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Abstract: Post-mining deformations that occur on the surface pose a significant threat to natural
environments and urbanized areas. Preventing the effects of deformation is a significant challenge for
specialists in geotechnical and civil engineering. Geomaterials, such as geosynthetics or geopolymers,
could minimize the damage that occurs. The first section of the article explores the securing of
an area, strengthening the rock mass with geosynthetic materials. We provide descriptions of the
properties of these materials and the method surrounding their introduction into the soil. The second
section presents the research problem, i.e., we describe the damage caused by underground mining.
In the last section, we propose a solution for securing the ground with the use of geogrids and
geopolymer injections into the rock mass. The analyses led us to conclude that an area subjected to
mining influences may be strengthened by the use of geosynthetic materials. The use of geosynthetics
in a mining area is a well-known topic, but the additional use of geopolymers may be innovative.
Research is still being conducted on the use of geopolymers to fill post-mining voids, in combination
with geosynthetics.
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1. Introduction

In the Polish Upper Silesian Coal Basin, underground coal mining is often carried
out in urbanized areas, resulting in damage to buildings, communication, and technical
infrastructure. Geomechanical transformations of land surfaces mainly constitute con-
tinuous deformations in the form of subsidence troughs, which may be accompanied by
discontinuous linear and surface deformations [1-8]. Based on previous studies regarding
the occurrence of discontinuous deformations, a significant predominance was found in
the occurrence of linear deformations over surface deformations [9,10]. Preventing their
effects is a significant challenge for specialists in geotechnical and civil engineering.

In [11,12], the authors present several different solutions to this problem. Among the
geomaterials, one can distinguish, inter alia, geotextiles, geogrids, geonets, etc. [13]. In this
paper, we paid special attention to geogrids, which may be used for:

—  Construction of reinforced embankments and retaining structures.

—  Strengthening the upper subsoil layer of road surfaces.

-  Strengthening the weak subsoil of road embankments and protective dikes.
—  Reinforcement of the bottom layers of the foundation.

Geopolymers have completely different properties. These materials are primarily
expansive resins that can be injected into the soil, to:
—  Improve the load-bearing capacity of the subsoil and foundation and its reinforcement
(filling, compaction, and consolidation).
- Provide structural support (filling voids).
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As previously mentioned, there are various threats (from mining exploitations) in
mining and post-mining areas [4-10]. Keep in mind that mining excavations are often
carried out under urbanized areas with technical and communication infrastructures. To
protect existing facilities and secure new structures, various security measures should be
employed. Regarding road surfaces, protective measures in the form of geogrids may
be employed, especially in cases where additional threats are expected, e.g., in the shape
of discontinuous deformations related to tectonic faults and shallow mine workings [10].
Geogrids do not always give sufficient barriers, e.g., regarding the risks of discontinuous
deformations arising. In such cases, geopolymers can be additionally used to strengthen a
facility, to be protected.

In Poland, numerous experiences exist in the field of road protection, with the use of
geogrids in mining areas. The first example involves the protection of the road embankment
in Jastrzebie-Bzie, with the use of geomattresses [14]. This is an example of one of the best
solutions in Poland. Moreover, there is an example of protection with the A4 motorway
geomattress, which was not properly constructed and, as a result, damage to it occurred [15].
Another example concerns the lack of protection on the A4 motorway, which resulted in a
“ground step” around the tectonic dislocation [16-18]. The road required renovation with
the use of geogrids. A similar problem concerns national road number 44 [6]. Numerous
linear (and discontinuous) deformations appeared on the road in the past, relating to mining
operations in the vicinity of tectonic faults, despite the use of geogrids. This problem was
related to the lack of additional treatments (e.g., injections) reducing the risk of tectonic
dislocation activation, which usually resulted in damage to urban facilities. Protection with
geogrids was also applied in cases when discontinuous linear deformations were created
in the vicinity of the shaft [19].

The problem with securing the A1 motorway in the Piekary junction area was solved
completely differently [20,21]. The risk of discontinuous deformations was eliminated here
by filling the voids and relaxation zones, via the borehole injection method, to seal and
strengthen the rock mass, and then geogrids were used. Among the works related to the
use of geogrids in securing roads against the effects of mining exploitation, the following
works should be mentioned: [22-29].

Based on the presented review of the bibliography, it was found that geogrids have
been used in the existing safeguards in mining areas, while there is no experience with
the use of geogrids and geopolymers simultaneously. These materials, having certain
properties, such as high strength, low mass, lack of chemical reactions with the rock
environment, can successfully act as factors preventing the formation and development of
already existing discontinuous deformations.

Compared to the works related to the research topic—a similar solution was pre-
sented in previously mentioned works [17], while additionally, the possibility of using a
geopolymer was considered. This could be justified by minimizing the risk of future linear
deformations. The geogrid should protect the surface from horizontal tensile strain, while
the geopolymer fills the fault gap. This paper—based on the analysis of mining conditions
and surface transformations caused by underground mining—presents a proposal for the
treatment of an area intended for development with the use of geopolymers and geogrids.

2. Area Protection and Improvement of Soil Bearing Capacity

To improve the quality of the area where underground mining is carried out, synthetic
materials, such as geopolymers or geosynthetics (including geogrids), could be used.
Geopolymers introduced into the rock mass will fill the voids formed by discontinuous
linear deformations, while geogrids will additionally protect the area.

2.1. Geosynthetics
2.1.1. Origin of the Use of Geosynthetics

Reinforcement of soil with geosynthetics has been known about since ancient times.
In the past, the soil was reinforced with reeds; today, it is done with geosynthetics. By
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using geosynthetic reinforcement, a composite is created that is characterized by a specific
tensile strength that the soil itself does not have. Geosynthetics are currently used in
various types of construction objects, such as retaining walls, bridge abutments, or road
embankments. Geosynthetics are also successfully used as horizontal reinforcements over
columns or piles, or, as described in this paper, horizontal reinforcements over various
types of anomalies in the subsoil layers in the form of sinkholes, voids, or tectonic faults,
where injections of geopolymer materials may be applied. In such cases, in order to
reinforce the subsoil under a construction object, it is necessary to combine two reinforcing
procedures: filling in the cracks in the ground with a grout, e.g., a geopolymer, followed
by the application of a horizontal reinforcement at the ground surface level. This type
of technology has already been successfully used to reinforce the soil, e.g., under road
or railway embankments. From the point of view of geosynthetic reinforcement, in this
type of structure, the failure mechanism usually induces tension in the structure, which is
counteracted by the installed geosynthetics.

2.1.2. Tensile Strength of Geosynthetics as a Basic Parameter

For geosynthetics used as horizontal reinforcements, numerically expressed tensile
strength is an important parameter, from the point of view of static calculations. This
parameter belongs to the group of principal parameters. A distinction is made between
the characteristic short-term strength—F, i, the long-term design strength—F;, and the
characteristic long-term tensile strength—F) .. The short-term strength (F, i) is the strength
of a 20 cm wide strip tested at 20%/min, according to PN-EN ISO 10,319 [30], this is a
guaranteed value with a confidence level of 95%, and it can be read off the labels or the
manufacturer’s delivery documentation. Fg is the strength determined, taking into account
all impacting forces at the point of rupture of the geosynthetic. This strength refers to the
limit state L. Fy . is the characteristic tensile strength for the allowable total elongation of
the reinforcement (egr) from the time of integration to the end of life of the facility. This
strength refers to limit state II.

2.1.3. Polymers Used in the Production of Geosynthetics

In the production process, the type of polymer used to manufacture the geosynthetic
product is also important in terms of strength parameters. Geosynthetics are currently
manufactured from a wide range of polymers, but the following are most commonly used
for the purposes of soil reinforcement: aramid (AR), polyvinyl alcohol (PVA), polyester
(PES, PET), polyamide (PA), polypropylene (PP), and high density polyethylene (PEHD).
These polymers show sufficient resistance in natural soil and water environments with a
pH in the range of 4 + 9. In the pH range >9, only geosynthetics used with AR or PVA are
used for reinforcement. Geosynthetics can be divided into the following most common
groups: flat and spatial geogrids, geotextiles, and geocomposites, which are a combination
of geogrids and geofabrics or geogrids and geotextiles, geocells.

2.1.4. Guidelines and Standards

Many years of practice, in the application of geosynthetic reinforcements, has al-
lowed engineers and scientists to work out standards and guidelines for application of
geosynthetic technologies, to improve the quality of soil, including areas affected by min-
ing exploitation.

For geotechnical design and calculation of geosynthetic reinforcement, Eurocode 7 [31]
and the so-called national annexes, e.g., (in Poland) Instruction ITB 429/2007 [32], may be
used. For example, in Germany, new standards, DIN 1054:2010 [33] and DIN 4084:2009 [34],
are applied, which complement the provisions of EC 7 [31] in the scope of geotechnical
design. In 2010, EBGEO recommendations [35] were issued, so, with the introduction
of EC 7 [31] and DIN 1054:2010 [33], a coherent standard system could be established in
Germany, including designs with geosynthetics. In the UK, the BS standard was revised
with a new version, BS 8006:2010 [36]. In France, two standards were issued for the
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design of reinforced soil structures: NF P 94-270:07.2009 [35] and XP G 38-064:2010 [37],
which are also based on the limit state method. Nevertheless, it is not advisable to mix
recommendations issued in different countries, but to follow one accepted standard, from
the beginning of the design until the end of the construction. In spite of similar algorithms
and factors, mixing different design systems may lead to errors in the form of uneconomical
oversizing of structures, or worse, their under-sizing.

2.1.5. Limit State Method: First Ultimate Limit State

In a view of the failure mechanism causing elongation of the structure, e.g., at the base
of an embankment over the aforementioned anomalies in the soil, dimensioning must be
carried out according to the limit state method. Thus, first of all, the design tensile strength
of geosynthetics at the ultimate limit state I should be determined. In accordance with [32],
the formula (1) is used:

o F, 0,k
o Al*Az*Ag*A4*’)/F

E; @

where:

F;—long-term design strength, kN /m;

A1 . 4—material coefficients, taking into account the impact of the creep, mechanical
damage, loss of strength at joints, impact of water, and ground environment;

F, x—characteristic value of tensile strength, kN /m;

Yr—material safety factor.

2.1.6. Second Ultimate Limit State

For the verification of the second limit state, Formula (2) is used:

Isl < Islgr (2)
where:
| s |—value of subsidence or subsidence differences, m;
I's | gr—limit value of deformation, m.
Verification of the serviceability limit state can be carried out by checking the strain of
reinforcement, which is expressed by the Equation (3):

e <egr 3)
where:
e—maximum value of reinforcement strain, considering the creep during the design life of
the structure, %;
egr—allowable amount of strain, %.

In terms of the second serviceability limit state, for the purpose of checking the allow-
able elongation of geosynthetic reinforcement, the isochrones (isolines of the elongation of
the geosynthetic material in time) were used (Figure 1). From the isochrons, it is possible to
read the value of the strength utilization rate of the geosynthetic reinforcement (3 for a given
time t, and the allowable elongation ¢. In practice, the maximum reinforcement lifetime
t =120 years is specified, and the value of the allowable strain is read from standards or
guidelines (e.g., Instruction ITB 429/2007 [32]).

2.1.7. Example of Application of Geosynthetics as Horizontal Reinforcement

One example involving the use of geosynthetics as horizontal reinforcements may be
a sinkhole, e.g., in the form of a funnel of a specific diameter, or a fault of a specific height.
In such cases, filling the resulting voids is usually considered. For example, geopolymer
filling can be used. Horizontal geosynthetic reinforcement is used to transfer all loads
and ensure the continuous exploitation of the area above the void or sinkhole in cases
when the filling of the void alone proves to be insufficient. Such a situation can occur, for
example, with further movements of the rock mass. Chapter 11 of the EBGEO [35] deals
with such issues. In accordance with [35], the respective elongation limits of reinforcement
elements (geosynthetics) are determined, the dimensioning of which should be carried out
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within the framework of the ultimate limit state I and serviceability limit state II (as above).
Elongations and forces mobilized in geosynthetic reinforcements can be monitored with
an appropriate monitoring system, which makes it possible to control the operation of the
structure. A properly designed monitoring system makes it possible to monitor whether
we are approaching the established alarm states. This gives us additional time to take
possible preventive and repair actions.
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Figure 1. Example isochrones of PVA geogrids. Adapted from [38].

In approaching the above-mentioned issues, for example, the BS 8006:1995 standard
can be used, along with Perrier’s graphical method [39], and the RAFAEL method, de-
veloped on the basis of field simulations in France [40]. The main differences between
the methods used involve the different descriptions of the behaviors of the soil over the
resulting sinkhole or the impact of the form of the sinkhole on the work of the geosynthetic
reinforcement. The RAFAEL method assumes that the sinkhole has a circular shape of a
certain diameter D when viewed from above and is covered by a reinforcement installed
at a certain depth (Figure 2). As a result of progressive sinkholes, e.g., when further rock
mass movements occur and the void filling starts to migrate downwards (G > Ty), the
reinforcement under the weight of the pressurized embankment soil elongates from below
and takes the form of a stretched membrane with a deflection d. The deflection of the taut
diaphragm d is obviously smaller than the deflection of the terrain surface loaded with the
load g.

Calculations for geosynthetic reinforcement carried out by the limit state method
usually give results for tensile strength at the level of several hundred (or even over
a thousand) kilonewtons per meter. This is a very strong geosynthetic reinforcement,
rarely used in standard geosynthetic solutions, but the specifics of the case described
are exceptional. Of course, if the tensile strength value is very high, several layers of
geosynthetic reinforcements with lower strengths may be considered. Geosynthetics made
of aramid or polyvinyl alcohol, with very low elongations, are used for such applications.
Examples of parameters of such used geosynthetics are presented in Table 1.
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Figure 2. RAFAEL model-sketch. D—sinkhole diameter, d—diaphragm deflection, ds—road surface
deflection, —load, Tyy—sidewall friction force, G—ground weight Adapted from [38].

Table 1. List of exemplary parameters of the applied geosynthetics.

Aramid Geogrid Polyvinyl Alcohol Geogrid
(e.g., Fortrac® R 1200/100-30 AMT, (e.g., Fortrac® R 830/100-30 MT,
HUESKER Synthetic GmbH, Gescher, Germany) HUESKER Synthetic GmbH, Gescher, Germany)
Short-term tensile strength >1200/100 kN/m Short-term tensile strength >830/100 kN/m
Elongation at maximum load <3.5/6% Elongation at maximum load <6/6%
Mesh size 30/30 mm Mesh size 30/30 mm
Aramid/PVA polymer PVA/PVA polymer

2.1.8. Monitoring

Having obtained the required parameters of the geosynthetic reinforcement as a result
of numerical analyses (strength, elongation, load capacity utilization of the reinforcement),
it is possible to proceed to the specification of the structure monitoring system. So far, in
engineering practice systems, operating in two layers has been used to control and track
the stress of geosynthetic reinforcement. The system should enable the nature and area of
any deformation to be identified. The first layer, consisting of extension lines, allows for
subsidence measurements. The second layer, consisting of elongation sensors installed on
the reinforcing geogrid, allows the strain of the geogrid to be measured. In this case, the
monitoring system provides precise control and tracking of the strain state of geosynthetic
reinforcement and subsidence under the layer of reinforcement. The most common solution
is a system based on the use of string sensors. Exemplary pictures of the installed two
monitoring layers are presented in Figures 3 and 4. Figure 3 shows elongation lines crossing
at specific intervals throughout the monitored area. They are connected to the collecting
wells and there they are terminated with sensors that measure the elongations of the lines.
Settlement of the ground causes the elongation of two specific lines that intersect with each
other, and the appropriate mathematical algorithm calculates the subsidence and its value.
Figure 4 shows the strain sensors permanently installed on the reinforcing geogrid. They
are encased in a steel, durable cover, which allows the sensor to move freely during geogrid
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deformation and during deformation of the subsoil. Both systems are compatible with
each other.

Figure 3. First monitoring layer, measurement of subsidence through elongation links mounted to
string sensors—Ruda Slaska, N-S route, Poland 2018 (example of monitoring application).

i 7 )

Figure 4. Second monitoring layer, measurement of elongation in geosynthetic reinforcement—Ruda
Slaska, N-S route, Poland 2018 (example of monitoring application).

2.2. Geopolymers
2.2.1. Geopolymers—Properties and Application

Geopolymers are amorphous aluminosilicate materials that are synthesized in a highly
alkaline environment at temperatures up to 100 °C. These materials consist of long-chain
copolymers of sendust and acuminate and metal cations: sodium, potassium, lithium, or
calcium, which are used to stabilize these compounds [41]. Origin names are discussed in
more detail in the article [41].

Geopolymers are very interesting materials; the greatest interest in them comes from
the construction industry [42]. This material has become a good additive to cements—even
replacing them in some cases. Geopolymers are added to cements to form injection sus-
pensions. In [43], the authors described conducted tests, in which they combined Portland
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cement with geopolymers. The addition of geopolymer substances resulted in a signifi-
cant liquefaction of the substance and an increase in its material parameters, which had a
beneficial effect on soil sealing.

The environmental aspect is why geopolymers began to replace cement. The pro-
duction of cement introduces very large quantities of CO, into the atmosphere. Portland
cement production takes place at very high temperatures (1400 °C-1500 °C), with signif-
icant amounts of carbon dioxide and nitrogen oxide being emitted into the atmosphere.
The production of cement has increased each year, and with it, its impact on the envi-
ronment. This phenomenon is described in detail by Krél (2013, 2015) and Blaszczynski
(2010, 2015) [44—46]. According to estimates, the synthesis of geopolymers consumes about
2-3 times less energy than the production of Portland cement and produces 4 to 8 times
less CO, [47]. The issue of environmental protection is an important aspect that drives the
continuous development of geopolymers.

Geopolymer materials, in addition to being environmentally friendly, have gained
worldwide popularity due to their other advantages as well, such as:

High compressive and bending strengths;

High acid resistance;

High frost resistance;

High thermal resistance (geopolymers do not lose their properties at temperatures up
to 800 °C);

Low porosity;

Fast onset of setting times (compared to that of concrete);

High degree of adhesion of geopolymers with steel;

Synthesis of geopolymers consume less energy than, e.g., Portland cement, and release
less CO, into the atmosphere;

Water-resistant material; service life of the material reaches up to approximately
100 years;

Minimal environmental impacts;

Material reaches 90% of its strength in just 30-90 s;

5-30 times expansion of the material;

Expansion pressure reaches up to 10,000 kPa;

Material application temperature ranges from —15 °C to 60 °C;

Geopolymer material is about 10% of the mass of concrete.

2.2.2. Application of Geopolymers for Soil Reinforcement and Rectification of Buildings

An innovative method that has also found its application in the rectification of build-
ings involves the injection of geopolymer materials into the soil, to raise it to a suitable
level. This method is a simple, effective alternative to traditional solutions (the use of lifts
and piles). One of the companies that specializes in the stabilization and reinforcement of
soil by using geopolymer materials has solutions available all over the world, including in
Poland. On the company’s website [48], and in its advertising materials, they describe the
behavior and properties of geopolymer materials and the process of injecting the material
into the rock mass in detail.

Geopolymer materials improve the bearing capacity of the subsoil by filling voids,
raising and leveling subsoils and foundations, and sealing and improving resistance to
dynamic loads. In addition, the expansion force results in soil compaction and increased
stresses in the subsoil.

The application of geopolymer material injections can be divided into two categories:
surface and deep consolidation. In surface consolidation, the geopolymer material is
injected into the area directly below the structure, filling the voids between the foundation
and the underlying soil. Deep consolidation applies to soils that require reinforcement at
greater depths and involves increasing the density of the soil.

The geopolymer material, after being injected into the soil, moves and increases its
volume both horizontally and vertically. When the material gets into the voids, it begins to
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swell, and in the final stage, it changes from a liquid to a solid state. Around the injection
point (borehole) an affected area is created with a radius of approximately 1 m. Of course,
the extent of the area depends on the geopolymer material used, as well as the properties
of the soil into which the material is injected (soil type, bearing capacity, and load).

Soils have different properties, so there are many types of geopolymer materials with
different chemical compositions to best “adapt” to the needs of the soil. Each geopolymer
material has different characteristics, so it can be used in a wider range of soil conditions.

The injection of geopolymer materials into rock mass is carried out by one of the
contractors, in two ways: the extraction method and the multitubular method (Figure 5).

Methods of injecting geopolymers into rock mass

Extraction method

1. Drilling a hole with a diameter of 16 to
50 mm to the predetermined depth where

Multitubular method

1. Drilling a hole with a diameter of 16 to
50 mm to the predetermined depth where

the reinforcement is to be located. the reinforcement is to be located.

2. Insertion of a tube of an appropriate 2. Insertion of multiple injection tubes of

length into the hole through which the different lengths into the hole along the

injection material is to be delivered. entire length of the hole.

3. Injection of geopolymer material, with 3. Injection of geopolymer material throngh

simultaneous measurement of flow volume each tube.

and velocity rate.

Figure 5. Methods of injecting geopolymer materials. Adapted from [48].

One example of the use of geopolymers for soil reinforcement involves implementation
at the National Gallery in Ireland, as part of its refurbishment; it was decided that the soils
underlying 28 meters of walling did not possess sufficient strength to safely transfer the
proposed loading conditions of 80, 229, 272, and 330 kN/m?, respectively. The design and
workmanship were prepared by Uretek [49]. In the proposed solution, Uretek specified that
the geopolymer injection be carried out, after reviewing the field test report provided by the
client and taking into account the maximum load of 330 kN/m? (along with the appropriate
dimensions of the foundation)/Uretek determined that the geopolymer injections should
take place at a maximum depth of 2.5 m below the ground level. The conducted tests
allowed for the conclusion that soil below this depth were capable of safely carrying the
appropriate load. After the work was complete, Uretek conducted dynamic probe testing
to verify the works.

3. Research

The research area is located in the Upper Silesian Coal Basin and is situated within
the administrative borders of city G—Figure 6. The area has been subjected to intensive
mining exploitations for many years; due to the unfavorable geological conditions on the
surface, linear discontinuous deformations were created on the land surface.

3.1. Methodology

Linear discontinuous deformations of the surface type result from the formation of
fractures and slippage of the near-surface soil layer, which is most frequently subjected to
continuous deformations due to underground mining excavations [6,7,10,50-52].

Kwiatek (2003) [50], analyzing the impact of horizontal loosening of near-surface
layers of soil, stated that the cause of the formation of discontinuities is from bringing
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the near-surface layer of the rock mass made of soil to the state of limit equilibrium, as
a result of which, slippage surfaces may appear, or, in the cases of horizontal loosening
of the layer with cohesion ¢ # 0, vertical fractures separating soil masses that continue to
move as non-deformable masses. The location of the discontinuity surface is determined
by accidental factors, such as local strength reduction.

SZCZECIN

POZNAN WARSAW

LUBLIN
o

Upper Silesian Coal Basin

OSTRAVA
0 50 100 [km]

—— River
—— Country Border

— Border Upper Silesian Coal Basin
o City

Figure 6. Location of the research area on the map of Poland.

As observed from many years of research and studies [10,50]—geological factors,
mainly tectonic factors (outcrops of Carboniferous faults) [52], and widely understood
mining factors, have main roles in the creation of linear discontinuous deformations
of surfaces.

According to Kratzsch (1983) [1] (Figure 7) and Tyrata (2013) [52], in the area of
an outcrop of the fault zone, anomalies in the profiles of subsidence troughs and linear
discontinuous deformations may occur. According to Kratzsch (1983) [1], these can take the
form of flexures or systems of smaller steps. According to Tyrata (2013) [52], they may cause
discontinuous deformations and disturbances of the subsidence trough profile, including
elongation or shortening of the trough profile.
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a) 7 d) 3 [:5541 - overburden
FEEE - compact rock mass
@ —— — - fault
: - edge extraction

a - dip angle
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— - mining extraction

Figure 7. Anomalies of subsidence trough profiles due to fault activation: “(a)” 1—flexures or system
of minor steps; 2—ground step; “(b)” 3—fissures; “(c)” 4—graben; “(d)” 1—flexures or system of
minor steps; “(e)” 2—ground step « > y; “(f) 2—ground step « < y. Adapted from [1].

According to the research conducted by Chudek et al. (1988) [4] (Figure 8), the
area threatened by discontinuous deformations in the area of the fault outcrop may be
determined by the relation presented below (4):

S =12 hpctga 4)
where:

S—width of the zone threatened by occurrence of discontinuous deformations, m;

h,—thickness of the overburden, m;

a—angle of repose of the overburden layers, usually 34°—43°, degrees.

Linear discontinuous deformations [6,7,10,50-52] may appear above the quickly pro-
gressing exploitation front with caving, especially to one common edge, as well as a result of
repetitive stoppages of the extraction process (e.g., weekends). They occur in the marginal
external parts of subsidence troughs and in the areas of protective pillars established for
the protection of main underground workings: shafts, cross-cuts, and cross-headings, as
well as in the vicinity of the boundaries of mining areas.

One of the main causes of their formations involves tensile strain zones of large values
caused by mining exploitation [6,7,10,50-52].

Kowalski (2015) [10] indicates that these are strains of the order of category V of the
mining area (according to the Polish classification of mining areas). At such a level of strain
values, primary linear deformations are formed on the surface, while activated deforma-
tions occur at tensile strains reaching approximately 2 mm/m and these discontinuities are
usually of secondary (repetitive) nature.
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Figure 8. Width of the zone threatened by occurrence of discontinuous deformations in the area of
fault outcrops. Adapted from [4].

According to the research conducted by Kwiatek (2003) [50] on the impact of horizontal
loosening of loose and cohesive soils, in the aspect of formation of small discontinuity defor-
mations, the limit state for loose soil, under the impact of horizontal tensile strains, begins
in the near-surface layer of soil and progresses deep into the rock mass at a strain equal to
2 mm/m and covers a soil layer approximately 5 cm thick, and at a strain of 4 mm/m-10 cm
thick. For cohesive soil, the limit state occurs at tensile strains of 3 to 9 mm/m, depending
on the type of soil and its vertical load.

3.2. Description of the Research Area

The evaluation of the possibility of restoring the utility value of the near-surface rock
mass layer, by means of geopolymer injection and geosynthetics, was carried out for the
area where linear discontinuous deformations were identified in the past.

In the area of the analyzed property, five discontinuous deformations were found. De-
formation number 5 presents the properties of a typical discontinuity in terms of breaking
and displacement of the near-surface rock mass layer, whereas deformation nos. 1 to 4 show
intermediate features between flexure and typical discontinuity. It means that the dis-
placement of the near-surface layer occurred, but the breaking did not occur or occurred
fragmentarily—Figures 9 and 10. The form of occurrence of these deformations is probably
connected with the geological structure of the overburden, with a large share of plastic clays,
loams, and clay stones. The time of occurrence of the discontinuities is not precisely known.

Figure 9. Discontinuity number 3—view to the east from the building; h—the height of the fault drop.



Energies 2022, 15, 1447

13 of 22

(b)

Figure 10. The view of discontinuity—"(a)” number 3; “(b)” number 5, h—the height of the
fault throw.

3.3. Geological Structure of the Rock Mass, Tectonics, Mining Exploitation

The geological structure of the rock mass was recognized on the basis of the map of
Quaternary and Tertiary formations and the profile of borehole A, situated approximately
359 m to the north of the studied area-Figure 11.

The rock mass in the studied area is made of an overburden and Carboniferous beds.
In stratigraphic terms, the overburden is formed by Quaternary and Tertiary formations.
The thickness of the Quaternary layer directly under the site is approximately 23 m. These
formations consist of soil, clay, and sand. The thickness of the Tertiary beneath the site is
approximately 170 m. It consists mainly of loams and clay stones.

Carboniferous formations include the “Orzesze” beds (seams of group 300, accord-
ing to the Polish classification of Carboniferous layers) and the “Ruda” beds (seams of
group 400). An incomplete profile of the “Orzesze” beds was identified in the study area.
Seams 352, 355, 357, 358, 359, and 361 occur in this area. The “Orzesze” beds consist mainly
of clay stones and shales, but sandstones are also present. The “Ruda” beds occur from
a depth of approximately 660 m. They are formed mainly as claystones, mudstones, coal
beds, and coal shales. Coal seams 401/1,401/2,405/1, and 405/3 are present here.

Three tectonic faults were found in the direct vicinity of the study area. The fault
outcrops run nearly latitudinal. The exact course of these dislocations is shown in Figure 12.

Fault I runs at a distance of about 105 m south of the studied area. At a depth of
approximately 250 m, there is a branching of this fault into two separate parts. Both
throw rock mass beds to the north by height—the first approximately 17 m and the second
approximately 13-25 m. The angle of dip of the fault surface is approximately 50° for
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branch 1 and 61° for branch 2. The surface of these faults is located directly under the object
at the depth of approximately 850 m.

Lithological profile of borehole X

+256.0 ma.s.|
Quatenary
£ mmm  SOIl
g —— Sand
l —= clay
Tertiary
— —— loam
Carboniferous
£ formations
s —=  slate
= CO3
— —— sandstone

Figure 11. Lithological profile of borehole X.

Figure 12. Map of the roof of Carboniferous layers with the location of linear discontinuous deformations.
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Fault II runs directly under the studied area and throws rock mass beds by the height of
approximately 19 m towards the north. Its angle of dip is approximately 124°. The surface
of this fault is located directly under the object at the depth of approximately 290 m. Due to
the identified discontinuity passing under the object, it cannot be excluded that the outcrop
of this fault on the roof of Carboniferous layers is located closer to the object than the
map indicates.

Fault III, which throws the rock mass beds by about 25 m towards the north, runs
approximately 51 m north of the studied area. The angle of dip of the fault surface is
approximately 125°. The surface of this fault is located directly under the object at the
depth of approximately 630 m.

The roof of the Carboniferous layers is located at the height of approximately +57 m
above sea level. The rock mass dips towards the south—east, at an angle exceeding 10°.

The mining exploitation was carried out by a longwall system with caving in seven
hard coal seams: 352, 355, 357, 358, 359, 361, 401/1. A sketch illustrating all mining
exploitation, carried out together with locations of discontinuous deformations, is presented
in Figure 13.

-
discontinuous deformations
h~24 m N EESE R i
U i el — h~19m
el N .

Figure 13. Sketch illustrating all mining exploitations in the study area.

3.4. Causes of the Formation of Discontinuities

In order to determine the causes of the linear discontinuous deformations found in
the study area, an analysis of the geological and mining conditions was carried out, which
led to the determination of possible causes of the discontinuities formation. These are:

(1)  Outcrops of tectonic faults on the roof of the Carboniferous layers.
(2) Tensile strain zones as a result of mining exploitation.

Having determined the threatened zone in the area of fault outcrops (4) by means of
relations, it was decided to check whether the studied area was within the range of this
zone. Calculations of the width of the area at risk of discontinuous deformation in the area
of the fault outcrop (S) were carried out for two variants:

(1) Value “S;” was calculated for data: H = 23 m—Figure 14a, where H is the thickness of
the Quaternary loose formations. Only loose overburden was taken into account.

(2) Value “Sy” was calculated for data: H = 191 m—Figure 14b, where H is the thickness
of formations overlying the Carboniferous formations.
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Figure 14. The zone threatened by occurrence of discontinuous deformations in the area of fault
outcrops (a) Sy, (b) S, calculated from Equation (4).
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In both variants, the value of the angle of repose of overburden layers equal to 40°
was assumed. It was determined on the basis of experience from other areas with similar
geological conditions. In view of the results of the calculations, the threatened zone in the
area of the fault was approximately S; = 32.8 m, S; = 272.7 m. It means that, in variant 1,
the threatened zone covered the property on the northern side—discontinuity number 1,
and on the southern side—discontinuity nos. 3, 4, 5—Figure 14a. In variant 2 the threatened
zone covers the whole analyzed property—Figure 14b.

Calculations of maximum horizontal strain were carried out by simulating the progress
of the exploitation for the whole exploited area, in order to fully illustrate how the mining
excavation affected the surface in the form of tensile strain. A simulation interval of 10 days
was assumed. Calculations were performed for emax [2] without taking into account
relaxation phenomena, and for enaxr [53], accounting for the relaxation simulating the
decrease in deformation over time. The results are presented in Figure 15. It should be
noted that, in performing the calculations, the authors are fully aware that the summation
of the values of horizontal strains in the long time intervals is problematic and the opinions
are divided on the method of the summation [54]. However, for the prognosis concerning
the determination of the course of the tensile strains, it was deemed useful in assessing
the possibility of the occurrence of the limit equilibrium state of the near-surface rock
mass layer.
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Figure 15. The course of the maximum horizontal strain with consideration of the so-called “relax-
ation” (emaxr), according to Biatek (2003) [53], and without taking it into account (emax) [2], with the
assumption of the immediate manifestation of impacts.

As seen in Figure 15, the courses of the horizontal strain for emax and emaxr are similar
to each other, but different in value. In both cases, it is also evident that the surface
was subjected to tensile strain during the whole exploitation period. The values of emax
tensile strain were within the range of category V of the mining area. In the case of xR,
the maximum strain accounting for relaxation, the values of the tensile strain reached
category III. The values of the strain and the tensile characters of these deformations
have a fundamental impact on the process of formation of discontinuity nos. 1-5 in the
studied area.

Based on the obtained analyses and calculation results, it can be assumed that the
main reasons for the occurrence of discontinuous deformations on the surface is the tensile
strain caused by underground mining and the existence of tectonic structures inside the
rock mass. The results presented above come from computer simulations, which should
be treated as approximations of the real deformation state. However, no observations of
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the terrain surfaces were carried out in the analyzed region; therefore, the results of this
re-forecast is the only source of information on the surface deformation state.

3.5. Concept of Site Protection

Considering the fact that the ground deformations were caused by tensile strain,
the restoration of the utility value of the near-surface rock mass layer should be carried
out by constructing a protective structure that will work in conditions of strain. In this
case, this function can be performed by reinforced earthwork founded at the ground level.
The calculated maximum horizontal strain (Figure 15) is within the range of ~4.3-11 mm/m
and, therefore, the protective structure must feature a very low strain. One of the most
effective ways of reinforcing earthworks is the use of geosynthetics, characterized by both
high tensile strength and low strain. Appropriately selected geosynthetics exhibit good
adhesion with the backfill soil, thus creating a very good reinforcing composite.

Reinforced geosynthetics with the lowest strains are made of aramid. The value
of strain in this type of geosynthetic, verified in tests carried out in testing machines, is
approximately 3%. This is the strain at maximum load and it is measured in accordance with
EN ISO 10,319 [30]. The test lasts approximately 20 s and is carried out under laboratory
conditions (i.e., in air at 20 °C, no contact with the ground or varying weather conditions).
It should be noted that this is a short-term measurement and it is not carried out under
real-natural conditions. In order to get closer to natural conditions, the reinforcement must
be dimensioned according to the limit state method [31,32,55], taking into account, i.e.,
the material and safety factors (see point 2.2.).

In the reinforcement structure in question, the geosynthetic made of aramid should be
arranged in two directions: parallel and perpendicular to the measured tensile strain. The
friction angle at the junction between the geosynthetic and the backfill soil must provide
the required anchorage beyond the protection zone, adequately, for the required tensile
strength. The best results are obtained by creating a composite, geogrid of crushed, frac-
tionated aggregate. In engineering practices, it is customary to put at least four layers of
geosynthetics, two in each direction, separated by a compactable aggregate layer. The prac-
tice is to put and compact aggregate layers with a maximum vertical spacing of 25 cm.
Additionally, a bearing layer of natural aggregate of even grain size (e.g., gravel) may be
applied below, allowing for initial dissipation of stresses arising in the reinforcing structure.
From a technological point of view, in order to facilitate the work on the bearing layer, it is
possible to install this layer in a geogrid.

When designing a protective structure, recommendations, methods, and formulae
from the literature can be used. The most widely described design guidelines and the most
used mathematical formulas and dependencies, as well as practical advice, can be found
in the EBGEO 2010 [35]. Using the EBGEQ, it is possible to tackle the issues described in
this paper. However, it is worth taking into account the examples of structures that have
been constructed and used for many years, which provide an idea of the effectiveness of
the adopted methods of reinforcement. Of course, it should be kept in mind that each case
should be considered individually, and the project should be supported with the necessary
analyses and mathematical calculations, in accordance with the literature mentioned in this
work. An example may be the Al Pyrzowice-Piekary motorway in Poland, which has been
in operation for over 10 years (Figure 16), or the Grobers junction in Germany, which has
operated for more than 20 years (Figure 17), and is reinforced with aramid geogrids.

The construction proposed above should also be monitored due to the strain on the
geosynthetic reinforcement. For this purpose, string sensors installed on the geogrids are
proposed to measure the elongation value of the geogrid. In such a system, it is possible to
define limit conditions, alarm, and failure states, and to establish repair procedures in the
situation of excessive strain on the structure.

The described system will perform its function properly if the rock mass under the
reinforcing structure is free of cracks, voids, and other discontinuous deformations. For this
purpose, geopolymer material is injected into the openings. Adequately selected material
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fills the voids, increasing the strength values of the soil. The described system will perform
its function properly if the rock mass under the reinforcing structure is free of cracks, voids,
and other discontinuous deformations. For this purpose, geopolymer material is injected
into the openings. Adequately selected material fills the voids, increasing the strength
values of the soil. Geopolymer injection is the subject of further research by the authors.
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Figure 16. Reinforcement with aramid geosynthetics at the foundation level of the Al Pyrzowice—
Piekary 2011 motorway (shallow mining exploitation and mining faults).

Figure 17. Reinforcement with aramid geosynthetics at the foundation level of the Grobers junction
2001 railway embankment (sinkholes up to 4 m in diameter were present).

According to the paper [56], the proposed solution may be a geopolymer of the
following specifications: fly ash (600 kg/m?), NaOH (85.7 kg/m?), Na,SiO, (214.3 kg/m?),
natural sand (279.8 kg/m?3), A-LWA artificial aggregate (701.6 kg/m?), superplasticizer
(12 kg/ m?). The ratio of the alkaline activator to solid (fly ash) should be 0.5 and the
alkaline activator should be a mixture of an NaOH solution and Na,SiO4 ready solution.
The total content of the alkaline activator should be 300 kg/m3 and the ratio of sodium
hydroxide to sodium silicate can be determined as 1:2.5.

4. Summary

This paper presents a case study of surface damage caused by linear discontinuous
deformations, with origins related to intensive mining exploitation in unfavorable geologi-
cal conditions (the presence of a tectonic fault zone). It presents a proposal for protection
of the damaged area using geosynthetics and geopolymers. These materials are modern
solutions used for protecting surfaces subjected to factors related to mining exploitation.
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Based on the analysis of geological conditions, it can be concluded that rock mass
is made of Quaternary, Tertiary, and Carboniferous formations (the Orzesze and Ruda
beds). The Carboniferous beds are traversed by latitudinal faults where surface threatened
zones were established in the study and the impact of mining exploitations of seven hard
coal seams in the studied area were simulated. As a result of the calculations, values of
horizontal strain, increasing with the extraction of successive longwalls up to 11 mm/m,
were obtained.

The category of the “mining area”, depending on the interpretation of the horizontal
strain (including the relaxation (or not) of the horizontal strain), ranged from III (with
relaxation) to V (without relaxation). Such high values of the terrain category and the
occurrence of tectonic faults in Carboniferous beds were found to be the main causes of
linear discontinuous deformations, which is confirmed by studies conducted in this field to
date [6,7,9,10].

To protect the surface from damage, a reinforced structure made of aramid laid in
two directions—parallel and perpendicular to the calculated tensile strain—was proposed.
In addition, we recommend using a geopolymer material injected through holes to remove
gaps and voids from the rock mass.

5. Conclusions

In the introduction, we noted that, so far, no joint protection in the form of geogrids
and geopolymer injections has been used to protect the terrain surface. The solution may
initially seem costly, but the examples of damage to national road number 44 [6] makes it
possible to quickly solve the problem by injecting geopolymers, with the initial protection
with geogrids, which was made during the road renovation and did not fulfill its task.
The proposed solution should be tested in practice in an area where a planned mining
extraction will be conducted in difficult geological conditions (presence of tectonic faults).
One significant limitation surrounding the solution may be the cost of making a double
protection system. In further perspectives, it should be possible to conduct research on the
possibility of rectifying buildings and strengthening the ground damaged by underground
mining operations.
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