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Abstract

Based on the core concept of resource utilization of industrial solid waste, this study focused on the
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efficient collaborative utilization technology of red mud and coal gangue. It addresses key technical
needs in highway engineering, such as settlement control, subgrade replacement, and void grouting
reinforcement. As a result, it has successfully developed an environmentally friendly solid waste-based
foamed lightweight soil. Through systematic testing of core performance indexes such as compressive
strength and dry density, the scientific optimization of the material mix ratio was completed. The main
research achievements can be summarized as follows: The reactivity index method was employed to
quantitatively characterize red mud and coal gangue in cement-based foamed lightweight soil. The ex-
perimental data show that the activity index of red mud and coal gangue in cement base is close to each
other, which verifies the technical feasibility of preparing foamed lightweight soil as auxiliary cement-
ing material. The key control parameters of material properties were revealed through a single factor
test, and the influence of each factor on each performance index was analyzed. The optimal range of
single factors for red mud and fly ash was determined as follows: red mud content 5%~15%, coal
gangue content 5%~15%. The foamed lightweight soil prepared in this experiment can effectively save
materials, improve the utilization rate of materials, and ensure convenient and fast construction. At the
same time, the strength of the material is better than that of standard foamed lightweight soil.

Keywords

Red Mud, Coal Gangue, Foamed Lightweight Soil

Copyright © 2025 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 5|

HAT, BRERESFAE SRR R, AR T AT RBFERE N, X T iR 5 IE R KT
RIZOR WML . fE RS SBORIISCR T, JIEA RIS f sk A EOR A BT R E,  REhEfE 1 it
FERUA, AN RO B RN B 09 25 B ok T HLB S Bk T HERER 2%, ENERL
T A T T AR R AT & IS AT I AR R, T ey S A e T B K AT RE ) I R T BL. —[1] WRIRER
A RIEOE R T TARE R, BER TR RARL, FEARRATF et RE, b R IIgEE P, E
N TR/ UTRE . B IEHUHAR SN SRR 255, FERIE R s R, Al AR
MR T, /N HRE 22 R, AT A R D BRSO Sk Bk 28 . BREAR B L TE R0 98 DL R R e X
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B, BAIRE[A1ER be stk e fn b R AR B S ARG R B S B R IR
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fr BRI 50 1M, JF HUARESE 3.0~3.5 AZMERHE BEAEFF S0, BERT A KA 2 5 Lah 550K+
A5 [5]. Li [6]5 A PSR A BURIE AT, R IUERT A IR e f R sh MR 5T R R R A T8l iR ke, H
HRAT A VR Bt - R A S S B v TR I TR R . 2 A (7] ORI BT A AR IR TR e L R AU Kl
TRIGNL, AT TR AN TR AL BR B A o AT A AR B 8 FE BRI, 3 2 AR X R Fe MR 755K
Ze3d i B R I R T A B KRR, TSR U AR P WA e R RS, AR C-S-H B, S ekt
Je B35 EE AR AME[8] AT AR B R N, I A T SEBL T R B Ak A 5 TR PR RE AW
HIRTE, SCURDRHEBE 55T 2 AR T .

Hailin J [958 1 IEAZ i 3a i Be it 1 AN R LU B Bl A )« 21 R 525 R VA R R iR R VR ot - O
WLEE AU BE LAEDIE 2 I RE o 1B [10]4 AR I 7ki% . SEM A XRD 7304t 1 3 FhAN ) B O R VR
BRI EE ML G54, A3 S50 IR BE L B FDBOR, FLAR, LRI R % . H2%E[11]
FE 3 b7 3 B I B YA VRS it T 5 AR IR 15 K 22 Bl lb A A R KR 2R PR IR IR B, &7 A T RUR Y
AP ERARE R A, DR ST R AR Ve T, 92D RRAS O 1 A AT b ) B R

R R S, PR RESOEFUL R L RIER, thRIETHEEE PR S5 RCR 1R A
o MTAEMTEERA, BOA LKL . A BORA e B &, [ A Mo gE— IR & B bs
#, Tt P HERAT AR HE R e, SRR R -

2. RMH (AR ER S TTIE
2.1. B8

2.1.1. 7K
W6 K Y R 2 GBI #h7KVe) GBL75 HUAHIRIEREME » A UGG 3 H] 35 L ZR K Je A PR 2
AP P e 0425 HEERERR LKV, KV IR A i e R R FR bR LA 1 AN 2, et 1d.

Table 1. Chemical composiliion of cement

=1L OKRHHERS

% CaO SiO2 Al203 Fe20s MgO S03 B E Re ok
EE(%) 60.21 23.03 6.23 2.42 1.87 2.03 0.41 1.12

Table 2. Main performance indicators of cement
2. KCRMEZEMEEER

gesepe  DURSEEEL(Mpa)  HUHTHRIE(Mpa)

5 il 2/P s THE A 9% N %47 N / NN
RHF(M2Pa) FrUEFAE/%  HIEER 7]/min S (8] /min G iy vs . .

377 27.1 93 165 % 19.2 44.9 41 8.3

2.1.2. 7
TRURANIUR Ll A . AL 2y R L 3, sSEnanlA] 1b.

Table 3. Chemical composition of red mud

= 3. FRRHERS

5% SiO2 AlOs  Fex03  CaO KO  MgO  NaO SOs e
JE 53 HU% 12.4 17.1 452 48 6.8 0.9 1.2 1.3 10.3
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2.1.3. E#tA
B R RO, HALFR AR 4, LA La.

Table 4. Chemical composition of coal gangue

=4 BRETARNERS

5 %ax SiO2 Al03 Fe,03 CaO MgO K20 Na20 ek B
JRR 7 50% 49.02 22.6 6.3 3.4 1.3 15 0.68 15.2
2.1.4. %&;i@5

ARSI & T dh A BR A R AE P2 QW B A TR, R BIRIA, Ry B
Hbrng 5, i 1c.

Table 5. Main performance indexes of foaming agent

5. KBTI TR R

AN EJE(glom?) YR (kg/m?) ph 18 RIBLEE 1h PLFEFE/mm 1 h WK &E/ml
by ) 1.06 54.3 7.3 10~60 <5 .5

cRIBR d. 7K

Figure 1. Experimental material
B 1. skiebiR
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221 FRE

ARG X VR Bk - T W25 A 5 e R (IIRIR B L) (UGIT 266-2011).  (JREE L4038 17241 AE iR
7 1EARMEY (GB/T 5008 1-2019) LA Kz (VAR #E il f MEREIRIS 7775 (JCIT 2357-2016) H 1R 56 /7 st
1T o B A 5 O ARBR BN R AT T, B R A R =0, &SRR v, BT REFREL
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BRI, BL= B TR R AP IR R A LR, K% 0.1 g, TH TR AR

m,
ol :70><106

po—— BT HE, #lr(kg/m?), HifiZE 0.1;
mo—— i FFHL TR B, #Efir(g)s
VIR, Ffir(mm?).

2.2.2. EBE

LUR VR S - R B (0 B R DR (YEURIREE ) (JG/T266-2011)3E4T M o« 470 % 58 BE MR A8 FH 4%
BAEHEMRE SR BE ARG R AT YAW F 5L il i e R E 73R 38 HL . B0FE RS2 200 mm
x 100 mm x 100 mm. AR HURFERA TR, 0 58 A 45 M = O 45 R I AR . PSR
EAXN:

Fnax
A
f—— PR RE, A N(MPa), A5 % 0.01 MPa
Frac—— B KR 2R, S 4R (N);
A——RAHIZ R, B 07 2=k (mm?).

3. A SRR R T RS & B M RER ST
3.1 AR EREAT &

311 AEFRERIHEA KT

TEARSCH, BLA Hh it vk F 2N [12] 5 N S R, 7R BT & Ui, A4 igE &% R
FEORE . TRES LR br . IR BRI R A Lo, Rt /KVE K. YRS R 20 it ik
BRI SRR R T L T R VLA A AR A A AL B ORI R e A @
AT = RJE M BE A LB v B A DU SR YRS BE R A A B R . BRI R R - e T
Y0 2 ] 75 500 kg/m3~1100 kg/m®, JifH E7E 160 mm~200 mm, H5HE AR

f

piﬁzsa( c+Mrm+Mcg+Mw) (1)
M, =A(M.+ M, + M, ) @
M, M M, M
V,=o|l-———m 9 Tw ©)
Pe Pm  Pyg Pu
M; = pr -V )
fcu-28d 21.05 fcu-k (5)

Py — R L BT 5 (kg/m?);

Se—— LTkl S s SR R W A B i i & R AL, Sl iR HK e I 1.2;
Me——1 m® { R 2 5 1= 1K) 7K U8 FH & (kg/m3);

Mem——21 m? ¥R VR 55 1 1) 7R T8 F & (kg/m?);

Meg——1 m® IR TR &+ B BEAT A1 FH &2 (kg/m?®);

My——1 m® J 3K TR &t - 1) B 7K 2 (kg/md);

S——IKIEE(Mw/M + M + Meg)s
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Vi—— 83 J7 LA 5 L R IS N 2 (L)

o——ERARK, WEELRT L, ML T 1.1~1.3;

pe——7KUe 1% & (kg/m?);

prn—— 7RV )% B (kg/m?®);

pog——JEIT A 1% 5 (kg/mB) ;

pw—— 7K FiE (kg/m?);

Vi—— 837 LA 5 L IR IS N 2 (L) s

pr——SE LA (kg/m®);

M——1 m® {3 TR EE -+ 10 A & (kg/md) .
312 AEERBRETHEI&

AR F PRV A A 4 AR L, FEUD IR SIS, TRk, kSRR
MR G = A TP AR TSR A S 4 B VR R R LR AR R s i, T DLSEIlm R B 4%, BRI
RIS, HiE A TR . f& R E 2 s,

Kife
b
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Figure 2. Preparation process of foam light weight chart

E 2. JEARRIHEIETE

il & B B AR R W R

(1) #EE B BRARBUKTR. B B FEEK. AR RIEIK,

(2) KA EIF I TRHMEIABEHEAL P8 3 30 s IR G 95T

Q) B FHAAKIMABFELT, 184 30s, FRRF T RHEAMAB N, 124 30s, 13205
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FAk

(4) W RIFNFIR I K IR 1:30 A LGBIARRE OB ANE T, Bk s, 8l R IBNL IR
AT R V015 380 o £ P A 1 ST T A

(5) FREX—3E EIIR BN & U B AR BRI, RAAT BB 7, Bkt i B E R
125 r/min, AFEE )y 285 rimin, PREHE 10 s BUISEENE 30 s, (RS REER MR G, HIS1FE A
TR 2Rk

(6) KHREIISIN A VB IRER I L AR BRI G SR A B, BRI 2 5 HIPPR I, #E 72 h
Ja AR, RS JE e N AR HE 77 AR 2 TR S e e 1

3.2. FRiESHEFAEKERRELFHEMRETR

AW T B AER DT AR Ve BT A8 25 B ARUK VR I XS 7K e K A R e S 1tk B s i, i-Jllis s 1t 48
BOEAT RIS VAL, BRI A SRR BRI, S8 LU BB BT AR 9 AT S IR . &1k
FREE L B —E LB P56 BHR K RS HUE 28 5 5 [F RS A B0 W15 SRR K U RS i He 5 5
B ECAR o 1% 07 VR RO AT P45 6 RHE SE bR 7K e BEADRE A R 7 1 e RLRFAE[13] . % T TAESEE R )5
HRHB BB AERFE 30%7KF, ARUGRIGFRANEBOZ G R TT AT LU 7L, DA R i 45 SR 52 B2
PFe A Horb, A R R R H A= 1 | GOk, A=A s 36 6. BARSLE0 1T
G RWE 7 Prn, SLBEs R 8 fis.

Table 6. Chemical composition of fly ash
7 6. MIERECFLAR
[P% Si02 Al;03 Fe203 Ca0 MgO SOs R
54U % 45.14 24.2 0.85 5.6 1.34 2.12 2.8

Table 7. Experimental design mix ratio
7. TSR AT

A BRE A 7KJelkg FRUelkg BErtflkg Wik Ikg 7KIkg
1 IN/A 1.26 0.54 0 0 0.99
2 AT A 1.26 0 0.54 0 0.99
3 W IR 1.26 0 0.27 0.27 0.99
4 K 1.80 0 0 0 0.99

RIGHAELY], RVE. WAFA SMEKLE 3 K. 7 KA 28 RIBHIRIE SRS /N T 100%, Htkn]
BN, ARUE JEREA S OB 135 N2 6 K R TR - AT B P AR DRSS AR . SR HET AR . AT A
KRR, HorpoRy IR 5T E R IUAR I, 45 R0k 5 4K e 22 BE BE e 2 T 46 /0 . AR08 i TRk
SOSESEVEER, 3 d WEVEFEE(63.21%) Bt iE, WA (52.44%) 5k IR (52.29%) LIS MEBEE . ARUBLE 28 d
TETEFRER FFAR 0E (74.26%), {H 3 d 3] 28 d BIIGIESs /)N, SR A 5 BE MG K IR 35 (28 d %2 3 d B K 13.36%),
W REIR K ALK NG Tk, (BS8IESS T HARS AR . BTG, BT A 50 g /K T2k,
DRt o] DA AT A B AR AT IR A5 kL, BUERF A S RIS RS ZA K, T BT A 7R fK
BRI P AN FH RS, THEWT AU R AR A B IR B L) TR . B TR E B Ak 30%13
B S EORE A ERURGRIE 28 d 38 E T BE 25.7%), KILFHREE kB8, H2 R SHEKER,
I 208 S IRVE T FEAT A 5 HH L AR W [ B T e o DL AR 5 i P S R 8 B AR R T B L
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Table 8. Experimental result
8. LWHER

. PR . y , y , )
Hil BREFIZE BE% 3diEMEIEE%  7diEMETEE Y% 28 d VEPEIEEU%
3d 7d 28d
1 RUE 30 12.56 19.18 33.35 63.21 56.51 74.26
2 T A 30 10.42 17.35 29.55 52.44 51.12 65.80
3 AR 30 10.39 16.19 26.37 52.29 47.70 58.72
4 KR 0 19.87 33.94 44.91 100 100 100

3.3. BEEX A BABR LA

3.3.1. EEERAL
B SCHRE, DART AR SRR I e, 2T SOk S50 4 R G5 s, iBUKK A 0.55
VERNFEAIKIBE L, A IR R B 1 5T AT F A 26 G & b ik 9 B,
Table 9. Reference mix ratio
9. FEmR AL
K L Wit 2 E (kg/m?3) 7KYe(kg) 7R (kg) JEIFA (kg) 7K (kg) WA (kg)
0.55 600 400.0 50.0 50.0 275.0 35.4

3.3.2. RBER A RARRTRF N

FRVEAN N LGB 2 52 A TR 5T 1 RE IR OGS 240 N IR T 45 SR AU AR BE FE B 1K 7E F LA,
AT T AU L S50, ARV R 0% INE] 20% K TT FERC & LA 7t . 36 10 VE4EBIH TR
[Fl7RJE 5 B R I AR LECA LTS, R PERENNR SR & T4 11 .

Table 10. Mix proportion schem
=10 BELLHER

Gis BRI BeiH 4 (kg/m?) 7K (kg) Aikg)  FEFfikg)  K(kg) LK (kg)

C-1 0 600 450.0 0.0 50.0 275.0 35.2
C-2 5 600 425.0 25.0 50.0 275.0 35.3
C-3 10 600 400.0 50.0 50.0 275.0 354
C-4 15 600 375.0 75.0 50.0 275.0 355
C-5 20 600 350.0 100.0 50.0 275.0 35.6

Table 11. Performance test data

%11 PR AE
f%  FRBEM  3dPURIREMPY)  7dHURME(MPY)  28d HURHE(MPY) TR (kg/md)

C-1 0 1.39 1.70 241 656.16
C-2 5 1.78 2.36 3.27 647.36
C-3 10 1.64 2.13 291 634.64
C-4 15 1.45 181 2.66 628.32
C-5 20 1.34 1.69 2.37 616.64
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(1)3d. 7d. 28d FilEsRE

% 11 v LA A MR R L E RS EL R, ABKER LM 3d. 7d. 28d i k5REE 2
Je ETHE T BRI E N . RS RN 5%, RIS K 5 B FR AR US4, W 3
d. 7d. 28d 38374 1.78 MPa. 2.36 MPa. 3.27 MPa. 7E7RJEI5 8 M 006183 5%, 3d. 7d. 28d
PUESREES AIERTE T 28.1%. 38.8%. 35.7%:; 7B & M 50614 0% 20%0, 3d. 7d. 28d HiHIRES
/N T 32.8%. 39.6%. 38.0%. AATEERATLUEH, BAGEREH] LIS ARKBER LMPUREE. X
FERFNEEB NI T L, Wb B 1) A K L AE P, AR BERERT A PSR AT AR S, AT
Peim AR L PUR R . (i SR 2RSS B E T, HISS AR IR G tERE, PRI IR AL .

(2) THE

M 3 ATUEH, BERENBEARE A, ABRKRR L T%EZIHB/NIEE. FEBEMN
0% N % 20%, A KEER 1T % N7 40 kg/m?, 3R RO RIBIEER D FKIE, &R
TR RN TR, BERRBEN, ABRKRR - T%E N,

35
~ 3 B
&
2 25t
2
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H
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Figure 3. Relationship between red mud content and compressive strength, dry density
E3 FRESESMERE. FTEEXAR

3.3.3. KT ABEX A RAERLTHFIN

ARG A R M BE A B B R PR 42 . B I 2 B AR K VR AT R AR R AR, T
REAT SO SR A T AR BE o SN RGO T IERT A 45 B A R R FE A (0 52 i LA, A 90 58 T v il 45 L
A B 600 kg/me, JK [ L 0.55, SR FI#R & B ALK AT A 45 5 W HELL 00035 D 1R TH 2 20%3E 4T 5550
BB 12 fos, %R st gl Fie W4 13 Fivg.
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Table 12. Mix proportion scheme

F12. ILALEFR

Gis ERPEBEY%  BOFREKemY)  KlEkg)  RUEKkg) MR (kg) 7K (kg) 1K (kg)
M-1 0 600 450.0 50.0 0.0 275.0 35.6
M-2 5 600 425.0 50.0 25.0 275.0 35.5
M-3 10 600 400.0 50.0 50.0 275.0 354
M-4 15 600 375.0 50.0 75.0 275.0 35.3
M-5 20 600 350.0 50.0 100.0 275.0 35.2
Table 13. Performance test data
7z 13, MEREMIX BB
s BB 8% 3dHUREEMPa) 7 d iR (MPa) 28d HikiREZ(MPa) T (kg/m?)
M-1 0 1.36 1.74 243 648.56
M-2 5 1.57 1.95 2.67 642.24
M-3 10 1.64 2.13 291 634.64
M-4 15 1.43 1.86 2.78 625.20
M-5 20 1.29 1.69 2.61 619.68

(1) 3. 7. 28d HL/EHESE
B 13 i, BEEMEATABERIGM, AWKRER TR 3d, 7d. 28d JiksEEZ 2 HE FAE TR
(e, WA AR e RN 10%0), A WEEFER LM 3 d. 7 d. 28 d HiERE A R i K 1H,
53915 1.64 MPa. 2.13 MPa. 2.91 MPa. T M 0% EF+E] 10%F, 3d. 7d. 28 d fi Ko EE KR
Tho XRFLRPFDN, @R AIEIEEER S S 5K, RN, $ETHIRE,  [RI RE S AT
FrIR AR PR35 2 D0 H U8 5 /K Ve KA P E R . (H ST Ais B Ak S Inet, A ke
JR LSRRI A RS, SR IRILBR ARG I, SRR R, AR, BE A BB LA TR
(2) THE
HIE 4 AT, BT A BRI 0%IZHT LTS 2090, A KR LT EE 20 H — B TR
H, A VEREIR L5 N T 28.88 kg/m®, X R RUNIAT A UL B LUK TR/, AT A ik
KPR BT, A TR 2 B RN

/\
—

HUERREE (MPa)

3 -
28
26
24
22

2
18 |
16 |
14
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1

r—”’—’+-

—

10

BATEBE (%)

15

—h—=3dPUERE  —E—7dPIERE —e—28d PR

20
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Figure 4. Relationship between content of coal gangue and compressive strength, dry density
4. RITAREENERE. TEEXR

4, 4Eip

AT T LA MV [ R IR I D 18, SRR ST A SR S AR, A o B T RRIR D IR, B

SR BUAETER N TAREFR, BT ) PR ACSE Y ] PRSI I AR R R ST ST
B TSR AR, TTRM B LS B TAR . Gscidmntr, A5 LU H U8R

(1) SERER IR S MR A AE /KU B AR b VS PR B, TR B 35 B R, UESE AR A B

SR RHR SR IR R R T AT

(2) ARV ST A BRI R E R, xR SEATA T 3d. 7d. 28d IPURIRE 5T L

WK, e BB EIXE Y. JRJE 5%~15%. JETA1 5%~15%, JF45 RS RN 5%, XFERIHTE
SRR, ST B R0y 1090 I P o LIl , O TRE N FH SR K 4 .

SE
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