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Mechanical Properties of HS-HDC Based on Orthogonal Tests

QING Shuangquan' LI Chuanxi'?
(1. College of Civil and Environmental Engineering , Changsha University of Science and Technology, Changsha 410114, China;
2. State Key Laboratory of Featured Metal Materials and Life-Cycle Safety for Composite Structures , Nanning 530004, China )

Abstract: To prepare a low-carbon and cost-effective high-strength and high-ductility concrete ( HS-
HDC ), the paper designed 16 groups of orthogonal tests with 5 factors and 4 levels of coal gangue
powder, silica fume, PVA fibers, water-binder ratio, and sand-binder ratio, three tests of uniaxial
compression, four-point bending, and electron microscope scanning were carried out to explore the
influence of each factor on the mechanical properties of HS-HDC and its microscopic mechanism. The
test results showed that the integrity of the uniaxial compression failure specimen was good. When the
fiber volume content was not less than 1. 0%, the surface cracks of the failure specimen were vertically
distributed, and the higher the fiber content, the smaller the surface crack width of the specimen. The
coal gangue powder and water-binder ratio significantly affected the compressive strength, with
contribution rates of 44. 83% and 33. 56%, respectively. The four-point bending specimen exhibited two
failure forms: single crack and multiple cracks, demonstrating a typical three-stage failure mode. Only
PVA fibers had a significant effect on the bending strength, with a contribution rate of 66. 10%. The
comprehensive mechanical properties of the H5 mixture ratio ( coal gangue powder 0.6, silica fume

0. 14, PVA fibers 1.7%, water-binder ratio 0. 3, sand-binder ratio 0.5 ) were the best. The cubic

VIR E R B I H (AA23073017) 5 1 5 44 AF 58 A2 BHOF R I H (CX20210764) .
E—EE WA L EE N F S K I A MR (ECC) TG 5 4% TR 2L ) 5 WL 5~ 46 5 R 5%
B F {5 # : Doc_Qing@stu. csust. edu. cn
I %5 B #1:2024-04-05

280



Tolk #2025 4F 5554 s

compressive strength was 69.0 MPa, the flexural strength was 19.7 MPa, the equivalent flexural

toughness was 108. 9 kJ/m®, and the tensile strain capacity was 1. 05%. Cement and fibers were the two

most critical components that affected embodied energy and embodied carbon. Using solid waste to

replace part of cement was a very effective way to reduce carbon emissions.

Keywords: orthogonal test; coal gangue powder; high-ductility concrete; embodied carbon; embodied

energy
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Table 4 Mixture proportions of HS=HDC (mass fraction)
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Table 2 Chemical composition of cement and coal gangue powder

(mass fraction) %

MK Si0, ALO, Fe,0, CaO MgO SO, Na0O K,0
OPC 17.05 485 430 6637 25  3.03 021 0.66
CGP 59.92 21.83 6.3 437 141 0.19 078 3.52
SF 9526 075 095 078 085 03 - -

T3 PVA LR W BRI
Table 3 Physical and mechanical properties of PVA fibers
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Fig.2 Four—point bending test device and specimen size

FEL 55 1 A i 56 < R T $E 58 TESCAN MIRA LMS
BB il KA % 50~2000, ST L R R 10 keV, 11

XoF £ G P BE e e B0 1 6 2 Y D T R
HEAT R BE A S, D a1 l,a‘fFiliXﬂL,ﬁ\ﬁﬁiit

56 2 T J oL AR TR WL 3 BT

2 HR5HR
2.1 RESETWERE

FS W T A I A B e A i o R e,
T CSRIRPUE R, FS TR MR B, CV RRAE R
FRE(hRfE 22 S¥MEM E) . CSFS¥R 3K
P-4 0E , 25 rb ool B (B SR FH Y908 <05 o 22 1Y I 0k
IR ATHL: B Y S R A AE 10% AN, K
WA TE 7% LAY, 25 il s BE A A8 S5 RECE A T AE 5%
DL HITATHI6HE S T 10% , Bk b3 38 JE 525
i 50 B AR S R B AE TR T 2 I .
2.2 FERBAERX L REREEL SN

Pl 3 7 T R i R s =, 81 3 (a) ~(d) X

B PVA L2448 = 5 0 0.5%,1. 0%, 1. 4%, 1. T%.
AT BT A 6 A 4 A B A e s R A A
U, 2B R R R PV A ZF 4 59 WR 4 R T
TREE+ KRR TE  PVA L i B 5 HH 0. 5% 19 HO
30 20 R B IR AR A AR TR B K BARAR A
TREE+ KRR I AR BB R A/NDNT 1.0%
BF R B0 IR J5 5k A B 4 i B WD AR HOEAR |
LR ] 3 AT AR R AR RO, A R N
PR Ry . 5 v o TR B o R A 4 K R
IR RS 227 LA B e 3 £ A TR R 1 o R 4 A R B
S 95 R R XA [, HS-HDC #0915 4 M e 2 B
R

36 R 7 J& PU K 58 JE (0 M) 22 RN 2% 43 b 45
B H K RIREE 0 DK Z Mk K P BIE . fE
T3 22 5 BT B, 5 DR 3R A 8 25 °F- O RN IIUAS 8 3 e K
B 22 5 R 10% B, e PR 36 b Ak Sk 35 22 00, B 2%
S R R L (1)

283



IR, 45« T TR A2 ) e i g P TR - ) 2 PR

#£5 HS-HDCHUE Ll 58
Table 5 Compressive and flexural strengths of HS-HDC

gl CS/MPa CV/% FS/MPa CV/% 1A CS/MPa CV/% FS/MPa CV/%
H1 77.7+2.7 3.5 17.6+0.5 2.6 H9 64.9+5.2 8.0 15.5+0.2 1.4
H2 77.9+2.3 2.9 17.8+0.4 2.3 H10 73.3+2.1 2.9 21.2+0.2 8.5
H3 70.8+4.5 6.3 19.7+0.6 2.9 H11 55.3+3.6 6.6 18.7+2.9 15.3
H4 68.7+4.6 6.7 14.1+0.6 4.1 HI2 68.12.7 4.0 16.5+0.5 2.8
H5 69.0+3.9 5.7 19.7+0.9 4.4 H13 56.1+3.3 6.0 17.2+0.2 1.4
H6 78.1+6.6 8.5 13.4+0.4 2.8 H14 49.9+2.3 4.6 15.0+0.8 5.6
H7 70.7+6.0 8.5 17.8+0.6 3.3 H15 66.5+3.6 5.4 13.7+0.1 0.6
HS 83.6+5.8 7.0 18.5+0.9 5.0 H16 70.0+2.0 2.9 19.7+2.3 11.6

(a) PVAL4iBH0.5% (b) PVALF4E4BH 1. 0%

(d) PVASG44B41.7%

(¢c) PVAL 4B 1. 4%

3 PURRRUE

Fig. 3 Compressive failure modes
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Table 6 Range analysis of compression strengths

% CGP SF PVA £f 4 WiB S/B
K, 295.2 267.6 266.4 301.2 281.2
K, 301.6 279.2 272.8 283.6 281.6
K, 261.6 263.2 283.2 273.2 269.2
K, 242.4 290.4 278.4 242.8 268.8
k, 73.8 66.9 66.6 75.3 70.3
k, 75.4 69.8 68.2 70.9 70.4
k, 65.4 65.8 70.8 68.3 67.3
k, 60.6 72.6 69.6 60.7 67.2

I [ 14.8 6.8 4.2 14.6 3.2
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Table 7 Variance analysis of compression strengths

pxg  PETA b o ri wstokr  CUPEIITE ok pro
Ss f 4 SS

cGP 584.173 3 194.724 15.43 * 546.310 44.83
SF 111.223 3 37.074 2.94 — 73.360 6.02
PV A £F- 4k 38.533 3 12.844 1.02 — 0.670 0.06
W/B 446.848 3 148.949 11.80 * 408.985 33.56
S/B# (37.863) (3) — — — — —

2= 37.863 3 12.621 — — — 15.53
At 1218.64 15 — — — — 100

F,05(3,3) =9.28; F, ,(3,3) =29.46; #3/R WAL 3 5 () P ICME A it £k IR 2 A A0 o7 300
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Fig.4 Typical failure modes in bending tests
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Table 8 Range analysis of flexural strengths

SES CGP SF PVA 27 4 wiB SIB
K, 69.2 70.0 66.8 71.2 69.6
K, 69.6 67.6 72.0 70.8 67.6
K, 72.0 70.0 80.4 66.8 68.8
K, 65.6 68.8 56.8 67.6 70.4
k, 17.3 17.5 16.7 17.8 17.4
k, 17.4 16.9 18.0 17.7 16.9
ky 18.0 17.5 20.1 16.7 17.2
k, 16.4 17.2 14.2 16.9 17.6

Fen i 1.6 0.6 5.9 1.1 0.7
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Table 9 Variance analysis of flexural strengths
2 %tiﬁ*ﬂ £ Fj'j!f'{ bvzé i BT @E%‘)ﬁjb*ﬂ %ﬁulﬁjﬁjﬁ?@w
CGP 11.943 3 3.981 2.781 — 7.648 6.65
SF 8.003 3 2.667 1.863 — 3.708 3.22
PVA £ 4 80.308 3 26.769 18.698 * 76.013 66.10
w/B 10.483 3 3.494 2.441 — 6.188 5.38
S/B (4.295) (3) 1.431 1.000 — — —
B2 4.295 3 — — — 18.65
#it 115.032 15 — — — — 100
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Fig.5 Load-deflection
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8, W % 7 1k A] DL 2 % 5% [ b i ASTM C1018-
970, fuf 45— B M 4R Hh 2R 1k A A Ol AR R Y B Ay
MR SCR A B I F RS 4 Bk R il R Y dR K
i 28 FIAH I 1) B8

SRS I 0 VA 5 YA K B DB 61/T 112—
2016 /5 JE P VR BE 1 R B2 AR B AR ), a1 45 25 2 i
W AT 4% (2) 5, W RLRE e S T 26 i Ak
TR BE + 28 d 7 47 19 19 45 20 il 34 AS K F 40 kJ/
m®, I 2 g 2 P TR+ A IKF 30 kJ/m™ .
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ULIEL5(b) 56 k43 590 SRy i A4 0 TR B R B, mm

FA0L I T A e 4 A0 S il AR e S 8, Y
bR 22 I F IR . WA H3 H5 H10, H16 4
58 F fe K AL T 10 MPa, JRH7E T 4 AL &
LT BRI 1. 7%, 4B 5 F A 8 IE
FAOGHME . W fEHE L 6, 50 M B W R g2 dn it
SaGBRA R EEXR . IrA s gm0 ih
PR AE K T 40 kJ/m’, i 2 1 28 i 28 M TR 8¢ A
HE o 1. 7% 27 4k 5 500 1S 3R 00 41 % 20 il vk
e K, 5 %) 108. 9 kJ/m?, 5 3CHk[34 ] 2% 5 it [
7= PVA SR 4R 56 41 Lo 42, HS 2R 300 il o dE 4 1
22. 6% , Ut W5 A [ A% 570 L A R 1l 2y i 1
H HS-HDC, 3% AR R R AL T OB i 42
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Table 10 Parameter of flexural properties

Hil

Wk~

F, MPa O /mm F,/MPa 0, /mm 5 & 1%

H1 30.2+0.4 0.51+0.29 58.7+1.3 1.66+0.27 53.0+7.2 0.52+0.01
H2 37.6+5.1 0.94+0.26 59.4+1.1 1.59+0.27 56.1+1.1 0.63+0.10
H3 36.6+4.4 0.37+0.22 65.3+1.7 1.47+0.30 64.3+9.1 0.77+0.13
H4 34.2+4.6 0.77+0.08 46.8+1.5 1.42+0.36 38.8+11.4 0.24+0.09
H5 38.3+5.8 0.97+0.29 65.7+2.3 2.38+0.22 108.9+15.9 1.05+0.22
H6 31.0+0.6 0.37+0.04 45.1+0.9 0.78+0.04 42.1+1.5 0.11+0.00
H7 38.3+2.7 0.92+0.26 59.2+1.6 1.63+0.05 65.6+1.5 0.41+0.09
H8 34.0+4.8 0.68+0.15 61.5+2.5 1.81+0.28 67.7+7.8 0.64+0.09
H9 37.3+2.8 0.57+0.03 51.7+0.6 1.33+0.26 44.3+9.0 0.28+0.06
H10 35.6+4.2 0.97+0.24 70.2+5.0 2.20+0.04 84.2+4.7 0.91+0.06
H11 35.1+£0.6 0.56+0.07 60.1+7.7 1.72+0.19 71.0+11.7 0.69+0.07
H12 36.0+0.7 0.71£0.22 54.9+1.4 1.78+0.25 69.3+x11.9 0.55+0.05
H13 37.4+7.1 0.92+0.51 57.1+0.7 1.90+0.24 69.4+3.8 0.65+0.12
H14 32.8+2.8 0.39+0.07 49.8+2.2 1.56+0.19 60.3+5.5 0.53+0.05
HI15 33.4+5.0 0.82+0.22 45.2+0.3 1.46+0.14 40.6+6.5 0.26+0.09
H16 41.3+4.3 1.25+0.45 61.4+6.2 2.23+0.12 82.1+5.0 0.84+0.12

R AT o R LML, O Al 3 G S A
P 1 v JBE 7 I) () 4 e R B 0 AT A B AR 1 iy
T 0 1 1 1 SE PR IR L, 4% PVA 2R 448 1 0. 5%
1.0% 1. 4% 1. 7% 53 51 HUE 0. 3.0.4.0.5.0. 6514
985 v U L i 28 P 6 I (B8 B, mm, RS o N AR
A ) BUAL M &, WL 10 35 )5 — %1 B T H4  H6 . H9.,
HI5, T A BC & LLERRE T 2 H AR £ R TR 2= S F8 M
R AR AE  AMET 0. 5%, H5 BE 4 b i i g 728
RE K, BH T 1.05%.
2.6 [&afeAmlasm

T LA T AR SO KT A S 4 ek B I o 1Y)
EE M ECH™ 7 Al A« B0 it EE $% = 9 3 Fp
WAREIY S PV A 2T 4k A 2T 2 DL e 58 3R R w85 kel /K
R, BN R Y EC J5 = 1 3 AR o ) R N 2T 4
TR R = BOHOK FI L K PVA 74k, 5 B W B 2
Xof T3 Ao ) BRI B AR A R Ak, PR Ry B T
it EE M EC A8 R 4% 2 52 A, A SCfboe 35 55 20
AT AT By 1 B A ]

FU1 J5URH R B BRI A i

Table 11 Embodied energy and embodied carbon of raw materials

2.5 BAPm TS

Al iy 7 3 B VE Y HS-HDC g 2 PR RE A 1
W B9 75 . SR AE 2 B AR R, A T Al i
T 6 e R AT 2, T L P I R 5 B )
R, RO AR AT SR FH DY 25t e 59 ok TAl HS-HDC 47
il 18 A5 g T3, SCHk [35-36 1359 45 H 1 MR 30 U A5 25 il
T 56 445 % A g 1) A 1 A R AR BB IR A K
WA (3):

1 kh
u :?Tg
e, PR AR RE ST 55 N SR EIE R SR & F
SEAT N B, B 1/8 5k Sy it b AT I 2 R X

(3)

&

- Kﬁﬁﬁ?{(MJ- ﬁ@@a&/(kﬁ €O, eq-
kg™) kg™)
7K e (0PC) 5.5 0.93
IK(FA) 0.1 0.008
AT AT (CCP) 0.62 0.032
BOR 8 (GGBS) 1.6 0.083
YRR (SS) 0.067 0.023
K (W) 0.01 0.001
EH3 (SF) 1.6 0.083
R R K 7 (PSCP) 42.67 1.84
PVA £ 4E(PVF) 101 1.71
LT 4 (STF) 56.7 6.15
£ (CR) 0.083 0.0048
AT HH(MS) 0.081 0.0048

12 4 €60 Al FRC60'™ , M45'“" 'HVFA-ECC
(FA/C=2.8)" &tk BB R % + UHPFRC™ (HS 4t
6 L AN ] P AR BE + A BB A H o 7 02 B 4R
U1 m?) IR BE 19 EE F1 EC 35 , UHPFRC f 55 ,
EE i5 %] 15777. 8 MJ/m®, EC ik %) 1890. 9 kg/m*, C60
A%, EE Il EC 43 514X Ky 2436. 7 MJ/m’.357. 9 kg/
m*, 3% WAL A H A BE FEC A 2238 6 fiF . A SC
H1HS5 B EE FTEC 439 4 6723. 3 MJ/m* F1 706. 0 kg/
m’,EE t UHPFRC & /> T 57. 4% ,EC & UHPFRC Ji
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DT 62.7% AUIESRIE T T 52.7%. [F) A i Pk fig
1R % 1, UHPFRC 19 B HF 750 A1 BE 5 1 A8 I b M45 .
HVFA-ECC LA K H5 %5 . HVFA-ECCRH T K&
b3 MK AR K B (FA/C=2.8) , H5 5 HVFA-ECC #
I, EE fil EC 43 51 3 fin T 41.3% F1 16. 9%, {H J&
HVFA-ECC 1Y 28 d #5 #fE 5% 47 0 & o & H A
35.3 MPa, lL HS N [% T 48. 8%, FR il T HVFA-ECC

B H . H5 5 M45 M LL# , EE S 1 9. 2% , EC 1
Y 16.9% , LR BEEYG N T 6. 2% , 31 8 2% & HS
K F B9 B 7= PVA 28 4, b oRE A 1 B E IR T
M45. 5 ZA4E B SCER T R LA At A
A7 ity o B 3K, PR O oA A il B B Y EE i EC
XFH o

R12 TS L

Table 12 Mix proportions in the literature kg/m’

ERLE oPC FA SF GGBS CGP SS CR MS W PSCP STF PVF
c60-* 360 108 0 50 0 0 1040 694 148 52 0 0
FRC60" 360 30 0 80 0 0 1089 672 148 5.2 40 0
M4s5 4 571 685 0 0 0 456 0 0 332 6.8 0 26
HVFA-ECCH 324 906 0 0 0 456 0 0 320 53 0 26
UHPFRC™* 875 0 44 0 0 1273 0 0 202 46 156 0
H5 664 0 93 0 388 578 0 0 345 14.6 0 22
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Fig.7 Embodied energy and embodied carbon per cubic meter of concrete
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10 5% B A B 2 BRI B W iR IR S W T 2T 4
(4 3 2 R AR R R I 2 AR TR =X, A 8 ()
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T, EDUE T 181 8 (b) Y B0 4 R, 332 7K 1 PVA 27 4
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i AR BE 77 4 A 7548 bR, HS FIH10 2 3R 47, =
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JK AL PV A T 2 56 725 il 5t B FLAT 25 PR S i), ok
FHN66.10%.

3)5 UHPFRC #H L4, H5 # EE 1 EC 43 51 &A%
T 57.4% M 62. 7%, ¥T K58 & T BT 52.7%. 5
M45 A L%, HS B9 EE A1 EC 43 5040 T 9. 2% #1
16. 9% AHHTF 5 EERIE N T 6. 2%, 5 HVFA-ECC
AH L&, HS 19 EE AL EC 40 9 36 hn T 41.3% A
16. 9% , Hi R iR FERE N T 95. 5%

4) 8 N JERT A0 8 [ A 5% 740 e % i ) e 1 HS-
HDC, %54 EE M ECH8F5 I J1, HS BL & LU i 25 & PR g
fe At o R SR Sl 69 MPa, 25 55 5 4 19. 7 MPa,
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