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. Recent Issues of Climate Change
1. Introduction and the Underground Structures

2023.07.15

Flooding of
Underpass
Korea

14 Dead

2023.07. 20

Flooding of

Jeong Jou Metro,

China

25 Dead 03
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1. Introduction
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Climate change

World Temperature Change

*C () :1yearaverage

145 —— :10years average
I :variation range

14.0 -

135

1850 1900 1950 2000

« 0.74 °C 1 over the last 100 yrs
- 6.40 °C 1 at the end of this century

Climate change has caused flood, drought, heat wave and
destruction of ecosystem.
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1. Introduction
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Temperature Change in Korea

Temperature diffrence(’ C)

1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
Year

- 1.7 °C 1 over the last 100 years

- Annual rainfall is 1,245mm, 70% of annual rain in the short rainy
season from July to October

The effects of global warming on the Korean Peninsula have been
intensified.
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1. Introduction Water is a Central Issue
in Climate Change

Climate change is felt through water
by causing drought, flood, sea level rise and
destruction of ecosystem

Fundamentally, global efforts to reduce greenhouse gas emission is needed.

Securing of infra systems to control water is also required.

© MIDAS IT Co,. Ltd 06



1. Introduction Green Infrastructure

General trends « green Infrastructure: the space planned as a natural part of nature

area 1

covered | S'te regional nationwide

{~green )

{ infrastructure

sjonall || nationwide!

gray

Mountain Reforestation
& River Restoration

the storm water management systems

2. the patchwork of natural areas

3. theintegrated water resource
management

control flood & drought
recover ecosystem
improve water quality
secure water resource

% grey infrastructure: concrete oriented structure
© MIDAS IT Co,. Ltd



1. Introduction
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. 2023.09.20 Wendsday
1. Introduction Choseon Daily News, A38 Opinion

Drawing inspiration and vitality from untouched nature is undoubtedly true. However, as our reliance on nature
increases, the environment often bears the brunt of it. The lushness of Korea's mountains owes partly to diligent
tree planting, but it's also because we no longer require firewood, thanks to the abundant resources like coal, oil,
and electricity we now utilize. There's no longer a need to clear forests and transform them into fields on small
farms, given our capacity to produce bountiful crops with pesticides, fertilizers, and tractors. Nuclear power plants

offer a source of super-dense energy for a country with limited land, making them a highly eco-friendly choice.

While many aspire to live in harmony with nature, it's important to acknowledge that nature isn't always tranquil
and harmonious. Storms, earthquakes, diseases, floods, and more are all natural occurrences. Civil engineering
and advancements in science and technology serve as means to mitigate these challenges, creating a safer and
more harmonious coexistence with nature. Development involves the process of transforming an environment that
can be adversarial into one that is more hospitable to humanity. Abandoning dam construction and opposing river
dredging are rooted in misguided aversions to civil engineering, often resulting from an oversimplification of
complex realities and an unjustified dislike for civil engineering. There's no valid reason to impose moral constraints
on science, technology, and civil engineering, as this would be akin to confining oneself within the "prison of

conceptual environmentalism."

© MIDAS IT Co, Ltd “Optimal Combination of Gray Infrastructure and Green Infrastructure ” °°



Climate Change and

1. Introduction
Vulnerability of the Underground Structures

Hydraulic and Hydrological Risks
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2. Hydraulic and Hydrological Significance

in the Design of
Underground Structures
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2.1
Water Balance
and
Underground
Structures
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Hydrology

The Hydrologic Cycle (Water Cycle)

Evaporation

ol My

Hydraulics — The study or science
of the motion of liquids in relation to
disciplines such as fluid mechanics
and fluid dynamics.

Effect of Groundwater
oh the Underground Structures

Hydrology - The study or science of
transforming rainfall amount into
quantity of runoff.

Effect of Surface Water
onh the Underground Structures

Hydraulics

Treatment Drinking water

/ : Supply  Plant ibution
\\/_\/‘/—» — _%

2% Stormwater g

' ﬁLLL_System

= Wwasiewate
‘\\‘““\

P
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2.1

Water Balance Effect of Underground Construction
and on the Water Balance
Underground
Structures

P
T Q
e S
~ N
e S
Y =N
)

Physical and chemical properiies of soil’

RSO

s ] l‘\ N

D

d subsidence

¥
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2.1
Water Balance
and
Underground
Structures
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Underground Structure and Water Balance

« Water Balance for long period 7:

P=Q+E

P : precipitation
@ : run off
E : evapotranspiration

AR=P-Q-E-L

Water Balance for short period (Ref: NGI Pb #12)

P=Q+E+A4R

AR : difference in groundwater and surface water storage
for a given period

14




2.2 [ Hydraulic Aspects ]

Hydraulic
and Impact of leakage on Water Balance
Hyd rological For a given catchment area, leakage Ql occurs
Significance AR=P-(Q+ E+ Q)

Leakage Characteristics

Q= f(k; ) k : ground permeability

Leakage control causes water pressure on the Structure
: P-Q Interaction

Groundwater == Hydraulic Aspects
Hydraulic Environmental Aspects

© MIDAS IT Co.. Ltd Site/Structural Problems



2.9 Problems Caused by the Groundwater

Hydraulic  Leakage(and soil erosion)
and Hydrological [ "

Significance

Leakage Problems

- paths of water and dampness
:current leakage, electrochemical attacks

- unsafe condition for tunnel users
:icing conditions and wet walkways

- hydraulic-mechanical interaction
in the structures

- damages to the natural environment
by lowering the groundwater table

© MIDAS IT Co,. Ltd




2.2
Hydraulic
and Hydrological
Significance

A |:.".- l'—r"" 2l & :.3|

.

[phreatic surface)

© MIDAS IT Co,. Ltd

Hydraulic Environmental Effects due to Leakage

Leakage Causes Lowering of Groundwater Table

1
Lowering et
of groundwater ,; A

table Hi? lowering of
A7 groundwater table

H=75m
Z

.
~ // H=100m
.
"
0.4 /
.

0.2

7

0 0.2 0.4 0.6 0.8 1
Q/Qo

Relationship between
inflow rate and

0.6

AHw/H

Inflow rate

Examples of Leakage-induced Problems

- Impact on surface ecosystem: Forest Damage in China

The Frogner station in Oslo - 150-200mm of consolidation Settlement
Gommarbacken in Stockholm - local brewery supply problem
Long-term leakage in erodible soil - depriving lateral support
Groundwater level rising in New York City

- increase leakage of subway tunnel

17



2.2 Other Hydraulic Stability Problems

Hydraulic
and Hydrological
Significance during
Excavation
Hydraulic
problems
during
Operation

N4

sinkhole

Inflow of Groundwater and Soil Erosion Causing Cavity around a Tunnel

Internal erosion and cavity generation
© MIDAS IT Co,. Ltd

hydraulic
control

hydraulic
instability

GW lowering - deep well, well point

drain
driven drain: drainage pipe

cut—off : 124LE!
Heaving
erosion: piping, sinkhole

seepage

soil erosion/cavity, unbalanced e_p.

buoyant torce

pressurized tunnel - clay: hydraulic—fracturing

AT

rock: hydro—jacking)

Sralin Buoyance
collapse
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2.2
Hydraulic
and Hydrological
Significance

Flooded Underground Parking Lot

© MIDAS IT Co,. Ltd

[ Hydrological Aspects ]

Effect of Surface Water on the Underground Structures
P=QH%E+4R

Q : runoff of surface water

Flooding of Surface Water
7N
Q = Qs HQu;
Qs : surface runoff
Qu : runoff or storage via underground structures(floodings)

Surface Water =+ Hydrological Aspects
Regional / Land / Urban Problems

19



2.2
Hydraulic
and Hydrological
Significance
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Damages of Underground Structures Caused by Surface Water
* Flooding

o

MNE SR 020 2120| SUED UCk FoEA

* Pressurizing

Ool=]=1vul=L vl &
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Hydraulic and Hydrological Significance

2.2 in the Design of Underground Structures

Hydraulic
and Hydrological
Significance

Precipitation

* Surface Water

Hyd.rologi.cal surface runoff
. Groundwater considerations s

| Environmental L T Hydraulic ™ -
' E:\:Lrlgrr;rzental - consﬁderations ] ﬂOOdmg i
(proviems |_lowering of e - pressurizing
groundwater table \- leakage
Underground

structures

© MIDAS IT Co,. Ltd 21



3. Hydraulic Considerations

in the Design of
Underground Structures

RIStPES MAle| A2|sts D&
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3.1
Hydraulic

Issues
on the Design of
Underground
Structures

© MIDAS IT Co,. Ltd

Drained or Undrained Waterproofing ?

Undrained
waterproofing

* hydrostatic p,
* allowable leakage
* emergency drain

Inflow,

water safety,
pressure | economic

check analysis

* free drainage
* drainage system
* residual w.p,

drained
waterproofing

* restriction of GW lowering
e 1) <o

* high inflow rate

* environmental requirement

* NO environmental restriction

r- water head > 60m }

*[ow inflow rate
* large and non circular t,

Drained Tunnel : Horse—shoe
Shaped

23



3.1

Hydraulic Issues
on the Design of
Underground
Structures
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H.B.Cs for Drained or Undrained Waterproofing

operational
hbc p=20

\ O /

free drainage: q,

Drained Waterproofing

Typical Cross Sections

GL shotcrete

filter layer

o

drainage . seal
pipe conc slab

Drained Waterproofing

Undrained Waterproofing

shotcrete

membrane

emergency
drain pipe

leakage
collector

b membrane

- membrane protecting c.

Undrained Waterproofing #



3.1 Hydraulic Consideration of Drained Tunnel

Hydraulic Issues

on the Design of Drainage System
Underground
StrUCtU reS geotextile filter | 3 __

membrane <7

, e rock mass
\\ ground

& water
Ay shotcrete

fleece

membrane

conc lining

=
1
!
i/
,:
SoF
= drainage hole

Drainage System : Lateral Section

© MIDAS IT Co,. Ltd

out of plane flow

/ (radial flow)

in—plane flow
(circumferential flow)

Drainage System : Longitudinal Section

V/\% — V/\%
v I
\‘ 3{ f sewer
NN
~1 pump
station
manhole >
lateral p, ]
main pipe\
longitudinal
25



3.1
Hydraulic Issues

on the Design of
Underground
Structures

segment

\ / grout
Byman® g

© MIDAS IT Co,. Ltd

Hydraulic Consideration
of Undrained Tunnel

In lining design

just consider hydrostatic pressure
and structural shape,

then, no significant

hydraulic interaction during lifetime.

4

decomposed granite soil soft rock hard rock
r*a b
i M i, f
| | | Tunnel
e 0 e i b

’,
e a
’ ’
’ ’
’ ’

- g ’
circular, whnel egg shaped horse shoe-shaped
-7 ’

Effect of tunnel Shape

Stress(kPa)

. &3 Circular
————— 5 Egg-shaped | S
————— Ofd[&! Horse shoe-shaped A A

60 80 100 120 140 160 180
Location(degree) CIHE



3.1
Hydraulic Issues

on the Design of
Underground
Structures

© MIDAS IT Co,. Ltd

Summary of Hydraulic Issues

on the Design of Underground Structures

Excavation

Non—Pressure Ex
(NATM, Open TBM)

-HBC. :p=0
- Check Points:
seepage force
Tunnel 'Ip o
Hydraulics Soil erosion

Pressure Ex (shield TBM)
-HBC i ¢g=0
= Check Points :

face p., heaving

Operation

Drained : horse—shoe shaped 1
-HBC 1p=0
- Check Points:
Q/sump/pump c.
\ residual water pressure ,, ¥,

drained

—— i —
—— -

Undrained : circular

-HBC. 1¢g=0

= Check Points :
hydrostatic p. leakage g !

Undrained : Circular

-HBC. :¢g=0

- Check Points :
hydrostatic p. leakage

Hydraulic Issues and Check Points (p : water pressure, ¢:inflow rate)

Require hydraulic
considerations

27



3.2
Hydraulics of
Underground

Structures:
P-Q Relationship

Impacts of
Leakage

Observed Pore
water pressure
reduction
In relation to
horizontal distance
from tunnel
© MIDAS IT Co,. Ltd

Changes in Groundwater Regime
due to Underground Excavation

Pore pressure reduction at bedrock (m) -

£
14

Distance from tunnel axis, x (m)

200

400

Distance influenced

»

600

LEAKAGE, Q (I/min per 100 m)

»

L

I

100

T I

200 300 400 500 600
INFLUENCE DISTANCE (m)

700 800

Typical relationship
between
influence distance
and leakage level
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3.2
Hydraulics of
Underground

Structures:
P-Q Relationship

Controlling Parameters

Qo : inflow from free drainage
Po: hydrostatic pressure

© MIDAS IT Co,. Ltd

Tunnel Hydraulics
Parameter Definition

(for drained Underground Structures)

| ——| Subsea T,
Surface T, |[=—— || v W
| A A
: h
GL | v -
I : i Ze
v |
| H,
H j H
H, '
A o | | K , S [NS—

H tunnel depth

H, water table
H,=H+h,

h,, - water depth

r; rinner radius

T, - outer radius

29



3.2
Hydraulics of
Underground

Structures:
P-Q Relationship

High Inflow Rate

High
Maintenance
Cost

© MIDAS IT Co,. Ltd

Hydraulics of the Fully Drained Tunnel

Free Drainage
Goodman et al. (1965)

~ % A g =2k

R, - 2H,

,Ji__%,)u In| ——
{rO

Inflow rate is linearly proportional to ground permeability

Control of Leakage

- to reduce inflow and operational cost
- to improve service conditions
- to measure hydraulic deterioration

30



Non-drainage

3.2 Free Drain Limited Drainage
Hydraulics of (Go) (g7, pi (ipo)
Underground “1‘*3; \ P Po

Structures: : ¢ L
P-Q Relationship ik o A e # &= - b
\ 4 )11\ . E
Jl% - 4 AN <
Limited Permeable : Impermeable
s (p=pyq=0)

Fully Permeable .
(P: 07 q: QO) “‘ (p<po’q<QO)

Limited Drainage

Free drainage

Water 0 po<pi <0 Do
Pressure
Inflow o 0<qg: <qo 0
Rate

© MIDAS IT Co,. Ltd



3.2
Hydraulics of
Underground

Structures:
P-Q Relationship

Purpose of
Leakage Control

- to reduce inflow
- to reduce water pressure
on the lining

© MIDAS IT Co,. Ltd

Principle of Leakage Control

Free Drainage Limited Drainage
< | v
- 2R = [
Limited drainage
S (restriction)
flow line
k. : ground

permeability )
free drainage H

(no restriction)

k; :lining | A=
- ermeabilit
\E g Ry o WH,

on the lining
' Y Y
Radial Free Drainage Flow Restriction and Water Head Development
Free Drainage Limited Drainage
Go , Po=0 q, pi

32



3.2
Hydraulics of
Underground

Structures:
P-Q Relationship

Limited Drainage

l

K od pressure

— | inflow, ¢ |~— P

XA

© MIDAS IT Co,. Ltd

Relationship between Inflow Rate(Q) and Water Pressure(P)

Joo and Shin(2014)
[ pl ) D,
— (1 — —) by -
qz p QO q,
\ 0 y %
A
f--'-----.------'---\
T i B ol
limited drainage
o ==t
inflow, ¢ Py "

hydrostatic pressure
water pressure on the lining

. free drainage(theoretical evaluation)

measured inflow rate

Reduction of Inflow
creates
water pressure

=+, Jundrained, p, : hydrostatic

pressure, p

.

P; — q; Relationship

33



3.2
Hydraulics of
Underground

Structures:
P-Q Relationship

Supporting Method of
Water Pressure

© MIDAS IT Co,. Ltd

Principle of P-Q Control

1. Grouting
Seepage force in the grouting zone

Grouting zone 06

pore water pressure(p.w.p)

drainage layer on the primary lining = po- p

water proofing membrane . ==

Con’c lining

i=p.w.p p on the drainage layer

the secondary lining =p;

2. Reduction of permeability of drainage layer
Water Pressure on the Lining

———————————————

Leakage control can create water pressure, orI seepage force. |
(on the lining) : (in the ground) i |

Grouting 34



Strategy of Drainage Control

3.3 « Reduce inflow rate
Drainage « without increase in lining thickness
Control »— — —-Crouting - — — — — N
\

grout zone

Free Drainage

High maintenance cost

Qo
Tt >

- THAO
P, - et

© MIDAS IT Co,. Ltd Free Drainage

Po :# Limited Drainage

l
l
|

Non-drainage

Technical limit

l Po :
Expensive

Do

Watertight(non—drainage)

35



Drainage Control

3.3
Drainage
Control

Mechanism of
Water Head Loss by Grouting

134
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Limited Drainage by Grouting (Karlsrud,2001)

- A
H,
q = 27k,
7R Tyt
g
In( )
H, Ty
" 4 (e ppe—
" a3 )/7°o Jh : , - thickness of grout zone :
Ryt S l k, : permeability of grout zone }
\ grout zone S ”

Benefits from Drainage Control

reduce inflow rate

prevent lowering of groundwater table
reduce pumping capacity

economic design of lining

36



3.3 Leakage Control : Pre-grouting (Ref: NGI Pb #12)
Drainage * Principle
Control T

hole distance ~ Overlap
| 12-20m__|distance|

—_ 5~ 20°

= g £l By,
-__—I'U:—Il K ] 3} _]7%‘37'3‘ : é
| Blasted [ Typical spacing
|

1
|
tunnel ~1 m first round

——

« Application

Cross-Section of Grouted Tunnel - Better quality rock

Permanent strengthened,

low permeability zone using Outer reduced-

stable ultrafine/microfine permeability  zone

cementitious grout. grouted using
- “Blocker” grout

Permanent strengthened,
low permeability zone
using stable

8 ultrafine/microfine

Excavated tunnel profile Excavated tunnel

Planned excavated profile

Caracas Metro

Blast-damaged
zone

Blast-damaged
“z0ne

Good rock Poor rock
(Ref: NGI Pb #12)

© MIDAS IT Co,. Ltd



3.3

Drainage

Control

© MIDAS IT Co,. Ltd

Examples of Drainage Control in Subsea Tunnels

Name Land Sea Water | Rock | Drainage | Allowable Construction
of length Length depth | cover type leakage method
Tunnel (km) (km) (m) (m) (m3/m.d)
Seikan, 30.55 23.3 140 100 drained 0.2736 advanced grouting
Japan /Mine Tunneling Method
HESE EHY 2.681 0.78 advanced grouting
Japan [Mine Tunneling Method
M Z2Ed 17.833 0.88 29 24 drained advanced grouting
Japan [ab4Al /Mine Tunneling Method
Norway 4.358 3.30 100 40 drained 0.432 drilling and blasting
SHAE{'E method
cHtE3 7.900 75.00 20 drained 0.143 tunneling machine
SrCHsHEg (D=7.7m)
Channel Tunnel - 49.000 21~ drained tunneling machine
70 [H2] (D=7.8m)
Tokyo Bay Tunnel SZat 60 undrain shield machine
B4 -ed
Norway Byfjord 5.800(sea+land) Sea level depth | drained 0.046 drilling and blasting
Subsea Tunnel —223 m method
Norway Mastrafjord 4.400(sea+land) Sea level depth | drained 0.072 drilling and blasting

Subsea Tunnel

—132m

method

38



3.3
Drainage
Control

Water pressure

/ Eﬁng’;;zgghre \\\\
/ 3

Rear drainage””

hole \ Lining /
\ Loosened zone’ /
\ e /

\_ Grouting zone ///
\ //

Figure 3. Model diagram of the grouting zone
(a=radius of excavation; T=thickness of
lining; R=radius of grouting; R,=radius of
the loosened zones). e

L(sea distance) = 23.3km
D =11m
Max Water Head = 24bar

© MIDAS IT Co,. Ltd

Example of Tunnel with Limited Drainage
- Seikan Tunnel, Japan

Plan
Pilot tunnel
 co849 A
’ i e S Y
Main tunnel 2% .
-------- = I |
————— e e .
Honshu side ©mig e / Hokkaido
o o i L /
2A lA ] e
3A l " a5, 58 2
63 00 Y
| 8~ 80 00 v R ~ I3 ik
< - -‘g = o|W o
~r z |x = = O
; [© Q « N
= |

Drainpipes

Pumping station

side

gallery
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Example of Tunnel with Limited Drainage

5 33 - Shamen Subsea Tunnel, China, 2009
rainage
Control Water pressure distributed in the ground in the form of seepage force,

therefore, lining water pressure reduces significantly by allowing drain.

Con’c lining

. —— Ground
Grouting zone

Shotcrete Drain filter

Drain pipe Drain pipe
Major sump
L(sea distance) = 5.95km
D =13.5m

Water proofing Water proofing

© MIDAS IT Co,. Ltd 40



3.3
Drainage
Control

Channel Tunnel
between
UK and France

L(sea distance) = 37.9km
D=2x7.6m
Max Water Head = 10bar

© MIDAS IT Co,. Ltd

Water Collecting and Pumping System in
the Channel Tunnels

water treatmemt
plant

sub
pump r. [T
S1
sub
pump r. Bl

main

pump r.

i

S4

main

pump r.

S5

sea level

— sub main
T Jpump r.| | pump T,
S6 ST

)

Service tunnel Running tunnel south

Running tunnel
north /

\
Electrical substation
rooms

Emergency sump -

DanQevous goods
sump

Emergency
sump

Dangerous
goods sump

Weir
wall

Running
tunnel 2

ater treatment
plant

S:sump

Service Running
tunnel tunnel 1




34 Hydraulic Deterioration Changes of H.B.Cs
. in the lifetime of tunnel

Long-term |
4 crown cavity g - e

* filter sl % A

; eakage - '

Hydraulic clogeing i 9
24Al M2PIE By g

Deterioration : e T Sl

& = 2 S(long—term) f)‘li'-} '

eakage | qaic
| deterioration 4+ crack
. . reS|dUa| : |eaka e ) Y2
Tunnel Lifetime=120Years wester orain hole | 162K80 T o| ) e —e el o
blocking | o] s ~A
pressure S oo | AR 200l R T
. = A Emsdold XK 7 :,?¢ <4,
\ / 33| X R :_} & (= \-v
253 ot _Laogens M
2lold EM
seepage stress increment
............................ plinding

deposited clogging

/ blinding
/ geotextile

clogging by soil particles

I

agglutinated clogging

© MIDAS IT Co,. Ltd



3.4 Evidences of Hydraulic Deteriorations

Long-term
Hydraulic Y changes in
Deterioration v I ground water table

1

hydraulic boundary
condition

clogging of
drainage system

structural
deterioration

sedimentation of —» «— blocking
drain-hole drain-hole

v A \ a“
- g 2,
<

© MIDAS IT Co,. Ltd 43



3.4 Understanding of
Hydraulic Deterioration of Drainage System

Long-term
Hyd.raulloc « Groundwater flow path: ground - shotcrete - filter - drainpipe - sump
Deterioration .

Design H.B.Cs change with time

k. filter permeability

Influencing Factors N
k, : shotcrete permeability

deterioration of drainage system
rock weathering

adjacent construction

chemical attacks

k. :ground permeability

Hydraulic Deterioration 4

PRl
\
i I drained Vg, : free drainage
Residual 1%
’
water \\-—’
pressure
inflow, ¢

p, - hydrostatic
Leakage

© MIDAS IT Co,. Ltd S 44




3.4
Long-term
Hydraulic
Deterioration

© MIDAS IT Co,. Ltd

Long-term Hydraulic Deterioration of Drainage System

Investigation of the Effects of Hydraulic Deterioration

« squeezing and clogging of drain filters (Case A)
» blocking of drainpipe or drain-hole (Case B)

~ logged d flt
SRS Case A: local drainage layer clogging
- clogged or squeezed filter / - Case B: drain - hole blocking
= ~ blocked
. — .~ “drain hole
o 9~
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3.4
Long-term
Hydraulic
Deterioration

© MIDAS IT Co,. Ltd

Analysis Model (using MIDASGTS NX)

232m

A

EL 50.0

1<

EL 48.0

Fill/alluvium

Decomposed granite soil

Highly to moderately weathered granite

Slightly weathered to unweathered granite

EL 00.0
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3.4 Numerical Modelling of Drainage System

Long-term
HYdraU"C ks - ground solid element with lining
. . k; - shotcrete permeability and soil strength
Deterioration kyilter layer steel ‘
NN O non-pore p, node
\\ Shotcrete ® pore p, node
filter
con'c lining
Combined Element Modelling(Shin et al., 2002)
permeability :
Ks : soll, k; . primary lining
Solid element
K, with lining permeability
primary lining (soil stifness and strength)
4 \ pore water pressure(p.w.p)
drainage layer on the primary lining = po - p,

3 noded-beam element

water precfing membrane

secondary lining

s O non-pore water pressure node

Y= \ N ’
© MIDAS IT Co,. Lt PRRIRP.ON fa Eege Ny @ pore water pressure node 4

p.w.p on the secondary lining =p,



3.4
Long-term
Hydraulic
Deterioration

Side wall clogging

—— Non-Clogged
=== Clogged

© MIDAS IT Co,. Ltd

Case A : Partial Clogging of Drainage Layer

Flow behavior around tunnel

0 kPa—

50 kPa—

LPPR7

50 kPa

100 kPa—

150 kPa—

200 kPa—

250 kPa—

300 kPa—

Seepage velocity

Distribution of
pore water pressure
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3.4
Long-term
Hydraulic
Deterioration

100

« Water Pressure on the lining

90 —

80 —

70 —

60— T el

50 — - R . Y

40 — N . ‘\'\

P/ Phydroste\ticD 100 (%)
\

30— ./' . / R

20— - S=11.04m

Nomalized pore water pressure

10 — e - \\

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Distance from tunnel crown (m)

P 1 P

= X =0.78)(X +0.7s
p, 0.49s{ p, max( ) )

Pl 335425

© MIDAS IT Co,. Ltd po max
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3.4
Long-term
Hydraulic
Deterioration

* Lining deformation

Side wall clogging

Asymmetric uplift force
causing tortional behavior

© MIDAS IT Co,. Ltd 50



3.4 Case B : Blocking of Drain Holes
Long-term
Hydraulic

Deterioration

« Drain hole blocking problems in a double-lined structure

primary lining

drainage layer
secondary lining

drain hole blocking
pore water pressure, p # 0 g
flow rate, g =0

O unblocked \ /
@ blocked \
j—— =7

© MIDAS IT Co,. Ltd drain-hole free dicharge right drain-hole blocked middle drain-hole blocked

right & middle drain holes 51
blocked



3.4
Long-term
Hydraulic
Deterioration

Effect of
drain hole
blocking

© MIDAS IT Co,. Ltd

« Seepage
velocity
vectors

(a) middle drain-hole blocked

 Distribution |
of pore-water

pressure \’\—/WP
Iy
(a) middle drain-hole blocked
« Water

pressure on
the lining

60.24 140.04

(@ right drain-hole blocked

(b) right drain-hole blocked

100 kPa—|

N

150 kPa-|

50 kPa’ N /
. 200 kPa-|

250 kPa-|

e

112.65

(2 middle drain-hole blocked

(b) right drain-hole blocked

123.12

157.05

(c) right & middle drain holes blocked

100 kPa—

R

150 kPa—{

100 kPa
3 200 kPa—|
150 kPa

v/fzso kPa—

(c) right & middle drain holes blocked

Impermeable
~ All blocked

184.77 ) 205.93

20973
(3 right & middle drain-holes blocked (@ all drain-holes blocked 52



3.4

Long-term
Hydraulic
Deterioration

Effect of
drain hole
blocking

© MIDAS IT Co,. Ltd

Bending
moments
in the
linings

Hoop
thrusts
in the
linings

Bending moment (KNm)

Hoop thrust (kN)

400

300 All drained holes blocked
200 — /
100 —
0 e o T e g = == oo -
-100 —
-200 0= S R drain-hole free discharge
| 5 —--=- right drain-hole blocked
300 ‘% ----- middle drain-hole blocked
- ] - - -~ right & middle blocked
N 234°126° all drain holes blocked
'400 1 I 1 I I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1
0O 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360
Location (degree)
1000
800 —
- All drained holes blocked
600 —
400 /
200 —
-200 — 9=0° . T RLmimamema T i o drain-hole free discharge
. 5 —---=- right drain-hole blocked
-400 — ‘% ----- middle drain-hole blocked
- === right & middle blocked
234°126° all drain holes blocked
B L I L L B L ALY N LY L UL AL R UL R NULE L B
0O 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360

Location (degree)
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3.5
Hydraulic
Design
Considerations

© MIDAS IT Co,. Ltd

 Drain or Undrain?

* Drained Tunnel
- inflow rate (free drainage)
- lowering of groundwater table
- drainage system and pumping cost
- P-Q Relationship
: hydraulic(drainage system) and mechanical(lining) interaction
- drainage(leakage) control- limited drainage tunnel
- effects of hydraulic deterioration

« Undrained Tunnel
- tunnel shape and lining thickness

Site/Structural Measures
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4. Hydrological Considerations

in the Design of
Underground Structures

XIStPES MAle| 4285 1%



Damages from the Surface Water to the Underground Structures

4.1
Hydrological

Issues
on the Underground ——
Structures

 Flooding

Flooded ?

© MIDAS IT Co,. Ltd )



4.

Hydrological Issues
on the Underground
Structures

Flooded
Tunnel
Shaft

© MIDAS IT Co,. Ltd

Case 1: Flooding

Flooding of Tunnel Shaft during Construction of Seoul Metro Line 6
1998.05.02

57



4.1 8 Stations of Line 6 flooded

Hydrological Issues through the cross passage connecting Line 7
on the Underground

Structures ,
Flooding through cross passage

Line 6
flooded
shaft Line 7

Taereung
station

Taereung

Line 7 in service Station .
Line

cross passage””

Line ©
o M M N e

Flooded shaft of Line 6
(under construction)

© MIDAS IT Co,. Ltd
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4.1

Hydrological Issues
on the Underground
Structures

Flooding Taereung Station
of Seoul Subway Line 7

© MIDAS IT Co,. Ltd



4.1 Case 2 : Flooding of Existing Metro Systems, 2023

Hydrological Issues
on the Underground Seoul Metro(2023.07.08)

Structures

MEA|7} FHZiCt. X|oPEY A4-ZL A HH &8

Seoul Metro Network
9 Lines 315km

© MIDAS IT Co,. Ltd 60




4.

Hydrological Issues
on the Underground
Structures

© MIDAS IT Co,. Ltd

Jeong Jou Metro, China
2023.07. 20, 25 Dead

SHICHE| KISHE 244 202 9% F3 F 6|t &

244 M X|5HA A0S B2 HIZ0| ey

—
ool £ 22 wottimstn Uck RS
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4.

Hydrological Issues
on the Underground

Structures
Flooded
Jeong Jou g %ﬁ%ﬁ%ﬂ@
Metro | Rtk 2 M ZET B EEE=RS

Xch 202 = 51cHE A Kok 244 U 4 FH

g2 ?ﬁ (Yonhapnews)

© MIDAS IT Co,. Ltd




4.

Hydrological Issues
on the Underground
Structures

© MIDAS IT Co,. Ltd

New York Metro, USA (2023.09.29)

2021.09.02
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4.1

Hydrological Issues
on the Underground
Structures

Uplifted manhole cover
2023.8.10 &&

© MIDAS IT Co,. Ltd

Case 3 : Pressurizing

Uplifting of
Manhole Cover

Uplifting Mechanism

64



4.

Hydrological Issues Failure of storm sewer system
on the Underground Box Culvert
Structures 3mx2m
EL. 2.0 ditch -
1 C\ ,” h\\‘
mow UL, /T 7
’ ’ EL.-0.3 1 v | K zd—l_zm
rd
Hume pi}‘\e 1 \
. d= 0'2511&\ \'/’ Hume pipe
landfill . 24m
Y= 18 kN/m? ¢_ 290 o ~~__ng culvert
dredged fill(SM) = 5% i M‘P 638 S.CW 3x2%15m O
=23, a, v=0.: _
d=055m | | ~ Sanitary pipe
' 5.95m ' d=0.25m
. . =18 kN/m?, ¢= 30°
marine sediments(SM) E- 35.000 MPa, v- 0.35
EL.-12.0
/ i
hd marine clay(CL, CH) 7= 18 kN/m’, c= 28.9 Pa
¢= 20.6°, E= 20,000 MPa, v=0.40
EL. -16.0
AL_ 174 marine sediments(SM) Y= 19 kN/m’, c= 5 kPa, ¢= 34°, E= 65,000 MPa, v= 0.40
EL weathered rock(SM) Y= 20 kN/m®, c= 20 kPa, ¢= 32°

—5

Storm sewer profile

© MIDAS IT Co,. Ltd
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4.

Hydrological Issues
on the Underground
Structures

Reconstructed
water levels

EL. 1.534
. //W/—\
In the storm sewer system o — ET 0384 ¢ P

© MIDAS IT Co,. Ltd

Pressurizing mechanism

80 &

* Recorded rainfall e wE

(2012.08.12) o}

— —20<

Hydrological £ L o3
Analysis and ~ E“°7
Pressurization =..-
Mechanism =

;:E (;/12/20;2 IIIIIIIII 8;13)201‘2 IIIIIIIII 3;14/2012
Time (mm/dd/yyyy)

» Pressurizing and backwater flow

F.W.L.EL. 2.36 EL.3.13

|||Q

|||Q

EL.2.57

ressurization

P S 0 O 0 box culvert <4— reverse flow
torm 2mx3m
SeWer x>(Box3|Box4|Box5[Box6|Box7|Box8|{Box9 ‘ flow
L1 [ [ T T ="--"-===="=c e

Ah
=2.286m



4.1 Sewer Collapse - Slope Failure - Flooding of Landfill

Hydrological Issues
on the Underground

road construction (~ 2005)

ry

piping through
pavement clacks
Structures - o e g
bulging & dislocation oS Sttt et EX L R joint leaking joint leaking
reverse ", N / Y

flow

Flooding of
landfill

e
Gl

>

; ( hume pipe (d=1.2m)
(2008)

pressualized leaking

landfill construction o
(Mar. 2007 ~ Aug. 2009) . S]ope

-5 failure
R

_______ existing box culvert COllapse of sewer box
----------------- slops fatture (2005)  (culvert)
(Aug. 2007)

© MIDAS IT Co,. Ltd



4.2
Surface Water

Management
for the
Underground
Structures

© MIDAS IT Co,. Ltd

Surface Water Management
Control of Flood and Pressurization

e Out-of-tunnel Measures : Runoff Control

Store or Diverse?

Active Measures Based on Hydrological Study

=) Land or Urban Planning

 In-tunnel Measures

Blocking or Protecting?

Passive Measures based on Hydrlogical Study

m) Structural Design

68



[ Out-of-Tunnel Measures : Runoff Control }

4.2
Surface Water ‘ .
Management Case 1: Open Diversion Channel
for the Underground
Structures The Gyeong In Multi-purpose Waterway Project

Mlilitary Demarcation Line

Example Cases

Of | ¥ e . ,..._'"_l?iéhﬁRyiA\/t?ir»'Renascence
Runoff Control X ' '<3Pr_0}'!f‘?tt15krﬁ.

' Gyeong-in Waterwa

- A8kmy

Yellow Sea

© MIDAS IT Co,. Ltd
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4.2 The Gyeong In Multi-purpose Waterway Project

Surface Water
T = Han River
Management
for the Underground Basin arded by diersion
Structures

Yellow Sea

Diversion channel(2008) :14km

Gulpo-cheon
basin: 131.80km?

FWL(Gulpo-cheon): 6.50m "

Planned diversion channel

© MIDAS IT Co,. Ltd

Diversion Channel in 1992-2008



4.2
Surface Water

Management
for the Underground
Structures

© MIDAS IT Co,. Ltd

The Gyeong In Multi-purpose Waterway Project
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4.2
Surface Water

Management
for the Underground
Structures

© MIDAS IT Co,. Ltd

Case 2: Diversion Tunnel

San Antonio City
Texas, USA

San Antonio River Tunnel
: 5.0 km, D=7.2m

San Pedro Creek Tunnel
: 1.8km

72



4.2 San Antonio River Tunnel

Surface Water San Antonio City, Texas, USA
Management Water way tunnel : L=5 km, D=7.2 m, H=40 m

for the Underground =

Structures Coiralll ] O
Elovaticn R - -
Ditterence . - — S

(ol =)
7T

. Pt -
— -~y OO = - Y {
-~ S R
\ ; — = -
\ $ B - ALPEDDE oy
' : . T —
. > —
\

L Water Fowing In Forces Waler Out

Approx. 150
Deop

A& 9F A0m

Approx. 24 Dinmelor

© MIDAS IT Co,. Ltd




4.2
Surface Water

Management
for the Underground
Structures

© MIDAS IT Co,. Ltd

San Antonio Stream Bank Restoration

Sk R NG A 1

SAN ANTONIO RIVER IMPROVEMENT PROJECTS

LB
B V50N (NORTHERN) ~ MLDEBRAND AVE 1O LEXONGION AVE] \OLMOS
REACH 7 loam
R COMNTOWN REACH = LDONGTON AVE. TD NUEVA ST -

R STORCAL MISGON — ALAMO 5. TO CSOADA WISSICH
(SOUTHORN) REACH

| N\ J l
b

b

Historical
Mission
(Southem)
Reach

P TUNNEL

I‘\ BRACKENRIDGE
L PARK

TUNNEL
OUTLET PARK

INLET PARK
S SR
RIVER —
LOOP

ESPADA DAM
=
¥
ESPADA

Length : 13mile(20km)
(including 5 km tunnel)

VY

° “
BIO-ENGINEERED STREAMBANK RESTORATION
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4.2
Surface Water

Management
for the Underground
Structures

© MIDAS IT Co,. Ltd

Case 3: Storm Water Storage Tunnel

Shin wall Water Storage Tunnel, Seoul

e 1 e

Wep  GPLS -All: s "
.‘L,Il T ‘1) ! -
. ‘l

NE SEF LIEUZENFHTAIE

ME YHF UUAUEBXHRUSAIY
Hoi N2l 88 Azg 95~100mm
NE 8Y 328h
W2 KR 10m
Aty 13904
%3 20204

nNg

L=4.7km
D=10m
V=320,000t
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4.2
Surface Water

Management
for the Underground
Structures

Operation Scheme

© MIDAS IT Co,. Ltd

Storm Water Storage Tunnel in Tokyo, Japan

Beneath the Tokyo

Circle Road Line 7
- Length : 4.5km
-D=12.3m

- H=40m

Beneath the Tokyo Metropolitan Highway
- Length = 6.3km

- D=10.6m

- H=50m

76



4.2
Surface Water

Management
for the Underground
Structures

2001.07: competition for solution
2002.04: start detailed design
2003.01: start construction
2007.05: Opening of road tunnel
2007.09: Acceptance of
stormwater tunnel

© MIDAS IT Co,. Ltd

Case 4: Multi-disciplinary Diversion Tunnel

SMART Project
Kuala Lumpur, Malaysia

Floods

~ Traffic
.| congestion
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SMART Project

4.2
Surface Water Road Tunnel
Management Stormwater Management and Road Tunnel 280m3/s flood relief tunnel
for the Underground . 9F<_TT111b8C>rethlir11gezl6
Structures * Di=11.8m, Do=13.26m

« Twin level 2 lane highway
* Intake structures

e 2ponds

« 4 ventilation shafts

Stormwater management
Diversion Arrangement

© MIDAS IT Co,. Ltd

(Double deck, Slurry TBM)



SMART Project

4.2

g

Surface Water - ]
Management -
for the Underground T
Structures -

Longitudinal section

© MIDAS IT Co,. Ltd

6 8 10 12 1“ 16 18 2
“ i3

g 3 2

8 © -

o D

25 £

D a5 S Ground Levels
& [
>
)

Upstream
Holding
Pond

Min WL

Upstream Tunnel
(Upper Barrel)

Design Hydrographs : gw 6 hours storm

* Inlet(hold) pond: 0.6 M cum
 Tunnel:1.0 M cum
« OQOutlet(storage) pond: 1.4 M cum

x
(=] = — X
o 5 58
c P e @9 o c
k=] w 2] c Q =
3 € E 8§ S e @
c 3] 3] o4 = E 2
2/\z , o 5= £ 5
> Z » 3 = -,
w O e C
4 T © <
© £ 5 o
' (% 5 2 c
. ¢ ) = 3 S
o — ©
1
Upstream | 3 % 5
water , | 3 o
gates 4 ' TWL »
1 X

L}
' IDownstream
water

_

Min WL
|.___*
I Downstream

Storage
I Pond

Downstream
Tunnel
(Lower Barrel)

Road Gates in branch
tunnels to exits
upstream and downstream
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SMART Project

4.2
Surface Water
Management

for the Underground
Structures

Central 3.0km highway tunnel

- upper and lower decks
- 2x3.35m lanes
- emergency lane

Design speed 60km/hr
- indicated speed 50km/hr

Headroom 2.5m

- cars only
- TOMW fire road

© MIDAS IT Co,. Ltd

Highway Arrangement

-~ 4 Cast insitu upper deck:
formwork was supported by
lowor deck during zonstruction

1 Bolted, precast
segmental
concrete lining

2 Cast insitu
concrete walls
and shoulders

Dedicatad flood relief capacity . 3 Lower ceck: cast insitu topoing
below road decks on precast planks

Service layout
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4.2 SMART Project
Surface Water

Management .
for the Underground Operation Modes
Structures
Holding
i Basin Mode 1

Operational control A No Storm  storage  A-A
gy ¢ | e L A Reservoir
B ’% :: o *?Bﬁ&gw% S \f@road only
A, ' s - .
zg s \\-/-— Most storms

NL?
\\\f @ road+ w, way
53 Mode 3
-'}L\_’f @ w, way only

SMART Project(Stormwater Management And Road Tunnel), Kuala Lumpur, Malaysia
(Do: 13.26m, Slurry TBM, Double Deck Tunnel )

e ————

© MIDAS IT Co,. Ltd 81



4.2
Surface Water

Management
for the Underground
Structures

© MIDAS IT Co,. Ltd

[ In-Tunnel Measures J

Case 1: Entrance Water Barrier

Flood Protection for the Underground Structures

LT T i S S O W VO R R . e,
. —.

Entrance water barrier of Seoul Metro
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4.2 Case 2: In-tunnel Flood Control System

Surface Water * Flood Control Gates in Tunnels

Management
for the Underground
Structures
2|
oY
Water
Ingress Water gate Tunnel

Water gate Flip gate

 Possibles Locations of Water Gates in the Tunnel

- river crossings
- Cross passage between metro Lines
- sub river, subsea tunnels

- emergency barriers

© MIDAS IT Co,. Ltd 83



4.2 « Air Inflating System

Giant Tunnel Plug

Surface Water Ty o
Management = ==
for the Underground =y
Structures

A conceptual overview of the RTP System: a Inflatable plug, unconfined
configuration; b Tunnel profiles and folded plug storage areas; c Inflatable plug
deployed and inflated in the tunnel (confined configuration); d Longitudinal cross-
section, inflation and flooding pressures [42,43,44,45,46,47)

Large-scale inflatable structures for tunnel
protection: a review of the Resilient Tunnel

Plug project

Eduardo M, Sosa ), Gregory ). Thompson, Gregory M. Holter & John M. Fortune
Journal of ion and Resilience 1, Article number: 11 (2020) | Cite
AP

Phase 2b, full-scale testing, and three-layer Vectran plug. Deployment and low-
© MIDAS IT Co,. Ltd pressure air inflation for the initial positioning of the plug before flooding simulation 84



4.3
Hydrological
Design
Considerations

© MIDAS IT Co,. Ltd

* Floodings
- store, diverse, or blocking ?

* Pressurizing

Measures

« Out-of-tunnel Measures : Regional/land/Urban Planning Aspects
- stormwater storage tunnel
- bypass(diversion) tunnel
- multi-purpose tunnel

* In-tunnel Measures : Site/ Structural Design

- portal or in-tunnel water gate
- inflating system

85



5. Concluding Remarks



Concluding
Remarks

© MIDAS IT Co,.

5.

Ltd

First Step : Identification of Hydraulic and Hydrological Risk(issues)

Regional Hydrological Analysis
for the Catchment Area

Flow Vectors

Lowering of Groundwater Table

Hydrological Risks
- flooding
- pressurizing

- Protection: land/urban planning

Hydraulic Risks

- high inflow rate

- high water pressure

- hydraulic deterioration

-> Resist hydraulic impacts

Hydraulic Environmental Risks
- lowering of groundwater table

- Drainage control
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5.
Concluding
Remarks

Principle

Problem of
P-Control, or
Q-Control

Q-Control ... P-Control

© MIDAS IT Co,. Ltd

Hydraulic and Hydrological Considerations

« Surface Water: Hydrological Control
Store, Diverse or Blocking ?

\ AN

Storage tunnel
(Q control)

Open or diversion tunnel Water gates
(Q control) (P control)

®) Macro scale, Land/Urban Planning Measures

« Groundwater: Hydraulic Control

Drained, Limited, or Undrained?

\ AN

Drainage system
(Q control)

Structural measures
(P control)

Grouting
(Q,P control)

=) Micro scale, Structural Measures
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5. Integrated Control System

Concluding
Remarks
Existing Considering Climate Change .
Design Criteria
Hydrological Considerations -y~ {Design & Cfﬂstructioni
- . . i i | . Environmental
Flooding and pressurization management ~ Peterioration Operation | . change
due to surface water v {Existing structure | nreraction INewly Construction| | |
seomenaenasd Structure
Reviewed y
Design Criteria
Impact ¢
analysis
Design
Structure
Eng. \
- - - Hydraulic Geotechnical
Hydraulic Considerations Eng. | _~ Eng.
. Check by part
Drainage and water pressure management / /
and cross-disciplinary collaboration
Road Environmental
Eng. —— Eng.

© MIDAS IT Co,. Ltd 89
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