time in days

Figure 13.6 The subsidence is retarded for a period of 10 years because of the overpressure of the water
in the soil (sand load 1.3 m;thickness of the soft layers 5.6 m) (Courtesy of J.E.G. Bouman)

A decrease in the hydraulic pressure involves the release of excess water. The low
hydraulic conductivity retards this release, resulting in hydraulic overpressure (Figure
13.6). The period during which this overpressure exists is called the hydrodynamic
period; it may cover some weeks to several years, in extreme cases even 10 to 20 years.
Fortunately, for a prediction of the subsidence in reclamation projects, the length
of this period is of less importance because the period for which a prediction is needed
(50 to 100 years) generally exceeds the hydrodynamic period. In civil engineering, the
hydrodynamic period is much more important (e.g. in stability calculations for earth
structures).

To calculate the subsidence, the equations derived by Terzaghi, Keverlingh Buisman
and Koppejan can be combined into a simple computer model, see for example
Viergever (1991). However, the assumptions on which the consolidation theory is
based clearly restrict the use of the equations; they are only valid if the subsiding
soil layers remain saturated. Whilst this is generally true with groundwater extraction
from aquifers, for example, it is not so in land reclamation projects, where much of
the subsidence occurs because of the physical ripening of the topsoil through a lowering
of the watertable. The consolidation theory does not take this process into account
and another approach has to be followed. This will be discussed in the next section.

13.4

Shrinkage of Newly Reclaimed Soils

Shrinkage was defined in Section 13.1 as the change in soil volume produced by
capillary stress during drying of the soil. Basically, the shrinkage of the topsoil is
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governed by the same soil-mechanical processes as is compression and, in principle,
the same equations can be used. However, the consolidation theory is based on the
assumption that the soil profile remains saturated and in newly reclaimed soil this
is not true, especially not in the topsoil. The soil starts to dry under the influence
of the weather and the vegetation. This process is called soil ripening; it changes the
soil-moisture suction, which, in its turn, influences the ultimate intergranular pressure.
The soil-moisture suction varies considerably throughout the year because of the
variation in weather conditions and the stage of crop development; it is therefore
difficult to select a representative value for the intergranular pressure. Besides this,
the contracting effect of a given soil-moisture suction decreases with increasing density
of the soil (Rijniersce 1983). As the soil becomes compacted in the course of time,
the value of the intergranular pressure should also be adjusted accordingly. So it is
obvious that, because no definite representative value of the ultimate intergranular
pressure can be selected, the use of the consolidation equations is restricted.
Two other methods of predicting subsidence due to the shrinkage of the topsoil will
be discussed below:
- An empirical method based on the comparison of the changes in specific volume
before reclamation and at a given point in time after reclamation (Section 13.4.2);
- A numerical method, which was developed to simulate the ripening process of the
soils in the IJsselmeerpolders (Section 13.4.3).
But first the soil-ripening process will be explained.
13.4.1

The Soil-Ripening Process

The reclamation of marine, alluvial, and fluvial soils basically means improving their
drainage conditions. Improving the natural drainage conditions, but even more so
by introducing a drainage system, will start a process known as soil ripening. The
soil-ripening process includes all physical, chemical, and biological processes by which
a freshly-deposited mud is transformed into a dryland soil (Smits et al. 1962).
The soil-ripening process is also called initial soil formation or initial pedogenesis
and should not be confused with soil-forming processes. Soil-forming processes, such
as weathering and subsequent leaching (e.g. the formation of texture B-horizons,
laterites, etc.), proceed very slowly; it may take centuries before the first results become
visible. The soil-ripening process, on the other hand, results from a sudden change
in the environmental conditions (i.e. drainage) and proceeds rapidly. Remarkable
changes in important soil characteristics like the water content, density, etc., can be
noticed from one year to another, particularly during the first years after reclamation.
The process of soil ripening can be divided into three categories (Pons and Zonneveld 1965):
Physical ripening, which mainly comprises physical symptoms that are directly
related to the irreversible dehydration of the soil. It involves changes in the soil’s
water content, volume, consistency, and structure;
- Chemical ripening, which comprises all chemical and physico-chemical changes
such as changes in the quality and quantity of absorbed cations of the adsorption
complex, the reduction and oxidation of iron sulfides, changes in the organic matter
content, etc.;
-
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-

Biological ripening, which comprises aspects of the ripening process that are
influenced by organisms: for example, the number of bacteria species, vegetation,
oxidation of organic matter, etc.

All three categories proceed simultaneously and influence one another, so it is difficult
to separate them. In this section, we shall concentrate on those aspects of physical
ripening that result in shrinkage. (The oxidation of peat soil, which is a combination
of physical, chemical, and biological ripening, will be discussed in Section 13.5.)
After reclamation, the soil starts to dry, either by evaporation from the surface
or, more importantly, by transpiration through the plants. In dry periods, the soilmoisture suction increases, particularly in the topsoil. The loose soil particles cannot
withstand the contracting capillary stresses, so they begin to contract, resulting in
shrinkage. For the greater part, the loss of water and the subsequent shrinkage is
irreversible. The process is also influenced by the climate and the cropping pattern;
in wet periods, the soil moisture content increases again and the shrinkage comes to
a temporary standstill (Figure 13.7).
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Figure 13.7 A: Shrinkage of the topsoil as a result of B: the decrease in water content resulting from C :
variations in evaporation surplusses (From data of Rijniersce 1983; calculated with the model
FYRYMO by G.A.M. Menting)
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It is, in fact, this aeration that makes the cultivation of arable crops possible, because
crops cannot grow in a reduced soil (with the exeption of wetland rice).
In the field, one can assess five levels of physical ripening by squeezing the soil in
the hand (Pons and Zonneveld 1965, and Dent 1986):
- Ripe material is firm, not particularly sticky, and cannot be squeezed through the fingers;
- Nearly ripe material is fairly firm; it tends to stick to the hands, and can be kneaded
but not squeezed through the fingers. If it is not churned up, it will support the
weight of stock and ordinary wheeled vehicles;
- Half-ripe mud is fairly soft, sticky, and can be squeezed through the fingers. A man
will sink ankle-to-knee-deep unless supported by vegetation;
- Practically unripe mud is very soft, sticks fast to everything, and can be squeezed
through the fingers by very gentle pressure. A man will sink in to his thighs unless
supported by vegetation;
. - Totally unripe mud is fluid; it flows between the fingers without being squeezed.
T o measure the degree of physical ripening, Pons and Zonneveld (1965) introduced
the water factor (n), which is defined as the mass of water (kg) held by one kg of
the clay fraction. Table 13.2 presents the relation between the degree of ripening, the
water factor, and the water content. A more extensive review of n-values for many
types of soils all over the world is presented by Pons and Zonneveld (1965).

A relation was established between the water content, the water factor, and the mineral
(clay) and organic matter content (De Glopper 1989)
w

=

c

+ n (f, + b fo)

(13.6)

in which

w
c
n
f,
b
f,

water content (ratio between the mass of soil water and the mass of dry
solids; see Chapter 3.4.2 (-)
= constant, its value being about 0.20; c ranges from 0.18 to 0.22; if
insufficient data are available, 0.20 is a good estimate (-)
= water factor, indicating the mass of water (kg) held by 1 kg of clay (-)
= clay content expressed as a fraction of the total dry mass (-)
= ratio between the mass of water held by 1 kg of organic matter and the
mass of water held by 1 kg of clay (-)
= organic matter content expressed as a fraction of the total dry mass (-)

=

Table 13.2 Classification of soils according to physical ripening (after Pons and Zonneveld 1965)*)

I

Classification
Ripe
Nearly ripe
Half ripe
Practically ripe
Unripe

Water factor

< 0.7
0.7 - 1.0
1.0 - 1.4

1.4 - 2.0

> 2.0

Water content

< 0.50
0.50- 0.60
0.60 - 0.70
0.70 - 0.80
> 0.80

* Valid for average clay content (20 to 50 % clay) and mixed clay mineralogy
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The value of b in Equation 13.6 ranges from 3 in soils where the organic matter consists
ofhumus (highly decomposed organic matter) to 5 to 6 in soils containing only slightly
decomposed organic matter. If sufficient data are available, the values of n and b
can be calculated with linear regression from Equation 13.6. In soils where the ratio
f, /fc does not vary much between the soil samples, b cannot be found with Equation
13.6. In these soils, the organic matter mostly contains a high percentage of
decomposed organic matter and a b-value of 3 can be used.
The water content is an important parameter in estimating the subsidence due to
shrinkage.
An Empirical Method to Estimate Shrinkage

13.4.2

Subsidence by shrinkage means that the pore volume decreases with time. The method
presented in this section is based on a comparison of the density of the soil before
reclamation and at a given point in time after reclamation. The method was first applied
by Hissink (1935) and was further developed by Zuur (Smits et al. 1962) and De Glopper
(1973). It can be used to predict the subsidence due to shrinkage of the topsoil, to a
depth of approximately 1.5 m, depending on the depth of the subsurface drainage
system. For the deeper soil layers, the changes in density are too small to measure.
The density of the soil can be characterized by the specific volume, which is defined
as the volume of a unit mass of dry soil in an undisturbed condition. It is the reciprocal
value of the dry bulk density. Provided that no soil particles are lost, either by oxidation
or by leaching, the thickness of the soil layer after shrinkage (D,) can be calculated
from the initial thickness of the layer (Di) and the specific volumes before and after
shrinkage (Figure 13.9)

D, =

V

x Di

(1 3.7)

Vi

in which
D, = thickness at a given point in time after reclamation (m)
vi = initial specific volume (m3/kg)
v, = specific volume at time t (m3/kg)
Di = initial thickness (m)
For saturated soils, the specific volume can be calculated from the water content
because all pores are filled with water, according to the equation

(1 3.8)
in which
v = specific volume (m3/kg)
V, = total volume of the soil (m’)
m, = mass of dry solids (kg)
V, = volume of solids (m’)
Vw = volume of water (m’)
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In aerated soils, the specific volume cannot be calculated from the water content,
because parts of the pores are filled with air. In this case, bulk-density samples have
to be collected from the aerated soil layers. If the pores in the deeper soil layers are
completely filled with water, the specific volume can again be derived from the water
content with Equation 13.8.
The main problem in applying this method is that one must know the specific
volumes before reclamation and some time afterwards. One can obtain the initial
specific volume either by sampling or by using empirical relations between the specific
volume and the clay and organic matter contents. The specific volume after
reclamation can only be estimated.
Alternatively, the situation after reclamation can be estimated from data collected
in an area that has identical soil and hydrological conditions and was reclaimed in
former times.

The Clay and Organic Matter Contents
For most of the water-saturated soils that were reclaimed in The Netherlands, a close
relationship was found between the water content and the clay and organic matter
contents (Figure 13. IO). So, in saturated soils, this relationship (Equation 13.6) can
be used to calculate the specific volume.
The Type of Clay Mineral
A soil with a high content of montmorillonite will shrink severely when dry, but when
it becomes wet again, it will swell to its initial volume. On the other hand, a kaolinite
soil will hardly shrink, but does not swell either. Most clays are of the illite type and
their behaviour is somewhere in between the two above-mentioned soil types.
The Drainage Conditions Before and After Reclamation
Before reclamation, major differences in specific volume can occur because the
drainage conditions can vary widely over short distances (e.g. due to differences in
elevation). After reclamation, these differences have often been reduced and drainage
conditions can then be considered uniform.
The Depth of the Layer in the Soil Profile
The change in specific volume is less in deeper soil layers because the rate of decrease
of the water content lessens with depth.
The Type of Land Use
The type of land use dictates the required drainage conditions and thus has a major
effect on the final subsidence. If the area is intended for rice production, a relatively
water content w

1.57

t

p..
/
.-

O

L
1,

+ 31,

Figure 13.10 The relationship between the water content (w) and the clay (f,) and organic matter (f,)
contents for 'Zuiderzee' soil and a soil reclaimed about 100 years ago (after Rijniersce 1983)
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high watertable has to be maintained and the rate of soil ripening will be less than
in areas used for crops that need a deep watertable.
The Climatological Conditions
It is obvious that the climate has a major influence on the soil moisture and thus
on the subsidence caused by shrinkage. In a dry climate, the subsidence will proceed
more rapidly than in a humid climate. Nevertheless, there is a certain limit, because
the rate of decrease in the water content will slow down and in the end practically
stops.
The Time That Has Elapsed Since Reclamation
In Section 13.3.2, it was shown that consolidation is proportional to the logarithm
of time. The same applies if the subsidence is caused by a combination of shrinkage
(of the topsoil) and consolidation (of the subsoil). An example is presented in Figure
13.11. The extrapolation of the logarithmic relation between total subsidence and time
has to be applied with care. Especially during the first years after reclamation, the
subsidence is very sensitive to variations in the weather.

It should be remembered that the method that uses the changes in the specific volumes
is an empirical comparison method. As mentioned earlier, data have to be collected
from an area with the same soil and hydrological conditions as the area to be reclaimed.
In practice, these conditions are rarely completely identical and a certain degree of
inaccuracy has to be accepted.
Subsidence in m

I

I

I
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I 1
60 801

years aller reclamation

Figure 13.1 1 The relationship between subsidence and the logarithm of time (average of four permanent
measuring sites in the IJsselmeerpolders; De Glopper 1989)
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Example 13.3
In this example, we shall calculate the shrinkage of a homogeneous topsoil (i.e. the
initial specific volume is constant over the upper 2.5 m). The clay and organic matter
contents in this layer are 0.30 and 0.033 respectively; the water factor n is 2.2, and
the value of b is 3.0.
To estimate the shrinkage of this layer in a future reclamation project, we compare
its present (= initial) specific volume with the specific volume in a comparable
100-year-old polder. The polder also has a clay content of 0.30 and was reclaimed
from subaqueous sediments. The values of the specific volume in the polder, as
determined from bulk density sampling, are given in Table 13.3.
First, using Equation 13.6, we calculate the water content
w

=

0.20 + n (f,

+ b fo) = 0.20 + 2.2 (0.30 + 3 x 0.033) = 1.O8

The mass density of solids is approximately 2660 kg/m3, a value that is representative
throughout the world. The mass density of water is 1000 kg/m3. Substituting these
values into Equation 13.8 gives the initial specific volume
v.=-+-=-

'

ps

pw

"O8

2660 +ÏÖÖÖ

=

1.46 x 10-3m3/kg

We assume that the initial specific volume in the polder was constant over the upper
2.5 m of the profile. Now we can calculate the shrinkage of our homogeneous topsoil,
assuming that its ultimate specific volumes will be similar to the values in the 100-yearold polder. We perform the calculation backwards, from the ultimate state to the initial
state, using Equation 13.7
Di

Vi
=x

vt

D,

The calculations are given in Table 13.4 and the results are plotted in Figure 13.12.
Thus the final shrinkage of the upper 2.5 m top soil will be:
S

=

CDi - CD, = 2.53 - 1.50 = 1.03 m

To calculate the total subsidence, we must add the consolidation of the subsoil, which
can be calculated using the equations presented in Section 13.3
Table 13.3 Measured specific volumes in a 100-year-old polder

Depth
(m>

Specific volume

0.0 - 0.2
0.2 - 0.3

0.73
0.76
0.82

0.3 - 0.4
0.4 - 0.5
0.5 - 0.6
0.6 - 0.7
0.7 - 0.8
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(X

10" m3/kg)

0.85
0.86
0.87
0.88

Depth
(m)
0.8 0.9 1.0 1.1 1.2 1.3 -

0.9
1.0
1.1
1.2
1.3
1.4

1.4 - 1.5

Specific volume
(X

m3/kg)
0.89
0.90
0.91
0.93
0.95
0.97
1.o2

Table 13.4 Calculation of the shrinkage in a homogeneous soil profile

0.0 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 -

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5

0.20
o. 10
o. 10
o. 10
o. 10
o. 10
o. 10
o. 10
o. 10
o. 10
o. 10
o. 10
o. 10
o. 10

0.20
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

X
X
X
X
X
X
X
X
X
X
X
X
X
X

1.46/0.73 =
1.46/0.76 =
1.46/0.82 =
1.46/0.85 =
1.46/0.86 =
1.46/0.87 =
1.46/0.88 =
1.46/0.89 =
1.46/0.90 =
1.46/0.91 =
1.46/0.93 =
1.46/0.95 =
1.46/0.97 =
1.46/1.02 =

0.40
0.19
0.18
0.17
0.17
0.17
0.17
0.17
0.16
0.16
0.16
0.15
0.15
0.14

0.00 - 0.40
0.40 - 0.59
0.59 - 0.77
0.77 - 0.94
0.94 - 1.11
1.11 - 1.27
1.27 - 1.44
1.44 - 1.60
1.60 - 1.76
1.76 - 1.92
1.92 - 2.08
2.08 - 2.23
2.23 - 2.38
2.38 - 2.53

In Figure 13.12, the shrinkage of each layer is also expressed as a percentage of the
thickness of the layer. As can be seen, shrinkage reduces with depth, from 50% at
the ground surface to 30% at a depth of 1.5 m.
In this example, the increase in the ultimate specific volume with depth is very
gradual, so, without introducing any significant errors, we can reduce the number
of soil layers in the calculations. For instance, if we had considered only three layers
of 0.50 m each, the calculated shrinkage would have been 1 .O1 m.
The clay content has a major effect on the final shrinkage. This is illustrated in Figure
13.13, which gives the relationship between the initial and final thickness of
sediments with different clay contents as found in the IJsselmeerpolders (De Glopper
1973).

Example 13.4
For a heterogeneous soil profile, the calculation is more complicated because both
the initial and the ultimate specific volumes vary with depth. This example concerns
a Dutch salt marsh with a clay content of 0.25.
The specific volumes of the area to be reclaimed are shown on the left-hand side
of Figure 13.14. Those of a comparable area, reclaimed 100 years ago, are shown
on the right-hand side. The calculations are presented in Table 13.5. They were made
for soil layers with a thickness of 0.10 m. In this example, the amount that shrinkage
will contribute to the subsidence is 1.10 - 0.85 = 0.25 m.
The essential part of this type of calculation is that it has to be done back or forth,
because the calculation has to be closed at the interface between soil layers with
different specific volumes, in both the initial and the ultimate stages. In practice, the
specific volume gradually increases with depth and a certain degree of schematization
will be required.
If, at a certain depth, the specific volume becomes constant (in this case at 0.60
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m below
surface

shrinkaqe in %

2.8l

Figure 13.12 Shrinkage in a homogeneous soil profile (Example 13.3)

m below the surface in the initial stage), the calculation procedure of Example 13.3
can be used.
It will not always be possible to apply the empirical method: the soils may be nonuniform or there may be no area with comparable soil and hydrological conditions.
In such circumstances, the following numerical method might offer a solution.

13.4.3

A Numerical Method t o Calculate Shrinkage

To increase the insight into the ripening process in the IJsselmeerpolders, Rijniersce
(1983) developed a numerical conceptual model: FYRYMO. The model, which is
based on the classical consolidation theory, simulates the shrinkage component of
the subsidence, due solely to the ripening of the top 0.5 to 1.5 m of the soil. The
oxidation is not accounted for, nor is the compression/consolidation of the deeper
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Figure 13.13 Relationship between the initial and final thickness of sediments with different clay contents
f, in the IJsselmeerpolders (De Glopper 1973)
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Figure 13.14 Shrinkage in a heterogeneous soil profile (Example 13.4)
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Table 13.5 Calculation of the subsidence due to shrinkage in a heterogeneous soil profile
Initial depth

(m)

Di

Vi

(x

m3/kg)

0.00-0.10

O. 10-0.16

0.96

Calculation

”*
(X 10”m3/kg)

(m)

o. 10

O.lOXO.66/1.02

0.06

0.04 X0.96/0.66

0.96

0.04

Ultimate
depth

(m)

(m)

0.66

0.06

0.00-0 .O6

0.66

0.04

0.06-0.10

0.66

0.03

0.10-0.13

0.66

0.07

O. 13-0.20

0.69

0.01

0.20-0.21

0.69

0.09

0.2 1-0.30

0.69

0.08

0.2 1-0.29

0.69

0.01

0.29-0.30

0.71

0.07

0.30-0.37

0.71

0.03

0.37-0.40

0.71

0.05

0.40-0.45

0.71

0.05

0.45-0.50

0.73

.0.10

O. 50-0.60

0.75

o. 10

O .60-O.70

->
<-

0.16-0.20

D,

0.04 X0.66/0.96

->
0.20-0.29

0.86

0.09

0.07 x0.86/0.66

<0.29-0.30

0.86

0.01

0.01 x0.69/0.86

->
0.30-0.41**
0.30-0.40
0.40-0.41

0.84

0.84
0.88

0.11

0.09 x0.84/0.69

<-

o. 10

O. 10X0.69/0.84

0.01

0.01 X0.8W0.69

->

0.41-0.50

0.88

0.09

<0.09 x 0.7 U0.88
->

0.50-0.54

0.92

0.04

0.03 x0.92/0.71

<0.54-0.60
0.60-0.67

0.92

0.06

0.93

0.07

0.06 X0.71/0.92

->
0.05 x0.93/0.71

<0.67-0.80
0.80-0.92
0.92-1 .O4
1.04-1.10

0.93
0.93
0.93
0.93

O. 13

O. lOX0.93/0.73

->

o. 12

O.lOX0.93/0.75

o. 12

o. 1oxo.93/0.77

0.77

o. 10

O. 70-0.80

0.06

0.05 X0.80/0.93

0.80

0.05

0.80-0.85

<-

->

<*
**

Underlined = change in specific volume, boundary between two soil layers
Step in calculation is too large, two different values for the specific volume in this soil layer

layers, which has to be calculated seperately (e.g. with Equation 13.5).
In the model, the soil profile is divided into layers: thin layers ( 5 to 20 mm) in the
topsoil and thicker layers (up to 50 mm) in the subsoil. Each layer is defined by its
clay and organic matter contents and its bulk density. The model is based on water
balances, calculated for time steps of 10 days. The changes in water content, in the
intergranular pressure, in the resulting bulk density, in the volume and depth of the
cracks, and finally the shrinkage are calculated by iteration.
To calculate the change in intergranular pressure, we must know the relation between
the soil moisture suction and the water content (pF-curve). In a ripening soil, this relation
changes in the course of time. We therefore need pF-curves at various stages in the
ripening process. Approximation methods were developed to estimate the evapotranspiration rate and the unsaturated hydraulic conductivity. A new equation, based
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on the classical relation between the logarithm of the intergranular pressure and the
pore space (Section 13.3.2), was developed to calculate the rate of shrinkage.
The model was calibrated for the IJsselmeerpolders, but it also proved useful in
predicting the rate of subsidence for some tropical lowlands in Indonesia (de Glopper
et al. 1986). To obtain reliable predictions, however, long-term records of at least
some of the above-mentioned parameters are required. Thus, the application of the
numerical method has some of the same restrictions as the empirical method.

13.5

Subsidence of Organic Soils

13.5.1

The Oxidation Process in Organic Soils

The subsidence of organic soils is the result of a combination of oxidation and
irreversible shrinkage. Oxidation was defined in Section 13.1 as the process by which
organic carbon is converted to carbon dioxide and is lost to the atmosphere. Shrinkage
was defined in Section 13.4.1 as the decrease in porosity due to the loss of soil water
as a result of physical ripening.
Organic soils (or Histosols) are classified by their organic matter content. They are
subdivided into peat soils, muck soils, organic soils, and mineral soils (Chapter 3.4.1).
Unreclaimed peat soils are generally saturated with water. Their porosity is high,
often ranging between 0.8 and 0.9 and sometimes even higher. Peat layers can be up
to 10 m thick, depending on the rate of supply of organic matter, its decomposition,
and the period over which the peat formation took place.
After the peat soil has been reclaimed, a complex process of subsidence starts. In
the first place, the supply of organic matter comes to a standstill. At the same time,
the decomposition increases significantly. Because the watertable is lowered and air
can enter the soil, the oxidation of the organic matter increases. This oxidation,
however, is restricted to the layer above the watertable. Besides this oxidation, the
layer ,above the watertable shrinks, just as in mineral soils, as a consequence of
increased capillary stress during periods with an evaporation surplus. Because of the
high porosity, relatively slight increases of the capillary stress result in major shrinkage.
Furthermore, the soil layers below the watertable are compressed because of the
increase in intergranular pressure. Finally, the subsidence of the ground surface is
often aggravated by the burning of the topsoil. This burning is a world-wide practice
to free nutrients or, in case of shallow peat layers, to eliminate this layer, which is
considered of poor agricultural value.
The subsidence of organic soils depends on many factors such as the type of peat,
its degree of decomposition, the climatic conditions, the type of land use, and the
depth of the watertable. The rate of subsidence varies from 0.01 to 0.02 m/yr in cold
and temperate climates to 0.04 to 0.10 m/yr in subtropical and tropical climates. It
is obvious that these rates of subsidence can diminish a peat layer in a relatively short
time. Consequently, if the top (peat) layer is shallow and the subsoil has poor
agricultural potential, the reclamation of such peat soils should be considered with
great caution. Examples of poor subsoils are the dense sand in the Fenlands in
England, the bedrock in the Everglades in Florida, and the acid sulphate soils in the
coastal swamps in Indonesia.
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Even if the loss of the top soil through oxidation is not a major problem, the
reclamation of peat soils can still be problematical. Because of their high water content,
their subsidence is generally considerable and this may lead to drainage problems in
the future. Sometimes the ground surface becomes too low to drain off excess water
by gravity and pumping will be necessary.
Empirical Methods for Organic Soils

13.5.2

To predict the rate of subsidence of organic soils, the soil-mechanical approach
(Section 13.3) can only be used for the saturated (deeper) soil layers. It cannot be
used to calculate the oxidation and irreversible shrinkage of the topsoil. The same
applies for the FYRYMO model (Section 13.4.3), because one of the conditions for
its application is that no soil particles are lost. It is possible to use the ‘comparison’
method (Section 13.4.2), although the results are often unreliable because the
relationship between the density or water content and the organic matter content is
weak. Therefore, empirical relations are most commonly used to predict the subsidence
of organic soils are. Unfortunately, apart from northwestern Europe and the United
States, systematic data on the oxidation and subsidence of peat soils are scarce.
We shall discuss three empirical equations. The first two can be used to calculate
the total subsidence of peat layers; they include subsidence due to shrinkage and
oxidation of the top layer and consolidation of the layer below the watertable. The
third equation is restricted to the subsidence due to consolidation of the layer below
the watertable.
For the subsidence of peat soils in the northwestern part of Germany, Segeberg (1960)
developed an equation, which includes both the shrinkage of the topsoil and the
compression of the subsoil
(13.9)

in which

S

= subsidence(m)

= initial porosity (-)
Dd = final depth of drains below ground surface (m)
Di = initial thickness of the peat layer (m)
E

In this equation, (1-E) is the volume fraction occupied by the solid soil particles; it
is a measure of the density. If no porosity data are available, (1-E) can be estimated
from Table 13.6. Equation 13.9 can be used for peat layers to an initial depth of 3.0 m;
for deeper layers, the consolidation theory gives better results.
Equation 13.9 includes the shrinkage of the peat soil above the watertable, the loss
of soil particles through oxidation, and the consolidation of the peat layers below
the watertable. It does not, however, include one main factor: the soil temperature.
The influence of the soil temperature was examined by Stephens and Stewart (1977);
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Table 13.6 Estimates of the volume fraction occupied by solids for peat soils (De Glopper 1989)

Volume fraction of solids

Consistency of the peat layer

< 0.03
0.03 - 0.05
0.05 - 0.08
0.08 - 0.12
> 0.12

Nearly floating
Soft
Moderately soft
Rather firm
Firm

they found that the rate of oxidation doubled for every 10°C increase in soil
temperature. Stephens et al. (1984) presented an equation based on field experiments
and laboratory research in low moor peat soils in the Florida Everglades. This equation
gives a relation between the annual subsidence and the mean annual depth of the
watertable and the mean annual soil temperature at a depth of O. 10 m

. s= 16.9 x 1D,O00

1.04

T - 5.0

x 2

~

'O

(13.10)

in which

S = annual subsidence (m)
D, = depth of the watertable below ground surface (m)
T = mean annual soil temperature at O. 10 m below ground surface ("C)
The exponent (T- 5.0) / 10 indicates that the oxidation rate drops at decreasing mean
annual soil temperatures, and becomes negligible at 5 "C.
Just as in Equation 13.9, the factor time is not considered. Time, however, has an
impact on the subsidence by oxidation because the watertable becomes shallower from
year to year as a result of this subsidence. If, for instance, the watertable is at an
initial depth of 0.50 m and the mean annual soil temperature is 20"C, the annual
subsidence can be calculated with Equation 13.10, and is 0.02 m. So, after 25 years,
the peat layer above the watertable should have virtually disappeared. In reality, taking
into account the annual decrease of the depth of the watertable, the subsidence will
be less.
According to Equation 13.10, the subsidence depends only on the soil temperature
and the depth of the watertable. Of these two parameters, the soil temperature cannot
be influenced, but the depth of the watertable can. By maintaining a high watertable,
one can reduce the rate of subsidence. This is illustrated in Figure 13.15, which gives
the relationship between the watertable depth and the subsidence for various soil
temperatures. This figure clearly shows the effect of the depth of the watertable on
the subsidence. It is recommended that the watertable be kept as shallow as the type
of crop and the tillage and harvesting operations permit. One should be well aware,
however, that even with the shallowest possible watertable, the subsidence due to the
oxidation of organic matter is an everlasting, continuous process. Consequently, the
drainage level will have to be lowered from time to time (Figure 13.16).
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Figure 13.15 The relationship between the annual subsidence rate in the layer above the watertable and
the mean annual watertable for different soil temperatures ("Cat 0.10 m below surface)

Figure 13.16 Increase in rate of subsidence due to improved drainage. Example from an experimental field
in northwestern Germany (after Eggelsman 1982)

On the basis of the consolidation theory (Equation 13.5), Fokkens (1970) developed
an equation to calculate the compression of peat layers below the watertable
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in which

S = subsidence (m)
Di = initial thickness of peat layer (m)
initial porosity (-)
initial water content (-)
= organic matter content expressed as a fraction of the total dry mass (-)
= intergranular pressure before the watertable is lowered (kPa)
= increase in the intergranular pressure after the watertable is lowered (kPa)

E

=

w
fo
pi
Api

=

Like the porosity, the water content is determined on much larger soil samples than
the consolidation constant. Thus, the use of Equation 13.11 is more likely to give
accurate results than Equation 13.5. Moreover, as discussed in Section 13.3.3, the
collection of samples is less complicated and more data can be collected within a given
budget. Both these equations, however, retain the same disadvantage, i.e. they describe
the subsidence, which is in reality a dynamic process, as the difference between two
stationary situations.
The irreversible shrinkage of the layer above the watertable due to the increased
capillary stress in periods with an evaporation surplus cannot be calculated with
Equation 13.11. When the watertable is shallow, the contribution of shrinkage to the
total subsidence will be minor, but with deeper watertables it cannot be neglected.
It was already mentioned in Section 13.2 that 85% of the subsidence of peat soils
in the western part of The Netherlands was caused by the oxidation of organic matter
and only 15% by shrinkage of the topsoil (Schothorst 1982).
Example 13.5
A peat soil is 5.0 m thick and is saturated with water. The water content (w) is 8.3
and the organic-matter content (fJ is 0.70; thus the mineral content is (f,) 0.30. The
mass density of the mineral clay particles (p,) is approximately 2660 kg/m3 and the
mass density of the organic matter (po)approximately equals the mass density of water:
1000 kg/m3 (De Glopper 1989). After reclamation, the ultimate drain depth will
be 0.6 below the surface.

To calculate the total subsidence, we can use Equation 13.9, but we first have to
calculate the porosity. The water content is 8.3, so we know that the mass of water
held by 1 kg solid soil particles is
m, = m, x w

=

1 x 8.3 = 8.3 kg

The volume of this water is

The volume occupied by 1 kg of soil particles is
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The porosity of the saturated soil is per definition
E = - =V
W

V,

v w

V,

+ V,

-

8.3 x 10-3
- 0.91
0.813 x IO”
8.3 x 10” -

+

According to Equation 13.9, the subsidence of the top 1 m of the soil profile is

The compression of the remaining part of the peat layer can be calculated either with
Equation 13.5 or with Equation 13.11. If the first equation is used, the consolidation
constants have to be measured in undisturbed soil samples with a consolidometer
(Section 13.3.3). If Equation 13.11 is used, the increase in intergranular pressure can
be calculated in the way shown in Examples 13.1 and 13.2.

13.6

Subsidence in relation to Drainage Design and
Implementation

To predict the subsidence of a ground surface at a given point in time after reclamation,
the following steps, depending on the soil profile, need to be taken:
- For clayey soils, the subsidence due to shrinkage of the topsoil should be calculated
(Section 13.4);
- For peaty soils, the subsidence due to shrinkage and/or oxidation of the topsoil
should be calculated (Section 13.5);
- If there are soft soil layers in the subsoil, the subsidence of these layers as a result
of compression/consolidation should be calculated (Section 13.3);
- Finally, the total subsidence of the ground surface can be calculated by adding the
different components.
A grid survey will be required to obtain the initial elevation of the area and to take
the required soil samples. The number of sampling sites depends on the flatness of
the area and the expected variation in subsidence. The subsidence clearly depends
on the type and thickness of the soft layers.
In a flat area like the IJsselmeerpolders in The Netherlands, which has a very
gradual variation in both the thickness and the softness of the subsiding layers, a
square grid in the range of 1 km x 1 km to 1.5 km x 1.5 km was adequate (De
Glopper 1989).
On the other hand, in a salt-marsh area with creeks, levees (relatively firm), and
backswamps (relatively soft), the variation can be much greater over relatively short
distances. The survey lines should then be chosen in such a way that, in each
geomorphological unit, sufficient samples are obtained. Generally, a square grid
system cannot be applied, and the density of sampling may vary from 4 to 100 per
km2, depending on the variation in soil conditions. In planning a survey of this type,
it will be clear that one will need detailed soil and contour maps of the area.
An example of a subsidence calculation is presented in Figure 13.17. It shows the
present elevation and the predicted total subsidence of the Markerwaard, an area in
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Figure 13.17 Elevation of the soil surface of the Markerwaard area A: Before reclamation; B: The predicted
subsidence; C: The expected elevation 100 years after reclamation (Ente 1976; Van der Scheer
1975)

the IJsselmeer in The Netherlands, which has been under consideration for
reclamation. The predicted subsidence levels are of the utmost importance in planning
such a reclamation project: they are needed, among many other things, to calculate
the future drainage base (extra depth should be included to take into account the
subsidence of the layer above drain level), pump lift, etc.
It should be remembered, however, that the results obtained by the methods
discussed in this chapter should be used with caution. Most methods were developed,
or at least refined, for specific regions, so their application in other areas without
proper calibration might introduce large errors. A check with local data is always
necessary.
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