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Compaction Law and Construction Parameter Optimization of
Coal Gangue Roadbed under Vibration Rolling

REN Zhe, LI Mei-ying, ZHANG Rui, LIU Hong-yuan, HUANG Lin-xuan,
ZHENG Yi-ke, ZHANG Jian®

College of Water Conservancy and Civil Engineering /Shandong Agricultural University, Tai'an 271018, China

Abstract: Coal gangue can be used as a roadbed filler to achieve resource utilization and cost control. However, the
correlation between its vibration compaction effect and construction parameters remains unclear. This study systematically
investigates the influence of rolling parameters on the compaction effect by combining theoretical analysis with discrete
element simulation. Firstly, it establishes a mathematical model of rolling energy and construction parameters by theoretical
derivation. The results reveal that the average settlement Z exhibits a negative correlation with the driving speed v, and a
positive correlation with both the excitation frequency f and the single maximum settlement Z,. Furthermore, Z, is governed
by the compaction energy ¥, which in turn shows a positive correlation with the excitation force and the roller weight. Based
on orthogonal test design, the vibration rolling of subgrade is simulated by PFC® discrete element software. The results
show that when the excitation force increases from 100 kN to 250 kN, the dry density increases by 0.09 g/cm’ and the
porosity decreases by 8% after 10 rolling passes. When the excitation frequency increases from 20 Hz to 50 Hz, the dry
density increases by 0.06 g/cm’, and the porosity decreases by 6.3%. When the driving speed increases from 1 m/s to 2.5 m/s,
the dry density decreases by 0.03 g/cm’, and the porosity increases by 1.5%. When the loose laying thickness increases from
30 cm to 45 cm, the dry density decreases by 0.06 g/cm’, and the porosity increases by 4.7%. This indicates a positive
correlation between excitation force, excitation frequency, and compaction effectiveness, and a negative correlation between
driving speed, loose laying thickness and compaction effect. Furthermore, through range and variance analysis, it is
concluded that the most critical factor affecting the rolling settlement rate is loose laying thickness, followed by excitation
force, while driving speed and excitation frequency have relatively minor effects. The optimal compaction construction
parameters of coal gangue subgrade are a loose laying thickness of 35 c¢m, a driving speed of 2 m/s, an excitation frequency

of 40 Hz, and an excitation force of 150 kN. The conclusions of this research can provide a basis for improving the
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construction quality and efficiency of coal gangue roadbed and promoting the resource utilization of mining waste such as

coal gangue.

Keywords: Coal gangue; roadbed; vibration rolling; PFC*”; compaction construction
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Table 1 Meso-physical and mechanical parameters of coal gangue roadbed rolling
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Parameter Parameter
Model parameter Model parameter
value value
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Wall unit friction coefficient ' The normal bond strength of the ball chain
BREEURLZAN AT RE S5 A T /GPa 08 BREERY LTI MRS58 /M Pa X
Linear parallel bond contact modulus of spherical particles ' Tangential bond strength
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SR EEBRT G5 L - - .
1 Internal friction coefficient of ball chain parallel 0.8
Parallel bond stiffness ratio of ball chain particles )
bonding
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Rolling wheel wall stiffness Linear contact stiffness ratio of coal gangue
RS ES PRHIEE L . RN/ GPa ol
Rolling wheel wall stiffness ratio Linear contact modulus of coal gangue ’
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Rolling wheel wall friction coefficient ' Coal gangue unit friction coefficient ’
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Table 3 Orthogonal test scheme
H5 FARIJEEE /em AT /mes™ AR /Hz AR T1/KN BRI/ %
Number Loose-laying thickness Driving speed Excitation frequency Excitation force Rolling settlement rate
1 30 1 30 150 4.96
2 30 1.5 40 200 5.30
3 30 2 50 250 5.30
4 30 2.5 20 100 4.78
5 35 1 20 250 5.44
6 35 1.5 50 100 5.20
7 35 2 40 150 5.45
8 35 2.5 30 200 5.37
9 40 1 50 200 5.34
10 40 1.5 20 150 4.84
11 40 2 30 100 4.98
12 40 2.5 40 250 4.96
13 45 1 40 100 4.84
14 45 1.5 30 250 5.18
15 45 2 20 200 5.09
16 45 2.5 50 150 4.55
RAWMED
Table 4 Extremum difference analysis
Geibit NS AT e IES AR
Loose-laying thickness Driving speed Excitation frequency Excitation force

K, 20.34% 20.58% 20.15% 19.80%
K, 21.46% 20.52% 20.49% 19.80%
K, 20.12% 20.82% 20.55% 21.10%
K, 19.66% 19.66% 20.39% 20.88%
k, 5.09% 5.15% 5.04% 4.95%
k, 5.37% 5.13% 5.12% 4.95%
k, 5.03% 5.21% 5.14% 5.28%
k, 4.92% 4.92% 5.10% 5.22%
e= 0.45% 0.29% 0.10% 0.33%

LS A.8,C,D,

TE: A BLCD 70 S ARGAA G IS AT B B AR IR 05 ARSI 1.2.3 4 FOR B BRI KT 4 5

Note: A, B, C, and D denote loose-laying thickness, driving speed, excitation frequency, and excitation force, respectively; the

subscripts 1, 2, 3, and 4 indicate the factor levels.
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Table 5 Analysis of variance
I 2EAE KI5 HHZ ;. ,
, B ¥y FiE i F{EL Pl BEME AUt
Source of Quadratic Degree of ) o ] o )
) Mean square  F ratio Critical value Pratio  Significance Effect size #*
variance sum freedom
HeIE
Loose-laying 0.004 02 3 0.001 34 0.876  F,,5(3,3)=9.28 KT0.05 KRB 0.321
thickness
T iz e
. - 0.001 68 3 0.000 56 0366  F,,5(3,3)=9.28 KT 0.05 ENTES 0.134
Driving speed :
eSS
Excitation 0.000 08 3 0.000 03 0.020  F,,(3,3)=9.28 KT0.05 PNTES 0.006
frequency
WART1 N
o 0.002 18 3 0.000 73 0477  F,,5(3,3)=9.28 KT0.05 A E 0.174
Excitation force :
R
0.004 58 3 0.001 53 / / / / /
Error
A
) 0.012 54 15 / / / / / /
Summation
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o UL B 2R ) RS W 38 AR Ok B G it 2 L (P>
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40 Hz ¥#% 77 150 kN,

4 g

NS 1 X% B0 s B LAE B 5 Bl s 0 A
B Fe Iz RS HEAT S0 A, 2 T B HE S 1 M
JEFeAEIE B IR P 52 T R R I BE R A
EENT TR A e IR S B I I P R R TR e
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ST oAb ALy N E SR v S Cr AR NGIRTE
P RE R s O A Y B B 2 B B
B R AL b g TR RE R R B | s, B H
8 AT 3 s A SRR

) BAIR T T~ FAARAT AR T3 K T 3 et A A i
FEE SRR . AR 7 1 100 KN 38K % 500 kKNS 3
PR M 20 Hz $2 75 %5 50 Hz I, 1% 3 T 935 5 2
IR, FUBR AR N PR o AT B S b
JEL P P 0T ) 555 e SRR 5 24 Wi e AT B P F
1 m/s & F+ %2 2.5 m/s B~ 4 )5 FE A 30 em 3 0 &2
45 cm B, % SFORL % B 88 PR AR, R S R

(2) B AR5 3R B0 W0 I A B, BRI =
BE B R B N 2 B, 5 IR AE T IR
B TR B B o 3, o R K B 1Y 42.86% s iR TR
5 UG T8 B B ARG 2R 10 W AR R S K
K117 99.44% , AR L 5 U AT A i 3 155
ORI AR R IR , 4H 223 D e ks 50T 2% SR
PARIIDAL T

(4) 3 UK B 5 P52 AT S B SR A0 6 S i



4 1]

&5 - RBIBE IS AT A B A i s SRR it T Z B WF 7T

° 719 ¢

P IT 4R, AR R LI 4 NIRRT IE
ARG o IS AR ZE AT T T IR T RN
Pl J5 B2 A o i s U P 2 5 i fe N S B L R
SRR 7 5 0 AT 350388 55 MBI A0 6 5% B s
B 2R 1) 52 W AH X BN o B 2 T e A R R
35 em AT B I 2 m/s  BR SE 40 Hz R 77
150 KN A e L AT A s Rl 1 7 6

S 3k

(17 TR RAE 6 T, 55 SRR A i i S L Bt
U5 R BT R WF 0 R (7], 16 % 5 4R, 2024, 82(05):
527-540.

2]  ERKI KRG, I S A AT A Bk AT 4%
BRI HOR LRI AN S 2R RE)). M & R A RS T
FE,2015,44(S1):234-238.

B] # B&EDHZF 25 By EEEAmmeEHEsS
YREL[T]. BEVR 51T HE,2024(09):91-94.

[4] LiR,Yao J,LiuJ, et al.Impact of steel slag, gypsum,
and coal gangue on microbial immobilization of
metal(loid)s in non-ferrous mine waste dumps[J].
Journal of Hazardous Materials,2024,480:135750.

[5] FEMWTZ FHLA H 55D E RS A
g3 -9 BRI 90 R [0]. v 45 S R AL 5 2 4, 2021,
42(01):40-59.

(6] AR, 2 B, A8 A0, 55 | TR ARSI 5 AT 4
FESREAT R 2 DX MR 0 I o Ak 9 F [0, B o
HiR,2023,51(11):51-62.

(71 AP ARFIE R B A R R R R A A AR
Sialon #4 K} #F 78 2E J& [7]. To WL A4 KL 27 4k, 2010,
25(11):1121-1127.

[8] Wen P H, Wang C H, Chen M, et al. Engineering
property evaluation and multiobjective parameter
optimization of argillaceous gangue - filled subgrade
based on grey relational analysis[J]. Journal of
Materials in Civil Engineering,2023,35(4):04023007.

[9] 4 A SO 1 s A B8 22 R SRS L HOR[J].
F#4,2024(07):126-128.

[10] Li L H,Long G C,Bai C N, et al. Utilization of coal
gangue aggregate for railway roadbed construction
in practice[J].Sustainability,2020,12(11):4583.

[11] X b, KA AT A i P e S FLAE I R 35
it TR R [J]. SRRV} 4%,2024,15(02):100-102.

[12] Ashfaq M, Lal H M, Moghal B A A, et al. Carbon
footprint analysis of coal gangue in geotechnical
engineering applications[J]. Indian Geotechnical Journal,
2019,(prepublish):1-9.

[13] Li J M,Huang Y L,Ouyang S Y, et al. Transparent

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

(27]

characterization and quantitative analysis of broken
gangue's 3D fabric under the bearing compression[J].
International Journal of Mining Science and Technology,
2022,32(2):335-345.

Chen Y, Jaksa M B, Kuo Y L, et al. Numerical
investigation of the performance of the 3-sided impact
roller[J]. Computers and Geotechnics, 2023, 157:
105331.

Bradley A C,Jaksa M B,Kuo Y L, et al.Finite element
modelling of rolling dynamic compaction[J]. Computers
and Geotechnics,2023,157:105275.

Yang X, Zhang Y, Li Z. Embankment displacement
PLAXIS simulation and microstructural behavior of
treated-coal gangue[J].Minerals,2020,10(3):218-218.
NI, A, EOR LA b R [ AE
WURK I 40 ML E 72 (7). 2 -+ 77 5% ,2023,44(08):
2297-2307.

Song G Y,Hui B,Cui Y J, et al. Analysis of pH and
conductivity variation characteristics of coal gangue
used inFreeway subgrade and its correlation[J]. IOP
Conference Series: Earth and Environmental Science,
2021,632(2):022010.

A e, K Al A HE A R IR B I S e
WF 585 R [T]. 55 £ 77%,2021,42(09):2569-2577.
Shen P, Lin S. Mathematic modeling and chaotic
identification for practice construction in vibratory
compacting[J]. Journal of Vibration Engineering and
Technologies,2018,6(1):1-13.

IRETE A TR Ak e s R T R = 4 IR T
Iy D], B3 TFE,2007(06):115-116.

Beainy F, Commuri S,Zaman M, et al. Viscoelastic-
plastic model of asphalt-roller interaction[J].International
Journal of Geomechanics,2013,13(5):581-594.
Cundall P A, Strack O D L. A discrete numericalmodel
for granular assemblies[J]. Geotechnique, 1979,29(1):
47-65.

Zhou W,Yang L,Ma G, et al. DEM modeling of shear
bands in crushable and irregularly shaped granular
materials[J].Granular Matter,2017,19(2):1-12.

FRHE TR T ORI 7 10 L AR A RHIR
) S RF R SO 43 BT (9. B AR AR, 2020(05):
99-104.

2 W AR RN I A R R SR s )R
IBLALL B B8R [T). 5 1 77%,2018,39(S2):432-442.
T i, 5 £ 3, i A0, 5 L 1 K L e
FEORAT BURHK W B ) 2R PR ). [R5 R 2 24 (A
SREL017),2022,50(04):528-536.



« 720 - L R A K 2 (AR IR) 57 %
[28] J B, 2K E ARKAE, S . S i I R 1 2 [34] BRER . HRB) AL SL 5 SR AG I R SR AL (D). 7

(29]

[31]

[32]

[33]

ERERN[I]. 7R 22 %,2008,28(06):45-49.

R By T TN - R | RPN
TEHAE A 2 IR 3 s S A AN FE D). K B S K
TLFE241,2025,36(01):163-173.

He W J L, Gong M Q. PFC's application on the
dynamic response analysis of high speed railway
ballastless subgrade[J].Applied Mechanics and Materials,
2014,2973(505-506):9-14.

SRENAN . A H R Bl 7 15 53 A i ) BELJE i) R
JE[D]. EH: B WIEE TR 42,2016.

R IE . OCTHRAN B AL e it b - i 2 B e 7
VE[T]. TAZHL, 1998(01):5-8+49.

FHOK . I TT R S SR 10 T ARME AR S gy
Hr[D]. 2 PR E R A K 2E,2019.2.

[33]

[36]

[37]

[38]

[39]

TR RE,2021.

i R E R . F B A R ) R e
1E 2 36 45 3 R R O R e B D). 5 A
2023,44(S1):645-654.

SRR K b AR LS BUN R 4 S A R A R
REE 7 BT U)R PR B 5T (0], 8608 2 4, 2014,36(06):
87-92.

FERHE, . WF, 7K A MR, A R IR BT B 2R R
o b BN BN A I AR B BT FT ] TR R
SR SREFENR),2022,49(09):164-172.

S A B S IR N 2R R ) S S
R [D]. it [R5 K 5,2007.

Jacob C .Statistical power analysis for the behavioral
sciences|[M].UK: Taylor and Francis,2013-05-13.





