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Study on Flexural Fatigue Performance of Nano-SiO,
Self-Compacting Road Concrete
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Abstract ; The mixing ratio of self-compacting road concrete was optimized by incorporating nano-
Si0, particles to improve its flexural fatigue performance. Taking filling performance and 28 d
compressive strength as evaluation indexes,L, (3*) orthogonal tests were designed to optimize the
initial mix proportion of concrete. Four kinds of mix ratios were selected to prepare nano-modified
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self-compacting concrete. Four-point bending fatigue tests were carried out to obtain probabilistic
fatigue equations based on Weibull distribution with 50% and 95 % survival rates, respectively. And
observed the microscopic morphology of the specimen cross section with the help of SEM. The
results show that when the optimal mix ratio of self-compacted road concrete is obtained, the
water-binder ratio is 0. 26, nano-SiO, and silica fume accounted for 1% and 10% of the mass of
binder respectively. The fatigue performance of the specimens doped with 1% nano-SiO, particles
are the best. When the fatigue life is estimated 2 x 10° times , the reduction ratio of flexural tensile
strength increases by 1. 4% ~5.7% ,and the sensitivity of fatigue life to the change of stress level
decreases by 2. 1% ~ 9.8% . Nano-SiO, particles have physical filling effect and react with
hydration products to generate low density hydrated calcium silicate gel, filling the internal
microporous to make the structure more compact. Nano-SiO, can improve the fatigue performance
of self-compacting road concrete to some extent.

Key words : nano-SiO, ; self-compacting road concrete ; orthogonal design ; flexural fatigue ; Weibull
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1.1 JFE#

JK6 (Cement,C) . P-042.5 /KiE, [L %
A 330 m’/kg, 28 d S 4R R OE
49. 6 MPa, £ W 3 100 kg/m’ ; #4045 14
JE (Ultrafine Fly Ash, UFA) . [ 1 5 & F
B, bk % R 525 m?/kg; fik K ( Silica
Fume,SF) ; lL R 2.7 x 10*m*/kg ; 44 K

AR (Nano-Si0, ,NS) ; Z 3Lk T 5
Y e P FLAR B A PR RRAR 13.2 mm
AT, JEREAE 9. 8% , BT R i it 4341 6. 3%
FUEE 2 730 kg/m’ , HEFU T 1 460 kg/
m’® ; Z0AE R VTR, 40 B AR 2. 75, R
W 2 650 kg/m’ , HEFUEEE 1 580 kg/m’ 5 4F
JnFl : HT-HPC SRR IR w5 500K 7], Ik ik
30% . BEEEM B 25 153 B 9 K AR FE A Pk
REZM LR 1 2 2.

R B RME AL

Table 1 Chemical components of binder %

B w(S0;) w(Si0,)  w(Fe,0;) w(Al0;) w(Ca0) w(MgO) w(K,0) w(Na,0)
C 2.41 23.30 2.77 5.41 61.16 2.65 0.68 0.07
SF 0.50 94.50 0.83 1.20 0.54 0.73 0.60 1.10
UFA 0.45 51.8 5.00 26.40 4.10 1.00 1.30 1.00

R2 Yk HALREERES L

Table 2 Performance parameters of nano-SiO,

BR RN % RERLERNE/%  pH

R (m? g 1)

FERR/nm RN/ (g-em )

NS 99.5 >45 5~7

250 £30 15 <0.12

1.2 REH*E

SR (A % TR EE R B )
(JGJ/T283—2012) F{ 2 i T RE K U6 Mo /K e
IREEHIRIE ALY (JTG E30—2005) 58 A
W SLIREE LRI BC A L IR R Ly (3Y) IEZE
T HARA . EIUAEL S L, il R
7 100 mm x 100 mm x 400 mm {4, 7520 +
2 C HFIRHESE 95% LA FARHESRA 51F F 3%
160 d, KR SRR T AE(E R =
0. 1 1 JC B 8K IF 5% 8 9% 55 a7 4%, 76 4 Fp v
JKF-(0.6.0.65.0.7 F10.75) F 470U 525
i 55 K56, N9 228 10 Hz. # it SEM
TRIE LS A T T ORI 35, 43 AT nano-SiO,
XV BE 52 57 1 RE Y S ).

2 A

2.1 IEXRE&EIT
MRAEA B TS50 M H brss E €55, 11

BAGBEC SR m (B EIK) cm (KR
m(AER) cm (H4ER) =0.3:0.7:1.39:
1.68, /K JKE Lt 24 0. 26, HT-HPC 5 ¥2 iR = 4%
Uk 7K 7R A Je O AR I R A 1. 5% . ) A T
A LR EE P Re I g5 R 0L R 3. R FFIR
A RE T i KM B K B i (RS A R T
1 20% ) AAE, BEHUK L L A | nano-SiO,
BE B RMEEKB R COREEM B R E 5
BO) M2 R 2R BT IE s R LR 4, I
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P 5 B S 8 bR 25 A P A L B LA o B
fERLA .
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Table 3 Filling property and compressive strength of

concrete
YHEY Je 28 d PiEoH
[ERaNLYEs PrIERtE /s
B/ mm B /MPa
C55 605 2.6 62.9
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Table 4 Orthogonal test scheme and results for L, (3*)

G A B/% C/% R ¥1;-550/mm DRI 28 d LI y3;-60/MPa
(y1;)/mm (32)7/s (¥31)/MPa

1 0.24 0 0 590 40 3.9 60.3 0.3
2 0.24 1 5 575 25 4.1 68.5 8.5
3 0.24 2 10 545 -5 5.2 66.6 6.6
4 0.26 0 5 615 65 2.8 65.1 5.1
5 0.26 1 10 570 20 4.5 74.6 14.6
6 0.26 2 0 595 45 3.2 65.4 8.4
7 0.28 0 10 600 50 3.2 64.9 4.9
8 0.28 1 0 610 60 2.8 65.7 5.7
9 0.28 2 5 595 45 3.8 64.8 4.8

2.2 EELERK

EASIRIG 45 L 4,55 3 4R e+ 3F
EYYHEY B EE/NT 550 mm B REEHE K
T 5 s, JFPEREA T B 2R, MR 5 ik
22T R WP IR B I Fe M R R i R R
B F WPk A, C, B, It &R
A, B, C,. KB LU AT I 2 i S AR 1) 3 50
PE | REAS I SR BE T HEE MR PHE Y R 9
/AR A IR A i nano-Si0, % ik K 45
LR AR B G R I A 2 8 AR
FH. O TREAL IR B8 + 28 d $0E 50 &, 50 A
B EWIRFRIK A B, A, C, IR H N
A,B, C, , Fti/K i He B nano-SiO, 55 Ay K,

LSSy b v N R TN L]
AEAEAH N 1) Fe A L T 2 JUT 32 0 1R A e AR A
FEP A R P K A L A R
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PRI [] 35 2 91 16 458 /0N HL S A it J2 B
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Table 5 Range analysis of the test results

R /mm PR mE] /s 28 d Hi 58/ MPa
e 25547

A B c A B c A B c
¥ir 60 155 145 13.2 9.9 9.9 15.4 10.3 14.4
Vi 130 105 135 10.5 11.4 10.7 28.1 28.8 18.4
Vi 155 85 65 9.8 12.2 12.9 15.4 19.8 26.1
Yir 20.0 51.7 48.3 4.4 3.3 3.3 5.1 3.4 4.8
Vi 43.3 35.0 45.0 3.5 3.8 3.6 9.4 9.6 6.1
Vs 51.7 28.3 21.7 3.3 4.1 4.3 5.1 6.6 8.7
R; 31.7 23.3 26.7 1.1 0.8 1.0 4.2 6.2 3.9
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Table 6 Variance analysis of the test results
£zt JFERIE WEF I A ¥ FE Il SHE BEHKT «
A 1 616.67 2 808.33 32.33 Fy1(2,2) =99 0.05
B 866. 67 2 433.33 17.33 Fy05(2,2) =19 0.10
i3 c 1 266.67 2 633.33 25.33 Fo.10(2,2) =9 0.05
W2 50.00 2 25.00 — Fy5(2,2) =3 —
Je¥il 3 800. 00 8 475.00 — — —
A 35.84 2 17.92 11.10 Fy05(2,2) =19 0.10
B 57.06 2 28.53 17.67 Fy10(2,2) =9 0.10
PSR B c 23.58 2 11.79 7.30 Fo»5(2,2) =3 0.25
w7 3.23 2 1.61 — — —
S 119.70 8 14.96 — — —

3 WorTkRE

TEE K I L 0. 26, £ 35 I 5 A1 R L5
i OB RN B L B K R B AR B
5% nano-SiO, FUkL M E K 45 8 (I8 BE AL BB
A M0 AR A R SR BE 4 il % 7 v
REAYSE . JT 34 DO C 5 Fb 43 53 4 5 S00

SO1.S11 A1 821, Z£ 41X (B & e & 60 d 25
P B 25 R 2% 7 AR R RE K B
EEMRL S B 10% , 25 5 B2 B nano-SiO,
P55 38 T 2R 30 S 3 KU N 1 R
S11 434 60 d 25758 i =35 8. 92 MPa, %%
S00,S01, S21 =4 7 5l 2 & T 20.1% |
13.6% F17.0% .

KT HEAIEEEL 60d 25 H5m B 45 R

Table 7 Sixty-day flexural strength of tested concrete with various mix proportions

JB i H
. EROEIK 60 d L
i JRe AL R
K R MR /% 3 /MPa
UFA C NS SF
S00 0.8 0 0 0.2 0.26 1.39 1.68 1.5 7.43
S01 0.7 0 0.1 0.2 0.26 1.39 1.68 1.5 7.85
S11 0.69 0.01 0.1 0.2 0.26 1.39 1.68 1.5 8.92
S21 0.68 0.02 0.1 0.2 0.26 1.39 1.68 1.5 8.34

F P FUIRBE AN R R 7 7K F- R 7Y
S 57 A A IS SR /N B RF-HES
WL 8. IK YR BE A —Fh e ME R AR 5 55
T i e A A A AT O B
TR P 2 B Weibull 73 A3 4 B4 2517 40
FEO0 3 8 R 2 R 4 SR SR XS

B, #e (1) TF X R AE TG 2 p, I 4
(2) X HABFOR R [ AR A A5 A
FeiREE E AR ) K F R In(In(1/p) ) -InN
R LI 1, DATTAS AR i Weibull 434fi 2
L 9.
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Table 8 Fatigue life of tested concrete with various mix proportions at different stress levels

HE N 77K P55 Fhi N/ IR
S max w1 w2 3 4 s K16
0.6 46 209 87 616 134 264 201 944 285 845 381 903
0.65 9216 21 021 33285 48 474 73 206 121 065
50 0.7 2 031 3927 7924 15 238 25721 48 967
0.75 656 1 496 3021 4 533 7254 12 416
0.6 121 175 201 704 259 184 329 328 412 784 539 283
0.65 24 196 43 553 69 537 90 423 120 145 176 243
0! 0.7 5724 10 893 18 041 26 779 41 581 51213
0.75 3043 4316 6 525 9 437 12 088 18 124
0.6 219 315 343 021 420 921 501 269 576 401 684 721
0.65 52 956 80 283 121 031 141 759 180 478 201 342
St 0.7 14 063 23 448 34 013 45 761 56 061 78 156
0.75 7274 9 051 13 420 15 684 18 091 24 313
0.6 154 155 215 783 318 019 391 693 450 218 579 618
0.65 31071 56 029 79 294 129 627 142 655 189 611
s 0.7 7 596 15 048 26 077 35 104 47 411 62 102
0.75 3 507 5172 9 289 12 401 15 062 20 479
RO RS AIFR SR T Y Weibull 431 551 K1 £ B A LR BE 1 7R 1 ) KR

Table 9 Weibull coefficients of tested concrete under

different stress levels

i s NI S max c Na/y(
0.6 1.173 225 684
0.65 1.001 59 870
S00
0.7 0.769 19 007
0.75 0.858 5 638
0.6 1.722 365 390
0.65 1.283 103 885
SO1
0.7 1.103 30 614
0.75 1.376 10 538
0.6 2.244 529 190
0.65 1.794 152 786
S11
0.7 1.48 49 695
0.75 2.038 17 012
0.6 1.869 411 778
0.65 1.354 125 299
S21
0.7 1.178 38 706
0.75 1.364 13 107

0.6 ~0.7 X7 0y 805 M 4 Z 18] B FF AR R
() ., 3 WA 1 98 25 75 i Bili 12 g 7K 1 38722
AR BE R, B 5 PR 35 5 28 I 1 ) 7K1 i i
— A0y 2 XL T IR AR S 4L ¢ Bl 1K
R B AR R B e A AR 57 55 A
ESHOHELE R ) T3 Il 7 rh S R 30 S
KIG U/ BTN 1K 0.7 B ik
B K. BRI, & AL 9 55 754 B L
P MINBI AR IR Ry S11, 821, 801, S00, 2 B
nano-SiO, MAE KRB A —ERE I
FEAIR TR T KT B 25 SR EE 9% 55 75
i ) B EPE.

(D

In(In(1/p)) :ln((xp)cj =cInN, -cInN,. (2)
K. p HAFTE R0 NI 55 F /N KHES
FIFECn AR REAR B, n =65 HIE
REHE In(In(1/p) ) -InN & HRIE ¢
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FEGR N p WY 55 7540 5 N, 9 RRAE 7 i,

1.0

1n(la(l/p))
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11 12 13 14
InNV
(c)S11

p =0.368 X i 9% 55 H4ir.

<4reonm

In(ln(l/p))
1

1n(ln(Up))

11 12 13
InN
(d)s21

1 #EA HIREE AR J1KFEF In(In(1/p) ) -InN Bk

Fig. 1
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2 JRRSECEG ISR Z IR K5
Fig.2 The relationship between the shape parameter

and stress level

X (3) 73 BT A5 ALIR BE L A [R]
IR SAAET W B % 57 %5 A, U5 S-
p-N HHZANFE 3, #3215 (4) B s SO0 Bt
WIS B 10. 3% 10 ",
FHOCRBIITE 0. 94 D b ARG AR
U, B8 a YIBE nano-SiO, Pk 5 = 1Y K
52 538 K5 N R a3 e85 1%
WA RAR , W] S11 2% 55 P R e

In(In(1/p) )-InN curve of tested concrete with various mix proportions at different stress levels

BMHAZHETTT 3.4% ~14.1% ; 250 b
ARG S8 o FEAME, S11 ik 4%
HA=ZHM KT 2.1% ~9.8% , %M nano-
SiO, ki A7 1E AL T 1R BE 9% 55 7% fiw X b
FIAKEAR AR SRR T 9% 5F 75 i M2 x 10°
iNF, FEAETG LR 50% F195% PFFENL T, S11
YR 0 R T IR B B K HL ik #
0.544 F1 0.510, B H A =d & 1.4% ~
5.7%.
N =

p

1
exp ln(ln(;)) - cInN, . (3)

C

1gS =lga - blgN. (4)
S F IR T K 50 b 5350 S-N
AR AR AR - IR I RER S8 a R
95 HhZ I R, a Bl 2 ms |, TR 1= 25 it
W% 57 VERERR AT, S50 b LN 57 i 28 0 i A
FRE b R M 2R IE | 1R B - 95 57 73 A B
TR N R 55 F 4.
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B3 ARAFERTREEL S-p-N
Fig.3 S-p-N curves of concrete under different survival probabilities
R 10 REE LIS IRSE
Table 10 Coefficients of fatigue equation of concrete
p/ % 45 a b R? 1g(2.0 x 10%) SR ST R AR AR
S00 1.213 7 0.058 7 0.999 9 6.301 0.518
S01 1.300 0 0.061 5 0.998 3 6.301 0.533
50
S11 1.3858 0.064 4 0.999 3 6.301 0.544
S21 1.3397 0.063 1 0.999 6 6.301 0.536
S00 0.937 2 0.045 8 0.971 8 6.301 0.483
05 S01 1.067 0 0.052 6 0.946 2 6.301 0.497
S11 1.198 8 0.058 9 0.956 0 6.301 0.510
S21 1.089 9 0.053 3 0.969 4 6.301 0.503

4 SEM THOWIE S 43 Bt

Pt —2E 5 nano-SiO, WAL [ 25 52
1 IR BE % o7 PERR I R, 7E R AR K
FEIRIBEARF GO0, EH SO1 . S11 P AL
A IR BE 9% 55 il R A W 24 1o b e A T
SEM TR TE SR , 25 5 0Ll 4 &1 5. anfEl 4
Ji7s RS A0 R BE IR B LT, Kl
AR P ERAFAE T 20 T AL, o8 Ry R R ey
BROR B R TR HT KA R BE AR, 1
RAFURL AT I AAR B3GR 43 W B 13 S At
SR B N AR A B g IR 5 AT LR R,
A 1% nano-SiO, J& , 3 15 Ik JR =% T A8 75
BOMRLRES | K AL AR BE AR A R, S Rk K Aok
Ok L R 52 TU BRI 2R ; IRl AN FI K AL
FEI S TR Ca(OH), AR THFEW D, K

Ye SRR P A B3 22 K A T T 5 5 e R o
P RE IR 3 1 28 4 S by A Ok i — 2D i
7o AR AL.

S11 i iR + 0% o7 MR et £ 2
V93] F1E & nano-SiO, FIAFTE, Homl DLk —
A IFLFEAE I A JE I R[] 71 25 B L 7R AL
IO = E Ay ok R R 4 B R R AR 2 AT
Nano-SiO, FEAH H B /NRL AR 78 24 1ol 46 K it
— L R AR NS i R TR R S
JE, {E 3 i 4 B35 e R £ /D H 5 R A A
R ALBEA B3 21 5% 1§ FL ; nano-SiO,
YERIEACT], e P48 & B KAk, A
T % X Ca (OH), B #2 B2, Jf 55 Ca
(OH), & R B A A %% B 7K Ak ik iR
BRI, L 7 L 45 A T o A5 R R T
ﬁ%ﬁ[ﬂfﬂ] .
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Fig. 4 SEM images of concrete with mix ratio SO1

()2 000 PE.‘

(b)10000 i

B 5 Sil1 A iREE L SEM K

Fig.5 SEM images of concrete with mix ratio S11
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