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Chapter 1 

Introduction to  

the study 
 

1.1 Research context and motivation 

Increasing use of deep underground space for Research Laboratories and the 

continued development of mineral resources require understanding of rock masses 

behaviour subjected to changes of stress regime as a result of excavation. More 

particularly, the propagation of geomechanical stress and deformation processes 

through rock masses to the surface is a key of concern in this study. An approach to 

understanding such referred behaviour could be achieved through stress and 

deformation patterns distribution analysis. 

Excavation of underground openings induces stress and strain redistribution in 

the rock mass surrounding the excavated opening (Aguado and Gonzalez, 2009; Stiros 

and Kontogianni, 2009; Alkan et al., 2007; Chandler, 2004). Stress provides boundary 

conditions of force and changes in stress affect excavation stability. This results in 

detrimental effects on the environment surrounding the excavation. Changes of stress 

regime could induce ground subsidence at the surface. 

Numerical methods are effectively used to investigate stress and strain 

distribution within rock masses. However, most of the investigations are based on the 

Finite Element Method and in most of cases they are associated either with excavations 

for coal (Xie et al., 2009; Mark et al., 2007), tunnels (Henk, 2006; Hao and Azzam, 

2005; Kontogianni and Stiros, 2002) or for Research laboratories (Chandler, 2004). 

Furthermore, although some finite difference analyses have been devoted to investigate 

stress and strain distribution in salt and potash mines (Rothenburg et al., 2007); the 

behaviour of these rocks was characterized by the commonly used long term 

deformation or creep model. Little or no particular attention has been given to factors 
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which govern the distribution of stress and strain distribution within rock masses. 

Henceforth, the difficulty to evaluate the effects of controlling factors such as lithological 

heterogeneity and geological structures on the patterns of stress and displacement 

distribution, particularly during deep active mining.  

 

1.2 An approach to analysing patterns of stress and displacement distribution 

associated with underground active potash mining 

Boulby mine is an active mine and its structure is expected to experience detrimental 

effect such as instability owing to changes brought to the in situ stress by the ongoing 

mining activity (Kwon and Wilson, 1999). Thus, the need to characterize the short term 

response of the structure to mining activity to ensure the safety of workers and any 

structure built underground. 

The approach used in the current study is to analyze and quantify stress and 

displacement distribution using the Fast Lagrangian Analysis of Continua (FLAC 2D) 

code based on the Finite Difference Method (FDM). This will enhance understanding 

the deformation of rock mass and particularly the stress-displacement transmission 

through the overburden as a result of mining potash.  

Given that the current research is more interested in stress and displacement 

distribution associated with the short term behaviour of the excavations at Boulby mine, 

the strain-softening model was applied to carnalite marl, potash and salt rocks as an 

approximation to the creep behaviour broadly used in most of numerical analyses of the 

rocks (Rothenburg et al., 2007; Lachenicht and Aswegen, 1999). The strain-softening 

model was combined to the Drucker-Prager and Mohr-Coulomb models to characterize 

the behaviour of the strata in the surface zone and those in the main and intermediate 

zones, respectively. 

Datasets from a bespoke closuremeter underground monitoring were gathered 

and patterns of convergence of mine workings are used in the numerical analysis of 

stress and displacement distribution, and resulting ground subsidence. 
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research is given in chapter 1 whilst chapter 2 summarizes the existing literature on 

ground surface deformation, mine roof closure and ground subsidence monitoring 

techniques and modelling methods, especially the FLAC 2D code based on the Finite 

Difference Method. 

 Chapter 3 describes the area of study and reviews the mechanics of salt and 

potash rocks. The geotechnical characteristics of materials, the mining activity and 

mechanics of mine roof at the Boulby Mine are discussed. The laboratory behaviour of 

salt and potash rocks, and some models and failure criteria of materials are also 

discussed. This chapter also reviews the Drucker-Prager, Mohr-Coulomb and strain-

softening plasticity models of rock masses used in the current study to characterize the 

behaviour of the overburden strata at Boulby. The creep of salt and potash and 

estimated in-situ stresses are also reviewed. The chapter ends with the discussion of 

roof monitoring technique used at Boulby mine and the results. 

Chapter 4 describes the approach used to monitor short-term mine workings 

convergence at Boulby Mine. It includes the design and field test of the closuremeter 

used to monitor the mine workings closure. 

 Chapter 5 describes the procedure of short-term monitoring of closure and 

analyzes the monitoring results. The criteria of selection of sites, sites characteristics 

and instrument layout are described. This chapter has also attempted to characterize 

the actual behaviour of the mine workings at Boulby and determine the influential 

factors on the basis of the data collected at four monitoring sites. 

Chapter 6 describes the FLAC 2D modelling approach used to numerically 

analyze the patterns of stress and strain distribution on the basis of measured mine 

workings convergence in order to better understand the mechanics of rock deformation 

and also determine controlling factors of patterns of stress and strain distribution during 

deep mining at Boulby. The chapter also examines the sensitivity of the models and the 

effect of water on distribution and magnitude of stress and displacement, and ground 

subsidence. 
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 Chapter 7 presents the modelling results. The analysis results demonstrate the 

dependency of the patterns of stress and displacement distribution upon the lithological 

heterogeneity. In contrast, a fault has limited effect on patterns of stress and 

displacement distribution. They also demonstrate that patterns of ground subsidence 

are a function of both the lithology and fault, including the nature of the fault.  

As far as strata parameters variation (i.e. stiffness and strength) is concerned, 

the analysis has shown evidence of sensitivity on displacement within the structure and 

a limited sensitivity on the maximum stress. Pore pressure affects both patterns and 

magnitudes of ground subsidence. The analysis also shows that patterns of subsidence 

have limited sensitivity to the variation of the material parameters. 

 Chapter 8 is a discussion on some variables which affect the patterns of stress 

and displacement distribution during deep mining at Boulby within the objectives of the 

thesis.  

As for the patterns of stress and displacement distribution, the analysis of results 

indicates that the magnitudes of maximum stress and total vertical displacement are 

also a function of the lithological heterogeneity and geological fault. The analysis shows 

the linkage between the zone of disturbance at the surface and the increase of 

heterogeneity of the overburden strata. The comparison of FLAC predicted with levelling 

measured subsidence shows discrepancies in the patterns of subsidence and predicted 

subsidence underestimated measured subsidence. 

Chapter 9 presents the conclusions drawn from the findings; the limitations of 

modelling approach and concludes with some recommendations for further study. It 

gives the contribution of the research to the understanding of the mechanics of rock 

deformation and stress-displacement state transmission during underground mining. 
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Chapter 2 

Ground surface  

deformation  
 

2.1 Introduction 

Ground deformation due to underground mining (i.e. mining or tunnelling) is of concern 

for they may strike with or without warning. 

Some of the fundamental concepts and relevant features of ground movements 

related to underground activities, in particular to active potash mining at Boulby are 

herewith presented. Driving factors of mine workings closure and ground subsidence, 

monitoring techniques and modelling methods used to study these phenomena are 

examined. The understanding of these concepts is essential for the comprehension of 

the stress-strain related geomechanics and accordingly for the modelling of the process 

of ground subsidence. 

This chapter has seven sections. Section 2.1 describes the ground subsidence 

hazard and its occurrence. Section 2.2 gives some key parameters which drive the 

ground subsidence. In section 2.3 the response of rock mass to underground mining 

activity is examined. It describes the state of stress within the pre-excavated rock mass, 

the deformation mechanics of mine roof, and examines the concepts of brittle and 

ductile deformation of rocks. In section 2.4 some monitoring methods of roof closure are 

described with an emphasis on the method used at Boulby mine. Section 2.5 is devoted 

to the ground subsidence monitoring techniques, describing the levelling monitoring 

technique used at Boulby mine. Section 2.6 gives an overview of the different methods 

used for modelling ground subsidence (either surface or subsurface mining). Section 

2.7 gives an overview of the Finite Difference Method and the FLAC 2D code in support 

to the methodology used in this research to examine the patterns of stress and strain 

distribution in a real world system, including the effects of heterogeneous lithological 

properties and geological structures at Boulby Mine. 
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Land subsidence may be triggered either by natural causes or human activities 

(Mousavi et al., 2001). On a very local scale subsidence results from the collapse of the 

ground into underground cavities which generally originate from the dissolution of 

soluble rocks. The dissolution of limestone beneath the surface by groundwater results 

in the occurrence of Karst topography of closed depressions at the surface. The thawing 

of frozen ground (i.e. melting permafrost), compaction of recently deposited sediment, 

and the shrinking of expansive soils will also result in ground subsidence.  

Human-induced subsidence is generally associated with underground mining for 

mineral resources extraction (Gledan, 2004) and withdrawal of fluids (i.e. oil, gas and 

water) from the subsurface reservoirs (Mousavi et al., 2001). The extraction of mineral 

removes natural support from the overlying strata (Kratzsch, 1983). The rocks above 

the mine workings gradually bend under the influence of gravity. The deformation of the 

overlying strata progressively propagates upward towards the surface to form the trough 

during the mining or long after mining terminated (Kemeling, 2006; Ge et al., 2003). The 

propagation of the deformation takes place at the same time as the underground 

excavation is closed up. The extent of deformation propagation through the overlying 

strata is dependent of the deformational behaviour of the layers. In room-and-pillar 

mining, such that at Boulby mine the closure of the mine roof is caused by the yielding 

with time of pillars left behind to support the overlying strata. The final shape of 

subsidence at the surface occurs long after the supporting pillars have been fully 

compressed (Kratzsch, 1983). 

The lowering of the surface related to the withdrawal of fluid results from the 

deformation of clay or sand layers by compression and the compaction of the 

sedimentary grains of the fluid reservoir (Chang and Wang, 2006). Indeed, the 

withdrawal of large volumes of fluids leads to the reduction in fluid pressure. The 

stresses on the rock matrix are increased and the bulk volume of the reservoir is 

reduced. The reservoir loses its supporting capacity of the earth stresses.  

Displacements (in 3-D) are induced within the reservoir and deformation may propagate 

vertically and laterally upward towards the surface. The decline of groundwater level is 

correlated to the occurrence of subsidence at the surface (Djaja et al., 2004). In 
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geothermal reservoirs the deformation of the reservoir may be due to the combined 

effects of the mechanical and the thermal processes (Narasimhan and Goyal, 1984). 

Based on the size of the area affected at the surface, ground subsidence can be 

grouped into two categories:  

1. Chimney also referred to as pit, sinkhole or pothole subsidence. It is associated 

with the collapse of mine roof constituted of materials such as shale rocks or 

mudstone within a small area. It is characterized by an abrupt sinking of the 

ground surface and results in a circular steep-sided depression. This form of 

subsidence is not studied herein. 

2. Sag or trough subsidence. This latter is associated with pillars punching in 

deeper mines. It is of circular or semi-elliptical shaped form and is characterized 

by a gentle and gradual setting or depression of ground over a broad area. This 

is the type of subsidence which occurs at Boulby Mine and of interest in this 

study. 

 

2.2 Ground subsidence controls 

The mechanical behaviour of overlying strata is controlled by several factors (Kratzsch, 

1983) whose combined effects account for the trough and magnitude of the subsidence 

observed at the surface. For underground mining, in addition to mining method, eight 

controlling factors are given in Table 2.1 (Gledan, 2004; Holzer, 1984): 

 

Table 2.1 Controlling factors of subsidence trough 

Factor Effects on ground subsidence trough 
 
 
 
 
 
 

 
The width of the extracted area (i.e. width of opening) is a key 

factor in the occurrence and magnitude of subsidence on 

surface.   Ground subsidence occurs when a critical width of 
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Width of the 
excavation 
 
 

extraction is exceeded (Holzer, 1984). 

 

Subcritical width: For an excavation width less than the critical 

value, mine roof bridges over the excavated area inducing a 

sinusoidal trough at the surface. The trough is not fully 

developed and at the center, the subsidence is less than the 

maximum value.  

 

Critical width: As the width of the excavation increases, the 

subsidence at the center of trough becomes deeper and 

reaches its critical subsidence (i.e. maximum value). 

 

Supercritical width: Beyond the critical width, maximum 

vertical subsidence remains constant with the increase of 

width. Subsidence trough extends horizontally, resulting in a 

flat-bottomed trough shape. Vertical movement of the flat 

portion equals the maximum value of subsidence (Gray and 

Bruhn, 1984; Holzer, 1984; Kratzsch, 1983). 

Depth of the 
excavation 

For an extraction of constant area (i.e. width), depth increase 

induces a wider trough of subsidence with a less maximum 

subsidence. Trough flattening at increasing depths of mine 

workings reduces the tilt, curvature, displacement and linear 

change (i.e. tensile and compressive strain). 

Depth increase results in the increase of proportion of firm 

rock in the overlying strata. As a consequence, the arm of 

angle of limit becomes steeper in the lowest and flatter in the 

uppermost zones of the overlying strata (Kratzsch, 1983). 

Width/depth ratio 
It expresses the ratio of mined area width and the seam depth 

beneath the surface. Maximum subsidence occurs at a 
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surface particular point when a minimum (or critical) value of 

ratio is exceeded in the two dimensions plan of the extracted 

area. The size of extraction area increases with seam depth 

increase (Gray and Bruhn, 1984). 

 

Height of the 
excavated area 

The excavation height controls the redistribution of stresses 

which affect the ground surface and induce subsidence. 

Maximum subsidence of roof beds increases with increasing 

excavation height (i.e. seam thickness). It may amount 30% or 

40% of excavation height (Kratzsch, 1983).  

Angle of draw 

It is the inclination angle of the straight line joining the edge of 

the extraction area and the trough rib on the surface 

(Kratzsch, 1983). It is measured from the vertical line in UK 

and USA, and from the horizontal in other European countries. 

The angle of draw is always positive since the surface area 

affected is generally larger than the area of the seam 

extracted. 

It is a function of the characteristics of the overburden. Thick 

deposits of unconsolidated materials increase the angle of 

draw whereas thick and competent rock strata decrease the 

angle of draw.  The angle of draw widens and flattens with 

increasing height above the mining horizon (Gray and Bruhn, 

1984; Kratzsch, 1983). 

Closure of the 
excavation 

Closure or roof-to-floor convergence is a controlling factor of 

subsidence in that, the closure is itself driven by factors which 

govern the occurrence of subsidence on the surface. These 

include depth of excavation, width of excavation and size of 

mine workings, characteristics of overlying strata (i.e. bending 

resistance), seam thickness (i.e. excavation height) (Kratzsch, 
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1983). 

Geological 
structure of the 
overburden 

Geological structure increases or decreases the angle of draw 

hence, the subsidence trough depending on its location within 

the area undergoing subsidence and also the geometrical 

relationship between the geological structure and mine 

workings (The Geological Society, 2008). 

 
 

 

 

 

Mechanical  

characteristics of 
the overlying rocks 

 

Variations of subsidence trough shape are a function of rock 

mass composition and deformation. Overlying layers respond 

in a different manner to mining, thus affect the development of 

subsidence (Kratzsch, 1983). 

Hard rock layers with effective self-support capability delay 

subsidence occurrence at the surface; weak rock layers 

however, are likely to deform under lower stresses (Brady and 

Brown, 2006; Kemeling, 2006). They may flow into the 

opening under high pressure and temperature or through 

fractures and cracks in the overburden (Dyne, 1998).  

Where the floor is constituted of relatively weak rocks (e.g. 

Shale, Sandstone), the floor may heave due to yielding of floor 

material under pressure or shear stress acting on the wall side 

beneath the excavation (Brady and Brown, 2006). As a 

consequence, the bearing capacity of the floor is altered. 

Both types of rocks may widen or reduce the angle of limit of 

subsidence trough depending on the path of fracture 

propagation, and the strength and degree of fragmentation of 

the overlying strata. 

Fracture (e.g. plastic shear strain) propagates laterally 

upwards to the surface along the path of least resistance such 
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as discontinuities.  

 

2.3 Rock mass response to mining 

Rock masses in deep mining environment are anisotropic media in a well-distributed 

elastic stress state (Brady and Brown, 2006). Understanding the concepts of stress and 

strain is essential to the comprehension of response of rock mass to mining activity.  

Prior to mining, orebody rock exerts forces to support the surrounding rock mass 

(Jumikis, 1983). Mining the seam eliminates supporting forces and creates equivalent 

but opposite forces which act at the surfaces of the excavated area toward the opening. 

The immediate roof (i.e. first layers of the roof) detaches from the host upper strata and 

deflects into the excavation. High stresses and strains are induced in yield and 

abutment pillars, and strain energy in zones of high stress concentration increases due 

to insufficient orebody rock left in place (Brady and Brown, 2006). 

 

2.3.1 Stress state in sound rock 

Stress in virgin undisturbed rock originates from the weight of the overburden rock (also 

known as roof pressure), gravitational and tectonic forces (Islam, 2009; Brady and 

Brown, 2006). Geological features (e.g. fractures, joints, folds) considerably affect the 

virgin stress within rock (Jumikis, 1983) and its magnitude increases with increasing 

depth below the surface. 

The stress-strain regime has control on stability of excavations and its evaluation 

provides indicators of instability of excavations in mining activity (Baryakh and 

Samodelkina, 2005). At any point of an undisturbed, homogeneous and isotropic rock 

mass, the stress state is shown in Figure 2.1. 
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Geological conditions 
of the overburden (i.e. 
layers types and 
thicknesses, faults, 
fractures, folds) 
 
 

 
Pre-existing geologic discontinuities affect the strength of rock 

mass and act as planes of weakness (Phillipson, 2008; Brady 

and Brown, 2006).  

Weak rock layers (e.g. shale, sandstone, salt and potash) will 

flow into the opening under high pressure and temperature or 

through fractures and cracks in the overburden (Brady and 

Brown, 2006).  

Interbedded weak strata separate parallel to bedding planes at 

contact zones as a result of overlying strata pressure and their 

own weight. 

Interbedded structures, with weak strata, are susceptible to 

horizontal stresses; and the presence of thin bedding and weak 

strata in the immediate roof exacerbates failure of roof. 

Pre and post-
excavation conditions 
at the excavation 
boundary and in the 
interior of the rock 
mass 

Mine roofs fail in response to excess in-situ horizontal stress and 

involve slabbing. 

High in-situ horizontal stress induces plastic flow or heave of 

mine workings floor. Horizontal stress also induces 

compressional roof failure. Relatively weak roof and thinly 

bedded roof in the overburden are more susceptible to stress-

induced damage. 

Low horizontal stress induces either sliding of delaminated roof 

along vertical joints or buckling over the span. In soft roof, high 

stress causes large plastic deformation and mine roof failure 

(Alejano et al., 2008; Shen et al., 2008; Mark et al., 2007). 

 

2.3.3 Brittle and ductile deformation of rocks 

Rock masses deformational behaviour is generally classified in two main regimes: brittle 

and ductile regimes. Both regimes depend on pressure and temperature conditions. 

Brittle failure is the process of fracture of rock material without any appreciable 

permanent deformation (Raynaud et al., 2008) and generally occurs at relatively low 

confining stresses. It is associated with the strain-softening or strain-weakening 
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Rock deformation occurs as the material sustains additional permanent deformation 

without failure (i.e. loss the load-bearing capacity) at constant stress and may be 

associated with strain-hardening of the rock masses (Figure 2.3b) (Birtel and Stockhert, 

2007; Brady and Brown, 2006). Deformation of rock mass occurs at high effective 

stresses or pressures and/or high temperatures. Strains do not localize or coalesce to 

form a shear band along which material failure will occur.  

 

2.4 Mine roof closure monitoring 

Roof stability is a long-standing issue and mine roof closure has long been of concern in 

active underground mines. Generally, failure of rock mass is preceded by a precursory 

manifestation of behaviour of the rock (Szwedzicki, 2003). Several techniques are used 

to monitor the precursory behaviour of rock mass, and geomechanical data can be used 

for assessing roof behaviour (Schleinig and Lukas, 2007).  

Deformation or displacement, stress and acoustic emissions are measured over 

a relatively short periods and data are used to analyze rock mass behaviour (Bigby, 

2004; Jarosz et al., 2002). A range of methods are used to monitor the stability and 

deformation of mine roof thus, failure of the whole structure. Some key techniques are 

described in the following sections. 

2.4.1 Acoustic Emission/Micro-seismic Emission and stress-strain distribution 

Change in in-situ stress of rock mass brought by excavation is detrimental to the 

stability of openings. Stress and strain redistribution leads to failure and collapse of rock 

mass underground excavations (Szwedzicki, 2003). Several studies have been 

conducted over the subject in various aspects of mining activities for mineral resources 

(Aguado and Gonzalex, 2009; Islam et al., 2009; Mark et al., 2007); tunnelling and 

research laboratories (Cantieni and Anagnostou, 2009; Henk, 2006; Hao and Azzam, 

2005; Kontogianni and Stiros, 2002), energy storage caverns & power stations (Martin 

and Christiansson, 2009; Alkan et al., 2007; Klayvimut et al., 2007); repositories for 

radioactive waste (Martin and Christiansson, 2009; Alkan et al., 2007; Klayvimut et al., 

2007).  
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Despite the FLAC/PFC approach gave insight into patterns of crack formation 

and distribution of stress and strain AE/MS techniques have some advantages and 

drawbacks. The advantages include real-time observation of damage process during 

the entire load history without any disturbance to structures, and that measurement can 

be carried out remotely. The disadvantages include, quantitative measures such as AE 

counts and centre frequencies for the assessment of damage are limited, and the 

techniques are sensitive to noise. Consequently, monitoring data may significantly be 

impaired. 

Mark et al., (2007) analyzed ground behaviour, stress redistribution and 

reinforcement at a longwall tailgate at the Emerald coal mine in Southwestern 

Pennsylvania. FLAC 2D code was used and material was treated as Mohr-Coulomb 

material exhibiting strain-softening post-failure behaviour. The strain-softening was 

simulated by incorporating a plane of weakness in the model.  Analysis results showed 

failure of immediate roof occurs along slip plane and bedding, inducing a partly 

distressed (i.e. softened) zone in the roof. The results also indicated occurrence of 

stresses redistribution above the immediate roof before significant deformation occurred 

as a result of bedding shear. Induced shear bedding in the immediate roof redirected 

stress pathway despite the relatively slow deformation of roadway. Horizontal stresses 

increased as a function of site geometry, and deformation and failure of mine roof 

reoriented stresses in the vicinity of the entry. Modelling results showed good 

agreement with results of roadway behaviour monitoring.  

Of particular interest herein is the dependency of stress and deformation particularly on 

the discontinuity and behaviour of immediate roof. Another significant finding is the 

dependency of magnitude of deformation on the monitoring point at the site.  

Islam et al., (2009) numerically evaluated stress redistribution caused by the 

extraction of coal and its effect on the overlying strata, aquifer system and land at 

Barapukuria mine in Bangladesh. Finite element method (FEM) and Mohr-Coulomb 

failure criterion were applied to determine patterns of tectonic stress distribution at the 

basin whereas the boundary element method (BEM) was used to determine patterns of 

stress distributions induced by coal extraction. Modelling results showed tensional 
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failure concentration within the coal sequences and around faulted zones. Rock failure 

results from the presence of low strength zones and discontinuities (e.g. faults, fractures 

and joints) interconnecting the zones. Whilst shear stress bands are higher along the 

faulted zone, they gradually decrease away from the fault. The result also reveals that 

huge amount excavation of coal results in large scale deformations and upwards 

bending shear stress contours. Furthermore, mining-induced stress results in the 

development of upwards propagating fractured zones in overlying strata. The results 

show shear stresses in the mine roof than at the rib sides (i.e. sidewall of excavation). 

The study demonstrates fracture development and propagation as a function of strength 

of strata. Coal extraction significantly alters stress redistribution around opening and 

induces deformation along faults and fissures. Stress redistribution leads to strata 

subsidence. Groundwater flow through existing and induced discontinuities results in 

underlying aquifers discharge and therefore, in development of ground subsidence on 

the surface in close vicinity of the mine.  

The above studies obviously demonstrate the effectiveness of numerical 

methods in analyzing stress and strain distribution in rock mass as a result of 

underground mining. They reveal the effects of rock strength and faulting on stress 

redistribution, and also concentration of stress along fault and near the rib sides of 

openings. 

Although some of the referred studies by Islam et al., and Mark et al., gave 

insight into controlling factors of stress and strain distribution, most of them failed to 

focus either on factors which highly influence the stress and strain distribution in rock 

mass surrounding the excavation or on the nature of this influence. As a consequence, 

limited information is known on the mechanism of stress and strain redistribution and 

resulting failure of rock mass above underground excavation. Most importantly, stress 

provides boundary condition of forces therefore; changes in stress regime detrimentally 

affect the stability of the excavation and also the mine surrounding environment. 

Additionally, rock mass response to mining activity and accordingly, stress and strain 

redistribution are dependent of the rheology of individual strata that form the structure. 

Furthermore, geological discontinuities also control the stress and strain redistribution 
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as they affect the stiffness and strength of strata. Therefore, a better understanding of 

deformation and failure mechanism of rock mass would be achieved through the 

analysis of controlling factors including lithological heterogeneity and geological 

features. 

2.4.2 Extensometers  

Underground excavation deterioration results from changes in geometrical 

configuration, boundary conditions and loading environment. However, in most cases 

geotechnical and environmental parameters used in excavations design are rather 

accurate owing to limitations in the techniques applied for obtaining such parameters. 

As a result, unsafe design and long-term performance of the excavations is likely to be 

affected (Bhalla et al., 2005). In order to ensure excavations long-term performance, 

continuous monitoring is required for evaluating strata deformation and damage (e.g. 

roof closure, roof-to-floor convergence, wall deflections) occurrence (Singh, 2002). This 

also assists in mitigating potential hazards. 

 

 

Plate 2.1 Dual height telltale extensometer (Bigby et al., 2004) Figure 2.5 Section of a dual 

height telltale extensometer 

(Bigby et al., 2004) 
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2.6.1 Empirical methods 

Empirical methods are the earliest methods for predicting ground subsidence 

associated with mining activity. Subsidence empirical study started in 1825 in Belgium 

and was intended to investigate surface damage associated with shallow coal mining 

activities in city of Liege (Kemeling, 2006).  

The methods assume that amount of subsidence is a function of seam thickness, 

dip of beds, quantity of stowing material and age of workings (Kratzsch, 1983). They are 

based on a combination of experience and the analysis of data gathered from study of 

existence subsidence for predicting future subsidence (Hood et al., 1983). The fact that 

the methods use existing surface movement data to predict further subsidence effects 

makes them suitable only for predicting subsidence in areas where initial data are 

available (Cui et al., 2000).  

The techniques are basically of three methods: the data or NCB graphical 

method, the profile function method, and the influence function method (Karmis and 

Agioutantis, 1999; Aston et al., 1987). 

The graphical National Coal Board (NCB) approach is a data method widely used 

in the United Kingdom for predicting subsidence above coal mines (Hood et al., 1983; 

NCB, 1966). It is based on two specific underground mining conditions:  the length of 

panel should be 1.4 times the depth of excavation and the panels should be rectangular 

(Kratzsch, 1983; NCB, 1966).The spatial extent of the affected area is estimated using 

two profiles of subsidence, the longitudinal and transverse subsidence profiles. The 

maximum subsidence factor (S/m) (with m extracted seam thickness and S the 

maximum subsidence in any profile), and the horizontal distance between extraction 

centre and disturbed area limit are computed from the width to depth (w/h) ratio of 

individual panels (NCB, 1966).  

The profile function method is a curve fitting technique. The method uses the 

actual field data-based function for predicting subsidence profiles over future areas of 

mining once the mathematical profile function is deduced.  Given a critical mining area, 

the mathematical function commonly used to predict ground subsidence is of the form 

(Aston et al., 1987): 
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the superposition principle) associated with the development of subsidence. It is an 

explicit (i.e. no matrices are formed), dynamic approach and successfully used for 

analyzing instable systems (Hart, 2003). 

In analyzing material behaviour, finite difference method replaces every 

derivative in the governing equations (i.e. differential equations) by an algebraic 

expression written in terms of field variables (e.g. stress or displacement) at neighboring 

grid points. For the finite element method however, field variables vary throughout the 

elements in a prescribed manner controlled by specific functions and parameters 

(Itasca, 2005). In modelling process, both methods consider the rock mass as a 

continuous medium therefore; can be represented by a continuum constitutive model. 

Because the complexity of Boulby structure and with the assumption that the system is 

continuum, the FLAC 2D code of the Finite Difference Method will be used in this 

research for modelling rock mass response to mining.  

 

 

2.7 The FLAC 2D modelling subsidence 

Numerical methods are powerful tools in modelling ground deformation related to 

underground excavations or withdrawal of fluids. In order to elucidate the effectiveness 

of FLAC 2D in modelling ground subsidence associated with underground mining 

activity, some cases of study will be described. These cases of study were chosen 

given their similarity in the seam with the potash seam at the Boulby Mine and in some 

cases, the model used to characterize be behaviour of overlying strata. Other cases of 

study are summarized in Table 2.4. 

Alejano et al., (1999) investigated coal mining ground subsidence in Spain amid 

concerns about empirical techniques used for predicting subsidence. No correlation was 

found over steep coal seams despite estimated subsidence over flat seams agreed with 

observations. To address the issues and predict subsidence for both flat-lying and 

inclined coal seams, the FLAC 2D code and elasto-plastic model for the material 

behaviour were combined; and an actual material behaviour-based technique was 

developed. 
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The approach successfully simulates flat and gently inclined coal seams (i.e. 

seam dipping from 0 to 45o) ground subsidence and numerical results were in good 

agreement with empirical observations, and validated against the Central England coal 

basins. In contrast, when the approach was applied to steeply inclined and sub-vertical 

seams (i.e. seams dipping from 45o to 90o), troughs of subsidence with two maxima 

covering large areas were obtained. This explained the discrepancy between empirical 

(i.e. observed) and predicted patterns of subsidence over coal mines in Spain. 

Tan and Ranjith (2003) analyzed steel pipe effect on ground surface settlement 

and deformation at a tunnel face in cohesive clay soil. The FLAC 2D code and Mohr-

Coulomb criterion were combined, and ground movement was assumed to originate 

from stress release around tunnel cavity. Steel pipe reduced tunnel deformation and 

induced 40-50% of ground subsidence on the surface. However, because the face 

deformation significantly contributes to tunnel closure and in order to take account of 

longitudinal pipe effect, either 3D or axisymmetric analysis is recommended for the 

improvement of results.  

Karakus and Fowell (2005) investigated ground movement and stress 

redistribution above and around a tunnel in Austrian. The FDM and FEM codes and 

Mohr-Coulomb plasticity, Modified Cam-clay plasticity and Drucker-Prager plasticity 

models were applied to the materials. Subsidence and stress redistribution models were 

validated against data from the Heathrow Trial Tunnel excavation. FDM analysis 

predicted much closer surface settlement for the sidewall excavation than FEM 

predictions. Analysis results indicated horizontal stresses decrease from the geostatic to 

a low stress level owing to the dependency of stresses to the excavation process. 

Predicted horizontal movements disagreed with subsurface settlement despite 

both agreed with inclinometer and magnetic measurements of tunnel enlargement 

because of the anisotropic behaviour of London clay due to elasticity modulus variation 

with depth. To improve both FDM and FEM predictions, such anisotropic behaviour 

should be considered. 

Fuenkajorn and Archeeploba (2009) developed predicting analytical method of 

location, depth and size of caverns created at salt and overlying layers interface of the 
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leading to upper strata deformation increase. 

Maximum subsidence is a function of excavation 

thickness. 

 

The above studies clearly show the efficiency of numerical methods in modelling 

ground subsidence known all parameters involved in ground subsidence occurrence. 

Though the studies produced valuable results, none of them focused on the mechanism 

of underground excavations related ground subsidence. As a consequence, no or less 

attention was given to the effects of factors such as lithology, faulting considered to 

significantly control the occurrence of subsidence and profiles of trough on the ground 

surface. Ground subsidence occurrence should be considered as a cause and effect 

process (Szostak-Chrzanowski et al., 2003). In this regard, both causative factors and 

resulting effects have to be considered in the modelling process. Causative factors 

include the mechanical behaviour of the overlying formation, the layout of the mine 

workings, including size and depth of excavation, and so forth. 

Additionally, Akcin et al., (2006) showed that ground subsidence is a result of the 

collapse of strata from the mining production plane to the surface owing to orebody 

extraction-induced stress and strain redistribution. This may be assessed in terms of 

roof-to-floor convergence and stress-strain state propagation upwards the surface. 

Furthermore, Matsuki et al., (2009) and Henk, (2006) demonstrated the influence of 

geological features (e.g. fault, joint and fold) on occurrence of subsidence and patterns 

of stress and strain distribution within undermined rock. Consequently, such controlling 

factors should be considered in simulating ground subsidence process. Therefore, in 

modelling patterns of stress and deformation distribution, and resulting ground 

subsidence associated with underground mining, particular attention should be given to 

such controlling factors. 
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2.8 Summary 

Mining activity, either surface or underground involves stress-strain state redistribution 

as a result of excavation of orebody and generally results in mass movement on the 

surface. This chapter has examined some fundamental concepts and relevant features 

to the understanding of geomechanics processes, and resulting ground subsidence 

associated with underground mining. It also provides an overview of previous studies on 

the subject and the use of our methodology. Among relevant investigated concepts is 

the stress state redistribution. Some monitoring techniques of mine roof closure, roof-to-

floor convergence and ground subsidence have been reviewed.  

The chapter has also examined key factors of mine roof closure and ground 

subsidence, and modelling methods. An emphasis has been given to finite difference 

method (FDM) based on the Fast Lagrangian Analysis of Continua (FLAC 2D) code 

used in this research for simulating mining potash and modelling mine workings 

convergence on the basis of measured convergence patterns. 
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Figure 3.1 Study Location map of the Boulby Mine, N. Yorkshire (from: Kemeling, 2006) 

The mining of potash and salt takes place from Permian aged rocks zone at depth 

around 1,100 meters. The potash seam ranges between 1,100 meters below sea-level in 

the North, increasing to between 1,200 and 1,500 meters below the land surface in the 

South with a seam ranging in thickness from 0-20 m with 7 m of average. The difference 

in depth is due to the fact that the potash seam dips at a shallow angle of 50 from North-West to 

South-East (Kemeling, 2006; Hebblewhite, 1977; Cook, 1974). 

 

3.2 The nature and origin of potash deposits 

Evaporite deposits precipitate as a result of the evaporation of sea water. The Yorkshire 

evaporites were deposited during the Permian age in the Zechstein Sea formation and 



Chapter 3: The area of study: Boulby mine 
____________________________________________________________________________ 

41 | P a g e 
   

formed by crystallization from the saturated brine solution (Hebblewhite, 1977). All the 

evaporites have commercial value. Gypsum is used for manufacturing plaster, 

plasterboard and tiles for building purposes. Rocksalt is for domestic use and roads de-

icing during winter, and is also used for the production of caustic soda in industries. 

Potash is primarily used as a fertilizer and also in industries. 

The commonly occurring evaporites are the least soluble calcium sulphates 

(CaCO3) or limestone-dolomite (MgCO3), gypsum (CaSO4-2H2O), anhydrite (CaSO4), 

rock salt or halite (NaCl), and the most soluble potassium and magnesium salts. The 

latter primarily consist of soluble potassium chloride or sylvite (KCl) and is the most 

valued for its potassium (K) and higher K2O equivalent 

For comparison reasons, the most common potassium minerals and deposits are 

expressed in terms of the oxide equivalent, K2O equiv. (Table 3.1) (Hebblewhite, 1977; 

Cook, 1974; Patchet, 1970). 

Table 3.1 Common potash minerals (from Hebblewhite, 1977; Cook, 1974 & Patchet, 

1970) 

Mineral name Composition 
Equivalent K2O content 

(%) 

Sylvite 

Carnallite 

Kainite 

Polyhalite 

Langbeinite 

KCl 

KCl.MgCl2.6H2O 

KCl.MgSO4.3H2O 

K2SO4.MgSO4.2CaSO4.2H2O 

K2SO4.MgSO4 

63.1 

17.0 

18.9 

15.5 

22.6 

 

The mined sylvinite mineral at Boulby mine is a mixture of sylvite (KCl) and halite 

(salt, NaCl) in varying proportions. The potash salts occur at two beds: the most 

extensive Boulby potash bed and the higher Sneaton potash bed. In both beds, sylvite 

is the main potassium mineral though potash in the form of Carnallite (KCl.MgCl2.6H2O) 

and polyhalite (K2SO4.MgSO4.2CaSO4.2H2O) also occurs.  
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Lias layer deposited during the Lower Jurassic (208-178 Ma) currently forms the flat 

wavecut platforms of the coastline. The Middle Lias (e.g. the Cleveland Ironstone) was 

formed during the Upper Pliensbachian-Domerian period (Kemeling, 2006; Lim, 2006).  

Other periods of the geological and tectonic transformations of the Cleveland 

basin are the Cretaceous, Tertiary and Quaternary periods.  

Massive extinction of species occurred at the end and beginning of the 

Cretaceous and Tertiary periods, respectively between 144-2 Ma. The Yorkshire 

Cretaceous system is divided into two main groups: the Lower Cretaceous clays with no 

topographical expression and the Upper Cretaceous Chalk which forms the principal 

topographic feature of some coastal scenery (Rayner and Hemingway, 1974). The 

terrestrial Cleveland basin occurred at the end of the Jurassic era which marked the end 

of deposition. The increase of sea-level resulted in the deposition chalk period. Traces 

of Cretaceous rock at Boulby area extinguished as a result of erosions in 70 Ma.BP 

(Rawson and Wright, 2000). 

The Quaternary period covers the last two million years (i.e. 2-0 Ma) of the earth 

history and can be divided up into two parts: the Pleistocene and the Holocene. The 

former is during which cold and glacial episodes alternated with temperate and 

interglacial episodes while the latter is the elapsed time since the end of the last 

glaciation (Rayner and Hemingway, 1974).  

It is during the Quaternary period that the whole area of North Yorkshire was 

buried in ice between 478,000 and 473,000 years ago. Massive erosion occurred and 

shaped the present day landscape beneath ice-sheets and glaciers (North Yorkshire 

Geodiversity Partnership, 2006). The contemporaneous Boulby area is the result of 

three periods of ice sheet movement and sea level change in the last 2 million years 

(Shennan, 1988 in Kemeling, 2006:75). 
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Figure 3.2 Digital elevation model (DEM), based on the Ordnance Survey Profile dataset (from: 

Kemeling, 2006) 

Kemeling (2006:75, quoting Horton, 1979) emphasized that ice sheet from the 

North covered the Boulby area and units of glacial diamicton (i.e. poorly-sorted 

sediment containing a wide range of particles sizes) with minimum thickness of 30 m 

deposited across the area. The last glaciation, known as Devensian, caused the 

extension of ice along the present North Yorkshire coast impounding a number of 

valleys and resulted in flooding. With the retreat of ice sheets, gravel-sandy glacial 

diamicton deposited and covered the cliffs at Boulby; resulting in steeper parts in the 

South East and cliffs along the coast observed in the topography of the Boulby area. 

The present marine erosion originates from the sea level which raised around 9000 BP, 

but also the deforestation which probably commenced at the same period. 
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Successive transformations occurrence across the Boulby area resulted in a 

down sloping general trend of the area from the South-West to the North-East which 

follows three catchments formed in valleys draining into Skinningrove Beck, Staithes 

Beck and Runswick Bay (Figure 3.2). These valleys constitute the lowest parts of the 

Boulby area with irregular steeper coastline made of unstable dark Liassic shale and 

sandstone and small valleys (Kemeling, 2006; Lim, 2006).  

 

3.3.2 The geological sequence of Boulby 

Earlier drilled boreholes (1938-1939) showed significant potash thickness and the 

presence of brine. Strata overlying the potash at Boulby mine are mixture of marine 

sediments and evaporites, and most of strata are relatively thick (Cook, 1974). This 

stratigraphy is considered continuous across the whole Cleveland Potash Ltd 

concession area, and strata are flat and fairly regular (i.e. in composition) though beds 

thicknesses may vary within the area (Talbot et al., 1982; Hebblewhite, 1977). 

Consequently, strata sequence and description are based on borehole S20 drilled over 

the area (Kemeling, 2006; Hebblewhite, 1977) and also from 4-inch diameter cores from 

North Yorkshire (Patchet, 1970). The borehole locations (ordered on the basis of 

distance from the borehole S04 in North-West to South-East direction) and boundaries 

depth between layers (from boreholes data) are shown in Figure 3.3. 

Generally, the geological sequence at Boulby may be classified into two groups 

of strata: the upper strata and the near-seam strata groups. The units present in each 

group are discussed in the following sections. 
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Figure 3.3 Borehole locations (37) in relation to the Boulby area (red square) (from: Kemeling, 

2006)  

 

3.3.2.1 The upper strata 

Boulby area is mostly moorland used primarily for farming and sheep raising. The 

surface is covered with soil, glacial drift, and clays deposits underlain by the Estuarine 

Sandstone of Jurassic age composed of moderately permeable water-bearing massive 

sandstones. This sequence of rocks forms the reservoir of wells water and springs in 

the area. Below the Estuarine sandstone is found the Lias also of Jurassic age which 

could be divided into three parts: the Upper, Middle and Lower. The average thickness 

of Lias amounts 366 meters. The Lower Lias is the major bed and constitutes the three 
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between the water-bearing Sherwood sandstone and the underlying evaporite rocks 

preventing flow of water downward to the mine workings (Patchet, 1970). The Zechstein 

Evaporites has the Upper Evaporite Group which consists of the Upper Halite and 

Upper Anhydrite. The Upper halite is made of massive rock salt of about 46 meters of 

thickness. The halite is coarse-grained varying in colour from orange to brown (Cook, 

1974; Buzdar, 1968).  

Generally, rocks in this zone possess elastic characteristics therefore, are likely 

to deform accordingly (Patchet, 1970). The general geological succession of the upper 

strata is given in Figure 3.4. 

 

Figure 3.4 Schematic cross-section of the upper strata geological succession 
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3.3.2.2 The near-seam strata 

The near-seam strata are composed of the Upper Anhydrite, Carnallite marl, Halite 

parting, Middle potash and Middle halite beds. The Upper Anhydrite is about 8 meters 

thick varying locally and gradually. It is the strongest rock in the North Yorkshire and 

formed of three zones with varying thicknesses (Patchet, 1970). The thickest and 

moderate grain size zone on the top contains primarily of pseudomorphs and veins 

halite. The middle and bottom zones are fine-grained and contain halite and silt, 

respectively. The bottom zone is moderately impermeable and together with the Upper 

Sherwood Mudstone forms the major barrier to the influx of water through the evaporite 

strata into the mine workings (Caughill and Beddoes, 1996; Hebblewhite, 1977). 

Generally, Anhydrite behaves elastically though this behaviour may be altered by the 

type and amount of impurities present in the rock (Patchet, 1970). 

 The Carnallite marl is composed of mudstones and marls with low cohesion. This 

bed is the weakest of strata in compression and tensile because of the presence of 

halite and potash veins within it which affect its strength (Patchet, 1970). 

 The Halite parting is a fairly uniform thin bed with an average of 2 meters thick. 

The upper and lower delineations are often variable, and the lower demarcation is 

difficult to determine. Lithologically, the Halite parting may be absent within the near-

seam sequence. 

The Middle potash is the only potash stratum in the Boulby area with an average 

of about 7 meters thickness. The Middle (or Boulby) potash bed is fairly uniform and 

changes within it occur gradually. It varies in colour from an iron-staining related deep 

rich red to greyish and colorless. The rest of the Boulby potash bed is mainly made of 

halite and anhydrite with clay. Borehole measurements at the level of Boulby potash 

gave temperatures of rock between 35 to 45oC. 

Below the potash seam is the Middle halite with massive halite bed of 45 meters 

average thickness. More competent and homogeneous, this bed contains in its top 1 to 

3 m portion of argillaceous materials. The Middle halite is generally coarse-grained and 

grey to clear in colour despite the finer-grained orange halite locally bands (Cook, 1974; 
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Buzdar, 1968). Underlying this bed are successively the Middle anhydrite and Upper 

magnesian limestone rocks averaging 10 and 30 m thick, respectively (CPL, 2008; 

Cook, 1974). The geological succession near-seam is shown in Figure 3.5. 

 

Figure 3.5 Schematic cross-section of the near-seam geological succession 

 Despite slight strata thickness variations observed across Boulby area, the 

geological succession is continuous. Strata are flat and the geological structure is fairly 

regular throughout the mining area (Kemeling, 2006; Talbot et al., 1982; Hebblewhite, 

1977; Cook, 1974; Patchet, 1970). 
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3.3.3 Geological structures at Boulby 

Fissures exist in Boulby area despite the apparent regular geological sequence of the 

mining area. At Boulby, faulting occurs on the surface near the south-eastern boundary 

of the mining area. However, the occurring faults may not continu down to the evaporite 

deposits though small throws are found within the Middle potash.  

Cook (1974) and Patchet (1970) showed that rocks sequence throughout the 

North Yorkshire dips eastward. Most of the upper post-Permian beds fairly dip at about 

angle between 2o-3o
, and occasionally reaching 5o. However, the near-seam evaporites 

across the area dip between 3o and 5o. They also indicated that the boundary between 

the Boulby potash and Middle halite forms a zone of weakness with less resistance to 

shear.  

Hebblewhite (1977) pointed out fractures filled with water from the Sherwood 

sandstone bed and localized within the Upper Permian marl up to 75 m above the 

potash were found during the sinking of the shaft.  

 

3.3.4 Geological and structural setting of the Cleveland basin 

The geological and structural setting of the Cleveland basin is depicted in Figure 3.6. 
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Figure 3.6 The geological and structural setting of the Cleveland basin. The geology dips north-south 

resulting in the exposure of older sediments northwards. The near-seam evaporites fairly dip eastward. 

Faulting which occurs on the surface does not cross Sherwood mudstone (Adapted from Lim 2006; Kent, 

1980). 

 

3.4 Geotechnical properties of strata 

3.4.1Laboratory tests 

The geology of the North Yorkshire has been intensively studied for many years and the 

mechanics of rocks at Boulby area has long been investigated from the initial 

exploration stages up to present time. The Department of Mining Engineering at the 

University of Newcastle upon Tyne carried out fundamental research on the mechanical 

and rheological properties of strata from rock cores obtained from exploration boreholes 

(Cook, 1974). The results of research were applied to the design of the mine 

excavations and shafts. Intensives laboratory modelling and in-situ measurements were 





Chapter 3: The area of study: Boulby mine 
____________________________________________________________________________ 

55 | P a g e 
   

Uniaxial compression results also indicated the weak nature of Carnallite marl. 

However, the Middle potash was stronger than the Halite partings and Middle halite in 

contrast to its tensile behaviour. Additionally, the tests showed that the Sherwood 

sandstone and Upper Anhydrite are very strong in compression. This latter bed behaves 

elastically though impurities may alter this behavior. 

Carnallite Marl is competent (i.e. having higher mechanical strength) under 

triaxial conditions despite being a weak bed. Its strength increases and stringers and 

veins have insignificant effects on the ultimate strength of the rock. The strength of the 

near-seam materials, including the Boulby potash and Upper Anhydrite substantially 

increases under triaxial conditions. The creep tests showed visco-elastic behaviour of 

the Middle potash. 

Buzdar (1968) carried out initial laboratory investigations on the mechanical 

properties of sedimentary rocks with reference to potash. The work was intended to 

provide the tensile and compression strengths of materials required for the development 

of the mine. Buzdar determined the mechanical properties of rocks for the development 

of the Potash mine on the North Yorkshire Coast. This experience was then utilized for 

planning extensive investigations and therefore, development of the mine at Boulby. 

 Laboratory investigations on core samples from boreholes 1067 meters deep 

from Newton Mulgrave and Staithes included tensile, uniaxial compressive and triaxial 

compressive tests. Roof materials comprised carnallite marl, halite partings and layer of 

mixed sylvinite above the potash seam, and floor materials primarily consisted of pure 

halite. The tests results are provided in Table 3.2. 

Overall, triaxial compression tests showed that ductility and strength of Carnallite marl 

and Halite increase with increases in confining pressures (Buzdar, 1968). The Carnallite 

marl is weaker than the halite partings and pure halite in the roof and on the floor, 

respectively. 
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Table 3.2 Materials parameters from tensile and triaxial tests 

 Triaxial tests Tensile tests 

 Elastic modulus (GPa) Strength (MPa) 

 At Newton 

Mulgrave 

At Staithes At Newton 

Mulgrave 

At Staithes 

Carnalite marl 4 - 5 2.9 1.4 - 1.7 0.9 - 1.6 

Halite Roof 5 - 1.0 - 1.1 - 
Floor 9 - 

 

3.4.2 Similar lithologies 

Evaporite deposits generally occur at depth and are liable to deformation as a result of 

gravitational forces. Although evaporite deposits occur within relatively similar 

formations, deposits at Boulby could be unique owing to the great depth at which they 

occur. Such transformations have influenced the geological sequence of deposits and 

overburden across the area (Buzdar, 1970). Herewith some analogues of potash mining 

with close similarity to the Boulby geology. 

Potash deposits have been mined since 1959 at Saskatchewan in Canada at 

depth between 1,100 m and 1,450 m. These are flat-lying interbedded deposits within 

the upper Patience Lake Member of the Prairie Evaporite Formation of about 200 m 

thick (Halabura and Hardy, 2007; Boys, 1990; Annan et al., 1988). 

Three intervals make the Central Saskatchewan stratigraphy: (a) the upper 

sequence extending from the surface to about 175 to 200 m deep and consists of 

glacial tills, gravels, and clays; and forms the fresh water aquifers; (b) the medial 

sequence which extends from the base of the glacial sediments to a depth of about 800 

m made of Jurassic to Cretaceous shale, siltstones, and sandstones and forms the 

brackish reservoir water; (c) the lower sequence extending from the Paleozoic/Mesozoic 

Unconformity to below 1,900 meters and consists of Cambrian to Upper Devonian 

carbonates, evaporites and basal shales and sandstones. The strata above the Central 

Saskatchewan form the Phanerozoic sequence underlay the Precambrian sequence of 

gneisses and granites with the Upper Devonian rocks below the Precambrian rocks. 
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The Prairie Evaporite Formation is made of: (a) the Patience Lake Member, also 

known as the upper potash-bearing beds, primarily made of sylvinite and halite rocks, 

and locally with Carnallite marl and Anhydrite minerals. The evaporites are overlain by 

bedded halite capped by the dolomitic mudstones of the Second Red Beds of the 

Dawson Bay Formation within the Manitoba Group; (b) the salt and potash of the lower 

members of the Prairie Evaporite Formation, and the carbonates of the Winnipegosis 

Formation (Boys, 1990). Mining activity at Saskatchewan results in creep (i.e. slow 

plastic deformation) of the evaporite rocks as a result of stress redistribution and in 

development of stress-relief cracks particularly within the weak clayey zones (Annan et 

al., 1988). 

 Rock salt is also mined at Winsford mine, the oldest mine in Britain at shallow 

depth between 130 m and 220 m below surface. The rock salt lies in the Permo-Triassic 

formation within the Cheshire basin of the North-West England. It is interbedded with 

bands of marl within the Northwich Halite Formation and has 30 m of thickness 

consisting of 95% of sodium chloride (Swift and Reddich, 2005). 

The geological sequence of the Winsford area is essentially composed of 

Triassic formations. The top of the Winsford area is covered by glacial drift and sand or 

clay of Quaternary age. This formation is underlain by an unconformity of disintegrated 

red and grey marls resulting from the weathering and solution of the glacial drift and 

sand or clay on the top. Below this formation is found the Wych Mudstone Formation, 

the upper part of the former Middle Mercia mudstone. The Wych Mudstone Formation is 

overlain by the Byley Mudstone Formation which represents the Middle Mercia 

mudstone, the Northwich Halite Formation formerly known as the Lower Mercia 

Saliferous Beds and the Bollin Mudstone Formation formerly known as Lower Mercia 

mudstone. 
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observations indicate a higher horizontal stress component in the non-creeping strata 

above upper halite is expected from the regional stress field of Britain and Europe 

(Lachenicht and Aswegen, 1999). High horizontal stress may originate from tectonic 

forces due probably to faulting and folding (Hebblewhite, 1977). As a consequence, the 

materials will expand laterally when compressed as the compressed molecular bonds 

within the material lattice accommodate the stress. This may result in the development 

of ground subsidence more laterally than vertically hence, lowering the magnitude of 

maximum subsidence on the top of excavation. 

 

3.5 Mining activity at Boulby 

Extraction methods for underground mining mostly depend on the subsurface conditions 

(e.g. virgin vertical and horizontal stresses) and the sensitivity of the surface to 

disturbances associated with the underground activity (Brady and Brown, 2006). 

 

3.5.1 Room-and-pillar mining 

Room-and-pillar mining is a stress-relief method initially developed for extracting as 

much coal as possible while providing roof control by means of pillars (Holzer, 1984). 

The method is effectively used at Boulby for mining potash deposits by leaving parts of 

the unmined deposit to support the overlying strata (Brady and Brown, 2006; Hartman 

and Mutmansky, 2000). 

Two parallel arterial roadways of 8 metres wide and 4 metres high are excavated 

into the underlying stronger rock salt (i.e. with respect to potash) and serve as principal 

access to the current mining areas, and also enable exploration and development of 

new areas for potash production. From these two roadways, four parallel chambers 8 

meters wide and 3.40 meters high are then driven into the overlying weaker potash 

deposits, separated by 2.5 to 4 meters wide pillars (Kemeling, 2006; CPL, 2004). The 

mining patterns at Boulby mine are symmetrically positioned. 
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Figure 3.7 Two roadways in room-and-pillar mining for the production of potash 

 

Plate 3.1 A continuous miner at a working salt face at Boubly mine (source Boulby, 2009) 
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Figure 3.8 Mohr-Coulomb and Tresca yield surfaces in principal stresses space (from: 

Itasca, 2005) 

 

Mohr-Coulomb model has been used by Karakul et al. (2010) to characterize the 

behaviour of Sandstone and Limestone layers during the analysis of material strength 

anisotropy associated with discontinuity orientation. Results showed good agreement 

between observed and predicted values. Bizjak et al., (2009) applied this shear failure 

criterion to the behaviour of Marl, Sandstone and Limestone layers to model numerically 

the Slano Blato landslide above the Lokavec village, Slovenia. Simulating the stability of 

cavern, Foley (2006) treated the Limestone layer to behave according to Mohr-Coulomb 

law. Ghafoori et al. (2006) modelled Marl and Limestone strata as elasto-perfectly 

plastic materials which obey the Mohr-Coulomb failure criterion to characterize 

numerically the performance of the Kallat tunnel in Iran. Most importantly, Swift and 

Reddish (2005) demonstrated that the strata from the Mercia mudstone to the base of 

Sherwood mudstone above the evaporite rocks at Boulby mine are non-creeping strata. 

Therefore, they treated the strata as Mohr-Coulomb materials when modelling the 

stability of the Winsford salt mine in Cheshire. 
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dependency of failure of rocks and debris avalanches upon both mechanical and 

hydraulic properties of the materials. 

 Hofer and Kamlah (2005) applied the Drucker-Prager approach to the behaviour 

of pebble beds. The analysis intended to understand the interaction of solid breeder and 

beryllium pebble beds with the surrounding material on the basis of experimental study. 

Both breeder and beryllium pebble beds display nonlinear stress-strain relationship 

depending upon the level of applied stress. They were treated as elastic and plastic 

materials, respectively which undergo creep deformation, and models were calibrated 

against oedometric test fitting curves. If both experimental and numerical analysis 

provided good correlation however, parametric studies showed disagreement between 

experimental and modelling results. As a consequence, hardening law was modified for 

the improvement of the creep behaviour of the model. 

 Cela (1998) numerically analyzed the behaviour of reinforced concrete structures 

under dynamic loads. Material parameters were determined experimentally on the basis 

of stress-strain relationships. In the analysis, steel was treated as elasto-perfectly 

plastic material whereas the concrete behaved as a softening elastoplastic material 

which exhibits dilatancy. Applying the approach to real cases of study - e.g. impact on a 

cooling tower and gas explosion in reactor containment - the method produced plausible 

results. Models were validated against experimental and literature data. 

 

3.6.1.3 Strain-softening Mohr-Coulomb model 

Strain-softening Mohr-Coulomb model has been developed to represent nonlinear 

softening material behaviour as a result of degradation in shear strength of rock mass 

when loaded. Rock mass undergoes both brittle softening (due to a reduction in 

cohesion) and gradual softening (due to a reduction in friction angle) (Itasca, 2005). 

Strain-softening also termed as strength-weakening behaviour is based on the 

incremental theory of plasticity such the flow rule indicates the evolution of plastic strain 

rates and specifies the direction of plastic strain increment. The material behaviour is 
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kept constant in Mohr-Coulomb model, in the strain-softening model these parameters 

will soften (i.e. decrease) after the onset of the plastic yield as a function of increasing 

plastic shear strain. Accordingly cohesion, friction and dilation are defined as piecewise-

linear laws of a softening parameter which measures the plastic shear strain and/or 

plastic tensile strain, respectively. 

Figure 3.10 portrays the curves indicating the softening upon yielding and 

attaining residual strength, the variations of cohesion and friction angle as a function of 

the plastic portion of the total strain. The stress-strain curve shows that beyond the yield 

point, the total strain is a sum of elastic and plastic parts. 

 

Figure 3.10 Softening related stress-strain curve (a), variation of cohesion (b) and 

friction angle (c) with plastic strain. 
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Strain-softening approach has been widely used to investigate materials 

exhibiting softening or hardening behaviour. Xie et al. (2009) investigated into the 

patterns of stress distribution in rock surrounding caving faces in coal mining. The 

nonlinear behaviour of coal rock was modelled as a strain-softening material. 

Laboratory mechanical and strength parameters of materials were reduced by factors to 

account for the sclale effects and the presence of both discontinuities and 

heterogeneities in the rock mass. The results showed occurrence of stress shell in the 

rock surrounding the caving face acting as voussoir and supporting the structure by 

transferring overlying strata loads to the wallsides. 

Kumar et al. (2008) applied the FLAC 2D code to analyze the behaviour of a 

tunnel excavated in sandstone medium. The material was treated as strain softening 

and Mohr-Coulomb plastic material. The analysis showed that tunnel softening 

significantly depends on the mechanics of materials and the strain softening model 

induces predominant effect around and near tunnel boundary as a result of low 

confinement adjacent to the boundary tunnel.  

 Lloyd et al. (1997) numerically analyzed surface and subsurface subsidence 

associated with longwall coal mining in the United Kingdom. The non-linear material 

behaviour was characterized by the strain-softening model and the FLAC 2D code was 

used. Analysis results established the relationship between RMR and depth for pre and 

post failure stiffness despite the sensitivity of the approach to the extraction thickness 

and panel width variation for the propagation zone of influence above the panel. Good 

results were achieved between patterns of stress around panels and displacement 

distribution at the surface.  

Most importantly, Caughill and Beddoes (1996) successfully analyzed the 

behaviour of panels as a function of behaviour of carnalite marl layer using the FLAC 

2D code. Creep power law and strain-softening model were used to characterize the 

behaviour of carnalite marl. The results revealed that in the range of 1050 to 1100 m 

depth, predicted closure rates with strain-softening in carnalite marl were in good 

agreement with the measured closure rates than those with creep model whereas, in 

the range of 1200 to 1250 m depth, both predicted and measured closure rates were 
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similar for both creep and strain-softening model of carnalite marl. This finding is of 

relevance to the current research.  

 

3.6.1.4 Comparison of Mohr-Coulomb, Drucker-Prager and Strain-softening Mohr-

Coulomb models 

Mohr-Coulomb, Drucker-Prager and Strain-softening models have numerous 

applications in rock mechanics and several fields of engineering particularly in 

underground mining (Section 3.6.1). Among them, the Mohr-Coulomb model is the 

commonly used to represent shear failure of geomaterials. The differences between the 

models, their inherent advantages and disadvantages with reference to Boulby structure 

are summarized in Tables 3.5 and 3.6, respectively. 

Table 3.5 Comparison of Drucker-Prager, Mohr-Coulomb and Strain-softening models 
(After: Itasca, 2005) 

Model Description and Representative Material Applications 

Drucker-Prager 
plasticity 

Simple failure criterion with the shear yield 
stress as a function of isotropic stress 

Not suitable for representing failure of 
geological materials 

Application limited to materials with low 
friction and to some extent with low 
cohesion (e.g. soft clays). 

Degenerates to the von Mises model 

Commonly used for 
comparison of FLAC to 
other numerical programs 
(e.g. implicit finite-
element) having not Mohr-
Coulomb model 

 

Mohr-Coulomb 
plasticity 

Applicable to materials that yield under 
shear loading 

Yield stress is only a function of major and 
minor principal stresses; the intermediate 
principal stress has no effect on the yield 
stress 

Does not  allow direct calculation of plastic 
strain  

Parameters for cohesion and friction angle 

Generally applicable for 
most engineering studies 
in rocks and mining 
activity. 
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readily available than other geo-material 
properties 

Tensile failure criterion identical to that in 
Strain-softening model 

Applicable to loose and cemented granular 
materials (e.g. soils, rock, concrete) 

Degenerates to the Tresca model 

Strain-Softening 
Mohr-Coulomb 

A variation of the Mohr-Coulomb model 

Appropriate for materials showing 
degradation or decrease in shear strength 
when the load (i.e. shear stress) exceeds 
the failure shear strength limit. 

Allows direct plastic strain computation 

Tensile failure criterion identical to that in 
Mohr-Coulomb model 

Produces results similar to those for Mohr-
Coulomb as high values are assigned to the 
additional material parameters (e.g. shear 
and bulk moduli) 

Applicable to granular materials that exhibit 
nonlinear softening 

Studies in post-failure 
(e.g. progressive collapse, 
yielding pillar, caving, 
backfilling) 

 

Table 3.6 Models advantages and disadvantages with reference to Boulby structure 

Model Materials Advantages Disadvantages 

Drucker-Prager 
Lias  

Rheatic 

Prevent complete failure 
of materials accordingly, 
low defomartion is 
induced on the surface 

The model is appropriate 
to represent the behaviour 
of these rocks 

These materials, 
particularly Rheatic have 

Materials will fail in 
shear only if induced 
stresses are isotropic  

Difficult to determine the 
nature of induced 
stresses given the 
behaviour (i.e. nature) 
of the underlying strata 
and the presence of 
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low friction and cohesion 
hence, are expected to 
deform under gravity.  

water within sandstone.  

Mohr-Coulomb 

Mercia mudstone 

S. sandstone 

S. mudstone 

Anhydrite 

Common model for 
characterizing shear 
failure of geomaterials 

With consideration of the 
nature and texture (i.e. 
consistency) of these 
materials, the model suits 
well for characterizing the 
mechanics particularly of 
the first three materials.  

Materials fail in shear as a 
result of mining-induced 
stress  

Although impurities 
present in the rock may 
alter its behaviour, 
Anhydrite behaves 
elastically Patchet (1970) 
despite being evaporitic 
thus, may creep. 

 

Anhydrite is an 
evaporitic rock and 
creeps under shear 
stress. It is a strong and 
dense rock.  

Its location in close 
proximity to the 
excavation may 
constitute a barrier to 
the upwards 
transmission of mining-
induced stress. 
Redistribution of stress 
and resulting 
displacement are 
affected.  

As a consequence, 
patterns, magnitudes of 
stress and 
displacement, and 
subsidence may not 
reflect the actual 
patterns if creep or 
strain-softening model 
was used. 

Strain-softening 

Carnalite marl 

Potash 

Halite 

Appropriate for modelling 
nonlinear post-failure 
process (e.g. yielding 
pillar) due to the decrease 
of shear strength of 
material. 

Yielding pillar may be 
considered as a relatively 
rapid movement as 
opposed to creep 

Thus, the model suits to 
model the short term 

Lack of information on 
the level of stress to 
cause deformation of 
evaporite rocks given 
their creeping nature. 

Its use may negatively 
impact on the stress 
and displacement 
redistribution 
consequently, the 
structure behaviour 
driven by the mechanics 
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3.6.2 Mechanics of roof at Boulby mine 

Mining activity at Boulby mine disturbs the equilibrium of stress state of rock mass 

surrounding the excavation. Mine roof deforms under the weight of the overlying strata 

which through time close the excavation (Kemeling, 2006) (Plate 3.2). 

Mine roof deformation at Boulby is controlled by the rheological behaviour of the 

overlying strata mainly the salt and potash rocks. The removal of potash induces 

convergence of mine workings. As a result, the overlying Carnalite marl flows into the 

opening in attempt to achieve a new equilibrium state of stress. The Anhydrite and 

Halite strata bend owing to the shear stress developed within and the lack of support. 

Shear stress concentrates at the base of the Halite layer and initiates volumetric strain 

which propagates laterally and upwards towards the Mudstone layer (Lachenicht and 

Aswegen, 1999).  

 

Plate 3.2 Closure in the underground working of Boulby mine in 2007. The roof has 

closed from over 3 m to less than 1.5 m in the foreground and almost completely in the 

background. 
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Figure 3.11 Model of the creep deformation in function of time, with Ee = elastic strain 

Creep of evaporite rocks is similar to that of most of soil or rock materials and 

generally consists of four stages (Figure 3.11): instantaneous and recoverable elastic 

deformation, a transient or primary creep stage, a steady or secondary creep stage, and 

an unstable tertiary or accelerating creep stage (Amitrano and Helmstetter, 2006; 

Jeremic, 1994). 

The application of a constant stress on the materials induces an instantaneous 

deformation or elastic strain. In underground mining activity, this phase takes place 

once the material is excavated. The instantaneous phase is followed by a primary or 

transient creep characterized by an exponential decrease of strain rate. The transient 

creep is followed by a secondary or steady-stage creep characterized by a quasi-

constant slope or strain rate. With time, deformation of material evolves to the tertiary or 

accelerated phase of creep. The tertiary phase of creep is the phase of strain increase 

at increasing rate. During this phase, microcracks within the deforming material interact 

and eventually coalesce as the material is subjected to high pressure. The material is 

weakened, fractured and then fails (Miura et al., 2003).  

Although the mechanics of roof at Boulby mine is controlled by the creep 

behaviour of evaporite rocks however, creep will not be used in this study. This is 

because the current study is primarily interested in the behaviour of the overlying strata 
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Recently, Kemeling (2006) developed a cone model in order to improve 

understanding of patterns of subsidence associated with the mining activity. The model 

combined InSAR (Interferometric Synthetic Aperture Radar) deformation, levelling 

survey and excavation datasets. A data-driven model was developed based upon the 

mineral extraction patterns and the surface subsidence data. The mineral extraction 

pattern inputs included the mined area, horizontal distance between panel and survey 

point, panels distribution within the influence zone and the time after panel extraction. 

The model established the relationship between the input variables and the ground 

surface deformation. To visualize ground surface behaviour in response to mining, a 

map was generated by interpolation. Multiple regression analysis permitted prediction of 

ground deformation rates. The model enabled the linkage between deformation of 

stations on the surface and patterns of subsurface extraction.  

 

3.8 Summary 

Selection of research area was motivated considering mining related convergence 

suitable for short-term monitoring. At Boulby mine, mine workings performance can be 

assessed using specially designed closuremeter. Boulby mine geological setting is well 

understood and the mechanical properties of the overlying strata are well known 

through laboratory tests and similar lithologies. Mine workings convergence and ground 

subsidence that take place at the mine have been monitored and their patterns have 

been recognised. 

Mining potash at Boulby is undertaken by leaving parts of the unmined deposit to 

support the overlying strata. The roof gradually subsides while the floor heaves and the 

mine workings close with time leading to the occurrence of subsidence trough on the 

surface. Levelling surveys showed that ground deformation over the mine area occurs 

smoothly over the entire period of measurement. The maximum rate and magnitude of 

ground deformation since the start of the mining activities in 1973 are 50 mm.a-1 and 

about 70 mm, respectively.  
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The overlying strata below the Sherwood mudstone deform in plastic (i.e. 

nonlinear) manner and the strata from the base of this formation will likely exhibit elasto-

plastic behaviour when stressed. This information is of relevance in modelling 

convergence of excavation. In accurately monitoring short-term convergence, 

controlling factors of mine workings mechanics may be determined. With a well-known 

lithology, patterns of stress and displacement distribution may be modelled and driving 

factors determined, based on measured convergence patterns. 
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Chapter 4 

Monitoring of  

convergence 
 

4.1 Introduction 

The mechanics of underground excavations roof is complex because of the controlling 

factors whose individual influence may not be determined a priori. Mine workings 

behaviour monitoring, particularly in underground active potash mining, is fundamental 

for the safety of workers, subsurface and surface structures. Results analysis and 

interpretation enable to characterize workings deformation patterns in response to 

mining activity. This may help understand both short-term and long-term deformational 

behaviour of workings and therefore contribute to the long-term stability of the workings. 

The measured deformation patterns may also be used to numerically model the opening 

closure and the behaviour of strata above the excavation. Results from numerical 

modelling are used in predicting future closures and the overlying strata behaviour 

(Schleinig and Lukas, 2007). 

One of the key objectives of this research has been to monitor short-term 

temporal patterns of workings convergence at Boulby mine. To achieve this objective, a 

special closuremeter has been designed to measure the short-term behaviour of the 

mine workings in terms of floor-to-roof closure. The wire extensometer technique used 

at Boulby measures net change of the excavation height as a result of roof sagging (or 

roof closure) and floor rising (or floor heave). The bespoke closuremeter measures the 

reduction of the vertical dimension of the excavation in order to produce the cumulative 

movement of the mine workings.  

This chapter describes the main components of the closuremeter and field test 

results to evaluate the functioning of the specially designed underground monitoring 

instrument. 
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4.2 Design of closuremeters 

Monitoring changes in the behaviour of workings underground mines require high 

resolution instruments and several techniques are used. A closuremeter was specially 

designed to monitor the roof and floor closure to allow determination of the vertical 

displacement of the excavation at the monitored points underground the active Boulby 

potash mine. 

 

 

Figure 4.1 Signal output of the potentiometer of the bespoke closuremeter (after Celesco, 

Compact String Pot). 

The main components of the monitoring instrument are: one position transducer, 

two pulleys, and one logger device. The position transducer is a potentiometer that 

produces an electrical signal proportional to the linear extension of a wire (Figure 4.1). 

Position transducers are generally of stroke ranges (i.e. length of extending cable) 

between 0-1.255 m for the voltage output signals.  

Given the height of the excavation at Boulby mine, four meters of nylon fishing wire 

were added to the 1.255 m of transducer extending-cable using two frictionless pulleys 
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to bridge the gap between the roof and floor of the excavation. The modified position 

transducer was placed inside a PVC pipe of 1.50 m in length and fixed at the two ends 

to the covers of the pipe (Plate 4.4). 

 

4.2.1 Closuremeter components 

4.2.1.1 Position transducer 

Position transducers are water resistant SP2 Strings Pot made and commercialized by 

Celesco (Plate 4.1). They consist of a flexible cable, a spring-loaded spool and a 

conductive plastic potentiometer for detecting and measuring linear position of a given 

point. The instruments can be used in tight spaces and high cycle applications, and 

enable measurement of cable misalignment (Celsco, 2008). 

 

Plate 4.1 SP2 String Pot spring-loaded potentiometer (Celesco, 2008)  

The potentiometer delivers a voltage output signal proportional to the travel of the 

spring-loaded cable with a precision of 10 K-ohm. Mine workings convergence at the 

monitored point pulls the transducer spring-loaded cable and generates impulse (i.e. 

stroke). The generated impulse is transmitted to the data logger through cable and 

recorded as voltage. This action is repeated at sampling time interval sets depending on 
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by the sensor at each logging interval for instance, every minute voltage measurement. 

Events on the other hand, are independent occurrences generated by a logger activity. 

Examples include asynchronous events recorded when the logger battery is low, the 

data file end at the stop of the logger (MAN-U12-006, 2005). 

The HOBO U12 may also be used to monitor temperature, relative humidity (RH), light 

intensity, CO2, AC current, 4-20 mA, and 2.5 V DC (i.e. voltage).  

In this research, the Hobo logger is used to monitor the voltage transmitted by 

the position transducer (Section 4.2.1). The logger enables scaling of recorded data 

(voltages) to millimetres in order to deliver the output in millimetres.  The characteristics 

of the HOBO U12 4-External channels are given in Table 4.2 below. 

 

Plate 4.2 Onset HOBO data logger 4 ext channels (Onset Computer Corporation, 2005) 

The HOBO U12 logger is of 12-bit (i.e. binary digit) resolution implying that it is 

capable of recording changes in magnitudes of workings convergence more precisely 

(i.e. with high resolution). Compared to for instance an 8 bit resolution HOBO logger, a 

12-bit logger provides high quality of short-term mine workings movement underground 

excavations than the 8-bit one. This is of relevance in underground mining where 

monitoring short-term workings behaviour requires high resolution monitoring 

instruments. 
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Table 4.2 Logger data device specifications (Onset Computer Corporation, 2005)  

SPECIFICATIONS                    LOGGER DATA DEVICE                    Model: HOBO U 12 
Dimensions 58x74x22 mm 
Weight Approx. 46 gms 
Measurement range ± 2mV ± 2.5% of absolute reading 

± 2mV ± 1% of reading for logger-powered sensors 
Resolution 0.6 mV 
Time accuracy ± 1 minute per month at 25o C 
Operating temperature range Logging: -20o to 70o C 

Launch/readout: 0 to 50o C 
Relative humidity measurement range 0 to 95% RH, non-condensing 
Battery life 1 year typical use 
Measurements 43,000 12-bit 
Complete download In 30 seconds 
Output Voltage/Millimeter (possibility of scaling) 
Memory 64K bytes (43,000 12-bit measurements) 

 

 

Figure 4.2 Sketch of closuremeter showing the connections between potentiometer, data logger 

and mine roof per means of pulleys 

For the bespoke closuremeter to be effective in monitoring the actual behaviour 

of mine workings, care should be taken when connecting the two main components (i.e. 
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position transducer or potentiometer and data logger) of instrument. The assembled 

bespoke closuremeter is shown in Figure 4.2 and on Plate 4.3. 

 

Plate 4.3 Bespoke closuremeter connections within the pipe and the data logger (here it is 

mounted on piece of wood) 

 

4.2.2 Setting maximum limits of closuremeter 

Prior to the installation underground mine, a setting of the closuremeters maximum 

limits is undertaken as follows: first: the instrument cable (i.e. spring-loaded and added 

wire) is pulled out to its maximum and released. A voltage value corresponding to the 

length of the cable is read. The process is repeated at least twice till a steady voltage 

value is displayed and then recorded. This value serves as the minimal value of 

convergence the instruments will record at the site (i.e. corresponds to small movement 

of the mine workings). Second: the cable is fully pulled out repeatly and the associated 

steady value in volts is recorded. This value serves as the maximum value of 

convergence to be recorded at the monitoring site (i.e. corresponding to a complete 
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convergence of workings). The setting limits data of the three instruments are given in 

Table 4.3 below. 

Table 4.3 Closuremeters setting maximum limits and mine workings height (i.e. initial 

value) 

 Closuremeter 1 Closuremeter 2 Closuremeter 3 
Min. Value 0.69 V = 0 0.86 V = 0 0.75 V = 0 
Max. value 2.29 V = 4.35 m 2.31 V = 4.53 m 2.33 V = 4.67 m 
Mine workings  height 2.75 m 2.75 m 2.63 m 

 

4.2.3 Closuremeter field test 

Three instruments (closuremeter 1, closuremeter 2, and closuremeter 3) were installed 

in the mine (Plate 4.4) to test their functioning and assess their effectiveness in 

monitoring short-term workings convergence over the period of measurement. 

 

Plate 4.4 Closuremeters installed at stub of an ongoing mined panel 
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Two closuremeters are connected to data logger (DL1) and one closuremeter is 

connected to data logger (DL2). The monitoring site is a stub in close proximity to a 

workings access roadway. Data were collected over a period of forty one days from 20th 

April 2007 to 30th June 2007 and are processed in terms of cumulative convergence 

over time. The results are discussed in section 4.2.3.1. 

 

4.2.3.1 Closuremeter precision 

The quality of the output of a monitoring process is an issue and may be characterized 

in terms of errors that affect the measurements. Several means are used to quantify the 

goodness of the outputs, among which is the short-term variability or instrument 

precision. 

 Generally, monitoring instruments precision is controlled by the standard 

deviations from repeated measurements. Monitoring instrument repeatability (i.e. 

precision) is determined knowing the actual (i.e. true) value of the measured variable. 

However, for cases with unknown true value, such a technique is practically difficult 

because of the large amount of data. Therefore, different approach should be adopted 

to determine the precision of the monitoring instrument from the collected dataset. In the 

present research, the smoothing technique is adopted. 

Data collected at a monitoring point over the measurement period are smoothed 

and the precision of each instrument is equal to the change in the magnitude of 

displacement (i.e. workings convergence) between successive ranges of smoothed data 

within a column. 

 The analysis of dataset of convergence from the three instruments gave values 

of 1.63 mm, 1.78 mm and 1.87 mm of precision for closuremeter D2_1, closuremeter 

D1_1 and closuremeter D1_2, respectively. The discrepancy in the magnitudes of 

individual closuremeter precision translates the dependency of the instrument precision 

on the resolution of the data logger used as component of the bespoke closuremeter 

despite the influence of position of the monitoring point.  
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From the three values, the bespoke closuremeter precision (i.e. mean value) is 

1.76 mm with a standard deviation of 0.099 mm. With such a precision of order of 

millimeters, the bespoke closuremeter is capable of monitoring small changes of order 

of millimeters expected to occur in deep underground mining. 

 

4.2.3.2 Analysis of results and discussion 

In order to access the functioning of the bespoke closuremeters, the monitoring data 

were analyzed in terms of cumulative displacement and presented in graphical form as 

convergence-time curves at each monitoring point over the entire period of 

measurement. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Convergence recorded by the three closuremeters at the monitoring site between 

20th April and end of May, 2007 

Figure 4.3 shows quite similar patterns of movement at the three monitoring 

points, but occurring at different rates. The plot indicates two trends of movement: an 

initial movement with high rate occurred over the first five days after the commencement 
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of monitoring followed by a gradual and linear movement which occurred over the entire 

remaining period of measurement between 26th April and 30th May 2007. The early 

rapid movement should be attributed to the fact that the site was newly excavated and 

its instrumentation took place few days after excavation. Because of the close proximity 

of the three monitoring instruments, the discrepancy observed in the rate of 

convergence might be due to the position of the instruments at the site. 

An alternative explanation is, with the assumption that the materials in the 

immediate roof, floor and in the overburden are similar and the excavations geometry 

and sizes are comparable, high rates convergence are expected to occur along the 

main axis of excavation whereas low rates movement would occur at the rib (i.e. 

sidewall) of excavation. At stub, high rate movement occurrence is expected far away 

from the rib and low rate movement will occur in close proximity to the wall (Brady and 

Brown, 2006; Hartman and Mutmansky, 2002). In room-and-pillar mining in a stratified 

rock, roof strata over the excavation will detach more from their host by relaxation at the 

center of the excavation than at the pillar (Alejano et al., 2008). As a consequence, high 

rates of roof movement are expected to be recorded at the center of the excavation. 

At the monitoring site, closuremeter DL2_1 was installed far away from the rib 

and in close proximity to the workings access main roadway, whereas closuremeters 

DL1_1 and DL1_2 were installed relatively more close to the rib. 

After a relatively rapid and high rate initial movement over the five first days of 

measurement, the rate of movement at DL1_1 and DL1_2 significantly decreased to a 

relatively low value with a quasi-null rate of movement at DL1_2. Meanwhile, the rate of 

movement at DL2_1 was higher despite the slight decrease on 24th April, 2007, as 

observed after five days of monitoring. The initial first five day movement is probably 

due to the relaxation of the stressed potash rock in the roof due to the removal of the 

support. This process generally results in the detachment and falling of the rock as slab. 

The decrease of movement rate resulted in gradual and linear movement at the 

three points over the remaining period of measurement. At DL2_1, mine workings 

closed up at rate of about three and twenty-three times the rate of movement at DL1_2 



Chapter 4: Monitoring of convergence 
____________________________________________________________________________ 

96 | P a g e 
   

and DL1_1, respectively. At DL1_2, convergence of workings occurred at rate of about 

six times the rate at DL1_1. 

From the patterns of convergence, but also the convergence rate ratios between 

DL2_1 and DL1_1 on one hand and between DL1_2 and DL1_1 on the other hand, it is 

obvious that the workings at DL1_1 was rather stable after the initial rapid movement on 

24th April, 2007 owing to the position of this point relative to the rib of the stub. 

 

4.3 Summary 

Closuremeter has been specially designed to monitor mine workings deformation 

behaviour in terms of roof-to-floor convergence. The short-term mine workings 

movement datasets allowed the assessment of the functioning of the closuremeters. 

The analysis of data clearly indicates gradual downward movement of mine workings at 

the monitoring site despite the discrepancy in the rate of movement at the three points 

as a result of the instruments position at the site relative to the rib of the excavation and 

also the fact that the site was newly excavated and instrumented few days after 

excavation. 

The rate of workings movement is higher at the point in close proximity to the 

roadway, while low rate of movement is recorded at points in the vicinity of the rib of the 

stub. In terms of precision, the specially designed closuremeter is capable of recording 

small changes in mine workings deformation of about 1.76 millimeters with a standard 

deviation of 0.099 mm depending on the position of the monitoring point at the site. 

As such, this is a sustainable device to monitor mine workings convergence in similar 

mining areas to the Boulby mine. Data from the bespoke closuremeter used to monitor 

the mine workings convergence at Boulby are discussed in Chapter 5. 
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Chapter 5  

Mine instrumentation and 

short-term convergence  

monitoring 
 

5.1 Introduction 

The relevant information on mine instability at Boulby has been outlined from a 

theoretical point of view and on basis of data from various laboratory and field works 

detailed in the previous chapters. However, the most important source of information is 

the mine itself.  

Monitoring is fundamental to the stability of underground mine workings, 

particularly during the life of the mines. Thus, a properly designed monitoring survey 

enables accurate assessment of any effect on mines stability. 

 One of the objectives of this research is to characterize the actual behaviour of 

mine working on the basis of short-term convergence dataset. Hence, particular 

attention has been given to the installation, monitoring and interpretation of results from 

the monitoring sites throughout the course of the investigation. This chapter describes 

the actual short-term monitoring process of workings convergence at Boulby mine and 

evaluates data from sixteen bespoke closuremeters installed at four sites. The 

information collected is essential for the determination of controlling factors of the 

mechanics of excavation underground mines. This information is also fundamental for 

the numerical analysis of stress-displacement distribution and resulting subsidence 

associated with the mining activity. 
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5.2 Mine workings instrumentation 

5.2.1 Selection of monitoring sites 

Instrumentation and monitoring underground mines provide information on changes 

occurring within the immediate roof (i.e. first layers of roof) and floor for the stability of 

the workings. In line with the objectives of the study four key criteria guided the 

selection of the sites: 

(1) The location of the sites in the North or South of the mine; 

(2) The age of the sites (i.e. date of excavation); 

(3) The location of the sites near an active main or new face; and 

(4) The conditions or geometry of the sites (i.e. roadway or stub). 

 

The main drive was to secure the determination of variables which may affect the 

patterns of mine workings convergence at Boulby mine. The results of the investigation 

will be used to understand the mechanics of underground excavations as a function of 

some variables such as the location, geometry and age of the sites. 

Mine workings mechanics is affected negatively by the age of the sites because 

most of controlling factors have pronounced influence on the workings behaviour at the 

early stage after excavation. The geometry and size of excavation are also significant 

controlling factors of mechanics of mine workings (Wang et al., 2000). 

Given that mining of potash at Boulby is still active, the selection of sites for data 

collection was also guided by the environmental conditions and regulations for safety. 

Four locations of sites were selected and are shown in Figure 5.1. 
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Figure 5.1 Underground mine layout and instrumented site locations (source: Boulby Mine); 

where red colour indicates salt roads and black colour indicates potash panels 
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5.2.2 Closuremeters layout 

Monitoring instruments for area of concern should be placed where high expected 

behaviour (i.e. convergence of mine workings) is likely to occur. In room-and-pillar 

mining, high magnitudes of convergence are expected to occur along roadways (i.e. 

rooms) and cross-cuts axes, whereas low magnitudes of convergence are expected at 

stubs (Caughill and Beddoes, 1996). 

The monitoring network consisted of four sites: one located in the South (i.e. site 1) and 

three in the North of the mine (i.e. sites 2 - 4) and they are of two types, either roadway 

or single/multiple stubs (see Figure 5.2. for layout). At each of the sites, four instruments 

were installed accordingly: for sites of roadway type (sites 1 and 2), the instruments 

were installed along the roadway and cross-cuts axes; at a single stub (site 3) the 

instruments were installed close to one another, while in a series of stubs (site 4) they 

were placed at each stub (Figure 5.2, plates 5.1 and 2; and plate 5.3).   

At site 1, installed closuremeters observed greater closure within panel 667 

(Figure 5.1) in the hotter South of the Boulby mine than the North as a result of gradient 

of both overburden pressure and temperature (Section 3.1). Borehole temperature 

measurements indicate rock temperatures ranging from 25oC to 30oC in salt panel (in 

the North) and from 40oC to 45oC in potash panel (in the South) and rock temperature is 

40oC and 45oC for 1050 to 1100 m depth and 1200 to 1250 m depth, respectively 

(Caughill and Beddoes, 1996). This increase in pressure and temperature affects the 

mechanical properties of evaporites (i.e. potash, salt and carnalite marl) and 

exacerbates the deformation behaviour of the rocks. 
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Plate 5.1 Closuremeter installed along roadway at site 1 in the South 

 

Site 2 is the oldest among the monitored sites undergoing smaller closure. It is 

an abandoned area within panel 440 and may have experienced later stage of closure. 

Because of high temperature owing to lack of ventilation, this site was abandoned few 

months after the monitoring process has begun. Like site 1, site 2 is of type of roadway 

with two closuremeters installed along roadway axis and the two along cross-cuts axis. 

 

 



Chapter 5: Mine instrumentation and short-term convergence monitoring 
____________________________________________________________________________ 

103 | P a g e 
   

 

Plate 5.2 Closuremeter installed at cross-cut at site 2 in the North 

 

Site 3 is of stub type within the abandoned panel 540/542 in close proximity to a 

roadway for workings access. Because of the reduction of height of the roadway as a 

result of roof sagging preventing access to the workings, the roadway floor was milled 

on 29th March 2007. The process consisted in the removal of floor layer in order to 

increase the height of excavation at the determined location. The closuremeters 

arrangement is shown on Plate 5.3. 
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Plate 5.3 Closuremeters installed in parallel at stub at site 3 in the North 

Site 4 is within panel 841 in close proximity to a new face and consists of three 

stubs separated one from another by a yield pillar of about 2 meters wide. Four 

instruments were installed at the site: two at the third stub and the other two at the first 

and second stub, respectively (Figure 5.2). The characteristics of the four sites are 

given in Table 5.1. 

Table 5.1 Sites characteristics 

Site  1                        Panel number: 667                               Location zone: South 
Dates of excavation 

Starting: 05/12/2007 Stopping: 12/2007 Milling: None 
Date of instrumentation:  28/02/08 

 Clm1 Clm2 Clm3 Clm4 
Initial excavation height at the monitored point (m) 3.53 3.14 2.88 3.04 
Distance of Clm to data logger (m) 12 6 4 3.80 
 
Site  2                        Panel number: 440                                Location zone: North 

Dates of excavation 
Starting: 06/06/2005 Stopping: 06/2006 Milling: None 

Date of instrumentation: 28/02/08 
 Clm1 Clm2 Clm3 Clm4 
Initial excavation height at the monitored point (m) 3.01 2.92 3.06 2.86 
Distance of Clm to data logger (m) 15 14 10 5 
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Site 3                        Panel number: 540/542                          Location zone: North 

Dates of excavation 
Starting: 11/12/2007 Stopping: 12/2007 Milling of floor: 29/03/2008 

Date of instrumentation: 28/02/2008 
 Clm1 Clm2 Clm3 Clm4 
Initial excavation height at the monitored point (m) 3.54 3.66 3.42 3.34 
Distance of Clm to data logger (m) 2 2 2 2 
 
Site 4                        Panel number: 841                                 Location zone: North 

Dates of excavation 
Starting 

Stopping: 
14/12/2007 

Milling: None 
Stub1 42/43 Stub2 44/45 Stub3 45/46 
29/11/07 07/12/07 13/12/07  

Date of instrumentation: 28/02/2008 
 Clm1 Clm2 Clm3 Clm4 
Initial excavation height at the monitored site (m) 3.20 3.46 3.50 3.87 
Distance of Clm to data logger (m) 5 5 6 6 
Legend: Clm = closuremeter 

 

 

5.2.3 Geological setting of sites 

Borehole exploration and seismic surveys carried out across Boulby area indicate 

sequence of strata made of both marine clastic sediments and evaporites overlying 

potash in the mining area. Although the results revealed a regular succession over both 

onshore and offshore mining area, the stratigraphy at the monitoring sites is different 

owing to the irregularities of geology particularly in the near-seam potash (Hebblewhite, 

1977). 

At Boulby mine the roof around the seam is a mixture of potash, halite, shale and 

sylvinite, halite parting, shale with marl, and carnalite marl with varying thicknesses 

throughout the mine workings (Figure 5.3). Such geological variations result in different 

rates of roof-to-floor convergence of workings (Hebblewhite, 1977). Table 5.2 

summarizes the variation of rates of roof-to-floor closure at some monitoring sites in 

potash with a mixture of potash, halite and shale in the roof. 
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Figure 5.3 Geological setting near-seam indicating variation in thickness and layers in the 

immediate roof (Adapted from Hebblewhite, 1977); Not to scale - Schematic only 

Table 5.2 Summary of rates of closure (mm/day) of mine workings at monitoring sites at Boulby 

mine (Adapted from Hebblewhite, 1977) 

Site Station 10 days 25 days 50 days 100 days 200 days 

NU02 C1  2.00 0.94 0.37 0.26 
NU04 C3  2.11 0.96 0.71 0.44 
NU05 C7 6.01 - 1.19 0.94 0.69 
NU06 C11  2.57 1.49 0.84 0.38 
NU07 C14  2.00 1.47 1.14 0.57 
NU08 C17  3.17 1.95 1.29 1.00 
NU10 C21  0.88 0.92 0.39 0.21 
NU11 C23  2.25 - - 1.10 
NU12 C25    1.44 0.43 
NU13 C30    0.67 0.57 
NU14 C26    1.10 1.00 
NU15 C29     0.57 
NU16 C32    0.43 0.57 

       
1P1 BH3 3.00 1.25 0.71 0.28 0.36 
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1P1 BH6 3.00 1.71 0.86   
1P1 BH7 4.00 1.57 - 0.50 0.38 
1P1 BH8 0.30 0.57 - 0.31 0.31 

       
1P2 BH11 8.00 2.56 1.57 1.71  
1P2 2P 5.80 - - 1.43  
1P2 2Q   1.81 1.18  

       
1P7 A C2   2.75 1.86  

       
1P8 A C2  4.88 2.56   
1P8 A C2  2.50 0.75 0.43  

       
1P9 B C2 5.80 3.30 1.43 0.86  
1P9 C C2 3.67 1.57 0.86 0.50  

       
SD1 C2   9.33 5.33  
SD2 C2   7.28 4.43  
SD3 C2  1.25 2.50 0.61 0.43 
SD4 C2  1.25 0.62   
SD6 C2    1.52  
SD7 C2   1.75 1.75  

       
H4 C5 1.50 0.20 0.21   
H5 C5 0.75 1.00 0.29   

       
EP1 C2  4.25 3.14   
EP7 C2 6.00 5.33 7.20   

       
2P1 C2 8.00 3.67 1.80   
2P2 C2  5.33 1.80   

 

Table 5.2 shows convergence rate variation as a function of monitoring sites and 

most importantly as a function of stations at the sites. This latter variation is probably a 

result of the geological variations near the seam at the monitoring sites. The table aslo 

shows high excavation convergence rates occur in the South (SD: South Development) 

than in the other parts of the mine, particularly after 50 days of measurement and the 

decrease of rates of convergence over time. Geological variations constitute interface 

between layers and form locus of beds separation. Consequently, control the behaviour 

of the excavations regardless of the geometry and age of the openings. High roof 
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as Mohr-Coulomb material while the other strata were treated as strain-softening 

materials. 

Table 5.3 Geotechnical properties of near-seam strata used for modelling (from McLellan et al., 

2008; Shin et al., 2008; Liang et al., 2007; Foley, 2006; Swift and Reddish, 2005; Caughill and 

Beddoes, 1996; Bell, 1994; Jeremic, 1994; Coulthard and Bell, 1993; Sepehr, K., and Stimpson, 

B., 1988; Hebblewhite, 1977; Cook, 1974; Patchet, 1970) 

STRATA 
Thickness 

(m) 

Geotechnical Parameters 

Tensile 
Strength 
(MPa) 

Deformability Strength 

Bulk 
Modulus 

(GPa) 

Shear 
Modulus 

(GPa) 

Cohesion 

 (MPa) 

Friction  

(degrees) 

Peak Residual Peak Residual 

Upper halite 38 12.25 9.19 16.0 9.4 35 10 1.59 

Anhydrite 7 14.43 10.83 17.0 43 6.08 

Carnalite 
marl 11 3.9 2.93 3.0 1.0 35 18 1.24 

Potash 9 28.73 8.18 10.0 6.0 36 33 1.79 

Halite 45 17.93 9.25 10.0 9.4 40 10 1.63 

 

A series of simple models were run using three sets of material parameters one 

with laboratory data and the two others obtained by reducing laboratory data (Table 5.2) 

by a factor of 2 and 3, respectively to account for scale effects and also the presence of 

discontinuities and heterogeneity within the rock masses. Because the modelling 

analysis is primarily intended to assess floor heave, in other words whether or not the 

bespoke closuremeter was monitoring relative movement of the excavation, closure 

models validation is not considered here. For this, excavation closure is modelled only 

on basis of laboratory data and not observed data. Validation of closure models against 

observed closure is considered in Chapters 6 and 7 devoted to modelling approach and 

results analysis, respectively. 

The modelling results have been presented in graphical form as roof closure, 

convergence versus floor heave-timestep curves for comparative analysis. Taking 
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advantage of symmetry of domain geometry, only deformation at one excavation is 

presented below. The FLAC code used for modelling floor heave is given in Appendix A. 

 

 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

 

 

 

 

 

 

Figures 5.4 Modelled roof closure, floor heave and total closure using laboratory data 

 

 

 

 

 

 

 

 

 

Figure 5.5 Modelled roof closure, floor heave and total closure by reducing laboratory data by a 

factor of 2  
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Figures 5.6 Modelled roof closure, floor heave and total closure by reducing laboratory data by a 

factor of 3 

Figures 5.4-6 portray that mining potash at Boulby results in both roof closure 

and floor heave. Although the rheology of Halite rock dictates the floor deformation, high 

horizontal stresses on both sides of the openings also control the floor behaviour. In 

addition, punching of pillars owing to the weight of the overlying strata may also 

contribute to the deformation of the floor. Magnitudes of both roof closure and floor 

heave are sensitive to the strata mechanical properties variation. Floor heave 

contribution to the excavation convergence decreases with the decrease of stiffness 

and strength of strata as a result of roof failure increase. 

Table 5.4 FLAC predicted roof closure, floor heave, and percentage of floor heave 

Model Max. roof 
closure (m) 

Max. floor 
heave (m) 

Max. 
convergence (m) 

Floor heave 
(%) 

Lab data 0.28 0.02 0.26 8 
Factor 2 0.82 0.03 0.79 4 
Factor 3 1.37 0.04 1.33 3 
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Figures in Table 5.4 show that, floor heave contributes to the roof-to-floor 

convergence of opening despite at low magnitude. Therefore, the actual short-term 

underground monitoring should be understood to measure roof-to-floor convergence of 

excavations at the sites. 

 

5.4 The actual short-term monitoring of convergence 

The mechanics of underground deep excavations is complex and its time-dependent 

(i.e. long-term) behaviour is analyzed by continuously monitoring changes in the height 

of workings over a long period of time. 

However, in underground active mining and particularly in active potash mining, 

long-term monitoring of workings may be limited to short-term monitoring owing to 

problems associated with the ongoing mining activities. Even so, with a well designed 

monitoring technique continuous short-term monitoring data of workings is capable of 

providing high quality information on the mechanics of workings and therefore 

understanding the nature of behaviour of openings in deep active mines. 

 

5.4.1 Data collection frequency 

Data sampling frequency was determined with consideration of the deformational 

behaviour time-scale of both roof and floor strata within the mine. In underground 

mining, the characterization of short-term deformation patterns of mine working requires 

sampling openings behaviour at high frequencies. For this reason, a sampling 

frequency of five minutes has been chosen to capture the short-term behaviour of 

workings at Boulby potash mine. 
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5.4.2 Data processing and results 

5.4.2.1 Determination of time interval data processing  

Monitoring results may be difficult to interpret owing to not only the great amount of data 

but also the fluctuations in the data associated with the instrument. Generally, different 

techniques are used to reduce or eliminate such fluctuations and provide a better idea 

of the overall pattern of mine workings deformation. However, such processing 

techniques may result in the loss of valuable information or impair the actual behaviour 

of the deforming structure. Therefore, it is good practice that care be taken when 

carrying out processing of monitoring data. 

In this study, a smoothing technique has been used to eliminate fluctuations in 

data and effects related to the stability of data logger at the onset of the measurement. 

The technique consisted in simultaneously removing fluctuations in the closuremeters 

readings at the monitoring site until steady readings are obtained at the four 

instruments.  

However, given the large amount of data, pattern of the function or curve that 

captures the mechanical behaviour of mine working may be affected by the time interval 

over which data are processed. Therefore, in order to determine the interval of time 

which allows capturing the short-term pattern of the actual behaviour of workings, data 

were successively processed using smoothing 5 minutes, 30 minutes, hour, 6 hours, 12 

hours and 24 hours time intervals. The convergence-time curves were plotted for 

comparative analysis to determine the appropriate time interval of data processing 

(Figures 5.7-30). Values of mean and standard deviation of convergence were also 

determined (Table 5.5). 
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Figure 5.7 Average convergence per smoothing 5 minutes at site 1 between beginning of March 

and April 2008 

 

Figure 5.8 Average convergence per smoothing 30 minutes at site 1 between beginning of 

March and April 2008 
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Figure 5.9 Average convergence per smoothing an hour at site 1 between beginning of March 

and April 2008 

 

Figure 5.10 Average convergence per smoothing 6 hours at site 1 between beginning of March 

and April 2008 
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Figure 5.11 Average convergence per smoothing 12 hours at site 1 between beginning of March 

and April 2008 

 

Figure 5.12 Average convergence per smoothing 24 hours at site 1 between beginning of March 

and April 2008 
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Figure 5.13 Average convergence per smoothing 5 minutes at site 2 between beginning of 

March and April 2008 

 

 

 

 

 

 

 

 

 

 

Figure 5.14 Average convergence per smoothing 30 minutes at site 2 between beginning of 

March and April 2008 
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Figure 5.15 Average convergence per smoothing an hour at site 2 between beginning of March 

and April 2008 

 

Figure 5.16 Average convergence per smoothing 6 hours at site 2 between beginning of March 

and April 2008 
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Figure 5.17 Average convergence per smoothing 12 hours at site 2 between beginning of March 

and April 2008 

 

Figure 5.18 Average convergence per smoothing 24 hours at site 2 between beginning of March 

and April 2008 
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Figure 5.19 Average convergence per smoothing 5 minutes at site 3 between beginning of 

March and April 2008 

 

 

 

 

 

 

 

 

 

 

Figure 5.20 Average convergence per smoothing 30 minutes at site 3 between beginning of 

March and April 2008 
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Figure 5.21 Average convergence per smoothing an hour at site 3 between beginning of March 

and April 2008 

 

Figure 5.22 Average convergence per smoothing 6 hours at site 3 between beginning of March 

and April 2008 
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Figure 5.23 Average convergence per smoothing 12 hours at site 3 between beginning of March 

and April 2008 

 

Figure 5.24 Average convergence per smoothing 24 hours at site 3 between beginning of March 

and April 2008 
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Figure 5.25 Averagec convergence per moothing 5 minutes at site 4 between beginning of 

March and April 2008 

 

 

 

 

 

 

 

 

 

Figure 5.26 Average convergence per smoothing 30 minutes at site 4 between beginning of 

March and April 2008 
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Figure 5.27  Average convergence per smoothing an hour at site 4 between beginning of March 

and April 2008 

 

 

 

 

 

 

 

 

 

Figure 5.28  Average convergence per smoothing 6 hours at site 4 between beginning of March 

and April 2008 
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Figure 5.29 Average convergence per smoothing 12 hours at site 4 between beginning of March 

and April 2008 

 

Figure 5.30 Average convergence per smoothing 24 hours at site 4 between beginning of March 

and April 2008 
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2.08 mm of magnitude. This implies that movement no more than 2.08 mm of 

magnitude will be recorded at this closuremeter every 5 minutes despite the high 12 bit 

resolution of the data logger. The lack of synchronization (i.e. same time of occurrence) 

between the sampling frequency (i.e. working movement) and the data logger resolution 

(i.e. emitted impulses) results in a few and more discrete amount of readings.  

Therefore a stepped movement of workings is displayed when the readings are 

processed using smoothing 5 minutes.  

With the increase of smoothing interval (e.g. 24 hours) the amount of readings is 

increased and data are more clustered despite the lack of synchronization. This 

explains the highly smoothed curve exhibited by the patterns of convergence at all the 

monitoring sites. 

The analysis of convergence patterns associated with twenty-four hours of time 

interval shows different trends of mine workings behaviour at the sites. Mine workings 

behaviour is linear at sites 1 and 2 though the rate of movement at site 2 is lower than 

at site 1, whereas the behaviour of workings at sites 3 and 4 is nonlinear with increasing 

rate. The discrepancy in the behaviour of workings might be primarily related to the 

position of the sites. Sites 1 and 2 are located out of disturbance (e.g. proximity of 

roadway, adjacent excavation). In contrast, sites 3 and 4 were in close proximity to a 

workings access roadway and a main active face, respectively which might have 

influenced the workings behaviour. 

Magnitudes of standard deviation (Table 5.3) show the decrease of error (i.e. 

standard deviation) on convergence with the increase of data processing time interval. 

Therefore, 24 hours of time interval is selected for data processing, based on both the 

quality (i.e. degree of smoothing) of convergence and magnitudes of standard deviation. 

 

5.4.2.2 Data processing and results analysis 

One of the major problems often experienced when carrying out measurements of 

workings deformation in an active mine is the ongoing activity and the behaviour of 
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workers. Consequently, few monitoring sites may be lost within time. Owing to its close 

proximity to a main face (i.e. ongoing mining activity) site 4 was lost one month after the 

commencement of measurements. Site 1 was also lost after two months of 

measurements owing to vandalism despite a warning sign against vandalism in visible 

at location. 

Another major problem which may impair the monitoring process in deep mining is 

the high temperatures. The lack of ventilation resulted in the abandonment of site 2 two 

months after the beginning of measurements. Although the aforementioned unpleasant 

incidents considerably affected the monitoring process and consequently limited data 

collection, effort has been made in processing and analysing the available dataset to 

get greater insight into the mechanical behaviour of mine workings.  Dataset collected at 

the four sites were further analyzed in terms of convergence patterns as a function of 

associated variables. 

For determining the influence of the position of monitored points at the site, patterns 

of convergence recorded over one month at the four closuremeters were plotted 

together. The influence of geometry, location and age of sites was evaluated in terms of 

average convergence at the monitored sites. 

 

(a) Patterns of convergence 

Mine working movement at sites 1 and 2 was recorded over two periods of one 

month each between beginning of March and June 2008. Site 3 was where workings 

deformation was recorded over a relatively long period of time. Working movement 

including, the effect of floor milling was recorded over five periods of one month each 

between beginning of March and end of December 2008. At site 4, movement of mine 

working has only been recorded between beginning of March and April 2008. The 

findings are discussed below. 

i. Site 1  

Figure portrays occurrence of two types of movement at the monitored points in 

spite of the gradual and linear closure of workings. Whilst relatively high magnitude 
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movement at different rates occurs over the first period of measurement between 

beginning of March and April 2008 (Figure 5.31), movement of low magnitude of closure 

occurs over the second period of measurement between end of April and beginning of 

June 2008 at the monitored points (Figure 5.32). 

 

Figure 5.31 Convergence at site 1 between beginning of March and April 2008 

Over the first period of measurement, the rate of convergence varies from one 

instrument to another. High magnitude of working convergence is recorded along the 

roadway (i.e. along D1_1 and D1_2 axis) than along the stub axis (i.e. along D1_3 and 

D1_4 axis) (Figure 5.31). Over the second period of measurement however, magnitude 

of convergence is lower. 
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Figure 5.32 Convergence at site 1 between end of April and beginning of June 2008 

Unlike the movement over the first period of measurement, mine workings 

movement over this period (Figure 5.32) occurs at comparable rate at the four 

closuremeters though the rate of movement along the roadway is relatively higher than 

along the stub axis. 

Although high magnitude of closure is expected to occur along the roadway than 

at stub (Brady and Brown, 2006; Caughill and Beddoes, 1996), the discrepancy in the 

magnitude and rate of convergence over the two periods of measurement is probably 

due to localized movement of roof material at the monitored point. Indeed, rock mass 

gradually looses as a result of overburden stress, detaches from its host layer and falls 

as slab under gravity. Such localized event might have occurred in proximity of 

closuremeter D1_2 by the start of site instrumentation and increased the magnitude and 

rate of movement of working at that point (Figure 5.31). However, at closuremeter 

D1_1, convergence rate is relatively lower than at D1_2 but higher than that at D1_3 

and D1_4 probably owing to its position along the roadway axis. At the two latter 

closuremeters, mine working gradually and linearly closes up at similar rate over the 

entire period of measurement. 
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After the episodic and localized event, with time the rate of closure at D1_2 gradually 

decreases to the rates of closure at D1_1, D1_3 and D1_4 (Figure 5.32). The decrease 

of rate continues over the entire second period of measurement over which patterns of 

convergence displayed similar trends. 

At the end of the monitoring process, mine working closed up about 138.9 mm, such 

that 75.9 mm and 63 mm over the first and second period of measurement, 

respectively. Over the two periods of measurement, rapid movement occurs linearly 

along the roadway axis.  

 

ii. Site 2 

The abandoned roadway site 2 being the oldest of the monitored sites might 

experience later stages of convergence during the monitoring periods. Over the first 

monitoring period between the beginning of March and April 2008, no significant 

movement was recorded despite the slight movement recorded at some closuremeters. 

Patterns of convergence indicate irregular movement of working during the first fifteen 

days (i.e. up to 19th March 2008) after the instrumentation at the site; probably due to 

the fact that magnitude of movement is lower than the resolution of the monitoring 

instrument.  

An alternative explanation of the irregular patterns of convergence could be the 

high temperature at the site as a result of lack of ventilation. Temperatures which range 

at the seam potash horizon from 40oC to 45oC might have temporarily affected the 

functioning of the closuremeters. Consequently, relatively long time might have been 

required for the closuremeters to stabilize before recording changes in working 

behaviour. A regular but scarcely perceptible movement started by 21st March 2008 

along the roadway particularly at D2_1. At cross-cuts, no change was recorded in the 

behaviour of mine workings. 
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Figure 5.33 Convergence at site 2 between beginning of March and April 2008 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.34 Convergence at site 2 between end of April and beginning of  June 2008 

At the beginning of the second period (Figure 5.34), the slight movement initiated 
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measurement. Although high magnitude and rate of convergence are recorded along 

the roadway, no significant movement occurs along the cross-cuts axis. By the end of 

monitoring, the magnitude of convergence along roadway is about two times that along 

the cross-cuts axis. As at the first site, working movement at site 2 is dependent on the 

position of the monitored point though the movement did not exhibit linear patterns than 

at site 1, probably due to the age of the site. At the end of measurement mine workings 

closed up to about 5.2 mm.  

 

iii. Site 3 

Site 3 is adjacent to a workings access main roadway. Between the beginning of 

March and April 2008, movement at the four instruments is nonlinear exhibiting 

smoothed patterns of convergence although not highly pronounced. Magnitude of 

movement differs from one monitored point to another despite the close proximity of the 

instruments. High magnitude movement is recorded at D3_4 than at the three other 

closuremeters (Figure 5.35) where movement of comparable magnitude is recorded. 

Closuremeters D3_3 and D3_4 were in close proximity to the roadway, whereas 

closuremeters D3_1 and D3_2 were close to the sidewall of the stub (Plate 5.3). 

A major change occurs at the four instruments between the end of April and the 

beginning of June 2008, resulting in well-defined linear patterns of movement. Another 

major change in the working behaviour is the shift of occurrence location of highest 

magnitude of movement at D3_3 (Figure 5.36) instead at D3_4 as observed over the 

first period of monitoring (Figure 5.35). 
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Figure 5.35 Convergence rate at site 3 between beginning of March  and April 2008 

Because mine working behaviour over April 2008 is not recorded, it is difficult to 

determine the main cause of the shift in location for highest magnitude. However, since 

there was no adjacent excavation, this shift probably translates the onset of the effect of 

roadway milling which took place one month after the instrumentation of the site. 

Roadway milling induced changes in the trend of working deformation and decreases 

the magnitude and rate of convergence at the four instruments (Figure 5.36). Mine 

working closed up about 33.12 mm and 32.31 mm at the end of the first and second 

periods of monitoring measurement, respectively. 

From the end of June 2008 roadway milling related effect strongly controlled the 

working behaviour over the entire remaining period of measurement between the ends 

of August and December 2008. Floor layer removal disturbs the initial equilibrium 

leading to stresses and load resisting forces rearrangement. The structure fails as the 

material strength is exceeded. Then, stresses and load resisting forces can no longer 

readjust to form a stable structure. The milling effect is significantly observed between 

the end of August and September 2008 (Figure 5.37). 
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