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Optimization Design and Experimental Study on Strength of Ternary
Industrial Solid Waste Mixtures
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(1. Guangzhou Expressway Co., Ltd., Guangzhou, Guangdong 510220, China; 2. School of Transportation,
Changsha University of Science & Technology, Changsha, Hunan 410114, China)

Abstract: This paper aims to explore whether fly ash, lithium slag, and slag powder (ternary industrial solid
wastes) can effectively replace cement as cementitious materials for interlocking large-particle crushed stone bases.
A uniform design table Uy(9*) was used to design the test scheme for the mixing ratios of ternary industrial solid
waste mixtures; the correlation between the mortar strength and the ternary industrial solid waste mixtures was
analyzed by Pearson correlation; with the help of the mathematical statistical software SPSS 26.0, mathematical
models for the flexural strength and compressive strength of the ternary industrial solid waste mixture mortar
specimens were established. The research results show that there is a strong linear negative correlation between fly
ash and strength; lithium slag has a weak correlation with strength within a 14-day curing period, and there is a
strong linear positive correlation between slag powder and strength. Through the optimization of the mathematical
models, the optimal mixing ratio of the three industrial solid waste mixtures is determined as fly ash : lithium slag :
slag powder = 40% : 20% : 40%. The tests confirm that the flexural and compressive strengths of the ternary
industrial solid waste mixture mortar are significantly improved, which provides strong support for the application
of ternary industrial solid waste mixtures in interlocking structures.

Keywords: road engineering; industrial solid waste mixture; filling-type large-particle cement-stabilized
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Table 2 Physical property indicators of fly ash

A2 Loy /% (A= Wi TR/ %
Sio, 53.12 SO, 0.34
ALO, 24.13 K,O 0.28
Fe,0, 7.48 Na,O 0.17
Ca0 2.75 Li,O 0.83
MgO 0.78
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Table 3 Chemical composition of slag powder

(A% TR/ % (=3 %y TR/ %
Sio, 34.11 MgO 8.49
ALO, 15.31 Fe,0, 0.73
Ca0 37.25 TiO, 1.94
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Table 4 Physical property indicators of slag powder
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Figure 3 SEM image of blast furnace slag powder
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Figure 4 XRD test results of blast furnace slag powder
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Table 5 Chemical composition of lithium slag

(X% T/ % (3% /%
Sio, 55.61 TiO, 1.47
ALO, 24.12 CaO 1.17
Na,0 8.64 Fe,0, 0.32
SO, 6.26 MgO 0.12
K,O 2.29

P S A — SE M R, A E L 8 (Na,O)
FAAAL B (K,O) o 3 26 B M A 73 75 -5 ik R EE 25 5o
B i AT R i o A R R B L A B T = o0 Tl 1B K
B0 55

(2) Yotk ag

PR Iy B T A B R I 4 2R WL 3R 6

Fo6 EFENWIEMERIER
Table 6 Physical property indicators of lithium slag
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Figure 5 Ternary solid waste mortar specimens and
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Table 7 Factor levels of lithium slag and slag
powder contents

HEAE Hy#EE vEkE | HEKE B5EE 7iEkE
%5 WX,/ % WX,/ % %5 WX,/ % WX,/ %
1 0 20.0 6 12.5 32.5
2 2.5 22.5 7 15.0 35.0
3 5.0 25.0 8 17.5 37.5
4 7.5 27.5 9 20.0 40.0
5 10.0 30.0
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Table 8 Test schedule

57 5 WK X,/ % X,/ TR X%
1 75 0 25.0
2 65 2.5 32.5
3 55 5.0 40.0
4 70 7.5 22.5
5 60 10.0 30.0
6 50 12.5 37.5
7 65 15.0 20.0
8 55 17.5 27.5
9 45 20.0 35.0
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Table 9 Average flexural strength of mortar

i R [ 391 () 40 537 38 B /M Pa

¥ 3 7 14 28 60 90
1 0.270 0.491 0.632 0.751 1.041 1.197
2 0.362 0.871 0.994 1.327 1.725 1.869
3 0.620 0.956 1.027 1.297 1.931 2.197
4 0.159 0.358 0.513 0.750 1.127 1.273
5 0.356 0.749 0.835 0.994 1.524 1.751
6 0.735 1.032 1.444 1.755 2.336 2.457
7 0.191 0.352 0.637 0.940 1.461 1.609
8 0.587 0.878 1.097 1.550 2.072 2.261
9 0.526 1.069 1.345 1.831 2.987 3.297
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Table 10 Correlation coefficients between solid waste

mixtures and flexural strength

=TClE S HUTR E AA S R B R

i /d

i IE K T LRy

3 —0.820 0.319 0.840

7 —0.847 0.292 0.906

14 —0.899 0.469 0.803
28 —0.916 0.586 0.709
60 —0.954 0.676 0.673
90 —0.955 0.671 0.680
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Table 11 Analysis of variance
b Hifi g SFJ5 A ¥ior F1E 3k
128 4 3.296 0.824 31.074 0.003
1% 22 4 0.106 0.027
KIE& T 8 3.402
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Table 12 Fitting effect
R* P S R® e IR AR
0.969 0.938 2.121
*13 EIFR#FE
Table 13 Regression coefficients
A5 b B S8 bR T{a B3
R 1 20.362 6.648 3.063 0.038
X, 1 —45.636 16.286 —2.802 0.049
X, 1 —19.004 12.610 —1.507 0.206
X, 1 24.752 9.333 2.652 0.057
Xy 1 31.815 20.922 1.521 0.203
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Figure 6 Surface plot of regression equation for
flexural strength
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Table 14 Compressive strength values of ternary industrial

solid waste mixture mortar

I NI 31 () P R 58 B /M Pa

Fris 3 7 14 28 60 90
1 0.784  1.170  2.309  2.922 3.165  3.320
2 1.245 1599 2,161  2.808 3752 3.980
3 2.568  3.592  4.389  6.008 6.726  7.379
4 1.032 1436 1.933  2.401 3.607  3.941
5 1.608  2.265  3.557  4.344 6.953  7.384
6 2.146  3.157  4.557  5.901 9.386  9.730
7 1.388 1744  2.092 2417 3.223  3.656
8 1.180 2272 3.287 5117 8129  8.446
9 2432 3164 5059  6.630  10.621  10.907

e 14 AT 9 2080 T 22 B9 B R 0 i I % 10 A8
A a] 23 i 3 AN B B s AE 3~14 d FE P I, e 5
HaK R FE 14~60 d i 30] Py 38 R R 2% 0
5 JBE — ELAE I N 5 7E 60~90 d #4114 , BE R 58 5 48 K
2.2.2 HHIRNES B K alH 53 #r

X 2R 14 v A [ 0% 30 9 Bt o B AR 1 AT B B
B, A5 20 & A1 R 3 R i BE AR5 T R Y
Pearson #H ¢ & %, WL 3 15,

15 BEERRIENERENEXRE
Table 15 Correlation coefficients between solid waste
mixtures and compressive strength

ST AT BT R R O R R

39 /d

BRIk BB i i
3 —0.838 0.368 0.816
7 —0.893 0.424 0.839
14 —0.910 0.472 0.815
28 —0.918 0.488 0.809
60 —0.946 0.668 0.670
90 —0.954 0.667 0.681
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Figure 7 Surface plot of regression equation for

compressive strength

WRar 7 R0 (8) (A (9) , n 13 3] & 2 & A Ak
(Bl B8, o 70 200 0 I A 4% B ST L 7R B
¢ LV R PN %7 R O A A

Y _ gy 500x (8)
X, ' !

MR, Z 0Tk B R A AL T BRI BT R 97
Yy
X, 157.916 — 336.376X, — 94.529X, (9)
3

454 3 (8) (X (9) K ImT A J 2 il 1w 1 7 Hp Ay il B
SSUAT AT B0 5 B BB SR K B i 0 B e, B
Rik %) S L0 R 4 S ) 00 T K, 3X 5 R G
SIRT AR — B NI e R B o 2> TR
JEIAB 1R 40 %6 BF, B0 A 5 B d5 R 5 XY R K 45 R
40% W, B 7 Ry 45 5 R, B 5 R S B0 S 9
Ao A9 (B TR K B R R 40% B 5T
R B RN 35.7% R T8 0, B I B TR 5 3K )
K, B #ER B8 A 35 % ~40% W, it K 5k B A8 1k
AR 8545 32 15 HoRy K 5 B e s B 5 A O T T
Ky 5 PR 5 5 OE A 56 A &5 R FE A5 R P R o
PO RTHE T B 5K 35 N/ BT 0 i A 45 i
AMETF 35% .

23 L&t

ZE A g0 B 5 U 25 AR WA B R 5
R 15 A B UE G L TR B R KB
R ZINER A, 40 %6 B S R e A5 X T B R R
Ky B IR A5 Bt 2 BN B 40 % B i i SR
Gy BT Ky 45 1 6 BT 5 KPR SR A S,
R B 2090 3 2 4090 BF BUYTIRE 1590 A
A BURSR BE R TE 4020 AT o RIL, i B (145 &
ARG

S5 = o0 Tl [ 2 e 358 14 ek 1) it B P g D B At
DAV AR, e A0 3 PR A 1Y o - A
KB A% M EBE20% BB e 40%., Xf
ZA B A L AT I g E L AR A (3) (7)),
A5 W AR A BC G e B B AT B B T S R T (.
X BC A LR A7 50 B 50, 25 R W 3% 16 I .

x16 KEMMER

Table 16 Experimental prediction results

R RgE| W{E/MPa X5 (EH/MPa  2:{f/MPa
90 d Bt P ik JiE 3.557 3.712 0.155
90 d it i 5% JiE 12.743 12.576 —0.167
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