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Chapter

Time-Dependent Behavior of Rock
Materials

Chrysothemis Paraskevopoulou

Abstract

Understanding the geomechanical behavior of a geological model is still an
on-going challenge for engineers and scientists. More challenges arise when consid-
ering the long-term behavior of rock materials, especially when exposed to environ-
ments that enable time-dependent processes to occur and govern overall behavior.
The latter is essential in underground projects such as nuclear waste repositories.
The lifespan can exceed one million years or other openings where the project’s
lifetime and sustainability are the critical design parameter. In such cases, progres-
sive rock mass deformation that can lead to instabilities, time-dependent overload-
ing of support and delayed failure are considered the product of time-dependent
phenomena. Understanding and predicting the overall impact of such phenomena
aims to achieve design optimization, avoiding dlivery delays and thus cost overruns.
This chapter provides more insight into the time-dependent behavior of rocks.
Simultaneously, the emphasis is given to investigating and analyzing creep defor-
mation and time-dependent stress relaxation phenomenon at the laboratory scale,
and in-depth analyses are presented. This work further develops the understanding
of these phenomena, and practical yet scientific tools for estimating and predict-
ing the long-term strength and the maximum stress relaxation of rock materials is
presented. The work presented in this chapter advances the scientific understanding
of time-dependent rock, and rock mass behavior increases the awareness of how
such phenomena are captured numerically and lays out a framework for dealing
with such deformations when predicting tunnel deformations.

Keywords: time-dependent behavior, long-term behavior, long-term strength, creep,
stress-relaxation, strength-degradation

1. Introduction

Rock engineering and tunneling are considered to be three-dimensional problem.
In practice, the short-term mechanical performance is of primary focus in design
as design and characterization parameters and data are derived from short-term
testing. Challenges and implications can be formed when performance over time and
long-term behavior is taken into consideration. Current design methodologies used
in underground structures and tunneling projects are commonly solely based on the
static response of the surrounding ground neglecting the long-term time-dependent
behavior that can affect the overall structure’s performance and the construction
process [1, 2]. The latter can cause difficulties when attempting to understand the
governing mechanisms in rock materials where time-dependent phenomena such as
creep and stress relaxation can occur [3, 4]. When these processes are excluded or
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neglected during the design process, incorrect results and unsound conclusions are
derived. These can involve support requirements and excavation methods employed,
impacting the construction, the maintenance cost of the tunnel, and in the worst
case, may even cause safety issues [5-8].

Strength-degradation is considered highly important in underground applica-
tions such as low, intermediate and high-level nuclear waste. The time-dependent
strength decrease deteriorates the overall lifetime of the underground opening [9].
This lifetime span can range from 100,000 to 1,000,000 years which significantly
exceeds the typical 100-year lifetime of underground projects. It is evident, thus,
the reason why there is a need to investigate from micro to macro-scale further
the long-term behavior of rock materials that could be used as host-rocks for such
applications.

This Chapter aims to provide more insight into rock materials’ time-dependent
behavior by addressing the mechanisms involved and highlighting the associated
implications for both scientific and practical applications. In this work, both experi-
mental laboratory testing and numerical analyses are employed to examine the
time-dependent mechanisms and rocks’ response under different boundary condi-
tions while introducing a different perspective for analyzing and predicting the
intact rock’s time-dependent behavior of the rock mass behavior in underground
environments. A time-dependent response such as creep, squeezing, swelling, stress
relaxation, and strength degradation of the rock mass can occur during both the
construction and the maintenance of underground openings depending on the in
situ conditions that control the mechanical behavior shown in Figure 1.

It has been observed that an often misconception is the assumption that time-
dependent phenomena only act individually. However, this assumption can yield
unsound estimations and erroneous conclusions. These phenomena may share the
same (or similar) mechanisms given the existing in situ conditions can take place
either in series or even simultaneously. Therefore, the overall observed displace-
ment on the tunnel wall can result from different phenomena acting together. The
selection of an appropriate constitutive model to examine the mechanical behavior
of rock material overtime is required. The ability of such models to capture and
simulate time-dependent behavior is illustrated in Figure 2.

The time-effect can cause different behavioral patterns depending on the
underground construction project’s site-specific conditions; the selection of the
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Figure 2.
Examples of reported failures and mechanisms associated with time-dependent behavior; where t vefers to time
and ur(t) to the vadial displacements observed in the tunnel walls over time.

appropriate model to 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 implica-
tions during rapid excavation (i.e., TBM). The indefinite deformation usually
observed in more ductile materials can result from the 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. Visco-plasticity or delayed fracturing can permanently damage
the rock mass after initial construction, requiring redesigning the initial tunnel
design. These examples show the importance of using the appropriate model to
simulate the real conditions as closely as possible and estimate how the rock mass
will behave over time.

2. Theoretical and practical background

Different rocks and rock masses respond in different ways over time. The main
factor that controls their behavior is geology. The mineralogical content and the
geological structure impact rocks’ mechanical behavior; ultimately, the stress
regime and the environmental conditions also influence the rock materials’ behav-
ior. Figure 3 provides a roadmap on the material’s anticipated mechanical behavior
grouped into ductile or brittle behavior based on the conditions the material is
initially formed. In general, as the temperature and confining pressure increase,
the rock transitions from brittle to ductile (Figure 3a). Brittle materials tend to
abruptly fail as the stress approaches their short-term strength, and as such, they
absorb less energy. In contrast, ductile materials can sustain an applied stress state
through more deformation (Figure 3b and c). When ductile materials (i.e. rock salt
or potash) are subjected to constant differential stress below their nominal yield
strength, they can behave as visco-elastic materials and further deform as time
elapses (Figure 3d and e). In contrast, brittle materials (i.e., granite or limestone)
under similar stress conditions may only exhibit micro-crack damage with progres-
sive crack propagation that results in the eventual interaction of the previously
isolated microcracks, which leads to sudden failure (Figure 3d and e).
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Schematic illustration and comparison between brittle and ductile rock materials, (a) transition from brittle
to ductile behavior according to confining pressure and tempevature conditions; (b) absorbed energy and
temperature; (c) general stress — Strain behavior of brittle and ductile materials; (d) stain- rate and time
relationship of brittle and ductile materials subjected to constant stvess exhibiting creep, and (e) examples of
brittle limestone and ductile potash befove and after static load (creep) tests.

2.1 Time-dependent phenomena

Time-dependency refers to the deformation of rock (or other materials) over
time. Mechanisms deforming or weakening the rock mass over time are called time-
dependent phenomena. Since the late 1930s, researchers started investigating the
effect of time in rock behavior, trying to apply the theory of creep widely studied
and reported on metals [10] to rock behavior. It was not until 1939 when Griggs
[11] undertook laboratory experiments to examine the phenomenon of creep of
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 tunneling and
mining engineering has been studied since the 1950s. Researchers introduced the
idea of ‘stand-up time’ in tunnel stability. The ‘stand up time’, a reflection of time-
dependent weakening, was also included in the rock mass classification systems
[12-14], emphasizing time and its effects by producing charts illustrating the time
frame of stable unsupported spans. Since the 1960s many researchers [15-25] have
investigated the influence of time on the long-term strength of rock by performing
laboratory testing on rock samples, typically using static load (creep) tests by sus-
taining a constant stress condition. Creep phenomenon is most commonly applied
to the study of soft, mono-mineralic rocks such as halite, potash, and limestone
[26]. Following this practice, new constitutive and numerical time-dependent
models were introduced based on the experimental results and data [27-31]. These
models attempt to capture and reproduce the behavior of laboratory tests on the
rocks, including time.

In practice, as previously mentioned, there is often a miscomprehension and
misinterpretation of the different time-dependent phenomena and the mechanisms
acting and resulting in weakening rock and the rock mass over time [9]. This sec-
tion serves as an attempt to redefine and describe the various mechanisms that can
appear to be time-dependent under the appropriate conditions using the composite
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Figure 4.
Nomenclature, defining time-dependent phenomena and the conditions and mechanisms that affect and govern
the rock behavior [9].

nomenclature shown in Figure 4. The phenomenon can be either due to a state-
change (i.e. stress decrease) or a property-change (i.e. decrease in cohesion). These
changes can be further categorized according to their reversibility or recoverability
as elastic, inelastic, and irreversible and may increase 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 (reduc-
tion in shear stress under sustained strain) and degradation (strength loss) depend-
ing on loading and boundary conditions. The micro-mechanical mechanisms 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.
Besides, the physicochemical changes can be temporal, rheological, and chemical
alterations in the micro-scale, leading 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. temperature, pressure, humidity, and confinement).

Time-dependent phenomena can be a combination of many factors that can
result in various physical responses and act either simultaneously or individually.
Differentiating and recognizing these phenomena can be a complicated process,
and all components in Figure 4 should be taken into account.

The overall physical response can be a combination/integration of the mechanisms
that influence the long-term behavior of intact rock and rock masses and include:

* creep during which visco-elastic behavior governs where time-dependent,
inelastic strains and ‘indefinite’ deformation occur and/or visco-plastic
yield where time-dependent plastic strains occur that lead to permanent
deformation.
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* 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 the existing ones
(contraction).

¢ 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

* mechanical property degradation where strength and/or stiffness change
due to damage processes that accompany or occur as a result of the above
phenomenon.

2.2 Time-dependent laboratory tests

Time-dependent behavior of rock materials is usually investigated in the lab-
scale by performing static load (creep) and stress relaxation tests which can be done
in uniaxial and triaxial compressive conditions.

2.2.1 Relaxation tests

Relaxation is defined as stress (or load) decrease over time when the deforma-
tion (or strain) is kept constant. Commonly, the axis on which the stress is applied
(i.e. axial stress used) determines the deformation’s axes that are maintained
constant (i.e. axial strain — constant). It has been observed that relaxation behavior
is related not only to time-dependent phenomena like creep but also to time-
dependent damage evolution of new or pre-existing cracks growth and evolution in
the specimen that initiates during loading [9, 32, 33].

Figure 5 shows the stages during a stress relaxation test from A to C. The rock is
initially loaded in the axial direction up to point A, which is considered the strain
threshold at which the applied strain is held constant (points A to C). In this regard,
these tests are often referred to as strain-controlled. Overtime, existing cracks and/
or new cracks are formed and propagated at this strain threshold, contributing to
the observed stress decrease (relaxation). When this stress relaxation reaches an
asymptote (no further decrease is observed), the test is terminated, which implies
that crack growth stabilization is achieved [19].

It should be stated that suggested standard test guidelines on relaxation tests on
rock samples are not provided by ISRM. However, there are guidelines provided by
ASTM [34] for relaxation testing performed on man-made materials and structures.
In section 3.2 this standard has been adopted and adjusted for rock relaxation testing.
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Figure 5.
Relaxation test: (a) stress—strain vesponse, (b) strain- time response, (c) stress-time response.
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Static load test: (a) stress—strain vesponse, (b) stress-time response, (c) strain-time response.

2.2.2 Static load tests

To investigate creep, this time-dependent deformation of materials subjected
to constant load or stress less than its short-term strength, static load tests are
performed. In materials, here is a minimum load or stress, which enables them to
undergo creep behavior, below which no creep is observed [9, 35, 36]. Elevated
differential stress triggers the deformation of crystal lattices, leading to strain-
ing of the minerals, potentially microcracking, and eventually measurable strain
of the rock element. Figure 6 presents a typical stress—strain-time response of a
(uniaxial) creep test. The rock sample is loaded until point A, the stress threshold
where it is held constant. Over time the strain increases at different rates up to point
B, where failure occurs. This test is usually referred to as load-controlled or stress-
controlled tests.

Failure of the specimen usually denoted the completion of the test. However,
many static load tests are terminated when a constant strain-rate is achieved, infer-
ring the transition to the secondary stage of creep. For static load tests, ISRM [37]
has suggested standard guidelines.

2.3 Time-dependent models

The time-dependent mechanisms are usually investigated by developing analyti-
cal methods adopting rheological models (comprising mechanical analogues) and
empirical models based on laboratory testing data. Specifically, creep behavior
is mathematically represented by the Burgers model. This model combines two
simplified linear visco-elastic mechanical analogues in series: the Kelvin and the
Maxwell that simulate a delayed manifestation of a static response due to boundary
conditions alteration and a continued strain rate relaxation overtime under static
boundary conditions, respectively shown in Figure 7.

Deformation that occurs at constant loading condition through time can be
expressed using Eq. (1) [38], where: &, is the axial strain, o is the constant axial
stress, K is the bulk modulus, n is Kelvin’s model viscosity, nu is Maxwell’s model
viscosity, Gk is Kelvin’s shear modulus, Gy is Maxwell’s shear modulus. ng, nu, Gk,
G are the visco-elastic parameters and are considered properties of the rock.

G,
c (t):251 +. % % 5 ef[X] 1)
' 9K 3G, 3G, 3G,

During stress relaxation, the strain-state is controlled and remains constant,
thus rearranging Eq. (1) for a constant strain component, the material’s stress state
is changing according to Eq. (2).
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Idealized creep and velaxation behavioral curves and the equivalent visco-elastic components in the
Burgers model.

o, (t)=¢ Gl\,le[(;jjtJ + GKe[(;:tJ (2)

Goodman’ [38] approach is usually adopted to derive the Bugers model param-
eters by curve fitting laboratory creep testing results. Using a similar approach
for determining parameters and assuming that the material’s behavior can be
represented by the linear visco-elastic Burgers body in unconfined compression
[33] found that the same parameters (i.e. viscosities and shear moduli) can be also
derived from stress relaxation tests, (Figure 7).

In reality and embedded in this mathematical concept are the three stages of
creep that follow the instantaneous response (Oth stage) to changed boundary
conditions resulting to a constant stress-state 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 behavior, resulting in strain
accumulation with decreasing rate over time. This stage is commonly simulated
with the Kelvin model analogue.
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* 2nd stage or secondary creep where the material exhibits a consistent strain
accumulation rate over time accompanied by inelastic distortion. The dura-
tion 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 and/or so-called stress corrosion models 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.

2.4 Damage evolution and failure in brittle rocks

Over (geological) time, ductile deformation processes involve continuum
mechanisms such as dislocation slip or migration of atomic vacancies within
crystals resulting in distortion (pure or simple shear strain) [39]. However, in brittle
materials, failure is controlled and governed by progressive damage driven by the
pre-existing and new cracks initiation and evolution in the maximum load direction
[40, 41]. Figure 8 presents the four distinct stages during brittle deformability and
failure: (i) closure of pre-existing cracks; (ii) linear elastic behavior; (iii) stable
crack growth; and (iv) unstable crack growth, which leads to failure and the peak
strength.
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Figure 8.
Stress - strain vesponse of brittle rock deformability and time-dependent behavior of creep and/or velaxation.
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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 strength can inhibit the loading
rate and testing procedure influences, CD is the true upper bound yield strength
when obtained in the lab, according to ISRM [42] standards [43]. 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 [44] or by in situ
back analysis [45]. Below CI, the sample is genuinely elastic, with no new damage
occurring in the sample.

3. Laboratory testing program and methods

Laboratory tests were performed in two types of limestone to examine time-
effects in brittle materials. The selected Jurassic limestone comes from a quarry
north of Zurich, Switzerland (Figure 9a). The Cobourg limestone (Figure 9b)
comes from the Bowmanville quarry near Bowmanville, Ontario, Canada. It should
be noted that sample preparation were conducted according to ISRM [42].

Unconfined Compressive Strength (UCS) tests were conducted on 10 cylindri-
cal samples of Jurassic and 9 of Cobourg. Relaxation tests were conducted on 19
Jurassic and 16 Cobourg samples. Static Load tests were performed on 12 Jurassic
and 5 Cobourg samples.

146.6 mm
129.9 mm

56.0 mm 55.9 mm
a. Jurassic sample b. Cobourg sample

Figure 9.
Samples of (a) Jurassic limestone, (b) Cobourg limestone.
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Figure 10.
Stress-strain vesponse of limestone: (a) Juvassic samples and (b) Cobourg samples tested in unconfined
compressive strength conditions.

3.1 Baseline testing series

The complete stress—strain curves of the UCS tests are shown in Figure 10.
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 Cobourg
limestone.

3.2 Relaxation testing series

Two test series have been performed: (i) Jurassic limestone was utilized to exam-
ine 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
behavior and (b) Cobourg limestone was performed utilizing a single-step axial
strain-controlled testing procedure.

Emphasis was given to the maximum stress relaxation; the total change between
the maximum stress value at the end of loading and before relaxation started. The
lowest stress level resulted after relaxation 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,

* the load rate was kept the same for all the tests, and the initial loading duration
ranged from 2 to 20 minutes,

* the axial stress was then normalized to the estimated average UCS,
¢ 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).

11
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The relations between the maximum stress relaxation and applied stress
expressed as a driving ratio of UCS from all the relaxation testing series (axial
strain-controlled) are summarized in Figure 11. It can be observed that there is an
apparent trend between the multi-step and the single-step tests of Jurassic lime-
stone. It can be easily seen that the multi-step tests exhibit less relaxation for similar
driving stress-ratios than the single-step. The initial drop in stress mechanism that
occurs rapidly for the first step of any test was attributed to being associated with
the elastic energy within the sample and load system. A correction procedure was
developed 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, shown
(Figure 11) as corrected and exhibits similar amounts of stress relaxation compared
with the single-step relaxation at a similar load level. Therefore, the multi-step tests,
if corrected, can be conducted when limited samples are available [33]. Cobourg
limestone shows a higher relaxation sensitivity as it exhibits more stress relaxation
than the Jurassic limestone at the same stress levels.

3.2.1 Defining the three stages of stress relaxation

All the single-step test results showed a similar behavior during stress relaxation
for both the limestones. This behavior can be characterized by three distinct stages,
which were observed in the stress relaxation versus time graphs. An example of the
test results is illustrated in Figure 12. The three stages can also be observed in the
radial strain response with time, although there is a slight delay during the transi-
tion from stage to stage compared to the transition time of the stress relaxation
shown as dt in Figures 12 and 13.

Sl [MaxStréss = 2_5363eo.9as7(wﬁcs;1 #[Jura_Ax-ms (corrected)]
R2=0.6133 O Jura_Ax-ms
- 4 1.0449(0/UCS) .JUfa___AX-SS
@ Cbrg_Ax-ss
20.0 - _
MaxStress = 2.3878¢1-0648(c/UCS)
R?=0.6393
MaxStress = 3.9138¢1.8034(alUCS)
R?=0.6823 O

15.0

10.0

Max. Stress Relaxation (MPa)

o
o

0.0 0.2 0:4 O.IG 0:8 1.0 1.2
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Figure 11.
Maximum stress—velaxation (MPa) to driving stvess-ratio normalized to UCS of the single-step tests on the

Jurassic and Cobourg samples, as well as the multi-step tests of the Jurassic samples. Ax’ vefers to axial strain-
controlled conditions and ‘ss’ and ‘ms’ denotes single-step load and multi-step load tests, respectively.
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Figure 12.
The three stages of the stress relaxation process during a velaxation test under axial strain-controlled conditions
illustrated on the Jura_33R sample.
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The three stages of the stress relaxation process during a relaxation test under axial strain-controlled conditions.

13



Engineering Geology

When the axial deformation is kept constant, the stress relaxes at 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 second
stage transition (RII). The third stage of relaxation (RIII) follows where no further
stress relaxation is measurable. At this stage, the stress reaches an asymptote, and
the stress relaxation process is effectively complete, which others have observed
[19]. Some samples did not exhibit the second stage of relaxation (RII), and in the
first stage, 55% to 95% of the total stress relaxation takes place.

The radial strain does not always reach an asymptote. 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 behavior during stable propagation
(in the axial direction) under constant axial strain.

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. For the stress to re-distribute
itself to a new equilibrium state, the rock mass tends to “relax” through the structural
geological imperfections (i.e. discontinuities, fractures, joints) of the surrounding
rock mass or the newly created fractures due to the excavation method and techniques
used. In relation to the scientific observation of the three stages (Figure 14), it would
be expected that the rock mass would relax in distinct but possibly overlapping stages.
This can serve as an explanation of the sound of cracking closer to the tunnel face
without observed failure. 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, avoiding safety implica-
tions arising from support overstressing or resulting in cost savings.

3.3 Static load testing series

Single-step static load tests were conducted on 10 Jurassic, and 4 Cobourg
samples and they were held at stress levels above CI for seconds to several days

~
r

- Relaxation

? £.4i2 = CONstant I | A: State after initial
5 q for K,=1 loading beyond
I:Ir Cil<g<CD | | crack initiation

RIII

I | | B: visco-elastic
adjustment with crack
| accumulation in brittle
I materials

O 34 stage

w/o accumulation

Time }|| lIJ C: crack propagation

Strain

| | D: axial
!l|| IJ

i
w

Figure 14.
The three stages of the stvess relaxation process during a velaxation 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.
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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 stress
difference between the steps (varying between 2-4) was 5 MPa, and the duration
of each step varied from 1 hour up to 10 days until failure took place. A few Jurassic
samples did not fail, and it was decided to terminate these tests and unload the
samples. To examine the long-term strength and time to failure of a material, the
specimens need to fail under a constant load.

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 constant target 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. Samples loaded close to
the peak strength fail catastrophically into many fragments, while samples loaded
closer to CD fail less violently. Selected results are presented in this section, serving
as examples to describe the main influencing factors during the two limestone tests’
creep process.

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. Samples that did not fail were also examined
to assess the potential reason why some samples fail, and others do not, even at
the same driving stress-ratio. For this reason, this section focuses on analyzing
and comparing the data from this testing series to other data available in the
literature.

However, during the loading phase, the properties of the sample can be deter-
mined, such as the stiffness or the damage thresholds. The steps of the analysis
procedure were:

¢ 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 to estimate CI
stress thresholds.

* 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, according
to the ISRM [42] guidelines.

* setting the time to zero at the point where the axial load is kept constant,

* the maximum stress was normalized to an estimated UCS value for comparison
to the literature.

* the maximum stress was normalized to the CI value from each sample test, as it
is an independent value.

the visco-elastic parameters were determined.

All the results presented refer to unconfined conditions.
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3.3.1 Estimating the driving stress-ratio

In the literature, most of the testing results are presented in the form of time
against the driving-stress-ratio, defined and used as the stress normalized by the
strength of the sample. In most cases, the UCS is taken as an average value from
standard UCS tests. In this section, a new solution is presented to examine similar
datasets.

[45] suggested that there is a consistent relationship between UCS and CI for
brittle rocks. The author has found this to be true for a number of test series with
similar lithologies and compatible testing protocols [46]. It was decided to convert
the CI values from this study’s static load tests to an equivalent UCS value. The CI
and UCS values from the Baseline testing series for the two types of limestone were
used to develop the conversion factor (here: 2.66 for Jurassic and 2.52 for Cobourg),
shown in Figure 15. The conversion factors were multiplied with the CI values
estimated from the loading portion of the static load test for each sample. [26] sug-
gested that the modified UCS* can be calculated using Egs. (3) and (4):

UCS* =ax*CI (3)
ucs®
"o @

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.

When the data (red circles and squares) are compared with other static load
test results from various rock types, the time to failure of the samples from this
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Figure 15.
The relationship between UCS and CI for the Jurassic and Cobourg limestone from the baseline testing.
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Figure 16.
Static load test data for hard vocks performed at voom temperature in wet or dry conditions (wheve the driving
stress-ratio is the stress level at failure to unconfined compressive strength of the material).

study seems to follow a similar trend (Figure 16). There are no samples loaded
below the CI threshold that fail from the data presented and gathered from the
literature.

Figure 17 categorizes the data according to the main rock type, sedimentary,
metamorphic, and igneous.

The sedimentary rocks appear to follow a similar trend with the metamorphic
rocks. In contrast, igneous rocks show more scatter because most test results have
been on igneous rocks and that there are fewer results on sedimentary and meta-
morphic. There could also be due to different grain sizes of the granitic rocks tested
characterized by grain-scale heterogeneity.

Granites and limestones, even though they fail similarly following brittle failure
theory principles, their long-term strength is directly dependent on lithology, as
better shown in Figure 18. Due to heterogeneous mineralogy and their different
intrinsic properties, granitic rocks allow other creep behavior within different
constituent crystal grains. Steady 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.

Differences in the trend start to emerge when examining individual sample sets.
The latter is partly because there is a lack of statistically representative data sets on
an individual sample set, except the lac du bonnet set.

From Figure 19, it is evident that above 0.8 ucs or the cd threshold, all samples
failed within an hour. Below the ci threshold, where pre-existing cracks are closing,
and elastic strains govern, no failure should occur as [47, 48] reported from testing
cobourg limestone samples for up to 100 days. Commonly, the static load stress
levels fall between the ci and the cd thresholds. This region is an uncertain region
since between ci and cd crack propagation, and accumulation of damage occurs in
the short-term. Still, in the long-term, the time component can degrade the rock,
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further leading it to failure. However, below 0.7 ucs, no failure is shown. These no-
failure points could 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 advised to examine if samples of the
limestones in this study would fail at such driving stress-ratios over the long-term.
The time-dependent behavior discussed in this section is interpreted to be, in part,
the result of the behavior of new microcracks, the intensity of which impacts the
final ucs value [49].
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Figure 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 stvess-ratio is the stvess level at failure to unconfined compressive
strength of the material).
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comparison of static load test data on limestone and granite performed at room temperature in dry conditions
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Figure 19.

static load test data of jurassic and cobourg limestone performed at room temperature in dry conditions (where
the driving stress-vatio 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 wheveas the ‘f” denotes samples or tests reach failure.

4. Time-dependent effects in tunneling

Time-dependent deformations associated with rock tunneling are a reality that
warrants further investigation and understanding and can be observed during
excavation and/or after the construction period of the project.

4.1 Analysis of time-dependent rock masses using the convergence-
confinement method

Understanding the nature and origin of deformations due to an underground
opening requires, as [50] noted, both knowledge of the rock-support interaction
and field data interpretation. This tunnel wall movement, also known as conver-
gence, results from both the tunnel face advancement and the time-dependent
behavior of the rock mass.
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The Convergence-Confinement Method (CCM) is a two-dimensional simplified
approach that can be used to simulate three-dimensional problems. Analytical solu-
tions based on CCM (usually examine either the effect of tunnel advancement or
the time-effect) could be partially used to select the final support. One may wonder
if it could also be possible to simulate and replicate the complete problem. Time-
dependency is 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) used in the CCM to relate internal wall pressure relaxation to tunnel
displacement. Suggested analytical solutions for LDPs [50], etc.) refer to elastic or
elasto-plastic rock materials. Figure 20 schematically illustrates the effect of both
time and tunnel advancement on the LDP of a tunnel excavated in a visco-elastic
medium. The tunnel’s advance is simulated by reducing the internal pressure, pi,
initially acting on the tunnel core (as p0). The rock responds by convergent defor-
mations (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 chapter.

Analytical and closed-form solutions that consider the time-dependent
convergence have been proposed in the literature for supported and unsupported
tunnels with linear and non-linear visco-elastic medium [51, 52], etc. 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 [53, 54].

Figure 21 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 a manner. It is shown
that when no time-effect is considered, the total displacements are underesti-
mated, which can lead to erroneous calculations at the initial stages of the design
process.
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Figure 20.

Schematic representation of the GRC of an elastic (t = 0) and a visco-elastic material (¢t > 0) and their velation
to the LDP. Y-axis on the left vefers to the internal pressure (pi) normalized to the in-situ pressure (po), Y-axis
on the right refers to the distance from the face (x) normalized to the tunnel radius (R) and X-axis vefers to the
radial displacement at a location x normalized to the maximum radial displacement due where t denotes time
and subscripts e and ve vefer to elastic and visco-elastic material, respectively.
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Figure 21.
Schematic representation of the longitudinal displacement profile (LDP) in an elasto-visco-elastic medium.

4.2 Capturing the time-effect in tunneling using a new numerical approach

An axisymmetric parametric analysis was performed within FLAC software.
The geometry of the model and the excavation sequence characteristics are shown
in Figure 22. A circular tunnel of 6 m diameter and 400 m length was excavated
in isotropic conditions. Full-face excavation was adopted. Two cases of a drill and
blast (Case 1: D&B) and a TBM (Case 2: TBM) were assumed depending on the
excavation step 1 m and 3 m, respectively. The rock mass was set to behave as an
elasto-visco-elastic material using the CVISC model. The analysis aimed to exam-
ine the contribution of primary and secondary creep. In this regard, the Maxwell
body’s viscous dashpots within the CVISC model were deactivated and reactivated,

400 m
Par 1 SET #1 SET #2
CASE 1: Drill and Blast
Rockmass conditions
¥ (KN/m?) 20 20
§ Q)] 23 23
3 ¢ (MPa) 1.00E+20 1.00E+20
3 m excavation cycle t (MPa) 1.00E+20 1.00E+20
K (MPa) 1.23E+03 432E+04
Stress Conditions
ko 1 1
po(or o) ¢ 3
CASE 2: TBM _(MPa)
Visco-elastic Parameters™
i Gy (MPa) 4.98E+02 6.73E+04
§ nk(MPa*s) 1.34E+08 1.72E+09
I_E excavation cycle G;;;'BG)M 5.66E+02 1.99E+04
3 [3 el e Nu (MPa*s) 8.82E+08 1.20E+10
1 Ty =ng/G (s) 2.69E+05 2.56E+04

Reference* Barla et al. 2010 Zhang et al. 2010

Figure 22.

(Left) 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; case 2 vefers to TBM (Tunneling boring
machine) method with 1 m excavation per cycle. (Right) Parameters used for CVISC model.
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accordingly. Besides, two different sets of visco-elastic (creep) parameters were
used then for both cases shown in Figure 22. Furthermore, the excavation cycle
duration was also simulated to consider both the time-dependent component and
the tunnel advance representing the real conditions in a tunnel problem and varied
from 2 to 8 hours. In addition, two supplementary analyses were performed: with
the Kelvin-Voigt model and with the elastic model to validate the numerical models
and compared with analytical solutions.

It should be stated that the visco-elastic parameters were chosen according to the
analytical solution (Eq. (5)) of the Kelvin-Voigt model developed by [51].

ocr Or t
=9 L OV |1 exp| - 5
STe) ZGK{ eXP[ TH 2

(where: 6 is the in-situ stress conditions, r is the tunnel radius, G the elastic
shear modulus, Gy is the Kelvin shear Modulus, nk 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 and is indicator of when the model will convergence and reach a
constant value.)

The selected retardation time (Tx) varies one order of magnitude between
the two sets as it controls the curvature of Kelvin’s model behavior. The following
Figures 24 and 25 ‘%’ is the distance from the tunnel face, R is the tunnel radius,
ur is the absolute radial tunnel wall displacement, ur.max is the maximum elastic
displacement and ur..max is the maximum visco-elastic displacement of the Kelvin-
Voigt model. Gray and black lines are the elastic and the zero-viscosity KV models
respectively.

4.2.1 Primary stage of creep, KELVIN-VOIGT (KV)

The Kelvin-Voigt model was assumed to represent the primary stage of creep
and was used to simulate an elasto-visco-elastic rock mass’s mechanical behavior.
The results for both cases are presented in Figure 23. They imply that increased
cycle time or excavation delay exacerbates the rock mass’s mechanical behavior;
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. The
increase of the retardation time will increase the time required by the model to
reach a constant value and become time-independent.

The deviatoric stress was related to the displacement data normalized to the
maximum displacement of the Kelvin-Voigt model (ur..max). Time-dependent
behavior starts for both cases when the deviatoric stress reaches a critical value (q,)
shown in Figure 23b. This critical value is attained after one excavation step at the
point which the time-dependent LDPs deviate from the elastic LDP. In the drill and
blast case, this is 3 m away from the tunnel, whereas for the TBM case itis 1 m.

4.2.2 Secondary stage of creep, Burgers (B)

The second stage of this analysis was to investigate the influence of both primary
and secondary creep behavior stages using the Burgers model. The results presented
in Figure 24 show the maximum strains due to the secondary stage (Maxwell) are
effectively infinite. This is also observed on Figure 21. In this part, it was noticed
that the magnitude of the total displacements between the two cases varied sig-
nificantly. The excavation method influences the accumulated displacements.
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(Left) Numerical vesults of LDPs, (right) closer representation of the data; velating the deviatoric stress (q)
to the tunnel wall displacement normalized to the maximum displacement of the KELVIN-VOIGT model

(urcomax) for: (a) the drill and blast case (DB) and (b) the TBM case.

In the drill and blast case, all two sets of parameters exhibited less displacement
than the TBM case for the same duration of the excavation cycles. During a TBM
tunnel excavation, the tunnel excavation requires more time than a drill and blast
excavation for the same 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. In the TBM case, the time for the excavation of the same
length tunnel will result in an accumulation of displacement increase. However, this
may not always represent real conditions as TBMs are commonly preferable since
they tend to achieve better excavation rates; if proven affordable. Suppose the latter
is the case, then a TBM excavation of a two-hour excavation cycle. In that case, it is
shown that the surrounding rock mass represented by SET#1 exhibits less displace-
ment than an eight-hour excavation cycle using drill and blast.
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Figure 25.
(a) Geometry and mesh conditions of the model used, rp denotes the radius of the plastic zone, and
incremental reduction of (b) intact rock strength according to long-term strength and (c) Young’s modulus.

4.3 Predicting the long-term behavior of rock masses in tunneling

Although there are time-dependent models available to predict rock materials’
rheological behavior potential, it is commonly observed that in two-dimension
(2D) modeling, time-dependent behavior is not directly simulated using selected
2D coded software with noted limitations [1]. It is, therefore, necessary a method to
be developed and ‘pseudo’ simulate this type of behavior. For instance, the plastic
zone can be used as an indicator of the overall time-dependent displacements and
calibrated to in-situ measurements or laboratory testing [1].

[25] proposed a new methodology for predicting rock masses’ long-term
behavior using the information derived when testing rock materials under constant
loading, which results in strength degradation by ‘pseudo-simulating’ numerically
this behavior. [25] examined two main sets of numerical models in plane strain
conditions in-plane RS2 (Rocscience). The models’ main difference was that the
material included in the plastic zone changed parameters with time-steps in the one
set of models. The first aimed at pseudo-simulating time-dependent behavior by
using the Long-Term Strength (LST) according to strength-degradation Eq. (6) of
the limestone bases on the laboratory data previously shown in Figure 18.

(6/UCS) = - 0.022In(t) +0.95 6)

In addition, 19 stages were simulated, as shown in Figure 25a. Where in each
stage, a new oci (strength of intact rock) was assigned only to the material of the
plastic zone, according to Eq. (6). Each strength reduction represented a specific
time from 1 second to 1000 years. The second set of analyses were based on Young’s
modulus (Ei) reduction from the initial 40 GPa to 12 MPa of 10% in every modeling
stage (Figure 25b). It should be highlighted that the decrease in both strength and
Young’s Modulus reduction was applied to the plastic zone, assuming that the rest
model behaves as an elastic material.

Every increment on the strength-degradation models was related to a time according
to the lab results and time to failure graph shown in Figure 18, such as the YMR models
can be associated with a specific time. For instance, a reduction of the intact strength of
21% (0.79 oci) can simulate the deformation acquired in 1 day and reflects the deforma-
tion of the 30% reduction of Young’s Modulus (Figure 26). Moreover, to simulate the
rock mass’s deformation around the tunnel after a 2-year period, one can either reduce
the intact strength to 0.71 oci or reduce the Young’s Modulus to 50% (Figure 26).
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Figure 26.
Numerical vesluts of total displacements of LST models (left colummn) and YMR (vight colummn,).

Relating the strength-degradation (or the LTS) with the YMR to time for specific
lithologies can produce a database that one can use to capture the time effect on the
rock mass behavior, as shown in Figure 27a. The yellow triangles reflect the YMR
with the time, whereas the green circles the limestone’s overall behavior based on
the laboratory data (blue and light blue diamonds and squares). When the YMR
method is used, the reduction factor can be estimated using Eq. (7), where t is time,
and E/Ei is Young’s Modulus-ratio.

YMS of limestone: (E/ Ei)=—0.028In(t)+1.014 @)

Using this YMR approach proposed by [25] for the granite (Figure 27b) the
estimated reduction of the Young’s Modulus is given in Eq. (8).

YMS of granite: (E/ Ei)=-0.03In(t)+1.018 (8)
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Driving stress-ratio and Young’s modulus-vatio in relation to time to failure from static load test data performed
at room temperatuve in dry conditions, (where the driving stress-vatio is the stress level at failure to unconfined
compressive strength of the material), for a. limestone and b. granite.

It should be stated that the analyses presented herein can be used for values of
at least 0.50ci and higher as the below this threshold (CI), no failure is anticipated,
below this threshold, the observed behavior is considered to be linear elastic.

5. Conclusions
This research work and the resultant publications presented in this Chapter have

contributed to a better understanding of the “Time-dependent behaviour of rock
materials”. This section summarizes the key findings of this study.
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It is widely accepted that significant research contributes to studying the time-
dependent behavior of geo-materials and their effects in geoengineering applica-
tions by developing models. However, these models mainly focus on simulating the
visco-elastic creep behavior and are developed based on the back-analysis of exist-
ing datasets. In many cases, these models can replicate sufficiently creep behavior
during the primary and secondary stage when appropriate parameters are derived
and used. Furthermore, the applicability of such models is commonly broader when
dealing with weak rock masses. As a result, there is a knowledge gap when dealing
with time-dependent behavior in brittle rock materials. Its effect is considered lim-
ited and usually neglected and covered by other progressive damage mechanisms.
Nevertheless, this study has shown the importance of taking into consideration
brittle time-dependent behavior, and it is recommended that engineers, scientists
and practitioners utilize the existing models to simulate time-dependent behavior
with appropriate parameters as with a few modifications, these models can capture
the behavioral trend as long as the appropriate parameters are utilized.

In this study relaxation, the decrease of applied load at constant deformation
was investigated and re-defined. It was shown that relaxation could be considered
as an inversion of a creep behavior. It was concluded herein that axial strain-
controlled tests are less sensitive to testing challenges during a relaxation test than a
creep test. Single-step and multi-step tests have been performed in this study. It was
shown that single-step is easier to perform, but there is sample consuming in order
to obtain a complete dataset to cover the total stress spectrum. From the results,
it was also shown that relaxation takes places when cracks initiate and propagate
during the sample. It attains a constant value (asymptote) when axial crack sta-
bilization is reached. The most important outcome of this work was identifying
the existence of three distinct stages that occur during time-dependent stress
relaxation. These three stages (Ry, Ry, and Ry;;) were introduced and clearly defined.
The first two stages are similar to the first two stages in creep behavior. In contrast,
the third stage differs as the sample reaches a stable condition compared to tertiary
creep where it reaches failure.

Another set of tests, static load, both single-step and multi-step, are presented
here. This time the axial load (stress) was kept constant, focusing on time-
dependent behavior over time. Once again, it is shown that multi-step tests might
be advantageous in terms of deriving visco-elastic parameters in different target
stress levels using only one specimen; however, when considering time-to-failure
single-step tests are preferred. In this section, two types of limestone (Jurassic
and Cobourg) were investigated, and the time-to-failure behavior was compared
to other rock types from data published in the literature. It was concluded that an
overall trend does exist. This general trend was scrutinized at a second stage based
on rock types providing specific trends for sedimentary, metamorphic, igneous,
which can be used to predict time-to-failure for laboratory samples:

* Sedimentary: (6/UCS) = — 0.022In(t) + 0.95

* Metamorphic: (6/UCS) = — 0.023In(t) + 1.03

* Igneous: (¢/UCS) = — 0.019In(t) + 0.91

where 6/UCS is the driving stress-ration and t refers to time.

The limestone dataset was compared to the widely used dataset of Lac du Bonnet
granite, showing that the limestone’s long-term strength is higher than the granite.

The latter means that the limestone can withstand longer time-depended behavior
than the granite. The latter can be explained by the fact that these two rock types
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differ in their mineralogical structures. The granite’s increased heretegoeneity
contributes to different creep rates of the various grains (quartz, feldspars, mica).
The latter generates incompatible strains over time, causing micro-cracking. Similar
processes do occur within the limestone, but due to its homogeneity, creep is con-
strained in calcite (monomineralic) and is associated with less damage increasing
the time up to failure. It was also observed that both limestones that failed at a stress
threshold above 0.8 UCS failed within the first 60 minutes. On the contrary, below
CI threshold, no failure was observed, and between 0.5 to 0.8 UCS, failure will take
place at some point between the first hours to months, depending on the rock type.
Another outcome of this work was the identification of Maxwell’s viscosity thresh-
old as an indicator of failure. This observation can explain why some specimens fail
and some others did not (yet).

Time-dependent behavior during tunneling can play an important role in
the project success in the design and, most notably, in the construction process.
This fourth dimension (time-effect) in tunneling was investigated numerically
by performing an axisymmetric parametric analysis. From the research was con-
cluded that current conventional methods adopted to predict the Longitudinal
Displacement Profile of tunnel displacements have limited applications and fail to
capture the overall displacement over time. It was also presented that both the exca-
vation methods and excavation rate (tunnel advancement rate) can affect (dete-
riorate) the mechanical behavior of the surrounding rock mass. In this work, only
creep behavior was considered a contributor to time-dependent deformation and
was simulated with the modified purely visco-elastic CVISC model assuming the
rock mass as a visco-elastic medium. It was further concluded that the retardation
time (in the Kelvin-Voigt model) does control the timing at which the maximum
tunnel displacement is reached during the primary stage of creep.

Finally, a new but yet simple tool that can be used to predict the long-term
behavior of brittle materials as limestone using either the Long-Term Strength
(LTS) approach (strength-degradation) and the Young’s Modulus-Ratio (YMR)
was presented. It should be stated that the proposed methodology should be used
as a first estimate to relate the strength-deterioration of the rock material over
time. Furthermore, input parameters can be derived in the plastic zone around an
underground opening using this approach that can then be used in numerical analy-
ses similar to the one presented herein.
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