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Canal state in the A district
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Fig. 13 A X OB XIS Ra
Arithmetic average roughness Ra versus the height of the canal
sidewall from the bottom in the A district
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Canal state in the B district
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Arithmetic average roughness Ra versus the height of the canal
sidewall from the bottom in the B district
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Fig. 16 C HiXD/KEKIRPL
Canal state in the C district
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Arithmetic average roughness Ra versus the height of the canal
sidewall from the bottom in the C district
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Canal state in the D district
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Arithmetic average roughness Ra versus the height of the canal
sidewall from the bottom in the D district
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Canal state in the E district
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Fig. 21 E X OFEHFEMH S Ra
Arithmetic average roughness Ra versus the height of the canal
sidewall from the bottom in the E district
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Estimated roughness coefficient from arithmetic average roughness
Ra versus the height of the canal wall from the bottom
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Fig.25 FMiX (8115 1) 4Rt
Apron state of head works in the F district
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Macrograph of abraded surface. White circles indicate the
desorption pits of coarse aggregate.
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Concepts of weak and strong erosion action, and the results of
eroded states by each action
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Eroded canal state after repair in the G district. The polymer
cement paste is lost, the fine aggregate remains at the surface.
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2-dimensional distribution image and concentration profile of Ca in canal concrete specimen in the D district. From the upper: sidewall in the air
portion, sidewall in submerged portion, and the bottom.
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2-dimensional distribution image and concentration profile of Ca in canal concrete specimen in the E district. From the upper: sidewall in the air
portion, sidewall in submerged portion, and the bottom.
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BESURD, KBEMUBEAKHES, RO 3R TH L, xR BERETIEPRELR->TVE0ETHDL (RIKD,
JLHIL, Ca, Si, S, AlO4HE LIS, ZITHE, Ca 1991 i, 1997 ; HH 5, 2000 ; KANS, 2001 ; M5,
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Distance from the specimen surface to the Ca leaching front versus
the initial Ca concentration

2001 ; MBS S, 2002 ; EARFEa 7 U — FEESETHY
2R - WBFIT NEES, 2003 ; NH D, 2004), F7-,
BEM a7 U— MKBEIZEIT D Ca IEHKRIUCEI T 515
FbTFER SN TS (AfD, 2005 ; AH, 2008 ; £ D),
2009), KD CaIENAIZIE, W7 ay FEeEZLND
NLE 2R TR & & HICREND OB L L=,

INHOKEY, (HETOaATIZBWTREFITIX Ca
WEMEFLTWDZ &, QFRENLEN 72y hETO
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LTCWDIRMIZH D Z RSV, 728, D HIXKA&HES
27 O Ca T, KENHEMA~D Ca BEK TR H 5 —
U7, BEEANT S BIEIT Ca IREME T L TW DA R S
iz, 2 T ERIBALE O K MBS X P ICHEH L TR
D, HFAKIZHANC X 2B <, 2oL ) Emn
RENTZRKTIAHTH S,

W7 vy MEED Ca A =7 U — MRV O
Ca L EAE LI HE OWI Ca R L ¥l 7 = >k EREE
L OBA%R%E Fig. 31 1279, ZOKEY, E5o%13bHD
HOD, Ca WEDOEWITREB 7 7 v MEHEHT/NE L 72
STWAHZEWRENTZ, DFEV, Ca BEDOSEHVaL Y
U— F CIXAERE TEL, Ca BEDKR W=7 U—1
TITRHET TN Z L 2R LTV D EE BN,

¢ FKEIZEITBEFERR

BEMAaL 7 ) — MKBICBWTE, BRENET Lo
Y7 U — FRETHEMPELR L, MMOKE 2R NE
NTWD, ZOEFRIRIIG, Kifts ZOUKiiHh o7 &
WCEpma—Va VERMEITL TS EEX LD, L
DL, 40 FREE G S KBEIZ B W T B IR H O
BARBEEESIZ1I6mm EETH D LHEE SN, 72721,
BT K OMERE AR K& L, @AMEREZEK T S
HBHEIKE R0, MRAKBITI W TlAMERENN R

PEREZ 72 LTV DD E ) I E i 2 BN H 5,
ks, BEHa L7 U — MKEEDD O Ca BN T
I%, EPMA S HTOFERN LI S0 E A5 7203, Ca FERBLA
mER a7 U — MKEOBERREICS 2 TV DR8I
DWNWTIHE, ARETIEHA L E oo TV, ORI
SOWTIE, BIE TG D,

VN

AT, BEH= 7 ) — MKBEOEERELY, it
FABEAERFR Lz 7 U — FRERRB L O Ca 1A
ARBLZ DWW T S LT, B o fRE L TR
7

(1) KESABEZ 35 1S 2 R S 1L, SR L W ok
IR WT, RIS 2> TR Y, FURHFEHFR
K OKHEIZ B W T HKRBEEMRIZIES 22 51F 8%
AL 72 DS H D, Z OB & LTS, JERIK
WS < AF EAKICHE U CEEREVER 252 1) 2 e
DEINT D2 ENEZLND,

(2) D HKIZIT DA OB S I TAHER
HY, HEOFBLOREDHCRILTHY, 20
KO RMNEUEEEB E UL, MR ETick
W BDOZENE L, ZDOTOICH BT
MMEEFEMEICE D a7 U — R leolmZ b, %7,
FRAUAEE LT D 72 D IZBR BE S E o AR AN
BEREVEIC B E RIE L2 b E X b ND,
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770
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mm fBE L 7> T B,

(7) HEH 40 EREDL < OARKTIE, HRKEE 16 mm
FREEDNE THEN O DFEFE LIRS Th 5,

8) REEH= Y7 U — MKEIZHBWTIE, £OBERERN
M, KB LUK oW LEIckson—g
VEERENEITL TR, A L b — R N ERASAE
L, %W, MEH, B ONECREEHRRREA
TWbEBEZ N5,
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BEMETLTRY, REPDEMR 7 NETO
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WO Ca WL 18~30%FEE CTHDH Z L AVHII L
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JEREBIG: D% <X, H—OFEREEMEIZ L5 b TIEZR L,
R ORI EEIMER L TRV EMicH 5, HE
T=7 o ARV T, JKFIZE £ DT K D808
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7R, BEEEKFIRRR I B0 2 it BEFEAE D /E R 11 0 b
T, HBM OEEFREZEIT S Y DM L D8R0 - e
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n— g VEFEL D HRE W, ARFRICTIE, B AR
FEAEH, %ELZFHOEREMER & HEE LT 5,
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DOFHICIE, ET 2 BEFERME IS U 7o RS 2 e
DWEING Do FEFEBI G DL  ITHH O EFEMAEMER L
THHCTH D7, fix ORBIFIENREIN TN D —
5, B b SRR iEN b R H 5 (rH,
2007), BUE, &AL NRMEOBEERBICHA VT
% JIS Bk & LCiE, JIS A 1453 TEEERRE R OV S RE BY 0
Oy OEEFERER 71k (WHERRE) 1, JIS K 7204 [ 2 F >
7 —PERERC & B EERERBR TR el b D, E£T, KEH
ASTM Hik% & LTIE, ASTM C 418 %> F7 52 F%&H
Wiz 7 U — kO EREMEEERER k), ASTM C
1138 =27 U — s OIEEFEMARHERR 7L OKHE) )
RENH D, BELATIE, Te v RGT 0 ~0 RBk) (B
M, 1984), MHmiiCEREREME (WD, 1986), [f#
FERERBRRE ] (B4R - BHE, 1999) 72 & V2R T
DIREIN TN D,

SHE L= 'm USRI D3 Y - R AR A BT 5
AR L, oy RT3 0~ 0 3Bk, fEEEfesbe, IS
K 7204 BN E) TH D L EZ HIVD, —J7, HKEIZE
Jhxzu—va VAT 5B S LTIE, ASTM C
418, ASTM C 1138, NN E 2 bhb, FH
HliE, mu— g VEREE XIS L LICEBRE S LT, ASTM
C 418 1V & 3B OIS A Bl TR MEICHE L, ASTM C
1138 1 L ORI s RERBR & 0 & S BRIAT IR 00 Bl EE 23
VY (BRI =TI L 2R G rTRE7R) BRI C & D KIET
FERERBRIE A BRFE L7 (At D, 2005), ARBME, R
BRIRICEIEOKERZHESEL 2 EI2LY, fKIZED
To—Y g VERAE L CRIET 2R CTH D, T
TIE, av 7V — oo —2 g VEREOMREERR S L
T, KERERAWZRBR LRI TETW5S (Momber
and Kovacevic, 1994 ; Huetal., 2002 ; Liuetal., 2006),

AFTIE, B CEL T a—Y g VEEA R
BT 52 2BERE LTHZ Lo KRR B 4 &
AV NEMEHCHEA L, EA Y MRMEO g —Y g
FERFPEIC O W TR T 2 & & b IS KM EERERBR O 4
PEIZDOWTHRR S

2 KEFREFZRRBRORARBRAE

a JKIEREFEARE

KRR R B O % Fig, 32 1O, AGRBREEIT,
BRI A B D (T 2 AR & KB 2 F8 A &1 2 ik 2
WX DR SIS, AR, R (EEAERERIK 296 X 142
X 60 mm, F7oiE, /NEERERIA 70X 70 X20 mm % HHIRE
IZ0) 6 EAEFREAREREHE RT Ak KT LAAFHLSHED
BRENE— & — TR S 5, BRENTE — & — O[al#E % il 1519
HZEICEY, RILE2—EHEETHEZIES Z & HHEE
ThbH, HMHEHEEIL, FIo Oy RoF, ER—Z, /
ANV VRS D, R OM AR ITKEKRT, 7
TV R AL YISk, MER— R E R TA
RolEds K7 AFDEIZERE Sz 2 A0 L0 BRBRKIC
a5,

KMEHENE, Fig. 33 17T LS ICRBICIEN Y, RERIAE
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LT 5,
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Bk a6 L, KT EEB LK EEANE L
7-1%, L —#—25(7E (KEYENCE LK-500, ZYfi#HE 10 1
m) 280 EERER S A FHIT 5, Fig. 34 1R X 0 ISR
ROFDF N L —F —BAFH 2B SE28 5 1 mm [
M CEMREIOT =X 2INETDH, ZNEEDLFHIC S
mm TR 11 AKDEERRIC OV TEH L, 3B A L
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SR A R S & 95, Teds, FHIKT RS ORBR IR,
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LD THS,

3 KEREFZRRBRICESTIHEEAS K VEEERE
0}-7 1

IR EERERRER Y, i O KW & SRR flifZE S 5
AR TH D720, KWENE LRI & OISR OEAIZ L
D, RERIEOEEFENER FET 5, 2 OEZLRMOLEIT,
Tl R, R D3 K ORISR O FESMER 35
EHERIS e, B DT, AR TII /KM RERERER O )
e akBR S 2 BRE T 5 T2 D IEREAY A M RETE IR 2 B &
LT, M3 Z OB DEILHE DA ' A 2 B
A= 2 N ERBR IR O BRI R IE TR OV TR L
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Overview of the water jet erosion tester

Fig. 33 /KM DRV
Testing state of water jet
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Measurement domain of the erosion depth of specimen

ANALERE TR LTGRO Tz, 7 ZAARIEHEH ST
720, FLEREIEEgEc LB L, £72, R4
A & A Ui O M OB Z SMEEE LR L, ]
L72 2D ) ZAIINETER R D728, ) AAhbHiRk

WO Table 4 TR, BLHMIET, BLIHTRE / BRiRE £ TORBECIE 10 mm OFENE U,
Table 4 H:HEEE OAR
Specifications of two types of water jet tester
CIN ES ES ES A e S AL JA = AE A7
H i H i H i H i H ALER HAmERE  RRBRIRRIIEAE  PRAE
e N JE ) e B s y z)ﬁ i) d X x/d
(MPa) (MPa) (L/min) (/s) m (mm) (mm) (mm/mm)
A 49 3.0-45 19.1-23.4 82.7-102 3.8x10° 40 22 70 32
B 20 4.5-20.0 11.9-252 79.4 - 168 2.5x10° 40 1.8 80 44
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Q) ik Table 5 FRBRIROD A F6 K OVEATRE
SKERIL, FBRAL RSy AL R A LA v Water-cement ratio and compressi\i strength of sg)ecimen
hR—2 M GIA L L, K& A2 I, JIS R 5201 Oh Eiikza \(’V//f FERRE (Vim)
T - EERRIRT 0T L2 LRRIKDAE A > R Th — 370 439 459 471
% WIC=50%, LT, LUEMETRE O & ERERIKDEERE
~ WC40 40 58.5 62.8 66.9 66.7
A AR T 5 72012 W/IC=40%D 2 FEDEL A & L=,
BRIKIE, PN~TEE 296X 142X 60 mm OFIFCHTRR L, A 1
HCBR L 727210 20 “CTARRZE/E L, M 14 B TRBRE 30
thé Uiz, Bl L /MBI 5 EMREZ Table 5 (27 = 25 g B
K E 201 § o U
() R —2 = O© - O
MBI Table 6 10T 9 /r— A& LT, BLHETE A e P
% FIVT 3.0~4.5 MPa, F£7=, MHUERE B 2T 45~ = 101 Oﬁ
200 MPa (- H ORI K8 L7, - A DR = 5o O A
BRI F\ T W/IC=50%:5 L T 40%DekBR K 245 2 fil, i 0 . . . .
HEEE B ORBRICE WA 3 e fA Lz, 7o, Eik 0 5 10 15 20 25
DORESHAE L 30 pm & L, A04560 35 XU B20060 07— M- HIE /7 (MPa)
ZIZOWTIEL 60 rppm & L7z, 7235, B20060 (2T,
RO AT LV, BRI 1~5 BERD £ C& M 14 B ~ Fig.35 RIET) & rkiyiE & OBk
CEM L, 6~10 B E TAb 24 HTERE L7 Comparison of il)lrsg;irrie “ﬂi)}rvt }rle;t(ei :ji:efzn;tllgrlls of the discharge
b HELER 200 -
(1) BEHUE A & 0k RS KON & o RIE ”
VEHHE ) iR OBIRE Fig. 35 1O, B z ™
B A, B & HICHEHEA ORI XY, nEHFER S s L —_—
TW5, HHES 4.5 MPa TiZ, L3R A 3k HEEE B i I A
DI 19 FHOMEHHER L 725 TV, I T h o
M-H 7] & MHEE & OBIfR 4 Fig. 36 123, KIZIE, —B : HERIKCY TER
W S) ARSI LIS O L — R S 0 T BemoulipiERE DR
7o %G O HEE % Bernoulli DEH LY, 0 5 10 15 20 25
v=\2p/p ) - H £ 77 (MPa)
SIS, piES, 0 KOBE Fig. 36 nJr_Hj_Ejj&ﬂtmiifﬁé:@&m
LUTEE LM G R L, UL, EERoO:HEE C"m”a“i;’fs‘c‘;;jgjrgﬁ;ﬂ‘;”;ﬁ‘;?;yjjjﬁgﬁ“’“ ofthe
i, R, R Y ORBT, KGO v LD ANS<RY,
= a2vl ©)
Table 6 k7 — A
Test cases
. - ui(haii)ﬁ El(ijﬁfi f“?}tﬁi)#ﬁ %‘Jr?E'J(iiF'f)F'uEJﬁr%
A03030 A 3.0 30 260 20
A04030 A 4.0 30 140 20
A04530 A 4.5 30 140 207
A04560 A 4.5 60 140 20
B04530 B 4.5 30 140 20
B10030 B 10.0 30 10 1
B15030 B 15.0 30 10 1
B20030 B 20.0 30 10 1
B20060 B 20.0 60 102 1
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2T, e WERMEE 0D U\SE, 1996),

Fig. 36 (1%, MH:HE#E 2 X(6) Tl L= bor L=,
BN HEIC K0 RO TSR ¢, 1T, HHEERE A 12
WL 1.06, MEHHEEE B 122V TIE 0.836 & 72 o7z, ihH
BEE A OEHEEE, o, 1 2B THhA7Dic, K(G)
Dy % kRloTWD, Ziux, sHESD, s, /X
JVFLIEAE OGN I T 245 EORENFIN & 2 Hh
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EHEEE BICHOWTE, v<v THDLZ ENBRYTH
BHEEZONDN, R A LTRSS LOTF
HEEHWTWD Z &b, FRRICHREENLE B 2 b
Do

(2) FEREWTEZIR

PEFRERBRAL T 1% OEEFERTI AR OB % Fig. 37 12”7,
B O Wi 1%, Fig. 34 OEEFEGH RO P LZEY, K
NFEN AT M 2R LTV 5, MR A 2 iz
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e LRI EICERENMET L TWD B2 6D, —
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DOFBRIE G FREDBEFERIIZ 572, ZiuE, MR B
WCBWTKERD AWM RN 5 Z ENRNES 25
iz, UL, Jeil U7-BERER S OFHRCIE, RAWME —
25~+25 mm I OEEFENLE T — & % AV T, [FFHHIE
PERERADH (B2 —35~+33 mm) DK 74%% 505 2 &,
Z LT, RS FGEANICET 2 L b, BEREEITOR
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Examples of the eroded cross-sectional shape
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Erosion depth and rate at each discharge pressure using the device A. From the upper: 3.0, 4.0, 4.5 MPa.
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Fig. 39 -HHEE B SIS 1T 2 pRBRIFH] & BEREVE S 35 L OVERREE & o BIfR
Erosion depth and rate at each discharge pressure using the device B. From the upper: 4.5, 10.0, 15.0, 20.0 MPa.
DI EAT > T2, VRICERFEL TS Z 2R LT D,

(3) M:HAET) & BRI S b L OMEREEE & o RfR

M-SR A (2381 5 aBRIN ] & BEFETR S 36 L OVERRER
& OBIR%E Fig. 38 1”9, BEEEIOM LY, OV
AVOIEE T I T b BEFERE S (LR HR8E (R W B
BN 2 2 &, @QHIEAREL 21T E, BRI
AT 225 Z L, 33.0 MPa (238 TIHEERE DI TIC K
TAV NHOMEIZLDAEBRO LRV &, @40
MPa L EIZE Tk W/IC=50%13 40%| Ehi L CEERED i
TIRHENT &, DR E Tz, 2, EEFEEIT AT
NOEBEZTH L, £z, TEFEMITRBRADO K A

-
—

FEFEREDO &Y, Yo 20 FefiCB W THEDIXS
DXFH BN, TNLBITIZL S H/NEL, I HEED
WEindZ ENRENT, 72720, WIC=50%D 4.5 MPa
W T B EEREREE I, 100 FERILARREI A ERICH D L5
WCRA, ZHUE, BEREETIC S T A HRBRAE T
O BRBEEASEIN U 72 2 202 & 2R IR 2R 1~ 0 i o i B
JEOIK FARK & B 2 Hivd,

H-HEEE B IS I01T 2 aRBRIEH] & BEREVR S 46 L OVEEFE R
& OBIfRE Fig. 39 177, HHEEE BIZHBNTH A &
[RER DB & 720, ORFRIBEE IS RO EFER S AIERIIC
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Fig. 40 THHE )36 O HE & BEFER L & DBR
Erosion rate versus the discharge pressure and the water jet flow velocity
Table 7 SAZREBIEC L 5 [E1w
Regression parameters of the test results by power function
. i w/C RTAT
g5 g
RISEZEEL st %) N . PRIERREL
A 50 6E-06 5.74 0.988
- B 50 5E-04 2.55 0.987
) A 40 1E-04 281 0.957
B 40 1E-04 2.78 0.967
A 50 4E-25 11.48 0.988
i B 50 SE-12 5.10 0.987
il 4 A 40 SE-14 5.62 0957
B 40 2E-13 5.56 0.967
0.05 1.6
A, 4.5MPa e~ 30rpm-50 & 30rpm-40 B, 20.0MPa -0~ 30rpm-50 A~ 30rpm-40
< 60rpm-50 - 60rpm-40 1.4 - 60rpm-50 == 60rpm-40
= 0.044 = 1o-
E 0.03 .//k‘_i\*‘*\\ E 1.0
Y ‘ £ 0.8
0 0.02- ’ : E 06
%% € 5
& 0.0 Sy g 0.41
0.2
0.00 T T T T T T T 0.0 T T T T T
0 20 40 60 80 100 120 140 160 0 2 4 6 8 10 12
R (h) RER (h)

Fig. 41  [RI#5HE 30 rpm 35 KTV 60 rpm (2

T 2 BRI & BEREHE & B

Comparison of the erosion rate with the test drum rotation at 30 and 60 rpm with discharge pressure 4.5 and 20.0 MPa

W42 Z &, QUEMENNEL 2512 E, BEREOHETN
WD L, @W/IC=50%1% 40%!\Z bl L CEEFEDHELT
MENZ &, ARENTZ, 2, BEHEEICBW T, 4.5
MPa CII#IH] 20 FEfE, 10 MPa L)\J:’C“ TEWIHT 1~2 R
o2 EHDHHODOZNLRITITE - EDEE R LTz,
ITRERE"S %AkB@uj:HjFﬁMMPa BT DHFEKEA
I bb o> A ER R IR R A U 7 BERE IR O SR E & Lhik 3 5
L, MHPEEE A 0SB & BRI TERY, MHEEE B ISk
D LR T W/IC=50%D30 148%, W/C=40%73%7 114% T -~

7o ZOFKE LTIE, HHESE A 28 B IZkbig L CHH
WMES 199G E 2N, £, J AL RBRIKET

DEFBEN 10 mm /N SWZ ERF 2 B D,

R 738 KO G & BEREIE & D RAfR % Fig. 40
WY, 22T, FRlBR —RIB) 5 2B o
VIEEFEdEZ 7' 1 v N Uiz, E72, HiEEES L0k 2
VNI O REREEIC L D EFRERLIFECT Ry ML
Too BARPHELZ

E, = aX"

R
@)
T 2T, Ep: BEREEEE, X RHE S E I R,
b:/NT A=K
THRL, T A—XBIOWEREZ Table 7 (278 L7,
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[ Ui s s L OVR] Uk A o R EDEPEIC I8V TIE,
BREABTHEITE 5 2 LvRENF, ZhIE, HEAD
BIROMHERE ORI X0, EEREEEE D3I IR
THZEERLTWD, £, ZOZ EFFE UHEEE A
FAW=iBr chiuE, sBRRIZR W TRIK 2 SO TS
2B D EEAEREE SR T HIE, 2 LS OHTE I
B DEFEHEE N HERIRIRE CTHDH Z AR LTS, OF
D, B7e D T TR S 7 iR BRI 0 BEAEE T I RE
HHIRFHIAS ATRE & 725 2 L 2R LT 5, 7ods, kit
JE 7 & BEREREE & OBMRICIIT B W/C = 40% D H 4 E A
L B o[EFRUTIEIE —EK L7228, TS OlE K
T A2 MEORBIRICBT B ERIE B Loz, 2
D LI, HHEEE A BB ISR D EREMRR N R
LI EEFELTND, FORKE LTUE, A¥ U K47
PREEE, TR, W & OKEROEE R & OFHEN
Bz bbb,

(4)  [BIEHEE & FEFEHE & DORIR

(Rl 30 rpm & 60 rpm (2331 2 BRI & EEFE
L DORIR%E Fig. 41 (R T, W/IC=40%D 5B {A D FEFEE
1%, 4.5 MPa, 20.0 MPa & % [HIHHE DRI K 2 BfE 72
TR LN, —T7, W/IC=50%DFRER IR D EEFEHRE 13,
4.5 MPa T 30 rpm 7% 60 rpm % LRV, 20.0 MPa Tl %t
{2 60 rpm 7% 30 rppm & EEIDFER & 700, MK DEmN
RENTZ, T, ERROBRITEBRKOIEL &R L
WX ELNEAREEN D Y, Z OESHEE ORFANICE
Wi, ZORBEBETLINET RN EZSZ LN,

4 AU PMR—XMEABABIUTELZILHBAD
EERRAF I
AHITI, KWRERERBR L A b=k, X
JVERBRIRICHE A U, &SRR 0 SRR 72 BERERFIE L DU T
Ba LRI OV TR B,

a HEBAHZE

(1) BRI

BRI, TAZ L2 E =& N RO 3 FEOR A
L L7z (Table 8), MEHE, WEBFL NI KEAV B
L TVIIS R 5201 [ZHEIL U 7R HERD 2 1 L7z, M40 @ S/C
1%, BB OMEM RN M50 L 2D X ) ICE
LTz, Fiz, BERIKIE, PISTE 296 X 142 X 60 mm ORI
WHTRE L, SEAIZ OV T 2 AR L 7=, #iin 1 B THL
WUt 1K BRAE L, Ml 28 0 CTRERBM E LT,
() AR

FERSME4A Table 9 (23, MEHUZEE A 2V, AR
MIHEREC 28 B (672 M) & L7z, RBRIKOEFER L L
TUE, BEREEE (R, KH) BROBEREES 25 LT,
SN, EEEERRBRETR LN, 2, 3, 4, 7, 14, 21, 28 H
TR FEhE U 7o, A aBRINE RO 14 | SRR A 4 3Rk 2>
BAL, ARHPERERS LORFPERZIE LR, L—F—
PNERHT K0 BERER S A3 L7z,

#5245 (2013)

Table 8 FRERIKDEL G I OVEAETREE

Mix proportion and compressive strength of specimen

Ekss V(Z/i()j s/C Giﬁiiﬁz)
M50 50 3.0 39.1
M40 40 2.6 51.1
C50 50 0 40.7

Table 9 FUBRSM:
Conditions of water jet erosion test

HH ef:
HHE ) 4.5 MPa
m P B 24.1 1/min
NP Il TRE S 30 rpm
J RV DS KR A P 40°
BRI 296 X 142 X 60 mm

Fig. 42 B TR OMRERE (M40)

Surface state of the specimen after erosion test (M40)

b #RLER

(1) FEEref:

JEFERRBRE T ORBRIE ORI A Fig. 42 \ZR"T, 20
BJL Y, EEREREIR S BRER AR i & 5 D L 9 ISHiElr L T
HZ L, 7, ZOHEBIIESFTETIERL, FLES OE
BHVERZB LTV 2 Enbhd,

PRI & PERE T & & OBfR A Fig. 43 12, X(PHEHEL
KRN GRO T EFEARTE & OBRE Fig. 44 12,
FEREIE & & B RFEFETR & & OB % Fig. 45 3 L1\ Fig. 46
IR, WTNORER Y, =2 NRBRROEREN K E
WZ b, ELHOVERBRIRNE, BRI BV TR—R MR
BEOE-ERZ LR 20550, BESIKIKFTSZ
L, BRLTWD, Ziu, BMOFENRREEE X S
Do DED, =R NREBRIKTIE, SIZWERHETH D
DITHRIGHNZ EERE RGN 5 DKt L, €L & L aBRIK
T, KIS & B EEREE SR OB AR5y & L0 3l
—Z MR BRER SN TR Y, BMARIICEL L%
I, BEFREZ T HEMIS H 6 H2—2 NSy O RS AE/
LWL 720ls, BREENMET LTS Lflisiz, Z
i, RBRIE TH O MS0 (Fig. 47) 3L O0C50 (Fig, 48)
DEEFERID & bR STz,

M50 Tix, REIZZ< OFMBEH L, MHoORE 2k
PETeoTW e, ZhUE, KEFOBEEEIERIZIHN— 2R
RSB HR I U, EEREICHRY VM N R TR » TR R T
b EEZ BN, BMOFIZIE, BBHOS—X Ry
HLTWEHDOD, 20 FidD~SA—A Ly b OFHEDIRT
o THDEMH L, THIZHM Zfid 7o M2 G 9
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JEFEH & (g)

AR (/)
Fig. 43 BRI b BEFEE & & OBIGR

Comparison of the erosion weight of mortar and cement paste
specimen

FEJFERETR S (mm)

BRI (F)

Fig. 45 BRI & PHIEEREDR < D RIR

Comparison of the average erosion depth of mortar and cement
paste specimen

Fig. 47 M50 OEERERPL (28 B %)
Eroded surface state of specimen M50 after test (28 days)

DERFHZ R L T\, ZOFER, BMIVKERD 5 T D
N2 MR EARHET D 2L L0, BEREOEAT AN &
nNi=eEz iz, 2k LT, C50 Tix, EEREFmMN
RIS BN E ETERENEIT L TV SRR E T
Do

L AT, FEEFERNE, FEFEEE, FEREIREE, PRIEEREE
S &L RBROMER 2328, FEifEE L L Cix, FRERE
WEDENTND SISz, Bl E LTE, BREES
DOREIZ L > T, R REZEEMOITIERT 2 2 LA ATHE
ThDHI L, £, BERELSOFINIC X DR KO K IT 7
EWETTY, BRERSOUEMPEELZ T L Z D
TRNZ LR ERET NS, ARBRICBWTIE, Hatksrk
ThodrE ALy NRRBRKICLDERMORBRE 2D Z &
DD, RBIRORDY M - WAL, £z, FHIER~OR

140

FEFEIRTE (cm?)

BRI (H)

Fig. 44 FRBRIGR & BEAEIATE & ORI

Comparison of the erosion volume of mortar and cement paste

Do
(=]

—
bl

I KEEFER & (mm)

ABREFHE (H)

Fig. 46 FABREFRM & e REEFEE S OBER
Comparison of the maximum erosion depth of mortar and cement
paste specimen

Fig. 48 C50 OEEFENRN. (28 A.)
Eroded surface state of specimen C50 after test (28 days)

B EO—HOMEZEICB O TREKO — N R IT 573 L
OGN ET D Z X HocPREEND, RERENEE L
AT, EERES T T, B E A IS
ZEIREEE 2D, USRI LT, BEREE S, BRI
) oG TRTE, BBRIEICZDOBENECTHR
Bt 5 2 3 IE VS REATR 9~ 5 2 & A3 AT RE 2R SR A BEAEFR AR T
Ho,

(2) EEREHE

A Y4720 ORI EERER S & R EEREERE & L TR LTz
D7) Fig. 49 Th D, W 7 A B £ TIEERBRK L L EH)
MREWVD, 7 HEURRIIEA D WiERE o7, £
7=, LA VRBRIER L OV— 2 RFRRBRIA & b ISR
HEMET LTS ZEPoRaEniz, 7 HHLBO LB
FEHE DL TIZOWTIE, EAZLRERK L ~2— 2 B



24 St T e AT s

TP R (i )

BRI ()
Fig. 49 BRI & PHIRRRER L O BILR

Comparison of the average erosion rate of mortar and cement paste

—e— M50-1—o— M50-2—#— M40-1—— M40-2—— C50-1—— C50-2

JEEFENLE (mm)

X-X' Wr ifi {7 /& (mm)

Fig. 51 X-X' Wi OEERERDL (28 H %)

Cross-sectional erosion shape at X-X’ (28 days)

WCIIRNRN R 25 52 Hhniz, sk L=k HizELH
IVRERIRTIX, B &= 2 NI CEFEDOHEF T 2N B A
D, EMNTRHT D & EREOMEITAIH SN S, EDTD
Wefl iR & & b IR MEAEIC SO D B REEOHI G
DHEIL, BEREEENMET LB o, ZhuTkL
T, =2 FNRBRIKOLZ AL, B & =X—A NSO
X9 R AR VA H T HENZVRERE L TR0, 1RF
¥)—IpiECTh o720, AR ThIuE, —EOBEFERE %
MEFF T 2 e TPRINT, LML, ~—X MR
RIZ, BEABEFEDSEWTZ DI, EEFEEITICE- ¢, BRIk
O FEEFER T DS KMEFEME S 7 X2k LTI agIc iR 9
HZEEY, TORME, KEROBERHES MO, B
RIANZBIT 2 KEFROEESIAMET LizT=, BEFEEE N
BKFLEXIICRZD EEZ LN,

F iz, BRI OMEM B4R CICRE LT Z L
PBRIA MS0 & M40 (2B TiE, 7 H H LARROD 14 EEFEE
FEIE M40 125 L "C M5S0 1349 1.2~2 fi5 D EEFEH R CHER L
7oo AU, FEHMEDE U ThHIE, KA MO
L K D=2 Ny OTRE OFEN BRI T IO B A &
E L7 &I Sz,

(3) PBERERIR

ERBRIKICEIT 5 Fig. 50 O X-X* BLOY-Y’ WAl
T 2R T % O EEFRIR I A Fig. 513 L OVFig. 52 127”77,

#52%5  (2013)

y
L— =
prabc ks )| o ,
e X x
(SmmEI)
Y
‘%/_)
FERERR

Fig. 50 FRBRIKICIUT 2 BEREI AR At i

Measurement position of erosion surface shape at the specimen

—o— M50-1—— M50-2—=— M40-1—— M40-2—— C50-1—— C50-2

(=]
1

'
o
1

-10

JEFENLE (mm)

-151

Y-Y' Wr i i (mm)

Fig.52 Y-Y’  Wrii OFEFEIRGL (28 B %)

Cross-sectional erosion shape at Y-Y’ (28 days)

AR D, E/V 2 VRBRIROEFER T EM OFTEHIZ LD,
FHEOMMNKEL, —F, ~N—2 NREBRKRTIE, 2725
MIREEFER I & TR L TV DRI E B /R ST
Ho HL, C50-2 D Y-Y’ Wit D-40 mm i V) OZERLH I
DGy DN ED &g LIBWIKE Th 722 D
T A NN EL, FREDEWEY T o 7o 7= DI EERETE
T S vz & HERI S 7z,

X-X" Wi o~ — 2 FRERIROBEFEZ RN G, EEFRR
I —CiER L, BREIRY D2 LN LE, 2o
FRE LTEZBND D0, Ao Kgimng st » 2
DO SN D KEFRIRY BN D L THD, / AN
DITKIEREAS 40° OME TN > THEM I b Z Lic7z
STWBHA, ZTHIUTIE ANVOINTHEERS L L0
DAHTAENRKRE SEET S, LoL, LUNOKRSCIEFE
PHEZ TCIC#mm 2D TV D72, ZOREDEFEDR Y
VR LRl S Tz,

Y-Y' Wi O — A RREREDEERTEIR N G, BRIk D
s L 0 B I CEERE N EIT LTV D Z E AR E LT,
CZOJREE LTI, KIEGRESS 2 21 6B i £ T
DOEBEOMRENET 6N D, RT7 AICRE IR BRIE
28, [BlE L7 B KR 2 521 D 1ECh 5 2 LD, Fig.
53 (2T & D ISR 1~ D /KM Ol Z4 44 s L OY
K OO E PR X SRR R DAL IC L > TR - T
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FERE

Fig. 53 (e~ /KM 72 4 ML 4o L OVEI i
Water jet impact angle and the distance from the nozzle to the
specimen

W5 BRERIRHOE CIE, KM ZS A 1L 90° CKMEHE
BEEMEAET 70 mm, T AUSKE L TR, AKIERE S A
JE 63.4° T/KMERBENEEL 87 mm & 722> T\ 5, RERIK
DL B £ TOMIE, KMETHEZSA LI 63.4° ~
90° , ZKMEFREEHET 87~70 mm D TS 5, K&
TR EERRRE DS FLME S EEEER S BT B KM O JE 1%
FEWEEZLND, LTahR->T, WERIKDEFERIRIL Fig.
52 IR END LD ITHEA T CEAER S Bk & 72 o
7o &I & aTz,

& AT, KMETREZEAEN 63.4° ~90° THHI ED
WL LC, AR OTEIZEM & $t oS Ie 23 BT D kR
HZE 2T 5EN L VEBRIEOEERBE T HNd, 20
Xk chiiL, RRIEFEE & AT B OFRWE
NHERT 256121, FOEMIIAESICHI L, i
WENLT D X2 R RIZIT R aneEZExohb, L 2A
DNEZEFAENE AT LD, AAREF NS T
E LTl 7o, EOAINTEM 28 U CRBRIRICEES
D DHT, BHTHBSEN D FRK & 72> T D & HERI X
nos,

5 Y9 — FARAOERFN

a HEBRAZE

(1) BRI

R IARL, BRI R T KA N EHWT, Table 10
OFEEIZEY, KEA FE3IFE (40%, 50%, 60%) 0=

> — h B (N-1HE 296 X 142X 60 mm) (ZFF% LT
TERL U 7=, BEBIE&KE A v M ISR W TER O HAL RN
L 72D K OITERE LTz, BRI, #7ktE A M
DWT 2K L, M1 B ORI L7 t2IokPHREL, #
fin 28 H CRUBRABHAR L 72, #His 28 HITISUT & EAEIRAEL 2
Table 11 (27”7,

(2) MBS

PR SAE % Table 12 (2779, MHEEE B 2 Hvy, FHHNZ
PEBR IR DPEFER S 2 kG 3BRBAGART, 1, 2, 3, 5, 10,
30, 50, 100, 200 WREfEZIZIENM Lz, AFHAIRFIZIBVNT,
L— A5 o IO CRBRIA D BEER S 2 E L, 38R
RS 50X 50 mm DOREIKIC 1T B BEFER S O %
REEFER S & LT, Fiz, ARG 72 0 R EERER
S OEALAEBERERIE & LT,

b #RLEER

2 PRBRIRE R 12 1 38 1T D BEREIR BLIZ DV Tk A v
e 40% D7 ER A% 5] & L C Fig. 54 (Zo~d, RBRBAAART
BV, REICEMIZA LNV, RERoE & &
BITIATHE AL, RO THAE R A3 20 87 T 2 W2 D3 e
Waniz, ik, RBRIE~OKEFROEZEIZ L -T, &
AV P R=Z FRBEEL, BMABEHT MR THD LB
2Btz Fiz, 0~30 Rl E TIEREIRIEICELS A D
NDDITHE L, 50 R LAB SRR R N B < 72 DI H )
oT, KREREMTIR SN oT-, T, ERERH
MEIEBHLIEM TED DN, BA Y FX—2
b ~OKMEIROEZEDIG T B, BEFENHETT L h o 7ok
RThidEEBEZLNT,

FRERIRFE] & SRR EERER & & OFIR % Fig. 55 12079, =
DEEY, WTHROKE AL FRIZBWTY, @BRBAE
5 10 REFRE & CIR Al BERRIR S S I35 203, 10 B
MZBZ D & BEREES OEMMNERKT 2 2 L3RI n
Too TOREFRIE, IV3all®i) 2E X VERERIK & RO
T Y, BRI & BERRES & ORI ORERN

Table10 =127 U— MELH
Mix proportion of concrete specimen

AR O KeAV R B HALR (kg/m’)
S FNE RS e = K A HIE AL HUE A TRANA
(mm) (%) (o) W C S G A
20 40 43.0 155 387 746 1050 0.968
20 50 43.0 170 340 746 1050 0.850
20 60 43.0 182 303 746 1050 0.757
Table 11 RER(K D FEAFHREL Table 12 BUHRZRA
Compressive strength of specimen Conditions of water jet erosion test
s WI/C (%) Efﬁﬁﬁﬁf}?z TH ESGs
0z (N/mm ) 5 EAKIEH [ ) 15 MPa
Wicdo 40 414 e FEZK B 7K 22.0 Vmin
Weso 30 34 PN 30 rpm
W/C60 60 25.1 ) R OMEH AR 40°

B IARTE 296 X 142 X 60 mm
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Fig. 54 BRIADEFEIRIL ORI (W/C40-1)

Changes of eroded surface state of specimen versus test time
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Fig. 55 ~VHJEERER & OREIFE L

Average erosion depth versus test time

R a7ty b= halBRR L 1T R 2> TS, =
g, ek Lk Hricar s U — MEBRIRIZBW TS, F
M EREEI T2 B9 5 2 & B EIK & B 2 bz,
—J7, KA NEOFIEIC X 2 EERER S O TIZIEH
77 RPED Lo To, ZORKE LTE, ()KE
A2 NIRRT ~RAE TR L 0 S RBRIENEICE
T2 B O FS OB E DS EEFEEI T~ TN K
EpoleZ &, QFRBRIBFTRIFD T U —F 1 7 DT
PERERBR I OMMEEREENZ(L L2 2 L7 ERB 2 bz,
EHIEEREGE S & BEFEHIE X OBIMR (Fig. 56) TlX, ¥
PEREZRE DY 0.5 mm HIRICEREEE O —7 (0.22~0.33
mm/h) "BV, FALUETIHEE L, 2 mm LUE TIIERE
BAEAY 0.003~0.004 mmvh & B — 27 BFFDH) 1.1~1.9% CTHER
T LI ENRENT, 2, FEHEERERES 0.5 mm LIS
BUF DEAEEHIE NP/ NS e B & LTI, AR O e e
WL, KEFROEIET RN =N T B0 Th D &
EZ BT,
FROREY, 27 ) — NRBIROBEREIBRERIX, &
AV b= NOBBER AT L, MEM, HEMOIETE
M@ L, RBRRm BT 2B 5 H A OYE 2 A
v b= N OREEE I L, E OSSR, EEFEET T AN IE
TOHMBETHD EEX LTz, £z, TOX ) ZpifEz
DR, KEREO™EZ % LTl A 2 h—Z h Dkt

0.35

0.30- O W/C40-1

025 - W/C40-2
: T+ W/C50-1

0.20- = W/C50-2

= W/C60-1

0.15 —A— W/C60-2

JEEFEIE EE (mm/h)

0.10

0.05+

FRJEEREGE S (mm)

Fig. 56 THIREFEVES & FEREREE & 0 BII%

Average erosion rate versus the erosion depth

BHUKEE 7 1~ 7 OFEFERIRI

Eroded state of concrete blocks in an actual canal

Fig. 57

NBLTEA Y b= b EEM L OB BB DR
ENNTHARTEH N =D TH D EHEE S L=,

6 Ay )— Ty YHEBREAOEREE
NIRRT 1y 7 EEEN Z <A &
NWTNDZ &N, 7 ry 7 FBKEOMREZEE LU
DESIHFRE L 72> T D, REITIE, AT vy 7 DB
¥ (Fig. 57) #65%L LT, 71 v 7 bRk o B
Fids K OVEREIC X 2 HEEHEREB OZIZ DU TR IEEEE
FERBRIZ L 0 AT LT,
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Table 13 =27 U — Midé
Mix proportion of concrete specimen

Ry KEAYR MM B A (kg/m’)
A 7~ = 5 LT AE, e A=, e v
REA N ke * S TAVCN O MEH OHEH R
(o) (%) W C S G A
18N 18 70 39.0 165 236 745 1165 3.54
30N 30 47 39.0 165 351 708 1108 3.51
Table 14 ZRXE/E NS —2
Steam curing conditions of concrete block specimen
il A & R e vl A i
IREfA] (h) — 1 2 4 7
IRE (°C) 20 20 20/h 60 —
Table 15 FABR RO FEAfTRIE
Compressive strength of specimen
JEAEIREE (N/mm?)
AL A4 -
1 H 7 H 14 H
18N 11.6 20.7 23.8
30N 23.2 41.2 43.5

a HERAE

(1) FBRIK

Ty 7 AR IRIL 2 FEEHOBLS (Table 13) (280
B 4 RAERL LT, BUA4 18N ORBRIRIE, BTN 40 4B
WG ST v v 7 OMEEHHT 5720, MO
ARFTEAICITWEAS TER LBk ch 5, £, BS
4 30N OFRER IR, BIERE Sh TWb 7 e v 7 OFLE D
—OTHY, DT OITAFR LT3R A TH 2, HEHT,
WihR L b T R A, FERESH (BR-HE 20
mm), FEPERERUKAIZME A Lz, SRBrikoRRisE ¥
— B K OVEHETRIE & Table 14 35 K O Table 15 (27777,

(2) HBRGE

Ta 7 R EBRR O (et R BRI L, R B I X
DS L7, sBRGEE, HHES I 10 MPa & L, HHHEH
FEEITAK 0.018 m3/min T -7, 2 FHEHORBRIKLDS 3 1K
(B3 18N-1~3, 30N-1~3) T2\ TIE, (EdEaBRR] 0
20, 40, 60, 80, 102 Wiff] CRRBRIADEFEHE X 2 L —H —
EAFHZ E O RET 5 & & bICERmRIZ2 GERGE L,
FTo, BEREYIIOR AR T 572012, 2 FEORBRIK
D% 11K (R 18N-0, 30N-0) &2\ Cix, 0, 1, 3, 6,
10, 15, 20 [ CEEFEDE S HIE 5 X OVEEHR 2 9hn L 7=,

3.0
25
éz.o 1
YU
%
15 A
s
~%1_0 1 -O-18N-1 —A18N-2 —O-18N-3
ol --30N-1 —A—30N-2 —#-30N-3
T 05 —0—18N-0 —#—30N-0
0.0 . . . : .
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K7 (h)
Fig. 58 “FHIBEEREDE S ORI

Average erosion depth versus test time

b #RLEER

(1) PERERRME

ERIEEFEVR S DR L A Fig, 58 (R d, EHIEERETE
X TIE, 18N B XL 30N Okl & &, BRI D
20 WFFRE FCl, 2URICEREE S NI 523, 20 FF
Mz 25 & B S OHMMNERT 2 2 & RSN
oo ThUE, =7 U— FEREERICE VLT, BMEHIC
X, BT A =2 N ORI SN D -
HTHDH, 2O XD REFE TR, FHEREHE (Fig.
59) b bR SN, BBR 40 RFRILARRLY, SERIEEREE
FEIRVME THER L, 102 IR TiX, 18N ER{KDIFE) T
0.0024 mm/h, 30N GER AR T 0.0025 mm/h & IFIEF T
L 72 o7=, —J7, #BR 20 BERILLET T, 18N fBRIK
DINBJEEREHE D F N ETREBREE R LI, ZHLH O
I, BAEREICE A2 F—Z MOMEE LTV D EEFEA]
HIZRBWTIE, KEAY MEOHEICL D E AL h—2
bt DIFEERENE O KN EFREEITIC B %2 XT3, BERED
HEAT L CERmMIIETEMBH O L g o T BEFER LI
TUL, KAy MEOHEPERETICHEZIZTEA LR
EERWEDIZAELTEEEZLND,
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Average erosion rate versus test time
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fRHERBRIZ IV I, et BRms R & Bt C s 1) 2 J2ms
MEDMHAEZRD D ZENEETHLN, BTy 7o
BEFRER SPENRE-MTH D720, FHEIZHLNE RS- T
Wi, BT w7 LSRR & o BEREIR Lo Fhik ] (Fig.
60) 7 HIE, ZOBMT 1w 7 HlOTTAEEL LT B 0%
IO L IR, BENMETL TSI IICALN
7=

(2) HEEHLEREL

B 102 eGR4 O SR EEFER & DR E 7o 72 18N-1
BLOV30ON-2, F72, 18N-0 B LV 30N-0 D 4 RER{KICH>
W, RQ)BLUQ) LY ~= 7 OGRS A HEE LT,
HETHLE R ORI (b % Fig. 61 (T3, HETHLEIRE
b, FEFEIR S ORRIFAML & [RIRRIC 20 WRERTLARR I3 003 36
WA D EfZR Lz, ZhUE, BEREEITOmERIC LY, &
O MRS KR E RN E TN ERFIKTH D
LBz NG, Wk 102 R OHEEHLEE RS0, 18N
BR{AT 0.0156, 30N #BR{AT 0.0145 Th o7,

7 AT LIAREERA D EFEF T

K72 & o BRIV, BEIRICH
T=oKEDEMMIZEY, 227V = MOV T A
(LLF, Ca) WABSHEITL, a7 J—bRENLE LT
WA ZERHEIN TS (BH5, 2005 ; &5, 2009),
FKE OGN G 7= 5T /KFIMEMEO T LIL, BEFEORiE
R, HE TIEIZB W T B ER S 5 M558 E DI T 72
EORBEOEER & 72> T D REWD B 5, BEFEOD
KFERRE A N v 7 BNE T HIUEREE 5% b RIS HERE L
TWKTEDODA Ny 7 ~Fx VAL POV AT EBNT
1%, Ca YA KRN Z DL RIET 8 4 713
DHIEDBMBELD,

AT, BERKER2ETELTHD EHIIEND
Ca 1AM & EEFEL DAL LOBRSEHIREZ AL LT, Ca
WL L 7o =2 MEGIR DI EFEME DK TIC DV Tz
T5 L L b, EEFEEERR A o Ca AR D /715
HREE D ZEA L& JIE T 5 FIEIC O W TR L2 I
Wik 3,

a HEBAHZE

(1) BRI

BRI, WAL T REA Y FEAVZALA—R |
(R & L, Ak A2 BEIE, 40, 50, 60%0D 3 FEOELA
L Ui, BRI, N1 70X 70X 20 mm ORI FTE L,
v 1 B OB L721212 20°C TR L, #Milii28 BT
TR R % B AR L 7=,

(2) Ca MR ERER

AL FRMERN DO Ca IRBLARMES 2RI, 2
Eik, K, ERAMEEEOKRE S 3FEOFERD D,
IREETRER IR Z A 4 2K 72 EOERKITR T 7R
TH Y, BARETRBRIRICEE TA A 28k & @i
WAKTHIHETHD, o, BRWMEEEE, BRIz X
S THENS NI A A 2K &1z U T KB o il 7

(2013)
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Fig. 60 JEFERDLO LKL
Comparison of erosion state of surface at an actual canal and at the
specimen after accelerated erosion test (102h)
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Estimated roughness coefficient versus test time
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Fig. 62 VAN B O
Overview of accelerated Ca leaching test
PWAE % 52 7C, Y — RN Ca* 72 E DR A A v % 5
MIZBEN XS5 HIETH D, T 2T, BEHEDOKE
AR A B E Lo, ERAMEEE TR O ZAER
BRI, RIEIC L > TR DN D A HERIK L I ZIEREE T
b (FRE 1993 ; RN 5, 2001), WHEREGICHET 72
OOEERRIREAFTDHEL L THDEEZEZLNT
W5 (LA B, 2002), BRAVELEETH DIEMEERER
DOWEZE % Fig. 62 [T~7, HEIE, AR, KENICRERE
ZRET DO, AT L ARA Y 2B, ©
HEEREREEE IS L O A o KR B S D, HEE)Y
Wiz, 9 EfroE@AL (72X72mm) 2AH Y, TOFIC
FBRIARZ 70X 70 mm DOBIMIHIAS Ca Wi & 722 K 9123k
HEMOT Y a— TRE LT, KENE A 428k T
iz L, BAEICEEEZEH ST Ca WA Rt =&
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%
FEBTIF 60V &L, EMHET0.273 V/imm OFEAL A/ &
L7, BBRIFRTIX 28 H & L, 1ERMIC 1 [A%& BALUZA A4
K H RS UT,

(3) EREAREER

28 A OEDURHERER 2 & T LR R 2 R B 12
X0, BERACERER 2 EhE L, 7ok, WO, TR
% 56 AAKPEAE LERAROSKE A > kM EIORERK S
RIBEIZHABR U7z, HHE /I3 10 MPa & L, SABREFRT I 102
FREfi & L7z,

BRI O BEFEIR L & FHIE L OB BRI IE % Fig,
63 |TR9, BEFERIE, L — W —ZNEHT L 0 RBR RO EEFE
REZFH L7z, 3, RAEHEEREERHC, 0, 10, 20,
30 4y, 1, 1.5, 2, 25, 3, 3.5, 4, 5, 10, 20, 40, 60,
80, 102 KEMDFF 18 [BI192hE L 7=, sEBRBALAR 1L, EikD R
FEARBRPFRNC B W R 221 U, SRR IR & B > 5 R
DAL RN U7z, SRR R i O WA 1, K FE O 54
L 72V g 10 mm FREEOEIR (LUF, MEEEREREIR) 233%0E S
NTHEY, Z ORIV TERITHET LV, Z DR
HETT D M RIS T A0 0D 3% 1 % [ELRR O A C AN &
L, ZIbEEER £ COMBEABEREIRES & Uiz, BERR
S0, BRI O FHULER 40 mm U5 A4 & LT, 5 mm
MECORDERET A L EFREL, FEETA v LTI
I mm R T 41 S5 L72, 2 LT, 369 51 (41 5X9 AR)
O FHE O I % £ PREBRRE R 381 5 SR R R R
L L,

(4) JuFEHT

FRERIR DO TTHEHTIL, /L ¥ —45 B A A R S - B
# (SEM-EDS) 2T/ L7z, HH L7-ksamiE, AARET
JSM-5600LV ¥ & U} JED-2200 TH 5,

KM EEFERABR 27 T L= BR RIS B T, MEESEE R
MNHRERF (70X20X5mm) 2910 L, i X 5izh)
Wr LT SEM-EDS JHERER A (20X20X5 mm FREE) % {FEY
U7ze SOMTHICITRILE E L CTeZ2KE Lz, oL, &
BRIR D Z IR TR 72 0038 oo At A R 3 2 72 OO 1R 40 AT & S
Uiz, misTid, SR O IIE S 7K 3.6 mm, RS
Jrm & EE ST (LR, RiE7M) 128 2.8 mm OHEHE
WA TR & LT, oHTIE, Ca, Si, S, Al, C, Cl, Fe,
K, Mg, Mn, Na, O, P ® 13 fEDrHFE A EE L CEE L
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(5) B — AR SGRER

oy A — AR SE, MUIMEEEEE (R M AR M)
ZHWTHIE Lz, RBRIE 2.942 N, 3Bk ) O EFRER
IS BME Lz, By h— RS OEH TR X 5.,

HV = 0.1891 F /dv? ®)
HV:Evh—2E, F: @ B (N), dv: <
EH D3R S OFELE (mm) Th D,

BRI, KRR A K T LB 500 S
M7 SEM-EDS ik ok 23k & L, mhiES
M OWTE &R L=, WMEE?S 1, 2, 3, 4, 5, 7,
10 mm IZBWNWTE y I — A S Z24A 10 SEHI L7,

5—5—(7
— ey
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Fig. 63 FXBRIKDEEFER L & 34 J USRS i

Overview of eroded state, erosion depth measurement position and
collection position of specimen for SEM-EDS
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Average erosion depth versus test time
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(1) FERERFME

KK A VB OVEBLEREBR I & ARES LR (4R D 3 BR I
M &R S & ORfRE Fig. 64 12T, ZOXELY,
WP DKE 2 > FEIZEW T HERERIAIS, FEEERER
I 10 43 ~2 RERFIZ 3T, 2IRICEERER S 3 E R L
T DR ITEFER S DYERITHARIL L, 2~4 RFH AR IZE
BRI EEFER S IS 2 Z BN Bt e oT, FT2,
FEREWEA D FEFETE & DR OFLE T, /KB AL FHIZEY
FREL, KEA 2 MEBRKREWVIERZORENKE -T2,
ZHUTH LT, RIBBRBRIRICIR VT, BEREM S —
B L T EMRA R IME N 2R Uie, $£72, BRI 10
MBI LA D K7k A > B L OVEBLGRBR IR & RSB BR R
& DPFEFEZE S o= (h O ERRO AR TREFERE 2 %
T X, EERRRE & 2o Tz,

ERETR & & EREUE & OFIR % Fig. 65 1T, ZOK
0, BB O EREHE IR TN TR E
<, BERERS PR 72 88, PEEEMEILEIIZIRT L, £
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Fig. 65 JEFEVREE & FERERE & ORIfR
Erosion rate versus erosion depth
2~3mm DIVRIKIEIE—E L b Z LR EnNT, £, &
JRERER IR 3 mm LIEBIZH W TIE, RIEDRBRIA & OEEfE
HWENFRRE CTH -T2,

Fig. 66 (25 IEBLARER A D 3 mm LATE D EEFEHE O P11
B ILHE L LTI O K BEFRR S I2 1T D BRI I A 7R T,
Kt A B 40, 50, 60%0D 4 RERIR DI BT D BEFEH
FEERIE, #4194 4%, 20115, 27.6f5&720, 3 mm LA
IZHARTR Y REBEBFERE TH DL Z LARENT, L
ML, BERRSNELS DI LN, BEEEL BT
L, 3mmiEMITTHRLEE o7,

PLEDOFER IV, ERERBRICIS W TIIRE N HIES 3
mm FEEE TR EERENE D 272 ZHEI OB D 0, REHEK
Bk & Hl L7235 6, 3 mm LA CIEHEEFEMEAME <, 3 mm
PUETIERIEOMBEFENELZA LTINS Z ERNREnT, 2
D EnD, WHFRERIZ X0 EREREL 3 mm DL

1.0 mm Ca K
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1.[I mm
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Fig. 66 FEFEVES L FEREHIE I & DR

Erosion rate ratio versus erosion depth

FHb U 7ofiiiE & 722 0 SRR b U, MHEEREME O T
AU S EHE ST, ET, THEEFENEIR T ORREN
T CEEFER L 19.4~27.6 {5FAE & M IR F LT
WHHDD, L IRDIZLTENWVEFRERE L /NS D
Z MG, MHEEFEMR T OFIRIZ B8V T b MEgsmsd X —k
T2, BEFMNTEILLTWD Z LRI T,
72k, T OMBEFEMER FHEIC IV TIE, BRI ERER
OFHAFRE OFR A /NS <95 2 & T, MEFEMED L0 &
M7pRE Fmr a7 7 A vnGon s alaEtE 2 R LTk
0, ARBIFGE TR T KR EERE SR 03 ) PR D 2
WETD—2oOFELELTHHTHD LB ST,

() AIRRBRIKICIHIT S Ca IADLAE

SEM-EDS (& & % 5T OFE R TH % Ca, Si DR X 7
FREE 3R & Fig, 67 (2”9, Wkt A2 R ERIZE N,
THEEND 2 mm FREFTIC Ca 58E OFHIET 2 FEIE O

i s T

WI/C =60 %

CaK

————— 1.0 mm SiK

W/C =60 %

SiK

Fig. 67 RIGEREBRIRICI T D Ca, Si DFFE X BREREE (cps) /A
(X oD SRR T, AN T CERES Hi L7 D, AROLEMH T — "= X EIZEmmEL R L, &uROREN R
WZ L EFET, THEE SO KITEE X o K 251557 T,)

Characteristic X-ray intensity distribution of Ca and Si in Ca leached specimens
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AR ZRBE R FET D 2 L I LTz, £ OB LI Tl
Ca BREEDMEK L, BEFRLIETIL Ca RN ELV, Ca 5D
IRVVEEIE, TABEEBRIZ I T Ca 2L L 7- fEdsk & T
S, 772U, Fig 61 1A LI X 9T Ca IEBIAEIEN
(BT DIMFEEFREME IR & F I —RRClEin <, IR E
LIpoTWBHLEEZ LD, Fig. 67 D CaflifENHnd
R S A A A N PE ARG RN e AR A/ AT N OY )
(\Z1E, Ca/Si E/VEb7e & OERINIRIEIELZ KD 5 LER H
bEEZLNT,

(3) MR I T D Si DA

Fig. 67 ([Z31F % Si DR X ARIREE 51T, Ca EIZIFER]
WA E 2 Le, DFE D, Ca OMENMEWEIRICE
WL Si OBRFES <, 01T, Ca OIRFEDSE ORI Cl
Si DIFENEL o7, 2D X D72 Si DA U =B
HIZOWCIE, BIRRTIEATH D, FHE S (2002) 13,
A=A MR Dm0 S 2 FH LT iE KRR & 4T
VY, Si0, DIRFERS I e U CEE Y TR < 72 o 725
[ & LT, Ca(OH), DIEHIC L DAKRIH 72 R E R ),
Ca/Si HEZEAL LI Z &2 &V C-S-H IV DIEfREENTEAL
L, ZIUSFES RO Si AT L7z b O Tiddenmn & i
WL TW5, 5%, X HEHTE AW, FEko Si
DIRREIZOWTIRAT 5N B 5,

4) ERRBRIR OGRS OHEE

Table 16 |2 530135 J OVEEFEHE LA B HEE L 7o 2B TR
EEIRT, WAONTTIE, Fig. 67 O Ca HEE /)0 % FEICREE
DEEF A A TEE L, SEM-EDS T O fapfE % 3Hll L 7=,
F 72, Fig. 66 OEEFEHE LTI, #ELNYIH T &725
PEZE M L CROEERES & Uie, BEFEHE L) B3RO
MR GRS IO DRO I HEE TR S 25T
LAl T2 b ODIFIFESE W LT, i, EEFE
TR DK X e, Ca VEDLIC & 2 METHE L= fElk T
bDH LRSI, 7k, HESNTZAERIIL, &Kkt
A2 METRBETHY, K A2 FEEOMEIC X DM
FEIRR X OB R SN2 72,

(5) Eoh—AmX

BB RIC BT 2R S F MO By B — Al S % Fig.
68 1/, Kt AL R 40%38 LY 50%IC2W T, #
ENAHDOERZI3Imm BLO2 mm IZBWTE » I — Al &
DE—r7 %L, E—7nbREABLIOES Gy
O = AMIPNS L R DIBIRERL TS, KA |
FE60%IZoWTIE I D L TRV, WL XD ICFEKED
H3mmicE—r7 &AL, KEMBIOES Fmflice >
H—AMSH/NEL 2D H DD, IEBFTRKEL ZDBERN
TRENTWD, RO 712, Fig. 66 DEEREEFE D /)N
AL OYEKRIH % Fig. 69 (Z~T, BEFEE S 2.2~2.7 mm
HIZBNT, RENRER L D b EREEE S N E L 725 T
BY, MEREEOESVEIRPFEET 5 B2 65, 2
HOFER LY, BEILHEE & AREEE & OB ITIz I
TR O R R 7 SEIMFAE T 2 FREME D RIB S
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Table 16 i ERIROHEEZ RS

Estimated chemical alteration depth from specimen surface

HEEAEIR S (mm)

HeERT —#
W/C40 W/C50 W/C60
[HIYHT (Ca 451Z) 2.06 1.93 1.86
EEFEE L 2.10 2.41 243
120
—o— W/C40 (¥AMH)
100 —— W/C50 (VM)
XU o= W/C60 (AR
= 801
X
| 604
R
N 401
"
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KE MO DS (mm)

Fig. 68 b v —AMS (FHHE+IFEHEFRE)

Vickers hardness versus the depth from surface
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Fig. 69 JEFEHE Lo fe/ s i

Erosion rate ratio versus erosion depth near the minimum point

(O)FHER LT T DK R (HIEE
Fig. 70 #EM DRk
Surface states of repair materials. (a) Canal sidewall after repair
construction, (b) canal sidewall after 1 year.

()M B2 DK R (B

8 MHEMHOEFFES K UHEHERK

BRZKBRIC U T, ZKBRIRIAER B A il T L Camok
PEKEEME DO BEREIIE 4 (X 2 flE M ol ST D, fliE
BAADEAMEZ DV TUE, MO RLEEAREGRBRIC L v #E
ETDHZEITFETH LM, B S, BERENETL
TG A OHUEREIC OV TIIEE T 3, RHIn0ZmKt:
REDREDBLE N HIEL 722> T % (Fig. 70), AT
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MifER D
Fig. 71

X, e B TR EEERERARR 2 9206 L, AN
FORERD DHEE LIZREREIS SV TIRET L 72,

a FERAE

AR, EREOMEFEECHN LR TWDL R ~—t
A RSRITEEEM R 5 B GR5 A~E) 2w, £
Tz, o=, M4 TRl A b= 1 fE
(C50) L2125 (M40, M50) DORBRIKDT — 4 %
5IH L7,

PRERIR OITEHEEERERBR IS, HHPEE AT X0, KIEFO
H-HE T % 4.5 MPa, R E A4 0.023 m3/min & LCHE
Jiti U 7=

HEEOREWIT, L—VF =LA AW TEIL
T2 5 FEHEOMEMBHZOWTIE, fEdERRBRIR 0, 20,
40, 60, 80, 100, 120, 140, 160, 180, 200, 300, 400,
500, 600, 672 KFRIT, 72, AL F—Z FBLUE
LB OVERBRIRIZ DWW TR, REERERIFH] 0, 24, 48, 72,
96, 168, 336, 504, 672 R§fa] CRUBRIKDREZIR A FHHI
5 &L blcRIRI A TERY LT,

FREBIROFHT =42 2HNT, RQBLTG) LD~
=2 T ORISR A HEE LT,

b #ERLEER
AL T (672 FE[E]) % ORBRIKOREIRILE Fig. 71 (2
R, ZOKEY, MEHT XD RERELOAE B CER
D, YRR S O L (Fig. 72) TUiX, EMEHS
X0, BROEITOMEEICEDSH D Z EDRENTz, EL
HOVRERIR (M50, M40) & OH#ETIE, MifEsE A, D,
E IFEERERET TR <, fIEMEL B, CITEBW T & D3R
Nz, ZORERE, #HEMEB, COJMNMEFREMED
MEITHDZ 2R LTWD, $7-, THERERES Ot

#lifert B

#fERT E
FRBRAS T 14 DR AR

Surface states of specimen after accelerated erosion test

(2013)
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Average erosion depth versus test time with repair materials
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EVHVERBRIRTIE, BUBRIRFRE 100 WEE LA ZEERE D HET T
PIER L TRV, HEITEESFIET S 2 & AR ST,
AU, BEREDOEEATIC N 5 B L EIBRIR OB B HIC &
v, BEAL b= b OKEGROELERG T B AL, B
DHEIT L7220 TofERTh B LB 2 bz, fHEMEL L
MEETeN, BNXIITEENDIEHEDIZ TR D/
ST ENEREITRREOMEL AL IEZEE LN
77

REGIRT — 2 0 MEREAHET HI2H72 Y, Fig.
T3NRT T — X ORIEE FE LTz, SREFIRT —2 % 2
WGl L, MR 55T — & £ TOREEHTT-
RFWEIRT — 2 & Uz, KW EFE R BRI 1 1 2 BEFERR
Bzl SBREO P L < BEEEEITL,
YLER > BIFAERIC )T T L= RIEIRSER S D,
IO, ZoOE LT =255 (1) #AWCER



S - RSEH O 2 7)) — PKERIZ BT B BERERERE 35 & OVMRAE RS BRI B3 2 5t 33

—ilEHA
—iEHB
—istiC
_ —lifsHD
g | — e
= = ——C50
N — M50
YU
% e M40

25 -15 5 5 15 25
FRBR AR BT J716) (mm)
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Examples of surface profile of specimen and the fitted curve for the
correction
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Estimated roughness coefficient versus the average erosion depth
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B ORI TN L VHEEBRIRICE ENDEMORRELD
H/NE L, BEMREEH U CLRIEE S 2 2 ViR
RIZHE U TSN Z SRR LTS Sl s iz, &
AV (FBAE V) ORI /M 0.011, HKRAE 0.015
L ENT (EMKFEA BEAHRBLE, 2001) B0, ELHL
AR (M50, M40) OHEEHE LRI Z OFEFANIZI F
5 E M OHEEMIIM AR Y TH D Ll ST,
SERIFEEFER S & HEEHLEARE & OBIfR A Fig. 75 177,
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Estimated roughness coefficient versus test time
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Overview of the new water jet erosion tester
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TR OW R 25 Lz, AHITIE, B LR
Brpg OBEZE Fo I OB M RRBR I D MERE 2 FEAI 3 2 72 9 D12
HEFEEFERABRIC DV TR L7,

a FAHEBRIEOBE

HRERBRE O EE & Fig. 76 (R, HAGRERIE DR K
%, RV D HEFE % [l S B COKME T O R BR (A~ 22
AEZEZ 0~90° O TEEICREARE LIZZ &L Th
%, RAERKIL, BEEEATIIC U@, o3, BEAME R
W4 EARLE CTE D, EHOWRNE Fig. 77 2577,

b HERAE

FRERIARIT, WIC = 50%D JIS /L4 L 1 Fl & FZHKEE D
FHEFHEIZH VSN TW D HEMEL 2 FEAER Lz, il
MR, R ~—t A bELZL GEE PCM-A) & ik
MR A > A M E (High Performance Fiber
Reinforced Cement Composites, 7L/ HPFRCC) % M 7z,

PR IROEAHEEEFERER I, FrAEBEEIC LV, KIERD
M A 15 MPa, R A% 0.022 m3/min & LT
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FRBRIA 1 8 & Hh S R i KM LoD I HH
Fig. 77 BRGSO R

Conditions of the new water jet erosion tester
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AERIER] (h)
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Fig. 79 HPFRCC 35 J: U8 PCM-A D fliiZE 4 [ RIS PEREE &
DAL
Average erosion depth of HPFRCC and PCM-A at different impact
angle of water jet

i U7z, ARBR IR T RLE L, 30 rpm R TRl
SHTz, AN HRBRIAE TOMEREA 50mm & L, /K
TROMZEA L % 30, 45, 60, 75, 90° @ 5 KMETEL S+
72
REEAORRBRIL, L—V =052 AT, (2R
BRIFRE 0, 1, 2, 3, 4, 5 RRNCEHIL, K(2)& v HfE
YL &Rz,

c HERLEER

JIS V&L OFE 9 BRI EFER S Ok ZE &
Fig. 78 |27, 3Bk 5 W% O BEREIR S 1, e i
30° The/h, 457 THRI2.5M%, 60° THRKERD, 715 B
L0 TIEHHEA T DR L o7, —J7, HPFRCC
BELUPCM-A Tix, MHEZEMEE 30° ~90° 1ThT TR
FER S TR T /R & 2o 72 (Fig. 79),

SRR S ORI LT — & & 1 IRERRE W =0)
T L7 BE OEMROMEE L, SREBRICBIT 2 EREERE
HWEAZFT, ZOfE% Fig. 80 (2,53, HPFRCC B LW
PCM-A 1%, MEZEAEOHINE & &I BRI 2 5N
L, fifZ5fE 75~90° TRRIC/RDHDZEERLTND, 2

5525  (2013)
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Fig. 78 JIS &/ 2 )L DTS £ FE - EERETR & DfE 2Rk
Average erosion depth of JIS mortar at different impact angle of
water jet
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Fig. 80 fEZeA i & I EEREMUE & oo B

Average erosion rate versus the impact angle of water jet

FUTHF LT, JIS BAZILTIE, 45~60° DT EERE
WEORKEZ &V, 75~90° TR FHEFEEEMET L
7= Bitter (1963a; 1963b) 1%, —r— 3 VEEREIZRIT 5
BLf DWEFZES PP O BEREIC AT T B Z - L, Matk
PEFDEGEIZIE 0~90° ICB W CTHEZEMAEOHIINE & i
FEFERE KT 5 Z L AR Lin, ARBRCHW 2 3 oM
BHIE AV FRMEICH Y, MeEMEich D, IS EAX
JVINZ DX D IR R kE R A R LT & L TiE, M %
TR & U7 28 R o0 IS S HAFAE T 2 RE R O TR
Ex oD,

Fig. 81 {279 K 912, JIS EAZ BV, 758X
T90° IZBWTRIFNTIGEIRE DL LI STV D,
Z DZERRER ST I 1T 2 PEFEIETT D IEAE AN - PR RE R B
DIKTFTERWZRNEEZ BRD, JIS BEAXMIEBITD
ZEEIRE D DR N TR OM S 2 K& T5HZ L%, Fig.
82 (R TPEREEREE & & R AN S & BRI D bt
BEI D, —J7, HPFRCC B L O PCM-A b BRI EH
ZENTODN, TORBEI/NENTZ DI ZEERIRT Sy DI
BAZIXE 57, BEFEETORENE U R0 olob D EF %
b5,
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Fig. 81 JIS B /L & /L OO#BR % D v

Eroded surface states of the specimens after test

d KIEFROEEAEDETE
{RAEFEEFERBRIC 1T, RBIR AT DR R L OB o
IR RD BN D, BHBMOREN NS DA R
#E (HPFRCC, PCM-A 72 &) ORBRTHILE, Fig. 80
WOR ST X D ITlZE A 75~90° CTORBERD 5 A3
BEREHEIIRE WD Lk, RESRERNEL, 2N LS
X %o —J7, NS ENZIAXELEMAE 75~90° TIEaRo
BHEEPENEL, Fiz, BEEREICIAM S D 2R 1x
Fig. 83 (/R 9 L 2 IZIOKETIZR G700 2 & 9 B b]
TRV ST SIS, SHIZ, BVEIZBWTHHT S
& O ICHFEA B O M EEFENE & bl BRI, UL 725
EERBRA S MBETH Y, A v FRAE o CIIEk L
INTWD IS BAXARMEY THL EBEx B, Lic
Do T, HIRERBREEIC I 1T D KR 2 1L, JIS EL
H VORI L OREBRZBE LT, 457 RENEY)
LEZLND,

10 IRHhKEREAER A D AN 14
TEHEEEFERRBRIC W T, EHEEWIC I D EEFEIRE &
DO 2152 Z L IS OMRRIE T TRlZ 3%

| PRHL=T 9100 mm

)
E
<
0 —4=3()
e —0—145°
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- 90°
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Fig. 82 JIS /L Z /L OSRFEEFER S & FT-EIM & OBILR
Arithmetic average roughness versus the average erosion depth of
JIS mortar

KESIBE K (b) E HIEC : AKBRRIBEA i
Fig. 83 ZE/KEE DR KL

Eroded surface states of the collected cores from the actual canal in
the D and E district

(a)D f@

SOICKETH D, EBFS (2010) 1%, KE#EEW S
B U 72 BRI & B COR DM AR FE AR R 12 X D (R 8
FEAFEM L, 1.10~1.72 year’h ZEXH L TW5, AET
1%, KBRS SEREL LT 2 7 & O T2 KIS T EE R
R DFERIC O TS L=,

a HEEAHZE

PBRIAIT, 55 113 CRlii T Gt iX & L2 D X B L OVE
X CERIR L 7= MBS K s =27 (¢ 100 mm) 7>, Fig.
84 |TRT L 912 70X70X20 mm DEFREE Y H L THE
L7, BREBRAEOYI Y UALEE, Y EEEs X O Fig. 29,
Fig. 30 @ Ca ¥4 % JulZiRE L7z Ca R/ Th

:Hﬁﬁ

kB A

Fig. 84 EEFERUBRIKDIERL 1k

Specimen preparation methods for accelerated erosion test using collected cores from an actual canal
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Fig. 85 F/KEERERIAD 95% s FEFEGE S DR L

95th percentile erosion depth versus test time using actual canal
specimens

Fig. 87 E HiX 5 o4k

Back surface state of collected core in the E district

%, Ca RIEMABRMAIT, DHX CIZEmEDS 35~55 mm,
E #iX ClE 25~45 mm OALEN S B L, % 435 mm [
L 25 mm H A RHEEEFERE & LTz, £, AR RT
i A iR e FEm & L7z,

PR ROEMEEFERTIL, il L, KERD
HHET % 15 MPa, MHBEE %559 0.022 m3/min & LT3
it U7z, AREBRIRITRIEE S L3R B L, 30 rpm F2 2 ClRIES
iz, J ALK E TORREE 50 mm & L, K
WOMEM LA 457 L Uiz, REBIKOERmFRIL, L—3
—ZArE AR FVCERII L7z, SHIIRERDIE, 0, 15, 304>
1, 2, 4, 6, 8, 10HFM & L7z,

¥, T TCIIEERERIS OfRE LS LT, SFHERERE T
1370 <, #ik (VSa) 32 95%mEFEES 2B LT, 2
AU, A b= MEOERET 7 2 N ZfRICHE T
LT THD,

b #R&EERE

95% JEEFETE & ORI L% Fig. 85 1T~ d, £72, &
%%@E%W@ﬁﬁ%ﬂg%\ﬂﬁ‘DﬂE & i BRI C
1%, ARERBAAA 15 43 C 1.1 mm £ CEEFENMEST L7-181% 2 BF
METIFEAEED LT, 4 B DRI ABIC BRI
FEDHEIT Uiz, ZAud, B | mm A& ST EFREMEO &
SN GFIE LT Th D B2 67, D HIX Ca KIF
BiakBR IR T, FERBEAA 1 /Wn7mmifﬁﬁﬂﬁﬁb
T21% AR BRI T L, 6 PRI DIRRITIEIE — & & 72
7z, E XA TIE, #ERBS 15 ):f'C 4.6 mm F

%525 (2013)

D HulX.
Fig. 86 SE/KMEEEREI 3 L ORI FERR 2 Rl IR
Eroded surface states of actual canals and accelerated erosion test.
A sample in the back is eroded by actual canal and two specimens
in the front are eroded by accelerated erosion test.
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Fig. 88 FE/KEKAERIKDEEFEH L & BERETR S & ORI

Erosion rate versus the erosion depth using actual canal specimens

TRAMICEERENHELT L72#81E, R0 ICEEREITHEIT L, 8
REH LRI ZTIE—E & e o 7o, RIS EERE ST L= Bk
ELTE, EEAmmBEFE CTOEETEA Y Ft—2 K
DOIEFHENAE T TN B X BND, £72, E HIX Ca R
TADLRER IR CI1E, FRBRBALA 15 4 fmzmmifﬁﬁﬂ@ﬁ
L 72t ARSI EEFEITETT L, 8 RFRILIRRIZIZIE —E &
@otha*%Mﬁﬁwpkwfi,ﬁﬂE&%ﬁﬁﬁ
IIFRET 2 b O OEREEITARF OB & & HIcthke Iz
W LTS FERL LR 2R Lz, ZAauckt LC, 5m
ARSIV, D MR IRSEE(L, E KRR
BYEIHE LT D EB 2 b, FHKT 2 EBEREE TR 2 R
L7z,
WEALOREEMED—>2 & LTI, TRz s 7 1
vaaryy ) — MROKGPRBET L, REOKE A
MEBNEL 2o THRENRE L Rolc 2 ERB R HLD,
WEg b TlE, M KBEmoOM FANELS, a7 U—1]
WARICEWIMEfL L, @S Ca BNAEM L ek L7
ZENEZBND, Fig. 86 O E HiX 0 SRR L UMY H
e B RAMDENRBOEZZL TRV, 7 THREF LT Ca
TRINERBR IR OIS BLSEI DZS 8 E FELl LT\ %, 7272 L, Fig.
87 I R D I OHIHIRILE, KUEDIRITHFIET 27
T A RA—R FOJEIZE L TR, 2L, 20
S Ca VABIC L DMEEILHEIT LTV D b o OBl LT
WD RN E T2 I E DK TH s ezl mm —
Va VERNELholtbDEBEZBND, OFED, e
FEAEIT LT OB LT B K2 AN ER/K & 72 i3 ot ol
DK THIUTTE— 3 VEFIZIZE ST, (LFREg &
WKL DA T —Va VEBREAAELSEDEEZD
iz, 728, Yok 51O TR X O R AME R BT
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LT L ar s ) — MZBWTE, M TR bR E
DEBLEZ T Car s ) — WP EETHAHEENEL, B
FERHEDR M2 7 U — N EMHIET L EBZLND, £D
728, V6 Titiamd DILEEFERBROMIESEREZRD D=
HORBRAI, (LFREE &2 T T &l S 55k
MENGLOEY L - {ERBKE L EZ 5,

PEFRER L & FERER S & ORISR % Fig. 88 12”9, Z DK
XV, BHXEHBRIAEOMETI LRI, BEREERE DK
TEFERE Smm L E CTTHDH I RS, £,
PEFER S S mm LA T, E #iX Ca RIADLERBR IR D BEFELE
S 2 mm PUREEREEENIIZIFRETHD Z E0REN
77

11 FEER

AT, BEAFRCTELD T — Y g VEFEA L
W22 ExBME LCHZ L KEREERE A &
AV NRMEHCEM L, B A FEMBI Oz 0 — g LB
FERFIEIZ W TR T 5 & & B ICKE R FE R O A H
PEIZOWTHRET L7z, o RE2 LT ITRd,

(1) /KT s Dk E A O#BINC X v,
JEEFERE (IR L, E BRI, SRR
Bl TE 5,

(2)  JKMEFEEEFERR B O I A I E AN R B &
FEREMER AR L, TORKE LTI, AF¥ Y R
7 REEE, rHHRE, RN E DK OERER &
DOFENE 2 B,

(3) KMEFEEFER BRI 31T D R T DAL AN EE R
B LTI BN, AT 4.5 MPa & 20.0 MPa
TR T DA R R SN2 D & 1372 B 722
molz,

4) KMEFEEFERBR BT, FHIEERICB T 2R
ROKRT 72 E12 &L DR~ D B2 R4 5
JobIZlE, FBREROFMIFE & LT, BRERS 235
T 2MERDH DL, £, EBEREREZRORRZE(L
ZERMICIDIR T D 72010 b EEREE S FHEIIE L
T3,

(5) EBAY AR NEBRAR O EEFE BRI HEN
L, —F, EAgvaiikls I ta 7 U — Mkl
ETIEBMEH & & bICBEFEROBEINAERKT S,
ZOJRR E LT, BEERERIC S O 5 E M &k
DEIGDOYEMDBEEEL, B N~ KT O E2E
DHIH SND7=0THhD EEZLND,

(6) =7 U — NRABKDOEFERERIL, B A Ft—2
N OBEER AT L, MEH, HMEMOIETEM &
ML, REREmEICBT 2 8@ HEROIR s & 2
¥ RR—R NOMEEE I L, EORER, BT
NEHT DB THDL EEXLND, £z, 20X
5 7piAR Al A RIRNE, KM RO IR LT A
VIER—ZA MNDBEENBLIOERA S FN—X &
T & ORFFE TV OEEE IR TEIN T
ThdEHEIND,

(7)) 7 a7 BB IR O BRI BV T, K A
¥ MNEDOREIZ L D1 A 2 F =R N DI EFENE
DRINDSEREHEITIC B BT T3, ERER M HNE
EEMBE O & 72> TR LI CIE, Kk A
 NEORESEAEEITIC TR NS E
EZ D,

®) 7oy BRI OHEEHUEAEGE, Rk 20 I
M LABE LTS S AR &2 2k L7e2s, ZHUd,
F2 i O MR PSR X 7R AL AE U2 2 & DR
KThdpeEILLND,

9) 7w 7 EERBRIR OHE T RLEEREOE, 102 Hif
{2 18N-1 FABR{A T 0.0156, 30N-2 FXBR{AT 0.0145 T
HoT,

(10)  Ca AL D2 S 130T D BEEER 1, ARV A
WORK 19.4~27.6 (SOEEFEHRECH Y, MHEFENE
OIRTFE LV, Fio, BEFEEE O KX kL,
Ca VATAEIE S 1EIE 2 L, Cadliic k2@
FUERFR EB 2 Hivd,

(11) Ca FEMBLAEER & ARIEDLAEIL & OBERAHT I BN T
J) R O 5 B 72 SIS SMFAE T D FTREME 23 R
Siiz,

(12) /KMEFREEFERBR I, Ca iEDifEIk D 200D 2
{LZRET D —2OFEE L THEATH D,

(13) #HEMEHZ LD, BEREETOREICEZDOHD Z &
DRENT, T, KEFEFERRIC X D Hils
MO Tt BERENE DA KT LRSS ATRE T H D LT &
nic,

(14) 5 FEOREMIZE £ 5 HM ORENE L Z LR
BRRICE ENDBM ORI LD L/NS W=, B
NEEH L CH R & 28 L Z ViR BR IR IC I
L OS2, HERERKL/ NS WEBZD
iz,

(15)  ENZ VBB OHEE LR 5/ IME 0.011, 5
KA 0.015 OFEFANIZILE 5 Z &2 b HEE T
HYTh D &l ST,

(16)  AAHEMELO PRI EEFER S & HET LRI L O
1R, MERBEET D L THERRIEME 2D 95 &
|l S vz,

(17) BB Kne i R R B 2 W iR Sk & L C
%, JIS X LORBREN RN L OREBKE S
JE LT, KR ORI~ DML [ % 457 FREEIC
T 5 Z LAY & S e,

(18)  SEIKEED BEREL L7 =0 7 % FH N T2 K W PR S B
ORGSR, M TRER X ORI IMERBE & 959 5 =
Y7 U — MZBWTIE, i DRWSCE SRR 08
BEZ b Car sV — NREET L RN E L,
FEAERFER DI 2 7 U — R EHET D LB 2D
nic,

(19) E X EABAKOERI D, CaEBLIZ X 2 K55
(E2NEAT U Ch il LT Bk 03§k & 72130
WDKK THIUTT o — 3 VEREICIZE ST, 1k
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Table 17 SEKEEIZEH

#5245  (2013)

VF 2 BEFEHME O HEE A

Estimated erosion rate in actual canal

R &

HEEBEAER S

Hi ENIES Rz Rz+6 AT L JEE A
(year) (mm) (mm) (mm/year) (um/day)
A 40 6.3 12.3 0.31 1.7
B 51 26.4 324 0.63 3.5
C 35 11.2 17.2 0.49 2.7
D 38 8.2 14.2 0.37 2.1
E 38 6.8 12.8 0.34 1.9
Table 18 fIHH ORIEDOERERE (HAYR=> 27 Y — FEAR, 2008b)
Standard grading of the fine aggregate
5D VORFOSTE (mm) 10 5 2.5 1.2 0.6 0.3 0.15
/S‘;E[:i;g;? Z()WE;UD@ 100 90~100 80~100 50~90 25~65 10~35 2~10
Table 19 HMIH#F ORERE
FINEB LK E OFEMR e — Y g VERA A Typical diameter of the fine aggregate
CEEDHEBER BT, SOVOIFUE  REE HREEDHR
(mm) (mm) (%)
NV BERILVYYU— MKBICE!T DEFRME 10
5 7.50 10
1 & 2.5 375 10
BUE, Z2<0REMa 7 ) — KBRS L TS L 1.2 1.85 30
WS, i OREXRAE ST D, TOHD— 0.6 0.90 25
DTH DEREBRIT OV T, & DOEEFERARDN 1431 fiR B 03 0.45 s
SHTND LIFFVEEIRILIC B 5, BEFERAE MR S 41
TR, WO RIE R T 5 2 & LIREETH o ZEZ z

Do
AETIL, BHERBIOENZEOE R 2 BN =
7V — MKEIZEIUT D BRI I DWW TR 5,

2 EFEE

FHECTHMR LIELOICRBEM =7 U — MKEBIZE
I DEEREELGUE, BM BT, BA U = (&
AV NI DHBEEST LR THDH, a7 J—
FINEM L EDOREAM THDE AL FPR—A N LD
WENDEEMEITH D Z L EZETIUE, BEMA= L
U — MKEICRT D EREBGUX, 227 U — M oOREEM
BThHHrE AL FR—X NOMEERS TH D L SN
5, BA Y M= NOBIEIZE, B A B—Z M
BE SN TWTEMBNEET 2D TH D,

T AL M= N ORBEIAERT 2 D1%, KIS L OWHRL
T X2 IR AL ER O 2 FEOERCTh 5, 7
EVERNTOIEI, @, IR E TR AL hot— R b
WEAMEET 5, LRAOERT Ca A0, PR iR L L
TEAV M= hOWEAZAE SN T 5, ZOmifE
HAOBEEMIC LY, BEM a7 U — MKEEOBEFENE
ITLTWA EHEZRT 5,

BN ZERERIZ W THRETT 5, IEOERE LT
I, KEBIUWR TR 27 U — MIEELTEA Y F

— A NERAICHE LTRSS 2=e—Ta VY 3dh 5,
Z I T, FUKEKIZRT D EEFEHE OHEEA 4 Table 17 (2R
9, I CHA L 72 X o K B IBE TR L 7 e K &
WEM EOENAZVGOMBENSD 6 mm (FEEED, 2008)
NG U2 HEEEERER S & L, O EHFE R X
OMEA BT U ORI 2 RE L7, e A EuE 1
DHH 180 HAMWAKIND LHE LTz, ZDOREY, EFE
AL, 0.31~0.63 mm/year, F720%, 1.7~3.5 um/day &
HEE &7z, ‘P35 &, 0.43 mm/year 331N 2.4 um/day
b,

ZOfENE, 227 U — MBI DEEREN, T V0 (i
FH &AL FRX—=2 NOEEY) OBiEEE L TEITT S
UET D EMRVNSREEEZBND, 227 U—F
T E 4D E R ORLEE DOFEHEIT Table 18 D L 5 12725
TWb, ZOERNDLSDWERD & OO T EH /73R O i
DOFMEZE TTICRE 2R E L, REREZOEREANDFE
KDDL Table 19 D L H 12725, RERITBERET L2500
DOMEOSHEDE & Uiz, 1RFERE 7.50~1.85 mm & 0.90
~0.08 mm & TREOEREETHENEL 50%E 705 2 &5
b, ZONREROTEZMEH OTFEIFE & 940F 1.38 mm
L 7%, HMEHE T Z OE % BEREEE 0.43 mm/year THR™
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32 ERELND, DFVY, FHE 1.38 mm OMEH &
EAHVEE LTS T A 720121, 3.2 F2FET5HZ
Lz s,

LoL, 20X 5 IR EL Z VB DO BBER S
CTWA EFEB 2TV, £72, DB IUE MK A 5 EEL
L 7= KBS ARIBE K R oo = 7 O FERER T (Fig. 89) 7513,
MEMED DB A FA—=2 MRTEWDIHRESR TS LD
WCRZ 5, ZhUE, BAY b= FIZHEE STV
B, BHEY D' AL b= OB LD, Fim
WHNZEBZBND, £, BEICHEHNZEMIL, 0
HEHIZFTE RO A b= R EfELTEBY, 2D
MY, 2 OIREE TR FICEDUTHBEEL 220
ERERZENTFBEIND, ULEOZ &, B¥EMR=
7 U — hAKBRIBEIZ BT B EEFEIL, B A Y hX— R O
B HEHC L 250 THY, TALLVEE L TCOMIE - i
BECl3enWEHEERT 5, 72720, BEMAar 7 V) — KKK
DERUIZEBWTIE, BEOHRN Y 72 E23E LT 5 ATREMED
HDHZ LD, TAXLEE L COME - BEELE 250
%, LL, ZNETOMRETIE, £, +okT—40D
HRR ORI TH D,

ZIT, EAY F—X MIHEHT D20 TR
Do INTIE, KR EWRLT D 2 FOBERNTERT 215380 %,
KEEKRETDHHO L LT, BEEHEABISNN® 5, BE
I > THRMERIEDS BB 2556, BEmICITE AWML
D, a7 U — oo n— g CFEEREHME & L CRER
W AMIGE ) Z#im L CWV DRI S £ 0 Bz bz,
oL, @ik (A5, 1986), ©7 3 v 7 EXIR
(Heuer and Walter, 1998) (22T, BEEEAWIS I
SLUTEIRIC L DI hnon—Y g VEFEOERN E LT
BHLTWDEWI s H 5, 2770, T DIEREN
3 misec ZHEZDEIRHEEELRIRLELTND, T,
BEEICI D FLIREE RGN T, BEMRUT < CB LVl EE 2R E)
ot (BIZE, BB, 1992) 2 ThdEEBEZLND,
ZD X, KEERE L-EEEE ARG 1B L OFELTIC
L2, LT, WRLTOmZENEEHN a7 U — kK
Bl T DEA Y b= NOWIEIIEHT 271 TH D
LEZLNDD, WTIMBEHB L TV D OB R Tl
T THD, Tiz, 1EHT D NG S L CoUHE &
WHOELLEEALY PR—A MIAETLIELDONH A
HTH D,

WAL FHIERIZOWTIRET 5, {LFRIERE LT
1, O3bBLOMT TRt L7z Ca sl d 5, 13b T,

O FAEO= 7 U — FREIZBWT Ca EHLASETT

LTV &
@ BEEZor FIOER T e bOTFRELETL
TNW5HZ &

BN LTz, F7-, M7 T,

O Ca B SE72RBRIICI W TR BLIEE O BEFE R E
20 fERIE & KEL DL

@ FIOKEHHEREL LT Ca WEMLAEEL &l &b 27
WCBWTHEFERHENRKRE 2 &

Fig. 89 TRilt=7 COKESMUBEKTES) OEEFER

(FHE EEIC 2 5 A7 — %, 1 HEE 1 mm % 30R)
Eroded surface of collected cores from submerged sidewall in
actual canal

® Ca BB L DMEE9 L2 AT L CHER L T 5K
Sy MK E T IR O K THIVUTERE L 2 2
&
DS NE IR o7, Ca WHUTMILEZ BN S, (kS
EEHE L, IPRIRREAZ IR T ¢ % (Carde, 1996), %
DFER, TIEMERIC L D EEFEDEITRAHD Hid & & %
SY TR
LR E X TRER= 27 U — MKEICKIT
LEFERBEAHET DL TOL Y275,
O KEEEMTHE AL FR—Z M Ca BHAHEITS

%,

®@ Ca B L7=E A FS—2 MIAIFLES ML,
MRS S E 2 B,

@ FAMAERHLE oo A v hl— 2 MR N
KT %,

@ WEMET Lzt Ay b= MOKR L O

KiFRNE2ET 5 L, BA L F—A MR 713
GIHIEE A LT, BT S,

® BALPR—A NOBBENETTD L, BAL PR
— 2 MZEE SN T BEHOBEERE T 5,

3 EHETIL

AETIE, AL F—Z hD CaiBIli, Wa3Hb, AHEE,
[ S D EEREBI G 2 B S R B9 7212 CA i@ L
Too RETNTIE, MRHEBOEAIK, B b=
b, BMZEEL, A2 b= MEAHO Ca DA
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LTWHIERB LI A b= /L) - g+
DR A AR L7,

a LA —FrTrY
CA BHEHIE, %3 J. Neumann 7% 1940 UL 4-cH 7=
7D TWIEBZIZZORFENH D & ST D gD,
1998), 1970 2454 JH. Conway ([ X VW BER SN
A 74— (game of life) TiX, ZEDOIEFHFFEDOE/LTKX
Holmar Va—XOmEEIZ, AXTWHIREEL E&RL
Te A DBV A DRGE < &R Ui, BRI O & (i
BB O TS TERWEMECEE Y — U HME
D EH, RN E v FedeoTs (INEES, 1998), S.
Wolfram (1983) 1%, CA BEE@IC | WocET LEEAL,
CA DB FEROREFEET N LD EEH LML
72 = D%, Packard & Wolfram (1985) %, 2 %ot CA H
N2 < OYPLR O EBRICEN L 37 — VBRI O E
TNAELTHATEZ LD EE X, G - J5H8CR, BHER
FEEAE, FLT, FEx - R h—r 2 FRRE RS,
Z LT, S. Wolfram (1986) I%, CA Hlfa)HIRAE L7z LGA
(Lattice Gas Automata) {ENFEx= « A h—7 A HEX L~
7LV TRIEE 78D 2 & #BFMIOR Lz, 2l
[, CA B OWEARMEAT ~D i F 23817 L 7= (11 212, Frisch
et al. , 1986), ZD X2, CAHGHIIETHOER (£
RHARE, R, N7 TV TRE), Kt - SRS (W
DFARIERL, HREORNRRE, (KPR E), ME
A7 &), 77 7 ZVAKERS Rk, BER L),
SE (BRMKSE, M, 30 7py), KE (REEg
DEOFAL), B&F BEN, RR[OMEERRLE) 2L
SETHEA SN TWS,
CA 1%, ETANHEMTHY, w/VROEHZ RFTIAH
HEH (R 7vL1-0b) g, RE2—UTERIZEBT 2R3
A% HARFAE S CTHMEZRELG: (w7 r L)L) 2 FE
TELHEFIETHD, TOEYD, 1EROFETIENEET
HoT=ZHBENEOI 7 akfinitlzyIal— g
YTLZELAEETH D, WERO CA X, 2 Koo FHEZEM
& =S D UVIX A TER 12 X 0 BEBE L, 4% T 0%
DRFHNC 1T DIRRE & TR T D BE DR EEN B TE L
TV, CA ODFMEELEDHELUTO LT D
(Sudjono - B4, 2002),
O FUKREEO¥) eV ZHET D,
@ KTk FEFEOREEZERD Z &N TE 2,
@ ATy TREHOEALORE () IXB/EORTE L
MED & 9 ' LOIRREZ T O RET R HEANC L 0 kE
Do

@ TEERDZAAZ =IO/ OMREE LT
HIANZ L > TikE D,

® WHAKAIE LT, BAroZEMeeFE G Lo
JRPTRE B AE R R ORI 72 k8 % 5 2 7= BB A
b5,

ETOENOREE, HANZHEWRT v TR Z & 12 [H
RRCH S s, BLOREEOLE DY 7L, BE & MEd

#5245 (2013)

(a)/ A ~ itk (b) L —T 3%
Fig. 90 2 &t CAIZBWTEET 2oL
Two types of neighboring cells used in two-dimensional cellular
automata model

D7J<

AR
N—2 k

II%M

Fig. 91 X RBkoik#L

Discretization of the model domain

6 mm

24 mm
e —

100 mm ‘
Fig. 92 SIS L OVE ML E

Arrangement of the aggregate in the model domain

5 5 5 8 4 2 8 16 | 8

5 5 16 1 4 4

5 5 5 8 4 2 2 1 2
(@) 57 (b) EHK (¢) EFKR

Fig. 93 /KA D 3ZT L BEFEVERME O F
(FRBARE A FA—=R ML, BBEEALRKEL)
Examples of the erosion action values from neighboring water cells
toward central cement paste cell

HERIORRBITIHRTE L, 8% 52 5 LORO 7 P
Ko THENRE D, 2 KT CAIZBWTEET it
V% Fig. 90 (27”7,

b EFEDETIE

ARETINVCIX 2 Kot CA Zifl L, xt5aHlk% Fig. 91
WA XD ICEFE -V THERIE L, #EArEKEL,
TAY RN ML, BMEALTREAT S, E R,
KENLE O, BAY FN—2 V% 1, BMELE 3 2R
ETHRBT D, HBMTL—T I LI-23 - THE 8 )7
M OENOELE ST 5 JGAREIE, 1E 100 X 5 & 30 mm
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L L, 0.2X0.2 mm O/ THEHAE (500X 150 /1) Lz,
FEEEDO TES 24 mm AL FR_R—2 L, ZDO L6
mm &K E L, & A Y b= FOREICIE, EA 20 mm
O EM % 2, 10 mm Z 3 {8, 3 mm % 10 fEAE L 7= (Fig.
92),
ARETIVTIIEEER S, KEETHIRBOE AL R
—ARND, KPS IPFHNER 25200 TS L, So0s ChldsE
LTS 2R & Lz, RnafFENE, UToskh &
L7z,
O BAY =R ML, EHBEOKE DS EEEE
ME=ZT5,
©@ ETAYPR—R bR, EEEEEH O BAHE D B
BIELL BIZ72 2 L AEST 2 OKE/VIZERT D).
@ BT, EFEEALDI D, BEAY FN—Z bR
LD D ENE D E M BEERE LT & 72 D & i
T5 KeMIERT B),
KENDBZT D EREEMREOHI % Fig. 93 (27T, Z
HE, B AL =2 b T L TREED T D B DFE
FEERZ A ST 572D ORETH D, Fio, MM
BERIENL, BMOIFEE LD, BA Y F—2 ML
23 20% & 7p o TR BES 5 & Lz,

¢ CaBlnETILE
T AL =2 IS D Catilil, Ca DILEHISE L
TET ML LT, 1 T OPERFFERUIR D L H 12kt 5,

du L 0%u

ot 7 ox2

€)

ZZIC, u CalRfE, DR A RS, £/, CAT
WEIEBARE D IFR TGS ED Z e TED (HRTH
1998),

D = (WAt ) /(2 x (B 2 7 > 7)) (10

ARET LTI, BN UIE 0.2 mm, AR AT 7
0.024F L L7z,

TAY RR—A NEVTREEE LTO Ca IREL L
WD Ca biFHTET, KIFFHAT » 7128V, Fig. 94
WORTEINCHE AL =2 FRME, A~ T
L= » CHERALE M EE S CTH ' AND Ca b 1%
RO T 5, EEORFER I L OV IVEM LT
HHBENIEL, B EAL~D CakiT-OIR Y 5113 THh T,
B OEILTESITHRY 51T .

d E# - Ca BlHEETIL

M7 THETLIZL 21T, BEAY b= MNX Ca BIIZ
PRV, THEEFEEME T 45, ChaReT L ciEdTs
WIZ, Ca BEDIK T LEZE AL F_X—X M E/VITKDEE
FEERIC L 2 RBIEREOBMA NF 25 2L & Lz, &
MAT v 7IZBWT, Ca RIEOBIEHIE, EAY h—
A ME/VOBEEAE, B8 OB E OIS I L, &
¥~ o—% Fig. 95 lTRT,

1/4 173
i i

ae U4 | | 134 124
¥ v v
1/4 173 12

Fig. 94 Ca i DILHUT M3 KOG

Direction and allocation of Ca particles diffusion

ARSI RE
l
—  CalEBiFtH
l
JEEREAE AL

]

A FRN—X |
o B 5

At 7w —X
Simulation flow diagram

Fig. 95

>

e YIal—Yayv

v = b—3 3 1 Mathematica 7 THJi L7z, Fig. 93
OEFMEREZA WY 2 Lb— 2 UiER % Fig. 96,
Fig. 97, Fig. 98 |Z/”"7, ZAHDKEY, KD LAFHH
Bid, OB ORI L OEEOHEIC & 53 %ol
MZHDEDDE AL F— 2 M RRIFLE OHEITEE T
JEFET D, @QEREMITEMIETICH DAY FA—2 K
WETFEDND O Caflifa DN 20D IZ CafRFEDOR F AR E <
JIEEI 72553 & 70 0 BEFEHEAT 3RV Y (Fig. 99) .

Fio, EHER%Z 521256 O Ca EMA I L 5 40 4
B OBEFEIRILE Fig. 100 |23, RETTBWTHE, &
Bl MRS EFEEATIEEICRE S BEEZTND 2 &
BDRTEND, UL, ZOREIE, ALY bS—2 Mi
HERIME, Ca JEMR NICL DAY b= ML iEER]
EOBREIZL > TRELEEBLZ B bND, 20
e, ZORRIE, B ETEENRMBENTH D,

EBIZ, EAFMNS O EME LT, MuiIehE T~
DEERENEN & 5 2 1258 % Fig. 101 (R T, ZOBE, &
METAR LT 2 REROEEPER S NI, ZOREIK
%, 14 38X OM9 THRET L 72 K EFE R O 3ER (A~
DELEFE I L IR S i BRIR o Rk B L
NQAYN
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t=0 year
t=2 year
t=5 year
t=10 year
t=15 year

t =20 year

BEREAR DL Ca %
Fig. 96 %05 1M DEEREMEI TR L

Erosion progress by the isotropic action




t=0 year

t=2 year

t=>5 year

t=10 year

t=15 year

t =20 year

t =25 year

t =30 year

t =35 year

S - RSEH O 2 7 0) — PKERIZ 51T 2 BERERERE 35 & OVRAE RS BRI B 3 2 5t

EEFER I
Fig.97 (/K1 1R OBEREEI IR

Erosion progress by the left dominant action
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t=0 year

t=2 year

t=>5 year

t=15 year

t =20 year

t=25 year

t =30 year

t =35 year

SN TR e HGS 485275 (2013)

Yy @
- oS

FEEFEIR I Ca YR
Fig.98 [ LK) 1R OBEREE IR

Erosion progress by the upper dominant action
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Fig. 99 Ca M3 AT LIfES3(k L T 2 B M THES O fElk
Weakening of cement cells above the aggregate along with Ca
leaching

e
(a) Ca AT (b) Ca A MiME L
Fig. 100 %057 {ERICIT DA TR D 40 404 O FERE

Kt
Eroded states after 40 years by the isotropic action with and
without Ca leaching

20 | 100 | 20
’w . :
5 2 5

(b) EEFE(RIE

(a) 20 % DEEFER DL
Fig. 101 _FJ7Met
Eroded state after 20 years by the upper dominant jet flow

4 HEEm

ARETIE, BEH =7 U — MK 2 BRI &
HEL, Bt —bh~w b2y ial—rva ik
i U7z, 1357 AE R E LU FIORT,

(1) FEAKIEEAE W) OO FEFERH E DO Fiit i L ORI = 7
RFEBEOERNG, BEM= 27U — FKEIZE
O EREEIGHY, 2 U — NORAEMEITH D
T ALY RS FOMEEICE, A RA—X b
WCHEE SN TOWZEMABEES 2838 Th 5 L H#HE
ESNT,

(2) BAY M= NOBBEIEHT 201F, KB LW
WKL X D 0 ER SALZRER © 2 Mo /EA
Thy, ZoWEHOESENICEY, REHN=
70— MK DERENHEIT LT D EHEE STz,

() EBEH= 27U — MKEBICEBIT 2 BEREBRITRO
XowcHeE SNz, OKREBfT DA Ft—2R
ME Ca &N HETTT 5, @Calmlil Lzt A v hX
— A MIMFLESEML, MHSES e 25, O
FARRAE S DL E 72 o 72 A 2 F =& NEBREEN
BFT2, @REMETF Lzt AL F3—X MMIK
TR L OWRL T2 EET H &, AL F_—2 NI
P T E T XU A A UIRBES 5, &' A2 b2
— 2 NOBBENEIT T D &, B AL M= NI
TE STV B OBEERAET 2,

4 BAA—bw LDV 2 b—v g CORER,
B O KN L OBE OFEIZ X 5% oMY
EH5bDDE AL Fri— 2 MNMIFRRE OHITIH

R EHE
Fig. 102 E MIpCERI = 7 0 EEEFEFR i d6 ] OMRIHEEEFESR 1T D
g
(FE B i D A7 —uig,
Comparison of eroded surface states of actual canal surface and
accelerated erosion surface from the collected cores from the actual

1 5% 1 mm ZF7R)

canal

JECERT L&, iz, BBMITEM LIZHD
TAL FAR—=R MT Ca REDETARE < J)FHY
REEE 72D T L DVRIE STz,

(5) A CATTMIBWTIE, EBLOA B EEREET T
FEICRELS BE 52 TWAZ ENRTRNEZ, L
ML, ZOfERIE, KEFLDOE AL hA—Z it
BERIE, CaREEIKTIC L DAY Fi—2 ML
BRI DR EIC L > TRELSHEELZ T 5%
b,

6) EFPLoMREREELEYI a2l —a Ok
K, BMEZIERE T 2ERORmBPTER S, K
W S R R R D BRI AR~ D 22 A JE I L 0 Bk S
NERBEOREBREHEUL TWD Z ERRE
niz,

V. OKEREEM H D IEEEFEHER

1 R

B a7 ) — MKEOHILD—>TH 5 EFEH S
WZDWTUX, & ORS00I S hvTunvien, =
D=8, KEMEME ChH D a7 U — B X UOHHE B
DM EEREPEREANIZ 8 U 7o AR b e, S T
VNRILIZ 3 D, KIBREEMEHC BB ATRE L B2 S D #
TEAL S AT M EEFEME R RR & L CiE, ASTM C 1138 3%
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% (Liu, 1981 ; f [, 2007 ; %5, 2009), ASTM C 1138
X, REBREEIROGHK NSV, EfEDRR=a TIC L 5
BARNEECHD E VI EN D D, Fiz, FREBETHWS
3TEOSEKROEALE, 13 mm, 19mm, 25mm TH Y, E¥
A=y 2V — NKEOMBENEZET 5 & B2 b DIl
ISR LT ) REWZ &0, BR LT 5B
EELTTT#EO TRV SNG, —F, KEFEFIH
U7 BERERER (At D, 2005) <X°, KMERICE ZRAL
TR (RIRD, 2010) At wu— g UEREA FELT
& HIRMEEERERABR & L TIRES TV B,

AETIE, HUENOHIVEE TOREZ IEIOKEREE
MEFOIEHEEEFERBR I DWW TR L, BRI R AR
B

2 JKEREFAREOERKE

F O U7z IR KM i EERE A% (Fig. 32) B XY
KSR EERERER RS (Fig. 76) & b RBRAAA R SH S
KAL) AV HHH SN DR CTH Y, BRI
fifgern— g v b, FOKBIZRIT D EEREITKIRIC &
Lrn—yarThY, BEREEIRRLEEZOND,
L2 L, Fig. 102 \Z/r3 & 5 1S B EEFEL A &t
Btk OFEFEFRIE & TIE, MEME Y o' X b= k3
BiFEL TW LRI AR EBHBIL TV D L IR A 5, 2D
7260, AGRBREEIE, BEEM oL 7 U — FKBRICBIT RS
MBI EERER R & L CHEYITH B L s n 5,

#5275 (2013)

3 IRERREN
IKMEREERERIR OFEHERR S 2 JISR 1645 [7 7 A
Ty ADERT o — g VRBRITIE] IR B,
Table 20 (2759, M9 TRt L72 L 5 ICatEp o= 2 —
U a VEEREIC IV T, IR O SEAFEN 907 (T EE
BEREEN K ER DD, Wk ENLEEIPIRESE L, M
FEE45° BT L2V,

4 FRERERK

ED L) Il B Ic B D C L R O MERE A RFET D
72bOXy VT L—ra VFEETHD, vV T L—v
3 UBEREE 72 o THID T, 7 — X OFHEERE L, K
72 D RIS BT 557 — X DL ATREL 22 D, T Y
T L—va v EERIT AT, L 2SRRI
Wlipd, T TITEERRAR L LT, JIS R 5201 24
v NEERER R ICRE SN ERIETEA Y N 1, A
YERD 3, KB AL RE0.50 D JIS B XL EHE L2V,
F7o, BT ST A MBI OUERERT, HEEAE AV
MapEOE A > MEREGUEHS L O 2 > bR SRR A
EWEMNDZ L& Loy, MEZRY ATy Z & T, 1FYE
B ROBFREREIEICIE D D& NN EL AR bOLEEZ S
N5,

FEHERBR RO ~HER L UYAIRIE, 70X 70X20 mm O 7
RE L, BRI UCERT 2, $£72, RBAO R
%, 70X70 mm O &35, 72, FEHEMEIORIRE L O
SHEIEERBRR L R C & L, BB 70580 19

Table 20 /KMEGREFERBRORERSE (R)

Test conditions for water jet erosion test (draft)

HA JISR 1645 IR R E R
VA VI INERI S 200+5C —
VS VI INEIEVi| 17+0.5 MPa 15+0.1 MPa
frods oy s L FRAZEDE TR 6 L £ 1.5%2 .
WE i D i R A 0.022+0.001 m*/min
W T SRR B L%k LT ﬁﬁ%ﬂﬁﬁmﬁbf
[ER] 45
J KBk & ToEEf 10 mm 50 mm
E 7 R BERER A E TR
FORFFL-F E T, BBRIRGEM R
7 XTI $ 0.3 mm X 1.0 mm JERD 50X 50 mm PUIFIZR LT, K
JE G e i e A & 55 S ¥ 5 2
L ONATBERR AR,
TR A | M I DT 25 44 JEE 2 iR L
v UNGIE LR — 7o F FRHE IR L TR FEICAIRS
5,
KE fliA (iAo A 7K) KB K
4 B E L, MBS UTC, K
" o e 1 . LR %,
- 48 EH & L, MENZS LT, KA AEFEO 5 B, 1543, 3049, 1, 2

J RN DI

RS 5,

ERE AVANDREICK LT, ik
SEDIET ) AV ANAJEN DT
T2 IR o TR T ) ANV BT 5,

B[ Ol 2 — RS L L CEE RS
HEST 5,

J XNV ANAJES—EDIE THEN
HEFFCTE < g o 2R T A%
R 5,
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Dy, [FSHEORIF TR U CTERS 5, BBk ~TkEs X
IR Z 70X 70 X20 mm DOE AL L7z#ih & LT, B
HiERE 27 (%< 23 100 mm) OWiE oINS 2 5E
D—2H 70X70 mm & 720 FWREAERIN RS e &, &
7o, B A E T L35 2 & TREMEA EICHY (11T 5
BRI 4 D51 2T BB E P RE & 72 0 BERED R V) Z i) ¢ &
HZ L, BT, 70X70X20 mm OFIPT JIS A 1171 TR
U~—t A NEAX VORI OB SGBRO KL
WAERAH E LTCHIRSNTEBY AFERES THDLZ &N
ZEiFohs,

T AL NRMBHE, MENC L FOIRBIREE N S,
Fig. 103 (T JIS “E/LZ /LD fn 28 H & 94 H O WP EEREDE
SORMEALERT, 7ok, ZOMBRIT ARG Z v
THEi Sz, 70k 20 BEE] CEBEEFERE S 12 2.4 mm D7
DT, Miin 94 HOMBEREEN R < 725 TN D Z L VR
Ihiz, a7 U — M OEERNZBRMED? 28 HTH D
L, FRUCE LY TEERBREOME S 28 BIZF
YU T L—armd5ZLELLTn0,

5 FHEfER

D, BERRES R ERNAVWLA, BIEICBW L, B
FEUR S & TR Lz, BEREIE S & 2B, ke
WSOFHINZOF FFHmPRE EENICEET L2 &
WCERDZ &, Fz, BRSO R TR ENEL T
B S OFHIEN R L Z T D 2 & 3 e IR
BETHL ZENETOND, &b, FEEMIIEIT5
EEFEBG ORI, BRSNS ZOMIE LD Z b,
TRAEEEFERBRAE I & OIS E S L 72 5,

a EREZFS

BEFER S & LTI PR S L <A bh, HIE
IZBWTH PHEHRE S 2 ilEm e Dz, LrL, &5
VETRENZEIICEERA 7Y — MKBIZBIT S
BEFENE AL b X—A NOEETH D Z LICHEH LTHE
FEBIR AR 2 0N H 5, FERES OF T L —V —
BALEH 72 E R W T dh D EMEm ) OGO R E TO
FREEZHIE L, »HEERENTOT =X 2 P L CRET
HZLLnb,

EZAD, BERENHEITLTCh, EMOMBEES D £ T
B R OBEFREE S N EROBEFEES I BE 25 2
Llien, OFEV, ANTOERRS 72D, AT oREE
FEE S, EOBESREGRS (BRET m v ) Zi/NaHGi$ 5
ZEEb, BIzIE, vy U— NOmANEICE Y 5 2
DA O OFHINE, BEET v 2 b T ) ONEY) & B
bbb, ZOEET 0 hOREEE LTI, Fig 104
D X D EERER M O H Ry 2 BR O T fEIk CEERE 7 =
b ECORERZFHI L CEMEZIRD Z ENEZ BN,
LinL, ZOFETIRT IR0 Z &, sHlREOTE O
HENHTL D Z N DEENTIEHR, LEERDLO
1%, BEREE S OFEMICEM OREE CE DT HRT S

8
7
T 67
£
w0 2
R
4 A
#
##® 3
N
* 27 —o— 28 i
11 —B—}fih94 A
0
0 5 10 15 20 25

BRIEH (h)
Fig. 103 JIS E/L X L Dk i 28 HI5 L1094 H OiBiik D1
HIEEREIR & DRI AA L
Average erosion depth versus test time using material age 28 and
94 days of JIS mortar
FLOPEFETE S FHI

FEFET 1 b

..1.
s A"
Fig. 104 JEREY 1o | & ELOFERENE S FHIEIL

Concepts of the erosion front position and the measurement region
of true erosion depth

ZLiTH D,

2T, FSERIC R T 2 BEM OmELRD, i
Bt vy NERET L EESB X, 2T,
ary 7 ) — NaefllHRET 5, 27 ) — MERER G F
Uit TAR] TR S D IEHER 7R T BL G & Jels SR D 7= B i
GHE 1 HHUEH) EFESRDS Table 21 TH 5, 70k, &4
BIOR T Table 22 & L7z, BMEEREE, a7V —
FMRICEENDEMAEEE 27 U — NERBE TR L7
T, 27 U — hEALEOE YN L 72 R OISR
8 D EMEROMFHE A &3, FIMEE 62.3%, RKE
X 71.1%, FHIEIE 66.9% L o7z, T272L, ZThb D
IHMEEOUIKIHEICBIT AETH Y, FEERITX, BT ey
R OHEFT L & B IAEE DOEOER Y NE U CHMERE
D RELS D EHEEND, 22T, BMImEEE
T0% LR ET D,

WA FEYERR D & KRS DO EEFER 7 £ CTOFHAERET — ~
ENEIME (BME@DOT —X TH D AREENE) D
KE72fli BREZ vy N CTh A AREMEN B £ T U
Z, T—HD/INEZNFGTNE 70%E TIEEDLT, D 30%0D
TR EMWCERE Yoy NERET D, 05,
il & HIERE 2 D0, HRAED S MED R %
ZFRVWEOIC L VEETHL LN LETTHD EE
25, FRIEZHAWDEE, ZOHELT —4 & FIE230f
RIAGED 85% M aRDODHZ L ERIUTH D,

Bil& LT, EHURABEAKHER = 7 DR ERERERBR O T —
X % Fig. 105 (2”7, ZOREY, K7 3—%2 hRIE
EPHE L 0 ENKE L 2 DD, 95%F TIIANEOR
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Table 21 =¥ 2 a7 U — NECAITET DB HifEE

Aggregate area ratio to concrete cross-sectional area with standard specified mix proportions

WwEHO . 7J<Ei b %wiﬁ A (kg/m?) AL AR (mY/m?) g
R 0 K bk AIEH REH A RUpH BRCR
(mm) %) %) w C S G s g (%)
15 7.0 55 47 180 327 796 907 0.304 0.342 64.6
15 7.0 50 46 180 360 766 910 0.292 0.343 63.6
15 7.0 45 45 180 400 735 908 0.280 0.343 62.3
20 6.0 55 44 175 318 765 985 0.292 0.372 66.4
20 6.0 50 43 175 350 737 988 0.281 0.373 65.4
AE 20 6.0 45 42 175 389 706 986 0.269 0372 64.2
#l 25 5.0 55 42 170 309 750 1048 0.286 0.395 68.2
25 5.0 50 41 170 340 722 1051 0.276 0.397 67.2
25 5.0 45 40 170 378 692 1050 0.264 0.396 66.0
40 45 55 39 165 300 710 1123 0.271 0.424 69.5
40 45 50 38 165 330 682 1126 0.260 0.425 68.5
40 45 45 37 165 367 653 1125 0.249 0.424 67.4
15 7.0 55 48 170 309 832 912 0318 0.344 66.2
15 7.0 50 47 170 340 803 916 0.306 0.346 65.2
15 7.0 45 46 170 378 771 916 0.294 0.346 64.0
20 6.0 55 45 165 300 801 991 0.306 0.374 68.0
20 6.0 50 44 165 330 773 995 0.295 0.375 67.0
AE 20 6.0 45 43 165 367 742 995 0.283 0.375 65.9
ﬁ%ﬁk 25 5.0 55 43 160 291 786 1054 0.300 0.398 69.8
25 5.0 50 42 160 320 758 1058 0.289 0.399 68.8
25 5.0 45 41 160 356 727 1059 0.278 0.400 67.7
40 45 55 40 155 282 745 1130 0.284 0.426 71.1
40 45 50 39 155 310 717 1134 0.274 0.428 70.2
40 45 45 38 155 344 638 1135 0.262 0.428 69.1
Table 22 FRIOEE
Densities of materials TR
ek R (kg/m?) g S
PIS 1,000 i o
T AL 3,150 e
A 2,620 i ———os0ust
HUEAF 2,650 b KA
12
WhREZFTWRNDE, Fh, BKME (100%44) PRI
IEAMUBE DB A Z 1T D 2 L nNgaTun 5, EHHElc Fig. 105 E HiXERHi= 7@%{2—? >N REERER & DRI
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Table 23 D 35 J O E MK (R4 00 5 E Gef:
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Studies on Erosion Mechanism and Accelerated Erosion
Test of Concrete Irrigation Canal

TOKASHIKI Masaru

Summary

Knowledge of the mechanisms of erosion and a method for testing accelerated erosion of the cementitious
materials of a concrete irrigation canal are of major importance for maintaining the performance of a canal over the
long term. Most previous studies of erosion of concrete in hydraulic structures have examined the effect of
high-velocity water flow or the impact intensity of rocks transported in the water flow on erodibility, whereas the
long-term effects of low-velocity water flow and calcium leaching on the erodibility of such structures has rarely
been examined. Therefore, field investigations, water jet erosion tests, and cellular automata simulations were
performed to investigate these phenomena.

The first objective of this study was to explain the mechanisms of erosion of concrete irrigation canals. The
following results were obtained:

(1) Erosion of a concrete irrigation canal results from the complex degradation of the hardened cement paste

(hcp) component of the concrete by both chemical and mechanical processes;

(2) Calcium hydroxide is leached from the hep into the water;

(3) The microstructure of the hep is thereby coarsened;

(4) Hcp with coarse microstructure has low strength;

(5) Collision of flowing water or waterborne sand with the low-strength hcp causes fatigue or abrasive failure,

detaching it from the concrete body;

(6) Detachment of the hcp from the concrete causes detachment of aggregate that is no longer supported by the

hcp matrix from the concrete.

These results are based on the following observations.

Field measurements of arithmetic surface roughness of concrete irrigation canals in five districts indicate that
erosion progressed as the exposure time of hcp to water increased. Moreover, observations of eroded concrete
surfaces show that the surfaces of the aggregate did not erode; rather, the hcp around the aggregate was detached
from the concrete body. Furthermore, electron probe microanalysis of specimens of concrete from the canals shows
that calcium was leached from the surface hcp to a greater depth than the depth of erosion, indicating that leaching, a
chemical process preceded mechanical erosion. Despite the occurrence of calcium leaching, no volume loss was
observed from the concrete surfaces in contact with water with zero or very slow velocity, indicating that a volume
loss of concrete, defined as erosion, requires not only chemical but also mechanical processes.

Water jet erosion test results of experimentally leached hcp specimens showed that the maximum erosion rate in
leached portions of the specimens was 19.4 to 27.6 times that in non-leached portions. This result indicates that the
erosion resistance of leached portions is remarkably deteriorated.

Two-dimensional cellular automata simulations were performed to evaluate the contributions of chemical and
mechanical processes to the erosion process. The results show that hcp was eroded at nearly the same rate regardless
of the diameter or the arrangement of aggregate in the concrete. This finding may indicate that the erosion of hep is
not affected by the presence of aggregate.

The second objective of the study was to establish an accelerated erosion test method for the cementitious materials
of concrete irrigation canals. As a result, the following method was proposed:

(1) The parameters of the accelerated erosion test consisted of nozzle entrance pressure, water jet flow rate,

impingement angle of the water jet, distance from nozzle to specimen, nozzle shape, rotation rate of the
specimen, water quality, exposure time, and replacement of nozzle;

(2) The control specimen was a rectangular solid composed of mortar meeting the JIS R 5201 standard with the
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dimensions 70 x 70 x 20 mm;

The 85th to 95th percentile of measured erosion depth was adopted as the index for determining the erosion
front depth;

The ratio of the erosion rate of the cementitious materials to that of the control specimen mortar was adopted
as the erodibility index of the materials;

The reciprocal of the erodibility index was adopted as the erosion resistance index of the cementitious
materials;

The accelerated rate of erosion of a sound specimen from a concrete canal was estimated as the correlation
between the water jet erosion test time and the service time of real concrete canals;

A combined test incorporating both chemical and mechanical processes is required to evaluate the erosion
resistance of cementitious materials, because in the real environment such materials are affected by both

chemical reactions and mechanical actions.

Keywords : concrete irrigation canal, erosion mechanism, accelerated erosion test, cementitious materials, calcium

leaching

57





