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Abstract

Drilling in colluvium, and especially in
talus, is difficult, relatively expensive, and
often does not provide the geotechnical
engineer with a complete profile of the deposit.
Intense rainfall is cited as the most common
triggering mechanism for landslides involving
colluvium.  Hence, electrical geophysical
methods hold great promise to supplement
drilling data and determine hydrogeological
conditions in  colluvium. The main
objectives of this study is to develop electrical
techniques for site investigation and
monitoring soil water content, matrix suction,

and groundwater level in  colluvium.
Methods utilized include time domain
reflectometry and electrical  resistivity
tomography. ERT is a non-destructive

method that can estimate 2-D distribution of
ground resistivity. However, interpretation
of the resistivity alone for soil properties is
difficult because it is sensitive to many factors,
such as water content, soil types and ground
water characteristics. TDR uses a waveguide
probe to measure soil dielectric spectrum and
resistivity. The dielectric  permittivity
provides extra information for estimating soil
water content and soil types. This study will
first establish and improve the TDR and ERT
measuring methodology. A database will
be constructed for electrical properties of
colluvial materials. The relationship
between soil water retention characteristic and
electrical properties will then be established.
Guidelines for interpreting ERT resistivity
tomograms will be subsequently illustrated.
The final goal is to develop a multi-function
TDR monitoring system for colluvial slopes
including rainfall, water content, matrix
suction, groundwater level, and slope
deformation. An ERT monitoring system
will also be developed to obtain information



which is continuous in both space and time.
This report briefly describes the study result
of this prject.

Keywords: Colluvium, Time Domain
Reflectometry, Electrical
Resistivity Tomography

- FHER

EF A A S N P A
% » Costa and Baker (1981) f 3+ & R i
PR AT 95%k A G A MK TR E o 5
Ard v ZOER O M FIRBES 0 4}
FoUEER S AR R R R PR
LR HB OB TR I RE TR R
BN ML ECE A A RN BT
SR o K2 ﬁ%% A X RS
TEpE L RFRRNFLEEL o MR
LR LA B S S A U e i X
ER IR L PR PR
FIRE A LT AT REZ EARF AL AT
oo~ EEER BBl b2 X A E
PHORHALE R LEE SR R
IR 2 ‘i;gg,yp 35 o

AR R T A X PR G B R B
AP EREPPE L F RN
M 7232 A8B 29525 407 K
TR0 FP 0 g& k4 a7k j
FoBRBEPN e FF MM TR
v x'bprg@iﬂﬁﬁﬁ]mﬂ:%@’ﬁy—,—‘@—
WA B o g A Ap i3 B A
AR & R B E TR M G
BRFA L] B TR BEAE IR N R PR R 4y
BB izl g 4 FBE?*QK 3 }\ﬂ/ﬁ'ﬂ}r’)i
22 i ,;a,fg_ F_ M2 B Wﬁp%}ﬁq"fﬂ A4
fhz 4 BiEaed PR 4 FHGE
B BB 2 B0 s S A B 2 R
BHE BRI 475 s R Sl g
FPEECERTIHPETR R R
% ‘{r’&limlh_F%ﬁ)Léi° Tt ER
FmFF FEE - P A =2 A B

PREFTLENEES S t’i’?ﬁ 1
% ’;}’E'Lfr%?» [ e 1 ’/QEFTEFPEE?#BE
EF i Al A 2 A RE - R
AYTERALY 52 G e AP E g B
FENTERLTA LR AL G2 TR
Mgk ZkE s L mkd ok H
o

’

SfE e K 2 R AR AR A B4R
,L.]v},\ r'ﬁ':‘d LEEY )\.-%F,t;#;—r J;;eu:ﬁr}rao;rﬂ ,T,J
R ‘\m“?,l‘ %ﬂrp‘gl'li:_”%ﬁ% %)
TEMRTERE R 2 7 kB ZLER
WE I oo E‘»i;f%ia«)é]i@/%%j n2oF ok
ﬂ é&fr&‘l;%%,ﬁf% ,_ﬁ‘ﬁiﬁzﬁﬁi%ﬁﬂg

k’l“* MR kFERET R
"—%i’ﬁ?,f}‘i) £ 73 @*ﬁmﬁéi

o ENREBETAL A
%Qﬁﬁiﬂﬁﬁ%%\553‘4ﬁﬁ

ok iz g e A E TR 2 B
2 ¢ 42 B F 5 ( Time Domain
Reflectometry, TDR) & p|3ires 2o 7 1222
% 2] & H = ( Electrical Resistivity
Tomography » ERT) - TDR H_17 4 B3F
RIS R 2 T & 4 T4 m ERT
Bl 7 0 2h@m o s N BRI Rk - A
o ERT 82+ 1 2Ll e 2 8 (7 % o [F
F12-DIER L E - Tk ERE J?i
PRPBPEFEE (o kE B HE &
Tok#EE) o TDR A THEH GG ;
A EZREEIREPF-FPL AP p L
> iz TDR 22 ERT £ 0B & %u» 2= = &l
RIZRFPFFRE PHRESHFIAZ
J\*ﬂ—_r}p%r‘ngﬁr}%ﬁ‘ﬁaa B 4 X2t 2 g
ERT ® i) o T2 RA &% P aF i
%Fiﬁﬁf«%\TDRiﬁﬁﬁﬂim
GELEHEERE S FoRE S A Bk
VR A X e - - I
FoALenp B v ERT %8 5 5 o

41
H

\@\a\ }‘1’:\
\_ >P\\- e

31TDR ER* 222> 1

AT R T H AR BT R
25 kB TR EAG L mEd 2
pTok=% TDR 2R B la 5 TDR
BBl ks BT 8 T R A

AR CAEERBET AR RKFAL EA

4 R RS T e phF AR B R BB

FTEHEBTABRRE T FERG 2 K 5
E%J@ﬂﬁﬂwpk%%ﬁxﬁﬂé.
Bk BT R § Rl MR A ERE Y o

3.1.1TDR 2 A5H4%

Sasgie- Her2 TDR 2 & A B2
EoFUE ARHTRIRZE P
FREBRDPE A7 T ﬁﬁ?i’ R % 78 F) S



shz B TDR A B3] » e 5 TR A 47 2

241 B oo TDR @@?]éﬁlii)i [ Ead 1
ARV UE b 2 R R A daEiE R H

vz H =& B % B %% (conductance g,
capacitace c, inductance |, and resistance r) %

AT E TS BRSSP rglio kB
HF AR R g B ¥l B e
( propagation constant y ) ¥ # pHc fE fm
(characteristic impedance Z,) - &% #cdy
FUA @i B8RRI IR

BH R F SE o AR IR () 0 BEF
e Frpre s L

7=%\/;*A (1a)

7 = p * 4 (1b)

p \/1+ o ,-)(;oj ©o9

Ho o HkiE, e =e—jol(2afe)) £
complex dielectric permittivity ( & z 4 & &
dielectric permittivity ¢, % ¥ ¢ & electrical
conductivity o2 25> H ¥ gy £ 2 74 T
R, Z, AP ERIEF(E 7 g e ),
A XS RERTIE2Z BT FF > j 1>
o= ol &, #1207 (o % % % e i
%) ay (sec™) LTEFERFFF (LR
gt ) o TDR Rp] 4 stz @z ¢
FHUEEREE R REF P2 B F i
PR oo TS BEENER (Ae B
2a) 0 & - BV L gH A @ﬁi%]fsiﬂ}‘ﬂ GE=2Ea
(Z) A FRERT (&) ~ BAT I
BFF (o) 2EFER (L) » - L2 EK
wehipe B 4@ TP 2 ik TDR
ME gL R & AT e BT R
211 TDR A= 4528 mﬁg?] ~ Fe o (input
impedance Zin) % 71 ° 42403 mﬁz%l NN L 2l
doREIEdL (Z) 2 L BJE 2 Bkt T

EESEY A B S

Z,(z,)=2,

ZL + Zc,n tanh()/nln)
Z.,+Z, tanh(y,l,)

VA ( ) VA Zin (Zn—l) + Zc n—1 tanh(j/n—lln—l) (2)
-z = .
" " ot Zc,n—l + Z[n (Zn—l) tanh(j/n—lln—l)

Zin (anl) = Zc,n

Z,(z,)+ Z., tanh(7111)

Z,0)=2,
«(0) el Z.+7Z, (z,) tanh(ylll)

He TH R L LB o - 42 TDR £
G R s L (Zo= ). TDR A2 tdf
G2 F BT O g e 2 R
e

Z,(0)

—Zal) _y o —HY, 3
Zoz, O

v(0)=

#¢ P0) LTDRAjehy = Fa -V &£
TDR @i » = i ch 2 F > Z AR
$= (source impedance) - i ¥ TDR ik &2
Z,=50Q > TDR i 35(v)2 3™ ¢ ¥(0)
25 2 EF E#ED L A2 TDR A A4
Bl 2¢ #777 o TDR 222 fikwer i * 35e
# % 2_3% < Linand Tang (2007) (*t4x A) .

transnrission line systen:

step pulse

: \—H dz
generatar —o b lead cable 4
C N i T
e \\r\eﬂectlon

o
=

/// . S/
// \\
- .
/J \\
- -
.
~
@ “
~,
s \\

P N
e N
r F+dr

ldz rdz .
I — W
[ vV cdz == % gdz [ V+dV

1 1(2) TDR £ip] 4k 5 (b) @ijaitc] =%
2 TR B



v
= W Input impedance

””” Zual0)
: Source
Voltage \ ZS impedance iz Load
3eurce - impedance
Vs ST 5 g e V(z) : ?ZFOD
I | |
Sampling ;=g |‘fL 4’|
voltage t e ta)
:
Vs Vo
T - ®
3000
The step pulse is nsing ()
3500k due to cable resistance
2000p
= 1500}
1000
i _hTW
500f A
Lt
T .‘ cable ) ) .
o] 200 400 G600 800 1000

Time, ns

2. @)TDR%HM;.%7'§%J ‘5 203 (b)
B on T R EHCA(C)L 4] TDR 7 2

312TDR z k& &

Mz A*»TEHLF e
( Dielectric Permittivity, ¢ ) 2 % 7 B
( Conductivity, o & I % resistivity if]
Bo) B ATRIMFLSH LR
BF2Z 28T Hils %lrf" foF R TR
P2 AR R - _@ﬂ% TRVMEATE
Al R (g') om0 “K“’i}’;— R
vz mit(s") AT A EL i
WHC oA B > BN A F B2 3 > AR
REETRAAAHPLFTT EELZZTEAN
TR (%) 407 8T

#40RR

gr'*:grl_jgi'ii:gr‘_.] 8 "+ <& (4>
27.17%0

Bl gs iz A2 ¥ 8 LER LBHT
M2 BEVET R G
2
=%1/5,*:a+jﬂ (5)
He g & f A% 5 Bkl § 30

. # &
WoF M FRRBALZER RIS B E
RS RS (20) % 05 B (B)

v &k @z 4p =i & (Phase velocity)

(6)
=2 - ¢
I —
& Dy, [0
2 &.'(f)
d (6) 7 & FIL #4475

MR REAZ s AR e e g
ﬁé #7 7 IR % (Dispersion) i 17 = ;‘ﬂ T EY

]’9\%’1/ B> FIF
%} 2c 7+ - 2 TDR ﬁ&f;wfwj = p R
(rise time) #m » o4 jf F A PpEFFE > 2
A ECS FF

Topp et al. (1980)12 TDR #pF ¥ 3 erih
i# A& (apparent velocity » 48] 2a ¥ ) #757)
TE A ?: + # K, (apparent dielectric
constant) » v, 22 K, e i% 5 (6)5% 2 f§ 1 ¢

RS )

AV ARERTH AT ST TR
ERMES DR Ay

_2Ll1, ®)
_G‘II}L ’zﬁ_‘ﬁﬂ)’#‘ﬁ'{p Af '31"1? \ LL

X :(cto

2

e 9)

N—

R /}7‘"
R T~

Ul
Topp et al. (1980)# ! K,
,k Zﬁ‘?”‘”iﬂmgl\ “L“%T}%Wﬁl
51'**’1\’-};—1Ib4i§lﬁg+ B L 7
B L@t E EF o iﬁ?}i] g\__
fﬁ*a”*”““’ﬂliiiuﬁﬁﬁ~;\\
TRMIORE ~ETR HERERZ R
ﬁ%*%éﬂ%»%w? ## 7 TDR
PARAGEARE T S BAT T 0 B LA R
i A GRS L R AL - AR Lk
= E é;}—%uw\,z CH MR E Bk

A& BEHACT L

® RAPE L

L
ii?a 7J(ﬂ]_'—fj§fzc
R

ey Mﬂ \"

B K, % »c#
relaxation #g «_,~‘

hH T Yy, 2
'q_“ﬂl 3‘;(:’3‘!

AR H A

DI S B d= Sl



LA K & ST o
B TDR 4 %4 B} o 40 % 2 & %

pOTEAREIRAP DL T 1T AR %

Fld A RO RN ETREESR

£ RAcie BB K, P iF Mg ¢ o
B oS AT RZAFICR G 7 P A R

K, * %%ﬁ)";ﬁqﬁﬁi‘?@, v FRE R B

FVHEr § E R FREFaRaF

W-E}im’}ﬂ {ll}_]_ °
B AT R A TDRAET PN BRP &

mﬁﬁﬂ(iﬁa@ » R ’"LT;L_/EJ 2. Ka #% 7]

AT RDPEZ FRE RO
B RRERABETERFT €7 fringing >

o REEELT LB A - FAE 0 A

‘iz BRI BT 2 TDR 7 o~ 8 B %

(Lin et al. 2006a, 2006b ) #9754 & IR -
B A 7 T Ka 2 3O 5 B

BorRETRLSFRE R 2P

Moo e B HUE PR iﬁl“ﬁﬁ&ﬂiﬁ
] Ekmf;uzr% TR ETROE SR 2

o HAR R R B AL 2 H

ME G RBER R PR o
B A ELE2 Eonif kM R R

REFRERNPERTRL 2§ %7

)%.fws EFAREARERTEE IR S

Wik (Kagd st a2 AT R)
AT A R4 TDR 2 5ok BB
L &EFEe g L2 7%~ (Chung and Lin
2008) (*#4xB) -

G e TDR R B3 &3 &0 3 &
B2 TR ARPI BT g o0 E
#*{1* TDR 7 » ;T‘)éi?']‘z?( Lin et al. 20064,
2006b ) 1T A 5517]5 }é]_p_/F SR P B A5
T R BRI R Bk o s M A
AR ERT R 2B B2 ko fringing
effect > & % 2 F T4 ﬁq:ﬂ]i‘?m_]_r]{}_o v 5
B2z KB 2% 2 wetting front 75 2_&k &
BFEY 4 g o

w

13TDR A RIEH AT
ﬁ TDR AL A T & ERI2 # 7K
FRBE R iEa BN TR T
PrREP R & > Ve X P2 3EH
i %ﬂﬁ;a FRERPF > T AL
#F§ e TDR enh Wﬁ;&/ﬁ% °
FEA T (X)) 7 Ed R
2 AT B MR SR F o

i l‘gm
[

“\ (d‘;") \rq,
A

(Y()) o 7k iird 2 %2 » s (X))
¥ {# TDR &) % %2 & %3 # ( System

function, H) z_ & p|iE » ﬁb P B Jp &
2 IPJ IS v’b :._géa ,:2‘ f‘jb\:l‘l Iz Ao ;\‘ %\ 7_1’
Y(s
H(e * f)=—1L (10)
1= 50)

g;ﬁ,ﬁ .f‘f-‘.,\fl’vﬁ'(: g_ﬁf?*m‘ ‘ﬁ”ﬂ@ ﬁ;’g’:‘
FRER 2SR E R Sl o ST d

A8 3225 Je 17 (Lin 2003a Lin and Tang
2007) - & 2 (10) N & BAg & T 2 2t
M3 HT L E DA Fﬁ*iﬁ—? E R
Booo Aot F B RIA R 2% @A T4 (Lin
2003a; Lin 2003b) » % @& A THAEH ¢ £ A T
REERTRLFERE 2L 378 B
T RERTEHTDR A B H7 (3£3.1.1)
L ARSI BT AT RERT
2 S R FERTIE ke THHE RS

B geeht e RORF A T A TR
RRRE-ARRBEEP T & %3 @ (Tangetal,

in preparation) o AFy BEC fRAFRT L
IR RE 0 L B AR E ,EJ ‘J’% (k2 B0 £ ARV
= S TRAEZ ERHET
( Mg e Rl ’iﬂw R AR A TR L
ZokEERZ T T B DAY o
TR M AT R 2
Mz T s R B3 FR%RTE 0
#F 3t o 1245 Lin (2003a) s % Am o 47 5
B 500 MHz~1GHz #:7 % 2 3 48 4 e’

fg\\,}, é I j;z, }\’amﬁy\l H’P"f (‘l{f’
4)’$ RE N T AT AET T
BRI BT EE T N E R

BAE(Z REBRBHSF ?"Fﬂ) i %R g R
2 E 0 2 i TDRE S 4R imid B 4 4772
( TDR Frequency Domain Phase Velocity
Method) P 2 PR G R AIIEE R r,ﬁ Mo
BRI I G 03 Rt

g4 F1Hh (éaf,\,.‘i » 2008 )

314TDR ¥ R £l

Hepved DCA+9E 28 S8
e g+ S EFT P E bS5
Giese and Tiemann (1975)#7#% 77 2 & & »

_KP l_poo

s Lt 0,

;E[ ¢ F ‘é':]‘fﬁ"g{poo:(vm_vo)/vo Vo :‘—a )\‘é"]’"%
Az BRACL (RERE T RRG- 2

(11)



Vo= Vsol2) 0 Ve s MELER K 2 TR A ] ' Kp

= A,k %13+ » R 5 TDR = source

|mpedance eI AN Y BEMRT FF e
B kY z‘:‘jzﬁfﬁ*ﬁlm‘ﬂmDCS
a‘: (Bllb) €374 ELET B

GJ&(l

_j 1
Voo /VSO 1— Rcable [ 1 _1J
Vw

100
15 A
T 90 i
2 i
i A
0 . el \,,"Vw,"?&
10° 10’ 10° 10°
400 v r v
------- Theoretical value
— X — ap matched
\;/ 200 ——e O mismatched
[ S .\‘
0 N Z \\ W "
10° 10’ 10° 10°
Frequency, Hz
B3 AifHIst--TRE 2T REAT

ek R AT R i %

Optimal frequency for soil moisture measurement
—A

—A -50m2g‘
—A =200m? g

Wa;er
L Polarization
10° 10° 10° 10"

Interfacial Polarizations
|

Frequency(Hz)
B4 ATHRFHIZREZ I REMLGED
e
ﬁiiﬂ”ﬁw%ﬁﬁ%nagﬁ e B e

TR FHERBEETE R OERS
?ﬁaéﬁﬁa&@m%»@émpfa
BEEEETRTE T U ot

3

ATREZBETAFP - AFTHRIPEY E
@%é?famﬁﬁ’pﬁﬁma 10i
Rl Bghs €5 42 3 X HMRE S

%1wow4$pw*@m,%*§@mm

Pt s TDR RE L@ TR G F &
Cedgep > @iz Hrw s T BRG] 3535
i?ﬂemﬁuliﬂmiﬂ“*?%

PN

o A0 AFEFY ¢ b Giese-Tiemann 3+ &
Az .L»lﬁ@ﬁ AETHRNEEY R &
w#éiﬁﬁmﬂmﬁﬁﬁ&%i%ﬁﬂ'

E

(s = Prsc NP Pr)

1 (14)
(1+poo,5(,‘xp_poo,air)+(poo,air _pw,SCXl-’»poo‘air) !

poo,Sz'nle =

AEE2L T AR mET £ ¢ F A2
#y 7% < Linetal. (2007) ( %4+ C) % Linet
al. (2008) (4 D)

3.15TDR &£ w3k 4 & B

Lok 4 g 2k ol K 2 R R
B iR E & d ¢ ek e
2R G SE AN A B - Or and Wraith
ﬂ%%ﬁ*?*Tm?ﬁﬂ%xﬁ+mak
A E ZOKEEL kA Ok R
kA o F S aneamy AR ARF
MY GAEA Y AR 2 A L sk
iRl Egg PREEFOER R AL
FHAET TR o d WIPFE S ik 4 IR
W LRI BT G T T R
N SR G vk D RS R d 4
%ﬁi“kﬂ*#irm» miE 4 o

P

?“

ﬁm

%—L,&\TF_L w n_\*c\l

3.1.6 TDR # T -k i+

AT BEEEHRIIF TDR BRI 7 F

AE R e a3 2R TRE2 Fa (4

BT E A 2003) 0 A AIF 2L 4T

?j{[ﬁﬁffﬁ?}‘i%%@’—gri& Kizm & -k
.

g 1 F (Linand Tang 2007) - ¥ 3¢ 4
d TDR A4 2 T -Kizap & it W
32ERT"‘/EJ F2 2 TR

4 “Umf??biﬁl’?f; Bl R T oEE - B
ﬁyﬁ*ﬁﬁlipﬁﬂ4praﬁ# =
ﬁ:—’fa“%ﬁ)é]@&p{ZD |}Pm—g§_b%31,;l—s
I EERF T EFEHIER (ERT)
KA R
£ B EAPBE -

KE
= 0



lead cable  monitoring cable

TDE. \ \
1502C /L9,—4 I |
interface
I *
= ) I Zps b o Oy | Zps S 0y |
St &0 On | | |
r T 1
LI Lsa=Ls'st st
(a)
0.2 v . .
measured

— smmlated
___. smmilated (of.R:O) '

=
T

©

Relecftion Coefficient,p

Y 4 -
- =

o
)

280 290 300 310 320 330 340 350
Tune, nsec

(b)
B O (a)kizm & pl2 @ﬁﬁjﬁlf
Pl 5%

EEON

PR PEIERIA RF R R AL -
FRP T m A LT R (4eW 6 0
A~B) o 1% K PR RIS EF R
By R B L6 (e 6 ¢ M)
RS R T
£ R AT T R % B
Lkrﬂﬁm’f§;~’mﬁ5m T ﬁ,’f@f'&ﬁﬁ‘%‘\* ¥
QK;‘EZ{“°?FI%&/? f?fﬁ@

I~

-

jul

el

\

=%
B
BB ¥ @5 5 A ’%f@~m
$’?%UFB%@\T$*W9W(?

Ple R o BB iRk K e (Loke
2003) o5 2 R RTHRLGR D NT A
T A% ¢ (1) Dipole-Dipole(2) Pole-Dipole
(3) Pole-Pole(4) Wenner(5)
Wenner-Schlumberger -

LR EBEN T HE TR
FEEZ = V7 TR G 2R ¥ F R
EREALE T & X NUE IFLP‘ WK E e
M {M‘*’v*"]‘g“ IR T Rl =

booge KRR R P R EREE F 2
dlpole dipole 3 & » :x % % in iR 7 RiE2
fhady: < ) o S0 ?'f A EBFER R R

N

‘11

B 7 IEE 2 2 % 2 pseudosection B

e § jp2_ psuedosection

(LEry) sl
U/Av\“ffr" Al P
LA I N WA LR E
"?’V’?IF)‘»%—
B % x 121-1[}%
:’;i\z*(v&‘.*HS)
FAw o i ?F'/?J

=
@h Ly
&
= 35
{5
%
hal
:tur

I 4R T _@x
&R g

4‘%
\‘“QE“;JA -
MR e

=
gt 35
":’ ~=

=

JL
= > 17\
=~

L e
=

A

‘\’ ﬁmi SR fT oo
(pseudosection) & & B 2. R pe o 0w o

Bl 6.2 itk § iRt 77 X R

KDy SO En Observed Apparent Resistivily
L S S m.rv‘q. .. awiiee L 521
7 Y W By

B 7. ¥ 7 FEE % % 2 pseudosection

o, k)

ol

B8 RGN AF D EHTLE

3.2.1ERT 2 i‘w;fifq.F”ﬁ1+’?)§:

ERT ﬁ‘#ﬂ‘f*g Y1 fREF A ¥ q -
iAo AR R A AL T FETR
BEEFFETMSOTR - 502 ERT A%
L D A AR F ARIRT R TR
KNP AR SR N KRR

\..
]
=



2 \Wenner 5 R £ 48 (25 &
Pole-Pole & jp) ;% $i it -
LERER G AFEY ”Mﬁxk

R 7 A %—ﬁ“ﬁg%mu Fe %
”"'J(v'&r‘f*l’ﬁ*%&& éﬁi&%%«m

B ke MRS ) 0 A

% e b ?{’;{%/‘%T RS /é] ihﬁﬁcmagé’z)i ;¥
i B L RN - R s A R
B2 F""miﬂ (4rB9) » FIF3H & AT
}i;i?’,fg\{'{n WE R Bk hv LR ¢
¢k p o ERT a5 jp) 87 & 45 2 & 12 2D &0
287 0 Z MR ERT 3 B 347 a0
&R - edERt e PR e G 3F S AR
Wﬂ?}j » VAT A AA ) ERT »5 Pl % 2
AR EV AR SES M T
;,w > (2007) -

R A FER

|~

o By R g N
Q‘\i' =R W ~=h

a.u.n.u.-u
YR T R TR T S Y T R N R T T T RY)

g
- mE

=

e ekl asist ol Sectcr

EREEETEOROCEONEEE
m o @ W W owomon
Rescicry 1o Ui eccte spicing
(b)
B9 @ERZZEFFIEIAGZE(D)F
eSS

WAm’%“lﬁﬁi@ﬁﬁﬁﬁ‘
FER > defe % 3 IR 5 enfopl o - of P

;,ﬁ_ ﬁ””%éﬂﬁ B oing ok FF
R SeX sl R VI
IaW % 7+ (Shah and Singh, 2005) :

oc=co 0" =A40" (15)

29 cermi gy MeX a5 (2008)
FAEH R QN (15) e o X R

ER S TP M SR B g o
g F B {*b@ﬁwl

KApB S odn § FIEEE 7 S AT 3R
% & TDR T plH s>t e augl_tf %
#co 4B 10 971 o fILE 7 4% TDR *t %
Pk EmEEpE T3 kg2 L mik
M U =y R R SRRt )
(15)5 2 & n Ap B i o LBt - F
¥ 7 M-ERT 325 #7750 2D ¥ § 123 3
bR G S 2D hg ok e (d i
BRI RIFFET UER S A
TR &2 £ ik d G o B Bk K
N AR R LR R R
foB 11 5% - 2EAI* TDR FPEEP 2
KB R REFMENZEE AFET R
iR £ i?]ﬁ—'%‘"&“§ w* s‘ﬁﬁiv‘ 2. TDR
7k ~T1x 2 ERT © Flo o @
X B AR 12 AT o ;16 F) f0 705 i
ERT #Lipl 5 7 s fRE Aoy » 4% * 3D ERT
ﬁ%%é’ViﬁﬂgﬁﬁﬂwﬁF?%;
vt g eng B R R (£ 3k %, 2008) -

/ P T, NS PR \

AT R R AR
[ o ?ﬁ§$ﬁ9 350 Sy
{X!-’Z) lﬁ )‘lJ (x ¥.Z)

ik =
\ Law /

<G
FEHE o o
(space.time)

RS R E O
(space.time)

&4 S K

(space.time)
B 10. 2 & TDR# ERTﬁﬁ%é]ZDmg
L#& leR-2 $¢$<§'h & E AR B



300
2501
*
T 2001
L2
9 *
o 150} + average hor data
—— average hor regression line
+ average ver data
100} — averaqe ver re ressmn line
~ A =0.18,m, —1 20
5 I
C?.OS 0.1 0.15 0.2 0.25
g
Bl HEAR&2IEi kEF MG

Campbell TDR10 TRIS SYSCAT.PRO

(b)
B 12. ¥ % IREkA) 8 HCL R %

Bl 13 &gom "8 o » jpiEfe e D TR A A 2=
.f@flj\i gk Mo RHERGT ekl
| E L’Nwm%'“s - Hd TH:

kFEH S F Y B pFieis TDR £ )
BETR ﬁ14k7%@ﬁﬁ
?ﬁ;?,}im)ﬁ‘sﬂ BRI ET o N
’ﬁim&uﬁ RO RTEETRADFE BT PH
PR AP F RS ETR A
kWA E R T e TORR
BIFHEFZ REEETARARE FT 8%
4@ 15 ”Lr—r BRI TR A R B T 1E T
K EEET R %G oAp 0 EIRIER

S EOE

T |ml N> S @

O P ﬁ-‘j
\‘:r‘rw
l“b‘r

A

N

BAggme s e F A A kd i
- BRI R REEAFR LT DR T
BRE -

Inverred Resistivity (ochm-m)
2 3

B13 2 F »ZiFRTIEF T8 r 2Rk

0.4
» TDRL
0.35 [|= TDR2
0.3 1
0.25
o o
0 0.2 el 1 o
oS0 i
0.15
0.1
eost T oLeet
*
0 R
1 10 100 1000 10000 100000
Time(min)
300
« TDRL [§§
250 | L2TOR2
’ I
200 : I’g]
N s
= 150 | U
g :\‘ b "i‘
100 | N
a .
. M 00""\“
50 |
0 B e -.———-.
1 10 100 1000 10000 100000
Time(min)

W 14 #) 8% (W48 3 K & <9> % (b)#
H..f;i (O') _p_/E



+ TDR1 data
= TDR2 data A

4 calibration data

. 0.4
0
350
« TDR1 data
300 [ = TDR2data n
250 A calibration data
E 200
S
T 150
100
50 f
0
0 . 0.4
0
B 15 #ifa(@)RErRFHED)ICEFEoVS

0 = Rk “‘—l;-gr

W‘%W%ﬁﬁ

AR ROTE R £ ST i
mﬂﬁﬁaﬁﬁﬁwiﬂﬂ?’ﬁﬁﬁ L &
ﬂ%TDRﬂuw% R PR )

Booak g (ERT) " N ERET RS
;W%w’%g LR BT T T R B
TRl K SR G A TR

HEe AR T E LA B~ 3F 5 2L TDR
ERIEZKBEET R S5 Y
o e gk AEPTH> o b ERT g
p,jgﬁﬁﬁiﬁﬂﬁﬁJEﬁﬁﬁ*%
AT R B ki
i &4]* TDR & ERT shff & g - 4 H3%
FRpfaEskag R g TOR k22
% %éu;Ewr%ﬁﬁ*aﬁﬂﬁ¢%Mﬁl
*m%ﬁx\'f“}’%ié R Ak B

ol BREE A R ﬁ”?’%°‘ﬁliﬁ
EE SR =S AR ES D T

CREE

10

T BYLR

Chung, C.-C and Lin, C.-P. (2008), “Apparent
Dielectric Constant and Effective Frequency of TDR
Measurements: Influencing Factors and Comparison”,
Vadose Zone Journal, (in press).

Costa, J.E. and Baker, V.R. (1981), Surficial Geology:
Building with the Earth, John Wiley and Sons, New
York, 498pp.

Giese, K. & Tiemann, R. (1975), “Determination of the
complex permittivity from thin-sample time domain
reflectometry: Improved analysis of the step response
wave form,” Adv. Mol. Relax. Processes, Vol. 7, pp.
45-59,

Lin, C.-P. (2003a), “Analysis of a Non-uniform and
Dispersive TDR  Measurement  System  with
Application to Dielectric Spectroscopy of Soils,”
Water Resources Research, 39 (1): art. no. 1012.

Lin, C.-P. (2003b), "Frequency Domain versus
Traveltime analyses of TDR Waveforms for Soil
Moisture Measurements," Soil Sci. Soc. Am. J., 67:
720-729.

Lin, C.-P, Tang, S.-H., and Chung, C.-C., 20064,

"Development of TDR Penetrometer Through
Theoretical and Laboratory Investigations: 1.
Measurement of Soil Dielectric  Permittivity,"

Geotechnical Testing Journal, GTJODJ, Vol. 29, No.
4,

Lin, C.-P, Chung, C.-C., and Tang, S.-H., 2006b, "

Development of TDR Penetrometer through
Theoretical and Laboratory Investigations: 2.
Measurement of Soil Electrical Conductivity,"

Geotechnical Testing Journal, GTJODJ, Vol. 29, No.
4.

Lin, C.-P. and Tang, S.-H. (2007), “Comprehensive
Wave Propagation Model to Improve TDR
Interpretations for  Geotechnical  Applications,”
Geotechnical Testing Journal, Vol. 30, No. 2, Paper
ID GTJ 100012.

Lin, C.-P., Chung, C.-C., and Tang, S.-H. (2007),
“Accurate  TDR  Measurement of  Electrical
Conductivity Accounting for Cable Resistance and
Recording Time,” Soil Sci. Soc. Am. J., Soil Sci. Soc.
Am. J., 71(4): 1278-1287.

Lin, C.-P., Chung, C.-C., Tang, S.-H., Huisman, J.A.
(2008), “Clarification and Calibration of Reflection

Coefficient for TDR Electrical Conductivity
Measurement”, Soil Sci. Soc. Am. J, 72(4):
1033-1040.

Loke, M.H. (2003), Tutorial: 2-D and 3-D Electrical
Imaging Survey, http://www.geoelectric.com.

Or, D., and Wraith, JM. (1999), “A new soil
matric-potential sensor based on time-domain-
reflectometry,” Water Resources Research, 35:

3399-3407.

Shah, P. H. and Singh, D. N. (2005), “Generalized
Archie’s Law for Estimation of Soil Electrical
Conductivity”, Journal of ASTM International, Vol. 2,
No. 5, pp. 145-164.

Tang, S.-H. Chung, C.-C. and Lin, C.-P., “Effect of
Cable Resistance on Dielectric Spectroscopy using
TDR,” Water Resources Research, (in preparation)

%#.%siw‘%u%‘\ﬁ*ﬁiﬁ;i—@“ 3(2003)
"TDR Loy 3= B2 0p % se2 2" r’ ::r, 5\ e
AR e 0 P AR & o



H&E &z and e (2006) 0 "R
2@ —’%2@"*%&*{%/7‘/&?@5 Bt :’}:‘J‘YLF
R R BT IE € 0 ¢ B 2 *Eif%'fé‘_%iﬁljf;
R R

e » (2007) 07 o Pt
EAEETRIZA5F RS
e o

Topg (2008) o7 B EM TS TIR K G
J\,fa‘r]v}7p_/ﬂn s WM AHEIA ;ﬁ_l—»q o

MLk (2008) o7 pRaF SR PR
CLRfep L M RH LA

o

11



PROOF COPY [GTJ100012] 003702GTJ

OOoA

Chih-Ping Lin' and Shr-Hong Tang1

Geotechnical Testing Journal, Vol. 30, No. 2
Paper ID GTJ100012
Available online at: www.astm.org

Comprehensive Wave Propagation Model to
Improve TDR Interpretations for Geotechnical

Applications

ABSTRACT: Time domain reflectometry (TDR) is becoming an important monitoring technique for various geotechnical problems. Better data
interpretation and new developments rely on the ability to accurately model the TDR waveform, especially when long cables are used. This study
developed an efficient, complete, and general-purpose TDR model that accounts for all wave phenomena including multiple reflection, dielectric
dispersion, and cable resistance all together. Inverse analysis based on the TDR wave propagation model is proposed to calibrate the TDR system
parameters and determine the TDR parameter that changes with the physical parameter to be monitored. Calibration of TDR cable and data inter-
pretations for various geotechnical applications were demonstrated with laboratory experiments. The excellent match between the simulated and
measured waveforms validates the TDR wave propagation model. The results show that the proposed numerical procedure is a relatively simple,
efficient and high-resolution tool for probe design, parametric studies, data interpretation, and inverse analyses. This study should provide a sound
theoretical foundation for further TDR developments in geotechnical monitoring.

KEYWORDS: time domain reflectometry (TDR), transmission line, cable resistance

Introduction

Time domain reflectometry (TDR) is an emerging technique for
various geotechnical measurements by a cable radar and different
sensing waveguides. It is based on transmitting an electromagnetic
pulse through a coaxial cable connected to a sensing waveguide and
watching for reflections of this transmission due to changes in char-
acteristic impedance along the waveguide. Depending on the de-
sign of the wave guide and analysis method, the reflected signal can
be used to monitor various engineering parameters. Unlike conven-
tional electronic transducers, the TDR technique is a versatile up-
hole pulsing method in which the transducer (i.e., the inserted sens-
ing waveguide) requires no electronic component.

In the past two decades, the TDR technique has being finding
many innovative applications for geotechnical monitoring. A good
overview of the TDR technique can be found in O’Connor and
Dowding (1999), Benson and Bosscher (1999), and Robinson et al.
(2004). The technique has been applied to measuring physical
properties of a soil in which TDR probes are inserted into, such as
water content and electrical conductivity (Topp et al. 1980; Dalton
1992; Siddiqui et al. 2000; Yu and Drnevich 2004). The spectral
analysis of the TDR signal allows dielectric spectroscopy (i.e.,
measurement of dielectric permittivity at various frequencies) for
studying soil-water interaction (Heimovaara 1994; Feng et al.
1999; Lin 2003a; Lin 2003b). Lin et al. (2006a; 2006b) developed a
TDR penetrometer for simultaneously measuring dielectric permit-
tivity and electrical conductivity during cone penetration testing.
The TDR technique has also been employed in landslide monitor-
ing to monitor localized shear deformation (Dowding et al. 1988;
Dowding and Huang 1994), relative displacement (Lin and Tang
2005), and piezometric water pressure (Dowding et al. 1996).
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Monitoring scouring of bridge piers and detection of chemical
leakage by the TDR technique have also been reported (Yankielun
and Zabilansky 1999; PermAlert 1995).

Much work has been done on geotechnical applications of the
TDR technique, yet to date only limited features in a TDR wave-
form are used for data interpretations. The features include the
travel time (for measuring water content and locating cable crimp,
relative displacement, groundwater level, and bridge scouring), re-
flection spike magnitude (for correlating with cable deformation),
and steady-state reflection magnitude (for measuring electrical
conductivity). These apparent features simplify the data analysis
but are affected by several factors, such as the dielectric relaxation,
multiple reflections, and cable resistance, aside from the parameter
to be measured. The wave propagation in the transmission line is
dispersive (that is, velocity is a function of frequency) due to cable
resistance and dielectric relaxation. Clearly defining the arrival
times of a dispersive waveform is difficult. Different methods were
proposed to determine the reflection arrivals in a TDR waveform
(Timlin and Pachepsky 1996; Klemunes et al. 1997), causing am-
biguity in travel time analysis. The importance of cable resistance
effect has also been recognized for steady-state reflection magni-
tude when making conductivity measurement (Reece 1998) and
peak spike reflection when monitoring rock mass deformation
(Pierce et al. 1994). Corrections for cable resistance effect were
done by empirical calibration equations or charts. However, estab-
lishing the calibration equation is very tedious and it varies with the
type of cable used.

Modeling the complete TDR waveform may lead to additional
information and a more accurate data interpretation, especially for
measurements with long cables. In the context of improving soil
water content measurements, Feng et al. (1999) and Lin (2003a;
2003b) introduced a wave propagation model based on the spectral
analysis in which multiple reflections and dielectric dispersion are
taken into account. Neglecting the cable resistance in their model
was justified by the short lead cable used. However, as the cable
length increases, the cable resistance “smears” the reflected wave-

Copyright © 2006 by ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959. 1
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FIG. 1—(a) 4 typical TDR configuration, and (b) the lumped circuit model for
an infinitesimal section of the transmission line.

form. Neglecting the resistance effect may lead to unreasonable in-
terpretation, especially for surveillance with long TDR cable. He-
imovaara et al. (2004) used the multi-section wave propagation
model (Feng et al. 1999; Lin 2003a) to invert for the spatial distri-
bution of water content along a TDR probe. They added the resis-
tance term in calculating the wave propagation parameters of co-
axial lines, but the resistance effect was overlooked for noncoaxial
lines. In the context of monitoring deformation of rock masses,
Dowding et al. (2002) developed a wave propagation model trying
to account for cable resistance and multiple reflections. Dielectric
dispersion was not considered since they only considered cable de-
formation. In their model, the wave equation is solved by the finite
difference method and transformed into frequency domain. A
frequency-dependent magnitude loss is subsequently applied in the
frequency domain and the resistance-attenuated signal is then con-
verted back into the time domain. The numerical model is very
time-consuming and potentially unstable. Moreover, the cable re-
sistance results in not only the magnitude modulation but also a
phase distortion, which was not taken into account.

The purpose of this paper is to develop an efficient, complete,
and general-purpose TDR model that accounts for multiple reflec-
tion, dielectric dispersion, and cable resistance in particular. The
TDR model is parametrized and formulated to be concise and ge-
neric for all types of transmission line and sensing waveguide. The
formulation and calibration of the model are introduced first. Simu-
lations of groundwater level and deformation monitoring are used
as examples to demonstrate the power of the model.

TDR Wave Propagation Model

TDR Physical System

A TDR measurement setup is composed of a TDR device and a
transmission line system (see Fig. 1(a)). The TDR device generally
consists of a pulse generator, a sampler, and an oscilloscope; the
transmission line is composed of a lead coaxial cable and a sensing
waveguide. The sensing waveguide may be a coaxial cable (e.g., for
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deformation and groundwater level monitoring) or a specially-
designed multi-conductor waveguide. The pulse generator sends an
electromagnetic pulse along the lead cable and the sensing wave-
guide directs the electromagnetic wave into the material under test
or environment to be monitored. Impedance change occurs when
the measurement waveguide is subjected to deformation or electri-
cal properties of the surrounding material change. The reflections
due to the impedance change are recorded for analyzing relevant
influential parameters. TDR waveguides for geotechnical applica-
tions can be grouped into three categories according to the measur-
ing principles.

1. Crimp type: The characteristic impedance of the cable is
determined solely by its cross-sectional geometry if the in-
sulating material between conductors remains unchanged.
Reflections of the electromagnetic pulse are recorded if the
coaxial cable is subjected to loadings and “crimped.” When
a coaxial cable is embedded in a rock or soil mass, it can be
used to monitor the localized shear deformation of the rock
or soil mass. It has been shown that the magnitude of the
reflected pulse is related to the amount of displacement
(Dowding et al. 1988; Dowding and Huang 1994).

2. Interface type: Reflections of the electromagnetic pulse
occur at the interfaces of impedance mismatches due to
changes in the dielectric properties of the insulating mate-
rials. These interfaces may represent groundwater level
(air-water interface) or scouring depth (soil-water inter-
face) depending on the design of the waveguide. TDR can
efficiently be used to locate the positions of these interfaces
(Dowding et al. 1996; Yankielun and Zabilansky 1999).

3. Dielectric type: A waveguide probe with impedance mis-
matches on both ends is inserted into the material of inter-
est. The electromagnetic pulse is reflected at the beginning
and end of the probe. The electrical properties of a material
include frequency-dependent dielectric permittivity (&)
and electrical conductivity (o). A travel time analysis of the
two reflections can determine the apparent dielectric con-
stant, while the electrical conductivity (o) can be measured
using the steady-state response, which is readily obtained
from the reflected signal at long time. The apparent dielec-
tric constant and electrical conductivity is related to the soil
water content and density (Lin et al. 2000; Yu and Drnevich
2004). The complex dielectric permittivity represents the
combined effect of frequency-dependent dielectric permit-
tivity and electrical conductivity. The spectral analysis of
the TDR signal allows dielectric spectroscopy (i.e., mea-
surement of complex dielectric permittivity at various fre-
quencies) for studying soil-water interaction (Heimovaara
1994; Lin 2003a).

TDR Mathematical Model—Lumped Circuit Model

The cable resistance becomes an important issue in practice. Al-
though a TDR mathematical model has been formulated in various
forms (Feng et al. 1999; Dowding et al. 2002; Lin 2003a), the effect
of cable resistance has not been properly considered in the model.
To complete the TDR mathematical model, a resistance correction
factor is formulated within the modeling framework proposed by
Lin (2003a). To begin with, the TDR physical system is mathemati-
cally described by the equivalent distributed parameter, lumped cir-
cuit (Ramo et al. 1994). We may characterize an infinitesimal sec-
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tion of the transmission line with a per-unit-length (lumped)
capacitance ¢ (F/m), inductance / (H/m), conductance g (S/m), and
resistance r ({}/m), as shown in Fig. 1(b). The line current, /, and
the voltage between the conductors, 7, in a transmission line can be
uniquely defined to describe the electromagnetic wave propagation
because of the special field structure (i.e., transverse electromag-
netic mode) inside the transmission line. The governing equation in
phase form (i.e., in the frequency domain) can be derived as

dV(z

2 e i) (12
dl(z

1o (g pfe o) (1b)

in which z is the position along the line and f'is the frequency. The
per-unit-length parameters, 7, /, g, and ¢, are functions of the cross-
sectional geometry of the transmission line and electromagnetic
properties of the media between conductors. The electromagnetic
properties of a material is characterized by its dielectric permittiv-
ity (), electrical conductivity (o), and magnetic permeability (u).
In general, these parameters are functions of frequency. The dielec-
tric permittivity is often expressed in terms of dielectric permittiv-
ity of free space (£,=8.854"107'2 F/m) and relative dielectric per-
mittivity (e,) as e(f)=gye,(f), where ¢, is generally a function of
frequency. For materials like soils, the magnetic permeability dif-
fers from magnetic permeability of free space (uo=4m 10" H/m)
by a negligible fraction and the frequency dependency of conduc-
tivity can be neglected. The per-unit-length parameters can be writ-
ten in generic forms as

(/)
="y (2a)
ko
= (G " 2mf (2b)
g=00 (2¢)
c=0¢(f) (2d)

where r,()) is the surface resistivity of conductor, ¥ (m) is the
geometric factor for resistance, and ® (dimensionless) is the geo-
metric factor for inductance, conductance, and capacitance. The
surface resistivity is a function of frequency, rS:a:lO’T/z(Q),
where o (Qsec®?) is the characteristic of the conductor for the skin
effect. Values of o for various typical conductors can be found in
Ramo et al. (1994). The generic forms of per-unit-length param-
eters in Eq 2 are important for deriving the resistance correction
factor.

The general solution of Eq 1 can be written as (Ramo et al.
1994)

V(iz)=V'e "+ Ver (3a)
W —vz _ K z
I(z) = 7e b Z e (3b)

where V" and V"~ are the two unknown constants in the general so-
lution, <y is the propagation constant, and Z, is the characteristic
impedance. The terms vy and Z, can be written as

y=\(r+j2mfl) (g +j2mfc) (4a)
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r+j2
z= (4b)
g+j2nfc

Resistance Correction Factor and Parameterization
of TDR Model

Equation 4 can be found in most textbooks on electromagnetic
waves. But the per-unit-length parameters, r, /, g, and ¢ can be ana-
lytically determined from cross-sectional geometry only for special
transmission lines (i.e., coaxial lines). Furthermore, these param-
eters are not independent, as shown in Eq 2. For general purpose,
better-parametrized forms for vy and Z, are derived by substituting
Eq 2 into Eq 4, as

i —
'Y=J_Trf\38r*A (53.)
Vo
Z
Zc=—/% * A (5b)
Ve

in which v, is the speed of light, &, =¢,—jo/(2mfe,) is the complex
dielectric permittivity, Z, is the geometric impedance defined as the
characteristic impedance in free space, and A4 is the resistance cor-
rection factor accounting for the effect of cable resistance. Z, and 4

can be written out as
1 uo
Z,=—\|— 6a
A (6a)

_ VA R _ o
A_\/l+(1 ])(‘I’>(21T/¢0><107\}) \/1+(1 J)\}

(6b)

Notably, Z, is a function only of the geometric factor (), and 4 is
a function of the geometric factors and surface resistivity. The re-
sistance loss factor ag(sec ) is defined to represent the combined
effect of geometric factors and surface resistivity. Equation 5 is the
general form for propagation constant and characteristic imped-
ance in TDR modeling. If cable resistance is ignored (i.e., a,=0), 4
becomes 1.0 and y and Z, have expressions identical to that derived
in previous studies (Clarkson et al. 1977; Heimovaara 1994; Feng
et al. 1999, Lin 2003a).

The propagation constant () and characteristic impedance (Z,.)
are two intrinsic properties of the transmission line. The propaga-
tion constant controls the speed and decay of a wave traveling along
the line. For a line with sections of different characteristic imped-
ances, reflection and transmission of wave will occur at the section
interfaces. Equation 5 was derived to explicitly separate effects of
geometric characteristic (i.e., Z,), material property (i.e., &), and
cable resistance (i.e., 4) on the propagation constant and character-
istic impedance. Since A4 is frequency dependent, o is defined as
the controlling parameter for cable resistance. Both Z, and o de-
pend on probe dimensions. Although the geometric factors (® and
W) may be calculated theoretically from probe dimensions for
simple configurations (i.e., coaxial line), Z, and oy are best cali-
brated from TDR measurements. Thus, the transmission line is
uniquely characterized by Z,, a:, and oug.
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FIG. 2—Representing a nonuniform line as a cascade of uniform sections, each
«

section characterized by L;, Z,,, &, ;, and o ;.

Simulation of TDR Waveforms

An actual TDR system consists of a cable tester and a nonuniform
transmission line. The line is comprised of a coaxial cable, a tran-
sitional device (or probe head), and a sensing waveguide. The re-
sulting transmission line equations became nonconstant-coefficient
differential equations. However, a cascade of uniform sections, as
shown in Fig. 2, could be used to discretize the nonuniform trans-
mission line. Each uniform section is characterized by L, Z,, ;, s:,l-,
and ag;. In a line with sections of different characteristic imped-
ances, waves can be reflected and transmitted at the interfaces of
the sections. The propagation velocity is a function of frequency
since the dielectric permittivity of the insulating material depends
on frequency. The TDR waveform recorded by the sampling oscil-
loscope is a result of multiple reflections and dispersion. Once the
propagation constants and characteristic impedances of each uni-
form section are determined by Eq 5, the frequency response of the
TDR sampling voltage 7(0) can be derived, following Lin (2003a),
as

Zin(o)

A AT

Vs=HVs (7)
where 7(0) is the Fourier transform of the TDR waveform; ¥ is the
Fourier transform of the TDR step input; Z is the source impedance
of the TDR instrument (typically Z,=50 (), Z,,(0) is the input im-
pedance atz=0, and H=Z2,,(0)/(Z,,(0)+Z) is the system function.
As shown in Fig. 2, the input impedance Z;,(z) is the equivalent
impedance when looking into the circuit from position z. The input
impedance at z=0 (i.e., Z,,(0)) represents the total impedance of
the entire nonuniform transmission line. It can be derived recur-
sively from the characteristic impedance and the propagation con-
stant of each uniform section, starting from the terminal impedance
Zr:

Zin(zn) = ZL

ZL + Zc,n tanh('Ynln)
‘an,n + ZL tanh(’Ynln)

Zin(Zn—l) = Zc

Z(2,1) + Z, - tanh(y, 1, )
Zc,n—l + Zin(zn—l)tanh(yn—lln—l)

Zin(Zn*Z) = Zc,n*l

Z,(z)) + Z,, tanh(y,],)
! Z. 1+ Z,(z))tanh(y,1)

Z,(0)=Z. (®)
where Z,;, vy;, and [;, are the characteristic impedance, propagation
constant, and length of each section, respectively, and Z; is the ter-
minal impedance. A typical TDR measurement system uses an
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FIG. 3—Numerical simulations showing the effect of TDR system parameters
on the TDR waveforms for short-ended and open-ended condition (Reference
case: L=5m, Z,=50 Q, £=1.0, az=0).

open loop (Z;=) or a closed loop (Z;=0). The form of system
function (in Eqs 7 and 8) is identical to that presented in Lin
(2003a). But, here the effect of cable resistance is taken into ac-
count and formulated as the resistance correction factor in Eqs 5
and 6, which will then be used for calculating the complete system
function by Eqs 7 and 8. Both the resistance correction factor 4 and
system function are complex numbers. The effect of cable resis-
tance introduces not only a magnitude modulation but also phase
modulus to the system function. The phase modulation was not
taken into account in the wave propagation model introduced by
Dowding et al. (2002).

Equations 7 and 8 provide the system function to simulate TDR
waveforms of any TDR measurement system which may consist of
different types of transmission lines and dielectric materials. For a
given TDR measurement system, we need to know the length /;, the
geometric impedance Z,;, the cable resistance parameter ag ;, the
equivalent dielectric permittivity 8:,1‘ of each uniform section of the
nonuniform transmission line, and the terminal impedances, Zg and
Z; to predict the TDR waveform. Let the voltage source of the TDR
be denoted by vg(#), the sampling voltage of the TDR be denoted by
vpr(?), and the FFT algorithm by function FFT( ). The simulation
of a TDR waveform takes the following steps:

1. Determine the model parameters of each uniform section
including L;, Z,, ;, ail—, and ag ;.

2. Determine appropriate window size for frequency and time
to avoid aliasing in discrete Fourier Transform.

3. Apply the Fast Fourier Transform to the source voltage in
frequency domain Vg=FFT(vg).

4.  Subsequently applying Eqgs 6, 5, 8, and 7 to determine 7(0)
in frequency domain.

5. Perform an Inverse Fast Fourier Transform vypg(7)
=[FFT(V(0)).

The proposed algorithm is fairly efficient. Unlike the finite dif-
ference method, the transmission line is divided into sections only
at places where line properties change. Only one element (with pa-
rameters L;, Z,, ;, s:’,, and ag ;) is needed for a long section of uni-
form line, making it much more efficient than finite difference
method (Dowding et al. 2002).

A few simple TDR simulations were performed to demonstrate
how the model parameters (L, Z,,, sj, and ag) affect the TDR signal
(see Fig. 3). The synthetic waveforms represent a TDR device con-
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nected to a transmission line with various combinations of model
parameters. Frequency-independent material property (i.e., 8:
=constant) was assumed and the boundary conditions used were
Z,=50 Q, Z; = () for an open end, and Z; =0 () for a shorted end.
A reference case was chosen as L=5m, Z,=50 Q, 8::1.0, and
az=0. To show how each model parameter affects the TDR signal,
each model parameter was subsequently altered and the simulated
waveforms (for open end and shorted end conditions) were com-
pared to the reference case. As shown in Fig. 3, the time delay of
reflection increases with L while Z, affects the reflection magni-
tude. The material property (sj) affects both time delay and reflec-
tion magnitude. Therefore, different combinations of (L, Z,, s:) can
result in the same TDR waveform. This nonuniqueness can also be
proved by the wave propagation theory. The cable resistance param-
eter ap affects the waveform through the frequency-dependent
term A. The rise time of the reflected pulse and the plateau of the
step pulses increase as oy increases. In addition, the steady-state
response increases for nonopen terminal condition. The dielectric
dispersion and electrical conductivity may also increase the rise
time and steady-state response. However, the only parameter that
affects the plateau of the step pulse is k.

Calibration of TDR Model Parameters

Depending on the TDR applications, one of the three parameters
, z, e,) are interpreted from the TDR measurement. For ex-
ample, the position of an interface (L) is interpreted when TDR is
used to monitor displacement (Lin and Tang 2005) or groundwater
level (Dowding et al. 1996). The reflection amplitude, which is di-
rectly related to change of Z,, is used to correlate with localized
shear deformation (Dowding et al. 1988). &.(f) or some features of
sj(f) are interpreted from TDR measurements when TDR is used to
estimate soil physical properties (Topp et al. 1980; Dalton 1992;
Heimovaara 1994). These conventional data interpretations are af-
fected by several factors, such as the dielectric relaxation, multiple
reflections, and cable resistance, aside from the parameter to be
measured. The proposed TDR wave propagation model can be used
to improve TDR interpretations for various geotechnical applica-
tions.

Instead of making assumptions to some of the system param-
eters as was done in conventional data interpretations, we can de-
termine the system parameters through proper calibrations before
the TDR system is used for measurements. As discussed in the pre-
vious section, one of the three parameters (L, Z,, s:) needs to be
known so that the other two parameters and o, can be determined
from the measured TDR waveform. In geotechnical monitoring, the
length L is first determined and fixed. (Z,, e:, ag) is then calibrated
from the measured waveform. Subsequent changes of L (due to dis-
placement or groundwater level changes) can be accurately deter-
mined by back calculation with known (Z,,, s: ,ag). The changes of
Z, and L resulted from localized shear deformations can be quanti-
fied by back calculation with known (s: ,ap). For measurement of
electrical property, (L,Z,,ap) is calibrated for a probe filled with
known dielectric property (). Dielectric spectroscopy (i.c., esti-
mation of s:(f)) can then be performed with the calibrated probe.

Consider a simple example where a 30-m long RG58A/U cable
with nominal impedance of 50 () is connected to a TDR device
(Tektronix 1502C). The cable itself can be a sensing waveguide for
detecting localized shear deformation or can be used as a lead cable
for various types of measurements. The precise properties (i.e., Z,,
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FIG. 4—Calibrating the cable parameters of a 30-m long RG584/U cable by
matching the measured and simulated waveforms.

s:, and ayg) of the cable are of interest before it is put into use for
measurements. The dielectric permittivity of polyethylene inside
the cable can be considered frequency-independent in the TDR fre-
quency range (i.e., 8: =constant). The open-ended and short-ended
signals were measured. Initial values of the parameters to be in-
verted were assumed. Optimal values of the parameters were ob-
tained by minimizing the residual sum of squares of the difference
between the measured and simulated waveforms using the Simplex
algorithm (Nelder and Mead 1965). The cable characteristics (Z,,
€ : , and ag) were backcalculated from the open-ended waveform as
(Z,=75 Q, 8:= 1.9, and az=132 sec ®%). Figure 4 shows the mea-
sured waveforms and predicted waveforms using the inverted pa-
rameters for both open-end and shorted-end conditions. The great
match between the measured and predicted waveforms validates
the TDR wave propagation model and the calibration by full-
waveform inversion. The simulated waveform in which cable resis-
tance is ignored is also shown in Fig. 4. The difference between this
waveform and the measured one manifests the importance of ac-
counting for cable resistance. The rise time and the steady-state re-
sponse are greatly affected by long cables. Errors may arise in the
analysis of travel time, steady-state response, magnitude of reflec-
tion spike, or spectral response if the cable resistance is not taken
into account. The following section will demonstrate the usefulness
of'the TDR wave propagation model for various geotechnical appli-
cations.

Interpretation Based on TDR Wave Propagation
Model

Interface and Dielectric Type Example

The dielectric property of the insulating material may vary along
the transmission line in interface and dielectric type of applica-
tions. The parameter of interest in an interface-type application is
the position where dielectric property changes (e.g., groundwater
level or scouring depth), while the dielectric property is to be deter-
mined in the dielectric-type application where the interface is fixed.
In general, waveform inversion based on the TDR wave propaga-
tion model can simultaneously determine the interface and the di-

AQ:
#1
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FIG. 5—Schematic of the laboratory setup for water level monitoring and the
associated multi-section transmission line model.

electric property. As an example, Fig. 5 shows the laboratory setup
for water level monitoring. A water level sensing waveguide made
of an air-dielectric coaxial cable (Andrew HJ5-50) was connected
to the 30-m lead cable described in the preceding section. A TDR
measurement with the sensing waveguide simply in air was taken
for calibrating the transmission-line parameters (Zp, s:, and ) of
the connector and the sensing waveguide. The sensing waveguide
was then inserted into a water-filled tube. Two measurements were
taken for water levels at 20 cm and 30 ¢cm from the cable end.

Traditionally, the tangent-line method can be used to locate the
air-water interface. A line parallel to the horizontal axis is drawn
tangent to the trace at a local minimum around the reflection. A
second tangent is drawn at the point of maximum gradient after the
local minimum of the TDR waveform. The intersection of this line
with the horizontal line determines the reflection point of the inter-
face (Timlin and Pachepsky 1996; Klemunes et al. 1997). The
water levels calculated by the tangent-line method are 22.31 c¢cm for
the 20-cm water level and 33.72 cm for the 30-cm water level. The
discrepancy is attributed to the ambiguity of the empirical tangent-
line method. As the cable length increases, the reflected waveform
becomes smeared as a result of the cable resistance. Hence, water
level cannot be accurately determined by the empirical tangent-line
method.

Precise water level can be back calculated from the measured
waveform using the wave propagation model with known
transmission-line parameters (Zps,sfs,am) of the sensing wave-
guide. The sensing waveguide is divided into two parts, one filled
with air and the other filled with water. The complex dielectric per-
mittivity (including the electrical conductivity) of groundwater
may vary with temperature and contamination. Therefore, it is
more general to treat S:W (complex dielectric permittivity of the
water in the sensing waveguide) as an unknown. With the capability
of full-waveform simulation, the water level and €.,(f) can be si-
multaneously determined using the full-waveform inversion. In this
case, the monitoring system is divided into three sections of uni-
form transmission line: the lead cable, sensing waveguide in air,
and sensing waveguide in water (see Fig. 5). For simplicity, the con-
nector is considered as part of the lead cable. Parameters
(L1, Z,, s:l, ag) and (L, Z,,, 8:,1, ,QLg,) can be calibrated beforehand.
The remaining unknowns are L,,, and ., . Since the dielectric re-
laxation frequency of water is much higher than the TDR frequency
range, dielectric permittivity of water can be considered frequency-
independent in the TDR frequency range. The complex dielectric
permittivity of the water can then be written as

JOw

— 9
27fe, ©)

*
Epw &

where ¢,,, and o, are the dielectric permittivity and electrical con-
ductivity of water, respectively.
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FIG. 6—Comparison of the measured and predicted TDR waveforms in water
level monitoring.

Figure 6 shows the waveform matching when the inversion con-
verged. Also shown for comparison in Fig. 6 are the simulated
waveforms when cable resistance is ignored (az=0). The resulting
estimations of water level (L,,,) were 20.01 c¢m for the 20-cm water
level and 30.48 cm for the 30-cm water level, respectively. In addi-
tion, ¢,,,=79.9 and ,,=0.0323 S/m were obtained from the inver-
sion, which compares well with the expected values (g,,,=80.2 and
0,=0.0323 S/m) determined by a three-prong TDR probe and
conductivity meter. This example demonstrates the effectiveness of
the wave propagation model to infer from the TDR waveform both
the interface of impedance mismatch and electrical properties of
the material in the sensing waveguide. The interpretation of scour-
ing and sediment monitoring may be treated similarly. When a
multi-conductor waveguide or TDR penetrometer is used for soil
measurements, the accurate wave propagation model also serves as
a precise kernel for inverting dielectric spectrum of soils. Long dis-
cussion of dielectric spectroscopy should be left for a separate

paper.

Crimp Type Example

The cable is crimped when subjected to localized shear. Conven-
tional data interpretation correlates amplitude of the reflection
spike at the crimp with the localized shear deformation. However,
the amplitude of the reflection spike is also greatly affected by the
cable length and the width of the crimped zone. These factors can
be effectively taken into account using the wave propagation
model, as will be demonstrated on a direct shear test. Figure 7 illus-

Lead cable

Sensing cable

-
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——

-
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N

(Zp, &, ar, L) P—
Z,, & ,aRaL4$,L
X 2

FIG. 7—Schematic of the laboratory setup for monitoring of localized shear
deformation and the associated multi-section transmission line model.
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FIG. 8—Comparison of the measured and predicted TDR waveforms at
20-mm shear deformation (length of lead cable=2 m).

trates the direct shear test on a deformation-sensing cable cast in a
direct shear box filled with gypsum. Commscope P3-500 was used
as the sensing cable (75 (), solid aluminum tube swaged onto di-
electric core, fully bonded copper clad center conductor). The sens-
ing cable was connected to the TDR device through a 2-m and a
10-m RGS8A/U lead cable, respectively.

With known cable length, the transmission-line parameters (Z,,,
&, and ap) of the lead cable and sensing cable were first calibrated
from measurements prior to shearing. The calibration gave
(Z,=76 Q, £=1.9, and =135 sec *?) for the lead cable and (
Z,=90 Q, £.=1.5, and az=40 sec *9) for the sensing cable. As
shear deformation develops, the cross-sectional geometry, hence
the geometric impedance Z,,, and cable length of the sensing cable
changes accordingly, as shown by the photo in Fig. 7. The changes
of Z, and L due to localized shear deformations can be quantified
by back calculation with known (sj,aR). The sensing cable was
discretized into five constant-parameter sections with three sec-
tions representing the deformed part, as shown in Fig. 7. The pa-
rameters (Z,, a:, and ag) of the undeformed cable are predeter-
mined. After the cable is deformed, the parameters to be back
calculated from the measured waveform are (Ly, L,, L3, Z,;, and
Z,,). At the same shear deformation (e.g., 20 mm), Figs. 8 and 9
show the measured and simulated waveforms with 2-m and 10-m
lead cable, respectively. The inverted parameters were (L,
=0.52m, [,=0.0125m, L;=0.023m, Z,=76.9Q, and Z,
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0.35H — Simulated
Simulated (ccR=0)

0.3H

0.25p R [

0.2f

0.15p

0.1}p

0.05p

Reflection coefficient, p

005 \ \ ; ; A
104 106 108 110 112
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FIG. 9—Comparison of the measured and predicted TDR waveforms at
20-mm shear deformation (length of lead cable=10 m).
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=69.6 )) for 2-m lead cable and (L,=0.51 m, L,=0.0126 m, L,
=0.025 m, Z,;=76.8 (), and Z,,=69.3 Q) for 10-m lead cable. The
simulated waveforms using the inverted parameters (L, L,, L3, Z,;,
and Z,,) match the measured waveforms extremely well. The wave
propagation model successfully takes into account the effect of
cable resistance and crimped width (i.e., L, and Ls,), resulting in a
unique relationship between the shear deformation and geometric
impedance Z,,.

Also shown for comparison in Figs. 8 and 9 are the simulated
waveforms when cable resistance is ignored (az=0). The rise time
of the reflection spike increases and the reflection magnitude de-
creases as cable resistance (or length) increases. As a consequence,
the spatial resolution and sensitivity decreases with increasing
cable resistance. The high-loss RG58A/U lead cable was used to
manifest the importance of accounting for cable resistance. In ac-
tual applications, low-loss cable should be used to minimize the
reduction of resolution and sensitivity due to cable resistance.

This example demonstrates the accuracy and efficiency of the
TDR wave propagation model developed. Similar simulations were
also performed by Dowding et al. (2002) using the finite difference
approach. However, the accuracy is not as satisfactory because the
phase distortion due to cable resistance was not considered. More-
over, the efficiency and stability of the finite difference simulation
depends on the time step Az and spatial step Az. Spatial resolution
is limited by the stability criterion and computational time. Using
our approach, very small shear bandwidth can be accurately mod-
eled without stability problem or increasing computational time.

Conclusion

Time domain reflectometry (TDR) is finding more and more appli-
cations in geotechnical measurements and monitoring, driving the
demand for an accurate TDR wave propagation model. In this
study, an efficient, complete, and general-purpose TDR model was
developed to account for multiple reflection, dielectric dispersion,
and cable resistance all together. The multi-section wave propaga-
tion model is formulated in the frequency domain in which the di-
electric dispersion and cable resistance can be easily incorporated
based on the transmission line theory. A uniform section of trans-
mission line is characterized by its length, cross-sectional geom-
etry, dielectric property, and cable resistance. These properties are
parametrized by the length (L), geometric impedance (Z,), dielec-
tric permittivity (e,), and resistance loss factor (ap), respectively. A
TDR waveform can be simulated if these four parameters are
known for each section of the uniform transmission line. However,
L, Z, and s: are found to be correlated in that different combina-
tions of L, Z,, and s: can result in the same TDR waveform. To
calibrate the TDR system, one of the three parameters (L, Z,, and
s:) needs to be known a priori so that the other two parameters and
oy can be back calculated from the calibration measurement. One
or two of the three parameters (L,Z,, 8:) will change with the
physical parameter to be monitored, depending on the probe design
and specific application. The changing parameters can be deter-
mined by inverse analysis of the measured waveform. Calibration
of TDR cable and TDR interpretations for various geotechnical ap-
plications were demonstrated with laboratory experiments. The ex-
cellent match between the simulated and recorded waveforms indi-
cates that the model is reliable and accurate. These examples,
although simple, show that the proposed numerical procedure is a
relatively simple, efficient, and high-resolution tool for probe de-
sign, parametric studies, data interpretation, and inverse analyses.
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Many new applications and more reasonable data interpretations
may be developed with the assistance of the TDR wave propagation
model introduced in this study.
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Abstract

When measuring soil water content by time domain reflectometry (TDR), several
methods are available for determining the related apparent dielectric constant (K,) from
the TDR waveform. Their influencing factors and effective frequencies have not been
extensively investigated and results obtained from different methods have not been
critically compared. The purpose of this study was to use numerical simulations to
systematically investigate the effects of electrical conductivity, cable length, and
dielectric dispersion on K, and the associated effective frequency. Not only does the
dielectric dispersion significantly affect the measured K, it also plays an important role
on how the K, is affected by electrical conductivity and cable length. Three methods for
determining K, were compared, including the dual tangent, single tangent, and
derivative methods. Their effective frequencies were carefully examined with emphasis
on whether the effects of electrical conductivity, cable length, and dielectric dispersion
can be accounted for by the estimated effective frequency. The results show that there is
no consistent trend between the change in K, and the change in effective frequency as
the influencing factors vary. Compensating the effects of electrical conductivity, cable
length, and dielectric dispersion by the effective frequency seems theoretically
infeasible. To improve the accuracy of TDR soil water content measurements in the
existence of these influencing factors, future studies are advocated towards the TDR
dielectric spectroscopy or developing signal processing techniques for determining

dielectric permittivity near the optimal frequency range.
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1. Introduction

In light of great demand for soil moisture monitoring over a short time interval, the
measurement of soil dielectric properties as a surrogate for soil water content has
become the major technique for such a purpose, including time domain reflectometry
(TDR) (Topp et al., 1980; Topp and Ferre, 2002; Robinson et al., 2003a) and
capacitance methods (Dean et al., 1987; Paltineanu and Starr, 1997). TDR is typically
more accurate due to its higher effective frequency, and often does not require a
site-specific calibration. It can also provide accurate measurement of soil electrical
conductivity in the same sampling volume (Lin et al., 2007; Lin et al., 2008).
Conventional TDR probes using bifilar or trifilar TDR waveguides have limited
penetration depth, but new TDR penetrometers have been developed to overcome this
limitation (Vaz and Hopmans, 2001; Lin et al., 2006a; Lin et al., 2006b). Despite the
success of current TDR technology, the travel time analysis algorithm that is used to
extract apparent dielectric constant (K,) has not been standardized, and there is room
for further improving the accuracy of water content determination. Three aspects
associated with the travel time analysis are: (a) determination of reflection arrivals, (b)
probe calibration, and (c) physical meaning or effective frequency of travel time
analysis. These three aspects are briefly reviewed as follows.

Different methods have been proposed to determine the reflection arrivals in travel
time analysis. The first methodology is based on the so-called “tangent method” (Topp
et al., 1980). The reflection arrival is located at the intersection of the two tangents to
the curve, marked as point A in Fig. la and called “dual tangent method”. While the
second tangent line can be drawn at the point of maximum gradient in the rising limb,
the location to draw the first tangent line often lacks a clear definition. To facilitate

automation, Baker and Allmaras (1990) used a horizontal line tangent to the waveform
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at the local minimum. The intersection of this line with the second tangent line is
determined as the reflection arrival, marked as point B in Fig. la and called “single
tangent method”. The single tangent method appears to be less arbitrary than the dual
tangent method because the points of the local minimum and the maximum gradient
can be clearly defined mathematically. Timlin and Pachepsky (1996) and Klemunes et
al. (1997) compared both methods and concluded that the single tangent method
provided a more accurate calibration equation for water content determination.
However, Or and Wraith (1999) concluded that the dual tangent method is more
accurate for conditions of high electrical conductivity. The second methodology is
based on the apex of the derivative, as marked by point C in Fig. 1b and called the
“derivative method”. This relatively new method was proposed in research studies
discussing the probe calibration (Mattei et al., 2005) and effective frequency (Robinson
et al., 2005). Calibration equation based on such a travel time definition has not been
found.

The electrical length of the probe needs to be calibrated to convert the apparent
travel time to apparent velocity (and thereby the apparent dielectric constant). Water is
typically used for such a purpose since it has a well-known and high dielectric
permittivity value. However, the start reflection at the interface between probe head
and sensing rods typically can not be clearly defined due to mismatches in the probe
head. Heimovaara (1993) defined a consistent first reflection point and denoted the
round-trip travel time as #, and the time difference between selected point and the actual
start reflection point as fy, as shown in Fig. la. The probe length and 7y were then
calibrated using measurements in air and water. The air-water calibration method was
demonstrated by Robinson et al. (2003b) to be accurate across the range of permittivity

values in non-dispersive media. They also showed that the calibration performed solely
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in water (i.e. only for probe length) using the apex of the first reflection as the first
reference start point could introduce a small error at low permittivity values. Locating
start reflection by the dual tangent method and calibrating the probe length along,
Mattei et al. (2006) showed that the dual tangent method (for locating the end reflection)
gives inconsistent probe length calibration in air and water while the derivative method
can yield consistent probe length calibration. The anomalous result provided by the
dual tangent method was explained by dispersion effects. However, the dielectric
dispersion of water is not significant in the TDR frequency range. We believe that the
inconsistent probe length calibration with the dual tangent method was attributed to the
error in defining the start reflection point. The approach proposed by Heimovaara (1993)
using the air-water calibration is supported and used in this study.

The apparent dielectric constant traditionally determined by the travel time
analysis using a tangent method does not have a clear physical meaning and is
influenced by several system and material parameters. Logsdon (2000) experimentally
demonstrated that cable length has a great effect on measurement in high surface area
soils and suggested using the same cable length for calibration and measurements.
Neglecting cable resistance, Lin (2003) examined how TDR bandwidth, probe length,
dielectric relaxation, and electrical conductivity affect travel time analysis by the
automated single tangent method. Effects of TDR bandwidth and probe length could
be quantified and calibrated, but the calibration equation for soil moisture
measurements is still affected by dielectric relaxation and electrical conductivity, due to
differences in soil texture and density. Using spectral analysis, Lin (2003) suggested
that the optimal frequency range, in which the dielectric permittivity is most invariant
to soil texture, lies between 500 MHz and 1 GHz, as illustrated in Fig. 2. Robinson et al.

(2005) investigated the effective frequencies, defined by the 10-90% rise time of the
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reflected signal, of the dual tangent and derivative methods, considering only the
special case of non-conductive and lossless TDR measurements. Their results indicated
that the effective frequency corresponds with the permittivity determined from the
derivative method and not from the conventional dual tangent method. Nevertheless,
Evett et al. (2005) tried to incorporate bulk electrical conductivity and effective
frequency, defined by the slope of the rising limb of the end reflection, into the water
content calibration equation in a hypothesized form, and showed reduced calibration
RMSE. However, the hypothesized form does not have a strong theoretical basis. The
effects of dielectric dispersion, electrical conductivity, and cable length on the apparent
dielectric constant and effective frequency need further investigation.

Several methods were proposed for determining the apparent dielectric constant
(K,) from a TDR waveform. Their influencing factors have not been extensively
investigated and the apparent dielectric constant and effective frequency obtained from
different methods have not been critically compared. The objectives of this paper are
twofold: (1) to examine effects of electrical conductivity, dielectric dispersion, and
cable length on apparent dielectric constant and effective frequency and (2) to
investigate whether effects of those factors on the apparent dielectric constant can be

accounted for by the effective frequency.

2. Materials and Methods

The wave phenomena in a TDR measurement include multiple reflections,
dielectric dispersion, and attenuations due to conductive loss and cable resistance. A
comprehensive TDR wave propagation model that accounts for all wave phenomena
has been proposed and validated by Lin and Tang (2007). In the context of TDR

electrical conductivity measurement, Lin et al. (2007) and Lin et al. (2008) utilized the
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TDR wave propagation model to show the correct method for taking account of cable
resistance and guideline for selecting proper recording time. With the proven capability
to accurately simulate TDR measurements, the TDR wave propagation model can be
used to systematically investigate effects of dielectric dispersion, electrical conductivity,
and cable length on apparent dielectric constant and effective frequency. Synthetic TDR
measurements (waveforms) were generated by varying the influential factors in a
controlled fashion. The associated apparent dielectric constants and effective

frequencies were calculated and compared.

2.1 Synthetic TDR Measurements (Waveforms)

The behavior of electromagnetic wave propagation in the frequency domain can be
characterized by the propagation constant (y) and the characteristic impedance (Z.).
The propagation constant controls the velocity and attenuation of electromagnetic wave
propagation and the characteristic impedance controls the magnitude of reflection.
The propagation constant (y) and characteristic impedance (Z.) taking into account
dielectric dispersion, electrical conductivity, and cable resistance can be written as (Lin

and Tang, 2007)

72%%9; * A [1a]
Z

Z, =% 4 [1b]
&

A\/1+(1—j)(g—°j\0/{% [1c]

where c is the speed of light, &, = &, — jo/(2afey) is the complex dielectric permittivity

(including the effect of dielectric permittivity &, and electrical conductivity o, in which
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g is the dielectric permittivity of free space), Z, is the geometric impedance

(characteristic impedance in air), A is the per-unit-length resistance correction factor, j

is the complex unit, 77,= /4,/&, =120z is the intrinsic impedance of free space ( in

which g is the magnetic permeability of free space), «a, (sec) is the resistance loss

factor (a function of the cross-sectional geometry and surface resistivity due to skin
effect), and f is the frequency. Each uniform section of a transmission line is
characterized by its length, cross-sectional geometry, dielectric property, and cable
resistance. These properties are parameterized by the length (L), geometric impedance
(Z,), dielectric permittivity (&), and resistance loss factor (). Once these parameters
are known or calibrated, TDR waveforms can be simulated using Eq. [1] and the
modeling framework proposed by Lin (2003). The propagation constants and
characteristic impedances of each uniform section are first determined by Eq. [1]. The
input impedance at location z = 0 (source end), Z;,(0), represents the total impedance of
the entire non-uniform transmission line. It can be derived recursively from the
characteristic impedance and the propagation constant of each uniform section, starting
from the terminal impedance Z;:

Z,(z,)=2,
Z, +Z,, tanh(y/nln)
“"Z.,+Z, tanh(y,/,)
2z, )+Z,,, tanh(yn—lln—l)
o Zeys+2,(z,,) tanh(yn—lln—l)

Zin (Zn—l) = Z

Z,(z,,)=2 [2]

Z, (z))+ Zc,l tanh(7/1[1)

Z. (0)=27.
w(0) &l Zc,l +Z, (zl)tanh(7/1l1)

where Z.;, %, and [;, are the characteristic impedance, propagation constant, and length

of each uniform section, respectively, and Z; is the terminal impedance. A typical TDR
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measurement system uses an open loop (Z; = «). The frequency response of the TDR

sampling voltage V(0) can then be written in terms of the input impedance as

_ Zin (O) _
v(0)= AOA Vs =HVy [3]

where 7(0) is the Fourier transform of the TDR waveform (v;) ; Vs is the Fourier
transform of the TDR step input; Z; is the source impedance of the TDR instrument
(typically Z; = 50 Q), Z;,(0) is the input impedance at z = 0, and H=Z;, (0)/( Zi, (0)+Zs)
is the transfer function of the TDR response. The TDR waveform is the inverse
Fourier transform of }{(0).

The synthetic TDR measurement system is composed of a TDR device, a RG-58
lead cable, and a sensing waveguide. Possible mismatches due to connectors and probe
head are neglected since the simplification will not affect the apparent dielectric
constant. Tap water and a silt loam modeled by the Cole-Cole equation were used as the
basic materials. It is understood that the Cole-Cole equation may not be perfect for
modeling dielectric dispersion of soils, since additional relaxations at lower frequencies
might exist and multiple Cole-Cole relaxations would be more accurate. Although
multiple Cole-Cole relaxations might be mandatory for dielectric spectroscopy, the
simple Cole-Cole equation was used to parameterize the dielectric dispersion for the
parametric study of dispersion effect. The transmission line parameters and dielectric
properties used in the parametric study are listed in Table 1 and Table 2, respectively.
Time interval Ar = 2.5x10"" sec and time window 7 = 8.2x10° sec (slightly greater
than the pulse length of 7x10° sec in a TDR 100) were used in the numerical
simulations. The corresponding Nyquist frequency (half the sampling frequency,
sometimes called the cut-off frequency) and frequency resolution are 20 GHz and 60

kHz, respectively. The Nyquist frequency is well above the frequency bandwidth of
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TDR 100 and the long time window ensures that the steady state is obtained before
onset of the next step pulse.

As shown in Table 2, two dielectric permittivity values representing water and a
silt loam were mainly used in the parametric study to show how K, and effective
frequency are affected by EC, cable length, and dielectric dispersion. A similar study
has been done by Robinson et al. (2005). But their study was limited to non-conductive
materials and a lossless cable. To compare with what has been done, the same
permittivity range (&, values of 10, 25, 50, 75 and 100; and &, values of 1.44, 2.18,
3.40, 4.63 and 5.85) with two different relaxation frequencies (0.1 GHz and 10 GHz)
were used to reproduce the Fig. 3b in Robinson et al. (2005). The transmission line
parameters used were the same as the parametric study’s reference case listed in Table
1. Different EC and cable length values were used to show their influence and

importance.

2.2 Travel Time Analysis and Effective Frequency

An arbitrary time in the reflection waveform was chosen as the reference time.
The arrival time of the end reflection was determined by different methods including
the single tangent, dual tangent, and derivative methods, as shown in Fig. 1. The time
between these two points is denoted as ¢,, which is a combination of the actual travel
time in the sensing waveguide (z;) and a constant time offset (¢y)) between the reference
time and the actual start point. The travel time ¢, is related to the apparent dielectric

constant (K,) by the following relationship:
t,=ty+t,=t,+2L\JK, 6 /c [4]
where L is the electrical length of the probe. The time offset 7pand the probe length L

were calibrated by taking measurements in air and water with known values of
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permittivity, as suggested by Heimovaara (1993). It should be noted that different
values of system parameters (#) and L) may be obtained when different methods of
travel time analysis are used.

Two methods have been used to investigate the “effective frequency” of the K,
measurement. One method compares the K, from the travel time analysis with the
permittivity obtained from the frequency domain dispersion curve (Or and Rasmussen,
1999; Lin, 2003). The other method is based on the 10-90% rise time of the end
reflection (Logsdon, 2000; Robinson et al., 2005). To avoid confusion, the first
approach is termed “equivalent frequency f.,”. It is determined by matching K,
estimated from travel time analysis methods to the frequency-dependent apparent

dielectric permittivity &,(f) (Von Hippel, 1954) :

o

&,(f,)+ e
£,(fey)

K,=¢,(f,)=

& (fq) 1+ 5]

where ¢, is the real part of the permittivity due to energy storage and ¢, is the

imaginary component due to dielectric loss. For determining equivalent frequencies in
the parametric study, the real and imaginary permittivity as functions of frequency were
known a priori from model parameters listed in Table 1 and Table 2. Unlike Or and
Rasmussen (1999), the apparent dielectric permittivity &,(f) is used instead of the real
part of dielectric permittivity to take into account effects of dielectric loss and electrical
conductivity on phase velocity. The second approach is termed “frequency bandwidth
Jow’ - It is defined by the 10%-90% rise time (#,) of the end reflection as (Strickland,

1970)

10
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1n(0.9j
0.1
2 r

where #, is measured in seconds. In actual TDR measurements, the equivalent frequency
can not be uniquely determined since real and imaginary permittivities in Eq. [5] are
also unknown. Therefore, the frequency bandwidth was defined in hopes that it can
represent the equivalent frequency. In this paper, both the equivalent frequency and the
frequency bandwidth as functions of the influencing factors are examined and

compared.

3. Results and Discussion

3.1 Importance of EC and Cable Length

Robinson et al. (2005) investigated the frequency bandwidth (defined by Eq. [6])
of the dual tangent and derivative methods. Their results (Fig. 3b in Robinson et al.,
2005) indicated that K, of the derivative method is equivalent to the calculated
permittivity by substituting the frequency bandwidth into the equivalent frequency in
Eq. [5], providing physical meaning to the derivative method. However, their study was
limited to zero EC and lossless cable. To see whether the neglected EC and cable
resistance matters, the same procedure was followed but additionally bringing in the
effect of EC and cable resistance. Figure 3, similar to Fig. 3b of Robinson et al. (2005),
shows the apparent dielectric constant of the derivative method versus the calculated
permittivity from the frequency bandwidth for various conditions. Figure 3a and 3b
reveal the effect of EC for the reference cable length. The relation between K, of the
derivative method and calculated permittivity from the frequency bandwidth falls on
1:1 line in non-dispersive materials (with relaxation frequency greater than TDR

bandwidth) regardless of EC value. As the material becomes dispersive and conductive,
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the relation deviates from the 1:1 line. Figure 3c and 3d reveal the effect of cable length
for zero EC. Similarly, cable resistance becomes an influencing factor when the
material is dispersive. These results show that both EC and cable resistance play
important roles for dispersive materials and Robinson et al. (2005)’s finding that the
frequency bandwidth correspond with K, of the derivative method holds only for
limited EC and cable length values. In the context of soil moisture determination,
whether K, is the same as the calculated permittivity from the effective frequency is not
critical, it is of more concern how K, varies with influencing factors while the actual
water content may remain the same. It is also of interest whether the effective
frequency can provide useful information for compensating the effects of the
influencing factors. Therefore, the subsequent discussions focus on variation of
apparent dielectric constant and effective frequency as functions of EC, cable length,

and dielectric dispersion.

3.2 Effect of Electrical Conductivity

The electrical conductivity is well known for having a smoothing effect on the
reflected waveform and hence affecting the K, determination. However, the degree of
influence may depend on dielectric dispersion and the method of travel time analysis.
Varying the value of electrical conductivity in water (as a non-dispersive case) and silt
loam (as a dispersive case), Fig.4 shows the effects of electrical conductivity on K, for
different methods of travel time analyses. In the non-dispersive case, only the single
tangent method is slightly affected by the electrical conductivity. Both the dual tangent
method and derivative method are unexpectedly immune to changing electrical
conductivity (see Fig. 4a). As the medium becomes dispersive within the TDR

bandwidth, the apparent dielectric constant becomes sensitive to changing electrical

12
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conductivity (see Fig. 4b). Among all methods, the dual tangent method is least affected
by electrical conductivity. When EC is greater than 0.05 Sm’, the single tangent
method and derivative method suddenly obtains higher apparent dielectric constants as
EC increases. The K, may even become greater than DC electric permittivity due to
significant contribution of EC at low frequencies.

For each simulated waveform, the equivalent frequencies of different travel time
analysis methods and the frequency bandwidth of the end reflection were determined by
Eq. [5] and Eq. [6], respectively. The equivalent frequencies and frequency bandwidth
associated with Fig. 4b (the dispersive case) is shown in Fig. 5. Only the dispersive
case is shown since the equivalent frequencies in non-dispersive case is not meaningful.
Against common perception, the frequency bandwidth is not significantly affected by
electrical conductivity. The end reflection may appear smoothed due do decreased
reflection magnitude as electrical conductivity increases. The 10%-90% rise time and
hence the frequency bandwidth remains relatively constant. The equivalent frequencies
decrease with increasing electrical conductivity as expected. In this particular case, the
frequency bandwidth is close to the equivalent frequency of the derivative method in
the middle range of EC. The dual tangent method leads to the highest equivalent
frequency while the derivative method, as also pointed out by Robinson et al. (2005),
results in the lowest equivalent frequency, which is closer to the frequency bandwidth.
The dual tangent is advantageous in this regard since, at higher frequency, the apparent
dielectric permittivity is less affected by changing electrical conductivity. But

unfortunately, it’s automation of data reduction is also most difficult.

3.3 Effect of Cable Resistance
The per-unit-length parameters that govern the TDR waveform include
capacitance, inductance, conductance, and resistance. The first three parameters are

13
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associated with electrical properties of the medium and cross-sectional geometry of the
waveguide. The per-unit-length resistance is a result of surface resistivity and
cross-sectional geometry of the waveguide (including cable, connector, and sensing
probe), which is often ignored in early studies of TDR waveform by assuming a short
cable. The cable resistance is practically important since significantly long cable is
often used in monitoring (Lin and Tang, 2007; Lin et al., 2007). Not only does it affect
the steady-state response and how fast the TDR waveform approaches the steady state,
the cable resistance also interferes with the transient waveform related to the travel time
analysis, as shown in Fig. 6 for measurements in water with different cable lengths. The

2

“significant length” in which cable resistance becomes unnegligible depends on the
cable type, which could range from lower quality RG-58, medium quality RG-8, to
higher quality cables with solid outer conductor used in CATV industry. The RG-58
cable is used for simulation in this study to manifest the effect of cable resistance and
since it has been widely used for its easy handling.

The measurements of water and the silt loam with various cable lengths were
simulated. As an attempt to counteract the effects of cable length, the system
parameters (i.e. #) and L) were obtained by air-water calibration for each cable length.
The cable resistance significantly distorted the TDR waveform. Consequently, the
calibrated probe length increases with increasing cable length, as shown in Table. 3.
Figure 7 shows the effects of cable length on K, for different methods of travel time
analyses. In the non-dispersive case (Fig. 7a), all methods are not affected by cable
length if air-water calibrations are performed for each cable length. As the medium
becomes dispersive within the TDR bandwidth, the apparent dielectric constant

becomes quite sensitive to changing cable length (see Fig. 7b), in particular for the

derivative method, even though the probe parameters have been calibrated by the
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air-water calibration procedure for each cable length. Figure 7 suggests that the
empirical relationship between K, and soil water content depends on cable length if the
soil is significantly dielectric-dispersive. This is in agreement with the finding in
Logsdon (2000). When studying the effect of cable length on K,—water content
calibration for high surface areas soils, Logsdon (2000) concluded that high surface
area samples should be calibrated using the same cable length used for measurements.
This is even more imperative if the derivate method is used.

The equivalent frequencies and frequency bandwidth associated with Fig. 7b (the
dispersive case) is shown in Fig. 8. Both the equivalent frequency and frequency
bandwidth decreases with increasing cable length. The single tangent and dual tangent
methods have similar trends, while the derivative method is most sensitive to the cable
length and results in the lowest equivalent frequency. Therefore, the derivative method
can yield a K, greater than DC dielectric permittivity due to existence of electrical
conductivity and low equivalent frequency. In this particular case, the equivalent
frequency of the derivative method corresponds to the frequency bandwidth only for

cable length around 10~15 m.

3.4 Effect of Dielectric Relaxation Frequency

The apparent dielectric constant does not have a clear physical meaning when the
dielectric permittivity is dispersive and conductive. Based on the Cole-Cole equation,
the effects of dielectric relaxation frequency f,.; on K, were investigated by varying f.;
in Table 2 while keeping other Cole-Cole parameters constant. The water-based cases
represent cases with large difference between &, and &, (defined as Ag = g;.- &), and
the silt loam-based cases represent cases with relatively small Ae. The apparent

dielectric constants as affected by f,.; are shown in Fig. 9. The f,.; seems to have a lower
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bound frequency below which the dielectric permittivity is equivalently non-dispersive
and equal toe., and a higher bound frequency above which the dielectric permittivity is
equivalently non-dispersive and equal to &.. As f; increases from the lower bound
frequency to the higher bound frequency, the apparent dielectric constant goes from &
to &.. In these relaxation frequencies, the derivative method yields higher K, than
tangent methods because its equivalent frequency is always lower than that of tangent
methods. Comparing Fig. 9a with Fig. 9b, the lower bound frequency seems to decrease
as A¢ increases. That is, the higher the Ag, the wider the relaxation frequency range is
affected by the dielectric dispersion.

Also depicted in Fig. 9 are the associated frequency bandwidths as affected by the
relaxation frequency. When the relaxation frequency is outside the frequency range
spanned by the aforementioned lower bound and higher bound, the dielectric
permittivity does not show dispersion in the TDR frequency range, and hence the
corresponding frequency bandwidth is relatively independent of f,.;.. The frequency
bandwidth decreases as the relaxation frequency becomes “active” and reaches the
lowest point near the middle of the “active” frequency range spanned by the lower

bound and higher bound.

3.5 Apparent Dielectric Constant vs. Frequency Bandwidth

The effects of electrical conductivity, cable resistance, and dielectric dispersion
were systematically investigated. These factors can significantly affect the measured
apparent dielectric constant. The equivalent frequency would give some physical
meaning to the measured apparent dielectric constant, but no method is available for its
direct determination from the TDR measurement. Even if the equivalent frequency of

the apparent dielectric constant can be determined, it may not correspond to the optimal
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frequency range for water content measurement, as shown in Fig. 1. The frequency
bandwidth, often referred to as the effective frequency in the literature, can be
determined from the rise time of the end reflection. It was anticipated to correspond to
the equivalent frequency of the derivative method. However, this correspondence is not
generally true. Besides, the derivative method is quite sensitive to electrical
conductivity and cable resistance, and hence would not be a good alternative to the
conventional tangent line methods. Nevertheless, the frequency bandwidth of the TDR
measurement offers an extra piece of information. An idea has been proposed to
incorporate frequency bandwidth into the empirical relationship between apparent
dielectric constant and soil water content (e.g. Evett et al., 2005). To examine whether
this idea is generally feasible, the relationship between apparent dielectric constant
from the dual tangent method and frequency bandwidth is plotted in Fig. 10 using the
data obtained from previous three parametric studies. The electrical conductivity, cable
length, and dielectric dispersion apparently have distinct effects on the K,-fpn
relationship. In fact, the change in apparent dielectric constant vs. the change in
frequency bandwidth as the influencing factors vary is divergent. When measuring soil
water content, the same water content may measure different apparent dielectric
constants due to different electrical conductivity (e.g. water salinity), cable length, and
dielectric dispersion (e.g. soil texture). Since there is no consistent trend between the
change in apparent dielectric constant and the change in frequency bandwidth,
compensating the effects of electrical conductivity, cable length, and dielectric
dispersion by the frequency bandwidth seem theoretically infeasible. As shown in Fig.
2, Lin (2003) suggested that there is an optimal frequency range, in which the dielectric
permittivity is most invariant to soil texture (dielectric dispersion). To improve the

accuracy of TDR soil water content in the existence of the influencing factors, the
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actual real part of dielectric permittivity near the optimal frequency range should be
measured and used to correlate with water content. Dielectric spectroscopy
(measurement of frequency-dependent dielectric permittivity) based on the full
waveform model that takes into account the electrical conductivity and cable resistance
can be used for such a purpose. However, dielectric spectroscopy is still not the state of
practice due to its complex computation and system calibration. Future studies are
suggested to simplify the TDR dielectric spectroscopy or develop signal processing

techniques for determining dielectric permittivity near the optimal frequency range.

4. Conclusions

The apparent dielectric constant (K,) derived from various travel time analyses
(e.g. duel tangent, single tangent, and derivative methods) does not have a clear
physical meaning. Although earlier study showed that K, of the derivative method
corresponds with the effective frequency determined from the reflection rise time, this
finding is true only for limited EC and cable length values. Using numerical
simulations, this study systematically investigated the influencing factors, including
electrical conductivity (EC), dielectric dispersion, and cable resistance, and the
associated effective frequencies.

The material is perceivably dispersive in a TDR measurement when the dielectric
relaxation frequency (f.;) is within a frequency range. Within this frequency range, the
apparent dielectric constant and frequency bandwidth (determined from the rise time of
the end reflection) are sensitive to f,.;. Dielectric dispersion also plays an important role
on how electrical conductivity and cable length affect K,. In non-dispersive cases, K, is
not affected by EC, and effects of cable length on K, can be accounted for by adjusting
the probe parameters (i.e. the probe length and a constant time associated with arrival

time of the incident wave) using air-water calibration for each cable length. In
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dispersive cases, K, becomes dependent on EC, particularly at high EC, and cable
length, regardless of the effort of air-water calibration for each cable length.

Comparing methods of travel time analysis, the dual tangent method, although
most difficult to be automated, yields a K, with the highest equivalent frequency (i.e. a
frequency at which the K, is equal to the frequency-dependent dielectric permittivity)
and is least sensitive to EC and cable length. The derivative method has the lowest
equivalent frequency and is quite sensitive to EC and cable length for dispersive
materials. Thus it is not a good alternative to the conventional tangent line methods.

There is no general correspondence between the frequency bandwidth and
equivalent frequencies from various travel time analyses. Nevertheless, the frequency
bandwidth of the TDR measurement does offer an extra piece of information.
Simulation results were examined to see whether the effects of EC, cable length, and
dielectric dispersion on the K, can be reflected on and accounted for by the frequency
bandwidth. The results show that there is no consistent trend between the change in K,
and the change in frequency bandwidth as the influencing factors vary. Therefore,
compensating the effects of electrical conductivity, cable length, and dielectric
dispersion by the frequency bandwidth seems theoretically infeasible. To improve the
accuracy of soil water content measurement by TDR, future studies are suggested on
TDR dielectric spectroscopy or developing signal processing techniques for
determining dielectric permittivity within the optimal frequency range between 500

MHz to 1 GHz.
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List of Tables

Table 1. TDR system parameters used in the numerical simulations

Section Parameters Reference value Range
EC o, S/m 0.01 0.005 ~ 0.1
) ) o Tap water, and with
Dielectric permittivity €, ) + .
_ Silt loam varying f,,
Sensing o
: Geometric impedance Z, , Q 300 300
waveguide
Length L, m 0.3 0.3
Resistance loss factor «,,
0.5 0 0
sec
EC o, S/m 0 0
Dielectric permittivity ¢, 1.95 1.95
Lead cable Geometric impedance Z, , Q 77.5 77.5
(RG-58) Length L, m 10 1 ~50
Resistance loss factor «,,
05 19.8 19.8
sec

f Referring to the Cole-Cole parameters listed in Table 2

Table 2. Cole-Cole’ parameters for the materials used in the numerical simulations
(modified after Friel and Or 1999)

Material Eye &, Sl B
Silt loam 26.0 18.0 0.2¢9 0.01
Tap water 78.54 422 17¢9 0.0125

gdc 2

1+ [i(f 7 £

" Cole-Cole equation: e(f)=¢,+

™ Water temperature = 25°C
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Table 3. The calibrated probe length (m) obtaied from the air-water calibration for

different cable lengths and methods of travel time analysis

Cable Length
Methods able neng
Im 10 m 25m 50m
Single tangent
0.2935 0.2968 0.3020 0.3049
method
Dual tangent
0.2934 0.2968 0.3015 0.2993
method
Derivative
0.3025 0.3062 0.3129 0.3352
method
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List of Figures

Fig. 1. Illustration of various methods of travel time analysis: (a) locating the end
reflection by the dual tangent (A point) and single tangent (B point) methods; (b) the
derivative methods locates the end reflection by the apex of the derivative (C point)

(modified after Robinson, et al., 2005)

Fig. 2. Dielectric dispersion of a soil depends on the soil texture (parameterized by the
specific surface Ag). The dielectric permittivity is affected by the interfacial polarization
at low frequencies and by the free water polarization at high frequencies. The optimal
frequency range in which the dielectric permittivity is dominated by water content and
least affected by electrical conductivity and dielectric dispersion due to soil-water

interaction lies between 500 MHz and 1 GHz (modified after Lin, 2003).

Fig. 3. The relation between K, from the derivative method and K|, calculated from the
frequency bandwidth f;y. (a) and (b) show results as affected by EC for non-dispersive
(fre= 10GHz) and dispersive (f..~= 0.1 GHz) case, respectively; (c) and (d) show results
as affected by cable length for non-dispersive (f.;= 10GHz) and dispersive (f,.= 0.1

GHz) case, respectively.

Fig. 4. The apparent dielectric constants as affected by electrical conductivity in (a) the

non-dispersive case and (b) the dispersive case.

Fig. 5. The equivalent frequency and frequency bandwidth corresponding to Fig. 4(b).

Fig. 6. TDR waveforms in water with various cable lengths, in which waveforms of 25

m and 50 m are shifted in time such that the reflections from the TDR probe can be

25



compared for different cable lengths.

Fig. 7. The apparent dielectric constants as affected by cable length in (a) the

non-dispersive case and (b) the dispersive case.

Fig. 8. The equivalent frequency and frequency bandwidth corresponding to Fig. 7(b).

Fig. 9. The apparent dielectric constant and frequency bandwidth obtained by changing

the dielectric relaxation frequency while keeping other Cole-Cole parameters constant

in (a) water and (b) silt loam.

Fig. 10. The relationship between apparent dielectric constant from the dual tangent

method and frequency bandwidth.
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Accurate Time Domain Reflectometry
Measurement of Electrical Conductivity Accounting
for Cable Resistance and Recording Time

C.-P. Lin* Methods accounting for cable resistance in time domain reflectometry (TDR) based electrical
C.C. Chun g conductivity measurements remain controversial, and the effect of TDR recording time has been

underrated when long cables are used. A comprehensive full waveform model and the direct cur-
S.-H. Ta“g rent (DC) analysis were used to show the correct method for taking cable resistance into account

Dep. of Civil Engineering
National Chiao Tung Univ.
1001 Ta-Hsueh Rd.
Hsinchu, Taiwan.

and guidelines for selecting proper recording time. The Castiglione-Shouse scaling method was
found to be incorrect because the effect of cable resistance on the steady-state reflection coeffi-
cient is nonlinear. To account for cable resistance, the series resistors model is theoretically sound
and should be used. The characteristic impedance of the lead cable has a frequency-dependent
increase due to cable resistance, resulting in a rising step pulse and multiple reflections within
the cable section. Hence, reaching the steady state takes much longer time than conventionally
thought when long cables are used, in particular at very low and very high electrical conductivi-
ties. To determine the electrical conductivity accurately, the recording time should be taken after
10 multiple reflections within the probe and three multiple reflections within the lead cable.

Abbreviations: DC, direct current; EC, electrical conductivity; TDR, time domain electrical conductivity.

he bulk electrical conductivity (EC) of a soil is an impor-

tant physical parameter for salinity assessment (Rhoades et
al., 1989), studying solute transport (Kachanoski et al., 1992;
Ward et al., 1994; Vanclooster et al., 1995), and correlating
with hydraulic conductivity (Mualem and Friedman, 1991;
Friedman and Seaton, 1998; Purvance and Andricevic, 2000).
Contaminants also influence soil EC as they change the elec-
trical properties of the pore fluid (Campanella and Weemees,
1990); however, soil water content plays an important role in
these problems as well. Due to the ability to measure dielec-
tric permittivity, which in turn can be used to estimate soil
water content, and electrical conductivity in the same sampling
volume, it is advantageous to measure soil EC based on TDR
rather than the conventional DC resistivity method.

Time domain reflectometry is based on transmitting an elec-
tromagnetic pulse into a coaxial cable connected to a sensing wave-
guide and watching for reflections of this transmission due to imped-
ance mismatches at the start and end of the sensing waveguide. The
round-trip travel time in the sensing waveguide is related to the
dielectric constant and the signal attenuation is associated with the
EC of the material surrounding the sensing waveguide. In soil sci-
ence, early attempts to measure soil EC with TDR used the magni-
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tudes of first reflections from the start and end of the probe (Dalton
etal., 1984; Topp et al., 1988; Zegelin et al., 1989), whose locations
were somewhat arbitrary due to frequency-dependent attenuation.
Later studies replaced the magnitude of the first end reflection with
the steady-state reflection magnitude in the algorithm for calculat-
ing EC (Yanuka et al., 1988; Zegelin et al., 1989). These early algo-
rithms suffered from several oversimplified assumptions, including
the neglect of cable resistance, dielectric dispersion, and multiple
reflections in a conductive medium. Topp et al. (1988) and Zegelin
et al. (1989) presented the Giese-Tiemann method obtained from
the thin sample theory (Giese and Tiemann, 1975) as an alternative
method for EC measurement. The applicability of the thin sample
theory was not ascertained but the experimental results indicated
that it gives more reliable estimates than other methods. Nadler et
al. (1991) rediscovered the Giese-Tiemann method, as pointed out
by Heimovaara (1992) and Baker and Spaans (1993). Since then,
the Giese-Tiemann method has become the standard equation for
calculating EC from TDR measurements. At low frequency, as is
the case for DC conductivity measurement, the thin sample theory
is justified and the effects of dielectric dispersion and multiple reflec-
tions can be neglected. The cable resistance is not taken into account
in the Giese-Tiemann method, however, and this assumption may
become invalid when long cables are used in the field.

Heimovaara et al. (1995) observed that TDR EC measure-
ments were increasingly underestimated as EC increased above
200 mS m!. These errors were attributed to neglecting series
resistance of the cable, connectors, and cable tester as a parameter
in the EC calculation. They suggested modeling the coaxial cable
and the sample as two resistors in series and the Giese-Tiemann
method was modified accordingly. Calibration parameters
involved in calculating the TDR EC include the geometric fac-
tor (probe constant) and the cable resistance (including resistance
loss in connectors and cable tester). These parameters may be
calibrated using least square fitting of TDR EC measurements in
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solutions of different concentrations to EC measurements made
with a conventional conductivity meter. To expedite calibrations
for probes of different lengths, Reece (1998) proposed a method
that measures cable resistance directly. Unexplained differences in
EC accuracy between the calibration method and the direct mea-
surement method for cable resistance was observed, however, in
Heimovaara et al. (1995) and Huisman and Bouten (1999). They
suggested that the series resistors theory may be slightly incom-
plete and the fitting procedure corrects the deviation from theory.
More recently, Castiglione and Shouse (2003) demonstrated, both
theoretically and experimentally, that the formulation based on the
series resistors model is incorrect; however, their disturbing argu-
ments, while seeming logical at a first glance, were in fact troubled
by wrong assumptions and incorrect data. The assumption that the
steady-state voltage varies exponentially along the cable (their Eq.
[17]) and the data (their Fig. 5b) showing the effect of cable resis-
tance on TDR waveforms are not correct. In light of the wrongly
claimed insufficiency of the series resistors model, they presented
an intuitive method, in which the measured steady-state reflection
coefficients are linearly scaled between —1.0 and 1.0 with respect
to the range expanded by the measurements in air (EC = 0) and
under the short-circuited condition (EC =00) before applying the
Giese-Tiemann method. Despite the lack of a theoretical basis,
the effect of cable resistance is inactivated through this linear scal-
ing process and the method is becoming widely accepted (e.g:,
Robinson et al., 2003). It should be pointed out, however, that the
effect of cable resistance on the steady-state reflection coefficient
has never been proven to be linear.

The EC measurement by TDR, as easy as it may seem, remains
a controversial issue, particularly when long cables are used. It should
be noted that TDR is a high-frequency measurement technique
with frequency ranging from kiloHertz to gigaHertz. The pulse
length (i.e., duration of a single step pulse) is in the order of several
microseconds. When TDR is used for determining DC electrical
conductivity, it can only work for cases where the time required to
reach the steady state is less than the pulse length. The time required
to reach steady state strongly depends-on the cable resistance. An
arbitrary “long” time is usually used without close examination of its
legitimacy. No work has been done on the effect of recording time,
particularly in the context of long cables. In this study, a comprehen-
sive full waveform analysis and the DC analysis were conducted in
a well-parameterized manner. The full waveform analysis was used
to examine the theoretical validity of the series resistors model and
Castiglione-Shouse method, and to investigate the effect of record-
ing time on these methods. It will be shown that the series resistors
model is theoretically sound; the unexplained observations and dis-
putes in the literature may be explained by the time effect.

THEORY
Full-Waveform Analysis

While dielectric spectroscopy requires the full waveform, only the
steady-state reflection magnitude is needed for determining EC. With the
capability of modeling the full TDR waveform, however, the theoretical
validity of DC methods can be objectively examined. The effect of record-
ing time on the DC analysis can also be investigated numerically.

The wave phenomena in a TDR measurement include multiple reflec-
don, dielectric dispersion, and attenuation due to conductive loss and cable
resistance. Wave propagation models for TDR have been formulated in vari-
ous forms (Feng et al., 1999; Lin, 2003), in which multiple reflections, dielec-

tric dispersion, and conductive loss are taken into account. Neglecting cable
resistance in these models was justified by the short lead cable used. Cable
resistance becomes an important issue in practice, however, when long cables
are used. To complete the TDR mathematical model, Lin and Tang (2007)
formulated a resistance correction factor (A4) within the modeling framework
proposed by Lin (2003). The frequency-dependent resistance correction fac-
tor is put in a different form here to express the individual contributions of
geometric impedance and surface resistivity of conductors.

The behavior of electromagnetic wave propagation in the frequency
domain can be characterized by the propagation constant () and the char-
acteristic impedance (Z). The propagation constant controls the velocity
and attenuation of electromagnetic wave propagation and the characteristic
impedance controls the magnitude of reflection. The and Z, taking into
account the cable resistance, can be written as (Lin and Tang, 2007)

:ﬂ % 4
B A-% 1al

& " [1b]

|| 1+(1—j)[&]ﬂ
Zo NI (1]

P

where ¢ is the speed of light, € * = e, — jo/(2nf) is the complex
dielectric permittivity (including the effect of dielectric permittivity €,
and electrical conductivity o, in which €, is the dielectric permittivity
of free space), Z_ is the geometric impedance (characteristic imped-
ance in air), A4 is the (per-unit-length) resistance correction factor, j is
the complex unit, 1, = v (Uo/ey) ~ 1207 is the intrinsic impedance
of free space (in which o, is the magnetic permeability of free space),
Og (s705) is the resistance loss factor (a function of the cross-sectional
geometry and surface resistivity due to skin effect), and fis the fre-
quency. If cable resistance is ignored (i.e., Qg = 0), A becomes 1.0 and
~ and Z_have expressions identical to the nonresistance formulations
(Feng et al., 1999; Lin, 2003). Each uniform section of a transmission
line is characterized by its length, cross-sectional geometry, dielectric
property, and cable resistance. These properties are parameterized by
the length (Z), geometric impedance (Zp), dielectric permittivity (€,*),
and resistance loss factor (o), as shown in Fig. 1a. Once these param-
eters are known or calibrated, TDR waveforms can be simulated using
Eq. [1] and the modeling framework proposed by Lin (2003). The
propagation constants and characteristic impedances of each uniform
section are first determined by Eq. [1]. As illustrated in Fig. la, the
input impedance at z = 0, i.e., Zin(O), represents the total impedance
of the entire nonuniform transmission line. It can be derived recur-
sively from the characteristic impedance and the propagation constant
of each uniform section, starting from the terminal impedance Z;:

Z.(2,)=2,
Z, +Z_,tanh(~,],)
MZ.,4Z, tanh(~,/,)

2 o)z Ealen )t 7oy a0h (3, )
in\%n-2 cyn—1 Zc,nfl + Zin(z ,H)tanh (f\‘nflln—l )

Z,(2,.)=2

Zi.n(zl) + Zc,l tanh(“hh)

Z_(0)=
n(0) ol Zc,1 +Zin(21)tanh(ﬁflll)

(2]
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where Z

o Vi and [, are the characteristic impedance, propagation

constant, and length of each section, respectively, and Z; is the ter-
minal impedance. A typical TDR measurement system uses an open
loop (Z; = 00). The frequency response of the TDR sampling voltage
V(0) can then be written in terms of the input impedance as

2,0)

V(O =-—x7V-=H".
Z.(0)+Z, 3]

where V(0) is the Fourier transform of the TDR waveform (z,); Vs the
Fourier transform of the TDR step input; Z_ is the source impedance of
the TDR instrument (typically Z, = 50 €2), Z_(0) is the input imped-
anceat z =0, and H = Z _(0)/[Z, (0) + Z] is the transfer function of the
TDR response. The TDR waveform is the inverse Fourier transform of
W(0). Inversion for transmission line parameters or material properties
can be done based on this full waveform modeling.

Direct Current Circuit Analysis

From basic circuit theory, the transmission line can be
modeled as a lumped circuit when the wavelength is significantly
greater than the electrical length. At zero frequency; the lumped

Voltage

source

circuit is shown in Fig, 1b, equivalent to the assumptions made
by Heimovaara et al. (1995) and Reece (1998). The DC lumped
circuit model includes the voltage source v, (double of the pulse
step 7)), the inner resistance R, (equal to the source impedance
Z), and cable resistance R_ . (in fact, the combined series resis-
tance of probe, cable, connector, and cable tester) and soil sample
resistance R. The steady-state reflection voltage can be derived
from circuit theory as

R + Rcable

v, = ey
R + (Rs +Rcable ) [4]

where the sample resistance is related to the EC by
3000

Vs

Sampling
voltage

Eq. [11]), so the cable correction factor 4 can also be written as a

power series:

1

1— Repe 1-po
R, 1+p,

k=

1+[Rcab1e 1—py

+ Repe 1 =P
R, 1+p.

R, 1+p

2 3
]+[§;*11““]+m1
O [7]
It should be noted that the cable correction factor £ depends not only on
R . but also on the EC of the sample, since it is a function of p,,. The
effect of cable resistance increases with increasing EC (i.e., as p,, decreases).
To correctly determine the EC from a TDR measurement, both

the probe constant 3 and cable resistance R . need to be known.

cable
0)
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- @ e
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1
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N
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_Llﬁl
T
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+

Voo

(b)

r=te

[0

[5]
2500}

in which K is a geometric factor. Substituting Eq. [5] into
Eq. [4] and noting p_, = (v, = 2y)/ vy, in which v, = 25 since 2000}
the source impedance is typically designed to be identical to
the characteristic impedance of the connected transmission
line, as shown in Lin (2003), the EC of the sample can be

derived as a function of the steady-state reflection coefhicient

Poot

1500+
1000F

500
1—p,

The step pulse is rising
due to cable resistance

o—ﬁ[

1
Rs 1+p00] 1_[Rcable l_poo] 0

R, 14p,

400 600 800
Time, ns

200 1000

Fig. 1. (a) The multisection transmission line model of the time domain re-

1-p
< k(R .,
B[l—i‘pm] ( cable poo) [6]

flectometry (TDR) measurement system, in which each uniform section
is characterized by the geometric impedance (Z)), resistance loss factor
(og), complex dielectric permittivity (c,*), and waveguide length (). The
transmission line is driven by a source voltage (V,) with a source imped-

ance (Z)) and terminated in a load (Z)). The input impedance (Z;) is

where 3 (=KP/RS) is a probe constant and # is the correction
factor for cable resistance, called the cable correction factor
(to be distinguished from the per-unit-length resistance cor-
rection factor A in Eq. [1]). The term R_ | /R (1 —p )/(1 +
Poo) is <1 (which can be proved by substituting R_, . from

defined as the ratio of line voltage (V) to the line current (/). (b) The as-
sociated direct current circuit model, in which R is the inner resistance
(equal to the source impedance Z)), R
sample resistance, v, is the source voltage (in time domain), and v__ is the
TDR steady-state voltage. (c) A typical TDR waveform showing definition
of reflection coefficient (p), where {; is the roundtrip travel time in the
probe section, and ¢

cable IS the cable resistance, R is

cable IS the roundtrip travel time in the cable section.
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Giese and Tiemann (1975) analytically derived the TDR EC from
transmission line and thin sample theory in the case of lossless cable
(e, R e = 0):

o —| 5% |[1zpx | _g1=pu
T ZL 140, I+p,

where g is the dielectric permittivity of free space, ¢ is the speed of light,

(8]

Z_ is the geometric impedance of the probe, Z_ is the source impedance,
and L is the probe length. As R_; | . approaches zero, the cable correction
factor # in Eq. [7] becomes unity and Eq. [6] has an expression equiva-
lent to the Giese-Tiemann equation (Eq. [8]). Equating Eq.[8] to Eq.
[6] with R

cable

EOCZP
ZL

= 0, the probe constant can be found as

[9]

where the only unknown value in practice is the probe geometric imped-
ance Zp, which can be analytically determined for coaxial and various
multiconductor probes (Ball, 2002). The cable resistance depends on
ag (a cable property), the cable length, and the geometric impedance.
Their relationship is induced from full waveform simulations as

B L Q R,LL ; 10
R = Zlo L. [10]
where QR » Zp)l- and L, are the resistance loss factor, geometric imped-
ance, and transmission line length for each uniform section. The
unknown values in Eq. [10] are Qg ; and Zp’i.

Although the probe constant 3 and cable resistance R_ . can be
determined analytically from Eq. [9] and [10], Zi and oy ; are typi-
cally not known a priori. Using the full waveform propagation model,
Zp’i and Qg ; can be obtained (calibrated) from an inverse analysis
of a single measurement in a sample with known electrical proper-
ties (such as air or pure water). Alternatively and more practically,
R 1. can be directly determined from a measurement on a sample
with known R, as suggested by Reece (1998). In the limiting case of a
sample with R = 0 (i.e., TDR waveguide probe whose conductors are

shorted together), the R_; . can be determined as

R, (11]
(1*pm,sc/1+f%@,sc)

where p_, ¢ is the steady-state reflection coefficient of the measure-

cable —

ment in which the conductors are shorted together. With known

R

cable’
one calibration test in a salt solution with known EC.

the probe constant 3 can be obtained using Eq. [6] and at least

The series resistors model should be theoretically sound accord-
ing to the well-established circuit theory. Castiglione and Shouse
(2003) presented an alternative approach for taking cable resistance
into account, however, in which the steady-state reflection coefficients
are linearly scaled between —1.0 and 1.0 with respect to the range
expanded by the measurements in air (EC = 0) and the short-circuited
condition (EC = c0):

psample - popen + 1 [12]

p open Pshort

Pscaled = 2

where p_, .4 is the TDR measurement corrected for cable resistance
by the scaling process; p open and pg, . are the reflection coefficients
with the probe in open air and short-circuited, respectively. The value

of Py jeq represents the TDR measurement as if there is no cable resis-
tance, so the Giese—Tiemann equation (Eq. [8]) can be used for calcu-
lating the EC. Castiglione and Shouse (2003) claimed that the series
resistors model is incorrect and Eq. [12] leads to better agreement
with experimental results. It should be pointed out, however, that
the scaling process is linear while the effect of cable resistance on the
steady-state reflection coefficient will be shown to be nonlinear. We
examined both the series resistors model and the Castiglione—Shouse
method using full waveform analysis and experiments.

MATERIALS AND METHODS

The ability of the TDR wave propagation model to capture
the resistance effect was first verified by several TDR measurements
with a 30-m RG58A/U cable. The TDR measurements were made
by attaching the TDR probe (12-cm two-rod probe with conductors
3 mm in diameter with 20-mm spacing) to a Campbell Scientific
TDR 100 (Campbell Scientific, Logan, UT) via the 30-m-long lead
cable and a SDMX multiplexer. Any uniform transmission line sec-
tion can be parameterized by the length (L), geometric impedance
(Zp), dielectric permittivity (€ *), and resistance loss factor (o). One
of the three parameters (L, Z, or £*) needs to be known so that the
other two parameters and o can be calibrated from a measured TDR
waveform (Lin and Tang, 2007). With known lengths, the transmis-
sion line parameters (ZP, e.”, and ag) of the lead cable and multi-
plexer section were calibrated by a measurement with the lead cable
open ended. The transmission line parameters (Zp, L, and ap) of the
TDR probe were then calibrated by a measurement with the probe
immersed in deionized water, whose dielectric property is known.
Using the calibrated transmission line parameters, TDR waveforms
were simulated and compared with measured waveforms for the probe
in open air, immersed in tap water, and short-circuited. Time interval
Ar=2.5x 10" s and number of data points N = 65,536 were used
in the numerical simulations (for details, see Lin and Tang, 2007).
The resulting effective time window 0.5NAz = 8192 (40A7) = 8.2 x
105 is slightly greater than the pulse length of 7 x 10 sina TDR
100. The corresponding Nyquist frequency and frequency resolution
are 20 GHz and 60 kHz, respectively. The Nyquist frequency is well
above the frequency bandwidth of the TDR 100 and the long time
window ensures that a steady state is obtained.

Using the verified TDR wave propagation model, the theoreti-
cal validity of the series resistors model and the Castiglione—Shouse
method can be examined. The EC was numerically controlled and
compared with that estimated from the synthetic waveforms using
the Giese-Tiemann method, series resistors model, and Castiglione—
Shouse method. The time window used for these numerical simula-
tions was excessively large to ensure that a steady state was obtained
and DC analysis was examined. As will be seen, the cable resistance
can have a great effect on how the reflection approaches the steady
state. Intermediate reflection plateaus at long times may be mistakenly
taken as the steady-state reflection coefficient. The effect of record-
ing time on the series resistors model and the Castiglione—Shouse
method was investigated through a parametric study. Factors con-
sidered include lead cable length, probe length, probe impedance,
and electrical properties of the material being tested. The simulation
parameters used in the parametric study are listed in Tables 1 and 2.
The resistance loss factor (o) of the waveguide was set as 0.0 for all
cases, since it has a negligible effect on the TDR waveform due to the
short probe length.

SSSAJ: Volume 71: Number 4 ¢ July-August 2007



The numerical findings were verified by experi-

Table 1. Simulation parameters.

mental data. Time domain reflectometry measurements Section Parameter Range
were made on seven NaCl electrolytic solutions, with o electrical conductivity (c), /m  0.005 ~ 0.2
varying from 0 to 0.15 S m~!, using the 30-m RG58A/U dielectric permittivity () Tap water, ethanol, and silt loam+t
cable and 12-cm two-rod probe. The EC was measured  Waveguide geometric impedance Z,), 2 150 ~ 300
independently with a standard EC meter (YSI-32, Yellow length-L,-m 0.1 ~0.3

Springs Inc., Yellow Springs, OH). When directly deter- resistance loss factor (), s=0-5 0

mining R_, | using Eq. [11], the measurements were per- o, S/m 0

formed by shorting the cable end with a short wire. The e, 1.95

resistance in the probe section was found to be negligible | ¢14 cable z,9 77.5

from Eq. [10] and a theoretical o value computed from length, m 0 ~ 200

the probe geometry and conductor property. The cross- o, 705 0,19.8

section of the probe is much larger than that of the coaxial
cable. Shorting the probe end with a wire may introduce
extra resistance. We suggest shorting the cable end with a
short wire or the probe end with a metal plate.

RESULTS AND DISCUSSION
Effect of Cable Resistance on Time Domain
Reflectometry Waveforms

The effect of cable resistance on TDR waveforms is illus-
trated by TDR measurements with a 30-m RG58A/U cable
and modeled by the full waveform analysis. The characteristics
of the lead cable (Zp =77.58,¢* =195 and ap = 19.8 §70-5)
were backcalculated from the measured waveform with the
lead cable open ended, while the characteristics of the probe
(Zp =290 €, L =0.126 m, and oy = 153 s795) were obtained
from a measurement with the probe immersed in deionized
water. Figure 2a shows the measured and predicted waveforms
using the backcalculated parameters for the probe in open air,
immersed in tap water, and shore-circuited. The full waveform
analysis takes into account the multiple reflections, dielectric
dispersion, and attenuation due to conductive loss and cable
resistance altogether. The excellent match between the mea-
sured and predicted waveforms validates the TDR wave propa-
gation model and the calibration by full-waveform inversion.
The predicted waveforms in which cable resistance is ignored
are also shown in Fig. 2a for comparison. Of most impor-
tance to EC measurements is how cable resistance affects the
steady-state response. As depicted in Fig. 2a, cable resistance
gives rise to an increase in the steady-state response, causing
an underestimation of EC if cable resistance is not taken into
account. The amount of increase in the steady-state response
depends on the EC, with no increase when EC = 0 (i.e., probe
in open air) and maximum increase when EC = 0o, Therefore,
the TDR EC measurements are increasingly underestimated
as EC increases, as also observed by Heimovaara et al. (1995)
and Reece (1998). This monotonic behavior is different from
that revealed by Castiglione and Shouse (2003) in their Fig.
5b, reproduced in Fig. 2b for comparison. The reflection coef-
ficient in air (i.e., EC = 0) should be 1.0 regardless of the lead
cable length, as also suggested by Eq. [6]. The data shown in
Castiglione and Shouse (2003) seems abnormal. The error was
probably caused by the data acquisition program, and was over-
looked due to the misconception that the long-time reflection
coefficient is reduced in absolute value due to cable attenuation
(i.e., a positive long-time reflection coefficient decreases at low
EC, while a negative long-time reflection coefficient increases
at high EC, as shown in Fig. 2b).

t Referring to the Cole—Cole parameters listed in Table 2.

In addition to the steady-state response, it is also interest-
ing to note how cable resistance affects the time required to
reach the steady state. The characteristic impedance of the cable
used is actually 55 €2, not precisely 50 2. The unmatched cable
gives rise to multiple reflections within the cable section, as can
be observed from the reflections around 560 ns in Fig. 2a. Even
if the cable has-a nominal characteristic impedance perfectly
matched with the source impedance of the TDR device (typi-
cally 50 ©), the characteristic impedance of the cable is in fact
a function of frequency and cable resistance, as suggested in
Eq. [1]. This is evidenced by the rising step pulse, as shown in
Fig. 2a and illustrated in Fig. 1. Therefore, the multiple reflec-
tions within the cable section are inevitable. The magnitude of
the multiple reflections within the cable depends not only on
cable resistance but also on the EC. It is most prominent when
the probe is in open air or shorted. The rising plateau of the
step pulse and the rise time of the reflected pulse increase as
or cable length increases. Hence, it takes a much longer time
to reach steady state for long cables. The reflection coefficient
beyond 400 ns may be mistakenly taken as the steady state if
the waveform is not recorded long enough, as shown in Fig. 2a.
This problem has been overlooked and may have a significant
effect on TDR EC measurements.

Theoretical Assessment of Direct Current Analysis
Methods (without Time Error)

Using the verified TDR wave propagation model, the theo-
retical validity of the series resistors model and the Castiglione—
Shouse method can be examined. A very long time (8.2 x 10=65)
was used in the numerical simulations to ensure that the assess-
ment is performed under the true steady-state responses. The defi-
ciency of the scaling process proposed by Castiglione and Shouse
(2003) is illustrated in Fig. 3. To enhance visual illustration, a long

Table 2. Cole—Colet parameters for materials used in numeri-
cal simulations.

Material €dc oo frel a
Tap water = 79.9 4.22 17 x 109 0.0125
Ethanol 25.2 4.5 0.78 x 102 0.0
Silt loam  26.0 18.0 0.2x10%  0.01

t Cole—Cole equation: e(f) = e _ + (4. — e JAT + [j(f/fre|)]] —q},
where e () is the complex dielectric permittivity, e is the di-
electric constant at zero frequency, € is the dielectric constant
at infinite frequency, . is the relaxation frequency, o is a param-
eter characterizing a spread in the relaxation frequencies, j is the
complex unity v/(—1), and f is the frequency.
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Fig. 2. Effect of cable resistance on time domain reflectometry (TDR) waveforms for
a variety of electrical conductivities (o): (a) measured TDR waveforms com-
pared with that predicted by the full waveform model in this study; (b) mea-
sured TDR waveforms in Fig. 5b of Castiglione and Shouse (2003).
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Fig. 3. lllustration of the nonlinear relationship between the steady-
state reflection coefficient with 200-m RG-58 cable and that
without cable resistance, in which p__, .4 is the scaled reflec-
tion coefficient by the Castiglione—Shouse method (Eq. [12]).
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0.4}

0.35}

RG-58 cable (200 m) was used for the numerical
simulation. The steady-state reflection coefficient
with the 200-m RG-58 cable (o = 19.8 )
is plotted against that without cable loss (o =
0 5793), as shown by the solid line in Fig. 3. This
curve is not a linear line and the scaled line by
applying Eq. [11] is a nonlinear line rather than
the 1:1 linear line. This disparity reveals that the
Castiglione~Shouse method is correct only for EC
=0 and EC = 00, since the effect of cable resistance
on the steady-state reflection coefficient is nonlin-
ear while the scaling process is linear.

In Fig. 4, the -electrical conductivity in
the measurement system was numerically con-
trolled and compared with that estimated from
the synthetic waveforms using three different
DC analysis methods. The result shows that the
series resistor model is theoretically correct (if
the true steady-state response is obtained), while
the Giese-Tiemann method and Castiglione—
Shouse methods result in underestimation and
overestimation, respectively. The overestima-
tion by the Castiglione-Shouse method linearly
increases with EC, while the underestimation
by the Giese-Tiemann method nonlinearly
increases with EC. In Fig. 4, the probe con-
stant {3 is determined by Eq. [9], which is only
a function of probe geometry and indepen-
dent of cable resistance. If the probe constant
B is obtained using least square fitting of TDR
EC measurements in salt solutions of differ-
ent concentrations to conductivity measure-
ments made with a conventional conductivity
meter, the result becomes that shown in Fig. 5.
The linear overestimation by the Castiglione—
Shouse method is completely compensated for
by the fitted probe constant, while the non-
linear underestimation by the Giese—Tiemann
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Fig. 4. The estimated electrical conductivity (o) using the actual
probe constant in three different methods compared with the
numerically controlled true electrical conductivity (oy,,,.)-
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method is only minimized in a least square sense, resulting in
slight overestimation at low EC and underestimation at high
EC in the fitting range. It should be noted that the fitted probe
constant depends not only on the probe geometry but also on
the cable resistance. Hence, probes with the same probe geom-
etry but different cable length should be individually calibrated
when the Castiglione-Shouse method or the Giese-Tiemann
method are used. This is not very practical for field monitoring
with many probes. In practice, the series resistors model should
be used. It has a unique probe constant for each type of probe,
and the cable resistance can be easily determined by Eq. [11]
without further calibrations.

Effect of Recording Time

The assessment of DC analysis methods assumes that
steady state is obtained. In practice, an arbitrary “long” time
is usually assumed for the steady state without close exami-
nation of its legitimacy. The parametric study shows that the
time required to reach the steady state depends on the cable
resistance, the electrical properties of the medium, and probe
characteristics. In the case of negligible cable resistance, Fig.
6 shows how EC, probe characteristics, and dielectric permit-
tivity affect the time required to reach the steady state. The
recording time is expressed as the time that includes multiples
of roundtrip travel time in the probe section (#,). The reflection
voltage at a very long time (8.2 x 10 s, slightly greater than
the pulse length of 7 x 10 s in a TDR 100) was used to rep-
resent v _. The time required to reach the steady state increases
with decreasing EC, decreasing characteristic impedance, and
increasing dielectric constant. But without cable resistance,
reflection coefficients all converge to the steady state (v/v_
= 1) in fewer than 10 multiple reflections within the probe, a
time often used to represent the steady state in practice.

For the 12-cm probe, Fig. 7 shows the effect of recording
time for different lengths of RG58 cable and electrical conduc-
tivities. The time required to reach the steady state increases
with cable resistance. But the way the reflection coefficient
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Fig. 5. The estimated electrical conductivity (o) using the fitted
probe constant (3) in three different methods compared with
the numerically controlled true electrical conductivity (oy,,,0)-
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Fig. 6. Examples showing how (a) electrical conductivity o, (b)
geometric impedance Z_ and length L, and (c) dielectric
permittivity affect the time required to reach the steady
state, with time expressed as the time that includes mul-
tiples of roundtrip travel time in the probe section (t).
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Fig. 7. Recording time required for the voltage (v, to reach steady
state (v__) for probes that are (a) short-circuited, (b) in water
of two electrical conductivities, and (c) in open air.
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Four approaches may be used to determine the TDR

EC from the steady-state response: (i) using the series resis-
tor model with cable resistance directly measured by the
short-circuited probe (Eq. [11]) and a probe constant fit-

ted to calibration tests; (ii) using the series resistor model
with both cable resistance and the probe constant fitted
to calibration tests; (iii) using the Castglione-Shouse

method with an actual probe constant determined by Eq.
[9] or calibrated with a very short cable; and (iv) using the

Castiglione-Shouse method with a probe constant fitted
to calibration tests. Figure 8 reveals the effect of record-

ing dme on estimated EC using these four different
approaches, in which the estimated EC of any recording
time is expressed as 0 . In this illustration, calibrations were

s petformed with EC ranging from 0 to 0.2 S m™! with
0.02 S m~! spacing. The fitted probe constant is the probe

constant that results in the minimum least square error
between estimated and actual EC in the fitting range. It
coincides with the theoretical probe constant only when

the series resistors model is used and the recording time
is representative of the steady state. As shown in Fig. 8,
the estimated EC by the series resistors model eventually

10" converges to the true value, but the rate of convergence

depends on the calibration method, the cable length, and
the EC. The results for fitting both the probe constant and
cable resistance (Fig. 8b) increase the estimation accuracy
slightly for each recording time, but the convergence trend

is similar to that for fitting only the probe constant, with
cable resistance directly measured by the short-circuited
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Fig. 8. The effect of recording time (f), expressed as the time that includes
multiples of roundtrip travel time in the probe section (¢, on the esti-
mated electrical conductivity (o,) using the series resistors model with

measured and probe constant (3 fitted, and (b)

and @ fitted, or using the Castiglione-Shouse method with (c) ac-

(a) cable resistance R

Rcable . \
tual 3 determined, and (d) 3 fitted.

cable

approaches the steady state strongly depends on the EC, as also
suggested by Fig. 2. Two extreme cases, the probe in open air
(EC = 0) and the probe with conductors shorted together (EC
= 00), are shown in Fig. 7a and 7c. Figure 7b shows the results
for two electrical conductivities in between the two extreme
cases. At high EC, the ratio »/v__ decreases monotonically and
gradually approaches the steady state, while at low EC, v/v_
increases slightly above 1.0 and then quickly approaches the
steady state. The medium EC is least affected by the record-
ing time. The definition of “high,” “medium,” and “low” EC
here means EC that results in reflection coefficient near —1.0,
0, and 1.0, respectively. This property depends on the probe
characteristics (i.e., geometric impedance and probe length), as
can be inferred from Eq. [9]. For example, the EC may be con-
sidered “high” for a long probe but is considered “medium” for
a short probe. When the waveguide is short-circuited, it takes
a much longer time to reach the steady state even with small
cable resistance, as shown in Fig. 7a. Hence, cautions should
be taken when determining the cable resistance from the TDR
measurement of a short-circuited probe using Eq. [11].

, probe (Fig. 8a). The time window required to have accurate
estimation of EC increases with cable length, as expected,
and is generally less than that required to reach the steady
state due to the fitted probe constant. Unlike what Fig. 7b
may suggest, however, high EC converges to the true value
faster than low EC does. This is due to the fact that TDR
EC measurements are affected by the recording time not
only when making measurements but also when fitting the
probe constant and cable resistance. As shown in Fig. 7,
the TDR response approaches the steady state in different
ways for different electrical conductivities. Depending on the fitting
range and data sampling, the fitted probe constant may work in
favor of some electrical conductivities. But of most importance is
how to obtain accurate estimation for all electrical conductivities.
The recording time is expressed as the time that includes multiples
of roundtrip travel time in the probe section (#,) in Fig. 8. The same
result is plotted in Fig. 9 with recording time expressed as multiples
of roundtrip travel time in the lead cable (z_ ). Except for the case
of avery short lead cable; accurate estimation of EC can be obtained
with a recording time greater than 3z_, , regardless of the fitting
range for the probe constant. The characteristic impedance of the
lead cable increases with increasing cable length, giving rise to mul-
tiple reflections within the lead cable, as shown in Fig. 2a. The con-
vergence of EC estimation is governed by multiple reflections in the
sensing probe for a short lead cable, while it becomes dominated by
multiple reflections in the lead cable for a long lead cable. A simple
guideline for selecting an appropriate recording time can be drawn
from the parametric study. To determine the EC accurately, the
recording time should be taken after 10 multiple reflections within
the probe and three multiple reflections within the lead cable. Errors
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found in the literature using the series resistor 15 . . . (a)chable

measured, p fitted

model with cable resistance directly measured by — 1m
the short-circuited probe may be explained by the

true

time effect, an imperfect shorting element, or the
wrong acquisition program.
The effect of recording time on the 5=002Sm"’

Gt/G

ag = 19.8 sec*®; Z,=3000
Probe length = 0.12m

Castiglione-Shouse method is shown in Fig. G . . . : . , . . ,
8c, 8d, 9c and 9d for comparison. If the probe 15 2 2.5 3 3.5 4 45 5 55 6
constant is fitted (Fig. 8d and 9d), the estimated ()R @nd p fitted
EC by the Castiglione-Shouse method also con- I I

cable
L

15 T T

verges to the true value with reduced time effect. c=02Sm

true

But if the actual probe constant is determined

o,/ o,
t
/
!
J;
13
§

and used (Fig. 8cand 9¢), it takes a much longer "% | s
time for the estimated EC by the Castiglione— 5=002Sm’

Shouse method to. bec9me {nvarlant with tlm?. ¥ - ) | ) X P ) )
When the recording time is >67_, ., the esti- 15 2 25 3 35 4 45
mated EC still gradually decreases with time. (c) Castiglione - Shouse, B determined

18 T T - T T T

The asymptotic value overestimates the EC. The 5=0028m™ <

55 6

overestimation increases with cable length and
the asymptotic o t/otr'Lle .
EC, as also suggested in Fig. 4.

true

is independent of the

Gt/O'

Experimental Verifications P e . . \ . . .
To further verify the numerical findings, a : 15 2 25 3 35 4 45 5 55 6
few TDR measurements were made on NaCl % (d) Castiglione - Shouse, p fitted
electrolytic solutions, with o varying from 0 to ’ ' ' > ' y ' ' '
0.15 S m™, using the 30-m RG58A/U cable TR ™
and 12-cm two-rod probe. The TDR measure-
ments were interpreted by the Giese-Tiemann

true
>

Gt/c
{

method, Castiglione-Shouse method, and 5=02Sm’

the series resistors model with cable resistance .

. . . 0‘5 1 1 L
directly measured by the short-circuited probe. 15 2 25 3 35 4 45 5 55 6
The steady-state responses were recorded at the e

time around 4.57_,, . that includes 80 multiple =~ N . . o
Fig. 9. The effect of recording time (t), expressed as multiples of roundtrip travel time in

the lead cable (t_,;,.), on the estimated electrical conductivity (o) using the series

= @ . resistors model with (a) cable resistance R ;. measured and probe constant 3 fit-
used for calibrating the probe constant. Figure ted, (b) R,y and {3 fitted, or using the Castiglione-Shouse method with (c) actual 8
10 compares the TDR EC with that measured determined, and (d) 3 fitted.

by a conventional EC meter. The results are in

reflections within the probe, satisfying the cri-
teria for the steady state. The same data were

good agreement with that found in Fig. 4 and e N
5. When the probe constant is fitted, both the series resistors 0.16} p |
model and the Castiglione—Shouse method provide accurate EC o el
measurements in the full EC range, while the Giese-Tiemann ' 08
method slightly overestimates at low EC and underestimates 0.12% 1
at high EC in the fitting range. The fitted probe constants B ol ]
) )
are equal to the actual probe constant when the lead cable is i
. £ o008} ]
very short. For long lead cables, the fitted probe constant is
identical to the actual one only in the series resistors model. If 0.06¢ 1
the actual probe constant is used, linear overestimation by the o ]
Castiglione-Shouse method and nonlinear underestimation by o Giese-Tiemann, j determined
the Giese—Tiemann method are obvious, agreeing well with the Ml AT ]
+ Castiglione-Shouse, § determined
numerical findings. v Castiglione-Shouse,  fitted i
O  Series Resistors
B A o e ——
CONCLUSIONS 0 002 004 006 008 01 012 014 016 0.18

. . . . . sm’
Cable resistance and recording time are important factors in sl

TDR EC measurements when long lead cables are used. In this Fig. 10. Electrical conductivity measured by time domain re-

study; a rigorous full waveform analysis and the DC analysis were flectometry (o7pp) compared with that measured by a YSI
used to show the correct method for taking cable resistance into conductivity meter (o)) using three different models with
account and guidelines for selecting the proper recording time. the probe constant 3 measured or fitted.
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At EC = 0, the steady-state response is not affected by the
cable resistance. But as EC increases, cable resistance gives rise
to a growing increase in the steady-state response. Hence, the
TDR EC measurements are increasingly underestimated by the
Giese—Tiemann method as EC increases. This effect of cable
resistance can be precisely captured and taken into account by
the series resistors model, which is theoretically sound accord-
ing to the well-established circuit theory and verified by the
full waveform analysis. The alternative Castiglione-Shouse
method, in which the measured steady-state reflection coeffi-
cients are linearly scaled between —1.0 and 1.0 with respect to
the range expanded by the measurements in air (EC = 0) and
under the short-circuited condition (EC = c0), on the other
hand, was shown to be incorrect. This can be explained by the
fact that the effect of cable resistance on the steady-state reflec-
tion coefficient is nonlinear while the scaling process is linear.
The error using the Castiglione-Shouse method may be com-
pletely compensated for if the probe constant 3 is obtained
using least square fitting of TDR EC measurements to known
EC values or to EC measurements made with a conventional
conductivity meter. The fitted probe constant then becomes a
function of cable length (resistance).

The cable resistance affects not only the steady-state
response but also the time required to approach the steady
state. The characteristic impedance of the lead cable has a fre-
quency-dependent increase due to cable resistance, resulting in
a rising step pulse and multiple reflections within the cable sec-
tion. Hence, it takes a much longer time than conventionally
thought to reach the steady state when long cables are used,
in particular at very low and very high EC. To determine the
electrical conductivity accurately, the recording time should be
taken after 10 multiple reflections within the probe and three
multiple reflections within the lead cable.
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Measurement of electrical conductivity by time domain reflectometry (TDR) requires
knowledge of the source step voltage, which is often implicitly accounted for in the mea-
sured reflection coefficient. Errors may arise, however, from imperfect amplitude calibration
when transforming the voltage signal into the reflection coefficient signal. This instrument
error was identified as a considerable source of error in addition to cable resistance for TDR
electrical conductivity measurements. The effect of the instrument error due to imperfect
amplitude calibration was theoretically examined by the direct current circuit model and
experimentally verified. The instrument error resulted in an overestimation of electrical con-
ductivity while the cable resistance led to an underestimation. We clarified that the series
resistors model for correction of cable resistance is accurate if the measured reflection coef-
ficient is corrected for the instrument error. A calibration (correction) method for the mea-
sured reflection coefficient was proposed to account for both the instrument error and the
effect of cable resistance, leading to a simple, accurate, and theoretically sound procedure for
TDR electrical conductivity measurements.

Abbreviations: EC, electrical conductivity; TDR, time domain reflectometry.

National Chiao Tung Univ.
Hsinchu
Taiwan

Time domain reflectometry is a powerful tool for soil water
content measurement. It has become even more popular
as later findings have shown that it can be used to simultane-
ously measure soil water content and bulk electrical conduc-
tivity (EC or o). After several years of exploration in the late
1980s, TDR electrical conductivity measurements are now
universally calculated from the steady-state reflection coeffi-
cient (p), known as the Giese—Tiemann method (Giese and
Tiemann, 1975). The effect of cable resistance was not taken
into account in the original Giese-Tiemann equation, resulting
in increasing underestimation as cable length and EC increase.
Heimovaara et al. (1995) modified the Giese-Tiemann equa-
tion to account for the cable resistance using a series resistors
model. They also suggested that cable resistance and the probe
constant should be calibrated with measurements made in lig-
uids with known EC. Alternatively, the cable resistance can be
directly determined from a measurement in which the conduc-
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tors are shorted, as suggested by Reece (1998). Unexplained
differences in EC accuracy between the calibration method
and the direct measurement method were observed, however,
in Heimovaara et al. (1995) and Huisman and Bouten (1999).
They suggested that the series resistors theory might be slightly
incomplete and the fitting procedure corrects the deviation
from theory. Castiglione and Shouse (2003) presented an alter-
native method, in which the measured steady-state reflection
coefficient is linearly rescaled between -1.0 and 1.0 based on
a measurement in air (o = 0) and a short-circuited condition
(0 = 00). After rescaling, the original Giese-Tiemann method
is applied. It was believed that this scaling procedure elimi-
nates the effect of cable resistance. For a while, the Castiglione—
Shouse method became widely accepted and advocated (e.g.,
Robinson et al., 2003).

Recently, Lin et al. (2007) showed that the Castiglione—
Shouse scaling method is incorrect because the effect of cable
resistance on p_ is nonlinear. The error introduced by the
Castiglione—Shouse method can be completely compensated,
however, by fitting the probe constant to known EC values
measured with a conventional conductivity meter. Because of
this error compensation, the fitted probe constant becomes
a function of cable length (resistance), which is theoretically
incorrect. To account for the cable resistance, Lin et al. (2007)
showed that the series resistors model is theoretically sound
and should be preferred over the incorrect Castiglione-Shouse
scaling method. A modified Giese-Tiemann equation was
explicitly derived. The unexplained deviations from theory
discussed in the literature regarding the series resistors model
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were attributed to the time effect. It takes much longer time
than conventionally thought to reach a steady state when long
cables are used, in particular at very high EC. To determine
the EC accurately, the recording time should be taken after 10
multiple reflections within the probe and three multiple reflec-
tions within the lead cable for EC ranging from 0 t0 0.2 S m™!
(Lin et al., 2007). Much longer time is required to directly
determine the cable resistance using the short-circuited probe.

Some errors may still be observed, particularly at low EC,
using the procedure suggested by Lin et al. (2007). Typically,
these errors are not obvious because calibration of the cable
resistance requires measurements at high EC. It is not reason-
able to attribute these errors and unexplained observations in
the literature regarding the series resistors model to the time
effect alone. In this study, we argue that these errors are related
to inaccuracy in determining the reflection coefficient. The p
of a measurement in air (i.e., open circuit without any conduc-
tion) is theoretically 1.0 regardless of the cable length; however,
this is not the case for many TDR devices, resulting in non-
zero EC at the zero-EC condition. For example, the p. of our
TDRI100 units open in air range from 0.95 to 0.97. Typical
fluctuations between 0.96 and 1.00 are the best the manufac-
turer can do with the technology they are using (Campbell
Scientific, personal communication, 2007). The objective of
this study was to complement Lin et al. (2007) to clarify that
the series resistors model is indeed accurate and that the non-
zero EC problem in air is due to something else—instrument
error in defining the reflection coefficient for TDR EC mea-
surement. A calibration (correction) method is proposed, lead-
ing to an accurate and theoretically sound procedure for TDR
EC measurement.

Voltage Source
source impedance Probe
vilf) Ry fir.z) —
Load
vsal 5 Cable A
ar '.\r. wi) aDIe Wz} %’-’-’- impedance
: !’ ! | =
Sampling =0 — — B
voltage

[

J_—| Rg ]_+i R
vin . Probe
T i

(a)

i) —

_;|
o
/
'-—._,_L
R ——

{b)

Fig. 1. (a) The classical transmission line model and the associated
direct-current circuit model. The transmission line is driven by a
source voltage (vg) with a source impedance (Rg) and terminated
in a load (Z)). At zero frequency (t —o0), the source voltage is
vgo and the probe section is characterized by sample resistance
R; (b) a typical time domain reflectometry waveform showing
the incident step (v;) and steady-state response (v_).

THEORY

The transmission line in a TDR measurement system is com-
posed of a lead coaxial cable (including connectors) and a sensing
waveguide, as shown in the classical model in Fig. la. The transmis-
sion line is driven by a step source voltage vg(?) of height vg, with a
source impedance Rg and terminated in a load Z;. A typical TDR
measurement system uses a 50 €2 source impedance and has an open
termination with Z; = co.

Incident Step Pulse and Reflection Coefficient

The TDR waveform is the voltage v(#) sampled at the beginning
of the transmission line. A typical TDR waveform is shown in Fig. 1b.
It starts with an incident step of height #; followed by added reflections
and eventually reaches the steady state v,_. Consider the characteristic
impedance of the leading transmission line a constant Z_ (i.e., no dielec-
tric dispersion or conductive loss) and let its length be infinitely long
(i.e., the condition of no subsequent reflections). Then, the incident
step as a function of the source step can be derived as (by substituting /
= o0 into Eq. [4] or Z (0) = Z_into Eq. [5] in Lin [2003])

Z

§=———, [1]
" Z 4R,

where Z_is the characteristic impedance of the leading transmission
line, Ry is the source impedance, and vg is the height of the source step
voltage. The characteristic impedance of the leading transmission line is
typically designed to match the source impedance such that #; = vg,/2.

If there is a mismatch in the transmission line, a reflected wave
will originate at the mismatch interface and propagate back up the
line toward the source, as shown in Fig. 2a. The degree of mismatch is
indicated by the ratio of the reflected wave to the incident wave. This
ratio is called the voltage reflection coefficient, p, and is related to the
transmission line impedance by

!
v v—u. ___ZC —Z.

, 2]
Z'+7.

where #, is the reflected voltage, and Z_and Z_ are the mismatched
impedances. The reflection coefficient is an indication of the quality

Ze £
. [—
Incidient Wive, v — Transmitted Wave, v,
Reflected Wave, v, +—
{a)
» ——— Zi.=mforp=+I1
v,
l L Z.=Z
v Ze=Z.forp=10
J T 7L< 7.
0 . b Z.=0forp=-1
T 2Tg t
(b)

Fig. 2. (a) The reflected wave (v,) and transmitted wave (v,) at the mis-
match interface; and (b) ideal time domain reflectometry signals
for various impedance mismatches, where Z_ is the characteristic
impedance of the leading transmission line, Z_and Z_’ are the mis-
matched impedances, and p is the voltage reflection coefficient.
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of the transmission system and is often used as the default form of the
TDR signal. Ideal TDR signals for various impedance mismatches are
shown in Fig. 2b. If there is no impedance mismatch (i.e., Z_= Z/), p
= 0 and no reflection will take place. The open circuit (Z = 00) and
short circuit (Z = 0) resultin p = 1 and p = -1, respectively.

The original TDR waveform v(¢) is converted to p(#) by applying
Eq. [2]. The incident step #; in Eq. [2] is determined by using a 50 €2
internal cable or a 50 © terminating block as the impedance reference
and for amplitude calibration. According to Eq. [1], the determined
incident step #, is equal to vg)/2 only if the source impedance is per-
fectly matched with the calibration impedance; however, it will be

shown that an ideal match is seldom achieved in practice.

Reflection Coefficient for TDR Electrical
Conductivity Measurement

The steady-state voltage of a TDR signal is related to the direct
current EC of the material in the probe. At zero frequency (£ — ©0),
the transmission line can be modeled as a lumped circuit composed of
the voltage source U5 the inner resistance R, cable resistance R A

and soil sample resistance R, as shown in Fig. la. The steady-state
voltage can be derived from circuit theory as (Lin et al., 2007)

R+R

— cable
Re(RoR )™ 4

yw

where soil sample resistance is related to the soil bulk EC by R = [(p/ a,
in which K is a geometric factor often referred to as a probe constant.
Hence, the soil bulk EC can be written as a function of the steady-
state voltage as

K
0=—P[ ! —1J L 4]
RS ”oo/”sn 1_Rcab|e ( 1 _1]

Ry \ /”so

where cable resistance can be calibrated along with the probe constant
by measurements made in liquids with-known EC or directly deter-
mined from the TDR measurement with the probe short-circuited as

R
R = s
cable [5]
B

”w,sc/”so

where v__ ¢ is the steady-state voltage of the short-circuited probe. Lin et
al. (2007) used the complete transmission line theory and full waveform
analysis to show that the series resistors model is theoretically sound.

In theory, it is the ratio of the steady-state voltage to the source-
step voltage that determines the TDR EC measurement. Letting , =
v5,/2 be the ideal incident voltage, the reflection coefficient for TDR
EC measurement (p’) is defined as

!:”_”ﬂ

[6]

I)”

The TDR EC measurement (Eq. [4] and [5]) can be writ-

ten in the more familiar form as

o= Kof 1P 1 [7a]
R0’ )| | Rewe[ 10,
Ry {1+,

R.
Rcab]c = ,5
1-p sc -
1+p'oo,SC

While the reflection coefficient p in Fig. 2 reflects the degree
of impedance mismatch between Z_and Z_, the steady-state reflection
coefficient p’ __ indicates how conductive the medium is. According to
Eq. [7a], o is a function of Rg but independent of Z_and imped-
ance mismatches in the probe head. Figure 3 shows theoretical values
of p/  for three distinct electrical conductivities, o = 0, 0 = K /Rs, and
0 = 00. At constant EC, p’ - increases as the cable resistance increases.
The amount of increase in'p/ | due to cable resistance decreases as EC
decreases. In a nonconductive medium (0 = 0), the steady-state reflec-
tion coefficient p’ _ is 1.0 regardless of cable resistance.

Calibration of Reflection Coefficient for TDR
Electrical Conductivity Measurement

Itshould be noted that p = p’ only when #; = 4. Unfortunately,
small differences between »; and #, often occur in practice due to
imperfect amplitude calibration at the 50 2 level. Although the small
error is insignificant when the reflection coefficient is used as an indi-
cation of the quality of the transmission system, it may introduce
significant errors in TDR EC measurements at low electrical conduc-
tivities. Let »;, = v, + 0, in which 8 is a small error. The relationship
between the instrument (measured) reflection coefficient p and the

EC-associated reflection coefficient p’ can be written as

E _I)—(Z)O+6)_ v, , &
2 2y +0 1y +0 vy +0

1

(8]

p:

The relationship is graphically shown in Fig. 4a, in which p__ ;. =
0.95. The instrument reflection coefficient p underestimates the
EC-associated reflection coefficient p’. The underestimation linearly
decreases with decreasing reflection coefficient and vanishes at p’ = - 1.

p,=1 (6=0)

p,=0 (o= KD.l'F!_

0 50 100 150 200 250

(=]

([z=0)

', = (R RIR 4R (=K /R

e 0O
0.5
- [Hcamemﬁcablva”zns:' (o=x)
=1 E . K R N
50 100 150 200 250
Traveltime, ns

Fig. 3. Theoretical values of electrical-conductivity-associated reflection
coefficient p’__ for three distinct electrical conductivities in the
case of (a) zero cable resistance and (b) nonzero cable resistance.
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Fig. 4. (a) The relationship between the instrument reflection coefficient
p and electrical-conductivity (EC)-associated reflection coefficient
p’ when incident voltage v; = v, (half of the source voltage) due to
imperfect amplitude calibration at the 50 €2 level; and the effect
of instrument error on EC determined by time domain reflectom-
etry in (b) the high-EC range and (c) the low-EC range.

The underestimation is maximal at zero EC (e.g., TDR probe open
in air) when p’ = 1. This phenomenon is often mistakenly interpreted
as the effect of cable resistance. The effect of instrument error on the
estimated TDR EC is shown in Fig. 4b and Fig. 4¢ for high and low
EC, respectively. Using the actual probe constant (e.g., l(p = 8.93 for
the probe used in this study) and condition of zero cable resistance in
Eq. [7], the instrument error results in an overestimation of EC. This
is particularly evident in the low-EC range. The overestimation may
be minimized by fitting the probe constant instead of using the actual
probe constant. However, the fitted K will now depend on the EC
range used for calibration (see Fig. 4b and 4c). Although the fitted
](p is only slightly lower than the actual one and small errors of the
estimated TDR EC are not noticeable in the high-EC range, the fit-
ted K is significantly lower and errors of the estimated TDR EC are
obvious in the low-EC range. Typically, one would determine the K

with the high-EC measurements (e.g., K, = 8.:62) and apply it also to
the low-EC data, resulting in considerable errors in the low-EC range,
as shown in Fig. 4c.

From Eq. [7a], the EC-associated reflection coefficient p’  in the
case of zero EC should be 1.0 regardless of cable resistance. Therefore,
the zero-EC p__ obtained by a measurement with the TDR probe in
air or simply disconnected, denoted by p._ ,;» can be used to cor-
rect the instrument reflection coefficient. The calibration equation to
transform instrument reflection coefficients into EC-associated reflec-
tion coefficients can be derived from Fig. 4 as

p_poo,air
pcra,air +1

Scaled Reflection Coefficient for
Giese-Tiemann Equation
Once the instrument reflection coefficient is calibrated by Eq. [9],

p'=2 +1 [9]

Eq. [7] can be used directly for determining EC. In another form, the
steady-state reflection coefficient can be scaled taking into account the
instrument error and cable resistance such that the Giese—Tiemann
equation (Giese and Tiemann, 1975) can be used:

K [ 1-
O_:_p poo,Sczle [10]
RS 1+p00,Scale

where p__ g .o is the scaled steady-state reflection coefficient cor-
responding to the ideal condition in which there is no instrument
error or cable resistance. Castiglione and Shouse (2003) presented an
approach for scaling the steady-state reflection coefhicient in which
the steady-state reflection coefficient is linearly scaled between 1.0
and 1.0 based on a measurement in air (¢ = 0) and a short-circuited
condition (o = 00):

poo _poo,air

poo,air _poc,SC

2 +1 [11]

Peoscale(cs) =

where p ¢ 1(cs) 18 the scaled steady-state reflection coefficient by
the Castiglione-Shouse method; p_ is the instrument steady-state
reflection coefficient of the sample; and p_ ;. and p ¢ are the
reflection coefficients with the probe open in air and short-circuited,
respectively. This approach can correct the instrument error due to
imperfect amplitude calibration, but was shown to be unable to cor-
rectly account for cable resistance (Lin et al., 2007). Equating Eq. [10]
to Eq. [7a], the correct scaled steady-state reflection coefficient can
be found as

(l_p/oo,SC Xl_p/oo)
Poo,scale(sr) =2 ; ; ; +1 [12]
(1+p w,scxl_p w )2(1_9 oc,sc)

where p_ g 1(sr) represents the scaled reflection coefficient by the

series resistors model; p’_ and p’_ ¢ are the measured and short-
circuited reflection coefficients calibrated by Eq. [9]. Assuming a
cable resistance equal to that of a 20-m-long RG58 cable (e.g., R ;. =
0.723 €2) and no instrument error (p = p__), Fig. 5a shows the effect
of cable resistance on p’ and the scaled steady-state reflection coef-
ficient by the Castiglione—Shouse method (Eq. [11]) and the series
resistors model (Eq. [12]). To enhance visual illustration, Fig. 5 plots
deviations from the expected values on the y axis in stead of absolute
values as in Fig. 4. In contrast to the instrument error due to imperfect
amplitude calibration, the cable resistance causes an increase in p’ _;
however, the amount of increase reduces nonlinearly with increasing
p'., and vanishes at zero EC (p/_ = 1). This nonlinear effect can-
not be correctly accounted for by the linear scaling method proposed
by Castiglione and Shouse (2003). Figure 5b shows the deviation
of estimated EC from true EC for the Castiglione-Shouse method
and series resistors model using the actual probe constant (e.g., K =
8.93). The linear scaling method proposed by Castiglione and Shouse
(2003) overestimates the EC by a constant rate, the magnitude of
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Fig. 5. (a) Effect of cable resistance (equal to that of a 20-m-long
RG58 cable) on the steady-state reflection coefficient p/__
and the scaled steady-state reflection coefficient p_, 5,1 by
the Castiglione-Shouse method and series resistors model; (b)
deviation of the estimated electrical conductivity (o) from the
true o for the Castiglione-Shouse method and series resistors
model using the actual probe constant.

which depends on cable resistance. As pointed out above and by Lin
et al. (2007), the linear overestimation by the Castiglione-Shouse
method can be completely compensated for if the probe constant is
adjusted (e.g., the fitted K becomes 8.78 in this case) such that cal-
culated TDR EC matches the known EC; however, the fitted probe
constant will depend not only on the probe geometry but also on the
cable resistance. Hence, probes with different cable lengths should be
individually calibrated when the Castiglione—Shouse method is used.
The series resistors model is more consistent. It has a unique probe

constant for each type of probe regardless of the cable length.

MATERIALS AND METHODS

The instrument errors due to imperfect amplitude calibration
were examined for a Campbell Scientific TDR100 and a Tektronix
1502C. Three measurements were taken in which the front panel con-
nector was open, shorted, and terminated by a 50 €2 block, respec-
tively. To further demonstrate that the instrument error is not related
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Fig. 6. (a) Original time domain reflectometry (TDR) waveforms
from a Tektronix 1502C and (b) the associated corrected wave-
forms using calibration Eq. [9].

to cable resistance, the three measurements were repeated with a 10-m
RG58 cable connected to the TDR devices.

To experimentally investigate the effect of the imperfect ampli-
tude calibration, TDR EC measurements were made on seven
NaCl solutions, with ECs varying in the low-EC range from 0 to
0.04 S m~!. The low-EC range was used to clearly illustrate the effect
of instrument error due to imperfect amplitude calibration. The mea-
surements were conducted using a TDR probe (10-cm two-rod probe
with conductors 4 mm in diameter and 20 mm in spacing) connected
to a Campbell Scientific TDR100 via a 2-m-long RG58 cable. The
EC of each electrolytic solution was measured independently with
a standard EC meter (YSI-32 Yellow Springs Instruments, Yellow
Springs, OH). When determining the R_ . using Eq. [7b], the mea-
surements were performed by shorting the cable end with a short wire.
The steady-state responses were recorded near the end of the TDR
pulse to better approximate the steady state. This is, in fact, manda-
tory for measurements in the high-EC range or for the short-circuited
probe. The computation of TDR EC involves Eq. [9], [12], and [10]
successively for the series resistors model and Eq. [11] and [10] for
the Castiglione—Shouse method. To calculate the TDR EC using Eq.
[10], the probe constant Kp is first obtained using least square fitting
of TDR ECs to EC measurements made with the conventional con-
ductivity meter. The TDR EC measurements of electrolytic solutions
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Fig. 7. (a) Original time domain reflectometry (TDR) waveforms
from a Campbell Scientific TDR100 and (b) the associated cor-
rected waveforms using calibration Eq. [9].

were repeated using a 20-m-long RG58 cable to show the effect of
cable resistance on the fitted probe constants.

RESULTS AND DISCUSSION

A TDR device may output voltage (e.g., a Tektronix
1502C) or the reflection coefficient (e.g., a Campbell Scientific
TDR100). To determine EC, v /vg, in Eq. [4] or p/ in
Eq. [7a] should be known. The source-step voltage vg, of a
voltage-output TDR device is simply equal to the v when
the TDR probe is open in air, which then serves as the refer-
ence voltage for computing the EC. The original TDR wave-
form »(#) of a voltage-output TDR device is often converted
to p(#) by applying Eq. [2], in which the incident step # is
determined by using a 5072 cable or terminating block as the
impedance reference and for amplitude calibration. Figure 6a
shows a group of TDR waveforms p(#) from the 1502C device,
in which the front panel and a 10-m lead cable are shorted,
open, and terminated with a nominal 50 {2 terminating block.
The front panel terminated with a 50-€2 terminating block was
used for amplitude calibration such that its reflection coeffi-
cient at long times is equal to 0.0. In this case, the steady-
state reflection coefficient p__ is 0.995 for the probe open in
air, regardless of the cable length. It is not precisely 1.0 due
to an imperfect match between the source impedance and the
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Fig. 8. Measurements of electrical conductivity by time domain re-
flectometry made by a Campbell Scientific TDR100 (a) without
reflection coefficient calibration and (b) with reflection coef-
ficient calibration using Eq. [9].

terminating block. This reflection coefficient corresponds to
0.0045 dS m~! for the TDR probe used in this study, a small
EC error in the condition of zero EC. The p_ for the shorted
front panel not being -1.0 is attributed to some internal resis-
tance. The p_ for a shorted cable increases as cable length
increases. The amount of increase in p_, due to cable resistance
reduces nonlinearly with increasing p_ and vanishes atp_ = 1.
Applying the calibration Eq. [9], the corrected reflection coeffi-
cientp’ 3 (#) can be obtained as shown in Fig. 6b. The corrected
P’ becomes 1.0 under the condition of zero EC. The degree
of imperfect match between the source impedance and the ter-
minating block is indicated by p’__ = 0.0025 in Fig. 6b. ATDR
device that outputs the reflection coefficient uses the nominal
50 €2 internal cable as the impedance reference and for ampli-
tude calibration. Analogous to Fig. 6, Fig. 7 shows a group of
TDR waveforms p(z) from the TDR100 device. The mismatch
between the reference impedance and source impedance in the
TDRI100 is more significant, leading to p_ = 0.950 (corre-
sponding to EC = 0.046 dS m™~!) for the open front panel and
Poo = 0.961 for the probe open in air as shown in Fig. 7a. The
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amplitude calibration error in a TDR100 seems to depend on
whether the front panel is connected to a cable, a phenomenon
that may be related to the fringing field of the open front panel.
The apparent error can be corrected by applying the calibration
Eq. [9], as shown in Fig. 7b.

Figure 8 shows the results of several TDR EC measure-
ments in the low-EC range using the TDR100 device with 2
and 20 m of RG58 lead cable. The probe constant K was
fitted as described above. Table 1 lists the fitted K using the
Castiglione—Shouse method and the series resistors model. The
percentage errors between the TDR EC measurements and
conductivity meter EC measurements are listed in Table 2. As
shown in Fig. 8, the Castiglione—Shouse method inherently
corrects the instrument error and provides accurate TDR EC
measurements when the probe constants are fitted. But the fit-
ted probe constant K varies with cable length, as shown in
Table 1. The fitted probe constant decreases as cable resistance
increases, as also suggested in Fig. 5.

If the measured reflection coefficient is not corrected for
instrument error, the actual reflection coefficient is underes-
timated, especially in the low-EC range, as shown in Fig. 4a.
This will have an effect on the estimated EC using the series
resistors model. Depending on the EC data range, the fitted Kp
is lower than the actual K to some degree. As a consequence,
the TDR EC by the series resistors model overestimates at lower
EC and underestimates at higher EC, as shown in Fig. 8a and
Table 2. This experimental result exactly agrees with the theory
illustrated in Fig. 4c. The results of the series resistors model
with TDR100 reflection coefficient corrected by Eq. [9] are
shown in Fig. 8b and Table 2. The large error percentage for
the lowest EC in Table 2 can be attributed to the conductivity
meter resolution and TDR quantization resolution. Except for
the lowest EC (0.00039 S m~1), both the corrected series resis-
tors model and the Castiglione—Shouse method give TDR EC
measurements in precise agreement with that measured by the
conventional EC meter. But the fitted probe constant K can
be considered independent of the cable length only in the case
of the series resistors model, as shown in Table 1.

To accurately determine TDR EC, both the instrument
error due to imperfect amplitude calibration and cable resis-
tance should be properly addressed. The instrument error
results in an underestimation of the reflection coefficient,
which linearly decreases with decreasing reflection coefficient
and vanishes at reflection coefficient = -1.0. In contrast, the
effect of cable resistance leads to overestimation of the reflec-
tion coefficient, which nonlinearly decreases with increasing
reflection coefficient and vanishes at reflection coefficient
= 1.0. The combined effect of instrument error and cable
resistance on the steady-state reflection coefficient is non-
linear, so the Castiglione~Shouse method is incorrect,

Table 1. Fitted probe constant K, from laboratory measurements

using a Campbell Scientific TDR100.

Series resistors

Cable length  Castiglione-Shouse
Uncorrected  Correctedt
m-1
2 8.93 7.58 8.93
20 8.78 7.56 8.92

t Corrected using Eq. [9].

in this study to correct the measured reflection coefficient for
instrument error. The corrected reflection coefficient can then
be used in the series resistors model (Eq. [7]) for reduction of
electrical conductivity considering the effect of cable resistance.
Alternatively, an expression (Eq. [12]) that scales the reflection
coefficient according to the cable resistance was derived such
that the well-known Giese—Tiemann equation can be used after
scaling. To keep the usual practice and simplicity, the effect of
instrument error and cable resistance can be addressed in one
step by combining Eq. [9] and [12]. An equation replacing the
Castiglione-Shouse equation is suggested here:

Poer =2 (pw,m “Puwsc )(p_poc‘aix ) ‘1 [13]
' (l+pm‘SC )(P_pm‘m )"’(pog,/,,f “Pusc )(1 FPos e )
where p_ g, is the scaled reflection coefficient to be used in
the usual Giese—Tiemann equation, p is the steady-state reflec-
Poo,air i the
steady-state reflection coefficient when the probe is open in air,

tion coefficient of the sample under measurement,

and p_ g is the steady-state reflection coefficient when the
probe is short-circuited.

CONCLUSIONS

The imperfect amplitude calibration when transforming
the voltage signal into the reflection coefficient is identified as a
considerable source of error in addition to the cable resistance
for TDR electrical conductivity measurements. The instrument
error due to imperfect amplitude calibration results in an over-
estimation of electrical conductivity while the cable resistance
leads to an underestimation. The Castiglione-Shouse scaling
method originally proposed to deal with cable resistance in
fact inherently corrects the instrument error. The combined
effect of instrument error and cable resistance on the steady-
state reflection coefficient is nonlinear, however, so the linear
Castiglione-Shouse method is incorrect. The deficiency in the
Castiglione-Shouse method can be compensated by adjusting
the probe constant, resulting in a probe constant dependent on

the cable length.

Table 2. Percentage errors between the time domain reflectometry electri-
cal conductivity (EC) measurements and conductivity meter EC mea-
surements (oyg)).

Y B Error
although the error can be compensated by adjusting the : :
. . . ¥ Series resistors .
probe constant. The series resistors model is theoretically Oys) Castiglione-Shouse
_ . . . Uncorrected Corrected
sound and precise if the reflection coefficient is properly
. . 2m 20 m 2m 20 m 2m 20m
calibrated to account for the instrument error. = %

The instrument error can be calibrated by the 0.00039 818.81 849.88  —6.23 68.29 —6.09 68.28
steady-state reflection coefficient at the zero-EC condi- 88?%3 ?gg? ?Z% :ég% (1)8; :(1)22 (1)8;
tion, while the cable resistance can be determined by the ~ 0.01525  7.80 7.64 —0.12 0.24 0.03 0.23

: ) ) 002014 2.14 2.45 065 0.0 —051 000
steady-state reflection coefficient when the probe is short- 003003 255 “o73 011 2007 025 20,07
circuited. A calibration equation (Eq. [9]) was derived -0.04015 —522 -5 0.18 0.33 0.33 0.33
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Unlike what was claimed in Castiglione and Shouse (2003),
the series resistors model is theoretically sound. Errors observed
when using the series resistors model can be attributed to the
instrument error due to imperfect amplitude calibration and
insufficient recording time for the steady state. In this study, a
countermeasure against the instrument error was proposed to
complete the series resistors model in practice. The measure-
ments involved in the Castiglione—Shouse method and the new
method presented here are identical. The Castiglione—Shouse
method works well if the probe constant is calibrated for each
measurement setup, which involves measurements in some
electrolytic solutions with known electrical conductivities for
all probes even if they are identically manufactured. The probe
constant in the corrected series resistors model is indepen-
dent of the cable resistance. Only one calibration is needed to
determine the probe constant of identical probes with vary-
ing cable lengths. Finally, we would like to urge that the use
of the Castiglione—Shouse scaling method be discontinued.
We feel that it is inappropriate to use a theoretically incorrect
approach, despite the fact that the results obtained with the
incorrect approach are as accurate as the results of the theoreti-
cally sound approach derived here.
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