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Abstract: High resolution bathymetric data along the Huadianhuiba sea dike, a typical

eroding coast on the northern coastline of Hangzhou Bay, was collected to analyze seabed

evolution. A wave model covering the Changjiang Estuary and Hangzhou Bay was built to

obtain the wave elements along the sea dike. Then, sensitivity analyses were carried out to

calculate the impacts of coastal erosion on the wave elements, the required crest elevation,

and the intensity of the seaside dike revetment. The results indicate that under a design

condition of a 200 year return period with increasing water depth in front of the sea dike,

the mean wave height and wave period are almost stable, while the wave length and H1%

are significantly increased. The increased wave length, due to the topography deepening,

is found to be a major factor for the subsequent wave run-up, which reduces the defense

standard of sea dikes at crest elevation. In addition, the required intensity of the seaside
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dike revetment increases significantly with the depth of water in front of the sea dike. This

indicates that a safety margin should be accounted for in design of the sea dike.

Keywords: coastal erosion; safety of sea dike; wave elements; crest elevation;

intensity of the seaside dike revetment

0 Ú ó

 u�ô�ÚÉ²����°#, ´þ°-�º��/³�1����, pKX�½�

ÓS��­�?Ö. à�/«�°#ïá3�/�þ, É<a¹ÄÚg,/³�K�, #c

�/�­½äk���Ø(½5, ù�°#�S��5���ºx. �Xnbó§�ï�Ú

$1, �ôþi5â®:ìeü, �ô�É²��/�u�üC®u)
�²w�Cz, É

²����ÜY�C 10 c5®dL��tÈG�=�ÀMG�[1-2]; Ó�, Cc�5���

�E/ó§�¢�, :�
�þYâ, ¦��ô�É²��/Ñy
ÛÜ�ÀtCz[3-4]; d

	, »�å4r��ºº���g,/³ªu, ã��ºL�E¤W�3á�mS×��¡,

¦���°#9�/�S�/³�5�î�. 2005 c 8 �3ðÞ�º�Qe, Áp��*!

u>�t�rttN(�;�î­��, zÆó�«��°#�ê¶t+�¤, °#	ý�

¡u)ì�ÀM, �°#�S�E¤î­%�[5-6].

3�ô�þi5â~�±9��ó§:��þYâ��µe, \þ�º�Ø(½5Ï

��K�, �ô�!É²��WÀ¡.�/c÷kUYÀ¡��U, I�XÚ©Û��°#

Aé�/À¡��ÓUå, �Jp°#��ÓS�Y²Jøk�éü. �©À�É²��W

Ápã�u>�t�#9Ùc÷�/�ïÄé�, ©Û�/À¡é°#S��K�.

1 ïÄ«�V¹

É²�´��;.�/i/r�à��, 3r§��6Äå�^e, �SÀtr�, /

müCE,[7]. �â 1990—2014 c�¢ÿ//]�, É²��WÁpWã�7®l�¥lW

ã´;.�À¡Wã, 0 m!2 m Ú 5 m �����S£, W�·ÝCÍ, p�Ô�, W��¡

î­[8]. u>�t�# uÉ²��WÁpã�¥Ü, Áp+°7âÀý, ?uþã;.À

¡Wã¥(�ã 1). u>�t�#�� 4.65 km, ¶�¥ÜH¨À�r�. ���#æ^Eª

�·#, �#�°ýïkrtt, Trttó§�[È5ó§, Ø
÷vrtõU	, Ó�´

���#��ó§��Ü©(�ã 2).
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Fig. 1 The coastline of the north coast of Hangzhou Bay and position of the Hudianhuiba

(HDHB) sea dike
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Fig. 2 The cross sections of the HDHB sea dike (a) and the siltation-promoting project (b)

lu>�t�#c÷ 2005 Ú 2009 c� 1B6 000 p©EÇ�//]��±wÑ, 0 m!2

m!5 m ���Ä���#²1 (�ã 3a). �' 2005 c, 2009 c���# 2 m Ú 5 m ���

� 2005 c²w�W�ò, L²#c�/�3²w�ÀMy�. l�##cp�Y�Cz5

w, gÜ�À�ä¡þu)
ØÓ§Ý�ÀM, ÀM�²w���3rttc 20∼250 m, 300

m ±	Y�Cz�� (�ã 3(b-f)). �#üý#c�/�ÀM§Ýru¥ã, ��ÀM�Ý

� 1.5∼2.5 m. 5 m ����ò� 60∼80 m, 2 m ����ò� 15∼50 m, 0 m ���Ä�vk

Cz. �â 2009—2014 c¢ÿ]�±9©/nØ©Û[9], u>�tWã3 2009 c�k?�

ÚÀM�ª³, W��±YÀMé°#�S��¤î­%�.

2 ÅL�.�ïá

2.1 �.0�

�ïÄ'5�­:´�/À¡�é°#c÷�ÅL��±9°#S��K�. É²�

�	�m�°�, �S��¯õ!//E,, 	°ÅLD\�É°ì+��K���. Ó�

#c�/Y��f, Y Ú�6éÅLëê�K���, A¿©�ÄY Ú�6��^. �

ïÄæ^ûðY|ïÄ¤ (DHI) � MIKE21 Spectral Wave(SW) �.[10]é�ô�!É²�

9ÙNCY��ÅL|?1O�. T�.®2�A^u��[11]!à�[12]!°W[13-15]Ú�

�[16]�ÅL�[ÚïÄ.

MIKE21 SW �.�âÅ�^Åð�n�[C°9°W/«º)LÚZL�)�!P

~±9Y�CzÚå�ò�ÚfYC/, �±�ÄY Ú6�éÅL|�K�, ¿�B�

MIKE21 FM YÄå�.?1ÍÜ. �.ÄuÃ(���, U�Ð/[ÜW�Ú��. �.Ä
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uXeÅ�^åÅð�§[10]:

∂

∂t
N +

∂

∂x
cxN +

∂

∂y
cyN +

∂

∂σ
cσN +

∂

∂θ
cθN =

S

σ
. (1)

ª¥, N �ÅL�^�ÝÌ; σ ��é�ªÇ; θ �Å�; cx!cy!cσ!cθ ©O�ÅL3

x!y!σ!θ ��þ�+�; S L«
¼ê. �§�à1 1 ��ÅU��m�Cz�, 1 2!3

��Å�^þ��mé6�, 1 4 ��duY�CzÚY6�^E¤�Å�^þ3ª�þ�

Cz, 1 5 ��dY�!Y6CzÚå�ò�; �§màL«Uþ�Ñ\ÚÑÑ, �)dº

�)�UþÑ\!Å-Åm��5�p�^!»ÅÑÑ!.�{�Ñ±9ÅL»��.
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Fig. 3 The distributions of 0, 2, and 5 m isobaths in front of the HDHB in 2005 and 2009 (a)

and the distributions of water depth along Sections 1—5 (b—f)

2.2 �.��

ÅL�.�O����)���ô�!É²�Ú�C°�, þi>. u�ô�ÏÚ

a*ôí(. �ô�ÚÉ²���©EÇ� 1∼1.5 km, 	°m>.���o, ©EÇ� 15

km (�ã 4a). éÁpWã���?1\�, ¿éu>�t�##c��?1
ÛÜ\�, ©

EÇ�p� 10 m (�ã 4b). �.�//Ì�ÏL�ô�É²�÷W�#¢ÿ//±9Cc

#Ñ��°ã]�����, Ù¥u>�t�##c�Y�æ^ 2009 c 2 �¢ÿ�p©E

Ç//]�.
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3CWY��f�«�, � CzéoY�K���, 3Ó� �� �p�ÅL��

��A��. ÅL�.3O�u>�t�#�O^�e�ÅLëê�, æ^½~Y Ú½~

��º. 3�[¢SL§�, ¿©�ÄºAå!Y Ú6�éÅL|�K�, Ù¥°L¡º

|æ^¥ºÝ��íê��ª Weather Research and Forecasting (WRF) O���, Y Ú

6�d MIKE21 FM O��Ñ, O���ÓÅL�.. ÅL�.�m>.��ÅL�±gd

DÑ, ;�Ï>.��ÅLK�O�«�.
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Fig. 4 The model domain and mesh (a) and enlarged area in the Fengxian Coast (b)

2.3 �.�y

æ^ 2005 céþ°/«K����ðÞ(0509 Ò)Úkã(0515 Ò)�ºÏm�ô�ÚÉ

²�¢ÿ�ÅLêâéïá�ÅL�.?1�y. üg�ºÏm, �ô�É²����º�

©OÑy3 8 � 6 F 12B00 Ú 9 � 12 F 0B00 c�, �ÿÕ�k�ÅpÚ²þÅ±ÏoNþ

�º��O�
O�(�ã 5 Úã 6). ðÞ�ºÏm, 7ì¥ÅLÕ¢ÿ��k�Åp 2.9 m,

��²þÅ±Ï 7.5 s. kã�ºÏm, 7ì¥Õ�ÅLëê�Nþ�uðÞ�ºÏm; �X

ì!Òì!�é�ÚëìÕþØÓ§Ý�É��ºK�, ÒìÕ*ÿ����k�Åp� 3

m, 
Ù¦ÿÕ*ÿ����k�ÅpØ�L 2 m.

lÅL�.O��üg�ºL§eÅL��5w, k�ÅpÚÅ±Ïþ��CzL§

�*ÿ]��Nþ¬ÜûÐ, Ü©�ã�ÅpÚ±Ï�¢ÿ]�k�½Ø�, k�Åp²þ

ýéØ�� 0.38 m, Å±Ï²þýéØ�� 0.52 s, Ì���ºº|O��Ø�k'. oN

þ, ïá�ÅL�.�A^u�ô�É²�CW�ÅL����[O�.

2.4 O�� �º�

�##c�OÅ���âÙ��IO�A�p� Úº�O�. u>�t�#���

IO� 200 c��p� \ 12 ?ºe� (32.7 m/s). u>�t�# 200 Ú 100 c��p� 

©O� 6.33 Ú 6.14 m (Çúp§)[8].

3 �/À¡é#cÅL���K�

3.1 yG//^�e#cÅL��O�(J©Û

duu>�t#cp©EÇ�//]���, �ïÄæ^ 2009 c 2 ��¢ÿ]���

yG//. �â5°#ó§�O5�6[17]��'5½, °#ó§��OÅ��A�#�c�

1/2 Å�?�ÅL��. �â©z 8 �ïÄ, TY�3 200 c��p� Ú 12 ?ºe��O

IOe�Å�� 50∼60 m. u>�t�#Úrttä¡Xã 2 ¤«, #�c 1/2 Å�?��
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#rttc�$�, yGp§�−0.5 m, �OÅ���T ��ÅL��.
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Fig. 5 Comparison of the observed and modeled significant wave height and period at

Jinshanwei Station during 3–7 August and 8–12 September 2005
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Fig. 6 Comparison of the observed and modeled significant wave height at stations during

8–12 September 2005

Uìu>�t�# 200 c��p� \ 12 ?ºe�º����IO, ÅL�.�Y 

Úº��½~, ©O��� 6.33 m Ú 32.7 m/s. ÏLÅL�.O�'�uy, Å�Ä��º

���, º����Ú�� À 22.5◦ eO��ÅL����'��C, þ�uº����

 Ü 22.5◦ e�ÅL��. �Ä��ÓÅ��^�eÅL��\�é�#�K���, ló

§�O S���Ý�Ä, �ïÄ���\��ÅL��©Û.

�â#c//]�, u>�trttc����Ä��W�²1(�ã 3a), �rttc

30 m �$�, Y�Cz�é��, ÅL�.�O�(J'�­½��, ÏdòÅL�.�Ñ

Ñ:�3rttc 30 m ?. duÅL�fY«DÂ�¬�)fYC/�A, ÚåÅp�O

�½~�, ÏdI�òrttc 30 m ?�ÅL��?1fYC/O�, ��rttc$�

?�ÅL��, fYC/Uì5�ært��E/ó§�O5�6[18]¥CålÅLDÂC

/�5½O�. �Ä�rtt�ºp§� 3.34 m, ° 3 m, äk�½��L�^, �â5°#

ó§�O5�6[17]¥��'5½?1d#�LO�. u>�t�#yG//^�e��O

ÅL��Xe: Å±ÏÚÅ�©O� 6.56 s Ú 47.95 m, H1%!H13%(k�Åp)Ú²þÅp©

O� 3.77!2.81 Ú 1.92 m (�L 1).

3.2 �/À¡^�e#cÅL���O�(J©Û

lu>�t�##c 2005 Ú 2009 c�Y�ä¡ã5w(�ã 3), 3rttc 300∼

350 m ��S, Y��u 5∼6 m ��/ÀM��²w. �
�[3yG^�eCW�/?�
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ÚÀ�éÅL���K�, òÅL�.¥rttc 500 m ��S!Y��u 6 m ���Y�

?1?U, ?U��Y� h1 ÚyGY� h0 �m'X�

h1 = max(h0 + ∆h,−6). (2)

Ù¥, ∆h <0, L«ÀM�Ý, l
�±¦?UY��«��±��é²w, ;�Ï?UY�

���//âC. �ïÄ��
∆h = −1,−2,−3,−4 Ú −5 m, � 5 |é'Á�, ©OL«#

c�/ÀM 1!2!3!4 Ú 5 m.

?U//�æ^ÅL�.­#O�rttcÅL��, ¿²LdYC/Úd#�LO

����ØÓ�/ÀM�Ýeu>�t�#��OÅL��, O�(JXL 1 ¤«. u>

�t�#�/lyGCz�À� 5 m, ²þÅpl 1.92 m O� 1.96 m, Å±Ïl 6.56 s ~�

6.53 s, �öCz��. ùÌ�´duTY��/�$�, U\ 200 c��p� �#coY

���, Y�?�Ú\�é²þÅpÚÅ±ÏK�Ø�. �X�/À¡ 1 ∼ 5 m, Å�©OO

\ 5%!9%!13%!16% Ú 20%, `²u>�t#c�/À�éÅ�K���. ØÓ\Èª

ÇÅp�X�/�À¡
O\, H1% ÅpOÌ�é��, �X�/À¡ 1 ∼ 5 m, ©OO\

3%!6%!8%!10% Ú 12%.

LLL 1 200 ccc������������IIIOOOyyyGGG//////999ØØØÓÓÓÀÀÀMMM���ÝÝÝeee���ÅÅÅLLL������

Tab. 1 The wave elements under current bathymetry and different erosion depths

in the 200 year return period

ó¹ $�p§/m ²þÅp/m Å±Ï/s Å�/m H1%/m H4%/m H13%/m

yG −0.50 1.92 6.56 47.95 3.77 3.31 2.81

À�1 m −1.50 1.94 6.56 50.44 3.90 3.41 2.87

À�2 m −2.50 1.94 6.54 52.44 3.99 3.47 2.91

À�3 m −3.50 1.94 6.53 54.23 4.07 3.53 2.94

À�4 m −4.50 1.95 6.53 55.85 4.15 3.58 2.97

À�5 m −5.50 1.96 6.53 57.32 4.21 3.63 3.00

4 �/À¡é°#S��K�

�/À¡O\
#cÅL��, l
O\
ÅL÷p, é�UE¤�#���pÝØv. ,

��¡, Å���O\\�
éo¡�ÀÂ, é�UE¤	·o¡��¤. �el�#��pÝ

Ú	·o¡S�ü�¡½þ©Û�/À¡é°#S��K�.

4.1 é�#��pÝ�K�

°#���pÝ´�#S��Ä�­�Ï�, �â5°#ó§�O5�6[17]é#ºp§�

O�5½, #ºp§d�Op�(Y) !ÅL÷p9S�\p 3 Ü©û½, Ù¥ÅL÷p�â5

�¥�ÅL÷púªO�. #c�/À¡Úå�ÅL��O\, ò��K�ÅL÷p, l
é°

#���S��)K�.

u>�t�#��O#ºp§� 10.33 m. 3 200 c���O^�e, yG�/eO��Å

L÷p� 2.84 m, ÷v�OS��#ºp§� 10.17 m, ��L�O#ºp§(�L 2). �#c�

/À� 2 m �, ÅL÷pO� 3.06 m, �A#ºp§� 10.39 m, ®�L�#�O�#ºp§, �

#kûÄºx. �#c�/À� 5 m �, ÅL÷pO� 3.20 m, �A�#ºp§� 10.53 m, �L

�O#ºp§ 0.20 m. �X#c�/À¡ 1∼5 m, ÅL÷pO\ 5%!8%!10%!11% Ú 13%,

#ºp§O\ 1%!2%!3%!3% Ú 4%. �X�/�ØäÀ�, #ºp§O\�ª³Åì~�,
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�/lyGCz�À� 1 m, #ºp§O\ 0.13 m. 
�/lÀ� 4 m Cz�À� 5 m, #ºp

§=O\
 0.04 m. L²#cY���, ÀM�Ó�Ýé�#�S�ºxK���.

LLL 2 200 ccc������������IIIOOOyyyGGG//////999ØØØÓÓÓÀÀÀMMM���ÝÝÝeee���ÅÅÅLLL÷÷÷pppÚÚÚ���OOO###ºººppp§§§

Tab. 2 The wave run-up and design crest elevation under current bathymetry and different

erosion depths in the 200 year return period

ó¹ $�p§/m ²þÅp/m Å±Ï/s Å�/m H1%/m ÅL÷p/m #ºp§/m

yG −0.50 1.92 6.56 47.95 3.77 2.84 10.17

À�1 m −1.50 1.94 6.56 50.44 3.90 2.97 10.30

À�2 m −2.50 1.94 6.54 52.44 3.99 3.06 10.39

À�3 m −3.50 1.94 6.53 54.23 4.07 3.12 10.45

À�4 m −4.50 1.95 6.53 55.85 4.15 3.16 10.49

À�5 m −5.50 1.96 6.53 57.32 4.21 3.20 10.53

l 3.2 !�©Û��, �/�À¡�é²þÅpÚÅ±ÏK�Ø�, �wÍO\
fYÅ�

Ú H1%. lÅL÷p�O�úªw, 3Ó�O�ó¹e, éu,��½ä¡, ÅL÷pd#cY

�!Å�Ú H1%û½. e¡±u>�t�#yG�/�#cY�!Å�Ú H1% �ÄO, ©O©

Ûùn�ÏfüÕO\éÅL÷p�K�. lã 7(a) �±wÑ, 3Å�Ú H1% �±ØC��¹

e, =O\#cY�, ÅL÷p~�; lã 7(b) �±wÑ, O\Å�½ H1%, ÅL÷pþO\, ¿

�Å�O\éÅL÷pO\��z²w�u H1%. dd��, #c�/À¡�ÅL÷p�O\

Ì�´Å�O\Úå�.
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Fig. 7 The increased of water depth (a) and increased percentage of wave length and wave

height (b) induced variations of wave run-up

�/À¡O\
#c�ÅL��, ¦��O#ºp§	Y���Uåeü, �
½þ©Û

�/À¡é°#��Uå�ü$§Ý, �©O�
 100 c��^�e(Y  6.14 m, º� 30.1

m/s), 3yG�/±9ØÓÀM�Ýe�ÅL÷pÚ�A��O#ºp§, (JXL 3 ¤«. y

G�///^�e�ÅL÷p� 2.72 m, �A��O#ºp§� 9.86 m, ' 200 c��^�e~

$ 0.31 m. �X�/�À�, ÅL÷pÚ#ºp§O\. #c�/À� 5 m �, ÅL÷p� 3.04

m, �A�#ºp§� 10.18 m, � 200 c��^�eyG�/�#ºp§ 10.17 m Ä���. ù

L²eu>�t�##c�/M� 5 m, °#��pÝ���Uåòl 200 c��eü� 100

c��.

4.2 é	·o¡�K�

°#o·(�Ì��»9�!óë¬�!É.¬N�, ÙþÝ½­þ��OS���ÏL

5°#ó§�O5�6[17]O�¼�. �!l�O5�¥�úªÑu, ÏLO�'�ØÓ�/À

M�Ýeo·(���OS��, ©Û�/À¡é	·o¡S��K�.

u>�t�#	ýo·�»9�, þ·�OþÝ� 25 cm, e·� 30 cm. »9��þÝ�

â5°#ó§�O5�6[17]O�(½. 200 c��^�e, u>�t�#3yG�/e�»9
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�þÝ� 25.2 cm (�L 4). �â»9�þÝ�O�úª, Ù��� H13% ±9#cY�¤�',

��/�À�
O\. �X�/À¡ 1∼5 m, »9�þÝO\wÍ, OÌ©O� 7%, 13%, 19%,

25% Ú 31%. 3 100 c��^�, �Ó//^�e�»9�þÝþ�u 200 c��, �þ���

��, þ3 2 cm ±S. ��/À� 1 m �, »9�þÝ� 25.6 m, ®�u 200 c��^�eyG

�/»9�þÝ. ùL²�/À¡ 1 m Úå�»9��OþÝ�É, ��Ó//e 100 Ú 200 c

���OIOÚå��É�C, Ïd3o¡��O¥A¿©�ÄS�L{Ý.

LLL 3 100ccc������������IIIOOOyyyGGG//////999ØØØÓÓÓÀÀÀMMM���ÝÝÝeee���ÅÅÅLLL÷÷÷pppÚÚÚ���OOO###ºººppp§§§

Tab. 3 The wave run-up and design crest elevation under current bathymetry and different erosion

depths in the 100 year return period

ó¹ $�p§/m ²þÅp/m Å±Ï/s Å�/m H1%/m ÅL÷p/m #ºp§/m

yG −0.50 1.79 6.41 46.09 3.55 2.72 9.86

À� 1 m −1.50 1.81 6.40 48.43 3.68 2.84 9.98

À� 2 m −2.50 1.82 6.38 50.38 3.76 2.91 10.05

À� 3 m −3.50 1.82 6.37 52.11 3.83 2.97 10.11

À� 4 m −4.50 1.83 6.37 53.64 3.90 3.01 10.15

À� 5 m −5.50 1.84 6.37 55.04 3.97 3.04 10.18

LLL 4 200cccÚÚÚ100ccc������IIIOOOyyyGGG//////999ØØØÓÓÓÀÀÀMMM���ÝÝÝeee���»»»999���þþþÝÝÝ

Tab. 4 The design thickness of barrier board under current bathymetry and different erosion depths

in the 200 and 100 year return periods cm

ó¹ 200 c�� 100 c��

yG 25.2 23.9

À� 1 m 26.9 25.6

À� 2 m 28.4 27.1

À� 3 m 29.9 28.6

À� 4 m 31.4 30.1

À� 5 m 33.0 31.6

5 ( Ø

�ïÄ©Û
u>�t�##c�W�Cz, ÏLïá�ô�É²�ÅLêÆ�., (Ü

�'�O5�O�
TWãyG//e�ÅL��, ©Û
ØÓ�/À¡�Ýé#cÅL�

�!°#��pÝÚ	·o¡�K�. Ì�(ØXe:

(1) u>�t�#c÷�/´É²��W;.�À¡Wã, 3 200 c���OIOÚyG

//^�e�²þÅp!H1% Åp!Å±ÏÚÅ�©O� 1.92 m!3.77 m!6.56 s Ú 47.95 m.

�X�/À¡ 1∼5 m, Å�©OO\ 5%∼20%, H1% ÅpO©OO\ 3%∼12%, �²þÅpÚ

Å±ÏCzØ�.

(2) 3 200 c���OIOe, yG�/e�ÅL÷p� 2.84 m, #ºp§� 10.17 m, �

X#c�/À¡ 1∼5 m, ÅL÷pO\ 5%∼13%, #ºp§O\ 1%∼4%. �#c�/À� 2 m

±þ, yG#ºp§Øv, �#kûÄºx. #c�/À¡ÚåÅL÷pO\Ú�O#ºp§�

O\, ÙÌ��Ï´#cfYÅ��O\. �#c�/M� 5 m, °#��pÝ���Uåòl

200 c��eü� 100 c��.

(3) 3 200 c���OIOe, yG�/e�	·»9�¤IþÝ� 25.2 cm, �X�/À

¡ 1∼5 m, »9�þÝ©OO\ 7%∼31%, OÌwÍ. Ó��/À¡ 1 m Úå�»9�þÝ�
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É, ��Ó//e 100 Ú 200 c���OIOÚå��É�C. A3	·o¡S��O¥¿©�

ÄS�L{Ý.

I�`²�´, �ïÄ�(JþÄu�Op� , �À��u>�tä¡#c�¡p§�

$. e3�O$Y ½ö#c�¡p§�p�Wã, �/ÀMÚå�ÅL��Czò�\wÍ,

é�Ué�#S��K���. A38��?�ÚïÄ.
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