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Abstract
This master thesis compares soil bulk density ring core samples
(BDC), the Penetrologger, the knife method, and the RhoC with
regards to their accuracy and precision, as well as their overall
comparability. For this comparison a field experiment was
conducted with a group of volunteers (N=29). The experiment
was done in an agricultural field in Flevoland (NL). During the
experiment the group of volunteers used the Penetrologger and
the knife method to identify soil compaction at/in two soil pits.
The bulk density ring core samples and the RhoC were only used
by the supervisors. The BDC were used as the standard method
for the other methods. In soil pit 1 all methods identified a
compacted layer at 30 cm (knife method, Penetrologger) or 35 cm
(RhoC, BDC) depth. In soil pit 2 only the knife method identified
a compacted layer. The accuracy of all methods was sufficient,
except for the knife method in pit 2. The precision of the
Penetrologger was high in both pits. The precision of the knife
method was low in both pits. Only few participants identified
compaction close to the methods average. The precision of the
RhoC could not be evaluated, as there was only one replica. The
compaction thresholds of the different methods aligned well,
except the lower boundary of compaction for the knife method.
This indicator showed no correlation with the other methods.
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Introduction

1.1

General

The problem of soil compaction in agricultural fields through trampling, tillage,
drying and wetting processes is well known since ancient times. Since the introduction
of heavy machinery, such as harvesters or tractors in the advent of modern agriculture,
the problem has increased tremendously (Soane & van Ouwerkerk, 1994; Hamza &
Anderson, 2005). The heavy weights these machines put on the soil leads to
compressive stress which in turn causes compaction (Horn et al., 1995). Soil
compaction is defined as the reduction of soil pore space and increase in bulk density.
Soil compaction leads to a change in soil structure, which impacts all physical,
chemical, and biological soil properties and processes (Alakukku, 2012). The heavy
machinery destroys especially macro pores, which are needed for rooting, drainage,
and air circulation. This puts plants growing in compacted soil under stress, causes the
creation of anoxic zones, and increases erosion rates (Batey, 1990; Horn et al, 1995;
Hatley et al 2005; Batey & McKenzie, 2006;). An indirect effect is a decrease in yields.
Arvidsson & Hakansson (1996) reported an average yield loss of 11.4% for 107
locations, Barken et al. (1987) report a decrease in wheat yield by about 25%, and
Lipiec et al. (2003) report a decrease in sugar beet yields between 10% and 59%,
depending on the depth and thickness of compaction. The yield loss is not permanent,
as natural processes in the soil alleviate the compaction to some degree (Voorhees,
1983). Yet, yields remain low for several years after the compaction event (Hakansson,
1985).
Among other factors, the risk of soil compaction is strongly dependent on soil
texture, especially clay content (Renger, 1970), soil moisture content (Hamza &
Anderson, 2005), and organic matter (Adams, 1973). Worldwide, about 4% of soils are
degraded due to soil compaction (Oldeman, 1991). In the European Union, soil
compaction is recognised as one of the major reasons for soil degradation (Soil Atlas
of Europe, 2005). According to the FAO, about 11% (62M ha) of the total agricultural
area of central and eastern Europe are degraded due to soil compaction (van Lynden,
2005). This makes soil compaction the main degradation type in this region. In the
Netherlands, about 43% of the subsoils are compacted (Brus & van den Akker, 2018).
It is complicated to measure and quantify soil compaction, as it is a problem that mostly
occurs below the surface. Consequently, it cannot be directly observed from the terrain
surface (Hamza & Anderson, 2005).
Fortunately, it is possible to alleviate soil compaction through the use of
specialised equipment and techniques. Depending on the depth of the compacted layer
the alleviation measures can become quite costly and laborious. Therefore, (1) the
degree of compaction, (2) the need for alleviation, and (3) the effectiveness of the
operation must be established before taking any measures (Spoor, 2006). Here we will
only deal with identifying and quantifying compaction to establish support for further
research. This thesis is part of a PhD project that aims to measure and map the soil
compaction from the plot to the regional scale in Flevoland (Netherlands).
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1.2

Background information

1.2.1

Soil compaction as an indicator for porosity

As previously stated, soil compaction is the decrease in soil pore space and
increase in bulk density (Alakukku, 2012). The interest in soil compaction largely
comes from its close relationship with soil porosity. The pore space of a soil is the
origin of many properties that define soil functions: it allows water to flow through
the soil, gases to escape or enter the soil, provides habitat to soil fauna and
microorganisms, provides space for plant roots to grow into, and holds the soil water
content (Brady & Weil, 2016). A decrease in pore space results in an alteration of these
functions. This in turn can lead to a decrease in soil quality and agricultural yields.
Measuring soil porosity directly is laborious and complicated (Spoor, 2003). Instead,
soil porosity is measured indirectly by measuring the compactness of a soil.
Each soil has a natural degree of compactness. This natural compactness of a soil
is determined by its texture, the climate, and biosphere in the soil (Brady & Weil,
2016). Throughout the year the natural compactness of a soil might change due to
natural processes. Human activity can compact a soil far beyond its natural
compactness range. In civil engineering projects this is intentional, while in agriculture
it is not. Beyond a certain degree of compactness, a soil is considered compacted. For
agricultural systems an important criterion to classify a soil as compacted is the
impedance to root growth. With a decrease in pore space it becomes harder for plants
to grow their roots into the soil. Especially annual crops struggle to grow their roots
through compacted soil layers (Alakukku & Elonen, 1995). Soil compaction quickly
leads to lower yields, as plants are dependent on their extensive root system for nutrient
uptake. The definition of what exactly constitutes a compacted soil is highly dependent
on the context. Different crops and soil types require different definitions and
thresholds for compaction (Hamza & Anderson, 2005).
There is not one specific measurement technique that can directly assess whether
a soil is compacted or not. A reliable proxy is needed to identify and quantify soil
compaction. The two most common proxies used for identifying soil compaction are
soil bulk density and penetration resistance. Soil bulk density (BD) is defined as "the
mass of a unit of dry soil" (Brady & Weil, p. 136). Penetration resistance (PR) describes
a "soils resistance to penetration by an object" (Brady & Weil, 2016). Both proxies
show a high positive correlation with the compressive stress put onto a given soil
(Panayiotopoulos, 1994).
1.2.2

Measuring techniques

There are many different techniques to measure the two proxies for soil
compaction, soil bulk density (BD) and penetration resistance (PR). The focus for this
project will be on four common methods: (1) bulk density ring core samples (BDC),
(2) knife method, (3) Penetrologgger, and (4) RhoC. Of these four methods two were
chosen that measure the proxy BD (BDC and RhoC) and two were chosen that measure
the proxy PR (knife method and Penetrologger). BDC samples were chosen because it
is one of the most commonly used methods to measure soil bulk density. For this
project BDC will be the standard method to compare to and evaluate the other methods
with. The Penetrologger was chosen as the main method to measure soil penetration
resistance. The RhoC was chosen because it measures bulk density via attenuation of
gamma radiation by the soil. Such radiometric methods are another common way of
2

determining soil bulk density. The knife method is part of this comparison to represent
common field methods for determining soil compaction, which are usually fast and
simple methods without quantitative data. In this case a method was chosen that
determines compaction via penetration resistance, so the two proxies are represented
equally. Three of the used methods were chosen to represent quantitative methods
(BDC, Penetrologger, RhoC) and one was chosen to represent a qualitative method
(knife method).
All four methods have sources of uncertainty and subjectivity which will be
shortly addressed here. One important criterion when comparing these methods is the
measurement quality of the technique. Independent of the measurement technique,
uncertainties about the estimated value exist. This may either be attributed to
uncertainties in the measurement equipment or human error. These need to be taken
into consideration when planning the experiment and comparing different measuring
techniques.

Bulk density ring core samples
Bulk density ring core samples are taken by extracting a certain volume of soil
with a ring of predefined size (see figure 2 for an example). The size of the ring varies
depending on soil type or purpose of the research. The weight of the extracted volume
is determined to calculate the density. This relatively simple method only requires few
materials (i.e. the rings and an oven). It is a widely applied method, due to its simplicity
and reliability. The major drawback of this method is, that it is quite laborious. It
requires a soil pit, and each sample needs to be taken carefully to ensure that the ring
is filled with the right volume of soil. After collecting the samples in the field, they
need to be transported to the laboratory, dried in an oven, and weighed. Thus, a major
point of interest is whether one of the other tested methods is comparable to bulk
density cores in accuracy and precision while being less time consuming.
There are other problems linked to the BDC technique as well. First, the metal
ring to extract the core needs to be hammered into the soil. This causes slight
compaction around the ring leading to an overestimation of soil bulk density (PageDumroese et al., 1999). Second, coarser material (e.g. gravel) or objects (e.g. twigs) in
the soil core can have a different density than the surrounding soil. Removing these
artefacts later changes the volume in the ring, if not removed they lead to over- or
underestimation of bulk density (Flint & Childs, 1984). Despite these drawbacks this
method of measuring will still be our standard method to which we compare the other
methods. The soils in Flevoland are formed in dominantly clayey sediments from a
marine setting, thus the number of larger fragments (rocks, pebbles, gravel) in the soil
is low. The first point is still valid, however, when hammering carefully the compaction
increase should remain negligible.

Penetrologger
The Penetrologger is a measuring device that measures the penetration resistance
of the soil. It consists of a ~80 cm steel rod with an angled cone at the tip. The steel
rod is connected to a pressure sensor and the display device. When pushing the cone
head into the soil, the pressure sensor registers the applied pressure and displays it on
the display device. Advantages of the Penetrologger are its capacity to directly give a
numerical measurement in the field and measuring one replica takes less than one
minute. This allows for more extensive data collection in the field compared to e.g. the
BDC, which can take about 1 hour per location. The disadvantages are the price of the
device, its weight, and that it is battery operated. Operational time in the field is about
3

8 hours. Penetrologger measurements are considered point measurements, due to the
small base area of the penetration cone (1 cm²). Point measurements are easily
disturbed by local deviations (Batey, 2009). Typically, several replica are done to
increase the reliability of the measurement. The manufacturer recommends 10 replicas
per 1 m². Another disadvantage is that Penetrologger measurements need to be done at
or near field capacity. Measurements in drier soils show higher penetration resistance
without actually being more compacted (van Leeuwen, 2018).

RhoC
The RhoC determines soil bulk density by measuring the gamma-ray intensity
emitted by a radioactive source, which is pushed about 15 cm into the soil, with a
detector at the surface. It also gives the measured value in the field and is battery
powered. Unlike the Penetrologger it still requires a soil pit. It The decrease in gamma
ray intensity allows for conclusions on the soil bulk density. The denser the soil, the
more radiation is absorbed or scattered by it. Similar to the core method it also
measures the coarse elements (gravel, pebbles, woodchips) in the soil when measuring
soil bulk density. Even though the coarse elements are not part of the soil. This leads
to an under- or overestimation of soil bulk density, depending on the density of the
coarser elements. It is impossible to estimate the fraction of coarser elements in the
measured volume, since the device is operated from the surface (Flint & Childs, 1984).
This is not considered a problem, as the fraction of coarser elements is expected to be
negligible, based on prior field campaigns in the same field. Another problem is the
increase of error in the density profile with increasing depth (Eelkema et al., 2009).
Although, for that study an earlier design of the RhoC was used. In this earlier design
the radioactive source was pushed into the soil from the top, increasing the distance
between source and sensor. For this thesis an updated version of the RhoC was used,
which measures at a fixed distance from the source. Hence, a decrease in measurement
accuracy or precision with increasing depth is not expected.

Knife method
In the knife method someone cuts with a knife through the soil profile of a soil
pit and tries to estimate increasing and decreasing resistance. Depending on the
resistance to cutting the person determines the position of the compacted layer, the
thickness, and the degree of compaction. The identification of the compaction is thus
highly dependent on what degree of resistance the person considers reflecting a
compacted soil. The physical strength of the person might also have a strong influence
on the perceived resistance. Furthermore, the person might take factors other than
resistance to cutting into consideration, due to experience (e.g. rooting depth or textural
changes). These factors and their evaluation might differ between individual people,
making this method highly subjective. Another downside is the lack of quantitative
information, leading to low comparability between measurements. Advantages are the
relative speed for the actual measurement and only requiring a knife and measuring
tape for the measurement, and a spade for digging the soil pit.
1.2.3

Study area

The province of Flevoland is the youngest province of the Netherlands. It consists
entirely of reclaimed land, except for the two former islands, Urk and Schokland. Land
reclamation began in the 1930’s with the construction of the Noordoost-Polder,
followed by the construction of two more Polder’s in 1955 and 1968. The province was
officially established in 1986. The land was reclaimed from the former Zuiderzee, an
4

inlet of the North Sea ("Flevoland", Encyclopaedia Britannica). The Zuiderzee itself
formed through erosion over the past 700 years. There was already a lake during
Roman times (Lacus Flevo) and later an extended marsh. The severe erosion of the
peat banks in the area lead to several floods. These eroded the area and lead to the
formation of the sea inlet ("Zuiderzee", Encyclopaedia Britannica). To prevent further
land loss to the sea the Afsluitdijk was constructed between 1927 and 1932 turning the
Zuiderzee into the IJsselmeer. This enabled the land reclamation projects which lead
to the construction of Flevoland. Until today, this is the largest successful land
reclamation project in the world.
The soils of the province are largely derived from marine clay with some sandy
areas close to the IJssel river estuary. Below the marine clay deposits are aeolian sand
deposits. The marine clay layer varies in thickness but is mostly less than 1 m. The
main land-uses in Flevoland are for intensive agriculture and cattle grazing, as well as
build-up area. In the south east the Polder is dominated by forests ("Actieplan Bodem
& Water", https://bodemenwaterflevoland.nl/).

5

53 mm
diameter

51 mm
height

Figure 2: The left picture is an example of
the rings used for the core sampling. The
diameter of the ring is 53 mm and the
height is 51 mm.

1.3

Figure 3: A sketch of the sampling setup in the field. It shows the example of
the 5 cm sample with all three replica, two of which were already extracted
and one with the ring hammered into the soil. The sketch is not for scale.

Research objectives

The aim of this research is to investigate the variability and uncertainties of four
different methods (BDC samples, Penetrologger, RhoC, knife method) and establish
an understanding on how the methods relate to each other. With this understanding the
methods will be compared to see if any is sufficient to replace BDC. The other three
methods are all less laborious and time consuming, which would make them more
viable for large-scale field campaigns. Thus, this M.Sc. thesis seeks to answer the
following research questions:
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•

How accurate and precise are (1) BDC, (2) Penetrologger, (3)
RhoC, and (4) knife method in identifying soil compaction?

•

How well do the measured values and variables of each method
relate with the values of the other methods?

Methodology and Data Analysis

In the methodology section the detailed procedures for each method will be
described. Then, the experimental setup will be explained and the sequence of the
methods. The last part of the methodology section will explain the field protocol used
during the experiment. In the data analysis section, the steps for data harmonization,
data analysis, and support equalisation will be explained method by method.

2.1

Methodology

Four measurement techniques (bulk density cores, Penetrologger, RhoC, knife
method) were used to measure soil compaction in the field. The Penetrologger and the
knife method were used by a group of volunteers during a supervised field experiment
(see 2.1.1. for details). The RhoC and BDC sampling was done alongside the
experiment, but not by the group.

Bulk density ring core samples
The procedure for the bulk density ring core samples followed the Kellog Soil
Survey Laboratory Manual (method 3B6a, bulk density core samples in field-state).
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Slight adjustments to the method were made: (1) instead of removing the soil from the
ring, it was kept in the ring, which was closed off with plastic caps at both ends to
retain soil moisture, (2) the ring was gently hammered into the soil instead of pushed,
(3) the samples were dried in an oven at 105 °C for 48 hours instead of 110 °C until
the weight of the sample is stable. Each ring has a volume of 100 cm³, a diameter of 53
mm, and a height of 51 mm (see figure 2). The core samples were taken from the side
of a soil pit (see figure 3) at 10 cm intervals from a depth of 5 cm to a depth of 55 cm,
resulting in a total of 6 sampled depths (5 cm, 15 cm, 25 cm, 35 cm, 45 cm, 55 cm).
Each sample consisted of three replicas. The replicas were taken at the same depth but
set off horizontally, so that the ring was at least 2 cm away from hole of prior
extractions. To take a sample the estimated centre of the ring was aligned with the
sample depth indicated on a measuring tape. The results of this method were considered
the standard, to which the other three methods were compared to. Due to the
importance of the accuracy of these values, participants that took part in examining soil
compaction did not take any ring core samples, only the supervisors of the experiment
did so.

Penetrologger
The procedure for the Penetrologger followed the instructions in the manual
provided by the company Eijkelkamp (Penetrologger Manual) with two adjustments.
The amount of replica per participant was reduced from the recommended 10 to 6 in
accordance with the PhD project and to reduce the length of the experiment. The steel
plate usually used for reflecting the ultrasound signal, which measures the distance to
the ground, was replaced by two fibreboards, one for each pit exclusively. Fibreboard
was chosen as material due to being a cheap and easily workable material. The
fibreboards were customized to the needs for the experiment (see figure 4). Each
fibreboard has a thickness of 4 mm and is square, with a side length of 1 m. For the
measurements, holes with a diameter of 4 cm were drilled into the boards. The holes
in the board are ordered in a grid pattern, with 15 cm between the centre of each hole.
Each board has a total of 36 holes. The holes are coloured in six different colours. Each
colour is used for six holes, one hole for each replica. To prevent spatial correlations
due to clustering of the replica the grid was divided into six equal smaller sections and
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the colours were distributed randomly in these sections (stratified random). Both
boards have a different spatial order of the colours. The coloured boards can be seen in
figure 4. The change from steel plate to fibreboard is unlikely to have an impact on the
depth measurement via ultrasound. For all measurements a cone head with a base area
of 1cm² was used. The measurement speed was set to 2 cm/s. If a participant was
significantly faster or slower than 2 cm/s, the device gave a signal. The supervisors
made a note in case the signal was given during a measurement.

RhoC
The procedure for the RhoC followed the instructions given by Medusa, the
company developing the device. The metal stake with the radioactive source at the tip
was hammered gently into the side of the soil pit at which the BDC samples are taken.
Then, the gamma ray sensor was held into the dedicated frame on the stake. The
measurement started when the device was switched on. Each measurement was at least
30 seconds long and the results were noted down by the supervisors. The measurements
started at a depth of 55 cm and were repeated at intervals of 10 cm until a depth of 5
cm. This is the same procedure as for the BDC, except in the opposite direction. The
method was again only used by the supervisors of the experiment. The length of each
measurement and the destructiveness of the method to measure soil bulk density.

Knife method
In the knife method someone cuts with a knife through the soil profile of a soil
pit and tries to estimate increasing and decreasing resistance. Depending on the
resistance to cutting the person determines the position of the compacted layer, the
thickness, and the degree of compaction. The identification of the compaction is thus
highly dependent on what degree of resistance the person considers reflecting a
compacted soil. The physical strength of the person might also have a strong influence
on the perceived resistance. Furthermore, the person might take factors other than
resistance to cutting into consideration, due to experience (e.g. rooting depth or textural
changes). These factors and their evaluation might differ between individual people,
making this method highly subjective. Another downside is the lack of quantitative
information, leading to low comparability between measurements. Advantages are the
relative speed for the actual measurement and only requiring a knife for the
measurement and a spade for digging the soil pit.

Soil moisture content
The soil moisture content was determined independently with a time-domain
reflectometer (TDR) by Delta-T Devices named W.E.T. Sensor. The measurements
were done at the same depths as the RhoC and the BDC. For measurements the correct
depth was determined with a measurement tape and marked. Then a metal screw was
used to create two holes for the pins of the TDR. These are prone to breaking when
pushed into the soil. The metal screw had a slightly smaller diameter than the pins of
the TDR, so that the pins of the TDR would touch the soil. For the measurement the
TDR pins were placed in the prepared holes, where the measurement was conducted.
2.1.1

Field Experiment Setup

Four different methods of quantifying soil compaction were tested in a field
experiment. During the field experiment a group of volunteers (N=27) used two of
these methods (Penetrologger and knife method) to measure soil compaction. The
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volunteers who participated in the experiment were mostly students from Aeres
Unitveristy of applied sciences Dronten and Wageningen University and Research (22
participants). Four of the five other participants were employees of the two institutions.
One participant worked for a company in the soil survey sector. None of the
participants used the methods before, though some had experience with similar
methods. These participants were guided by two supervisors, who also used these two
methods for measuring soil compaction. The two measurements of the supervisors for
Penetrologger and knife method were added to the data set of the group for comparison.
Besides these measurements the supervisors also did the measurements with the RhoC
and collected the ring core samples. The experiment was conducted at two locations in
Flevoland, which were about 20 m apart from each other in the same field (see figure
1 and 5). The proximity of the locations was chosen to reduce unwanted spatial
variability in e.g. soil texture. An important variable in which the two locations differed
was their expected degree of compaction. One location was close to the headlands and
expected to have a high degree of compaction. The other location was further away
from the borders of the field and expected to have a low degree of compaction. This
decision was based on a prior field campaign.
The experiment was conducted on the 27th of November 2018. Upon arrival at
the site a soil pit was dug at each location. Each soil pit was about 65 cm deep and had
a side length of 1 m by 1 m. A third soil pit was dug a few meters away from pit 1. This
pit was considerably smaller and was only used for a short demonstration of the knife
method. After that, the pits were prepared for the experiment by placing the required
materials at each pit: one of the boards, one Penetrologger, one knife, and one
measurement tape.
The participants of the experiment arrived and conducted the experiment in
several smaller groups during the course of the day. Each group was given a short
introduction to the methods and procedures of the experiment. This was done according
to protocol, to make sure each participant knew what they had to do. The steps of the
protocol are explained in section 2.1.2 in more detail.
2.1.2

Field Experiment Protocol

To successfully run the experiment and make sure that every group follows the
same steps a short protocol was made for the experiment. It contains information about
the experiment for the participants and the steps they should take during the
experiment. The protocol was explained verbally to the participants. There might be
minor differences how the protocol was explained to each group, however, these should
9

not be significant. The protocol contains five major steps:

2.2

1.

A short introduction to the methods the participants will be using
(Penetrologger and knife method) was given. This included the
guidelines for measuring and a practical demonstration of the
methods. This was done at a soil pit which is not part of the
experiment to not influence the measurements. After the
introduction participants had the chance to try each method to get
a feeling for it.

2.

After the introduction the participants were split into two groups.
One went to the first soil pit and the other started at the second
soil pit.

3.

The first participant entered the soil pit and estimated the depth
and thickness of the compaction with the knife method (see
above for details). The values were reported orally to the
supervisors of the experiment.

4.

At the same time another participant would do their
measurements with the Penetrologger. The wooden boards
remained at the respective soil pit for the length of the
experiment. Once each colour was used for measurements by a
participant, the boards were moved by 1 m, so that the different
measurements did not influence each other (see figure 5). Not all
participants measured with the Penetrologger due to time
constraints.

5.

After each group completed their measurements at one pit, they
moved to the remaining pit to repeat the measurements there.

Data Analysis

For the data analysis, the data was digitalized and imported into Excel. The
variables of interest were calculated and converted into the correct units. To allow for
comparisons between the methods, the data was harmonized, and their support
equalized. For every variable of interest, the standard deviation and error of the mean
was calculated. To allow for easier comparisons between methods with differing units,
the relative standard deviation was calculated by dividing the standard deviation by the
mean. The same was done for the standard error. The (relative) standard deviation and
error will be used to evaluate the precision of the methods. Outliers were not calculated
or excluded from the data for any method. The exclusion of outliers would decrease
uncertainty and the purpose of this research is to compare the methods with regards to
their uncertainty and reliability.

Bulk density ring core samples
The dry weight of each ring core sample was divided by the internal volume of
the ring (100 cm³) to determine the bulk density in g per cm3. Then the three replicas
of each depth level (5 cm to 55 cm) were used to compute the mean bulk density for
each depth. The standard deviation of the mean and the standard error were calculated.
The soil bulk density for compaction was set at 1.47 g/cm³. Samples with a higher
density are considered compacted, whereas samples with a lower density are un10

compacted. This compaction threshold is common for soils with a high clay percentage
(Renger, 1970; Arshad et al, 1996).
The volumetric water content was calculated by subtracting the dry weight of the
soil in the ring from its wet weight. This gives the weight of the water initially in the
sample. Assuming a water density of 1.00 g/cm³ the volume of water is equivalent to
the weight. Dividing the water volume with the ring volume (100 cm³) gives the
volumetric water content in percent.

Penetrologger
Individual measurements were grouped by participant and converted from force
in Newton (N) to pressure in megapascal (MPa) using the cone surface area. This
resulted in a dataset with six measured profiles per participant, providing values at 1
cm vertical resolution. The six replicas of each individual participant were
subsequently averaged at every depth increment to provide a participant’s mean profile
with the same 1 cm resolution. Profiles of the standard deviation and standard error of
the mean were calculated at these same depths, using the original six replica profiles.
Data from all individual participants were also averaged to determine the total sample
mean, standard deviation and standard error profiles.
Comparison of penetration resistance measured with the Penetrologger with the
bulk density measured with both RhoC and BDC measurements required values at the
same depths and support. The vertical support of RhoC and BDC differs from that of
the Penetrologger, meaning simple subsampling would not provide correct values.
Representative values for penetration resistance were therefore obtained by taking the
mean resistance from a 5 cm window centred on the depths at which the BDC and
RhoC samples were taken e.g.: the mean of PR from 3 cm to 7 cm depth was calculated
and compared to the BDC and RhoC values of 5cm depth. This was done for the mean
of each participant and for the mean of all participants. This way, both the depths and
support were approximately harmonized. The standard deviation and error of the mean
were calculated in the same manner, only using the mean of all participants. The
Pearson correlation between these harmonized data sets was calculated.
The increase in PR per centimetre was calculated by subtracting the PR value of
a certain centimetre of depth with the PR value of the centimetre above (e.g. the PR
value of centimetre 50 is subtracted by the PR value of centimetre 49). Starting at 1 cm
depth this was done for all depths below. This gives the increase in MPa for the entire
profile at a 1 cm resolution. This was done for every participant. The mean of each pit
was calculated by averaging the value of each centimetre of all participants.
The threshold for compaction was set at a PR of 2 MPa in accordance with
literature (Cockroft et al, 1969; Blanchar et. al, 1978; Taylor & Brar, 1989). Root
growth is often inhibited in soils that have a higher PR than 2 MPa. Therefore, at depths
where the PR is higher than 2 MPa the soil will be considered compacted. Depths with
a PR lower than 2 MPa are considered un-compacted.

RhoC
For the RhoC there was only one replica per measurement, thus there was no need
to average the values and it was not possible to calculate a standard deviation or error.
The measurements were done in a moist soil, therefore the values needed to be
corrected for the moisture content with the data obtained from the TDR measurements.
This was done with the following formula:
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BD = BDw − (wt%/100)
BD refers to dry bulk density, whereas BDw stands for wet bulk density under field
conditions. wt% is the volumetric moisture content of the soil expressed in percentages.
This assumes a water density of 1 g/cm³. Furthermore, the density of air is assumed to
be small enough for its effects to be neglectable for this calculation. This is a fair
assumption, since this density is in the order of 0.001 g/cm3. Previous experiments
using the current version of the RhoC device have shown a structural over-estimation
of dry soil bulk density by approximately 30% (after personal communication with
Medusa). This is attributed to the slow decay of the gamma-ray source. This overestimation was managed through application of a correction on the outputs from the
above-mentioned formula (i.e. dividing all outputs by 1.30). The Pearson correlation
of the RhoC with the BDC was calculated per depth. The compaction threshold for the
RhoC was set at the same value (1.47 g/cm³) as for the BDC.

Knife method
The estimation of the participants for the upper and the lower boundary of the
compaction were transferred from the field protocol into Microsoft Excel. The depth
values in cm were rounded to the closest integer, because the unevenness of the soil
surface makes details in mm unreliable. The estimated thickness of the compacted layer
was calculated by subtracting the depth of the upper from the lower boundary of
compaction. The group mean, standard deviation, relative standard deviation, standard
error, and relative standard error were also calculated for these three variables for each
pit. If the participants could not find the end of the compaction in the pit, the lower
boundary was set to the total depth of the pit, namely 65 cm. This was not considered
when calculating the average depth of the lower boundary. It was considered
calculating the thickness of compaction. Only one participant (ID: 4) gave an original
depth of 65 cm for the end of compaction. The other values were set as explained
above.

3

Results

3.1

Bulk Density Cores

The results for the BDC samples are summarized in figure 6. Each point
represents the average of the three replicas taken for each depth level. In both cases the
highest bulk density is at a depth of 35 cm. In pit 1 this corresponds to a bulk density
of 1.573 g/cm³, in pit 2 to a bulk density of 1.424 g/cm³. In pit 1 the standard deviation
and error (SE) are particularly high at 5cm depth (σ = 0.21; SE = 0.121) and at 55 cm
depth (σ = 0.13; SE = 0.073). The detailed results can be seen in table 1.
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Bulk density profiles
Bulk density (g/cm³)
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1
2
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1,28
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1,29
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1,47
1,61
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1,57
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SD

SE

0,26
0,05
0,08
0,03
0,03
0,15
0,05
0,02
0,04
0,07
0,01
0,05

0,15
0,03
0,05
0,02
0,02
0,09
0,03
0,01
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0,00
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rel STD rel STE
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0,11
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0,01
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0,03
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3.2

Penetrologger

In figure 7 the depth profiles of penetration resistance (PR) for both pits are
depicted. In pit 1 the threshold for compaction (2 MPa) is exceeded from a depth of 30
cm onwards. In pit 2 this threshold is never exceeded. In both pits the penetration
resistance generally increases with depth. In pit 1 the standard deviation (SD) increases
with depth from 0.31 to 0.94, peaking at 71 cm with 1.06. The same goes for the
standard error (SE), which ranges between 0.04 and 0.24. In pit 2 the SD remains quite
consistent throughout the profile (between 0.07 and 0.28). The standard error ranges
between 0.02 and 0.06. The SD and SE in pit 1 are consistently higher than in pit 2.
In pit 1 the average steepest increase in PR in 1 cm increments of depth is between
a depth of 29 cm and 30 cm (+0.25 MPa). In pit 2 this is between 58 and 59 cm depth
(+0.091 MPa). In pit 2 the second highest increase is from 37 to 38 cm. In the right
graph in figure 7 it can be seen that strongest increase in PR over a longer depth range
happens between 30 cm and 40 cm in pit 2. In pit 1 this coincides with the steepest 1
cm increment between 25 cm and 30 cm.
The Pearson correlation between the BDC data and the adjusted Penetrologger
data is ρ=0.02 for pit 1 and ρ =0.31 for pit 2 (see figure 8). In figure 9 the bulk density
and penetration resistance are plotted in the same graph.
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Figure 7: The graph s above show different results of the Penetrologger measurements for both pits. The
data points are for every centimeter and always represent an average of all participants. The dotted line
in the left graph indicates a common threshold for compaction.
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BDC vs PR
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Figure 8: This scatterplot shows the bulk density of the ring core samples plotted against the
penetration resistance with equalized support.
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Comparison of bulk density and penetration resistance
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1,800

3.3

RhoC

The bulk density measurements done with the RhoC are presented as depth
profiles in figure 10. In both pits the highest density is measured at 35 cm depth. In pit
2 the second highest peak is at 15 cm depth. The results are summarized in table 1.
The general pattern of bulk density over depth are similar for ring core samples
and the RhoC. In pit 1 both methods show the highest bulk density at the 35 cm depth
level (see figure 11). In pit 2 both methods have the second highest peak at a depth of
15 cm. The correlation of the two data sets is 0.55 for pit 1 and 0.82 for pit 2.
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Bulk density of BDC and RhoC in the two pits
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3.4

Knife Method

The estimated depth of compaction with the knife method was on average 30.27
cm in pit 1 and 35.44 cm in pit 2, with a standard deviation of 6.04 and 9.45
respectively. The average thickness of the compacted layer was estimated at 17.18 cm
for pit 1 and 14.19 cm for pit 2 with a standard deviation of 10.59 and 12.05
respectively. For each pit six people said that the compaction does not end until the
bottom of the pit. Only one of these people said this for both pits.

Mean
SD
SE
rel SD

Upper boundary of
Lower boundary of
compaction
compaction
Pit 1
Pit 2
Pit 1
Pit 2
30.3
35.5
51.2
53.0
6.04
9.45
9.77
11.4
1.14
1.82
1.85
2.20
0.20
0.27
0.19
0.22
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Discussion

The shortcomings and sources of uncertainty of bulk density ring core samples
will be discussed in the first half of section 4.1. The accuracy and precision of the RhoC
will be discussed in the second half of section 4.1. The discussion of the accuracy,
precision and sources of uncertainty of the Penetrologger and the knife method is in
section 4.2.

4.1

Soil Bulk Density

Ring Cores
The data from the bulk density ring core samples shows largely what one would
expect in an agricultural field with annual ploughing (figure 6). In the plough layer
bulk density is relatively low, but slowly increases with depth. The peak in bulk density
is in the sample below the plough layer at roughly 35 cm depth. At this depth the
compressive stress of the machinery still compacts the soil, yet because the plough does
not reach there, compaction is not alleviated (see Blackwell & Soane, 1981). The most
compacted part of the profile should be right below the plough layer, probably at a
depth of about 30 cm. This part of the profile was not sampled with the BDC, due to
the sampling scheme. The samples were taken with a distance of 10 cm between the
centres of the rings. This leaves 5 cm between the two samples on which there is no
data. In order to accurately determine the compacted layer, it would have been
necessary to take the samples in such a way, that there are no gaps in the vertical axis
between the samples.
Below this compacted layer the bulk density decreases, as the force exerted by
the machinery is not enough to compact the soil to a high degree. This general pattern
is present in both pits. The threshold for compaction in clayey soils (>1.47 g/cm³) is
exceeded only in pit 1 at 35 cm and 45 cm depth. Considering that the location of pit 1
was specifically chosen to represent a compacted soil, such a low degree of compaction
is surprising. However, pit 1 was not in the most trafficked part of the headland, as a
thick crust covered this part. This made Penetrologger measurements virtually
impossible without risking damage to the device. Thus, the pit was moved to a spot
right next to the crust. It is possible that the compaction at that point was already
considerably lower or that the overall compaction in the field is low, even in the usually
compacted headlands. Since there is no data on the bulk density in the most trafficked
part of the headlands this question remains unanswered. Furthermore, it is likely that
due to the low vertical resolution of the BDC the actual point of highest compaction
was missed.

RhoC
The results of ring core sampling and the RhoC are similar (see figure 11). The
RhoC identifies compaction at the same two depths (35 cm and 45 cm) as the BDC in
pit 1 and no compaction in pit 2. This is to be expected, since both methods estimate
the same variable using differing approaches. According to Campbell (1994)
radiometric methods for determining soil bulk density are more accurate and precise
than methods using other approaches. Using BDC as the standard, the accuracy of the
RhoC is lacking. In the first 30 cm of the profile the RhoC consistently underestimates
bulk density, particularly in pit 1. In the lower 30 cm the RhoC overestimates the bulk
density. Part of the difference could be attributed to differing soil moisture estimates.
The RhoC values were corrected with TDR soil moisture measurements to obtain the
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dry bulk density, whereas the BDC were simply dried in an oven to obtain the dry bulk
density. Calculating the volumetric moisture content of the rings and comparing it to
the TDR measurements shows a systematic underestimation of volumetric moisture
content by the TDR. This can explain some of the difference in bulk density estimates
between BDC and RhoC. However, it cannot explain the pattern in the differences seen
in figure 11: underestimation in the first 30 cm and overestimation in the lower 30 cm.
This pattern is absent in the difference of TDR and BDC moisture content data. The
difference between these two methods is quite consistent between and 9% and 20%
volumetric moisture content and shows no trends.
There are two other sources which can account for the low accuracy of the RhoC.
First, spatial variability is likely to have an influence on the measurements. The
sampling location was ‘moved’, due to the destructiveness of both the BDC and the
RhoC. The difference in sampling location of the two methods is about 20 cm in the
horizontal axis. For pit 1 it is possible that with the shift in sampling location one
method measured closer to vehicle tracks than the other. For this pit the sampling
location was shifted perpendicular to the vehicle tracks. In proximity to vehicle tracks
one an expect a higher soil bulk density (Smith & Dickson, 1990). The shift in sampling
location between the two methods for pit 2 was parallel to the vehicle tracks. This
would partially explain why the difference between RhoC and BDC are considerably
higher in the first 30 cm in pit 1 than in pit 2: the BDC were taken closer to vehicle
tracks than the RhoC samples.
Second, the difference between RhoC and BDC can be due to the decay of the
radioactive source at the tip of the RhoC. It was estimated that the gauge of the source
decreased by 30% by the time of the measurement and the data was corrected for this
decrease. Though, this was not measured, and the exact decrease is not known. It is
likely, that the gauge did not decrease by exactly 30%, adding to the differences
between the bulk density values of the two methods.
The precision of the RhoC remains unknown, due to a lack of data points. More
measurements would be required to properly compare the two methods in terms of
precision. Part of the reason why there was only one measurement at each depth is the
destructiveness of the current device. The gamma ray source was at the tip of a 15 cm
long, T-shaped rod made from 0.5 cm thick steel. This rod was hammered into the soil
for each measurement. This leads to a high degree of disturbance, which influences
further measurements unless a fresh surface is created. The creation of a new surface
would have moved the measurement point considerably (>15 cm). This would increase
the influence of spatial variability on the uncertainty of the RhoC and make it less
comparable to the other methods.

4.2

Penetration Resistance

Penetrologger
The accuracy of the Penetrologger can be evaluated based on whether it correctly
identified compaction at the two locations and at what depth it identified the
compaction. In pit 1 the participants exceeded the compaction threshold of 2 MPa
around a depth of 30 cm. The estimated depth of compaction differs by 5 cm between
the average of the Penetrologger and the BDC. The difference between the two
methods in estimated depth of compaction partially comes from the setup of the
sampling scheme. The BDC measures a cylindrical soil volume with a diameter of 5
cm and is measured at 10 cm intervals between the centres of the cylinders. This leaves
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5 cm vertical gaps in the profile, which are not sampled by the BDC. The participants
exceed the 2 MPa compaction threshold around 30 cm depth and therefore fall right
into the gap from 27.5 cm to 32.5 cm (between the 25 cm and 35 cm BDC sample).
Whether the bulk density compaction threshold is already exceeded at 30 cm cannot be
seen in the data. The steepest increase in MPa between two depths is from 29 cm to 30
cm. This coincides with the average of the knife method.
In pit 2 the average of the Penetrologger and the BDC does not show any
compaction. One replica of the BDC and six participants of the Penetrologger exceed
the compaction threshold. The replica of the BDC exceeds the threshold at a depth of
35 cm. The six participants exceed the threshold between 59 cm and 68 cm (average
64.50 cm). The BDC samples were only taken to a depth of 55 cm, so there is no data
on whether or not there was compaction at this depth. The increase in PR at this point
in the profile might also be due to a change in texture throughout the profile. This will
be discussed further below.
The variation of estimated compaction depth in pit 1 is relatively small compared
the total depth of the profile. The range between – σ and σ (σ = 2.55 cm) only covers
3.19% of the profile (80 cm). The Penetrologger appears to be precise in the estimated
depth of compaction when operated by different people. The relative SD of the
Penetrologger is higher in both pits at all depths than the relative SD of the BDC. In
pit 1 a constant increase in uncertainty can be observed. In figure 5 the increase of SD
with depth can be easily observed in pit 1, whereas in pit 2 the SD does not show a
clear trend, nor such high values. There are five participants whose individual SD are
remarkably high.
The participant (ID 19) with the highest SD had a single replica which caused this
abnormally high average SD. Values of 4 MPa were already consistently exceeded in
the plough layer. The maximum value of the measurement was 8.5 MPa, consistently
measured over 12 cm of depth. The other five replica of this participant are not
strikingly different from the group mean. A general observation made by the supervisor
during the experiment was that the participant was constantly pushing the cone down
faster than the instructed 2cm/sec. Considering that pushing down faster requires more
force this might be a possible explanation. On the other hand, the question remains why
only one replica shows this extreme value and none of the other replica, which were
measured at increased speed as well. It could be, that the rod of the Penetrologger was
in contact with the board, causing varying levels of friction, thus increasing measured
penetration resistance.
Even when removing these five abnormally high SDs the average SD for the pit
only drops from 0.88 to 0.76. This is still more than twice as high as the average SD in
pit 2. The participant with the lowest SD in pit 1 (ID: 27, σ = 0.58) has a considerably
higher value than the participant with the highest SD in pit 2 (ID: 4, σ = 0.37). This
shows that the overall variance in pit 1 is much higher than in pit 2. The higher variance
in pit 1 is partially due to the generally higher values of PR. When correcting for the
higher values by calculating the relative SD (see table 3), pit 1 still shows higher
uncertainty, but to a lesser degree.
There are three potential sources for the higher uncertainty in pit 1. Two of the
sources derive from the experimental setup. The first source is the decreased number
of replicas for one measurement (6 instead of the recommended 10 in 1 m²). This
reduction was largely done to conserve time during the field experiment; however, it
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might have had a bigger impact on the precision of the method than anticipated.
The second source of uncertainty could be from moving the boards. The board
has the recommended plot size of 1 x 1 m (Penetrologger Manual), but only six
participants can measure on the board. After six people measured it was moved to a
position right next to the former position. Thus, the measurements were effectively
done in a rectangular of at least 4 x 1 m. This makes spatial variability a much bigger
factor. The length of the rectangle makes it likely that in one position the board was
right above vehicle tracks. In fact, for pit 1 the board was moved perpendicular to the
direction of the tracks. Thus, it is likely that several measurements were done in vehicle
tracks. Measurements in these tracks can be expected to have a higher level of
compaction. For pit 2 the boards were moved along the vehicle tracks. This might
partially explain the higher variability in pit 1 compared to pit 2.
The third source of uncertainty is when the rod is bend and rubs on the sides of
hole. The cone head usually leaves a hole that is wider than the diameter of the rod to
prevent this from happening constantly. Though, the rod bends rather easily, especially
if the force is not straight from the top. Especially untrained people tend to not push
straight from the top, thus bending the rod. This happens more frequently in compacted
soil layers, as these also require more force to push through.
From the data it is not possible to quantify how much each of these three sources
of uncertainty contributed to the general uncertainty. Each source probably contributed
in every measurement, though, to a different degree. Particularly the third source of
uncertainty is highly dependent on the individual operating the Penetrologger.
When comparing the curves of the penetration resistance and the soil bulk density
there is a clear difference in shape and trends (see figure 9). In pit 1 the PR resembles
a logarithmic growth, whereas the bulk density increases linearly to 35 cm depth and
drops again in an almost linear fashion. In pit 2 the PR increases in a somewhat linear
fashion, whereas the BD changes do not follow a clear pattern, but similar to pit 1 it
decreases after the peak back to levels comparable to the topsoil. This again does not
happen with the PR in pit 2. In both pits the relationship between PR and BD is not as
expected. Since both are proxies for the same variable (soil porosity), one would expect
a general positive relationship between the two. This is also what is generally found by
studies (Lampurlanes & Cantero-Martinez, 2003; Panayiotopoulos et al., 1994; Vaz et
al., 2011). There is no clear indicator to why this experiment yields such different
results. Part of the reason might be the inexperience of the participants, who were not
able to properly operate the Penetrologger despite the introduction. Out of all
participants nine had at least one replica measurement done either faster or slower than
2 cm/s. Data from a prior field campaign suggests another possible reason. Between
the depth of 40 cm and 50 cm there appears to be a texture change. The sand content
significantly increases between these two depths, from around 20% to more than 60%,
while the clay percentage drops from around 19% to around 7%. The sampling location
for this field campaign was about 200 m further North, but still situated in the same
soil type (according to the Dutch classification system). This texture change is to some
extent also visible in the samples of this experiment, yet not as drastic. Both, sand and
clay percentage, are known to have a significant impact on penetration resistance. A
higher clay percentage decreases penetration resistance in wet soils, whereas a higher
sand content increases penetration resistance (Canarache, 1990; Dexter et al., 2007).
Thus, a decrease in clay content and an increase in sand content in the lower part of the
profile should lead to a higher penetration resistance. Strangely, this texture change
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does not appear to influence the measurements in pit 2. There is no increase in the rate
that PR increases with depth after the 40 cm mark. The average for 45 cm and 55 cm
are actually almost equal (1.25 MPa and 1.27 MPa respectively). Therefore, the texture
change in the profile seems to have little impact on the PR.

Knife method
Overall the knife method was accurate at identifying a denser layer in the profile.
In pit 1 the estimation for the compaction depth was 5 cm off and identified compaction
at 30.27 cm. This is about the same depth of compaction as for the Penetrologger. In
pit 2 participants falsely identified compaction at 35.54 cm, which is the depth with the
highest soil bulk density. It appears that the participants were not able to differentiate
between a compacted and uncompacted soil and in both cases rather identified the
densest layer. This is further reflected in the identification of the lower boundary of
compaction (see figure 8, middle). In this case the mean, standard deviation, and range
of values in both pits are quite similar. In both pits the depth of the lower boundary
does not coincide with any compaction threshold. It appears as if participants gave a
rather rough estimate of the lower boundary of compaction. Six participants in each pit
were unable to find the lower boundary. Only one participant could not identify the
lower boundary in either pit.
There are two main factors that cause this problem: (1) the lack of experience
with this method, and (2) the instructions in the protocol. The participants did not
actually know how a compacted or un-compacted soil feels like. Thus, in pit 1 where
there was a pronounced compacted layer, they could easily identify it. In pit 2 there
only very light compaction. This led to a higher variability in the estimates. This links
to the second problem, as the participants were instructed to always give an estimate.
That there was no compaction in a pit was not presented as a possible option.
Furthermore, when participants did not think there was compaction, they were
instructed to still give the depth of the densest layer. Therefore, the depth estimates in
pit 2 do not actually reflect the compacted layer, but the densest layer.
The comparison between Penetrologger and knife method shows the potential
accuracy of this simple method in the presence of a compacted soil layer. In pit 1 the
mean estimated beginning of compaction (at 32.13 cm depth) almost coincides with
the point at which the steepest increase in penetration resistance occurs (at 30 cm
depth). The compaction threshold (>2 MPa) is exceeded at a similar depth (31 cm).
The group mean results were less than 10% off, even though most participants were
never confronted with this method before. Although, this is only for the average of all
participants. Only 8 out of the 28 participants estimated the compaction to be at 30 cm
±3 cm.
In pit 2 the participants were far less accurate at identifying the point of steepest
increase in MPa. The average of the knife method places the compaction at 35.54 cm,
whereas the Penetrologger identified this point at a depth of 59 cm. The variability for
the knife method is also considerably higher in pit 2 than in pit 1 (compare figure 8).
For only six participants did the Penetrologger measurement result in values of >2 MPa
at an average depth of 65.5 cm. Thus, this point was also not successfully identified by
the knife method as well.
In both pits the standard deviation for the upper boundary of compaction is high,
relative to the depth of the profile. In pit 1 the range between -σ and σ (σ = 6.04 cm)
equals 18.6 % of the profile depth (65 cm) and in pit 2 (σ = 9.45 cm) this range equals
25

27.1 % of the profile depth. The SD for the lower boundary and the thickness of
compaction is higher. This wide range of estimates indicates a lack of precision for the
knife method. Even though the group mean was accurate at identifying the depth of
compaction, the individual participants were not. It is possible that the precision of the
method could be increased through training. A new experiment would be needed to test
if and how much training could improve the precision of the knife method.
A common use of simple methods such as the knife method is the in-field
identification of compaction and the subsequent sampling with a more reliable but time
consuming quantitate method (e.g. BDC). The high standard deviation for the
compaction boundaries makes it problematic to use the knife method in such a way. Of
the tested methods the BDC has the highest vertical support with a ring diameter of 5
cm. With a SD of at least 6 cm, sampling with the rings based on one prior estimation
with the knife method could easily miss the compacted layer or only partially sample
it. The thickness of compaction is also highly variable according to the knife method

5

Conclusion & Recommendations

Based on this experiment, none of the other methods (Penetrologger, knife
method, RhoC) would be able to replace bulk density ring core samples (BDC). They
all had a lower accuracy and lower precision. Out of these three the Penetrologger had
the best accuracy and precision. The experiment has shown that even untrained people
can accurately identify the depth and degree of compaction with the Penetrologger.
The steepest MPa increase per centimetre did not relate well to the other methods.
Thus, it can be dropped as an indicator for compaction. The Penetrologger can be
readily used where quantity of data points is more important than accuracy or precision.
Overall the RhoC identified similar patterns of soil density compared to the BDC
and the accuracy was sufficient. The precision cannot be evaluated, due to the low
number of data points. The estimated decay of the gamma ray source is also
problematic. More measurements with the RhoC would be recommended, to analyse
the precision of the method and the influence of the decaying gamma ray source. The
decay might proof problematic, especially over longer time periods.
The knife methods accuracy and precision were the worst of all three methods,
but still in a reasonable range. The participants also identified the depth of the
compaction fairly well, especially considering that many of the participants never used
this method before. Thus, it can be said the method did well, taking its simplicity into
account. Nevertheless, the method suffers from several shortcomings, which make its
general application unlikely: it is not a quantitative method, requires digging a soil pit,
and lacks accuracy and precision. Therefore, the Penetrologger should be chosen if
time constraints are an issue, since it is faster. If time is not an issue, taking the ring
samples would be more advisable. Further research with the knife method could test
how much training improves the precision and accuracy of the method. This could be
done in conjunction with other qualitative field methods, to test their validity.
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