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Abstract: In the present study, Time Domain Reflectometry (TDR) and tensiometers were used to follow changes 
in soil water content and soil water pressure head over time in soil containers filled with a clay loam soil and an organic 
soil. The moisture content changes throughout the soil columns were determined by three-rod TDR probes and 
tensiometers inserted at the depths of 5, 15, 25, 35 and 45 cm. In the experiment, changes in soil water content and soil 
water pressure head were determined during and after the simulation of 15 L demineralized water applied at a constant 
rate of 20 mm hr-1 . The water movement through the clay loam soil was initially fast and the first moisture content 
change at the depth of 15 cm was detected during the first half an hour but later slow water movement was observed. 
For the organic soil, change in the moisture content with depth was slow compared with that of the clay loam soil. The 
first change in moisture content at the depth of 15 cm was observed after only 1 hour from the simulation of water. The 
highest moisture level, 48.6%, at the depth of 5 cm was determined only after approximately 2.5 hours later from the 
beginning of simulated rainfall. 
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Killi T ı n ve Organik Toprakta Toprak Su içeri ğ inin Zaman Etkili Yans ı ma 
Ölçer (TDR) Kullan ı larak izlenmesi 

Özet: Bu çal ış mada, zaman etkili yans ı ma ölçer (TDR) ve tansiyometreler, killi t ı n ve organik toprakla doldurulmu ş  
toprak kolonlar ı nda, toprak su içeri ğ inde ve toprak su potansiyelindeki de ğ iş iklikleri zamana ba ğ l ı  olarak izlemek için 
kullan ı lm ış lard ı r. Toprak kolonlar ı  içerisindeki bu de ğ iş iklikleri belirlemek için üç çubuklu TDR problar ı  ve tansiyometreler 
5, 15, 25, 35 ve 45 cm derinliklerine yerle ş tirilmi ş lerdir. Bu denemede, toprak su içeri ğ indeki ve toprak su 
potansiyelindeki de ğ iş iklikler 20 mm h-1  sabit h ı zla uygulanan 15 litre saf suyun ya ğ murlamas ı  süresince ve sonras ı nda 
belirlenmi ş tir. Killi t ı n toprakta su hareketi ba ş lang ı çta h ı zl ı  olmu ş  ve 15 cm derinli ğ inde ilk de ğ iş iklik ilk yar ı m saat 
içerisinde belirlenmi ş , fakat sonra su hareketin yava ş lad ığı  gözlemlenmi ş tir. Organik toprakta ise derinli ğ e ba ğ l ı  olarak 
toprak su içeri ğ indeki de ğ iş iklikler killi t ı n topraktaki ile kar şı laş t ı r ı ld ığı nda yava ş  olmu ş tur. 15 cm derinli ğ indeki su 
içeri ğ indeki ilk de ğ iş iklik ancak ya ğ murlaman ı n baş lamas ı ndan 1 saat sonra gözlemlenmi ş tir. 5 cm derinli ğ indeki en 
yüksek su içeriğ i (% 48,6) ancak ya ğ murlaman ı n ba ş lamas ı ndan yakla şı k 2,5 saat sonra belirlenmi ş tir. 

Anahtar Kelimeler: zaman etkili yans ı ma ölçer, su hareketi, toprak kolonu tansiyometre 

Introduction 

The description and prediction of soil water 
movement under field conditions that are usually hetero-
geneous in space and time are important. Time Domain 
Reflectometry (TDR) is a technique for measuring 
volumetric soil water content that can be used in labora-
tory as well as in the field (Dalton and Van Genuchten 
1986, Zegelin et al. 1989, Kachanoski et al. 1992, Ward et 
al. 1994, Vogeler et al. 1996). One advantage of TDR is 
the capability to rapidly measure water content in the 
upper 10 to 15 cm of the soil prof ı le, a zone where 
previous methodologies show severe limitations. This 
attribute, together with the nondestructive nature of the 
measurement, the absence of radiation hazard and the 
rapidity with which measurements can be made, makes 
TDR a powerful and widely useful instrument for many 
applications. Since then, TDR has become a reliable  

method for automated application(Baker and Allmaras 
1990, Herkelrath et al. 1991). 

Theoretical analysis and experimental correlation's 
showed that the pulse travel time is proportional to the 
apparent dielectric constant of the soil and that the 
proportion of original wave that returns or is reflected 
upward depends on factors such as soil water content, soil 
electrolyte concentration and clay content (Topp et al. 
1980). Topp et al. (1980) studied a wide range of soil 
textures and porosities for which the relationships between 
volumetric water content, 0, and dielectric constant, K.. 
They proposed a simple empirical polynomial for A (K.) 
provided A 5 0.6 (v/v); 

0 =-5.3 x10-2  +2.92 x 10-2  K, -5.5x10-4  K.2  +4.3x10-6  (1) 
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This universal relationship has been applied 
successfully by other investigators. Several exceptions to 
this model have been reported. For example, the dielectric 
constant of ice (Ka=3.2) is similar to that of the soil's solid 
phase. Consequently, TDR has been used successfully in 
investigations on the unfrozen water content of frozen 
soils (Patterson and Smith 1981). 

Recently Herkelrath et al. (1991) attributed lower 
dielectric values to the presence of soil organic material. 
Nonetheless Eq. 1 works best in coarse textured soil, but 
gives problems in the fı ne textured and dense soils such 
as heavy clay soils. The mixing law proposed by Roth et 
al. (1990) may be extended to a three-phase system to 
describe wet soil: 

Ka  = [I3 Kwater + (1- 4)) K e'so ı l 	c4)- 	Ke`a ı r  I" 	(2) 

where 	is the soil porosity, Kwater, Ksoil, Kair are the 
dielectric numbers of the aqueous, solid, and gaseous 
phase, respectively, and a is a geometric factor which 
depends on the spatial arrangement of the three phase 
mixture. For an isotropic two phase mixture a = 0.5 
(Alharti and Lange 1987). Roth et al. (1990) found a best-
fit if a = 0.46 for various soils while disregarding the lower 
mobility of bound water. Dobson et al. (1985) determined 

by regression from data for different frequencies (1.4-18 
GHz) and soil types (ranging from sandy loam to silty clay) 
and obtained a=0.65. According to Zegelin et al. (1992), 
Eq.2 works best in coarse textured soils. Topp et al., 
(2000) suggested at water contents above 0.15 m3  M-3  in 
soils with high clay content or salt, specific calibrations are 
needed for precise determinations of water content from 
TDR 

Unlike the previous calibration assumptions, Ledieu 
et al. (1986) used a direct relation between measured 
transit time and volumetric water content. They estimated 
the transit time as the sum of the three transit times (sum 
of that through soil, water and air), which can be grouped 
in a transit time to in the dry soil on the one hand and an 
effect due to the presence of the water on the other. In this 
simple model this effect appears to be linear as shown by 
the relation: 

t=to+AO 	 (3) 

Transit time, t, is in ns and O is in vol %. The time to is a 
constant for each soil. Practice has shown that with a 50 
cm probe this constant varies between 5.8 and 6.1 ns, 
depending on the nature of the particles and on porosity. 
The value of the coeffı cient A for that same probe length of 
50 cm is less than 0.3, so that 1% variation in water 
content by volume results in a 0.3 ns difference in transit 
time. The formula used in practice is 

= B (t - to) 	 (4) 

where B = 1/A, being approximately 3.5 for a 50 cm probe. 

The purpose of this study was to monitor the patterns 
of infiltration and percolation processes during simulated  

rainfall and to follow the redistribution process by 
preventing evaporation in two soils. 

Materials and Methods 

Two soils, which are a clay loam and an organic soil, 
were used. Table 1 shows selected physical and chemical 
characteristics of them. 

The experimental set-up consist of a plexy glass 
container, 75 cm x 40 cm x35 cm (hxlxw) equipped with 
arrays of 5 TDR probes and 5 tensiometers. The air dry 
materials were stepwise brought to an initial water content 
(prewetted) which were conditioned by the fact that 
tensiometers can not measure soil water pressure heads 
lower than -800 cm WH. The amount of the clay loam soil 
required to fill up the column to a bulk density of 1.22g cm .  
3 to 55 cm was 89.9kg. To bring it to the desired moisture 
content (24 yol, %), 14.0 L water was used. This was 17.8 
kg for the organic soil (for bulk density of 0.23 g cm -3) and 
1.1 L water was used to bring it to 35 vol %. 

During filling the column, TDR probes were inserted 
horizontally at 5, 15, 25, 35, and 45 cm depth. To 
synchronize the water content measurements using TDR 
probes, with soil water pressure head measurements 5 
tensiometers were also inserted diagonally at the same 
depths, but they were located about 20 cm apart from the 
probes. Tensiometer readings were carried out using a 
pressure transducer. Water was applied to the surface of 
the container (0.14m2) at a constant rate of 20 mm h -1  for 
4.5hrs using a rainfall simulator. Water is discharged from 
the sprinkling head through 144 capillaries. 

Theory of the method of measurement: In the 
present study, to obtain the soil specific calibration 
relationship, the approach of Ledieu et al. (1986) was 
used. They assumed a linear relation between the transit 
time and the volumetric water content. However Michiels 
and De Strooper (1989) later adapted this relation to be 
quadratic 

t = ao + ai9 + a202 	 ( 5 ) 

A series of columns with different moisture contents 
(yol %) were prepared. A Tektronix-1502 model TDR 
instrument was used to measure the running time 
throughout the different soil columns. The running times 
for volumetric water contents for the clay loam soil 
between initial water content, O ı a, and 0 = 36% were done 
by using a computer program. For the other moisture 
contents (between O =36% and 0=50%), the running times 
were calculated by drawing tangent lines at the first and at 
the second inflection of the reflectogram. The intersection 
of two tangent lines, at the inflection points determines the 
begin and end points for running time calculation 
(Heimovaana and Bouten 1990). 

Using the location of these two points, the running time 
of the pulse is calculated as follows; 

6.67Dist. 
t = (E - B)  	 (6) 

250Vprop 
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Table 1. Selected characteristics of the olay loam and the organic soil 

Soil 

   

Soil texture,% 

silt 

33 

 

CaCO3 Hydraulic 

conductivity 

2,40.10-6  m.s-1 

 (8.6 mm hr "1 ) 

5.10-4  m.s.1 

 (1800 mm hr-1 ) 

 

Total pore 

yol., %  

55,2 

87,3 

Ash 
ok 

  

olay 

40 

 

sand 

 

ok 

16,9 

  

Clay loam 

  

27 

    

Organic 

      

2,6 

  

51,7 

where, t is running time (ns), B, begin point (in units of the 
screen), E, end point (in units of the screen), 6.67, 
returning time in air (ns), 250, amounts of units in scale 
distribution of the screen, Dist., optional scale distribution, 
Vprop, propagation velocity in the cable (= 0.66 ). 

A second order regression analysis was made by 
using the moisture content measured gravimetrically and 
the corresponding running time. This quadratic equation 
describes best the relation between water content and 
running time, for instance, for the olay loam soil r 2  = 0.942. 
This calibration equation for the clay loam soil is giyen as: 

t = 4.2205 - 0.0285 6 + 0.00310 2 	 ( 7 ) 

Results and Discussion 

The infiltration pattern and water dynamics are giyen 
in Figure 1 for both soils. From this f ı gure it is observed 
that water content changes in the clay loam soil during the 
first half an hour of the infiltration experiment occurred at 
the 5 and the 15 cm depths. The first change in water 
content at the depth of 25 cm was detected after only one 
hour. The reason for such delay is probably due to 
partially blocking of the soil surface porosity under the 
beating action of the falling water drops and to the swelling 
of the clay minerals of the very wet upper layer. The 
increase in moisture content at the depth of 35 cm is 
rather slow in comparison with the wetting velocity in the 
upper layer and reaches only 40 vol % at the end of the 
rainfall simulation experiment. In the top 25 cm the 
moisture content varies around 45 vol %. No moisture 
content changes were observed at the depth of 45 cm 
during the whole rainfall simulation test. 

The direct calculation of the moisture content by 
TDR in the clay loam soil was not possible once it reaches 
a value above the 40 vol % due to - the very weak reflection 
at the end of the probe. It was observed by many 
researchers that in very wet clay soils the reflections at the 
end of the probe become difficult to detect and locate 
using a computer program (Zegelin et al., 1992). Contrary 
to the clay loam soil, most of the volumetric moisture 
content measurements with the TDR technique for the 
organic soil was estimated by the computer. Moisture 
contents were determined manually only near saturation. 

The water movement and changes in the volumetric 
moisture content with depth in the organic soil was slower 
than that of the clay loam soil because of the high water 
storage capacity of the organic soil. The highest moisture 
level at the depth of 5 cm was observed after 
approximately 2.5 hours of simulated rainfall. The first 
change in moisture content at the depth of 15 cm is  

detected after only 1 hour, and for the depths of 25 cm 
and 35 cm, 2.1 hours and 3.2 hours, respectively. The 
moisture content at 45 cm depth was not changed at the 
end of the rainfall simulation. 

Figure 2 shows the changes in soil water pressure 
head at fıve different depths. The changes (increases) in 
soil water pressure head at different depths as a function 
of time and reaching a constant end value (-35 cm WH) 
occurred simultaneously with the increase in moisture 
content (compare Figure 1 with Figure 2). 

The first change in soil water pressure heads for the 
olay loam soil was detected by the tensiometer at the 
depth of 5 cm 4 minutes after beginning of the rainfall 
simulation and reached a constant value of -37 cm WH 
after already 30 minutes. The same values were caught by 
tensiometers inserted at depths of 15, 25, and 35 cm, after 
1.25, 2 and 3.1 hours, respectively. Although a change in 
soil water pressure head was detected by the tensiometer 
located at a depth of 45 cm after 3.8 hours, the 
measurements with the TDR probe did not show any 
change in moisture content. This may be due to stem flow 
of water around the tensiometer itself (Figure2). 

The redistribution of infiltrated water started 
immediately after the application of water through rainfall 
simulation was ceased. The water content decreased in 
the upper layers due to the downward flow of water in the 
soil profile resulted in an increase of moisture content at 
the bottom of the profile. The main forces affecting the 
redistribution process are gravitational force and soil 
matrix forces. The water movement process in the soil 
profile continued until the soil column reached equilibrium 
with respect to the hydraulic head. The changes in 
moisture content over time during infiltration and 
redistribution are shown in Figure 3. A logarithmic scale 
for the time parameter was used. The highest moisture 
content for the clay loam soil, 47.7 yol %, was detected by 
the probe inserted at the depth of 5 cm and measured 90 
minutes after the end of rainfall simulation. Afterwards the 
soil moisture content gradually decreased to 36.7 vol % 
when the soil reached the equilibrium. The soil moisture at 
the 15 cm reached its highest value, 48.6 yol %, 2.2 hours 
after the end of the rainfall simulation. The moisture 
contents at the depths of 25 and 35 cm became 
approximately constant 6 hours after the start of the 
rainfall experiment in the olay loam soil. However they 
never went beyond 44 yol %. A constant increase in 
moisture content through the end of the experiment was 
detected at the depth of 45 cm. This is because of the 
storage of the percolated water coming constantly from 
the upper part of the soil column. 



50 

45 

40 

35 

30 

25 

20 

15 

10 

5 

0 

M
o

is
tu

re
  c

o
nt

en
t (

yo
l %

)  

0 	0,5 	1 	1,5 	2 	2,5 

--*-- z-5cm 

z- 15cm 

- z-25cm 

- z=35cm 

- X-- z-45cm 

3 	3,5 	4 	4,5 	5 

Time (hrs) 

0 	0,5 	1 	1,5 	2 	2,5 	3 

Time (hrs) 

(b) 

z-5cm 

z 15cm 

z-25cm 

-111- z=3 5 cm 

--X-- z-45cm 

3,5 4 4,5 5 

30
 
	 z-15cm

 

25
 
	 -d ıı - z - 25cm

 
z=35c

m 

M
o

is
tu

re
  c

o
nt

en
t (

yo
l %

)  

50 

45 

40 

35 

30 

25 

20 

15 

10 

5 

0 

0 	0,5 	1 	1,5 2 	2,5 	3 

Time (hrs) 

- z5cm 

- z- 15 cnı  
- z25cm 

- z=35cm 

z-45cm 

3,5 	4 	4,5 	5 

0 

-100 

-200 

-300 

-400 

-500 

-600 

-700 

-800 

-900 

-1000 

S
o

il 
w

at
e

r  
p

re
ss

.  
he

a
d 

(c
m

)  E 
'1--  -50 
-cı  
rzı  
-c 

• 

-100 
vi 
,a2 -150 

-200 
nı  

-250 
00 

-300 

0 	0,5 	1 	1,5 	2 	2,5 

--3K-- z-5cm 

z- 15cm 

- z25cm 

-X- z-35cm 

z-45cm - 

3 	3,5 	4 	4,5 

Time (hrs) 

50 

45 
-6 

35 
-*-- z 5cm 

20 
z-45cm 

0,00 0,25 0,50 0,75 1,00 1,25 1,50 1,75 2,00 2,25 

Log t (hrs) 

50 

45 

35 	 z-5cm 

z- 15cm 

30 z-25cm 

z-35cm 

25 z-45cm 

0,00 0,25 0,50 0,75 1,00 1,25 1,50 1,75 2,00 2,25 

Log t (hrs) 

ÖZTÜRK, H. S. and R. HARTMANN, "Monitoring the soil water content using time domain reflectometry in a clay loam 
and an organic soil" 	 125 

(a) 
Figure 1. Time dependence of soil water contents measured at different depths for the clay loam 

(a) and for the organic soil 
(b) under rainfall intensity of 20 mm hr -1  during 4.5 hours of rainfall simulation 

(a) 	 (b) 
Figure 2. Change in soil water pressure head with time at different depths during infiltration for the clay loam 

(a) and the organic soil 
(b) under rainfall intensity of 20 mm hr -1  lasting for 4.5 hours 

(a) 	 (b) 
Figure 3. Changes in moisture content at different depths during infiltration and redistribution for the clay loam 

(a) and the organic soit 
(b) for 20 mm hr -1  rainfall intensity 
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Soil 	 Procedure 	Initial moisture 

content (mm) 

Clay loam 	Experimentally 
	

114 

TDR 
	

136 

Organic 	Experimentally 
	

194 

TDR 
	

182 

Applied water 
(mm) 

Stored water 

(mm) 

Percolated water 

(mm) 

107 215.1 (calculated) 5.9 (collected) 

107 238.5 (measured) 4.5 (by difference) 

107 299 (calculated) 2 (collected) 

107 263 (measured) 26 (by difference) 
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Due to high storage capacity of the organic soil, it 
took a long time before the wetting front reaches a certain 
depth. Almost immediately after the end of the simulated 
rainfall, a decrease in moisture content in the upper 15 cm 
was observed which confirmed the high hydraulic 
conductivity for the organic soil once it reached the 
saturation. After almost 3 hours of redistribution an 
equilibrium situation was reached in the organic soil. 

Soil water content profiles during the infiltration and 
redistribution are giyen in Figure 4. The initial water 
contents through the soil profı le were 25% for clay loam 
soil and 35% for the organic soil. 

When the soil column reached the equilibrium in 
moisture content, the amount of stored and percolated 
water was calculated. The stored and percolated water 
obtained both experimentally and through TDR 
measurements are giyen in Table 2. The result of the TDR 
measured initial moisture content and stored water in the 
clay loam soil profı le was higher than the experimentally 
obtained results. The difference in amount of percolated 
water determined by difference and the amount collected 
was found rather small. 

After the redistribution of 15 L demineralized water 
through the organic soil, 0.28 L (2 mm) percolated water 
was collected from the bottom of the soil container. The 
TDR obtained initial moisture and stored water values 
were smaller than the experimentally obtained values  

(contrary to that of clay loam soil). Although the 
experimentally obtained initial moisture content value for 
the organic soil was close to the TDR obtained value, the 
stored water and percolated water value were quite 
different. This is due to less moisture was measured with 
TDR which may be due to unequal distribution of applied 
water for the organic soil. 

Conclusions 

In this present study the TDR technique was 
successfully used in order to follow changes in soil 
moisture contents at different depths in the soil columns. 
However, when the soil moisture content reached 
saturation the volumetric moisture contents could have not 
be measured with the computer controlled program for the 
clay loam soil since reflections at the end of the TDR 
probes were very weak. In that case the moisture contents 
were calculated manually from the running times read 
from the reflectograms and using the calibration curve. For 
the organic soil most of the measurements with TDR 
probes were automatically transferred to moisture 
contents using a computer program. However TDR 
measured moisture content values were a little bit lower 
than the experimentally obtained results. This may be due 
to air gaps in the organic soil. In order to obtain more 
accurate values from the TDR technique, future research 
on waveform analysis for the clay soils should be done. 

(a) 	 (b) 
Figure 4. Soil water content profiles at different time intervals during infiltration and redistribution for the clay loam 

(a) and the organic soil 
(b) under rainfall intensity of 20 mm hr-1  

Table 2. Amount of stored and percolated water in the clay loam and the organic soil under a rainfall intensity of 20 mm hr -1 
 lasting 4.5 hours 
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