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Development of Monitoring, Non-destructive Testing, and

Diagnosis Techniques for Dam Safety (2/3)

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 3-year study are to develop improved
monitoring techniques, evaluate and improve non-destructive testing
methods, and eventually establish a more effective diagnosis system for

dam safety. This report introduces the results of the second year.

In developing improved monitoring techniques, this year focused on
improvement and durability test of Fiber Bragg Grating (FBQG)
piezometer and the development of standard procedure and quantitative
approach of localized shear deformation monitoring by Time domain
Reflectometry (TDR). The design of FBG piezometer including its
assembly and installation method was improved. The durability of the
FBG sensor and piezometer prototype was verified experimentally. A
data acquisition system based on Field Programmable Gate Array (FPGA)
was also developed. TDR physical model that mimics the field condition
was developed to study the effect of soil-grout-cable interaction.

Furthermore, a signal processing technique (wavelets analysis) was
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proposed to achieve early detection of shear displacement. Installation
and data reduction procedure were recommended from experiemtal
results. A TDR data acquisition system capable of interrogating
multiple physical parameters based on TDR and integrating conventional
monitoring techniques was proposed. 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. The FBG and TDR system will be

implemented and tested in the field condition in the following year.

The seismic surface wave method is the focus for this year’s study
on non-destructive testing methods. A new survey method, named High
Lateral Resolution Surface Wave Method, was proposed to overcome the
dilemma in selecting field parameters. According to the numerical
simulation results, the method can increase the space resolution and depth
coverage of surface wave testing. The effects of topography and higher
modes on surface wave testing were also discussed and some possible
countermeasures were proposed. Furthermore, the guideline for applying
non-destructive testing methods in dam safery evaluation was outlined
and partly drafted. The guideline draft will be completed in the

subsequent research.

The system identification method for safety diagnosis of concrete
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dames based on seismograph data was applied to gravity dams. Due to
the lack of seismograph data at the foundation level, the feasibility of the
system identification method in absence of input excitation data was
validated by using the recorded earthquake time history data of Ku-Kuan
and Tien-Loon dams provided by Taiwan Power Company. Unlike arch
dams, the vibration frequency of the gravity dam does not have a single
peak value, implying the system identification approach is less applicable
to gravity dams. A user-friendly system identification software and user’s
manual will be developed to assist identifying the dynamic characteristics

of concrete dams based on seismic data immediately after earthquakes.
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43 HFRAXGLP HAKRTP L KRS ABRTRE R &
BARFERFZD 0 AT BIFAE S kGG iR AL & (fiber
Bragg Grating segmented deflectometer, FBG-SD) - FBG-SD Kk 3+ 2. J
J2 ¢ 4 £ »% Measurement Science and Technology 2. # (Ho et al.,
2006) > ¥ EES F LA (K H@E 22004 25 X P A
2006 ) > B>t FBG-SD 2. 2% HARAE T M55 AR 2 1,% o B
FBG-SD 723 i 427 4 W[>" 2005 & # 4~ fjd LR B3R T4 2 g &
2007 & £ ¢ S H BT HRA 4y g iTe * FBG-SD R RIFH & & p
2R X AT EE V- RMEA Y R BRMEAR YRR K S
TR 3 v R e
431 #LoRE B

E RN ) S T P ;8 x4 FBG-SD 2 i3 = A p

.

GRRB % (HPTER LT 10m) KR F - K AR
% 30mit + 2 FBG-SD» — & % %3 ®FBG-SD» H — w3z = % + 3%
A 2 H 0 AT 3ECB-50 BRI A 5 32m 0 Bl 435407 (R = 2

A AEp Y s AFOAE) e F o BIEEAL B A S
$.CB-73 > £ RIER & 32m > 4o Bl 4.36 © CB-50 #f 7 ip] 7 % 3 #cke B
43747 > ERITHHA 2005 # 560 B A o Y AERY

Imz+ X kA EBBRE AL 67 22 p uisTE sy
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g WA P o FBGSDaRlzed~# > 1 23 7 2 3 Yoo Bl 4384777 -
§ LR EALA G5 Tl #FBGSDI o £ATER S 0 R A

€ %~ CB-50 > 3 Bdr ] 4.39 - €374 Ko ~ % > FBG-SD7H #

160

B 435 FEFEHL CBS0OFRRES w

SS/MS

Bl 436 PLFRFHPRERRE S »
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35

20

R 7 () FdA 672 (mm)
20 <10 0 10 20 30 4 50 20 10 0 0
- . v 0 i
ggg SRRBRRRRRE
i L | —20111
: — 2004/1121 | — 201108
, — 2004118 0 — oosines
: ——2005001/08 [ 20050201
] ——2005/02/01 B — 20051004
r 2005/02/24 B L 20050307
7 — 200503007 290 F—— 20050312
[ — 20050322 - 2005004125
: 2005004125 25 —{—2005/0505
r — 20050505 L | — 20050520
i —— 200500520 | — 20050602
[ ‘ . 0 :
7 (;B VS%‘ /ﬁm’ 2005/06/02 [ | =—2005/06/09 CB-50Bfff
ERERa T —_— [ Sl
i i 20050609 L 20050622 TR
i — 2005006122 51

Bl 4.37 CB-50 7] T’E'"F? =4 %

Displacement, mm
-30 -20 -10 0 10 20

30

0 T | T o] A T |
| —<—— 01/18~02/24
——A— 01/18~03/07

32 £X

B 4.38 CB-50 FGB-SD 4~ #7 % %
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Displacement, mm

120 -80 -40 0 40 80 120
0 T | T [ I
i 05.24~06.02
_____ 05.24~06.09
- 05240622
8 —
g
£
S 16
53
A
24
32

B 439 CB-50 £ #7=% % FGB-SD %~ 7% %
CB-73 Bl v &3 Hcho @] 440977 - T P P A TR0 0 22

PRIMMEN 34 2 FEREE S EH TART 9 &2 3% PR
TR P o - P CB-73 2 FBG-SD# #icir B 4.41%77% 57 24
PERTHEETCBTI# 42 FRG > & @ Rw =43RNk 3~4
NRFRCEFAEFRC O OHBRPR DR E AP RE PR A
57 20p 2RIE3IS R EPTEH 67 2 P89S L FRET
CB-73 v 4E %+ b & B AR ¥ 2458 % & o & £FBG-SD%

AR ERIRE > Fl R RS B o P K FARM R

S

Lo FJ T IR 6 P 22 P et A A E NS 40mmif e o
Fdsd < 9 EIFR G I~4 2R KA 2R BRI D

BRIFN3S 2 RE A RAPR -
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P (m)

B €6 7% (mm)

20 30

J

J

40

20

25

=—2005/01/08
—2005/01/12
—2005/02/01
—2005/02/24
2005/03/07
—2005/03/22
= 2005/04/25
= 2005/05/05
2005/05/20
2005/05/24
2005/06/02
— 2005/06/09

CB-73 AJ

P

25

-20

-10

RAAS 0 72 (mm)
0 20

T T T

[ |=2005/01/08
| |—2005/01/12
L |=2005/02/01
P |—2005/02/24

| |=——2005/03/22
L | ——2005/04/25
I |——2005/05/05

| [=—2005/06/09

2005/03/07

2005/05/20

2005/05/24
2005/06/02

CB-73 B

R

Bl 4.40 CB-73 p|# ¥ =4 % 1 B(6/22 BI¥EF = T ¥7)

Displacement, mm

50 0 20 40 60 80 100 120 140 160
0 — ‘ -1
5 I
10 —
. n
g 15— ——— 02.01~02.24
g i - —=+-—-02.01~03.07
— —+ - - 02.01~04.25
20 - —-+—--02.01~05.05
I 02.01~05.24
_____ 02.01~06.02
»s |- — — - - 02.01~06.09
——-02.01~06.22
30

®l 4.41
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432 HBT R R

EEETRENY B 2p FRRET Rk LRI
FBG-SD#2 kiR A 5 30m » Bl 4.42 5 sk 5 ps ip) & s #pe % B2 £24)
Byl o MBT EIN2007E 6 28P A o B 4435 iRl B s
2007 % 6% 28p 2 9% 7Tp2fdp HP 8P 6p282 1007
bk ek TAEERE 587 16 02 81 21 p 3 7 Fokh o LFE
B LE 4 o fpt F ORI FFFBG-SD& R M 48— KRBT G B K B

B o B A E 2 A 8m= + 2 FR > RFBG-SDHr AT 2 # #e

FEFMHEPLKEZE BT RIS E AP L KEXRP oA
7 FBG-SD - & plA% + 1M ¢ - R e T & 2 AR - F 8
AR EFRAT TR Y FBGARRE® 2 22 12 > @ ¢ & £ Pl ficdy
A IR o Tt MR R B8 0 £AT1 22 FBG-SD 2 | 1744
KL ALPLEAR o R BT M TR Y B2t ts 2 FBG-SD » & % & o1 SiF
i 2t FBG-SD 2 7 i ¢ P Bgsc L - FBG-SD 3 % » A|3¥ TRl &

’

o R EUBRMRLG LR EBE TEORLBAEIS R SE TR
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Displacement, mm

Aww A I A
: g »
L — Q3  —
Up Slope Down Slope
5 -
10 [~
< B
=
*g 15—
A = 06/28~07/07
2 06/28~07/12
20 | © 06/28~07/19

% 06/28~07/28
-~ 06/28~08/18
25 |~ - 06/28~09/07

Inclinometer
- % (06/29~09/07)

30
Bl 4.43 A F &k 5F Bos 45 % % B1(06/28-09/07)

4.4 TDR& %7 F RIFHA $75¢ 2

R BRI K % R B BRI B AL R R
pdeit2 s 2 g o TDR & - AT@enpt KRB TR> 2 25 2/
ME S GHR T AR ERS o RGP L PP TDR £

iy K =AM FlF o gt

b
&
o
a3
’(‘\\
o
1%
)
S
f=
D7
e
N
d

95 E R AT S %t TDR HAT 41814 54 ¥R ke 7 3
l"Zt’Jﬂ'}; ‘J-’/‘ ’ I‘ z-&)ipé‘%ﬂ‘%ﬂ;l__ﬂ Fﬂ@( '1'3; :Jﬁgggp‘;,tm’j:;?‘
)R T T IR AR SR B b B R R

FHE L F O RRKA RS G TRFF RS
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HALE [£e00.375 B> F 5% KRBT i3 2i# B sk (Boundary Effect) ;
SRR EEE =L E T TR S SN
A2 Y Rt 4 h T AR GE o

AN PR PRI ETREDRETR AR AER
PR - LRIERE FRLRRRE T LY I

LORIFHE U A

441 TDREH $T R AR
PFt & 5472 (Time Domain Reflectometry, TDR ) € - f& 12 T &k
EEFERIE A % > AR R F i (Radar)dp 2 0 = TDR 2 7
Bt o Ut - Mz B sk Y B 2R e o 1345 TDR £iR] ) s
@4 FR LT v TDR G4 B4 4 2 PR ibeit 5L 238 31475 44
PR(TFREFF AN SPURIEFE AL F S FNE
FU* PRI R E R MR o § AL ATR R P WG
Ao e ST RS KR LR o R jﬁﬁﬁiﬁiﬁﬁ?f
HAEE LTI WL LR BER TR LR
o B o § 2 R 40 0 TDR F &2 2577 € SE2 3 4 o
PR mFRT ER SIS )% TDRE 34— TR #riz T FRT

IERANF e koA BEFAEBRT L EEFIRRF AR
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AL RAB P AR ) Ttk B o Ao Bl 444975 o o
TDRAZ 2 LRGP TR R RIFTRPE > TP 42 -
A2 BLE &> @ >PTDRZ A A F Ba— LAz 2 F 875 5 Bk B+
EEF| AR, X 24 - F B > A 3TDRZ 435 ¢ B w» T
W2 EBAA R LI FRL AT A 4 - B ELE &30 TDR

2 A BEon P2 K A e BT e B R ¢ v d F]A A

FalAZ DR BB PR T kR IRR > F B2 4] 6

3] b B 4 C MR BAIEE
TDR | L
—\

R T A
REman

BERS

FEL B4 Ao B 4t
| [

BB R At /

‘ RoE A AT

—

B 4.44 TDR #2) & Rl 2 F st 52 R (g + 7, 2003)
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Reflection spike

Tx Time

B 4.45 £ A hIMi=H L FRE B+ 4% B % (Lin and Tang, 2006)

(4.1)
(4.2)

Y

AP x 2P EmR oV, L DB L BRE R T, S R
PIF S rg A 05 MM EBE » Opeak o F SHIRHE B 2 S

AEHRARELNGATR 6o n @ TDR A A 4 4740 F RATE 20 fads =

X
|k

c g - A F R LA S F P E E (Regression

Threshold Value)

442 TDRZ ¥ @ #7% 3
DT E AT KR (F2REAEp L7 v AF I &)

2Bk R (R 2@ 28R %Y o AF 94 #) dufg 2 FTDR
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B RE RIS R TR 2R RFREVERR S 2R
TEIZF TR R R HIEITDRE B B 8 B T2
WEFF > T HR NTDREG & %7, % KB FTH A 170ER] - d F2 7
i ?‘}F*J%Ei"/éﬁ?é?ﬁﬁﬁf}i B TDR& #+ %25 & - 2. L2735 1 (1)
FRT (25 BABMEIALG)T A BF £ FF 0w
PFE e #H R eFr A EH IR NS B ERT Sk ]
T fEREAFFEST B AR 2 GRS AT AES 0 AR

F-oEVR R EERE AR “Ff: # k-0 3 44 4L (Cable-grout-soil)

FHFZPFEEAAET R XY A RFERET R LR
DREFEBY % RS F8 & pFTDRE S35 %1 o 12

FITDRAS #+ %2 £ ip] A1 2 2148 = W32 3 R HLE 4o W] 4464

7T °

AN RTARE AL TS T RERY §F R R

2 fFA 0 RS R B IS TR L o SR R AR

B ik BHRERIEED LR R T T E AR R T4 £ §

EREH - RT4 R - B e d BB NT T KR

St

W & A Wde W 4.472 B 448457
R T2 HEP ki & d TDR 1502C 4l 2 RS-232 i 42

)

G Fe & AR R ek BB R 9 TDR F Sk A5 % 4

L
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¥ ¢ > 12 Load cell 2 243 3+ (LVDT) % did S pF 7 4e L ek T 40 4

FRES BT LBE -

Cable rexislante

|_'l

- ]

5 Blops daplas et
p-Betaction cesfiamt

T Teawd ume

W Shea ok s o

B Diseneter & et -cable compasle
Ly Teansfer Leng Bom Jura, 1936)

F e sElre

B 4.46 fgRs E R 5 24 7 L B(;cp Lin and Tang, 2006)
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Iﬁf -~
kA - [--‘" |y 3
u!'h#_"u, E1I
- [
Py m— 'l L ®
fl RYBEE
i
'-!!'-‘r.t—-/FLt |
1R
& ko kT
e—— \, -
uwaxE_A 1 7 AN
CE T 1 '
W alinge - = <jGon 1 F £
A e 4 - UM ot e
fote AT e
H_‘_
I 1 | Wait  mo
135

Bl 448 <22 P ke 227 LR

2ocRER ok 2 3w Ao T ATt

1L.H 4 & 2 s i IR PR @ fshad ook
(Boundary Effect) » 7 4 EFAX T2 XL R B X T 4 2 3
Boo 4 £ A P T

(a) B2 T pE2 U E & © Juran( 1986)8 71 2 4+(Soil nail)2 2t
W ar g T P BB E R Ly(do ] 4.49) H 31 E e (4.3)

e
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(4El)) .,

Ly =[ kD) ] (4.3)

jud

He ’Eéié’jﬁﬁq‘ 2R ONmM I L # J\H""" FRETH 2 1 124E

m' K5 22 B R F S G Nm' D G &p"ﬂ—éz;

’__}__‘___--—“ ,:‘:-' H“x Shean
L~ ! h—Momen t
.'I - F‘E l'|
/ | _
/ é
/ Enl : AR
- arped
- Idealized elastic behavior
f Poesl
| |
/ / ﬂ
.'I ¥y Yy w

/ Slip surface —y |"‘L—*'|

||II .\"\x !d ; ' l y '-. . g -
/ /}/ ealized plastic behavior
i I (Madified from Juran, 1986)

449 4 AL TER 2B

—i{:%ﬁ&'—;f i}%|1’\(41);é@,/gjﬁ7},7 4 #kc
E=75000 kPa(Dowding,et.al.,2004) > #) 2 2z 4 %4 & 4 ¥ k=24430

KN/mj(Reese, 1983) » 3+ & ;N4

L, [y
(k,D)
(4x75000x10° x 700"y
= 64 ]Z

(24430 x 10° x 0.05)
=0.09m =9cm
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d R 44997 R AR T 2L B EFERIRL A 2Tem - 5 KikT 0 &
BRI ZTA ERERLE S0em -

(b) ¥ 4 2 B % # 1 11Boussinesq (1885)#73#% 11 F1A) 4 3# £
PEE ARG ARFBFEF LA BAHLTR - Fp T4 £

USRI ERT BT RBRMA T 2R F TR AE 45077

=y
&
).
s
e
=1
|-
Tk
7
el
W
“—J:

2 H R 5 BRI -SSR ¢ 42

:é,?‘;f_)’ —,ﬁ},@" ‘Eéfgg_#?]ﬁdﬁ E‘)";(ZB)“—LE » B4 ﬁ\? fm % < 4§

451577 °

—
E— .

S —- Soil

T \
e

[+) ——fi

= ————-

I Cable
—-
o

we) -
2B
——
L
—-
— Grout
ou

— Shear box
i
g
——
L
—
e
F14.50 ¥4 ¢4 BRFHERTLEH

57



I i

£ I ¥ 1 |
-?: ;|||| '.rI‘II -
7 = Sl ! I
1 3 T
i—l | l !I" L L L .
i -F i i f% ! h'_.r L ill
E: L iy I..1:'l.‘ ! | r L Ll _F L
;': R1T1] G ’ ;
;—_: . | | !LI-
& | - L i i i

ot 4110141 R '

swar loroe
Top View tuit: m Side View

B 451 T4 £3E
2. ¥4 2 RES RGE A AE TR B X (P42

FIR)2 P AMASADAJACK = £ 348 B+ 778 » 4r§] 4.54(a)
Ao o Bk P ARG 180 mm o Bk T #s 4 ¥V iE 10 fon 0 e d 3T
AP E MRS TR KT Y AR E R T

BITE S Ston

=

FHRFERRG A P RBRTEHER LKL EJ TDR
1502C @k B2 RS-232 i i i % fe s +8
T BFAEE R Gk AP 4258 % 4 TDR F 84425 o ¥ ¢h 7%
1218 % load cell 2 =4 3 (LVDT) % &rid s p 4 §4 -k T P4 .
PR &0 4 £ s8> L2030 ERfditieT
(a) TDR F it ik

A3 47 * TDRE & ik % Tektronix TDR 1502C » £ &

% 896kg A > W2 Lok 0 7 RIS YY) 612

—
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2% (2000 FR) 0 py ARG 50 Fol () 0 kX fRT R
(Resolution) 3 0.00122 2 2 (0.004 #Fw )+ ¥ & * FE &  F

Ko10TE S50 - F AR S 23k 154 & P 4of] 4524977 -

Py Primal o e

Prass
T Tariem e lirdery s Kk
. E | } i
-
Ven eyt
-~ "
|
a1 T
r———_
e '
- . s e
‘I.nl n1.ﬁ ol
Y AT (o]
L S T e T ]
T
& WHITHE § NPT
MLL = - -
. Tokironix 22 ¥ [
R T - f
e ¥
(LR L B i [ TREEE SIETER S= S0 FIT TESST 0], | [y
st | * |
1L C I — 1 |y
Figs
TEERF - |
. -
.‘;1 a2 . . |
] - |
[ T =
R i .. .?- ~ o
R TILITE
VAW p FRTE
(a) (b)

] 4.52 Tektronix 1502C (a)F %8 F& 5 (b)#% i¥ /i ¢ 3" (4 p Tektronix
1502C Service Manual)

I £ TS EAFE T BIFp FAFER RN
#24] TDR 1502C f 4 TDR & S430 5 > 25k P2k 28 4 2
EPITFMER S 04cm o
(c) & # 3+ (load cell)

load cell % # WFUTEK > # MODEL LCF450 4] » % 4%

4ol 4.54(b) 0 £ 5 1.6 kg > Fdesid] > 2 R gl E < i 4
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(capacity) = 4534 kg (10000 /b) ,# i¢ * & & # F/E-50 C 2 93
DC o
(d) = # 3+ (LVDT)

1 +
- B %

%

FL M By ALVDT =4 7 425 150 mm 14
 ARAEAMET A AL T RE R ER B BB
#2 5 200 mm > & ~ 1 " GEFRAN-LT-M-0200-S = #% 3+ > 4§

4.54(c) 7 o

0.1%:% % & (full scale) > ¥ £ B2 ~ B R B/ E 5 ff
Lo BclEApor e RE S i B B F R R EAES LD BT
BF o 87 B MAcB 4545w o
4. @@?JE‘@EL
O FRAET S O EHMHT CEE S ERREREY T
TR0 AR - ¥ L e 3T 5 (Coaxial Cable) 2 @ﬁis?lﬁ“ﬁ ’
Hipgd p2 AR S P S B5 0T hEME R B Y
TR o PR G 4L B (waveguide) 0 V R-TEA L A H

o Aok TR HiR e 1 i@ * > TDRE Rl * ¢hCommScope 2
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A RAGP3 A E B FEERI G T Z BlAcB 4.53977 o
Somples PY Proded Consinactions
T e A P3 625 JCAM188 gz
Y PaiPasiain ""m' LD e Lo
. P e T
g A T ! il
B ek T o Voar
T HEe e
s ".',E" 2 Sk L
o e
!E'g. -] -

w s | roter Ceoepad
Jmm e

T rleaneEn D e
o L U Dl

B 4.53 P3 ik R % 7+ & B(EE P CommScope User Manual)

B 4.54 (a) @4 2% % - B+ 778 (b) Load cell (¢c) =43+
(LVDT) (d) Load cell & :f_ﬁ% P B B(E - F )

(d)
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™ Fea

D
@
@
]
€
@

Display

TDE step generator
Confining pressure
Load cell

Upper shear box
Lower shear box
Eeaction frames

LYDT

Bl 4.55 =

Horizontal wheels
Yertical wheels
device leaking Prevent plate
Shear force device

Confining plate

Eeaction frames

© @ 60 0 6 6 ¢

Computer
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4.4.3 F L% AR

FERRKLEFESEFP PEREE R E-FRBERHSE

BROAMPZEFFARES NP FRENIFPARL AT
FHRL gAaeR AR - HE i 47 o

ok R ATIR S 2 ] R TR SR AR P T S AT X I e )
4,564 7% o

1. #5% % 7R3

(a) @& FE4E(Cable Type): WHL R T RITR * 2 e phT A
B _72mm3E 22mm7* & o fEFurd 50 & 75(Q)®E LA 0 AR A
R F Az b A8 A B2 (Braided) s A 12(Solid) B % o A~ RS ¥T
it * 2 g 5 CommScope2- P3-500 & 7| (A L5 4) ~ QR-320(H
1552 RG-8( L ) = A (4o B 4.57)  FH R 2 Fiac i
434550 o Z EFAL T EATA - o M g i (Braided) £ A 12
(Solid)z_ A5 g #b » A M FM2 HEMMX A L3 ~ZPYHF 267

ARHAR SR RFACEER ECT LT A A2 nF at

\Q‘

PR R R 5 2 2
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| gD I

[ % (kPa)

283 2UET)

& (kFa)

285 21(C1)

LS # RTLT Y

2 m

i
P3-500(shisded) S # ke
shiglde 2 .
P3-500{unshicided) @. Ottows send m;l@ Wb/ Coment
QR-220(shiglded) (a1
QR-220{unshisidad) G7)
RH
il S g e o 1
L de 4 ) Al 5T
@ Cittawa sand{#H) Man-Grout (&)
RG-B Fire Gravel(#12) WiC=11 (GT)
P ErTT AR
Otz sand Plon-Grout (Ga)
+
QR-320{unshielded) O Ll @ WIC=1:1 (G1)
LT LS i M E AR
_ @ '.'.'Ilrl-rﬂﬂ sand @ rlon-Grout (G
Fa- ':Iml_url'.illll'.'ldl'.‘d:l I,*H:I WIC=1:1 (GT)
| B 30 5 = 4R I
- o T HEER
WalE i ermen
(:"":j'cqtam sand{MT) @ 11
rd Fire Gravelif2) (3]
- s 4 wi.l ij‘”ﬁ
erCement
RE-B @":]ana sand( M) @ [;;1:1
H %
el = i W‘:'jﬂc ::-n[
@ (Ciltaera sand () @ T i
P3-500(unshielded) Fine Gravel[M2) (1)

Bl 4.56 #F&AH]
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3l & (xFa)

285.21(C1)

6% (kPa)

2B 2NET)

HE JET

285 21(C)

o (I & (kiFa)

147 BG2)

H B (xFa)

FH5 AC)




Bl 4.57 # 5t R

(b) F & i 144 (Grouting) : 2% P 03 L R AR L
Fpoms e R WA AT R R RIREH A LR
SRR Flt FRA v FS o R R QR-320(AT )4

RG-8(#0) 3% « i H# R 7 3 5 1 4 L2 )45k i~ (Portland

cement) % — ] - 54 BN 3]%7 31 0FH s AEZH R F REKRE e
v b 5 1:1(Water/Cement=1:1 > £ £+ ) Fdficis W BRL P 27 %%

IS AR EFTHERE -

\\\

65



437 P FR2FBH

ST I QR-320 JCAR P3-500 CA P3-500 JCA RG-8
LT B (ke/km) 83 107 141 N/A
Ak @ 50.8 16.5 8.9 N/A
3 L 54.5 136 136 N/A
& ] (k) N/A 816 816 N/A
S A B (nf/km) 5043 5043 503 06.8
" [~ Hi(ohms) 7543 7542 7542 50
W S (%) 87 87 87 34
1% (mm) 10.03 12.4 14.3 10.3

(ﬁi ) | Max.(dB/100m) (ﬁi ) | Max.(dB/100m) (ﬁi) Max.(dB/100m) (ﬁi) Max.(dB/100m)

50 2.62 50 171 50 171 50 2.94

RO 1£0C) | 108 4 108 2.46 108 2.46 100 4.58

300 6.69 300 43 300 43 200 5.89

500 8.92 500 5.67 500 5.67 700 11.77

1000 12.76 1000 8.27 1000 8.27 1000 15.04
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(c) # 3 R 2. ?H 3 418 (Soil Stiffness) ! 2 Zfe & 1 & F 4 H R0 7
P R 2| 2 AR o AR H B a4 o EMF LI EE LR
~ E#j(Ottawa sand, f§ £ % MI)~ ‘w7 % (fine gravel> f§ f£ 5 M2)= fa 444>
Toawlset 3 e RIRES LS g0 P BH 2 R e R il E = p
FEZ2z vt I T4 g9 > FrEpdltaurtaigt iz
T R K RERIE R T] .

(d) BB+ (confine) © 5 A HgRILK B R E 2 ARBEA %I
LRR A 2R E o BRI RRAR T M2 4 R IR b
A 222 R E2FF DR IE  RBRTTHZFRES AN G
285.2 1kN/m*(B1R 4 =1760 k)2 142.6 KN/m* (/R + =880 kg) » 11§ % %7}
S FEATERZIE FR S 1T4m 4 Bt FHBRERE RS
% ¢ (ISRM)$t30 0 Fitdlz o 5(H 4.58) 2B b tE 2 DR LE

ERym 5 X A0 2 (Stff Clay) £ %7 b 2 (Firm Clay) 2 & o

Clays
Very . . Very
Soft Soft JFirm| Stiff Stiff Hard
Rocks
Extremely
Weak
\\ Very Weak Weak Ptrong \S/rrrgng E;(rt;izely
L\ —-—
\ Med.
Strong
[ =TT T T T TTTI =TT TIT T TTTTTT T TTrTT
0. Bl 0,14 . an 10,00 100, 00 1000, 00

HIEi% » MPa
Bl 4.58 ISRM 2 # & 41 4L & ¢ (Johnston,1993)

2;%%&%:%@@&@;&&9:—ﬁLﬁrﬁﬁmagkﬁﬁﬁ;
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S Rk R R WITE AT i

(a) -kir A0 e Bl polTaR  SRRE G B E(PM 2) 5 Sem2 PVCE 5
CHHC o MEsR T 2 P AR 1 R R R PVCE L Y A F
o MRRER(W/C, £ R )2 fevt {3393~ PVCHCR o 4o ] 4.59%7
T BRIR R S FATR T RS REM B P 5 £ R K 50em 0 T YR
L RAGKREEF A EGCB 4.60977) 0 KOBR I REHE = o

B 4.59 RiE-FRAF LM EITER

(b) *FEHF  HE F L E 7 7 (Fine Gravel) ~ /& = ##) (Ottawa
sand)’ H A~ 4 I B e T o 7ok 438 Bl 4.6107m 0B P Ry 7. 6%
ATt 4506 > i AASHTOH ks = -] & 3 ‘w7 % (Fine Gravel) - :#5%
PR Gk oA 2 RR ]\pi"a‘f’(z» Fafs)E 94 g7 B dls o gmi
PHEZGR-RoMEHPRGLZ k27 2 F 2R BE NN EH T# 4y
FAETE R RIREA -
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B 4.60 Kk % EiEE

244 PEHP A AFEEF

Passing percentage N (%)

ERE: S LR K > #® (Ottawa sand) |w# (Fine Gravel)
N OB B b
"R 30. 7 42. 68
(degree)
it 8 = &
15.5 16. 26
(kN/m®)
g Gy 2.65 2.64
Dgy, mm 0.39 6.63
D sy, mm 0.36 6.03
Dy, mm 0.26 2.45
C, 1.5 2.70
| U. S. Standard Sieves | Hydrometer |
#40 #60 #100 #200
100
\il T T |||||||||||||H||||| || T
90 S Ottawa sand
Coarse sand
80
70 W
60
50
. \
30
20
. \ |
\\..___ &\\
0100 10 1 0.1 0.01 0.001
Grain size D (mm)
Gravel Cé’;“:ze Medium Sand| Fine Sand | Silt Size | Clay Size

Bl 4.61 2 EABERIA G H R
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3. FEBRIME AR I ALACR] 4.6247T o TSRS AT AT

T i
o [ R
i, /1

¥ .
W TDR
| b 0 A2

S '.nrim-F' (FEH | [
¥ %?IE :;I;ﬁ lmm + % # £ xﬂ.f;i' fq? ﬁ
i 1 00mm ) ok

WS A A, 0 W OH o

B 4.62 25 i A2 B

(QFMMEF | MR- FRFHE T4 40 NHTIELE S B
REAE AT FR TR T R RI IR R T O RpR s
T4 g2 BEd o

O FERETEFRK BB E2T 4~ R4 2 Load cell i

COFIBRE | FRMERR AL > w1 - HI R4 ¥
(d)TDR #4325 & ) ¥ #12 TDR 1502C i > 1% 2~ g 75

% 2 B 42 N 2545 TDR 4= 45 F 542055 o
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=3

@©F# :nEx g Ilmmz EHBETH > 5T F- xebrepE T

¥

$ g TDR F S3UsL - (5 4 £ A e i 100mm phapst b -
(f);]'frpévgg ;[2’,.%1: 3 ﬁﬁ;}:’lﬁ IV F}v iR égé’rr}a ﬁ'ﬁrﬂ aufhm f;é”],, ’h“\‘ o

444 TDR%®, ¥ T#H% %%

PR HCRRIL R AR M-I R F I RG] kR ®
o LERP OGN @O SR KRR R T ERE S
FitF P 52T o M= HE(0)ETDRE & fadic( 0 )2 B Tk > 1
FIEF R A 472 17 {HREK B TDRE A~ T 4 g HpHEHE -
FIREA 2 TR 3 RRS&iFET T B /2o i -84 REFT 4R
463 HRET F £ B EEF S REM GPAcE 4.64977 o ARFHRIEKRE

il
i}

A mE e b 28521 KN/M2 BB b4 > R T R F L FLp) 82
(4] 4.63) o 7 TR HATRBIPE AP R P ICWBEE > SLERE A

3 5 L] ] ¥ T L] L] L]

PLEMD + G M T
P3500 + G, M.,
P3-500 Shealded + G M G
PLEEM + G M G
e RGE* G M,C

- RiGE+ G M,
. RGE» G MC,
RG-E + G WS
- RGE+GMC,
QR-320* G M, C
. GR35 Unshielded + G M ©
e RN Unshislded + G MG,
. DR-330 Unshiskded » G 0M.C,
Eaushan sand rock

120 144 160

i
.

Sheprbay Displscamssnt 5, mm

Bl 463 # R iE 2T 29 R4 KT =Hd R
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=5
LT

s P35O0+ G MG
—o— P3500+ G M.C.
- PA500 Shielded + G M C
b PEE00+ G M C,
. RGE+GMC,
e RG-8+G MO,
e G G_r..'l c.
o RGH4+ G MO
RG-S+ G M.C,
e GR-320+ G MC,
3R —ee. OR-320 Unshisldad G M C
v, OR=320 Unshislded + G M C_
- CR-320 Unshislded + G M_C,

P
£n
xr

Reflection Coefficient. p,
=)
[
X

.23

i L i i L

1] 10 0 30 4 2l G0 Pt B0 =0 100
Shearbox Displacement &, mem

Bl 4.64 7 I sdkBkiE 2T 2 F S Gk T M

ST LRSS 'Y ZES FUTRE T SRy
MBS RGEHE L BB BFS 0 Bk BAETAT o

BETSEATR 52 T - 0 - ] B TR R AR SR
i~ F ZHR e B) ndlE I\ﬁa“‘(W/C L1,GhHZE e 5~ &
¥ sk e 0 E R R4 (28521 AN/mY) i FE R S 2 R 2

_—

a—

M-

F)
AT E ST H e E R ]\ﬁw“ 2_ % A% B (sensitivity, S)£# 4= 45
Frbs 518 (trigger threshold value, Op)2- s % » T Jp - T8 * 2T 4033 & K
ST o AR R A SRR - S 6 2 R - TDR & S A
bR AR (S)E A e f e A E (Sp) ~ 3% FFACE AR E (o) BN
BB tdeT

(1) #h E At -0 4 K- FRAFEPR -

FlEIEET 0 R RHR TR -B Y AR 4.6597T 0 HIREAR



& 425 4 © R (shear stiffness, kg) 2> 4 45 2 ¢ “ff 3 P3-500 unshielded
A2 (R AF=83) HRFTRTAL - BB PN (R A K=
37~52) > A A pt £ B F] 5 P3-500 HAR G A M(solid) e HAE > R WKHE v
%57\ * L AT o

Defterence of cable tbype and fived G M C

0 .
== P3-500
—— P3-500 Shislded
200F | L. RiG-E .-r'r-
—a= OR-320 art
asop Lo QR-320 Unshiekded | W -
=
= 180
£ 140
S
5 120
100
B0
S'G 1 1 1 1 L L 1 L 1
0 10 20 30 40 50 &0 70 80 a0 100

Shearbor Displacement &, mm

Bl 4.65 7 P FRFHR2ZTIRA KT 2B R
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45 3 RSP G RE R R e T 2 F B R

Linear Regression

Proportion Shear
Backfill Confining
Diameter | of Water/ Stiffness, ] Curing
Cable Type Soil ) Regression o Stress
(mm) Cement Kes Trigger Threshold Threshold Sensitivity, |Rsquare | (day)
resno
(W/C) pe (slope of 1-8) | Value ,p(mm) S(p/mm) R (kN/m”)
Value,do(mm)
P3-500 Ottawa c . N
(unshielded) 124 | W/C=1:1 . 83 39(© 59.5411® | 0.0056710“Y | 0.9949 | 285.21 3
unsnielac san
P3-500 Ottawa . . .
(shielded) 143 | W/C=1:1 . 52 44® 83.9489 ™ | 0.0021006© | 0.9891 | 285.21 3
shielde san
Ottawa
RG-8 103 | W/C=1:1 . 51 5®W 5.8632 | 0.0010713® | 0.9905 | 285.21 3
san
QR-320 Ottawa
(shielded) 10.03 | W/C=1:1 . 37 40 38.8558“ | 0.0016730™ | 0.9893 | 285.21 3
Sni1clae san
QR-320 Ottawa
Unshiclded 8 W/C=1:1 . 41 16® 17.8079® | 0.0022450® | 0.9909 | 285.21 3
nsnieldae san

Performance : (A) > (B)> (C)> (D) > (E) -
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(2)TDR F &f4.25 :

Bl 4.66% & FARF S iafic, Al E2 T » MHHERG-8 FR2 4740 F B G
Ao RET A REFE PN SRFERPALE S B TF  ooc B 2
VI FERAAFI R SR, c RFRAETR ] > b4 3 5GP NEH - Am i
= F A5 VIR EEF (Double Peak) 5 4p 43+ > A ST 4 P3-500 £ QR-320 7]
HERANEDRA > ZRRA P4 3 G RRBERALF B B EE4
Wt b A2 R F o A RG22 R %%ﬁﬁiiﬁﬁ%é(&r@ 4.67)
1S B Ad R ST F EARE PR E - RE(4- B 4.66) o

PA-500+ G M RG-8+ G M,

i f— - = —_——

e o]
i el
s 01 '-_-t.liﬂﬂ{_ _ i

£ oo E i ; i
| o Y o
- o W
005 :
A} {8
sl '?
08 09 i Ll 12 5 09 | 1 12
JE-530 cheelded + G AL O, OE-520 mnenelded + G A O
w2t [
- e~ e ——— ey
e 0 15k f el 18 i
v / u !
.: .ﬂ
=016 | < i 6
| H )
-] 1 iy
014 014
13 012
“los 09 1 L1 12 08 09 1 L1 12
Calie Length, m Calele Lwegth, ny

B 4.66 % FFRL T2 F 5475
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PI-500+G1+M1| RG-8+G1+M1 ; .

B 4.67 * fr FR-E ’%ﬁi #3580 50

()7 b HRF AR &t PR
B 4.685 % F AR FAR(S, p/mm) - P-SULE T - ML jF > 4118 5 %
B4 45 9 o b PR L LR A Lk P ER (5 )R P
F R PART SRR F ML R A ke F R G

o
3B -8 peak T B 10 3 AR A fh(5) 2 B EE

Ciftemence of cables Bype and fised G WM T
ﬂ':l:h . L] B L] L lT

 oer o ) "\' -
ooy T T L.
L]
Ak ) ‘
1‘1-

Fil b 3 \. ‘

= g [T :ﬁ Fhiskied \\ ‘
...... RG=&

40 16 =s= QF-ENG \‘H ]

oqsh [ =-= QR-320 Unshisided ‘

l':l ) . . n A i i i A

2I 10 ey ] M a0 50 L] L] f=7x] ] [ i}

Sraar digpiacernent &, mm

B] 4.68 7 . E”ﬁ”"«% J\_)H%/\/ "‘ glylj-’\ %5@){&
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Wk 457 %ﬁﬁ‘ﬁ% bkt P AEE (5 p) & ik §F P HEE(S5,) » A om
RG-8 1165 pe2 (5 mm,5.8632 mm)> 7* Wy I iE 2 A b F (B S R T
)0 P3-500 (*HEREF HORRE) RIELA 2 A0 AR R Ao AraE o
IR 2 F A P3-500 HARD RIS 0 TR AL E P HEE(Sp)iR* o d B
4.67% ¥ 4 JLP3-500 STH-if K 4 ALK BT RRG-8 2 QR-320 A o A7 2 AL
BE 2R éﬁ%%ﬂ' cAA R HY Bd NFRALDRR A > R EFAHG A
IR LI R ¥ =

TRVEARERE AT d BRI B AT R B
BET L BEERBMAER > v REE TR F T TRIRS,
p/mm) > 4ok 4.5 FACKR MP3-500 (¢ EMEH FE)UNEREEF
Aot G HOR R ORG-S B K -

SR LR 2 P FRY LY 4SS -8 HTDRE B F o EH
B B3t B ek o & EIEe 2 fE > BB - g Y A BN (40P3-500
ANFR > REREY BYRAR BT WL R A E T 2 F
Bl MR RIRACR BRI ARLRRES FS S FE AR E S

23 RIS RG-S AR I T - Y S SR F SRR
FE o d B 4,687 (7 4wP3-500 4] £2 RG-8 AT e~ iz £l
(12 P3-500 Unshieldedd]m % » T > 5 92mm- %74])» " H it~ 22
iR

= BRI

AFEHR DL P DG AR R A2 R (IR I R D
E2OER) T BRI AT BN E LT o I RER2 T AFRES
A7 R1EE 0 B I P3-500 A AR ER G BB ) AR R E AL T
AR N A A AP IR Sk " M E AR - QR-320
A F AR (PR G BRI ) A e kads AR 5 QR-320 A (h HH & HOR R
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Fj o RERCRIERAEG R 5 BEHEZ PR ¥ohwie
T TR B MR T-OM AL F 4690 MY M &%
REEG & HEHE LIRS B OFRT B AP RS R
TR T TR R R E YRGB piT R o

Cifference of goul type and fioed C

'glj’l} T Lj ] T T T B | | L] .
s OR-320 Unshiskded + G M.
CR-320 Unshiskded + G M.
| o PAEOD 4G M
. PREOD + G M,
) s RGE+GM
Buor RG-8 + 0 M,
R . RGE+GM

E soob - e S P RG-8 4G M,
= - N, .
= I .
E -.- * : - e nEpEEy
8 300} S e
X Fos
o F

200f 5 0 e

|' L -I B uetTER L mmmEer. aa “‘""‘“_‘q.._....ii
i " - T s i ol
:l-"'““""".ﬂthu--lnn ..h:umﬂun““"’h" T
00 e e
E 1 '] B L I i 1 i ]
0 10 20 30 a0 50 =) 70 & %0 100

Shearbox Displacement 5. mm
B 4.69 # ]\ﬁq"“'ﬁfi%ﬁ WRZT A RT = A

(2) TDR F i 35 -

B 4705 7 b FAEF R HATRBILL F S 7 R E A L
#(P3-500 312 QR-320 1) - i (W 470+ R)2 "™ » TDRF
SPAGHE R -~ 3 R e B2 G ORI 2 F S A (R 470 = D)
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2R A § ks et R R AR 471) @A)
B kg B o PG E LB EE a4t i anfle S A i
BHRRG-8 AFIR LR o BT REFETR S F ai g R R
e BT 2onk IR RE A2 F SIUE(R 4704 T ) -

N

i W= | T i oun

dk 2 i

S
ols - LU
(KNS k16

o.14 LLE G0 Unstucbided = OF M, )
[N AER A0 Ui luelilesd = 1-|3-1 <y LN
[N 0.9 ] [ 132 LR ] ik * | [ | 12
(i 2f)omme— g . —

3t C N
[ T 1I|!.I|1 . i iy + -_p.htlt'l

Reflectson Cocfficwat. p
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'
-

[

AR a9 ] L.l 1

i
<(n ks
“r.1 BB B -0
[N ] o L] [ 1.2 LLE. 3 L 1 LI | l.2
Caldle lentl oy Cnbie Mergth, m

Bl 4.70 B IR LSRR 2 R Sk A

QR-320+G1+M1 ﬁHEﬂier-M'F

P3-500+51+M1
e

RG-B+G1+M1 M RG-B+Gn+m1

%471 /ﬁ J\ﬂ]:j"}_'.nlé‘)%lv} Pégg % 5*5—-;7\“
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(3) FRA

Bl 4725 AR Dpea— O B T2 > P Dpea— § MPLELIT— T SRIEIR §F > 5 % BT
WA 460 - 1B 47282 % 4.6 B QR-320 A AR mE R & 0 A
‘AcR A £ 4+ (0.0022450 v.s. 0.0000719 ) » P3-500 4] 54075 4 & i 45 o
PO RG-8 AR FIH HHA S ol X4 RS A 2 R gt
Flt @ RG-8 FAZ 4 i e f A B4R R i B &
FooP 4TI PR AR R SR F 2 0 FRGY BRI
RN (N R T 3 2 & & ) ]\’Hf’xfr‘iﬂb”‘ B L EH MR g 2 RG-8 &
QR-320(¢ P3-500)F A &5 & % e B {2 o

4

Cuffeqanca of groul byps and fived C

{1 15
L =i T P X L T T T L] L] L] L L]
=5 L L =45
(Mo e P sr o me s e m L - e b e ™
EHF!H??_‘FH!:LH'.”” . Bl o Hr
= 1] e
i . - +aun+u"." ik . -
el R L TP
. Tt _ '_'H.\‘ R i
Pl R ] 3 . e -
- D .
5 015} T 1
= e
el B GR-320 Unshielded + G M, LT .
8 meme (ER=320 Unishicdded + G_M : T,
i pask | ¢+ RGESGM, i
= = m—
= cemee RG-5 % G M, .
- RG8+G M. B
O3 | Res+GM 1
..... . PREM0+ G M,
QWF | L PRS00 G M 1
_|:| -t L L L L '] '] '] '] ']
n 1] ¥ 1] 40 S0 Ed Kl &0 o0 100

Shwar Asplacenment &, mim

B 4.72 & Jﬁi‘ﬁ FUUE 1Rk 2 B AR

bt RV RR N D E AT R X 2 (oA 5% 2 P3-500 1) 2
QR-320 1) » REEJE 1 5 p4 2 3L TR F2 FHERSG R E
(4r & F 5% 2. RG-8 &) » & Mﬂﬂ" A A 2 e e EELE A
RG-8 F & 1w F ik i ¥ J\H%f’ Rl A e @232 PSR PEHFLT I - R
2 AR (40 B 4.72) -
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% 4.6 * P ERMFERBIET o AP R F B R

Shear Linear Regression
Proportion .
Backfill| Stiffness, ' , Confining
Diameter| of Water/ Trigger Regression L Curing
Cable Type Soil Kgs Sensitivity, Stress
(mm) | Cement Threshold Threshold Rsquare,R? , | (day)
type (slope of S( p /mm) (kN/m”)
(W/C) 5) Value , ¢ o(mm) | Value, 6 0(mm)
_
RG-8 103 | w/c=1:1 |Ottawa 51 54 5.8632W 0.0010713® | 0.9905 | 28521 | 3
sa}nd
RG-8 103 | wsc=1:1| Fine 103 12® 13.9663® 0.0012770® | 0.9863 | 285.21 3
Gpavel
RG-8 10.3 N/A Fine 41 9(© 14.358® 0.0048700® | 0.9892 | 28521 | 3
Gravel
RG-8 10.3 N/A  |Ottawa 75 6® 7.4867® 0.0014389™ | 0.9275 | 28521 | 3
sand
QR-320(unshielded)| 8 N/A | Ottawa 31 45~57® 12.7856© | 0.0000719™ | 0.8345 | 28521 | 3
sand
QR-320(unshielded)| 8 | w/c=1:1 |Ottawa 41 16® 17.8073® | 0.0022450° | 0.9909 | 28521 | 3
sand
P3-500(unshielded)| 12.4 | w/C=1:] |Otawa 83 39® 59.5411™ | 0.0056710™ | 0.9949 | 28521 | 3
sand
P3-500(unshielded)| 12.4 N/A  |Ottawa 26 40©@ 27.85499 | 0.0003989“) | 0.9043 | 28521 | 3
sand

Performance : (A)> (B)>(C)>(D)>(E) > (F)>(G)> (H) -
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-~ ROFI-RoOBEFIE P DOFE(FIBRIEET R o b4l 3K
R) FI oM E P TR 2 IR (< AR T &) R - RS -
BT e ST R AR AL R P 0 B QR-320 TR E AT
gy p P4 RN (R 4.73) 0 Bom QR-320 7 i £ * 3T
b TRl FE A QR-320 A A7 A F4p M 2%k o

Crnginal Wavefonn

1 T

0-205 Py A B ‘_/_{ 7

T open &

= £ s £ _
= B 2 B o

Reflection Coefficient. p

=
pr
ay

a1

LN 1

D'lﬂ..

l'.':lbl-:l:rg.lxm

B 4.73 QR-320 A1 A&z p FH 2 A A 2 3

d A ARG R R 0 0 RG-S G ] O AR R
P3-500( BB & B)E 7t 4 P3R5k o LiE > T AR HHED B
LA EH RS RS S WA FEY > B kA

—

Or B
3 TDR F St )8 & R F AR (S)
(1) *F3E 3 DR B A4 ok P HEE(Tp)2 B %
ZEE LUt & SURE N R S 2 /U ANE S
e e BUR 4 (285.21 kN/m® £2 142.6 kN/m*)F5 11 9 513 7 ¢ 34 & 2 7
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P B RACR 4748 2 47557 B A4TAD T R4 - B ¥ RE TR
REPLEBREZARA X L AT A BN ERET S BRE
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-gi\
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i

AR SRR T 2 e d e P (Op) 0 2 RG-8 A A u L 15
mm ~ 12 mm 22 9 mm ; P3-500 %] 5 39 mm ¥ 43 mm ° 3= 42 P HEE( I )p)
AP ARE S HTF AT PR v ARG
RRIEE - R RFHEMRELIIE VAR FFATRF G S
et FAEE(Op)2 7 F oo B 0 3 e 3R P ET 2 A defad AR E
(Op)? 7 ARG APAT o

Defference stiffness of backfill soil and fixed G

'E":H: LJ L L] L) LJ Ll L] L] L]
== PRS00 Unshiekded = 1 C
rook| + P3500 Unshiekled = M.C, .
o PGB # M G
e PGB # WG
SO0 | L. RG-E+ MG, .
;_E- 00 -
o “H“_i-q.i-.i-“i-“ -
o e I T paag ‘H
. ek "‘“‘H H’"
E o “: r .,.r—"ﬁ-'# e 1 Ehh L t*t—f"“ R -
£ o R ey S
w -~ s __r.\_“ L s .
e 300k -I-""‘M _r"-' e S -haqh-“
i - * S—
(73 -
4:-!. ¥
200F o S —
* E e e
';“;"L-'-'" Bt ppp = AR AT AT St
1|:|,|'_'||-‘|‘-".:'_‘ -
-
G Il i i B i i 'l L '
1] [ 20 g1 40 il &0 FiLd &40 S0 104

Shearboy Displacement 5, mim

B 474 7 b EHERHRZ T RA KT =4 R
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247 ARVPEHHEDRET > PR FRLF BEE R

Linear Regression

Proportion Shear
Backfill Confining
ol Diameter | of Water/ " Stiffness, Regression Curing
Cable Type (mm) Cement Soi Kes Trigger Threshold Threshold Sensitivity, |Rsquare Stress; (day)
resno
(W/C) wpe (slope of 1-8) | Value ,dp(mm) S( o /mm) R? (/)
Value, 6 o(mm)
P3-500 Ottawa o . .
(unshielded) 124 | W/C=1:1 . 83 39® 59.5411® | 0.0056710® | 0.9949 | 285.21 3
unsnielac san
P3-500 Fine E b A
(unshielded) 143 | W/C=1:1 Gravel 117 43® 43.2656™ | 0.0062864™ | 0.9393 | 285.21 3
unshnielae rave
Ottawa
RG-8 103 | W/C=1:1 . 51 54 5.8632W 0.0010713® | 0.9905 | 285.21 3
san
Fine «© ©) ©)
RG-8 10.03 | W/C=1:1 Gravel 103 12 13.9663 0.0012770 0.9863 | 285.21 3
rave
RG-8 8 W/C=1:1 Gravel 91 9®) 10.968 ® 0.0009791® | 0.9740 | 142.6 3
rave

Performance : (A) > (B)> (C)> (D) > (E) -
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(2) TDR & &35 ¢
Bl 475857 RG-8 H& > 7 e B PR T 2 F 4435 > & u] ik 4
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=
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& — =X i (time-step)FPFE R P RE o @ ¥ B - e s B

pCA IS AN = o F %@ﬁzgﬁ—ﬂ, Whr s ) HEE Ao

119 1
D, aq, :Z|:§(ai+l/2 _ai—l/z)_ﬂ(aiﬁ/z _ai3/2):| (5.10)

HY > p h¥g F- ks ehi 438 Y ~(difference operator) ; a, %

ZRE B2 FRE - FPRRRIFSFEE G s B AL A5
ArE oo PR EEgR Y ¢ & X & 3% (central difference approximation)
fed 2 H4EE Rt g BHIHEEBICCTET - FROESE

Fodig- AT

122



Lk L
& LT.h.s
H H.p
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B 6.3(b) = #mif

6.1.1 A 45 jmA2 % 5

AR Y AR TR A {7 (time domain analysis) » H P ed
LA R ks TR e RIRSF RFFR B E L
W B RTIREZREATE FET AR ERLTE D ¥ E o
Bl 64 5B R SeE R F REFPFE -
{é & 7 48 3¢ & 7 (frequency domain analysis) > 2 P 73 & § By
3 P 38 e o 20 BL2 0 5 ) Jd(frequency content) 0 @ dE 8 A 2 B HE(HE
)2 P F o MR A 472 R £i2 7 & X i 4% (Fourier
Transform) » 53 & & 2. = $he 4 B F R <A H 4B 6.5 #r7 » H
BT B2 F T S B AN 3 RIREHEF o
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180

2004-10-15

160 —
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% 1999-09-21
|
2 4 2002-03-31
= 140 —

2002-5-15
120 ‘ ‘ ‘
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Natural Frequency (Hz)

Bl 6.7 HERIRF AT F 2ok g ez B f2d SR(FHERR)

6.1.2 s kw2 I3 A &

R4 kL2 Ko ﬁﬁw}’uﬁ—ﬁﬁﬁﬁ—ﬁ&

(SISO)er i % ] » ¥ NP EZ A S 24 7 5

YO +a yk=D++a, yl—n,)=bu@)+bhuk=D+-+b, ul-n,) (6.1)

RO S 2 EREAEE LIt SR SEON
SEER PR B 1t SR
Bt 15 # 3 5 F (backward shift operator) » B ¥ #+5.1);% £ 7 &

B(g)

k) =—22
y(k) AQ)

—— - u(k) =H(g)u(k) (6.2)

hud
AnS
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A(@)=1+a,q" +eta, g (6.3)
B(q)=b, +bgq™' +---+ b,q™" (6.4)

EZ48N (62) Bz i > F

¥(z) = H(z) u(z) (6.5)
B S B H(z) = D) (6.6)

A(2)
Y(2) g u(z) vy 5 Y0 g uk) 5 7 g s AG)BG) g g 7 i

(63)% X(6.4): F Edec b z o M 5 B S fecns 3 5 3§ 2 BE) =0,

FH 5 H R Bh(zeros) » @ HE F B S ficen s A IE 3t A(2)=0 , 1AL

B Eh(poles) o & ¥Leff ZRAE gz pE RL 2 B R S Boehim B

B o @ R BRR Fofsen ol oo g M ShpE s RO B e i

HE) dimg g £192 155 £ 5 B0 B0 A LB B 7 #5(6.6)

ER RN
A
H(z)=2 H,(2) (6.7)
He
H ()= 2R(q,~)—2R(q_,~p,~)zl2 6.8)

1-2R(p))z"+|p, I’ z
pya AR IS A()=00% B AT BAT
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bp, s +b, p; "

H (1-pp, )

k=l=#j

;= hm(l -p;z NH(z) = (6.9)

KA RAT T f R R E T B 4T

f =#1/(lnr])2 +¢, (6.10)

In(7,)

o j 6.11
S T (6.11)
He

#=pjp@=mﬁg%%} (6.12)

T 5 B~fRikdp o ¥ & &6 2 Ta¥icays, bysa s % o T H e
%’I‘?_L BOZRAE S~ FEROL LR K R S o
6121 583 4 AU A IREL

6. AT 2 F 4 ke FEERIZNEY F 0 EF e

’:‘HL T,:J" A, I-'F]ﬂ.la AN ]FB'_’ :J&- ;u’}’-ﬁ—;\“ l,'%-'_-‘: é‘

Alg)y(k) = B(g)u(k) +C(g)e(k) (6.13)

HY oeh) M & e i ¥ B H 5 R 90 (zero mean)Z v 3230 (white

noise) ° % ¥ ;% C(q) 2 E & »

C(q)=1+cq™" +ete, g " (6.14)
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BvY vespfeid o n s B8R - FERYF T - TR

FRE - SIS FALERA A e blde
AR #3411 A(g) y(k) = e(k)
ARX ##3] © A(9)y(k) =B(q)u(k) +e(k)
ARMAX #:-3] © A(q)y(k) =B(g)u(k) + C(g)e(k)
ARMA #-3] © A(q)y(k) =B(g)u(k)

F9579(6.13) » ARX #3| 7 8- #H & 7 =

y(k) =" (k)8 + e(k)

_,‘E! t‘ bl
v (k) = [y =1) =k —n,)u(k)--u(k —n,)]
ez[al "'anaabo‘”bnb

= - H - @?J% %:a‘_ﬂig?]:".(SIMO)ini“F% ’

y(k) wk) o0 - 0
k 0 Ky --- 0
vk = y25() : U(s) S
y.(k) 0 0 - u(k)
He o,

Y=y, (k=1D-=y,(k=n,)]
u(k) =[u(k)---u(k—n,)]
e:[al'“anaﬁblo'”blnh’bzo'“ban"“7b 0...bman

m

RN (O T AR S TR

ey
e
B:10%
&=
{w,
W
i
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(6.232)

(6.23b)
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y(k,0) =" (k)8 (6.24)

3‘13?] 120 B g 1§_§(k 9) £ © Frz kX S#OT %iﬁ;ﬁljiﬁig?] i o #-H
'p /?J 5—7}‘ 3 =S
e(k,0)=y(k) - y(k,0) (6.25)

Faud k2 kAL EOR 1R Blek,0)=e(k) °

6.1.2.2 i 5|34 /2 (Recursive Prediction Error Method )
SR AR T2 R 2 BRI A AL FERETERIEAL S
1 k
V(k,0) = Ev(k)ZB(k,S)SZ(S,G) (6.26)
s=1

H P s Bh,s) » 4 F]F o y(k) B 5 Bk,s) 2. It # 1 F]+ (normalization

factor) » 2 % & &

v(k)D B(ks) =1 (6.27)
FEAMLAEREET L EFF S 1 TR Y A T3

E o PR ARG T TS T U H RS R

Frit o BRI K OTRATES DR E g~ o ERIpEART
B(k,s) = MK)B(k —1,5) (6.28)
He
B(k.k) =1 (6.29)
M) = hoh(k—1)+1-2, (6.30)
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AFE % i L F]+ (forgetting factor) » 3 ¥ £ * 1,=0.99 > 1(0)=0.95 - %
BB R FIR A P e AR T iR Y

- v

BT s

E[V (£,6)]=0 (6.31)
R(6.31)7 139 2L H-h AR 2 3% N E o fR ) K R Sl

0(k)=0(k —1)— o, [V"[k,0(k -] V [k,0(k —1)] (6.32)

v

LR g o] B TG @ ke )N 2

8(k) = 8(k ~ 1)+ L(k) |y (6) —y" (6)8(k - 1) (6.33)
Ae
L(k) Ptk =Dy(k) (6.34)

") +y (R PGk~ (k)

P(k) = P(k—1) (6.35)
Ak) +y (k) P(k — Dy (k)

A EFEA IR R P0)=10"~10" "2 4e i B JTatid & o
F1# (6.33)5% 3 (6.35)5% 2 vhiw TpiplR £ 2 TV £ A ofd > &

AR E G2 fRIE S 5 ((6.10)22 (6.11)5%)

6.2 BREHEZ kAEAW A4
P R RFE BlAoB 6.8 4T o HHEHE X E- NH R

o290 ED 95 ERM E e 28 LM BRFH  drdk 6.1 17 0 H
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261 BHMFELFRTEETH

Bl g g | MR
FI3 [ ] X#ho | Ydqn | zZdmo | B (EL.) Jilss
90.06.08 | 12:07:41 22 10 9 3 931.45
90.08.20 |  03:10:08 13 1 3 3 925.50
90.09.16 |  20:24:44 42 18 12 1 931.65
90.09.27 | 10:25:28 16 6 2 3 927.60
90.12.28 | 18:41:42 42 17 10 4 91330 | FEvE
91.07.07 | 11:37:23 5.3 3.5 22 2 932.80
91.09.16 |  08:04:48 6 3.6 1.9 2 932.20
91.09.27 | 13:08:17 164 | 113 | 109 3 91330 | S
91.09.30 | 16:36:10 3.8 1.4 0.8 2 913.30
92.01.22 | 14:52:12 102 | 32 2.5 3 913.30 | M E
92.04.13 | 15:33:15 104 | 9.1 5.3 3 934.00
92.06.10 |  16:44:29 13.8 5 4.8 3 934.20
92.12.10 | 12:41:04 113 | 43 2.9 3 933.50
92.12.15 | 07:19:06 109 | 77 9.2 3 935.20
93.01.01 | 11:17:58 7.7 33 2.8 2 931.80
93.02.15 | 21:32:40 5.5 2.9 2.7 2 941.15
93.05.01 | 15:56:25 9.4 7 5.1 3 933.40
93.07.28 |  17:40:54 5.9 4.1 3.4 2 913.30 | “MRibvE
94.04.30 | 22:49:08 8.8 2.8 2.5 3 930.60
94.05.02 |  03:49:42 14 5 5.5 3 934.30
94.09.10 |  19:50:24 8.9 8.9 6.2 3 914.00
94.10.02 | 15:16:55 245 | 93 8.5 3 918.00
94.10.07 |  19:23:06 113 | 99 54 3 918.00
95.01.20 | 13:11:30 5.1 4.7 5.1 2 933.05
95.02.08 | 07:54:28 5.1 2.4 1.6 2 932.00
95.03.07 | 07:40:15 6.1 3.6 7.8 3 913.30 | hrE
95.08.05 | 23:26:08 3.7 3.1 2.2 2 937.00
95.12.03 | 13:38:13 4.4 2.5 2.0 2 932.81

(Gr:g+ g R2E2% gals kRKk2 E =3 m)
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6.2.1 pFig & 47
PRI 4T2 P A B A Er R R ) TR HE ek R iR
B R G B R R R R AT A JREIUEL I BT A7 b AR
BRKRAFEFER . AENYPIFLIFLGEES S LRE R (F
6.1)2 R MBI (T AT 0 ATE AFL R EHTT F RERRFAAL
17 e L 2 4eid B EER4ok 6.1 7o (H gal)) HPY > X w i
FRITH e o Yo ilfigh> % 23R 5LE % o d W2 IR
AT THE IR IR T AETREUER D T (X
w2 P B be ik B PEIUEBLIE (7 K Sk u A 4T o
B 6.9-1 2 B 6.9-28 % =i+ RE 2 HFRE Y T b 4heid B
Food BV Avo 5 RIRZAHLIET M R R AR B e R KA
TR iR H e W R ot B 2 JRE R R
B g4 A SHgUPN @ 92# 067 10 P (R 6.9-12)% 92 & [2 7
10 P (B 6.9-13)2 4cid B F Rl F B RRE PR G > 7 818 R A
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FIE] fi fet] Xl Y@l =Y (EL.) IilTRS
90.06.08 | 12:08:05 18.0 17.0 3 745.90 |
90.07.09 | 02:45:19 10.0 24.0 3 746.20
90.09.16 | 20:23:42 58.0 63.5 4 745.90
90.11.04 | 16:45:55 8.0 8.0 3 746.10
90.11.21 | 16:27:58 6.0 17.0 3 746.10
91.03.31 | 14:53:58 8.0 10.0 3 746.30
91.04.07 | 22:48:09 13.0 16.0 3 746.50
91.04.22 | 20:48:53 21.0 18.0 4 746.30
91.06.12 | 19:48:39 10.0 14.0 3 745.30
91.07.10 | 16:51:54 16.8 13.3 3 746.50
91.09.27 | 12:58:35 23.5 55.8 4 747.90
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94.09.27 | 03:59:59 2.8 10.3 3 735.3
95.02.24 | 04:07:52 7.3 5.3 2 745.89
95.04.20 | 15:19:03 5.3 5.5 2 745.84
95.08.05 | 23:15:53 8.8 9.5 3 745.99
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