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Abstract
Malfunctions of monitoring system and lack of systematic feedback

analysis from monitoring data are common problems for dam safety
management in Taiwan. On the other hand, there is a great demand for
effective non-destructive methods to examine the interior of the reservoir
structures. The objectives of this study are to develop improved
monitoring techniques, evaluate and improve non-destructive testing
methods, and eventually established a more effective diagnosis system for
dam safety.

In developing improved monitoring techniques, two types of FBG
piezometers and quantitative monitoring of localized shear deformation
by TDR were developed. Unlike conventional electronic transducers,
FBG and TDR techniques are versatile up-hole pulsing methods in which
transducers (i.e. the inserted sensing waveguides) require no electronic
components and the system can be multiplexed. Such reflectometry
systems possess both the mechanical reliability and electronic efficiency.
The developed transducers are resistant to humidity, corrosion, and
electric surge.

In non-destructive testing methods, this study was aimed at assessing
the performance of ERT applied to the investigation of dam leakage.
Several technical investigations were made to improve the testing
accuracy and understand the uncertainty involved in ERT. Measurement
repeatability of different electrode arrays was investigated to suggest a
more reliable survey type for ERT monitoring. The results show that

Wenner array is good for shallow depth measurements while Pole-Pole



array is suggested for deeper depth measurements. Forward model was
used to simulate field measurements and gain insights on the resolution
and uncertainty of the inverted resistivity tomograms. ERT surveys
were conducted at several dams and compared with field observations
and monitoring data.  Electrodes were instaled permanently at
Shin-Shan earth dam for subsequent monitoring.

Interpretation of monitoring data for seepage-related problems in
earth dames are complex. This project made use of numerical
simulations to investigate unusual earth dam responses associated with
internal seepage regarding defects occurred within or under the earth dam.
Li-Yu-Tan Dam and Sin-San Dam, respectively, were taken as typical
examples to represent awell symmetrical and a poorly symmetrical zoned
earth dam. The features in the response of seepage problems for these
two types of zoned earth dam are distinctive.  Critical seepage flow, pore
water pressure, water head, and hydraulic gradient, for each case were
examined and deliberated to identify crucial signs that can be helpful for
the planning of instrumentation locations and for the interpretation of
monitored data.

Data from seismographs has not been effectively used to evaluate
the integrity of concrete dams after major earthquakes. The system
identification method for the concrete arch dams was established. By
using the seismometer-recorded ground excitation and vibration response
time history data of the arch dam, the vibration frequency and damping
ratio of the arch dam can be identified to determining if there is any
unusual change of the dam’'s dynamic characteristics. The identified

results can be used as the basis of the safety diagnosis of the dam.
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3.1.
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% 97
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(Up-hole)

3.2.

(fiber optical sensing)
D
100-125pm )
3)
(4)
(Optic Fiber Bragg Grating FBG)

FBG /
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3.2.1.

125um  450pm

Core Cladding
31
31
Snell’s law
nsnf, =n,sinf, (3.2)
nl n2=
fl f2:

%0
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. . . e, 0
n,sna,=n,sn9%0°p a, =S|n‘1§iz
nlﬂ

(3.2
Internal total reflection 3.2
A
A
B
C A
B’
ac
ac
?C ?2C
?1 2C
critical propagation angle ?2C
sna, =coy, = Ny
(3.3)
?C
nl nl n2

modes of propagation

fiber
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m-core index
i N N Y

m
i te-cladding index _ Core 1
Cladding —=
Index Profile
1=t

& 1 -Launch Angle that become &
& -Launch Angle-moonfined ray

3.2

3.2.2.

3.2.2.1.

(Extrinsic)

shutter

(Intrinsic)

fiber grating

3-5



(intengity)

(phase)
(wavelength)
3.2.2.2.
TDM  WDM
TDM Optic Time Domain Reflectometry (OTDR)
WDM
Fabry-Perot Fiber Bragg
Grating
3.2.2.3.
Fiber Bragg Grating
L

FBG

(Bragg condition)
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| z =2nL (3.4)

34

Band Source
Reflected
Signal '

.| Transmitted
Signal

Band Source ™
Reflected

L ') Transmitted

Signal
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grating

input | sens
oy (A
spectrum ﬂ A\ measurand field

coupler
broadband | __ @” |@| | % |
source// — | — Ij
wavelength 1}\/\1 A 1)\/\2 A 1%*)\
shift decoding N | %
‘ ‘ ‘ ¢ ‘ ‘ wavelength
encoded
outputs returns
34 FBG
3.2.2.4. FBG
34
L DL 34
Dl ; =2nDL (3.5)
e-D_DL
| L (3.6)
B
_DLy _/ 2n
DI =( C = ( iy )" |
2n (3.7)
e :EI: Cl B
T (39)
| s
n
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=K—=Ke
e | (39)
e= DI B
K™y (3.10)
34
3.2.2.5.
FBG
D - +a) DT=K, DT
I (3.11)
?= (Thermal Optical Coefficient)
a= (Thermal Expansion Coefficient)
Kt =
2 150 6.9° 10°1/ 450 9.6"10°y/

a =055~1110° 1/ 1

11~1.2"10%nm(1nm = 1x10°m)

39



3.2.2.6. FBG
FBG 33 34
FBG
FBG chirped
FBG FBG ( 3.5)
FBG FBG
3.6 3.4 FBG
FBG
cladding
Ay A, A
| T S
Abroaa’ \ / 1
3 ) [ ‘}Lbrond R
“B
5
core
3.5
-10
-15 .
=) -
£
= 23
E -30
=
T -3s
-40
.45 c ; s
1546 1548 1550 1552 1354 1356
Wavelength (rnm)
3.6 FBG
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3.2.3.

modulate
intensity FBG interferometry Rao et al.
(1994) 3.7
2004 FBG FBG
FBG FBG
3.8 FBG FBG FBG
FBG
FBG

Pressure Optical fiber E

inlet = = probe &

' " g

g J |= 5

.

T

: | E

uj L :

u : o nc.:'

diaphracgm s

3.7 Rao et al., 1994

401 Glue

3.8 FBG 2004
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Raman (1999) 39
radial (longitudinal)

-1.98 10 *MPa’!

39 ( Raman, 1999)
Zhang et a. (2001) Raman
3.10
- 6.25" 10°MPa’*
Rt
'y
Et |
F s Ll AR
3.10 ( Zhang et al., 2001)

Xu et a. (1996) 311
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- 212" 10°MPa"*

R 71 1%

KHERET O

3.11 ( Xuetdl., 1996)

Zhang et al. (2001)
3.12

§2 ' ik 76 4% AR

312 ( Zhang et al., 2001)
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Sheng et a. (2004)

3.13

Liu et al. (2000)
3.14 FBG1 A FBG2
B B FBG2

_Fiber Bragg Grating

N

“Pressure sensing hole

3.13 ( Sheng et a., 2004)
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Polymer A Polymer B

3.14 ( Liueta., 2000)

Heo et al. (2005)
3.15
315 (b)

P 1
(a)
External Load
Extension Extension
r
(b)
3.15 ( Heo et al., 2005)
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Kojima et al. (2003) (Bourdon tube)
3.16

Zhao et al. (2004) FBG 3.17

FBG
FBG

3.17 active cylinder

Optical fibe

FBG for temperature
compensation

Bourdon tube

! FBG for tensile
measurement

Diaphragm

Water pressure

3.16 ( Kojimaet al., 2003)
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O-ring  Active cylinder Cantilever Protective cover

Packing
foil

Elastic S
spring

End element 1  FBG Endelement 2 Closing element

3.17 ( Zhao et d., 2004)

Dong et al. (2005) (CFBG) CFBG
3.18

Bandwidth 3.18

Zhao et al. (2004)
FBG

|
b g CFBG or J

S Sampled-CFBG Y
_"\\ M
|
o
ASE e /N ——>——— O0sA

Optical circulator

318 CFBG ( Dong et a., 2005)
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i =I -4.2 cm
%
&
o
=4
|
1530 1540 1550 1560 1570 1580
Wavelength (nm})
319 CFBG ( Dong et a., 2005)
Rao et al. (1994) Fabry-Perot 3.20
cavity
Fabry-Perot Fabry-Perot
Fabry-Perot
non-distributive
FBG
Pyrex glass lube

Diaphragm

S oresaure
~~~~~~~~~~~~ input
Single-mode fibre Adhesive
(a)
Adhesive L Multimode fibre

ngle-mode :
Single-mod Stainless steal be A coating

Adhesive

fibre link

)

3.20 Fabry-Perot ( Rao et a., 1994)
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3.2.4.

/
Grating Sensor
2003
(diaphragm) 321

pressurized zone

Rigid

frame Diaphragm

//
\\ \ \

FBG FBG

modul ate

Differential/Chirped Fiber Bragg
D/C-FBG
FBG
321
, (isolated zone)

circle of neutral strain

axisymmetric

Ci rcle of
neutral strain

optic fiber w/
protection sheath

Top view Pressurized

Inlet zone

/e

I\/i\

AN

|solated

_ _ zone
Section view
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20mm

321 DI/C-FBG

FBG 10mm FBG
3.22
FBG
chirped FBG
FBG
FBG FBG (FBG-1)
(FBG-2) 3.22
FBG
FBG
FBG
/
FBG
(gauge pressure transducer)

(differential pressure transducer)

load cell

displacement transducer
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4, FBG ( ) FBG

FBG

FBG-2

3.22 FBG
3.23 D/C-FBG 323 a
b D/C-FBG (©)
30mm 0.5mm FBG
3.24 D/C-FBG 25° 40° 50°C
FBG
R® 0.998

5.7 62 7.5%
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D/C-FBG

FBG
FBG

FBG
3.12 R?
250 kPa

3.23
50mm 12mm
D/C-FBG
3.25
FBG
FBG
FBG FBG
FBG
dummy FBG
20mm 3.26
0.999
D/C-FBG

(b) DIC-FBG
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Wavelength shift, pm

FBG-1

3.23 D/C-FBG
1600
T=259C
_D = DY=6.225*X+8.498
100
OO0 O T=40~C
1200 Y =6.098* X+2.429
A A A T=50°C
Y =5,709* X+33.043
800
400 O O O R-=0.999
O © O R>=0.997
A A A R=0.9984
| L | L
0 50 100 150 200 250
Pressure, kPa

3.24
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FBG \¥ i/

3.25 FBG

3.26 FBG
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2500

Y=6917*X+8132
RZ=0.9996

2000 —

1500 —

1000

Wavelength shift, pm

500

Pressure, kPa

3.27 FBG

3.2.5.

D/C-FBG
DIC-FBG 3.28

porous stone

5

optic fiber w/
protection sheath
stainless steel
porous stone base and frame
Top view Bottom view

8mm

Top section view

Side section view

3.28 D/IC-FBG
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D/IC-FBG 3.29
D/IC-FBG
D/IC-FBG
DIC-FBG
FBG D/IC-FBG

FBG

pressure

/ sensor

inlcinometer
casing, or
corrugated

/— pipe

3.29 DIC-FBG

FBG

FBG 25mm 3.26

FBG

FBG
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FBG FBG
FBG FBG 20
FBG 20
FBG
FBG
3.1
31 FBG
FBG
FBG
(downhole) (uphole)

FBG
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FBG

FBG

3.3. TDR
(Time Domain Reflectometry, TDR)
(coaxial cable)
TDR
TDR
TDR (Radar)
TDR
(guided Wave) TDR (wave guide)
330 TDR
(step generator) (
) (sampler)

(oscilloscope)
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measurement
waveguide

f step generator ]
’ Vo I
| sampler

oscilloscope |
TDR device

330 TDR

(crimp)

(interface)

time)

TDR

1. (crimp type)

1987)

2. (interface type)

(Dowding et a., 1996)

b

coaxial cable

ke

transmission
line system

TDR
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/
3. (attenuation type)
(V8)
(Giese and Tiemann, 1975)
(V8)

4, (Veocity type)

(Topp et a. 1980)
(crimp type) TDR

3.3.1. TDR

(Inclinometer Probe, IP)
(In-place Inclinometer, 1PI)

(profile)

(gauge length)
ABS

TDR

331 TDR
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d TDR Dok

TDR (initial response)

-
x:Vp—R
2

d =(r /S +d,

Reflection spike

Tr Time
331 TDR
TDR IP 1PI
(gauge length) TDR
IP Pl
TDR
1. (cable resistance)
d TDR Poeak

2. (material interaction)
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3. (existence of shear band) TDR

d
TDR Poeak
TDR

TDR

3.3.2.
(electromagnetic

propagation model) ? Z

TDR

Lin (2003)
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ar

ar

A=1

(ar=0)

3.32

Lin (2003)

?

Z

TDR

TDR

o~
P L S

™
- -
IIIIIIIIIII

-
IIIIIIII
lllllllll

=C|)

A e o i i o e e

Simulated (osR

llllllll

Measured
—— Simulated

108
Time, nsec

106

Ry
IIIIIIII
IIIIIIIIIIIII

lllll

104

L
vy ] W

3f

L L
v ! .
I s Y s s S
< < < =

d“JuaIaIJa0 U3y

112

110

RG58A/U

10
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?
Zc ? A
d
3.33(@)
3.33(b) Z(aR)
Ly
Z(aR) L,
Zy Zeo Lo
L1 Lo L3 Zo(ag) L1 Lo
3.34(a) TDR Poeak
d TDR Poeak
d TDR ?oeak
3.34(b) d
TDR d
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Reflection coefficient, ni

S Za(ar), L1 \
| Zo(ar), Lo
\

ch(aR), L3 s

I I I
0 5 10 15 20 )
Shear box deformation, mm

(@
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EstimatedZ _, W
c2

1
500 5 10 15 20 5

Shear box displacement, mm
(b)
3.34(a) d TDR Poesk (b)
d
3.3.3.
TDR
Poeak
1. TDR (Z,, &, ar)
2. TDR
TDR
3. (attenuation ratio)  Zpea(L)/?pear(2
3.35 (9 Commscope P3-500

(correction curve)

4, Pk TDR
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3.35 (3) 2 10 30

peak
3.35(b)
ok — d
(
1 . : !
—— Calculated by model
0.9r x by 10m: d=[5 10 15 20] mm |
% + by 30m: d=[510 15 20] mm
0.8

©
\‘
)

Attenuated ratio
o o
Qo

0.4

0.3

0 10 20 30 40 50 60
Cable length, m

0.2 : .

@
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3.3.4.

-0.05F -
B
= -0.1f -
Nob)
S D
5
= -0.15F -
8
T — L=2m
o —%- L=10m

021 —e- L=30m T

—— L.=10 m, corrected
—6— L= 30 m, corrected
- L . : . ©
O'250 5 10 15 20 25
Shear box displacement, mm
(b)
3.35(a) (b)
3.36
(d) P3-500
05 1 2
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(lock-in)

(pre-stress)
1/4
3.37 - (2-d)
(2-d) 3.2
( 337
0.5 (W/C=0.5)
(W) ( )
3.38
do
(referenceline) do
do S
do
do
1.0

(non-shrinkage)
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2~5

(solid)
(braided)
(kink) (braided) RG-8
P3-500 3.39 RG8
P3-500
3.2
material type tpeak, KPa | slope of t —d curve
cement (W/C=0.5) 1223.7 455
cement (W/C=1) 1117.6 444
cement (W/C=2) 1074.1 439
coarse sand 77.6 17.5
Ottawa sand 13.1 2.5
toy clay 5.7 0.85

3-40

[AY}




Reflection coefficient, r

3.36

10 :
— WI/C=0.5
— W/C=1
103 R — W/C=2 ]
—— coarse sand |
ottawa sand |
clay
8 10
lateral displacement, mm
3.37
0
-0.05F i
cablein
-0.1r coarse sand T
-0.15¢ l .
-0.2r 1
- referenceline
-0.25H - W/C=2.0, coarse sand .
—— W/C=0.5, coarse sand
03— W/C=1.0, coarse sand i
| = WI/C=1.0, Ottawa sand
—— WI/C=1.0, clay
0 10 20 30 40 50

Shear box displacement, mm

@
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0
-0.05}
= -01
kS
o
§ -0.15p
8
&5 -02
3 :
© 025K — referenceline 4
o —— coarse sand
— Ofttawa sand
-0.3[| 4+ coarse sand, W=2 cm ’
—— coarse sand, W=4 cm
0 10 20 30 40 50
Shear box displacement, mm
(b)
3.38(a) (b)
0
-0.05 .
= -01 P3-500 .
k5 Group
©
5 -0.15 -
8
&5 -02f RG8 -
3 Group
‘d‘i‘% -0.25} .
o3l ™ reference line
U3l — in coarse sand 1
—— W/C=1.0, coarse sand
0 10 20 30 40 50
Shear box displacement, mm
3.39 RG8 P3-500
3.3.5.
TDR
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TDR
TDR

(solid)

W/C =10

(non-shrinkage)

TDR

TDR 3.3
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TDR

3.3

TDR

TDR

TDR

(downhole)

(uphole)

TDR

ABS

TDR
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4.1.

D)

(2)

3)

41

95

97



4.1.1.

Cl C2

apparent resistivity

Pseudo-Section

4.1

Wenner

P1 P2

P1 P2

4.2
Cl1 C2

(Pseudo-Section)

pseudo-section
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® o< T so— >e
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® o< * >® ®
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4.1.2.

cm

check

Elevation

30 cm 1.0
15-20 cm
Resistance check
Resistance
1k-Ohm
E. Athanasiou et.al, 2005

k-Ohm k-Ohm
Johansson et al,2003

4.3
4%
25.7

Model resistivity with topography
lteration § Abs. error =257

45.0 96.0 144 192 240

N N N N N D O O . T ) (O T .
10.0 188 252 400 B3.5 101 160 254

Resistivity in ohm.m

4.3

4.1
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4.4
Dipole-Dipole Wenner Pole-Dipole Pole-Pole
2 m 24 1.2cm
30cm
CuS0Oq4 2 NaCl

Q max quality factor requested —

standard deviation in Q max
3-6 Q max
RMS
4.1
CuSO4 NaCl
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4.2.3.

ASTM

(D6429-99, D5777-00, D6431-99, D6532-99,
D6639-01, D7128-05, D6430-99, D6820-02)

ASTM
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" Lessons from Dam Incidents, USA —I1”

1984 " Deterioration of Dam and
Reservoirs”
1995 Bulletin 99 “ Dam Failures —
Statistical Analysis”
1975 1988

(Failure)
(Accident)
>
>
>
>
(Damage during construction)
(Major repair)
1984 (deterioration) (failure)
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4. Transition zone
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1975
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(rock fill) 48
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74 (
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349

200 (  59.9%)
61 (  175%)
104 (  29.8%)
8l (  232%) 39 11.2%)
3B ( 100%)

(earth fill)391 (  75.0%)

( 92%)
217 (  417%)

104 (  200%)

5 (  100%)
28.2%) 100 (  209%)

14.2 %) 61 (  115%) 39
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1950

1986

1950

1910
1970

1105
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(475 %) (26.9
(11.2%) (95%)
62.1 %
14.6 % 80.9 %
26.8 %
105 82 (  TT%)

12 (  11%)

105 15 30 65 %
30 50 18 %
99 (Bulletin 99)
5268 117 22% 1951
12138 59 05 %
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)
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1940
(1COLD 1975, 1984, 1995) 15
10 15 (1) 500
2) 10° 3 2000
(4)
Foster ( 2000 )
11192
136 1.2 %
136 62 (484 %)
59 (46.1%) 7 (55%)
2 (1.6%) 5.3
1950
5.3 ( Foster 2000 )
1950 1950
2356 8836 11192
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5.3 Hoover

5.4
54
M al passet 60 1959 1959 12 2
9:10 (
5.5) Frejus 400
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(erosion) (cavitation)

(corrosion)
(tower)
( 0.25in)

(shrinkage)
(  02in )

(efflorescence)

5.6 5.8
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5.2.

5.2.1.
FLAC( Fast Lagrangian Analysis of Continua)
Itasca Consulting Group Inc.
( Cauchy formula ) ( Guass divergence
theorem ) (timestep)
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( unbalanced force )

( time marching ) (‘explict)

FLAC (plane—strain)
( plane — stress ) ( axisymmetric geometry )
( groundwater modes )
( structural element modes) ( )
( dynamic analysis modes) ( thermal modeling )

( two — phase flow model )

FLAC
k(s) S S 0 0 S 100%
1
FLAC ( pore
pressure )
FLAC (Darcy’s law)
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Transport Law Balance Law

Condtitutive Laws (FLAC, 2005)

g =- Kjk(S)%(P- MO )

(5.2.1)
G
ki ( mobility coefficient )
Iz(S) S
P
r-W
ﬂ_Z =- m +qv
Tt X (5.2.2)
z Q,
LTI}
x, dt (5.2.3)
r=(1- n)r +nr, r« r,
1 ki (s) =k,
E =M @1- ﬂ_eg
Mt &Nt Ttg (5.2.4)
M Biot a Biot €
s 1
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it n&Mt C Ttp
p=h(s)
kua:Kjlz(S)
FLAC h(s) =
k(s)

5.2.2.

210 m

96

306 m) 235 m

235

5-22
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(5.2.7)
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FLAC
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LEGENMD

15-det-0G 932

step 100000
Gons Time  2.852BE+11
-3 0S0E+01 <u= BEOBE+HIZ
-3 B2BE+02 =y= §.7GBE+D2

Usar-defined Groups

foundation
shell
cCore
Titer

5.10

511

511

5.4 ( ,1995)
(cm/sec)
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5.2.2.1.

5.12b

5.5

2006

Sta.0+110

kn= 1x10"
5x107°
5x10*
1x10°
270m  285m
512a b C 285m
5132 b
285m
1 1
270m 285m  300m ( )

, 2003
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9.5

(M | (emg x10°| (EMD) (CMD) (CMD)
300 7.35 6.11 85.29 91.40
285 7.11 5.00 83.41 88.41
270 6.97 3.99 82.67 86.67
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1 50E R
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Contour intarval= 2. 50E+H15
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LEGEMND
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step 100000
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JOE-+D2

Coniaur interval= 1 00E+01

5.12b
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LEGEND

15-0ce-06 758

step 100000
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5.2.2.2.

256m 232m
1x10-5 m/sec
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(

5.14)
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5.17 5.18
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256m 232m 5.6
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5.6

L/Lo (CMD)

0.00 1.080x10° 1.00
0.14 1.081x10° 1.00
0.29 1.084x10° 1.00
0.43 1.089x10° 1.01
0.57 1.101x10° 1.02
0.71 1.140x10° 1.06
0.86 1.231x10° 1.14
1.00 5.093x107° 4.72

5.7

L/Lo (CMD)

0.00 1.08x10°° 1.00
0.10 1.08x10°° 1.00
0.20 1.08x10°° 1.00
0.30 1.09x10°° 1.01
0.40 1.09x10°° 1.01
0.50 1.11x10°® 1.03
0.60 1.14x10° 1.06
0.70 1.19x10° 1.10
0.80 1.26x10° 1.16
0.90 1.42x10° 1.32
1.00 6.02x10™° 5.58
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Fore pressure contours
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Fore pressure contours
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5.8

K
(cm/sec) kko (cms)
1x10’’ 1 1.078x10° 1.00
5x107" 5 1.080x10°® 1.00
1x10°® 10 1.083x10°® 1.00
5x10°° 50 1.132x10° 1.05
1x10° 100 1.220x10°® 1.13
5x107° 500 1.855x10°® 1.72
1x104 1000 2.500%x10° 2.33
5x10* 5000 5.093x10° 4.72
5
4
- 3F
@®
x 2r
1
O | | | | |
0 1000 2000 3000 4000 5000 6000
K/ Ko
5.24 K
5.2.2.3.
klko 1 5000 285

m 5.25
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k 10
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k/ko=1000
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.

5.25
5.9

(m/sec) k/ko (cms/m)

1x10™’ 1 1.076x10° 1.00
5x10°’ 5 1.080x10® 1.00
1x10° 10 1.081x10° 1.00
5x10° 50 1.081x10° 1.00
1x10° 100 1.081x10° 1.00
5x107 500 1.081x10° 1.00
1x10™* 1000 1.082x10® 1.01
5x10™ 5000 1.091x10° 1.01

ko
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5.27b
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5.27c
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1x10° 10 1.09x10°° 1.01
5x10°° 50 1.23x10° 1.14
1107 100 1.40x10°° 1.30
5x107° 500 2.53x10° 2.35
1x10°™* 1000 3.51x10° 3.26
5x10% | 5000 6.42x10° 5.96
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LEGEMD

15-0ct-06 6:59
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Cans. Time 1.8473E+10
3TI15EH02 2y« B 2T0OE4DZ
S3.9B1E+D1 <y< 1.159E+02

Fermeability

2.500E-13
1.000E-11
5.000E-11
l 1.000E-10
5.000E-10

Flow streamlines

5.30

LEGEND

16-0ct-06 B:59
step 100000
Cons. Time 1 9473E+10
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FPore pressure contours
0.00E+DO
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LEGEND

16-0ct-06 5:59

step 100000
Cons. Time 2.0B80E+11
ITE0E402 =y« EO1BE+DZ
SSE1BE+HDT <y= 1 F1EE+02

Saturation contours
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Grid plot
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LEGEND

18-0ct-06 1:32

step 100000
Cans Time 2.8313E+11
-3 709E+D1 <x< B8.371E+02
-3.391E402 <y 5.351E+02

Fore pressure contours
0.00E+00
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1.00E+06
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LEGEND

18-0ct-06 2:01

step 100000
Cons. Time 2Z8312E+11
-3 702E+D1 <x= 3371E+02
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Fore pressure contours
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1.00E+0B
= 1.20E+0B
1.40E+0B
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541

LEGEND

18-0ct-06 1:32

step 100000
Cons. Time  2.8913E+11
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Ex 7 Contours
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F42 E 40
3. 64E+01
4. 16E+01
4. 68E+01

542
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2A497E4+02 =x= B 433E+H02
-9 ATBE+01 <y« 2 98BE+02

EX. o Ginteuts
0.00E+00
5 20E+00
1.04E+01
1.66E+01
2.08E+01
2 BOE+01
IAZE+01
JFE4E+01
4 1BE+01
4 BEE+D1

543
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5.2.3.

280x45
5.44
kv = 1.04x10" m/sec kh = 4.16x10° m/sec kv = 1.90x10° m/sec  kh
= 7.60x10" m/sec kv = 1.50x10° m/sec  kh = 6.00x10™ m/sec
k = 3.6x10"* m/sec
(2001) 511

511

(cm/sec)
ky= 1.04x10"’
kn= 4.16x10°
k,=1.90x10°
kn= 7.60x10°

k=3.6x10"
k,= 1.50x107
kn= 6.00%x10™

k=1x10"

71 m(

5-59



) 82m 86m( )
EL 75m

@

LEGEMD

1B-Aug-08 235

step  2EOTE
Flow Time 1 AZ75E+04
-3 TTTE+HDT <3< 5. 9711E+D2
2. BB1E+02 =y= 3EET1E+02

Lser-defined Graups
foundation
shell
core
filter

Till

(b)

5.44 @ (b)
71m( ) 82m
86m ( ) EL 75m 5.45
5.46( )
5.47( ) 5.48( )
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(75m? 82m ? 86m)

86m
5.48¢C
4
5.12
(m) (cms/m)
71 3.09x10°® 1.00
75 3.29x10°° 1.06
82 3.56x10° 1.15
85 3.69x10° 1.19
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E- 06

<
K11i1uend

E-L0 6
E-LOos6

< ™

abedoassg

78 80 8 2 8 4 8 6 8 8

76

72

70

(m)

Level

Wat er

5.45
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Fore pressure contours
0.00E+00
1 00E+0%5
2 00E+05
J.00E+0%5
4 00E+05
- 5.00E+05
B.OOE+05
S O0E+05
g.00E+05
Contourintersalm 5.00E+04

5.46(a) 71m

5.46 (b) 82m

5.46 (c) 86m
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Head
2.00E+01
3.00E+01
4 00E+01
5 00E+01
B.OOE+01
T O00E+01
8 .00E+01
9.00E+01
1.00E+02

Contour interval= 1.00E+01

547a 71m

5.47b 82m

547c 86m
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Saturation contours
0D.00E+0O0

2.00E-01

4 .00E-01

B.O0E-O1

g.00E-01

1.00E+00
Contourinterval= 1.00E-01

5.48a 71m

5.48b 82m

548c 86m

5.2.3.1.
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1.5m 5.49
82m

5.49

5.48b

5.50

5.13

150
k/ko=50

5.51

5.52
(k/ko=50)
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5.13

(cm/s) o (cms/m)
2.13x10°° 1 3.564x10° 1.00
1.00x107 5 3.613x10° 1.11
1.00x10™ 50 4.240x10° 1.31
3.00x10™ 150 4.988x10° 1.54

5.50
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Saturation contours
0.00E+00

2Z00E-01

4 00E-01

B.ODE-O1

8.00E-01

1 00E+00
Contourinterval= 1 00E-01

[ e
N

5,51 (k/ko=50)

Fore pressure contours
0.00E+00
1.00E+05
2 00E+05
3.00E+05
4 D0DE+05
5 D0E+05
E.DDE+D5
7.00E+05

Contour interval= S O0E+D04

5,52 (k/ko=50)

5.2.3.2.

5.53
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5.55

5.56

5.57

5.58

5.53

5-69

5.54

5.54

5.58a



LEGEND

16-Oct-08 K46

step  GA7FA
Cons. Time 3. 4423E+10
2.043EHI2 =x< 2. F7SE4D2
3.082E+01 =y« 1.034E+01

Permeahility
1.000E-13
2132E-12
1.000E-11
3 FAROE-11
3 BISE-11
3.EOCE-10

Flow streamlines

5.55 ( )

5.56
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5.58a ( )

5.58b ( )
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Sma=e e
TuBululnd;

5.58c (

5.3.

(System Identification)
( )

(Adaptive filtering)

(Stochastic approximation)

ARMA.,... )

(SISO) - (SIMO)

- (MIMO) (1)

5-72

(ARX,



(2) (
(3

( ) ARX

yl)+a yk-1)+x<g, yk- n,) =hul)+ uk- D+, uk-n)
y0) ( ) as

uc) ( ) bs

(u)
a b (

5-73

ARX
)
ARX
(
nb
(v)
)



Method, RPEM
a b

DED —

Parameters
&
|

0z0 T T T T

10
Tine Ged

5.59 (a)

Function)

(1)
(2)

hdagnitude of Trarsfer Function

Recursive Prediction Error

~—~

) 5.59(a)

1E+3 =
— =7
iE+1 —
1E+Q —
TEQ; —
1E+2 — £
1E+1 —
1 E+ =
1E-1 —]
1E2 —
1E+3 —
1E+2 — A
1E2 —
1E+3 —
1E+ =1 =
1 ]
1E+0 —]
1E-1 —
1E ==
1E+2 —f i
1E+1 —]
1E+0 —
1E-1 —
1E-2 T T T T T T T T T

i L=} {[=]x]
Frecue ey (HZ

(Transfer
( ) 5.59(b)

60%
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( 5.60)
5.61)

172.5
122.5
510
7
710,000

5.60

1411
180
290
4.5
456,000
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N

5.63)

(

(

5.35

5.62)

( 51 )

(

5.3.2

( 534

)

122.5m

5-76

)

5.3.3

)
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5.65

5.14

5.66

(mode shape)

5.62
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L R ]

gAAEEMAT

Dam operation 8 hoist house

g # M7 A B
REEE Radial gate Dam crest E1172.50
—"; = = _——— = Eﬂﬁo ]
N '.‘ }g TRE i
N rest spillway v
~d fie
\'\‘ . ’
2
99-"?90 N \, """" 1
R B i d |E.8¢ S O S m— I
o B ; T N
& (¢ Tunnel spillway & 3§ I ltlﬁnge ol |
& “ diversion tunnel | | S et AR
S IR 4
b w
N | \/.
%0300

K ¥ F 75 5.1y DOWNSTREAM ELEVATION

o —-
[
—

=
N
A
2

5.64(a)

5-78




ELIT2.50

STAIR WELL— ]

\
\ \
\ )
\ \
\ / Malp d

F—Dm axis
1

0.3%

L
e oo
S et %-
I Rt BTN PLUMEL G
FTA, 0480980
HLEFY M)

(% AT

Sling bagin B
El #5 !

7

/ =
tnﬂmnry dam

1.1

crest £1.760 | § ©

~— N
ENL52.

|_——Dam axs

E1.172.50

& ACCESS GALLERY

|7/ | & NORMAL PLUMBLINE (NPL 2)

§ reLe-2

L i
Pt BRERHE FLUER W

ETh. GFBEREBY
L RO

5.64(c)
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RBPRERAG

BOOOHOOOOOOOOPOEVEOBO®OEO®ORO

EL.172.5

SD5

EL.

EL.|115

N

5.14

SD1 SV355T 162.5
SD2 SV355T 94.9
SD3 SV355T 57.5
SD4 SV355T 97.5
SD5 SV355T 162.5
SD6 SV355T 115
SD7 SV355T 115
SD8 SV355T 115
SDA SV355T 151
SDB SV355T 151
SDC SV355T 151




5.3.1.

(SISO)
yK)+a yK- D+xedg, yK- n,)=hyuk)+o uk- 3 +xeh, uk- n,) (5.1
y0) as n,
ue) b s Ny
(backward shift operator) (5.1
_B(g) _
y(k) = AQ) u(k) = H(q) u(k) (52
A(@)=1+aqt+xea, g™ (5.3)
B(q) =b, +bgt+xtb g ® (5.4)
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52 Z

¥(2) =H(2) u(2) (5.5)
_B(2)
H(2) ") (5.6)
(20 u? yk) uk) z A(2) B(2) (5.3)
(5.4) q z B(2)=0
(zeros) A(2)=0
(poles)
n £n, H(2)
(5.6)
n
H(2) :é{ H, () (57)
Hj (Z) — ZR(qj)' 2_Ff(qj pj)zz-_lz (58)
1- ZR(pj)Z +|pj| z
P A2)=0 |
g, =lim(1- p;z*)H(2) = blpj; s, Y (5.9)
| O @ pp,™)
fj X;
_ 1 2 .5 2
f; —zp—_l_,/(lnrj) +f | (5.10)
Xj = - L (511)
Janr)?+f 2
2_ = L€1(p;) U
S=p.p.fo= 1a 17 512
r] pJ p] i tan gma ( )
T (5.1 a’s, b's
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5.3.1.1.

(5.1)

A(a) y(k) = B(a) u(k) +C(a) e(k)

e(k) (zero mean)
Noise) C(q)

C(q) =1+c, g +xxtc g™

c's n,
ARX A(a) y(k) = B(a) u(k) +e(k)
ARMAX A(a) y(k) = B(a) u(k) +C(a) e(k)
ARMA A(a)y(k) = B(q) u(k)

(513) ARX

y(k) =y " (k)g +e(k)

y T(K)=[- y(k- 1) e« y(k- n,),u(k)--u(k- n)]

q :[aixxxana’bo'”bnb]T

(SIMO)
éy,(k) u(k) 0 0 u
e u
P .0 0 uk) - 0
HOK G -
§nk) 0 0 u(k)g

ym:[_ ym(k_ 1)_ ym(k_ na)]

u(k) =[u(k)---u(k- n,)]
q:[al"’anaiblo'”b]nb7b20'”b2rb"”’bm0'”bmnbj

5-83

(5.13)
(white

(5.14)

(5.15)
(5.16)
(5.17)

(5.18)

(5.19)
(5.20)

(5.21)

(5.229)
(5.22b)
(5.22¢)



(5.18)

y(ka) =y (k)q (5:23)
y(k,q) q
e(k,0) =y(k) - y(k,q) (5.24)
q e(k,q) =e(k)
5.3.1.2. Recursive Prediction Error Method
V(k.0) =3 9k)a bik 9¢*(5 9 (5.25)
b(k,s) c(k) b(k,s) (normalization
factor)
oA b(ks) =1 (526
1
k
b(k,s) =1 (k)b(k - 1,s) (5.27)
b(k,k) =1 (5.28)
LK) =1, (k- +1-1, (5.29)
| (forgetting factor) 1,=0.99 1(0)=0.95
gV (ka)]=0 (5.30)
(5.30)
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ak) =a(k- - a[v'[kak- D] * v [k ak- 1] (5.31)

a =1
a(k) =q(k - D +L(K)y (k) - y T(K)a(k - 3] (5.32)
L(k) = Ptk - 1)y () (5.33)
1 (K)+y T (K)P(k- Dy (k)
P(K) = k-1 (5.34)
() +y T (K)P(k- Dy (k)
P(0) =10° ~ 10"
(
m r (5.21)
éy,(k) u(k) 0
e u
§ak) 0 0 uk)
Y = Yi(k- D=y, (k- )] (5.369)

u(k) = [u (k) u (k- ny ) uy(k)--uy(k- ny ), u, (k)--u, (k- n,)]  (5.36b)

q=[a,-a, Loy by by byy e brg by Ty -+ By Wby By e By 1, (5.36C)
blo"'bmb abzo"'bznj 1'“1br0'“brnb]r]

(532)  (5.34) q
(5.10) (5.11) )

5.3.2.

921
199909201747
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Y Z)
5.67 5.15
921
Y ) (SD1  SDb)
30gal ( Y
136gal (SDB ) 6
( ) 5.68
5.15 :gd)
X Y Z
SD1 16.45 23.24 28.54
SD2 13.18 20.17 23.53
SD3 16.71 21.20 14.62
SD4 12.66 14.55 23.97
SD5 18.86 21.09 19.63
SD6 14.65 37.23 30.12
SD7 16.45 72.85 20.57
SD8 14.01 25.06 28.84
SDA 15.81 74.68 29.39
SDB 15.14 136.51 56.95
SDC 13.90 56.95 34.52
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Acceleration (gal)

30

15

30

15

30

15

a X
] Y
] Z
e et
0O 10 20 30 40 50 60 70 80 90 100
Time (sec)
567 (a) SD1
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Acceleration (gal)

30

15

30

15

30

15

0

10 20 30

567 (b) SD2

40 50 60
Time (sec)
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Acceleration (gal)

30

15

30

15

30

15

0

10 20 30

567 (C) SD3

40 50 60
Time (sec)
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Acceleration (gal)

30

15

30

15

30

15

a X
] Y
] Z
e et
0O 10 20 30 40 50 60 70 80 90 100
Time (sec)
5.67(d) SD4
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Acceleration (gal)

30

15

30

15

30

15

0

10 20 30

567 (€) SD5

40 50 60
Time (sec)
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Acceleration (gal)

30

15

30

15

30
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a X
] Y
] Z
e et
0O 10 20 30 40 50 60 70 80 90 100
Time (sec)
567 (f) SD6
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Acceleration (gal)

30

15

80

40

30

15

0

10 20 30

567(g) SD7

40 50 60
Time (sec)
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Acceleration (gal)

30

15

30

15

30

15

a X
] Y
] Z
e et
0O 10 20 30 40 50 60 70 80 90 100
Time (sec)
5.67 (h) SD8
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Acceleration (gal)

30

15

60

30
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| X
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] Z
e et
0O 10 20 30 40 50 60 70 80 90 100
Time (sec)
567 (i) SDA
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Acceleration (gal)

150 —

~
(6}
|

o
|

4
(6]
|

-150 —

10 20 30 40 50 60 70 80 90
Time (sec)

100

567 () SDB
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Acceleration (gal)

30

15

60

30

30

15

a X
] Y
] Z
e et
0O 10 20 30 40 50 60 70 80 90 100
Time (sec)
567 (k) SDC
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Peak Acceleration (gal)

Elevation (m)

160

—Oo— SD2,6,7,8,4
140 — —— sb1,A,B,C,5

120 —

100 —

80 —

60 —

40 —

20 —

SD5M

0 I | I | I | I | I | I | I | I | I | I | I | I | I | I |
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28
Block Number

30

160

SDB

140 —

120 —

100 —

T SD3,6,A

60 — —&—— SD3,7,B
. A\ SD3, 8, C

40 T | T | T | T

0 40 80 120
Peak Acceleration (gal)

5.68
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5.3.3.

(frequency
content) ( )
(Fourier Transform)
5.69 10Hz
2.4Hz
3.3Hz

(Transfer Function)
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5.3.4.

5.3.1 ]
SD1  SD5
SDA SDB SDC Y
50 SD3
2.63Hz ( 583%) 2.63Hz (
11.05%) 2.67HZ( 7.38%)
Y
152.17m
2002
=127.25m) 2002 3 31 (
( =162.85m) 5.72
6 5 ( 158m)
261Hz  2.65Hz

(10% )

5-111

SD3 5.70
5.26%) 2.75Hz (

571 SDA SDB SDC

5 15 (

=144.29m) 2004 10 15

1994
2.65Hz
158m
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Transfer Function
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Acceleration (gal)

Acceleration (gal)

Acceleration (gal)

Acceleration (gal)
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Water Level (m)

5.3.5.

5.73

D)
(2)

180

2004-10-15

160 — .
1994-06-05 (Predicted)

1999-09-21 ¥

¢ 2002-03-31

140 —

2002-5-15

120
| | |
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Natural Frequency (Hz)
572
SM-A SM-G 5.16
921
IC (SAMTAC-15
4, 8, (16)

50, 100, 200Hz
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3 +10V

(4) 100k W
(5) AD 12 bit+AGC (X1, x2, x4, x8, x16, x32, x64, x128)
(6) 500~3000
(7) DA 12 bit+AGC
(8) 1MBytelC  2(4)
(9) 100Hz (16CH-40.93
8CH-81.86
4CH-163.72 )
(10) 16 (32)
(11) .., ., ( o012 )
(12) NHK 30
(13) (@)
(b)

(14) IC
(15) 3 3
(16) €) /

(b) /

(©)

(d)

(€)

(f)IC

(9) C )

(h) PA
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(17) RS-232C

(96000 bow, 8 bit parity, 1 stop bit)
(18) (@ /

(b) /

(©)

(d)

(€)

()

(9)

(h)I1C

(5 AD (16)
(18)
ASCII
ASCII
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