Hans Journal of Civil Engineering =K T2, 2025, 14(10), 2402-2411 Hans XM
Published Online October 2025 in Hans. https://www.hanspub.org/journal/hjce
https://doi.org/10.12677/hjce.2025.1410259

IJ

HEREMARTIO. BB SEEFEERERLT
4 BER B SS

#HE
BRI X R LG B e e A A A, WL 1

Weks H . 20254F9H15H; S HEM: 20254F10A5H; &A1 HiH: 20254104 20H

R

A4 ST EAER100%BERER MBS UES, REATRBERKEHKTIOEB MM . Bl #ite
MRS, ZAEANFEEREIR. EROT. BMEWRIESFE, BrEBhRRBEL TR
EmESERS . SRRH, 10%EK51.0%HKTi0:ZEB i, BT 28 K EHEX52.3 MPa,
MREREHEF41%; BRI EEIRA56%%E3.82 MPa, W{E 5B IN50%; LR BEE
30.6%%12.7%, A E5FLAHED23%; KETY AT ES50.4%, 300KGRIEH 5o MEER
B RiX89%. WIFIESE, FEKRGHKTIOHNAN “YHIET - WEBE” hE/EH, W “BEER -7
Mt ” 783, ARBEEARRHES - TRENARMACBE AR .

X 5in
BAEERNEREL, BER, JUKTIOz, HhEHM, ARdERX, WAH

Research on the Synergistic Optimization
of the Performance of High-Content
Recycled Aggregate Concrete

by the Compounding of Silica

Fume and Nano-Tio:

Fangyong Xu

Wuhan City Circle Line North Section Investment Management Co., Ltd., Wuhan Hubei

Received: September 15, 2025; accepted: October 5, 2025; published: October 20, 2025

NEFIH: VB, HREIK Tio, HBXT B EEAS R LR PRI ET D] RATRE, 2025, 14(10):
2402-2411. DOI: 10.12677/hjce.2025.1410259


https://www.hanspub.org/journal/hjce
https://doi.org/10.12677/hjce.2025.1410259
https://doi.org/10.12677/hjce.2025.1410259
https://www.hanspub.org/

75

Abstract

This paper systematically conducts research on the compounding modification of silica fume and Nano-
Tioz to address the problem of performance deterioration in concrete with 100% recycled aggregate
content. By designing six sets of comparative experiments and comprehensively applying mechanical
property testing, mercury intrusion analysis, microstructure characterization and other means, the in-
fluence law and mechanism of the admixture system on the performance of concrete were revealed.
The results show that when 10% silica fume is compounded with 1.0% Nano-Tioz, the 28-day compres-
sive strength of the concrete reaches 52.3 MPa, which is 41% higher than that of the benchmark group.
The splitting tensile strength was increased by 56% to 3.82 MPa, and the post-peak displacement duc-
tility was enhanced by 50%. The porosity decreased by 30.6% to 12.7%, and the proportion of harmful
pores decreased by 23%. The diffusion coefficient of chloride ions decreased by 50.4%, and the reten-
tion rate of dynamic elastic modulus after 300 freeze-thaw cycles reached 89%. Research has con-
firmed that silica fume and Nano-Tioz work in synergy through “physical filling-chemical activation” to
form a “dense filling-interface strengthening” cycle, providing key technical support for the engineer-
ing application of high-content recycled aggregate concrete.
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1. 5|8

WEAE SRR R R HERE, ESUT\CEZNRRE, RIVERNEAEE SR N, H Al S 500
femdgi, ScEes, @RIV EEW AN, IR B R B ER 30%~40%. FAEERNREE L
(Recycled Aggregate Concrete, RAC)YE Atk BT YA 65 P o] (1) SR B[ 1]-[3], ARSI AR 3 SR AL,
A7 I BRI 77 9810, MR R RSB EN B E > 75%)0, IREELIIGE 1% 2 MRS,
WA TR LTS LR EE T, AN RS, srIr AR Bon, fEHAFEHEE 100%11E LT,
B IR AR SOV R R AT VR B - U SR L AR T 23%, (EALFR AN AR 13.8%, 28 AN HETH & Ak EE 45 1) () AH OG22
3R(GB 50476-2019). ik, MFEREE NGRS, DRSS EH AT ERRE LML ETERE.

YK TiO, DRI BMARF AR BEAL 2210 T, £E 7K YR HE AT RH U R A T AE 10 57 e ROR [41-[10] 452K TiO,
SFERAE N 20 nm, BA SRR S u Mg, HRERERY 5 /KIEKLT=Y) Ca(OH), KAEMLT R
R, AERCERBRES B [EIRS, 299K TiO v fE itz %53 C-S-H &tkE A K. SR, BRI TREAK(FE
ERYBEATAE ) 59K TiO, (M FEALBEE) Z B X RAC W R ORI FC A T2 FRES, U
=SB E R AR T RG-S B S

ASCUAAEE R 100%45 8 TR E LR TR G, @k Ot IR 505, RGHrik K ([ e 5 &
10%) 549K TiO, (B8 0%~1.5%) AN A E B AT RAC J15 e FLIR S5 M R A RE RS A . 7%
NIERIEIR S 90K TiO, “WFEIA T - A2 30E” MRl et pLa], b g B TR s N BB ik
7, RS R AT BHR B TR R A R R k4 5 AR SR
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2. SKEMB R
2.1. RARHERE

2.1.1. KESEH
KE: WEHZRIE P - O 42.5 MBI Eh/KYe, HAEREFRFR ™% AF & GB 175-2007 #itt. %K IEH)HE
I (] 185 min, ZEETA] 260 min, 28 RPUEIRFEIL 48.7 MPa, A&k 158 K i P LAl O .
AR B4 BRI T 70 23R G TAEH C30 JREEt, AR, oA G, RiaRdH7E 5~20
mm. HIEARMRESHWT: EHE 18.2%, KK 4.3%, SkRE 1.2%, HFFH GB/T 25177-2010 briff
FR . BRI AT R I, AR R 0 H D AR KR D AR 5~20 pm [f344E, HILBER
ik 22.5%, IXEEHREE I E R0 T A RS KR 2R PR 1) SR R S PR RE .

2.1.2 e E R 55 m

K SRS R, H Sio) BRIk 94.3%, LRI 21,000 m¥kg, FKEL 115%, 2
GB/T 18736-2017 #5ifE. FEAKHIAH/ NORAAE H B A RIFIIETRRE /), v RscE IR & L ) FLBR 25

K TiOy: WEHBUERE BIGK TiO,, “FHEIKiE 20 nm, ZifE 99.8%, LR 50 m¥g, pH (N
6.5~7.5. H TG MR 7] 5KV KA =R A IR N, TR A TG 468 - PR B 5 44 o

WK R RRIR R = 0dok ], 5 30%, KR 28%. Bt /K Ye 1% i s FE R 56t HoE e
PEREATIAR,  DARRORIRSE T B R TAETERE.

2.2. SR SECAEE

AU [ E A B RHB BN 100%, KB E N 400 kg/m?®, KAREL 0.45, Bb& 38%. il 6 &
EL(PELZE 1), H e IS R E N/KEFR RN 10%, 992K TiO, B84 W E N 0%, 0.5%. 1.0%. 1.5%
VUANBRFE, AR A EHl 3 A FAT IR, DURIESEI0 45 R P S5l 5E b

Table 1. Experimental mix ratio design

= 1. LEARI

AR HEKRBE®%) PKTi0HBE%) KiEkym®) FHEERKkem’) kegm®) Kkgm?) WK (kgm?)

Co 0 0 400 1100 650 180 4.8
S10 10 0 360 1100 650 180 6.0
STOS 10 0.5 360 1100 650 180 6.4
ST10 10 1.0 360 1100 650 180 6.8
ST15 10 1.5 360 1100 650 180 7.2

2.3, KEHIFE SR E

23.1. EH¥TE

NEIRGIK TiO, FEIRBE L 51 70, R “ G - =B Hig” -

1) ERAK TiO, 5 20% 17K G, I FHE S 3 7 B (P2 600 W, iR 40°C)HEAT 30 min 43K
AEEE, TR SIREE VI

2) Bkl FERERIAR 80% M A I ASEFENLH BiHE 2 min, SREIIANE BHAR LA HE 3 min;

3) BWIGEEBEIAGTIK TiO AR, FFEEHH: 5 min, fH&HD R REII .
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2.3.2. MEEEMIRFRE

1) PrE/Athisifg: % GB/T 50081-2019 fr#E, #I{E 150 mm x 150 mm x 150 mm (#3777 74 H
FHOUEIREMAR, InEEE Ny 1.2 MPa/s; #I7F 150 mm x 150 mm x 300 mm FIREAAAR 1T T 85 2404
SRFEMNR, INEkGEZA 0.05 MPa/s. FFAELA LR 3 AR, BCFEE IR S R .

2) LR 554804 K EKI(Poremaster GT60)%F 100 mm x 100 mm x 100 mm [¥) 3777 744
HEATI, M 378 A 0.003~400 MPa, X B LAY 100nm~100 pm, LA BT TR 46 1 H FLER &5
FARFAE o

3) [TV HARE: H% 9100 x 50 mm B, WREE 30 V, RREEETE 24 h, @5
MBS 7Y AR, VRS PR B IE TR

4) WSS FIRAE: A4 BT REI(SEM), MR 15kV. AL ZBEZ bR )E, 3T
TS IRACEE, WETREE L RO T3 .

3. BRRGH
3.1. WEMEERTNE
3.1.1. ERE

mE 1 poR, BBE RN RAC FIFUH HRE ST BUR 3% - FAELL(CO0) 28 RyUE#EN 37.1 MPa,
BB 10%EEK I S10 2 EEHE T 2 42.5 MPa, RN 14.6%. 1M1 ST10 ZH(10%HAEK + 1.0%44°K TiO») )
28 RYUEREEILE] 52.3 MPa, M TIAMAELIRT T 41.0%. 290K TiO, BEMIT 1.0%K, 41 ST15 4
(1.5%49°K TiO2), PUEHEE N 53.1 MPa, % ST10 4AXIRF: 1.5%, X 0] RS2 BT i & M g Rk kA= 4]
5, TEIREEL P b, TR T R R — DA .

NG FEE S [P B ARREAE SR (3 2), 7 RSRFERIK (5 28 REEE I LLBITE 65%~72% 2 7. HA, ST10
Y7 RPUEREIEF] 38.6 MPa, ORI EMEA 28 RAUSRE KT, XRWEEKSHK TiO, BBk RGEM
2 I VR E 0 K AR, VR L B PR SRS SR

60 T T T T T
| [ ]28 FiuEimes L 45
—m— 5 CO HLAREEIRTT E4bEL 52.3 53.1
50 1 478 | <
+/.C Vel 431 La0 e
= 425 y o
Q 404 [ ] L35 %
=} 37.1 =
= L30T
2 30 / i
G ' - 25 o8
K 204 -2
Q 120 §
o~
. -
10 / P
| 14.6
0 T T T T T 10
Cco S10 STO5 ST10 ST15
78 5

Figure 1. Comparison chart of 28-day compressive strength of concrete in
different groups
B 1. TEARREL 28 RinEREX L E
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Table 2. The development of compressive strength in different groups

F 2. FNEHEANMEBELR

25 7 KPR E(MPa) 28 Ry (MPa) 28 K% 7 KIGIRE(%)
Co 223 37.1 66.4

S10 28.7 425 48.0

ST10 38.6 52.3 35.5

3.1.2. MABRE 54

B SR uh s BEMNASE R 2 FroR, RIS PUREREARLI A& . ST10 40 28 RESR I 5H
JEiA %] 3.82 MPa, AHELT CO 2H(2.45 MPa)i& T+ T 56.0%, #¢ S10 41(2.87 MPa)#E Tt 33.1%. JHid HEEL A%,
- P RS M 2R SR EE 7T AN (55 3), ST10 ZHAEVEME far 25 AL B ZE P T8 1.2 mm, 1 CO 4HA°H 0.8 mm.
KR PTEK 590K TiO, BB AU BRI SR B LMt hi R B, B ReE RSCH WM, (EIREE - LAEZ R
NI RERE MRS 2 R, JER R AR .

YUK TIO, HHEKE B 5, BETRTE 1 S I8 X ARG & 5m B, 2005 HOR, &5 9 5 $8 T B 08 21 42%
FEIREE L SZ R R, S X R ST, MR BRI [ AL, 1Ry 7 26
WX MEERE, MIMA XS E TIRE L Pih ks 5 91t
Table 3. Key data of concrete load-displacement curves in Group C0O and Group ST10
3. C0 A5 ST10 RRE 173, - (U Bhik SR EIE

415 e {415 (M Pa) e A2 % (mm) WA J5 1.2 mm 7 8% %) R4 2(MPa) SEVER I
Co 245 0.8 0 LE

ST10 3.82 1.2 1.5 R

o] 128 R L]

28 REEZPIFIERE (MPa)
= = N N w w
o (8] o (6] o (4]
1 1 " 1 1 1 1 N

o
3
1

0.0 T T T T T
Cco S10 ST05 ST10 ST15

2H 5
Figure 2. Comparison chart of 28-day splitting tensile strength
of concrete in different groups

& 2. TRIEAERL 28 REERTHIRE X ELE

3.2. FLEREGAMILEUN

3.2.1. EMFLRETL
JERMREGE RGE HERH, EHE R EERK RAC FFLEEZR. Co HILBF N 18.3%, H5 10%
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FER ) S10 HALBR R FZE 15.8%, FEIEA 13.6%. 1 ST10 HMFLIRRME BB E 12.7%, MHET Co 4
FEAK T 30.6%. 449K TiOx BE N 1.0%H0F, KT 100 nm 1A FEFLARFR L EEA CO 411 41.0% KiEkE %
18.0%, /INT 50 nm FITEEFL &7 EL I AN 29.0% 5535 T+ 2 47.0%. Xt EEK 540K Ti0, BB R A it
TREE LB, Wb E EILE R, WnCEALE B, T TR R S

Table 4. Pore structure parameters of different groups

F 4. TNEEANFLREGHSH

25 RALBRE (%) >100 nm L5 EL(%) <50 nm fL 5 Hh(%) 145 (nm)
Co 18.3 41.0 29.0 48.5

S10 158 325 35.5 423

ST10 12.7 18.0 47.0 32.1

ST15 125 17.5 4738 31.8

ML 3 FIFLER 2R AR Ak i 2 o] LABE BLLHLE tH, BEEAK TiO. B A3 in, Ve FLER 2R RIS Pas
TR JEE T FRAESR UG TIO B E M 0 BEINE] 1.0%0 , FLERR T PR IR BB, A 18.3% P4 %2 12.7%;
ALK TiO, BEZE 1.5%, LR FREE 12.5%, FBEBEALTE. ZRP 1.0%090K Tio, B %
TERALFLBR 2546 7 T CLEaL SR RUR, I BB AT FLBR R B 1 Dk A PR -

18

12 T T T T T T T T T
Co $10 ST05 S§T10 ST15
15|

Figure 3. Comparison chart of porosity of concrete in different groups

B 3. TRIARER L FLIRZEITELE

3.2.2. AL 4R
K H Frenkel-Halsey-Hill #2284 115 5) JE4E5U(D), 453 o CO 4 D=2.85, KRHHFLLEWEIETLT %

fLEH); T ST10 44 D = 2.41, HHALECEH BRI 2 TERHE(E 4). 2 TRAER FRAREDW Skt R 4516 &
R EE L FLa N “ETBEE” ) “PISLILIR” AL, CO ZHAISFLBR 2 A g, TS i fL s,
KRR A FN BRI AR: M ST10 HMFLIR 2 USRS A E, B KSR
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Figure 4. Comparison chart of fractal dimensions of concrete pore struc-
tures in different groups

E 4. TEHEARELFLE D T YERXTELE

3.3. THAMERERFHLE

33.1. MEBETFEEMHRE

RCM 45 5L (& 5) i8R, CO HEE THHREN 12.5 x 102 m¥s, J&T “th&8iE” %%, 1
ST10 AL T ARBRIRIEE 6.2 x 102 m¥s, JAF] “MRZE" FRIE(<10 x 1072 m?s), HIECT CO 41
FEAR T 50.4%, %5 S10 2H(8.7 x 1072 m¥/s)HPFAK T 28.7%. BIL X & E T B BA AT 0 KB, COo 41

e AT A0

N
N
1

AE T B R H %102 (m¥s)

T T T T
Co S10 ST05 ST10 ST15
A5

Figure 5. Comparison chart of chloride ion diffusion coefficients of
concrete in different groups

B 5. FEHEARRIRE T AKX EE
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R T BIERAE L2 30% LR RS, KESLER O SR 7 PRIEAL fi 1 I83E; 110 ST10
1 90% A _E I FLERHE C-S-H BE BRI FS Bt 5% A 78, AR ¥ /B T IgE, ot ¥ R
R R I LA FL G5 A 2 25 S TR - HU S B @ MR RE 1 LA o

3.3.2. URRAEIAEAE
223 300 YR BRE IR i 7 [ 45 5 Jh g = 110 o 4 2 S AN sl e ek A R B SR R 1] 6 T

6 T T T T T
—m— TR 490
—m— Z)R R R R
5 -
485
2
<4 - 80 p¢
v R
5 i)
K 4755,
X 34 i
= 1
nﬂmﬂ 70E
i J70#
= |
2 R
465
1 460
T T T T T
co S10 STO05 ST10 ST15
ERA]

Figure 6. Comparison of performance data of concrete in different groups
after 300 freeze-thaw cycles

6. FRIARIREELE 300 XA EIF G REBIHERTEE

M 6 FRTLAE tH, CO )R B RIEE] 5.3%, shsfitEfis R 208 62%; 1 ST10 45 &1 k1%
HI7E 1.2%, ShHLPER SR B 2 m0A 89%, eI F200 PUiS R . SRR & LI, Co 4
AR RHS K e A S B R R B, IH D 3R I () A S AE VR RIS PR R R Y Rl i ST10
AR TRE IR TE U, FEK 591K TiO, B 15T U S0 SIS I XA BARHT TR RS BRI FK
TEB S 45k 208 1 5 Ak ST I P X T T VRS L i bR A e .

3.4. WYLEHERLSTHEIHG

3.4.1. AETEXFFE

N 53T AN [E) ZE ) VR e o T Ik Y DX AR AROML 5 44 22 3¢, 6 SEML BB EAT 23 i IR SSB ai V8 T 36
5. ATLAAEH: CO ALV X R E ik 120~150 nm, {F7E K& 5E MHEFIRLK Ca(OH), ddfA (R ~F 2~3
um), XL SERRIAETEEISE T SR SE R s S10 d1 S I VE X R FE Pk /N & 80~100 nm, Ca(OH), fibfA ]
SPHFE S 1~2 pm; 17 ST10 4H 5 i i U X R FE i — P liE 2 50~60 nm, Ca(OH), dp A 2 7oA H R
ANTF 0.5 pm, RN ARELR) KT E K C-S-H B 54T RARBRES & 14 AH T A8 4 BUs 454

Table 5. Comparison of key microstructure data of the interface transition zone of concrete in different groups

= 5. TEEAR R L F HTE X MG KR EER

) T I X FE (nm) Ca(OH)2 &4/ ~F (um) Ca(OH)2 dfv A 25 15 2 K RFAE

Co 120~150 2~3 5E [ HE ) i C-S-H #ER, “itsii

S10 80~100 1~2 BHHES C-S-H iz, #iess

ST10 50~60 <0.5 N G KETGETE C-S-H B 55 RIS dh A3 21
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3.4.2. thEIZCIEHFIRE

BT ERSRAR, MEEKSYK TiO, RS0 mBE A RNRE -8 “YH - e R s ”
B 7):

1) RERMYERE 7 808 FEARL T RIAE 0.15 um,  REAS IR e B 70 VR 1 A 1~10 pum 2 WLFL
B, PRAREEAASLERE, gifbsfliz, iR IR0 M S 2Ll

2) 49K TiO M ERIE RN 99K Tio, FE 1l 20 nm MIE/NKLAE, 1ENEZIES C-S-H LR 1 E 1]
AR, AR RIS Ca(OH) AR IS BRI B BRI, 3K 37 25 BRI P W AN U 5 1 5
T X ARG 9 5, it P AE 1 C-S-H AL IR Z5 4«

3) AR EVEN : BER Y EIRFE NPIK TiO, SR it 1 #5170 MUK S A IR, 38t S 9K 0K 2R s T
29K TiOs ML 2 VA I3k — D AR RE IR 7 Jm I FLIR S H, —F A e, TR “ BUs e - Sl
SRAL” B RAETER, AU AL R R A TR T

EREER WATIO2LZELE

\ \

. p ERC-S-HFRER,
PER(RFLRRER, ML P oicamte

A

tipEIERT <

Y

HEziEz- R IR AR

Y

iR MERBERTT

Figure 7. Model diagram of the synergistic modification mechanism of silica
fume and Nano-TiO2 compounding

B 7. BERSK Tio: EShERMHIEERE
4. 578

AWFFIES KA S EIR T, IRARAREK GH0K TiO, x5 & 1A BHREE L RE 15
Wi, EELERIR:

1) HEREIRTF R E : 10%6EK 5 1.0%49K TiO, EBH], JREELLEEVERERIESE . T4 ERE 7T, 28
RPUEREIL 52.3 MPa, SBUEAEAIR S 41%: BERPIRIGRIZ N 3.82 MPa, $i2t 56%, HUE(E 51 #% 1t
X 1.2mm, ARIEEIINE. FLRERERIRA, FLREREE 12.7%, FFE 30.6%, A FFL & R E R,
TFESE IR, W AYERL R, TE T BEREEK 50.4%, 300 RGRRLE N G 3 3 A5 & OR B 2
ik 89%, LEEEHELH AKF .
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2) thFEIEHENLHIA A : FEK S99K TiO, it “PrEIa 7S - b 2230 7 P [V s VR g 1tk e . 1
IR 4H /NN 78 % ALBR,  FRARFLBRZS . difb LA, iRkt L2 st e aill; 49K Tio 1F A datx
73 C-S-H B, IF5 Ca(OH), S BAESERBRES BENR, ik C-S-H BEAREE . SR AL SE . — 3%
FERE, TER “BURIHA - St ” RYETEIN, MROW)Z T e iR s A e by, e 27t 22 i
HE o

3) RN FHMER: ATFRHEN 10%EK S 1.0%90K TiO, BB TR, NEBEEESENRE 1
TR RESE TRt 7 A RO AE . ZBRIE ST IR SRR H G F e, B femiR st bk, A%
Graa SRS, HHESH ST AT RF S R R B B2 3, A R TR R P AR AL 1 AT SE A BEAR AR AR
BRI

SE 3k

(11 FE5, OMems, S8, & BHAERNREE PR W = L 4h )], TREE L, 2025(4): 141-147, 153.

[2] L, &AFTE, FREN, 5. BATERNREEE LD fR Sy MR T S I]. MR, 2022, 43(4): 134-141.

[3] 3KEFE, T, B/, & 99K SiO: B & WA & LB RNREE 1 ) 405 Kb WL & &Mk,
2025, 42(4): 2102-2111.

[4] RN, kPR, ISR, & 9pReUHKIREM B Re LI A R (1], MPRHRR, 2023, 37(16): 119-128.

(5] FIRE, Bz, WP, % S0 85 599K Tio: B2 MK TR AR I BERT FT[0). RN 5 R, 2021,
48(11): 31-35.

[6] BKNH, ZEE%, FAEHE, & 99K SiOx. 49K TiO2 YK CaCOs /K VB HEA KL 11 A AU RL I [)). JR%E T,
2023(10): 106-110, 115

[7] JWZ, T8, 90K TiO: Btk e iR Bt - 5 A A kL& RVEREBT L [T]. DhReM KL, 2022, 53(6): 6100-6105

[8] MEZEMS, MREAR, T, & JURR /R AW KR IEM LR PS MR, hEEAEL, 2021, 52(12):
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