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Abstract

This paper mainly deals with the description of the initial distribution of bulk density and
porosity at the moment a compost pile is built or rebuilt. A relationship between bulk density
and vertical position in a pile is deduced from theoretical and empirical considerations. For-
mulae to calculate the air filled volume fraction and the true densities of the solid phase and
of the organic matter are also derived. The true density of dry matter is used in the computa-
tion of porosity distributions. The relationships between bulk density and height and be-
tween air-filled volume fraction and height are shown to be valid for composting material
consisting of chopped wheat straw and chicken manure. The check of this validity is limited
to total bulk density values ranging from 150 to 950 kg m– 3 , with values of dry matter con-
tent varying between 18 and 28% (w.b.). Moreover, the gravimetric dry matter content must
be constant throughout the total cross section of the pile. The error in the calculated bulk
densities and air-filled volume fractions was found to be 12% at a reliability level of 95%. It
seems likely that the presented equations will give reasonable results for other values of dry
matter content and other kinds of chopped fibrous materials as long as the gravimetric dry
matter content remains independent of height. 
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Introduction

Transport of mass and heat in a compost pile is significantly affected by the geome-
try and size distribution of the pores and the composition of the composting materi-
al. Therefore it is at least necessary to have information about the spatial distribution
of porosity. Porosity can be calculated from dry matter content, true density of dry
matter and total bulk density. Dry matter content and true density of dry matter are
easily measured in the laboratory. To describe the bulk density distribution, distinc-
tion is made between time dependent and time independent processes.
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The time independent process results from the compressibility of composting ma-
terial (Randle and Flegg, 1985). Compressibility is defined as the reciprocal of the
resistance of the material against mechanical deformation, or more precisely, as the
ratio between deformation and stress. Due to this property the bulk density is a func-
tion of the local pressure and therefore depends on the position in the pile.

The time dependent process is illustrated by the results of Lopez-Real (1990), who
examined the material losses of a seaweed/straw mixture after 28 days of composting
in a forced aeration system with turning. He found a total weight reduction of 50%, a
volume reduction of 77%, and a bulk density increase from 310 to 670 kg m– 3, indi-
cating that settlement occurred. Settlement is defined as the increase of mechanical
deformation as a function of time under constant pressure conditions. When a com-
post pile is built, the initial bulk density distribution is only determined by the com-
pressibility of the composting material. However, during the process bulk density
and porosity are also influenced by the combined effects of subsidence, loss of or-
ganic matter due to biological degradation processes and change of water content
due to transport processes.

In this paper we mainly describe the initial distribution of bulk density and porosi-
ty at the moment the pile is built or rebuilt. For composting material, no detailed dis-
cussion of the relation between bulk density and position was found in the literature.
In section 2 we deduce such a relation from theoretical and empirical considerations.
We also derive formulae to calculate the air filled volume fraction and the true den-
sities of the solid phase and the organic matter. The true density of dry matter is used
in the computation of porosity distributions. In section 3 the design of the experi-
ments is described. The results are presented in section 4. A discussion of the results
is given in section 5. Unless otherwise stated, the errors of experimentally deter-
mined quantities are expressed as standard error of the mean (Lyons, 1991).

This paper is based on the PhD thesis of the senior author (Van Ginkel, 1996). In
the thesis a wide range of other physical, biochemical, and calorimetric aspects are
dealt with.

Modeling composition and compression of compost

Description of the composition of compost

Compost can be regarded as a mixture of a solid phase s, a liquid phase l and a
gaseous phase g, with each of these phases themselves being mixtures of numerous
constituents (cf. Raats, 1984). The volume fractions θi = (θs, θl, θg) of the phases are
subject to the constraint

(1)

The true densities γi = (γs, γl, γg) of the phases are defined as masses per unit volume
of the phase i. We prefer to take the volume fractions, with the constraint defined by
equation (1), and the true densities of the phases as the basic compositional vari-
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ables. All other compositional variables are logically deduced from these basic vari-
ables. This way we avoid giving ad hoc, unrelated definitions of terms.

The bulk densities ρi = (ρs, ρl, ρg) of the phases are defined by:

(2)

Solving (2) for θi gives:

(3)

Introducing (3) in the constraint (1) gives:

(4)

The wetness w is defined as:

(5)

The total bulk density ρ is defined as the sum of the bulk densities of the phases:

(6)

Introducing (2) in (6) results in:

(7)

The dry matter content ds is defined as:

(8)

Next we show that the total bulk density ρ and the dry matter content ds can be
used to derive convenient expressions for the volume fraction θg of the gaseous
phase and the true density γs of the solid phase.

First we consider the volume fraction θg of the gaseous phase. Solving the con-
straint (1) for θg gives:

(9)

Introducing (3) in (9) results in:

(10)

After solving (6) for ρl and substituting the result in (10), it follows that:

(11)
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Making use of the fact that ρg << ρs, solving (8) for ρs, and substituting the resulting
expression in (11) gives:

(12)

or

(13)

Equations (12) and (13) show that the volume fraction of the gaseous phase θg can be
calculated from the total bulk density ρ, the dry matter content ds, and the true densi-
ties γs and γl.

Next we consider the true density γs of the solid phase. Solving (4) for γs gives:

(14)

Expressing, as above, the bulk density of the water ρls in terms of the total density ρ
and the dry matter content ds, and further replacing ρg / γg by θg and ρs by ρds it fol-
lows that:

(15)

Equation (15) shows that the true density of the solid phase γs can be calculated from
the total bulk density ρ, the dry matter content ds, the true density of the liquid phase
γl, and the volume fraction of the gaseous phase θg.

Generally the solid phase of compost is itself a mixture of numerous compounds.
For our purposes it is sufficient to distinguish the organic subphase o and inorganic
(‘ash’) subphase a, each characterized, respectively, by their individual volume frac-
tions θo and θa, true densities γo and γa, and bulk densities ρo and ρa, such that:

(16)

and

(17)

Summation of (16) and (17) gives equation (2) for s:

(18)

with θs given by:

(19)
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  ρ θ γo o o= ,
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Equation (19) is a necessary consequence of splitting the solid phase in an organic
subphase and an inorganic (‘ash’) subphase. From the equality of the right hand side
of (18) to the sum of the right hand sides of (16) and (17), it follows that the true
density of the organic subphase is given by:

(20)

An alternative form of (20) can be obtained by defining the concentrations co and ca

of, respectively, the organic and inorganic (‘ash’) subphases:

(21)

(22)

Clearly the sum of these two concentrations is unity:

(23)

Dividing in (20) the numerator and the denominator by ρs and making use of (21),
(22) and (23), it follows:

(24)

Equation (24) shows that the true density γo of the organic subphase can be calculat-
ed from the true densities γs and γa, and the concentration ca of the inorganic (‘ash’)
subphase.

Compression of compost

The total equilibrium force balance in three dimensions xi = (x1, x2, x3) can be written
as:

(25)

where Tij is the stress tensor, whose 3×3 matrix of components describes the normal
and shear stresses in the compost, and gj the gravitational force per unit mass. We
simplify the force balance by means of three assumptions:
1. The vertical direction z (positive upward) is a principal direction and the principal
stress in that direction is σ [N m]:

(26)

Equation (26), which may be regarded as the vertical force balance of an infinitesi-
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∂
∂
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i
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∂
∂

σ ρ
z
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mally thin layer of composting material somewhere in the pile (see figure 1), is used
to derive the relation between bulk density and height in a compost pile.
2. The constitutive equation for σ is

(27)

in which E {J kg–1} is a measure of the resistance of the composting material against
deformation and ρsu is the unloaded dry bulk density {kg m–3} occurring at the top of
the pile. Generally a constitutive equation defines an aspect of the behavior of a ma-
terial, in this case the response of the dry bulk density ρs to the stress σ. Later we
present experiments showing the validity of Equation (27) for a mixture of straw and
chicken manure. Earlier, Bernstein (1912) used such an expression for the vertical
stress in an analysis of the baling process of rye straw.
3. The compression occurs at constant dry matter content ds, so it is convenient to
rewrite (27) as

(28)

where ρu is the unloaded total density. Later the assumption of a homogeneous gravi-
metric dry matter content will be verified with some experimentally determined dis-
tributions.

Introducing (28) in (26) gives:

(29)

Integration of (29) subject to ρ = ρu at z = Z gives:

(30)

Equation (30) is an expression for the distribution of the bulk density as a function
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Figure 1. Force balance of a thin layer of com-
posting material.

  σ ρ ρ= −( )E s su ,
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of the height z. Substitution of (30) into (13) results in the relation between air filled
volume fraction θg and height z:

(31)

From (30) and (31) some important parameters for composting practice can be de-
duced. Haug (1993) found that a minimum value of the air filled volume fraction of
30% is necessary to maintain an optimum composting process. By solving Z from
(31) it is possible to calculate a critical value of the pile height Za, depending on a
minimum value of the air filled volume fraction θg min at z = 0: 

(32)

For the design of a composting plant it is desirable to calculate the amount of waste
which can be composted per unit area and per unit of time. The weight of compost-
ing material per unit area is called the floor load w. This floor load is calculated by
integration of ρ in (30) from z = 0 to z = Z:

(33)

The critical floor load wcr, at which the air filled volume fraction at z = 0 is equal to
the minimum value θg min, is obtained by replacing Z by Zcr in (33) followed by sub-
stitution of (32):

(34)

This equation can be used to approximate the capacity of the composting plant
which is optimal with respect to the minimal value of the air filled volume fraction
necessary to meet aeration requirements.

Materials and methods

In this section we present three identical experiments. Experiments 1 and 2 are used
to determine E. Experiment 3 is used to examine the validity of equation (28). We
realize that it is a rather arbitrary choice to have three identical experiments and then
use two of those to identify E and the third one to verify the validity of equation
(28).

Composting experiments were carried out with a mixture of chicken manure and
wheat straw. The mixture was prepared by chopping 300 kg of wheat straw to median
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stalk length of about 7.5 cm, wetting the straw during one week by spraying tap wa-
ter on it and next adding 300 kg of chicken manure. The mixture was homogenized
by passing it several times through a dung spreader. Finally, the mixture consisted of
a straw matrix with embedded clods of chicken manure. These clods had a diameter
of about 2 to 5 cm. The straw matrix consisted of stalks enveloped by a slurry of ma-
nure. For experiments 1, 2 and 3 the initial values of dry matter content ds were equal
to 0.20, 0.21 and 0.22, respectively.

A rectangular container with dimensions 1.47 × 1.47 × 1.22 = 2.64 m3 was made
of plywood and provided with a grid floor. This container was filled with six layers
of composting material with an initial mass of about 130 kg each, separated from
each other by means of a rigid iron grid mounted in a wooden frame. These grids
were used as markers to measure the deformation of individual layers. The grids
consisted of a wire netting with a mesh size of 9 mm, which was assumed to be large
enough to ensure undisturbed transfer of heat, gases and liquids between the layers.
Each grid weighed 15 kg. A thin steel wire was fixed at each corner of the grids.
These wires were guided over the brim of the container and were stretched by a
small weight. 

At filling the distances h1 and h2 were measured (see figure 2), in which h1 is the
distance between the grid on top of the most recently stacked layer and the brim of
the container and h2 the distance between the brim of the container and the end of
each wire. When the filling process was completed, the distances h2 of each layer
were measured. To follow the deformation of the layers during the process, the dis-
tances h2 were measured at regular time intervals. The values h1 and h2 were used to
calculate the distance between two contiguous grids. The volume of a layer was cal-
culated by multiplying the area of a grid by the distance between the two contiguous
grids. At filling the mass of each layer was determined and samples were taken of
the raw mixture.

The three experimental runs each lasted four weeks. Usually a compost pile is
turned at regular time intervals. In this study the time interval was one week. At the
end of each period of seven days the compost pile was taken down and rebuilt layer
by layer. Each layer of composting material was well mixed, weighed, sampled and
kept separate from the other layers. When the pile was rebuilt, the individual layers
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Figure 2. Heights measured when the pile was (re)built. Height h1

is the distance between the most recently stacked grid and the brim
of the container; h2 is the distance between the brim and the end of
the wire attached to the corner of the grid.



were stacked in the same order as the week before. Samples were taken to determine
the dry matter content ds. Each sample was weighed, dried at 105°C and weighed
again. The unloaded total bulk density ρu of a layer was defined as the total bulk
density of that layer at the moment it was just stacked on the pile and one single grid
was placed on top of it. The stress exerted on a layer was calculated as the sum of
weights of the layers, including the grids placed above the considered layer, plus half
of its own weight.

The air-filled volume fraction θg was measured in the laboratory by means of an
air pycnometer as described by Day (1964). It uses the principle of Boyle’s law. The
air-filled volume fraction of a sample is calculated from the resulting pressure when
a gas at a measured volume and pressure expands into a larger volume, which in-
cludes the sample. The error in the air-filled volume fractions measured by this pyc-
nometer was 0.04 m3 m–3.

Results

Verification of assumption of a homogeneous gravimetric dry matter content

The assumption of a homogeneous gravimetric dry matter content can be compared
with some experimentally determined distributions. The results are given in Figures
3a to 3c. Figures 3a and 3b show the dry matter distributions at the start and at day 7
of experiments 1 and 2, respectively. The respective initial dry matter contents of the
experiments 1 and 2 were 0.20 and 0.21. Figure 3a shows that the dry matter content
changed from 0.20 to an average value of 0.25 on day 7. The largest deviation from
the average value at day 7 occurred in the top layer. Here, the dry matter content was
0.19. Figure 3b shows that the distribution of the dry matter did not change during
the seven days period, except for the bottom layer. Apart from the small difference
between the initial water contents, we do not have an explanation for the difference
between experiments 1 and 2.

Figure 3c gives the dry matter distributions at day 0 and day 14 of experiment 3.
The composting material used in this experiment had an initial dry matter content of
0.22. The dry matter distribution at day 14 is approximately parallel to the distribu-
tion at day 0. The assumption of a homogeneous dry matter distribution only per-
tains to the moment the pile has just been set up. After that moment redistribution of
water can occur. Therefore it can be expected that the distributions at the end of day
0 will be more homogeneous than at days 7 and 14 shown in the figures 3a to 3c.
From these figures it is concluded that, as a first approximation, the assumption of
homogeneity is acceptable for compost piles at day 0 with a maximum height of 1.2
m and a dry matter content larger than 0.20.

To check the validity of the assumption in more detail, it is necessary to analyze
the behavior of the liquid fraction. The assumption is valid as long as the liquid frac-
tion is stationary relative to the matrix of dry organic matter. Information about the
pressure head and the hydraulic conductivity of composting material is needed to de-
scribe the transport of water in a compost pile. As hardly any information about
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these transport parameters of composting material is found in the literature, it is im-
possible to determine if and to what extent transport of water will occur. However, it
is certain that the discharge of water starts if the air filled volume fraction becomes
zero as a result of compression. Then, the assumption of a homogeneous gravimetric
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Figure 3. Distribution of the dry matter content ds of experiments (a) 1, (b) 2 and (c) 3, respectively. The
respective values of the initial dry matter content were 0.20, 0.21 and 0.22.



dry matter content is no longer valid and (30) no longer holds. A second reason that
(30) becomes invalid, is the changing value of E if the air-filled volume fraction be-
comes zero and water seeps out. Further, it has to be emphasized that Z and ds are
functions of time because water and dry matter are lost during the composting
process.

Implications of the vertical force balance

To determine the value of E, equation (28) is written as: 

(35)

We obtained values of stress, dry matter content and bulk density from experiments
1 and 2 at the start of weeks 1, 2, 3 and 4. Organic matter decomposes during the
composting process, which may influence the mechanical strength of the material.
We expected the value of E to be higher at the start of week 1 than at the start of
week 4. However, the difference between both values is not significant at a reliabili-
ty level of 95%. Hence, we decided to consider each instant the pile was (re)built as
the start of a new experiment independent from the other. Figure 4a shows the rela-
tionship between (ρs – ρsu) and σi. The intercept of the straight line is not statistically
significant at 95% reliability. The value E obtained from the slope of the line is 
73 J kg– 1 with a standard error of 5 J kg–1.

We checked the validity of (28) by comparing values of total bulk density calculat-
ed from: 
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Figure 4. a) Deformation of dry material as a function of stress σ. The deformation is expressed as the
difference between the dry bulk density ρs and the unloaded dry bulk density ρsu; b) Relation between
calculated and observed values of the total bulk density ρ . Observed data are obtained from experiment
3. Calculated data are computed by (36) with E = 73 J kg– 1, based on experiment 1 and 2.
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(36)

with E equal to 73 J kg–1, and experimental values of total bulk density obtained
from experiment 3. Figure 4b shows the relationship between calculated and experi-
mental bulk density values. Regression analysis of experimental and calculated val-
ues shows that there was no difference between the regression line through the points
and the bisector at a reliability level of 95%. The error of values calculated by (36) is
approximated from the confidence band of the regression line in Figure 4b and is
equal to an average value of 12% at the same reliability level.

The true densities of the solid phase and the organic matter

We computed the true density γs of the dry matter of composting material by means
of Equation (15) with measured values of total bulk density ρ, dry matter content ds

and air-filled volume fraction θg. Usually, the value of an experimentally determined
quantity is given as the average of a number of observations and its accuracy is given
by the standard error on the mean. For the true densities calculated on the basis of
(15), this leads to unrealistic values as a result of the small amounts of dry matter
contained in the samples. Therefore, the sample with the largest θs was chosen. This
sample consisted of 5 weeks old composting material. The resulting value of γs is 1.9
× 103 ± 400 kg m–3.

To determine the true density γ o of organic matter, we calculated the ash concen-
tration ca on the basis of 12 replicates. The resulting value is 0.44. The ash fraction
consists of minerals. The ash fraction of wheat straw contains 91% silica (Staniforth,
1979) and the ash fraction of chicken manure contains a large amount of sand and
lime from the grit admixed in chicken feed as a calcium source (Hafez et al., 1974).
The true densities of sand and lime are equal to 2.65 × 103 and 2.7 × 103 kg m–3, re-
spectively (De Vries, 1963). Both values are of the same order of magnitude. No
more quantitative information about the chemical composition of ash is available
yet. For calculation purposes we therefore assumed that ash only consists of sand
and adopted the value 2.65 × 103 kg m–3 as the true density for it. The true density of
organic matter can now be computed by means of (24) and is found to be 1.6 × 103 ±
400 kg m–3. The true density of cellulose, one of the most important constituents of
plant materials, is equal to 1.66 × 103 kg m–3 (Weast, 1985). This value is close to the
magnitude of γo found in this study. Busse (1964) gives a value of 1.5 × 103 kg m–3

for compressed straw and Dexter (1964) found the same value for the true density of
the dry matter of alfalfa calculated from water pycnometer measurements. These
values also have the same order of magnitude. However, De Vries (1963) cites a val-
ue of 1.26 × 103 kg m–3 for humus in soils. Humus can be considered as the final
product of the degradation of plant materials and it is chemically different from cel-
lulose. After only 4 weeks of thermophilic composting the state of total humification
is not approached by far. It is therefore not surprising that the value of γo found in
this study lies between that of cellulose and humus.
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The analytical data obtained from literature cited above are given without esti-
mates of errors because no information about experimental errors was included in
these literature data. 

Change of relative ash content in the course of time

The ash content in dry matter of composting material will increase during the
process. To describe the time course of the ash content, it appears to be most appro-
priate to divide the actual ash concentration ca by its initial value. The course of this
relative ash content χa is given in Figure 5. The values shown in this figure are aver-
age values based on 10 replicate samples. Nonlinear regression analysis of the ex-
perimental data gives: 

(37)

in which t is the process time [day]. This regression equation accounts for 92.6% of
the variance. To calculate the time course of the true density of dry matter, Equation
(24) is solved for γs:

(38)

Based on Equations (37) and (38), we computed the time course of γs during the
process, using a starting value of 0.29 for the ash content ca. During the thermophilic
stage of the process, the value of γs increased from 1.8 × 103 to 1.9 × 103 kg m–3. This
increase may be regarded as insignificant compared to the value of 400 kg m–3 for
the standard deviation of γs. Therefore, we used an average value of 1.85 × 103 kg
m–3 for γs in computations and neglected the dynamic changes of this value during
the composting process.
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Figure 5. Relative ash content χa a func-
tion of the process time.



Time course of settlement

The dynamic changes of ρ and θs are shown in Figures 6a and 6b and in Table 1.
Figure 6a gives the position of the top of separate layers during the first week of ex-
periment 3. This figure shows that the largest volume reduction occurred in the top
layer during the first two days. Figure 6b gives analogous information for the last
week (week 4) of experiment 3, when the volume reduction was very small.

Table 1 presents data about the relative volume changes due to subsidence and ma-
terial loss only. We calculated material loss from measured values of dry matter and
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Table 1. Relative volume changes due to subsidence and material loss during the first and last week of ex-
periment 3. Vi is the initial volume of a layer at the start of each week [m3], ∆V is the total decrease of vol-
ume of a compost layer [m3], ∆V’ is the volume decrease resulting from loss of dry matter and water only
[m3] and l is the number of the compost layer (layer 1 is the bottom layer and layer 6 is the top layer).

layer week 1 week 4

(∆V-∆V’)/Vi ) ∆V’/V I (∆V–∆V’)/V I ∆V’/V i

6 0.50 0.02 0.09 0.03

5 0.27 0.03 0.15 0.02

4 0.24 0.04 0.16 0.02

3 0.22 0.05 0.13 0.02

2 0.17 0.04 0.11 0.03

1 0.19 0.05 0.14 0.04

Figure 6. The time course of the top of separate layers during (a) the first week and (b) the last week of
experiment 3.



water loss divided by their respective true densities. We computed subsidence as
(∆V-∆V’)/V. During both weeks the volume reduction due to material loss was small,
about 4% in week 1 and 3% in week 4. The volume reduction due to subsidence var-
ied, on average, from 27% during the first to 13% during the last week. During the
first week subsidence tended to decrease going from the top to the bottom layer. This
tendency was absent in week 4.

Discussion and conclusions

Predicted values of total bulk density ρ as a function of height calculated by Equa-
tion (30) are depicted by the line in Figure 7a. These calculated values can only be
compared with observed data at the start of the process when the amount of dis-
placed water is regarded as negligible. This follows from the assumption that the
gravimetric dry matter content is independent of position. In the same figure ob-
served data from the start of experiment 3 are indicated by asterisks. The observed
values and the curve of calculated data are almost parallel, which indicates that the
water content ds was independent of height at the start of the process. Of course, the
calculated values slightly underestimate the observed data because the weight of the
grids is not accounted for in (30).

It is interesting to compare this bulk density distribution with experimental distri-
butions reported by other authors. Ohm (1972) described three experiments with hay.
Two of them (A and C) were performed with chopped hay, with dry matter contents
of 69 and 68% respectively, while the third experiment (B) was carried out with un-
chopped hay with a dry matter content of 74%. In Figure 7b the curves represent val-
ues calculated by (30). In these calculations we assumed the value of the bulk modu-
lus E to be 73 J kg–1. The experimental data, including values of unloaded bulk den-
sity, are obtained from Ohm (1972, p. 82, graph 3–5B). Figure 7b clearly shows the
validity of equation (30) with respect to chopped hay. It is remarkable that ρ, ob-
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Figure 7. a) Relation between total bulk density ρ and height. The line indicates values calculated by
(30) and the points indicate data observed at the start of experiment 3; b)The relationship between cal-
culated and observed total bulk densities and height. Observed data were obtained from Ohm (1972).
Experiments A and C were carried out with chopped hay, whereas in experiment B unchopped hay was
used. Calculated values are computed by (30).

A B



tained from experimental data of composting material with a dry matter content of
approximately 25% also gives good results for chopped hay with a dry matter con-
tent of about 70%. Equation (30) seems not to be appropriate to predict the behavior
of unchopped hay.

We attempted to describe the course of unloaded total bulk density during the
process. However, no correlation exists between unloaded bulk density and time. We
also investigated the time course of the unloaded dry bulk density ρsu during the
process. Figure 8 gives the experimental results. The figure shows that the unloaded
dry bulk density increased from an average value of 38 at the start to 53 kg m–3 at the
end of the process.

From the results it can be concluded that:
1. The relationship between bulk density and height and the relationship between air-

filled volume fraction and height, as presented in section 3.1, are valid for com-
posting material consisting of chopped wheat straw and chicken manure.

2. The check of this validity is limited to total bulk density values ranging from 150
to 950 kg m–3, with values of dry matter content varying between 18 and 28%
(w.b.). Moreover, the gravimetric dry matter content must be constant throughout
the total cross section of the pile.

3. The error in the calculated bulk densities and air-filled volume fractions was
found to be 12% at a reliability level of 95%.

4. It seems likely that the presented equations will give reasonable results for other
values of dry matter content and other kinds of chopped fibrous materials, as long
as the gravimetric dry matter content remains independent of height. 
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