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Yiksek Lisans

OZET

TUNELLERDE KAYA YORULMASININ SONLU ELEMANLAR YONTEMI
KULLANILARAK ANALIZI

Manuel Diego ROMERO VASQUEZ

Karadeniz Teknik Universitesi
Fen Bilimleri Enstitiist
Maden Miihendisligi Anabilim Dali
Danisman: Prof. Dr. Kerim AYDINER
2021, 68 Sayfa, 8 Sayfa Ek

Bu tez, yeralt1 acikliklar1 etrafindaki deformasyon gelisimi {izerinde dongiisel
yiiklemenin neden oldugu yorulma etkisini arastirmaktadir. Bayburt Tiifii icinde NATM
yontemi ile agilacak bir varsayimsal tlinelin analizi i¢in PLAXIS 3D yazilimi kullanilarak
analizler gerceklestirilmistir. Caligma iki asamada gergeklestirilmistir: 1) kaya 6zelliklerinin
fiziko-mekanik  karakterizasyonu ve statik ve dongisel yikleme testlerinin
gerceklestirilmesi ve 2) statik ve dongiisel yiikleme durumlart i¢in sayisal analizlerin
gerceklestirilmesi. Sayisal analizlerde Hoek-Brown yenilme kriterleri kullanilarak 4 farkli
tiinel modeli kullanilmistir. Yorulma modellerinde frekans degisimi (0,2, 0,6 ve 1,0 Hz)
simiile edilirken, tekrar sayis1 (500 tekrar) ve ylikleme genligi (kayag statik kirilma yiikiiniin
30-50 %si) sabit tutulmustur. Sonuglar, i) frekans Bayburt tiifiiniin dayanim ve elastisite
degerlerini dogrudan etkilemistir; baska bir deyisle, kaya numunesi iizerindeki yorulma
etkileri daha diisiik frekanslarda onemli boyutlarda gerceklesmistir, ii) statik yiiklemeye
oranla tekrarl yiiklemelerde daha diisiik yer degistirmeler gozlenmistir ( jumax| (0.2 Hz) <
lumax| (0.6 Hz) < jumax| (1.0 Hz) < |umax| (statik)), iii) minimum asal gerilme (c3) ve
frekans arasinda negatif bir iliski bulunmustur, iv) yorulma modellerinde frekans ve emniyet

katsayis1 (SF) arasinda dogrusal iliski gézlenmistir.

Anahtar Sozcukler: Yorulma, tekrarli Yiikleme, Tiinelcilik, Yeni Avusturya Tiinelcilik
Yontemi (NATM), PLXIS 3D, Sonlu Elemanlar Ydntemi
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SUMMARY

ANALYSIS OF THE ROCK FATIGUE IN TUNNELS BY FINITE ELEMENT
METHOD

Manuel Diego ROMERO VASQUEZ
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Mining Engineering Graduate Program
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This thesis investigates the fatigue effect caused by cyclic loading on the deformation
development around the underground openings. Employing PLAXIS 3D FEM package for
the numerical modelling of a hypothetical tunnel opened by the NATM in Bayburt Tuff for
static and cyclic loading conditions to analyze stresses and deformation developments. The
investigation is divided into two stages: 1) physico-mechanical characterization of rock
properties and performance of static and cyclic loading tests, and 2) numerical analysis
applied to static and cyclic loading case. PLAXIS 3D simulated four hypothetical NATM
tunnels considering the Hoek-Brown failure criterion; being three of them based only on
frequency variation (0.2 Hz, 0.6 Hz, and 1.0 Hz) while keeping the number of cycles (500)
and load amplitude (30-50% from UCS) constant. Concluding as follow: i) the frequency
directly influences the strength and elasticity values of the Bayburt tuff; in other words, the
fatigue effects on rock specimen will be significant at lower frequencies. ii) |umax| (0.2 Hz)
< |umax| (0.6 Hz) < |umax| (1.0 Hz) < |umax| (Static), being |umax| the maximum total
displacement. iii) tuff responds with an inverse relationship between principal stresses and
frequency. iv) the fatigue effect influence appears through proportionality between

frequency and safety factor (SF) values.

Key Words: Fatigue, Cyclic loading, Tunneling, New Austrian Tunnelling Method
(NATM), PLAXIS 3D, Finite Element Method (FEM).
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1. INTRODUCTION

1.1. Overview

Rocks in their natural location are regularly subjected to static and dynamic loads,
which differ in how much the rock changes when it has been under loads in time intervals.
Dynamic loading is commonly encountered due to shocks, blasting, high—speed trains, etc.
(Cerfontaine and Collin, 2017) and, under these conditions, the rock suffers a degradation or
progressive fatigue due to the application of cyclic loads, causing the modification of its
internal structure that over time and if the loads are sufficiently high the rock will enter a
state of rupture. A rupture refers to the failure process whereby a structure disintegrates into
two or more pieces (B. Shen et al., 2014).

The fatigue phenomenon plays an essential role in designing all the structural elements
that make up an underground rock excavation, and the laboratory tests are the starting point
for the study of this phenomenon. Singh (1989) performed a series of cyclic loading tests on
graywacke rock specimens to find their fatigue and strain hardening behaviours, concluding
an inverse relationship between stress amplitude and fatigue life of rock and proportionality
between strain hardening percentage and the number of loads. Beser and Aydiner (2018)
subjected Tephrite samples to different cycles (50, 100, 150, and 200) under constant
amplitude and frequency to evaluate the effect produced by the loading cycles on the
compressive strength of the rock samples concluding in an inverse relationship between the
number of cycles and the compressive strength of the rock. In other words, Tephrite strength
reduces with increasing the number of cycles, thus revealing fatigue strength is affected by
the number of cycles in cyclic compression conditions. Wang et al. (2014) subdued granite
specimens to cyclic loading tests under triaxial compression conditions to analyze the hydro-
mechanical behaviour of a storage facility by FEM. After that, they implemented a
constitutive model to understand how fatigue behaves under the mean stress effect;
moreover, the simulation of cases synchronous and asynchronous storage and extraction of
crude oil in the facility. The simulation results denoted a threshold for fatigue failure because
there is a stress level arising from the transition from volumetric compaction to volumetric

dilatation, the crown settlement and plastic deformation in the asynchronous case were lesser



than those in the synchronous case, as well as the volume of groundwater inflow inside the
caverns in the asynchronous case was greater than that in the synchronous case.

The investigation trends invite us to go beyond laboratory outcomes analysis and
develop simulations by computer. Since the numerical methods have gained considerable
importance in designing the underground openings, FEM appears as a useful prediction tool
to calculate stresses and displacements in tunnels (Gunter et al., 1994). In other words, FEM
allows simulating the behaviour that an underground structure will have throughout its
construction stage; however, it is essential to compare simulation results with obtained
measurements from monitoring the tunnels over a long period (Boidy et al., 2002; Pellet,
2009). The literature offers interesting research regarding FEM use, such as the case of
underground openings design analysis. For example, Fasihnikoutalab et al. (2012) make
models to analyze both settlement and stability design factors from Line-4 Tehran, Iran
subway employing PLAXIS 8.2 finite element software. FEM is a useful tool to assess the
rockburst phenomena, as revealed by the investigations conducted by Manoucherian and Cai
(2017), whose objective is to quantify the influence of geological weak planes on rockburst

occurrence in tunnels subjected to static load increase and dynamic disturbance by Abaqus?P.

1.2. Literature Review

Analysis of the effect of rock fatigue using the numerical methods is employing as a
part of the underground opening design; research shows that the results from fatigue cyclic
tests provide high value-added at the moment to design by numerical methods (For instance,
Wang et al., 2014; and Demir, Ozbay1r, 2016). Moreover, academics such as Sing, 1988;
and Bagdevand and Petros, 2005 make considerable contributions to the rock fatigue subject.

Fasihnikoutalab et al. (2012) started with two of the most critical tunneling factors:
settlement and stability, and how numerical modeling techniques approach them for analysis.
One of these techniques is FEM that analyzes tunnel stability and predicts the ground
movement. Their study uses PLAXIS 8.2 finite element software to analyze the stability and
settlement of Line — 4 Tehran, Iran subway, and simulate tunnel behaviour, consisting of
both soil and rock layers. After both design and meshing for the tunnel, it proceeded with
the calculations in two phases. The first phase with the soil layer active and tunnel support
tools inactive without any replacement or deformation; and the second phase with an active

support system but the soil layer inside the tunnel inactivated. Finally, the conclusions were



the following: (i) according to the calculated lining thickness, a thickness of 35 cm was
optimum for the coverage system. (ii) based on the analysis, the most displacements obtained
in the ceiling and floor were equal to 9.65:10 m. (iii) the main-stress computed in the model
with the lining was -478 kN/m?. (iv) the stress returned to normal status for a distance of 13
m since the tunnel center.

Wang et al. (2014) analyzed the hydro-mechanical behaviour of an underground crude
oil storage facility in granite, subject to cyclic loading during its operation, by FEM. Their
research consisted of laboratory experiments to study granite’s fatigue behaviour subjected
to cyclic loading tests under triaxial compression conditions. As a result of the tests
mentioned above, the threshold for fatigue failure is defined, which refers to the stress
generated by the transition from volumetric compaction to volumetric dilation. Likewise, the
research defined parameters such as a linear elastic model, a yield surface, an associated
flow rule, and a kinematic hardening model. These parameters will be inputs for the
simulation by finite elements regarding the synchronous and asynchronous storage and
extraction of crude oil in the facility. The simulations for synchronous and asynchronous
cases show the following conclusions: the evaluation of crown settlement and plastic
deformation shows the synchronous case was more significant than the asynchronous case.
The volume of groundwater inflow into the cavern’s analysis, the synchronous case was less
than the asynchronous case. An important point to keep in mind is that both synchronous
and asynchronous cases regarding the stability and containment properties of the caverns
remained adequate during the operation phase.

Solans et al. (2015) compares the seismic response of NATM tunnels in Santiago’s
soft soil through the seismic distortion method of soil-applied in structural analysis software
and a finite difference software for soil-structure interaction. Additionally, for the last case,
a seismic record has been applied. Three numerical analyses by different kinds of
methodologies were carried out: modeling through FEM by SAP 2000 software (Case 1), the
second and third cases have been carried out with Finite Difference Models for soil-structure
interaction by FLAC 3D software. The comparison parameters were the coating thickness
of the tunnel structural analysis; for the Case I: 75 cm, Case II: 70 cm, and Case Il1: 60 cm.
In conclusion, the thicknesses determined based on the results of the differences that do not
exceed 25%; however, regarding each method’s complexity and execution times, it was

found that Case |11 > Case Il > Case I.



Demir K and Ozbayir T (2016) were responsible for the Eurasia Tunnel Project’s
design and development. Their project consisted of the twin NATM tunnels constructed
across the Trakya Formation, characterized by a fragile and weathered rock mass sections;
moreover, a detail to take into account is that the twin tunnels were passing under a populous
district, city water lines, and public buildings with a minimum of 8 m to a maximum of 41
m overburden. Urban tunnel design both took into account the lining stresses and ground
deformations to be concerned, and to the design process, the following steps were taken: (1)
site investigation and laboratory tests, (2) excavation geometry and supports, (3) mesh, (4)
material model, (5) model validation, (6) 2D numerical model, and (7) 3D numerical model.
Simulating the twin tunnels by FEM, the authors performed the monitoring and back analysis
of each phase of the project. Finally, the researchers concluded that (i) geotechnical methods
do not represent an exact way to model the ground behaviour; in light of this, an
understanding of the tunnel geology and the system behaviour could be a good option. (ii)
both Mohr-Coulomb and hardening soil models may provide accurate results for predicting
the surface settlements and tunnel deformations. (iii) numerical models performed could be
used not only for the design stage but also for the construction stage to verify.

Considering the role played by discontinuities around tunnel boundaries to trigger the
rockburst phenomenon, Manoucherian and Cai (2017) develop a methodology for rockburst
analysis. Based on the results, there was a significant increase in velocity and released kinetic
energy of failed rocks, a larger fault zone around the tunnel, and a mesh with significant
deformation for models with discontinuities; consequently, rock failure with the last type of
model was more violent. Finally, the modelling results validate those geological structures
close to deep excavations may be one relevant factor for developing the rockbursts.

Singh (1988) worked with Graywacke specimens from the Flagstaff Formation, that
rock specimens were subject to cyclic loads tests to analyze both fatigue and strain hardening
rock intact behaviours. First of all, the author obtained a UCS average of 185 MPa that will
be a part of the fatigue test inputs. To carry out the fatigue tests were defined input
parameters such as predefined stresses, frequency, and a predetermined number of cycles to
determine the following conclusions: (i) it was defined fatigue stress of 87% of UCS average.
(i1) based on the S-N curves, the stress amplitude has an inverse relationship with the number
of cycles to failure. (iii) assuming a maximum applied stress, stress amplitude, and cyclic

frequency, the percentage strain hardening is directly related to the number of load cycles.



(iv) the increment of the maximum applied stress also increases the percentage in strain
hardening.

Bagde and Petro$ studied the rock behaviour and rock mass inside the excavation
system subjected to uniaxial cyclic loading by evaluating of the effect of loading waveform
and amplitude on the fatigue behaviour of intact sandstone by laboratory tests. These tests
consisted of two experiment sets; in the first one, the sinusoidal, ramp, and square waveforms
has been performed with a peak amplitude of 0.05 mm and loading frequency of 5 Hz; and
in the last one, the test has been conducted at a range of amplitudes from 0.05 to 0.3 mm at
a frequency of 5 Hz using sinusoidal and ramp waveforms. Deriving the following
conclusions: (i) the maximum loading rate in a waveform has strongly influenced the damage
accumulation in rock; on the other hand, the type of loading waveform affects the various
rock properties in uniaxial cyclic loading conditions. (ii) the rock failure mechanism is a
function of loading waveform and amplitude; consequently, the amplitude has a great
significance in cyclic loading conditions.

To analyze the effect of static and dynamic disturbances on rockbursts, Su et al. (2018)
performed rockbursts tests induced by ramp and cyclic dynamic disturbances under triaxial
conditions, where the ramp dynamic disturbance's strain rate was 5x10 Hz, whereas the
other was between 2x103-5x107 Hz. The results confirm that both the ramp and dynamic
disturbances induce rockbursts, and this is evidenced by the kinetic energy of the ejected
fragments behaviour: (i) in the ramp dynamic disturbance case, the strength of the specimen,
and the kinetic energy ejected fragments first increase and then decrease. (ii) while in the
cyclic dynamic disturbance case, the ejected fragments' kinetic energy first increases and
then decreases proportionally to the cyclic dynamic disturbance frequency increase. (iii)
there is just one process of violent fragment ejection in the failure process of rockburst
induced by the dynamic ramp disturbance, while for the cyclic dynamic disturbance
scenario, there are several ejections. (iv) different trends of damage evolution of rocks
between the ramp and cyclic dynamic disturbance. (v) the energy mechanisms of rockbursts

induced by both ramp and cyclic dynamic disturbance are different.

1.3.  Aim and Objectives

This research aims to analyze the stability of a tunnel with cyclic loading history under
static loading conditions; for this purpose, hypothetical tunnel, considering just frequency

changes, is modeled by the PLAXIS 3D FEM package in a Bayburt tuff environment under



NATM. The findings of this thesis are expected to accord importance to the fatigue effect
caused by cyclic loading on the development of deformation around underground openings;

to achieve this, the following objectives are established:

I.  To determine the physico-mechanical properties of Bayburt tuff specimens.
ii.  To analyze rock behaviour of Bayburt tuff under frequency changes.

iii.  To model a hypothetical NATM tunnel design using PLAXIS 3D finite element
software for static and cyclic loading scenarios and obtaining stability
parameters such as total displacements, principal total stresses, and safety factors
for each loading case.

iv.  Toassess how the effect of fatigue affects the design of NATM tunnels through

the stability parameters analysis for each cyclic load scenario.

1.4. Thesis Structure

The thesis consists of five chapters: Chapter 1 gives an overall picture of the subject
under study and mentions the relevant past studies. Chapter 2 focuses on determining the
physico-mechanical properties of the Bayburt tuff and the performance of the cyclic loading
tests. Chapter 3 simulates hypothetical NATM tunnel design scenarios for both static and
cyclic loads cases. Chapter 4 compares the results of both scenarios to discuss the effect of
the frequency for the cyclic loading case. In the end, Chapter 5 briefly describes the research

given in this thesis. Figure 1.1 shows the structure and interconnection of chapters.
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CHAPTER 1: INTRODUCTION

Overview, literature review, aim and objectives,
and thesis structure

structure

CHAPTER 2: MATERIALS AND METHODS

Overview, literature review, aim and objectives, and thesis

CHAPTER 3: NUMERICAL SIMULATION BY FEM

Simulation of NATM tunnels for static and cyclic loading

scenarios

Figure 1.1. Thesis structure

CHAPTER 4: DISCUSSION OF RESULTS

CHAPTER 5: CONCLUSIONS

In this thesis, the effect of rock fatigue for a hypothetical NATM tunnel designed in

Bayburt tuff mass subjected to static and cyclic loading scenarios is analyzed using PLAXIS

3D finite element software. In chapter 2, the real data is obtained through rock laboratory

tests for both static and cyclic loading conditions. In chapter 3, static and cyclic loading

scenarios for a NATM tunnel are simulated by PLAXIS 3D finite element software, then

analyze the tunnel stability output parameters that are: total displacements, radial stresses,

and safety factor for each loading case. Only the loading frequency change for the cyclic

loading conditions is simulated to analyze the effect of the far-field and near-field blast in

the tunneling process. The differences between total displacements, radial stresses, and

safety factors for each scenario are discussed by Chapter 4. Finally, the relevant conclusions

from this thesis are embodied in Chapter 5.




2. MATERIALS AND METHODS

2.1. Characterization of Rock Samples

Figure 2.1 develops the flowchart concerning the laboratory works stage and consists
of four steps. Below is a brief description of the four stages mentioned:

i.  The first stage intended to describe the most relevant intrinsic properties of the
Bayburt tuff, such as the mineralogic and petrographic analysis.

ii.  The second stage describes the standards proposed by the ISRM to prepare the
Bayburt tuff samples for both static and cyclic loads tests.

iili.  The third stage refers to define the physico-mechanical properties of Bayburt tuff,
such as density, unit volume weight, apparent porosity, and void ratio, and the
performance of static loads tests, such as UCS, BTS, and Young’s modulus tests.

iv.  The fourth stage stands for analyzing the fatigue effect's influence in Bayburt tuff
samples subjected to cyclic loads at different frequencies through load versus time
graphs, calculating the uniaxial strength after cyclic loads, and then carrying out
the UCS and elasticity tests.



( Start )

Bayburt tuff as the intact rock to
be analyzed

Preparation, under ISRM
standards, of rock samples for
both static and cyclic load tests

Calculation of density, unit
volume weight, apparent porosity,
and void ratio

Performing the static load tests
and quantification of the results of
each test

Physico-mechanical
properties

Establish variations in frequency
as the parameter to analyze

Applying the cyclic load’s tests
and quantification of uniaxial
strength after cyclic load of each
test

Cyclic loading test

Performing the static load tests
and quantification of the results of
each test

End

Figure 2.1. Flowchart for the development of the experiments

2.2. Laboratory Tests

The rock subject to study is the Bayburt tuff, whose intact rock samples were obtained

from a private company. The performance of the laboratory work develops in seven phases



10

described in Figure 2.2 and mentioned below: 1) prepare samples for core drilling; 2) core
drilling; 3) taking the specimen; 4) core inspection; 5) specimen cutting / grinding end
surface flatness / parallelism; 6) final inspection; and 7) specimen ready for the uniaxial load
tests.

A detailed highlight is that all the tuff specimens were prepared considering the
guidelines and standards suggested by ISRM (2017).

3) Taking the core or

1) Bayburt tuff block 2) Core drilling .
specimen

Failed

4) Core
inspection

-~

Passed
5) Specimen cutting / Improving the edges /

Parallelism

7) Specimens are ready

v v

Failed
Passed 6) Final
inspection
I e

Figure 2.2. Laboratory work flow chart

2.2.1. Physico-Mechanical Properties of Bayburt Tuff
2.2.1.1. Density Test

Based on the suggestions from ISRM Blue Book (2007) to measure the density of rock
specimens, this study applied the following procedure: (a) Five specimens, with a geometry

close to a right cylinder, are extracted from a representative intact rock sample. (b) The
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measures, both the diameter, height, and weight of specimens, were performed by the
Vernier caliper and laboratory balance; however, the average of specimen dimensions will
be used for density calculation, see Figure 2.3. (c) The specimen bulk volume is calculated
from an average of multiple caliper measures for each dimension. (d) A water immersion
saturates the specimens for 48 hours, then the weighing process is repeated for saturated
specimens. (e) The specimens are dried to a constant temperature of 105 °C for 48 hours by
laboratory drying oven, then the weighing process is repeated for dried specimens.
Assuming as input parameters, the resulting data from the specimen’s measurements
for the states natural, saturated, and unsaturated. The corresponding densities were

calculated and described by Formula 1 and Table 2.1 correspondingly.

Specimen mass
Density = X ( g ) 1)

Bulk volume \cm3

The “specimen mass” depends on the sample’s state, which implies that it could be

natural, saturated, or unsaturared.

Figure 2.3. Physical measurements from Bayburt tuff specimens
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Table 2.1. Densities of Bayburt tuff specimens

Bulk Specimen Mass Specimen Density
u
Ht Dia Unsatd
Spec Vol Unsatd  Satd Nat Satd
(mm)  (mm) , Nat () 5 (g/cm?® ,
(cm’) (9) (9  (g/cm’) ) (g/cm?)

3142  53.77 7135 123.10 116.50 133.00 1.73 1.63 1.86
31.61 53.80 71.84 12340 117.00 133.50 1.72 1.63 1.86
31.62 53.89 7213  121.00 114.70 131.60 1.68 1.59 1.82
32.33 53.89 73.76  126.40 120.10 136.60 1.71 1.63 1.85
3241 53.86 73.84 126.30 120.10 136.80 1.71 1.63 1.85

Average 171 1.62 1.85

g A W N -

The unit weight is calculated by Formula 2.

y (kN/m?) = g (m/s*) * p (g/cm?) )

[Pl

Where “y” represents the unit weight of the Bayburt tuff, “g” represents the gravity

(14

. 2 . . . .
that is 9.81 m/s , and “p” represents the rock mass density. Applying this relation, “y” was

determined as 16.77 kN/mg, 15.91 kN/m3, and 18.15 kN/m3 natural, saturated, and

unsaturated, respectively.

2.2.1.2. Determination of Porosity and Void Ratio

In this section, the parameters exhibited in Table 2.1, such as height, diameter, bulk
volume, and both natural, saturated, and unsaturated mass, remain as input data to determine

the porosity and void ratio using the formulas below.

M, — M
V, = %‘”y (cm3) (3)
S
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n=—p— (%) (4)
n
®=100-n )

Where “V\” represents the volume of void-space, “Msat” represents the specimen’s
saturated mass, “Mary” represents the specimen’s unsaturated mass, “ps” represents the
specimen’s density, “Vs” represents the volume of the specimen, “e¢” is the void ratio, and
“n” is the porosity. From Table 2.1, the following input parameters are extracted and Table

2.2 shows the output parameters correspondingly.

Mg, Saturated Mass (g) Mgyy: Unsaturated Mass (g)

ps: Natural density (g/cm?) Vet Bulk volume (cm?)

Table 2.2. Volume of void space, porosity, and void ratio of Bayburt tuff specimens

Spec Volume of void space (cm?) Porosity (%) Void ratio
1 9.56 13.40 0.15
2 9.61 13.37 0.15
3 10.07 13.97 0.16
4 9.63 13.05 0.15
5 9.76 13.22 0.15
Average 9.73 0.13 0.15

2.2.1.3.  Uniaxial Compressive Strength Test

Uniaxial compressive strength (UCS) is the single most widely used descriptor of the
strength of a particular rock type. UCS test quantifies the peak strength of intact rock, in
other words, through of uniaxial compressive stress-strain curve, see Figure 2.4, the
specimen will be loaded until its rupture or defeat, exceeding its strength. Nevertheless, not

necessarily in this peak strength, the rock can fail because it is not undamaged in earlier
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stages below the maximum peak. From Figure 2.4(a), the following stages are identified in
Table 2.3.

The output parameter from the UCS test will be the uniaxial compressive strength of
the intact rock (oci), defined as the compression strength in which the propagation of
fractures in the specimen begins, and its performance depends on control variables, such as
loading rate, specimen geometry, specimen size, etc. The specimens were prepared in the

Mining Engineering Department’s rock mechanics laboratory and performed for UCS test
in the Geology Department.

a) b)

Unstable fracture

propagation\

\‘ P
TTTTTTTTT ® T Critical energy, release

Strength failure

Stable fracture
propagation \

Axial stress, ¢

Fracture initiation

Elastic
deformation

Crack

S
closure Sss
\ """ Closure

Initial stress

Axial strain, £

Figure 2.4. Stress-strain curve in geomaterials (H Wang et al., 2010)

Table 2.3. Stages of the stress-strain curve in geomaterials (Wang et al., 2010)

Stage Name of stage Description

Represents that microcrack closure in rocks induces AE
O-A Crack closure .

signals.

Stage represented by a linear trend where the deformation of
A-B Elastic deformation ~ mineral crystals from geomaterials supports the external

loading.
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Continuation of Table 2.3

During this stage, the existing microcracks start to extend
Stable fracture ] ] ] )
B-C ) from their corners. Also, both nonlinear axial and volumetric
propagation ]
deformations are measured.

The existing microcracks continuously elongate, and new
Unstable fracture ) ) ) ) )
C-D ) induced microcracks cause the increasing density of
propagation ) ) )
microcracks in geomaterials.

D Strength failure The maximum strength failure happens.

Figure 2.5 shows five specimens (with length and diameter of 139.18 mm and 53.98
mm, respectively) subjected to the UCS test to determine the rock'’s strength against load,
and the results show in Table 2.4. In addition to the calculations, the specimen’s mode rupture
is a criterion to consider the test valid or not, and for this set was the shear failure with

conjugates, see Figure 2.6, which means that the UCS tests are proper.

18001

Figure 2.5. UCS test for Bayburt tuff specimens

Table 2.4. UCS test results applied to Bayburt tuff specimens in their natural state

Spec Length (mm) Diameter (mm) Failure Load (kN) UCS, o, (MPa)

UCS1 139.99 54.70 99.26 42.24

UCS2 139.66 54.70 100.35 42.70
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Continuation of Table 2.4

UCS3 136.95 54.70 93.18 39.65
UCS4 139.07 54.70 104.23 44.35
UCS5 139.64 54.70 83.28 35.44
Average 139.06 54.70 96.06 40.88

Since uniaxial compressive strength average (oci_avg) Was calculated as 40.88 MPa, and

based on Table 2.5, Bayburt tuff is a rock of low strength.

Table 2.5. Engineering classification for intact rock (Deere and Miller, 1966)

Class Description UCS, oci, (MPa)
A Very high strength Over 220.64
B High strength 110.32-220.64
C Medium strength 55.16-110.32
D Low strength 27.58-55.16
E Very low strength Less than 27.58

Figure 2.6. Rock specimens exhibit a shear failure with conjugates
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2.2.1.4.  Young’s Modulus and Poisson’s Ratio

The Young’s modulus evaluates the relationship between the material deformation and
the stress needed to deform it; parameters that are related by Hooke’s Law, see Formula 6,

where the stress, strain, and young’s modulus are represented by o, €, and E respectively.

o=FE=x¢ (6)

The ISRM (2007) develops a methodology to determine the stress-strain curves,
Young’s modulus, and Poisson’s ratio in uniaxial compression for a rock specimen of regular
geometry. In the static loads’ case, the elasticity test required two Bayburt tuff specimens,
where the testing machine subjected each specimen to different ranges of load intensity. The
characteristics of cylindrical specimens are an approximate diameter of 54.70 mm, an
approximate height of 139.00 mm, and smooth surfaces. Figure 2.7 shows the specimen’s
arrangement, where “Lo” is the original measured axial length, the compressometer, and two
LVDT (linear variable differential transformer) arranged in portrait orientation. Figure 2.8
displays the specimen subjected to the elastic