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Effect of nano-SiO, and polypropylene fibers on the mechanical properties and
microscopic properties of all coal gangue aggregate concrete

YAO Xianhua', GUO Xiaoning' , HAN Ruicong' , GUAN Junfeng , LI Huan?
(1. School of Civil Engineering and Communication, North China University of Water Resources and Electric Power,
Zhengzhou 450045, China; 2. Zhengzhou Sanhe Hydraulic Machinery CO., LTD., Zhengzhou 450121, China)

Abstract: Coal gangue as industrial solid waste, replacing all aggregates to produce concrete, is an effective way to
reuse coal gangue. In this paper, all the coarse and fine aggregates of concrete were replaced by crushed coal
gangue aggregate, and modified by different amounts of nano-SiO, and polypropylene fiber (PPF). Based on the
combination of macro mechanics and micro analysis, the effects of the single and combined action of nano-SiO,
and PPF on the mechanical properties and microstructure of concrete were studied. The results show that the per-
formance of concrete is the best when the mixture of nano-SiO, and PPF is 1.5wt% and 0.6 kg-m™°, respectively.
Compared with the control group, the compressive strength, flexural strength and splitting strength of the concrete
at 7 days increase by 21.8%, 43.5% and 44.4%, respectively. Besides, the compressive strength, flexural strength and
splitting strength at 28 days increase by 20%, 44.9% and 43.6%, respectively. The microstructure analysis shows that
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the porosity of coal gangue concrete decreases, the hydration process is accelerated, the fractal dimension of large

holes of the concrete increases from 2.9975 to 2.9990, while that of small holes decreases from 2.9852 to 2.9827, the

fractal dimension of small holes decreases, and the fractal dimension of large holes increases, so that the stronger

the space filling capacity, the fewer internal pores.

Keywords: coal gangue; nano-SiO,; PPF; concrete; mechanical properties; microscopic characteristics
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Fig.1 Effects of heavy metal precipitation and spontaneous combustion of coal gangue on ecological environment
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Fig.2 Production, utilization amount and rates of coal gangue in China

from 2011 to 2021"%
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Table1l Chemical composition of cement and fly ash

Composition Na,0 MgO AlL,O;  SiO, SO, K,0

Cement/wt% 0.79 1.02 4.93 17.63 3.01 0.47
Fly ash/wt% 0.33 0.23 38.01 46.44 0.69 0.88

Compressive Flexural
Loss on
Ca0O Fe,0; . . strength/MPa strength/MPa
ignition
28d 3d 28 d
63.22  3.99 3.95 21.2 46.7 5.7 8.3

7.5 3.12 2.79 — — — —
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Table 2 Physical properties of coal gangue

Coal angue Bulk density/  Performance Water Poriness/ Moisture Crushing
gang (kg'm™) density/(kg-m™) absorption/wt% wit% content/wt%  value/wt%
Coarse aggregate 1507 2740 6.9 45 2.0 22.4
Fine aggregate 1475 2620 2.7 44 0.9 10.2
1.3 #413 Si0, 5 PPF Fie 8 CH TR IR A M B Tk % i 36 ik 56

K 2 v MR A B 40K Si0,, AMULA
kAR, kit H (2045)nm, HRME N 193 m>g ™,
pH {4 6.9, 4l Jy 99.5wt%, FEASHNE 6(a) fin,
fili FH LV i A A PR A | A 7 1Y HN-500 #8 75
ﬁ%*ﬁﬂ%ﬁ%ﬂaWﬁmxﬁwﬁﬁﬁﬁ

vl 28 4k B B K UL AE PPR, %4048 2
ﬁm$ﬁ\mﬁﬁEm\hﬁﬁE%\%%ﬁ§
PEGF . it A AR LR G MR I R MRS . ULk PPR
BEHUIREA 2, TN 0.91, BLHSRIE KT 486 MPa,
SR K T 4.8 GPa, L% 18~48 um, i ffik kR
H 1%, FEAME 6(c) FimR .

774 ) (GB/T 12957—2005)° [ # 52 , 1l £ Wi 4
Ak, Horb—4 A 2wit% 19 40K Sio,, il
H 7 KA 28 RIGHUEREE, 15R40K Sio, /Y ih
PEFR PR . SR UNE 3 FiR, 99K Sio, Y 7 KiG %
88 M 121.1%, 28 KT MEFEECH 110.8%.
2 LIWAHE
2.1 BRELTEALIEIT

Wit 16 Fliig it LUl & B 90K Si0, 5 PPF M4t
AR EE IR E, HoP gk Sio, B850 owt%
0.75Wt% . 1.50wt% 5 2.25wt%, PPF 5 & 43 7l K
0. 0.3, 0.6 f10.9kgm™, HIME A 20wt% FHHEIK,



EaMB=ER

- 1406 -
100 - 1
(a) XRD pattern of coal gangue (b) Particle size of fine aggregat/e .
5000 - A A—Si0,; D—AI,(Si,05)(OH), gangue /’
B—Ca; E—KAI,(Si;Al0,,)(OH), 80 L .
C—FeAl,Si,
~ 1500 |- ‘%
> 3
Z 1000 - b5}
& A =40 b
= 5 5
D
500 C
E, A A A .
D A
ATA 20 e
./ —m— Particle size distribution of fine aggregate
or -7 — .- Limits of gradation in II areas
1 1 1 1 1 1 1 0 1 1 1 1 1

10 20 30 40 50 60 70 80

20/(°)

0.15 0.30 0.60 1.18 2.36 4.75 9.50
Mesh size/mm

5 ST AL CRORE BE S A

Fig.5 Mineral composition and particle size distribution of coal gangue
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Table 3 Activity testing results of the nano-SiO,

Concrete mix design/(kg-m™) Compressive strength/MPa Activity index/%
Code

Cement Sand Water Nano-SiO, 7d 28 d 7d 28d
MTB 450 1350 225 0 34.5 443 — —
2wt%N/MTB 441 1350 225 9 41.8 49.1 121.1 110.8

Notes: MTB—Mortar test block; N—Nano-SiO,.

KIRLEH 0.48, BV H0.45, KB EHR 0.03wt%-~
0.05wt%, EARRBCE LWL 4,
2.2 XHEFRE

R A i £ i FRAR H BR #E GB/T 50081—20195
MR R E PR AR B E . A, KoKl . kK
FUEERT A A0 B B A B FENL, BEFE 90s. RS
WA AGK R RE, 50 8UT R 41K Sio, Il —
A ABEPEHL B3, 120 s, 85 B PPE N AKE &
. BEHE 1 mine A WBAEFEIABE S, HR
G HATIRS) . BT A FE AR SLIR E S P EUE I

RfE 2ah, EEWRAE TIRE (20£2)°C . A XT
M EE 95% Y bR HESE FRAR Th HE 5% 28 K.
2.3 MK A&
2.3.1 JikE

Bt e 5 BE 5 B 245 BE R RSF S 100 mmx
100 mmx100 mm (1) 37 J5 PR AF 254 7H0 He i ) 3t
W AE L (2022)C L I8 95% M & F T R,
F BT = S8 A A% ) 3 A B R A 77 1Y SHT-
4605 7 SO A 1) B v A A T R 8 AL AT 0 1 o
FEM, Foh BT SR A E 7(a) row, BE LR
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Table 4 Concrete mix design
kg:m™
Water .
Code Cement Fly ash Water Sand Aggregate Nano-SiO, PPF
reducer

CGAC 400 100 240 720 880 15 0 0
0.75wt%N/CGAC 400 100 240 720 880 15 3.75 0
1.5wt%N/CGAC 400 100 240 720 880 20 7.5 0
2.25wt%N/CGAC 400 100 240 720 880 22.5 11.25 0
0.3PPF/CGAC 400 100 240 720 880 15 0 0.3
0.75wt%N-0.3PPF/CGAC 400 100 240 720 880 15 3.75 0.3
1.5wt%N-0.3PPF/CGAC 400 100 240 720 880 20 7.5 0.3
2.25wt%N-0.3PPF/CGAC 400 100 240 720 880 22.5 11.25 0.3
0.6PPF/CGAC 400 100 240 720 880 15 0 0.6
0.75wt%N-0.6 PPF/CGAC 400 100 240 720 880 15 3.75 0.6
1.5wt%N-0.6PPF/CGAC 400 100 240 720 880 20 7.5 0.6
2.25wt%N-0.6PPF/CGAC 400 100 240 720 880 22.5 11.25 0.6
0.9PPE/CGAC 400 100 240 720 880 15 0 0.9
0.75wt%N-0.9PPF/CGAC 400 100 240 720 880 15 3.75 0.9
1.5wt%N-0.9PPF/CGAC 400 100 240 720 880 20 7.5 0.9
2.25wt%N-0.9PPF/CGAC 400 100 240 720 880 22.5 11.25 0.9

Notes: CGAC—Coal gangue aggregate concrete; Example: 0.75wt%N-0.3PPF/CGAC is that the control group was added with 0.75wt% nano-

SiO, and 0.3 kg:-m™ PPF.,
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Fig.8 Compressive strength of concrete with different nano-SiO, and PPF contents
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contents during compressive test



- 1410 -

EaMB=ER

N
I.

w

Flexural strength/MPa
[\e]

—_

—_— T

5.4
5.0
4.6
4.2
3.8

Flexural strength/MPa

(b)28d

10 A[FEYK Si0, Fl PP B HHREE T P i

Fig. 10 Flexural strength of concrete with different nano-SiO, and PPF contents
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Fig. 11 Fracture of concrete with different nano-SiO, and PPF contents during flexural test
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Fig. 12 Fracture surface diagram of CGAC and 1.5wt%N/CGAC
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Fig. 13 Splitting strength of concrete with different nano-SiO, and PPF contents
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Fig. 14 Fracture crack of concrete with different nano-SiO, and PPF contents in the process of splitting test
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S o SR R, A B TR E A FL B R
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Table 5 Pore characteristic parameters of coal gangue concrete

Total pore Median pore diameter =~ Median pore diameter ~ Average pore .
Code s 1 R Porosity/wt%
area/(m*g™") (volume)/nm (area)/nm diameter/nm
CGAC 16.123 32.68 10.03 21.51 17.58
1.5wt%N-0.6PPF/CGAC 10.843 26.56 9.23 18.99 12.36

¥l 15 24 CGAC 41 il 1.5wt%N-0.6PPF/CGAC 21
TREE LML 5046 . TR A CGAC 4 1 KL
75 I E B T 1.5wt%N-0.6PPF/CGAC 4, Jf H1E
L2/ F 200 nm B}, 1.5wt%N-0.6PPF/CGAC 4 1)
LB He P B3 . RIES S T LA, K TR EE
TR CTHFLR (d<20nm), K>
HELLF” (20 nm<d<50 nm). “HELE" (50 nm<
d<200nm) fl “KLAGELLB" (d>200 nm)"*4 %
k6 frn, BEEDK Si0, R A3, 1RE +
th I E LR F LA LA, A E LA 2 AL
1Y A8/ o 3K SRR T A8 K Si0, 1Y F R FE AL
N S FAE K Je KAt B AR EAE A, b B e
BAC N, A A% HL BT 32 AL B, [RD B ok Ll B A% T DL AR
BEoK A o —J7 T AT DLV 6 B4 T Gk 8 DXAE AR R S A
Y Ca(OH),, /b 5 i i XA fLBR s o5 —
T A= B 7K AR 7= 1 mT DA S50 8 A T O X AL
Bt , fZEA SN S, A LIRS 2% Sk [47-48]
hasie—8, Mg HE MRS ENSCR, A
AUBH PG W 4 2 m A, WD IEE ALY e, B
TR BE L R ALBR Y L]

1.0 —=—CGAC cumulative distribution
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Fig. 15 Pore distribution of CGAC and 1.5wt%N-0.6PPF/CGAC concrete

*6 AEFLELENRELILEALLL
Table 6 Proportion of concrete pores in different pore
size scopes

wt%
Code CGAC 1.5wt%N-0.6PPF/CGAC
d<20 nm 35.6 40.6
20 nm<ds<50 nm 25.2 28.8
50 nm<d<200 nm 18.6 20.8
d>200 nm 20.3 10.3

322 WWHRS BT

K16 M 3R 1P I Wl 28 KiEF, A[A 5 & 48K
SiO, il PPF 2 14 Ik & + 19 XRD & 3% . M & 16(a)
AT DO R B A ARE . KA RERR A5
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Al LLBH B A 3] SR A RE RO AT S (AR L R
MEe A Ao B SREEIE(E . 1.5wt%N-0.6PPF/
CGAC 4R &E 4 rh — S AL ik FRAE W (AR fL AN B 2,
FHBA MK SiO, 7EIREE - R T 2R % +
WRAEH, & &RA KRB, A KA RERR 55
EHE, XPRDH R BN R AEH]

g2k Si0, I A I Bt + ' Ca(OH), FF1iF 1§
R (7 16(b))o 3X 2 BI44K Si0, AT A — J7 1 23
THAER VSR KL =¥, BEACIR & 1 Ca(OH),
g, Rk KL, —JrE, HF9K Sio,
LRI BUR, fhim i s, #F— 228 T Ca(OH),
WAk, TE R C-S-H BERE . X 5 2 W 124 e &
PR )5 B AR A A — 3

[EE, 2745 B A9 ASfE X Ca(OH), &b A %0
MR, (HRZ IR EE 1 CyS Fa ARk, M4F
e m/NT 0.9 kgm™ B, S —SBfEHERALRER M,
3.2.3 TOWIE S 4 Bt

KT HE— T R 45K Si0, A1 PPF B TR BE 1
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1, 1—Silicon dioxide

2—Tricalcium silicate/dicalcium silicate
3—Albite 4—Kaolinite

5—Muscovite 6—Calcium hydroxide
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Fig. 16 XRD patterns of concrete with different dosages of nano-SiO, and PPF
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Fig. 17 SEM images of concrete with different dosages of nano-SiO, and PPF after 7 days and 28 days curing
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I/L—Number of parting holes remaining after k times removal processes; V—Total volume of the removed holes after k times removal processes
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Fig. 18 Concrete big hole and small aperture within the scope of 1g(1-V) and 1g(/;/L) of the linear fitting relationship
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Table 7 Fractal dimension parameters of porous structures in concrete

Great pore Small pore
Code Demarcation points/nm Ruvise
Fractal dimension Correlation  Fractal dimension Correlation
CGAC 102.40 2.9975 0.99 2.9852 0.99 0.00057
1.5wt%N-0.6PPF/CGAC 64.70 2.9990 0.90 2.9827 0.97 0.00144

Note: Ry;sg—Evaluation index of transition aperture.
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(PPF) 4= S A1 - BHIR &8 1 1 J) 24 P i RN sl W 45
A AL, IR 23 8 4E 2053 B L 450 R e AR,
LU 458

(1) 442K Sio, th R BIR, b2tk , (i
IKACHE TR 45 (C-S-H) & B i, IF BAEF P4
91 R K U K A HR AR B A% A5, 0 R K Ak R
Rifi %5 44 oK SiO, BB i i3, TR BE - 9P R ok
BE U R B T B R0 B A I R, XTTR
I 9 BE 52 W B K5 T PPF FE TR Bk £ rh ke
BN RAE AT, 35 i B R E e [R] R HH 5

Ji, Wi, BfEZE PPF BB &g N, TR EE LHT
7 i BE R BY S0 B S T SRR AR, TR B 4t
JE ok B AL BN o 40K Sio, 5 PPE £ & N
1.5wt% 5 0.6 kg-m™ B TR #E 1 19 58 i 3K B 5 KH
TR EE - 7 R Po o B BT 3T 5 B 2 il 42 = 21.8%
55 43.5%, T 28 K4 He 5k B2 FNHT AT 5 B2 43 0l 4
20% 5 44.9%.,

(2) 91K SiO, 5 PPF £F- 4t & g hn, 1R %k 1
AL AR S P LR RRR, B2 A F LAY L5
A, AR SIO, MRFIEIE(E 5 S AL iR & T
Rl . gk sio, B mis e, KL RN
TH AE K& H A9 Ca(OH),, ¥4 T C-S-H 5 5l
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