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Abstract

Cone penetration tests within environmental protection areas are inevitable and
the potential consequences of incorrect sealing procedures can significantly affect the
quality of the groundwater. This research investigates the regulations associated with the
protection of the groundwater in these areas and assesses the hiatuses in the
Provincial Environmental Regulation South Holland (PERSH). In addition, the sealing
capacity of clays within the area of Oasen is assessed in order to conclude on the self-
restoring capacity of Dutch clays. Furthermore, this paper summarises the available
sealing agents within the Netherlands, divided into clay pellets, clay bars and clay
suspensions. Three main producers of these agents are discussed: DantoPlug, Cebo, and
Mikolit®. The products associated with these brands are extensively discussed and a
comparison has been made for the pellets on the dimensions, sinking velocity in water,
bulk density, swelling delay, swelling capacity, permeability, water absorption capacity,
montmorillonite content, and the swelling pressure. The paper also compares the various
forms of application of these products. In conclusion, this research found that clay pellets
and bars are inapplicable in small-diameter boreholes. Instead, it advocates the use of
Baroid drill-grout or similar bentonite suspensions in small-diameter boreholes. The clays
in the area of Oasen contain a certain set of minerals to exert a self-restoring behaviour.
However, the swelling rates are unknown and hence the micro bacteriological safety of
the groundwater cannot be assured in open boreholes. . The recommendations in this
paper include an implementation of a minimal sealing agent permeability of 10 m/s into
the PERSH along with an implementation of bentonite suspensions as the appropriate
sealing agents in small-diameter boreholes. Finally, the absence of experimental results
regarding the self-restoring capacity of the clays in the area of Oasen highlights the
shortcomings regarding this part in the conclusion. This paper establishes that further

research is required on the subject and, therefore, includes a set-up for such research.
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Introduction

Drinking water companies are responsible for the production of drinking water.
The quality of the product is of paramount concern and therefore, elimination of the risks

of microbiological or chemical pollution during extraction is actively pursued.

This research is performed at the request of drinking water company
Oasen drinkwater, which extracts groundwater as a source for high-quality drinking
water in the Netherlands, alongside nine other drinking water companies (see
Appendix Al). Within the distribution area of Oasen, the company currently has seven
active treatment plants, each with its own extraction wells. Together, the plants produce
approximately 48 billion litres of drinking water each year for about 750,000 people and
7,200 companies (Oasen, 2014). In order to safeguard the good quality and healthiness
of this drinking water, it is key to protect in particular the areas closest to the extraction

wells from potential pollutants.

While pollution can enter the aquifers through multiple processes, this paper only
addresses the piercing of the impermeable clay layers by drilling into the subsoil with the
purpose of acquiring subsurface information (hereafter referred to as “geotechnical
testing”). This, however, may potentially lead to short-circuit flow, which means that
water can infiltrate into the pumped aquifers within less than the minimum acceptable
residence time of 110 days, as established by Medema et al. (2008). As a result, the
extracted water may potentially be microbiologically contaminated and the predefined
purification process will not suffice to guarantee clean and healthy drinking water. In
conclusion, Oasen is concerned about the occurrence of short-circuit flow in drilling

projects.

In order to avoid recharging aquifers with polluted water, vulnerable areas
throughout the Netherlands are marked as Environmental Protection Areas (EPAs), which
in turn are subdivided into “Groundwater Extraction Zones” (GEZs),
“Groundwater Protection Zones” (GPZs) and "“Drilling-Free Zones” (DFZs), located in
bands around extraction wells (see Appendix A2). Activities regarding disturbance of the
subsoil in these areas are associated with regulations implemented by the government.
However, in reality these sets of rules often contain hiatuses and/or lack enforcement
mechanisms. This may lead to conflicts between the involved parties and may thus

endanger the quality of the water supply.



Penetration of the impermeable clay layer(s) remains a vulnerable subject to
drinking water companies and although most aspects are well-covered by existing
regulations (BRLs' and NEN Standards®), recurrent questions remain unanswered,
especially those regarding cone penetration tests, which are excluded from the BRLs and
are achieved with relatively small-diameter drillings. Incorrect or partial sealing after
such projects may result in the occurrence of short-circuit flow. Hence, drinking water
companies advocate the use of bentonite-mixtures as artificial sealing agents after
drilling. These mixtures should safely restore the penetrated clay layer, which acts as a
natural bacteriological filter for water. According to contractors, however, the current
diversity in sealing agents is large and therefore unclear. In addition, the overall
applicability of clay is said to be questionable. Contractors claim that afterwards, the soil
recovers in a natural way by the swelling of in situ clays, which restore the impermeable

boundaries and make the use of bentonite redundant.

The aforementioned dilemmas led to the following research questions:

% Do small-diameter boreholes restore over time without artificial sealing due to in
situ swelling of clay?

% What types of sealing agents are available in the Netherlands and in what forms
of application?

% Which sealing agent(s) is/are most adequate in the sealing procedure taken into
account the demands stated in the Provincial Environmental Regulation
South Holland (PERSH) and by Oasen?

In order to answer these questions, one must first gain insight into the behaviour
and physical properties of clay. In addition, it is of vital importance to review different
geotechnical tests, their purposes, and their interaction with the governmental
regulations. Combined with a review on the geological and hydrological conditions, these
aspects form crucial background information aiding in the understanding of the second
part of this research, which includes an analysis of the main clay suppliers in
the Netherlands and their currently available products. This overview will provide all
information necessary to conclude on the recurrent question regarding the relatively best
sealing agent(s) currently available. Furthermore, the second part analyses current
regulations and legislation concerning geotechnical testing. Finally, the research
questions are answered in the form of a brief conclusion containing recommendations for
all parties involved, regarding the issues with sealing agents as well as the set of rules

and their implementation and implications.

! BRLs are guidelines on methods and procedures regarding mechanical drillings, established and agreed upon by all involved parties and
written/published by the SIKB

2 NEN Standards are general standards for certain procedures and methods in the Netherlands. This paper only features the NEN Standards relevant
for geotechnical testing (further explained in Chapter 1.4).
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Chapter 1 Review

This research is based on existing experiments and published articles concerning
specific scientific aspects referred to as basic knowledge in this research. The background

literature required to understand the set-up will be extensively elaborated in this chapter.

1.1 Site Description and Key Concept

As mentioned in the introduction, Oasen extracts groundwater for the production
of drinking water. This extraction is performed in sand layers at a relatively shallow
depth ranging from approximately 15 metres to 100 metres into the ground. The
composition of the subsurface along with the hydrological situation is discussed in this
chapter. Finally, a brief explanation on the key concepts is presented, which highlights

the significance of this research.

In order to understand the risks of leakage through boreholes, one must first
acquire knowledge of the local geology within the supply area of Oasen. The focus lies on
the sediments in the top layers of the Dutch subsurface in particular. The deeper geology
(deeper than 100 metres) is not discussed here, as the groundwater is brackish or salt

on those depths and, therefore, useless to Oasen for purification at this point in time3.

The first relevant layer for this research in the Dutch subsurface is situated at a
depth of 100 metres as a thick layer of impermeable clay: The Maassluis Formation (see
Figure 1.1). According to Berendsen (2008a) this clay has been deposited during the
early Pleistocene as marine sediment. The Netherlands was located entirely below sea
level, resulting in sedimentation of the finest particles. As the Pleistocene period
progressed, ice caps and glaciers began to form, which resulted in a lowering of the sea
level. This resulted in a westward shift of marine clay deposition. The newly exposed land
areas developed a large number of braided rivers, which started the sedimentation on
land. A closer look at the area of interest, the Rhine basin (indicated in Figure 1.2),
reveals that this sedimentation over time formed the formations now known as the
formation of Peize, Waalre and Sterksel (see Figure 1.1). These formations are defined as
the second aquifer and are moderately permeable because of their alternating

characteristics of clay with a low permeability and highly permeable sand.

3 Qasen is actively replacing conventional purification methods with reverse osmosis technology. This implies that even brackish or salt water will
become available as a source for extraction in the future

10



Later during the Pleistocene period, the climate was dominated by an alternating

series of ice ages and interglacial periods. During these ice ages, rivers expressed a

braided structure, resulting in the deposition of coarser sediments. The Rhine sediments

deposited during these periods are now known as the Urk and Kreftenheye formations

(see Figure 1.1). The coarse nature of these formations implies a high permeability,

which makes them ideal for water storage. Moreover, the aquifer is a confined aquifer,

which implies the presence of a confining layer on top. This confining layer consists of

clay and peat deposits dating from the Holocene.

Figure 1.1. A cross-section of the Netherlands illustrating the geohydrology. The area boxed in blue indicates

the location of the Lek River, where Oasen extracts most of its water. The fresh-water-bearing layers are shown

in white, while the light grey areas contain brackish or salt water. The dark grey area consists of impermeable

Tertiair deposits. The arrows in the figure indicate the flow direction of subsoil water.

According to Berendsen (2008a), the
clay and peat deposits were a direct
consequence of sea level rise combined with
a subsiding Dutch subsurface. Clay was
deposited due to inundating processes and
peat deposits had formed in places with
locally favourable water conditions.
Consolidation of these layers over time led
to highly impermeable behaviour of this

confining layer.

< i ! / /’/&‘ "’ﬁ/"l»"’" # "‘
rof it '////%/’;W .7,‘ . /;’
"(/,2/4////4_“ ‘ '

(

[J]oasen Supply Area []Rhine Basin

Figure 1.2. A map of the Netherlands indicating

approximately the Rhine basin.
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In conclusion, the aforementioned characteristics regarding the first aquifer are
relatively advantageous with respect to the drinking water production process.
Nevertheless, it is not ideal as extraction leads to accelerated compaction of the layers
and increased salt water intrusion, among other things. As people need drinking water,
however, Oasen extracts its groundwater mainly* from this first aquifer, extending to a

depth of approximately 50 metres according to Figure 1.1.

As mentioned in the previous section, the subsurface subsided and the sea level
rose throughout the Pleistocene and Holocene. Nevertheless, Heij (1989) states that the
land surface was higher than the water level in the rivers at that time. This implies that

rivers were recharged with groundwater.

However, above-mentioned relation changed significantly when the land was
drained for land reclamation purposes, which resulted in compaction of the Holocene clay
and oxidation of the existing peat layers. Combined with peat digging, these human
activities led to subsidence of the surface level and had a large impact on the
hydrological conditions in this area. Flooding of the reclaimed lands now became a risk
and prevention was implemented in the form of diked rivers and artificial drainage of the
polder areas. Today, this has resulted in an elevated river level, peaking above the
surrounding land. Consequently, the surrounding area is now being recharged by the

rivers.

In general, these hydrological conditions would
imply an overpressure throughout the area according
to the law of Darcy, which defines a flow from high
energy to low energy and is governed by the hydraulic
head (h) (see Appendix A3). However, the
geomorphological conditions in the area of interest are A
more complex than mentioned in the last paragraph. In
this paragraph, a north-west/south-east cross-section
is shown according to the line drawn through the area
from A to B in Figure 1.3. The obtained cross-section
will respectively cross two rivers in the area: the Figure 1.3. Location of the cross-section
Hollandse IJssel River and the Lek River. The elevation along the line gradually increases

from point A to point B, implying spatial differences in hydraulic head levels, which have

4 A relatively small volume is also extracted from the second aquifer at greater depths

12



been illustrated in Figure 1.4 and can be split into two main groups: infiltration areas and

seepage areas (Figures 1.5 and 1.6).

Figure 1.4a illustrates these distinctively different areas with a hydraulic head
distribution curve. At any place along this curve, if the curve is situated above the
phreatic surface, it defines a seepage area. Similarly, if the curve is situated below the
phreatic surface, that specific area is defined as an infiltration area. Figure 1.4b
illustrates the effect of extraction wells on the hydraulic head. This is indicated by hprevious
(the undisturbed head distribution curve) and hpe (the head distribution curve influenced
by a well).

A B

[ river [ Dyke I clay/Peat  [Lf]Sand E=dHydraulic head level (h) E Phreatic surface level

Figures 1.4a & b. Hydrological situation on the location of the cross-section®. The figure on the left (a) shows
the entire cross-section, while the figure on the right (b) zooms in on the area between the two rivers. Figure b
illustrates the induced differences in hydraulic head due to installed wells.

While Figure 1.4 has been [wwes e
approximated for a predefined location, | seos L
Figure 1.5 shows a complete Esgg
infiltration/seepage map for the Netherlands -:;"415
according to Veldkamp & Wiertz (1997). =‘:::;:

B o

The yellow/orange colours define infiltration
while the blue colours define seepage, both
indicated in millimetres per day. The
generally observed pattern in this map
mainly indicates seepage areas in the north-
western part of the country, while the

south-eastern part is dominated by

infiltration areas®. Typically, the lower parts Figure 1.5.  Infiltration/seepage map of the

of the Netherlands are more prone to Netherlands. Values are given in mm/day while

yellow/orange colours indicate infiltration and blue
seepage.
colours indicate seepage.

5 Figure is not on scale. Dimensions have been exaggerated and drawn out of proportion solely for the purpose of illustrating the hydraulic head
distribution.
5 The dunes on the western shore are an exception to this pattern, due to their elevation.
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In the area of Oasen (see Figure 1.6), however, the land is dominated by
infiltration. A closer look reveals several spots with significant infiltration (>2.0 mm/day)
in the lower part of the area. By adding the river to the figure, it becomes clear that
these spots are located along the Lek River, where the majority of the extraction wells

belonging to Oasen are located, as illustrated in figure 1.6.

The relation between these wells and
the significant infiltration rate is explained by
Figure 1.4b. The extraction of water through
wells induces drawdown in a cone around the
well, resulting in a lowering of the hydraulic
head and thus drastically changing the local
hydrological conditions, turning seepage

areas into infiltration areas and further

increasing the infiltration rate in existing

[ River “de Lek® [_+_] Purifi

Figure 1.6. Isolated area of interest from

— infiltration areas. These are the areas this
cation Plant
paper focuses on.

Figure 1.5 showing the infiltration/seepage
patterns relevant for this research.

The previous chapter states that the extraction areas of Oasen are mainly located
around the Lek River. According to Phernambucq (2015), the surrounding areas are
situated at a lower elevation than the diked river, which means that the Lek is an
infiltrating river and riverbank groundwater is always readily available for extraction.
Furthermore, riverbank groundwater has a relatively constant temperature and quality
due to the fact that it is being filtered through natural processes (Van der Kooij, (1985).
As a result, the extraction of riverbank groundwater by Oasen has proven to be very

advantageous.

Natural filtration is one of the most important processes for making groundwater
bacteriologically reliable. Van der Kooij (1985) states that bacteria are removed relatively
quickly from the water, which according to Medema et al. (2008) corresponds to the
value of 110 days. As Phernambucq (2015) explains, the water infiltrating from the river
towards the first aquifer has a travel time that largely depends on the vertical hydraulic
resistance of two layers: the resistance of the riverbed and the resistance of the

(in)complete confining layer.
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To illustrate the importance of the natural filtration process, Van der Kooij (1985)
mentions that during retardation of the infiltrating water several processes take place
which affect the organic material, inorganic substances and microbiology of the water.
These aspects are the main actors in the definition of water quality and during the

infiltration they are affected by:

e Filtration of suspended material

e Ammonium nitrification

e Mineralisation of organic matter

e Precipitation of sulphide

* Dissolution of inorganic substances

* Exchange of cations and anions

The direct relation of these aspects with the magnitude of the travel time implies
that a longer path through the confining layer results in more available time and space
for these reactions to take place and, thus, increases the water quality. Oasen concludes
on the water quality with a so-called Quantitative Microbiological Risk Assessment
(QMRA) on the removal of viruses. This method is based on the fact that virus particles
barely adsorb to soil particles, especially in anoxic conditions. A QMRA evaluates the risk
of infection; this risk should be lower than 1 on 10,000 persons per year to be

acceptable.

As mentioned in the introduction, the province distinguishes several zones within
Environmental Protection Areas with respectively increasing risks and, therefore, stricter
regulations:

e Drilling-Free Zones (DFZs)
¢ Groundwater Protection Zones (GPZs)

e Groundwater Extraction Zones (GEZs)

Figure 1.7 provides a geographical overview of these areas in different colours.
Three main colours can be distinguished within these zones: green, yellow and brown,
respectively indicating the DFZs, GPZs and GEZs. The GEZs are hardly visible, but are
located in bands within the GPZs. Purification plant “De Hoge Boom” is indicated
separately because it is situated outside of the indicated area (in the northern part of the

supply area).
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The area boundaries are established through travel time calculations. According to

Oasen (2014), a DFZ is defined as a zone in which a single droplet of water travelling

through the water-bearing layer can reach the extraction well in less than 50 years.

Hence, it covers the horizontal dimension of displacement. In contrast, a GPZ is defined

as a zone in which a single droplet of water traveling from the mowing field downwards

can reach the extraction well in less than 50 years. As a result, this covers the vertical

dimension of displacement. Lastly, the definition of a GEZ is similar to that of a GPZ, but

instead of 50 years the travel time boundary is set to 60-110 days (Oasen, 2014).
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Figure 1.7. A geographical map indicating the locations of the environmental protection areas in the supply

area of Oasen, as well as their subdivision into DFZs, GPZs and GEZs.
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1.2 Subsurface Disturbance and Associated Risks

Altering the integrity of the protecting Holocene clay layer can exert a significant
impact on the quality of the water-bearing layers situated directly below. This chapter
discusses different methods affecting the subsurface configuration, and their purposes.
Finally, it will shed a light on the occurrence of preferential pathways: the main risk of

geotechnical testing in this research.

The last decades saw an increase in the use of the Dutch subsurface for various
purposes, e.g. groundwater extraction, geothermal energy, sewage, transportation pipes,
and electricity. As all these pose potential threats to the water quality, however, Oasen
mainly concerns itself with geotechnical testing, due to the fact that these drilling
projects extend to greater depths and certain aspects are excluded from legal
documents, making it a vulnerable topic for negligence. As mentioned earlier, there are

recurrent questions regarding the execution and the involved risks of geotechnical tests.

Geotechnical testing is the definition of a subsurface investigation conducted in
order to obtain information on the subsurface stratigraphy and the physical properties of
soil and rock around a site (Geotechdata, 2016). This information is acquired for the
construction of proposed structures which require specific earth works or foundations.
According to VertekCPT (2014), there are four different categories into which the
currently available geotechnical tests are split:

* Test Pits
e Trenching
* Boring

e In Situ Testing

The first two are based on the same principles. A test pit is a manually or
mechanically dug pit to a predefined depth in order to reveal subsurface conditions. Much
like a test pit, trenching follows the same principles but extended to a certain length with
the purpose of establishing spatial variations of subsurface conditions (VertekCPT, 2014).
In contrast, boring is a method used for the physical removal of soil or rock samples,
which can then be analysed in the lab. According to VertekCPT (2014), the advantage of
this method is that composition and structures of normally inaccessible soil and rock
become visible to the naked eye. It allows for ‘vision’ on the actual material normally
located at unreachable depths. However, VertekCPT (2014) also mentions the downside

of boring. The soil is (partly) disturbed by the sliding movement of the casing, resulting
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in disturbed or completely useless samples. Moreover, when a sample is removed from a
certain depth and out of the casing, the in situ stresses of the sample will be lost,
resulting in samples which do no longer represent the in situ conditions. This needs to be

kept in mind when the boring method is used for a geotechnical test.

Finally, in situ testing is an expression for various penetration tests performed on-
site. These include standard penetration tests (SPTs) and various cone penetration tests
(CPTs) for relatively deep subsurface investigation, and manual cone penetration tests
for relatively shallow subsurface investigation. According to Bakker (n.d.), SPTs and CPTs
are capable of reaching depths of up to approximately 60 metres, while manual CPTs are

applied up to a maximum depth of approximately 3 metres (PastoorsBouw, 2014).

According to VertekCPT (2014), the
difference between an SPT and a CPT is

indicated by means of soil penetration. In a

Cortinuous
Hydraulic Push
= 20 mmv's; Add
rodevery 1.m.

SPT, a thick sample tube is pressed into the

ground at the bottom of a borehole. This

pressing motion is performed with the struck A ety
of a slide hammer, which repeatedly presses
the tube deeper into the ground while
measuring the number of blows (VertekCPT, s el

2014). These blows are then correlated to the

displacement of the tube into the ground, Figure 1.8. Illustration of a manual CPT (left)
which can in turn be correlated to the matrix  (wiertsema & Partners, 2010) and an automatic
type at a certain depth. The test requires only  CPT (right) (Geotechdata, 2016).

a tube and a slide hammer, making it a relatively inexpensive and simple testing method.

However, the drawbacks are significant. According to VertekCPT (2014), a SPT is
relatively inaccurate when compared to a CPT, which relies on penetration of a cone into
the ground through direct push (see Figure 1.8 (right)). The surface of the cone is
subjected to a varying resistance of the matrix, which is then correlated to the type of
matrix. A manual CPT is similar to an automatic CPT, with the difference that the cone is
pressed into the ground manually (without the use of machines), as illustrated in
Figure 1.8 (left). As a consequence, manual CPTs are less accurate, but at the same time
less expensive. Either way, both tests result in small-diameter boreholes, which require
sealing. In the following chapters, CPT refers to the mechanical variant unless specified

otherwise.
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All methods are executed with the aim of directly acquiring the physical properties
of the subsurface soil without removing of in situ material. According to Vertek CPT
(2014), this provides the advantages of generating a more accurate reflection of the
underground conditions as well as avoiding the necessity of involving a third party for the
analysis of samples. However, CPTs are significantly more accurate than SPTs and are
therefore applied more frequently. CPTs are applied in vast numbers throughout
the Netherlands and recurrent questions exist regarding the afterward sealing of the
boreholes. Hence, this paper highlights the importance of CPTs and will further disregard
SPTs, implying that within this research cone penetration tests are taken as the potential
cause for pollution of the water bearing layers. For this reason, trenching, test pits and

boring are also excluded from this research.

Geo-consultancy companies have different methods to apply a cone penetration
test as well as different types of cones. The choice depends on the accuracy and
parameters desired to be measured and the maximum depth. The available tests are the
electrical-, piezo- and mechanical cone penetration tests. Today most of the
commercially available cone penetration tests use an electronic- or piezo friction cone,

according to Rogers (n.d.).

A regular cone penetration test measures the time (t), depth (d), cone resistance
(qc), and sleeve friction (fs)” (EMABS, 2011). These parameters are afterwards linked to a
certain matrix type. As mentioned by Rogers (n.d.), the electrical cone penetration test
yields significantly more accurate results than the mechanical cone penetration test,
which inevitably results in a relatively higher application of the electrical variant.
VertekCPT (2015) states that the range in diameter of CPTs is situated between 35.3 and
44.0 millimetres, with the most commonly applied cone having a diameter of

35.7 millimetres.

According to Edelman (2015), cone penetration tests are forced into the ground
either with a constant force or with a constant displacement, squeezing soil particles to
the sides as the pipe progresses. The cone at the end of the pipe is constantly subjected
to a resisting force from the compressed soil particles. During the process, a monitoring
system directly above the borehole receives constant information regarding this
resistance. Depending on the interests, a different cone can be chosen in order to
achieve additional information of the local subsurface like the pore water pressure, the

conductivity of the ground, or the local subsurface temperature.

7 Generally a CPT also lists the friction number (R¢), which is not directly measured but instead calculated. It is equal to the sleeve friction (f;) divided
by the cone resistance (q.).
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Edelman (2015) also states that the ‘ 0 % 16 008 60 4 8 0 & 3
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interpretation of soil matrix type
Figure 1.9. An example of the data acquired

corresponding to the measured data. during a CPT, including the afterward

interpretation.

Throughout this research, several processes are discussed regarding the
penetration of the subsurface, from which cone penetration tests have been isolated in
this research. For water companies like Oasen, the main risk of cone penetration tests is

the development of preferential pathways, which will be discussed below.

Preferential pathways introduce a rain
— _ ARARZ
possibility for water to move in an
accelerated fashion through the
subsurface. In general, it is explained as

the path of least resistance for fluid flow,

Preferential flow

implying migration through a more

permeable feature in comparison to the
surrounding materials (Daniels & \,w e e

Easterly, 2011). These water shortcuts  fgure 1.10. An example of preferential pathways in the
may extend vertically as well as  subsurface (Peranginangin, 2002).

horizontally - either formed by nature or man-made - and are generally extensive in
length. Figure 1.10 illustrates the appearance of preferential flow paths in a soil. The
arrows in the left image illustrate the locations of accelerated flow whereas the vertically

extending red paths in the right image indicate the preferential pathways.
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A volume flux through these features can result in a flow deviating from its
intended travel direction or path according to Daniels & Easterly (2011). As an example,
Daniels & Easterly (2011) list multiple causes for the occurrence of preferential
pathways, which include buried stream channels, fractured or dissolved bedrock,
desiccation fractures in sediments, improperly sealed wells, field tiles, buried utility lines,

and building foundations.

In addition to the examples, any way of subsurface penetration also carries the
risk for the development of preferential pathways. To illustrate the process, an example
of the subsurface located in Ridderkerk is reviewed in Figure 1.11. Oasen has multiple
extraction wells in this area and for the purpose of illustration the figure shows an
extraction well with two filters, extracting water from the first sand layer as well as from
the second. The wells are always installed at locations where the extracted water has
travelled through the subsurface at least 110 days, which is assumed to be adequate to

guarantee the absence of microbiological contamination.

T° Figure 1.11 shows the consequence of a
potential penetration test in the vicinity of a well
T2 in an approximated subsurface configuration. By
piercing the confining clay layer and removing the

1l equipment afterwards, the abandoned hole

remains filled with either air, water (due to

seepage) or collapsed sediments from the

borehole walls. In either case, the hole has a

s o higher = permeability than the surrounding

L 2 * o 2 [l L o Q -t 100

compressed clay layer, implying that water in the
E clay/Peat [ sand H River
O well M cpT [ Short-circuit Flow vicinity of the mentioned borehole will choose to

Figure 1.11. Simplified approximation of the ~ Migrate through the hole. Rainwater, for instance,
subsoil within the extraction areas of  will inevitably be transported faster to the water-

Oasen, indicating the issue with an  hearing  layer, introducing the risk  of

incorrectly sealed or open borehole after a

T microbiologically polluted water to be mixed with

the clean aquifer water®., The phenomenon of

water flowing through a preferential pathway is also known as short-circuit flow.

According to Oasen, some years ago an execution of a small-diameter drilling

went wrong due to the usage of polluted water from a local ditch during the process. This

8 The composition of the water will also be different due to the significantly shorter timescale on which the chemical processes in the soil will act.
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water was found within days in the closest purification plant of Oasen and resulted in the
closure of the plant for several months. This event highlights the significance of correct
sealing after the execution of CPTs in order to avoid the occurrence of short-circuit flow

and the consequences thereof.

Fortunately, for mechanical drillings the risks are recognised and therefore
lawfully anchored in BRL 2100 and Protocol 2101. However, for penetration tests the
opposite is true. There are guidelines and best practices available as documents, but they
are by no means enforceable. Hence, the company carries the responsibility of
understanding the potential risks and acting accordingly. Further information on the

regulations regarding cone penetration tests is discussed in Chapter 1.4.
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1.3 The Self-Sealing Capacity of Clays

The favourable properties of clays are numerous. For example, it can be used for
waste storage due to its chemical binding behaviour with radioactive substances, it
behaves as a bacteriological filter for water due to its impermeable character and,
moreover, clays exert a plastic behaviour, meaning that they can recover their original
structure (EURIDICE, n.d.). This means that fractures or cracks close up over time.
Plastic behaviour is the main focus of this chapter. Understanding the plastic behaviour of
clays requires knowledge of the general composition and structure of clays, which is
extensively discussed below. The chapter is concluded with an elaborate explanation of

swelling behaviour and an analysis of the clays found in the area of Oasen.

Clay minerals are defined as aluminosilicates. Their structure mainly consists of
the elements aluminium (Al), silicon (Si) and oxygen (O). However, aluminosilicates also
contain other elements in variable proportions, such as sodium (Na), potassium (K),

calcium (Ca), magnesium (Mg) or iron (Fe).

In general, the elements appear in a common structure. According to Jordan
(2014), the complex configuration of silicates consists of certain structural units, Si-O
tetrahedrons, which are connected to Mg-O/Al-O octahedrons®. The tetrahedrons are
built up in a pyramid shape with an oxygen atom on each corner, bound to a common
silicon atom in the centre of the pyramidal space (see Figure 1.12). However, the total of

four oxygen atoms bound to one silicon

o o o
atom generates a strong negatively
%) charged tetrahedron ((Si04)*). In an
attempt to neutralise this, the oxygen

OOxvgen @ silicon Layer of tetrahedra atoms blnd to Other cations. The
number of oxygen atoms binding to
cations other than silicon determine the

formation of different minerals between

multiple tetrahedral groups (Jordan,

Magnesium or L.
@ ooeen s i Laywi aroethces 2014). The octahedrons have a similar
setup, with the mid atom existing of

Figure 1.12. Illustration of Tetrahedrons and . o .
) ] ) magnesium or aluminium and being
Octahedrons along with the layer configuration.

surrounded by six oxygen atoms.

9 In clays the tetrahedrons are always connected to octahedrons. In other cases, the tetrahedrons are not necessarily always bound to octahedrons.

23



The above-mentioned tetrahedrons are interconnected and the number of shared
oxygen atoms (either zero, one, two, three, or all four) determine the total structure of
the tetrahedral layer. Jordan (2014) states that depending on the number of shared
oxygen atoms, large groups of silicates can form the following shapes (see Appendix A4

for a few examples):

* No oxygens shared: Isolated molecules (nhesosilicates or orthosilicates)
* One oxygen shared: Pairs (sorosilicates)
e Two oxygens shared: Rings (cyclosilicates)

* Two-three oxygens shared: Chains (inosilicates)
* Three oxygens shared: Planes (phyllosilicates)

* Four oxygens shared: Tridimensional structures (tectosilicates)

According to Jordan (2014), phyllosilicates are the most significant in soils (see
Figure 1.13). As mentioned by Jordan (2014), phyllosilicates are characterised by three
shared vertices, while the fourth vertex is bound to the central cation of an octahedron.
This implies that the structure of clay minerals consists
of a stack of layers of tetrahedra and octahedra,
resulting in a lamellar structure with shared oxygen
atoms within the individual layers. Depending on the way
that the sheets are packaged into layers, clays can be
categorised as 1:1 or 2:1 clays. This means that a layer
consists of one tetrahedral sheet connected to one
octahedral sheet, or two tetrahedral sheets enclosing one
octahedral sheet respectively. The central positions
within the tetrahedral and octahedral units are generally

occupied by silicon, magnesium or aluminium.

Phyllosilicate (apophyllite).

i i i However, Jorddn (2014) explains that these

Figure 1.13. The orientation of the

tetrahedra in a specific group of cations can be substituted in natural processes by other

Phyllosilicates: apophyllite. cations, resulting in changes of volume and global
charge. The spatial variability in these cations results in

the appearance of different mineral species, which can be split into several groups

according to Jordan (2014) (with their layer type added between brackets):

¢ Kaolinite-Serpentine (1:1) e Mica (2:1)

*  Pyrophyllite-talc (2:1) e Chlorite (2:1)

e Smectite (2:1) e Sepiolite-Palygorskite (2:1)
*  Vermiculite (2:1) e Mixed-layer (variable)
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A study performed by EURIDICE (n.d.) in the HADES underground research
laboratory revealed that boreholes with a diameter of 10 centimetres closed up entirely
after several days. The clay samples were brought to the lab and opened in order to
track the process of fracturing.
Figures 1.14a and 1.14b show the

samples after fracturing and after

self-sealing. The samples were fully
saturated and the fractures
disappeared within several days,

Figures 1.14a & b. The left image (a) shows the clay
allowing the sample to fully restore

sample after retrieving the sample and the fracturing
its original structure. However, this  process. The right image (b) shows the self-restored state
study only tested so-called of the clay sample after several days.

“Boom Clay"*°.

The above-mentioned test performed by EURIDICE (n.d.) introduces the plastic
behaviour of clays. Like the Boom clay, many types of clay tend to exert this self-
restoring process due to their expansive behaviour. In order to understand this complex
interaction, one must understand the environment in the interlayer spaces. As mentioned
earlier, clays consist of a succession of negatively charged aluminosilicates layers, bound
as a whole by interlayer cations (Hensen & Smit, 2002). However, the most characteristic
property of clays is the potential water adsorption between the layers. According to
Hensen & Smit, this ability results in strong repulsive forces and thus, in expansion of the
total structure. Figure 1.15 illustrates this interlayer in a 2:1-orientated clay (in this case,

“sodium montmorillonite”).
. On the microscopic scale of clay layers,
{bobobobobotots /21
A A= the properties of a liquid are different from those
@&“&*M& rinterlaer — of a bulk liquid. Hence, the swelling behaviour in
9 “® é

this regime strongly depends on the molecular
-2:1laver  packing of intercalated water (Hensen & Smit,

°

2002). The swelling procedure for microscopic or

e
? *w&g&*qﬁ L Interlayer  Crystalline swelling occurs in multiple steps.
. = According to Hensen & Smit (2002), within the
W [#11Y¢T Clay interlayer the counterions can be hydrated

Figure 1.15. Atomistic model of sodium 1N three discrete steps. These steps are

montmorillonite. (O: red, H: white, Si: illustrated in a theoretical experiment executed
yellow, Na: blue, Al: purple, and Mg: green)

10 A specific type of clay found in the subsurface of Belgium.
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by Hensen & Smit (2002), which imitated the commonly applied water
adsorption/desorption experiment with the use of molecular dynamic algorithms and
configurational-biased methods!!. The simulation results yielded a layer spacing value of
do=12.3 A2, According to Hensen & Smit (2002), previously acquired experimental
results on one-layer hydrate of sodium montmorillonite yielded similar values, which

verify the algorithms.

Consequently, the swelling curves were simulated for sodium-montmorillonite (see
Figure 1.16), which is a type of clay in the smectite group with a significantly high
swelling rate. The difference between the full line (m), dashed line-short (A) and dashed
line-long (x) is the result of different starting values for the number of water molecules
per simulation super cell (Ny), respectively 50, 100 and 150 and the different starting

values for the layer spacing (do), respectively 12.5 A, 15 A and 17.5 A.

0.3

clay water content (Quaie/Geisy)
layer spacing (A)

0 0.25 05 0.75 1 0 0.25 0.5 0.75 1
p/po P/po

Figure 1.16. Sodium montmorillonite swelling curves. Left: clay water content (Gwater/9cay) @s a function of the

water vapour pressure (p/ps). Right: Layer spacing (A) as a function of the water vapour pressure (p/po).

One may observe that there are three significant increments in layer spacing
along the curves. The first distinguishable point in the graph is located at d=10.3 A,
which corresponds to the dehydrated state of the clay. This is followed by two well-
defined hydrated states; a one-layer hydrate situated at d=12.3R and a two-layer
hydrate situated at d=15.2 A, and finally there is a less-defined state at the highest
vapour pressure, situated at d=16-18 A. According to Hensen & Smit (2002), these
observed values for layer spacing are in agreement with the experimentally obtained
values for dehydrated clay (d=10-10.4 /3\), a one-layer hydrate (d=12-12.5 /3), a two-
layer hydrate (d=15 A), and a three-layer hydrate (d=18-19 A). As a result, the curves
flawlessly illustrate the stepwise nature of the swelling behaviour in sodium

montmorillonite. The increase in hydrated states corresponds to individual counterions

1 More detailed information on this experiment can be found in the published article of Hensen & Smit (2002); “Why Clays Swell” .
12 The Angstrém or angstrom is a unit of length (&) equal to 1071° metre or 0.1 nanometre.
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(e.g. sodium atoms in this case) becoming fully hydrated step by step through the
formation of multiple water layers due to re-coordination of the intercalated water
molecules. Hensen & Smit (2002) state that during this hydration, counterions move
towards the centre of the interlayer. However, certain types of clay bind counterions
stronger depending on their charge (a more negative charge implies a stronger clay
tetrahedron-counterion bonding. This directly correlates with the magnitude of swelling,
as counterions cannot migrate towards the centre of the interlayer when they are located
firmer to the chemical main structure. As a result, the counterions cannot get fully

hydrated and thus, the swelling volume is significantly smaller.

Another factor that significantly affects swelling behaviour, is the cation exchange
capacity. According to Kodama (2016), certain clays can exchange their interlayer
cations easier than others. Under the same conditions, calcium for example is known to
replace sodium easier than vice versa. This alters the swelling behaviour as different
cations react in different ways with the intercalated water molecules. According to
Hensen & Smit (2002), potassium-rich (K*) clays have a low tendency to swell due to
their poor interaction with water molecules, whereas sodium-rich (Na*) clays swell
significantly stronger and lithium-rich (Li*) clays swell even more®®. For this research,
however, it suffices to conclude that the kaolinite-serpentine clays exhibit little to no
swelling on hydration while the smectite group, on the other hand, has the most extreme

swelling capacity. The other groups are situated in between these extremes.

The Dutch soil contains a significant amount of clay, deposited in the past by river
flooding and by seaward migration of the land. In terms of mineralogy, Dutch clays were
originally similar to the mother rock from which they had been eroded through
mechanical weathering. During downstream transportation and deposition, however,
chemical weathering has altered the mineralogy over time. This has had a significant
impact on the relative appearance of the various minerals in the clay, which in turn
determines the swelling capacity of the soil. Unfortunately, information on clay
mineralogy or swelling capacity on specific locations is scarce. According to Muijs (1984),
the total mineralogy at predefined locations may however be established th