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The aim of the paper is to carry out a comparative engineering-geological study of four different waste
landfills using the evaluation criteria for the geological subsoil as a natural sealing barrier. The study
evaluates 4 localities (Velké Pavlovice, Kvitkovice, Praksice and Horni Sucha) using three variants
(based on two standards) which approach the geological barrier requirements as a combination of
impermeability requirements based on a filtration coefficient limit value. and the required geometry
represented by investigation depths. The research was carried out in landfills in Moravia, in the east
of the Czech Republic. The study’s motivation is to point at the differences in engineering-geological
investigations of waste landfills (as for the requirements for impermeable geological subsoil as a
natural sealing barrier) when compared with other engineering structures (where the main goal is to
evaluate load-bearing capacity and settlement). The purpose of the geological barrier is to prevent
the spread of contamination, and the paper shows this can be approached differently, as shown

in two different methodologies investigated herein. The first model (Model 1) assumes there is a
3-m-thick subsoil below the landfill’s footing bottom, which manifests impermeability characterized
by the filtration coefficient K;<1.0 * 10° m/s, or a 30-m-thick subsoil of K;<1.0 * 10® m/s. The second
model (Model 2) assumes a 1-m thick, impermeable subsoil massif of K;<1.0 * 10~° m/s. We found that
none of the landfills in the four selected localities had an impermeable layer in the required depth (a
filtration coefficient K;from 1.8 * 10~ to 3.9 * 10~° m/s), and thus did not comply with the limiting
conditions. As a result, an anthropogenic technical barrier had to be installed. An important goal of the
study from an environmental point of view was to assess the existence of a suitable geological barrier
under the proposed landfills. The most important criterion from this point of view is permeability.

An additional technical objective of the project was also the assessment of the possible creation of a
technical anthropogenic isolation barrier. In the event that the natural sealing barrier would not be
sufficient. This was shown in all solved case studies of engineering geological investigations of waste
landfills.

The paper deals with engineering-geology investigations related to waste landfills, which is a specific engineer-
ing geology problem in the sense of investigating the required geological barrier'™ and related requirements
for impermeability and sufficient layer thickness. While engineering geology studies are mostly concerned with
settlement and load-bearing capacity solutions®'° in engineering structures, the fundamental problem in waste
landfills is to prevent potential contamination from landfills''~' to spread into the subsoil, to avoid ground water
contamination'®!%, or to avoid the spread of contamination in general. Not only the choice of the site for a waste
landfill is crucial, which is discussed in?*-?%, but engineering-geological investigations of waste landfill sites play
a big role***" in connection with aptly applied methods and geophysical surveying®'~*.

The problem of waste landfills is mainly related to preventing potential contamination by the materials dis-
posed of in the landfil], i.e., a problem that needs to be eliminated. The first solution lies in a geological subsoil in a
certain geometry below the landfill, which complies with the requirements for sufficient impermeability. The sec-
ond solution lies in using an anthropogenic sealing barrier. The third solution combines the first and second one.

The ability of a porous geological environment to transmit liquids with certain properties (e.g. groundwater)
is called permeability. If we relate permeability to flow, we can express its rate by means of the filtration coefficient.
The filtration coeflicient expresses the degree of permeability of the geological environment. It is the ratio of the
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water flow rate (filtration rate) to the hydraulic gradient. The filtration coefficient was determined for individual
soil samples from the footing bottom waste dump by calculations based on grain size curves in an accredited
laboratory using the Carman-Kozeny method. The filtration coefficients are necessary to properly plan and
design the landfill sealing barrier for the potential existence of a so-called impermeable geological barrier. If
the criteria are not met, the barrier cannot be counted on. If the geological barrier is identified and verified, the
landfill sealing barrier is simpler and therefore less expensive.

Impermeability is determined based on the filtration coefficient parameters which correspond to a certain
degree of permeability. Filtration coefficient has been discussed by a number of studies®**~%, while impermeability
and landfills remain understudied®-*. Impermeability was rather studied in connection with other engineer-
ing structures*~*° and the closest research question to waste landfills may be impermeability related to dam
construction**,

The issue of geometry is approached having selected the depth of engineering-geological investigations aiming
to evaluate the exploratory work results. The issue of depth in engineering-geological investigations was studied
by?, Vest Christiansen and Auken (2012), but mainly in connection with another character of engineering-
geological investigations.

To demonstrate engineering-geological investigations of waste landfill sites, we carried out a comparative
study of 4 selected waste landfill localities (4 case studies) in Moravia, in the east of the Czech Republic. The
research aims to contribute to better specification, characterisation and presentation of the phenomenon. The
research results may reveal a subsoil that is not sufficiently thick and impermeable, and thus an anthropogenic
barrier needs to be installed. When evaluating the issue of geological environment as a natural barrier for waste
landfills, we may produce a number of concepts/models. This study will evaluate two models, where each is based
on a different standard: Model 1- Standard CSN 83 8030%°, Model 2—Standard CSN 83 8030°°.

The study had environmental and technical objectives. In terms of environmental objectives, the most impor-
tant was the assessment of the tightness of the geological barrier of the subsoil against possible contamination
under the landfill object. This evaluation was carried out through an engineering geological investigation of four
waste landfills, where the main evaluation criterion was the permeability of this natural sealing barrier. If we
define the technical goals of the study, it is crucial to assess the possibility of creating a technical anthropogenic
isolation barrier. This is in case the results of the engineering geological investigations show that the natural
sealing barrier is not sufficient.

Theoretical background of the study

Analyzing the issue of geological environment as a natural barrier to waste landfills we compared two models,
where the Model 1 follows CSN 83 8030* Standard and Model 2 follows CSN 83 8030°° Standard. Each of them
shows one of the approaches to evaluate the suitability or unsuitability (or subsequent measures such as landfill
barrier) of the geological environment from the point of view of the possibility of locating and establishing a
landfill. Requirements for the landfill’'s geological subsoil in the sense of the geological barrier for the disposal of
waste based on landfill categories and the limit leachability values for both models presents (Fig. 1).

Waste leachability classes are a way of categorizing waste according to their ability to release hazardous sub-
stances into water. These classes are used to assess the risks associated with waste management, such as disposal
in landfills. The leachability classes are divided starting from the least leachable materials to the most leachable
materials. Evaluating the leachability of waste is therefore an important factor in determining the most appropri-
ate waste management method to minimize environmental risks. This means that these leachability classes are
used to determine the type of landfill to which the collected category of waste will be transported. The relation-
ship between the various leachability classes (Table 1) and the requirements for the geological substratum of
landfills can be seen in Fig. 1. Table 1 shows selected chemical criteria defined by the leachability classes for the
subcategories in Model 1 and Model 2.

In terms of the impact of landfills on the surrounding environment, natural geological or anthropogenic barri-
ers are a particularly important element of nature conservation. The purpose of a geological barrier is to stop the
spreading of pollutants from the landfill. If the ground is not thick enough as a natural barrier, an anthropogenic
barrier should be used. Conditions for applying technical barriers are presented in Fig. 2.

Model 1. Model 1°' divides the engineering geological investigations into 4 categories (Fig. 1a). Category 1
is not important for this study as it does not address the relationship of subsoil impermeability and depth of
investigation (there is no need for a natural geological barrier). In this category, subsoil impermeability is not
required as it is the case of safe category waste (soil and waste rock— “non-hazardous waste’) and there is no con-
tamination hazard. The category is characterized by leachability classes, while the waste leachability limits are
strict (Table 1). As for the chemism (expressed by leachability class I), the category has 3 subcategories (Ia, Ib and
Ic—Table 1). In the subcategory Ia, ground water must comply with the limit values set in leachability class Ia.
When increased values of contaminated substances content are detected in ground water in the waste disposal
site locality, limit values are decided according to subcategory Ib. When waste gets into contact with ground
water, the waste must meet the limit values in subcategory Ic.

The waste landfill category 2 already includes requirements for a geological barrier because there may be a risk
of contamination related to the disposed waste. However, the risk is much lower than in the higher categories
(categories 3 and 4). Category 2 includes waste landfills with chemism requirements for water leachability class
II. In contrast to the first subcategory’s limits (see subcategory Ila in Table 1), in subcategory IIb increased values
of contaminated substances content may be detected in the ground water (due to ground natural water genesis
in the geological environment) and thus the subcategory allows for certain increases in the chemism values (see
subcategory II b in Table 1).
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Figure 1. Requirements for the landfill's geological subsoil (two parameters—the depth of the engineering-
geological investigation, and the impermeability of the geological environment based on filtration coefficient) in
the sense of the geological barrier for the disposal of waste based on landfill categories and the limit leachability
values (Table 1); (a) Model 1 according to CSN 83 8030* Standard, (b) Model 2 according to CSN 83 8030

Standard.

Model 1 Model 2

Leachability class Leachability class

Ia b Ic IIa IIb IIIa 1IIb I IIa 1Ib 111
Indicator mg/1 mg/l mg/l | mg/l mg/l mg/1 mg/l mg/l | mg/l | mg/l | mgl
DOC (dissolved organic carbon) 50 80 80 100
Phenols 0.1
Chlorides 200 100 80 1500 1500 | 2500
Fluorides 1.5 3 1.5 5 5 20 50 1 30 15 50
Sulphates 250 250 0.1 1 100 3000 |2000 |5000
As 0.05 0.1 0.05 0.1 0.1 1 5 0.05 2.5 0.2 2.5
Ba 0.5 1 1 1 10 5 50 2 30 10 30
Cd 0.005 0.005 0.005 |0.05 0.05 0.5 0.5 0.004 |0.5 0.1 0.5
Cr total 0.05 0.1 0.05 1 1 10 50 0.05 7 1 7
Cu 0.1 1 0.1 1 1 10 10 0.2 10 5 10
Hg 0.001 0.002 0.001 |0.005 0.005 0.05 0.05 0.001 |0.2 0.02 0.2
Ni 0.1 0.1 0.1 0.5 0.5 10 50 0.04 4 1 4
Pb 0.05 0.1 0.05 0.5 0.5 2 10 0.05 5 1 5
Sb 0.05 0.1 0.01 0.1 0.1 1 5 0.006 |0.5 0.07 0.5
Se 0.01 0.05 0.01 0.05 0.1 0.5 5 0.01 0.7 0.05 0.7
Zn 3 3 3 3 3 10 100 0.4 20 5 20
Mo 0.05 3 1 3
RL 10000 |20000 |400 8000 |6000 |10000
pH 55-10 |5.5-11 |6.5-8 |55-12 [55-13 |5.5-13 |5.5-13 >6 26

Table 1. Selected chemical criteria specified by leachability classes for subcategories in both the models.
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Figure 2. Conditions for applying technical barriers: (a) Model 1 according to CSN 83 8030%, (b) Model 2
according to CSN 83 8030

In category 2, the requirement for the geological barrier has two variants (these variants are not related to
subcategories ITa and IIb (Table 1) and thus apply to both subcategories. The first variant represents a situation
when engineering-geological investigation checks the geological structure as deep as 1 m, while the geological
environment’s impermeability, as expressed by filtration coefficient, will be lower than or equal to 1.0 * 107 m/s.
The second variant represents a situation when engineering-geological investigation examines the geological
structure at least 10 m deep and the geological environment’s impermeability as expressed by the filtration
coefficient is lower than or equal to 1.0 * 10”7 m/s. The second variant is stricter with regard to the depth of the
investigation as the impermeability requirement is lower (K¢< 1.0 * 10”7 m/s as opposed to K< 1.0 * 107 m/s).

Waste landfill category 3 is a more hazardous category and the principle explained above (for category 2)
applies also to this category. This means that category 3 has two subcategories IIIa, and IIIb (Table 1). Subcategory
IIIb includes higher limit values when ground water in the locality does not comply with the limit values in IIIa,
but there is a condition that limits may be exceeded (contrary to category 2) only in three chemisms.

If we evaluate the criteria that the landfill's geological subsoil must comply with in the sense of a geological
barrier, there is an analogy with Category 2. The difference is in the depth of the engineering-geological inves-
tigations, which is the minimum of 3 m (it is 1 m in Category 2), while the minimal impermeability expressed
as a filtration coefficient is lower than or equal to 1.0 * 10~ m/s. Alternatively, investigations must be as deep as
30 m (contrary to 10 m in Category 2), and the minimal impermeability expressed as a filtration coefficient must
be lower than or equal to 1.0 * 10 m/s.

Waste in the waste landfill category 4 is the most hazardous—see Table 1, and thus there are much stricter
requirements for the so-called combined anthropogenic sealing of landfills. The requirements concern the landfill
structure and the insulation capacities of the geological subsoil. Because of the technical sealing solution (the
landfill is highly insulated), the requirements for the subsoil are less strict than in the previous variants.

As for the geological subsoil, the investigations are carried out as deep as 3 m. The subsoil impermeability
requirements state that the filtration coefficient must be lower than or equal to 1.0 * 10”7 m/s. At the same time,
the subsoil requirements cannot be compared with the two previous variants because it is the case of a combined
solution of a natural geological and technical (anthropogenic) landfill barrier.

Model 2. When evaluating the Model 2 (Fig. 1b) of geological barrier requirements for landfills in line with
CSN 83 8030°° Standard, we can distinguish 3 categories of requirements. The analogy between the Model 1 and
the Model 2 is that Category 1 in the first model is the least hazardous waste, and the most hazardous waste is
associated with the last category of each model.

Waste category 1. Figure 1bl of the Model 2 is characterized by inert waste (more or less corresponds to Cat-
egory 1 in the first model). It represents the most favorable variant in terms of waste hazardous properties (inert
waste is the least hazardous) and the requirements for the geological barrier quality. The required depth of the
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geological investigations is low (1 m) and the requirement for impermeability is the lowest (K;< 1.0 * 1077 m/s)
out of all the 3 categories.

Waste category 2. Figure 1b2 concerns somewhat hazardous waste (other waste, more or less corresponds to
Categories 2 and 3 of the Model 1, and subcategories determined based on leachability classes Ila, IIb accord-
ing to Table 1). Although the depth of the geological investigations remains unchanged (1 m as in Category 1),
the difference is in the stricter requirement for the impermeability of the geological environment, i.e., K;<1.0 *
10~° m/s. In addition, contrary to the Model 1, there is also a requirement for a technical barrier, which calls for
the so-called combined solution of insulation barriers (see Introduction Section). This way, the requirement for
more shallow investigations is compensated for by the use of a landfill barrier.

Waste category 3.  Figure 1b3 is the most hazardous group of wastes, which manifests in the need for the deep-
est engineering-geological investigations (5 m) as opposed to 1 m in the previous two categories. At the same
time, there are higher demands for impermeability. Although the filtration coefficient is identical with Category
2 (K¢<1.0 * 107° m/s), there are stricter requirements for the depth of the impermeable subsoil (5 m). Moreover,
the requirements for the geological barrier are complemented by a technical barrier. The specification of the
technical barrier is explained in Fig. 2. If we compare this category with the analogous category of the first model
(Category 4), the difference is only in the increased requirements for the landfill barrier.

In Waste landfill category 1 (Model 1) there is no need for a technical barrier because of the inert character
of the waste (soil and waste rock) (Fig. 2al).

If the criteria for the geological barrier are met in Waste landfill category 2 (Fig. 2a2), there is no need to install
a technical barrier. If not, a technical barrier of 60-cm soil layer of K;< 1.0 * 10 m/s must be incorporated.
Alternatively, the second option is to install a liner (minimum thickness of 1.5 mm) in the footing bottom of the
landfill. A different solution is possible if the requirements of both technical barriers are met.

There is no need for a technical barrier in Waste landfill category 3 if the criteria are met (Fig. 2a3). However,
if these are not met, the technical barrier must be installed. In contrast to Waste landfill category 2, in Waste
landfill category 3 the geological barrier must partially meet the impermeability criterion. There are analogous
depths as above, but the impermeability parameters (filtration coefficient) are stricter. The subsoil as deep as 3 m
must comply with K¢<1.0 * 107 or the subsoil as deep as 30 m must comply with K¢<1.0* 1077,

If the requirements for the geological barrier are met, the technical barrier solutions are analogous to waste
landfill category 2. This means that a 60-cm-thick layer of subsoil (K;<1.0 * 10~ m/s) is required, or a liner
(minimum thickness of 1.5 mm) must be installed (or a similar barrier with analogous sealing effect). If the
stricter requirements for the geological barrier are not met, there is a need for a technical barrier with combined
insulation. This means both the above-mentioned solutions are combined (60-cm soil layer of K< 1.0 * 10~° m/s
and a 1.5-mm-thick liner), or a similar barrier of analogous sealing effect is installed (Fig. 2a3).

Waste land[fill category 4 (Fig. 2a4) represents a category where the water leachate class III limits are exceeded.
In this category we need to use a different strategy of landfill insulation. The role of the technical barrier (mini-
mum thickness of 2 mm) is crucial here with the combined solution of 100-cm layer of impermeable soil of
K¢< 1.0 * 10 m/s. Not only the sealing subsoil layer is thicker, also the liner is thicker.

As for Model 2, Category 1 (inert waste landfill, Fig. 2b1) has the following criteria for the geological bar-
rier: 1-m layer of soil of K;<1.0 * 1077 m/s. If these are met, there is no need for the technical barrier. If not, the
technical barrier must consist of a 50-cm-thick layer of soil of K;< 1.0 * 10® m/s., or there is need to be a barrier
of analogous sealing effect.

Category 2 (landfill for other types of waste, Fig. 2b2) must consist of two barriers (geological and technical).
If the criteria are met for the first barrier (soil massif of K< 1.0 * 10 m/s as deep as 1 m), the technical barrier
requirement is a liner (minimum thickness of 1.5 mm). If not, the geological barrier must be complemented by
an extra 0.5-m layer of soil (K;<3.0 * 10~ m?/s). In well-justified cases analogous sealing solutions may be used.
If this extra layer (0.5 m) does not meet the minimum thickness requirement, a monitoring system must be
installed (in line with Standard CSN 83 8036) to monitor the compactness of the geological and technical bar-
riers. Monitoring is carried out as long as the layer of waste disposed in the landfill reaches 2 m. The geological
barrier (including the extra layer) must be complemented by a liner (minimum thickness of 1.5 mm).

In Category 3 (hazardous waste landfill, Fig. 2b3) the solution comprises at least two barriers as in Category
2. There are analogous requirements for impermeability (K¢< 1.0 * 10~ m/s) as in Category 2, but the difference
is in the depth of the engineering-geological investigations is bigger (5 m as opposed to 1 m in Categories 1 and
2). If the criteria for the geological barrier are met, the technical barrier is the same as in Category 2, i.e., a liner
of 1.5 mm. If not, there is an analogy with the solution in Category 2. This means we need to install an extra layer
(thickness of 0.5 m) which must have filtration coefficient K;<2.0 * 10~ m?/s (it was 3.0 * 10 m?/s in Category
2). Besides the identical requirement for landfill monitoring as in category 2, there is an extra requirement to
assess the landfill for the need of potential protective barriers or sealing features.

If we compare Model 1 and Model 2 from the perspective of the solved case studies (Fig. 2a3—Model 1 and
Fig. 2b2—Model 2), there are two fundamental differences. The first difference is that the current standard (CSN
83 8030°°—Model 2) is not as strict with regard tp the strength of the impermeable geological subsoil (natural
geological barrier) as the older standard (CSN 83 8030*—Model 1). The second significant difference is that
the current standard (Model 2) always recommends the construction of a technical barrier. Whereas Model 1
(the older standard) does not always have to build a technical barrier, but only if the natural geological barrier
does not meet certain requirements.
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Study area

An engineering-geological comparative analyses was carried out on landfills using the criteria of evaluating the
geological subsoil as a natural sealing barrier. The study analysed four landfills in Moravia, in the east of the
Czech Republic at four different locations: Velké Pavlovice, Kvitkovice, Praksice and Horni Sucha.

As for engineering-geology (Fig. 3a), in locality 1 in Velké Pavlovice, and locality 2 in Kvitkovice, the four
interest localities of the waste landfills are in the zone of alternating clay, sandy and gravely sediments. In local-
ity 3 in Praksice it is the zone of flysch rocks, and the locality 4 in Horni Sucha is characteristic of the zone of
loess and loess loam.

From the geological point of view (Fig. 3b), the interest localities are situated in the Western Carpathians. The
PreQuaternary rocks of the locality 1 are found in Miocene marine sediments covering the Flysch Belt (Jurassic to
Lower Miocene). The PreQuaternary rocks of the localities 2 and 3 are found in the Ra¢a Unit, the Magura Group
of the Flysch Belt Nappe. The PreQuaternary rocks of the locality 4 are located in the Miocene marine sediments.

Waste landfill 1 is located in Velké Pavlovice, South-Moravian Region, and has an area of 9.7 ha (Fig. 4a).
Waste landfill 2 is in Kvitkovice, Zlin Region, and has an area of 18.2 ha (Fig. 4b). Waste landfill 3 is located in
Praksice, Zlin Region, and covers an area of 4.8 ha (Fig. 4c). Waste landfill 4 is in Horni Suchd, Moravia-Silesian
Region and has an area of 14.1 ha (Fig. 4d). All analysed localities were in category 3 (Model 1) and category 2
(Model 2).

Methodology
The paper reports 4 case studies investigating waste landfills. Each locality was assessed for the geological barrier
in the landfill’s footing bottom. Moreover, we also focused on the issue of earthwork (Fig. 5a).

Figure 5 shows the requirements and research objectives of this research. The graphic shows a diagram of the
landfill, the design of the sealing barriers in relation to the properties of the soil, the requirements for the footing
bottom and the suitability of applying the excavated material to the landfill.

If we evaluate the requirements for the design of sealing barriers based on the properties of the geological sub-
soil, we must first assess the properties of the soil massif below the footing bottom using engineering-geological
investigations (Fig. 5b). All the four case studies fall in Category 3 (Model 1) and Category 2 (Model 2). For this
reason, Fig. 3b gives a detailed geological barrier evaluation related to the given 4 case studies only. The other
categories are described and compared above—the waste landfill categories are described in Fig. 2 and the four
case studies are marked in the red box. The decision-making flowchart for the landfill sealing solutions in con-
nection with the 4 case studies (based on the models and their categories) is shown in Fig. 5b on the right. The
green colour designates the sequence of selecting a landfill sealing solution. On the left, there is an impermeability
classification based on filtration coefficient related to models 1 and 2 and their categories. The requirements and
important boundaries are shown graphically. The first boundary is determined by the filtration coefficient lower
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Schematic figures made by the authors using CoreIDRAW Graphic Suite 2019 software www.coreldraw.com.
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_A ste landfill
vitkoviceflis

Figure 4. Interest localities of the four waste landfills, (a) aerial photo of waste landfill 1 in Velké Pavlovice, (b)
aerial photo of waste landfill 2 in Kvitkovice, (c) aerial photo of waste landfill 3 in Praksice, and (d) aerial photo
of waste landfill 4 in Horni Suchd; Aerial photographs obtained with permission from www.seznam.cz.

than or equal to 1.0 * 107® m/s (category 3 of Model 1). The second boundary is determined by the filtration
coefficient lower than or equal to 1.0 * 10~ m/s, where investigations are carried out as deep as 3 m in Model 1
(category 3) and as deep as 1 m in Model 2 (category 2).

All the values above the limit boundary mean that the environment is permeable (negative variant—marked
in red). On the contrary, the opposite variant means that the environment is impermeable, which is a positive
(desirable) variant (marked in green).

As for the requirements for the footing bottom (Fig. 5¢), discussed in connection with tightness tests post
compaction in line with CSN 83 8032°2 Standard and CSN 72 1006°® Standard, it is important to implement
a grain-size distribution curve for the landfill subsoil materials and classify these as foundation soils. Next, it
is important to determine the filtration coefficient, degree of compaction, bulk density, proctor standard test,
modulus of elasticity (statical load test). In case the soil materials correspond to the desired properties, work
continues without any corrective measures, e.g., exchange of subsoil, extra compaction, etc.

As for the evaluation of the excavated materials (Fig. 5d), we can either use these in the construction of the
landfill when establishing the sealing layer, embankments, or in the reclamation of the landfill (when waste dis-
posal is terminated). If the requirements are not met, the materials may be used to cover waste during landfill
operation. For this purpose, subsequent laboratory tests of excavated materials are implemented, namely grain-
size distribution curve and classification, consistency limits, permeability, filtration coefficient, organic content,
particle density of soil, moisture, compaction index (bulk density and proctor standard).

Permeability, or impermeability, of the geological environment may be evaluated using different methods in
engineering geology. The most important assessment criterion is the purpose the geological environment is sup-
posed to have in the engineering structure.

Figure 6 presents the permeability and impermeability reference classification triangles of the geological
environment associated with sandy, gravel and fine-grained soils (foundation soils). Triangle al) shows the
classification of the permeability of the soil (based on filtration coefficient). Figure 6a2) shows the soil suitability
classification triangle for artificial infiltration. Figure 6b1) shows the impermeability classification triangle. The
last diagram b2) gives information on the soil suitability classification triangle for the geological barrier (example
for Model 1, waste landfill category 2 and 3).

At times the permeable environment may be perceived as a positive property (Fig. 6al), e.g., when we deal
with the tasks of artificial infiltration (Heviankova et al. 2018) in the period of droughts. Artificial infiltration is
directly related permeability and grain-size distribution of soils (Zieba 2017). In case of artificial infiltration, we
may redirect water from rivers or ponds into the ground water reservoirs that are drying out. Such water is not
supplied into the reserves directly but must be filtered through the geological environment to improve its proper-
ties. This way, water is filtrated thanks to its migration in the geological environment and the porous environment
(e.g., gravel-sand) may help improve the water properties. There are more examples when the permeability is
perceived in a positive manner in engineering geology and/or hydrogeology. Another example is the situation
when we need fast drainage (Turéek et al. 2005) of the geological environment and more permeable soils lead to
easier and cheaper solutions of drainage projects.
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Figure 5. Requirements and research aim, (a) landfill diagram, (b) design of sealing barriers according to the
subsoil properties, (c) requirements for the footing bottom, (d) suitability of using excavated materials on the
landfill.

An example of soil classification where permeability of the geological environment is perceived positively is
shown in Fig. 6al. The most permeable soils (Heviankova et al. 2018) are gravels and sands marked in green
(suitable for artificial infiltration, Fig. 6a2). On the contrary, impermeable environment which does not allow
water passage into lower layers is marked in red (unsuitable for the purpose).

On the other hand, permeable geological environment may be problematic, and thus impermeability becomes
a positive property. Among such examples are the need for geological barriers (discussed herein) when establish-
ing waste landfills, as such barriers represent natural insulation against the spread of potential contamination.
Reference soil classification related to the geological barrier (environment) impermeability of landfills is given in
Fig. 6b1. This classification is of an indicative value only because there are also other properties that need to be
considered, besides the grain-size analysis (marking gravel, sandy and fine-grained soils). However, this refer-
ence classification (the classification triangle of foundation soils) is very important for engineering geologist
and geotechnicians.

Contrary to the infiltration example above, this triangle of permeability (un)suitability (Fig. 6b2) has a reverse
character (Fig. 6al) here. Impermeable fine-grained soils are marked in green (Fig. 6b2) because as subsoils they
are perceived as a positive geological barrier. The red colour is used to mark permeable gravel soils, in which
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Figure 6. Reference classification triangles of permeability and impermeability of the geological environment
related to sandy, gravel and fine-grained soils (foundation soils), (al) classification triangle of soil permeability
(based on filtration coeflicient), (a2) classification triangle of soil suitability for artificial infiltration, (b1)
classification triangle of impermeability, (b2) classification triangle of soil suitability for the geological barrier

(example for Model 1, waste landfill categories 2 and 3).

contamination would spread. The triangle is shown for waste landfill category II (investigations as deep as 1 m
of soil) and category III (investigations as deep as 3 m of soil) of Model 1, where the suitability or unsuitabil-
ity is decided based on the filtration coeflicient lower than or equal to 1.0 * 107® m/s. The suitable parameters
for the geological environment are thus below this value (green colour) and the red colour marks unsuitable
environments above the value. The evaluation based on the filtration coefficient is only one of the criteria for
the geological barrier. In order for the geological barrier to meet the landfill category parameters, it must also
correspond to the geometry requirements for the depth of the earthwork which verifies the impermeability in

the geological environment.

Results of physical characteristics and classification
The research presented here was carried out for all four sites (Velké Pavlovice, Kvitkovice, Praksice and Horni
Suchd). Therefore, it is not necessary to divide the results of the soil classification and its basic properties into

two parts.

In the locality 1 in Velké Pavlovice we took 3 samples from the footing bottom for the grain-size analysis
(Fig. 7a). According to the first classification of foundation soils (!, Fig. 7b), all these had the character of clay
of medium plasticity (F6 CI). According to the second classification®, Fig. 7c), they had the character of sandy

silty clay (sasiCl).

In the locality 2 in Kvitkovice, 2 samples were drawn from the footing bottom (Fig. 7a). They had the character
of clay of medium plasticity according to the first classification (*!, Fig. 7b), and are clay eluvium formed by severe
weathering based on the classification triangle of foundation soils’!. In terms of the second classification (**,
Fig. 7¢) the samples have the character of silty clay (siCl) based on the classification triangle of foundations soils.

Three samples were drawn (Fig. 7a) in the locality 3 in Praksice. According to the first classification (Fig. 7b),
they had the character of clay of low plasticity (F6 CL). According to the second classification (Fig. 7¢), the first
sample was clay (Cl), the second was characterized as sandy silty clay (sasiCl), and the third as silty clay (siCl).

In the locality 4 in Horni Suchd, we sampled 3 samples (Fig. 7a). According to the first classification (Fig. 7b)
it was clay of high plasticity (F5 CH), formed by clay weathering. According to the second classification (Fig. 7¢),
the 2 soil samples had the character of clayey silt (cISi) and the third had the character of silty clay (siCl).
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Figure 7. Classification of the case studies according to the foundation soil classification, (a) grain-size
distribution curve, (b) classification triangle of foundation soils based on CSN 73 1001, (c) classification triangle
of foundation soils based on CSN EN ISO 14,688-2 (72 1003).

With regard to the fact that all the localities contained fine-grained soils, we had to determine the most
decisive properties (Fig. 8a,b) that influence engineering-geological evaluations to the greatest extent. These
properties were determined in the laboratory from the bore-hole samples.

The first such property was natural water content (w) with an identified range of 14.0-25.4. In the locality 1
in Velké Pavlovice the range was 14.0-6.1. In the locality 2 in Kvitkovice it was 22.2-22.8., in the locality 3 in
Praksice there were the highest values (25.0-25.4), and in the locality 4 in Horni Sucha the range was 14.0-20.8.
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Figure 8. Selected soil properties in the case study localities 1, 2, 3 and 4 (a) table of soil properties, (b) charts
with water content, liquid limit, plastic limit and plasticity index (c) classification of the localities in terms of
consistencies.

Liquid limit (wL) was determined by a cone penetration test. The determined value ranges were 33.0-63.0.
The lowest values were in the locality 4 (33.0-34.0). On the contrary, the highest values were in the locality 3,
where the range was 60.0-63.0. In the locality 1 the range was 37.0-39.0, and in the locality 2 it was 40.0-45.0.

The third property was plastic limit (wp), which was identified as 15.0-24.0. The lowest values were observed
in the locality 1 (15.0-17.0). The highest values were in the locality 3 (24.0). The locality 2 had the range of
19.0-20.0, and the locality 4 had the range of 17.0-18.0.

The last determined property was plasticity index (Ip) measured from 15.0 to 39.0. In the locality 4 there were
the lowest values (15.0-17.0). On the contrary, the top plasticity index was observed in the locality 3 (36.0-39.0).
In the locality 1 the values were 20.0-24.0, and in the locality 2 it was 21.0-25.0.

As for the consistencies in the fine-grained soil footing bottom, we observed only two consistencies: hard
(A1,1; A1,2; A1,3; A4,1; A4,3) and stiff (A2,1; A2,2; A3,1; A3,2; A3,3; A4,2) (Fig. 8¢).

Results of geological barrier evaluation
If we deal with the issue of geological barrier, which is primarily focused on impermeability, we need more
parameters considering load-bearing capacity and settlement. To measure compressibility using the static pile
load test, we selected a site on the landfill’s footing bottom (Fig. 9a). ECM-Static was used for measurements
(Fig. 9b) and sufficient counterweight using a roller must be used for measurements. The device consists of a
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Figure 9. Soil compressibility of case study localities 1, 2, 3 and 4 (a) placement of load tests, (b) device for
static load test ECM Static, (c) display detail with results, (d) dependence of plate compression on pressure, (e)
Evaluation of results.

pressure sensor with a pump. Compressive force is transferred onto a plate and its movement is recorded by
sensors. The sensors of position and pressure send the values to the control unit, which manages the test and
shows results (Fig. 9c). The load test plate was positioned on a consolidated surface and small unevenness was
levelled off. If hollows remained under the plate, these were filled with fine sand. The load test was carried out in
two cycles under different load degrees and relief degree. The resulting values are elasticity modulus E4.p from
the first cycle, and E g, from the second cycle (Fig. 9d).

Two assessment criteria influencing the settlement were chosen for the four landfills in terms of subsoil
compressibility. The first criterion was that the elasticity modulus from the first cycle should be over or equal
to 10 MPa (E4q = 10 MPa) based on CSN 72 1006 Standard (1998, Fig. 9¢). Only the locality 2 in Kvitkovice
complied with this criterion as the elasticity modulus was 12.7-27.1 MPa (Fig. 9e). In the other three localities,
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we found elasticity modulus of 1.5-18.3 MPa in locality 1 in Velké Pavlovice, 3.8-22.7 MPa in the locality 3 in
Praksice, and 6.6-13.8 MPa in the locality 4 in Horni Suchd. These values imply that the criterion set in the
standard was not met. The second assessment criterion was the ratio of the elasticity modulus from the first
and second load cycle (Eg.p, / Egeqr) to be higher than or equal to 3 based on CSN 72 1006 Standard®. Only two
localities met this criterion, namely locality 1 in Velké Pavlovice (Ey.f, / Eger from 1.31 to 2.87) (Fig. 9e) and
locality 4 in Horni Sucha (1.71-2.38). On the contrary, this criterion was not met in the locality 2 in Kvitkovice
(1.46-3.88) or locality 3 in Praksice (1.75-5.05). Because none of the localities met both the criteria, subsoil had
to be compacted using a 15-ton roller to ensure better compactness of the footing bottom.

If we evaluate the filtration coefficient in the localities, we find an interval of 2.24 * 107°-2.41 * 10~ m/s in the
locality 1 in Velké Pavlovice; 2.63 * 107°-3.28 * 10~ m/s in the locality 2 in Kvitkovice; 1.8 * 10-2.47 * 10~ m/s
in the locality 3 in Praksice; and 3.66 * 107°-3.90 * 10~° m/s in the locality 4 in Horni Such4 (Fig. 10).

Two permeability criteria were used in the landfills. The first is the limit value of the soil material to be lower
than or equal to 1.0 * 10~ m/s. None of the localities met the limit. The second limit value must be lower than
or equal to 1.0 * 10~® m/s. All 4 localities met this assessment criterion.

The evaluation of the natural geological barrier (Fig. 11) shows the evaluation of all the case studies based on
assessing the impermeability of the geological subsoil below the landfill. All the localities were assessed based
on the two models arising from the standards. The diagram shows all three assessment criteria.

The first assessment criterion was permeability based on filtration coefficient. It shows that in the first model
(variant 1, Fig. 11) none of the localities meet the criterion of filtration coefficient K;<1.0 * 10~ m/s. However,
in the variant 2 (Fig. 11) based on a different filtration coefficient K;< 1.0 * 1078 m/s, all the four localities meet
the value. This lower value is compensated for by another criterion which is stricter than in variant 1 (see below).
As for Model 2 (variant 3, Fig. 11), none of the localities met the filtration coefficient K;< 1.0 * 10~ m/s either.

The second assessment criterion is geometry related to the impermeability at a certain subsoil depth. This means
that we evaluate the geological environment below the footing bottom. At the same time, none of the parts of the
geological environment may have weaker impermeability. In variant 1, we assess impermeability of the geological
environment at the depth of 3 m below the footing bottom. This criterion was not met by any of the localities.
In variant 2, there is a requirement for impermeability as deep as 30 m, which was not met by any locality. In
variant 3, impermeability is measured as deep as 1 m, which was not complied with at any of the case studies.

The third assessment criterion was the combination of criteria 1 and 2. This means when the results were posi-
tive in both the criteria, the combined criterion is also positive (compliance). On the contrary, when either one
or both results are negative (non-compliance), the third (combined) criterion is also negative. This occurred
in all four assessed localities. This implies that the requirements for the natural geological barrier were not met
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Figure 10. (a) Filtration coefficient in four localities 1, 2, 3 and 4, (b) classification triangle of soil suitability
for the geological barrier (example for Model 1, landfill categories 2 and 3), (c) indicative value of permeability
based on grain-size distribution curve (d) indicative filtration coefficient based on grain-size distribution curve
using permeability curves.
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Scheme of gradual evaluation of individual
case studies according to models 1 and 2
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Figure 11. Diagram of assessment criteria to evaluate the tightness of the geological environment (natural
geological barrier) for the purposes of establishing landfills in 4 localities (no. 1 Velké Pavlovice, no. 2
Kvitkovice, no. 3 Praksice and no. 4 Horni Sucha) and final assessment (all 4 case studies do not meet the criteria
and an anthropogenic barrier must be installed).

and thus it is vital to install an anthropogenic (technical) barrier (liner) in all the 4 localities which must meet
the geometric-technical and material requirements of the model (standards) in the relevant variants—see Fig. 2.

Conclusion

Having implemented this comparative engineering-geology analysis of 4 landfill case studies, we must state that
the impermeable subsoil poses a certain disadvantage, but it also represents an important specific condition in
landfills. It is strategic in the sense that if the landfill is not built on a sufficiently impermeable subsoil (defined
by filtration coeflicient) of a sufficient thickness of the geological environment (defined by depth in metres),
the financial costs to establish the landfill are higher because the solution cannot take advantage of a natural
insulation of a geological barrier to prevent potential contamination in waste landfills. This way, high-quality
impermeable subsoil is a boundary condition for landfills. From the engineering-geological point of view, when
investigating such localities, besides the load-bearing capacity and settlement, we need to consider the imperme-
ability of the geological environment.

We carried out four case studies in the localities of Velké Pavlovice (filtration coefficient of 2.24 * 107°-2.41
* 107 m/s), Kvitkovice (2.63 * 10°-3.28 * 10~ m/s), Praksice (1.80.107°-2.47 * 10~° m/s) and Horni Sucha (3.66
*107-3.90 * 10~ m/s). The results show that the required limit value (1.0 * 10~® m/s) is met only for variant 2
of Model 1 (only 1 of the 3 studied variants) in the localities. The other 2 variants (variants 1 and 3) do not meet
the limit value of 1.0 * 10 m/s. All the 3 studied variants do not meet the second criterion, which is imperme-
ability of subsoil at certain depth (in variant 1 it is 3 m, and in variant 2 it is 30 m, and in variant 3 it is 1 m). This
concerns all of the four localities, i.e., Pavlovice (case study 1), Kvitkovice (case study 2), Praksice (case study 3)
and Horni Sucha (case study 4).

We can approach landfill impermeability assessment in a number of ways. In the study, we used 2 methodolo-
gies (models) in 3 variants (the first model had 2 variants, and the second model had 1 variant). The first variant
is the natural geological barrier of 3 m and compliance with filtration coefficient lower than 1.0 * 10~ m/s. The
second variant is impermeable geological subsoil of 30 m at the filtration coefficient lower than 1.0 * 10 m/s.
The third variant is characterized by impermeable geological environment of 1 m and filtration coefficient lower
than 1.0 * 10~ m/s.

The examined localities did not meet the boundary conditions in any of the variants, and thus technical
insulation barrier had to be installed—see Sect. 2 and Fig. 2.

If we evaluate the approach to engineering-geological investigations of landfills based on the waste hazard
character, the rule is: the more hazardous waste, the more demanding requirements for the depth of the engineer-
ing-geological investigations. If the required criteria for the natural barrier depth and filtration coefficient are not
met, the natural geological barrier is supplemented by a technical insulation barrier. In variant 2, the maximum
depth is 30 m, while in variant 3 it is only 1 m (variant 1—depth of 3 m). This means that variants 1 and 3 are
less strict than variant 2 considering the depth of engineering-geological investigations. However, lower depths
of investigations mean stricter requirements for impermeability of the geological environment assessed based
on the filtration coeflicient. Variant 2 had a less strict criterion K< 1.0 * 10~® m/s when compared with variants
1 and 3 (K¢< 1.0 * 10~ m/s). The more hazardous waste, the higher demands on the impermeability of the geo-
logical environment applied by filtration coefficient combined with the required depth of impermeable subsoil.
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All data analysed during this study are included in this published article.
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