COMPARISONS OF WAVE OVERTOPPING DISCHARGES AND DAMAGES OF THE
NTOU VERTICAL SEAWALL DUE TO TWO SIMILAR SUPER TYPHOONS ON KEELUNG
COAST OF TAIWAN
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In this study, SWAN model was first applied to obtain wave cambtiduring Typhoon Herb (1996) and Krosa
(2007).Then the results were used for estimating the wave overtopping discharge with existing empirical formulae
selected from EurOtop manuéh the EurOtop formulae, calculations of overtopping discharges canpoeved by
adapting average wave periotin(i,0) for swell conditionsThe results show that the peak overtopping discharges
during Typhoon Herb (1996) are larger than those during Typhoon Krosa (2007) at the two selected sites. In addition,
the water deh at toeof eastern NTOU seawalls (NTOR) are shallower than that at northern NTOU seawall
(NTOU 1) so that the discharges at NTQUare larger than those at NTAQUThe calculationshow thatthe peak

wave overtopping discharges during both typhamegreater than the criteria for damages on bsloge of seawalls,

which agrees with the NTOU seawall failure event during Typhoon Herb. The predicted failure does not again
happen to NTOU seawall during Typhoon Krosa implying the effective reduction iitopping discharges by lifting

up 1m of the cresdfterrebuilding the previously damaged seawall.
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INTRODUCTION

Taiwan is located on the edges of western Pacific Ocean so thatdtal areasre usually
threatenedby violent wave during typhoon periadim recent yearsthe seawal of National
Taiwan Ocean University (NTOU) in Keelung nbrtheasteraiwan hae frequently suffered
consecutive damages due to typhoon wake4996,a super Typhoon Herb struck tkertical
NTOU seawalls of the reclaimed campmaisng partial damageon the parapeds shown in Fig.
1 (a). According to Tsaiet al. (2006),the damages were primaribausedby significant wave
overtoppingdueto extrene high water leved consisting ohigh spring tide andtorm surgeand
associated large wavetzanget al. (2009) have further calculated the overtopping discharges
with existing empirical formulae and shown tliltring certain periods the dischargesuld be
greater than the design critedacording to Coast&lngineeringvianual (CEM 2003).

Later, the NTOU seawallbad beerconsecutively damaged by typhoonghe same and the
following year i.e. Typhoon Zane(1996), Typhoon Winnie(199V3angandHsiao, 1999) The
seawalls wer¢henrebuilt in 1998 by mainly lifting uprh of the crest heigkt However,in 2007,
another supefyphoonKrosawith similar path of Typhoon Herb(see Fig. 2)struckthe rebuilt
seawallsbut caused onlgamage on the concreteoverings of the drainage ditcheght behind
the parapetFrom a similar previous cas€zanget al. (2003)reported thatyphoonwavesmight
result inintense water hammairainage in the channels/ breaking orthe drainageoutlet on
vertical faces othe seawall The strongupward je$ could subsequently break tbeveringsand
push away broken piece$hen the following overtopping wateicould havepoundedon and
displace those brokesoncrete pieces furthess shown in Figl (b).

In order toundersandthe different effecs of wave overtopping dischargever thelifted-up
crest elevation ofhe rebuiltseawalls during Typhoon Krosa, it is aimed in this study at carrying
out calculations and comparisons with existing empirical formula¢hase ofEurOtop Manual.
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(b) Typhoon Krosa (2007)

Figure 1. The damages on NTOU seawall.

OVERTOPPING FORMULAE

In recent years, marfindings havebeen obtained frormvestigatons onovertopping flove
over coastal structurds severallarge program mjects ofEuropeanUnion. As summarizedn
Coastal Engineering Manuahean overtopping discharges are more widely adopted, though the
local overtopping discharge (im*/s/m) from a single wave casometimesbe 100 times larger
during the orm peak (CEM , 2002).

Empirical Formulae

The mean overtopping discharges are defined as the average over 500 @mtoddvaves
from the model tests (Brucst al, 2001). For quite a longtime, Gddaformulae (Goda, 1985)
have beerthe commonly adoptl method, and calculations can be directly obtained from design
diagrams for cases of vertical wall and block mound seawalls. But a disadvantage of this method
is that interpolation of the diagrams by the user is required. To overcome the disadvaotages, s
researchers had further extended the work of Goda to take into accounts of bottom slopes, wave
steepness and sloping breakwaterg. Herber{1993; Jensen and Sorens@r®79.

Francoet al (1994) studied wave overtopping over various caisson braaksyaspecially in
deep water by unbroken waveégheir model is represented by dimensionless paramétefsr
discharges and Ror freeboard from specific structure geometry. Based on additional model tests,
Allsop et al. (1995) found that formulae ofaBncoet al. (1994) would underestimate for larger
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values ofR/Hs, whereR; is the freeboard height ands the significant wave height. They
proposed that this parameter can be used in deep and shallow water. LatereBaklEyp98)
extended formulaby Allsop et al. (1995) with another parameter b deal withinfluences of a
berm infront of a vertical wall. Francet al. (1999) had also revised their previous version by
taking in new parameters from the reanalysis of the data used by Etaak¢1994), and with
additional results from 3D model tests.
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Figure 2. The path of typhoon Herb(1996) & Krosa(2007).

EurOtop

According to EurOtop (2007)hé manual is developed from three manualsBinéronment
AgencyManual on Overtopping (U.K.Ythe TAW Technical Report on Wave rwp and wave
overtopping at dikes (Netherlandand the German Die iiste EAK (2002).The new combined
manual hasextended and developed the parts of those manoalsscusswave runup and
overtopping for coastal structure fovarious types, including seawall, flood embankment,
breakwater, and shoreline structure.

In EurOtop (2007), the prediog formulae araypically applicable fothreetypes of seawalls:
plain vertical seawalivertical composite wall, and vertical battd wal. For safety assessment,
the predicted dischargeme based on eithateterministic desigror probabilistic designThe
probabilistic desigriakes into accounthe effecs of uncertaintiedrom all parameters including
wind, wave and surge statest It is noted that thespectral periodT.1,0= M.1/my) is adopted as
the parameter of wave perioth generaltherelationshipbetween the spectral perioti«{1 0 and
the commonly adoptegeak period Tp) areT, = 1.1 Ta,0. Since plain vertical savall formulae
of EurOtop (2007) arébetter formulated the overtoppingdischargesare simulated by plain
vertical formulae in this paper.

WAVE SIMULATION

To simulate the typhoon wavebge work presented herein adgpimarily the SWAN model
of version 4072. The faffield computatioml domainof the nested grid, as shown in Fig. &),
covers therangefrom 10 to 34 N and 1D to 140 E. The areais selected to include the
affecting processes of @&phoon The nearfield computation domaingover the eea in
northeastern Taiwaimcluding Keelung, whicharealsodetailedin Fig. 3 (b). It is seen in Tabl&
thatfor far-field wave simulation the grid spacing i@ Bmandthe computational time step is 15
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min. In theneafrfield nested domaingrid sizes of 5 km, 800 m and28 m are for layers 2, 3 and 4,
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respectively.

In this study, theSWAN model has been driven by 10m wifidld above sea water level
obtained fronthe CrossCalibrated MultiPlatform(CCMP). They are th@bservationatiata per 6

hr with grid accuracy 00.255by NASA. In addition, in order tamprove high-reslution in 1 hr
for computatioal domainswhen typhoos approachto Taiwan, the wind field modelf CCMP
wascoupkedwith RVM (RankinVortex Model) by interpolatons on eachcomputatioal grid.

Table 1. Empirical formulae and those hydraulics conditions.

Types . - Dimensionless | Dimensionless
Formulae / wave Hydraulics conditions model Freeboard R discharge Q
cal i 0.03 <R /Hs<3.2, q R
Vertica ignore water depth. Q= R=" Q= aex
= Pl b
Allsop et al. | (unbroken) | (including unbroken & broken JoH: H, ( 2R
(1995) waves )
i *’ i i 1 )
Vertical  [¢ h* 0.3, for |mpact_|ng waves o=_4 _ rR=R 5 Q=aR"
(broken) [E h' > 0.3, for reflecting waves gh* h H,
Composite g=_J R:i _ b
(unbroken) | JoH? H, Q=aexp( bR
Al t al i d >0.30r Rg/Hs<1.5,
nggg al for unbroken waves
( 2 ) Composite d” 0.3 0r R/Hs>1.5, q 1 R
Q: 2 R=—F% d' =
Besley et al. (broken) for broken waves: e a2 H Q=aexp( bR
£ d<0, structures with emergent
(1998)
mound.
Composite 0--4 1 R:éR: ok & o
(broken) gh* d* . 4 ! Q=aR
Table 2. EurOtop formulae and those hydraulics conditions.
Formulae Types / wave Hydraulics conditions
9 -004 605 2670 Probabilistic
NEIES & Hu (unbroken) h >0.3,
9 -00s 608 1870 Deterministic 0.1¢R /H, €3£
gHno é mo (unbroken)
i °0.06: Zero Freeboard
=0.062 °0.06: >0.3 /H. =0
NEIS (unbroken) h + R/ Hw
2 -31 e
~ 4 _1590* RO Probabilistic 2
h\/gh?’ %\Hmo 2 (broken, non-impulsive) h¢0.2,
9 _ogqptdy R k3 Deterministic 0.03¢h = ¢1.C
- e (o] . .
NS ¢ Hm = (broken, non-impulsive) mo
2 -7 e
9 _57y90% R O Probabilistic ¢0.2
h&/grf ?“ Ho 2 (broken, impulsive, submerged toe) h '
4 _3gupdp R 6 Deterministic h R ¢002
=3 0 . . H
hﬂ/grf’ ¢ Hmo =+ (broken, impulsive, submerged toe) mo
1 Qms, @.043ex5?£ 216083, Probabilistic h <02, 80" 0025
NCCE. ¢ Hio.geep (broken, impulsive, emergent toe) 2.0<mg¥, R 5.
2 mo0,deep
9__gms,., 6.043expy 1.9818%, R Deterministic
JoHzs o S % “Hog geep (broken, impulsive, emergent toe) 0.55¢ % y ¢l.e
mO0,deep

Table 3. Information of computational domain.
nes.ted Data source Filename Resolution Geograpmc
grid resolution
Layer 1 | National Oceanographic Data Center ETOPO1 r x=r y=0.26 ~ 20 km
Layer 2 | National Center of Ocean Research TaiDBMV6 r x=r y=0.04 6 ~ 5km
Layer 3 Electronic Chart System r x=r y=0.008 6 ~800m
Layer4 Measurement r x=r y=0.000256 | ~ 28 m
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Figure 3. Coastal topography of the nested domains.

Model Validation

Comparisons of the predicted wave heights padods with field data measured Hialien
and Suaostatiors on the east coastal waters of Taiwhning Typhoon Herl{1996) and Krosa
(2007)areshown in Fig.4 (a)and4 (b). The circles represent the measured @ad the curve
represents the predictegsults. It can be seen frdAg. 4 (a), the measured maximum significant
wave height{Hs) of 7.6 m (T,= 13.3s) occurred a06:00 on July 31during Typhoon Herpwhile
the simulated significant wave height 413 m (T, = 10.2 ) occurred at 7:00 on July 31 In
addition,in Fig. 4 (b), the measured maximuhf of 11.7m (T,= 10.65) occurred afi4:00 on Oct.
6 during TyphoonKrosg while the smulated maximumHs of 8.5 m (T, = 10.0 s) occurred at
13:000n Oct. 6 Hence the comparisos show that theimulated values dfyphoon Krosaagreed
better withmeasureddataon magnitude and occurrence tirtean the simulations of Typhoon
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Herb did. But agreemerg between the simulatisnand measurediatathroughthe wholetime
series for both typhooragesimilar.
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Figure 4. Comparisons of significant wave heights and periods predicted by the SWAN wave model with
measurements during the passage of Typhoon Herb & Krosa.
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Wave conditions

The NTOU seawadlhavesuffereddamagesiue to typhoosinducel wavesfor many times in
the pastespeciallyin easterrwall (NTOU 2) and northern wall (NTOU [1as shown in Fig5.
The static water depstat the two locationare4 m (NTOU 1) and 3m (NTOU 2), respectively.
The simulations by SWAN model show tlathetwo sites of NTOU 1 and NTOU, 2Znaximum
Hsare3.5m (10.3s) and 3.3m (10.4s) at 23:00 on July 31 during Tyipoon Herb The first peak
Hsare3.6 m(10.6s) and 36 m (10.4s) at16:00 on Oct. 6while the secondpeakHs are 32 m (9.1
s) and 30 m (9.3s) at23:00 on Oct. 6 during Typhoon Krosas shown in Fig7 and8. However,
comparisos of the occuring times of maximumH; alongtyphoon path, the simulatiorsf two
locations during Typhoon Krosa shakat the first peak valsef Hs wereprimarily due tonearly
stationarytyphoonmoves offshorethe eastern Taiwan (see Fig.T2)e secondpeakvalues ofHs
were induced by typhoais low pressureenteras itcontinued to pass ov&eelung.
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Figure 5. The sites of consecutive damages and predicted wave conditions by SWAN model.

WAVE OVERTOPPING DISCHARGES

Parameters setting

The NTOU seawall stood on rockyttmms with an offshore slope of about 1:10. The seawall
was originally designed as a vertical composite structure with a bermtoh28trapods. But the
foundation quarry stones were only placet sites with elevation under.lE -2.0 m. The
elevatiors of crown walls vereE.L. +6 m for original wall during Typhoon HerlandE.L. +7m
for rebuilt wall during Typhoon Krosaas shown in Figé (a) and6 (b). In particular beforghe
attack ofTyphoonHerb in 1996 the seawalls had suffered from several typhattacks so that
many of the berm tetrapods might have been dislocated to be more like a vertical wall structure.
Thus the overtopping flowdischargeshall be calculatelly selectedempirical formulagor both
cases For the simulationsthe water depth including typhoon surgesene ®lected fromthe
nearby tidal station in Port of Keelung.

To predict mean overtopping flow rates, most of the empirical formrdaeire wave
conditions at toe andonfigurationparameters of coastal structur€®r Godas formulae, the
equivalent deewvater wave heights and deegter wave lengths are required to obtain
overtopping discharges within certain water degihgarticular some of the calculations need to
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be derivedby interpolation from the diagramsThe hydraulic coefficients and associated
parametersf the applied formulaare respectively listed in Table 1 and Table 2.

Analysis

Design of crest levdbr coastal structures generally takes into accollmivable overtopping
dischargesFor embankment seawallthe critical values of mean overtopping discharge
markedtogether with the predicted valuéscan be seeim Fig. 7 and Fig.8 thatthe predictions
had one peak value during Typhaddarband two peak values during Typhoon Kraseaddition,
the owertopping dischargepredicted by deterministic andgbabilistic methods fromEurOtop
manualare also displayed ithesetwo figures Moreover,all the predictions byurOtop manual
haveadoptedaverage wave period {1 o) for swell conditions.

Comparisms of the sea water levelt two sitesin two typhoonshave shown thathe peak
value of 2.28m during Typhoon Herb is larger thdahe peak value of 1.7In during Typhoon
Krosa During Typhoon Herpthe peak water levebccurred at 22:00 on July 3&hile peak
significant wave height occurreabout 1 hour later as the typhoon approachedshown in Fig.
7(a). On the contrarythe occurrace times during Typhoon Krosdgor maximum values of
importantparametes aredifferentfrom each otheras shown irFig. 8(a).
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Figure 6. NTOU seawall originally designed for new and old.
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Figure 7. The calculated overtopping discharges at two sites during Typhoon Herb (1996).
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(a) NTOU 1

(b) NTOU 2

Figure 8. The calculated overtopping discharges at two sites during Typhoon Krosa (2007).



