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Study on the synergistic effect of granulated blast furnace slag and
basalt fiber on concrete performance
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Abstract: The large accumulation of granulated blast furnace slag (GBFS) has caused potential environ-
mental risks. In this study, GBFS was used to replace part or all of the manufactured sand (MS), and
Basalt fiber (BF) was added to prepare concrete. The working performance and mechanical properties of
concrete were tested, and the influence mechanism of the two on the above properties of concrete was
analyzed by microscopic image. The results show that the GBFS sand replacement meets the require-
ments of the specification. The compressive strength of the concrete cube is used as the assessment in-
dex, the optimal sand replacement rate is 60%, which is 12.4% higher than the strength of the 28d
benchmark concrete. The optimum content of BF is 0.3%. The optimal mix ratio of synergistic effect is
water-binder ratio 0.35, GBFS replacement rate 60%, BF length 9 mm-0.3%, and water reducing agent
1.5%. GBFS sand replacement can promote secondary hydration, generate more C-S-H gel and refine
pores. Meanwhile, BF plays an effective role in bridging and reducing cracks in the matrix, and makes
up for the reduction of early strength of concrete caused by GBFS sand replacement.
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Table 1 Main chemical composition of blast furnace slag
%

Burning

CaO SiO, AlLO; MgO SO, Fe0, K,0 P,0s
vector

39.7 308 82 45 24 1.0 0.6 4.23

Intensity

Energy/keV

(a)XRD [&]¥%;(b)SEM [&l{%;(c)EDS gl
E 1 GBFS ##5Hr it i
Fig.1 GBFS analysis results

&2 BF TEMAER
Table 2 Main performance indicators of basalt fiber

Fiber name Monofilament diameter/um Fiber length/mm Density/(g-em*) Tensile strength/MPa Elastic modulus/GPa Breaking elongation/%

BF 15 9,12,15 2.65

3000 ~ 4 800 91~110 24~30
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1.2 Rk

F2 B8 JGJ 52-2006 WA | Z0-ERH PR RE; MK
P GB/T 50080-2016 X FrifisE + 1T TVEMEREDT
EEDE , SRJE BT 100 mmx100 mmx100 mm
() =R E B B 24 h JRYREL, SRS HICE ThnifESR
P R 2= AN I, R4 GB/T 50081-2019 %
FH Y AW-2000kN AT il B Y 4r] AR 735841
PEATIREE 50 i ik FE RIS S T h i Bk, in 28 e
LR 0.5 ~ 0.8 MPa/s i1 0.05 ~ 0.08 MPa/s, K fifi
FHAERRAER A, ST I A5 A0 58 (R B S i
e (LT 43 136 LA R0 53 2 %1 0.95 F11 0.85.

PEH BF AR EE A 9 mm, B IEAS IS G H
& A\B,C\D,., A,B,C\D,. A;B,C,D; AYTR#%E 17 7 1A
TR 28 d Ji5 R 1 HUAe SHL A6 ps R 8 B S
FIJH PANalytical X'pert 3 % X HF £ A7 511 (XRD)
VEAT SRR AT, SR EHEXT 100 ~ 80°EA 7434, 34
TR 10(°)/ming e HUE LR R HAE R 1 A & 5
PEATIE A AL R, BN S, B Zeiss
Sigam-360 ¥ 4 FL ¥~ {2 f 5% ( SEM) i 17 S UL T 5
WLEE, K FH w3472 (mapping ) #£47 EDS g1 7047 -
1.3 FEAEHET
1.3.1 GBFS Zibfc A kit

i F GBFS 5 MS (R | % A7 7E
2e 5, SERFIRRAR ATkt e R e AR B R R
TR 22 A4 ) B, 53066 GBFS # S5 R FUR T MS
f 7 SR A TE—RAE AR, R A Tk
A, KA R Ak, BA LR 3.

*®3 GBFS BWhREELTEALL
Table3 The mix proportion of GBFS concrete for sand

replacement
Raw material/(kg'm”)

Numbering Water reducing R?lte ° f

Cement Water MS GBFS CS ) substitution/%

admixture
NC 717 0 1031 0

GBFS-20 621.6 142.6 1013.1 20
GBFS-30 543.9 214.0 1004.6 30
GBFS-40 466.2 2853 996.1 40
GBFS-50 417 165 388.5 356.6 987.7 4.17 50
GBFS-60 310.8 427.9 979.2 60
GBFS-70 233.1 499.2 970.88 70
GBFS-80 1554 570.6 962.3 80
GBFS-100 0 7132 9454 100

1.3.2 P43 BF il & kit

TR DAL HE TR E - A o SEa, 28 AR R
9. 12, 15 mm 1 BF #iil & 1REE Ll SR 0,
0.1%. 0.3%. 0.5% /B ARG, Bl A ek 4.
1.3.3  IERBACA skt

T IR RBCR AL M, 248 GBFS-BF
TRBE TR Ly(3") ISR BRI L (A) . GBFS #

W (B). BF KE(C) . W/KF#B (D) MHEZE =K
SEIEASIR S, o Z g0 45 SR ] GBFS #rabR
50%. 60%. 70%; BF 1t HIH [R5 & 0.3%, AS[E] K JE
PEAT; IR, 4856 TAEPEREREAR A4, % FEdiak
(5. IR AT R 5,

*4 BFBNEBLTEALL

Table 4 BF mixed with concrete mix ratio

Raw material/(kg'm”)

Length/ Mixing

Water reducing BF  mm  amount%

Numbering Cement Water MS  CS

admixture
NC 0 0 0
BF-9-0.1 265 9 0.1
BF-9-0.3 795 9 0.3
BF-9-0.5 1325 9 0.5
BF-12-0.1 265 12 0.1
BF-12-0.3 417 165 777 1031 4.17 705 12 03
BF-12-0.5 1325 12 0.5
BF-15-0.1 265 15 0.1
BF-15-0.3 795 15 0.3
BF-15-0.5 1325 15 0.5
x5 EXABWEEAFR
Table 5 The specific scheme of orthogonal test
Factor 1 Factor 2 Factor 3 Factor 4
. . GBFS water

Numbering water—l?mder B replacement C BF length/ D reducing

ratio rate/% mm agent/%
1 1 0.35 1 50 1 9 1 1.0
2 1 0.35 2 60 2 12 2 1.5
3 1 0.35 3 70 3 15 3 2.0
4 2 0.40 1 50 2 12 3 2.0
5 2 0.40 2 60 3 15 1 1.0
6 2 0.40 3 70 1 9 2 1.5
7 3 0.45 1 50 3 15 2 1.5
8 3 0.45 2 60 1 9 3 2.0
9 3 0.45 3 70 2 12 1 1.0

2 EFR 5t

2.1 EkHERE

i %% 6 FlIIEl 2 W, MS % GBFS ¥ %%, i) 1
MS Uk % A T GBFS, Wi 148 1 1 4t X
0 fH 3 7 A1, GBFS Fll MS [9 ¢ L% Ji 24 i 1k
2 500 kg/m’, i /& GB/T 14684-2022 %t 40 K}
FEABIR s [RIF, MS 118 2 U0 25 B2 1 3 BR %85 B 1 1
GBFS K, JiH] GBFS i 2 M fLI, {15 GBFS
) IR AR o
2.2 3% GBFS il BF XHEEE + TAEMERE
2.2.1 GBFS ZPXHEEE - TAEMRERSZIN

1 &l 3(a) AT, BT PEIREE - IHE % GBFS
BRI 0 2 P T B a3, X 2K GBFS
hy L2 Lt R 2, Sl R L R T A R KR, FLER R
KT MS, HIEIE KR L MS Bk, frds K Bt
AN B, PO TIREE N K, 5 EPHE
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%6 GBFS 5MS R ER ® 70t 5
Table 6 GBFS and MS screening test results QE, 60
> <
) Scoring sieve Accumulated sieving i % S0r '
Norr/unal residue/% residue/% I (/}\radmg 2 40} a
ST T eRES MS GBFS MS e < 30|  GBFS MS
£ ; . J
5.0 0.2 2.7 0.2 2.7 10~0 S 20}
25 28192 30 219 25~0 10} f : B v
1.25 242 20.0 212 42.0 50~10 (O - L L L I S
0.63 47 201 689 620 70-41 0.160 0.315 0.630 1.250 2.500 5.000
Nominal size/mm
0.315 20.6 19.7 89.6 81.8 92~70 ) By
0.160 7.1 13.5 96.7 95.2 100~90 . JT -
Fig.2 Sieve curve
®7T BHMERE
Table 7 Aggregate properties
Materials ~ Apparent density/(kg'm®)  Packing density/(kg'm°)  Crushing value/%  Particle grading composition  Fineness modulus
MS 2 740 1598 8.3 0.160~5.0 2.97
GBFS 2515 1431 15.2 0.160~5.0 2.85
CS 2 657 1459 9.7 5.0~20.0
195 200
(a) (b) I Control NO0.1% B0.3%[10.5%
180 -
180 -
165 -
160 -
g 150 g
£ &
= 135+ S 140 |
E E
120 ¢ n
120 -
105 -
100 -
90
80

0

20 30 40 50 60 70

Sand replacement ratio/%

80 100

BF length/mm

(2)GBFS;(b)BF
B3 BEyxHERT TR

Fig. 3 The effect of single admixture on the working performance of concrete
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FLEAELT Y R B K Aok, SO ARS BE R R 1t
Gh, BREBRSE KEBK, BA S AL,
HEMTIE T LA PR, BT TREIE - P 11 8 4
1, BRI T sh AR .
2.3 P43 GBFS # BF XHREE - F12FPERES A
2.3.1 GBFS FabXHREE 48 AT 5w & 152
& 4 JEANR] GBFS #: i RX Hii He it JiE 1Y) 52

o

Mg
Lo

P 4 ] %0, TREE B SR BEBE ST GBFS Biib R
ISR KGN e 3 d i, 70% b
KR B B K, N 8.6%; 7. 14d Al 28 d A ¥ K
60% 5 b ZE I MR B2 e K, 43 5 12.5% . 16.2%
1 12.4% ., AR RDSEAEA [ AR T SEETR e
+IHE AR R ERE, R EBRD RN 60%. HF
GBFS H¥BIEREA I MS, 100% b FIREE+ 3.
7 d B AT R B AR T SRR L TP TR 9
WA, WOk T GBFS BUMTE KRR, [iTREE+ &
A TR A 8 22 R K R P e R,
TREE /5 WsR B 2 TR UEE, 14, 28 d PR R
FEARE T IEMETREE 3 RS T 4.7%. 2.6%



- 128 - W gk Pl K

2026 45 47 &

23.2 BF BAXREE - &S PURMmEE | BT
Fo7 5 () 5 i)

H &l 5 A1, BF & ABREA RS RIREE T 5%
SR BB AR . PURR RS BF B E N
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Sand replacement ratio/%
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Fig. 4 Effect of GBFS replacing sand on compressive
strength of concrete
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Fig. 5 Effect of BF on compressive strength and splitting tensile strength of concrete
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RH I3 K, JHs B R e osis I BF DEAEFEE 9 T
¥ 045, B 1) BF B 25 5 M B S H2IE it 2211 )
2R IAKE), UPEE Y E T S, W20 5w IRET YR N 45
[ REAG, £F 4E B BHATEE R . 7K LE 0.45. GBFS
B 50% ., BF K 9 mm., WK F4BE 2% i E
AR TAEM:RE

242 FSPHEEXHTHSEE 5200

KGRI, KA UOKARRON A R C-S-H #E
2, RERSA RUEFE B ANFLBR, (HIREE 45 H BN 58,
PURREAR B EWEK . DL 28 d PrIER AL
TEEFEHE, MK 0.35. GBFS /L% 60%. BF K
B 9 mm ., JUKFIBE 1.5% B BA REERHUERE

*8 EXHWHER
Table 8 Results of orthogonal test

- y4 3] i [ YELE Compressional Split tensile
R i [Zlg/(b) ‘(e) ]':Hﬁ‘f_%ﬂ, 3 d T%U%ﬁj‘{w st Numbering Slump/mm strength/MPa strength/MPa
BT BE 52 M YT A KR HE > W7k 5715 i > GBFS 3d 7d 14d 28d 7d 284
B >BF K&, 78 7. 14 d F1 28 d W45 R 2 R I 115 329 394 482 524 341 44
: 8 [P . N X 2 130 303 380 466 525 3.64 466
kPO 5 B 5 T 2 Sk K B e > GBFS B i 3 145 300 362 458 50.8 383 473
- CRE < ok K B ey 4 160 267 332 40.6 467 312 410
%>BF k{;?{ﬁﬂ(’d%i; A4 Abrams 7 fit: 7K 5 115 284 346 425 472 327 432
JRE LU G, YRR 1 0 B IR R, GBFS I A B4 6 140 27.0 33.6 404 468 298  4.13
- N 7 150 22,9 258 343 402 289 3.79
£, GBFS A6 TEAE /K e /K Ak 7= A= i Ca(OH), #4 9 120 214 255 332 393 269 3.0
170 o 35.0 5 425 8
160} 3251 200
150l 30.0 | 3751
£ I I
£ ol g 275 & 350
=) S 250} S 325t
E 130} 3 3
2 < »st ~Z 300!
120 | 200 | 275}
110 + 175} 250+
100 15.0 225
123 123123123 123 123123123 123 123123123
A B c D A B C D A B c D
50.0 3 55.0 ( 5.00 5 T
475} 525t ) 475 ¢
450}
450 50.0 | a5 |
g 425+ g 475 ¢ g 4.00 +
= 400} S 450 = 375t
£ 375 < ps5h ~< 350
3251
350 40.0 | 3.00 F
325+ 375+ 275+
30.0 35.0 2.50
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(a)Slump;(b)f,.3 (el 7 d;(d)ferr 14 i) 28 di(D)f,,7 d & 8 d
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Fig. 6 The influence on concrete performance of each factor
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HI P 6(f) 73HT Al A1, 2% IR e 1B RThT
SR S MR SR 7K L > BF A > Kk R 45 i >
GBFS bR . POMK L He 2 2 R B - om s i
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SR HAETREE b R RIS+
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Bt 25 RS AIrE . UL 28 d BRGSO
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KJF 15 mm. BKFIIBE 1.5% A i Bl
LR .

(a)NC;(b)GBFS;(c)BF;(d)GBFS-BF
7 RRTHEREREEIAES
Fig. 7 Failure mode of concrete compressive strength test
Pl 8 SR BE 1B R hk B I I B MBS,
P 8(a) Al WLAREE TR B RETT oy, WMETERAIESR 5
K 8(b) FHREEN] AR | TEEULAE, BF BB
AN T 2AEY e, WEERIA A R ZURR AT DL 55
s I 8(c) th 4B S MRE, B EEIT 2L, Ao
GBFS it 11 8500 fef R B 4 B Mm% 52, 2T 4 R0 o] 222
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Fig. 8 Failure mode of concrete splitting tensile strength test
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=, /KA Aj; GBFS BibR (B) £ E MR
BT BT RR L, X AR R RE RN 25T hom B2 52 R
KZ, 1 B, Fl B, Z[AJifi5E; BF (KB (C) EEAEAZ

PETHREE LB RPURIRE, PURSR R, 1 C, Al
C, Z I, Hh C, REA EAFAY 7 BebE, JE i %
SRR AR s X T sOK R B(D), D, B3 T
VEVEREAIRIT, FrPiR B A 2 B R kit 2
SPEGREE LY I ERE T RS . 25 BT, GBFS
Y5 BF X} iR 55 b 4 BE 19 P[5 52  fr AE TC 5 LE oA
AB,C\D,.
*9 RMEGLLWE

Table 9 Determination of the optimal mix proportion

. Curing  Priority order Best Optimum
Experiment .. .
age/d of factors organization mix
Working D>A>C>B ABCD,
performance
3 A>D>B>C ABCD,
Compressive 7 A>B>C>D ABCD,
strength 14 A>B>C>D ABCD, ABCD:
28 A>B>C>D AB,CD,
Splitting tensile 7 A>C>B>D AB,CD,
strength 28 A>C>B>D A B,CD,

2.5 O H
2.5.1 XRD Y4

MIE 9 IR EE+ A XRD F3E AT LA H, 7EAH
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