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ABSTRACT 

This report provides an introduction to the use of electromagnetic 
methods (Time Domain Reflectometry) for measuring the unfrozen water 
content (8 f) of freezing soils. The limitation of the presently used 
methods arg introduced along with the reasons why Time Domain Reflectometry 
is a viable alternative. Background information on Reflectometry principles 
are presented as are considerations for designing a system for measurement 
of the unfrozen water content in the lab or field. 

RESUME 

L'emploi des méthodes électromagnétiques pour mesurer la teneur en 
eau non gelée des sols gelés est introduit dans ce rapport. Les limites 
des méthodes utilisées présentement sont discutées ainsi que les raisons 
pour lesquelles la méthode de la Réflectométrie par intervalles de temps 
réprésente une alternative viable. Des renseignements de base sur la 
principe de la réflectométrie sont présentés ainsi que des considérations 
pour le dessein d'un système pour mesurer la teneur en eau non gelée dans 
le laboratoire et sur le terrain. 
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PREFACE 

The purpose of this paper is to introduce the reader t o the use of 

e lectromagnet i c methods (Time Domain Reflectometry ) for measuring the 

unfro zen water content (8uf) of freezing soils. A brief introduction to 

the limitat ions of presently used methods is given and why Time Domain 

Reflectomet r y is a viable alternative . · Ba ckg r ound info r mation on Reflec

tometry principles is presented as are cons i derations for designing a 

system for eut measurement in the lab or f i e ld. 

i i 
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SECTION 1 

DETERNINJ.NG THE Ul'~FRO ZEN WATER CONTENT OF FREEZING sons 

1.1 Backgroun d 

When p l annin g fo r ope r a tions of any size in are as of frozen gr ound 

it is necessary (economically and aesth e tically ) to minimize the distur-

bance of the so il; hence, one must have a sound unde rstanding of the 

therma l and mois ture properties of fro zen ground. 

In freez i ng soils, the trans fer processes are influenced by the un

frozen wate r con t ent; this in turr., is controlled by the soil' s physical 

and thermal s tate . 

The r e a r e many rne thods available for determining the unfrozen water 

content (8 f) of a f ree zing soil, for example: 
- u 

1. a di aba tic ca lorimetry 

2 . dilatome try 

3. pulsed nuc l ear magnetic resonance 

4 . calcul a ting t he freezing characteristic curve from suction-

mois t ure data . 

These t e chn iques are limite d to l aboratory use (some nuclear 

rue thods do h av2 pot~nt i a l for fi e ld use but generally require elaborate 

equipmen t and /o r ca lib r ation , i.e., Tice, Burrous and Anderson, 1978). 

Othe r l i mita tion s are equal l y impo rtant. For ins tance , dila tometry can-

not be used on 1 natural t soi l s , since the s oil must be slurried and 

1 



2 

completely de - aired. One must be cautious when using data obtained from 

slurried soils (i.e., 8 f - T°C) since it may not be representative of u -

the same soil in the field. Hotzel (1974), for example, found that sam-

sample treatrnent influenced the apparent moisture retention properties 

of a soil. 

Producing a freezing characteristic curve from suction moisture 

datais one of the mo re commonly used approaches for estimating the 

e uf - T°C relat:ï,onship . This technique is time-consuming; there are 

many sources of potential error (see Hotzel, 1974) and it does not in

clude the influence of salts. At temperatures between o0 c aud -0.5°C, 

t he osmotic: potential can account for the presence of up to 50 per cent 

of the 8 in a soil (see El Khoraibi, 1975). 
uf 

Davis, Topp and Annan (1977) discuss a. technique for measuring the 

volumetric water - content (ev) of soils which show~ great promise for 

deternining 0uf' This method makes use of the princip les of Time Domain 

Reflecto1lie try t o r elate the dielectric properties of a soil to 0 . 
V 

The approach is at tractive since it can be used in the field or labora-

tory and sensitivity to soil bulk density, temperature or salt concentra

tion is min ima l ( th2sc sensitivities can exist in nuclear methods). 

The quantity being relrited to 0 is the apparent dielectric con
v 

stant, K (see Appendi x 1). The dielectric cons tant of a material, K' 
a 

(or relative permittivi ty), is a measure of its ability to store electri-

cal potenti8] ene rgy under the influence of an electri.c field relative to 

th2t of air. By de finition, the relative permi ttivity of air is unity, 

while K' fo r most soil minerals range from 2-4; K' for ice is about 3.2, 
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and for wa t e r: 87 . 7 at o0 c to 80 . 1 at 20°c . As such , a rela tive l y s ma ll 

amount o f water will have a l a r ge i nf l uence on th e permitt ivi t y of a soi l-

water- ice system. 

The K - 8 relationship deri ved by Topp, D.::vis, Annan and Brulé 
a V 

(in preparation) is expres s ed in th e t hi r d- degree polynomial: 

K = 3. 01 + lQ . 18 + 143. 48 
2 

- 75.08 
3 

a V V V 
( 1) 

+ 8 can be de t e r mined to bette r than - 2. 5 per cent fr om (1). I t is wo rth 
V 

noting that this equation was b a s ed upon the K - 8 data for four soils a V 

which represen t a wide range of soil textures (see Figure 1) . This author 

has found no discrepancy (within the r an ge of certain t y) for various 

grades of Ottawa sand, Oneida silty- clay o r Castor silty loam. 
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SECTION 2 

TIHE DOMAIN REFLECTOMETRY 

2.1 Background 

Time Domain Reflectometry is a form of pulse-reflection measure

ment which makes use of a special pulse called a stcp-voltage (Blake, 

1969). The pulse generator of a time demain reflectometer (TDR) is es 

sentially a t~nnel diode, a device that is used to amplify or control 

electrical impulses. The pulse generator circuitry provicles a small 

step-voltage output connecter of the TDR. When a coaxial cable (or other 

transmission line) is connected to the output, a pulse travels down the 

line and is reflected back at every impedance mismatch. The time it 

takes to travel the length of line 

tt = 

can 

L 
V 

p 

be determined from: 

where tt is travel time in the line; Lis line length and v is the 
p 

velocity of propagation of the pulse. 1 

(2) 

After the first pulse is initiated, a sampling circuit begins to 

sample the incident and reflected pulses over a short time and compares 

them. The signal is then displayed on the crt (cathode-ray tube) as a 

1This equation should take the forrn of tt 
used corrects to one-way travel time. 

5 

21/vp; however, the TDR 
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continuous trace (al th ough it is rcal ly a series of dots) with th e ve rti-

cal axis bein g the ratio of the incidenc to r ef l ec t e d vo ltage and th e 

horizont a l axis r ep r esen ting 'distance ' alon g the line. 

2.2 Impor t an t Con cepts 

The voltage pulse produced by a TDR should theoretically change 

f r om zero volts (V"'" 0), t o its max imum (V= V), instantaneously ; in 
m 

reality it takes a fjnit e time t e reach V ; this is referred to as th e 
m 

rise time (t) of the unit (see Figure 2) . The energy pulse produced 
r 

wi ll con tain frequenc ies from d.c. to a maximum (f ) which is a func-max 

tian of t he rise time : 

f 
o. 35 

in GHz (3) 
max t r 

wher e t is in nan oseconds (ns = 10-9 sec). 
r 

The magrü tude of V is determined by the characteristic impedance 
m 

of the tr ans IT1ission line (Z ) , and the internal impe dance of the pulse 
0 

generator . 

In Figure 3 a stylized TDR trace is presented for a cable which 

also sh ows the effects of line termination C1)) on the display of the 

r e fle cted pulse . To simplify matters, the vertical axis represents volt

a ge and the hor i zontal axis is time (more wi ll be said about axes in 

Section 2 . 3). 

If no impedance mismatches exist in the line, the reflected wave 

will h ave an amp litude Aqual to that of the incident voltage and it will 

add or subtr8ct frorn V depending upon polarity . 
ra 
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Figure 2 PULSE SH.APE A ND Ri SE T! M E 
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The time requi red t a trave l t he l ength of the line can be deta r 

mine d f r om (2) as i nd i cat cd i n th e prcvi ous section . It shoul d be noted 

that v can al so be exp r essed as (for low l os s rna t e rials) : p 

V 
p 

= .S _____J_,., 

(K' ) z (4 ) 

8 - 1 
where c is t he f r ee sp ace (air ~ va cuum) ve lo city (3 x 10 m s e c ) . 

In practice, most coaxial cab les do not have a ir as the die lectric but 

perhaps polyethelene (v = O. 66 c) or teflon (v = O. 70 c). p p 

2.3 Measurements on a TDR 

Before proceeding tao far into this section one should become 

familiar with Figure 4 and Table 1. 

The Tektronix 1502 TDR is used by the author since it is reasonab l y 

priced and field portab le. The 1502 TDR provides the CABLE connec ter 

with a 200 mV step- voltage which has an incident rise time of :'.: 110 ps 

(reflected rise time :'.: 140 ps) . The rise time of the incident puls e 

corresponds to a maximum output frequcncy of about 3.5 GHz.,~ The 1502 ' s 

crt is calibrated in units of mp/DIV vertically and M/DIV horizontally . 

The vertical scale represents the ratio of the incident to reflected volt

age; the unit p is called the voltage reflection coefficient. If a cable 

is open (i.e., infinite impedance: ~ = ~) the ré f lected step amplitude 

is +lp ; for a short (zero impedance: ~ = 0), p = -1. When a cable is 

terminated with its characteristic impedance there is no reflection and 

p = 0. One can con vert the reflec t ed pulse ampl:i. t ude to impe dance s in ce 

p is dependent upon the characteristic impedan ce, Z
0

, of the line under 

test and the load on the cable , P'L, (or the i mp edance of a discontinuity): 

* (from (3)) . 
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TABLE 1 

CONTROLS FOR TEKTRONIX 1502 TDR 

CABLE 

FOCUS 

INTENSITY 

POSITION/FINE 

mp/DIV 

POWER 

GAIN 

NOISE FILTER 

J3ATTERY 

ZERO REF CHECK 

ZERO REF SET 

MULTIPLIER 

DISTANCE 

METRES/DIV 

CABLE DIELECTRIC 

RECORD 

AC LINE FUSES 

BNC connector, delivers 110 ps rise time 
pulse and r eceives reflected pulse 

visual controls for crt 

vertical position control of the crt 

vertical scaling control 5 mp/DIV to 
500 mp/DIV 

ON-OFF 

for adjus ting gain of vertical amplifier 

reduces noise 

battery leve l ind icat or 

horizontal position ccntrol 

scaling of 11ETRES/DIV control; Xl + X•l 

Xl 25 cm - 50 M/DIV 
X•l 2.5 cm - 5 M/DIV 

permits selection of v 
p 

activat e s X - Y or Y - T recorder 

For more detail consult the TEKTRONIX 1502 TIME DOMAIN REFLEC
TOMETER Instruction Manual. 

11 
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(5) 

As stated, the horizontal axis on the 1502 is calibrated in M/DIV . 

This axis, though, can easily be convert2d to a time axis by di viding 

the hori zontal scale by the velocity of p ropagatio~ : 

TIME 
DIV 

M 
DIV 
V 

p 

(6) 

For examp le, for a scale setting of 1 M/DIV and the CABLE DIELECTRIC set 

for a PTFE ( teflon) coaxial cab le (v = 0. 70· c = 2 .1 x 10
8 

m/ se c ), this 
p 

represents 4. 762 ns/DIV. 

There are several pieces of information which can be determined 

from the display on the TDR 1 s crt. First, the impedanc-.e of a transmis 

sion line can .be obtained (or an impedance mismatch within a line) frorn 

(5) whe re Z is the impedHnce of a 1 known I cab le ( the 1502 is balanced 
0 

for 500 and a 500 precision cable is supplied) and~ is the impedance 

of the 1 unknown' cab le (or impedance rnismatch in a line). If the verti

cal scale setting is known the impedance of the~ can be found from 

Table 2 (reference 500 cable to centre line). The length of the cable 

can also be dete rmined directly off the crt display if the CABLE DIELEC

TRIC is set for the type of cable being tested (see Figure 5). 

The dielectric constant of a cable can also be determined if the 

length of transmission line (coaxial or parallel line) is known; the 

relationship can be cxpressed by combining (2) and (4): 

K' - [~: _tt) 2 
(7) 
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Figure 5 DETERMINING CABLE IMPEDANCE AND LEl\lGTH 
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It is (7 ) wh ich is used to ca lculace Ka ( frorn App endix 1, Ka ~ K') f or 

a s oil- wate r-ice s ystem sirnp l y by kn owing the l eng th of the tranrnissi on 

lines in the soil (or containi_ng the soil in the case of a coaxial sys 

tem); letting vp = c, and rneasuring the trace l en gth on the crt (or 

photograph of crt or plot on x- y recorde r). A sarnple calcula tion is 

presented in Figure 6, and 8 (or 0 f) is obtaine d frorn Figure 1. 
V U 

2.4 Design Considerations 

There are s everal factors which must be considered when designing 

a system for rneasurin g the water content of soils (or euf). The first 

consideration is the geometry of the transmission lines; this can be 

divided into two entities : length and cross - sectional geometry . The 

latter shall be discussed first. 

15 

The irnp~dance of a transmission line containing a given dielectric 

is a functi on of the spacing of the lines of transmission . For a parallel 

transmission line, (wheth e r they are parallel wires or rods) the impe-

dance, Z , can bE determined from: (Chipman, 1968) 
0 

z 
0 

= 120 cosh - 1 ~ 
2a K' 

- 2 76 log (~ + ffs \)2 - 1 ) 
K ' 10 2a J l2a 

( 8) 

for S/2a < 10 where Sis the spacing between conductors, and ais the 

radius of the conductors. For a coaxial line : 

z 
0 

138 b 
JoglO a 

K' (9) 



Figure 6 CALCULATING Ka 
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whe r e b i s the in s ide r adius of the outer conductor and ais the r adius 

of the i nner conducto r. In both cases c:he velocity of propagation of a 

pulse , v , is determined by (4). Figure 7 shows the geometry for paralle l 
p 

and coaxia l t ransmi ss ion lines. 

It i s a l so apparent from (8) and (9) that as the dielectric con-

stant of the :rnaterial between conductors increases, the impedance de -

creases . Figure 8 shows the impedance--cross-sectional geometry relati on-

ship for seve ral values of K'. 

The spacin g of the transmission lines will have a maximum value be

yond which po i ;:1 t unwanted electrical modes will be present (i.e., other 

t han TEH) . Th~ higher orde r modes occur when the v:avelength in the 

s amp l e , À , is (Davis and Chudobiak, 1975): 
s 

À < 2 (b + a) 
s. -

À < 10 S 
s -

coaxial lines 

parallel transmission lines 
(10) 

The second design consideration is line lengtn (L) since the travel 

time in a medium is a function of K' and L (from (6)). The lower limit 

to line length will be determined by how accurately one can measure the 

trace l engc:h on the crt (pho tograph of crt, x-y recorder, y-t recorder). 

Pract:i.cally, the length of a trace can be measured to + 0 .1 di vision on 

the Tektronix 1502 TDR, which means that with a trace length of one 

division the certain t y in distance (and hence time) is :: 10 per cent; for 

a five divisi on trace, :: 2 per cent. If the trace length is longel" th an 

f i ve divisions t he certainty does not improve, particularly if the 

l ength of the transmission lines is long. For trace lengths less than 

:f.ive div i :üons, it is necessa ry to chan ge t o tbe next lowest horizor.tal 

sc a l e t o maintain the+ 2 percent certainty. 
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Figure 7 TRANSMISSION LINE GEOMETRY 
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FIGURE 8 continued 
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Th e minimum l ine length ar which K can be measure d (using 
a 

21 

Tektronix 1502 TDR and K = 3 and 0 . 025 M/DIV to represent the minimum) 
9 

with any certainty is L "' 7 cm (see Appendix 2), 

\fuen the travel time of the step- voltage in the soil is long (due t o 

high K and/or line length) the trace on the crt can appear 'lossy '. 
a 

This ' lo ssy ' nature is manifested as an increase in the ri.se time of the 

r eflected pulse . Practica l ly , this causes un certainties in determining 

the ' B' point in Figure 6 . (It should also be note d that clays are more 

'lossy ' t han sands and lcssiness increases with increasing temperature . ) 

Davis , Topp and Annan (1977) have successfully used paralle l t r ansmission 

lines with conductor sp acings of 5 cm (2a = 0.9525) which have an impe

dance Z =- 280 . 70. in air and 1620. for K' = 3 ( dry soil). Coaxial line s 
0 

with conductor spacings of 2 . 5 cm (a= 0 .9525 ) (Z = 99.40. in a i r and 
0 

5 7. 40. for K 1 = 3) have also been used. Line l engths of a metre have been 

us ed i n both cases . -



SECTI ON 3 

MEASUREMENT OF 0uf USIN G THE TOR 

3. 1 Fr eez ing Ch a racterist i c Curves 

\fu en discus s ing th e freezin g characteristics of soils there are 

several i mport an~ as pects which mus t be considered: 

1. Fo r a given s oil, a decrease in temperature caus es a de crea se 

i n euf. 

2 . The r aLe of ch an ge in 0uf (and its magnitude ) f_or a ch an ge in 

temperat ure is a function of pore size and the range of pore 

s i zes (i . e ., t exture and structure ) . 

3 . At a given temper a ture, euf is greater the finer the soil tex-

t ure . 

4 . Tt1e pres ence of s oluble salts in the soil water furth e r de-

presses t he freezing point. 

These r elat i onsh i ps a re r epresen t ed in Figure 9. Several authors (eg., 

Wi l liams , 1963) have note d a hysteresis phenomenon in 0uf between freezing 

and thawin g cycles (0 f fre e zing > 0 f thawing at a given temperature) . 
u u 

Con s ide r i.n g t he above, it is apparent that there is no unique freezin g 

charac t eris ti c curve f or a soil since a change in any of the physical 

p r ope rt i es of the soil can alter the relationship between euf and negativc 

temperat ur e . These as pec t s make it difficult to assess the effica c:y of 

any te chnique use d to rneas ure 0uf since ef f i cacy is generally determine d 

by "how v:•12 11 does i t comp a re to other methods ". 

22 
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FIGURE 9 THE EFF ECT OF •:01 L PROPEr·HI ES 

ON THE FREEZ lf-JG C~i.l\R ,L\CT t:r.lSTt C C'JRVE 

THE 11\IFLUENCE OF SOIL PA RTICLE SIZE 

l 1 

T (- ° C) 

THE INF LUENC E OF SOLUBLE SALTS 

soluble salts in B greater than in A 

T (- ,. C) 



The on l y soluUo,1 to this di lemma is to i n t e grate two techniques 

i nto one system using the s arne soi l samp le . ln mos t i nstances this is 

physical ly impossib]e and comparisons mus t be made ty descri bing the 

shape of the fre ez ing chara cte ristic curve for similar soils. 

3.2 The Freezing Cell 

The basic problem in des igning the system for determining the 

24 

8uf - T°C relationsh i p in t he lab i s accommodating the electrical system 

yet maintaining a high degr ee of temperature control. In the first 

stages 0f the design , an a ttempt was made to use a coaxial system to 

measure 8 r . The co axial tube has an in te mal diameter of 5 c-.m and is 
ur 

25 cm long (see Figur e 10) . After seve ral freezirig cell designs, two 

considerations caused abandonment of this system until a future date: 

1. Tt1e s oi l could not be cû!npletely saturated sin ce the expansion 

of ice could con-::e:i. vably rupture the cylinder. 

2. Temperature control could not be attained. 

At this point, a parallel transmission line system was constructed. 

Essentially the 1 freezing cell ' consisted of a thin - walled PVC tube 

(4.5 cm I.D . ) 20 cm l cr!g . The tran smissi on lines were attached t o a 

plexiblass cap which se r ves as the top of the freezing ccll (see 

Figure 11). A perforated di se served as the bottom which would permit 

water in take by the s oi l during we tting . The cylinder is then placed 

in a tank of distille d water and allowed to wet. The water content 

would be close to a n 2tur a l s a turated field condition (~ 38 percent) 

since ua attempt was c3de to a ttain cornplete saturation. 
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FIGURE 11 FREEZl~JG CELL 
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Once the soil i s ,-:e t tec.1, tl,c b0 ttom is seal e cl to preven t drail;.:igc 

or evnporation . The freezing cell is thcn covered with latex rubber 

sleeves and placcd in a circulating me. thanol bath . The bath temperature 

0 
is controlled to bette r than + 0. 01 C. The soi l ternperature ·was ,.;rithin 

+O.OS 0 c from t op t o bot tom. It is suspected that p~r t of this variation 

was due to heat flow alon g th e coaxial cab l e \Jhich c.onnec ts the freezing 

ce ll to the TDR (th is aspect can be r ect i f i eù by using l a r ger r ubber 

sleeves and pla c.ing the freezing cell horizontally in the miùd l e of t he 

methanol ba th) . At least two hours v.'ere allowed to equalize sample 

temp e rature . 

3.3 Results 

Th e relati onship between K . and t emperature fo r a CG.stor soil is 
a 

presented in Figure 12 (see al s o Table 3) . (Note : The 8 axis on 

Figure 12 repres ents the volume of water. in dica t ed by K fr om (1)). Th e 
a 

h . d d . l( h o0 c - Cl. s0 c curve s ows a rapi e crease in over t ,e tempe rature ran ge 
a 

and a decr.e ase in the rate of changes at colde r tempe ratures . A dif -

ference between the freezing and thawing curves was a lso present . Since 

the difference is within measurement precis ion , it cannot be definitely 

stated that this is due to hysteresis (even t ho u~1 the consia tency o f 

the trend would suggest othe rwise) . 

As ind i cated in Section 3.1, th ere is diff i culty in assess ing the 

efficacy of a t echn i que for measurin g Guf" It is of the utmost impor 

tance that technique compar.ison be performed on t h,~ exac t same soil 

sample since changes (however mino r) in the s oil propcrties can influence 

the nature of the freezing charac t e r is t. ic curve . Time did not permi t 



FIGU F\E i2 

8 

7.5 

7 '" 

6.5 

6 

5.5 • 

Ka-TEr1.'iP EFLA.TURE RELA TIO NSHIP 

FOR A CASTOR SOI L 

\ 
\ . \ 

\ 
\ 

\ \ 
\\ 

\ · \ 
\ \ 

\ \ f . 
• , \eez1ng 

'- \ 
\ \ 

thawing \ . ..... 
...... 

...... ·- - - . - -
0 - 0.5 - 1.0 -1.5 -2.0 -2.5 -3.0 -3.5 -4.0 -4.5 -5.0 

T (° C) 

28 

16 

15 

14 

13 
8 

( µe rc1'nt ) 
12 

11 

10 

9 

e is determi ned from (1) for the values of K
8 



29 

TABLE 3 

FREEZING CHARACTERISTIC CURVE 

CASTOR SILTY LOAM 

T (°C) K e * 
a uf 

(%) 

+0.50 & 0 22.87 37.5 

- 0.46 7-. 84 15.8 

-0.8E 6.37 12. 6 

-1. 65 5.55 10.5 

-2.52 5.29 9.8 

- 3.4 2 5.23 9.5 

-5 .10 5.04 8.9 

-1.50 5.68 10.4 

-0.97 6.02 11.6 

-0 . 50 7. 08 14.2 

*From Figure 1 or (1) 
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designing and const ructing a s ystem which integrates two techniques . 

Th e us e of TDR techn i ques to measure Ouf could be assessed (at this time) 

with rega rd to r es ults obtained on similar soils. This approach was 

necessary since pe rforming experiments using one or more of the tech

niques cited in Section 1 is time- consuming and does not guarantee any 

solid foundation to which the TDR techniq ue can be compared . 

El Khoraibi (1975) presents 8uf - T°C data for an Oneida soil 

which has a similar pa r ticle size distrib u t i on to the Castor soil. As 

can be seen i n Figure 13 the nature of the curves are similar . 
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SECTION 4 

CONCLUSIONS AND SUMMARY 

The use of TDR techniques app ears to have good potentia l for 

meas uri ng t he unfrozen water content of freezing soils. The e f fica cy 

wi ll ultirna t e ly b e de termin e d by integrating the TDR technique with 

ano t he r method. At present work is b eing ca rried out in the Geotechnical 

Science Lab orat ories to de sign a system which will combine a modified 

dilatometry setup (to measure volume expansion of thé soil) and the TDR 

technique. Other interests at present involve using the TDR technique 

t o rnonj_tor the · rate s and magnitude of water movernent toward the freezing 

f ro1, t (us i n g freezin g soil columns) to provide data for nuI!lerical model 

t esting. 

If the TDR technique proves to be a viable method for measuring 

Ouf it ma.y be possible to measure euf of core samples ia the field and 

de t ermine the freezing characteristic curve of core samples brought back 

t o the lnbo ratory. 
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APPENDIX l 

DIELECTRIC NOTATI O~ 

When apply ing the theory of dielec trics to t he measuremen t of the 

electrical prope1ties of soils, Davis, Topp and Annaa (1977) sta t e that 

the notation used to calculate the cornplex die l ectric constant , K*, i s : 

K>'< = K' + j (K1' + od e) 
WE 

0 

where K' is the real part of the dielectr j_ c constant; K" represents di--

electric loss (the ima ginary part of K*) ; de is the d . c . conduc tivity ; 

w is the an gular frequency (21îf); E is the free sp ar.e permit tivi t y and 
0 

½ j equals - 1 . An elect ric l oss term, tano, can also lie defined (Davis 

and Annan, 1977): 

tano = 

i' 

K11 + Ode 
WE 

0 

K' 

which, for the range 1 - 1000 MHz, is small for rr.ost soils; therefore , 

K>'< ~ K'. When using the TDR technique both the real and i magina r y parts 

of the complex die lectric constant ore meosured ; hence , th e terra 'apparent 

dielectric constant', K can be used . For l ow l oss matcri a l K is essen-
a a 

tially K' (Topp, Davis , Annan and Brule, j n prcpa r at i on) . 
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APP ENDIX 2 

APPROX11'IATE TRAVEL TI ME IN SOIL VS 

LINE LENGTH FOR SEVER.AL VALUES OF K a 

Travel Time (ns) fo r: 

Li ne Length K = 3 K = 5 . 4 K = 16 . 9 Ka 34 . 4 a a a 
( cm) ( 0 ::: 0%) ~~ ( 0 ::: 10%) (0 ::: 30%) (0 ::: 5o ï; ) 

7. 5 0.43 0.57 1. 02 1. 46 

10 . 0 0.5 8 o. 77 1. 37 1. 96 

15 . 0 0. 87 1.16 2 .05 2.9 3 

20 .0 1.15 1. 55 2 . 74 3. 91 

25.0 1. 44 1.9 3 3.42 4. 89 

30 . 0 1. 73 2. 32 4.11 5. 86 

35. 0 2 .02 2.71 4. 80 6 . 84 

40.0 2.31 3. 10 5.4 8 7. 82 

50. 0 2.89 3.87 6.85 9. 77 

60 .0 3.46 4. 65 8. 22 11. 73 

70 . 0 4.04 5.42 9.59 13. 69 

80. 0 4.6 2 6 . 19 10. 96 15. 64 

90 . 0 5.20 6.9 7 12 .33 17. 59 

100 .0 . 5 . 77 7.75 13.70 19. 55 
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(5) 

As stated , the horizontal axis on the 1502 is calibrated in M/DIV . 

This axis , though , can easily be convert2d to a t i me 2xis by di viding 

the horizontal scale by the velocity of p ropagation : 

M 
TIME DIV 
DIV v 

p 

(6) 

For example , for a scale setting of 1 M/DIV and the CABLE DIELECTRIC set 

for a PTFE (teflon) coaxial cable (v = O. 70·c = 2.1 x 108 m/sec1 , this 
p 

represents 4. 762 ns/DIV. 

There are several pieces of informat ion which c:an be determined 

from the display on the TDR 1 s crt. First, t he imped an ce of a transmis 

sion line can .be obtained (o r an impedance mismatch with i n a line) fr orn 

(5) whe re Z is the :i.mpedé1nce of a ' known' cable (the 1502 is balanced 
0 

for 50D and a 50D precision cable is supplied) and~ is the impedance 

of the 'unknown' cab le (or impe dance mismatch in a line ). If the verti 

cal scale s etting is known the impedance of the~ can be found from 

Table 2 (refei-ence 50D cable t o centre line). The length of the cable 

can also be dete rmine d directly off the crt display if the CABLE DIELEC

TRIC is set for the t ype of cab le being tested (see Figure 5). 

The dielectric constant of a cab le can also be determined if the 

length of transmiss i on line (coaxial or parallel line) is known; the 

relationship c.an be cxpressed by combining (2) and (4): 

(7) 
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Figure 5 DETERMINiNG CABLE IMPEDANCE AND LEI\IGTH 
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