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Abstract

Shrinkage processes in clay soils are important because surface subsidence and shrinkage
cracks have a large impact on transport processes in these soils and on their use potential.
Of seven representative clay soil profiles from the Netherlands, shrinkage characteristics and
COLE and PLE values were measured, using undisturbed natural aggregates. It appeared
that the course of the shrinkage process upon drying varied strongly from one soil to another,
and very often the measured shrinkage characteristics deflected from the theoretical curve.
Some Dutch heavy clay soils belong to the strongest swelling and shrinking soils of the world,
with volume decreases of aggregates being maximally 49 % between saturation and oven-
dryness, and maximally 42 % between saturation and a pressure head of — 16 000 cm. Poten-
tial surface subsidence of a Dutch field soil due to shrinkage is maximally 15 cm. Under
Dutch climatic circumstances, in some heavy clay soils, as a result of normal shrinkage, the
aggregates remain saturated throughout the whole year. Only inter-aggregate pores like
shrinkage cracks, contain air.
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Introduction

Clay soils distinguish themselves from other soils by the presence of certain amounts
of clay minerals like kaolinite, illite and montmorillonite. Clay minerals occur in
plate-shaped crystals. These crystals are build up of small platelets, consisting of
silicium oxides and aluminium hydroxides. The thickness of each platelet is about
5-10 A. The number of platelets within one clay crystal depends on the configuration
of the silicium oxides and the aluminium hydroxides in the platelet, but may vary
from 1 (Na-montmorillonite) to almost infinite (Kaolinite). Due to the special struc-
ture of clay minerals, platelets or packets of platelets are surrounded by water layers
(Bolt & Bruggenwert, 1978). Upon drying, the platelets approach each other (Fig.
1). This process causes shrinkage of soil aggregates. Upon wetting, the distance be-
tween the platelets increases again, through which the aggregates regain their origi-
nal volume. The volume decrease of soil aggregates upon drying can be divided into
three shrinkage phases (Haines, 1923):
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Fig. 1. Schematic representation of the process of drying and air entry in sandy soils and clay soils.

— Normal shrinkage. Volume decrease of clay aggregates is equal to water loss.
The aggregates remain fully saturated.

— Residual shrinkage. Upon drying the volume of the aggregates still decreases,
but water loss is greater than volume decrease. Air enters the pores of the ag-
gregates.

— Zero shrinkage. The soil particles have reached their densest configuration.
Upon further water extraction, the volume of aggregates stays constant. Water loss
is equal to increase of air volume in the aggregates.

The three shrinkage phases are pictured schematically in Figure 2.

Course and magnitude of the shrinkage process of soil aggregates upon drying are
determined by clay content, clay mineralogy, capacity and composition of the cation
exchange complex and organic matter content. (Greene-Kelly, 1974; Schafer &
Singer, 1976; Murray & Quirk, 1980; Parker et al., 1982; Tessier, 1984).

In large samples, containing more than one structural unit, sometimes a fourth
shrinkage phase can be distinguished: structural shrinkage (Stirk, 1954; Yule &
Ritchie, 1980). Structural shrinkage occurs in saturated soils. When saturated soils
dry, large water-filled pores may be emptied. Due to this, aggregates can get a some-
what denser packing. Structural shrinkage falls outside the scope of this article be-
cause the volume changes in this shrinkage phase are negligible and furthermore the
magnitude of this phase is not a soil constant but varies strongly with land use and
soil management (Reeve & Hall, 1978).

In studies on swelling and shrinkage of clay soils, the shrinkage characteristic is
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Fig. 2. The three shrinkage phases of clay soil aggregates upon drying.

often used. This characteristic has been defined in many ways but is essentially al-
ways the relation between soil volume and soil water content. One of the most-used
forms of the shrinkage characteristic is the relation between moisture ratio and void
ratio of soil aggregates. Moisture ratio ¢ and void ratio e are defined as:

¢ = volume of water/volume of solids 1)
e = volume of pores/volume of solids )
Because of volume changes of aggregates, the use of moisture ratio ¢ and void ratio

e is preferred to water content @ and porosity €. ¢ and e can simply be converted
into § and e:

e

= 3

‘ 1 +e )

0=L «)
1 +e¢

The general form of the shrinkage characteristic, including the three shrinkage
phases, is shown in Figure 3.
The relation between volume and void ratio of soil aggregates is:

V="V + e &)
in which:
V = volume of soil aggregates (m3)

V., = volume of solids (m?)

Any change in void ratio, derived from the shrinkage characteristic, can simply be
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Fig. 3. General form of the shrinkage characteristic with three shrinkage phases; void ratio = volume
of pores/volume of solids; moisture ratio = volume of water/volume of solids.

converted into change of volume of soil aggregates:

v, 1 4+ e

= T % (6)
V, 1 + ¢
in which:
V., e, = volume and void ratio, respectively, of soil aggregates at moisture con-
tent 1

V,, e, = volume and ratio, respectively, of soil aggregates at moisture content 2

On a macroscopic level, volume changes of soil aggregates result in the occurence
of shrinkage cracks and surface subsidence. This has important consequences for
both agricultural and non-agricultural users of a soil. In some cases, these conse-
quences are mainly unwanted. An example is the transport of water and solutes via
shrinkage cracks to the subsoil, bypassing the root zone. This may result in ineffi-
cient sprinkler irrigation and water and nutrient shortage of plants, but also in rapid
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pollution of groundwater (Thomas & Phillips, 1979; Coles & Trudgill, 1985; Brons-
wijk, 1988). Other unwanted consequences of soil shrinkage are the destruction of
buildings, pavements and pipelines in or on heavy clay soils (McCormack & Wild-
ing, 1975; Gillot, 1984). Jones & Holtz (1973) estimated that the total damage in
the USA resulting from swelling and shrinkage of soils amounted to § 2 255 000 000
per year, more than twice the damage from floods, hurricanes, tornadoes and earth-
quakes.

In many cases, soil shrinkage has positive effects as well. Examples are the
drainage of some heavy clay soils, where the hydraulic conductivity of the soil in-
creases by cracking (Bouma et al, 1979). In arid regions, basin irrigation of vertisols
is positively influenced by soil cracks promoting a deep infiltration of water (Swartz,
1966; Farbrother, 1972). Swelling and shrinkage is also a natural process to restore
soil compaction. Finally, swelling and shrinkage improves soil structure (Wilding &
Hallmark, 1984; Bronswijk, 1989). The mentioned examples illustrate the large im-
pact of swelling and shrinkage on behaviour of clay soils, both in a positive and a
negative way.

Studies of Berndt & Coughlan (1977) and Yule & Ritchie (1980) have demonstrat-
ed that the behaviour of aggregates and small soil cores can be used to explain and
predict field soil behaviour. Moreover, simulation models have been developed re-
cently that calculate transient water transport in cracking clay soils (Bronswijk,
1988). In these models the shrinkage characteristic plays an important role, com-
parable with the water retention curve and the hydraulic conductivity curve. Because
of this, knowledge about course and magnitude of shrinkage of soil aggregates be-
comes increasingly important.

In the Netherlands, large areas of clay soils occur (Fig. 4). Little is known about
swelling and shrinkage processes in these soils. In this article the magnitude of
potential swelling and shrinkage in Dutch clay soils is determined. Seven soils with
various texture, location, parent material and land use were selected. In the labora-
tory the shrinkage characteristics of these soils were determined. Parameters like
COLE (Coefficient Of Linear Extensibility) and PLE (Potential Linear Extensibili-
ty), which quantify the shrinkage of a soil upon drying, were measured as well. The
consequences of the obtained results for field behaviour of clay soils in the Nether-
lands are discussed.

Materials and methods
Soil properties

Seven soils with various texture, location, parent material and land use were select-
ed. These seven soil profiles are considered representative for the holocene clay soils
that occur in the Netherlands. Their location is pictured in Figure 4. Of each soil
horizon the following properties were determined:

— texture,

— CaCO; and organic matter content,

— density of the solid phase,
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Fig. 4. Clay soil areas in the Netherlands. Locations of the seven profiles selected in this paper are
marked. Numbers correspond with Tables 1 and 2.

— shrinkage characteristics,
— COLE and PLE values,
— water retention curve.

In the early spring of 1986, on each site about ten natural clods of sizes ranging
from 7 to 34 cm3 were taken from each soil horizon, in wet conditions. In the
laboratory these clods were saturated for another two weeks. Three clods were used
for determination of shrinkage characteristics and three clods were used for meas-
urement of water retention curves. The remaining four clods were used to determine
texture (by the Pipet method of Gee & Bauder, 1986), organic matter content (by
ignition loss at 500 °C), CaCO, content (with Scheibler apparatus), and density of
the solid phase (by the Pycnometer method of Blake & Hartge, 1986). The clay
minerals of the seven selected profiles consist mainly of illite (30-40 %) and smectite
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(20-40 %) (Breeuwsma, pers. comm.). Water retention curves were determined on
a sand box and with pressure membrane apparatus. The characterization of the

seven soil profiles is given in Table 1.

Table 1. Brief description and composition of seven selected clay soils in the Netherlands of which the
shrinkage behaviour was determined. Numbers before location names correspond with Fig. 2. g5 =

density of the solid phase.

Location Depth Horizon

(cm)

1. Oosterend 0- 22
22- 42
42- 78
78-120

2. Nieuw Beerta 0- 26
26- 34
34- 56
56- 75
75-107

3. Nieuw Statenzijl 0- 29
29- 40
40- 63
63- 80
80-100

4. Schermerhorn  0- 21
21- 52
52- 77
77-100

5. Dronten 0- 22
22- 38
38- 60
60- 90
90-110

6. Bruchem 0- 18
18- 30
30- 58
58- 85

7. Kats 0- 35
35- 60
60- 80
80- 95

All
ACg
Clg
C2g

Ap
Al2
Cllg
Cl2g
Cl3g

Ap
AC
C21
C22g
C23g

All
Al2

C2lg
22

Apl
Al2
C22g
C23g
C24g

All
Al2
Cllg
Cl2g

Ap

C2lg
C22g
C23g

Qs
(g/cm3)

2.52
2.60
2.66
2.68

2.64
2.61
2.62
2.68
2.69

2.65
2.67
2.69
2.66
2.69

2.59
2.61
2.62
2.63

2.66
2.66
2.63
2.59
2.57

2.52
2.60
2.64
2.59

2.67
2.67
2.70
2.69

Composition

in weight %

in weight %

of the soil of mineral parts
CaCO; organic <2 2-16 16-50 >50 pm
matter
0.0 10.3 39.9 20.9 334 5.8
0.0 6.9 40.7 259 283 5.1
2.5 4.5 58.1 24.7 16.2 1.1
6.9 2.2 24.1 14.3 53.5 8.1
1.4 4.8 454 278 16.6 10.2
0.8 3.9 459 27.4 18.9 6.8
1.7 2.2 51.6 29.2 15.4 3.8
3.3 1.9 39.1 24.1 32.8 4.0
0.3 3.0 59.3 31.7 6.9 2.1
9.0 3.3 52.0 242 204 34
10.6 2.9 62.9 17.0 17.7 2.4
11.3 2.7 524 253 18.3 4.0
9.8 2.8 55.8 24.1 16.7 3.4
11.6 2.2 59.6 26.4 12.2 1.8
11.7 5.9 34.8 17.9 27.9 19.5
i1.1 6.2 42.9 22.1 26.5 8.5
17.6 3.7 32.1 204 332 14.2
18.8 3.1 16.2 10.1 37.8 36.0
9.9 2.6 36.8 22.2 27.5 13.5
8.1 2.2 45.6 27.2 229 4.3
6.6 7.6 35.3 43.9 19.7 1.1
5.8 7.0 159 239 582 2.0
4.6 10.5 20.2 27.2 51.2 1.4
0.0 9.9 58.1 30.7 10.2 1.0
0.0 7.5 55.8 35.5 8.1 0.6
0.0 3.7 59.6 29.5 10.1 0.8
0.0 3.8 51.7 37.0 9.6 1.7
10.2 2.1 30.8 15.7 30.2 23.3
13.6 1.6 46.4 20.5 21.2 11.9
15.7 1.3 41.9 18.3 23.3 15.5
9.5 0.3 16.2 6.7 21.0 56.1
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Shrinkage characteristics

In order to determine shrinkage characteristics, each clod was briefly immersed in
SARAN-F310 resin (resin to solvent ratio 1:5, w/w) and allowed to dry in the
laboratory. The applied SARAN-coating is very elastic, impermeable to water and
permeable to water vapour (Brasher et al., 1966). As the clods dry and shrink, the
elastic coating remains tightly fitted around the clods. By repeated weighing and un-
der water weighing, both weight and volume of the clod can be determined at differ-
ent stages of shrinkage, in a non-destructive way. After two to four weeks, weight
losses became negligible. The SARAN-coated clods were oven-dried in order to
measure final dry volume and dry weight.

Cole and PLE

The Coefficient Of Linear Extensibility (COLE) (Grossman et al., 1968) is a
parameter that quantifies the swelling and shrinkage potential of a soil layer. COLE
is defined as:

173
c0LE=<_V‘ﬂ> ~ 1 )

dry
in which:
Vuerr Vary = volume of a soil aggregate in wet and dry state, respectively.

To quantify potential swelling and shrinkage of a soil in situ, the swelling and
shrinkage potential of the different layers of that soil should be taken into account.
With respect to this, the Potential Linear Extensibility (PLE) was defined:

PLE = COLE(l) X z(1) + COLE(Q2) X z(2) + ... + COLE(n) X z(n) (cm)(8)

in which:

COLE(n) = COLE value of nth soil horizon (—)
z(n) = thickness of nth soil horizon (cm)

zZ(1) + z2) + ... + z(m) = 100 cm

For a given soil, values of COLE and PLE depend on definition of V., and V.
In the USA soil classification system (Soil Survey Staff, 1975), V.., is defined as
the volume of a soil aggregate at a pressure head of —333 cm. Vy, is the volume
of an aggregate at air-dryness. In practice, air-dry sometimes is replaced by oven-
dry. To quantify potential swelling and shrinkage in Dutch clay soils, this definition
is not very suitable. In Dutch climatic circumstances, soils are often much wetter
than moisture contents corresponding with a pressure head of —333 cm. At the
same time they will never become as dry as ‘air-dry’ (except for a very thin surface
layer). Because of this, a COLE calculated between # = —333 cm and air-dry does
not give any information on the magnitude of swelling and shrinkage to be expected
in Dutch field situations. Therefore in this article we first have calculated COLE and
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PLE with V,,, volume of an aggregate at saturation, and Vj,,, volume of an ag-
gregate at a pressure head of — 16 000 cm. It should be kept in mind that, indepen-
dant of the definition of V,, and Vy,,, both COLE and PLE are indicating poten-
tial swelling and shrinkage. If measured between saturation and 4 = —~ 16 000 cm,
COLE and PLE are upper limits for field shrinkage in the Netherlands, which will
normally not be reached in the field in subsoils, except in special cases, like removal
of the topsoil or planting of a deep-rooting crop. Actual swelling and shrinkage are
determined not only by soil properties but also by the hydrology of the soil in situ.
It can for instance easily happen in the field that a well-drained soil with low COLE
and PLE exhibits far more cracking and subsidence than a poorly drained soil with
high COLE and PLE.

For the sake of international comparison, COLE and PLE values have also been
calculated over the range # = —333 cm to oven-dry.

Results and discussion
Shrinkage characteristics

The measured shrinkage characteristics are presented in Figure 5. The shapes of the
shrinkage characteristics, with respect to magnitude of shrinkage, relation with pres-
sure head values, air entry points, start and end of shrinkage phases etc. vary strong-
ly from one soil to another. Only few curves, for instance Schermerhorn Al2,
resemble the theoretical picture, including a substantial normal shrinkage phase, of
Figure 3. This can be ascribed to either the presence of small amounts of silt and
sand particles which may locally restrict shrinkage and induce air entry, or to the
development of micro-cracks inside of the soil clods during drying. Because in all
cases the shape of the measured shrinkage characteristics was reproducable using
clods of various size, the first explanation is the most likely.

Most of the selected soil horizons show large shrinkage, as is clearly visible from
the large decrease of void ratio of the drying aggregates. In all aggregates, shrinkage
starts immediately at the first water extraction at saturation. Moreover, shrinkage
expressed as de/dd is largest near saturation, and becomes smaller when the soil gets
dryer. Because of the influence of clay content, clay mineralogy, cation exchange
capacity and organic matter on the shrinkage process, there are also many differ-
ences in behaviour of the various soils. In some soil layers, like Schermerhorn C22g,
shrinkage stops at pressure heads of minus a few hundred cm’s. In other soils,
shrinkage continues far below pressure heads of — 16 000 cm, e.g. the subsoils of
Nieuw Beerta and Bruchem and the whole Kats profile. Not only the magnitude but
also the course of the shrinkage process differs from one soil horizon to another.
In some horizons, the change from normal to residual shrinkage (the air-entry point)
lies very close to saturation, as is the case in the complete Nieuw Statenzijl profile.
In other soils, this point lies somewhere between a pressure head of —10 cm and
—16 000 cm. An extreme case is the Bruchem C11g horizon, where normal shrink-
age continues until pressure heads much lower than — 16 000 cm.

Another special case is the Dronten subsoil. This subsoil is only half ripe, which
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Fig. 5. Shrinkage characteristics of natural aggregates of seven clay soil profiles from the Netherlands;
void ratio = volume of pores/volume of solids; moisture ratio = volume of water/volume of solids.
Some values of pressure heads (cm) are also indicated.
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Profile 3. Nieuw Statenzijl
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Fig. 5. Continued
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Fig. 5. Continued
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Profile 7. Kats
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Fig. 5. Continued

results in a markedly different shape of the shrinkage characteristic. In this subsoil,
total shrinkage is high, but air entry occurs much earlier and is much larger than
in most of the other soils. It can be expected that, after a few wetting-drying cycles,
total shrinkage will become smaller and the shrinkage curve will approach the satu-
ration line, as a result of ripening. It is likely that some ripening also plays a role
in the observed shrinkage of some fluvial soils. Miedema (1987) reported that ag-
gregates of a holocene fluvial soil did not regain their original volume after extreme
drying and rewetting. This effect will be most pronounced in poorly drained sub-
soils,

The observed course and magnitude of shrinkage upon drying has important con-
sequences for the field behaviour of clay soils in the Netherlands. Some clay soils
show normal shrinkage from saturation till a pressure head much lower than
— 16 000 cm’s. An extreme example of this is the Bruchem Cllg horizon (Profile
6). This means that under Dutch climatic circumstances, the aggregates in this soil
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horizon always remain fully saturated. Air is only present in inter-aggregate pores
like shrinkage cracks. Naturally, this strongly affects the air availability and root
development in this type of soil. Soil structure becomes very important because to
optimize root development, the distance between air-containing macropores should
be minimized. Furthermore, phenomena like partial anaerobiosis (Leffelaar, 1987)
are likely to occur in this type of heavy clay soils.

COLE and PLE

The values of volume decrease, COLE and PLE over three pressure head ranges are
presented in Table 2. Volume decrease from saturation to oven-dry varies between
14 % for the Schermerhorn C22g horizon and 49 % for the Bruchem A1l horizon.
Some horizons with relatively low clay contents of only 15-16 % show volume
decreases of 15 to 20 %. Less than the heavy clay soils, but still considerable. Cor-
responding COLE values from saturation to oven-dry range from 0.052 to 0.248.
The PLE values over the same range for the seven profiles corresponds with the clay
contents of the soils. The light clay soils of Kats and Schermerhorn have PLE values
of about 13 cm. The heavier clay soils of Nieuw Beerta and Nieuw Statenzijl have
PLE values of about 17 ¢m and the soils traditional known as strong swelling and
shrinking, indeed show the highest PLE values: 18.5 cm for Oosterend clay and 21.6
c¢m for Bruchem basin clay. The PLE value of 16.4 cm of the Dronten soil reflects
partly the irreversible ripening proces upon oven-drying.

Volume changes between saturation and a pressure head of —16 000 cm are of
more practical importance in the Netherlands. In this pressure head range, volume
decreases vary from 13 %, again for the Schermerhorn subsoil, to 42 % for the
Nieuw Beerta Cllg Horizon. Corresponding COLE values over this pressure head
range are respectively 0.05 and 0.20. The PLE values from 0 to —16 000 cm can
be considered as the maximum surface subsidence that the considered soil can ex-
hibit under Dutch climatic conditions. This maximum subsidence is about 11 cm for
the light clay soils of Kats and Schermerhorn and also the heavy clay soil of
Bruchem. The relatively low value of Bruchem is surprising but can be explained
from the fact that in this soil shrinkage continues far below pressure heads of
— 16 000 cm and shrinkage in the range saturation to — 16 000 c¢m is relatively small.
The maximum subsidence of the soil surface is about 13 cm for the heavy clay soils
of Oosterend, Nieuw Statenzijl and the partly unripe soil of Dronten. The heavy
clay soil of Nieuw Beerta shows the largest maximum surface subsidence, namely
15 cm. Whether these potential maximum subsidences are really reached in the field
depends on hydrology and actual water loss of the soil in situ, but is not likely.

Because determination of COLE values requires much effort, and clay and organ-
ic matter contents of Dutch clay soils are already available or easily measured, it
is worthwhile to try to predict COLE from these two soil properties. The best fit
of COLE (—333 cm to oven-dry) against clay content (in weight % of the soil) is
expressed by:

COLE = 0.002552 clay content + 0.0118 » = 0.59
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Table 2. Relative volume decrease (Av/v X 100), coefficient of linear extensibility (COLE) for equal in-
dividual soil horizon and potential linear extensibility (PLE) for the entire soil profile of seven clay soils
from the Netherlands. Values are presented for three different pressure head ranges.

Location Horizon 0 cm to 16 000 cm ~333 ¢cm to oven-dry 0 cm to oven-dry

Av/v. COLE PLE Av/v COLE PLE Av/v COLE PLE
X100 (-) (cm) X100 (-) (cm) %100 (-) (cm)

(%) (%) (%)

1. Oosterend All 38.0 0.173 26.9 0.110 47.2  0.237
ACg 349 0.154 13.1 325 0.140 11.2 440 0.213 18.5

Clg 31.4 0.134 33.7  0.147 429 0.205

C2g 17.9  0.068 9.3 0.030 19.3  0.074

2. Nieuw Beerta  Ap 349 0.154 25.3  0.102 38.0 0.173

Al2 34.1 0.149 29.0 0.121 41.2 0.194
Cllg 42,0 0.199 153 30.9 0.131 11.9 446 0.218 169

Cl2g 31.1  0.132 25.3  0.102 387  0.177

Clig 30.5 0.129 32.1  0.138 414 0.195

3. Nieuw Ap 25.5 0.103 29.2  0.122 372  0.168

Statenzijl AC 31.1  0.132 27.9 0.115 37.9  0.172
C21 32.0 0.137 133 309 0.131 126 41.8 0.198 17.0

C22g 341  0.149 30.3  0.128 40.4 0.188

C23g 354  0.157 30.3  0.128 43.6 0.210

4. Schermerhorn  All 25.1 0.101 15.6 0.058 28.8 0.120
Al2 38.0 0.173 11.3 253 0.102 6.3 405 0.189 132

C2l1g 27.0  0.111 15.1 0.056 29.6 0.124

C22g 13.1  0.048 6.6 0.023 14.1 0.052

5. Dronten Apl 25.5 0.103 17.4  0.066 29.2  0.122

Al2 31.1  0.132 27.1  0.111 37.7  0.171
C22¢g 346 0.152 12,7 27.3 0.112 10.0 399 0.185 16.4

C23g 32.0 0.137 28.6 0.119 40.2 0.187

C24g 21.5 0.084 20.4 0.079 30.1  0.127

6. Bruchem All 30.5 0.129 42.8 0.205 48.6 0.248
Al2 25.3 0.102 11.6 385 0.176 182 434 0.209 21.6

Cllg 28.1 0.116 40.4 0.188 44,1 0.214

Cl2g 28.1  0.116 37.6  0.170 42.8 0.205

7. Kats Ap 21.9 0.086 13.9 0.051 25.3  0.102
Cllg 29.0 0.121 11.4 200 0.077 6.7 339 0.148 133

C22g 32.0 0.137 21.1  0.082 359 0.160

C23g 31,1 0.132 18.4 0.070 329 0.142

When the organic matter content (in weight % of the soil) is taken into the regres-
sion analysis, we get the following result:

COLE = 0.002636 clay content + 0.006 organic matter content — 0.171
r2 =071
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Fig. 6. Relation between clay content (weight percentage) and coefficient of linear extensibility (COLE)
over the range # = —333 cm to oven-dry for aggregates of seven clay soil profiles from the Netherlands.
The best fit is expressed by COLE = 0.002552 X clay content + 0.0118 with 12 equal to 0.59. Relations
between COLE and clay content of Parker et al. (1977), and Schafer & Singer (1976) are also presented.

Relations between total clay content and COLE of Schafer & Singer (1976), and
Parker et al. (1977) for various clay soils from the USA, were compared with the
results of the present study (Fig. 6). Over the whole range, COLE values of Dutch
clay soils are somewhat higher, which is probably due to the presence of substantial
amounts of organic matter.

Classification of shrinkage of Dutch clay soils

In order to evaluate whether the measured shrinkage in Dutch clay soils is small or
large, we compared the presented results with data from other studies. A summary
of studies from several countries in which COLE values (between oven-dry and 4
= —333 cm) of clay soils have been determined is presented in Table 3. The majori-
ty of Dutch clay soils have COLE values between 0.11 and 0.15( see Table 2). Com-
pared with foreign soils, these values are neither very high nor very low. An excep-
tion is the Bruchem basin clay with a COLE value of 0.205 which belongs to the
highest COLE values of the world. Due to the Dutch climate, however, actual field
shrinkage will always be much smaller than for instance in arid Vertisols.

When we compare the presented measurements with an often used classification
of swelling and shrinkage potential of a soil based on COLE values (Parker et al.,
1977) we find that the heavy clay soils from Qosterend, Nieuw Beerta, Nieuw
Statenzijl and Bruchem belong to the class of soils with very high shrink-swell poten-
tial. The soils from Schermerhorn and Kats show medium to high shrink-swell
potential in the different horizons (Table 4).

Reeve et al. (1980) presented a classification of shrinkage for British soils based
upon PLE values. In this classification the soil as a whole is considered and not the
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Table 3. Comparison of measured minimum and maximum COLE-values (# = - 333 cm to oven-dry)
of Dutch clay soils with values of foreign clay soils.

Location Number of COLE range Source

samples
USA 30 0.004-0.181 Franzmeier & Ross (1968)
Yolo County, USA 16 0.001-0.118 Schafer & Singer (1976)
Ontario, USA 13 0 -0.088 Ross (1978)
Tanzania 6 0.037-0.230 Ross (1978)
Great Britain 20 0.049-0.232 Reeve et al. (1980)
Israel 67 0 -0.277 Smith et al. (1985)
Saskatchewan, Canada 33 0.021-0.168 Dasog et al. (1988)
Netherlands 31 0.023-0.205 This study

Table 4. Rating of shrink-swell potential of soil horizons based upon COLE values (Parker et al., 1977).

Shrink-swell COLE Horizons

potential (—333 cm to air-dry)

Low <0.03 Oosterend C2g
Schermerhorn C22g

Medium 0.03-0.06 Schermerhorn All, C21g
Kats Ap

High 0.06-0.09 Dronten Apl, C24g
Kats C21g, C22g, C23g

Very high >0.09 Nieuw Beerta
Nieuw Statenzijl
Bruchem

Oosterend All, ACg, Clg
Schermerhorn A12
Dronten A12, C22g, C23g

different horizons separately. Reeve et al. distinguished three shrinkage categories:
— PLE >14: large shrinkage,

— 9 =PLE = 14: moderate shrinkage,

— PLE <9: low shrinkage.

In the quoted paper, PLE was calculated between a pressure head of —333 cm and
oven-dryness. As is explained above, in the Netherlands a definition of PLE be-
tween 0 cm and — 16 000 cm is of more practical use. Therefore it is proposed to
classify shrinkage of Dutch clay soils according to the PLE boundary values of
Reeve et al., but between pressure heads of 0 and — 16 000 cm. The resulting clas-
sification is presented in Table 5.
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Table 5. Classification of shrink-swell potential of Dutch clay soils.

Shrink-swell PLE (between & = 0 Location
potential and A = —16 000 cm)
(cm)

Low <9

Moderate 9-14 Oosterend, Nieuw Statenzijl,
Kats, Schermerhorn, Dronten,
Bruchem

Large >14 Nieuw Beerta

Conclusions

Only few shrinkage characteristics of Dutch clay soils resemble the idealized picture
of Figure 3. The measured shrinkage characteristics (Fig. 5) vary strongly with
respect to magnitude of shrinkage, relation with pressure head values, air entry
points, start and end of shrinkage phases etc.

Some heavy clay soils from the Netherlands belong to the strongest swelling-
shrinking soils of the world, but also relatively light clay soils like Kats and Scher-
merhorn show considerable shrinkage indicating that even in these soils processes
resulting from shrinkage, like bypass flow, may take place. (Fig. 5, Table 2, Table
4).

Volume decrease of Dutch clay soils aggregates that dry from saturation to oven-
dryness is maximally 49 % (Table 2). In the Netherlands because of climatic condi-
tions the range between saturation and a pressure head of —16 000 cm is of more
relevance. In this range the maximum volume decrease of a soil horizon is 42 %
(Nieuw Beerta Cl1g) and the potential surface subsidence of a soil in situ is about
15 cm (Nieuw Beerta) (Table 2).

Some clay soils in the Netherlands show normal shrinkage from saturation to
pressure heads much lower than — 16 000 cm (Fig. 5). This means that in the field,
the aggregates of these soils will always remain saturated. Only inter-aggregate
pores, which change their dimensions throughout the year, may contain air. This
will have consequences for instance for root development and the occurrence of par-
tial anaerobiosis.
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