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Abstract Cumulative elastic and inelastic strain and

associated internal stress changes as well as damage

evolution over time in brittle rocks control the long-

term evolution of the rockmass around underground

openings or the land surface settlement. This long-

term behaviour is associated with time-dependent

deformation and is commonly investigated under

static load (creep) conditions in laboratory scale. In

this study, low Jurassic and Cobourg limestone

samples were tested at different static load levels in

unconfined conditions to examine the time to failure.

Comparisons are made with longterm testing data in

granites and limestones associated with the Canadian

nuclear waste program and other data from the

literature. Failure typically occurred within the time

limits of the test program (4 months) with axial

(differential) stress levels near or above the crack

damage threshold (CD) estimated from baseline

testing. The results also suggest that the time to failure

of limestone is longer than that of granite at a given

driving stress. Further insight into samples that did not

reach failure was investigated and it was found that

there was a clear division between failure and no

failure samples based on the Maxwell viscosity of the

samples tested (indicating that viscosity changes near

the yield threshold of these rocks. Furthermore,

samples showed a clear tendency towards failure

within minutes to hours when loaded above CD and no

failure was shown for samples loaded below CI (crack

initiation threshold). Samples loaded between CD and

CI show a region of uncertainty, with some failing and

other not at similar driving stress-ratios. Although

such testing is demanding in terms of setup, control of

conditions, 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 expect time to failure and

the visco-elastic behaviour. The information presented

in this paper can be utilized for preliminary numerical

studies to gain an understanding of potential impact of

long-term deformations.
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1 Introduction

The deformation and strength of rock and rockmasses

are considered to be time-dependent (Hoek and Brown

1980; Ladanyi and Gill 1988; Lajtai et al. 1991;

Boukharov et al. 1995; Pellet et al. 2005; Anagnostou

2007; Barla et al. 2010; Paraskevopoulou 2016). 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 process of a project (Lajtai et al.

1991). During the last half century while 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 evo-

lution and performance of long-term strength of the

host rock is of crucial significance. A better under-

standing 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

(Damjanac and Fairhurst 2010).

Especially 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) this

situation could conceivably lead to time dependent

deformation, degradation and post-construction fail-

ures that can lead to cost overruns (Paraskevopoulou

and Benardos 2013). Creating methods and engineer-

ing tools 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 and Fordham 1993; Heap et al.

2011) have already highlighted would be 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 to

estimate and predict the long-term strength of rocks.

This was done by performing a series of static load

creep tests, at varying differential stress states, giving

more insight into the time-dependent behaviour of

brittle 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 confine-

ment. 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 humid-

ity), and the visco-elastic parameters for the Burgers

model are derived. 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. The selection

of the rock types was based on the possibility that the

Cobourg limestone could serve as a host rock for a

proposed Low and Intermediate Nuclear Waste Repos-

itory in Canada and is also representative of rock units

that may be candidates for high level storage. The

Jurassic limestone was also used to examine the testing

procedure and to serve as comparative limestone and

also compliment the data from the Cobourg samples.

2 Background

2.1 Time-Dependency in Rock Mechanics

In the literature (Singh 1975; Aydan et al. 1993;

Einstein 1996; Malan et al. 1997; Hudson and

Harrison 1997; Hagros et al. 2008; Brantut et al.

2013; Paraskevopoulou 2016) time-dependency of

rock under load has been widely discussed. 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. It was not until 1939 when

Griggs undertook laboratory experiments to examine

the phenomenon of creep of rocks. He constructed two

apparatus and performed tests on limestone, anhy-

dride, shale and chalk. He also examined recrystal-

lization under creep conditions at high pressure.

At the excavation scale, addressing the effect of

time in tunnelling and mining engineering has been

studied since the 1950s where researchers introduced

the idea of ‘stand-up time’ in tunnel stability. In 1958,

Lauffer suggested the time and span was one of the

most important parameter in tunnel stability. The

‘stand up time’, a reflection of time-dependent weak-

ening, was also included in the rockmass classification

systems (Bieniawski 1974; Barton 1974; Palmstrom

1995), giving emphasis on 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; Wawesik 1972; Singh 1975; Peng

1973; Kranz and Scholz 1977; Schmidtke and Lajtai

1985; Lau and Conlon 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 testing on rock samples, typi-

cally using static load (creep) tests by sustaining a

constant stress condition. In accordance with this

practice, new constitutive and numerical time-depen-

dent models were introduced based on the experimen-

tal results and data (Ottosen 1986; Boukharov

et al.1995; 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.

2.2 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 and resulting

in weakening rock and the 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 1 presents a composite nomenclature that

describes the various mechanisms that can possibly

appear to be time-dependent under the appropriate

conditions. The parameters that can define the type of

time-dependency can be generalized to state-change

and 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 of

softening) depending on loading and boundary

conditions.

The micro-mechanical mechanisms, however, that

can lead to these responses tend to vary according to

the boundary conditions. For instance, the solid

rheology (e.g. lattice distortion, dislocation slip, van

der Vaal’s bonds and/or solid diffusion) may be

damaged by new cracks that initiate or pre-existing

ones propagate while pores, grain boundaries and pre-

existing cracks creating discontinnuum elements. In

addition, the physicochemical changes although can

be temporal, rheological and chemical alterations in

the micro-scale can lead to swelling, weakening,

strain-softening and hardening. The rate and the

magnitude of the time-dependent performance of rock

materials are controlled by other environmental,

physical and loading conditions (e.g. chemistry, fluid

mobility, stress deviator, temperature, pressure,

humidity and confinement).

As noted and as implied in Fig. 1 that time-

dependent phenomena can be a combination of many

factors that can result in various physical responses.

For instance, in a tunnelling environment, after

excavation and installation of the temporary support,

there may be observed an increasing deformation in

the tunnel walls with time and at a distance farther

from the face than static analysis would predict. This

continuous deformation may be the result of creep

(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 (degradation) allowing the stress to relax 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. Differentiating and

recognizing these phenomena can be a complex

process but the suite of issues presented in Fig. 1

should be taken into consideration when investigating

possible deformation or failure modes.

The overall physical response can be a combina-

tion/integration of the mechanisms that influence the

long-term behaviour of intact rock and rockmasses

and include:

• creep during which visco-elastic behaviour gov-

erns 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
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stress resulting in the propagation and interaction

of cracks (dilation) or the closure of the existence

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 commonly elastic energy (Lin 2006).

• mechanical property degradationwhere 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 2010).

This paper focuses on investigating the time-depen-

dent behaviour of brittle rocks under a constant

(controlled) stress-state by performing a series of

uniaxial static load (creep) tests on two types of

limestone. The main focus is on the creep behaviour

and associated degradation and how these related

mechanisms influence the time to failure of the

laboratory samples.

2.3 Creep of Rocks

Creep was initially observed in metals (da Andrade

1910). In geological sciences creep is usually related

to long-term loading which is evident in nature in

landslides, volcanoes, rockmassifs etc. (Amitrano and

Helmstetter 2006). Creep can be defined as the time-

dependent distortion of a material that is subjected to

constant deviatoric stress that is less than its short-term

strength and is related to the irreversible deformation

under constant stress over time (‘flow’). During creep,

visco-elastic behaviour governs where time-depen-

dent, reversible, elastic strains take place (primary

stage in Fig. 2). Elasto-viscous behaviour (secondary

stage) results in partially recoverable (upon load

reversal for example) and potentially indefinite defor-

mation. Visco-plastic yield (tertiary stage) results in

time-dependent plastic strains leading to failure and

sometimes permanent deformation when one focuses

to incremental or small time periods (Pellet et al.

Fig. 1 Nomenclature, Defining time-dependent phenomena and the conditions and mechanisms that affect and govern the rock

behaviour
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2005). Strength degradation during the first stages of

creep can ultimately lead to brittle failure in time.

Creep strain can seldom be fully recovered (Glamhe-

den and Hokmark 2010) when the visco-elastic regime

is extensive enough where irrecoverable strains are

allowed to be developed. 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

however, is typical for most materials as illustrated in

Fig. 2 and there are only a few differences in the general

form for all rock types. However, the strain magnitude

and the duration of each of the creep stages (primary,

secondary, and tertiary) can independently be observed

depending on the nature of the rock.

The creep stages begin after the load has been

applied and kept constant and typically this is

dominated by elastic strains. When the applied load

becomes constant, the strains increase with a decreas-

ing 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

type (Sofianos and Nomikos 2008). It should be noted

in some rock materials, usually brittle, the secondary

creep is not clear and always observed and failure

occurs due to the accumulation of irreversible (plastic)

strains over time. For other rocks the tertiary creep

stage is never reached or it could be reached after a

very long period of time (i.e. ductile materials as rock

salt). As Lockner (1993) reported it 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.

2.3.1 Time-Dependent Formulations and Models

Empirical models and relations are commonly used to

describe creep behaviour and are usually based on

experimental and laboratory data from static load

(creep tests). Such models 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 strains (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; Chugh 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) and models based

on general theories (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

analysis codes (i.e. Finite Element and Finite Differ-

ence codes). Empirical models are most commonly

used, although these models are derived from test data

for certain rock types and can be used as a first

preliminary design tool but are of limited application

for other rock types and certainly for other factors not

considered in the laboratory test.

2.3.1.1 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

due to the intrinsic viscous nature of materials

(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 visco-elastic

stress/strain response. However, in reality this is
Fig. 2 The three stages of creep (primary, secondary, tertiary)

of a material subjected under constant load
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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 (under uniaxial

compression) 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 Fig. 3). According to Goodman (1980)

the strain occurring during constant loading condition

through time can be expressed using Eq. 1, where: e1 is
the axial strain, r1 is the constant axial stress, K is the

bulk modulus associated with the volumetric defor-

mation under hydrostatic conditions, gK is Kelvin’s

model viscosity, gM is Maxwell’s model viscosity, GK

is Kelvin’s shear modulus, GM is Maxwell’s shear

modulus. gK, gM, GK, GM are the visco-elastic

parameters and are considered properties of the rock.

e1 tð Þ ¼ 2r1
9K

þ r1
3GM

þ r1
3GK

� r1
3GK

e
� GK

gK
t

� �
ð1Þ

Following Goodman’s approach, the visco-elastic

parameters for the Burgers model (gK, gM, GK, GM)

can be derived by fitting the experimental results of

static load (creep) tests to the curve of Eq. 1 (shown in

Fig. 3) at different time increments and the corre-

sponding 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 simu-

lated 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 accumu-

lation 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 phe-

nomenologically represent this stage.

• 3rd stage or tertiary or accelerating creep where

abrupt increase of strains occur (typically driving

the material to rupture) due to strain-driven

weakening, chemically related strength degrada-

tion and/or interaction of growing cracks. Visco-

plastic models (Dragon and Mroz 1979) and/or so-

called stress corrosion models (Damjanac and

Fairhurst 2010) are used to simulate tertiary creep.

A Burgers model, combination of the two, can be used

to reproduce stages 1 and 2 but fails to simulate stage 3

(delayed failure). Overall, rheological models are

typically used to describe time-dependent creep

deformation. These models provide a mathematical

framework; however, they do not take into account

physical mechanisms related to microcrack initiation

and propagation (Paraskevopoulou et al. 2015; Para-

skevopoulou et al. 2016).

2.4 Damage Evolution and Brittle Failure

The static load tests were conducted at different stress

levels which were representative of driving stress to

strength ratios based on a series of baseline Uncon-

fined Compressive Strength (UCS) testing based on

the ISRM (1979) suggested method.

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 a 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; Diederichs 1999;

Ghazvnian 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 Fig. 4. These stages are: (1) closure of pre-

existing cracks; (2) linear elastic behaviour (reversible

strains); (3) stable crack growth; and (4) unstable crack

growth,which leads to failure and the peak strength (the

342 Geotech Geol Eng (2018) 36:337–376

123



point of maximum stress). These damage or crack

growth thresholds have been defined by the Interna-

tional 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 geom-

etry, and stress path (Diederichs 2003) whereas CI is

relatively insensitive to moderate preexisting 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, 1997) for 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).

Stress–strain curves for brittle rocks can be used to

determine the: (1) crack initiation stress (CI); (2) critical

damage stress or axial yield stress (CD); and, (3)

uniaxial compressive strength (UCS).Many researchers

(Bieniawski 1967; Martin and Chandler 1994; Martin

1993; Lajtai 1998; Eberhardt et al. 1998; Diederichs

1999, 2003; Diederichs et al. 2004; Nicksiar andMartin

2012; Ghazvnian 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 calculatedcrackvolumetric

strain according to Martin’s (1993) and Diederichs and

Martin’s (2010) approach. The deviation from linearity

of the radial strain is another approachused to determine

CI (Bieniawski 1967; Lajtai 1974; Diederichs et al.

2004),which is free from errors introduced by involving

calculated parameters in the estimation. Critical Dam-

age (CD), the crack coalescence and interaction thresh-

old (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 levels between CI and CD the

cracks accumulate and grow in a stationary rate

(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 Fig. 4. Load-

ing 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

Fig. 3 Idealized creep behavioural curve (left column) and the

equivalent viscoelastic 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 viscoelastic models are illustrated and represented

mathematically

Geotech Geol Eng (2018) 36:337–376 343

123



can lead to a sudden failure of the specimen (Sch-

midtke and Lajtai 1985).

As discussed, many researchers (e.g. Brace et al.

1966; Podnieks et al. 1968; Bieniawski 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.

2.4.1 Creep in Brittle Rocks

Creep strains are usually associated with the deforma-

tion sequence of the time-dependent processes, as

described: the instantaneous elasticity, the pri-

mary/transient creep, the secondary/steady-state creep

and the tertiary/accelerating creep (Gruden 1971),

which can be the case for metals and some weak rocks

(Stagg and Zienkiewicz 1986). On the contrary, the

long-termbehaviour of a poly-crystalline rock depends

on the physical processes acting on the individual

grains and the rock as a whole and the interaction of the

rock grains and other structural features with their

neighbours (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 creepwith a sudden transfer to the

tertiary stage that will result to abrupt failure.

Another aspect of the time-dependent behaviour in

brittle rocks is the condition of joints and other

structural weaknesses which can influence the long-

term behaviour. Lajtai et al. (1991) reported that the

existence of discontinuities mainly influences the

instantaneous and short-term stability whereas degra-

dation of the intact rock influences the long-term

behaviour.

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

et al. (1991) observed, after performing tests on Lac du

Bonnet Granite samples, that the loss of strength on a

sample which is subjected under constant load for a

longer period of time is not caused by the decrease of

frictional resistance but that it 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

Fig. 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: rcc
stress level at crack closure,

CI crack initiation, CD

critical damage, UCS

unconfined compressive

strength, rc applied constant
stress)
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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 experi-

ments 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-depen-

dent stress corrosion cracking.

Another mechanism, in heterogenous rocks (poly-

crystalline like granite or multi-component like

argillaceous limestone) is the interference of different

mineral grains undergoing creep strain at different

rates and through different mechanism. 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.

2.5 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 et al.

1991; Lau et al. 2000; Damjanac and Fairhurst 2010,

etc.) as the lower bound of stress that leads to failure

given the appropriate time. Below this limit (stress

level) no failure occurs at any time. This is known as

the long-term strength (LTS) shown in Fig. 5.

Many researchers (Potyondy 2007; Hao et al. 2014;

Cristescu 2009; Paraskevopoulou et al. 2015) have

estimated the lifetime (time-to-failure) 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 et al. (1991)

suggested, with caution (as it depends on the different

minerology and the rock type of the samples tested),

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 Bonnet granite and granodiorite, similar results.

Paraskevopoulou et al. 2015 reported that the long-

term strength of igneous rocks in dry conditions

should be close to 60% of the short-term strength.

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 volumet-

ric) attain a certain 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 Nagahama 2004) has shown that

crack propagation can also take place during creep.

Cruden (1974) showedwith static fatigue tests on brittle

rocks under unconfined loading conditions that a critical

crack density exists at which cracks begin to

Fig. 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 a constant stress conditions, (where: rcc stress level at crack closure,
CI crack initiation, CD critical damage, UCS unconfined compressive strength, rc applied constant stress)
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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). One can then imply that time-

dependent damage and delayed fracture occur and be

visible under compressive loading. From the uniaxial

compression and 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 confirmedbyDiederichs

(1999, 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 (time-to-failure)

(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 distribu-

tion that is curve-fit to the experimental data. Lajtai

et al. (1991) described in detail this method, which

was applied to predict the life-expectancy on 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 related to reported data

available in literature as an attempt to create and establish

a database to preliminary estimate the long-term strength

which can be used by researchers and engineers.

3 Laboratory Testing Program and Methods

3.1 Sample Descriptions

The selected Jurassic limestone comes from a quarry

north of Zurich, Switzerland, in the tabular Jura

(Fig. 6a). The samples are a fossile rich packstone,

following the classification system of Dunham (1962),

with variable sized vugs ranging from 0.1 to 3 mm and

pyrite rich crystal patches. There are also lime-

mudstone blebs ranging from 5 to 30 mm in diameter,

mixed within the packstone framework. 56.0 mm

diameter samples were cored from a block measuring

500 9 500 9 150 mm, such that the cores long axes

(before end face grinding) were 150 mm long. All the

samples were prepared according to the ISRM (1979)

requirements.

The Cobourg limestone (Fig. 6b) comes from the

Bowmanville 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 9 400 9 700 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

range between 2.0 and 3.0. All other sample prepara-

tion procedures were conducted according to the

ISRM (1979) requirement.

3.2 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.

3.3 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 two methods: (a) the deviation from

linearity of the radial strain following on Lajtai’s
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(1974) approach and, (b) the crack volumetric strain

method of Martin’s (1993). For CD estimation both

Lajtai’s (1974) deviation from linearity of the 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.

Wherever the load level was sufficient enough to

identify the Crack Damage thresholds and elastic

properties the loading stage (the stage prior to constant

load) from the static load testing series was also used.

3.4 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 �C. Temper-

ature was monitored in the laboratory environment

which had a relatively constant climate. Overall these

environmental factors were generally maintained

within ±1.0 �C and 5.0%, respectively.

The equipment used for this testing series is

illustrated in Fig. 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 and therefore main-

tains the load constant. 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 approximately 29 amplification of the oil

pressure felt on the sample. The frames were cali-

brated with a load cell to determine the relationship

between the oil pressure in the pillow and the load on

an aluminum cylinder.

Axial and radial strains were measured using strain

gauges and for some tests using 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 emission, both active

and passive, were also measured with an Elsys

TraNET EPC data acquisition system. The primary

focus of this paper is on the strain evolution 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 1 summarizes the samples that were tested

under the various conditions. Two testing series were

performed for assessing the long-term creep

Fig. 6 Samples of

a Jurassic limestone and

b Cobourg limestone
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behaviour, the first was on Jurassic limestone and the

second on Cobourg limestone samples.

Single-step tests were conducted on 10 Jurassic and

4 Cobourg samples and they were held at stress levels

above CI (0.40 UCS) for seconds to several days until

failure occurred. Most of the single-step tests fail

within the first few hours and those who did not reach

failure after several days to weeks were terminated and

unloaded. Single-step tests are practically convenient

but require more specimens to fully cover the spec-

trum of the expected range of the time to failure.

Multi-step tests were performed on 2 Jurassic and 1

Cobourg samples and they were conducted to compare

to the single-step test stress levels. The number of steps

in each test varied ranging from 2 to 4. The stress

difference between the steps was decided to be 5 MPa

and the duration of each step varied from 1 h up to

10 days until failure took place. The load increase was

applied once the strain rate on all gauges reached a

constant rate. A few Jurassic samples did not fail and it

was concluded to terminate these tests and unload the

samples for additional testing in the future. An advan-

tage of themulti-step tests is that many data points, such

as strain rates, at different stress levels can be attained

from only 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- andmulti-step

tests are required to drawmeaningful conclusion from a

comparison. In this paper the focus is on the single-step

tests and the time to failure.

Fig. 7 Equipment of static

loading testing with the

main components labelled.

The constant load is

maintained with the nitrogen

accumulator

Table 1 Summary of the static-load testing types

Rock formation Jurassic limestone Cobourg limestone

Load level(s) Single-step Multi-stepa Single-step Multi-stepa

Number of samples 10 2 4 1

Total 12 5

For each multi-step test, 10 strain levels were tested
a Steps ranged from 2 to 4 depending on the test

348 Geotech Geol Eng (2018) 36:337–376

123



4 Laboratory Results

4.1 Baseline Testing and Damage Thresholds

The stress–strain relationships of the 10 UCS tests on

the Jurassic and the 9 UCS tests on the Cobourg are

shown in Fig. 8, top and bottom, respectively. The

average values estimated for UCS, CD and CI were

112, 104, 40 MPa for the Jurassic limestone and 125,

120 and 50 MPa for the Cobourg limestone, respec-

tively. The results are summarized in Table 7 (see

‘‘Appendix’’). The crack damage thresholds and peak

strength were used to determine the load levels for the

static load tests.

Fig. 8 Stress–strain

response of a Jurassic

Samples and b Cobourg

Samples tested in

Unconfined Compressive

Strength conditions
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4.2 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) as they increase as the sample

proceeds to failure Fig. 9. Samples loaded close to the

peak strength fail catastrophically intomany fragments,

while samples loaded closer to CD fail in a less violent

manner. An example of a failed sample, Jura 5S shown

in Fig. 9 which failed after 2871 s at a driving stress of

0.87UCS, shows an axial splitting and slabbing mech-

anism. Selective results are presented in this section,

serving as examples, to describe the main influencing

factors during the creep process of the two rock types.

The change in the strains over time of two single-

step tests results are illustrated in Fig. 10a, 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 shown in Fig. 10a, where it is observed that

radial strain on this sample ismore 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, Fig. 10b

shows the test results of a specimen that failed some

seconds after loading. In this example, the specimenhas

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 theCobourg

samples, the strains were measured with strain gauges.

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.

4.3 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 (Harvey 1967;

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

Figs. 11 and 12, respectively.

In Fig. 11a, b the stress, from the start of the loading

phase up to the end of the first constant load phase, is

shown with the temperature (Fig. 11a) and relative

humidity (Fig. 11b) 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 on the volumetric strain

(Fig. 11c, d) is negligible, as there is only a small

drop in the stress of 1 MPa, which then stabilizes.

In the example of the Cobourg 8S sample the second-

load phase (Fig. 12a, b) is shown of this multi-step test

along with the volumetric strain response (Fig. 12c, d),

temperature and relative humidity. The load remains

exactly at the target threshold and there is only a small

volumetric strain increase within the first 3 h of this load

Fig. 9 An example of an axial splitting and slabbing failure

mechanisms on a sample loaded near the CD threshold. The

sample failed after*47 min of constant loading. A strain gauge

and acoustic emission (AE) sensor holders (threaded aluminium

tubes) are shown on the sample surface. AE analysis is subject of

a separate study
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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 demon-

strate 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 Figs. 11 and 12c, d where the

Fig. 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 - ‘Ax’)

and radial strain (red line -

‘Rd’) 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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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.

5 Analysis and Discussion

The examination of the results presented were further

analysed in order to investigate more closely the

rock’s response under static load conditions. Two

Fig. 11 a Axial stress

response of ‘JURA 46S’

sample to temperature

(‘Temp’) and b relative

humidity (‘RH’)

fluctuations during single-

step static load testing,

c Volumetric strain (‘Vol’)

response of ‘JURA 46S’

sample to temperature

(‘Temp’) and d relative

humidity (‘RH’)

fluctuations during single-

step static load testing
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aspects of time-dependency were further examined:

the first aimed to estimate and derive creep parameters

that can be further used in the visco-elastic Burgers

model or related models and the second closely to

examine the time during which the material is

subjected to a static load until failure is reached.

5.1 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 were used to

simulate creep behaviour using the Burgers model, can

Fig. 12 a Axial stress

response of ‘COBOURG

8S’ sample to temperature

(‘Temp’) and b relative

humidity (‘RH’)

fluctuations during single-

step static load testing,

c Volumetric strain (‘Vol’)

response of ‘COBOURG

8S’ sample to temperature

(‘Temp’) and d relative

humidity (‘RH’)

fluctuations during the

second step of a multi-step

static load testing
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be derived from the response of the sample immedi-

ately after the loading phase, where the stress is kept

constant and the sample enters the primary stage of

creep and from the secondary stage of creep behaviour

where the strain-rate has a constant value, the sample

need not to fail in order to determine the visco-elastic

properties. These properties are considered properties

of the rock. The Kelvin shear modulus, GK, the

Maxwell shear modulus, GM, the Kelvin viscosity, gK,

and the Maxwell viscosity, gM, 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 2). The Kelvin parameters

refer to the delayed elastic strain response, GK controls

the amount of elastic strain and gK the rate. The

Maxwell parameters GM and gM are the elastic shear

modulus and viscosity, respectively, and together

determine the rate of viscous flow.

Goodman’s approach (1980) was adopted to derive

the parameters, which assume that the rock material

behaves as a Burgers model according to Eq. 1,

described in Sect. 2.3.1. An illustrative example of the

procedure undertaken is shown in Fig. 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, as the Burgers model represents the

primary and secondary stages of creep only and fails to

capture the tertiary stage of creep.

As it 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 with a slope of ð r1
3g2

Þ of the constant
strain rate phase or secondary creep stage and

projecting back to time zero (Fig. 13). Based on this

asymptote the axial strain (eB) at infinity due to time-

Table 2 Visco-elastic (creep) parameters for Jurassic and Cobourg limestone

Geological

formation

Sample name Test-

method

used

GK (Pa) GM (Pa) gK (Pa s) gM (Pa s) Creep

stress

(MPa)

Driving

stress-

ratio (r/
UCS)

Status

(failure/

no

failure)

Jurassic limestone JURA_4S-1a Lab 7.55E?08 1.18E?07 9.70E?21 1.00E?13 89 0.64 NF

JURA_4S-2a Lab 7.55E?08 1.18E?07 9.70E?21 1.00E?15 101 0.73 F

JURA_5S Lab 4.80E?08 1.05E?07 1.73E?19 1.74E?15 72 0.87 F

JURA_6S Lab 6.04E?08 3.46E?07 3.11E?20 4.12E?13 93 0.70 NF

JURA_8S Lab 3.34E?08 6.79E?06 2.98E?20 6.59E?13 91 0.70 NF

JURA_9S-1a Lab 8.07E?08 3.54E?07 3.33E?21 2.49E?14 71 0.61 NF

JURA_9S-2a Lab 8.07E?08 3.54E?07 3.33E?21 2.49E?14 73 0.62 NF

JURA_37S Lab 3.36E?08 2.00E?07 9.12E?20 1.38E?14 79 0.65 NF

JURA_38S Lab 1.19E?10 9.18E?06 4.58E?21 2.81E?12 65 0.53 NF

JURA_42S Lab 6.87E?08 1.85E?07 2.36E?19 2.74E?12 87 0.63 NF

JURA_43S Lab 4.80E?08 8.57E?06 9.61E?18 1.47E?12 74 0.49 NF

JURA_44S Lab 4.08E?08 3.98E?06 9.70E?21 1.64E?15 52 0.81 F

JURA_45S Lab 3.18E?09 3.98E?06 1.73E?19 9.02E?14 87 0.93 F

JURA_46S Lab 3.08E?09 3.98E?06 1.09E?22 4.75E?13 58 0.62 NF

Cobourg

limestone

Cobourg_5S Lab 1.85E?08 2.00E?08 4.53E?15 1.91E?15 66 0.84 F

Cobourg_7S Lab 2.05E?08 1.90E?08 1.53E?16 1.88E?15 82 0.96 F

Cobourg_8S-1a Lab 2.04E?10 1.49E?08 1.96E?17 4.79E?13 66 0.65 NF

Cobourg_8S-2a Lab 5.18E?08 1.66E?08 1.53E?16 1.78E?14 72 0.71 NF

Cobourg_8S-3a Lab 2.65E?08 2.16E?08 4.46E?15 4.79E?13 77 0.76 NF

Cobourg_8S-4a Lab 2.65E?08 2.16E?08 4.46E?15 1.78E?15 85 0.84 F

Cobourg_9S Lab 2.20E?08 1.50E?09 1.78E?15 8.36E?14 73 0.88 F

Cobourg_12S Lab 2.26E?08 2.74E?09 5.20E?15 7.13E?14 75 0.96 F

a Multi-step tests
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dependent deformation can be estimated as the

intercept with the strain axes. Knowing from the

experimental data the value of the axial strain (e0) at
time = 0 (when the load is kept constant) and the

value of the axial strain (eB) at infinity along with the

constant stress value (r1) where the load is kept, the

equations in Fig. 13 can be solved for the visco-elastic

parameters. More specifically, (g2) can be calculated

by graphically by the slope of the asymptotic line to

the secondary creep curve. Assuming that (q) is the

positive distance between the creep curve and the line

asymptotic to the secondary creep curve and plotting

the semilog of (q) against the time (using the equation

logq shown on Fig. 13) which has intercept of ð r1
3G1

Þ
and slope ð� G1

2:3g1
Þ G1 and g1 can be estimated.

Knowing the bulk modulus (K) and using the equation

for ð r1
3G2

Þ, provided on Fig. 13, G2 can be estimated.

In this test the load was held constant at a stress

level 72.25 MPa and it was held for 10.7 days. The

visco-elastic parameters from this test are listed in

Table 2, along with the results from the other samples

tested for this study.

The visco-elastic properties from this study are

compared with other limestones and other sedimen-

tary rock types in Table 3. These have been catego-

rized according to main rock types. Due to the

challenge of finding a summary of visco-elastic

parameters in the literature, Table 3 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 3, 4 and 5 group the visco-

elastic parameters into sedimentary, metamorphic and

igneous rocks, respectively. Table 6 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.

5.2 Time to Failure

Specimens of crystalline rock subjected to creep tests

are found to collapse after a period of time depending

on the load applied to the sample (Damjanac and

Fairhurst 2010). 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 cease to fail. For this reason, this section is

focused on analyzing and comparing the data from this

testing series to other data available in literature.

In creep tests reported in the literature the loading

stage of the test is rarely 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 undertaken were the following:

• 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,

• the loading rate was similar for all the tests and

depending on the instantaneous stress level the

initial loading duration ranged from 5 to 10 min

(achieving strain-rates of 0.02–0.04 mm/min), to

confirm with the ISRM suggested method of

compression testing (ISRM 1979),

Fig. 13 Example to illustrate the estimation of the visco-elastic

parameters for Burgers creep model on the first step of a multi-

step static load test of a Cobourg limestone sample. The number

next to ‘COBOURG’ denotes the samples name, ‘S’ refers to

static load. Where: e1 is the axial strain, e3 is the radial strain, r1

is the constant axial stress, K is the bulk modulus, g1 refers to

gK, Kelvin’s model viscosity, g2 is gM, Maxwell’s model

viscosity, G1 is GK which is Kelvin’s shear modulus, G2 is GM,

Maxwell’s shear modulus. e0 is the axial strain at time zero when

the axial stress begins to be held constant and eB is the axial

strain attained at infinity due to time-dependency
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• the time was set to zero at the point where the axial

loadwas held constant, as illustrated in Figs. 4 and 5,

• the maximum stress was normalized to estimate

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 also normalized to the CI

value from each sample tests, 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 themulti-step test this procedurewas followed for

each step apart from theCI estimation that was estimated

Table 4 Visco-elastic (creep) parameters for metamorphic rocks

Rock type Class Geological

formation or

deposits

Test-

method

used

GK (Pa) GM (Pa) gK (Pa s) gM (Pa s) References Comments

Metaporphic 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 5 Visco-elastic (creep) parameters for igneous rocks

Rock

type

Class Geological

formation

or deposits

Test-

method

used

GK (Pa) GM (Pa) gK (Pa s) gM

(Pa s)

References Comments

Igneous Plutonic Granite In situ 7.00E?11 5.10E?10 3.70E?14 9.50E?18 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)
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only in the initial loading at the beginning of the test. All

the results presented refer to unconfined conditions.

5.2.1 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 that the time needed to perform such tests as by

definition they require time and a controlled and

stable environment where no temperature and humid-

ity fluctuations take place.

One way to avoid normalizing by an average UCS

value is to use CI instead, as it is directly derived from

the tested specimen from the initial loading part of

each static load test. For this reason the authors

decided to introduce the Crack Initiation Stress-ratio

by normalizing the applied stress by the CI value

measured on the sample with the values presented in

Table 8 (see ‘‘Appendix’’).

However, when comparing this dataset to similar

tests available in literature using the Crack Initiation

Stress-ratio appeared to be problematic since there is a

limited amount of static load data presented with the

Table 6 Visco-elastic (creep) parameters for complex rockmass systems rocks

Rock type Class Geological

formation or

deposits

Test-

method

used

GK (Pa) GM (Pa) gK (Pa s) gM

(Pa s)

References Comments

Complex

geological

systems

Sedime-

ntary

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

and

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

and

cataclastic

rocks

In situ 1.80E?05 7.60E?06 1.08E?15 1.08E?16 Pellet

(2010)

Shists,

sandstones,

coal, clay-

like shales

and

cataclastic

rocks

Hard sandstone,

psammites,

schists, shale

and coal,

cataclasite

Numerical

simulations

2.50E?08 2.50E?08 5.40E?14 3.02E?15

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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complete stress–strain curves from the loading of each

sample. 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 with a strain-rate of 0.01 mm/min for the

two types of limestone were used to develop the

conversion factor. The relationship between the UCS

and CI, shown in Fig. 14, for both limestone were 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 8

(see ‘‘Appendix’’). The modified UCS* can be

estimated using Eqs. (2) and (3):

UCS� ¼ a � CI ð2Þ

a ¼ UCSB

CIB
ð3Þ

where UCS* is the estimated UCS, CI is the Crack

Initiation value derived from the static load test, a 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 Crack Initiation Stress-ratio for the

static load tests presented in this paper.

5.3 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

Fig. 15 using the Crack Initiation Stress-ratio

(Fig. 15a) and the driving stress-ratio (Fig. 15b), 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 9 (see ‘‘Appendix’’).

It can be observed that when the applied load is

more than 0.8UCS 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 1 month. When the data in Fig. 15b

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 Fig. 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.

The following analysis (Figs. 17, 18, 19) examines

the data set of Fig. 16 in more detail. Figure 17

categorizes the data according to the main rock type,

sedimentary,metamorphic, and igneous, Fig. 18 specif-

ically compares the limestone samples tested as part of

this study with the largest time to failure data set from

tests on the Lac duBonnet granite, and Fig. 19 separates

test results into dry and wet samples. The sedimentary

rocks (Fig. 17a) appear to followa similar trendwith 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 andmetamorphic test

results. There could also be a contribution to the scatter

due to different grain sizes of the mostly granite rocks

tested, however, even the Lac du Bonnet data set has

wide scatter in the test results. This could be explained

due to the fact that igneous rocks are characterized by

grain scale heterogeneity.

Granites and limestones, even though they fail in a

similar manner following the principles of brittle

failure theory, their long-term strength is directly
Fig. 14 The relationship between UCS and CI for the Jurassic

and Cobourg limestone from the Baseline Testing

362 Geotech Geol Eng (2018) 36:337–376

123



dependent on lithology, as better shown in Fig. 18.

Granitic rocks, due to heterogeneous mineralogy and

their different intrinsic properties, allow different

creep behaviour within different constituent crystal.

As a result, ongoing creep creates mechanical conflicts

resulting from the different flow-rates between the

different grains leading to damage. This creep-induced

damage process is less dominant in monominerallic

limestones and therefore creep can occur with less

weakening on the bonds between the minerals and as a

result it can sustain more deformation prior failure

over longer periods of time than granite.

Nevertheless, when each rock type (sedimentary,

metamorphic, or igneous) is considered as a whole, the

trends for each are all similar (Fig. 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 Lac du

Bonnet set. For example, besides the Jurassic and

Fig. 15 Static load test data

of Jurassic and Cobourg

limestone, granite and

granodiorite 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*
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Cobourg limestone dataset presented in this paper,

only a few more dataset where 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, perhaps due to the long-standing

interest in granitic rocks for the storage of nuclear

waste (Perras and Diederichs 2016).

Another separation of this dataset was to examine the

influence of the moisture content in the long-term

strength and this is shown in Fig. 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 in a longer period of time.

This is inverse to what is typically observed in short-

term tests, where moisture tends to weaken the rock

samples. However, in the long-term tests moisture

content makes the samples fail within a shorter-period

of time than the dry samples which in a way one can

argue that moisture content does indeed make the

samples weaker The time needed for the wet samples to

fail ranges from 1 h to 1 month. Widd (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 Widd 1965). However, if

the load is applied to the sample in with a high strain-

rate, the 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

strength reduction reflecting the primarily decrease in

the molecular cohesive strength of the material. There-

fore, one would anticipate that failure at a lower driving

stress would be more likely for wet samples. The

difference indicated in the literature data is likely more

representative of the lack of test results available for

comparison, rather than that dry samples can fail at

lower driving stress-ratios.

The samples that did not fail are shown in Fig. 20,

both from this study and from the literature. The

samples closer to the CD threshold are expected to fail.

They 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. For the samples tested in this study, further

investigation into these samples that did not fail is

discussed in the next section.

Fig. 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)
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Fig. 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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5.4 Visco-Elastic Creep Parameters and Time

to Failure

To examine further the reasonwhy 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), gK (Kelvin’s model

viscosity) and GM (Maxwell’s shear modulus), when

plotted against time, provide no information and give no

indicationonwhy some samples failed and others did not

as shown in Fig. 21. 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).

However, when the data set is compared to the

viscosity of the Maxwell’s model, which determines

the rate of viscous flow, it shows a clear separation

between samples that failed and those that did not, as

shown in Fig. 22.

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

Fig. 22 with filled shapes) whereas the less viscous

tended to creep more as they are 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 and leading to failure.

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 23 shows the data from this

testing data set for both the Jurassic and Cobourg

limestone samples and some other reported data on

Cobourg limestone for comparison. It is shown 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 Gorski et al.

(2009, 2010) reported from testing Cobourg limestone

samples for up to 100 days. Commonly, the static load

levels fall between the CI and the CD thresholds

(Perras and Diederichs 2014). This region is shown in

Fig. 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 Fig. 23, below 0.7UCS no

failure is shown. These no-failure points could simply

be the result of not holding the load constant long

Fig. 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)
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enough and therefore they would shift to the right,

despite data from the literature suggesting that failure

could be expected at such driving stress-ratios. Static-

load tests with duration from 6 months to 1 year are

suggested to examine if samples of the limestones in

this study would fail at such driving stress-ratios.

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 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 (Fig. 10), new micro-

cracks are likely forming. It is perhaps possible that

existing microcracks are extending.

Fig. 19 Static load test data

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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6 Concluding Remarks

Creep is the increase of strain at a constant load. A

static load uniaxial compression test is one method of

measuring deformation due to creep. This test was

utilized in this study to examine a lower bound driving

stress at which failure occurs and to examine the tests

which did not fail under certain driving stresses.

In all tests, the axial load (stress) was kept constant

throughout the test and both the 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 parame-

ters, used in Burgers model, were estimated. In

addition, a large data base of visco-elastic parameters

were gathered to compare with those from this study

and present a useful summary of such parameter for a

variety of rock types. The visco-elastic parameters

from the literature have a wide range of values. Those

tested in this study show a variance even in the range

of 3 orders of magnitude. Such a range, when used in

numerical simulations, can result in different defor-

mation results that can further influence the type of

failure mode. In addition, it is suggested, when one

may utilize the values of the viso-elastic parameters

presented herein to reference the study, the type of test

and the conditions undertaken.

In addition to the visco-elastic properties, 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 from this agrees well with data from

the literature and when the trends are examined by

rock type the resulting fits for prediction of the time to

failure of laboratory samples are as follows:

• Sedimentary: (r/UCS) = -0.022ln(t) ? 0.95

• Metamorphic: (r/UCS) = -0.023ln(t) ? 1.03

• Igneous: (r/UCS) = -0.019ln(t) ? 0.91

where ‘‘t’’ refers to time (expressed in sec) and (r/
UCS) the driving stress-ratio, based on the trends from

Fig. 17.

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. This suggests that the lower bound driving

Fig. 20 Static load test data

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),

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)
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Fig. 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 test data

performed at room

temperature in dry or wet

conditions (stress levels can

be referred to Fig. 15)
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stress-ratio to cause failure of the limestone would

result in a longer time to failure than that derived for

the granite. This is likely due to the grain scale

heterogeneity in the granite (polymineralic compo-

nents 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)

Fig. 22 Relating Time vs.

Maxwell’s viscosity. The

static load test data

performed at room

temperature in dry or wet

conditions (stress levels can

be referred to Fig. 15)

Fig. 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 that these samples or tests did not fail whereas the ‘F’

denotes that these samples or tests reach failure
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the creep in the calcite minerals can occur with less

associated damage and weakening (increased time to

failure with more creep deformation).

Both the Jurassic and Cobourg limestone samples

showed 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

contributes to influence the long-term strength, such as

the rate of flow or Maxwell’s viscosity.

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 a Maxwell viscosities of 1E ? 15 (Pa s) and

1E ? 14 (Pa s), respectively.

The analysis presented herein described the proce-

dure 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

limit for failure and no failure with a region of

uncertainty. 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 have an initial estimate

of the materials’ response and numerically simulate

and back-analyze laboratory scale and in situ scale

conditions where long-term deformations have a great

impact on the rockmass behaviour.
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Appendix

See Tables 7, 8 and 9.

Table 7 Results from baseline testing for (a) Jurassic limestone and (b) Cobourg limestone

Sample # UCS (MPa) CD (MPa) CI (MPa) E (GPa) Poisson’s ratio

(a) Values for Jurassic limestone

1 66 53 27 103 0.26

2 114 89 40 73 0.12

3 88 74 36 125 0.29

4 112 100 46 86 0.26

5 126 102 45 101 0.29

6 101 97 35 71 0.18

7 68 64 22 95 0.22

8 137 125 50 89 0.25

9 110 105 42 94 0.21

10 111 99 44 92 0.22

(b) Values for Cobourg limestone

1 104 93 45 38 0.24

2 146 132 56 37 0.18

3 122 111 44 45 0.17

4 136 110 52 47 0.16

5 132 113 52 46 0.15

6 107 96 47 36 0.13

7 94 84 37 37 0.12

8 149 136 58 41 0.11

9 136 124 56 44 0.13
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Table 8 Summary of elastic and mechanical properties estimating for (a) Jurassic limestone and (b) Cobourg limestone from the

static load testing

Sample name CI (MPa) E (GPa) Poisson’s ratio

(a) Values for Jurassic limestone

JURA_4Sa 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_9Sa 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

Cobourg_5S 31 31.4 0.15

Cobourg_7S 41 43.2 0.25

Cobourg_8Sa 40 30.3 0.13

Cobourg_9S 33 43.0 0.20

Cobourg_12S 31 52.9 0.28

a Multi-step tests

Table 9 Summary of the static load testing results for (a) Jurassic limestone and (b) Cobourg limestone

Sample name Creep stress

(MPa)

Time (s) Driving stress-ratio

(r/UCS)
Crack Initiation

stress-ratio (r/CI)
Status (failure/no

failure)

(a) Values for Jurassic limestone

JURA_4S-1a 89 56,536 0.64 1.71 NF

JURA_4S-2a 101 1,350,000 0.73 1.94 F

JURA_5S 72 2871 0.87 2.32 F

JURA_6S 93 52,294 0.70 1.86 NF

JURA_8S 91 269,817 0.70 1.86 NF

JURA_9S-1a 71 13,937 0.61 1.61 NF

JURA_9S-2a 73 537,297 0.62 1.66 NF

JURA_37S 79 7,861,686 0.65 1.72 NF

JURA_38S 65 7,868,315 0.53 1.41 NF

JURA_42S 87 3,888,000 0.63 1.67 NF

JURA_43S 74 4,417,200 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 58 166,537 0.62 1.66 NF

(b) Values for Cobourg limestone

Cobourg_5S 66 251 0.84 2.13 F

Cobourg_7S 82 1.8 0.96 2.41 F
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