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L1 RaEss

ARV T A I S AU 18 X T AR b 4 O B AR R 1 R . GGBS HUA AHETﬁ
HHKIE)™  CaO 2 A FH I A T A R 7 AR 7 4k 2 T AR A L 2l BEAR & L CaO S B IS &
AP T 9800 . lHECR A4 = 7 Bl Ak T A BR 2> B2 77 A9 4k 0K, & 8 ARR . Na, CO; @‘EK
/NTF 99,80

£ 1 TFY ISR
Tab.1 Physical properties of soil
KR WE(g/em®) WO MO WM SR
32.51 1.9 37. 40 23.50 0.648 0.139

1.2 RENHESFP

A HUIRT 9 4K i T 105~ 110°C A bR tp b1 B 5 0, 3 2mm 0 K BR A BT, B T R4S N B
Bira A, RIEREAC A M RBIRE RUR IS5 H LRSI E B A GGBS B 8% ~
14% ,CaO 2 2% ~6% 4N 0.5% ~1. 5% . $ i 0+ + . GGBS.CaO Fl 4l 4% bb 471 50 A 4t FH AL
P 2 5 95 I AK L 8 AL TR AR CE AR N 39, Tmm, 55 80, Omm) . B A AR Ve, N BE [
T PL A MROT CE 7E SR L B 1k 7K 4 % F A R A k4 2 5L 4 2 0 R ¥ B L SRR 58 iU 7E
SRR B R S B L B R AR LK 26k R 1 B . KRR B 240 J5 BB CE TR B
PREELS Py 2 B, AR IC i BC He A i DL A CAn &l 2 ) L JE BT FR B e L vh 3R 4, B 58 3% il 3 B s
Tk,

B 1 =R K2 PREEIRR & TR
Fig. 1 Three place sample valves Fig. 2 Cling film sealed curing

1.3 ZTMIBRHEE B

MR R B 2 0E 0908 0005 B R GDS #E AT TE M BR 40 5 B I8 . GDS = il 49 {32 9 [ /i
R M A2 ) =g B 3 =5, B A A9 “ Unconfined compressive” #8 8e A] LI g 47 JC M R 1 JE 58 2 3 56,
I HT . A GDS = #5043 AN Iy /B4 i 25 09 45 4 1 Al b i 8Os 3 L SRS FE N R =
AR RE BT I GDSLAB %44 , #F A “Management” #4F BT, 5 7 “ Unconfined compressive” fE 5t , #i
ARG HE AR 1, 6mm/min, e KK RFEE B A 1~ 2min, I HTIKEE ., B REASURIE &
EXCEL AR A7 . H E 150 I F O B E A il g 25 R g ok
L4 Rt

Box-Behnken ¥ /2 M i 10325 8 H A3 560 B 07 v B9 — B, 12007 B 150 45 10 0% 45 2R 1 17 o 7 T 3
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i=1 j=1

oY Sy S g R A B
% k=3,

AR YK B . GGBS 145 5 X% R A G 65 1
Xy s CaO 4B X N gt E o Xo . ShHR Y45 &
Xt I ) B R X o A R 256 L ) (T 5
FAMHB Xi= (o —11%)/3%, Xo= (2, —
49 /2% . Xo= (2 —1%)/0.5% . H =M HEFE K
fiX o om =KE A e E—1, 0, 1,404 2 iR,
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2 I P K S ga it K
Tab. 2 Factor level and code level
. . i i K
A i fRr
—1 0 1
GGBS X1 8 11 14
CaO X2 2 4 6
LR X3 0.5 1 1.5

%3 ZIHE ZKFH Box Behnken K it
Tab. 3 Box-Behnken experimental design of three factors and three levels
s % MR WA
Liva
Xi X, X Y; (kPa) Yz (kPa)
1 —1.0(8) 0.0(4) 1.0(1.5) 382 532
2 0.0(11D) 0.0(4) 0.0C(1) 507 624
3 0.0(1D 0.0(4) 0.0(1) 526 633
4 1.0(14) 1.0(6) 0.0(D) 513 624
B) —1.0(8) 0.0(4) —1.0¢0.5) 379 434
6 0.0(1D) 1.0(6) —1.00.5) 398 584
7 0.0(1D) —1.0(2) —1.00.5) 371 521
8 0.0(1D) 0.0(4) 0.0(D) 513 631
9 0.001D) 0.0(4) 0.0(1) 511 629
10 —1.0(8) —1.0(2) 0.0(D 332 488
11 0.0(11D) 0.0(4H) 0.0(D) 519 639
12 0.0(1D) 1.0(6) 1.0(1.5) 529 647
13 1.0(14) —1.0(2) 0.0(D) 415 618
14 1.0(14) 0.0(4) —1.0€0.5) 478 653
15 —1.0(8) 1.0(6) 0.0(D) 411 486
16 1.0(14) 0.0(4) 1.0(1.5 512 654
17 0.0(1D) —1.0(2) 1.0(1.5) 416 564
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2 RBRERSHESHT

2.1 REWEIEST
1] Design-Expert 2F#EAT — kR Z B BUH LG, AT 3 3 46 Kot b 45 21— B B8 05 78 1 4%
T AR RO TT 22 B A 2R Nk 4 s,
K4 TdA 28d TR R 5 2 53 B

Tab. 4 Variance analysis of 7d and 28d two order model equation

7d 28d
FH P ES FH P ES
Model 17.72 0.0005 515. 20 17.06 0. 0006 631. 20
Xi 49.19 0.0002 51.75 97.94 <20. 0001 76.13
X 28. 84 0.0010 39.63 5.94 0. 0449 18.75
X3 13.02 0.0086 26.63 11.10 0.0126 25.63
Xi X 0.21 0.6628 4.75 0.034 0. 8593 2.00
X1 X 0.55 0. 4819 7.75 4.97 0.0610 —24.25
Xz X3 4. 24 0.0783 21.50 0.21 0. 6597 5. 00
X3 18. 80 0.0034 —44.10 17. 20 0. 0043 —43.98
X 27.51 0.0012 —53.35 9.82 0.0165 —33.23
Xi 10. 75 0.0135 —33.35 3. 20 0.1166 —18.98

L 7d R R =0. 9580; 28d & R*=0. 9564,

R 7 R A T B EVE R F o AT O 200 0. Hoh FAER R ST . 70 Hrid
B A B EEAE oo BRSPS PE/NT o [EE, BRI I I000 R 1380 56 45 21 25
SV R R WA IZ U B2 FE DAL 3 A v BOREARS BE W5 B . fi k4 s, i @ 35 HEKoF
a=0. 1. /R4 7d I EIE 45 3R . X, Xo o X0 Xy 9 PES 518 0. 6628, 0. 4819, 3 KF 0. 1 /KF. ik
AR X PIIUA i 35 L 38 Design-Expert A 5B . [RFE %5 F 28d #1615 43 Br 45 28 . X0 Xe .
Xo X X509 PAEKRT 0.1 P B 508k . A4 i 8 5 A~ s an r .

Y;=515.20+51. 75X, +39. 63X, +26. 63X, +21. 50X, X; —44. 10X} —53.35X3 —33.35X¢  (3)

Y, = 631.20+76.13X, +18. 75X, +25. 63X, —24. 25X, Xy — 43. 98X} — 33. 23X} 4)

FH e 4 7 20 a2, 7d I ARSI B 3 (P SR 0. 0005) %R I A AH 56 R B R® =0. 9580, F I A
A5 SR UL A AR LT, 45 R ok B 2tk F i iz B e %L, X 5 Xs MR BB E . 28d
W4 I A AR AR Al B 3 (P 2 0. 0006) , I AU ) AH OC R AR RP=0. 9564, R WIB AL 5 SLPRA L L& W ARGE
X 5 X WEEAEMEE.

2.2 BEFHMSH

A3t 3K (3) 5 2 () TAS Z By [l IS 455 78 SR FH e 4 v o L A R [ AE 0 AKSF, BERT A5 I4E —
PR TR S TR DAL R, e niAg X X X & AR TR 7d B 28d B 5 R I R T
WUAE B HANER 5 FiR

T Y, PR T 52 i A8 AL R R 7T DL & B . GGBS 8 5 (28 1 X 5 B B 52 i e KL Y, A8 fk S Bl oA
419. 4~530. 0kPa, i CaO FNZlf 15 5t 1Y A5 A0 0T 58 B 19 52 i AH X 8/ Y, B A8 A6 [ 43 5 o 422, 2~
521. 7kPa I 455, 2~520. 2kPa, [RIFE . FE BT Yas B BR300 745 1 o AT DL % B . GGBS 8 2 (1 48 1k Xf
SRR B 52 M A B K RO CaO MR 5. B5 Y. AEEZ, Y GGBS 148 &= AF f 5 722 fuid,
CAE SR B Y A A T4 KL T CaO 266 9 48 £ 1 B0 DR A8 Ak i, 3aCF i B A 28 i DU T ol /s . X
W], GGBS 5 1 1Y 748 Ak %t 58 5 ) 7 52 W) f R, HL G BIOR AR B I 0 3 0% 1S RT3 KL T X T CaO Aaf
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Tab.5 Analysis of strength response based on one-factor effect

GBS 7d(kPa) 28d(kPa)
i B 1E GGBS Ca0 25, GGBS CaO 2l i
—1.0 419. 4 422.2 455. 2 511. 2 579. 2 605. 6
—0.5 478.3 482.0 493.5 582.1 613.5 618. 4
0 515.2 515.2 515.2 631.2 631.2 631.2
0.5 530. 0 521.7 520. 2 658. 3 632.3 644.0
1.0 522.9 501.5 508.5 663. 4 616.7 656. 8

2.3 XEMERSENE S

T WIFE A2 HAE R 5 BE RS20 L AT Design-Expert 8780 B8 HE 7 7387, & = A 5 Y
— AR R A B A (3) () H L A SRR B R R 1A 3D BB DL R S E LR I . R 3 R 4
ATV E A 7d @B X, X, 28d I HIRT X, X, R BEAERXT HARME Y 52 m,
2.3.1  7d @I CaO Fnali 5% (1) 22 5 AR FH -5 HLE 434t

HH I/ 225007 7d IR X, X, M8 BAEF 35 8O X (O iy X, [ £E 0 K F, ] Design-
Expert 4, 13 8] CaO 54l 0% 45 & (7] 3¢ B AE FH6F 38 B 0 ) 107 17 1R 45 (B 26 &1 38 o 1153040 A T L 78
PE R FE 36 B P9 - AR B 35 Bl CaO 5 82 9 38 K 5L 8 S 38 KR i /N AR b fa$8e . 55 — il 24 2. 00 %
< <<2. 39 %60, Y, B AOAE B A 3E KME KL 12 2. 39 %0 <<, <<6. 00 Y6 B, Y, U i 25 4k 4B R 1Y
B R 2 e B R /N AR A A XSRS IR AR 3 A B Y R

T PR 40 4R (kPa)
SRS (%)

09
AL (%) o /ﬁ Ca0¥5 k(%)

050 200
(@) Wil 13 1771 P (b) "Lk =

Ca045 fit(%)

B3 CaO FALHHXT 7l I 30 Fry o JE 58 A0 P10 i . 1 60 6 1 4% 1
Fig. 3 Response surface and contour graph of mutual-influence for CaO and soda ash on 7d strength

CaO 5 2l 1) 28 BAE R F [k 58 B i 4R 7, R 2 i TR K41 Ca(OHD, &5

B A Al % A2 RN BB Na™ 3 HA i CaCO;y UTHE . HALA RN 40 F
CaO+ H,0 = Ca(OH), (5
Ca(OH), + Na,CO; = CaCOy v + 2NaOH (6)
B2, B A EH CaO B, B X (6) M B 1T, CaCOH) , AT AFFSEAS A2 0 4045 o 5 B B
AR BIE A RNE, [ AE 0 5 T R R TS B A CaO AR EE, R AL BRI R
Ca(OHD TR AT, K19 CaCOHD , X5 3 — 25 Kb i i S0l AE FH . BEEE, 2448 A B9 Sl 78 38 24
0 I BN 23l CaCOHD , W BE BEAR . AT S atE— 25 R i /K Ak, I BLAE B S 9 0 H . Ca(OHD , 5
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193 — 2 B AN A0S 48 AR S0 i ok KA 5 & 45 CaCOHD, T #E 1 KM JC 15 13 B b 45 . BB ik
[ Ak 4 f 58 3 R T e /N . [ 3% R B AR 89 NaOH & 78 — B L ¥ FHEBS WAH A9 Ca(OHD, . 3 %
Ca(OHD, b AN A JITHE . BT LA, 2 CaO 2 & KE, [ 4k 1 58 32 Jif 5 210845 & 1Y 4 s 32 i 2 9ok
S DNER TN Y <E-
2.3.2 28d W WIRT GGBS Firli e it 58 5.4 H S5 ML 2 by

[ A, 28d W IR Xy X, By BAE T W3 ok X (O H iy X, [EETE 0 KK, 153 8] GGBS 5 4l ik
5 Bt (8] 28 1A FH G 58 % W) 7 T P R4 (2 P BT 4> A0 H TR 4 T 2 AR IE 5 T RN L 2 4l e A 1B
R A AR A L [ Ak SR R A B GGBS 5 5 00 5 i 5 B0 RS N AR fe R . 5 — . B4k £
(1% iR 2 () A 0 42 o 1) 3 O S5 ST 48 K el ) 78 A

150

28 M P 47 B 5 (kPa)
A5 (%)

0%
o o GGBS{5 (%) 0% ,
050 800 L] 200 00 1o 1200 100 Ho

GGBS#E (%)
(@) 1 1 i 1) (b) {12k P4
B 4 GGBS Faling Xt 28d #4138 B 22 1 E F A i o7 T A 45 i 2k &

Fig. 4 Response surface and contour graph of mutual-influence for GGBS and soda ash on 28d strength

Al (%)

KA I 5 R . GGBS 1918 AR A SR 12 7K 35 335 A= B 33 J2 pR 15 /0 6 19 S84 S A0 3 500
FRL AL L Al COT™ SR GGBS MR &5 0 Bl Na ' \Si* %5 7, fE i GGBS
KA KA ) 5 sl 4k 2L K A OB AR B Nag SiO; A8 FRK 335 o 2 20 AR S A B0 i+ vk o ik 1 1
MRS o - [ 45 . o T K B I Y A L AN [ b CaCOHD, AR BEAL 4 R 7 58 B 87 K CSH OK
PRk ERES) ) S A 4 LB PR (SEM 5 WL i 4 A4 i 485 4 m DL &2 B, 3240 28d U . B+
K56 4Bt CSH IR PR T A 28 8 A KOk . = BT 2SR AE FR 6 T DR HE R 58 4 728 R R IR i 250
AR 5 B KRR S L GGBS B A A — A el X2 i Tl &0 CSH B A: B2 51 e I
QIR 27 NER e s S U IS € e NG 9 X (A T DN TR MR 7 5+ e St o 1 I T e 19 o] U
GGBS 5 it 1 £ /5 52 583 K5 0/ A8 A i 3

X & 4 B HE— 204 B T AL B R SE RS B YRR GGBS X — Ee BB B WA N, R
(6), 4B (B A T IHAE Ca(OH), 4b, 0¥ 2 B CaCO, YLE. BT CaCO, VLTHERE A XF 4 1A 2 3 7
A 0 0 A Hp B LR S i 75 2 40 4k, 98 1 (75 CSH X 44 A 384 58 1 FH AR XA R L B DL, [ 4k £ 19 5
JEE [R) R i 0 B 42 o 19 385 R 22 S8 R 0/ 1 AR A 3
2.4 RS EERKET

i# it Design-Expert BAEX 7d F1 28d W& #9538 B AE A 438145 H  GGBS, CaO ., 4l i & E fid & e 43
Bk 13.08% . 4.89% . 1.25% HESLELLL R Y, 153 550. 904kPa, Y ik %F] 665. 953kPa,

S TG AR TR (1 S R M R R L ) A A A T R 3 (3) L () BT AR B TN E A SR 6, 5 T R 4
5 B R E AT X . i 6 RN, TG 5 S0 I B B 3 L DAY 56 I T i A R 1 T AR M
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Tab. 6 Actual value compared with forecast

7d 28d
e e Sz E e
382 412.63 532 536.72
507 515. 20 624 631. 20
526 515. 20 633 631. 20
513 509. 13 624 648. 87
379 359. 37 434 461. 21
398 420. 00 584 591. 09
371 383. 74 521 5563.59
513 515. 20 631 631. 20
511 515. 20 629 631. 20
332 326. 37 488 492. 34
519 515. 20 639 631. 20
529 516. 26 647 631. 60
415 429. 87 618 611. 37
478 462. 87 653 661. 97
411 405. 63 486 496. 61
512 516.13 654 664. 73
416 394. 00 564 604. 85

3 #ie

(1) #R#% Box-Behnken {40 3% 1140 H7 R W SR 4 7d J5 , 2% DR 28 0T 58 52 A 28 1 204 iz 0 ity 1 2% iz
¥ 2, CaO 5 4000 19 28 BLAE F 25 3597 28d 5 GGBS 5 4l i 58 B4 F b % .

(2) WP PR 44T T 45, GGBS 48 & (45 4b %t 7d A 28d % 309 4 151 £k - 5% 5 g 1o 52 i) i K, L
YO CaO FIEEfl ., FL 58 B B 4T GGBS 45 & A8 Ak (1) SO RE 3 il i 1 194 348 I 384 K, 17 X+ CaO Fn 4l
8 1 0 U AH S

(3) MG B AERSHLH 2 al A 7d B R 9 B4k 58 B2 I BE CaO B E M K 2 e K
JE NS AR, H Y 2. 000 << 2, <12, 39 W, Y, Bl Al A5 B 0 3G R B R, T Y 2. 39U < 4y <<
6. 0070 B, Y, WU B & 2 0 5 & 1Y 3G R 52 B0 S 38 K5 e/ 1 A2 Ak B, 28d i I IRRE (9 - A5 i 34 B
GGBS & (1§ 5 2 e 3G K5 N A8 f a3, (e A [ 4k - iy oi B2 Bl 26 B 15 2 09 18 R 2 58 1 KU
VAN

(4) i3l Design-Expert #4F X 7d A1 28d #3919 52 BAE H 73 Hr 5 1 GGBS, CaO ., Al 5 A AL 5 Ho
3R 13.08% . 4.89% . 1. 25% . EMBCL LT Y, 355 550. 904kPa, Yasih#] 665. 953kPa, o iEik 56 (Y
SRR B, TR 5 S E AR,
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Experimental Study of formula Optimization for Lacustrine Soft
Soil Consolidation in Hefei City based on Box-Behnken method

SHAO Yan, SUN Ben-zhuang, ZHOU Dong-qing, ZHU Bao-tao
(Department of Civil Engineering, Anhui Jianzhu University, Hefei 230601, Anhui, China)

Abstract: Selecting calcium oxide (CaO) and sodium carbonate (soda powder) as activators, mixture
made of ground granulated blast-furnace slag (GGBS), CaO and soda powder was prepared to solidify
lacustrine soft soil in Hefei city. Unconfined compressive strength experiment was carried out to study
the variation of solidified clay strength. Taking the amount of GGBS, CaO and sodium carbonate as
impact factor, unconfined compressive strength of 7 days and 28 days solidified soil was used as
response value, the optimum proportion of three additive agents was determined based on Box-
Behnken method. Experimental results show that the amount of GGBS has maximum influence on
strength, its sensitivity increases with the increase of solidication age. However, for CaO and soda
powder, the situation is contrary. After curing for 7 days, the linear effect and surface effect of three
additives on strength are obvious; the interaction between CaO and sodium carbonate is significant.
After curing for 28 days, the interaction between GGBS and sodium carbonate is significant. Finally,
it is found that the optimum proportion of GGBS, CaO and soda powder are 13. 08%, 4. 89% and
1.25% respectively. Under the optimum proportion condition, the prediction strength of solidified
soil can reach 550. 904kPa and 665. 953kPa after 7 days curing and 28 days curing, respectively.
Finally, the actual strength values are compared with the prediction strength values. Above results
may provide theoretical evidence for GGBS solidifying lacustrine soft soil in lakeside area of Hefei city.
Keywords: ground granulated blast-furnace slag (GGBS); calcium oxide (CaQ) ; sodium carbonate

(soda powder) ; unconfined compressive strength; Box-Behnken method;optimum proportion



