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Coastal structures, such as breakwaters and revetments, are sometimes damaged severely by stormy wave
loading. The damages of the structures are caused mainly by impulsive wave pressure, and, however, some case
studies reported that some of the damages were often enhanced by the destabilization of seafloor to which the
dynamic water pressures are applied. It is important that not only the scoring resulted from the wave induced
sediment flow, but also the deterioration of integrity and load bearing capacity of seafloor due to its effective
stress response to wave loading, destabilizes the coastal structures. This study aims to propose the quantitative
evaluation method for the scoring on seafloor, and clarify rationally the accumulation mechanism of sediment
flow regarding the effective stress response of seafloor to wave loading.

The evaluation method consists of three processes: linear wave theory, pore-elasticity for seabed medium, and
empirical sediment flow model mobilized by sea wave traction; in the three processes wave behavior around
structures, response of seabed to wave loading and sediment flow and accumulation behavior are formulated,
respectively. The evaluation method was applied to the sediment flow behavior near line structures and
cylindrical structures set up in the infinite seawater field with uniform depth. And the applicability of the
evaluation method was verified through the discussion on evaluated results of sediment flow.

In the case where an incident plane wave meets a straight line structure in perpendicular direction, a classical
stationary wave is generated. However, in the case where an incident plane wave meets in diagonal direction, the
generated wave field shows the feature of stationary wave in the perpendicular direction and that of travelling
wave in parallel direction, as a result of superposition of the incident and reflected waves. When an incident wave
meets a broken line structure with right angle, the generated wave field shows in rectangular grid type stationary
wave field. On the other hand, if an incident plane wave meets a right cylindrical structure, a diffracted wave, as
well as reflected wave, is generated. The superposition of the diffracted, reflected and incident waves was
calculated with Fourier series in circumferential direction combined with Bessel function in radial direction. The
effective stress response of seabed to the wave loading near structures was calculated with analytical solution in
the framework of linear poroelastic theory. The sediment flow rate on seafloor was evaluated from the traction
force as a function of seawater flow velocity, regarding the variation of thickness of sediment flow layer affected
by the effective stress response of seafloor.

The findings in the present study can be summarized as follows:

- Under the traveling waves in infinite seawater field, sediment flow becomes uniform over the whole field,

and then accumulation of sediment is not generated anywhere. However, under stationary waves sediment




moves accumulatively from loops to nodes by wave traction force in a wave period, and as a result
sediment is deposited beneath the wave nodes, on the contrary the seafloor is eroded beneath the wave
loops including near structure side walls.

- It is generally difficult to explain the mechanism of accumulative sediment flow in particular direction,
disregarding nonlinearity or suspension of sediment particles. However, regarding the effective stress
response of seabed to wave loading makes it possible to calculate the accumulative sediment movements
induced by wave traction force, and explain the fundamental mechanism of scoring associated with erosion
and deposition of sediment even within linear wave theory.

- The rectangular grid type stationary waves appear near the right angle broken line structures which is
subjected to incidence of plane waves in diagonal directions. In this case sediment is deposited on the
nodal grid lines, and in contrast seafloor is eroded on the centroids of the grids. It would be important that
seafloor is eroded severely at the corner of the broken line structures, which would be destabilized by the
erosion.

- In the case of right cylindrical structures, sediment flows toward the structure in the wide range including
structure back under the influence of travelling waves, and the sediment moves from back to front along
structure side surface. It should be noted that the erosion and deposition on concentric arcs are repeated in
the wide range of structure front under the influence of stationary wave. It would be important that the

notable erosion on the structure front side possibly destabilizes the cylindrical structure.
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2 Ty
s
& ;r; <
LA
, &

Wave absorber
Training wallt

e e e e e e o s . e i o £ 8 o Tt S i P S s S o i B Sk o it S o et B e e

1.2-5 EERKHE (L 5(1987))

FERAER & L TIE, EOAHNADNIWGEIZIE, BEEEOENLE~MN I DD, F&
L CIRIKICEA TR O REBEIC & > TERR O OME THRENARAET D, L, EOALMA
PREWVEEITITN 1.2-6 B 53/ KO ICEBWOEONE TOVHRRARE < 2>TEY, ¥
DAFADBNS NG E LIE I CHEEN R Z > Tno EEZX 61D,

0 50 100 150 v(cm)

T T T T v r T 1 17

V¥ Node
® Loop

=== Pa0{ming
T=600(min)

1.2-6 TNEZNDOAFAIZEITS5FHE (FIL5(1987))
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FEHE S (1988) & BT (1985, 1992) %y HifZ (2 35 1) 5 M AEHE S\ C I Bh A 1 &8 2 1R 3250 4
Fh L, FAEESEHERLOEEBE 28T 5 L &b, MIrMcbmat Lz, MAfEEY o
T, REEPFTENEESNDT-D, RE - HEEENIIEMEIC R 2 2 L 2HLNITH L & BT,
FENTICIS T 237 A—Z OREIFHEL <, BRI OBRIIRGF LIS ARV 2R E LT

Wo,
35.5m

1 I I | I ) 1 T I H 1 J W

PR i A
($=1.1Tm) \

1l

Il

17Tm

\ B = K
(5.4m X 4.5m)

[
R

1.2-7 EREE (FI5(1992)

& 1.2-1 &M (RII5(1992)
Mk kigE(mm) | B (glem?)

EERD 7 5 0.15 2.57

TALE—X 2.0 1.02

< 1.2-2 EREH (BII5(1992))
W H@Eem) | AT () | AKEhem) | FFEER e (M)

10 1.0,2.0 30 1.17

Katsui ©(1993)(3 5k & f#AT T IZ K& 2 MFEREE JEL O Vel 20~ 7=, EBREE T 1.2-8 (2R
TEBVTHD, AKEd=30cm, MFHREEYOER 117cm THEERZIT - 72, fHEIEYRTE CIIIEHAT
T OHERE & AT OREBARAET D, M CIFHER AR AT 5, WH CIHEEBEIN A L,
HENOEENLD &, BRI EEITEIH D720, HERENRAET S, MHEEY R O VeI X 55 &
fEAT CHILTE 20, #EWELORND A = X LN TSITHL NI ENTWARWEZ D, MR
EREIL D E<FHTE ozl L 2HMEL TN D,



35,500 Unit: mm
Carriage Wave Maker
N
Yl T T T T T T T T F
“LEE: Mode!| Structure
| |
H A\ Wave -
Al I o | B |
1 = T =
F# Alluvial Bed
(4,400 x 4,400)
v s e s T I T T AN

Wave Absorber Wave Absorber Slope

1.2-8 EEREE (Katsui (1993))

& 1.2-3 EEBREH (Katsui 5(1993))
Sand Dgy=0.15mm

Bathymetry h=30cm

Period | T=0.8, 1.0, 1.25, 1.5, 1.75, 2.0s
Wave | Height | H=5, 8, 10, 11, 12cm
Direction| a#=0" , 45

0w L0 100 Xemw
{
Direction
1 1 10 0
-100 +
| '19)0 10 L?
Y(cm) [;20) e’

Bottom change around a circular cylinder ( T=1.5s, H=10cm )
1.2-9 EER#ER (Katsui 5(1993))

ARECTHBL L7 & 018, MEWALIZI T DUt sE 2 R & U ST & B S2BRS,  IERR
&Y & AR IED O T I OWTIRER) TIdd 2 2T TWT, K OEREBE) 2N EVER) T
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FHDBMENIENSDH D, L L, IREBEIOA I =X LR3I S TWenizoig,
WARDIERINEFE L BR L TH, BEMTIC L > T SN REB B8 2 3T 5
FTREI LT RWE S IO D, ABFZETIE, SIERMUNMRIER B RR OFMIZIHW TS, VEEH
BEDH NGB 2 N B BT D 2 LI L - THix OREEYELIC BT 5B EBE 2 E &1ICH
ETDHZENARTHLZLETRTZLITT D,
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1.3. AIWXDEK

K L 6 EINDR STV D,

FHLETIE, AREOBNB LOESR, BEEOHI, ROzt ~2%,

B2 mTIE, MUPKEEERIC X D BIRMENT FIEICOW TR T 5, T, T, Sy,
MRS EW) 0 O IRIF I 1T DN FiE & iR~ 5,

% 3 BECIE, ZAUE MR IO YRR HUR O G RS TS ERT FIEIZ OV TERA T 5, b0
KO BRMBIOER 2+ 5 L &, HERIZRIT D ThIE & BIBRIKOEE ] 2 8 2%
DD, u—W—pET/LLEZNEZHMLLTEET NV BIRTT 5,

%4 ETIE, WIS L2EEBEOEENFHMITFEC O WTHAT 5, = AL RS
ATCHKAE, TN HES EWOERN 2R 2 LT,

%5 ETIE, BIRICK 2IKEBEOMITIIMG 2 Uiz, 178, EWE, #EEY, MGy
DFEHTRE R 2R LT,

%6 HIL, R OMEHRERTH D,
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2. MW EBIERIC K HIBRREBHTFE

ARBFFETIE, B LR OHPHN I W TRUMRIRE PR I D W BRAT 2 RBIT 5, LI T T
(T, ERAEEY R X O i EARE G, MRS ORI 31T D BHRENT IZ oW TR 2 55
LTRTZEIZT 5,

WUNER B (B 201X, RSB KES(1987)) ZHWAIZHT->T, BALIEWEITZLLTDO XD
ICHEHTX 5,

(1) 2l GEEME, FERE)

(2) ANNTEH O (RiEES L OB F1IT L)

(3) KEDIESIE p=0

(4) —EKE, R /KE

(5G) WEITHE LY b/ &V @MEREORE) « H/ L<<1
(6) RAFI(ERIE)IL cos, sin, e’ THT

(7) WL, HERT YV ¢ AT

(8) AN IF—J7mNTeA, $hE 2 IRITIZBWVWTERTE D

PR Tl —HOKIRZUE L TW T, BHROFEITISE L THW ARSI TO L O TH %,

H . (m), azg  Fr g (m)
/1=2T” P (Um), L . & (m)
w:ZT—”  fIRENE (Us) T R (5)
v =TE=§ : RAEEEE (mis) h . kzE (m)
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2.1. HEITRD B REEHT

2.1.1. BAFHMEES SIUVEREH

sea wave velocity: V=L/T=aw/A

z A > wave length: L x=L

/__\ | //: -
wave height: H=2a - X

: \\/ E =
A4 a)t)

sea surface: 7= acos(Ax-

sea depth: h Sea
3 z=-h
Seabed
2.1-1 fuMRE R R R DB
a) E#EH
A, SREHIGR Z TR v (%Y, 2,0, v, (%, Y, 2,1),v,(x,y,z,t) ((RE L, 8 £V)
ov
%+_y+%:%+%=0 BV =0 (211)
oX oy o0z oOXx oz Y
b) MERT ¥
WERT Uy VT g=g(x,2,t) (IET ED)
Vx :_%, Vy :_%:0, VZ :_@ (212)
OX oy 0z

KQR1DIZKQRLDERAL, HERT Uy AN T 777 AWMy HEREEL,

%+%:3(_@J+g(_@j:_az¢ 0p_o . 00,00 _ (2.1.3)

ox o0z ox\ ox) ozl oz oZ o2 ox*  0z°

c) KE DK

KOEEFn %2, ZABEEEAWICTRIREIO b0 & LT TFO R S ITRE L, #HEEFEK TER

T2,

-16 -



H X t
=—C0S27| ——— |=acos(AX—wt
T 2 ”(L Tj ( )

~op=ae™ - cos(Ax—at) = i}{(e‘(“‘“’t)) (2.1.49)

d) BRICETIEREH

AL O, S5 E 0 (E 4 £ 9)

Y :—%:0 at z=-h (2.1.5)

e) KEIZHITEHEREH

(1) EBYFAIBLR A
RES LY

V=P M o pno0 (2.1.6)
oz ot

K DO KBLFITAKE D HTROH &9, £72KELRV, DF0, KEIWZHDKEFIZWVDOETYH

KENZ L EE 0, AKEAK T O8N 7 758 Z_¢ oK O %’7 =AU
z

(2) 11RO SR
JENZHEEHE AN X —A DX THEZONDL)D,

—1%+L(VX2+VZZ)+£+Z=0 (2.1.7)
go 29 £9
ZHIWIRES AT 5 &,
_B P g0 (2.1.8)
a p

ZOBfREKEICENT S &,

—%wn:o at 2=1~0 (2.1.9)

KN BT HKERZTEIZHELWVOTUHRGE 3), LFD LI 1Tk b,
p=0 (2.1.10)
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21.2. BERTUOIOXILDFE
KB EEE LT, WilEZRRt TR T2 EUTOL I 5,

_%_Wm_ gt¢+gae“’”t =0 at z=0

ot

¢(X, 0,t)= I gaei(ix—wt) dt = ﬁei(ix—m) —i %ei(ix—aﬁ)
o @ 2.1.11)

ZHZE ST, RT vy Mk RN b D, BEOBEE ARSI 5 DT,
#(x,2,t) =iz (z)e" ™ (2.1.12)
22T, XNRLI)EZETDHE, UTOLIIZ2D,

¢ _ |Z (O)ei(lx—wt) _ | %ei(lx—wt) — 7 (0) _ %
w [0

(2.1.13)
ZOBRE T 7T A0 EMI T L ICEET 5L, LTOARNELND,
% _¢ i(Ax-at) 6_2 i(Ax-at)
PV R |Z(z) +|az Z(2)- el
_IZ(Z) ( AZ)e i(Ax-at) +iZ u(z)‘ei(/lx—a)t)
=[-2Z(2)+2"(2) |-ie"™ ™ =0
= -A2(2)+2"(2) = Z(z)=acosh Az + Ssinh Az (2.1.14)
MISHEIZ BT DR MEZRAT 5 ERAT D L,
Z(0)=acoshA-0+ fsinh2.0=92 . 4-92
@ @ (2.1.15)
2, WEICBITA2EMEZBET L L, LTOXSICBEEIETE 5,
op .
v,=——=alsinhAz+ pAcoshiz=0 at z=-h
oz (2.1.16)

- —aAsinh Ah+ BAcosh 2h=0, f=atanhih=tanhih=0
w

-18 -



B IR EERT o Y VOTRITRAD X 51272 %,
Z(z)=acosh Az + psinh Az

_ 98 osh 22+ Ftanh ahsinh Az (2.1.17)
0 w
_ga 1 (cosh 2h-cosh Az +sinh Ah-sinh ﬂz)=%w
@ cosh Ah @  coshAh
#(x 2,8) =iZ (2)e'* N = %wei(ix—aﬁ) (2.1.18)

o coshAh
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2.1.3. RiE, KE ZEHOFHE
ATET CROTZEERT > v V& sy T2 2 L& - Tty v, v, 25K 5.

_0¢ _ gal cosh A(h+7) pii-on)

Y= 0x o  coshAh
v, =0 (2.1.19)
_ 0P i gaAa sinh A(h+2) gi(a)
Yooz ®  coshAh
KR T35 Z LI2L - T, KiEp ZRkd b,
_ (o | cosh A(h+2) igoty 21.20
p_p(at gzj_pg{a coshah  + : ( )

Y, v, v, AR B T ITE Y, Biu,u,u, MEBRD, 0L, BAERILO0 & LT,
HiKIFIC R 2 MR 2SR 2 26T

0, :IVX dt = gat cosh A(h+2) Jei“”’t) dt
®  coshAh
_gat cosh A(h+2) .iei(lx’wt) i gat cosh A(h+2) gix-at)
o coshih  —iw o*  coshih (21.21)
u, = jvy dt=0 o
U, - J-VZ dt — —i gal sinh A(h+z) Je“““"t) gt
®  cosh4h
i gad sinh A(h+2) .ieiw-wt) _gadsinh A(h+2) gl
o coshih  —iw o> cosh ih
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ETROMABERRICE T HEIRMEN

22.1. EERT UV ILDELE
AIET TR O T EITH 2 HE R RICB W CREIR T 5, $hE MDY 2 1XE D EF T, KEHMAK
S Xx—orcosd & EHTIIE LV, Lo T, HERT Uy IR D L HICEHBTE S,

gH cosh A(h+2) pilixot) _ gH cosh A(h+2) pilircoso—at) (2.2.1)

o(r,0,z,t) =i=—
2w  cosh Ah 20) cosh Ah

EEOAFFmAZE L LT, ERTRATLE, RAD LS ITEHTE S,

gH cosh A(h+2) il cos(0-4) -

2w  cosh Ah

— | ﬂ COSh ;L(h + Z) ei[ﬂr(cos&cosﬂi +singsing,)-wt] (222)
2w  cosh h

i gH CoSh A(N+2) i;(xcosg+ysing —at)
2w  cosh lh

#(r,0,z,t) =i=—

2.2.2. fuR, KE, ZEEDFHE
BIE LTS ERT v /vinG, W, KIE, Bz RODELUTOLIITRD,

8¢ . gHA cosh A(h+2)

v, =—— =i cos@sin(Arcosd)e
or @ cosh Ah
Vy = _ % __jgHAcosh ANt 2) g i (Arcos@)e™ (2.2.3)
roo @ cosh Ah
v, = ¥ _9h2 sinh 4(h +2) cos(Arcos@)e™
0z @ cosh 4h
op cosh A(h+z) it }
=p| % 92 |= H —————=cos(Arcos@)e ™ -z (2.2.4)
P /{at J j pg{ cosh Zh ( )
U, = jvr dt = gH2/1 cosh A0 +2) ¢o5 osin (Arcosg)e™
® cosh 4h
Uy = IV dt = ng cosh A +2) i psin (Arcos@)e ™ (2.2.5)
10 cosh Ah
u, = IVZ dt = gHZ/l cosh 4(h +2) cos(Arcos@)e™
1) cosh Zh
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2.3. BITRICE T HETARD—ARIE

ZOHITIE, AFHEMEEDO TN OEITT 2 2 AMEL, X2 3-1ITRT RV THE

T v VAT S,

y [plane]
Extended definition of plane wave

Ow \\. o

(xo,yo)\ (wave top)

2.3-1 —fi%t L =#1TIR

2.3.1. ETHEDO—MIE
frAif Y A L TRAEEEAT 5 L UTO L) Th b,

v =AX—ot

KEBIE D & HERT 2 v A g IZTFO £ 5 ICEETE 5,

i(Ax—at)

n=ae =ae"

-22 -

96%1 \\ \\\
o™
66\$\% P (xy) \ >
N \ \ 0
qq‘b w \\ \\ \\ - - -
. \ . wave traveling direction
rW \ \ N \ \
\ \
\ \ \
\ \ \ " (wave top)
\ \\ \ \
\ \ \ \
\ \ '
\ HW \ \\ b it \
- = \ \
wave origih, /: \ (wave bottom)
\



ga cosh A(h+2) pi(Hat) _; ga coshA(h+2) ;,

X, Z,t) == 2.3.3
H ) o cosh Ah o cosh Ah ( )

WER O, (X, Y,) B & OHIMIAR A y, 2 BAT 2 &, Kok f w13 F o & 5 ICEE LT T
x5,

X, t X=X, t rcosd—r cosg, t
A A @ A @

T DT, R w1, BRSO, ICB ARt =00 L X ORI THS, £i, KEIE
150, 1B DI SO~ Y R P TFD L 5 Th 5.

(% Y) = (% + X1 Yo + Y
. (rcosé,rsing)=(r,cos6, +r,cosd,,r,sinb, +r,sinb,)

(XW’ yw) = (X_ Xo! y_ yo) (235)
= (r,cosf,,r,sing,)=(rcos@—r,cosd,,+rsind—r,sing, )

Cor =X 4y, tané, _Yo

X

(o]

SBIZ, R RTJEEE (X, y) LT D L 5 TH D,

(% Y) = (% + Xy Yo + )
= (rcosé,rsin@)=(r,cosd, +r,cosb,,r,sin6, +r,sin b, )

(XW’ yw) = (X_Xo1 y_ yo) (236)
= (r,cosé,,r,sind,)=(rcosd—r,cosd,,+rsind—r, sino,)

=% Y, tand, _Yo

X

(o]

EITHOEIT M Za L LTEATLHELUTOL I THD,
y=A-wt+y,; &=n,-P (2.3.7)

w

ZIT, BEET AR b i, UTFOX D ICHAANY MLV TER SRS,

n, =(cosa,sina) (2.3.8)
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L7ehoC, WEEATIRES (I T O X D IZFETE %,

&=(cosa,sina)-(X,,Y,)=X,Cosa+Y,sina
= &=(cosa,sina)- (X=X, y—Y,)=(Xx=%)cosa+(y—y,)sina
¢ =(cosa,sina)-(r, cosé,,r,sinb,)=r, (cosacosé, +sinasinb,)
=r,cos(6, —a) (2.3.9)
= &=(cosa,sina)-(rcos@—r,cosd,,+rsind—r,sing,)
=r(cosacosd+sinasing)—r, (cosa cos b, +sinasinb,)
=rcos(d—a)-r,cos(6,—a)

RENEEREE 5 JONCARA y OBRIEBITLL T D X 51272 %,

6—5 =CO0S«, 8—§=sinoc
OX oy
s

or.

w w w

—=cos(6,—a), raTiz—sin(Hw—a)

e e (2.3.10)
—§=—§—X+—§—y:COSacoseJrsinasine=cos(¢9—a)

or oxor oyor
8_5=a_gﬁJr%ﬂ=c05a(—sin9)+sinac059=—sin(¢9—a)

roe ox rod oy roo

%:d—wa—g=ﬂc03a, %:d—l//a—g:ﬂsina, %=—a)

ox  d& ox oy d& oy ot

Y _WE G os(9,-a), X W _ din(g,-a) (2.3.11)
or, dé& or, r,06, dér,o0,

oy —d—'//%=;tcos(0—a), %=d—‘//%——ﬁsin(9—a)

or  dé or o0 déroo
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2.3.2. EERTUIOvILO—ARIE
AIEI CROTe—Ab LTt iy o2 HW5 &, KAEB i p EHERT v b —ibTE 5,

n=ae” - y=A[(x=x)cosa+(y-y,)sina]-at+y, (2.3.12)
#(x,y,2,t) =Z(z)e" =i%we“” (2.3.13)

cosh Ah

2.3.3. EIELI=FZE, KE, ZEROHE
— AL L2 HER T v v WD &, iR, KE, BAEZROD EUTDXH 175,

v :_@: gaA cosh A(h+z)
*  0ox w® coshih
v :_@: gat cosh A(h+2)
Y9y @ coshah
_ 0p gatcoshA(h+2z)
"~ o, @ coshAh

Vo - op :_gai cosh/1(h+z)Si
™ r.00, coshih
v 2_%: gat cosh A(h+2)
" or @ coshih
v, = — op _ gal cosh A(h+2) sin (H—a)e”’
roo 1) cosh 2h
op i gaA sinh A(h+z) o

V. =——=
‘ 0z ®  coshAh

cos e

sin ae"

cos(6, —a)e"”

n(g,-a)e” (2.3.14)

w

cos(6—a)e”

op coshA(h+2) ,, }
_ 9% |- cOSh AN+ 2) iy _ 2.3.15
p p[ p ng pg{a cosh AN e’ -z ( )
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u, :va dt =i gaj, Cosh AN+ 2) i
1) cosh Ah

u, = Ivy dt =i gazl cosh A(h +2) sing -e¥
w cosh Ah

u, = jvm dt =i ga2/1 cosh A(h+2) cos(6, —a)-e"
0] cosh Zh

. gad cosh A(h+2) . i
u, =|v,, dt=-i sin(6, —a)-e¥
ow j ow wz COShﬂh ( w 0[)
u, :J‘vr dt =i ga2/1 cosh4(h+2) cos(0—a)-e"
@ cosh Ah
. gal cosh A(h+2) . i
u,=|v,dt=—i sin(f—a)-e¥
? I ’ >  cosh ih (0-a)
" ZIVZ dt = ga2/1 sinh A(h+2) o
@ cosh Ah

-26 -
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2.4. BEREBEYICRITT 2 ASHKIC & 5 BIRAT

2.4.1. BIIZHITHRE
Ay

[Line structure]

reflected wave ¢,

a =180-a .
Rk
7 S
o \r;f:a

incident wave ¢, g

2.4-1 BEREEMICHE T 5T ERD RSt

2.4-1 12T X 9 ICAH A a=a OEEPEISKT T 5 EEE D OB SLM [vi=0; (x=0)] 75, X
B OHETT A 1L 0=180-a & 72 5,

242 RERTUOvILOFE
NG
1 = ae™
oy = A[(x=x,)cosa; + (Y - Y, )sing; |-t + iy,

' i (2.4.0)
4%, y,2,t) =2 (2)e" = 92 Cosh A +2) iy,
@  cosh ih
Owi (Xio’ yio) = (07 0), Vie = 0
Vix = gad cosh A(h +) cosa, "
@  cosh h 0a
v = gaA cosh A(h+2z) sing. .e%

Y @w  coshAh '

B
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7, =ae"
oy, =A[(X=X,)c0s e + (Y- Y,,)Sing, |- ot +y,,
24.3
& (X, y,2,t) = Z(z)e'*" = gawe"/’ ( )

cosh Ah
OWF (XFO 1 yI’O) = (O’ O)

_gad coshA(h+2) ;,

. e’ cosa,
w cosh Ah (2.4.4)
_gadcoshA(h+z) ;, o
y = e’ sing,
w cosh Ah

EC IESUER

VX = O at x= O
Ly, 2 GaACONANTZ) o 924 COSN AN+ 2)
o cosh Ah ® cosh Ah

_gat coshA(h+2)
®  cosh Ah
. e¥ cosa; +e"" cosa,

e cosa,

(¢" cosa, +€" cose, ) =0

=exp[i(ysing, —wt)]cos e, +exp[i(ysine, —awt+y,)]cose,
= exp(—iot){exp(iysin , )cosa; +exp[i(ysing, +v,)|cose, } =0
. [cos(ysing; )+isin(ysina;)|cose,
+[cos(ysing, +y, )+isin(ysing, +y, ) |cosa, =0

(
' {cos(ysm ;) cos; +cos(ysina, Jcosy, cose, —sin(ysineg, )siny, cosa, =0
' )

sin(ysineg; )cosa; +cos(ysine, )siny, cose, +sin(ysine, )cosy, cosa, =0
(2.4.5)
FREOFRME AT RIIUTOL ) TH D,
siny, =0, sing, =sing; .. COSa, =—COS¢,
~ [cos(ysine;)cose; —cos(ysing; )cosy, cosa; =0 (2.46)
sin(ysine, Jcosa; —sin(ysineg; )cosy, cosa; =0 o
{1—0051/4 =0
" =y, =0, a =7-¢,
1-cosy, =0

KEEMBLOHEERT Yy VT TO LS Th b,
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o=r—-a, —>«a
w; = A(+xcosa + ysina)—wt (2.4.7)

v, = A(—Xxcosa +ysina) -t

n=n+n, =ae" +ae"
_ a(eilxcosa + e—i/lxcosa )e—i(lysina—a)t) (248)

=2acos(Axcosa )e " #snaen

HEMIILLTO L 512705, BEEROWIIMHE LT 2H 22D, x- G aICE g, y-ulsimic
TR DR Z R~ 2 L D30 D,

.gacoshA(h+2) /. i
=¢+¢@ =l—————("" +e""
P=h+9, @  coshAh ( )
_ 02 cosh A(h+2z)
®  cosh Ah

(2.4.9)

cos(Axcosa )e e

SIT, Bike I IIHERTI, B cos(Axcosa) IEEFHICHIE LT B,
NI St L, BT 1 OB R F O & 91272 5,

A =jcosa oL =2Z__2m _ L
A, Acosa cosa
, ) . (2.4.10)
A =Asing oL =TT __
/ A, Asina sina

LIED-TC, X AICITER I (R L =L/cosa), YHh7 AT (BRL, =L/sina)
DFEZA LTV D,

2.4.3. E, KE ZTEOHE
HEONTHERT v A BiH, KIE, BALUILATDO L 512725,

o _ o gaA’® cosh A(h+2)

vV, =——— cosasin(Axcosa)-exp|—i(Aysin a — wt
X OX ) cosh 4h asin( a) exp[-i(Aysina —at)]
2
v, __@=—2 gad” cosh i(h+z)sinacos(;txcos(x)‘exp[—i(/lysina—a)t)] (2.4.11)
oy w cosh Ah
op . gat sinh A(h+2) i .
V, =——L =-2] cos(Axcosa )-exp|—i(Aysin o — wt
: 0z ®  coshAh ( ) exp|-i(Aysina —ab)]
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0 cosh A(h+z i(Aysi
p= p[éﬁ - ng = pg {—Zaﬁcos(ix cosq e 'Henamet) _ z} (2.4.12)

5 gai® cosh A(h+2)
®®  coshih
.gaA® cosh A(h+12) . Liysina—
u =|v dt=2i sinacos( A i(Aysina—ot)
y _[ y T cosh AN acos(Axcosa)e (2.4.13)
_ 0 gat sinh A(h+2z)

" ®® coshAh

UX = .[VX dt = CoS asin (ﬂ,X COSa)e—i(/lysinafwt)

cos(Axcosa)e Py
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25 BHERBEYICRTT D AFIKIC K 2 BUREN

2.5.1. BT 3RE

[Broken line structure] e [Broken line structure] L
a,, =180 a, ~a

reflected Hr(w? gﬁ

ryx

T o
inc :dem'iyne 9,
'/
-

-
-

a, =o-180

incident wave ¢, (a) reflected wave ¢, (b)

X 2.5-1 EHEHEEVICH T D FERDO RS

X 2.5-1(a, b) 2SR E A i ih U 7= B S~ S A4 5 5 A%&@o%ﬁﬁ_ﬁb
THAERSY 1 y-Hil (BT ry), x-ih (BCEHE ryx) ONEIZET L, E@ SE x-S rx)
i (S rxy) DONEIC ST 5,

252 EERTUIOYILDFE
BERGM [vi=0: (x=0) ; v,=0: (y=0)] IZxf L CfEZ RO D &, T OREIE OHEIT I & B O
FERT v VIZLL D X D127 5,

o =a, ary=180°—a, ad, =—Q, (251)
tyy, = a1y, = —180

ry

gH cosh A(h+2)

coshan_cos(Axcosa)-cos(ysina)e™ (25.2)

¢ ¢+¢ry+¢rx+¢ -

T C, SHHE ryx ERCHEE rxy 138 DI AR L RIE TRI-OLOTH D Z EICHERET D
ERD D, BEABEYOLEIZIE, -, y-E GRS W TER R OREZ R L, S IRICE
M, JEAEE S 2 GOS8+ ORRICENBND Z ERbnd, NEITEREEY & FRRICLL T &
T2 D,
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A —jcosa oL =2Z__2m _ L
A, Acosa cosa
, , ] (2.5.3)
A =asing oL =L T __
g A, Asina sina

2.5.3. ik, KE, ZEEOFHE
BONTHERT v VI BIEH, KIE, BALIZLLTO X 512725,

%: i gH A cosh A(h+2)

cosasin(Axcosa)-cos(Aysina)e™

o o  coshh
v, = O _ A coshAh+2) g cos(Axcosa)-sin(Aysina)e™ (2.5.4)
oy 0] cosh Ah
v, = W _ i gHAsinhAh+2) cos(Axcosa)-cos(Aysina)e ™
0z o  cosh Ah

p= p(%_ gZJ = pg {ZH %cos(ixcow)-cos(lysin a)e ™ —z} (2.5.5)

u, = va dt=-2 ng cosh /Ih(z;: 2) cosasin(Axcosa)-cos(Aysina)e ™
2 cos
u, = Ivy dt=-2 ng cosh /Ih(z;: 2 sin acos(Axcosa)-sin(Aysina)e™  (2.5.6)
w cos
u = Ivz dt =2 ng sinh /Iér; 2) cos(Axcosa)-cos(Aysine)e™
w®  cos
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2.6. B EYEIDOBR AT

2.6.1. FRITIZHITBIRE

— BRI IR G 3 S VT AR E D 0 AR U 2 S5 - BT OffdTIE, o NRE 5 B o
Mot B W CEABEBEEZH WD ONEY Th 5, ZHUT DOV TIE, 3 TIZ MacCamy - Fuchs
(1954) 75 Bessel Pz A7z 77—V mRBOWATHREZFET LD L TWD, Z 2Tl
FOHEEZEHL TRV ELDDLZ EITT D,

MIFERAGDLEOREAEHA TE 5720, HERT ¥ ¥ WIASE &K - B OEOF &
L TROX(4.11)D K HIcFED,

¢(r,0.2,t)=¢(r,0,2,t)+4,(r.0,2,t)=[C,(r,0)Z,(2) + C,(r,0)Z (z)]e (2.6.1)

2EL, @, 1 TENENAGL S KOS « FEHTEORERT v L Thd, AFEORT v
¥V IFHIEHI L VBEMTHD D, K& - BHTEORT o v v g 2R D,

a) XEARERX
W NI PR AR O M A CIIEREL « [T IR 2RV Thy, 85 5ot & ol o v 7= i 7 A 2
ANFF ERIERICT 7 TR FER 72D, T T AR % MR R TR 5L T THD,

2 2 2
o9, 104 109, 0

Vg, =
4 o r oo r?o0* oz°

=0 (2.6.2)

b) BHEICHITHEREH
H HKENZ BT DEE ST, B NEER: B O SRR THh D, HEKImIZIBIT HEE FH S5
KON FRFITENETNIRRD IO THD,

v __99._n. at z=n,~0

* 0z ot

_99.
ot

(2.6.3)
+0n,=0 at z=n,~0

MR TINE RS n, 2B BT DL, HWERT Y /WTHT 5 H HKEORMHIIR DL THD,

2
@g_%6¢=_@& 29t g9 gt gy ~0 (2.6.4)

ot ot? 0z ot? 0z
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c) BEEICHITHHEASFH
ST (238 T DBER AT, W IMRIE I PR O RMF L AR O R FZIB RN T D,

v =—"72-=0 at z=-h (2.6.5)

d) #HEPREICES T HEREH

HEIEY OPEKFR T, B, BEDRELAFZR THLEWVIZ M2 WD, BEMERE S FEIR T
HHENHZ LI, REDOHH LT, REEBEALT DML D ERENIZETHD, RIEIDIEM T %A n &
T, HERT X VO ERDND, FEHOER T WS, T70bb, REEEZTHWH KL,
gl on THEEIND, ZNNERTHDHNG, L2 CRADNEER K725,

@ _o

- (2.6.6)

KFREL TOD M HEEY CIE, IERT TR T r Thod, LIzdi> T, Ey oMl (r=r,) 12
BT, ERTLLTOIH12725,

o9 _04 04
or or or

=0 atr=r (2.6.7)
e) MaHTEH

[T - BOELYE, DTS, BEfRE 7 CTIEAMI D> THEAIT T D0 D IRITI2 D ZHUDS R S5
PREPEENDH DO TH D, BT - AL Z BRI %5, @, —EKIEEIE T DL EBZ,
ZO%E, EABEICIVRE G B ORT v VIS GBESI, ZRTT 7T AL ERRIL R IT AV
WY RRRERD,

JEI BRI C R SRR S~ L ALY R LA DI BN R RIS B T D S S e o~ — T LR
BN EBLEL, Vo~ —T7 2 VRO G SR EME XN DA E -, n IRIT~LV LR FRRAICKR 2
KIZLLFOIHT725,

r—oo

lim r% (%im(éj:() (2.6.8)
or

[E 7« AL DB ERT 22 b A OWTIREZEE 2005, BRI TOIOICEEE LIk
50

limr2 (%—Mgﬁsj =0 (2.6.9)
oo\ ar
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2.6.2. EERTUIOYILDFE
FElT, ANJTi % P S AR RIS AL, STy /VEAS A L CR R B LT, = Dkt B2
FERCER 7= DA R U T,

o020 LD [ 5 e o

gH cosh A(h+2)
2w  cosh Ah

N=—o0

(2.6.10)

2,2) =i R (1) =3,(4r), ©,(9)=(ie")

ERizBNT, R (1) =13, (4r), @ik(é)):(' iH)k BT 1A E T8 AN B O CRERR kLA TE R L
TD, ZORUCHDET, [ - KELE OB ERT v v ¢ 2R KD I E T D,

6.(r.0,2,t) = Z,(2) {i R, (r)-O, (9)}““t (2.6.11)

RS M OZACZHIA T DB Z,(2) IZOW TR T 5, MIEY R I 5N Z SR B DT
Xz DIEIZB W TR R SN2 R 225720, Liznd-oC, BRI CTH DL e D, ZOZ LT, i
KENZIIT A R PGk T PR ) B X ORI I A ARE S, ASIE &L - [T
WO FIZBNTENETNBLFEIL THAHZEITHRIEL TS,

¢ _0¢ 94

=0 atr=r, (2.6.12)
or ar or

L7cido T, AFHEERGEL - FIHTRICIBTD Z (2) & Z,(2) 1FAREIE THLHT2D, ELWEEWTH — ikt
bRy, ZOZEERKITRT,

Z¢ aj aa¢ =0 atr=r, at any z
roor oo (2.6.13)
. 2.(2)=Z,(2) =i gH cosh A(h+2)

2w  cosh Ah

*@ﬁﬁ®%k%ﬁ%?éﬁﬁﬁﬁﬁ@@ﬁ@(mCowfﬁﬁﬁéoZJ@KO%T@@ﬁEW
U £ 9 ITEED BT 2 RFERSME, LEOFNA O OMEIZE VTS ST iude b7z
W, Lo T, #«T@ﬁﬁ@ BT, AHHE &L - RIS BT 5 0,,(0) & 0,,(0) IXFEE
TR TERLT, EBICFELWVEENTE BREIZEDbILZVWD T, RATERIND,
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%:%+%=o; at r=r, at any 6
or or or (2.6.14)

2 0, (0)=0,(0)=(ie")"

22T, A(2.6.2) DIETRRADHIC OV TR 2, 20K (2.6.2) 1, - r OZALITK L THAL
729 R TOMEIANT R LTl SL 2221 U2 B7R

2 2 2
0 ¢;k +1 a¢sk _l_iz 0 ¢52k + 0 ¢;k
or r or r° 06 0z

~0 (2.6.15)

LTV Z,(2) L O, (0) ZLL FICRA L TIELT 5,

Zy (2) R (r)-©4 (0) € + % Z,(2)-Ry (r)-©4(0) e

+ri225k (2)-Ry (r)-©"4(6)- e + Zy "(2) Ry (r)-©4 (0)- e =0
1 1 (2.6.16)
{R "« (1) +F R',(r)+ (—r—z k2 + ﬂ}j R, (r)} Z,(2)-0,(6)- e it _

R"Sk(r)+%R'sk(r)+(/12 —r—lzkszsk(r) =0

IIT, rEX=ArCEBTAILIC o TRy B VBB OERETE N ELNA, 72770, X OEMIL, BHA
JERERIZBITHL DT R D,

A*R", (Ar) +%/’LR'Sk (Ar) +(/12 —r—lzkzj R, (Ar)=0

. 1 LS B
“ R (N R (/lr)+(1 —(zr)szsk (Ar)=0 (2.6.17)

szk (X) =0

2

R"Sk(x)+3R'sk(x)+(1—k—2
X X

FRoO—EfRITE, LLTOX N @mhoRL FET 5,

R(Ar)=cJ, (Ar)+cyY, (ar) or R(Ar)=c,H (Ar)+c,H{ (Ar) (2.6.18)
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ZZTHALZBEEOERITILL T DI THS,

Je: K RO~V Bi%K

Yi:k IRD /A~ o B (B 2FE~ 2V B30
H®  k RO 1TE 47 L RS

H® Kk kD 2~ VB

N VBB, o VB E A~ B R T, LT OINCE R IR CERIND,

(2.6.19)

BB DA EREE S iE R (ﬁm)i%a_%@ﬂ%ﬁ' |DOFATEITROEND) Gy, N(2.6.19) D7)V ¥ A
AW RBIDMEF] T D, ZAULT — 00 ([ZBITHWHTIENG, HERE ﬁf@ﬁfp@*@jz’)fﬁ*ﬂi e oyiEYY/

O ThHD,
ZIT, BEMRIEERH LD T, H1FE AN VB O AT T AN B AT, 2 OB A,
[ BIE R ALY G AN AT

Ry (r)=AHY (r) with A, =const. (2.6.20)

22, A (k=041 ) IFERRERIETHD, LLEXY, —RAFTLLFOISITHEBTED,

4.(r,0,2,t) = gz Coir;jrfz; 2) {i AHO (ﬂr).(ieig)k}e‘i‘”‘

gH cosh A(h+2)
2a) cosh Ah

k=—w0

(2.6.21)

Z.(2) = R (N = AHO (), 0,(0)=(ie")

MOS8 T DN FE ST Am 7o 3 72010, F(2.6.12) ITRAUTEZE ST LN TED,

og, _ 0¢ (r=r) (2.6.22)

or or

Ihb &y, EXRoEDEFDEIUTONTREIND,
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5¢s_£ .ﬂcoshﬂ(h+z) 1 it
E_G{IZa) cosh Ah L_Z_;OAKH()(M)( )} }

_.gH coshﬂ h+z Z AkH .9 oot
2w cosh/ih < (2.6.23)
o gH coshA(h+2z) 0\ |g-iot
- = —24(r,0,2,t Je (Ar)(ie
or or {qi'( )= 2a) cosh 4Ah kz;o ( )
. gH cosh A(h+72) > o \K | et
=—j=——" " J (A
I2a) cosh Ah k;w ) r)(le ) °

VLEEY, BHALET 58, BT OB ERT 2 v /M3 R IR D INZ72%

ik J; ) HO 0\ | qiot
Ar)(e e 2.6.24
2: HS‘(&Q) i ( )< ) ( :

h/1 h
¢(rezt) gH cos +z
2a) coshxlh

PIRDORT L2 L g 1x, ANFHEORT L L ¢ LG BNTEORT L 2L g EOFITESND
72, WD IS5,

#(r,0,2,t)=¢(r,0,2,t)+¢,(r,0,2,1)

~ Igacoshﬂ, (h+2) |k J. (Ar) 4o
®  coshAh k o

w2625
— 2L H(ar)|(e”) (e
L e |
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2.6.3. /)ILL 7}(]_ ELLO)n'i'g
KETCIZLL T DI/ D,

- %j -A m—Jm'(/lr) HY (ar)(e?)" |e (2.6.26)
s g(at 220 Zl:mzw Hr(nl (ﬂr) m( )( )

R OV J T, TS S TR DRV VoV KD LS 2 1725,

v __%zi%iCOShﬂ,(h—}—Z) i im ‘Jm (/‘“’0) H(l),(ﬂl’)(eig)m e—iwt
T or w2 coshih | 2= H Y (ar,)

v —_10¢ g Hcoshi(h+z) iimmMm”(M)(ew)m e (2.6.27)
Y ro0 rw?2 coshih |~ HY (ar,)

_% . H gzsmhﬂ (h+z) {Z' n MO) H“)(/ir)(e“g)m]e‘“’t

Vg, = oz 2 w cosh Ah m=—o0 ;,(ﬂ,ro)

F7o, KEpIFKRAERD,

P, =p(%—92j

' (2.6.28)
_pg{iw[i im J (ﬂl’o) Hr(nl)(;tr)(eie)m]eimt_z}

2 coshih | = H(l)'(;tro)
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SEIT, ERIFIBEOE I, EEH RO U, Uy, Uy KA D IS LS,

U, = _|'vSr dt= —J'%dt

__Hgacoshi(h+z) iim
2 @ coshah

3 109,
(2.6.29)

_H g coshi(h+2)| & .,
"~ 2 @*r coshAh 2

u, = J'vSZ dt= —J.%dt

2 > coshAh

m=—o0

:_E%sinhﬂ(h+z) i in Jm'(,uo) H(l)(;”)(eig)m oo
H "

P

MacCamy, R. C., R. A. Fuchs: Wave forces on piles (A diffraction theory), Tech. Memo., No. 69,
B.E.F., 1954.

AR B KRS - TgAE L5, pp.13-36, == ft, 1987.
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3. ZHEHMERICED CEEMBBOAMSHCERTFE

3.1 EEADEIEE AR

R ML PR O MR 2 0V TEEBh 2 Rl 3 2 SRR O 258 2 AT 3 % 72 o0 D B T e e 358
T2, £, HEICESWIISH - O T HRBEROEA L ZHA L, 65— 09— ZA Rz R
W TRADEATHFES 5, 2T, BEEORFNZRTZT720IZ, ZBALoEkelE 2RI E
BLTWD, ZNDOMMITEMR—RICRUDDIrD, —kit, =R ~EIT 5, K&,
I B E—fRIR ZRITERMCB T 57 Y VRREICEY £ &905, PR ESLITHONW T,
EREDORERPEASR T BN DS AT, RO INEEE &L WK T %&£ E LT, Newton D% —ikH]
(CEEADNWT ) O S 2 i 7 TRy TR FE S5, T2 TOMRD L LT, HkiAZEs
DEFEICHBI L THERT 2 ENRPRENZ MR LE L TWVD,

—RITERNIFIZB T DEGAR B OIS ) —OF B — BN Z B 2 D 1201, —RRZ AR OB 1]
INVAINANAY 2 e

! Mi Au——uxz-uxl
x1 u
X2

Sectional area; Af
F — F

UX1—> > UX2

g=-Au,/ Ax \
o=F/A

H i
Vo Vo
:
\\ // \\ //
F— X=Xy X, —
21 X

X1 Xy

3.1-1 MAMICHEZEZ T SHMH

3.1-1 DX DI, —ARWI OFRM BN T PSR 2 T 5 & EDEMU 25 XD, —fRAITE
fLu ISk F LEREL, AZE X OBETH Y, UTOXDLIITRT LN TE D,

u, = f(F, At, Ax) (3.1.1)

AR DEITIG T E O T HOBR TR T L2 N T, ZO—RITFHICB T AHBEDOIES &
OTRIFIRRD L HICERTE 5,

:_AUX _)_6Ux (AX—)O), o :E

3.1.2
SXX AX ax XX ( )

2T, AFMERETHY, I OTROmFITENMAZIEE LTW5,

BIEMHEGG T, YU 7 REAZEBAL TS EOTHROBIEBFZREZUTORD L 5 ICEHT D,
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T (3.1.3)

EDIZ, BMOMIZEARGRAOOT e, =6, BTV Uhyv ZHOTRADO LS IZREND,

(3.1.4)

WIZ, TIRTERIFIZB T 28R M B DI — O B —BALBR A2 E A 57201, FEERMFICE
T % —ARIR RO EENIE N KDL EE 2L D,

X | DX x, X X, | X=Xy x, X
g Uy (x4) ~
= X1 =
= U,(x5)
ET ki N Ul Uy
£\ ) N
[ —Auy:AX n U |
= Y1) —Auy: AX
T l—» — 2| X y
A
Uy(y,) T Gy
y uy(yz) l O-XX ux(yz)
,,,,,,,,,,,,,,,, y oo
—Au :Aﬂr o 4 F yX
y Yy —Auy: Ay

3.1-2 ZRETEHTOERDEMELER

312 DX DI, ZIRILRMTEROHMELE 25X 5, —DDOEEDT ey, 6, EEAMOT
£y =&, [FRAD LI ITELTE %,

Ey =" > ——= (AXx—>0)
AX OX
AU ou

gyy =———Y RN __y (Ay_)O) (315)
Ay oy

AU ou
& =& :_1 %_}__y _)_i %+—y (AX—)O,Ay—>O)
Ay  AX 2\ oy ox

RO TIE, 2 ORISR T 2 NEIIHE S & OF B ORIEEIFR Z LU T O & E 5
Do
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x = E _Eo-yy
Oy Y (3.1.6)
» E E ™
1 1
Sy TE = EGXV - EO-YX’ (O_Xv = O-yx)

SO, HCE AR A EA L, S 51, PR ICEA R T IO0T R e, 1HKRO &
SlcEREND,

&, =—v(gxx+eyy)=1/0xx;0yy (3.1.7)

SIETOKIEE L O TRIEIT B T b R 2 — 072 SR TR B D EE
FERS R ~EIET 5, SUGERIFI I AR 6 FEEO DT AT FO X 5 10 B bAE T 5,

Ex :_Aux — _ o, (Ax > 0)
AX OX
Au ou
g =——Y - Y (Ay_)O) (318)
YNy ay
&y . (Az - 0)
Az oz
Au ou
Sxy=$yxz—l %+—y - L %-{-—y (Ax— 0, Ay — 0)
20 Ay  Ax 2\ oy  OX
Au ou
£, :gzy:—l _y_;,_& N _l _y+% (Ay — 0, Az — 0) (3.1.9
2\ Az Ay 2\ 0z oy
Ex =6y =—l AU, +Aux - —l u, +aux (Az—>0,Az —0)
2V AX Az 2\ ox oz
ZOBERET Y NTERRTLHEUTDOL TS,
1 =]l ey ="y, &,=-U,,, &z=-Ug,
g =—-U;+uj)= 4. . 1 (3.1.10)
2 ERE gij:€ji:_5(ui,j+uj,i)

MOIZHIEGR TlE, ZOSRMIICBT 20570 L OTHOBIERERZ L FOXD X 5 ITE&ET D,

O 1 4

Exx :?__(O-yy +O—zz):EO-11_E(611+O_22 +033)
O VvV 1%

Eyy :%_E(Jzz +Uxx)25522 _E(O'11+O'zz +0y) (3.1.11)
O-ZZ V 1

Eyw = E _E(Gxx +0yy) 25033 _E(Uu"'o'zz +033)
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1 1

Sy TEx = % Oy = %Ao-yx! (O-xy = O-yx)

1 1 (3.1.12)
Ey =&y = E Oy = % Oy (O-yz = O-zy)

1 1
Ex=E , (ox=0,

x = A~ %%~ 5~ 0x
2G 2G

ZIZTIE, P rRETEAWRIMER S ORIZH HIROEERE AW TW S,
& =—=0; ——0 ‘0, (3.1.13)

TSI EOTHOMERET VLV TERTALEUTOL Y Th D,

1 v 1-2v 1
£ =720;-3—-04=———0,=--0;
2G E E 3K (3.1.14)
1 E
w o, =Kg, C,==0;, & =&, K=
3(1—21/)

T, KIEABEMERTH LD, ZNbOBREEEY D LIENZOT A, & LITITEMOREK
ELTHKLTE D,

1 v v E v
=0 =&+t =0y 5.] =&t ———— &« 5.] =&+ —— & 5.]
2G E El-2v 1-2v (3.1.15)
= 0= &+ vE Eg "0 = ZGgij +ﬁgkk -0
1+v (1+v)(1-2v) 1-2v

—R 2R T oV VKL TIE, Lame DERA, u ZE AL TLUTORILLI DL HIZEKIND,

-44 -



%311 BEHDOTVYVILRE

E,v G, K A, 1
- . 9GK 134+ 21)
- G+3K A+ u
3K -2G A
v= v _—
2(G +3K) 2(A+ u)
G= £ G yz
B 2(1+v)
E 2
K= 3(1_2‘/) K l+§,u
p= E G H
2(1+v)
vE 2
- — K-2G
A L+v)(1-2v) 3 A
SHIZ,

OFTHT I IATENAT RADLEIRT L2 LN TEDLDT, mEBICLLT DM 7
RANELND,

oy = ;Lgkk?j +2p8; ==y, 55 — (U +uy;) 6116

g =_E(ui,j +uj,i)

WIZ, —IRITTSEIFITBT DG 2B 2 DITHT-> T, —FRRBOERIZEIT 5 11O 5
EZD,

Sectional area A

Ma,

—_

| i
— &

o+Aoc

>

313 —RAFHIZETEFHEFHERDIBDETIL

AFEV = M OBEZEOEEM L x @G mOWE Y 13RO L DIEHRETE 25, 72720, A3k
DWTHEFETH 5,



M =V p=pAAX, ¥, =y, AAX (3.1.17)

TIT, pREETHY, WENOREY, 1T, BHOHAY, = pg, BEHOEEY, =k, L7525 (i
[ZEIA AL, k1 Darcy OB ASRE), HEEH O FSEIC T 5550 % 5 1= ) O TR 4T & il
+ X 312 Newton OO %5 —EBIEHI 2 AT 5 & UL F ORAE BN S,

Ma, =o,A- (o, +Ac,)A+Y¥Y, = pAAX-a, _ A% AX- A+, AAX
AX (3.1.18)
o’u Ao o’u oo
= t=——Xty, S p— =TT+ AX—0
P " Tax TV TP T T T (X20)

ZIT, alEx®EhTmonEE TH D,
& TIRTERITIRIET D120 — RO EFRIT B T 5 Okt 25 2 %,

Thickness: S
y

l (oy+40,)SAx

oS4y MayT_) (o, +A0,)SAy
Ma

—_— | > | ——

2y
I

O'ySAX T

®3.14 ZREEHICHITBEHERERD ZFROETIL

RTRV = SAxAy DFIRER DOEEM EWIET~T b (v, ¥,) IZRO LD IZEHRTE %, 2721, S
FFBRDOES TH 5,

M =Vp=pSAxay, (¥, ¥,)=(y,.v,)SAxAy (3.1.19)

BEFROWmHEIZIER T 20 %2 & D7 1OV 2723 £ 5 12 Newton D —iEHB) L] %
WHTHEUTOANELND,

Ma, =0, SAYy - (o, + Ao, )SAY +0,SAY — (0, + A, )SAY +¥,

A
.. pSAXAy-a, __Aoy AX'SAY—&Ay'SAX+l//XSAXAy (3.1.20)
AX Ay
o%u Ao, Aoy, o%u oo, 00,
= ty, > P = ———+ AX—0,Ay -0
are AX Ay Vi T P ox oy Vi ( y=0)
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Ma, =0, SAX— (o, +Ac, )SAX+0, SAX—(0, +AT, )SAX+ Y,
(3.1.21)

] Ao, Ao,
. pSAXAy-a, =— n Ay - SAX———=AX- SAX+y/, SAXAY
y AX

2 A A d%u 0 0
auX:_ O-W_ O-Xy +l//x - p atzy:— gyyy— ao)-(xy-‘rl//y (AX—)O,Ay_)O)

P Ay  AX

ZIZT, (anay) TMEEST M TH D,
FIFEDO—WIL L “RTETORFZ BB LT, FlRMF2RIMOTERNIULTOL T Y

IWRILTE D,
Pl =—0; ; +y,
. (3.1.22)
gi=—=U;+U;;), oy =-AU,0; _:u(ui,j +uj,i)

ij 2
DT I N OTHT I INVETNIEBAARY MV TERIET DI ENFREETHY, LLTD

ANRORAN G a PR S WIRY S AV (AR

PU; =—A&y  +2uey j+y; 0 Oy = Agy O +2ue;
(3.1.23)

pU; = AU, y; +:u(ui,jj +U; )‘H//i

1

i =_§(ui ity ) Oij =_/1uk,k5ij _,U(Ui,j +uj,i)
ZORITE 2RI B T 2 - RN TH 52, ZNEFNICEFREICHLISGE, T42bb

FrE SR & T IR EEN O S I B T B il SR UL T o Rz 72 B,

A+ p (U +U )+ =0 o G =0 (3.1.24)

ZITIE, mEEAYa E LT, BEFO TR T OIEEEAZEEL TS,
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3.2. ZHEEMERIZKDEEMBOETILE

DX ) IMBIOER AT+ 5 L&, LEFRICBT S BR-EK & RIBRRIAOR e %2 &K
THVEND D, MTFKOBEBMBEICSNTIE, TR B OER %2 B BT HBRFRIAR OF %
E) - BN EE SN T 2 ENRA SN GERH D, o, MtEL7e & OB KRR
O ITIXMBRIEEOHEK (AR BE) 27 S 2 VR THEANTRE Z RETT 256038 5,
IS ORGSR T O, BBEINTZEZEORIZEB W TI o EEESE LN, WD
RBRNEBRE LN D LR EROAICNROER 2 +oIiatd 2 2 LT TE e, filzig,
Y JEC B | C PRI K D AKIEEENMER T 2 5 A IZFBRR A OB 2 EWYIC B8 L, Mg s +
BB DM BEERZFRET 5 Z LITEETH D,

FIBF RO FEAUL Darcy (2 X - THEBRIICHIZE S ‘mﬁﬁkéﬁkﬁé*k’;ofﬁﬁk
K AR LeFIBR A ERIL L7z, Z @ Darcy I iuT@JwD IolcERfbTE B,

W= —k.i. (3.2.1)

22T, WM D TR BRI D MR 2R BN T D, AT Darcy Wil (EAZWTH >
LUt T D IERDOFH) ICHEDSSERTH Y, EBROLEMITFREn ZZRE LT-bD LD,

Wy (3.2.2)

—J7, BIKAERY MV IERT oy Vh OARTH Y, LFTORXO X5 I2MHnT 252 &L TR
bhd,

Lzh.:j\N——k( i —W“J

t'h=£JL—W*k} vi=(00.:9), p;=pS +p,0-S,)
Pud  PuY

SR E T, BAMITREMEERA L VOEET MEL TV D, BAREUTE G AR EBET
5&25@7//»T@5% ﬁ@%ﬁmfhi%?®ﬁ®i9L%ﬁ_kﬂfééo

k. =ks, (3.2.4)

FREOBBRXEEH T 5 LU TOHBRADFLND,

%gwi_'_pi:l//fi LMW =y r:pﬁg (3.2.5)

ZHITFHNSE R RSB T DM DR TH D,
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FBRIAR D IRAFAN DUV T, Terzaghi IXIBRTEIADIEEREME A OE L, ZhEd —IRTTEBBRGITHE
ML, Tk, EREZZT IR 50 FTREORRIN 2 2% BVmE i & Fkk7e
TR L0 FET D 2 & A FREIC 72 o 72, Biot (1941) X IFR TR DO JEMENEZE R Lo, MR
AEDFRAL & TR B OETEDOREREZ =Rtk LT,

TR B DL L IBRKIE D ZACIZAE 5 R OBEEIILL T O L 5 IZFEAE TE 5,

1-n 1-n
—-Ag, + Ap =AU + A 3.2.6
&, K p T p ( )

S S

—J7, [RRFADBENT K Dt & MBKEDOZABIZHE 5 MBI A O ARRZALIZLLT O X5 125
HTE2,

Ae, =AW, ——Ap (3.2.7)
’ I(f

INLIFFELVPDL, BUTOHRANPGELND,

_(Aui,i +A\Ni,i) = (1—71 +1JAp ~ iAp
K By (3.2.8)

, L iSr+i(l—8r), K, >> K,
n K, K K,
T ZTHALTAREK,, K, K, KRR, A (R |, e (B , Skt (i
fAR) , AR () OWBEMRTH D, TR+ B RO B EOIUHE B IR /N S0
72, FHEWE TR Lz, & 512, B IZMBKEDOKREZE(LRZ R TN LIZ LD TH 5,
Darcy HIiT X 2 [ & oifiiL & BEST 5 72012, ERITI 1T 2855 & ke e 2L RIS 2B

Xz 5L, UTOXIThs,

W+W:—im (3.2.9)

Z 2T, PEEHERIZONWTELE DD, TEEREROFEESFHXNDE 2 5 LB & RIEHEO -
BRO AR T 2N OVEIILLFOXD L 5 I2k 5,

o+ oW, =—05;- Pty
= pli +pW = AU+ U, +U; )~ P Wy (3.2.10)

wy=p(0,0.9), p=@A-n)p+np;

ZIT, p I LERBROBETHD,
F7, WAV SRED DB 2 5 & B & A O 12 FE O " BRI 35 ) O Wi

UTFToXDLH Tk b,
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N
P (U 25 = =T W = B+, (3.2.11)

e l//fi pr (O’O’g)’ pf =Srpw+(1_sr)pg

X(3.2.10), (3.2.11)D FHigERic, RX(3.2.9)DMBRIEIKDRAFRZ N % 72 3 K3 fUEMMERD
KSR AR LTS,

31 HIC/R L KA RERIE, IEHEE L SRR NI AWS Z EREERbOTH D, =K
JCFRAT TIE R OEIT 7(=3+3+1) D L 72 V), fENTREILA e 0 MET, BUREHR M R 4 LB
ETB, Lo T, FHEIEBEZ BT S 72 DI ORI 2 < S MRS 9 5 Bl b & F2BR
CEBRAT D Liche D, BT T, KEGEREMR S AN S D KRR Btk &,
figtre7 v, BNZRMEATSRIE, FEATROT DN 5,

R B & BBRIEAEDOE D Tk LT, WL ONDOBMALAAIEETH 5, Z DLGEITMET
BT NEEMLT S Z LT D,

F 3.2-1 ZAEEMEARERICETHIERILETIVLE ML

U—-w—pE7/V : HH{LEZITHARW

u-pe7L c o [EIBRA AR O FE eF 286 0D sk B TE A IR L, R B e AR
DXL % K E TR HIHET D

ues v o EIBRAR DR ZENL 2 AR - FEHEAK SR E 2 E

W—pE7T /v o PRI E R O A AL R B R WA & ARE

U—W—p EFLTHE, XEHFESZEMEETICEoEEHWDLZ LIk - T, HRFE#K &M
BIA L DM BE/EM A BB T HZ LN TESD, U—p EBF/ATIE, BB O 2SR D )i g E
DHEMFELTNT, ZHUCEY, ZREFMETOXEGTERE 7 505 4 D~ S 32 & 23N AlkE
2725, u ET/LTIE, FBRTEIROFRIZEN 2 B LT T, FEPRKREHEZIEL TWnWDH Z LIk
e W—P EFNTIE, LR FEKEOEREZTEL (LR ERE2RIERE 2R L), B5MEAKE
DIRNZITT D7D DT LVTH D,

— 5, BT ORI G & 3 2 BIG OB SN O EEME IS UC, ME A Z M L 7= [HEBIR 2o iR |,
X DITIEEEZ T U TR0 RT) ORIRDBFTF SN D, FFNRMITCIE, MAROFNZFFS
RV R ARET D Z LITFE LY,

x 3.2-2 ZHEBERERICE T IMBAEHEERLICH T D EMIE

BIARAT D NEEE & EROW T & E T D
EERMT o IEREERAELA TS
HFHIARAT D NEEETE & RO )T & D
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I, HTRROET ARLBEHIIS UT, =R TR 52y, £ kg, —RoC CTHEAT

T o0, RNTIRICZ BT 2 LN H 5,

x 3.2-3 ZAEHMEKERICE T AMTRTEERLICHE T HEMIE

=WRoTENT 0 BRI ik, 22 L, WATEIROSGEITIE
Wt DI — Rt ~HHb T 25508 — N Th 5

TWRICEST 0 W TIERIROSGAEICIEF VBN

—IWRILFRNT 0 FEAT R OWIE IR OJE S BRI TH N L X
(X — R OCHRAT CEHE X155

PLED S0 6 B FlfETE T V2 E XYk T 5,
cU-W-pET /L
(BRI FRMT S 1)
ol + p W, = AU, +/u(ui,jj +uj,ij)_ Pi +¥y
P (ui +F) =—TW, — p,i TV,

By (ui,i +Wi,i ) =-p

(HEBN IR S44)
0= Au; ;i + (U +Uj ) = P+

0=—rW, —p,; +yy G =0,

By (ui,i +Wi,i ) =-p

(g BIfRAT S 1F)
0= AU ji + (U s +Uj5) = Py +Wy
0=-—n —p; +yy; U =0,
Bfwi,i =0

-57 -

(3.2.12)
W=0 (3.2.13)
p=0 (3.2.14)



cU-pETIV
(BYAOMEAT S 1)
U :/wj,ji +:u(ui,jj +uj,ij)_ Pi +¥W,
pily =—1W, —p; +w W =0, w20

By (ui,i +Wi,i ) =-p
ZIT, MREMEHETLEUTOL ) THD,

) PU; :/wj,ji +/u(ui,jj +uj,ij)_ Pty
. B (U;)=rp+rB.U;; =B p; + By

(HEEN VI fgEAT 26 1F)
O:/wj,ji +:u(ui,jj +uj,ij)_ Pi +¥,
O=—rV'\li—p‘i+(//fi U =0
By (ui,i +Wi,i):_p

0= AUy U ) = P
) O=rp+rBu; —B;p; + By,

(R BIfgAT S 1F)
0= Auj i+ aUy 5 +Uj5) = Py + ¥y
Oz_rvvi_p,i+l//fi o u=0, p=0
BfWi,i =0

0= AU (U U ) = P+
0=-B;, Pi+Biwyi;
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(3.2.16)

(3.2.17)

(3.2.18)



cuETIL

W, .
Ps F=—I’Wi — P+

B W, =—p

ii

(HEBYHOMRAT 21

-53-

(B AIfEAT 1)
{ptl'ji = AU i+ p(U;  +U ) — Py o
Bl =—p | (3.2.19)
SopU =AU+ (U U )+ By
(EBNROMENT SR 1)
0=Au; ;+uu ; +U;;)— P, +yy
Z:J:Ej;y” =0 (3.2.20)
S 0=Auy 4 p(u g +uy )+ B g
(HOMEAT 2R 1)
0= Auj i + (Ui j +Uj5) = P + ¥y
Zju;EjZfi (3.2.21)
So0=Aug 4 (U U ) +Beu g
s W—pET I
(BRIFFAT 2R 1F)
PV ==p; +y,
P %=—W’Vi -pi+y oy =0
BiWi; =-P (3.2.22)



O:_M+Wn

O=-—rW —p;+y;; U =0
BiW,; =-p (3.2.23)
O=-rW —p; +yy
: {Bfwiyi ——p
(FRAREAT So0F)
0=-p;+y,
O=-ni —p;+y,; - p=0
BW,; =0 (3.2.24)
O=-—rW, —p, +y
) {Bf\/vhi 0

Yamamoto (1977)(% u-p model D¥EEI S TER(L L 72 ZEL RO R Z 2 otz 0
THET D Z LTI L, MR o BRI 72 268 2 B & 772 L7z, Madsen (1978) & Finn et al. (1983),
Okusa (1985)(%Z Ofif 2 F\N T, HilE D28 31T 2 fafn & 0d K M 72 & O MM D EBIZ DT
i U7c. =i 5(2004)1X T X TOET VOB, MBI, FHOINT S 30T D EE R & i A 55
WML TEOREEIIOWTHRF Lz, ZO/REE LT, HED 1050 1FRE £ TOERWERS OURIE
EODFEK WCERT 520 THIE, 2 RouffTiZnZia < 1 IRoTffti ©, & bICIT@EE OBIREMT

BT 2 MU OFEMT TIL, u-p model THA7ZRMEED B D Z & AR LTz, Zenand Yamazaki
(1990a b), Miura, etal. (2008)i%, DY %, FERELRICKITAERICI > TH LI LT,

NS EOHFE DR A B E 2T, AMFFETIL u-p model ZE-HT 2 & & b, HEEAY 1 Rtk
RCBIT 2RZ NS Z & &L, AT OETCIIAIISRM: & R S 36 1T 2 HE I OB EIC >
WTRELSET %,
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3.3. —RFT - EEBNEHIZE T 5BEMB OGN

3.3.1. #HEEIKRE

P=pP,

2=0 | o A

y Uniform Seabed Layer

Oy

0

z=d

Yz

u=0,w=0

3.3-1 R ET DHBEMERE

3.3-1 D XL 5 TR S RCME D — B H— DR G 255 & LT, i) L TR O M1 E H IR
RN D, MR I IIKIRICAH S 2 —E OKE p, BMER L, i E e | SRR & iiRiE

FHOBHEMEH L TWLS T T, FFi7REHRIREE

WZH D,

ZOFMETIE, —BERKEEZEZBE L TWDLOTERIL 2 - OHR—RITTHINZETL D, LN

ST, u—w—p ETAEHNT, —RITTHIRSEME TR 21T 9,

£, BN, OFH, ISORMAERME,

&0, WHIRMET TOE TR

0= A ji +puU; j +Uj5) = P+
O=—1W —p; +y o u,=0, p=0
BfWi,i =0

o°u, op
E sz s _ _

u 822 az p[g
_rWSZ _aps :_pfg Eu :ﬂ_{_zﬂ
0z

5 O g

oz
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(3.3.2)

(3.3.3)



bu =7 0z°
2
o, —E.z, —-E, 0 UZ (3.3.4)
0z
ou,
O =0y, = Ag, ==4 P

EIn%, Lo T, FRMIRAD L S IcERSND,

Uy, (2) = @™, W, (2) =", p,(2)=ae"

o’u_  op
E,—*-—2=0 = x,Eu_,—x,p, =0
u azz o7 z —uYgz ng
o op .
—rwgz—a—zg—o = —ni, —x,p, =0 (3.3.5)
o, ,
B, —1=0 = B, =0
k’E, 0 -k, Ug, 0
0 - -k, || W, |=|0
0 B, 0 p) (O
= det[ |]=0 = x,’E,-k,-x,B, =0 (3.3.6)
= k,=0 (quadratic root)
U, =a, +b,z+c,z* +d,2°
W, =a,, +b,,z+c,z’ +d,7°
p,=a,+bz+c 2’ +d 7°
E. (2, +6d,2)—(b, +2c,z+3d,2°)=0
—r(a,, +h,,z+¢,,2* +d,,2°)- (b, +2c,z+3d 2°) =0
B, (b,, +2¢,,2+3d,,2°) =0
fd, =0 a, =-2Bsc ho_c —g —q (33.7)

z r uz? wz wz wz

bp=2E c cp=dp=0

us ~uz?
2
Ug, =+a,+b,z+c,z
W :_ZEUSC

gz uz

r
p, =+2E,zc, +a,
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o%u aop Pr— Pt 5
__p_Th_ u =———¢02z
’e 622 0z A ” 2Eus :
o . u,, (3.3.8)
_erz_a_Zp:_pfg . O-pzz:_Eus 6Zp :(pt_pf)gz
ow, W, =0
‘ =
oz P, =P 02

WA, MR (X 3.3-2)12Y Tidd b & —fifiE, Rtz X(3.3.14)D L otk E b,

P=P,
70 v ol v v vV v vy
6,7~ 0
V4
y
w=0
d Uniform Seabed Layer
- z=d UZZO
Yz

3.3-2 #EREE

_ ) _
U, (2) a,) |1 2 % O,
@ s % | N (3.3.9)
Wgz(z) - Cuz - 0 0 _EEUS 0 Cuz
r

Po(2) %) lo 0 2Ez 1[\®

Py~ P+ 2
upz(z) - gZ

2E
7 (2) . (3.3.10)
pz O
p,(2)

P92

EREMELY, BEHET 5,

bel: o, =—(A+2u)u,, =0 :%“Z(O):O
Y A
bc2: p(0)=p,
z=d: {bc3: uy(d)=0 (3.3.11)

z=c0: {bcd: W,(z)=0; no- flow
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_ , ~
L@ (@) (L) [P 2 O [-A L
0 -E, —-2E.z 0 2E,
0,(2) |_|0u(D)| |owm(2)]|_ . b |, (o - p)az (3.3.12)
W, (2) Wy, (2) W, (2) 0 0 _FEus ollc, " Of
P(2) Py (2) ) \ Py(2) 0 o 25z 1| .
. 2
bc4: WZ(Z)Z—?EUSCUZ =0 = ¢c,=0
bc2: p(0)=2E,-0-c,+c,=p, = C,=p, (3.3.13)
bcl: o,(0)=-E,b, -2E,-0-c, =0 = b,=0
be3: u(d)=0 = a,+db, +d%, =2 Plgd? = a, =2 Pl gq?
2E, 2E,,
1 2 2
_(pt_pf)g(d -z )
2E
u,(2) ’
0,2 e
W, (z) (3.3.14)
= +p, 02
ps(z) lpo pfg
€ E_u(pt_pf)gz
Oy =0y,
y)
E_(pt_pf)gz

u

FE7o, AREEHAE(X 3.3-3)12%t

U ClRBRIC — iR, iakfif 2 24(3.3.20)I1 7~ 7,

P=P,
220 4 o4 4 4 d b v ¥ d oy
0= 0
y
d Uniform Seabed Layer
z=d UZ:O,W:O
Yz

3.3-3 AREEMHEE
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2
U, (2) a) [t 2 % Y,
%2 | % R 2R Ol
Wgz (Z) Cuz 0 0 _2 E 0 Cuz
r
Po(2) %) lo 0 2k 1[\®
Py~ Ps 2
- z
Up, ((zz)) 2E ¢
szz _ _
sz(z) - (pt IOf)gZ
0
P, (2)
P92
BERRMENORZFETLLUTOL D TH D,
bel: o, =—(A+2u)u,,=0 = 2(0)=0
Z=0 7 7,7 az
bc2: p(0)=p,
bc3: u,(d)=0
z=d: )
bcd: W,(d)=0
_ , -
0,2 (Ue(@) (U, ; i 8
0,(2)| |0u@)| |o,@) | |7 5w ‘2 w?
W,(z) | | We,(2) | |W,(2)| |O 0O -ZE, O
@) L r,@ ) | p,@ i
P | g 0 0 262 1]
) 2
bc4: wz(d):—FEuscuz =0 =¢c,=0
bc2: p(0)=2E,-0-c,+c,=p, = C,=p,
bcl: 0,(0)=-E,b,-2E,-0-c,=0 = b,=0
. 2 Py~ Ps 2
bc3: u,(d)=0 = a,+db,+d CUZ:ng = a,=
1 2 2
_(pt_pf)g(d _Z)
2E
u,(z) ’
0,2 e
W, (2)
= +p, 0z
ps(z) lpo pfg
€ E_u(pt_pf)gz
Oy =0y
A
E_(pt_pf)gz

u
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PPy,
2E,

+| (o —p)oz
0

P9z

2

(3.3.15)

(3.3.16)

(3.3.17)

(3.3.18)

(3.3.19)

(3.3.20)



Lo, ISEREE, PRRADSEREEIIRO L o icEk SN D,

U, (2) 2, u, (0)
w(2) by, ()
e |75@] [ v@)=[s@IsOT| T o) [+ V)
P.(2) G p.(0)
u, (0) 0
_ O-szz(o) . _ 0
=[R®@)] . (0 +HV@) v (V)=
P, (0) 0
1z 2 0] 1 2
__( (. f)gz
0 -E, —2E.z 0 2E, 7
[s@l=, | _% e of V@)= (pt—éaf)gz
0 0 2E.z 1] 0,0z
i ; 10 0 0]
1 0 0 )
E, 0 0 0 -— 0 0
[S(0)]= 2E,, [S()]" = e
0 0 =0 0 o _2; .
0o 0 0 1 s
- - 0 0 0 1]
_1 1, e 0_
EUS 2EUS
~ [R@]=[S@)][sO] =|0 1 rz
0 0 10
0o 0 -rz 1]
uSZ(Z)
O-SZZ (Z) uSZ (0) usz (0)
Wsz (Z) -1 szz (0) szz (0)
S [P @LsOT T e (n @) =[R @] ()
£ (2) p.(0) p.(0)
O-SXX(Z)
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(3.3.22)

(3.3.23)
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1z z°
0 -E, -2E,z

2E

= [Sa(@)]= 00 "
0 0 2E, .z

0 -1 -2z

10 -4 -2z

~ [Ra(@)]=[S.@][SO)] " =

z rz
E. 2,
1 rz
0 1
0 —rz
1 rz
A riz
E. E,.

us
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o (Vn(@) =

(3.3.26)
1
—a(pﬁpf)gzz
(pt — Ps )gz
0
(3.3.27)
P9z
1
E_us(pt — Ps )gz
A
E_(pt — Ps )gz

us




3.3.2. —gT - EFHEH
RO E FIREE L R OMN TSGR ZRD 5, T, U-pET /L, HEEINSIETOSETEN

TRk TEL,

0=Au; ;i + (U +U;5)— P+
O=rp+rB;U;; =B, p; + By,

A+2
(A+24) oz* oz

2 2
raApHBf@Auz_ aAzpz
ot ozot 0z
1 0Ap _OAu, (3.3.28)

AW, =—=———, Ag, =
r oz 0z

2
0°Au, OAp _0

0

By

OAu,
oz

Ao, =(A+2u)As,, =—(A+2u)

Ao, =Ao,, =AAs, =-A oAu,
Y oz

FoT, ~RIHTIRD LS ITKRSND,

—iwt

Au,(z2,t) = e, Ap(z,t) = e’e

2
(/1+ 2/1) 0 A;JZ _oAp =0 .. KZZ(/1+ 2u)Au, —k,Ap=0 (3.3.29)
0z 0z
2 2
r oA +rB; oA, _ B; 0 Azp =0 .. —iwrAp—iwx,rB,Au, —x,’B;Ap=0
ot ozot fo74

x,’E, —K, Au, 0
. . 2 = o EU :ﬂ/+2ﬂ
—lok,Bir  —lor—-x,"B; [\ Ap 0
E, +B;

= det[ ]=0 = EB[r‘-Ax]=0 - A=-ior |uzBf

u

(3.3.30)
x, =0 (double root) —¢,+¢; §=\/K

— -{z +(z
Au, =(a, +b,z+c,e " +de e

iwt

ot

AW, =(a,, +b,,z+C,e " +d,e"" e

Ap=(a,+b,z+ce " +d e )e
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2
(ﬂ+2,u)6a§52 _aaA_zp:
0=A2u; ;i + (U +U; ) — P+
) . OAp
O=-rw, —p; +w —rAwZ—E:O
By (U +Vi )+ p=0 O’Au, OAW,) oAp
‘ + + =0
ozot oz ot
(A+2u)(a, -0+b, -0+, %" +d, ¢ %)~ (a,-0+b,-1-c,se " +d ™" ) =0
—r(a, +b,z+c,e " +d,e)—(a,-0+b,-1-c, e +d, e ") =0 (3.3.31)
~iwB, (-a,-0+h, -1-c, e " +d, e )-B, (a,-0+b, 1-c,Le " +d,le)
~io(a, +b,z+c,e +d ") =0
0=2u;; +;u(ui,jj +uj,ij)_ Pi t¥y
0=—n#% —p; +yy
B, (ui,i +Wi,i ) =—p
(A+2u)(a, -0+b,-0+c, %" +d, % )~ (a,-0+b, - 1-c,ge <" +d,fe* ) =0
—r(a,, +h,,z+c,e " +d, e )—(a,-0+b, - 1-c,se ™ +d, e ") =0
~iwB, (-a,,-0+h, -1-c,ce " +d, e )-B, (a,-0+h,, -1-c,le " +d, e ")
—~io(a, +b,z+ce" +d,e"")=0
-b, =0, (A+2u)¢ e, + ¢, =0, (A+2u)¢%d, —¢d, =0
-ra,, +b, =0,-rb, =0,-rc,, +¢c,¢=0,-rd,, —d =0 (3.3.32)
-iwBb, -Bb,, —iwa, =0, —iwb, =0,
ioB,fc, +Bfc,, —ioc, =0,-iwB{d, -B;{d,, —iwd, =0
a,, =0, b,=0, c,=—(1+2u)Cc,, d,=(1+2u)dd,
ap :_beuz' bp =0, Cuz :gcp :_Mgzcuz' dwz :_gdp :_Mgzduz
r r r r
Au,(z,t) a, 1z e’ e’ a,
Ao, (z,t . b 10 —-E +E e —E e ||l b
O.-ZZ( ) — e—la)t [S(Z)] uz — e*la)t u Llé/7 , Ué’+ . uz
AW, (2,t) C,, 0 0 Wz~ Wze** || c, (3.3.33)
Ap(z,t) d, 0 -B, -—Pe** +Pe** |(d,

cwp = L B oo —Eg
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HRIZ, HERRJE R (X 3.3-4) IR W THRASKMF LV A HET 2,

p=pge"*
SEENZERERE RN
0,=0

y
d Uniform Seabed Layer
o 7=d UZ=O

|

Yz =0 p=0

X 3.3-4 #EREE

bel: Ao, =—(A+2u)Au,, =0 = aA“Z (0)=0

bc2: p(0)=pe™
z=d: {bc3: Au,(d)=0 (3.3.34)
z=o: {bcd: Ap(x)=0

z=0:

bcl: Ac,(0)=0 - —Eb, +E§c —Eugduz—

bc2: Ap(0) = p,e ~B;b, -Pc,+Pd, =p,

be3: Au,(d)=a,+b,d+c, e4d+d e*“:o

bcd:  Ap(o)=-Bh, - Pc,e " +Pd e =converge (3.3.35)

0= ﬂu“,+/,z(u,”+u IJ) P+,
=rp+rBl;; =B, p; + By
~¢d
d b _ po C =-— polé/ _ d+e /é/

“ B,+E,~ " B,+E,~ " ° B,+E,
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Au, (z,t)
Ao, (z,t)
AW, (z,1)
Ap,(z,1)
Aeg,(z,t)

P,

p, > —4—e e

—cd )
P, L g 8 loalem
Bf + Eu é/ g

Eu _p¢z —iot
B; +E (1 ¢ )e

¢_E

u

—imt
°r B, +E,
1

—(Bf + Eue’gz)e"”’1

u

Ao, (z,t)=Ac,(2,1)

AR g (X 3.3-5)ICB W CH [ABRICHIR ARSI L 0 i 23FE T 5,

B, +E (1-er)e™

A
B; +E

u

(1— e ¢’ )e"”t

u

p=pge*

70 4 4o

K
y

%2

Uniform Seabed Layer

Yz

z=d u,=0,w,=0

3.3-5 AREEHE

z=0:

bc2: p(0)=pe™
4 bc3: Au,(d)=0
7 lbc4: AW(d)=0

bel: Ao, (0)=0
S Eubuz + Eugcuz - Eué/duz =0

bc2: Ap(0) = p,e
- —=Bb, —Pc, +Pd, =p,

f~uz

bcl: Ao, =—(A+2u)A

OAU

u,=0 = £(0)=0

oz

bc3: Au,(d)=a,+b,d+ce ™ +d e =0
bcd:  AW(d) =Wzc e “® +Wzd e =0
soc,e+d, e =0, a,+h,d=0
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(3.3.36)

(3.3.37)

(3.3.38)



p,d P

a, = v Mz T
B; +E, B +E, (3.3.39)
1/¢ e 1/¢ e

C, =P ! duz= P,
B, +E, 2coshgd B; +E, 2cosh¢d

po 1 d -7 _1 SInh é,(d - Z) e—iwt
B +E, ¢ cosh¢d
o, E, [1_ cosh ¢ (d — Z)Jeith
Au,(z,t) B; +E, coshZd
Ao, (z,1) 0 ¢ E, sinh{(d-2) oot
AV, (2, 1) °rB;+E, coshsd (3.3.40)
Ap,(z,t B _ _
P (z,1) 0, 1 B, +E, cosh¢(d-2) |, i
Ag,, (z,1) B, +E, cosh¢d
Ao, (z,)=Ac,,(2,1) 1 1 coshg(d —27) ) _iu
- e
Po B, +E, cosh £d
po A 1— COSh é,(d — Z) e—i(ut
B, +E, coshd

EoT, U-pETI/V, —kIL - EBRISRMF TOISEREEITIRD X 518N D,

AUZ(Z,t) a, AUZ(O,t)
Ao, (z,t . b, . 4| Ao, (0,t
O'-ZZ( ) — e—l(ol [S(Z)] — e—la)t [S(Z)][S(O)] 1 G'Zz( ) (3341)
AW, (z,t) C,, AW, (0,1)
Ap(z,t) c, Ap(0,t)
1 z e ¢? ete? 1 0 1 1
0 -E, Eug”e’¢Z —Euge*fZ w0 —E, EZ -EJZ
[$(2)]= 2 o | [SO)]=e
0 0 Wz Wze 0 0 Wz Wz (3.3.42)
0 -B —Pe¢? Pet¢? 0 -B, -P P

cwz=-Sprpo E.¢
r

- 66 -



=[SO

Au, (z,t)
Ao, (z,1)
AW, (z,t)
Ap(z,t)
Ag,, (z,1)
Ao, (z,t)

2 [Sa(@)]=

1

0

0 RN
Wz
P ¢
E,(P+B¢) P+B,¢
B, 11
2E,(P+B,¢) 2Wz  2(P+B()
B B, 1 1
2E,(P+B,S) Wz  2(P+B<)

Au, (0,t)
Py 4| Ao, (0,t)
=e [S ()[sO]"]~ * =
Ap(0,t)
7 e—{z e+§z
—-E, E/e" -E/e™’
0 Wzes* Wze™*
-B, -—Pe**  Pe*’
_1 éze—gz _é/e+§z
-4 Afet —ale |

o Olo O O B+
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e ™[R, ()]

(3.3.43)
Au, (0,t)
Ao, (0.1) (3.3.44)
AV, (0,)
Ap(0,t)
(3.3.45)



Ez20+Bsinhzg  1-B,coshzd  z¢—sinhzg ]
E, (B, +E,)¢ E ¢’ (B, +E,)¢
0 E, + B, coshzd . sinhz£ £ 1-coshzd
B, +E, ¢ " By +E,
B.¢sinhzd —E ¢sinhzd
0 e coshz& —2——= | (3346
R[5S0 = r(B, +E,) r(B, +E,) (3.3.46)
0 B 1-coshzg o sinh z¢& B, + E, cosh z¢
f Bf + Eu § Bf + Eu
0 E, +B; coshz{ rsinh 2 1-coshzg
E,(B; +E,) E B +E,
E, + B, cosh i -
) . +B; g rlsmhzg il cosh z¢&
E,(B, +E,) ES B, +E,

P

Biot, M. A.: General theory of three-dimensional consolidation, Journal of Applied Physics 26(2),
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Finn, W. D. L.: Siddharthan, R., Martin, G. R.: Response of seafloor to ocean waves, Journal of
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Madsen, O. S.: Wave-induced pore pressures and effective stresses in a porous bed, Géotechnique
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IR - ERIRE S - REFEEEZ - BB BRI 6T 2 WK HUAR I D R AR AT 0D 72 8 D
iz O ERAL, 5 49 RIHE T2 R o 0 AGwSCEE, pp.233-240, 2004.
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4. FBRNMZ K HIEERIHOE=MEHEOFE
41. BEARICBTAETAHRIMDOERE
PRI X 0K ICER T 2 AW &2, kR T (%, HAR%E(2009),
7, =C,p,V° (N/m?) (4.1.1)

ZIT, CIFMEAKROREE, R OHREZEET DD DOERITERTH 5,

42 EEBRHENDERE
FPTEENBET 2#H (RBS) 2525, N@.L11)TRD ST AWT) ¢, HYRECHIE O AW
Sie, % L2 HACEREREBNEE 5,

_p—C
tan ¢

t, =C+o,tang (N/m?), , =1, (4.2.1)

sz

FoT, K(4.21)D X 5 e b 2T 72 TMIEHARN OIR S 2, ZROFUT I, LaL, RS 2 OB
Thdo, I IERBEETHHDHEXTHEEDDL Z L IIRETH DL, LoT, HHEHEKOXD
EOWTREL, BiEfEzRD %,

f(z)=7,—7, =0 (4.2.2)
W, KEOBEELZRD D, BAEH Y OKEOBEHEZ RO XL 5 ITERT D,

qzcwéwf(mﬁymya(mﬁg (4.2.3)

ZIH S (2010)iF, EEHURIRENC BV TIREMET 5 J8)E 2 23 EHR O A ZNIETIEE O % 1
BT e, EMENTIRS 20 RIS R ED T~ T 52 L&, ET /L
ZMWTRL, ELEOWREFEHMRE L OBAEMNTIZ X > THHE L7z,

JEHE TR AL OREER EOBBZET 2B NEZ > TS 7o, EEOBENHRE LR
HED BERSENZ EBEZOND, o7, BROTERC, <1725, £z, MEIFEMEETE
AHRETHY, BREEDOTHICEEBEINEE 50 THEV IZRAD L HI12E£T,

V=JW2+W2=JWZ+%2(mB) (4.2.4)

KB ORI ZFE L TWDHDOT, Mz c=0 L RE L CTREZIT),
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7, =Cop, V%, 7, =0, tang=(p - p;)gztang

r, =1, z—>d, .. d, ST M ~0.17C,v* (m)
(p.—p;)gtang
d, ~1.6C,,
cC
qchlvdf = P\ ~0.09C,C,v°  (m*/s/m) — (m?/s)
2 2(p,—p;)otang
C.C
qr — qv_r: b qu V2Vr
v 2(p—-pi)otang
C.C
qH:q.V_g: b qu V2V9
V. 2(p—py)otang
C.C
qX:qv_x: b qu sz
vV 2(p —pi)9tang
v C.C.o,
Q=0 L= v,

v 2(p-p)gtang

(4.2.5)

(4.2.6)

(4.2.7)

ZZT, Type-3 WiRDERKIEHEIZHY T 5L 5v=38m/s T 5L, UTOLIIFHETE S,

q=~24C.C, (4.2.8)
liquefaction case no-liquefaction case
= 2
Ot o0 B ot o(2)
flow depth; d;
liquefaction - 0770y
depth; d,

flow depth; d;

' . O,=C,
7 It -

r=Cctotang= g

zy zy
4.2-1 EREBHOEENLFTEENDERXE

S b, BHROEM &2V OREBE B2 KD 5, PR — R 5 M T m 2 Z 2,

EEOREN S WIS AET D, ZOHRENIIETHTHDH, LI=N-T,
M—ZNVDEEBIEZROXD L HIZTEET D,
T T
o =] a.dt q,=] aadt

T T 2 2
Ger =], O dt, q, :Loqg dt (m°/s-s) —(m"/c) per cycle
-70 -

ZZTIE—EA#HT=Y,

(4.2.9)



T E BN AT D LU TOXD X 925,

a =

1
qcx - qu dt qcy L qu (4210)

—?Lﬂ%dtuﬁm)

1
T
1
Tq

— 1
md Ay =3 %

r
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43. EEITBEENDERTE

AITEOEEB B RITH 2 G2 EiRT 2MEZ R L CNDDT, TOHSTERENHKAT DD
T 2 OFHBIB DD 720, AT HGEIITERE SRR L Qi EEIE EA L, Wi 554
CIHEENRE SIVERRIT TRT 5, 202 L2 EEMICGHET 272012, UTO XS 2RirEE
ZHWDLMEDLR D D,

(rectangular coordinate system) (circular coordinate system)
A gy (x.y+Ay/2)
I — ax | A q.(r+Ar/2,6)
y+Ay/2 ‘ kY qr,6+A02) ' '
A (x—AX/2,Y) % y (r+Ar/2)A0
y —t ** - - -
| 0, (X+AxX/2,y)
y-Ayl2 T q,(r.0-A012)

—e— ¢ —— o >

X—AX[2 fx X+AX/2

X431 EENDEER - HEBEOHEEETIL

Q - AX- Ay = (_qx(x+Ax/2,y)Ay + qx(x—Ax/Z,y)Ay) + (_qy(x,y+Ay/2)AX + qy(x,y—Ay/Z)AX)

- Q _ qx(x+Axl2,y) - qx(x—Ax/Z,y) _ qy(x,y+Ay/2) - qy(x,y—Ay/Z) (431)
AX Ay

0
— _(6qx +ij (Ax— 0, Ay - 0) (m/c)
ox oy

Q “Ar-rAg = (_qr(r+Ar/2,6) (r +Ar/ 2)A0 + qr(r—Ar/Z,H) (r —Ar/ Z)AH) + (_qH(r,nSH—AH/Z)Ar + qH(rﬂ—AH/Z)Ar)

_ Grrrarng (r+Ar12) =0 prizgy (F=Ar12) Gy 5002y AF = Aogr.o-noiyAT
= Q=- -
rAr A6O

_,_[@£+9L+9%J (Ar =0, A6 —0) (m/c)
or r roé

(4.3.2)
ZNBITEARERE SR & MEEERENEIUICEBWTERE L2 D TH D,
EEOmMAEN RN EL EFEY, WEmS LA T 55 E8ICIFEOEEZ LD, W HED AR
Z bRy, KD FET25EICTADELZ L 5, LEW G- OfrdE&ETHIT 5 L UL FoXo
K OIZFHET& %,
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Q _ qcx(x+Ax/2,y) - qcx(x—Ax/Z,y) qcy(x,y+Ay/2) - qcy(x,y—Ay/Z)
. = _

AX Ay (4.3.3)

0
SN i P 1 (Ax— 0, Ay - 0) (m/c)
ox oy

_ Qer(rearizo) (r+Ar/2)- Uer(r-arr2.0) (r-Ar/2) 3 Qoocr.o00012)DT = Aer.o-nor2y AT
rAr Ay (4.3.4)
N _[%+%+aq—wj (Ar —0,A0 —0) (m/c)

Q=

or r roé

S%& 3R
TARFR - DKEAALL), pp.156-160, A2, 2009.

=B, SFBUEE, KEEE, k2, NRER - RO R Z I RIFE T E &
KIELEBOMBELE, TAFSHCEB2 (RS , Vol.66, No.1, pp.851-855, 2010.
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5. KRICK D EEBEOMBEITHIRE

5.1. KR & HBEM B ORI &4

TR M T2 542 (1994) T 365 O G4 TR DO WL 13 Ml O IR %9 2 Vi Hut o
BNIG SIS 2 it L7223, 2005 OBEEDORFZERE & O lla A il fe 7 X 9 ICAFZE T H
Fl—ORELTM LT,

K5 &9 5 PRI T —RRK TR h=20m, AGHE O JE# 4 T=13s (J&= L=167.5m) & L, &% H=10m
Z ERELTRT AN w7 IZB b ET,

RS - MR T2 B 22 (1994) T o WA 72 i I AR A 6L 2388 L7-, £ 5.1-11F3FN1 D
D5 b =fEE (RO, EHEER L, B OB - JIFREE A AL TW D,

#51-1 BHATHVW-REXMLTEOYERN - hEMHEE (X KES - BEIFZTES(1994))

Material Type Loose Sand NC Clay Gravel Note

o bulk density of wet material (kg/m°) 1.90x 10° 1.80x10° | 1.75x10°

ps: density of solid phase (kg/m°) 2.65x10° 2.75x10° | 2.36x10°
n: porosity 0.454 0.543 0.448

G: shear modulus of solid phase (N/m?) 0.4x10° 0.3x108 1.0x10°
vs: Poisson’s ratio 0.30 0.30 0.30
B’: Skempton’s B-value in 1-D 0.40 0.80 0.60

k: coefficient of permeability (m/s) 1.0x10* 1.0x10° | 1.0x107?

E.s: stiffness in 1-D of solid phase (N/m?) 1.40 X 10° 1.05x10° | 3.50x10° E, =2(1-v)G /(1-2v))

K:: bulk modulus of fluid phase (N/m?) 0.424x10° | 2.28%x10% | 2.35%x10° K, =nE,B'/(1-B')
S,: degree of saturation of pore (%) 99.30 99.88 99.88 | Sr=WK,-/K)/(/K,~1/K,)
c,: coefficient of consolidation in 1D (m%/sec) 1.43 1.07x10™* 3.57x10? ¢, =kE, /(gp,)
hy: hydraulic consolidation factor (sec/m?) 1.75 1.17x10* | 4.67x10° h,=1/(c,B")
density of air: p,=0.0 (kg/m®) bulk modulus of air: K, = 3.03 X 10° (N/m?)
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10 — —_
| wave; type-3, T=13s, h=20m, L=167.5m, H=10m  x/L =0 10 [ wave; type-3,T=13s,h=20m, L=167.5m,H=10m  x/L =0
[ bed; loose sand (withut effective stress response), d = infinity t_ bed; normally consolidated clayd = infinity
K - 2 — K .
= \Iliffectlve stress, o, Water pressure, p (KN/m’) E > Effective stress, o, Water pressure,p (kN/mz)I
- L S L B L L L L L B | ~ i =+ T
N-50 [ 5 100 150 200 250 300 N_50 [ [3 100 150 200 250 300
< N YT =0/8 S N =
£ h ~ 8,718 seawater £ =\t YT =0/8 18.7/8 seawater
g 10 ZS S 2/8.6/8 3 [ (water pressure
% 3/8,5/8 %
seabed surface d
f% | I | IR | - PR .(. )I %
o T T T \ T 1 (5]
9.50 50_ static 100 200 250 300 0.
g 1+ seabed E
= 24\ _ static—", = PERN\ _ static—"
%_ | (vertical effective stress) . \ (pore water pressure) = | \(vertical effective stress) \ (pore water pressure)
2 3l T =[0,1,2,3,4,56,71/8 max. 3 3L\ UT=[01234567)8 \
=] ] . . ' envelope O ]
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52. EITRICE TS EERH
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5.2.1. BERIZE T BKEEREDFEER

wave; type-3, T=13s, h=20m, L=167.5m, H=10m
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5.2.2. BEMIBICH T SMEBKELEBMNCHDEE

wave; type-3, T=13s, h=20m, L=167.5m, H=10m
bed; loose sand, d = infinity
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Seabed depth, z (m)

Seabed depth, z (m)

Seabed depth, z (m)

5.2-5 ETRZZ T 5B EMBORBKECERFE(Xx/L=1/8~3/8)
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wave; type-3, T=13s, h=20m, L=167.5m, H=10m

bed; loose sand, d = infinity
Travelling wave

Effective vertical stress, o, (kN/m?)
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5.2.3. EED¥FH=E, ITE=

Seabed material flow behavior
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Seabed material flow behavior
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Seabed material flow behavior
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Seabed material flow behavior
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Seabed material flow behavior
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Seabed material flow behavior
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5.3.2. BEMBICE T SMEBKELEAMNCHDEE
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Seabed material flow behavior
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Seabed material flow behavior
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Seabed material flow behavior
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5.4.1. EfEEY
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incident wave traveling directiqn
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Normalized coordinate, x/L
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5.4.2. EHEREEY
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555 EEBHICKLLAREEH
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