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1-. Introduction

Time domain reflectometry (TDR) is a relatively new method for determining soil moisture

content under road pavements from the measurement of the soil's dielectric permitivity.l

TDR equipment consists of a pulse generator, a sampler that produces a low frequency

output, and an oscilloscope for the display of the sampler ouþut.2 Electromagnetic pulses in
the range from 1 Mhz to I Ghz are applied through a transmission line ending in a
waveguide which is embedded in the soil. When a pulse enters the soil, the change of
impedance at the airlsoil interface causes part of the pulse to be reflected. The travel time of
thá pulse can be measured on an oscilloscope and is a function of the relative permitivity of
the soil surrounding the sensors. This permitivity is in turn strongly dependent on soil
moisture content since the relative values of the dielectric constant for water, dry soil, and

air are 80, 4, and 1, respectively.

2. The Purpose of the Study

The purpose of this study is to evaluate time domain reflectometry method and equipment
used for seasonal monitoring of soil moisture content. The study is based on dat¿ collected
before and during the installation of instrumentationa, as well as seasonal data collected over
a period of three months n t992 at a Strategic Highway Research Program (SHRP) test

section in Boise, Idaho.3

More specifically, the study has the following objectives:

a) To evaluate existing methods for reading TDR traces and recommend a method specific to
the type of TDR waveguide used.

b) To.compare soil moistuie values obtained using various empirical equations.5'6'8

c) To calculate and represent graphically the effective seasonal moisture content for the test
section studied.

3. Methods for Locating the Initial and Final Points of a TDR Trace

Three methods have been suggested for determining the locations of the initial and final
points of TDR traces: the Method of Peaks, the Method of Diverging Lines, and the Method
of Tangents. A typical TDR trace rises smoothly to a local maximum and then falls
smoothly to a local minimum. Figures t,2, and 3 depict typical TDR traces and illustrate
these methods, which require the construction of various tangents and deterrnination of
locations where tângents intersect or where trace and tangent diverge.



a) The Method of Peaks

In Figure 1, the initial point ("4") is located on the TDR trace at the intersection of tangents

drawn on either side of the local maximum. The final point ("8") is located on the trace at

the intersection of tangents drawn on either side of the local minimum.

Fig.l. Method of Peaks, suggested for locating the initiat and final points of a typical TDR

trace.

b) The Method of Diverging Lines

In Figure 2, " A" is located where the trace diverges from the local maximum's positively

slopeá 1¿ngent. "8" is located where the trace diverges from the local minimum's negatively

sloped tangent.

F'ig.2. The Method of Diverging lines, for locating the initial and final points of a typical TDR
curve.

I.á



c) The Method of Tangents

In Figure 3, " A" is located at the intersection of the horizontal and negatively sloped

1angents to the trace's local maximum value. "8" is located at the intersection of the
horizontal and positively sloped tangents to the trace's local minimum value.

d) The Alternative Method of Tangents (AMT)

In Figure 4, "A" is located at the intersection of the horizontal and positively sloped tangents
to the trace's maximal value. "8" is located at the intersection of the horizontal and

negatively sloped t¿ingents to the trace's local minimum value.

4. Comparatiye Study of Different Methods of Reading TDR Traces and
Selection of a Recommended Method

Iængths (i.e., time) from "4" to "8" have been determined graphically from TDR traces
and compared statistically to select a recommended method of reading field measurement
traces.

These traces were obtained from measurements made in February through April7992 at
SHRP General Pavement Study (GPS) Test Section 163203 in Boise, Idaho for Boreholes #2
and #3.

Taking into consideration the small quantity of data available, the non-parametric rililcox's
signed-rank test was used.e This test considers bofh the direction and magnitude of
differences between pairs of observations.

,A.ppendix L contains the TDR traces taken at Borehole #2 using 7.5" flat-pronged
waveguides. The initial and final ppints of the traces have been determined using all three
methods. Table 1 lists the lengths between "4" and "8".

Appendix 2 conøins the TDR traces taken at Borehole #3 using L2.0" curved-pronged
waveguides. Again, the initial and final points have been determined using the three
methods. Table 2 lists the lengths between "4" and "8".

Appendix 3 contains the detailed statistical approach implied by the non-parametric Wilcox's
signed-rank test. Table 3 lists the statistical comparisons made between pairs of TDR
readings and suggests that the Method of Peaks leads to higher results than the Method of
Diverging Lines.

The *t-Student test" has been used to investigate the meaning of these differences.e This test
assumes normality of the data and requires that all pairs of data be observed under the same
conditions. It yields more information than is achievable using Wilcox's signed-rank test.
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FiS.4. The Altemative Method of Tangents for locating the initial and final points of a typical

TDR curve.
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Calculating the means and standard deviations of the resulting differences for each pair of
data and analyzing their significance, one may establish confidence limits for these
differences (see Appendix 5). These confidence limits are given in Table 4.

The influence of the average confidence limitd,avg : 0.18 ft. on soil moisture content
determined with flat and curved sensors was studied (see Appendix 8) and found to be less
then 1% for curved and 2% for flat sensors. Thus, the influence of the method of reading
TDR curves is negligible in the case of curved sensors. When flat-pronged sensors are used,
the Method of Diverging Lines is recommended.

The Method of Tangents has not been studied in detail, but a rough comparative examination
(see Appendices 1 and 2) shows that this method produces lengths somewhat smaller then
those obtained by the Method of Diverging Lines.

From this statisticâl study, it appears that the data obtained with the Method of Diverging
Lines fits well between the data obtained with the other two methods and is the most suitable
one for future use.

5. Calculation of Soil Moisture Content Using Empirical Equations and
Recommendation for Monitoring of a Specific Road Test Section

Considering soil as composed of three constituent materials, air, dry solids, and water, for
which the dielectric constants are as follows:

K(air) : 1

K(drY soil) = 3 to 6
K(water) : 79 to 82

the dielectric constant of a moist soil (Ka) will be somewhçre in the range from 6 to 82 and
can be calculated from the formula:

Ka : (L/Vp)2

where L is the trace length, V is the phase velocþ, and P is the probe length.

Topp has developed an empirical relationship between a soil's volumetric moisture content
(X) and its dielectric constant (Ka):

X : -0.053 + (0.0292)Ka - (0.00055)Ka2 + (0.00000+3)Ka3

where 0 < X < 1. This equation is known as Topp's Universal Equation.l0 Despite its
minor timitations for clay materials, in which the soil and water interact chemically and
physically, this equation has been proved to be valid in most cases.6'7'8'10
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The explicit Universal Equation has been compared with two implicit equations:

X3-(198.814173)*-(30.08/417.3)X-(3.91-Ka)1417.3=0

* - (t+stt6.7)* - (s-3t76.7)X - (3'03-Ka) 176'7 : 0

for graver and soil, respectivery,rl and has produced more pertinent results (see Appendix 9,

Borehole #3, February 1992)'

The use of existing tabulated values for the solutions of these two implicit tqo"tio* *u'

found to be slow urrd bordon o*.. fo ,.mou. these deficiencies, a l-otus-based spreadsheet

routine *u, A.u"fof.J"tá *.¿. This routine, described in Appendix 1'0' permits the user to

;;;;t;r,h equar .ãr, ,ny of the three equations to calculate the soil moisture content'

ExceptforthecaseofBorehole#3,February:lggz,forwhichallthreeequationswereused,
the universal Equation was used to calculate soil mositure content for an seasonal tests

performed on the Idaho test section iú volumetric moisture contents thus obtained were

then transformed into moisture contents by weight usinp the dry density values of the soil

determined during the installation of ,rtrim--r""Àors.3- These calculations are contained in

Appendix 9.

ThefinalworksheetofAppendixgpresentstheseasonalaveragesoilmoisturecontentunder
the road pun.rrr.* unã ,.îåt ¿ statisiicat vatues characterizing its variability (søndard

deviation urr¿ 
"o"in.i.nt 

of variation)i 
-These 

figures ilustrate the change in moisture

content with dePth and time'

6. Conclusions

l.BoththeMethodofDivergingLinesandtheAlternativeMethodofTangentsare
recommended for the interpretatio' oï inn üaces obtained using 7.5" flat sensors for

ãetermining soil moisture õontent (MC) under road pavements'

2. Use of the other two methods studied requires corrections as follows:

a) Method of Peaks: MC = MC(Pea-ks) - 1'8

b) Method of Tangents: MC = MC(Tangents) + 1'8

3.Anyofthethreemethodsforinterpretingtracesobtainedusingl2.0''curvedsensorl
could be used without correction'

4. This statistical study could be repeated to evaluate more fully the Method of Tangents

using the data in Appendices 1 a¡d2'

6



5. Curved TDR sensors produce more reliable results than shorter flat probes.

6. Topp's Universal Equation is recommended for calculating moisture content from

experimental data.

7. The Lotus-based spreadsheet routine developed for determining soil moisture content

from any of the three equations studied is recommended.

Tabte 1. The lengths of TDR traces, graphically determined through the use of different
methods on Borehole No. 2, from measurements taken in February, March, and April'
1992, at Boise Test Section 163023.

Tabte 1, Part 1. Measurements Taken During February, L992.

'Wire

(No.)
Depth
(in.)

Prong
(No.)

Vrt.
mp/d

Hrz.
ftld

¡'Peâkstt

(fr.)

ttDiv.

Linestt
(ft.)

ttTangentst'

(fr.)

1-01 t2 J 10 I 1.40 1.40 1.30

10 I t.37 1.48 1.30

r-02 T7 2 10 1 1.72 1.60 1.53

1-03 22 3 50 I r.75 1.79 1.69

20 I 1.65 1.67 r.66

t-04 27 2 20 1 2.16 1.88 2.10

1-05 33 3 50 I 2.25 2.00 2.20

1-06 39
,)

10 I 1.68 1.60 r.52

5 I 1.65 1.67 1.55

t-07 45 3 50 I r.72 1.81 1,.49

20 1 1.65 1.60 t.52

1-08 57 2 20 I 2.t2 1.84 2.09

1-09 69 3 50 I 2.77 2.4s 2.85

1-10 81 2 50 I 2.60 2.39 2.70

3.10 2.22 3.79
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Table 1 P^rt 2 Measurements Taken During March, 1992'

*Tâng.tt

(ft.)Wire
(NoJ

Depth
0ns.)

Prong
(No.)

Vrt
mp/d

Hrz
ftld

rrpeAkstt

(fr.)

rDiv.
Lns.t
(fr.)

1-01 T2 3 10 I r.42 1.38 1.30

10 1 1.47 1.40 r.10

r-02 t7 2 5 1 1.60 1.60 1.10

r-03
,,j 3 20 1 1.89 1.82 1,.72

20 1 1.90 1.90 1.80

1-04 27 2 20 I 2.08 r.78 2.O0

t-05 33 5 50 1 2.29 2.51 2.22

50 1 2.18 2.02 2.20

1-06 39 2 20 I L.73 1.60 1.60

t-07 45 3 20 1 1.72 r.49 \.63

20 I r.75 t.45

1-08 57 2 20 1 2.02 1.77 2.05

20 1 2.07 1.98 2.05

1-09 69 3 s0 I 2.88 2.40 3.07

50 I 2.80 2.26 3.90

1-10 81 2 50 1 2.80 2.40 3.40

50 1 2.50 2,7 3.70



Table L, Part 3. Measurements Taken During April' 1992.

Wire
(No.)

Depth
0ns.)

Prong
(No.)

Vrt.
mp/d

IJrz.
ftld

(Peakst

(fr.)
"Div.
Lnst
(ft.)

ttTang.tt

(ft.)

1-01 t2 3 50 1 1.60 r.67 1.40

r-02 17 2 5 1 1.68 t.62 1.57

1-03 22 J 50 1 1.90 1.88 1.82

1-04 27 2 20 1 2.04 t.78 2.12

1-05 JJ 3 50 I 2.21 2.r0 2.23

1-06 39 I 5 1 1.72 1..65 1.58

r-07 45 3 50 1 1.77 1.59 1.65

1-08 57 2 20 I 2.to 2.00 2.20

1-09 69 3 50 1 2.80 2.15 3.16

1-10 81 2 50 1 2.60 2.54 3.79



Table 2. Ihe tengths of TDR traces, gf¿phicatly deúerm¡ned us¡ng three dificr€nt methods on

Borchote No. 3 tfainct orved-pro¡g sensors) frmmeasr¡rene¡ts taken inFehuary, ll{arctr, and

Apriln lgy¿, ÐtBoise' Idaho Test Secfion L63t23.

Table*2, Part L. Measurements Taken During February, 1992.

Wire
(No.)

Depth
(Ins.)

Prong
(No.)

Vrt.
mpid

IJrz.
ftld

ttPeakstt

(fr.)

66Div.

lns.tt
(fr.)

otTang.tt

(ft.)

0-01 T2 3 10 1 t.69 r.66 1.03

5 1 r.47 1.69 1.05

0-02 l7 2 20 I 2.44 2.43 2.03

10 1 2.M 2.43 2.03

5 1 2.44 2.34 2.05

0-03 22 5 20 1 4.r2 3.05 2.78

0-04 27 2 20 1 3.00 2.90 2.90

0-0s 33 J 10 1 2.49 2.t9 1.90

5 1 2.45 2.04 2.03

0-06 39 2 20 I 2.50 2.39 2.11

0-07 45 3 100 1 2.40 2.74

0-08 57 2 10 1 2.38 2.50 2.lL

0-09 69 J 50 I 3.55 3.45 3.65

0-10 81 ) 20 I 3.30 2.66 3.15

10
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Table 2, Paú 2. Measurements Taken During March, 1992.

Wire
(No.)

Depth
(Ins.)

Prong
(No.)

Vrt.
mpid

Hrz.
ftld

ttPeakstt

(fr.)
ttDiv.

Lnstt
(ft.)

ttTang.tt

(fr.)

0-01 12 J 10 1 2.02 1.90 1.68

0-02 T7 2 10 1 2.40 2.40 2.08

0-03 22 3 20 1 2.98 2.29 2.90

50 1 3.05 2.58 2.90

0-04 27 2 20 I 2.95 2.97 2.9s

0-05 33 3 10 1 2.60 2.48 2.48

10 1 2.63 2.40 2.50

0-06 39 ) 10 I 2.46 2.40 2.05

0-07 45 3 50 I 2.79 2.53 2.60

50 I 2.76 2.58

0-08 57 2 10 I 2.36 2.35 2.35

0-09 69 3 50 1 3.63 3.37 3.85

0-10 81 2 20 1 3.05 2.35 3.15
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Table 2, Part 3. Measurements Taken During April, 1992.

Wire
(No.)

Depth
(ins.)

Prong
(No.)

Vrt.
mp/d

Hrz.
ftld

'úPeaks"
(fr.)

ttDiv.

lnst'
(fr.)

ttTang.tt

(fr.)

0-01 L2 3 50 1 2.r7 2.ß 2.60

0-02 L7 2 10 1 2.29 2.38 2.29

0-03 22 3 50 1 3.00 2.40 3.t6

0-04 27 I 20 I 2.93 2.85 2.48

0-05 JJ J 20 1 2.70 2.58 2.30

0-06 39 2 10 I 2.45 2.38 2.30

0-07 45 3 50 1 2.72 2.63 2.64

0-08 57 ) 10 I 2.33 2.28 2.72

0-09 69 J 50 1 3.62 3.00 4.05

0-10 81 2 20 1 3.15 2.63 3.30

Table 3. Statistical Comparison Between Pairs of TDR Re¿dings Obtained by Using the "Method
of Peaks" and the ¡'Method of Diverted Lines."

'rl

'Ì:

il:i

illl

llr

;i

rili
illl

Iti

,llil

Month Annex w Wcr Relation Conclusion

A) Borehole No. 2, 7th-inch flat prongs:

February 3l 24 25 W(Wcr Different
Results

March 32 7 35 W(Wcr Different
Results

April 32 3.5 I W (Wcr Different
Results

B) Borehole No. 3, l2-inch curved prongs:

February 4t 32.5 25 W)Wcr Similar
Results

March 42 2 7 W(Wcr Different
Results

April 43 5.5 I W(Wcr Different
Results

t2



Table 4. Confidence limits for the differences (di) between the reading of typical TI)R curves,
utilizing the method of íPeaks" and the method of íDivided Lines" in the hypothesis:

TDR(Peaks) - TDR(Div.Lns) * di

Confidence limits for di (ft.)

Probability
(PVo)

d,min drmax dravg

95 0.06 0.29 0. l8

90 0.09 0.26 0.18

80 0.t2 0.23 0.18

60 0.15 0.22 0.18

L3
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Appendix 1.

Plots of TDR traces obtained from field seasonal measureme¡t$ in February, March, and
April 1992 in Borehole #2. using flat prongs 7.5" long and different graphical methods of
reading.
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A.ppendix 1.

Plots of TDR traces obtaincd from field seasonal measurements in February, March, and

April L992 in Borehole #2, using flat prongs 7.5" long and different graphical methods of
reading.

aaa) "Method of Tangents", Borehole #ZlFebntary 1992
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Appendix L.

Plots of TDR traces obtained from fïeld seasonal measurements in February, March, and
April 1992 in Borehole #2, using flat prongs 7.5" long and different graphical methods of
reading.

bbb) "Method of Diverging Lines", Borehole {2lFebraary 1992
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Appendix 1.

Ptots of TDR trases obtained from field seasonal measurements in February, March, and
April 1992 tn Borehole #2, using flat prongs 7.5" long and different graphical methods of
reading.

ccc) "Method of Peaks", Borehole #2lFebn:øry L992
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Appendix 1.

Plots of TDR traces obtained from field seasonal measurements in February, March, and
April 1992 in Borehole #2, using flat prongs 7.5" long and different graphical methods of
reading.

aaa) "Method of Tangents", Borehole #2, March 1992
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, Appendix 1.

Plots of TDR traces obtained from field seasonal measurements in February, March, and
April 1992 in Borehole #2, using flat prongs 7.5" long and different graphical methods of
reading.

bbb) "Method of Diverging Lines", Borehole #2lMarch L992
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Àppendíx 1.

Plots of rDR traces obtained from field seasonal measuremenß in February, March, an¡dApril t992 in Borehole #2, using flat prongs 7.5" long and differeot gtrøí"ri methods of
reading.

ccc) "Method of Peaks', Borehole #2lMarehlg92
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Appendix 1.

Plots of TDR traces obt¿ined from field seasonal measufemerits in February, March, and
April 1992 in Borehole f2, using flat prongs 7.5" long and different graphical methods of
reading.

aaa) "Method of Tangents", Borehole #2, Aptil 1992
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Appendix 1.

Plots of TDR traces obtained from field seasonal measurements in February, March, and
April t992 in Borehole #2, using flat prongs 7.5" long and different graphical methods of
reading.

bbb) "Method of Diverging Lines", Borehole #2lfupril1992
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Appendix 1.

Plots of TDR traces obtained from field seasonal Measurements in February, March, and
Apnl1992 in Borehole #2, using flat prongs 7.5" long and different graphical methods of
reading.

ccc) "Method of Peaks", Borehole #2l$ptilL992
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Appendix 2.
Plots of TDR traces obtained from field seasonal measurements in February, March, and
April t992, in Borehole #3, using curved prongs 12" long and different graphical methods of
reading.

aaa) "Method of Tangents", Borehole #3, Febnrary 1992
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Appendix 2.
Plots of TDR traces obtained from field seasonal measurements in February, March, and

April lgg2, in Borehole #3, using curved prongs 12" long and different graphical methods of
reading.

bbb) "Method of Diverging Lines", Borehole #3,ßebruary 1992
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Appendix 2.
Plots of TDR traces obt¿ined from field seasonal measurements in February, March, and
April 1992, in Borehole #3, using curved prongs 12" Iong and different graphical methods of
reading,

ccc) "Method of Peaks", Borehole #3, February l99e
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Appendix 2.
Plots of TDR traces obtained from field seasonal measurements in February, Marcho and
April 1992, in Borehole #3, using curved prongs L2" long and different graphical methods of
reading.

aaa) "Method of Tangents", Borehole #3, March L992
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Appendix 2.
Plots of TDR traces obtained from field seasonal measurements in February, March, and
Ãprtl 1992, in Borehole #3, using curved prongs 12" long and different graphical methods of
reading.

bbb) "Method of Diverging Lines", Borehole #3, March t992
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Appendix 2.
Plots of TDR traces obtained from field seasonal measurements in February, March, and
April1992, in Borehole #3, using curved prongs 12" long and different graphical methods of
reading.

ccc) "Method of Peaksn, Borehole #3, March 1992
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Appendix 2.
Plots of TDR traces obtained from field seasonal measurements in February, March, and
April 1992, in Borehole #3, using curved prongs L2" long and different graphical methods of
reading.

aaa) "Method of Taûgents", Borehole #3, ApriI 1992
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Appendix 2.
Plots of TDR traces obtained from field seasonal measurements in February, March, and
April t992, in Borehole #3, using curved prongs L2" long and different graphical methods of
reading.

bbb) "Method of Diverging Lines", Borehole #3, April L992
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Appendix 2.
Plots of TDR traces obtained from field seasonal measurements in February, March, and
April 1992, in Borehole #3, using curved prongs 12" long and different gráphical methods of
reading.

ecc) "Method of Pealcs", Borehole #3, April 1992
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Appendix 3.

Application of the Wilcox's Signed-Rank Test, for pairs of TDR readings, obtained in
Borehole #2, by using different graphical methods of reading.
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N{NEXE ' 31

8t¡tl¡tieal conparison Þetween paira ol lfDR

using 3----- (1) lstbod of Peaks.
iti ret¡óã of ãiverteô lines

c) soLUTroN:

Let ¡nl and ¡n2 rePres-ent thl 
-mean 

TDR

bv usinct tt¡e iJtr-ä" (1) "'"a 
(2) 'respectively'

;'t.;-p;ócedure one may have:

À)DATÀ:IdahorBoise'Test-Section163023'Borehole#2'flatptonså /t '5".Lenst¡';-;;;ii"if tssi' varues of rDR

Lengthá are those ,ji"Jl-i"-drre lnnexe 1 and Table 1'

B) THE PROBLEM:

Using the Wilcoxon singned-rank test-- for Paired

observations , test tl" fripott'";i-=- 
^' 

ät-- itt" 0 ' 05 level of

significance ,to dg!et*i11 
-îåtrr"t the tJo-aiiierent ¡nethods used

for reading ttre TDR exp"rit"ntuf traces ' 
lead to si¡nil'ar or

dÍfferent results'

reaôingr oÞtaiueô ÞY

readings ,obtained-roffoúing the six

1.The null hYPothesis' Ho:

2.The alternative hYPothesis' Hl:

3.The significance level' a:

¡n1=¡n2

m1><m2

0.05

4.The critical region: Since - -t-he number of pairs of

observarions i" 15, ffo1 t¡; t"hé À16 
-(I{aip-ot:, 1e85) 'for n=15

and a =0.05,orr" '"y find ttre ciiiical r.giott Lo be t ¡s¡<=25



5. ConPutations:

======== ======:========================= =-'=======================

Pair t'lethod(l) l{ethod(z) DilRank Wi+ tli-

=======: ====:=========== =============:==:========================
1 1.40 1.40 o/L 1

1.37 1.48 -o.LL/8

L.72 1.60

1.75

1. 65

2.L6

2.25

1. 65

L.72

1.65

2.12

2.77

2 .60

3.10

o.L2/9 e

' 1.68 1.60 o.o8/6

L.79 -o.04/ 4

L.67 -o.o2/2 -5

1.88 o.28/L2 -5 L2.5

2. OO o.25/Lt 11

6

L.67 -o.02/2.5

1.81 -o.09/7

1. 60 o.o5/5 5

1. 84 o.2s/r2 -5 12 ' 5

2.45 o.32/r4 14

2.3s o.2r/to 10

2.22 0.88/15 ls

4

2.5

I

9

10

11

L2

13

14

15

2.5

7

Tota1 96 24

::===============================_-===========:====-_======

W+=96

Yl-=24

Yl=Z4

:============:=



6. Conclusion:

the conputed value, ll=24 is less than the critical value wcr<=2s'one

have to reject the null hypothesis, H0, ànd to conclude that the

TDR readings,obtained by using the two investigated nethods

nentioned above are significantLy different. ÀIso one Day obsen¡e

that this assertion is not decissiverbecause the computed value,

w is situated very near the up-linit of the critical region
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ÀNNEXE.32

8t¡tietical conparison between ¡rairs oC TDR readings obtained by
uaing 3

(1) nethod of peaks
(2't nethod of diverted lines

À) DATA: IdahorBoise, Test Section L63O23, Borehole #2, flat
prongs /7.Sttlength, March L992. Values of lDR

Iengths are those ,given in the Ànnexe 1 and Table L.

B) THE PROBLEM:

Using the Wilcoxon singned-rank test, for paired
observations ,test the hypothesis ,ât the O.05 level of
significance ,to determine wether the two different rnethods used
for reading the TDR experimental traces ,lead to si¡niltar or
different results.

c) soLUTroN:

'Let rn1 and m2 represent the mean TDR readings ,obtaÍnedby using the ¡nethods -(1) and (2),respectively. Following the six
step procedure one nay have:

l.The null hypotheèis, Ho: m1=m2

2.The aLternative hypothesis, Hl: n1><m2

3 . The signif icance level, a: ". 0. 05

4.Îhe critical region: Since the nunber of pairs of
observations is 17, from the Tab1e 416 (Walpote, 1985)rfor n=17
and a =0.05rone nay find the critical region to be : lcr<=35



5. ComPutations:

==========:==Jt===========================:======:====::=========Pair uethod ( 1) l{ethod (2) Di,/Rank t{i+ r¡i-
::===:=====:=============================:============:==========

r.42 1.38 o.oL/t 1

L.47

1.60

1. 89

1.90

2.08

2.29

2.L8

L,7 3

L.72

1.75

2.O2

2.07

2.88

2 .80

2.8o"

2.50

1.60

1.82

1.90

r..78

2.5L

2.O2

1. 60

L,49

1,45

L.77

1.98

2.40

2.26

2 .48

2.1,8

2.5

10. 5

6

5

I

10. 5

9

4

14

15

12.5

L2.5

1.40 O.07/2.5 2.5

9

10

11

L2

13

L4

15

16

L7

0

o.07 /2.5
0

0. 3ol10. 5

-o.22/7

a .t6/ 6

o.L3/5

a.23/8

0.30110.s

a.2s/e

o.oe/4

a .44/14

o.54/15

o.32/L2.s

o.32/L2.5

Total 111

====:===:===::===:=:==============:=====:==::===:======

ll+=111

I{-=7

Ì{=7

t--
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6 . Conclusion:

As the computed value, W---7 is less than the Critical value

Wcr(=35r one have to reject the nuII hypottresis, H0, and to

conclude that the TDR readings,obtained by using the two

investigated methods mentioned above are significantly different.



A}ÍNEXE.33

8t¡tlstical
using !

conpariso¡ betreen Paira of TDR readings obtainad bY

of peaks
of diverteô li¡es

(1) netbod
121 ¡ethod

À) DATÀ: IdahorBoiser-Test- Section L63O23, Borehole-!?' flat
ptotgå ¡l .s;tlen9th, April L.292 '- values of TDR

Ie-ngthé äre those ,jivén in the Annexe I and Table 1'

B) THE PROBLEM:

Usingthel{ilcoxonsingned-rank-testforp-aired
observations -,test the hypothesis- rât the O.05 level of
significance ,do-aã"rmine ièttrer the two different rnethods used

iãí ï""díng tfre TDR experimental traces , Iead to sinillar or
different resuÌts.

c) SoLUTTON:

,Let ml and m2 represent the mean TDR readlngP ,obtained
by using the methods (1) ana (2),respectively. Following the slx
slep þrocedure one maY have:

1.The nuII hlPothesis, H0:

2.The alternative hYPothesis, Hl:

3.The significance leve1, a:

m1=m2

ml><m2

0.05

4.The critical region: since the number of pairs 9l
observations i"-io, from-the Table À16 (l{alpole' 1985),for n=10

and a =0.05,orr" touy find the critical region to be : lcr<=8



5. ComPutations:

======== = =,= =::= ========= ==:: =========== ====--============== =======

Pair l{ethod(l') l{ethod(2) DÍlRank wi+ I{i-

======== ===::==============:============ =========================

1 1.60 L'67 -o'o7/3'5 3'5

t .68

1.90

2.04

2.21

r.72

I.77

2.LO

2.80

2.60

t.62 o.06/2

1.88 o.oz/L

1.78 0.26/9

2.IO o .LL/ 6

2

1

8

6

I

9

t"o

1.65 o.o7 /3 -5 3 ' 5

1. 59 o .L8/7 7

2. OO o.Lo/s s

2.I5 o.65/to L0

2.L4 0.4619 9

51.5 3 .5lotal:

== = = = : : = == = = = = = : = = : = = = = = : = : -- = == = : = = = = = = = = : = : = :== = = = = = = = = == = = = == = =

W*:51.5

w-=â. s

ll=3.5

====:===:===:=

. 6.Conclusion:

Às the computed value, W=3.5 is less ttran the critical value

I{cr(=8, one have to reject the null hypothesis' H0' and to conclude

that the TDR readÍngsrobtained by using Ghe two investigated

nethodsmentionedabovearesignificantlydifferent.
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Appendix 4.

Application of the 'Wilcox's 
signed-Rank Test, for pairs of rDR readings, obtained onBorehole #3, by using differeni graphical methods óf reading.
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ÀNNEXE.41

Statlgtical couparison between pairs
uaíng !

(1) natbod of ¡reaks
(21 nsthoð of ôiverted lines

of TDR readings obtained bY

A) DAlÀ: IdahorBoise, Test Section 163023, Borehole #3'curr¡ed
prongs /Lz"length, February L992. Values of TDR

lengths are those ,given in the Annexe 2 and Table 2.

B) THE PROBLEM:

Using the Wilcoxon singned-rank test for paired
observations ,test the hypothesis ,ât the 0.05 leve1 of
significance ,to determine wether the two different methods used
for reading the TDR experimental traces ,lead to si¡nillar or
different results.

c) soLUTroN:
I

I

Let ¡nl and n2 represent the mean TDR readings ,obtained
by using the methods (1) and (2),respectivety. Following the six
step procedure one may have:

1.The null hypothesis, H0:

2.Îhe alternative hypothesis, Hl:

3.The significance IeveI, a:

rnl-=m2

¡n1><m2

0. o5

4.The criticat region: Since the number of pairs of
observations is 15, from the Table À16 (Walpole, 1,985) rfor n=15
and a =0.05rone may find the critical region to be : rcr<=25
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5. ComPutatÍons:

======:=::=:::==:==========:======:============= ======:==========
Pair Method(1) Method(2) DilRank wi+ I{i-
=======: ====:=================================:===:====:=========

1..69 1.66 o.o3/2 2

L.47 1 .69 -O.22/9

2.44 2.43 o.oL/L 1

2.44 2.44 0

2.44

4.L2

3.00

2.49

2 .45

2.50

2 .40

L.25

2.38

3.55

3.30

2.90

2.19

2.04

2.39

2.7 4

1.35

2.50

3.45

2.66

4.5

L4

4.5

10

L2

7

2 .34 O .LO/ 4 .5

3.0s L.o7 /14

9

t0

11

L2

13

14

15

o.Lo/ 4.5

o.3o/Lo

o.4L/12

o.tL/7

-o.34/rr
-o.to/4.5
-o.L2/8

o.Lo/ 4 .5

o.64/t3

11

4.5

I

4.5

13

TotaI 62.5 32.5

:::::::= = =::=: =: =:===:=== == == =:=:= =: =====: = =:= == = ==== = _-;

W*=62.5

Vl-:32.5

I{=32.5



6 . Conclusion:

Às t'he cornputed value, W=32.5 is higher than the critical value
I{cr(-25rone have to accept the nul} hypothesis, H0, and t,o concl-ude

that the TDR readings,obtained by using the two investigated
methods mentioned above are not sígnificantly different.

d
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ANNEXU.42

8t¡tlgtic¡l conparison betveen pairs of TDR readings obtained by
ueing r

(1) netbod of peaks
(2) netbod of diverteô linas

À) DATA: fdaho,Boise, Test Section 163023, Borehole #3, curved
prongs /Lz"Iength, l,farch L992. Va1ues of TDR

lengths are those ,given in the Ànnexe 2 and Table 2.

B) THE PROBLEM:

Using the I{ilcoxon singned-rank test for paired
obserr¡aÈions ,test the hypothesis ,ât the 0.05 leve1 of
significance ,to determine wether the two different rnethods used
for reading the lDR experimental traces ,lead to si¡nilIar or
different results.

c) soLUTroN:
I'Let rnL änd ¡n2 represent the nean TDR readings , obtained

by using the methods (1) and (2),respectively. Following the six
step procedure one may have:

l.The null hypothesis, H0: m1=m2

2.The alternative hypothesis, Hl: m1><nr2

3.The significance Ievel, a: ,. 0.05

4.The criticaL region: Since the number of pairs of
observations is 13, fron the Table À16 (I{aIpoIe, 1985)rfor n=13
and a =0.05,one may find the critical region to be : rcr<=17



5. Computations:

Pair Method ( 1) llethod (2) DÍrrRank wi+ r{i-

2.02

2 .40

2.99

3.05

2.95

2.60

2.63

2.46

2.79

2.76

2.36

3 .63

3 .05

1.90

2.40

2,29

2.58

2.97

2.48

2.40

2.40

2.53

2.58

2.35

3.37

2.35

o.L2/5

0

o .69/L2

a.47 /LL

-o.02/2

o.L4/6

o.06/8

0. 06/3

o.26/9.5

o.L8/7

o.oL/r

o.26/9.5

o.ro/ 4

L2

11

9

10

11

L2

13

6

I

3

9.5

7

1

9.5

4

TotaI

I{*=7 6

t¡I-=2

W=2

76
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6. Conclusion:

Às the computed value, W=2 is less than the critical value

Wcr<=17, one have to reject the nulI hypothesis, II0, and to
conclude that the TDR readings,obtained by using the two

investigated methods mentioned above are significantly different.



ÀNNEX. 4 3

Statistica1 conparieon between pairs
using r

(1) nethod of Peaks(2, nethod of diverted li¡es

l.The nuII hYPothesis, H0:

2.The alternative hYPothesis, HL:

3.The significance level, a:

of TDR readings obtainedl ÞY

m1=n2

n1><m2

o. o5

A) DÀTÀ: Idaho,Boise, Test Section 163023' Borehole #3, currred
prongs /Iz"Iength, April L992. Values of TDR

Iengths are those ,given in the Annexe 2 and Table 2.

B) THE PROBLEM:

using the wilcoxon sÍngned-rank test for p_aired
observations ltest the hypothesis ,ât the 0.05 level of

"ig"ificance ,to detennine wéttrer the two different ¡nethods used
f;; ìeaaing tft. TDR experimental traces ,lead to sinillar or
different results.

c) soLUTroN:

Let nI and ¡n2 represent the mean TDR readings ,obtained
by using the methods (1) ana (2),respectiveLy. Following the six
step procedure one rnaY have:

4.The critical region: Since the number of pairs of
observations is 10, fro¡n the Table À16 (l{alpole, 1985) rfor n=10
and a =0.05,one nay find the critical region to be ¡ Fcr<=8



F

5. Conputations:

Pair Method ( 1) l{ethod (2 ) DilRank Wi+ Wi-

2.t7 2.10 O.O7/2.5 2.5

2 .2e 2 .38 -O . O9/5 .5

3 . O0 2.4O 0.60/8 9

2.93 2.85 O.O8/4 4

2.7O 2.58 O.LZ/LO 7 6

2.4s 2.38 O.O7 /2.s 2.s

5.5

7

I

9

L0

2.72 2.63 O.O9/5.5 s.5

2.33 2.28 O.Oí/L 1

3.62 3.00 0.62/9 10

3 .15 2.63 0.52/7 8

Total 40.5 5.5

===:==== == = ====:=:====:== =======:=::===:::==:=:= =====:===== = =====

W*=40.5

If-:S. 5

W=5.5

======:==:====

6. Conclusion ¡

As the computed value, I{=5.5 is Less than the critical value

Ì{cr<=8, one have to reject the null hypothesis, H0, and to conclude

that the TDR readings,obtained by using the two investigated

methods rnentioned above are significantly different.





Äpp tdix *
TêütlW ühÞ ûjtgoi&ðæ 0f ditftreines betwe+npaire of 1D&.rsnúiwÊ, obrefnÊd b¡r u*iqgdi t ms ocfb of iliry¡ '-- *

tÞ'

1S7



Annexe 5 TestÍng
obtained
TDR Èraces

the differences between the TDR values
by using dífferent methods for readíng

Crt.
No.

1 .00
2.00
3. 00
4.00
5.00
6.00
7.00
8.00
9.00

10.00
11 .00
12.00
i3.00
14.00
1s.00
16.00
17.00

SUM (FT)

Avc (fr)

STD

N

t

S ign.

41 42

0.03 0 .L2
-o.22 0.00
0.01 0.69
0.00 0 .7 4
0.10 -0.02
1.07 0.14
0. l0 0.06
0. 30 0 .26
0.41 0.18
0.11 0.01

-0.34 0.26
-0. 10 0. 10
-0.12 0.47
0. 10
0.64

2.09 3 . 01

Brhlll3
Annexe Annexe annexe

Brhlll2
Annexe Annexe Annexe
31 32 33

0.00 0.04 -0.07
-0.11 0.07 0.06
0.L2 0.00 0.02

-0.04 0.07 0.26
-0.02 0.00 0.11
0.28 0.30 0.07
0.25 -0.22 0.18
0.08 0. 16 0. 10

-0.02 0.13 0.65
-0.09 0.23 0,46
0.05 0.30
0.28 0.25
0.32 0.09
0.21 0.44
0.88 0.54

0.32
0.32

2.19 3. 04 I .84

0. ls 0. 18 0. 18

0 .24 0. 18 0.21

15.00 17.00 10.00

2.35 4.09 2. 80

0. 14

0.34

0.23

o.24

43

0.07
-0.09
0.60
0.08
0.L2
0.07
0.09
0.05
0.62
0.52

2.t3

0.2r

0.25

15.00 13.00 10.00

1 .58 3 .45 2.73



F
A.p.psndix,õ;

Evatuaiipn CIf ths þorrf,idmee lcvels, far the SsÊr,rys
g¡fmna**, dli" ber :paìrs of'TbRreadings, obtained W usfu different lnethod¡ of
readÍng.
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Test 31 : AnalysYs of
from Annex 31

the average differeneesrrelated víth data
:n=15; Avg=O.15, Std=0.24

PZ

60
80
90
95

97.5
99

99.5
99.95

t*s/n^0.5

0.0334
0.0539
0.0836
0. 109t
0.1332
0. 1623
0. 1846
0.2565

dnín

0.1165
0.0960
0.0663
0.0409
0.0167
-0.012
-0. 034
-0. 106

dmAX

0.1834
0.2039
0.2336
0.2590
a,2837
0.3123
0.3346
0.4065

0.54
0. 87
1 .35
L.76
z.l5
2.62
2.98
4.TÃ



Test 32:Analysis
from Annexe

of the average differenceserrelated víth dat.a
32:n=17 ; Avg=O. 18;Std=0. 18

PZ

60
80
90
95

97 .5
99

99.5
99. 95

0.535
0.865
1 .337
L.146
7.t2

2.583
2.921
4.015

t*s/n-0.5

0.0233
o.0377
0.0583
0,0762
0.0925
0. 1 127
0. 1275
0.t752

drnin

0.1566
o.L422
0.1216
0. 1037
0.0874
0.0672
0.0524
0.0047

¡{max

0.2033
0.2L77
0.2383
o.2562
0.2725
0.2927
0.3075
0.3552

Þ.



Test 33: Analysis of
fom Annexe 33 :

average differencesrrelated $ith data
n=10¡ Avg=0. 18; St,d=O.21

PZ

60
80
90
95

97.5
99

99.5
99.95

t

0.543
0.893
1.383
1 .833
2,262
2.82L
3.25

4.787

t*s/n^0.5

0.0360
0.0593
0.0918
0. 1217
0. 1502
0. 1873
0.2158
o.3L74

dnin

0. 1439
0. 1206
0.088i
0. 0582
0.a297
-0.007
-0.035
-0. 137

dmax

0.2160
CI.2393
0.2718
0. 301 7

0.3302
0.3673
0.3958
o.4974

ri
r.:

l

1
-:

¡

l
t

:":

':{j

.+

3
:'é

â

ãÍ
lt

ã
å
$

$
ä
ä
åt



rest 41:Analysis of average dífferences related nith
data from Annexe 4l : n=15; Avg=9.14; Std=0.34

PZ

60
80
90
95

97.5
99

99.5
99.9s

t

0.537
0.868
1.345
L.767
2.145
2.624
2.977
4.r4

t*s/n^0.5

0. 0471
0.0761
0. I 180
0. 1545
0,1883
0.2303
0. 2613
0.3634

durín

0.0928
0.0638
0.0219
-0.014
-0. 048
-0.090
-0. r21
-0,223

dmax

0.1871
0.2161
0.2580
0. 2945
0.3283
0.3703
0 .4013
0.5034



Test 42: Ânalysis of average
from Annexe 42¡ n=13;

dífferences related uíth da
Avg=O.23; Std=Q.24

P7.

60
80
90
95

97.5
99

99.5
99.95

t

0.538
0.87
I .35

L.771
z,L6
2.65

3. 012
4,22r

t*s/n^0.5

0.0358
0.0579
0.0898
0. 1u8
0.1437
0. I 763
0.2004
0.2809

dnin

0. 1941
0.1720
0.1401
0.1121
0.0862
0.0536
0,029s
- 0. 050

dmax

0.2658
0.1979
0.2298
0.2578
0.2837
0.3163
0.3404
0.5109

::

:.,

:l
:l

:.t:

'j.¡

,il

I

j

d



r
I

I

I
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Test 43' Analysis of^the average differenees related with datafrom Annexe 43: n=10; Aõg=9.2f; siã=õ.Zi-

PZ

60
80
90
95

97.5
99

99. s
99.95

t

0.543
0.893
I .383
I .833
2.262
2.827
3.25

4.781

t*s/n^0.5

0.0429
0.0705
0. 1093
4.1449
0.1788
0.2230
0.2569
0.3779

dnin

CI.1670
0.1394
0. 1006
0.0650
0.0311
-o, 013
-0. 046
-0. t6/

dmax

0.252e
0.280s
0.3193
0. 3549
0.3888
0.4330
0.4669
0.5879

ì..
Êr

Þ
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Appendix 7.

Synthesis of confidence timits for the average differences, di, between the length values ofTDR traces, evaluated according the proceJures from Àppenoix o.
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Table 4.

PZt 60 80

drnin
test:

31 0.12 0.1
32 0.16 0.14
33 0.14 0.L2
4L 0. 09 0. 06
42 0.19 0.17
43 0.17 0.13

dmax
te;t

31 0. 18 0 .2 0.23 0 .26
32 0.2 0.22 0.24 0.25
33 0.22 0.23 0.27 0.3
4L 0.19 0.22 0.25 0.29
42 0.27 0.2 0.22 0.26
43 0.25 0.28 0.32 0.35

Confidence levels for the average dífferences , di,
between the lenth values of TDR traces
obtained by using dífferent nethods of reading

90 95 97.5 99 99.5 99.95 n Avg Std

0.07 0.04 0.02 0 0 -0.1
o.Lz 0.1 0.08 0.07 0.05 0
0.09 0.06 0.03 0 -0.04 -0.13
0.02 -0.01 -0.05 -0.09 -0.12 -0,22
0.14 0.12 0.09 0.05 0.02 -0.05
0.1 0.07 0.03 -0.01 -0.04 -0.17

15 0. 15 0,24
L7 0.18 0.18
10 0. 18 0. 21
15 0.14 0.34
13 0.23 0,24
10 0.21 0.25

AvB 0.145 0.12 0.09 0.063 0.033 0.003 -0.02 -0.11 13.33 0.181 0.243
std 0.033 0.034 0.038 0.041 0.045 0.050 0.054 0.072 2.624 0.031 0.049
Qv7. 22.78 28.46 42.55 66.15 137.1 L526. -250. -65.2 19.68 L7.23 20.22

0.28 0.31 0.33 0.41
0.27 0.29 0.31 0.36
0.33 0.37 0.4 0.5
0,32 0.37 0.4 0.5
0.28 0.32 0.34 0.51
0.38 0.43 0.46 0.59

Avs 0.218 0.225 0.255 0.285 0.31 0.348 0.373 0.478
std 0.032 0.026 0.033 0.034 0.038 0.047 0.051 0.074
CvZ 14.87'11.96 12.95 11.94 12.35 13.50 13.80 15.52



Appeudix 8.

Estimation of the influence of the differences in reading TDR traces on the final moisture
content.
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AnnexeS
Influence of differences ín reading TDR traces

TDR

TÐR

flat prongs

vlfc MC DifMC

7.Yt-Z

2.6L2 -0.04 -0.02 3.104
4.081 5.934 3.082 2.843
5.877 ¡.1.40 5.925 2.445

7.995 16.11 8.371 2.309
r0.44 20.56 10.68 2.259
t3.22 24.9L L2.94 2.256
16.32 29 .25 15. 19 2.273
19.75 33.63 17.47 2.31L
23.s0 38.08 19.78 2.365
27.58 42.63 2Z.rA 2.434
31.99 47.32 24.58 2.520
36.37 52,L7 27.L0 2.625
4L.79 57.22 29.72

curvedprongs

YtZ

DífMC

/.

1.02 -0.5 -0.25 -2,46
1.54 -5.2t+ -2,72 Z.ß5

2.296 -1.09 -0.56 0.566

4.081 5.939 3.085 1.849
5.165 9.5 4.935 1.623
6.377 t2,62 6.558 1.517
7.716 15.54 8.075 1.460
9.183 18.35 9.s36 L.429
10.70 21.10 10.96 1.413
12.49 23.82 L?.37 L.423
14.38 26.57 13.80 1.394
t6,32 29.25 15.19

MCvMc

fr
I

1 .25
1.5

v7vz

1.75
2

2.2s
tq

2.7s
3

3.25
3.5

3.75
4

Avg
std
CvZ

L.124
1. 191
105.9

For an everage differance

Avg

2.479
0.251
10. 14

di=0.18 ft,the average difMC is:

1 .785 0. 809
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Appendix 9.

Evaluation of soil moisture contents from-JDf. readings, graphically determined, by Methodof Diverging Lines. rvorksheets and graphicar ."pr"r.ãtátìôrr.
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f'r,

Evo I u otio n of Soil Moïstu re Co nte n+ / TD R
ldoho,Test Section 1 63}73,Boreholeff2

D epth (ins)
0

10

2A

50
40
50

60

70
80
90

100
020406080

Mc(wl%)

u niv.eq u.

Fabruory 1992



Evaluatíon of soil moisture content from TDR readin
Idaho,Boíse,Test Section 163023,Borehole ll2,February 1

WÍre Depth Phase Probe TDR Dielec Vì{C Dry De
No. veloc ílengthreadinconst. Unívers.

íns ft/sec ft ft k Equatíon
Z vol.g/c¡n3

HC

7"vtt

o-0 I

o-02

o-03

L2 0.99 0.625
0.99 0.625

0.99 0.625

0.99 0.625

0.99 0. 625

0.99 0.625

1.4 3.919
1.37 3.s94

L.72 8.929

1.75 9.569

1.65 7 .562

2.16 22.20

5.3?6 2.L63 2.462
4.50h 2.t63 2.082

16.69 1.929 8.655

17.98 L.924 9.346

13.82 L.924 7.I9t+

37.13 t.924 19.30

L7

22

o-04 27

o-05 33 0.99 0.625 2.25 26.14 41.13 1.921 2I.AI

o-06

o-07

o-08

o-09

o- 10

39

45

57

69

0.99 0.625
0.99 0.625

0.99 0.625
0.99 0.625

0.99 0.625

0. 99 0.625
0.99 0.625

0.99 0.625

1.68 8.r27
1,65 7 .562

I.72 8.929
1.65 7 .562

2.L2 20.60

2.77 60.06
2.6 46.62

3.r 94.22

15.03 L.923 7.816
13.82 L.923 7.188

16.69 1.917 8.709
13.82 1.917 7.2r0

3s.28 L.927 18.30

64.84 1.918 33.80
54.86 1.918 28.60

r4L.Z 1.92 73.,Þ781



EvoluotTon of
ld o h o,Test

D epth (ins)
o

10

20
50
40
50

60

70
80
90

100

Soïl Moïstu re Co nte n+ / TD R
Section i 65}23,Boreholeff2

6542o 3
Mc(wr%)

u nîv.eq u,

Ìlorch 1992



Evaluatlon of soil moisture content from TÐR readíngs
rdaho,Boise,Test section 163023,Borehore ll2,Harch 1992

l,líre
No.

Depth Phase Probe TDR Díelect VMC Dry Den
velocitlength readíngconst. Univers.

ins ft/sec ft ft k Equation
7 voL. g/cm3

MC

Tutt

o-01

o-02

o-03

o-04

o-05

o-06

o-07

o-08

o-09

o- 10

12.00 0.99
0.99

17.00 0.99

22.00 0. 99
0.99

27.00

33. 00

39. 00

0.63
0. 63

0.63

0. 63
0.63

0.99 0.63

0.99 0.63
0.99 0.63

0.99 0.63

1.38 0.76
I .40 2. 00

1.60 2.61

1.82 3.38
1 . 90 3.68

3.23

2.16 -L.44
2.16 0. 15

1 .93 7.02

L.92 2.06
1.92 2.46

L .92 1 .86

L.92 5.89
L.92 3.09

L.92 1.02

L.92 0.54
1.92 0.37

I .93 I .81
1 . 93 2.87

1.92 5.24
L.92 4.42

L.92 5.71

-3.L2
0.32

1 .96

3.96
4.73

3.58

45.00 0.99
0. 99

57.00 0.99
0.99

ó9.00 0.99
0.99

81.00 0.99

1 .78

z.5r
2.02

1 .60

0.63 1.49
0.63 1.45

0.63 L .77
0.63 1.98

0.00 2.40
0.63 2.26

0.63 2.48

6.43 11.31
4.16 5.93

2.6t 1.96

2.27 1 .04
2. 15 0.72

3.20 3.49
4.00 5.53

5.88 10.05
5.2r 8.48

6 .28 10.96



[voluotion of
ld o h o,Test

D epth (ins)
o

10

20
50
40
50

60

70
80
90

100
68
tvtc(wtz)

univ.equ,

Soîl Moïsture Conte n+/TDR
Section 1 63OZ1,BoreholeffZ

141210420

E

þ4r.

April 1992
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Evaluation of soil moisture content fron TDR readings
fdaho,Boise,Test Sectíon 163023rBorehole ll2,AptiL 1992

I,Iire
No.

o-01
o-02
o-03
o-04
o-05
o-06
o-07
o-08
o-09
o- 10

Depth Phase Probe TDR DÍelect VllC Dry Den HC

velocitlength readíngconst. Univers.
íns ft/sec ft ft k Equation

7 voL. g/cm3 ãvt

12.00 0.99 0.63 L.67 7.28 L3.22 2.L6 6.11
17.00 0.99 0.63 L62. 6.85 12.27 1.93 6.36
22.00 0.99 0.63 I.88 L23 17.31 t.92 9.00
27.00 0.99 0.63 1.78 8.28 15.34 t.92 7.97
33.00 0.99 0.63 2.10 11.52 2L,69 L.92 LL.29
39.00 0.99 0.63 1.65 7.11 L2.84 L.92 6.68
45.00 0.99 0.63 1.59 6.60 11.71 L.92 ó.11
57.00 0.99 0.63 2.00 10.45 19.69 1.93 L0.ZZ
69.00 0.99 0.63 2.15 12.A7 22.69 L.92 11.83
81 .00 0.99 0. 63 2.L4 11 .96 22.49 r.92 rt.72

Ê



[vo lu otio n of SoTl Moistu re Co nte n+ / TD R
ld o h o,Test Section 1 65 OZ1,Boreh oleff3

05101520253055
Mc(wt%)

univ.equ. # equ.1 -.þ equ,Z

D epth (ins)
0

10

20
30
40
50

60

70
80
90

100

Þ¡*

Fobruory 1992
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Evaluatíon of soil r¡oisture content from IDR readings
ïdaho,Boíse,Test Sectíon 163023,Borehole ll3,February 1992

l'lire Depth Phase Probe TDR Díelec vlfc Wc wc Dry De Hc Hc McNo. velocilengthreadinconst.univerEqu.l Equ.z wriv. Equ.l Equ.2
ins ft/sec ft ft k Equation equ. gi.n. Joil

Z voL.Zvol TvoL g/cn3 KvL Zvt Zvtt

o-01 12.0

o-02 17.0

o-03 22.0

o-04 27.0

o-05 33.0

o-06 39.0

o-07 45.0

o-08 57.0
¡

o-09 ó9.0

I .0 1.0
1.0 1.0

1.0 1.0
1.0 1.0
1.0 1.0

I .0 1.0

1.0 1.0

I .0 1.0
1.0 1.0

1.0 1.0

1.0 1.0
1.0 1.0

1.0 1.0

1.0 1.0

t.7 2.9 2.8
1.5 2.2 0.9

2.4 ó.1 10.5
2.4 ó. 1 10.5
2.4 6.1 10.5

4.1 L7 .3 31 .0

3.0 9.2 17.2

2.5 ó.3 11.1
2.5 6.1 10.6

2.5 6.4 11.2

2.4 5.9 10.0
1.3 1.6 -0.8

2.4 5.8 9.8

3.6 L2.9 24.r

-5. 9
-5.7

5.5
5.5
5.5

30.6

18.4

L2.5
12.0

L2.6

11 .4
-5.5

Ll..2

24.4

2.2 1.3 -2.70
2.2 0.4 -2.64

1.9 5.4 2.83
1.9 5.4 2.83
1.9 5.4 2.83

I .9 16. 1 15. 88

1 .9 8. 9 9.54

1 .9 5.8 6.51
1 .9 5.5 6.26

1.9 5.8 6.56

r .9 5.2 5. 95
1.9 -0.4 -2.87

r.9 5.1 5.79

1.9 12.5 12.7r

zt.7 1.9 10.9o- 10 81 .0 1.0 1.0 3.3 11.1 20.9 1i.28



Evaluotion of
ld o h o,Test

Depth (ins)
0

to
20
50
40
50

60

70
80
90

100

Soil Moisture Conte nt/TDR
Section 1 6J OZJ,Boreh oleffS

12106
Mc(vl%)
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F

Evaruation of soil noisture content fron TDR readings
rdaho, Boíse,Test section r63023rBorehor.e /l3,lrarch 1992

l{ire Depth Phase probe TDR DÍer-ect vMc Dry DenNo. velocitlength readingconst. Univers.
íns ft/sec ft ft k EquatÍon

Z vo1. g/cn3

MC

Zr¡t

o-01

o-02

o-03

o-04

o-06

o-07

o-08

o-09

o-10

12. 00

17.00

22.00

27 .A0

39. 00

45. 00

0.99

0.99

0.99
0.99

0.99

0. 99
0.99

0.99

0.99
0. 99

1 .00

1.00

I .00
I .00

1 .00

1 .00
1.00

1.00

I .00
I .00

1 .90

2,40

?.29 5. 35 8. 81 L .92 4.582.58 6 .79 12. 13 1.92 6 ,32

2.97 9. 00 16. 84 L .92 8. 7s

3.68 4.73

5.88 10.05

6.28 10.96
5.88 10.05

2.L6 2.L9

1.93 5.2L

1.92 5.71
L.92 5.23

1 .93 4.92

L.92 11.38

L.92 8.64

o-05 33.00 2.t+8
2.40

2.40

2. s3
2.58

5.88 10.05 1.92 5.23

6.53 11.54 1.92 6.02
6.79 12,73 1.92 6.33

57.00 0.99

69.00 0.99

81'. 00 0.99

1 .00 2.35 5.63 9.48

r .00 3.37 11 .59 2L82

1.00 2.95 8.88 16.59

,l

1t
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Evoluotion of Soil Moisture Conte nt/TDR
ld o h o, Test section 1 6J ozs,Boreh oreffJ

o 2 4 6 I 10
t¡c(vr%)

univ.egu,

D epth (ins)
0

10

20
50
40
50
60

70
80
90

100

bb"

Apríl 1992
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F

Evaluation of soí1 moísture content fro¡n TDR readÍngs
Idaho,Boise,Test Section 163023,Borehole /l3,April 1992

Hire Depth Phase Probe TDR Dielect VllC Dry Den
No. veloeftlength readingconst. Univers.

ins ft/sec ft ft k Equatíon
Z vo]-. g1cn3

MC

o-01
o-02
o-03
o-04
o-05
o-06
o-07
o-08
o-09
o-10

12.00
17.00
22.40
27.00
33.00
39. 00
45. 00
57. 00
ó9.00
81 .00

0.99
0.99
0.99
0.99
0. 99
0.99
0.99
0.99
0.99
0.99

1 .00 2.10
I .00 2. 38
1.00 2.t+0
1.00 2.85
r.00 2.58
1.00 2.38
i.00 2.63
1.00 2.28
1.00 3.00
1 . 00 2,63

4.50 6.76
5.78 9.82
5.88 10.05
8 .29 15.37
6.79 12. 13
5. 78 g. g2

7 .06 12.72
5.30 8.70
9. 18 L7 .2I
7 .06 12.72

Zvt

2.L6 3. 13
1.93 5.09
L.92 5.22
L.92 7.99
1.92 6.3r
I .92 5. 11
L.92 6.63
1 .93 4.52
L.92 8.97
r.92 6.62
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Depth

fns

Seasonal |taverage tt moÍsture contênt
under road pavements

Borehole /12

February March

Borehole ll3

February March Apríl
72
L7
22
27
33
39
45
57
69
8t

2.65
8.65
8.26
19.3

21.4t
7.5

7 .86
18. 3
3L.2

73.57

198. 7

19. 9

L9.7

98. 9

0, 15
1.02
2.26
I .86
4.59
r.02
0.46
2.34
4.83
t.rr,

24.24

2.4

1.9

79.1.

April

6. 11
6.36

9
7 .97

11.29
6,68
6.11

L0.22
11.83
TL.72

87.29

8.7

2.3

26.4

0.85
5.4

16. 1

8.9
5.65
5.8
5.2
5.1

t2.5
10. 9

76.4

7.6

4.2

55.3

2.19 3.13
5.21 5,09
5.45 5.22
8.75 7 .99
5.47 6.31
5 .23 5. 11
6.17 6.63
11,92 4.52

11 . 38 8.97
8.64 6.62

63.41 59.59

6.3 5.9

2.4 1.6

38.1 27,1

Sum

Avg

srd

CvZ

gÈe¡¡¡"t"!'. 
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Appendix 10.

Instructions for use of Lotus-based spreadsheet routine for calculation of volumetric moisture

content (VMC) from TDR experimental data using various empirical equations.

Using the commercially available spreadsheet program Lotus 1'-2-3 as a framework, a

computer-aided process was developed for determining volumetric moisture content (X)

using:

Option 1: Paterson's Gravel Equation

Ka : (L/VPF

X3 - (198.814t73)* - (30.08/417.3)X- (3.91-Ka)14t7.3:0

Option 2: Topp's Universal Equation

Ka = (L/VPF

x: -0.053 + (0.0292)Ka- (0.00055)Ka2 + 10.0000043)Ka3

Option 3: Paterson's Soil Equation

1ç = (L/Vp)2

X3 - (t46176.7)* - (9.3176.7)X - (3.03-K)176.7 : 0

where L is the trace length, V is the phase velocity, P is the probe length, and 0>X> 1.

In this process, the user enters in the appropriate spreadsheet cells the trace length, the phase

velociry-, and the probe length. The resulting values of Ka and X (or Theta in the spreadsheet

printout) appear immediately in their assigned cells.

Figure 410.1 shows a typical application of this process with a trace length of 2.200 feet, a

pti.r. velocity of 0.990 feet/seCond, and a probe length of 0.625 feet. Option I is a direct

ãlgebraic ,olútio1 of Topp's Universal F4uation and produces a dialectric constant of 12'642

and a volumetric moisture content of 0.237.

Option 2 is a solution of Paterson's gravel equation based on Newton's methodr2, which

seeks a solution of the equation y = f(x) = 0. Paired values of x and y are calculated from

this equation and tabulated in columns E and F. The pairs in these columns are examined to

select, as an initial approximation of a solution, a positive value of x'for which y changes

sign. In this example^,-x : *0.2 has been selected as the initial value and appears at the

&:

t87



head of a column of figures in column G. An examination of this column, which tabulates

succeeding trial values of x in this iterative method, shows that convergence to a volumetric
moisture content of 0.169 is achieved in four cycles.

Option 3 is a solution qf Paterson's soil equation also based on Newton's method. It follows
the same form as Option 2 and shows convergence in five cycles to a volumetric moisture
content of 0.240.

In Options 2 and 3, if the values of x in column G do not converge, the user can enter a
different starting value at the head of column E, check succeeding values, and repeat the
process (i.e., enter a new starting value) until convergence is achieved.

å
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NTDROI'': A VI¡ÍC CÀLCUI,ATOR BY A. ROBERT RÀÀB' SHRP.SENTOR STÀFF OFFICER

OF{IION 1: SOIL Vl'fC CALCULATION USING PEiERSON'S GRÀVEL EQUÀTION

FUNCTION PIOT SOLUTION BY NEI{TON'S METHOD

rNPUr x -; 
T:T!e¿ã Y=r(x) dYldx

Trace ï-= 2.zoo _0.50 -o.rô o.2o0oo0oooo -0.0045473972 -o.L426402860

PhVe].=0.990-0.40-0.09o.168120oo720.0000932223-0.14747278I2
probe r; o.625 -0.30 -0.03 o.L6g7sz139' o.ooooooo1l4 -o'L474362283

_o.20 0.01" o.L68752Zllt o.o0oooooooo -o.L474362237

oUTPuT-o.10o.02o.L68752zlll-o.oooooooooo-o.L474362237
Ka= ::2.642 o.oo o.02 O.168752ZlZg -o.oooooooooo -o'L474362237

o.1o o.ol. o. 168752 ZlZl -O.OOOOOOOOOO -O.L474362237

soLUTIoNo.20-0.ooo.L68752zlzg-o.oooooo0ooo-o.L474362237
Theta= 0.L69 O.30 -o.o2 O.L68752ZlZi -O.OOOOOOOOOO -o'L474362237

Theta g= 16.88 o.4o -0.02 o'L68752ZlZl -o.o0o0o0o0oo -o.L474362237
0.50 -0.01 0.L6g752Z1tl -0. oooooooooo -o.L474362237

cHEcKo.60o.02o.1687szzlzl-o.oooooo0ooo-o.L474362237
Kac= L2.642 o.7o o.08 o.1687SZZlZi -O.0oo0oooooo -0.1474362237

Kac-ia= o. oä6 B:áS S:i; i:lã:æ;3i11 :3.33333!SSSS :';ää?'22:,11
1 . OO O .47 o . 168752 Zllt -o . oooooooooo -o .L47 4362237



æ
:;'-1

OE{TION 2: SOIL

INPUT
Trace L= 2.2OO
Ph Vel= 0.990

P¡6þs þ 0.625

OUTPUT
Ka= L2.642

Theta= O.2369
Theta t= 23.693

vt'tc cÀLcur,ÀTroN usrNc ToPP's UNTVERSAL EQUÀTION



OPTION 3: SOIL VMC CALCUI,ATION
TR.ACE DÀTA

USTNG PETERSON'S SOIL EQUÀTION
SOLUTTON BY NE!{TON,S }ÍETHOD

xy
-0.50 -0.4L
-0.40 -0. 19
-0.30 -0.04
-o.20 0.07
-0. 10 0.L2

0. oo 0. 13
0.10 0. l0
0.20 0. 03
0.30 -0.06
0.40 -0.16
0.50 -o.29
o. 60 -0.42
0.70 -0.55
0.80 -0. 68
0.90 -0.80
1.00 -0.90

X=Theta dv/dx
-o.7626597l.32
-0.8696268631
-0.8632615838
-0.863 2380625
-0 . 8632 380622
-0.863 2380622
-0.863 2380622
-0.863 2380622
-0.8 632380622
-0.863 2380622
-0.863 2380622
-o.8632380622
-0. 86323 80622
-0. 863 2380622
-0.863 2380622
-0. 863 2380622

Y=f (X)
TNPUT
Trace I; 2.200

Ph VeI= 0.990
Probe L= 0.625

OUTPUT
Ka= L2.642

SOLUTION
Theta= O.244

Theta *= 24.046

CHECK
Kac= 12.642

Kac-Ka= 0.000

o.2oooooo000 0.0329279701
o.24317 5L7 96 -0. 0023494043
o.2404735562 -0. 0000085884
o.240463607 4 -0. 0000000001
o.2404636073 -0. 0000000000
o.2404636073 -0.0000000000
o.2404636073 -0. 0000000000
o.240463 6073 -0. 0000000000
o.2404636073 -0.0000000000
o.240463 6073 -0. 0000000000
o.2404636073 -0.0000000000
o.240463 6073 -0. 0000000000
o.24046360?3 -0. 0000000000
o.2404636073 -0. 0000000000
o.240463 6073 -O. 0000000000
o.240463 6073 -0. 0000000000



6jk'3Pt
Ìtt¡t¡X¡

3:. Ct6
3,.llt
3.2?{
E..l3e
3.63t
9. Bg9
r. egi
4.3rè
a. €,69
c. !t4
'-. 34 3*

:.?tg
¿.trc
6. 33€,
€. 9A3
?.45t
?,9c ¡
ß.'.4S(
e.9e?
9.34?

:t.tl€
It.?¡¡
l: . 3?€
:!.t39
¡e.6t I
3!, ?ê?
! ?. Fi&
:4. e?S
r3. ?Sî
: s . .-a
-ba.ú-.

16. 99î-
: ?. 659
:3. ¡l{3
ri.?1?,
!å. g3Í
åe..89t
e¡. ?1t
??. ii.-{
??..391
âc.3tc
?su,?ûi
'¿ê . t9i;
ii.0ú!:
3?.'9?€
!'€r. e5:
19'.791
3e. ?3€.
3.t.fS9
-s?. (,?,Ø

??, ctE-
3. . 5g::
!:t-. 37:¡
?€.3ÉÊ
.i'r aJ-

3C:.3¡€:
3'9.f¡Ê
cC,35s
.f I . l€.1
ç3.5:3
r!:. gt.7

?hc! r

c.306
o.3t3
t. oze "
€.9.36't. åa o

'9. É5ê
e. eEe
0. t?g
e. eSCt
8. t9e
G. ¡e Cr

G.rte
e . reâ
e. r16
c.. t.B
G. rse
G. I€B
6. r?G
e. I e.a
6. l gg.

0. ?Be.
c.. 2r a
e. âe6
e. ?3ß
e,?1?
6. F.¿
c. ?66
ø, ??Ê
B;?€¿
6. ?SE
g.3g.g
e.3r6
e.9?e
e.3gÊ
ô.3dÊ
e,336
e. ?¿ú
e.3i6
2, ?C:Ít
g,39El
&.'4e3
E.q!e
9.1211
g. ¡l:{tj
6..4e.
B.{5F
Ê. cf.6
B.4re
E. { f:6r
6. a99
g. 3Êe
6.5! å
o, 3.:'e
ê. 33rÞ
g. 34 €.

e.3.F,a
e ,3eø
e'.5tr¡
6. 3È (:
G. 59út

9oi I
Êr¡r-
lr¡

I ¡tttt, .v!rr...

ll¡¡rrl¡l¡
lh¡r¡ Xr

L Gl,3 Ot . üC e"r - *,1 e!

3.G{9
1. r62
3. 36c
3. {?5
3. €,72
3: . t,'r ê
4. r36
4. (?8
J .7'é?
J. è€.?
:.,q¡6
a ?rtt. r.'9

€. :99
€.câ3
i, 6?s
= l.ç. . .'r a

ç:. Q{ ã
E:. 93,9
'¿.à9€
a 3?.<

I ra. å9.
¡ 9..s3?
:: . {5¡
I 3. SBE
r?.?4€
tl?.{tB
!¡?. !F9
!4.Ê:lE:
.a C.àa .'. r.ì S'

:Ë.âÊ:5
: ;. gi?
!7.8!¿
I €:. r'.83
!:-.4ú4
zÈ.2i?
2:.ø.4è
:'¡ . f:s I
3!'. ?r 5
â3.€t2
zç.498
39.3S:&

"€ 
, ?¿:e,

3:. r9t
Êt. I I ¡
¿'9. å4 r
¿9.9:9
:16. 9¿6
3!r . Èret
3:i . g43
3:3. 8l ?ìâ^s.? . í È.ø
95. ;7e
3€..?Je
î:ï. ?50
3€'. ;{ g

i,?. 796
{ù. î93
a 1 ,7e1
47.i7e
¿ ! ..î99

c. åe?' t.6¡?
c..22' 6.3?i-
c. B{e
ò,tz?
0. es3
.Ê.0??
o. ?.Ei
?., tg?
6. r3t
e.¡r?
o. ¡ ?3'
t. rÊ2
c. r(â
Ê. t93
O. ¡€3
9. t?3
6. ¡Ê?

.b. rr?
c.2¿.v
e,?i?
e,72?
3. ?32
¿,21?
Ò. ?a7
C.2ê'¿
e.?7t
o, ?e2
3.?t?
0.36!
C.3¡?
e,322
6. 33rll
â. 3ê:
s.33.2
A,'¿62
3. 3rZ
0, ?Ê:2
ø.992
g.1g?
6,1t2'
6.12?
B. t3:?
g. c.?
9. a5a
B. a€.?
4..7?
ø,1e:?
e.19?
9. 5Cr2
6. gr ¿'

o.=22
6.33?
3.3r?
0.53?
l,vEZ
8. 3:'?
G. 3e3
9.3,93

9. t76 t,üer
3. r8t ß. tt.
3. t36 t. Ga4?.?t? s.gs.g.?t3 .Q.c44
3.t{6
.. ?e3 .(. agl
¡. 7F6
9,. t 3t
9.. ¡l99
3. B?r
€. 2eeg.?:t
?. t€*
7. 6{3
Êl t(¿
e. €.e .
?.29€
9.7¿g

t t'. ?ga
r3. 9s¡
r I J.r.t. a a r.. f

t?.?te
tî.977
r.r j,a,. -. .'yr,
: €. ?SS
r1 . ?e2
i 9.. 6gg
:6. {35
l?. ¡9t
t?.?:'r
lç:.;6¡
I 9. 3f.€
3&. ?E:4
zt.?re
zî. û66
î?.ìte
23,. ?8i
23, e.¿?
?9. 339
's€',4ei
'¿?.'¿7q
2S:. ?9€.
?9 , ??¿l
S$. t FS:

3t.ll€,
93. ð;3
33. $3ú
t:r. $S?
_?ri. 9B¡
35. 96?
se, *?,€.
3?. 938
39. !¡lg
39. Fgl
{s.957
{1.966
4? ,9??
l i+, i93

0. B9{
G.66.
G.0?a
s,6F{
a. t9.
t. ter
e.tl¿
Ê.1¿4
C. t¡r
Cl .l44
9.. I 9..
6. t f.¿t
O. t7g
A. ¡84
0. lçç
6.¿e¿
ç, ?t1
G. ?e4
S.334
å.2¡r
S. tg4
ê. 264
e.27.
ù. ?É4
g. ?Fç
6.3t4
S. !:t {
9,321
ß. 334
e.. 3.4
0.334
0.3t.
6. -'.7r
9.994
c. 394
Q. aa€
€.ctl
g, {?4
9,131
0. cçr
a. a3{
þ. a9.'
ê. r7q
â.4e1
C'. c9€
F. 3ê{
8. T'¡ r
$. -c.i'{
8, 93ç
t, Jal
S. Sic
e. 3É.ç
G.3rr
¡1. 3B{
e. 39{

' f-o*.çåX , ful(ô ïhrr r xi I
t. ett. 3. itG
t.z¿?
3. r,30
t. ?59
t. ?t3
4. zg,s
4.346
i,¡6Gl
g. 369
3. :63
3. 9:.4
c.. i;9Þ
¿. Ê'Sa
7.?¿i
? .71?
?.346
t:. 77:
9.3r7
?, €:Bs

tG.47t
Itrâ?€
l!.?Se
¡ â. 3{0
¡l.crr
l t. €çâ
i.. ggt
r3.ls¿
I I 9t¿c'a 5'a 9¡.L'

¡ É. 3.t:Ê
t7.g(F
t8. tãt
rs.9Êt
! 9. ;?É
âç.5.F
?¡.39¡
¿3.33t
13. e9t
?3. 96e
3.. sr3
33. 739
?¿. eqg
?;. gl!:
'¿t', ae?
¡'9.çt3
-?e. gsi
3t. st?
3â. ¿É3,
33.23å
3.. ?0t
31. t E:Q

t€,ll-?'
3ï. t3{
3¡8. trl
E9.1.8
,4E. l3 t
{¡.t3€'
i?. ¡f.€,
{!. tåt
a4. t?f

3,aee
G.t:€
c.bze
0. Gi¡€,
6.046
o. ø56
e. e €.e
C. 87ê
o. ce6
ô. BFß
C.I8C
e.!¡€
e.r2€
e.136
G. t4G
6.:3€
C.IC€
Ê. t7€
G. !F€
er. ! 9€
c.. âÈg
e.?t€.
ç .'.;,7€.
E. ¡'3€
i, ?1€,
e.336
g. ?€.Ê
e.3?6
G.?I-e.
3..3.i6
G.l.$6
e..9t€
6. 3ef
û. 31.6
6,?te
C..33,C
e.3€€
9.¡ 3i6
É.3S6
v. ?9€.
G..S€
e.¡l¡g
E, a't6
€. ¡36
8..a6
6. cgg
0. ¡t66
e. €?€
S. 

'B€$..96
Ê. sgg
e .:'r6
3..3,e6
¿, g3ê
ß.3{6
&. t36
0. s€€
B. 576
ø . Js€.
e. 396

3.ttr '¡
t.?iq Gt. +å!. . i3.see i3.8S¡ t, {.ô¡t6 I
a.3¡ ! tt. ê6? ¡
a, la7 t
J.27 | t
5.64 ! ß

. €.É3s 3

6.CleZ 3

6. É?¿ c
7.?3¿ 3
7. €:¡lâ t
0.349 ¡
9.8i9 I
?..?9 t

I 6. CSe. t
r6.59t ft¡.eÊr (

tt.F3t {

t3..t7s I
lg, t'4€ (

r3.e3: I
t 4. 5:<? f
:5.â3¡ f
! i.9EË f
t €. ?'sî j
r ?. -¡.6e Ilg.3Ê, (
¡ 9.6Ë:l e

! 9.9Ê! €
36.7r1 c
?1.t5¿. g

22.c9? t
??.2€.1 C

2r. I 3E: I
?3. Ge3 ¿

33.91 9 e

?€. â?:, e

, e?,i{? e

2Ê , €€.?, 0
e9.603 e
3e.54Ë e
31. {gs g

92..57 A
33.4¡r ø
3(.3ç; G

33.37: e
35. 36i. G

3?. 3:3 6
It:. !:l [: g

'39. 34 î e
a6.353 g
4t.3€.9 g
a2.37t, 0
¡13. 3g{ I
l{.1¡rg ø



Gr.tr'úl¡r ltrtrrlll¡._-__
X¡ Th.¡å X¡

y.: ltl +Jo.6gQ, t
X¡ Th"!l

t
llt,P ê, - {tÌ,t

lr lhrr¡N¡

3.91C'
4. Ê3G
<. 5[¡€,
4. tge.

- g. ie-1.
g. gsg
€.. ?.{ G
€. B4l
7.373
i. g?3
È..eì
ç. gÊg
f . f.6r

:P..i€3.
¡ g., 3'7i'
: l. e8?
t2. le?.
!?.?tg
¡ 3.33i
t 3, 949
¡ç.34e
:3,. r29'
::. 7ê€-
¿€..2€.&
¡ f...Ê: :
:7.333
¡ ;. €:31
: ¿.3t e.

! 6. ?9È
r g r tt
a. a aa r

I 9.359
: ç. leE:
'¿È .2\ I
?,e,, ceg
33.?t?
2e., g?g

Tn¡r¡

e. ar6
e.G!e
o. s¿e
2.e3?,
tt.948
6. O:.Ë
Þ. oe.e
0. 0:c
9. ÉËri.
Ê; t5È
&. !t0
G.::&
?. r 3f.
8.. ! 3Ê
¿. t.Ë
g. rge
ß. ¡6å
G. r7e
e.. r t.c,

:8. 3 9ê
e. î61.g.?le
?,,2?¿,
c. ?3G
?.,7¿?.
þ,2--t
Ë. ?elP-
e.?7i
ë..?E,e
t.25ß:
?. tê?:,
ù.3¡g
e,"2?
Ê. e3.(:
¿. :{€ L
g. 39å

t¿ Q? t

..?ìç
¿.66d
:..c€,2
3. {93
5. 93.3
€.. slct
6. ç'5 I
7,18:?
g:. e35
t:. 5e¡
9. 1ê€
ç. 

"g!I e. .3Ê'5
te.993.
¡!.€¡ê
17t ??ç
t?. ¿.?
¡ 3. .3.
1 r.6t$
4. €.38:r-.?a¿
'-' . C:22.
€..?.?9:

J€.,9r€:
- '.-J I ¡ rS l

::.93í.
!g:.€Ê2
:8.Èi€.
I s. â34..
2': . E3?
l g ¿4.-
aa..ag

3C'. 3;€.
1.6. ¡3È .

'¿1 t?+

2e.93e '

G. CtC3
9.Gta'
à. oâz
$.833
c.412
:6.CJZ
g. eçe
g. þ72
ø,e¿)'¿
G. ß93
g. teÊ
c'.1¡3,
e.. r ?i
G.r33
8. ¡ {?
9. r 3':'

.4.¡€z
û. t?â

.e.lse
6. ¡ 9¿'
ít.7e.2

4. 933
..369
a,ìal
3. teç
s.:.e3
€.,61F;
€.. 9.. e
î.9:?
?. 3gz
t. t<9
Ê.7t I
9. 3C-.4
c &õ:

r e.3.s6
r:.!!F
t r. i3s
t1.3.¿!
12,9€1
:3.97¿
t€. !6¡
t 4.1?7
¡ 3.1€3
I 9,. 9:{3
z €. 1?.?
a..V¿J
! i. 339
I €:. Ë?(,
r ¿.. çî3
i9,9??:.
I 9. 13:?
I S. ?e'j:
et. g3?
?s.3.':;!
29.]-¿t€.
2G. zES
20.9:.î

Ttr"l I

t\. ot{
e.o¡4
3.Q?.
8. 63r
¿.G44
tr.03{
s. ß64
E,e? I
e. Ês.(
G.994
P.. t e4
€.114
ç. r?3
C.. t :.e
g. t4{
G. t94
Q.l¿4
å. tt{
E.IF{
g.:34
Ë. âç4

.9.?lç'
g, ?21
c.2?1
Ø.71¿.
É. ?34
B. 3€.¿
G. ??ç
¡. ?9.
Ê. ?3f
0.3å4
û.3¡ r
s.3?€
Ê. 334
g. !€4
8.95ç

a. etÊ
{. {.e
a. ¿!9
3,.2'91
J.¡ €7*
F.:43
6.C{t
i. t6!
î.76?
3.2¿t
c. ß3c'
?. a23

tG.å2¡
¡ Ë. G3g
tr.?4¡
r I .89¿
te.473
t 3. Eg'7
r 3.5F7
l€.3et
! a. t95
tf,.47î
t €. t4g
r €. 3.99.
!7i l?F
t ?^€'33
tg,. i?c
¡ f:, ?,?Ê
ie.s¡:
!9.r(c9
t 9.773'
?&. s9ç
ZÈ. 3.S,ê
7? . C?.i
3e. Þ??
29. !,96

o.8å5
G.Gt5
â.?.?¿
8, 63€
G.946
G. B:.€.
o. É6e
9-', g? ¿
G. 8.E:€
c. ?i.6
e.. ¡ s€
G.r¡6
8. ¡?6
Ê. r3c
G.:(C
3. r56
Qr, I e,6
6. r 7C.
e.. : €:6
€.:!6
&. es6
s.îr6
€.. i36
e . ?=<€.

G.74e
g. e3.6
6.3¿6
9. Z7e
g. ?9ú
c. ?9C
û. 16€
6.:{¡f.
( r.J{Þ
À 1'2'3

9'.3.4€.
8.35f.

4. t63
..3r3
{. et?
9. tr?

.=.7€€.
C,?.2
e .?.?
7. 26E
?. 812
3.974
e.33,¿-
9. :.43

¡e. t43
t $. tSr
.!f.3€!
¡ t.9gå
t?.9r6
t3.2! F
i3:.tt9
I 4. €2ç
¡3.et?
t ] lè'r

l€.157
I €. ?6¿
t?.i3:Í
t7.?:<7
t*.?tg:
¡ 3: s::
! F.93q
!F.4e:
!9.êst
?0.1€1.
!Ë. ¡3::
3'G. 6;[.
ee, gf:
¿¡.Dtl

6. s9t
9.6ti
l. szr
G; ê?l
e, 641
6. g3l
C. F6I
e,.0?t
Ê. &E:r
0.691
e. !ôl
Ê.:t:
9. ¡ef
c. r3r
e. t4l
c. rgl
G. ¡ e.l
G. t7l
s. tÉ¡
e. igt
t. ?rr
e,2tl
6. a2l
L ?3*l
Q;?qt
3. ?si
g. 2gl
e. ?71
e.2gl
6. ?Pl

'ø.361
S.3rl
g, ?2t
è. s3(
e.34t
Ê. 3g.r

e.?ra
a,??2
9;232'6:?1?
€.. ?3.i
8. 3€e
c.?7?
e', ?tlz
6.29?
G .'3e3
Ê.3:3
Ut JÉ3
ê,?t2
ê.3ca
9.33?

d


