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Increase in adhesion force of fresh concrete
mixed with carbonated water

Jinya MUKAI

ABSTRACT
Fresh concrete with a high water to cement ratio for reducing material cost may not have the required level
of self-compacting performance because its low viscosity may cause the segregation between mortar and
coarse aggregate particles when flowing through obstacle resulting in the contact friction and leading to the
blockage. In order to make self-compacting concrete a standard one, technologies are necessary for
reducing the unit cement content and increasing the water to cement ratio while maintaining the level of self-
compacting performance.

The objective of this study is to increase the viscosity of the mortar phase of fresh
concrete with a higher water to cement ratio to reach the level of the higher viscosity of the self-
compacting concrete with high powder volume by mixing with carbonated water., The final goal
of this research is to develop an economical technology for imparting self-compacting
performance.

The viscosity and the out-of-plane and in-plane adhesive forces were set up as the
indices for the viscosities that governs the self-compacting performance of fresh concrete. The
effect of mixing with carbonated water on the increase in viscosity of fresh mortar was investigated.
It was assumed that calcium carbonate was formed from calcium hydroxide generated from the
hydration reaction of cement by mixing with carbonated water, and that this affected the properties
of the fresh mortar. Thermal analysis confirmed that calcium carbonate was formed by mixing with
carbonated water.

Among the viscosities of fresh mortar, the dose of the thickener improved the viscosity
and in-plane adhesion in particular, while mixing with carbonated water improved the out-of-plane
adhesion. Furthermore, the combination of the dose of thickener and carbonated water increased
to the level of out-of-plane adhesion values that could not be achieved with the dose of the
thickener. This value was equivalent to that of the mortar phase of powdered self-compacting
concrete with the water to cement ratio of 35%. This means that the level of self-compacting
performance with high powder content can be achieved while keeping the same level of aggregate
content as that of the ordinary concrete.

In the next step to this study, the effect of each of the factors in this study may be unified

for the self-compacting performance of fresh concrete.
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16~18 | C 143 R ER7K
17~19 | C 286
JKEIK
35 21~25 236 | 674 | 1474
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AERE S VRIERAE

H
w
10

3.1 &

e S OTBREFI AR L7 Ly 3 2B Z VO — FEEEH &R 3 L O N
& ) DOBIR AT 3, TEES W ORIFEHRST) TH 2 A NTHIE L T, A4
FTIE, Zryvaaryz)— bR EERTDERICHNERT Ly v aEAZ L O
WITEBOEER S LD EEEL, INETICT7 Ly v aar s U — NOfEE R 7k
REBFEE LTHO O TE e — MRS Z, HBM OB HEEOME O 13 d 5
K, 7y vaarz— FORBIERREO T Ly &2 02V OETGTHE D KFT7H
DFIBERPT S T 2 NS E )3 X OB [0 O FIBEHRST ) Th D mAKE 152 2T
HET D, 2Bk y, REBKHIETEICLD 7Ly v oL Z I OkE~D Z8 % T4
Do

Ty vaaryZV—OHORENEE BT HMMEOEREE LT, m— FMRBRIZLD
H— M RRFRE], BIESREEE G K AR, mWNASE N L OT 7 AF v —7F 74 =2 &
D185 EOTEDHEIMEEINL, TREMSIERS D LHE L THEEZIT T2,

3.1 LA ILT7O—HER

FLH VO ORIEIL, JISR5201 (ZHES &N X)L 7 v —ilBRiC L BRE) T - 7=
(B—=3.1), EAZLT7r—RBERIE7 Ly aar s ) — NORELZERILTDHAT
77— BOMBREECHBEND S, O, HEeKREa Y7 U — FOHEREEHSIC
FHIT L HEE L THOY LA TN,

70 mm

—

—
(o3
o
= 3t 7 0 —EiELe

Gm = (d,"d,-d,?) / dg?
d, =100 mm

d,: REOES

el

d: IZH LTEFTTHRE

K—3.1 E/ILZ/)I7O0—HE
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3.2 E)LAZ)LO— FEAER

FAL N a— MBI, BRSO R £ 5 L OBl EEE O SRR & OB O
FEZ R0 e BE 2T 5N ZAOuENE GBhtE) Z2E&bT 23R THD (B-3.2), AC
F a7 U — FOMBRARIHECB T, FEAZIMHOKMEDORED - DI EEE
Oiza— Mt TFTREEZIZZEN OO RO TR — MEELZRERE S L TE T,

. 270 mm .
30 Imn__;r/' I _
240 mm
HExto— FEEL
Rm=10/ A — kR TER(S)
60 mm
— T
30 mm

X-—3.2 FE/ILAZ/)LO0—FAER

3.3 ¥HEDAIE

7Ly ¥ a2 BV Z OV OREORE IR R 2 U7, [EIESREEEEHE, [HEsd 5 =
— & =X D RE O AW BTG A RET 5 2 & T, IR ORI A 85 5 IR
HZENTED (B—3.3), ABIZETIE, TVB25 JEKEERF (HUEPEERD) A LZ (K
—3.4), [REHSEE Cr—F — L BN LA +FICEESETHS, BEEEEHEIC BH- S,
ZE LTz 100 Boig DR EEME A REEE L L7z (B—3.5), AR TIIr—% —IZ H4 ZfEH L,
HELITU EL, ~v=a2T7 E— FTRIEEIT > 7o, BIESKEEFHZ2 VT, (REHH
F£ 1.0rpm T 300 #fl v — & —|ZE/NZ )V EAE LTk, mREGEE 20 rpm, 50 rpm 72
13100 rpm (e fE) 12 A &, 100 BREIHIE L7z & & ORIELEEE &R & ORIk %2 =
+ (B —3.6), A7 TIE, MIELEE %, 3.4 & [FEED 100 rpm (138.6 mm/s) 2kt — L 7=,
HIERAE 2 D972, AE500mL DA T A v ——%& A CTHIEREIO TV 2 L&
% 450 mL IZ[EE LTz, WIC 35%DAEEE O RIERE R O FEME & A HER A2 R —3. 1 1R T,
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—3.3 [EERFEEETIC & HMERIE

X—3.4 TVB25 bRt (RIEEFER)
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40000

30000 h

»
& 20000
o L 1rpm . 100 rpm
;‘E o Ll
10000
%) R
L
0
0 100 200 300 400 500
BIERFRE (s)
B—3.5 W/C 35%MDHEDAEHER
10
°
~ °
(%]
o ® W/C 35%
g 5 °
1 [
® ® W/C 45%
0
0 50 100 150

EE5EE (rpm)
X —3.6 [EIGEEIEDRHFZ

&—3.1 W/C 35%DIEDBEMRDFIE L 1FERE

FhE EHE | ZERE
(Pa - s) (Pa-s) | (Pa-s)
5.37 581 6.16 5.78 0.32
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3.4 mAMENDAE

7Ly 2T NAVOENKE S ORIEICIE, REORIEIZHAW O L [FE Uk E
AR U7z, RIERESEFHE, KEMIC TV RELZRET L2 L CTOIRNER BT 5, EFEE
Z O AEFIA L, KEORIE & AR, KEHEE Cr— & — L BV H Va3
W79 2T, MAGEHEIC BR S5 2 LT, BAX IV E v — X — % FEE SR D H AR
BEMBELZY, Z0LXOREROTVIENEZHENMEE L (B-3.7), KEORE L
RIS, MEREORIZ450mL &L, v —F—TH4 AL, WIEL YU e, «
=a 7 VE— RCHEEIT- 7o, SRR E 2 HVWC, (KRR 1.0 rpm T 300 B =
— X =B H NV ELE LT, EESEE 20 rpm, 50 rpm £ 7203 100 rpm (el )
I -S4, 100 BREIGE LTz & & OasifE & mNkE 7 OBREZ 7~ (B—3.8), [HlEE
WX D, HPRSAE ) ORI O Ll Lo, AR CIX, [ssE A, k5 D
ZENPAFEICEND 100 rpm (138.6 mm/s) (ZH#E— L7=, W/C 35%D i PNHKLZE 11 DI E & F
DWEIE L AT R A2 A TR —3. 2 1T,
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FYIEA (Pa)

EANFEESD (Pa)

250

ER*5E N
200
150 PS
1rpm 100 rpm
100 > < >
°
50 :
0 O —
0 100 200 300 400 500
BIERRE (s)
B—3.7 WI/C 35%MDEMAE N DRIEHRER
250
o W/C35%
200
150 ®
® W/C45%
100
([
50 ¢
(]
0
0 5 100 150

0
EE5ERE (rpm)

M—3.8 EEnEE L EAENDDRER

F—3.2 W/C35%NERMEENDRERRDTYIE LFERE

HRFLE 7 EHE | BERE
(Pa) (Pa) (Pa)
201.80 224.85 231.02 219.22 12.58
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3.5 EAMHEENDEIE

INETFROE) ST Ly 3 2 FELZADRINEE HORIEIZIE, TAXT plus C 7
JAF X =T F T4 — (FolfEgi) 2H L7 (R-38.9), 77 AF ¥ —7TF 74 % —
X, MERAAET L2 — (r—FEA) (IRE (B-3.10) 2V i), ZOIEENR
FHZIF LIAENTZ Y, B L &z 0 T 5BOMEEZHET S Z L2k D, 20
PEE2ERAT I bOTHD (B-3.11),

AWFZETIE, WEEZ7 Ly v aEBALZ VLTS Z L TIRELEL IV ZMAESE
=9 27T, WEAS & L5 2L TEAZLLIBREOMAZFEE S (B—3.12), mEoHm
DOFIBEREZWE L, RAROHRBEFRE Z oA DL L (B—3.13), K, mKiEN
ORE & FERZ, HIEREIOEIZ 450mL & L7z, £/, Sy U7 Lb—ar (fil2kg %
T, WMHDOTF = v 7 E47o70%, WEMBOF v 7L — a3 %179) 21TV, HIEI
Dol WERITEAV ITIHROKG 2+ E R T, T2 AF ¥ —TF 74—
Z AV TH EHEE 5 mm/s, 10 mm/s, 20 mm/s £7-1% 40 mm/s (ki fE) (2B 5K
T AL M 3E%ETIT45% D T Ly 2 B AZ LOEAEE S ZRE LT (B—3.14), 5]
PR AN M E E IR 1 TIN5 Z L AR LT, Bl RITEHEEIC X D sk S S
WA TN S 0 LRI U7z, ARRFTECIE, 51 R %, K55 /) 02N BEE I #£ N D 40 mm/s
(28— L7, WIC 35%DHIERE F D Tl & = #EfR 2 2 R —3. 3 12T,

K—3.9 TAXTplusCTIRF¥—TFF 54— (FEiLFEHE)



X—3.10

M-=3.11 TORFY—TF A4 Y-k DBENEENAE

E—3.12 BEROELLLOET
(BELZIILEHENSIRITHIZARE E BV IILHRIBES SER0E)
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1000

¥R E (Pa)

ES EE N (Pa)

600
400
200 o
O \fwj
-200 i
-400
0 2 4 6 8 10
BIERERE (s)
®—3.13 W/C 35%DmEs #hE HDBIEHEER
1200
WI/C 35%
1000 .
800
[ ]
600 W/C 45%
400 L4 o
° [ ]
[ )
200 .
0
0 10 20 30 40 50

S| EIFEE (mm/s)

M—3.14 B LIFEE &I EE DR

F—3.3 W/C 35%DEIEENDAERZRDFHELFTERE

mE5 #h7E 1 THE | BERE
(Pa) (Pa) (Pa)
769.69 798.09 970.17 845.98 88.57
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FA4E BOWICKDIRBHILODL=EDATE

4.1 &

IREEAKFRIEEIZL Y, ' A bOKRKISIZE W AERT 2KBIEALV T L E TR LR
KOS L, BEAY MRIFE 0 & —HAlDWIRL - & L CTHT S D IREE I Vo T LN
B S AL, AR (B A RN A, BhtEE A B S S E WO RER A LT (B—4.1),
REEKIIBEEIC LD RBEAN U LB&PHINT 52 & 2MERT D720, Boricky
W/C45% DOHLAEFITIN O M, FRE/KZ KEK S U IXREEKIZE 2 2B A DE/LZ LD
RGN T NEOWEEIT T2,

Ca(OH), + CO, — Ca2 + 20H + CO, — CaCO; + H,0

oo !

KHERY  ZBRF | e ) REALITL
o stgmags | DB MATEYL—HHESL
BEK BRI & LTHTH:

B—4.1 HHEZEENMIELEIADZXLIZDVTORES

4.2 B ORAERE

HE G IEIFBEEREIC L VT o7z, Wt e —EOBE TME - AL L &, HDHWIE
—EDRE TR LI L EOERBLLENES 5 FETH D, ¥, OE, Bk, &, W
EHEOEREALZ ML), WHNZ(EOREISHSND, HERBEE LT, Kife—
LD BATFFRICH Y BT S slEs, HilE 7 m 7T M- TN S LR
EBELC 2 ERMFE— LML THESEARE TR, 74— BNy 7 aA VZHEi
PIRNEM ) 2 RAESEDL Z LICK Y R E—L2 2K FIZRY, 2oL EOEfEzEE
A& L CRtEkT 5 (B—4.2), SBHREE & U CIERUERE I RE S - BVE X O 15 535
b,

SIHHEFT BN T, B ERRD D 5705, b BEEAE & RISz EUR 2 &l T
MBS 2 Z & T, MERTHEOERILAZR TS 2L T, ¥A Y FORWMRABOHEE R E
RSN TV D, FREMEE TI, BE LWEDK, “BMLRSE, AEM R EREZ LR
L0, MEOKHNIARATRETH S,
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CacCo,

0 200 400 600
mE (°C)

—4.2 WIC 45% D xEKBREE DD TG HfR

800

(600°C~730°CHOEELILZEEH)
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1000

1200



4.3 REKBREICKDREAIL DD LEDIEM

RIE/KIC X D IREN T ZIVDRIEH N7 DG 2 582~ (l—4.3), 72
B, MG 1 3HEA] (VMA) Z3IML T2 & 2R,

RIBK CHIRE S Z LICK ORI AL T LEBENHINT S 2 L 2R LT, BEIRINO R
FR KR TV 2V CIIRIBICREE V> T MBI LT —J7, RN & bR KR
BEZOFH L2 b OO RISV T AEINEIT A NS v o 7o, BRI O BE D [k
IR IR EE 7 L3 w7 DRI E R 5,

0.110

0.105

REEDILL D LE (mg/mg)

0.100 - -

37 237 1fod 74 VMA VMAR B

B—4.3 1mg HzYDREAILIDLE
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Padasd

E5F REKBEREECIIHENRE

5.1 BER/KEBREE T K HFhMEDEM

IREEAKIZ X A FHRED, BREEEEZO 7 Ly ¥ o B H VOREIC G 2 2 B A~
(B—5.1~5.4), v— FRBRUAMIFHE & b 3 EATV, 7T 7ITITFHMME & EERE i
L7z, 7ok, TSN THEAD (VMA) 23Nl CnenZ & &R,

PRIEZKIZ K DUREIE, v— MR R AN S 87 (B—5. 1), HPASHIEEARIN O R EEK
PRI D/ Z L, AR O AKEKBIEE O b O & FREOr— M FRE & 722 -
2o BEREAIAIND R EE KRR O b OVXIEGN - KE KBRS DO WIC 35%D b D & [FFEEE
Dr— Mt PR & 2eoTo, —J7, R, mPNEASE 1S, IRBKMIEE Tl <, Ao
WIMOF N L2 5 KRN & o7 (B—5.2, 5.3), mAMKIENIT, REEKBIEEICK
DG TN L7 (B—5.4), £ LT, ¥ERAIRIN & REKIEE Z 0P 4 52 & T,
FEAIRIND I TIEENE TE 7203572 WIC 35% D DIZITVWMEE 2D Z E N TE T2,

LLEDG, HRANT, KED 5B ORI CH KA /) 2 n LS, —J7, KR
AT, mAMKE A ESE, LT, BEEIRINE REAKBIREEZ0H L2 b 0l
W/C 35% DRMEICITVMEA 135 Z LN TETZ L TR D,

15

10

O— MRTERE (s)

W/C55% AN EANREE VMA VMAREE  W/C35%

B—5.1 O— FRTERREOLER
(FrCLAS WIC 45%)
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$5E (Pa - s)

ER¥EEH (Pa)

Hi

1
0
W/C55% AN EARMREE VMA VMAREE  W/C35%
K—5.2 MEOLE (E#EREE 100 rpm)
(st LISk WIC 45%)
250
200
T
150
100
50

W/C55% AN EARMRER VMA VMARE: W/C35%

K—5.3 ERAFEDDOLEE ([EIEREE 100 rpm)
(Bt LIS WIC 45%)
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ms EEH (Pa)

1000
900
800
700
600
500
400
300
200
100

W/C55% R ERMRER

VMA

VMAREE WI/C35%

K —5.4 ENEEFEIDDOLEE (5] EITEE 40 mm/s)
(e LIsk WIC 45%)
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5.2 REKERE F-IXEHMFRMAMEICRIFTHE

PRERKAHIRA £ 7 TR AR INC XD WIC 45% D 7 Ly ¥ 2BV Z ILVORMED 5 5,
JE L ENASAE T, M D~ DB %~ (B—5.5, 5.6), MiHE bAMEAINIES
RTIHER L TV DD, BRI ELEGHRE S, mNRE 12 KRE @D DHDITK LT,
PRIEKAIRA IR, RS L 03T LAENKE 2 RE NS T8 81 H -
7=

200

150

100

ERMES (Pa)

0 1 2 3 4 5 6
$5E (Pa-s)

—5.5 REKREEF - ([XIBMFRMANEE, BREENCRIETEE

800
700
600
500
400
300
200
100

moMEES (Pa)

0 1 2 3 4 5 6
¥E (Pa-s)

—5.6 REUKBREEF(XISHFFTMAE, BNEENCRIETEZE

i8]
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ARFFRTIE, 7y vaarsz ) —bOACKEES XET DEORE S U CHE L
mAB L ONmNSE N EZREL, ACREa 7 U — hE2EELZKE A b 45%% X
OB BHEEL 55%D 7 Ly ¥ 2 B ZVIEBITS, REBAFREEICLZ 7Ly 2L
H OV DOREVER B F 2 TR,

AR OFFHNTH LN AR % DL FIORT,

1) BEREEIAINIREED 5 B, KEEESCIH RS /) & 17 b S 7o —T5, BRI/ 13 ARG
BN Em LS,

2)  HEREEIASIN & RSB ORI L0, BERSFIAIN O 2 TIXEE T & 220 72 kiE
7&?%% ZEMTE, MiERE EE‘EiE:l/ﬁ U—hrdDKE AL M 35%DFE /L LA
SEORMEICEEL, HRZERTHZ N TET,

3) Llhicky, fekcazdoli@mar v ) — MEAOBEMEM&EIZL 2D, AR
%w%%ﬂaaﬁﬁn/&)~%@ﬁaﬁﬁé%%é_&@fééﬁﬁb%ﬁto

Stk AMTECTERILLIEAEREN T Ly vaar s J— o HCTREMEREIZKIT T
BERMANDVEND D,
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1143
T8 1 EBHFIDOEHE L AMEZE DFRE

HREAIZ RN U727 by v 2 B Z L OREORERE R 2 IR T (R—{18%k 1. 1~1.4),
EOBEREAZ TIN L CTHRAMEDSHINT 5 2 & Ml L7, HERAI A IR C 1L, kEMER
KO U7, LavL, HEEA CI3tEE Lo w 55, HAMRELED TLE-
7= (R—1f+8% 1.5, 1.6), £ 2T, HUKAI C OWIMEE 200 g/m® (2> 7 U — FEEA) D
H253 0> 100 g/m3 OREMEZJIE L7 AER, W& 200 g/md & e, mEEE 100K
(R —1F8% 1. 7), KSEE, WAPKASE IZRARREOMHE 2 (R—{18k1.8), TAWTREICE
W HMELA L RIFLEOfE & 7p o7 (B—{+8%1.8, 1.9),
LI b G, BEEHNE C OWINED 100 g/m3 2Nl UITH 5 &R L, AWFZE CERA LT,

15

A— MR TEE (s)

W/C55% R A(200g/m3) C(200g/m3) C(100g/m3) W/C35%

FE—1.1 B— FMRTEE DL
(FFECLUSE WIC 45%)
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HE (Pa-s)

W/C55% @A A(200g/m3) C(200g/m3) C(100g/m3) W/C35%

fE—1.2 HEOLLE (EEREE 100 rpm)
(455219 W/C 45%)

300

250

200

150

ERHEESA (Pa)

W/C55% RN A(200g/m3) C(200g/m3) C(100g/m3) W/C35%

FE—1.3 EREEADLE (EEREE 100 rpm)
(FFECLUSE WIC 45%)



ESVEEA (Pa)

1000
900
800
700
600
500
400
300
200
100

HAMERE (kPa)
N w

W/C55%  #E&m  A(200g/m®) C(200g/m?) C(100g/m3) WI/C35%

TR—1.4 ENEFHOLE (5| LIFEE 40 mm/s)
($F52 LA W/C 45%)

WI/C55%  #E&f  A(200g/m?) C(200g/m3) C(100g/m3) W/C35%

FR—1.5 B 200 kPa FrDE ABEEDLEE (KFEEE 0.03 mm/s)

(FFECLUSE WIC 45%)
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HAWEE (kPa)
(o3}

4
2
0
WI/C55%  #&mn  A(200g/m3) C(200g/m?) C(100g/m?) W/C35%
TE—1.6 TEIE7 300 kPa BFFDHABHEEDLE (KFERE 0.03 mm/s)
(HETLLSL WIC 45%)
300
R2 = 0.9209 C(200g/m)
250 K
§ 200 WIC 35%
= A(200g/m3) | . ¢ 0
R ° C(100g/m?3
w0 (100g/m?)
% 100
= W/C55% . 37
50 ¢
0
0 1 2 3 4 5 6

#HE (Pa-s)

FR—1.7 MEEERLEEDOREE
(HFaC LA+ WIC 45%)
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900
800 | R2=0.9077 W/C35% e
o0 [
g 60 | s e c(2000/m?)
R 500 A(200g/m3) . C(100g/m?3)
#2400 et
e W/C 55% e
%= 300 o . RN
= 200
100
0
0 1 2 3 4 5 6 7
¥E (Pa-s)
TR—1.8 HEELENFEDDOBER
($FE2 L9 WIC 45%)
10
s C(200g/m3)
o °
i A(200g/m?3)
il ° °
& W/C 55% o ° ® c100g/ms WIC 35%
2 RN (100g/m?)
0
0 200 400 600 800 1000

ESEE S (Pa)

FR—1.9 M5B EEIRT 200 kPa FD £ A WEE DR
(%FE2LLST W/C 45%)
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HTAMEE (Pa)

15

10

3
b C(200g/m?3)

o
4 3
M]. C(100g/m3) ]
° ° , W/C 35%
WI/C 55% A(200g/m)
0 200 400 600 800 1000

miMEE A (Pa)

FR—1.10 ME54E%E 5 & ER 1 300 kPa B D& ABTSRE DR
(%FECLLST W/C 45%)
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1852 JLy L aEILZILOMEDSIERFEDLLE

ARAFFECRIE LIS PEDFREE 2 22 bl U7z, 1EROBEMEDFEAMRER & Dbz & L
T, EAH IV — N TR AL U, AN E ), RPRE ) S0REEE & OBtk A2 "3 (e
B—2.1~2.3), WPKET), REEE, WAMENDIRICAHBIR ® < A o7z, v — bt FIRgfH]
BN E NS ORI E T TH o7 (FR—2.3), 2%V, SCCIiTBWT, 7L
vV a B NHVORMERBR E LTI TTELEEAL X L — FRERICK VS5
2w — M FRERNE, HEMRED D EA T ORI BERGTIE 2 570 L TV 5 AR &
0, 7Ly aENZ OSRGOS SRR L L CEYTHD L E XD,

E7z, BHREEEFHC X 0 HE U CORD IR & ms RS o E NS ) & OBk, 612
T NK A 7] &AM AE T & OB A TR T ((FR—2.4~2.6), KEE L miPKAE 71, REE &
RAETNTE S B BHEAN E <, HUEM OB E 2 Il 7~ 24551, EAMEE T 50
PSR B 2 RIS 2 B OB AT L T 5 FIREER B 5,

I RG] & RN S T & OBIFRIL, REEE & PNREE T, VRS ) L OBfR & TS
CARBIEAR N, PRI S & AR IR, B Z LB S RIS A0 A AY 90
JEE, MBS A ORBOEENHIED 120D, HENKLS 2o7c &2 5,

R2=0.8696 WI/C 35%

$5E (Pa - s)

.®
o
.
.
.
oe®

W/C 55%

0 5 10 15
O— FRTERE (s)

FR—2.1 O— MRTEEEEEDORE
(FrCLAS WIC 45%)
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250

200

EAMEAN (Pa)

morEES (Pa)

150

100

50

900
800
700
600
500
400
300
200
100

O— FRTERM (s)

FE—2.3 A— hRTEHREE EmsEE D OBERF
(FrCLAS WIC 45%)
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R2 = 0.7935 W/C 35%

VMA Y

® N
......... VMAR B
gwAEm
...... o O mmmnE
e
W/C 55%
5 10 15
A— MRTER ()
fR—2.2 O— hRTERE SRS DORR
(FERELISE WIC 45%)
R? = 0.9629 W/C35% e
o
VMA e VMAR B
o .
-------- o
R B
R0
WICSS% o o™

0 5 10 15



250

R2 =0.9863 .W/C 35%

VMA

200
® .3
< VMAR B
2 150
N
u 5 . o fu
ﬁé 100 %/ﬁﬂﬂ-."‘-o 2 NN % B
K o .-.
= W/C 55% @
50
0
0 1 2 3 4 5 6
$E (Pa-s)
TR —2.4 $EE@RALEDDOREER
(B3 LIS WIC 45%)
200 W/C 35%
2 = o 0
800 | R2=0.9372 WAREE -
700 LS
& 600 EENEE 7 @ VMA
O
E 500 =
T 400 SRUS.
& WIC55% o .o ® miAm
% 300 e.-
H=
200
100
0
0 1 2 3 4 5 6

#E (Pa-s)

FR—2.5 EEESHEEADOREE
(FrCLAS WIC 45%)
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ms #EE A (Pa)

900
800
700
600
500
400
300
200
100

R2 = 0.8896 WIC 35% e
VNMABEE o e
g3 1ol 2 L ® VMA
............ ® RN
WIC 55% g«
50 100 150 200

ERFEE A (Pa)

FH—2.6 ERENE@EIEEDDOREER
(FFC LA WIC 45%)
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118 3 REAKBEENEL N T TOREAMNBEICRIFTEZE

8% 3.1 #I=

Tlyvaars— oA CKEER, FICETEICRE S 2 FBUERERT, B
JIFTOENLZNAVAOEAWIIRE (FAMEROBEOEG) R LTS, 7Ly a
a7 U— R REIL, BBRTFRICTZ Ly v aar 7 U — EREETLHEEICIE 7Ly v a
FNFNFDERPLETH D05, FRHHEMRLTF £ 9 LOoBTZE D, OB, 71
v ¥ 2 BV VRNRAET HEIS NG AWNE T E D D ((FE—3.1), ZHNRFEZT T
372 < BRI TV D E/LZ IO AWRE 2 &, FRFRIca> 2 U —h
NS DIRA & 2D, 56k, BEIS T TOERNALZ LD AWIEIL, HT A — X2k
HEME LTHWERBRICEDVIIEL TV, 2L, ¥ 7 AE—XOFEIILDELH L
DO — M FHREA T 5 HETHY, MENEICE EE->sTWnD, 22T, —HmEAM
R E AT EOEISHIC L > TT by v 2TV H O VWRE 2 BEEES 5 T
ERBREINTZ, 7Ly v aary ) — FORBREBRICETT e FRICAET D
EJSTTFTOT7 Ly v aB VI NEAMBREZERE LD TH D, EH LI, ZOFEIL
&0 IS RE & SCRL T D BRI IR O E Bk 21T - 72 8,

AWFFETIX, ZOFEE AV CRBEKBIRY F 7213, BERAIIN & REE KRS 2 0 L
27 Uy v a 'S VNEIGS) T COWEAWBREIC KT HEL R, O OFTREMEREA R
i %,

FR—-3.1 JLyiaary)— OREKRERS A—D
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{18 3.2 HCABEEDRIE

FAMIE T ORED T, —HE AN Z#ET L7728 (FE-3.2),

EA60mm, &S 30mm, AR 158 mL @ EFIchh, Eifia < vk HE s
W (T Ly v a®' L ZN) ZRALE (AR K 85mL), #hiE 2 #ifm L 72Kk
T R DA% AR EIEEE 0.03 mm/sec TREBEISE S Z LT, BBNEICACZEA
Wrs hEWEST D (FR-=3.3), TEHFCEBIT 5 —mEAWRERCIX, SAN oY —7
MBIV E KN 8 mm £ TRl 41T 9 9, ARFEEg 3 HEAEHT OB 4 )5 L
b D TH DD, TOHMEL [FRRIZACEZEAL 8 mm & THifT L7z, AR TIE, FEPEKS
i o7z, F£72, BN GREME) OREMIL200kPa, 300kPa & Lz, /DA T
FES2ECKE a7 ) — FOMWHE L, $hEANIR2WGE (BIST) 0kPa) Tidt M
REIEE A ERRITEVETH 71202 L, BHEMZEOICLY 7Ly a2 icA T
% B )1 300kPa FEEELA T EHEE S22 LINBRE LM TH 2,

T NG
T PO

oy

FR—3.2 —mEtE AR
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FH—3.3 —EEAMRBRBDOAES A —
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118 3.3 EAMBEDEER

— T A TR 2 IO CTRITE L 72 AT 1Rl D ZEAL & |V 2L h o AW 7) & D BIER D
— Bl g (FR—3.4), AWFFETIE, —HEABRBR TOWET —Z 1B\ T, #Ziad
TRINAGAONTEAM N O E =7 H (RKREILERET) I OARGEROESZT) GUEHE L
TOWEE) Z5l%, RBOEAWERE TR LML EAWHRE] LERLT,

25

20

15

10

HAMA (N)

0 2 4 6 8
KEZLER (mm)

FR—3.4 AROELEEAHDDERK
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8% 3. 4 REOKEEE(IC KD EAMBREDIEM

KMEDWE AT o7z, 6 /37— O LRV EHR (10 59%) OFAMHREZRIE Lz
X —3.5~3.7), EJi7] 200 kPa B iCBW\ T, BEAIOUIMOAEE, K¥ A MEIZHhHb
59, REEK CTHIRY S Z & T, HANRENEL 2oz ((fR—3.5), *7-, HEJE71300
kPa B2 T, /Kt A v FEEAMEL 72 DI O AMIREE & < 720, HERHI 23 L
7ZHDIZWIC35% LV < 7eo7= (R —3.6), [Ei& /) 200 kPa B &[RRI, RERKIC
L HMIREIC L D AWRENE L IpoT,

ST & AR E O RR Z RS (R —3. 7)), FRCHEEEAIASIN O K TE KRR O DI,
[ELJE 7] 200 kPa BE ¥ AUWHBREE A m < 22V b Bb 597, BRI 2 & W A WimR
MRIFIZHEINT 5, WIC 55% D b DX, [HE)i7] 200 kPa REOH A WS K<, BEISH
WL T, EABREOHMEITD 70, MERER DRI, BRI R 2 oHfla
DI, HAWBRENEL bl 8B X B,

77, RERK TRHIEE T b OIZEIG S 200 kPa B AR S i &l ~E <,
(CHEREAIERIN & IRBR KRR 2 0F L2 b O3 b m W AVBTREE & 72> 722y, IS
HEMLTH, WA MOERE OB EIIHAEARIN O KEKBIREE O b O L, K< 7oz,
EJSANHEIM L T, B AMHBRE OBINEN WIC 35% & RIFEE TH H720, REEKICED
IR EDOZ W, (EkE SCC DELA TH D WIC 35% & A% H B mEMEEZ G D
=

& AMEEE (kPa)
OFRPNWKAIUIONOOWOO

1R —3.5 E7 200 kPa FrDE AMEE (KFEE 0.03 mm/s)
(FrCLAS WIC 45%)
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B —3.6 EIH 300 kPa D AMEE (KFEE 0.03 mm/s)
(FFaCLASt WIC 45%)

VMA

3 WI/C 35%
[ ]

mRmkis © 5 VMAR: B
A

[ ]
1 WI/C 55%

& it> 71300 kPal & 200 kPaly
BAMBREDNDE (kPa)

0 1 2 3 4 5 6 7
B 51200 kPals D& A BTRE (kPa)

B —3.7 Eit7 200kPa B+ A MR E & E G 1 300kPa B & E G 51 200kPa B - A B
BEDOZDEFR KFEZEE 0.03 mm/s)
(e LIsk WIC 45%)
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