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Compound flood risk assessment
considering multiple factors

Shoreline

Ocean Inland
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The storm surge is calculated by the depth integrated nonlinear shallow water equations. (Kim et al., 2008)
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2) equation of conservation of momentum (2D)

1) equation of conservation of mass (2D)

The wave is calculated by the wave action balance equation.  

     (Booij et al., 1999) 
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Mean sea level

Tide/Storm Surge
Wave

Surge Overflow
Wave Overtopping / Runup

Reverse Flow

Rainfall Runoff

Manhole Overflow

Sea Level

The tide is given by the water surface level on open boundaries.

𝜂 = 𝜂𝑡𝑖𝑑𝑒 + 𝜂𝑠𝑡𝑜𝑟𝑚 𝑠𝑢𝑟𝑔𝑒 = 𝜂𝑡𝑖𝑑𝑒 + 𝑃𝑑/𝑔𝜌𝑤

𝑃𝑑 : pressure depression by typhoon
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The surge overflow is calculated by the weir formula. 

𝑞𝑜𝑣𝑒𝑟𝑓𝑙𝑜𝑤 = 0.54 ∙ 𝑔 ∙ −𝑑𝑐
3

The volume of wave overtopping and runup is calculated by the Formula of wave overtopping and runup (IFORM).       

                (Yuhi et al., 2020, 2022) 
1) Wave overtopping formula

𝑞𝑜𝑣𝑒𝑟𝑡𝑜𝑝𝑝𝑖𝑛𝑔 = 𝐶 Γ
𝑅𝑚𝑎𝑥

𝐻0
′

3
2

1 − ൘
𝑅𝑐

𝐻0
′

𝑅𝑚𝑎𝑥

𝐻0
′

3
2

Ω

𝑅𝑚𝑎𝑥 = 1.54 𝑅2%

2) Wave runup formula

𝑅2% =  𝐻0 [2.99 − 2.73 exp(−0.57 tan 𝛽 / 𝐻𝑜/𝐿𝑜)]

𝑔 : gravity acceleration
𝑑𝑐: overflow depth at the crest
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Mean sea level

Surge Overflow &
Wave Overtopping / Runup

𝑅𝑚𝑎𝑥 : maximum runup
𝑅2% : runup exceeded by 2%

of the incident waves

𝐻𝑜 : offshore significant wave height
𝐿𝑜 : offshore wavelenght
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Tide/Storm Surge
Wave

Reverse Flow

Rainfall Runoff

Manhole Overflow

Sea Level

Mean sea level

Surge Overflow &
Wave Overtopping / Runup •A) Surge Overflow only

• Typhoon landfall
• SSL high enough than 

top
• No waves

•B) Wave Overtopping
• Typhoon is located far 

away
• Swell etc.
• SSL still lower

𝑞𝑡 = 𝑞𝑠 + 𝛾𝑡𝑞𝑤

𝛾𝑡 = 1 𝑓𝑜𝑟
𝑅𝑐

𝐻𝑚0
≤ 0

𝛾𝑡 = 1.0 − 𝑅𝑐/𝐻𝑜 (𝑓𝑜𝑟 0 < 𝑅𝑐/𝐻𝑚0 ≤ 1.0)

𝛾𝑡 = 0 𝑓𝑜𝑟 1.0 <
𝑅𝑐

𝐻𝑚0

𝑅𝑐 = seawall freeboard

𝐻𝑚0 = wave height in front of the seawall

Transient 

processes
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𝑞𝑡 = 𝑞𝑠 + 𝛾𝑡𝑞𝑤

𝛾𝑡 = 1 𝑓𝑜𝑟
𝑅𝑐

𝐻𝑚0
≤ 0

𝛾𝑡 = 1.0 − 𝑅𝑐/𝐻𝑜 (𝑓𝑜𝑟 0 < 𝑅𝑐/𝐻𝑚0 ≤ 1.0)

𝛾𝑡 = 0 𝑓𝑜𝑟 1.0 <
𝑅𝑐

𝐻𝑚0

𝑅𝑐 = seawall freeboard

𝐻𝑚0 = wave height in front of the seawall
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Tide/Storm Surge
Wave

Reverse Flow

Rainfall Runoff

Manhole Overflow

Sea Level

Mean sea level

Surge Overflow &
Wave Overtopping / Runup

•C) Overtopping + Overflow
• Typhoon is closer
• SSL near top

•D) Surge Overflow
• Typhoon landfall
• SSL higher enough than top
• Overtopping ignorable

Transient 

processes
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The reverse flow is calculated by 

the shallow water equation.

𝜕𝐴
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+

𝜕𝑄

𝜕𝑥
= 0

𝜕𝑄

𝜕𝑡
+

𝜕

𝜕𝑥
𝑄2/ 𝐴 + 𝑔𝐴

𝜕𝐻

𝜕𝑥
+ 𝑔𝐴𝑆𝑓 = 0

2) Conservation of momentum (1D)

1) Conservation of mass (1D)

𝜕𝑑

𝜕𝑡
= 𝑖 − 𝑒 − 𝑓 − 𝑞

𝑖 : precipitation rate
𝑒 : surface evaporation rate
𝑓 : infiltration rate
𝑞 : runoff rate

1) Surface depth per unit of time

2) the volume of runoff by Manning equation

𝑞𝑟𝑢𝑛𝑜𝑓𝑓 =
1.49

𝑛
𝑆 Τ1 2𝑅𝑥

Τ2 3𝐴𝑥

𝑊 : width of surface
𝑑 : surface depth
𝑑𝑠 : storage depth

𝑆 : average slope of the surface
𝑅𝑥 : hydraulic radius
𝐴𝑥 : runoff area (= 𝑊(𝑑 − 𝑑𝑠))
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Wave
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Wave Overtopping / Runup

Reverse Flow

Sea Level

Mean sea level

Rainfall-Runoff

Manhole 
Overflow

The rainfall runoff is calculated by 

the non-linear reservoir equation.
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03

Case 10: compound flood Case 5b:
Sewer reverse flow

Case 4:
Seawall collapse

Case 3:
Wave overtopping
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&Surge overflow
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𝑸𝒓𝒆𝒗𝒆𝒓𝒔𝒆

𝑸𝒔𝒖𝒓𝒈𝒆 𝒐𝒗𝒆𝒇𝒍𝒐𝒘

𝑸𝒘𝒂𝒗𝒆 𝒐𝒗𝒆𝒓𝒕𝒐𝒑𝒑𝒊𝒏𝒈

𝑸𝒕𝒐𝒕𝒂𝒍 = 𝑸𝒔𝒖𝒓𝒈𝒆 𝒐𝒗𝒆𝒓𝒇𝒍𝒐𝒘 + 𝑸𝒘𝒂𝒗𝒆 𝒐𝒗𝒆𝒓𝒕𝒐𝒑𝒑𝒊𝒏𝒈 + 𝑸𝒓𝒆𝒗𝒆𝒓𝒔𝒆
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ℎ𝑏

ℎ𝑏

𝐻𝑜
= 𝑎0 + 𝑎1 exp −

ln ΤΤ𝐻𝑜 𝐿𝑜 𝑎2

𝑎3

2

𝑎0 = 30.2470 − 27.3440 exp[−{
ln(22.9130𝑡𝑎𝑛𝜃)

5.4509
}2] 

𝑎1 = −9.9467 + 8.9213 exp[−{
ln(29.3880𝑡𝑎𝑛𝜃)

3.1264
}2] 

𝑎2 = 0.0302 − 0.0023 exp[−{
ln(25.9160𝑡𝑎𝑛𝜃)

1.7065
}2] 

𝑎3 = 6.1291 − 3.5001 exp[−{
ln(36.3660𝑡𝑎𝑛𝜃)

1.3457
}2] 

ℎ𝑏.    : breaker depth
𝐻𝑜. : offshore wave height
𝐿𝑜 : offshore wavelength
𝑡𝑎𝑛𝜃: bottome slope from shoreline 
            to breaking point 
            (1/100 < 𝑡𝑎𝑛𝜃 < 1/10)

Breaker depth formula (Mase et.al., 2016 )

02
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Wave overtopping formula

𝑄over = 𝐶 𝛤
𝑅𝑚𝑎𝑥

′

𝐻0

3

2
1 −

𝑅𝑐

𝐻0
/

𝑅𝑚𝑎𝑥
′

𝐻0

𝛺

(for 0 ≤ 𝑅𝑐 < 𝑅𝑚𝑎𝑥)

𝑄𝑜𝑣𝑒𝑟 = 0 (for 𝑅𝑚𝑎𝑥≤ 𝑅𝑐)

𝑅𝑚𝑎𝑥
′ = 1.54 𝐻0 [2.99 − 2.73 exp(−0.57 tan 𝛽 / 𝐻𝑜/𝐿𝑜)] × 𝜸𝑟𝑢𝑛𝑢𝑝

→ 𝑅𝑚𝑎𝑥
′ = 1.54 𝑅2%

′ = 1.54 𝜸𝑟𝑢𝑛𝑢𝑝 𝑅2%

𝑅2%
′ = 𝐻𝑜[2.99 − 2.73 exp(−0.57 tan 𝛽 / 𝐻𝑜/𝐿𝑜)]

Wave runup formula

Influence factor for wave runup

𝜸𝑟𝑢𝑛𝑢𝑝 = 1 − 0.0022 𝛽  (for  0°  ≤ 𝛽 ≤ 80° )

𝜸𝑟𝑢𝑛𝑢𝑝 = 0.824  (for   𝛽   ≥  80° )

𝐻𝑜 : offshore wave height
𝐿𝑜 : offshore wavelength
𝑡𝑎𝑛𝛽 : front slope of seawall
𝑅2%

′ : runup exceeded by 2%
of the incident waves 
with applying reduction factor

𝑅𝑚𝑎𝑥
′ : maximum runup

with applying reduction factor
𝑅𝑐 : freeboard height
𝑄over : overtopping discharge

* Definition of wave attack angle

EurOtop (2018)

× 𝜸𝑟𝑢𝑛𝑢𝑝

02
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𝑃

Wave Overtopping / Runup

𝑃𝑎 = 10,828 𝑄𝑜𝑣𝑒𝑟_𝑎

Allowable pressure and overtopping discharge

Seawall collapse is caused by damage to seawall
due to wave-induced pressure.

Covering 𝑄𝑜𝑣𝑒𝑟_𝑎

Concrete three-side wrapping 0.05

Top surface paving · 
No backfill construction

0.02

No top surface paving less than 0.005

where, 
   𝑃𝑎   : allowable pressure
   𝑄𝑜𝑣𝑒𝑟_𝑎 : allowable overtopping discharge (𝑚3/𝑠/𝑚)

Seawall 

height
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Wave Overtopping / Runup

𝑃𝑎 = 10,828 𝑄𝑜𝑣𝑒𝑟_𝑎

Allowable pressure and overtopping discharge

Seawall collapse is caused by damage to seawall
due to wave-induced pressure.

Covering 𝑄𝑜𝑣𝑒𝑟_𝑎

Concrete three-side wrapping 0.05

Top surface paving · 
No backfill construction

0.02

No top surface paving less than 0.005

where, 
   𝑃𝑎   : allowable pressure
   𝑄𝑜𝑣𝑒𝑟_𝑎 : allowable overtopping discharge (𝑚3/𝑠/𝑚)

𝑃

Seawall 

height=0
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Observation station for Wind and Sea Surface Level

Observation station for
Atmospheric Pressure

Wave overtopping
at the West side

Wave overtopping
at the East side

N

Seawall status

• West side
• 6.6 m height
• 1,357 m length
• Vertical slope

• East side
• 4.5 m height
• 5,060 m length
• Vertical slope

Seawall collapse section

Collapse 
section
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Case 

No.

Wave overtopping Sewer 

reverse flow

Seawall 

collapseBreaking point Reduction factor

1 fix X - -

2 flexible X - -

3 flexible O - -

4 flexible O - O (only occur)

5a - - O (with Flap gate) -

5b O (without Flap gate)

6 flexible O - O

7 flexible O O -

8 fix X O O

9 flexible X O O

10 flexible O O O
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Kobe wave observation
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03                         

                     

         

         
 

1.42𝑚

3.5~3𝑚 6.6𝑚
Seawall status

• East side
• 4.5 m height
• 5,060 m length
• Vertical slope

• West side
• 6.6 m height
• 1,357 m length
• Vertical slope

1.42𝑚

3~2.5𝑚 4.5𝑚
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03

Case 6: Wave overtopping 
                + seawall collapse

Case 3:
Wave overtopping

Case 4:
Seawall collapse
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03

Case 7: Wave overtopping 
                + Sewer reverse flow

Case 3:
Wave overtopping

Case 5b:
Sewer reverse flow
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Collapse section

Field survey points 

1
2

3 4 5

6
7

8

910

11

12

13
14

120 cm

20 cm

point 1

point 11
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Case 5b:
Sewer reverse flow

Case 4:
Seawall collapse

Case 3:
Wave overtopping

03

Case 3+4+5b: Simple summation of 
  individual flood
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Case 3+4+5b: Simple summation of 
  individual flood

Case 10: Fully coupled 
       compound flood

03
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03

Case 10: compound flood Case 5b:
Sewer reverse flow

Case 4:
Seawall collapse

Case 3:
Wave overtopping



-35-

Thank you!
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HsWave direction
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(b) Reverse flow
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(a) Wave overtopping

(b) Reverse flow

(a) Case 3: Wave overtopping

(b) Case 5b: Reverse flow
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Case 6: Wave overtopping 
                + seawall collapse

Case 3:
Wave overtopping

Case 4:
Seawall collapse
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Case 7: Wave overtopping 
                + Sewer reverse flow

Case 3:
Wave overtopping

Case 5b:
Sewer reverse flow
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Collapse section

Field survey points 

1
2

3 4 5

6
7

8

910

11

12

13
14

120 cm

20 cm

point 1

point 11
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Collapse section

Field survey points 

1
2

3 4 5

6
7

8

910

11

12

13
14
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03

Collapse section

Field survey points 

1
2

3 4 5

6
7

8

910

11

12

13
14
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