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Synopsis

In this study, we proposed a new method for evaluating effect of surface roughness of a rubble mound,
which supports a breakwater caisson, on the bending moment developed in the bottom slab of a caisson.
We also presented some preliminary results on the surface roughness effect with using the proposed
method.

For preparation of the method, we firstly conducted a series of loading tests to investigate load support
systems of a rubble mound. Based on the test results, we made a stochastic force-reaction model and built
up the new method that is based on Monte Carlo Simulation method using FEM analysis. The method is
capable of estimating the bending moment in a stochastic manner. With this method, we investigated the
effect of the surface roughness on the slab bending moment.

The loading test results show that the loading block used in the test is supported by a small number of
contact points and the contact forces have a wide range of distribution. This discrete and inhomogeneous
load support system of the rubble mound is very different from linearly distributed load support system
assumed in the current design. The test results do not show a dependcﬁce of the load support system on the
foundation surface roughness made by expert divers (smooth surface and rough surface).

The proposed method made us possible to evaluate a statistical characteristic of the bending moment
amplitudes of a bottom slab that is subjected to reaction force from a rubble mound with different surface
roughness. Based on the simulation results, we quantitatively showed the bending moment increase from
the design bending moment in accordance with a different surface roughness. The simulation results have
also shown that the amplitudes of maximum bending moments, which are given at each Monte
Carlo calculation, have a wide range of distribution, and that the average of the maximum bending
moments becomes larger than the design bending moment predicted by linearly distributed load in the

most simulation cases.
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casel(* 10cm)
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o
S

50 case9(+20cm)

0
-40 -20 0 20 40
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BUEBY BT 0y 7 OUBHEXRERAEET S &
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~XD2~/EHER - FRB— -
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—F, BEO—BRIEXBIZL D=7 FIERIZBWT
b, LEEL10m BEORBEIERTA0I0EH S
BEOCADOHALEDEEEE L O OEELED 5 LEH
HDB, FREESKRBEMENT B2 L7 ElML
BRTED. #iZ, HLEEX30m LW S Dk, Yok
IREEBMNER L& LTH, HEMIIFY AL
BEIZRESBEIMNETH-7. BL, BRICL2
BIUAEET, moBRATIREORERE L ThR\ 8
BREZBVTIR, FEL) AMMNEBETHILELD
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I BERBOEREER

1.1 REER

(WWFF7Oy 7 OEBRR

RS REUBENTY  REBCRIFTRERTE
THEHIC, B-152) I SERICBI &M 0y VKA
- ORERHEBH Oy JPLRICBT ST R (BT,
WTR) OBkERT. £k, E-16a) IZ SERICBITS
B0y 7 EEOREIRHEET 7Oy ZRLRAS
FrEEAECMERESRT. WTRIZ, Moy %
DRBEITOIWIC IOy INIT L RIS TERLZEZ
ERES(EPDELTEEL TV, BERAEIIE-4(b)
OBEEY DEHMAEEEZELTVRS. IMS, BHT
Oy 7O TFERR, RNERHOEMNE EBIRBHICHE
myszeERNbMhsd, i, FHLEFRBLIT RO
WTFRHHEIIBWT, KEQHBRIAZTShiaho &
RBRATERICOWTIE, A EBMRICHERL T, MENER
RESRBEMERLE. FEREBT TR, U

Awrage vertical stress (kPa)
0 200 400 600 800 1000 1200 - 1400

1 || oo areEm H-35m) \a&y g

—&— cas2(R=30cm, H=35m) "’%&
140 || —&— case3R=30cm, H=15m) 2%

Average settlement (nm)
E

160 | —¥—casedR=30cm, H=35m)
—8—case {R=5m, H=15m)
—4— case5(R=30cm, H=L5m)

(@) SEROKHR

Average vertical stress{kPa)
0 100 200 300 400 - 500 600 700

O L T T T T T T
= 20 ¢ ——
E 40 ng.h‘\'“d\

g 60 \\

= 80 <

§ 100 | |- case7(R=10cm) \\

g 120 | | -®- case8(R=30cm) \‘\\ .

2 ~&- case9(R=20cm) \‘\‘ﬂ
140 M @ case10(R=10cm)

160

(b) REROKER

B-15 ®WET 0y 7 EEOFNEILS LA
Ty 7 OUTEOBEIR

REEOZBIHAR TN > .

R EZR (—REEAHL) CBITAEKOEEEZ, K
-15b) & E@-16b) iI2;R 9. £10cm ML DBEE (5F—RA 7
10 OUTRIF, BAKIHL (-2 1~6) ILBU
TREEEHh—HLTWE., —F4, £20cm *30cm 8L
DOBE (r—29&8) I3, T10ecm DL TFRELEETS
L, WTEBM 2~3 BRELAZ-TED, HLEENL
10cm 2BA5EX T RORTRBABICHNT 52
ENbhs. 7Oy 7 OHEIDONTH, £10cm D
r—ARBEBEH LML T 7oy sy oFHEHE
EESTWBA, +£20cm -+ £30cm L O — X TR
B KEREMNRBEL, TOERHMEISS 200 kPa
FHELRBR I RBICEMVET T 512E, BENFREET
Holx.

ZZT, ERTHALLBH 7Oy 7 DL TROHER

KOWTEOADEESERT. ChHo0BEAR @

UTFoPHE (FoR) oEBRNELLIE, ORET

—o—casel (R=5cm, H=35m)
| ——case R30cm, H=3.5m)

3 | —a—casexRe3m, Hel 5m)
—%— case 4 R=30cm, H=3.5m)
2 —8—caseS(R=5cm, H=15m)

—&— case R=30cm, H=1.5m)

Inclin ation (degree)
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-#- case10(R=10cm)
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BURERT—Y YERBEHCRETEBIIDNT~ZTD 2 ~/EHERE - REK— - RER - EFB

Oy 7OUWTFRIIHTS, RY2REEMIOBHH
RIWTFE) & I*U Y REZKROUTROFSEENK
HTHBZE], I51QTT L RBEICHL THREN
REWKEHHELBMBERANTVEIERTH DU TR
ROBRIVELVWIETHS. ORDOVWT, SERERD
BEIE, BT oy 2KECR-EEERLICT
TWRHFT, TYy RBEAST Oy BRI TE
MLERSZ2EToNME (FOR) &LTwa. 20
EBOBRE, Fot 1 DOAEREELELICMRRET
BEL, hOF0AROAIOZFEENKE 288123,
HEIBHBEDLRIVEBWTHETEMKELI RSB TH
355, Bz, TOIIBEOEENREL, KBMHEDOW

SN ELEFRETHINE, FoXd>3RKREME
ORZTRETIUTIIREELRZW. §E>T, RNEKRH
IWNEVWLRNVIZBTBULTRIIDWTIR, Zovw

REBMHEDOREAEALTORENKRENETFHEINS.

LA Liahs, 20—HT, OIRLEYY Y REBH
HRBIFBUTEIT Y RER (RBUSNOHY) ITB
FA3UTH, EOBEOHETREL TVWAMRHETDH
5. B, YUCRBENNEL, FOBRIZHMLT
GORBEVRKREVESICE, YU RNTRERWES
BFEICKASD “Doh ik’ WEHEXHHRIE)S TS
THAREHEAE L (RS, 2002) , TOXIXHEH
ENEB LS, RELXEEEERDITCR
OUTRNELBBEEASND. SEERTHEALE
BEORKRRII 80cm 2 (BE#) 2OT, TUUR
BE1.5m DBE, BHr—A2BETEE, HEHA
REBOGTXBITIETNLEVRS. Z0L5B84
i, YO REHEMBIELTRSEZERTERN.
-T, RULROHEBLETHD, BLrOREOEBRK
NEERLTRICKESEEEREFII LIRS, 1B,
BETUE RRE) OXEHBBIIDONTI, RS
% (Miyata et. al, 2002 ; PS5, 2002) CEBEREE
AOVWEBRTHERERAWEEBOBRIEREZRLTNHS
OTEREIN 0,

BB IOy rORY S Ric kDX EME

B-1712, SEROFHLITIUR (F—2Z 1) &Y
LYy R (5—2% 4) RBIBRETY S ROXHE
WeERYT. ARIZ, T0v I EROSERFHL 200 kPa,
600 kPa 3 LT 1000 kPa BFIZ BT 2 00— B &)L ORI
2rRT. Mhicid, S0— Rl ogEmmERLnE
DORIN—E F2XFHELTWANIRCTEaS T (Bf
ORFIEBR) Liz#ERE, BFO<T > RXHEI
BUBBEBRERL—ALEDDEERNTRT. &K

-10 -

L0, BETOy VRBHTHELTWALS L TEEN
REERE (BEoHwE) TR < B8 Kot
HTERINTWBRIE, E-EEMEEREOITSHE
BIEFICKEL, BAEYY L RRERT AW EII &M
RIZHENICRDE S NN EENHAS M >

ZOEIIBHBHNDORGER BRI, AL &n
BHLEBWTHETIHETH . ZOZFHEEBIT,
RUCFBREHLERBEET TIREEL -2, £
. ZOXBEBBEIHSMIRESGNES IRRZS D
DTH5. :

¥z, B-17a) 28MIcH5 &, BEISHH 200 kPa @
RETIE, 2EAIEIT 80 ATHZN, £03 b EAL
27 REWD Dl (B ThR-# - RETRT M
R) TEMEOK 2%%XFELTWS, 2, HEIEH
731000 kPa 12309 3 & M SEIT 212 A EHMT 3
M, EZDDE EM 30 AOEMITE2MEOKN ST%% X
LTBD, RN RNIPRKELSIE>TH, HHY
WORHERIFEBEIREI NN ENDNM 5,

KIZ, BEAIOTY > MEBREME & XFHEE S OBR
ERSLADETRS L, BMATICESNEWERTICE
BENEEEL TV, -, MEOBIMCE B>
T, EROBOER 250 O0ICEMERNL > Tha.
o T, BEAOTY S REEHER, REROMEII
RERHELZHEIATWBEI ENDMS,

A, B-181C RER (—RELZEHL) O+10cm
RUR (5F—A7, £30em~7¥I R (F—X8) ,
BLUEE20em YT R (F—2X9) ZBFrEAETT
ROXHHEEBERT. BKkEHLOERE KT S &,
o DICEMEESEILTNS, £, BfENED
Lizre®, SEMANSETIHERRESR>TNS
&L, B0 T L REGBE S ZIREES
DHEFZRES LEDETRESE, #BAKEHL LRKEOH
MmzERL, WARTICEENE SIS SN E < EE
LTWws. 20—4T, fIEERENERICOWTIE,
HEFERBOREIR L)L (532kPa) BMEAL TH,
ERSRE<HEAL N, ZOEMIL, FIZ£20cm* £30cm
BLOTr—ATEETHD, BHKIT 2 RARE (M)
MPEISHICE > THRBEEINABWVWIEZRL TV S,

K, BRSEEBMT Oy JEEONERHEDH
%ERE-19 IRT. Sk, WEE2ZTAEO0-Kt
VOBEKTHS. KL, BRkEHLE—RELEHL
KB L TWB DI, RNEIRTDOEINIZE bR WS
BNBRICEINT 528 TH5. BREHLOKE (S
ER) CEEHTBE, AL ERGLICH TS A
DHERED SN, —REXEYL RER) &8
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1 L4 {
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kB LERBT R E, —REEEHL OEMIEL,
BAEEHL D 138BETH D GRES T 600kPa TLHLEY),
B I EM R BENE LTI EnbM 5.

KRIZ, BK - PHEMEELEN Ty 7V EEORE
BHEOEEZEZR-20 IRY. RAEMWE (Maximum
contact force) 1%, FEW ATy S TeHllahi=zn— k&
NHEORKNEE, FEIEMME (Average contact force)
REOFHEERL TS, a)RKD, SER (BKktH
L) OBE, BRAERTESLUCFEYEMFEL DI,
RERPIY Y ROREAOBVICEZEERZENVIZAS
Ny, BEABRMHTEBLCEORMNER, FRETT
UROBBIEEAERBERIRNIENDNS.
BRAEMAHERICEALTAS L, RHLIY Y ROHK
WEY, HTLBEHLIT R (F—X1&5) O
AKBHELIODKENWEWLD ZERAWED, SEOEES

[ —o—cusel®R5cm H=3.5m)
—8— Case2R=30cm H=3.5m)

—~&— Case}R=30cm H=1.5m)
250 |— —% Casc4(R=30cm H=3.5m)
—B— CaseSR=5cm H=1.5m)

—o— Case6(R=30cm H=1.5m)

Number of contacted load gauges
g

0 200 400 600 800 1000 1200 1400
Average vertical stress (kPa)

() SEBROBKR

80

60 /’/‘ e

40 /
f{y/ -4 case7(R=10cm)

20 ~®-case8(R=30cm) ||

—&— case9(R=20cm)

-~ case10(R=10cm)
I |

Number of contacted load gauges

I
o
0 100 200 300 400 500 600 700

Average vertical stress (kPa)

(b)) RERODER
B3-19 i & HEE N DB

HTTR, BRkELHLICEE3EHBL ERHLOHEIZE

ANZENRBENS. IHI, RABRMEOCEEGHEZR

&, F—R S TREAERAOHEIMIEY, BAEM
ENBORELAHALHD. CTORABRMMEORD
W, BEXY > ROBRHBBILET - £, BLUBEED
BHRENERTHLEEALNS.

b)EITiE, R EBR (—RIEXBHL) ORBKOKERER
KT, EMSEEAEBAKTELERIDDLZVWED, BX
BLUOEHEEAIILENIISERIDKEDIIREST
VB, TOMOEEIIB KLY L OBE ERBETHS.
Thbt, BREMBEOKXNIAERIZE> T—#HK
WIRBEfSTonanWZ &, BEUREBERHOBMICE
STBRAKBMEENRDPTAIREARAREICEHETEH

EARDENS.

—o— Case R=5cm, H=1 5m)
| ~@— Casc2®=30cm, H=3 5m)

0, Case3(R=30cm, H=1 5m) !
—%— Case4(R=30cm, H=3 5m) /\’.\ Maximum
500 H —B— Case {R=5cm, H=15m) \lcontact force-
- —o— Casc6R=30cm, H=15m) | !
Z w al/
8 )z/ M \
Z rd Sk
3 7 )
g ) LA
o 200 2 ’,
3 |
100 Average contact force
0 i M
0 200 400 600 800 1000 1200 1400
Average vertical stress (kPa)
(a) SEROKR
800
700 — -0 casr7(R=10cm) ~
8- case8(R=30cm [\.
o 600 — & case9(R=20cm
E -8B case10(R=10cm)
Q
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S
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Q
g force
2 !
o
Q-
Average
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0 100 200 300 400 500 600 700

Average vertical stress (kPa)

(b) REROHER
B-20 A ESHER S OBIR



BUBEN T —Y ERBAACRETERBIIODVWT~FD 2 ~/SHTEYL - ZEB— - BEREE - EHEA

1.2 BATY VROXBBB L UBEESS -V VE
REIFE— A FCRIEFTHSICHET2ERNR
&t

(DBREHRE

AETIR, BERITBIT WA T Oy 7K E, KR
Dr—IVERD 1 D2DEBAT TICRILTT, &EHT
HBELTWAEAHMEICMNL T, EBROIZRHEEE
ZRLUEBACERMTFE—A > IR EORERMT 2
NDIZDODWTOFEHREZRT.

BB, MEERTEO—RENICEDEAIL -4
MMEEZANT—FELTHEBZ2EE I NZREDER
GIE 25m) DEBREREKICX2MITETok&. B-21
Z, FEMEFINOA A—CR%ERT. £-5 I FEM BT
KEALENTA—TD—EERT. X7 TOKEHM
O, BE7Oow 2 ERACEL, 25mX2.5m iRk
FELZ. FEMETIO 130 (2.5m) i 50 BERICOEL
2. BREAEICIZ 10 ERICHEILE. AT 7RTO 432
X, 2CEREEESRAEELE. ASTORER, —KD
F—YUERERELT06m ERELE. BiTEERL
LBEATY 7%, ®B2BEVERIET. EXAFv 7
OB/FTHNTIE, o— RV TERisn BRI Z,
Hu— RN MBOFLIAET 2HIUAALE. &
B, EBOTr—Y VERDAT T smXSmEBETH S
72,5 EO FEMSER BT 2R T TEREITIERO Y1
TERBTBENIN. ZORD, ZHEEOTRE %
MERE—ALPDOREZ - SARXRITTEEIREN
EEZAOGNDN, ZITEREHL TRHZEDB L
T35,

Contact force

B®-21 FEM ®FIK

£-5 FEMBHICHERLENIA-YD—%

Plate plate size (X and Y) 2.5m x2.5m
dimensions | thick ness (Z) 0.6m
elementsize XandY) | 0.05m x 0.05m
FEM model | element thickness (Z) 0.06m
boundary condition all clumped
Material | material concrete
properties of [ Young's modulus 25MN/m*
plate | pojsson's ratio 0.167
(2YFEM fit DFER

B-22 CHEHEREO—FE LT, #ERS 200kPa DE

S EMERALEZBO X AEOMITE— X > h O,
COMBESNTITHEYT S SEROY—X 1 (AHL) &
r—2Z 4 (FHL) T8y 2 REXHBHEE RER
77 200kPa) ERIVTE— A PDSHERT. YU RX
BEBORGNZ, B-17T:23HOZ L.

Bending moment
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£ . i ERM N .,M A1)
(b) Casel (smooth surface)
(left: contact condition, right: bending moment)
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ZORED, KREREMEECERTANBIZE>T
BIFE—AL FOFARPAVRKERZEEZZITHIEN
0D, EHNGHEOEE, EORKHIFE- A M
BIRPRTRET DN, ERCBIBRAPHEEAD
ZHETHE, RPELSENEF CEORKRMITE
— A IRET D (U, PREBAHITE—AS
EIRER) . IREMEEOIRERIE, BRERICBI5E
DERXBMTE—A > MIBWTHRET S (LUK, W
BAHITE-ALRERY) . TROBELHHEDYE
&, BAODFRTHBBRAETE—AL MIRET S
M, ERICLBR N (BB - FH—7a i)
DBE, WHMBAHMTE—A L M ITAhR1ASEDTH
LTS,

X5, TORED, FEILEMEEC L KR
FE—A2 ML, BESHEZRELTEELZdTFE—
A2 b (BAk, FEHMEEIER) LRLTLH—-FH LW
ZEBRbRBE. FIZAE, ¥—RA 10OWEZRGFICLBMT
E—ALMR, BESHHEICLIHTFE-AS LD
SEMITNENVERESTVWS, —K, ¥—X 4 DS
I3, BESGHEIRLDZHITE—AL PEDARENVE
BAZSEELTWS. ZOLDI, ERMITE—A
NOKES « EEDMEMEN, BRSROME & &SN
BORKESIZEL > TRESETHIEN, EBROBRA
I RMSDORAERICE > TRET B ERMITE—
AVMDHHRTHS.

KT, BATHEL TWAESHMEICH L TEROD
RUREREEERLEAI, ERETE-AS
FREDEEBMMTEINTIOWTEHERKRE2RT. K
S23(AREBAT TOhRFIZBITZ SERICBITIOIR
DA EDRBETIERMTE—AL FOBRKE LB
BAGHECLSHITFE— XA FOBRAKEEDLERT
(UUF, BFE—A > REERER) . ZOHERLD, E
B REOITE— A2 M, BRETOHERHL
RIZBNWT 1.0 ZBATED, BRMNLZIREBHEE
BB EHRHEZBAAMITFE—A NEEAETSH &
Whnd, 82, MNSWHERT L)L (200kPa LAF)
OEBTIE, RFHEOBRK 4 FEELVWSIKERMITE
—AVIBRELTVS. ZOBBICOWTIHEBRT S
N, EEEOBRICORS, EPNE (—SBH O
EENPRKEVWEDTHS. —F, RELHL B KE
<RBE, TFE—AL MHIINEL< D, BREVTE
— ATV MREEMEIETNWTL %, Zhid, RERAL
ARJVDEMZE-S T, EfSEAENL, ShHEDCE
BRNELRBH>TVWBEDTHS. 22T, FHLERE
BLOMENHMITE-A MEIZRETEEBIIOVWTE

58, AIZERBHLOY—A 5 DMIFTE—A> MLicHE
B9%&, HEES 600kPa L EICBWTHIFE—X >
HRer — 2D TERHELTRKEVETHZ I ENS,
FEHLUEFRHYLOBENHMTE— AL FICRETHE
BRNEWEEZD. DLA, BMSAMEIEMEGEEOK
EFXORENEBLTWBEHKTES, —F, KRS
HOMIFE— A MEIZDWTY, ERPREE FED
BRTHY, BRAMMEBAAMITE—AS MRAELT
NWaBZENbMhs. LhLANS, ERESotiFE—
A PP RIICBETEENINWIENB-THS.
ZhiZDWTH, BTHEHHERT.

40 —6—casel (R=5cm, H=3.5m) |-
X v —e—case2 (R=30cm, H=3.5m)

35 \ —a— case3 (R=30cm, H=1.5m)
—*— cased4 (R=30cm, H=3.5m) |

\ —B~caseS (R=5cm, H=1.5m)

30

25 A i
: \ "\ —&— case6 (R=30cm, H=1.5m)
& bl

Bending moment ratio

0.0

0 200 400 600 800 1000
Average vertical stress (kPa)
a) AR H R
20 —o—casel (R=5cm, H=3.5m) |

—e—case2 R=30cm, H=3.5m)
—a—case3 R=30cm, H=1.5m)
*\ —¥—case4 R=30cm, H=3.5m)
—&—case5 (R=5cm, H=1.5m) 1
—&—case6 R=30cm, H=1.5m)

15

Bending moment ratio

0 - 200 400 600 800 1000
Average ve ttical stress (kPa)

b) JEFR 5 B

®-23 ERTE-A> b BKEEHL)
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Case2

Normalized gassel R=30: lsassoe3 15:335064 ga:cs (EazsoeG Average
=aJcm. =30cm. =30cm. = cm. =Jcm. =, cm.

contact force :1=3.5m) (H=3.5m) (H=1.5m) (H=3.Sm) l(>l=1.5m) H=1.5m) ¥
0-1 70.5% | 69.1% | 69.2% | 73.2% | 71.2% | 70.2% | 70.6%

1- 13.7% | 15.3% | 15.0% | 10.5% | 12.4% | 14.3% || 13.5%
2-3 7.2% 1.5% 6.7% 6.1% 7.3% 5.8% 6.8%
3-4 3.3% 3.4% 4.5% 3.4% 4.4% 3.4% 3.8%
4-5 2.1% 1.7% 1.7% 2.4% 2.5% 2.8% 2.2%
5-6 1.4% 1.5% 0.9% 1.7% 0.6% 1.8% 1.3%
6-7 0.8% 0.6% 0.7% 1.5% 0.2% 0.8% 0.8%
7-8 0.4% 0.4% 0.8% 0.5% 0.8% 0.5% 0.6%
8-9 0.4% 0.1% 0.4% 0.2% 0.1% 0.1% 0.2%
9-10 0.1% 0.2% 0.1% 0.0% 0.2% 0.2% 0.1%
10 - 20 0.3% 0.3% 0.0% 0.3% 0.4% 0.0% 0.2%

Total 100.0% | 100.0% | 100.0% | 100.0% | 100.0% | 100.0% {| 100.0%

F-10 HEABEMAL RN E > THELEZFES

Eik o
Normalized | Casel | Case2 | Case3 | Cased Case5 | Case6 A
R=5cm. [(R=30cm.|(R=30cm.|[(R=30cm.| (R=5cm. [(R=30cm.jAverage
contact forcq :'l=3.5m) (H=3.5m) (H=l.5m) (H=3.5m) :{:1.5m) (H=LSm) ®
0-1 19.9% | 18.2% | 19.7% | 18.1% | 19.6% | 194% } 19.1%
1-2 19.7% | 22.4% | 21.7% | 15.1% | 18.1% | 20.5% |} 19.6%
2-3 17.5% | 18.3% | 16.2% | 15.1% | 17.9% | 14.3% || 16.6%
3-4 11.3% | 11.9% | 15.6% | 12.2% | 15.1% | 12.1% || 13.0%
4-5 9.5% 7.5% 1.5% 11.1% | 11.0% | 12.6% | 9.9%
5-6 7.5% 8.1% 5.0% 9.4% 3.1% 9.7% 7.1%
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