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Student : Chih-Lung Tsui Advisor : Dr. Chih-Ping Lin

Department of Civil Engineering, National Chiao Tung University

Abstract

Monitoring of slip displacement has been employed in the Geotechnical
engineering for many years. With the evolution of the communication and electronic
technology, the traditional slip-displacement monitoring device has fallen behind.
The application of TDR passive monitoring technique on the slip displacement
monitoring is an innovation. TDR can be used to determine the position of slip
displacement and find the trend of increment of the displacement from the reflective
signal in slip displacement monitoring. Unfortunately, the quantification of slip
displacement is affected by the cable resistance’and complex failure modes in field
strata, and there has not be¢en generalized. method for quantifying the slip
displacement magnitude.

This study focuses on the thin‘shearing mode. Transmission line theory
considering cable resistance is utilized to simulate the TDR waveforms of a sensor
cable subjected to shearing with different lead cable length. The relation between
the impedance and slip displacement magnitude is used to quantify the displacement
magnitude. Taking advantages of the low attenuation characteristics of optical time
domain reflectometry (OTDR), this study also explores the OTDR system for slip
displacement monitoring and discusses the relation between displacement magnitude
and light loss.

The result shows that the TDR waveforms of different slip displacement and lead
cable length are successfully simulated by the developed algorithm and the relation
between the cable impedance and slip displacement magnitude can be uniquely
obtained. The sensitivity of the OTDR system is superior to that of TDR system.
The OTDR system can detect much longer sensor distance than TDR due to its low
attenuation but the measuring range of slip displacement for the OTDR system is
smaller than that for the TDR system. On the slip displacement monitoring, the
TDR and the OTDR system can be complementary.
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Dowding et al. (1989) i& T HIRFR > LB X2 75 > '
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R4 kenk o
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BT RGBT o F SR AR IS S B 0 1R RELT
A F R R AT Tt o
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~
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Green*a;nd Mlkkels‘bﬁ’, 1988)
2 Lo

FEETEN

Sorbig

2.2 FALE 2 ek 2 %5315
(Wilson and Mikkelsen, 1978 ; Green and Mikkelsen, 1988)
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AR AN

BRI T R LT TN T eV T i, o
. = L 5 £ .
o PR e TS T T

w%

KIER

w23 @l e 8 W
(Wilson and Mikkelsen,-1978)

To tensioning

device
T Measure distance L to
determine shear movement
4 ¢«—— Wire markers —r

Tensioned

wires \ ' _L

Measurable
shear
P> movement L

B 2.4 Slope Extensometer JL3-fz &
(after Kirschke, 1977)
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TDR Device

_______________ L
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i
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TDR# T -k = % i

|
“
p TDR:g i # 5 ]

B 2.6 TDR i#4 T ipl 45
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=Zufﬂr p:ﬂ
| + — 232
| Z, =0 for p= -1
1
4] TD 2T —

B 2.7 * 2 et Ford 2 2 K st
(TD 2 » ST A amd 3 2 F e vl i BT BRI FL)

] b AL OF: SRE &

TDE L \
L

B 2.8 TDR %75 |2 F G508 HiT
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~ ., \ %I{Fﬁ

l f | 11 Ry _ EFE
&y @

B IR B

GRS

W29 AL TE 7l
(O'Connor and Dowding, 1999)

|+ Load cell

| | ET

B 2.10 He» BT 4 EREE
(Dowding et al. 1989)
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LEFT SHEAR

e ! [UGHT SHEAR

0 } — Il
T 1 LENGTH
l e w I R -
200 mp
LOAD (LBS) ' DEFORMATION
LEFT RIGHT
—
° Qmm 0 mm

} 22 32

1050 - —
J 32 58
1600 —_— =
: a0 17
1900 ‘,__—r_v——}l?mt'_ e
—Ar COEFFICIENT
52 95
1840
2050 83 4
1350 - =7 = FAILURE ‘e o

Bl 211 34 A8k of ez B 0% )
(Dowding etral., 1989)

BTE B A

B 2.12 7 [ ¢ S e dhB R nFE B8 T 4 252 B %
(Dowding et al., 1989)
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o Direction of movement
Dm:m:m:mot‘mmmr-rm:’z.l:m‘1 Di.upugc mmﬂaqnxy
Di.nlgnuge_ 3 I _,A - ﬁ e
-©- Block] |  Block2 Block 3

le—20 em—=t=——20 cm——-i—*m cm—

=

B 2.13 34 ~ 94 E%ER
(Su,1998)

dti

m=——
at mox

(in mv/sec)

SiE|
Bl 2.14 & St LT R UE oG fF E R B G ahfg A
(Su and Chen, 1998)
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g
X
Q
E
o
|
0.00 4.00 8.00 12.00
Y& ¥ (mn)
Bl 2.15 #8285 F2 M %
(4% &, 2000)
15mm . )
4t Distance between crimps
. a) Response signal for
20mp crimps 2/3 m from pulser
40mp
0 250 x 10°' sec
] f :
k Smm »| Distance between crimps
b) Response si?nal for
20mp crimps 60 m trom pulser
40mp

F2.16 2 Mjair A< HARE RS
(Su, 1987)
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120
© 12.7mmdia. 1m
- 0 127 mmdia. 12m
a 12.7rnrndi;. 244 m Co
= 199~ 2 127 mman thm °
é -
v 80—
Q0
O B
g eo—
O i
c
o
5 40—
@
?i'—j —
20—
i [ ]
0 rsrdd P [ T T R L TS e
0 2 4 6 8
Shear Deformation (mm)
B 217 F 3 GZHETHERE RH 4 d YRR
(Kim, 1989)
100
— Deformation
> & 12.7 mm
80 g 102mm
| A 7.6mm
O 5imm
60,

Reflection Magnitude, mrho

Distance, meters

600

10

B 218 R4 %) F S GEEE RH Sem B
(Pierce et al., 1994)
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300

250}
°
=
E 200
= Localized Cable Shearing
2 Force
9 I
=
o 150 5mm
8 i— 1 =1 |
s — =
§ 100 Gap Width
]
@

50t Gap Width = 80 mm

0 1 1 I 1
0 10 20 30 40 50

Relative Pipe Displacement (mm)

B 2.19 TDR & &42 5% 4 F F R 2. B2 58
(O’Connor 1991)

PIPE EXTENSION
LOAD (ibs) [ FIXED © | —> EXTENDED ] {mm)
J o
1] — :—‘. —
I 50 my : |‘5 " ? y o7
1200 __— 1
]
| H 12
2050 _— < —
| \
! | 20
\
! \ 30
[
2295 ;

40
2320

\
23160 =~ 4

2400~ 95

CABLE BREAK (OUTER CONDUCTOR) 125
M0~

| SR -
B12.20 THLES (F% 2 SR %
(Dowding et al., 1989)
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3
i

E

ch

B 221 7 ¥4 F T ALTORESR A (@)kh 3T 5 5 (b)
e W8 UK R (e) =4k B 5(O’Connor, 1995)

/
."._-"r

B 2.22 fEiii a9 A2 3 4 §
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45

¥=% TDR&# F2,E

(w

3

4o 2.4 & k973 TDR FHRTILR € i AW B2 F e+ A g
2B WRESGHRRF) T BRI R S KT o S fEAL R A
P BRI  ARTIE R 2PF 22 - 245 R 2B
& 12 25 527 (R-Transmission Line model) > #£#t* FE R R HX T 2
TDR F st 2) » 3 4Ed £ B 247 0 45 s ds B &0 T I Fes B 1% o
3.1 TDR A 25##%(3 & R 2. TL model)

3.1.1 Az

d B 3.1 VOB R B A o Bl d PR 2 R b LX)
g SRR MR 2 R X 0 B Bt - MRk P R AR
2.k RS BHg (7 d RZ T modelda k) > 25 = ¥ — Frendn Yy o #
oo dndeigd B ERFERE NSRS A S 1T 312 &
303 62 B AL AT @2 N o
3.1.2 @ﬁ]%ﬂﬂ;ﬁ

SEEEE ERLE S HE S I VSN L LR LR S £

T B2 TRE G -39 2 BIRA T 7 RE - L fE

V(z)=V'e " +Ve’” (3.1a)
I(z)=—¢7" Y (3.1b)
Zc

AP z5ir BgR =8 SVEVI AR B B e
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Z i FHclebu i 8o BRE AT R S vy BHZ TV 47 5 ¢

=27t e (3.22)
C
Ze=7Zple (3.2b)

Boj=(D"rcikd e AATRZZ BHAAF L5 B
Z [EFU¥re B2 S e
Bl 32 5-323 @ﬁ%]fsﬂ(uniform transmission line)2. & »cF §& » 7
~ % TDR @& ﬁs?]‘ﬁ G g kM2 BRI R 4o
V(0) = Vs — ZsI(0) (3.3a)
V(i) = Z, 1(1) (3.3b)
He Vsi T RAEYHRE 3118 2 X, ~ Zs = % /& FE F(source
impedance) ~ Zp & % = BIRF 20 F VI ffload impedance) » 5 i 18 %7
BpEZi = oo B BEBRPEZ=0 N A ERELETRBREVEV AT
FHco BV BEVH NG tz = 057 7- 33 4 ,T&{TDR?F
B2 BT RV(0) -
ﬁ?] » [ FuiZ (input impedance approach) & b i 2 0 2_ i ds =
oo B A7) 5 B ¥ T Rz B 2 EoRIFUR 32)) Bz
—0 2 [T 5 fz= 2 Sk
Z, +Z, tanh(y 1)

a0 = 2o ) tanh(r ) (3.4)

gk ¥z = 05 10) = V(0)/Ziy(0) » ¥ #FE TRV $#H
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3.1.1 &2 Y :

Z.(0)
V(0)=—=int v 3.5
0= 0z (3-3)
BRI - S
V(0)=H, - Vs (3.6)

Hk:‘::.\ ,:‘ﬁ .?:f’b L:l‘ygt o
st RS H - 5 RRT LA F OB 5
/ik«—i:::]g ?F-F}t ’ '&L"rﬁ:] 3,3 '—:Li"ﬁ'\ ) %ﬁﬁlﬂ » FE' ;}’m_V \‘ 4 d éy‘ ]l+ I’ZL/{J_

Eﬁ#ﬁ%gzn_l -F‘ |zzn1p-3§?‘l’+ I‘LIZ F\—z’_ﬁt7 - '\‘ 1\]4 ni’ '!'IL”.T j\‘ .

Z,(2,)=2,
7 HZ tanh(y 1
Zin(Zn—l):ch E > (7/n n)
’ Zc,n +ZL(Tnln)
Z(Z_ )+ Z  tanh 1
Zin (Zn_z) P, Zc’n_l 1n( n—l) e,n—1 (Tn—l n—l) (37)
Zc,n—l + Zin (Zn—l ) tanh(T n—lln—l )
Z.(0)=7 Z,(z)+ Z, tanh(y1,)

7., +Z,(z)tanh(y,1,)
M F2 AN BT F e (35) 2 B At .
3.1.3R 2 TL model & 255
A TDR %R R kit ¥ 2 BRI T A5 BT H2

W(AplE T8 2 P IS E - R AR F HEL2 T
-
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THERZFE 2>~ R2 TL model fi4% TDR F 5351 & & &

v

FrRAESERF T2 MR NG2)F i L

. ]27Tf

Ve A(R) (3.8)
Ze=Zp/e - AR) (3.8b)
e AR)T L& FRFF

o 33~ 38 T A V(0) 5 A i s R AL R

V(0)=f(Zc,,y,,L)=H, -Vs (3.9)

oY TS Az §ERE - HRE Y ARZ ko -
boBl 3.4 LTS Pos 2 FA5e d B 3.5()F v E RS
e ™ HATa ) E SR iyt o 3> CommScope % 8 0 47
LRBTFE M ERT T RFAA LA 2 BEE 4B 3.5 (b)) -
To e B 5 Za-71-L s PB4 i Zo-7 2Ly R 5 Zs-73-Ls e
$#3 RG58AUE & M FECommScope(#* et 14 T 354y 3.3 & (c)2 I $ib
THERPIZE LERLUX 4 BREHEEREZg-71-Ly 5 BB
TEDVEEZo-7 2Ly BB RLE Za-7 3Ly R E Zyg- 7 4Ly A0

3.6 - RiEenB~ {7 F | * $gB~ ¢ 5+& & RG58AU CommScope % H 1

TDR& A5 » o Rificsg I ir v 2508 m 48 o
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3.2 #Ek™ &

g AT PR TDR &6 %2, 8 Rl 258> &7

énhn

Jreh

“ff i TDR &% ERPEFF > T ¥ LT

v

|34%ﬁ‘}§"f ’
EREFRPITH FERRE AT

FE T w50 HF SR

BaEd A2 B TR

" R 2. TL model 42 T & & &6 %3, &

A, E B

s
W

i

PSR T RIS R BB AN LA R R I R IR

B R FRERZFIFNGEES S RETS KA 2L

s tEr ]

v>\_

W
o+

% TDR 4 > % 2

Ik

Al S

2 ERT A A TR ZEE S

7

PRERZRFRFRE% T % OTDRE TDR % & 4 6 %)% #

TR ER

1. RG58AU f £ &

bt sidy et £ 55 R R E 2 TDR B rid 352 F o & -

325 LB~ Im CommScope ¥ 75p BI B » & & L B s > Br
FREkp 151 (E8) EETS g T EE2EFH

FF o 3 B PF > & %2 2m > 10m ~ 20m ~ 30m RG58AU 2. I §ih

T H @ # lm CommScope %7 R P B

IR IR SRR

tez B BP0 d FAGREPCT jekk A T2 0 B 3 HARBR S 0k o
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2. Commscope = #ih 7 &

AEHRR Y - T RS BRI
36 e TDR 2 fE3R 5 4 %) 2 2m >~ 10m ~ 20m £# 30m > &5 =
EBE AR o AEHE P HEREKL R FYW AN FTIE R 5
CERT s KB ER FARR L B oo
33 #&HEH
TDR % ] & 6> 25385 % % 4o B 3.7 #77F » L & # 32 TDR F#
e S SRR S £

(A)TDR 758 5t

ot R %P 2 TDR @4k & ¢ 4% TDR 1502C~ £ 37

Al

T TR RS S BETDRI502C -7 1117 £33 § 52

P2 NP7 todk® - § TDR F 643055 o
B)T &%) %
BOMRGT A CEBRARF AT A g doB 3.8 9T o
ek g4 REEBARF L o Y Ehor s T4 4 p A
G A EE /4B A2 Imme&FE - Wik o

ERITHEE T4 g7 - TRFFHRENEPFE 2

o

(OF S @Tjﬁ‘fﬁ :

FAR Pl BE* CommScope P3 500 F #h3 & > 2 /£ 12.7mm
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(3 & *HA)-TDR £ ] & 5o T b ¥ 2 B H0F 7 L ik 2 o
7 g * RGS8AU2m~ 10m~20m % 30m 2 e T a5 28 £ 5 o
IR E G BRIRER o

BATDR &&= BV E L o178 %

1. RG58AU it £ 4

WA R T EMEORRPEAE Im TR EAEAS B 2m
10m ~ 20m % 30m & B 2z 2 £ 3 > #7{% 3|2 TDR & ;4@ 3.9
S oo d Bl OV Ar o MEF W R ML R 2 B4 0 F SRk A
RE R ABLE A BT QI EEE R R R S
Fedfcts > 4o 3-1 #ipp MPERfFE E N7 FUELRE R
Fotiaier P o2 Mo B340 224 §973 2 2 B 45
£ o FATH (sensitivity) & &2 A & > 474~ K R (initial response)

B AR X fhdt R B2 FEAE o

ETINS

G AEAEAET EDE 311 e ERE B B

RS R AT E - RIM % A G F 0.12~0.05 4p

\\_
S
i
/\_
1%

g b 2 A 24 AR RO B TR R A 6.2
~0.5> /&;'._3&”{ jﬁ,\]iph B % 124> @,ﬁﬁf;ﬂ\; 18 ;J-%LL

&"‘?fi“ilé’:%ﬁ ’]/-‘?-fﬁa?/:ﬁ—i)/('riﬁlgfﬁ‘otL’ ﬁ_‘} aﬁ%&§ﬁ(

AR R KA FER Mg AR 2 K
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FHEE MR PR LH T AT A FYy AR 2F &
Mgt Ure Rl B RIS LR R A o

% 4 £ A5 2mo £ Ilm CommScope FF #hi F R B BFF - 47
@2 42,5 d R2 TLmodel H2 %% » ¥ (7 4c® 3.12 0 Fd
FEA T RERAEERFE2 M % 4o 3.13 ¢

4 3% 2m~10m~20m % 30m if £ %393 4p b 2 B R T F
EHEEIRPERZEER S HX P ez s v £ 2 B 2R 5
SR ERL 2mF AR E s ek AH R L

TIERFEIF2Z T E* T E ML 10m~20m 3 30m 2
B35 0 4o 3.14~ B 3l 6 #7774 $uEE A5 10m PF o g it

2550~ R F L AS 20m 2 30m BF o ikt 5T Mk

BhHEt Y RAETAFTARET T LEIR3I3 .
Ld TDR #5456 F Sk 2518 > ot F B @kl 1mdn 1o
FTH BT R T E TR o

2.CommScope = #ih 7 &

P>t RGS8AU FFahd & - #33% 74 * 2 CommScope

GES SRS R N NP LR R E AR L £ S

RBORIE2 - A o S 8w 4 s B EESE TDR 1502C
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2m ~ 10m ~ 20m % 30m o TDR #pB~z & 254 ] 3.17 o 4p >t
RG58AU F T F » M EHREEFXEELRELERZPET < 0 F
LA 30m THER T RAPREY 4 NQ)THE DR

BGEE T B2 B dod 322 MM FE T (F4cRB 3.18 o

21 RG58AU Fr #h7 - > 7 v RGSSAU R % 8 & 28K

R G AEAARET EIIR 319 FUEERER
AL FREE - REM G AF A TR 0.16~0.1
AEbAEE 21 B 10 pRN &+ TREZA ST FF 89
~A44 BEF B A EEPLW RS 20k G A2 TE
SRV E A RTRE RS A Ao i o

—~

B 3.20 3 2m CommScope fifiz A7) > §d F B o477 @

[\:

B 3.21 zZpedndads s § 2 M th e 0 34 &% 3 R ;
¥ %t 1 CommScope & & 5 10m~20m~30m 2_ 4 3} > 4[] 3.22
~B 324 %77 o ¥ RBIEEF 5 10m HEA T - R 5 20m

P4t d B 15-22mm v S B e 5 L 30m PERTeE R 20-22mm

%33 % CommScope Pl & & pF > d > 2m~ 10m~20m ~30m

CRBTFE LRI 0 KRR P H A Bz - BT
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BT 0 f 4 R Ak 5 TR 0 4 R T A
% 2ARR 0 Fid X 2 3R o @ RGSSAU & B 8 7385 0] &
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Input Signal, X(t) |
Input Spectrum,Xk

DoLloop ¥ —
p k Hk:\Xk

Y

‘ Output Signal, ¥(t)
| | 1

B 3.1 A F 8 54z (Lu, 2003)

2. (zh= M) Input Impedance

(=)
Source impedance

fiz)

"

Characteristic Load impedance
"7 Impedance, Z, Z,

Sampli | : —
ampling _ _ i
Voltage ~ o 2=

B 3.2 TDR & ﬁ%lﬁ 2 E 2R ﬁ»;fisﬁi.%] » FE

[nput Impedance
_ Z,(z,) Z.(z,,) Zlz, 1)
Spurce impedance
Zs l it | i | #1i
Violt h o — _
n:u:::c ¥ L’ L"' 7. Z) L'- %Lu&d impedance
T~ [ | _ﬁ:
V, E
:\- ' N SR
}—|'rr L A | 1 4 |
""" | 1""' T | - L
=10 z, ; =z 2 =r

DRRIESSER ToF BRI TR
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RG58AU lead

cable CommScope cable
TDR
1502C
CommScope cable
TDR
1502C

Zo-7 2L
!
Z3-73L;3 s
J
(b)
Zo-72-La
I N\ [ E
S Za-71-La Zes- 7 3-Ls §
. ima .
(©

Bl 3.5 (ffs=x ¥ 152 %7 b)o)ssr BT i



Ze-73-Ls

Za-71-Ly

_ Zo-7 Lo

-

\

o

Zes- 7 4Ly

p—

B 3.6 # Fr 2t £ R EA T &
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TDR waveform for 2m lead cable TDR waveform for 10m lead cable

2500 2500
(0] L
9 2400 J 9 2400 A
55 A e -~ S e -vg 4 -
S 2300t LA S 2300+ J
> > /
0 2200} -~ Omm 0 2200} |
5 — 5mm g f
@ 21001 | — 10mm @ 2100+ oJ
°© V — 15mm °©
C 2000} 20mm @ 2000}

1900 ‘ ‘ 25mm 1900 ‘ ‘

0 100 200 300 400 0 100 200 300 400
Catch Points Catch Points
TDR waveform for 20m lead cable TDR waveform for 30m lead cable
2400 : : : 2400 : :
- - 0mm
[0} [} — 5mm
& 2300} ) % & 2300| — 10mm
© 7 © — 15mm
2 2200 - -~ Omm 2 2200 po /’J
2 / — 5mm = 25mm |
E / — 10mm E 7 =
% 2100+ / — 15mm % 2100 f /7
o 7 20mm o =
25mm
2000 . . 2000 . . .
0 100 200 300 400 0 20 40 60 80

Catch Points

B 3.9 RGS8AU ut £ M 5

2~10~20~30m 2z TDR ¥ &4 7

Catch Points

Displacement rho relation for 2m,10m,20m,30m Rg58au lead cable
T

200 : ‘ ‘
O 2m lead cable
180 - | — Regression |
A 10m
— Regression

1601 | 4 20m |
) — Regression X
€ 1401 | ¢ 30m
é —— Regression
c
-2 12or Sensitivity = 6.2 |
3
® 100
©
g 80
= ae e _
% 60 - Sensitivity = 3.2 ]
S = 0.99
O

40+ |
Sensitivity = 1
2or = 0.99 y +
o < <
0 X Y =099 | Sensitivity = 0.5

0 5 10 15 20 5

Shear displacement (mm)

B 3.10 # = RG58AU #t £ £ B 2§ =21 F & ez M %
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Area-disp relation for Rg58au lead cable

O 2m
—— regression
A 10m
25— regression
+ 20m
— regression

ol ¢ 30m . Slope = 0.12
— regression

Integral area
&
T

0.5

Slope = 0.07

Slope = 0.05

|
5 10 15 20

" Shear displacement (mm)
DRI S LE-E B P Y R
2450 T T T
2350t
D)
a0
S
S
© 2250f —
= original
= — shear 05mm
5‘2 —— shear 10mm
2150 — shear 15mm -
— shear 20mm
— shear 25mm
—— simulation result
2050 L L
2.65 2.85 295 3.05
Time, sec x10°

B 3.12 RG58AU 2m £ & Mtz %%
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70 ! L T
—~— Z-value

65F
60F
C}nSS -
N
50t
45t
40 [l [l [l
5 10 15 20 25
Shear Deformation, mm
B 3.13 F & & fr2 fefreds 6§ B %
2450 T T T
2350
O
80
8
S
© 2250 —
= — original
= — shear 05mm
é’ —— shear 10mm
2150 — shear 15mm
— shear 20mm
— shear 25mm
—— simulation result
2050 L L L
1.08 1.09 1.1 1.11 1.12
-7

Time, sec X 10

B 3.14 RGS58AU 10m 2 £ Rkt 2 & %
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2450

2350

2250¢

Relative Voltage

2150¢

original

shear 05Smm
shear 10mm
shear 15mm
shear 20mm
shear 25mm
simulation result

2.08 2.09
Time, sec

2.1

2.11
7
x 10

B 3.15 RGS58AU 20m &f &Rtz % %

2450

2350

2250¢

Relative Voltage

2150¢

original

shear 05Smm
shear 10mm
shear 15mm
shear 20mm
shear 25mm

simulation result

2030
2.835

2.845 2.855
Time, sec

2.865

2.§75
x 10

B 3.16 RGS58AU 30m 2t £ Mgt 2 B %
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TDR waveform for 2m CommScope cable

2100
| — Mg J
ol
2 1900
(0] - - Omm
2 1 — 5
S 1800 mm
k] — 10mm
© 17 — 15mm
o 1700 20mm
1600 : : : 22mm
0 100 200 300 400 500 600
Catch Points
TDR waveform for 20m CommScope cable
2100 : ‘ ‘ ‘ ‘
B 2000 [T g "J
3 r
S 1900}
g - - 0mm
£ 1800} — 5Smm
@ — 10mm
@ | — 15mm
£ 1700 o0mm
25mm
1600 : : : :
0 100 200 300 400 500 600

Catch Points

TDR waveform for 10m CommScope cable

2100
(0] - LAy = -
2000
2 1900}
(0] - - Omm
S 18001 mm
Ko} — 10mm
© 1700 — 15mm
o 1700 20mm
1600 : : : : 22mm
0 100 200 300 400 500 600

Catch Points
TDR waveform for 30m CommScope cable

2100 ‘ ‘ ‘ ‘ &
8, 2000 F———————y
g
2 1900} 5
g -~ Oomm
5 1800} — 5mm
= — 10mm
2 r — 15mm
o 1700 J5mm
25mm
1600 . . . .
0 20 40 60 80 100 120

Catch Points

B 3.17 2-~10~20 ~ 30m CommScope & & 2. TDR & &4 25

Displacement rho relation for 2m,10m,20m,30m CommScope cable

200 T T T T
O 2m lead cable
180 - | — Regression 4
A 10m
—— Regression

160 | % 20m 7
° — Regression Sensitivity = 8.9
< 140 - ¢ 30m ) -
é —— Regression
c Sensitivity = 7.6
S 120
3]
2
© 100 - i
— Sensitivity = 4.6
9]
S 8or B
© Sensitivity = 4.4
5 eol P =0.99 |
8 60
O

40 B
20+ B
0 | | | |
0 5 10 15 20

25

Shear displacement (mm)

® 3.18 % I & & CommScope

THLP BB E KA B
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Area-disp relation for Commscope cable

35 ‘ ‘
O 2m
—— regression
3L | A 10m i
— regression
L rzé)g;?ession Slope = 0.16
250 | o 30m
—— regression i
£ 2f
L:' Slope = 0.1
2
o 1.5+ i
T |
0.5+ i
0 L I | )
0 5 10 15 20 25
Shear displacement (mm)
F3.19 Fhesdapsrsfhn
1 T T
24005
]
002300
=
S
2200 _
2 — original
= — shear 05mm
&2 2100 — shear 10mm |
— shear 15mm
— shear 20mm
2000F — shear 22mm |
y — simulation result
1 1 1
1.9 2 2.1 2.2 23
1 -8
Tmme, sec %10

®l 3.20

CommScope 7 & 5 2m 2. A 2 %
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70 - . .
—— Z-value

65t -
60 .
C}ﬁss [ 7
N
50 .
451 .
40 [l [l [l
5 10 15 20 25
Shear Deformation, mm
B 321 F 8n 7z IPfe-4ad & M ik
2400
60302300-
8
o
i2200- —
= original
= — shear 05Smm
&2100_ —— shear 10mm i
— shear 15mm
— shear 20mm
2000} — shear 22mm i
—— simulation result
8.1 8.2 83 8.4 8.5
Time, sec < 10"

Bl 3.22 CommScope 7 & = 10m 2. A 52 %
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2400
%2300-
8
o)
i2200- —
= original
= shear 05mm
522100_ shear IOmm a
— shear 15mm
— shear 20mm
2000k — shear 22mm i
—— simulation result
1.58 1.59 1.6 1.61 .62
Time, sec %10~
] 3.23 CommScope & & 5:20m 2 & A5t 2 %
2400¢F
%2300-
S
o
~ 2200} .
= — original
= — shear 05mm
&’2100_ — shear 10mm i
— shear 15mm
— shear 20mm
2000_ - Shear 22mm _
— simulation result
2.36 2.37 2.38 2.39 24
Time, sec < 10"

@B 3.24 CommScope 7 & 5 30m 2_ A i %
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#3-1 2 & A& RGSBAU £ £ 5 » F st A8 B =8 2 M 4

E

T W:’i@ RG58AU J==i54F 1m CommScope @iﬁﬂ%ﬁ FEEEH (mp/mm) F’JIJF'\,’Z'E%\(mm)
@b (mm) 1|23 |4 |5 |10[15]20]|22]25
2m VRS FRmp) | 2 | 6 | 9 | 16 [ 23 | 62 | 96 | 117|129 | 146 6.2 0.9
10m VSt F8mp) | 1 | 3 | 4 | 7 | 12|31 |47 |60 | 66| 74 32 1.1
20m VO F G mp) | 0 | 1 | 2 | 2| 4| 8 [ 14|19 |21 |24 1 1.3
30m VRS mp) | 1 | 1 | 2 | 22| 5|7 [10]11]13 0.5 -0.1

% 3-2 7 & & CommScope & & » F S G2 R E M %

% £ B CommScope R 8| % & & AR (mp/mm) |7 4> F B (mm)
% = (mm) 1 2 3 4 5110 | 15]20 | 22
2m 2_ & & txd#ic(mp) | 2 6 11 | 18 | 27 | 90 132|164 | 178 8.9 1.3
10m 2 & S+adcmp)| 2 | 3 | 8 | 144920%1%69:, 111 | 140 | 149 7.6 1.6
20m 2. F %t fc(mp)| 2 4 8 A4 12 | 20955 77.| 90 | 96 4.6 0.5
30m 2z F 5t dc(mp)| 2 4 6 10| 14139 | 64 + 84 | 92 4.4 1.2
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EHY

O

TDR % & TDR £ ipl4s & %75

TDR 488 %25 8 B % 508 & 40 2.2 & 575 it cnip g oh > AR B
RITH2ZKE  FIRF R g S B s E & b2 -
o2 RFERRPITHESE BT A2 AR RL o LA
2 X F] o 512 OTDR(XPEE F &%) K & E Pl % % o OTDR % 4 %
WAL L G MRREHLS RN R RS B R
OTDR ¥ &R FISb g% 84w #rag 2 2 F 34 o F]Pt > AR 8 G AT
Bt 432 TDR & & S R 7 FA, 2 T 4 rcdk o A3t » &3l
OTDR & /| & % » %‘%é # ADR S EBI %) 3% > TR A%
i B
410TDR f§ 4

GG A 21 2k 70 & g Bz kin d St H B @IS
T AMRCENE A2 AL TR T RER LB EAE P
TREREL XAAPFE AL PR HEREET > W L
%éi’gi@w%ﬁT’Mﬁﬁ—ﬁﬁ%wi%ﬁ@ﬁ%ﬁﬁa
® OB RGO B E ) o RE R R R R AR P
OTDR i & - fBigH k& RE > v LG % T w4002 £ 5
o kA kg B E A T et R R ERRROE LT

*OR R AR HREAAL BRI R R B R R R
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e s RN E o A RFE s s TR 2T b B oo
420TDR & p] 5 %3 RE
42.1 OTDR & ] % %

4o@ 4.1 #ro7 > OTDRE B A 51 &3 3 B4 © H - S5 A
42 et A o FOTDREK B & & o A5 % d EXFO#T 413 2
FTP400 Universal Test System% FTP7300B OTDRfic /e ; H = 5 & 530
ARG B EIUELE BRI Y o AT HHTLE S d P a
A w T I (B 4.2) 1 B g(core) ~ & (cladding) ~ # % (coating) ~
e 5k 2 och K K (Jacket) ot B S d B IB (SIOy) 2 R Sk = > A
S E @ﬁ?]%%% L EBE R RS R - AT RS K Y

A RF SRR T] RS R R T LR g

b

422 0TDR & Bl R E

4ot % B 4.3 0 " firA 4 B (pulse generator)jEw — fBFk o %’%E’ S
5 e J2 B - (signal processing unit) k 33 & F s B o R BRen R A
95 f%17 & (spatial resolution)fr & 57 & (sensitivity) g R k-2 o &
d = % 48 & B(direction coupler)it » 4k is » 1 * § 4 $ri4(Rayleigh
backscatter)fv # & & /& fi & & (Fresnel reflections) i 32 > d & % &

(photo-detector) £ J< 55 i & 7 {6 » 8 B> i 3¢ B(ADC) % & 1
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5 OTDR ePBI7 3 F < f £ F3F - PP E R4 Bl G i

Ea R R o
%ﬁé OTDR ® Bl#Tim k2 K% > ¥ @D E =g 2 73| i (F

44) 0 4 B R LR BFIERBEL O FET R F R AR £
iRk R 2 AL oo

Bl 4.5 5 - £ 3 OTDR #p* B » £33 $h 3 & & 54 F(dB) >
T s OTDR # kg N 5 82 B chpbdf ; 7 R L4 304 LR ¢
Rayleigh backscattering e @ 5 & &R ensl (% £ R end O 8 cnff £
(dB/km) ; & 47(positive spike)® o >+ 332 3. % Fresnel reflection =14
o IR B s R BRI A RLE G P DR S A i S AU B
P A2 I EPR G AR RETREEIG R e T £33 2 s
E BEILG 0 ™ A 4 1 4T f 47T % 5 front connector 2 OTDR £
Fipl ke i £ 0 A B EeE S 0 3 Ui B E ¢ TR
» 4F 4 (insertion loss) @ 3k x F kil v €3 F £ F B % 5 ik
(fusion splice) € i = #Li* B » 5 backscatter level R X e jx = & | %
“E(bend)E d *t ek Frenfgd o BEFREG Fd IR G o A RIMA K
BB BTN > 4 Bl R B € iE S BBl P e backscatter level %

& OTDR #H %R R 25 » 25 F 5 L &8 5 1 mE LG
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XEHAIEH {5 L OTDRP N dFT 244 =8 k@I T ivr {5
HA4oF g kervt TDR B P T H @ A7 w27 22 TDR vt g gt o »
TR G R 2 B IR T % o R R R R R B iE S R
Ao AW TSR T LRI A M
423 0TDR kg€ piL 3 ¥ 38
(A)h *
LR F SRR Y 2 R L M SRR o F BT
TGS R R A 2 chFresnel & 5> H i E Rp T € S

ek Bafohm g > ERBLEFTPEH P 0 B2 FRET S

-~

FEE2FTERE -G RIS GEFFFREZRRFREIMA I &
SR 514 FOSpHE T S 2 At BL ] 4 K B A ok (52 Y
Gk REERAL S F R R NS MR e BRIV R v F ¢
BL2 BRI AR R R F o 2p EXFO #& &2 OTDR Series
FTB-7000B/FTB-70000C i# * % e iT £ p » AEZEsri¢ * 2. OTDR
TR aRHEEH F 5 3mo
(B)# fis &= [F] &7 g

B 4.6 &2, OTDR & i} & stz # fi = Fl(dynamic range) > ¢ -

fs 4= ¥ 7o OTDR &8 & suoric € Rl BEdE - 3K % OTDR £

Bk R T2 MK bR R (pulse length)™ > &+ i = F] 5 40 dB > #
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Bl 2 KRR S 02dB/km o A E @)k Bt §
R 2 Bk & R B & 40/0.2 = 200 km (maximum) ¢ & * OTDR
BRI ARG T LT PR FELALE R T UFELA
EAEL R T e SR 2 ) o L =8 7 B35 1 dB loss
2. % % > OTDR k4 & Bl £ B %0 5/0.2 = 25 km » £ Pl E

ERTLZ175kme d P Bar ERIMEBEEE T LFEF S LER

REE R A T

L__
3

T

Ay

F A SN RS S RS - RETE § ECERLY o
H 3

Y
£ REG ]

g B T R RE kiR R 2§

~

>
[

L s

2

i 45 Bl 27 oL i & o kst W d EXFO “tH 2 4
e s KR 2 COTDR BRl k> AR RITA T E
37.5 dB/35.5 dB 2 # e folfl o ML S B FLERIZAL L o B
*2 TDRERE RV 8y =% > %2 OTDR £ B % sid et
R 22 TR G O O ZBREREET SRR

¥ OTDR Rk B » 3 - JEHP % 2. 28X » 2+ 74

E=+1+25x10"xL+L/SP (4.1)

St

" ESEERFLE L 5 EREESE S SP S PR a1t

=

s Y N
Elj’_,ﬁ 2~ ©

B4 T2 4 OTDR 2 pedr i 1km > ARZ AT Y 2
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OTDR & %P~ BE#ic s 52000 B> &d  N¥ 28 Mippaps 284
% +140.000025x1000+1000+52000 = 1.04 (m) © * & PIFEY2 5
TAERTHF BEFERZ B 4em B o

430TDR % & TDR £ ipj4s 6 % 25:55%

431 R

Bp kg B LRI A REPLLEF =

&

H - % HKL4E 4 (material loss) » 5 kit B4R ek s H o
oot (light scattering)#7i¢ % 2 4 4 > X p kK7 (7FEAAPALAL F Hid

F 2 d ket st B = 5 2§00 4F 4 (waveguide and bending

4

loss) » & KA GFH T 2 FAETB X @ RE T2 T HIvL P B
R 2 S 0 do] 4.7 D49 RO RENTR 2 LG o
2002) -

drd2 GoariE o RpER R HRE G RPERE PR AL 2
Fio F B X RINTP R TR (S B 2 H NG NS 2 (T
B FRA R EREBH N E A RN E LA UEFREF SRR
FEERI S TR R B EF TR I LN kB A S
Td g2 B RV 2 IER FIRAT A FI X 4k im K
FOUEBN PR AR B R ) R LT GR R Rk

B2 AR o v T i TR E ERCL 0 R R S
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oA PTIRREHAE T B4 ok ket TDR § & ac - A4
3 ik o i OTDR 46 %28 Plipsk » EREFTE -] -~ 4
SISV TR i o AL A
4.3.2 & ¥ )33 5%

doB) 4.10 7 > BoA R AR A B L 1416m(a) %2 1424m(b) 2
SM/125/250 H H3k 4& » % 1550nm 4 £ 2 &£ % 0.19 dB/km o #-
kigh(a) T # 4 9 Im 2 £ R4RRE3T 2 £ 1.7m CommScope & % > 1
MEREF T B A 2 IR A P gh R TS T R R(D)RR E TR Bk
F@FECH > Y H RS RRQ)EA. - WAL 423 FRE R
P Mk gk 33E Y 100m o

MR il s AATYRRARELT > M 32 FAriE2 a3
FEE T Bk 150 ] BERHNSFEES X o %P > OTDR
vk g £ 1550nm BP0 EAE A FEELR BT > 2 TDR 2 OTDR A~
GBI T BT 2 kg2 TR T ek o
433 #F%H %%

4ol 4.11 #7015 R ER(b)R RS2 75 0 Sidh i £ £(dB) 0 ¥
$h i BEHE(mM) o § T H 5 Ilmm PFRAR(D) A 1323m A 4 F SR ®
o BT 2mm-~3mm B %35 RO BT READODATHE S lmm

c ¥Rl s BP 2R &A P& E L Immz OTDRIUEL » ¥ — B 2 B4p
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MEL o S E R T B Rk EEAPEE 101m o
kgh(a) et & 8 2mm FFY 1318m Ao 2 2EF SR E 2 e
412 PREFTHE 2R AR A £t PR A 0 Ao d 411 A7

oo FHE A 10mm PFAE 4 5 B x (B 4.13) > & 15mm BF sk h(a)e 5

(R A414) S BT 2R Rk 45E4 S 98m -

A= TDR 7 i & %2, 2% v 2 4458 B 5 1.2mm > ¥ i
W4 FAEE S A A I~2mm 2 o k() k4o 0§ A
THALF B K@ et o R k(D) RS 2
P AP EEArE 10mm o JFABE RS BT AR (B 4.15) i

FEREE P 6 0 k4 (a)iEEe2m ; R4 (b)E £ 1m -
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) directional
laser diode  ¢oupler

- A to fiber
/ L under test

\

#Z front connector

B

puse_ | 1 LN LA
generator D

converter

photodetector amplifier display

signal processing ik'\

B 43 OTDR & |7+ & B

aiiH  EHEA
[ BePo#nEs 1 EEEEREEE
L=t M s R EE
—  FEEIERR R Ir  tESHATERTIE
T FRRARE M RS EATE
L FERARIE 1 RS FRIFER SRS
1 E&#E PO b=
n gE&ssE Mo, FGERE
I 1EmgrfE Fl  RERE (RIReRERE)
— B TE . FEHEE AraeuEim
— S M RS EATEE
N, EEHRFEE AT e M RS AT i

B 44 OTDR % i 7] i
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0.0 I
dB Front Coqnoctor

-5.0
Fiber End

-10.0

\L* Bend
' il Crack
15.0 |—— Fusion X / /

Splice

[/
[~ Noise
-20.0 \ <

Backscatter
-25.0
=30.0
0 5.0 . 100 15.0 20.0 25.0 30.0 km 35.0
Bl 4.5 &£ 3] OTDR #ii™
A
e
dB
Dy¥namic Range
A USSR |V 1 W | WP

PpEE
B 4.6 OTDR z #: f #
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Microbends

Bl 4.7 Rnged orid &2 kip4
(3% Z kR » 2002)

Change in fiber
diameter Ray leaves

Cladding o \

Ray is confined to fiber for
undeformed fiber

Bl 4.8 kuhd Trogarig +2 4
(3% 2 3R > 2002)
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Ray is in cladding
— Ray leaves
fiber
|

Bl 4.9 kg BB e orig 4 2 4p 4
(3% % ik » 2002)

CommScope cable il

TDR 1502C == a
OTDR foer b

B 4.10 k522 TDR g BT H2 &6 %7,385%
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35,00 Imm.trc (1550 nm]
30.00-
25.00-
20.004 jf‘\
15.001 2
10.00
5.00-
1200 1250 1300 1350 1400 1450

Bl 4.11 9§88 % 0mm £ Imm 2 %5 (b)NE(B ¥ 2 5 %75 &)

a1l Zmm.trc (1550 nm]

30.004
28.00

26004

24.004

22004

20.00
18.004 3

16.004

A

1200 1250 1300 1350 1400 1450
Bl 4.12 §% 5 0mm ¥ 2mm PFRgQ)egdE 2(B P 3 :40F 2
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2.1 | 0mm.trc (1550 nm]

30004
28.004

26.00

24.004

ad.004

18.004 2 ¢

16.004

1200 1250 1200 1250 1400 1450 i
B 4.13 % 5 Omm % 10mm %4k 2(F7 2 5 86F 25
3 AokEA Th)

35,1001 15mm.tre (1550 nm]
30.04
25.004 ﬁ{\
20.004 A
15.001 ?
10.001
5.0 HM‘W
1200 1250 1300 1350 1400 1450 "

Bl 4.14 6 5 Omm % 15mm £ 5 (a)5L(B° 2 5 %74 )
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1.8

Displacement loss relation for fiber a

1.4

1.2

Loss (dB)
T

A Fibera
—— Regression

% 4-1 B @@ e R i L M

4

5

6

Shear displacement (mm)

B 415 £g@F+E L2 LFL 2 M

%|E7E! (mm)

2

3

4

5

6

8

10

JE14(dB)

0.16

0.36

0:48

0.53

0.69

1.22

1.75
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FAHL AR B RRRE R A AT AN R RS B2
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5.1 %%
5.1.1 TDR
LA R 22 8 4o > SRR §F 00 F 5430 547 45 (initial response)
FH A2 AR ZRFE T AEEAR A E A R EARE - T2
ERISY R SRERFLAFRED P FH B -
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s 4P e 2 PHET R M BEISEFELRLIALD R o
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4. s ds g8 4+ > 1% R 2 TLmodel -t F & & 47 » ¥ £

SHEEBAGEFRVRBTH ZEY RRRFERHTH LR
BRGBIR L - E A % AR T AR TR J e b

HHFE2 MG
5.1.2 OTDR

174 OTDR % £ ipl4 6 %2 > it 5% 7 TDR 45 6 2/ £ 2l b 5t
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2ppk@LRE DT o HH R R LA ZRDATM
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