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Experimental study on the mechanical properties of geopolymer
solidified clay based on response surface method

ZHANG Qingyun, ZHANG Peng”
(School of Civil Engineering, Qingdao University of Technology, Qingdao 266525, China)

Abstract: Geopolymer is a kind of green cementing material with fast hardening, high
strength and good durability. In this study, the experimen on clay solidification was carried
out by adding such geopolymer cementing materials as slag, calcium carbide slag and alkali
activators CaO and NaHCO,., With the influencing factors of slag content, calcium carbide
slag content and alkali initiator content, and with the response values of 7 and 28 days of so-
lidified soil compressive strength, the optimal mix ratio was obtained through Box-Behnken
test. The results showed that the slag dosage had the greatest effect at 7 days of maintenance
age, and the alkali stimulant dosage had the greatest effect at 28 days of maintenance age.
The predicted compressive strength of the solidified soil was close to the actual compressive
strength, and the reliability of the model was high. When the slag content was 17. 37%, the
calcium carbide slag content was 9. 31% and the alkali activator content was 6. 51%, the tar-

get value of the compressive strength reached 612. 97 kPa at the 7 days and 875. 69 kPa at the
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28 days. According to SEM analysis, the main hydration product for 7 days was flocculent
C-S-H gel, and with the increase of curing age, the flocculent C-S-H gel gradually formed a
three-dimensional network C-S-H gel. With the formation of ettringite, acicular ettringite
and C-S-H gel filled the intergranular pores of solidified soil, which improved the mechanical
properties of solidified soil.

Key words: slag; calcium carbide slag; response surface method; geopolymer

S0 @ w1 F ) e s 2y RS (VA e ) [ TR N 7w S 2L 200 O - R B = S Za O e VR P
PP BARIKUE A JLF- AT LA F 45 Fh - 49 i ol B (HHOK e 48 i K5 i 2 5 3850 35 1 ROSH e 4 A+
SN iR A Wb L = 2 R 25 A 1 R A Rt L T B b AL S D T A N 4 R\ T A 2
B AR SRR & R 2t A BB TS L MR A Y B SR B PO M AR A B el R A A
M BEERED R LA g RUK RS E AR 1 R B B AR AR R 5K KA R
BFEAE HREFLBR B TR . TR AR IR S M5 S A - oK e [ A R SR B AR L A
2K PR E AT DR 7K Ak SR R AR KA = A A2 75 . ARULRAJAH %55 58 i 1 75 Ak 770 7%
AR i 5 SR B D B 20 A WK I IR ™3 A 45 7T D 8 3 B v A SR B NI . R4
L0 9 BT IR R M SR A ) B A T E LY C-S-H L C-A-H BRI , X Sk i (0 38 25 + ik L 42
e AR o

FI T R N A b3 5 B 5 0 53R A 0 P R R A5 i B & 4B B R & R 2 A R AR F
ST, W R A W) JC M BR BT 50 BE AR AT R A B B 10 %0~ 20 Yo I 34K 2848, {H 24 7 3R {58 Bl i 20%6
i EfE SRR A T, R S R BB AL IR S AR B AR N R A B R
M) o AT, BT 3 A R U 27 3 1T NaOT 9 B 56T 5 38 ) B2 M AN A 8 5 T KD R AT R K- A i
TR AP AR 5 BB N 17, 3% R AEB RN 7. 3% RERENIB EON 5. 0 %01, [k 158
JERE . KOMLIENOVIC %5 %) HAF 58 A [ 56l 38 A 700 98 & sk SR, 45 SR 3% B, KOH << NaOH +
Na, CO;<<NaOH<NaOH+Na, SiO; . T 4 5 F " FIR 55 i 5 54 0 A VR D8 28 1 JC M0 B 7 e i
J& .fH Na, CO; #& 35 NaOH Hl Na, SiOs A H S BRIEASCR A R . LUO S5 35438 T 8l & ) &
R R 6T Ml T SR B AR A 1A PR RE RS L R B Y B T AL AR B Ry 1. 3 VRSN 4094, f i 14 £
FRTR A T B SRR T AR 9 1. 2 A5 B4k - DGO BR YT SR BE e . HU 250 UMY Sl 32 B2 IR LU
NaOH Al CaO fE NI FTEAL T &5 50 R . NaOH IS B A CaO i xf B ok i mEAE A, &
117 AR NaOH R Na, SiO, %002 Hi AV A7 B ANE , X AR S IR B A AR SOA SOfs
CaO FI NaHCO, 1E A & 5, I H 5 KRB T AR H .

BT ST LA TGO BR BT 58 3 4645 » K F Box-Behnken H0 20 G330 5 IR B 15, 8 i
W 7 T 3 57 5 M0 PR 2 455 L s i IO (22 ) ) By [R5 . AN IR 26 i 45 1 L A i 1B 1 i
BRBE, WA Bt 7 K& 28 d TEMBRU SR, Hhw s  d A Mk R w4k % B R
¥ 4R A (e, a2 A Rk S 3D i 1T B WS i PR 2R 5 TR0 BT B YOG R L e H R
TR AREC A L, I T SEM I 15 H oW s B & R HLRE
1 REMRESKmAER
1.1 RIEHR
1.1.1 +kt

RIGZE U IR AR T, BUREIRE N 2 my BT AR R I 2 mm 0 7R3 R 105 °C
HEEE T AR TR A5 ) (GB/T 501231999 15+ kE AR 57K 2 29, 4% BE B 1. 73
g/cm® PR 39. 3% HARR 26. 7%, KRR IRy sk g AT o S5 A3 2N B R EROR TR 1. 80
g/em’ AR F KRN 16. 23% .



6 KT 22+ A« TR D 0 M ORI AR 2 T et R R 45

1.1.2 Wi A

FIF5E A P 8 JEORE R 4 38 R E A S L R e T S95 SRR AN i i . i A TP EDREAS 14, 25 pm, AF
MBI AR AIR . AR A P E LRI EM AR, 0 A A BRI s ISR 1 R, B
HL A8 XRD ElaEan & 1 s,

F1 gEMBABEFEXFARK Y
g Al O, SiO, MgO Fe, O, CaO Na, O HAth
Wit 20. 70 36. 40 5. 82 1.33 31. 06 0.05 4, 64
F A 1.23 2.68 0.13 0. 48 82. 61 11. 24 1.63

58 ¥/ a.u.
58 ¥/ a.u.

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80

20/(°) 20/(°)
(a) U (b) A
1—C,$; 2—C,AS; 3—CaCO, 1—Ca(OH); 2—CaCO,

F 1 B XRD E3%

1.1.3 ik AR

AIFFEfH ] CaO ¥R H NaHCO, B3R —FH IR G WVERBCL MR, KS 5 RNE, CaO 5K
DAL CaCOHD, L Fifif§ Ca(OHD, 5 NaHCO; #47 /R . # NaHCO, B2, OH ¥ 2lfe, B
NFATA I

Ca(OH),+2NaHCO;—~>CaCO; +Na, CO; +2H,0 @Y
Ca(OH), +NaHCO;—~>CaCO; +NaOH+H, O 2
NaHCO;+NaOH—>Na,CO;+H, 0 3

R4 EIR RN EL, CaO fil NaHCO, FFRAHEE R LMK TET 1 1R 56 : 84), I T H1{H
FIL, 3 HBE CaO il NaHCO, BIEE/RILIZE R 12 1. WANG 2505 5E B T AHESE oP oo 1% £k 145 1) Fg

FEAATHY .
1.2 Rwigit

AR SR F = 1 & = 7K ¥ Box-Behnken ®2 HWEZREBKE %
PEATIRE BT, AR R EL 3 A4Sk, 43050 D A itk T-
10,41 G AR, — 10,4145 eR W e ]
REEEA PR SBEE. ETAEN it ) 10 15 20
TR 0 GG i 5 45 R R [ R B R L AN 2 P it 6 8 10
e RIIKETE A W RBE o 3 5 7

C=2b(b—1+a )

b C Rt AT IR B o R PO G 80 B a =550 RN R E.0 =3,



46 RO TR R

845 &

SR AU LA 17 4.

BRI )7 2 HH Design-Expert B A i g0 45 R AR 3 Fir,

1.3 #mfl&E

kY o, N S [=} i ‘—‘ gt
A4 RERCEAE 105 “C LA 017 T4 ®3 HMER
IR B AL LB IR 2 mm . B Ax TAdRE/ 28 dRE/
5 ’ VR z z. kPa kPa
LT b VA A H 9 I TR & B 8 i 2 i i
5. BJEFEIR A AR I A E 1 CaO Al ! 10 6 ° 405 692
NaHCO, ¥R , ¢ J5 FREUE & 17K, 785 1 2 10 8 ¥ 161 o8t
P8 e 2 A E AR . A 1 3 10 8 ! 192 716
R IR M B & KR, $7 IR TR 4 10 10 g 538 31
FEFRAEY (GB/T 50123—1999) 44 [ 1k o 15 6 3 121 687
TS 3 R B B rh R B R rh 6 1 6 ! 190 3
O SRR G R R 20 e ke T B8 5 w87 845
JE s e BT 2R W CF & EAR 89,1 8 15 8 5 581 829
mm. @ 80 mm MIFIHEIE £ 4. malikKpE 0 b 8 g 602 817
BHIE 3 A TATIRR SUERRRE AN T 0 : ’ w1 ot
P ARRE LR E BT 1 1 8 g 576 822
57,28 d WG, AT CO BB R SR 12 05 10 3 163 681
R (F 3, 13 15 10 7 608 879
14 20 6 5 587 741
ZEHE E
2 HERERH 15 20 8 3 507 651
2.1 #ERESNSH 16 20 8 7 621 814
F A Design-Expert 4% {4 b 3 32 56 %% 17 20 10 5 542 801
P&, I 45E P-value K56 6 2 06 7 B2 1 ]
SERRE . P<<0. 05, I ARCR B E . 7.28 d EfbtIr =W R ansk 4 s,
R4 FESHER
i 7d 28 d
- P F A TEHHET P F A TEPEHET
TR 0. 0002 25.23 —1119. 07 — <20. 0001 33.08 —304. 57 —
z, 0. 0002 52. 81 57. 44 1 0.0011 28. 65 78.17 4
Ty 0. 0016 24. 92 234. 80 5 0.0013 26. 63 20. 61 5
z, 0. 0002 52. 22 57. 88 2 <20. 0001 98.71 103. 81 1
T, 0.0015 25. 68 —4.45 4 0. 6952 0.17 0. 38 9
T,y 0. 0501 5.58 2.08 7 0. 4265 0.71 0.78 8
oy 0.0673 4.68 4.75 8 0. 0025 21.18 10. 56 6
x5 0. 0585 5.10 —0.77 9 0. 0002 52. 88 —2.60 3
3 0.0013 26. 51 —11.02 3 0.1253 3.03 —3.89 7
zt 0.0018 23. 88 —10. 46 6 0. 0001 56. 18 —16.77 2

T P ONAE R BB BRI T BB A L S AR S LRI s F ol 05 22 00 A p A R e it ik 77 LL e 2 sl N =z TRy

25tk



6 SRTT 2 o AF < TR RN T 325 L JBOR 54 [ A 26 = Ty A e RE AR 5T 47

MR B )y 22 BRI E T 7 d TEMFRBUEIREE Y, K& 28 d TCMBRTEIREE Y, 5REAZ 1T
KPR
Y, =—1119. 07-+57. 442, +234. 80x,+57. 8825 —4. 452,20, +2. 082 x5+
4. 75x,25—0. 7725 —11. 0225 —10. 46
Y, =—304.57+78. 172, +20. 61x,1+103. 81x;+0. 38x12,+0. 78x x5+
10. 562523 —2. 6025 —3. 8925 —16. 7722
FIE 4 T 3 P2 A 3R BRLIN BOIRAS TR R4 IR ) 7 A1 28 d I P <C0. 05, Z5 R BT 3 Bl DA 200
[P A 8 R B i R B WE VR . SRR 7 d i, BUEINE N T B i A R B >
BB IR 28 d I BRI S B R B R > B R > A s R
2.2 WEMBABXZEMERANE
FH R A4 FTAL SRR 7 d B2 2, P<20. 05, B AT KI5 I - A s 28 B AR OGS [ Ak b 40 R i B2 52
e ¥ 35 . KBRS R B B IAE 500 I - A 7 d O AR L K N T AR 2 BOR

(5

(6)

10 ® °

BABBR %
7 d TLMIRR 4T & 52 % /kPa

60 - —
10 12 14 16 18 20
TEBE%
(a) F{HE (b) M 137

B2 6 - A IET d 38 AR S (8 4 0 N T
© IR I FE N AR © 20 R B N A 5 O SR R 3 0 B R 55

NP 2 ez A A TS B AR T SIO, A AL O, B, BEE i A7 B He
[ Al B B2 e SR ok, BeAh AT SR Y Ca® REINEUR G RO, AR £ C-S-H BEK & N-A-S-H ¢
J SR B A B T 2 A S EUE L CaCOHD, i £, ARk AL = TR £, B K Ak
SREIHERT P BOE AL LSRR . T B ORISR I, OH - BT FE (8 1 2 A P 2 35
R AP S IO 4R Dl 1 & [ A 50 P A
2.3 HEABMEMEFLZEERAE

[FIRE IR I 28 d I s 2oy P<20. 05, HIHCRER A2 H 2 I AE 15 06, 2l oL A T -l i i 7 S 2k
L e R THT L ANTAL 3 BT

H T 3 AT, [ A L A0 5 2 BE FE A W 45 e R4 s 22 LR SRS S s N . 55— T T BB B R
SBR[ 4k 5 5t Hh BRSCHE I e NS S LA B R L B R B R AR AR 2
PR A5 [ A PSR B A S OH & & A 2 TRk se i it SiO, 1 AL O, , 2L 28 d 5
REAR. BEE AT B IS 2 R Wb i SORL R 28 PR AT (A A CaCOHD, RSN T B 8 & 511
VAT B0 2R SN A (AR R SRR AR T o 35 4R R B R B i S R VA R b OH & &
W22 PR R B PRI o A 9T 500 AN BTARE 3+ (L Pl T 2o 2 B A (0 S 7 o A T R A A B A 1
ENFAASTIEIC/LoR S-AILE SS9 raBu stk i S A & ik o su. 352 N e



48 FH M T R % % i A5 %

WA B R %
28 d TN PR R 38 & /kPa

HAOEBE/%
(a) EfHZ

3 AR R 28 d A8 AR F 2 1 4R R i T
® LRI N AR © RN R E MR A5 O 20 [E 20 N AR 55

2.4 BEAELLIZHTRK

R T BRI A AT SEPE R O FR Bt He 5 BB AT XS L an sl 4.5 B, [k 7 R0
28 d T S BT R R B LA AT, il 4 Desin-Expert 5 0 F-46 LA B B A B B8 kL H B e
AR . SRR, S BB E N 17. 37 A A BB E R 9. 31 %0 S L FB &R 6. 51 00,7 d i
WIS B HAREIA S 612. 97 kPa, 28 d IR H ARk 5] 875. 69 kPa,

650 - 900

600 300 |-
550 -
700
500

O PR BT 52 B UM E kPa
TCAFR BT 552 B UM E Ak Pa

st} 600 |-
400 - S5 L
400 450 500 550 600 650 500 600 700 800 900
To i PR SR 5L BR{E /kPa To i PR SR SEBRE/KPa
B4 7 d3pHESE S SE PRl &5 28 d Py HE e i 5 s bR fE
— SR TN M 2%, m KRR IRE(E — REETMIM L mLFEREE

2.5 WMEH

K 6 s T ieEE A R AL R SR P  7 A 28 d i SEM % . b B Al 0 [ 4kt BE 5 55 40 i
SOTR0 I, R Ta]FL B R /)N, 2354 % S R B ok v, AT B 5 1 A AR R PURRBREE . SRR IR 7 d
BF KA R ANE T84, 77 A i C-S-H BRI, B R B R A3, C-S-H BTSRRI 8 2% , B P
BT = HERPIREE R . PEREE ESEA A AR A IR ES B4 A C-S-H 38 e e [R) 38 70 [ Ak - J00RE (] AL B, ) 2F

PERETS e i



6 SRTT 2 o AF < TR RN T 325 L JBOR 54 [ A 26 = Ty A e RE AR 5T 49

(a) 7d @+ (b)28d L+
K6 [kt SEM &

3 it

D gl A S R R B 3 R R R PR SR EE R  RE BT B  FA
B HAE XN 7 d WP R R 2 FE A A B i R 4B i 2 BAE X 28 d I EABT R R
FARTE

2) FRPEH 7 d B BUSEIB)T O 0 B R R B R > A S R SRR 28 d B Bk
PENR R g & KB > iE s e > A ES R,

3) FIH Design-Expert B X T4 H 58 B F1SE BRPT e 5 B2 547X L, & 390 F00 000 558 188 R0 52 o i J38 48
R, CUTEBE N 17. 37X B AEBEN 9. 31 % I A FIBE N 6. 51 %M, 7 d B E AL PR
5 HARMEILE] 612. 97 kPa,28 d W& AT SR HAR{EAF] 875. 69 kPa,

4) 25 SEM 43HT B it - A i M B A W AL+ 7 d kAL R SR C-S-H BRI . BEE T4 IR 1 10
BN, Uk C-S-H BEROZEHTE T = 4EMUR C-S-H B B2 85 A7 59 A2 A [ f 5% A 235 g o i 512
P T EfL R

S % 3Lk ( References) :

[1] KEVIN G,ZHANG Z ]J. Assessment of shrinkage crack mitigation technique performance in soil cement base courses[ C]//Transpor-
tation Research Board Meeting. Washington DC;2009:19.

(2] XBak4, =TI, XIS K, 55, HhZRGWnT 7K P 1k 5 B2 i s i B AL B4y At [T, 55 £ TR 240, 2016, 38(3) : 446-453.
DENG Yongfeng, WU Zilong, LIU Songyu.et al. Influence of geopolymer on strength of cement-stabilized soils and its mechanism[]J].
Journal of Rock Mechanics and Geotechnical Engineering,2016,38(3) :446-453.

(3] BREME, TA:E, 40 ZRELFAEx K Ve E AR - PERE 2 o8 [) ], TRR T 24, 2023, 31(2) 1 432-440.
CHEN Hui’e, WANG Shixin, NIU Zhuang. Effect of basalt fiber on propertiets of cement solidified soft soil[J . Journal of Engineering
Geology,2023,31(2) ;432-440.

(4] BROKAS BRI, AR 55, 4. b 57 3R & )7k U B A 1= A R & AU 5 B LB 5T () ). RV LT R 2254 (A AR 00 . 2023,
20(5) :49-58.
ZHANG Yongjie, TAN Changjiang, DENG Peiyu, et al. Study on test and curing mechanism of geopolymer-cement solidifiedsoil-rock
mixture[J7. Journal of Changsha University of Science and Technology(Natural Science) »2023,20(5) : 49-58.

[5] ARULRAJAH A.YAGHOUBI M,DISFANI M M. et al. Evaluation of fly ash-and slag based geopolymers for the improvement of a
soft marine clay by deep soil mixing[ J]. Soils and Foundations,2018,58(6) :1358-1370.



50

RO TR R 5545 4

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

RARAEVEIE A5 Ze i 5. 0B ICHE 3 5T R AL IR TR - T s BRI 5 [ ). 45 1%, 2021, 42(3) : 647-655.
WU Jun,ZHENG Xiyao, YANG Aiwu,et al. Experimental study on the compressive strength of muddy clay solidified by the one-part
slag-fly ash based geopolymer[]]. Rock and Soil Mechanics,2021,42(3) :647-655.
AT LR R AR MR E AL IR PR 3R BE SRS e R 3R AL 3T [T . 5 0%+, 2021, 42(8) - 2089-2098.
ZHOU Hengyu, WANG Xiushan, HU Xingxing, et al. Influencing factors and mechanism analysis of strength development of geopoly-
mer stabilized sludge[ J]. Rock and Soil Mechanics,2021,42(8) :2089-2098.
SR BRBE. TR RN [ R ik B A S D SRR T LT . 2285 2020,65(3) : 23-28.
ZHU Yue,CHEN Rui. Experimental study on factors affecting strength of soft soil stabilized with alkali activated material[ J . High-
way,2020,65(3) :23-28.
SRTIUE B AT BIRNG 45, 6T Wi 7 T 9% P S K- P 0 i e R £ P T A A i 5 [ . b, 2023, 42(8) - 2821-2829.
ZHANG Dingfei, LV Qihang,ZHANG Peng, et al. Experimental study on soft soil solidified by fly ash and carbideslag geopolymer
based on response surface method[ J]. Bulletin of the Chinese Ceramic Society,2023,42(8):2821-2829.
KOMLJENOVIC M, BASCAREVIC Z,BRADIC V. Mechanical and microstructural properties of alkali-activated {ly ash geopolymers[J ].
Journal of Hazardous Materials,2010,181:35-42.
EARE, ERM AR, . B A RO AL IR P OML I SE () ], 50 125 TR, 2019, 38 (SD) : 3197-3205.
WANG Dongxing, WANG Hongwei, ZOU Weilie, et al. Research on micro-mechanisms of dredged sludge solidified with alkali-activa-
ted fly ash[J7. Chinese Journal of Rock Mechanics and Engineering, 2019,38(S1) : 3197-3205.
LUO Y,MENG J,WANG D,et al. Experimental study on mechanical properties and microstructure of metakaolin based geopolymer
stabilized silty clay[J]. Construction and Building Materials,2022,316:125662.
HU M, ZHU X,LONG F. Alkali-activated fly ash-based geopolymers with zeolite or bentonite as additives[ J ]. Cement and Concrete
Composites, 2009,31(10) : 762-768.
GB/T 501231999, & T34 bt [S].
GB/T 50123—1999, Geotechnical test method standard[ S].
WANG S,XUE Q.ZHU Y,et al. Experimental study on material ratio and strength performance of geopolymer-improved soil[]J].
Construction and Building Materials,2021,267:120469.
S BT HIRRN A5 LA R P A RN X TG PR L) ). Rk AR AR IE iR . 2014, 33(10) : 2572-2577.
WU Peng, LV Xianjun, HU Shugang, et al. Influence of composition and fineness of granulated blast furnace slags on activation index[ ] .
Bulletin of the Chinese Ceramic Society,2014,33(10) :2572-2577.
SHEKHOVTSOVA J.KEARSLEY E,KOVTUN M. Effect of activator dosage, water-to-binder-solids ratio, temperature and dura-
tion of elevated temperature curing on the compressive strength of alkali-activated fly ash cement pastes[J]. Journal of the South Afri-
can Institution of Civil Engineering,2014,56(3) :44-52.
LIW,YI Y. Use of carbide slag from acetylene industry for activation of ground granulated blast-furnace slag[ ] ]. Construction and

Building Materials,2020,238:117713.
(FTAEZAE IRBRF; ESURW AL



