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Abstract: Formation of dry zones around power cables is an important factor affecting the cable loading and may lead to cable
failure. This phenomenon is ignored by some standards in the calculation of power cables capacity. Numerous efforts have been
done by many researchers for cable monitoring. In this study, monitoring system based on measurements of temperature
distribution surrounding the cable route is suggested. When reaching the temperature of the dry zone formation the system will
produce a warning alarm. To the best of the authors knowledge, the invention of a device that gives a warning in the case of
drying layers formation around the power cables has not received attention so far. The proposed device is characterised by
cheap price, high accuracy and its simplicity in the design. The system is tested in the laboratory using different soil types. Field

tests are done to verify the reliability of the device.

1 Introduction

As it is known the losses of power cables produce heat increases
the cable temperature. The thermal stability around the cable is
necessary to keep the cable conductor and insulation temperatures
within the allowable limits [1-4]. Because of the soil temperature
increase, the surrounding back-fill soils around underground power
cables lose their moisture content, forming dry areas [5—10]. This
leads to an increase in the soil thermal resistance and decreases the
maximum current carrying capacity of the underground power
cables.

Soil thermal resistivity is affected mainly by soil composition,
degree of compaction, dry density, gradation, water content and
temperature rise [1-10]. The problem of coupled heat and water
flows around buried cables was investigated by several authors
[11-20]. Numerical simulation to study the heat dissipation
processes in the underground power cable, thermal analysis of
power cables are investigated by the authors of [11, 12, 19].
Theoretical models to calculate steady-state, dynamic ampacity and
emergency current ratings of underground power cables are
discussed in [20-27].

After the long operation of power cables for several years, dried
out zones are usually formed around the cables. These zones may
lead to thermal instability of the soil surrounding the cables.
Consequently, the ability of the soil to dissipate the heat is much
decreased and finally thermal cable failure may happen
experimental study for drying-out formation is done in [28-38].
The maximum current carrying capacity of a buried power cable
depends on the heat produced by cable losses, insulation layers
thermal resistances and the thermal characteristic of the soil
surrounding the cables. The formation of a dry zone leads to a
marked decrease in the cable current rating by about 29% of its
rating when the dry out occurs [34]. For safe operation of buried
cables, bedding soils are used to reduce soil thermal resistivity and
to minimise moisture migration [34]. To eliminate the dry zone
formation and to maximise the heat transfer and increasing the
cable capacity the back-fill soil around the cable should be graded,
having higher ratios of loam content and be compacted at optimum
water content for maximum dry density [34].

A real-time software system taking inputs from the power
cables by using temperature sensor is used as a technique for
monitoring the cable safe operation based on Electra 87 as
recommended in [EC60287 and IEC60853. Janda et al. [39]
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recorded the critical temperature of dry area formation around high
voltage cable systems by using a set of elements, which are
installed at hot spots of the power cable route and in the substation.
The communication between the measurement spot and substation
was carried out using an optical cable system. Singh [40] used the
same technique of monitoring system taking inputs from the power
distributed temperature sensor. IEC60287 presented a formula to
calculate the current ratings of underground power cables as a
function of the cable properties and surrounding soil characteristics
and it is modified to comply with dry band formation [1].

The aim of this paper is to propose a device for monitoring the
dry zone formation around the cable. The proposed monitor is
characterised by cheap price comparing with other systems, good
accuracy in monitoring and its simplicity in the design. The
monitor is tested in the laboratory using different soil types and it
gave good monitoring for dry zone formation in the back-fill soil.
It is tested also in the field and the device has demonstrated
accuracy in the definition of the dry zone around the cable path at
the site. Its accuracy reached to about 98.3% after 60 tests done in
the laboratory and 98.5% after about 150 tests done in the field.
Finally, it is on-line monitor, so there is no time consuming.

2 Monitoring device construction and operation

The suggested dry zone indication device is constructed as shown
in Fig. la. The main components of this device are a reference
voltage control unit, signal conditioning circuits, comparator
circuits, isolation circuits, and output alarm device. Fig. 1b gives
the details of the signal conditioning and comparator circuits.

The function of each element of the device can be explained as
follows:

i. The system is provided with a group of temperature sensors
(thermocouples) each one gives output voltage in mV
represents the soil temperature. Each thermocouple voltage is
then amplified and used as input to the device for monitoring
the temperature rise. The amplifying circuit characteristic is as
given in (1)

Vi=Vi(1+A) 1)
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where Vj, is the thermocouple output voltage, V; is the output
voltage of the amplifying circuit and 4 is the gain of the
amplifying circuit.

ii. Reference voltage control unit is used to control the quantity of
reference DC voltage input to the comparator circuit; this
reference voltage is related to the level of dry zone formation
temperature and is changed depending on the critical
temperature (the temperature at which the dry zone is formed)
of the soil type around the underground power cables.

iii. The signal conditioning circuit is used for processing,
amplifying and filtering the output signal of the thermocouple
sensor to be appropriate for the next operating step.

iv. The comparator circuit is used to compare the amplifying
signal obtained by the previous stage with the external
reference DC voltage; this DC voltage is controlled to be
equivalent to the dry zone temperature of the cable surrounding
soil. When the signal given from the conditioning circuit is
higher than the adjusted reference DC voltage of the
comparator an alarm output signal to operators will be sent by
the device.

The comparator circuit operations are defined by the
following equations:

IfV, > Vesthen Vo = V.
IfV, < VisthenVy =0

where Vir is the reference DC voltage, V,, is the output voltage
of the comparator circuit and V. is the common voltage of the
op-amp.

v. The isolation circuit consists of the transistor and output relay.
It is used to isolate the low voltage, current signal conditioning
and comparator circuits from one side and the voltage and
current of the alarm device circuit from the other side.

vi. The output alarm device is used to send an alarm signal when
the device senses the temperature of the dry band formation
around the underground power cables.

The flowchart of the soil dry zone testing system operation steps
are summarised in Fig. 2.

3 Soil characteristic used
suggested device

3.1 Soil samples used in the test as back-fill material

in testing of the

A study has been carried out on a group of soil that can be used as
back-fill materials around the underground power cables which
differ in their components and moisture content as given in Table 1.
As noted in this table, the amount of sand differed from 87 to 15%,
and in contrast, the quantities of clay have ranged between 10 and
83%. The moisture content has been changed from 3.2 to 20%.

3.2 Arrangement of the soil performance testing

Fig. 3 shows the arrangement sketch that is used to study the
different soil samples characteristics which can be used as back-fill
materials for power cables. Each tested sample is placed in a
cylindrical plastic container with a 10 cm diameter. The soil sample
height was 10 cm. In the plastic container top part, a heater of
known power to simulate the cable losses is inserted. The heat flux
is measured by means of a calibrated heat flux meter. The power to
the heater is controlled by means of auto-transformer which is
connected from the primary side to the 220 V supply.

The sample bottom is in contact with a porous slab of sintered
Pyrex glass with small pores diameter of 5 mm. A vessel of plastic
completely filled with water that is provided with a flexible tube is
used to simulate the groundwater table artificially. The cylinder
containing the soil sample under testing has been sealed off by O-
rings against the top wall of the insulated level. By this
arrangement, the moisture tension and thus water content can be
adjusted. A number of thermo-couples are placed with the walls at
the axis of the sample that provide a possibility of measuring the
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Fig. 1 Soil dry zone indication device
(a) The device elements,
(b) Signal conditioning and comparator circuits

temperature distribution at different points of the tested soil
sample.

3.3 Results of the soil performance tests

Each soil sample is heated by using the heater element as given in
Fig. 3 which is controlled to produce heat flux density 650 W/mZ.
The tests are done at infinity suction tension. The suction tension
affects the thermal soil resistivity and the temperature and the time
of the dry zone formation around the underground power cables.
The retention of soil moisture is described by the moisture
potential (a) which is known as the suction tension of the soil in a
water column and is usually expressed by the following relation:

Pf = log(—100 @) 3)

In (3) Pf'is the suction tension and (a) is the moisture potential. For
practical applications, the suction tension depends mainly on the
soil moisture content, and the soil history of drying and wetting. In
general, the Pf'value in winter can be considered as 2 and less and
in summer its value can be considered higher than 2.

The grain size of the selected soil samples under testing was
ranged between 0.15 and 1.18 mm. During soil testing, the average
total porosity measured value was 21.1%. The soil thermal
characteristics of the tested soil are given in Table 2. From this
table, it is noticed that the required time for the start of dry band
formation increases with the clay percentage increase. This can be
understandable because the clay retains moisture for a longer time
than sand. Each tested soil sample wet thermal resistivity, dry
thermal resistivity at starting and at the end of dry zone formation,
its critical temperature and time to be formed are given in Table 2.
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Fig. 2 Flow chart of soil dry zone testing system operation

Table 1 Tested soil samples composition used in the laboratory device testing

Sample number  Weight percentage, %

Clay Sand Silt Moisture

Classification

1 10 87 3 3.2
2 28 70 2 5
3 39 59 2 6.1
4 50 50 — 71
5 60 39 1 9
6 83 15 2 20

fine sand and clay, grain size between 0.15 and 1.18 mm poor in silt
fine sand and clay, grain size between 0.15 and 1.18 mm no gravel, and poor in silt
fine sand and clay, grain size between 0.15 and 1.18 mm, no gravel, and poor in silt.
fine sand and clay, grain size between 0.15 and 1.18 mm, no gravel, and poor in silt
fine sand and clay, grain size between 0.15 and 1.18 mm, no gravel, and poor in silt
fine sand and clay, grain size between 0.15 and 1.18 mm, no gravel, and poor in silt

From this table, it is also noticed that the critical temperature falls
between 50 and 58°C depending on the soil compositions and the
moisture content. The critical temperature is defined as the
temperature at which the dry zone started to be formed in the soil.
The thermocouples are arranged as shown in Fig. 3. The distance
between each thermocouple and the other is 1.5 cm.

The temperature distribution indicates that the relation between
the temperature and the distance for each soil has two slopes, as
given in Fig. 4 each one indicates to a zone that has different soil
thermal resistivity.

The first zone given in Fig. 4 is formed near the heat source that
represents the cable and this is the drying zone and the second zone
which usually starts at the end of the first one and it is known as
the wet zone. The purpose of this figure is to calculate the dry and
wet thermal resistivity of each tested soil. Each zone thermal
resistivity can be obtained by using IEC60287 [1]:
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dT/dZ
=57 @

where dT/dZ is the temperature gradient ‘C/m; ¢ is the soil
resistivity °C/m /W and Qy, is the heat flux density W/m?2.

The velocity of the dry zone formation can be calculated by
using the relation:

Z -7 .
tl—tz = velocity of dry zone Z, > Z, (5)
1=
where Z| is the position of the dry zone at any point recorded at 7,
and Z, is the position of the dry zone at any point recorded at #,.
The velocity of the dry band formation for each tested soil is
calculated using (4) and given in Table 3 when the heat flux
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Fig. 3 Soil testing arrangement
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Table 2 Soil samples thermal resistivity, critical temperature and time of dry zone formation

Soil sample Soil thermal characteristics
Wet soil thermal Soil thermal resistivity °C.m/W Critical temperature and time of dry zone
resistivity formation

At starting of the dry At end of the dry Ciritical temperature °C Time to start dry band in
zone zone hours

1 0.91 1.9 2.63 58 1.933

2 0.821 1.8 3.15 55.5 3.1

3 0.818 1.8 3.5 54 3.5

4 0.805 1.7 3.8 52 3.75

5 0.794 1.6 4.6 51 41

6 0.746 1.4 1.91 50 4.5

density was 650 W/mZ2. Increasing the heat flux density leads to
rapid increase in dry band formation [1].

From Table 3 it is noticed that the speed of the formation of the
dried layers began by slow rate and then accelerates, after that, it
slows down again when approaching the state of constancy. This
phenomenon is consistent with all soil types that have been tested
but the values of the speed of dry zone formation differ from one
soil to another. This indicates that the time of dry zone formation
and consequently the device operating time changes from one soil
to another.

4 Laboratory and field testing of the suggested
device

4.1 Laboratory testing of the device

Laboratory experiments are done for testing the suggested monitor
in determining the dry zone formation for each tested soil. The
suggested device recorded dry area formation by continuous
measurement of the soil temperature using temperature sensors
(thermocouples) as given in Fig. 5. As shown in this figure the soil
testing device that is shown in Fig. 3 is connected with the device
using a group of thermocouples. The output voltages of the
thermocouples in mVs represent the soil temperature are amplified
by the signal amplifying circuit and compared with an external
voltage (DC reference voltage) using the comparator circuit given
in Fig. 1. This reference voltage represents the critical temperature
level of the dry zones formation for each soil type in mVs. When
the amplified thermocouple voltage reaches to be greater than the
reference voltage, the monitor circuit works to give the signal to
trigger the alarm device.
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Fig. 4 Relation between measured temperatures and the distance for the
six soil samples when pf =, Q= 650 W/m? after reaching to steady-state

Several laboratory experiments are conducted to test the
reliability of the proposed device. The details of the device testing,
using the test arrangement of Fig. 5 is given in Table 4. The device
is tested using soil samples given in Table 1. Ten tests are done
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Table 3 Velocity of dry zone formation in tested soil samples

Sample number Z ¢

Velocity of dry area formation, cm/min

1 2.5 116
4.5 162
7 250
2 25110
4.5 160
7 245
3 25104
4.5 140
7 223
4 2.5 100
4.5 135
7 215
5 2.5 102
45125
7 200
6 25122
45173
7 270

0.02155 between 0 and 116 min, 0.0435 between 116 and 162 min and 0.0284 between 162 and 250 min

0.0227 between 0 and 110 min, 0.04 between 110 and 160 min and 0.0294 between 160 and 245 min

0.0240 between 0 and 104 min, 0.0556 between 104 and 140 min and 0.0301 between 140 and 223 min

0.025 between 0 and 100 min, 0.0571 between 100 and 135 min and 0.0313 between 135 and 215 min

0.0204 between 0 and 102 min, 0.087 between 102 and 125 min and 0.0333 between 125 and 200 min

0.0204 between 0 and 122 min, 0.0392 between 122 and 173 min and 0.0258 between 173 and 270 min

Z is the distance between the thermocouple and the heat source in (cm).
t is the time to form dry zone and give alarm from the circuit in (min).

o, -\

1- Auto-transformer 4- Water table tube
2- Thermal insulation §-Soil dry zone indication device
3-Soil testing device 6-DC batteries

Fig. 5 Monitor device testing arrangement

using each sample with 2 h separation between each test and the
other. Comparing the time of the device operation and the soil
temperature at which the device operates given in Table 4 with the
time of dry zone formation and the critical temperature shown in
Table 2 it can be noticed that the device proved excellent efficiency
and accuracy in determining the formation of a dried layer in the
six sample soils given in Table 1.

The overall percentage of the instrument accuracy is calculated
based on the total successful operation using the following
formulas [28, 41]:

_ Pr;
Srj = Total number of the device operation for each F; ©)
x 100
1S
=1
Cpj= === x 100 (M

where F; is the soil sample code, Sg; is the percentage successful
operations of the device operation, Py is the number of successful
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Table 4 Results of the device testing in the Laboratory
Soil Time of Soil Comments and number
samples the device temperature of tests
operation, at the device
h operation, °C
1 2 58

the test is repeated ten
times, fresh soil sample is
used in each test. The
device succeeded to indicate
to the dry zone without any
fail
the test is repeated ten
times, fresh soil sample is
used in each test. The
device succeeded to indicate
to the dry zone with one fail
the test is repeated ten
times, fresh soil sample is
used in each test. The
device succeeded to indicate
to the dry zone without any
fail
the test is repeated ten
times, fresh soil sample is
used in each test. The
device succeeded to indicate
to the dry zone without any
fail
the test is repeated ten
times, fresh soil sample is
used in each test. The
device succeeded to indicate
to the dry zone without any
fail
the test is repeated ten
times, fresh soil sample is
used in each test. The
device succeeded to indicate
to the dry zone without any
fail

4 3.85 52

operations, j is the number of device operations in each site (j=1,
2, 3,4, ..., n), and Cf; is the average of the overall percentage
successful operations of all sites.
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Table 5 Construction details of the monitored cable

50 60 70 80 90

Time (hour)

Cable details
Conductor material

Conductor area, mm?
Conductor diameter, mm
Insulation type

Insulation diameter, mm
Screen type

Screen diameter, mm
Cover type

Overall cable diameter, mm

33kV
Copper (single-core)
1000
40.2
XLPE
59.5
Aluminium
64
PVvC
71

Applying the above formulas to calculate the instrument
accuracy indicates that the device accuracy is about 98.3% after 60
tests done on the different soil samples given in Table 1 and can be
used as back-fill materials surrounding underground cables.

4.2 Field testing of the device

Field tests are done on the suggested monitor to check its
reliability. The measurements are done in the field during loading
the 33 kV flat formation cable by its load cycling given in Fig. 6.
Table 5 gives the monitored cable construction details.

In the cable load cycle given in Fig. 6, the current reached 900
amperes in some hours through the day. The ambient temperature
during the measurements was varied between 0 and 10°C during
the night and 10 and 24°C during daylight hours. Five
thermocouples are distributed radially on the cable path; the first
thermocouple is fixed on the cable sheath and the space between
each thermocouple and another one is taken as 5 mm for the
remaining thermocouples.

The device is tested in selected sites along the cable route. The
cable surrounding the soil of the first site contains the majority
sand having grain size between 0.15 and 1.18 mm besides about
10% of clay to improve soil retention. This back-fill composition is
similar to the tested soil sample 1 given in Table 1. In other places,
the back-fill soil composition was 60% sand besides about 40%
clay. Its components are approximately similar to the investigated
soil sample 5 given in Table 1. The temperature of the soil
surrounding the middle cable is calculated using IEC 60853-2
modified method. In this method, the temperature of the soil
surrounding the cable is calculated according to the relation

0.(1) = psff:vlu‘E"(l_s_?é) - _Ei(_f_g)” 8)
S () e

The dynamic temperature of the soil surrounding the centre cable
(6,) can be determined by using (8) [21, 38]. Where — Ei(—x) is
the exponential integral, ¢ is the thermal diffusivity of the soil, W}
is the cable total power losses calculated according to the IEC

K=1
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60287-1-3 [1]. d, and d'y; are the distances from the centre of
cable (k) to the centre of cable (p) and distance from the image of
the centre of cable (k) to the centre of cable (p), respectively, and N
is cable number.

The general thermal resistivity p,.; of the back-fill surrounding
soil of the cable changes with soil temperature, soil moisture
content and its dry density as reported by Groeneveld ef al. [38]:

_ _ &3
log o psoit = (81 — &¥a)x1(0) + < (G0 9
where
80 -0, 2
0) =1+ 25+ g (Y — 7)(0 = 0,
x(0) Ue=7) 86(Vimax — Ya)( )

x0(0) = (1 - g,(0 — ea»;—d

In the above equation, Yy, Ymin and yq are the maximum,
minimum and dry density of the soil, respectively, 6, and 0 are the
ambient and soil temperature, respectively, and the values of g; to
g7 are given as follows [38]:

g =135 g =0017,
& =115x107",

g5=0299, g, =0.01
g, =0.0179, g =1.08x10"

The determination of the specific heat at each moisture content
amount is done according to the relation given in [19, 20]:

Cpsoil = Cayq + CurwGi (10)

where Cpi1 is the soil specific heat in (J/m3.°C), Cq is the dry
specific heat in (J/Kg.°C), Cy, is specific heat of water in (J/Kg.°C),
y4 1s dry density of the tested soil, yy, is water density and G is the
soil moisture content. To include the probability of dry zone
formation in the back-fill soil around the cable during load cycling,
the variations of the soil resistivity and its volumetric specific heat
are inserted into the designed program used in the calculations of
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Table 6 Soil parameters surrounding the monitored cable

Soil samples Site soil moisture content Maximum, minimum and dry density, Kg/m3 Specific heat, J/Kg.°C
Gy Vimn Yrnin Ya Wet Dry

first site (A) 0.035 1651 1450 1600 965 900

second site (B) 0.075 1585 1250 1480 970 835

80 T T T \ T
=== Calculated using Modified IEC 60853-2
§ 70+ | ™ Measured
'; [
5 60 Dry zone formation 1
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g_ 50
£
240t
©
030r
20 < ‘ ‘ ‘ ‘ ‘ ‘ !
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O
T 80r
g
3
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£
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Fig. 7 Soil surrounding the cable temperature using modified IEC
60853-2 method and field measurements

(a) First site (A),

(b) Second site (B)

Table 7 Results of the device testing at the two sites
Test Time Soil Comments  Number of tests
site to start temperature

the dry at the device

zone, operation, °C

(A) 55 58 dry zone is formed  instrument is
after 55 and tested for 50 times
stayed to about  and failed to give
10 h and started alarm in two times
again after 78 h of because of one of
loading and stayed sensors failure
for 12 h
(B) 53 51 dry zone is formed  instrument is
after 53 h of tested for 100

loading for 37 h  times and failed to

give alarm in one
time because

wrong adjustment
of comparator

circuit
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the dynamic temperature distribution of the cable surrounding soil
during dynamic loading according to the modified IEC 60853-2.
The soil parameters surrounding the monitored cable are given in
Table 6.

Fig. 6 gives the cable load cycle and ambient temperature
through 4 days. The cable details and the load cycle are reported by
the Egyptian Electrical Grid Company [39, 42]. Fig. 7 shows the
calculated and measured soil temperatures around the middle cable
of the cable system. The test is repeated along the cable path.

More than 150 tests are conducted on the 33 kV in two sites (A)
and (B). The device failed to give an alarm when reaching to the
dry zone formation around the cable two times from 50 tests done
in site (A), as shown in Table 7 the cause was one of the sensors
has failed. In site (B) about 100 tests are carried out with one time
fail because of the wrong adjustment of the comparator circuit. It is
necessary to reduce the cable loading when the dry zone is formed
around the cable, by the separation of un-effective loads to
decrease the heat produced by the cable and then reduce the
temperature of the soil as well. Table 7 gives the details of the
device testing at two sites.

The overall percentage consistency of the instrument 150 tests
done in the field is calculated based on the total successful
operations using the formulas of (6) and (7) [41]:

In this case:

Fj: soil site code A or B;
Spj: the percentage successful operations of the device at the site;
Pr;: number of successful operations;

j: number of device operations in each site (=1, 2, 3, 4, ..., n);
Cpy: the average of the overall percentage successful operations of
all sites.

By calculating the accuracy of the device in the field using the
above data given in Table 7 it is found to be 98.5%. The device has
demonstrated high accuracy in the definition of the dry zone
around the cable route at the site.

5 Discussion

The strategies of underground power cables monitoring are
sophisticated based on different devices and many of them are
costly. As an example, conventional methods of cable monitoring
using XLPE, PVC, EPR and other power cables insulating
materials thermal endurance characterisations are based on
analytical methods [39, 40]. In some techniques, the cable
temperature can be visualised on the screen or shown as a profile
[43, 44]. These diagnosis techniques are either too time-consuming
or some can give mysterious data that cannot be interpreted.
Software systems of the cable temperatures can be recorded by
using a set of elements, which are installed at hot spots of the
power cable route [39]. Another technique for measuring the
surrounding cable soil drying time is extrapolated by probe, it can
be used to create operational conditions that will reduce the
probability that soil will become thermally unstable. Other
underground power cable monitors are designed to be based on
cable historical operation temperature, while others are designed
based on procedure to estimate the degree of ageing for an
underground power cable considering thermal stresses. The
disadvantage of such these monitors is that they need different
parameters related to thermal ageing and thermal lifetime
estimation.

This paper suggested a new on-line device for underground
power cable monitoring based on recording the temperature of the
soil surrounding the cable. The advantages of the proposed
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technique, when compared with the above conventional methods,
can be summarised as follows:

(1) The device costs very little compared to any other systems, its
cost is no more than several tens of dollars.

(i1) There is no direct connection between the device sensors and
the cables as the soil temperature is monitored around the cable,
and does not expose during its operation to the cable voltage or
current effects. This means that it is safe.

(iii) It is an on-line monitor, so it is not time consuming.

(iv) The device accuracy reached to about 98.3% after 60 tests
done in the laboratory and the field accuracy reached 98.5% after
about 150 tests carried out in the field.

(v) The device has simplicity in the design.

One of the limitations of the proposed device is that the reference
voltage has to be calibrated and adjusted for each back-fill soil.
This needs to measure the critical temperature of the soil
surrounding the cable every time before installing the device.

6 Conclusions

In this paper, monitor for dry zone formation in the back-fill
surrounding soil of the underground power cables is suggested. It
has been tested in the laboratory using different types of soil with
different moisture rates. In the tested soil, the amounts of sand and
clay are changed to cover the soil that can be used as back-fill
material. The monitor is tested in the field to check its accuracy.
The device demonstrated excellent efficiency and accuracy in
determining the formation of a dried layer in the soil. Its accuracy
reached to about 98.3% after 60 tests done in the laboratory and the
field accuracy reached to 98.5% after about 150 tests carried out in
the field. It is simple, cheap and not time consuming. One of the
device limitations is the need for reference voltage adjustment for
each soil type and measuring of the critical temperature at which
dry zone is formed can be considered as another limitation.
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