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SUMMARY
Recent developments in bio-based soil improvement techniques include the use of the bacterially mediated
process of denitrification to alter engineering properties of soils. Pham (2017) used the denitrification process
to stimulate the production of gas and precipitation of calcium carbonate as a soil improvement method.
The ability to desaturate a soil to its optimum saturation by means of gas production inspired the use of this
method to improve the engineering properties of soils more efficiently by means of a two-stage process of
desaturation and compaction. Andrag (2017) started a research to investigate the potential of this concept
and developed a test setup for the assessment of its efficiency.

The prospects of this biogenic soil pretreatment method are further investigated in the current study. The
objective of the research is to assess how the compactability of an initially saturated soil is influenced by the
in-situ formation of gas bubbles and if this gas can be used to reduce the energy requirements for compaction
of a soil to a given target density.

A review on existing literature is initially carried out to grasp the latest developments on this topic. Infor-
mation from literature is used to determine the typical characteristics of soils on which compaction activities
are often found to be ineffective. Based on this information, a representative silty sand with a high gas storage
capacity is created for further experiments. It is found that gradation is one of the main properties control-
ling the water content-dry density relationship of soils. The water content-dry density relationship of soils
composed from industrially produced material is found to be often significantly different from natural soils,
which can be explained by differences in gradation.

A testing strategy is developed and a setup is established for assessment of the concept of biogenic soil
pretreatment for reducing energy requirements for compaction. Denitrifying bacteria are cultivated with a
chemostat setup which can supply bacterial inoculum for subsequent experiments. The effect of the biogenic
pretreatment is evaluated by comparing the energy requirements for compression of treated and untreated
soil samples from initial conditions to a given target density with a constant strain-rate.

Soil samples are successfully desaturated to targeted saturations by means of an engineered treatment
regime. Concentrations of the substrates are determined based on the stoichiometry of the biochemical re-
action, Henry’s law, Boyle’s law and the ideal gas law. Gas is produced at a steady rate inside the soil samples
with a very limited amount of gas escaping, confirming the high storage capacity of the assembled sample
material. The determined optimum saturation of the silty sand (80%), is therefore achieved without exceed-
ing the gas percolation threshold of the soil. The gas that escapes the sample during the gas production stage
and the loading stage, is captured with a gas trap that is included in the setup. The changes in water content
and dry density of the soil during the experiment can be accurately predicted by means of a volume balance.
The major part of the initially available nitrate in the pore fluid is consumed at the end of the experiments,
with a limited amount of accumulated nitrite. Moreover, the denitrification process is successfully buffered
by including calcium within the engineered substrate solution.

It is initially presumed that energy requirements for static compaction of a silty sand in the Rowe cell
can be reduced by bringing the soil closer to optimum conditions in terms of saturation, before starting the
loading stage. Based on an analysis of the work input per volume, it is found that the energy requirements
for compaction increase slightly as a result of the biogenic pretreatment. In terms of compactability, no clear
benefit is obtained from the biogenic pretreatment according to the energy-based assessment method that is
used in this research. The slightly higher energy requirements for compaction of treated samples can possi-
bly be explained by the formation of biofilm or entrapment of gas bubbles in the drainage lines of the setup.
Cementation effects as a result of calcium carbonate precipitation are not expected to play a role, since cal-
culations show that the relative amount of calcium carbonate in the soil is very limited at the end of the
experiments.

It is recommended to further investigate the potential of the denitrification-based pretreatment for the
compaction of soils by exploring new methods of assessment. It is suggested to focus on implementation
of a dynamic loading component to the test method and to investigate the options for execution of a field
experiment. Representation of conditions that apply in practice is thereby essential. The potential of biogenic
pretreatment for improvement of the engineering properties of silts and clays can also be investigated as
it might be a sustainable alternative for the relatively scarce and costly coarse-grained fill material that is
normally used nowadays.
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S    Saturation       - 
S-    Gas saturation      - 
SH    Water saturation      - 
t	   Time        seconds 
T    Temperature       K 
T%   Surface tension      N/m 
u   Pore water pressure      Pa 
u7    Pressure at which gas bubbles nucleate    Pa 
V    Volume       m3 
VMEF   Volume Back Pressure Controller    m3 
VDEF    Volume Diaphragm Pressure Controller   m3 
V61(6%%   Volume of excess liquid displaced from    m 
   around diaphragm    
V-   Volume of gas      m3 
V->%,)>+  Volume of gas in gas trap     m3 
V+N   Volume of pore fluid      m3 
V%>5+.6  Volume of soil sample     m3 
V,4,    Total volume       m3 
VO    Volume of voids      m3 
w	   Water content      - 
Y%&'%()*+,   Stoichiometric coefficient     - 
	
Greek symbols 
 
Symbol  Description       Units 
ε    Strain        - 
ε̇DEF   Strain rate calculated from output    - 
   diaphragm pressure controller   
ε̇T)>7%   Strain rate calculated from output    - 

displacement transducer 
κVWXYWZ[\]^  Henry’s coefficient               Pa×m/mol 
µ	   Calibration factor for correction of    - 

displacements in Rowe cell    
ρ	   Density       kg/m3 
ρ=	   Dry density       kg/m3 
ρ%	   Particle density      kg/m3 
ρ,4,	    Total density       kg/m3 
ρH	    Density of water      kg/m3 
σ	   Total stress       Pa 
σb    Effective stress      Pa 
f   Porosity       - 
ψ    Supersaturation       - 



1. INTRODUCTION
Microbial ground improvement techniques are a trending topic in geotechnical engineering and are partic-
ularly interesting because of their non-disruptive nature and potential for a reduced environmental impact.
An extensive research was done by Pham (2017) on microbial induced calcite precipitation (MICP) based on
denitrification to investigate the potential of this process as ground improvement technique. By application
of MICP, the soil is not only improved as a result of the calcite bonds formed between grains, but also due the
formation of nitrogen bubbles, which increases the soil resistance to dynamic loading.

Andrag (2017) used the nitrogen gas produced during the first stage of this process to lower the water
content of fully saturated soils closer to optimum conditions in terms of water content, thereby preparing
them for subsequent compaction activities. In theory, the energy requirements for reaching a particular tar-
get density by compaction can be reduced if the soil is brought closer to optimum conditions in terms of
water content. The precipitation of calcite should be limited during the first stage (the microbial induced
desaturation stage) of this two-stage process as it counteracts the second stage (the compaction stage). An-
drag (2017) performed multiple laboratory experiments using a hydraulic consolidation cell (Rowe cell) and
showed that the water content of silty sands and sandy silts can be lowered close to any target value by means
of a controlled process of microbial induced desaturation (MID) based on denitrification. Since the results
were inconclusive in terms of reduced energy requirements after MID pretreatment, further research is re-
quired.

1.1. PROBLEM STATEMENT
The general objective of ground improvement activities is to increase the strength characteristics of a soil to
prepare it for future loading conditions. Future loading conditions could refer to the construction of build-
ings, traffic or seismic activities. In seismically active areas ground improvement is specifically important in
order to increase the resistance of soil against soil liquefaction.

Liquefaction is a well-known phenomenon in the field of geotechnical engineering that involves the sub-
stantial loss of strength and stiffness of saturated loose soils as a result of applied stresses. These stresses
might be induced by earthquake events, but also static liquefaction can occur as a result of a sudden change
in stress conditions by a monotonic triggering load. The rapid application of these stresses causes the soil to
behave virtually undrained. This means water has no time to dissipate and no volume changes will occur.
In loose and fully saturated soils, solid particles will tend to move into a denser state, but since no volume
changes can occur, excess pore water pressures will be generated and effective stresses will decrease. If the
effective stresses reduce to zero, the soil will start to behave like a liquid.

Land reclamations and landfills in seismically active areas are prone to liquefaction as a result of the
often loose configuration of the soil caused by the deposition process. The development of land reclama-
tions or landfills often includes compaction activities which is necessary to bring the soil to a higher relative
density, increase the strength parameters for future constructions and improve liquefaction resistance. Com-
paction activities are inefficient in fully saturated fine soils with high fines contents due to the generation of
excess pore pressures and slow dissipation. A pretreatment of these areas is required to facilitate compaction
activities. A successful pretreatment increases the efficiency of the compaction process in terms of energy
requirements. The current practise is to pretreat these soils by means of the installation of drainage assist-
ing elements such as sand piles or stone columns. These techniques are very costly and time consuming,
therefore an alternative solution should be investigated.

1.2. PROPOSED SOLUTION
The microbial denitrification process can be used to generate nitrogen gas in a soil body. If a protocol is
developed that takes into account the soil conditions, soil characteristics and numerous other factors, a con-
trolled gas production can be achieved and used to desaturate a soil. As water is expelled and replaced by
the nitrogen gas, the pore fluid compressibility is changed, and the water content is decreased. There are two
proposals for the use of this desaturation technique to improve the engineering parameters of a soil:

• The first application exploits the increased compressibility of the pore fluid directly, as the generation
of excess pore pressure is restrained during earthquake events due to a volume reduction of the gas

1
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bubbles. Ground improvement is achieved as the liquefaction resistance of the soil is increased.

• The second application aims at utilizing the gas created by denitrification to bring the soil to optimum
conditions in terms of water content and subsequently increasing the dry density by application of (dy-
namic) loads. Again, there is an improved liquefaction resistance, but now as a result of the increased
density of the soil.

The persistence and stability of the gas bubbles have to be taken into account for the first application, because
earthquakes events cannot be predicted. Long term stability of the bubbles is not important for the latter
application as desaturation and compaction activities are performed within a short time frame.

In coarse-grained material, pretreatment is in most cases not necessary because compaction activities
can be performed quite efficiently. In soils finer soils with high fines contents, however, densification through
dynamic loading is significantly inhibited because of the generation of excess pore water pressures. Theoret-
ically the water content of fully saturated soils can be lowered to an optimum value, which will ensure a more
efficient compaction process. This optimum value depends on the type of soil and the amount of energy that
is applied. The achievable dry density for a certain amount of input energy can thus be increased if opti-
mum conditions in terms of water content are induced. By using the denitrification process to desaturate the
soil body, compaction activities can therefore in theory be made more efficient in terms of time and energy
requirements.

1.3. HYPOTHESIS
Compaction curves are often used in the modern-day geotechnical society and show the relationship be-
tween dry density and water content for a particular amount of energy. Furthermore they give predictions of
the optimum water content and maximum dry density. A prediction of the optimum water content can be
used to define a target degree of saturation that should be achieved by microbial induced desaturation.

Figure 1.1a shows four different scenarios on a dry density versus water content plot. Scenario AD will
occur when compaction activities are performed on a relatively permeable fully saturated soil. In these soils
the pore water can almost immediately drain, thereby allowing the dry density to be increased. Compaction
activities are often ineffective for less permeable soils under fully saturated conditions due to the generation
of excess pore pressure. Path AD requires a lot of compactive effort for these soils. Measures have to be taken
to assist drainage of water from these soils, which are often expensive.

Figure 1.1: Different scenarios for the two-stage process of desaturation and compaction (Andrag, 2017).

Scenarios AC, AB, AE show the possible paths that can be followed during the microbial desaturation stage.
Scenario AC would be the most efficient path that can be followed since desaturation is occurring simulta-
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neously with an increase in dry density. Scenario AE on the other hand would make the subsequent com-
paction activities even less efficient since the dry density is decreased with respect to the initial situation.
This basically means the soil body is expanding as a result of the gas production. Soil expansion as a result of
desaturation is expected to be an issue, only under low confining conditions when the effective stresses are
low and soil particles can be pushed apart by the pressure of the gas. Path AB is followed when no change in
void ratio occurs during the desaturation stage.
The research performed by Andrag (2017) suggests that path AB is most likely path to be followed during
microbial induced desaturation. It is expected that compaction activities after the desaturation stage will
result in the expulsion and dissolution of gas bubbles. If the volume of water that is expelled from the soil
during loading is limited, the water content is not changing significantly and the vertical path of BC is followed
during the compaction stage (Figure 1.1b).

The goal of this research is to investigate if soils can be compacted efficiently by applying the biogenic pre-
treatment. The effectiveness of the method can be assessed by evaluating the results from multiple displacement-
controlled loading experiments on samples with different degrees of saturation. A hydraulic Rowe cell setup
can be used to perform displacement-controlled loading and allows for monitoring of the pressure devel-
opment in the loading diaphragm as a result of the loading regime. This pressure development basically
represents the resistance of the soil against compression (compactability). Compression forces can be back-
calculated from the pressures by taking the loading area into account.

The presumed paths of the development of compression forces over time are shown in Figure 1.2. Both
the displacement rate and initial relative density of these samples are equal during this fictional experiment
and the optimum water content is assumed to correspond with a degree of saturation of 80%. Application
of displacement-controlled loading on fully saturated fine soils will in general quickly result in generation
of excess pore pressure. This can be recognized in Figure 1.2 as the forces quickly increase over time dur-
ing displacement-controlled loading. The degree of saturation can be lowered to 90% by means of biogenic
pretreatment, which brings the soil closer to its optimum water content. The pressure development during
displacement-controlled loading is now less severe as can be seen by the 90% saturation path in Figure 1.2.
This means less energy is required to reach the same target density. If the same displacement-controlled
loading regime is used to compact a sample that has a degree of saturation of 80%, which corresponds to the
optimum water content for this soil, the pressure development will be even less significant.

Energy requirements for reaching the target density are thus reduced as a result of the biogenic desat-
uration pretreatment. If the water content were to be lowered even more, to a value below the optimum
water content, the energy requirements for reaching the target density are increased again. Suction pressures
increase with decreasing water content and increase the strength and stiffness of a soil.

Figure 1.2: Presumed paths of compression forces over time for different degrees of saturation.
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1.4. RESEARCH QUESTION
The main objective is to investigate the potential of the proposed solution for facilitating compaction activi-
ties on saturated soils that cannot be compacted efficiently with the conventional techniques.
As previous research (Andrag, 2017) was yet inconclusive, the following research question is formulated for
the investigation:

• How is the compactability of an initially saturated silty sand influenced by the gas bubbles produced by
denitrifying bacteria and can this gas be used to reduce the energy requirements for static compaction
of the soil to a given target density?

1.5. SCOPE OF WORK
The following tasks are performed during this research:

• a literature study on the topic of microbial induced desaturation through denitrification, this includes
an investigation on the principles and limiting factors of the microbial denitrification process.

• a literature study to identify the soil characteristics and boundary conditions that influence the effec-
tiveness of compaction activities under (fully) saturated conditions.

• the search for a representative sample material that is suitable for the envisaged laboratory experi-
ments, this includes the assessment of suitability by means of a series of index tests.

• development of a placement method that allows for preparation of fully saturated samples with rela-
tively low initial density.

• the establishment of a chemostat setup for cultivation of denitrifying bacteria.

• a revision of the methods proposed by Pham (2017) and Andrag (2017) to predict and engineer a desat-
uration regime for a soil.

• a revision of the test setup proposed by Andrag (2017).

• the use of the same test setup to evaluate the energy requirements for static compaction of untreated
(fully saturated) and treated (microbially desaturated) soil samples.

• measurements of gas production and gas composition in an additional incubation experiment.

1.6. STRUCTURE OF REPORT
Figure 1.3 shows the different phases of this research. The structure of this report is based on these four
phases. In Chapter 2, a review of the relevant literature is given. First of all, bio-mediated soil improvement
techniques are introduced. After that, the principles and controlling factors of denitrification are presented.
Next, it is discussed how soils can be improved by means of the denitrification process. Finally, typical char-
acteristics of soils that are difficult to compact are identified. In Chapter 3, the experimental procedures
of laboratory tests are explained. In this chapter, the soil selection procedure, bacteria cultivation and ex-
perimental setups are discussed. In Chapter 4 the experimental results are shown and analyzed. Chapter
5 presents a discussion of the results. The measurement accuracy and drainage conditions are discussed.
The differences between experimental conditions and field conditions are clarified and finally the MID pre-
treatment is evaluated. The conclusions of this research can be found in Chapter 6. Finally, in Chapter 7,
recommendations for future research are given.
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Figure 1.3: The four phases of this research.
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2. REVIEW OF LITERATURE
Microbial geotechnology is an interdisciplinary science that has attracted the interest of scientific researchers
and industrial professionals from different scientific disciplines (Wu, 2015). Denitrification-based soil im-
provement is one of the microbial geotechnologies that has shown promising results in earlier research (An-
drag (2017),Pham (2017), Puzrin et al. (2011)). Knowledge from the different scientific disciplines involved
has to be combined for the development of this new ground improvement technique.

2.1. BIO-MEDIATED SOIL IMPROVEMENT TECHNIQUES
Bio-mediated soil improvement comprises the use of biological processes for improving engineering prop-
erties of soils. There a number of different on-going investigations that involve specific biological processes
within this relatively young discipline of geotechnical engineering. Some techniques aim at improving strength,
stiffness, compressibility and permeability characteristics by means of soil cementation (DeJong et al., 2010).
The cementation can be achieved by means of calcium carbonate precipitation from organic processes. Two
biological processes that are used for this type of ground improvement, often called microbial induced cal-
cite precipitation (MICP), are urea hydrolysis and denitrification (Andrag, 2017). Urea hydrolysis has been
successfully implemented by van Paassen et al. (2010) during large-scale field experiments to improve the
stiffness of a soil body.

Denitrification based MICP is a two-stage process that includes a desaturation stage and a precipitation
stage. It might therefore also be called microbial induced desaturation and precipitation (MIDP). Denitrifying
bacteria convert nitrogen oxides (NOx ) to molecular nitrogen (N2) under anaerobic conditions. Nitrogen gas
bubbles are produced which replace a part of the pore water and thereby desaturate a soil. The pH is rising
during the process of denitrification as a result of the production of bicarbonate (HCO°

3 ). The pH can be
buffered by adding calcium (C a2+) to the process which results in the precipitation of calcium carbonate
(C aCO3) and production of acidity.

Denitrification-based MIDP has been extensively studied by Pham (2017). The potential of this method
in altering hydro-mechanical behavior of sandy soils has been confirmed through laboratory experiments.
The nitrogen gas produced during the first stage of MIDP can be used to bring fully saturated soils close(r) to
optimum conditions in terms of water content. Energy requirements for subsequent compaction activities
are expected to be reduced as a result of the microbial induced desaturation (MID).

2.2. PRINCIPLES AND CONTROLLING FACTORS OF DENITRIFICATION
Denitrification is a microbial process that involves the dissimilatory reduction of one or both of the ionic
nitrogen oxides (nitrate or nitrite) by facultative anaerobic bacteria, ultimately resulting in molecular nitrogen
(N2). This process takes place in the terrestrial biosphere and is part of the so-called nitrogen cycle (Ambus
and Zechmeister-Boltenstern, 2007). The nitrogen oxides act as terminal electron acceptors in the absence of
molecular oxygen (O2), which is a more energetically favourable acceptor (Robertson and Groffman, 2015).

Nitrate (NO°
3 ) and nitrite (NO°

2 ) are the result of nitrification, which is an aerobic process that involves
the oxidation of ammonia to nitrite and from nitrite to nitrate. Nitrification is performed by autotrophic bac-
teria (self-nourishing organisms), while denitrification is mainly performed by heterotrophic bacteria (or-
ganisms that depend on nutrition from other sources (Ashton Acton, 2013)). The pathway from nitrate to
nitrogen is labeled as oxidative metabolism and involves the reduction of oxidized nitrogen compounds. Or-
ganic matter acts as electron donor during this process and is oxidized, which releases energy. The nitrogen
compounds act as electron acceptor and are reduced. The relevant half reactions of reduction are given by
Equation 2.1 to Equation 2.4.

NO°
3 +2H++2e° ! NO°

2 +H2O (2.1)

NO°
2 +2H++e° ! NO +H2O (2.2)

2NO +2H++2e° ! N2O +H2O (2.3)

N2O +2H++2e° ! N2 +6H2O (2.4)

7
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The net balance redox reaction can be expressed as shown in Equation 2.5.

2NO°
3 +10e°+12H+ ! N2 +6H2O (2.5)

Specific enzymes are involved in each reduction step. There are therefore four different enzymes involved in
the reduction of nitrate to nitrogen gas. The enzymes are also called reductases. There is another pathway
possible for dissimilatory reduction of nitrate which results directly in the formation of ammonium (N H+

4 ).
This pathway is labelled as fermentative metabolism and is often abbreviated as DNRA, which stands for
dissimilatory nitrate reduction to ammonium. The redox potential for reduction of nitrate to ammonium
is lower than for oxidative metabolism, but fermentative metabolism can become the dominant pathway of
reduction if nitrate ammonifiers out-compete denitrifiers. This may happen if the availability of nitrate is
limited compared to organic carbon (van den Berg et al., 2016). In other words, this depends on the carbon
to nitrate ratio. The two pathways for dissimilatory reduction of nitrate, denitrification and ammonification,
are illustrated in Figure 2.1

Ammonia (N H3), which is a primary pollutant in waste water, is oxidized to nitrate during the aeration
stage of the water treatment process of a sewage plant. Denitrification is used subsequently to decrease the
concentration of nitrate. Nitrification and denitrification are therefore important processes in the field of
sanitary engineering. A lot of knowledge about the kinetics of denitrification has been acquired in the last
few decades.

Figure 2.1: Dissimilatory reduction pathways of nitrate (Rebata-Landa and Santamarina, 2012).

2.2.1. OXYGEN
Several studies have shown that the presence of low concentrations of oxygen in soil decreases the overall rate
of denitrification. The sensitivity to oxygen is somewhat stronger for the reductases involved with the last re-
duction steps of denitrification. This means that the nitric oxide (NO) and nitrous oxide (N2O) reductases
are significantly repressed in the presence of molecular oxygen. A larger mole fraction of nitrous oxide in the
products of denitrification can be expected if conditions are not completely anaerobic (Knowles, 1982). Fur-
thermore the presence of oxygen could trigger assimilatory nitrate reduction which results in the production
of nitric oxide or ammonium as final products (van Spanning et al., 2007).

2.2.2. ORGANIC CARBON
An increase of the organic carbon concentration will result in a decrease of the N2O/N2 ratio according to
Wu (2015). This means that more N2 gas is produced relatively. Most of the denitrifying bacteria are het-
erotrophic, which means that the availability of organic carbon is essential for microbial activity (Braker and
Conrad, 2011). It has been reported that depending on the source of organic carbon, different mole fractions
of nitrous oxide can be found in the products of denitrification. Possibly different types of organic carbon in-
fluence the nitrogen reductases in a unique way, although overall rates of denitrification are similar (Knowles,
1982). Knowles (1982) also mentions that reduction shifts significantly towards ammonium in the presence
of abundant carbon, provided that anaerobic conditions are maintained. The ratio between organic carbon
and nitrogen (C/N ratio) also significantly influences the kinetics of denitrification. The influence of the C/N
ratio on conversion efficiency will be discussed in subsection 2.3.2.

2.2.3. PH
The optimum pH for denitrification is reported to lie between pH 7.0 and pH 8.0 (Knowles, 1982). The overall
rate of denitrification decreases outside of this range. Nitrogen oxide reductases are progressively inhibited
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with decreasing pH. This leads to accumulation of nitrous oxide since the corresponding reductase is inhib-
ited most significantly (Knowles, 1982). Prakasam and Loehr (1972) observed denitrification to occur up to
pH 11 in wastes.

When a population of denitrifiers is supplied with the appropriate substrates (nitrate source + carbon
source) under anaerobic conditions, it will often take a considerable amount of time before a significant
amount of nitrogen gas is observed. The time before significant gas production is called the lag period. The
lag period greatly depends on the initial pH of the environment in which the bacteria exist. The time before
significant gas production will increase if the initial pH in a soil lies outside of the optimum range. In case of
extreme pH conditions, no gas might be produced at all.

2.2.4. TEMPERATURE
Denitrification in soils decreases at low temperatures (<10 °C) but nevertheless continues up to the range of
0-5 °C, where larger mole fractions of N2O and NO are found (Knowles, 1982). Dawson and Murphy (1972)
report a denitrification rate at 5 °C which was 5 times smaller than the rate that was found at 20 °C from batch
activated sludge denitrification tests. In addition, the initial lag period before significant microbial activity
was found to increase with decreasing temperature.

Courtens et al. (2014) compared mesophilic denitrification with thermophilic denitrification by inocu-
lating batch reactors at 34 °C and 55 °C with mesophilic activated sludge (26 °C). The mesophilic denitrifiers
showed specific nitrogen removal rates that were twice as high as for the thermophilic denitrifiers. Nonethe-
less they found that the mesophilic denitrifiers were able to maintain their activity at 55 °C and showed sig-
nificantly higher activities than reported before.

The temperature effects have to be taken into account when microbial induced desaturation through
denitrification is implemented in the field, especially during the winter season in countries with relatively
cold winters.

2.2.5. INHIBITORS
The term inhibitor relates here to denitrification inhibiting chemical compounds that are sometimes present
in soil for specific reasons. Often these inhibitors ‘entered’ the soil as a result of human activity (e.g. pest
control in the agricultural sector). Several inhibitors of denitrication have been identified. Although some of
them inhibit only one specific reductase, it is more common to observe inhibitors exerting metabolic effects,
thereby affecting multiple stages of (nitrate) reduction (Knowles, 1982).

There is also a dependency on the concentration of the inhibitor. Mitsui et al. (1964) found for example
that the pesticide Vapam inhibits the reduction from nitrate to nitrogen in soils when present in a concen-
tration of 20 parts per million (ppm) or higher. Inhibition of denitrification has to be taken into account if
biogenic gas pretreatment is performed in areas where significant concentrations of inhibitors can be ex-
pected. For reclamation projects, this is most of the times not the case since the soil is often reclaimed from
an offshore location. Conversely stimulation of the production of nitrate denitrifying reductases by nitrite,
chlorate and azide has been reported by Calder et al. (1980) for certain bacteria species.

2.2.6. NITRATE RESPIRATION AND INTRACELLULAR COMPETITION
According to Glass and Silverstein (1998), many denitrifying bacteria, although capable of reducing nitrate
to nitrite, cannot use nitrite or other reduced nitrogen as electron acceptors. Therefore a difference can be
made between true denitrifying bacteria and nitrate respiring bacteria. While nitrogen gas is the end-product
of true denitrifiers, nitrate respiration results in accumulation of nitrite as this is the most reduced product
that these bacteria can produce. If both types of bacteria are present, nitrite will accumulate when the nitrate
respiring population is growing more rapidly than the true denitrifying population.

Another explanation for the accumulation of nitrite during denitrification can be addressed to the ob-
served intracellular competition between nitrate reductase and nitrite reductase (Wilderer et al., 1987) as the
first one is preferred over the latter one as electron acceptor. Finally, Van Rijn et al. (1996) observed that for
Pseudomonas stutzeri, a greater accumulation of extracellular nitrite occurred when supplying the bacteria
with relatively oxidized substrates.

2.3. MICROBIAL GROUND IMPROVEMENT THROUGH DENITRIFICATION
Denitrification is in important subject in various academic disciplines (e.g. biology, sanitary engineering,
agriculture). As a result of this, a significant amount of knowledge has been gained through the years about
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the kinetics of denitrification. In order to optimize the proposed biogenic gas pretreatment of saturated soils,
this knowledge has to be used to develop an efficient strategy for field implementation. Field conditions such
as the in-situ state of the soil, pH environment and temperature have to be taken into account and the engi-
neered substrate solution has to be tuned based on these conditions. The overall strategy that is developed
for biogenic pretreatment should allow for the controlled and predictable development of a specific volume
of nitrogen gas, without accumulation of harmful compounds and contamination of the environment.

2.3.1. REACTION STOICHIOMETRY
Denitrification is the biological process that involves the breakdown of organic matter and dissimilatory re-
duction of nitrate by microbes and the production of biomass. This natural process can be stimulated in a
laboratory environment by means of a bacteria enrichment. Essentially, denitrifying organisms need to be
supplied with sufficient amounts of organic carbon source, nitrate source and nutrients. Anaerobic condi-
tions have to be maintained because assimilatory reduction of nitrate may occur in the presence of oxygen.

The objective of a bacteria enrichment is to stimulate the production of biomass, it is therefore necessary
to take a look at the stoichiometry of the relevant metabolic reaction. The stoichiometry of the metabolic
reaction depends on the amount of energy that is generated by catabolism and the production of biomass
by anabolism. The carbon energy source is converted by microbes to generate energy, this is expressed by
the catabolic reaction. This energy can be used to create new biomass, and this is expressed by the anabolic
reaction. If acetate (C2H3O2) is used as electron and carbon donor, the catabolic and anabolic reaction will
look like as in Equation 2.6 and Equation 2.7 respectively (Pham et al., 2016).

C2H3O°
2 +1.6NO°

3 ! 0.8N2 +2HCO°
3 +0.8H2O (2.6)

0.725C2H3O°
2 +0.2NO°

3 +0.475H+ !C H1.8O0.5N0.2 +0.45HCO°
3 +0.2H2O (2.7)

If maximum growth conditions are considered, the metabolic reaction can be provided by solving the en-
ergy balance (Equation 2.8, Pham et al. (2016)). The stoichiometric coefficients for maximum growth can
be derived from this metabolic reaction. Equation 2.8 shows that the acetate-nitrate ratio (Ac/N ratio) for
maximum growth conditions is equal to approximately 1.25.

1.21C2H3O°
2 +0.97NO°

3 +0.76H+ !C H1.8O0.5N0.2 +1.41HCO°
3 +0.39N2 +0.59H2O (2.8)

The actual growth rate of biomass depends on the prevailing environmental conditions such as availabil-
ity of nutrients and substrates. Also inhibiting compounds have to be considered. Macro-nutrients and
micro-nutrients are normally added in laboratory experiments to avoid limitation of nutrients during bac-
terial growth. The pH rises as a result of denitrification, calcium is therefore added to the process. The bi-
carbonate produced by denitrification reacts with calcium to form calcium carbonate (Equation 2.9), which
increases the acidity and therefore serves as buffer mechanism.

C a2++HCO°
3 !C aCO3 +H+ (2.9)

2.3.2. AC/N AND C/N RATIO
First thing that should be noted is that there is a significant difference between the supplied acetate/nitrate
(Ac/N) ratio and the consumed Ac/N ratio. Pham (2017) observed that the most efficient supply ratio lies
at 0.8. With this ratio all substrates were consumed most efficiently and the residual nitrate, acetate and
calcium were limited. Lower Ac/N ratios resulted in accumulation of nitrite and other harmful intermediates,
while higher Ac/N ratios resulted in significant amounts of residual acetate and calcium. According to Pham
(2017), maximum growth stoichiometry lies at an Ac/N ratio of 1.25. Pham (2017) also observed that a high
carbon/nitrogen (C /N ) ratio positively affected the complete conversion of nitrate to nitrogen gas and limited
the nitrite accumulation, while a low C /N ratio resulted in residual nitrate and accumulation of nitrite.

2.3.3. CONCENTRATION OF SUBSTRATE
Andrag (2017) assessed the efficiency of bio-mediated soil pretreatment with experiments in a Rowe cell and
used a bacterial inoculum that originated from the Delft University of Technology’s botanical garden. All the
treatment regimes used during these experiments had a calcium-acetate-nitrate (Ca-Ac-N) composition of
36.5-39.9-33.2 mM, which is relatively low in terms of substrate concentrations. This corresponds with an
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Ac/N ratio of 1.2 approximately, which is close to the stoichiometry of maximum growth (1.25). The accumu-
lation of harmful intermediates in these experiments was limited.

Pham (2017) observed strong inhibition of denitrification as a result of nitrite accumulation when using
a relatively high concentration of substrate solution in liquid batch experiments. The relatively high ini-
tial concentrations caused the Ac/N consumption ratio to approach the lower limit of 0.6, corresponding to
stoichiometry conditions of pure maintenance. The Ac/N consumption ratio approached the high extreme
(maximum growth) in the case of relatively low initial concentrations of substrate solution. No residual nitrite
was observed at the end of the experiments. It should be noted that the initial Ac/N supply ratios were in fact
similar.

2.3.4. GAS PERCOLATION THRESHOLD
The gas percolation threshold quantifies the amount of gas that can be maintained by a certain soil (i.e. the
gas storage capacity). A continuous gas phase develops when the percolation threshold has been reached
through the production of gas. Additional gas production will result in the escape of gas bubbles from the
soil. The intended pretreatment might not be ultimately effective if the volume of gas that has to be produced
to reach the optimum saturation lies above the percolation threshold. A reduction of compaction energy can,
however, still be expected for most soils since the dry density increases with decreasing moisture content
on the wet side of a compaction curve. The threshold depends on the confining pressure and the pore size
distribution of the soil (Pham, 2017).

2.3.5. CALCITE PRECIPITATION
Calcium is added to the substrates to buffer the pH during denitrification. From Equation 2.9 it can be seen
that protons are released when calcium and bicarbonate react to precipitate calcium carbonate. Calcium car-
bonate precipitation has to be taken into account for the proposed two-stage process of biogenic pretreat-
ment and compaction. If the amount of calcium carbonate precipitation is limited, there is no significant
buffering effect and the pH will increase excessively. This will result in nitrite accumulation and a reduced
rate of denitrification. On the other side of the coin, soil strength can be increased by means of the calcium
carbonate bonds formed between individual grains. A higher soil strength before compaction is obviously
not desired for the two-stage process that is assessed in this research. However, Andrag (2017) showed that
the amount of calcium carbonate precipitation is very limited when relatively low substrate concentrations
(Ca-Ac-N = 36.5-39.9-33.2 mM) are used. Andrag (2017) found that less than 0.1% (by mass) of the treated
specimens consisted of calcium carbonate at the end of the tests. The cementation effects are therefore neg-
ligible.

van Paassen et al. (2010), predicted that calcium overloading might result in inhibition of one of the
reduction steps of denitrification, which leads to accumulation of intermediates. This was confirmed by
Ivanov and Stabnikov (2016), who found that denitrification inhibited with dissolved calcium concentrations
above 0.05 M.

2.3.6. EXPANSION OF SOIL SKELETON
If biogenic pretreatment were to be applied at relatively shallow depths, the production of nitrogen gas might
result in expansion of the soil skeleton. This counter-acts the effectiveness of biogenic pretreatment for re-
ducing the energy required for compaction activities. Expansion of the soil skeleton signifies a decreased
density of the soil mass, which means that a certain amount of compaction energy is required to bring the
soil mass back to its initial density.

Expansion of the soil skeleton is not expected to be an issue on most reclamations or landfill projects,
because the soils that require a pretreatment are normally not very close to the surface. Sufficient counter-
pressure is provided by the overlying soil. There was no expansion of the soil skeleton observed by Andrag
(2017), who used a Rowe cell to assess the feasibility of biogenic pretreatment of silty sands and set the pres-
sure conditions in the cell to represent conditions at 5 meters depth (total vertical pressure = 100 kPa and
pore pressure = 50 kPa).

2.3.7. ACCUMULATION OF HARMFUL INTERMEDIATES
The intermediates of denitrification are nitrite, nitric oxide and nitrous oxide in order of most to least ther-
modynamically favorable. Accumulation of these intermediates is undesirable since all of them are harmful
to organisms and the environment. Moreover, high concentrations of intermediate products are toxic to den-
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itrifying bacteria according to van Spanning et al. (2007). Nitrous oxide might accumulate at low pH values,
but this is not in the range of pH values expected to be normally encountered in the field. According to con-
centration measurements done by Betlach and Tiedje (1981), accumulation of nitrite is most of the times way
more significant than accumulation of nitric oxide and nitrous oxide. Nitrite accumulation can be minimized
by choosing a suitable Ac/N ratio and concentration for the substrate solution.

2.4. DISTRIBUTION OF THE GAS PHASE
The nitrogen gas that is produced by biogenic pretreatment, lowers the water content of soils as water is
expelled from the pore space. The compressibility of the soil can be increased, because part of the nearly
incompressible pore fluid (water) is replaced by a highly compressible medium (air). Rebata-Landa and San-
tamarina (2012) describes this as pore fluid softening. The compaction curve has to be taken into account
since compressibility will decrease again with decreasing water content on the dry side of the compaction
curve.

Another factor that has to be taken into account for biogenic pretreatment is the distribution of the gas
phase. The compressibility and therefore the achievable final dry density of a pretreated soil depend on how
gas bubbles are distributed throughout the medium. A homogeneous distribution of small bubbles is desired.
Gas injection, which is an alternative desaturation method, will often result in percolation of air bubbles
along preferential paths formed by large interconnected pore throats (Rebata-Landa and Santamarina, 2012).
Gas generation by electrolysis is also proposed as desaturation method. Hydrogen and oxygen gases can be
generated by sending a current through an electrode. The amount of gas generated, and thus the degree of
saturation, can be controlled by regulating the electrical current. Arriving at a homogeneous distribution of
gases with this method is, however, challenging because gases are generated close to the electrodes (Gokyer,
2009).

Predicting or controlling the distribution of the gas phase in the case of biogenic pretreatment is rather
complex. The gases produced by denitrifying bacteria will initially dissolve in the pore fluid until the su-
persaturation threshold is reached after which bubble nucleation will occur. The supersaturation threshold
depends on the gas concentration in the fluid and the gas concentration that is soluble in the liquid under
the prevailing conditions (Rebata-Landa and Santamarina, 2012). A distinction can be made between ho-
mogeneous and heterogeneous bubble nucleation (Rebata-Landa and Santamarina, 2012). In porous media,
bubble nucleation will generally occur at lower supersaturations due to the presence of mineral surfaces, this
is termed heterogeneous bubble nucleation. In batch experiments homogeneous bubble nucleation is dom-
inating since a limited amount of nucleation centers is available. At the supersaturation threshold, the pore
water pressure approaches the pressure in the gas. The concentration of dissolved gas depends on the partial
pressure of the gas and can be calculated using Henry’s Law. The stability of the bubbles depends on their
size. A critical radius (rcr i t i cal ) can be defined at which bubbles are stable and will not redissolve into the
pore fluid (Lubetkin, 2003). Equation 2.10 can be used to calculate the critical radius based on the surface
tension (Ts ), supersaturation (√) and pressure at which bubbles nucleate (un).

rcr i t i cal =
2 ·Ts

√ ·un
(2.10)

Stable bubbles can migrate through the porous medium as a result of pressure gradients and might coalesce
with other bubbles to form larger bubbles. This way small bubbles can continuously ‘feed’ the larger bubble
until it becomes trapped at pore throats. This is an important mechanism affecting the spatial distribution of
the gas phase and might significantly affect the compressibility of the porous medium.

Denitrifying bacteria are responsible for the production of molecular nitrogen. The production of nitro-
gen gas essentially means the production (or nucleation) of bubbles. The growth rate and production rate of
these bubbles will influence the spatial distribution of the gas phase. It is therefore important to take bacte-
rial activity into account when considering the spatial distribution of the gas phase because the rate of gas
production essentially depends on the activity of the denitrifying bacteria. The rate of gas production can
be influenced by controlling the amount of substrates supplied to the bacteria but will also depend on the
concentration of biomass. The spatial distributions of biomass and substrates are also of major influence on
the distribution of the bubbles. If the distribution of biomass is non-homogeneous and large concentrations
are present in certain areas, the gas production in these areas will be higher, thereby influencing the distri-
bution of gas bubbles. A highly heterogeneous distribution of bacteria is not expected for existing in-situ
bacteria. When micro-organisms are injected in a soil, the homogeneity of distribution has to be taken into
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account. In conclusion, controlling the spatial distribution of the gas phase in the field brings about numer-
ous challenges. Well developed injection strategies have to be used to ensure a homogeneous distribution of
gas bubbles when soils are treated in-situ.

2.5. COMPACTION ACTIVITIES ON SOILS
Compaction activities are employed to improve soils and thereby preparing them for future conditions. Ground
improvement might be required to prepare reclaimed areas or landfills for the construction of infrastructure
or residential and industrial structures. According to Multiquip (2011), objectives of compaction can be sum-
marized as:

• Increasing load-bearing capacity

• Preventing soil settlement

• Providing stability

• Reducing water seepage, swelling and contraction

Compaction forces can be applied in two ways: statically or dynamically. Static compaction methods are
rarely used for ground improvement of granular reclamations or landfills as the influence depth is typically
very limited. Dynamic compaction methods are significantly more effective for ground improvement of gran-
ular deposits. The higher energy levels produced with dynamic compaction are usually considered necessary
to compact granular materials, although this is mostly based on experience. Static loading might be ap-
plied in areas with thick natural clay deposits as surcharges at ground level to induce settlement. This can
be described as compaction by means of consolidation. Consolidation is the controlling process. Vertical
drains are often used in combination with surcharges at ground level to accelerate the consolidation process.
Dynamic or vibratory compaction methods are widely in use to perform ground improvement and a large
variety of different dynamic techniques have been developed throughout the years, the most famous ones
considerably being impact compaction and vibro compaction.

2.5.1. PROBLEMATIC SOILS
Keller Holding GmbH is a German ground engineering specialist that has decades of experience in the field
of ground improvement by vibro compaction techniques. They produced the graph shown in Figure 2.2,
which illustrate the limits of application for deep vibro techniques. The two vibro techniques that are shown,
replacement and compaction, are used to improve the engineering properties of soils. Vibro compaction is
effective in granular soils with a low fines content, vibro replacement is required in cohesive soils and granular
soils with a high fines content. Andrag (2017) states that compaction is often debated in fully saturated fine-
grained soils with fines content above 10-12%. A transition zone is shown in Figure 2.2, if this zone can be
moved to the left by pretreating soils, the limit of application for vibro compaction could be extended. Since
vibro replacement techniques are extremely costly, it would be interesting to investigate the feasibility of such
a pretreatment.
Typically, sandy silt or silty sand mixtures are present in land reclamation projects as a result of the segre-
gation caused by the weight differences of sand and silt. The particle size distribution of these mixtures are
often found to lie within or close to the transition zone of Figure 2.2 and therefore affect the efficiency of
compaction activities.

Layers or lenses of fine material are often encountered in reclamations and reduce the effectiveness of
compaction effort on the material below these zones of fine material. The quality of a reclamation and ef-
fectiveness of compaction activities are often assessed by comparing the results from cone penetration tests
(CPT) before and after ground improvement. By looking at these results the effect of these zones of fine ma-
terial can be observed. Figure 2.3 shows the processed CPT results from a reclamation project in Asia.

The rightmost chart is a so-called Ic chart and provides a soil behaviour type classification based on the
cone penetration test (Robertson and Wride, 1998). The soil behaviour type index (Ic ) can be calculated from
the parameters obtained during a cone penetration test. According to the soil type index legend provided by
Robertson and Wride (1998), a soil is no longer classified as sand but as sand mixture (silty sand to sandy silt)
when the soil behaviour type index is higher than 2.05 (and lower than 2.60). The efficiency of compaction
activities might be significantly reduced for soils with a soil behaviour type index above this boundary.
For this particular project, soils with a soil type behaviour index higher than 1.9 are classified as fines. Fines
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Figure 2.2: Graph produced by Keller (n.d.) GmbH to show the limits of application for deep vibro techniques.

are indicated with red rectangles in the Ic chart. The effect of these fines on the efficiency of compaction
activities can be seen by analyzing the pre and post-compaction cone resistance values in the leftmost chart.
The post-compaction CPT is performed after a first pass of a rapid impact compacter.

There is a clear increase in cone resistance after compaction for the first few meters. The high pre-
compaction cone resistance peak at approximately 0 m MSL can be explained by the fact that only one CPT
was performed before compaction and three CPT’s were performed after compaction (a moving average of
the three post-compaction CPT’s is shown). However, according to the Ic chart there is a fines layer of approxi-
mately half a meter at -2.5 m MSL. At this depth the leftmost chart shows a sharp decrease in post-compaction
cone resistance and a clearly reduced cone resistance can be observed in the sands below this depth. Below
-4 m MSL even more layers with large amounts of fines are encountered. The post-compaction CPT’s show
only a minor increase in cone resistance for these layers. Apparently soils with a high fines content cannot be
compacted efficiently and also limit the energy transfer to soils below.
Compaction activities would obviously not be required if the configuration of soils is relatively dense (high
relative density) to start with. However, the deposition techniques that are commonly used to create artificial
islands, for example spraying, often result in relatively loose deposits with relative densities around 30% or
40%. Excess pore water pressures are generated upon compaction of these soils due to the large fraction of
fine material, which reduces the permeability. Permeability seems to play an important role with regards to
the compactability of soils.

Lubking (1989) also mentions the influence of the shape of grains and surface roughness of sand particles.
Well-rounded particles will rearrange themselves more easily into a denser configuration during load appli-
cation because of the low degree of particle interlocking. More angular particles will experience more friction
during loading (higher friction angle). So, in terms of compactibility, it is expected that well-rounded parti-
cles are easier to compact than more angular particles. At the same time, it could be argued that during an
unloading phase, the more angular particles will experience smaller elastic strain (rebound) when compared
to rounded particles due to this higher degree of particle interlocking.

2.5.2. WATER CONTENT VERSUS DRY DENSITY
The relationship between water content and dry density is a helpful tool for assessment of land reclamations
in terms of relative density. Proctor tests are performed to construct compaction curves, which show the
relationship between water content and dry density of a soil for a given input of compaction energy. By com-
paring the results from in-situ density tests (e.g. nuclear density method or sand replacement method) with
the compaction curve from a proctor test, the relative density can be determined. The shape and position of
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Figure 2.3: Processed CPT results from reclamation project in Asia.
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a compaction curve depend on the type of soil and its particle size distribution.
The steepness of the compaction curve generally increases when going from a coarse-grained soil (gravel)

to a fine-grained soil (clay), as can be seen in Figure 2.4. As the steepness of the curve increases, the effect of
water content on dry density increases. In general it can be stated that an induced change in water content
could result in a significant change in dry density for a given amount of compaction energy when dealing
with a clay, but will only result in a minor change of dry density in the case of a gravel. From Figure 2.4 it can
also be seen that the compaction curve moves up and to the left when going from a clay to a gravel. For a
given amount of input compaction energy, the maximum dry density for a gravel is thus significantly higher
than for a clay, the exact opposite can be said with regards to the optimum water content.

When looking at the effect of water content on compaction behaviour, a clear distinction can be made be-
tween granular and cohesive soils. According to Bergeson and Jahren (1999), many granular materials have
a maximum dry unit weight at either the completely dry or nearly saturated condition. In between these
two extremes, lower dry unit weights are obtained. These lower dry unit weights can be explained by a phe-
nomenon called bulking (Hilf, 1991). Capillary tensional stresses develop under low water content at the
water-air interface and hold the soil particles in place. This impedes the effectiveness of compaction activ-
ities. The high efficiency of compaction at the nearly saturated condition applies only to free-draining soils
while the efficiency of compaction at the completely dry condition seems to be high for granular materials
with up to 30 percent of fines (Forssblad, 1981). Uniform soils are the exception to this trend. Since particle
sizes fall within a close range for uniform soils, the amount of rearrangement is too limited. This implies a
small dependency of dry unit weight on water content (Parsons et al., 1992).

Obviously most natural soils will not consist solely of clay-sized particles or sand-sized particles. It is
therefore necessary to look at the effect of the particle size distribution or soil gradation on the shape and
position of the compaction curve.

Figure 2.4: General compaction curves for different soil types (Salem, 2010).

Soil gradation is a geotechnical property that acts as indicator of other (geotechnical) engineering properties
such as compressibility and conductivity. There are three main categories that can be defined with regards
to soil gradation. Well graded soils, poorly or uniformly graded soils and gap graded soils. Well graded soils
contain an entire range of different particle sizes, uniformly graded soils contain only one small range of
particle sizes and gap graded soils contain two small ranges of particle sizes.

Well graded and gap graded soils can in principle be compacted to a higher dry density than poorly graded
soils. In well graded or gap graded soils, finer particles (e.g. silt) will fill up the voids between the coarser
particles (e.g. sand) upon compaction, thereby increasing the dry density. In a poorly graded sandy soil,
particles can be rearranged into a denser configuration, but as no other grain sizes are present, the voids
between the sand particles cannot be filled. Maximum dry densities that can be achieved after compaction
are thus generally lower for poorly graded soils when compared to well graded soils.

The compaction curve of poorly graded soils are often more flat than for well graded soils. Changing the
water content of the soil thus has no significant effect on the dry density that can be achieved. Still this insen-
sitivity to water content cannot be explained by only considering soil gradation. The mean grain size and the
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related permeability play an important role as Figure 2.4 indicates. A high fraction of fines in a coarse soil will
also significantly affect permeability and the sensitivity of unit dry weight to water content. If water can drain
easily from the soil during compaction activities, vibrations (i.e. energy) are more effectively transferred to
the soil skeleton, thereby inducing rearrangement of soil particles. Excess pore pressures will develop in less
pervious (e.g. cohesive) soils as the compaction energy is absorbed by the pore water. This counteracts the
compaction activities.

Drnevich et al. (2007) mentions a clear difference in the effect of water content on compaction behavior
between free-draining granular soils and cohesive and semi-pervious soils. The maximum dry unit weights
and optimum water contents are well defined for cohesive and semi-pervious soils, while free-draining gran-
ular soils often show relatively flat compaction curves with multiple, gentle optima in terms of water content.

Figure 2.5 shows the standard compaction curves for typical fine soils from literature. The saturation con-
tours are based on a specific gravity (Gs ) of 2.65 g /cm3. A relatively flat compaction curve can be recognized
for the fine uniform sand that was reported by Head (2006). This corresponds with the earlier mentioned
information from literature. Based on this figure it can be argued that the saturation corresponding with the
optimum water content, typically lies around 80% saturation for fine soils. The 80% saturation contour is
indicated with a red color.
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3. METHODOLOGY
The potential of the denitrification-based pretreatment can be assessed by evaluating the energy require-
ments for compaction of a soil. If microbially treated and untreated soil samples are subjected to the same
loading regime, the energy requirements for reaching a certain target density can be compared. This way,
efficiency of the pretreatment can be assessed. A (hydraulic) Rowe cell is used to perform this assessment.
Samples can be statically loaded with a constant strain rate in the Rowe cell by using a flow rate controller.
The pressure development in the loading diaphragm of the Rowe cell can be monitored and represents the
effort that is needed for compaction. Energy requirements can be derived from this.

3.1. SELECTION OF SOIL SAMPLE
Care should be taken when selecting a sample material for the envisioned experiments. Compaction activ-
ities are often found to be inefficient on soils with a relatively high fines content. Ideally, a representative
‘problematic’ soil from a project is obtained and used in the laboratory experiments to assess the efficiency
of the biogenic pretreatment. It is unfortunately not possible to acquire such a soil. Therefore an alternative
solution is sought.

A number of different aspects has to be taken into account for the selection of the soil. Since it is the
intention to desaturate the soil to a saturation close to the optimum water content, it has to be assured that
this goal is in fact achievable. It is therefore necessary to study the compaction curves of the sample material.

Andrag (2017) used denitrifying bacteria to desaturate fully saturated soils in a Rowe cell under in-situ
stress conditions. The soil samples that were used during the experiments consisted of an industrially man-
ufactured uniformly graded fine sand (Geba - Sibelco Benelux) mixed with different fractions of silica flour
silt (M6 MILLISIL - Sibelco Benelux). Proctor compaction tests (BS 1377: 1990: Part 4) performed by Andrag
(2017), showed an optimum water content at a relatively low degree of saturation (<80%). During the Rowe
cell experiments it was found that the optimum water content of the sample material could not be reached
with the microbial pretreatment. Gas started venting from the soil sample before reaching the optimum wa-
ter content. The gas storage capacity of the sample material was therefore not sufficient to allow for reaching
the target saturation corresponding with the optimum water content.

For the current research, it is decided to first perform standard proctor compaction tests with an auto-
matic compaction machine on samples with the same composition as the ones used by Andrag (2017) to
confirm the low optimum degree of saturation.

Next, an additional series of standard proctor compaction tests is performed, using different types of
sample material and sample compositions. Table 3.1 shows the different sample materials that are assessed
during the series of proctor tests. The aim is to find a suitable material for the envisioned experiments with a
compaction curve that shows an optimum degree of saturation equal to or higher than 80%. A relatively flat
compaction curve is not desirable because this indicates that the maximum dry density that can be achieved
for the soil is not very dependent on moisture content. The specific gravity (Gs ) is assumed to be equal to the
particle density (density of water = 1 g /cm3 ) for the materials reported in Table 3.1.

Table 3.1: Materials used during series of standard proctor compaction tests.
*Krapfenbauer (2016)

**Stewart (1992)

Name Geba GA39 Sluiseiland M6 Kaolin

Type Sand Sand Sand Silt Clay (Powder)

Origin Industrial Industrial Natural Industrial Industrial

d50 (µm) 119* 91 200-300 30 < 2

Gs (g/cm3) 2.65 2.65 ± 2.65 2.65 2.60**

Table 3.2 presents the different compositions that are tested in a chronological sequence. The testing strategy
is based on information from literature, results from previous tests and practical knowledge. The proctor
compaction curves are presented in the next chapter together with an elaboration on the testing strategy and
explanations for the obtained curves.
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Table 3.2: List of sample compositions that are assessed with the standard proctor compaction test in chronological sequence.

Geba GA39 Sluiseiland M6 Kaolin

Composition 1 92% - - 8% -

Composition 2 84% - - 16% -

Composition 3 - 92% - 8%

Composition 4 - 92% - - 8%

Composition 5 30% 30% - 40% -

Composition 6 27% 20% 20% 30% 3%

3.1.1. COMPACTION CURVES
The final composition that is assessed during the series of proctor compaction tests, composition 6, is found
to be suitable for the Rowe cell experiments. Figure 3.1 shows the standard and modified compaction curve
(BS 1377: 1990: Part 4) of this sample material. The air voids content contours and degree of saturation con-
tours are plotted in Figure 3.1a and Figure 3.1b respectively. The standard proctor curve shows an optimum
water content (based on dry weight) between approximately 13.5% and 14%. This corresponds with a degree
of saturation that is close to 80%. The saturation contours are based on a specific density (Gs ) of 2.65 g /cm3.
The shape of the modified compaction curve is similar to the standard compaction curve but it is shifted up-
wards and slightly to the left. According to literature, an increase of compactive effort will cause the optimum
water content to decrease (shift to the left) and the maximum dry density to increase (shift upwards) while
the corresponding degree of saturation remains almost the same. The net shift of the optimums (i.e. top of
the curve) is indicated in Figure 3.1b with a red arrow. It is expected that the actual optimum water content
for the modified proctor curve lies in between the two measurement points.
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Figure 3.1: Standard and modified proctor compaction curves for composition 6.

3.1.2. PARTICLE SIZE DISTRIBUTION
The particle size distribution (PSD) of the selected soil (composition 6) is determined according to the RAW
standard specified by CROW. The PSD determination includes a sieving experiment and a hydrometer anal-
ysis. The particle size distribution is shown in Figure 3.2. Further particle size characteristics can be found
in Table 3.3. Fines are defined by the unified soil classification system (USCS) as particles passing the #200
sieve, which has a nominal sieve opening of 74 microns. According to the USCS, the fines percentage for this
soil is therefore approximately 38%. Soils with a coefficient of uniformity higher than 6 and a coefficient of
curvature between 1 and 3 are defined as well graded. If one out of two criteria is not met, the soil is defined
as poorly graded. Based on the presented data the soil can be described as a silty sand.
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Table 3.3: Grain diameters in µm at x% passing (Dx ) and coefficients of uniformity (Cu ) and curvature (CC ).

D10 D20 D30 D40 D50 D60 D70 D80 D90 Cu Cc

11 33 64 78 94 114 142 186 261 10.4 3.3
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Figure 3.2: Particle size distribution of soil selected for Rowe cell experiments (composition 6).

3.1.3. DRY DENSITY LIMITS
The maximum and minimum dry density have to be determined in order to be able to evaluate compaction
in terms of relative density. The void ratio and porosity corresponding to the maximum and minimum dry
density can be calculated with Equation 3.1, if the particle density is known. Since the sample material consist
mainly of quartz, a particle density of 2.65 g /cm3 is used.

e = n
1°n

= Gs

Ωd
·Ωw °1 (3.1)

The minimum dry density is determined according to BS 1377: Part 4: 1990 clause 4.4. The sample material
is first dried in a oven for 24 hours at 105 degrees Celsius. A dry and empty cylinder is partly filled with the
sample material. The minimum dry density is determined by shaking the cylinder and afterwards gently
tilting the cylinder so that the material arrives in a loose state. This procedure is repeated ten times. The
lowest density that is achieved is used as minimum density. The maximum dry density is taken from the
modified Proctor test. Table 3.4 shows the dry density limits and corresponding void ratios.

Table 3.4: Minimum and maximum density and corresponding maximum and minimum void ratio of selected soil.

Ωd mi n
(g /cm3)

Ωd max
(g /cm3)

emax
(-)

emi n
(-)

1.32 1.85 1.00 0.43

3.2. CULTIVATION OF DENITRIFYING BACTERIA
A bioreactor is employed for cultivation of denitrifying bacteria. Activated sludge from a wastewater treat-
ment plant in Middelharnis, Netherlands, is used as inoculum for the cultivation experiment. The main goal
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of the cultivation is to produce inoculum that can be used for the Rowe experiments to produce nitrogen gas
bubbles in saturated soil samples, thereby expelling pore water and lowering the degree of saturation. The
produced inoculum is also used in other supporting experiments.

Figure 3.3 shows the bioreactor that is used to realize the chemostat for cultivation of denitrifying bac-
teria. A chemostat describes an experimental setup that allows for the cultivation of a bacterial culture by
a continuous supply of substrates and a continuous overflow of content exceeding the desired culture vol-
ume (Vazquez, 2017). This way the chemical environment in the reactor can be maintained static and the
substrate availability can be controlled. The type of bacteria, dilution rate and composition of substrates
determine the chemical environment. The specific growth rate of the bacteria culture can be controlled by
changing the dilution rate while keeping the concentration of the supplied (limiting) substrate constant or
vice versa. The specific growth rate will become equal to the dilution rate after some transient period. This
also means that the biomass concentration in the reactor and effluent will become stable and equal to each
other after reaching the static condition. This only applies when the maximum growth rate (or dilution rate)
is not exceeded.

Figure 3.3: Chemostat setup for cultivation of denitrifying bacteria.

The substrates for bacterial growth of denitrifying bacteria are supplied from two air-tight 2 L bottles to the
reactor. One bottle contains the nitrate source, calcium nitrate, the other bottle contains the organic carbon
source, calcium acetate. Marco and micro-nutrients were initially added to the calcium nitrate substrate
bottle to enable a continuous supply of nutrients. However, in a later stage it was decided to inject macro
and micro-nutrients once a week directly into the reactor. It became clear that accumulations of nitrate and
nitrite in the reactor could be assigned to a nutrient deficiency. The shortage of supply of nutrients from the
substrate bottle can possibly be explained by a relatively low supply rate to the reactor. The list of macro and
micro-nutrients and their concentrations can be found in Appendix D.

The acetate-nitrate ratio is always kept at 1.25, corresponding with maximum growth conditions (Equa-
tion 2.8). The substrates are separated to avoid premature chemical reactions. Two peristaltic pumps (Watson
Marlow 120U) can be used to supply the substrates with a certain flow rate. The flow rates of the combination
of pump and tubing have to be determined before starting the chemostat by setting the pumps to different
speeds in terms of rotations per minute (RPM). Marprene tubing (Watson Marlow) is used for all connections
on the chemostat. Marprene tubing is resistant to most chemicals and is impermeable to oxygen, nitrogen
and nitrogen oxides. Nitrogen gas is continuously sparged through the culture volume to ensure anoxic con-
ditions. An electric stirrer is attached to the cell top and can be set to different speeds to maintain thoroughly
mixed conditions. Samples can be taken from the reactor with a syringe which is connected with tubing to
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a connection into the culture volume. The sparged nitrogen gas and gasses produced by the bacteria move
to the head space above the culture volume and can escape through a tube that leads to an upturned graded
cylinder. The cylinder is partly immersed into water to maintain anoxic conditions.

Five different sensors are inserted into the culture volume to monitor the conditions in the reactor. These
include a pH sensor, an electrical conductivity (EC) sensor, a dissolved oxygen (dO2) sensor, a temperature
sensor and a level sensor. The sensors are connected to a process controller (in-Control, Applikon Biotech-
nology), which allows for online monitoring of the conditions in the reactor. All unused connections on the
bioreactor are carefully sealed to avoid oxygen infiltration.

The level sensor is used to control the culture volume. As soon as the liquid in the reactor reaches the
sensor, an electrical current makes sure that the peristaltic outflow pump is switched on, which removes
liquid from the reactor and transfers it to an air-tight 2 L effluent bottle. There is a risk of clogging in the
outflow tube due to the transport of biomass. A slightly thicker tubing is used to avoid this. With the dO2
sensor, anoxic conditions can be checked. If the dO2 sensor indicates a rising oxygen level, it means that
oxygen is entering the system somewhere. The pH and EC sensors are used to monitor bacterial activity.
The concentration of substrates in the reactor can be followed through the EC sensor since the electrical
conductivity is a function of the concentration of salts in solution. The effect of bacterial activity on the pH
environment can be followed with the pH sensor. Nitrate and nitrite test strips are frequently used for a quick
check of the nitrate and nitrite levels in the bioreactor. The supply pumps are momentarily stopped if the
strips show a high concentration of one of the two components (or both).

The bacterial solution for the Rowe cell experiments and other supporting experiments is taken directly
from the reactor (and not from the effluent) to acquire the most active inoculum. The effluent is not stirred
and not sparged with nitrogen gas and for those reasons most likely less suitable for the experiments.

3.3. ROWE CELL EXPERIMENTS
A Rowe cell setup is used to determine the energy requirements for static compression of the selected soil
with and without biogenic pretreatment. In-situ conditions are set before the start of the loading stage and
represent the theoretical pressure conditions of a soil at approximately 5 meters depth with the ground water
level very close to the soil surface. The total vertical pressure (æv ) is therefore set to 100 kPa, assuming a
volumetric weight of the soil of 20 kN /m3. The pore pressure (u), which can be regulated with a back pressure
controller, is set to 50 kPa. This means the vertical effective stress (æ

0
v ) is also equal to 50 kPa. Figure 3.4 shows

a schematic overview of the Rowe cell setup that is established for the experiments. The different valves are
indicated with letters A to D. Connections are labeled with numbers 1 to 3. Two automatic controllers are
included.

Figure 3.4: Rowe cell setup (adapted from Andrag (2017)).
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The back pressure controller (VJ Technology 3000 kPa 250 cc APC) is used to apply back pressure to the soil
sample. Pore pressure conditions can be regulated and drained loading conditions can be imposed during
the loading stage with the back pressure controller. A gas trap is incorporated within connection 2 to cap-
ture gas escaping from the soil during the experiment. The diaphragm pressure/volume controller (Teledyne
1000D syringe pump) allows for setting not only target pressures but also target flow rates. This controller is
used to saturate the soil sample after sample placement by flushing from the bottom of the cell and for appli-
cation of a strain-rate controlled loading regime. Soil samples are hydraulically loaded by means of a loading
diaphragm which is pressurized with the diaphragm pressure controller. Experiments are performed at 20 °C
in a temperature controlled room.

3.3.1. CALIBRATION OF DIAPHRAGM
Side friction and diaphragm stiffness affect the force that is exerted by the diaphragm on the rigid loading
plate on top of the soil sample. The difference between the actual force and the force calculated from hy-
draulic pressure and the cross-sectional area of the cell has to be determined before starting the experiments.
This can be done by placing the cell body upside down on spacer blocks and removing the cell bottom as
shown in Figure 3.5.

Figure 3.5: Visualization of diaphragm calibration with a load cell for measuring the actual force exerted by the diaphragm.

First the diaphragm has to be filled with de-aired water. A rigid plate has to be placed on top of the diaphragm
to ensure a uniform surface. A spacer block on top of the rigid plate connects the diaphragm with the force
measuring device and allows for measuring the force exerted by the pressurized diaphragm. Increments of
diaphragm pressure are applied with a pressure controller that is connected to the diaphragm. The actual
stress (æ) that is applied to the area of the cross section of the cell by the diaphragm (corrected for side friction
and diaphragm stiffness) can be calculated with Equation 3.2, where F is the force measured by the force
measuring device, m is the mass of rigid plate + spacer block and (A¡) is the inner area of the Rowe cell.

æ= F +9.81 ·m
A¡

(3.2)

Pressures that are stated in this report always refer to the actual forces that are exerted by the diaphragm on
the rigid loading plate. This means the forces are corrected for side friction and diaphragm stiffness.

3.3.2. SETUP PREPARATIONS
The back pressure and diaphragm pressure controllers (abbreviated with BPC and DPC respectively) are first
calibrated with Keller’s medium-pressure-calibrator (MPX). The pore pressure transducer is calibrated by at-
taching one of the two calibrated automatic controllers to connection 3 and closing valve B. The controllers
are prepared for the experiments by making sure no air is trapped within the controller or the attached pres-
sure lines. The back pressure controller is partly filled with demi de-aired water and the diaphragm pressure
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controller is filled with the pore fluid. Demi de-aired water is used as pore fluid for the control tests and
substrate solution containing the nitrate and carbon source is used for the bio-mediated tests.

The next step is to flush inlet 3 (which leads to the porous insert at the bottom of the cell) with de-aired so-
lution to ensure an air-free environment. The bleed screw on the pore pressure transducer is shortly opened
to let the remaining air escape. A small amount of solution is left on the porous insert to avoid air infiltration.
Valve A is momentarily closed to allow for determination of the mass of the empty Rowe cell. The rim drain
and rigid porous disc are boiled in distilled water before use and are kept immersed in de-aired water before
starting the experiment.

3.3.3. SUBSTRATE SOLUTION
The composition of the substrate solution that is engineered for the Rowe cell experiments depends on the
amount of gas that has to be produced (Vg ), which depends on the target saturation of the soil. Therefore,
the first step is to determine the target saturation of the soil, based on which the volume of water that should
be expelled can be determined. Until this point, the word saturation always related to the volume of water
with respect to the total volume of pores in the soil sample expressed as a fraction, therefore it makes sense
to call this the water saturation (Sw ). Since the total volume of pores/voids (Vv ) is eventually filled with a
liquid phase (water) and a gas phase (nitrogen), it is possible to differentiate between water saturation and
gas saturation (Sg ). This can be expressed by Equation 3.3.

Two assumptions, suggested by Pham (2017), have to be implemented to be able to predict the gas production
through denitrification in porous media:

• Nitrate (NO°
3 ) is directly reduced to nitrogen gas (N2) without accumulation of intermediates (nitrite

(NO°
2 ), nitric oxide (NO) or nitrous oxide (N2O)).

• The amount of produced carbon dioxide (CO2) is assumed to be negligible. The system mainly pro-
duces bicarbonate (HCO°

3 ) due to the neutral pH.

The amount of water that should be expelled is equal to the volume of gas that should be produced. If the
total volume (Vtot ) and porosity (¡) of the soil sample are known, the volume of gas that should be produced
to reach the target saturation can be calculated by Equation 3.4 and Equation 3.5.

Sg = 1°Sw (3.3)

Vv =¡ ·Vtot (3.4)

Vg = Sg ·Vv (3.5)

The porosity can be calculated if the dry density (Ωd ) and particle density (Ωs ) of the soil are known (Equa-
tion 3.6). It should be noted that in literature the terms bulk density and dry density are often used inter-
changeably. To avoid any confusion, only the term dry density will be used in this report. Dry density ex-
presses the density of a soil as the mass of the (oven-dried) soil solids (md ) per unit volume of the soil. When
the mass of the pore fluids (i.e. water or substrate solution) is included in the density calculation of a soil, the
term ‘total density’ will be used. Equation 3.7 and Equation 3.8 are provided for clarification and explain the
terms dry density and total density respectively.

¡= 1° Ωd

Ωs
(3.6)

Ωd = md /Vtot (3.7)

Ωtot = mtot /Vtot (3.8)

The molar quantity of nitrogen gas required to reach the target saturation (nN g
2

) can be determined by im-

plementation of the ideal gas law, provided that the pressure (P ) and temperature (T ) conditions are known
(Equation 3.9). The ideal gas constant (R) is taken as 0.0821 L ·atm ·K °1 ·mol°1.
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nN g
2
=

P ·Vg

R ·T
(3.9)

The total concentration of nitrogen that is needed for the engineered solution (cN2 tot ) can be calculated from
the molar quantity of nitrogen gas required for desaturation of the soil sample (nN g

2
). However, knowledge is

required about the distribution of nitrogen in a solution. Part of the nitrogen gas will be present in a gaseous
state (cN g

2
), while the other part will be present in a dissolved state (cN l

2
). This is expressed in Equation 3.10.

The dissolved fraction of nitrogen can be calculated with Henry’s law. Henry’s law is shown in Equation 3.11,
where ∑HN2

is Henry’s coefficient for nitrogen gas (1542.6 atm ·L ·mol°1). An assumption has to be imple-
mented to be able to use Henry’s law. This assumption is as follows:

• The partial pressure of nitrogen (pN2 ) is equal to the pore pressure (u).

cN2tot
= cN g

2
+ cN l

2
(3.10)

cN l
2
=

pN2

∑HN2

(3.11)

If the total volume of the sample is known, the gaseous fraction of nitrogen (cN g
2

), can be calculated with

Equation 3.12. Note that nN g
2

is calculated with Equation 3.9.

cN g
2
=

nN g
2

¡ ·Vtot
(3.12)

The next step is to calculate the concentration of nitrate that is required to reach the target saturation. Since
the amount of nitrogen gas that is produced depends on the stoichiometry of the metabolic reaction, this has
to be implemented in the next calculations. If maximum growth conditions are assumed, Equation 3.13 can
be prepared with [ YNO 3°

YN2
] equal to 2.49 (= 0.97

0.39 ). The stoichiometric coefficients for maximum growth can be

deducted from Equation 2.8.

cNO3
°
consumed

= [
YNO

°
3

YN2

]maxi mumg r ow th · cN2 tot (3.13)

Finally an acetate-nitrate ratio has to be selected in order to be able to determine the acetate concentration
for the engineered substrate solution. An Ac/N ratio of 1.25 is chosen for the experiments which corresponds
with maximum growth conditions (Equation 2.8).

Macro and micro-nutrients are added to the substrate solution to avoid nutrient limitation during bac-
terial growth. A chemical analysis is performed on the prepared substrate solution. The chemical analysis
consists of concentration measurements of nitrogen-nitrate (NO°

3 °N ), nitrogen-nitrite (NO°
2 °N ) and dis-

solved calcium (C a2+) with the corresponding Hach Lange test kits (Hach Lange LCK 339, 341 & 327 respec-
tively) and a spectrophotometer (Hach Lange DR600). Additionally, pH and EC measurements are performed
with calibrated electrodes (Consort C3060). The same chemical analysis is performed on the pore fluid solu-
tion, consisting of substrate solution + inoculum, at the beginning and end of the Rowe cell experiments.

3.3.4. SAMPLE PREPARATION
There are three important criteria to be considered for the soil sample placement procedure.

• Initial density

• Homogeneity

• Reproducibility

First of all, the placement method should allow for the preparation of fully saturated samples with a relatively
low initial density, representing the conditions commonly encountered in the field. Secondly, homogeneity
of the samples is important. If one or multiple large cavities are present in a sample, this will influence the
final results significantly. This makes the comparison of results of different experiments difficult. Finally,
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the method should allow for preparing similar samples in terms of initial density and homogeneity. Repro-
ducibility is therefore an important aspect of the placement method. It is opted to prepare samples in the
Rowe cell in a partially saturated way and induce full saturation afterwards by flushing pore fluid through the
porous insert at the bottom of the cell.

It is not possible to flush the denitrifying bacteria through the porous insert, therefore it is decided to mix
bacterial solution from the bioreactor with the dry sample material to reach a target water content of approx-
imately 10%. Demi de-aired water is used instead of bacterial solution for the untreated tests. Wetting of the
dry sample material results in a more cohesive texture which helps in preparing relatively loose samples.

Since scooping results in lumpy and non-homogeneous samples, it is decided to use a relatively coarse
sieve to prepare the samples in the Rowe cell. Sieving allows for preparation of homogeneous soil samples
in the Rowe cell as can be seen in Figure 3.6. The Rowe cell is filled to the top with the sample material after
which the mass of the filled cell is determined. The mass of dry sample material in the Rowe cell can be back-
calculated from moisture content determinations. Samples are taken before and after filling the cell to obtain
the average moisture content of the sample in the Rowe cell.

Figure 3.6: Soil sample preparation in the Rowe cell.

Next, the diaphragm pressure controller is attached to inlet 3 and the sample is saturated with the pore fluid.
The prepared substrate solution is diluted during this flushing stage since the soil sample already contains a
certain amount of moisture (i.e. bacterial solution). The concentrations of the substrate solution are therefore
based on the previously observed water contents.

The flow rate on the volume controller is set to a low value (3 mL/minute) to avoid the development of a
flow path (heterogeneity) at the lower part of the sample. The soil sample slowly collapses during the flushing
stage. This collapse is caused by the loss of strength that is associated with a decreasing suction as a result
of wetting. Other sample preparation methods are attempted but the preparation method that is described
above is ultimately chosen because it allows for preparation of comparable samples in terms of homogeneity
and initial density.

The controller is stopped when the flushed fluid almost reaches the top of the sample. The time required
to completely flush the sample can be estimated by using the experience and information from earlier exper-
iments. A small amount of solution is extracted from the sample with a syringe for a chemical analysis. The
amount of extracted solution is accounted for in further calculations. After flushing, the porous disc is care-
fully lowered onto the sample by using fine threads, which can be removed without disturbing the sample.
The initial height of the sample can be back-calculated by measuring the distance from the top of the cell to
the porous disc (provided that the thickness of the porous disc is known). The space above the rigid porous
disc is filled with demi de-aired water to the brim of the Rowe cell. Finally the rim drain is installed under
water. The diaphragm pressure controller is subsequently detached from the pore pressure inlet after closing
valve A for the remainder of the test.

3.3.5. CLOSING THE CELL
The cell top is first placed on spacers on top of the cell body, while assuring alignment of the bolt holes.
The diaphragm is filled with demi de-aired water to approximately one-thirds full to be able to lower the
diaphragm into the cell without creasing. Subsequently, the back pressure controller is connected to the
Rowe cell with connection 2, which includes the gas trap. After that, connection 2 is flushed with demi de-
aired water while lowering the rigid loading plate into the cell. The gas trap is tilted to ensure that all gas
escapes.
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After immersion of the rigid plate, the back pressure pump is stopped and valve C is closed. Connection
2 is now fully saturated with demi de-aired water. The diaphragm is fitted in the cell afterwards. After this,
the spacers are removed and the cell top is lowered onto the cell body. Lowering of the cell top has to be done
carefully since the rigid loading plate should not yet touch the sample. A torque wrench is used to tighten
the bolts. This way the gaps between the metal flanges can be closed uniformly all round the perimeter. The
height of the spindle can be used to determine the height of the sample in the cell. Use of the torque wrench
makes this height determination with the spindle more reliable. Sample height determinations before and
after closing the cell are compared afterwards.

After tightening the bolts, valve C is opened and the settlement stem is pushed downwards until the
diaphragm is firmly bedded on the rigid porous disc after which valve C is closed again. Next step is to fill
the diaphragm with demi de-aired water using the diaphragm pressure controller and with the bleed screw
removed. The cell is slightly tilted to let all the air in the diaphragm escape. A seating pressure of 10 kPa is
applied on the sample with the diaphragm pressure controller after re-installing the bleed screw. The initial
height of the sample, based on the spindle height, is determined with a caliper. Finally, the displacement
transducer is installed and set to zero. Figure 3.7 shows the assembled Rowe cell setup at the start of an
experiment.

Figure 3.7: Assembled Rowe cell setup at the start of an experiment.

3.3.6. SATURATION STAGE
The saturation of the soil sample in the cell can be estimated by increasing the total vertical stress (i.e. di-
aphragm pressure) and following the pore pressure response under undrained conditions. The ratio between
the increment in vertical stress and change in pore pressure, ±u/±æ, is called the skempton B-factor and indi-
cates how saturated the soil sample is. The British standard (BS 1377: Part 6: 1990) states that a ratio of 0.95 is
usually accepted as an indication of sufficient saturation. If the B-factor is lower than 0.95, the back pressure
controller can be used to saturate the soil sample by setting the back pressure equal to a value higher than
the pore pressure but lower than the total vertical stress. During the first trials it is found that with the current
preparation method, calculated B-factors are always above 0.95.

During the experiments the total vertical pressure is increased from the seating pressure (10 kPa) to the
initial vertical pressure (100 kPa) with one intermediate step at 50 kPa. Back pressures are only applied if a
significant difference between pore pressure and total vertical pressure is observed. The pore pressure has to
be reduced after the saturation stage to arrive at the initial conditions (æv = 100 kPa and u = 50 kPa). This is
done by decreasing the back pressure with a rate of 100 kPa per hour.

3.3.7. REACTION STAGE
The reaction stage describes the stage during which gas bubbles are generated by denitrifying bacteria. Wa-
ter is expelled from the soil sample and forced through the spindle via the back pressure line into the back
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pressure controller, which is kept at a pressure of 50 kPa. Gas bubbles that escape from the sample are caught
in the gas trap which is connected to the back pressure line. The degree of saturation of the soil sample can
be calculated from a volume balance. The following assumptions have to be applied (Andrag, 2017):

• Once initial conditions are reached (æv = 100kPa,u = 50kPa), the volume change in the back pressure
controller is caused by gas production inside the soil sample.

• The sample is assumed to be fully saturated at the start of the reaction stage.

• All gas is assumed to be produced inside the soil sample.

• The gradual decrease in volume in the diaphragm pressure controller caused by leakage, allows for the
equivalent volume of gas to be removed from the solution and formed in the soil sample.

• The density of the displaced pore fluid is assumed to be equal to the density of demi water.

The final assumption is assessed by Andrag (2017) with a hydrometer density test on a substrate solution with
concentrations of calcium nitrate and calicum acetate of 16.6 mM and 19.9 mM respectively. The specific
gravity of the substrate solution is found to be only 0.3% greater than that of demi water. The assumption can
therefore be considered valid.

The degree of saturation can be calculated with Equation 3.14 where A is the air content. The air content
of a soil is defined (Equation 3.15) by the ratio of volume of gas in the sample (Vg as ) over the total volume
of the sample (Vsample ). The volume of gas in the sample can be derived from the volume changes in the
pressure controllers (¢VBPC & ¢VDPC ) and the volume change of the soil sample (¢Vsample ), Equation 3.16
applies. The volume changes of the soil sample can be derived from the changes in sample height (¢Hsample )
measured by the displacement transducer (Equation 3.17).

During the reaction phase some gas escapes from the sample and ends up in the gas trap. The volume
of gas in the sample from Equation 3.16 therefore needs to be normalized with the volume of gas in the gas
trap at the end of the reaction stage (Vg astr apeor s ). Equation 3.18 can be used to take the volume of gas in the
gas trap into account in the air content calculation. A normalized degree of saturation can be calculated by
implementing Equation 3.18 into Equation 3.14.

Sw = 1° A
n

(3.14)

A =
Vg as

Vsample
(3.15)

¢Vg as =¢VBPC +¢VDPC +¢Vsampl e (3.16)

¢Vsample = A¡ ·¢Hsample (3.17)

Anor mali zed =
Vg as °Vg astr apeor s

Vsample
· A (3.18)

There is no actual reaction stage for the untreated tests with demi water as pore fluid. However during the
untreated tests a certain amount of time is left between the end of the saturation stage (with sample at the
initial conditions) and the start of the loading stage to let the system reach an equilibrium.

3.3.8. DRAINED LOADING AND RELAXATION
A constant flow rate can be set on the diaphragm pressure controller that is attached with connection 1 to
the top of the cell. The rubber loading diaphragm can thus be filled with de-aired water while maintaining a
constant flow rate. This allows for a strain controlled loading regime. The strain rate can be calculated since
the flow rate (¢V /¢t ) and loading area (A¡) are known. Equation 3.19 applies where ¢sDPC indicates the
changes in displacements as calculated from the output of the diaphragm pressure controller.

A displacement transducer is installed at the top of spindle to check the actual strain rate. It is found that
a nearly constant ratio existed between the strain rate calculated from the volume calculation of the loading
diaphragm (Equation 3.19) and the strain rate calculated from the displacement transducer (≤̇Tr ans ). The
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DPC strain rate (≤̇DPC ) needs to be corrected with a calibration factor (µ) to find the real time strain rate that
corresponds with ≤̇Tr ans as in Equation 3.20.

¢V /A¡

¢t
= ¢sDPC

¢t
(3.19)

≤̇DPC

µ
= ≤̇Tr ans (3.20)

As the rubber diaphragm is filled with de-aired water and therefore expands, the pressure in the diaphragm
(Pdi aphr ag m) will increase as the soil is getting compressed and will continuously behave stiffer. The pressure
in the diaphragm is monitored by the controller and gives an idea about the soil resistance against compres-
sion. The pressure in the rubber diaphragm can be expressed as compression force (Fcompr essi on) by using
Equation 3.21.

Fcompr essi on =
Pdi aphr ag m

A¡
(3.21)

Valve C, which connects the soil sample with the back pressure controller, is left open during the drained
loading experiments. Drained conditions can be assumed for the loading stage if the rigid porous disc and
back pressure line exhibit no obstruction for water or gas leaving the soil sample.

Soil samples are loaded to a certain target density. The target density is selected after performing a se-
ries of trial experiments in the Rowe cell with untreated soil samples. After reaching the target density, the
diaphragm pressure controller is set to a flow rate of 0 mL/min. The pressure development in the loading
diaphragm can be followed during this soil relaxation stage. The soil relaxation stage is continued until no
more significant changes in sample height or loading diaphragm pressure occur.

3.3.9. WATER CONTENT DURING LOADING AND RELAXATION STAGE
Fully saturated conditions are applied and checked during the saturation stage. The degree of saturation
changes during the reaction stage of treated tests and can be calculated by means of the volume balance
described in subsection 3.3.7. Once the drained loading stage initiates, this volume balance can no longer be
applied as some of the liquid from around the diaphragm is displaced due to expansion of the diaphragm.
Andrag (2017) suggested the following set of assumptions to be able to predict the water content during a
loading stage in the Rowe cell:

• It is assumed that the soil sample remains fully saturated during the untreated tests. The assumption is
verified with the volume balance and water content determinations.

• It is assumed that only liquid is displaced from between the diaphragm and the cell wall into the back
pressure line.

• All the gas that is displaced from the soil sample is assumed to accumulate in the gas trap.

• It is not expected that soil particles are compressed or crushed in the Rowe cell. Sample volume changes
are therefore attributed to pore volume changes.

• The displaced pore liquid is assumed to have the same density as that of water (Ωw = 1.0).

The volume of the loading diaphragm will increase during the loading stage as (de-aired) water is supplied by
the diaphragm pressure controller. The diaphragm can in principle only move in the downward vertical direc-
tion. This means that the displacement of the soil sample can be linked to the volume changes of the loading
diaphragm. It was already noted that a calibration factor is required to be able to link these two parame-
ters. Excess liquid is displaced from around the diaphragm during the loading stage. The volume of excess
liquid (¢Vexcess ) displaced can be calculated by comparing the volume changes of the loading diaphragm
with volume changes of the soil sample as in Equation 3.22, where (¢Hsample ) is the change in sample height
measured with the displacement transducer.

¢Vexcess =
¢VDPC

µ
°¢Hsample · A¡ (3.22)
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The volume change in the back pressure controller (¢VBPC ) is the sum of liquid displaced from around the
diaphragm and the pore fluid volume (Vp f ) displaced from the sample (Equation 3.23). Gas will also escape
from the soil sample during the loading stage. For this reason the term pore fluid volume is used because it
comprises both the gas phase and the liquid phase. A normalization that takes the amount of gas in the gas
trap at the end of the loading stage (Vg astr apeol s ) into account, is required in order to be able to calculate the
saturation and water content during the loading stage, this is expressed in Equation 3.24. The changes in the
normalized pore fluid volume ¢Vp fnor m represent the flow of liquid in or out of the soil sample.

¢VBPC =¢Vp f +¢Vexcess (3.23)

¢Vp fnor m =
¢Vp f °Vg astr apeol s

¢Vp f
·Vp f (3.24)

The saturation development of the soil sample during the loading stage can be calculated by taking the satu-
ration and volume of voids at the end of the reaction stage into account (Sweor s and Vveor s respectively). The
saturation at the end of the reaction stage is determined with the volume balance of subsection 3.3.7. The
volume of voids can be calculated from the porosity and sample volume as shown in Equation 3.25. The sat-
uration at a certain moment during the loading stage can be calculated by adding the displaced pore fluid
volume (Vp fnor m ) at that moment to the pore fluid volume at the end of the reaction stage (Vp feor s ) and divid-
ing it by the current volume of voids (Vv ) (Equation 3.26). The pore fluid volume at the end of the reaction
stage (Vp feor s ) is calculated with Equation 3.27

Vv =¡ ·Vsample (3.25)

Sw =
Vp fnor m +Veol s

Vv
(3.26)

Vp feor s = Sweor s ·Vveor s (3.27)

Finally the water content (w) during the loading stage can be calculated from the saturation with Equa-
tion 3.28, where Ωw represents the density of water (1 g /cm3). Subsequently the total density can be cal-
culated with Equation 3.29, which allows for determination of the dry density (Equation 3.30).

w = Sw ·e
GS

(3.28)

Ωtot =
GS · (1+w)

1+e
·Ωw (3.29)

Ωd = Ωtot

1+w
(3.30)

There is no flow of de-aired water in or out of the loading diaphragm during the relaxation stage of the Rowe
cell experiments as the diaphragm pressure controller is set to a flow rate of 0 mL/min. The volume of the
loading diaphragm can in principle not change and therefore a constant strain is maintained. Since there are
no sample displacements or changes in pore pressure occurring during the relaxation stage, pore fluid should
not be able to enter or leave the soil sample. This means that the water content and dry density stay constant
during the relaxation stage and are equal to the dry density and water content at the end of the loading stage.

3.3.10. DISASSEMBLY
After the relaxation stage, the soil sample is unloaded and the Rowe cell is dismantled. The spindle height
is measured before opening the cell. The loading diaphragm has to be carefully removed in order to avoid
water from the diaphragm falling into the Rowe cell. The final water content of the soil sample is determined
by collecting soil from different depths of the sample. The final sample height is measured inside the cell with
a caliper. Pore fluid is extracted from the treated soil sample for chemical analysis. The final nitrate, nitrite
and calcium concentrations are measured and the pore fluid pH and EC-values are determined.
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3.4. OXITOP EXPERIMENTS
Bacterial activity is influenced by the environment in which the bacteria exist. There might therefore be sig-
nificant differences in the rate of denitrification, lag phase and composition of produced gases in a liquid
culture when compared with the situation inside the Rowe cell. In the Rowe cell bacteria are exposed to a
soil environment. The influence of the soil on bacterial activity can be assessed with an OxiTop measure-
ment system. This system consists of a number of sample bottles with measurement heads that monitor the
pressure development in the headspace above a solution. The production of (nitrogen) gas can be directly
linked to bacterial activity. The OxiTop measurement system can therefore be used to assess the influence of
the soil material on the denitrification process. The system also allows for extraction of small gas samples to
determine the composition of the produced gas.

Quadruplicate measurements are performed with the OxiTop system. Four sample bottles (the control
tests) are filled with a predetermined amount of bacterial inoculum and substrate solution. The remaining
four sample bottles (the soil tests) are filled with the same quantities of inoculum and substrate but also
contained a small amount of the soil that is used in the Rowe cell experiments (composition 6, Table 3.2).
Preliminary experiments are performed to determine the volume that is occupied by a certain mass of the
soil. The soil is first mixed with the bacterial incoculum to ensure a homogeneous distribution of biomass
in the soil. Next, the mixtures of bacterial solution and soil are placed in the sample bottles after which the
substrate solution is added.

All sample bottles are flushed with argon gas to expel any nitrogen gas and other gases before closing
the bottles and starting the experiment. Stirring magnets are used for continuous mixing of the solutions in
the sample bottles. Only small amounts of soil can be added to the bottles because otherwise the stirring
magnets will not be able to keep the soil particles in suspension. Without continuous mixing of the soil, gas
bubbles will get trapped and pressure developments in the head space will not be measured, provided that
the soil does not heave.

A large batch of substrate solution is prepared for the OxiTop experiment. A sufficient amount of bacte-
rial solution is extracted from the chemostat bioreactor shortly before preparation of the sample bottles. All
bottles are filled with equal amounts of substrate and inoculum. The targeted concentrations and volumes
are listed in Table 3.5. The maximum pressure in the head space of the bottles that can be measured with the
OxiTop system is 35 kPa. The nitrate concentration that is listed in Table 3.5 is based on a conservative esti-
mation of gas production (and pressure generation) in order to stay below the maximum pressure limit. Gas
samples are taken approximately 2 days and 7 days after starting the experiment to evaluate the composition
of the produced gas. The concentration of the two most important products of denitrification, carbon dioxide
(CO2) and nitrogen gas (N2), can be measured with the available gas chromatograph (Agilent Technologies
7890A). The Oxitop bottles are placed in a temperature controlled room during the experiment, which is set
to a temperature of 20 °C. The Rowe cell experiments are performed at the same temperature. The concentra-
tions of nitrate, nitrite and dissolved calcium are measured at the beginning and end of the experiment with
Hach Lange test kits (Hach Lange LCK 339, 341 & 327 respectively), using a spectrophotometer (Hach Lange
DR 6000). Additionally, pH measurements are performed with a calibrated pH electrode (Consort C3060).
The substrate solution consists of the nitrate source (C a(NO3)2), the carbon source (C a(C2H3O2)2), macro-
nutrients (1 mL/L, see Appendix D) and micronutrients (1 mL/L, see Appendix D). The denitrification process
is buffered by means of calcium carbonate precipitation.

Table 3.5: Volumes and concentrations of substrate solutions and bacterial solutions for OxiTop experiments.

Volume inoculum (mL) 40

Volume substrate (mL) 110

Volume soil (soil tests only) (mL) 10

Target concentration NO3 in substrate (mM) 18.00

Target concentration C2H3O2 in substrate (mM) 22.45

Ac/N ratio (-) 1.25



4. RESULTS
The information from literature is used to select a sample material for the Rowe cell and OxiTop experiments.
The findings and observation that are done during the selection procedure are reported in section 4.1. After
that, the potential of a denitrification-based pretreatment for compaction of the selected soil is assessed in
the established Rowe cell setup. The results are presented in section 4.2. Additional measurements are per-
formed with an OxiTop setup to determine the composition of the gas produced during denitrification in a
soil environment. The findings are reported in section 4.3.

4.1. COMPACTION CURVES
Standard proctor compaction tests are performed with an automatic compaction machine on mixtures of the
uniform Geba sand and the M6 silt (Table 3.1 and Table 3.2). Both materials are also used during the research
of Andrag (2017). The tests are performed according to RAW guidelines. The compaction tests are stopped
when an increment of water content results in inaccurate measurements of the dry density due to the soil
becoming too wet. The final data points of the curves therefore represent the last accurate measurement of
dry density.

Figure 4.1 shows the compaction curves for the Geba-M6 mixtures (Composition 1 & 2). It can be seen
that an increase of the silt content (8% to 16%) results in the entire compaction curve moving upwards. The
voids between the uniform sand grains are filled up with the silt particles. Increasing the silt content therefore
results in higher dry densities as voids are filled up to a higher degree. Lubking (1989) argues that the dry
density of the soil keeps on increasing until all voids are completely filled. Adding more fine material will
eventually lead to a dry density decrease.

Both curves show an optimum saturation in the range of 60%-65% which is remarkably low for a rela-
tively fine material. Andrag (2017) increased the silt content even further to 66% but observed an optimum
saturation that is only slightly higher.
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Figure 4.1: Standard proctor compaction curves for several mixtures (saturation contours for Gs = 2.65 g /cm3).

The behavior of the material can possibly be explained by the fact that the Geba sand is extremely uniform.
The coefficient of uniformity and coefficient of curvature are found to be 1.47 and 1.17 on average respec-

33
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tively (Krapfenbauer, 2016). Moreover, mixing this uniform sand with the M6 silt results in a gap-graded soil.
Gap-graded soils are rarely encountered in nature, this makes the comparison with compaction curves from
literature difficult. Gap-graded soils might show a compaction curve with a bi-modal distribution.

After the first series of compaction tests it is decided to assess the compaction characteristics of another
industrially manufactured very uniform and fine sand, GA39 (Composition 3). A small fraction of M6 silt is
added again. This time the proctor compaction test is performed manually according to British Standard
guidelines. The compaction curve for this mixture shows an optimum water content in the same range as the
Geba-M6 mixtures as can be seen in Figure 4.1. The shape of the curve is also comparable to the Geba-M6
mixtures.

The silt fraction is replaced for a Kaolin clay fraction to determine the influence of a less permeable and
more active type of fine (Composition 4). Figure 4.1 shows a significant increase in dry densities but an op-
timum moisture content that is similar to the one that is found for the sand-silt mixture. The location of the
curve with respect to the sand-silt mixture can possibly be explained by a more efficient spatial rearrange-
ment of the clay particles resulting in higher densities for the same amount of compaction energy.

If the previously presented curves are compared with compaction curves of natural soils from literature
(Figure 4.2), it can be seen that natural soils have an optimum water content at a degree of saturation that
is significantly higher. It is expected that the uniformity of the artificial sand plays an important role in the
shape and location of the compaction curves.

Two industrial sands (Geba and GA39) are mixed with a large fraction of silt (M6) in an attempt to in-
crease the grading of the soil sample (Composition 5). The obtained compaction curve shows an optimum
saturation that is slightly higher (65%-70%) than for the previous mixtures. This increase in optimum satura-
tion cannot solely be attributed to soil gradation because the silt content of the mixture is also significantly
higher than previous mixtures. The shape of this compaction curve is slightly different than for the previous
mixtures. The increased grading of this mixture appears to increase the steepness of the compaction curve,
representing a higher dependency of dry density on water content. This corresponds with observations from
literature.
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Finally, two more components, a natural dredged sand from Amsterdam and a small fraction of Kaolin clay
powder, are added to the soil mixture to increase the grading of the soil. The compaction curve of this final
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mixture (composition 6) shows an optimum saturation close to 80%. The standard and modified compaction
curve of composition 6 are presented together with compaction curves of various soils from literature in
Figure 4.2. It can be seen that the standard compaction curve for composition 6 is comparable with the
sandy silt from Wallula Gap, Washington (Terzaghi et al., 1996), in terms of shape and optimum saturation.
Data points above 80% saturation are achieved for composition 6, with the curve running parallel to the 90%
contour on the wet side of the optimum. The increased steepness and optimum water content of this mixture
is thought to be mainly caused by the increased gradation. Industrially manufactured materials with a high
degree of uniformity do not appear to exhibit the same dependency of dry density on water content as natural
soils.

4.2. PROCESSED RESULTS ROWE CELL EXPERIMENTS
Trial experiments are initially performed to assess the reproducibility of the sample preparation method,
to evaluate the placement density and to define a target density. Different strain rates are used during the
loading stage of the trial experiments to evaluate the pressure development in the loading diaphragm. All
trial experiments are performed with untreated soil samples, using de-aired demi water as pore fluid. Some
trial experiments include an extended ‘reaction’ stage despite the absence of micro-organisms. This is done
to assess the pressure developments and changes in sample height after setting the initial conditions.

The actual testing phase consists of six Rowe cell experiments: three tests on untreated fully saturated
soil samples and three tests on treated desaturated soil samples. The three untreated tests can be compared
to evaluate the precision and repeatability of the experiments. The tests are performed with appropriate
conditions selected from evaluation of the results of trial experiments. The back-pressure valve (C) is left open
during both the reaction stage and the loading stage, implying drained conditions during the experiments.

4.2.1. GAS PRODUCTION AND DESATURATION
The degree of saturation of all soil samples is initially brought to 100% during the saturation stage. Full

saturation is affirmed through calculation of the Skempton B-factor. The back pressure has to be decreased
at the end of the saturation stage to reach the initial conditions. It is assumed that no changes in saturation of
the soil sample will occur as a result of the decrease in back-pressure. The degree of saturation is also assumed
to remain unaltered during the loading stage of untreated samples. The volume balance that is discussed in
subsection 3.3.9 is consulted to check if this assumption is valid.

The target saturation that has to be reached before loading the sample is set to 80% for the first two
treated tests (Treated 1 and Treated 2) and to 90% for the third treated test (Treated 3). The developments in
saturation and water content of these treated soil samples after the saturation stage are calculated from the
volume balance presented in subsection 3.3.7. During the experiments it is observed that immediately after
setting the initial conditions, a certain period of time is required before the system reaches an equilibrium.
Small changes in sample height and volumes in the pressure controllers are recorded during this equilibration
phase. The equilibration phase can be attributed to diaphragm expansion. It is assumed that the reaction
stage starts once the equilibrium situation is reached. The required concentrations for the substrate solution
are calculated based on the target degree of saturation, following the procedure described in subsection 3.3.3.
The composition of the treatment regimes with Ca-Ac-N concentrations of the flushed substrate solution are
listed in Table 4.1.

Table 4.1: Treatment regimes for treated Rowe cell experiments.

Sample
(-)

Target saturation
(%)

Ca-Ac-N
(mM)

Ac/N - ratio
(°)

Treated 1 80% 47.2-52.4-42.0 1.25

Treated 2 80% 47.2-52.4-42.0 1.25

Treated 3 90% 25.3-28.1-22.5 1.25

The volume balances and saturation developments for the reaction stage of the treated tests are presented
in Figure 4.3 and Figure 4.4 respectively. The amount of gas in the gas trap at the end of the reaction stage has
to be taken into account for the calculation of the saturation of the soil samples. This is done by a normaliza-
tion. It can be observed that the differences between the normalized and the non-normalized saturations are
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very small. This follows from the small volumes of gas in the gas trap at the end of the reaction stage during
the different tests, which are also indicated in the figures. The gas percolation threshold of the soil apparently
is sufficient and allows for reaching the target density.

Reductions in gas production rate can be observed for samples Treated 2 and Treated 3. Gas production
virtually terminated at the end of the reaction stage of Treated 2. A sudden shift in saturation can be seen in
Figure 4.4c. This shift is caused by a sudden volume change in the back pressure controller as can be verified
from Figure 4.3c. An explanation for this observation can be a clogged connection between the sample and
the back pressure controller. An accumulation of gas or fine material might have resulted in the drainage path
getting momentarily clogged. There are no changes in pore pressure measured when the shift in saturation
occurs.

The gas production measurements of the three treated Rowe cell tests are shown in Figure 4.5. The ob-
served lag period is approximately 1.5 days for all experiments. A relatively steady rate of gas production can
be noted after the initial lag period. This is particularly evident for Treated 1. Gas production continues after
reaching the target saturation, indicating that not all nitrate in the pore fluid is yet removed and converted
to nitrogen gas. The statistics of Treated 1 show a measured average daily gas production of 10.7 mL. The
25th and 75th percentile lie relatively close to the 50th percentile, in contrast to the other two treated tests. A
higher production rate of gas can be noticed for the lower initial substrate concentration of Treated 3.

4.2.2. WATER CONTENT-DRY DENSITY PATHS
The soil sample properties from the treated and untreated Rowe cell tests are presented in Table 4.2. The
values represent the soil sample properties immediately before the start of the loading stage (initial) and at
the end of the loading stage when the target density is reached and the maximum load is applied on the
sample (max-load). The accuracy of the calculated properties is dependent on the measurement errors of the
height and mass determinations performed during the experiments. The accuracy of the reported values is
estimated to be ±0.01g /cm3 for the dry densities, ±2% for the relative densities and ±0.02% for the strains. A
further elaboration on the accuracy of measurements is given in the discussion (section 5.1). From Table 4.2
it can be seen that the dry density is generally increased from around 1.63 (g /cm3) to 1.70 (g /cm3), this
corresponds with a relative density increase of 10-13%. The dry density before loading of sample Treated 2 is
found to be significantly higher than for the other experiments.

Table 4.2: Soil sample properties at the beginning and end of the loading stage.

Ms
(kg)

Ωdi ni ti al

(g/cm3)
Ωdmax°load

(g/cm3)
RDi ni ti al

(%)
RDmax°load

(%)
¢≤al oadi ng

(%)

Untreated 1 (Sw = 100%) 1.24 1.63 1.70 65.0 77.5 4.37
Untreated 2 (Sw = 100%) 1.25 1.63 1.70 66.4 77.0 3.77
Untreated 3 (Sw = 100%) 1.25 1.62 1.70 63.6 77.0 4.73

Treated 1 (Sw = 80%) 1.24 1.63 1.70 66.6 77.5 3.87
Treated 2 (Sw = 81%) 1.26 1.67 1.70 72.1 77.7 2.02
Treated 3 (Sw = 89%) 1.24 1.64 1.70 67.9 77.5 3.44

The changes of dry density, water content and degree of saturation can be plotted on a water content-dry
density plane to determine the path that is followed during the different experiments. Possible scenarios
for the two-stage process of desaturation and compaction are presented in Figure 1.2. Figure 4.6 shows the
calculated paths for the series of Rowe cell experiments. The three figures on the left, 4.6a, 4.6c and 4.6d,
present the paths that are followed during the untreated tests. Figures 4.6b, 4.6d and 4.6f on the right present
the paths that are followed during the treated test.

As expected, there is virtually no change in dry density during the ‘reaction’ stage of the untreated sam-
ples. This confirms that the pressure controllers are properly working and contradicts the presence of a signif-
icant leak in the system. An extended reaction stage is executed (º11 hours) for Untreated 1. The desaturation
paths of the treated soil samples are nearly horizontal. Minor dry density increases can be observed during
the reaction stage of these experiments. The settlements observed during the reaction stage of the treated
samples are so small (<0.05 mm) that they fall within the error margin of the measurements and can be dis-
regarded. The hypothesized horizontal path of the desaturation stage (Figure 1.2) is thus confirmed for the
applicable pressure conditions. This also means that there is no risk of soil expansion, providing that the soil
is free to drain.
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Figure 4.3: Volume balance during reaction stage of treated Rowe cell tests.
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Figure 4.4: Saturation development during reaction stage of treated Rowe cell tests.
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Figure 4.5: Gas production measurements during reaction stage of treated Rowe cell tests.

The volume balance of subsection 3.3.9 is applied to calculate the changes of water content and dry density
during the loading stage. The solid black lines show the water content-dry density path that is calculated from
the volume balance. The dashed red lines show the net path that is followed during the loading stage. From
Figures 4.6a, 4.6c and 4.6e it can be observed that the calculated path during loading closely follows the 100%
saturation contour for the untreated control tests, although small inconsistencies can be seen for the tests of
samples Untreated 2 and Untreated 3. The treated tests show a loading path that is more vertical, meaning the
degree of saturation is increasing during the loading stage. The net changes in saturation during the loading
stage (¢Swloadi ng ) of the treated samples are displayed in the water content-dry density plots. The increase
in saturation during loading is a result of the expulsion of gas bubbles from the soil sample, the decrease of
sample volume and corresponding decrease in pore space and the compression of trapped gas bubbles in the
soil.

The volume of gas expelled from the sample during loading is determined with the gas trap. The total
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(b) Treated 1: Sw before loading = 80%
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(c) Untreated 2: Sw before loading = 100%
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(d) Treated 2: Sw before loading = 81%
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(e) Untreated 3: Sw before loading = 100%
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(f) Treated 3: Sw before loading = 89%

Figure 4.6: Dry density - water content paths of soil samples during loading stage.

changes in volume of gas in the gas trap during the loading stage are reported in Figure 4.6 and are used to
determine the water content-dry density path during loading of the samples. It should be noted that the gas
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trap is also incorporated into the setup during all the untreated tests. No gas is observed in the gas trap at the
end of the loading stage for all the untreated tests.

4.2.3. COMPRESSION FORCES DURING LOADING AND RELAXATION STAGE
The pressure development in the diaphragm during the loading stage provides an impression of the stiffness
of the soil sample. The treated and untreated soil samples are loaded by means of the diaphragm pressure
controller, which is set to a flow rate of 1.0 mL/min. Compression forces are calculated from the observed
pressure developments with Equation 3.21. The energy requirements for compaction from the initial density
to the target density can be evaluated by comparing the development of compression forces during the load-
ing stage for the different tests. It is presumed that the pressure developments in the loading diaphragm will
be less significant for samples that are brought closer to optimal conditions in terms of water content.

The compression forces during the loading and relaxation stage are plotted against time in Figure 4.7a.
The first observation from this figure might be that compression forces increase more rapidly and to a slightly
higher level for Treated 1 and Treated 2, suggesting a (slightly) stiffer soil sample after microbial induced
desaturation to 80% saturation. The compression forces at the target density are approximately at the same
level for Untreated 1 and 2 and Treated 3 (90% saturation). Untreated 3 shows a slightly lower compression
force at the target density.

The flow rate of the diaphragm pressure controller is set to 0.0 mL/min at the end of the loading stage,
thereby initiating the relaxation stage. It can be seen in Figure 4.7a that compression forces reduce during
the relaxation stage. Theoretically, no displacements should occur during a relaxation stage. Changes in
displacements are, however, found in the data. The smallest displacements are found for the tests Untreated 1
and Treated 3. The other tests show slightly bigger displacements during the relaxation stage. The differences
in total reduction of the compression force for the different tests can be linked to the observed displacements.

It is also obvious from Figure 4.7a that the time it takes to reach the target density (i.e. total loading time)
is changing for the different tests. This can be explained by differences in strain rates during the loading stage
and differences in initial dry densities. The diameter of the soil samples is relatively large compared to the
height of the sample. Relatively small differences in the initial height of samples might therefore mean signif-
icant differences in the initial dry density. Samples that have an initial dry density that is closer to the target
density, require less vertical displacement during the loading stage. Small differences in the required vertical
displacement for reaching the target density result in significant differences in terms of loading time since
the actual strain rate is relatively small (< 0.05mm/mi n). Small differences in strain rate are recorded with
the displacement transducer during the different experiments, despite the fact that the diaphragm pressure
controller is always set to 1.0 mL/min. The strain rate is expected to be affected by expansion of the rubber
loading diaphragm and the presence of minor gas in the ‘de-aired’ diaphragm water.

It makes sense to plot the compression forces against dry density to allow for a better comparison of the
different experiments. Compression forces are plotted against dry density in Figure 4.7b. Although the curves
of the different tests lie close to each other, some notable observations can be done.

First of all, it can be seen that the initial dry density of sample Treated 2 is significantly higher than for
the other tests. This is caused by some complications during execution of the experiments. However, the
observed compression force at the target density is similar to Treated 1 despite the higher initial density.

Secondly, it can be seen that the target density that is achieved for Untreated 2 and Untreated 3 is slightly
lower than for the other tests. This makes Untreated 1 the best alternative for comparison of the treated
and untreated tests. This figure also shows that the compression force at the target density is slightly higher
for Treated 1 and Treated 2, which are both desaturated to 80% saturation. The compression force at target
density for Treated 3 is approximately equal to Untreated 1.

4.2.4. WORK INPUT LOADING STAGE
The energy requirements for static compaction of a soil sample can be expressed as work done per unit vol-
ume. The work per unit volume can be calculated from the area under a (total) stress-strain plot. The total
amount of strain during the loading stage is not equal for all experiments, because slightly different initial
and final densities are obtained. Therefore, it seems fair to divide the work per volume by the total change
in strain measured during the loading stage (¢≤aloadi ng ). This normalization enables the comparison of re-
sults from different experiments. Equation 4.1 is applied to calculate the normalized work input per volume
during the reaction stage.
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(a) Compression force developments during loading and relaxation stage of Rowe cell experiments.
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(b) Compression force versus dry density during loading and relaxation stage of Rowe cell experiments.

Figure 4.7: Compression force and dry density developments during drained loading stage and relaxation stage.
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Figure 4.8 presents an evaluation of the normalized work input during the loading stage. The curves represent
the work done per unit volume divided by total strain (of the loading stage) as a function of dry density.

From this figure it is evident that slightly more energy is required for compression of the treated soil sam-
ples. The work done per unit volume at the target density (1.7 g /cm3) is comparable for the three untreated
soil samples with only de-aired demi water in the pore space. The final points of the treated samples are all
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found at a higher level in terms of work per volume. The energy requirements for compression of sample
Treated 3, which is desaturated to approximately 90%, lie between the energy requirements for the untreated
samples (Sw = 100%) and the samples treated to 80% saturation. The curves of the different tests lie close to
each other at the first part of loading stage, differences in work done per unit volume can only be observed at
the higher range of dry densities. In accordance with earlier observations it can be noted that the final point
of the curve of Treated 2 (Sw = 81%) lies at a relatively high level in terms of work done per unit volume despite
the higher initial dry density. This final point lies relatively close to the final point of sample Treated 1 which
is also desaturated to 80% saturation. In conclusion, the curves show that with the current setup and method,
no reductions in energy requirements for compaction are observed for pretreated (partially saturated) silty
sand samples when compared to untreated (fully saturated) samples.
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Figure 4.8: Work done per unit volume (normalized for total strain) during loading stage of Rowe cell experiments.

4.2.5. CHEMICAL ANALYSIS ROWE CELL EXPERIMENTS
A chemical analysis is performed on the pore fluid of the samples in the Rowe cell at the beginning and at
the end of the experiments. The chemical analysis includes the determination of pH, EC and concentrations
of nitrate, nitrite and calcium. Figure 4.9 presents the measured concentrations of nitrate for the different
bacterially treated experiments together with a prediction of the initial nitrate concentration based on the
volume of substrate solution added to the cell. The substrate solution, with predetermined NO°

3 concen-
tration, is flushed from the bottom of the cell through the soil during sample preparation which allows for
accurate monitoring of the volume of substrates added. The substrates are slightly diluted during flushing
due to the initial water content of the soil in the cell.

The predicted initial concentrations closely match the measured concentrations for Treated 2 and Treated
3. A significant difference can be observed for Treated 1. The time between sample collection and the con-
centration measurement can result in minor depletion of nitrate in solution, thereby explaining a lower mea-
sured nitrate concentration. However, the initial concentration measured for Treated 2 and Treated 3 are
higher than the predicted concentration. It is therefore more likely that the relatively low initial nitrate con-
centration is caused by an inaccurate measurement. The soil contains a small fraction of clay particles which
is difficult to remove from the extracted pore liquid. Residual particles might have affected the chemical anal-
ysis by the Hach Lange spectrophotometer. Negligible concentrations of nitrite are found in the pore fluids
at the beginning of the different tests.
Table 4.3 shows the reaction times of the treated tests together with the consumption/removal of substrates
from the pore fluid solution during the experiment. The reaction time of Treated 1 and Treated 2 which are
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Figure 4.9: Measured and predicted nitrate concentrations in pore fluid at beginning and end of treated tests.

both desaturated to a saturation of 80% are comparable. This indicates that the average gas production rates
are similar in both experiments. It can be seen that the major part of initially available nitrate is consumed
for all tests. The consumed (NO°

3 °NO°
2 )°N fractions of Treated 2 and Treated 3 indicate that more than

90% of the initially available nitrate is converted to nitrogen gas and biomass. The lower (NO°
3 °NO°

2 )°N
fraction of Treated 1 can be explained by the higher level of residual nitrite concentration which is shown in
Table 4.3. The denitrification process in the pore fluid is effectively buffered by means of calcium carbonate
precipitation as can be seen from the measured pH values at the beginning and end of the experiment in
Table 4.3.

Table 4.3: Reaction time, concentration and pH measurements of treated Rowe cell experiments.

Treated 1 (Sw = 80%) Treated 2 (Sw = 81%) Treated 3 (Sw = 89%)

Reaction time (days) 7.1 7.0 4.6

NO°
3 °N consumed (mmol) 5.0 7.3 4.8

(NO°
3 °NO°

2 )°N consumed (mmol) 4.6 7.1 4.7

NO°
3 °N consumed (%) 90% 96% 92%

(NO°
3 °NO°

2 )°N consumed (%) 82% 93% 91%

NO°
2 concentration final (mmol/L) 1.8 0.9 0.3

pH pore fluid initial (-) 7.15 7.13 7.13

pH pore fluid final (-) 7.30 7.52 7.46

The actual stoichiometry of the metabolic reaction lies between zero growth conditions with [
YN2

YNO 3°
]=[ 0.8

1.6 ]

and maximum growth conditions with [
YN2

YNO 3°
]=[ 0.39

0.97 ] (Equation 2.6 & Equation 2.8). A theoretical prediction
of the volume of nitrogen gas produced for maximum and zero growth conditions can be done based on the
amount of consumed (NO°

3 + NO°
2 )° N . The formulas presented in subsection 3.3.3 are used to perform

these calculations. The dissolved fraction of nitrogen gas in the pore fluid at the end of the experiment is
taken into account. The measured gas production is compared with the theoretical production in Figure 4.10.
It can be noticed that the measured gas production falls just outside of the range predicted by maximum
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and zero growth stoichiometry for Treated 1 and Treated 2. This is thought to be the result of carbon dioxide
(CO2) production. It is initially assumed that the fraction of carbon dioxide produced during the denitrication
process is negligible due to the near neutral pH which results mainly in bicarbonate (HCO°

3 ) production.
Also the solubility of nitrogen gas (Henry’s coefficient of 1542.6 atm ·L ·mol°1) is significantly higher than for
carbon dioxide (Henry’s coefficient of 28.53 atm ·L ·mol°1). Based on the measured gas production in the
Rowe cell this assumption is not always valid.
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Figure 4.10: Theoretical production of nitrogen gas for maximum and zero growth conditions and measured gas production during
treated Rowe cell experiments.

The theoretical calcium carbonate precipitation can be calculated from the measured dissolved calcium
(C a2+) removed from the system. Table 4.4 shows that less than 1 gram of calcium carbonate per kg of soil
is precipitated in all three tests. An increase of strength due to calcite precipitation is therefore not expected.
Similar observations were done by Andrag (2017) for a treatment regime with relatively low substrate concen-
trations.

Table 4.4: Measurements of dissolved calcium and theoretical precipitation of calcium carbonate of treated Rowe cell experiments.

Treated 1 (Sw = 80%) Treated 2 (Sw = 81%) Treated 3 (Sw = 89%)

C a2+ removed (mmol) 8.3 10.3 6.1

C a2+ removed (%) 68% 75% 77%

C aCO3 precipitated (g) 0.84 1.03 0.61

C aCO3 precipitation per kg soil (g/kg) 0.68 0.82 0.50

A nitrogen balance can be established by comparing all measured quantities at the beginning and end of
the experiments. Figure 4.11 shows the nitrogen balance for the three treated Rowe cell experiments. All
fractions are calculated from measurements performed during the Rowe cell tests, except for the dissolved
N2 gas which is calculated with Equation 3.10 under the assumption that the partial pressure of nitrogen
is equal to the pore pressure. The N-gap at the beginning of test Treated 1 can once again be explained by
an erroneous measurement of initial nitrate concentration. A small N-gap can be observed for Treated 2
and Treated 3. Measurement inaccuracies, diffusion of substrates and production of other gases all have an
influence on the nitrogen balance and might explain the N-gap.
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Figure 4.11: Nitrogen balance from chemical analysis of sample pore fluid at begin and end of treated Rowe cell tests.

4.3. OXITOP EXPERIMENTS
The reaction time for the OxiTop experiment is set to seven days. All eight bottles initially contain the same
amount of nitrate, acetate and calcium. A treatment regime with a Ca-Ac-N composition of 20.2-22.5-18 mM
is applied (Ac/N ratio = 1.25). There is no nitrite measured at the beginning of the experiment. The bacterial
activity in the different bottles can be evaluated by looking at the amounts of residual nitrate, nitrite and
dissolved calcium at the end of the experiment, the pressure development as a result of gas production, the
lag period and the composition of the produced gasses. The fractions of removed (NO°

3 +NO°
2 )°N and C a2+

are shown in Table 4.5 together with the final pH values of the solutions. Nearly all of the initially available
nitrate is removed from the solution in all bottles according to the performed concentration measurements.
The pH at the end of the experiment is in general slightly lower in the control solutions without soil.

Table 4.5: Removed fractions of (NO°
3 +NO°

2 )°N and C a2+ at the end of the OxiTop experiment and measured final pH of the solution.

(NO°
3 +NO°

2 )°N
r emoved (%)

C a2+

r emoved (%) pH f i nal

Control-1 97.85 26.73 6.95

Control-2 99.78 33.44 6.93

Control-3 99.78 33.95 6.98

Control-4 91.88 22.08 6.77

Soil-5 99.03 32.92 7.04

Soil-6 99.00 34.99 7.03

Soil-7 98.96 32.05 7.01

Soil-8 98.42 27.24 7.05

5 mm Pressure developments in the head space above the solution are monitored during the experiment and
can be used to calculate the gas production in terms of moles. Figure 4.12 shows the measured average gas
production per liter of solution for the control tests and the soil tests with the standard deviation indicated by
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the vertical bars. A part of the produced gasses will stay in solution and does therefore not contribute to the
pressure increments in the head space of the bottles. The dissolved fraction of gas is not taken into account
in Figure 4.12, but will be discussed in a later stage.

The temperature controlled room, in which the OxiTop bottles are placed, is initially set to 20 °C (the
same temperature as for the Rowe cell experiment). However, changes in temperature are observed during
the test. The temperature in the control room raises slightly as a result of the action of the stirring magnets.
Unfortunately, the control room that is used can only regulate the temperature in terms of heating up, not
cooling down. The day-night cycle can clearly be recognized from Figure 4.12. It should be noticed that the
control room is normally operated at 35 °C.

It is immediately clear from Figure 4.12 that a larger amount of total moles of gas is produced in the bottles
with soil. This is a surprising result because in theory similar total productions (of nitrogen gas) are expected
since all bottles initially contain the same amount of substrates. The metabolic reaction (Equation 2.8) is used
to predict the production of nitrogen gas. It is assumed that a negligible amount of carbon dioxide is produced
due to the near neutral pH of the solution. This assumption, however, is contradicted by the gas composition
measurements which are performed two and seven days after starting the experiment. A significant fraction
of carbon dioxide is found in the gas samples despite the measured near neutral pH (Table 4.5).

The dissolved fractions of CO2 and N2 are calculated to get a complete overview of the bacterial activity.
The partial pressures of nitrogen gas and carbon dioxide gas are determined from the measured final gas com-
position. The dissociation of CO2 in water is taken into account by using a pH dependent Henry coefficient
that includes CO2°

3 , HCO°
3 , H2CO3 and COaq

2 . The total productions of N§
2 and CO§

2 per liter of solution are
displayed in the second and third column of Table 4.6 and show that significant amounts of carbon dioxide
are produced in all OxiTop bottles. The asterisks (§) are added to the chemical symbols to indicate that both
the dissolved (aqueous) and gaseous phases are taken into account. Carbon dioxide has a high solubility, a
large fraction of the produced carbon dioxide is therefore dissolved and dissociated in the solution. The theo-
retically produced N§

2 based on the measured (NO°
3 °NO°

2 )°N consumption for maximum growth and zero
growth are shown in the fourth and the fifth column respectively. The actual N§

2 production should in princi-
ple lie within these two extremes. It can be noticed that the measured N§

2 production falls far outside of the
range predicted by maximum and zero growth stoichiometry for the control bottles. It is not completely clear
why the measured production does not match with the theoretically predicted N§

2 . Leakages, measurement
errors or inaccurate preparation of the OxiTop bottles can be named as potential causes.

Different concentrations of biomass in the bottles can also have resulted in distinct gas production pat-
terns. The inoculum that is added to the bottles did not consist solely of denitrifiers. Competition between
bacteria strains might have inhibited the activity of denitrifiers in solution. Although, final concentration
measurements show that most of the nitrate is removed from the solution. Possibly, denitrifying bacteria
are inhibited by ammonifying bacteria in the control bottles, thereby explaining why the measured N§

2 pro-
duction is significantly lower than the theoretically predicted production. The unsterilized soil that is added
to the solution might have positively affected the denitrification process, allowing denitrifying bacteria to
convert the major part of initially available nitrate into nitrogen gas.

A link between carbon dioxide production and the removal of dissolved calcium cannot be made. It is
clear, though, that a significant amount of the produced gas consists of carbon dioxide, which disproves the
assumption that a negligible amount of carbon dioxide is produced during denitrification at near neutral pH.
Excess production of carbon dioxide is not desired when biogenic pretreatment is implemented in the field
to facilitate compaction activities due to the negative influence on the environment. It is therefore recom-
mended to further investigate carbon dioxide production during denitrification. To exclude biological effects,
it is recommended to sterilize soil sample material before starting an experiment.



Figure 4.12: Average production of gas per liter of solution in OxiTop bottles.

Table 4.6: Measured total productions (prod.) of carbon dioxide (CO2°
3 , HCO°

3 , H2CO3, COaq
2 and COg

2 ) and nitrogen gas per liter of
solution versus theoretical production according to the measured (meas.) consumption and metabolic stoichiometry.

Test - Bottle nr.
aa

Prod. CO§
2 meas.

(mmol/L)
Prod. N§

2 meas.
(mmol/L)

Prod. N§
2 max growth

(mmol/L)
Prod. N§

2 zero growth
(mmol/L)

Control-1 17.35 2.78 7.16 8.91

Control-2 23.38 3.89 7.30 9.08

Control-3 24.44 4.07 7.30 9.08

Control-4 16.12 2.24 6.73 8.36

Soil-5 6.39 9.05 7.25 9.01

Soil-6 8.18 9.24 7.25 9.01

Soil-7 9.88 7.42 7.24 9.01

Soil-8 9.76 6.05 7.20 8.96
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5. DISCUSSION
5.1. MEASUREMENT ACCURACY
The Rowe cell is a hydraulic consolidation cell that is traditionally used for the assessment of consolidation
parameters of low permeability soils. Introduction of a more granular soil into the Rowe cell brings along
a number of challenges and risks. During execution of the Rowe cell experiments it is noted that despite a
well-developed protocol of actions it is difficult to guarantee a high level of precision and accuracy for some
measurements. Risks for inaccurate or imprecise measurements are particularly associated with the sample
height determination. An accurate and precise determination of the initial height of the soil sample in the
Rowe cell is found to be difficult, especially with granular soils. This is because the surface of a granular soil
is often relatively irregular. Furthermore, rearrangements in the soil skeleton occur significantly fast when a
relatively loose soil sample is prepared. Small disturbances might already induce vertical displacement.

It is decided to carefully trim the sample surface before placing the porous disc to obtain a relatively
smooth surface. The initial sample height is measured with a caliper from the top of the cell after the porous
disc is placed. At least three measurements are performed to determine the initial height. It is sometimes
found that the precision of these measurements is not very high. This is a result of the porous disc being
pushed downwards by the caliper when performing the measurement.

After these measurements, the Rowe cell is filled to the top with de-aired water and the cell top is placed
on the cell body. After bolting the cell, the rigid loading plate is carefully pushed downwards with the drainage
valve open until it is in contact with the porous disc. Additional displacements are induced during these
actions. These displacements are difficult to quantify because the Rowe cell is a closed and non-transparent
system. A torque wrench is used to evenly tighten the bolts of the cell top during the different experiments
and allow for verification of the sample height by means of spindle length measurements. The determined
sample heights before and after closing the cell are compared but often show significant discrepancies. At the
end of an experiment, the Rowe cell is opened and the sample height is determined once again with a caliper.
These measurements are compared with the initial sample height and the monitored displacements during
the experiment. It is found that the initial heights determined with the spindle (after closing the cell) give
a more accurate prediction of the final sample heights than the initial heights determined with the caliper
before closing the cell. However, it should be noted that small displacements are expected to occur when the
cell top is removed. These displacements can unfortunately not be monitored but might explain why small
differences are found between the measured final sample heights and the final sample height calculated from
the spindle reference and transducer data.

An estimation of the accuracy of the measurements is made based on the different sample height deter-
minations during the experiment. It is estimated that the actual sample height lies somewhere in the range
between 0.99 and 1.01 times the measured sample height. Slightly dependent on the mass of dry solids in the
Rowe cell, this translates into a dry density that is at most 0.01 g /cm3 lower or higher than the value calcu-
lated from the measured sample height. The accuracy of the other properties presented in Table 4.2 can also
be derived from the accuracy of the sample height measurements. It is found that an accuracy of ± 2% and ±
0.02% should be taken into account for the reported relative densities and strains respectively.

5.2. DRAINAGE CONDITIONS
The back pressure is kept at 50 kPa during the loading stage to maintain drained conditions. Nonetheless,
small increments of pore pressure are recorded during the loading stage of all Rowe cell experiments. The
developments of excess pore pressure are shown in Figure 5.1. From this figure it is evident that the greatest
part of the excess pore pressure develops during the first 15-20 minutes of loading. Furthermore no signifi-
cant differences can be observed between the treated and untreated soil samples.

The measured increments are nominal with respect to the vertical load that is applied, it can therefore
be assumed that samples are indeed loaded under fully drained conditions. After performing the Rowe cell
experiments with a drained loading stage, it is decided to perform an additional experiment with the drainage
valve closed during the loading stage. Pore water can in principle not escape from the sample when the
drainage valve is closed, an undrained loading stage can therefore be performed. No volume changes are
expected when a fully saturated soil sample is loaded with the drainage valve closed since all the pores are
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Figure 5.1: Excess pore pressure development during the loading stage of Rowe cell experiments.

filled with (nearly incompressible) water that cannot escape from the sample. The work that is applied will
be transferred solely to the pore water, resulting in an increasing pore pressure that follows the changes in
vertical stress. The expectation is that small volume changes will occur when microbially treated soil samples
are subjected to a vertical loading regime with the drainage valve closed, since part of the voids is now filled
with compressible gas.

A fully saturated sample is prepared in the Rowe cell for a first undrained and untreated experiment. After
that a loading stage is performed with the drainage valve closed. Surprisingly, displacements are observed
during the loading stage. Also it is observed that the pore pressure does not increase with the same rate as the
total vertical stress. The stress and strains paths are presented in Figure 5.2 and show that the pore pressure
starts deviating from the effective vertical stress after approximately 35 minutes.
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Figure 5.2: Stresses, pore pressure and strain development during loading of untreated soil sample (Sw = 100%) with drainage valve
closed.

These unexpected observations can be explained by three different causes:

• A leak in the system: undrained conditions are not guaranteed when there is a small leak in the sys-
tem. When the cell top is not bolted properly to the cell body or the pore pressure connection is not
completely closed, this enables pore water to escape from the sample.
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• The soil sample is not fully saturated before starting the loading stage: saturation is checked through
calculation of the Skempton B-factor during the saturation stage. It is assumed that the degree of sat-
uration will not change when setting the initial conditions by reducing the pore pressure to 50 kPa
(through application of a back pressure of 50 kPa).

• The soil sample is fully saturated but the overall system is not fully saturated: the space above the
porous disc is filled with de-aired demi water before immersion of the diaphragm into the cell. The
overall system is not fully saturated when there is air in the voids between the diaphragm and the cell
wall.

The first explanation seems unlikely because a leak would most likely have been identified in a far earlier
stage. Vertical pressure increments are applied with the drainage valve closed during the saturation stage.
The displacement transducer, which can measure displacements up to 0.001 mm, shows a total displacement
of 0.002 mm during the saturation stage. This means that there is basically no sample volume change. This
observation confirms that there are no leakages during the saturation stage. It is unlikely that a leakage is
created after the saturation stage.

The second explanation is contradicted by gravimetric water content determinations performed at the
end of the experiment. The soil is found to be extremely wet and fluid when the cell is opened with no strength
whatsoever. A duplicate water content determination is performed and shows an average water content of
the soil of 23.34%. This value is compared with the theoretical water content for a fully saturated soil with
a dry density equal to the one that is measured at the end of the experiment. A theoretical water content of
23.26% is calculated.

The third explanation can be evaluated by analyzing the volume balance and pressure changes in the sys-
tem after setting the initial conditions. First a description of the scenario is given: "The back pressure is set to
50 kPa at the end of the saturation stage to arrive at the initial conditions. The pore pressure is approximately
equal to 100 kPa at the end of the saturation stage, but reduces slowly after setting the back pressure. Water is
being removed from the sample into the back pressure controller. The diaphragm pressure controller, which
controls the vertical pressure, is kept at 100 kPa. This means the effective stress is increasing and settlements
are occurring. This process can basically be described as consolidation. At the end of the consolidation pro-
cess, the fully saturated soil sample is at the initial conditions and the reaction stage is initiated."

Two remarkable observations are done during the experiment:
(1) Despite the fact that the back pressure is reduced from 100 kPa to 50 kPa at a slow rate, it is observed

that the vertical pressure reduces dramatically during the consolidation process as can be seen in Figure 5.3. A
reduction in vertical pressure can definitely be expected as a result of sample settlement. It is also known that
the pressure pump is not highly effective in reacting to pressure changes in the system. A significant amount
of time is required to bring the pressure in the diaphragm back to a target pressure after a sudden pressure
change. However, the large magnitude of vertical pressure reduction suggests that there is an additional factor
causing the inability of the pressure pump to maintain the target pressure.

(2) The volume balance of Figure 5.4 shows that the volume of pore water that is being removed (V olout )
during the consolidation process is much larger than the volume change of the soil sample. The removal of
pore water from the cell is however balanced quite well by the volume of water entering the system (V oli n)
through the diaphragm pressure controller. The net volume of liquid leaving the Rowe cell during the consol-
idation process can be calculated by subtracting the volume going out from the volume going in. A relatively
small amount of liquid is found to be leaving the system during the entire consolidation process. If this value
is compared to the volume change of the sample it can in fact be argued that the soil sample is supersatu-
rated (Sw > 100%) after the consolidation process. This is not possible. The only logical explanation would
therefore be that water is being removed by the back pressure controller from a different space.
5 mm Based on these two observations, it is suspected that water is being removed from the voids between
the diaphragm and the cell wall during the consolidation stage. A visualization of the scenario is given in
Figure 5.5. A negative pressure is applied by the back pressure pump during the consolidation stage to reduce
the pore pressure in the system. A part of the water in the voids between the diaphragm and cell wall is
therefore most likely being removed as a result of the suction at the end of the drainage channel. The water
between the voids is located above the drainage channel, the potential energy might therefore stimulate the
flow of water from the voids to the drainage channel. The overall system is no longer saturated as water is
being displaced from the voids around the diaphragm. This makes completely undrained loading conditions
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Figure 5.4: Volume balance for "consolidation" stage of the Rowe cell experiment with closed drainage valve.

impossible. The validity of the volume balances presented in subsection 3.3.7 and subsection 3.3.9 has to be
re-evaluated.

VOLUME BALANCE REACTION STAGE

Static conditions apply during the reaction stage. Gas is produced inside the treated soil samples or directly
below the porous disc. The production of gas results in the generation of excess pore pressures in the sample.
The excess pore pressures are dissipated by removal of pore water from the sample by the back pressure
controller. The amount of liquid or gas moving around the porous disc and rigid loading plate to the empty
voids is expected to be limited because of the applied back pressure at the top of the sample. The volume
balance for the reaction stage is therefore expected to remain valid.

VOLUME BALANCE LOADING STAGE

The pore water in the soil sample is rapidly pressurized when a loading stage is performed with the drainage
valve closed. As a result of this, the pore water is pushed upwards into the empty voids. Settlements occur as
water is removed from the soil sample and part of the applied work is transferred to the soil skeleton, resulting
in an effective stress increase.

Pore water can escape through the drainage channel at the top of the sample when the drainage valve
is open during the loading stage. Most of the pore water that is expelled from the sample is expected to be
displaced to the back pressure controller, however small amounts of liquid and gas might be pushed into
the empty voids between the diaphragm and cell wall. The volume balance of subsection 3.3.9 is applied to
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Figure 5.5: Visualization of the scenario that leads to removal of water from around the diaphragm and therefore a partially saturated
system.

calculate the water content-dry density paths of fully saturated samples. A fully saturated sample should,
in principle, follow the 100% saturation curve upon loading. It can be seen from Figures 4.6a, 4.6c and 4.6e
that the calculated paths quite closely match the theoretical paths, especially for sample Untreated 1. The
calculated saturation at target density is slightly higher than 100% for samples Untreated 2 and Untreated
3. This can be explained by pore water that is removed from the sample and pushed into the empty voids
between the diaphragm and cell wall. The pore water that is pushed into these voids is not accounted for
in the volume balance and therefore explains the calculated saturation of higher than 100%. Based on the
accurate predictions of the water content-dry density paths of the fully saturated samples it can be concluded
that the volume balance for the loading stage can be used to give reasonable predictions of the water content
during loading.

5.3. COMPRESSION OF THE GAS PHASE
Previous research has shown that the compressibility of an initially saturated soil can be increased by the for-
mation of gas bubbles in the pore fluid (Rebata-Landa and Santamarina, 2012). Even small size bubbles can
change the pore fluid bulk stiffness significantly according to Sparks (1965). The density of the soil samples
is increased during the drained loading stage of the Rowe cell experiments as a result of (1) rearrangement of
soil particles, (2) the expulsion of gas and water and (3) the compression of gas bubbles. The volumes of the
gas bubbles will decrease during the loading stage as a result of the increasing total vertical stress. According
to the ideal gas law, the pressure in the gas bubbles will therefore increase. The increase in gas pressure is
accompanied with an increase in the amount of gas dissolved in the pore solution (Henry’s law). Boyle’s law
can be used to determine the change in volume as a result of a change in pressure. However, the relation
between the air and water pressure needs to be known before Boyle’s law can be used.

The compressibility of an air/water mixture and the relationship between air and water pressures (i.e. the
pore fluid bulk stiffness) can be calculated with the methods proposed by Schuurman (1966). Boyle’s and
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Henry’s law are implemented to take the compression and dissolution of the gas into account. However,
the method cannot be applied to calculate the compressibility of the air/water mixture in the soil samples
of the Rowe cell experiments because of a difference in drainage conditions. To simplify the calculations,
undrained conditions are considered in the method proposed by Schuurman (1966). This means that the
volume of water remains constant and free and dissolved gas cannot escape from the sample during loading.

In the Rowe cell experiments performed for this research, free and dissolved gas are allowed to leave the
soil sample during loading. Despite the fact that the volumes of free gas and pore liquid escaping from the
soil sample are monitored, it is difficult to predict the compressibility of the air/water mixture because the
relationship between the air and water pressures is not completely clear in the Rowe cell experiments. In
principle no water pressure increments are expected in a fully drained system, however small increments are
recorded. Furthermore it is found during the OxiTop experiments that a significant amount of carbon dioxide
gas is produced in addition to the nitrogen gas. A large part of the produced carbon dioxide is dissolved into
the solution as bicarbonate or carbonic acid. The dissolved gas has to be taken into account for calculation of
the air/water mixture compressibility. According to Schuurman (1966) compressibility and solubility of the
air in the gas bubbles determine the compressibility of the air/water mixture.

5.4. DISTRIBUTION OF GAS IN THE SAMPLE
The concept of microbial induced desaturation for improved compactibility is based on the idea that soils
have an optimum water content and corresponding maximum dry density. Soils can be brought to the opti-
mum water content by means of microbial induced desaturation. However, the distribution of gas bubbles in
the soil might be of major influence on the compactability improvements. It is expected that a homogeneous
distribution of gas bubbles is most favourable for the reduction of energy requirements for compaction.

The Rowe cell is a non-transparent system, this makes an evaluation of the distribution of gas bubbles
impossible. An important assumption for the reaction stage is that all gas is assumed to be produced inside
the sample. However, it is possible that a significant part of the gas is produced in the top part of the soil
sample directly below the porous disc. Gas pockets are identified on the surface of soil sample after opening
the cell indicating the accumulation of gas below the porous disc. The distribution of gas in the soil sample
might therefore not be homogeneous enough to result in a decrease of energy requirements for compaction.

5.5. DENITRIFICATION IN SOILS
More than 90% of the initially available nitrate is removed for Treated test 2 in the Rowe cell. Higher con-
centrations of residual nitrate and nitrite are measured at the end of Treated test 1 and 3. Residual nitrate
in the system is caused by inhibition of the overall denitrification process. The denitrification process is in-
fluenced by multiple factors such as the pH, temperature, local inhibitors and the presence of oxygen. The
applied treatment regime has to be attuned to these environmental factors for field applications. Zhang et al.
(2009) measured the NO, N2O, N2 and N H+

4 production in multiple natural forest soils from China and de-
tected N in ammonium and soil organic matter after incubation. The amount of N gas produced is therefore
a better measure of the rate of denitrification than the amount of NO°

3 that is removed. This might be an
explanation for the relatively low production of nitrogen gas that is measured in the control tests of the Oxi-
Top experiment. The composition of the gas that is produced in the Rowe cell experiments is not measured,
so no conclusions can be drawn on the amount of N gas that is actually produced. Zhang et al. (2009) also
measured NO and N2O gas production and found no NO at the end the incubation, whereas N2O was still
detectable.

Based on the results of the OxiTop experiments it can be expected that a certain fraction of the gas pro-
duced in the Rowe cell consists of CO2. The oxidation state of carbon was found to control the ratio between
carbon released as CO2 and carbon assimilated into biomass, therefore playing a major role in the pH devel-
opment during denitrification (Drtil et al., 1995).

The pH of the pore fluid is measured at the beginning and end of the Treated Rowe cell experiments
and is presented in Appendix B. The initial pH value of the pore fluid is slightly higher than 7.1 for all Treated
samples. Increased pH values are measured at the end of the experiments, with a maximum of approximately
7.5 for Treated test 2. The increased alkalinity of the pore fluid due to denitrication is buffered by means of
calcite precipitation which normally keeps the pH below 8.0. According to Šimek et al. (2002) nitrogen gas is
the major product of denitrification rather than N2O at pH values higher than 7. The amount of produced
N2O gas during the Rowe cell experiments is therefore expected to be limited. If the results of the Rowe cell
experiments of the current research are compared with the results of the Rowe cell experiments performed
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by Andrag (2017), it can be noticed that a clear relation exists between the lag period and gas production
rate on the one hand and the soil pH on the other hand. The reaction time for the desaturation stage took
considerably longer for soil samples that had a relatively low initial pH.

When biogenic gas pretreatment is implemented in the field by means of injection, the negative effects of
oxygen on the rate of denitrification are not expected to be significant, providing the injections are performed
in a well-controlled manner. Biogenic pretreatment is performed on fully saturated soils below the water table
where the oxygen concentration is generally limited. During the laboratory experiments, however, infiltration
of oxygen can not be avoided. The soil sample is prepared in an unsaturated way and is saturated afterwards
under atmospheric conditions. Some oxygen molecules will certainly have infiltrated the solution during this
procedure. Oxygen is a more favorable terminal electron acceptor than nitrate, so during the reaction phase
oxygen will first be depleted before the nitrates are converted to nitrogen gas. According to van Spanning
et al. (2007), this can lead to assimilatory nitrate reduction which results in the production of nitric oxide or
ammonium as final product. The Ac/N ratio will be affected by the presence of oxygen as a part of the carbon
source (acetate) is no longer available for dissimilatory nitrate reduction. The observed nitrite accumulations
in the Rowe cell experiments might be the result of a low Ac/N consumption ratio (Pham, 2017).

5.6. EXPERIMENTAL SETUP AND METHOD
A large fraction of the soil, selected for the Rowe cell experiments, consists of sand sized particles. Dynamic
compaction is the most efficient method of compaction when it concerns granular material. Nonetheless,
the Rowe cell, which has the ability to control pressure and drainage conditions, is chosen for assessment of
the intended pretreatment despite the impossibility of dynamic loading.

This is because the initial assumption is that regardless of the method of compaction,static or dynamic,
reductions in energy requirements for compaction of a ‘problematic’ soil should be observable after perform-
ing the intended pretreatment. However, clear differences can be identified when comparing the manner of
compaction in the cell with compaction in the field.

5.6.1. DIFFERENCES BETWEEN EXPERIMENTAL CONDITIONS AND FIELD CONDITIONS
First of all, it is already noted that granular soils are conventionally compacted with dynamic techniques such
as rapid impact compaction or vibro compaction. In contrast, soil samples are loaded statically in the Rowe
cell.

Secondly, the soil is radially constrained by a solid steel wall in the Rowe cell, where in the field normally
no such extreme constraints are found. More specifically it is the combination of the loading area and the
total compaction area that is significantly different in the cell and in the field. The loaded area of soil samples
in the Rowe cell is equal to the inner area of the cell (i.e. the loaded area is equal to the area that has to be
compacted). This means that in principle no bulging of soil occurs upon loading and no shear stresses are
developed. Shearing is an important mechanism when dynamic compaction is applied on granular soils in
the field. Shearing assists the rearrangement of grains into a denser configuration. The Rowe cell is originally
designed for the assessment of consolidation characteristics of clayey soils. Clayey soils consist mainly of
flaky particles which will not necessarily be forced into a denser configuration by means of the application of
shear forces. Dynamic compaction normally results in the expulsion of air from voids and a reduction in void
ratio. It is believed that shearing assists in the expulsion of air as gas bubbles are destabilized (Andrag, 2017).
The saturation of the soil increases as gas is expelled and the void ratio is reduced. There is no shearing effect
in the Rowe cell, the expulsion of gas bubbles is therefore expected to be hampered.

A third difference between conditions in the field and conditions in the Rowe cell is related to drainage.
Strict vertical drainage conditions apply in the Rowe cell. Gas bubbles can only drain through the small diam-
eter spindle. Gas bubbles that are generated at the bottom of the soil sample are not very likely to be expelled
during loading due to the absence of shearing forces and limited drainage conditions. Gas bubbles might
escape more easily in the field where drainage conditions are in principle less strict.

5.6.2. RATE OF LOADING AND SOIL PERMEABILITY
The microbial induced pretreatment is proposed as solution for facilitation of compaction activities on soils
that cannot be compacted sufficiently with conventional techniques. Excess pore water pressures are rapidly
generated when dynamic compaction is applied to these soils because the rate of loading is high and the
permeability is relatively low. It is possible that the rate of loading that is applied during the Rowe cell experi-
ments is not high enough to obtain benefit from the biogenic pretreatment as a result of a relatively high soil
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permeability.
Pore water drains easily from the soil sample if the permeability is high enough with respect to the rate

of loading. Therefore, no significant differences in energy requirements are expected, especially if gas accu-
mulates at the top of the sample below the porous disc. Trapped gas bubbles in the back pressure line or
porous disc might in fact even obstruct the flow of pore liquid from the sample thereby affecting the drainage
conditions and explaining the observed increased energy requirements for compaction after microbial pre-
treatment.

5.7. POTENTIAL OF THE DENITRICATION-BASED PRETREATMENT
On the contrary of what is presumed, it is found that energy requirements for static compaction are slightly
higher for treated soil samples when compared to untreated (fully saturated) samples. It is not expected that
soil cementation is the reason for the higher energy requirements after biogenic pretreatment, because the
calculated amount of calcium carbonate precipitation at the end of the experiments is very limited. Possibly
the formation of biofilm as a result of bacterial activity resulted in a slightly higher level of cohesion in the soil.
Trapped gas bubbles in the drainage lines of the setup might also have influenced the energy requirements
for compaction.

Nonetheless the denitrification process is successfully implemented to desaturate fully saturated silty
sand samples to the optimum saturation. A rapid and steady production of gas is reached inside the soil sam-
ples with a very limited amount of gas escaping, displaying the high storage capacity of the sample material.
The accumulation of nitrite is limited and the major part of initially available nitrate is converted to nitrogen
gas. Furthermore, the pH measurements show that denitrification can be buffered effectively by addition of
calcium to the process.

New methods of assessment will need to be developed based on the results of the current study and
earlier work to further investigate the potential of denitrification-based pretreatment for the compaction of
soils. There is no observed benefit from the biogenic gas in the soil according to the energy-based assessment
method that is used in this research. Therefore, it is suggested to approach the biogenic pretreatment concept
from a time-based perspective.

Puzrin et al. (2011) examined in-situ microbial gas production to engineer the consolidation proporties
of clayley sands (65% quartz sand, 20% illite and 15% bentonite) by changing the settlement-time profile.
Negligible swelling of the samples was observed during gas production. Furthermore, it was found that bio-
genic pretreatment caused a shift of up to 50% of total displacement from primary consolidation settlement
to immediate settlement with no change in total displacement or the coefficient of consolidation.



6. CONCLUSION
Compaction activities are often found to be ineffective on soils with high fines contents due the generation
of excess pore pressure. Drainage assisting elements, such as sand piles, can be installed to facilitate the
compaction activities on these soils, but are in general very costly. Therefore, the potential of a microbial
induced desaturation (MID) pretreatment with denitrifying bacteria to improve the compactibility of these
soils, is investigated during this research. The following research question is formulated:

• How is the compactability of an initially saturated silty sand influenced by the gas bubbles produced by
denitrifying bacteria and can this gas be used to reduce the energy requirements for static compaction
of the soil to a given target density?

A study is launched to identify the main parameters controlling the efficiency of compaction activities. It is
found that the limits of application for conventional compaction techniques can be expressed by means of a
particle size distribution (Keller, n.d.). The water content-dry density relationship can be used to predict the
optimal conditions of a soil for compaction. Optimal conditions for compaction are commonly around 80%
(Andrag, 2017). The amount of gas that can be maintained by a soil, the gas storage capacity, has to be taken
into account for the pretreatment in order to make sure optimal conditions can be reached by means of gas
production.

The particle size distribution and water content-dry density relationship are taken into account during a
series of proctor compaction tests to select a representative sample material that can be used for an energy-
based assessment of the MID pretreatment. The water content-dry density relationship of industrially pro-
duced soils with an extremely high level of uniformity is found to be remarkably different from natural soils
as reported in literature. It is therefore confirmed that gradation is one of main factors influencing the water
content-dry density relationship of soils. A silty sand with a relatively high gas storage capacity and optimum
degree of saturation is created as sample material for further experiments. A novel sample preparation tech-
nique, that allows for the preparation of fully saturated soil samples with a relatively low initial density in a
Rowe cell setup, is successfully developed. The reproducibility of the preparation technique is assured as it
allows for production of comparable soil samples in terms of initial density and homogeneity. A chemostat
setup is established for the incubation of a culture of denitrifiers and provides a continuous supply of active
nitrogen producing bacteria. The bacteria have to be provided with macro and micronutrients to avoid in-
hibition of denitrification due to nutrient deficiency. It is found that weekly injections into the reactor are
required to avoid limitation of nutrients.

The Rowe cell setup, which allows for measurement of gas production, is successfully used to reduce the
saturation of soil samples to the targeted degrees of saturation. The saturation of soil samples is brought to
the optimum saturation of 80% within approximately 7 days by means of an engineered treatment regime.
The lag period before significant gas production is found to be approximately 1.5 days for all experiments.
A faster rate of gas production is detected for a treatment regime with lower substrate concentrations. A
gas trap is implemented in the Rowe cell setup and shows nominal amounts of gas escaping the soil sample
during the reaction stage. This displays the relatively high gas storage capacity of the soil. Furthermore,
the denitrification process, which results in the production of alkalinity, is successfully buffered by means of
calcium carbonate precipitation.

The recorded settlements of treated soil samples during the reaction stage of the Rowe cell experiments
are insignificant. This indicates that the risk of soil expansion or contraction is limited for the applicable
pressure and drainage conditions. The treated and untreated soil samples are subjected to a strain controlled
loading regime up to a selected target density under drained conditions. Two volume balances are used for
the prediction of the developments of water content, dry density and degree of saturation of the soil sample
during the reaction stage and loading stage. The validity of the volume balances is confirmed by the ob-
served water content-dry density loading paths of fully saturated soil samples and gravimetric water content
determinations.

Finally the energy requirements for compression of the soil samples to the target density are evaluated
in terms of work input per unit volume. A normalization accounts for the differences in total applied strain
during the loading stage, which are a result of small differences in initial and final density of the soil samples.
A clear difference between treated and untreated samples is not found. Results show a slight increase of en-
ergy requirements for static compaction as a result of the biogenic pretreatment. In terms of compactability,
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there is no observed benefit from the denitrification-based pretreatment. The increased energy requirements
for treated soil samples can possibly be explained by the formation of biofilm as a result of bacterial activity
or by entrapped gas bubbles in the drainage lines of the setup. Lastly, it is found in the additional OxiTop
experiments that the assumption that a negligible amount of carbon dioxide (CO2) is produced inside the
soil samples due to the near neutral pH, should be scrutinized. Significant fractions of carbon dioxide gas are
measured in addition to nitrogen gas at the end of the experiments.

In conclusion, during this study it is shown that a rapid and steady rate of gas production can be reached
inside soil samples by means of an engineered substrate solution. Soils are successfully desaturated to a sat-
uration of 80% with a single treatment, without expansion of the soil skeleton. The Rowe cell setup allows for
an accurate analysis of the MID process with controlled pressure and drainage conditions. However, with the
currently used setup and method of assessment no significant differences can be observed between treated
and untreated samples, in terms of compactability. Based on results of the current study and previous re-
search (e.g. Andrag (2017), Puzrin et al. (2011)), new methods of assessment can be developed to further
investigate the potential of denitrification-based pretreatment for improving the compactability of soils.



7. RECOMMENDATIONS
The developed Rowe cell setup enables an effective method for desaturation of saturated soil samples by
means of biogenic treatment. The setup allows for accurate monitoring of gas production. Moreover, the
ability to control pressure and drainage conditions makes the developed setup effective in representing in-
situ conditions.

The inability to perform a dynamic loading regime makes the suitability of the Rowe cell setup for an
energy-based assessment of the improved compactability of granular soils disputable. It is recommended
to explore different methods of assessment for further research into the potential of biogenic pretreatment
of granular soils. The guiding principle for this is to make the test more representative to field conditions.
Addition of a dynamic/cyclic loading regime is therefore considered to be crucial.

The current investigation showed that the water content-dry density behavior of industrially produced
soils can be significantly different from what is experienced in practice. It is therefore advised to take care
when selecting a soil for assessment of the intended pretreatment. Ultimately, a soil is collected from a site
where conventional compaction techniques are found to be ineffective. A thorough preliminary examination
of the behavior of the soil should be executed. The examination should include one or multiple proctor
compaction tests for verification of the optimum water content, a grain size distribution analysis, maximum
and minimum density tests and preferably a soil permeability test. The relationship between the permeability
of the soil and the rate of loading is a crucial factor that has to be taken into account when a new testing
method is developed. The efficiency of biogenic pretreatment is expected to be limited if the excess pore
water pressure that is generated during loading can be dissipated rather quickly. It should also be investigated
how much gas can be produced in the soil before a continuous gas phase develops. The optimum saturation
of the soil should be achievable.

Confinement and pressure conditions are utterly important when it comes to the stiffness of soils and the
behavior of the gas phase. Compaction activities are often ineffective on layers or lenses of fine soil, which are
typically a few meters below ground level. It is most representative to incorporate these pressure conditions
into the test setup.

The denitrification process can be employed as an effective method of gas production in soils. This way
soils can be desaturated close to any selected target water content by implementation of the appropriate
treatment regime. Soil desaturation through denitrification has already been implemented in field experi-
ments (e.g. Burbank et al. (2011)), which were focused on improving the liquefaction resistance of soils and
included no subsequent compaction stage.

A next step would be to perform a field experiment on a site/soil where conventional compaction tech-
niques (without pretreatment) are found to be ineffective. Dynamic compactors should be used to perform
the compaction activities to guarantee an ultimate representation of practice.

Finally, the applicability of microbial induced desaturation for the improvement of engineering proper-
ties of silts or clays could be investigated. Global sources of coarse-grained fill material, which can be used for
reclamations, are depleted to such an extent, that often fill material has to be transported over long distances.
This brings along significant costs and environmental pollution. A more sustainable alternative would there-
fore be to use an inferior fill material from a local source and to improve the engineering properties of the fill
material by means of a biogenic pretreatment.

A collection of new challenges arises when biogenic pretreatment is applied to silty and clays. For labora-
tory experiments these challenges are mainly related to the sample preparation technique. The preparation
technique should allow for the production of comparable samples with a homogeneous distribution of den-
itrifying bacteria and substrates. Substrates are flushed through the soil during the Rowe cell experiments of
this research. Flushing of substrates might be problematic for soils of lower permeability so an alternative
solution needs to be used. The efficiency of the pretreatment could also be tested in a larger-scale field ex-
periment. Fill material can be pre-mixed with substrates and bacterial inoculum before deposition to bypass
the necessity of injection.

Furthermore it is found in both the Rowe cell and OxiTop experiments that the assumption that a negligi-
ble amount of carbon dioxide is produced during dentrification due to the neutral pH is debatable. A further
investigation into this matter is recommended.
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A. SOIL SAMPLE MEASUREMENTS ROWE

CELL EXPERIMENTS

Table A.1: Measurements Rowe cell experiments.

Untreated 1
Sw = 100%

Untreated 2
Sw = 100%

Untreated 3
Sw = 100%

Treated 1
Sw = 80%

Treated 2
Sw = 81%

Treated 3
Sw = 89%

Ms (kg) 1.24 1.25 1.25 1.24 1.26 1.24

¢≤ loading stage (%) 4.37 3.77 4.73 3.87 2.02 3.44

¢pd loading stage (g/cm3) 0.075 0.064 0.081 0.066 0.034 0.059

¢w loading stage (%) -2.73 -2.31 -2.94 -0.73 -0.34 -0.58

¢Hsample loading stage (mm) 1.89 1.61 2.04 1.64 0.85 1.45

Loading time (s) 4385 3267 3243 3747 1698 5905

Avg. ≤̇ loading stage (mm/min) 0.026 0.030 0.038 0.026 0.030 0.015

Avg. final w (gravimetric) 21.8 21.68 21.61 18.2 18.0 20.0
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B. CHEMICAL ANALYSIS ROWE CELL

EXPERIMENTS

Table B.1: Chemical analysis of Treated Rowe cell experiments.

Treated 1
Sw = 80%

Treated 2
Sw = 81%

Treated 3
Sw = 89%

pH substrate initial (-) 6.92 6.95 6.98

pH pore fluid initial (-) 7.15 7.13 7.13

pH pore fluid final (-) 7.30 7.52 7.46

EC substrate initial (mS/cm) 6.1 6.2 4.5

EC pore fluid initial (mS/cm) 4.1 5.0 3.7

EC pore fluid final (mS/cm) 0.5 0.9 0.5

NO°
3 °N substrate (mM) 37.87 40.42 27.49

NO°
3 °N pore fluid initial (mM) 19.23 26.98 17.98

NO°
3 °N pore fluid final (mM) 2.61 1.50 2.64

NO°
2 °N substrate (mM) 0.00 0.00 0.00

NO°
2 °N pore fluid initial (mM) 0.03 0.03 0.00

NO°
2 °N pore fluid final (mM) 1.84 0.89 0.26

C a2+ substrate (mM) 59.94 58.54 33.49

C a2+ pore fluid initial (mM) 41.99 48.74 27.72

C a2+ pore fluid final (mM) 17.31 15.18 7.52
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Table B.2: Nitrogen balance Treated 1.

Pore fluid initial Pore fluid final Gas

Volume (mL) 291 224 58.6

Nitrate (mmol NO°
3 °N ) 5.59 0.58

Nitrite (mmol NO°
2 °N ) 0.01 0.41

N2/NO/N2O gas (mmol-N) 0.22 7.23

Total (mmol-N) 5.60 8.44

N-gap (mmol-N) -2.84

N-gap percentage (of initial) (%) -51%

Table B.3: Nitrogen balance Treated 2.

Pore fluid initial Pore fluid final Gas

Volume (mL) 282 227 55.2

Nitrate (mmol NO°
3 °N ) 7.62 0.34

Nitrite (mmol NO°
2 °N ) 0.01 0.20

N2/NO/N2O gas (mmol-N) 0.22 6.81

Total 7.62 7.57

N-gap (mmol-N) 0.05

N-gap percentage (of initial) (%) 1%

Table B.4: Nitrogen balance Treated 3.

Pore fluid initial Pore fluid final Gas

Volume (mL) 289 248 33.0

Nitrate (mmol NO°
3 °N ) 5.19 0.41

Nitrite (mmol NO°
2 °N ) 0.00 0.06

N2/NO/N2O gas (mmol-N) 0.24 4.07

Total 5.19 4.78

N-gap (mmol-N) 0.41

N-gap percentage (of initial) (%) 8%



C. CHEMICAL ANALYSIS OXITOP

EXPERIMENTS

Table C.1: Chemical analysis of Control bottles OxiTop experiment.

Control 1 Control 2 Control 3 Control 4

pH initial (-) 7.06 7.08 7.05 7.06

pH final (-) 6.95 6.93 6.98 6.77

NO°
3 °N initial (mM) 18.21 18.21 18.21 18.21

NO°
3 °N final (mM) 0.36 0.01 0.02 1.45

NO°
2 °N initial (mM) 0.00 0.00 0.00 0.00

NO°
2 °N final (mM) 0.03 0.03 0.02 0.03

C a2+ initial (mM) 24.18 24.18 24.18 24.18

C a2+ final (mM) 17.72 16.09 15.97 18.84

Table C.2: Chemical analysis of Soil bottles OxiTop experiment.

aSoil 5 aa aSoil 6aa aSoil 7aa aSoil 8aa

pH initial (-) 7.08 7.07 7.07 7.06

pH final (-) 7.04 7.03 7.01 7.05

NO°
3 °N initial (mM) 18.21 18.21 18.21 18.21

NO°
3 °N final (mM) 0.14 0.15 0.16 0.25

NO°
2 °N initial (mM) 0.00 0.00 0.00 0.00

NO°
2 °N final (mM) 0.03 0.03 0.03 0.04

C a2+ initial (mM) 24.18 24.18 24.18 24.18

C a2+ final (mM) 16.22 15.72 16.34 17.59
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D. NUTRIENT STOCK SOLUTIONS

Table D.1: Composition of macro-nutrient stock solution. During all experiments 1 mL of the macro-nutrient stock solution was added
for each 1 L of prepared solution (i.e. 1 mL/L).

Name
not

Chemical formula
not

Stock solution conc.
(mmol/L)

Ammonium sulfate (N H4)2SO4 3

Magnesium sulfate heptahydrate M g SO4 2.4

Monopotassium phosphate K H2PO4 6

Dipotasium phosphate K2HPO4 14

Table D.2: Composition of micro-nutrient stock solution (Salek et al., 2016). During all experiments 1 mL of the micro-nutrient stock
solution was added for each L of prepared solution (i.e. 1 mL/L).

Name
not

Chemical formula
noth

Stock solution conc.
(mmol/L)

Boric acid H3BO3 1.23

Zinc chloride Z nC l2 2.12

Copper(II) chloride CuC l2 0.54

Cobalt(II) chloride octahydrate CoC L2 0.43

Nickel(II) chloride octahydrate NiC l2 0.64

Manganese(II) chloride MnC l2 0.12

Sodium molybdate dihydrate N aMoO4 0.40

Iron(III) chloide FeC l3 10.60

Calcium chloride dihydrate C aC l2 0.31
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