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FOREWORD 

This report, which is currently unpublished, is intended for Banverket (Swedish Railroad 

Administration) who is one of the major sponsors of the study on the damaged rock zone 

(DRZ) around underground boundaries, which is currently conducted at the Division of 

Mining & Geotechnical Engineering at Luleå University of Technology. The report is 

presented in three parts: 

PART I: A progress report

PART II: A summary of the study to date

 PART III: Numerical Analysis of the DRZ  

The work has been progressing quite well but not as smoothly as one would have desired. It 

has been dogged by many factors especially those dealing with the complex characteristics of 

damaged rock zone. Questions regarding appropriate numerical tool, strength parameters, 

strength criterion for damaged rock under low confining stress, etc, have been very nagging. 

Literature reviews have revealed a lot is still outstanding on the subject of the damaged rock 

zone, in particular with respect the strength characteristics. Much has been done however, on 

quantifying and classifying (and delineating) the excavation disturbed zone, but not 

specifically on the strength and stiffness of the damaged rock zone.  

During the period January to March 2005 the author was engaged as a numerical modelling 

consultant for the Stockholm City Tunnelling Project. This work provided some learning 

grounds for the author. Some of the principles and tips learned through this project were later 

applied to the numerical modelling of the damaged rock zone. From August to September, 

2005, the author was also engaged in another project: “Destressing and Preconditioning of 

Rocks”. A report on this work was submitted to Rock Tech Centre AB – another partner in 

the study of the damaged rock zone. 

The rest of the year 2005 has yielded some useful results. A paper on numerical modelling of 

the damaged rock zone is now being completed for submission to a journal. A summary of the 

paper is presented in this report in Part III. Also during the year contacts were established 

with notable figures such as Doctors Evert Hoek and Mark Diederichs with whom discussions 
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were exchanged via the internet on the suitability of the Hoek-Brown criterion for shallow 

excavations. Further discussions were made regarding strength relationships that take into the 

confining stress. These discussions resulted in the development of methodical procedures to 

estimate the strength and stiffness of the damaged rock zone around shallow seated tunnels. 

Furthermore, a relationship was developed to estimate the damaged rock mass stiffness as a 

function of the confining stress. This relationship is currently being tested. 

A bibliography of all the articles relating to the subject of excavation disturbed zone, from 

theory to application, which the author has sighted is being entered into a database. Currently 

over 300+ articles sighted make up the database. The database is regularly updated with new 

articles via the alerting services from various publishers.
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KEYWORDS AND DEFINITIONS 

EDZ (Excavation Disturbed Zone):

The rock zone near the excavation boundary where disturbance has occurred due to the 

excavation and redistribution of stresses. These disturbances could be in the form of new 

fracture formations, closure and opening of pre-existing fractures, and disturbance to the 

original state of stress. EDZ comprises both the disturbed and damaged rock 

DRZ (Damaged Rock Zone):

The rock zone with the EDZ where the rock mass has been considerably affected resulting in 
quantifiable changes to physical, mechanical and hydraulic properties of the rock. 

Mechanical properties:

Refers to rock parameters that affect the mechanical response of the rock mass. These include 
the elastic and plastic parameters. 

Stiffness:

In this report stiffness is used interchangeably to mean the deformation modulus (Em) of the 
rock mass.  

Strength:

In this report strength means the peak strength of the rock mass. This strength is function of 
the tensile strength, the uniaxial compressive strength, cohesion and friction. 
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PART I: PROGRESS REPORT 

1. STOCKHOLM CITY TUNNELLING PROJECT 

During the period January to March 2005 the author was engaged as a numerical modelling 
consultant for the Stockholm City Tunnel Project. The work mainly involved developing 
three-dimensional rock mechanics models to study the response of the rock mass around the 
existing tunnels when the new railway tunnels are constructed. Itasca’s FLAC3D was used in 
the analysis. The result of this work will also be published in the 2006 North American 
Tunnelling Conference, in which this author is one of the authors.  

The project also provided an important learning ground for numerical analyses into the 
damaged rock zone. Judgement on the input parameters and resulting effects were important 
lessons learnt, especially the fact that there is very limited data for the damaged rock zone that 
can be used for model calibration. The Stockholm project provided some essential tips for 
making sound judgement of the input parameters and assessing reasonability of the results.  

From the knowledge gained, 3-D models were later developed in FLAC3D for the damaged 
rock zone to verify some of the phenomenon observed in the 2-D models. Fair enough the 3-D 
models showed the same behaviour as seen in the 2-D models, in particular the yielding and 
stress distribution. This confirmation affirms that the models were set-up correctly and 
therefore the phenomenon observed in the 2D models has to be explained in physical terms, 
such as for instance the effect of out of plane stress, stress rotation, etc. 

2. DESTRESSING AND PRECONDITIONING PRE-STUDY 

Destressing is a phenomenon that often occurs when excavations are introduced. In highly 

stressed rock masses, such as around deep excavations, destressing and preconditioning is part 

of a working strategy to minimise rock burst hazards. A destressed zone around an excavation 

boundary can protect high stress from concentrating near the tunnel boundary, which can lead 

to instability problems.  

A pre-study was conducted during the period August to October 2006 and a report was 

submitted to Rock Tech Centre AB on this subject. Besides, a report on the damaged rock 

zone has also been submitted as an accompaniment to Rock Tech Centre AB and GHRR, who 
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are other partners in the study on the damaged rock zone. During the pre-study, several 

questionnaires were sent out, both for the destressing and preconditioning, and the damaged 

rock zone. Several responses were received with several indicating their interest in pursuing 

further study on both subjects. It is anticipate that a project proposal will be put together 

where the partners who are interested will form a consortium headed by Rock Tech Centre 

AB for further research.  

3. EXCAVATION DISTURBED ZONE (EDZ) 

The subject of the damaged rock zone around an underground excavation is very complex. 

Much of these complexities relate to the physics of the rock properties and the highly 

anisotropic conditions of the EDZ. In rock physics, for example, the sough after rock 

properties such as Young’s modulus (E) and the strength parameters ( c, c, etc) are tensor 

quantities – that is they have spatial characteristics (3-dimensional). So the question usually 

is: Is it sufficient to relate these parameters (which are tensors) to vector quantities such as 

velocity (which is one-dimensional)? Obviously, there is no mathematical relationship for 

this. The anisotropy within the EDZ also complicates any process that attempts to estimate the 

magnitude of these properties. A drill and blast excavation will result in complex fracture 

patterns (irregularly shaped, cracks ranging from micro to macro sizes, rock bridges, etc). All 

these complexities will affect the kinematics of rock deformation and strength characteristics. 

A large volume of publications is available on investigations into the excavation disturbed 

zone. However, much of these investigations have focussed on identifying the factors 

affecting the development and extent of this zone, with the primary goal of minimising or if 

possible to completely eliminate this zone, which though is not possible. 

A questionnaire on EDZ was send to various organisations and individuals. The responses 

revealed various views on the EDZ. The mining industry for example, sees the EDZ from two 

sides of the coin: (i) it can act as protective blanket (destressed zone) by pushing high stresses 

further into the rock and in doing so protect the excavation, (ii) it can also jeopardise the 

safety of personnel and equipment as well as resulting in increased support costs. For nuclear 

waste isolation group the EDZ will provide a flow path for nuclear radiation to reach the 

atmosphere. Further still, for the civil engineering, the problem is largely related to stability, 

and maintenance and operational costs. Each of these cases is unique since the requirements 
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are different. Which parameters are important and which factors need attention will depend on 

the nature and purpose of the excavation.    

4. DATABASE OR MONOGRAPH OF EDZ PUBLICATIONS 

Part of this work has been building, as far as possible, a complete list of bibliography on the 

subject of Excavation Disturbed Zone, from theory to applications. At this moment a database 

comprising over 300+ references sighted has been added into a database library using the 

EndNote software. New references are added to the database regularly using the alerting 

services provided by various publishers. The final bibliography will then be classed into 3 or 

4 main categories under relevant topics for future references and to assist further research. 



14

PART II: SUMMARY OF STUDY EDZ TO DATE 

1. GENERAL INTRODUCTION 

When an excavation is carried out in a body of rock it inevitably results in disturbance to the 

original state of the rock mass surrounding the excavation. These disturbances can be in the 

form of creation of new fractures, closure and opening of pre-existing fractures and 

redistribution of stresses (see Figure 1). During these processes, the mechanical, hydraulic and 

physical properties of the rock mass surrounding the excavation are considerably affected. The 

region in which the rock mass is disturbed is generally known as the Excavation Disturbed 

Zone (EDZ). By definition EDZ encompasses both, the zone where the rock is physically

damaged (mechanical properties are permanently affected) and the zone where the rock is only 

disturbed (mechanical properties are not significantly affected). This review focuses on the 

former, i.e. the damaged zone, where the physical, mechanical, hydraulic and even thermal 

properties are permanently affected. This zone has an immediate impact on the performance of 

an underground excavation in terms of stability and flow potential.

      
(a)    (b) 

Figure 1. (a) A conceptual model of EDZ, (b) Processes of the change of rock properties related to 
exacavation disturbance [1]

The EDZ has been thought of being responsible for problems relating to for example, over-

break, reduction in confinement, reduction in strength, increase fracture intensity leading to free 
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flow of water. Any problems associated with EDZ can create unsafe working environments and 

increase construction and maintenance costs. In some cases the EDZ is thought of having 

positive effect, for example in deep mines and excavations in high stress environments where 

rock destressing and preconditioning is carried out to intentionally create and extend the EDZ 

as a means to combat problems associated with excessive stress accumulation.  

The EDZ has been investigated worldwide especially by the nuclear waste repository agencies 

and reported in for example, the International EDZ Workshops of 1996, 2003 and 2004 [2-4].

Some projects such as the ZEDEX in Sweden and Mine-by Experiment at URL in Canada were 

initiated specifically to investigate the EDZ. These studies mainly concentrated on, (i) 

identifying factors and mechanisms that influence the development and formation of EDZ, (ii) 

quantitatively measure the extent of EDZ and (iii) classifying EDZ according to its significance. 

In Russia the damaged rock zone around hydraulic tunnels was investigated as early as the 

1960’s [5, 6]. In China’s massive Three Gorges Project the damage rock zone investigation is 

an important component of its geotechnical study program [7, 8]. In Japan a special committee 

on the Zone of Relaxation (equivalent term for EDZ) was formed by the Japan Tunnel 

Association to classify measurement methods and concepts for the investigation of the zone of 

relaxation [9]. These studies clearly demonstrate the significance of the damaged rock zone on 

the performance of an excavation, which can ultimately translate to implications on human lives 

and financial losses.

Review of the literature shows that, there is no specific rule to define, classify and characterize 

a damaged rock zone in terms of its extent and the parameters to be used. This led to rather 

mixed and varying definitions for the EDZ, which generally seem to depend largely on the 

nature and purpose of the excavation, and moreover, the geology. One of the main agendas of 

the European Commission Cluster Conference on EDZ [10] was to address this issue.  

The characterization of the EDZ has mainly been done with respect to its mechanical and 

hydraulic properties. A theoretical characterization of the EDZ in terms of mechanical and 

hydraulic properties is shown in Figure 2. Within the EDZ the magnitudes of the mechanical 

and hydraulic properties will vary in relation to the background values. Although the values for 

the mechanical properties will generally be lower within the EDZ while those of hydraulic will 

generally be higher, it can be opposite depending on the nature of the EDZ and state of the 

confining the stress. The induced differential stress ( max- min) is usually lower within the EDZ 
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due to the low stiffness, however, it can be higher if multiple excavations are performed and 

stresses are transferred, e.g. [11].

Excavation

EDZ

Radial distance

Transmissivity (T)
Deviatoric stress ( 1 3)

Stiffness (E)

Undisturbed zone

Figure 2. Theoretical model of the characteristics of the DRZ in terms of important mechanical and 
hydraulic properties [12]

2. LITERATURE REVIEW AND ANALYSIS 

This part of the report focuses on the general literature review carried out on the subject of 

Excavation Disturbed Zone (EDZ) around excavation boundaries. Issues looked at include; the 

definitions of EDZ, its characteristics, and EDZ investigation methods.   

It must be noted that this report focuses on the EDZ around excavation boundaries in brittle 

rock masses in order to be consistent with the scope of this study and its relevance to Swedish 

conditions. Hence, any discussions on other rock types, such as clay and rock salt, are kept to 

the minimum.  

2.1. THE EXCAVATION DAMAGED ZONE 

2.1.1. Definitions 

Generally EDZ is defined as the zone immediately around an excavation boundary where the 

rock mass has been disturbed due to the excavation and redistribution of stresses, e.g. [1-4, 7, 8, 
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10, 13-27]. The disturbances can be in the form of creation of new fractures, closure and 

opening of pre-existing fractures and redistribution of stresses. During these processes, the 

mechanical, hydraulic and physical properties of the rock mass surrounding the excavation can 

be considerably affected.  

Often the definitions depend on the nature and purpose of the excavation, as well as the geology 

and rock type. [10] for example, gives various definitions for the EDZ for constructions in four 

different rock types for the purpose of radioactive waste isolation (see Tables 1 to 4 in 

Appendix A). 

2.1.2. Classifications 

[3] presented a comprehensive description of the EDZ at URL. This is illustrated in Figure 3. 

The main rock type in this case is granite with a UCS value of 250 MPa and therefore classified 

as brittle hard rock.  As seen the EDZ was classified into two main components: 

Disturbed zone
(altered stress)

Failed zone
(detached slabs)

Inner Damage Zone
(sharp changes in 
properties, visible 
cracks)

Undisturbed 
Rock Mass

Outer Damage Zone
(gradual changes in 
properties)

Excavation 1

Figure 3. Various components EDZ according to Martino et al [28]

(i) Excavation Disturbed Zone. Disturbance due to stress re-distribution of which the 

mechanical properties of the rock are not affected. 

(ii) Excavation Damaged Zone.  Mechanical properties are affected due to the excavation 

and redistribution of stresses. This zone is further divided into smaller components 

namely; the failed, the inner and outer damaged zones. 
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Similar classifications are also given by for example [1, 8, 10, 16-18, 22, 29, 30] for various 

projects in North America, Europe and Asia (i.e. Japan & China). 

[16] attribute the damaged zone to the effect of blasting because of its proximity of the 

damaged to the tunnel boundary. The disturbed zone they attribute to the influence of stress re-

distribution. This conclusion was based on the fact that the measurements were performed in 

two separate locations at different depths, consequently different stress conditions.  At the 

location with low stress regime, the damaged zone was more pronounced then it was at the 

location with higher stress regime. 

For typical mining and civil engineering excavations EDZ can therefore be simplified into two 

components as illustrated in Figure 4. These are; (i) the zone in which the mechanical and 

hydraulic properties are significantly affected to be measurable by any state-of-the-art 

measurement tool and (ii) the zone where the disturbance could not be easily measured, 

however, it is possible to estimate using mathematical models. In this report the first zone (i.e. 

damaged zone) will be referred to as the Damaged Rock Zone (DRZ) and will be the main 

focus of the report. The simplification in Figure 4 is also useful for numerical analysis and is 

therefore used throughout the analysis in this study. 

(i) Damaged zone

(ii) Disturbed zone

Undisturbed zone

Excavation

Figure 4. Simplification of rock zones around a tunnel boundary. The EDZ comprises the damaged and 
disturbed zones (i.e. EDZ = Damaged zone + Disturbed zone) 
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2.1.3. Characteristics 

The damaged rock zone is generally characterized by variation in the magnitudes of mechanical 

and hydraulic properties (Figure 5). The variations in the magnitudes of these properties are 

more pronounced within the damaged zone (DRZ) than they are in the disturbed zone.  In 

general, however, the magnitudes of the mechanical properties are low within the EDZ and 

those of the hydraulic properties are high. That is when compared to the background values. On 

the other hand there is also enough evidence from seismic tomography (e.g. [31-35]), static test 

[36] and others (e.g.[18, 27]) that suggest otherwise (i.e. it can be opposite), depending on the 

confining stress and the physical characteristics of the EDZ.

The reduction in stiffness (or the deformation modulus) is commonly reflected by reduction in 

elastic or seismic wave velocities [8, 35, 37-42], i.e. assuming one dimension.  Hence, the 

geophysical tools utilising seismic wave velocity are widely used in investigating the EDZ (e.g. 

[35, 40, 42-48]). Static tests such as plate loading for instance (e.g. [8]) and numerical and 

analytical analyses of induced stresses usually yield a deviatoric stress characteristic as shown 

in Figure 5 (e.g. [49]). The hydraulic characteristic of the EDZ is generally reflected in its 

ability to capture and transmit fluid. Two of the important parameters are hydraulic 

conductivity (K) and transmissivity (T). In principle these parameters register higher values 

within the EDZ and gradually return to lower background values at the undisturbed zone, e.g. 

[50].

Deviatoric stress ( 1- 2)

Hydraulic conductivity (K), 
Transmissivity (T)

Velocity (v), Stiffness (E)

Excavation
a b

EDZ Undisturbed zone

Figure 5. Conceptual characteristics of EDZ in terms of commonly investigated parameters: (a) damaged 
zone, where the changes in rock properties are more pronounced, (b) disturbed zone, where 
the changes in the rock properties are less pronounced.  
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2.1.4. Quantification 

Quantification (and qualification) of EDZ has been largely based on the physical (fracture 

intensity, porosity, density, etc), mechanical (deformation modulus, elastic velocity, stress 

variations, etc) and hydraulic (transmissivity, hydraulic conductivity) properties [3, 4, 7, 10, 15, 

16, 20, 40-43, 45, 46, 48, 50-58].  The quantification of the EDZ according to meaningful 

parameters such as compressive strength and stiffness has proved difficult [10]. [59] for 

instance, points out the difficulty involved in attempting to derive the strength and stiffness 

which are tensor quantities using velocity measurements which are vector quantities and often 

one-dimensional. Other factors that cannot be easily captured by geophysical measurements 

include, the effect of in-situ and confining stresses [11], and the effect of the anisotropy [41].

Technical problems very often limit measurements to specific areas, which may not provide 

representative result of the whole disturbed zone being investigated [41].

2.1.5. Effects on physical, mechanical and hydraulic properties 

2.1.5.1. Effect of the changes in physical properties 

Visual investigations, involving visual inspections of rock surface, camera and bore-hole video 

imaging, and microscopic investigations reveal increase in fracture intensity within EDZ [41, 

51, 54, 60, 61]. These fractures occur in both macroscopic and microscopic scales and are 

highly anisotropic. Microscopic fractures can have significant effect on the S-wave velocity 

which is a parameter related to the rigidity or the bulk modulus [12]. Furthermore, the 

aniostropic fracture patterns can have significant effect on seismic measurements [41]. Increase

in fracture density increases the porosity and thus the hydraulic properties [15, 16, 25, 50, 60, 

62-65].  The facture density can also be calculated using relationships such as for example [66]:

oco

c

vE
c

2
2

ln
10
9     (1) 

Where c  is calculated dynamic shear modulus, vo is Poisson’s ratio of the unaffected rock 

mass and Eo is theYoung’s modulus of the unaffected rock mass. 
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Observation of the changes in the physical appearance of rock mass surface have resulted in the 

introduction of the so called “disturbance factors” and “indices” into rock mass strength 

empirical models to account for these disturbances, see for example [61]. 

2.1.5.2 Effect of changes in mechanical properties 

Within the DRZ the mechanical properties are considerably affected. Of significant importance 

for excavation stability and also for rock mechanics analysis are the stiffness and strength 

parameters. However, these parameters are only fictitious and therefore could not be directly 

measured. The elastic wave measurement technique has therefore been widely utilized to assess 

and relate the variation in the mechanical properties of DRZ, e.g., [3, 4, 7, 35, 37-43, 45, 46, 56, 

57, 67]. The elastic velocity (in one dimension) is related to the elastic properties according to 

the following equations: 
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where Vp and Vs are the P-and S-wave velocities respectively, E  is the Young’s modulus, K is 

bulk modulus, G is shear modulus (Pa),  is the Poisson’s ratio and  is the rock density. 

Reduction in strength and stiffness often leads to: 
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o unstable ground conditions and therefore unsafe working environment 

o increase in support requirements and thus the cost 

o reduction of confinement as a result of reduced stiffness 

o overbreak leading to unfavourable cross-sections and additional material to haul. 

2.1.5.3. Effect of changes in hydraulic properties 

Changes in hydraulic properties can lead to increase or decrease of inflow and outflow of water, 

which may detrimental for the long-term performance of the excavation.  For radioactive waste 

isolation vaults significant changes in hydraulic properties signal a potential pathway for 

nuclear radiation to escape into the lithosphere and ultimately into the surface. 

Changes in hydraulic properties do not only affect flow and transport characteristics of water 

but also the strength of the rock mass.  [68-71] have shown that changes in hydraulic properties 

affects the long term strength of the rock by enhancing stress corrosion at the crack tips. The 

reduction in strength is also partially affected by internal (capillary and absorption) stresses 

induced by changing humidity. [69, 72-74] argue that dilatancy hardening of largely related to 

fluid drainage (at a given applied strain rate). Another phenomenon, which [75] refers to as 

“hydraulic jacking” is critical for the mechanical behaviour of the rock mass. Here, the total 

insitu stress is carried in part by pressurised fluid in the fractures. This phenomenon is complex 

since it involves coupling of fluid (both water and air) and solid material. Rock destressing by 

fluid injection [76-78] is partly based on this principle. There is some suggestion that this 

phenomenon may have been partially responsible for reduction in the magnitude of hydraulic 

properties within the damaged zone at one of the tunnels in the Stripa Project [27]. The 

fractures may have been complexly coupled, with increase and decrease in apertures at different 

angular locations around the tunnel due to stress changes, while air enclosed in voids prevented 

easy flow of water. 

Another consequence of increase in hydraulic properties is the drastic change in the Poisson’s 

ratio, if water and moisture is present in the damaged rock. [35] for instance, have shown that 

the Poisson’s ratio and elastic wave velocities can be significantly affected by the presence of 

water and moisture in the fractures.  
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2.1.6. Factors affecting development and extent of EDZ 

The development and extent of the DRZ depends on the following main factors [12]:

o method of excavation (drill & blast, rock boring/cutting machines), 

o rock mass characteristics (strength, stiffness, joint characteristics etc), 

o in-situ stress conditions and 

o excavation size and geometry.   

The significance of each these factors to the development and extent of the DRZ have been 

clearly demonstrated and reported in for example the International EDZ Workshops of 1996, 

2002 and 2004 [2-4], a series of ZEDEX papers in Eurock’96 Conference [18, 27, 29, 56, 79] 

and numerous journal papers, e.g., [16, 21, 62, 80-87] etc.

2.2. THE DAMAGED ROCK ZONE FROM DIFFERENT PERSPECTIVES 

Clearly, the manner in which the EDZ is defined, classified and quantified depends on the type 

and nature of the excavation. For the radioactive isolation the flow characteristics of the EDZ 

are of paramount importance and thus the definition, see [10] for example. For mining the 

stability parameters of the EDZ are of principal importance. The life span of the excavation also 

affects the role and importance of the EDZ (see Figure 6). 

Mining 
excavations - 
weeks to few 
years 
(short term) 

Civil enginnering 
excavations -  
tens to hundred years 
(medium term) 

Nuclear waste isolation -  
tens to hundreds of 
thousands of years 
(long term) 

0 (yrs) 10+ (yrs) 100+ (yrs) 10,000+ (yrs) 

Figure 6. Timescale for different excavation types. How important is EDZ with respect to time? 

The following sections will briefly show how EDZ is viewed from different disciplines and the 

factors that influence these views. 
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2.2.1.  EDZ from radioactive waste isolation perspective 

For a nuclear waste isolation vault the presence of an EDZ is a potential pathway for nuclear 

radiation to seep through and ultimately reach the atmosphere (e.g.[4, 16, 22, 25, 26]). In this 

regard the transport properties (i.e. hydraulic properties) of the EDZ are of supreme importance. 

Hence, extensive efforts, such as the TSX experiment in the URL (e.g. [16]) and many others 

(e.g. [50]) focused on delineating the EDZ boundaries according to hydraulic properties.   

Excavations for nuclear waste isolation are constructed with the anticipation that they last 

several hundreds of thousands of years. In this sense, the long-term performance of the 

excavation is also of significant importance. In the long term the strength characteristics of the 

EDZ will be drastically affected due to chemical and physical weathering processes.  Hence the 

ultimate goal for the purpose of nuclear waste vault is to either completely eliminate the EDZ 

(which is not possible though) or drastically reduce the extent of this zone as much as possible. 

 2.2.2.  EDZ from mining perspective 

Mining is one case where the EDZ can have both negative and positive implications. The 

negative implications generally relate to stability issues, which lead to unsafe working 

environment and increase in maintenance and operational costs. On the other hand the EDZ can 

protect a mine stope, for example, from extremely high stresses by acting as a “blanket of 

cushion” (due to its low stiffness) by pushing the high stresses further into the stiffer rock. In 

fact, this is the basis for destressing and preconditioning techniques used in deep hard rock 

mines to combat excessive stress accumulation [12]. Figures 7 and 8 show the effect of EDZ on 

the induced stresses around highly stressed underground excavations. As a rural of thumb the 

maximum induced stress at the boundary a tunnel without EDZ is 2 times the maximum insitu 

stress and for the tunnel with the EDZ is 1.5 times the maximum insitu stress this occurs at the 

boundary between the EDZ and undamaged rock [88], see Figure 9. 

Some mining methods, such as the caving methods, require that the rock be in an eminent state 

of failure (see Figure 10). In this case understanding the mechanical characteristics of the 

failing rock is crucial for controlled excavation and optimum support design. Furthermore, 

mining excavations are generally regarded as temporary and short-term stability is of significant 

importance. Hence, for mining purposes the mechanical characteristics of the EDZ is of 

paramount importance.  



25

Another significant factor in mining is that ore can be gained, diluted or lost due to excessive 

overbreak resulting from the EDZ. 

 (a)   (b) 

Figure 7. Hypothetical stress trajectories around (a) drift an EDZ and (b) Drift without an EDZ [41] 

Figure 8. Effect of destressing ahead of face advance [89].
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Smooth walled (drilled) shaft

Drilled and blasted shaft

Induced tangential stress

Induced tangential stress

Q = Maximum insitu stress

Q

2Q

0.
5Q

Q 1.
5Q

Figure 9. How much the induced stresses are affected with and without EDZ [88]

Figure 10. Caving method of mining where the rock mass has to be in an eminant state of failure 
(Picture from Atlas Copco, www.atlascopco.com). Knowledge of the disturbed rock is critical 
for controlled excavation and optimum support design.   

2.2.3.  EDZ from civil engineering perspective 

Railway tunnels, hydropower caverns, underground storage or for that matter any excavations 

for civil activities other than for mining and radioactive waste isolation are considered as civil 

engineering structures. Very often these structures are located close to the ground surface and 

the mechanisms that contribute to the development, extend and decay of the EDZ are different 

to those of mining and radioactive isolation (see Figure 11). Extremely high deviatoric stress 

regimes can be expected at shallow depths. All these factors add to the complexity of the EDZ 
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and performance of a civil engineering tunnel at shallow depth.  Since chemical and physical 

weathering (i.e. oxidation and reduction) is very active at shallow depths the mechanical 

properties of the EDZ around a shallow tunnel can be drastically decelerated, leading to 

increased maintenance cost.   

Nevertheless, the main concern for civil excavations in relation to the EDZ is the cost involved 

during construction and the maintenance of the excavation. An overbreak would lead to 

removal of additional material, besides leaving behind a bad tunnel profile, which can lead to 

air resistance (see for example [61]). On the other hand the EDZ can protect high stresses or on 

the negative results in distressed zone leading to low confinement and thus ravelling and fallout 

of rock material. Furthermore, in railway tunnels the vibrations from moving trains can also 

cause ravelling and shakeout of rock material within the EDZ. In summary the stability, 

maintenance and operational cost, and safety of important considerations for civil engineering 

excavations.  

EDZ

Fluctuating 
water table 

Weathered 
soil cover

H

v
Air
Water

Figure 11. Complexities of civil engineering tunnels generally located at shallow depth. The EDZ 
coupled with these complexities can pose significant consequences. 

2.2.4  EDZ from support design perspective 

Malmgren [90] has shown the importance of EDZ when considering support design. A 

hypothetical model of interaction between shotcrete and damaged rock is shown in Figure 12. 

After mechanical supports have been installed the mechanical behaviour of the EDZ will be 

different. See Figure 13 for example. The strength and stiffness of the EDZ will modified due 

the compressive stresses developed within EDZ due to the application of rock support. 
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v

H

Shotcrete

Damaged rock

Undamaged rock

Shotcrete-rock interaction 

Shotcrete 
properties 

Shotcrete-rock 
interface properties 

Damaged rock 
properties 

Rock mass 
properties 

In-situ stresses 

Strength 

Stiffness Stiffness 

Strength Strength 

Stiffness 

Strength 

Stiffness 

v

H

Extent Rock surface 
characteristics 

h

Figure 12. A conceptual model of shotcrete-rock interaction 

Dowel

Compressive stress arch

Figure 13. Compression of the EDZ due to rock support [91]. The behaviour will be different if 
unsupported. 
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2.3. DAMAGED ROCK ZONE INVESTIGATION 

Figure 14 presents a chart of some of the tools used on investigating the EDZ [12].  These tools 

come under two main categories: measurement and calculation. The measurement tools 

essentially comprise techniques used in measuring and observing changes in the physical, 

mechanical, hydraulic and thermal properties of the rock, either in the field or in the laboratory. 

The data obtained can be either qualitative or quantitative in nature.  Since the quality of the 

results will be affected by the methods used, e.g. [24, 41], it is necessary to use several tools so 

that the results can be validated or compared [12].

The calculation tools; mainly comprising the analytical, empirical and numerical methods, are 

essentially for predicting the development, extent and behaviour of the EDZ.  However, their 

accuracy relies on validation and calibration against actual measurements and observations. 
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2.3.1. Field and laboratory investigations 

2.3.1.1. Geophysical methods 

Geophysical methods are widely used in investigating the EDZ, e.g. [1, 3, 7, 8, 16, 27, 35, 38-

45, 48, 57, 67, 82, 86, 87]. They have the advantage of [12]: (i) large volumes of rock can be 

measured as precisely as possible (ii) additional damage is minimized or eliminated altogether 

in some methods and (iii) several of these methods can be used concurrently to verify, validate 

and delineate the damaged rock zone. [43] for example, gave an overview of some of the 

common geophysical methods. Table 1 summarizes some of these methods. 

The principle parameter used in the geophysical methods is the elastic wave velocity. See 

equations (2) to (5) in Section 2.1.5.2. 
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2.3.1.2 Static methods 

Convergence measurements and the flat jack method are the common static methods used in 

EDZ investigations (e.g. [8, 36, 92]).  [8] used a combination of convergence measurements, 

flat jack, geophysical investigations and numerical analysis to investigate the EDZ at the Three 

Gorges Project. [34] illustrated the significance of utilizing the static methods to complement 

geophysical methods.  

2.3.1.3 Visual, laser and microscopic methods 

Visual and laser survey techniques range from simple visual inspection to more sophisticated 

ones like Bore Image Processing Systems (BIPS) and Scanning Electron Microscopy (SEM). A 

simple visual inspection of the tunnel roof, walls, floor and the face after a blast for instance, 

remains the foremost and a very practical method to get a feeling of the state of the rock mass 

around the excavation boundary. This method provides important information on facial 

expression of the walls, roof and floor with respect to cracks and discontinuities. A knock on 

the rock wall with a hammer and listening to the sound can also provide some useful 

information. Laser profiling is essentially for assessing overbreaks and microscopic studies 

provide details on rock fabrics. 

The most common visual and laser techniques used in EDZ investigations include; (i) simple 

visual inspection, (ii) laser profiling, (iii) downhole camera and video imaging, and (iv) 

microscopic studies. Most of these tools produce qualitative results, except for few such as 

BIPS, which can provide quantitative data on fracture intensity. Therefore, they are used 

mostly in conjunction with techniques that yield quantitative results such as the hydraulic and 

geophysical methods.  [41] used BIPS in conjunction with SASW and cross-hole seismics for 

investigating EDZ at Kiirunavaara mine. [50] used SEM in conjunction with 14C-PMMA and 

He-gas to delineate the EDZ from core samples taken from Posiva in Finland. 

2.3.1.4. Hydraulic methods 

Hydraulic conductivity and gas injection tests have been used for the EDZ investigation. 

Hydraulic conductivity tests have been conducted at URL (e.g., [16, 21, 25, 84]) and Aspo 
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(e.g., [15, 50]), for instance to delineate the EDZ. Delineation of the EDZ by gas injection 

using 14C-PMMA and He-gas has been carried out by for example [50], who then verified the 

results through hydraulic tests and scanning electron microscopy (SEM). 

The principal behind measurement is that, variation in the hydraulic properties (K, T, n) from 

background values would generally indicate disturbance and damage to the rock. Porosity, n, 

has direct correlation to fracture intensity. 

2.3.1.5. Rock Damage Parameters and Indices 

A number of traditional rock damage parameters and indices have been developed through 

experience and trial and error. Some of the notable ones include: 

‘Half Cast Factor’ (HCF), see [93]

Blast Damage Rating System (BDRS), see [94]

Drift Condition Rating (DCR), see [95]

Blast damage index (Dib), see [96]

Mining induced damaged index (Di), for tunneling and drifting purposes, see [97]

Such assessments have resulted in tables such as Table 1. 

2.3.1.6. Rock mass classification systems 

Perhaps the most generic way of assessing rock damage is through rock mass classification and 

in conjunction with empirical strength criteria. The major set back is that these systems and 

criteria were not originally developed for this purpose. However, adjustments can be made to 

these systems based on sound engineering judgements and analyses.  

[51], for instance, photographed fractures using borehole petroscope to assess fracture 

intensity, nature and orientation. This helped them to differentiate between fracturing caused 

by blasting and stress re-distribution. [98] based on their experience in applying rock mass 

classification in mining devised MRMR (Mining Rock Mass Rating) by modifying 

Bieniawski’s [99] RMR (Rock Mass Rating). They suggested adjustment in RMR values for 

blasting as (i) for boring – 100%, (ii) for smooth wall blasting – 97%, (iii) for good 
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conventional blasting – 94% and (iv) for poor conventional blasting – 80%. Perhaps the 

classification system that has the potential for damage assessment is the one by Palmström 

[100]. He classified rock mass in terms of the condition of joints and block volume, yielding 

what he called rock mass index (RMi). Any damage will be reflected in the change in RMi

because of the change in joint frequency and block volume and hence strength of the rock 

mass. However, the major setback is that the crack depth cannot be easily estimated and 

besides it does not take into consideration the confining stress.  

Table 2. Index of blast induced damage (Di) calculation method [97].

1. Reduction in rock mass condition 
Strength reduction (% UCS) Rating 
No reduction 1.00 
<5% 1.25
5-10% 1.50
10-15% 1.75
>15% 2.00

2. Extent of exposed excavation area remaining in place (use HCF as % of total area) 

HCF Rating HCF Rating HCF Rating 
>80 1.0 50-60 2.5 20-30 4.0 
70-80 1.5 40-50 3.0 10-20 4.5 
60-70 2.0 30-40 3.5 <10 5.0 

3. Drift condition rating (DCR) 
Description Rating 
Sounds solid before scaling 1.0 
Sounds solid after scaling 1.5 
Sounds drummy in places 2.0 
Sounds drummy 2.5 

4. Normalized scaling time (minutes) 
5. Cosine of the direction of structures (meso-Va and micro-Vb) with the drift axis 
Di = 1 x 2 x 3 x 4(Va + Vb)

Description of the damage Di
Di Mining induced damage 
<25 Low 
25-50 Moderate 
>50 High 

In the 2002 version of the Hoek-Brown criterion, [101] introduced an additional parameter 

called the disturbance factor, D, which modifies the strength and stiffness of the rock mass 

disturbed the introduction of an excavation. These factors are to be used in conjunction with 

GSI (Geological Strength Index) or RMR system [102]. The most widely used classification 
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systems are the RMR (and GSI), Q and RQD [103]. Other systems, summary of which can be 

found in [104], are limited in their potential for assessing and characterizing the DRZ.  

2.3.2 Analytical, Empirical and Numerical Tools 

2.3.2.1 Analytical tools 

Stress induced disturbances and plastic zones can be estimated using closed-form solutions 

such as the one presented by Kirsch in 1848 for a perfectly elastic medium. Advance is being 

made to improve closed-form solutions for rock mass as being Mohr-Coulomb material or 

Hoek-Brown material. [105] first presented a closed-form solution for elastic-perfectly-plastic 

and elastic-brittle-plastic analyses for circular excavations in Hoek-Brown material. [106]

presented a closed-form solution for relatively complex geometries using complex potential 

and conformal mapping representation.  

Despite their simplicity and limitations closed-form solutions are still of great value for 

conceptual understanding of the behaviour of the rock mass and for calibration and verification 

of conceptual and numerical models [105]. This has been clearly demonstrated by [7, 8] in 

their practical application with respect to large-scale excavation disturbed zone study. 

2.3.2.2 Empirical tools  

2.3.2.2.1 PPV Models 

Currently, the PPV models are widely used for estimating the extent of the blast induced 

damage (e.g. [55, 107]). The original model was proposed by Holmberg & Persson [108] and 

the relationship is written as follows: 

R
KWPPV      (6) 

where W is the charge weight, R is distance from charge and K, and  are constants. In this 

model damage is correlated to peak particle velocity, which depends on the characteristics of 

the explosive, nature of rock mass and distance from explosive charge. Despite being widely 

used the limitations of this simple expression have been deliberated by [59]. Because of these 
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limitations other expressions have been developed, for example [109] and [59]. But still, there 

is a major set back as [110] point out, that the PPV is vector quantity and what is measured 

depends on the gauge direction. Moreover, since PPV is a vector quantity there is no simple 

proportionality between PPV and stress and strain, which are tensor quantities [59]. Further 

still, it is generally understood that the gas pressure produced by the explosion also plays an 

important role in the fragmentation process (and not only stress waves). [34] further stressed 

that in heavily jointed rock masses stress waves are not responsible for most of the rock 

fragmentation. 

2.3.2.2.2 Ground Response Curve (GRC) 

The GRC concept is important for understanding how the ground responds as a result of an 

excavation, subsequently leading to development of conceptual models for predicting the 

extent of the damage zone around tunnels for any particular situation (e.g. [102]).  By assuming 

a circular excavation under hydrostatic stress and the material being elastic-brittle-plastic,

ground response and tunnel deformation can be predicted. Figure 15 illustrates the concept of 

GRC. In this concept it is assumed the tunnel is self-supporting with self-supporting pressure 

equal to Pi (which depends on the strength of rock) as the excavation progresses. At a certain 

stage of the excavation the external pressure (Po) exceeds the self-supporting pressure (Pi), 

which is the strength of the rock and failure occurs. Where this occurs is termed critical support 

pressure (Pcr). The extent of the damaged zone or plastic zone, rp, can be calculated for Pi<Pcr.

Steps for construction of GRC, including formulas and worked examples are given in for 

example [102].
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po

po

rp

po

pi

ro

po

pi = po (in-situ stress)

uie = elastic displacement

pcr = critical support pressure defined 
by initiation of plastic failure of the 
rock surrouding the tunnel

uip = plastic displacement

Support pressure, pi

Inward radial displacement, ui

Figure 15. The GRC concept [102].

2.3.2.3 Numerical tools

Numerical methods are widely used for investigating rock mechanics problems, including the 

EDZ investigations. The numerical methods can be divided into 3 main groups as follows 

(e.g. [111]):

Continuum  methods: 

Finite Element Methods (FEM) 

Finite Difference Methods (FDM) 

Boundary Element Methods (BEM) 

Discontinuum  methods: 

Discrete Element Methods (DEM) 

Discrete Fracture Network Methods (DFN) 

Hybrid  methods: 

Hybrid FEM/BEM 

Hybrid BEM/DEM 

Hybrid FEM/DEM 
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Other continuum-discontinuum hybrids. 

Whether the problem can be treated as a continuum or discontinuum will depend on scale and 

nature of the problem (e.g. [112]).

2.3.2.3.1 The Continuum  method 

In the continuum method the rock mass within a domain is divided into simple elements with 

assumed material properties. The collective behavior of these simple elements models the 

more complex behavior of the rock mass within the domain. Of the three common continuum 

methods the BEM has a slightly different approach than its FEM and FDM counterparts. With 

the BEM only the boundary of the excavation is divided into elements, while the interior of 

the rock mass is represented mathematically as an infinite continuum. A comprehensive 

overview of the formulation of BEM for rock mechanics studies can be found in for example 

[113] and [114].

The equivalent continuum models 

In practice, it is almost impossible to explore all the joint systems or to investigate all their 

mechanical properties and implementing them explicitly in a theoretical model. Thus, a 

practical equivalent approach, in which properties are assigned to the rock mass in such a way 

as to represent the contributions of the intact rock and joints towards its overall response. This 

approach is particularly necessary for heavily jointed rock mass and has become popular in 

the recent times. Some examples of this can be found in [115-120]. This approach could 

provide an alternative for modeling the damaged rock zone, since the fracture network of this 

zone is very complex to explicitly implement in a theoretical model. Furthermore the 

mechanical properties (especially strength and stiffness) have spatial properties and it has 

been very difficult to explicitly state the magnitudes of these parameters, especially when 

there is an associated reduction in strength and stiffness within the damaged zone. 

2.3.2.3.2 Discontinuum method 
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The discontinuum method is promising for EDZ modeling, however, it will require explicit 

description of the rock mass, which in many cases the properties are difficult to obtain. An 

alternative is the use of Circular Particle Interaction (CPI) based methods such PFC, which is 

presented in Part III, Chapter 3.  

With the discontinuum method the rock mass is essentially treated as a discontinuum.  The 

rock mass is first divided into blocks, usually determined by discontinuities in the rock mass. 

The blocks are then further divided into smaller elements. Each block is assigned unique 

properties. Interaction between the individual blocks along the discontinuities will ultimately 

model the overall behavior of the rock mass.  

Discontinuum approach is very useful if joints, excavation induced fractures and other 

discontinues play a key role in the response of the rock surrounding the excavation. There is 

no doubt that the excavation induced fractures within the damaged zone will play a key role 

on the response of the rock mass around the tunnel boundary. It may therefore be necessary to 

model the damaged zone by discontinuum approach. The disadvantage is that, the fracture 

geometries are often very complex to explicitly represent individually (especially those 

created by blasting).

2.3.2.3.3 Hybrid method 

To cut a compromise between continuum and discontinuum approaches the hybrid methods 

have been developed. The hybrid approach appears to be a better approach for modelling the 

response of the entire rock mass from the excavation boundary and beyond. The damaged 

rock zone can be treated as discontinuum while the outer zone can be treated as continuum. 

However, a numerical code such as PFC (Particle Flow Code) may take precedence over 

UDEC (Universal Distinct Element Code) for modelling the discontinuum mainly because of 

the difficulty in generating accurately the typical geometries for the damage zone using 

UDEC.
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3. STRENGTH AND STIFFNESS OF DISTURBED ROCK 

3.1. FACTORS AFFECTING STRENGTH AND STIFFNESS 

The strength and stiffness of EDZ depend on two principle factors, (i) the physical nature of 

the EDZ and (ii) the confining stress. Consider Figure 16 for example. The blast induced 

fracture patterns are very complex and highly are anisotropic in nature. These fractures 

consist of macro- to micro-cracks with varying cracks lengths and numerous rock bridges. 

This highly anisotropic nature of EDZ has been one of the main hindrances in EDZ 

investigations. [41] have shown that complex wave patterns are developed due to anisotropy 

in EDZ thus making it difficult to accurately delineate the EDZ from velocity wave 

measurements.   

Damaged rock 

Undisturbed rock

Explosive charge
Fragment 
formation zone

Fracture zone

Blasthole
Crushing 
zone

Figure 16. Rock mass condition around tunnel periphery. The fracture pattern is in reality very 
complex due to radial cracks (see embedded figure , after Whittaker et al [69]) from several 
adjacent blast holes.  
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3.1.1. Anisotrophy 

The damaged rock zone is highly anisotropic. Drill and blast induced fractures (see Figure 16) 

usually comprise radial cracks which are irregularly shaped and angled, non-persistent, and 

the crack sizes range from macro and micro sizes with intermediate hairline cracks. Such 

anisotropy will have a significant effect on the inherent strength of the DRZ.  

3.1.2. Kinematics 

Obviously the kinematic behaviour of the rock blocks within the EDZ is complex. The block 

will not simply slip out and fall into the excavation as generally observed in a naturally 

jointed rock mass.  Drill and blast induced fracture patterns are irregularly shaped and angled. 

Therefore, if a block had to fall out it has to slip, rotate and translate differently than a block 

formed by natural joints. Furthermore this block may be confined by another block, which has 

different kinematic characteristics. Therefore they will restrict each other’s movements. 

During these complex kinematic processes the friction is increased and so is the cohesive 

strength. Hence, regular and uniform fracture patterns cannot accurately simulate the true 

behaviour of the EDZ. To capture accurately the kinematic behaviour the rock blocks must be 

constructed in such a way that they represent a drill and blast fracture pattern.  

3.1.3. Confining stress 

It is evidently clear from our own modelling as well as from others (e.g. [122]) that the 

confining stress does affect the strength and stiffness of the DRZ. At present all the empirical 

methods for estimating the strength and stiffness of the rock ignore the influence of the 

confining stress. 

3.1.4. Rock bridges 

Within the DRZ there is a vast amount of rock bridges. In order for the rock mass to fail it 

must overcome the strength of the rock bridges. [123] have demonstrated that 1% of the rock 
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bridges within 1m2 can produce cohesive strength equal to the strength of one cable bolt (i.e. 

under low confining stress conditions). In fact as early as 1970s, [124] showed that rock 

bridges within the rock mass can increase its inherent strength, as rupture must first occur 

through the intact rock before failure develops. 

3.2. ESTIMATION OF ELASTIC AND PLASTIC PARAMETERS 

3.2.1. Post failure characteristics 

Rock masses are generally classified as Mohr-Coulomb or Hoek-Brown materials. As such 

the yield criteria usually assigned to them are either the Mohr-Coulomb or the Hoek-Brown. 

The Mohr-Coulomb is widely implemented in many numerical codes and therefore widely 

used. The Hoek-Brown constitutive model (for rock masses) can now also be found in Itasca’s 

FLAC Version 5 for instance. 

Depending on the characteristics of a rock mass, it can be modelled either as: elastic-brittle-

plastic, strain-softening, and/or elastic-perfectly-plastic (see Figure 17). [125] based on their 

experiences gave the following description as starting point for deciding a suitable post-yield 

behaviour.

Elastic-brittle-plastic – The rock is of very high quality, with intact strength exceeding 150 

MPa, GSI of 75 and mi of 25 or higher.  

Strain-softening – The rock is of average quality, with average intact strength around 80 MPa, 

GSI of  50 and mi of 12.  

Elastic-perfectly-plastic – The rock is of very poor quality rock mass, with average intact 

strength around 20 MPa, GSI of 30 and mi of 8.  
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strain strain strain 

stress stress stress 

elastic-brittle 

strain-softening 

elastic-plastic 

Figure 17. Yield behaviours generally assumed for rock masses, (a) elastic-brittle-plastic (b) elastic-
strain-softening (c) elastic-perfectly-plastic 

The Mohr-Coulomb model, which assumes shear failure in rock masses, is conventionally 

used for many rock masses with yield behaviour represented by elastic-perfectly-plastic kind. 

This is irrespective of the descriptions given by [125]. On the other hand [126] for example, 

report test results for sand (soft material) and concrete (hard material) that matched well with 

Mohr-Coulomb criterion. The Mohr-Coloumb failure criterion can also be represented as non-

linear surface as shown in Figure 18.
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Figure 18. The Mohr-Coloumb failure envelope, expressed is terms of normal stress versus shear 
stress [12].
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The Mohr-Coulomb failure envelope is expressed as: 

tannc     (7) 

or in terms of principle stresses as [127]:

sin1
cos2

sin1
sin1

31
c   (8) 

Here, c’ and ’ are instantaneous cohesion and friction, respectively. 

                     

The Hoek-Brown model has recently been implemented in FLAC version 5.0 and yet to be 

fully tested. This criterion characterizes the stress conditions that lead to failure in intact rock 

and rock masses. The failure surface is non-linear (Figure 19) and is based on the relation 

between major and minor principal stresses. The model incorporates a plastic flow rule that 

varies a function of confining stress level. 
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Figure 19. The Hoek-Brown failure envelope, expressed in terms of principal stresses. 
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The Hoek-Brown failure envelope is given by [112]:

2
331 cc sm   (9) 

where ’1 and ’3 are major and minor principal stresses respectively, c is the compressive 

strength of the rock mass, m and s are rock constants. 

While the estimation of the elastic and plastic parameters of the rock masses is difficult in the 

Mohr-Coulomb criterion, unless a full-scale in-situ measurement is carried out, the Hoek-

Brown criterion has been the alternative for estimating these parameters. The Hoek-Brown 

model is based on an equivalent continuum approach, where the elastic properties (E, K, G)

are estimated through rock mass classification. For estimating the equivalent parameters from 

the Hoek-Brown criterion, Bray [105] derived the following relationships: 
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where
ci

n
max3

3' , a, mb, s are Hoek- Brown rock constants. The equivalent uniaxial 

compressive strength of the rock mass is thus given by:  

'sin1
'cos'2c

cm    (12) 
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3.2.2. Some practical values of damaged rock deformation modulus 

Table 3 shows some practical of values of the damage rock deformation modulus for the 

damaged rock compiled from the literature review. As can be seen the deformation modulus 

of damaged rock can be as low as 10 to 20% of the undamaged to as high as 80%. Therefore, 

as a rule of thumb the ratio of deformation modulus of damaged and undamaged rock should 

be about 0.5 (i.e. Ed/Em=0.5) at the tunnel boundary for blast induced damages. Personal 

communication with Dr. Mark Diederichs of Queens University, Canada, also revealed that 

many authors assume Ed/Em=0.5 at the borehole boundary. 
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4. QUESTIONNAIRE 

A questionnaire was drafted and forwarded to various organizations and individuals to make 

an inventory on the subject of damage/disturbed rock zone around excavation boundaries. A 

sample of this questionnaire is given as Appendix B. The organizations to which the 

questionnaire has been sent to are shown in Table 4.  The responses received make up 

Appendix C. 

Table 4. List of organizations involved in the survey. 

Country Organization Number of Individuals 
receiving questionnaire 

Number of responses 

Sweden Boliden 3 2 
Sweden LKAB 5 3 
Sweden Banverket 3 2 
Sweden Vägverket 1  
Sweden SKB 2 1 
Sweden Swedpower 3 2 
Norway Banverket 1  
Norway NTNU 1  
Finland Possiva 1  
Finland Banverket 1  
Finland Vägverket 1  
Finland KMS Hakala 1 1 
Finland Phyasalmi Mine 1  
Finland HUT 1 1 
Canada Falconbridge 2 2 
Chile Codelco El Teniente 1  
Chile Codelco Andina 1  
India Kolar Gold Fields 1 1 

4.1. PROBLEM INVENTORY 

A number of statements regarding the effects of the disturbed/damaged zone around 

underground openings were identified and listed as follows: 



50

4.1.1. Stability 

a) Overbreak – resulting in unfavourable cross-sections and additional material to haul. 

b) Less confinement due to decreased stiffness 

i) Lower stresses at the boundary leading to more stable conditions at great depth if 

the right support is installed 

ii) Lower stresses at the boundary leading to too low confinement and therefore an 

increased risk of ravelling and fallouts in shallow constructions 

c) Lower strength – the stress/strength ratio increases and stress induced failures may 

increase 

d) The increased frequency of fractures leads to: 

i) increases in the volume containing water which increases the risk of frost 

fracturing leading to fall-outs 

ii) increase in pore pressure which affects the overall strength of the damaged zone 

e) No effects on the stability 

4.1.2. Hydraulic conductivity 

a) Increase (or decrease) in inflow of water 

b) Increase (ore decrease) in outflow of water

c) No difference in inflow or outflow of water 

Most of the respondents to the questionnaire agree with the above effects as shown by the 

summary of the responses in the next section.

4.2. SUMMARY OF RESPONSE TO THE QUESTIONNAIRE 

Summarized below are some effects of EDZ which the respondents to the questionnaire 

consider important in their operations: 

4.2.1. Mining excavations 

i) Safety – Rock support must keep in place blast induced damage zone as well as 

stress induced time dependent fracturing for mining to continue safely 
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ii) Safe bolting is difficult due damaged zone actively failing particularly in high 

stress areas 

iii) Alteration of mining method in some areas of the mine is necessary in the 

disturbed/damaged zone significant enough to affect safe mining 

iv) Over-break, waste rock dilution, increased filling volume 

v) Longer operation times for scaling, cleaning and rock support 

vi) Poor profile leading to increased cost for support 

vii) Decreased strength leading to increased support requirements 

viii) Decreased width of catch benches and lower inter-ramp slope angles as in the case 

of open pit mining 

ix) Reduction of strain-burst due to the presence of EDZ with reduced stiffness 

4.2.2. Civil engineering excavations 

i) Over-break resulting in unfavourable cross-sections and additional material to haul 

ii) Less confinement leading to increased risk of ravelling and fallouts 

iii) Increased fractured rock volume which increases the risk for frost fracturing and 

also risk for increase in pore pressure which can affect the overall strength of the 

EDZ

iv) Free inflow and outflow (increased or decreased) of water 

v) Presence of EDZ increases the weathering process of the rock zone around the 

tunnel boundary through the process of oxidation and reduction, hence also leading 

chemical corrosion of rock supports. 

5.2.3. Radioactive Waste Isolation

No reliable response received.
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PART III: NUMERICAL ANALYSIS OF DRZ 

1. INTRODUCTION 

Modeling of the blast induced disturbance is not a straight matter. It is more difficult at 

shallow excavations where the deviatoric insitu stresses are very high and highly variable over 

a given area. Most, if not all of the existing empirical strength criterions are based on the 

assumptions of isotropic and homogenous conditions. At shallow excavations this conditions 

are not met. Then, the question is what would be an appropriate criterion to use? 

The next issue is the physical state of the damaged rock. As we have seen earlier and 

illustrated by Figure 16 and again by Figure 20 below, the drill and blast induced damages are 

not uniform as usually assumed for natural rock joints. One cannot simply represent blast 

induced fractures the same way as naturally formed rock joints in a computer model to study 

the behaviour. Obviously, the kinematics of the blast induced blocks will be very different to 

that of the naturally formed blocks. A model must be constructed in such a way that it 

represents blast induced fractures so that it captures the behaviour correctly. 

Figure 20. Complexities of the damaged rock zone around the tunnel boundary. The cracks are highly 
anisotropic and therefore the strength properties will be affected.  
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The cracks created by blasting are: (i) macroscopic and microscopic fractures and therefore 

have different strength properties, (ii) they are radial and highly anisotropic, therefore 

assuming uniform fractures will be incorrect since the kinematic behaviour will be different, 

(iii) fracture distribution and its nature (including extent and intersection of the cracks) will 

depend on the state of confining stress around the tunnel boundary. 

Another issue is the assumption of gravity driven fallouts at shallow excavations. This 

assumption is only valid if there are no rock bridges and if the rock joints are not cemented. 

As seen in the Figure 20, numerous rock bridges will be present in damaged zone. At shallow 

excavations the induced minimum confining stress can be less than 1.0 MPa. [123] have 

demonstrated that 1% of the rock bridges within 1m2 can produce cohesive strength equal to 

one the strength of one cable bolt. [12] have also shown that the cohesion strength of 

shotcrete-rock interface is very important than friction at confining stress less than 1.0 MPa. 

Authors such as [123, 129-133] for instance have shown that the cohesive strength is 

important than friction for massive brittle rock masses (less joints) at low confining stress. 

Hoek-Brown and Mohr-Coulomb, the mostly commonly used criteria in rock mechanics, are 

based on simultaneous mobilization of cohesion and friction. These assumptions are not 

consistent if cohesive strength of rock bridges is the controlling strength component at low 

confining stresses. Hence, a criterion that assumes cohesion weakening and cohesion 

weakening – friction mobilization is need (see for example among others [92, 123, 129-131, 

133-135], etc.)

After weighing the complexities of the damaged rock zone, it appears that a discontinuum 

approach to modeling damaged rock behavior will be very difficult, since it will require 

explicit description of the damaged rock zone. Any quantitative description of the damaged 

zone is hardly available at the preliminary. We therefore settled for the equivalent continuum 

approach for the preliminary study. By this approach we can assume equivalent material 

properties for the damaged rock zone and estimate the properties using rock mass 

classification and empirical strength estimation tools. By using sound judgments 

modifications were made to strength criteria (Mohr-Coulomb and Hoek-Brown) to obtain 

reasonable values of the strength parameters. Specific procedures were also developed for 

doing this.  A positive aspect of beginning the modeling work with the continuum approach is 

that it has resulted in providing some positive ideas and will be a guiding tool for the complex 

discontinuum models that will be developed in the next stage of the study. 
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2. MODELLING OF THE DAMAGED ROCK ZONE 

The damaged rock zone has been modelled using both continuum (e.g. [1, 8, 42, 136, 137])

and discontinuum (e.g. [138-141]) methods. Often the continuum method is employed in 

conjunction with some empirical relations when a quantitative description of the damaged 

rock zone is lacking. On the hand discontinuum methods require an explicit description of the 

rock mass.     

[140] and [141] modeled the excavation disturbed zone by representing the damaged zone 

rock blocks with regular geometry. By increasing or reducing fracture or joint intensities they 

studied the kinematic behavior of the damaged rock around the tunnel boundary. However, 

this author believes that, regular geometries cannot realistically simulate the kinematic 

behavior of the complex and often irregular block geometries induced by blasting. This may 

call for microscopic examination of rock specimens to identify dominant fracture patterns 

before implementing into numerical code such as UDEC.

On the other hand there may be a potential for treating the damaged zone as an equivalent 

continuum by taking advantage of its heavily fractured nature, and fact that the strength 

properties, especially friction would most likely be same for all fractures (those created by 

blasting) and will be approximately equal to the residual frictional of the undamaged rock 

mass. The stiffness however, will increase progressively from the excavation boundary 

towards its background value in the undamaged rock mass.  

Often it is necessary to study the performance of the excavation globally, i.e. considering 

damaged zone and undamaged zone. Perhaps surface support such as shotcrete may also be 

included. In that case the problem could be very suitable for hybrid continuum/discontinuum 

approach. However, whether continuum, discontinuum or hybrid continuum/discontinuum 

model is to be used will depend on what parameter is investigated. For example, if the model 

is to investigate the development of plastic zones around an excavation then continuum 

approach is sufficient, and if block interaction is important accompanied by gravity driven 

block fallouts then the discontinuum approach is appropriate.  
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3. THE EQUIVALENT CONTINUUM APPROACH 

The equivalent continuum approach requires estimation of the rock mass strength and 

stiffness properties using empirical tools such as the rock mass classification systems and the 

empirical strength criteria. Important parameters to estimate are the deformation modulus 

(Em) and Mohr-Coulomb parameters, friction ( ) and cohesion (c). The rock mass 

deformation modulus can be derived using common classification systems such as the Q,

RMR, GSI, etc. However, the Mohr-Coulomb parameters for the rock mass could not be easily 

derived using the classification systems since these parameters depend on other factors such 

as the confining stress, which cannot be accommodated in the classification systems.   

3.1. ESTIMATION OF THE DEFORMATION MODULUS  FOR THE DRZ 

Unfortunately the deformation modulus of excavation induced damaged rock cannot be 

readily derived from the in-situ rock mass classification systems since majority of them were 

not intended for the excavation induced damaged rock.  However some systems, especially 

the revised versions such as the GSI [101], MRMR [98], Q [142, 143]and RMi [144] have 

attempted to accommodate the excavation induced disturbances. 

For this study the Em, and c and , were estimated using the relationships given by [101]. A

systematic approach is used to obtain the values for the parameters for input into FLAC2D 

models. The main reason for using a systematic approach is because the original assumptions 

used in the development of the Hoek-Brown criterion, e.g. [145], particularly the assumption 

of isotropic conditions, does not pertain very well for the damaged rock zone, which is highly 

anisotropic in nature, both in characteristics and stress conditions.  By following a systematic 

approach a more realistic behaviour can be studied with the Hoek-Brown and Mohr-Coulomb 

criteria.

3.1.1. For undamaged rock mass 

The steps for estimating the deformation modulus of undamaged rock, Em, based on GSI [101,

125] are as follows. 
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1. The required rock mass data:  

a. Intact compressive strength, ci

b. GSI or RMR rating and 

c. mi  (Hoek-Brown rock constant) 

2. Calculate the elastic properties for the undisturbed rock: 

a. Young’s modulus, Em.

i. 40
10

10
GSI

mE  or  40
10

10
RMR

mE  for ci 100 MPa 

ii. 40
10

10
100

GSI
ci

mE   for ci  100 MPa 

b. Bulk modulus, K

213
mE

K     

c. Shear modulus, G

12
mE

G

     

d. Poisson’s ratio, , is assumed constant at 0.25 

3.1.2. For damaged rock mass 

The steps for estimating the deformation modulus of damaged rock, ED, based on GSI [101]

are as follows. 

1. Required rock mass data based on GSI:
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a. Intact compressive strength, ci

b. GSI or RMR

c. mi  (Hoek-Brown rock constant) and 

d. D (disturbance factor) 

2. Calculate the elastic properties for the damaged rock at the excavation boundary. Two 

alternatives are considered (see Figure 21): (a) the elastic properties are varied linearly 

over the damaged zone and (b) they are kept constant over the damaged zone volume, 

or if each zone is considered the properties are varied stepwise.  

Undisturbed rock

Damaged rock

Deformation Modulus

ED

Em

Undisturbed rock

Damaged rock

ED

Em

Deformation Modulus

Excavation Excavation

(a)    (b)
Figure 21. Damaged rock zone and variation of the deformation modulus. Alternative (a) assumes the 

deformation stiffness as a point property, which is valid if the volume or zones are infinitely 
small. Alternative (b) assumes the deformation modulus as being a volume property; it can 
also be varied stepwise up to the boundary between damaged and undamaged rock. The later 
alternative is practical both in application and efficiency in FLAC modelling.  

a. Damaged rock deformation modulus, ED, at the tunnel boundary according to 

[101]:

i. 40
10

10
2

1
GSI

D
DE   or 40

10

10
2

1
RMR

D
DE     for ci 100 MPa 
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ii. 40
10

10
1002

1
GSI

ci
D

DE   for ci  100 MPa 

b. Damaged rock bulk modulus, KD

213
D

D
EK

   

c. Damaged rock shear modulus, GD

12
D

D
EG

d. Poisson’s ratio, , is assumed constant at 0.25 

3.2. ESTIMATION OF THE MOHR-COULOMB PARAMETERS

3.2.1. For undamaged rock mass 

The following steps or procedures were used in estimating the equivalent Mohr-Coulomb 

strength parameters, c and , from the Hoek-Brown criterion. 

1. Determine the maximum confining stress, 3max. Two methods can be used:

a. Method 1:
94.0

1
max3 ,47.0 cm

cm

Where 1’ is the maximum in-situ stress and cm, which is calculated 

from
sin1
cos2c

cm ), is the uniaxial compressive strength of rock mass. This 

approach can be found in [125].

b. Method 2: Input the elastic properties and run an elastic model in FLAC for 

instance, and determine the 3max around the tunnel, considering a distance of 

approximately 2 to 3 times the radius of the tunnel (see Figure 22). This seems 
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to be a better method for determining the 3max since it is purely based on 

elastic solution, where as Method 1 requires plastic parameters to calculate cm

before determining the 3max. Note: in FLAC 3max= 2max

  FLAC (Version 4.00)        

LEGEND

   28-Nov-05  23:39
  step     97184
 -6.119E+00 <x<  1.990E+01
 -1.586E+01 <y<  1.016E+01

Minimum principal stress
       -3.00E+06
       -2.00E+06
       -1.00E+06
        0.00E+00
        1.00E+06
        2.00E+06

Contour interval=  1.00E+06
Boundary plot

0  5E  0      

-1.250

-0.750

-0.250

 0.250

 0.750

(*10 1̂)

-0.250  0.250  0.750  1.250  1.750
(*10 1̂)

JOB TITLE :                                                                                 

                                 
                                 

Figure 22.  Determining 3max by running an elastic model in FLAC. 3max in this case is 
1.0 MPa (yellow fill) 

2. Determine the equivalent plastic (Mohr-Coulomb) properties for the rock mass from 

the Hoek-Brown failure envelope. There are many ways of determining the equivalent 

c and  from the Hoek-Brown failure envelope (see [146]). The approach used here 

(i.e. in this study) is to determine c and  based on tangent to the shear strength curve 

(see Figure 23) in line with Hoek’s recommendation [147] for determining c and  at 

low confining stresses.
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Figure 23. Determining c and  based on tangent to the shear strength curve 

c is determined as the intercept when n = 0 

minmax
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3. The Mohr-Coulomb or plastic properties required for the undisturbed rock is now 

complete.

3.2.2. For damaged rock mass 

3.2.2.1. Commentary 

The nature and characteristics of the damaged zone is complex. To make a reasonable 
judgement on the values for strength parameters, c, , and cm (at low confining stress), ideas 
have been drawn from the work of for example [123, 129-131, 133, 148-150]. In principle 
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these authors suggest that, at low confining stress the yielding process for brittle rocks is 
governed by a cohesion weakening and cohesion weakening – friction mobilisation 
phenomenon (see Figures 24 and 25). [129] for example states that the insitu strength around 
excavations was as a lower bound, determined by extension strain capacity of the rock. [123]
have demonstrated that 1% of the rock bridges within 1m2 can produce cohesive strength 
equal to the strength of one cable bolt (i.e. under low confining stress conditions). In fact as 
early as 1970’s [124] showed that rock bridges within the rock mass can increase its inherent 
strength, as rupture must first occur through the intact rock before failure develops. This 
indicates that c and t are the most important parameters at low confining stresses ( max3<1.0
MPa). ISRM [151] suggested the following equation to estimate the shear strength due to 
intact rock as bridge. 

tcc
2
1

Where c is the shear strength and also the cohesive strength of the rock bridge.  However, the 

relation assumes a constant cohesive strength and it ignores the effect of confining stress, 

which therefore is not consistent with the cohesion weakening – friction hardening yield 

phenomenon.  

Figure 24. Failure characteristics and mechanisms at different confining stress levels. 
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Observed yield

3 (MPa)

Stable

Hoek-Brown
intact (m=20, s=1)

1 (MPa)

Hoek-Brown
rock mass (m=8, s=0.06)

Damage Threshold
(m=0, s=0.25)

Figure 25. Strength and yield process/mechanisms [152].

Since the Hoek-Brown and Mohr-Coulomb criteria are based on simultaneous mobilisation of 

c and , they are not consistent with the notion of cohesion weakening – friction mobilisation 

yield process and therefore may not accurately capture the yield process at low confining 

stresses ( max3<1.0 MPa). [153] however, by adjusting c and  by increasing and reducing 

their values respectively and using the Hoek-Brown criterion predicted the near face ground 

movement behaviour for the Donkien Morien Tunnel quite accurately.   

3.2.2.1. Approach for estimating the strength parameters 

If we assume cohesion weakening and cohesion weakening – friction mobilisation instead of 

simultaneous mobilisation of c and then c (and t) will be the control strength component(s) 

at low confining stress conditions. In that case we can assume that = 0. First, we establish an 

upper limit (no damage) for the cm and then a lower limit representing heavy damage. We 

can also estimate the cm for base case scenario. The limiting values of the cohesion, c, and 

cm, calculated as follows:  
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1. Limiting cm values 

a. For upper limit (no damage):

75.26
sin1
cos.2c

cm  MPa 

Note: for the upper limited the scm is obtained directly from use of Hoek-Brown 

from the undamaged rock 

b. For lower limit (heavy damage or worst case):

75.8
sin1
cos.2

d

dd
d

c
 MPa   

This scenario occurs when the maximum disturbance factor (D) is 1.0, resulting 

in deformation modulus being reduced by 50% (i.e. Ed=0.5Em). See [101] and 

[154]. The frictional strength, d is 0.

c. Base Case (standard model used in this study):

70.12
sin1
cos.2

d

dd
d

c
 MPa   

For the Base Case the disturbance factor (D) is 0.75 which is a reasonable value 

for blast induced disturbances. The corresponding reduction in the deformation 

modulus is by 37% (i.e. Ed=0.63Em).

Note: The above values are assumed to be values at the tunnel boundary.

2. Cohesive strength estimation: 

The cohesive strength of damaged rock is estimated according to: 
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d

dcm
dc

cos2
sin1

a. Upper bound (no damage):

If cd = 26.75 MPa and = , and then c = 13.375 MPa 

b. Lower bound (heavy damage):

If cd = 8.75 MPa and = , and then c = 4.375 MPa 

c. Base Case:

If cd = 12.70 MPa and = , and then c = 6.35 MPa 

3. Limiting strength curves: 

The limiting strength curves for the above scenarios are shown as Figures 26 and 27. 

Figure 26 (for cm) is represented by Hoek-Brown criterion and Figure 27 (for c) is 

represented by Mohr-Coloumb criterion 

4. Limiting confining stress: 

The problem now is to define the limiting confining stress where the friction is being 

mobilised (Figure 28). It is logical to think however, that the friction has to be 

mobilised at the point where the confining stress is equal to cohesive strength of the 

rock mass (i.e. 3 = c). In this case when: 

32
cmc

Failure under such scenario will be as illustrated in Figure 10 (e.g. [12]).  Future study, 

with the help of PFC, will also attempt to address this issue. 
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Figure 26. Limits of cm. According to Diederichs (personal communication) many authors assume 
Ed/Em=0.5 at a borehole boundary. The Hoek-Brown curves are given by 

2
331 cc sm

Figure 27. Limits of cohesion, c. The limits are calculate assuming = 0, then 

2cos2
sin1 cmcmc .
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Figure 28. Limit value for 3

Figure 29. Failure as a result of cohesion weakening – friction mobilisation process 

3.3. SUGGESTED APPROACH TO ESTIMATE THE DEFORMATION MODULUS

The following relationship is suggested by this author for estimating the deformation modulus 

of the rock mass (both damaged and undamaged) immediately surrounding the excavation 

boundary. The relationship is written entirely as a function of the confining stress state.

13.38
4.38

Upper limit 

Lower limit 

1

3

lim3

lowerupper cc
k

Limiting 3  = (
2
cmc )?? 

Due frictional 
strength

Due cohesive 
strength

13.38 

6.35 
4.38 

Upper limit 

Lower limit
Base case 

1

3

Friction mobilisation  

Cohesion weakening 

Limiting 3  = (
2
cmc )?? 



67

oij

X

o

ij
DMDDij forEEEE 33

3

3

where EDij = deformation modulus of damaged rock within the damaged zone at point i,j

ED = deformation modulus at the excavation boundary 

EM = deformation modulus of the undisturbed rock 

ij3  = minor induced stress (tensor) at point i,j within the damaged zone

o3  = minor in-situ stress 
X = is an exponent (probably 0.5) 

According to Diederichs (personal communication) many authors have assumed ED/EM at a 

borehole boundary to be 0.5.

The bulk and shear modulii of the damaged rock at point i,j can also be varied as follows, 

with  constant at 0.25:

Damaged rock bulk modulus, KDij

213
Dij

Dij

E
K

   

Damaged rock shear modulus, GDij

12
Dij

Dij

E
G

A FLAC subroutine can be written in the form of FISH function to update the elastic 

properties of the rock mass immediately after excavation and elastic equilibration before 

proceeding to plastic runs. The suggested relationship is currently being tested! 

3.4. CONTINUUM ANALYSIS OF SHALLOW TUNNELS WITH DRZ AROUND 
THEIR BOUNDARIES   

3.4.1. Model setup 
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A typical single track railway tunnel geometry as shown in Figure 30 is used to set up the 

models. In the actual design (Figure 30 (a)), the floor is inclined 2o for drainage purposes, thus 

the wall heights differ by 0.32 m. Since axi-symmetric models (half models) are considered in 

this study, the tunnel height is adjusted while maintaining the overall area of the excavation. 

This can be seen in Figure 30 (b), where the left side of the wall has been increased by 0.16 m 

and the right side reduced by 0.16 m resulting in a mid-roof to floor height of 9.54 m. 

The axi-symmetric model or half model dimension is 80 m by 80 m (width by height) or 160 

m x 80 m as full model (Figure 31). Sensitivity analysis has been performed on these tunnel 

geometries by [155] to determine the appropriate model and grid sizes. The grid sizes are 

sufficiently small, 5 cm by 5 cm to 10 cm by 10 cm zones or elements, in order to accurately 

model the damaged zone. The in-situ stresses applied to the model are those given by [156]:

gzV      (1) 

zH 04.08.2     (2) 

zh 024.02.2     (3) 

where v is the vertical stress, H is the maximum horizontal stress, h is the minimum 

horizontal stress,  is the rock density, g and z are gravity and depth respectively.

(a)    (b) 

Figure 30. (a) Cross-section of single track tunnel according to [157] and (b) Equivalent tunnel 
geometry for the tunnel dimension shown in (a). 
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80 m 

80 m 

zH 04.08.2

Figure 31. Axi-symmetric model (80 x 80 m). This model represent the standard or the base case 
model. Stress are initialised with stress gradients from the top to the base of the model. 

3.4.2. Rock mass parameters 

The in-situ rock mass parameters and their values are shown in Table 5.  Table 6 shows the 

mechanical parameters and their values for the standard model. The values were derived 

systematically using procedures presented earlier in Section 3.1.   

Table 5. Rock parameters used to derive strength parameters for the rock mass  

Parameter  Value 
Intact compressive strength ci 250 MPa 
Geological strength index GSI 60
Hoek-Brown rock constant mi 33
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Table 6. Mechanical parameters for the standard model. 

Parameter  Value 

For undamaged rock: 

Elastic parameters 
Deformation modulus Em 17.78 (GPa)
Bulk modulus K 11.85 (GPa)
Shear modulus G 7.11 (GPa)
Poisson’s ratio v 0.25
Plastic parameters 
Cohesion c 2.63 (MPa)
Friction 67.75o

Rock mass tensile strength tm -0.37 (MPa) 
Rock mass compressive strength cm 26.75 (MPa) 

For undamaged rock:
Elastic parameters 
Deformation modulus Ed 12.45 (GPa)
Bulk modulus Kd 7.41 (GPa)
Shear modulus Gd 4.44 (GPa)
Poisson’s ratio vd 0.25
Plastic parameters 
Cohesion cd 1.43 (MPa)
Friction d 64.57o

Rock mass tensile strength tmd -0.2 (MPa) 
Rock mass compressive strength cmd 12.70 (MPa) 

3.4.3. Model scenarios 

Table 7 shows the cases or scenarios modelled. The parametric tests (cases 3 to 12) were 

performed using the standard model, i.e. Case 0. A disturbance factor (D) of 0.75 is 

considered reasonable for blast induced disturbances (see for example [158]). For this 

disturbance factor the reduction in Em is approximately 30% (i.e. Ed=0.7Em) at the boundary.  

For each case the plastic parameters were obtained using the procedures described in Section 

3.2.
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Table 7. Model scenarios 

Model characteristics Scenario Parameter 
tested Depth

(m) 
DRZ
thickness (m) 

Ed Plastic parameters 
(ref: Table 6) 

Case 0 Base case  10 0.5  *Ed
BC Base case values 

Case 1 No damage  10 –  17.78 Undamaged rock 
values

Case 2 Varying 
stiffness

Ed 10 0.5  Ed

varied
Base case values 

Case 3 Varying 
strength

cmd 10 0.5  *Ed
BC Exclusive variation 

of c and

Case 4 Varying DRZ 
thickness

DRZ
thickness

10 0.3 to 1.0 *Ed
BC Base case values 

Case 5  Varying 
Overburden

Overburden 2.5 to 
900

0.5 *Ed
BC Base case values 

Case 6 Varying 
deviatoric stress 

v, H, h 10  0.5 *Ed
BC Base case values 

* Ed
BC is the base case deformation modulus for the damaged rock. 

3.4.4. Results 

The rock mass response was studied in terms of induced stress behaviour and ground 

deformation. For the induced stress, we studied the behaviour of the differential stress (to be 

consistent with Mohr-Coulomb yield criterion) to observe the effect of various parameters 

being tested.

3.4.4.1. Varying deformation modulus 

Variation in the deformation modulus of DRZ (Ed) obviously affected the induced differential 
stress around the tunnel boundary (see Figure 32). As the Ed was reduced the differential 
stress at tunnel roof boundary reduced linearly by the same proportion. For example, 
reduction in the stiffness by 30% resulted in the differential stress being the same amount. 
This observation is consistent with some rule of thumb practices for boreholes and shafts 
where the Ed at borehole/shaft boundary is assumed to be 50% of Em and the tangential stress 
is also found to be reduced by the same amount [88].

Unusually high stress concentrations were observed as ‘stress tips’ very close to the 
excavation boundary. [159] note that, stress tips do occur at the tunnel boundaries at the 
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fracture tips. Although our models were smooth (i.e. no fracture tips), the deformation of the 
DRZ material (leading to deformed grid points) could have resulted in the development of 
stress tips. These stresses are very local and do affect the general behaviour of the induced 
stresses. However, care must be taken when evaluating the peak induced stress at the 
boundary. One way is to perform measurement at the points behind boundary to avoid 
measuring the ‘stress tips’.    
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Figure 32. (a) Plot of induced differential stress in a straight line from tunnel roof to the ground 

surface for various Ed values, (b) effect of variation in Ed on the induced difference stress at 
the excavation boundary at a point the roof (the measurement point is suitably located 
behind the boundary to avoid measuring stress concentration as ‘stress tips’ at the 
boundary).    

3.4.4.2. Varying strength 

Variations in the strength parameters (c,  and t) do not have any effect on the induced 

differential at the tunnel boundary (see Figure 32). [90] also made similar observations while 

modelling the behaviour of EDZ at Kirunavaara mine drifts. On the other hand we have 

pointed that the strength parameters for damaged rock are very complex and could not be 

determined using any existing criterion. Furthermore, it has been pointed out that the Mohr-

Coulomb and Hoek-Brown criteria do not accurately capture the yield process of brittle rocks 

under low stress conditions. Therefore the results from the strength tests are not conclusive.
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Figure 33. a) Plot of induced differential stress in a straight line from tunnel roof to the ground surface 

various strength values, (b) effect of varying the strength of DRZ on the induced difference 
stress at the excavation boundary at a point the roof.  
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3.4.4.3. Varying overburden 

The least differential stress magnitude is observed when the overburden is 10 m (Figure 34). 

Less than 10 m the it is slightly higher, which is most likely due to highly anisotropic 

behaviour of stresses at shallow depth. For overburden greater than 10 m the differential stress 

reaches a peak at about 200 m depth. There is a tendency for the differential stress dropping to 

a residual vaue for depths greater than 200 m. The DDZ appears generally effective in 

pushing high tangential stress further into more stiffer rock outside of the DRZ boundary. It 

does not seem to be effective for very shallow depths (<10 m). However, the kinematic 

behaviour may important and needs further analyses.   
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Figure 34. a) Plot of induced differential stress in a straight line from tunnel roof to the ground surface 

at various overburden, (b) effect of varying overburden on the induced difference stress at 
the excavation boundary at a point the roof.  

3.4.4.4. Varying DRZ thickness 

The thickness of DRZ appears to have little on induced differential stress at the tunnel 

boundary. [90] also made similar observations. On the other hand the peak induced stresses 

are pushed further into the rock with a drop in the peak value occurring outside of the 

damaged zone boundary (see Figure 35 (a)). [160] also made observations (see Figure 8) in 

Part II. This characteristics is very important for combating excessive stress accumulation 

near the tunnel boundary. 
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Figure 35. a) Plot of induced differential stress in a straight line from tunnel roof to the ground surface 

at various DRZ thickness, (b) effect of varying DRZ thickness on the induced difference 
stress at the excavation boundary at a point the roof.  
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3.4.4.5. Ground deformation 

The ground deformation recorded is about 12 mm and this occurred at the walls when the 

stiffness of the damaged rock was reduced by 50%. This is reasonable and agrees with recent 

the studies for the City-banan project [146] which had similar rock mass properties. A typical 

ground deformation behaviour is shown in Figure 36. The models show ground surface 

heaving directly above the tunnel, but appears to subside some distance away from the tunnel 

mid-centre (Figure 37).  This could be the consequence of stress rotation, which was observed 

to propagate outward from the tunnel roof abutments with angle of draw, thus leading to 

tensile yielding and collapse of the ground surface.  This phenomenon has been discussed by  

[134]. The maximum deformation at the ground surface was less than 1.0 mm. The roof and 

floor show heaving ( 1.0 mm) and subsidence (<0.5 mm) respectively.  
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Figure 36. Typical ground deformation pattern 
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Figure 37. Typical ground surface displacement profile observed. 

3.4.5. Conclusions from the continuum models

The continuum models can be used to simulate the behaviour of the DRZ, however, 

the fundamental question is what kind of constitutive model should be used. The 

Hoek-Brown and the Mohr-Coulomb do not accurately capture the behaviour of the 

DRZ mainly because of the failure mechanism involved under low confining stress 

The deviatoric stresses at shallow depths are extremely high and highly anisotropic, 

which often leads to minor principal being in tensile mode. A problem arises under 

such conditions and that is the Hoek-Brown criterion is questionable since it was 

developed assuming isotropic conditions. 

Because of highly anisotropic conditions at shallow depths the responses, from ground 

deformation to stress redistribution are also highly anisotropic. 
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A better empirical too is required for estimating the input parameters for the damaged 

rock. At this time a systematic approach will give reasonable values, however, the 

method may not be sufficient.   

Because The ground deformation pattern quite complex due to stress rotation, a 

phenomenon  

4. DISCRETE ELEMENT MODELLING 

Discrete element modelling using a CPI (Circular Particle Interaction) codes such Itasca’s 

PFC is an appealing alternative for modelling of the damaged rock zone. It has been widely 

used for damage rock zone modelling (e.g. [42, 82, 138]). The main advantage of this method 

is that it does not require a constitutive model to start with. It only requires the construction of 

a synthetic material with appropriate strength of properties of the rock being studied. In this 

way the yield process can be captured accurately, which is in fact the fundamental strength of 

CPI codes. Diederichs [152] in his PhD Thesis work presented some important yield 

mechanism at different stresses levels using PFC, besides presenting comprehensive modeling 

procedures.

As we have said earlier, since the failure mechanisms for brittle rock under low confining 

stresses cannot be accurately captured by traditional Mohr-Coulomb criteria, PFC is very 

appropriate for studying the yield process (e.g. [152]).  Since, cohesion and tensile strength 

components are the main mechanisms affecting strength of brittle rock at low confining stress, 

a criterion similar to Stacey’s [129] extension strain criterion, will best capture the yield 

behaviour resulting from tension and cohesion mechanisms. 

4.1. CIRCULAR PARTICLE INTERACTION (CPI) MODELS 

The so-called circular particle interaction (CPI) models are a family of the discrete element 

methods, which are in turn a branch of the discontinuum methods. Itasca’s PFC (Particle Flow 

Code) is one of these. The concept behind the CPI models is that, granular materials like 

rocks can be represented by rigid circular particles (see Figure 38a), bonded to each other to 

create a synthetic material with mechanical behaviour similar to that of the rock. The particles 

interact at the contacts through normal and shear springs (see Figure 38b). By choosing 
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appropriate microscopic properties for the synthetic material, which include kn, kn (normal and 

shear stiffness of the springs), nb, ns (normal and shear bonds) and  (friction coefficient) 

between particles, the real rock behaviour can be simulated. This approach can simulate 

failure process from microscopic scale, which is eventually evidenced as macroscopic failure 

process (see Figure 38c). Since all failure processes (from tensile or shear failure of bonds and 

to crack propagations and deformations) begin at microscopic scale this approach is well 

suited for studying microscopic failure processes. Furthermore, since the particles are small 

enough no remeshing or application of special elements is required to track or follow crack 

propagation.

         (a)    (b)          (c) 
Figure 38. The circular particle interaction (CPI) concept, (a) rigid circular particles in PFC [161], (b) 

interaction of particles through spring constants [162], and (c) resulting macroscopic failure 
[162].

4.2. INTERACTION CONCEPTS IN PFC 

The principle concept in PFC is the notion of rigid bodies interacting with each other at the 

contacts. In PFC the rigid bodies are circular particles and their interaction at the contact is 

provided through normal and shear spring constants (kn and ks). This interaction is simulated 

using a constitutive model that consists of three parts; (1) contact stiffness model, (2) slip 

model and (3) bonding model.

For soft contacts (no bond) the interaction is modeled using linear contact relations (see 

Figure 39) given as: 

fracture



82

nnn ukF

sns ukF

where Fn and Fs are the total normal force and the increment of shear force respectively. us

is the increment of relative shear displacement and un is the total overlap of the neighboring 

particles (see Figure 39).  Sliding will occur if 

 Fs Fn

where  is the friction coefficient. 

Deformation is assumed to 
occur at contact point only

Fn

F

Fs

Linear contact law
Fn = knUn

Fs=ks Us

Hertz-Mindlin contact law
Non-linear relation between force 
displacement (for elastic spheres in contact)

Slip condition
Fs Fn

(a)    (b) 
Figure 39. (a) linear contact logic, (b) ball-ball contact in PFC [163] 

For the bonded contacts the particles are held together by shear and normal bonds (ns and nb),

see Figure 40.  Rupture of the bonds will occur if 

 Fn  nb

 Fs  bs
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During the interaction at the contacts the particles can rotate and translate. This is represent in 

Figure 41.  This is taken care of by the laws of rotational and translational motion.  

Contact bond

Parallel bond

Models adhesion over vanishingly small area of 
contact points (does not resist moment), breaks 
if normal or shear force exceeds bond strength

Models additional material deposited after balls 
are in contact (does resist moment), breaks if 
normal or shear stress exceeds bond strength

r

Figure 40. Bonded contact logic in PFC 

Figure 41. Rotation and translation (d) contact shear due to rotation, (e) complementary rotation 
without shear (f) rotation creates shear resistance in at least one contact thereby resisting the 
rotation [152]
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4.3. RUPTURE INITIATION AT THE BONDED CONTACTS 

During the application of compressional loads locally exaggerated shear strains, which create 

the extensional crack opening forces (i.e. tensile forces) initiate the fracture process (see 

Figure 42). Inter-particle slip can only occur via normal particle separation (bond extension 

and tensile rupture) and by cohesional bond rupture (and subsequent frictional slip). The 

relative dominance of tensile and shear bond rupture can be controlled by the specification of 

bond tensile and cohesive strength.

Figure 42. Rupture initiation principal in the bonded particles of PFC [152]

The rupture criterion is given as [164]:

TFF 31 tan

where  is the lattice angle, T is tension, F1 and F3 are shear and normal forces respectively. 

Expressed in terms of stresses: 

321 tan
1

ci

where 31ci  (deviatoric stress constant or Tresca criterion). If  = 30 degrees then the 

result be the same as Stacey’s extension strain criterion: 

31 3ci
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The contact friction is active only after bond rupture. The individual bond or contact normal 

and shear stiffnesses and the respective tensile strength and cohesion are the only pre-yield 

constitutive parameters of importance in this model and are the only user-defined contact 

properties (specified as means and standard deviations for the whole assembly). 

The normal contact bond is linear elastic in compression and tension (Figure 43a). Failure 

cannot occur in compression. If the normal strength is exceeded in tension (bond extension) 

then the bond breaks. In the default PFC contact model, the cohesion (shear strength) acts 

exclusive of friction in response to relative shear displacement at the contact. The cohesive 

shear bond (non-frictional) must be broken before friction is allowed to act. The action of the 

slip model and the frictionless shear bond is illustrated in Figure 43b. A bond rupture in either 

tension or compression destroys the whole bond (i.e. tensile rupture destroys cohesion as well 

and vice versa). Contact forces are reset to zero, in the case of tensile rupture, or to the 

limiting value allowed by friction for a compressed contact (Figure 43c). Frictional slip 

becomes and remains active until contact separation occurs. In other words, bonds (tensile and 

cohesive) are irreversibly broken while contacts can be gained and lost during assembly 

deformation. 
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Figure 43. a) Behaviour of normal component of contact bond model; b) behaviour of shear 
component of contact bond model and (c) frictional slip model (bonding and slip are 
mutually exclusive) [131, 163].

4.4. DISCUSSIONS FROM REVIEW OF SOME PRACTICAL APPLICATIONS 

One of the key advantages of PFC (or the CIP codes) is that it has potential to simulate key 

aspects of the observed micro-behaviour of particulate solids under loading, such as 

heterogeneity of stress and strain (contact force and particle displacement), internal cracking 

(contact rupture), internal rotations and localization phenomenon.  PFC can also treat non-

linearities which may arise from large displacements, rotation, slip, separation and other 

anisotropic material behaviors.   

Although the CPI models are very promising they poses two key practical limitations: 

Deriving the values of the microscopic properties of the circular particles is not easy, 

since they cannot be easily measured through laboratory testing, for example. As it 

appears it will require a lot of trial and error to obtain the parametric values [152].

Calibrating the failure envelope has and is still a major problem [162].

In simulation of a rock mechanics problem, many circular particles are needed in order to 

obtain realistic results. This makes the numerical analysis impractical or very expensive 

from computational point of view. 
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These limitations have been highlighted by several authors (e.g. [96, 162, 165]).  The major 

consequences of the problems stated above are that PFC has been to date significantly 

underestimating the tensile strength and friction angle in many practical problems (see for 

example, [96, 162].  To make this clearer let us consider the practical example in Table 1. 

Here the confining stress was increased more than 7 times in PFC to achieve the laboratory 

value of the compressive strength, which despite is still 40 MPa less than the laboratory value. 

The question is: will unnecessarily increasing the confining stress (to achieve the practical 

value) inhibit fracture growth and initiation at the microscopic scale?   

Although the above problems have been emphasized due to the fact that PFC is widely used, 

there are some CPI codes being developed to circumvent this problem. [162], for example, 

has developed CA2 (Continuum analysis 2D) code by introducing SOCPI (slightly 

overlapping circular particle interaction) in which premature tensile failure of bonds is 

prevented, thus the tensile and friction angle observed in practical cases can be modeled 

reasonably well.

Table 8. Results from triaxial tests vs PFC model results for the Lac du Bonnet granite  

Strength parameter Laboratory test results [166] PFC model result [165]

Confining stress 15 MPa 80 MPa 

UCS 350 MPa 310 MPa. 

4.5. CHALLENGES OF BUILDING A PFC MODEL 

The specification of the geometry, properties and solution conditions is not so straightforward 

in PFC2D as in programs such as FLAC and UDEC. For example, with a continuum program, 

a grid is created, initial stresses installed, and boundaries set as fixed or free. In a particle 

interaction code such as PFC2D, a compacted state cannot be pre-specified in general, since 

there is no unique way to pack a number of particles within a given volume. A process 

analogous to physical compaction must be followed until the required porosity is obtained. 

The initial stress state cannot be specified independently of the initial packing since contact 

forces arise from the relative positions of particles. Finally, the setting of boundary conditions 

is more complicated than for a continuum program because the boundary does not consist of 

planar surfaces. A further difficulty arises when it is required to match the behavior of a 
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simulated solid (comprised of bonded particles) with a real solid tested in the laboratory. To 

some extent, this is a trial-and-error process, because there is no complete theory that can 

predict macroscopic behavior from microscopic properties and geometry. However, 

guidelines are given that should help in the matching process (e.g., which factors influence 

some aspect of behavior and which do not). It should be realized that such modeling is 

difficult because it is exercising the limits of current knowledge; however, by performing tests 

with PFC2D, we stand to gain some fundamental understanding in solid mechanics 

(particularly in fracture mechanics and damage mechanics). 

5. CONCLUSIONS 

5.1. THE EXCAVATION DISTURBED ZONE 

o Much is now understood about the factors that influence the development and extent 
of the EDZ.

o The mechanical behaviour of the DRZ and the factors that affect the strength under 
various conditions are less understood.

o Field measurement of the DRZ is very expensive and moreover several tools must 
be used to verify the measurements.  

o The important rock parameters such as strength and stiffness have spatial properties 
(i.e. volume or tensor quantities) while the parameters generally used to quantify 
DRZ, such as velocity, are vector quantities (i.e. one-dimensional). The physics 
involved is thus complex.  

o The strength parameters of the DRZ are complexly coupled, thus having significant 
effect the behaviour of the DRZ. The factors that affect the strength are: 

- aniostrophy (fracture pattern, crack sizes, fracture angle, etc) 
- kinematics (effects during block rotation and translation) 
- confining stress
- rock bridges (the inherent residual strength of the bridges must be 

overcome before the rock mass can fail) 
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o Inflow and outflow of water and moisture can have significant effect on the long 
term strength of the DRZ. 

o The yield characteristic of the DRZ has generally been modelled using the 
traditional Mohr-Coulomb and the Hoek-Brown criteria. However, there is growing 
evidence that these criteria do not accurately capture the yield process for brittle 
rocks under low confining stress conditions, where the rock yields according to 
cohesion weakening – friction hardening yield process.

5.2. NUMERICAL ANALYSIS 

o Since the physical and mechanical characteristics of the DRZ are not fully 
understood an advanced knowledge of potentially important factors affecting the 
mechanical behaviour is needed for modelling and sound judgement of the input 
parameters and analyses of results achieved.   

o The choice of the numerical method hinges on how one perceives the characteristics 
of the DRZ and what one wants to study. For instance, the effect of DRZ on induced 
stress behaviour and deformation characteristics can be studied using by the 
continuum methods, while the kinematic behaviour has to be studied using 
discontinuum methods . 

o For pre-study the continuum method is by far the best method to begin with, since it 
does not require explicit description of the rock mass, but the equivalent properties. 
Important factors are identified in this way and further analysis is performed using 
advanced discontinuum methods such as the Circular Particle Interaction codes (e.g. 
PFC).

o An appropriate constitutive model is by far the most important factor that determines 
whether the behaviour has been correctly modelled or not. As stated earlier the 
widely used Mohr-Coulomb and Hoek-Brown models do not capture the yield 
process of brittle rock under confining stress correctly. However, one can develop 
appropriately sound procedures to obtain input parameters for the Mohr-Coulomb 
and Hoek-Brown models without the need for developing a completely new 
constitutive model

o For shallow excavations where the deviatoric stresses are both extremely high and 
highly anisotropic, often resulting in confining stresses being in tensile mode, the 
Hoek-Brown criterion has to be used with extreme caution. This is because the 
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Hoek-Brown criterion was originally developed on the assumption of isotropic 
conditions, which is not the condition for shallow depths. 

6. FURTHER WORK  

6.1. IMPORTANT ISSUES 

o Field investigation of the DRZ is not only expensive but also requires the use of several 
techniques. The tools must be selected appropriately to suite the site investigated, 
parameters investigated and the knowledge (and skill) of the personnel involved. Some 
tools such as the micro-seismic techniques have been methodically tested, while others 
like ground penetration radar and BIPS are very promising for in-situ investigations.

o An empirical tool is needed to estimate the strength of the damaged rock. Although the 
rock mass classifications systems can be used, with some adjustments, they were not 
originally developed for this purpose. Any attempt to develop a empirical tool has to 
consider factors such as: 

- aniostrophy (fracture pattern, crack sizes, fracture angle, etc) 
- kinematics (effects during block rotation and translation) 
- confining stress
- rock bridges (the inherent residual strength of the bridges must be 

overcome before the rock mass can fail) 

o The characteristics of the DRZ and how much is known about it should govern the 
choice of the numerical method. For pre-study, when limited information available, the 
continuum method is perhaps the most appropriate. However, when more information 
become available perhaps the discontinuum method is best to model the behaviour of 
the DRZ. 

o Discontinuum methods using DEM codes such as UDEC have been used in modelling 
DRZ. However, fracture patterns were represented using uniform joint systems, which 
do not accurately represent the complex radial fracture patterns observed around drilled 
and blast tunnels. The consequence is that the kinematic behaviour during block rotation 
and translation is not accurately captured.

o The yield process of brittle rock under low confining stress cannot be accurately 
captured by Mohr-Coulomb and Hoek-Brown criteria. Since the cohesive and tensile 
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strength components are key players under low confining stress conditions another 
criteria, perhaps similar to Stacey’s critical strain criteria, is needed.    

6.2. ANTICIPATED OUTCOME 

o A method has been devised to estimate the input parameters for DRZ using a systematic 
approach. This is necessary to correct for the fact the Hoek-Brown and Mohr-Coulomb 
criteria do not accurately capture the yield process of brittle rock under low stress 
conditions.

o An empirical relation to estimate the deformation modulus of DRZ as a function of the 
confining has been suggested and is currently being tested in FLAC. It is embedded as a 
FISH function to continuously check and modify the elastic properties of rock mass 
surrounding the excavation as a function of the confining stress.

o To study the yield process of brittle rock under low confining stresses PFC will be used 
to develop models with synthetic materials having properties of brittle rock. Besides 
studying the DRZ behaviour an important goal is to derive a strength criterion for the 
DRZ based on critical strain theory. The criterion should capture the yield process 
resulting from tensile and cohesion failure mechanisms.  

o The criterion will then be embedded in FLAC2D as a FISH subroutine and will serve as 
a constitutive model. The rock mass will fail when the strength exceeds the strength 
limit defined by the criterion. However, a method will also be developed that will check 
for the confining stress limit. The idea is that, at a certain confining stress limit, the 
Mohr-Coloumb can be activated when the yield is believed to be driven by simultaneous 
cohesion and friction mechanisms.  

o The effect of rock bridges and kinematic behaviour on a disontinua at shallow depth will 
also be investigated using UDEC. The author believes that these factors have not been 
properly investigated due to the fact that the fractures developed within the DRZ are not 
simple and uniform, as represented in many studies. To properly study the effect of 
fracture patterns, fracture angles, and crack length (or rock bridges) on the kinematic 
behaviour and rock strength, these factors must represented in some way that reflects 
blast-induced fractures.

o Dr. Mark Diederichs [152] has presented some interesting concepts on failure 
mechanisms at different confining stress levels. He also demonstrated the significance of 
tensile and cohesive strength mechanisms, which control the yield strength at low 
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confining stress. Ideas will be drawn from his PhD thesis work as well as from others 
such as [129, 133, 148, 149], etc, to understand the actual mechanisms that controlled 
failure at low confining stresses, and thus increase the understanding of strength 
characteristics of the DRZ around excavations at shallow depths.

o The final results of this work will be presented in the form a PhD thesis.  



93

BIBLIOGRAPHY  

1. Sato, T., T. Kikuchi, and K. Sugihara, In-situ experiments on an excavation disturbed 
zone induced by mechanical excavation in Neogene sedimentary rock at Tono mine, 
central Japan. Engineering Geology, 2000. 56(1-2): p. 97-108. 

2. Bernier, F. and C. Davies, Impact of the Excavation Disturbed or Damaged Zone 
(EDZ) on the Performance of Radioactive Waste Geological Repositories, in European
Commission Report 2004: Luxembourg. 

3. Martino, J.B. The 2002 International EDZ Workshop: The excavation damaged zone – 
cause and effects. in Atomic Energy of Canada Limited. 2003. 

4. Martino, J.B. and C.D. Martin. Proceedings of the Excavation Disturbed Zone 
Workshop. 1996. Manitoba, Canada. 

5. Fishman, Y.A. and V.E. Lavrov. Designing of rock supports of tunnels on the basis of 
generalized data on thickness of distressed zone. in Eurock ’96. 1996: Balkema: 
Rotterdam. 

6. Mostkov, V.M., USSR EXPERIENCE IN CONSTRUCTION OF HYDRAULIC 
TUNNELS. 1979: p. 81-88. 

7. Deng, J.H., C.F. Lee, and X.R. Ge, Characterization of the disturbed zone in a large 
rock excavation for the Three Gorges Project, China. Can. Geotech.  J. , 2001. 38: p. 
95-101.

8. Sheng, Q., et al., Estimating the excavation disturbed zone in the permanent shiplock 
slopes of the Three Gorges Project, China. International Journal of Rock Mechanics 
and Mining Sciences, 2002. 39(2): p. 165-184. 

9. Japan Tunneling Association, http://www.soc.nii.ac.jp (date accessed: Sept. 2004). 

10. Tsang, C.-F., F. Bernier, and C. Davies, Geohydromechanical processes in the 
Excavation Damaged Zone in crystalline rock, rock salt, and indurated and plastic 
clays - In the context of radioactive waste disposal. International Journal of Rock 
Mechanics and Mining Sciences, 2005. 42(1): p. 109-125. 

11. Koopmans, R. and R.W. Hughes. The effect of stress on the determination of 
deformation modulus. in Workshop on excavation response in deep radioactive waste 
repositories; implication for engineering design and safety performance 
(OECD/AECC). 1986. Winnipeg, Canada. 

12. Saiang, D., Damaged Rock Zone Around Excavation Boundaries and its Interaction 
with Shotcrete, in Department of Civil & Environmental Engineering, Division of Rock 
Mechanics. 2004, Luleå University of Technology. p. 121. 



94

13. Arman, G., et al. EDZ characterization in the Meuse/Haute-Marne Underground 
Research Laboratory: Experimental Program. in A European Commission CLUSTER 
Conference and Workshop on EDZ in Radioactive Waste Geological Repositories.
2003. Luxembourg. 

14. Barton, N., et al., Geotechnical predictions of the excavation disturbed zone at stripa.
Publikasjon - Norges Geotekniske Institutt, 1994(194): p. 1. 

15. Bauer, C., F. Hommand, and K.B. Slimane. Disturbed zone assessment with 
permeability measurements in the ZEDEX Tunnel. in Proceedings of the Excavation 
Disturbed Zone Workshop – Designing the Excavation Disturbed Zone for a Nuclear 
Waste Repository in Hard Rock. 1996. Manitoba, Canada. 

16. Read, R.S., N.A. Chandler, and E.J. Dzik, In situ strength criteria for tunnel design in 
highly-stressed rock masses. International Journal of Rock Mechanics and Mining 
Sciences, 1998. 35(3): p. 261-278. 

17. Davies, C. and F. Bernier. Impact of the Excavation Disturbed or Damaged Zone 
(EDZ)  on the performance of the radioactive waste geological repositories. in 
Proceedings of a European Commission CLUSTER Conference and Workshop. 2003. 
Luxembourg. 

18. Davies, N. and D. Mellor. Review of excavation disturbance measurements undertaken 
within the ZEDEX project: Implications for the Nirex Rock Characterization Facility.
in Eurock ’96. 1996: Balkema: Rotterdam. 

19. Duveau, G., W.Z. Chen, and J.F. Saho. Numerical modeling of the EDZ in unsaturated 
argillite: influence of constitutive laws and hydromechanical parameters. in A
European Commission CLUSTER Conference and Workshop on EDZ in Radioactive 
Waste Geological Repositories. 2003. Luxembourg. 

20. Emsley, S.J., et al., ZEDEX – A study of damage and disturbance from tunnel 
excavation by blasting and tunnel boring, in SKB Technical Report TR 97-30. 1997. 

21. Fairhurst, C., Nuclear waste disposal and rock mechanics: contributions of the 
Underground Research Laboratory (URL), Pinawa, Manitoba, Canada. International 
Journal of Rock Mechanics and Mining Sciences, 2004. 41(8): p. 1221-1227. 

22. Fairhurst, C. and B. Damjanac. The excavation damaged zone – an international 
perspective. in Proceedings of the Excavation Disturbed Zone Workshop – Designing 
the Excavation Disturbed Zone for a Nuclear Waste Repository in Hard Rock. 1996. 
Manitoba, Canada. 

23. Holcomb, D.J. and R.D. Hardy. Assessing the disturbed rock zone (DRZ) at the Waste 
Isolation Pilot Plant (WIPP) in salt using the ultrasonic waves. in Proceedings of the 
38th US Sympossium on Rock Mechanics. 2001. Washington DC: Lisse: Balkema. 



95

24. Martin, C.D., E.J. Dzik, and R.S. Read. Designing an effective EDZ cutoff in high stress 
environments. in Proceedings of the Excavation Disturbed Zone Workshop – Designing 
the Excavation Disturbed Zone for a Nuclear Waste Repository in Hard Rock. 1996. 
Manitoba, Canada. 

25. Martin, C.D., E.T. Kozak, and N.A. Chandler, Hydraulic properties of the excavation-
disturbed zone around underground openings. Canadian Geotechnical Conference, 
1992: p. 89-1. 

26. Martino, J.B., A review of excavation damage zone studies at the Underground 
Research Laboratory and the results of the excavation damage zone study in the Tunnel 
Seal Experiment. 2000, Ontario Power Generation, Used Fuel Disposal Project Report 
06819-REP-01200-10018-R00.

27. Olsson, O., Site characteristion and validation report - final report. 1992, Stripa 
Project, SKB: Stockholm. 

28. Martino, J.B. The excavation damaged zone and recent studies at the URL. in 
Proceedings of the 2002 International EDZ Workshop. 2003. Toronto. 

29. Bauer, C., et al. Damage zone characterization in the near field in the Swedish ZEDEX 
tunnel using in situ and laboratory measurements. in Eurock ’96. 1996: Balkema: 
Rotterdam. 

30. Bäckblom, G., Recent experiments in hard rocks to study the excavation response: 
Implications for the performance of a nuclear waste geological repository. Tunnelling 
and Underground Space Technology, 1999. 14(3): p. 377-394. 

31. Grodner, M., Fracturing around a preconditioned deep level gold mine stope.
Geotechnical and Geological Engineering, 1999. 17(3-4): p. 291-304. 

32. Lightfoot, N., et al., Preconditioning to reduce the incidence of face bursts in highly 
stressed faces. 1996, CSIR, Division of Mining Technology, SIMRAC Report, GAP 
030.

33. Toper, A.Z., et al., Develop and implement preconditioning Techniques to control face 
ejection rockbursts for safer mining in seismically hazardous areas. Draft of final 
project report project number GAP 336. 1998, Safety in Mines Research Advisory 
Committee, Rock Engineering Programme, CSIR Division of Mining Technology. 

34. Andrieux, P., et al., Large-Scale Panel Destress Blast at Brunswick Mine. Journal 
Canadian Institute of Mining, Metallurgy and Petroleum, 2003: p. 78-87. 

35. Wright, C., E.J. Walls, and D. de J. Carneiro, Seismic velocity distribution in the 
vicinity of a mine tunnel at Thabazimbi, South Africa. Journal of Applied Geophysics, 
2000. 44(4): p. 369-382. 



96

36. Koopmans, R. and R.W. Hughes. DETERMINATION OF NEAR FIELD EXCAVATION 
DISTURBANCE IN CRYSTALLINE ROCK. 1986. Stockholm, Swed: Materials 
Research Soc, Pittsburgh, PA, USA. 

37. Alheid, H.-J. and M. Knecht. Distribution of seismic wave velocities around 
underground drifts. in Proceedings of the Excavation Disturbed Zone Workshop – 
Designing the Excavation Disturbed Zone for a Nuclear Waste Repository in Hard 
Rock. 1996. Manitoba, Canada. 

38. Hildyard, M.W. and R.P. Young, Modeling seismic waves around underground 
openings in fractured rock. Pure and Applied Geopyhsics 2002. 159(1-3): p. 247-276. 

39. Holcomb, D.J., ed. Cross-hole measurements of velocity and attenuation to detect the 
disturbed zone in salt at the Waste Isolation Pilot Plant. Proceedings of the 29th US 
Symposium on Rock Mechanics. 1998, Brookfield, VT: Balkema: Minneapolis, USA. 
633-640.

40. Holcomb, D.J., T. MacDonald, and R.D. Hardy. Using ultrasonic waves to assess the 
disturbed rock zone (DRZ) in an alcove corner excavated in salt at the WIPP (Waste 
Isolation Pilot Plant). in The 2002 International EDZ Workshop. 2003. Ontario, 
Canada: Atomic Energy of Canada Limited. 

41. Malmgren, L., et al., Excavation damaged zone at Kiirunavaara mine. Paper submitted 
to the Journal of Applied Geophysics, 2005. 

42. Young, R.P. and D.S. Collins, Seismic studies of rock fracture at the Underground 
Research Laboratory, Canada. International Journal of Rock Mechanics and Mining 
Sciences, 2001. 38(6): p. 787-799. 

43. Alheid, H.-J. Geophysical characterization of excavation disturbed zones. in The 2002 
International EDZ Workshop: The Excavation Damage Zone – Causes and Effects.
2003. Ontario, Canada: Atomic Energy of Canada Limited. 

44. Cai, M., P.K. Kaiser, and C.D. Martin, Quantification of rock mass damage in 
underground excavations from microseismic event monitoring. International Journal of 
Rock Mechanics and Mining Sciences, 2001. 38(8): p. 1135-1145. 

45. Cosma, C., et al., Seismic characterization of fracturing at the Aspo Hard Rock 
laboratory, Sweden, from the kilometer scale to the meter scale. International Journal of 
Rock Mechanics and Mining Sciences, 2001. 38(6): p. 859-865. 

46. Luke, B.A., et al., Seismic measurements to investigate disturbed rock zones.
Geotechnical Special Publication, 1999(90): p. 303-314. 



97

47. Meglis, I.L., et al., Assessing in situ microcrack damage using ultrasonic velocity 
tomography. International Journal of Rock Mechanics and Mining Sciences, 2005. 
42(1): p. 25-34. 

48. Pettitt, S., et al., The Assessment of Damage Around Critical Engineering Structures 
Using Induced Seismicity and Ultrasonic Techniques. Pure and Applied Geophysics, 
2002. 159(1 - 3): p. 179-195. 

49. Li, C. and E. Nordlund, Assessment of damage in rock using the Kaiser effect of 
acoustic emission. International Journal of Rock Mechanics and Mining Science & 
Geomechanics Abstracts, 1993. 30(7): p. 943-946. 

50. Potyondy, D. and J. Autio. Bonded particle simulation of the in-situ failure test at 
Olkiluoto. in Rock Mechanics in the National Interest. Proceedings of the 38th US Rock 
Mechanics Sypossium. 2001. Washington, DC: Balkema/Rotterdam. 

51. Adams, G.R. and A.J. Jager, Petroscopic observations of rock fracturing ahead of stope 
faces in deep level gold mines. J. South African Inst. Min. and Metall., 1980(June): p. 
204-209.

52. Atsuo, H., et al., Inspection of damaged zone in tunnel walls by a compact vertical 
seismic prospecting system. FRAGBLAST-International Journal for Blasting and 
Fragmentation, 1999. 3(1): p. 79-94. 

53. Bossart, P., et al., Geological and hydraulic characterisation of the excavation 
disturbed zone in the Opalinus Clay of the Mont Terri Rock Laboratory. Engineering 
Geology, 2002. 66(1-2): p. 19-38. 

54. Bryan, R.C., et al. Observational studies of halite salt cores extracted from a disturbed 
rock zone/excavation damaged zone at the Waste Isolation Pilot Plant. in The 2002 
International EDZ Workshop: The Excavation Damage Zone – Causes and Effects.
2003. Ontario, Canada.: Atomic Energy of Canada Limited. 

55. da Gama, C.D., ed. Quantification of rock damage for tunnel excavation by blasting.
Tunnels and Metropolises, ed. Neigor and Ferreira. 1998, Balkema: Rotterdam. pp. 
451-456.

56. Falls, S.D. and R.P. Young. Examination of the excavation disturbed zone in the 
Swedish ZEDEX tunnel using acoustic emission and ultrasonic velocity measurements.
in Eurock ’96. 1996: Balkema: Rotterdam. 

57. Falls, S.D. and R.P. Young, Acoustic emission and ultrasonic-velocity methods used to 
characterise the excavation disturbance associated with deep tunnels in hard rock.
Tectonophysics, 1998. 289(1-3): p. 1-15. 



98

58. Thompson, P.M., J.B. Martino, and M.H. Spinney, Detailed measurement of 
deformation in the excavation disturbed zone. International Journal of Rock Mechanics 
and Mining Sciences & Geomechanics Abstracts, 1993. 30(7): p. 1511-1514. 

59. Ouchterlony, F., Prediction of crack lengths in rock after cautious blasting with zero 
interhole delay. International Journal for Blasting and Fragmentation, 1997. 1: p. 417-
444.

60. Bossart, P., et al., Structural and hydrogeological characterisation of the excavation- 
disturbed zone in the Opalinus Clay (Mont Terri Project, Switzerland). Applied Clay 
Science, 2004. 26(1-4 SPEC ISS): p. 429-448. 

61. Raina, A.K., et al., Rock mass damage from underground blasting, a literatúre review, 
and lab- and full scale tests to estimate crack depth by ultrasonic method.
FRAGBLAST - International Journal of Blasting and Fragmentation, 2000. 4: p. 103-
125.

62. Berchenko, I., et al., An in-situ thermo-hydraulic experiment in a saturated granite I: 
design and results. International Journal of Rock Mechanics and Mining Sciences, 
2004. 41(8): p. 1377-1394. 

63. Kelsall, P.C., J.B. Case, and C.R. Chabannes, Evaluation of excavation-induced 
changes in rock permeability. Int. J. Rock Mech. Min. Sci. & Geomech. Abstr., 1984. 
21(3): p. 123-135. 

64. Lipponen, A., et al., Effect of water and geological factors on the long-term stability of 
fracture zones in the Päijänne Tunnel, Finland: a case study. International Journal of 
Rock Mechanics and Mining Sciences, 2005. 42(1): p. 3-12. 

65. Pusch, R., Alteration of the hydraulic conductivity of rock tunnel excavation.
International Journal of Rock Mechanics & Mining Sciences, 1989. 26(1): p. 79-83. 

66. Zimmerman, R.W. and K. M.S. Propagation of acoustic waves through cracked rock.
in 26th US Sympossium on Rock Mechanics. 1985. Rapid City, SD. 

67. Cheng, J., et al., Assessing changes in the mechanical condition of rock mass using P-
wave computerized tomography. International Journal of Rock Mechanics & Mining 
Sciences, 2001. 38(7): p. 1065-1070. 

68. Ballivy, G., B. Ladanyi, and D.E. Gill. The effect of moisture content on the strength of 
fissured rocks 8 (in French). in Proceedings of the 3rd Conference IEAG. 1978. 
Madrid.

69. Ismail, I.A.H. and S.A.F. Murrell, Dilatency and strength of rocks containing pore 
water under undrained conditions. Geophysics, Journal of Royal Astronomical Society, 
1976. 44: p. 107-134. 



99

70. Latjai, E.Z., R.H. Schimdtke, and L.P. Bielus, Effect of water on granite deformation 
and fracture. International Journal of Rock Mechanics and Mining Sciences & 
Geomechanics Abstract, 1987. 10: p. 247-255. 

71. Widd, B.L. The influence of mositure on the pre-rupture fracturing of two rock types. in 
Proceedings of the 2nd Congress of the International Society of Rock Mechanics. 1970. 
Belgrade.

72. Brace, W.F. and R.J.A. Martin, A test for the law of effective stress for crystalline rocks 
of low porosity. International Journal of Rock Mechanics and Mining Sciences, 1968. 5:
p. 415-426. 

73. Chiu, H.K., I.W. Johnston, and I.B. Donald, Appropriate technique for triaxial 
technique for triaxial testing of staurated soft rock. International Journal of Rock 
Mechanics and Mining Sciences & Geomechanics Abstract, 1983. 20: p. 107-120. 

74. Ladanyi, B. and J.F. Morel, Effect of internal confinement on compression strength of 
frozen sand. Canadian Geotechnical Journal, 1990. 27: p. 8-18. 

75. Fairhurst, C., Analysis and Design in Rock Mechanics - The General Context, in 
Comprehensive Rock Engineering, Principles, Practice & Projects., J.A. Hudson, 
Editor. 1993, Pergamon Press. p. 1-28. 

76. Bruno, M.S. and F.M. Nakagawa, Bore pressure influence on tensile fracture 
propagation in sedimentary rock. International Journal of Rock Mechanics and Mining 
Science & Geomechanics Abstracts, 1991. 28(4): p. 261-273. 

77. Blake, W., M.P. Board, and R. Brummer, Destress blasting practices. 1998, Report for 
CAMIRO Mining Division: Sudbury, Ontario. p. 96. 

78. Board, M.P., et al. Fluid injection for rockburst control in deep mining. in Proceedings 
of the 33rd US Rock Mechanics Sypossium. 1992. Santa Fe, NM: 
A.A.Balkema/Rotterdam. 

79. Emsley, S.J., et al. Integrated characterization of a rock volume at the Äspo HRL 
utilized for an EDZ experiment. in Eurock ’96. 1996: Balkema: Rotterdam. 

80. Detournay, E., T. Senjuntichai, and I. Berchenko, An in situ thermo-hydraulic 
experiment in a saturated granite II: analysis and parameter estimation. International 
Journal of Rock Mechanics and Mining Sciences, 2004. 41(8): p. 1395-1411. 

81. Everitt, R.A. and E.Z. Lajtai, The influence of rock fabric on excavation damage in the 
Lac du Bonnett granite. International Journal of Rock Mechanics and Mining Sciences, 
2004. 41(8): p. 1277-1303. 

82. Hazzard, J.F. and R.P. Young, Dynamic modelling of induced seismicity. International 
Journal of Rock Mechanics and Mining Sciences, 2004. 41(8): p. 1365-1376. 



100

83. Lau, J.S.O. and N.A. Chandler, Innovative laboratory testing. International Journal of 
Rock Mechanics and Mining Sciences, 2004. 41(8): p. 1427-1445. 

84. Martino, J.B. and N.A. Chandler, Excavation-induced damage studies at the 
Underground Research Laboratory. International Journal of Rock Mechanics and 
Mining Sciences, 2004. 41(8 SPECISS): p. 1413-1426. 

85. Mitaim, S. and E. Detournay, Damage around a cylindrical opening in a brittle rock 
mass. International Journal of Rock Mechanics and Mining Sciences, 2004. 41(8): p. 
1447-1457.

86. Thompson, P.M. and N.A. Chandler, In situ rock stress determinations in deep 
boreholes at the Underground Research Laboratory. International Journal of Rock 
Mechanics and Mining Sciences, 2004. 41(8): p. 1305-1316. 

87. Young, R.P., et al., Quantification and interpretation of seismicity. International 
Journal of Rock Mechanics and Mining Sciences, 2004. 41(8 SPECISS): p. 1317-1327. 

88. Hard Rock Miner's Handbook. 2003, Tempe, Arizona: McIntosh Engineering. 262. 

89. Lin, P., et al., Experimental study of failure behavior of disturbed zone around an 
opening in non-persistent jointed rock masses. Journal of Tsinghua University (Science 
and Technology), 2003. 43(8): p. 1108-11. 

90. Malmgren, L., Interaction between shotcrete and rock - experimental and numerical 
study, in Department of Civil and Environmental Engineering. 2005, Doctoral Thesis, 
Luleå University of Technology: Luleå. 

91. Engineering and Design of Tunnels and Shafts in Rock. 1997, US Army Corps of 
Engineers: Washington, DC. 

92. Martin, C.D., R.S. Read, and J.B. Martino, Observations of brittle failure around a 
circular test tunnel. International Journal of Rock Mechanics and Mining Sciences, 
1997. 34(7): p. 1065-1073. 

93. MacKown, A.F., Perimeter controlled blasting for underground excavations in 
fractured and weathered rocks. Bull. Assoc. Engg. Geol. , 1986. XXIII(4): p. 461-478. 

94. Cholchester-Steele, R., et al. Assessment of blasting efficiency. in 93rd Ann. Gen. 
Meeting, Canadian Inst. Min. Metall. 1991. Vancouver. 

95. Forsyth, W.W. and A.E. Moss, eds. Investigation of development blasting practices.
CANMET-MRL. 1991. 91-143. 

96. Chang, S.-H., K.-J. Yun, and C.-I. lee, Modeling of fracture and damage in rock by the 
bonded-particle model. Geosystem Engineering, 2002. 5(4): p. 113-120. 



101

97. Scoble, M., Y. Lizotte, and M. Paventi. Evaluation of rock mass damage from blasting: 
Characterization and Impact. in Measurement of Blast Fragmentations. 1996: 
Rotterdam: A.A. Balkema. 

98. Laubscher, D.H. and H.W. Taylor, A geomechanics classification system for rating of 
rock mass in mine design. Journal of the South African Institute of Mining and 
Metallurgy., 1990. 90(10): p. 257-273. 

99. Bieniawski, Z.T. Rock mass classification in rock engineering. in Proc. Symp. 
Exploration Rock Engg. 1976. Johannesburg: A.A. Balkema. 

100. Palmstrom, A., Characterizing rock masses by the RMi for use in practical rock 
engineering, Part 2: Some practical applications of the rock mass index (RMi).
Tunnelling and Underground Space Technology, 1996. 11(3): p. 287-303. 

101. Hoek, E., C. Carranza-Toress, and B. Corkum. Hoek-Brown failure criterion - 2002 
edition. in Proceedings of the 5th North American sympossium and 17th Tunneling 
Association of Canada Conference. NATM-TAC 2002. 2002. University of Toronto. 

102. Hoek, E., P.K. Kaiser, and W.F. Bawden, Support for Underground Excavations in 
Hard Rock. 1995: A.A. Balkema/Rotterdam/Brookfield. 215. 

103. Milne, D., J. Hadjigeorgiou, and R. Pakalnis, Rock mass characterization for 
underground hard rock mines. Tunnelling and Underground Space Technology, 1998. 
13(4): p. 383-391. 

104. Eldebro, C., Rock Mass Strength – A Review. 2003, Technical Report, Luleå University 
of Technology: Luleå. p. 92. 

105. Brown, E.T., et al., GROUND RESPONSE CURVES FOR ROCK TUNNELS. Journal 
of Geotechnical Engineering, 1983. 109(1): p. 15-39. 

106. Exadaktylos, G.E. and M.C. Stavropoulou, A closed form elastic solutions for stresses 
and displacement around tunnels. International Journal of Rock Mechanics & Mining 
Sciences, 2002. 39: p. 905-916. 

107. Hustrulid, W., et al. A new method for predicting the extent of the blast damage zone. in 
Proceedings of Blasting Conference. 1992: Nitro Nobel Gyttorp. 

108. Holmberg, R. and P.-A. Persson, Design of tunnel perimeter blasthole patterns to 
prevent rock damage. Transc. Inst. Min. Metall., 1980: p. A37-A40. 

109. Hustrulid, W., The practical blast damage zone in drift driving at the Kiruna mine, in 
Skadezon vid tunneldrivning, in Swedish Rock Engineering Rpt No 8. 1994, SveBeFo: 
Stockholm. p. 75-125. 

110. Ouchterlony, F., M. Olsson, and I. Bergqvist. Towards new Swedish recommendations 
for cautious perimeter blasting. in EXPLO 2001. 2001. Hunter Valley, NSW, Australia. 



102

111. Zan, Y., M. Yu, and S. Wang, Nonlinear unified strength criterion of rock. Yanshilixue 
Yu Gongcheng Xuebao/Chinese Journal of Rock Mechanics and Engineering, 2002. 
21(10): p. 1435-1441. 

112. Hoek, E. and E.T. Brown, Empirical strength criteria for rock masses. J. Geotech. 
Engng. Div., ASCE., 1980. 106: p. 1013-1035. 

113. Crouch, S.L., Solution of plane elasticity problems by displacement discontinuity 
method. Int. J. Num. Meth. Engng. , 1976. 10: p. 301-343. 

114. Brady, B.H.G., Boundary element and linked methods for underground excavation 
design. Analytical and computational methods in engineering rock mechanics, ed. E.T. 
Brown. 1987: Allen & Unwin. pp. 164-204. 

115. Barla, G., M. Barla, and L. Repetto. Continuum and discontinuum modeling for design 
analysis of tunnels. in 9th Int. Congress on Rock Mechanics. 1999. Paris, France. 

116. Fossum, A.F., Effective elastic properties of rock mass strength. International Journal 
of Rock Mechanics and Mining Sciences & Geomechanics Abstract, 1985. 22: p. 467-
470.

117. Singh, B., Continuum characterization of jointed rock masses. Part I – The constitutive 
equations. International Journal of Rock Mechanics and Mining Sciences & 
Geomechanics Abstract, 1973. 10: p. 311-335. 

118. Singh, B., Continuum characterization of jointed rock masses. Part II – Significance of 
low shear modulus. International Journal of Rock Mechanics and Mining Sciences & 
Geomechanics Abstract, 1973. 10: p. 337-349. 

119. Sitharam, T.G., J. Sridevi, and N. Shimizu, Practical equivalent characterization of 
jointed rock mass. International Journal of Rock Mechanics and Mining Sciences, 2001. 
38: p. 437-448. 

120. Zienkiewicz, O.C., D.W. Kelly, and P. Bettes, The coupling of finite element method 
and boundary solution procedures. International Journal of Numerical Methods in 
Engineering, 1977. 11: p. 355-375. 

121. Brady, B.H.G. and E.T. Brown, Rock Mechanics for underground mining. 1993: 
Chapman & Hall. 571. 

122. Asef, M.R. and D.J. Reddish, The impact of confining stress on the rock mass 
deformation modulus. Geotechnique, 2002. 52(4): p. 235-241. 

123. Diederichs, M.S. and P.K. Kaiser, Tensile strength and abutment relaxation as failure 
control mechanisms in underground excavations. International Journal of Rock 
Mechanics and Mining Sciences, 1999. 36(1): p. 69-96. 



103

124. Robertson, A.M., DETERMINATION OF JOINT POPULATIONS AND THEIR 
SIGNIFICANCE FOR TUNNEL STABILITY. Transactions of the Society of Mining 
Engineers of AIME, 1973. 254(2): p. 135-139. 

125. Hoek, E. and E.T. Brown, Practical estimates of rock mass strength. International 
Journal of Rock Mechanics and Mining Sciences, 1997. 34(8): p. 1165-1186. 

126. Vermeer, P.A. and R. deBorst, Non-associated plasticity for soils, concrete, and rock.
Heron, 1984. 29(3): p. 5-64. 

127. Jaeger, J.C. and N.G.W. Cook, Fundamentals of Rock Mechanics. 2nd ed. 1976: 
Chapman and Hall. 585. 

128. Collins, D.S. and R.P. Young. Interpreting the amount and orientation of microcracks 
in the excavation damage zone using velocity, modulus, and crack density values. in 
The 2002 International EDZ Workshop. 2003. Ontario, Canada: Atomic Energy of 
Canada Limited. 

129. Stacey, T.R., A simple extension strain criterion for fracture of brittle rock.
International Journal of Rock Mechanics and Mining Science & Geomechanics 
Abstracts, 1981. 18(6): p. 469-474. 

130. Martin, C.D. and N.A. Chandler, Progressive fracture of Lac du Bonnet granite.
International Journal of Rock Mechanics and Mining Sciences, 1994. 31(6): p. 643-659. 

131. Diederichs, M.S., Manuel Rocha Medal Recipient Rock Fracture and Collapse Under 
Low Confinement Conditions. Rock Mechanics and Rock Engineering, 2003. 36(5): p. 
339-381.

132. Diederichs, M.S., P.K. Kaiser, and E. Eberhardt, Damage initiation and propagation in 
hard rock during tunneling and the influence of near-face stress rotation. International 
Journal of Rock Mechanics & Mining Sciences, 2004. 41(5): p. 785-812. 

133. Hajiabdolmajid, V., P.K. Kaiser, and C.D. Martin, Modelling brittle failure of rock.
International Journal of Rock Mechanics and Mining Sciences, 2002. 39(6): p. 731-741. 

134. Diederichs, M.S., P.K. Kaiser, and E. Eberhardt, Damage initiation and propagation in 
hard rock during tunnelling and the influence of near-face stress rotation. International 
Journal of Rock Mechanics and Mining Sciences, 2004. 41(5): p. 785-812. 

135. Diederichs, M.S. and P.K. Kaiser, Stability of large excavations in laminated hard rock 
masses: the voussoir analogue revisited. International Journal of Rock Mechanics and 
Mining Sciences, 1999. 36(1): p. 97-117. 

136. Maxwell, S.C. and R.P. Young, Propagation effects of an underground excavation.
Tectonophysics, 1998. 289(1-3): p. 17-30. 



104

137. Tonon, F., et al., Bayesian estimation of rock mass boundary conditions with 
applications to the AECL underground research laboratory. International Journal of 
Rock Mechanics and Mining Sciences, 2001. 38(7): p. 995-1027. 

138. Potyondy, D.O. and P.A. Cundall, A bonded-particle model for rock. International 
Journal of Rock Mechanics and Mining Sciences, 2004. 41(8 SPECISS): p. 1329-1364. 

139. Starfield, A.M. and P.A. Cundall, Towards a methodology for rock mechanics 
modelling. International Journal of Rock Mechanics and Mining Science & 
Geomechanics Abstracts, 1988. 25(3): p. 99-106. 

140. Monsen, K. and N. Barton, A numerical study of cryogenic storage in underground 
excavations with emphasis on the rock joint response  International Journal of Rock 
Mechanics & Mining Sciences, 2001. 38(7): p. 1035-1045

141. Shen, B. and N. Barton, Disturbed zone around tunnels in jointed rock masses.
International Journal of Rock Mechanics and Mining Sciences, 1997. 34(1): p. 117-125. 

142. Barton, N. Estimating rock deformation modulus for excavation disturbed zone studies.
in Proceedings of the Excavation Disturbed Zone Workshop. 1996. Winnepeg, 
Manitoba, Canada: Canadian Nuclear Society. 

143. Barton, N., Some new Q-value correlations to assist in site characterisation and tunnel 
design. International Journal of Rock Mechanics and Mining Sciences, 2002. 39(2): p. 
185-216.

144. Palmstöm, A., Characterising rock mass by RMi for use in practical rock engineering. 
Part-1. Tunneling and Underground Space Technology., 1996. 11(2): p. 175-188. 

145. Hoek, E. and B. E.T., Underground Excavations in Rock. 1980: Institute of Mining and 
Metallurgy. 528. 

146. Sjöberg, J., Analysis of large scale rock slopes in Department of Civil and Mining 
Engineering. 1999, Doctoral Thesis Luleå University of Technology: Luleå. p. 682. 

147. Hoek, E., Practical Rock Engineering. 2000, 
www.rocscience.com/hoek/PracticalRockEngineering.asp.

148. Pelli, F., P.K. Kaiser, and N.R. Morgenstern, Influence of near face behaviour on 
monitoring of deep tunnels. Canadian Geotechnical Journal, 1991. 28(2): p. 226-238. 

149. Martin, C.D., P.K. Kaiser, and D.R. McCreath, Hoek-Brown parameters for predicting 
the depth of brittle failure around tunnels. Canadian Geotechnical Journal, 1999. 36(1):
p. 136-151. 

150. Cai, M., et al., Estimation of rock mass deformation modulus and strength of jointed 
hard rock masses using the GSI system. International Journal of Rock Mechanics and 
Mining Sciences, 2004. 41(1): p. 3-19. 



105

151. ISRM Commission on Standardization of Laboratory and Field Test. 1978: Pergamon 
press.

152. Diederichs, M.S., Instability of hard rock masses: The role of tensile damage and 
relaxation. 1999, Ph.D. Thesis, University of Waterloo. p. 566. 

153. Pelli, F., P.K. Kaiser, and N.R. Morgenstern, Interpretation of ground movements 
recorded during construction of the Donkin-Morien tunnel. Canadian Geotechnical 
Journal, 1991. 28(2): p. 239-254. 

154. Hoek, E. and M.S. Diederichs, Empirical estimation of rock mass modulus.
International Journal of Rock Mechanics and Mining Sciences, 2006. 43(2): p. 203-215. 

155. Töyrä, J., stability of shallow seated constructions in hard rock - A pilot study. 2004, 
Technical Report, Luleå University of Technology. p. 72. 

156. Stephansson, O., Rock stress in the Fennoscandian shield, in Comprehensive Rock 
Engineering, J.A. Hudson, Editor. 1993, Pergamon Press. p. 445-459. 

157. Potyondy, D. A bonded-disk model for rock: Relating microproperties and 
macroproperties. 2002. Santa Fe, NM, United States: American Society of Civil 
Engineers.

158. Priest, S.D., Determination of shear strength and three-dimensional yield strength for 
the Hoek-Brown criterion. Rock Mechanics and Rock Engineering, 2005. 38(4): p. 299-
327.

159. Cai, M., et al., Generalized crack initiation and crack damage stress thresholds of 
brittle rock masses near underground excavations. International Journal of Rock 
Mechanics and Mining Sciences, 2004. 41(5): p. 833-847. 

160. Lin, P., et al., Experimental study of failure behavior of disturbed zone around an 
opening in non-persistent jointed rock masses. Qinghua Daxue Xuebao/Journal of 
Tsinghua University, 2003. 43(8): p. 1108-1111. 

161. Hazzard, J.F., et al., Simulation of Unstable Fault Slip in Granite Using a Bonded-
particle Model. Pure and Applied Geophysics, 2002. 159(1 - 3): p. 221-245. 

162. Fakhimi, A., Application of slightly overlapped circular particles assembly in 
numerical simulation of rocks with high friction angles. Engineering Geology, 2004. 
74(1-2): p. 129-138. 

163. PFC manual, Theory and Background. 1999: Itasca. 

164. Cundall, P.A., A preliminary constitutive model for extension fracture based on 
micromechanics. 1994, Report to CSIR Division of Mining and Technology. 



106

165. Potyondy, D. and P.A. Cundall, The PFC model for rock: predicting rock mass damage 
at the underground research labporatory. 2001, Itasca Consulting Group, Report No. 
06819-REP-01200-10061-R00.

166. Martin, C.D., The strength of massive Lac du Bonnet granite around underground 
openings. 1993, Ph.D. Dissertations, University of Maniotoba, Winnipeg. 



107

APPENDICES



108

APPENDIX A:  EXCAVATION DISTURBED/DAMAGED ZONE 
DEFINITIONS, PROCESSES, PARAMETERS AND 
ISSUES



109



110



111



112



113



114

APPENDIX B: QUESTIONNAIRE 



115

EXCAVATION DISTURBED/DAMAGED ZONE INVENTORY

Background and purpose 

It is now becoming increasingly clear that the presence of a disturbed/damaged zone around an 
underground excavation can have significant economic and safety implications on the 
performance of the excavation both in short term and long term. Increased support 
requirements, increased maintenance cost and increased production time are some of most 
obvious consequences arising from the presence of the disturbed/damaged zone, especially if 
there are no proper guidelines to regulate the nature (including the extent) of the 
disturbed/damaged zone. Increased inflow and outflow of water around repository caverns and 
hydropower dams can also have significant safety and economic implications. Sometimes it 
may be necessary to force the development of a disturbed/damaged zone, especially when 
combating excessive stresses – process known as destressing. There are varying definitions for 
the disturbed/damaged zone and these depend on the purpose and nature of the excavation. 
However, we define disturbed/damaged zone as the zone in which the physical, mechanical, 
hydraulic and even thermal properties of the rock mass are significantly affected to be able to 
be detected by any measurement tools or instruments.       

Although widely investigated the focus has been mainly concentrated on (1) identifying the 
factors and mechanisms that influence the development and extent of the disturbed/damaged 
zone and (2) classifying the disturbed/damaged zone according to their significance, which 
depend on the purpose of the excavation with the main objective of minimizing the extent of 
this zone. Furthermore, numerous attempts have been made to quantitatively measure the 
disturbed/damaged zone using various field and laboratory methods. The results, however, 
have been less satisfactory, mainly because of specific limitations of the instruments used and 
the complex nature of the rock mass itself. Numerical analysis has been a promising tool for 
investigating disturbed/damaged zone. However, this too is limited to the input parameters 
assigned for rock properties, which cannot be easily assumed. In many cases the descriptions of 
the disturbed/damaged zones are mostly qualitative despite the fact that a quantitative 
description is highly desirable for engineering purposes.

In partnership with Gallivare Hard Rock Research and Rock Tech Centre AB (both Swedish 
institutions) we are doing a pre-study regarding the disturbed and damaged zones around 
underground openings. The idea is to first make an inventory and a documentation of the 
problems/issues connected with the existence of a disturbed/damaged zone around an 
underground construction. Following the inventory field investigations will be carried out to 
implement and demonstrate some of the ideas learnt from the inventory. Moreover, we are also 
interested to find out whether there is an interest among groups who deal with rock excavations 
to carry out some activities to improve the knowledge about the effects or ways to 
detect/determine the properties of these zones. 

In order to assist with the inventory we have prepared a questionnaire which we would like the 
participants to complete. Every information provided will be kept confidential. However, if 
needed for publication a written request will be made to the source.  
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PART I:  GENERAL INVENTORY QUESTIONS

4. Company information 

Company name and address: 

Name of respondent: 

Respondents position: 

Respondents email: 

5. Under what discipline does your company come under? 

Civil engineering

Mining engineering 

Radioactive waste repository engineering 

Other

6. Does your company consider disturbed/damaged zone an important aspect of your 

construction?

Yes

No

7. Does your company take into consideration the disturbed/damaged zone when 

designing a support system?

Yes

No

8. What is the main purpose of your underground excavation or facility?

9. What is the level of priority you give for the disturbed/damaged zone? 

High

Medium 

Low

None

10. For your excavations what are the most important effects or consequences  of 

disturbed/damaged zone? Please list in order of importance. 
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PART II: PROBLEM INVENTORY

A number of statements regarding the effects of the disturbed zone/damaged zone around 

underground openings are listed below: 

1) Stability

a) Overbreak – resulting in unfavourable cross-sections and additional material to haul. 

b) Less confinement due to decreased stiffness 

i) Lower stresses at the boundary leading to more stable conditions at great depth if 

the right support is installed 

ii) Lower stresses at the boundary leading to too low confinement and therefore an 

increased risk of ravelling and fallouts in shallow constructions 

c) Lower strength – the stress/strength ratio increases and stress induced failures may 

increase 

d) The increased frequency of fractures leads to: 

i) increases in the volume containing water which increases the risk of frost fracturing 

leading to fall-outs 

ii) increase in pore pressure which affects the overall strength of the damaged zone 

e) No effects on the stability 

2) Hydraulic conductivity 

a) Increase (or decrease) in inflow of water 

b) Increase (ore decrease) in outflow of water

c) No difference in inflow or outflow of water 

Questions 

1) Does the list above cover all the effects of the disturbed/damaged zone for different 

applications?

2) If the answer is No, list the effects missing and give some comments. 
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3) Which effects do you mean are the most important ones for your underground 

constructions?

4) In what way would a better understanding of the effects of the disturbed/damaged zone 

improve your situation as owner/future owner of an underground construction? 

a) How do you describe the extent of the disturbed/damage zone? 

b) How do you choose scaling method and rock support?

c) How do you choose methods to handle the inflow/outflow of water (drains, grouting)? 

PART III: FUTURE PROJECT IDEAS

Field tests to evaluate the ability of different measurement techniques to detect and determine 

the properties of the zone will be carried out either in a tunnel or a mining drift. The 

measurement techniques will be selected according to their suitability to test the environment 

and the robustness of the technique and the instruments. It is further anticipated that the 

investigation will be carried out under different blasting methods.  

For the field investigation several geophysical tools have been identified for investigating the 

disturbed/damaged zone. These include: 

a) Downhole measurements 

b) Cross-hole seismics 

c) Surface wave spectral analysis 

d) Seismic Tomography 

e) Internal velocity measurements 

f) Geoelectric

g)  Radar 

h) Micro-acoustics 

i) Hydraulic conductivity test 

j) Borehole video 
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k) Macroscopic and microscopic study on saw cuts 

l) P and S wave measurements on cores 

Of the above list we anticipate to use only a selected number of them. We have applied some 

of the above (cross-hole seismics, surface wave spectral analysis, borehole video) in one of 

earlier studies at Kiirunavaara mine. Surface wave spectral analysis was one of the most 

difficult. We propose to use seismic tomography, borehole video, macroscopic and 

microscopic study on saw cuts, P and S wave measurements on cores and hydraulic 

conductivity tests.

Questions

1. Do you have any experience in the disturbed/damaged zone investigations? 

Yes

No

2. If yes, which of the techniques have you used? Can you comment on the robustness 

(ease of use) and how good were the results? 

3. Can you recommend a technique from the list above for our investigation?

4. Which other techniques not listed above can you also recommend? 

5.  Do have any general comments about the measurements techniques? 

6. Do you have any suggestions regarding the field investigations? 

7. If you consider the disturbed/damaged zone important would your 

company/organization be interested in participating in the disturbed/damaged zone 

field investigation program together with other companies/organizations? 

Yes

No
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APPENDIX C: RESPONSES TO QUESTIONNAIRE 
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RESPONDENT: ONE 

PART I:  GENERAL INVENTORY QUESTIONS

1. Under what discipline does your company come under? 

Mining engineering – Nickel Mine 

2. Does your company consider disturbed/damaged zone an important aspect of your 

construction?

YES – normal condition for us

3. Does your company take into consideration the disturbed/damaged zone when 

designing a support system?

YES

4. What is the main purpose of your underground excavation or facility?

MINE

5. What is the level of priority you give for the disturbed/damaged zone? 

HIGH

6. For your excavations what are the most important effects or consequences  of 

disturbed/damaged zone? Please list in order of importance. 

Most excavations at this mine gets time dependent stress fracturing 

(disturbed/damaged zone) – ground support must keep in place – safety is most 

important issue 

In very high stress areas – disturbed zone can cause significant delays as it is 

actively failing, challenging standard support systems, and making safe bolting 

difficult 

Some areas zone is significant enough to alter mining method e.g. extract by fan 

drilling from outside, or creating overcuts under backfill rather than uppers 

drilling

PART II: PROBLEM INVENTORY
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A number of statements regarding the effects of the disturbed zone/damaged zone around 

underground openings are listed below: 

1) Stability

a) Overbreak – resulting in unfavourable cross-sections and additional material to haul. 

b) Less confinement due to decreased stiffness 

i) Lower stresses at the boundary leading to more stable conditions at great depth if 

the right support is installed 

ii) Lower stresses at the boundary leading to too low confinement and therefore an 

increased risk of ravelling and fallouts in shallow constructions 

c) Lower strength – the stress/strength ratio increases and stress induced failures may 

increase 

d) The increased frequency of fractures leads to: 

i) increases in the volume containing water which increases the risk of frost fracturing 

leading to fall-outs 

ii) increase in pore pressure which affects the overall strength of the damaged zone 

e) No effects on the stability 

2) Hydraulic conductivity 

a) Increase (or decrease) in inflow of water 

b) Increase (ore decrease) in outflow of water

c) No difference in inflow or outflow of water 

Questions 

1) Does the list above cover all the effects of the disturbed/damaged zone for different 

applications? NO

2) If the answer is No, list the effects missing and give some comments. 

dead weight for ground support to hold 

bulking/dilation can prematurely fail support

prefer support (e.g. grouted rebar) that can “knit” fractures together to help maintain 

beam or arch effect of failure zone

increased water permeability = corrosion for steel support, pore pressure for liners

depth of zone influences length of support required
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seismically induced falls of ground – risk increases with deeper, more intense damage 

zones

3) Which effects do you mean are the most important ones for your underground 

constructions?

It is usually a given that we have failure zones around our excavations – so need to 

have economic ground support solutions that can be safely installed 

4) In what way would a better understanding of the effects of the disturbed/damaged zone 

improve your situation as owner/future owner of an underground construction? 

Improved support design to keep both safety and cost concerns (cycle times, material 

cost…) under control 

a) How do you describe the extent of the disturbed/damage zone? 

Generally by depth of failure, where measurements exist amount of dilation 

b) How do you choose scaling method and rock support?

Standard support relatively conservative to cover most situations, ground control makes 

specific recommendations for exceptions 

c) How do you choose methods to handle the inflow/outflow of water (drains, grouting)? 

Generally drain holes 

PART III: FUTURE PROJECT IDEAS

Field tests to evaluate the ability of different measurement techniques to detect and determine 

the properties of the zone will be carried out either in a tunnel or a mining drift. The 

measurement techniques will be selected according to their suitability to test the environment 

and the robustness of the technique and the instruments. It is further anticipated that the 

investigation will be carried out under different blasting methods.  

For the field investigation several geophysical tools have been identified for investigating the 

disturbed/damaged zone. These include: 

a) Downhole measurements 

b) Cross-hole seismics 

c) Surface wave spectral analysis 

d) Seismic Tomography 
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e) Internal velocity measurements 

f) Geoelectric

g)  Radar 

h) Micro-acoustics 

i) Hydraulic conductivity test 

j) Borehole video 

k) Macroscopic and microscopic study on saw cuts 

l) P and S wave measurements on cores 

Of the above list we anticipate to use only a selected number of them. We have applied some 

of the above (cross-hole seismics, surface wave spectral analysis, borehole video) in one of 

earlier studies at Kiirunavaara mine. Surface wave spectral analysis was one of the most 

difficult. We propose to use seismic tomography, borehole video, macroscopic and 

microscopic study on saw cuts, P and S wave measurements on cores and hydraulic 

conductivity tests.

Questions

1. Do you have any experience in the disturbed/damaged zone investigations? 

Yes – mostly observational, some conventional ground measurements (e.g. 

extensometers), limited exposure to tomography and high frequency seismic 

monitoring

2. If yes, which of the techniques have you used? Can you comment on the robustness 

(ease of use) and how good were the results? 

Tomography study I was involved with didn’t have sufficient resolution 

Simple convergence measurements are robust although you miss the initial 

convergence created by the excavation process 

3. Can you recommend a technique from the list above for our investigation?

4. Which other techniques not listed above can you also recommend? 

3D scanning becoming more available, i.e. do a 3D scan of drift, and scan again 

later (e.g. after mining close by) 

5.  Do have any general comments about the measurements techniques? 



125

More than one technique is often recommended, especially if geophysical ones are 

being used (example have validation with conventional measurements such as 

extensometers) 

6. Do you have any suggestions regarding the field investigations? 

7. If you consider the disturbed/damaged zone important would your 

company/organization be interested in participating in the disturbed/damaged zone 

field investigation program together with other companies/organizations? 

Yes possibly – research projects usually championed by central group
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RESPONDENT: TWO 

PART I:  GENERAL INVENTORY QUESTIONS

1. Under what discipline does your company come under? 

Other: Research and education in all three above mentioned 

2. Does your company consider disturbed/damaged zone an important aspect of your 

construction?

Yes, in research and education

3. Does your company take into consideration the disturbed/damaged zone when 

designing a support system?

Yes

4. What is the main purpose of your underground excavation or facility?

Research and training (education) 

5. What is the level of priority you give for the disturbed/damaged zone?

Low

6. For your excavations what are the most important effects or consequences  of 

disturbed/damaged zone? Please list in order of importance. 

diminished stability 

increased water inflow 

visual disturbance 

PART II: PROBLEM INVENTORY

A number of statements regarding the effects of the disturbed zone/damaged zone around 

underground openings are listed below: 

1) Stability

a) Overbreak – resulting in unfavourable cross-sections and additional material to haul. 

b) Less confinement due to decreased stiffness 
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i) Lower stresses at the boundary leading to more stable conditions at great depth if 

the right support is installed 

ii) Lower stresses at the boundary leading to too low confinement and therefore an 

increased risk of ravelling and fallouts in shallow constructions 

c) Lower strength – the stress/strength ratio increases and stress induced failures may 

increase 

d) The increased frequency of fractures leads to: 

i) increases in the volume containing water which increases the risk of frost fracturing 

leading to fall-outs 

ii) increase in pore pressure which affects the overall strength of the damaged zone 

e) No effects on the stability 

2) Hydraulic conductivity 

a) Increase (or decrease) in inflow of water 

b) Increase (ore decrease) in outflow of water

c) No difference in inflow or outflow of water 

Questions 

1) Does the list above cover all the effects of the disturbed/damaged zone for different 

applications?

Yes

2) If the answer is No, list the effects missing and give some comments. 

3) Which effects do you mean are the most important ones for your underground 

constructions?

overbreak 

increased permeability 

4) In what way would a better understanding of the effects of the disturbed/damaged zone 

improve your situation as owner/future owner of an underground construction? 

a) How do you describe the extent of the disturbed/damage zone? 
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b) How do you choose scaling method and rock support?

c) How do you choose methods to handle the inflow/outflow of water (drains, grouting)? 

PART III: FUTURE PROJECT IDEAS

Field tests to evaluate the ability of different measurement techniques to detect and determine 

the properties of the zone will be carried out either in a tunnel or a mining drift. The 

measurement techniques will be selected according to their suitability to test the environment 

and the robustness of the technique and the instruments. It is further anticipated that the 

investigation will be carried out under different blasting methods.  

For the field investigation several geophysical tools have been identified for investigating the 

disturbed/damaged zone. These include: 

a) Downhole measurements 

b) Cross-hole seismics 

c) Surface wave spectral analysis 

d) Seismic Tomography 

e) Internal velocity measurements 

f) Geoelectric

g) Radar

h) Micro-acoustics 

i) Hydraulic conductivity test 

j) Borehole video 

k) Macroscopic and microscopic study on saw cuts 

l) P and S wave measurements on cores 

Of the above list we anticipate to use only a selected number of them. We have applied some 

of the above (cross-hole seismics, surface wave spectral analysis, borehole video) in one of 

earlier studies at Kiirunavaara mine. Surface wave spectral analysis was one of the most 

difficult. We propose to use seismic tomography, borehole video, macroscopic and 

microscopic study on saw cuts, P and S wave measurements on cores and hydraulic 

conductivity tests.
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Questions

1. Do you have any experience in the disturbed/damaged zone investigations? 

Yes

2. If yes, which of the techniques have you used? Can you comment on the robustness 

(ease of use) and how good were the results? 

Borehole video (easy and robust method, results not easy to interpret) 

Macroscopic and microscopic study on saw cuts (technically time and work intensive, 

very good results with penetration fluids) 

3. Can you recommend a technique from the list above for our investigation?

Studies on saw cuts 

4. Which other techniques not listed above can you also recommend? 

-

5.  Do have any general comments about the measurements techniques? 

No

6. Do you have any suggestions regarding the field investigations? 

No

7. If you consider the disturbed/damaged zone important would your 

company/organization be interested in participating in the disturbed/damaged zone 

field investigation program together with other companies/organizations? 

Yes, if financing is available
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RESPONDENT: THREE 

PART I:  GENERAL INVENTORY QUESTIONS

1. Under what discipline does your company come under? 

Civil engineering

2. Does your company consider disturbed/damaged zone an important aspect of your 

construction?

Yes

3. Does your company take into consideration the disturbed/damaged zone when 

designing a support system?

No (most of the time) 

4. What is the main purpose of your underground excavation or facility? 

Railway tunnels or stations

5. What is the level of priority you give for the disturbed/damaged zone? 

Medium 

6. For your excavations what are the most important effects or consequences  of 

disturbed/damaged zone? Please list in order of importance. 

Maintenance

Stability

Over-break 

Inleakage

PART II: PROBLEM INVENTORY

A number of statements regarding the effects of the disturbed zone/damaged zone around 

underground openings are listed below: 

1) Stability

a) Overbreak – resulting in unfavourable cross-sections and additional material to haul. 



131

b) Less confinement due to decreased stiffness 

i) Lower stresses at the boundary leading to more stable conditions at great depth if 

the right support is installed 

ii) Lower stresses at the boundary leading to too low confinement and therefore an 

increased risk of ravelling and fallouts in shallow constructions 

c) Lower strength – the stress/strength ratio increases and stress induced failures may 

increase 

d) The increased frequency of fractures leads to: 

i) increases in the volume containing water which increases the risk of frost fracturing 

leading to fall-outs 

ii) increase in pore pressure which affects the overall strength of the damaged zone 

e) No effects on the stability 

2) Hydraulic conductivity 

a) Increase (or decrease) in inflow of water 

b) Increase (ore decrease) in outflow of water

c) No difference in inflow or outflow of water 

Questions 

1) Does the list above cover all the effects of the disturbed/damaged zone for different 

applications?

Yes

2) If the answer is No, list the effects missing and give some comments. 

3) Which effects do you mean are the most important ones for your underground 

constructions?

1 d)i) and 1 b)ii)

4) In what way would a better understanding of the effects of the disturbed/damaged zone 

improve your situation as owner/future owner of an underground construction? 

It will more effect the demands of blasting during construction – more accurate demands

a) How do you describe the extent of the disturbed/damage zone? 
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We do not have a good description or definition of the disturbed/damaged zone. Most of 

the times we are using fixed numbers (m) related to different explosives. 

b) How do you choose scaling method and rock support?

The scaling method is for most of the time chosen according to Anläggnings AMA and 

rock support is often based on classification system only in special (complicated) 

sections numerical methods are used.

c) How do you choose methods to handle the inflow/outflow of water (drains, grouting)? 

Mainly by grouting but so far we never succeeded in a way that we could avoid the 

drains completely. 

(City tunnel in Malmö and Hallandsås is mainly constructed by TBM and lining is used 

to handle the inflow)

PART III: FUTURE PROJECT IDEAS

Field tests to evaluate the ability of different measurement techniques to detect and determine 

the properties of the zone will be carried out either in a tunnel or a mining drift. The 

measurement techniques will be selected according to their suitability to test the environment 

and the robustness of the technique and the instruments. It is further anticipated that the 

investigation will be carried out under different blasting methods.  

For the field investigation several geophysical tools have been identified for investigating the 

disturbed/damaged zone. These include: 

a) Downhole measurements 

b) Cross-hole seismics 

c) Surface wave spectral analysis 

d) Seismic Tomography 

e) Internal velocity measurements 

f) Geoelectric

g) Radar

h) Micro-acoustics 

i) Hydraulic conductivity test 

j) Borehole video 
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k) Macroscopic and microscopic study on saw cuts 

l) P and S wave measurements on cores 

Of the above list we anticipate to use only a selected number of them. We have applied some 

of the above (cross-hole seismics, surface wave spectral analysis, borehole video) in one of 

earlier studies at Kiirunavaara mine. Surface wave spectral analysis was one of the most 

difficult. We propose to use seismic tomography, borehole video, macroscopic and 

microscopic study on saw cuts, P and S wave measurements on cores and hydraulic 

conductivity tests.

Questions

1. Do you have any experience in the disturbed/damaged zone investigations? 

No

2. If yes, which of the techniques have you used? Can you comment on the robustness 

(ease of use) and how good were the results? 

3. Can you recommend a technique from the list above for our investigation?

4. Which other techniques not listed above can you also recommend? 

5.  Do have any general comments about the measurements techniques? 

6. Do you have any suggestions regarding the field investigations? 

Should check with Hallandsås and on going project regarding pre-investigations by 

geophysical methods (Lunds TH)

7. If you consider the disturbed/damaged zone important would your 

company/organization be interested in participating in the disturbed/damaged zone 

field investigation program together with other companies/organizations? 

Yes
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RESPONDENT: FOUR 

PART I:  GENERAL INVENTORY QUESTIONS

1. Under what discipline does your company come under? 
Mining engineering 

2. Does your company consider disturbed/damaged zone an important aspect of your 

construction?
Yes

3. Does your company take into consideration the disturbed/damaged zone when 

designing a support system?
Yes

4. What is the main purpose of your underground excavation or facility?

1) mining stopes, 2) development (ramps, crosscuts) 3) workshops and similar areas 

5. What is the level of priority you give for the disturbed/damaged zone?
Medium 

6. For your excavations what are the most important effects or consequences  of 

disturbed/damaged zone? Please list in order of importance. 

Underground:

Waste rock dilution, increased filling volume, fill dilution (depending on mining 

method). 

 Longer operation times for scaling, cleaning, rock support. 

Poor profile leads to increased cost for support (bolts and shotcrete) due to 

increased area and a jagged profile. 

Decreased rock strength leads to increased amount of required rock support. 

Open pit: 

Decreased width of catch benches, requires lower inter-ramp slope angles. 

PART II: PROBLEM INVENTORY
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A number of statements regarding the effects of the disturbed zone/damaged zone around 

underground openings are listed below: 

1) Stability

a) Overbreak – resulting in unfavourable cross-sections and additional material to haul. 

b) Less confinement due to decreased stiffness 

i) Lower stresses at the boundary leading to more stable conditions at great depth if 

the right support is installed 

ii) Lower stresses at the boundary leading to too low confinement and therefore an 

increased risk of ravelling and fallouts in shallow constructions 

c) Lower strength – the stress/strength ratio increases and stress induced failures may 

increase 

d) The increased frequency of fractures leads to: 

i) increases in the volume containing water which increases the risk of frost fracturing 

leading to fall-outs 

ii) increase in pore pressure which affects the overall strength of the damaged zone 

e) No effects on the stability 

2) Hydraulic conductivity 

a) Increase (or decrease) in inflow of water 

b) Increase (ore decrease) in outflow of water

c) No difference in inflow or outflow of water 

Questions 

1) Does the list above cover all the effects of the disturbed/damaged zone for different 

applications? No.

2) If the answer is No, list the effects missing and give some comments. 

See answer to question 7 above. 

3) Which effects do you mean are the most important ones for your underground 

constructions?

See answer to question 7 above. 
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4) In what way would a better understanding of the effects of the disturbed/damaged zone 

improve your situation as owner/future owner of an underground construction? 

I think that a large part of the potential lies in using the existing knowledge and implement 

it in all of the mines. A gain in knowledge might be possible to use in optimising the efforts 

in different mining situations. This requires however quite a lot of work to implement and 

to utilize it to the full extent. 

a) How do you describe the extent of the disturbed/damage zone? 

We normally don’t describe the damage zone when it has occurred, more than taking notice 

of the amount of damage that has been caused by blasting if the damage is worse than we 

had reason to believe it would be. This could be expressed as amount of halfbarrels or 

overbreak, but in general terms. When designing drilling and blasting we use standard 

damage zones for the explosive used or, in a few cases, measured result of PPV versus 

distance for that site. 

b) How do you choose scaling method and rock support?

Scaling method is not chosen…. We always use mechanised scaling, sometimes with the 

requirement to not use the hammer, when poor rock conditions are encountered. The 

amount of scaling (the decision of when it is scaled “enough”) is made by the operator.  

c) How do you choose methods to handle the inflow/outflow of water (drains, grouting)? 

We very seldom encounter any problems with water. In the one mine where it was an issue 

we based the decisions on the amount of water inflow from probing holes. 

PART III: FUTURE PROJECT IDEAS

Field tests to evaluate the ability of different measurement techniques to detect and determine 

the properties of the zone will be carried out either in a tunnel or a mining drift. The 

measurement techniques will be selected according to their suitability to test the environment 

and the robustness of the technique and the instruments. It is further anticipated that the 

investigation will be carried out under different blasting methods.  

For the field investigation several geophysical tools have been identified for investigating the 

disturbed/damaged zone. These include: 

a) Downhole measurements 
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b) Cross-hole seismics 

c) Surface wave spectral analysis 

d) Seismic Tomography 

e) Internal velocity measurements 

f) Geoelectric

g) Radar

h) Micro-acoustics 

i) Hydraulic conductivity test 

j) Borehole video 

k) Macroscopic and microscopic study on saw cuts 

l) P and S wave measurements on cores 

Of the above list we anticipate to use only a selected number of them. We have applied some 

of the above (cross-hole seismics, surface wave spectral analysis, borehole video) in one of 

earlier studies at Kiirunavaara mine. Surface wave spectral analysis was one of the most 

difficult. We propose to use seismic tomography, borehole video, macroscopic and 

microscopic study on saw cuts, P and S wave measurements on cores and hydraulic 

conductivity tests.

Questions

1. Do you have any experience in the disturbed/damaged zone investigations?

No, not underground. 

2. If yes, which of the techniques have you used? Can you comment on the robustness 

(ease of use) and how good were the results? 

3. Can you recommend a technique from the list above for our investigation? No.

4. Which other techniques not listed above can you also recommend? 

Deformation? A good tool when detecting the disturbed zone in open pits. 

5.  Do have any general comments about the measurements techniques? 

6. Do you have any suggestions regarding the field investigations? 
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7. If you consider the disturbed/damaged zone important would your 

company/organization be interested in participating in the disturbed/damaged zone 

field investigation program together with other companies/organizations? 

No
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RESPONDENT: FIVE AND SIX 

PART I:  GENERAL INVENTORY QUESTIONS

1. Under what discipline does your company come under? 

Mining engineering 

2. Does your company consider disturbed/damaged zone an important aspect of your 

construction?

In some case yes, but mostly no. We take into consideration the disturbed zone when 

planning for production drilling. 

3. Does your company take into consideration the disturbed/damaged zone when 

designing a support system?

No

4. What is the main purpose of your underground excavation or facility?

Drifts and cross cuts in mining and stationary openings for crushing, transportation etc. 

5. What is the level of priority you give for the disturbed/damaged zone? 

Medium 

6. For your excavations what are the most important effects or consequences  of 

disturbed/damaged zone? Please list in order of importance. 

Fastened drills in borehole (production drilling) 

Overbreak caused by unloading around a cross cut can decrease the stability of the roof 

of the cross cut and give unsafe working environments for the miners. Unfavorable 

cross sections of the cross cuts can increase the loss of ore in sublevel caving? 

In areas with strain bursts less confinement due to decreased stiffness gives lower 

stresses at the boundary which can give a lower risk of strain bursts. 

PART II: PROBLEM INVENTORY
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A number of statements regarding the effects of the disturbed zone/damaged zone around 

underground openings are listed below: 

1) Stability

a) Overbreak – resulting in unfavourable cross-sections and additional material to haul. 

b) Less confinement due to decreased stiffness 

i) Lower stresses at the boundary leading to more stable conditions at great depth if 

the right support is installed 

ii) Lower stresses at the boundary leading to too low confinement and therefore an 

increased risk of ravelling and fallouts in shallow constructions 

c) Lower strength – the stress/strength ratio increases and stress induced failures may 

increase 

d) The increased frequency of fractures leads to: 

i) increases in the volume containing water which increases the risk of frost fracturing 

leading to fall-outs 

ii) increase in pore pressure which affects the overall strength of the damaged zone 

e) No effects on the stability 

2) Hydraulic conductivity 

a) Increase (or decrease) in inflow of water 

b) Increase (ore decrease) in outflow of water

c) No difference in inflow or outflow of water 

Questions

1) Does the list above cover all the effects of the disturbed/damaged zone for different 

applications?

Yes

2) If the answer is No, list the effects missing and give some comments. 

3) Which effects do you mean are the most important ones for your underground 

constructions?

a) to c). 
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4) In what way would a better understanding of the effects of the disturbed/damaged zone 

improve your situation as owner/future owner of an underground construction? 

a) How do you describe the extent of the disturbed/damage zone? 

See paper Malmgren et.al. (2005) 

b) How do you choose scaling method and rock support?

Today we use mechanical scaling.  

The main support system in the mine is untensioned fully grouted dowels and shotcrete. 

In areas with poor rock conditions or areas where stress induced problems appear, a 

more dense bolt pattern is used together with shotcrete reinforced with steel fibre or 

welded mesh. 

c) How do you choose methods to handle the inflow/outflow of water (drains, grouting)? 

PART III: FUTURE PROJECT IDEAS

Field tests to evaluate the ability of different measurement techniques to detect and determine 

the properties of the zone will be carried out either in a tunnel or a mining drift. The 

measurement techniques will be selected according to their suitability to test the environment 

and the robustness of the technique and the instruments. It is further anticipated that the 

investigation will be carried out under different blasting methods.  

For the field investigation several geophysical tools have been identified for investigating the 

disturbed/damaged zone. These include: 

a) Downhole measurements 

b) Cross-hole seismics 

c) Surface wave spectral analysis 

d) Seismic Tomography 

e) Internal velocity measurements 

f) Geoelectric

g) Radar

h) Micro-acoustics 

i) Hydraulic conductivity test 

j) Borehole video 
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k) Macroscopic and microscopic study on saw cuts 

l) P and S wave measurements on cores 

Of the above list we anticipate to use only a selected number of them. We have applied some 

of the above (cross-hole seismics, surface wave spectral analysis, borehole video) in one of 

earlier studies at Kiirunavaara mine. Surface wave spectral analysis was one of the most 

difficult. We propose to use seismic tomography, borehole video, macroscopic and 

microscopic study on saw cuts, P and S wave measurements on cores and hydraulic 

conductivity tests.

Questions

1. Do you have any experience in the disturbed/damaged zone investigations? 

Yes

2. If yes, which of the techniques have you used? Can you comment on the robustness 

(ease of use) and how good were the results? 

See paper Malmgren et.al. (2005) 

+ Saw cuts, interesting but time consuming and expensive method. 

3. Can you recommend a technique from the list above for our investigation?

We have used and have good experience with these methods

a. Cross-hole seismics 

b. Borehole video 

c. (saw cuts) 

Interesting methods to test: 

a. Downhole measurements 

b. Seismic Tomography 

4. Which other techniques not listed above can you also recommend? 

-

5.  Do have any general comments about the measurements techniques? 

-

6. Do you have any suggestions regarding the field investigations? 
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Start in an environment where which you can control most of the parameters, for 

example laboratory tests. 

When starting with the underground tests, start the tests in an opening which you can 

operate undisturbed from traffic etc. – Remember electricity supply. After that make 

your tests in the desired area and remember that the conditions underground are 

harsh.

7. If you consider the disturbed/damaged zone important would your 

company/organization be interested in participating in the disturbed/damaged zone 

field investigation program together with other companies/organizations? 

Yes, depending on the direction of the project. 
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RESPONDENT: SEVEN 

PART I:  GENERAL INVENTORY QUESTIONS

1. Under what discipline does your company come under? 

Civil engineering

2. Does your company consider disturbed/damaged zone an important aspect of your 

construction?

Yes

3. Does your company take into consideration the disturbed/damaged zone when 

designing a support system?

We don’t design support system 

4. What is the main purpose of your underground excavation or facility?

Traintunnels

5. What is the level of priority you give for the disturbed/damaged zone? 

Don’t know 

6. For your excavations what are the most important effects or consequences  of 

disturbed/damaged zone? Please list in order of importance. 

Stability

Water leakage 

PART II: PROBLEM INVENTORY

A number of statements regarding the effects of the disturbed zone/damaged zone around 

underground openings are listed below: 

1) Stability

a) Overbreak – resulting in unfavourable cross-sections and additional material to haul. 

b) Less confinement due to decreased stiffness 



145

i) Lower stresses at the boundary leading to more stable conditions at great depth if 

the right support is installed 

ii) Lower stresses at the boundary leading to too low confinement and therefore an 

increased risk of ravelling and fallouts in shallow constructions 

c) Lower strength – the stress/strength ratio increases and stress induced failures may 

increase 

d) The increased frequency of fractures leads to: 

i) increases in the volume containing water which increases the risk of frost fracturing 

leading to fall-outs 

ii) increase in pore pressure which affects the overall strength of the damaged zone 

e) No effects on the stability 

2) Hydraulic conductivity 

a) Increase (or decrease) in inflow of water 

b) Increase (ore decrease) in outflow of water

c) No difference in inflow or outflow of water 

Questions 

1) Does the list above cover all the effects of the disturbed/damaged zone for different 

applications?

Don’t know 

2) If the answer is No, list the effects missing and give some comments. 

3) Which effects do you mean are the most important ones for your underground 

constructions?

4) In what way would a better understanding of the effects of the disturbed/damaged zone 

improve your situation as owner/future owner of an underground construction? 

a) How do you describe the extent of the disturbed/damage zone? 

b) How do you choose scaling method and rock support?
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c) How do you choose methods to handle the inflow/outflow of water (drains, grouting)? 

PART III: FUTURE PROJECT IDEAS

Field tests to evaluate the ability of different measurement techniques to detect and determine 

the properties of the zone will be carried out either in a tunnel or a mining drift. The 

measurement techniques will be selected according to their suitability to test the environment 

and the robustness of the technique and the instruments. It is further anticipated that the 

investigation will be carried out under different blasting methods.  

For the field investigation several geophysical tools have been identified for investigating the 

disturbed/damaged zone. These include: 

a) Downhole measurements 

b) Cross-hole seismics 

c) Surface wave spectral analysis 

d) Seismic Tomography 

e) Internal velocity measurements 

f) Geoelectric

g)  Radar 

h) Micro-acoustics 

i) Hydraulic conductivity test 

j) Borehole video 

k) Macroscopic and microscopic study on saw cuts 

l) P and S wave measurements on cores 

Of the above list we anticipate to use only a selected number of them. We have applied some 

of the above (cross-hole seismics, surface wave spectral analysis, borehole video) in one of 

earlier studies at Kiirunavaara mine. Surface wave spectral analysis was one of the most 

difficult. We propose to use seismic tomography, borehole video, macroscopic and 

microscopic study on saw cuts, P and S wave measurements on cores and hydraulic 

conductivity tests.

Questions
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1. Do you have any experience in the disturbed/damaged zone investigations? 

No

2. If yes, which of the techniques have you used? Can you comment on the robustness 

(ease of use) and how good were the results? 

3. Can you recommend a technique from the list above for our investigation?

4. Which other techniques not listed above can you also recommend? 

5. Do have any general comments about the measurements techniques? 

No

6. Do you have any suggestions regarding the field investigations? 

No

7. If you consider the disturbed/damaged zone important would your 

company/organization be interested in participating in the disturbed/damaged zone 

field investigation program together with other companies/organizations? 

Don’t know 
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RESPONDENT: EIGHT 

PART I:  GENERAL INVENTORY QUESTIONS

1. Under what discipline does your company come under? 

Radioactive waste repository engineering 

2. Does your company consider disturbed/damaged zone an important aspect of your 

construction?

Yes

3. Does your company take into consideration the disturbed/damaged zone when 

designing a support system?

No

4. What is the main purpose of your underground excavation or facility?

Nuclear waste repository 

5. What is the level of priority you give for the disturbed/damaged zone? 

High

6. For your excavations what are the most important effects or consequences  of 

disturbed/damaged zone? Please list in order of importance. 

Possible connecting zone with higher conductivity that can transport radio nuclides 

from a damaged canister. 
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PART II: PROBLEM INVENTORY

A number of statements regarding the effects of the disturbed zone/damaged zone around 

underground openings are listed below: 

1) Stability

a) Overbreak – resulting in unfavourable cross-sections and additional material to haul. 

b) Less confinement due to decreased stiffness 

i) Lower stresses at the boundary leading to more stable conditions at great depth if 

the right support is installed 

ii) Lower stresses at the boundary leading to too low confinement and therefore an 

increased risk of ravelling and fallouts in shallow constructions 

c) Lower strength – the stress/strength ratio increases and stress induced failures may 

increase 

d) The increased frequency of fractures leads to: 

i) increases in the volume containing water which increases the risk of frost fracturing 

leading to fall-outs 

ii) increase in pore pressure which affects the overall strength of the damaged zone 

e) No effects on the stability 

2) Hydraulic conductivity 

a) Increase (or decrease) in inflow of water 

b) Increase (ore decrease) in outflow of water

c) No difference in inflow or outflow of water 

Questions 

1) Does the list above cover all the effects of the disturbed/damaged zone for different 

applications?

No

2) If the answer is No, list the effects missing and give some comments. 

Acting as high conductive zone that can transport water along the tunnel system. Tunnels 

will be back-filled and the EDZ might be a skin between the intact rock and the low 

conductivity back-fill material.  
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3) Which effects do you mean are the most important ones for your underground 

constructions?

4) In what way would a better understanding of the effects of the disturbed/damaged zone 

improve your situation as owner/future owner of an underground construction? 

a) How do you describe the extent of the disturbed/damage zone? 

Increased hydraulic conductivity 

b) How do you choose scaling method and rock support?

c) How do you choose methods to handle the inflow/outflow of water (drains, grouting)? 

Pre-grouting. Method depending on results from hydraulic tests.  

PART III: FUTURE PROJECT IDEAS

Field tests to evaluate the ability of different measurement techniques to detect and determine 

the properties of the zone will be carried out either in a tunnel or a mining drift. The 

measurement techniques will be selected according to their suitability to test the environment 

and the robustness of the technique and the instruments. It is further anticipated that the 

investigation will be carried out under different blasting methods.  

For the field investigation several geophysical tools have been identified for investigating the 

disturbed/damaged zone. These include: 

a) Downhole measurements 

b) Cross-hole seismics 

c) Surface wave spectral analysis 

d) Seismic Tomography 

e) Internal velocity measurements 

f) Geoelectric

g)  Radar 

h) Micro-acoustics 

i) Hydraulic conductivity test 



151

j) Borehole video 

k) Macroscopic and microscopic study on saw cuts 

l) P and S wave measurements on cores 

Of the above list we anticipate to use only a selected number of them. We have applied some 

of the above (cross-hole seismics, surface wave spectral analysis, borehole video) in one of 

earlier studies at Kiirunavaara mine. Surface wave spectral analysis was one of the most 

difficult. We propose to use seismic tomography, borehole video, macroscopic and 

microscopic study on saw cuts, P and S wave measurements on cores and hydraulic 

conductivity tests.

Questions

1. Do you have any experience in the disturbed/damaged zone investigations? 

No, but seen some results. 

2. If yes, which of the techniques have you used? Can you comment on the robustness 

(ease of use) and how good were the results? 

3. Can you recommend a technique from the list above for our investigation?

4. Which other techniques not listed above can you also recommend? 

Dye impregnations of saw cuts 

5. Do have any general comments about the measurements techniques? 

The scale should determine the type of method. It makes a difference if you are 

interested in micro fracturing or larger fractures that reduces the stiffness radically. 

6. Do you have any suggestions regarding the field investigations? 

7. If you consider the disturbed/damaged zone important would your 

company/organization be interested in participating in the disturbed/damaged zone 

field investigation program together with other companies/organizations? 

Probably.
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RESPONDENT: NINE 

PART I:  GENERAL INVENTORY QUESTIONS

1. Under what discipline does your company come under? 

Civil engineering

Mining engineering 

Radioactive waste repository engineering 

2. Does your company consider disturbed/damaged zone an important aspect of your 

construction?

Yes

3. Does your company take into consideration the disturbed/damaged zone when 

designing a support system?

Yes

4. What is the main purpose of your underground excavation or facility? 

parking hall, traffic tunnel, civil or computer shelter, storages 

facilities for radioactive waste repository

5. What is the level of priority you give for the disturbed/damaged zone? 

High

6. For your excavations what are the most important effects or consequences  of 

disturbed/damaged zone? Please list in order of importance. 

hydraulic conductivity, stability, support design 

PART II: PROBLEM INVENTORY

A number of statements regarding the effects of the disturbed zone/damaged zone around 

underground openings are listed below: 

1) Stability

a) Overbreak – resulting in unfavourable cross-sections and additional material to haul. 
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b) Less confinement due to decreased stiffness 

i) Lower stresses at the boundary leading to more stable conditions at great depth if 

the right support is installed 

ii) Lower stresses at the boundary leading to too low confinement and therefore an 

increased risk of ravelling and fallouts in shallow constructions 

c) Lower strength – the stress/strength ratio increases and stress induced failures may 

increase 

d) The increased frequency of fractures leads to: 

i) increases in the volume containing water which increases the risk of frost fracturing 

leading to fall-outs 

ii) increase in pore pressure which affects the overall strength of the damaged zone 

e) No effects on the stability 

2) Hydraulic conductivity 

a) Increase (or decrease) in inflow of water 

b) Increase (ore decrease) in outflow of water

c) No difference in inflow or outflow of water 

Questions 

1) Does the list above cover all the effects of the disturbed/damaged zone for different 

applications?

At least the most common ones, at the moment can't list more

2) If the answer is No, list the effects missing and give some comments. 

borehole breakout and corediscing 

3) Which effects do you mean are the most important ones for your underground 

constructions?

All are important but depending on case (except 1e and 2c) 

4) In what way would a better understanding of the effects of the disturbed/damaged zone 

improve your situation as owner/future owner of an underground construction?

as a consultant: better criteria to estimate the possibility, stability, extend and change 

in hydraulic conductivity for designing 
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a) How do you describe the extent of the disturbed/damage zone? 

numerical simulations 

b) How do you choose scaling method and rock support?

based on numerical simulations 

c) How do you choose methods to handle the inflow/outflow of water (drains, grouting)? 

based on numerical simulations, pre-grouting and drains 

PART III: FUTURE PROJECT IDEAS

Field tests to evaluate the ability of different measurement techniques to detect and determine 

the properties of the zone will be carried out either in a tunnel or a mining drift. The 

measurement techniques will be selected according to their suitability to test the environment 

and the robustness of the technique and the instruments. It is further anticipated that the 

investigation will be carried out under different blasting methods.  

For the field investigation several geophysical tools have been identified for investigating the 

disturbed/damaged zone. These include: 

a) Downhole measurements 

b) Cross-hole seismics 

c) Surface wave spectral analysis 

d) Seismic Tomography 

e) Internal velocity measurements 

f) Geoelectric

g)  Radar 

h) Micro-acoustics 

i) Hydraulic conductivity test 

j) Borehole video 

k) Macroscopic and microscopic study on saw cuts 

l) P and S wave measurements on cores 

Of the above list we anticipate to use only a selected number of them. We have applied some 

of the above (cross-hole seismics, surface wave spectral analysis, borehole video) in one of 

earlier studies at Kiirunavaara mine. Surface wave spectral analysis was one of the most 
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difficult. We propose to use seismic tomography, borehole video, macroscopic and 

microscopic study on saw cuts, P and S wave measurements on cores and hydraulic 

conductivity tests.

Questions

1. Do you have any experience in the disturbed/damaged zone investigations? 

Yes

2. If yes, which of the techniques have you used? Can you comment on the robustness 

(ease of use) and how good were the results?

laser scanning, quite straight forward in bored drifts but can indicate only serious 

damage/ caved pieces of rock 

 I have seen good reports on acoustic emission measurements ( URL, Äspö ) 

 macroscopic and microscopic studies of saw cuts 

PMMA impregnation of saw cuts ( impregnation of radioactive isotope + film 

exposure ) 

3. Can you recommend a technique from the list above for our investigation?

any insitu measurement which can be done before and after excavation, for 

example cross hole seismics 

4. Which other techniques not listed above can you also recommend?

PMMA method is good, but can be applied only on small saw cuts (max tens of 

centimetre in size) 

5.  Do have any general comments about the measurements techniques?

study of large sawcuts after excavation combined with acoustic emission 

measurement during the excavation or some seismic measurement before and 

after excavation would yield interesting results how to interpret acoustic and 

seismic results 

we studied stress failures in Pyhäsalmi mine, results are reported in Posiva 

working report series. 
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6. Do you have any suggestions regarding the field investigations?

See number 3 above 

7. If you consider the disturbed/damaged zone important would your 

company/organization be interested in participating in the disturbed/damaged zone 

field investigation program together with other companies/organizations? 

Interested to see results and give comments but no money available to participate or 
fund investigations 
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RESPONDENT: TEN 

PART I:  GENERAL INVENTORY QUESTIONS

1. Under what discipline does your company come under? 

Consulting

2. Does your company consider disturbed/damaged zone an important aspect of your 

construction?

3. Does your company take into consideration the disturbed/damaged zone when 

designing a support system?

Sometimes, mostly not 

4. What is the main purpose of your underground excavation or facility? 

5. What is the level of priority you give for the disturbed/damaged zone? 

Medium to low 

6. For your excavations what are the most important effects or consequences  of 

disturbed/damaged zone? Please list in order of importance. 

PART II: PROBLEM INVENTORY

A number of statements regarding the effects of the disturbed zone/damaged zone around 

underground openings are listed below: 

1) Stability

a) Overbreak – resulting in unfavourable cross-sections and additional material to haul. 

b) Less confinement due to decreased stiffness 

i) Lower stresses at the boundary leading to more stable conditions at great depth if 

the right support is installed 

ii) Lower stresses at the boundary leading to too low confinement and therefore an 

increased risk of ravelling and fallouts in shallow constructions 
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c) Lower strength – the stress/strength ratio increases and stress induced failures may 

increase 

d) The increased frequency of fractures leads to: 

i) increases in the volume containing water which increases the risk of frost fracturing 

leading to fall-outs 

ii) increase in pore pressure which affects the overall strength of the damaged zone 

e) No effects on the stability 

2) Hydraulic conductivity 

a) Increase (or decrease) in inflow of water 

b) Increase (ore decrease) in outflow of water

c) No difference in inflow or outflow of water 

Questions 

1) Does the list above cover all the effects of the disturbed/damaged zone for different 

applications?

No

2) If the answer is No, list the effects missing and give some comments. 

Damaged zone may affect vibrations, e.g. when excavating nearby tunnels in urban areas. 

This can be important factor for shallow tunnel constructions. 

3) Which effects do you mean are the most important ones for your underground 

constructions?

4) In what way would a better understanding of the effects of the disturbed/damaged zone 

improve your situation as owner/future owner of an underground construction?

a) How do you describe the extent of the disturbed/damage zone? 

b) How do you choose scaling method and rock support?

c) How do you choose methods to handle the inflow/outflow of water (drains, grouting)? 
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PART III: FUTURE PROJECT IDEAS

Field tests to evaluate the ability of different measurement techniques to detect and determine 

the properties of the zone will be carried out either in a tunnel or a mining drift. The 

measurement techniques will be selected according to their suitability to test the environment 

and the robustness of the technique and the instruments. It is further anticipated that the 

investigation will be carried out under different blasting methods.  

For the field investigation several geophysical tools have been identified for investigating the 

disturbed/damaged zone. These include: 

a) Downhole measurements 

b) Cross-hole seismics 

c) Surface wave spectral analysis 

d) Seismic Tomography 

e) Internal velocity measurements 

f) Geoelectric

g)  Radar 

h) Micro-acoustics 

i) Hydraulic conductivity test 

j) Borehole video 

k) Macroscopic and microscopic study on saw cuts 

l) P and S wave measurements on cores 

Of the above list we anticipate to use only a selected number of them. We have applied some 

of the above (cross-hole seismics, surface wave spectral analysis, borehole video) in one of 

earlier studies at Kiirunavaara mine. Surface wave spectral analysis was one of the most 

difficult. We propose to use seismic tomography, borehole video, macroscopic and 

microscopic study on saw cuts, P and S wave measurements on cores and hydraulic 

conductivity tests.

Questions

1. Do you have any experience in the disturbed/damaged zone investigations? 
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No

2. If yes, which of the techniques have you used? Can you comment on the robustness 

(ease of use) and how good were the results?

No, not enough experience 

3. Can you recommend a technique from the list above for our investigation?

4. Which other techniques not listed above can you also recommend?

5.  Do have any general comments about the measurements techniques?

6. Do you have any suggestions regarding the field investigations?

7. If you consider the disturbed/damaged zone important would your 

company/organization be interested in participating in the disturbed/damaged zone 

field investigation program together with other companies/organizations? 
May be 
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RESPONDENT: ELEVEN 

1) Under what discipline does your company come under? 

Mining engineering 

2) Does your company consider disturbed/damaged zone an important aspect of your 

construction?

Yes

3) Does your company take into consideration the disturbed/damaged zone when 

designing a support system?

Yes

4) What is the main purpose of your underground excavation or facility?

Underground Copper/Zinc mine, producing 2.7Mt/a from depths of up to 3km. 

5) What is the level of priority you give for the disturbed/damaged zone? 

Medium to High 

6) For your excavations what are the most important effects or consequences of 

disturbed/damaged zone? Please list in order of importance. 

Item b i) from the list of stability issues below. Since we are currently driving 

development headings at nearly 3km below surface, maintaining a yielded low 

stress buffer around all openings is critical. 

Increased length of support tendons, particularly in stope backs and stope 

hangingwalls, to ensure that the supports are adequate. Where the damaged zone is 

excessive, the supports are designed accordingly. 

Material which can be ejected during seismic activity. 

Potential volume of material which could overbreak, or cave, if it fails prior to the 

support being put in place.

PART II: PROBLEM INVENTORY 
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A number of statements regarding the effects of the disturbed zone/damaged zone around 

underground openings are listed below: 

3) Stability

a) Overbreak – resulting in unfavourable cross-sections and additional material to haul. 

b) Less confinement due to decreased stiffness 

i) Lower stresses at the boundary leading to more stable conditions at great depth if 

the right support is installed 

ii) Lower stresses at the boundary leading to too low confinement and therefore an 

increased risk of ravelling and fallouts in shallow constructions 

c) Lower strength – the stress/strength ratio increases and stress induced failures may 

increase 

d) The increased frequency of fractures leads to: 

i) increases in the volume containing water which increases the risk of frost fracturing 

leading to fall-outs – frost fracturing is not an issue at high depth, but it is an issue 

in low stress environments near surface, in sub-arctic climates.

ii) increase in pore pressure which affects the overall strength of the damaged zone 

e) No effects on the stability 

4) Hydraulic conductivity 

a) Increase (or decrease) in inflow of water 

b) Increase (ore decrease) in outflow of water – loss or migration of hydraulic backfills, 

loss of water from cement slurry, resulting in need to case slurry boreholes, loss of 

water from paste fill, resulting in need to case paste fill holes. 

c) No difference in inflow or outflow of water 

Questions 
5) Does the list above cover all the effects of the disturbed/damaged zone for different 

applications?

No.

6) If the answer is No, list the effects missing and give some comments. 

Increases in difficulty drilling production blast holes in adjacent stope panels, or 

primary panels if the disturbance is associated with the primary development. Blast 

holes cave, or squeeze, depending on location relative to the damage zone, and can 
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transition from caving due to relaxation, thru caving due to overstressing in the same 

hole.

Poor fragmentation of the blasted ore, as the blast gases travelling in the damaged zone 

cause material to be displaced, but since the blast gasses cannot do the primary work of 

fracturing the rock, the content of oversized material in the muckpile can increase. 

Venting of blast gasses through the damaged zone, leading to damage to adjacent 

openings 20 or more meters away 

Venting of gas (sulphur dioxide) through the rock mass, resulting in poor containment 

of gas during either secondary sulphide dust explosions, or during sulphide fires. 

Poor isolation of refuge stations underground due to the more porous nature of the 

damaged zones to carbon monoxide, etc., (forces use of compressed air to maintain 

refuge stations under positive pressure) 

Increased wear of orepasses and other material transport raises due to preconditioning 

of the wall rock, and loss of rock mass strength. 

Forces the use of supported vertical development for ventilation raises, etc.  

Movement of boundary stresses to locations where they can trigger regional or fault slip 

seismic events due to enhanced stress shedding around the larger failed zone. 

7) Which effects are the most important ones for your underground constructions? 

all of the above, but in particular increased orepass failure/accelerated wear, and 

fragmentation issues.  

8) In what way would a better understanding of the effects of the disturbed/damaged zone 

improve your situation as owner/future owner of an underground construction? 

a) How do you describe the extent of the disturbed/damage zone? 

Currently it is best described by seismic response – the damaged zone tends to be seismic. It 
is also defined by the opening of fractures and evidence of relaxation in the upper mine, 
which can be up to several hundred meters from the mined out orebody, which is still within 
one radius of the opening (orezone at surface was 700m x 300m in plan). 

b) How do you choose scaling method and rock support?

Scaling methods are generally hand tools (scaling bars), and high pressure water jets 

from the shotcrete machine when shotcrete is specified as ground support at depth. 

Rock support is generally standardized on pattern bolting and screen, or pattern bolting 

and shotcrete, however the underground development miners are given freedom to 
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install additional bolts based on local conditions. Bolts are in fact resin grouted rebar of 

1.4, 2.2, and 2.7m length, or spin cables (resin grouted cable bolts), 3.7m long, with 

split set friction stabilizers to hold screen, which are in addition to the minimum pattern 

bolt density.

Mechanical scaling is generally done in rehabilitation situations, where large pieces are 

recognized in the damage zone. Mechanical scaling is rarely done in primary 

development, although it has been used on occasion where ground conditions warrant. 

In primary development in some rock types, mechanical scaling would be 

counterproductive, as it would loosen up too much ground, and result in the loss of 

stress shadowing from the damaged zone.  

c) How do you choose methods to handle the inflow/outflow of water (drains, grouting)? 

Very site specific. Generally groundwater, and mining related process water are all 

collected by the mine sump and drainage system, which is recycled to process. 90% of 

water encountered in development is handled by the drainage system, and is not 

routinely grouted. Where increased inflow to vertical development (ore passes, waste 

passes, crushed rock passes) is problematic (causing material to become saturated, and 

at risk of runs of material, liquefaction, etc.), then grouting would be considered, 

however usually increased drainage of the rock mass is preferred, since the damaged 

zone tends only to increase in size with continued ore recovery. Grouting is generally 

only done in extreme cases, and then with polymer grouts, which are hydrophilic, and 

which swell in the presence of water. It is almost impossible to grout with Portland 

based grouts, as they are too stiff, and fracture with continued expansion of the 

damaged zone/redistribution of stresses around the mine.  

PART III: FUTURE PROJECT IDEAS 

Field tests to evaluate the ability of different measurement techniques to detect and determine 

the properties of the zone will be carried out either in a tunnel or a mining drift. The 

measurement techniques will be selected according to their suitability to test the environment 

and the robustness of the technique and the instruments. It is further anticipated that the 

investigation will be carried out under different blasting methods. 
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For the field investigation several geophysical tools have been identified for investigating the 

disturbed/damaged zone. These include: 

a) Downhole measurements 

b) Cross-hole seismics 

c) Surface wave spectral analysis 

d) Seismic Tomography 

e) Internal velocity measurements 

f) Geoelectric

g) Radar

h) Micro-acoustics 

i) Hydraulic conductivity test 

j) Borehole video 

k) Macroscopic and microscopic study on saw cuts 

l) P and S wave measurements on cores 

Of the above list we anticipate to use only a selected number of them. We have applied some 

of the above (cross-hole seismics, surface wave spectral analysis, borehole video) in one of 

earlier studies at Kiirunavaara mine. Surface wave spectral analysis was one of the most 

difficult. We propose to use seismic tomography, borehole video, macroscopic and 

microscopic study on saw cuts, P and S wave measurements on cores and hydraulic 

conductivity tests.

Questions

1. Do you have any experience in the disturbed/damaged zone investigations? 

Yes

2. If yes, which of the techniques have you used? Can you comment on the robustness 

(ease of use) and how good were the results? 

Highlighted in blue above.
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Radar was used to identify the regolith/intact bedrock contact from underground 

development in a gold mine, and was confirmed using diamond drillholes. It was 

relatively easy to use, but the interpretation was difficult. 

Extensive work was done on monitoring the damage to the ground from production 

blasting, as it pertained to obtaining good fragmentation. The creation of fractures 

into the rock mass due to blasting was felt to contribute to the development of 

oversize, as it would then be a weakness that the blast gasses could work upon in 

subsequent blasts. A major research project was undertaken, using downhole borehole 

cameras, core logging, down hole blast vibration monitoring, additional borehole 

cameras, etc. to map the expansion of the damaged zone while mining.  

Hydraulic conductivity tests were done related to grouting projects around orepasses, 

to define the extent of the open fractures.

3. Can you recommend a technique from the list above for our investigation?

Any of the above can be used, depending on the objective. If it is to define the extent 

of the damage zone, diamond drilling in advance of development of the openings, and 

followup borehole video, together with advanced stress or deformation monitoring 

equipment (wire extensometers, etc.), are suitable techniques.  

4. Which other techniques not listed above can you also recommend? 

On “stope scale” assessments of the damage zone created, long wire extensometers 

(Multipoint borehole extensometers) and “smart cables” (strain and load measuring 

cable bolts both manufactured by Mine Design Technologies in Canada) are useful in 

measuring the deformation of the rock mass, and hence the zone of damage created 

during the mining process. These instruments have also been used with the borehole 

cameras noted before.  

5.  Do have any general comments about the measurements techniques? 

6. Do you have any suggestions regarding the field investigations? 

Must monitor conditions of the rock mass prior to the creation of the opening, out to 

at least 3 diameters from the opening final surface, in order to adequately define the 

condition of the rock before it is affected by the creation of the opening in question. 

Diamond drilling is the least intrusive method of obtaining physical samples, and 

allowing camera studies of the condition down the hole, before any major excavations 

create damage. Progressive reevaluation of the condition of the rock mass while the 
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opening is being created, together with blast monitoring to ensure quantification of 

the level of impact the development process has had on the rock mass are key.  

7. If you consider the disturbed/damaged zone important would your 

company/organization be interested in participating in the disturbed/damaged zone 

field investigation program together with other companies/organizations? 

A qualified Yes…..Pending development of a full proposal, understanding the  

obligations under which the mine would be operating, and approval from site and 

corporate management, provided there is obvious benefit of undertaking the research. 
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RESPONDENT: TWELVE 

PART I:  GENERAL INVENTORY QUESTIONS 

1) Under what discipline does your company come under? 

Civil engineering     

2) Does your company consider disturbed/damaged zone an important aspect of your 

construction?

Yes    

3) Does your company take into consideration the disturbed/damaged zone when 

designing a support system?

Yes

4) What is the main purpose of your underground excavation or facility?

To house Machine Hall and Transformer cavern of Hydroelectric Project 

5) What is the level of priority you give for the disturbed/damaged zone? 

Medium   

6) For your excavations what are the most important effects or consequences  of 

disturbed/damaged zone? Please list in order of importance. 

Efficacy of the supports 

Cracking of the liners 

Seepage

PART II: PROBLEM INVENTORY 

A number of statements regarding the effects of the disturbed zone/damaged zone around 

underground openings are listed below: 

5) Stability
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a) Overbreak – resulting in unfavourable cross-sections and additional material to haul. 

b) Less confinement due to decreased stiffness 

i) Lower stresses at the boundary leading to more stable conditions at great depth if 

the right support is installed 

ii) Lower stresses at the boundary leading to too low confinement and therefore an 

increased risk of ravelling and fallouts in shallow constructions 

c) Lower strength – the stress/strength ratio increases and stress induced failures may 

increase 

d) The increased frequency of fractures leads to: 

i) increases in the volume containing water which increases the risk of frost fracturing 

leading to fall-outs 

ii) increase in pore pressure which affects the overall strength of the damaged zone 

e) No effects on the stability 

6) Hydraulic conductivity 

a) Increase (or decrease) in inflow of water 

b) Increase (ore decrease) in outflow of water

c) No difference in inflow or outflow of water 

Questions 

9) Does the list above cover all the effects of the disturbed/damaged zone for different 

applications?

Yes

10) If the answer is No, list the effects missing and give some comments. 

11) Which effects do you mean are the most important ones for your underground 

constructions?

Lower strength 

Lower confinement 

Increase in hydraulic conductivity 

12) In what way would a better understanding of the effects of the disturbed/damaged zone 

improve your situation as owner/future owner of an underground construction? 
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Optimize the support 

Better understanding of the rock mass behaviour 

a) How do you describe the extent of the disturbed/damage zone? 

Lower modulus 

Lower strength 

b) How do you choose scaling method and rock support?

Rock supports are designed based on the functional requirement, stability and the forces 

induced in the support system 

c) How do you choose methods to handle the inflow/outflow of water (drains, grouting)? 

PART III: FUTURE PROJECT IDEAS 

Field tests to evaluate the ability of different measurement techniques to detect and determine 

the properties of the zone will be carried out either in a tunnel or a mining drift. The 

measurement techniques will be selected according to their suitability to test the environment 

and the robustness of the technique and the instruments. It is further anticipated that the 

investigation will be carried out under different blasting methods.  

For the field investigation several geophysical tools have been identified for investigating the 

disturbed/damaged zone. These include: 

a) Downhole measurements 

b) Cross-hole seismics 

c) Surface wave spectral analysis 

d) Seismic Tomography 

e) Internal velocity measurements 

f) Geoelectric

g)  Radar 

h) Micro-acoustics 

i) Hydraulic conductivity test 

j) Borehole video 

k) Macroscopic and microscopic study on saw cuts 

l) P and S wave measurements on cores 
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Of the above list we anticipate to use only a selected number of them. We have applied some 

of the above (cross-hole seismics, surface wave spectral analysis, borehole video) in one of 

earlier studies at Kiirunavaara mine. Surface wave spectral analysis was one of the most 

difficult. We propose to use seismic tomography, borehole video, macroscopic and 

microscopic study on saw cuts, P and S wave measurements on cores and hydraulic 

conductivity tests.

Questions

1. Do you have any experience in the disturbed/damaged zone investigations? 

Yes

2. If yes, which of the techniques have you used? Can you comment on the robustness 

(ease of use) and how good were the results? 

Seismic tomography 

3. Can you recommend a technique from the list above for our investigation?

Seismic tomography 

4. Which other techniques not listed above can you also recommend? 

5.  Do have any general comments about the measurements techniques? 

The measurement/quantification should be simple measurable readily or should be 

possible to estimate from the excavation/blasting methodology. 

6. Do you have any suggestions regarding the field investigations? 

You may able to estimate damage zone form peak particle velocity induced due to 

blasting and relate it to failure strain. 

7. If you consider the disturbed/damaged zone important would your 

company/organization be interested in participating in the disturbed/damaged zone 

field investigation program together with other companies/organizations? 

Yes
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