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GROUNDWATER FLOW AROUND REVETMENTS
OF COASTAL RECLAIMED AREAS

By Atushi YAMAMOTO and Yoshito TSUCHIYA

Synopsis

For engineering practices groundwater level models are necessary to simulate the
groundwater flow in coastal reclaimed areas which are effected by tide, rainfall and de-
velopment conditions. In this paper, mathematical formulation for distribution of
groundwater level is modified by considering landward boundary conditions, which is
derived by using the horizontally one-dimensional assumptions.

Residual water level around revetments has been decided by only considering tidal
level change. However, groundwater level higher than this design level has sometime
been observed in cases of heavy rainfall or where water is stored in coastal sand pits,
and this causes high water pressure on the revetment and large seepage velocity sea-
ward.

This paper deals with such groundwater flow around revetments where the
groundwater level in coastal reclaimed areas is higher than the sea level. The residual
water level change and the velocity distribution of groundwater flow around sheet-pile
revetments are calculated numerically by using finite element method in various condi-
tions, and the effects of rainfall and landward boundary conditions are examined. Ap-
plying this numerical model to practical steel sheet-pile revetment which stability may
be reduced by high residual water level, the effect of the proposed countermeasure
method mainly composed of drainage method is discussed and the reinforcement work is
executed. As a result of investigation of the practical situations of cellular concrete
block-type revetment, cavitations under the pavement are found out where the armor
stone and rubble foundation of revetment were damaged and the groundwater level at a
distance of 19 m from revetment has risen 1m by heavy rainfall. Back filling materials
of this gravity-type revetment may be washed away, because seepage velocity larger
than critical seepage velocity can be estimated numerically at this section.
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Fig. 5 Sheet-pile revetment model for numerical caluculation of groundwater flow.

Blas = Blea = K70
Pleo = kpt

....................................................................... @1)
0zlsc  oxler  Oxlre J

S AT, o \FHEEIB L Uy 3R D OHT KM EZRY, BHER (M TKHE DE Tz = n(z, ) OEI
RHTHHY, NFENB L PEFHFRISEMHIENENRATE L 6N,

¢| DE S KT *t e tTet e e e (22)
%—w—%%+R .................................................................................. (23)

Z 2, n MR, BLUR IZENEERTHS,

(2) HAERATE
RS (20) B L OBEREME(21) (22), B LUN(23) 12 Galerkin 12 X 2 AREZ % B L tste
217995, FOERALIZOVTIETTIIEL L ORI SN TWE DT, =2 ClHRFEROHE

HBIZOWTORBRG,



W7 - B IRRRVHOBERNEICB T AT KROET 577

EEEOMBEYEEL, BREMGE LTR(22) 2AAMAATIE TS L, BHEA LOEH 25D
HE Q* AL NS, B 1220 Q* 2 VT, AR CHHERNELERD TS,
.1

Qr = g(xz"-l’l) 2g:tg2)

i* = l(xi_xi—l) (29:‘"‘9.’-1) + %(1':'4-1—1‘:') (29i+gt+1)

6 a2 30 pm1) L e e (24)
QF = %(xp—xp_l) (2g,+go-1)
R )
7 (25) BRI L W ERFTT B E, KL N%,
plovat = pto 4 %(gf"_Jrég_fL“ + R)At ........................................................... (26)

BESR 2T v TR, ROBHOHEKEORE nit4 2EL, R@IZLY g E5HLTX(E6) T
FU %3k, %0 HEUKE & L8 UIBIEY 5B IMMREE T2, T2, #WiC & 5 BHREOLE
(Y RIS R S A TR T AY, FOMBIGHORER ST VLI IT A0, Mod 1AM
SOFTEREREETT 2 BB ORERR AT .

(3) #TFRAORERZAL

SRR B O CHREKMS ERET A L, AT 2EHEEERIINE {50, BREKEIZN
PLEiznL, EE1HE EBBAEDATHIKRE o TEROTERET S5 I LIk b, FNEHE
D~ E AR OE, EADER,ODEEH (b + hy) ORI Y OEBLIE pa 13, KATH
25N,

.= K, (Th1 + T'hz) ................................................................................... @27

I, K BEBTERY rdBREAN L) LOBIAEERT, b ZEOIEE, ¢ WEREAMLLDT
OYHRBER (KFER) T, h 3ZOESERT, BEAKM Ar LRTHE, FXOEBTEOLIL
B Aps B LURBKEOEILE Apy 13, ETNENRRATRDOLNL,

Apa = Ka(Tl_r)Ah
Apw = TWudh

ST, re BKOBARERTH L, 2L 2L, BiEEE LTr=1.8 /m?, ¢y =1.0 (t/m®) BLO
K, = 0.333 (LOWERESfSe = 30°) AT 5 &, FREKMO LRI 5 E@EE LFREKIEDRN
B3 (Ups + Apy) =0.7334h (t/m®) LFETHIENTED, LW T, EROREHHEIIBNT
13, FRRAKPIED R DA E S ARG CORBK LHGTEG L LTERDLEN DS,

Z22C, Fig. 5ITR LX) REHEROETMIIBWT, @, R 723k RO BT RAL
KA E AT L XOBESEHOM T KT ORBIE L A BB X VBT L, #ERORK, EKRE B
B L UM TG4t LTI & OBREF L »ICT 5, &b, BEEAY T=12hr CREEW) &

— 9 —



578 WRB KRR £ 375 B2 F6. 4 (1994)

JUWE2a=2m & LTHEEE % no = asin Crt/T) TH2, TFNOMBIEIZER w, = 100a B &
U w, = 50 @ L\ ZBEIE L THRETT 5,

9, EENEKER = 10qa, BEREREd, = 10a, RANEd = 3/5)do B L UEKFEE L =
0.1cm/s =43.2a/T & L72& EDWH ORI L HEREROBT AN OBMZE(LE Fig. 6 ISR, #

1 ) i )
(nw.1) / i_— Tidal level P . | ‘ ,
| ;

i}

nla=nofa—._ |
0.5 N

S RN
~ ! Residual water level |
& // iy / N N

0 . ) \K 9 t’(hr) \\\ l 2
QO ‘\/ I’,l \J \
Iy \‘\ 4/

O S 5
. “ ’
N ’
N ,
~ "
~, ,l (
S - .
. L- i !
..... b i
l . f !

(L.W.L)

Fig. 6 Comparison between tidal level 5o and residual water levely.
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Fig. 7 Nurmerical results of velocity distribution and equi-potential line of groundwater flow around
sheet-pile, revetment.

Table 1 Comparison of residual water levels in various conditions.

Permeability Water depth Thickness Embedment depth Residual water level
« (cm/s) ho du/a d1/do 7 max/@
0.1 10 4 0.5 0.810
0.1 10 6 0.33 0.786
0.1 10 6 0.67 0.863
0.1 10 10 0.2 0.763
0.1 10 10 0.4 0.821
0.1 10 10 0.6 0.876
0.1 10 10 0.8 0.913
0.1 10 20 0.1 0.746
0.1 10 20 0.3 0.848
0.1 10 20 0.5 0.900
0.1 10 20 0.7 0.934
0.1 10 20 0.9 0.961
0.1 6 10 0.6 0.829
0.1 4 10 0.6 0.747
0.01 10 10 0.6 1.0
0.001 10 10 0.6 1.0
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Fig. 8 Comparison between tidal level 7o and residual water level 7 in cases of 7, = 24 and 4a.

(4) FEER~w S

FRRAAKALASEEHMEL D dBVIA1E, ERORERN EO/DITRE KA T ALENSH L, 22T
i, FHGGEROH TR OBET THISREREN 8 L:f%RT,

MHEELDIL, BMABFIEHER L L TEEXIN/ER 880 m OMENNERTHE, ZOHERE
X Fig. 1LITRT X9, FSPIMOBMEAMN, Sfpar 2 ) - Mo-¥r 7, SUIDFy A0y FBLD
Bo o) — NEIEZ A SR S NG, EEEROREKIZRFIEES L ONEEHEICE D, AP+
1.3 m TRREFS N/ HEE SN S, LA L, ERERIIIITIE A LKME CHAKRIESICEEL, €51
EENPLOm DEZAIIERY) DI KD E720, EEFHROMTAMIZREELDY 3n&v
AP, +4.35m PEEKME LCRESFRSNCnD, T/, EAERITHOKEIIIRM 48 ERFLEFTIE, T
BHEDS Ilm ThHonEEINTWED, I - TREEAYEBIET L, P2 £I12I3KIEH2.3
~2.9m &G NSHEEVKTAE SN, 3512, FBENDEBFHIIBAESN TV AD, RiFEHT
WESR AR L BEAETT 570, M 63 EDFAETIZESF 10.5mm (25 L 6.0~8.3 mm 125
AL, SEROHITE— 2 Y MFTAHHAMET L7,

Fig. 12 (a) 13, ZOEEELHBOBREFMHITICL o THL N THIORENR Y PVOSAHRTH
b, B k3, HFEEA.P. +4.56 ~ —4.6 m {20V TIIBSEKRBROFERES,S 1.4 X 102 em/s,
F72A.P.—4.6~—10.6 m IZOWTITHERBORED S HE - W 25% LHERAVTC9.3 x 10
em/s EHEEL, ALP.—10.6m 2AEE & Lz, T/, EHholpkihtERL, ER2LY 50m B/
BBEROMFAE g, = A.P. +4.6m & LTHRZTWV5, BRKEBTRBOEKZEI/NE 20, FHUR
AN CERT V2 v VAT R - TWDEDY, fRiddT ) KE kv, T/, ERTHROBTAID
AP.+3.93~+3.96m BRI AEBIIE A LW E0D, BkibiZ & AREABEROEM T KA
%ﬁ@ﬂ’,’éﬂﬁi‘i‘%w: Ehbhb,

FIC, #EENS6m DFEETH.W.L. (A.P. +2.0m) DILEICER & FITICHEILE 2 ANTEKL,

CZCORTARMEZBHICTIFLZE%E 25, Fig. 12(b) iE, D& XDHENY P VOGAHRTH
Bo BEANEZ AP +2.17Tm TTETEELIEHMFEL LY, (a) L ILET B EATLE L ) BEHITIIK
FREAKNE L R o TOBDY, FARGIRER TOFEIL 55 % 1/ E LB EHDHI b,

O L7AERERTZ, HEHEL DA RELC Lo TVARBAEX T CHEREDE 2 BIET L0
12, WTFARMART Tk 28R L7238 OGN % Fig. 13 17T, ZOTETIIEBTEORER



581

Fig. 9 Nurmerical results of velocity distribution and equi-potential line of groundwater flow in case
of nr =2a.
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Fig. 10 Nurmerical results of velocity distribution and equi-potential line of groundwater flow in case
of R = 30mm/hr.
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Fig. 11 Section of steel sheet-pile revetment.
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{(b) After reinforcement work.

Fig. 12 Nurmerical results of velocity distribution and equi potential line of groundwater flow.

Table 2 Comparison of stresses and safty factors between before and after reinforcement work.

Before reinforcement | After reinforcement

Allowable stress Normal Seismic Normal Seismic
Stress of steel sheet-pile long-term 1,800 | 3,040 860
(kgf/cm2) short-term 2,700 3,763 1,000
yield stress 3,000
Stress of tie rod long-term 960 | 2,493 440
(kgf/cm2) short-term 1,440 2,900 510
vield stress 2,400
breaking stress 4,100
Safty factor of embedment | long-term 1.5 1.26 3.0
depth short-term 1.2 0.64 1.6
Safty factor of counterfort | long-term 2.5 0.90 3.1
short-term 2.0 0.49 2.2
Safty factor of sliding long-term 1.3 1.1 1.5
short-term 1.0) 1.0
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Fig. 13 Section of reinforcement work for steel sheet-pile revetment.
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Fig. 14 Section of cellular concrete block-type revetment.
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(b) In the case of rainy condition.

Fig. 16 Records of tidal level, grounwater level and amount of precipitation.
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{a) CASE A :In the case of heavy rainfall at normal section.
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(b) CASE B : In the case of heavy rainfall at damaged section.
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{c) CASE C :In the case of enlarged cavitation.

19m ]
AP+4.10 |
: T

H.W.L AP+2.00 AP42.00

M.S.L AP+1.00
L.W.L AP0

~ +
~ d ) -
1 [ g
M ra P
T T + —+ =
t 1 0 -
¢ ' 1 P -
. ) p—t— N . i - g
RN ML T L \\ M H H L
oA NNy ' ' I
L N A e R ! - 1 . -
.
N 1 N V ¢ ' .
Ny W ! 3y 1s [P
........ ST A TR R i R -F B LR T Lo
s " " " v 7 e e
N N Y [l t N ,’ [ P
- e ) e e ' . H - -
. .
N N D A S 5 ' P
N 1 S N ' ' .
- h e e 1 - ' e -
A At ul vy v [
' ! ] My 1e [
L, 4 [ L3 '3 A

—~ 0.005 cm/sec

(d) CASE D : In the case of groundwater discharge method.

Fig. 17 Nurmerical results of velocity distribution and equi-potential line of groundwater flow around
gravity-type revetment.
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Table 3 Nurmerical results of seepage velocity and residual water level behind bulkhead
(a) CASE A and CASE B
CASE C CASED
Element No. MS.L. L.W.L. MS.L. LW.L.
1 1.78X107% | 2.47X107% | 2.05%X107% | 2.32Xx107°
2 1.42X1072% | 2.09%x107% | 1.92%x107% | 2.20x107°
3 1.49%x107% | 2.27x107% | 2.60x107% | 3.54x107°
Velocity 4 1.30X1072 | 2.05X107% | 2.32x107% | 2.97x1073
(cm/s) 5 1.33%107% | 2.13%107% | 3.56X107% | 5.34x107°
6 1.27X107% | 2.04x107% | 2.90x107% | 4.07x107%
7 1.27X107% | 2.06X107% | 5.53x107° | 8.29x1073
8 1.30X107% | 2.05%107% | 4.22x107% | 6.01x1078
Residual water level (m) —0.25~1.04
(b) CASE C and CASE D
CASE C CASE D
Element No. MS.L. LWL. MS.L. LWL.
1 1.78X107% | 2.47x107% | 2.05x107% | 2.32x107°
2 1.42%X107% | 2.09x107% | 1.92x107% | 2.20x1073
3 1.49%107% | 2.27x107% | 2.60x107°% | 3.54x107°
Velocity 4 1.30X1072 2.05X1072 2.32%x1073 2.97x1073
(em/s) 5 1.33X107% | 2.13x107% | 3.56x107% | 5.3¢4x1073
6 1.27X107% | 2.04x107% | 2.90x107% | 4.07x1073
7 1.27X107% | 2.06X107% | 5.53x107% | 8.29x107°
8 1.30X107% | 2.05x107% | 4.22x107% | 6.01x107?
Residual water level (m) 0 —0.25~1.04
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EFIHERIT - 758, FREKLAETEED 2 EHNTE, HILE L VBECIRATIEIKE { b5
BIRANEIREBOFRINE B BRI, #LC, ERICHTRIMET T BB L 2R
LEXUBAT A THELL, #EROREREEET S LI T,

5) ERHTHOFHZERCIC & 5 EHIEEISEEIZE LTV RN T — 70 » 2 BABHREROEES
AELIHER, vL5—70y yEOEMEE, tL5—70y 7 L ZOTORGRONES X EERD
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