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@ Origin of the project:

1) Base on the results of 2015, it presented that
the Liuchia fault trace might be extended to the
south part, but lacking geological evidence.

2) Lacking of parameters for seismic safety
assessment of the Wushantou Reservaoir.

.
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1) Continue the previous project work, such as j
geological survey, safety assessment of the Dam d
and stable analysis of the dam, etc. -

2) Clarify the unknow parameter of the Liuchia fault,§
and propose an dam reinforcing assessment in
order to make the dam safety qualify.
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Tsengwen Reservoir
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@& Wushantou Reservoir

0 Wushantou reservoir is a off-stream reservoir, which is located at tributary of
Zengwun river. Construction was started in 1920 and completed in 1930.

[0 Operated in series with Zengwun reservoir since 1974.

[0 Change from single-target (irrigation) to multi-target operation reservoir.

Mainstream : Zengwun river

S s Tributary : Guantian river

Catchment )

Area

Normal
Conservation EL.58.18m

Level

3 [

Total Storage éggi’éggagoom (original
Dead Storage

Level EL.31.20m

Effective 3

Storage 78,280,000m

Type Semi-hydraulic fill dam

Crest Level EL.66.66m
Height of Dam 56m

Crest Width  9m
Bottom Width 306m
Crest Length 1,273m
Volume of dam 5,400,000m?3 ;
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& Wushantou Dam

Type : Semi-hydraulic fill dam N
Crest Level : EL.66.66m sl T
Height of Dam : 56m

Crest Length : 1,273m

Crest Width : 9m

Dam'’s volume : 5,400,000m3

Upstream slope condition REBEL 4000
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https://terms.naer.edu.tw/detail/3347715/
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& Wushantou Spillway

Current Situation

ltem Content

Tupe Overflow chute spillway,
yp Arc-shape inlet

Intake width 124m Outlet width 18m
Length 636m I—!elght o 4.45m
side wall
Overflow | = zg1gm | DeSION 11 5600ms
Elevation Flow
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@& Diversion Tunnel

Item

Intake tower

Content

RC structure, height 14.85m, ¢ =
8.48m o

e

IR EANGE |

Diversion
tunnel

horseshoe-shaped tunnel, length
154.54m, width 7.58m, height 7.88m o

0ld
Delivery pi
Yy pipe
Tunne |

Two pipe(162.03m ~ 168.93m),
¢ =2,730mm, tube-wall thickness
12.7mm

Gate valve

butterfly valve( ¢ =2.73m) - intercepting
valve*2, needle valve*6, maximum
overflow 62cms

iR EE l | i e

i)
&

Vertical [Length 30m, width 25.4m, length
Intake  [27.5m, intake hole*4 (H*W=4.2m*4m)
Culvert ¢ =4.1m, length 158m, inner lining
Omm steel tube
Diversion |[¢=4.1m, length 409.5m, inner lining
tunnel  Omm steel tube
Penstock horseshoe-shaped, height 5.7m, width
Tunnel 6.0m, length 32m
Penstock ¢ =4.1m, length 32m
. length 24m, width 20m, height 23.8m,
Delivery :
: semi-underground RC structure.
Station
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Design flow 90cms, normal flow 68cms




Pre-work of the fault investigation
(Trenching)




@ Geological investigation

* Data collection and analysis —Collecting researches and reports related to
Liuchia active fault

“* Morphological analysis —Via LIDAR scanned DEM to analyze the structures

% Subsurface geological survey— Regional stratigraphy, lithology and fault
structure characteristics survey related to Liuchia active Fault

% 2D electricity profile survey and borehole drilling— To reveal the possible
fault trace location and the detail fault profile model of the Liuchia active fault

“ Trenching and C14 dating— To find evidence of paleo-earthquakes; Slip rate
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&) Data collection and analysis

Geological setting

i - Wushantou Reservoir located in the western

: foothill boundary in south western Taiwan.

: . Arising terrain with a distinct lineation along the

: eastern side of the Liuchia fault, which can trace to
i Wushantou Reservoir.

: -~ Muddy sandstone and Mudstone strata formed
: from Holocene to Pleistocene exposure near

‘ sub

surface.

#

2568000 2569000

2567000

2561000 2562000 2563000 2564000 2565000

2560000

ZSTUI}DOO

256?000

182000
1

183000 184000
1 1

185000 186000 187000 188000 183000
1 1 |

1:50K
fadlt trace

(buried)

Qe g
B
. 2015
Tl

= =) #/] 1L = Wi

Terace(buTied) X

i

2570000

2569000

2565000 2566000 2567000

2564000

Kh

Il Legend
a | Alluvial (a)

B

Terrain deposits (t)

s | Liushuang Fm. (Ls) :
Erhchungchi Fm. (EC) '

Kanhsialiao Fm. (Kh)
Liuchungchi Fm. (Lc)

/FaUlttraCe(dashmeansburied) ] \ f“

X Anticline

A Attitude

2561000

0

= £
.ﬁw'/foou ‘2,000
.

J [

> F
= 4
‘F'Ma

1
gl

B (g T e
- 4 g‘)— : ——

2560000

T
182000

T T
183000 164000

| U SR . e 7 l_’f'

?\ Ay
Map(CGS))
155'000 186000 187000 188000 189‘000

12



@ Data collection and analysis

| - dLelery ) el i TCHi VAT i Ve Al ITiTace
. . ; d [ Withibandedfgeological
' > Shih et al.(1986)(ABHZ) found | K] - o ?&W
I that there’s an obvious arc lineation ' Rl L e :

c ' 7 ‘l\"\\
: / o yE§ Fary ' i g ."‘ - R b
escarpment situated on the west of | = &+ B A | (| ; L [ PR A )
i : "-l.-.: Y B b .‘-r‘ TR ¥, < - .., ’ = -_“'F

the Chiayi hill.

» Tilted terrain covered by the
Holocene strata nearing the west
side of Chiayi hill suggest that the
Liuchia fault exist (Shih et al., 1986).

» Chiang et al.(1998)( iR & 1IF &)
present that the fault trace of

Liuchia fault start from the north
Yoshihiro Bridge (Liuchungchi) to

A PN BH- 1
. b 7 B2\
N\~ retagpi-3 [~ L)
A PR R B 427

F

LNt
the south Wushantou Reservoir with e W
total distance 17km. ] \{ — RN
: WRATA e 11 44 @91 R &S
» CGS (Lin et al., 2012) posted that A T
the fault trace is about 16-km- g
long, with active evidences of = *::-}11
11,700 BP, showing the Liuchia faul : Zi”"

& HikEE

& GPSHEm %

[ & 5/

SR

A WA OB o ST 18 4R A 09 E A1)

1:25K banded geological map of CGS| ~ "/ ia)

is an active fault which can be
categories into the first category
active fault of CGS, Taiwan, MOEA .
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@ Data collection and analysis

The Liuchia Active fault (2/2) % wﬁﬁ;%gm

B | ocation of the fault and the fault trace distance:

From the north Yoshihiro Bridge (Liuchungchi) to the south
Wushantou Reservoir.

Buried fault trace is about 16-km-long (CGS). | ‘< 5
E . . i~ )72 &
- @ Topography and subsurface geological setting: ,ﬁg [‘i/
Flexure rock formation (Pleistocene) exposed on the hanging wall Jo% g&q{'if "%\ @”‘1

of Liuchia fault. (NS to N20" W, dipping 60 ~ W)

Holocene stara exposed on the western side of the fault. (Dipping
less than 20 ° W)

/ 82 ".~‘ % 7 \ 7~ 7 BARLBH-3 By
Aoty 87V * *’iﬂ‘rmmzm! 27
o e R / N
{ i AR

B Under ground geological structure characteristics:

Liuchia fault is an oblique reversed fault with left-lateral 1% .
movement. AV,

The fault plane attitude is about N40°E/30°E in the north, but
change into 30°E in the south part.

The deformation cause by the faulting decrease in the south part of .
the fault near the Wushantou Reservoir. ' ol

The flexure rock formation still exist on the southern part of hanging| 8 ™/
wall of the fault with dipping angle around 30 ° toward east.




@ Data collection and analysis

The Liuchia Active fault outcrops(1/2)

l Yeh et al. (2005)(# &k F)found a 300-meter-long
: outcrop near the south bank of Liuchungchi. (Kiritizaki

(FRiRIE) )

B The Kiritizaki profile shows that the Liushuang Fm. is
tilting to west, which covered by Holocene strata.

=50000yr 8P

e
10509-11058yr BH

. 0] ]
Terrace deposits . a | WA 6
Horizontal gravel layer cover on layer C - PR
(gravel) Ls | 4R
Include sand and gravel with small piece of BT AR
nclude sand and gravel with small piece o Ke | B THER
Layer C charcoal and shell B.P. 9,853+294 Py
® MHmE
& kR
Sand and mud interbed cover on sand and gravel < GRSEMx:
Layer B layer ; Charcoal, mud and marine phase fossils B.P. 10,784+275 . tf,f;ia
can be found in the cross bedding A BB RN - T BN ) )
O 7 168 2% )]
Layer A Blocky mud stone with sandstone >B.P. 50,000
Liushuang Fm. 1m thickness Ss and Ss/Sh - 15




@ Data collection and analysis

The Liuchia Active fault outcrops(2/2)

B Lin et al.(2000) found a outcrop represented the
:  Liuchia fault thrusting on the western side of
National Tainan University of the Arts.

B Drag fold found on the hanging wall that the fault
i plane dips to N-E direction.

B The strata can be defined as Liushuang Fm. on
:  both hanging wall and footwall of the fault.

B The structure could be one of the branch fault or
representing a rupture near the anticline structure. :

B Base on the geological investigation results, the
:  evidence of the fault thrustlng IS not obvious at all.

Ks | T # &
le|| A ERA
® MitmE

& HERE

& GPSEalgs

B AR

S ks

A Wi R (R + G T A 5 M ) B )
o B ERA)
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@ Data collection and analysis

: m Fault activity (mobility) :
: Young et al.(2005) — Vertical uplift rate 5.5 mm/yr ; Horizontal slip rate 11 mm/yr

Chen et al.(2006) - Vertical uplift rate 6.33%£0.06 mm/yr » Horizontal slip rate 12.7
mm/yr (30° fault plane)

Chianan lrrigation Agency(2015) — At the Wushantou R. vertical uplift rate
1.2~2.2mm/yr ; Long term horizontal slip rate 1.4~2.8 mm/yr (60° fault plane)

=» The southern part of Liuchia fault has higher fault plane angle, less slip rate
than the northern part of the fault

T e e TV e et Ve Ve eV e Tt Ve VeVt T e VeVt T e VeVt el T VeVt TV VeVttt T T e e P T S TR L E L TP S PP ELEET wnaes ::.::......_______________:
~ | 7 E 7 I
104-RIP-23] & o .
] e (EL. 40.02m) (EL. 43.49m)
(EL. 39.080m) _/_._’—___’_,_/_,—————
|
1 $6.5+0.2
e THIHET Rid K44
°' P ETILT Phoid F 6.6
7~ H BT
104-RIP-42] & —_— R4-1
R4-2 R4-4 Wl 49.41m) (EL.51.47m)
- (EL. 45.06m) (EL-47.67m)
| _/_,,/-—-—4"‘-'/_’l 8.5+0.4
1 6.3=0.3] 7'“0‘6] {7.6:0,3
- ¥ I LB 2 sk e
{7 2+0.3 | # *’:’.ﬁ_% ik F:6.6
rEHEIHLE Phak F:78
6.1=0.3}
0 -

17




Morphological analysis and Geological survey

“» Geomorphology of Fault
e Via 1m LiDAR DEM

Topography characteristics of faulting

¢ Surface geological survey

e Detalil investigation focusing on the near by
area of Wushantou Reservow

+ + + + +
+ + +H F+ + + | F

Reverse
fault

. Flexure scarp
B: Triangular plane

C: Fault scarp

Strike slip fault
(right lateral) o _

Strike slip fault
(left lateral)

' \
|~~~ 7XEPEAAE (tut IF) \

i.|~“<.:v;-._i;r - i . ::‘., === 7 EBEARE (E 1) E .’ 4
. \|/L 25y |- ma(chr ) L
e e “-ﬁuﬁﬁz(%ﬂ#u)
P kel mﬁfw

—= F

ﬁﬁfgﬁfxﬂ?rﬁ
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Data collection and analysis

RIP survey and drillings at Wushantou Reservoir

>43500yr B.P.
7310-7175yr B.P. - 0400~8130 yr B.P. TASOIER 3 e e
= yr ~ yr i o
o TR, " oz | el g e
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V-O o = e s - d tr of
—————————— =
_ 1\
o R S e -
-850 - \\\ ,
B | Liushuang Fm,-
ety rsom_L | LG e
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= - e - A Lo A
RIP-2 profile RIP-3 profile %
I T T T T T
(1] 50 100 150 200 250 1;0 1;0 ZLD 2;0
|
11065~10605 yr B.P.
14225~14065 yr B.P. 12670~12445yr B.P.
14000~13765yrB.P.
7320~7250 yr B.P.
R4-3 R4-1 12545~12170 yr B.P.
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Possible lineation of the fault
scarp can be found near the
Wushantou Reservaoir.

Those lineation are N-S
direction with an arc shape.

The topography lineation No.1 = : | R
and No.2 located the fault trace 1| £ | l| Wushantou R. |
that the CGS defined. - . SN

The results show that the
possible fault scarp lineation
located in the west of
Wushantou Reservaoir.

At W H
> F MR (KA &)
——- > F MR (3R
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@ Surface geological survey

% The Pleistocene Liushuang Fm. expose
In the subsurface with muddy sandstone.

% The attitude of the rock Fm is NE in
north, but change into NS~NE dipping to
west 5~20° .

Shattered Sandstone and mudstone
interlayer dipping 45° to west

s M - B
o gl L i
[ 3 T4 L
L YL »
X H Ea iy
T, Wi’ L "

Ay
Thick San
10°

P Feiv AR T e it 27. gL = _.‘__ﬂs":bi_ e J—ﬁt‘ M\;}-’i rs
. Sandstone s.and.thln Lnudstone Thick sandstone layer dipping
interlayer dipping 20° to west 10° to west

to west

104-RIP-8

B 17|

[a | w#R

P b3 AR R
[Ls | <% R
\[Ec|]—#i%k
© #Ha
Mss B R # &
Ss RE#K#E

Ss-Ms &b & & iR &
- B i B
L A AR )
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Surface geological survey

A2

Th|ck sandstone Iayer'dlpplng.15 to

west

B 17|

[(a | #w#k

[t ] st
NER
—FERE

3;Undefofmed Sé. layer exposé'on the riverbank of

Thick SS dlplng 9 to west Zeng Wen R.. dlpplng to west - ‘ "2,-2

Ss and Mds interlayer




@& Geophysical survey and Dr| I | ing

Geophysical survey

@ Purpose: Investigate the distribution of the
geological structure on subsurface near the
Wushantou R.

@ How to? Set the RIP survey line perpendicular
to the possible fault scarp lineation

@ 4 RIP survey lines and 1 reflection seismic
line, totally 3,400-meter-long.

Drilling
m Purpose: Investigate the southern extension of
the Liuchia fault.

mHow to? Base on the Geophysical survey results
perpendicular of the possible fault trace.

m 7 boreholes near the Wushantou R., and southern||
part 10 boreholes.

m1,050-meter-long drilling logging data are
documented
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Elevation (m)
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s*South part 105-RIP-3

v' The survey line length is about
450~550 m.

v Resistivity unconformities region
dipping to NE direction.

v It suggests that the
characteristics are matched to
the distribution of the Dam area

105-R3-4 105-R3-1 105-R3-2
w | (88lm? (10\O‘m) }‘100m)‘

105-R3-3
(74m)

Elevation (m)
s
hi

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 170(

105RIP3-PD
1 1 1

Elevation (m)
L

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 170!
25
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Drilling

**The Wushantou power plant area 105-WS-1(60m)

Elevation (m)

RIP-0-C-DD

Ty
(1l

105-Ws-1

SP:75°
B:35°~40°

Surveysarea

=

10 60 70 80 90 100 110 120 | |30 140 150 160 170 180 190 » Dense shear
Distance (m) St structures in all
20— spiage .
Fault goqge ggptgg\/gh )
SR 7310~7175yr B.P. 9400~9130 yr B.P. and breccia - B Ipplng
ot 9765~9555 yr B.P. R2-3 R2-2 1112010y B.h m plane
50 — (100m) — >43500yr8.P. (100m) .‘Jml_(_|100mi)m“m ________________ - 10— = —';.FS_%;,_ %#mmmma
T Lo / By > At depth
% // SPidse
= P Shidp 32.06~32.45m
“ sp620 ;
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SP:56 .
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N\ é . .
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_Ns AN SPi66° = °
e B SPi26° 26 )
e N -10 — §p:aze
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X Spe
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Drilling

/ : e BWEEE
Surveytarea
<sDown stream of the Dam 105-R2-1~3 » R2-1: Sandstone and mudstone interlayer. ly R ﬁ
Near flat bedding plane on footwall. o
. 6sm A" 5 Ro 2 0~6.4m bedding dips 30~50 5.0~5.4
30— 30m m  105-R2-3 o | 0-6.4m | n
105-R2-2 shear structure. It suggest 0~6.4m is on the
105-R2-1 :
A ~ hanging wall.
=B\\catherning A .
20 — vsr\ Mudlstoms > R2-3: Dense shear structure in 0~57.15m
" with angle 26~38 °. (Hanging wall)
e (R2-3)At 38.8~42.78m and 52.46~53.32m
10 — Mwdsiteme With fault breccia and fault shear zone. The
* shear plane dips around 0°~18". It might be
- at the footwall of the fault.
0 — - o (b)/’__\‘ < BREAGE )
B e 1, A TE R-\ N PRSP gy =
*dq
-10 7 \ Darkigray '\ ,,
Fault plane} S
-20 ]
D&a.'&reK ygfr&y’l):
shear zone
] Weeihering ||
-30 SV A - -- 60 70 8 9%
v Fault plane dipping
_40 | | | angle is 60~70°
10 20 30 \




& Drilling

» R3-1: Sandstone and mudstone interlayer with debris shell. At the |

2 South part 105-R3-1~4 depth of 62-66m, the bedding plane dips to south west 30°
Ra. 105-R3-1 105R3-2 . b3 5. Sandstone and mudstone interlayer with debris shell. At the
105-R3-4 (100m)  (100m) : :
sw . (88m), | v | depth of 55m and 85m, the bedding plane dips to south west at

120° 20°
10(%

a0 > R3-3: Sandstone and mudstone interlayer with debris shell.

402 Bedding plane is about ~0°
2& - ~ » R3-4: Sandstone and mudstone interlayer with debris shell.
'4(F0 (L L L L L L B L B A O Beddlngplanelsabout~0° toloo

o R3-1 . °

o i (100m)

: (100m) =

& ner g B

. ~, R3-4 R3-3 /,fd 5 |'v There are no shear

" 4 Y- —

Mudstone intercalated - & structures and flexure rock

u with sandstone _ _ - =" can be found along the

v It is suggested that the
Liuchia fault trace didn’t
extend to the southern part
where we investigated.

: ® ez oz ogEe
AP DBBs § 553

Hlllillllllhqlﬂllﬂw\“ M6 ’IIH;IIHH I

sandstone interlayer

e
Biiiss §in
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Let’s Go Trenching!!

1. Wushantou power plant (Site A)
2. Down stream of the Dam (Site B)
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@ Trenching Site A — At Wushantou power plant

5 W’ Slte A
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Trenching Site A

O Digging and sizes
=Each stair of 2-meter-high with 1.5m width.

Firét stair Second stair

=Prof. Lee, C.T.
suggested that expend
the trench to east for
10-meter-long. The total
length of the trench is
60 meters.




@& Trenching Site A

O CIliff cleaning and sampling

=|In order to show the sedimentary structures and shear strucutures
=Finding charcoals and other debris that can be use for C14 dating.

=All the sample were sent to BETA.

- Marking sample location

¥
- i

- Sampling




@ Trenching Site A

TG AL ;i

0 Set mesh lines and documentation NS

=The mesh line size is 1x1m for each square. : R DR
() i

o o

=Using high resolution digital camera to document the images.

=Using ArcGIS to gather the wall images piece by piece together.
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Trenching Slte A —-A bird-eye-view

185000 185010 185020 30 185040 185050 185060 185070 185080 185090 185100 185110 185120 185130

2567650 2567660

2567640

30

25676

B
=
o
w
~

2567590

2567580

185000 185010 185020 185030 185040 185050 185060 185070 185080 185090 185100 185110 185120




Trenching Site A




@ Trenching Site A- Profile of walls

w

W North wall profile
(interpretation)

North wall

105-WS-1gy 5

" South wall profile

(

interpretation)

N1~N8 : Holocene marine
phase strata
C&L : Alluvium

B : Backfilled layer

Layer Lithology Age(BP)
N1 Greenish clay 8989 — 7786
ilt int lat
Ng | Sttintercalate | Zoa 7786
Clay
N3 RN 5742 — 5608
greenish clay
N4 Mud and Ss i
interlayer
N5 Brown clay 6410 — 6300
N6 Brown to 3837 — 3686
Greenish clay
N7 Brown to 3446 — 3326
Greenish clay
N8 Brown silt 1833 — 1698
@ River deposits 1950 — 1686
L Mud and sand 41 --34

intercalated




Geological structure interpretation

105-WS-1g;.5

North wall profile

OMarine facies strata tilted. Dipping angle 50° on
east decreaseto 5 ° to west.

OObserved conjugated shear structures in 30~50°

OThe main shear plane cut through the top N7
layer.

OCrack fillings can be found in layer N8. It might
because the extension force made the crack
perpendicular to the bedding of strata.

OThe Holocene marine facies strata is suggested
on the top of the hanging wall.




OThe alluvium(L1 and C1) bedding is nearly flat without tilting.

OL1 and C1 can found some flexure layer with liquefaction.

»This area located in the trishear zone of Liuchia fault.

» The faulting made the strata tilted and deformed strongly in the

trishear zone.

»The main fault didn’t appear in our investigation.

» Base on the evidences of shear structures and tilting layers, the

Liuchia fault trace is buried.

» Deformed and flexure strata in recent 9000 year show that the
Liuchia fault is an active fault, which can be categorized in the first

class. (Active in Holocene 11,700 BP)

Ground Surface

Trishear zone —

e Vlxy) -7
\ \e ,—)"" xun

Footwall
V=0
V=0

(fixed)

\\
£
L
¥  (b) Deformed configuration

Trishear

(c) Typical velocity distribution




Site B trench (Down stream of the Dam)

. o g o
Rt

ISR
LI A 0'S, RIEEO-C.

= wmmou power plant

mmaipcwer\

Control Center Z&
# e TN _*m" : - : 104-R|P-2

1
1
1
1
LY
AR

TR R = 5 )

4 QLR A D] e
A TV FIR o
| :

okl s
@ smma
e WL
@ il

A 4 3 2

P ui A (1042 [
— = % PR (A7)




& Site B trench — Bird—eye-view
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Z) Site B trench




@& Site B trench walls profile

North wall images

North wall profile (interpretation)

105-R2-2

|

105-R2-1

10

T e C—

South wall profile (interpretation)

g

TSs

s

NS1~NS5 : Holocene marine
facies strata

S1~-S2 : Alluvium

B : Backfill

Layer

Lithology

Age (BP)

Brown soil with

NS1 weathering Before 15172
lineation
NS2 OUZENIE EE0S 15172 — 11235
gray clay
Brown to
Ns3 | greenishsand | 4000 40760
and clay
intercalated
NS4 DI I 12111 - 11824
organic clay
Brown sand
NS5 intercalate with 9902 - 9626
silt
S1 Loose sand 520 — 428
S Sand and silt 145 - 15

intercalated




@ Site B trench Geological structure interpretation

North wall profile

30 65 y
30 — " 36m 105-1{2-2n A
. ) ) 4 105-R2-2 105-R2-1 <
OThe alluvium with a unconformable contact on Holocene marine LT T Y- CA T
i 20 ’f”’,f’“::\;f?wﬁé
facies strata. it T |
: Jw il g\* .
OThe dip angle become lower from east to west. N1: 40° , NS5: 10 ’g" =t o
20~30° , S1:0~10° , S2: horizontal gravels N S Ay
OShear structures (planes) can be found in Holocene marine facies . e

EREITR YY)
| samnme

strata with 20~50° dipping to west.

OLong-extend Shear structures can be found in NS2~NS4 layer, but it 7 :_
didn’t cut through the surface. -30 j ”

. SR I I I B




@ Site B trench Geological structure interpretation

North wall profile

30m
OShear plane found on the west side S1 and S2 layer, which dipping to 07 105.R2-2

east. It can extend to NS4 organic clay layer. 20

OThere are several normal fault found in NS3 layer, which might be the
fault dragging the Holocene marine facies strata.

OSlickensides found on the east of the wall, which the surface dipping to

]]IIII[I][IIIIII AHI

north.

EXE-Fb LI
PR L2

» There are no obvious stratigraphy throw showing in this trench

e ESA TR
T Hew

site.

» Base on the evidence such as tilting strata, dense shear
structures, the Liuchia fault trace is buried.




@9 C14 dating results

11 sets of C14 dating results from Site A trench I

Location Sample Calibrated age Layer
O30 sets of sample totally Name (yr B.P) No.
: : S.wall | TiCc-1 -34 - -36 cal BP L1
1.11 sets C14 dating results at site A trench

Wushant ant trech S.wall | TiC-2 | 1950-1820calBP | C1

(Wushantou power plant trech) S.wall | TiC-3 post AD 1950 -
2.7 sets C14 dating result from the drilling. S.wall | Ti1C-4 | 1817-1686calBP | C1
3.12 sets C14 dating results from site B | TIC-S i

S.wall | T1C-6 | 1833-1698calBP | W2

trench (down stream of the Dam)

S.wall | T1C-7 | 5742-5608calBP | N3
yr Bl-P-(yearI Eefmg Erejen(tj 195;]0) " N.wall | T1C-8 | 3446-3326calBP | W1
** Cal BP, calibrat °

| a callprate Yy dendarocnronology S, Wall T1C-9 7692 - 7594 Ca| BP N1
) S.wall | T1C-10 | 3837-3686calBP | N6
S. wall 1C-11 6410 - 6300 cal BP N5

{ 5772 TS 60RIB R i) : <1308 - VS ERGEERD) W7 - ASa B W2

45




@9 C14 dating results

7 sets of C14 dating results from drilling

12 sets of C14 dating results from Site B trench

—

Drilling | Sample |Sample depth Calibrated age Location Sample Calibrated age Layer
Number name (m) (yr B.P.) Name (yr B.P.) No.
105-WS-1| DC-1 3.05 7935 - 7786 cal BP** S. wall T2C-1 11361 - 11235 cal BP NS2
105-WS-1| DC-3 7.62 8644 - 8538 cal BP N. wall T2C-2 12020 - 11708 cal BP NS2
105-WsS-1| DC-4 8.7 8780 - 8593 cal BP S. wall T2C-3 145 - 15 cal BP S2
105-WS-1| DC-5 9.05 8989 - 8697 cal BP S. wall T2C-4 145 - 15 cal BP S2
105-R2-1 | DC-6 3.95 15172 - 14631 cal BP S. wall T2C-5 12065 - 11770 cal BP NS3
105-R2-3 | DC-8 37.79 39016 - 37923 cal BP S. wall T2C-6 11096 - 10760 cal BP NS3
105-R2-3 [ DC-9 40.95 25859 - 25369 cal BP N. wall T2C-7 13615 - 13455 cal BP NS3
* yr B.P.(year before present 1950) » N. wall T2C-8 11086 - 10920 cal BP NS3
** Cal BP, calibrated by dendrochronology o S. wall T2C-9 9902 - 9626 cal BP NS5
N. wall T2C-10 | 11831 - 11598 cal BP NS4
W S. wall T2C-11 520 - 428 cal BP S1
. N. wall T2C-12 | 12111 - 11824 cal BP NS4

+  Site B trench (North wall)

3 k& ait

1

30 25

BB (m)

BP(4b %)
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&) The Characteristics of Liuchia Fault

Topography and Geological setting

B The attitude of the rock formation on the hanging
wall shows a arc shape with dipping to west
500high angle.

B On the footwall of the fault, the strata shows
nearly flat with 0~10 ° dipping to west.

B % & %(2005) :
XL %(2006) [

Location and length of Liuchia fault

OBase on the results of 2015 and 2016, the main
Liuchia fault did not cut through the surface.

OIt only caused the strata deformed.

OAt the south of the Wushantou R., the strata
become tilted into high angle from west to east.
OThere are not evidence show that the fault
propagate to the subsurface in the south part area
according to our drilling results.

»The total length of Liuchia fault is about 13.3

2015
investigation
i

km-long. Ul 57
»The southern part of the Liuchia fault is about This project_ =
4.8 km-long (This project). 7 4 or
01,000/ 0 2.000mf

I ] ] s

— b (PR |

(R E)

i




@ The Characteristics of Liuchia Fault

‘The slip rate of the Liuchia Fault | "

OLand facies strata shows up in the
middle of the trench.

OPart of the layer are river deposits.
OThe hanging wall uplift rate estimated
via the data from the eastern north wall
which is 5.93~6.78 mm/yr.

Site A at power plant (North wall)

111111111

. . Elevation | Long-tern uplift
Location Number Calibrated age (yr B.P.) (m) rate (mmiyr)
T1C-1 -34 ~ -36 cal BP 38.4 --
T1C-2 1950 ~ 1820 cal BP 38.0(2)* 18.46~19.78
T1C-3 Post AD 1950 -- --
T1C-4 1817 ~ 1686 cal BP 37.9(D)* 20.31~21.89
T1C-5 -41 ~ -44 cal BP 38.7 - rean N e
Southwall | T1C-6 1833 ~ 1698 cal BP 38.0(2)* 19.64~21.20 | comeg mezjems
T1C-7 5742 ~ 5608 cal BP 37.4(0)* 6.51~6.67 =
T1C-8 3446 ~ 3326 cal BP 38.1(2)* 10.48~10.85 =
T1C-9 7692 ~ 7594 cal BP 36.2(-12)* 6.27~6.35 om—
T1C-10 3837 ~ 3686 cal BP 34.6(2)* 8.50~8.84 =
T1C-11 6410 ~ 6300 cal BP 36.2(-4)* 6.27~6.38 e
) 2 -40m—
Drilling Sample S;;nrsrl]e Calibrated age Elevation | Long-tern uplift | @R
No. | Number | © %) (yr B.P) (m) rate (mmyr) b
105-WS-1 DC-1 3.05 |[7935—7786 cal BP | 39.8(-13)* 6.65~6.7/8 el
105-WS-1 DC-3 7.62 | 8644 — 8538 cal BP | 35.2(-18)* 6.15~6.23 100 —— WEmives gg gg;
105-WS-1 DC-4 8.7 8780 — 8593 cal BP | 34.1(-18)* 5.93~6.06 aom] = Shapeaianctaiach. 1951 Eaweras otot. 1992 | Ll T
105-WS-1 DC-5 9.05 |[8989 — 8697 cal BP | 33.8(-20)* 5.99~6.19 After 11,700 BP the sea level changing histogram
R2-3** -- 14.6 | 7175 - 7310 cal BP 25.42 4.910.2 48




@ The Characteristics of Liuchia Fault

Site A at power plant (North wall)

‘The slip rate of the Liuchia Fault | "

O It is hard to define the direct fault slip rate

because of the Liuchia fault didn’t cut
through the subsurface.

OVia the deformed sedimented layer, we
can estimate the uplift rate of the buried
Liuchia fault.

ODC-01 age is 7835~7786 Cal BP

OR2-3 age is 7310~7175 Cal BP, that
means when the layer start to deposit, DC-
01's elevation is lower than R2-3’ s.
OBecause of the faulting event let the DC-
01 thrust up onto the R2-3’s elevation.

» The 105-WS-1 well at depth 32.3m has
fault gouge and breccia contacts, we can
estimate the fault surface is dipping ~30°
»Previous research presented that the
footwall long-tern uplift rate is 4.9+0.2
mm/yr (R2-3) , hence, the Liuchia fault’'s
long-tern slip rate can be 3.10~4.16 mm/yr

s S
:,s!“h

111111111
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@

Our estimation of long-tern slip rate is lower
than the rate which Young et al.(2005) and
Chen et al.(2006) published(11.0~12.7
mm/yr).

It suggests that our study area might be
the end tip of Liuchia fault.

The fault did not cut through the surface
with buried fault trace. Only cause the
subsurface layer deformed and tilted.

S Fault tip

B:30°
SP:30°
Sp:30°

SpP:50°
P:30°~60°

49
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The Characteristics of Liuchia Fault

Categories Characteristics Source
16 CGS(2012)
Fault trace length 1.5 MC.)EA(201.7) .
(km) 121 Chianan lIrrigation(2015)
(13.3(north)+4.8(south)) | TS Project
30 Young et al.(2005)
Fault plane angle 60 Chianan lIrrigation(2015)
30 This project
Closest distance to 240 Chianan lrrigation(2015)
Wushantou R. 240 This project
11 Young et al.(2005)
Longtern slip rate 12.7 Chen et al.(2006)
(mm/yr) 1.4~2.8 Chianan Irrigation(2015)
3.10~4.16 This project
- . <7,000 Chianan Irrigation(2015)
elality (Eely) < 11,700 BP. This project

50



Design Earthquake Analysis




@ Dam Hazard Analysis-design earthquake analysis

The goal of probabilistic seismic hazard analysis (PSHA) is to quantify the rate (or probability) of exceeding
various ground-motion levels at a site (or a map of sites) given all possible earthquakes.

* Active faults Source * Earthquake Recurrence
* Area sources occrrence rate
* Subduction sources * Max. Earthquake

* Earthquake catalog analysis

i
firl ) Exponential Model Characteristic Model
.. M g1, 2 81

s - I f 5|3
E i =3 =
Xt ’ 2 s

@
\E{ r : distance 'E ‘r %
m : magnitude _E z:l
L -
\ Magnitude Magnitude

* Total median hazard  Hazard

* Site class * The contribution of
* Crustal & Subduction every source to hazard
* Period of response acceleration i i DT
Sﬂ{-]'} T: pEI‘iDd E E'
A 2 3,
-.% HI’ Inceriainty > L% \\ E :
] =
E Magniiude | £ 3 5,
E ) = “Sourcel © K
E Magmnitude 2 2 | Source3 \ Source2 W
5] g L%

L

Gruond mation

Yen et al. (2019)
PSHA- flow chart




@ Dam Hazard Analysis-design earthquake analysis

O Fault Source

2012 Taiwan Fault Distribution Map (CGS) =

This project

~HERE
(B L)

NHEE
(A51E)

1. This project (trenching and drilling data) ~

2. Previous project (R REERE R SILEKER 28 &G RRELHE)
3. NCU Graduate Institute of Applied Geology (NCUAPI, 2016) ~
4.[Eh & i RENTEERRIME R ZE (CGS, 2014-2016)

5. and the active fault parameters in various academic studies.
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@ Dam Hazard Analysis-design earthquake analysis

O Areal source O Subduction source
Update Areal (shallow) source to Cheng et al. (2015) Add Subduction source from Cheng et al. (2015)
Subduction source zones

—
0 25 S0km )
sial 2 S
. PR
S he, S 7
- ‘ ‘ v
sm - N T ;
- e =) =
@3‘ = .‘g‘l s
S 4 S + ) USS
\_a‘!'_ - r‘ f =
. il s
L
3 %S Update the parameters with new
24° B A earthquake catalog
— - N(mo) 1 -
P R 2 NO mo (0nimy) b(zob) myFEgY SR E)
1 ( N y s01 35 | 0.986(0.149) | 0.913(:0.127) |65 (0.2) 6.6 (0.6) 6.7 (0.2)
» s L “ =N S02 35 | 0.820(0.136) | 0.779(£0.134) |65 (0.2) 6.6 (0.6) 6.7 (0.2) : &=
- S, - 503 35 | 0.689(:0.124) | 0.785(20.169) | 6.5 (0.2) 6.6 (0.6) 6.7 (0.2) 23 i
4 y S04 2.5 | 3.330(20.355) | 0.896(+0.083) 5.0(L.0) Update the parameters with new
23° | S05A 25 | 4.728(:0.428) | 1.134(20.091) 5.0(1.0)
X2 S058 25 | 5.966(0.473) | 0.858(0.056) 5.0(1.0) earthquake Catalog
g 506 2.5 | 8.832(:0.570) | 0.750(£0.038) 5.0(1.0) T )
Y s07 3 | 4.880(:0.387) | 0.609(+0.044) 5.0(1.0) Tgwa | ™ N(mg) (&S ) b(os) muHEH® 5 )
S08A 25 | 7.379(:0.521) | 0.747(:0.044) 5.0(1.0) rEETy
Y 08B 25 | 12.380(:0.600) | 1.046(20.050) | 6.5 (0.2) 6.6 (0.6) 6.7 (0.2) (35L-§2km1 40| 2810(0.247) | 0.911(20.068) | 7.5(0.2) 7.7 (0.6) 7. 9(0.2)
4 509 25 | 1.625(:0.238) | 0.524(0.075) 6.7 (0.2) 6.9 (0.6) 7.1 (0.2) ‘(‘5%_%'(*;[“*;“ 40| 1.826(x0.199) | 0.871(+0.090) | 7.5(0.2) 7.7 (0.6) 7. 9(0.2)
- f S10 35 | 0.813(x0.135) | 0.721(+0.127) 6.5 (0.2) 6.7 (0.6) 6.9 (0.2) i(\%gg#{ml;. 40| 0591(+0.111) | 0.738(+0.121) | 7.6 (0.2) 7. 8(0.6) 8.0(0.2)
N4 u 35 | 1531(:018) | 0.908(:0.110) 6500 LA ER T 0] 0411(:0.003) | 0.725(:0143) | 7.6(02) 7. 8(0.6) 80(0.2)
L 2 s12 25 | 17.840(:0.802) | 0.657(+0.024) 5.0(1.0) (90-110km) |+ -411(:0. -725(0. 6(02) 7. 8(0. -0 (0.
N S13 3 1.645(+0.225) | 0.636(+0.072) [ 6.3 (0.2) 6.5 (0.6) 6.7 (0.2) &fgjgg’;(% 4.0 0.182(t0.060) 0.583(t0.174) 76 (0.2) 7. B(O.G) 8.0 (0.2)
. < 2 S14A 25 | 2.702(+0.313) | 0.689(20.067) 6.7 (0.2) 6.9(06) 7.1 (0.2) LAk | 401 017000059 | 05620238 | 7602) 7.5(08) 50(02)
) S14B 35 | 2.386(:0.227) |0.583(:0.047) 7.4 (0.2) 7.6 (0.6) 7.8 (0.2) (130L-§50knj) : T U R : T
. = s14C 35 | 3.524(x0.279) | 0.690(+0.049) (7.4 (0.2) 7.6 (0.6) 7.8 (0.2) (1‘5%]‘_;5(?1‘) 4.0 | 0.226(+0.068) | 0.647(+0.165) | 7.6 (0.2) 7. 8(0.6) 8.0(0.2)
3 n ' 515 35 | 2644(10.259) | 0.597(:0.045) 7009 WA ER 0 0213(20.068) | 0.776(20.359) | 7.6 (0.2) 7. 8(0.6) 8.0(0.2
1° si6 35 | 5487(:0.344) | 0.594(+0.033) 7.0(1.0) : %73'){3%'2 0| 0213(:0068) | 0.776(03%9) | 76(02) 7. 8(06) 80(02)
19 120 121 SIA_ | 35 | 2855(:0.249) | 0.628(20.047) 5.0(L0) NP9 | (190km v | 40| 0.654(t0.118) | 0.810(:0.142) | 7.6(0.2) 7. 8(06) 8.0(0.2)
Topography and depth (n S17B 35 | 1.671(0.193) |0.727(+0.089) [ 7.3 (0.2) 7.5(0.6) 7.7 (0.2) - 5: ) =
111 | | S18A 35 | 2.645(:0.240) | 0.636(+0.052) 5.0(1.0) SP1 (§5F-5gkm) 4.0 | 0.926(+0.139) | 0.577(+0.124) | 7.5(0.2) 7.7 (0.6) 7. 9(0.2)
-6000 =5000 =4000 -3000 -2000 -1000 5188 35 | 2.105(0.217) | 0.710(+0.078) [ 7.3 (0.2) 7.5 (0.6) 7.7 (0.2) sp2 (5%-?0%&1) 40| 0.196(:0.206) | 0.905(+0.084) | 7.6 (0.2) 7. 8(0.6) 8.0(0.2)
S19A 35 | 4.414(:0.312) | 0.711(:0.043) | 7.3 (0.2) 75 (0.6) 7.7 (03) oy
198 35 | 2.026(:0.212) | 0.733(:0.065) | 7.3 (0.2) 7.5 (0.6) 7.7 (0.3) SP3 | (100-180km) | 40| 1.212(+0.162) | 0.832(+0.106) | 7.6 (0.2) 7. 8(06) 8.0(0.2)
520 35 | 3.600(:0.283) | 0.757(:0.051) | 7.1 (0.2) 7.3 (0.6) 7.5(0.2)
s21 35 | 7.904(0.420) | 0.761(£0.034) | 7.1 (0.2) 7.3 (0.6) 7.5 (0.2) 54




@ Dam Hazard Analysis-design earthquake analysis

OO0 GMPE (Ground Motion Prediction Equation)
v’ Asite dependent GMPE is built for the Wushantou Reservoir.

We analysis with the earthquake data near the dam and the geological condition of which is similar to the dam to reduce the

variability of ground motion, and it also decreases the standard deviation of GMPE in order to estimate reasonable ground motions
level precisely.

Y — : : -
W Strong motion stations within 70 km away
T from dam with similar geological conditions.
5o
Z \\ \\
O | vedrttiams \ N
o, .2 43 o
10 - Mw=75 ~
- Mw=6.5 N
s—- Mw=55 .
o Mw = 4.5 N
A TR 5 100
Gﬂ\? Distance (km)
$e‘ﬂ 10° e
o "_,-’/‘//
10 .
c) ; L .
<102F
U P
a |
1073 4 - R=5km
’/ -=- R=20km
Reverse —— R=50km
= —— R =100km
104 Vs30 = 610m/s
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Magnitude




@ Dam Hazard Analysis-design earthquake analysis

O Seismic hazard analysis
V" This project followed the rules in KFZEMBE KRR 2 FFE MRS KES|KE (2008).

Wushantou, 2 sigma from Site-Dependent GMPE

10° =
The shortest o CRT T T T T T T T TS
. Control | distance of . . Adopted standard ~ 7
Project (Method | “c. 1+ [ Control fault | V@gnitude|  PGA (g) p?”r())d deviation — i .
y — R REE ]
— 8 10° — %ﬁﬁﬁﬂm) |
psHA | Huchia g okm | McE| 69 0.75 - - S = ESERS07) | =
Fault - - MO ERE =
4th Areal source DBE 0.62 950 not specified D R 7]
PSHA Fault source OBE| 0.53 475 not specified 8 A R |
- MDE| - 0.75 - - < ARRET
. . 2
DSHA LL‘ﬂf‘ 024km |MCE|682| 084 - - 10 :— =
Previous Areal source MCE 1.10 10000 not specified :?.. E \ E
project | PSHA DBE | - 0.78 950 not specified = — 475vr
Fault source o = | _ W U S L
OBE 0.70 475 not specified Ie! = \ —
- MDE| - 0.84 - - 2103__ . N .
DSHA L'F“Ch'a 024km |MCE| 6.82 0.68 - - O = 950yr 3
ault Q‘: — \ -
C o B, W, AN ]
0.66 - truncated 1*c — L 2475yr  —
MCE 0.66~1.26 [10000]| 1.02 - truncated 2*c ® - -
1.26 - truncated 3*o E
c10* — - -\ - -X - - - = AC - —
< - 10000yr 3
This | oon Areal source i 0.46 - truncated 1 ‘o ~ .
0.73 + truncated 3 *o |
047 1 ted 1* 10-5 | | | ] | ] | | |
A2 - truncated 1*o
OBE 042~0.60 | 475 |0.54 - truncated 2*c 6o 02 04 06 08 10 12
0.60 - truncated 3*o PGA(g)
- MDE| - | 066~126 | - - Seismic hazard curve for Wushantou Reservoir
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@ Dam Hazard Analysis-design earthquake analysis

O Seismic coefficients

Seismic coefficients for the Wushantou Reservoir

' Seismic coefficients
v i . i 723 Design ea_rthquake PGA
Thli pro;itit f(zllows t,r!_e rules in 7J<$JLE ragnitlde (9) orzontl Vertical
Wi E KL 2T R KELI5|KTE MCE 0.81 0.24 0.16
(2008), and obtain the seismic coefficient DBE 0.65 0.20 0.13
by interpolating. OBE 0.54 0.17 0.11
MDE 1.02 0.24 0.16
O Design response spectra of the dam
Design response spectrum for The goodness of fit of the design response || Original earthquake time series
the Wushantou Reservoir spectrum and synthetic response spectrum and synthetic time series
= Target Response Spectrum w B Tus‘.;&lzg::’”]
3 3 —— Matched Response Spectrum 5 °
= Design Response Spectrum ! . #‘W{hﬂ,\ﬁ J‘JN* B
25 25 .
The original record (TCU068) of Chi-Chi earthquake
s 2 s 2] ; 2 : M ’
ﬁ 15 ﬁ 15 o
1 1 B
o Harizortal MAX=1.02g
05 05 g z H\M%%\“WW‘_,__ S
0 0 ~ : ] Normalizing to the PGA value of
o ' B ' . | the maximum design earthquake (MDE=0.819)
1] 0.5 1 2 3 1] 0.5 1 2 3 4 g T T T T s.U
Period (sec) Period (sec) ; ! time (sec) :
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@Assessment of Dam Improvement’ [ shesrmoduss =
mSI-2
Construction Material . s
= R XSAlL | =
Parameters Reviewing M o ]
2 A 107 ||
# Based on test results (in 1984,1989 and 1994), and non-  ° | | | | Core ||
destructive testing(NDT) results in this study. - |kM ” ' ‘ ' —
% ulk Modulus - .
€ Shear modulus and bulk modulus of material (core and ~ _ R
£ S *SAL
shell layer) show certain trend. £° osu2
O 30 AN loﬂ\?L\
€ Because drilling test is not carried out, adopted I . =
: : 10 Core
parameters for analysis refer to previous research. L }
Parameters Table .
) Shear Modulus | Shell Layer | :SI:I
Core Slandy SEVES | o iode | raan | TS GO N Azx
ayer cobble trench | o
£ ° n
Permeability ;E 0 06 .:ii
Coefficient 5.2x108 2.2x10°% 2.0x10° 1.9x108 1.0x103 | 1.0x10710 3 e . 0TFAL
K, (m/sec) 5 ) W07RE
K./K, 6 4 4 1 1 4 . | e . .
Yt (T/mz) 167 158 200 _ 200 24 0 500 1000 1500 2000 2500 3000 3500 400(
Veur (T/M?2) 2.00 2.00 2.02 2.70 2.02 2.4 25 —
C (T/im?) 2.0 1.4 0.8 : 0.8 500 .| Buk Modulus [ Shell Layer | | .
® 29.3 35.8 37.5 - 37.5 - £ ‘22
Shear Modulus | R 1,930 | 108000 | 1,446 | 98500 | & " o5
(kg/cmz) 8 10 ¢ SA3
Bulk Modul < e ox 3 107 9L
“(kglc‘?nz‘)’ US| 46,690 8,424 27,557 | 157,000 | 8,424 93,400 . |
om
Poisson's ratio 0.315 0.267 0.254 0.220 0.25 - . o000 o000 o000 o0 o0 "




@ Sructural Stability and Stress Analysis-bDynamic Analysis

ODynamic Analysis Mode of Dam

€ Length of dam (1,273m) / Height of dam (56.0m), ratio is 22.73, considered as shape of
strip,deformation behavior is close to plane strain.

€ Under design earthquake 0.81g, maximum deformation and settlement occur at
maximum section. This study uses FLAC to simulate maximum section of dam, and
conduct numerical analysis.

@ Core
@ Sandy Layer

@ Gravel -Cobble
@ Backfill

Dynamic Model Grid

Settlement Distribution of Pore Water Pressure
(Before Earthquake) (Before Earthquake)
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@ Sructural Stability and Stress Analysis-Dynamic Analysis

OResult of Dynamic Analysis
€ Maximum settlement is 3.07m (top of dam); Maximum horizontal displacement is 3.62m

(down-stream slope).
€ Lost freeboard after earthquake is 3.0m, freeboard is still enough (Level of top of dam

lower to EL.63.59m, and normal freeboard needed to reach is EL.61m)
€ According to USA California’s Norms (deformation over 3m), earthquake-resistant ability is

insufficient, thus improvement is recommended.

core prssure contous Distribution of Pore Water Pressure Horizontal displacement
After Earthquake) ) (After Earthquake)

1.00E+05
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300E+05 RGNS e A 4 N
VoIt T i e T N Ea—— A O Y
5.00E+05 N
6.00E+05

Vertical Settlement

Effec. SYY-Stress Contours

a0oeos B (After Earthquake) ‘M (After Earthquake)
3.07m . Grid Deformation
: (After Earthquake)
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e =
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Dam Reinforcement - Literature Review

Total | Remove the Embankment (i.e. drain lake) i

Fix
—| Replace Embankment !

Structural Pinning With Piles

Reinforcement

Anchoring Structure

Majf:)r , il Various Methods Possible
Remediation Improve i: :é_ (see detail<d~ ) Compare

(Embanianent Foundation Soil — Alternatives
mbankmen ; ¥
and Select
. Eelgsr;..(: Stabilization) Enlarge Optimum
ehabilitation Structure - Solution
of Buttress - {based on
Tuttle Creek Dam Ry reliability,
—— Through Upstream Slope constructability,
— i tal
. N « — _{E:}-I: . environmen
<4~ Soil Stabilization: fEpagh At Centedine impact,
a. Removal and cost, etc.)

Replacement
b. Dynamic Compaction Enhance Accept Partial Failure and

i i Underseepage Add Reinforced Relief Wells
c. Vlbrocom.pacIJon . Mitigate Risk r" pag
d. Compaction Grouting -

; of Failure

e. Jet Grouting
f. Soil Mixing
g. Stone Columns
h. Gravel Drains

Control System

(Should be
combined with

other Enhance Emergency Action Planning a
alternatives) I

Restrict Operation (Lower Pool) I “'S.c«r"

No Action
— ! T

(Accept Risk) Enhanced Drainage Capal ; )
non-engineer ing methods




@ Dam Reinforcement Analysis -Reinforcement plan

E Dam Improvement Plan

€ Improvement methods: slow down the
slope, weighting and strengthening
slope toe with rocks

@ Description
Local buttress and slope toe reinforcement
At the EL42.34 where the downstream slope
was improved in 2016, the slope was buttress
with a 1:4 gradient, followed by laying a filter
layer, filling the river bed material, and then
throwing stones (about 50cm) on the surface

[ 7HEB-EERE#&E

to reinforce the slope.

ARBR
¢

B foe66em
ERERE Bontem

HRRAE B400m A

'-=-;-._‘_:___\:_::|‘

AEEEHERE

ol s

B HRRE (<012.50m)

/ BEFAmBEs Kk

 EL42.34m

EEBS LML

105 i EHH R H RyNTMETH RS A RATH

Dam Hmr@m\ﬂ@m@m%ﬁﬂgﬁ (Plan ©)




@ Dam Reinforcement Analysis -Feasibility Assessment

E Dynamic Analysis (PGA=0.81g)

Obefore improvement OAfter improvement
Y»dis_placement contouSettIe me nt :3“0_71‘13N

3.00E+00 >
-2.50E+00 ’

2.00E+00 '\ )
~1.50E+00 A,

-1.00E+00 =
-5.00E-01

0.00E+00
e
X-displacement c

X-displacement contours on .
2002400 s displacement
-1.00E+00 -2.00E+00

-1.50E+00

0.00E+00 1 .
1.00E+00 dlSpIacement ° -1.00E+00
2.00E+00 PPEC la Aug Il TG -5.00E-01
3.00E+00 —362m \‘n 50001
,I 1.00E+00
-

horizontal displacement diagram

———————
- ~s,

Settlement :1.78r}}

~

______
N

Effec. SYY-Stress Contours Effec. SYY-Stress Contours
-1.00E+06
8.00E+05 oo
-8. -1.00E+06
-6.00E+05 -7.50E+05

-4.00E+05
-2.00E+05
0.00E+00

-5.00E+05
-2.50E+05
0.00E+00

Vertical Effective Stress Diagram

Vertical Effective Stress Diaqam

€ The maximum subsidence is 1.78 m (upstream side of the dam crest); the maximum horizontal

displacement is 3.40 m (upstream slope surface).
€ After the earthquake, the lost water height was 1.78 m(EL.64.88m), which is enough(at least EL61m)
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@ Dam Reinforcement Analysis =Feasibility Assessment

l Stabl I | ty Ana I YS | S ¢ Upstream (FS=1.17)
S 70 —
€ 2D Finite Element Program : SLOPE/W - ol
. . < 40 —
€ Situation £ -
S 0
ags . > L
stability analysis under steady seepage L
stability analysis during sudden release ol
-160 -140 -120 -100 -80 -60 -40
Stability Analysis when earthquake . Downstream (FS=1.58) R
— 50*
€ The upstream and downstream of the Ewn
: : . s ¥
improved dam are safe in all conditions. S o
Yl
-20 |
2160 - 180
condition upstream slope downstream slope
reservoir level Steady seepage at full water Emergency discharge to EL.40m Steady seepage at full water
level EL.58.18m (2/2 full water level) level EL.58.18m
earthquake NA Kh=0.24 NA Kh=0.24 NA Kh=0.24
Within 1/4 dam height 1.54 1.63 1.72
safety Within 1/2 dam height 1.29 131 1.55
factor | \within 3/4 dam height 1.22 1.11 1.54
full dam height 2.65 1.17 1.92 1.07 2.71 1.58
safety regulations 1.5 1.0 15 1.0 1.2 1.0 i
-




@ Engineering planning

€ (1) Downstream slope buttress (2) Road engineering
€ (3) Drainage system engineering(4) Monitoring system relocation project

0 Downstream Slope Reinforcement

s =
S T

T R T e L
s ‘. S ﬂ}\\}‘\ \&\T\\w\'ﬁ%“g‘i‘%%
A\

| Buttressarea |||\
Al

AT

!

drainage

€ The slope is 1:4 and thickened (about 10~15m), with an area of about 4.18 hectares. The
construction sequence is to remove the surface soil (about 30cm) on the slope, and then

lay the filter , river bed material and surface rubble in sequence ( about 50cm). .




@ Dam Reinforcement AnalysiS- cost and Construction Period

0 Dam Improvement Plan (Plan C)

] Estimated Cost

i R R B R &R @A TiERGD
ﬁ'?ﬁ Chlasnlng(l)grlrl]gn g Rubble 3 [Ty
BH £l 66.66m g i . 17’860m3 (“ ) BN i
S - wReE 1 | TG A 157,893,252
— I HREE e1250m) -
RRHAR oo v 1, 2 ¥k AR 4,750,000
7 i ;;’;L;._if'_fla._{::;:;_%} [ i 3 |1z 7,200,000
3 / e 4 [Tk nBicase 2,000,000
Filter , ﬁgﬁmmawﬂﬁ 5 |Bpase 1,781,000
27,567m (=) |sesmr e 40,299,180
(2) |* # meie s 1,926,400
s 215,849,832
Estimated ® New-built bem at downstream slope F |rrpiamyp
stimate : - : 1% 2l B (9Bt 2 1.5 3,237,747
B et ion ® Total time of construction is 23 months 1 |¥1% 22 §(93 %47 2 15%) gl
u | . 2 BB EEHEF (VIR F 2 1.5%) 237,
: ® [mprovement of downstream slope is C.P. WP A F S (Wi R aE | 4316997
Period : F F
erio 2.0%)
E— 4 [1mssmwag(9iRa ey 12%)| 18192663
5 |¢pmamy 22,105,990
% A 6 |14 B (9B AT 2 10% 21,584,983
S LiERE Lfof3la|s]ef7]8]oftofuil12]13[14f15[16f17[18[19]|20]21[22]23 = F"’E PO(JE % 7 0) -
| [Fmsmsee T 7% #A(5.0%) intd
Bt 302,952,258
Ly (Il
L2 TS * ® Estimated cost of plan C is
2 lpksgTr —" | 300 milli
5 e Critical Path N miilrons
o e = ® Water withdraw is not needed.
5 ez " mmsm | ® Subsidies for land retirement

is not needed.
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