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Abstract

This study design the sand column tests in the laboratory to evaluate permeability
and efficiency of substrates by using permeation grouting technology. The results show,
the coarser the test sand and the lower the substrates viscosity, the better the grouting
effect. If more than 5% fines added will affect the grouting results significantly.
Spearman’s rank correlation coefficient and stepwise regression method were applied to
analysis 36 sets of sand columns testing results. The relationships among the effective
size of test sand (D1o), the viscosity of substrates ( /£ Jand grouting height, grouting time,
grouting rate and outflow rate were obtained. The results of this study might be helpful
for applying the permeation grouting technology to remedy the contaminated

groundwater in the field.

Keywords: Permeation grouting, Substrate, Permeability, Groundwater

bioremediation
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N1:(d15)50i1 / (DSS)grout (22)

NZZ(dIO)soil / (D95)grout (23)
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1%z Bh i)~ e & B R R AR TR m;é%}éjf; » R R F I
Ni=(d15)soil / (D85)grour>9 £ N2=(d10)soil / (D95)grou™>4FF » W5 7 45 2_j# j'j‘(‘ﬂi% °

pLh s R R M e F R Kf e RIR 2T Mok R %fi 4 (Kutzner,
1996) ~ -k # +* (Akbulut and Saglamer, 2002) ~ 2 3 2_} & & & $14(Zebovitz et al.,
1989)% 1 3# ‘>4 z € (Herndon and Lenahan., 1976) % F]14 7 B o

Akbulut and Saglamer (2002) #% 2112 jLenv @SS 5 0 AT F pAE L
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Ozgurel and Vipulanandan (2005)4* %t % Fr fm3pkz £ 2. 752 > iV B @ ;“Pj%»ﬁ bl
Acrylamide Groutie (7% 5 4 > F1 1 @ dp Nimafie 7 R 2R R 108 R
ERE SRS TR R BT ERS DM deB) 21497057 o

Axelsson et al. (2009)3p 21 #) 2 3t 14 (Fictitious aperture)#? 2 3& 3 »T# jdso}

B I BB s % [ Dosz b Eiin Hw s Hig g o8 4eT o
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. L4 L4 - - -
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Bl 2.15 kA ve-N E$ 7 g2 M B3 p Axelsson et al., 2009)

BE b R R AR A 5 A KR 2 e 3 1 E
% ehh i o & 4 Akbulutand Saglamer (2002) %= 3 @ 5 Mk A 2 el 7 B %R

FEF R TR AN e o § R A kA R £

&

R ET XS EREER AT E DS R T

¢ ¢t > Huangetal. (2013) # £2405 3 F4L > B * ) @Riga Sppp s i

¥ A 3 #ie(Sigmoid function) it {7 ¥ @ M IE P A 7 0 12 2 s i (dio) ~ 4 HfT
(dis) ~ 34 Bt (Void ratio, e) ~ Jmiift 7 £ (FC) ~ 2 #3523 % He(Uniformity coefficient,
Cu) ~ 2 3 & fie x #ie(Coefficient of gradation, C2) 22 -k % v (W/C) » £ = B F]+ (£ 4 31:?]

MEREA B G A SR R R R BB TR AR kR RS

fFJ{:'\:" B e BIR RS o B AT 0 A B F]F (rCase82 F kT (dis) ~ T

i (e) > gl § B (FC)~ 3 8353 e (Cu) > 2 HEsfe i B(C) 8 K & (W/C)) i

» ﬁs?] »RzZAEA S FED RGP A HERF Z05.6% 0 ek 284757 o

pLth s SRR A S0 BB 7P E AR &R 4 17 (Sensitivity of s value) 0 d H %
7 b e B2 TE R {% 48 i e(Stable and Robust) » 4= 2.1677% °
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% 2.8 7 i~ 1+ 2 SRS % (4 b Huangetal, 2013)

BPNN training testing
Cases | Na Input factors Correct No. | Accuracy’ | Comect No. | Accuracy%
Casel 4 Dy 175/195 89.7% 44/45 97.8%
Case2 - Dys 176/195 90.3% 44/45 97.8%
Case3 6 Dy~ Dys 182/195 93.3% 45/45 100%
Cased 8 Dy * D5~ wie 187/195 95.9% 44/45 97.8%
Case5 7 Dy Dys~wic-e 192/195 98.5% 43/45 95.6%
Dm D” *wWic~€-
Case6 9 = 193/195 99.0% 44745 97.8%
Dm wic-~e-FC
Case7 8 193/195 99.0% 42/45 95.6%
GG
Dys - wic~e-~FC
Case8 5 195/195 100% 43/45 95.6%
GG
D;u ‘ D“ wic-e-
Case9 - 192/195 98.5% 44/45 97.8%
FC- G- G

Tekin and Akbas (2011) # B 87§ % 3 chF 4L » B * 74 5 4§ (Artifical
Neural Network) 45— if &k 2 3§30 KR 3508 ’]\” B e BRI BESS o
AR ERT T BREVIER DTG RIS (dis) s RIF RIS (Dss) ~ ApE R A

1:,]

s...

(Relative Density, Dr) ~ i& ?j‘:@ 4 (P)& -k A v (W/C)iT 5 # » B2Ag~ v F

sy et > HBrw S 5954% 0 B B % A4cB 2.17%757 o

100
S0

Training
m Testns

Accuracy

S 7 (umit: 0.1)

B 2.16 o A B P E(S) A & 4 +7(3F p Huangetal., 2013)
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(A Laboratory Cases
Il ANN Correct Prediction
[] ANN Erroneous Prediction

All Data

Bl 2.17 ANN 550 chsp Pl 5% % (4 B Tekin and Akbas, 2011)

Liao et al. (2011) m4p e 72405 3= F AL > Ji % tpk A & S Besdf 4 (G e B
(RBENN) % ‘& & 7 B ifA% e4 47 45 2 (Pattern classification) » § #* €32 & ] L 3 &
(Orthogonal Least Square, OLS)% K-means ¥ #f /% i& {7 " i & 155 AL & S fie® o 8L
E B o TR OFe & o] T 2 2 (Least Square, LS) ¥ 4v 4 & /] T = % (Weighted
Least Squares, WLS):& (7 2 € w £ 1t » H H- 2B+ 3otz 28
2R ACHAR KR B SR R e TR o A TR R R 0 L g e
Fi(dio) ~ 2RI (dis) ~ FHF (o) ~ dmkl 7 B(FC)~ 238353 e (Cu) ~ 2 3
e BH(C) 2k At (WIC) » % = B 15 (65 i 2 K 240 5 > 5T OLS# WLS 2

BTV AN G DIER A 0 BB F 595.8% 0 ek 2.9%75F o

% 29 RBFNN z 3fip| % % (4% f Liao etal., 2011)

Model Results from Results from RBFNN Accuracy Ovenall
field

v X accuracy
RBFNN v 149 1 0.993 0.958
X 9 81 0.900

* X denotes non-groutable, ./ denotes groutable.

pLob s 2 ¥ Fr R B ) S Bl (7 P B g &R A 17 (Sensitivity of s value) 0

HE % 4@ 2.18%75 » FIRBFNN* & FF B R 2h § 1—," ;9 en g 4 (Unsupervised
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% 5 {4 3 47 (Glycerol, Tripolylactate) » “F BLRA|#F 1238 F Rk cndb i 48 « 23 »
BTG fd PRBAFTEBYALEF 0 T RS RBE DS
BRRREF B R FEF WPz ) RARRNRE L NE G BF (e
SECHRE L) RRERIATZLHIFT -

HRCP M5 % » WAL AL 3 HF #5342 2 kg7 - d %

N

B Al TRy Al

%
A.-A

LR R R R T A 2

TF T UEFEFAREN S A EPE ik > BE T EH4B T (£

(\x.

FE'P o

5:
E

3. sk 4248 5 EcoClean
EcoClean# & % P #ECOCYCLE2 @ *7#8 % 2. & &+ 5 b ki 2 $# 44
TR ER AR IE S LA F R ARIFFTE o b A
3 AREISORSRF I AE0 DEBFEEY T ERETVEE R T
EcoCleanif * ** 2 % 3 #34¥ 2 R¥ 2 HF5 > ¥ L 42330 k¢ T 5d jgiisd
D I REI i‘ﬁs?]iif}t XAR2Z TRZREY BT AR 2 7 B 202
%%ﬁ?%‘%“’@ﬁi%ﬁ%%?°
d 2 32 Rk % EcoClean™ 11 A&.3-121% * "F—'F% TP R s T B
FHFNFRRZFCFLARH 0 P EY  MERSERR AP (40T 1,2
S EF LR L )TN FHERT B L2 RAEE o d 3 EcoClean i L 3%
CRE S T MR WEFAPEREARS L RETEL oD R
fr-k > EcoClean® & 7% ¢ p R4 22 mA T 2 AL -
233 F* 2 AFA 12
,’jqj—g%,;ﬁz’?ﬁ\j%\, ,,+,i;4§%$§,9x4c P\? » TERE T AR Ao~ 3R o
1. 8403~ 55

M2 o R LT ERFSADFIRL IR LT G T
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9% L P KGR A d e fRITER o
2.0 ¥ TORPER KA
BRI ART MRS AR TR IS A Gy ARAT AN
BgZis o R RiLRIE AN kR 4 T A A T AN - BN IR 0 M
R Fheor 2 3 B R BB UETR A ALY 0 R WL PE A ) e - ATk

% BT R BB 2.23%7% o

e T B A R EE
i — (R )
(S0 ) — i //__mm
1 A A% b
. 0 7 .
A LY A i’
— i e wauears ';;ﬁ{g'j
B —— T — : ol -
- - ,. = o n-i L ‘_:l-
s ook e — e — MoK AR

Bl 2230 » 2 2 M B Tk A FEa8 ik 7 LR (3§ T 5%, 2008)

3. Bk MEF AT

Bk F RBE AR TOREFAF THERE - A1 v S (He@i

EF B MEPSYRRE ) A YE T RINEEF BRRF SRS RS L
BF A2 s L F LA R4

FE AT R R v g A F R O < p R4 R d MR

b2 A AR fRRE L S AP A A EPIEER F B RS A K

FTWP SR TORY Y e e E L RE S p

1=

A
&%

N

3

(m

Al
ETTS

RBE B A RFREFF A AoTEH 0 A EE AR AR EFIEL D T

Pt AR RAT M L B R B EREY ok AR (F

3
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AP T RS 23 B ARE o

R - AT ES SR N B RMAT I A oA p R
O ES I RS S SR IR S SRR e R
e IR > AL PRI EEAE AP e R B T o o E Y £ et~ B

2SI AP E & 2 A o

24 MR T Eg

FR R IEF SR IAE2 B Y 2 Aok R B FIR IS R kR
AR E G RO APLED N G LR TG HERNBERE R
E LR EY (ST

Ladd(1978)45 1 % Fo 3R 8 i = 3% € 38 & 2 g A ARR 17 o A2
B> % 0% b ERIY ML 97 cMohamed (1981)19 #5.55 £47) & FREIL @,
#Ottawa 20-30c B BRI * 4 o3 N FRE > Y0 B S S 7ecm £ B L 17cm
2 RMEC R R R AR R 2 PR o

Mohamed (1981)12 45 5x £47) % Bﬁ BRj 2% 1E > #-Ottawa 20-30cR E 2 £ * 7
e N FRE > T r BT SRR 1TSS ZFHME > U E 7 4D
R 2 FHEY -

Ishihara(1993)45 1 — A MR T2 0T 3 2 5 5 ¥ Loggat § 42
(Dry Deposition Method) ~ /% ;% 7 *# ;% (Dry Tamping Method) ~ /& 1§ /% (Wet Tamping
Method) ~ -k ¢ it "% /% (Sedimentation Method) °

Dano et al. (2004)#% ! i * Fontainebleau NE34%) £ = f&Seine River®) + = 7

Z R WIER AR o v R dg DR S e R g N 0 % K )~ 90cmF
E /210cm2PVCE » AL g4 B ch P * 2 4R B RS IRz p
TR T < 390% o WITEARACR] 2.24477F o
Schwarz et al. (2007)4% 1! &g %’é"’ AT B E S5 lem -~ £
91.4cmz PVCH o % &PVCH T+ Lacr R 474 » £ 2/ 5 7.7cmB ipk A 5 9]
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1.3cm(#4%4.74-2mm) ~ 1.3cm(G £ 2.0-1.18mm) ~ 5.1em(/% 1.18-0.84mm) = f& » 3%
H e AR 1.8lkg/em22 #jF o~ BN o B il BPVCE T 2 R RT 2R A AR ]2
ok B RATE > Ao BT o
Saiyouri et al. (2008)#% 1/ % L )i WEF o {17 54
T BA& o (FH &% R100cm~ E 4210cm2 PVCE ¥ » 117 fo ehd gt el (7201 7
AARIERRZFEM o n 7 PRIER TR AR 225977 o % F AT ER

Z_ARE R R A 5 14.1% ~ 50.8% ~ 63.5% ~ 82.5%¥95% o

Filter

-

Inner tube

1 _pvc

columin

Rubher stopper
Hammer

1] \su'nlccs

First step : filing of the PVC column

B 224 #itr @ iviE4% (3 A Dano et al.2004)

Procedure A B C D E
Top A

Im

[[TTT T

= BV L R S L T
=

No blows hammer

‘s
-~
[ T O T U ]
= b -

Bottom E 7

Bl 225 % PR & A2 5 (4 p Saiyouri et al.,2008)

25 R E LIRS %
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PORAIP AT IRLHEOE TR AELSH A CRA TR
FRACHARM 2 pr o X FIIRP Ao

June etal. (2006)3 % 1o M EOS# 113 5 % 2 %~ » 134 2

‘nﬁ}

T o W UF AR

Bt SRR G E I RAMBR R > A5 VG [ BB R 2 4

=h
3

=

=H

FEoAEFL TR CAAAE RO R FE FE TR TR R
FRFRA I EC) D T B
Fol o M FRRF TG € Tl e M3 R DBk > A S
@ﬁ¢ﬁﬂéﬁﬂiéﬂéi£ﬂw\i£ﬁﬁﬁéﬁ?lko
Chang et al. (2014) #$f1* £33 ~ gt B4R 2R 1F2. 7 R E 7 50
(RO J01- A= S| T g A E 100cm » 4R * b AR R B pRd R
BAmm g R KT A PAEWY R ATl s R o T AFp
uﬁiﬁ&m%wm@mnggc%ﬁ»,wuﬁﬁﬁﬁ%aig’aaz»%
RVCHFERFAOEAL o FISAEER - TR Az F 0 ‘{fﬁ?‘;ﬁ@ﬁ“ kR
Ghs L F N IE L 0k F R ik Bh
memmﬁmmiAAy%%n&iﬁiﬁuaﬁﬂﬁ&&ﬁg¢%1@ﬁ
- R Rk o do B 226977 ¢ @ & R30cm > BT 1E 2 gk

FALE R E&REA] > DR AD 105CR BB EIRT AN AR SRR -

o

Autosampler

pump

sample
@)

M 226 - ¢4 @#3%% (# A Linand Lin, 2010)
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»
>

o

> ~ Y ~
¥ P32

=

=5

=7

FELED PG AT RGBT S R LA

;.l

o R A ERENERL EETT R PR ) ST M AEH T RS
Bost e FRAIMATEFRRENBHR LI DT LRAAF RS
E ]\J}iJ*ﬁ'}@q’ 39N b RIS Lo A S S L e R

AT RERREE ]\iilh‘)ﬁ%’* g TORF AR B T F' EOE- N E¥S
BT B* R ATBELI S T RE LV A AR PR L FS
FETATEIHASRRL PP 00 FREF RN EATRTHES
BT M B AT BT Gk L BB R L P D
3c % B @iﬁﬂ;ﬁ;ﬁgﬁ%@p 0

AFL 3 RERER R R G 8 BT PRISA F S AR
SR TR TR AR 2 e R R P3RS F R
MR AR A TR BRI AR TR
3.1 @FE&E
3.1.1 vé‘nsﬁf’/z‘ ]"} ?’

AR TR Y 2 2o SRS BRI 250 ) B ERER) 403 3% B
LERER AL01 ] HebgA L F ke dhd 20§ (WoB] 3. 4T) 0 Bl
< o] R iz J5 Wentworth (1992)2. T & (402 3.1 #7571 ) o 5 W & * proTig olen
Brm o g 0 & RS EREE) 403 R R A RE R ey B g R
X ERER 2507 RS A ep Y B2 B 2 BX ERER AL01 3R] E
* kRS L 2 B

AFT G R 3R PR TR FRER 0 2 R Gl 8 B Rk

T 2 GRERE) 0 LRERF) TR Y 2 R EREAE R R £ o d 3.2 41 o R
MEFNZHREE IV E 2B A RRE 2V IR 30QT-
MIXER - 4] 3.2) » & 72 OIRPM 2z i #8320 4 48 0 & & G/ M L Ao 305 ¥
e

Eé"o
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AR ERE; 250 )

B.E+ #4% ) 403 7]
IR e

C.E+ # A101 )

231282k RPR L TR

<R LR (23] “CLER () 2 4f(Wentworth 4 )
<-8 >256mm >10.1in £ F
-6 to -8 64-256mm 2.5-10.1in <L
-5to-6 32-64mm 1.26-2.5in e fe 7
-4 to -5 16-32mm 0.63-1.26in Fe 7
-3to -4 8-16mm 0.31-0.63in vOE e
-2 to -3 4-8mm 0.157-0.3lin fmd
-1to-2 2-4mm 0.079-0.1571in 1 fm 7
0to-1 1-2mm 0.039-0.079in T AE #)
1to0 0.5-1mm 0.020-0.039in FeF)
2to 1 0.25-0.5mm 0.010-0.020in vEF)
3to2 0.125-0.250mm 0.0049-0.010in )
4103 0.0625um 0.0025-0.0049in & o F)
8to4 3.90625um 0.0015-0.0025in * F)
>8 <3.90625um <0.00015in k2

B 3.2 @5 F#E+1(30QT MIXER)
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2 32 AT R LR

. 4 P
A VB ERE RS 250 4 BT A 3 e gy ¢ % )2 @ (Dso=0.55mm)
B ERER) 250 4
b é if’:iii‘g;/%% :} 250 422 403 Al E E v 2 1853 R 4
VE N IR )
B ERER) 250 7
1 VE 7 £ A g AlipE B S0 g A
4 VR < EEIER) 403 F) 250 )¢ 403 A R E B b 112303 R L
D 2 g ER ) 403 4] Fs 3002 ¢ %7 mF) 2 B (Ds=0.2mm)
B ERER) AL01 3
E 2 ,Z 'é%i@z 40(; a.J] ALOL 2|2 403 4] £ B vt 6] 120355 32 &
I - /
X ERER ALOL 3
i (’ ii—;;’/ 403 4 ]] Al01 322 403 i £ £ ) 1 10323 R &
5 mm'
& )
= @%iﬁihAMIq %+ EHEF) A101 1](99%<0.074mm)

312 BB 2 A AR

1. B&Hp 2 &

v £ (specific gravity) T & 2 M enE mE g kenE mE 2 v mo— 41
Bl € 426292 F 8365 265240425 %+ ASTM: D854-
022 k> 2ahd > 7 LERERwHE Y B2 0 £ 0 U5 2,658 264 3

PR R BB I T

(D)%% 78 0 2 MEAR% % ¢ (ASTM D854-02)
WRRFLKA

WEHL RN AR FREAT LA )

% £ 5 500ml 2 5 -

44 (Oven) : ¥ 12 @ A & 1101 5°C(230T 9°F) 2 58 44 -

8 & 3+ (Thermometer) °

CE TS IR S Y B K
GEETE X
A B FE2 G Ws(drs pARZRE 22 o Bk £ i

;{;‘,@'nyfﬁ;g_),ﬁ)prégilj\ P EFERIR AR TR &F‘—}ﬂ,ﬁi}\o
B FAHEILPEARD 3408 0 F B2 EAART 1208 -

B, “ET I EHRKEA 10 A P BRI R 2B
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LG R RAAITIRE -
C. #t £ FA-k 12 H 2 540 £ 80k 6 ok 2 S ioiE o £ )
WESfeR 2 EE 0 Woo fr2 R Tx(C) ©
D. BimTRPEAEAR S TX(C) P22 g £
Ws
We + (Wa — Wh)
S Ws: 2 ficE v g
Wa:it £33+ k€ (TXC) > g
W @ v £ 55+ Rk E (TC) v g
Tx: ER WoPF2Z B B > C

G(TC/TC)=

2. HEkF) I 2GS AT
(D)%% 78 0 2 MEAR% % ¢ (ASTM D421-85)
WE A B RS EERER) 250 3] B S BB 403 3] 2 R < EE
BR) A101 2] i 2 b GIIR & 2 fie o 20T A 4711 ASTM D421-85 2_ 385 =
BT RERBRIPAA 2
(2)3#s%k# B¢
A, g B2 s d in;ﬁi:a‘_(ws) '3 0.1% MR -
B. Ak BN FEY Aok RIER - @
C. #Fz 3 -ke 2 T > TRt 75 RiFeE kg - 2EH&G L o
M EEE_165LG A > 200 5L AT

D. E#ikisl» 3 BN £ R EHF IS kFiE L

]

Bl FEEE 23Ry FEN R RS FF IR kLR
B o480 2 11055 C(230E9°F)2 g R Fc I 87 % 5 0k o K
Bodlo bgr s BAEE o HAERE 0.1% o

F. #4E8&(F 45102040 100 > 200 8 2 & 47 )(100 55 & e 4 )
31T )klggiE » TR B 2T RS o BgfkE ~ B k2 oo

FEFE o LRI G AT RN EGFIBEL 0 EFER
FHAELE - AEP T RETGEH LR 1R

G il RABTELEHL LRRL

g

3
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3. RBEmp I gt £ AT
(W% FH 2R ERE € (ASTM D422-63)
()22 3
A. P~ 43 50.00g 20 54 A F i 3E 200 BLEF 2 (Ao %k A TR S S
B om i 1B 200 5L 65 2. 4 EATIE 1090 crE) o Byt % ~ - T £ 5 250ml
2R 0 RS- 125ml 2 4902 RBRRL AN B R TR N B4R P o 0t 49673
B2 ST B-40g DR S RS B~ 1000ml 2ok P A e
B KRR RS FATH A B E - B e
B. * - I iEdry 2 2 R AL S R B 12 B
boo dgedr P20 3 R 2 3 0% 8]~ R iR 84547 (Dispersion Cup) v #-7k
e EE P B P 1/2 & 2/3 0% 0 R ERBRITE - Al o

s

C. #ipr ¥ #7F iR & 4 | » Uk £ 4ok & %457k 5 1000ml 2
2E o X P ARIFLEIRFL o

D. 7 ehibi-gimm® Bk 2 £ F 0 & 742417 £ §(Control Jar) -
- 125ml 2 4% WhERELAN B R r BP0 4 FE 4R & -k 2 1000ml
2% F D -

E. * ¥ & Nol22ZH A EHEEFr B FL e

lfF*;
Eis
et
=2
!

F
)%«&1 ‘74 4 inxl‘f‘%‘ o)"}:'b y # %‘-ii#{l‘ﬂ "’i._% i?’ﬁlﬂi%"j’
— A4 H5 ) 30eme B kv 100~120 % o il iE BF FeE AL b
MLk R > 2 A L £ F L E3h 2 fmant ] s it 342
»REP e
F. BAF 82 PR 5 1550 RS E 305> 1 4 2 At £ieifdce
(ii%ﬁ2¢ﬁ%1§&§’iéﬁﬁ%@#@’ﬁiéﬁﬁiiﬁﬁ
HEATAIRE S0 o RUEEE F R AR RPN o BB R R -
w2 AEPE L E S o B B e B EAEkZ R
R FR L m 253 30s £ 7% r o > ¥ AL S5
15530 > 60 > 120 > 240 > fr 1440 A o 23 b £ 323 Bepd > o pForsod
DI I s AE -1
AP T HEPRSE ST R B A2 W ERRE T R
AASHTO 4 #¢% 2 5 Ao % d R4 w4k 33 2B 33 #r7 o ¥t %4 Hazen
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(1930)#ri2 sk ¥ 3022 93 ) » H 3% GHcnEsh S 5 ¢

BHe tci- ¥#,kod 1~15;DiosF ool Hixmme Brc 5 1.250 3+ %
LRmF) 2% B Ardk 33 97 o

# 33 3F%p €~ #UE2 AASHTO » 4 %

o Dio D3o Dso AASHTO | %—- A~ | %% taik
WRE) | V" E , o
(mm) (mm) (mm) AR~ ®g & 3L | (cm/sec)
A 2.65 0.35 0.45 0.55 A-1-b(¥)) SP 1.5%107!
B 2.65 0.2 0.3 0.52 A-1-b(%)) SwW 5%1072
C 2.65 0.16 0.22 0.33 A-3(ZmF)) SW 3.2*%1072
D 2.65 0.13 0.18 0.22 A-3(ZmF)) SP 2.1*%10?
E 2.63 0.07 0.25 0.3 A-4(& 1) | SP-SM | 6.1*10°
F 2.63 0.02 0.19 0.3 A-4(&2) SM 5%10
G 2.62 0.004 0.013 0.2 A-4(&2) ML 2%10°
H 2.61 0.003 0.007 0.012 A4 1) ML 1.1*10°

g 30

10 1 0.1 0.01 0.001
Particle Size (mm)
—— A —=— B C n ——  —#— [ — g —8 H

B 3.3 F&AFUATL Tl AR

3&3§?ﬁﬂ;gﬁ?
S EEE 23 iﬁ“? b B AR T RE F PR L] KRR
BRE o L - AR TORERE Y L XL R ATER S B T E kS
FOApER R 2 AL RR 0 & FORF B 22 e e
FRREYE 4 208 Y PR REE T L F B R § R ELRY A
AR WE A
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mEm AR G FIENT T LREFORATE & bl e A
# (Emulsified Oil Substrate, EOS®) ~ ## & 4 % HRC % 7| & 5-(Regenesis Inc. USA) -
PermeOx® 4 71 & 5(FMC Corporation, USA) » 12 % EcoClean % 7| # &(ECOCYCLE
Inc. Japan)# » 353 & F2 3 HFLF ¥ T o AREP TG B E B EAE DA
M@ & SR MEEFEEN ~ o BZ B2 42577 L 5 & 2 H (Simple
Green fo#Pgirq)2 54 A A F(MLP > F &P % 52010)> 2 PlERy g ip &
QOISR H 2 & 5 % B (BiE A JRAT) PR B(E A JRAT) 4 57 42
Frow 542 & (Simple Green % “PREFG)M & M H2 LR AE 0 T FERT X
TCE A 4 en¥a(3R7 &0 3 2P > 2013)c AF I = A7 P AT 2 12H
Flded 3.4 T & Aritde s o

1. §vi i A % (Emulsified Oil Substrate, EOS®)

a>
et

FU it K (Emulsified Oil Substrate, EOS®) & &-¢hi & > & 455 @ &

% B b (49.9~59.842% )~ S e (4~8+£0.2% )~ ‘s & (NP A& ¥ ?F i 4

B ABI2)2MEFAFE B ARBLMESFT 2T Rz g B

R A2 AT ED Y 2 BEFRNARR AL HEKE Y A
(G ) hipse RIS RRBE PR d S ERBAFLFT -

EOS “tpLZ 54 v ¢ ~ARf KRR MR 3.4 #r7) 23 ~ &3 8 U9 2

—

)

B
R

wRif 0 Bt E 43 0.96~ 1.00 g/ml > 20°C PFEP EEIF 126 5 370~380 centipoise ;
SO TR 2 RS o R RS (Ium) ] 3 A RA B R K TVH(- A 2 R AR
B s 22 3 5 5 20~100pm) > 2 SR A G F G f AR T T R AR
P B R PEALIF L T R T R R R
ATGHATERZIHIEER G &7 F AU N E iR BFNFEN IR

PR

2. #3134 F HRC % 71 & &(Regenesis Inc. USA)
HRC % Regenesis > 7 22 2 & PR B aF&2Z AT 2240 545
% 5' & 3 3¢ (Glycerol, Tripolylactate)> # {1 * F* e B agd= Ha priv* 2 2 4 4 >
MEFLERFITREF LY ZFCFREREPEE o Ba BF G

ZEgezie TF RS A PRS2 § 2 Y o HRC 3 7hBUITo0dh Bk 2

AP (Ao 34 5t7) > BA S B F o sek o B0 E 95 13(g/ml) 0 H Ak
40
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AT 20°C PR 5 190~200centipoise °

3. EcoClean % 7 & 5 (ECOCYCLE Inc. Japan)

EcoClean # %% P ~ ECOCYCLE = @ #7## 2. & &> % L& Ry 2 4

HHRAF - FAEEFHFFE A RS
0o R (el 3.4 47w) 0 BA  EEARF R BARFT 2009 5 4045

EE

centipoise °

L 34RO SBAT LA ALY

x50 AL | HRE | A
EP X g F ek iR B ;
B?_ ﬁ %’iji pﬁ (20°C ,centipoise) b 'J (25°C ,centipoise)
) 0.96~1.00 1:10 30.6
EOS L d AP~ ek | 9 1.0um 6-7 370~380
(g/ml) 1:20 23.5
1:10 175
HRC |#3a¢ | 1.3(g/ml) o PR NA 3 190~200
1:20 78
EcoClean | v ¢ NA VR NA 3L 40~45 1:20 13.3

A.EOS®

B. HRC®
Bl 3.4 2FT§ it * 3 AT R

C. EcoClean

ERAFTNIEI LI kY P SBEBEFORECAT §8 2 fa v
PR A BT G o AT A A TR TITHRREKR T EREF L EEFR 47
Yridsk i * 2 48 (homogenizer)it (7 > 4o 3.4 #71 o R A kR 2 5t &

KE e rd sl T AW 3 45 2410 s IEE 1S

s R ELTF R
e ERERTES TN St S L L LN
FRREAD PRI T R

IR

T o

Mg FEAEF A T O AT I R 2 o
AP 2 LR -

BSE R A4S

41
doi: 10.6342/NTU201800181



Rt SAAT ERF R IEDT MR R s sk "% BcoClean #r§ +*
5% 1:20 *F » EOS 2 HRC R4 %14 1:10 & 1:20 +* L’wjigﬁﬁ-ﬁ o F] A BTkt R
RIRARE R PTG o T AR R S R T AR R AR R
B3R TR G R AT R RO R AR 34 5
314 BHRpHPELRE* 2 i

AP Y AR RBEMZ TH A R R~ P GRT AR 3.5 4T ) 0 Jpt L w4
APk EA Y 2B R A R A Y R RRE P gt TR A &
AR IR
Lt enat B & 590 0 R3ESA) D DG H Y
2AHMEE G RF kS BEBP D REA L B PR

Terzaghi and Peck(1948)+3 45 1% 2 (1)#& d1ia+t 2 Dis &35k F)2 Dss2 W £ 7 /|
WENAF|ISZF 0 &2 T Nerg

Disr < 45

Dgss)
AR REMEEQR) HEREHZ DisEREFHRFZ Dis2 VB g 24552
o e g
Dis5(ry

——= > 4~5
Dys(s)

T

G iRt R ]

Bl 3.5 - SRt @EskoTie 2wt
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32 RS BT B
3.2.1 iEAFERRT

AT ARD DL TR E T IRRPITNR T RS AR P ez AT
B TR R RN R UREFRIMN RO M EBELE S 2
B ta > Mig- AT HFBRY v (T o

BOAETER 3 AEE YR TR RS AL AT R H A B

FFrEm o B SARAT 1010 B 1220 v bl AR B2 Jlﬁo?ﬁ » 1
FEFR(p)NERT2 4 o 4 5 A3 2 4p B 0% | (Helal and Krizek, 1992;
Clarke et al., 1992; Zebovitz et al., 1989; Markou and Atmatzidis, 2002, 2003; Akbulut
and Saglamer, 2002; Ozgurel and Vipulanandan, 2005; Schwarz and Chirumalla, 2007) -
SRR LB S 1SS 2 B HA RS B R Ay
ML EE 15 BICHEA KRR URLOATHAE -

ForMn R RN T A ped ofe ko L TARFSAER 0 TFRF A S
POEERS GEF ) KB ARHESR > SR TG SR REF R c ARF R S

RS AR TR CERA R o FRAAFPAFRASILLTEF A

R R A B B A 2 P B F R R MR R ) F 2

B(H25 R)T BT o

BaRskF B R0 A > B2 3 48 Ottawa 28 7) ik 3 b et e B 2800 < |
PR Rk oA 2 BERE A W R - M ARB R TR T RT A
I PE2 2 R R > T 2 gk T $3(Dio, D3o, Deo, Uniformity Coefficient Cu,

Coefficient of Curvature Cc) it % 3357/ 48 2_ FF 14 o

AL ATAT 2R RFEM2 IV F 5 38% I S A Y RERE%F)
PVC]FH‘%E_‘E'\:‘HTHTJQ ﬁ-ﬂ s T%/\P/’h‘zé‘ 1 TE'_—'%%AV\QJ_%_)‘/),%‘F";’E’/]

S5cm Zojp it M Ak BEREIZRA 0 R WIT s EF RS B GSS
BTN o e A1 TR IT L 2 BB R Ao ()T F
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SRR RIIERHGAME A P AR AT M KRR 2 B BB S o
dNRIIRBE AR ATIRIIRS BT R R SRR AE L Bk
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5 23U
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AR SERFREFAFTR2ZWT A8 1 %4 Taiwan Hard Rock Eng.
Co.Ltd 2 Ry 483K & » RFIX 7T - EF &R E % * 2 3 2 F i (High
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(UEER Ea i R R 1R Vi S Rl SN E S R
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*7 3 %% Sze and Fan(2008)#74% 11 2. 3 ) %58 # ch‘%? i AR R NF
PI8-891 » ;g sxqkitfs » 22 - R BB RIAILFHRUA - AL LB ERFHR
PR A LR A TR RGN F RS SR A P B
BIRA > ERE LR A W4T
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No. 1) (2 3) 4) (5) (6) (N~(12) (13) (14) (15) (16)~(17)
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AR T Rk R DT P %‘réﬁ“ bl o A WIS 2ZAT
Paiiad 2@k o BHRERY NHTHAAIRERZ T PREEFER
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«
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2015) > dadhE R Fl SRt G R IV SR A AR A
W EPRE VEILE R - FEKREE T RS R R o E TR D
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Permeation Grouting Test Residual Test
Sand Sub'strate Endil,lg Endil,lg sI:‘I;G;::f:e Ending Sub.s trate si‘l;(:::ag:e
column (dllflte Gro?tlng Gro.utlng grouting test time residual outflow
ratio) Height Time . percentage
(cm) (sec) rate (min) (%) ratfe
(cm/sec) (A/min)
A E (1:10) 90 1280 0.0703 1680 42.18% 0.3442
90 1250 0.0720 1710 37.60% 0.3649
B E (1:10) 89 1620 0.0549 1740 43.21% 0.3264
86.5 1620 0.0534 1530 41.11% 0.3849
C E (1:10) 85 3600 0.0236 1800 61.78% 0.2123
84 3600 0.0233 1720 64.36% 0.2072
D E (1:10) 62 4800 0.0129 2400 65.68% 0.1430
57 4800 0.0119 2400 66.46% 0.1398
B E (1:20) 61.5 17460 0.0035 10080 75.34% 0.0245
59 19620 0.0030 10080 76.06% 0.0238
F E (1:20) 42 33000 0.0013 10080 95.21% 0.0048
43 32000 0.0013 10080 95.37% 0.0046
90 820 0.1098 2830 53.19% 0.1654
A H(1:10) 90 800 0.1125 2700 59.15% 0.1513
B H (1:10) 87 1320 0.0659 2700 58.68% 0.1530
87 1440 0.0604 2700 59.85% 0.1487
C H (1:10) 83 2940 0.0282 2830 74.77% 0.0892
83 3000 0.0277 2880 71.89% 0.0976
D H (1:10) 73 3480 0.0210 2690 70.88% 0.1083
71 3450 0.0206 2360 72.30% 0.1174
E H (1:20) 61 18600 0.0033 10080 75.81% 0.0240
62 21600 0.0029 10080 76.83% 0.0230
F H (1:20) 48 21000 0.0023 10080 95.13% 0.0048
41 14000 0.0029 10080 94.92% 0.0050
90 740 0.1216 3000 0.10% 0.3330
A € (1:20) 90 700 0.1286 3000 3.23% 0.3226
90 1080 0.0833 3200 13.53% 0.2702
B € (1:20) 90 1050 0.0857 3200 9.21% 0.2837
C C (1:20) 90 1300 0.0692 3200 17.21% 0.2587
90 1200 0.0750 3200 9.51% 0.2828
D C (1:20) 90 1650 0.0545 3000 23.38% 0.2554
90 1800 0.0500 3000 24.78% 0.2507
E C (1:20) 57 21600 0.0026 10080 73.32% 0.0265
54 21600 0.0025 10080 72.12% 0.0277
g C (1:20) 45 36000 0.0013 10080 94.52% 0.0054
42 36000 0.0012 10080 94.16% 0.0058

Note: Grouting rate is the ratio of grouting height to grouting time. The average outflow rate is the ratio of
(1 — residual percentage) to outflow time.
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Substrate Soil Grouting and Persistence test

Parameter Vis(c;;ity Dio Do Deo Cu Ce G:Izlgtli::g Gl;)ill:lng GrRo:tt:ng Oll:t::w
Viscosity (u)  1.000 - - - - - - - - -
Do 0.155 1.000 — — — — — — — —
D3 0.039  0.714°  1.000 — — — — — — —
Deo 0.079  0.812° 0.899"  1.000 — — — — — —
Cy -0.155  -0.771"  -0.257 -0.348"  1.000 — — — — —
Cc -0.155  -0.829" -0.486" -0.638" 0.486"  1.000 — — — —

Grouting Height ~ -0.088  0.876°  0.528"  0.621° -0.758" -0.749"  1.000 - - -
Grouting Time ~ -0.054  -0.929" -0.598" -0.718" 0.754" 0.769° -0.927°  1.000 - -
Grouting Rate 0.026  0.941°  0.623" 0.731° -0.759" -0.786" 0.947° -0.994"  1.000 -
Outflow Rate -0.175  0.869" 0.510° 0.605" -0.716~ -0.784" 0.885" -0.846" 0.859"  1.000

Note:

1. Grouting rate is the ratio of grouting height to grouting time. The average outflow rate is the ratio of
(1-residual percentage) to outflow time.

2. The number of samples was 36 groups. Correlation coefficients were calculated as Spearman’s rank
correlation coefficients.

3. *:P<0.05, exceeding a confidence interval of 95%.

o7 doi: 10.6342/NTU201800181



FHEAZFE L @ F2 ST AT ANRRHEFE D0 p Rl SR
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2 12(6)~(11) °

Grouting Height(cm) = 113.06 4+ 18.15 X In D, (6)
Grouting Time(sec) = —15036 — 11233 X In D, 7
Grouting Rate(cm/sec) = —0.0109 + 0.333 X D4 ®)
Grouting Height(cm) = 113.84 — 0.0083 X u + 18.28 X In D4, ©)
Grouting Time(sec) = —13525 — 15.91 x u — 10988 X In D, (10)
Grouting Rate(cm/sec) = 0.0092 — 0.0059 X In u + 0.340 X Dy, (11)

EAN(6)E AN 0 Hiw il LR A S G 0.847 &2 0.806 0 ©
Hp R4 DiosE 2 P value /| 3% 0.05 > %57 H b p AR #A  2 Dio ¥ #es W
B R A iéii%%“@ﬁﬁﬁp?% R R B R Lo BRI
BB RZIRAPEISL G R ABES o8 b r BFARBEFRRF(S )8
237(10) 0 2 R2zc £ 4 6 42 0.001 2 0.007 » B o dFT 7 2 BB E T
PRV HTREIZRZBEAIFE T K2 R4 -
FHEBY Do RBHELEF TR FE o du fF o IR E Eh e
fFrerapF ARG A RPegEd 0.806 %~ 0.022 3 0.828 » & LT 22 2
B e s pf@Eiid s Ep DR FFRi U2 b
MR (52 R R R R AR 43 S o
d 28D > § Diodtx » R EARBRPPRITARS > FRAPIVEF A T
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MgLE S o d RN R RS RELE
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F 1 0.0022~0.225 mm 2. B b > JLRTAEAF R o R 2R A 3T 13~175 centipoise e
AT RRIBLRER LM R i R AT E R

PR AT HEY ARG T 100% 2 AT F L fod nE R 2 @i L T

PR A gt 2N (12) 2 20 (13)4 B 5 H by p R 52 Dioo 2 4o » FRF

Bfs e % o

Outflow Rate(h/min) = 0.392 + 0.108 X In D,, (12)
Outflow Rate(h/min) = 0.468 — 0.00080 x p + 0.121 X In D, (13)
H s p AR A 2 Do R T oA e fipr Hae fF e d i

%«ﬁ»aaﬁamiﬂzﬁﬁﬁaﬁ4~;ﬁ»%ﬁ&@‘ﬁﬁ@’ngﬁ%ﬁ

—n

(u

#0161 2 0795 £ 7 AFHMT § ra o & FHAFLE b ERTER4

% -
% 43 H Jp Dio SHer 4 » A07F B S 4R bt fF 2 % 00 ik
Regression Regression Coefficients
Parameters R?
Models Constant D1o 1
Only Do 113.06* 18.15* - 0.847
Grouting Height

Digand p 113.84%* 18.28* -0.0083 0.848
Only Do -15036* -11233* - 0.806

Grouting Time
Dio and p -13525%* -10988* -15.91 0.813
Only Do -0.0109* 0.333* - 0.806

Grouting Rate
Dipand p 0.0092* 0.340%* -0.0059* 0.828
Only Do 0.392* 0.108* - 0.634

Outflow Rate
Dip and p 0.468* 0.121%* -0.00080%* 0.795

Note: *: P<0.05, exceeding a confidence interval of 95%.
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120 4.60% | 3.89 | 88.84% | 120 4.64% 3.94 | 89.11%
240 291% | 434 | 79.49% | 240 3.05% 439 | 79.53%
280 206% | 4.44 | 77.43% | 380 1.74% 4.63 | 72.57%
450 0.83% | 5.00 | 72.35% | 540 0.88% 572 | 68.21%
560 0.67% | 5.83 | 70.65% | 790 0.21% 6.51 | 65.36%
820 0.24% | 6.51 | 68.19% | 960 0.09% 6.43 | 64.82%
1490 | 0.32% | 642 | 64.26% | 1160 0.07% 6.51 | 64.48%
1640 | 0.25% | 644 | 63.37% | 1620 0.22% 6.67 | 63.09%
2550 | 0.18% | 6.55 | 59.30% | 2520 0.07% 6.68 | 60.37%
2700 | 021% | 6.67 | 58.68% | 2700 0.20% 6.61 | 59.85%

c.z B EcoClean ###' i) 1:20
=3 fonie | pHE | A7 S | PR hnie | pHE | AT F
(#48) | kR (~ 42) kR
0 3.36% | 5.68 0 3.39% 5.38

60 3.49% | 5.61 | 96.33% 60 3.27% 537 | 96.43%
120 333% | 545 | 92.68% | 120 3.24% 540 | 92.95%
180 322% | 538 | 89.17% | 180 3.31% 542 | 89.44%
480 2.84% | 535 | 72.95% | 480 3.02% 547 | 72.49%
960 226% | 537 | 51.10% | 960 2.46% 552 | 49.02%
1680 | 1.09% | 6.11 | 29.57% | 1680 1.27% 6.01 | 25.07%
2160 | 0.78% | 6.44 | 21.54% | 2160 0.62% 6.59 | 16.98%
2880 | 0.24% | 6.53 | 14.98% | 2880 0.34% 6.74 | 10.81%
3200 | 0.27% | 6.61 | 13.53% | 3200 0.22% 6.51 9.21%
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Ci#HEHH

a3 ¥ EOS ## 6] 1:10

PR MnR | pHE | AFS | WR | MR | pHE | AF S
(~48) | kA (~4) | kR

0 1.12% | 5.16 0 1.10% | 5.26

15 1.21% | 5.13 | 99.83% 15 L11% | 5.14 | 99.83%
30 1.26% | 5.03 | 99.64% | 30 1.12% | 5.10 | 99.67%
45 1.61% | 495 | 99.42% | 60 1.77% | 5.07 | 99.23%
80 3.74% | 4.85 | 98.49% | 90 3.32% | 4.92 | 98.47%
120 | 411% | 486 | 96.92% | 120 3.64% | 484 | 97.42%
180 | 4.47% | 487 | 9434% | 180 4.09% | 4.86 | 95.10%
270 | 4.95% | 4.89 | 90.10% | 210 440% | 485 | 93.83%
370 | 5.19% | 4.90 | 85.04% | 310 493% | 493 | 89.16%
560 | 4.85% | 497 | 7551% | 500 517% | 498 | 79.57%
900 | 0.87% | 7.11 | 65.79% | 840 1.02% | 7.02 | 69.05%
1680 | 0.13% | 726 | 61.90% | 1620 | 0.15% | 7.10 | 64.49%
1800 | 0.08% | 7.26 | 61.78% | 1720 | 0.11% | 7.24 | 64.36%

b.z F HRC #§8+ ) 1:10

P Mk | pHiE | AGF | B hynike | pHE | AT F
(~4) | kR (~48) | kA

0 3.07% | 3.83 0 3.24% | 3.90

30 3.72% | 3.86 | 98.98% | 30 3.51% | 3.82 | 98.99%
60 3.79% | 3.96 | 97.86% | 60 3.67% | 3.85 | 97.91%
120 | 4.49% | 3.89 | 9538% | 120 426% | 3.93 | 95.53%
240 | 447% | 4.10 | 90.00% | 240 470% | 425 | 90.16%
400 | 297% | 441 | 84.05% | 380 3.48% | 429 | 84.44%
560 1.26% | 481 | 80.66% | 540 1.57% | 5.02 | 80.40%
750 | 0.22% | 633 | 79.25% | 790 038% | 632 | 77.95%
980 | 0.18% | 632 | 78.79% | 960 042% | 636 | 77.27%
1190 | 0.22% | 623 | 7837% | 1160 | 0.29% | 6.49 | 76.56%
1640 | 021% | 643 | 77.39% | 1620 | 034% | 6.52 | 75.10%
2650 | 0.23% | 6.52 | 75.15% | 2520 | 021% | 6.65 | 72.60%
2830 | 0.19% | 646 | 7477% | 2880 | 0.19% | 6.65 | 71.89%
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c.z2 B EcoClean ###'* i 1:20

PR e | pHE | RF S | ER Mok | pH®E | AT X
(& 42) kR (# 42) kR
0 3.48% 5.4 0 3.44% 5.32
60 3.44% 53 | 96.68% 60 3.47% 536 | 96.68%
120 336% | 533 | 9341% | 120 3.53% 538 | 93.32%
180 3.12% 54 19030% | 180 3.29% 536 | 90.05%
480 290% | 549 | 75.86% | 480 3.19% 536 | 74.50%
960 233% | 561 | 55.77% | 960 2.50% 546 | 52.65%
1680 | 1.59% | 5.84 | 33.19% | 1680 1.82% 596 | 27.76%
2160 | 0.72% | 6.33 | 24.32% | 2160 0.85% 631 | 17.50%
2880 | 0.32% | 6.45 | 1835% | 2880 0.27% 6.64 | 11.05%
3200 | 0.13% | 6.52 | 17.21% | 3200 0.33% 6.67 | 9.51%
D @)
a. ;A 5 EOS ##t & 1:10
P Aok | pHiE | AT S P Mk | pHE | AT X
(~48) | kA (~4) | kR
0 0.22% | 5.86 0 0.31% 5.69
30 0.26% | 5.78 | 99.93% 30 0.32% 5.65 | 99.91%
60 0.48% | 561 | 99.82% 60 0.42% 559 | 99.80%
120 0.86% | 534 | 99.44% 90 0.53% 548 | 99.67%
240 2.83% | 513 | 97.34% | 120 0.66% 526 | 99.50%
480 3.87% | 5.12 | 89.70% | 270 2.89% 512 | 96.97%
800 454% | 526 | 76.91% | 360 3.50% 510 | 94.23%
1080 | 2.00% | 6.75 | 6822% | 620 4.48% 524 | 84.37%
1230 | 041% | 7.02 | 66.51% | 800 4.42% 534 | 76.77%
1420 | 0.05% | 7.17 | 66.10% | 1200 0.55% 7.09 | 67.32%
1530 | 0.05% | 7.18 | 66.05% | 1350 0.05% 722 | 66.89%
1710 | 0.05% | 7.23 | 65.96% | 1550 0.04% 731 | 66.80%
1800 | 0.05% | 7.24 | 65.92% | 1650 0.05% 733 | 66.76%
2400 | 0.04% | 725 | 65.68% | 1720 0.05% 736 | 66.73%
2400 0.04% 734 | 66.46%
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b.2L % HRC #+ & 1:10

PR e | pHE | RF S | ER Mok | pH®E | AT X
(# 42) kR (& 42) kR
0 2.66% 3.87 0 2.58% 3.745
30 3.06% 3.88 99.18% 30 3.24% 3.743 | 99.17%
60 339% | 3.87 | 98.27% 60 3.61% | 3.735 | 98.19%
210 471% | 3.87 | 92.50% | 210 4.59% | 3.732 | 92.35%
240 4.66% | 3.87 | 91.16% | 240 4.58% | 3.714 | 91.04%
300 471% | 3.89 | 88.49% | 300 4.66% | 3.753 | 88.41%
420 438% | 3.88 | 8331% | 420 4.24% | 3.739 | 83.33%
600 215% | 436 | 71.72% | 580 2.57% 412 | 78.15%
795 0.44% 6.32 75.32% 755 0.74% 5.98 75.40%
1130 0.18% 6.52 74.33% 1090 0.14% 6.565 | 74.00%
1560 0.13% 6.49 73.69% 1290 0.16% 6.848 | 73.72%
1630 0.21% 6.52 73.58% 2300 0.12% 6.738 | 72.39%
2560 0.15% 6.78 71.99% 2360 0.18% 6.69 72.30%
2690 0.13% 6.61 70.88%
c.72 % EcoClean ##ff+t 7] 1:20
PERF | Uik | pHE | RFF | PR MR | pHE | AT
(%) kB (%) LR
0 330% | 5.33 0 3.45% 5.35
30 322% | 534 | 98.51% 30 3.53% 5.55 | 98.53%
60 325% | 539 | 97.04% 60 3.48% 5.62 | 97.05%
120 2.88% 5.42 94.24% 120 3.12% 5.57 94.26%
240 2.68% 5.51 89.17% 240 2.89% 5.61 89.18%
480 2.58% 5.67 79.58% 480 2.78% 5.51 79.61%
960 2.13% 5.77 62.40% 960 2.32% 5.77 62.38%
1440 1.92% 5.92 47.62% 1440 1.91% 5.90 48.09%
1920 1.52% 5.98 35.07% 1920 1.72% 6.12 35.83%
2160 | 121% | 597 | 30.09% | 2160 1.26% 6.15 | 30.81%
2400 | 0.67% | 6.49 | 26.66% | 2400 0.62% 6.49 | 27.65%
2700 | 0.24% | 6.71 | 24.59% | 2700 0.27% 6.71 | 25.78%
3000 | 0.29% | 6.87 | 23.38% | 3000 0.21% 6.67 | 24.78%
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E #5% 7))
a. 2 % EOS #f#+* 6] 1:20

P fgnie | pHiE | g F | BR Duwik | pHiE | A X
(%) kR (%) LB
0 0.54% 5.53 0 0.64% 5.62
0.5 0.58% 5.68| 97.98% | 0.5 0.61% 5.65| 97.75%
1 0.65% 571 95.77% 1 0.70% 573 95.39%
1.5 0.87% 5211 93.03% | 1.5 0.77% 534 | 92.75%
2 0.81% 5.11| 90.01% 2 0.81% 522 | 89.90%
2.5 0.70% 512 | 8729% | 2.5 0.72% 587 | 87.15%
3 0.51% 5.62 | 85.11% 3 0.61% 6.01 | 84.75%
3.5 0.52% 6.54 | 8326% | 3.5 0.52% 6.24 | 82.72%
4 0.40% 7.02 | 81.60% 4 0.45% 6.55| 80.97%
4.5 0.42% 7.18 | 80.13% | 4.5 0.37% 6.53 | 79.50%
5 0.31% 7.19 | 78.81% 5 0.25% 6.68 | 78.38%
5.5 0.30% 722 7172% | 5.5 0.14% 6.67 | 77.68%
6 0.20% 724 | 76.82% 6 0.15% 715 | 77.16%
6.5 0.20% 725 76.10% | 6.5 0.15% 726 | 76.62%
7 0.22% 724 | 75.34% 7 0.16% 724 | 76.06%

b.A& 5 HRC ##ff* i 1:20
P Mk | pHE | AT e R Mk | pHE | mFF

(%) kB (%) SE R
0 0.47% 5.52 0 0.51% 5.5
0.5 0.67% 5.88 97.95% 0.5 0.66% 5.77 97.89%
1 0.68% 5.87 95.52% 1 0.70% 5.76 95.45%
1.5 0.77% 5.65 92.91% 1.5 0.82% 542 92.71%
2 0.71% 5.64 90.24% 2 0.83% 5.55 89.74%
2.5 0.69% 6.12 87.72% 2.5 0.78% 5.86 86.84%
3 0.65% 6.54 85.31% 3 0.55% 6.14 84.45%
35 0.57% 6.36 83.12% 3.5 0.37% 6.25 82.79%
4 0.47% 6.49 81.24% 4 0.31% 6.37 81.57%
4.5 0.45% 6.78 79.59% 4.5 0.35% 6.66 80.38%
5 0.29% 6.77 78.26% 5 0.26% 6.7 79.28%
55 0.22% 6.82 77.34% 5.5 0.22% 6.72 78.42%
6 0.15% 6.80 76.68% 6 0.18% 6.71 77.69%

6.5 0.17% 6.82 76.11% 6.5 0.15% 6.73 77.10%
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7 0.47% 75.81% 7 0.51% 76.83%
c.z2 B EcoClean ###'* i+ 1:20
P Mk | pHiE | AGF | B hmik | pHE | ARG F
(%) kR (%) kR
0 0.55% 5.53 0 0.53% 5.62
0.5 0.56% 5.68 | 98.00% 0.5 0.58% 5.65| 98.00%
1 0.70% 571 | 95.73% 1 0.64% 5.73 | 95.81%
1.5 0.84% 521 | 92.96% 1.5 0.89% 5.34 | 93.05%
2 0.79% 5.11 | 90.03% 2 0.87% 522 | 89.88%
2.5 0.72% 512 | 87.31% 2.5 0.75% 5.87 | 86.97%
3 0.60% 5.62 | 84.93% 3 0.60% 6.01 | 84.54%
3.5 0.55% 6.54 | 82.86% 3.5 0.59% 6.24 | 82.40%
4 0.44% 7.02 | 81.08% 4 0.53% 6.55| 80.38%
4.5 0.47% 7.18 | 79.44% 4.5 0.52% 6.53 | 78.49%
5 0.36% 7.19 | 77.95% 5 0.47% 6.68 | 76.71%
5.5 0.36% 7.22 | 76.65% 5.5 0.35% 6.67 | 75.23%
6 0.29% 7.24 | 75.48% 6 0.31% 7.15 | 74.04%
6.5 0.31% 7.25 | 74.40% 6.5 0.25% 7.26 | 73.04%
7 0.29% 7.24 | 73.32% 7 0.26% 7.24 | 72.12%
d.2 7 HRC 48+ i 1:30
PERF | Uik | pHE | RFF | PR MR | pHE | AT
(%) kB (%) LR
0 0.34% 5.67 0 0.35% 5.74
0.5 0.37% 5.95 97.44% 0.5 0.37% 5.82 97.41%
1 0.48% 6.05 94.38% 1 0.41% 5.88 94.60%
1.5 0.52% 6.07 90.78% 1.5 0.50% 5.57 91.32%
2 0.55% 6.10 86.93% 2 0.51% 5.68 87.69%
2.5 0.57% 6.12 82.90% 2.5 0.54% 5.95 83.91%
3 0.51% 6.11 79.01% 3 0.53% 6.24 80.06%
3.5 0.48% 6.24 75.45% 3.5 0.49% 6.37 76.38%
4 0.35% 6.49 72.46% 4 0.44% 6.66 73.04%
4.5 0.31% 6.58 70.08% 4.5 0.33% 6.85 70.26%
5 0.29% 6.87 67.92% 5 0.26% 6.98 68.14%
5.5 0.18% 7.12 66.23% 5.5 0.22% 7.14 66.41%
6 0.15% 7.15 65.06% 6 0.16% 7.1 65.04%
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6.5 0.12% 7.13 64.10% 6.5 0.14% 7.16 63.96%
7 0.34% 5.67 63.67% 7 0.35% 5.74 63.46%
F#&p
a.7L 7 EOS # 5] 1:20
pERF | ik | pHE | RFF | PR MR | pHE | AT
(%) P33 (%) P33
0 0.03% | 6.62 0 0.05% 6.58
0.5 0.05% | 6.58 | 99.74% | 0.5 0.05% 6.54 | 99.66%
1 0.10% | 6.57 | 99.47% 1 0.09% 6.52 | 99.50%
1.5 0.10% 6.63 98.75% 1.5 0.09% 6.67 98.85%
2 0.07% 7 98.13% 2 0.08% 6.88 98.23%
2.5 0.06% 7.18 97.64% 2.5 0.07% 6.94 97.69%
3 0.06% 7.25 97.19% 3 0.06% 7.21 97.23%
3.5 0.05% 7.28 96.81% 3.5 0.04% 7.25 96.87%
4 0.04% 7.44 96.50% 4 0.04% 7.24 96.58%
4.5 0.04% | 743 | 96.24% | 45 0.04% 73 | 96.29%
5 0.04% | 7.45 | 95.96% 5 0.04% 7.35 | 95.99%
5.5 0.04% | 741 | 95.66% | 5.5 0.02% 7.36 | 95.76%
6 0.02% | 7.45 | 95.43% 6 0.02% 742 | 95.60%
6.5 0.02% | 744 | 9529% | 6.5 0.02% 743 | 95.45%
7 0.00% | 7.46 | 9521% 7 0.00% 745 | 9537%
97

doi: 10.6342/NTU201800181




b.#L % HRC #H+ & 1:20

PR e | pHE | RF S | ER Mok | pH®E | AT X
(%) kB (%) LR
0 0.04% | 6.35 0 0.06% 6.42
0.5 0.04% | 636 | 99.70% | 0.5 0.08% 6.45 | 99.49%
1 0.09% | 6.42 | 99.53% 1 0.10% 6.63 | 99.36%
1.5 0.08% | 6.53 | 98.94% 1.5 0.10% 6.59 | 98.63%
2 0.09% | 6.61 | 98.34% 2 0.08% 6.74 | 97.97%
2.5 0.06% | 6.78 | 97.81% | 2.5 0.06% 6.85 | 97.46%
3 0.06% | 682 | 97.38% 3 0.06% 6.84 | 97.03%
3.5 0.04% 7.1 | 97.02% | 3.5 0.06% 7.01 | 96.59%
4 0.06% | 721 | 96.65% 4 0.06% 7.12 | 96.17%
4.5 0.06% | 735 | 9621% | 4.5 0.04% 724 | 95.81%
5 0.04% | 7.34 | 95.85% 5 0.04% 725 | 95.52%
5.5 0.04% | 734 | 9557% | 5.5 0.04% 725 | 95.22%
6 0.04% | 7.35 | 95.28% 6 0.02% 7.32 | 95.00%
6.5 0.00% | 736 | 95.13% | 6.5 0.00% 733 | 94.92%
7 0.00% | 7.37 | 95.13% 7 0.00% 734 | 94.92%
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c.z2 B EcoClean ###'* i 1:20
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PR e | pHE | RF S | ER Mok | pH®E | AT X
(%) kB (%) LR
0 0.05% | 6.51 0 0.02% 6.51
0.5 0.11% 6.5 | 99.40% | 0.5 0.07% 6.54 | 99.68%
1 0.13% | 6.477 | 98.54% 1 0.14% 6.55 | 98.94%
1.5 0.08% | 6.72 | 97.78% 1.5 0.10% 6.75 | 98.07%
2 0.08% | 7.25 | 97.19% 2 0.07% 725 | 97.45%
2.5 0.06% | 724 | 96.68% | 2.5 0.06% 724 | 96.98%
3 0.06% | 7.34 | 96.26% 3 0.06% 74 | 96.51%
3.5 0.04% | 735 | 95.90% | 3.5 0.06% 73 | 96.07%
4 0.04% | 7.42 | 95.62% 4 0.06% 731 | 95.65%
4.5 0.02% | 7.43 | 9541% | 45 0.06% 7.34 | 95.23%
5 0.04% | 7.44 | 95.20% 5 0.06% 73 | 94.82%
5.5 0.02% | 7.43 | 95.00% | 5.5 0.04% 732 | 94.47%
6 0.04% | 7.45 | 94.80% 6 0.02% 731 | 94.24%
6.5 0.02% | 7.44 | 9459% | 6.5 0.00% 735 | 94.16%
7 0.00% | 7.43 | 94.52% 7 0.00% 735 | 94.16%
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