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Inundation Analysis Simulation for Underground Spaces

Given the clustering of the population, assets, and core functions in Japanese cities, |
land use—including underground spaces—is quite advanced. Flooding atasubuy
Over the past several years, damage from inundation in underground shopping
areas, along subway lines, and in other underground spaces has increased alongside
the increase of flooding in cities prone to localized torrential rain. Flooding of
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underground spaces is highly likely to lead to severe and even life-threatening damage; ; %A:;: Mg = 4
accordingly, measures to combat underground flooding are important and urgent. ,ﬂf iy XN Above:-ground foodling at a subiey e ice.
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This technology makes it possible to simultaneously analyze inundation both above
ground and in the complex web of underground spaces in major cities as well as the

inflow, retention, movement (including movement through subway lines), and other HFHAD
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properties of flood water from above ground in and through underground spaces. -0 = | \ T
Additionally, inundation analysis simulations envisioning various types of flooding MFRAEAL Homhuan el
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(e.g. overflow from rivers; short, sudden, extremely localized downpours) make it i :J : T =
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possible to obtain useful information for examining appropriate flooding ‘ﬁ%loodwagﬁ;ﬁ:ﬁ%ﬁ TI Rvaais
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countermeasures and evacuation plans, considering business continuity plans (BCP), T A ov v
and more. Image of flooding of underground spaces
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Necessary background ~

In July 2015, the Flood Control Act was among legislation that was partially amended. The amendments made the following obligatory:

» Listing information such as means of conveying the names, locations, flood forecasting, and the like of underground shopping areas and other
underground spaces prone to inundation in local disaster risk reduction plans in each area at risk of inundation under the maximum imaginable level of
flooding, inland flooding, and storm surges.

- Creation of plans to ensure evacuation and prevent flooding by owners of underground shopping areas and other underground spaces

- _/
Tasks for ensuring safe, reliable evacuation and effective plans for preventing flooding
- p
» Envision inundation in underground spaces under various forms of flooding (e.g. overflow from rivers, inland flooding,*1 storm surge/tsunami damage)
- Considerations for preventing the inundation of facilities in underground spaces (including proper water stop plates in consideration of evacuation, etc.)
- |In addition to and separately from the above, it is necessary to consider business continuity plans (BCP)*2
*1Inundation resulting from the inability of sewer systems and other facilities to drain rainwater from short, sudden, extremely localized downpours or the like.
*2It is necessary to strategically examine business continuity (restorative measures that detail how to drain flood water and the like) in order to minimize risks
associated with interruptions attributable to flooding
- _/
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1. Project inundation under - What is the area and depth of inundation under various types of flooding?
various types of flooding with - From which above-ground openings, underground shopping areas, and the like will flood
good precision water enter?

- Where will water pool in underground shopping areas and other underground spaces?
» How quickly will the area become inundated? When will the flood water arrive?
- How long will the flooding continue?

- Consider effective placement of water stop plates
- Delay the start of inundation/timing of total submersion of underground shopping areas and
other underground spaces

2. Ascertain the effects of flood
prevention measureres

3. Consider drainage from
underground spaces

o /

- Drainage methods, routes, times, and effects
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Inundation Analysis Simulation for Underground Spaces

Inundation analysis model characteristics N

Modeling subway lines and all the underground shopping areas and other underground spaces that connect to them is vital for developing an accurate
understanding of inundation in underground spaces.

Additionally, simulations based on models that enable simultaneous analysis of inundation above ground and in underground spaces make it possible
to develop an understanding of inundation in underground spaces from moment to moment, the effects of different flooding countermeasures, and
more as well as to consider various scenarios of flooding.

[Simultaneous analysis of above-ground and

(

[Above-ground model] [Underground spaces model] underground spaces}
» Model for analyzing inundation » Makes it possible to develop an understanding of
- Flooding analysis model based in underground spaces (e.g. inundation in above-ground and underground spaces from

on flood hazard maps underground shopping areas, moment to moment
subway lines, basements, - Makes it possible to envision inundation in various

underground parking areas) . >cenarios

Category Method of analysis
Avobe ground|Use a planar, two-dimensional unsteady flow analysis model

Above ground Above ground

@
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Expressed as a relationship between H (water depth) and V (volume) with stores, | i rmdr s e :
. . ’ Uﬂder round §pace A _ n
corridors, and other components of underground shopping areas rendered as boxes . P : U”dergm“”d Spacq B

Subway Use a Preissman slot, one-dimensional unsteady flow analysis model with the Level 1 analysis Level 1 analysis

subway lines rendered as pipes

Underground

Overflow from iﬂ’,_Fﬂj\l:l ( i'lﬂJ:EﬁD%BézE _7_)1/“: ) @ : : - @
% T above ground -ground opening modele : o2 '
Mz (HRzzETIVE) Loy U0 enrence Gbove-ground opening %cy/ : | evel 2 analysis
Above ground (topography model;ld) _

@ "N
Subway analysis Subway analysis §

______________________________________________________________

/ Inundation of

subway line

nundation of S A Hh T2k Item Flow of analysis
undergroun obve aroun Movement of flood water above ground
: derc d Aob g d
shopping areas
iﬂ‘{;ﬁ%;‘%ﬂ( @ Inflow/outflow of flood water from above-ground entrances into the underground space
'H_j.-F‘T:ti gnder%\rou nd @ Ininflow/outflow of flood water from Level 1 to Level 2 of the underground space
pace
/o omtiray
( ( iﬂ-l:‘[ﬂ"’"' t7 }l/“:’ ) @ Inflow/outflow of flood water from Level 1 of the underground space to the subway
i’H_],_Fﬁyi Subway line (subway tracks and SXations modeled) Underground shopping areas (underground
( i&?fﬂ&ﬂﬁ%i %Eié_:E 7—_\} l/”: ) shopping areas modeled) Su bway tracks @ Movement of flood water from Underground Space A to Underground Space B along
i K« subway tracks
~ ~ — N~ ~ — U nderg round @ Inflow/outflow of flood water from Level 1 of the underground space to the subway
U nderg round Space B U nderg round Space A Space B @ Inflow/outflow of flood water from above-ground entrances into the underground space
[Image of the analytical model] [Image of the flow of analysis])
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Overview of the inundation analysis model (modeling an underground space containing underground shopping areas)

In order to properly express the flow of flood water in underground shopping areas and other underground spaces, the interiors of the areas and spaces are
divided, rendered as boxes, and then modeled. The surfaces of walls and other structural components of stores are considered to simulate the flow of flood water
corresponding to the actual shapes of the spaces. Additionally, slots are established between (upper and lower) levels to simulate the flow of flood water
corresponding to the different water levels on each level of the underground shopping areas (outflow from the lower level to the upper level and from
underground to above-ground spaces are also expressed).

Vertical connection

A box representing an

l
Flood water only moves in 1
| underground facility divided
l
l
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from the rest of the
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* Relationship between
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| Flood water moves : ,
' between levels through ! l '
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"""""""" ~< " — submersion of
| | _ underground facilities_ |
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Stores and other service facilities

' ' E ’ Corridors for underground facilities

[Image of multilayered structure of an underground space]
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Flood water inflow

[Image of inlets from above ground and connections
between underground spaces]
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Inundation Analysis Simulation for Underground Spaces

Overview of the inundation analysis model (modeling a subway line)

Subway stations are modeled based on the same approach as for underground shopping areas. The subway line is rendered as a tube and then modeled. The level
of flood water in subway lines determines how it flows; when tunnels are full, the water flows under pressure, and when tunnels are not full, the water flows as it
would in an open channel. Other phenomena can also occur—for example, flood water can become backed up in subway tunnels and flow into underground
shopping areas. Preissman slot, one-dimensional unsteady flow analysis is conducted to properly simulate these phenomena.

Subway tracks Subway station platform

Above-ground entrances to
the subway station

Subway Station A

Subway Station

Subway station ]
concourse

' [
Spubway Statio
/\ Subway Btation A

Subway tracks ]

........................... I Subway line modeled as a pipe at each
N [

|
|
|
N - - - - - : point of variation along the line :
| o B : * Wherever the slope of the line changes :
. 0 b |
Elevation ! HDH Typical sectional height : * Wherever the sectional shape changes 1
l = [ |
: l N I« Wherever subway lines merge/split '
Preissman slot | o /| | y 9 |
Section length » g e !
: Typical sectional width
|
[Image of a modeled subway line]
\_ /
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The following is an example of an inundation analysis simulation for underground spaces conducted for virtual models of above-ground and underground
spaces (underground shopping areas, subway lines).
. |~ N_ Corridors
1\Subway Line A — _
2\ -
N :
3 \ _____________________ |
subway Line D F=Shgs Subway station o 1 2R —
*\4—”'3' ' (Line D) o ' B
1 Dty BEd sE B
3 ' |
+ ~ T B
o | SO
/’\7\ j@ Lo 1.1 L\ Stores
. Subway station T j@ Subway station  // A\l 1L U T i -
/ BN, Linedy 7~ Wl A T aRiEl amils
Low Ground elevation High Subway Line CHANG ?\\ \K\V_\ e T, —— | e
9 NN | .<7 """""" : k3
......... e ﬁ%
: : T S
t ?tate O above-dground tcE)pogr]aphy and subway lines [Planar layout of underground shopping areal [Interior of underground
10N Xpr numaoer :
(stations expressed as numbers) shopping area]
= Connects to Subway \r
Line A tracks =T _ 5 Connects to Subway Line B
, ,/ *Up: Toward Station 3 bl _— ik tracks
"Down: Toward Sta oK *Left: Toward Station 1
IRy v @ *Right: Toward Station 3
/ ' ' B L ||Vl |
/ . Connection from above ground to
underground
| Subway station . Connection between levels
(Line D) R Tracks go from
%+ underground to
| % above ground
" B1F
Subway station B2F *I_:our-level underground gtructure
. - displayed out of planar alignment
(Line A) | B3 _ _ _
Subway Station § to provide a single overview of the
B4 models of each level.
*Assuming a four-level underground space comprising
underground shopping areas and subway and railway lines
(the railway tracks travel underground from above ground) / g Tracks go from
4 underground to
[State of multilayered structure of an underground space] [Modeled underground spaces] above ground
- J
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Inundation Analysis Simulation for Underground Spaces

Visualizing inundation in underground spaces ~

Inundation spreads differently in underground spaces than flood water above ground, and spreads differently depending on the complex shapes, usage patterns
(e.g. underground shopping areas, underground parking areas, subway lines), and individual levels of underground spaces. Creative steps must be taken to
visualize inundation from the results of inundation analysis simulations so that the results can be displayed straightforwardly and used when considering evacuation
and flood prevention plans, restoration plans, and more.

Three-dimensional displays

i
4

. = samehlt] —H
Rendering underground spaces |~ ™ H
in 3D and allowing users to g
change viewpoints, expand | —_—
Images, and watch animations S
makes it possible to develop a [ B i ==
visual understanding of the .
multilayered structures of = .
underground spaces, and their " -
state of inundation.
| | i | . . ) Displaying detailed inundation
Two-dimensional animations Displaying inundation in individual facilities  jnformation in underground spaces
Animations make it possib|e to deve|0p The state of inundation in individual Information about inundation in
a visual understanding of how flood facilities Is displayed separately. (2D, 3D) ,4erground spaces (e.g. water level
water moves and the process by which RET rising speeds, flow speeds) needed for
Inundation occurs. E= e evacuation plans is displayed
Biti] feowe| straightforwardly.
I I:m g P N
I — — Example display of water level rising speed
v 1] | HJ 1] ] 17 1] yﬂ 270 minutes to submersion ofundergroundfacili:ies
’ 150 minutes to start of inun=dation of L.JndergrcTund facilities -
. — i
| ! N 1) | C E | Start of above- /NS
Nl_lé T : ::l: N | W Submersign _I_l_l_l_l_l_l_‘—l_l_lﬁ
| | om—l!l ¢c |\ 5 = == -
|
. Underground
- — facilities
] =) | C LT == e
“I_{ I ! = ! — - N jLevee ot btart of above-groynd inundation
. | _>|||_>| | : | L"J I ] LIL L] ’JA Time since levee breach (min)
|
Organizing inundation information in time charts
It is crucial to develop an understanding of overall Time charts can be used to straightforwardly display the effects
iInundation in underground spaces, including facilities to of water stop plates and other flooding countermeasures (i.e.
which they are connected (e.g. other underground shopping the effect of delaying the start of inundation), time required for
areas, other subway lines). Accordingly, organizing restoration via drainage, and the like.
Inundation start times, inundation periods, and other data |
for each underground space and level in time charts makes e e T
It possible to provide overviews. The information can also Simers =
be used in efforts such as timeline considerations. e
ltem 71 6] 5] 4] 3] 2] 1] 0 1] 2Ti|messmlcel4€ve|eb5rea|0h6 7 [ 8 [ o | 0] 11 | 12 ] 13 | 14 | 15 sTRalaTe) =
Design high water level — : Visualizes rain and  — E=u~
Overflow danger level ' /:r ‘:\| i rjve_r levels apd the i— :::EE% | | |
Riverlovel | Evacufon feve / \‘. alorts and notioss - I t-Before flooding cou
Overflow caution level /E Ei E | E E ! 'ancifteers to — RFH aoW !
ey e T T T " | | | | I I I
Advisories. | WHeawyranffood advisory 1 if o e || The amount of inflow nlp |
T - - T ; ooma|EEEE g underground| spaces changes,
Water level W SomREAY amount of [above-ground
Flood W Overflow danger alert EARTENE _ / Inundation also changes.

M Evacuation order BR [~=ma e
Evacua tion advisory e il

f t g 1 | 3 4
Evacua tion | |
ENotide to prepare to evacuate eler T P |
e 1
X - _ - _ _____________ 1 s - ] 1
._Vlsuallz_es above'.g.round | Above the kng‘/ \ NRE LR A . i W Y 4 1 : 1 " ! ] q 5
Ab g | inundation—specifically, ! i e . — | 1
oye groun : - = W : . o -
ol  how it changes over ' /_/' E\ el | :.-‘ Delay in the start of inundation [ Attt
c time : ' : HTH] [ T T - :
) bl :r — LRL T 0 achjeved|by placing _Watel’ stop _'plates; el R
Tl TR '-.-' ||
g | | : ermi | o A ' ’ :
_________________ o :
- Visuaizes mundation Submarsef L
g , of underground ! Abovethlelg(q:e RTURS3 _ |
n , facilities—specifically, ! - —— ] . | :
Undprground | oW 1t changes over . i Atier flooding countegeagures
[~ 1y | =g
facilfties e Ll A TR ] ]
1 | : b IS Bt ¥ E ] E- Ll 1 5§ 1 T 1 E | 1



furusawank
タイプライターテキスト

furusawank
タイプライターテキスト

furusawank
タイプライターテキスト

furusawank
タイプライターテキスト

furusawank
タイプライターテキスト

furusawank
タイプライターテキスト

furusawank
タイプライターテキスト

furusawank
タイプライターテキスト

furusawank
タイプライターテキスト

furusawank
タイプライターテキスト

furusawank
タイプライターテキスト

furusawank
タイプライターテキスト

furusawank
タイプライターテキスト

furusawank
タイプライターテキスト

furusawank
タイプライターテキスト

furusawank
タイプライターテキスト

furusawank
タイプライターテキスト

furusawank
タイプライターテキスト

furusawank
タイプライターテキスト


ket —1—>)1TwD

Inundation Analysis Simulation for Underground Spaces

Application in simulations of evacuation plans during inundation of underground spaces ~

Swift, smooth evacuation is the key to saving lives when underground spaces are inundated. Therefore, it is
extremely important to ensure proper evacuation routes and stairways as well as evacuation areas. Unfortunately,
evacuation drills and other efforts taken during normal times rarely replicate the crowding and other conditions under
which people must evacuate during disasters, and there are no decisive means of verifying the suitability of
evacuation routes and stairways or evacuation areas.

Social experiments are one way to verify the suitability of efforts to respond to tunnel fires, tsunami, flooding, traffic
accidents, and other disasters, but they are not easy to implement due to limitations of budget, labor, location, and
time. To address this problem, we worked with the Laboratory of Hitoshi Gotoh of Kyoto University to develop a
virtual social experiment based on a crowd behavior simulator, and used the results of inundation analysis
simulations for underground spaces to provide helpful information for considerations for ensuring safe, reliable
evacuation and effective plans for preventing flooding.

[ Simulation results ]
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Ascertained evacuation times and areas
from which evacuation is impo?e,
planned information communication

methods, evacuation guidance méthod ;
evacuation facilities, etc. '
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Compared results after completion of evacuation in three
scenarios: no inundation, inundation with no training, and
inundation with training
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Laboratory of Hitoshi Gotoh of the Department of EETEIETIL
Civil and Earth Resources Engineering of the Kyoto Crowd behavior model that accounts for the physical and
University Graduate School of Engineering psychological contact and physical attributes of evacuees

based on the distinct element method (DEM)

A ERERE QML) EHFE (SEBENS &) (C& 2 BHEEDHETH &

MABBDHEEEREZZEBELIZD YT ) VT ETILOEE BEIZMAEFE 1999.6 HHE : BX3&EE HP
Observation/modeling of pedestrian | | |
behavior from an experiment in which anstructlop of a coupled modell that accounts for the mteractlo_n pf Fukuoka Heavy Rainfall Disaster, June 1999
people walked through water fluid dynamics and crowd behavior of evacuees based on the distinct
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element method (DEM) and particle method (high-precision MPS Source: MLIT website /
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