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Measurement of Dielectric Properties Using Time Domain Transmissiometry
(TDT) with Broad Band Impulse-Signal

Hideki MiyamoTto*, Naoki ITo**, Eriko YASUNAGA*, Shinya TAKAICHI*,
Atsushi MASE™* and Jiro CHIKUSHI*

* Biotron Institute, Kyushu University, 6-10-1 Hakozaki, Higashi-ku,
Fukuoka city, Fukuoka 812-8581, Japan
** Art, Science and Technology Center for Cooperative Research, Kyushu University,
6-1 Kasuga-koen, Kasuga city, Fukuoka 816-8580, Japan

Abstract

Time domain transmissiometry (TDT), a method of measuring transmitted broadband signal in
microwave frequency, has been drawing a lot of attention more than ever as an alternative
method to monitor water content and solute concentration in soils. To establish the monitoring
method by applying TDT, we measured travel time and amplitude of impulse-signal transmitted
through several types of fluid media using TDT probes with different lengths, and verified the
effectiveness of TDT for the estimation of apparent permittivity and electrical conductivity of the
media. Although the determination of apparent permittivity and electrical conductivity of an
extremely high-conductive medium was not completed due to the inadmissible loss of the
transmitted signal, we successfully determined both properties by TDT in moderate-conductive
media. Judging from their distribution from referential values in literature, we concluded that
the longer probes provided more accurate estimations of apparent permittivity and electrical
conductivity.

Key words : Time domain transmissiometry (TDT), Apparent permittivity, Electrical conductivi-

ty, Travel time, Signal intensity
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1 OB
(CONI
Table 1

(ow) B& Uth%%$

Electrical conductivity (ow) and real
permittivity (¢”) of materials under test.

Fluid media ow (Sm™) e’
CaCl, solution, #1 0.014 —
CaCl, solution, #2 0.037 —
CaCl, solution, #3 0.074 —
CaCl, solution, #4 0.12 —
CaCl, solution, #5 0.35 —
CaCl, solution, #6 0.60 —
CaCl, solution, #7 0.98 —
Air 0.0 1.00"
Cooking oil — 3.00¢
Ethanol, 1.0kgkg '* — 33.1%
Ethanol, 0.6 kg kg '* — 44 .2+
Ethanol, 0.3kgkg '* — 62.1*
Distilled water (DW) 0.0 81.5"

*Ethanol/(ethanol + water)

TChronological scientific tables 2001

*Averaged &”-value from 30 MHz to 100 MHz at
25°C
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EENCH W TDT 7 o — 7oA X £ X-3 127587,

B 12mm O 2AKD R 7 v L 2 fEE L — 7RIk
L, EHES ARSI IS 5 & D IciliF g = &
FUBHETEE L7z, £ LT, WHEloo » Ko 50
Qi — 7 v (15D-2V, Fujikura #) @ ¥ — v K,
SMlD B K OREEE Y — 7 VORERIIcENERIZAR
L1, HIELZ TDT 7o — 7OHER (A B o
HCExToN OESI3474mm, 97.3mm, 197 mm
@ 3FEET, NHlEAHO 7 o — 7 ORI 2.0 25 2.5
mm TH -1, KB, £70—7ThHk TDT IREAERE
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Fig. 3 Schematic diagram of a TDT probe
designed.
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Fig. 4 Schematic diagram of experimental setup.
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Fig.5 Transmitted signal and step-pulse sig-
nal emitted from a TDR100 cable tester
expressed in (a) time domain and (b)
frequency domain.

R %2 195ps & L7z,
WK% E L2 TDT 7 u — 7 o—iEm 5 ko

A VNV REFEANL, MFICER LIy T v

AvoRa—77T, &EELESO TDT EE4qH L

7oo HAAERDOFEHIKFE S/ NS WERE Iy 5 5
AR & LT, 2.2 Bi Tk~ FREI ;@m%&
ELTe 2D b ERIRIETE tom (ITEDE, XD
(RIBIFE B & O (5) 2 & K 1 @?faaﬁi%ﬁ%m L to
1535, 8)OFIHEITH W 2 HUEERVE o HEA BRI
F-1 O¥E%E 5 Z 120 CaClifiKlc>\WTldE—7 5@
TRIESEHIL, EXURER & ORLEMEZTH~ T, uiw
FHRE—EE T3 KIEL, €Ol E SRk
BETHIEE L 7o

3.3 TDRIC& 35

Ef1.6mm, E&25100mm O 3 KD R 7 v L Z ik
%, TRFUEIET6mm MBI TIEEL, fubo
oy F% 50 QEH — 7V (15D-2V, Fujikura #£) @
L, AMAlD 2 KDy RE Y — b RERICEERE L 720 T
@ TDR 7o — 7%, RFiffi Cli I SIEE DA - 12 HfE
R M VOHRSIEREICKRE L, AT v 7V g5 (K-
5) OFEREA o R a—7ENE L7 TDR100 7 —
75 A% — (Campbell Scientific f1) <, &KEE®D
TDR BHEZEETHI L 720 = LT, TDR100 HH O FEMENT
v 7 h (PCTDR) ZFIfH L T, SIE DB 0FER
BLUOBERULEE EE LT,

4. FERLEBE

4.1 BRIZEE DM
4.1.1 BSRHEBEIEERE
100mm £ TDR 7 v — 78 X O TDR100 7 — 7V 7
2y =Tl L7z, ZZRK (DW) B L UOERULERED
F13 5 CaCl B ® TDR I O—f|2X-6 1IT/RT, 7%
EEI7J<@ TDR HIEICE, 7o — 7 D5 E & 5w’
B BRAT v 7NV RE SO EFRT QB D



8 THEOYHEME: 5110 5 (2008)

1.0
T Reflection at probe end DW
§ 0.6 T Reflection at .
k) | probe beginning 0.037S m
= "
5021 ¥
C PR 0128 m
2-0.2
153
= 0.35S m!
23
~ -0.6 0.60 S m'!
| -1
1.0 0.98 Sm
0 5 10 15 20 25 30
Time (ns)
-6 TDR 7o — 7 Tlll] L /- BRI A8 L5

% CaCl,7A#® TDR #JE.
Fig. 6 TDR waveforms measured with a TDR
probe in CaCl, solutions with different
electrical conductivities.
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Fig.7 TDT waveforms measured for different

probe lengths in CaCl, solutions with
different electrical conductivities.
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Fig. 9 Electrical conductivity (orpr) of CaCl,
solutions determined by TDT and TDR
versus actual electrical conductivity
(Oact).
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Fig. 10 TDT waveforms measured with differ-
ent TDT probes for standard medium
(air or cooking oil), ethanol, and dis-
tilled water (DW).
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Fig. 12 Apparent permittivity (e;) of CaCl, so-
lutions determined by TDT and TDR
versus actual electrical conductivity
(ow).
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Abstract

Time domain reflectometry (TDR), measuring dielectric properties, has widely been applied
TDR is,
however, not applicable to clays due to the inadmissible energy loss of emitted microwave sig-

to monitor volumetric water content (f) and bulk electrical conductivity (op) in soil.

nals. To reveal the response of the clays to the signals, by using a vector network analyzer we

measured the spectra of real (¢’) and imaginary (¢”) part of complex permittivity in the frequency
of 0.1 to 3.0 GHz for kaolinite and bentonite having different f-values. Besides the distinct &”- and
&”-spectra for 0, for kaolinite we found that the relation of &’ versus 6 can be given by a unique
expression within a range of examined frequency, and o, can be estimated from &”-values at
around 0.3 GHz with relatively small errors. Although the g, values for the bentonite, estimated
by the present method, included unacceptable large errors, the relations of &’ versus 6 were
adequately determined in whole examined frequencies. Judging from the gradient of &’-0
relations for bentonite, we suggested that the signals with higher frequency should provide more
sensitive determination of @ than that with lower frequencies.

Key words : Dielectric relaxation spectroscopy, Real and imaginary part of complex permittivity,

Frequency, Volumetric water content, Electrical conductivity
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Fig. 5 Spectra of real permittivity (¢) for (a)
kaolinite and (b) bentonite with differ-
ent volumetric water content (0).
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Abstract

Pozzolanic materials, either naturally occurring or artificially made, have long been in practice
for soil stabilization. Of the artificial pozzolans, the ordinary portland cement is the most
commonly used globally. Literature review indicates that, to date, the percentage of the cement
used to improve the properties of soil is 4 to 14% or more. For the sake of cost saving in soil-
cement construction works, it is crucial to scrutinize the efficacy of an incredibly diminutive
amount of cement on the engineering properties of soils. In this paper, efforts have been made to
study the usefulness of nominal dosage rate of the ordinary portland cement on the bearing
capacity and permeability of a clayey soil in Mie prefecture. Laboratory tests were conducted on
California Bearing Ratio (CBR), unconfined compressive strength and the permeability coeffi-
cient of the clayey soil with the cement content of 0.0, 0.2, 0.4 and 0.6% in the ratio of mass. On the
basis of the test results, it was concluded that both the CBR and compressive strength, a measure
of bearing capacity of a soil, increased with the increase in the amount of cement. The stress-
strain relationships of the soil under the unconfined compression tests indicated that the addition
of the nominal dosage rate of ordinary portland cement reduced the strain at which the ultimate
compressive strength occurred noticing the increase in the rigidity of soil. The modulus of
deformation, a measure of deformation characteristics of a soil, was also found to increase with
the increase in the quantity of cement content. Permeability tests revealed that the coefficient of
permeability increased with the increase in the amount of cement.

Key words : Bearing capacity, Stress-strain relationships, Compressive strength, Modulus of de-

formation and Permeability coefficient

1. Introduction

It is recognized that soil, a bequest of nature,
is both intricate and uneven material. There-
fore, the soil existing at any particular site may
not be appropriate for the intended purpose
because of its complex properties and variable
characteristics. Usually some techniques such
as mechanical, chemical, thermal, electrical and
physical etc. are used to improve the properties
of in-situ natural soil for proper applications in
the field (ACI, 1992 ; Sera, et al., 1990). Among
these, the use of supplementary cementing ma-

terials, such as ordinary Portland cement, is
one of the most popular solutions anticipated
to improve the properties of soils (Wilhelms-
son, 1997 ; Awal and Mamun, 1998).
back some 50 years ago, Mitchell (1976) re-
ported that the improvement of soil properties
using cement began with the concept of the

Dating

process of deductive reasoning (Ahuja and
1972 ; Kataoka, et al., 1992).
Cement treated soil is not a simple mixture of

Swartzendruber,

soil and cement but a unique conditioned mate-
rial produced through the interaction between
calcium oxide of cement and water contained
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among of soil particles (Boswell, 2000 ; Hossain,
el al., 2006).

A very little amount of ordinary Portland
cement is, especially, suitable to improve the
bearing capacity of clayey soil because of the
chemical reaction that occurs between clay
mineral and positive ion come from cement in
water. Research has shown that more than
60% of the ordinary portland cement is calcium
oxide ; a mixture of calcium, silicon and alu-
minium oxides ; quickly hydrate with water
resulting a high concentration of calcium, and
content of silica and alumina (Stocker, 1963 ;
Ingles and Metcaf, 1972).
of calcium oxide provide cementing action
among the clay particles bearing negative ions
and, therefore, the ions unite the soil particles
together as well as increase the stability of

These positive ions

aggregates (Mindess and Young, 1981 ; Arora,
1989). Also, Marshal and Holes (1992), Prusinski
and Bhattacharya (1999) and JSCE committee
(2003) reported that the negative ions created
by the clay minerals are, especially, attracted
As cal-
cium ions stuck to the negative sites, it conse-

by the positive ions of calcium (Ca™ ™).

quences the soil-cement mixture as a chemical
compound that not only act to bring the clay
particles together but also facilitate for binding
the clay particles. According to Mindess and
Young (1981), the main source of the observed
strength in cement treated soils is due to the
formation of C3S;H; compounds, a well-known
binding agent. It is noted that the Ca®™" ions
released by cement connects to the Si** ions of
clay mineral and therefore, it forms C3S and
C,S compounds. These C;3S and C,S compounds
hydrate to form C3;S, Hs compounds which are
particularly responsible to the strength devel-
opment in cement treated soil even at a nomi-
nal dosage rate of cement content.

Literature review, clearly, indicated that, to
date, the percentage of cement used to improve
the properties of soil is 4 to 14% or more. A
nominal dosage rate of cement to improve the
bearing capacity and permeability of clayey
soils is getting much attention lately in order

to reduce the cost of the construction works. In
spite of the volume of technical information
existed on soil-cement and cement treated soil,
there is no or little work available on the effect
of very small amount of the ordinary portland
cement to improve the bearing capacity and
permeability of a clayey soil, although it has
great advantages for the environmentally
friendly construction of a farm road, option
way & drain ditch etc. (Nagaishi et al, 1985).
The development of soil-cement with nominal
dosage of cement is a significant contribution
in this direction because of its environmental
consideration, cost-effectiveness and drainage
ability. In Japan, there is a lot of terrace land
to which cement treated soil can be suitably
and efficiently used for making new cultivat-
able paddy fields from unused land. In this
paper, since the soil-cement is made from nom-
inal dosage of cement, it has tremendous ben-
efit to the environment and significant cost
saving in material acquisition along with the
development of strength and permeability.

The main objective of this research is to
investigate the influence of nominal dosage of
ordinary portland cement on the strength and
permeability of locally available clayey soil to
be used for soil structures applications. In
view of this objective, the soil used in this re-
search was collected from Kameyama moun-
tain of Mie Prefecture, Japan. It is noted herein
that this soil possesses some basic strength,
however, further improvement in strength and
permeability is necessary, because most of
these soils are impervious which has many
disadvantages especially in the rainy seasons
causing disaster of sloping land. The present
research is highly significant to overcome
these basic needs. To date, a number of re-
searches have been conducted on strengths
characteristics of soil with cement content of
more than 4.0%. The authors believe that the
research reported in this paper is rudimentary
and there is no research work on soil-cement
with nominal dosage of cement content consid-
ered in this research article.
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The bearing capacity of clayey soils has been
investigated to study the effectiveness of the
nominal dosage rate of the ordinary portland
cement. A series of California Bearing Ratio
(CBR) tests, Unconfined Compressive Strength
(UCS) tests, permeability tests and Scanning
Electron Microscopy (SEM) analyses of clayey
soil with cement content of 0.0, 0.2, 0.4 and 0.6%
in the ratio of mass were performed. Results on
the CBR value, compressive strength, stress-
strain relationships of the soil under uncon-
fined compression tests, the modulus of defor-
mation, the permeability coefficient and the
SEM images are reported.

2. Materials and Methods

2.1 Properties of soil used

The soil samples were collected from the
Kameyama Mountain in Mie prefecture, and
tested at the laboratory. The particle size dis-
tribution curve is shown in Fig. 1. The soil has
66% percent of the clay and silt fractions. The
other properties of the soil used in this research
are shown in Table 1. According to the unified
classification system, the soil used in this re-
search is classified as CH. For obtaining the
cohesion and frictional properties of soil given
in Table 1, the specimens were tested by the
The shear tests
specimens of size 60 mm in diameter and 20 mm

direct shear test apparatus.

100

in height were prepared in cutter-ring placing
into the mould of standard compaction test.
The shear tests were carried out in accordance
with Japan Industrial Standard (JIS). The dry
bulk density given in Table 1 was determined
by performing the standard compaction test. It
is the maximum density at which the optimum
water content was obtained. The densities of
soil particles and the particles of soil-cement
mixtures were determined by the particles den-
sity test method according to JIS A 1202.

2.2 Properties of cement

Any type of cement can be used for improv-
Ordi-
nary portland cement (Type I), which is the

ing the engineering properties of soils.

Table 1 Properties of the soil used

Parameters Properties
Maximum dry bulk density (0,) 1.59Mg-m *
Optimum water content (W) 20.5%
Density of soil particles (os) 2.701 Mg+m ®
Cohesion (c) 157.40 kPa
Angle of internal friction (¢) 32.8°

Sand, >75um 34%

Silt, 5-7Tbum 33%

Clay, <5um 33%

Liquid limit 61.0%
Plastic limit 27.8%
Plasticity index 33.2

20
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70
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(%)

50

assing

40

20

30 >
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10 ;
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0.0001 0.001

0.01 0.1 1

Particle diameter (mm)

Fig. 1

Particle size distribution curve of the soil used
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most common for construction works and also
readily available in the local market, was used
in this investigation. The detailed properties of
this cement can be found elsewhere (Prusinski
and Bhattacharya, 1999).

2.3 Preparation of specimens

The soil sample was air-dried in room tem-
perature of nearly 25°C and humidity of about
40% for 10 days, and it was grinded to ease the
sieving process. For removing unnecessary
elements from the soil and for reducing the
variability of the particle sizes of the soil, it
was sieved by JIS Sieve No. 4 (4 mm opening).
The water content of the air dried soil was
measured as 10%. The required amount of soil
was taken, and the desired quantity of cement
was mixed properly. In order to obtain the
required percentage of cement in a mix, the
amount of cement was calculated according to
the following equation :

P:%XIOO% (1)

where P is the required percentage of cement,
C is the weight of cement mixed and S is the
weight of air dry soil required for a test. It is
noted that for each soil-cement ratio, three
specimens were prepared and tested for all
the cases. In case of unconfined compressive
strength test, usually 2 kilograms soil was re-
quired. The amount of cement (C) was calcu-
lated as 4, 8 and 12gms for 0.2, 0.4 and 0.6%
soil-cement specimens, respectively. The soil
and cement were mixed manually in a bowl
with a scoop for 10 to 15 minutes to uniform the
mixture. The calculated amount of water nec-
essary to obtain the water-cement ratio of 0.5
was added gently to the dry mix, and, finally,
the components were mixed thoroughly. Wa-
ter up to the optimum water content was ad-
ded gradually to the mixture while continu-
ously stirred. The additional water calculated
as water to cement ratio of 0.5.

It is noted here that the CBR values, com-
pressive strengths and permeability of the
specimens depend on the water content, dry
density after compaction as well as the degree

of compaction. In order to avoid these dis-
crepancies, all the specimens were prepared
with the optimum water content and compac-
tion was done in accordance with the standard
modified proctor test. All the samples for CBR,
compression and permeability tests were moist
cured for 7 days in room temperature of 25°C.
All the tests samples were prepared with the
optimum water contents of 20.5, 21.0, 21.5 and
22.2% for specimens containing 0.0, 0.2, 0.4 and
0.6% cement, respectively, obtained through
the standard compaction tests. The compac-
tion curves are shown in Fig. 2.

2.4 Method of CBR test

The California Bearing Ratio (CBR) test ad-
opted here is widely used all over the world to
evaluate the bearing capacity of soils and sub-
grades since its invention in 1930 by the Cali-
fornia Division of Highways, United States of
America. In this research, the CBR test speci-
mens were prepared in steel mould of 15¢cm in
internal diameter and 17.5cm in height. After
placing a special disk of 5.0 cm in height in the
mould, the soil was poured and compacted in
three layers using a 5.0 cm diameter automatic
rammer. The rammer mass was 4.5kg with
falling height of 45.0cm. Each layer was com-
pacted by 92 blows. The final height of the soil
specimen was 12.5cm. The compaction energy
was calculated as 2500.0 kJ/m? for each speci-
men. All the CBR tests were carried out ac-
cording to the JIS-A-1211 with the optimum
water contents of soil.

2.5 Method of wunconfined compressive

strength (UCS) test

For the unconfined compressive strength
(UCS) test, specimens were manually com-
pacted in the mould of 12.5cm in height and 5.0
cm in diameter. In this case also, the tests were
carried out with the optimum water content
of the soil with the different percentage of
cement. The optimum water contents were
21.0, 21.5 and 22.2% as well as the particles
densities of compacted soils were 2.705, 2.709
and 2.717 Mg - m ° for cement content of 0.2, 0.4
and 0.6%, respectively. The specimens were
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Fig. 2 Compaction curves of soil-cement with different cement content
(Z.A.V.C. means zero air void curve)

compacted in three layers using a 4.9 cm diam-
eter hand-rammer with rammer mass of 1.0kg
and falling height of 30cm. Each layer was
compacted by 20 blows. The samples were test-
ed for the unconfined compressive strength at
a loading rate of 0.l mm per minute. Average
strength values were calculated for each set of
the three samples. These tests were also car-
ried out in accordance of Japanese Industrial
Standards (JIS-A-1211, 1980).

2.6 Method of permeability test

For the sake of clarification of the high pres-
sure permeability testing apparatus used in
this research, a simple diagram of it is shown in
Fig. 3. The permeability tests were conducted
by the constant head permeability test method
according to JIS 1218. The specimens for the
permeability tests were prepared in the steel
mould of 10.0cm in diameter and 6.2cm in
height. The compaction of the specimens was
done manually using 2.5kg rammer with the
falling height of 30.0cm. After compaction, the
mould with specimen was placed on a stand to
ease in collecting the outlet water by a grad-
uated cylinder. The water pressures gauge was
set at the upper plate of the specimens to
confirm the constant water pressure on the
specimen. Before applying the pressure from
the gas cylinder, the water from the water tank

3
]
[ =]
4
— 5
= =
2 =
10
6 7
=_T_|<Ef>9
1
1 8

Fig. 3 High pressure constant head permeabil-
ity test apparatus
(1.Gas cylinder, 2.Control valve for gas,
3. Water supply, 4.Control
water supply, 5. Air releaser, 6.Pressur-
ized water, 7.Control valve for pres-
surized water, 8.Specimen, 9.Air re-
leaser, 10.Dial gauge, 11.Graduated cyl-
inder)

valve for

was poured to the pressure chamber by adjust-
ing the water control valve. The water of pres-
surized chamber was then poured on the spec-
imen. During pouring the water into the
mould, the air inside the mould on the top of

the specimen was released by the air release
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valve. The front face of the specimen was
continuously connected to the pressurized
water chamber during the test. Therefore, the
top surface of the water in the mould was
subjected to a constant pressure of 3.0 MPa
(gauge pressure). The amount of water flowing
through the specimen was measured by the
collected water in the graduated cylinder.
Before recording the readings, percolation was
allowed for some time to ensure a high degree
of saturation and uniformity of test results.

3. Results and Discussion

3.1 Results of California Bearing Ratio
(CBR) tests

The results of the CBR test on cement
treated soil containing 0.0, 0.2, 0.4 and 0.6%
cement are shown in Fig. 4 in the form of the
applied load vs. the depth of penetration rela-
tionships. As can be seen from this figure, all
the curves are curvilinear initially and then
These curves also indicated that no
initial correction for the calculating the CBR
value is necessary except in the case of control
specimen (0.0% cement content). For 0.0% ce-
ment content, the extension of the initial

linear.

straight portion showed that it crossed x-axis
slightly right side of the origin and this was
taken account in calculating the final CBR
value. It is noted herein that all the tests were
carried out under optimum water contents

(Wopt) Of the soil. The wop, were 20.5, 21.0, 21.5
and 22.2% for specimens containing 0.0, 0.2, 0.4
and 0.6% cement, respectively.

In Fig. 5, the calculated CBR values of the ce-
ment treated soils with cement content of 0.0,
0.2,0.4 and 0.6% both at penetration level of 2.5
It is evident that the
CBR values increased with the increase in ce-

and 5.0mm are shown.

ment content. The rate of the increase of the
CBR values at 2.5 mm penetration is more than
that at 5.0 mm penetration. Also, the CBR val-
ues at 2.5 mm penetration are higher than that
at 5.0 mm penetration for all the level of cement
content.

3.2 Results of Unconfined Compressive

Strength (UCS) tests

In order to understand the bearing capacity
of the cement treated soils, the compression
behavior of specimens under unconfined com-
pressive tests is demonstrated in Fig. 6 using
The stress-strain re-
lationship of the controlled specimens (0.0%
cement content) is also provided in the same

the stress-strain curves.

figure for better comparison. For each curve,
there is a peak or ultimate stress (here termed
as compressive strength) and then, after the
peak value, there is a softening behavior. It is
observed that the compressive stress increases
with the increase of displacement until appear-
ing the peak value, naturally, but, owing to the
different quantity of cement, the increment

Applied load (kN)

——Cement content, 0.0%
——Cement content, 0.2%
—— Cement content, 0.4%
—O— Cemqlt content, 9.6%

0.0 2.5 5.0

7.5 10.0 12.5

Depth of penetration (mim)

Fig. 4 Load vs. penetration curves of soil-cement under CBR tests
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Fig. 6 Stress-strain relationships of soil-cement under compression

rate varies depending on the amount of cement
content.

Figure 7 shows the variation of the compres-
sive strength (¢,) and the strain obtained at the
compressive strength with different levels of
cement content. Notice a significant increase
in the compressive strength with the increase
in the percentage of cement content. The
strain at the ultimate compressive stress (q.),
on the other hand, decreases noticeably with
the increase in the quantity of cement content.

For the sake of calculating the modulus of
deformation (£5) of the cement treated soils
with 0.0, 0.2, 0.4 and 0.6% cement, the stress-
strain relationships of the straight portions,
avoiding the initial and final nonlinearities, are
considered. The values corresponding to the

50% compressive strength (g,/2) are calculated
as 101.7, 162.2, 225.0 and 260.1 kPa, and the cor-
responding strain (es) are 2.9% 2.3%, 2.25% and
2.1% for cement content of 0.0, 0.2, 0.4 and 0.6%,
respectively. The moduli of deformation (E5)
of cement treated soil are calculated by the
following equation.

‘A
2
Eq=—/10 (2)
Es0
Here, E5)is the modulus of deformation of a soil
in MPa, €5 is the compressive strain when o=
q./2 in kPa. The moduli of deformation (Es)
calculated by equation (2) are shown in Fig. 8
with the different levels of cement content. It
is evident that the moduli of deformation (E5)
of the cement treated soils are increased re-
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Fig. 8 Modulus of deformation of soil with different cement content

markably with the increase of the nominal
dosage rate of cement content.

It is noted here that although the percentage
of cement is very nominal, it is observed that
both the bearing capacity and the modulus of
deformation are conspicuously enhanced as
compared to the controlled specimens (Figs. 5
to 8). It is also noticed that the addition of the
very small quantity of cement gives a continu-
ous increase of both the properties. This is due
to the chemical reaction among cement, soil
and water.

It was observed that the failure modes of test
samples under unconfined compressive tests
were varied depending on the quantity of ce-
ment added. These failure modes are clarified
in Fig. 9. It is apparent from Fig. 9a that the

cracks formed in the vertical plane for the
control specimen without any cement content.
No diagonal cracks were formed even the load
was continued until compressive stain of 17.41
%. The addition of 0.2% cement in soil, al-
though nominal, changes the failure pattern
from vertical to diagonal direction as can be
seen from the formation of major cracks di-
agonally in Fig.9b. This change of failure
plane or formation of diagonal cracks occurred
at 14.70% strain indicates the development of
the shear strength in soil by the addition of
cement. Further addition of cement (0.4 and
0.6%), altered the failure modes of the soil in
crashing type failure at strains of 13.11% for
0.4% cement content and 11.70% for 0.6%
cement content as shown in Fig. 9c and Fig. 9d.
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Fig. 9 Failure pattern of specimens under unconfined compressive strength test
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Fig. 10 Effect of cement content on permeability coefficient

3.3 Results of Permeability tests

The test results on the permeability coeffi-
cient of the cement treated soils are depicted in
Fig. 10. It is evident that the permeability co-
efficient increased with the increase in the
amount of cement content. The higher rate of
water permeability was occurred due to the
flocculation of the soil particles. This floccula-
tion brought the clay particles together by
cementing them to form a compound or sec-
ondary particle. This phenomenon has already
been discussed in the introduction section il-
lustrating the effectiveness of nominal cement
in forming the finer particles into secondary

ones. The formation of secondary particles

through cementing action is confirmed by
Scanning Electron Micrographs (SEM) as
shown in Fig. 11. It is also evident from the
compaction curve given in Fig. 2 that the dry
bulk density of the soil decreased with the
increase of cement content indicating the infl-
uence of formation of bigger particles.

4. Conclusions

In this paper, the effectiveness of the very
nominal dosage rate of the ordinary portland
cement, such as, 0.2%, 0.4% and 0.6% was used
to investigate the compressive strength, Cali-
fornia Bearing Ratio, modulus of deformation
and permeability of clayey soils in Mie prefec-
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d. Soil with 0.6% cement content

Fig. 11 Scanning Electron Micrographs (SEM)

of cement treated soil

ture. From the analyses of the test results
depicted above, the following conclusions can
be drawn.

1. The bearing capacity in terms of the CBR

value and the compressive strength was in-

creased remarkably with the addition of the
small amount of the ordinary portland cement.

2. The compressive strength increased with
the percentage of cement content.

3. The modulus of deformation (F5) in-
creased with the increase in the percentage of
cement content.

4. The addition of cement increased the per-
meability coefficient.
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A New Method for Measuring Early Nutrient Release Pattern from
Manure Compost Using Sand Column and its Application to
Some Kinds of Cattle Manure Compost
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Abstract

Currently, various types of livestock manure composts have been developing for application to
farmlands as an organic fertilizer. Nutrients released from these newly developed composts play
an important role in the overall chemical dynamics in soils. In the traditional methods, such as
an incubation method, the nutrient release patterns were measured under soil-compost mixing
conditions, in which the major cations and anions were not analyzed precisely. Thus, in this
study, a new method for measuring early nutrient release pattern from composts was developed
using sand column mixed with manure compost and was applied for analyzing the nutrient
release patterns for four kinds of cattle manure compost. A sand column of 9.3cm height and of
5cm diameter, having the unsaturated sand layer of 2.3cm height mixed with compost overlain
the saturated sand layer of 7cm height, was prepared. Distilled water was supplied to the top of
the column at a constant rate and the pattern of the nutrient concentration in drained water was
measured. This could be evaluated as BTC normalized with pore volume. This method per-
formed well in detecting the delayed release of nutrients and the increase in the released K in the
pelletized composts compared with the traditional ones.

Key words : Livestock manure compost, Nutrient release pattern, Sand column, Breakthrough

curve (BTC)
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IS Z I S T & BEL WS, ZREHEIL O i
5 A DR OE W% O BRI A R Ly
PHERE &N S HEIROIA BB OE VIS E &R S T L Av]
BECTH D, WMOBEDHTICHHTH S EEZL 5N S,

AWETIE, (i) BH 5 2E2ROHEED S5OSO
PHHIAH 7 — VHITE D 12 O FEERIER & EE kAR
K5I E, (i) ThERSHBCTIZIRDF S 5 43
EC#EA LT, ThSOEMD S oW EH O
HWAEAS»IZT S &, Z2HINE LI,

2. EBRMEBIUAE

2.1 HEMNS OWEORD AL/ —VAEDTZD
DEBERK

HE, BREROICEEREER TR, RIKkosks
BEOMEAKEA & h, Kb L < (3 Pore
Volume (AR D & 7 HG £ TOKSE) A#ifhic
B - 7o B R (Break through Curve : BTC) &
LCiRtrans CAE, 1994), AW TR, HEEZ &0
5DADE Y — v %, BTC & L CHlIE - fi#trd
5T EEEML, M-1IORTEBEER LI, COEE
TBWT, Wi s Nl & o&M A ST
B, EEooBukic L B S N B FH~DK
BEhc Xk - CHEBEMCRHONERE S NS, -,
E7s & D&M O DRk DIEHIEORHZL, Tab b
By — VI BTC ITKs b, £, <L v Mb
Wk BIAHOBIES EiEH Y5 — v OBME O£,
BTC DJZIRIC L » Ciind 2 T &M AJETH 5 L E A
5N 5,

FEERARL & FEERTNEA AL Icid e, FH L, Al
FEE it 2HEM s & & B 309,

2.2 FEMELUCEEREM

N 5em, 53, 4, 5cm DT 27 VIVHh 5 L% Fhd
iz 1 @3 >ERIES 12cm DA 5 & ZEE I [HH
L7

H 5 ANOFEHEM E LT, HK TR L o S
(LIF, THEERD ) ZH W /oo 7 5 2t —IicFtHsS e
TEHERD D BRI KRR 13H9 10 2 em/s, ZERUR AT 13K
—394KPa (—40cm H,0) Th 5 (HR S, 1987),
EROEBREGOIH LW A T OFEHHEIL L4
ITHERE & i E oz, ICICHEEOIR (x5 &<
Ly M) TR BIEHEEOEARGTT 5700, EHRMAN
HREEHEIT (N SIREEB X ¥ 5mm DL v 1), 1B
HEIE (NSIREEB L 5mm O~ w ) D4 B
K ORIBEM & LTl bAIEE (K AH 0 48, 22
CPUF TAERRIERL D, oG5t 5 kO & 2 ek L
too ERAMEFEHENZ, —RFEFEPOHENE D S %4
57 vE=T % 4RO FEREEIE & R 7 SR s b HERE
KESECERGEEEC L O THD (H,
2006 ; Hrr - ZEAfiEE, 2007), fEITAFEHEEG Y v =7
PIRESNLAOHEETH 5, £z, 2O <L v b
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Schematic view of experimental setup

Fig. 1

HERRI, BADNSHENICA H 2 REGIMLTTF 4 22
Uy v — GrRaEhi) TERE N AER S mm, B
85mm DXLy b ThH b, 4 FEEOHEN D FFE 5P L
HAER-1ITRT, ERMIAFHER L, MEEER, FF
ICTHIRIEZESR (NOsN) OEFEME W EBFETH
5o 1%, LAIEEIOSRAER YIS, BER16% (7 v &=
T 8% BXUIRFK), AlAEME ) vk 16% OKialE 13.5
%), {iatEAY 16% OKEME1556%) TH 5,

2.3 WO BHEBROZHLFIE

K-1 1R 2ZEE BV T, EMD OO EH 5 —
V% BTC & LTHITE - B9 2 72diclE, —EDK7
F v 7 R N THRHK DA RE OZLPEAl S 5

(TR

#930cm

FEREE O

CENEF LV, L LERS, HEEL SEEOEM A
THBEITE, BMEH S LICHFELBITKT 59 7
REGZE L TRE SO, TORFEIL, EERIIE 4@
CTK7Sy 7 RE2—ELTHEER#ICTE, TD
TEMS, AETHE, EHFERO T OIERRO TK
7Ty AWP—EELERE LD, EMBLUOMATEIN
to EOBSAREM, WO AT S Nz F oA
N5 LT K BRI ERR AT - 7oo FEERTIEIZ, DIF
DEBYTH S,

<Ay FEEHWT, B35 ARSI L itk
CUF, Tk 260, POEZE@EMLICRA T VLR
BT vy — (ESURAEIZK —9.84 KPa (—100 cm
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x-1 L

Table 1 Selected properties of four
2] EC? T-c¥ T-N?
AL oy 1
(10 *kg kg ) (dSm™) (10 kg kg™ ")

ERIINAFEHEE (N 35) 28.44 6.86 11.24 328.5 40.8
SERMIAFHEE (< y BV 18.93 6.42 13.11 329.9 39.7
TEATARSEHED (v 5) 14.75 8.13 12.28 365.3 28.7
TEATASEHEE (<L oy BV 12.61 6.48 9.37 358.1 26.8

V&g 2Ry =R L72EZ 5mm OXL oy b

DHERE : KD R =110 THAIE CHEIEFEE YIS, 2000 1< L)
¥z A piigecillE (B

D higlg- A RO R (FE)

Y 2MKCI ity (7] 1)

H.0)) EZEDH 5 L%ty b Lic, F5mm kL 7zh
T LTHAME U BN A DE T ORAL, FTem [EX
ORI L 7o ofg (LIN, [TRED 21k L 7o &
We, wUAy FPEZRUIVEEL, fafiibEo Ligs oy
37cm Fh (BEEMOETBALEL D bIFPIT/hE 0
E) 12ty b ankmtnEpkd 5 EEKC, <) 2
g Ry FICHER S AR 01 mm OESE 13 A%
T ARMEOHUKER (K-1) ZHWV<T, ki) 58 157
X10 %cm/s D7 F v 7 A THIKZEZRIE L, FEHpaf
BAR o IRRETER KB EPREEAAE - 7co TDKT
7y 2, BbTBEHIBRTHVABESELLS, &
WD © DRSO HIREE ORFEIZ LSRR ICHEA 51
B & FHERICE > THRES NI,

BOKZ K 4 BfEkse L, TFEathodEmic <08
FRAE L TOBIKBEMERR S 2RV L 72k, W o R ATH
COABAL, #okzElkLic, CosE, FREIREfMo %
ETHHDT, BUKEILITHES RO TIKASBENSE LS
WEEZ LN, FED LT, S/KILH 10% OfEtEr %
#97.5 mm, HEAE 72 & D&M, Sk 10% D fFEHERD %
I 15cm, DNRICFE L 7o, FH F, SEALOZHZ [ F
ERE, TEEES] &L dliEsabeT [ LE]
E95 (K-Do N FHEMEWMHITHE—ICH S I35 L H I
FHL, <Ly MHEIEB X EERIEEHZ 2 hEh 5 ke
W IIc 78 5 & 5 ICHLE Lo, 2 Tl N 5 HEIDo
BN — 2 O ARI3H 035 g, 2D <L b HER
DZI3H 0.8 g, [LEAEEID Z 11349 0.25 g &£ 78 - 72,

FEHEMF O &R b DI OIAHAINZ B 2dicid, b
BOYIRE KA/ NEWIZER L, LiL, aKHA/N
ST ELE, BUKEHEEROEELKBE (Rh) ~oF
T BERAE T B, T TR, BUKEBICETT>EMH
SOOI EmAIIA, »oBUKEBRICB T Bk

PDEANS L T, FEOEKTLER 10%
E LT Tz, BMAFHEINTOAWIHICHBWTKT
5y 7 AMBREO VLS, FEERoES 2 g ML
DRk L (@D,

ROT, Bk L72K7 5w 7 2 (§ 1.57X10 3cm/s)
THUKZBB L 720 B0 S N Bk % ToEiEE,
R OIRFATE L O/NS CERESNTWS I, HUK
FHBA & RIFICIR I 2B L T h, 722 Bt A L
DEID B 5 TERSIKBEIRIEICEIT LISV, T 2T
RERA & —EHHERE L 2 gicii O 2Bk 5 2 &
Elt, CoEEICKD, HHOOBKERICIEER 2
IKBEIDAEC 508, Z O I EE SKBERREC
BT 5 EF A e, AWFETR, et R T, BukEbk
» 5 55 IO AR L 72 O OB, £98
~100 cm® 9" 2R HIK A ERIK L 720 BRKE Z KR T
LT, W75 v 7 %KDz, Bokoakc, #HiH
KOBKLERE (LIF, TEC) 22 vo3s v BEBEKIRE
FERE (2 vy MEE#ET B-173, Horiba) % W Cilll
JEL, EC23204S/cm LI ({EEIEELTIE 504S/cm L)
™) ko E, HEOEEL, BukEER L THEER
T Utzo FEBRE THRERNITH 5 L2 EAL, FE
S (N = I S (P SR O =10 = A Ry T 7 s S i O B |
TE L7, MIE S nicg/ki & B O ARICH D
BEHALIC BT IR E, RILES X CRMELFIEL
720

Bk L i Hikrh o Ca, Mg, K, Na 1 # R % J5 1
WoEE (SOLAAR M6, UNICAM), Cl# XU SO, 1
* VIREE S v €5 ) BXUKEIEEE  (Quanta 4000E,
Waters), NH,-N, NOs-N, PO,-P, T-N, T-P &% % ot
JEREE (TRAACS 800, BRAN-LUEBBE), EC (25°C)
%2 ECGl (Ao a vo¥ s MeEEE) ickh, Th
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HERE o B btk
kinds of cattle manure compost
P,0s" K,0" CaO" MgO? NH,-N? NO3-N»
C/N
(10°kg kg ™) (10°kg kg™")

8.1 19.3 32.1 21.7 10.1 8.4 17.6
8.3 17.1 29.5 20.4 9.8 8.2 17.4
12.7 32.7 33.3 17.5 12.1 1.7 1.7
13.4 38.4 36.6 16.5 14.5 1.2 4.2

ZHMIE L1z, Ca, Mg, K, Na £LU NOs-N, PO,P,
T-N, T-P OflE 3, THEEREI M (1997) &ML L 7o,
%7, NH-N OHEIEIR, 1V F7 =/ —LEolBiER
k-7 GRS, 2003),

R L e — B DIREDRI D FI@N DRI ETIDZEA L%
F 2w T B0, K-11RT FEHND 2 SIC/AE2
mm, EX 15cm OLREXH » F2FHE LI, INH%
1z (HTV N-100KP, HY-NET) &5 — 5 o4 —
(CR10X, Campbell) 1<#e L, EMOFRIEICHETOT
[E~DOEIKD LEBROK T £ TOR, 1 5RFE TRAE
JIZRE LTz

| O EMIC D &, 2 RIEOFEEREIT - oo FERRICEE
L7, 35~105 M Td b, Bk - TR -
too TRTOHEERE 25°C OIEEENTIT- 7o B8, i
Hi7Zko pH (25°C) % pHEl (2 v/¥7 b pH £ — % B-
212, Horiba) 1T & » THIE L 724EH, ¢ XTOEMITD
W 65~T7.4 DHEIFATH - 720

2.4 AHEERICHIT S Pore Volume DHEH LU

BROHBHRFOI-DOHEER

K-1#HBL0r2.3 TRl LAcFEBRRE, M5 Lk, fa
1 CPE) - Afafifg (L) olRAE, HRH O oKER
DIFEFIAKBE L EDHIcBWT, WEBEE TH
WONTEIEROERRER L > TS, TORICH
B IREBE ORI A RS 5 120, REBEHIORE
W LI o 2 FkH o i id F28R 2 S htE L 7eo

<HHEFEER 1> ixHFEERITEB T 5 Pore Volume @
HeE

BHERICBVL TR, EETE» SmtnE coio
Koy Pore Volume IZfH4 9 5 EFX 515, Th
ZHERT 5720, WEORE Y 1.5 cm (01 EEE R
HOERZSUWEEZR L, OEKO BTC ofill%

1 U C, Pore Volume Z#i5T L7co FMEGLITOEBD
THbo 2.3 150 LATIHICHEY, EEH 7em OfFfIL
1 NBAER Lk, &kHd 10% (k) ofEHErs %
7.5 mm, /KA 10% (8 10 mmol/l @ KNOs i5i%)
DOIEMERD A K] 7.5 mm, Sk 10% Gilizk) o4
¥ 10mm, DIEICFKIEL 72, Z D%, BokEHEEL,
HOABK L T, Htko EC OZ/LARIE L 1o,

<HHREFER 2> 1 7 T LT AREOBROEHEH)
DHEE

BHEREFE YA X TEMAESE B VI 5 41T, B
FEREAI DAL % ¥V ZJRITRA L, T DR D BTC @
BN L0, FEEROBRSBEE T Lz, FlHI
UToEBDTHD, 23 1L LICFIRICHEY, BESHT
cm ORFFNL 72 FI@AERR L 7214, &7k 10% oiig
WAEH 23cm T Lo TOH 5 41, 10 mmol/l D
KNO; i % 15 538 - #fizk % 60 3k o #1E% 3 [nli%
DL, COMDFRHIKD NO;EE 2 HIE L 72,

3. WRELUEZR

3.1 AHERICHTZKBENER

TR O 2 S oKD TE S OWERZAL ORI ER % X -2
IZRT o B OFIEITIEL D FENDOEF BRI B L
T, 250KGEIE,  FREIKE AR W15 &
Mot OB, EBRICHOWALKZS v 7 2 B
157X10 % cm/s) HEHEW OFIFIBKIEHE 0 1 4 —
F—hswTlicksEEZOND GHRS, 1987,
IKD—Wp{E I SR OB REY, 2 Ho/KRSETIE
PeEALEL (20 D), oW, KEEHIELTH
VDT, B E 2 oKD E KTy
MICB539TThy, ElfibHRzoksiciE-7
(-2 D @), HUKEBD SFEOZBKT 5 £ TR,
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Fig. 2 Change in pore water pressure at two points in the saturated sand layer during

the nutrient release experiment

2HOKDENFES S ERLE (K20©@), oM
Hd, Bokick ->TH 5 2 A L1ckDs, FEMicks:
HancicwvEEZohb, RHOOBKER, 280K
SHINGELPIUE T L, BUKEB» S 16 5% GRED
BAl» 6 95 221%) ICEMAERIOMEICEE L, LIgsE
BROM T T oEMsHirs i, o, (a)
Bp 0 U T NEDOKMZIZIERIFREEIC S 0, EHE K
BEIE DK 8 & O 3 I OBHEAREEIC
EEsniswT &, (b) REOOHEBEKE —REICIEE
WIS U 248, 30 I EH /KB EIREIC 72
5C&, ARLTOVS, WH7 5 v 7 AZ(LOMER %
K-31TRd o KoL LIS, WH75 v 7 21d
IKIEDZALITHRIIE L TR O OBIKER TSV, £ D
TP ITE N LT, BUKEED S 16 2%LIREIZIE—
EE -1,

F£-21T, 7 LCRE L FOEE O FERYIEN: 2R
o K5, FERETIRFO N E O $# 100% T
by, TOFEHIFEEHNIRETH - 72 2 E2EMT 1,
F7, FEOKSEEUKIC X > TETHEIL 7228, FEE
%0l U CARBIFR D R P L e

Pl b7z k50T, imHFERICB VT, B iAtain
TREERMOREE R 2, I P oBR AR

=, WREEBKBENEL TV T EDHES N,

3.2 Pore Volume 7 5 MR RHOEEE)

HEER LIk > TH A EERBE S KEKD
EC L 0B ZEK-41c/Rd, 7 5 A IO AE T
KNO; /A #E O IR IS 3 2 ARG H R 135 76 cm?®
EHEES e (KD A D)o —7, KNOs i DR
MH7 4y —ETOMDOWEDKNE (554cm’: i)
DEAEE G SFHE) SltHO» 67 vy — &
TOKS R (204 cm? : BIEHIE) OF1E 75.8cm® TH -
Too MEMNZIF—F LI E0D, FETE (G
MEDOHET) »5EM O E ol oks &% Pore
Volume & H# LT BTC 2L TE % C & MRS
Nto 12, KD B DS CAETOMO NOs-N i
BOHEMIZ033mg TH Y, FHWEITH -7z NOs-N
BOHEEM 029 mg IVt L7z, TOT &L, B 54N
AR L i h o KNOs 23, B i 5 C AICE 561
FTANTHLE SN EARBEL, EX N VINEKEE
ZEMT 7,

WEFER 2 1T & - TS N7z NO; O ARG 5
XU BTC #K-5 12779 KTHE, # 5 L0EHASIHK
HOx comiloknas 1PV & L, ftlhz iR AKD
NO; (R THIAL L 720 £9 0.4PV ITHE2Y4 4 5 3 [H]D NO;
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Fig. 3 Typical pattern of drainage flux versus time during the nutrient release experiment

250 300 350

xR-2 A5 L HESN BV
Table 2 Selected physical properties of the sand column

= &kl (10 %kg kg™ Y P i

(mm) el EERR T FetEl  SEERER T
=R 14.4 10.2 13.7 1.22 0.23 0.31
T 7.8 10.2 12.5 1.27 0.25 0.31
T 70.7 — 23.6 1.61 — 0.97

K OHUE 3 10 [Bl O EER Ol

A & VDNV ZFIANCKT B BTC I3 224 FE ¢l
P13 tailing FRLS N, NOs A 4 O (EHR)
BKIDLED S 986, 988, 989% ThH-1zo TDI &
5, NI LEEAT B A VRS OBHRBIRDEIIT
b3 EYrSNI, Fio, RARBOREEZRMEL L
BTC @ & — 7 & d, MO, S 088, 090, 091 T
bHotee TOTE, BHHFERICBWT, HRHEKDES
IR EM D SIEH T 2 B IEE E 2 R/ NHlid 5 C
LAERET %, b, 1 [EHOFHAIHT S BTC (1, &
F 1PV fHiE s 5305 Eds> TW 3 A5 2[alH & 3[EHD
BTCIE IPV XD b FPITEL L BN 2B TH -
teo TOFRIE, HUKITHES FEOKSEDO DI N IHE
n(E-2) itk -7, 2[EEE 3EIH® BTC IZHIEd %
Pore Volume S 1 [a[H X b MmicinlL 7z Lick
3 LS5,

MEFEER 1 OfERICH D =, D OR AR L EKIL

ZHWT, RFEEITHB T B Pore Volume Z3HE L 72,
TR BRI I FERE TIFO &K, LB T
DK EDFEICE YO &KL %A Wi, Pore
Volume DU Z, 74.2~758cm® OEPHTH D, FEi
TEDEEHOFRNE N oT, TNHDIEE, RIELIT
127”89 BTC OHIMELITH OV 72,

3.3 moiEt/Ny—v

3.3.1 FRiikd EC & bphifzr

55 DEMITE T Btk EC Z/bHi#RAX -6 (a)
~(e) 1T, Rt H 1 5 EC © E— 2715 d 5 Pore
Volume %2 %-3 12789, EC Z LR 12, SEMMSD
wafbania 4 vk oty — v 2K 7,
511, 2[EoKEFERICE T 5 ECZbihiididiz
—H LT, AR TIRELCHECLZEMP SO
By — v ORIERESVWHBEEET 5 T LAURS
foo MEITASEHEE (<L o M) TEIlSN/22>0 EC
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Fig. 4 EC versus cumulative drainage in the experiment for determining pore volume
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Fig. 5 Breakthrough curves in response to the pulse-like inputs of KNO; solution

ZALHfR O EFOA—EL, EMOBIKEDIE 5> =i
LB EMEEIN S, 21, [LkiEElD EC 2 Lih#R 13,
S B — 2B L otk Wi AR AR L. (K
-6 (a))o T XD HHRDOIZIRE, Kok OEIEY D % iR
IfE S IR IS R ¥ & — v AR L TV B SR
INT, B3I, 2FEHO/NFHEED EC Z2/LHhiiR 3,
E— 7B Lk, ALBAERP <Ly P HERIC T

T 2 AR Lc (K6 (b) BXT (d)o
Tb, ERMINFEHEIE (N5) © EC Z{bihifid, &b
DTROVILS B2 ERWEEERZR LI, TOXD
ISR OTRD &, /N SHEIED & OB A, BFEERK
DER TR S B EFETH B T EAURIE S
Nico &4, 2EED~L - MEED EC Z btz
B 5 E—7 oL, 2EEO NS HEIEXL b PPEN,
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Fig. 6 Breakthrough curves for EC of drained water : (a) chemical fertilizer, (b) N-enriched
cattle manure compost, (c) N-enriched cattle manure compost pellet, (d) cattle manure

compost, (e) cattle manure compost pellet

B — 7 BER N 5 HEE L AURAEHT TR AR T
fHEZR L7 (33, K6 (¢) BLU () FEEuHE
Lic_b oy MBI, 74 A7 RL oy ¥ — 1Tk - TIERL
SN boThy, WK X 2RE(PRE 0 E
wEshTwa (75, 2003), N5 HEM & [EIRE, <L v
PHENTAS S O, K E B L 7o EM RIS © Dk
ROOREBRETH 2 EF % % &, EHEBEEICRE-
THIK EHERL T 2 <Ly b ORARICHAIT 5, I
ORI (3H 71K &g 5 <Ly b ORIAFEAE
K20, BHREEBEKRT 5, LrL, EHEIEDE
KEFHfT 5Ly b ORERF I SHEHEART 2
7, 4 TITHEREERRSY & R U 7o R b R Ic R4 2
e, EHICES T 2 ERAERIE VT DR TR

Ll %, COTEMPS, KEFML 7Ly MHEED S
DR DIEHE L, BoKEEO» 2 Bl TE — 710
L, ZD®MKT 2, EEZO6N5B, DL LB,
EC E— 7 OFHTOENE Z DB OFEPHH T EC DK
WKL 7o SRS N B, 51T, 2 EEHOERMNME
FEHEIEIC B 1 5 € — 7 D EC 1, 2 FEHIO IS T4 3 HE
BNk D EEICEP -7 (K6 (b)~(), WD
HEWIE, IRIET/ARY NOs OWIHE B O#EWIc Xk 5 &
s s,

Pl bt X5z, Z&EMO EC 2 kb, K&
Do DESYEH Yy — v DRFAFERER C BB L 72 &f)
Wranio, 3.2icitLick iz, RHEKTBIAIS N5k
DIy — v EBM S DAY — v ERSTL S
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%£-3 EC ot —7 %2l L/ pore volume
Table 3 Pore volumes at which the peak ECs

were observed in the nutrient release

experiments
ek s 1o
SREREE (53) 1??
SEERIE (<vvr) S
TR (<) o
R (<vo b) i

—H LBV, LrLEMNS, I Tl7fERIE,
KD BTC &M & DIEHI Y & — » ORI ITE %)
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Abstract

The anionic polyacrylamide (PAM) is recently used to rehabilitate saline and sodic soils. It is
also applied to control soil erosion ; however, few researches have tested the effectiveness of
anionic PAM along with source of electrolytes application to control artificial sodic soil erosion.
An experiment was conducted to study the effects of anionic PAM with and without gypsum on
the erosion of sodic soils under saline rain water conditions. A clay loam soil was prepared to
achieve three levels of exchangeable sodium percentage (ESP) ; 0.5, 9.9 and 25.5 with appropriate
salts solutions. Soil samples were air-dried and packed in the trays. Powdered PAM, gypsum or
a mixture of both were applied to the salt treated soils. Soils were subjected to simulated rain-
storm of 40 mm h™! by a fixed rainfall simulator. Saline waters with different levels of electrical
conductivity (EC) ; 0.13, 2, 5, and 8dSm ! were used for simulated rains during the study.

It seems that the artificial soil showed fairly similar soil erosion characteristics as that reported
on a natural sodic soil. It was found that the soil sodicity enhanced soil erosion under non-saline
water. It seems that the effects of electrolyte source on soil erosion were affected by the soil initial
electrical conductivity (EC.) rather than by the ESP level of soil. PAM amendment substantially
increased the surface runoff while at the same time controlled the soil losses. A reduction in
surface runoff was found by applying gypsum or saline water on the soil treated with PAM.
However, it seems that the mixed addition of PAM with gypsum or salts enhanced detachments
of soil particles by raindrop impact.

Key words : Gypsum, saline water, polyacrylamide (PAM), artificial sodic soil, soil erosion

1. Introduction

Soil sodicity occurs naturally and can be
enhanced by human activities such as irriga-
tion. In arid and semi-arid areas, sodic soils
exhibit poor soil-water and soil-air relation ;
these properties adversely affect root growth
restricting plant production and making the

soils difficult to work when wet or dry. The

total area, which has sodic soils, is estimated at
about 135 million hectares ; but as the distribu-
tion of sodic soils is very scattered worldwide
the individual areas are often too small for
inclusion in overview soil maps at a world
scale (FAO-AGL, 2000).

Soil sodicity can affect many physicochem-
ical reactions. Soil pH usually has a strong

relationship with exchangeable sodium per-
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centage (Tan, 1993). Problem of sodic soil is
caused by the presence of sodium attached to
clay in soil. A soil is considered sodic when the
sodium reaches a concentration where it starts
The sodium may

extend diffuse double layer and thus weaken

to affect soil structure.

the bonds between soil particles when wetted
resulting in the clay swelling and often dispers-
ing. When this happens the clay particles
spread out or disperse making the soil water
turbid. The dispersed clay particles can then
move through the soil and clog the pores. Both
swelling and dispersion reduce infiltration and
drainage. During irrigation and rainfall, such
soils tend to have more runoff and thus be
vulnerable to water erosion (Shainberg et al.,
1984). Agassi et al. (1981) reported a considera-
ble runoff from dispersive non-calcareous sodic
soil induced by rainfall. Soil loss becomes more
severe under sprinkler systems with high
spraying intensities and longer duration of sur-
face irrigation. Runoff and eroded sediments
not only lead to deterioration of land produc-
tivity, but also contribute substantially to-
wards non-point source contamination of sur-
face water bodies (Tang and Rengel, 2003).

The scarcity of good quality water forces
farmers world wide to use poorer quality water
or reuse drainage water for irrigation. In some
arid areas, saline (electrical conductivity of 2 to
5.8dSm!) and sodic (sodium adsorption ratio
of 12 to 26) water have been used for irrigation
(Levy et al., 1995 ; Yamamoto et al., 1980). Irri-
gation with such water introduces sodium to
the exchange sites and leads to the buildup of
high ESP levels of the soil (Mantell et al., 1985).
When exposed to the impact energy of water
drops, aggregates with high ESP levels disinte-
grate more readily than those with low ESP
levels (Shainberg et al., 1992). Consequently, at
high ESP levels the soil erosion is significantly
higher than that at low ESP levels (Shainberg
et al., 1992).

Reduction of soil erosion can be obtained by
improving soil structure and aggregate stabili-
ty at the soil surface. Gypsum has been used to

improve soil physical properties such as soil
aggregation and permeability as a result of
providing electrolyte into the rainwater and
also dissolved Ca ions into the soils as well
(Shainberg et al, 1989). On the other hand,
Polyacrylamide (PAM) was found to improve
soil structure by reducing clay dispersion
(Saybold, 1994). An anionic PAM having large
molecular weight has the ability to stabilize
soil structure,
(Zhang and Miller, 1996), when soil solution

reduce runoff and soil loss

cations can bridge negative charged clay parti-
cles with anionic PAM (Theng, 1984). For this
process carboxyl groups of PAM are attaching
with soil particles.

It was reported that the dissolution of PAM
encouraged soil aggregation and structuring
(Al-Abed et al., 2003). This phenomenon could
ensure reduction of soil loss by runoff. Beside,
Yu et al. (2003) reported a decrease in infiltra-
tion rate after an anionic PAM application on
the soil. This was caused by clogging pores by
long chains of gel structured PAM. Also, small
molecular weight PAMs may prevent coagula-
tion of clay particles by cancelling the particle
charges by adsorption (Heller and Keren, 2002 ;
Shainberg and levy, 1994 ; Shainberg et al.,
1989).

Treating sodic soil with anionic PAM or
gypsum can improve soil structure (Shainberg
et al., 1989 ; Al-Abed et al., 2003) ; however, few
researches have tested the effectiveness of
anionic PAM along with gypsum application
on soil erosion (Tang et al, 2006). The direct
relationship between soil structure, PAM and
gypsum application on soil erosion is not very
clear. Moreover, the effect of anionic PAM on
soil erosion was not fully studied.

There is a limitation for basic research to be
conducted on a natural soil due to inherent
variability of the soil properties in the field.
Controlling and measuring many physico-
chemical parameters under field study with
variable conditions of sodic soils could lead to a
complexity and variation in measured values.
As aresult, it is hard to determine which factor
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is more important and to predict where and
when soil erosion events are going to take
place in the field. These problems have gen-
erated the need for controllable simulation,
such as simulated rainfall as well as simulated
sodic soil. Rainfall simulation has been used
for decades to study basic erosion processes
that are difficult to study in detail on the field ;
for example, surface sealing, soil aggregate sta-
bility, and raindrop detachment. Using arti-
ficial sodic soil may be a method for a basic
study on sodic soils induced by blackish water
irrigation. The current experiment was de-
signed and carried out on the objective to ana-
lyze the effects of anionic PAM mixed with
gypsum or under saline rain water on artificial
Therefore, conducting a
basic study under laboratory condition will

sodic soil erosion.

give precise understanding on the response of
sodic soils to various amendments.

2. Materials and Methods

2.1 Soil preparation and analysis

The soil for the experiment was sampled
from the paddy fields of Tottori prefecture,
Japan. Smectite is the dominant clay mineral
in this soil. Textural class of the soil was deter-
mined as clay loam by pipette method (Gee and
Bauder, 1986). The pH of the soil was measured
in 1: 2.5 soil-water suspensions. Electrical con-
ductivity (EC.) was measured in saturation ex-
tract by electrical conductivity meter. Ex-
changeable cations are extracted by using so-
dium acetate solution and cation exchange ca-
pacity (CEC) was determined by quantifying
the adsorbed sodium cation following replace-
ment of the cation by 1N ammonium acetate
solution. Quantification of cations was con-
ducted by atomic absorption spectrophoto-
meter. The selected properties of the soil are
given in Table 1.

Soils were air-dried and passed through 2
mm mesh sieve. The soil samples were treated
with CaCl,, MgSO, and Na,CO; to attain the
following three levels of ESP :1i) low ESP 0.5,
ii) medium ESP 6.66, and iii) high ESP 255

Table 1 Some characteristics of the studied
soil

Physicochemical properties Values
Sand [ >0.02mm] (%) 39.6
Silt [0.02-0.002mm] (%) 36.0
Clay [<0.002mm] (%) 24 .4
Bulk density (gcm ™ ®) 1.12
Hydraulic conductivity (cms™) 6.92X10°°
pHuso [1:2.5] 5.61
EC.(dSm™) 0.77
CEC (cmol. kg™") 17.2

Clay minerals (%)
Smectite 46~49
Chalcedony 37~38
Analcime 3.0~3.5
Plagioclase 2.7~b.5
Calcite 2.1~2.6
Dolomite 2.0~2.8
Pyrite 0.5~0.7
Quartz 0.5~0.7
(Table 2).

2.2 Soil erosion experiment

Steel boxes having a dimension of (100 X 50 X
13cm) were used for this experiment. Boxes
were filled with 7cm of sand overlain to 3cm
thickness gravel layers.
air dried and then uniformly packed with
thickness of 3cm to the top of the sand box.

The boxes were placed at 10° slope and 40

The treated soil was

mm h™! simulated rainfall was applied for 2
hours. Rain water was prepared by mixing
salts of NaCl and CaCl, with tap water (EC=
0.09dSm™!) to attain electrical conductivity
(EC) levels of 0.13, 2, 5 and 8dSm™'. These
saline rain waters were prepared in order to
simulate the effect of saline water used in
sprinkler irrigation. The sodium adsorption
ratio (SAR) value of the rain water for every
level of EC was maintained as 5. This SAR
value was selected based on the average SAR
of drainage water of irrigation reported in the
previous research of Yamamoto et al. (1980) un-
dertaken in Khuzestan areas of Iran. Moreover,
this SAR value, which is classified to be higher
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Table 2 Selected chemical properties of the salt treated soils

ESP level pHino EC. Exchangeable cations (cmol. kg™')
ESP
of soil (1:25) (dSm™) Na* Mg?' Ca*’
Low 5.95~5.61 9.29 0.5 0.09 0.44 10.85
Medium 6.37~6.85 13.54 6.66 1.14 1.09 10.12
High 8.67~9.42 2.24 25.45 4.38 0.98 6.14

Rainfall simulator |

B R N e

/L
/7

Rain splash
protector

Runoff ; Percolation

collector

:' 10 degree
Support

Fig. 1 Soil erosion experiment

in the USDA Agricultural Handbook Guideline
(US Salinity Lab. Staff, 1953), was also selected
in order to analyze soil dispersion of the sodic
soil.

A drip-type rainfall simulator with raindrop
fall-height of 12 m was used for the study (Fig.
1). Average rain drop size was 2mm. Runoff
was collected by a flume connected at the
lower end of the tray during every 5 minutes
intervals. The sediments in the runoff were
determined gravimetrically after oven-drying
at 105°C for 48 hours.

The effect of gypsum, saline water and
anionic PAM alone was determined by supply-
ing of gypsum at the rate of 0, 1, and 5 Mg ha !,
under saline rain water having EC values of
0.13,2and 8dSm !, or dry PAM at the rate of 0,

20 and 80 kg ha™!. The saline rain water of 0.13
dSm™!, which is also referred as a non-saline
rain water in the subsequent text, was used in
the case of dry gypsum and anionic PAM.
Prior to the simulated rainfall these chemical
amendments were uniformly spread on soil
surface.

In case of mixing experiment either dry PAM
mixed with gypsum or dry PAM subjected to
saline water, prior to the simulated rainfall, dry
gypsum was uniformly spread on the soil sur-
face at the rate of 0, 1, 2, and 5 Mg ha ! whereas
the dry PAM was uniformly spread at the rate
of 0, 20 and 80kg ha™!. Application rate of the
two chemical agents was arranged in a manner
that the above two doses of the PAM were
mixed with the three doses of gypsum to give a
total of six different application conditions.
The powdered anionic PAM (AP825) used in
the experiment was manufactured by the Dia-
Nitrix Co., Ltd, with a molecular weight of 1.1 X
10°gmol ' and 17 to 21% hydrolysis.

2.3 Soil intake rate study

Soils of highest ESP amended by anionic
PAM, gypsum and mixtures of both were
used in the intake rate study. Infiltration rate
of the soil was measured using constructed
soil column.
Bouwer (1963).
was packed uniformly in columns of 10cm in

The study was done following
Soil with thickness of 2.5cm

height and 5cm in diameter. The soil column
was kept ponded with water depth of 5cm.
Water supply rate was monitored until the
steady state condition. At the end, soil basic
intake rate at steady state condition was calcu-
lated (Table 3).
was performed with 2 to 3 replicates and with

The infiltration experiment
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Table 3 Soil basic intake rate (/s in mm h™!) of high ESP soils

Water quality used in this test

Non-saline water

Saline water 2dSm~ Saline water 5dSm™

Control 4.75
PAM 20kgha '+Gypsum 2Mgha™! 5.16
PAM 20kgha '+Gypsum 5Mgha™! 5.50
PAM 80kgha '+Gypsum 2Mgha ™! 5.16
PAM 20kgha! 3.24
PAM 80kgha ! 0.00

n/a’ n/a
n/a n/a
n/a n/a
n/a n/a
7.05 7.08
6.96 7.18

*n/a: not available

either non-saline or saline water.

2.4 Soil aggregate stability

The effect of PAM on soil aggregate stability
of low and high ESP levels was tested under
deionizer water to assimilate the effect of natu-
ral rain. A 30 g of the treated soil was spread on
an aluminum plate (12 by 14.5cm) to form a
monolayer and then anionic PAM was applied
by spraying the 5ml of dilute PAM solution at
a concentration of 350 mg L~ !. The treated soils
were air-dried for 48 hours before analysis. Soil
aggregate stability was done by a combination
of wet-sieving using two aperture meshes of 2
and 0.075 mm and then measured by hydrome-
ter method. Distilled water was used for wet-
sieving.

3. Results and Discussion

3.1 Effect of gypsum or saline water on
soil erosion

Gypsum is known as a dispersion-restricting
agent for sodic soils due to electrolyte concen-
tration and cation exchange effects (Shainberg
et al., 1989 ; Zhang and Miller, 1996). The per-
formance of gypsum depends on the soil water
electrolyte and Ca concentrations that result
from gypsum dissolution, and on the efficiency
of the Na-Ca soil exchange process (Keren and
Shainberg, 1981). The effects of gypsum and
exchangeable sodium percentage (ESP) of the
soil on surface runoff and soil loss under non-
saline rain water are shown in Fig. 2. It was
found that the cumulative runoff of each treat-
ment for 2 hours rainfall event did not clearly
differ among the gypsum levels. The soil

which had highest ESP showed the highest
values of surface runoff, followed by low ESP,
and medium ESP. This result was in contrast
with the initial EC. of the soil as cited in the
following order : high ESP soil<low ESP soil <
medium ESP soil. Based on this ranking, it
seems that the effectiveness of gypsum on im-
proving soil infiltration was affected by the
initial £C. of the soil. It is important to men-
tion that as EC. was measured in saturation
extract, this EC. depends on the concentration
of total soluble salts in the solution. And since
soil ESP and EC. are not linearly dependent, a
possible decrease in EC. with increasing soil
ESP could be occurred such as seen in this
study and also reported by Yamada et al,
(2002).

The soil loss was not clearly affected by
gypsum application rate ; however, it seems
that the effect of gypsum application varied
accordingly to the level of ESP in the soil.
Gypsum application reduces soil loss from high
ESP soil. The soil having low ESP showed the
lowest values of soil loss among treated soils.
Gypsum helps clay particles to flocculate that
may at least reduce seal formation on soil sur-
face (Shainberg and Letey, 1984). During rain-
fall season, application of gypsum enhanced
deposition of sediments and reduced the trans-
port of finer particles by surface runoff (War-
rington et al., 1990 ; Yu et al., 2003). The incon-
sistency of the results in this study as com-
pared to those reported by previous researches
were partly due to the initial condition of the
low and medium ESP soils having high initial
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Fig. 2 Effect of gypsum on soil erosion at different ESP subjected to non-saline water

EC., 9.29 and 1354dSm™', respectively. The
electrolyte concentration exceeded the cation
exchange effect in soil.

Without gypsum application, the surface
runoff from soils subjected to saline rain water
decreased with increasing the electrolyte con-
centration of rain (Fig. 3). This result could be
explained by the improvement of soil infiltra-
tion by restricting clay dispersion (Shainberg
et al., 1989 ; Zhang and Miller, 1996) of the
whole soil layer. It was found that saline rain
water with EC value 2dSm™!

loss of the medium and low ESP soils as com-

enhanced soil

pared to the non-saline rain water of 0.13dS
m .  However, the soil loss from the soil
having high ESP decreased significantly with
increasing the electrolyte concentration in rain
(Fig. 3). For the low and medium ESP soils had
high ECe at the beginning of rainfall event.
Combination of lower electrolyte concentra-
tion and rain drop impact of the saline water
rainfall exceeded ion exchange effect following

to apply saline water (SAR=5) rainfall. En-

hance in dispersion due to raindrop impact
under dilluter electrolyte concentration could
happen at soil surface during saline water rain-
fall event. This caused more soil loss under 2
dS m ! rainfall without drop in infitration rate.
Then, soil loss decreased with higher EC saline
rain water with the same SAR.

For both gypsum and saline water treat-
ment, surface runoff and soil loss were varied
and inconsistence since those might be highly
affected by both ESP, SAR and the initial £EC.
of the soil. Hereby, the interactive effect of EC.,
ESP, gypsum and saline water treatment was
among the main reasons for differentiated
ranking order of soil loss and surface runoff
among all treatments as shown in Fig. 2 and
Fig. 3.

3.2 Effect of PAM on temporal change of
soil erosion under non-saline rain
water

The temporal changes of runoff and soil loss
during 2 hours simulated rainfall was affected
by PAM application (Fig. 4). Runoff was great-
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er with higher dose of anionic PAM. This could
happen due to the long chain of the PAM
which clogged soil pores, prevented infiltration
and enhanced surface runoff. This is sup-
ported to some extent by the soil basic intake
rate test on the soil having high ESP (Table 3),
showing that the water intake increased as
follows : PAM 80kgha '<PAM 20kgha '<
control. Soil loss decreased by higher amount
of PAM incorporation in the following order :
control >20kgha'>80kgha ! PAM. Yu et al
(2003) and Al-abed et al. (2003) reported that
anionic PAM effectively reduced soil loss and
enhanced surface runoff water. The long chain
of the ionic PAM polymer in the soil surface
exposed to non-saline rain water could be a
possible reason of reduction in soil loss. As Yu
et al. (2003) explained that the chain length of
the PAM polymer in diluted solutions might
reach to a certain length and the polymer ab-
sorbed on external surfaces of aggregates and

bound soil particles together, thereby develop-
ing higher resistance to the impacts of rain-
drops.

This result in Fig. 4 seems consistent with
the effects of PAM on the stability of soil ag-
gregate of the low and high ESP levels as given
in Fig. 5. The stability of the aggregate having
2 to 0.075mm was enhanced by anionic PAM
application. This is probably due to the ani-
onic PAM incorporation with soil particles and
reduction of sediment formation. PAM is an
adhesive agent which is combining small parti-
cles into from large ones that can resist soil
erosion. The large fraction (>0.075 mm) was
reported as an appropriate range to assess the
ability of soils to withstand rain impacts
(Rasiah and Kay, 1995). Furthermore, as frac-
tion of the largest aggregate increased, the for-
mation of small particles decreased (Berthés
and Roose, 2002). The results in general indi-
cate that PAM stabilized the larger size frac-
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tions, suggesting that soil erosion from soil
treated with PAM would be less than that from
control and this result
reports by other workers (Berthés and Roose,

2002).
3.3 Effect of PAM mixed with gypsum on
soil erosion under non-saline rain wa-

is consistent with

ter
As shown in previous sections, the cumula-
tive runoff and cumulative soil loss were not

clearly affected by gypsum application rate or
by ESP level (Fig. 2). While, PAM application
alone was found enhancing surface runoff and
decreasing soil loss (Fig. 4). As shown in Fig. 6,
mixing PAM with gypsum decreased surface
runoff compared to the soil treated with PAM
alone. Higher dose of gypsum application
caused generally a slight decrease in surface
runoff. It seems that the low rate of PAM

application mixed with gypsum is more effec-
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tive for certain soils than gypsum application
alone. On the other hand, the application of
PAM with gypsum greatly reduced the soil
loss compared to gypsum alone (Fig. 2 and Fig.
6). The maximum load of soil loss from soil
treated with PAM mixed with gypsum was 7
Mg ha~! whereas the minimum load of soil loss
from that treated with gypsum alone was 8 Mg
ha ! In detail, an increase in trend of cumula-
tive soil loss with increasing gypsum applica-
tion was found particularly on the soil treated
with PAM at the rate of 20kgha™!'. This was
similar to the results of Yu et al (2003). He
reported that PAM along with gypsum treat-
ments was found less effective than the appli-
cation of PAM alone for reducing soil loss of
silty loam. Shrink of the PAM structure ac-

companied by a decrease in viscosity in the
presence of electrolyte, especially gypsum,
could be a reason of less effectiveness of PAM
with gypsum treatment. Although, surface ap-
plication of dissolved PAM mixed with a
source of electrolytes such as phosphogypsum
has been reported to be more effective in
decreasing seal formation, surface runoff, and
soil erosion (Shainberg and levy, 1994). The use
of dry PAM mixed with gypsum also could
result in lower runoff and wash erosion levels
than gypsum alone in loamy sand and clay
soils (Tang et al., 2006), which is in agreement
with our result for intake rate observed on
high ESP soils (Table 3).

Basic intake rate of high ESP soil under non-
saline water differed among treatments as
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follows : PAM 80kgha '<PAM 20kgha '<
PAM 20-+gypsum 2Mgha '=PAM 80+gyp-
sum 2Mgha '<PAM 20+gypsum 5Mgha!
(Table 3).
infiltration is the benefit from the application
of PAM with a source of electrolytes such as
gypsum on sodic soil conservation, since the

It seems that improving the soil

PAM efficacy for preventing seal formation
was enhanced by the presence of electrolytes
(Shainberg et al., 1990).

3.4 Effect of PAM on soil loss under vari-

ous saline rain waters

PAM treated soil showed greater soil loss
under saline water rainfall than non-saline
water rainfall (Fig. 4 and Fig. 7). The increase
in soil loss could be associated to the shrinking
of PAM chain structure as reported by Yu et al.

(2003). Soil loss decreased with increasing PAM
application rate except with the soil having
medium ESP and also with the low ESP one

~!saline

when this soil was subjected to 8dSm
A significant decrease in

soil loss with increasing PAM application rate

rain water (Fig. 7).

was found on the soil having the highest
ESP, 25.45, in which whose EC. was the lowest
In the low and high ESP
soils treated with PAM, it seems that increas-

among treatments.

ing EC of the saline rain water enhanced cumu-
lative soil loss but decreased surface runoff
(Fig. 7).
creasing EC in saline rain water shows that the

Decrease in surface runoff with in-

soil infiltration was substantially improved. It
seems that the effects of saline water on the
soil treated with PAM were fairly similar to
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those soils treated with gypsum mixed with
PAM (Fig. 6). Based on the results in Fig. 6 and
Fig. 7, it shows a distinct reduction of soil loss
from soil treated either PAM with gypsum or
PAM with saline water compared to that from
the soil treated with either gypsum or saline
water alone (Fig. 2 and Fig. 3). The aim of gyp-
sum application was to increase the electrolyte
concentration on soil surface prior to rainfall to
restrict the dispersion of clay particles. In this
experiment, higher initial electrolyte concen-
tration of the soil could shrink the PAM struc-
ture and decrease its efficiency in binding soil
particles. This could be the reason that PAM
together with saline water induced higher de-
tachments of soil particles and less surface
runoff, which could be verified by analyzing
the changing pattern of both surface runoff

and soil loss on the medium ESP soil in Fig. 7.

Laboratory and field studies with anionic
PAM (e.g., Gardiner and Sun, 2002 ; Bjorneberg
et al., 2003 ; Vacher et al., 2003) have demon-
strated that addition of small amounts of PAM
(10-20kgha™') on the soil surface were effec-
tive to maintain high permeability and de-
crease runoff and soil loss from soils exposed to
impact of rain drops, especially when the PAM
was applied together with a source of electro-
lytes (Tang et al., 2006). In our study, where the
effect of PAM on soil erosion of sodic soils was
tested with solutions of different electrolyte
concentrations ; the results obtained were in-
consistent and could not relate to the salt con-
centration of rain water used particularly on
the medium ESP soil (Fig. 7). Ben-Hur et al.
(1992b) and Levy et al. (1995) have noted that
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even at ESP=9, the impact of PAM tested with
solutions of different electrolyte concentra-
tions was found ineffective or less effective on
soil erosion from sodic soil as compared to
non-sodic conditions. Conversely, these same
authors found that PAM mixed with source of
electrolytes was very effective in reducing soil
erosion even at ESP>25 (Levy et al., 1995). In
our study, it seems that the impact of PAM
tested with solutions of different electrolyte
concentrations was found effective in reducing
surface runoff only on the soil having high ESP
and low ECe, precisely under the soil treated
with 80kgha ! PAM (Fig. 7).

The increased PAM application exhibited
lower infiltration rate in the high ESP soil of
intake rate experiment (Table 3). The final rate
of water intake differed among the treatments
as follows: PAM 80kgha ! with non-saline
water<PAM 20kgha! with non-saline water
<PAM 80 with saline water of 2dSm '<PAM
20 with saline water of 2dSm '<PAM 20 with
saline water of 5dSm '<PAM 80 with saline
water of 2dSm~!. When PAM was mixed with
saline water, the accumulated electrolytes on
soil surface improved hydraulic conductivity
even under high sodic conditions. However,
adding PAM with high concentration (80kg
ha~') might induce soil surface sealing and con-
sequently inhibit infiltration rate. In the study
conducted by Tang et al. (2006), he found in-
creasing ESP from 5 to 20 in the loamy sand
decreased final infiltration rate from 14 to 2 mm
h™! and increased runoff and wash erosion in
the control ; similar trends but of different
magnitude were noted in the other soil types.
He concluded that spreading PAM mixed with
gypsum or gypsum alone was effective in
maintaining final infiltration rate, low runoff,
and low wash erosion levels as compared with
control.

4. Conclusion

The effects of anionic PAM mixed with
gypsum and subjected to saline rain water on
artificial sodic soil erosion under simulated

rainfall condition were studied. The effects of
gypsum and saline water treatments on sur-
face runoff and soil loss on different soil
sodicity level were affected initial soil ESP,
ECe, and SAR and EC of rain water. Soil loss
seems to be controlled by soil surface condi-
tions such as ECe, and ESP of the soil and EC
and rain drop impact of simulated saline water
rainfall while infiltration and runoff may be
affected whole soil chemical conditions.

The anionic PAM was very effective than
applying electrolyte source alone in controll-
Beside, PAM could not reduce
runoff or in some case reduced water intake of

ing soil loss.

soil since PAM clogged pores of the surface
soil. This side effect was improved by supply-
ing electrolytes by either applying gypsum or
saline water rainfall. Those electrolytes may
shrink PAM structure and prevent clogging
pores by PAM. PAM application is effective to
reduce soil loss, however sensitivity of PAM
structure and physical properties on electro-
lyte concentration must be considerd. This is
important especially planning PAM applica-
tion onto saline and sodic soil that inherently
contains some sort of electrolytes.
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Abstract

Thermal conductivity (K) as functions of water content (w) is not so well known for swelling
soils as that for non-swelling soils. We measured K and thermal diffusivity of a swelling soil taken
The soil

showed remarkable shrinkage-swelling nature ; void ratio of the soil in-situ exceeded 2.0 when

from paddy fields in Indonesia, together with its shrinkage-swelling characteristic.

flooded condition whereas it became less then 1.0 when the soil was dry. Observed K increased

from 0.60 to 1.28 Wm 'K ! with w increased from zero to 0.24gg™!

. However, for w greater than
0.24g g !, K decreased gradually with increase in w, differently from non-swelling soil that shows
monotonic K increase with w. The decrease in K with increase in w must be produced by increased
void ratio. As a result, the value of K for the soil of most dry condition in the field (K=0.99 Wm !
K™!) was almost the same as the value of K for flooded condition. Consequently, drying of the
swelling soil has no effects of reducing heat conduction from surface into the soil when it is
exposed to sunshine.

Key words : thermal conductivity, thermal diffusivity, swelling soil, paddy field, shrinkage-

swelling characteristic

1. Introduction

Thermal properties of soil are necessary to
predict heat flow and temperature changes in
soil. The heat flow in soil is proportional to the
temperature gradient in soil, and the pro-
portionality coefficient is thermal conductivi-
ty. Another soil thermal property, thermal
diffusivity, is defined as the ratio of thermal
conductivity to volumetric heat capacity, and
is a measure of the rate of transmission of
temperature change into soil, when the surface
Soil thermal
conductivity and diffusivity depend on soil

temperature changes with time.

composition, bulk density, particle shape, and
especially water content. A number of meas-
urements have been conducted for thermal
conductivity of non-swelling soils. General

tendency of them as functions of water content

is well known ; the thermal conductivity of
non-swelling soil monotonically increases with
increase in water content (). Thermal conduc-
tivity of water is about twenty times greater
than that of air ; if soil air is replaced by water
in the process of increasing soil water content,
thermal conductivity must increase with water
content (de Vries D.A., 1963). On the other hand,
increase in bulk density (by compaction) in-
creases thermal conductivity. Empirical equa-
tions for these relations have been also pro-
posed (Campbell, 1985).

In paddy fields, there often exists surface soil
containing swelling clay minerals. Because of
puddling practice of every time of paddy cul-
ture, its original soil structure has been lost
and single-grained structure is formed. These
soils in paddy field remarkably swell by wett-
ing and shrink by drying. The relation of ther-
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mal conductivity with water content of the
swelling soil is significantly different from that
of non-swelling soil because water content
change of the swelling soil is accompanied by
the change in bulk density. However, thermal
conductivity of the swelling soil with relation
to water content or bulk density is not well-
known.

We measured thermal conductivity of a swell-
ing soil in paddy field in Indonesia in the labo-
ratory. The paddy field becomes uncultivated
and dry bare soil with cracks is exposed during
dry season of the tropical climate. Therefore,
in order to estimate evaporation from the
paddy field, thermal properties of the paddy
field soil, as functions of water content or bulk
density, are necessary to calculate the heat
flow into or out of the soil that is a component
of heat exchange at the soil surface.

2. Material and Methods

2.1 Location of soil sample

Soil sample was taken from a paddy field in
Cidanau watershed, located northwest of Java
island, Indonesia (between 105°52'E-106°03'E
and 6°8’S-6°17’S). This area is part of the trop-
ical monsoon region, in which the rainy season
and the dry season are explicitly distinguisha-
ble. This watershed receives a great deal of
precipitation : average annual rainfall is about
2,000 mm. Since average daily temperature is
high and constant all year around (26-27°C),
rice can be cultivated in the paddy fields at any
time of the year as long as water is available ;
up to three times cultivation of rice in a paddy
field in a year is feasible if water is available in
the paddy field during dry season. The ratio of
cultivated area of the paddy fields to the total
area of the paddy fields during dry season and
wet season are 54% and 80%, respectively (Yoshi-
kawa and Shiozawa, 2006).
paddy fields expose dry bare soil with cracks
during dry season.

The soil has 62.9% clay, 29.72% silt, and 5.9%
sand content (Yoshino and Ishioka, 2005). Re-
markable swelling-shrinkage and cracking phe-

The uncultivated

nomena observed in the paddy fields are re-
sponsible for the swelling property of the clay.

To obtain field water content, we selected two
paddy fields and sampled soils of both fields.
One soil sample was taken from a paddy field
in flooded condition (wet field), and the other
sample was taken from uncultivated paddy field
in dry condition (dry field). The water contents
of the sampled soils were determined by oven
drying (105°C) and weighting in laboratory.

2.2 Shrinkage-swelling characteristic

Shrinkage-swelling characteristic is expressed
by void ratio (e) as a function of moisture ratio
(#). & and e are defined as follows,

~ Vu

ﬂ—fvs (1)
_V

e= V. (2)

where V; is volume of solid, V, is volume of
water, and V,is volume of void (fluid ; air and
water). Volumetric water content () is given
from & and e by
Ve 0
VeV, (+e
For saturated condition, V,=V; and &=c.

6

(3)

Therefore, 6 of saturated condition () is given
by

__e
1+e

Shrinkage-swelling characteristic was deter-

0s (4)

mined by measuring volume and mass of the
soil (including water inside soil) and soil volume
on changing water content. Initially soil paste
with 0.67gg ! water content (@=1.7cm?cm %
was made and put in a container to have a size
of 6.5cm wide, 11 cm long, and 3.5cm deep. The
soil paste was dried slowly by evaporating water
in a room (the room temperature was 17-20°C,
but not controlled) to prevent unequal vertical
deformation due to quick evaporation. Several
times during evaporation, volume of shrunken
soil and mass of lost water were determined by
measuring length of three size of the soil block,
and weighing. Bulk density was calculated
using the soil volume mass of water and mass
of dry soil that was obtained by oven-drying
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after the evaporation experiment.

2.3 Crack area measurement

Due to strong shrinkage-swelling nature of
the soil, large cracks are formed in uncultivated
dry paddy field. To measure cracks area, image
of dry paddy field with crack taken by a digital
camera was analyzed. Image analysis with
thresholding methods of pixels (using Imaged)
separated object into soil surfaces and the
cracks only.

2.4 Soil thermal conductivity measurement

Thermal conductivity of the soil was meas-
ured by probe method described by Shiozawa
and Campbell (1990).
probe (Decagon Devices Inc., USA) is 60 mm
length-1 mm diameter stainless steel pipe in
which a resistive heating wire and a copper-

Thermal conductivity

constantan thermocouple is inside.

Soil of higher water content was prepared
from mixing initially dry soil (oven-dried) and
water to make clay paste with certain water
The clay paste was then put into
container size of 12.5cm long, 5.5 cm wide, and 5
cm height. The thermal conductivity probe
was inserted to the soil. During wet condition,

content.

the thermal conductivity probe can be inserted
easily into the soil. Soil block of lower water
content than 0.6 g g~ ! was prepared by gradual-
ly and slowly dried the soil in the container,
keeping it in a room temperature in the same
way as the shrinkage experiment. As the soil
drying, the heat probe was keep inside the soil.

Heat was generated in the probe for a short
time by a constant current through a heating
wire and thermal conductivity was determined
by measuring the probe temperature change
during the heating period and/or subsequent
cooling period. For the heating period, temper-
ature of the probe, 7, is given by

T—T,=(q/4zK)In(t+t,) +d for t<t, (5)

where K is thermal conductivity of the soil [W
m 'K '], ¢ is heat generated per unit length of
the probe, T, is initial probe temperature [°C], {;
the heating time [second], #y and d is empirical

constants. Temperature in the soil will fall if

the heating current is switched off. During this
period, an imaginary heat sink removes the
same heat which exists previously. The tem-
perature in the cooling period is the result of
superposition of effects of the imaginary heat
source and sink. Therefore probe temperature
during the cooling period is given by

T—T,=(q/4xK)In(t+¢',) —In(t—t,+t',)
+d’ for t>t, (6)

where the parameters £,” and d’ may be differ-
ent from ¢, and d in the equation b.

A data logger/controller CR21X (Campbell
Scientific Inc. Logan, USA) was used for the
thermal conductivity probe measurement. CR
21X controls switching of the heater and meas-
ures temperature of the probe. Heating period
was 120 seconds with the voltage of heating in
the probe up to 600mV (g is 45Wm ).

K, t, d in equations (b) and (6) were deter-
mined separately for heating and cooling peri-
ods by using least squares optimization proce-
The data in the first five seconds of
heating and cooling are excluded from the

dure.

analysis to eliminate the bias caused by effects
of probe thermal properties. Examples of the
measured and fitted heating and cooling T-t
curves are shown in Fig. 1. The observed values
fit theoretical curves quite well. Resulting
thermal conductivity is acquired by averaging
K values from heating and cooling periods.

Thermal diffusivity (D) is defined as the ratio
of thermal conductivity (K) to heat capacity of
the soil (Cy) :

K
D—C—h (7)

The volumetric heat capacity of a soil can be
calculated as the sum of the heat capacities of
the soil components. Soil is made up of minerals,
water, and organic matter. The soil heat capac-
ity is therefore computed from (Campbell, 1985) :

Cr=Cunpn+ Cu0+ Cupa+ Cotho (8)

where ¢ is the volume fraction of the compo-
nent [m®m *] indicated by the subscript. Sub-
scripts, m, w, a, and o indicate mineral, water,
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Fig. 1 Examples of temperature rise and down of a heat probe during heating and cooling period.

Heating period was 120 seconds with heat of 4.5 W m

air, and organic constituents. C is volumetric
heat capacity [MJ m *K ']. Values of C for
each of substances are 2.31 [MJ m 2K ] for soil
minerals, 4.18 [MJ m *K '] for water, and 2.5
[MJ m *K™!] for organic matter.
heat capacity of air (C,) is given as function of

Volumetric

air temperature (Campbell and Norman, 2000).

In this experiment only two terms of the
equation were used to calculate volumetric
heat capacity, namely mineral and water sub-
stances. Neglected parts of equation 8 is be-
cause air considered to contributes only small
amount to heat capacity, while organic matters
found to be few (2%) in the soil. Thus, the heat

capacity is given by
C,=231¢,+4.180 (9)

where Cy is expressed in MJm 2K ~!. For swell-
ing soil, ¢,, and @ are not easy to obtain due to
the shrinkage-swelling characteristic, but can
be calculated from & and e. @ is given by equa-
tion (3), and ¢,, is given by
1
= Tve

(10

-1 1

. Water content was 0.71gg™".

3. Results and Discussion

3.1 Soil shrinkage-swelling characteristic
Figure 2 shows plot of void ratio (e) vs. mois-
ture ratio ().
shrinkage characteristic (SSC) curve contains

General form of the swelling-

normal shrinkage phase, residual shrinkage
phase, and zero-shrinkage phase (Haines, 1923 in
Bronswijk, 1988). On the other hand, Braudeau
(1988) modeled #-e curve based on the assump-
tion that the soil consists of clayey micro-
aggregates separated from each other and from
the other soil constituents by a network of
macropores. Braudeau (1988) divides swelling-
shrinkage curve by four point ; shrinkage limit
(SL), “air entry” in the microaggregates (AE),
the limit of contribution of macroporosity to
shrinkage (LM), and the maximum swelling of
the microaggregates (MS) (Garnier et al., 1997).
However, it is apparent that the observed &-e
curve shows the typical three phases of normal,
residual and zero shrinkage. Since the soil was
made into puddle with water as it was in the
field, it had no microaggregates or structure.
Field observation in dry season indicated
that surface soil of a sufficiently wet paddy
field (irrigated and slightly ponded) had water
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Fig. 2 Shrinkage-swelling characteristic of the soil with three phases.

Solid arrows indicate

moisture ratios observed in fields of wet and dry conditions, and that gives the thermal
conductivity peak in Fig. 5. Dashed lines and arrows indicate shrinkage limit and air entry.

content of 0.95gg ' and that of a dry paddy
field (uncultivated) had water content of 0.16 g
g7
and void ratio in the #-e curve (Fig. 2) indicates
that soil of dry paddy field lies in the residual
shrinkage zone, while soil of wet paddy field
lies in the normal shrinkage zone where water

Mapping these values of moisture ratio

content is saturated.

SSC curve for the curve range 0-SL, SL-AE,
and after AE is expressed by the following
equations :

a. Zero-shrinkage

e=es. 11

b. Residual shrinkage

_ ﬂAE_ﬂSL 1
efeSL+Kr|: eXp(l)il (exp(vn) 1 Vn>:|
(12
¥ —sL
Vim0 — 13
79AE7795L

c. Normal shrinkage
e=K,(@—ar) Tear (14)

Values of parameters in equations obtained by
fitting them to observed data are :
95 =0.22 [cm®cm ?], s, =0.88 [cm®cm %], dar=
1.19[cm®cm ®], eaz=1.19 [cm®cm %], and K,= 1.
Subscript SL indicates “Shrinkage Limits”, and
subscript AE indicates “Air Entry”.

The coefficient K, which equal to 1 shows
that during normal shrinkage the volume change
is equal to moisture change. In addition e=4 of
equation (14) means that soil is saturated. This
gives straight line of 45-degree slope that
passes (0, 0) in Fig. 2. Three observed points
that lie on the straight line indicate that this
soil has the volume change of normal shrink-

age for 9>12cm®cm 2.

Residual shrinkage is
the process of reducing water content follows

entering of air into soil and shrinkage simul-
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Fig. 3 Relationship between bulk density and water content of the swelling soil.

Eig 15 cm

Fig. 4 Crack pattern in paddy field. (a.) Dry paddy field with crop plant residue and cracks. (b.)
Image of a. which thresholded for soil surface and cracks only. Crack opening is 16% of

surface area.

taneously. In zero shrinkage, reducing water
content occurs without shrinkage.

The relationship of bulk density and mass
base water content is shown in Fig. 3. In rigid
soil, the values of bulk density vary with struc-
tural condition of the soil, particularly related
to packing. Unlike rigid soil, bulk density of
the swelling soil is variable with water content.
The bulk densities vary from 1.4Mg m ° to 0.4
Mg m ® with increasing water content up to 1.7
gg .

Figure 4 shows observed crack pattern for
1.05m? of paddy field surface. As a result, area

of soil surface in the image was 0.88m? (84%)

and that of crack opening was 0.17m? (16%).
Neglecting cracks in the edges of the image, the
average surface area of one block surrounded
by cracks is 676 cm?

3.2 Thermal conductivity

Figure 5 shows the relation of thermal con-
ductivity (K) to mass base water content (w).
For water contents lower than 0.24, K increases
steeply with increase in w. By contrast, for water
contents larger than 0.24, K decreases with in-
crease in w due to increase in bulk density.
This relation is different from K-w relation of
non-swelling soils, which generally shows
monotonic K increase with the increase in
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Fig. 5 Relationship between thermal conductivity and water content of the swelling soil. Solid

arrows indicate water contents observed in fields of wet and dry conditions.

water content at an ordinary temperature (e.g.
Campbell, 1985 ; Hiraiwa and Kasubuchi, 2000).
The thermal conductivity value corresponds to
w of the wet (cultivated and flooded) paddy
field during field observation (w=0.95gg ')
was 1.16 Wm 'K}, while that correspond to w
of dry paddy field (w=0.16gg™!) was 0.99W
m 'K~ K value of the flooded paddy field soil
was similar to that observed in a flooded paddy
field in Japan by Mowjood et al. (1997), which
was 0.90Wm 'K %
thermal conductivity value for very dry soil
and that for sufficiently wet soil are almost the
same ; generally for non-swelling soil, K of

It is surprising that the

water saturated condition is several times as
much as K of most dry condition. The maxi-
mum value of thermal conductivity is 1.28 W
m 'K™! at water content value of 0.24gg .
This water content exists in the middle posi-
tion between zero shrinkage and normal shrink-
age in Fig. 5.

These phenomena can be explained by com-
paring three values of thermal conductivity of

soil constituents. Thermal conductivity of air,

water and soil mineral are 0.024, 0.56, and 2.5 [W
m 'K !](de Vries 1963 ; Campbell and Norman,
2000). Roughly the ratio of air : water : soil par-
ticleis 1 : 20 : 100. If void ratio is constant with
changing water content (for non-swelling soil
or zero shrinkage zone of swelling soil), increas-
ing water content occurs by replacing air
(lowest K) in pores by water (the second high-
est K) of the same volume and it results in
increasing thermal conductivity. This effect of
increasing K with increasing w is significant
when air exists at contact point of solid parti-
cles (highest K) is replaced by water. For non-
swelling soils, of which void ratio is constant, K
must increase monotonically with increase in
w. However, for water saturated or nearly water
saturated condition of the swelling soil, in-
creasing water content occurs by increasing
void ratio, that is decreasing solid volume of
the same (or similar) amount of the increased
water ; therefore, it must result in decrease in
K.

Regression equation that expresses thermal
conductivity as function of w is:
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for 0<w<0.24
K=—74Tw*+4.83w+0.55
for 0.24<w

K=—0.2241n(w) +0.99

vity (D) basically decreases with increase in w
except for very dry condition in which diffusi-

15

19 vity slightly increase with w. Its peak value is
observed at water content of 0.12gg !. The

T value of diffusivity ranges between 2.6 X107

and 5.3X 10 "m?%s"!. At water content less than

Figure 6 shows the diffusivity of the soil that the peak value of thermal diffusivity, the rate
is calculated by equation (7) and (9). The diffusi- of increase in thermal conductivity exceeds the
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Fig. 8 Soil surface condition and heat flow in soil during daytime ; (a) wet condition of both
swelling and non-swelling soil that have high thermal conductivity (K) ; K is high and heat
flow is large. (b) dry surface of swelling soil with cracks ; K is high and heat flow is large
even if cracks exist. (c) dry surface of non-swelling soil without cracks ; K is low and heat
flow is small. Heat flows in the reverse direction during nighttime.

rate of increase in volumetric heat capacity
(Fig. 7). At higher water content but less than
that of the peak of K (w=0.12—024gg '), the
increase in heat capacity (C) exceeds increase
in K and thus D starts decreasing. At water
contents higher than that of the peak of K, de-
crease of K and increase of C resulted in steep
decreasing of D with increase in w. However,
for higher water content of w >0.7, K decrease
slightly while C is nearly constant values, thus
D decreases gradually with increase in w.

3.3 Effects of thermal conductivity of sur-

face soil on heat balance

Thermal conductivity of the swelling soil as
a function of water content is remarkably differ-
ent from those of non-swelling soils. The values
of K for the swelling soil of very dry soil and
those of sufficiently wet (water saturated) soil
are almost the same ; for non-swelling soil, K of
nearly dry soil is much smaller than that of
sufficiently wet soil. When the soils are dry,
the values of K for the swelling soil are much

larger than those of non-swelling soil because
of high bulk density and probably good ther-
mal contacts among clay particles for the
shirked soil.

Thermal conductivity of the surface soil has
important effects on heat balance at soil sur-
face and formation of the surface temperature
when the soil surface is exposed to sunshine.
The higher soil thermal conductivity the more
proportion of the heat from the sun flows into
soil and stored in soil during day time ; surface
temperature rise during daytime is thus re-
strained. On the contrary, when the surface
soil has a low thermal conductivity, the low
conductivity prevents heat conduction into
soil and surface temperature rises more during
daytime ; apparent heat flux from soil surface
to air thus increases. In the uncultivated dry
paddy field, surface temperature rise during
the daytime would be less than that expected
in upland dry fields, by a larger heat conduc-
tion into the soil due to higher thermal conduc-
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tivity of the swelling clay soil.

3.4 Effect of cracks on heat flow in soil

Cracks are formed in the paddy field as soil
dries. We consider that the cracks can be re-
garded as insulated spaces for heat conduction
and also for heat convection because thermal
conductivity of air is low and because convec-
tion of air should be limited in the narrow
space of cracks (at most a couple of centime-
ters). However, the formation of the crack is
vertical direction that is parallel to heat flow in
soil (Fig. 8-b). It creates system of parallel heat
resistance with crack resistance as one compo-
nent. Resistance for heat flow parallel to heat
flow has only minor effect on the heat flow,
even if the resistance is extremely large. Open-
ing area of cracks was about 16% of surface
area and cracks closed at about 10cm depth;
even assuming crack as insulator, the effect of
cracks on thermal conduction is at most only
16% reduction within a few cm surface soil
layer. Therefore, we think that heat flow in soil
in the paddy field with cracks is approximately
the same as the heat flow that would be ob-
served in the soil of the same thermal pro-
perties but with no crack.

Existence of air in soil that is series to heat
flow significantly resists heat flow in soil. This
situation is expressed by the remarkably lower
thermal conductivity of non-swelling soil of
lower water saturation. In general, thermal con-
ductivity of dry soil is about one order smaller
in magnitude than that of water saturated soil.
Due to such lower K, drying of the surface of
non-swelling soil interrupt heat conduction
(Fig. 8-c). On the other hand, drying of the
swelling soil with forming of cracks does not
reduce heat conduction significantly (Fig. 8-b).
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Abstract

In some areas of northeast Thailand, groundwater is confined by a clay layer, and the water
level in wells drilled into the aquifer is above the ground surface, suggesting that water could be
supplied from the aquifer to the surface soil and making it possible to cultivate crops with
minimum irrigation. We measured the groundwater level in wells and the water content of the
surface sandy soil during the dry season. In recharge areas, the soil water content was usually less
than the depletion of moisture content for optimum growth in the dry season, and less than the
permanent wilting point in the late dry season (from January), indicating that in these areas,
irrigation would be required for the cultivation of crops. In the discharge areas, where the water
level in wells drilled into the confined aquifer was higher than the ground surface, the soil water
content was more than the depletion of moisture content for optimum growth throughout the dry
season, indicating that in these areas it would be possible to cultivate crops with minimum
irrigation during the dry season using natural upward flow.

Key words : Northeast Thailand, Confined groundwater, Soil water content of sandy soil, Mini-

mum irrigation, Natural upward flow

. region (Kohyama and Subhasaram, 1993). In
1. Introduction
some areas, a clay layer at depths of 1 to 4 m, of

The main industry of northeast Thailand is
agriculture, which depends on rainfall. Only
10% of the area used for agriculture is irrigated
(Prapertchob and Humnath, 2004). The topog-
raphy is undulating hills, and farmers grow
rice in the lowlands during the rainy season,
and sugarcane and cassava in the uplands
throughout the year. Though annual rainfall is
1,000 to 2,000 mm, little rain falls during the
months of the dry season (November to April).
Therefore, it is essential to develop water re-
sources to enable cultivation during the dry
season. Sandy soils cover about 80% of this

which permeability is on the order of 10 ®cm/
s, is overlaid by the sandy soil. Beneath the
clay layer is a weathered sandstone aquifer. In
the lowlands, groundwater in the aquifer is
confined by the clay layers and sometimes the
water level in observation wells drilled into the
aquifer is higher than the ground surface
(Hamada et al., 2006). In this case, water could
be supplied to the surface sandy soil through
the clay layer. It might be possible, therefore,
to cultivate some crops with minimum irriga-
tion using natural upward flow during the dry
season. In this study, we measured water re-
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Table 1 Elevation, depth, screen, period of measurement and land use
No. Elevation  Depth Screen Period of measurement Land use
(m) (m) (m)
1-1 207 7 3-7 April 7, 2004 to April 4, 2005 Fallow
1-2 207 30 26-30 April 7, 2004 to April 4, 2005 Fallow
2 202 30 26-30 September 30, 2005 to May 24, 2007 Forestry
_ . . Paddy (rainy season)
3 190 30 26-30 April 7, 2004 to April 4, 2005 Fallow (dry season)
4 179 30 26-30  April 7, 2004 to April 4, 2005 Paddy (rainy season)

Fallow (dry season)

tention characteristics of surface sandy soil
and monitored the water content in fields and
the groundwater level in observation wells
during the dry season to examine the influence
of the groundwater level in the confined aquifer
on the surface sandy soil water content and to
consider the possibility of minimizing irriga-
tion. Studies of soil water movements in Thai-
land have been reported, the relationship be-
tween shallow groundwater above the clay
layer and moisture damage to cassava (Tani-
yama and Miura, 1991), the relationship be-
tween variation of soil moisture and surface
runoff (Watabe et al., 2005 ; Funakawa et al,
2007), variation of soil water content in the
sandy soil (Watanabe et al., 2004, Oda and Ogura,
et al., 2008), and regional
groundwater flow (Srisuk et al., 2000). Howev-
er, no reports on the influence of the ground-

2008 ; Moroizumi

water level in a confined aquifer on soil mois-
ture have been published.

2. Method

We selected Nong Saneg village, 35 km south
of Khon Kaen city as the study site. The soil
from the surface to 1 m depth is Loamy Sand
(LS), of which permeability is on the order of
10 *cm/s, and from 1 to 4m depth is Sandy
Clay (SC), of which permeability is on the order
of 107%cm/s. A weathered sandstone aquifer
underlies the SC layer (Hamada et al., 2006).
We selected two sites in the recharge area and
two sites in the discharge area for the measure-
ments of groundwater level and soil water con-
tent considering the topography (Hamada,

2005). Fig. 1 is a map of the observation sites
and information about the observation wells
and the measurement periods is listed in Table
1. Locations 1 and 2 are in the uplands, and
locations 3 (at the foot of a hill) and 4 (a flat
land) are in the lowland where farmers culti-
vate rice in a rainy season. We measured the
groundwater level in the observation wells at
intervals of one to two weeks during the period
from 2004 to 2007.

In the soil investigation, we measured the
water retention characteristics of the sandy soil
and monitored the soil water content, to exam-
ine the possibility of the cultivation of plants
with minimum irrigation. For the measure-
ment of the water retention characteristics soil
samples were collected as 100-ml cores at the
point between location 2 and location 3 in Sep-
tember 2004 (Fig. 1). We collected nine samples,
three samples at each depth, 5-10cm, 28-33 cm
and 95-100cm. The water retention character-
istics were measured by the pressure plate
method. For monitoring of soil water content,
we collected disturbed soil samples at every 10
cm depth by using an auger and measured the
water content (by weight : w). The measured
values indicate the average water content of
the soil layers 10cm thick. We conducted our
first soil investigation in December 2005. After
that, we measured the soil water content at
locations 1-3 between October 2006 and April
2007 at intervals of one to three months. The
soil water content at location 4 was measured
on January 12, 2007 to confirm that the soil
water content where the groundwater level in
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Fig. 1 Observation sites (No. 1 : Two wells)
Longitude : 263700-269100, Latitude : 1786800-1789500 (UTM coordinates).

the observation well was above the ground
surface would be high. The monthly rainfalls
during the investigation at location 4 were
142.4 mm in October, 2006, no data in November
and December (due to equipment problems), 1.4
mm in January, 3.2 mm in February, 5.2 mm in
March and 29.8 mm in April 2007(until April 27).

3. Result and discussion

3.1 Variation in groundwater level

The variation in the groundwater level is
shown in Fig. 2. The water level in well 1-1 (7
m deep) was higher than that in well 1-2 (30 m
deep), indicating that these wells are in the
recharge area. The water level in well 2 was
more than 10m below the ground surface, in-
dicating that the soil water content of the sur-
face sandy soil was not affected very much by
the groundwater. The water level in well 3 was
higher than the ground surface and that in well
4 also rose above the ground surface after May
2004.
holes which were drilled through the clay layer

In these areas, groundwater levels in

were higher than the surface, inferring that
water from the confined aquifer could be
supplied to the surface sandy soil through the

clay layer and could keep the soil wet even
during the dry season.

3.2 Water retention characteristics

Figure 3 shows the water retention charac-
teristics of the sandy soil. According to the
engineering manual for irrigation and drainage
by Japanese Institute of Irrigation and Drain-
age (1990), the lower limit of available soil mois-
ture for crops is regarded as the point at which
crops begin to be damaged. The soil water
content is called the depletion of moisture con-
tent for optimum growth (6,). In this study, we
used the depletion of moisture content for opti-
mum growth as the lowest point of soil mois-
ture at which irrigation is not required, and
adopted the value of 100kPa (Suction). The
bulk density of the samples (o,) was 1.4410.08
(Mgm 3.
using volumetric water content and bulk den-
sity (w=0/pv). The 0, of the sandy soil is 0.078
m®m ® (w : 0.051-0.057 kg kg '), and the perma-
nent wilting point (0,,) is 0.019m?m 2 (w : 0.013
-0.014kgkg™!). When the soil water content is
more than 0.057kgkg™!, plants could grow

Water content (w) was calculated

without irrigation. When the soil water con-
tent is less than 0.013kg kg ™!, the plants might
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3.3 Variation of soil water content

Figure 4 shows the soil water content meas-
ured on December 20 and 21, 2005. The soil
water content to a depth of 1m at location 2,
where the groundwater level was 12.23 m deep,

was less than 6,,. At location 3, where the

groundwater level was 0.b m above the ground
surface, the soil water content was more than
0, indicating that plants could grow there
without irrigation. The water content at loca-
tion 1, where groundwater level was 4.22m
deep (well 1-1) was similar to that at location 2.

Figures 5-8 show the soil water content near
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Fig. 4 Soil water content (December 20-21, 2005).
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Fig. 6 Water content (No. 2).

the observation wells during the dry season
(October 2006 to April 2007). At location 1, the
soil water content tended to increase with
depth. From December 12 2006 to April 27 2007,
the values, except for some from more than 70
cm depth, were less than 6,,, and most values at
depths above 30 cm, were less than 0,, (Fig. b).
Most values of the soil water content at loca-
tion 2 from November 13 were lower than O,
and after December 12 2006, became less than
0.y (Fig. 6). In these areas, irrigation is required
for the cultivation of crops in the dry season.
The soil water content at locations 3 and 4
was more than 6,, throughout the period of the
investigation. Moroizumi et al. (2008) reported
that the actual evapotranspiration during the
dry season in the lowland of northeast Thai-
land where soil is same as our study sites was
1.5mm day~!. Using this value, the decrease of
soil water content in the sandy soil to a depth
of 1m during the period of between December
12, 2006 and April 27, 2007 was calculated to be
about 200 mm. However, our observation showed
that the decrease of soil water content in the

sandy soil was about 60 mm, less than the es-
timated value. Moreover, the soil water con-
tent in location 4 in a flat land, where sub-
surface flow from the upland didn’t affect the
soil moisture, was more than 6,, suggesting
that some water was supplied to the surface
sandy soil through the clay layer in locations 3
and 4. Therefore, it should be possible to culti-
vate crops there with minimum irrigation using
natural upward flow.

4. Conclusion

In this study, we examined the influence of
the groundwater level in the confined aquifer
on water content of the sandy soil to a depth of
1 m in northeast Thailand. The soil water con-
tent in the area where the groundwater level in
observation wells was higher than the ground
surface was more than the depletion of mois-
ture content for optimum growth, even during
the dry season, indicating that it should be
possible to cultivate crops there with minimum
irrigation using natural upward flow.
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