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Abstract: In order to study the mechanical properties and optimal ratio of carbon nanotube modified superfine cement-based
grouting materials, carbon nanotubes, superfine cement, dispersant, defoamator and polyacrylate emulsion were used as raw
materials based on three-factor and four-level orthogonal test. The water-cement ratio and the content of carbon nanotubes and
polyacrylate emulsion were used as control factors. The viscosity, fluidity, setting time, uniaxial compressive strength and
elastic modulus of the grouting slurry were tested. The influence of each factor on each index was determined through range
analysis and variance analysis. The uniaxial compressive strength and elastic modulus were selected as the index for coupling.
and the coupling value was analyzed by range, variance and multivariate linear regression analysis to obtain the optimal ratio
and verify it. The results show that the uniaxial compressive strength and elastic modulus of the test block decrease with the
increase of the water-cement ratio. With the increase of carbon nanotube content, the uniaxial compressive strength of the test
block increases first and then decreases, and the elastic modulus shows a trend of increasing first, then decreasing and then

increasing again. With the increase of polyacrylate emulsion content, the uniaxial compressive strength of the test block
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increases first and then decreases, and the elastic modulus shows a decreasing trend. After the uniaxial compressive strength
and elastic modulus of the test block are normalized, the weight of 0.6 : 0.4 is added and coupled, and the optimal ratio of
grouting materials is obtained by range and variance analysis. Through multivariate linear regression analysis and laboratory test
verification, the optimal ratio is water-cement ratio of 0.6, carbon nanotubes content of 0.4 % , polyacrylate emulsion content of

2.5%. The research results can provide a reference for the optimal ratio of carbon nanotube-modified superfine cement-based

grouting materials.

Key words: Orthogonal test, Grouting material, Sensitivity analysis, Multivariate linear regression analysis, Optimal

ratio design
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Table 1 Basic parameters of carbon nanotube and superfine cement

JEAE Rt PN WRIESER BMEREE/GPa HJE/(kg/m®) KB/ pm P 4% /nm HME /nm afi g/ %
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Fig.1 Grouting material test block
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KF KK L WK B = %W&f@@ﬁ?w&
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3 0.8 0.4 5.0
4 0.9 0.6 7.5
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Table 3 Results of viscosity orthogonal test

G5 A B/% C/% FhE/(Pa - s)
1 0.6 0.0 0.0 52
2 0.6 0.2 2.5 54
3 0.6 0.4 5.0 57
4 0.6 0.6 7.5 60
5 0.7 0.0 2.5 50
6 0.7 0.2 0.0 47
7 0.7 0.4 7.5 56
8 0.7 0.6 5.0 54
9 0.8 0.0 5.0 53
10 0.8 0.2 7.5 58
11 0.8 0.4 0.0 45
12 0.8 0.6 2.5 47
13 0.9 0.0 7.5 51
14 0.9 0.2 5.0 46
15 0.9 0.4 2.5 43
16 0.9 0.6 0.0 37

22 R R /N B 45 IR 38 00 1% 56 45 A 19 2

i 32 L R OB L 3R TR 0 9 X 2% PR 2B A

153 BS54 7245 I ZOKF B 9 By AR 22, W
R do WFHBEGUESE T 2 fros .
R4 OERMBBERESNER

Table 4 Analysis results of viscosity
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Table 5 Results of fluidity orthogonal test

range of grouting materials Pa-+s
K A B C
1 55.75 51.50 45.25
2 51.75 51.25 48.50
3 50.75 50.25 52.50
4 44.25 49.50 56.25
W2 R 11.50 2.00 11.00
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Fig.2 Sensitivity analysis of slurry viscosity
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%5 A B/% C/% W EE/ em
1 0.6 0.0 0.0 25.10
2 0.6 0.2 2.5 23.40
3 0.6 0.4 5.0 20.10
4 0.6 0.6 7.5 17.50
5 0.7 0.0 2.5 26.90
6 0.7 0.2 0.0 38.10
7 0.7 0.4 7.5 25.50
8 0.7 0.6 5.0 26.10
9 0.8 0.0 5.0 29.70
10 0.8 0.2 7.5 28.40
11 0.8 0.4 0.0 30.10
12 0.8 0.6 2.5 29.60
13 0.9 0.0 7.5 30.30
14 0.9 0.2 5.0 31.90
15 0.9 0.4 2.5 32.30
16 0.9 0.6 0.0 34.20
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Table 6 Analysis results of fluidity range of grouting materials

cm
K A B C
1 21.52 28.00 31.88
2 29.15 30.45 28.05
3 29.45 27.00 26.95
4 32.17 26.85 25.43
W2 R 10.65 3.60 6.45
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Fig.3 Sensitivity analysis of slurry fluidity
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Table 7 Results of setting time orthogonal test
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Table 8 Range analysis results of initial setting

time of grouting materials min
IK A B C
1 335.50 371.75 381.00
2 350.00 367.75 367.25
: 368.00 361.75 357.25
4 401.75 352.00 347.75
W2 R 66.25 19.75 33.25
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Table 9 Range analysis results of final setting

time of grouting materials min
K A B C
1 355.50 397.50 402.75
2 369.50 386.50 384.50
3 384.50 377.50 377.00
4 420.75 368.75 366.00
W2 R 65.25 28.75 36.75

P A B/%  C/%  PIEERFE]/min A EERS[E] /min
1 0.6 0.0 0.0 359 388
2 0.6 0.2 2.5 337 356
3 0.6 0.4 5.0 328 351
4 0.6 0.6 7.5 310 327
5 0.7 0.0 2.5 368 391
6 0.7 0.2 0.0 372 397
7 0.7 0.4 7.5 339 350
8 0.7 0.6 5.0 321 340
9 0.8 0.0 5.0 381 403
10 0.8 0.2 7.5 363 379
11 0.8 0.4 0.0 372 387
12 0.8 0.6 2.5 356 369
13 0.9 0.0 7.5 379 408
14 0.9 0.2 5.0 399 414
15 0.9 0.4 2.5 408 422
16 0.9 0.6 0.0 421 439
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Fig.4 Sensitivity analysis of setting time of slurry
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Table 10 Test results for test blocks of

grouting materials

I UL R 5 B/ MPa SR/ GPa
1 13.82 0.641
2 14.33 0.667
3 14.96 0.676
4 14.03 0.694
5 12.61 0.653
6 13.05 0.676
7 13.15 0.567
8 12.39 0.608
9 10.39 0.425

10 10.46 0.438
11 11.68 0.491
12 11.75 0.481
13 8.18 0.331
14 8.82 0.356
15 9.27 0.361
16 8.11 0.384
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Table 11 Range analysis results of uniaxial compressive

strength of grouting materials MPa
K A B C
1 14.29 11.25 11.67
2 12.80 11.67 11.99
3 11.07 12.27 11.64
4 8.60 11.57 11.46
%2 R 5.69 1.02 0.53
F12 FRVHEEESRESTER
Table 12 Range analysis results of elastic
modulus of grouting materials GPa
K- A B C
1 0.67 0.51 0.55
2 0.63 0.53 0.54
3 0.46 0.52 0.52
4 0.36 0.54 0.51
W2 R 0.31 0.03 0.04
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Fig.5 Sensitivity analysis of uniaxial compressive strength
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Fig.6 Sensitivity analysis of elastic modulus

2.5 HESW
TE S 1 P A7 T o R R SRS Ty 25 23 T 45
UL 13, HAE R W 2R Hrali R —2



HEA,F AT E XL EREMA D FRRARKERLT L[] F LB L L F L ,2025,45(5). 69

R13 EXRBFEIWER

Table 13 Variance analysis results of orthogonal test
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AR 0.004  3.00 0.001 1.348
wE 0.007 6.00 0.001
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Table 14 Coupling values of mechanical properties of grouting materials

Kise R T B _— _ : PR _— v
K/ MPa  HMIXTSRE  FEA AT OE 6000) XHA/GPa  MIXISRE  FEG AL B RE N 402%0)
1 13.82 1.18 0.71 0.641 1.21 0.49 1.20
2 14.33 1.23 0.74 0.667 1.26 0.51 1.25
3 14.96 1.28 0.77 0.676 1.28 0.51 1.28
4 14.03 1.20 0.72 0.694 1.31 0.53 1.25
5 12.61 1.08 0.65 0.653 1.24 0.49 1.14
6 13.05 1.12 0.67 0.676 1.28 0.51 1.18
7 13.15 1.13 0.68 0.567 1.07 0.43 1.11
8 12.39 1.06 0.64 0.608 1.15 0.46 1.10
9 10.39 0.89 0.53 0.425 0.80 0.32 0.85
10 10.46 0.89 0.54 0.438 0.83 0.33 0.87
11 11.68 1.00 0.60 0.491 0.93 0.37 0.97
12 11.75 1.01 0.60 0.481 0.91 0.36 0.96
13 8.18 0.70 0.42 0.331 0.63 0.25 0.67
14 8.82 0.75 0.45 0.356 0.67 0.27 0.72
15 9.27 0.79 0.48 0.361 0.68 0.27 0.75
16 8.11 0.69 0.42 0.384 0.73 0.29 0.71
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Table 15 Range analysis results of coupling values

7K A B C
1 1.25 0.97 1.01
2 1.13 1.01 1.03
3 0.91 1.03 0.99
4 0.71 1.01 0.98
W2 R 0.54 0.06 0.05
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Table 16 Variance analysis results of coupling values

K-S 3 Ss df ms F {4 P
A 0.641 3.00 0.214 192.759 * % %
B 0.017 3.00 0.006 5.256 * %
C 0.004 3.00 0.001 1.180
R 0.007 6.00 0.001 — —
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P 10 B 12 &R REIE T 2 0 m A 4y
I ENE W R
6.=29.461—18.8A+31.2B—3.92C  (5)
E=1.585—1.102A +1.545B—0.583C  (6)
(81 9 5 2 (5 F 105 05 2 (6) (480 A 400 BE AR vkl
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Table 17 Comparison between test value and

theoretical value of optimal ratio

e BT R 38 % / MPa PR/ GPa
FRIG(E 18.21 0.915
[ ORIE 16.94 0.847

25 LTI B ARBC S A B Co s BIK K HE 40,6
BRAPKRATIB R 0.400 , RINIGTRIRFLIGE BN 2,570,

4 Hip
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