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PREFACE 

The European Union (EU) is implementing climate change tasks, under which the EU is 
assumed to be climate neutral by the end of 2050. Member countries are taking steps to reduce 
greenhouse gas emissions, as part of which they have agreed, among other things, to close coal 
mines. Decommissioning a coalmine can create serious environmental, social, and economic 
problems related to surface stability, water pollution, gas emissions, etc. To date, several 
research projects have been carried out, the results of which have contributed significantly to 
the depth of knowledge concerning environmental problems that occur during and after coal 
mine operations. However, the characterization and mitigation of risks associated with seismic 
activity recorded after mining operation “induced seismicity” is not sufficiently addressed in 
public policy. 

The characteristics of seismic events are known from active mining areas. Their origin is 
directly related to stress disturbances in the rock mass associated with mining activities. In post-
mining regions, especially when mining operations are flooded or in the process of flooding, 
the estimation of seismic hazard is quite difficult and depends on many complex factors, such 
as the geometry and geological structure of the deposit, its long-term changes (modified by the 
presence of fluids), meteorological influences and climatic changes, and the presence of pre-
existing fault structures or tectonic stresses. Induced seismicity in closed mines generally occurs 
at shallower depths than natural seismicity, which means that the impact on the surface can be 
greater. Seismic earthquakes induced during the sinking of mines are felt by people, can cause 
minor or major damage to buildings, and affect shallow mine workings. In the latter case, 
vibrations induced by seismic phenomena can cause reactivation of shallow mining workings 
in the form of sinkholes or other discontinuous deformations. These dangerous phenomena can 
threaten the safety of the population and the sustainable development of such regions after the 
closure of coal mines.  

Research on induced seismicity and rock mass movements in post-mining areas was the 
subject of a European research project funded by the Research Fund for Coal and Steel, entitled 
"Induced earthquake and rock mass movements in coal post mining areas: mechanisms, 
hazard and risk assessment" (acronym: PostMinQuake, https://postminquake.eu/). The 
project was carried out from 2020 to 2023, under grant agreement No. 899192, and involved 
10 partners. It was coordinated by Główny Instytut Górnictwa (GIG, Central Mining Institute-
CMI) in Poland. The other partners were BRGM (Bureau de Recherches Géologiques et 
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Minières) and Ineris (Institut national de l’environnement Industriel et des risques) from France, 
THGA (Technische Hochschule Georg Agricola) and GFZ (Helmholtz Zentrum Potsdam- 
DeutschesGeoForschungsZentrum, German Research Centre for Geosciences) from Germany, 
IGN (Institute of Geonics of the Czech Academy of Science), DIAMO state enterprise as well 
as Green Gas DPB, Inc. from the Czech Republic, Politechnika Śląska (Silesian University of 
Technology-SUT) and SRK (Spółka Restrukturyzacji Kopalń) from Poland.  

  
The findings obtained as a result of the project are of great importance for mining companies 

and authorities responsible for managing decommissioned coal mines in Europe. The results 
are applicable to numerous regions around the world where rock mass instability is observed in 
post-mining areas after and during the closure of coal mines. 

The project focused on the geomechanical stability of the rock mass under conditions of 
natural flooding of the mine site, which can last for several years. During this period, the 
excavations are flooded with water from natural inflows, and the water table of the excavations 
rises gradually until hydrostatic equilibrium is reached with the aquifers present in the 
surrounding rock mass. In addition, once the hydrostatic equilibrium level is reached, there can 
be significant seasonal fluctuations in water level. Under such conditions, we can observe the 
occurrence of continuous and discontinuous deformations on the surface in the form of 
sinkholes and post-mining seismicity. Seismicity is one of the earliest indicators of rock mass 
instability.  

One of the main objectives of the project was to study and select updated methods and plans 
for long-term monitoring of post-mining areas to mitigate the effects of seismic post-mining 
earthquakes and to mitigate seismic risk during and after mine closure. 

The project was implemented through 7 work packages (WP), of which package one (WP1) 
involved project coordination and management. The other work packages included research 
leading to the realization of the project objectives. The research was conducted using data, on 
the project's test sites, i. e. in Poland, the Czech Republic, Germany and France. 

The following was done as part of the implementation of the subsequent work packages: 
− Data were collected on post-mining regions known to the project partners relevant to 

the realization of the project objectives. On this basis, the concept of the database, its 
structure and, and evidently parameters and indicators for the various ranges of data 
were developed, and then the reference database for the project (WP2) was compiled. 
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− Modelling of the mechanical and structural response of the rock mass to water loads 
during the flooding process was carried out. Hydro-mechanical simulations were 
performed in test regions to explain the phenomenon of seismicity triggering, and key 
parameters of the phenomenon were identified (WP3). 

− A digital platform for integrated data was developed, including principles for unifying, 
integrating and storing data on flooded or being flooding post-mining areas. The 
platform includes data acquired at the  test sites in the project (WP4).  

− An analysis of post-mining seismicity observed in the EU countries was carried out, 
with particular emphasis on flooded coal basins. A seismological analysis was carried 
out to characterize the hazard of post-mining earthquakes. GMPE - ground motion 
prediction equations were adapted to induced seismicity in post-mining areas. The 
Seismic Intensity Scale was developed to take into account seismicity in post-mining 
areas. An early warning system was developed to mitigate and reduce the hazard and 
risk of post-mining induced seismicity (WP5). 

− Strategies were developed for monitoring post-mining areas prone to seismicity, 
including the implementation of temporary near-surface geophysical surveys, 
continuous and periodic monitoring of the gravity field, monitoring of surface 
deformation using interferometric images from satellites as well as continuous GNSS 
(Global Navigation Satellite System) data, seismic monitoring, monitoring of the water 
table during mine flooding and monitoring of rainfall (WP6). 

The last work package concerned the valorization and dissemination of project results 
(WP7). The results of the ongoing research were published in the form of peer-reviewed journal 
articles and conference materials. They have also presented at a number of national, European 
and international conferences. Information on the project was published in the form of news 
articles. Data on the dissemination of project results were included on the project website, 
(https://postminquake.eu/). The main results of the project were presented at a summary 
workshop held in Katowice, Poland, on August 24, 2023. The presented guidelines are an 
important final result of the implementation of this work package.  They have been  developed 
on the basis of the results of the research and are an implementation of the Deliverable 7.2 
entitled: “A comprehensive book (transnational guidelines) on a method on assessment 
and monitoring of seismic hazard in post mining areas.” Representatives of the following 
project partners participated in the development of the guidelines: BRGM, DIAMO, GIG, 
GreenGas DPB, GFZ, IGN, INERIS, SUT, THGA. 

This book contains guidelines on the methods on assessment and monitoring of seismic 
hazard in the areas of decommissioned and flooded deep coal mines in Europe and in the world 
with the aim of ensuring public safety in post-mining areas. The successive chapters present 
methods and basic recommendations in the process of their implementation. The characteristics 
of the essential data relevant for the assessment and monitoring of seismic hazard were 
presented as well as the scope of numerical modelling and hydro-mechanical simulations, 



8 
 

 

important during the period of mine flooding, issues regarding the harmfulness of the impact 
of ground vibrations caused by post-mining earthquakes on buildings and people, and in detail 
the scope and implementation method of comprehensive monitoring including continuous and 
periodic geophysical (seismology, gravimetry, hydrometry) and ground deformations 
measurements. The book also contains guidelines for the development of an automatic early 
warning system for rock mass movements caused by post-mining earthquakes and for reporting 
on the harmfulness of their impact on buildings. In each of the chapters describing the 
methodology for implementing the assessment and monitoring of seismic hazards, a brief 
theoretical introduction is included to allow a proper understanding of the content presented in 
the chapter with reference to studies where the interested party will find more information 
beyond what is necessary for these guidelines. 

The guidelines are mainly addressed to mining consultants, potential investors and decision-
making bodies in post-mining areas, including authorities responsible for managing closed 
mines, in particular the ones which are undergoing the flooding process. 
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1. CONTEXT, INTRODUCTION, AND OBJECTIVES OF THE GUIDELINES1 

1.1. Induced seismicity in post-mining coal areas 

Europe has entered the phase of stopping all coal and lignite mining to reduce the impact 
on the environment. Certain countries have even announced the cessation of coal-fired 
electricity generation. Several mining hazards can be potentially existed after the completion of 
mining activities. Such as among others ground deformation, induced seismicity and soil and 
water pollution. They present a risk in former mining regions, both in Europe and throughout 
the world. Nevertheless, these hazards should be assessed and monitored and mitigate.  

The underground coal mine, hard coal, represents a significant proportion of the world's 
operating and abandoned mines. This is particularly the case for many coal and lignite mines in 
Europe (Czech Republic, France, Germany, Poland). The depth of the underground coal mines 
varies from tens of  meters until more than thousands of meters. Gardanne coal mine reached 
1450 m before the closure.  

The mining operation is performed in dry conditions. Pumping is used to ensure the mine 
workings remain dry. After the mining operations have ceased, pumping is often stopped, and 
the water level continuously increases until reaching a natural or artificial equilibrium state. 
The increasing of the water level, the flooding of the mine, and the mine conditions can be the 
origin of the post-mining earthquakes. The characteristics (magnitude, duration, localization, 
etc.) of post-mining seismicity varies from mining site to another one.  

The existence of such hazards in the coal post-mining regions requires development of 
methodology to manage it, mainly for ensuring the safety and the security of the population, 
the structures and infrastructures maybe can be damaged.  

In order to unambiguously understand the content presented in the book, the following has 
been adopted: 

− in the case of seismicity induced by the carried out mining operations, a seismic 
phenomenon (seismic event) is understood as a discharge of energy accumulated in 
the rock mass, manifested by rock mass vibrations and acoustic phenomena that do not 
impair the functionality of the workings or the safety of their use, while vibrations can 

 
1 Authors: Marwan ALHEIB1) 
1) Ineris, Institut national de l’environnement Industriel et des risques - Mines Nancy, France. 
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be felt on the surface, causing damage to facilities and technical infrastructure on the 
surface, and this is referred to as mining earthquake, 

− in the case of induced seismicity, observed in the areas of liquidated and flooded 
underground coal mines, the seismic phenomenon (seismic event) is understood as 
a discharge of energy, manifested by rock mass vibrations, which may be felt on the 
surface, even causing damage to facilities and technical infrastructure on the surface, 
and this is referred to as post-mining earthquakes. The occurrence of such phenomena, 
as demonstrated by the research conducted as part of the PostMinQuake project, may 
be effected by rock collapse inside the rock mass, in particular in the areas of shallow 
mine workings, taking place after mine flooding, or by the reactivation of one or more 
faults by water migration towards the fault plane (Fig. 1.1), 

− when reference in the text involves the field of global seismology, such phenomena 
are called natural earthquakes. 

 

 

Fig. 1.1. Schematic view of the two geo-structural configurations creating seismicity in post-mining 
period: a) induced seismicity produced by the readjustment of mine workings reactivated 
collapses of mining workouts with possible effects on the surface), b) triggered seismicity, 
with fault reactivation by water migration towards the fault plane 

1.2. PostMinQuake project 

After mining activities come to an end and starting the flooding operation of the voids, there 
are two potential configurations: no potential post-mining hazards and existing potential 
hazards including the induced seismicity.   

The goals of the PostMinQuake project were formulated to stimulate the monitoring and 
diagnosis of the threat caused by these ground movements and to manage this risk. The 
objectives related to diagnosing a threat are as follows: 

− Development of a methodology for the collection and analysis of available mining, 
hydrogeological, geological and seismic and other geophysical data - development of 
reference database for European post-mining areas. 

Water Inflow

Triggered seismicity

Water level variations
(pumping and/or precipitations)

Surface shaking

Brittle subsidence

Water Inflow

Induced seismicity

a) b)
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− Development of a methodology for the integration of monitoring data and the creation 
of an integrated digital data platform at European scale. 

− Development of a website about post-mining areas in Europe prone to induce seismic 
activity. 

− Understanding the mechanisms of  seismic events and discontinuous deformation in post 
mining areas.  

The objectives related to the management of vibration risk and discontinuous deformations 
were as follows: 

− Elaboration of Ground Motion Prediction Equation (GMPE) for fluid-induced 
seismicity. 

− Monitoring strategies and interpretation methods of areas with high seismic hazard. 
− Risk and vulnerability assessment: Elaboration of the criteria of hazard rating. 
− Development of vibration intensity maps (shake-maps) in selected areas to manage 

and mitigate the effects of vibrations.  
− Recommendations to mitigate seismic (and discontinuous deformation) risk after coal 

mine closure. 
The final result of the project is these guidelines in form of a comprehensive book which 

can be used by mining consultants, potential investors and decision-making bodies.  
The guidelines are the realization of Deliverable 7.2 titled “A comprehensive book 
(transnational guidelines) on a method on assessment and monitoring of seismic hazard 
in post mining areas”. 

1.3. Objectives of the guidelines 

The objective of the guidelines is the presentation of scientific and operational tools for 
assessing, characterizing and monitoring of potential induced seismicity during and after 
flooding of underground coal mines. The guidelines are intended to serve as a reference for 
future closures and flooded mines of European coal mines. The guidelines can also be used in 
other post-mining areas around the world. 

The guideline is based on feedbacks and in-situ investigations from the main coal basins in 
Europe: Gardanne (France), Upper Silesian (Czech Republic and Poland) and Ruhr (Germany). 
The guidelines allow characterizing such seismicity and assessing potential damage risks to 
existing buildings based on their vulnerability and intensity of movement. 
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1.4. Structure and use of the guideline  

The figure 1.2 presents the main steps and structure of the methodology developed for 
assessing and managing the risk related to the induced seismicity in the post-mining context.  

 

 

Fig. 1.2. Methodology for assessment and monitoring of seismic hazard in coal post-mining areas 
 

The guideline is structured into 9 chapters. The structure of the methodology for assessment 
and monitoring of seismic hazard in coal post-mining areas follows the steps, described in 
following chapters: 

− Chapter 2: The chapter presents the main post-mining hazards that may occur after mine 
closure of underground mines. The definition of each hazard was clearly presented. 
They can be adopted by the different actors of the post-mining and stakeholders.  

− Chapter 3: The chapter summarizes the requirement data for preparing the folder for 
coal mine liquidation. The chapter presents the scope of geological and water level 
management data, mining and seismic monitoring data, and recommended database 
structure for data storage. The chapter also gives the importance and significance of 
collected data for assessing the rock mass, the mine conditions including the process of 
flooding and induced seismicity related to post-mining phase. The recommended 
structure of the database is presented in the section 3.3. 

− Chapter 4: The chapter presents the usefulness of numerical modelling to predict the 
induced seismicity related to the post-mining and the flooding of the underground 
structures. The hydro-mechanical approach is strongly recommended for numerical 
prediction the potential post-mining earthquake due to the modification of the water 
pressure in the context of flooded coal mines. The chapter also gives useful information 
to carry out the predictive 3D numerical models. Recommendations in this regard are 
included in the section 4.2. 
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− Chapter 5: The chapter concerns particularly the seismic hazards associated with ground 
movements such as the collapse of mining structures and the sliding of the faults. It also 
presents the creation of shake maps, which are very useful for assessing potential 
damage of existing buildings that may be affected by seismic events. In this chapter, 
users of the guidelines can obtain information useful for monitoring induced seismicity. 
A scale developed in the project that can be used to assess the level of induced seismicity 
(MSIIS-22-Mining and Post-Mining Seismic Instrumental Intensity Scale) is presented 
and discussed. This scale takes into account the vulnerability of a structure, based on its 
capacity to resist against mining and post-mining earthquakes. Recommendations in this 
regard are included in the section 5.7. 

− Chapter 6: Chapter 6 focuses the damage assessment of existing buildings due to the 
induced seismicity. The chapter presents the classical approach used for the natural 
seismicity (European Macroseismic Scale - EMS-98) and this developed for induced 
seismicity (MSIIS-22). The application of these approaches highlights that induced 
seismicity has very limited damage on structures and infrastructures due to the specific 
characterizations Peak Ground Velocity (PGV). The recommendations in this regard are 
included in the section 6.4. 

− Chapter 7: The chapter concerns the monitoring methodology of the different physical 
information should be collected to follow the evolution over the time of the post-mining 
region. The chapter presents more precisely the monitoring of ground deformation, the 
water level variation, the seismicity. The chapter gives a very complete overview for 
using the large-scale ground movement using the Synthetic Aperture Radar 
Interferometry (InSAR) and Global Navigation Satellite System (GNNS). The chapter 
presents also the best operational recommendations for designing and using the 
monitoring in the post-mining context. The recommendations are given based on the 
feedback obtained thanks to the case studies investigated in the PostMinQuake project 
(Section 7.6).  

− Chapter 8: The last chapter focuses on the designing of post-mining early warning 
system. The objective and the structure of the warning system are presented and 
discussed to givea complete description of how such a system should be prepared and 
used. The chapter also describes the technical data necessary: the main information can 
be obtained and communicated. The chapter presents in detail the different criteria 
related to the recording of the induced seismicity. At the end of this chapter, the data 
management and governance are presented based on the feedback of the seismic 
network installed in Gardanne Coal Basin (France). The recommendations are included 
in the section 8.3. 

Chapter 9 contains the main conclusions and general suggestions for applying the 
recommendations made in the guidelines.  

All abbreviations and symbols used in the study are included in the text. 
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1.5. Intended audience of the guidelines 

These guidelines are intended primarily for authorities responsible for coal mine closure 
and decommissioning, environmental protection and post-mining land development, as well as 
mining consultants and potential investors in post-mining areas, in particular: 

− mine management during the period of mine closure and decommissioning,  
− state and local authorities responsible for environmental protection activities and the 

transformation of energy and coal mining companies, 
− local governments responsible for planning and development in post-mining areas,  
− specialists in closure and development of post-mining areas, 
− authorities responsible for abandoned mines,  
− environmental engineers,  
− bodies responsible for surface water,  
− researchers interested in further work in the area in question. 
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2. CHARACTERIZATION OF POST-MINING HAZARDS2 

Mining is defined as the extraction of resources from the Earth, resulting in the extraction 
of great quantities of rock material. The exploitation method used is determined, amongst 
others, by the depth and shape of the deposit and the geology. In Europe, underground coal 
mines are generally used room and pillars for shallow seams and longwall for deep seams. 
During underground mining of coal, as well as for other resources, the rock mass equilibrium 
of the surrounding rock is modified, which can affect the surface, e. g. in form of subsidence or 
induced/triggered seismicity. Both subsidence and seismicity induce a risk for the people and 
surface infrastructure like buildings, streets, pipelines, cables and also vegetation and water 
resources. The closure of mining does not mean that the risks also cease, but that it is necessary 
to continue monitoring the site to prevent damage to people and infrastructure. When closing 
an underground mine, the pumping of water to prevent the mine workings from getting flooded 
stops, so the mine-/groundwater table starts rising again (Primo Doncel et al., 2023). 

The main effects related to hard coal post-mining are listed on Table 2.1. 
 

Table 2.1 
Main hazards identified in the post-mining sites  

 Name  Definition 

Ground 

Subsidence/Uplift Continuous movement/ slow, smooth and flexible 
readjustment of surface. Subsidence = residual sorting of the 
rock-mass, uplift buoyancy effect of the water table rises. 

Sinkholes Discontinuous movement – sudden appearance of a sinkhole 
deformation at surface, often related to near-surface mining, 
wild mining and/or former shaft openings. 

Induced seismicity 1. Residual ground motion: Mining causes a change on the 
balanced geomechanical forces that may result in the release 
of energy through the residual movement of the rocks 
surrounding the mine workings.  
2. Mine water rebound. The rise of the mine water creates 
buoyancy, which influences the rocks surrounding the mine 
workings as well as the overburden rocks. 

Water 
Modification of outlet 
flow 

Appearance of artificial springs, reactivation of springs or 
discharge of springs in sensitive areas. 

Appearance of humid 
zones or polder areas 

Equilibrium of water table level close or above ground level. 

 
2 Authors: Paloma PRIMO DONCEL1), Stefan MÖLLERHERM1) & Tobias RUDOLPH1) 

1) Forschungszentrum Nachbergbau – Technische Hochschule Georg Agricola, Bochum, Germany. 
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Modification of river 
flows 

Risk of floods or less water during low water periods. 

Gas Outflow of mine gas Methane may escape to the surface through natural openings 
(i.e. faults, cracks) or artificial ones (i.e. shafts, adits). 

Source: Based on (Didier et al., 2008).  
 

According to Busch (Busch et al.,2012) another cause for ground movements would be the 
hydrogeological and hydrological changes that occur during water drainage (i.e. underground 
mining phase) and flooding (i.e. mine water rebound during the post-mining phase).  
The effect of flooding-induced ground uplift has been widely studied in different hard coal 
basins. One of the studies even determined that the rebound velocity of the mine water had 
a direct effect on the upheaval motion (Pöttgens, 1985) caused by buoyancy that also affects 
the stress field of the rock mass, and the hydraulic pressure. This hydraulic pressure is also 
related to the post-mining seismicity, as was observed in several hard coal mining regions in 
Europe. The seismic activity in former hard coal regions  is observed even after the mine closure 
(Didier et al., 2008, Melchers et al., 2019). 

During the flooding phase of a mine, induced seismicity and surface instability are the most 
common events that occur. The cause is the modification of strength in the rock s’ strength and 
stress distribution in the rock mass. The most critical time for induced seismicity in post-mining 
regions is during the flooding phase (Smith & Colls, 1996).  

Monitoring systems aide to observe the ground movements. Depending on the movement 
to monitor, some systems work better than others. For instance, ground movements regarding 
subsidence or uplift use Satellite Radar Interferometry (Bamler et al., 2008), (Busch et al., 
2012). The groundwater level is monitored by piezometers placed on former mines. Seismicity 
can be monitored by a seismic network. Nevertheless, the seismic networks active during 
mining operation usually shut-in once the mine closes, and monitoring relies on general seismic 
networks or of other near mines, which is not enough to detect the low magnitude of these 
seismic events (Primo Doncel et al., 2023). 

The hazard can be defined a potential of undesirable event for causing an undesirable 
consequence (Canadian Standards Association, 1991), and it is defined by the probability of its 
occurrence and the possible magnitude of the event at a specific location.   

In post-mining, the experts, based on the mining history and the potential mining hazards, 
evaluate and identify potential exposed areas that could affect people and infrastructure.  
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3. METHODOLOGY OF GEOLOGY AND MINING DATA COLLECTION3 

Data collection is a crucial part of credible risk assessment of seismic and surface 
deformation hazards in post-mining areas, particularly during mine flooding. The chapter is 
organized into the following three parts, which summarize the content of collected data 
necessary for coal mine liquidation, subsequent flooding design, the flooding process, and the 
assessment of hazards (induced seismicity and surface deformation) associated with mine 
flooding: (i) geological data and water level management, (ii) mining data and seismic 
monitoring, and (iii) recommended database structure for data storage. The chapter is developed 
primarily on the basis of the results of the PostMinQuake project. 

3.1. Geological data 

This chapter presents the basic requirements for geological and mining data that are 
essential for subsequent analyzes and decisions about further monitoring. 

3.1.1. Geological conditions 

In the process of collecting information about the geological conditions of the studied area, 
it is necessary to focus especially on the following geological data: 

1. Stratigraphy and lithology of the rock mass 

This group of data includes, in particular, information on the petrographic composition and 
sedimentological characteristics of individual geological bodies, the spatial development of 
strata and their thickness, and on the relationships between individual sedimentary members 
within the entire geological formation. Special attention should be paid to the presence of 
thicker layers of competent rocks, consisting mainly of very strong conglomerates and quartz 
sandstones, where there is a risk of high and long-term stress concentration. 

 
3 Authors: Petr KONICEK1), Vlastimil  KAJZAR1), Martin VAVRO1), Eva JIRANKOVA1), Pavel MALUCHA2) 
& Jan SCHREIBER3) 

1) Institute of Geonics of the Czech Academy of Sciences, Ostrava, the Czech Republic. 
2) DIAMO, state enterprise, Branch ODRA Ostrava, the Czech Republic. 
3) GreenGas DPB, Inc., Paskov, the Czech Republic. 
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2. Structural geology data 

Basic structural data include data on the spatial orientation, i.e., dip direction and dip angle, 
of both primary structural elements (sedimentary layers) and secondary structural elements 
(faults). In the case of faults, it is also necessary to know their type, which is defined by the 
relative movement of rock blocks on either side of a fault plane. Fault types include normal 
faults, reverse faults, strike-slip faults, oblique-slip faults, and thrust faults. 

3. Physical and mechanical properties of the individual rock types and the entire rock mass 
quality 

The following properties should be collected: Bulk density, uniaxial compressive strength, 
Young's modulus, and Poisson's ratio can be considered as the basic material parameters of coal 
and associated rock that are important for the following analyses. The Rock Quality Designation 
(RQD) index (Deere et al., 1967), Rock Mass Rating (RMR) index (Bieniawski, 1969), Quality 
(Q) index (Barton et al., 1974), and/or Geological Strength Index GSI (Hoek et al., 2013) are 
examples of rock mass classification systems that can be used to describe rock mass quality. 

4. Data on the cover layers in the overburden of the mined coal-bearing rock mass 

If the rock mass of interest, in which mining has occurred and which is the subject of 
flooding, is covered by younger sedimentary rocks, the parameters of these overburden layers 
must also be known. This means having information about their thickness, petrography, and 
basic physical-mechanical properties. 

The above-mentioned data characterizing the rock mass of interest can then be used to create 
geological, geomechanical, and/or hydrogeological models. How detailed and structured these 
models are then depends on the software used for modelling. 

3.1.2. Surface conditions 

Methods for measuring the ground surface movement include leveling, trigonometric height 
measurement, and remote sensing methods (which also provide position or spatial data) such 
as GNSS, and InSAR (Jiránková & Lazecký, 2016 and 2022, Nara et al., 2012, Ojo & Brook, 
1990). 

A diagram for assessing the impact of flooding on the ground surface is shown in Fig. 3.1. 
Ground surface change assessment methods based on ground displacement monitoring provide 
evidence of surface changes that either have already occurred or are occurring in real-time. The 
results are also used for parametric analyses, e.g., related to mine water level rise during mine 
flooding. Depending on the method chosen to measure surface displacements, data should be 
collected on elevation changes (vertical displacements) of the ground surface or also position 
changes in the horizontal plane (horizontal displacements) can be evaluated.  
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The data relating to the elevation measurements is a time series of the determined elevations 
above sea level of surface points. Elevation changes are then determined as elevation 
differences of the same surface point. The total altitude refers to the first altitude measurement 
of a surface point. The result of the position measurements in the horizontal plane is a time 
series of determined position coordinates of surface points in the reference coordinate system. 
The horizontal displacements, together with the vertical displacements, create data on the total 
motion vector of the surface point. 

 

Fig. 3.1. Diagram of the effects of mine flooding on the ground surface 
 

In connection with the European policy of suppression of coal mining and the frequent 
method of liquidation of mines by spontaneous flooding of closed spaces, due to the first 
experience with the manifestations of flooding of mines, uplifts of the ground surface are 
observed, and some authors begin to deal with their prediction. Possible in this regard is the 
acquisition of additional data obtained using numerical modelling of surface deformation 
(Dudek & Tajduś, 2021). The use of numerical models to predict surface uplift during mine 
flooding is also described by authors Zhao and Konietzky (Zhao & Konietzky, 2020). They 
used in situ measurements in the area of the abandoned Oelsnitz mine in Germany to calibrate 
the model. 

3.1.3. Rock mass properties 

As a result of the rise of the mine water level during the flooding of the abandoned mine, 
the rock mass comes into direct and long-term contact with the mine water environment. This 
leads to the absorption of water into the pore space of sedimentary rock and the associated 
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change in its material parameters. It is a well-known fact that upon wetting, rocks exhibit 
a reduction in their quality of mechanical properties, such as compressive strength. This 
phenomenon was already mentioned by Hirschwald (Hirschwald, 1908), who first introduced 
the so-called softening coefficient to describe the loss of strength of test specimens after storage 
in water. The degree of softening varies depending on the rock lithotype. For crystalline rocks 
such as granites, the strength reduction is very small, but porous sedimentary rocks such as 
sandstones are generally more sensitive to this effect. 

Many papers have been published in the literature on the influence of moisture content on 
the decrease in compressive strength of sandstones, which are among the most common 
accompanying rocks of coal seams in coal-bearing formations (Dyke & Dobereiner, 1991; 
Hawkins & McConnell, 1992; Morales Demarco et al., 2007; Siedel, 2010). The most important 
factors determining the sensitivity of sedimentary rock strength to water content are, first, the 
distribution of pore radii and, second, the amount and mineralogy of the matrix as well as rock 
cement (Martinec, 2010). Therefore, the loss of compressive strength is higher in matrix-rich, 
clay-bearing sandstones than, for example, in quartz-rich sandstones with grain-supported 
texture (Guha et al., 2017; Seto et al., 2001). It is also important to note that the strength loss of 
sandstone can be remarkable even when the rock is not yet fully saturated with water (Martinec, 
2010; Zhao & Konietzky, 2020), in some cases even when the moisture content is as low as 1% 
(Vásárhelyi & Ván, 2006).  

The moisture contained in the rock also affects other material parameters such as tensile 
strength (Burshtein, 1969; Ojo & Brook, 1990; Ruedrich et al., 2011), Young's modulus (Guha 
et al., 2017; Hawkins & McConnell, 1992; Jimenez Gonzalez & Scherer, 2004; Vásárhelyi, 
2003), or fracture toughness (Guha et al., 2017; Lau, 2016; Nara et al., 2012; Seto et al., 2001; 
Singh & Sun, 1990; Utagawa et al., 1998; Vavro & Souček, 2016). 

It follows that the basic mechanical properties of rocks that should be monitored in the 
context of how mine water affects the rock mass are uniaxial compressive strength and splitting 
tensile strength. In the area of deformation properties, attention should be paid in particular to 
Young's modulus, and possibly also to Poisson's ratio. These properties should be determined 
according to the proposed test methods of the International Society for Rock Mechanics (ISRM, 
1978, 1979). When soaking the specimens, care must be taken to wet the rock gradually and 
slowly so that the pore space is saturated with water as much as possible. A suitable procedure 
for the gradual saturation of the rock with water is described, for example, by Martinec or Vavro 
(Martinec et al, 2010, Vavro et al., 2016).  

In most cases, the wetting of sediments also leads to an increase in the volume of the rock 
material. As stated, e.g., by Ruedrich (Ruedrich et al, 2011), mineralogical composition and 
pore size distribution play a crucial role in the intensity of moisture expansion. Rocks rich in 
clay minerals are particularly susceptible to volume increase. For this reason, the largest 
swelling values are expected in clay stones, while quartz sandstones and/or conglomerates are 
practically resistant to moisture-induced volume changes. It should be emphasized, however, 
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that not all clay minerals have the same swelling ability. Kaolinite, for example, is 
representative of the non-swelling clay minerals. In contrast, smectite (montmorillonite), as 
a typical swelling clay, can increase its volume by up to 25 times upon contact with water 
compared to the dry state (Daneshfar et al., 2017). 

Due to possible volume changes during water absorption in the pore space of the rock, it is 
therefore recommended to monitor also possible swelling. In particular, the values for 
longitudinal and transverse expansion values should be measured so that the volume change of 
the rock can subsequently be calculated. A caliper is a suitable enough laboratory aid for these 
measurements. In addition to monitoring the volume change, it is recommended to continuously 
determine the water absorption capacity. 

3.1.4. Hydrogeological conditions 

Hydrogeological conditions describe the flow, occurrence, and behaviour of water in the 
subsurface environment. It is a science intermediate between hydrology and geology, and both 
have a strong influence on understanding groundwater flow and solute transport. Hydrological 
processes are responsible, for example, for characterizing and understanding water supply from 
aquifer recharge. On the other hand, the physical properties and composition of geologic 
materials (rocks and sediments) provide the most important environment for groundwater flow 
and storage. The rocks and sediments also influence the quality of groundwater in terms of their 
chemical composition. 

Hydrogeological data of the region associated with the mining period consist of the 
following: (i) identification and location of the main source of water inflow, (ii) identification 
of the main inflows to the mine(s) according to the regular reporting of water pumping during 
the mining period, and (iii) chemistry of water from each aquifer and surface water. 

Before mine flooding, should be identified areas of the mines where we assume good 
hydraulic connectivity due to natural water connection corridors (aquifers and tectonic faults) 
as well as due to mining openings, and areas of goafs that represent potential zones for water 
flow in the rock mass. Removal of local barriers between classified ponds is strongly 
recommended for better hydraulic connectivity between ponds, e.g., installation of 
appropriately sized piping. If the connection between ponds is purely hydraulic, the creation of 
connecting corridors between ponds is highly recommended. 

Concepts of "ponds" recommended by Younger (Younger et al., 2002)  for post-mining 
flooding assessment and definition of hydraulic connections at pond boundaries are used. The 
definition of a pond is based on the concept that mining works within any one pond are largely 
interconnected (often at multiple levels if mining was undertaken on more than one horizon) so 
that water rising within any one pond shares a common level in that pond. At certain elevations, 
adjacent ponds may be connected by discrete decant features (Zang et al., 1996) . Typical decant 
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features include (Zang et al., 1996): (i) roadways connecting areas of otherwise separate mining 
works, (ii) areas where two adjacent goafed panels coalesce, (iii) old exploration boreholes, and 
(iv) permeable geological features. All hydrogeological data necessary to define the above-
mentioned ponds should be collected. 

3.1.5. Water level management during mines flooding and water pumping 

During mine closure planning, it is necessary to plan water level management for 
subsequent mine flooding and water pumping. After identifying the ponds, it is necessary to 
create sufficient number of monitoring points (points that evenly cover the entire area of the 
pond) where the water level in each pond is monitored. Monitoring the water level at one point 
in a particular pond is insufficient. 

Water level management data includes the following: (i) location of water level monitoring 
points (coordinates in a local and global coordinate system), (ii) water level data in monitoring 
points and definition of altitude system used (date, time, and water level altitude), (iii) chemistry 
of water in selected monitoring points, preferably by zonal sampling. During the period of water 
pumping, the volume of water pumped from each pumping point should be recorded daily 
(volume per time). Hydro-chemical analysis of the water according to local hydrogeological 
conditions during water pumping is strongly recommended. 

Before recording the water level at the monitoring points in the first part of the mine 
flooding, detailed data should be collected about flooding of the deeper parts of the mine if the 
mine is sequentially flooded and data can be collected from these parts. 

3.2. Mining data 

Mining data is the crucial part of data collection  that is the basis for many following 
evaluations and monitoring. All accessible historical data should be collected. Special attention 
must be dedicated mainly to place where mining started in the region in the upper part of coal 
bearing rock mass and/or close to the surface because these parts are mostly mined by room 
and pillar method or due to method by parallel roadways and these parts are most prone to 
fracturing pillars left and unmined in rock mass. These re-fracturing processes are mainly 
responsible for induced seismicity and surface deformation hazard. 

3.2.1. Mining history and mining conditions 

Mining history data provide a detailed account of the history of mining in a particular 
region, covering all aspects of coal production. This encompasses a comprehensive description 
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of mining activity in the region, including information on mining conditions, mining methods 
employed, the thickness of mining seams, and the extent of mining operations, among other 
pertinent details. 

A critical component of information on mining history is data on mining conditions, which 
provides insights into the mining advancing to greater depths. This data includes the thickness 
of the mined coal seams, the unmined coal pillars remaining in the rock mass, the occurrence 
of seismicity in the region in question, and during the study period, among other relevant 
factors. Furthermore, it includes detailed information about the mining area, such as the 
character of the rock strata in the roofs and floors of the coal seams, as well as the properties of 
the strata, such as their thickness, volumetric weight, tensile and compressive strength. 

Mining activity in many coalfields started several centuries ago, with intensive mining 
operations commencing in the mid-19th century and reaching their peak during the 20th 
century. 

Summary publications by historians, mining specialists, geologists, geographers, and other 
experts are valuable sources of information on mining history and conditions. These 
publications offer comprehensive coverage of the mining history of a region from its beginnings 
to the present day and explore a range of topics such as technological development, mining 
legislation, the mining education system, the environmental impact of mining, and the cultural 
and social aspects of long-term mining. Apart from summary documents, there are various 
sources of information available on mining history and conditions. These include scientific and 
technical journals, a vast number of mining reports, historical maps, specially curated lists of 
mining attributes, and complex thematic internet portals also offer valuable information. 

3.2.2. Mining methods 

Mining methods have evolved over centuries of mining production due to technical 
advancements and deeper mining operations. The selection of a particular mining method for 
mineral extraction depends primarily on deposit conditions and the technology available at the 
time. 

Part of the mining methods description involves providing a detailed characterization of the 
methods employed in the region. For example, longwall mining can be carried out with or 
without backfilling and using different materials and methods. Along with the mining method, 
it is beneficial to include details about the extent of the mining. 

3.2.3. Mining panels and mining thickness 

Maps of mined panel contours, along with other relevant spatial information, are typically 
used to represent mining panel data. This includes historical, recent, and current mining maps, 
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as well as vertical cross-sections and other sources of spatial data, which can be used for 
modelling the mining areas. 

Supplementary input data, such as regional maps of mineral resources, maps of mining 
claims, maps of mining shafts, maps of boreholes, or schematic mining panel contours, are also 
valuable. Description attributes should be provided for all of these features. 

In addition to maps, mining panel data also comprise various mining parameters, such as 
the width of the mining face, the length of continuous advancement, the positional coordinates 
of the mining face, the mining depth, and spatial information regarding the unmined pillars. 

A crucial aspect of the mining panel information is the data regarding the thickness of 
mining, which is presented in the form of a list of coal seams extracted in the relevant area 
along with their thicknesses (including both the range and the average thickness). This 
information should be structured appropriately, including the name and number of the coal 
seam, as well as the minimum, maximum, and average thickness of the mined seam. 

For most reports and overview tables, a basic text or spreadsheet format is recommended 
since it can be easily imported into various processing software. To facilitate further work, it 
would also be beneficial to have a model of the thickness of the seams or, ideally, 
a  comprehensive model of the mineral deposit. 

3.2.4. Seismic monitoring network data and monitoring protocol during and after 
closing of mining operations 

Data on natural and induced seismic activity during and after coal mining must be collected 
continuously to analyse seismicity during mine flooding and water pumping, especially in 
locations where the rock mass has been classified as a hazard zone for mine earthquakes and 
rock bursts. The data provided by such monitoring is a necessary input for evaluating the 
structural deformation of surface buildings. Natural seismicity is represented by earthquakes 
recorded before, during, and after the closure of the mining area and its surroundings. If induced 
seismicity was recorded during coal mining, all data must be collected. Seismicity includes the 
following data: (i) location and specification of seismic stations used for seismic monitoring 
(coordinates in local and global coordinate system, specification of seismic stations, description 
of seismic network), (ii) database of registered seismic events (date, time, 3D location of 
seismic events in local and global coordinate system, information about underground  
damages - rock bursts or surface incidents - vibrations, Peak Particle Velocity in the horizontal 
or total velocity vector - PPV), and (iii) detailed records of the registered seismic events from 
all seismic stations used for monitoring in an open seismological format, or ASCII allow 
detailed interpretation of the seismic events (frequency analysis, seismic moment inversion 
analysis, etc.). 
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3.3. Database structure 

When you start collecting a package of different data types, it is necessary to define 
a suitable structure for logical categorization so that it is easily searchable and usable. Possible 
descriptions of predefined categories and subcategories in the mining data domain are as 
follows: (i) Basemap, contains available appropriate referenced map sources in raster or vector 
format, temporally corresponding aerial photographs, links to web services that provide 
relevant map layers and other data, another appropriate map sources, (ii) Mining history data is 
represented by a description of mining history in the evaluated region, (iii) Mining conditions 
data is represented by a description of mining depth, coal seam thickness, unmined coal pillars 
left in the rock mass, rock burst occurrence in the evaluated region, etc., (iv) Mining methods 
is represented by a list of mining methods used in the evaluated region with a brief 
characterization, (v) Mining panels is represented by maps of mined panels' contours (enclosed 
polygons of the panels in 2D/3D location in space in the evaluated region), (vi) Mining 
thickness data is represented by a list of mined coal seams with thickness (range of thickness 
and average of thickness) in the evaluated region in an appropriate data structure.  

The database structure recommended for practical application is shown in Fig. 3.2. The 
structure was applied to the PostMinQuake project. 

 

 
Fig. 3.2. Example of database structure 
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4. HYDRO-MECHANICAL MODELLING AS A TOOL FOR SEISMICITY 
PREDICTION IN FLOODED COAL MINES4 

The impact of hydro-mechanical perturbation within the rocks and the potential link with 
the triggering of seismicity has been studied since few decades. The hydro-mechanical (HM) 
perturbation can be correlated to anthropic activities due to fluid injection/pumping such as 
geological reservoirs exploitation of heat, hydrocarbons, water resources or CO2 storage 
(Elsworth, 2013; Lee, 2019; Rutqvist, 2013; VanWees, 2014; Jeanne, 2017 and Pang, 2020). 
Recently the evidence of seismicity in link with natural meteoritic recharge of specific 
geological contexts such as karstic rocks (Bragato, 2021) or crystalline rocks (Maystrenko, 
2020) has been studied. In both causes (anthropic and natural), the triggering of seismicity is 
mainly linked to the stress perturbation acting on existing tectonics structures (fault zones, 
faults, fractures). The stress perturbation on faults can be due to pore pressure changes within 
the faults and/or by changes of their loading conditions (Fig. 4.1). 

 

 
Fig. 4.1. Schematic stress perturbation on faults because of fluids recharge/discharge (issued from 

Ellsworth, 2013) 

 
4 Authors: Arnold BLAISONNEAU1), Julie MAURY1) & Théophile GUILLON1)  
1) BRGM, F-45060 Orléans, France. 
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In the case of abandoned coal mines, the stop of water pumping leads to the flooding of 
abandoned mines depending on the hydrogeologic context. The water level, without any control 
and active management, will then fluctuate depending on the water venues from meteoritic 
conditions. Due to the flooding of mines and water table fluctuations, the rocks around the 
mines are submitted to a change of their mechanical equilibrium. Two kinds of hazards can be 
related to a water effect: 

− Due to ageing process accelerated by the water contact (Luo, 2021), the rock matrix 
can be weakened leading to a rupture of mine structures (such as pillars). This can lead 
to recorded events (at the depth and above mines) and deformations such as surface 
subsidence depending on the depth of mines and mechanical competence of the rock 
layers above the mines. 

− Due to change of pore pressure and volumetric changes (as in Fig. 4.1), the existing 
geological discontinuities, such as faults and fractures, can be reactivated and shear as 
mentioned above. This shear phenomena can be associated to recorded seismic events 
at depth correlated with the water level. 

This chapter addresses only the scope of the second category of hazards, those linked to 
hydro-mechanical perturbations on faults/fractures because of fluid flows and water table 
variations within the geological vicinity of mines. 

4.1. Hydro-mechanical simulations  

The chapter presents the issue of conducting an assessment of the impact of the flooding 
process and water table fluctuations on the triggering of seismic activity in abandoned coal 
mines. It includes a description of the modelling methods that can be used and the range of data 
needed to carry them out. It also presents the practical application of the proposed methods on 
the testing sites of the PostMinQuake project. 

4.1.1. Methodology 

In order to evaluate the impact of the flooding process and water table fluctuations on the 
triggering of seismic activity in abandoned coal mines, it is advantageous to carry out predictive 
numerical simulations. Provided that sufficient data is available to build the numerical models, 
this methodology should be transposable to any mining site. We proposed to apply this 
numerical approach to two mining sites: one at Kazimierz Juliusz site (Poland) and the other at 
Gardanne Fuveau (France) site as part of the PostMinQuake project. For both sites, the 
numerical models have been built with the existing data and knowledge in term of structural 
model of sites and water level information. Simulation results should be confronted with 
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existing recorded seismic data. At this stage, tests on the influence of parameters such as the 
flooding process and in situ stress state should be conducted to highlight key parameters. 

4.1.2. Modelling method 

Simulations in the case of the occurrence of faults in the post-mining region mainly focus 
on the loading state of this existing/assumed faults (Fig. 4.2) and its variation due to hydraulic 
changes because of flooding and water level fluctuations. Starting with a fault zone naturally 
locked under the local stress state (Fig. 4.2a), the circulating fluid can force opening of fault 
and trigger shearing because of the associated shear resistance reduction (Fig. 4.2b). After 
shearing, irreversible deformation can appear because of fault shape mismatch resulting in 
incomplete closing and fluid pathway (Fig. 4.2c).   

 

 
a b c 

 
Fig. 4.2. Schematic loading state of a permeable fault with fluid flow: a - natural state with the normal 

stress locking the shear stress, b - shearing due to normal stress reduction when fluid opens the 
fault, and c - irreversible opening when fault closes once the fluid flew away 

 
The codes used are able to simulate the mechanical behaviour of both rock matrix and faults 

and their mechanical response due to the imposed hydraulic solicitation representing the 
flooding and the water level fluctuations. Considering that the seismic events are linked to the 
shearing of faults, a key aspect is to account for irreversible processes in the mechanical 
behaviour. Such processes are conditioned by a threshold beyond which irreversibility occurs. 
In our case, a Mohr Coulomb yield criteria (4.1) is analysed during the whole simulations in 
order to assess the triggering of this shearing (Fig. 4.2): 

 

𝑓𝑓𝑠𝑠𝑀𝑀𝑀𝑀 = 𝜏𝜏𝑠𝑠 − 𝜏𝜏𝑠𝑠
′𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 = 𝜏𝜏𝑠𝑠 − (𝑐𝑐 − (𝜎𝜎𝑛𝑛 + 𝑝𝑝𝑙𝑙) × tan (𝜙𝜙)) (4.1) 
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Where 𝜏𝜏𝑠𝑠 and 𝜎𝜎𝑛𝑛 stresses are the shear and normal stress acting on the faults, 𝑝𝑝𝑙𝑙 [𝑃𝑃𝑃𝑃] the 

pore pressure in the permeable faults, 𝜏𝜏𝑠𝑠
′𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦  [𝑃𝑃𝑃𝑃] is the effective yield stress, 𝜙𝜙 [𝑟𝑟𝑟𝑟𝑟𝑟] the 

friction angle and 𝑐𝑐 [𝑃𝑃𝑃𝑃] the cohesion. 𝑓𝑓𝑠𝑠𝑀𝑀𝑀𝑀  is commonly noted 𝐶𝐶𝐶𝐶𝐶𝐶 for Coulomb Friction 
Failure. The hydraulic solicitation imposed impacts the pore pressure in faults and the total 
stress on faults (𝜏𝜏𝑠𝑠 and 𝜎𝜎𝑛𝑛) through the change of the rock density above the fault if presence 
of fluid in rock matrix is considered. To highlight the effects of stress perturbation on the fault 
stability, 𝐶𝐶𝐶𝐶𝐶𝐶 is commonly derived in a change of 𝐶𝐶𝐶𝐶𝐶𝐶 denoted Δ𝐶𝐶𝐶𝐶𝐶𝐶 (4.2):  

 
Δ𝐶𝐶𝐶𝐶𝐶𝐶 = Δ𝜏𝜏𝑠𝑠 + (Δ𝜎𝜎𝑛𝑛 + Δ𝑝𝑝𝑙𝑙) × tan (𝜙𝜙) (4.2) 

 
Interestingly, (4.2) highlights that all following phenomena will favour shearing (ΔCFF>0): 
− Increasing shear stresses Δ𝜏𝜏𝑠𝑠 > 0, 
− Decreasing normal stress Δ𝜎𝜎𝑛𝑛 > 0, 
− Increasing fluid pressure Δ𝑝𝑝𝑙𝑙 > 0. 
 
With the computed shear displacements, once the 𝐶𝐶𝐶𝐶𝐶𝐶 is reached in faults, seismic moments 

M0 can be estimated using (Aki, 1966): 
 

𝑀𝑀0 = �𝐺𝐺𝑢𝑢𝑠𝑠𝑑𝑑𝑑𝑑
 

𝑆𝑆
 (4.3) 

 
where: us [m] is the shear displacement and G [Pa] the shear modulus of the rock mass. 
To have a comparison with in situ behaviour, we can compute the seismic moments from 

the local magnitudes of the recorded events. 

4.1.3. Data 

The corner stone of the simulations are the existing data linking the evolution of water level 
and the recorded seismic events during the same period. The evolution of water level is the 
imposed solicitation of the simulations: this can be a recorded data (as for example in the 
Fuveau Gardanne site: green curve in Fig. 4.3.) or can be a forecast evolution (as in Kazimierz 
Juliusz site Fig. 4.4A). The evolution of the number of seismic events recorded within the same 
period will  allow to confront the results of simulation in order to validate the models (blue line 
in Fig. 4.3. and Fig. 4.4B). 
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Fig. 4.3. Events count (blue line) and mine aquifer level (green, asl- above sea level [m]) recorded at the 

Gardanne site (from Dominique et al 2022) 

 

 
Fig. 4.4. A - Flooding plan in the Kazimierz-Juliusz site, and B - Seismic activity recorded (vertical  

axis - M L- local magnitude) 
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The localisation of the seismic events around the mine (Fig. 4.5 as for example in the Fuveau 
Gardanne site) is also an important information to confront the spatiality evolution of the shear 
phenomena simulated.  

 

 
 

Fig. 4.5. Cloud of seismicity at Fuveau during the period 2013-2017 (from Dominique et al., 2022) 

4.1.4. Practical application  

Carried out as part of the PostMinQuake project for the Fuveau Gardanne site, the 
simulations focused on the period from mid-2010 to 2020. Indeed, the recorded seismicity  
(Fig. 4.3) arises after the flooding of the mine (mid 2010) and looks to be correlated to water 
level fluctuations. The results show a clear impact of the increase of the pore pressure in faults 
in the triggering of seismic events: by applying directly the hydrostatic pore pressures variations 
because of water table fluctuations shear displacements occurred in the faults (see the final state 
of simulation in Fig. 4.6). Based on that mechanical response in faults, a sequence of computed 
triggered seismic events is observed and can be confronted to the recorded events (Fig. 4.7). 
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Fig. 4.6. Modelled shear displacements in the faults at the final state (July 2020) for the Fuveau 

Gardanne case 

 

 

a b 
Fig. 4.7. Computed and data-inferred relative seismic moments for Fuveau Gardanne case (with water 

head level in blue): a - cumulated and b - instant seismic moments 

 
For the Kazimierz Juliusz site, simulations have been focused on the flooding phase of the 

mine (increase of the water level in the mining sites). For this site also, the numerical model 
integrates the faults identified around mines (Fig. 4.8). 
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Fig. 4.8. Kazimierz-Juliusz geometry in FLAC3D: a - geological layers, b - faults as assemblies of mesh 

cells and c - fault labeling 
 

From the simulations, it appears (see Fig. 4.9. and Fig. 4.10) that the major characteristics 
and parameters acting on the triggering of seismicity are the mechanical loading state of faults 
(depending on their orientation and the local stress state), the permeability of faults and the pore 
pressure impact due to water level increase. However, the period of availability of seismic data 
is limited and further data is necessary to validate the model. 

 

 
Fig. 4.9. Coulomb friction failure increments at Kazimierz-Juliusz site on fault 1 and 8: when water table 

is raised: A - From -500 m to -400 m ASL, B - From -400 m to -300 m, C - From -300 m  
to -200 m, D - From -200 m to -100 m, and E - From -100 m to 0 m - Refer to Fig. 4.8 for 
localization of faults 1 and 8 
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Fig. 4.10. Histogram of magnitude for post-mining earthquakes generated when water table is raised:  

A - From -500 m to -400 m ASL, B - From -400 m to -300 m, C - From -300 m to -200 m,  
D - From -200 m to -100 m, E - From -100 m to 0 m (vertical axes– number of events) and 
cumulated moment in Nm (F) and cumulated number of these events (G) in function of level 
of water table in m. Dashed line indicates the mean magnitude 

 

From both sites studies, the simulations highlight major parameters and characteristics that 
can explain the triggering of seismicity during the flooding of abandoned mines (Kazimierz 
Juliusz) or during water table fluctuations in a flooded mine (Gardanne Fuveau). The key 
process, with respect to the assumptions and limits of the numerical models, looks to be the 
increase of the pore pressure within the faults, these faults being in a specific mechanical 
loading state (with respect to their orientation and the local stress state). 

The model shows a limit in its ability to reproduce the recorded chronology of seismic 
events with water table fluctuations after the mine flooding. More specifically, the model, in 
Gardanne Fuveau case, failed to reproduce recorded seismic events when the water table goes 
down (see Fig. 4.7). The effect of discharge of the total stress on faults below mining chambers 
because of the overweight variations depending on the mining voids filling (with water) has 
been studied: this effect looks to be insufficient to trigger seismicity and is several order of 
magnitude lower compared to the pore pressure effect. An assumption to explain the delay of 
the seismic events occurrence between recorded and simulated ones could be that the effect of 
the lowering of the water table is delayed, the pore pressure variations in faults does not occur 
immediately. In that case, a real improvement of the numerical model could be to impose pore 
pressure distributions given by a 3D hydraulic model of the mining site able to reproduce 
heterogeneous diffusivity of the rocks and transient hydraulic evolutions. This 3D complexity 
is likely based on the geological observation of the site that highlights the presence of karsts. 
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4.2. Recommendations 

The results of the numerical models for Gardanne Fuveau and Kazimierz Juliusz highlight 
the importance of realising a numerical simulation before the mine closure to anticipate the 
potential effects of this closure on seismicity. These simulations must be focused on modelling 
the main phenomena that may create seismicity. In Gardanne Fuveau for example, it was 
established that what must be considered is the loading state of existing/assumed faults near 
mines and its variation due to hydraulic changes because of flooding and water level 
fluctuations. Nevertheless, some other mechanism can exist and cause seismic events such as 
pillar collapse related to mine flooding.  

In light of the hydro-mechanical simulation results, some generic recommendations can be 
established (Fig. 4.11) to better predict seismicity related to loading state of existing/assumed 
faults near mines and its variation due to hydraulic changes because of flooding and water level 
fluctuations. These recommendations shall be considered in light of the hypotheses, limits and 
needed improvements of the numerical models. So, it is also recommended that the hydro-
mechanical models should be updated if new information becomes available, related to the 
monitoring of seismicity for example. In practice, HM models should be realised before mine 
closure based on seismicity information acquired during the exploitation period. Key 
parameters must be extracted at this step and a monitoring protocol established, as well as 
recommendations on characterization and further modelling. 

 

 
 
Fig. 4.11. Proposed recommendations derived from hydro-mechanical simulations of water level 

variation impact on post-mining seismicity associated with fault zones surrounding mine 
galleries. Recommendations are based on two models from two mining sites, Fuveau 
Gardanne (France) and Juliusz-Kazimierz (Poland) 
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5. SEISMIC HAZARD CONTROL AND PREDICTION OF SURFACE 
ADVERSE EFFECTS5 

Ground vibration caused by mining and post-mining earthquakes can affect surface 
infrastructure reactions, feeling earthquakes by people, and disturb everyday life and can cause 
disruption of the normal use of buildings. To determine the level and effects of post-mining 
earthquakes, it is necessary to know the ground motion parameters in the assessed site. For this 
purpose, seismic monitoring, the ground motion prediction equation (GMPE) and spatial 
variation of ground motions (GM shake- maps) should be developed for the studied areas. The 
intensity of vibrations caused by earthquakes and blast vibrations is quantitatively described by 
numerous empirical scales, but mining-induced seismicity is different from natural earthquake 
(depth, frequency, duration time, PGA (Peak Ground Acceleration)/PGV (Peak Ground 
Velocity) value (Mutke& Dubiński, 2016). To mining and post-mining earthquakes the Mining 
and Post Mining Seismic Instrumental Intensity Scale, MSIIS-22 was developed under 
PostMinQuake and former COMEX projects (Mutke et al., 2015, Deliverable report 5.3 of the 
PostMinQuake project 2022). To use the MSIIS-22 scale, the ground-shaking maps must be 
calculated for the distribution of the peak horizontal velocity PGVH and the seismic intensity 
shake-maps of seismic intensity according to the MSIIS-22 scale. Knowing the distribution of 
instrumental intensity degrees, IMSIIS, the seismic hazard and the dynamic resistivity of 
infrastructures can be evaluated for different typologies of buildings.  

The present chapter of guidelines aims at topics related to seismic hazard and damage 
assessment, providing recommendations for the specific context of post-mining earthquakes. 
Sections focus on seismic hazard control, seismic monitoring, ground motion prediction 
equation (GMPE), earthquake maps, seismic scenario, and MSIIS-22 instrumental intensity 
scale adapted to post-mining earthquakes. 

The elaborated equations and MSIIS-22 scale were verified on the results of post-mining 
seismic monitoring at PostMinQuake testing sites (Primo Doncel et al., 2023). Basic seismic 
data on each testing site are as follows. 

 
5 Authors: Grzegorz MUTKE1), Pierre GEHL2), Adam LURKA1) & Andrzej KOTYRBA1)  
1) CMI, Central Mining Institute, Katowice, Poland.  
2) BRGM, F-45060 Orléans, France. 
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Gardanne testing site: 3 200 post-mining earthquakes in magnitude range from -3 to 3 and 
highest recorded on the BULL station PGV=4.9 mm/s and PGA=550 mm/s2 for an event and 
frequency range of the main phase of GM (Ground Motion) from 1 to 20 Hz. 

Kazimierz Juliusz testing site: 48 post-mining earthquakes in magnitude range from 0.7 to 
2.1 and highest recorded PGV=0.96 mm/s (PGA=65 mm/s2) and frequency range of the main 
phase of the Ground Motion from 1 to 20 Hz. 

Upper Silesia Coal Basin (USCB) - Ostrava-Petrvald testing site: 147 post-mining 
earthquakes in magnitude range from 0.1 to 3.15 and highest recorded PGV=1.2 mm/s and 
frequency range of the main phase of GM from 1 to 20 Hz. 

Main symbols and definitions are presented in the table 5.1. 
 

Table 5.1 
The main symbols and definitions 

fo First harmonic frequency of free vibrations of buildings. 

Re 
Epicentral distance (distance from the epicenter of the mining induced and 
post-mining earthquake). 

R Hypocentral distance (distance from the hypocenter of the mining induced 
and post-mining earthquake). 

tH 

Duration of vibration of the horizontal components of the velocity of the 
ground v, determined between the times when the intensity 

∫ +=
kt

YXkV dttvtvtI
0

22 ))()(()( reaches 5% and 95% of its maximum value. 

ML, M0 Local magnitude, moment magnitude. 
Es Seismic energy of the mining induced and post-mining earthquake. 

PGVH Peak Ground Velocity of horizontal vibrations, determined as the maximum 
length of the horizontal ground vibrations vector. 

Vs Propagation velocity of seismic shear waves. 

Wf 
Vibration amplification (a factor defining amplification or damping of 
vibrations by geological deposit for the characteristic frequency range). 

Intensity of 
vibrations 
( I MSIIS ) 

Categorization and description of the effects of mining and post-mining 
seismic events based on instrumental seismic parameters and macroseismic 
observations in buildings, as well as assessment of the perceptibility of 
vibrations by people (degree of harmfulness S) and the level of the nuisance 
of using buildings. The intensity of the vibrations is expressed in 8 degrees 
on the MSIIS-22 scale.   

S 
Degrees of harmfulness S corresponding to degrees of instrumental intensity 
IMSIIS and depending on the type of building structure and its technical 
condition. 

Structural 
elements of a 

building 

Elements of the load-bearing structure of a building – elements of the 
structure bearing mainly vertical loads of the building. 
Elements of the stiffening structure of a building – elements of the 
structure bearing mainly horizontal loads of the building. 
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Non-structural 
elements of a 

building 

Filling elements of a building – building elements for spatial planning of 
the building, that is non-structural external walls (curtain walls) and non-
structural internal walls (partition walls) of the building.  
Decorative elements of a building – building elements for improving the 
appearance and comfort of using the building, such as facade claddings, 
plasters, wall and ceiling coatings, paint coats, wall, ceiling and floor linings 
made of ceramic tiles, coverings and other linings, suspended ceilings, 
window and door woodwork as well as roof. 
Fitting elements of the building – devices and technical installations fitted 
in the building, including the lifting installations, installations of particular 
media and elements enabling and supporting the use of those media. 

Nuisance Nuisance of using buildings affected by the mining and post-mining 
earthquake area.  

Seismic 
scenario 

The assessment of the probability of exceeding the magnitude of seismic 
mining and post-mining earthquakes, and the average recurrence period. 

Dynamic 
resistance of 

building 

The dynamic resistance of a building is defined by factoring in the potential 
damage it can sustain as a result of ground vibration, where each successive 
level entails a lower resistance of the building to PGVH according to the 
MSIIS-22 scale. 

5.1. Seismic hazard monitoring and control  

The post-mining seismic events can be induced by the collapse of post-mining voids, the 
burst of the old pillars or by activation of tectonic stresses on faults mainly during the flooding 
of closed mines. 

Ground vibrations caused by mining and post-mining induced earthquake can affect the 
reactions of surface infrastructure, can be felt by people, and can cause nuisance in the normal 
use of buildings. To determine the level and impact of coal mining and post-mining seismicity, 
the dedicated Mining and Post-Mining Seismic Instrumental Intensity Scale  (MSIIS-22) can 
be used. 

In the case of shallow seismic events, discontinuous surface deformations (sinkholes, 
fissures) in the future can be expected. In such cases, seismic monitoring allows us to study the 
development of the movement of post-mining seismic events and locate coal pillars in which 
the process of cracking and destruction of pillars takes place. Seismicity induced by changes in 
water level changes and the destruction of shallow coal safety pillars, which can result in the 
formation of a sinkhole.  

Seismic monitoring is the basis for determining the seismic activity, location of seismic 
events, magnitude and/or seismic energy, seismograms/accelerograms, engineering parameters 
of vibrations, and afterwards for development and implementation of indirect methods of 
assessing seismic effects, based on the GMPE empirical relationships.  
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To ensure a high quality of seismic recording and to ensure the possibility of applying 
specialized procedures for processing and interpretation of the results, the number of recorded 
vibrations samples should not be less than 100 samples/ second (100 Hz).   

In post-mining areas, we distinguish regional and local seismic monitoring (Rische et al., 
2023). 

Regional post-mining seismic monitoring 
Regional seismic monitoring is conducted to determine the location of the post-mining 

earthquake foci (or epicenter), magnitude/energy, engineering vibration parameters (PGV, 
PGA), duration time of the main phase of vibrations and mechanism. Seismic monitoring in 
post-mining areas should allow us to create a database including the epicentre location (if 
possible hypocentral location) with errors less than 250 meters and a magnitude from M 0.5 or 
even lower. The measuring sensor should be three-component receivers aligned in mutually 
perpendicular directions (two horizontally and one vertically). The sensor requires installation 
directly in the ground or in small buildings, for which the function of vibration transmission, 
from the soil to the foundation of the object, is close to one in the frequency band from 0.5 Hz 
to 10 Hz. 

Seismic stations should be deployed near strategic infrastructures and allowed to reach the 
best distributed engineering ground motion data in the study area. It is recommended to install 
several sensors in the boreholes to improve the location of the vertical component of the post-
mining earthquake foci. 

At each seismic station, the VS30 shear wave velocity should be recognized and the 
amplification factor should be calculated (Schnabel, 1972). The A, B, C, and D ground type 
according to Eurocode 8 is recommended to designate under each station. 

A map of the thickness of Quaternary deposits (grid map) is recommended to elaborate on 
the study area. Using such a map, it is possible to calculate the analytical amplification effects 
expected in the post-mining study area. The experience from the Upper Silesia Coal Basin 
(USCB) indicates, that the high amplification effect for post-mining and mining induced 
earthquakes is related mainly to quaternary overburden. This is due to the main frequency of 
induced earthquakes (generally ranging between 1 Hz and 10 Hz) and the low shear wave 
velocity in the quaternary deposits. The first resonant frequency of low-velocity Q layers is 
fres1= Vs/4H, and very often is very similar to the frequency of the main phase of post-mining 
earthquakes, in the range of 1-10 Hz. 

Seismic monitoring of post-mining induced earthquakes should provide nonclipped data in 
the range: 

− velocity amplitudes of vibrations (PGV) up to 0.2 m/s, 
− acceleration amplitudes of vibrations (PGA) up to 5 m/s2,  

and ensure  
− the sampling frequency of 100 Hz or more, 
− time duration of seismic events not shorter than 10 seconds in case of triggered data. 
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Digital recordings of mining and post-mining earthquakes should be stored in a database 
with information including: 

− location of the measuring station, 
− date and time of the seismic event, 
− location of the epicenter (hypocenter) of the seismic events, 
− seismic magnitude (seismic energy), 
− VS30 and the amplification effect and/or ground type according to Eurocode 8 under each 

station. 
Engineering parameters of ground motion, such as: 
− PGVH, PGVZ - velocity amplitudes,  
− duration of the horizontal ground motion velocity, tH, 
− PGAH10; PGAZ after filtering out the signal in the frequency range from 0.5 Hz to 10 Hz, 
− fD - main frequency band of the main phase of vibration, reads from spectral analysis, 
− other engineering parameters such as response spectra, Arias intensity, PGA/PGV and 

others are strongly recommended. 
Seismic monitoring carried out for a sufficiently long time allows the development of 

a ground vibration database, which is also used to develop an empirical ground motion 
prediction equation (GMPE). 

Local post-mining seismic monitoring 
Local seismic monitoring is carried out to track the development of seismicity in the area 

of the old shallow exploitation. The analysis of the location of the post-mining shallow 
earthquakes foci indicates the places where the pillars have cracked and the roof rocks collapsed 
in the underground rooms and galleries. Thus, we obtain information about a specific zone of 
hazard of a sinkhole or other discontinuous deformation (Kotyrba & Mutke, 2015).  

In this case, the accuracy of the location of the post-mining earthquake foci should be below 
20 m, and the magnitude level of M 0 or even smaller. Such a micro-seismological network 
should consist of surface and underground stations located in boreholes. 

5.2. Ground motion prediction equation (GMPE)  

To determine the level and effects of post-mining earthquakes, it is necessary to know the 
vibration parameters at the assessed site. For this purpose, a ground motion prediction equation 
(GMPE) and spatial variation of ground motions should be developed for sites. These equations 
relate ground motion parameters, to sets of independent variables connected with the 
characteristic of the source, path, and site (Douglas et al., 2022, Atkinson, 2015).  
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Local site effect conditions can increase Peak Ground Motion Parameters (PGMP) values 
and thus increase the damage risk to infrastructures. In case of the high variability of the 
overburden of weak quaternary layers in analyzed seismic station locations, the GMPE 
equations and resulting shake-maps must take into account the amplification effect. To use the 
intensity scale MSIIS-22, the horizontal Peak Ground Velocity (PGVH) should be calculated. 

An extended GMPE form is proposed to use in post-mining seismicity sites, based on the 
initial equation of Joyner and Boore, including site amplification terms (Joyner & Boore, 1981, 
1993): 

( ) ( )2
1 2 3 4

1
 loglog ( )  i iH

n

i
log c E c E c log RP R c SGV ε

=

= −++ + +∑      (5.1) 

 
where: PGVH - Horizontal Peak Ground Velocity measured in a horizontal plane, log E - 

seismic energy (or seismic magnitude, M), R - effective point-source distance, n - number of 
surface seismic stations, qi - coefficients related to amplification determined with multiple 
regression analyses, Si - set of binary parameters, 1 for soil sites and 0 for rock sites, 𝜀𝜀 - residual 
error described by Gaussian distribution with zero mean and nonzero variance, 𝑐𝑐1 ÷ 𝑐𝑐4 - 
coefficients estimated using multiple regression analysis. 𝑅𝑅 = √𝑅𝑅ℎ2 + ℎ2  is an effective point-
source distance that includes near-source distance saturation effects using effective depth 
parameter h that minimizes the sum of squares of residuals, where Rh - epicentral distance.  

The second approach, used in post-mining areas in France, is the Bayesian regression 
introduced by Kuehn & Abrahamson (Kuehn & Abrahamson, 2018), which estimates the 
posterior distribution of the predictor variables, as well as the values of the standard deviations 
τ, σSS, and σS2S, and the values of the event terms and station terms for each event and station. 
It allows us to take into account measurement uncertainty in predictor variables, such as 
magnitude, in the development of a GMPE. 

5.3. Shake-Maps  

When an earthquake is detected (along with its characteristics, such as magnitude, epicenter 
location, and depth), the application of a GMPE provides estimates of the distribution of 
ground-motion parameters around the epicenter (shake-map of PGV). Then, observations 
recorded during the induced earthquake (i.e., ground-motion measurements and macroseismic 
intensities) are collected. The latter result is called a shake-map (Wald et al., 1999), which is an 
estimate of the ground motion usually in the form of intensity measures. 

Depending on geological site characteristics, the number of seismic stations in the observed 
area and the number of post-mining earthquakes, two approaches are recommended to develop 
shake-maps. 
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1) Using the GMPE model on firm ground type A (Eurocode, EC8), the peak horizontal 
ground motion velocity, and shake- map of PGVH, can be estimated using the following 
formula (Mutke 2019):  
 

PGVH = PGVHrock · Wf(f1-fn)         (5.2) 
 

where: Wf(f1-fn) - amplification factor in the time domain for dominant frequency 
bandwidth (generally 1-10 Hz, but should be studied on site) - calculated as average 
values for the frequency range (Mutke & Dworak,1992; Dubiński et al., 2020),  
PGVHrock - peak horizontal ground motion velocity on firm rock (soils class "A" 
according to EC8). This model was used at the Kazimierz Juliusz testing site in the 
PostMinQuake project. This model is suitable in case of not too many seismic stations 
and of high variability of the Q overburden, as is the case in Polish and Czech testing 
sites (Mutke. & Holecko, 2012, Dubiński et al., 2020).  

2) Applying the Bayesian shake-map approach introduced by Gehl et al. (Gehl et al., 2017), 
which is based on the updating of spatially correlated Gaussian fields. In this case, 
information about PGVH or PGAH10 recorded at large number of seismic stations is 
required. 

An example of the PGVH and intensity IMSIIS shake-maps elaborated based on the Mining 
Seismicity Instrumental Intensity Scale (MSIIS-22) in the Kazimierz Juliusz post-mining area 
of the Polish testing site, is presented in Fig. 5.1 (Deliverable report 5.3 of the PostMinQuake 
project, 2022).  
 

 
 
Fig. 5.1. PGVH shake-map for all post-mining seismic events recorded at the Kazimierz Juliusz (KJ-

Poland) testing site from January 2018 to July 2022, using the GMPE equation developed for 
hard soils (class A according to Eurocode 8) and the distribution of the amplification factor in 
the KJ testing site. The case was calculated for the 84th percentile - (on the left site). Intensity 
shake-map for all post-mining seismic events recorded at the KJ testing site from January 2018 
to July 2022, using the PGVH predicted for the 84th percentiles (on the right site) 
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An example of the PGVH and intensity IMSIIS shake- maps elaborated based on the Mining 
Seismicity Instrumental Intensity Scale (MSIIS-22) in the Gardanne post-mining area of the 
France testing site, is presented in Fig. 5.2. 
 

 
 

Fig. 5.2. PGVH shake- map for the post-mining earthquake of April 19th 2019, using observations from 
13 stations. Projection system EPSG:27573(left). Intensity shake-map (MSIIS-22 scale) for the 
post-mining earthquake of April 19th 2019, using observations from 11 stations. Projection 
system EPSG:27573 (right) 

5.4. Seismic scenario  

The assessment of the probability of exceeding the magnitude of seismic mining and post-
mining earthquake, and the average recurrence period, is determined based on statistical 
distributions of extreme values (e.g., Gumbel III distribution). The most important parameter 
characterizing the seismic risk, assuming knowledge of the distribution function G(x) = P{X < 
x}, is the so-called seismic hazard R(x), determining the probability of mining and post-mining  
earthquake with a seismic magnitude x or higher, during time intervals D, expressed by the 
formula (Kijko, 1982, 1983) (5.3): 

 
RD(x) = 1 - GD(x)          (5.3) 

 
and predicted the average recurrence period T of the induced earthquake for the third 

Gumbels distribution with magnitude x (5.4): 
 

T(x) = 1 / (1 - G(x))         (5.4) 
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The probabilistic seismic scenario can be determined in a specific area, when the seismic 
database used for calculations meets the condition of similarity of geological, tectonic, 
geotechnical, and hydrogeological conditions, inducing seismicity in the area of research. 

5.5. Seismic hazard assessment using the Mining and Post-Mining Seismic 
Instrumental Intensity Scale (MSIIS-22)  

The Mining and Post-Mining Seismic Instrumental Intensity Scale (Deliverable report 5.3 
of the PostMinQuake project, 2022) ), was elaborated, based on the MSIIS-15 scale developed 
under  the project COMEX (Deliverable report 1.4 of COMEX project, 2015) and GSIS-2017 
scale developed in Central Mining Institute (Mutke 2019), and is applied to assess the impact 
of vibrations caused by mining and post-mining earthquakes   on buildings, the perceptibility 
of vibrations by people, the nuisance level of using buildings and empirical dynamic resistance 
criterion for buildings. 

The application of the instrumental intensity IMSIIS requires determining appropriate 
parameters of velocity ground motion and duration of vibration: 

− the maximum amplitude of horizontal vibrations velocity PGVHmax, designated as the 
resultant of the horizontal maximum of vector length, 

− duration of the horizontal ground motion velocity, tH: The duration of the horizontal 
ground motion velocity is calculated from the integral of the sum of the squares of 
horizontal velocities in the x and y directions.  

Those parameters can be determined based on: 
− the direct instrumental seismic record of vibrations, 
− the forecast values for the designed exploitation, determined based on the local 

empirical formula (GMPE). 
 
The short form of the MSIIS-22 scale is intended to give a very generalized view of the 

scale and is presented in Table 5.2 and Table 5.3. 
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Table 5.2 
Short form of the Mining and Post-Mining Instrumental Intensity Scale MSIIS-22  

(more details in Deliverable 5.3 of the PostMinQuake project, 2022) 
MSIIS-22 
Degrees of 

seismic 
instrumental 

intensity 
IMSIIS 

Vibration velocity (mm/s)  Perceived shaking The potential 
damage to 
buildings 

Degrees 
of the 

harmfulne
ss of 

vibrations 
in 

buildings 
S 

short time 
duration 
impact 

(t≤1.5 s) 

long-time 
duration 
impact 
(t>1.5s) 

I <1 <1 Not felt or very weak 
felt 

none S1 

II 1-5 1-5 weakly felt or felt 
indoors 

none S2 

III 5 - 20 5 - 10 Felt indoors by many 
people, and outdoors by 
few. The dishes rattle, 
and the hanging objects 
begin to swing. 

none S3 

IV 20 - 40 10 - 25 Felt strongly indoors by 
many people. Weak 
shaking of the entire 
building. Open 
windows and doors may 
close. 

Intensification of 
existing damages 

S4 

V 40 - 60 25 - 40 Felt strongly by most 
people. Many people are 
frightened and run 
outdoors. The furniture 
may be moved. The 
rocking of the whole 
building. 

Damage to 
decorative 
elements. Fall of 
plaster pieces. 
Hair-line cracks in 
walls. Failure of 
partitions or gable 
walls  

S5 

VI 60 - 90 40 - 60 Felt very strongly by 
most people. Most 
people are frightened 
and try to run outdoors. 
A few people lose 
balance. Objects fall 
from shelves in large 
numbers. 

Slight single 
structural damage. 
Chimney fracture 
at the roof line. 
Large cracks in 
most walls, Failure 
of gable walls 

S6 
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VII 90 - 160  60 - 100 Most people have a 
problem with balance. 
Fear and panic. In single 
cases, heavy objects, 
such as television sets 
and furniture, can fall. 
Objects fall from 
shelves in a large 
number 
 

Vibrations can 
damage the 
structural elements 
of buildings. The 
collapse of the 
chimney. Seismic 
event significantly 
reduces their 
dynamic 
resistance, when 
the low-frequency 
range of the main 
phase of 
horizontal 
vibrations, f <5 Hz 
take place. The 
stability of 
buildings is not 
threatened.  

S7 

VIII > 160 >100 The whole building 
sways and creaks, and 
furniture can move, 
sway, and overturn. 
People are very scared 
and run outside, most of 
them lose their balance. 
There is a danger to 
people outside the 
building - falling tiles, 
cornices, bricks from 
chimneys, and gable 
walls. Nuisance is 
unacceptable for 
buildings tenants. 

Damage to 
structural elements 
threatening 
the stability of the 
structure. Ground 
motion can cause 
very large damage 
to the most 
severely stressed 
elements of 
building 
structures. 
Vibrations are 
particularly 
dangerous in the 
low-frequency 
range of the main 
phase of horizontal 
vibrations, f <5 
Hz. 

S8 

 
The following classes and sub-classes of buildings were distinguished from the observations: 
Masonry buildings (I) 
− simple stone masonry (I-A) 
− unreinforced brick masonry (I-B) 
− unreinforced brick masonry with RC floor (I-C) 
− reinforced masonry (I-D) 
Reinforced concrete wall structures buildings (II) 
Reinforced concrete frame buildings (III) 
The effects of vibration harmfulness expressed with the degree of harmfulness S, assigned 

to the instrumental measurement levels of the IMSIIS seismic intensity, are different for different 
building structures and their technical conditions (Table 5.3).  
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         Table 5.3 
Relation of the degrees of the instrumental measurement intensity IMSIIS with the  

degrees of harmfulness S depending on the type of building structure and its  
technical conditions 

MSIIS-22 
Degrees of 

seismic 
instrumental 

Intensity 
 IMSIIS 

Masonry 
buildings (I): 
Simple stone 

masonry (I-A) 
Unreinforced 

brick masonry  
(I-B) 

Unreinforced 
brick masonry 
with RC floor 

(I-C) 

Reinforced 
concrete wall 

structures 
buildings (II) 

and 
Reinforced 

masonry (I-D) 

Reinforced 
concrete frame 
buildings (III) 

Buildings in poor 
technical 

conditions 

Buildings in good technical condition  
Degrees of harmfulness S corresponding to degrees of instrumental intensity IMSIIS 

I S1 S1 S1 S1  
II S2 S2 

S2 S2-S3 
III S3 S3 S4 
IV S4 S3 S4 S5 
V S5 S4 S5 S6 
VI S6 S5 S6 S7 
VII S7 S6 S7 S8 
VIII S8 S7 S8 Strong S8 

 
It is assumed that if the IMSIIS-22 intensity meets the conditions of  conditions of IMSIIS-22 

<I – III> the resistance of buildings in good technical conditions is sufficient to transfer the 
impact of post-mining earthquake, without any visible structural element and finishing element 
damage. 

The assessment of the levels of nuisance for buildings used by people, affected by post-
mining earthquakes can be carried out according to the criteria presented in Table 5.4. 
 

Table 5.4 
Levels of nuisance for used buildings 

Inconvenience Disruption of normal 
use 

Perceiving the mining 
earthquake by people IMSIIS-22 intensity 

Imperceptible Practically does not 
occur Negligible I - II 

Small Insignificant Noticeable III 

Medium Hinder the usage Rising adverse reactions IV - V 

High 
Interruptions in use may 

occur 
 

Annoying and fear VI-VIII 
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5.6. Empirical dynamic resistance criterion for buildings per the MSIIS -22 scale 

The dynamic resistance of a building is defined by factoring in the potential damage it may 
sustain as a result of ground vibration. The MSIIS – 22 scale includes descriptions of building 
damage assigned to the individual vibration intensity degrees; dynamic resistance levels can 
therefore be determined in close connection with this scale. 

Definitions of dynamic resistance for buildings 

Five levels of dynamic resistance are defined within the MSIIS-22 scale, determined 
according to the possible mining and post-mining earthquake effects that may occur as 
described in the scale, where each successive level entails a lower building resistance to 
earthquakes: 

Full dynamic resistance – entails the ability to assume additional forces generated in the 
building as a result of mining and post-mining induced earthquakes without the occurrence of 
visible structural element and finishing element damage. 

Partial – high dynamic resistance – entails the ability to assume additional forces 
generated in the building as a result of mining and post-mining earthquake effects with 
acceptable non-structural and finishing element damage. 

Partial – acceptable dynamic resistance – entails the ability to assume additional forces 
generated in the building as a result of mining and post-mining earthquake effects without 
building stability loss and without structural element load capacity and rigidity loss. Non-
structural and finishing element damage may occur (including major damage) as well as single 
structural element damage. 

Partial–conditional dynamic resistance – entails a state where additional forces generated 
in the building as a result of mining and post-mining earthquakes provoke structural element 
damage, which influences the safety of the building structure. The upper limit of this state is 
determined by the critical load capacity of the weakest structural element.  

Unacceptable dynamic resistance – very poor data set up till now. 
The dynamic resistance of buildings depends on their geometric and structural-material 

properties and technical condition. The dynamic resistance levels, referenced to the MSIIS-22 
intensity for buildings with various structures and in good technical condition, are presented in 
graphically in Table 5.5. 
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Table 5.5 
The levels and thresholds of the empirical dynamic resistance according to  the MSIIS-22 

scale for buildings in the good technical condition 

 Buildings in good technical condition  

Degree of 
measured 

seismic 
intensity 

(MSIIS-22) 

Masonry buildings (I): 
Simple stone masonry 

(I-A)  
Unreinforced brick 

masonry (I-B) 
Unreinforced brick 

masonry with RC floor 
(I-C) 

Reinforced 
concrete wall 

structures 
buildings (II) 

and 
reinforced 

masonry (I-D) 

Reinforced 
concrete frame 
buildings (III) 

 

Dynamic resistance levels  
I full full full  
II full full full  

III full full full 
Harmless vibration 
threshold 

IV high full high  

V acceptable high acceptable  

VI conditional acceptable conditional  

VII conditional conditional conditional Structural safety 
threshold 

VIII unacceptable unacceptable unacceptable  
 

Dynamic resistance levels, referenced to the MSIIS-22 intensity for buildings in a poor  
technical conditions, are presented in graphic form in Table 5.6. 

 
Table 5.6 

The levels and thresholds of the empirical dynamic resistance according to the MSIIS-22 
scale for buildings in  poor technical condition 

 Buildings in bad technical conditions  

Degree of 
measured 

seismic 
intensity 

(MSIIS-22) 

Masonry buildings (I): 
Simple stone masonry 

(I-A)  
Unreinforced brick 

masonry (I-B) 
Unreinforced brick 

masonry with RC floor 
(I-C) 

Reinforced 
concrete wall 

structures 
buildings (II) 

and 
reinforced 

masonry (I-D) 

Reinforced 
concrete frame 
buildings (III) 

 

Dynamic resistance levels  
I full full full  

II full full full 
Harmless vibration 
threshold 

III high full high  
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IV acceptable high acceptable  
V conditional acceptable conditional  

VI 
conditional conditional conditional 

Structural safety 
threshold 

VII  
VIII unacceptable unacceptable unacceptable  

 
Five levels of dynamic resistance defined within the MSIIS-22 scale, are determined 

according to the possible mining and post-mining earthquake effects that may occur as 
described in the scale, where each successive level entails a lower building resistance to 
aforementioned earthquakes. Checking the dynamic resistance of the building consists in 
demonstrating that the value of the building resistance measure determined as a criterion 
according to the MSIIS-22 scale is not lower than the maximum d horizontal vibration velocity 
PGVH in the building foundation. 

5.7. Recommendations and conclusions 

The assessment of seismic hazards in post-mining areas is inextricably linked to the 
appropriate monitoring of induced seismicity. The proposed rules for conducting seismic 
observations on a regional scale to assess seismicity and engineering parameters of surface 
vibrations, and on a local scale to assess the locations of potential sinkhole zones. 

To determine the level and effects of post-mining earthquakes, it is necessary to know the 
vibration parameters at the assessed site. For this purpose, ground motion prediction equations 
(GMPE) and spatial variation of ground motions for sites were recommended. These equations 
relate ground motion parameters, to sets of independent variables connected with the 
characteristic of the source, path and site. 

Depending on the characteristics of the geological site, the number of seismic stations in 
the observed area and the number of post-mining earthquakes, two approaches can be 
recommended (see Section 5.3) to develop PGVH shake- maps and MSIIS-22 intensity shake-
maps. 

To assess the intensity of mining and post-mining earthquakes, the MSIIS-22 instrumental 
intensity scale was developed in the PostMinQuake project, using the parameter of Horizontal 
Ground Motion Velocity PGVH, vibration duration, and vibration frequency. 

The effects of vibration harmfulness expressed with the degree of harmfulness S, assigned 
to the instrumental measurement levels of the IMSIIS seismic intensity, are different for different 
building structures and their technical condition. 
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The assessment of the levels of nuisance for used buildings by people, affected by post-
mining earthquakes was elaborated in the MSIIS-22 scale as well. 

The MSIIS-22 intensity scale allows for an empirical assessment of the resistance of 
buildings to mining and post-mining earthquakes. Comparison of the dynamic resistance of 
buildings, taking into account the type of building and its technical condition, with the IMSIIS 
forecast of instrumental intensity levels from post-mining earthquakes, allows for the 
assessment of the safety of transferring dynamic impact through buildings.    

The observations on testing sites in Gardanne, Kazimierz Juliusz, and Ostrava-Petrvald  
positively verify the operation of the MSIIS-22 scale, according to which the vibrations were 
at maximum intensity level of degree III. The seismicity forecast made in the PostMinQuake 
project for the Kazimierz Juliusz testing site indicates the possibility of an increase in seismic 
hazard as the water table is further reconstructed. 
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6. DAMAGE ASSESSMENT OF POST-MINING EARTHQUAKES ON 
BUILDINGS AND INFRASTRUCTURE6 

As a result, a growing body of literature has started to look into the damaging potential of 
induced earthquakes and the specificities of associated ground-motion records. However, most 
of the relevant studies in the literature are related to on-going exploitation processes that trigger 
seismic events, such as shake gas exploitation by hydraulic fracturing (Edwards et al., 2021; 
Cremen & Werner, 2020), hydraulic stimulation of geothermal wells (Broccardo et al., 2020), 
geological carbon storage (Templeton et al., 2021) or natural gas production (Crowley et al., 
2019). Risk analyses related to mining induced seismicity are much scarcer. Camelbeek et al., 
2022 have reviewed the damaging potential of past mining earthquakes in the Hainaut coal 
basin (Belgium), through the analysis of macroseismic intensities in the EMS-98. An analysis 
of more recent damage due to mining earthquakes in Upper Silesia Coal Basin (Poland) has 
been performed by Pilecka et al. (2021): the authors have identified multiple damaged buildings 
in the epicentral zone of a ML (local magnitude) 3.6 mining induced event, examining the 
severity of the damages in light of the Mining Seismic Instrumental Intensity Scale  
(MSIIS-15 – Mutke et al., 2015).  

While the differences between natural and induced ground motions in terms of structural 
response are not systematically evidenced (e.g., Whyte & Stojadinovic, 2014; Bal et al., 2018), 
specific tools (i.e., vulnerability models, damage scales) should still be carefully considered, in 
order to account for recurring low-magnitude, low-depth seismic events. Therefore, the present 
chapter aims at exploring the state-of-the-art approaches for vulnerability and damage 
assessment, while providing recommendations for the specific context of post-mining 
earthquakes. The section 6.1 focuses on the main vulnerability assessment approaches that have 
been developed for natural earthquakes. Then, in the section 6.2, a macroseismic scale adapted 
to mining earthquakes is introduced and discussed. These approaches are then applied to 
illustrative damage scenarios in the section 6.3, before final conclusions and recommendations 
in the section 6.4. 

 

 
6 Authors: Pierre GEHL1), Caterina NEGULESCU1) & Johanna VIEILLE1) 
1) BRGM, F-45060 Orléans, France. 
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6.1. Application of seismic fragility models 

The damage assessment of a given structure is usually performed thanks to a fragility model, 
which represents the probability to reach or to exceed a given damage state, for a given level of 
ground shaking. Usually, damage states are defined by a consistent damage scale that describes 
a gradation in the severity of the sustained damages, e.g. from no damage to complete 
destruction. In the case of natural earthquakes, a reference scale is the European Macroseismic 
Scale EMS-98 (Grünthal, 1998), which contains six discrete states: DS0 – no damage, DS1 – 
negligible to slight damage, DS2 – moderate damage, DS3 – substantial to heavy damage,  
DS4 – very heavy damage, DS5 – destruction. In general, the evaluation of the functional form 
of the fragility model (i.e., the relationship between the ground shaking level and the probability 
of damage) is done by exploiting results of numerical simulations (i.e., structural models 
subjected to external loadings) or empirical data (i.e., damage datasets from past mining 
earthquakes).  

Alternatively, the Risk-UE Level 1 method, a semi-empirical vulnerability approach based 
on the EMS-98 framework, has been developed by Lagomarsino & Giovinazzi (2006) as an 
outcome of the Risk-UE project (Milutinovic & Trendafiloski, 2003). This method relates 
intensity, vulnerability and average damage level μD using the equation below. It is based on 
several concepts:  

1) The macroseismic intensity IEMS-98, which is used as an intensity measure. 
2) Vulnerability classes and semi-empirical mean vulnerability functions based on 

Damage Probability Matrices (DPM). 
3) A damage distribution (beta distribution), relating the mean damage µD to probabilities 

of being in each of the EMS-98 damage states. 
The association of a building with a specific vulnerability class is defined by a vulnerability 

index. The index values are arbitrary as they only represent a score that quantifies the seismic 
behaviour of a building. The vulnerability index ranges from 0 to 1. Values near 1 represent the 
most vulnerable buildings. Values close to 0 are buildings with a high level of seismic design. 
The average damage level μD is then defined as follows (6.1): 

 

 
(6.1) 

 
Recently, a large research effort has been dedicated to the hazard, risk and loss analysis of 

the Groningen area (Netherlands), due to seismicity induced by natural gas exploitation. As 
a result, a set of fragility models have been specifically developed for the building typologies 
present in the area. While this type of induced seismicity is not directly comparable to the 
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seismicity due to post-mining (neither in terms of magnitude ranges nor in terms of trigger 
mechanisms), it remains interesting to identify related fragility models and the way they have 
been assembled. In Crowley & Pinho (2020), based on experimental tests for the calibration of 
structural properties of the Groningen building stock, numerical models have been developed 
and subjected to non-linear dynamic analyses. As a result, fragility models are available for 35 
building typologies or vulnerability classes (i.e., unreinforced masonry buildings, cast-in-place 
concrete and prefab buildings, timber and steel frame buildings). The selected intensity measure 
is  the average of spectral accelerations over a range of periods (between 0.01 and 1.0 s). Several 
damage states are covered by the fragility models: 

− damages states DS2 (minor structural damage) and DS3 (significant structural damage), 
which are comparable to the EMS-98 damage scale, 

− collapse states CS1, CS2 and CS3 (from partial collapse to global collapse). 
Other versions of analytical fragility functions for unreinforced masonry and reinforced 

concrete buildings in Groningen (7 vulnerability classes) have been proposed by Crowley et al. 
(2019). Regarding non-structural damage (damage state DS1 according to EMS-98), (Crowley 
et al., 2019) have applied an empirical approach, by using observed damage data from past 
events in the Groningen area, for 3 typologies, namely farmhouses, low-rise unreinforced 
masonry housing pre-1940, and low-rise unreinforced masonry housing post-1940. Finally, 
another study by Crowley et al. (2018) has dwelt on the threat posed by falling chimneys. 
Therefore, the authors have recommended applying chimney fragility functions that have been 
empirically derived by Taig & Pickup (2016) for the Groningen area. These functions take the 
form of probability bands of chimney failure, for various ranges of Peak Ground Acceleration 
(PGA). 

From this brief review of existing methods and models, it appears that conventional models 
may be applicable to the case of induced earthquakes, theoretically. However, several points 
may require additional care and improvement: 

− The studied areas may not coincide with areas usually exposed to natural seismicity, 
with different typology distributions (e.g., presence of highly vulnerable structures or 
non-seismically designed buildings). 

− There is a need to focus on lower damage grades, related to non-structural elements. 
− Due to the reduced area of the earthquake impacts and the relatively short history of 

induced seismicity, the lack of empirical data prevents an extensive calibration of 
existing fragility models. 
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6.2. A macroseismic scale adapted to mining and post-mining earthquakes 

Alternatively, the latest version of the Mining Seismic Instrumental Intensity Scale (MSIIS-
22- refer to the chapter 5), which is based on MSIIS-15 (Mutke et al., 2015) and on damage 
data collected in Upper Silesia Coal Basin (Poland) during mining earthquakes, follows 
a similar framework as EMS-98, in terms of: 

1) Definition of a macroseismic intensity IMSIIS-22 (eight discrete levels from I to VIII), 
which is estimated from a direct relationship to Peak Ground Velocity (PGV). 

2) Definition of six building vulnerability classes: 
− Masonry buildings (I): Unreinforced brick masonry (I-B) and Unreinforced brick 

masonry with RC floor (I-C). 
− RC wall structures buildings (II) and reinforced masonry (I-D). 
− Reinforced concrete frame buildings (III). 
− The three classes above are further divided into buildings in “good “ or “poor” 

technical condition, amounting to six classes in total. 
3) A qualitative damage scale, relating IMSIIS-22 to damage severity for the various 

vulnerability classes. 
Compared to EMS-98, the MSIIS-22 scale only contains eight intensity degrees and it does 

not reach complete structural damage (i.e., the highest damage grade is described as ‘damage 
to structural elements threatening the stability of the structure’). Instead, the lowest grades focus 
on the expansion of pre-existing damages such as the extension of hairline cracks. This 
observation is in line with the need to use vulnerability and damage models that are consistent 
by low magnitude of mining earthquakes. 

Another difference between the two macroseismic scales lies in the determination of 
macroseismic intensity. In MSIIS-22, the intensity degrees are directly defined by PGV 
intervals (i.e., similar to instrumental intensity), while the link between PGV and IEMS-98 is 
usually ensured by empirical ground-motion intensity conversion equations (GMICE). A brief 
comparison between the PGV levels that would lead to corresponding macroseismic intensity 
degrees shows that, for lower intensity degrees, there is almost one degree of discrepancy 
between IEMS-98 and IMSIIS-22 (with IMSIIS-22 corresponding to higher PGV values): this difference 
should be further investigated.  

6.3. Application to damage scenarios 

In order to illustrate the use of the aforementioned models, damage scenarios are performed 
on the Gardanne Coal Basin (France). To this end, the post-mining induced earthquake of  
April 19th 2019, (moment magnitude Mw 1.7) is considered, for which a shake-map in terms of 
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PGV is estimated. Based on this event’s data and on the building exposure dataset in the 
surrounding municipalities (i.e., distribution of building typologies at the level of IRIS 
(Incorporated Research Institutions for Seismology) zones, which are statistical spatial units 
below the municipal level), three damage assessment methods are applied, as shown in Fig. 6.1: 

1) Method A: use of macroseismic intensity IEMS-98 and of the Risk-UE Level 1 method to 
get distributions of EMS-98 damage grades (D1: negligible to slight damage; D2: 
moderate damage). 

2) Method B: direct application of the definition of the IMSIIS-22 scale, which introduces 
levels of remaining structural dynamic resistance (from ‘Full’ to ‘Unacceptable’) for the 
different intensity degrees and building types. In particular, the level ‘High dynamic 
resistance’ (as opposed to ‘Full’) is relevant in the induced seismicity context, because 
it implies that the structure has started to get solicited by the ground-motion loading, but 
without leaving the elastic state. 

3) Method C: use of macroseismic intensity IMSIIS-22 and adaptation of the Risk-UE Level 
1 method to empirical damage data from Upper Silesia coal basin (Poland) to fit mean 
vulnerability functions based on Damage Probability Matrices. Distributions in terms of 
MSIIS-22 damage grades (S4: intensification of existing damages; S5: damage to 
decorative elements) are obtained. 

As the impacts of the scenarios are very low, it is more relevant to spatially represent 
a qualitative gradation of the represented indicators. Thus, a distinction is made within the IRIS 
zones regarding a lower (pale color) or higher (dark color) sensitivity to these damage levels. 
As the intensities (both EMS-98 and MSIIS-22) estimated are very low, the resulting level of 
damage is negligible as well. Almost all of the residential buildings present no damage. The 
rest of the buildings (a non-significant percentage) is mainly associated with non-significant 
damage. These findings are in line with the actual impact of this earthquake, since no damages 
have been reported across the area, making it difficult to spot any significant difference between 
the damage scales for this range of intensities. 
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Fig. 6.1. Damage scenario results of the April 19th 2019, post-mining earthquake (Mw 1,7) using method 
A (based on EMS-98 intensity), methods B and C (based on MSIIS-22 intensity). The 
”gradation of damage” shown in the figure is statistically meaningless (variations of very small 
fractions of percentages), and it is just shown here to illustrate the ability to rank the various 
exposed built areas. Map A represents the gradation of buildings where the risk of damage 
ranges from negligible to slight, map B represents the risk of damage gradation for buildings 
with high dynamic resistance, map C represents gradation of zones where can occur 
intensification of existing damage or can occur new damage to decorative elements 
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6.4. Recommendations and conclusions 

According to the available literature, there is no strong evidence of differences in terms of 
destructive potential or damage mechanisms between natural and induced ground motions. 
Conventional vulnerability and damage assessment methods based on the well-established 
EMS-98 framework have been applied to several risk analyses in induced seismicity contexts, 
without any major challenge. The main issue, however, pertains to the consideration of very 
low damages, such as the intensification of existing damages or the damage to decorative 
elements, which are frequent in the case of recurring low-magnitude induced earthquakes. The 
newly developed MSIIS-22 scale constitutes a promising alternative regarding this matter: yet, 
further calibration with more empirical damage data, preferably from additional coal basin 
areas, would be required before a consistent application of this framework. 

Finally, whatever the fragility or the vulnerability approach chosen, the main steps needed 
to perform a damage scenario remain mostly the same: 

− Estimation of the ground shaking field around the earthquake epicenter (e.g., 
distribution of ground-motion parameters via a shake-map). 

− If needed, conversion of ground-motion parameters (e.g., PGV) into macroseismic 
intensity (IEMS-98 or IMSIIS-22). 

− Inventory of building typology distributions, for some predefined spatial zones (e.g., 
contour of municipalities, or higher resolution if available). 

− For each zone, application of the fragility or vulnerability models of choice and 
aggregation of damage distribution statistics. 
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7. MONITORING STRATEGIES FOR SAFETY USE OF POST-MINING 
TERRAINS7 

Underground mining operations are performed producing substantial structural and stress 
changes in the shallow underground. It is well known that mining can be accompanied by 
surface and underground deformation processes as well as seismicity. Such hazards are still 
present during the post-mining time period, i.e. after the closure of underground mines. 

Underground instabilities of mine structure, formation and failure of deep cavities, fault 
friction reduction in response to mine flooding and triggering of local post-mining earthquakes 
are all processes which can take place during post-mining. The identification of such processes, 
their full understanding and discrimination and their modelling is possible, but still very 
difficult and challenging. A major challenge is the lack of underground monitoring, as 
underground facilities are generally no longer safe or accessible after the mines closure. 

In the frame of the PostMinQuake project were investigated seismic and aseismic processes 
in former European mines to derive some monitoring guidelines and general recommendations 
towards surface monitoring of post-mining sites. 

Understanding physical processes at former mines requires a multi-disciplinary monitoring, 
which is able to capture both seismic and aseismic processes and both shallower and deeper 
ones. Such monitoring should include at least the following components, whose contributions 
are discussed in the following sections: 

− Near-surface geophysics (Section 7.1). 
− Gravity (Section 7.2). 
− Seismology (Section 7.3). 
− Surface deformation (Section7.4). 
− Hydrology (Section 7.5). 

 
7 Authors: Simone CESCA1), Peter NIEMZ 2), Michael FOUMELIS3),4), Pascal DOMINIQUE4),  
Marcello Di MICHELE4), Andrzej KOTYRBA5), Grzegorz MUTKE5), Violetta SOKOŁA-SZEWIOŁA6), 
Zbigniew SIEJKA6), Paweł SOPATA6), Piotr BAŃKA6), Patrycja JARCZYK6) 
1) GFZ, Potsdam, Germany. 
2) GFZ, Potsdam, Germany (at present University of Utah, USA). 
3) Department of Physical and Environmental Geography- Aristotle University of Thessaloniki (AUTh), 
Thessaloniki, Greece. 
4) BRGM,  F-45060 Orléans, France. 
5) CMI, Central Mining Institute, Katowice, Poland. 
6) SUT, Silesian University of Technology, Gliwice, Poland. 
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General and method specific recommendations are summarised at the end of the chapter 
(Section 7.6). 

7.1. Temporary near-surface geophysical surveys 

The intensity of hazard of the surface deformation during the mine flooding process depends 
on the structure of the geological strata. These are not a continuous medium, but a set of rock 
blocks separated by tectonic discontinuities. In some regions, the coal seams and hard rock 
bodies are covered by sediment layers with variable thicknesses. Studies on the behaviour of 
post-mining landscapes show that the probability of surface deformation is high in areas of 
shallow exploitation of minerals and faults. In shallow exploitation regions, we can expect 
surface deformation processes, such as formation of sinkholes or subsidence throughs. In 
faulted zones, we can expect linear deformation of the surface (steps) or fissures, that can form 
a set of morphologically separated regions, partly undergoing uplift and/or subsidence. The 
rock mass near a central faulting plane is usually fissured. The detailed structural characteristics 
of the fissures are very important to constrain mechanical models and to assess the subsurface 
deformation hazard. 

The structural characterization of fissuring processes in faulting zones can be inferred from 
temporary geophysical surveys. A long-term observation of the post-mining deformation 
patterns is crucial for shallow exploitation mining, especially in regions where the ratio between 
the primary mining void depth (h+hn) and its height (g) is lower than 10 (Fig. 7.1). Those 
regions are the most prone to the occurrence of sinkholes. The void migration ratio, usually 
denoted as Z, can be used as sinkhole hazard indicator, providing a proxy for the length of the 
void travel path to the surface (Kotyrba, 2005; Didier, et al., 2008). 
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Fig. 7.1. Model of mining and post-mining voids embedded in the rock mass in regions of a shallow 

room and pillar mining (hz - the height of caved rock, g - primary void height, h - thickness of 
rock, hn - thickness of soil) 

 

Due to various geotechnical conditions, which can be found in specific regions, the void 
migration ratio can change within wide limits. Post-mining rock mass can present two kinds of 
voids: primary (galleries, roadways, not collapsed chambers) and secondary ones (voids over 
collapsed regions in the rock mass). The process of transformation of the primary void to 
a secondary one is dynamic and more likely to occur during the flooding process. This justifies 
the need for periodical geophysical surveys in areas of high sinkhole deformation hazards. 
Modelling and interpretation of geophysical data from those surveys allow for mapping  the 
position of voids in the rock mass. This applies in particular to gravimetric, electro-resistivity 
and seismic measurement data. 

Data from temporary geophysical surveys supplemented by test borehole results can be used 
to discriminate among the presence of primary and secondary voids and to estimate their 
dimension. This, in turn, enables a progressive update and re-quantification of the related threat. 

For example, the analysis of seismological data collected in the PostMinQuake project 
allowed us to infer that seismic signals recorded at the Kazimierz-Juliusz mine were mostly 
induced by the collapse of post-mining voids left in geological strata. If these events occur at 
depth, only the resulting ground shaking can pose a threat at the surface. Conversely, shallow 
collapses may additionally produce a significant surface deformation. Since each of these 
events contribute to changing the internal structure of the rock mass, it is mandatory to 
repeatedly perform geophysical surveys and to repeatedly analyse seismic data, which enable 
monitoring temporal changes in the former mining structure and the near-surface strata. The 
behaviour of these relatively thin layers in most cases controls whether local deep processes in 
the rock mass will impact the surface and pose a danger to people and infrastructures. 
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Different techniques can be used for the characterization of the geological structure, 
detection and imaging of post-mining voids and observation of their temporal evolution, either 
relying on surface (Kotyrba et al., 2015) or borehole (cross-hole tomography with the use of 
elastic or electromagnetic waves. As the penetration depth (PD) of land geophysical methods 
is limited, we recommend grouping them depending on the PD factor, as follows: 

− Ground penetrating radar - GPR (PD up to 20 m). 
− Microgravity (PD up to 30 m). 
− Electro-resistivity profiling and ERT (PD up to 60 m). 
− Seismic refraction without explosives or vibrators as a source of elastic waves (PD up 

to 50).  
− Seismic reflection with explosives or vibrators as a source of waves (PD unlimited). 

It should be outlined that only the GPR method allows the detection of single cracks due to 
its high horizontal resolution (potentially detecting cracks with opening < 1 cm). Formed cracks 
cause diffraction phenomena of electromagnetic waves that can be observed in GPR data sets 
(Toshioka et al., 1995; Kotyrba & Stańczyk, 2017; Kotyrba & Kortas, 2023). The other above-
mentioned geophysical methods allow the detection only of groups of fissured rocks as 
fractured zones in the rock mass, with a thickness larger than 2-5 m. Therefore, we recommend 
the GPR method for a detailed characterization of the complex geological structures with faults 
in regions where the depth to the top of the rock mass is lower than 20 m. 

The mining leaves in geological strata voids, cracks and zones of variously defragmented 
rocks, which are subjected to gravity. To study the behaviour of a rock mass transformed by 
mining operations, it is necessary to know the near-surface layers structure. These new elements 
interact with discontinuities in rock strata caused by natural geological processes such as 
faulting and weathering. The rock mass in the vicinity of the faulting plane is usually fissured. 
The fissured zone width, as well as the fracture intensity and its characteristics, depend on the 
fault length and throw. These geometrical factors may not be determined without a specific site 
examination. This issue is of great importance in hydro-mechanical modelling as well as in the 
determination of the causes and liability for mining damages on post-mining lands. Therefore, 
the data from temporal surveys is used in hydro-mechanical studies. 

7.2. Continuous and periodic monitoring of gravity 

The seismicity in areas of abandoned mines in the process of flooding has a similar origin 
as the seismicity observed during the process of mining in the rock mass. Both these processes 
change the density distribution in the rock mass over time and create local areas where 
additional stresses appear in the geostatic stress field. Such seismogenic processes take place in 
particular in the following regions: 
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− regions where the mining (primary) and secondary post-mining voids are collapsing, 
− regions unevenly saturated by water, 
− regions with residual tectonic stress (faults). 

The main force which enables and governs these phenomena is gravity. Gravity can be 
monitored by continuous and periodic measurements. Continuous monitoring can detect the 
Earth's tides (Fig. 7.2), which can be temporarily disturbed by ground movements and seismic 
vibrations produced by near and distant sources. For sources which are located near gravity 
observation point (e.g. epicentral and near epicentral zones of mining and post-mining 
earthquake) were observed additional deflections to the plumb line caused by the shock wave 
travelling from the source of the mining and post-mining earthquake. This feature can be used 
to discriminate local mining and post- mining earthquakes from natural earthquakes. 

 

 
Fig. 7.2. Gravity oscillations g (vertical axis) recorded by a MicroLacoste station in Katowice over 

a period of 9.5 days. Long-term oscillations correspond to the tides of the Earth's crust, while 
short-duration anomalies correspond to ground movements and vibrations caused by mining 
induced earthquakes and earthquakes. Live gravity data are available (www.gog.gig.eu) 

 
Experiences gathered during the realisation of the EPOS-PL project show that the data from 

continuous gravity measurements correlate well with seismic data collected from seismological 
networks and supplement them with additional information about the characteristics of ground 
motion and the source mechanism of specific mining earthquakes (Mutke et al., 2019; Kotyrba, 
2022, and Siwek, 2022). The relation between amplitude of the gravity perturbation as 

http://www.gog.gig.eu/
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a function of the epicentral distance from mining earthquakes in the Upper Silesia Coal Basin 
region, for a data set of mining earthquakes collected by GRSS (Upper Silesian Regional 
Seismological Network) net with local magnitude higher than ML 2 is shown in Fig. 7.3 
(Kotyrba et al., 2020; Kotyrba & Kortas, 2020). 

 

 
Fig. 7.3. Relationship between the maximum amplitude of gravimetric signals g (logarithmic scale) and 

the epicentral distance d from the mining earthquake 
 

In the case of periodical measurements, were observed temporal changes in the bulk density 
of the surveyed rock mass. This can be caused by the rock mass relaxation and release of seismic 
energy, followed by changes of the surface morphology (e.g. subsidence, uplift). 

Filling the voids left after mining with water changes the mechanics of the rock mass. Key 
points of that mechanics are borders of exploitation regions and fault planes depicted in 
a structural model of rock mass (Fig. 7.4) and the amplitude of the gravity field change observed 
(Fig. 7.5). 
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Fig. 7.4. Conceptual, structural 2D density model of the rock mass with two abandoned mining regions 

at different depths, separated by fault plane (a) and the simulated change of gravity (dg) after 
water rebound (b) 

 
Fig. 7.5. 2D differential simulated gravity (dg) distribution after the flooding of regions A and B, as 

shown in Fig. 7.4 
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Gravity measurements have been introduced relatively recently to study and monitor the 
seismic activity induced by mining and post-mining, and at present, remains in a development 
phase. Similar to seismological observations, the possibility to detect post- mining earthquakes 
in continuous gravity recordings depends on the earthquake magnitude and its distance to the 
gravity station. Based on the experience collected from the gravity monitoring in the Upper 
Silesian Coal Basin, we recommend using this method only as a supplement to seismological 
monitoring. In such a case, the deployment of one gravity measuring station in the area of the 
former mine during flooding can be sufficient for an integrated seismological-gravimetric 
monitoring. Periodic gravity measurements provide spatial information about the location of 
regions where the gravity changes are anomalous. These can be identified by comparing time 
series (differential data). Differential maps created from measurement data obtained at different 
times allow for mapping areas where the processes of lowering or increasing the average density 
of the rock mass occur. As a rule of thumb, it is good practice to carry out periodic gravity 
measurements at a grid of points, with a lateral spacing of ~500-1000 m. Such measurements 
are useful for the interpretation of the gravimetric data, and specifically to identify temporal 
changes of the absolute gravity and Bouguer anomaly values. 

7.3. Seismic monitoring and seismological techniques 

Post-mining seismicity has been observed at several closed mines, e.g. in France, Germany, 
Poland and Czech Republic (Primo Doncel et al., 2023), and can locally pose a considerable 
seismic hazard. Current observations indicate that post-mining seismicity is heterogeneous in 
terms of maximum magnitude, seismicity rate and spatiotemporal evolution of seismicity. 
Furthermore, differences in lateral and depth extent of seismicity, as well as in the range of 
magnitudes of seismic events, have been observed, when comparing mining and post-mining 
seismicity. 

A successful monitoring and analysis of post-mining seismicity depends in large measure 
on the setup of an adequate seismic monitoring. Seismic monitoring setups at different post-
mining sites tend to be very heterogeneous, resulting in significant differences regarding the 
quality and completeness of post-mining seismic catalogues. Poor monitoring setups may not 
be able to detect post-mining seismic events when they have too low magnitudes or when they 
occur far from seismic stations.  

Post-mining seismic monitoring is in general challenging, for the following reasons: 
− the seismic monitoring targets, in most cases, relatively weak magnitude earthquakes, 
− the seismic monitoring generally lacks underground seismic stations within the former 

mines, and it relies on surface seismic records only; in particular, the on-accessibility to 
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former underground infrastructures may substantially decrease the quality of the seismic 
monitoring in comparison to mining periods.  

− surface stations which compose the post-mining monitoring installation are often 
affected by large anthropogenic noise, being often within or close to urbanised areas.  

These premises make clear the challenges of post-mining monitoring, which is even more 
difficult than during active mining. Preserving the monitoring performance and detection 
completeness as in the active mining period, which is important for a robust comparison of 
mining and post-mining seismicity, may only be achieved through the installation of additional 
seismic stations at the surface. 

The second condition for successful assessment of post-mining seismicity concerns the 
adoption of advanced seismological techniques, able to identify and characterise weak to 
moderate seismicity. These advance methods do not only allow for detection and location of 
post-mining seismicity, but also enable the study of focal mechanisms or moment tensors, 
which describe the type of failure and the orientation of active faults, and a relative 
characterization of seismic clusters, which include seismic events with similar locations or 
similar characteristics. 

Network optimization procedures (Hardt & Scherbaum, 1994; Kraft et al., 2013; Toledo  
et al., 2018) can substantially improve the monitoring performance, particularly for the 
challenging case of post-mining seismicity.  

SeisNetPy (https://git.gfz-potsdam.de/pniemz/seisnetpy), a free, open-source python 
toolbox, was specifically designed for network optimization in post-mining environments. The 
tool implements the algorithm of Toledo et al. (2018) and offers a range of new features, such 
as for the assessment of noise conditions via online satellite-based land-use maps. 

The analysis of post-mining seismicity should focus on the following targets: detection, 
location, magnitude estimation, focal mechanisms or moment tensor inversion, classification 
and clustering, and statistical analysis of the seismicity. Since the characteristics of post-mining 
seismicity are not specifically different from those of induced seismicity affecting mines or 
other geomechanical operation sites, the techniques to be applied for the analysis of post-mining 
seismicity are similar to those used in those environments. We review them below, sorted by 
the different types of analyses. 

Detection. The detection of post-mining seismic events, requiring the manual or automated 
identification of post-mining events, based on the identification of their seismic signals. As 
introduced above, earthquake detection can be challenging in post-mining environments, 
because of the weak magnitudes of the target seismicity and the monitoring conditions. Ideally, 
automated detection tools can be implemented, with several tools available for this goal, 
including automated full-wave form-based earthquake detection (López Comino et al., 2017; 
Niemz et al., 2020) or automated phase pickers (Zhu & Beroza, 2019; Shi et al., 2022). 
Template matching (Shelly et al., 2007; Peng &Zhao, 2009; Vuan et al., 2018) can be used to 
search for weaker, undetected signals, using the waveform of larger amplitude signals as 
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templates; the application of template matching techniques helps enhancing standard seismic 
catalogues, with successful applications also for induced seismicity (Cesca et al., 2021). 

Earthquake location. The hypocentral location of post-mining events, aimed at identifying 
spatial coordinate and origin time of the seismic event, is generally based on the identification 
of P and/or S seismic phases. Post-mining seismicity has been generally located within the 
mined structure or very close to it, in most cases suggesting the activation of similar fault 
structures. In some cases, however, post-mining seismicity clustered at locations that were not 
particularly active during mining (Primo Doncel et al., 2023). The depth of post-mining 
seismicity has been generally reported to be comparable to the depth of seismicity during active 
mining (Primo Doncel et al., 2023). However, it is worth noting that hypocentral depths for 
post-mining earthquakes are often poorly constrained, mostly because of the lack of 
underground stations, which hinders an accurate comparison with seismicity during mining. 
A broad range of tools is available for the location of post-mining seismicity, which share 
similar challenges as other types of local, weak, induced seismicity (Cesca & Grigoli, 2015). 
However, particular caution should be used to assess the earthquake depth and to quantify its 
uncertainty. Beside standard location methods, migration and stacking approaches, able to 
process automatically continuous data, can support both detection and location procedures 
(Grigoli  et al., 2013; Cesca et al., 2021). 

Earthquake magnitudes. Post-mining seismicity is characterised by weak magnitudes, 
which may in some cases reach comparable maximum magnitudes as during active mining. The 
magnitude estimation for post-mining seismicity should generally use common magnitude 
definitions, such as local magnitudes (ML) or moment magnitudes (Mw). Local magnitudes can 
be estimated using empirical attenuation laws, which are often available after the assessment of 
mining seismicity during active mining. Preserving the same approach and equations to 
estimate magnitudes as during active mining is a good practice, that allows for a direct 
magnitude comparison during mining and post-mining periods. Moment magnitudes can be 
estimated by waveform-based moment tensor inversion (Sen et al., 2013; Heimannet al., 2018; 
Cesca et al., 2021) or waveform modelling approaches (Eulenfeld et al., 2022). 

Focal mechanism determination and moment tensor inversion. Focal mechanisms 
and/or moment tensor inversion are procedures devoted to the identification of the seismic 
source radiation pattern, which provide information on the source of the seismic event (e.g. 
shear faulting, tensile crack, collapse, pillar burst or other) and its geometry. Focal mechanisms 
estimated based on first motion polarities or amplitude ratios may provide a first hint on the 
geometry of active fault structures. In general, however, full waveform approaches (Heimann 
et al. 2018) are suggested to more reliably model the source of post-mining earthquakes. These 
methods can be used to infer accurate estimate of moment tensors under different configurations 
(i.e. pure double couple, deviatoric and full moment tensor), which are important to resolve 
combinations of shear, tensile and volumetric source components (Fig. 7.6), that may occur 
during mining and post-mining (Sen et al., 2013; Ma et al., 2018; Caputa et al., 2021; Cesca  
et al., 2021). They provide information on the geometry of seismogenic processes 
accompanying post-mining (Fig. 7.7).  
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Fig. 7.6. Example of moment tensor inversion for a post-mining seismic event at Gardanne, France. The 
upper part of the figure shows the best moment tensor (red line) and range of acceptable solution 
(overlayed grey focal spheres), the moment tensor decomposition for the best and mean 
moment tensor solution, and the distribution of stations used in a polar plot. The bottom part of 
the figure provides some examples of data fit, comparing observed seismograms (black) and 
synthetic ones for the best moment tensor solution (red). The analysis was performed with the 
software Grond (Heimann et al. 2018) 

 
Fig. 7.7. Lateral 3D view of the Gardanne site, showing selected moment tensor solutions (focal spheres, 

back hemisphere projection) in the shallow underground (topography is exaggerated); similar 
sub-vertical pressure axes characterise the moment tensor solutions 

 

Classification. Classification and clustering analysis are useful to identify families of 
seismic events, which share similar properties (e.g. location, magnitude, occurrence time, focal 
mechanisms, or simply producing similar waveforms). Focal mechanism studies of small-
magnitude seismic events can be supported by a waveform-based event classification (Petersen 
et al., 2021). While post-mining deformation can occur both seismically and aseismically, 
seismic characteristics of post-mining earthquakes appear similar to tectonic earthquakes, with 
clear P and S onsets. Still, investigating the range of different recordings in post-mining 
environments is important to classify typical earthquakes and other types of signals, such as 
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anthropogenic sources, such as blasts or anthropogenic noise, or low frequency events, which 
can take place in response to fluid-rock interaction in flooded mines. 

Statistical analysis of seismicity. Statistical analyses of post-mining seismicity, generally 
including a number of analysis, devoted to tracking the temporal evolution of seismicity, 
earthquake magnitudes, location and depths, but also their temporal evolution; they are 
important to understand the seismicity behaviour and to link such patterns to other time series, 
such as the water table height and surface deformation. Post-mining seismicity should be 
continuously analysed to assess the short-term and long-term evolution of seismicity rates and 
moment release after the end of mining operations. Assessing the spatial distribution of 
seismicity and the presence of seismic clusters (Cesca et al., 2014; Cesca, 2020) is useful for 
identifying active seismic structures. Spatial clusters of post-mining activities may resemble 
the location of mining seismicity, implying the reactivation of active faults, or affect regions 
which were previously aseismic (Primo Doncel et al., 2023), suggesting the triggering of faults 
which were previously inactive or the formation of new fractures. Tracking the temporal 
evolution of seismicity and the water table is also important to assess the role of mine flooding 
as a seismicity driver. Indeed, flooding can partially control post-mining seismicity, with 
changes in the water table level affecting rates and hypocentral location of seismicity and its 
migration. Estimating b-values in Gutenberg-Richter relation, and tracking b-value variations 
over time, comparing mining and post-mining seismicity, is important to assess changes in the 
stress conditions (Schorlemmer et al., 2005; Mutke et al., 2016). Other statistical indicators, 
such as the coefficient of variation, CV (Kagan & Jackson, 1991; Zöller et al., 2006; Passarelli 
et al., 2015), the skewness, μ (Roland & McGuire, 2009; Chen &Shearer, 2016), and the 
normalised time of the mainshock, tm (Zhang & Shearer, 2016) can be used to judge the 
temporal behaviour of seismicity. The CV is a measure of the temporal clustering, while μ and, 
tm can be used to verify if the seismicity occurs in form of seismic swarm or mainshock-
aftershock sequence, which can be important to assess the seismicity driver (Zhang & Shearer, 
2016). 

7.4. Monitoring of surface deformations 

Various techniques are used to monitor post-mining induced ground deformation, including 
seismometers, geodetic monitoring (e.g. Synthetic Aperture Radar Interferometry -InSAR and 
Global Navigation Satellite System - GNSS), Light Detection and Ranging (LiDAR) systems, 
Ground-Based Synthetic Aperture Radars (GB-SAR), tiltmeters, extensometers and acoustic 
emission monitoring. 

Monitoring carried out to determine the indicators of land deformation, such as vertical and 
horizontal displacements, generally requires the use of surveying techniques that ensure high 
accuracy and reliability of measurements. To date, the most common methods used to 
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determine displacements have been the methods of classical geodesy, i.e. precision levelling to 
determine vertical displacements and angle-linear measurements to determine horizontal 
displacements. It should be noted that the methods of classical surveying make use of different 
techniques of measurement, instrumentation and processing of results to determine 
displacements. In addition, apart from the determination accuracy involving the displacement 
of points, the choice of a method for studying land deformation is conditioned by a number of 
other factors. The main ones include the size and shape of the control network, the type of 
displacements to be determined (relative, absolute, vertical, horizontal, 3D) and the velocity of 
occurring of changes. Measurements are generally carried out periodically, which results in the 
loss of information on the dynamics of displacement changes, e. g. when a mine is being 
flooded, under conditions of post-mining seismicity. 

Owing to the use of GNSS satellite techniques, it has become possible to integrate the 
determination of horizontal and vertical displacements, which is carried out in a single 
measurement using a single instrumentation, and furthermore the measurement is characterized 
by a high degree of automation and processing of the observation results. High level of 
measurement of automation also makes it possible to realise continuous measurements (point 
monitoring). An important aspect in the study of deformation with the geodetic approach is the 
of realisation method of the reference system. When using classical geodetic measurement 
techniques in the study of deformation, it is necessary to stabilise individual reference points in 
the vicinity of the study area. A significant disadvantage of such an approach is the risk that 
a given reference point will fall within the range of mining impacts on unstable ground, prone 
to displacement. In contrast, the use of GNSS surveys provides an opportunity to reference the 
control network to reference points at a greater distance from the surveyed site, thereby 
reducing the possibility of displacement of the reference point. In addition, if permanent 
reference stations belonging to the so-called Active Surveying Networks, which operate 
continuously and are controlled in real time, are used as reference points, we further reduce the 
displacement probability of the reference point. 

Taking into account the above, in order to implement monitoring of surface deformation in 
post-mining areas, especially under conditions of seismicity, it is advantageous to apply GNSS 
satellite technology, using observations to multiple GNSS, by means of which, through precise 
measurement of the position of control points, it is possible to detect and then analyse land 
surface deformation associated with seismic activity. 

Since GNSS continuous monitoring is performed on single points, large-area monitoring of 
elevation changes of the land surface can be performed using satellite radar interferometry 
(Interferometric Synthetic Aperture Radar, InSAR) as a method to complement traditional 
survey methods such as levelling and Global Navigation Satellite System. 

Nowadays, radar systems are widely used for land surface imaging due to significant 
developments in radar imaging from satellite orbits and the access to operational satellite 
systems, designed to operate for many years with programs that can operate more satellites. It 
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should be noted that these data are now available at high temporal and spatial resolution. The 
InSAR method has been successfully used in surface displacement measurements around the 
world. It makes it possible to determine the course of vertical displacements over relatively 
short time intervals, which is important for monitoring surface movements in seismically active 
areas (Krawczyk & Grzybek, 2018). 

The above-mentioned in situ measurements, including GNSS, combined with spaceborne 
Interferometric SAR techniques, offer a comprehensive approach to monitoring ground stability 
in post-mining areas, enabling timely detection of potential hazards and facilitating appropriate 
remediation measures. InSAR offers several advantages compared to other in situ geodetic 
techniques for monitoring ground displacements. Α key advantage is its ability to detect even 
subtle motion of the Earth’s surface, with millimeter-level accuracy. A further advantage refers 
to its ability to capture spatially continuous data over a wide area. These features hold particular 
significance in the context of post-mining, contrary to other in-situ instrumental techniques, as 
it allows for the assessment of impacts that can extend over significantly large areas. 

The use of InSAR in post-mining context has gained significant attention in recent years 
and its importance has been well-demonstrated (Declercq et al. 2023; Modeste et al., 2021; 
Samsonov et al., 2013; Raucoules et al., 2008) for mapping ground movements caused by 
mining-induced earthquakes, detection of land subsidence in the area surrounding mines, 
highlighting the capacity to help identify areas of potential risk, to monitor and access the 
stability of a tailing dams, help preventing catastrophic failures and used to identify surface and 
subsurface fractures in post-mining areas. It is currently well accepted that InSAR can provide 
valuable information for managing and mitigating the environmental impact during the post-
mining phase (Guéguen et al., 2009). 

7.4.1. General principles of implementing satellite GNSS measurements 

GNSS is the Global Navigation Satellite System, which allows the users around the world 
to determine position, velocity and time based on signals transmitted from a constellation of 
satellites orbiting the Earth. GNSS is the common name for all currently available navigation 
systems, which include four global systems and two regional systems. The global systems 
include the U.S. Navstar GPS, Russia's GLONASS, European Galileo and China's BeiDou. 
Regional systems include India's IRNSS (Indian Regional Navigation Satellite System) and 
Japan's QZSS (Quasi-Zenith Satellite System). In addition, global and regional positioning 
systems are complemented by "augmentation" support systems. These include two types of 
augmentation systems: satellite-based SBAS (Satellite Based Augmentation System) and 
ground-based GBAS (Ground Based Augmentation System). All satellite navigation systems 
follow the same general operation principle and can be used simultaneously, as a so-called 
multi-GNSS. 
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The best-known GNSS system is the U.S. Global Positioning System (GPS), which has 
become synonymous with satellite measurements, with a history dating back to the early 1970s.  
Modern GNSS systems include three main segments: 

− space segment - which is a constellation of artificial satellites of the Earth transmitting 
navigation information, 

− ground segment - supervising the operation of the system, consisting of stations that 
supervise and control the operation of the space segment, 

− user segment - all users or technical devices equipped with GNSS signal receivers. 
Satellite measurements are based on signals transmitted by the Earth's artificial satellites, 

which are the main component of all navigation systems referred to by the common synonym 
GNSS. Artificial satellites orbiting the Earth continuously emit electromagnetic waves at 
specific frequencies, which contain packets of additional information or data necessary to 
determine their current position and make measurements of the distance from the satellites to 
the phase center of the satellite receiver antenna.  

Receivers use satellite radio signals to calculate their position in a process called 
trilateration. To determine the 3D position, the receiver must receive radio signals from 
a minimum of four satellites. These signals contain precise information about the time the signal 
was sent and the satellite's position. Once the signal is received, the receiver measures the time 
that elapses between the satellite sending the signal and receiving it. Based on the differences 
in time from when the signal was sent by the satellite and when it was received at the receiver, 
and on the known radio wavelength and propagation velocity, the distance from the receiver to 
each satellite is calculated. The determination of coordinates is based on three-dimensional 
trilateration, which involves finding the intersection of three spheres with radii equal to the 
measured distances from the satellites (Fig. 7.8). 

 

 
 
Fig. 7.8. GPS operating principle (source: https://creativecommoms.org/licenses/by-sa/3.0/, accessed 

June 24, 2023) 
 

https://creativecommoms.org/licenses/by-sa/3.0/
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The fourth satellite is used to correct errors related to the receiver's clock. A user equipped 
with a satellite receiver which is able to receive and process such signals can determine their 
position with an accuracy that depends on the technical sophistication of the receiver, its 
software and the ability to use additional data to reduce measurement errors. For higher 
accuracies, the receiver should use additional information such as satellite clock corrections, 
atmospheric or orbital data.  

The mathematical principle of satellite coordinate measurements is to solve a spatial linear 
intersection in which the current coordinates of the positions of the Earth's artificial satellites 
are the reference points, while the distances between them and the phase center of the receiver 
making measurements on the Earth's surface or in its immediate vicinity are the observation 
data. 

The determination of the coordinates of the measured point is based on the solution of 
a system of equations for spatial linear intersection. By default, the distances to the satellites 
are calculated as a function of flight time of the wave, i. e. with time correction (7.1):  

𝐷𝐷𝑘𝑘  =  𝑐𝑐 (𝛥𝛥𝑡𝑡𝑘𝑘 + 𝛿𝛿𝑡𝑡𝑘𝑘)           (7.1) 
where: Dk - distance of the satellite k from the receiver antenna, c - velocity of light in a 

vacuum, Δtk - time of flight of an electromagnetic wave along the way satellite-receiver, δtk - 
difference in the gait of the clocks on the satellite and the receiver. 

The distances to the satellites calculated using the equation (7.1) are referred to as pseudo-
distances. 

Knowing the coordinates of k satellites at the time of signal transmission described in 
a geocentric coordinate system (Xk, Yk, Zk) and the signal transit time to the receiver, the 
equation (7.1) can be expanded into the form (7.2): 

 

𝐷𝐷𝑘𝑘  =  �(𝑋𝑋𝑘𝑘 − 𝑋𝑋)² +  (𝑌𝑌𝑘𝑘 − 𝑌𝑌)² +  (𝑍𝑍𝑘𝑘 −  𝑍𝑍)²  +  𝑐𝑐 𝛿𝛿𝑡𝑡𝑘𝑘      (7.2) 
 

Solving a system of at least four equations of this type (7.2), up to four satellites, we can 
explicitly calculate the X, Y, Z coordinates of the receiver antenna and the time correction. The 
above general principle is the mathematical basis for determining the coordinates of points 
based on GNSS satellite measurements. However, for precise position determination, it is 
necessary to solve a number of additional technical problems and to take into account numerous 
factors, interfering with the movement of the satellite in orbit, satellite perturbations and signal 
interference on the satellite-receiver path during the passage through successive layers of the 
atmosphere. Currently, precision and accessibility by means of satellite-based positioning 
methods can be significantly improved by using multiple navigation systems simultaneously.  

There are two main methods of GNSS measurements. Absolute measurements, which can 
be realised with a single receiver, are less accurate and generally used in navigation. The second 
method is referred to as relative (differential) measurements, and it requires the simultaneous 
use of a minimum of two receivers that make synchronous measurements to the same satellites. 
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Such measurements have high millimeter-level accuracy, and therefore they are most 
commonly used in surveying. There are two basic techniques for surveying: the static technique 
and the kinematic technique.  

The static method is the basic technique of GNSS satellite surveying, implemented with 
a minimum of two (or more) receivers that perform synchronous measurements at the 
designated and reference points. This technique currently provides the highest accuracy in 
determining the coordinates of points. Its main disadvantage is that the results of the 
measurements are obtained with some delay as a result of the so-called post-processing. 
Independent calculations in post-processing also have their advantages, the delay of the 
calculations relative to the time of measurement makes it possible to introduce corrections to 
the calculations and additional information such as precise satellite position data. 

Nowadays, more popular than static measurements developed in post-processing are 
differential measurements realised by real-time kinematic technique RTK/RTN (RTK - Real 
Time Kinematic or RTN - Real Time Network). Both measurement techniques are based on 
phase-corrected distance measurements in real time (with a delay, 1-3 seconds) based on 
observation data sent from a single base station (RTK) or from a network of base stations 
(RTN). We apply the relationship consisting in the fact that there are almost identical errors 
within a few kilometers of a reference station or set of reference stations for a given navigation 
system, which can be eliminated by a differential method. 

In order to obtain precise coordinates through phase measurement, it is necessary to initially 
determine the number of full wavelengths (full phase cycles, ΔNi), which largely depends on 
the class of GNSS receiver. Then, in the process of determining coordinates (receiver 
initialization), it is necessary to determine the so-called phase indeterminacy N0 , the unknown 
random initial number of full phase cycles of the signal to a given satellite. Due to the new, 
introduced additional unknown N0i, in the process of coordinate determination, continuous 
measurement to a minimum of five satellites is required for real-time (RT) measurements. 

Currently, the most recommended in geodetic measurements are RTN surface corrections. 
In this solution corrections for the observation site are generated on the basis of data 
interpolated in the system management center from at least several reference stations. Several 
methods of generating surface corrections are currently used, i.e.: the VRS (Virtual Reference 
Station) method, MAC (Master and Auxiliary Concept) method, FKP (Flachen-Korrekteur-
Parameter) method. All RTN surface corrections take into account atmospheric errors such as 
GNSS signal delay due to the influence of the ionosphere and troposphere. 

7.4.1.1. Methodology for GNSS monitoring in seismically active post-mining areas 

The methodology of GNSS monitoring in seismically active post-mining areas presented 
below was developed in the results of the PostMinQuake project. GNSS monitoring was carried 
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out under the project at a testing site in Poland in the area of the closed, currently flooded 
Kazimierz-Juliusz mine. 

In order to monitor surface movements in the area of seismic hazards in post-mining areas, 
it is advantageous to carry out continuous monitoring, based on permanent GNSS observations 
carried out using the phased and coded methods. In particular, the phased method provides very 
high precision measurements with errors at the submillimeter level. 

Displacement measurements should most preferably be carried out in dedicated control 
networks consisting of surveyed (monitored) points and reference points. It is recommended to 
carry out measurements with reference to at least 5 reference stations. In the study area, in order 
to determine planar spatial changes, monitoring should be carried out at least 3 points located 
in the post-mining area. The design of the measurement network for the study of land 
deformation should be characterised by high supernumerary of reference points, which ensures 
full mutual control of observations and leads to high accuracy and a high degree of reliability 
of the determined displacements. The location of survey points, should take into account: 

− mining and geological situation in the post-mining area, 
− field situation with regard to the possibility of locating GNSS receivers, 
− analysis of the stress states in the rock mass resulting from the mining operations carried 

out and from the simulation of stresses related to hydrogeological processes during the 
period of mine flooding. 

Points belonging to Active Geodetic Networks, national or commercial, and other 
independent positioning systems should be used as reference points. This is because reference 
station networks of this type have been conducting observations for many years and are 
characterised by high precision in conducting measurements and processing them. This is due 
to a number of factors that can affect the determined coordinates, including high-class 
measurement equipment which they are equipped with.  

It is also reasonable to make periodic control measurements using other surveying 
techniques. In the case of changes in vertical displacement, it is advantageous to carry out 
control measurements by means of the precision levelling method, and in the case of changes 
in horizontal displacement – with the application of the GNSS static method, using a minimum 
of 3-hour observations to satellites carried out synchronously at all determined points. 

Registration of observations at the monitored and reference points should be carried out 
with a data registration interval of minimum 1 Hz. The development of GNSS observations for 
displacement monitoring should be carried out in a local control network, preferably using 
specialised and dedicated firmware for a particular type of receiver. Such solutions offer the 
possibility of determining precise positions using various measurement techniques and 
calculation strategies. Such a system should use, as a basic solution, the development of static 
phase and code measurements in post-processing mode with reference to a network of reference 
stations, adopting several alternative calculation strategies at different time resolutions.  
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The second independently applied technique should be the RT (Real Time) measurement 
technique. Such a solution provides data on the initial characteristics of the phenomenon in 
terms of the magnitude of the movement of the controlled points in real time with a temporal 
resolution of 1 second, which is particularly important in the process of analysing displacement 
changes during the period of seismic phenomenon. 

Reporting and visualisation of the results of continuous monitoring would advantageously 
take place on an ongoing basis with the access to selected information also for end users of the 
system through a dedicated web portal. The adopted concept of determining the indicators of 
land surface deformation in post-mining areas, such as horizontal and vertical displacements, 
makes it possible to achieve high accuracy of their determinations in the study area. The 
obtained accuracies of point displacement determinations match those obtained from the 
measurements of classical geodesy.  

The proposed solution provides a high degree of automation of the works and the possibility 
of conducting continuous monitoring in three-dimensional space. The analyses of displacement 
changes should be carried out in a continuous mode, which will allow an ongoing assessment 
of the dynamics of the observed changes also in connection with the recorded seismic activity. 
A diagram of the procedure to implement surface deformation monitoring using GNSS satellite 
technology in seismically vulnerable post-mining areas is shown in Fig. 7.9. 

 
 

Fig. 7.9. Schematic of the procedure to implement surface deformation monitoring using GNSS satellite 
technology in seismically vulnerable post-mining areas 

7.4.1.2. Practical application 

Continuous monitoring with GNSS satellite technology was carried out as part of the 
PostMinQuake project in the area of the closed, currently being flooded Kazimierz-Juliusz 
mine, located in Upper Silesian Coal Basin in Poland. The design of the spatial observation 
network of surface movements was developed after the determination of stress concentration 
zones generated by the previously conducted mining operation, with particular attention to fault 
zones. The possibility to stabilize monitoring points based on detailed field interviews was 
taken into account. A sketch of the comprehensive GNSS continuous monitoring network for 
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the Kazimierz-Juliusz mine site is shown in Fig. 7.10. The network consisted of GNSS 
continuous monitoring points (including monitoring stations for the study area labelled with 
numbers: 8104, 8105, 8106 as well as five reference points - reference stations: BORO, OLKU, 
JAWO, GLIW, KRAK, located outside the area of completed mining exploitation) with which 
continuous high-frequency, multisystem synchronous satellite observations were made. All 
reference points were stations belonging to Active Geodetic Networks. 

 

 
 
Fig. 7.10. Sketch of the GNSS continuous monitoring network at the Kazimierz-Juliusz site, source: 

(Sokoła & Siejka, 2022) 
 

The design of the network was adapted to the local conditions and requirements of the 
studied object and to the correctness of the location of reference points (reference stations). The 
network developed as shown above, (Fig. 7.10), additionally equipped with devices for remote 
communication of the monitoring and reference stations, formed a control and monitoring 
network, which was the first module of the automatic GNSS continuous monitoring system 
developed for the project and implemented at the area of Kazimierz Juliusz mine.  

The applied solution enabled continuous monitoring based on multi-frequency and multi-
system GNSS observations. The management of the active monitoring network constructed in 
that way was based on Trimble 4D Control Server software, which allows monitoring and 
analysis of deformations and movements of land surface in post-processing and in real time, 
based on data from GNSS receivers. The second component of the continuous monitoring 
system was made up as a module for automatic collection, control and preprocessing of 
observations, which operated based on the IP addresses of field receivers and on a local data 
collection and processing server. The third element of the monitoring system was made up as 
a module for processing and elaboration of the observations, as the main component of the 
entire system. The fourth component was made up as a module for reporting and presentation 
of the results. A block diagram of the applied system is shown in Fig. 7.11. 
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Fig. 7.11. Block diagram of the construction of an automatic monitoring system of GNSS observations 

in the mine Kazimierz-Juliusz, source: (Sokoła & Siejka, 2022) 
 

The monitoring system built in this way operated in a continuous automatic mode. First, 
continuous GNSS observations were made at the measurement stations (monitoring and 
reference stations), which were recorded in the form of hourly observation files in the internal 
memory of the receivers. Then, using Moxa remote communication modules, the observations 
were sent to the data collection server. Subsequently, the raw observation data were converted 
to RINEX 3.03 format, in packets of one-hour observations using the conversion and 
preprocessing module. At the same time, navigation files for all observed GNSS satellites were 
generated using the "Ephemeris Manager", necessary to estimate station coordinates, and to 
take into account a number of physical model phenomena required for precise determination of 
observation results. After these preparatory activities, the main computational module of 
Trimble 4D Control Server began in post-processing mode the process of determining the 
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coordinates of the monitored points and their displacements in the network solution with 
reference to the five reference stations. 

The said solutions were based on algorithms for precise point coordinate determination from 
multi-GNSS observations, taking into account the problem of the modelling of inter-system 
receiver hardware delays, which were developed with a measurement interval of 1 Hz, at time 
resolutions: 1 h, 2 h and 4 h. The results of successive calculations in the form of time series of 
coordinates and their changes were recorded on an ongoing basis in a local database in a 
numerical form. In addition, they were visualised on an ongoing basis in the form of 
displacement diagrams for the defined time periods. The results of the solutions obtained for 
the above-mentioned three computational strategies were subjected to processing in accordance 
with the methodology developed for the project, presented in (Siejka & Sokoła, 2022). The 
structure and operating principles of the entire monitoring system were presented in detail in 
the work (Sokoła & Siejka, 2022).  

The information and communication system used and the GNSS positioning technique with 
real-time (RT - Real Time) processing of results, using phase and code observations, enabled 
the detection of displacements of controlled points with a time resolution of 1 second, which 
was used for detailed analysis of displacements changes associated with the occurrence of the 
post-mining earthquake. 

Analyses of displacement changes were performed in continuous mode, detailed in a time 
window of two weeks covering the moment of occurrence of a post-mining earthquake based 
on solutions obtained from the development of observations in post-processing with a resolution 
of 1 hour, and in a period of 24 hours covering the moment of occurrence of an post-mining 
earthquake additionally based on observations of RT solutions with a temporal resolution of 
1  second. 

In order to control the changes in displacement obtained as a result of the implementation 
of continuous monitoring, control measurements were carried out at the points of the 
observation network located in the vicinity of the GNSS continuous monitoring points. Changes 
in elevation were determined on the basis of the results of levelling measurements using the 
precision levelling method. The changes in vertical displacement were controlled based on 
measurements made by the GNSS static method.  

General recommendations for conducting deformation monitoring with GNSS techniques, 
including the development of results and their interpretation, are included in the section 7.6. 

7.4.2. Interferometric SAR Technique 

Satellite-based InSAR is a powerful non-invasive and cost-effective tool of measuring 
elevation-change of the Earth surface using satellites orbiting continuously around the globe at 
an altitude of about 800 km. It operates by analysing the phase differences (called 
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‘interferometric phase’) between two or more SAR imagery of the same area taken at different 
times to detect changes in the distance between the ground and the Radar sensor. InSAR 
measurements are made along the Line of Sight (LOS) of the satellite, namely the oblique 
direction of propagation of the radar signal from the satellite to the ground target and back to 
the satellite. 

Conventional Differential InSAR (DInSAR) technique works by comparing a pair of SAR 
images acquired before and after an event. The applicability of DInSAR for mapping 
earthquake-induced ground deformation is significant, being a powerful tool to detect and 
quantify these changes with high precision over large areas (Malinowska et al., 2018; Rudziński 
et al., 2018; Hejmanowski et al., 2019). An example interferogram developed with the DInSAR 
technique within the PostMinQuake project for the post-mining region of the Kazimierz-Juliusz 
mine, located in Poland, covering the occurrence of post-mining earthquakes is shown in  
Fig. 7.12. 

 
Fig. 7.12. Interferogram developed with the DInSAR technique for the period from May 10, 2023, to 

May 22, 2023, covering the occurrence of post-mining earthquakes (epicenters marked in 
blue) - Kazimierz-Juliusz post-mining area, Poland 

 
Apart from abrupt seismic events, a straightforward technique to extract long-term 

displacement rates from a stack of SAR images is by Interferometric Stacking (IS). This basic 
method relies on multiple interferograms which are selected either through a visual evaluation, 
or based on a quantitative criterion, such as the average temporal coherence, the perpendicular 
baselines, and the temporal baselines (Raucoules et al., 2007). In this approach, the temporal-
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dependency is neglected, and the focus is on constraining the geometry of the area affected by 
ground deformation, which is difficult to achieve with more sophisticated InSAR techniques. 

Advanced Multi-Temporal InSAR (MT-InSAR) techniques can be broadly categorised into 
two families, single reference approaches and multi-reference approaches, whereas within each 
family different processing schemes have been proposed. Single reference approaches such as 
the Persistent Scatterer Interferometry (PSI) use a single SAR image, or "reference" image, to 
compare with the subsequent images of the stack to detect and measure displacements (Ferreti 
et al., 2001; Hooper et al., 2004; Wegmüller et al., 2004). In PSI, the technique identifies and 
tracks the radar signal from specific objects on the grounds, such as buildings, bridges, or other 
man-made structures, that remain coherent over time, i.e. stable in terms of surface 
characteristics point targets (often referred to as “Persistent Scatterers” or simply PS) and 
measure ground motion at those targets. These PS targets have a high coherence and are visible 
in multiple images acquired over a long period. 

An example of the result of processing a series of radarograms within the PostMinQuake 
project in the Kazimierz-Juliusz post-mining area, located in Poland, using the PSInSAR 
technique is presented in Fig. 7.13. 

 
Fig. 7.13. Elevation changes of the land surface (LOS, in mm) in the period from December 3, 2020, to 

November 28, 2021 - Kazimierz-Juliusz post-mining area, Poland 
 

On the other hand, multi-reference approaches, such as the Small Baseline Subset (SBAS) 
(Berardino et al., 2002; Casu et al., 2014), use multiple reference images to improve the 
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accuracy of deformation measurement. These techniques involve comparing pairs of images in 
the dataset, the selection of which relies on different rules and criteria. SBAS approach is 
particularly useful in areas with low coherence or high noise, whereas single reference 
techniques may be more appropriate for urban environments. 

One of the key advantages of PSI approaches is their ability to provide high spatial 
resolution deformation measurements. However, they may be less effective in areas with 
complex deformation patterns or low coherence (i.e. sparse point scatterers). In contrast, multi-
reference approaches, such as SBAS, can provide more dense measurements and resolve more 
complex temporal behaviours, but at the cost of reduced spatial resolution. The choice of InSAR 
technique depends on the specific application and the surface characteristics of the study area. 

In practice, interferometric stacking tends to provide better geometry characterization and 
requires smaller data sets than advanced MT-InSAR techniques (Fig. 7.14). On the other hand, 
InSAR time series methods (PSI or SBAS-like) provide significantly more precise motion 
estimates and enable characterising the temporal evolution of the displacements. Therefore, 
both approaches have their respective interests, and their combination can provide valuable 
information. 

 
Fig. 7.14. Subsidence along a channelled river and localised uplift in the urban area of Valenciennes 

(Nord-Pas de Calais, France), as shown by Copernicus Sentinel-1 InSAR (2015-2018), 
source: (Morel et al., 2022) 

7.4.2.1. InSAR monitoring of post-mining areas 

In post-mining context, the choice of processing technique may depend on the specific post-
mining application and the properties of the area being monitored. For example, in areas where 
there are many man-made structures or other persistent scatterers, such as tailings dams, waste 
dumps, or mine infrastructures, PSI may be more appropriate for monitoring purposes. This is 
since PSI relies on the coherence of specific objects on the ground, which can be ‘stable’ over 
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long periods and provide a reliable reference for motion measurement. On the other hand, in 
areas where there are fewer scatterers or natural features, such as barren lands or vegetation-
free areas, SBAS-like InSAR may be more appropriate. It is worth noting that a common 
practice is to apply both PS and SBAS-like interferometric techniques in a common processing 
framework to ensure enhanced density of measurements, while capturing a wider range of 
displacement patterns. 

The availability of SAR data is a critical component for the monitoring of post-mining sites, 
as it provides the necessary inputs for InSAR processing and analysis. In recent years, the 
Copernicus Sentinel-1 mission has revolutionised the field of SAR-based monitoring by 
providing global, systematic, and free access to C-band SAR data with a high temporal 
resolution (every 6 to 12 days, depending on the region of interest). This high revisit allows for 
frequent monitoring of post-mining sites, which is crucial for detecting changes that may occur 
over time. In addition to Sentinel-1, various national and commercial SAR missions contribute 
to the available SAR data. It's important to note the specific characteristics of the SAR missions, 
as they influence the selection and application of SAR imagery for monitoring post-mining 
sites. The selection process should consider factors such as the desired spatial resolution, revisit 
frequency, and the ability to penetrate vegetation or adverse weather conditions. 

By leveraging the availability of SAR data from multiple sources, including the national 
and commercial SAR missions mentioned above, the monitoring of post-mining sites can 
benefit from combining and comparing different datasets, while mitigating the limitations of 
each mission. However, it should be kept in mind that commercial SAR data can be expensive, 
may not have the same level of global coverage and the availability of sufficient number of 
archived data is not guaranteed. 

To ensure the success of InSAR applications in post-mining context, it is important to 
follow best practices in processing, interpretation, and reporting. Processing considerations 
include the selection of appropriate SAR sensor and satellite acquisition geometry as well as 
proper selection of processing scheme and procedure to compensate for the various error 
sources (atmospheric signal, noise filtering etc.). Interpretation and reporting considerations 
include the integration of InSAR measurements with other geodetic and instrumental data, the 
use of appropriate visualisation techniques, and the provision of analysis ready data and regular 
reports to stakeholders. 

7.4.2.2. InSAR practices for post-mining applications 

Several best practices can be proposed for the application of InSAR in post-mining contexts, 
based on the experience and lessons learned from prior efforts in utilising the technology in 
relevant environments: 

− Ensure the quality and accuracy of the InSAR measurements. This can be achieved by 
carefully selecting appropriate satellite sensors in terms of radar wavelength and spatial 
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resolution. It is important to select SAR images with interferometric capability, offering 
appropriate geometric and temporal baselines. The choice of the processing methods 
applied should be carefully evaluated to ensure optimal results for the specific post-
mining context. 

− In the context of induced seismic activity, it is recommended to prioritise the use of the 
simpler and straightforward conventional DInSAR technique. This approach provides 
approximate yet timely information on the observed motion gradient and enables the 
detection of the affected area. However, when considering the magnitude and depth of 
post-mining earthquakes and earthquakes, the application of advanced InSAR 
algorithms should be evaluated. Specifically, for shallow earthquakes with moderate to 
large magnitudes, resulting in centimetre-level motion, DInSAR is sufficient to offer 
the necessary information for response and mitigation efforts. On the other hand, for 
small-scale seismicity, the precise millimetric accuracy of MT-InSAR techniques such 
as Persistent Scatterer Interferometry (PSI) or Small Baseline Subset (SBAS-like) is 
required to accurately measure induced ground deformation and monitor the temporal 
evolution of the activity. 

− In the process of InSAR analysis, it is necessary to identify a reference area that remains 
relatively stable and unaffected by both mining activities and seismic ground 
deformation. This reference area shall demonstrate negligible deformation signals in the 
interferometric results. By selecting such an area, accurate differencing can be 
performed, enabling precise quantification of the induced ground motion specifically 
associated with post-mining earthquakes. 

− Depending primarily on the presence and density of vegetation a decision should be 
made on the optimum radar wavelength to be utilised. In principle, the denser the 
vegetation the longer the wavelength of the radar sensor to be selected to penetrate the 
vegetation and ensure higher coherence values, in turn more robust motion 
measurements. Still, it should be noted that the longer wavelengths (e.g. L-band SAR) 
are less sensitive to motion compared to those of short wavelength SAR systems (e.g. 
X-band). Although this is somehow imposed by the characteristics of open and free 
SAR data (e.g. Copernicus Sentinel-1), especially over site with records of 
anthropogenic earthquakes, agreements between mining operators and satellite data 
provider could be beneficial. This will ensure availability of SAR archived data previous 
of the event and fast acquisition of imagery following the event. 

− For monitoring phenomena occurring over longer time scales an important best practice 
is to ensure that the InSAR measurements are regularly analysed and reported to all 
relevant stakeholders. This includes providing regular updates on any changes or trends 
observed in the InSAR data, as well as providing clear and transparent communication 
regarding the interpretation and significance of the data. It is critical to acknowledge the 
limitations and uncertainties associated with InSAR data and to use it in conjunction 
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with other monitoring techniques, such as ground-based surveying, to ensure 
a comprehensive understanding of the post-mining environment. The establishment of 
a local reference network is often another best practice for InSAR applications in post-
mining contexts. These networks consist of a series of well-monitored reference points 
(e.g. corner reflectors equipped with GNSS receivers) that can be used to aid 
interferometric processing. However, the reference network should be established using 
ground-based surveying techniques and should be regularly maintained and updated. 

Overall, the application of InSAR in post-mining contexts requires careful planning, 
implementation, and interpretation of the data. By following best practices and considering the 
specific context and stakeholders involved, InSAR can be a powerful tool in monitoring and 
mitigating the environmental impacts of post-mining sites. 

As technology continues to evolve, there are numerous opportunities to further improve the 
applicability of InSAR. One such opportunity is the use of online cloud-based platforms that 
allow for automatic processing of Earth Observation (EO) data. The Geohazards Exploitation 
Platform https://geohazards-tep.eu is one such example that provides a user-friendly 
environment for the interferometric processing and analysis of Copernicus Sentinel-1 data. 
Utilising EO platforms can contribute to large-scale processing of significant historical events, 
enabling a better comprehension of the limitations of conventional DInSAR and the potential 
of MT-InSAR techniques in accurately detecting and quantifying small-scale mining and post-
mining earthquake movements. This approach allows for the assessment of the relationship 
between the magnitude and depth of seismic activity and its surface expression. 

Finally, initiatives for national or multi-national InSAR coverage, such as the European 
Ground Motion Service (EGMS) (https://land.copernicus.eu/pan-european/european-ground-
motion-service), based on Sentinel-1 data are recently implemented. Such services propose 
regularly updated ground motion maps, generally based on PSI techniques, providing valuable 
information for post-mining risk management. However, such services since based on 
standard/automated procedures might not fulfil all the requirements in terms of points densities 
and suitability to the motion characteristics for all the post-mining contexts, thus a continuous 
interaction with users is often required to properly assess and tailor the analysis. 

7.5. Monitoring of water in soils and rock mass 

The water saturation of the rock mass is the main factor impacting the mechanics of rock 
strata. This applies in particular to regions where the geological environment is transformed by 
mining activities and the rock mass is in the process of re-irrigation, as in the case of mines 
being in the process of flooding. When the water is deep (several hundred meters), a re-
saturation of the rock mass can locally cause continuous surface deformation and movements 
of rock blocks separated by tectonic faults. Such phenomena are generally accompanied by 

https://geohazards-tep.eu/
https://land.copernicus.eu/pan-european/european-ground-motion-service
https://land.copernicus.eu/pan-european/european-ground-motion-service
https://land.copernicus.eu/pan-european/european-ground-motion-service
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post-mining earthquakes. When the water table is getting closer to the surface, the hazard of 
discontinuous deformations (sinkholes) increases significantly. Therefore, the water table 
position in the rock mass needs to be controlled and managed in post-mining environments. 
The water feeding the rock mass mostly comes from atmospheric rainfalls, which migrates from 
the surface into the rock mass. The impact of the water on the rock mass structure is time-
dependent. The optimal monitoring system should include automatic devices, monitoring the 
water positions in deep and shallow parts of the rock mass. Such devices can be placed in 
abandoned shafts, if this is technically possible. Whenever possible, hydrostatic probes 
measuring the water level should be mounted in dedicated boreholes. If the coal-bearing deposit 
presents younger stratigraphical series with water horizons, it is recommended to sense each of 
them. While this increases the number of monitoring points, it will also ensure to identify the 
origin of the water, which overfloods the mine. 

Monitoring the water level in a post-mining area can be done manually, via periodic 
measurements, or automatically. Manual water level measurements (with a hydrogeological 
gauge) are usually performed at monthly or several-month intervals. They provide only 
indicative data on the long-term trend of the speed of changes in the water level in the rock 
mass. These data are of little use in the analysis of seismic events. Data collected in the EPOS-
PL and PostMinQuake projects from measurements using automatic systems indicate that short-
term changes in the rate of increase or decrease of water levels occur in the rock mass before 
and after post-mining earthquakes. In the set of data from measurements of the water level in 
a deep piezometer in the Kazimierz-Juliusz mine, the average monthly rate of water level 
increase is 0,033 m/day (Contrucci et al,  2023). There are also periods when this rate drops to 
zero. In periods of several hours before and after registered seismic events, it reaches values of 
+/- 0,20 m/day (cases 1 and 2 in Fig. 15). These data indicate that some post-mining earthquakes 
cause blockage or opening of flow paths in the rock mass (Fig. 15). 

Fig. 7.15. Short-term water oscillations recorded in deep piezometer PMG1 at the area of Kazimierz-
Juliusz mine and selected post-mining earthquakes (magnitude and earthquakes marked in 
red) 
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The use of automatic systems is recommended, as data can be provided in real-time, which 
allows for a quick and detailed remote analysis of water movements before and after each 
seismic event. Such monitoring systems can be equipped with other sensors, additionally 
measuring the physical and chemical properties of the water. One of those systems, developed 
by Central Mining Institute (CMI) in the framework of the PostMinQuake project for the 
Kazimierz-Juliusz test site, can also measure the water conductivity and its temperature: here, 
the data from the sensors are transmitted by GPRS net to a dedicated CMI server and shared in 
real-time, in the application Hydrowskaz (Fig. 7.16) (data from this system are accessible at 
https://gig.hydrowskaz.pl/). 

In the case of hydrostatic probes with a higher sampling frequency (1-2 Hz), co-seismic 
water movements caused by mining and post-mining earthquakes can be detected (Frolik et al.,  
2020; Kotyrba et al., 2020). 

 

 
Fig. 7.16. Live data showing the water table level (a) water conductivity (b) and water temperature (c) 

in deep piezometer PMG1 in Kazimierz-Juliusz mine. The data are presented as plots of each 
parameter value over time in 1h increments. Graphics taken from Hydrowskaz application 
developed for water data visualization (https://gig.hydrowskaz.pl/) 

https://gig.hydrowskaz.pl/
https://gig.hydrowskaz.pl/
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7.6. Best practices for post-mining monitoring 

Some of the recommendations proposed by the PostMinQuake project are transversal and 
valid for all monitoring components. In this sense, the establishment of a clear and well-defined 
monitoring plan is mandatory and common to all approaches, in the frame of a broader multi-
disciplinary attempt. Such a broader monitoring plan should outline the monitoring aims, its 
major components, techniques and integration approach, its frequency and duration. Monitoring 
objectives should be in line with the overall goals, such as the mitigation of environmental 
impacts or the restoration of the landscape. The monitoring plan should be developed in 
collaboration with all stakeholders including the mining company, regulators, and local 
communities. 

Another common result concerns the integration of multiple data. The integration of 
deformation, seismicity, the hydrological level of the mining aquifer, and other geodetic or in-
situ monitoring techniques is crucial for establishing a comprehensive monitoring system. This 
integration facilitates the correlation between the hydrological level of the mining aquifer, post-
mining seismicity and ground deformations, leading to a deeper understanding of the 
relationship between post-mining behaviour of rock-mass and earthquakes. Such an 
assimilation system aids in making informed decisions regarding the most effective monitoring 
strategies and actions to be taken following for a seismic and deformation events. 

When implementing any monitoring techniques in the context of post-mining operations, it 
is crucial to not only adhere to best practices, but also consider the ethical and social 
implications. One aspect of this entails actively engaging with local communities and 
stakeholders to foster a comprehensive understanding of the technology being employed and to 
address any potential concerns they might have regarding the safety of the post-mining 
operations. Taking these ethical and social considerations into account demonstrates 
a responsible approach of the post-mining operator for addressing safety by fostering 
a sustainable monitoring framework. By involving local communities and stakeholders it 
becomes possible to establish a mutually beneficial relationship built on transparency and trust. 

Specific recommendations are recompiled in the following Table 7.1 (colours correspond 
to the different monitoring components). 
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Table 7.1 
Recommendations for post-mining monitoring. Different colours correspond to different 

monitoring components: near surface geophysics (red), gravity (orange),  
seismicity (yellow), deformation (green) and hydrological (blue) 

Near-surface 
geophysics 

Surveys Perform temporary geophysical surveys to 
characterise fissuring processes in faulting zones; 
long term observations of deformation processes is 
crucial after shallow exploitation mining, that are the 
most prone to sinkhole occurrence. 

Perform periodical geophysical surveys, specifically 
gravimetric, electro-resistivity and seismic 
measurements, in areas of high sinkhole deformation 
hazard. 

Use data from temporary geophysical surveys data 
together with test borehole results to discriminate 
primary vs secondary voids and to estimate their 
dimension. 

Perform repeated geophysical surveys and seismic 
data analysis to monitor temporal changes in the 
former mining structure and the near-surface strata. 

Techniques Different techniques can be used to characterise the 
geological structure, detect and image post-mining 
voids and observe their temporal evolution; they 
should be chosen and/or combined taking into account 
their penetration depth (PD). 

Gravity Monitoring Continuous and periodic gravity measurement is 
useful to monitor regions prone to post-mining 
seismogenesis: those with potential void collapsing, 
unevenly saturated by water, or presenting residual 
tectonic stress and faults. 

Performing continuous monitoring helps the 
identification of mining and post-mining earthquakes 
and discriminant them from natural earthquakes. 

Performing periodical gravity measurements helps 
tracking temporal changes in the bulk density of the 
surveyed rock mass, which may reveal rock mass 
relaxation or seismic energy release, sometimes 
followed by surface morphology changes. 
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Continuous gravity data can supplement seismic data, 
helping the assessment of ground motion and source 
mechanism. However, such a development remains at 
an early stage and we recommend using it only as a 
supplement to seismological monitoring; in such a 
case, the deployment of one gravity station during 
mine flooding can be sufficient for an integrated 
seismological-gravimetric monitoring. 

It is good practice to carry out periodic gravity 
measurements at a grid of points with a lateral spacing 
of ~500-1000 m, to help the interpretation of 
gravimetric data and identify temporal changes of the 
absolute gravity and Bouguer anomaly. 

Seismicity Monitoring Post-mining seismicity poses a hazard comparable to 
mining seismicity and should be accurately 
monitored. 

Monitoring post-mining seismicity should allow the 
detection of earthquakes of similar size and with 
similar location accuracy as mining earthquakes. 

A combination of dense seismic monitoring and full-
waveform analysis techniques allows an improved 
analysis of post-mining earthquakes and a better 
understanding of seismic processes. 

Adopting seismic network optimization procedures is 
envisaged to optimally design the deployment or the 
extension of seismic networks; network optimization 
tools provide network geometry solutions accounting 
for the target of seismological activity (e.g. location, 
source characterisation), accounting for accessibility, 
land use and/or seismic noise information. 

Methodologies Full-waveform techniques are recommended for 
detection and location, as they can overcome 
challenging identification and picking of seismic 
phases in noise post-mining environments. 

Consider that accurate depth estimations are difficult 
for surface, post-mining monitoring: even with dense 
deployments and seismic sensors very close to or 
directly above the source, the small scale of the 
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location problem requires very detailed seismic 
velocity models. 

Moment tensor (MT) analysis is a useful tool to 
investigate earthquake sources and discriminate 
among different processes; dense station networks 
providing a good azimuthal coverage, as e.g. at 
Gardanne (France), enables MT inversion for 
microseismic events.  

Implementation of detection, location and MT 
inversion into routine monitoring is desirable but 
challenging due to high uncertainties for small events. 

Full-waveform-based cluster analysis can help linking 
seismic events that occurred before the enhancement 
of a seismic network to more recent events recorded 
with improved station coverage. 

Monitoring 
optimization 

Adopt seismic network optimization procedures to 
optimally design the deployment or the extension of 
seismic network; network optimization tools provide 
network geometry solutions accounting for the target 
of seismological activity (e.g. location, source 
characterisation), accounting for accessibility, land 
use and/or seismic noise information. 

Deformation GNSS Include continuous surface deformation monitoring 
system based on high-frequency satellite observations 
from multiple GNSS, using as many satellites as 
possible, that allows precise determination of 3D 
displacements. 

The use of automated systems for monitoring surface 
deformation, based on differential GNSS are 
recommended; this allows deformation monitoring 
and identification of their anomalous changes, which 
may be precursor or result of post-mining seismicity. 

Out of many various measurement techniques and 
computational strategies of satellite navigation 
systems, adopt solutions accounting for techniques for 
developing observations, which will allow obtaining 
the maximum amount of information on the 
movement of the monitored point. 
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It is advisable to develop the same, continuous 
observations on different monitored points using 
different computational strategies: post-processing 
and real-time computation, which enable a quick 
assessment on the level of land surface changes 
generated by specific seismic phenomena, thus 
facilitating the impact and damage assessment. 

Analyses of the course of displacement changes, 
based on solutions obtained from the development of 
observations in post-processing with a time resolution 
of 1 h are useful to identify increased, short-duration 
vertical (uplifts) velocities that may be an indicator of 
post-mining earthquakes. It is advantageous to carry 
out additional analyses based on RT solutions with 
a time resolution of 1 Hz, for a time interval that 
includes the period of the 24 hours in which the  
post-mining earthquake occurred. 

Use continuous GNSS monitoring when possible, 
specifically in areas of surface deformation exceeding 
the accuracy of InSAR. 

InSAR Ensure quality and accuracy of InSAR measurements, 
by properly selecting (a) satellite sensors with 
appropriate wavelength and resolution, (b) images 
with valid interferometric capability, geometric and 
temporal baselines, (c) processing methods to ensure 
optimal results for the specific post-mining context. 

For induced seismicity, DInSAR technique provides 
approximate yet timely information on ground 
motions, enabling the detection of affected areas. The 
approach is valid for shallow and moderate or large 
magnitude earthquakes (centimetre-level motion). For 
weaker or deeper earthquakes, the higher accuracy of 
MT-InSAR techniques (PSI, SBAS-like) is required. 

Identify reference areas, with negligible deformation 
signals, that allow the quantification of ground 
motions induced by post-mining events. 

Choose radar wavelength based on presence and 
density of vegetation (i.e., the denser the vegetation 
the longer the wavelength), still considering that 
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longer wavelengths are less sensitive to motion than 
shorter ones. Agreements between mining operators 
and satellite data providers may facilitate SAR 
archived data acquisition before an event and fast 
imagery acquisition after it. 

For phenomena occurring over long time scales, 
ensure regular analysis of InSAR images and report 
those to all relevant stakeholders, mentioning 
limitations and uncertainties. 

Establish a local reference network: a series of well-
monitored reference points (e.g. GNSS corner 
reflectors) that aid interferometric processing. The 
reference network should be established with ground- 
based techniques, maintained and regularly updated. 

Hydrological Water level Automated monitoring systems are recommended, 
ensuring real-time data. The sensing probes should be 
located in abandoned shafts or geological boreholes. 

Water origin In mines where coal-bearing formations are covered 
with younger sediments, it is recommended to 
monitor water in each stratigraphic series. 

Physical-chemical 
properties 

Simultaneous measurements of water properties (e.g. 
temperature, conductivity) are preferred. 
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8. GUIDELINE TO DESIGN AND MANAGE AN EARLY WARNING SYSTEM 
FOR POST-MINING SEISMIC RISK8 

The aim of this chapter is to provide guidelines to monitor post-mining induced or triggered 
seismicity and suggestions to set up microseimic early warning system for public safety.  

The main step to design an early warning system is to identify and characterise the hazard 
expected in the post-mining area. Mining hazard studies are carried out to determine the type 
of ground movement to be expected after closure and flooding, considering mainly parameters 
in relation with mine workings stability and with the geotechnical properties of the rock mass 
(Salmon et al., 2019). In France, in post-mining areas, the expected mechanisms of post-mining 
instability have been thoroughly studied by GEODERIS (GEODERIS, 2003 and 2016). In 
general, mining works located between 50 and 250 metres depths, usually exploited by the 
room-and-pillar method, on several levels and with a significant rate of extraction correspond 
to hazardous areas. Because of this shallow or intermediate depths, pillars failure could have 
ground surface effects, producing brittle massive collapse and subsidence. The objective of the 
microseismic monitoring is to anticipate the risk of brittle collapse by detecting microseismic 
precursor signs. 

8.1. Design of post-mining early warning system applied to ground movement 

As discussed in the guideline, the induce seismicity is not predictable, in the sense that their 
time and place of occurrence cannot be predicted. The early warning system allows to organise 
the actions based on the level of the seismicity. In the following section, we will describe the 
main physical parameter, the technical requirement, the data analysis and data governance. 

 
 
 

 
8 Authors: Isabelle CONTRUCCI1), Emmanuelle KLEIN1), Marwan ALHEIB1)  
1) Ineris, Institut national de l’environnement Industriel et des risques - Mines Nancy, France. 
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8.1.1. Physical parameters to monitor 

To design an early warning system, it is necessary to already have a precise idea of the 
expected hazard to be monitored. Here, 2 types of hazards must be considered: subsidence and 
post-mining seismicity. 

The post-mining seismicity should be monitored where the relevant physical quantities to 
consider at least to anticipate these phenomena are as follows: 

− The local and moment magnitudes which make it possible to quantify the energy 
released at the source of the earthquake. 

− The number of events over a time sliding window, which makes it possible to quantify 
the acceleration of the phenomenon. 

− The PGV (Peak Ground Velocity) which makes it possible to quantify the level of 
surface vibration, independently of the magnitude of a seismic event as the seismicity is 
usually located at shallow depth. 

Other parameters can be considered in the early warning system, such as the underground 
water table level, especially if this level is maintained by pumping, and the precipitations. 

Surface subsidence is as well an useful parameter because it enables to quantify the effects 
of the ground instability on the surface as the result of the underground mining works collapse. 
This means that surface ground movement monitoring does not allow to trigger emergency 
plans as it provides useful information only when the instability reaches the surface. That is 
why, we strongly recommend combining microseismic monitoring with surface movement 
measurements.  

8.1.2. Technical requirements 

The design of a post-mining seismic monitoring network can be quite delicate because 
several aspects need to be considered to ensure the best performances of the seismic network, 
in terms of detection and location of seismic events. First of all, it seems judicious to install the 
seismological monitoring network before starting the flooding operations. Indeed, when the old 
mining works are still accessible, the probes can be directly installed at the level of the mining 
works, with a water-resistant device that will resist to the future flooding. To complete this 
installation surface sensors can be as well installed at the surface to distinguish anthropogenic 
seismic event coming from the surface from events coming from underground instabilities. 

If the mine is no longer accessible, installing sensors in boreholes drilled from the surface 
is a solution to isolate the instrument from anthropogenic noise and bring it closer to the target 
zones to be monitored, i.e., old mining works and seismic faults likely to be reactivated. The 
seismic probes will be thus placed in the well as a vertical antenna in the borehole for instance, 
or with other geometry. It will be necessary to place probes on the surface and also at 
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intermediate depths to distinguish the events coming from the underground to those coming 
from the surface, generally correspond to noises or mechanical vibrations. 

In both cases, the number and distribution of sensors depend on the excepted magnitude of 
completeness and the desired location precision as well as the extent of the area to be monitored. 
The design of the network can be carried out based on a numerical simulation, which proposes 
a seismic network geometry, with a minimum number of sensors, according to the level of 
ambient noise and the technical constraints of the environment. Indeed, the zones to be 
monitored are generally located in areas where there is significant human activity. This activity 
generates noise that degrades network detection performance. But sometimes, it’s not possible 
to choose the locations of the sensors, because of too many constraints, such as the distribution 
of the habitations or of the infrastructures, the availability of power supply, etc ... In any case, 
the numerical simulation can still be carried out to quantify the theoretical performance of this 
network, detect biases induced by the network geometry and estimate the magnitude of 
completeness. If the objective of the microseismic monitoring network is also to be able to 
calculate focal mechanisms, it may be interesting to enlarge the extent of the zone to be 
monitored in order to have greater azimuthal coverage. 

Two types of sensors can be used, however, the installation of triaxial sensors will be 
preferred to uniaxial sensors. Indeed, they allow a better characterization of the polarization of 
the seismic wave, and the estimation of the source parameters as well as of the focal 
mechanisms (which is not possible with 1-component sensors). The choice of the type of 
sensors, velocimeter or accelerometer can also have an important role in the design and in the 
performances of the network. The velocimeter is generally more suitable for recording a low 
magnitude earthquake at a long distance. On the other hand, it is more sensitive to installation 
conditions and temperature variations. The accelerometer is particularly suitable for recording 
strong movements at short distance, without risk of saturation of the seismic signal.  

8.1.3. Seismic data processing 

As the objective of the monitoring network is to alert as soon as possible of the occurrence 
of an abnormal situation, this implies that the microseismic data need to be processed in near 
real time. This involves the use of automatic algorithms for detecting, locating and calculating 
the magnitude of seismic events as well as the PGV and the errors associated to these 
parameters. The results obtained must then be regularly validated by the operator in charge of 
this monitoring. This validation includes reprocessing to refine, if necessary, the results from 
automatic processing. 

An attention should be paid for the error calculation. The location errors, calculated from 
a unique vertical seismic antenna located in a borehole, can be reduced if the angles of 
polarization are used both with the arrival times of the P and S (Contrucci et al., 2010). In 
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addition, if the old mining works are still accessible, calibration blasts can be carried out from 
these old works. This kind of experimentation can be helpful to test the seismic sensor response, 
especially to verify the orientation of the 3-component sensors. It will help as well to calibrate 
the velocity model use for the location calculation. If it is not possible to carry out this type of 
experiment, the velocity model could be built from geophysical, geological and structural data 
acquired on the site at the time of exploitation (drilling, VSP, logs, etc.) or thanks to natural 
earthquakes or carry blasts. 

In addition, one of the most important tasks of microseismic monitoring is to be able to 
separate the relevant seismological data which demonstrate an underground instability from 
that resulting from anthropogenic activity. In a first step, this work could be carried out by an 
operator to build a waveform library that corresponds to each type of phenomenon expected on 
the site: surface noise, drilling noise, noise due to storms, quarry blast, seismic event coming 
from the basement etc… once the catalogue has been established, an automatic or semi-
automatic sorting strategy must be put in place. For example, surface noises can be easily 
recognized automatically, because the amplitude of the event is usually stronger on the surface 
probe than on the bottom. More advanced algorithms based on artificial intelligence can also 
be used to carry out an automatic sorting of the seismic data after a period of machine learning 
based on the reference catalogue previously produced (Kazmierczak et al., 2020). 

8.1.4. Alarm criteria and monitoring procedure 

The aim is to monitor both mining related instabilities and post-mining seismic hazard. In 
other words, it is necessary to define a monitoring criterion that will enable to: 

− detect the underground initiation of mining instability before the occurrence of surface 
effects like subsidence. 

− evaluate the surface vibration levels to quantify the perception of seismic events and 
assess any damage to buildings and/or infrastructures. 

To effectively monitor these feared phenomena, criteria such as the seismicity rate over 
a 24-hour sliding window, the local and moment magnitudes as well as the PGV associated 
with the intensity scales are relevant parameters.  

From an operational point of view, two levels of alarm can be adopted (Fig. 8.1): 
− level I, exceeding predetermined thresholds will activate the vigilance mode. This 

level is associated with activity above the background noise regime, indicating the 
detection of underground precursory signs and/or an abnormal level of surface 
vibrations. 

− level II, exceeding thresholds will trigger the alarm mode. This level qualifies the 
acceleration of the phenomenon or the perception of vibration on the surface. At this 
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stage, it is necessary to promptly convoke a committee of experts to analyse the 
situation and, if necessary, inform the local authorities. 

The criteria for exiting alarm levels I and II should be defined according to the specific site 
being monitored. For example, it could be proposed that if no additional activity is observed 
within 7 days after the activation of a level I or II alarm, a return to the normal regime can be 
declared. 

The absolute values of the various alarm thresholds must be specific to the site being 
monitored. These threshold values are not always easy to define without existing on-site data. 
Therefore, to ensure the reliability of these criteria, a test period will be conducted before 
operational applying of these values. It should be kept in mind that the onset of a mining 
instability, as mentioned earlier, can begin with small fractures sizes. Therefore, the initial 
vigilance alert threshold on number of microseismic events originating from the underground 
should be relatively low, on the order of ten within a time window of the order of 24 hours. 
Similarly, the first alert threshold on magnitude should be set at relatively low levels, around 0, 
since mining instabilities typically result in low-magnitude events.  

The first threshold of PGV can be of the order of 1 mm/s which corresponds to a weak 
human perception, without causing any damage to buildings (refer to chapter 5 and 6). In the 
case of a more intense seismic event, real-time shaking maps can be generated to assess the 
areas that will experience the strongest motions. Indeed, as the magnitude increases and the 
earthquake source becomes shallower, the seismic motion on the surface becomes stronger. To 
estimate the expected ground movements, it is necessary to establish a Ground Motion 
Prediction Equation (GMPE), which depends on factors such as epicentral distance, magnitude, 
and other parameters related to the seismic source or wave propagation conditions at the site 
(refer to the section 5). Finally, the link between ground motion and potential surface damage 
can be established using intensity scales, as developed within the framework of the 
PostMinQuake project (Section 5). 

In summary, exceeding the alarm thresholds of level I aims to alert the monitoring operator 
that abnormal activity, above the background noise level, is occurring (Fig. 8.1). In this case, it 
is necessary to switch to a vigilant mode, which involves closer monitoring (operator checking 
at less 2 times a day) and validation of data trends and, if possible, comparing them with other 
available data (such as groundwater levels, nearby mining activity if the closed mine is located 
close to an active mine, etc.). Exceeding the alarm thresholds of level II indicates an 
acceleration or intensification of the monitored phenomena. In such cases, it is necessary to be 
on duty 24/24 for data processing and analysis. It is also strongly recommended to convene 
a committee of experts who will assess the ongoing evolution of the phenomenon. Depending 
on the legislation in the respective country, this committee may inform the competent 
authorities, who will then take the necessary measures to ensure the safety of people and 
property. This general alert process should be documented in a procedure that is approved in 
advance by all stakeholders. Additionally, to ensure the smooth functioning of this process and 
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to ensure that everyone understands their role, regular exercises can be conducted to simulate 
a crisis. A logigram can resume all the actions to perform in case of alarm as presented in  
figure 8.1 for instance. 

 
 
Fig. 8.1. Example of monitoring logigram 
 

The deployment of additional seismological monitoring stations or other measures, such as 
GPS, can be considered. Indeed, such deployment can aid in understanding ongoing phenomena 
and assist experts in decision-making. Furthermore, conducting a thorough back analysis can 
enhance the understanding of these phenomena and address concerns regarding post-mining 
issues, benefiting to a wider audience. 

8.2. Data governance 

Data governance in the context of post-mining hazard management is of crucial importance 
to ensure effective management of data in the long term. It covers several aspects such as the: 

− Preservation of archives and mining history after cessing the mining activities: Data 
preservation should include measures for the preservation of archives and mining 
history once miners have left the site. This involves defining protocols for document 
management, digitizing relevant information, and secure storage to ensure long-term 
access to this data. 

− Operational management of networks, maintenance, and long-term surveillance: Data 
administration needs to address the operational management of networks, maintenance, 
and long-term surveillance of post-mining equipment and infrastructure. This includes 

Example of  monitoring logigram

System status Physical 
measurements data

Unusual evolution 
of measurements

Level II - Alert
2scd Threshold crossed on :

• Number of seismic events
• Magnitude
• PVG
• Etc … 

Mail + call to site 
responsible

Expert committee meeting
Delay 2 h after first alarm

Decision and action to 
be taken with site 

responsible

Hardware and/or 
software failure

Remotely 
Resolvable

Yes Yes

Yes No

No

Mail of Information to 
site responsible

Delay 4 h after first 
alarm

Automatic 
Alarm *

Automatic
Alarm *

First actions to be made as for 
instance :

• Increase data verification 
• on-site visits to observe the 

disorders
• cross-referencing with 

other data of interest
• Etc …

Initiation of urgent actions :
• Safety and / or 

evacuation
• Additional monitoring
• Etc …

No

Level I - Vigilance
1rst Threshold crossed on :

• Number of seismic events
• Magnitude
• PVG
• Etc …

Automatic data acquisition and 
processing –

daily data verification by the 
monitoring operator

Monthly report 
+ 

data backup and management

* To monitoring operator
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implementing protocols for monitoring, preventive maintenance, replacement of 
defective equipment, and regular surveillance to ensure the continuous functioning of 
systems. 

− Archiving and long-term storage of data, preservation of processing parameters and 
changes in measurement chains: Data archiving must ensure the long-term storage of 
data. It is crucial to preserve the processing parameters used and changes in the 
measurement chain for complete data traceability. Data should be stored in universal 
and easily convertible formats to facilitate accessibility and reuse. 

− Updating procedures based on acquired knowledge: Data management should provide 
mechanisms for updating procedures based on acquired knowledge over time. New 
insights and lessons learned should be incorporated into surveillance and management 
procedures to continuously improve practices and ensure optimal data handling. 

− Compliance with FAIR principles for data: Data oversight should ensure that data 
follows the FAIR principles (Findable, Accessible, Interoperable, Reusable). This 
involves implementing strategies to make data easily findable, accessible, interoperable, 
and reusable, both within and outside the organization. 

− Cost of long-term post-mining surveillance: Data governance should consider the cost 
associated with establishing and maintaining post-mining surveillance. It is essential to 
define policies and procedures to optimize resources and ensure continuous monitoring 
while minimizing costs. 

 
Thus, it is necessary to establish clear protocols for collecting, storing, and sharing the 

information generated by the microseismic surveillance network, as well as by other 
instruments installed on site such as piezometers. This ensures that the data is accessible to all 
relevant stakeholders, including scientists, post-mining operators, and competent authorities, 
for transparency, collaboration, and a better understanding of post-mining seismic phenomena.  

8.3. Recommendation and conclusions 

Post-mining surveillance is particularly effective when planned before the mine's closure. 
The design of a microseismic surveillance network, such as an early warning system, depends 
on the expected ground instability mechanisms and their kinetics. This system is intended to 
detect precursor signs of underground mine failure or detect seismic movements due to seismic 
fault reactivation, enabling a rapid response to ensure the safety of individuals and 
infrastructures at the surface. 

To achieve this, it is important to consider the mine's historical context during its operational 
phase. This allows for an understanding of the geological characteristics and potential risks 
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associated with past mining activities. Additionally, we recommend installing the surveillance 
network prior to the mine's flooding and conducting a retrospective analysis of the initial data 
to enhance comprehension of the anticipated seismic phenomena, such as post-mining 
instability and fault reactivation caused by flooding. This analysis will aid in defining alarm 
thresholds, forming the basis for the surveillance procedure. Exceeding these thresholds will 
trigger predetermined actions by the involved stakeholders to ensure the safety of people and 
property. 

Furthermore, it is advisable to publish seismic catalogs and epicenter maps in near-real-
time on accessible websites for all relevant parties. This transparency promotes knowledge 
dissemination and contributes to better management of mining-related risks. 
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9. CONCLUSIONS AND GENERAL RECOMMENDATIONS9 

The guidelines were developed to assess and control negative dynamic phenomena 
(vibration, deformation) observed on the ground surface in areas of closed underground coal 
mines, especially at different stages of their flooding process. The guidelines are based on 
research conducted as part of the PostMinQuake project on induced seismicity and surface 
stability in post-mining areas and represent the completion of Deliverable 7.2. entitled: 
“A comprehensive book (transnational guidelines) on a method on assessment and 
monitoring of seismic hazard in post mining areas”. The guidelines developed can be applied 
to post-mining coal areas in the EU and around the world, particularly during the period of mine 
flooding. The guidelines are addressed mainly to mining consultants, potential investors and 
decision-making bodies in post-mining areas, including authorities responsible for managing 
closed mines. Detailed methodologies for carrying out the work are included in the chapters 
from 3 to 8. 

The following important conclusions relating to the content of the guidelines have been 
formulated: 

− Coal mine closures are accompanied by numerous environmental hazards, whereof 
one of the most significant is post-mining seismic activity, which is one of the earliest 
indicators of rock mass instability and can cause minor or severe damage to buildings 
and surface infrastructure. It can be the cause of the reactivation of shallow goafs, and 
it can bring about sinkholes or other discontinuous deformations.. Such dangerous 
phenomena can threaten the safety of the population and cause difficulties in the 
development of land after the closure of a coal mine. 

− The assessment of seismic hazard in post-mining areas, particularly related to mine 
flooding, should be carried out using data that are essential for coal mine 
decommissioning, mine flooding design, the flooding process, and for the assessment 
of hazards (induced seismicity and surface deformation) associated with mine 
flooding, i.e. geological data on the rock mass and land surface, hydrogeological data, 
mining data, and seismic data and other geophysical data.  

 
9 Authors: Violetta SOKOŁA-SZEWIOŁA1) 

1) SUT, Silesian University of Technology, Gliwice, Poland. 
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− In areas affected by mine decommissioning, particularly during the period of mine 
flooding, hydro-mechanical perturbations in the rocks can be a potential cause of 
triggering seismic activity. Due to the flooding process of mines and fluctuations in 
the water table, rocks around such mines are subject to changes in their mechanical 
equilibrium. Seismic events may occur due to the fractures of mine structures, such as 
pillars, or the reactivation of existing geological discontinuities.  

− In order to assess the impact of the flooding process and the fluctuation of the water 
table on the triggering of seismic activity in closed coal mines, it is beneficial to 
conduct hydro-mechanical numerical predictive simulations. The most relevant 
solution in this case is to collect data linking  water level evolution and the recorded 
seismic events during the same period. In practice, these models should be 
implemented before mine closure based on seismicity information obtained during the 
mining period. At this stage, key parameters should be extracted and a monitoring 
protocol established, as well as recommendations for characterization and further 
modelling. Models should in each case take into account faults, as they have a high 
potential for seismic triggering. 

− Ground vibrations caused by post-mining earthquakes can affect the response of 
surface infrastructure, the perception of earthquakes by people and disrupt daily life 
and bring about disruptions in the normal use of buildings. To determine the level and 
effects of post-mining earthquakes, it is necessary to know the parameters of ground 
motion at the site being evaluated. For this purpose, it is necessary to implement 
seismic monitoring (regional, local), develop a prediction equation for ground motion 
and spatial variation of ground motion for the observed areas.  

− To assess the impact of post-mining earthquake vibrations on buildings, the 
perceptibility of vibrations to people, the level of inconvenience of building use and 
an empirical criterion for the dynamic resistance of buildings, the Mining and Post 
Mining Seismic Instrumental Intensity Scale, MSIIS-22, developed as a result of the 
project, can be used. This scale, in particular, allows empirical assessment of the 
resistance of buildings to mining and post-mining earthquakes. Comparison of the 
dynamic resistance of buildings, considering the type of building and its technical 
conditiSons, with the prediction of instrumental levels of intensity of post-mining 
earthquakes, allows assessing the safety of the transmission of dynamic impacts by 
buildings. For the assessment of damage to buildings and surface infrastructure due to 
the occurrence of a post-mining earthquake, the macroseismic intensity of the MSIIS-
22 scale or the macroseismic intensity of the EMS-98 scale and the Risk-UE Level 1 
method can be used, or together the macroseismic intensity of the MSIIS-22 scale with 
an adaptation of the Risk-UE Level 1 method. 

− The process of mine closure, particularly at the stage of mine decommissioning and 
flooding, is accompanied by surface and rock mass deformation processes, as well as 
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seismicity. Underground instabilities in the mine structure, the formation and 
destruction of deep voids, the reduction of fault friction in response to mine flooding 
and the triggering of local post-mining earthquakes are processes that can occur in the 
post-closure period. Identifying such processes, fully understanding and distinguishing 
them, and modelling them is possible but very difficult and requires multidisciplinary 
monitoring. Therefore, in post-mining areas, especially during the period of mine 
flooding, it is important to conduct comprehensive monitoring that includes: 
temporary near-surface geophysical measurements, continuous and periodic gravity 
monitoring, seismic monitoring, surface deformation monitoring, monitoring of water 
in deep and shallow parts of the rock mass. The integration of monitoring results is the 
key to establishing a comprehensive monitoring system. The monitoring plan should 
be developed in cooperation with all stakeholders, including the mining company, 
regulatory authorities and local communities. 

− In order to ensure public safety in seismically active post-mining areas, it would be 
beneficial to establish an early warning system for ground movement. Such a system 
should be  designed after identifying and characterizing the hazard expected in a post-
mining area, in this case surface deformation and post-mining seismicity. Therefore, 
it should use the results of microseismic monitoring and surface movements. Other 
parameters such as the level of the groundwater table and precipitation may also be 
taken into account. Post-mining surveillance is particularly effective when planned 
before mine closure. 

Based on the experience resulting from the implementation of the project, the table 9.1 
presents the monitoring actions, during the period of coal mine flooding. The monitoring 
program depends on the depth of water level in the rock mass, i.e. in the conditions when water 
level in the rock mass is up to a depth of 100 m (Case 1) and above 100 m (Case 2). In the first 
case, the scope of monitoring indicated in the table should be treated as obligatory, and in the 
second case the indicated range should be considered as recommended. It should be noted that 
the following indications may be changed by the user, depending on local conditions in the 
post-mining area. 
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Table 9.1 
Obligatory and recommended monitoring program in coal mines in the process of flooding 

(+ indicates the need to use a monitoring method) 

 
No. 

 
Monitoring method 

Water level  in rock -
mass at depth ≤100m 

-Case 1- 

Water level in rock-
mass at depth>100m 

-Case 2- 
Obligatory Recommended 

1 Regional seismological continuous 
observations 

+ + 

2 Local seismological continuous 
observations 

+  

3 Continuous water level observations 
in stratigraphic series in depth range 
from surface to the point of deepest 

shaft in a mine 

+  

4 Temporary water level observations 
in stratigraphic series in depth range 
from surface to the point of deepest 

shaft in a mine 

 + 

5 InSAR + + 
6 GNSS  + 
7 Continuous gravity observations  + 
8 Periodic gravity surveys in areas of 

shallow room and pillar mining 
+  

 
The mine decommissioning plan should provide a hydro-mechanical model of the rock 

mass, which should be used to assess the impact of the flooding process and water table 
fluctuations on the triggering of seismic activity.  

The assessment of the impact of post-mining earthquake vibrations on buildings, the 
perceptibility of vibrations to people, and the assessment of the safety of transmission of 
dynamic impacts through buildings and the assessment of damage to facilities should be carried 
out on an ongoing basis, based on seismic monitoring data and data on the technical condition 
of facilities, throughout the period of mine flooding. 

In order to ensure public safety and effective management of the post-mining area, 
especially during the period of mine flooding, it would be advisable to implement the proposed 
early warning system. Such a system should be developed before the start of the mine flooding 
process. 

Based on the realized research, it was found: 
− Post-mining seismicity can be observed from the beginning of mine closure. At this stage 

there is a change in the factors that affect the occurrence of a post-mining earthquake. On 
average, this is a period of about 1 to 2 years. 

− After the start of flooding, there may be an intensification of post-mining seismicity due 
to changes in the geodynamic stability of the rock mass. As the flooding process 
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continues, a decrease in seismicity is observed. The gradient of the decrease in seismic 
intensity generally increases in the subsequent phases of flooding. Estimated in time, 5-
10 years after the mine closure, the induced earthquakes number and magnitude 
substantially decrease. Mine flooding has a role in induced seismicity, however, the 
magnitude of the earthquakes substantially decrease. 

− Average estimate of the total period during which post-mining seismicity is observed can 
be up to about a dozen years after mine closure. This period depends mainly on the depth 
of the seams where mining was carried out, the properties of the rock mass and the rate 
of flooding. In extreme cases, it can be up to several decades after mine closure. 

The main conclusion of the research in the project, relevant to building in post-mining areas, 
is that there is a risk of ground vibrations with parameters that can cause damage to structures 
in the short term after mine closure (several or more years depending on the depth of the mine). 
In order to avoid possible damage, it is recommended to use reinforced (masonry) structures. It 
is recommended in these areas to exclude from development the areas of closed shafts and drifts 
and shallow mining until moment they are flooded completely. 

The suitability of a post-mining site with predicted post-mining seismic activity for 
development is proposed to be determined by taking into account the values of the predicted 
ground vibration parameters and the occurrence of surface deformation (continuous and 
discontinuous). Table 9.2 contains the classification, suitability of the site for development, 
proposed as a result of the project. 

 
Table 9.2 

Suitability of land for development under conditions of post-mining seismicity 

Category Suitability Comments/Recommendations 

I Terrain suitable There are residual deformations, values of ground vibration 
parameters that can not cause damage to objects. 
Recommended structural reinforcement of objects. 

II Conditionally 
suitable area A 

There are disappearing deformations, values of ground 
vibration parameters that can not cause damage to objects. 
Necessary technical analysis of the possibility of development. 
Recommended reinforcement of the structure of objects. The 
site, after reducing the values of continuous deformations, can 
be included in category I. 

III Conditionally 
suitable area B 

There are disappearing deformations. Values of ground 
vibration parameters that can not cause damage to objects. 
Discontinuous deformations are possible, especially in areas 
of shallow mining. It is recommended to exclude from 
development the areas of closed shafts and drifts and shallow 
mining. Necessary technical and economic analysis of the 
possibility of development. Recommended reinforcement of 
the structure of objects. 
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IV Land 
temporarily 
unsuitable for 
development 

There are disappearing deformations. Values of ground 
vibration parameters that can cause damage to objects. 
Discontinuous deformations are possible, especially in areas 
of shallow mining. The area excluded from development until 
the danger of harmful ground vibrations is reduced and post 
mining voids flooded. After this time, it is possible to place the 
site in category III.   

 

The above is important information for local government units responsible for proper land 
use planning and development, units responsible for managing the postmining area, land users 
and potential investors. The final assessment of the possibility of allocating the land for specific 
purposes, should also take into account the assessment of other hazards present in the mining 
area after the closure of the mine (e.g., gas, water) and the national regulations in force. 
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