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Abstract 

The formulation of a geotechnical model and the associated prediction of the mechanical behaviour is a 

challenge engineers need to overcome in order to optimize tunnel design and meet project requirements. 

Special challenges arise in cases where rocks and rockmasses are susceptible to time-effects and time-

dependent processes govern. Progressive rockmass deformation and instability, time-dependent 

overloading of support and delayed failures are commonly the result of time-dependent phenomena. 

 The research work presented in this thesis serves as an attempt to provide more insight into the 

time-dependent behaviour of rocks. Emphasis is given on investigating and analyzing creep deformation 

and time-dependent stress relaxation phenomenon at the laboratory scale and in-depth analyses are 

presented. This thesis further develops the understanding of these phenomena and practical yet scientific 

tools for estimating and predicting the long-term strength and the maximum stress relaxation of rock 

materials are proposed. The identification of the existence of three distinct behavioural stages during stress 

relaxation is presented and discussed. 

 The main observations associated with time-dependent behaviour are employed in numerical 

analyses and applied at the tunnel scale. A new approach for simulating and capturing the time-dependent 

behaviour coupled with the tunnel advancement effect is also developed and analyzed. Guidance is 

provided to increase the understanding of the support-rockmass interaction and the main implications and 

significance of time-dependent behaviour associated with rock tunnelling are discussed.  

 The work presented in this thesis advances the scientific understanding of time-dependent rock and 

rockmass behaviour, increases the awareness of how such phenomena are captured numerically, and lays 

out a framework for dealing with such deformations when predicting tunnel deformations. Practical aspects 

of this thesis are also presented, which will increase their usage in the associated industries and close the 

gap between the scientific and industry communities.  
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“As you set out for Ithaka 
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full of adventure, full of discovery. 

Laistrygonians and Cyclops, 
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And if you find her poor, Ithaka won’t have fooled 

you. 

Wise as you will have become, so full of experience, 

you will have understood by then what these 

Ithakas mean.” 
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Translated by Edmund Keeley and Philip Sherrard. 

Edited by George Savidis. Revised Edition. 

Princeton University Press, 1992 
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Chapter 1 

Introduction 

1.1 Problem Statement 

Engineers are tasked with finding solutions to complex problems by applying scientific, 

economic, social, and practical knowledge, in order to design, build, and maintain structures, 

materials and processes. Due to the unique complexities of tunnelling and the challenges in 

applying codified solutions to tunnel engineering, much engineering design is based on collected 

historical performance data which is analyzed and applied to new designs. The consideration of 

time-dependent processes and their inclusion in design analysis is no exception. Empirical or 

semi-empirical (combination of empiricism as input into quantitative analysis) methodologies are 

used to capture the majority of the design process. However, it is noted that methodologies based 

on experience can often lead to conservatism and unsound conclusions if arbitrarily used for 

related applications outside of their original framework.  

 Numerical modelling has become an integral part of modern tunnel engineering, enabling 

assessment of rock-structure interaction and stability as well as assisting in the optimum choice of 

excavation method and support measures being applied. Ideally, laboratory testing is performed 

to investigate and quantify the mechanical behaviour and derive input parameters for numerical 

analyses and simulations. For ongoing projects, back-analysis of tunnel performance can be used 

to optimize and calibrate model properties of the rockmass - the complex composite material 

formed by intact rock, discontinuities and rock structure, alteration and water content. At the 

beginning of a project, however, empirical rockmass characterization methods are used to adapt 

lab-scale rock mechanical properties to the larger rockmass scale and complexity. 

 Rock engineering and tunnelling is considered to be a three dimensional problem. In 

practice, the short-term excavation response and support performance is of primary focus in 
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design as most site characterization inputs are focused on material properties gained from short-

term testing. However, implications and limitations may arise when the fourth dimension related 

to time is considered. Conventional approaches and design methods currently employed during 

the design and construction of underground openings are often based on the static response of the 

ground while underappreciating or sometimes neglecting the long-term time-dependent response 

of the ground to the tunnelling construction process.  

 Time-dependent behaviour may be caused by different mechanisms depending on the 

rock type. Problems and difficulties emerge in understanding and numerically simulating the 

mechanisms of the long-term behaviour of rock materials where time-dependent phenomena such 

as creep and stress relaxation can occur. In many situations, incorrectly integrating these 

processes, or in the worst case neglecting them, can yield incorrect results that could lead to 

overestimating or even underestimating the support measures applied, impacting the construction, 

the maintenance cost of the tunnel, and in the worst case may even cause safety issues. In many 

reported tunnelling cases, microcrack growth or air/water interaction leads to delayed fracturing, 

strength-reduction and ultimately yielding or failure (which may or may not be associated with 

prior observed creep or stress relaxation).  

 Time-dependent deformation and, most critically, strength degradation are of paramount 

importance in underground openings that are designed for the long-term storage of low, 

intermediate and high level nuclear waste. The design life for isolation of the waste from human 

interaction with such underground projects is commonly projected to be 100,000 to 1,000,000 

years. This is far longer than the typical underground construction project (tunnels), although 

time-dependency is an important consideration even over a more typical 100-year engineering 

design life. Consequently, it is crucial to investigate the long-term behaviour of the host rock 

starting from the microscale, to the laboratory scale, to interpolation of the results and ultimately 

application of the findings to in situ conditions.  
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 Over the past 50 years, significant progress has been made in rock mechanics associated 

with the examination of the long-term and time-dependent behaviour of rock materials in the 

scientific, academic, and industry related fields. There is still, however, a significant gap between 

theory, numerical models and analytical solutions, and the engineering tools that are applied in 

practice to consider time-dependent behaviour. There is, therefore, the need to develope both 

scientifically sound and practical engineering tools that can be utilized by practitioners.  

1.2 Purpose of this Research 

This study aims to provide more insight into the time-dependent behaviour of rock materials by 

addressing the mechanisms involved and highlighting the associated implications for both 

scientific and practical applications. In this regard, both experimental laboratory testing and 

numerical analyses are employed to examine the time-dependent mechanisms and response of 

rocks under different boundary conditions. The ultimate goal of this research is to introduce a 

different perspective for analyzing and predicting the time-dependent behaviour of the intact rock 

with application to rockmass behaviour associated with underground environments. The work 

addresses some of the critical mechanisms and provides a practical approach regarding the long-

term tunnel behaviour with respect to time-dependency. This research builds on the current body 

of scientific knowledge by merging this knowledge with the experience attained during this thesis 

work at the laboratory scale, and through numerical modelling of both the laboratory and tunnel 

scales. This thesis introduces practical scientific tools and approaches that both practitioners and 

scientists can employ in terms of the investigation and prediction of the mechanical long-term 

behaviour of rocks and rockmasses. 

1.3 Scope of Thesis 

Time-dependent behaviour, in general, refers to rate-dependent behaviour, delayed fracturing and 

long-term strength reduction (Malan, 2002). Time-dependent behaviour is most commonly 

associated with primarily clay-rich, argillaceous, or salt rich rock materials that exhibit creep 
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deformations, as discussed in the literature (Cidivini et al. 1979; Ottosen 1986). However, 

according to Barla (1995) and Bhasin and Grimstad (1996) time-dependent deformations have 

been observed during tunnel construction in weak rockmasses that are sustained under high in situ 

stresses. In addition, time-dependent strength reduction has been observed in brittle rocks as well 

(for example: Lajtai and Schmidtke, 1996; Malan, 1997; Diederichs 2007; Damjanac and 

Fairhurst, 2010; Perras et al. 2013; Paraskevopoulou et al. 2015). This strength reduction is of 

paramount importance, for example in the case of nuclear waste storage repositories where 

conventional wisdom suggests that the host rock should be characterized by high strength and 

good mechanical characteristics, and typically considered to be stable in the long-term. Predicting 

the long-term strength of such rocks can contribute to making reliable estimations of the 

underground storage designs.  

 Creep, squeezing, swelling, stress relaxation and strength degradation (Figure 1-1) of the 

rockmass can take place during both the construction and the maintenance of underground 

openings depending on the in situ conditions (i.e. stress regime and tectonic pressure, rock type 

and geological structure, temperature, water conditions etc.) which control the mechanical 

behaviour. A common misconception is the assumption that time-dependent phenomena only act 

individually. However, this assumption can yield unsound estimations and erroneous conclusions 

as these phenomena may share the same (or similar) mechanisms that given the existing in situ 

conditions can take place either in series or even simultaneously. Therefore, the overall observed 

displacement on the tunnel wall can be the sum of different phenomena acting together. For 

example, such a coupled behaviour may occur during squeezing (Barla, 2016) or swelling (Bonini 

et al. 2009) behaviour as they have the tendency to trigger the rockmass to exhibit creep, under 

specific in situ conditions. The main time-dependent phenomena are summarized in Figure 1-1, 

where examples of tunnel failures due to these phenomena (column on the left), their main 

behavioural characteristics with time (middle column), and a description of the process involved 

(right column) are shown.  
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Figure 1-1: Examples of time-dependent phenomena, the behavioural response with time and a 

description of the phenomena encountered in rock tunnelling.  

 This thesis examines primarily creep and stress relaxation behaviour through laboratory 

testing, which focused on static load creep tests and stress relaxation tests on two types of 
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limestones. These tests aimed to examine the long-term strength, the time-dependent 

deformability, and the magnitude of stress relaxation with time. The test results were also used as 

a starting point for numerical simulation of the laboratory scale tests and used to investigate the 

existing constitutive models available in commercial software (FLAC from Itasca, 2011).  

 As will be discussed in the following Chapters, the selection of an appropriate 

constitutive model to examine the mechanical behaviour of rock material over time is required. 

The ability of such models to capture and simulate time-dependent behaviour is shown in from 

Figure 1-2, where the colours around the tunnel figures correspond to the rockmass behaviour in 

the column on the right.  

 

Figure 1-2: Examples of reported failures and mechanisms associated with time-dependent 

behaviour; where t refers to time and ur(t) to the radial displacements observed in the tunnel 

walls over time. (Photos courtesy of Hoek and Guevera, 2009; Barla 2016, ERGOSE S.A., 

Waltham, 1981). The relative time and magnitude of such behaviours are indicated, although 

there can be a wide range for each behavioural type.  

 As the time-effect can cause different behavioural patterns depending on the site specific 

conditions of the underground construction project, the selection of the appropriate model to 
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simulate the desired mechanical response is crucial. For instance, stress relaxation usually occurs 

near the newly exposed walls after the tunnel face excavation. The visco-elasticity (or 

anelasticity) can cause implications during rapid excavation (i.e. TBM). The indefinite 

deformation usually observed in more ductile materials can be the result of deterioration of the 

support system. In this case different support measures (i.e. yielding support systems) should be 

undertaken where the on-going deformation will be allowed to take place (Barla 2016; Hoek and 

Guevara, 2009). Visco-plasticity or delayed fracturing can continue to damage the rockmass 

permanently long-after initial construction, which may require redesign of the initial tunnel 

design. All these examples show the importance of using the appropriate model that can simulate 

the real conditions, as closely as possible and estimate how the rockmass will behave over time. 

 Being able to predict and estimate the magnitude of the time-dependent response of the 

rockmass during and after construction can lead to both time and cost savings. Time-dependency 

acting during the timeframe of construction impacts, the so-called Longitudinal Displacement 

Profiles (LDPs) for deformation estimation during tunnel advance. LDP is an accompanying tool 

used with the Ground Reaction Curves (GRC) to relate internal wall pressure relaxation to tunnel 

displacement. Suggested analytical solutions for LDPs (for example: Panet, 1993, 1995; Chen et 

al. 1998; Vlachopoulos and Diederichs, 2009) refer to elastic or elasto-plastic rock materials. 

Questions of the applicability of such methods when dealing with time-dependent rheological 

rockmasses are addressed in this work. Figure 1-3 schematically illustrates the effect of both time 

and tunnel advancement on the LDP of a tunnel excavated in a visco-elastic medium. The 

advance of the tunnel is simulated by reducing the internal pressure, pi, initially acting on the 

tunnel core (as p0). The rock responds by convergent deformations (via the GRC) which are, in 

turn linked to the tunnel advance, via the LDP. This aspect of time-dependency is also discussed, 

examined and further analyzed in this study.  
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Figure 1-3: Schematic representation of the GRC of an elastic (t=0) and a visco-elastic 

material (t>0) and their relation to the LDP. Y-axis on the left refers to the internal pressure 

(pi) normalized to the in-situ pressure (p0), Y-axis on the right refers to the distance from the 

face (x) normalized to the tunnel radius (R) and X-axis refers to the radial displacement at a 

location x normalized to the maximum radial displacement due to the visco-elastic behaviour 

of the material; where t denotes time and subscripts e and ve refer to elastic and visco-elastic 

material, respectively.  

 As can be seen, time-dependent behaviour manifests a wide range of behavioural 

patterns. However, this thesis work contributed to the development of a better understanding of 

the various time-dependent phenomena mainly focusing on creep and stress relaxation behaviour 

at the microscale and applied the main observations to the macroscale (i.e. excavation scale). 
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1.4 Thesis Objectives 

This study aims to provide more insight into how rock materials behave over time in underground 

environments. The primary objectives of the thesis are summarized as follows: 

 Extensively and critically review existing approaches and practices associated with time-

dependent behaviour of rocks and rockmasses used in tunnel engineering. 

 Perform physical laboratory testing on rock materials, optimize current laboratory testing 

techniques employed and develop methodologies to further analyze testing data to 

investigate time-dependent behaviour.  

 Elucidate long-term failure mechanisms and investigate critical thresholds that control the 

time-dependent behaviour potential of rock materials. 

 Create new scientific practical tools applicable for the estimation and prediction of the 

mechanical behaviour of rock materials associated with time-dependent behaviour 

potential. 

 Identify sources of conservatism and implications to tunnel design of tunnels that are 

excavated in time-dependent rockmasses through the use of numerical models;  

 Incorporate findings in design methodologies, optimize current numerical modelling and 

analysis techniques and document their limitations; creating methodologies for design of 

sustainable infrastructure for tunnelling. 

1.5 Thesis Outline 

This thesis has been prepared in accordance with the requirements outlined by the School of 

Graduate Studies at Queen’s University, Kingston, Ontario. In consists of nine Chapters, which 

are outlined below. All references are presented at the end of the thesis. 

 Chapters 2 through 6 investigate and present time-dependent behaviour and related 

mechanisms at the laboratory (microscale), whereas Chapters 7 and 8 focus on macroscale time-

dependent behaviour as it is associated with the design and construction of underground openings 
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and the implications for tunnel engineering are also discussed. Each chapter can be summarized 

as follows: 

 Chapter 1 introduces the topics and issues related to time-dependent behaviour in rock 

tunnelling that are discussed in this thesis.  

 Chapter 2 presents an overview of the different time-dependent phenomena common in 

rock mechanics. The time-dependent phenomena are first defined and then, their main 

characteristics are briefly discussed. 

 Chapter 3 presents a brief discussion on empirical approaches, constitutive models and 

general theories commonly used to simulate the time-dependent behaviour of rock materials. 

Their limitations and points of conservativism are also discussed. 

 Chapter 4 provides a critical assessment of the Burgers elasto-visco-plastic constitutive 

model (CVISC) introduced by Itasca (2011). This constitutive model is numerically investigated 

and more specifically its time-dependent behaviour under different boundary conditions (stress-

controlled and strain-controlled) is examined.  

 Chapter 5 focuses on time-dependent stress relaxation. Results from a series of laboratory 

tests are presented and further analyzed. Three distinct stages during stress relaxation behaviour 

were observed, introduced and defined. The test results are compared with data reported in the 

literature to understand the influence of the stiffness on the magnitude and time to reach the 

maximum stress relaxation. 

 Chapter 6 focuses on the long-term behaviour of primarily brittle rock materials through 

a series of static load tests and the time to failure is recorded. Comparisons are made with long-

term testing data on granites and limestones associated with the Canadian nuclear waste program 

and other data from the literature. Further insight into samples that did not reach failure is 

provided and it is shown that there was a clear division between failure and no failure based on 

the viscosity (i.e. Maxwell) parameter of the samples tested. 
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 Chapter 7 defines and discusses the various time-dependent phenomena and their 

behavioural responses and implications during the construction and maintenance of tunnels. The 

use of the geomechanics classification system related to the stand-up time concept is also 

examined. A new approach is proposed for applying the stand-up time of an unsupported opening 

to the time-to failure concept afore-described in Chapter 6, taking into consideration the scale 

effect from the laboratory to in situ conditions.  

 Chapter 8 focuses on the investigation of the total observed displacement on tunnel walls 

in an isotropic visco-elastic medium, taking into consideration both the tunnel advancement and 

cumulated deformation due to the rheological behaviour of the material. A new approach to 

numerically simulate the Longitudinal Displacement Profiles of time-dependent rock materials is 

presented.  

 Chapter 9 provides a general discussion of the main findings of this study, outlines the 

basic conclusions, highlights the main scientific contributions and provides recommendations of 

future areas of research. 
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Chapter 2 

Time-dependency in Rock Mechanics – An Overview 

2.1 Introduction 

Rocks and rockmasses often exhibit deformations over time. Time-dependent deformations can 

result in combinations of distortion (shear strain) and dilation or compaction (volume change). 

These deformations can lead to or be associated with internal damage that can lead to delayed 

yield of the rock material, leading it to failure. The origin of and the magnitude estimation of 

time-dependent deformations are commonly a compound process that depends on various factors 

such as the rock type, mineral composition, the stress state, the water conditions, the overburden, 

temperature, and pressure. Compounding the complexity of predicting such deformations is the 

number of terms commonly required to describe time-dependent deformations for analytical or 

numerical models as noted by Price (2009). For the purposes of this study the terminology, 

processes, and mechanisms are reviewed and discussed with an emphasis on clarifying and 

simplifying how such time-dependent deformations can be accounted for in engineering design.  

 A classification between soils, weak rocks and hard rocks must initially be established, 

describing the key characteristics. Additionally, the types of potential deformations are described 

setting the ground for a detailed presentation of the various time-dependent phenomena 

associated with rocks and rockmasses. Careful attention is given to creep behaviour, the 

continuous time-dependent deformation of a material under constant stress, describing in detail 

the mechanisms involved. Definitions of swelling, consolidation, dilation and stress relaxation are 

also presented in this Chapter for clarity. 
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2.2 Distinction between Weak and Hard Rocks 

Weak rocks can be defined as rocks prone to disintegrate within a short-period of time, usually 

within days to years, when exposed to environmental changes (water, climate, temperature) due 

to their nature (DIN 4022 T1, ASTDM 4644). This deterioration usually is expressed as a loss of 

strength and is irreversible under normal conditions. Nickmann et al. (2006) argue that weak 

rocks are the intermediate stage between (cohesive) soils and hard rocks as illustrated in Figure 2-

1. 

 

Figure 2-1: Distinction of soils and rocks (modified after Nickmann et al. 2006). 

The boundaries between these three groups vary and depend on different geological 

processes, such as cementation and weathering (Figure 2-1). Other researchers (Clerici, 1992; 

Klein, 2001) follow the ISRM (1981) approach to define weak rocks based on the Uniaxial 

Compressive Strength.  Hoek and Brown (1997) defined weak rocks as rocks whose UCS is less 

than one third of the in situ stress when they are being excavated. According to Terzahgi’s (1946) 

definition, “intact or hard rock contains neither joint or hair cracks and when or if it breaks, it 
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breaks across sound rock”. Some aspects of deformation of weak through to hard rock under 

laboratory creep and relaxation tests are examined in Chapters 5 and 6 and could potentially be 

used to further define the rock to soil boundaries with further analysis (beyond the scope of this 

thesis).  

2.3 Types of Deformation 

Deformation can be the result of stress changes from an initial equilibrium state. This change can 

be caused either by loading (increasing) or unloading (decreasing) of the stress. The former is 

commonly associated with tests performed on rock samples usually at the laboratory scale or 

around underground excavations where the stresses are focused, causing an increase with tunnel 

advancement. The latter can be the result of stress relief occurring within the vicinity of a tunnel 

after overstress concentrations dissipate. There are two types of deformation due to stress-change: 

a) immediate deformations caused by the undrained-elastic and potentially plastic response of the 

material, and b) time-dependent or delayed deformations (Aristorenas, 1992). 

2.4 Time-dependent Phenomena 

Selected rock types and soils subjected to certain conditions have a tendency to deform over time. 

Time-dependency refers to the deformation of rock (or other materials) over time. Mechanisms 

deforming or weakening the rockmass over time are called time-dependent phenomena. Malan 

(1997) defined creep as the continuous deformation of an intact-laboratory rock specimen or 

discontinuities over time under constant stress, and time-dependency as creep deformation at the 

field scale. This might be misleading as time-dependency can refer to other delayed continuous 

deformations as well and is not limited only to creep. For instance, in relevant soils this time-

dependent behaviour can be triggered by various mechanisms such as consolidation. Most studies 

refer to clay rich materials when addressing time-dependent deformation (Zienkiwicz et al. 1977; 

Cidivini et al. 1979; Bonini et al. 2009). Yet, similar problems do occur in soft, weak or heavily-

sheared, hard rockmassess as well rockmasses subjected to high in situ stresses. 
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 In order to avoid any further confusion, this section introduces definitions and re-defines 

terms widely used to describe the various time-dependent phenomena. In the literature, the most 

widely discussed time-dependent phenomena associated with tunnelling are creep, swelling, 

consolidation, dilation and stress relaxation. These are the focus of this Chapter and stress 

relaxation and creep are the focus of Chapters 5 and 6 in this thesis. 

2.4.1 Creep  

Many researchers have studied creep behaviour since the beginning of the 20th century (Perzyna, 

1966; Singh, 1975; Goodman, 1980; Aydan et al. 1993; Einstein, 1996; Berest et al. 2005, 

Bukharov et al. 1995; Malan et al. 1997; Hudson and Harrison, 2000; Shersta, 2005; Hargos et al. 

2008; Brantut et al. 2013). Griggs in 1939 was one of the first researchers who applied the theory 

of creep, studied until then for metals (Weaver, 1936), to rock materials. However, it has been 

observed that creep as a term has been misused in the literature. According to Cristescu and 

Hunshe (1998) creep is irreversible deformation that occurs without fracturing and is mainly 

observed in soft rocks. In contrast, Malan (1999) observed that brittle rocks when subjected to 

specific stress conditions can exhibit continued deformation over time, leading to observable 

unstable yielding and failure. The mechanistic connection between creep and weakening (delayed 

yield) is often not discussed under these circumstances.  

 In this study the term creep is used to describe the time-dependent distortion (shear 

strain) of a material (without volume change) that is subjected to constant load which is less than 

its short-term strength. It is related to the irreversible deformation under constant stress over time 

(‘flow’) and can result from many complex mechanisms at the atomic or grain scales. In more 

detail, during creep, the material exhibits visco-elastic behaviour where time-dependent, inelastic 

strains and ‘indefinite’ deformation take place and/or visco-plastic yield, depending mainly on the 

stress level, where time-dependent plastic strains manifest in permanent deformation and 

sometimes failure (Pellet et al. 2005). Glamheden and Hokmark (2010) suggested strains due to 
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creep can seldom be recovered, and as such, it is the plastic (irreversible) deformation that defines 

such behaviour. 

 Creep behaviour in solids can be generally described by the typical shape of the creep 

curve which is characterized by three distinct stages. These stages were first introduced by da 

Andeade in 1910 for metals. Rock materials exhibiting creep deformation have a changing strain-

rate with time (Amitrano and Helmstetter, 2006). The change in the strain-rate for the three 

different creep stages is illustrated in Figure 2-2 along with the total strain-time curve. 

 

Figure 2-2: Three stages of creep (primary, secondary, tertiary) of a solid material sustained 

under constant load in unconfined conditions (where σ is the applied stress σy is the yielding 

stress, ε refers to the strain and the superscripts el, p, s and tet denote elastic, primary, 

secondary and tertiary, respectively).  

 At the beginning, the elastic strain occurs instantaneously, as the load is being applied, 

and is sometimes referred to as the 0th stage. Then, the applied load is kept constant and the rate of 

strain decreases, which is called primary creep (or transient or 1st stage). When primary creep 

approaches a constant strain rate (almost a steady rate) the transition to the secondary creep (or 

steady rate or 2nd stage) takes place. Once the material starts to yield, the strain rate starts to 
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accelerate, which is called tertiary creep (or accelerated or the 3rd stage). The relative dominance 

of each stage is a characteristic for each rock type (Sofianos and Nomikos, 2008), and is 

controlled by the boundary conditions. The assumption in this case is that no plastic deformation 

occurs when the load is applied. However, it is acknowledged that these loading conditions can 

seldom be representative of reality as the application of the load may create plastic yielding. 

 The instantaneous elastic strains at the 0th stage, due to the application of the constant 

load, are reversible and fully recoverable. During primary creep, the accumulated strains (visco-

elastic) due to the delayed adjustment to a new equilibrium state are reversible with unloading, 

but the material needs more time to return to its initial state. This behaviour is also known as 

delayed elasticity. In the secondary creep stage the strains attain a constant-strain-rate 

accompanied by inelastic distortion (although these strains can often be recovered by a reversal of 

the boundary conditions). During the tertiary stage of creep, the strain-rates are characterized by 

an abrupt increase that can occur (typically driving the material to rupture) due to a number of 

factors, such as strain-driven weakening, chemically related strength degradation and/or 

interaction of growing cracks (although in this sense the application of the term creep to these 

tertiary processes is misplaced). At the end of this stage, the material undergoes visco-plastic or 

brittle yielding that leads the material to failure. 

 The total strain of a material exhibiting creep is the sum of the elastic strain and the 

strains accumulated during each creep stage, depending on the stress level. If the applied stress 

(σ) is below a stress threshold where no yielding is observed (< σy) then the total strain (ε) can be 

calculated using the Eq. 2-1: 

𝜎 < 𝜎𝑦:    𝜀 = 𝜀𝑒𝑙 + 𝜀𝑝 + 𝜀𝑠 (Eq: 2-1) 

where the superscripts el, p and s denote elastic, primary and secondary, respectively.  

 However, if the applied stress (σ) is above the yielding threshold (> σy) then the total 

strain (ε) can be calculated using the Eq. 2-2: 
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𝜎 > 𝜎𝑦:    𝜀 = 𝜀𝑒𝑙 + 𝜀𝑝 + 𝜀𝑠 + 𝜀𝑡𝑒𝑡 (Eq: 2-2) 

where the superscripts el, p, s, and tet denote elastic, primary, secondary, and tertiary, 

respectively. 

 The applied stress level indicates whether the material will reach the tertiary stage of 

creep or will be creeping for a longer period of time without failing. In addition, the stress regime 

defines whether the accumulated strains during the creep stages are visco-elastic or visco-plastic 

as well as their magnitudes.  

 For some rock types, usually brittle, the secondary creep is not clearly observed. As 

Lockner (1993) reported there can be a transition from primary to tertiary creep with no 

significant secondary stage. Other rocks may never reach the tertiary creep stage under certain 

conditions, such as rock salt and other ductile rock materials. Thus, depending on both the 

material properties and the applied stress the total strain can be estimated by adjusting Eq. 2-1 

and 2-2 according to the scenario being investigated. 

 It should be stated herein that in some cited literature, squeezing is synonymous to creep 

in a tunnelling environment. According to Barla (2001), squeezing is synonymous with yielding 

and time-dependency and it is closely related to the excavation and support techniques which are 

adopted. This definition is somewhat self-contradictory, stating that a component of squeezing is 

a function of excavation staging (distance from the face), while another component is a function 

of time (Paraskevopoulou and Diederichs, 2013). ISRM (1995) oversimplifies the definition of 

squeezing as a time-dependent deformation, essentially associated with creep derived from the 

excess of a limiting shear stress. The important separation of the components of squeezing, that 

are associated with tunnel advance and are due to solely time-dependent deformation, will be 

discussed in more detail in Chapter 7. 
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2.4.1.1 Mechanisms of Creep 

The strain during creep is the result of the re-arrangement of crystals in the rock. This leads to 

crystal distortion and upon stress removal the deformation remains as a permanent distortion of 

the rock. A rock material may ‘flow’ (i.e. creep) under various conditions guided by different 

creep mechanisms. It is important therefore to distinguish between these various mechanisms. 

They can appear simultaneously or precede one another or can even be independent of one 

another. They are controlled by applied stress, temperature, fluid pressure and strain-rate. The 

principal mechanisms of creep at the microscale (from ions to minerals) can be classified into the 

following categories: diffusion creep, dislocation creep, pressure solution and superplasticity. 

2.4.1.1.1 Diffusion Creep or Solid Diffusion 

The minerals of solid materials (i.e. rocks) often include imperfections in their crystal lattice. 

These imperfections can be either vacancies (pore space) or impurities within the lattice positions 

or interstitial atoms similar or different from those of the lattice, as shown in Figure 2-3. These 

points of imperfection are mobilized when movement or diffusion of any atom through the crystal 

lattice is observed. It is implied that this atomic movement is initiated when the activation 

temperature is reached allowing atoms to exit the radius of their influence. 

 

Figure 2-3: Different forms of point imperfections in a crystal lattice.  
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 Weijermars (1997) suggested that creep due to solid diffusion cannot be observed in rock 

samples when deformed under laboratory conditions (i.e. temperature and pressure). One can 

observe this creep mechanism when the strain-rate is lower than 10-9 s-1 which requires 

experiments that last from years to decades or even centuries. The strain-rate during laboratory 

experiments is relatively high, which prevents diffusion creep from occurring. 

2.4.1.1.2 Dislocation Creep 

Weak bonding between the planes within the crystal lattice of minerals can lead to potential 

gliding (or slipping). This enables the creation of new dislocation planes and dislocation lines or 

the removal of existing ones from the crystal lattice. Dislocation glide, also known as crystal 

plasticity, dominates within the creep mechanisms of recrystallization processes. There are two 

main types of dislocation glide: a) edge dislocation and b) screw dislocation, shown in Figure 2-4. 

 

Figure 2-4: Schematic representation of glide dislocations in a crystal lattice a) edge 

dislocation and b) screw dislocation. 

 Edge dislocations (Figure 2-4.a) are aligned along the leading edge of a slip plane, 

propagating through a crystal lattice (Weijermars, 1997) and the dislocation line is commonly 

normal to the direction of the external shear force. Screw dislocations (Figure 2-4.b), on the other 

hand, are more complex to visualize in two dimensions. The direction of the movement is 
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perpendicular to the applied stress. Screw dislocations are caused by displacing the atomic planes 

relative to each other through shear (Read, 1953). 

2.4.1.1.3 Pressure Solution or Solution Transfer 

Pressure solution (Figure 2-5) is a stress-driven mass transfer process that is controlled mainly by 

chemical erosion of the grain boundary interfaces in an aqueous solution (Paterson, 1973). Creep 

is observed to occur by dissolution of material at the grain boundary interfaces under high mean 

normal stress and precipitation at interfaces under low mean normal stress (Spiers et al. 1990).  

Pressure solution creep can be present within the absence of a tectonically induced deviatoric 

stresses (Weijermars, 1997). 

 

Figure 2-5: Schematic representation of deformation of rock due to pressure solution creep. 

2.4.1.1.4 Superplasticity 

Superplasticity is considered to be a combination of grain boundary sliding guided by internal 

distortion of crystal grains by dislocation creep. It usually occurs in highly deformed rocks that 

have the ability to exhibit exceptionally large elongation during tensile deformation (Edignton et 

al. 1976). 

 Figure 2-6 illustrates the regimes of fracture and cataclasis, dissolution creep, dislocation 

creep, diffusion creep and pressure solution, as they appear on a deformation map. 
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Figure 2-6: Deformation Map relating the conditions where each deformation mechanism of 

creep dominates, (modified after Davis and Reynolds, 1996). 

 The map shows the dominance of each creep mechanism for relative differential stress 

and temperature limits. However, the most common creep mechanisms observed in rocks are 

diffusion creep, dislocation creep and superplasticity. 

2.4.2 Swelling 

Many researchers have studied swelling behaviour of rocks (Einstein, 1989; Anagnostou, 1991; 

Aydan et al. 1993; Barla, 1995; Kovari et. al 1998; Serafeimidis, 2014). The term swelling is 

defined as the time-dependent volume increase of the geotechnical medium by the absorption or 

adsorption of water (Einstein and Bischoff, 1975; Gioda 1982). A simpler description was given 

by Anagnostou (1992) stating that some rocks, usually sedimentary rocks, tend to increase in 

volume after they come into contact with water. Bonini et al. (2001) noted that swelling is a 

complex behaviour characteristic of clay, argillaceous and anhydrite bearing rocks due to 

adsorption of water. Swelling mechanisms resulting in volume change can initiate due to a 

combination of physico–chemical reactions involving water and stress relief over time (ISRM, 

1983). It is caused by the physicochemical interaction between the solid and liquid phases of two-

phase media (Gioda, 1982) and it is particularly evident in soils and in rocks containing clay 
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minerals with small particle size (such as montmorillonite) and in rocks containing anhydrite. It 

should be stated that swelling is not a direct consequence of stress change, although stress can 

suppress it. The swelling of these rocks can be related to the osmosis-driven water adsorption by 

the clay minerals (Serafeimidis, 2014), as shown in Figure 2-7, although other mechanisms can 

also be possible, such as diffusion. 

 

Figure 2-7: Swelling evolution over time: a) swelling strain versus time curve obtained using 

free swell test equipment, (modified after ISRM 1983) and b) example of an expandable clay 

mineral (i.e. montomorillonite or bentonite), crystalline swelling results in the widening of 

interlayers of swellable clay minerals by hydration of cations, (modified after Madsen and 

Muller-Vonmoos, 1989). 

For the special case of anhydrite, when it comes into contact with water it dissolves into 

the pore water (CaSO4  Ca2+ + SO4
2+) and as the concentration of gypsum is lower than that of 

anhydrite, gypsum precipitates from the solution (Ca2+ + SO4
2- + H2O  CaSO4

.2H2O). 

Anhydrite dissolution and gypsum precipitation go together but it is unknown whether these 

processes relate to macroscopic behaviour due to the complexity of the experimental research or 

the long duration of swelling processes involved (Anagnostou et al. 2010).  
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2.4.3 Consolidation 

Consolidation is any process which involves a decrease in water content of saturated soil or rock 

without replacement of water by air (Terzaghi, 1943). It results in a time-dependent volume 

decrease due to water expulsion (Figure 2-8a) and it could be considered as the opposite effect of 

swelling. Barbour and Fredlund (1989) suggested that consolidation is the result of the combined 

influence of fluid flow and soil compressibility. For instance, the time-dependent volume change 

behaviour of clay materials is controlled by its compressibility and its ability to conduct pore 

fluid. The former relates the volume change to the change in the stress state and the latter is 

related to physicochemical effects. There are three distinct stages that a sample undergoes during 

a consolidation test, as shown in Figure 2-8b. The first stage or initial consolidation refers to the 

initial compression caused by preloading. The second stage known as primary consolidation 

involves excess pore water and pressure dissipation resulting in soil volume change and the third 

stage or secondary consolidation results in plastic deformation and readjustment of soil particles. 

 Many consider that consolidation can only occur in soils. However, weak rocks or hard 

soils that contain for example clay particles, like shales, do have the tendency to consolidate 

when subjected to favourable conditions. 

 

Figure 2-8: a) Void ratio versus effective stress curve obtained in a consolidation test and b) 

the three stages of consolidation. 
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2.4.4 Time-dependent Dilation 

Another process that involves a change in volume is called dilation (or dilatancy). Dilation is a 

measure of the increase in volume of the material when subjected to differential stresses, as 

shown in Figure 2-9. It generally refers to the volumetric expansion of a yielding rock material 

and can be associated with both hard and weak rocks (Walton, 2014). Additionally, dilatancy in 

hard rocks usually occurs due to microfracturing caused by tensile or shear stresses (Kwasniewski 

and Rodrigues-Oitaben, 2012). 

 

Figure 2-9: Dilation response of a material when subjected to differential stress. 

 Furthermore, many researchers (Malan, 1999; Van and Szarka, 2006; Fabre and Pellet, 

2006; Zhao et al. 2010) have observed that this volumetric increase can take place over time. This 

time-dependent component of dilation can also appear due to the growth of new cracks and 

fractures in a later stage and can be an indicator of the impending failure. 

2.4.5 Stress Relaxation 

Stress relaxation is another aspect of time-dependent behaviour. It is the decrease of applied 

stress at a constant (controlled) deformation magnitude over time. According to Peng and 

Podnieks (1972) relaxation is the time-dependent behaviour of stress within a stressed elastic 
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body and it can be observed by controlling the axial deformation at a constant level in a 

conventional compressive strength test (i.e. uniaxial test). Deformation due to relaxation can also 

occur in the opening of joints and fractures (Diederichs, 1999). It can be implied that stress 

relaxation is related to crack initiation, propagation and accumulation and it is assumed that 

stabilization of crack growth is achieved when stress attains an constant stress value, as shown in 

Figure 2-10. 

 

Figure 2-10: Stress relaxation response under (axial) strain-controlled conditions showing the 

a) stress response, and b) the constant axial strain boundary conditions.  

 Stress relaxation can lead to delayed and abrupt failure when other controlling factors, 

such as humidity (Widd, 1970; Diederichs, 1987) and chemically assisted stress corrosion 

exacerbates crack instability. Stress relaxation can lead the material to sudden rupture when 

tensile cracks propagating parallel to the applied stress fail to achieve the low confinement 

capacity for stabilization (Diederichs, 1999). This can lead to rock bursts in underground 

environments. 
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2.5 Summary 

In this Chapter an overview of the time-dependent phenomena associated with rock mechanics 

was presented. The definition of weak and hard rocks has been discussed and has been included 

to make a distinction between such materials for subsequent discussion in Chapters 5 and 6. 

Deformation can be the result of stress changes from an initial equilibrium state and can be 

classified into two groups: a) immediate and b) time-dependent. Time-dependency is a term that 

refers to the deformation of intact rock or rockmass over time. Furthermore, the processes 

associated with it are called time-dependent phenomena.  

 There are many time-dependent phenomena related to rock deformation. Creep can be 

defined as the time-dependent deformation of a material that is being subjected to a constant load 

that is less than its short-term strength. The most common mechanisms of creep occurring at the 

microscale are diffusion creep, dislocation creep and superplasticity. Swelling is defined as the 

time-dependent volume increase of the geotechnical medium by the absorption or adsorption of 

water. Consolidation results in time-dependent volume decrease due to water expulsion and can 

be applicable to weak rocks containing soil practicles, such as clay shales. Dilation is the increase 

in volume of a material when subjected to differential stress, it can take place over time and can 

be present in both hard and weak rocks. Stress relaxation is another aspect of time-dependent 

behaviour and refers to the decrease of applied stress at a constant (controlled) deformation over 

time. When stress relaxation attains an constant value, no crack initiation, propagation and 

accumulation can take place and it is assumed that fracture stabilization is achieved. This Chapter 

presents an overview of general time-dependent mechanisms and individual aspects which will be 

examined in more detail at both the laboratory scale (Chapter 5 and 6) and at the excavation scale 

in Chapter 7 with a focus on stress relaxation and creep.  
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Chapter 3 

Time-dependent Models 

3.1 Historical Background 

In 1687, Sir Isaac Newton wrote in the “Principia” (i.e. the Mathematical Principles of Natural 

Philosophy) the following: “the resistance which arises from the lack of slipperiness of the parts 

of the liquid, other things being equal, is proportional to the velocity with which the parts of the 

liquid are separated from one another”. Viscosity is a measure of matter’s resistance to flow or 

the lack of slipperiness. It controls the rate of deformation or strain rate and it is related to the 

internal friction of the material. Initially, time-dependency was associated with rheology. 

Rheology is the science of deformation and flow of matter, as defined by Professor Bingham of 

Lafayette College Easton, Pennsylvania and this area of study was accepted in 1929 when the 

American Society of Rheology was founded. It was named after the Greek word ‘rheos’ which 

means flow. According to the principles of rheology, deformations are due to the intrinsic viscous 

nature of materials (Barnes et al. 1989) and fluids have lower viscosities (less resistance to flow) 

than solids do. However, geologically speaking, where time units refer to a different and larger 

scale than human time, solids such as rock can flow under specific conditions and exhibit 

measurable deformations. An active and unique example of viscous solids are glaciers, which 

exhibit large strains.  

 Physicists initially showed interest in how ice crystals deform plastically over time. It 

was Rendu (1840) who suggested that glaciers behave in a viscous manner. Half a century later, 

in 1888, McConnel and Kidd were the first who attempted to prove this concept by performing 

experiments on single crystals of ice and showed not only that they deformed plastically but also 

that the rate of deformation increased over time. At the beginning of the 20th century, rising 

attention was given to the research of the viscous flow of metals. In 1910 da Andrade and a 

decade later Michelson (1920) conducted laboratory experiments and analyzed the time-
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dependent behaviour of metals under high stresses. In 1936 Weaver suggested a new (at that 

time) mathematical equation describing the creep curve based on laboratory experiments on steel 

at high temperatures. Griggs (1939) was one of the first researchers that adopted the principles of 

the creep behaviour of metals and applied them to rocks. He observed that similar viscous flow 

patterns take place in rock materials when subjected to a constant stress state over long periods of 

time. Another 10 years later, in 1949, Orowan, who was well known for his work on the plasticity 

of metals and the importance of dislocations in the plasticity of crystalline solids, initiated the 

discussion on ‘the flow of ice and other solids’ at a meeting of the British Glaciological Society. 

From then on, scientists and researchers have performed investigations, developed theories and 

constitutive models to describe and reproduce the behaviour of solid materials under load over 

time. The model developments used to reproduce the mechanical behaviour of rocks and 

rockmasses over time will be reviewed in the following sections. 

3.2 Time-dependent Models 

Existing methods of rock classification and criteria of failure used to calculate the strength and 

deformation parameters, based on elastoplastic behaviour, generally do not explicitly and 

mechanistically take time into account. However, as is evident from the previous Chapter, there 

are rocks which deform slowly under constant load (stress) or within which the stress changes, 

while the strain is held constant. These deformations or relaxations can continue almost 

indefinitely or until failure. Rocks which exhibit time-dependent elastic behaviour, are often 

called visco-elastic and the theory related to the deformation of such rocks is called visco-

elasticity (Sofianos and Nomikos, 2008). 

 Models used to simulate the behaviour of materials can be categorized into two 

generalized groups: a) phenomenological models, and, b) mechanical models. The former are 

models based on the assumption that the phenomenon under investigation can be fully described 

and reproduced using the observations made during the occurrence of the event and subsequently 
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developed mathematical formulations. Phenomenological models do not depend on 

environmental changes and do not take into consideration the physical meaning of the 

mechanisms related to the behavioural pattern. On the other hand, mechanical models are based 

on constitutive laws, closed-form relationships and general theories. Changes in the mechanisms 

and in the environmental conditions do result in changes in the model’s mechanical behaviour. 

Mechanical models can adequately capture the physical mechanisms to better represent the real-

life phenomenon and they can be considered versatile in terms of their application to other 

scenarios outside of those used to develop the model. Overall, phenomenological models are 

more prominent than the mechanical models as they are more simplistic and easier to use, 

however, they lack flexibility as they refer to certain specific boundary conditions and specific 

rock types (Aristorenas, 1992).  

 Models used to simulate time-dependent behaviour can be either phenomological or 

mechanical. In addition, a further classification can be made. Most formulations of time-

dependent behaviour, suggested in the literature, can be separated into three main categories: a) 

empirical functions based upon curve fitting to experimental data, b) rheological functions based 

upon time-dependent behavioural models composed of assemblages of elastic springs, viscous 

dash-pots, plastic sliders and brittle yield elements, and, c) general theories that are considered to 

be the most advanced aspects of numerical analysis codes (i.e. Finite Element and Finite 

Difference codes). Both the empirical and the rheological models could be defined as 

phenomenological models. 

3.2.1 Empirical Models 

Empirical time-dependent models are typically derived from strain-time curves from static load 

(creep) tests or directly from actual tunnel deformation monitoring data. The model parameters 

are determined based on curve fitting of the experimental data acquired from laboratory or in-situ 

testing. A selection of empirical laws is presented in Table 3-1 (Mirza, 1978). The empirical 
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models (Griggs, 1939; Aydan et al. 1996; Sign et al. 1997; Hoek, 2001) are derived from test data 

for certain rock types and can be used as a first preliminary design tool but are of limited 

application to other rock types. Senseny (1983) suggested that these models lack a physical base. 

He reviewed eight empirical models for rock salt and found that even though they can adequately 

reproduce the strain behaviour observed during laboratory experiments at constant stress and 

temperature, these models actually have no physical meaning. The empirical time-dependent 

models are also known as convergence laws, creep laws or power laws. 

Table 3-1: Empirical Time-dependent Models, (A, B, C, D are fit parameters), adapted after, 

Mirza (1978). 

Empirical formulations 

ε = Atm 

ε = A + Btm 

ε = A + Bt + Ctm 

ε = A + Btm + Ctn + Dtp 

ε = Atm + Btn + Ctp + Dte 

ε = A log(t) 

ε = A + B log (t) 

ε = A log (B + t) 

ε = A log (B + Ct) 

ε = A + B log (C + t) 

ε = A + B log (t + Dt) 

ε = At / (1 + Bt) 

ε = A + B sinh (Ctn) 

ε = A + Bt - C exp (-Dt) 

ε = At + B [1-exp(-Ct)] 

ε = A[1 - exp(-Bt)] + C[1-exp(-Dt)] 

ε = A + B log(t) +Ctn 

ε = A + Btn + Ct 

ε = A + B log(t) + Ct 

ε = logt + Btn + Ct 

ε = A log[1+(t/B)] 

ε = A[1 - exp(B-Ctn)] 

ε = A[1 - exp(-Bt)] 

ε = A exp(Bt) 
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3.2.2 Rheological Models 

In reality rock materials exhibit behaviour that is typically inelastic or non-linear due to the 

presence of microcracks, voids or flaws which govern the deformation behaviour. Rheological 

behavioural models, however, are idealized analytical models that consist of mechanical elements 

coupled in series or in parallel, that are used to simulate elastic (via springs), viscous (via 

dashpots), plastic (via sliders) behaviour and potentially failure, as shown in Table 3-2. The 

rheological models are basically constitutive relationships between stress and strain. The 

following section presents a selection of simplified rheological models, and combinations of 

those as they usually share similar parameters that can be derived from static load (creep) tests. 

3.2.2.1 Basic Mechanical Analogues (Elements) 

The three basic rheological elements used to reproduce the mechanical behaviour of materials 

are: the Hookean element (spring), the Newtonian element (dashpot), and the St. Venant element 

(slider) shown in Table 3-2. 
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Table 3-2: Mechanical analogues represented by elastic springs, viscous dashpots, and plastic 

sliders, along with their corresponding stress-strain, strain-time, and stress-time representation 

(where: σ=stress, ε=strain, E=Young’s modulus, η=viscosity, t=time, superscripts e and η 

denote elastic, and viscous respectively, subscript y denotes yielding). 

 

3.2.2.1.1 The Elastic Hookean Element 

Elasticity describes the instantaneous and recoverable deformation response of a material to an 

applied load. When the applied load is added, the material deforms (in shape and/or volume) and 

when the applied load is removed the material returns to its initial configuration. All the strains 

(both volumetric and distortional) attained during loading are elastic and reversible. The elastic 

Hookean element, shown as a spring in Table 3-2, describes the elastic instantaneous straining 

which is governed by a constant stiffness modulus or stress or strain-dependent modulus for 

nonlinear elastic materials. These materials follow Hooke’s law and the stress-strain relationship 

is linear and independent of time. The elastic body itself is not able to describe the time 
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component of a rocks’ behaviour. However, it is commonly used to simulate the initial elastic 

deformation which takes place as the initial load is being applied to the material. 

3.2.2.1.2 The Viscous Newtonian Element  

Viscosity measures the resistance to flow of matter and is represented by the viscous element, 

shown as a dashpot or damper in Table 3-2. This analogue dashpot provides resistance to flow 

and the response of such an element should be dependent on the applied stress increment and the 

rate of strain. The viscosity can be further separated into linear and non-linear depending on the 

type of the stress-strain rate relationship. The viscous body is also known as the Newtonian 

element. The viscous body cannot adequately represent the time-dependent behaviour of rocks, 

because although it takes into consideration the time component, it fails to capture the 

instantaneous elastic response when the load is initially applied. Another drawback is the 

reversibility of the strain accumulation when the load is removed. It can be said that viscous 

elements have ‘no memory’, as it cannot sustain the accumulated strains after load removal. This 

lack of plasticity is a major drawback.  

 When the Newtonian element is coupled in series or in parallel with other mechanical 

analogues, it is able to sufficiently capture the time-dependent component as is discussed in the 

following sections. 

3.2.2.1.3 The Plastic St. Venant Element 

Plasticity is the ability of materials (solids) to undergo non-reversible strain (i.e change in shape) 

when the applied stress exceeds the materials’ yield strength. In the case where the applied stress 

is less than the materials’ yield strength only elastic deformation can take place. The St. Venant 

element (Table 3-2) is commonly used to simulate the failure state and the three-dimensional 

theory of plasticity. 

 One might consider that these three mechanical analogues can only describe one-

dimensional straining problems although in a stress or strain model the analogues can be applied 
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to volumetric behaviour (shrinking or expansion) and/or to shear or distortional behaviour 

(change of shape). When these three elements, described above, are used in combination, either 

coupled in series or parallel, they can simulate multi-dimensional problems and various 

behavioural characteristics of intact rock or a rockmass including elastic deformations through to 

plastic flow with a continuous time-dependent or creep component. 

3.2.2.2 Viscous Models 

These three elements (mechanical analogues) are often used together, either in parallel or series, 

to describe a range of rock behaviours. It should be noted that all of the models described are 

related to elasticity, plasticity, visco-elasticity and visco-plasticity theory, respectively. 

3.2.2.2.1 Visco-elastic Models 

The theory related with the visco-elastic behaviour is called visco-elasticity. It was first 

introduced at the beginning of the 19th century and since then it has been constantly developed as 

it can be applied not only to rock materials but also to plastics, polymers, elastomers, metals, 

shotcrete and many other materials.  

 Briefly, the visco-elastic models are rheological models which consist of springs and 

dashpots but exclude sliders, in other words they include an elastic and a viscous element, 

respectively. The most common visco-elastic models used, shown in Table 3-3, are the Kelvin 

model, the Maxwell model and the Burgers model. These models can be further extended to 

produce different variations using the base components of the viscous models. These components 

will be described in more detail below. 
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Table 3-3: Visco-elastic time-dependent models including their mechanical analogues and 

their strain-time; stress-time relationships (where: σ=stress, ε=strain, E=Young’s modulus, 

K=bulk modulus, η=viscosity, t=time, subscript K denotes Kelvin model, subscript M denotes 

Maxwell model). 

 

Rheological models require a number of assumptions to be considered in order to be 

effectively used in simulating tunnelling problems. In this regard, the analytical solution of these 

models assumes that the tunnel is a circular cylinder of infinite length within an infinite medium, 

such that the corresponding displacements can be derived from the radial and tangential stresses 

and strains. It is important to mention that the most commonly used rheological models applied to 

low-porosity rock describe only the deviatoric behaviour of the tunnel with the assumption that 

the volumetric behaviour does not contribute to deformations (Panet, 1979) to the degree they do 

in soil. Consequently, these models include the shear modulus as the only principal material 

parameter (Aristorenas, 1992). 

3.2.2.2.2 The Maxwell Model 

The Maxwell model consists of an elastic and a viscous element connected in series (Table 3-3). 

The load applied to the two elements (the spring and the dashpot) is identical and the total strain 
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is the sum of the component strains as they are coupled in series. The stress application on a 

Maxwell model triggers the initial elastic strain of the elastic element. For a constant load (stress) 

over time the total strain of the model increases with a constant rate due to the viscous element. 

When the applied stress is removed (unloading), the elastic strain (spring) is recovered while the 

viscous strain (dashpot) remains. The inelastic strains can only be recovered (over time) with a 

complete reversal of the boundary conditions. Although the Maxwell model approximates to a 

large extent the visco-elastic behaviour of rocks, the model has some important limitations. In 

principle, as shown in strain - time curve (Table 3-3), the Maxwell model has a linear strain – 

time behaviour. However, the actual strain – time behaviour more commonly observed from rock 

testing is non-linear and the Maxwell model fails to depict this response. 

3.2.2.2.3 The Kelvin Model 

The Kelvin model consists of an elastic and a viscous element connected in parallel (Table 3-3). 

The strain of the two elements is identical and the total stress applied to the model equals the sum 

of stress on each element.  

 The determination of the initial elastic deformation of the Kelvin model is possible, but 

the viscous element resists the applied stress. Over time, the dashpot begins to deform and part of 

the applied stress on the dashpot is being transmitted to the elastic element. The latter results in 

the decrease of both the applied stress on the viscous element and its strain-rate. This behaviour is 

called delayed elasticity. The Kelvin model is used to capture the anelastic response when the 

material is being subjected to a constant load and which is being observed at the first stage of 

creep from laboratory tests.  

 In tunnelling cases where the convergence increments decrease with time, the Kelvin 

model can be used quite satisfactorily to reproduce this behaviour, as some researchers have 

shown (Lo and Yuen, 1981; Panet, 1979). As soon as the applied stress is removed, the total 

strain decays over time to the original state. The model cannot simulate instantaneous 
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deformation (initial deformations due to loading), which does not reflect observations from real 

ground conditions (Aristorenas, 1992). 

3.2.2.2.4 The Burgers Model 

When the Kelvin model is coupled in series with the Maxwell model, they comprise the Burgers 

model (Table 3-3) and it is used to physically capture the two deformation stages: the primary 

creep and secondary creep commonly observed in laboratory tests. The combination of the 

models utilizes the behavioural principles of each model. Kelvin model contributes a time-

dependent deformation component with decreasing rate up to an asymptotic threshold, and the 

Maxwell model contributes ongoing displacements (constant rate) over time. The model permits, 

the strain rate to change while the stress is being applied. This model can capture both the initial 

elastic strain and the increase of strain rate with a negative coefficient.  

 When the load is removed the initial elastic strain, from the Maxwell spring component, 

goes to zero and the residual strain, from the Maxwell dashpot, tends to remain constant. The 

elastic recovery of the Kelvin spring is time-dependent upon unloading. This behaviour is more 

representative of visco-elastic behaviour of rocks and rockmasses. The Burgers model showed 

good agreement with the parametric findings from Chin and Rogers (1987). They compared 

experimental data from tests performed on vertical shafts drilled into carbonate shale, limestone 

and tuff with the Burgers model and concluded that such a model is adequate to describe the 

observations. More specifically, the Burgers model parameters were determined from the test data 

and a comparison between actual tests and model predictions yielded coefficients of correlation 

varying from 99.3% to 99.6%.  

 Goodman (1980, 1989) also concluded that for many practical purposes for rocks, the 

Burgers model can be used to simulate creep behaviour and will suffice for the description of 

most rock exhibiting creep if proper parameters are selected (Yu, 1998). None of the previously 

described models allow for tertiary “creep”. 
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3.2.2.3 Visco-elastic and elasto-visco-plastic models 

Visco-plasticity was first introduced by Perzyna (1996) as an extension of plasticity theory. 

Visco-plasticity has been applied to analysis of rock behaviour by many researchers (Ladanyi, 

1993; Cristescu and Gioda 1994; Gioda and Cividini ,1996; Boidy et al. 2002; Pellet et al. 2005; 

Debernardi, 2008; Kalos, 2014) for examining and investigating the time-dependent behaviour of 

rocks and rockmasses. These models are commonly utilized to simulate time-dependent 

behaviour of brittle materials, where the failure mechanisms are governed by progressive damage 

(Malan, 1997). However, it has been observed that their application is limited due to the complex 

mechanical coupling.  

 The main element used in visco-plastic models is the St. Venant element as it allows 

plastic strains to occur. However, the St. Venant element is not usually used in series with other 

elements as it could represent a sudden onset of unconstrained plastic deformation or of brittle 

failure once the element’s resistance is exceeded. Since visco-plastic creep manifests itself as a 

gradual increase in deformation with time, a serial arrangement with the St. Venant element 

would be inappropriate. The plastic element should be coupled with a viscous dashpot to be 

considered time-dependent or visco-plastic. 

3.2.2.3.1 The Bingham and the Modified Bingham Model 

The Bingham model consists of a plastic St. Venant element in parallel to a viscous Newtonian 

element. In this model no strains occur until the applied stress is equal to or greater than the 

capacity of the slider σy. If this resistance is reached, the accumulated strain is released as a 

function of time through the viscous element. If the Bingham model is serially attached to an 

elastic element, shown in Table 3-4 as the modified Bingham, then during loading or unloading, 

elastic strains will take place. The magnitude of the applied stress determines how much the 

Bingham component will contribute to the total strain. If σ ≥ σy then the Bingham model 

contributes to the total strain, otherwise no plastic strains will occur.  
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 The visco-plastic strains increase with time, while the rate of increase depends on the 

value of σ, σy and ηp the viscous parameter (σy is considered to be constant in order for perfect 

plasticity to take place during straining). The Bingham model is used in conjunction with the 

Burgers model (with the Burgers model replacing the serial spring in the modified Bingham 

model) to describe creep stages, as the Burgers model can only describe the primary and the 

secondary creep, whereas the Bingham model can be used for representing indirectly the tertiary 

creep stage of rock behaviour.  

Table 3-4: Visco-plastic time-dependent models including their mechanical analogues and 

their strain-time; stress-time relationships (where: σ=stress, ε=strain, E=Young’ s modulus, 

K=bulk modulus, η=viscosity, t=time, subscript y denotes yielding and p denotes plastic). 

 

3.2.2.4 Elasto-visco-plastic Model CVISC 

Itasca (2011) introduced a visco-elastic-plastic model (CVISC) which consists of a visco-elastic 

model and more specifically the Burgers model in series with a St. Venant element (a plastic 

slider) as shown in Figure 3-1. The plastic component is based on the Mohr – Coulomb failure 

criterion and it is used to capture the tertiary state of creep, in other words the failure state which 

the Burgers model fails to capture. The Burgers extension from a visco-elastic to a visco-elasto-

plastic model allows for simulating the deformation prior to failure as well as the stress-strain 

behaviour leading to failure.  
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 The CVISC model is characterized by a visco-elasto-plastic deviatoric and an elasto-

plastic volumetric behaviour. The volumetric behaviour (short-term) of the CVISC model is 

described by a linear elastic law (a spring analogue) and a plastic flow rule (a slider) and its 

attributers are only elasto-plastic. The deviatoric behaviour (long-term) is described by the 

Burgers model and the same plastic flow rule (a slider analogue), shown in Figure 3-1. 

 

Figure 3-1: CVISC Model, schematic analogue representation and strain-time relationships.  

 The model is characterized by nine parameters: one elastic bulk modulus, K, four visco-

elastic (Maxwell viscosity ηK and shear Modulus GM, Kelvin viscosity ηK and shear Modulus GK) 

and four plastic (cohesion c, friction angle φ, uniaxial tensile strength σt and dilation angle ψ). 

These parameters can be determined by analytical and numerical fitting of experimental data. 

More specifically, the elastic and plastic parameters can be derived from classical strength tests, 

whereas the visco-elastic parameters are derived from static load (creep) tests. 
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 In the case of a static load creep test it is assumed that the applied stress is less than the 

yield strength of the plastic slider. In such conditions, the CIVSC model transforms to the visco-

elastic Burgers model. The visco-elastic strains (axial and radial) of a CIVSC cylindrical 

specimen subjected to a constant stress state can be estimated using the following formulas: 

𝜀𝛼 =
𝑝

3𝐾
+

𝑞

3𝐺𝑀
+

𝑞

3𝜂𝑀
𝑡 +

𝑞

3𝐺𝐾
+ [1 − exp (− 

𝐺𝐾

𝜂𝐾
 𝑡)]  (Eq. 3-1) 

𝜀𝑟 =
𝑝

3𝐾
−

𝑞

6𝐺𝑀
−

𝑞

6𝜂𝑀
𝑡 −

𝑞

6𝐺𝐾
+ [1 − exp (− 

𝐺𝐾

𝜂𝑘
 𝑡) (Eg. 3-2) 

where: εa is the axial strain, εr is the radial strain, p is the applied mean stress and q is the 

deviatoric stress. 

 These equations can be used for determining the visco-elastic parameters by curve fitting 

experimental data of static load tests. It is also suggested to utilize the axial strain relationship 

(Eq. 3-1), as it is in general more accurate and reliable (Debernardi, 2008). 

 Overall, the CVISC model can be defined as a visco-elastic model with a plastic flow rule 

using the Mohr-Coulomb failure criterion. It is inferred that CVISC model is not a visco-plastic 

model since there is no time-dependent element coupled with the slider or plastic shear 

component (Paraskevopoulou and Diederichs, 2013). 

3.2.3 General Theory 

General theories are currently the most advanced models used in numerical modelling to 

reproduce the time-dependent behaviour of solid materials. These theories are not limited to 

specific loading conditions and can be applicable under various boundary conditions and stress-

paths. Moreover, these theories can be developed to solve three-dimensional problems and can be 

coded and implemented in a numerical software environment (Debernardi, 2008). Perzyna’s 

overstress theory and another example based on Perzyna’s theory are described for completeness. 

 

 



 

 44 

3.2.3.1 Perzyna’s Overstress Theory  

The overstress theory was first introduced by Perzyna (1966) and Olszak and Perzyna (1966) and 

it combines the experimental results on the time-dependent behaviour of metals with the classical 

theory of elasto-plasticity. This theory permits to split the total strain rate tensor to be split into 

elastic and visco-plastic components, as shown in Eq. 3-3. Currently, this theory has been 

extended to geomaterials (Sterpi and Gioda, 2009). 

𝜀𝑖𝑗̇ =  𝜀𝑖𝑗
�̇� + 𝜀𝑖𝑗

𝑣𝑝̇   (Eq. 3-3) 

The superscripts e and vp denote elastic and visco-plastic respectively.  

 The overstress theory is based on the existence of a static surface in the effective stress 

space where the limit surface is called the yield surface (f(σij)=0). Figure 3-2 shows the yield 

surface defining two different fields in effective stress space. The first field is an elastic field 

below the yield surface (f(σij)<0) and inside this area the deformations are only elastic. The 

elasto-visco-plastic field is external to the yield surface, where (f(σij)>0) and inside this field 

(between the yield surface and the visco-plastic limit) the deformations are elasto-visco-plastic. 

 

Figure 3-2: Static yield surface and stress fields in the effective stress for the Perzyna’s 

overstress theory (modified after Perzyna, 1966). 
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 The key to the overstress theory is the assumption that a point can cross the elastic yield 

surface during a loading stage, moving towards the plastic yield limit as the upper boundary of 

stress.  

 Many scientists (Adachi and Okano, 1974; Bodner and Partom, 1975; Zienkiewicz et al., 

1975; Desai and Zhang, 1987; Lemaitre and Chaboche, 1990; Boidy 2002, Leoni et al., 2008; 

Karstunen et al., 2013) have proposed different overstress models. One of the most recent 

overstress models was introduced by Debernardi (2008). This model has been derived from the 

classical theory of elasto-plasticity, which is frequently adopted in design analysis of tunnels, 

adding an extra plastic strain component as shown in Eq. 3-4: 

𝜀𝑖𝑗̇ =  𝜀𝑖𝑗
�̇� +  𝜀𝑖𝑗

�̇�
+ 𝜀𝑖𝑗

𝑣𝑝̇    (Eq. 3-4) 

The superscripts e, p and vp denote elastic, plastic and visco-plastic respectively. The total strain 

rate tensor ɛ is divided into elastic ɛ̇ el (reversible time independent), plastic ɛ̇ p (irreversible time 

independent), and visco-plastic ɛ̇ vp (irreversible time-dependent) components. 

 The model is called the Strain Hardening ELasto VIsco Plastic (SHELVIP) and it has 

been recently proposed with the intent to describe the rockmass behaviour of tunnels excavated in 

very severe squeezing conditions in a relatively simple manner (Figure 3-3). 

 

Figure 3-3: Limit surfaces and stress fields in the q-p plane for the stress hardening elasto-

visco-plastic model -SHELVIP (modified after Debernardi, 2008). 
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 It can be noticed in Figure 3-4 that the plastic surface line represents the maximum stress 

state that an element can withstand. The stress state on the plastic surface is governed by an 

elasto-plastic-visco-plastic flow rule. Furthermore, in the SHELVIP model the visco-plastic 

surface is defined by Perzyna’s theory. Consequently, the visco-plastic surface is considered to be 

the lower bound for the development of visco-plastic strains.  

 The assumption of a stress-based hardening rule is the most important component and 

most significant development in the stress hardening elasto-visco-plastic (SHELVIP) model. The 

hardening laws in nearly all the presently available visco-plastic models are assumed to be 

controlled by visco-plastic strains, which are not easily determined from laboratory or in situ 

tests. The introduction of a stress-based hardening law is associated with the possible evaluation 

of the visco-plastic hardening level of the material from the stress level, which defines the 

threshold for development of visco-plastic deformations, and can be done by performing 

appropriate laboratory tests. However, a complete constitutive model should also include the fully 

time-dependent and independent response, which generally has an elastic and plastic nature. In 

the present model, both the time-independent elastic strains (linear elastic behaviour) and the 

plastic strains are included. The model disregards the reversible creep strains, which attain a 

stable value in time under a constant load, and that develop when the acting deviatoric stress is 

low. In this case, the creep has a visco-elastic nature (primary creep). For higher deviatoric 

stresses, an additional nonreversible component of creep (visco-plastic) develops and increases 

with time at a rate that is constant under a constant load. It should be noted that this model was 

based on testing of a chaotic and heterogeneous rockmass from carboniferous formations and 

weak rockmasses (Debernardi, 2008).  
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3.3 Discussion 

In this Chapter it is was made apparent that a great number of researchers have developed and 

proposed models and constitutive laws and formulations to simulate the time-dependent 

behaviour of geomaterials. The majority of the models and formulations presented herein have a 

common tendency to mainly focus on the representation of the primary and secondary stage of 

creep, neglecting thus the simulation of the tertiary stage of creep during which the strains 

suddenly accumulate leading to rapid failure. It can be seen that there is no a simple model that 

can describe creep behaviour satisfactorily through all three stages and can be used for all rock 

types and all in situ conditions without limitations. For instance, a heavily sheared rockmass can 

exhibit primary creep under low to moderate stress conditions whereas under high stress 

conditions it may not. Overall, most formulations as discussed refer to specific rock types and 

they are considered to be mathematical representations of the experimental data which do not 

incorporate the physical mechanics and mechanisms giving rise to the mechanical behaviour 

observed. Additionally, most proposed models to describe time-dependency are mainly focused 

on soft rocks, such as clays, salt and soil materials, whereas constitutive models describing hard 

brittle rocks (such as Malan 2002) and rockmasses exhibiting time-dependent deformations are 

few with limited applications. Moreover, most time-dependent models have been developed to 

reproduce the creep behaviour neglecting all the other time-dependent or time-independent 

processes contributing to strain accumulation, leading to failure. In conclusion, it has been shown 

that most creep models can only satisfy certain conditions and states. The need to investigate 

further the mechanisms and the different time-dependent processes, described in Chapter 2, are 

emphasized and highlighted in the coming Chapters. 
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Chapter 4 

A Critical Assessment of CVISC Model1 

4.1 Introduction 

The nature and impact of time-dependent behaviour is associated with the mechanical properties 

of the rockmass, in situ stresses and the local boundary conditions (for a particular element of 

rock). Time-dependent deformation processes can occur under sustained loading (constant stress) 

and manifest as creep strain, or they can take place as a relaxation process under conditions of 

fixed strain. Of interest in this Chapter are creep, in the form of shear strain and relaxation of 

deviatoric stress. Volume change in the form of dilation, consolidation or swelling is not 

considered here. Constant shear strain or constant deviatoric stress boundary conditions may 

occur within the excavation influence zone of an underground structure or around surface 

excavations (although the actual conditions at any point will be some combination of these two 

extremes). A brief overview of these tests (i.e. static load tests and relaxation tests) commonly 

used for investigating the time-dependent behaviour of rocks are presented.  

 The Burgers elastic-visco-plastic constitutive model (CVISC) model is one of the more 

comprehensive time-dependent constitutive models available in commercial software (from 

Itasca, 2011). It is a model for visco-elastic creep and uncoupled plasticity. The model is not 

visco-plastic and does not relate final plastic yield strength to creep but rather considers the two 

processes of creep and plastic yield as independent. Before the CVISC model was applied to 

laboratory and field scale problems in this thesis, it was critically reviewed in this Chapter to 

                                                      

1 This Chapter contains some of the results presented at the WTC2013 and the ARMA2013 conferences 

under the following citations:  

Paraskevopoulou, C., Diederichs, M.S. 2013. A comparison of viscous material model mechanics and 

impacts under different boundary conditions for tunnels and shafts. In: Proceedings of the 47th US Rock 

Mechanics – Geomechanics Symposium ARMA. San Francisco, USA.  

Paraskevopoulou, C., Diederichs, M.S. 2013. A comparison of viscous models under constant strain and 

constant stress: Implications for tunnel analysis. In: Proceedings of the World Tunnel Congress on 

Underground – the way to the future. Geneva, Switzerland. 
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understand the mechanics of the individual components that make up the model, their combined 

behaviour and then, finally, used to determine how well it can simulate time-dependent 

behaviour. This Chapter aims to investigate and illustrate the individual mechanical analogues 

that make up the CVISC model utilizing a two-dimensional (2D) Finite Difference Method in the 

software FLAC by Itasca (2011). A sensitivity analysis of a rock specimen that is being subjected 

to stress-controlled (constant stress) and strain-controlled (constant strain-rate) and constant strain 

magnitude boundary conditions under both uniaxial and triaxial tests is presented. In addition, a 

tunnel case is analyzed and examined in 2D in order to understand the various mechanisms of the 

model behaviour under simulated tunnelling conditions. Finally, this Chapter highlights the 

mechanisms of the viscous components of the CVISC model and the implications that may arise 

from the different boundary conditions. 

4.2 Laboratory Tests 

The most common laboratory tests performed to investigate time-dependent behaviour of rock 

materials are static load (creep) tests and stress relaxation tests. Both tests can be conducted in 

uniaxial (unconfined) and triaxial (confined) compressive conditions. 

4.2.1 Static Load Tests 

Static load tests are performed to investigate creep behaviour, the time-dependent deformation of 

a material subjected to a constant load (or stress) that it is less than its short-term strength. Static 

load experiments are generally conducted to study the time-dependent strength, also known as 

long-term strength and the time-dependent deformability of rocks. As discussed in Chapter 2, in 

order for a rock to meet the requirements to undergo creep behaviour it should be subjected to a 

minimum stress level (Bieniawski, 1970; Lajtai, 1974); below which no significant creep 

behaviour is observed. Elevated differential stress triggers the deformation of crystal lattices 

which leads to straining of the minerals, potentially microcracking and eventually measurable 

strain of the rock element. 
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 Due to challenges in laboratory logistics, uniaxial compressive static load tests are more 

commonly used to examine creep behaviour than triaxial creep tests. The typical stress-strain-

time graphs of such a uniaxial creep test are illustrated in Figure 4-1. The rock sample is loaded 

until the stress threshold, point A in Figure 4-1.a where it is held constant (Figure 4-1.b). As time 

progresses, the strain increases with a changing rate from point A to B (Figure 4-1.c). Since the 

static load is the boundary condition that is held constant during such tests, they are sometimes 

referred to as load-controlled tests. 

 

Figure 4-1: Static load test performed at a constant load: a) stress-strain response, b) stress-

time response, c) strain-time response. 

 The test is usually considered to be completed when the sample fails or a constant strain-

rate is achieved reflecting the secondary stage of creep. In practice, keeping the stress constant is 

only necessary for soft rocks where the magnitude of the applied load is low and the resulting 

strain at the sample ends is higher than in hard brittle rocks. Generally, for hard brittle rocks, such 

changes in the area where the load is applied are small and the resulting change in the stress due 

to the change in the area is negligible with respect to the applied stress magnitude. 

 Static load tests should be performed following the ISRM (2014) suggested guidelines 

describing the testing procedure (i.e. preparation and size of samples, types of apparatus, 

controlling environmental conditions, etc.) when performed as a standard test. 

4.2.2 Relaxation Tests 

Relaxation is the time-dependent decrease of applied load or stress when the deformation is 

maintained constant. Relaxation tests are generally performed by controlling and keeping 
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constant the deformation in the axes where the stress in being applied (commonly in the axial 

direction).  

 The decrease of the load (or stress) can be associated with the same internal mechanics as 

creep deformation but it may also be associated with the evolution of cracks within the specimen; 

either deformation of pre-existing cracks or new ones that initiate and propagate as the load is 

being applied.  

 A stress relaxation test (in uniaxial conditions) is illustrated in Figure 4-2. The rock 

specimen is loaded until the stress threshold at point A (Figure 4-2.a) where the applied strain is 

held constant from point A to point C (Figure 4-2.b). In this manner the strain threshold becomes 

the boundary condition which is held constant and therefore such tests are sometimes referred to 

as strain-controlled tests. Once the strain threshold is reached and time elapses, existing cracks 

propagate or new cracks initiate and propagate, leading to a decrease in stress (Figure 4-2.c). The 

test then is terminated as soon as the stress relaxation reaches an asymptotic value, which implies 

that crack growth has stabilized (Peng, 1973). 

 

Figure 4-2: Relaxation test performed at a constant strain: a) stress-strain response, b) strain- 

time response, c) stress-time response. 

 Suggested guidelines on how to perform relaxation tests on rock are not provided by the 

International Society of Rock Mechanics. However, relaxation tests can be performed following 

the standard suggested by ASTM (2013) related to stress relaxation for man-made materials (e.g. 

metals, plastics) and structures which describes the testing procedure. This standard has been 

adopted and adjusted to testing rocks in Chapter 5 of this thesis.  
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4.2.3 Load Application Methods 

The loading part of both the static load and relaxation tests can be performed under constant 

stress-rate or strain-rate conditions. In constant stress-rate tests, the increment of load is increased 

at a uniform rate until the desired load is achieved or failure occurs.  In constant strain-rate tests 

the strain-rate (𝜀 ̇ = dε/dt) is kept constant during the loading part of the experiment or until 

failure, and the derived results are usually analyzed as a stress-strain response. These tests can be 

performed in both uniaxial and triaxial conditions.  

 The three type of tests described in this section are commonly used to investigate the 

time-dependent behaviour of rock materials and have been numerically simulated in this thesis. 

This approach is adopted in order to examine the time-dependent behaviour of the CVISC model 

and the results are presented in the following sections. 

4.3 The CVISC Model and Mechanical Behaviour 

The CVISC Model is a visco-elastic-plastic model implanted within the finite difference software 

FLAC, which is short for Fast Lagrangian Analysis of Continua (Itasca, 2001), that is commonly 

used to simulate the time-dependent behaviour of rocks. As discussed in Chapter 3.2.2.1, the 

model consists of two rheological models, the visco-elastic model of Kelvin and the elasto-

viscous model of Maxwell known as the Burgers model, coupled in series with a plastic slider 

(the St. Venant element) based on the Mohr-Coulomb yield criterion. The behaviour of the slider 

is independent of the creep deformation but may be indirectly influenced by stress relaxation or 

any other changes in the multidimensional stress state that occur as a result of deformation. 

 The constitutive laws that govern the mechanical behaviour of this model (Figure 4-3) 

can reproduce both deviatoric and volumetric strains (Figure 4-3). The visco-elastic strains 

produced by the Burgers component of this model are deviatoric and depend on the stress Sij, 

whereas the elasto-plastic strains are both volumetric and deviatoric and depend on σij and the 

associated plastic flow rule. In other words, the volumetric behaviour is related only with the 
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elasto-plastic component and the deviatoric behaviour is governed by both the Burger model and 

the plastic flow rule (Bonini, 2009). In more detail the constitutive equations of the CVISC model 

are summarized in the following relationships: 

ėij=ėij
K+ėij

M+ėij
p

  (Eq. 4-1) 

Sij=2ηKėij
K+2GKėij

K  (Eq. 4-2) 

 ėij
M =

Ṡij

2GM +
Sij

2ηM (Eq. 4-3) 

ėij
p

=λ*
∂g

∂σij
-

1

3
ėvol

p
+δij  (Eq. 4-4) 

ėvol
p

=λ* [
∂g

∂σ11
+

∂g

∂σ22
+

∂g

∂σ33
] (Eq.4-5) 

σ̇0=K(ėvol-ėvol
p

) (Eq. 4-6) 

where the superscripts K, M and p denote Kelvin, Maxwell and plastic, and 𝜀̇ and �̇� refer to 

strain-rate and stress-rate, respectively. The K and G refer to bulk and shear moduli, η is the 

viscosity, λ is the plastic multiplier and g is the plastic potential. 

 It can be inferred that when the stress is less than the yield strength of the elasto-plastic 

component, the CVISC model behaves as a Burgers material neglecting the elasto-plastic 

component. In that case, Eq. 3-1 in Chapter 3 can be transformed to capture only the strains due 

to creep behaviour as follows: 

εa
creep

=εa-εa
e=

q

3GK +
q

3ηM t+
q

3GK exp (
GK

ηK t) (Eq. 4-7) 

where q is the deviatoric stress. 
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Figure 4-3: CVISC model, schematic analogue representation.  

 If the applied stress is more than the yielding strength of the elasto-plastic model, the 

model behaves as a Mohr-Coulomb material with the failure criterion f and the plastic potential g, 

as described in equations 4-8 and 4-9: 

f=σ1-σ3
1+sinφ

1-sinφ
+2c√

1+sinφ

1-sinφ
 (Eq. 4-8) 

g=σ1-σ3
1+sinψ

1-sinψ
  (Eq. 4-9) 

where σ1 and σ3 are the principal stresses and c, φ and ψ are the cohesion, friction angle and 

dilation angle of Mohr-Coulomb failure criteria, respectively.  

 In order to use the model, it requires input of the following nine parameters: bulk 

Modulus K, Kelvin viscosity ηΚ, Kelvin Shear Modulus GK, Maxwell viscosity ηΜ, Maxwell 

Shear Modulus GM, cohesion c, friction angle φ, uniaxial tensile strength σt and the dilation angle 

ψ. The elastic and plastic parameters can be derived through conventional deformation and 

strength tests, whereas the visco-elastic parameters can be estimated using strain time curves from 

experimental data of static load tests. Mathematically, the same visco-elastic parameters can also 
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be derived from relaxation tests (see Chapter 5), however this has not yet been examined in detail, 

either numerically or physically.  

 Using the CVISC model within FLAC to simulate time-dependent behaviour requires 

several considerations. FLAC generally solves static problems using a virtual value for stepping 

through the calculations, where the steps or computing time are used to iterate through the 

problem domain to reach an equilibrium state by measuring the unbalanced forces at each step 

and using a low unbalanced force value as a stopping criteria. In contrast, when using time-

dependent models in FLAC, such as the CVISC model, the steps needed for the system to result 

in an equilibrium state refer to real time. Consequently, in order for the system to be in 

mechanical equilibrium and avoid high unbalanced forces, influencing the accuracy of the 

solution, it is required that the time-dependent stress increment is not larger than the strain-

dependent stress increment (Pellet, 2009). The user then, needs to define and set up the time-step 

according to Eq 4-10. 

Δtmax
cr =min (

ηK

GK ,
ηM

GM) (Eq. 4-10) 

where K and M refer to the visco-elastic parameters of the Kelvin and Maxwell models, as afore-

mentioned. 

4.4 Investigating the CVISC Model 

Most creep models, as previously discussed in Chapter 3, can only satisfy certain conditions and 

states. In this section the CVISC model is further examined including its limitations and impacts 

arising from different boundary conditions. For this purpose, three main analyses were performed 

and presented herein. The first two analyses are based on a 2D simulations of static load (stress-

controlled) and of constant strain rate (strain-controlled) tests. Both testing series were conducted 

under uniaxial (unconfined) and triaxial (confined) compressive boundary conditions. The third 

part analyzed the CVISC model for underground conditions and a tunnel case was numerically 

simulated. The analyses were performed using FLAC 7.0 (Itasca, 2011).  
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 The analyses of the laboratory scale tests utilized a rock specimen 14 cm high and 6 cm 

wide, as shown in Figure (4-4). To simulate the mechanical behaviour of the specimen the values 

of the nine input parameters for the CVISC model, as listed in Table 4-1, were used and were 

selected to be representative of a weak rockmass. 

Table 4-1: Parameters used for CVISC model after (Barla, 2010). 

Rock Conditions 

γ = 27 KN/m3 

φ = 28.o 

c = 0.61 MPa 

Bulk modulus = 942 MPa 

ν = 0.25 

tension = 35 KPa 

Creep Parameters  

Maxwell Shear modulus GM= 566 MPa 

Maxwell viscocity ηM=8.82E14 Pa*s 

Kelvin Shear modulus GK= 498 MPa 

Kelvin viscocity ηK= 1.34E14 Pa*s 

 

 The analyses performed for both lab tests were conducted using the mechanical analogue 

combinations shown in Table 4-2. In this manner the behaviour of the components of the CVISC 

model as well as the influence of different boundary (uniaxial versus triaxial) and loading 

(constant stress-rate or strain-rate) conditions could be examined and the impact on the test results 

isolated. 
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Table 4-2: Models and their mechanical analogues used in the analysis (where: σ=stress, 

ε=strain, E=Young’s modulus, η=viscosity, t=time, subscript K denotes Kelvin model, subscript 

M denotes Maxwell model). 

 

Note that “on” and “off” denote the inclusion of time-dependency in the deviatoric behaviour 

(see Section 3.2.2.2); “Maxwell” and “Kelvin” imply that only the Maxwell or the Kelvin 

component of the CVISC model is activated, respectively. 

 For both laboratory test types and for each mechanical component modelled, from Table 

4-2, two simulations were performed; a short and a long run. All tests performed were multi-

staged tests with a total of 18 stages each. In the short run, the rock specimen was subjected to 

stress or strain-controlled stages and the numerical model was computed using the solve 

command at each stage. The solve command runs the model until the unbalanced forces are 

below a specified threshold. The short run was used to determine the required length of time 

(solving steps) needed to reach equilibrium at each load or strain stage threshold. The number of 

solving steps (numerical time required) was doubled and used later in the long run models in 

order to examine how the models behave under constant conditions over time. Once the loading 
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stages were computed, an unloading phase was performed for all tests by either removing the load 

or strain-rate boundary condition in a similar set of 18 stages. The unloading phase was computed 

for the same number of solving steps (or time) as the loading stage. In addition, some tests were 

computed with unloading stages after each stress or strain holding period (i.e. load-hold-unload 

and repeat to the next load increment) in order to examine how the accumulated strain over the 

complete duration of the test changed. 

 Figure 4-4 shows the elastic response of the specimen for both static load (stress-

controlled) and constant strain-rate (strain-controlled) tests. It is shown that the stress-strain path 

to get to the target constant load threshold differs depending on the boundary conditions of the 

test. The strain-controlled tests were computed such that the load at each holding stage (target) 

was the same as the stress-controlled tests.  

 

Figure 4-4: Geometry and mesh conditions of the specimen, example of stress-strain 

application and response in stress-controlled and strain-controlled conditions. 

 The required amount of strain in the strain-controlled tests to achieve the same load as the 

load controlled tests was greater. Once the target load was reached, the holding stage proceeded 

in the same fashion for both tests. The results presented in the remaining sections are labelled as 
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‘long’ which denotes the long run, or without for short and ‘stress’ or ‘strain’ which refers to the 

test conditions, stress-controlled and strain-controlled, respectively. 

4.4.1 Numerical Simulation of Uniaxial and Triaxial Static Load Tests 

In this section the static load and constant strain-rate tests methods are described. In the following 

section the results are discussed. Following this, an illustrative tunnel analysis is described and 

discussed.  

4.4.1.1 Simulation of uniaxial conditions 

Static Load Tests 

The axial load applied to the specimen was held constant at stress increments of 100 kPa for a 

sustained time period (determined from the short run tests) and 18 load thresholds were used until 

a constant load threshold of 1800 kPa. The stress threshold of the 1800 kPa was used, since above 

this threshold the “CVISC_on” model reached failure for the parameters selected. At every 

constant load threshold, the axial (vertical) strains were recorded. 

Constant-strain-rate Tests 

During constant-strain-rate tests a constant boundary velocity (representative of the accumulated 

strain during loading in the static load tests) was applied to the specimen (constant strain-rate) 

until the amount of solving steps derived from the elastic analysis for each desired stress 

threshold was reached. The target stress thresholds were determined according to the elastic 

analysis. This was followed in order to examine how time-dependency affects the model. It 

should be noted that the initial stress thresholds that resulted from the elastic analysis were never 

achieved when the model was subjected to time-dependent conditions. Once the amount of 

solving steps was reached this strain magnitude was held constant for a certain amount of time-

steps (as determined from the required steps to solve the short run tests). This cycle was repeated 

until the specimen reached the strain state that was representative of the 1800kPa load-step. The 

internal stress was monitored in this case.  
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 To avoid any confusion, the holding time in the long run for both types of tests was the 

same as it was calculated according to the amount of computing steps the model under stress-

controlled conditions required to be solved. 

4.4.1.2 Simulation of Triaxial Conditions 

Static Load Tests 

The specimen was subjected to a constant axial and radial stress in increments of 100 kPa until 

the value of 500 kPa was reached (isotropic loading). Then the confinement pressure was kept 

constant at 500 kPa and the axial stress was increased further in increments of 100 kPa per load-

step until the value of 3200 kPa. Above this level the CVISC_on model reached failure. Each 

load stage was held constant for a given period of time (as determined from the short run tests) 

and the axial and radial strains were recorded. 

Constant Strain-rate Tests 

A constant boundary velocity was applied to the specimen in both the axial and radial dimensions 

with a constant rate for a specific number of time-steps (equal to the time-steps that were needed 

for the software to reach equilibrium using the “solve” command of the short run tests). This was 

done so that the time increment of a holding stage between the static load and constant strain-rate 

tests were the same. The strains were increased in a manner to follow the stress path from 100 

kPa to 500 kPa in 100 kPa increments and the axial strain was held constant for a subsequent 

period after each strain increment. Then, the boundary velocity in the axial dimension was 

increased gradually and the test terminated when the specimen reached the stress-state of 3200 

kPa. Similarly, the internal stresses were recorded. 
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4.4.1.3 Unloading Scenarios for both Uniaxial and Triaxial Test Simulations 

The unloading path mirrored the loading path in terms of duration of each load holding period, 

load thresholds, and the decrease per load threshold. Two unloading scenarios were modelled; 

one which had load-hold-load-repeat up to the maximum threshold followed by unload-hold-

unload-repeat to complete unloading or load-hold-unload-load in which the unloading was 

conducted prior to loading to the next higher target threshold as well as for unloading steps. 

4.4.2 Results and Discussion 

The term visco-elastic-plastic model, such as applied to the CVISC model, implies that the strains 

are almost fully recoverable during unloading if the model stress does not reach the failure state. 

This is true for all but the strains associated with the Maxwell dashpot component. These can be 

recovered on load reversal but not on simple unloading. 

 For the static load tests under uniaxial conditions, it was observed that at the beginning of 

the test the specimen behaved elastically until it started to yield as shown in Figure 4-5. During 

unloading, the specimen exhibited more strain. The amount of strain that was measured increased 

as the load threshold was increased in both the short and long model results. However, with 

longer hold time periods (model long) the amount of strain at each load threshold was greater 

than the comparable short hold time model results (Figure 4-5 top and middle model results). 

There was up to 125% more strain in the long models than the short models. When the long 

model was run with an unloading stage after each load and hold period, the sustained strain was 

less than was found in the model without the repeated unloading stage. The unloading stages prior 

to increasing to the next load threshold allow the dissipation of some of the strain within the 

model and reflects the fact that some of the strain is recoverable. However, the total strain on 

unloading remains greater than the strain at the maximum load stage, indicating that the model 

results in non-recoverable strain when the model is taken to initiation of yielding (some yielded 

elements in the model, but not complete yield). 
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Figure 4-5: Stress versus strain response of the visco-elastic CVISC_on model under static 

load conditions for the a) short-model, b) the long-model, c) unloading cycles. 
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 Figure 4-6 depicts the three different visco-elastic model components derived from the 

CVISC model, as explained in Table 4-2. This analysis was made in order to examine the CVISC 

components (sub-models). In Figure 4-6 it can be seen that holding the specimen under the same 

axial stress or axial strain for a longer period of time (short versus long run tests), results in 

greater strain. As for the different creep models (“CVISC = blue”, “Kelvin = green”, “Maxwell = 

red”) the following results are evident in Figure 4-6. CVISC_on_Kelvin exhibits less strain, 

without yielding, than the other two, as it captures only the primary creep. CVISC_on_Maxwell 

exhibits more strain than the other two in a longer period of time without failing, whereas 

CIVSC_on model starts yielding when it reaches the final load cycle. 

 

Figure 4-6: Axial strain versus time in the uniaxial (loading stages); stress refers to stress-

controlled (static load) and strain refers to strain-controlled (constant strain-rate). 

 



 

 65 

 Figure 4-7 compares the CVISC_on to the CVISC_off model in both stress and strain-

controlled conditions. It is implied that CIVSC_off model does not reach a yielding state as it is 

purely an elastic model and the strains can be considered equivalent to the elastic response. In 

contrast, the CVISC_on model needs less stress to realize the same strain under strain-controlled 

conditions. With the stress-controlled tests there is an oscillation in the stress level once the 

constant target stress level is reached. This is the result of the model adjusting to the new 

boundary condition and is controlled by the damping of the model (mesh, density, and stiffness of 

the zones). In contrast, the strain-rate controlled tests show an increase in the stress, without 

oscillation, once the target strain is achieved. It should be noted that Figure 4-7 refers to the 

loading part of the model runs until the maximum stress is reached before unloading. 

 

Figure 4-7: Stress versus Strain of CVISC_on and CIVSC_off under uniaxial conditions; 

stress refers to stress-controlled (static load) and strain refers to strain-controlled (constant 

strain-rate), dashed lines refer to the strain-controlled and continuous to stress-controlled. 
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 For a better understanding of the visco-elastic creep models the behaviour was also 

examined under confined (or biaxial) conditions. The primary intention was to investigate how 

the third dimension contributes to the model components. Figure 4-8 illustrates the stress-strain 

path during loading and unloading of the specimen. Similar to the uniaxial tests, the specimen can 

exhibit more strain without failing when it is subjected under the same stress-state for a longer 

period of time, almost 100% more, twice the initial strain of the short run model. It can be 

assumed that this occurs due to the increase of the holding time which is twice (in the long run) 

than the initial short run model. It is also notable, that during unloading the specimen exhibits the 

same strain during static-loading, which was not apparent in the uniaxial test. 
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Figure 4-8: Stress versus strain response of the visco-elastic CVISC_on triaxial model under 

static load conditions for the a) short-model, b) the long-model, c) and during unloading 

cycles. 
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 It could be inferred that the existence of confinement makes the model stronger and 

therefore able to sustain more strain. Furthermore, during the fully loading – unloading model the 

existence of confinement does not allow any dissipation of absorbed energy and the strains fail to 

recover, remaining irreversible.  

 In Figure 4-9, it is shown that the stress-controlled test and the strain-controlled test are in 

close agreement for all short-run creep models (“CVISC = blue”, Kelvin = green, Maxwell = 

red). In contrast with the uniaxial test, in the long-run models the specimens subjected to stress-

controlled conditions can exhibit more strains; as previously discussed the confinement makes the 

models stronger. 

 

Figure 4-9: Axial strain versus time in the triaxial (loading stages); stress refers to stress-

controlled (static load) and strain refers to strain-controlled (constant strain-rate). 
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 CVISC_on_Kelvin model exhibits less strain than the other two models. It is clear that 

the Kelvin model can exhibit a specific amount of strain regardless of the loading time. 

Additionally, the long run Kelvin component for both control types are in very close agreement 

with each other. CVISC_on_Maxwell model started yielding when it reached the final load cycle 

in comparison to the uniaxial test. The Maxwell model can deform further in a longer period of 

time. CVISC_on model approaches failure when the stress level approaches the final loading 

cycle. Figure 4-10 depicts the variances between CVISC_on and CVISC_off model results. 

Similar conclusions to those of the uniaxial test can be seen. Besides the fact that in the short run 

model the two models (CVISC_on and CVISC_off) exhibit the same amount of strain during the 

same stress levels, the CVISC_off behaves as an elastic material as it could not reach the yield 

threshold. 

 

Figure 4-10: Stress versus. Strain of CVISC_on and CIVSC_off under triaxial conditions; 

stress refers to stress-controlled (static load) and strain refers to strain-controlled (constant 

strain-rate), dashed lines refer to the strain-controlled and continuous to stress-controlled. 



 

 70 

 Furthermore, the CVISC_on model needs the same amount of stress to exhibit the same 

strain in triaxial conditions as the stress levels are more consistent per load stage across all 

modeled scenarios than that of the uniaxial conditions. It can be seen in Figure 4-10 that under 

triaxial conditions (deviatoric) there is no decrease in stress during each strain increment. 

Consequently, no stress relaxation during creep behaviour takes place during strain-controlled 

conditions, as expected. In the case of constant loading-unloading models for both stress-

controlled and strain-controlled tests it was observed that the models were shown to have the 

capacity to sustain more load for both uniaxial and triaxial conditions. Both types of tests were 

able to sustain more stress than the equivalent uniaxial model. The confinement pressure that was 

investigated in this section not only contributes to the increase of strain of the sample but it also 

contributes to the decrease of the oscillation experienced once the load is held constant.  

 A uniaxial test is partially representative of the behaviour of the excavation surface s (i.e. 

excavation face or tunnel walls) where during a conventional tunnel construction before even the 

installation of the temporary support, the confinement pressure equals zero. The latter is 

important since under fixed strain conditions the mechanism for time-dependency is a relaxation 

of stress rather than a creep strain, which in a confined environment can be limited. In other 

words, the boundary conditions are considered to be crucial, specifically in different areas around 

an excavation. 

4.4.3 Illustrative Tunnel Analysis 

The third part of this analysis aimed to compare the components of the CVISC model in a 

tunnelling environment. The long-term behaviour of a 10 m diameter tunnel at a depth of 60 m in 

a weak rockmass was simulated and examined. 

 The same mechanical properties of the numerically simulated laboratory specimens 

(Table 4-2) were utilized. The boundary was 6 diameters from the center of the tunnel axis 

(Figure 4-11). The displacement was fixed normal to the boundary conditions along the bottom 
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and the stress boundary conditions were selected to reflect gravitational loading only. The mesh 

was normally graded and no support was applied, as shown in Figure 4-11. 

 

Figure 4-11: Geometry and mesh conditions of the tunnel. 

 The tunnel analysis focused on comparing the different CVISC models and examining 

the long-term behaviour of an unsupported 10 m diameter tunnel. Figure 4-12 shows the 

displacements on the crown of the tunnel face with time (after excavation) expressed in days. It is 

shown that the CVISC model (“blue”) exhibits similar displacements to the Maxwell component 

(“red”) while the latter generates more strain with time. The Kelvin component (“green”) does 

not sustain more displacements with time, except for the displacements that are caused due to the 

face excavation as the Kelvin stiffness component is fully engaged and it reaches a steady state in 

comparison to the Maxwell which is characterized by an infinite strain potential. 
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Figure 4-12: Displacement versus creep time under hydrostatic conditions. 

 Figure 4-13 shows the relation of displacement with time-steps. It should be stated that 

there is no apparent relationship between actual (creep) time and number of steps in the models as 

it depends directly on the software and the time needed for the models to be reach an equilibrium 

state. It is also shown that the Kelvin model (“green”) behaves similar to the CVISC_off model 

(“purple”) and deforms a few centimeters more than the CVISC_off which can be considered to 

be able to the additional displacements due to the viscous potential of the material (model). 

 

Figure 4-13: Comparison of CVISC models under hydrostatic stress conditions. 
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 It is important to cite however, the fact that none of the described viscous models 

presented herein, and directly affect the plastic element of the model (slider) as the models 

initially reached the yielding state and thus they cannot be used to simulate the tertiary stage of 

creep. 

4.5 Summary and Conclusions 

In summation, this Chapter described the two laboratory tests often used to investigate and study 

the long-term behaviour of rock materials. The static load test scenario was investigated 

numerically under stress and strain-controlled load application.  

 The analysis examined in detail the CVISC model as well as its components, the 

Maxwell and Kelvin models, by simulating a uniaxial and a triaxial test using numerical 

modelling tools. It is noteworthy to state that the CVISC model is a visco-elastic-plastic model as 

it behaves visco-elastically until the yielding state, after which it behaves plastically. It does not 

simulate visco-plasticity (time-dependency of plastic shearing), nor does it link the plastic yield 

strength to the preceding creep processes. Phenomenologically, the plastic yield phase could be 

likened to observed tertiary creep stage in real cases but mechanically there is no true plastic 

creep simulated.   

 The CVISC model, when Kelvin and Maxwell components are not activated (creep is not 

activated), can simulate the “short-term” behaviour of a rock material as it behaves elastically 

until its yielding state where after that it fails plastically. During loading-unloading model runs 

for both tests types it was shown that the model can sustain more stress. The confinement 

pressure effect of frictional plasticity is simulated correctly while the creep components have no 

confinement dependency.   

 In conclusion, the CVISC has its limitations as it cannot mechanistically represent all 

stages of observed creep behaviour of real rock material. This should be taken into consideration 

when numerical models are used to simulate time-dependent behaviour. However, the CVISC 
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model can simulate sufficiently the primary and secondary stages of creep in a visco-elastic 

medium if the appropriate visco-elastic parameters are used and if there is no association between 

creep rates and confining pressure (as there may be in some real rockmass creep processes). This 

simplified visco-elasticity is useful in simulating the behaviour of more ductile materials, such as 

rock salt, but is less appropriate for more brittle rocks and these limitations need to be noted. In 

brittle rocks or heterogeneous rockmasses, there may be a need to consider rockmass strength 

degradation as being coupled to creep strain. In this way the tertiary stage of yield (with or 

without time-dependency) is coupled to creep deformation and weakening that may result. This is 

not the case with the CVISC. 
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Chapter 5 

The Three Stages of Stress Relaxation: Observations of the Time-

dependent Behaviour of Brittle Rocks Based on Laboratory Testing2 

5.1 Abstract 

Underground openings can experience time-dependent deformations and stress changes. Studying 

time-dependent rock behaviour is commonly done with static load (creep) tests in the laboratory 

which typically exhibit three distinct stages of behaviour. In this study relaxation tests were 

conducted to examine if three stages also exist under constant strain boundary conditions and to 

understand how the relaxation behaviour changes as the driving stress to strength ratio is 

increased. Tests were conducted on two types of limestone. At different load levels similar stress-

time responses were measured indicating three distinct stages of stress relaxation. The first stage 

of stress relaxation (RI) where the stress relaxes with a decreasing rate is followed by the second 

stage (RII) in which the stress decrease approaches a constant rate and in the third stage (RIII) no 

further stress relaxation takes place. In the first stage 55% to 95% of the total stress relaxation 

takes place. The test results are compared with literature data to understand the influence of the 

stiffness on the magnitude and time to reach the maximum stress relaxation. Relaxation tests 

could be used to derive numerical model inputs to describe the time-dependent behaviour in a 

manner similar to static load tests.     

 

 

 

                                                      

2 This Chapter appears as submitted to an international journal with the following citation: 

Paraskevopoulou, C., Perras, M., Diederichs, M.S., Amaan, F., Löw, S., Lam, T and Jensen, M. The three 

stages of stress relaxation - Observations for the long-term behaviour of rocks based on laboratory testing. 

Journal of Engineering Geology (submitted on 25.04.2016 - ENGEO7889). 
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5.2 Introduction 

Time-dependent behaviour of rock and time-dependent testing methods have been well studied by 

many authors at both the laboratory and the tunnel scale (e.g. Wawersik, 1972; Rutter et al. 1978; 

Chen and Chugh, 1996; Boukharov et al. 1995; Brantut et al. 2013; Ghaboussi and Gioda 1977; 

Malan, 2002; Schubert et al. 2003; Barla et al. 2010). Time-dependent behaviour of rockmasses 

have also been studied for landslides (Bizjak and Zupanic, 2007) and forms an important aspect 

of the predicted and observed movement of many landslides (Groneng et al. 2010). In a 

tunnelling environment, long-term time-dependent behaviour can lead to severe deformation at 

significant distances behind the face, impacting ground support performance, tunnelling logistics, 

and under-estimated preliminary and design stage project costs (Paraskevopoulou and Benardos, 

2013). Time-dependent deformation and behaviour is also important in the shorter-term, in terms 

of delayed strain evolution and stress migration within the near-face region of the tunnel, 

affecting the optimal timing of support installation and interpretation of monitoring data. 

However, in practice most site characterization and laboratory testing focuses on material 

properties including strength and deformability within the short (practically instantaneous) time 

constraints of standardized testing (ISRM, 1979). The stability and safety of underground 

excavations requires such experimental data for numerical prediction of rock behaviour. 

Challenges may arise when dealing with in-situ stress conditions where time-dependency issues, 

such as consolidation, swelling, squeezing, creep or stress relaxation, take place or when multiple 

mechanisms occur simultaneously. Goodman (1980) highlighted the importance of including time 

as a parameter of rock behaviour analysis.  

 The purpose of this paper is to give insight into the time-dependent behaviour of rock 

materials and the importance of performing laboratory testing, such as stress relaxation tests, 

which can be used to determine parameters for input into numerical simulations. This study 

focuses on two different types of limestone; the Jurassic limestone from Switzerland, and the 

Cobourg limestone from Canada. In the first phase of testing, the Jurassic limestone was used to 
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examine the testing procedure and the key parameters to be monitored during testing. In a second 

phase of testing the time-dependent behaviour of the Cobourg limestone, which is the potential 

host rock for a proposed Low and Intermediate Nuclear Waste Repository in Canada, was 

examined. According to Damjanac and Fairhurst (2010), a better understanding of the long-term 

rock deformability in the design and construction of nuclear waste repositories is a key 

behavioural aspect for predicting the ability of the rock to isolate the waste from the biosphere. 

5.3 Background 

5.3.1 Definitions 

Time-dependent phenomena can be defined as mechanisms resulting in deforming or weakening 

the rockmass over time. In the literature (Barla, 1995; Aydan et al. 1993; Einstein, 1996; Singh 

1975) the most widely discussed time-dependent phenomena associated with tunnelling are creep, 

consolidation, dilation and swelling. Creep involves time-dependent distortion (shear strain) 

without volume change and can result from many complex mechanisms at the atomic or grain 

scale. Consolidation is a volume decrease involving the redistribution of pore fluids or the 

collapse of pores and open defects. Dilation is the opening of fractures, pores and defects due to 

numerous mechanisms including crack damage and dilational shear (with or without fluid 

migration). Swelling is a volume change that occurs due to physio-chemical changes within the 

rock leading to expansion. These mechanisms can manifest themselves as apparent visco-elastic 

(recoverable, time-dependent) behaviour or visco-plastic (non-recoverable, time-dependent) 

behaviour. For simplified loading paths, visco-elastic models can be combined and configured 

(eg. Lo and Yuen, 1981) in order to phenomenologically simulate actual deformation that 

mechanistically may not be purely elastic. Conversely, mechanistic visco-plastic models can be 

employed with associated increase in parametric complexity (eg. Barla et al. 2010).   

 Tunnel squeezing (Barla, 1995) is an observable result of one or more of the mechanisms 

above and is the inelastic closure of the tunnel profile with or without tunnel advance. Some 
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component of total squeezing can be instantaneous (in practical terms) as a result of short-term 

inelastic response to stress change (shearing, dilation), observable after each increment of tunnel 

advance. Components of the total deformation may also be delayed due the time-dependent 

phenomenon discussed above.  

 If the support installation is delayed, the rockmass moves into the tunnel and stress 

redistribution takes place around it. In contrast, if deformation is restrained through support 

installed close to the face, squeezing will lead to delayed load build-up acting on the rock support 

system. This build-up will occur regardless of when the support is installed, however, the 

magnitude depends on the timing of the support installation (Hoek et al. 2008; Hoek and 

Guevara, 2009). Time-dependency can affect the tunnel and support system within the time-frame 

of the excavation cycle or it can be observed to continue long after support completion and tunnel 

advance.  

 Moreover, during the life span of an underground project other mechanisms of time-

related effects may take place and influence or change the properties of the excavation damage 

zone. This is particularly important in cases where flow through the damage zone is to be 

minimized, such as for the case of a nuclear waste repository (Backblom and Conrox, 2008).  

5.3.2 Time-dependent Models 

Researchers generally examine the above mechanisms and responses through laboratory testing, 

analytical methods utilizing rheological models comprised of mechanical analogues and/or 

empirical models based on curve fitting of experimental data, (Goodman, 1980). The idealized 

creep behaviour is often represented mathematically by the Burgers model, which is in fact the 

combination of the Kelvin (delayed manifestation of a constant static response to altered 

boundary conditions) and Maxwell (continued strain rate or relaxation over time under static 

boundary conditions) models in series (as illustrated in Figure 5-1). Deformation that occurs at 

constant loading condition through time can be expressed using Eq. 5-1 (Goodman, 1980), where: 
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ε1 is the axial strain, σ1 is the constant axial stress, K is the bulk modulus, ηK is Kelvin’s model 

viscosity, ηM is Maxwell’s model viscosity, GK is Kelvin’s shear modulus, GM is Maxwell’s shear 

modulus. ηK, ηM, GK, GM are the visco-elastic parameters and are considered properties of the 

rock. 

𝜀1(𝑡) =
2𝜎1

9𝐾 
+

𝜎1

3𝐺𝑀
+
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  (Eq. 5-1) 

During stress relaxation the strain-state is controlled and remains constant, thus rearranging Eq. 

5-1 for a constant strain component, the material’s stress state is changing according to Eq. 5-2.  
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]  (Eq. 5-2) 
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Figure 5-1: Idealized creep and relaxation behavioural curves (left column) and the equivalent 

visco-elastic components (Kelvin and Maxwell) which are combined in parallel resulting in the 

Burgers model representation of the idealized curves (right column). At the bottom the visco-

elastic models are illustrated and represented mathematically. 

 Maxwell and Kelvin models are also mechanical analogues of linear visco-elastic bodies 

simulating different material behaviour; when in series however, they comprise the Burgers 

model that is commonly used to simulate creep behaviour.  
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 The Burgers model parameters can be derived from creep test results by fitting the 

components to the laboratory data following Goodman’s (1980) approach, for example. 

According to Goodman, the visco-elastic parameters (ηK, ηM, GK, GM) can be estimated by fitting 

the experimental results of static load (creep) tests to the mathematical curve of the strain 

response of the Burgers model at different time increments and the corresponding strain 

intercepts.  

 In reality and embedded in this mathematical concept are the three stages of creep 

(summarized by Goodman 1980) that follow the instantaneous response (0th stage) to changed 

boundary conditions resulting to a constant stress-state. These stages can be interpreted and 

simulated as follows: 

 1st stage or primary or transient creep where the delayed adjustment to a new equilibrium 

state takes place through visco-elastic (reversible) deformation, and may be accompanied by 

some irreversible behaviour, resulting in strain accumulation with decreasing rate over time. This 

stage is commonly simulated with the Kelvin model analogue. 

 2nd stage or secondary creep where the material exhibits a consistent strain accumulation 

rate over time accompanied by inelastic distortion. The duration or even existence of this stage 

can vary depending on the ability of the rock type to transition from ductile to more brittle 

materials. The Maxwell visco-elastic model is commonly used to phenomenologically represent 

this stage. 

 3rd stage or tertiary creep where strong non-linear or accelerating strains occur (typically 

driving the material to rupture) due to strain-driven weakening, chemically related strength 

degradation and/or interaction of growing cracks. Visco-plastic models (Barla et al. 2010) and/or 

so-called stress corrosion models (Damjanac and Fairhust, 2010) are used to simulate tertiary 

creep. 

 A combination of Kelvin and Maxwell model components is referred to as the Burgers 

model which can be used to simulate stages 1 and 2 in combination. 
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 The three stages of creep have been well studied and occur for many materials and rock 

types (Scholz, 1968; Borchert et al. 1984; Goodman, 1980; Ottosen, 1986; Zheng and Weng, 

2002). This conceptual model applies also to relaxation testing data. Therefore, by changing the 

boundary conditions of a creep test to a constant strain boundary, conceptually there should also 

be three stages of stress relaxation. Adopting the approach described by Goodman (1980), of 

determining parameters from static load (creep) tests, the same parameters (i.e. viscosities and 

shear moduli) should be derivable from stress relaxation tests, assuming that the rock material is 

behaving as a linear visco-elastic Burger’s body in unconfined compression (illustrated in Figure 

5-1).  

 The testing and analysis presented herein focus on stress relaxation testing, i.e., the time-

dependent response of rock under constant (controlled) strain, to understand the behaviour at the 

laboratory scale and to verify the hypothesis of three stages of stress relaxation.  

5.3.3 Damage Evolution and Failure in Brittle Rocks 

The stress relaxation tests were conducted at different axial strain levels which were 

representative of driving stress to strength ratios that were determined from baseline Unconfined 

Compressive Strength (UCS) testing. UCS testing is governed by the suggested method from the 

ISRM (1979) guidelines. Initial analysis was conducted using an average UCS value from the 

baseline data and more detailed analysis was conducted using the damage thresholds, described 

below, from each individual stress relaxation test.  

 Ductile deformation processes, including those conventionally associated with creep in 

geological materials, involve continuum processes such as dislocation slip or migration of 

interstitial atoms and atomic vacancies within crystals, or weak bond migration in clay minerals 

(Davis et al. 2012). Such deformation results in distortion (pure or simple shear strain) over time.  

 In brittle rocks, however, it is generally accepted that a progressive damage process 

governs the failure, which is initially dominated by the initiation and propagation of microcracks 
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in the direction of the maximum load (Fairhurst and Cook, 1966). In this sense, the primary 

manifestation of the initial progressive damage process is non-linear radial extension associated 

with comparatively negligible inelastic strain response in the axial loading direction (Bieniawski, 

1967).  

 The stages of the brittle failure process include at least four distinct stages that can be 

identified if the stress-strain response is monitored during loading, as shown in Figure 5-2. The 

stages are: i.) closure of pre-existing cracks; ii) linear elastic behaviour; iii) stable crack growth; 

and iv) unstable crack growth, which leads to failure and the peak strength (the point of 

maximum stress). Stable crack growth involving cracks aligned parallel to the primary loading 

direction initiates at a stress-level that can be defined by analysis of radial strain or acoustic 

emissions (Brace et al. 1966; Lajtai, 1998; Eberhardt, 1998; Diederichs et al. 2004). Unstable 

crack growth in a UCS sample begins when isolated microcracks interact at a critical crack 

density (or critical radial strain) or when conditions exist for propagation of individual cracks 

significantly beyond the grain dimension (Martin, 1993; Diederichs, 2003) and ultimately leads to 

failure. These damage or crack growth thresholds have been defined by the International Rock 

Mechanics Committee on Spall Prediction as CI and CD respectively (Diederichs and Martin, 

2010). 

 Stress-strain curves for brittle rocks can be used to determine the: i) crack initiation stress 

(CI); ii) critical damage stress or axial yield stress (CD); and, iii) uniaxial compressive strength 

(UCS). While UCS strengths include the influences of loading rate and testing procedure, CD is 

the true upper bound yield strength when obtained in the lab from undamaged sample tests 

according to ISRM (1979) standards for UCS tests (Martin, 1997). CD is, however, sensitive to 

pre-existing crack damage, sample geometry, and stress path (Diederichs, 2003). In the limit CD 

can drop in situ to the lower bound defined by CI. This lower bound is relatively insensitive to 

moderate pre-existing damage and other influences and is found to be 30-50% of standard UCS in 

brittle rocks as measured in the lab (Brace et al. 1966; Martin, 1993 and 1997) or by in situ back 
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analysis (Martin et al. 1999). At stress levels below CI the sample is truly elastic with no new 

damage occurring in the sample. 

 

Figure 5-2: Stress - strain response and stages of brittle rock fracture process and time-

dependent behaviour of the material exhibiting: creep and/or relaxation depending on the 

initial loading and stress conditions, (where: σcc – stress level at crack closure, CI – crack 

initiation, CD – critical damage, UCS – unconfined compressive strength, σc – applied constant 

stress). 

 Many researchers (Bieniawski, 1967; Martin and Chandler, 1994; Martin, 1993; Lajtai, 

1998; Eberhardt, 1998, Diederichs, 1999 and 2003; Diederichs et al. 2004; Diederichs and 

Martin, 2010, Nicksiar and Martin, 2012; Ghazvinian, 2015) investigated the identification of the 

thresholds using various methods (i.e. strain-based or acoustic emission). For instance, the Crack 

Initiation (CI) threshold can be determined as the axial stress at reversal point of the calculated 

crack volumetric strain according to Diederichs and Martin’s (2010) approach. The deviation 

from linearity of the radial strain is another approach used to determine CI (Bieniawski, 1967; 

Lajtai, 1974; Diederichs et al. 2004), which is free from errors introduced by involving calculated 
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parameters in the estimation. Critical Damage (CD), the crack coalescence and interaction 

threshold (Lockner et al. 1992), is determined as the axial stress at the measured volumetric strain 

reversal point (Bieniawski, 1967; Lajtai, 1974; Martin, 1997). 

 Crack initiation (CI) in a compressive test marks the beginning of the stress-induced 

damage process in low porosity brittle rocks. Beyond this point, the cracks initiate in an isolated 

fashion at locations where local imperfections lead to internal tensile stress concentrations 

(Griffith, 1924; Brace et al. 1966; Fonseka et al. 1985). These cracks extend for a limited distance 

in the load parallel direction (releasing acoustic emissions and contributing to a non-linear 

increase in radial strain as load is increased. At increasing stress levels between CI and CD the 

cracks accumulate and grow in a stable manner, with the process arrested in the short-term by a 

halt in the load increase. If the load or axial stress is held constant between these thresholds, 

however, time-dependent crack growth occurs leading to time-dependent deformation, as 

illustrated in Figure 5-2. Loading above the critical damage threshold (CD) marks the growth of 

cracks in an unstable manner during unconfined compressive testing. If the axial stress is 

maintained at a stress level in excess of CD, accelerated creep rates may occur that can lead to a 

sudden failure of the specimen (Schmidtke and Lajtai, 1985). 

 Many researchers (Brace et al. 1966; Podnieks et al. 1968; Beniawski, 1967; Martin, 

1997; Diederichs, 2003, etc.) investigating the inelastic behaviour of rocks indicated that crack 

initiation and propagation plays a dominant role in understanding processes related to time-

dependent behaviour. Stress relaxation is one of the phenomena associated with the inelastic 

behaviour of rocks, for which the role in rock mechanics has so far only been studied by a few 

authors (Peng, 1973; Rutter et al. 1978; Engelder, 1984; Lodus, 1986). This testing method 

should also be influenced by crack initiation and propagation processes. 

 

 



 

 86 

5.3.4 Stress Relaxation of Rocks – Previous Work 

According to Hudson and Harrison (1997) creep is defined as increasing strain while the stress is 

held constant whereas stress relaxation is defined as decreasing stress while the strain is held 

constant. In practice, and especially for the rock near an underground excavation, a rock element 

will undergo stress and strain changes during construction and the strain is largely controlled by 

the stiffness of the adjacent rock. Time-dependent behaviour will initiate immediately after 

excavation and the boundary conditions of rock elements near the excavation will be somewhere 

between the ideal conditions (i.e. constant stress or constant strain) leading to creep and stress 

relaxation, depending on the location around excavation (Hudson and Harrison, 1997). 

 The rock around an underground opening redistributes from a primary stress-state to a 

secondary stress-state. As the stress concentration increases during excavation, failure of the rock 

may occur and an excavation damage zone develops. After excavation, the rock is then subjected 

to this secondary stress-state for a long period of time where time-dependent processes may take 

place, influencing the long-term behaviour of the rock and the properties of the damage zone. 

 According to Peng and Podnieks (1972) relaxation is the time-dependent behaviour of 

stress within a stressed elastic body. It can be demonstrated by holding the deformation constant 

in the conventional compressive strength test. To examine the phenomenon of relaxation Peng 

and Podnieks (1972) performed relaxation tests on tuff specimens. The testing procedure 

involved holding the specimen at constant deformation at points along the stress-strain curve. The 

testing results showed that no load drop was observed for samples loaded below stress levels 

where the stress-strain curve deviates from linearity (i.e. below the Crack Damage threshold). 

However, for points above CD a small load drop was observed and the magnitude of the load 

drop increased as the applied load increased. They concluded that the stress relaxation seems to 

be closely related to the formation and propagation of cracks.  

 Peng and Podnieks (1972) also noted that below CD no stress relaxation was observed 

due to the fact that the surfaces of the pre-existing microcracks in that region were too small to 
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cause any appreciable load drop. In addition, Peng (1973) suggested that load relaxation tends to 

stabilize the fracture growth within the specimen. More specifically, as the axial deformation is 

held constant no external energy is imposed on the specimen, consequently when cracks start to 

initiate the load bearing capacity drops and the load must be reduced to prevent any axial 

displacement from taking place. 

 Peng (1973) also examined the relaxation behaviour on three rock formations: Arkose 

sandstone, Tennessee marble and Berea sandstone. The load was increased until a macro-crack 

initiated in the post-failure region. The strain was then held constant and the stress drop was 

monitored. When the stress relaxation attains an asymptotic level as shown in Figure 5-3 then, as 

Peng (1973) stated, the stabilization of crack propagation is achieved. In addition, the relaxation 

behaviour of rock indicates that the fractured rock will attain new equilibrium if sufficient time is 

given for load relaxation to occur.  

 

Figure 5-3: Stress relaxation results of various rock types (marble, sandstone, salt), based on 

data from Peng (1983), Lodus (1986) and Li and Xia (2000). 
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 Lodus (1986) examined how the rate of drill-ability during excavation correlates with the 

stress relaxation pattern within the rockmass by conducting relaxation tests on potassium salt and 

marble under uniaxial compressive loading conditions. The results showed that the materials 

exhibited more relaxation when subjected to higher stress levels, as shown in Figure 5-3. Lodus 

(1986) concluded that the energy release due to stress relaxation in an underground opening could 

be controlled by reducing the speed of the mechanical tool into the working face and could be 

directly evaluated from data acquired from relaxation testing. 

 Li and Xia (2000) performed a series of relaxation tests in uniaxial compression on a red 

sandstone, from the Emei Mountain area in the Sichuan province of China, and claystone, from 

the Shenbei coal field in the Liaoning province of China, which are shown in Figure 5-3. It was 

observed from their study that both rock types when subjected to stress levels above 75% of their 

uniaxial compressive strength failed under constant strain conditions but still exhibited residual 

resistance. Li and Xia (2000) suggested that this observation could be used to interpret the 

behaviour and assess the load bearing capacity of the pillars in mine sites. 

5.4 Laboratory Testing Program and Methods 

5.4.1 Sample Descriptions 

The selected Jurassic limestone comes from a quarry north of Zurich, Switzerland, in the tabular 

Jura (Figure 5-4.a). The samples are a fossile rich packstone, following the classification system 

of Dunham (1962), with variable sized vugs ranging from 0.1 – 3 mm and pyrite rich crystal 

patches. There are also lime-mudstone blebs ranging from 5 – 30 mm in diameter, mixed within 

the packstone framework. 55.6 mm diameter samples were cored from a block measuring 500 x 

500 x 150 mm, such that the core long axes (before end face grinding) were 150 mm long. All the 

samples were prepared according to the ISRM (1979) requirements.  
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Figure 5-4: Samples of a.) Jurassic limestone, b.) Cobourg limestone, and c) equipment of 

static loading testing with the main components labelled. 

 The Cobourg limestone (Figure 5-4.b) comes from the Bowmanville quarry, near 

Bowmanville, Ontario, Canada. It is Middle to upper Ordovician in age and also known as the 

Lindsay Formation in south-central and eastern Ontario. It is of very low porosity, typically < 2% 

total porosity (Sterling et al. 2011). The limestone has a characteristic mottled texture, with the 

light gray areas being a fossil rich lime-packstone and the dark gray being argillaceous lime-

mudstone. A block measuring 400 x 400 x 700 mm was cored perpendicular to the irregular 

bedding marked by the argillaceous banding. Due to the limited volume of material for testing, 

not all samples were 150 mm long (before end face grinding), such that the height to diameter 

ratio ranges between 2.0 and 3.0. All other sample preparation procedures were conducted 

according to the ISRM (1979) requirement. 
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5.4.2 Baseline Testing 

Baseline Unconfined Compressive Strength (UCS) tests were conducted on 10 cylindrical 

samples of Jurassic limestone and 9 cylindrical samples of Cobourg limestone. A modified 2000 

kN Walter and Bai servo-controlled rock testing device was utilized. Load was applied in such a 

way as to maintain a constant radial displacement rate of 0.01 mm/min. Radial displacement was 

measured using single strain gauge that was attached to a chain wrapped around the mid height of 

the specimens and the axial strain was measured on the sample surface using two strain gauges at 

opposite sides of the specimen. 

5.4.3 Determination of Brittle Stress Thresholds 

Baseline Unconfined Compressive Strength (UCS) testing was performed on both Jurassic 

limestone and Cobourg limestone to determine the damage thresholds, Crack Initiation (CI) and 

Critical Damage (CD), and the peak strength using strain based methods. Several methods were 

adopted to determine CI and CD values. More specifically, Lajtai’s (1974) radial strain method 

and Diederichs and Martin (2010) crack volumetric strain approach were used to determine CI 

thresholds and Lajtai’s (1974) axial strain method and Bieniawski’s (1967) volumetric strain 

reversal method were used for CD respectively in UCS tests. The results were used to determine 

the load levels for the relaxation testing series.  

 From the relaxation testing the data collected during the initial loading were used to 

determine the Crack Damage thresholds and elastic properties where applicable (i.e. those loaded 

above CI). The damage thresholds identified in the relaxation tests, using Lajtai’s (1974) 

methods, were closer to the baseline values estimated from UCS testing. 

5.4.4 Defining Strain Thresholds 

The driving stress-ratio has been defined as the axially applied stress level, at a particular stage in 

the test, normalized to the average UCS (so-called instantaneous response measured according to 

ISRM, 1979 standards) and has been used by many other researchers (Schmidtke and Lajtai, 
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1985; Lajtai et al. 1991; Lau and Chandler, 2004; Potyondy, 2007; Damjanac and Fairhurst, 

2010) to present long-term (time-dependent) testing results acquired from creep tests. In order to 

determine the desired (target) load stress for the start of the relaxation test, the results from the 

UCS testing (baseline samples) were used as a reference to find the equivalent axial displacement 

or radial displacement (to be used for machine control) in the relaxation tests. The actual stress 

level in the sample used for relaxation testing differed (due to material variability) from the target 

value by +/- 0.05 to 0.1 MPa, depending on the sample. 

5.4.5 Relaxation Testing under Compression and Testing Procedure 

The procedure of the relaxation testing performed and presented in this paper was adapted from 

the ASTM (2013) guidelines for structural elements to make it applicable to rock testing. There is 

not a suggested testing method for relaxation testing on rocks available from the ISRM. During 

the relaxation testing series the lab conditions were monitored and it should be noted that overall 

the temperature and humidity conditions were generally maintained within a range with an 

average total change of +/- 0.7 oC and 3.5%, respectively, shown in Fig. 5-4.c. 

 The first goal of the testing program was to examine the most appropriate method to 

conduct a relaxation test on a servo-controlled uniaxial testing machine (Walter and Bai - 

2000kN). The stress relaxation behaviour was examined under both axial strain-controlled and 

radial strain-controlled conditions. In the former case, the axial strain was kept constant when the 

desired load was reached while in the latter case the radial strain was kept constant. Multi-step 

and single-step load tests were conducted. All tests have been performed at stress levels between 

CI (or close to CI) and CD. Table 5-1 summarizes the samples that were tested under the various 

conditions.  
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Table 5-1: Summary of the relaxation testing types. For each multi-step test, 10 strain levels 

were tested. 

Rock Formation  Jurassic limestone Cobourg limestone 

Type of Test Axial-controlled Radial-controlled Axial-controlled Radial-controlled 

Load Level(s) 
Single-

step 

Multi-

step 

Single-

step 

Multi-

step 

Single-

step 

Multi-

step 

Single-

step 

Multi-

step 

Number of 

Samples 
14 2 -- 3 16 -- -- -- 

Total  19 16 

 

 Two test series have been performed: in a first series Jurassic limestone was utilized to 

examine the applicability of various testing procedures (i.e. axial strain-controlled, radial strain-

controlled, multi-step and single-step) for assessing the long-term relaxation behaviour. As a 

consequence of the analysis of the first test series, the second test series on Cobourg limestone 

was performed utilizing a single-step axial strain-controlled testing procedure. 

5.4.5.1 Axial Strain-controlled relaxation tests 

Multi-step 

Multi-step tests were first conducted on 2 Jurassic limestone samples to understand the behaviour 

without using many samples. Both consisted of 10 different load levels with the second test load 

levels overlapping but becoming higher than the first test. The duration of each level varied from 

6 hours to just over 24 hours. The hold time during each test depended on the sample’s behaviour; 

and the test was terminated when the load had reached a constant value where no further load 

decay (relaxation) was observed.  

Single-Step 

Single-step load tests at comparable driving stress ratios as the multi-step load levels were 

conducted on14 samples of Jurassic limestone and 16 samples of Cobourg were tested. It should 

be stated that the Jurassic samples needed less time to reach linearity in terms of stress relaxation 
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than the Cobourg samples. As a general trend the Jurassic limestone relaxed within 6 to 24 hours 

and the Cobourg limestone needed at least 24 to 48 hours, depending on the stress level to which 

the sample was subjected. 

5.4.5.2 Radial Strain-controlled Relaxation Tests 

Multi-Step 

Another aspect of the testing series presented herein was to examine the rock’s relaxation 

response under radial strain-controlled conditions where the radial strain was kept constant and 

the axial stress and axial strain were monitored. This testing series included only 3 multi-step 

tests on Jurassic limestone samples. All of the samples were tested at different load levels, two 

samples were each tested under eight different load levels and one under two load levels. The 

hold time differed as the relaxation response of the material under constant radial strain varied 

more significantly than the axial, as discussed in the following sections. 

5.5 Laboratory Results 

5.5.1 Baseline Testing and Damage Thresholds 

The stress-strain relationships of the 10 UCS tests on Jurassic and the 9 UCS tests on Cobourg 

limestone are shown in Figure 5-5, top and bottom, respectively. The average values estimated 

for UCS, CD and CI were 103 MPa, 91 MPa, 39 MPa respectively for the Jurassic limestone and 

125 MPa, 111 MPa and 50 MPa for the Cobourg limestone. The results are summarized in Table 

A.1 (see Appendices). 
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Figure 5-5: Stress-strain response of limestone: a.) Jurassic samples and b.) Cobourg samples 

tested in Unconfined Compressive Strength conditions.  
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5.5.2 Relaxation Testing 

Selective results are presented in this section serving as examples to describe the main 

influencing factors during the relaxation process of the two rock types. In these tests, a target 

constant axial or radial strain is achieved and maintained by controlling the applied axial force 

(allowing the applied stress in the sample to rise or fall) through a feedback loop involving 

measured axial or radial strain depending on the test configuration. 

5.5.2.1 Axial Strain-Controlled Tests 

Multi-Step 

The decrease in stress relaxation and the change in radial strain for each load level are illustrated 

in Figure 5-6 on the two samples (i.e. Jura_25R and Jura_26R).  

 

Figure 5-6: Axial strain-controlled multi-step relaxation results of two Jurassic samples 

performed with 10 stress levels each; Jura_25R and Jura_26R. Axial stress (blue line), axial 

strain (brown line) and radial strain (red line) results in relation to relaxation time expressed 

in seconds. The damage thresholds of CI and CD refer to the average values derived from the 

UCS baseline tests and the letters a through j denote the load stage number in the multi-step 

tests.   
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 Most tests reached linearity, a steady load level, where no further load decrease took 

place (stress relaxation terminated) within the first 6 hours of testing as shown in Figure 5-6, 

although most stages were held longer. It was also observed that the relaxation time of each step 

varied in relation to the initial applied load, as the load increases the relaxation time increased as 

well. 

Single-Step 

A selection of the relaxation results of Jurassic and Cobourg samples with respect to stress 

decrease and radial strain are shown in Figure 5-7. It should be stated that the Jurassic samples 

needed less time to reach linearity in terms of stress relaxation than did the Cobourg samples. 

Considering the data presented in Figure 5-7, given that both rock types were subjected to 

approximately the same initial load, the duration is likely related to the stiffness of the samples. 

For the same applied load, the axial strain of the Cobourg sample is 0.1% larger than the Jurassic 

sample. This means that the amount of strain energy stored in the Cobourg sample is greater than 

that of the Jurassic sample and therefore requires more time to dissipate. The difference in 

stiffness can be attributed to the argillaceous content of the Cobourg samples (Armstrong and 

Carter, 2006). It was observed that the samples relaxed within the first hour when subjected to a 

stress level below CI for both rock types, and as the stress levels approached the CD stress level, 

the time needed to relax increased relative to the stress increase as was also seen in the multi-step 

series. 
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Figure 5-7: Axial strain-controlled single-step relaxation results, a.) Axial stress and b.) Radial 

strain of Jurassic and Cobourg samples in relation to relaxation time expressed in seconds. 

The number next to ‘Jura_’ and ‘Cbrg_’ denotes the sample name and ‘R’ refers to relaxation. 

The damage thresholds of CI and CD refer to the average values derived from the UCS 

baseline tests. The initial load step of each test is illustrated with light blue for stress and light 

red lines for strain in graphs a. and b. respectively. 
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5.5.2.2 Single-Step versus Multi-Step Tests 

The multi-step tests showed that the initial stress relaxation was less than the stress reduction 

observed in the single-step tests at the same load level. It was observed that for the initial load 

steps in the multi-step tests below CI, shown in Figure 5-8, that there was little stress relaxation 

even for the initial load step (indicated with the light blue lines in Figure 5-8). However, when 

loaded above CI, both the first step of a multi-step test and all single-step tests exhibited stress 

relaxation and also showed circumferential deformation, decrease in radial strain with time. This 

is attributed to the damage evolution within the sample where elastic behaviour governs at load 

levels below or close to CI and plastic behaviour governs above CI. What is also observed 

(Figure 5-8) is that there is little stress relaxation or change in radial strain for additional steps in 

the multi-step tests. For this reason, the authors initially considered that the single-step test 

method should be preferred over the multi-step method when trying to determine the maximum 

expected relaxation at a given load level. 

 Time-dependent change in radial strain was observed in some of the relaxation tests as 

well, where the radial strain decreased initially following the typical trend and once stress 

relaxation ceased the radial strains began to increase once again; for instance, the behaviour of 

Jura_26R-g or Jura_25R-e (Figure 5-8). The latter was typically observed for the multi-step tests. 

For both the single and multi-step tests a continued decrease in radial strain was also observed 

after the stress had relaxed (end of non-linear stress and radial strain changes) and reached 

linearity; for instance, the behaviour of Jura_30R and Jura_33R shown in Figure 5-9.  

 This has been attributed to a delayed relaxation response and further testing, in 

combination with creep tests, are required to fully understand the time-dependent mechanisms 

acting on the sample in this phase of the relaxation test. 
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Figure 5-8: Comparison of axial strain-controlled multi-step and single-step tests relaxation 

results, a.) Axial stress relaxation results normalized by the mean UCS value from the UCS 

testing; b.) Radial strain results of Jurassic samples in relation to relaxation time expressed in 

seconds. The number next to ‘Jura_’ denotes the sample rock type, ‘R’ refers to relaxation and 

the following letter (where it exists) denotes the load stage number in the multi-step tests 

i.e.‘Jura_25R-’ and ‘Jura_26R-’ shown in red. The damage thresholds of CI and CD refer to 

the average values derived from the UCS baseline tests. 
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Figure 5-9: Axial stress – radial strain response of Jurassic samples Jura_30R and Jura_33R 

during relaxation. 
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5.5.3 Radial Strain-controlled Tests 

In these tests a target constant radial strain is achieved and maintained by modulating the axial 

force applied by the piston.  

 The results of two samples (Jura_02R and Jura_07R) under radial strain-controlled 

conditions during relaxation are shown in Figure 5-10. It was observed that during the first load 

step the stress increased and no stress relaxation took place. This also occurred for the second 

step of the multi-step test on Jura_02R (Figure 5-10). 

 

Figure 5-10: Radial strain-controlled multi-step relaxation results of two Jurassic samples 

(Jura_02R and Jura_07R). Axial stress (blue line), axial strain (brown line) and radial strain 

(red line) results in relation to relaxation time expressed in seconds. The damage thresholds of 

CI and CD refer to the average values derived from the UCS baseline tests. 

 It is can be seen from Figure 5-10 that the samples behaviour do not show a uniform 

behaviour, and is inconsistent with both applied stress levels and time, as stress relaxation is not 

observed in all stages. It is also inferred that radial strain-controlled conditions provide a small 

amount of confinement which cannot be quantified and more complex mechanisms take place in 



 

 102 

these conditions that are closely related to the closure of pre-existing cracks, the initiation, growth 

and propagation of new cracks in relation to the feedback oscillation. Under compression, the 

cracks within the sample tend to open normal to the specimen long axis, but the radial strain is 

kept constant and as a result the crack growth is prohibited.  

 The axial stress readings in the radial strain-controlled tests (Figure 5-10) fluctuate more 

than in the axial strain-controlled tests (Figure 5-6, 7, 8) because of the feedback delay. This 

appears to be a small delay in the feedback loop of the servo-machine as the result of the fact that 

the target constant strain (radial) is perpendicular to the controlling load (axial) and that the 

mechanistic connection between the radial strain and applied load is less direct than in the axial 

strain-controlled test. This physical response delay and the resultant control challenges results in 

more oscillation of the radial strain-controlled test than in an axial strain-controlled test. It was 

expected that there would be less relaxation under radial strain-controlled conditions as the crack 

growth is suppressed to some extent but some cracks are allowed to grow because there are small 

changes in the radial strain occurring as the feedback mechanism requires an oscillation and stress 

relaxation sometimes takes place, although in an inconsistent manner. 

5.5.4 Effect of Temperature and Humidity 

Temperature and humidity changes are known to cause strain of limestone and other rocks (for 

example: Harvey, 1966; Pimienta et al. 2014). The temperature in the laboratory environment was 

controlled and both temperature and the humidity were recorded during the testing. The stress and 

the strain response to temperature and humidity change during an axial strain-controlled single-

step test on a sample of Jurassic limestone is presented in Figure 5-11. The sample (Jura_28R) 

presented herein was selected as an example to show the change in the laboratory conditions 

during relaxation testing does not have a great impact on the material’s behaviour with respect to 

the magnitude of the relaxation.  
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Figure 5-11 : a.) Axial stress response of Jura_28R sample to temperature and relative 

humidity fluctuations during relaxation testing and b.) Volumetric strain response of 

Jura_28R sample to temperature and relative humidity fluctuations during relaxation testing. 

 As a general trend, the changes in both temperature and humidity during tests did not 

affect the results. This is clearly shown in Figure 5-11.b where the change in axial stress and 

volumetric strain in relation to the change of temperature and humidity is presented. Additionally, 

it should be stated that temperature and humidity changes showed no general trend and their 

influence at the measured resolution could be considered negligible as implied from Figure 5-11.  
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 The overall change of both temperature and humidity of the tests during the relaxation 

period is summarized in Table A.2 (see Appendices). 

5.6 Analysis and Discussion  

The examination of the results presented required further analysis in order to investigate closely 

the rock’s response when stress relaxation occurs. It should be noted that the results shown in this 

section refer to data acquired from axial strain-controlled testing conditions during the relaxation 

process and do not include the initial loading portion. 

5.6.1 Maximum Stress Relaxation 

The initial focus was given to the relation between the maximum stress relaxation in all of the 

tests; the total change between the maximum stress value at the end of loading and before 

relaxation started and the lowest stress level resulting after relaxation during the axial strain-

controlled tests (holding the axial strain constant) with time. The steps of the procedure 

undertaken were the following:  

 the maximum stress value before relaxation was recorded, 

 the initial loading portion of the stress-strain curve was then removed,  

 setting the time to zero at the point where the axial strain was kept constant, as illustrated 

in Figure 5-2, 

 the load rate was kept the same for all the tests and depending on the instantaneous stress 

level the initial loading duration ranged from 2 to 20 minutes,  

 the axial stress was then normalized to the estimated average UCS, for a better 

understanding of the results and finally, 

 the maximum normalized stress was recorded and related to the maximum stress 

relaxation (the difference between the initial maximum stress and the minimum stress at 

the end of the relaxation test where no further relaxation took place). 
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 Each test was analyzed following the above method to determine the maximum stress 

relaxation. The relations between the maximum stress relaxation and applied stress expressed as a 

driving ratio of UCS from all the relaxation testing series performed under axial strain-controlled 

conditions are summarized in Figure 5-12.a. It can be observed that there is an apparent trend 

between the multi-step and the single-step tests of Jurassic limestone. Although, they can both fit 

an exponential relationship between the maximum stress relaxation and the driving stress-ratio, it 

can be easily seen that for similar driving stress-ratios the multi-step tests exhibit less relaxation 

than the single-step, as previously discussed.  

 The mechanism of the initial drop in stress which occurs rapidly for the first step of any 

test (multi- or single-step) was attributed to be associated with the elastic energy within the 

sample and load system. Considering this point, a correction procedure was developed to see if 

the multi-step maximum stress relaxation results could be corrected to the equivalent single-step 

at the same load level. Since the stress drop was associated with only the initial load stage, this 

stress drop was added to all subsequent load steps in the multi-step tests, which is shown (Figure 

5-12.a) as the corrected multi-step series. The corrected multi-step series exhibits similar amounts 

of stress relaxation compared with the single-step relaxation at a similar load level. Therefore, 

both single- and multi-step test procedures yield similar trends, when corrected, with increasing 

driving stress and the multi-step tests can be conducted when limited samples are available. As it 

has been already discussed, the Cobourg limestone shows a higher relaxation sensitivity as it 

exhibits more stress relaxation than the Jurassic limestone at the same stress levels. 
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Figure 5-12: a.) Maximum Stress–Relaxation (MPa) to Driving Stress-Ratio normalized to 

UCS and b.) Maximum Stress – Relaxation (MPa) to Crack Initiation Stress-Ratio CISR 

(applied initial stress normalized to CI) of the single-step tests on the Jurassic (in blue) and 

Cobourg (in red) samples, as well as the multi-step tests of the Jurassic samples (in green). 

‘Ax’ refers to axial strain-controlled conditions and ‘ss’ and ‘ms’ denotes single-step load and 

multi-step load tests, respectively. 
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 Note that the stress results shown in Figure 5-12.a in the horizontal axes were normalized 

by the peak strength (UCS); however, some samples ended up having values greater than 1 since 

the average baseline UCS value was used. The results were then normalized to the Crack 

Initiation threshold (CI), as it was determined from the initial loading part of each relaxation test 

In Figure 5-12.b., it is seen that there is an improvement in the fit for the Cobourg samples 

(higher value of the coefficient of determination R2) when normalizing by CI which is a directly 

derived value from the tested specimen and not an average value from the UCS testing. However, 

for the Jurassic limestone the derived CI values from the relaxation tests were more consistent so 

the R2 values for the fitted curves have similar values. For these reasons, the authors decided to 

introduce the Crack Initiation Stress-Ratio (CISR) by normalizing the applied stress by the CI 

value measured on the relaxation sample, where possible, and where loading was below CI the 

average CI from the baseline UCS testing was taken. Normalization for each relaxation test is 

shown in Figure 5-12.b, with the values presented in Table A.3 (see Appendices). 

 Moreover, the time-dependent behaviour discussed in this paper is interpreted to be, in 

part, the result of the behaviour of new microcracks, the intensity of which impacts the final UCS 

value (Diederichs, 2003). Since the loading phase typically went above the CI level, then new 

microcracks should form, at least during the loading phase. Since the radial strain is decreasing 

during relaxation, new microcracks are not likely forming or if they are, not in great enough 

density to result inincreasing the radial strain. It is perhaps possible that existing microcracks are 

extending, however, future testing could use acoustic emission detection to determine what is 

happening in terms of new or growth of existing microcracks during relaxation. 

5.6.2 Defining the Three Stages of Stress Relaxation 

All the single staged test results showed a similar behaviour during stress relaxation, for both the 

Jurassic and Cobourg samples. This behaviour can be characterized by three distinct stages, 

which were observed in the stress relaxation versus time graphs. The three stages from the test 
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results performed on a Jurassic sample under axial strain-controlled conditions are illustrated in 

Figure 5-13. The three stages can also be observed in the radial strain response with time, 

although there is a slight delay during the transition from stage to stage when compared to the 

transition time of the stress relaxation shown as dt in Figures 5-13 and 14.  

 

Figure 5-13: The three stages of the stress relaxation process during a relaxation test under 

axial strain-controlled conditions illustrated on the Jura_33R sample. 

 The authors define and describe the three stages of stress relaxation in Figure 5-14. When 

the axial deformation is kept constant the stress relaxes with a decreasing rate, this period is 

defined as the first stage of stress relaxation (RI). At the end of this stage the stress decrease 

approaches a constant rate which marks the transition to the second stage (RII). The third stage of 

relaxation (RIII) follows where no further stress relaxation is measureable. At this stage the stress 

reaches an asymptote and the stress relaxation process is effectively complete, which has been 

observed by others (for example: Peng, 1973; Rutter, 1978; Hao et al. 2014). It was observed that 
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some samples did not exhibit the second stage of relaxation (RII), as is further discussed in the 

following sections. 

 

Figure 5-14: The three stages of the stress relaxation process during a relaxation test under 

axial strain-controlled conditions. 

 In addition, the radial strain does not always reach an asymptote, even if the stress is 

constant, when the third stage of stress relaxation is reached. In this case the material is subject to 

a practically constant axial stress state with ongoing additional absolute radial strain decrease. 

This response is possibly related to a combination of three-dimensional visco-elastic response and 

crack behaviour during stable propagation (in the axial direction) under constant axial strain. 

5.6.3 Investigating the Three Stages of Stress Relaxation 

In this section focus is placed on the material’s behaviour during each stage of stress relaxation. 

The analysis presented examines each stage of relaxation as a percentage of the total behaviour. 
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Each lab testing series is examined and analyzed separately at the beginning and the results are 

combined after for discussion.  

 In the following figures, (Figures 5-15, 16, 17, 18, 19), the initial applied stress is 

normalized to the CI value derived from each test, defined previously as the Crack Initiation 

Stress-Ratio. The stress relaxation (drop) from the applied stress (initial stress-state) for both 

multi-step and single-step test series for each stage of relaxation are shown in Figure 5-15. The 

multi-step series (Figure 5-15.a) exhibits less relaxation than the single-step for Jurassic 

limestone (Figure 5-15.b). It is clearly seen that the Cobourg limestone (Figure 5-15.c) exhibited 

more stress relaxation as previously discussed. It was also noticed that the Jurassic limestone was 

subjected to a higher stress level to achieve the same Crack Initiation stress-ratio as with the 

Cobourg. 

 The latter could be related to the magnitude of the CI value for each rock type. It is 

inferred in Figure 5-15 that below the elastic limit, both rock formations are exhibiting similar 

stress relaxation and as the stress level increases the behaviour of the two rock types start to 

deviate. 
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Figure 5-15: Axial stress - Relaxation (drop) in relation to the Crack Initiation Stress-ratio 

(normalized to CI from the testing series) for Jurassic limestone (a. and b.) and Cobourg 

limestone (c.). ‘Ax’ refers to axial strain-controlled conditions, ‘ms’ and ‘ss’ denotes the multi-

step and single-step load series, respectively. R-0, R-I, R-II and R-III refer to the initial state, 

the first, the second and the third stage of relaxation, respectively. 



 

 112 

 During each relaxation stage it was observed that a certain amount of stress relaxation (a 

percentage of the total stress relaxation, RT) takes place. The magnitude of the relaxation was 

examined for each stage of relaxation shown in Figure 5-16 as a percentage of the total 

relaxation. 

 

Figure 5-16: Percentage of stress relaxation during each relaxation stage in relation to the 

Crack Initiation Stress-ratio (normalized to CI from the testing series) for Jurassic limestone 

(a. and b.) and Cobourg limestone (c.). ‘Ax’ refers to axial strain-controlled conditions, ‘ms’ 

and ‘ss’ denotes the multi-step and single-step load series, respectively. R-0, R-I, R-II and R-III 

refer to the initial state, the first, the second and the third stage of relaxation, respectively. 



 

 113 

 It can be seen in Figure 5-16 that 55% (when the applied stress is closer to CD value) to 

almost 100% (when the applied stress is below and closer to CI value) of the total stress 

relaxation (RT) occurs during the first stage (RI). While the rest (5% to 45%) of the total stress 

relaxation takes place during the second (RII) or third stage (RIII). There is not always a clear 

distinction between the two stages (RII and RIII) since it was observed that some samples did not 

exhibit a second stage (RII) and transitioned directly to the third stage (RIII) (Figure 5-16). 

 It should be stated here that there is not a clear trend on how the radial strain follows the 

stress relaxation between the stages in relation to the total radial change, since not all the samples 

reached a constant value in radial strain and they transitioned into another time-dependent process 

i.e. creep. In addition, the mechanisms that take place during stress relaxation that lead to 

displacements and strains are complex, as has been previously found. Figure 5-17 shows that the 

change in radial strain between the stress relaxation stages for the Cobourg limestone does not 

follow a consistent pattern between the three stages making it difficult for clear conclusions to be 

derived. As has been discussed, there is a delay in response of the radial strain in relation to the 

stress relaxation between the three stages. As crack initiation stress-ratio (σ/CI) approaches 

values of 2.00 which corresponds to the critical damage threshold where crack growth takes 

place, radial strain cannot be characterized by a clear trend between the three stages of relaxation, 

as shown in Figure 5-17. 
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Figure 5-17: Percentage of total change in radial response during each relaxation stage in 

relation to the Crack Initiation Stress-ratio (normalized to CI from the testing series) for 

Cobourg limestone. ‘Ax’ refers to axial strain-controlled conditions and ‘ss’ denotes single-

step load series. R-0, R-I, R-II and R-III refer to the initial state, the first, the second and the 

third stage of relaxation, respectively. 

 The material’s response during a relaxation test is summarized in Figure 5-18. It 

illustrates how much time is needed for the stress to relax in relation to the initial applied stress 

during each stage.  

 A 5% to 30% stress drop of the initial stress state during 10 to 80% of the total relaxation 

time occurs during the first stage (RI), as seen in Figure 5-18. During the second stage (RII) the 

stress relaxes less than 10-15% of the initial stress within 20 to 100% of the total relaxation time 

depending on which the test had reached the third stage and relaxation had been terminated. The 

third stage (RIII) begins at 20% to 80% during which less than 10% relaxation of the initial stress 

takes place. It is also noticed that the first stage (RI) has the shortest duration compared to the 

other two stages (RII and RIII) as shown in Figure 5-18. It is interpreted from the stress-strain 

curves during the loading stage that the duration of the first stage (RI) is influenced by pre-

existing damage and to a lesser extent on the accumulated damage dependent on the initial 

applied stress level. 
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Figure 5-18: Percentage of stress relaxation to the initial (applied) stress in relation to the 

percentage of relaxation time during each relaxation stage testing series for Jurassic limestone 

and Cobourg limestone. ‘Ax’ refers to axial strain-controlled conditions and ‘ss’ denotes the 

single-step load series. R-0, R-I, R-II and R-III refer to the initial state, the first, the second 

and the third stage of relaxation, respectively. 

 The relation between the magnitude of stress relaxation occurring in each stage in 

comparison to the initial applied stress is shown in Figure 5-19. It can be noted that during the 

first stage (RI) below the CI threshold, approximately 5% to 20% of stress relaxation (comparing 

to the initial stress) is observed. When the crack initiation stress-ratio is below 0.5, up to 30% of 

the stress relaxation occurs in the first stage. In this region the presence of pre-existing cracks 

creates more free surfaces to act as springs and the applied stress is not large enough to 

completely close or propagate the pre-existing cracks, which could cause increased stress 

relaxation. During the other two stages (RII and RIII) the stress drops less than 10% of the initial 

stress. As the applied stress increases the closure of pre-existing cracks takes place and the 

transition to the plastic behaviour occurs as the initial stress approaches the CD value. To 

understand this and relaxation behaviour in more detail the laboratory results presented in this 

paper were compared with existing relaxation testing from the literature.   
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Figure 5-19: Percentage of stress relaxation to the initial (applied) stress during each 

relaxation stage in relation to the Crack Initiation Stress-ratio (normalized to CI from the 

testing series) for Jurassic limestone (a.) and Cobourg limestone (b.). ‘Ax’ refers to axial-

strain-controlled conditions and ‘ss’ denotes the single-step load series. R-0, R-I, R-II and R-

III refer to the initial state, the first, the second and the third stage of relaxation, respectively.  

5.6.4 Estimating and Predicting the relaxation Behaviour of Rocks 

The authors also examined the relationship between standard mechanical properties and the stress 

relaxation behaviour of the samples tested as part of this research and other rock types reported in 

the literature. Focus was given to relating both the Crack Initiation Stress-ratio and the elastic 
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Young’s Modulus to the maximum stress relaxation and the time period to terminate the 

relaxation process (i.e. when the stress drop reaches a constant value). The Young’s Modulus was 

normalized to CI and is referred as the Young’s Modulus Stress-ratio (E/CI). The selection of the 

two parameters (CI and Young’s Modulus) was made as they can be easily estimated from a 

relaxation test or from reported values available in literature. The dataset used was primarily 

focused on the lab results acquired from the relaxation testing on the two different types of 

limestone (Jurassic and Cobourg) and later was enriched using uniaxial relaxation testing data on 

various rock types from previous research as shown in Figure 5-3 (Peng and Podnieks, 1972; 

Peng 1973, Lodus, 1986; Li and Xia, 2000; MODEX, 2002). Knowing the values of either the 

Young’s Modulus or CI, one can estimate the maximum stress relaxation and predict the time that 

the relaxation is going to occur using the graphs in Figure 5-20. 

 Regarding the data adopted from other researchers presented in Figure 5-20 it should be 

stated that a direct estimation of the CI values from published data was not feasible in all cases. In 

cases where this was not possible (Peng and Podnieks, 1972; Peng, 1973; Lodus, 1986; Li and 

Xia, 2000; MODEX, 2002) an estimated value of 40% of the UCS (as per Martin et al. 1999) was 

used to present the data in a clearer manner.  

 The trend line shown in Figure 5-20.a fits well with the limestone samples tested in this 

research. However, the rock types showing a higher relaxation potential (e.g. marble, potassium 

salt, tuff) follow a different trend. The latter is related to the stiffness of the samples as shown in 

Figure 5-20.b. It can be possible then to estimate a rough relaxation behaviour from standard test 

data. It is recommended that both graphs (Figure 5-20.a and b) to be used for estimating the 

maximum stress relaxation behaviour for a target stress state. 
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Figure 5-20: Estimating the maximum stress relaxation and predicting the time to relaxation 

using a.) Crack Initiation Stress-ratio in relation to the maximum stress relaxation, b.) 

Young’s Modulus Stress-ratio in relation to the maximum stress relaxation (log scale), c.) 

Crack Initiation Stress-ratio in relation to the time to relaxation, and d.) Young’s Modulus 

Stress-ratio in relation to the time to relaxation (log scale). 

 The time needed for the stress to completely relax, is shown Figure 5-20.c. It is shown 

that for some cases (eg. Red sandstone, Arkose sandstone) the time to relaxation decreases as the 

applied stress increases (initial target stress). This could be attributed to the fact that the stress 

increase fractures the rock, generating more free surfaces for the stress to relax. The influence of 
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material’s stiffness on the relaxation time is shown in Figure 5-20.d. It could be inferred that as 

the material becomes more brittle the stress requires less time to relax. This could explain the fact 

that the Jurassic limestone needed less time to relax than the Cobourg limestone. 

 As illustrated in Figure 5-1, stress relaxation tests results, as discussed, can be used to 

determine parameters used as inputs in numerical simulations for the time-dependent behaviour 

of brittle rocks assuming that the material behaviour can be phenomenologically simulated as a 

linear visco-elastic Burgers body. The input parameters are directly related to the values of time-

to-relaxation and the magnitude of maximum relaxation (stress drop). These two values are 

examined in this paper using relaxation test data. In the absence of such data, Figure 5-20 can be 

used to estimate the relaxation behaviour of a material based on conventional mechanical 

parameters. 

 Finally, stress relaxation can govern the behaviour of the pillars in mining environments 

or control the face stability in tunnelling. For instance, the in situ conditions cannot be described 

solely by stress-controlled conditions (constant deviatoric stress during creep behaviour) as stress 

relaxation (strain-controlled conditions) may also occur close to the tunnel face and the overall 

behaviour of the rockmass can be the result of various time-dependent phenomena in 

combination. In this regard, this database serves as a first attempt to give more insight into the 

relaxation behaviour of rocks and could be used by engineers and scientists at the preliminary 

design stages of underground projects. 

5.7  Concluding Remarks 

Relaxation is the decrease of applied load at a constant deformation. A relaxation test represents 

an inversion of the behaviour observed in more common creep testing. This paper evaluates and 

describes the possible procedures that could be used to conduct a relaxation test.  

 It was determined that axial strain-controlled tests provided a more consistent relaxation 

response and were less sensitive to testing and control challenges.  
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 Single-step tests are practically more convenient but require more samples to obtain the 

full spectrum of behaviour over the full range of loading magnitudes. Multi-step testing has an 

advantage in that many data points at different stress levels can be obtained from the same 

sample. The authors observed that the single-step tests exhibit more stress relaxation and should 

be preferred to a multi-step test unless the results of the multi-step test are corrected by adding the 

amount of stress relaxation which occurred in the initial load-stage to each subsequent stage 

individually.  

 For either single or multi-step test (axial control), a testing and data analysis procedure 

has been outlined (Section 5.6.1) and demonstrated. 

 For comparison of data from different samples (or different rock types), the maximum 

relaxation and applied stress levels should be normalized to the crack initiation threshold CI for 

improved consistency (as compared to UCS). 

 Load relaxation occurs whenever a crack is initiated, and when stress relaxation attains an 

asymptotic value, then the stabilization of crack propagation is achieved. The results showed that 

the Jurassic limestone relaxes within 6 to 24 hours and the Cobourg limestone needs at least 24 to 

48 hours, depending on the stress level the sample is subjected. The samples relaxed within the 

first hour when subjected to a stress level below CI for both rock types and as the stress level 

approached the CD stress level the time needed to relax increased relative to the stress increase.  

 Results of this study demonstrate that there are three distinct stages of time-dependent 

behaviour observed in relaxation tests based on the standard UCS test configuration for rock. The 

authors introduced and defined the three stages (RI, RII, and RIII) of stress relaxation. The first two 

stages are linked to the counterpart stages in the creep test (constant stress). The third stage in the 

relaxation test presents a very different (inherently stable) behaviour. A comparison of the two 

testing behaviours is shown in Figure 5-21. 
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Figure 5-21: Comparison of the materials response subjected to a.) creep and b.) relaxation. 

 Examining the data in detail, it was observed that 55% (when the applied stress is closer 

to CD value) to almost 100% (when the applied stress is below and closer to CI value) of the total 

stress relaxation (RT) occurs during the first stage (RI). It was also shown that below CI threshold 

during the first stage (RI), an approximate of 5% to 20% of stress relaxation (comparing to the 

initial stress) is expected while for the other two stages (RII and RIII) the stress drops less than 

10% of the initial stress. Closer to the elastic region, however, it was observed the stress relaxes 

30% of the initial stress implying the presence of pre-existence damage in the samples. The 

closure of the pre-existing cracks takes place with the initial applied stress increase and the 

transition to the plastic behaviour occurs as the initial stress approaches the CD value.  
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 The study presents a well-defined approach to estimate the maximum stress relaxation 

and predict the time of the relaxation of various rock formations using the CI value and the 

Young’s Modulus. 

 This analysis presented herein described the procedure and examined the controlling 

factors during relaxation testing, discussed the stress relaxation process, defined an analysis 

method and related the results to previous studies available in the literature and confirmed the 

existence of the three distinct stages during the relaxation process. Further research is required on 

the topic to investigate parameters, for instance the change of the rates within the relaxation 

stages that could better describe the time-dependent behaviour of rocks creating a database that 

engineers and practitioners could easily use as preliminary tools to both estimate the materials’ 

response and numerically simulate it in complex environments and in-situ conditions where time 

has a great impact on the rockmass behaviour. 
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Chapter 6 

Time-dependent Behaviour of Brittle Rocks on Static Load Laboratory 

Tests3 

6.1 Abstract 

Cumulative elastic and inelastic strain and associated internal stress changes with accompanying 

damage in brittle rocks can significantly influence rockmass properties adjacent to underground 

openings.  This long-term behaviour is associated with time-dependent deformation and is 

commonly assessed using static load (creep) conditions at laboratory scale. Consistent with this 

approach, low porosity Jurassic and Cobourg limestone samples were tested at different static 

load levels in unconfined conditions to examine the time to failure. Failure typically occurred 

during the 120-day test period only when core samples (56 mm dia.) were subject to axial 

(differential) stress levels above the crack damage threshold (CD). Evidence suggests that for 

samples not reaching failure, that a clear separation from failed samples could be made based on 

the Maxwell viscosity (indicating that viscosity changes near the yield threshold of these rocks). 

Furthermore, samples showed a clear tendency toward failure within minutes to hours when 

loaded above CD. No failure occurred when samples were loaded below CI (crack initiation 

threshold). Samples loaded between CD and CI show a region of uncertainty, with some failing 

and others not at similar driving stress-ratios. Although such testing is demanding in terms of 

setup, control of conditions (i.e. humidity, temperature), continuous utilization of test and data 

acquisition equipment, and data processing, it yields important information about the long-term 

behaviour of brittle rocks, such as the expected time to failure and the visco-elastic parameters. 

                                                      

3 This Chapter appears as submitted to an international journal with the following citation: 

Paraskevopoulou, C., Perras, M., Diederichs, M.S., Löw, S., Lam, T., Jensen, M. Time-dependent 

behaviour of brittle rocks based on static load laboratory testing. Journal of Geotechnical and Geological 

Engineering (submitted on 29.06.2016 - GEGE-D-16-00276).  



 

 124 

The information presented in this paper can be utilized for preliminary numerical studies to gain 

an understanding of the potential impact of long-term deformations. 

6.2 Introduction 

The deformation and strength of rock and rockmasses are considered to be time-dependent (Hoek 

and Brown, 1980; Ladanyi and Gill, 1988; Lajtai, 1991; Chen and Chugh, 1996; Boukharov et al. 

1995; Pellet et al. 2005; Anagnostou, 2007; Barla et al. 2010). In practice, however, the effect of 

time is usually assumed to be negligible for brittle rocks; thus engineers and scientists usually 

tend to neglect it during the design of underground openings (Lajtai, 1991). During the last half 

century, the design and construction of deep underground openings has increased; the interest in 

the long-term behaviour and strength of the surrounding rockmass has also increased. In cases 

where the desired lifetime of a project significantly exceeds 100 years, as is the case with nuclear 

waste repositories, considering the evolution and performance of long-term strength of the host 

rock is crucial. Long-term deformability of rock in the design and construction of nuclear waste 

repositories is a key behavioural aspect for predicting the ability of the rock to safely contain and 

isolate the waste from the biosphere (Damjanac and Fairhurst, 2010). 

 In cases where the in situ stress is relatively high with respect to the short-term strength 

of the host rock (Lajtai and Schmidtke, 1986), time-dependent deformation, degradation and post-

construction failures may occur leading to cost overruns (Paraskevopoulou and Benardos, 2013) 

and safety issues. Creating methods and engineering tools and enriching datasets to be used for 

the prediction of the long-term performance behaviour of the rockmass such as those that other 

researchers (Schmidtke and Lajtai, 1985; Lajtai, 1990; Dusseault, 1993; Heap et al. 2011) have 

already highlighted would be a significant advance in underground excavation design.  

 The purpose of this paper is to investigate the long-term performance behaviour of low 

porosity brittle rocks with emphasis on the procedures and methods used to estimate and predict 

long-term rock strength. This was done by performing a systematic series of static load creep 
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tests, at varying differential stress states, to provide insight into the time-dependent behaviour of 

brittle sedimentary rock. In the literature, the majority of the data for static load creep tests have 

been performed at room temperature in uniaxial conditions with zero confinement. In this study 

we follow this approach. The long-term strength in unconfined conditions is investigated, while 

controlling and recording the impact of the environmental conditions (i.e. temperature and 

humidity), and the visco-elastic parameters are derived from the test data. For samples closer to 

the short-term yield stress, failure is ultimately observed and time-to-failure noted. This study 

focuses on two different limestones; the Jurassic limestone from Switzerland and the Cobourg 

limestone from Canada. 

6.3 Background 

6.3.1 Time-dependency in Rock Mechanics 

Time-dependency of rock under load has been widely discussed (Singh, 1975; Aydan et al. 1993; 

Einstein, 1996; Malan et al. 1997; Hudson and Harrison, 2000; Hargos et al. 2008; Brantut et al. 

2013). Since the late 1930s, researchers started investigating the effect of time in rock behaviour, 

trying to apply the theory of creep widely studied and reported on metals (Weaver, 1936) to rock 

behaviour. In 1939, Griggs undertook laboratory experiments to examine the phenomenon of 

creep on rocks. He constructed two apparatus and performed tests on limestone, anhydride, shale 

and chalk. He also examined recrystallization under creep conditions at high pressure. 

 At the excavation scale, addressing the effect of time in tunnelling and mine engineering 

has been studied since the 1950s when researchers introduced the idea of ‘stand-up time’ in 

tunnel stability. In 1958, Lauffer suggested the stand-up time and span were one of the most 

important parameters in tunnel stability. The ‘stand-up time’, a reflection of time-dependent 

weakening, was also included in rockmass classification systems (Bieniawski, 1974; Barton, 1974 

and Palmstrom, 1995), giving emphasis onto time and its effects by producing charts illustrating 

the time frame of stable unsupported spans.  
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 Since the 1960s many researchers (Widd, 1966; Bieniawski, 1967; Wawersik, 1972; 

Singh, 1975; Peng, 1973; Kranz and Scholz, 1977; Schmidtke and Lajtai, 1985; Lajtai and 

Schmidtke, 1986; Lau and Colon, 1997; Lau et al. 2000, Berest et al. 2005; Cristescu, 2009) have 

investigated the influence of time on the long-term strength of rock by performing laboratory tests 

on rock samples, typically using static load (creep) tests by sustaining a constant stress condition. 

In accordance with this practice, new constitutive and numerical time-dependent models were 

introduced based on the experimental results and data (Ottosen, 1986; Boukharov et al.1995; 

Malan, 2002; Shao et al. 2005; Pellet et al. 2005; Debenarndi, 2008; Sterpi and Gioda, 2009). 

These models attempt to capture and reproduce the behaviour of laboratory tests on the rocks 

including time. 

6.3.2 Defining and Explaining Time-dependency in Rocks 

In practice, there is often a miscomprehension and misinterpretation of the different time-

dependent phenomena, and the mechanisms acting to weaken the rock and larger scale rockmass 

over time. This section serves as an attempt to redefine and give more insight into the various 

time-dependent phenomena, their mechanisms, responses and key characteristics. Figure 6-1 

presents the nomenclature used to describe the various mechanisms that can appear to be time-

dependent under the appropriate conditions. The mechanisms that define the type of time-

dependency can be generalized as either state-change or property-change. The time-dependent 

processes can result, for example, in a changing stress-state (i.e., stress relaxation) or a change in 

the intrinsic properties of the rock material (i.e., decrease in cohesion). These changes can be 

further categorized according to their reversibility or recoverability using such terms as elastic, 

inelastic and irreversible, and may give rise to visco-elastic or visco-plastic strains. The physical 

response can be represented as creep (shear strain), contraction or dilation (volumetric strains) 

over time, as well as relaxation (reduction in shear stress under sustained strain) and degradation 

(strength loss due to softening).  
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 The mechanisms, however, that can lead to these responses are dependent on: i) the solid 

rheology where lattice distortion, dislocation slip, van der Vaal’s bonds and/or solid diffusion 

may occur; ii) damage where new cracks are initiated or existing ones propagate; iii) 

discontinnuum elements where pores, grain boundaries, and existing cracks govern; and iv) 

physicochemical changes that lead to swelling, weakening, strain-softening or strain-hardening. 

The rate of this phenomenon is controlled by other environmental, physical and loading 

conditions. The chemistry, fluid mobility, stress deviator, temperature, pressure, humidity and 

confinement play a significant role in the apparent time-dependent performance of rock materials 

(i.e., the time rate of change and magnitude of strains). 

 As noted and as implied in Figure 6-1, time-dependent phenomena can result from a 

combination of factors that result in a physical response. For instance, in a tunnelling 

environment, after excavation and installation of the temporary support, there may be an observed 

increase in the time rate of change in the tunnel wall deformation not predicted by static analysis 

alone.  This continuous deformation may be the result of creep (i.e., time-dependent shear strain) 

or may also be the result of volume increase (i.e., time-dependent dilation), physicochemical 

reactions (i.e., swelling) or even due to the evolution of macro-cracks in the surrounding 

rockmass (i.e., strength degradation) allowing stress relaxation or ultimately yield. More than one 

time-dependent phenomena can potentially act at the same time and thus the time-dependent 

deformation is the cumulative result of these active phenomena.  
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Figure 6-1: Nomenclature, defining time-dependent phenomena and the conditions and mechanisms that affect and govern the rock 

behaviour. 
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 Differentiating and recognizing these phenomena can be a complex process but the suite 

of issues presented in Figure 6-1 should be taken into consideration when investigating possible 

deformation or failure modes.  

 The physical responses of the main time-dependent phenomena that influence the long-

term behaviour of intact rock and rockmasses include: 

 creep during which visco-elastic behaviour governs where time-dependent, inelastic 

strains and ‘indefinite’ deformation take place and/or visco-plastic yield where time-

dependent plastic strains occur that lead to permanent deformation (Pellet et al. 2005). 

 dilation or contraction where volume change takes place over time usually caused by the 

change of stress resulting in the propagation and interaction of cracks (dilation) or the 

closure of existening ones (contraction) (Van and Szarka, 2006); and; 

 relaxation where the reduction of the stress with time under sustained strain is controlled 

by the internal creep processes aimed at relieving the stored elastic energy (Lin, 2006). 

 mechanical property degradation where strength and/or stiffness change as a result of 

damage processes that accompany or occur as a result of the above phenomenon 

(Damjanac and Fairhurst, 2009). 

This paper focuses on investigating the time-dependent behaviour of brittle sedimentary rocks 

under a constant (controlled) stress-state by performing a series of uniaxial static load (creep) 

tests on two types of limestone. The key objective is to experimentally examine creep behaviour 

and associated degradation, and, in particular, how these related mechanisms influence the time to 

failure of the laboratory rock core samples. 

6.3.3 Creep of Rocks 

Creep was initially observed in metals (da Andrade, 1910). In geological sciences creep is usually 

related to long-term loading. (Amitrano and Helmstetter, 2006). Creep can be defined as the time-

dependent distortion of a material that is subject to an applied constant differential stress less than 
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its short-term strength. During creep, visco-elastic behaviour governs where time-dependent, 

reversible, elastic strains take place (primary stage in Figure 6-2). Elasto-viscous behaviour 

(secondary stage) results in partially recoverable (upon load reversal for example) and potentially 

indefinite deformation. Visco-plastic yield (tertiary stage) results in time-dependent plastic strains 

leading to permanent deformation and sometimes failure (Pellet et al. 2005). Strength degradation 

during the first stages of creep can ultimately lead to brittle failure in time.  

 Creep strain can seldom be fully recovered (Glamheden and Hokmark, 2010). According 

to Amitrano and Helmstetter (2006) rock materials exhibiting creep deform with different strain 

rates at different stages during the test. The general shape of the creep curve for most rocks is 

illustrated in Figure 6-2. The strain magnitude and the duration of each of the creep stages 

(primary, secondary, and tertiary) can be differentiated depending on the nature of the rock. 

 

Figure 6-2: The three stages of creep (primary, secondary, tertiary) of a material subjected to 

constant load. 

 The creep stages begin after a constant load has been applied and are typically dominated 

by elastic strains. Once the applied load becomes constant, strains increase at a decreasing time 

rate; this period is called primary (transient) creep. When primary creep approaches a constant 

strain-rate (almost a steady rate) the transition to the secondary creep (or steady rate) takes place. 

The material can yield in an accelerating or even brittle manner as the strain rate starts to 

accelerate. This latter stage is often referred to as tertiary creep although the processes involved 

may not be related to creep mechanics. These stages are characteristics of and vary for each rock 
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type (Sofianos and Nomikos, 2008). It should be noted in some rock materials, usually brittle, the 

secondary creep is not clearly and always observed, and for other rocks the tertiary creep stage is 

never reached (i.e., ductile materials). As Lockner (1993) reported there can be a transition from 

primary to tertiary creep with no second state or the deformation can be purely characterized by a 

steady strain rate as in the secondary stage. 

6.3.3.1 Time-dependent Formulations and Models  

Constitutive models and laws are commonly used to describe creep behaviour and are usually 

based on experimental and laboratory data from static load (creep tests). Such models and laws 

are generally specific for a given rock type. These models’ utility is to describe the time-

dependent performance of these rocks under various stresses producing a general trend over time 

between stress and strain (Amitrano et al. 1999). The formulations of these models and laws 

available in the literature can be categorized into three main groups: a) empirical functions 

(Aydan et al. 1996; Singh et al. 1998), based on curve fitting of experimental data, usually static 

load (creep) tests; b) rheological models (Ottosen, 1986; Gioda, 1981; Chung et al. 1987), 

consisting of mechanical analogues such as elastic springs, viscous dashpots, plastic sliders and 

brittle yield elements coupled in series or in parallel; and c) general theories (Perzyna, 1966; 

Debernardi, 2008) that are considered to be the most advanced aspects of numerical modelling 

that are not limited to specific cases and can be implemented in various numerical codes (i.e. 

Finite Element and Finite Difference codes). Empirical models are most commonly used, 

although these models are derived from test data for only specific rock types. While useful as a 

preliminary design tool these methods are of limited application to a broader classification of rock 

types and other phenomena not considered by standard laboratory tests. 

Burgers Rheological Model for Creep Behaviour 

Time-dependency was initially studied in terms of rheology, the science of deformation and flow 

of matter assuming that deformations are caused by the intrinsic viscous nature of materials 
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(Goodman, 1980). The term is derived from the Greek word ‘rheos’ which means flow. Viscosity 

is a measure of a matter’s resistance to flow, it describes the internal friction of the moving matter 

and controls the deformation rate. The rheological behaviour of ideal rock materials approximates 

the linear elastic stress/strain response. However, in reality this is seldom the case as typical rock 

material behaviour is characterized by inelasticity or non-linear deformation due to the presence 

of microcracks, voids or flaws.  

 The idealized creep behaviour is often represented mathematically by the Burgers model. 

This model is a combination of the Kelvin (delayed manifestation of a constant static response to 

altered boundary conditions) and Maxwell (continued strain rate or relaxation over time under 

static boundary conditions) models in series (as illustrated in Figure 6-3). According to Goodman 

(1980) the strain occurring during a constant loading condition through time can be expressed 

using Eq. 6-1, where: ε1 is the axial strain, σ1 is the constant axial stress, K is the bulk modulus, 

ηK is Kelvin’s model viscosity, ηM is Maxwell’s model viscosity, GK is Kelvin’s shear modulus, 

GM is Maxwell’s shear modulus. ηK, ηM, GK, GM are the visco-elastic parameters and are 

considered properties of the rock. 
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2𝜎1

9𝐾 
+
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3𝐺𝑀
+
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3𝐺𝐾
−

𝜎1

3𝐺𝐾
𝑒

−(
𝐺𝛫
𝜂𝛫

𝑡)
 (Eq. 6-1) 

 Following Goodman’s approach, the visco-elastic parameters for the Burgers model (ηK, 

ηM, GK, GM) can be derived by fitting the experimental results of static load (creep) tests to the 

curve of Eq. 6-1 (shown in Figure 6-3) at different time increments and the corresponding strain 

intercepts. 

The three afore-described stages of creep follow the instantaneous response (0th stage) due to the 

changed boundary conditions during loading leading to the constant load. These stages can be 

interpreted from the idealized creep behaviour described above and simulated as follows: 
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 1st stage or primary or transient creep where the delayed adjustment to a new equilibrium 

state takes place through visco-elastic (reversible) deformation, and may be accompanied 

by some irreversible behaviour, resulting in strain accumulation with decreasing rate over 

time. This stage is commonly simulated with the Kelvin model analogue. 

 2nd stage or secondary creep where the material exhibits a consistent strain accumulation 

rate over time accompanied by inelastic distortion. The duration or even existence of this 

stage can vary depending on the rock type transitioning from ductile to more brittle 

materials. The Maxwell visco-elastic model is commonly used to phenomenologically 

represent this stage. 

 3rd stage or tertiary or accelerating creep where abrupt increase of strains occurs 

(typically driving the material to rupture) due to strain-driven weakening, chemically 

related strength degradation and/or interaction of growing cracks. Visco-plastic models 

(Barla et al 2010) and/or so-called stress corrosion models (Damjanac and Fairhust 2010) 

are used to simulate tertiary creep. 
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Figure 6-3: Idealized creep behavioural curve (left column) and the equivalent visco-elastic 

components (Kelvin and Maxwell) which are combined in parallel resulting in the Burgers 

model representation of the idealized curves (right column). At the bottom the visco-elastic 

models are illustrated and represented mathematically. 

 The three stages of creep have been well studied and occur for many materials and rock 

types (Scholz, 1968, Borchert, et al. 1984; Goodman, 1980; Ottosen, 1986; Zheng and Weng, 

2002). It could be inferred that most creep models can only satisfy certain situations and rock 

types. For instance, the Kelvin model assumes a solid body; hence, it can only simulate the 

primary creep response of a rock. The Maxwell model is applicable to fluid bodies, and it can 

only describe the secondary creep behaviour of rock. The Burgers model, a combination of the 

two, can be used to reproduce stages 1 and 2 but is unable to simulate stage 3 (delayed failure). 

Consequently, there is not a unified model that can describe creep behaviour and all three stages 

satisfactorily for all rock types without limitations. For instance, a heavily sheared rockmass can 

exhibit primary creep in normal stress conditions whereas high strength brittle materials will not. 
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 Overall, rheological models are typically used to describe time-dependent creep 

deformation. These models provide a mathematical framework; however, they do not capture 

physical mechanisms related to microcrack initiation and propagation (Paraskevopoulou et al. 

2015). 

6.3.4 Damage Evolution and Brittle Failure  

The static load tests were conducted at different stress levels, which were representative of 

driving stress to strength ratios estimated from a series of baseline Unconfined Compressive 

Strength (UCS) tests using suggested (ISRM, 1979) methods.  

 In ductile rock materials, the deformation process is primarily related to continuum creep 

mechanics involving dislocation slip or migration of interstitial atoms and atomic vacancies 

within crystals, or weak bond migration in clay minerals (Davis et al. 2012) resulting in distortion 

(pure or simple shear strain) over time. In brittle rocks, however, it is generally accepted that 

progressive damage, which is initially dominated by the initiation and propagation of microcracks 

in the direction of the maximum load, governs the deformation process leading to sudden rupture 

(Fairhurst and Cook, 1966; Eberhardt, 1998; Diederichs, 1999; Ghazvinian, 2015).  

 At least four distinct stages of the brittle failure process in compression tests can be 

identified if the stress-strain response is monitored during loading, as shown in Figure 6-4. These 

stages are: i.) closure of pre-existing cracks; ii) linear elastic behaviour; iii) stable crack growth; 

and iv) unstable crack growth, which leads to failure and the peak strength (i.e. the point of 

maximum stress). These damage or crack growth thresholds have been defined by the 

International Rock Mechanics Committee on Spall Prediction as CI for Crack Initiation and CD 

for Crack Damage, respectively (Diederichs and Martin, 2010).  CD is sensitive to pre-existing 

crack damage, sample geometry, and stress path (Diederichs, 2003) whereas CI is relatively 

insensitive to moderate pre-existing damage and other influences and is found to be 30-50% of 

the standard UCS, as measured in the laboratory (Brace et al. 1966; Martin 1993 and 1997) for 
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brittle rocks or by in situ back analysis (Martin et al. 1999) and CD is found to be 70-90% of the 

UCS (Perras and Diederichs, 2014). 

 

Figure 6-4: Stress - strain response and stages of brittle rock fracture process and time-

dependent behaviour of the material exhibiting: creep and/or relaxation depending on the 

initial loading and stress conditions, (where: σcc – stress level at crack closure, CI – crack 

initiation, CD – critical damage, UCS – unconfined compressive strength, σc – applied constant 

stress). 

 The identification of these thresholds using various methods (i.e. strain-based or acoustic 

emission) has been investigated by many researchers (Bieniawski, 1967; Martin and Chandler, 

1994; Martin, 1993; Lajtai, 1998; Eberhardt, 1998; Diederichs, 1999 and 2003, Diederichs et al. 

2004, Diederichs and Martin, 2010; Nicksiar and Martin, 2012; Ghazvinian, 2015). For instance, 

CI can be determined as the axial stress at the reversal point of the calculated crack volumetric 

strain according to Martin (1993). Brace et al. (1966) noted that the onset of dilatancy could be 

established at the deviation from linearity of the early linear portion of the volumetric strain, 

determining both the Crack Closure and the CI stress thresholds. The deviation from linearity of 

the radial strain is another approach used to determine CI (Bieniawski, 1967; Lajtai, 1974; 
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Diederichs et al. 2004), which is free from errors introduced by involving calculated parameters 

in the estimation. Stacey (1981) proposed the extensional strain method showing the non-linear 

relationship between the lateral and axial strain, indirectly defining CI as the starting point of this 

non-linearity. Diederichs (2007) suggested that the change in Poisson’s ratio can signify the stress 

magnitudes associated with CI. Nicksiar and Martin (2012) proposed the Lateral Strain Response 

(LSR) method according to which the onset of CI is the maximum difference between the 

measured loading response and a linear reference line taken from the onset of unstable crack 

growth to zero stress. CD, the crack coalescence and interaction threshold (Lockner et al 1992), is 

determined as the axial stress at the measured volumetric strain reversal point (Bieniawski 1967, 

Lajtai 1974, Martin, 1997). 

 At increasing stress between CI and CD, cracks accumulate and grow in a stable manner. 

However, if the load or axial stress is held constant between these thresholds, time-dependent 

crack growth occurs leading to time-dependent deformation, as illustrated in Figure 6-4. Loading 

above the critical damage threshold (CD) marks the growth of cracks in an unstable manner 

during UCS testing. If the axial stress is maintained at a stress level in excess of CD, accelerated 

creep rates may occur that can lead to a sudden failure of the specimen (Schmidtke and Lajtai 

1985). 

 As discussed, many researchers (e.g. Brace et al 1966, Podnieks et al 1968, Beniawski 

1967, Martin 1997, Diederichs 2003, etc.) investigating the inelastic behaviour of rocks indicated 

that crack initiation and propagation plays a dominant role in understanding processes related to 

time-dependent behaviour. 

6.3.4.1 Creep in Brittle Rocks 

Creep strains are usually associated with the deformation sequence of the time-dependent 

processes, as described: the instantaneous elasticity, the primary/transient creep, the 

secondary/steady-state creep and the tertiary/accelerating creep (Gruden, 1971), which can be the 
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case for metals and some weak rocks (Stagg and Zienkiewicz, 1986). The long-term behaviour of 

a poly-crystalline rock depends on: a) the physical processes acting on the individual grains and 

the rock as a whole; and b) the interaction of individual rock grains and other structural features 

(Boukharov et al. 1995). In the case of intact (brittle) rocks, the steady-state creep or secondary 

creep phase may not be visible depending on the stress level. At very high stresses, the rock may 

exhibit only primary creep with a sudden transfer to the tertiary stage that will result in abrupt 

failure. 

 Another aspect of the time-dependent behaviour of brittle rocks is the condition of joints 

and other structural weaknesses, which can influence long-term behaviour. Lajtai (1991) reported 

that the existence of discontinuities mainly influences the instantaneous and short-term stability 

whereas degradation of the intact rock influences the long-term behaviour. He also argued that 

the frictional resistance along the discontinuities is more likely to increase rather than decrease 

with time. This conclusion agreed with other research and analyses (Dieterich 1972, 1978, 1979; 

Lajtai and Gadi, 1989) performed earlier. 

 The degradation of the mechanical properties over time for various brittle rocks has been 

discussed in the literature (e.g. Bieniawski, 1967; Schmidtke and Lajtai, 1985; Kranz and Scholz, 

1977; Lau et al. 2000). Lajtai (1991) observed, after performing tests on Lac du Bonnet Granite 

samples, that the loss of strength under constant load is not caused by a decrease of frictional 

resistance but rather should be attributed to the time-weakening of the intact rock.  

 According to Anderson (1977) the time-dependent weakening of brittle rockmasses and 

intact rocks is ascribed to stress-corrosion cracking. Stress corrosion cracking is the chemically 

controlled crack growth in the presence of mechanical stress over time, which Charles (1959) also 

showed by performing experiments on glass. Lajtai and Schmidtke (1986) have shown that 

stresses of about 50% or more of the short-term strength of brittle rocks can trigger time-

dependent stress corrosion cracking.  
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 Another mechanism, in heterogenous rocks (polycrystalline like granite or multi-

component like argillaceous limestone) is the interference between mineral grains undergoing 

creep strain at different rates and by different mechanisms. The internal interference between 

deforming grains can lead to internal damage and weakening over time and at a rate related to the 

creep strain rate. 

6.3.5 Methods used to Estimate Long-term Strength 

Goodman (1980) argued that the complete stress strain curve can also be used to predict rock 

failure due to creep. The existence of a ‘static fatigue limit’, has been suggested (Lajtai and 

Schmidtke, 1986; Lajtai, 1991; Lau et al. 2000; Damjanac and Fairhurst ,2010; etc.) as the lower 

bound of stress that leads to failure given sufficient time. Below this lower bounding stress limit 

(stress level) no failure occurs.  This is known as the long-term strength (LTS) shown in Figure 6-

5. 

 Many researchers (Potyondy, 2007; Hao et al. 2008; Lin et al. 2009; Cristescu, 2009; 

Paraskevopoulou et al. 2015) have estimated the lifetime of intact rocks by adopting the time to-

failure approach similar to Lajtai and Schmidtke (1986). It distributes the strength decay under 

long-term constant loading and results in the creation of the static fatigue curve which relates to 

the specific data set and testing conditions. From a series of static load creep tests the stress level 

and the time at which the samples fail is recorded and it is related to the equivalent short-term 

strength derived from Unconfined Compressive tests. This method, while relatively simple, 

neglects to consider the strain path during the long-term loading. Lajtai (1991) suggested, with 

caution, that the long-term strength could be estimated to lie between 53 and 60% of the ‘short-

term strength’, based on laboratory data acquired from static load tests on Lac du Bonnet granite, 

Beebe anorthosite and Tyndallstone limestone. The latter type of rock was observed to be more 

time-dependent. Lau et al. (2000) also showed, after performing static load tests on Lac du 
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Bonnet granite and granodiorite, similar results. Paraskevopoulou et al. 2015 reported that the 

long-term strength of igneous rocks should be close to 60% of the short-term strength. 

 

Figure 6-5: Schematic representation of the stress - strain response and stages of brittle rock 

fracture process and evolution of the short-term strength of the material to its long-term 

strength when subjected to constant stress conditions, (where: σcc – stress level at crack closure, 

CI – crack initiation, CD – critical damage, UCS – unconfined compressive strength, σc – 

applied constant stress). 

 Another technique to estimate the long-term strength is determined by investigating the 

secondary stage (steady-state phase of creep) of the creep curve. This method assumes that the 

delayed failure takes place when the strains attributed to dilatancy (crack volumetric) attain a 

certain and critical value (Lajtai and Bielus, 1986) and are used to predict the transition to the 

tertiary creep stage. Experimental and laboratory research (Scholz, 1968; Lockner and Byrlee, 

1980; Kranz et al., 1982; Kawada and Nagaham, 2004) has shown that crack propagation can also 

take place during creep. Cruden (1974) showed with static fatigue tests on brittle rocks under 

unconfined loading conditions that a critical crack density exists at which cracks begin to 

intersect. Diederichs (2003) also demonstrated this concept with statistical and numerical 

approaches. This crack density marks the point where accelerating crack intersection rates occur 

that eventually lead to failure (i.e., tertiary creep). In addition, Cruden (1974) suggested that the 

onset of tertiary creep at a critical crack density is associated with a critical strain that 

accumulates during static load tests. It can be implied from this that time-dependent damage and 

delayed visible fracturing occur under compressive loading. From the uniaxial compression and 
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creep tests, Lajtai and Bielus (1986) concluded that the crack volume strain and its rate is a more 

reasonable parameter to measure crack growth in compression over time leading to delayed 

fracture and failure as they observed that after a short primary phase the axial strain behaves 

elastically with no or very little time-dependency involved. As confirmed by Diederichs (1999 

and 2003), a critical radial (lateral) extension strain could be related to the critical crack density 

of brittle rocks, associated with the onset of coalescence of cracks. In static load tests, 

accelerating creep rates are observed when a critical strain is exceeded.  

 Other methods based on reliability analysis have also been adopted to predict the long-

term strength of rock materials. These methods statistically assess the reliability as the probability 

assuming that a material has a specific life-expectancy (Besterfield, 1979). However, they require 

an adequate time to failure data set from static load tests. The theoretical Weibull distribution is 

commonly utilized, treating the data as a continuous cumulative distribution that is curve-fit to 

the experimental data. Lajtai (1991) described in detail this method, which was applied to predict 

the life-expectancy of a dolomitic limestone, the Tyndallstone. 

 Life span estimates at the order of hundreds of years for engineering projects are based 

on long-term static load tests. The analysis herein presents and discusses the results of a series of 

static load tests on limestone to improve the capability to estimate long-term strengths in brittle 

rocks. The results are compared to data available in literature to create and establish a database 

for the preliminary estimation of long-term strength, which can be used by researchers and 

engineers. 

6.4 Laboratory Testing Program and Methods 

6.4.1 Sample Descriptions 

The selected Jurassic limestone comes from a quarry north of Zurich, Switzerland, in the tabular 

Jura (Figure 6-6.a). The samples are a fossil rich packstone, following the classification system of 

Dunham (1962), with variable sized vugs ranging from 0.1 – 3 mm and pyrite rich crystal 
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patches. There are also lime-mudstone blebs ranging from 5 – 30 mm in diameter, mixed within 

the packstone framework. 56 mm diameter samples were cored from a block measuring 500 x 

500 x 150 mm, such that the core long axes (before end face grinding) were 150 mm long. All the 

samples were prepared according to the ISRM (1979) requirements.  

 

Figure 6-6: Samples of a.) Jurassic limestone and b.) Cobourg limestone.  

 The Cobourg limestone (Figure 6-6.b) comes from the St. Mary’s quarry, near 

Bowmanville, Ontario, Canada. The limestone has a characteristic mottled texture, with the light 

gray areas being a fossil rich lime-packstone and the dark gray being argillaceous lime-mudstone. 

A block measuring 400 x 400 x 700 mm was cored perpendicular to the irregular bedding marked 

by the argillaceous banding. Due to the limited volume of material for testing, not all samples 

were 150 mm long (before end face grinding), such that the height to diameter ratio ranged 

between 2.0 and 3.0. All other sample preparation procedures were conducted according to the 

ISRM (1979) requirement. 
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6.4.2 Baseline UCS Testing 

A modified 2000kN Walter and Bai servo-controlled testing device was utilized to perform 

baseline unconfined compressive strength (UCS) testing on 19 cylindrical samples: 10 of Jurassic 

limestone and 9 of Cobourg limestone. A constant radial displacement rate of 0.01 mm/min was 

maintained during loading. A chain wrapped around the mid height of the specimen with a single 

strain gauge attached was used to measure the radial displacement whereas the axial strain was 

recorded on the sample surface by two strain gauges at the opposite sides of the specimen. 

6.4.3 Determination of Brittle Stress Thresholds 

The results from the UCS testing series were further used to determine the damage thresholds, CI, 

CD, and the peak strength using strain based methods, as previously described. Several methods 

were adopted to determine CI and CD values. CI thresholds were determined using 2 methods: a) 

the radial strain following on Lajtai’s (1974) approach; and b) Martin’s (1993) crack volumetric 

strain method. For CD estimation both Lajtai’s (1974) axial strain method and Beniawski’s 

(1967) volumetric strain reversal method were adopted. These results were used to determine the 

load levels for the static load testing series. The initial loading from the static load testing series 

was also used to identify the Crack Damage thresholds and elastic properties where applicable. 

6.4.4 Static Load Testing under Compression and Testing Procedure 

The static load testing procedure presented in this paper was adopted from the ISRM (2014) 

suggested methods for determining the creep characteristics of rock and the ASTM (2008) 

guidelines for creep of rock under constant stress and temperature. During testing, relative 

humidity was controlled using a saturated salt solution of sodium nitrate, which should maintain a 

65% relative humidity at 20 oC. Temperature was monitored in the laboratory environment, 

which had a relatively constant climate. Overall these environmental factors were generally 

maintained within 5.0% and +/- 1.0 oC respectively. 
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 The equipment used for this testing series is illustrated in Figure 6-7 and consists of a 

manual oil pump to apply the load. The load is held constant with the use of a hydraulic 

accumulator. The accumulator is filled with nitrogen gas, which acts as a spring if the oil volume 

changes during testing such that a constant load is always applied. The load is applied to the 

sample via an expandable oil pillow with a larger diameter than the sample. The difference in 

area results in an applied sample load that is approximately twice the oil pressure. The frames 

were calibrated with a load cell to determine the relationship between the oil pressure in the 

pillow and the load on an aluminum cylinder. 

 

Figure 6-7: Equipment of static loading testing with the main components labelled. The 

constant load is maintained with the nitrogen accumulator. 

 Axial and radial strains were measured using strain gauges and for some tests the DD1 

cantilever strain sensors from HBM. The DD1 sensors were damaged during initial tests on the 

Jurassic limestone samples and subsequently strain gauges were used on the remaining samples. 

Acoustic emissions, both active and passive, were also measured with an Elsys TraNET EPC data 
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acquisition system. The primary focus of this paper is on the strain behaviour during the static 

load tests.  

 All tests have been performed at stress levels between CI and the peak strength. Multi-

step and single-step load tests were conducted, however, the single-step tests are the primary 

focus of this paper. Table 6-1 summarizes the samples that were tested under the various 

conditions. Two testing series were performed for assessing the long-term creep behaviour, the 

first was on Jurassic limestone and the second on Cobourg limestone. 

Table 6-1: Summary of the static load testing types. 

Rock Formation  Jurassic limestone Cobourg limestone 

Load Level(s) Single-step Multi-step* Single-step Multi-step* 

Number of Samples 10 2 4 1 

Total  12 5 

*number of steps ranged from 2 to 4 depending on the test. 

 

 Single-step tests were conducted on 10 Jurassic and 4 Cobourg samples and they were 

held at stress levels above CI for seconds to several days until failure occurred. Most of the 

single-step tests failed within the first few hours. Several samples did not fail after several days to 

weeks at which time the test was terminated. While more practical and convenient, the single-step 

tests require the testing of more specimens to fully cover the spectrum of the expected range of 

time to failure. 

 Multi-step tests were performed on three samples, 2 Jurassic and 1 Cobourg, to compare 

with stress levels derived from the single-step tests. The number of steps in each test varied 

between 2 and 4. The stress difference between the steps was decided to be 5 MPa and the 

duration of each step varied from 1 hour up to 10 days until failure took place. The load increase 

was applied once the strain rate on all gauges reached a constant. A few Jurassic samples did not 

fail and it was decided to terminate these tests and unload the samples for additional testing in the 

future. An advantage of the multi-step tests is that many data points, such as strain rates, at 
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different stress levels can be collected from one specimen. However, to examine the long-term 

strength and time to failure of a material the specimens need to fail under a constant load. To date 

there is no comparison between single-step and multi-step tests, however, many tests are 

performed using the multi-step approach when failure of the specimen is not required. Further test 

results from single- and multi-step tests are required to draw meaningful conclusions from a 

comparison. In this paper the focus is on the single-step tests and the time to failure. 

6.5 Laboratory Results 

6.5.1 Baseline Testing and Damage Thresholds 

The stress-strain relationships of the 10 UCS tests on the Jurassic and the 9 UCS test on the 

Cobourg are shown in Figure 6-8, top and bottom, respectively. The average values estimated for 

UCS, CD and CI were 103 MPa, 91 MPa, 39 MPa and 125 MPa, 111 MPa and 50 MPa, 

respectively for the Jurassic limestone and for the Cobourg limestone. The results are summarized 

in Table B.1 (see Appendices). The crack damage thresholds and peak strength were used to 

determine the load levels for the static load tests. 
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Figure 6-8: Stress-strain response of limestone: a.) Jurassic samples and b.) Cobourg samples 

tested in Unconfined Compressive Strength conditions.  
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6.5.2 Static Load Testing 

The static load testing began at load levels close to the peak strength, based on the baseline test 

results. Subsequent tests were conducted at lower driving stress levels approaching CD and 

below. In these tests, the target constant stress is applied and maintained by controlling the axial 

load while measuring the strains (axial and lateral) that increase as the sample proceeds toward 

failure (Figure 6-9). Samples loaded close to the peak strength fail catastrophically into many 

fragments, while samples loaded closer to CD fail in a less violent manner. An example of a 

failed sample, Jura 5S shown in Figure 6-9, which failed after 2871 seconds at a driving stress of 

0.87 UCS, shows an axial splitting and slabbing mechanism. Selected results are presented in this 

section, serving as examples, to describe the main influencing factors during the creep process of 

the two limestone tests. 

 

Figure 6-9: An example of an axial splitting and slabbing failure mechanisms on a sample 

loaded near the CD threshold. The sample failed after ~47 minutes of constant loading. A 

strain gauge and acoustic emission (AE) sensor holders (threaded aluminum tubes) are shown 

on the sample surface. AE analysis is subject of a separate study. 

 The change in the strains over time of two single-step tests results are illustrated in Figure 

6-10 (a and b) serving as examples for the Jurassic and the Cobourg limestone, respectively. The 

three stages of creep that a specimen of Jurassic limestone exhibited during static load testing are 
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shown in Figure 6-10. a., where it is observed that radial strain on this sample is more prone to 

change than the axial. The transition from the secondary to tertiary stage of creep is not clearly 

defined as failure occurred suddenly. It should be stated that strains were measured using the 

DD1 cantilever strain sensors from HBM on this sample. In the case of Cobourg limestone, 

Figure 6-10.b shows the test results of a specimen that failed some seconds after loading. In this 

example, the specimen has not clearly undergone the secondary stage of creep as failure occurred 

rapidly after reaching the load target. This causes an overlap in the creep stages, making it 

difficult to distinguish them clearly. For all the Cobourg samples, the strains were measured with 

strain gauges. 

 

Figure 6-10: a) Single-step static load test results of specimen ‘JURA 5S’ (Jurassic limestone). 

And b) ‘Cobourg 7S’ (Cobourg limestone) Axial stress (blue line), axial strain (brown line) and 

radial strain (red line) results in relation to constant load time expressed in seconds. ‘1st’, 

‘2nd’, ‘3rd’ denotes the primary, secondary and tertiary stage of creep behaviour observed 

during testing the specimens. 
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 The phenomenon of failing in a few seconds after loading was observed on both types of 

limestone but more often in the case of the Cobourg limestone. The latter was observed on the 

samples loaded at stress levels above and close to the CD stress threshold and, generally, the time 

to failure increased as the driving stress decreased. 

6.5.3 Effect of Temperature and Humidity 

Temperature and humidity changes are known to cause changes in the volume of rock samples 

and strain rates of limestone and other rocks (for example: Harvey, 1966; Pimienta et al. 2014). 

Both temperature and the humidity were recorded during the testing to verify if anomalous strain 

readings or changes in the strain rates were the result of temperature or humidity perturbations. 

The stress and the strain response to temperature and humidity change during a single-step test on 

a Jurassic limestone sample and a multi-step test on a Cobourg limestone sample are presented in 

Figures 6-11 and 6-12, respectively. 
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Figure 6-11: a.) Axial stress response of ‘JURA 46S’ sample to temperature and b.) relative 

humidity fluctuations during single-step static load testing, c.) volumetric strain response of 

‘JURA 46S’ sample to temperature and d.) relative humidity fluctuations during single-step 

static load testing. 

 In Figure 6-11a and 6-11b the stress, from the start of the loading phase up to the end of 

the first constant load phase, is shown with the temperature (Figure 6-11.a) and relative humidity 

(Figure 6-11.b) fluctuations throughout the test. The initial decrease in the temperature and 

increase in humidity is caused by the test chamber and the sensor re-acclimatizing after insertion 

of the sample and the sensor into the test chamber. The influence of this re-acclimatization phase 
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on the volumetric strain (Figure 6-1.c, 6-11.d) is negligible, as there is only a small drop in the 

stress of 1MPa, which then stabilizes.  

 In the example of the Cobourg 8S sample the second-load phase (Figure 6-12.a) and b) is 

shown of this multi-step test along with the volumetric strain response (Figure 6-12.c and d), 

temperature and relative humidity. The load remains at the target threshold and there is only a 

small volumetric strain increase within the first 3 hours of this load phase. This increase in 

volumetric strain is attributed to creep of the sample, as the temperature remains almost constant 

and there is a small drop in the relative humidity (<1%) in the same time period of the strain 

increase. 

 The samples (JURA 46S and COBOURG_8S) presented herein were selected as 

examples to show the magnitude of the change in the laboratory conditions during static load 

testing and to demonstrate that within this range there is a negligible impact on both types of 

limestone behaviour with respect to the magnitude of the creep strains. This is clearly shown in 

Figures 6-11 and 6-12 (c and d.) where the change in volumetric strain in relation to the change of 

temperature and humidity is presented and in both cases the volumetric strain remains relatively 

constant until the end of the current constant load phase. 
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Figure 6-12: a.) Axial stress response of ‘COBOURG 8S’ sample to temperature and b.) 

relative humidity fluctuations during single-step static load testing, c.) Volumetric strain 

response of ‘COBOURG 8S’ sample to temperature and d.) relative humidity fluctuations 

during the second step of a multi-step static load testing. 

6.6 Analysis and Discussion 

The examination of the results presented were further analyzed in order to investigate more 

closely the rock’s response under static load conditions. Two aspects of time-dependency were 

examined: the first was to derive visco-elastic (creep) parameters for use in the Burgers model (or 

related models); and the second, the time to failure under static load. Samples which did not fail 
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were also examined to assess the potential reason why some samples fail and others do not, even 

at the same driving stress-ratio. 

6.6.1 Visco-elastic (Creep) Parameters 

The visco-elastic parameters were estimated for every sample tested, including those that did not 

fail. Since the visco-elastic parameters, which are used to simulate creep behaviour using the 

Burgers model, can be derived from the response of the sample; i) immediately after the loading 

phase, where the stress is kept constant and the sample enters the primary stage of creep; and ii) 

from the secondary stage of creep behaviour where the strain-rate has a constant value, the 

sample does not need to fail in order to determine the visco-elastic properties. These are 

considered intrinsic rock properties. The Kelvin shear modulus, GK, the Maxwell shear modulus, 

GM, the Kelvin viscosity, ηK, and the Maxwell viscosity, ηM, were estimated for the 12 tests on 

Jurassic limestone and for 3 of the Cobourg limestone samples, including for single-step and 

multi-step tests (Table 6-2). The Kelvin parameters refer to the delayed elastic strain response, 

GK controls the amount of elastic strain and ηK the rate. The Maxwell parameters GM and ηM are 

the elastic shear modulus viscosity, respectively, and together determine the rate of viscous flow. 
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Table 6-2: Visco-elastic (creep) parameters for the Jurassic limestone and the Cobourg 

limestone samples. 

Geological 

Formation  

Sample 

 Name 

Test - 

Method 

used 

GK 

 (Pa) 

GM  

(Pa) 

ηK 

(Pa*s) 

ηM 

(Pa*s) 

Creep 

Stress 

(MPa) 

Status 

(Failure 

/ No 

Failure) 

Jurassic 

Limestone 

JURA_4S-1* Lab 7.55E+08 1.18E+07 9.70E+21 1.00E+13 89 NF 

JURA_4S-2* Lab 7.55E+08 1.18E+07 9.70E+21 1.00E+15 101 F 

JURA_5S Lab 4.80E+08 1.05E+07 1.73E+19 1.74E+15 72 F 

JURA_6S Lab 6.04E+08 3.46E+07 3.11E+20 4.12E+13 93 NF 

JURA_8S Lab 3.34E+08 6.79E+06 2.98E+20 6.59E+13 91 NF 

JURA_9S-1* Lab 8.07E+08 3.54E+07 3.33E+21 2.49E+14 71 NF 

JURA_9S-2* Lab 8.07E+08 3.54E+07 3.33E+21 2.49E+14 73 NF 

JURA_37S Lab 3.36E+08 2.00E+07 9.12E+20 1.38E+14 79 NF 

JURA_38S Lab 1.19E+10 9.18E+06 4.58E+21 2.81E+12 65 NF 

JURA_42S Lab 6.87E+08 1.85E+07 2.36E+19 2.74E+12 87 NF 

JURA_43S Lab 4.80E+08 8.57E+06 9.61E+18 1.47E+12 74 NF 

JURA_44S Lab 4.08E+08 3.98E+06 9.70E+21 1.64E+15 52 F 

JURA_45S Lab 3.18E+09 3.98E+06 1.73E+19 9.02E+14 87 F 

JURA_46S Lab 3.08E+09 3.98E+06 1.09E+22 4.75E+13 58 NF 

Cobourg 

Limestone 

Cobourg_5S Lab 1.85E+08 2.00E+08 4.53E+15 1.91E+15 66 F 

Cobourg_7S Lab 2.05E+08 1.90E+08 1.53E+16 1.88E+15 82 F 

Cobourg_8S-1* Lab 2.04E+10 1.49E+08 1.96E+17 4.79E+13 66 NF 

Cobourg_8S-2* Lab 5.18E+08 1.66E+08 1.53E+16 1.78E+14 72 NF 

Cobourg_8S-3* Lab 2.65E+08 2.16E+08 4.46E+15 4.79E+13 77 NF 

Cobourg_8S-4* Lab 2.65E+08 2.16E+08 4.46E+15 1.78E+15 85 F 

Cobourg_9S Lab 2.20E+08 1.50E+09 1.78E+15 8.36E+14 73 F 

Cobourg_12S Lab 2.26E+08 2.74E+09 5.20E+15 7.13E+14 75 F 

(*number of steps ranged from 2 to 4 depending on the test) 

 

 Goodman’s approach (1980) was adopted to derive the parameters, which assumes that 

the rock material behaves as a Burgers model according to Eq. 6-1. An illustrative example of the 

procedure undertaken is shown in Figure 6-13 and refers to the first step of the multi-step static 

load test performed on a specimen of the Cobourg limestone. Even in the tests that did not reach 

failure the creep parameters were estimated. 
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Figure 6-13: Example to illustrate the estimation of the visco-elastic parameters for Burgers 

creep model during the first step of a multi-step static load test of a Cobourg limestone sample. 

The number next to ‘COBOURG’ denotes the sample’s name, ‘S’ refers to static load (where: 

ε1 is the axial strain, ε3 is the radial strain, σ1 is the constant axial stress, K is the bulk modulus, 

η1 refers to ηK, Kelvin’s model viscosity, η2 is ηM, Maxwell’s model viscosity, G1 is GK which is 

Kelvin’s shear modulus, G2 is GM, Maxwell’s shear modulus. ε0 is the axial strain at time zero 

when the axial stress begins to be held constant and εB is the axial strain attained at infinity 

due to time-dependency). 

 As has already been reported, the estimation of creep parameters is based on fitting the 

Burgers model to the experimental data. This can be done by drawing the asymptotic line of the 

constant strain rate phase or secondary creep stage and projecting back to time zero (Figure 6-13). 

Based on this asymptote the axial strain (εB) at infinity due to time-dependent deformation can be 

estimated as the intercept with the strain axes. With these parameters, along with the constant 

stress value (σ1), the equations in Figure 6-13 can be solved for the visco-elastic parameters. In  
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this test the load was held constant at a stress level 72.25 MPa for 10.7 days. The visco-elastic 

parameters from this test are listed in Table 6-2.  

 The visco-elastic properties from this study are compared with other limestones and other 

sedimentary rock types in Table B.2 (see Appendices). These have been categorized according to 

the main rock types. Due to the challenge of finding a summary of visco-elastic parameters in the 

literature, Table 6-2 was expanded to include many other rock types. This can serve as a 

preliminary database that would help other researchers to easily find and further use visco-elastic 

parameters. The following Tables B.2, 3, 4, 5 (see Appendices) group the visco-elastic parameters 

into sedimentary, metamorphic and igneous rocks, respectively. Table B.5 presents data that were 

applied in more complex geological systems involving two or more geological formations. 

Although, there is a wide range of a data available regarding visco-elastic parameters for 

sedimentary rocks, the data relating to time to failure are limited. 

6.6.2 Time to Failure 

The main focus of this study is to examine the long-term behaviour of the two types of limestone 

(Jurassic and Cobourg) and also investigate if a stress threshold does exist below which the rock 

will not fail. For this reason, this section is focused on analyzing and comparing the data from 

this testing series to other data available in the literature.  

 In creep test literature the loading phases are often not discussed or presented. During the 

loading phase, however, properties of the sample can be determined, such as the stiffness or the 

damage thresholds. In general, the steps of the analysis procedure are: 

 the maximum stress value at which the axial load was held constant, was recorded, 

 the initial loading portion of the stress-strain curve was used and further analyzed to 

estimate CI stress thresholds,  
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 the load rate was similar for all the tests and depending on the instantaneous stress level 

the initial loading duration ranged from 5 to 10 minutes, to conform with the ISRM 

suggested method of compression testing (ISRM 1979),  

 setting the time to zero at the point where the axial load begins to be kept constant, as 

illustrated in Figures 6-4 and 6-5, 

 the maximum stress was normalized to an estimated UCS value for comparison to the 

literature and related to the time the sample was sustained at the same stress level,  

 the maximum stress was normalized to the CI value from each sample test, as it is an 

independent value from the sample subject to the creep test; and  

 the visco-elastic parameters were determined. 

 It should be stated here that each test was analyzed following the afore-scribed method. 

Similarly, in the case of the multi-step tests this procedure was followed for each step apart from 

the CI estimation that was estimated only in the initial loading at the beginning of the test. All the 

results presented refer to unconfined conditions. 

6.6.2.1 Estimating the Crack Initiation and Driving Stress-ratio 

In the literature most of the testing results are presented in the form of time against the driving-

stress-ratio. The driving stress-ratio is commonly defined and used as the stress normalized by the 

strength of the sample, such as the UCS for unconfined creep tests. In most cases the UCS is 

taken as an average value from standard UCS tests and not determined on the same sample being 

subject to the creep test. In this section, the authors present a new solution to examine similar 

datasets. It should be noted herein the time needed to perform such tests as by definition they 

require time and a controlled and stable environment.  

 One way to avoid normalizing by an average UCS value is to use CI instead, as it is 

directly derived from the tested specimen during the initial loading stage of a static load test. For 

this reason, the authors decided to introduce the Crack Initiation Stress-ratio by normalizing the 
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applied stress by the CI value measured on the sample with the values presented in Table B.6 (see 

Appendices). 

 Martin et al. (1999) suggested that there is a consistent relationship between UCS and CI 

for brittle rocks. The authors have found this to be true for a number of test series with similar 

lithologies and consistent testing protocols (Perras and Diederichs, 2014). Since there was little 

data in the literature to determine CI values directly from static load tests, the authors decided to 

convert the CI values from the static load tests of this study to an equivalent UCS value. For this 

purpose, the CI and UCS values from the Baseline testing series for the two types of limestone 

were used to develop the conversion factor. The relationship between the UCS and CI, shown in 

Figure 6-14, for both limestones was used to estimate the UCS of the samples tested in the static 

load series. More specifically, the numbers 2.66 for Jurassic and 2.52 for Cobourg were 

multiplied with the CI values estimated from the loading portion of the static load test for each 

sample, as reported in Table A.2 (see Appendices). The modified UCS* can be estimated using 

Eq. (6-2) and Eq. (6-3): 

𝑈𝐶𝑆∗ = 𝑎 ∗  𝐶𝐼  Eq. (6-2) 

𝑎 =  
𝑈𝐶𝑆𝐵

𝐶𝐼𝐵   Eq. (6-3) 

where: UCS* is the estimated UCS, CI is the Crack Initiation value derived from the static load 

test, α is a constant and describes the slope of the CI versus UCS graph, and the superscript B 

denotes values from the Baseline Testing.  

 This relationship was used to determine the Driving Stress-ratio for the static load tests 

presented in this paper.  
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Figure 6-14: The relationship between UCS and CI for the Jurassic and Cobourg limestone 

from the Baseline Testing. 

 In the following section the dataset referring to the two types of limestone (Jurassic and 

Cobourg) in the Figures and is presented as Driving Stress-ratio, is normalized to the modified 

UCS*. 

6.6.3 Jurassic and Cobourg Limestone Static Load Testing Series  

The results from laboratory testing on the two types of limestone (Jurassic and Cobourg) are 

presented in Figure 6-15 using the Crack Initiation Stress-ratio (Figure 6-15.a) and the driving 

stress-ratio (Figure 6-15.b), as described in the previous section. The results refer to the samples 

that reached failure. All the results from the testing series including the samples that did not fail 

are summarized in Table B.7 (see Appendices). 

 It can be observed that when the applied load is more than 0.8 UCS, failure takes place 

within an hour and when it is below or close to the CD threshold, failure will occur in a longer 

period of time, ranging from days up to one month.  
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Figure 6-15: Static load test data of Jurassic and Cobourg limestone performed at room 

temperature in dry conditions, a) Crack Initiation Stress-Ratio (applied initial stress 

normalized to CI), b) Driving Stress-Ratio normalized to UCS*.  

 When the data in Figure 6-15.b. are compared with other static load test results from 

various rock types, the time to failure of the samples from this study seem to follow a similar 

trend, as shown in Figure 6-16. From the data presented in this paper and that gathered from the 

literature, there are no samples loaded below the CI threshold which fail. 
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Figure 6-16: Static load test data for hard rocks performed at room temperature in wet or dry 

conditions (where the driving stress-ratio is the stress level at failure to unconfined 

compressive strength of the material). CI/UCS threshold range of 30-50% (Martin et al. 1999), 

CD/UCS threshold range of 70-90% (Perras and Diederichs, 2014). 

 The following analysis (Figures 6-17, 18, 19) examines the data set of Figure 6-16 in 

more detail. Figure 6-17 categorizes the data according to the main rock type, sedimentary, 

metamorphic, and igneous, Figure 6-18 specifically compares the limestone samples tested as part 

of this study with the largest time to failure data set from tests on the Lac du Bonnet granite, and 

Figure 6-19 separates test results into dry and wet samples.  

 The sedimentary rocks (Figure 6-17.a) appear to follow a similar trend with the 

metamorphic rocks whereas igneous rocks show more scatter. This is partly due to the fact that 

most time to failure test results have in the past been on igneous rocks and that there are less 

sedimentary and metamorphic test results. There could also be a contribution to the scatter due to 

different grain sizes of the mostly granite rocks tested. This could be explained due to the fact that 

igneous rocks are characterized by grain scale heterogeneity. 
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Figure 6-17: Static load test data for: a) sedimentary, b) metamorphic, c) igneous rocks 

performed at room temperature in wet or dry conditions (where the driving stress-ratio is the 

stress level at failure to unconfined compressive strength of the material). CI/UCS threshold 

range of 30-50% (Martin et al. 1999), CD/UCS threshold range of 70-90% (Perras and 

Diederichs, 2014). 
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 Although, granites and limestones, even though they fail in a similar manner following 

the principles of brittle failure theory, their long-term strength is directly dependent on lithology, 

as better shown in Figure 6-18. Granitic rocks, due to heterogeneous mineralogy and their 

different intrinsic properties, allow different creep behaviour within different constituent crystal 

grains. As a result, ongoing creep creates mechanical conflicts between the different grains and 

damage results. This creep-induced damage process is less dominant in monominerallic 

limestones and therefore creep can occur with less resultant weakening. 

 

Figure 6-18: Comparison of static load test data on limestone and granite performed at room 

temperature in dry conditions (where the driving stress-ratio is the stress level at failure to 

unconfined compressive strength of the material). CI/UCS threshold range of 30-50% (Martin 

et al. 1999), CD/UCS threshold range of 70-90% (Perras and Diederichs, 2014). 

 Nevertheless, when each rock type (sedimentary, metamorphic, or igneous) is considered 

as a whole, the trends for each are all similar (Figure 6-19). Differences in the trend start to 

emerge when examining individual sample sets. This is partly because there is a lack of 

statistically representative data sets on an individual sample set, with perhaps the exception of the 
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Lac du Bonnet set. For example, besides the Jurassic and Cobourg limestone dataset presented in 

this paper, only a few other datasets found in the literature for brittle sedimentary rocks 

(excluding the numerous creep studies on weak soft rocks). In contrast, for igneous rocks, the 

data available are more numerous, as more studies have been conducted on time to failure for 

granitic rocks (Perras and Diederichs 2016). 

 

Figure 6-19: Static load test data for hard rocks performed at room temperature in a) dry and 

b) wet conditions (where the driving stress-ratio is the stress level at failure to unconfined 

compressive strength of the material). CI/UCS threshold range of 30-50% (Martin et al. 1999), 

CD/UCS threshold range of 70-90% (Perras and Diederichs, 2014). 
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 Another separation of this dataset was done to examine the influence of the moisture 

content on the long-term strength and this is shown in Figure 6-19. For the wet samples the 

lowest stress at which failure occurs was at 0.6 UCS whereas in dry conditions it was closer to 0.5 

UCS but this sample failed after a longer period of time. This is inverse to what is typically 

observed in short-term tests, where moisture tends to make samples weaker. However, in the 

long-term tests moisture content makes the samples fail within a shorter-period of time than the 

dry samples, reflecting that moisture content does indeed make the samples weaker. The time 

needed for the wet samples to fail ranges from 1 hour to 1 month. Wiid (1966) reported that water 

aids the failure process and moisture affects the time-dependent aspects of the long-term strength, 

as moisture lowers the surface free energy in the path of the growing cracks (Colback and Wiid, 

1965). However, if the loading rate is too fast, moisture will not have time to migrate to the crack 

tips and will not affect the rock’s strength. As Widd (1970) also reported, moisture increase leads 

to a strength reduction, a phenomenon that reflects a decrease in the molecular cohesive strength 

of the material. Therefore, one would anticipate failure at a lower driving stress for saturated 

samples. It is suspected though that the difference apparent within literature data is related more 

closely to the lack of test results, rather than that dry samples fail at lower driving stress-ratios. 

 The samples that did not fail are shown in Figure 6-20, both from this study and from the 

literature. The samples closer to the CD threshold are expected to fail. Those that did not, could 

be outliers or more likely they are stronger than the average UCS value, which is typically used to 

normalize the time to failure plot. Test with driving stresses below the CI threshold exhibit no 

failure for the duration of the test. Many of the test results with a driving stress greater than the CI 

threshold would be expected to fail in the time frame for which the test lasted. 
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Figure 6-20: Static load test data hard rocks performed at room temperature in wet conditions 

(where the driving stress-ratio is the stress level at failure to unconfined compressive strength 

of the material), these samples did not reach failure. CI/UCS threshold range of 30-50% 

(Martin et al. 1999), CD/UCS threshold range of 70-90% (Perras and Diederichs, 2014). 

6.7 Visco-elastic Creep Parameters and Time to Failure 

To examine further the reason why some samples did fail and some others not, the visco-elastic 

creep parameters derived from each static load test were related to time and compared to the 

driving-stress ratio stress-ratio. The GK (Kelvin’s shear modulus), ηK (Kelvin’s model viscosity) 

and GM (Maxwell’s shear modulus) when related to time, shown in Figure 6-21, fail to suggest 

why some samples failed and others did not. This is expected as the Kelvin model describes the 

delayed elasticity (the amount and the rate) and the Maxwell’s shear modulus refers to the elastic 

shear modulus and is almost independent of the stress (Goodman, 1980). 
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Figure 6-21: Relating a) Time vs. Kelvin’s shear modulus b) Time vs. Kelvin’s viscosity c) Time 

vs. Maxwell’s shear modulus. The static load tests were performed at room temperature in dry 

conditions (stress levels can be referred to Figure 6-15). 
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 However, when the data set is compared to the viscosity of the Maxwell’s model (ηM) 

which determines the rate of viscous flow, it shows a clear separation between samples that failed 

and those that did not, as shown in Figure 6-22. 

 

Figure 6-22: Relating Time vs. Maxwell’s viscosity. The static load tests were performed at 

room temperature in dry conditions (stress levels can be referred to Figure 6-15). 

 Viscosity is the resistance of matter to flow. The less viscous a material is, the easier it is 

to flow. This is in agreement with the results of this study. It is shown that the more viscous 

samples did reach failure (shown in Figure 6-22 with filled shapes) whereas the less viscous 

tended to creep more as they are more prone to flow. It can be noted that there is a threshold in 

viscosity below which the samples exhibit creep behaviour without creep leading to accumulated 

damage. This means that the creep behaviour can take place without damaging the rock or failure 

occurring.  

 To further understand how the above finding influences the time to failure, all results 

from the current testing series (failure and no failure) were further examined. Figure 6-23 shows 
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the data from both the Jurassic and Cobourg limestone samples and some other reported data on 

Cobourg limestone for comparison. It is evident that above 0.8 UCS or the CD threshold all 

samples failed within an hour. Above the CD threshold failure occurs inevitably due to the 

propagation and interaction of previously formed cracks. Below the CI threshold, where pre-

existing cracks are closing and elastic strains govern, no failure should occur as Groski et al. 

(2009 and 2010) reported from testing Cobourg limestone samples for up to 100 days.  

 

Figure 6-23: Static load test data of Jurassic and Cobourg limestone performed at room 

temperature in dry conditions (where the driving stress-ratio is the stress level at failure to 

unconfined compressive strength of the material). The ‘NF’ in the legend indicates samples or 

tests did not fail whereas the ‘F’ denotes samples or tests reach failure. 

 Commonly, the static load stress levels fall between the CI and the CD thresholds (Perras 

and Diederichs, 2014). This region is shown in Figure 6-23 as an uncertain region since between 

CI and CD crack propagation and accumulation of damage takes place in the short-term, but in 

the long-term the time component can degrade the rock further leading it to failure. However, 

from Figure 6-23, below 0.7 UCS, no failure is shown. These no-failure points could simply be 

the result of not holding the load constant for long enough. Data from the literature suggests that 

failure could be expected at such driving stress-ratios. Tests from 6 months to 1 year are 
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suggested to examine if samples of the limestones in this study would fail at such driving stress-

ratios over the long-term. 

 The time-dependent behaviour discussed in this paper is interpreted to be, in part, the 

result of the behaviour of new microcracks, the intensity of which impacts the final UCS value 

(Diederichs, 2003). Since the loading phase typically goes above the CI level then new 

microcracks should form, at least during the loading phase. Since the radial strain is increasing 

during static loading (Figure 6-10), new microcracks are likely forming. It is perhaps possible that 

existing microcracks are extending. 

6.8 Concluding Remarks 

Creep is the increase of strain at a constant load. A laboratory static load uniaxial compression 

test provides one method of measuring deformation due to creep. This testing approach was 

utilized in a stepwise manner to provide evidence of a bounding driving stress for failure to occur.  

 In all tests, the axial load (stress) was kept constant throughout the test while axial and 

radial strains were recorded. In this testing series single-step and multi-step tests were conducted. 

Single-step tests are practically convenient but require more specimens to fully cover the 

spectrum of the examined behaviour. An advantage of the multi-step tests is that many data points 

(e.g., visco-elastic parameters) at different driving stress levels can be attained from only one 

specimen, however, using these tests for time to failure analysis is still subject to further analysis. 

 From the testing series, the visco-elastic parameters, used in the Burgers model, were 

estimated. In addition, a large data base of visco-elastic parameters was gathered to compare with 

those from this study and present a useful summary of such parameters for a variety of rock types. 

The visco-elastic parameters from the literature have a wide range of values. Those tested in this 

study reveal a variance spanning 3 orders of magnitude. Such variability when applied in 

numerical simulations can influence the degree of predicted deformation and failure mode. In 

addition, it is suggested, when one may utilize the values of the viso-elastic parameters of the 
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different rock types presented herein to reference to the study, the type of test and the conditions 

undertaken.  

 The time to failure for the Jurassic and Cobourg limestones were compared to various 

other rock types in the literature. The overall trend of the laboratory data agrees well with the 

literature.  When trends are examined by rock type the resulting fit to the prediction of the time to 

failure for laboratory core samples are as follows: 

• Sedimentary: (σ/UCS) = - 0.022ln(t) + 0.95 

• Metamorphic: (σ/UCS) = - 0.023ln(t) + 1.03 

• Igneous: (σ/UCS) = - 0.019ln(t) + 0.91 

When the limestone data from this study is compared to the largest data set of such tests, on the 

Lac du Bonnet granite, the trend is shallower for the limestone. In this case, the lower bound 

driving stress-ratio required to cause failure of the limestone would result in a longer time to 

failure than observed for the granite. This is attributed to the grain scale heterogeneity in the 

granite (polymineralic components including quartz, feldspars and mica). These different 

minerals would have different creep rates. As such, there would be incompatible strains generated 

within the sample over time leading to internal stress concentrations and micro-cracking (damage 

and weakening). These processes are at work in the limestone as well but, given the more uniform 

mineralogy (more so in a pure limestone or marble) the creep in the calcite grains can occur with 

less associated damage and weakening (increased time to failure with more creep deformation). 

 Both the Jurassic and Cobourg limestone samples showed that when the load was above 

the CD threshold, or 0.8 UCS, failure occurs within an hour. Below the CI threshold, failure does 

not take place in the duration of the tested samples. When the applied axial stress ranges between 

the CD and CI thresholds, or 0.8 to 0.5 UCS, failure may occur during the first hours up to a 

month. In this driving stress range other parameters contribute to influence the long-term 

strength, such as the rate of flow or Maxwell’s viscosity.  
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 Not all tested samples reached failure in the present study. The ‘non-failure’ samples 

were studied in more detail to provide further insight into the long-term strength of brittle rocks. 

It was found that the more viscous samples were the ones that reached failure and that there was a 

clear division between failure and no failure at Maxwell viscosities of 1E+15 and 1E+14, 

respectively.   

 The analysis presented herein described the procedure and examined the controlling 

factors during static load testing, discussed the creep process, defined an analysis method, related 

the results to previous studies available in the literature and pointed to driving stress limits for 

failure and no failure. Further research is required on the topic to investigate parameters that 

could better describe the time-dependent behaviour of rocks, enriching similar databases that 

engineers and practitioners could easily use as preliminary tools to both estimate the materials’ 

response and numerically simulate laboratory scale and in-situ scale conditions where long-term 

deformations have a great impact on the rockmass behaviour. 
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Chapter 7 

Time-dependent Effects in Tunnelling 

7.1 Introduction 

As discussed in the initial Chapters, time-dependent deformations associated with rock tunnelling 

are a reality that warrants further investigation and understanding. Time-dependent phenomena 

can be observed during excavation and/or after the construction period of the project. While many 

studies cite deformation that occurs in mainly clay-type materials (Zienkiwicz et al. 1977; 

Cidivini et al. 1979; Bonini et al. 2009), similar problems do occur in tunnels excavated in rocks 

with creep-prone mineralogy (salt, calcite, micas), weak rockmasses with intense internal 

structure, or in brittle or quasi-brittle rocks as well. Ground conditions may vary over short 

distances as the result of heterogeneity of the geological medium and different time-dependent 

processes may occur individually or simultaneously often resulting in excessive displacements 

(extensive or local) around the vicinity of the tunnel and cause severe damage both to the support 

system that can result in timeline delays and cost overruns and most importantly create safety 

problems for the on-site personnel.  

 This Chapter gives more insight into the various time-dependent effects observed in rock 

tunnelling, including squeezing and swelling associated with creep behaviour, stress relaxation 

and time-dependent strength degradation. All these phenomena are defined and discussed in this 

Chapter in an attempt to highlight the importance and the influence of the time component during 

the design and construction of a project. In addition, a brief summary of the rockmass 

classification systems is presented in this Chapter and the use of the geomechanics classification 

system is related to stand-up time concept. A new approach is proposed, applying the stand-up 

time of an unsupported rockmass and related to the time-to failure concept afore-described in 

Chapter 6. 
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7.2  Time-dependent Phenomena Observed in Tunnelling 

Figure 7-1 summarizes three of the main time-dependent phenomena that influence the long-term 

behaviour of the rockmass around an underground opening.  

 

Figure 7-1: Three fundamental long-term effects (creep, stress relaxation, strength 

degradation) of the Highly Damaged Zone (HDZ) and Excavation Damaged Zone (EDZ) 

expressed in strain-time and stress space. 

 Creep refers to time-dependent distortion under sustained loading and it is usually related 

with the closure of the underground cavern. Relaxation refers to the reduction of the differential 

stress with time and is controlled by the same internal creep–deformation mechanics as the 

internal structure readjusted to reduce the differential stress. This process is driven by the stored 

elastic energy (Lin, 2006) as discussed in Chapters 5 and 6. Time-dependent strength degradation, 

a process of strength reduction, for example, where the surface energy of a propagating crack is 

reduced by atmospheric adsorption, can lead to permanent deformation and sometimes failure. 

These three time-dependent phenomena are presented and described in this section. 
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7.2.1 Creep 

Creep in a tunnelling environment can be triggered by squeezing or/and swelling behaviour. In 

order to further understand how squeezing and swelling over time can lead the rockmass to creep, 

the main characteristics of these behaviours are discussed herein. 

7.2.1.1 Squeezing Behaviour 

The term ‘squeezing’ rock’ was first introduced during the construction of railway tunnels in the 

Alps between 1860 and 1910, as Kovari (1998) reported. Since then, many underground projects 

worldwide have been reported to undergo squeezing behaviour. Squeezing behaviour (Figure 7-2) 

especially due to tunnel excavation has resulted in difficulties for completing underground works 

by contributing to major delays in construction schedules and timelines. The term “squeezing”, 

however, is often misused to describe other phenomena that are commonly related to creep and 

swelling. 

 

Figure 7-2: Examples of severe squeezing behaviour observed in Tymfristos tunnel on the left 

and Kallidromos tunnel on the right; both tunnels are located in Greece (photos Courtesy 

ERGOSE SA). 

 Terzaghi (1946) gave a behavioural description for squeezing rock as follows: 

“Squeezing rock slowly advances into the tunnel without perceptible volume increase. 

Prerequisite of squeeze is a high percentage of microscopic and sub-microscopic particles of 

micaceous minerals or of clay minerals with a low swelling capacity”. Shear deformation without 
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volume increase represents the simplest case of plasticity and is most commonly found in pure 

metals. In more complex representations, volume change can be associated with shearing 

(dilation). Due to the axisymmetry of the tunnel, closure occurs with or without internal volume 

change or dilation (although internal dilation increases “squeezing”). Swelling can also result in 

tunnel closure but this is a mechanism of volume change that does not depend on shear strain. 

 Einstein (1989) stated that squeezing may occur in any soil or rock as long as the 

particular combination of induced stresses and material properties deform the rockmass around 

the tunnel beyond the limiting shear stresses at which creep starts. This association between 

squeezing (plastic shear) and creep (time-dependency) is unnecessary but can be the case. Aydan 

et al. (1993) noted that squeezing is related to the large inward closure of tunnels and it can result 

in one of the following failure types: complete shear failure, buckling failure or shearing and 

sliding failure. The latter modes would include some degree of volume change (dilation). Kovari 

(1998) argued that tunnelling in a squeezing rock environment can be very challenging and 

demanding for both the contractor and the owner and refers to squeezing due to tunnel excavation 

as “large ground deformations causing reduction of cross section possibly even in the floor as 

deformations go on during a long time period and if deformations are hindered, great pressures 

may arise sometimes due to failure of the tunnel support”. 

 In an undisturbed underground environment while it is considered to be in equilibrium, 

the governing stresses are assumed to be evenly distributed as shown in Figure 7-3.a. The 

overburden, the topography, the geological conditions and the tectonic pressure are the main 

factors that determine the magnitude and direction of field stress (Shrestha, 2005). When an 

underground excavation takes place, creating a free opening, the stress regime is being 

redistributed. As the stress cannot go through the newly created free space, stress concentration 

around the tunnel vicinity occurs (Figure 7-3.b). Instantaneous squeezing takes place when the 

stress developing while redistributing itself exceeds the strength of the surrounding rockmass, 

causing yielding and eventually shear failure within the rockmass (Figure 7-3.c). This 
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phenomenon evolves as the tunnel excavation advances past the point of interest until the new 

stress state is established at a distance of several diameters from the tunnel face. Consequently, 

observed squeezing during tunnelling is related to the plastic deformation due directly to stress 

redistribution that occurs as the tunnel advances (and thus is related to the timing of the 

excavation sequence).  

 

Figure 7-3: Vertical stress distribution (a) before excavation; (b) after excavation; and (c) 

failure location shown by the dotted lines (modified after Shrestha, 2005). 

 If the surrounding rockmass is prone to time-dependent (rheological) behaviour then 

there will be ongoing displacements, after the instantaneous squeezing is complete, related to 

creep or other time-dependent phenomena. Aydan et al. (1993) suggested that squeezing 

phenomenon may be treated as an elasto-visco-plastic behaviour and can only occur after the 

rockmass has been yielded due to stress redistribution around the tunnel, although this can be 

debated as visco-elastic deformation, it can be significant in materials such as salt or marble. He 

also described squeezing as a physical process that involves irrecoverable dilatant behaviour of 

the rock or time-dependent dilatancy. Kovari (1998) defined squeezing as the phenomenon of 

large time-dependent deformation triggered by tunnel excavation that takes place usually in weak 

rock susceptible to high deformability and low strength with high overburden. As the rock is 
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stressed to its bearing capacity and fails in yielding manner in contrast to brittle failure, creep 

results in and/or increasing rock pressure over time (Kovari, 1998).  

 According to Barla (2001), squeezing is synonymous with yielding and time-dependence; 

it is closely related to the excavation and support techniques which are adopted. However, this 

definition can lead to confusion and it is important to note that a component of squeezing is a 

function of excavation staging (distance from the face), while another component is a function of 

time. True time-dependent (rheological) behaviour including components of creep (distortional 

strain), dilation (volume change as a result of shear strain) and swelling (volume change 

independent of shear) can occur with or without tunnel advance. If the support installation is 

delayed, the rockmass moves into the tunnel and stress redistribution takes place around it. In 

contrast, if deformation is restrained through support, squeezing will lead to long-term load build-

up acting on the rock support system. Some viscous processes may actually reduce the deviatoric 

component of stress within a geometrically or physically restrained rockmass, improving the 

support loading conditions (Paraskevopoulou and Diederichs, 2013). Additionally, Einstein 

(1989) cited that creep mechanisms underlying squeezing behaviour is of visco-plastic nature but 

particularly at low stress where some of the strains maybe indeed recoverable when visco-elastic 

behaviour occurs, highlighting that creep and thus squeezing can occur without volume change. 

However, in cases where dilatancy occurs, squeezing can be associated with volume increase 

whereas in others where pore or water dissipation takes place along with squeezing behaviour, 

consolidation and volume decrease is then related to squeezing. 

 The main factors influencing squeezing phenomena namely are: the stress-state 

conditions, strength and deformability of the rockmass, the type of rock, the water pressure and 

porosity of the rockmass, the orientation of the geological structures and the construction method 

and the support system adopted (Shrestha, 2005). Aydan et al. (1996) showed that the ratio of the 

strength of rock and the in-situ stress is considered a significant indicator of squeezing behaviour. 

Grimstad (2007) stated that the weaker the rock or the rockmass the larger the long-term 
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deformation in an underground opening. This is the consequence of the low strength of rocks that 

creates overstressed in-situ conditions and areas of high stress concentration around the tunnel. 

Examples of weak rocks and rockmasses characterized by squeezing behaviour are phyllites, 

claystones, flysch formation, micaceous metamorphic rock (Grimstad, 2000). Mylonitic shear and 

fractured zones are susceptible to squeezing (Anagnostou and Kovari, 2003). Water pressure and 

porosity negatively contributes to rock strength decrease and thus the squeezing potential 

increases. The orientation of geological structures such as discontinuities (bedding planes and 

joints) could also be considered as planes of weakness and when present and persistent tend to 

increase squeezing behaviour. Finally, the excavation method adopted, the support system applied 

and the time of support installation should be diligently selected as they can significantly affect or 

even lead the rockmass to exhibit squeezing behaviour (Anagnostou, 2007). 

7.2.1.2 Swelling Behaviour 

Swelling in tunnelling refers to the time-dependent volume increase caused by absorption of 

water in the zone close to excavation, the vicinity of the tunnel and this phenomenon is 

particularly related with soils and rocks that contain clay minerals with small particles size or 

(such as Montomorillonites) or Anhydrite (Gioda, 1981) as clays, clay shales, anhydritic shales. 

Swelling behaviour is driven by the physicochemical interaction between the solid and liquid 

phases of the geological media (i.e. rock or soil). Swelling behaviour, when present in an 

underground environment, leads to the inward movement of the tunnel perimeter usually evident 

as the heave of the tunnel floor or the damage to the invert arch as shown in Figure 7-4.a (Kovari 

et al. 1998). Clay shales when exhibiting swelling behaviour result in invert heave whereas in 

anhydritic shales extreme heaves and crushing of strong inverts are expected (Steiner, 1993). 
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Figure 7-4: a) Tunnel floor heave due to the development of swelling pressure (after Kovari et 

al. 1998); b) Example of severe swelling behaviour observed in Kappelesberg tunnel, arrows 

point the direction of the inward displacement (Photo courtesy of P. Wittke); c) Damaged 

tunnel invert in Eastern Japan due to swelling and volume increase (Photo courtesy of N. 

Isago). 

 Examples of this inward movement of the tunnel floor (Figure 7-4.b and c) have been 

reported since the rail-road tunnelling practice began mainly in central Europe (Switzerland and 

Southern Germany) in the middle of the 19-th century (Pressel and Kauffman, 1860; Wiesmann, 

1917). Since then, many researchers (Grob 1976; Einstein 1979; Kovari 1981; Steiner 1983; 

Anagnostou 1992, 1993, 1995; Barla 1999, Bonini et al. 2009; Alonso et al. 2013; Serafeimidis 

2014, etc.) have been studying swelling behaviour, its mechanics and its implications for 

tunnelling. Difficulties may arise due to superposition of various effects during swelling as a 
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consequence of pore pressure stabilization or/and due to water ingress leading to unavoidable 

creep strains (Bonini et al. 2009). Consequently, swelling phenomenon is usually treated as a 

hydraulic-mechanical coupled process (Anagnostou, 1993). 

 It is suggested that no access of construction water (Einstein, 1996) and circular cross-

sections (Steiner, 1993) should be constructed when the tunnel is driven through rockmasses and 

geological formations that are prone to swelling behaviour. 

 According to the suggested guidelines provided by ISRM (1995), it is very likely that 

similar magnitude time-dependent displacements in squeezing rocks can also occur in rocks 

susceptible to swelling. It should be also noted that swelling is always related to volume increase 

whereas in squeezing, increase in volume is associated only in the cases where the rock dilates 

with time. Squeezing can also be associated with swelling (Barla, 1995). 

7.2.2 Stress Relaxation  

Time-dependent stress relaxation is a process by which the differential stress in the rock is 

reduced with time, without deformation, due to internal adjustment within the rock. Delayed 

failure (Figure 7-5) in mining environments with fixed abutments may be caused by induced-

relaxation (Diederichs, 2000) as the stabilizing boundary parallel stress is reduced with time, 

allowing blocks to slip past each other and unravel. In underground openings, relaxation of the 

rockmass around the underground opening mainly occurs during and after excavation (NWMO, 

2011). 
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Figure 7-5: Examples of collapsed limestone cavern roofs (Photos courtesy of Waltham). 

 Stress relaxation of an initially high roof-parallel stress can trigger failure in previously 

damaged rockmasses as shown in Figure 7-6 (Diederichs, 1999). The latter is commonly 

observed in large open stopes (Falmagne, 1999). 

 

Figure 7-6: Example of laminated rockmasses that failed under gravity loading due to stress 

relaxation, direction of original compression shown with arrows (Photo courtesy of M. 

Diederichs). 

 In addition, stress relaxation (reduction in internal shear stress under static conditions) 

under fixed displacement conditions can also be observed in the hourglass-shaped mine pillars 

where although the pillars are damaged (confinement loss), their support capacity remains as 
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shown in Figure 7-7 although the loads that are shed in this process must be redistributed to other 

pillars or abutments. 

 

Figure 7-7: a) Undamaged mine pillar; b) Damaged mine pillar at the Black Angel Mine, 

Greenland (modified after Diederichs, 1999; Photo Courtesy of E. Hoek). 

7.2.3 Stress Corrosion and Time-dependent Strength Degradation 

Time-dependent fracture or delayed failure of underground excavations in crystalline rocks is 

often associated with strength degradation of the surrounding rockmass. Time-dependent strength 

degradation that results in loss of strength over time is chemically assisted and driven by a 

combined process involving fracture mechanics and chemical interaction/adsorption known as 

stress corrosion (Widd 1970; Lajtai and Bielus 1986; Diederichs 1987; Potyondy 2007; Damjanac 

and Fairhurst 2010) which controls the time-dependent rupture of cracked solids (Diederichs, 

1999) in a corrosive environment. For rock the corrosive agent can be simple water vapour. 

Figure 7-8 illustrates an example of delayed fractures on pillar walls due to strength degradation. 
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Figure 7-8: a and b) Wall/Pillar Fractures in underground limestone mines, arrows point to 

cracks on excavation walls (Photos courtesy of Esterhuizen et al. 2008); c and d) Progressive 

damage in granitic gneiss due to time-dependent strength degradation in the Bedretto Adit, 

Furka Base Tunnel, Switzerland (Photos courtesy of M. Diederichs). 

 Stress corrosion is assumed to be the primary mechanism that activates time-dependent 

behaviour in brittle rocks (Freiman, 1984). Stress corrosion cracking is the chemically controlled 
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crack growth in the presence of mechanical tensile strains which can be generated by direct 

tension or by shear in a flawed or cracked solid (Charles, 1959). Time-dependent weakening or 

delayed fracture in crystalline rocks subjected to constant stress occurs due to chemical effects 

such as water adsorption that act on the incipient surfaces of growing cracks reducing their 

surface energy. The latter allows the cracks to grow and propagate until the interact with one 

another and may cause instability and ultimate collapse in an underground environment 

(Damjanac and Fairhusrt, 2010). Consequently, stress corrosion deteriorates and degrades the 

mechanical behaviour of rocks leading to loss of strength. Time-dependent strength degradation 

measures how the rock will perform under existing stress conditions (weakening). 

 Another mechanism of strength degradation, however, can occur in polycrystalline solids 

such as granite or mixed carbonates. During creep processes, described previously, different 

minerals may deform at different rates. This creates interference between different mineral grains 

(feldspar and quartz, for example) as creep (via dislocation or other processes) proceeds. This 

interference creates local crystal scale stress concentrations that can lead to brittle damage as a 

result of creep. In this way, secondary creep processes can result in tertiary yield processes via 

strength degradation. 

7.3 Stand-up Time 

A practical consequence of time-dependency in tunnelling is the amount of time the excavated 

rockmass can remain unsupported before instabilities occur resulting in failure and collapse. This 

collapse can result from any or all of the mechanisms described including creep deformation, 

stress relaxation and strength degradation. This period of time to collapse is known as stand-up 

time. During this period, time-dependency due to the rheological behaviour of the surrounding 

rockmass may take place deteriorating its stability capacity or/and gravity-induced failure may 

occur due to structural weaknesses (i.e. discontinuities) of the geological medium. 
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 Lauffer (1958, 1960) initially conceived the idea of stand-up time investigating the time-

period the excavation will remain stable before caving occurs. He also highlighted that besides 

the geological and mechanical characteristics of the surrounding rockmass the ‘active’ span of the 

opening directly controls and affects the stability of the unsupported rocksmass. The term ‘active’ 

span is defined as the minimum length of the tunnel width and the unsupported length at the face 

(Goodman, 1989). Since, then the stand-up time concept has been acknowledged, included and 

further analyzed in rockmass classification systems (Barton, 1974; Bieniawski, 1976; Palmstrom, 

1995) emphasizing the time effects of unsupported spans.  

 A brief summary of rockmass classification systems is presented in this section and the 

use of geomechanics classification systems is related to the stand-up time concept. In addition, a 

new approach of applying stand-up time is proposed and related to the time-to failure and the 

long-term strength concept afore-described in Chapter 6. 

7.3.1 Rockmass Classification and RMR 

Rockmass classification systems are used to qualitatively estimate the mechanical behaviour of 

rocks and are commonly based on observations from a wide range of case histories and site-

specific observations. Rockmass classification systems attempt to quantify the relative integrity of 

a rockmass and suggest excavation method and support system classes (Hutchinson and 

Diederichs, 1996).  

 The main factors rockmass classification systems consider are: the intact rock strength, 

the field stresses, the fracture density (or drill core quality), joint persistence, joint spacing, joint 

contour and joint surface condition, the effect of groundwater presence as well as the joint 

orientation as illustrated in Figure 7-9 (Hutchinson and Diederichs, 1996). These components 

combined together can represent the main behavioural mechanical characteristics of the 

geological medium. 
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Figure 7-9: Basic components of rockmass classification scheme (Hutchinson and Diederichs, 

1996). 

 Many researchers (Deere et al. 1967; Barton, 1974; Bieniawski, 1976 and 1989, 

Palmstrom 1995 etc.) have developed various rockmass classification systems based on data 

collected both in the field (in-situ) or from testing performed in laboratory conditions. However, 

in this section emphasis is given to Rockmass Rating (RMR) system or Geomechanics 

Classification developed by Bieniawski (1976, 1989, 1993). RMR is applicable to the design of 

tunnels in both soft and hard rock.   

 RMR takes into consideration six main factors which are assigned with a numerical 

factor depending on their condition as shown in Table 7-1. 
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Table 7-1: RMR factors (Bieniawski, 1976, 1989) 

RMR Factor Range 
Uniaxial strength of the intact rock material A1 0-15 

Rock Quality Designation, RQD A2 3-20 
Spacing of discontinuities A3 5-20 

Condition of discontinuities A4 0-30 

Groundwater conditions A5 0-15 

Orientation of discontinuities B (-12)-0  

 

 RMR is the numerical sum of these six factors. According to RMR values Bieniawski 

proposed five rockmass classes – categories presented in Table 7-2.  

Table 7-2: Rockmass classifications according to Bieniawski (1976, 1989). 

RMR Rockmass Classes Description 

81-100 I very good rock 

61-80  II good rock 

41-60 III fair rock 

21-40 IV poor rock 

<20 V very poor rock 

 

 Discussion of the RMR system and the six factors of primary influence is provided by 

Bieniawski (1974, 1989).  

 Each geological unit on a given project should be considered separately so as to analyze 

geomechanically distinct zones. RMR values should be estimated for each zone and classified 

separately (Hutchinson and Diederichs, 1996).  
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7.3.2 RMR and Stand-up Time 

Bieniawski (1993) related the stand-up time previously discussed to the RMR system, modified in 

1989, and reported the time of an unsupported span of different rockamasses with different 

quality characteristics, as shown in Figure 7-10. 

 

Figure 7-10: Relating RMR to unsupported tunnel limits (after Bieniawski 1989, 1993; Figure 

courtesy of Hutchinson and Diederichs, 1996). 

 The shaded area in Figure 7-10 refers to rockmasses that may require support as time 

elapses. Above this area immediate support measures should be taken to prevent inevitable 

collapse, whereas below this shaded area no support is required. According to Figure 7-10 and the 

idea behind it, this time-elapse depends both on the quality of the rockmass (RMR) and the size 

of the underground span. One can argue that this empirical approach does not directly 

acknowledge the time-dependent behaviour due to the rheological intrinsic properties of the 

rockmass. However, as this approach is based on empirical observations another can state that 
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time-dependent behaviour is indirectly included, assuming that the overall mechanical behaviour 

of the rockmass examined regards any component that can lead the rockmass to exhibit 

rheological behaviour where rheology manifests.  

 An alternative representation of Figure 7-10 was proposed by Hutchinson and Diederichs 

(1996) by plotting RMR on the horizontal axis, shown in Figure 7-11. It can be used in a similar 

manner; the shaded area illustrates the rockmasses that may stand unsupported as time elapses, 

however support measures should be taken after a critical period of time, ranging from hours to 

years. 

 

Figure 7-11: Alternative representation of Figure 7-10 after Hutchinson and Diederichs 

(1996). 

 It should be noted herein that poor blasting can result in a 20% decrease of the initial 

RMR estimate (Beniawski, 1989). 
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7.3.3 Relating Time to Failure and Stand-up Time 

The influence of structure on the rockmass strength depends on the relative scale of the sample 

size and the spacing of discontinuities. Hoek and Brown (1997) showed (Figure 7-12) the scale 

effect of an isotropic intact rock specimen transitioning through to a highly anisotropic rockmass 

in which failure is controlled by one or two discontinuities (i.e. joint sets) to an isotropic heavily 

jointed in the same rockmass. An attempt to take into consideration the effect of scale increase is 

made in this section and relates the previously discussed long-term strength of an intact rock 

specimen with the stand-up time of the in-situ rockmass. 

 

Figure 7-12 : Scale effect of an isotropic intact rock specimen transitioning through a highly 

anisotropic rockmass in which failure is controlled by one or two discontinuities (i.e. joint sets) 

to an isotropic heavily jointed rockmass (modified after Hoek and Brown, 1997). 

 Adopting the concept of ‘stand-up time’ included in the rockmass classification systems 

(Bieniawski, 1974; Barton, 1974 and Palmstrom, 1995) previously discussed, Figure 7-13 is an 

attempt to acknowledge the effect of time and relate the geological conditions and mechanical 

behaviour with the long-term strength. The Rockmass Rating system (RMR) of Bieniawski 



 

 194 

(1974) is utilized as it was concluded that is the most common classification system used 

regarding the ‘stand-up time’ guidelines and recommendations in tunnelling and mining 

engineering.  

 In order to relate RMR with the driving stress-ratio, considering that the scale-effect 

exacerbates the mechanical behaviour of the intact rock, the following assumption is being made: 

a ‘very good’ quality rockmass with RMR value of 80 or above, should be treated as an intact 

rock specimen that is being subjected to a driving-stress ratio above the CI threshold (please refer 

to Figure 6-23 in Chapter 6). It was previously reported that no failure of the rock specimen, 

subjected to stress threshold below CI, is expected. 

 On the other hand, a ‘poor’ quality rock should be treated as a rock sample that is being 

subjected to a stress level with a driving stress-ratio above the CD threshold and close to 1. In this 

way, the scale effect related to applying data from laboratory scale tests on intact samples to in 

situ rockmass can be included into the time to failure and long-term strength estimation and 

prediction. Geology is also taken into consideration as the Rockmass Rating system examines a 

range of parameters influencing the quality of the rock (Bieniawski, 1989) such as: the strength of 

rock, the Rockmass Quality (RQD), the spacing and condition of discontinuities, the ground 

water conditions etc. Table 7-3 relates the RMR rockmass classes with the driving-stress ratio. 

Table 7-3: Relation between RMR and Driving stress-ratio. 

RMR  Rockmass Classes Description Driving stress-ratio 

<20 V very poor rock 0.80 - 0.85 > > CD threshold 

40 - 21 IV poor rock 0.8 - 0.7 

between CI and CD 60 - 41 III fair rock 0.7 - 0.6 

80 - 61 II good rock 0.6 - 0.5 

100 - 81 I very good rock 0.40 - 0.45 < < CI threshold 
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Figure 7-13 shows the RMR trend related to the time-to failure data set previously 

presented in Chapter 6. As it is observed the RMR trend cannot be described with one line but it 

should have a lower and a higher limit as other factors may affect the time to failure. In this case, 

the span of the unsupported underground opening which is considered of primary importance. 

The dataset more specifically was related to the Rockmass Rating (RMR) classification system 

where it was observed that a lower and a higher limit depending on the span of the unsupported 

underground opening exists. Relating RMR with the long-term strength and the driving stress-

ratio takes into consideration the scale effect and the geology of the surrounding rockmass. 

 

Figure 7-13: Relating RMR to Time to failure from static load test data performed at room 

temperature in dry or wet conditions, (where the driving stress-ratio is the stress level at failure 

to unconfined compressive strength of the material). The RMR trend refers to an underground 

opening span from 1 m for the lower bound and 15 m for the upper bound. 

 The values related to time estimated for RMR were adopted from the interpretation table 

of RMR values regarding the ‘stand-up time’ (Bieniawski, 1989). In Figure 7-13, it is shown that 
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the upper bound of the RMR trend refers to an unsupported underground opening with 1 m span 

whereas the lower bound refers to an opening with 15 m span. 

 The general assumption is that both the intact rock failure and the rockmass collapse is 

controlled by strength degradation (of intact strength or of rockmass strength). Even though the 

mechanisms of creep/relaxation/degradation are very different, the trends in effective stand-up 

time (for the range of typical tunnel spans) are similar. In this regards, one could use this graph 

even for estimating RMR for short-term and longer-term behaviour. For instance, a rockmass of 

60 RMR value today as it is characterized by the classification system at time equals zero, could 

give the long-term performance equivalent to a lower value RMR due to degradation within the 

intact component of the rock. It is also interesting that the RMR curves, developed for moderately 

to highly structured rockmasses, follow similar trends to degradation of intact rock or massive 

rockmasses when the effective rockmass UCS is used to normalize the data. Using this approach, 

it is possible to consider the stand-up time associated with the rockmass itself and the additional 

long-term weakening of the intact component. 

 Finally, it should be stated that this database serves as a first attempt to give more insight 

into the static load behaviour of rocks and can be used by engineers and scientists at the 

preliminary design stages of underground projects. For instance, stress relaxation can govern the 

behaviour of the pillars in mining environments or control the face stability in tunnelling.  

7.4 Discussion 

In this Chapter a brief overview of the main time-dependent phenomena creep, stress relaxation 

and strength degradation associated with rock tunnelling was presented. Creep is distortional 

deformation over time and does not include volume change. It can be a component or/and can be 

triggered by squeezing behaviour. Swelling is related to volume increase. Although time-

dependent volume increase can also be observed during squeezing where time-dependent shear-

associated dilation manifests. Squeezing in general is related initially to the plastic deformation 
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around the vicinity that results from stress redistribution associated to tunnel advancement and 

can also be supplemented by potential rheological behaviour of the excavated rockmass in the 

form of creep behaviour. Swelling (plastic yield) can also initiate creep through activation of 

visco-plastic processes. 

 Stress relaxation due to internal readjustment mechanisms under sustained boundary 

displacement can result in confinement loss and delayed collapse of jointed rockmasses. It can 

also result in stress readjustment in an array of mine pillars. 

 Delayed strength degradation, occurring due to stress corrosion and fatigue, or as a result 

of heterogeneous creep processes in crystalline or granular rock, deteriorates and degrades the 

mechanical behaviour of rocks leading to loss of strength under existing stress conditions 

(weakening). 

 The stand-up time of the unsupported openings has been based on the empirical 

approaches used for rockmass classification. The stand-up time of jointed rockmasses was 

compared with strength degradation (and potential excavation failure) in intact rocks of various 

mineralogies, by applying the stand-up time concept of an unsupported rockmass based on the 

RMR classification system, and related to the time-to failure and the long-term strength principals 

within a range of typical tunnel diameters.  
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Chapter 8 

Analysis of Time-dependent Rockmasses using the Convergence-

Confinement Method4 

8.1 Abstract 

Time-dependency of rockmass response can be attributed both to the timing of advance (round 

length and cycle time) and to time-dependent behaviour potential of the excavated rockmass. 

Simplified and commonly used methodologies and approaches for tunnel closure prediction, 

based on analysis using the convergence-confinement method (CCM), used at the preliminary 

design process of tunnel projects, take into account the effects of tunnel advance through the use 

of an idealized Longitudinal Displacement Profile (LDP). The more commonly applied 

formulations of CCM do not explicitly capture the time-dependent component of rockmass 

deformation.  

 Time-dependent closure (through creep) can have a significant impact on support 

loading, and failure to account for these additional loads and deformations can result in 

unexpected failures, causing safety issues for the working personnel, leading to cost overruns and 

project delivery delays. In particular, failure in tunnels have been reported during holiday periods 

when all construction is stopped and construction sites are shut-down for a few days. During this 

period, time-dependent deformation takes place overstressing the existing support system leading 

the tunnel to instability and delayed failures.  

 The time-dependent behaviour of an elasto-visco-elastic medium is investigated and 

examined further in this chapter. Numerical analysis of an advancing tunnel is performed via 

isotropic axisymmetric finite difference modelling (FLAC by Itasca, 2011) to examine the 

                                                      

4 A version of this Chapter has been prepared for submission to the International Journal of Tunnels and 

Underground Space Technology with the following authors and title: Paraskevopoulou, C., Diederichs, M. 

S. Analysis of Time-Dependent Rockmasses using the Convergence-Confinement Method. 
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interaction of tunnel advance and instantaneous closure, short to medium term primary creep and 

long-term secondary creep. In addition, a new approach to calculate LDPs is presented taking into 

account both the tunnel advance and the time-dependent rockmass behaviour.  

8.1 Introduction 

Understanding the nature and origin of deformations due to an underground opening requires, as 

Panet (1993) noted, both knowledge of the rock-support interaction and interpretation of field 

data. Monitoring and measurement of tunnel wall displacements has shown that deformation 

initiates during excavation and may continue long after the tunnel construction is completed. This 

tunnel wall movement, also known as convergence, is the result of both the tunnel face 

advancement and the time-dependent behaviour of the rockmass. 

 Many researchers (Fenner, 1938; Parcher, 1964; Corbetta et al. 1991; Duncan-Fama 

1993; Panet 1993, 1995; Peila and Oreste 1995; Carranza and Fairhurst 2000, etc.) have studied 

the interaction between the rockmass and the applied support and have proposed various 

methodologies. The above referenced methodologies are based on the well-known and widely 

used Convergence-Confinement Method (CCM). CCM is a two-dimensional simplified approach 

that can be used to simulate three-dimensional problems as the rock-support interaction in 

tunnels. 

8.1.1 Ground Reaction Curve (GRC) and Longitudinal Displacement Profile (LDP) 

Calculations  

An important component of the CCM method is the Ground Reaction Curve (GRC). This is a 

characteristic line that records the decrease of apparent internal (radial) support pressure (from in 

situ pressure to zero for the unsupported case) in a circular tunnel after excavation, as the tunnel 

is excavated (out-of-section) past the section of interest and continues to be excavated beyond the 

reference position (Figure 8-1).  
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Figure 8-1: Representation of the axisymmetric model and its equivalent internal pressure in 

plane strain conditions at different locations (modified after Panet, 1993). 

 The internal pressure, pi, acts radially on the tunnel profile (from the inside) and 

represents the support resistance needed to hinder any further displacement at that specific 

location (Vlachopoulos and Diederichs, 2009). In reality, this pressure represents an idealized 

sum of the contribution of the nearby unexcavated tunnel core and any applied support installed. 

For a fully excavated unsupported tunnel this pressure is zero. The GRC depends on the rockmass 

behaviour. For instance, it is assumed to be linear for an elastic material but it varies if the 

material is elasto-plastic or visco-elastic etc. (Figure 8-2).  

 

Figure 8-2: Schematic of the Ground Reaction Curve (GRC) of an elastic and plastic material 

(where t=0) and of a visco-elastic and visco-plastic material where t increases from t0 to t∞; ur is 

the radial displacement, t is time, pi is the internal pressure and p0 is the in situ stress in a 

homogeneous isotropic medium.   
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 During tunnel excavation, deformation initiates in front of the tunnel face in the rockmass 

(x<0), usually one to two tunnel diameters ahead of the face, and reaches its maximum magnitude 

at three to four tunnel diameters away from the face inside the tunnel (x>0). For elastic or 

moderately yielding rockmasses approximately one third of the total displacement is observed at 

the tunnel face (Hoek et al. 2008) shown as X=0 in the right hand axis of Figure 8-3.  

 A Longitudinal Displacement Profile (LDP) of the tunnel closure is a graphical 

representation of the progression of the tunnel wall displacement (radial) at the reference section 

as the tunnel advances to and beyond this section. The reference datum (X=0) indicates that the 

tunnel face is stationed at the reference section. Negative X values indicate that the reference 

location is ahead of the tunnel in unexcavated rock while positive values indicate that the tunnel 

face has passed and the reference location is within the excavated tunnel. LDPs are calibrated for 

a simplified unsupported tunnel and are then used in combination with the GRC to determine the 

support system required for the stability of the tunnel walls as well as the time of support 

installation. 
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Figure 8-3: Schematic representation of the GRC of an elasto-plastic material and its relation 

to the LDP. Y-axis on the left refers to the internal pressure (pi) normalized to the in-situ 

pressure (p0), Y-axis on the right refers to the distance from the face (x) normalized to the 

tunnel radius (R) and X-axis refers to the radial displacement at a location x normalized to the 

maximum radial displacement due to the elasto-plastic behaviour of the material. No time-

dependent component is taken into consideration in this example. 

 LDPs are initially calculated using analytical solutions or numerical analysis. When two-

dimensional numerical analysis is performed, LDPs are calculated through two-dimensional 

axisymmetric models for homogeneous and isotropic initial stress condition circular tunnels 

(Vlachopoulos and Diederichs 2009). Table 8-1 summarizes the various analytical solutions 

proposed by researchers (Panet and Guenot, 1982; Corbert et al. 1991; Panet, 1993, 1995; Chern 

et al. 1998; Unlu and Gercek, 2003; Vlachopoulos and Diederichs, 2009) to be used for LDP 

calculations according to the rockmass behaviour (i.e. elastic or elasto-plastic) where umax refers 

to the maximum radial displacement attained.  
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Table 8-1: Analytical solutions for LDP calculation depending on the medium (where: R and x 

denote the tunnel radius and x the under-investigation location, v is the Poisson’s ratio). 

 

 Unlu and Gercek (2003) noted that the displacements forming in front of the tunnel face 

(x<0) cannot be estimated using the same analytical solution for the displacements forming 

behind the face, inside the tunnel (x>0). They suggested two different analytical solutions 

depending on the under investigation location (x) in an elastic medium. A few years later, 

Vlachopoulos and Diederichs (2009) following this separation proposed analytical solutions for 

LDP calculation for an elasto-plastic material where the LDP formulation is based on the size of 

the final plastic radius (radius of yield zone).  
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8.2 Time-dependent Behaviour 

The tendency of various rocks and rockmasses to exhibit time-dependent shear deformation when 

subjected to a constant stress state (that it is less than the strength of the rock material) is known 

as creep. In tunnelling, creep behaviour emerges as the on-going increase of the radial 

displacements observed in the tunnel walls. This increase is related to the rheological properties 

and creep potential of the surrounding rockmass and can be considered to be in addition to the 

displacement resulting due to the incremental steps of tunnel advance (although the progress of 

the tunnel takes time and so this closure component is often but erroneously referred to as time-

dependent). For many rockmasses at depth it is important to account for creep during the design 

process of a tunnel and the construction period (Figure 8-4). The time effect can contribute up to 

70% of the total deformation (Sulem et al. 1987). 

 

Figure 8-4: Delayed failures observed during the construction of Yacambu-Quibor Tunnel in 

Venezuela. On the left, the remaining parts of the TBM that was trapped and abandoned are 

excavated (Photo courtesy of E. Hoek). On the right, rehabilitation of the collapsed tunnel is 

shown (Photo courtesy of R. Guevara); arrows point out the closure of the tunnel section that 

in cases exceeded 1 m.  

 In tunnelling, time-dependent behaviour is often observed in weak rocks and rockmasses 

that exhibit severe squeezing (Barla 2001, 2010). Squeezing in this case, results from the plastic 

displacements due to shearing over a long period of time which leads to apparent visco-plastic 
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creep. However, brittle rocks can experience creep when subjected to high in situ stresses (Malan, 

1997; Damjanac and Fairhurst, 2010) and can also be subject to long-term strength degradation 

due to crack growth over time with or without observable creep. Creep behaviour is usually 

characterized by three stages (primary, secondary, tertiary) that follow the instantaneous response 

due to the change in the boundary conditions (constant stress) shown in Figure 8-5. As the stress 

or load is kept constant, the accumulated strains increase with a decreasing rate (primary stage). 

When this primary stage subsides and the strain increase approaches a constant strain-rate, the 

transition to the secondary (or steady state) can then be evident (although the processes of 

secondary creep may act immediately during the primary stage). At the end of the secondary 

state, the strain rate accelerates yielding or even failing the material in a brittle manner. This 

failure is the result of weakening of the rockmass during creep deformation or excess 

deformations that create unstable conditions. It should be also noted that the magnitude and 

duration of each stage depends on the type of the rock material. Ductile materials such as rock 

salt may never reach tertiary creep as they are more prone to deforming without yielding (creep 

processes do not create damage) whereas in brittle materials like granite the secondary stage of 

creep is not always observed as Lockner (1993) also reported. In these materials, the tertiary stage 

manifests as delayed yield under sustained loading between a lower bound crack initiation 

threshold and maximum strength. 

 

Figure 8-5: Characteristic curve of creep behaviour (where: superscripts el, p, s, tet denote 

elastic, primary, secondary and tertiary, respectively). 
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8.2.1.1 Time-dependent Formulations and Rheological Models  

Many researchers (Sulem 1987, Aristorenas, 1992; Malan, 1997; Boidy et al. 2002; Debernardi, 

2008; Pellet, 2009; Sterpi and Gioda, 2009 and others) have developed and proposed various 

formulations and constitutive laws to capture the time-dependent behaviour of rock materials. 

Most formulations of time-dependent behaviour, suggested in the literature, can be separated into 

three main categories: a) empirical functions based upon curve fitting of experimental data, b) 

rheological functions based upon time-dependent behaviour models composed of mechanical 

analogues such as elastic springs, viscous dash-pots, plastic sliders and brittle yield elements, and, 

c) general theories that are considered to be the most advanced aspects of numerical analysis 

codes (i.e. Finite Element and Finite Difference codes). The most commonly used of the three are 

the rheological models. They are based on constitutive relationships between stress and strain.  

 In order to simulate the time-dependent viscous behaviour, usually elastic springs, 

viscous dashopts and plastic sliders are coupled in series or parallel. It is then possible to 

reproduce elasto-plastic, visco-elastic, visco-plastic, elasto-visco-plastic etc. mechanical 

behaviours. It should be noted that at this paper focuses on the visco-elastic behaviour and no 

plastic yield is considered.  

 Table 8-2 summarizes the most common visco-elastic models used to simulate creep 

behaviour. Kelvin and most commonly its extension to the generalized Kelvin (Kelvin-Voigt) 

model comprised of a spring coupled in parallel with a dashpot is used to simulate the 

instantaneous response and primary stage of creep. Maxwell model or its extension (generalized 

Maxwell), a spring in series with a dashpot is used to capture the secondary creep stage. Coupling 

of these two models in series gives the Burgers model that is used to simulate the first two stages 

of creep behaviour. These models in order to be utilized, require the knowledge of creep 

parameters (i.e. viscosities (η) and shear moduli (G) of the mechanical analogues) that can be 

derived from creep tests in the laboratory (Lama and Vutukuri, 1978; Goodman, 1980) or in situ 

conditions (Goodman, 1980; Chen and Chung, 1996). According to Goodman, the visco-elastic 
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parameters (ηK, ηM, GK, GM) can be estimated by fitting the experimental results of static load 

(creep) tests to the mathematical curve of the strain response of the Burgers model at different 

time increments and the corresponding strain intercepts. 

Burgers-creep viscous (CVISC) model (Table 8-2) is a visco-elastic-plastic model introduced by 

Itasca (2011) and consists of the Burgers visco-elastic model in series with a plastic slider (Table 

8-2). The plastic component is based on the Mohr-Coulomb failure criterion and it is used to 

pseudo-simulate the tertiary stage of creep. However, since the plastic slider is not coupled with a 

viscous dashpot plastic-yielding is independent of time and depends only on the stress 

(Paraskevopoulou and Diederichs, 2013b). If the model is subjected to a stress above the yielding 

stress of the slider the model behaves as an elasto-plastic material whereas if it is stressed below 

the yielding threshold the model behaves similar to a Burgers body. 

Commonly, Burgers model is preferable for practical applications (Goodman, 1980). 

Nonetheless, it is inferred, there is not a simple model that can describe all the creep stages 

satisfactorily and can be used for all rock types and all in situ conditions without limitations. For 

instance, heavily sheared rockmasses can exhibit primary creep in normal stress conditions 

whereas high strength materials will not (Paraskevopoulou and Diederichs, 2013). 
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Table 8-2: Visco-elastic rheological models, their associated mechanical analogues, stress-

strain and time-relationships (where: σ=stress, ε=strain, E=Young’s modulus, K=bulk 

modulus, G =shear modulus, η=viscosity, t=time, subscript K denotes Kelvin model, subscript 

M denotes Maxwell model, p is the mean stress and q is the deviatoric stress). 

 

(It should be noted that for incompressible materials E=3G). 

8.2.1.2 Time-dependent Deformation in Tunnelling  

The time-dependent response around the tunnel in a visco-elastic material has also been discussed 

in the literature. Analytical and closed form solutions that take into account the time-dependent 

convergence have been proposed for both supported and unsupported tunnels with linear and non-
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linear visco-elastic medium (Gnirk and Jonson, 1964; Sakurai, 1978; Panet, 1979; Goodman, 

1980; Sulem 1987; Pan and Dong, 1991a and b; Kontogianni et al. 2005; Fahimifar, 2010, 

Yiouta-Mitra et al. 2010, Nomikos et al. 2011). Most of these formulations also consider the 

tunnel advance in the estimated total deformation, yet are found to be impractical due to the 

complex calculations required.  

 In this paper, the linear visco-elastic analytical solutions developed by Panet (1979) and 

proposed for the Kelvin-Voigt and Maxwell models, are utilized for the calculation of the time-

dependent radial displacements of an unsupported circular tunnel. Fahimifar et al. (2010) 

developed a closed-form solution considering the time-effect when tunnelling within a Burgers 

material, this formulation is also adopted in the presented analysis. Table 8-3 summarizes the 

mathematical representations and expected material response due to time and more specifically 

creep behaviour; the visco-elastic models are presented as well as their analytical solutions and 

the radial displacement – time relationships. 
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Table 8-3: Visco-elastic models and analytical solutions for a circular unsupported tunnel 

(where: σo is the in situ stress, σr is the radial stress, ur refers to the radial tunnel wall 

displacement, r is the tunnel radius, t describes the time, T denotes the retardation – relaxation 

time of each model, G is the shear modulus, η is the viscosity, t=time, subscripts K, M and ∞ 

refer to Kelvin-Voigt model, Maxwell model and the harmonic average, respectively. The 

analytical solutions for Kelvin-Voigt and Maxwell model are adopted from Panet (1979) and 

for Burgers from Fahimifar et al. (2010)). 

 

8.2.2 Combining the two effects in a Longitudinal Displacement Profile (LDP). 

The effects of tunnel advancement and time in the total radial displacements observed in the 

tunnel walls are shown in Figures 8-6 and 8-7 and expressed in the form of the LDP of an 

unsupported circular tunnel in an elasto visco-elastic-plastic and an elasto-visco-elastic medium 

respectively. The former case (Figure 8-6) represents the case where the material undergoes all 

three stages of creep until ultimate failure. This response is expected in severe squeezing 

rockmasses where the induced-creep behaviour leads the material to fracture and failure after 

exhibiting large deformations and noticeable convergence.   
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Figure 8-6: Schematic representation of the Longitudinal Displacement Profile (LDP) in an 

elasto-visco-elastic-plastic medium.  

(where: r is the tunnel radius, D is the tunnel diameter, t denotes the time, x denotes the distance from the 

tunnel face which is a function of time, ur refers to the radial tunnel wall displacement which is the function 

of time and distance from the tunnel face, G is the shear modulus, η is the viscosity, q is the deviatoric 

stress, σ is the applied stress, subscripts M, K, y refer to Kelvin and Maxwell models and yielding threshold 

respectively; superscripts el, p, s and tet denotes the elastic response and  primary, secondary and tertiary 

components of the creep behaviour, respectively).  

  

 Figure 8-7 illustrates the anticipated LDP of the tunnel displacement in an elasto-visco-

elastic medium where no tertiary creep takes place. More ductile materials as in the case of rock 

salt can behave in such manner.  



 

 213 

 

Figure 8-7: Schematic representation of the Longitudinal Displacement Profile (LDP) in an 

elasto-visco-elastic medium.  

(where: r is the tunnel radius, D is the tunnel diameter,  t denotes the time, x denotes the distance from the 

tunnel face which is a function of time, ur refers to the radial tunnel wall displacement which is the function 

of time and distance from the tunnel face, G is the shear modulus, η is the viscosity, q is the deviatoric 

stress, σ is the applied stress, subscripts M, K, y refer to Kelvin and Maxwell models and yielding threshold 

respectively; superscripts el, p, s and tet denotes the elastic response and  primary and secondary 

components of the creep behaviour, respectively). 

 

 In both Figures 8-6 and 8-7, it is shown that when no time-effect is considered, the total 

displacements are underestimated which can lead to erroneous calculations at the initial stages of 

the design process. Detailed investigation is recommended when dealing with rocks and 
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rockmasses that show time-dependent potential. The following discussion serves as an attempt to 

highlight the importance of time-dependent behaviour during tunnelling through a series of 

axisymmetric numerical analyses.   

8.3 Numerical Analysis  

An axisymmetric parametric analysis was performed within FLAC software (Itasca, 2011). The 

geometry of the model and the excavation sequence characteristics are shown in Figure 8-8. 

A circular tunnel of 6 m diameter and 400 m length was excavated in isotropic conditions. Full-

face excavation was adopted. Two cases were assumed depending on the excavation step in each 

excavation cycle. In the first case (Case 1: D&B), the excavation step per cycle was 3 m as such 

conditions are considered to be typically representative of drill and blast excavation method on a 

fairly good quality rockmass. In the second case (Case 2: TBM), the excavation step per cycle 

was simulated to 1 m to represent the excavation sequence of a 6 m diameter mechanized tunnel 

using a TBM. The rockmass for both cases was assumed to behave as an elasto-visco-elastic 

material and CVISC model within FLAC software (Itasca, 2011) was employed. As previously 

discussed, CVISC model is a visco-elastic-plastic model although for this purpose, the cohesion 

and tension on the model were given very high values to prevent any yielding from taking place 

in the model. No support measures were assumed on the study presented-herein.  
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Figure 8-8: Schematic illustration of the excavation sequence used within the numerical 

axisymmetric analysis; case 1 refers to drill and blast method with 3 m excavation step per 

cycle (Drill jumbo graphic courtesy of Fletcher & Co.), case 2 refers to TBM (Tunnelling 

Boring Machine) method with 1 m excavation per cycle (TBM graphic courtesy of 

Herrenknecht AG). 

 In order to investigate further the time-dependent component of the total radial 

displacements it was decided to perform three main different analyses for both cases (D&B and 

TBM). The first analysis aimed to examine the contribution of primary creep using the Kelvin-

Voigt model. In this regard, the viscous dashpots of the Maxwell body within the CVISC model 

was deactivated. On the second analysis, the contribution of the Burgers model was investigated 

in order to capture both primary and secondary stages of creep. In this case, both the Kelvin and 
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the Maxwell bodies were activated. The third part of the analyses was to investigate the two 

stages separately. At the point where the Kelvin-Voigt model reached a constant displacement the 

viscous dashpot of the Maxwell body was activated.  

 In addition, three different sets of parameters were used for the three analyses on both 

cases shown in Table 8-4. However, for the scope of this study only the visco-elastic parameters 

varied between the three sets.  

Table 8-4: Parameters used for CVISC model 

Parameter SET #1 SET #2 SET #3 

Rockmass conditions 

γ (KN/m3) 20 20 20 

φ (ο) 23 23 23 

c (MPa) 1.00E+20 1.00E+20 1.00E+20 

t (MPa) 1.00E+20 1.00E+20 1.00E+20 

K (MPa) 1.23E+03 4.32E+04 4.70E+03 

Stress Conditions 

k0 1 1 1 

p0 (or σ0) (MPa) 7 7 7 

Visco-elastic Parameters* 

GK (MPa) 4.98E+02 6.73E+04 3.29E+03 

ηK(MPa*s) 1.34E+08 1.72E+09 1.49E+07 

G0 or GM (MPa) 5.66E+02 1.99E+04 2.17E+03 

ηM (MPa*s) 8.82E+08 1.20E+10 3.60E+09 

TK = ηK/GK (s) 2.69E+05 2.56E+04 4.52E+03 

Reference* Barla et al. 2010 Zhang et al. 2012 Feng et al. 2006 

 

 It should be stated that the visco-elastic parameters were chosen according to the 

analytical solution (Eq. 8-1) of the Kelvin-Voigt model developed by Panet (1979). 

𝑢𝑟 =
𝜎𝑜𝑟

2𝐺𝑜
+

σ𝜊𝑟

2𝐺𝐾
[1 − exp (−

𝑡

𝑇𝐾
)]  (Eq. 8-1) 

where: σ0 is the in-situ stress conditions, r is the tunnel radius, G0 the elastic shear modulus, GK is 

the Kelvin shear Modulus, ηK is Kelvin’s viscosity and TK is known as retardation time and it is 

the ratio of Kelvin’s viscosity over the Kelvin shear Modulus.  
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 It was observed that the relaxation (retardation) time of the Kelvin-Voigt model plays a 

key role in the model as this parameter controls the curvature of Kelvin’s behaviour. In other 

words, the retardation time of Kelvin shows how fast the model will converge and reach a 

constant value. In this regard, the visco-elastic parameters were chosen so the retardation time 

(TK), found in the literature (Barla et al. 2010; Zhang et al. 2012; Feng et al. 2006) varies one 

order of magnitude between the three sets.  

 Furthermore, in order to take into consideration both the time-dependent component and 

the tunnel advance and examine their contribution to the total displacement recorded, the time of 

the excavation cycle was also captured in each set of parameters for both case in the three 

analyses. The time of each excavation model varied from 2 to 8 hours. Additionally, two 

supplementary analyses were performed, one involved a set of runs with the Kelvin-Voigt model 

and the other a set of runs with the elastic models. These two analyses were used to validate the 

numerical models and were compared with analytical solutions. In total 84 models were 

simulated and their LDPs were analyzed and compared. Table 8-5 summarizes all the model runs 

performed in the presented parametric study.  
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Table 8-5: Nomenclature and model runs in this study 

Model 

Time per 

excavation 

cycle 

CASE 1 - D&B 

(3m/exc.) 

CASE 2 - TBM 

(3m/exc.) 

SET#1 SET#2 SET#3 SET#1 SET#2 SET#3 

KELVIN-VOIGT 

(KV)  

2 hours X X X X X X 

4 hours X X X X X X 

6 hours X X X X X X 

8 hours X X X X X X 

BURGERS (B) 

2 hours X X X X X X 

4 hours X X X X X X 

6 hours X X X X X X 

8 hours X X X X X X 

KELVIN-VOIGT & 

MAXWELL (KVM) 

2 hours X X X X X X 

4 hours X X X X X X 

6 hours X X X X X X 

8 hours X X X X X X 

KELVIN-VOIGT* 

infinite 

excavation 

delay 

X X X X X X 

ELASTIC* 
instantaneous 

excavation 
X X X X X X 

*no time between excavation stages was considered in these models although in the KV model, both 

springs in series were considered active (zero viscosity in the Kelvin dashpot) 

8.4 Numerical Results 

8.4.1 Comparison of Numerical Analysis with Analytical Solutions  

The first step in this analysis was to compare the numerical results to the analytical solutions of 

the elastic (instantaneous deformation at each excavation step) and the Kelvin-Voigt model 

(hypothetically infinite time delay between each excavation step to allow full convergence of 

primary creep stage). Figure 8-9 shows that the numerical results are in agreement with the 

analytical solutions. It should be added that the elastic numerical case was compared to the elastic 

solution of Vlachopoulos and Diederichs (2009) assuming that no plastic radius occurs at the 

tunnel walls (i.e. rp/rt=1) The results from Kelvin-Voigt case were compared to Eq. 8-1. 
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Figure 8-9: (Top) Numerical results (solid lines) related to the analytical solutions (as 

referenced) for the elastic and the Kelvin Voigt model, (Bottom) closer representation of the 

data for x values of -15 < x < 25.  

 These results serve to validate the numerical model. The real question, however, is how 

the viscous behaviour impacts the LDP between the two extremes in Figure 8-9 as the elastic case 

represents instantaneous excavation (cycle time is effectively zero) while the fully converged 

Kelvin-Voight model (zero viscosity) represents an infinite cycle time between excavation steps. 

It is important to consider the impact of the excavation rate (cycle time). 

 In order to examine the time-dependent potential during the construction, the tunnel 

excavation stages should be considered. The bounding case numerical results (i.e. elastic and 

Kelvin-Voigt reference models) in the following sections were used as reference guides as they 

were considered to be the two extremes, the elastic is representative for the short-term LDP where 
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no time-effect is considered whereas the Kelvin-Voigt is considered the long-term LDP during 

the primary stage of creep. From then on all of the results in the graphs refer to the numerical 

analyses unless otherwise stated.  

 The results are presented in three different ways shown in Figures 8-10 to 8-15. First, the 

numerically computed displacement against the tunnel face location is plotted. Then, the total 

displacements were normalized to the maximum elastic reference displacement (uremax) as it is the 

conventional way to present similar data. However, since the total displacement is much higher 

when the time component manifests, it was also decided to normalize the total displacement to 

the maximum displacement of the Kelvin-Voigt reference model (ur∞max).  

8.4.2 KELVIN-VOIGT (KV), Investigating Primary Stage of Creep 

The first main analysis involved the investigation due to the time-effect on the overall total tunnel 

wall displacement assuming that only primary creep is observed in addition to the effect of tunnel 

advancement. For this purpose, the Kelvin-Voigt model (with non-zero viscosity) was assumed to 

represent the primary stage of creep and was used to simulate the mechanical behaviour of an 

elasto-visco-elastic rockmass. The results for the drill and blast case and the TBM are presented 

in Figures 8-10 and 8-11, respectively.  
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Figure 8-10: LDPs for the drill and blast (DB) case of the KELVIN-VOIGT (KV) analysis (the 

hours on the legend denote hours per excavation cycle); where: x is the distance from the 

tunnel face, R is the tunnel radius, ur is the radial tunnel wall displacement, uremax is the 

maximum elastic displacement and ur∞max is the maximum visco-elastic displacement of the 

Kelvin-Voigt model. Grey and black lines are the elastic and the zero-viscosity KV models 

respectively. 
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Figure 8-11: LDPs for the TBM case of the KELVIN-VOIGT (KV) analysis (the hours on the 

legend denote hours per excavation cycle); where: x is the distance from the tunnel face, R is 

the tunnel radius, ur is the radial tunnel wall displacement, uremax is the maximum elastic 

displacement and ur∞max is the maximum visco-elastic displacement of the Kelvin-Voigt model. 

Grey and black lines are the elastic and the zero-viscosity KV models respectively. 

 Figures 8-10 and 8-11 show similar trends for the three sets of parameters. The results 

imply that increased cycle time or excavation delay exacerbates the mechanical behaviour of the 

rockmass, as in all models an increase of the ultimate total displacement was observed. This 

increase depends on the visco-elastic parameters of the Kelvin-Voigt model. Furthermore, it is 
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shown that the models employed using the parameters of SET #2 and #3 which have a lower 

retardation time (TK) reached a constant value sooner than the models of SET#1. As expected, an 

increase of the retardation time parameter will result in an increase of the time required by the 

model to reach a constant value and become time-independent.  

 The excavation method used and thus the step advancement (m/excavation cycle) 

influences the results. It was observed that the models simulated employing the TBM sequence 

(1m advance) reached a constant displacement value closer to the excavation face than the ones 

observed in the Drill and Blast Case (3m advance). This was expected as in these analyses the 

time in each excavation cycle is considered; consequently, the 1-m excavation per cycle 

completes less tunnel meters during the same period than the 3-m excavation step.  

 Finally, the duration of each excavation cycle is important. It is shown that the 

displacement during the 8-hour shifts reached a constant value closer to the tunnel face than the 

2-hours shift. This is also reasonable as the elapsed-time during excavation cycles contributes in 

allowing the rockmass to deform and reach its maximum displacement value. 

8.4.3 BURGERS (B), Investigating Primary and Secondary Stage of Creep 

The second stage of this analysis was to investigate the influence of both primary and secondary 

stages of creep behaviour using the Burgers model. The results are presented in Figures 8-12 and 

8-13 for the drill and blast and TBM case, respectively. Similar observations with the previous 

case of KELVIN-VOIGT analysis can be made.  

 The Burgers model simulates the idealized behaviour of the first two stages of creep. The 

maximum strains (deformation) due to the secondary stage (Maxwell model) are effectively 

infinite. This is also observed on Figures 8-13 and 8-14. In reality, ductile materials could keep 

deforming without yielding for a very long period of time or up to full closure of the tunnel (See 

Figure 8-4).  
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Figure 8-12: LDPs for the drill and blast (DB) case of the BURGERS (B) analysis (the hours 

on the legend denote hours per excavation cycle); where: x is the distance from the tunnel face, 

R is the tunnel radius, ur is the radial tunnel wall displacement, uremax is the maximum elastic 

displacement and ur∞max is the maximum visco-elastic displacement of the Kelvin-Voigt model. 

Grey and black lines are the elastic and the zero-viscosity KV models respectively. 
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Figure 8-13: LDPs for the TBM case of the BURGERS (B) analysis (the hours on the legend 

denote hours per excavation cycle); where: x is the distance from the tunnel face, R is the 

tunnel radius, ur is the radial tunnel wall displacement, uremax is the maximum elastic 

displacement and ur∞max is the maximum visco-elastic displacement of the Kelvin-Voigt model. 

Grey and black lines are the elastic and the zero-viscosity KV models respectively. 

 In this analysis, it was noticed that the magnitude of the total displacements between the 

two cases varied significantly. The excavation method influences the accumulated displacements. 

In the drill and blast case, all three sets of models (parameters) exhibited less displacement than 

the TBM case for the same duration of the excavation cycles. During a tunnel excavation by a 

TBM, the tunnel excavation requires more time than a drill and blast excavation for the same 
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excavation cycle. For instance, a TBM that excavates 1 m every 6 hours the elapsed time is three 

times longer than the drill and blast case of 3 m excavation per cycle. As a result, the time for the 

excavation of the same length tunnel will result in accumulation of displacement increase in the 

case of the TBM. However, in reality this may not always represent real conditions as TBMs are 

commonly preferable since they tend to achieve better excavation rates; if the rockmass 

conditions and the tunnel length make TBMs affordable. If the latter is the case, then a TBM 

excavation (Figure 8-13) of a two-hour excavation cycle, it is shown that the surrounding 

rockmass represented by SET#1 exhibits less displacement than of an eight-hour excavation cycle 

using drill and blast (Figure 8-12). 

8.4.4 KELVIN-VOIGT-MAXWELL (KVM), Separating Primary and Secondary Stage of 

Creep 

The third part of the analysis aimed to investigate the contribution of the first two stages of creep 

to the total phenomenon that is described with the Burgers model. The results presented in 

Figures 8-14 and 8-15 are compared to the results derived from the BURGERS analysis. It should 

be noted that such behaviour cannot fully represent the overall idealized creep behaviour. Such a 

case is considered to be an extreme and could be only used as a lower bound of creep behaviour.  

 All the locations of the tunnel at which Kelvin-Voigt reached a constant value (in terms 

of displacement) was recorded. Then, at these locations, the Maxwell model was activated 

making the rockmasses exhibiting infinite deformation. 
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Figure 8-14: LDPs for the drill and blast (DB) case of the KELVIN-VOIGT-MAXWELL 

(KVM) analysis related to the BURGERS analysis (the hours on the legend denote hours per 

excavation cycle); where: x is the distance from the tunnel face, R is the tunnel radius, ur is the 

radial tunnel wall displacement, uremax is the maximum elastic displacement and ur∞max is the 

maximum visco-elastic displacement of the Kelvin-Voigt model. Grey and black lines are the 

elastic and the zero-viscosity KV models respectively. 
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Figure 8-15: LDPs for the TBM (TBM) case of the KELVIN-VOIGT-MAXWELL (KVM) 

analysis related to the BURGERS analysis (the hours on the legend denote hours per 

excavation cycle); where: x is the distance from the tunnel face, R is the tunnel radius, ur is the 

radial tunnel wall displacement, uremax is the maximum elastic displacement and ur∞max is the 

maximum visco-elastic displacement of the Kelvin-Voigt model. Grey and black lines are the 

elastic and the zero-viscosity KV models respectively. 

 In Figures 8-14 and 8-15, the separation of the creep into two stages is shown. The 

displacements recorded due to the separation are less than the ones previously observed with the 

Burgres model. It is also shown that, when one considers only the primary stage of creep there is 
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a possibility to underestimate the total anticipated deformation that will result from the secondary 

stage when the material behaves as a Burgers body and eventually experiences secondary creep. 

 Overall, it could be inferred that during primary creep, the longer excavation cycles allow 

the tunnel to reach the maximum displacement during the construction phase, a key consideration 

for support installation sequencing. In the case of a rockmass exhibiting both primary and 

secondary creep, shorter duration excavation cycles lead to less deformation in the tunnel walls 

during construction. However, as time elapses there will still be an increase in the total 

deformation. In this case, the interaction of rock and support load need to be further investigated 

and compared to real tunnel data. These models do not consider the eventual onset of the tertiary 

stage of plastic or brittle yield. 

8.5 Discussion 

Another aspect of this study was to analyze when creep behaviour manifests. Figure 8-16 and 8-

17 show the stress-paths related to the numerical analyses presented herein for both cases drill 

and blast and TBM. Creep in these models is in response to differential stress (represented by q in 

the following figures) while the confining pressure (p) acts to resist yield but not creep in the 

visco-elastic case modelled here. 

 It is shown that the excavation step influences the stress regime in the tunnel. In the TBM 

case, where the excavation step is 1 m per excavation cycle, the stresses redistribute in a different 

manner than with the Drill and Blast case (3m per cycle). In theory, the deviatoric stress (q) in 

both cases should reach the insitu pressure, p (as the radial stresses are zero and tangential 

stresses are 2p at the boundary). This does not occur in the model as the stresses are averaged in 

the grid zones. The deviatoric stress would approach the value of in situ stress if the elements in 

the numerical mesh werevery small.  
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Figure 8-16: Stress paths for the drill and blast case; where: σzz and σxx are the major and 

minor stresses in the model, p is the mean stress and q the deviatoric, x refers to the location in 

the tunnel and R is the tunnel radius. 

 

 



 

 231 

 

Figure 8-17: Stress paths for the TBM case; where: σzz and σxx are the major and minor 

stresses in the model, p is the mean stress and q the deviatoric, x refers to the location in the 

tunnel and R is the tunnel radius.  

 For a better understanding of the results the deviatoric stress was related to the 

displacement data normalized to the maximum displacement of the Kelvin-Voigt model (ur∞max). 

Only the results from the KELVIN-VOIGT analysis are presented and related to the deviatoric 

stress as it was noticed that time-dependent behaviour initiates at the same stress level and from 

the same location for all three analyses and are shown in Figure 8-18 and 8-19 for the drill and 

blast case and the TBM, respectively.  
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Figure 8-18: Relating the deviatoric stress (q) to the tunnel wall displacement normalized to 

the maximum displacement of the KELVIN-VOIGT model (ur∞max) for the drill and blast case; 

where: x is the distance from the tunnel face, R is the tunnel radius, ur is the radial tunnel wall 

displacement, uremax, qcr denotes the deviatoric stress at which creep initiates. 
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Figure 8-19: Relating the deviatoric stress (q) to the tunnel wall displacement normalized to 

the maximum displacement of the KELVIN-VOIGT model (ur∞max) for the TBM case; where: 

x is the distance from the tunnel face, R is the tunnel radius, ur is the radial tunnel wall 

displacement, uremax qcr denotes the deviatoric stress at which creep initiates. 
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 Time-dependent behaviour starts for both cases and all data sets when the deviatoric 

stress reaches a critical value (qcr) shown in Figures 8-18 and 8-19. This critical value is attained 

after one excavation step. In the drill and blast case, this is 3 m away from the tunnel whereas for 

the TBM case it is 1 m. It is at the point at which the time-dependent LDPs deviate from the 

elastic LDP. Until this critical point, the rockmass behaves elastically.  

 Implications during the tunnel construction may arise due to time-dependent deformation. 

Figure 8-20 shows the radial displacement of chainage at 1444 m of Saint Martin La Porte tunnel 

that exhibited severe squeezing and creep behaviour (Barla, 2016). It is illustrated that the 

rockmass deformed 60 cm during a period of 166 days. A schematic representation of the 

possible LDPs is also presented herein. 

 

Figure 8-20: Schematic representation of the predicted LDPs according to the tunnel data of 

radial displacement against distance (modified after Barla, 2016).  

 Another example of -dependent deformation is shown in Figure 8-21. This data set refers 

to Driskos tunnel located in Greece and is modified after Vlachopoulos and Diederichs (2014). 

The estimated LDP refers to the supported and unsupported case. The radial displacements are 

normalized to a maximum displacement that was numerically estimated.  
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Figure 8-21: Monitoring data from Driskos tunnel modified after (Vlachopoulos and 

Diederichs, 2014); ur is the radial displacement normalized to the maximum radial 

displacement, x denotes the distance from the tunnel face and R is the tunnel radius.  

 Although this dataset refers to a supported tunnel, the monitoring data show a time-

dependent behaviour as all the data seem to convergence at 2 radii beyond the tunnel face (dashed 

blue line), however, it is observed to exhibit further deformation (continuous blue line). This can 

be an indication of creep behaviour. 

8.6 Conclusions 

The analysis presented herein investigated the time-effect during tunnelling and the importance of 

considering time during the design and construction of a project. Tunnelling is considered to be a 

three-dimensional problem where the radial displacements observed on the tunnel walls during 

construction are a function not only of the tunnel advancement but also of the time-dependent 

behaviour of the excavated rockmass. In this regard, an overview of the conventional methods 

used to predict the Longitudinal Displacement Profile of the radial displacements was presented 
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and the limitations were highlighted. In addition, a series of numerical analyses were performed. 

 More specifically, a parametric axisymmetric study was employed taking into 

consideration both effects (tunnel advancement and time) where three sets of models with 

different visco-elastic parameters were investigated under different conditions. The excavation 

step was also examined and related to the different excavation methods (i.e. drill and blast and 

TBM).  

 It was shown that the effect of only the primary creep can lead to even 50% increase of 

the initial displacement and it was shown that the creep-parameters control the time the 

displacement will reach a constant value. There is no theoretical bound (other than full closure) 

when considering secondary creep. This could be the case of ductile rocks and rockmasses like 

salt. The separation of the two stages primary and secondary showed that the overall 

displacements are underestimated relating to the idealized creep behaviour, however this could be 

considered as a lower bound for creep behaviour. Finally, tunnel data were presented where time-

dependent deformations were exhibited, relative findings to this study were derived.  
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Chapter 9 

General Discussion and Conclusions 

9.1 Discussion and Key Findings 

Time-dependent behaviour of intact rock and rockmasses is an important aspect of rock 

mechanics, tunnelling and mining engineering. This thesis and its resultant scientific 

contributions and publications were focused on progressing the existing state of the art in this 

research field at both scientific and practical levels. This research study has resulted in greater 

insight into the time-dependent behaviour of rock materials. The main derived concepts of the 

thesis are discussed in the following sections. 

9.1.1 Time-dependent Behaviour of Rock Materials and why Geology Matters 

Different rocks and rockmasses respond in different ways over time. The main factor that controls 

their behaviour is geology. The mineralogical content and the geological structure impact the 

mechanical behaviour of rocks. The stress regime and the environmental conditions also 

influence the rock materials’ behaviour.   

 The main separation between rock types according to their stress-strain reaction is into 

either brittle or ductile materials. Figure 9-1 summarizes the distinction and behavioural 

variations between these two groups. In general, as the temperature and confining pressure 

increase the rock transitions from brittle to ductile (Figure 9-1a). Brittle materials have the 

tendency to abruptly fail as the stress approaches their short-term strength and as such they 

absorb less energy whereas ductile materials can sustain an applied stress state through more 

deformation (Figure 9-1.b and c). When ductile materials (i.e. rock salt or potash) are subjected to 

a constant differential stress below their nominal yield strength they can behave as visco-elastic 

materials and further deform as time elapses (Figure 9-1.d and e). In contrast, brittle materials 

(i.e. granite or limestone) under similar stress conditions may only exhibit micro crack damage 
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with progressive crack propagation with time that results in the eventual interaction of the 

previously isolated microcracks which leads to sudden failure (Figure 9-1.d and e). 

 

Figure 9-1: Schematic illustration and comparison between brittle and ductile rock materials, 

a.) transition from brittle to ductile behaviour according to a.) confining pressure and 

temperature conditions; b) abosrbed energy and temperature; c) general stress – strain 

behaviour of brittle and ductile materials; d) stain- rate and time relationship of brittle and 

ductile materials subjected to constant stress exhibiting creep, and e) examples of brittle 

limestone and ductile potash before and after static load (creep) tests, (Photos of potash 

samples courtesy of CANMET). 

 As was-discussed in Chapter 3 there is not a simple model that can be utilized to describe 

all time-dependent phenomena for all rock types. Even in the case that such a model did exist, the 

use of it most likely would be found impractical and complex. Most sophisticated theories 

describing time-dependent phenomena require numerous input parameters. The need to create 

simple practical tools and models that can find use not only in the field of research but also in 

industry is of utmost importance. However, such an observation should not be an impediment in 

considering time in future analyses. One could still use existing models that can fairly simulate 
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time-dependent behaviour of different rock types. However, careful attention should be paid in 

selecting the appropriate time-dependent constitutive model and input parameters and it is 

suggested to be derived from laboratory tests as documented in this thesis. 

9.1.2 Time-dependent Stress Relaxation 

A series of stress relaxation tests were performed in two different types of limestone (Jurassic and 

Cobourg). It was observed that all samples exhibited similar responses when subjected under 

similar stress levels that could be characterized by three stages as illustrated in Figure 9-2. The 

first stage of stress relaxation (RI) where the stress relaxes with a decreasing rate is followed by 

the second stage (RII) in which the stress decrease approaches a constant rate and in the third 

stage (RIII) no further stress relaxation takes place. In the first stage 55% to 95% of the total stress 

relaxation takes place.  

 The significance of this scientific observation should be considered during the excavation 

of an underground opening. Energy release and stress relaxation in such conditions commonly 

take place at the face of the excavated tunnel. The created free space disturbs the stress regime of 

the in situ conditions. In order for the stress to re-distribute itself to a new equilibrium state the 

rockmass has the tendency to “relax” through the structural geological imperfections (i.e. 

discontinuities, fractures, joints) of the surrounding rockmass or the newly created fractures due 

to the excavation method and techniques used. In relation to the scientific observation of the three 

stages, it would be expected that the rockmass would relax in distinct but possibly overlapping 

stages. An abrupt stress decrease will take place almost instantaneously, however as the damage 

progresses in the rockmass, the rate of stress relaxation will decay in a decreasing manner until 

stress redistribution is completed when fractures are stabilized and no additional stress relaxation 

will take place. This can serve as an explanation of the sound of cracking closer to the tunnel face 

without observed failure. 
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Figure 9-2: The three stages of the stress relaxation process during a relaxation test under 

axial-strain-strain-controlled conditions and the response of the material during each stage, 

dashed lines on the right photo show axial stabilization of damage (Photo courtesy of M. 

Diederichs). 

 Another component of stress relaxation is the duration of this phenomenon until it is 

terminated. Knowing the duration of stress relaxation can be valuable in the support design and 

the installation timing. Being aware of the fact that the surrounding rockmass needs time to relax 

could avoid safety implications arising from support overstressing or result in cost savings from 

reduced support requirements. 

 The lab testing series in this thesis dealt with brittle rocks. Nonetheless, the dataset was 

compared and related to other reported stress relaxation data of various rock types. Similar 

observations were derived and as such this phenomenon can be considered to occur for a wide 

variety of rock types, although with varying degrees in the magnitude of the stress relaxation 

which was found to be related to the stiffness, crack initiation stress ratio and the mineralogical 

content. 

 



 

 241 

9.1.3 Predicting the Long-term Strength of Rock Materials 

Understanding how rocks deform over time can lead to elimination of conservatisms in regards to 

tunnelling design. Especially, in the case of nuclear waste repositories where the lifetime span of 

these projects exceeds one million years, it could be prudent to be able to estimate the long-term 

strength of the rockmasss. As it is commonly considered, such projects are designed to be 

constructed in good quality rocks, most likely brittle rocks.  

 As previously discussed in this thesis, it is commonly assumed that brittle rocks are 

unlikely to exhibit time-dependent deformations. However, in this study it was proven that not 

only can brittle rocks deform over time but depending on their mineral heterogeneity and 

anisotropy can deform with different rates. Figure 9-3 shows the results of a series of static load 

tests performed on the two different types of limestone (Jurassic and Cobourg) compared to 

literature data from a variety of brittle rocks. It is shown that there is a general trend for all data, 

although each rock type can be analyzed to reveal unique geologically specific trends. 

 

Figure 9-3: Static load test data for hard rocks performed at room temperature in wet or dry 

conditions (where the driving stress-ratio is the stress level at failure to unconfined 

compressive strength of the material). CI/UCS threshold range of 30-50% (Martin et al. 1999), 

CD/UCS threshold range of 70-90% (Perras and Diederichs, 2014). 
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 The importance of the stress level the rock is subjected to is also implied in Figure 9-3. It 

should be noted that all the data presented in this figure refer to samples which eventually failed 

under sustained uniaxial stress. However, it should be highlighted that near or below the CI 

(Crack Initiation) stress level no failure is observed whereas above the CD (Crack Damage) 

threshold failure is expected depending on the rock type within 1 hour to a few days. In the 

uncertain region, it was shown that failure will take place eventually. However, the expected 

failure time is dependent on the visco-elastic parameters of the specific rock specimen. It is 

suggested to researchers and practitioners that deriving visco-elastic parameters from the strain – 

time curves of similar tests can be an important indicator of the failure, since it was found that the 

magnitude of the Maxwell viscosity or the rate of flow according to the secondary or steady state 

on the creep curve could be used as an indicator for failure of the limestone samples tested in this 

thesis. 

9.1.4 Relating Scale-effect (RMR) to Time-effect (Time to Failure) 

Another component of the time-effect is the stand-up time of an unsupported span in an 

underground environment. The stand-up time is indirectly associated with the quality of the 

surrounding rockmass that can be described by various classification systems. The assumption 

that joints under in situ conditions (macroscale) can be related to cracks forming during damage 

evolution of rock specimens is made. The joint conditions generally reflect the rockmass quality 

and subsequently the rockmass rating, as for example using the rockmass rating system (RMR) 

suggested by Bieniawski (1989). Figure 9-4 shows the result of the proposed concept and how the 

in situ joint number is related to the crack density of a rock sample at various points of loading. It 

is shown that the RMR trend follows the time-to failure trend of rock specimens, which implies 

that the time-effect and scale-effect could possibly have similar effects in the rockmass. 
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Figure 9-4: a) Relation between RMR and Driving stress-ratio, b) representation of RMR in 

relation to Time to failure from static load test data performed at room temperature in dry or 

wet conditions, (where the driving stress-ratio is the stress level at failure to unconfined 

compressive strength of the material). The RMR trend refers to span from 1 m for the lower 

bound and 15 m for the upper bound. 
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9.1.5 Time-dependent Behaviour and Implications in Rock Tunnelling 

The importance of considering time-effects in conjunction with the tunnel-advance is shown in 

Figure 9-5. Analytical solutions often utilized in Convergence-Confinement analyses usually 

examine either the effect of tunnel advancement or the time-effect. Even in the latter case where 

time is considered, as shown in Figure 9-5 (i.e. Panet, 1979 curves), the overall displacement can 

be estimated. As this could be partially used for the selection of the final support, one may 

wonder if it could also be possible to simulate and replicate the complete problem. For this 

purpose, numerical analyses were performed where the displacement is both a function of time 

and the excavation advancement.  

 The excavation method also controls the overall displacement as discussed in Chapter 8. 

Different results may assist the selection of utilizing drill and blast over a TBM excavation if it is 

proven to be financially affordable. Being able to predict and estimate the rockmass response due 

to one excavation method versus another can lead to project optimization. Optimization of the 

design usually involves the appropriate selection of the excavation method and the support 

system that would allow the rockmass to further deform over time avoiding overstressing that 

could otherwise lead to support yielding and abrupt rockmass instabilities. It is encouraged thus, 

to further examine the geological model, its rheological behaviour potential and utilizing all data 

and information available that will improve the design of the overall project. 
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Figure 9-5: LDPs for the drill and blast (DB) and TBM case of the KELVIN-VOIGT (KV) 

analysis related to the analytical solutions (continued lines related to hours on the legend 

denote hours per excavation cycle); where: x is the distance from the tunnel face, R is the 

tunnel radius, ur is the radial tunnel wall displacement, uremax is the maximum elastic 

displacement and ur∞max is the maximum visco-elastic displacement of the Kelvin-Voigt model. 
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 This thesis and the resulting scientific contributions and publications were focused on 

progressing the existing state of the art in this research field at both the scientific and practical 

levels. The application of this research to the design approach will improve prediction capabilities 

for long-term behaviour, particularly related to relaxation and creep. This research also 

demonstrates the need for continued developments in this field. The suggested further research to 

be conducted will broaden the current application limits and expand the existing scientific and 

practical horizons. 

9.2 Limitations of Current Research 

The development of understanding the time-dependent behaviour of rock materials was 

investigated with a focus on creep and stress relaxation through a series of laboratory tests and the 

main controlling factors were analyzed in this thesis. Due to the timeline and lab testing 

constraints it was difficult to perform a static load test for over 100 days and capture the time to 

failure in this time-frame. It is suggested, however, when the time to failure and long-term 

strength is investigated at the laboratory scale with loads between the CI and CD stress 

thresholds, depending on the rock type, that the specimen may take a longer period of time before 

it reaches failure. Nonetheless, it is encouraged to keep the test running until the specimen fails as 

such points, as shown in this study, are rare and very valuable in determining the long-term 

strength and thus being able to estimate it. 

 In addition, numerical analyses were performed aiming to capture time-dependent 

behaviour and its implications at the macroscale assuming a tunnelling environment. However, 

the latter could be further extended if tunnel data from reported cases where time-dependency 

governed could be utilized. Multiple attempts to get access to such cases and acquisition of 

complete datasets were made, unfortunately these were all proven to be unsuccessful. An initial 

data set which was to be used for back analysis later proved to lack in completeness and was 

limited in value for time-dependent analysis. It was observed that monitoring data in order to be 
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representative in regards to the investigation of time-dependent phenomena require a significant 

period of time of data acquisition. Especially in some cases, it is valuable to attain data acquired 

over years of monitoring to be able to capture the full rockmass response as for example, in the 

case of creep behaviour. However, as it is often observed in a tunnel project several parties and 

individuals may be involved over a long time period and certain aspects begin to be neglected or 

forgotten or not even documented. The latter tends to cause more difficulties in acquiring and 

examining data as the resources and the parties involved may vary over time. It is important to 

state that consistent data management practices should be maintained over the required long 

duration of monitoring for time-dependent measurements and observations. In these cases, a 

complete understanding of the time-dependent nature can be considered in advance of excavation 

to optimize the data collection protocols and also to influence what information is recorded. 

Consequently, the primary limitation to this research was in the ability to gather a complete and 

well documented data set to numerically perform back analyses that would have further enriched 

the findings of this research. 

9.3 Summary of Conclusions 

This research presented herein has successfully meet the afore-mentioned objectives through a 

series of both laboratory tests and numerical analyses. The key findings and main conclusions of 

this thesis are summarized in this section. 

9.3.1 Time-dependent Behaviour and Models Used 

Although scientific effort has been paid in developing and proposing models, constitutive laws 

and formulation to simulate time-dependent behaviour of geomaterials their primary application 

area focuses on replicating the visco-elastic creep behaviour through back analysis. Even in this 

case, these models can sufficiently represent the primary and secondary stages of creep if the 

right creep parameters are employed. In addition, these models and laws mainly focus on weak 

rockmasses. Consequently, their application to represent time-dependent behaviour for brittle 
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rocks is considered to be limited as other more complex mechanisms govern the brittle damage 

behaviour. Overall, it is concluded that there is not a simple model available that could 

sufficiently describe time-dependent behaviour for all rock types. However, it is suggested and 

encouraged that researchers and practitioners use the existing models to simulate time-dependent 

behaviour as with a few modifications these models can capture the behavioural trend as long as 

the appropriate parameters are utilized. 

 It was concluded that the most commonly used laboratory tests to investigate time-

dependent behaviour are static load and stress relaxation tests. At low stress levels relaxation tests 

are easier to conduct than static load tests and are preferred as they require less time than creep 

tests require to lead the sample to failure. The latter is commonly observed in weak rocks and 

soils. However, in the case of brittle rocks at high stress levels, where abrupt failure manifests, 

static load tests may require less time depending on the mineralogical structure of the specimen, 

whereas in ductile rocks (i.e. potash and rock salt) creep behaviour has the tendency to deform the 

rock without damage. 

 The time-dependent model CVISC (Itasca, 2011) was concluded to be an elasto-visco-

elastic-plastic model and not a visco-plastic model. The implications of this conclusion were 

demonstrated through numerical analyses (Chapter 4) by simulating static load and constant strain 

rate tests to examine the model’s response. The plastic component within the model used for 

simulating the tertiary stage of creep fails to meet its purpose as it is not coupled with a viscous 

component; consequently, it was shown to be stress-dependent and not time-dependent. The 

CVISC model has its limitations and careful attention should be paid when numerical models are 

used to simulate time-dependent behaviour. For future development, the plastic strain could be 

coupled with a damper to simulate visco-plasticity. In addition, the strength parameters could be 

coupled to creep strain (in addition to plastic strain) to simulate long-term strength degradation 

coupled to creep deformation. 
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9.3.2 Time-dependent Stress Relaxation  

Relaxation is the decrease of applied load at a constant deformation. A relaxation test represents 

an inversion of the behaviour observed in more commonly conducted creep testing. From a series 

of relaxation tests, it was determined that the axial strain-controlled test gives a more consistent 

relaxation response and is less sensitive to testing and control challenges in comparison to static 

load (creep) tests. Both single-step tests and multi-step tests were performed and it was concluded 

that the former are practically more convenient but require more samples to obtain the full 

spectrum of behaviour over the full range of loading magnitudes. 

 Relaxation multi-step tests, although requiring less specimens, if uncorrected for machine 

response using the method described in Chapter 5, underestimate the maximum relaxation stress. 

These tests can, however, be corrected to remove the additive machine-related offset error 

(acquired during the incremental testing steps) to give results consistent with the single step tests. 

It was observed that the single-step tests exhibit more stress relaxation and should be preferred to 

a multi-step test unless the results of the multi-step test are corrected by adding the amount of 

stress relaxation which occurred in the initial load-stage to each subsequent stage individually.  

 As there are no suggested guidelines for performing either single or multi-step tests on 

rock (axial control), a testing and data analysis procedure has been developed, outlined (in 

Section 5.6.1) and demonstrated. It is proposed that the maximum relaxation and applied stress 

levels be normalized to the crack initiation threshold, CI, for improved consistency (as compared 

to the average UCS) to compare data from different samples (or different rock types). 

 From the laboratory testing, it was inferred that load relaxation occurs whenever a crack 

is initiated and when stress relaxation attains an asymptotic value then the stabilization of crack 

propagation is achieved. The samples relaxed within the first hour when subjected to a stress level 

below CI for both rock types and as the stress level approached the CD stress level the time 

needed to relax increased relative to the stress increase. A better defined approach to estimate the 
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maximum stress relaxation and predict the time of the relaxation of various rock formations using 

the CI value and the Young’s Modulus was also proposed in this study. 

 One of the most important findings of this study included the observations and 

identification that there are three distinct stages of time-dependent behaviour observed in 

relaxation tests based on the standard UCS test configuration for rock. They were introduced and 

defined as the three stages (RI, RII, and RIII) of stress relaxation. The first two stages are linked to 

the counterpart stages in the creep test (constant stress). The third stage in the relaxation test 

presents a very different (inherently stable) behaviour, which is the opposite to the counterpart of 

the creep test (tertiary stage). 

9.3.3 Time-dependent Behaviour of Brittle Rocks and Long-term Strength 

Static load (creep) tests were utilized in this study (Chapter 6) in which the axial load (stress) was 

kept constant throughout the test for both single-step and multi-step tests. Although, multi-step 

tests have the advantage of attaining many data points (e.g. visco-elastic parameters at different 

stress levels) from one specimen, for the time to failure analysis it is still requires further analysis 

to demonstrate its utility.  

 The time to failure of two types of limestone, Jurassic and Cobourg samples, were 

examined and compared to various other rock types in the literature. The overall trend of the data 

was found to be in agreement with data collected from the literature. The trends were examined 

by rock type and the resulting fits for prediction of the time to failure of laboratory samples are as 

follows: 

• Sedimentary: (σ/UCS) = - 0.022ln(t) + 0.95 

• Metamorphic: (σ/UCS) = - 0.023ln(t) + 1.03 

• Igneous: (σ/UCS) = - 0.019ln(t) + 0.91 

where σ/UCS is the driving stress-ration and t refers to time. 
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 A comparison of the limestone dataset with the dataset of Lac du Bonnet granite showed 

the lower bound driving stress-ratio to cause failure of the limestone would result in a longer time 

to failure than that derived for the granite. This variance in the two rock types could be explained 

due to difference in mineralogical structures as the grain scale heterogeneity in the granite 

(polymineralic components including quartz, feldspars and mica) have different creep rates. As 

such there would be incompatible strains generated within the sample over time leading to 

internal stress concentrations and micro-cracking (damage and weakening). Such processes take 

place in the limestone however due to the uniform (homogeneity) mineralogy (more so in a pure 

limestone or marble) the creep in the calcite grains can occur with less associated damage and 

weakening which increases time to failure with more creep deformation. 

 It was also concluded that both the Jurassic and Cobourg limestone samples failed at 

stress levels above the CD threshold, or 0.8 UCS, and failure occurred within an hour. Below the 

CI threshold failure does not take place in the duration of the tested samples. For stress levels 

between the CI and CD thresholds, or 0.8 to 0.5 UCS, failure may occur during the first hours up 

to a month. In this driving stress range other parameters contribute to the long-term strength, such 

as the rate of flow or Maxwell’s viscosity. It was found that the magnitude of the Maxwell 

viscosity was an important indicator dictating if a sample would fail or not. This was an important 

discovery that could help explain why some samples fail and others do not (in the given test 

duration) when subjected to the same driving stress. 

9.3.4 Time-dependent Effects in Tunnelling and Associated Implications 

Time-dependent phenomena and their effects were discussed and a few clarifications to avoid 

misusage were made. Creep is the time-dependent strain in response to deviatoric stress and 

occurs without volume change in rocks or rockmasses. This creep strain may be accompanied by 

dilation. Swelling is always related to volume increase independent of shear strain, although shear 

with dilation can create exposed surface area which in turn enhances swelling. Squeezing is 
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related to the plastic deformation around the vicinity of an excavation that occurs due to stress 

redistribution and can activate or be associated with creep behaviour. Stress relaxation can result 

in delayed de-confinement damage and likely failure if the damage is not stabilized. Stress 

corrosion and strength degradation deteriorate and degrade the mechanical properties of rocks 

leading to loss of strength under existing stress conditions (weakening). 

 The stand-up time of the unsupported openings proposed by Bieniawski (1989) were 

related to the time-to failure and the long-term strength. In this regards, the scale-effect was 

considered to exacerbate the properties of the intact rock when transitioning to the in situ 

rockmass, assuming that in a similar manner the stress level change (increase or decrease) 

deteriorates and impacts the long-term strength and time that the rock elapses until failure. 

 The time-effect (or the fourth dimension) during tunnelling and the importance of 

considering time during the design and construction of a project was also highlighted from the 

findings of an axisymmetric parametric numerical analysis. It was shown that utilization of 

conventional methods used to predict the Longitudinal Displacement Profile of the radial 

displacements have limited applications and fail to capture the overall displacement over time. In 

this part of the thesis it was shown in detail the influence of the excavations method (Drill and 

Blast or TBM) and excavation rate, depending on the excavation time, may deteriorate or 

influence further the mechanical behaviour of the surrounding rockmass. However, only the time-

dependent deformation caused by creep behaviour was considered and simulated by utilizing the 

visco-elastic-plastic CVISC model. In addition, the model was modified in order to project the 

rockmass behaviour within a visco-elastic medium. In this regards, the influence of three sets of 

visco-elastic parameters were further investigated and it was concluded that the retardation time 

associated with the Kelvin-Voigt model, which is used to simulate the primary stage of creep, 

controls the time at which the total displacement is achieved. In conjunction, the secondary stage 

of creep behaviour, described by Maxwell model, was also examined. In this case no stabilization 

of the total displacement was observed with time with the Maxwell model. 
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9.3.5 Summary of Key Findings 

In summation, the research work presented herein provided more insight into the time-dependent 

behaviour of intact rocks, mainly focusing on stress relaxation and creep behaviour. From the 

laboratory tests performed on types of brittle limestone the existence of three distinct stages 

during stress relaxation was identified. Furthermore, from the static load tests primarily the long-

term strength of rock materials was examined and it was observed that a general trend of strength 

decay does exist in rock materials and it deviates depending on the heterogeneity and the 

rheological potential of the rock’s grain minerals. In addition, it was concluded that Maxwell’s 

viscosity is an indicator of anticipated failure. Finally, a new approach for simulating the 

rockmass response during tunnelling considering both the time-effect and the tunnel-advance was 

presented and the associated implications of the delayed deformation were highlighted. The 

significance of utilizing all available scientific and practical tools to optimize the tunnel design 

process was meticulously discussed. In this regard, this thesis work aimed to contribute with its 

main findings and scientific derived conclusions. 

9.4 Future Areas of Research 

Overall, the research presented herein aimed to give more insight into the time-dependent 

behaviour of rocks and highlight the main influences and effects. In this thesis, scientifically 

practical tools and databases were proposed that engineers and practitioners could easily use as 

preliminary guidelines when time-dependent behaviour is considered. Further research is required 

on the topic to investigate other aspects of time-dependent behaviour of rocks, enriching similar 

databases. 

 Some areas of future research would involve investigating the radial strain response 

during time-dependent behaviour, as this can be related to both creep behaviour and stress 

relaxation. Especially, in brittle rocks where the behaviour is governed by damage accumulation 

and propagation forming primarily parallel to the direction of the applied stress the investigation 
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of the radial strains could be proven to be a good indicator of damage. This research area could be 

enriched by adding Acoustic Emission analyses where the localization of damage is feasible.  

 Moreover, the investigation of ductile materials under similar boundary conditions (test 

conditions) could be considered scientifically valuable. Investigating ductile materials, such as 

rock salt, could help define the opposite bound of the behaviour under investigation.  

 Finally, in regards to time-dependent deformation taking place in an underground 

environment it would contribute to both science and practice if a complete tunnel dataset was 

utilized with monitoring data and laboratory data in a numerical back-analysis.  

9.5 Contributions 

9.5.1 Thesis-related Publications 

9.5.1.1 Journal Articles – Submitted 

1. Paraskevopoulou, C., Perras, M., Diederichs, M.S., Löw, S., Lam, T., Jensen, M. The 

three stages of stress relaxation - Observations for the long-term behaviour of rocks based 

on laboratory testing. Journal of Engineering Geology (submitted on 25.04.2016 - 

ENGEO7889). 

2. Paraskevopoulou, C., Perras, M., Diederichs, M.S., Amann, F., Löw, S., Lam, T., 

Jensen., M. Time-dependent behaviour of brittle rocks based on static load laboratory 

testing. Journal of Geotechnical and Geological Engineering (submitted on 29.06.2016 - 
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9.5.1.2 Journal Articles- to be Submitted – In Prep 

3. Paraskevopoulou, C., Diederichs, M.S. Long-term Longitudinal Displacement Profile 

(LDP) used in Convergence-Confinement Analysis for time-dependent (elasto-visco-

elastic) rockmasses (to be submitted in Tunnels and Underground Space Techlnology 
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4. Paraskevopoulou, C., Diederichs, M.S., Perras, M. Geology Matters-Investigating and 

analyzing the time-dependent behaviour of rocks, to be submitted in an international 
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5. Paraskevopoulou, C., Perras, M., Diederichs, M.S. Technical Note on the procedure and 

guidelines undertaken to derive visco-elastic parameters from relaxation tests, to be 

submitted in an international Journal (In Prep).  
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Appendix A 

The Three Stages of Stress Relaxation: Observations of the Time-

dependent Behaviour of Brittle Rocks Based on Laboratory Testing 
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Table A. 1: Results from Baseline testing for a. Jurassic limestone and b. Cobourg limestone 

a. Values for Jurassic limestone b. Values for Cobourg limestone 

Sample 
Name 

UCS 
(MPa) 

CD 
(MPa) 

CI 
(MPa) 

E* 
(GPa) 

Poisson's 
ratio* 

Sample 
Name 

UCS 
(MPa) 

CD 
(MPa) 

CI 
(MPa) 

E* 
(GPa) 

Poisson's 
ratio* 

JURA_1U 66 53 27 103 0.26 CBRG_1U 104 93 45 38 0.24 

JURA_2U 114 89 40 73 0.12 CBRG_3U 146 132 56 37 0.18 

JURA_3U 88 74 36 125 0.29 CBRG_4U 122 111 44 45 0.17 

JURA_4U 112 100 46 86 0.26 CBRG_5U 136 110 52 47 0.16 

JURA_5U 126 102 45 101 0.29 CBRG_6U 132 113 52 46 0.15 

JURA_6U 101 97 35 71 0.18 CBRG_7U 107 96 47 36 0.13 

JURA_7U 68 64 22 95 0.22 CBRG_8U 94 84 37 37 0.12 

JURA_8U 137 125 50 89 0.25 CBRG_9U 149 136 58 41 0.11 

JURA_9U 110 105 42 94 0.21 CBRG_10U 136 124 56 44 0.13 

JURA_10U 111 99 44 92 0.22             

Avg. 103 91 39 93 0.23   125 111 50 41 0.15 

St. Dev. 23 21 9 15 0.05   19 18 7 4 0.04 

*The elastic parameters were derived from the linear portion of the complete stress-strain curves. 
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Table A. 2: Change in Temperature and Relative Humidity during relaxation time. 

Multi-step Single-step 

Jura_Axial-Controlled Jura_Axial-Controlled 

Sample Name 
Temp 

(oC) 

RH 

(%) 

Relaxation Time 

(Sec) 
Sample     Name  

Temp 

(oC) 

RH 

(%) 

Relaxation Time 

(Sec) 

JURA_25R-a -1.5 -- 6994.4 JURA_27R -0.2 0.1 5804.1 

JURA_25R-b 0.5 -- 34751.0 JURA_28R -0.4 2.7 37865.3 

JURA_25R-c -0.5 -- 48830.4 JURA_29R 0.1 1.0 51576.5 

JURA_25R-d 0.0 -- 81246.8 JURA_30R -0.7 0.3 22967.5 

JURA_25R-e -0.2 -- 44087.0 JURA_31R 0.0 -2.3 60987.6 

JURA_25R-f 0.2 -- 42884.7 JURA_32R -0.4 -0.8 76535.4 

JURA_25R-g -0.5 -- 42617.5 JURA_33R -- -- 85140.5 

JURA_25R-h 0.3 -- 42775.1 JURA_34R -3.5 12.8 75077.8 

JURA_25R-i -0.3 -- 83618.9 JURA_35R -0.1 1.5 52523.4 

JURA_25R-j 0.0 -- 4320.8 JURA_36R -0.7 -1.2 270393.1 

JURA_26R-a 0.0 -- 20987.1 JURA_39R -4.3 5.2 83222.4 

JURA_26R-b -0.2 -- 72472.4 JURA_40R -0.7 5.7 89768.6 

JURA_26R-c 0.2 -- 80521.4 JURA_41R -0.7 -2.8 85947.9 

JURA_26R-d -0.1 -- 77386.0 JURA_44R 4.4 3.3 70913.501 

JURA_26R-e -0.3 -- 35372.5 Cobourg_Axial-Controlled 

JURA_26R-f 0.2 -- 50234.3 Sample # Temp 

(oC) 

RH 

(%) 

Relaxation Time 

(Sec) JURA_26R-g -0.1 -- 91664.0 CBRG_16R -2.7 -3.1 67726.2 

JURA_26R-h -0.2 -- 29330.4 CBRG_16R-b** -0.7 -2.5 50240.7 

JURA_26R-i 0.2 -- 18401.0 CBRG_17R 0.2 -4.6 5791.9 

JURA_26R-j -0.1 -- 86307.9 CBRG_17R-b** -- -- 161120.6 

Radial-Controlled CBRG_18R -0.1 7.8 69133.5 

Sample # Temp 

(oC) 

RH 

(%) 

Relaxation Time 

(sec) 

CBRG_18R-b** -- -- No relaxation data 

JURA_07R-a 1.0 -- 52459.6 CBRG_19R -0.2 -8.6 86046.5 

JURA_07R-b 0.5 -- 23029.4 CBRG_20R -0.3 5.6 73728.8 

    CBRG_21R -- -- 73784.0 

    CBRG_22R 0.6 -- 132077.0 

    CBRG_23R -0.3 -- 131298.9 

    CBRG_24R -1.5 -- 79790.7 

    CBRG_25R -2.7 -- 193521.5 

    CBRG_26R -1.8 31.7 247858.8 

    CBRG_27R 0.3 -4.4 83728.8 

    CBRG_28R -4.2 5.8 251275.4 

    CBRG_29R -3.3 -2.9 151099.8 

    CBRG_30R -1.2 5.2 152054.9 

**these samples were tested again to a higher stress level  

(-) refers to increase and (+) to decrease  
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Table A. 3: Summary of elastic and mechanical properties estimated from Relaxation testing. 

a. Values for Jurassic limestone 

Sample # 

CI (MPa)_LL -

Martin & Chandler 
1994 

CI (MPa)_UL -Martin 

& Chandler 1994 

CI (MPa) - 

Lajtai_1974 
E (GPa) 

Poisson's 

ratio 

Driving 

Stress-ratio 
(σ/UCS) 

JURA_27R 25 34 42 53 0.19 0.51 

JURA_28R 25 32 43 55 0.17 0.61 

JURA_29R 37 38 48 57 0.16 0.75 

JURA_30R 28 40 47 60 0.18 0.88 

JURA_31R 21 33 48 57 0.20 0.98 

JURA_32R 30 37 48 63 0.15 0.57 

JURA_33R 25 33 41 63 0.11 0.46 

JURA_34R 22 35 44 58 0.15 0.80 

JURA_35R 25 37 45 55 0.16 0.84 

JURA_36R 20 36 45 54 0.16 0.95 

JURA_39R -- -- -- 59 0.17 0.09 

JURA_40R -- -- -- 52 0.12 0.08 

JURA_41R -- -- -- 56 0.13 0.09 

JURA_25R-a* -- -- -- 54 0.15 0.09 

JURA_26R-a* 28 33 42 55 0.14 0.42 

b. Values for Cobourg limestone 

Sample # 

CI (MPa)_LL -

Martin & Chandler 

1994 

CI (MPa)_UL -Martin 
& Chandler 1994 

CI (MPa) - 
Lajtai_1974 

E (GPa) 
Poisson's 

ratio 

Driving 

Stress-ratio 

(σ/UCS) 

CBRG_16R 10 13 20 31 0.09 0.28 

CBRG_16R-b** 15 33 35 37 0.09 0.35 

CBRG_17R 20 31 37 38 0.15 0.35 

CBRG_17R-b** 22 47 45 41 0.16 0.69 

CBRG_18R 17 33 36 38 0.12 0.43 

CBRG_18R-b** 14 34 41 37 0.09 0.64 

CBRG_19R 20 28 33 38 0.12 0.47 

CBRG_20R 18 28 34 36 0.13 0.50 

CBRG_21R 20 39 39 38 0.11 0.59 

CBRG_22R 22 35 33 29 0.09 0.50 

CBRG_23R 15 28 32 29 0.12 0.52 

CBRG_24R 15 23 34 27 0.07 0.49 

CBRG_25R 12 32 37 32 0.13 0.59 

CBRG_26R 15 43 42 34 0.17 0.75 

CBRG_27R 19 28 40 34 0.13 0.76 

CBRG_28R 16 42 45 33 0.13 0.75 

CBRG_29R 20 27 32 27 0.12 0.50 

CBRG_30R -- -- -- 25 0.08 0.09 

*the first stage of the multi-step tests 

**these samples were tested again to a higher stress level  
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Appendix B 

Time-dependent Behaviour of Brittle Rocks on Static Load Laboratory 

Tests 
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Table B. 1: Results from Baseline testing for a. Jurassic limestone and b. Cobourg limestone 

a. Values for Jurassic limestone b. Values for Cobourg limestone 

Sample 
Name 

UCS 
(MPa) 

CD 
(MPa) 

CI 
(MPa) 

E* 
(GPa) 

Poisson's 
ratio* 

Sample 
Name 

UCS 
(MPa) 

CD 
(MPa) 

CI 
(MPa) 

E* 
(GPa) 

Poisson's 
ratio* 

JURA_1U 66 53 27 103 0.26 CBRG_1U 104 93 45 38 0.24 

JURA_2U 114 89 40 73 0.12 CBRG_3U 146 132 56 37 0.18 

JURA_3U 88 74 36 125 0.29 CBRG_4U 122 111 44 45 0.17 

JURA_4U 112 100 46 86 0.26 CBRG_5U 136 110 52 47 0.16 

JURA_5U 126 102 45 101 0.29 CBRG_6U 132 113 52 46 0.15 

JURA_6U 101 97 35 71 0.18 CBRG_7U 107 96 47 36 0.13 

JURA_7U 68 64 22 95 0.22 CBRG_8U 94 84 37 37 0.12 

JURA_8U 137 125 50 89 0.25 CBRG_9U 149 136 58 41 0.11 

JURA_9U 110 105 42 94 0.21 CBRG_10U 136 124 56 44 0.13 

JURA_10U 111 99 44 92 0.22             

Avg. 103 91 39 93 0.23   125 111 50 41 0.15 

St. Dev. 23 21 9 15 0.05   19 18 7 4 0.04 

*The elastic parameters were derived from the linear portion of the complete stress-strain curves. 
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Table B. 2: Visco-elastic (creep) parameters for sedimentary rocks 

Rock Type Class Geological Formation or Deposits  Test - Method used GK (Pa) GM (Pa) ηK (Pa*s) ηM (Pa*s) Reference Comments 

Sedimentary 

  

 

Clastic 

  

 

Conglomerate 

Lab 5.92E+04 1.92E+05 2.14E+06 2.95E+07 
Bizjak and Zupancic 

2007 

Landslide Gravel 

Material (=50%) 

Lab 1.53E+05 1.11E+06 5.02E+06 1.30E+09 
Landslide Gravel 
Material (=40%) 

Tar Sand 

Lab 1.30E+09 4.33E+08 6.67E+11 3.30E+13 

Rahman et al. 1992 

partially 

consolidated 

Sandstone 

Lab 1.30E+09 5.33E+08 9.33E+11 3.30E+13 

Lab 2.33E+09 3.33E+08 1.83E+12 1.70E+13 

Lab 1.30E+09 6.05E+08 6.67E+11 3.30E+13 

Lab 1.30E+09 7.44E+08 9.33E+12 2.50E+13 

Sandstone 

Lab 3.24E+10 3.88E+09 6.45E+15 5.10E+16 

Ahmadi et al. 2007 

  

Lab 7.46E+10 4.02E+09 9.53E+15 2.94E+16   

Lab 4.29E+10 3.88E+09 6.59E+15 2.75E+16   

Lab 9.60E+09 2.16E+09 2.27E+15 7.48E+15   

Sandstone  Lab 5.23E+11 6.50E+09 1.56E+16 1.51E+17 

Wei-ya et al. 2011 

high to medium 

coarse texture 

Sandstone Lab 5.23E+11 7.55E+09 1.56E+16 1.51E+17 
with thin-layered 

mudston 

Sandstone  Lab 5.23E+11 7.65E+09 1.56E+16 1.51E+17 

with thin-layered 

silstone and silty 

mudstone 

Sandstone Lab 5.23E+11 7.21E+09 1.56E+16 1.51E+17 

 thin-layered 

silstone,silty 
mudstone and coal 

streak 

Sandstone  Lab 4.90E+10 1.47E+09 8.64E+14 1.38E+16 

with thin-layered 

siltstone, silty 
mudsone and 

mudstone 

Sandstone  Lab 4.90E+10 3.23E+09 8.64E+14 1.38E+16 
 with pelitic 

siltstone 

Silty Musdtone Lab 4.90E+10 3.25E+09 8.64E+14 1.38E+16   

Mudstone and Siltstone Lab 4.90E+10 2.02E+09 8.64E+14 1.38E+16   
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Table B. 2: (Continued) 

Rock Type Class Geological Formation or Deposits  Test - Method used GK (Pa) GM (Pa) ηK(Pa*s) ηM (Pa*s) Reference Comments 

Sedimentary 
  

 

Clastic 

  

Mudstone Lab 
9.60E+09 2.16E+09 2.27E+15 7.48E+15 

Ahmadi et al. 2007 
  

9.50E+09 2.84E+09 1.12E+15 6.73E+15   

Claystone 

Numerical Simulations 3.49E+08 6.67E+07 6.35E+14 4.23E+15 

Zhifa et al. 2001 

  

In Situ  - 1.36E+08 - 4.80E+13   

In Situ  - 7.63E+07 - 3.73E+13   

In Situ  - 6.37E+07 - 2.86E+13   

In Situ  - 1.24E+08 - 7.12E+13   

Clay Shales In Situ  8.18E+08 1.86E+08 2.10E+13 9.21E+13 
Chin and Rogers 

1987 
  

Clay Shales 
Lab 3.07E+07 1.92E+07 4.47E+12 1.76E+14 

Bonini et al. 2009 
  

In Situ  3.07E+07 4.00E+06 4.47E+12 2.00E+17   

Shale Lab 3.50E+08 3.50E+09 4.20E+18 2.10E+16 
Sharifzadeh et al. 

2013 
  

Celadon Agrillaceous rock 
Lab 1.31E+09 4.10E+08 1.14E+15 1.06E+13 

Feng et al. 2006 

Sand and Marine 

shales of 

Hanjiadian group Numerical Simulations 1.53E+09 6.10E+08 2.89E+15 1.15E+14 

Fuchsia Argillaceous rock Lab 3.29E+09 2.17E+09 1.49E+13 3.60E+15 

Sand and Marine 

shales of 

Hanjiadian group 

Argillaceous rock Lab 9.80E+10 2.36E+09 8.64E+14 1.30E+16 Wei-ya et al. 2011 
with broken 

interlayers 

Non-

Clastic 

 

Indiana Limestone 

Lab 1.99E+11 1.45E+10 9.65E+09 - 

Hardy et al. 1970 

  

Lab 1.59E+11 1.72E+10 8.25E+09 2.44E+11   

Lab 1.11E+11 1.59E+10 6.61E+09 1.87E+11   

Lab 9.38E+10 1.52E+10 5.30E+09 7.35E+10   

Lab 5.38E+10 1.38E+10 3.32E+09 7.12E+10   
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Table B. 2: (Continued) 

Rock Type Class Geological Formation or Deposits  Test - Method used GK (Pa) GM (Pa) ηK (Pa*s) ηM (Pa*s) Reference Comments 

Sedimentary 
  

 

Non-
Clastic 

   

 Limestone In Situ 1.95E+08 2.20E+08 3.92E+13 5.84E+16 
Chin and Rogers 

1987 
Weathered 

Jurassic Limestne 

Lab 7.5E+08 1.2E+07 9.7E+21 1.0E+15 

Paraskebopoulou et 

al. 2016 

  

Lab 4.8E+08 1.1E+07 1.7E+19 1.7E+15   

Lab 6.0E+08 3.5E+07 3.1E+20 4.1E+13   

Lab 6.0E+08 3.5E+07 3.1E+20 4.1E+13   

Lab 3.3E+08 6.8E+06 3.0E+20 6.6E+13   

Lab 8.1E+08 3.5E+07 3.3E+21 2.5E+14   

Lab 3.4E+08 2.0E+07 9.1E+20 1.4E+14   

Lab 1.2E+10 9.2E+06 4.6E+21 2.8E+12   

Lab 6.9E+08 1.8E+07 2.4E+19 2.7E+12   

Lab 5.0E+08 9.6E+06 9.2E+18 9.0E+14   

Lab 4.8E+08 8.6E+06 9.6E+18 1.5E+12   

Lab 5.1E+08 7.6E+07 1.1E+19 1.6E+15   

Lab 3.1E+09 4.0E+06 1.1E+22 4.7E+13   

Cobourg Limestone 

Lab 2.04E+10 1.49E+08 1.96E+17 4.79E+13 

Paraskebopoulou et 
al. 2016 

  

Lab 5.18E+08 1.66E+08 1.53E+16 1.78E+14   

Lab 2.65E+08 2.16E+08 4.46E+15 4.79E+13   

Lab 2.20E+08 1.50E+09 1.78E+15 8.36E+14   

Lab 2.26E+08 2.74E+09 5.20E+15 7.13E+14   

Dolomite 

In Situ  8.23E+08 2.98E+08 1.12E+14 4.44E+15 

Korzeniowski et al. 

1991 

  

In Situ  7.40E+08 2.53E+08 8.90E+13 3.98E+15   

In Situ  7.62E+08 4.59E+08 7.68E+13 4.14E+15   

In Situ  9.56E+08 3.08E+08 1.24E+14 4.80E+15   

In Situ  7.45E+08 2.18E+08 7.63E+13 4.33E+15   

Potash Lab 2.00E+09 4.00E+09 6.00E+11 2.40E+14 
Minkley et al. 2001 

Evaporites 

Carnallitic rock  Lab 2.00E+09 4.00E+09 8.64E+14 3.46E+11 Evaporites 

Rock Salt 
Lab 9.10E+09 9.00E+08 6.39E+11 3.21E+10 

Jandakaew 2007 
Evaporites 

Lab 9.10E+09 1.30E+09 6.65E+11 3.21E+10 Evaporites 
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Table B. 2: (Continued) 

Rock Type Class Geological Formation or Deposits  Test - Method used GK (Pa) GM (Pa) ηK (Pa*s) ηM(Pa*s) Reference Comments 

Sedimentary 

  

 

Non-Clastic 
   

Clauberite Rock Salt 

Lab 9.72E+10 8.09E+09 6.50E+14 2.63E+16 

Zhang et al. 2012 

Evaporites 

Lab 1.08E+11 9.66E+09 1.44E+15 2.44E+16 Evaporites 

Lab 3.53E+10 8.95E+09 1.86E+15 1.14E+16 Evaporites 

Lab 2.64E+10 7.20E+09 7.59E+14 5.37E+15 Evaporites 

Anydrite Rock Salt 

Lab 2.14E+11 2.20E+10 1.12E+15 1.72E+16 Evaporites 

Lab 6.73E+10 1.99E+10 1.72E+15 1.20E+16 Evaporites 

Lab 2.39E+10 1.20E+10 5.58E+14 8.39E+15 Evaporites 

Lab 2.19E+10 8.41E+09 1.18E+15 4.96E+15 Evaporites 

Argillaceous Rock Salt 

Lab 9.56E+10 2.24E+10 5.54E+14 3.77E+16 Evaporites 

Lab 1.81E+11 2.08E+10 5.98E+15 4.88E+16 Evaporites 

Lab 2.15E+11 1.89E+10 1.24E+16 4.49E+16 Evaporites 

Lab 6.00E+10 1.40E+12 1.62E+17 3.24E+15 Evaporites 

Rock Salt  Numerical Simulations 8.90E+08 3.55E+09 1.28E+15 1.82E+14 Liu et al. 2016 Evaporites 

Coal 

In Situ  1.45E+08 1.86E+08 2.00E+08 1.03E+13 

Chen and Chugh 1996 

Organic 

In Situ  2.90E+08 3.59E+08 2.90E+07 8.28E+12 Organic 

In Situ  2.07E+08 2.55E+08 1.66E+07 5.03E+12 Organic 

In Situ  6.14E+08 1.10E+08 1.72E+07 2.62E+13 Organic 

In Situ  2.07E+08 2.07E+08 1.10E+08 6.90E+12 Organic 

In Situ  1.31E+09 2.28E+08 1.24E+09 1.38E+13 Organic 

In Situ  3.59E+08 9.66E+07 1.86E+08 1.79E+13 Organic 

In Situ  8.28E+06 4.90E+09 6.69E+09 1.52E+14 Organic 

In Situ  1.86E+09 2.14E+09 3.79E+08 4.41E+13 Organic 

In Situ  2.21E+09 3.10E+09 3.52E+08 8.28E+14 Organic 

In Situ  2.55E+08 8.28E+07 1.03E+11 3.24E+12 Organic 

In Situ  4.14E+07 5.52E+08 1.66E+10 1.03E+12 Organic 

In Situ  5.66E+08 2.41E+08 4.97E+10 2.00E+13 Organic 

In Situ  3.66E+08 4.14E+08 1.52E+11 8.28E+12 Organic 

Lab 4.07E+09 1.38E+09 2.69E+12 6.57E+14 Organic 

Lab 8.07E+09 3.66E+09 4.48E+12 3.14E+14 Organic 

Chalk Lab 1.10E+11 2.00E+10 9.93E+14 5.46E+16 Abass et al. 2006 Organic 
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Table B. 3: Visco-elastic (creep) parameters for metamorphic rocks  

Rock Type Class Geological Formation or Deposits  Test - Method used GK (Pa) GM (Pa) ηK (Pa*s) ηM(Pa*s) Reference Comments 

Metamorphic 

Non-

foliated 
Quartzite Lab 6.00E+10 1.40E+12 1.62E+17 3.24E+15 Malan et al. 1997   

  Quartzite In Situ  1.47E+11 5.00E+12 8.28E+15 9.00E+14 Malan et al. 1998   

Slightly 
foliated 

Gneiss Lab 1.22E+09 1.22E+09 1.00E+20 1.00E+20 Apuani et al. 2007   

  Mylonite Lab 6.73E+08 6.73E+08 1.00E+19 1.00E+19 Apuani et al. 2007   

Foliated Phyllite Lab 2.80E+10 1.60E+10 3.06E+14 9.00E+15 Lu et al. 2015 
in saturated 

conditions 

 

 

Table B. 4: Visco-elastic (creep) parameters for igneous rocks 

Rock Type Class Geological Formation or Deposits  Test - Method used GK (Pa) GM (Pa) ηK (Pa*s) ηM (Pa*s) Reference Comments 

Igneous 

Plutonic 

Granite In Situ  7.00E+11 5.10E+10 3.70E+14 9.50E+18 

Shen and Xu 2007 

Fresh or 

Microweathering  

Granite In Situ  2.00E+11 4.00E+10 8.50E+13 3.50E+17 Weak-weathering  

Granite In Situ  6.00E+10 3.00E+10 3.60E+13 8.50E+18 Weak-weathering 

Granite In Situ  8.00E+10 4.00E+10 7.80E+13 3.00E+17 
Weathered (fault 

area) 

Granite In Situ  5.00E+10 3.00E+10 1.80E+13 8.00E+17 
Weathered (fault 

area) 

Volcanic 

Andesite 

Numerical 
Simulations 

6.00E+08 3.85E+08 5.00E+15 2.50E+17 

Guan et al. 2008 

Lava 

Numerical 

Simulations 
8.00E+08 3.85E+08 5.00E+16 5.00E+17 Lava 

Numerical 
Simulations 

4.00E+08 3.85E+08 2.50E+16 2.50E+17 Lava 

Lava Lab  8.80E+10 2.10E+12 6.48E+17 1.37E+16 Malan et al. 1997   

Tuff In Situ  3.39E+08 4.97E+08 2.13E+13 6.06E+13 Chin and Rogers 1987   

 

 

 

 

 

 

 

  



 

 288 

Table B. 5: Visco-elastic (creep) parameters for complex geological systems rocks 

Rock Type Class Geological Formation or Deposits  Test - Method used GK (Pa) GM (Pa) ηK (Pa*s) ηM  (Pa*s) Reference Comments 

Complex 
Geological 

Systems 

Sedimentary 

based 

Deposits and Flysh In Situ  2.50E+08 3.84E+08 2.10E+19 2.10E+19 Marcato et al. 2009   

Carboniforeous Formation 

In Situ  4.98E+08 5.76E+08 1.35E+14 8.82E+14 Barla et al. 2008 

Shists, Sandstones, Coal, 

Clay-like Shales & 
Cataclastic Rocks 

Lab  4.98E+08 5.66E+08 1.34E+14 8.82E+14 Barla et al. 2010 
Shists, Sandstones, Coal, 

Clay-like Shales & 

Cataclastic Rocks 

In Situ  1.80E+05 7.60E+06 1.08E+15 1.08E+16 Pellet 2010 

Shists, Sandstones, Coal, 

Clay-like Shales & 

Cataclastic Rocks 

Hard Sandstone, Psammites, 
Schists, Shale and Coal, Cataclasite 

Numerical Simulations 2.50E+08 2.50E+08 5.40E+14 3.02E+15 

Mahn et a. 2015 

  

Numerical Simulations 2.50E+08 2.50E+08 1.08E+14 8.64E+14   

Numerical Simulations 2.50E+08 5.50E+08 1.90E+14 1.19E+15   
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Table B. 6: Summary of elastic and mechanical properties estimating for a. Jurassic limestone 

and b. Cobourg limestone from the static load testing. 

a. Values for Jurassic limestone 

Sample Name CI (MPa) E (GPa) Poisson's ratio 

JURA_4S* 52 41.3 0.12 

JURA_5S 31 28.7 0.25 

JURA_6S 50 31.3 0.14 

JURA_8S 49 11.3 0.19 

JURA_9S* 44 26.5 0.04 

JURA_37S 46 32.8 0.13 

JURA_38S 46 15.4 0.16 

JURA_42S 52 31.2 0.16 

JURA_43S 57 16.5 0.13 

JURA_44S 24 8.1 0.13 

JURA_45S 35 23.6 0.18 

JURA_46S 35 23.6 0.18 

b. Values for Cobourg limestone 

Sample Name CI (MPa) E (GPa) Poisson's ratio 

Cobourg_5S 31 31.4 0.15 

Cobourg_7S 41 43.2 0.25 

Cobourg_8S* 40 30.3 0.13 

Cobourg_9S 33 43.0 0.20 

Cobourg_12S 31 52.9 0.28 

*multi-step tests 
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Table B. 7. Summary of the static load testing results for a. Jurassic limestone and b. Cobourg 

limestone. 

a. Values for Jurassic limestone 

Sample Name 

Creep 

Stress 

(MPa) 

Time 

(sec) 

Driving 

Stress-ratio 

(σ/UCS) 

Crack Initiation 

Stress-ratio 

(σ/CI) 

Status (Failure / 

No Failure) 

JURA_4S-1* 89 56536 0.64 1.71 NF 

JURA_4S-2* 101 1350000 0.73 1.94 F 

JURA_5S 72 2871 0.87 2.32 F 

JURA_6S 93 52294 0.70 1.86 NF 

JURA_8S 91 269817 0.70 1.86 NF 

JURA_9S-1* 71 13937 0.61 1.61 NF 

JURA_9S-2* 73 537297 0.62 1.66 NF 

JURA_37S 79 7861686 0.65 1.72 NF 

JURA_38S 65 7868315 0.53 1.41 NF 

JURA_42S 87 3888000 0.63 1.67 NF 

JURA_43S 74 4417200 0.49 1.30 NF 

JURA_44S 52 11 0.81 2.17 F 

JURA_45S 87 30 0.93 2.49 F 

JURA_46S 58 166537 0.62 1.66 NF 

b. Values for Cobourg limestone 

Sample Name 

Creep 

Stress 

(MPa) 

Time 

(sec) 

Driving 

Stress-ratio 

(σ/UCS) 

Crack Initiation 

Stress-ratio (σ/CI) 

Status (Failure / 

No Failure) 

Cobourg_5S 66 251 0.84 2.13 F 

Cobourg_7S 82 1.8 0.96 2.41 F 

Cobourg_8S-1* 66 2539 0.65 1.65 NF 

Cobourg_8S-2* 72 925000 0.71 1.80 NF 

Cobourg_8S-3* 77 575400 0.76 1.93 NF 

Cobourg_8S-4* 85 3 0.84 2.13 F 

Cobourg_9S 73 112 0.88 2.21 F 

Cobourg_12S 75 3.5 0.96 2.42 F 

*multi-step tests 
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Appendix C 

Laboratory Tests Results 

 Nomenclature 

 

JURA  Jurassic limestone 

CBRG  Cobourg limestone 

JURA_xU Jurassic limestone sample (x) used in UCS Baseline testing series 

CBRG_xU Cobourg limestone sample (x) used in UCS Baseline testing series 

JURA_xR Jurassic limestone sample (x) used in Stress Relaxation testing series 

CBRG_xR Cobourg limestone sample(x) used in Stress Relaxation testing series 

JURA_xS Jurassic limestone sample (x) used in Static Load (Creep) testing series 

CBRG_xS Cobourg limestone sample(x) used in Static Load (Creep) testing series 
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Test Type: UCS 

Sample Name: JURA_1U 

 

 

Figure C-1.1: View of the: a) North and b) 

South side of sample JURA_1U. 

 

 

Figure C-1.3: Stress-strain curves of sample JURA_1U. 

 

 

Figure C-1.2: Thin sections of sample 

JURA_1U: a) plain transmitted light and b) 

crossed-polarized light. 

 

Length (mm): 144.76 

Diameter (mm): 55.69 

Weight (g): 921.30 
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Test Type: UCS 

Sample Name: JURA_2U 

 

Figure C-2.1: View of the: a) North and  

b) South side of sample JURA_2U. 

 

 

Figure C-2.2: Stress-strain curves of sample JURA_2U. 

Length (mm): 144.40 

Diameter (mm): 55.67 

Weight (g): 931.99 

 

Test Type: UCS 

Sample Name: JURA_3U 
 

 

Figure C-3.1: View of the: a) North and b) 

South side of sample JURA_3U. 

 

Figure C-3.2: Stress-strain curves of sample JURA_3U. 

Length (mm): 148.45 

Diameter (mm): 55.65 

Weight (g): 959.97 
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Test Type: UCS 

Sample Name: JURA_4U 

 

 

Figure C-4.1: View of the: a) North and b) 

South side of sample JURA_4U. 

 

 

Figure C-4.2: Stress-strain curves of sample JURA_4U. 

Length (mm): 149.65 

Diameter (mm): 55.68 

Weight (g): 927.16 
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Test Type: UCS 

Sample Name: JURA_5U 

 

 

Figure C-5.1: View of the: a) North and b) 

South side of sample JURA_5U. 

 

 

Figure C-5.3: Stress-strain curves of sample JURA_5U. 

 

 

Figure C-1.2: Thin sections of sample 

JURA_5U: a) plain transmitted light and b) 

crossed-polarized light. 

 

Length (mm): 145.89 

Diameter (mm): 55.63 

Weight (g): 924.26 
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Test Type: UCS 

Sample Name: JURA_6U 

 

 

Figure C-6.1: View of the: a) North and b) 

South side of sample JURA_6U. 

 

 

Figure C-6.2: Stress-strain curves of sample JURA_6U. 

Length (mm): 147.45 

Diameter (mm): 55.64 

Weight (g): 931.96 
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Test Type: UCS 

Sample Name: JURA_7U 

 

 

Figure C-7.1: View of the: a) North and b) 

South side of sample JURA_7U. 

 

 

Figure C-7.3: Stress-strain curvse of sample JURA_7U. 

 

 

Figure C-7.2: Thin sections of sample 

JURA_7U: a) plain transmitted light and b) 

crossed-polarized light. 

 

Length (mm): 148.69 

Diameter (mm): 55.64 

Weight (g): 951.59 
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Test Type: UCS 

Sample Name: JURA_8U 

 

 

Figure C-8.1: View of the: a) North and b) 

South side of sample JURA_8U. 

 

Figure C-8.2: Stress-strain curves of sample JURA_8U. 

Length (mm): 145.87 

Diameter (mm): 55.67 

Weight (g): 926.23 

 

Test Type: UCS 

Sample Name: JURA_9U 

Figure C-9.1: View of the a) North and b) 

South side of sample JURA_9U. 

 

Figure C-9.2: Stress-strain curves of sample JURA_9U. 

Length (mm): 147.21 

Diameter (mm): 55.71 

Weight (g): 934.05 
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Test Type: UCS 

Sample Name: JURA_10U 

 

 

Figure C-10.1: View of the: a) North and b) 

South side of sample JURA_10U. 

 

Figure C-10.2: Stress-strain curves of sample JURA_10U. 

Length (mm): 143.68 

Diameter (mm): 55.60 

Weight (g): 911.25 
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Test Type: UCS 

Sample Name: CBRG_1U 

 

 

Figure C-11.1: View of the a) North and b) 

South side of sample CBRG_1U. 

 

 

Figure C-11.3: Stress-strain curves of sample CBRG_1U. 

 

 

Figure C-11.2: Thin sections of sample 

CBRG_1U: a) plain transmitted light and b) 

crossed-polarized light. 

 

Length (mm): 128.91 

Diameter (mm): 55.03 

Weight (g): 845.65 
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Test Type: UCS 

Sample Name: CBRG_3U 

 

 

Figure C-12.1: View of the a) North and b) 

South side of sample CBRG_3U. 

 

Figure C-12.2: Stress-strain curves of sample CBRG_3U. 

Length (mm): 118.94 

Diameter (mm): 56.02 

Weight (g): 780.23 
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Test Type: UCS 

Sample Name: CBRG_4U 

 

 

Figure C-13.1: View of the: a) North and b) 

South side of sample CBRG_4U. 

 

 

Figure C-13.3: Stress-strain curves of sample CBRG_4U. 

 

 

Figure C-13.2: Thin sections of sample 

CBRG_4U: a) plain transmitted light and b) 

crossed-polarized light. 

 

Length (mm): 142.21 

Diameter (mm): 56.02 

Weight (g): 931.67 
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Test Type: UCS 

Sample Name: CBRG_5U 

 

 

Figure C-14.1: View of the: a) North and b) 

South side of sample CBRG_5U. 

 

Figure C-14.2: Stress-strain curves of sample CBRG_5U. 

Length (mm): 142.24 

Diameter (mm): 56.02 

Weight (g): 932.23 
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Test Type: UCS 

Sample Name: CBRG_6U 

 

 

Figure C-15.1: View of the: a) North and b) 

South side of sample CBRG_6U. 

 

 

Figure C-15.3: Stress-strain curves of sample CBRG_6U. 

 

 

Figure C-15.2: Thin sections of sample 

CBRG_6U: a) plain transmitted light and b) 

crossed-polarized light. 

 

Length (mm): 145.62 

Diameter (mm): 56.02 

Weight (g): 955.11 
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Test Type: UCS 

Sample Name: CBRG_7U 

 

 

Figure C-16.1: View of the: a) North and b) 

South side of sample CBRG_7U. 

 

 

Figure C-16.3: Stress-strain curves of sample CBRG_7U. 

 

 

Figure C-16.2: Thin section of sample 

CBRG_7U: a) plain transmitted light and b) 

crossed-polarized light. 

 

Length (mm): 141.03 

Diameter (mm): 55.98 

Weight (g): 922.88 
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Test Type: UCS 

Sample Name: CBRG_8U 

 

 

Figure C-17.1: View of the: a) North and b) 

South side of sample CBRG_8U. 

 

Figure C-17.2: Stress-strain curves of sample CBRG_8U. 

Length (mm): 129.94 

Diameter (mm): 55.98 

Weight (g): 851.69 
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Test Type: UCS 

Sample Name: CBRG_9U 

 

 

Figure C-18.1: View of the: a) North and b) 

South side of sample CBRG_9U. 

 

 

Figure C-18.3: Stress-strain curves of sample CBRG_9U. 

 

 

Figure C-18.2: Thin sections of sample 

CBRG_9U: a) plain transmitted light and b) 

crossed-polarized light. 

 

Length (mm): 134.89 

Diameter (mm): 55.95 

Weight (g): 881.77 
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Test Type: UCS 

Sample Name: CBRG_10U 

 

 

Figure C-19.1: View of the: a) North and b) 

South side of sample CBRG_10U. 

 

Figure C-19.2: Stress-strain curves of sample CBRG_10U. 

Length (mm): 143.25 

Diameter (mm): 55.78 

Weight (g): 831.21 
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Test Type: RELAXATION (radial-controlled) 

Sample Name: JURA_1R 

Figure C-20.1: View of the: a) North and  

b) South side of sample JURA_1R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-20.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_1R. 

  

Length (mm): 146.50 

Diameter (mm): 55.70 

Weight (g): 720.37 
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Test Type: RELAXATION (radial-controlled) 

Sample Name: JURA_2R 

Figure C-21.1: View of the: a) North and  

b) South side of sample JURA_2R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-21.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_2R. 

  

Length (mm): 146.29 

Diameter (mm): 55.71 

Weight (g): 723.68 
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Test Type: RELAXATION (radial-controlled) 

Sample Name: JURA_7R 

Figure C-22.1: View of the: a) North and 

 b) South side of sample JURA_7R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-22.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_7R. 

 

  

Length (mm): 146.57 

Diameter (mm): 55.68 

Weight (g): 831.62 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: JURA_25R 

Figure C-23.1: View of the: a) North and  

b) South middle side of sample JURA_25R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-23.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_25R. 

 

Length (mm): 146.16 

Diameter (mm): 55.89 

Weight (g): -- 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: JURA_26R 

Figure C-24.1: View of a) North and 

 b) middle side of sample JURA_26R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-24.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_26R. 

 

 

  

Length (mm): 146.59 

Diameter (mm): 55.82 

Weight (g): 938.39 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: JURA_27R 

Figure C-25.1: View of a) North and  

b) middle side of sample JURA_27R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-25.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_27R. 

  

Length (mm): 145.90 

Diameter (mm): 55.83 

Weight (g): 924.43 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: JURA_28R 

Figure C-26.1: View of a) North and  

b) middle side of sample JURA_28R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-26.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_28R. 

 

  

Length (mm): 143.25 

Diameter (mm): 55.78 

Weight (g): 907.13 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: JURA_29R 

Figure C-27.1: View of a) North and  

b) middle side of sample JURA_29R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-27.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_29R. 

 

 

  

Length (mm): 145.32 

Diameter (mm): 55.74 

Weight (g): 922.53 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: JURA_30R 

Figure C-28.1: View of a) North and  

b) middle side of sample JURA_30R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-28.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_30R. 

  

Length (mm): 140.42 

Diameter (mm): 55.77 

Weight (g): 901.30 



 

 318 

Test Type: RELAXATION (axial-controlled) 

Sample Name: JURA_31R 

Figure C-29.1: View of a) North and  

b) middle side of sample JURA_31R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-29.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_31R. 

  

Length (mm): 139.04 

Diameter (mm): 55.81 

Weight (g): 881.93 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: JURA_32R 

Figure C-30.1: View of a) North and  

b) middle side of sample JURA_32R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-30.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_32R. 

 

 

Length (mm): 131.32 

Diameter (mm): 55.74 

Weight (g): 831.21 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: JURA_33R 

Figure C-31.1: View of a) North and  

b) middle side of sample JURA_33R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-31.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_33R. 

 

  

Length (mm): 146.75 

Diameter (mm): 55.74 

Weight (g): 831.21 



 

 321 

Test Type: RELAXATION (axial-controlled) 

Sample Name: JURA_34R 

Figure C-32.1: View of North side of sample JURA_34R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-32.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_34R. 

 

 

 

  

Length (mm): 135.44 

Diameter (mm): 55.70 

Weight (g): 831.21 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: JURA_35R 

Figure C-33.1: View of a) North and  

b) middle side of sample JURA_35R. 

 

 

 

 

Figure C-33.2: Thin sections of sample JURA_35R: 

a) plain transmitted light and b) crossed-polarized 

light 

 

 

 

 

 

 

 

Figure C-33.3: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_35R. 

  

Length (mm): 134.17 

Diameter (mm): 55.76 

Weight (g): 853.25 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: JURA_36R 

Figure C-34.1: View of a) North and  

b) middle Side of sample JURA_36R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-34.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_36R. 

 

  

Length (mm): 128.49 

Diameter (mm): 55.76 

Weight (g): 814.45 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: JURA_39R 

Figure C-35.1: View of a) North and  

b) middle side of sample JURA_39R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-35.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_39R. 

 

  

Length (mm): 130.64 

Diameter (mm): 55.78 

Weight (g): 827.75 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: JURA_40R 

Figure C-36.1: View of a) North and  

b) South side of sample JURA_40R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-36.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_40R. 

 

  

Length (mm): 137.72 

Diameter (mm): 55.78 

Weight (g): 875.50 



 

 326 

Test Type: RELAXATION (axial-controlled) 

Sample Name: JURA_41R 

Figure C-37.1: View of a) North and  

b) middle side of sample JURA_41R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-37.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_41R. 

 

  

Length (mm): 135.30 

Diameter (mm): 55.82 

Weight (g): 857.40 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: JURA_44R 

Figure C-38.1: View of the: a) North and  

b) South side of sample JURA_44R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-38.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_44R. 

 

  

Length (mm): 132.78 

Diameter (mm): 55.76 

Weight (g): 841.87 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: CBRG_16R 

Figure C-39.1: View of the: a) North and  

b) South side of sample CBRG_16R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-39.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_16R. 

 

 

 

  

Length (mm): 165.00 

Diameter (mm): 55.78 

Weight (g): 1072.2 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: CBRG_16R-b (re-tested) 

Figure C-39.3: View of the: a) North and  

b) South side of sample CBRG_16R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-39.3: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_16R-b. 

 

 

 

  

Length (mm): 165.00 

Diameter (mm): 55.78 

Weight (g): 1072.2 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: CBRG_17R 

Figure C-40.1: View of the: a) North and  

b) South side of sample CBRG_17R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-40.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_17R. 

 

 

  

Length (mm): 161.28 

Diameter (mm): 55.78 

Weight (g): 1049.5 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: CBRG_17R-b (re-tested) 

Figure C-40.1: View of the: a) North and  

b) South side of sample CBRG_17R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-40.3: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_17R-b. 

 

 

  

Length (mm): 161.28 

Diameter (mm): 55.78 

Weight (g): 1049.5 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: CBRG_18R 

 

Figure C-41.1: View of the: a) North and  

b) South side of sample CBRG_18R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-41.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_18R. 

  

Length (mm): 166.71 

Diameter (mm): 55.76 

Weight (g): 1084.30 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: CBRG_19R 

Figure C-42.1: View of the: a) North and  

b) South side of sample CBRG_19R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-42.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_19R. 

 

  

Length (mm): 149.58 

Diameter (mm): 55.72 

Weight (g): 973.2 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: CBRG_20R 

Figure C-43.1: View of a) North and  

b) middle side of sample CBRG_20R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-43.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_20R. 

  

Length (mm): 137.67 

Diameter (mm): 55.75 

Weight (g): 895.84 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: CBRG_21R 

Figure C-44.1: View of a) North and  

b) middle side of sample CBRG_21R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-44.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_21R. 

  

Length (mm): 144.97 

Diameter (mm): 55.75 

Weight (g): 942.51 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: CBRG_22R 

Figure C-45.1: View of a) North and  

b) middle side of sample CBRG_22R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-45.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_22R. 

 

  

Length (mm): 130.71 

Diameter (mm): 55.74 

Weight (g): 846.20 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: CBRG_23R 

Figure C-46.1: View of a) North and  

b) South Side of sample CBRG_23R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-46.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_23R. 

 

 

  

Length (mm): 128.58 

Diameter (mm): 55.74 

Weight (g): 817.64 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: CBRG_24R 

Figure C-47.1: View of a) North and  

b) South side of sample CBRG_24R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-47.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_24R. 

 

 

  

Length (mm): 127.07 

Diameter (mm): 55.77 

Weight (g): 822.78 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: CBRG_25R 

Figure C-48.1: View of the West side of sample 

CBRG_25R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-48.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_25R. 

 

 

  

Length (mm): 128.47 

Diameter (mm): 55.74 

Weight (g): 832.63 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: CBRG_26R 

Figure C-49.1: View of the: a) North and  

b) South side of sample CBRG_26R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-49.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_26R. 

  

Length (mm): 127.01 

Diameter (mm): 55.73 

Weight (g): 824.4 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: CBRG_27R 

Figure C-50.1: View of a) North and  

b) middle side of sample CBRG_27R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 

C-50.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_27R. 

 

  

Length (mm): 128.23 

Diameter (mm): 55.75 

Weight (g): 832.62 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: CBRG_28R 

Figure C-51.1: View of the: a) North and  

b) South side of sample CBRG_28R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-51.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_28R. 

 

 

  

Length (mm): 131.30 

Diameter (mm): 55.77 

Weight (g): 852.13 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: CBRG_29R 

Figure C-52.1: View of the: a) North and  

b) South side of sample CBRG_29R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 

C-52.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_29R. 

 

  

Length (mm): 127.73 

Diameter (mm): 55.74 

Weight (g): 827.20 
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Test Type: RELAXATION (axial-controlled) 

Sample Name: CBRG_30R 

Figure C-53.1: View of the: a) North and  

b) South side of sample CBRG_30R. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-53.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_30R. 

 

 

  

Length (mm): 115.35 

Diameter (mm): 55.73 

Weight (g): 748.60 
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Test Type: STATIC LOAD 

Sample Name: JURA_4S 

Figure C-54.1: View of the: a) North and  

b) South side of sample JURA_4S (JURA_4R). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-54.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_4S.  

Length (mm): 145.00 

Diameter (mm): 55.00 

Weight (g): -- 
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Test Type: STATIC LOAD 

Sample Name: JURA_5S 

Figure C-55.1: View of the: a) North and  

b) South side of sample JURA_5S (JURA_5R). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-55.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_5S.  

Length (mm): 146.22 

Diameter (mm): 55.82 

Weight (g): 725.7 
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Test Type: STATIC LOAD 

Sample Name: JURA_6S 

 

Figure C-56.1: View of the: a) North and  

b) South side of sample JURA_6S (JURA_6R). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-56.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_6S.  

Length (mm): 145.00 

Diameter (mm): 55.00 

Weight (g): -- 
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Test Type: STATIC LOAD 

Sample Name: JURA_8S 

Figure C-57.1: View of the: a) North and  

b) South side of sample JURA_8S (JURA_8R). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-57.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_8S. 

  

Length (mm): 147.50 

Diameter (mm): 55.80 

Weight (g): -- 
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Test Type: STATIC LOAD 

Sample Name: JURA_9S 

Figure C-58.1: View of the: a) North and  

b) South side of sample JURA_9S (JURA_9R). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-58.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_9S.  

Length (mm): 146.60 

Diameter (mm): 56.10 

Weight (g): -- 
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Test Type: STATIC LOAD 

Sample Name: JURA_37S 

Figure C-59.1: View of the: a) North and  

b) South side of sample JURA_37S (JURA_37R). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-59.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_37S.  

Length (mm): 135.62 

Diameter (mm): 55.79 

Weight (g): 859.68 
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Test Type: STATIC LOAD 

Sample Name: JURA_38S 

Figure C-60.1: View of the: a) North and b) South 

Side of sample JURA_38S (JURA_38R). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-60.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_38S.  

Length (mm): 130.96 

Diameter (mm): 55.76 

Weight (g): 827.75 
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Test Type: STATIC LOAD 

Sample Name: JURA_42S 

Figure C-61.1: View of the: a) North and  

b) South side of sample JURA_42S (JURA_42R). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-62.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_42S. 

  

Length (mm): 130.29 

Diameter (mm): 55.77 

Weight (g): 825.08 



 

 353 

Test Type: STATIC LOAD 

Sample Name: JURA_43S 

Figure C-63.1: View of the: a) North and  

b) South side of sample JURA_43S (JURA_43R). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-63.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_43S. 

  

Length (mm): 128.545 

Diameter (mm): 56.76 

Weight (g): 813.84 
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Test Type: STATIC LOAD 

Sample Name: JURA_44S 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-64.1: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_44S.  

Length (mm): 132.78 

Diameter (mm): 56.76 

Weight (g): 841.87 
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Test Type: STATIC LOAD 

Sample Name: JURA_45S 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-65.1: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_45S.  

Length (mm): 135.08 

Diameter (mm): 55.76 

Weight (g): 859.10 
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Test Type: STATIC LOAD 

Sample Name: JURA_46S 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-66.1: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample JURA_46S.  

Length (mm): 135.08 

Diameter (mm): 56.76 

Weight (g): 859.10 
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Test Type: STATIC LOAD 

Sample Name: CBRG_5S 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-67.1: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_5S. 

  

Length (mm): 142.24 

Diameter (mm): 56.02 

Weight (g): 932.23 
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Test Type: STATIC LOAD 

Sample Name: CBRG_7S 

Figure C-68.1: View of sample CBGR_7S, ready for 

testing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-68.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_7S. 

  

Length (mm): 141.03 

Diameter (mm): 56.99 

Weight (g): 922.88 
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Test Type: STATIC LOAD 

Sample Name: CBRG_8S 

Figure C-69.1: View of sample CBGR_8S, ready for 

testing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-69.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_8S.  

Length (mm): 124.94 

Diameter (mm): 56.98 

Weight (g): 851.69 
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Test Type: STATIC LOAD 

Sample Name: CBRG_9S 

Figure C-70.1: View of sample CBGR_9S,  

ready for testing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-70.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_9S.  

Length (mm): 134.86 

Diameter (mm): 55.95 

Weight (g): 881.77 
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Test Type: STATIC LOAD 

Sample Name: CBRG_12S 

Figure C-71.1: View of sample CBGR_12S,  

ready for testing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C-71.2: a) Stress-strain, b) Stress-time, 

 and c) Strain-time response of sample CBRG_12S. 

Length (mm): 162.5575 

Diameter (mm): 56.03 

Weight (g): 1066.15 


