Sci. Rep, Fac, Agr, OKAYAMA Univ, (57), 41—52 (1981)

Studies on the Characteristics of Water Adsorption
and Their Effects on Physical Properties of Soil

in Sea Land Reclamation Area

Kinzo NaGcarORI and Nobumasa HaccHo?®
(Laboratory of Land Reclamation)

Received October 29, 1980
Summary

The concept of water potential (p.F.), as the index to characterized the condition
and the nature of the soil water, turned out to be of importance in dealing with the
soil in sea land reclamation area,

The nature of water adsorbed at high p.F. range and its effects on physical pro-
perties of soil has been clarified using 75 samples in 16 sites from 4 different sea land
reclamation areas,

The results obtained suggest that the surface charge represented by cation exchange
capacity (C.E.C.) has definite effect on the adsorption of water at p. F. 6.35, which
in turn is considered to be the measure of specific surface area,

The effects of electrolyte concentration on the amount of adsorbed water at p.F.
4. 85 and 5. 51 was very significant,

The consistency limits were used to represent the physical properties of soil and
the changes of these limits were interpreted in terms of change in the amount of
adsorbed water at high p.F. range.

Significant correlation was found between the consistency limits and the amount
of water adsorbed at p.F. 4.85,

Introduction

The improvement of agricultual land in sea land reclamation area can be accomp-
lished mainly by the following two practices (1) the removal of excess water as a
result of evaporation and drainage (2) the removal of excess salt out of the soil by
leaching, '

The processes mentioned above asscciate, to a certain degree, with the water in
the soil, Thus it is of importance to analyse and understand the behavior of soil
with regards to the condition of water in the soil,

It has been generally understood that the soil is characterized by the amount of
water it contains and water content has been used to express the condition of the
soil. The Water content, however, is the quantitative concept and thus does not
clarify the difference between the soil water in saturated condition and that in air-
dried condition, Since the soil water near the clay particle is strongly attracted to
the surface by the effects of the surface change of the particle and the dipole nature
of water, the water near the particle and the water in bulk solution have different
character,

In order to compensate for such unsatisfactory aspects of water content in under-
standing the characters of soil, the introduction of the comncept which shows the
status of water in soil is needed, Energy condition is often used to define the status
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of certain substance, The energy concept of soil water expresses the condition how
the water is retained in the soil water system, thus is more suitable to predict the
characteristics of the soil, Quantitative comparisons can be made on the basis of
potential among soil properties which may vary with water content,

The soil in the sea land reclamation area contains large amounts of clay and this
gives a peculiar characters to the soil in sea land reclamstion area, Clay particles
in soils are always hydrated, i.e., surrounded by layers of water molecules called
adsorbed waters, The water molecules should be considered part of the clay surface
when the behavior of clay soil is considered,

Plasticity, compaction, interparticle bonding and water movement in soils are all
influenced by the water layers, The properties of clays change as the thickness of
this hydration shell changes, and consequently the engineering characteristic of soil
change, Thus, it is now clear that the study on the amount of adsorbed water,
which is the water retained in soil at high p.F.range, in relation to other physical
properties of soil is of significant importance, By knowing the relationship between
the amount of adsorbed water and physical properties of soil, we will be able to
predict the behaviors of soil through this parameter,

The purpose of this study is, therefore, to clarify the effects of adsorbed water
on the physical properties of soil in sea land reclamation area,

Materials and Methods

1, 1. The area investigated .

The investigation was made on four different sea land reclamation areas, namely
Kojima, Kasaoka, Nakaumi, and Ariake polders, Seven sites in Kojima polder (A—
1, A-2, B—-1, B—2, C, D, and E), four sites in Kasaoka polder (1—1, 1—4, 3~
1, and 3—4), two sites in Nakaumi polder ( N—Y and N—I) and three sites in
Ariake polder (A—M, A—A, and A—F) were selected for investigation,

In each site, soil profiles were classified by conventional way, Samples were collected
from each profile and brought back to laboratory for experiments, Such basic physical
properties as the consistency limits, particle size distribution, and specific gravity
were determined by the methods described in J, I, S, A 1205, A 1206, 1204 and
1202, respectively, .

The results are shown on Table 1, The date of Kojima polder are guoted from
the investigation by BISHAY et al?’,

1. 2, Vapor pressure method?-3-4:5)
1. 2. 1, Principle

In order fo evaluate the energy status of soil water, the static vapor pressure method
was employed. In this method, the samples under test are allowed to reach moisture
equilibrium with a known humidity under certain temperature. The value of p. F.
was obtained by the following formula,

p.F. =4.04+log (2—loga) +log T
where a= relative humidity



Table 1 (a) Physical properties of the soil investigated
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Particle size distribution®

In situ soil

Site Specific Sand Silt Clay Consistency lmits (%)
weight 0.02-2mm. .002-.02 <{.002mm LL. P.L. 1.P.
Kojima
A-1-1 2.58 25.0% 38.5% 36.5% 71.0 35.2 35.8
A-1-2 2.63 34.0 29.5 26.5 941 33.0 61.1
A-1-3 2.69 36.0 41.0 23.0 92.6 34.1 58.5
A-1-4 2.63 38.0 39.0 23.0 83.1 30.1 53.0
A-2-1 2.57 22.0 42.0 36.0 73.3 35.7 37.6
A-2-2 2.66 28.0 43.0 24.0 79.2 33.4 45.8
A-2-3 2.69 46.5 34.5 19.0 93.0 33.9 59.1
A-2-4 2.70 42.0 39.5 18.5 78.0 32.0 46.0
B-1-1 2.62 27.0 46.0 27.0 56.9 28.1 26.8
B-1-2 2.66 52.0 41.5 16.5 71.6 26.5 451
B-1-3 2.67 60.0 72.0 12.0 50.0 25.5 24.5
B-1-4 2.66 61.0 22.5 16.5 53.5 24.8 28.7
B-1-5 2.63 61.5 10.5 18.0 46.7 24.8 21.9
B-2-1 2,62 33.0 40.0 27.0 47.1 29.3 17.8
B-2-2 2.64 35.0 38.5 26.5 58.5 28.2 30.3
B-2-3 2.64 40.0 41.0 19.0 66.0 32.1 33.9
B-2-4 2.65 55.0 31.0 4.0 62.4 29.4 32.9
B-2-5 2.69 40.0 46.0 14.0 52.2 27.7 24.5
cC—1 2.59 32.0 41.0 27.0 55.4 28.8 26.6
C— 2 2.70 43.0 39.0 18.0 57.0 25.8 31.2
cC—3 2.70 46.0 39.5 14.5 64.9 26.7 38.2
C— 4 2.71 52.0 34.0 14.0 63.2 22.9 40.3
C— 5 2.69 57.0 28.5 14.5 51.7 22.9 28.8
D— 1 2.63 25.0 41.0 34.0 68.0 29.4 38.6
D— 2 2.68 32.0 40.0 28.0 73.0 27.8 45.2
D—3 2.71 36.0 43.0 21.0 89.4 27.3 62.1
D— 4 2.62 34.0 47.5 18.5 78.3 26.9 51.4
D— 5 2.63 42.0 38.b 19.5 71.9 28.2 43.7
E—1 2.64 34.0 34.0 32.0 50.1 28.5 21.6
E— 2 2.65 32.0 34.0 34.0 52.9 25.9 27.0
E— 3 2.73 26.0 43.0 31.0 67.8 24,4 43.4
E— 14 2.7- 440 35.5 30.5 55.3 23.7 31.6
E— 5 2.71 63.0 80.5 16.5 54.8 22.5 32.5
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Table 1 (b) Physical properties of the soil investigated
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Particle size distribution

In sisu soil

Site Specific Sand Silt Clay Consistency limits (%)
weight .02-2mm,  ,002-.02 <<{.002mm L.L. PL, 1P,
Nakaumi
Y—1 2.65 55.0% 32.5% 12.5% 94.4 27.2 67.2
Y—2 2.60 60.0 33.8 16.2 193.5 64.7 128.8
Y¥—3 2.60 40.0 39.8 20.2 200.5 52.7 147.8
I—1 2.64 47.0 43.0 10.0 81.2 34.0 37.2
I—2 2.65 34.0 56.1 9.9 103.3 37.5 65.8
I—3 2.70 25.0 64.7 10.3 101.5 30.9 88.6
Ariake
M—1 2.56 18.0 48.5 33.5 132.4 52.3 80.1
M—2 2.58 14.0 52.5 33.5 144 .4 50.8 93.6
M—3 2.59 18.0 51.0 31.0 146.0 51.6 94.4
M—4 2.60 29.0 44.0 28.0 147.7 46.9 100.8
F—1 2.59 8.0 67.0 25.0 119.5 51.7 67.8
B2 2.56 12.0 56.0 32.0 146.6 50.0 96.6
F—3 2.56 2.0 64.5 33.5 138.0 53.6 84.4
F—14 2.58 10.0 59.0 31.0 130.2 45.5 84.7
A—1 2.57 6.0 59.0 35.0 101.1 41.4 59.7
A—2 2.59 4.0 69.8 26.2 132.6 48.8 83.8
A—3 2.60 2.0 74.0 24.0 119.3 54.4 64.9
Ay 2.63 9.0 71.0 20.0 109.6 49.8 59.8
Kasaoka
1-1-1 2.67 25.0 65.0 10.0 97.2 41.4 55.8
i-1-2 2.64 25.0 63.0 12.0 107.9 37.7 70.2
1-1-3 2.65 35.0 53.8 1.2 92.6 33.5 59.1
1-1-4 2.70 30.0 60.0 10.0 88.5 28.7 59.8
1-4-1 2.66 44.0 42.0 4.0 94.9 39.2 54.8
1-4-2 2.68 31.5 56.5 12.0 108.4 40.6 67.8
1-4-3 2.68 31.5 56.5 12.0 105.6 35.5 70.1
1-4-4 2.67 49.0 38.2 12.8 101.1 38.8 62.3
3-1-1 2.64 32.3 50.2 7.5 96.5 40.5 56.0
3-1-2 2.66 35.0 56.0 9.01 10.3 37.7 72.6
3-1-3 2.72 28.5 63.3 8.2 112.5 38.3 74.2
3-1-4 2.68 43.8 42.7 13.5 91.2 33.5 57.7
3-4-1 2.67 35.0 49.8 i5.2 74.4 31.9 42.5
3-4-2 2.68 27.5 56.5 16.0 82.7 33.6 49.1
3-4-3 2.70 36.0 41.5 12,5 66.1 27.1 39.0
3-4-4 2.64 50.0 40.0 10.0 45.8 - -
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Table 2 gives the relationship hetween relative humidity, the name of the chemical
solution and the corresponding p.F. in equilibrium,

Table 2 The relation between the relative humidity and equivalent p.F. by
different chemical solutions

Chemicals R.H. p.F. Chemicals R.H, p.F.
CaS04¢5H0 98.0 4.46 NH4Cl & KNO» 72.6 5.65
Pb(NO3) 2 98.0 4.46 NaNOg 66.0 5.76
NaHPO4212H20 95.0 4.8 Mg (C2H30s) 2°4Ho0 65.0 5.77
NH4H2PO4 93.1 5.00 NazCry07¢2H20 52.0 5.95
ZnS04eTH0 90.0 5.16 NaHSO.-H0 52.0 5.95
KHSO4 86.0 5.31 CrOg 35.0 6.16
(NH4) 2504 81.0 5.46 CaCla+6H20 32.3 6.19
NH4C1 79.2 5.51 KCoH30. 20.0 6.35

Determination of soil water potential by measurement of vapor pressure has many
theoretical advantages, The vapor pressure is a well-defined thermodynamic quantity
and it measures both the capillary and osmotic components of total potential,

1. 2. 2. Materials

The samples taken from each sites were dried in the room temperature for 2 — 3
days so that the moisture content of the sample becomes appropriate for experiment,
since too wet sample may affect the condition of relative vapor pressure or the time
for measurement,

In the vapor pressure method, the water sorption is performed at high energy
range, and thus the disturbance and the sieving of the sample do not affect the
retentivity of the soil for water?’,

The soils were passed through 2mm mesh sieve for faster reaction and used for
experiments,

1. 2. 3. Experiments

In this study, the measurement was made on the desorption process, and the
moisture content corresponding p. F. values of 4.85, 5.51 and 6. 35 was determined.*
The saturated chemical solutions used were NaHPO,.-12H,0, NH4Cl, and KCyHsO,,
respectively, The apparatus for this experiment is shown in Fig. 1,

Three to five gms. of soil were put in the measuring container and this container was
placed in the vaccum dessicator containing saturated chemical solution, which main-
fains a definite vapor pressure, The air is evacuated from the dessicator to allow
water molecules to diffuse rapidly, and placed in the constant temperature container,
which is maintained at 25°C. After leaving the dessicator in the temperature contai-
ner for about a week, the air was introduced slowly through the dessicating pipe
containing P20s to the dessicator, and the weight of the measuring container was
quickly measured. The procedures were repeated until the weight of the measuring
container shows no fluctuation, Generally, it takes about a month untill the condition
which is considered to be a close approach to the equilibrium value is reached,

The corresponding wet weight of the samples were determined, The samples were
then transfered to the next p. F. value, and the same procedure mentioned above was

* Three p.F. values are decided in an arbitrary manner with an equal interval,
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Wire net

Glass wool

Saturated chemical
solution

Fig. 1 Apparatus for experiment,

repeated, The moisture content corresponding to each p. F. value was calculated from
the dry weight of the sample determined at the conclusion of the tests by oven drying.

Results and Discussion

2, 1, Factors affecting the amount of water adsorbed at high p.F. range

(a) Clay content

The general relation has been pointed out between the specific surface area and
the clay content®’, The amount of water adsorbed at p. F. 6. 35 can be assumed to be
an index of the surface condition of the soil and thus, it is compared with the clay
content (<70.002mm ) in the soil, This relation is shown in Fig. 2.

Obscure trends that the amount of water adsorbed increased as the clay content
increased were found for each site investigated, Different slopes for each site indicate
that for a unit increase of clay content the increase in the amount of water adsorbed
at p. F. 6. 35 is different,

The slope was steepest for Kojima soils and lowest for Nakaumi soils, It is suspec-
ted that the different clay mineral or composition of clay minerals affect the differences
in the slopes of the Fig. 2.

The deviation found in Fig. 2 for each site suggests that there might be another
factor associated with the adsorption of water on the surface of the clay particle,

(b) Surface charge

The total amount of exchangeable cations that soil can retain is designated the
“cation exchange capacity” (C.E.C.) and is a measure of surface charge of the soil
particle?’,

Since the water adsorption is largely affected by the magnitude of surface charge,
the relation between the C.E.C. and the amount of water adsorbed at p.F. 6.35 is
expected,

C.E.C. data were available only for Kojima soils?’ and they were compared with
the amount of water adsorbed at p. F. 6.35, The relation is shown in Fig. 3 and the
significant correlation with the correlation coefficient of 0. 874 was obtained,
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The deviations, pointed out in the previous section, in the relations between the
amount of water adsorbed at p.F. 6.35 and clay content can now be explained as the
difference in the surface charge of the clay particle, It is now understood that the
dominant factor affecting the adsorption of water at p.F. 6.35is the surface charge
represented by C.E.C. of the sail,

Since the amount of water retained at p.F. 6.35is related to the specific surface
area, C.E.C. and somewhat to clay content, now it is possible to apply the amount
of water retained at p. F. 6.35 as the index of the surface condition of the soil,

(¢) Adsorption of water at different Electrolyte Concentration

Homogeneous soil from the subsurface layer in Kasaoka polder, which has not
received drying and leaching effect, was sampled and utilized for this purpose of
experiment,
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Fig. 2 Relation between clay content and the amount of adsorbed water.

Total amount of electrolyte present in each soil was determined by measuring the
electrical conductivity of the soil solution extracted from the soil, The electrical con-
ductivity has the dimention of mho/cm and 1 mho/cm= 1 milimho/cmx 103, This
measurement of conductivity gives a rough estimation of the salt content of the soil,

Conversion from electrical conductivity to concentration in miliequivalent/liter and
p.p.m. can be made in the following manner$’,

miliequivalent/liter = 10XE. C. X103
p.p.m. = 0.64XE.C. X108
(E.C. = electrical conductivity in mho/cm )

Soils with various level of E. C. were prepared by centrifuging the sample in 3, 000
rpm under ponded condition for different length of time, After centrifugation, the
sample was oven dried and crushed., The extract from 1 : 2 soil water ratios was then
utilized for measuring electrical conductivity,

The amount of adsorbed water under different electrolyte concentration was obtain-
ed at p.F. 4.85, 5.51,and 6. 35, Some representative curves are shown in Fig. 4.

From this figure, it is clear that the decrease in the E.C. is accompanied by the
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decrease in the amount of water adsorbed, The relationship between E.C. and the
amount of adsorbed water was examined and plotted in Fig. 5.
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Fig, 5 Effect of E,C.on the adsorption of water,

The amount of water adsorbed at p. F. 6. 35 was not much affected by the change
in electrolyte concentration of soil, Since the water retained at p. F. 6. 35 is considered
to be the index of surface condition of soil, the result obtained indicates that the
change in E.C. does not affect the surface condition of soil, However, the amount
of water retained at p.F. 4.85 and 5.51 showed a decrease associated with the dec-
rease in E.C. of soil, The correlation between them was very significant (r=0. 9807
for p.F. 4.85and r=0.9607 for p.F.5.51).

It has been reported®’ that if we decrease the cation density in the soil solution,
the density of the cations near the clay surface will decrease, and a thicker layer of
cations will be needed to screen the negative charge on the clay particle, and the
double layer will be thicker. Thus the decrease in the amount of water retained at
p.F. 4.85 and 5.51 may be interpreted that the water near the particle become
loosely held through the expansion of the double layer, In the region of interacting
double layers between two adjacent particles, the concentration of ioms is higher than
in the external solution ; this causes a reduction in the water potential and a result-
ant affinity for water, As water enters, the particles are forced farther apart, and
soil swells!®. Thus we understand if E. C. of the soil decreases, the soil swells and
dispersed and the affinity of soil for water decreases,

2, 2, The amount of adsorbed water and its effect on consistency limits

2. 2. 1, General remarks

The consistency limits were first described by the Swedish soil scientist ATTERBERG,
who developed them to measure the plasticity of clays, Since that time they have
found use in agriculture and engineering for measuring the water holding properties
of fine grained soils, Soils containing more than about 15% clay exhibit plasticity,
that is, pliability and the capacity to be moulded, This property is probably due to
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the plate-like nature of the clay particles and lubricating through binding influence
of the adsorbed water, As the water content of a soil is increased and the water films
separating the soil particles become thicker, the water should be less resistant to
flow or creep,

In addition, the attractive forces between the particles, which are inversely related
to the distance of separation, should increase, As the water content increases, water
is adsorbed between the particles and the soil becomes plastic, The water content at
which pastticity becomes apparent is the plastic limit or lower plastic limit, When the
water films are so thick that the outer-most water layers have nearly normal viscos-
ity and the inferparticle attractive forces are negligible, the soil will flow under a slight
stress, The water content at which this occurs is liquid limit or upper plastic limit,

2. 2, 2, Experimental results and discussion

As has been mentioned in the previous section, adsorbed water plays an important
role in the change in consistency limits, Thus the changes in consistency limits were
interpreted in terms of the change in the amount of adsorbed water,

The comparison was made between the amount of water adsorbed at different p. F,
values and the consistency limits,

Very significant correlations between the amount of water adsorbed at p.F. 4.85
and the consistency limits were obtained, These relations are shown in Table 3 and
Fig. 6 and Fig. 7.

Table 3 Relation between the amount of water retained at p.F, 4.85 and
consistency limits

Consistency Amount of water retained Correlation
limits at p.F, 4.85, X coefficients

Liquid limit L.L.=2.651-X+23.95 r=0.954

Plastic limit P.L.=0.663-X+18.81 r=0.859

Since the water retention curve is the net result of interparticle attraction and
repulsion!”, larger amount of water retained at p.F. 4.85 means that the total sum
of the forces acting on that soil water system is bigger than that acting on the
system with small amount of water retained at p.F. 4. 85,

It is clear from the best fit curves in Fig. 6 and Fig. 7 that the plastic limit varies
much less than the liquid limit, The reason for this is interpreted as follows ; the
amount of water needed to add to change the net interaction of forces, represented
by the amount of water retained at p.F. 4.85, is relatively smaller for the plastic
limit than that for the liquid limit, In other words, the forces acting at p.F. 4.85
will be weakened by the addition of water and sufficient amount of water is needed
to compensate the forces acting at p. F. 4.85 and bring it to the magnitude of forces
associated with plastic limit and much more water is needed to weaken the forces
acting at plastic limit and bring it to the stage of liquid limit,
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