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1. Introduction 

1.1. Preliminary comments 
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1.2. Objective 
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2. State of the art: rock and rock mass behavior 

2.1. Introduction 

2.2. Rock mass characterization 



2.2.1. Failure criteria 

2.2.1.1. Mohr- Coulomb failure criterion 
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Fig. 2.1. Straight line corresponding to Mohr-Coulomb failure criterion (eq. (2.1)) and relationship 
between principal and shear stresses. 
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Fig. 2.2. Extrapolation of the Mohr-Coulomb failure criterion to the region of negative confinements. 
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2.2.1.2. Hoek-Brown failure criterion 
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2.2.2. Rock mass deformability 
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Table 2.1. Guide for the estimation of the disturbance factor D (Hoek et al. 2002). 

D

D

D

D

D

D

D



ci
mE

ci
m

DE

m D

D

E
e

rm i D GSI

D
E E

e

ER

2.2.3. Post-failure behavior of rocks 



Fig. 2.3. The four possible post-failure behavior of rocks. 

1



M R

R M

M R
1

Fig. 2.4. Results of the classic strength tests performed by Von Kármán (1911) on Carrara marble. 

Fig. 2.5. Results of the tests performed by Hadizadeh & Rutter (1983) on quartzite. 



Fig. 2.6. Idealized axial stress-axial strain graph of a rock that behaves in a strain-softening manner, 
where the three deformational phases are also indicated. 

F

F

F

*

*



p uF q

p qu

p

u pq c

c

Fig. 2.7. Evolution from peak to residual friction angle and cohesion. a) Descending both parameters, b) 
following CWFS approach. 



Fig. 2.8. a) Axial stress versus volumetric strain, and b) axial stress versus axial strain and volumetric 
strain versus axial strain in a triaxial compression strength test on granite. 
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Fig. 2.9. Press stiffness importance in capturing post-failure behavior of rocks (after Ramírez-Oyanguren 
& Alejano, 2008). 

2.2.4. Post-failure behavior of rock masses 

2.2.4.1. General frame of rock masses’ post-failure behavior 
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Fig. 2.10. Examples of anastomosed structures at different scales, from millimeters to thousands of 
kilometers (Archambault et al., 1993). 
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Fig. 2.11 Scale and normal stress influence on post-failure behavior of rocks and rock masses 
(Rodríguez-Dono & Alejano, 2012; after Archambault et al., 1993). 
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2.2.4.2. Transitional and residual failure criteria 



Fig. 2.12. Idealized post-failure rock mass behavior as depending on GSI. 

2.2.4.3. Plastic parameter 
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2.2.4.4. Critical softening parameter 
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2.2.4.5. Flow rule 



2.2.4.6. Alejano & Alonso dilatancy model (2005) 

Fig. 2.13. Stress-strain relationships for a compression strength test on a strain-softening coal sample 
with four unloading-reloading cycles, three of them in the post-failure zone. The bottom graph shows the 

irrecoverable strain locus or the curve that relates the plastic components of the volumetric and axial 
strain as well as the formulation on which it is based (Alejano & Alonso, 2005; after Medhurst, 1996). 
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Fig. 2.14. Actual stress-strain relationships for a compression strength test on a strain-softening coal 
sample and ideal stress-strain relationships as proposed by Alejano & Alonso (2005) dilatancy model. 

From top to bottom: axial stress vs. axial strain; plastic and total volumetric strain vs. total axial strain; 
and dilatancy angle as function of the plastic axial strain (After Alejano & Alonso, 2005). 

ci
peak

ci

p

p

peak
e

p

p

3
p

ci

 p*



 p*

 p*

2.2.4.7. Zhao & Cai dilatancy model (2010a) 
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Fig. 2.15. Dilation angle behavior of the seven rocks studied by Zhao & Cai (2010a) as function of the 
plastic shear strain for a confining pressure of 1 MPa, and range of values for the nine coefficients 

grouped by grain size. 

2.2.4.8. Walton & Diederichs dilatancy model (2015a) 
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Fig. 2.16. Differences between the dilatancy models by Alejano & Alonso (2005) and those by Zhao & 
Cai (2010a) and Walton & Diederichs (2015a) regarding the starting point for counting the plastic 

parameter. 





Dilation in 
granite according to servo-controlled strength tests

3. Dilation in granite during servo-controlled 
strength tests 

3.1. Introduction 
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3.2. Testing equipment 

John P. Harrison Rock Mechanics’ Laboratory



Fig. 3.1. Evolution of a servo-controlled test based on a given strain function. Major principal stress in 
the ordinate axis and axial strain in the abscissa axis. 
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3.3. Tested rocks 

Fig. 3.2. Petrographic study of rock samples showing pictures of hand samples and thin-section 
photographs in white and polarized light for the three granites studied. 



Table 3.1. Quantitative modal analysis of the studied rocks derived from petrography analysis of thin 
sections. 

3.4. Testing 

3.4.1. Non-destructive tests 

3.4.1.1. Density tests 

3.4.1.2. Tilt tests 

John P. Harrison Rock Mechanics’ Laboratory

3.4.2. Destructive tests 

3.4.2.1. Brazilian tests 



Table 3.2. Summarized results of density, tilt and Brazilian tests for the three granitic rocks studied 
(mean results, and standard deviation between brackets). 

T

3.4.2.2. Uniaxial compressive tests 

3.4.2.1. Triaxial tests 
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Table 3.3. Results of testing on Amarelo País granite samples. 
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Table 3.4. Results of testing on Blanco Mera granite samples. 
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Table 3.5 Results of testing on Vilachán granite samples. 
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Fig. 3.3. Stress-strain graph for confined compression test on granitic rock samples. In the upper left 
graph it is shown how to obtain the values for peak and residual strength ( 1

peak and 1
res), apparent 

elastic Young’s modulus (E), apparent Poisson’s ratio ( ) and drop modulus (M). 

Fig. 3.4. Complete stress–strain curves for Amarelo País granite for confined strength tests at different 
confining pressures. The most relevant tendency is for peak strength and residual strength to increase, 

apparent Young’s modulus to slightly increase and radial and volumetric strain to decrease as confining 
pressure grows. 



3.5. Interpretation of results 

3.5.1. Classic parameters 

Fig. 3.5. Peak and residual strength test results and fitted to Hoek-Brown and Mohr-Coulomb failure 
criteria. 

Table 3.6. Geomechanical results for Amarelo País (m subscript refers to average values). 
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Table 3.7. Geomechanical results for Blanco Mera (m subscript refers to average values). 
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Table 3.8. Geomechanical results for Vilachán (m subscript refers to average values). 
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Fig. 3.6. Apparent elastic Young’s modulus versus confining pressure for the three rocks studied. 

Fig. 3.7. Apparent Poisson’s ratio versus confining pressure for the three rocks studied. 
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Fig. 3.8. Drop modulus versus confining pressure for the three rocks studied. 

Fig. 3.9. Shear banding in the three types of granitic rocks. 



Fig. 3.10. Orientation of shear bands versus confining pressure. 

3.5.2. Dilatancy 

Fig. 3.11. Complete stress-strain curve obtained in a triaxial test. 



3.5.2.1. Computing the dilation angle 
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Fig. 3.12. Graphic estimate of axial and volumetric plastic strains. 
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3.5.2.2. Dilatancy results 
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Fig. 3.13. Dilation angle vs. plastic shear strain for various confining levels and laboratory results and 
fits for each granite type. 



Table 3.9. Fit coefficients for dilation angle-plastic parameter curves for the three granitic rocks studied. 
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Table 3.10. Plastic shear strain parameters and confining pressure dependent dilation angle model as 
proposed by Zhao & Cai (2010a), for the three studied granitic rocks (this study) and two other rocks 

(Zhao & Cai, 2010a). 
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Fig. 3.14. Variations in fitting parameters (a, b and c) at different confining stresses (abscissa axis) and 
the best fit for each granite type. 

Fig. 3.15. Variations in the mobilized dilation angle for the three granites studied and for other rock 
types at a confining stress of 1 MPa (from Zhao & Cai, 2010a): 1. Quartzite (coarse-grained hard rock); 

2. Strong sandstone (medium-grained hard rock); 3. Silty sandstone (medium-grained hard rock); 4. 
Mudstone (fine-grained soft rock); 5. Seaterth (fine-grained soft rock); 6. Weak sandstone (fine- to 

medium-grained soft rock); 7. Coal (fine- to medium-grained soft rock). 



3.6. Conclusions of this chapter 



A lab-testing based geomechanical characterization 
of metamorphic rocks focusing on post-failure behavior

A Laboratory testing-based study on the strength, 
deformability and dilatancy of carbonate rocks at low confinement

4. Dilation in other rocks based on lab strength tests 

4.1. Introduction 

4.2. Rocks investigated 

4.2.1. Indiana limestone 



Fig. 4.1. Grain structures of Indiana limestone, Carrara marble and Toral de Los Vados limestone. Thin 
plate section with crossed nicols (upper) and with visible light (lower) of the Touro amphibolite and Noia 
orthogneiss. Remark the foliation in the amphibolite (amphibole colored crystals) and the gneiss (black 

biotite). 

4.2.2. Carrara marble 



4.2.3. Toral de Los Vados limestone 

4.2.4. Touro amphibolite 

4.2.5. Noia orthogneiss 

4.3. Methods 

4.3.1. Test setup 



Table 4.1: Number of tests performed on each rock and at each confining pressures. 

4.3.2. Data analysis 
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Fig. 4.2. Example of data used to select the crack damage stress (CD) for each test specimen; axial stress 
versus axial strain (top), smoothed point to point tangent modulus (middle) and volumetric strain versus 

axial strain (bottom) plots are shown. 
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4.4. Interpretation of results 

Fig. 4.3. Typical failure mechanisms in Indiana limestone, Carrara marble, Touro amphibolite, Toral de 
Los Vados limestone and Noia gneiss. The inset figure (bottom middle, courtesy of Gabriel Walton) 

shows grain scale conjugate shearing occurring in the Carrara marble. The confining stresses that the 
samples were tested at are shown at the top or the bottom of each picture. 



Fig. 4.4. Examples of the stress-strain response of the five studied rocks during a triaxial tests with a 
confining pressure of 6 MPa. A comparative (bottom right) between axial stress – axial strain curves of 
the five rocks is also showed, cycles have been removed from the curves in this graph in order to clarify 

the comparison, observe the similarity in Young’s moduli of the Carrara marble (grey), Toral de Los 
Vados limestone (yellow) and Noia gneiss (light blue). 



Fig. 4.5. Average drop modulus values for Indiana limestone and Carrara marble. 

4.4.1. Strength 
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Fig. 4.6. Strength data and least-squares Mohr-Coulomb (M-C) and Hoek-Brown (H-B) fits for Carrara 
marble, Indiana limestone, Toral de Los Vados limestone, Touro amphibolite and Noia gneiss. In the 

lower right graph, Hoek-Brown failure criterion fits for all the rocks are shown together. 



Table 4.2. Strength fit data. 

 m s a c

4.4.1. Deformability 

Table 4.3. Poisson’s ratio information. 
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Fig. 4.7. Variation in Young’s Modulus as a function of confinement, with a linear model shown for the 
Indiana limestone and Carrara marble (both on top); and a logarithmic model shown for the Toral de 

Los Vados limestone, Touro amphibolite and Noia gneiss. 



Table 4.4. Young’s Modulus model information. 
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4.4.2. Dilatancy 
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Table 4.5. Mobilized dilation angle fit parameters for the rocks tested. 
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Table 4.6. Parameters defining full mobilized dilation angle model. 

a1 a2 a3 b1 b2 b3 c1 c2 c3 

Fig. 4.8. Variations in the mobilized dilation angle for the five rocks studied (named 11, 12, 13, 14 and 
15) and for other rocks types at a confining pressure of 1 MPa (after Arzúa & Alejano, 2013, with data 

from Zhao & Cai, 2010a). 



4.5. Conclusions of this chapter 

John P. Harrison Rock Mechanics’ 
Laboratory



Strength and dilation of jointed granite specimens in servo-controlled triaxial tests

5. Strength and dilation of jointed granite specimens 
in servo-controlled triaxial tests 

5.1. Introduction 



5.2. Test setup 

5.2.1. Testing equipment 

John P. Harrison Rock Mechanics’ Laboratory

5.2.2. Rock testing 

5.2.3. Jointed specimen preparation 



Fig. 5.1. a) Cubic Blanco Mera granite sample with a 30-cm edge, prepared for cutting to obtain the sub-
vertical joint set. b) Reassembled cut rock ready to extract cores with a sub-vertical joint. c) Cores with a 

sub-vertical joint. d) Re-joined core prepared for cutting to obtain the sub-horizontal joint set and the 
final specimen length. e) and f) The cutting process for sub-horizontal joints and specimen ends. g) An 

artificially jointed specimen. h) Final preparation of the plastic-wrapped jointed specimens. 



Fig. 5.2. Problem encountered if the sub-vertical joint set is cut after, rather than before, obtaining the 
core. 

5.3. Testing 
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Fig. 5.3. Stress-strain graph for confined ( 3 = 4 MPa) compression test on a Blanco Mera granite 
jointed test core. Shown also is how to obtain the values for peak and residual strength, 1

peak and 1
res; 

apparent elastic Young’s modulus, E; apparent Poisson’s ratio, ; and the drop modulus, M. 



3

Fig. 5.4. Test specimens after compression testing. a) Sketch of the jointed core pieces. b) Shearing 
through pieces #3 and #4 and evidence of the rock flour that usually appears in sub-horizontal joints. c) 

Test core inside a sheath, showing the shear bands despite low confining pressures. d) After sheath 
removal, pieces bounded by the sub-horizontal joints (#3 and #4) crushed in multiple pieces, with the 

other pieces (#1, #2, #5 and #6) almost intact or showing signs of failure through shear bands. e) Shear 
band crossing pieces #4 and #6. 



5.3.1. Intact test cores 

5.3.2. Jointed test cores 

Table 5.1. Results of testing on intact cores. 
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Table 5.2. Results of testing on jointed cores. 
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5.4. Results interpretation 
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Fig. 5.5. Comparison of complete stress-strain curves between intact and jointed cores for different 
confining pressures. a) 3 = 2 MPa, b) 3 = 4 MPa, c) 3 = 6 MPa, d) 3 = 10 MPa, e) 3 = 12MPa. 

5.4.1. Classic parameters 



Fig. 5.6. Peak and residual strength test results and fits to Hoek-Brown (H-B) and Mohr-Coulomb (M-C) 
failure criteria for jointed and intact cores. 

Fig. 5.7. Comparison between residual strengths fits. 



Table 5.3. Basic geomechanical results for intact cores of Blanco Mera granite. 
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Table 5.4. Basic geomechanical results for jointed cores of Blanco Mera granite. 
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Fig. 5.8. Evolution of the GSI-equivalent value with confining pressure. 
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Fig. 5.9. Residual strength test results and H-B and M-C failure criterion fits for jointed cores. It can be 
seen that the M-C fit was better than the H-B fit due to the linearity of the test results. 

E

3 3

Fig. 5.10. Apparent elastic Young’s modulus versus confining pressure. 
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Fig. 5.11. Apparent Poisson’s ratio versus confining pressure. 



Fig. 5.12. Drop modulus versus confining pressure for the intact and jointed cores. 

5.4.2. Dilatancy 

John 
P. Harrison Rock Mechanics’ Laboratory

5.4.2.1. Estimating confining stress and plastic parameter dependent dilation angles 
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5.4.2.2. Dilatancy results 
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Fig. 5.13. Dilation angle versus plastic shear strain for various confining levels. Laboratory results and 
fits for each confining level for jointed cores. 
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Table 5.5. Plastic shear-strain parameters and confining-pressure-dependent dilation angle model as 
proposed by Zhao & Cai (2010a) for both jointed and intact test cores. 
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Fig. 5.14. Variations as follows: a) the fit for parameter a in accordance with Equations (5.6); and b) 
peak dilation angle for different confining pressures for jointed and intact cores. Note the strong 

relationship between this parameter a and peak dilation angle (almost equal). 
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Fig. 5.15. Dilation angle versus plastic shear strain fits for various confining levels, with laboratory 
results for both jointed and intact cores. 



5.5. Conclusions of this chapter 





Effect of scale and structure on the strength and deformability of rocks

6. Stress-strain behavior of granite specimens as a 
function of their structure 

6.1. Introduction 



Fig. 6.1. Concepts of scale and structure in rock masses. a) rock mass sample representative of rock mass 
behavior at the scale of the engineering work, as for Hoek & Brown (1980b); b & c: double and 

quadruple diameter homothetic transformation of circle a; d & e: rock mass samples of the same size 
than circle a but with the original structures corresponding to a, b and c respectively. 

6.2. Test setup 

John 
P. Harrison Rock Mechanics’ Laboratory



Fig. 6.2. a) (1+2) (one sub-vertical, two sub-horizontal) jointed specimen, as studied in Chapter 5. b) 
(2+3) (two sub-vertical, three sub-horizontal) jointed specimen, this study. c) and d) sketches of the 

different relative orientations of the sub-vertical and sub-horizontal joints of the (2+3) jointed specimen, 
explained in the text. 



6.3. Testing 

Et Es

M,

Fig. 6.3. Complete stress-strain curve result of a confined ( 3 = 4 MPa) compressive strength test with 
unloading-reloading cycles and the indication of where the relevant parameters are obtained. 



Fig. 6.4. Picture of the 2+3 jointed specimen JBM11 a) before, and b) and c) after testing; b) inside the 
sleeve; c) once the pieces of broken rock have been removed from the sleeve. Original and broken pieces 

have been lettered and the observed macroscopic failure trace surface has been marked in red. 



Fig. 6.5. Example of complete stress-strain curves with unloading-reloading cycles of three of these 
specimens representative of each type (fresh –B13TRX – blue; (1+2) joints - BMD18 – red; and (2+3) 
joints – JBM11 - green) confined to 10 MPa. In the lower right graph together with actual volumetric-

axial strain response, the irrecoverable strain locus is delineated in dotted lines. 



Fig. 6.6. Example of axial stress-axial strain curves with unloading-reloading cycles of triaxial tests in 
intact rock submitted to confinement stresses of 2, 4, 6, 10 and 12 MPa and averaged general trends 

representative of tests in intact rock. 



Fig. 6.7. Example of axial stress-axial strain curves with unloading-reloading cycles of triaxial tests in 
(1+2) artificially jointed rock specimens submitted to confinement stresses of 2, 4, 6, 10 and 12 MPa and 

averaged general trends representative of tests in (1+2) artificially jointed rock. 



Fig. 6.8. Example of axial stress-axial strain curves with unloading-reloading cycles of triaxial tests in 
(2+3) artificially jointed rock specimens submitted to confinement stresses of 2, 4, 6, 10 and 12 MPa and 

averaged general trends representative of tests in (2+3) artificially jointed rock.   



6.4. Interpretation of results 

6.4.1. Elastic parameters 
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Fig. 6.9. Graphical representation of the apparent a) tangent (or average) and b) secant elastic Young’s 
moduli. 



Table 6.1. Tangent and secant elastic moduli for unconfined and various confinement levels as derived 
from fittings to test data. 
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Fig. 6.10. Graphical representation of Poisson’s ratios vs. confining pressure. 



6.4.1. Peak strength parameters 

1 3

Fig. 6.11. Peak strength of the 2+3 jointed specimens depending on the relative orientation of the joints. 

6.4.1.1. Interpretation of peak strength data in terms of Mohr-Coulomb failure criterion 
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Fig. 6.12. Representation of maximum shear strength line (blue) in p-q axes, Mohr-Coulomb line (red) in 
- n axes and their correlation. 
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Fig. 6.13. Peak strength tests results and Mohr-Coulomb failure criterion fit for intact, (1+2) and (2+3) 
jointed specimens in terms of a) p-q line and b) results in 1- 3 axes. 
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Table 6.2. Mohr-Coulomb peak failure criterion parameters derived from two fit approaches. 
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6.4.1.2. Interpretation of peak strength data in terms of Hoek-Brown failure criterion 
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Fig. 6.14. Peak strength tests results and Hoek-Brown failure criterion fit for intact, (1+2) and (2+3) 
jointed specimens in terms of a) ( 1- 3)2 - 3 axes and b) results in 1- 3 axes. 
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Table 6.3. Hoek-Brown failure criterion parameters derived from various fit approaches for peak 
strength.  
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Table 6.4. Hoek-Brown failure criterion GSI and parameters derived from fitting the strength results 
obtained in jointed samples reduced to a 70 %.  
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6.4.2. Residual strength parameters 

6.4.2.1. Interpretation of residual strength data in terms of Mohr-Coulomb failure 
criterion 

p-q 1 3

R p-q
1 3

Fig. 6.15. Residual strength tests results and Mohr-Coulomb failure criterion fit for intact, (1+2) and 
(2+3) jointed specimens and all tests together in terms of a) p-q line and b) results in 1- 3 axes. 



Table 6.5. Mohr-Coulomb residual failure criterion parameters derived from two fit approaches. 
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6.4.2.2. Interpretation of residual strength data in terms of Hoek-Brown failure criterion 

D 

Table 6.6. Hoek-Brown failure residual criterion parameters derived from fit approaches of GSI and D. 
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Fig. 6.16. a) Residual strength tests results and generalized Hoek-Brown failure criterion fit for intact, 
(1+2) and (2+3) jointed specimens. b) Residual strength GSI equivalent results for intact, (1+2) and 

(2+3) jointed specimens, suggesting a more relevant confinement effect in jointed samples. 

6.4.3. Drop modulus 
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Fig. 6.17. Estimated drop modulus indicator results, , for the case of jointed samples b)  values for 
(2+3) artificially jointed samples with normal pattern (Fig. 6.2.c) and representation of eq. 8 for the case 

of GSI 40. 

6.4.4. Dilation angle 



6.4.4.1. Zhao & Cai (2010a) dilation angle model 
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Fig. 6.18. Variations in fitting parameters (a, b and c) at different confining pressures and the best fit for 
each type of specimen. The parameters b and c of the jointed specimens (1+2 and 2+3) are the same than 

those of the intact specimens. 



Table 6.7. Coefficients of the plastic shear strain and confining pressure dependent dilation angle model 
as proposed by Zhao & Cai (2010a) for the three types of specimens tested. 

a1 a2 a3 b1 b2 b3 c1 c2 c3 

Fig. 6.19. Zhao & Cai (2010a) dilatancy model fits for different confining pressures and for the three 
types of specimens (intact, (1+2) joints and (2+3) joints). Please note the different vertical scale. 



6.4.4.2. Walton & Diederichs (2015a) dilation angle model 
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Fig. 6.20. Variation of the parameter ’ of the Walton & Diederichs (2015a) dilation model with 
confining pressure for the three types of specimens tested. 

Table 6.8. Parameters of the dilation angle model proposed by Walton & Diederichs (2015a) for the 
three types of Blanco Mera granite specimens tested. 
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Fig. 6.21. Walton & Diederichs (2015a) dilatancy model fits for different confining pressures and for the 
three types of specimens (intact, (1+2) joints and (2+3) joints). Please note the different vertical scale. 



6.4.5. A brief comment about the irrecoverable strain locus 

Fig. 6.22. Volumetric strain vs. axial strain response of three characteristic samples as in Fig. 6.5, where 
also the irrecoverable strain locus is delineated in dotted lines. Observe that moving the irrecoverable 

strain loci of fissured samples downwards and rightwards, these irrecoverable strain loci tend to 
superpose over the locus corresponding to intact rock sample. 



6.5. Discussion 

GSI

 

Fig. 6.23. An approach to estimate rock mass parameters based on tested jointed samples representative 
of rock mass structure and comparison with the traditional approach based on GSI. 



Fig. 6.24. Deduced behavior of intact and increasingly fissured rock samples in parallel with decreasing 
quality rock masses in terms of a) axial stress-axial strain, b) strength, c) volumetric strain response and 

d) elastic moduli. 



6.6. Conclusions of this chapter 



7. Strain-softening characterization of granitic rocks 
and numerical simulation of servo-controlled 

strength tests. 

7.1. Introduction 
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Fig. 7.1. Theoretical (simple strain-softening) and actual stress-strain response of a rock sample 
submitted to a triaxial test in the laboratory. 
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Fig. 7.2. Tested samples in the lab. 

Fig. 7.3. Complete stress-strain curve from a triaxial test. 
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7.2. Methodology 

7.2.1. Correlation between strength and plastic strain 
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Fig. 7.4. Estimate of relevant 1-  p points from stress-strain complete curves as explained in the text. 



Fig. 7.5. Representation of 1-  p points for triaxial tests with 3 = 4 MPa for Amarelo País granite. 

Table 7.1. Fit of parameters a, b, c and d dependent on 3 for the three different tested granites. 
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Fig. 7.6. Fitted curves relating 1 and p for different confining stresses together with points derived 
from tests on Amarelo País granite samples. 

Fig. 7.7. Fitted curves relating 1 and p for different confining stresses together with points derived 
from tests on Blanco Mera granite samples. 

Fig. 7.8. Fitted curves relating 1 and p for different confining stresses together with points derived 
from tests on Vilachán granite samples. 



7.2.2. Correlation between dilatancy and plastic strain 
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Table 7.2. Parameters of the plastic shear strain and confining stress dependent dilation angle model as 
proposed by Zhao & Cai (2010a) for the three studied granitic rocks. 
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7.3. Model results 
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Fig. 7.9. Model and actual complete stress-strain curves of tests for samples of the three studied granites 
(Amarelo País, Blanco Mera and Vilachán), submitted to a confinement stress of 6 MPa. 



7.4. Numerical approach 

7.4.1. Implementation of behavioral model 
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7.4.2. FLAC models 



Table 7.3. Values of friction and cohesion for different values of the plastic parameters (first p, and 
then, eps, obtained from  p, and dilatancy) for the case of Vilachán granite with a confining stress of 

6 MPa (similar tables are obtained for different confinements and for the different granites). 

 c 

K  eps = FLAC 

Fig. 7.10. Boundary conditions and example of two grids used to numerically model the triaxial tests. 



7.4.3. FLAC results 

Fig. 7.11. Complete stress-strain curve ( 1 - 1, 1 - 3 and v - 1) for two triaxial tests (2 and 6 MPa) in 
Amarelo País granite. Actual tests and FLAC results with mesh size 15 x 60 corresponding to such 

confining pressures. 

Fig. 7.12. Complete stress-strain curve ( 1 - 1, 1 - 3 and v - 1) for a triaxial test (6 MPa) in Amarelo 
Pais granite. Actual test and FLAC results with meshes 10x40, 20x80 and 40 x160. 
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7.5. Conclusions of this chapter 



Impact of post-failure rock mass behavior on excavation response

8. Impact of post-failure rock mass behavior on 
excavation response 

8.1. Introduction 

Fig. 8.1. Schematic behavior of rock masses according to rock mass quality, as suggested by Hoek & 
Brown (1997). 
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Fig. 8.2. Confined compressive test of a rock sample with unloading-reloading cycles and comparison to 
rock mass behavior, as explained in the text. 

8.2. Laboratory characterization 
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Fig. 8.3. Typical stress-strain graph for a) unconfined compression test on granite rock sample. It is 
shown how to obtain the values of peak and residual strength, apparent elastic Young’s modulus, 

apparent Poisson’s ratio and drop modulus b) confined triaxial tests for different values of confinement. 



Table 8.1. Results of compressive tests on granite. 
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8.2.1. Interpretation of tests: elastic and strength parameters 



Fig. 8.4. Peak and residual strength test results and M-C and H-B failure criteria fit for the tested 
granite. 

 
Table 8.2. Basic geomechanic results of Amarelo País granite. 
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8.2.2. Interpretation of tests: post-failure parameters 
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Fig. 8.5. Graphic estimate of axial and volumetric plastic strains. 

Fig. 8.6. Dilation angle vs. plastic shear strain for various confinement levels. Lab results and fits. 



Table 8.3. Parameters of the plastic shear strain and confining stress dependent dilation angle model for 
the studied granite (this study) and two other rocks (Zhao & Cai, 2010a). 

a1 a2 a3 b1 b2 b3 c1 c2 c3

8.3. Rock mass characterization and models 

8.3.1. Rock mass characterization techniques 
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Fig. 8.7. Stress-strain relationships for a modelled SS rock mass to estimate the value of p*. 
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8.3.2. Model basics 
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Fig. 8.8. FLAC mesh used to perform the tunnel simulations to investigate face behavior. 

8.3.3. Rock masses parameters 

Table 8.4. Relevant parameters of the modelled rock masses. 
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8.3.4. Numerical models 

Fig. 8.9. Stress-strain behavior response of a strain-softening and mobilized dilation angle model 
material, as that representing a rock mass. 

Fig. 8.10. Dilation angle model for the granitic rock mass (GSI = 50) obtained based on lab data and 
following the approach suggested by Zhao & Cai (2010b). 



8.4. Numerical results 
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Fig. 8.11. Dilation angle distribution around tunnels. The dark sections indicate the plastic zones and the 
values attained by the dilation angle. The illustrated values of Rpl, Rpl

f, ur and uf are shown in Table 8.5 
for all the models performed. 



Table 8.5. Results of the extent of the plastic zone and displacement observed in tunnel models, as 
obtained with FLAC, except those obtained with RocSupport. 
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Fig. 8.12. Displacement distributions around the tunnel face for different behaviors of the average quality 
rock mass. 



8.5. Conclusions of this chapter 



9. Conclusions 
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Appendices 





Appendix A.Complete development of the strains 
relationship 
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Fig. A.1. Unconfined test diagram, idealized deformational behavior and notation used. 
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Fig. A.2. Comparison between approximate and true formulations for deformation model. 



Appendix B.Tables of tests results 

Table B.1. Summary of results of elastic, strength and post-failure parameters obtained for each tested 
specimen of the Amarelo País granite. 

 
  



 
 

Table B.2. Summary of results of elastic, strength and post-failure parameters obtained for each tested 
specimen of the Vilachán granite. 



Table B.3. Summary of results of elastic, strength and post-failure parameters obtained for each tested 
specimen of the Carrara marble. 



Table B.4. Summary of results of elastic, strength and post-failure parameters obtained for each tested 
specimen of the Indiana limestone. 



Table B.5. Summary of results of elastic, strength and post-failure parameters obtained for each tested 
specimen of the Toral de los Vados limestone. 



Table B.6. Summary of results of elastic, strength and post-failure parameters obtained for each tested 
specimen of the Noia gneiss. Observe that this rock should be classified as Class II (Hudson et al., 1972) 

due to its brittleness (results of drop modulus > 0, marked in bold in the table). 



Table B.7. Summary of results of elastic, strength and post-failure parameters obtained for each tested 
specimen of the Touro amphibolite. 



Table B.8. Summary of results of elastic, strength and post-failure parameters obtained for each tested 
specimen of the Blanco Mera granite. 



Table B.8 (cont.). Summary of results of elastic, strength and post-failure parameters obtained for each 
tested specimen of the Blanco Mera granite. 



Table B.8 (cont.). Summary of results of elastic, strength and post-failure parameters obtained for each 
tested specimen of the Blanco Mera granite. 



Appendix C.Examples of FLAC models. 

C.1. Example of a FLAC model like those presented in chapter 7, that corresponding to an 
Amarelo Pais granite specimen, a confining stress of 6 MPa and a mesh size of 40x80. 



DIL Amarelo Pais.fis 







C.2. Example of a FLAC model like those presented in chapter 8, that corresponding to a 
strain-softening rock mass with GSI = 50 and variable dilation. 








