-6 15 84.28 326.95 1341.36 10.32 12.32 67
20-S0.2-6 0.2 6.5 20 80.33 256.34 1278.49 9.83 9.66 64
25-80.2-6 25 94.94 357.34 1511.02 11.62 13.46 76
30-50.2-6 30 118.52 468.85 1 886.30 14.51 17.66 94
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Fig. 3 Evaluation parameters of bonding performance under different mixing amounts of silica fume
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Fig. 4 Load-slip curves of straight circular steel fibers under

different mixing amounts of silica fume

49



x @ A

5 T 2 %40 %

H L 4 Hb ) R 3 AT 2 - o B il 4 T g, X
SO.3 N £F 4k , 75 £F 4t v 4k 00 101, o7 28 B AR 1 K A
(BN S AL B N | it e N RS E D e
FI| UHPC & R 1 B 45 ) FVRR EE 52 ), AR 5 21 4
(AN AE W B, Ah T 3 ZH 25 B Bt 5 Bt P4 oy 2
YRS K, T Y 55 AR R) () Bh 45 4 T B R 8K, I
A4 £ 2t 5 AR Ak T35 20 IO 8 9 Bt 5 L & ey 2GR
S0 (F, 9 £ 4 15 A4 [B] 119 78 235 1R D RE R 3%, 49
SR R R R R RO A T o e
S SN D EETEL A= Sa G RN (2 SR SN
(1) ¥ JEE 488 01 T 06 5 A8 S 1 sl R ), AT 2 T IR
KA, W,k fr 5 3 Bl T sl B ) 4R
HE, RLR o7 2T B ) — B AR B 2R,
ESE AR 2 e L g

L 4 (a) 7] 1, 24 S0.3 M £F 4 ik A UHPC JE A
P9 6.5 mm B, g0 26 45 B B A o 4 fr 28 3G AP
FLREF H H5c KP4 Aar 28 0F 17 79 o7 % 76 ik K 45 1 Ry
20% B3R B K, 3 AT g T Uk ek KB e B
O R B BUR R R B R K R, A
UHPC LR $E Ry 255, N EBFLBURIRAIG , FLARLF 2
FEAR ] B 6 45 V8 F 3G 0 B 2 R 38 B9 27 4k i
FEAE TR BT S

H P 4 Ca) W, FE R 3R frr 28 - 9 % 1 48T R B
M2 AEAE R0 S D A 75 o R PR R FE R 4K
b FE R AT Y AR W A SR SR AE AR ) 2 T A
IF 167 22 ORI B 5 T Y R AT 4R X A s TR s
PR R s Ly NI A T N 2 NS R e Bl R SR A
Y 2 R] (14 FH F I A2 B T A TR A EE A T, A
T far 280 A5 BT 38 0in o PRI 7 i 1 2 o R0 0
B4

W T S0.2 4N 2T 2 11 S0.3 HX 4T 4k 1) a7 4% A 4% -
& M R B BeARARL , B50SO0T P 25 B A [F) 22 ik iR 47
I3 Hr. HE 4T, 5 S0.3 ST 4EAH L, S0.2 X 4T 4k
) 7 48 Al 28K - T B I R N S AR i, LA BR A 28 L
SO.3 N HER AL, 2 B PR, SO hE )
BN 7E A 2 S SRR S B S0.2 AN AT Y
12 Lt SO.3 FIEF HE 11 /)N, R BLAE [R]—£F 4EHE TR T, S0.2
A 2T 2 5 LA ) Ak AR/, T B0S0.2 LR 4
e B a7 8% ARz 3K 2 1L S0.3 4K 41 4 1 /) |, 3% 5 XU
UGB LSRN — B [FIEE, AT S0.3 4N 4T
Yk, S0.2 FRET Y 11 i 2T B B vt 30 1 dpk e A g 4%
Bl | X R A S0.2 AN 27 4k i) UHPC JE A
ERR(TL

3 SEM %R

WL YR8 A, i UHPC LA (0 5 32 BH 24 1
fe PR R A A ) T — e R AR T . X R
N A B s R T, GRS TE UHPC A g
YA B A 8, R B AR NG o T AR S
SRR FE 25 VERE . X — RU7E UHPC SRSl 4 14
RS E] T I ISR . SN AR 4E 5 AR ] Y B 4
— B C-S-H BRI R 5 40 2T 2 2 T A Ak A 2R T
C-S-H B J A 55 50 27 4 5] ) 0 BE 462 07 A 21 4 5 0
PRI LR S & T, LA SR 2T 2 5 A 1 i (] 1) T
S EERE T L FA R o AR SCRE L T a4 %) sl AU 7 4
fr 28 - W BS R 28, 3R FH SEM X4k 5 B4 9% 4 L IR
RUBRET S () R TTE S, DL RO ET S 1 )5 B8R 1 Bk
T FLIRTE SRR AT T W%, B 78 GOW )2 T 4
MrANEF 4 5 UHPC B4 8] (%) 5 &5 25 0E T, DA SO
LR YEXT UHPC B35 s AILEE 71
3.0 METHERURER

i 5F SEM 43 1175 31 S0.2 F1 S0.3 49 2T 4k 114 40
JEAL, & 5 B 6 fs . INEIS(a) AT LIS E], S0.3
T A 10 v 8 BT A R T AR A B R . X AT g
2 1T S0.3 A9 £F 4 11 v 3 A J5 0 T e S 3 e ST
AR YN LR G AR AR 0 O P AR AR I, K R A
AN b o P S g 1T P i e | RS S 4 e R O B
PARTIRL 25 1) X 21 4 i A i SR A X AT g s 7 AR A
TERLNE o 33 Al 250 07 A A5 4N 27 Ak 7K 32 1 B K TR
TR g B EEEEBR B T EL, 7R AN AT 4 0 ek
B, FLoR A 23l HOR B SR B 5 W . th B 5(b)
AT DAL ZR 3], 54 £ 24 3 18 B 2 T AR A A B0k
Y BA R MRRAEAE , 31X 7] e SO 21 4 3% 0 5 4
TEFN IR, 38K UHPC AR5 2 . H B 5(c) AT LA
NREL B, AEAN LT AE R i i B b, T UHPC iR H A
2 T T S S R B B AN AT 4 5 AR v R A
W Z 7= T W sl B IXPP EEE S BUW A i R
17 A RS R ES, Hh T JRE AR PN  RE R AR A
WA Y R T AR KT AR . X AR BRI G R
T Y RRE B 25T ks T UHPC JEAR 1 26 45
PERE . 18 5(d) /R T S0.3 4N £ 4 2% 1hi 25 1 o kr
YITE LK 600 15 J5 I HOIE S o MIX SR E Y,
AT DAL ZE 3 220K 5l 2R A R, 3 S A0R AR 7T BB &
FH R BEABHE By C-S-H BEL .

i & 6 (a) AT LAWLZZ E], S0.2 F0 4T 2 1) A b 52 L

50 A5 W Ak < https: //jtkxyge. csust. edu. cn/jtkxyge/home



% 53

L, F R AL Y4 AR UHPC 254514

AE 89 % A BT 50

[ 5, AR T R AR A R B WA (R 18 50.3
BT A A v v SR A KR ), 12 0.2
BT 2 i R LI 5 1T 6 (b) e/ T S0.2 4 T 4
AR THTTETIOR 1 400775 5 B ROWIE 25, il & I H 3%
THT B 35 A7 A TORL ), o 26 JORE Ay BRIE 1 5 MR
6(c) ] LAWLESE 4041 435 i A7 7EHRR 10 3 36 P 3R
A5 NIET 6 (d) AT AL 3], B 27 2k 3 T A7 A5 2 2k 1k
AR RIIR . 5 S0.3 B EFHEAH LL , i LE IR ALK,
X W] S0.2 2T AEAE 1T B VAR BE TR 45 4 IR 45 A P I
[ U2 S0.2 Y24 5 S 1A 2 [ B B 25 1 A8

100 pm
—i

(a) SO.3HAZT- 2k v

(b) SO.3 4 £T 4 3 i ks

(¢) SO.3PALT 4 e 1 14 (d) SO.35NLT4i: 3 if ik 4y

5 S0.34MEF A ALY 5%
Fig. 5 Microstructure of S0.3 steel fiber

(c) SO.2 LT3R M ks (d) S0.2 LT e ifi IR
6 SO.2 404 4L 4
Fig. 6 Microstructure of S0.2 steel fiber

3.2 UHPC E&RMALR

AR L[58 B AN 41 A 1) B TR JE SR N ] 7 s . fl
P 7 AT, L IB] BY 50 27 A 5 T8 1 Bk I L 5
Yotke FEMEF YR Pt ferh , SLAR 2 A1 4 i ik
HR T AR AR, R SR TR L ) SRR R R

FE 7 (e) H, T UL 1) /0N 1 B A BROR UKL
X HE— 2R T P 6 (b) AP AR £F 4k 3 I A7 (E ik JOM
BRI . AL 7(d) AT (e) FRn LAFE 2], S0.3 9 £F
2 1A A R ) S R, 3 FT RE R T B AT 4 Ak
AR TE] B 4y AL~ R A A T o, S BCAE R A o
SEVR WA LT Ak Al B TR RE . AR IR 7 () b, SRR
i S B e B 2R 80K X TR T A dE SR I
WA 1) A1 D b g B AR T R 4 il A R A 32 B
IR, Xl BE S A PR A s or A 2 T — 2 R
HOE N

100 pm
| romormey

(e) FEIRERR MR (S0.3) () ZEARBEIRTES (S0.3)
E7 UHPC RARELR Y%
Fig.7 Tunnel morphology of UHPC matrix

4 it

3 T WL 22 P R 56, I FH SEM UL 47 4k
Ji BT 2 3 T RN LR B T A SOOI A T AR I DL
ghie

1) Bl RE KB 2 A3 0, SO.2 4K £ 4k 14 % B o
B TR T S AT A R RN ST X R A R R S
INJE IR R, S03 M LF4E NI A . MRk K155
1 20% B, SO.2 54 21 A 4 BR 7 45 Ao 28 R0 34 28 45 i
B ik ) & /ME L 43914 80.33 N F19.83 MPaj; S0.3 Y
2T 2 1A AR IR 7 45 17 28 RS- 34 8 4 i B R B o R
4394 184.36 N #1115.05 MPa.

A5 W Ak < https: //jtkxyge. csust. edu. cn/jtkxyge/home 51



Xo@ A

#_

5 T 2 %40 %

2) HALT 4 ELAR RESE WA AN 2T 4k - UHPC e 1A B 45

Rk, 5 S0.2 SN ET 4 AH H , S0.3 4K 25 4 i) h 4k 17 2% -
TR IR et , - A 20 BT R B

3) 83 SEM R ml UL E] , S0.3 HX £F 2 [K] v

L2 i PR, S S e 3 A R AR B W AT AE
I HIHZER BRI B R 22 5 SO2 AW ET YRR I B
Pyt BEARBE R 77 136 R SUNIE PR o

5% 30k (References) :

(1]

(2]

(3]

(4]

[5]

[6]

52

HOEEE, G T9ME, BRI . - S PR IR B A SR
BRI ERE 1], SS il RA 5 TR, 2020, 36(1):
44-49. DOI: 10.16544/j.cnki.cn43-1494/u.2020.01.008.
XIAO Yaxin, LU Naiwei, CHEN Fanghuai. The shear
capacity of steel-ultra-high performance concrete
composite board connectors [J]. Journal of Transport
Science and Engineering, 2020, 36 (1) : 44-49. DOI:
10.16544/j.cnki.cn43-1494/u.2020.01.008.

WREr, 0T, JASOT . HB SR EE L TARTERI 7 ik
PR [T] KB TR CH SRR, 2011, 8
(4) : 29-33, 76. DOI: 10.3969/j. issn. 1672-9331.2011.
04.006.

CHEN Yu, HUANG Xiangning, ZHOU Wenfang.
Commentary on workability test methods for self-
consolidating concrete [J]. Journal of Changsha
University of Science & Technology (Natural Science) ,
2011, 8 (4) : 29-33, 76. DOI: 10.3969/j. issn. 1672-
9331.2011.04.006.

GRS AN ET YR TR 7 2 R AT RERF ST (T]. 2 i
553z, 2020(3): 81-85, 96. DOI: 10.3969/.issn.1671-
2668.2020.03.019.

LIANG Zhicheng. Study on mechanics and durability of
steel fiber reinforced concrete [J]. Highways &
Automotive Applications, 2020 (3) : 81-85, 96. DOI:
10.3969/j.issn.1671-2668.2020.03.019.

FEART . AWLF LETE KV FE L S R R A5 M RE AU BT
HERE 1] A TR, 2019, 44 (4) : 279-284. DOI:
10.19782/j.cnki.1674-0610.2019.04.050.

WANG Shufei. Research progress on bonding properties
of steel fiber in cement-based composites [J]. Highway
Engineering, 2019, 44 (4) : 279-284. DOI: 10.19782/j.
cnki.1674-0610. 2019.04.050.

RS, SR, XU, 55 FUEE T X A2 L
PRI 5 BB BB I [T]. LR 2 24 4
2015, 37(9) : 78-83. DOI: 10.3963/j. issn. 1671-4431.
2015.09.014.

ZHANG Yafang, ZENG Xiangrong, LIU Hao, et al.
Numerical simulation on twin fibers pull-out test under
interfacial control with effect of spacing [J]. Journal of
Wuhan University of Technology, 2015, 37(9) : 78-83.
DOI: 10.3963/j.issn.1671-4431.2015.09.014.
ABU-LEBDEH. Rate effect on pullout behavior of steel
fibers embedded in very-high strength concrete [J].
American Journal of Engineering and Applied Sciences,

2010, 3 (2) : 454-463. DOI: 10.3844/ajeassp. 2010.
454.463.

[7] KIMTJ, YOO DY. Spacing and bundling effects on rate-
dependent pullout behavior of various steel fibers
embedded in ultra-high-performance concrete [J].
Archives of Civil and Mechanical Engineering, 2020, 20
(2): 46. DOI: 10.1007/s43452-020-00048-8.

[8] YOO DY, KIM JJ, PARK J J. Effect of fiber spacing
on dynamic pullout behavior of multiple straight steel
fibers in  ultra-high-performance  concrete [J].
Construction and Building Materials, 2019, 210: 461-
472.DOI: 10.1016/j.conbuildmat.2019.03.171.

[9] LEE Y, KANG S T, KIM J K. Pullout behavior of
inclined steel fiber in an ultra-high strength cementitious
matrix [J]. Construction and Building Materials, 2010,
24102030-2041.DOE10.1016/j.conbuildmat.2010.03.009.

[10] X2, SRFEAR , MUK, 55 . 2F 4 28 B R I 1) X & 4

-UHPC B4k i PERESZ BT 58 [T]. AL 32 5 T2,

2022, 30(3) : 36-43. DOI: 10.11951/.issn. 1005-0299.

20210242.

LIU Jun, ZHANG Baodong, ZHAO Bingjie, et al.

Study of effects of fiber types and orientations on pull-

out properties of fiber-UHPC matrix [J]. Materials

Science and Technology, 2022, 30 (3) : 36-43. DOI:

10.11951/j.issn.1005-0299.20210242.

SRS, X, SR AN 22 B WL L R R B 1 A

PEREZ M 19 = AEEEREURFFELT ). sRDOH T R 244R

2018, 40 (3) : 42-47. DOI: 10.3724/SP. J. 1249. 2017.

05476.

ZHANG Yafang, LIU Hao, GAO Zhao. 3D numerical

modeling of fiber diameter effect on performance of twin

[11

[

fibers pullout test [J]. Journal of Wuhan University of
Technology, 2018, 40 (3) : 42-47. DOI: 10.3724/SP.
1.1249.2017.05476.

[12] 5KMETT, FRAPFE, X, &5 SRR B 22 Pl 3 25
WTERERIE IR [T ]. YIRS (BETRR) , 2020, 37
(4): 381-388. DOI: 10.3724/SP.J.1249.2020.04381.
ZHANG Yafang, GUO Zhongxiang, LIU Hao, et al.
Influence of embedment depth on dynamic failure
property of twin fibers pull-out test [J]. Journal of
Shenzhen University (Science and Engineering) , 2020,
37(4): 381-388. DOI: 10.3724/SP.J.1249.2020.04381.

(13]5KE35, 2340, X0, 45 . Slifr T BE iAo B X i 22

PR BE L 152 R B BT ST [T ], B2
e (T2 ), 2022, 55 (10) : 1019-1026. DOI:
10.14188/j.1671-8844.2022-10-006.
ZHANG Yafang, LUO Feihua, LIU Hao, et al.
Numerical simulation of influence of matrix strength on
twin fiber pullout concrete specimen under dynamic load
[J]. Engineering Journal of Wuhan University, 2022, 55
(10) : 1019-1026. DOI: 10.14188/j.1671-8844.2022-10-
006.

[14] MEAR, ol e, XIEAE, 45 rEREIR BE - AR iE
EFLERLAR T (AR AT A S S B B [T ] W 24 (T

(Fé#%e61m)

A5 W Ak < https: //jtkxyge. csust. edu. cn/jtkxyge/home



% 53

FREM S R RAAT AT HE KT F R AA I R M AR 6 R

and limestone powder [J]. Journal of Qingdao
Technological University, 2010, 31 (1) : 54-57. DOI:
10.3969/j.issn.1673-4602.2010.01.010.

[12] Zteter, b, 2R SCl . I8 A 6 R B b I I B 1R

GOk R RE R ZE (1], RVDHE TR 24 (H AR RL 2
FZ), 2022, 19(2): 61-69. DOI: 10.19951/j.cnki. 1672-
9331.2022.02.006.
WEI Tingting, GU Kun, LI Wenkai. Study on road
performance of asphalt mixture with municipal solid
waste incineration bottom slag [J]. Journal of Changsha
University of Science & Technology (Natural Science) ,
2022, 19 (2) : 61-69. DOI: 10.19951/j. cnki. 1672-
9331.2022.02.006.

[13] ASI I, ASSA’AD A. Effect of Jordanian oil shale fly ash
on asphalt mixes [J]. Journal of Materials in Civil
Engineering, 2005, 17 (5) : 553-559. DOI: 10.1061/
(asce)0899-1561(2005)17: 5(553).

[14]WU S P, ZHU T Q, ZHONG J J, et al. Experimental
investigation on related properties of asphalt mastic
containing recycled red brick powder [J]. Construction
and Building Materials, 2011, 25(6) : 2883-2887. DOI
10.1016/j.conbuildmat.2010.12.040.

[15] MODARRES A, RAHMANZADEH M. Application of
coal waste powder as filler in hot mix asphalt [J].
Construction and Building Materials, 2014, 66: 476-
483. DOI: 10.1016/j.conbuildmat.2014.06.002.

[16] CHOUDHARY J, KUMAR B, GUPTA A. Application
of waste materials as fillers in bituminous mixes [J].
Waste Management, 2018, 78: 417-425. DOI: 10.1016/
j-wasman.2018.06.009.

[17)ELEER, A2 RAT . AR U8R b B Ao v ).
MR R 2 4l CHARBR2 R, 2017, 38(5) : 47-50,
6. DOI: 10.15926/j.cnki.issn1672-6871.2017.05.010.
BAO Huiming, MU Kali. Viscosity and microscopic

characteristics of red mud modified asphalt [J]. Journal
of Henan University of Science and Technology (Natural
Science) , 2017, 38 (5) : 47-50, 6. DOI: 10.15926/].
cnki.issn1672-6871.2017.05.010.

[18] ZHANG H J, LI H, ZHANG Y, et al. Performance
enhancement of porous asphalt pavement using red mud
as alternative filler [J]. Construction and Building
Materials, 2018, 160: 707-713. DOI: 10.1016/j.
conbuildmat.2017.11.105.

[19] ZHANG J Z, LIP Z, LIANG M, et al. Utilization of red
mud as an alternative mineral filler in asphalt mastics to
replace natural limestone powder [J]. Construction and
Building Materials, 2020, 237: 117821. DOI: 10.1016/j.
conbuildmat.2019.117821.

[20] Ti A%, RADME, 708, &5 HeT 205045 % 5 1 A 2 4k

T EAHLTITFE T ). SO TR 22254 (G R
5 TRR), 2017, 41(4) : 673-677. DOL: 10.3963/;.
issn.2095-3844.2017.04.028.
WAN Miao, WU Shaopeng, WANG Zipeng, et al.
Investigation on bitumen ageing mechanism by
components volatilization and functional group changes
[J]. Journal of Wuhan University of Technology
(Transportation Science & Engineering) , 2017, 41(4):
673-677. DOI: 10.3963/j.issn.2095-3844.2017.04.028.

(21 R, For, 2RI, S5 . R XF % 7K 7 I T e o f
APERISZ W [T]. SRR S T AR, 2023, 39(5) : 53-
63.DOL: 10.16544/j.cnki.cn43-1494/u.2021122323101966.
ZHOU Zhigang, WANG Yan, LI Gang, et al. Effect of
acid rain on anti-sliding durability of porous asphalt
pavement [J]. Journal of Transport Science and
Engineering, 2023, 39 (5) : 53-63. DOI: 10.16544/j.
cnki.cn43-1494/u.2021122323101966.

(REHE )

(L3F527)

R ), 2018, 52 (10) : 1911-1918. DOI: 10.3785/.
issn.1008-973X.2018.10.010.

YE Judong, YANG Zhenjun, LIU Guohua, et al.
Analytical solution and experimental verification of
pullout force of twisted steel fibers in ultra-high
performance concrete[J]. Journal of Zhejiang University
(Engineering Science) , 2018, 52 (10) : 1911-1918.
DOI: 10.3785/j.issn.1008-973X.2018.10.010.

[15] WILLE K, NAAMAN A E . Pullout behavior of high-
strength steel fibers embedded in ultra-high-performance
concrete[J]. ACI Materials Journal, 2012, 109(4) :479-
488. DOI: 10.14359/51683923.

[16] XU M, HALLINAN B, WILLE K. Effect of loading
rates on pullout behavior of high strength steel fibers
embedded in ultra-high performance concrete [7].
Cement and Concrete Composites, 2016, 70: 98-109.
DOI: 10.1016/j.cemconcomp.2016.03.014.

C17] MR, 365, SIS . A=Wl i A= i 77 - G B

O FRAUBESE )], SRk 5 TR, 2023, 39(4): 39-
46.DOL10.16544/j.cnki.cn43-1494/u.2022012923081978.
YE Qunshan, YANG Zhiyu, ZHOU Jianbo. Molecular
simulation on interface between bio-oil recycled asphalt
and aggregate [J]. Journal of Transport Science and
Engineering, 2023, 39 (4) : 39-46. DOI: 10.16544/j.
cnki.cn43-1494/u.2022012923081978.

(18] 5Kk, Wh5252, ARulik, 55 . MNET4Ei2 R BE L 41

PLIE 97 PERESZ W AR WF 5T [T ], A A i, 2021, 41
(2) : 291-295. DOI: 10.14048/j. issn. 1671-2579. 2021.
02.058.
ZHANG Zhibiao, GUO Mengmeng, ZHU Rulin, et al.
Experimental study on influence of amount of steel fiber
on tensile fatigue performance of concrete [J]. Journal of
China & Foreign Highway, 2021, 41 (2) : 291-295.
DOI: 10.14048/j.issn.1671-2579.2021.02.058.

(FEHE R

A5 W Ak < https: //jtkxyge. csust. edu. cn/jtkxyge/home 61



