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TIME DEPENDENCY IN THE MECHANICAL PROPERTIES OF 
CRYSTALLINE ROCKS: A LITERATURE SURVEY 
 

ABSTRACT 
 

Because of the long design life, elevated temperatures, and the location at depth (high 

stresses), time-dependent aspects of the mechanical properties of crystalline rock are 

potentially important for the design and the long term safety of the radioactive waste 

repository at Olkiluoto. However, time-dependent effects in rock mechanics are still one 

of the least understood aspects of the physical behaviour of rock masses, this being 

partly due to the fact that it is difficult to conduct long-term experimental tests – either 

in the laboratory or in situ. Yet, the time-dependent mechanical behaviour needs to be 

characterised so that it can be included in the modelling studies supporting repository 

design. 

 

The Introduction explains the background to the literature survey and includes 

definitions of the terms „creep‟ (increasing strain at constant stress) and „stress 

relaxation‟ (decreasing stress at constant strain). Moreover, it is noted that the rock 

around an in situ excavation is loaded by the adjacent rock elements and so the time-

dependent behaviour will depend on the unloading stiffness of these and hence will not 

actually be either pure creep or pure stress relaxation.  

 

The Appendix contains the results of the literature survey of reported time-dependent 

research as it applies to crystalline rock. A summary of each of the 38 literature items is 

presented in tabular form covering document number, subject area, document reference, 

subject matter, objectives, methodology, highlighted figures, conclusions and 

comments. 

 

It is concluded that the time-dependent failure strength of all rocks observed may be 

interpreted by sub-critical crack growth assisted by the stress corrosion mechanism. 

Also, certain parameters are known to affect the long-term properties: mineralogy, grain 

size, water/water chemistry, confining stress and loading history. At some point in the 

loading history of rock, the state of crack development reaches a point whereby the 

continued generation of damage results in a magnified effect in terms of coalescence of 

propagating cracks and reduction in the cohesion of the rock. The combined effect of 

heat (produced by the high-level waste) and groundwater is assumed to accelerate the 

time-dependent behaviour of rock. The results of the long-term loading tests have 

shown that cd (crack damage strength) may be a reasonable estimate of the long-term 

rock strength, particularly at low confinement. 

 

Several attemps have been made to model the long-term behaviour of rock. For 

example, using the PFC (Particle Flow Code) model, the strength degradation model 

was consistent with the mechanism of stress-corrosion in crystalline rock. The 

activation stress was found by calibrating the model to static fatigue test data and 

corresponded to approximately 60% of the laboratory compressive strength.  

 

Keywords: spent nuclear fuel disposal, Olkiluoto, rock mechanics, long term 

mechanical properties, time dependency 



KITEISTEN KIVIEN MEKAANISET PITKÄAIKAISOMINAISUUDET: 
KIRJALLISUUSTUTKIMUS 
 

TIIVISTELMÄ 
 

Loppusijoitustilojen pitkästä käyttöiästä, kallion lämpötilan muutoksista ja loppu-

sijoitussyvyydestä (korkeat jännitystilat) johtuen kiteisen kallion pitkäaikaisominai-

suudet ovat oleellisia ymmärtää loppusijoitustilojen suunnittelussa ja turvallisuus-

tarkasteluissa. Pitkäaikaisominaisuudet ovat kuitenkin yhä eräs heikoimmin tunnettu 

asia kallion fysikaalista ja mekaanista käyttäytymistä arvioitaessa. Tämä johtuu osittain 

vaikeudesta suorittaa pitkäaikaiskokeita sekä laboratoriossa että in situ kentällä. 

Kuitenkin kallion mekaaniset pitkäaikaisominaisuudet tulee voida riittävästi tuntea 

kiven mekaanisen käyttäytymisen arvioimiseksi loppusijoituksen suunnittelun tarvitse-

missa mallinnuksissa. 

 

Raportin johdannossa esitetään kirjallisuustutkimuksen tausta ja määritellään keskeiset 

termit ”hiipuma” (muodonmuutoksen lisääntyminen vakiojännitystilassa) ja ”jännitys-

relaksaatio” (jännityksen pieneneminen vakiomuodonmuutostilassa). Käytännössä lou-

hittavan tilan ympärillä kuormitustilanne on monimuotoinen ja molemmat ko. prosessit 

vaikuttavat siinä. Raportin liiteosa sisältää kiteistä kalliota koskevan kirjallisuus-

tutkimuksen tulokset. Liitteessä on esitetty 38 kirjallisuusviitettä taulukko-muodossa, 

taulukossa on esitetty kustakin dokumentista numero, aihepiiri, otsikko, tavoitteet, 

menetelmät, keskeiset kuvat, yhteenveto ja kommentit. 

 

Kirjallisuustutkimus osoittaa, että kiven pitkäaikaislujuuteen vaikuttaa ns. alikriittinen 

raonkasvu, jota jännityskorroosio edesauttaa. Tiettyjen tekijöiden kuten kiven mine-

ralogian, raekoon, veden/veden laadun, sivupaineen ja kuormitushistorian tiedetään 

myös vaikuttavan pitkäaikaisominaisuuksiin. Tietyssä kuormitusvaiheessa mikroraon 

kehittyminen kivessä saavuttaa tilan, jolloin kiven vaurio moninkertaistuu johtuen 

rakojen kasvamisesta yhteen ja kiven koheesion pienenemisestä. Ydinjätteestä aiheu-

tuvan lämmön ja kallion pohjaveden yhteisvaikutus todennäköisesti kiihdyttää 

pitkäaikaismuutoksia. Laboratoriossa suoritetut kiven pitkäaikaiskokeet osoittavat, että 

jännitystaso, jolloin mikrorakojen epästabiili kasvu alkaa eli cd (crack damage 

strength) saattaa olla hyvä estimaatti kiven pitkäaikaishuippulujuudelle, erityisesti 

alhaisilla sivupaineilla. 

 

Kiven pitkäaikaiskäyttäytymisen mallintamiseksi on tehty useita yrityksiä. Esimerkiksi 

PFC-malleilla (partikkelimekaaninen ohjelma) saadut tulokset tukevat osin käsitystä 

jännityskorroosiomekanismin vaikutuksesta kiteisessä kivessä. Aktivoituminen saattaa 

alkaa, kun jännitystaso on noin 60 % kiven yksiaksiaalisesta puristusmurtolujuudesta.  

 

Avainsanat: ydinjätteen loppusijoitus, Olkiluoto, kalliomekaniikka, kiven mekaaniset 

pitkäaikaisominaisuudet, aikariippuvuus 



 1 

TABLE OF CONTENTS 

 
ABSTRACT 

 
TIIVISTELMÄ 

 

1 INTRODUCTION ................................................................................................. 3 

2 LITERATURE REVIEW ....................................................................................... 5 

3 SUMMARY AND CONCLUSIONS ....................................................................... 7 

REFERENCES ............................................................................................................. 9 

APPENDIX 1: TABULATION OF THE TIME-DEPENDENCY LITERATURE .............. 11 
 



 2 

 



 3 

1 INTRODUCTION 
 

Time-dependency in rock mechanics is an issue to which little attention has so far been 

made in the context of the rock mechanics studies supporting spent nuclear fuel disposal 

research in Finland. Previous reports that have been dedicated to the subject of time-

dependent rock mechanics properties were by Tuokko (1990) and Eloranta et al. (1992). 

The second of these reports is mainly an English translation and an update of the former 

report. 

 

According to these two previous studies, the most important time-dependent phenomena 

related to the mechanical properties of crystalline rock masses are creep and cyclic 

fatigue. They arise from sub-critical crack growth, which is most affected by stress 

intensity, chemical environment, temperature and microstructure (Tuokko 1990). 

According to the analyses by Eloranta et al. (1992) the long term effects should be 

rather insignificant in good quality rock and under normal loading conditions.  

 

However, in a spent nuclear fuel repository, the conditions (i.e. the depth, stress state 

and temperature) are very different from those observed in conventional underground 

tunnels at shallower levels, which is why the effect of these factors on the long-term 

mechanical properties of rock mass needs to be considered. Thus, also given the 

extremely long design life of a repository compared to the 120 years or so for more 

conventional underground excavations and the isolation objective, it is important to 

understand the time-dependent effects. The objective of this literature review therefore 

is to provide the necessary background to future studies.  

 

There can be confusion concerning the meaning of the terms creep, stress relaxation, 

and fatigue. In Figure 1, a rock specimen is illustrated being loaded in compression 

through an adjacent rock element represented by the spring. Creep is defined as 

increasing strain while the stress is held constant. Stress relaxation is defined as 

decreasing stress while the strain is held constant. In practice, and especially for the 

rock around an underground excavation, a rock element will be loaded via the stiffness 

of an adjacent element and so the time-dependent behaviour will be somewhere between 

the ideal conditions of creep and stress relaxation, as illustrated in Figure 1. Fatigue 

refers to an oscillation in the applied stress producing permanent strain. 

 

The specific purpose of this Working Report is to search and briefly review the 

literature that has been produced during the past ten years in the field of time-

dependency in rock mechanics. The searched documents will support the information 

base when studying the time-dependency of the mechanical properties of rocks as 

related to the design of the repository at Olkiluoto. The long-term mechanical properties 

of rock mass may be more significant than previously assumed – because of aspects 

such as the mechanical stability in general and any thermal spalling that may be 

experienced. The long-term behaviour of rock mass in a spent nuclear fuel repository 

has been considered in the Evolution Report (Posiva Report 2006-05) and in the Process 

Reports (Posiva Report 2004-05, latest version expected in 2007) that discusses the 

evolution and processes of a KBS-3V repository planned for the Olkiluoto site. 
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Figure 1. Definitions of creep, stress relaxation and time dependent unloading along 

the stiffness of the adjacent element. 
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2 LITERATURE REVIEW 
 

Literature on the time-dependency in rock mechanics was searched from several 

internet databases. The emphasis was on scientific articles, but other types of documents 

were also taken into account, when identified. The literature search was focused on 

material produced in the past 10 years (1996−2006). Furthermore, only the references 

that consider crystalline rocks were included. 

 

A total of 38 suitable documents (articles, reports and books) were identified and 

included in the literature review. The selected documents discuss the long-term 

properties of rock mass or other time-dependency issues, although some of them discuss 

these issues only briefly. However, many of them included results that are highly 

relevant from the point of view of time-dependency in rock mechanics. 

 

The selected documents are described in separate tables in Appendix 1. Where 

appropriate, highlighted figures from the documents are also presented. The following 

information is provided for each document:  

 

 Document number  

 Subject area  

 Document reference  

 Subject matter  

 Objectives  

 Methodology 

 Highlighted figures  

 Conclusions 

 Comments. 

 

The documents are classified according to the following subject areas: 

 

 Time-dependent rock mechanical properties 

 Time-dependent behaviour in rocks 

 Behaviour of rock mass near underground excavations 

 Rock mechanics and rock engineering 

 Rock mechanics modelling. 

 

Within these subject areas, the documents are listed chronologically (from earlier to 

later). 
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3 SUMMARY AND CONCLUSIONS 
 

Time effects in rock mechanics are still one of the most important and also perhaps one 

of the least understood aspects of the physical behaviour of rock masses /37/ [number 

refers to document number shown in Appendix 1]. This is partly due to the fact that it is 

difficult to conduct long-term experimental tests either in the laboratory or in situ. 

 

However, the time-dependent failure strength of all rocks observed may be interpreted 

by sub-critical crack growth assisted by the stress corrosion mechanism /4,11/. Also, the 

same parameters are known to affect the long term properties (and they also affect the 

short term properties): mineralogy /2/, grain size /2/, water/water chemistry 

/1,4,5,11,20,34/, confining stress /2,9/ and loading history /2,22,29/. At some point in 

the loading history of rock, the state of crack development reaches a point whereby the 

continued generation of damage results in a magnified effect in terms of coalescence of 

propagating cracks and reduction in the cohesion of the rock. The combined effect of 

heat (produced by the high-level waste) and groundwater is assumed to accelerate the 

creep of rock /17/. 

 

In the case of spent nuclear fuel disposal, the temperature can affect the long term 

properties and will affect the loading history. In a study [with higher temperatures than 

for the Posiva disposal concept] with granitic samples, there was a 45% reduction in the 

direct tensile strength of the rock resulting from one thermal cycle (25 °C  300 °C  

25 °C) /8/. 

 

The results of long-term loading tests have shown that cd (crack damage strength) is a 

reasonable estimate of the long-term rock strength, particularly at low confinement 

/9,22/. However, in a test series, six of the nine samples did not fail when subjected to 

stresses in excess of 80% of their peak strength (which corresponds typically to more 

than the crack damage strength) over periods of several months and were subsequently 

subjected to uniaxial compression to failure /7/. Also, the mean strength of the samples 

that had previously been subjected to long-term loading was comparable to the mean 

published strength of this rock /7/. As damage increases, the Young‟s modulus was 

shown to decrease and Poisson‟s ratio to increase /9/. 

 

Monitoring around the excavated openings that had experienced progressive 

failure/damage has exhibited a time-dependent component. In the Tunnel Sealing 

Experiment at URL, repeated ultrasonic velocity surveys through the damaged zone 

showed a decrease in both P- and S-wave velocities with time over a period of one year 

after excavation /30,32/. It was estimated that the increase of the deformations during 

the life of a LRC (Lined Rock Cavern) storage is in the order of 10-20%. A typical 

behaviour is that a change in load causes an almost immediate elastic response followed 

by a time-dependent small additional deformation /28/. No significant changes have, 

however, occurred during long term monitoring under the normal rock regime (no 

damage observed) except small deformations caused by the temperature changes /33/.  

 

Several attemps have been made to understand, analyse or model the long term 

behaviour of rock. The models are based on e.g. analytical/numerical modelling 
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/2,17,21,34,35,37/, empirical data /1,3,10,21,22,25,26,28,29,30,31,32/, damage model 

/13,19/ (such as PFC) /15,18,23,30,32,38/ and viscoelastic/plastic approach 

/16,19,24,27,36/. Special attention should be given to the PFC model where the strength 

degradation model was consistent with the mechanism of stress-corrosion in crystalline 

rock /30/. The activation stress was found by calibrating the model to static fatigue test 

data and corresponded to approximately 60% of the laboratory compressive strength 

/30/.  
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APPENDIX 1: TABULATION OF THE TIME-DEPENDENCY LITERATURE 
 

Document number 1 

Subject area Time-dependent rock mechanical properties 

Document reference Sun, J. & Hu, Y.Y. 1997. Time-dependent effects on the 

tensile strength of saturated granite at Three Gorges Project in 

China. Int. J. of Rock Mech. and Min. Sci. & Geomech. Abstr. 

34(3-4), 381. 

Subject matter Load-displacement-time creep relation and the time 

dependency of tensile strength and rupture, time-dependent 

theory of tensile strength, failure criteria of stress and time for 

rock materials under tension. 

Objectives To find out the load-displacement-time creep relation and the 

time dependency of tensile strength and rupture for the 

saturated Three Gorges granite under split tension; to establish 

the empirical relation between tensile strength and time 

interval of loading (or rate of loading); to demonstrate the 

unfavorable influence of water on the decrement in tensile 

strength with time for rocks. 

Methodology Laboratory tests; application of a linear damage accumulation 

model. 

Highlighted figures None. 

Conclusions The failure modes of the Three Gorges granite under split 

tension are of the shear fracture-type, the influence of the 

discontinuities including small fissures and dykes, etc. on the 

fracture of specimens is insignificant. Therefore, the dispersion 

in tensile strength indices of the granite under split tension is 

much lower than that under direct tension. 

The Three Gorges granite tends to be time-dependent to some 

extent under split tension. This is illustrated in two respects: (i) 

The rupture load in tension for the granite is dependent on the 

time of rupture; (ii) The tensile strength of the granite is 

dependent on the rate of loading. 

Water decreases not only the short-term strength of granite 

under split tension, i.e. playing the role of softening, but also 

its long-term effect of tensile strength, while the longer the 

time duration is, the more obvious the effect will be. 

Two criteria should be incorporated in the time-dependent 

theory of rock strength which accounts for the time effects on 

the failure and strength of rocks: the failure criterion of stress 

and the failure criterion of time for rock materials. The former 

answers whether rock fails at a given stress level, and the latter 

answers when failure takes place. 
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Comments Only an abstract was published in the Journal (the work has 

been presented at the ISRM International Symposium 1997). 
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Document number 2 

Subject area (Time-dependent) rock mechanical properties 

Document reference Eberhardt, E.B. 1998. Brittle rock fracture and progressive 

damage in uniaxial compression. University of Saskatchewan, 

Department of Geological Sciences, PhD thesis. 

Subject matter Stress-induced brittle fracturing in tunnels, effects of load path 

and time-dependency on the accumulation of microfracturing 

damage. 

Objectives To investigate the mechanisms responsible for stress-induced 

brittle fracturing and the progressive degradation of rock 

strength near the tunnel face. 

Methodology Laboratory strain gauge and acoustic emission techniques; 

monotonic loading tests, cyclic loading tests; numerical 

modelling. 

Highlighted figures Figure 5.8 Applied axial stress vs stable crack length relations 

for a multiple crack array with and without an applied 

confining pressure. 

Figure 7.18 Axial stress -vs- time showing the load history for 

a damage-controlled test in which the maximum loads were 

kept below the crack damage threshold as performed on a 

sample of 130 m level URL pink granite. 

Conclusions The mineralogy of the sample has the greatest influence on the 

initiation of cracking. Increasing grain size and sampling 

disturbance provides longer paths of weakness for growing 

cracks to propagate along, resulting in lower strengths due to 

the coalescence and unstable propagation of cracks at lower 

stresses. 

The numerical modelling study demonstrated that confining 

stresses significantly influence the initiation and development 

of microfractures. 

The interaction and coalescence of the propagating cracks 

plays a significant role in the degradation of material strength. 

At some point in the load history of the sample, the state of 

crack development reaches a point whereby the continued 

generation of damage results in a magnified effect in terms of 

reducing the cohesion of the sample. 

Comments Samples used in the study were pink Lac du Bonnet granite 

from the URL in Pinawa, Canada. 
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Figure 5.8. Applied axial stress vs stable crack length relations for a multiple crack 

array with and without an applied confining pressure. 

 

Figure 7.18. Axial stress -vs- time showing the load history for a damage-controlled 

test in which the maximum loads were kept below the crack damage threshold as 

performed on a sample of 130 m level URL pink granite. 
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Document number 3 

Subject area Time-dependent rock mechanical properties 

Document reference Aubertin, M., Li, L. & Simon, R. 2000. A multiaxial stress 

criterion for short- and long-term strength of isotropic rock 

media. Int. J. of Rock Mech. and Min. Sci. 37(8), 1169-1193. 

Subject matter Short- and long-term strength of isotropic rock, failure criteria 

Objectives To present a new failure criterion, the MSDPu (Mises-

Schleicher & Drucker-Prager unified) criterion, which is a 

general multiaxial criterion for describing the short-term 

failure (STF) strength as well as the damage initiation 

threshold (DIT) of rocks and rock masses. 

Methodology The MSDPu criterion was developed as an extension of a 

previously developed failure criterion. The components of the 

proposed criterion were illustrated with a number of 

experimental results taken from the literature and its 

application was shown using simplified analysis for failure 

around small-scale holes in intact rocks, and also large-scale 

observations around a tunnel. 

Highlighted figures Fig. 21. Modeling of a large-scale tunnel at the AECL 

underground facilities: (a) progressive development of the 

notch geometry at the URL test tunnel; (b) modeling results for 

short-term failure and for delayed failure. 

Conclusions The proposed criterion can be applied to describe the short-

term strength and the damage initiation threshold (DIT) of 

rocks. 

The general formulation of the criterion correlates well with 

experimental results and observations, in the laboratory and in 

the field. 

Comments The paper uses data from the URL in Pinawa, Canada. 
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Figure 21. Modeling of a large-scale tunnel at the AECL underground facilities: (a) 

progressive development of the notch geometry at the URL test tunnel (adapted from 

Hoek et al. [87]); (b) modeling results for short-term failure and for delayed failure 

(see Table 2 for material parameters). 
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Document number 4 

Subject area Time-dependent rock mechanical properties 

Document reference Masuda, K. 2001. Effects of water on rock strength in a brittle 

regime. Journal of Structural Geology 23(11), 1653-1657. 

Subject matter Physico-chemical effects of water on rock strength 

Objectives To study the physico-chemical effects of water on rock 

strength by systematic experiments. 

Methodology Measurement of failure strengths, constant-stress creep tests. 

Highlighted figures Fig. 3. Creep stress of granitic rocks and time to failure. 

Conclusions The failure strength of granite and andesite samples decreases 

linearly as the logarithm of the strain rate decreases. The strain 

rate dependence of the failure strength is increased at higher 

confining pressures. The strain rate effect is more apparent on 

the failure strengths of wet samples than dry samples in lower 

confining pressure ranges. In the constant-stress creep tests, the 

creep failure strength decreased as the logarithm of the time to 

failure increased. Time-dependent failure strength of all rocks 

observed in the regime of the study may be interpreted by 

subcritical crack growth assisted by the stress corrosion 

mechanism. 

Comments  

 

 

Figure 3. Creep stress of granitic rocks and time to failure. (Pc = confining pressure, 

creep stress = the stress applied in the creep tests (constant stress tests) with a loading 

rate of 1.7 MPa/s.) 
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Document number 5 

Subject area Time-dependent rock mechanical properties 

Document reference Feng, X-T., Chen, S. & Li, S. 2001. Effects of water chemistry 

on microcracking and compressive strength of granite. Int. J. of 

Rock Mech. and Min. Sci. 38(4), 557-568. 

Subject matter Long-term stability of rock engineering structures, effects of 

water chemistry 

Objectives To investigate the ionic concentration and pH of water in the 

region of permanent shiplock of the Three Gorges Project 

during different seasons; to develop a new test system was to 

investigate the strength and microfracturing behavior of granite 

affected by the water environment when subjected to uniaxial 

compression. 

Methodology Experiments were made to investigate the effect of Yangtze 

river water and to compare it with that of distilled water and 

dry conditions. The complete crack generation process was 

observed and analysed by a new observation system. 

Highlighted figures Fig. 10. Load-displacement curves for granite in air and NaCl 

solutions of pH values of 2, 7, 9, and 12 with ionic 

concentration of 0.01 M. 

Fig. 13. Maximal load versus pH for granite in air, NaCl, 

CaCl2, and NaHCO3 solutions with ionic concentration of 

0.01M and saturated with distilled water and Yangtze river 

water. 

Fig. 14. Load-displacement curves corresponding to ionic 

concentration for granite in air and NaCl solutions of pH 9. 

Conclusions The results demonstrate the chemical influence of the water 

environment on the mechanical behavior of granite. The 

presence of water reduces the ultimate compressive strength of 

granite. The amount of reduction in strength depends on the 

acidic/alkaline degree of the solution. 

The mechanism(s) responsible for chemical weakening in 

granite, as relating to the permanent shiplock of the Three 

Gorges Project, is more complicated than has previously been 

assumed. The study highlights the fact that a chemical-

weakening model should be developed to estimate stability in 

the long term for the permanent shiplock excavated in granite. 

Comments The results are interesting with respect to the long-term safety 

of spent nuclear fuel disposal. The pH of groundwater seems to 

have a greater effect on rock strength than the salinity (for a 

100-fold increase in the NaCl concentration, the peak load 

decreases only marginally, from 1.6 kN to 1.5 kN, see Fig. 14). 
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Figure 10. Load-displacement curves for 

granite in air and NaCl solutions of pH 

values of 2, 7, 9, and 12 with ionic 

concentration of 0.01 M. 

Figure 13. Maximal load versus pH for 

granite in air, NaCl, CaCl2, and NaHCO3 

solutions with ionic concentration of 0.01M 

and saturated with distilled water and 

Yangtze river water. 

 

 
Figure 14. Load-displacement curves corresponding to ionic concentration for granite in 

air and NaCl solutions of pH 9. 
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Document number 6 

Subject area Time-dependent rock mechanical properties 

Document reference Katzl, O. & Reches, Z. 2003. Critical threshold for 

spontaneous failure: Macro- and micro-behavior of granite 

loaded to failure. Poster presented at the Fall Meeting 2003, 

Americal Geophysical Union. 

Subject matter Macro- and micro-behavior of granite loaded to failure 

Objectives To characterize the critical parameters of brittle rock failure. 

Methodology Tests where 27 cylinders of the medium grain-size Mount 

Scott granite (western Oklahoma) were loaded triaxially under 

dry, room temperature conditions. 

Highlighted figures None. 

Conclusions The microstructural thin-section maps provided quantitative 

damage intensity and fractal dimensions of the microfractures 

length distribution; these maps, however, provided no critical 

failure indicator. Of the examined parameters, the “crack 

volumetric strain” could be used to determine a critical failure 

state in an active fault-zone. In the experiments it displays 

critical behavior and in the field it could be detected by 

velocity decrease of guided waves. 

Comments  
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Document number 7 

Subject area Time-dependent rock mechanical properties 

Document reference Szczepanik, Z., Milne, D., Kostakis, K. & Eberhardt, E. 2003. 

Long term laboratory strength tests in hard rock. ISRM 2003 –

Technology roadmap for rock mechanics. South African 

Institute of Mining and Metallurgy, 1179-1184. 

Subject matter Brittle microfracture damage 

Objectives To study the brittle fracture processes and mechanisms by 

several short and long-term laboratory creep tests performed 

on Lac du Bonnet granite samples. 

Methodology Long term laboratory strength tests (creep tests) performed on 

a total of nine samples; monitoring of the development and 

accumulation of brittle microfracture damage in the samples by 

acoustic emission. 

Highlighted figures Figure 2. Axial stress versus strain values for 18-day creep 

load test (sample 130-2-1). 

Figure 4. Volumetric strain and acoustic emission versus time 

(sample 130-2-15). 

Conclusions Six of the samples did not fail when subjected to stresses in 

excess of 80% of their UCS over periods of several months 

and were subsequently subjected to uniaxial compression to 

failure. The average strength of the samples that had 

previously been subjected to long-term loading was 

comparable to the average published strength of this rock. 

Three of the nine samples had increased end confinement and 

these three samples failed under long term loading. 

Comments  

 

  

Figure 2. Axial stress versus strain 

values for 18-day creep load test (sample 

130-2-1). 

Figure 4. Volumetric strain and acoustic 

emission versus time (sample 130-2-15). Note 

that peak values during initial sample loading 

and failure have not been shown. 
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Document number 8 

Subject area Time-dependent rock mechanical properties 

Document reference Alehossein, H. & Boland, J.N. 2004. Strength, toughness, 

damage and fatigue of rock. SIF2004 Structural Integrity and 

Fracture. 

Subject matter Testing of rock mechanical properties, the effect of the local 

thermal and stress histories on the rock mechanical properties 

Objectives To study different testing methods and the variations in the 

fracture toughness, unconfined compressive strength and 

tensile strength of a suite of granite samples. 

Methodology Testing of granite samples using different procedures. 

Highlighted figures Figure 4. Stress-strain behaviour of unheated and heated 

samples in tensile tests. 

Conclusions There was a 45% reduction in the direct tensile strength of the 

rock resulting from one thermal cycle (25 °C  300 °C  

25 °C). The stiffness was reduced by 52% and Poisson‟s ratio 

by 79%. In contrast, the effect of the thermal cycling on the 

fracture toughness was significantly less – only 15%. The most 

likely explanation of such differences in the deformation of the 

granite samples is the marked differences in the microcrack 

lengths and densities (and their distributions) between the 

heated and unheated samples. 

For unheated samples, Young‟s modulus and Poisson‟s ratio in 

tensile loading are both slightly less than those obtained during 

compressive loading. 

It has not been possible to assess any intrinsic differences 

between two testing methods of fracture toughness (three point 

bending method and short rod method). 

Comments The temperature of 300 °C used in the tests is significantly 

higher than what is expected in the near-field rock of a spent 

nuclear fuel repository (< 100 °C). 

 



 23 

 

Figure 4. Stress-strain behaviour of unheated and heated samples in tensile tests. 

(The tests were carried out using a tension test machine, in which loading is 

controlled by a stress-feedback method. The thermal cycle in (b) was 25 °C  

300 °C  25 °C.) 
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Document number 9 

Subject area Time-dependent rock mechanical properties 

Document reference Lau, J.S.O. & Chandler, N.A. 2004. Innovative laboratory 

testing. Int. J. of Rock Mech. and Min. Sci. 41(8), 1427-1445. 

Subject matter Development of laboratory testing of rock mechanical 

properties 

Objectives To provide a brief overview of the damage evolution in rock 

and thermoporoelasticity parameters, to describe the damage-

controlled, long-term loading and thermoporoelasticity tests, to 

present representative data and to discuss relevant findings and 

experimental techniques. 

Methodology Damage-controlled tests (with incremental loading–unloading 

cycles), long-term loading tests, thermoporoelasticity tests. 

Highlighted figures Fig. 11. Axial, circumferential and volume strain versus time 

for a long-term load test. 

Fig. 12. Plot of  versus time-to-failure for different confining 

stresses. 

Fig. 15. Plots of axial stress, cd; ci; Static and dynamic 

Young‟s modulus (E and Eu) and Poisson‟s ratio (  and u) and 

P- and S-wave velocity as a function of time. 

Conclusions The results of the long-term loading tests showed that cd is a 

reasonable estimate of the long-term rock strength, particularly 

at low confinement. The time-to-failure was dependent upon 

the creep stress-to-crack damage stress ratio  and confining 

pressure. The time-to-failure was found to increase with 

decreasing  and increasing confining pressure. Damage as a 

function of the duration of the applied stress was quantified by 

determining the degradation of elastic properties through 

periodic unloading–reloading cycles in some tests. As damage 

increased, the Young‟s modulus was shown to decrease and 

Poisson‟s ratio increase. The test data were found to be useful 

for the calibration of a time-dependent PFC model for the Lac 

du Bonnet granite. 

Comments  
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Figure 11. Axial, circumferential and 

volume strain versus time for a long-term 

load test. 

Figure 12. Plot of  versus time-to-failure 

for different confining stresses. 

 

Figure 15. Plots of axial stress, cd; ci; Static and dynamic Young’s modulus (E and Eu) 

and Poisson’s ratio (  and u) and P- and S-wave velocity as a function of time. (In this 

test, the specimen was removed from the compression machine after each fully unloading 

sequence for the measurement of the P-wave (compressional) velocity Vp and S-wave 

(shear) velocity Vs.) 
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Document number 10 

Subject area Time-dependent rock mechanical properties 

Document reference Shin, K., Okubo, S., Fukui, K. & Hashiba, K. 2005. Variation 

in strength and creep life of six Japanese rocks. Int. J. of Rock 

Mech. and Min. Sci. 42(2), 251-260. 

Subject matter Variations in strength and creep life, time-dependent failure 

under constant and monotonic loading 

Objectives To clarify the questions regarding the relation between 

variations in strength and creep life, as well as the relation 

between variations in strength values in dry and wet 

conditions, in uniaxial and triaxial conditions, and compressive 

and tensile conditions; to identify the connection between 

strength and creep life. 

Methodology Examination and discussion based on previous experiments 

(uniaxial strength and creep tests in dry and wet conditions, 

triaxial strength tests, and tensile creep and strength tests), 

statistical analysis of strength parameters. 

Highlighted figures Fig. 4. Relations between the parameters: (a) δ determined by 

creep and strength, (b) δ in dry and wet conditions, (c) Shape 

parameter of β determined by creep and strength, (d) Shape 

parameter of β in dry and wet conditions, (e) Shape parameter 

of β in compression and tension. 

Conclusions δ (parameter of time dependency), β (coefficient of strength) 

and variations in β determined by creep tests are in most cases 

identical to those determined using strength tests. Variation in 

β in the wet condition is almost the same as that in the dry 

condition; however, variation in tension increases more than in 

compression. Under confining pressure, variation in β does not 

appear to change for igneous rock and welded tuff. 

An equation for the time (rate) dependency of strength is 

given. The parameter of time dependency δ and coefficient of 

strength β (or coefficient of creep life ), which are both 

material parameters, can be determined by either a creep test or 

strength test. The parameters determined by the two kinds of 

tests coincided in most cases. 

Comments Only a few rocks were tested, including Neogene sedimentary 

and igneous rocks.  
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Figure 4. Relations between the parameters: (a) δ determined by creep and strength, 

(b) δ in dry and wet conditions, (c) Shape parameter of β determined by creep and 

strength, (d) Shape parameter of β in dry and wet conditions, (e) Shape parameter of 

β in compression and tension. 
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Document number 11 

Subject area Time-dependent rock mechanical properties 

Document reference Jeong, H-K., Kang, S-S. & Obara, Y. 2006. Influence of 

surrounding environments and strain rates on the strength of 

rocks subjected to uniaxial compression. Int. J. of Rock Mech. 

and Min. Sci. (unpublished). 

Subject matter Long-term strength, stress corrosion, subcritical crack growth 

Objectives To investigate the influence of the water vapor environment on 

rock strength; to establish whether water is the most effective 

agent in promoting stress corrosion of rock. 

Methodology Uniaxial compression tests under various non-atmospheric 

environments and constant strain rates. 

Highlighted figures Fig. 15. Uniaxial compressive strength against water vapor 

pressure for each strain rate on the double logarithmic 

coordinates. 

Fig. 18. Estimation of long-term strength of Kumamoto 

andesite, based on a theory and stress corrosion index. 

Conclusions The strength of rock increased in the order of water vapor, 

methanol, ethanol and acetone vapor, and the stress corrosion 

index changed with changing environment even for the same 

rock type. The stress corrosion index was evaluated to be 31 in 

consideration of the water vapor pressure and strain rate. The 

stress corrosion index in this research showed good agreement 

with other researchers‟ results and it can be concluded that the 

stress corrosion index is one of the constants representing the 

mechanical properties of the rock. 

It was shown that the time to failure is delayed by decreasing 

water vapor pressure in the surrounding environment, and then 

the long-term strength of rock under water vapor pressure can 

be estimated, based on subcritical crack growth due to stress 

corrosion. 

Comments The tested rock type was Kumamoto andesite. 
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Figure 15. Uniaxial compressive strength against water vapor pressure for each 

strain rate on the double logarithmic co-ordinates. 
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 Figure 18. Estimation of long-term strength of Kumamoto andesite, based on a 

theory and stress corrosion index. 
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Document number 12 

Subject area Time-dependent behaviour in rocks 

Document reference Cristescu, N.D. & Hunsche, U. 1998. Time effects in rock 

mechanics. Wiley Series in Materials, Modelling and 

Computation, John Wiley & Sons, Chichester, New York, 

Weinheim, Brisbane, Singapore, Toronto, viii + 342 p. 

Subject matter Time-dependent effects in rock mechanics 

Objectives To discuss the time-dependent behaviour of rocks and related 

materials, more specifically issues such as elasticity, creep, 

dilatancy, creep failure and short term failure, experimental 

techniques and test results, micromechanical deformation 

mechanisms, viscoplasticity and computation using appropriate 

constitutive equations. 

Methodology The authors combine their knowledge and personal experience 

in this field to encourage the practical use of material laws 

based on a sound physical and mathematical basis. 

Highlighted figures None. 

Conclusions Conclusios are presented only with respect to two subjects 

(rheological constitutive equations for rocks and creep, damage 

and failure around rectangular-like galleries or caverns). 

Comments Creep, closure and damage of horizontal tunnels are discussed; 

however, rock salt is generally assumed to be the host rock, so 

the results may not be applicable to crystalline rocks. 
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Document number 13 

Subject area Time-dependent behaviour in rocks 

Document reference Shao, J.F., Hoxha, D., Bart, M., Homand, F., Duveau, G., 

Souley, M. & Hoteit, N. 1999. Modelling of induced 

anisotropic damage in granites. Int. J. of Rock Mech. and Min. 

Sci. 36(8), 1001-1012. 

Subject matter Induced anisotropic damage in granites, time independent and 

time dependent (or sub-critical) growth of microcracks 

Objectives To formulate a continuous anisotropic damage model; to 

evaluate the performance of the proposed model. 

Methodology Numerical modelling (continuous anisotropic damage model), 

comparisons between model simulation and experimental data. 

Highlighted figures Fig. 13. Simulation of a uniaxial creep test in Lac du Bonnet 

granite in wet conditions. 

Conclusions The proposed model can be used to describe the mechanical 

(instantaneous) and sub-critical growth of microcracks. The 

specific behaviour of three granites has been investigated by 

using the proposed model. Comparisons between the model‟s 

predictions and test data have been made for various loading 

conditions. A good correlation has been obtained overall. The 

main features of the induced damage, such as dilatancy, 

degradation of elastic properties and induced anisotropy are 

properly described. The proposed model was applied to failure 

analysis of the Mine-by test tunnel of the URL in Manitoba by 

using the UDEC-2D code. It showed that the proposed model 

is able to reproduce the failure mechanism observed in situ. 

Comments  

 

Figure 13. Simulation of a uniaxial creep test in Lac du Bonnet granite in wet 

conditions (continuous lines are numerical values). 
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Document number 14 

Subject area Time-dependent behaviour in rocks 

Document reference Fujii, Y., Kiyama, T., Ishijima, Y. & Kodama, J. 1999. 

Circumferential strain behavior during creep tests of brittle 

rocks. Int. J. of Rock Mech. and Min. Sci. 36(3), 323-337. 

Subject matter Circumferential strain behaviour of brittle rocks 

Objectives To investigate the circumferential strain behaviour by creep 

tests. 

Methodology Short-term creep tests under confining pressure, including 

reloading. 

Highlighted figures Fig. 3. Axial strain vs. elapsed time for Inada granite under 

confining pressure. 

Conclusions QC (the point where the magnitude of circumferential strain 

rate reaches a minimum) and RC (the point where the 

magnitude of circumferential strain acceleration begins to 

increase) in creep tests were closely related to the peak load 

points in constant strain rate tests. 

Circumferential strain can be used as a condition-insensitive 

damage indicator of rock in creep tests as well as in constant 

strain rate tests. 

The effects of confining pressure on elapsed time to reach QC 

or RC became much weaker by taking circumferential strain 

value at P (the point where the constant load was achieved) as 

the ordinate than creep stress for Inada granite. 

Comments  
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Figure 3. Axial strain vs. elapsed time for Inada granite under confining pressure; PC, 

C and AC are confining pressure, creep stress in MPa and axial strain value at P (see 

Fig. 1) in 10
-6

; ○ denotes QA. 
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Document number 15 

Subject area Time-dependent behaviour in rocks 

Document reference Potyondy, D. & Cundall, P. 2000. Bonded-particle simulations 

of the in-situ failure test at Olkiluoto. Posiva Oy, Helsinki, 

Working Report 2000-29.  

Subject matter PFC (damage) analyses to serve the planning of the in situ 

failure test to be conducted in the research tunnel. The 

execution of the test was afterwards postponed. Instead, Posiva 

has participated in the Äspö pillar stability experiment. 

Objectives Use of PFC to predict crack damage formation adjacent to a 

circular test hole in gneissic tonalite subjected to compressive 

loading produced by the pressurization of two horizontal slots 

located above and below the test hole. 

Methodology PFC2D calibrated to match elastic modulus, crack initiation 

stress, unconfined compressive stress, including anisotropy of 

modulus and strength. 

Highlighted figures Fig. 48. Geometry and boundary conditions of the test-hole 

models. 

Fig. 52. Particles in far-field region of fine resolution test-hole 

model. 

Fig. 65. Force distribution near right notch and all cracks. 

Conclusions Crack formation predicted by PFC2D for 60 MPa slot 

pressures.  PFC seems to be a good tool for this. 

Comments Good work but it is not known if PFC does correctly model the 

real rock behaviour. 

 

 

 

Figure 48. Geometry and boundary 

conditions of the test-hole models. 

Figure 52. Particles in far-field region of 

fine resolution test-hole model. 
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Figure 65. Force distribution near right notch and all cracks. 
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Document number 16 

Subject area Time-dependent behaviour in rocks 

Document reference Maranini, E. & Yamaguchi, T. 2001. A non-associated 

viscoplastic model for the behaviour of granite in triaxial 

compression. Mechanics of Materials 33(5), 283-293. 

Subject matter Effects of time on rock strength and deformation, elastic-

viscoplastic behaviour of granite, transient creep behaviour 

Objectives To study the elastic-viscoplastic behaviour of a Japanese 

granite rock. 

Methodology Experimental work (standard tests and creep tests performed 

on Inada granite during triaxial compression) and analytical 

modelling based on an elastic-viscoplastic equation. 

Highlighted figures Fig. 5. Strain vs. time curves during triaxial creep tests 

performed following the step-wise loading procedure. 

Comparison between model prediction (continuous lines) and 

experimental data (dotted lines). 

Fig. 6. Creep strain vs. time curves during selected creep steps 

performed for different triaxial creep tests. Comparison 

between model prediction (continuous lines) and experimental 

data (dotted lines). 

Conclusions According to a comparison of the model prediction with the 

experimental data, the results are qualitatively very good 

throughout all the stress conditions and enable the model to be 

applied to various engineering problems. 

Comments  
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Figure 5. Strain vs. time curves during triaxial creep tests performed following the step-

wise loading procedure. Comparison between model prediction (continuous lines) and 

experimental data (dotted lines). 
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Figure 6. Creep strain vs. time curves during selected creep steps performed for 

different triaxial creep tests. Comparison between model prediction (continuous lines) 

and experimental data (dotted lines). 
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Document number 17 

Subject area Time-dependent behaviour in rocks 

Document reference Miura, K., Okui, Y. & Horii, H. 2003. Micromechanics-based 

prediction of creep failure of hard rock for long-term safety of 

high-level radioactive waste disposal system.  Mechanics of 

Materials 35(3-6), 587-601. 

Subject matter Creep failure 

Objectives To present a simple mechanism-based model for predicting the 

creep failure of rocks under compression; to examine the 

validity of the model. 

Methodology The development of a micromechanical model of flaws inside 

hard rocks under compression and a simple analytical model 

for predicting short-term strength and time to failure under 

long-term constant load; the examination of the model‟s 

validity through a parametric study and a comparison with 

reported experimental data. 

Highlighted figures Fig. 5. An example solution of the proposed model. 

Comparison of time history of crack length l  for different 

crack location:  = 90  and 150 . 

Fig. 11. Creep failure time vs. uniaxial stress under different 

conditions; (a) dry 25 C, (b) wet 25 C, and (c) wet 90 C. 

Conclusions Creep failure time under different stress states can be 

calculated by the present model. Furthermore, the effects of 

water and elevated temperature on creep acceleration are also 

considered in the model. 

Although the model presented here captures several essential 

features of creep failure of hard rocks, the predicted results 

largely depend on parameters used in the calculation. In 

particular, parameters for subcritical crack growth (n and V0) 

are crucial for prediction of failure times. In order to improve 

the reliability of the model results, experiments are necessary 

to investigate subcritical crack growth under high confining 

pressure, and to clarify the cause of uncertainty in subcritical 

crack tests. 

Comments The work is related to the high-level radioactive waste disposal 

project in Japan. The combined effect of heat (produced by the 

high-level waste) and groundwater is assumed to accelerate the 

creep of rock. 
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Figure 5. An example solution of the proposed model. Comparison of time history of 

crack length l  for different crack location:  = 90  and 150  (V0 = 0:5  10
-3

 m/s at 

K0 = KIc. See Table 1 for other parameters). 

 

 
Figure 11. Creep failure time vs. uniaxial stress under different conditions; (a) dry 25 

C, (b) wet 25 C, and (c) wet 90 C. 
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Document number 18 

Subject area (Time-dependent) behaviour in rocks 

Document reference Potyondy, D.O. & Cundall, P.A. 2004. A bonded-particle 

model for rock. Int. J. of Rock Mech. and Min. Sci. 41(8), 

1329-1364. 

Subject matter Mechanical behavior of rock; numerical modelling 

Objectives To propose a numerical model for rock in which the rock is 

represented by a dense packing of non-uniform-sized circular 

or spherical particles that are bonded together at their contact 

points. 

Methodology Numerical modelling; the mechanical behavior of the bonded 

particles is simulated by the distinct element method using the 

two- and three-dimensional discontinuum programs PFC2D 

and PFC3D. 

Highlighted figures Fig. 14. Effect of strength-reduction factor on damage patterns 

in the potential damage region of the Mine-by model for 

PFC2D granite model with Davg = 8 mm. (a) Strength-

reduction factor of 0.75 (177 cracks, tensile/shear = 129/48); 

(b) Strength-reduction factor of 0.60 (3428 cracks, tensile/shear 

= 2865/563); (c) Strength-reduction factor of 0.50 (8076 

cracks, tensile/shear = 6704/1372). 

Conclusions The BPM (Bonded Particle Model) approximates the 

mechanical behavior of rock by representing it as a cemented 

granular material. The model has been used to predict damage 

formation adjacent to excavations in Lac du Bonnet granite. 

There is a complex interplay occurring between the macroscale 

compression and the induced microscale tensions, which drives 

the damage processes. This interplay contributes to the long-

term strength degradation processes, such as stress corrosion, 

that are activated by the increased stresses adjacent to an 

excavation but which appear to be inactive (at least on 

engineering time scales) under in situ conditions. 

Despite some limitations, BPMs have a number of advantages 

when compared with conventional continuum approaches. 

Damage and its evolution are represented explicitly in the BPM 

as broken bonds; no empirical relations are needed to define 

damage or to quantify its effect on material behavior. 

Localized microcracks form and coalesce into macroscopic 

fractures without the need for re-meshing or grid 

reformulation. Complex non-linear behavior arises as emergent 

features, given simple behavior at the particle level; thus, there 

is no need to develop constitutive laws to represent these 

effects. BPMs provide a rational means of incorporating 

additional physical processes that occur at the grain scale, such 
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as fluid flow, stress corrosion and thermal loading 

Comments  

 

 

Figure 14. Effect of strength-reduction factor on damage patterns in the potential 

damage region of the Mine-by model for PFC2D granite model with Davg = 8 mm. (a) 

Strength-reduction factor of 0.75 (177 cracks, tensile/shear = 129/48); (b) Strength-

reduction factor of 0.60 (3428 cracks, tensile/shear = 2865/563); (c) Strength-reduction 

factor of 0.50 (8076 cracks, tensile/shear = 6704/1372). 



 43 

 

Document number 19 

Subject area Time-dependent behaviour in rocks 

Document reference Chen, W.Z., Zhu, W.S. & Shao, J.F. 2004. Damage coupled 

time-dependent model of a jointed rock mass and application to 

large underground cavern excavation. Int. J. of Rock Mech. 

and Min. Sci. 41(4), 669-677. 

Subject matter Modelling of the time-dependent damage in rock 

Objectives To study the interaction of closed fractures, creep propagation 

and coalescence of fractures; to suggest an equivalent 

propagation model of fractures and to establish a time-

dependent damage-coupled constitutive model for the rock 

mass.  

Methodology Rock mechanics modelling (coupled creep damage-elasto-

plastic constitutive model). 

Highlighted figures Fig. 9. Comparison of displacements from measured and 

numerical data (excavation stage 5). 

Conclusions The interaction of fractures, equivalent propagation model of 

fractures and damage coupled viscoelastic plasticity 

constitutive model of a rock mass was proposed. The new 

model was applied to analyse the stability of large underground 

caverns in the Shanxi YRDP project. 

Because the horizontal stress is higher than the vertical stress, 

the calculated plastic zone and damage evolution zone in the 

sidewall is larger than that beneath and above the main 

powerhouse cavern. By the comparison of numerical data with 

field measurements, it shows that the displacements with time 

are almost the same, although the measurements are a little 

smaller in value than the numerical data. 

Comments  

 

 

 

Figure 9. Comparison of displacements from 

measured and numerical data (excavation stage 

5). 
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Document number 20 

Subject area Time-dependent behaviour in rocks 

Document reference Nara, Y. & Kaneko, K. 2005. Study of subcritical crack growth 

in andesite using the Double Torsion test. Int. J. of Rock Mech. 

and Min. Sci. 42(4), 521-530. 

Subject matter Time-dependent behaviour in rocks, subcritical crack growth 

Objectives To investigate the subcritical crack growth in andesite and to 

examine the influence of the environment, i.e., temperature and 

humidity. 

Methodology Load relaxation (RLX) method of the double torsion (DT) test; 

in the first experiment, different guide groove shapes 

(rectangular, semi-circular and triangular section grooves) were 

tested to examine their effect on the level of reproducibility of 

the test results; in the second experiment, the influence of 

temperature and humidity on subcritical crack growth was 

investigated. 

Highlighted figures Fig. 9. Relations between the stress intensity factor and the 

crack velocity for Kumamoto andesite under different water 

vapor pressures. 

Conclusions The level of reproducibility was highest for the rectangular 

guide groove specimens. Thus, this is an appropriate guide 

groove shape for DT specimens. 

The results showed that crack growth was facilitated at higher 

water vapor pressures. Additionally, the activation energy for 

andesite was estimated, and crack velocities for various 

combinations of temperature, humidity, and stress conditions 

were calculated theoretically. The crack velocity in andesite 

can be predicted theoretically for various environmental and 

stress conditions using the method described in this study. 

Comments  
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Figure 9. Relations between the stress intensity factor and the crack velocity for 

Kumamoto andesite under different water vapor pressures. 
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Document number 21 

Subject area Time-dependent behaviour in rocks 

Document reference Hudson, J.A. & Jing, L. (eds.) 2006. DECOVALEX-THMC, 

Task B “Understanding and characterising the excavation 

disturbed zone (EDZ)”: Phase 2 Report. June 2006. 

Subject matter Evolution of the EDZ (time-dependency of fracturing, 

subcritical crack growth, creep) 

Objectives The objective of Task B of DECOVALEX-THMC is to 

improve understanding of the evolution of the Excavation 

Disturbed Zone (EDZ) and to be able to numerically model the 

EDZ THMC mechanisms in a fractured crystalline rock mass 

within the context of radioactive waste disposal; to develop 

experimental testing methods for the determination of the 

subcritical fracture growth parameters. 

Methodology Numerical modelling, utilisation of physical data available 

from the Äspö Hard Rock Laboratory for comparison with the 

numerical models, a fracture statistics method for determining 

subcritical crack growth parameters, Strain Rate Stepping Test. 

Highlighted figures Figure 2.11. Crack velocity v vs. stress intensity factor K plot 

for Mode I and Mode II subcritical crack growth. 

Figure 6.17. Accuracy of time-to-failure approximation. 

Figure 6.18. Modelled tensile stress release caused by sub-

critical crack growth in a sample with a pre-existing horizontal 

crack under constant strain. 

Conclusions The time dependent behaviour of Äspö diorite is retrieved from 

the Strain Rate Stepping Test, which offers a promising 

alternative to the other creeping testing of heterogeneous hard 

rock samples. The time-to-failure calculations are only 

understood as indicative ones at this stage of research. The 

present assumption of constant confining pressure and 

temperature in the interpretation limits the practical 

applicability of the results. For long time-periods also other 

factors, like chemical effects, are likely to limit the time span 

that can be predicted. 

The methods proposed have the potential to determine the 

subcritical fracture growth parameters. In this study the 

constant load experiments on the PTS set-up have shown that 

time-dependent fracturing behaviour occurs under Mode II 

loading in laboratory conditions at ambient pressure 

conditions. 

A conceptual model for time-dependent crack growth and 

creep deformation was set up and the concept was successfully 

implemented in a numerical code. Numerical approximations 
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demonstrate good accuracy compared with an analytical 

solution. 

Comments The project is focused on fractured crystalline rock mass and 

considers aspects related to spent nuclear fuel disposal. 

 

 
 

Figure 2.11. Crack velocity v vs. stress 

intensity factor K plot for Mode I and 

Mode II subcritical crack growth 

(Äspö diorite). 

Figure 6.17. Accuracy of time-to-failure 

approximation. 

 

 

 

Figure 6.18. Modelled tensile stress release caused by sub-critical crack growth in a 

sample with a pre-existing horizontal crack under constant strain. 
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Document number 22 

Subject area Behaviour of rock mass near underground excavations 

Document reference Read, R.S., Chandler, N.A. & Dzik, E.J. 1998. In situ strength 

criteria for tunnel design in highly-stressed rock masses. Int. J. 

of Rock Mech. and Min. Sci. 35(3), 261-278. 

Subject matter The selection and use of rock mass strength parameters in 

tunnel design 

Objectives To describe an approach for determining the strength 

parameters and to demonstrate how strength criteria can be 

used to design stable underground openings in adverse stress 

conditions.  

Methodology Analysis of the experience gained during excavations at the 

URL in Pinawa, Canada. 

Highlighted figures Fig. 6. Hoek-Brown strength envelopes for Lac du Bonnet 

granite based on laboratory tests. 

Conclusions Two-dimensional design criteria are appropriate for tunnel 

design as long as the potential for damage related to stress path 

effects ahead of the face is taken into account. If, outside the 

projected design perimeter, the crack initiation threshold is 

exceeded in regions of low confining stress ahead of the tunnel 

face, or one or more of the principal stresses is tensile, the 

strength reduction at the tunnel periphery should be expected. 

If the zone of potential damage can be confined to the rock 

mass immediately ahead of the tunnel face and inside the 

projected perimeter, then the rock mass strength at the tunnel 

periphery is expected to be comparable to the long-term 

strength ( cd) obtained from laboratory samples. 

It is important to accurately characterise the in situ stress 

conditions and to account for these conditions in tunnel design. 

For a tunnel excavated in a thermally-loaded rock mass, the 

thermal-mechanical loading history must be considered when 

assessing the possibility for strength reduction at the tunnel 

periphery. 

Comments  
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Figure 6. Hoek-Brown strength envelopes for Lac du Bonnet granite based on 

laboratory tests. The f and cd envelopes are, respectively, the short-term peak 

strength and the long-term strength. Note that the Hoek-Brown parameters for the long-

term strength envelope can also be expressed as c = 213, m = 17.6 and s = 0.496. The 

in situ crack initiation stress ( ci) threshold and the additional criterion based on 

confinement are also shown. 
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Document number 23 

Subject area Behaviour of rock mass near underground excavations 

Document reference Potyondy, D.O. & Cundall, P.A. 1998. Modeling notch-

formation mechanisms in the URL Mine-by Test Tunnel using 

bonded assemblies of circular particles. Int. J. of Rock Mech. 

and Min. Sci. 35(4-5), 510-511. 

Subject matter Progressive development of damage around tunnels; time-

dependent strength degradation of rock 

Objectives To simulate the progressive development of damage around the 

Test Tunnel of the Mine-by Experiment at the Underground 

Research Laboratory (URL). 

Methodology Numerical modelling (particle-based, distinct-element 

method). 

Highlighted figures None. 

Conclusions The simulations show that the PFC tunnel model captures the 

general nature of damage seen in the mine-by tunnel. 

The time over which the majority of cracks form in the model 

is of the same order of magnitude as that observed in the field 

(tens of hours). 

With no change to material properties, the cracked regions self-

stabilize after some period of time. This behavior is also 

observed in the field. 

Comments Only the abstract was available (the full paper was not in the 

Journal itself but on an enclosed CD-ROM). 

See also Potyondy & Cundall (2004). 
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Document number 24 

Subject area Behaviour of rock mass near underground excavations 

Document reference Malan, D.F. 1999. Time-dependent behaviour of deep level 

tabular excavations in hard rock. Rock Mechanics and Rock 

Engineering 32 (2), 123-155. 

Subject matter Time-dependent behaviour of rock mass and fracture zones 

Objectives To investigate the time-dependent behaviour of the tabular 

excavations in the deep South African gold mines. 

Methodology Collection of time-dependent closure data using clockwork 

closure meters, simulation by an elasto-viscoplastic approach. 

Highlighted figures Fig. 5. Typical time-dependent stope closure of the 

Ventersdorp Contact Reef at Western Deep Levels Mine. This 

was for a closure station at a distance of 8.7 m from the face. 

Fig. 18. Experimental and simulated stope closure after 

blasting. 

Conclusions The elasto-viscoplastic proved successful in simulating the 

experimental closure profiles. 

The time-dependent closure data can possibly be used to 

deduce important information about the behaviour of the rock 

mass and the stress conditions in the fracture zone ahead of the 

face. This may possibly be used to identify hazardous 

conditions such as areas prone to face bursting. 

Comments  

 

 
Figure 5. Typical time-dependent stope closure of the Ventersdorp Contact Reef at 

Western Deep Levels Mine. This was for a closure station at a distance of 8.7 m from 

the face. 
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Figure 18. Experimental and simulated stope closure after blasting. 
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Document number 25 

Subject area Behaviour of rock mass near underground excavations 

Document reference Ortlepp, W.D. 2001. The behaviour of tunnels at great depth 

under large static and dynamic pressures. Tunnelling and 

Underground Space Technology 16(1), 41-48. 

Subject matter The behaviour of tunnels at great depth (e.g., slow time-

dependent deformation processes), tunnel support 

Objectives To illustrate the range of conditions that can result from the 

presence of tunnels in, and the activity of driving tunnels 

through, competent hard rock under conditions of very high 

rock pressure. 

Methodology A descriptive account of the behaviour of mine tunnels under 

great pressure. 

Highlighted figures Fig. 4. Severe damage caused by slow time-dependent 

deformation processes in a haulage in quartzite of 120 MPa 

UCS at a depth of 2600 m. 

Conclusions The design philosophy required for deep mine tunnels differs 

markedly from that required for the vast majority of civil 

tunnels. 

As civil engineering tunnels encounter conditions of very deep 

cover or heavy squeezing ground, it is almost inevitable that 

their design approach will tend to shift towards that appropriate 

for deep mine tunnels. At the very least, the need for yielding 

components for temporary or intermediate support before final 

lining will become imperative. 

Comments  
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Figure 4. Severe damage caused by slow time-dependent deformation processes in a 

haulage in quartzite of 120 MPa UCS at a depth of 2600 m. 
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Document number 26 

Subject area Behaviour of rock mass near underground excavations 

Document reference Pettitt, W.S., Baker, C., Young, R.P., Dahlstrom, L-O. & 

Ramqvist, G. 2002. The assessment of damage around critical 

engineering structures using induced seismicity. Pure and 

Applied Geophysics 159, 179-195. 

Subject matter Acoustic emission (AE) monitoring, stress-induced micro-

fracturing (time dependency of fracturing) 

Objectives To study the damage around two large-scale deposition holes. 

Methodology Field experiment at the Äspö Hard Rock Laboratory, Sweden 

(induced seismicity and other acoustic monitoring techniques 

were used to investigate the excavation damaged zone around 

two deposition holes). 

Highlighted figures A Figure. 

Conclusions Regions of stress-induced micro-fracturing are shown to locate 

in “breakout” regions orthogonal to the maximum principal 

stress and clustered spatially around pre-existing macroscopic 

fractures. In three-dimensional velocity surveys, induced 

micro-fracturing and stress disturbance are observed as sharp 

decreases in velocity as the excavation proceeds through the 

rock mass. The combination of the high-resolution velocity 

measurements and the AE source locations has allowed the 

linking of the velocity measurements to a volume of excavation 

damaged rock. This then provides a quantitative estimate of the 

effect of the EDZ on the rock mass.  

Comments Only the abstract and a Figure were available. 

 

A Figure. 
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Document number 27 

Subject area Behaviour of rock mass near underground excavations 

Document reference Malan, D.F. 2002 Manuel Rocha Medal Recipient simulating 

the time-dependent behaviour of excavations in hard rock. 

Rock Mechanics and Rock Engineering 35(4), 225-254. 

Subject matter Time-dependent behaviour of rock mass and fracture zones 

Objectives To simulate the time-dependent behaviour of excavations in 

hard rock. 

Methodology Development of a continuum viscoplastic approach and its 

implementation in a finite difference code. 

Highlighted figures None. 

Conclusions The developed continuum viscoplastic approach proved more 

successful in modelling the time-dependent closure of stopes 

and squeezing conditions in hard rock tunnels. A continuum 

approach, however, has limitations in areas where the 

squeezing behaviour is dominated by the time-dependent 

behaviour of prominent discontinuities such as bedding planes. 

To overcome this problem, a viscoplastic displacement 

discontinuity technique was developed. This, combined with a 

tessellation approach, leads to more realistic modelling of the 

time-dependent behaviour of the fracture zone around 

excavations. 

Comments Only the abstract was available. 
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Document number 28 

Subject area Behaviour of rock mass near underground excavations 

Document reference Johansson, J. 2003. High Pressure Storage of Gas in Lined 

Rock Caverns: Cavern wall design principles. Licentiate thesis, 

Royal Institute of Technology, Stockholm. 

Subject matter The design of lined rock caverns used for the storage of gas 

under high pressures (20-25 MPa) (plastic deformation and 

creep phenomena are briefly discussed) 

Objectives To develop a methodology for the design of the cavern wall so 

that it can fulfil the safety demands placed upon it by the 

society. 

Methodology Information has been gathered from theories, previous 

experiences and performed practical tests. The long concept 

development work has included numerous technical studies 

and tests. In the Grängesberg pilot tests the long-term increase 

of the rock deformations was studied by cyclic loading. A 

series of laboratory tests on the mechanical properties of the 

sliding layer, for the load case in question, have been 

performed as part of this licentiate work. 

Highlighted figures Figure 5.15 Rock deformation data from 8 days of 15 MPa 

constant pressure in Room 2 in Grängesberg. 

Conclusions The cyclic tests showed that the increase in deformation from 

repeated loadings was limited and diminishing. Assuming that 

the cyclic tests can be seen as an accelerated long term test, the 

conclusion is that the increase of the deformations during the 

life of a LRC (Lined Rock Cavern) storage is in the order of 

10-20%. A typical behaviour is that a change in load causes an 

almost immediate elastic response followed by a time 

dependent small additional deformation. This is true both for 

loading and unloading. 

Comments  
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Figure 5.15. Rock deformation data from 8 days of 15 MPa constant pressure in Room 

2 in Grängesberg. (The air pressure in Room 2 was kept at 15 MPa for a duration of 8 

days. C16 and C20 are horizontal extensometers at mid-wall level and C24 is a 

vertical extensometer placed under the cavern bottom. Only C16 shows any 

measurable increase in deformation.) 
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Document number 29 

Subject area Behaviour of rock mass near underground excavations 

Document reference Hajiabdolmajid, V. & Kaiser, P. 2003. Brittleness of rock and 

stability assessment in hard rock tunneling. Tunnelling and 

Underground Space Technology 18(1), 35-48. 

Subject matter Brittleness of failing hard rocks and tunnels, strain-dependent 

brittleness index 

Objectives To relate the brittleness of failing hard rocks and tunnels to a 

strain-dependent brittleness index (IBe) which characterises the 

entire failure process of rock (pre- to post-peak), and accounts 

for the involved mechanisms in inducing inelastic strains 

(damage) inside the failing rock. 

Methodology Interpretation of the observations made in failure of a hard 

rock using concepts of non-simultaneous and strain-dependent 

mobilization of the strength components.  

Highlighted figures Fig. 4. The unifying definition for brittleness „(IBe)‟ considers 

the pre-peak non-linearity, mobilized strength and post-peak 

ductility. Note the sensitivity of the mobilized strength and 

stress–strain curve to the plastic strain limits, and strain-

dependent functions (non-linear in these tests) for cohesion 

loss and friction mobilization. 

Fig. 8. Effect of loading rate on the mobilized strength in 

compression tests on Westerly Granite. 

Conclusions It was demonstrated that rock brittleness dictates the mobilized 

strength around underground excavations and thus determines 

the failed zone shape and the ground-support interaction 

mechanisms. In modeling the brittle failure of rock around 

underground excavations in hard rocks, the brittleness of rock 

cannot be adequately modeled by assigning only the peak and 

residual strengths of rock. The effects of stress path, strength 

loss rate after peak, and the strain dependency of the strength 

mobilization (in pre- and post-peak stages) on the stress 

redistribution and the progress of breakout zone should be 

considered. 

In hard brittle rocks, the support pressure tends to reduce the 

rock‟s brittleness leading to a higher mobilized strength and 

results in a less progressed breakout zone. Brittleness is a 

material property with respect to the rock behavior under 

certain loading conditions, which means that rock‟s brittleness 

might be viewed as a time- and size- (i.e. geometry) dependent 

property of rock. 

Comments  
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Figure 4. The unifying definition for brittleness ‘(IBe)’ considers the pre-peak non-

linearity, mobilized strength and post-peak ductility. Note the sensitivity of the 

mobilized strength and stress–strain curve to the plastic strain limits, and strain-

dependent functions (non-linear in these tests) for cohesion loss and friction 

mobilization. 

 

 

Figure 8. Effect of loading rate on the mobilized strength in compression tests on 

Westerly Granite [after Brace et al. (1966)]. 
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Document number 30 

Subject area Behaviour of rock mass near underground excavations 

Document reference Chandler, N. 2004. Developing tools for excavation design at 

Canada‟s Underground Research Laboratory. Int. J. of Rock 

Mech. and Min. Sci. 41(8), 1229-1249. 

Subject matter Excavation design (issues such as time-dependent strength 

degradation and static fatigue are also discussed, see 

Conclusions below) 

Objectives To provide a linkage between the various accomplishments 

described by the authors of the 11 companion papers in this 

journal issue. 

Methodology This paper describes the overall framework of a six-year 

research program by AECL and presents some of the successes 

of the program. 

Highlighted figures Fig. 18. Calibration of the PFC stress-corrosion model for Lac 

du Bonnet granite to laboratory time to failure data for Lac du 

Bonnet granite. 

Conclusions Ultrasonic acoustic emission transducers installed in boreholes 

surrounding the Tunnel Sealing Experiment were used to 

passively monitor the change in velocity through excavation-

damaged rock with time. The measurements indicated a time-

dependent growth of microcrack damage occurring for up to a 

year after excavation. 

The PFC model for Lac du Bonnet granite was modified to 

allow a time-dependent degradation of the rock strength. The 

strength degradation model was consistent with the mechanism 

of stress-corrosion in crystalline rock. The time-dependent PFC 

stress-corrosion model was calibrated to long-term load test 

data on Lac du Bonnet granite and to static fatigue test data. 

The stress-corrosion model was controlled by three 

microparameters, which were obtained by matching the 

numerically generated time-to-failure data with laboratory 

results. The activation stress was found by calibrating the 

model to static fatigue test data and corresponded to 

approximately 60% of the laboratory compressive strength. 

Comments  
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Figure 18. Calibration of the PFC stress-corrosion model for Lac du Bonnet granite 

to laboratory time to failure data for Lac du Bonnet granite [37]. 
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Document number 31 

Subject area Behaviour of rock mass near underground excavations 

Document reference Wang, J. 2004. Influence of stress, undercutting, blasting and 

time on open stope stability and dilution. PhD thesis, 

University of Saskatchewan. 

Subject matter Time-dependent stability of underground openings (stand-up 

time) 

Objectives To improve the understanding of factors which control open 

stope stability and dilution; to quantify the factors which are 

poorly accounted for or ignored by existing empirical design 

methods; to provide better guidelines for designing stable open 

stopes with minimum dilution. 

Methodology A comprehensive database was established for this study based 

on two summers of field work. Site geomechanics rock mass 

mapping and classification were conducted and case histories 

were collected. A multiple parameter regression model was 

used to analyze the available parameters in the HBMS 

database. 

Highlighted figures Figure 9.3. Schematic illustration of time dependent stress 

redistribution. 

Conclusions The findings of this research greatly improve an engineer‟s 

ability to understand and to predict the influence of mining 

activities and stoping plans on hanging wall dilution. 

This study quantifies the influence of exposure time on the 

HBMS database and compares the result to an assessment of 

the stand-up time graph and a complementary case history 

database from Geco Mine in Northern Ontario. This 

assessment suggests that hanging wall slough increases 

between 0.14 to 0.16 meters per month for a rock mass with a 

Q´ value between 4 to 31 (N´ between 3 to 60). The HBMS 

database was also assessed to see if the hanging wall was more 

sensitive to exposure time for weaker rock masses. No 

apparent trends were observed on HBMS database. 

Comments  
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Figure  9.3. Schematic illustration of time dependent stress redistribution. 
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Document number 32 

Subject area Behaviour of rock mass near underground excavations 

Document reference Read, R.S. 2004. 20 years of excavation response studies at 

AECL‟s Underground Research Laboratory.  Int. J. of Rock 

Mech. and Min. Sci. 41(8), 1251-1275. 

Subject matter Summary of the excavation response studies carried out at the 

URL (long-term aspects are occasionally discussed, see 

Conclusions below) 

Objectives To provide an overview of the various experiments and studies 

leading up to the TMSS (Thermal-Mechanical Stability Study), 

highlighting the advances in the fundamental understanding of 

rock mechanics related to underground excavations, and in the 

means of designing stable underground openings with minimal 

excavation damage. 

Methodology A (literature) review. 

Highlighted figures Fig. 23. Photograph of slabs developed in the breakout region 

of the MBE (Mine-by Experiment) test tunnel (top) and 

simulated damage in the PFC model of the MBE test tunnel 

after activating stress corrosion for two months (bottom). 

Conclusions Under certain in situ conditions, progressive excavation-

induced damage development can create instability at the 

periphery of an underground opening. The time-dependent 

nature of damage development and evolving boundary 

conditions may lead to safety and performance issues in both 

the pre and post-closure phases of a deep geologic repository. 

Convergence measurements confirmed that most of the ESS 

(Excavation Stability Study) excavations, with the exception of 

those that experienced macroscopic progressive failure, 

displayed linear elastic displacement behaviour. Openings that 

experienced progressive failure were located in granite, and 

had localized stress concentrations at the tunnel periphery. 

Deformation in these openings exceeded the predicted elastic 

response, and exhibited a time-dependent component. 

In the Tunnel Sealing Experiment, repeated ultrasonic velocity 

surveys through the damaged zone showed a decrease in both 

P- and S-wave velocity with time over a period of one year 

after excavation, supporting the use of time-dependent damage 

development models in numerical simulations. 

Regarding numerical modelling, further analysis showed that 

observed damage and breakout development could be 

replicated by either reducing the bond strengths by 30–40%, or 

by activating a stress corrosion algorithm. The stress-corrosion 

algorithm simulates subcritical crack growth by introducing a 
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time-dependent strength reduction for the bonds between 

particles when the local tensile stress exceeds a specified 

threshold. A key finding of the PFC modelling was that model 

results would match observations if the process within the 

model was time-dependent, and directly related to the 

magnitude of local micro-tensions between particles. 

Comments  

 

 

Figure 23. Photograph of slabs developed in the breakout region of the MBE (Mine-by 

Experiment) test tunnel (top) and simulated damage in the PFC model of the MBE test 

tunnel after activating stress corrosion for two months (bottom). 
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Document number 33 

Subject area Behaviour of rock mass near underground excavations 

Document reference Hagros, A., Johansson, E. & Öhberg, A. 2005. Research and 

monitoring programme of the bedrock in the VLJ-repository at 

Olkiluoto for 2006 2017 [in Finnish]. Teollisuuden Voima Oy, 

Work report VLJ-10/05. 

Subject matter Monitoring of the VLJ-repository at Olkiluoto 

Objectives To present an updated research and monitoring programme for 

the VLJ-repository at Olkiluoto and to summarise the results 

gained during the previous monitoring programme (related to, 

e.g., long-term mechanical stability of the VLJ-repository). 

Methodology Review of existing monitoring results. 

Highlighted figures Figure 4-4. Displacements measured by extensometer E7 

during 1989–2004. 

Conclusions The bedrock conditions at the VLJ-repository are still 

undergoing some changes that are partly becoming more 

stable. The trends related to rock mechanics have been 

established fairly well. According to the extensometer and rock 

bolt load measurements, no significant changes have occurred 

since 1997 (the repository was taken into operation in 1992). 

Minor increase in the displacements caused by the rock‟s 

temperature changes has partly evened out. According to the 

convergence measurement, no significant changes have 

occurred during the operating time of the repository (since 

1992). 

Comments The annual reports of rock mechanics monitoring results have 

been published by Teollisuuden Voima Oy as VLJ work 

reports (Johansson 2005, 2004, 2003...). VLJ - LUOLA, EKSTENSOMETRI E7
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Document number 34 

Subject area Rock mechanics and rock engineering 

Document reference Sun, J. & Wang, S. 2000. Rock mechanics and rock 

engineering in China: developments and current state-of-the-

art. Int. J. of Rock Mech. and Min. Sci. 37(3), 447-465. 

Subject matter Rock mechanics and rock engineering in general (specific 

issues such as creep and micro-time-dependent damage are 

also discussed, see Conclusions below) 

Objectives To present the development and state of the art of rock 

mechanics and rock engineering in China. 

Methodology The paper looks back at the history of development of rock 

mechanics and the main achievements in rock engineering, 

introduces some large rock projects and summarises some 

aspects of near future progress and prospects. 

Highlighted figures None. 

Conclusions By means of scanning microscopes with loading systems, tests 

have been carried out for the analysis of the development of 

time-dependent damage and its creep behaviour as well as the 

rupture process of rocks. 

Tests for time-dependent characteristics of saturated rock 

samples under split tension to determine their long-term tensile 

strength revealed the unfavorable effect of water on the tensile 

strength of rocks. 

The rheological deformation and time-dependent viscous 

deformation of rocks have also been studied. The late Professor 

Zongji Chen firstly established the equations of rheologic 

dilation of rocks in China that could not only account for 

ordinary creep, but also consider dilation and its development 

with time. 

In China there appeared many computer programs such as the 

TRC3DNFEM of Tongji University for three-dimensional non-

linear finite element analyses considering the creep of joints in 

rock mass. 

Comments It is not clearly stated, whether crystalline rocks have been 

considered in the studies. 
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Document number 35 

Subject area Rock mechanics modelling 

Document reference Wang, Z., Li, Y., Wang, S. & Yang, Z. 2000. Numerical 

simulation of the geomechanical processes in rock engineering. 

Int. J. of Rock Mech. and Min. Sci. 37(3), 499-507. 

Subject matter Numerical simulation of the geomechanical processes (e.g., 

creep deformation) involved in engineering in or on rock masses 

Objectives To present a integrated modelling system that possesses suitable 

simulation, interpretative and presentational functions that are 

convenient and practical. 

Methodology Numerical simulation; the proposed system contains a sub-

system for preparing and determining data on the rock for 

engineering calculation, a sub-system of numerical simulation of 

the geomechanical processes and the presentational sub-system. 

Highlighted figures Fig. 4. Numerical simulation system. 

Conclusions The system described in this paper has the ability to simulate the 

whole deformational course of events in rock masses. 

The analysis results for an engineering case indicate that this 

system has the capability of simulating the whole geomechanical 

process with a helpful presentational output, and with good 

reliability for practical use. 

It is seen from the analysis results that the slope deformation is 

mainly elastic or viscoelastic due to the engineering disturbance. 

The creep deformation lasts a few months after the engineering 

disturbance, and takes place in the rock mass around the 

engineering structures. After this, the deformation becomes 

smaller and smaller, and its value is minute. 

Comments It is not clear whether the system is applicable to crystalline 

rocks. The engineering case discussed in the paper included only 

sedimentary rock types. 
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Figure 4. Numerical simulation system. 
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Document number 36 

Subject area Rock mechanics modelling 

Document reference Albert, R.A. & Phillips, R.J. 2002. Time-dependent effects in 

elastoviscoplastic models of loaded lithosphere. Geophys. J. 

Int. 151, 612–621. 

Subject matter The consideration of time-dependent effects in elasto-

viscoplastic models 

Objectives To conduct a plane strain finite element analysis of topographic 

loading on a 40-km thick oceanic lithosphere with a model that 

specifically considers time-dependent behaviour. 

Methodology The rheological model was elastoviscoplastic (EVP) and 

accommodated elastic deformation, steady-state dislocation 

creep, as well as frictional slip via a Drucker–Prager yield 

surface. 

Highlighted figures Figure 4. (a) Plastic (frictional slip) strains in the LAD slip 

zone (with the depth normalized by the plate thickness) along 

the loading axis for the LT = 10 Myr simulation. (b) Bending 

creep strain in the LAD slip zone at the right symmetry 

(loading) axis continues to increase throughout the entire 

simulation. 

Conclusions The results show that the deformation in part of the plate is 

strongly related to LT (“loadtimes”), as shown in the 

dependence of the loading-axis deep (LAD) slip zone‟s spatial 

extent on the load growth period. This creep-induced time-

dependence of plastic failure, absent from YSE/EP (Yield 

Strength Envelope/elastic–perfectly plastic) and viscoelastic 

(VE) formulations, is based on interactions between stress 

buildup during loading, stress relaxation via time-dependent 

creep, and time-independent frictional slip. The YSE‟s abrupt 

transition from frictional slip (or fracture, if included) to creep 

precludes the possibility of simultaneous pressure-sensitive and 

pressure-insensitive mechanisms. 

Unfortunately the simultaneity we find in our models does not 

allow a true reproduction of brittle to ductile cataclastic 

processes at the brittle-ductile transition (BDT) nor the semi-

brittle flow to fully crystal-plastic transitions (BPT) as 

observed via experimentation. 

Comments The paper discusses time-dependent processes at a depth of 

several tens of kilometres in oceanic lithosphere and the results 

may, therefore, not be applicable to rock mass at relatively 

shallow depths. 
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Figure 4. (a) Plastic (frictional slip) strains in the LAD (loading-axis deep) slip zone 

(with the depth normalized by the plate thickness) along the loading axis for the 

LT = 10 Myr simulation. The horizontality at the lower boundary of the plastic strains 

indicates that frictional slip is not increasing for times beyond the loadtime. The upper 

boundary shows expanding contours for plastic strain, showing that frictional slip 

continues during the same time that the lower plastic strains have ceased. (b) Bending 

creep strain in the LAD slip zone at the right symmetry (loading) axis continues to 

increase throughout the entire simulation. The creep strains continue at the expense of 

frictional slip for depths where the temperature is sufficiently high to cause creep to 

dominate the inelastic deformation. 
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Document number 37 

Subject area Rock mechanics modelling 

Document reference Jing, L. 2003. A review of techniques, advances and 

outstanding issues in numerical modelling for rock mechanics 

and rock engineering. Int. J. of Rock Mech. and Min. Sci. 

40(3), 283-353. 

Subject matter Numerical modelling in rock mechanics (the consideration of 

time-dependency and time effects in numerical models are 

briefly discussed) 

Objectives To present the techniques, advances, problems and likely 

future developments in numerical modelling for rock 

mechanics. 

Methodology A state-of-the-art review. 

Highlighted figures None. 

Conclusions Time effects are one of the most important and also perhaps 

one of the least understood aspects of the physical behaviour of 

rock masses. 

Comments  
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Document number 38 

Subject area Rock mechanics modelling 

Document reference Golshania, A., Odaa, M., Okuia, Y., Takemurab, T. & 

Munkhtogooa, E. 2007. Numerical simulation of the excavation 

damaged zone around an opening in brittle rock. 

Int. J. of Rock Mech. and Min. Sci. 44, 835–845. 

Subject matter The micromechanics-based damage model proposed by 

Golshani et al. [A micromechanical model for brittle failure of 

rock and its relation to crack growth observed in triaxial 

compression tests of granite. Mech Mater 2006;38:287–303] is 

extended so that time dependent behavior of brittle material can 

be taken into account, with special attention to the numerical 

analysis of an excavation damaged zone (EDZ) around an 

opening. The model is capable of reproducing the three 

characteristic stages of creep behavior (i.e., primary, 

secondary, and tertiary creep) commonly observed in the 

laboratory creep tests.  

Objectives To improve on the earlier model and be able to establish the 

related time-dependent parameters. 

Methodology Use of a micromechanics-based damage model. 

Highlighted figures Fig. 12. Time-dependent development of damage zone around 

the opening. 

Conclusions The sub-critical microcrack growth parameters (i.e., n and A) 

were determined for Inada granite by fitting the numerical 

results of elapsed time to failure versus creep stress ratio CSR 

curve with the experimental data under both dry and wet 

conditions.  

Comments  

 
Figure 12. Time-dependent development of damage zone around the opening. 




