SOCIEDAD ESPANOLA DE MECANICA DE ROCAS

XVIll Jornada Técnica Anual

Mecanica de Rocas y Geologia
Estructural

RELACION DE PONENCIAS

The geological evolution of fracture networks in rocks
Prof. John Cosgrove (Imperial College London, Reino Unido)

The help of structural geology in tunneling activities
Dr. Philippe Vaskou (Geostock, Francia)

Estructura interna y propiedades mecanicas de la falla de Alhama (Murcia)
Dr. Juan Miguel Insua Arévalo (Universidad Complutense de Madrid, Espafia)

Mecanismo de inicio de la rotura en materiales de comportamiento fragil bajo condiciones
traccionales
Dra. Carmen C. Garcia Covadonga (Universidad de Oviedo, Espaina)

13 de mayo de 2021
Jornada «en linea»



indice

The geological evolution of fracture networks in rocks (Prof.
John Cosgrove - Imperial College London, Reino Unido

The help of structural geology in tunneling activities (Dr.
Philippe Vaskou - Geostock, Francia)

Estructura interna y propiedades mecanicas de la falla de
Alhama (Murcia) (Dr. Juan Miguel Insua Arévalo -
Universidad Complutense de Madrid, Espana)

Mecanismo de inicio de la rotura en materiales de
comportamiento fragil bajo condiciones traccionales (Dra.
Carmen C. Garcia Covadonga - Universidad de Oviedo,
Espafa)

SEMR 2021 - XVIIl Jornada Técnica Anual - Mecanica de Rocas y Geologia Estructural

18

50

72



P A AR
"';"f -*Jhﬁ’rf"} - '1_-

The Geological Evolution of Fracture Networks in Rocks
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John Cosgrove
Department of Earth Science & Engineering
Imperial College

London

Lecture outline

* Determine what controls the geometry of a fracture set in a rock
(brief discussion of stress and brittle failure)
*  What controls the geometry of a fracture network (made up of
several fracture sets) (Concept of fracture analysis)
* Then attempt to apply these ideas to a Field study to determine the
geometry of the fracture network in a fractured rock mass

Intensely fractured granite - Jersey, Channel Islands UK
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Consider links between Rock Mechanics and Structural Geology

*The links exists because both groups of earth scientists use the
same mechanical principles to resolve problems

*But applied under different Boundary conditions

*Structural Geologists look at rock deformation (the response of
the rock mass to stress) under conditions of;

High pressure, high temperature, Long time intervals & slow strain
rates

*The Rock Engineer considers deformation under conditions of;

low Temperature, low pressure, over relatively short time
intervals (10s to 100s ys) & fast strain rates

Structural Geologist is interesting in determining;

. How the fracture network in a rock developed and

. What it can tell us about the evolution of the regional stress
regimes through geological time. i.e. how the rock mass
deformed in the past

The Rock Engineer is interested in;

. The impact of the fracture network within a rock mass on the
likely future deformation history i.e.
. How the fractured rock mass will respond to an imposed

change in boundary conditions.

Structural geologists use ‘Fracture Analysis’ to analyse the brittle tectonic history of a
region & this yields’;
Detailed information about the 3D geometry of the network and
Its properties (Connectivity permeability strength etc.).

Information of 1%t order importance to the Rock Engineer.
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* A MAJOR CHALLENGE FOR A ROCK ENGINEER WHEN ATTEMPTING TO CONSTRUCT
EITHER IN OR ON A FRACTURED ROCK MASS IS THAT OF DETERMINING ITS
GEOMECHANICAL PROPERTIES.

* THESE ARE KNOWN TO DEPEND ON BOTH THE INTRINSIC PROPERTIES OF THE
ROCK AND ON THE GEOMETRY OF THE FRACTURE NETWORK WHICH CONTROLS
ITS BULK MECHANICAL PROPERTIES —

* AN UNDERSTANDING OF THE STRUCTURAL GEOLOGY OF THE STUDY AREA AND OF
ITS TECTONIC EVOLUTION CAN BE USED TO START TO QUANTIFY THESE
PROPERTIES AND TO INFORM

1) THE SITING AND ORIENTATION OF ENGINEERING STRUCTURES AND
I1) ANY NUMERICAL MODEL.

Consider what controls the GEOMETRY OF A FRACTURE SET in a rock

The FORMATION OF A FRACTURE SET in the crust in response to a GEOLOGICAL STRESS FIELD.

From the theory of BRITTLE FAILURE we know

Fracture ORIENTATION —is controlled by the stress orientation
Fracture TYPE- is controlled by the differential stress (o, — 63)
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Extensional fractures — Liassic limestone beds
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THE PRINCIPAL CAUSES OF STRESS IN THE CRUST ARE:

*GRAVITY (the overburden stress) generates large vertical stresses
*PLATE TECTONICS generates large horizontal stresses

G'I
OVERBURDEN STRESS. In a tectonically relaxed - Seesay—> i)
1 . o Typical Fluid
region of the crust the state of stress is 5|\ pressure gradient
determined dominantly by the overburden; i‘ \ o> <o,
\ (0,0,)=(0-0)
\ i
= = e (0,-0)=4T
0,0, =Z.p.8 & il g o,
i 2 $1
This o, will induce a horizontal stress whose b\ 0,=0,=2.pg
magnitude will be determined by the boundary ‘\\ ok sty O \>< -
conditions & the Poison’s ratio of the rock. Hydrostaic luid 3 A
pressure gradient \ : \ 1\
AY 01

o,= o, /(m-1) ‘

Other factors influence the state of stress in the crust — e.g., GEOTHERMAL GRADIENT

Effect of Geothermal gradient on the STRESS STATE
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: Stress values are determined b
o, =[o /(m-1)] + E.G.AT ) . , y
2 [ z J(m=1)] + E.LAT Young’s modulus, E, Poisson’s number, m,
o, =19, - Coef. thermal Expansion, &, Fluid pressure, etc.
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IMPLICATION OF THESE EQUATIONS

Stress state in adjacent layers at the same depth can be very different
depending on the intrinsic properties of the layers.

At any particular depth in the crust,
N . . .
S T —— adjacent layers will experience,
Extensional Brittle failure envelope Same vertical stress
xtensiona
failure O,=Pp-8.Z
Zone
Stress (o) —> ‘UL'
2 -g Typical Fluld
5 pressure gradient
3 i i- 0, <o,
G, o, G, 0,0, > (o,0)=(0,-0,)
—3g -0, =4T i
Extension Compression NN Y T 2o
V=0, =2pg
. . = - a! cl
Different horizontal stresses i o= a/im-1) 5 X -
- _ 13 pressure gradient \
o,=[o,/(m-1)] + E.&.dT )
o, =Io, /(m=1)] + E.&.dT

Note — Stresses are compressive - The stress states are STABLE — won’t cause failure

i i
ROBLE
Upper crust generally contains many Joints
- extensional (tensile) failure — which needs an extensional stress |
BUT the min. principal stress o, generally compressive '




Role of Fluid Pressure

on Rock Failure

_ P = Fluid pressure

(0,-P)
(a)
N T
/ o Effective stress: o, =(c,—Py)
PuZ‘
“ p
o)
b 7 ™ 0 T oo o
/
Fracture
DRY WET
Tensile Failure:  o3<-T (o3-P)<-T

Shear Failure: 1t >C,+poc, 1 >C,+u(oc,-Ps)

The REGULARITY of the fractures can vary from set to set —in
both the vertical plane (6,, 65 plane) and horizontal plane

(c,, o5 plane) ‘_
 In addition, within a fracture set the \”v
fractures may be  EVENLY DISTRIBUTED

(regularly spaced) or may tend to CLUSTER » E

e We need to understand what controls TG‘
fracture clustering & regularity :
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Stress states (i) to (iv) all will produce extensional failure

Veins infilling

. (i)

(iii)

—

(ii)

l extensional
fractures.

Note the
difference in the
regularity of the

— —>

(iv)

structures

It reflects the
different values of
differential stress

(0,—0,)

i in the vertical

section (0,-0,)

Veins infilling extensional
fractures.

Note the difference in the
regularity of the
structures

It reflects the different
values of differential
stress

(0,—0,)=(0,-0,)
in the vertical section

(0,= 0,) controls
REGULARITY in the horizontal
section - bedding

eologia Estructural



FRACTURE CLUSTERING

Related to fracture mechanics

properties
(Stress intensity factor at the
X an=S crack tip)

b) n=20

Fig. 40. Examples of sub-critical fracture growth for sub-critical indices (n*)
a)n =35 b)n=20and ¢) n = 80. All simulations start with the same
randomly located parallel flaws an extensional strain was applied in the y
direction at a constant strain rate. n is determined by rock type and
environmental conditions and, as can be seen from the experimental results,
has a dramatic influence of fracture spacing

*1t can be demonstrated empirically that v = A(K/K;.)" where K is the
stress intensity factor at the crack tip, K. is the critical fracture toughness v
is the sub-critical crack propagation velocity, A is a proportionality constant
and the power n the sub-critical index. (From Olson 2004.) '

Fracture network made up of 2 fracture sets — with different
regularities

* Note the older joint set (b) is
irregular and was formed in a
stress field with a low
differential stress

* In contrast the later joint set
‘ (c) is more regular reflecting
the high differential stress
operating during its formation

In addition, the second set is clustered

whereas the earlier set is not. This indicates

! the changes in properties of the rock through

| time as a result of compaction, cementation and

\ \ N

. diagenesis
Fig. 14. (a) Map of joint traces exposed on a bedding plane surface. b) The We can use the fractures to track the cha nges in
older joint set formed under near isotropic remote stress. ¢) The younger set . .
formed under strongly deviatoric remote stress. (The distance between map both the stress regime and the rock properties
ticks is Im.) (From Olson & Pollard. 1988.) over geologu:al time.
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Simplest possible stress field (an overburden stress)
One deformation

Complex assemblage of fracture sets at any
particular depth in the crust.

Rocks generally subjected to multiple stress fields
and therefore form multiple fracture sets resulting in
fracture networks

Anticipate that fracture networks will be complex

Summary

Simplest possible stress field (overburden load)
Simplest deformation history (1 event)

Results in:

Complex assemblage of fracture sets at any particular depth
in the crust.

Note that:

Rocks generally subjected to multiple stress fields and
therefore form multiple fracture sets resulting in fracture
networks

Anticipate fracture networks with complex geometries
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What influences the detailed geometry of fracture networks?

the answer to this question forms the basis of
FRACTURE ANAYLSIS

Structural Geology
Described in detail in Cosgrove and Hudson and

Rock Engineering

John W Cosgrove * John A Hudson

Because the type, orientation & regularity
of fractures are intimately controlled by
their causative stress fields, to understand
what controls the geometry of fracture
networks it is necessary to understand
what controls the orientation of stress in
the crust during the formation of each
fracture set.
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a)

The free surface represented by the
open fracture can’t sustain a shear
stress.

The stress trajectories must
Therefore rotate into orientations
Either PARALLEL or NORMAL

To the fracture wall
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— Using the curving and abutting
IR } : relationships between the different
|
|

fracture sets their relative age can be
. N | established

i
Early fracture
1

————— £ 8

R R A A |

Set A is older than set B which is older than set C

a) @0'3

a1 117 ﬁ’x‘h*-'“*‘
f.ﬂ!‘ﬁ" F 1AL

young fractures tend to curve towards and abut against
older fractures

| Given the number, Iength and orlentatlon of fractures in two

fracture sets ‘X’ & Y’ and their abutting relationships we can
}(l REALISTICALLY reproduce the geometry of the fracture network
with these data




Is it important to get the network topology right?

A — a stochastic model B — a natural fracture network

(b) ‘ | (@)

Sets A=B Connectivity A>B
Number A=B Backbone a>B
Density A=B Flow A>B
Mean lengths A=B

See that the fundamental properties of the fracture network, particularly those

related to fluid flow & bulk strength, are very sensitive to the fracture organisation within the
Networks. TO CONSTRUCT THE CORRECT GEOMETRY one needs an understanding of

the MECHANICS OF FRACTURE FORMATION AND FRACTURE INTERACTION.

See the network geometry is also sensitive to the chronology of
fracture sets

Horizontal 1st Vertical 2nd Vertical 1st Horizontal 2nd
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TO DETERMINE THE GEOMETRY OF A FRACTURE NETWORK AT AN ENGINEERING SITE

1) AROCK ENGINEER NEEDS TO UNDERSTAND THE BULK MECHANICAL PROPERTIES OF A
FRACTURED ROCK MASS IN ORDER TO CONSTRUCT WITHIN IT AND UPON IT

2) THESE PROPERTIES ARE DETERMINED BY THE GEOMETRY OF THE FRACTURE NETWORK
WITHIN THE ROCK

3) THE CHALLENGE IS TO DETERMINE THIS GEOMETRY FOR ANY ENGINEERING SITE
4) THERE ARE TWO WAYS THIS CAN BE ACHIEVED

(i) A THEORETICAL STUDY
(i) A DETAILED FIELD-BASED STUDY

5) IDEALLY BOTH APPROACHES SHOULD BE USED.

Study area - Late Precambrian GRANITE on Jersey — Channel Islands

Theoretical analysis of the fracture network in the granite

There are three major geological processes
that are likely to cause the development of

fractures in the rock;

e BURIAL, =
e TECTONISM, (there are often several regional tectonic events)
e EXHUMATION,

Study area affected by 4 important tectonic events and all have generated fracture
sets.

e The Cadomian Orogeny

e The Variscan Orogeny

e The Mesozoic extension and
e The Alpine Orogeny

The granite is dominated by EXTENSIONAL FRACTURES therefore ignore predicted faults
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EXTENSIONAL FRACTURES linked to tectonism
a) Chronology ignored b) Chronology considered

a) /N
_/'/<
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Vertical extensional fractures
Alpine MASSE associated with a strike-slip regime
=== | Orogeny or NNW'SSE Horizontal extensional fractures
Compression| - ssociated with a thrust regime
iesnzcie | B Vertlc‘altezterlmts}:onal frtactl.{m |
we | e tension | Extension assn.ma ed with an extensiona
regime
Vertical extensional fractures
e | Hercynian |- associate with a strike-slip regime
Orogeny |Compression| horizontal extensional fractures
associated with a thrust regime
Vertical extensional fractures
— |cadomian |NE - sw associated with a strike-slip regime
Orogeny |Compression|horizontal extensional fractures
associated with a thrust regime

DETAILED FIELD-BASED STUDY OF THE EXTENSIONAL FRACTURES IN THE GRANITE.

] LacCottzala Chévre
|

Figure &: Each locality is geographically located on this map of lersey. The extensional fracture planes
measured at the localities are plotted on the stereagraphic projections along with their poles. The
exposure is mainly at the coast where the cliffs ond wave-cut platform provide excellent outcrops.

Field work reveals the ORIENTATION of the
various sets of extensional fractures
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THE CONSTRUCTION OF THE FRACTURE NETWORK

a) | Fracture from each set all passing
through the centre of the model

b) 2 fractures from each set, not con-
strained to pass through the centre
of the model — NO CHRONOLOGY

c) As b) but with the chronology
observed

* REFINEMENT OF THE MODEL  Details — some irregularities

* Field work will highlight any features of the different fracture sets that need integrating
into the model.

* E.g., Atendency to form FRACTURE CORRIDORS where the fractures are clustered
together rather than being uniformly spaced, was noted.

b)

sk
e

Planes,

Changein
t hy
affecting the
curvature

of fractures on
the surface
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FINAL MODEL — Based on (i) field observations,
(ii) a sound understanding
of the mechanics of fracture formation and interaction
(iii) the tectonic history of the study area

) 3.5

9 - Undulose, through-going,
sub-horizontal fracture zone

o
. a) ]
|1?u

25m
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Conclusions
The structural geologist understands

i) the brittle failure of rocks and the
control of stress on fracture orientation,
type and regularity,

and

ii) The mechanical interaction between
different fracture sets during the build up
of a fracture network

This enables a realistic model of the
geometry of a fracture network in a rock
mass to be determined when this is
combined with a

iii) Detailed field study of the engineering
site, and when ideally there exists

iv) a knowledge of the geological history
of the study area.
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THE HELP OF STRUCTURAL GEOLOGY

WHEN USING ROCK MASS CLASSIFICATIONS
& MAPPING DURING TUNNELLING ACTIVITIES

Philippe VASKOU

Independent Expert in Underground Engineering / University of Cergy-Paris

g UNIVERSITE

XVIIl JORNADA TECNICA ANUAL

MECANICA DE ROCAS Y GEOLOGIA ESTRUCTURAL 13 DE MAYO 2021

OBJECTIVES OF THIS LECTURE

- to present a few structural aspects & principles about fractures

- to apply these principles in underground works, on a practical
point of view, with examples related to:

» tunnel mapping
» Rock Mass Classification assessment
> permeability of fractures vs. in situ stresses

RESTRICTIONS & LIMITATIONS

- limited to underground works (tunnels, shafts, caverns, mines)
- limited to brittle deformations
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CONTENT

1 Difficulties & Issues in Tunnels

2 Help of structural geology in Tunnels
for RMC assessment & face/wall mapping, based on
2a - the length of fractures

2b - the termination of fractures
3 In situ stress regime and fracture permeability

4 Conclusion

1 — DIFFICULTIES & ISSUES IN TUNNELS

The subject & the concepts are similar but in practice,

above ground and underground works can be very different

ABOVE GROUND WORKS outcrops
quarries
etc.

+

UNDERGROUND WORKS tunnels
caverns
shafts
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1 — DIFFICULTIES & ISSUES IN TUNNELS

= Low lighting
= Limited ventilation  reduce visibility
= Air dust

1 — DIFFICULTIES & ISSUES IN TUNNELS

= Water dripping = making measurements
& taking notes are uneasy

= Height = out of reach zones
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1 — DIFFICULTIES & ISSUES IN TUNNELS

In Shafts:

* Limited space = impossibility to make close observations
=> difficulties to make accurate measurements

= ACCess mean

1 — DIFFICULTIES & ISSUES IN TUNNELS

= Wearing of PPEs = reduces the field of vision
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1 — DIFFICULTIES & ISSUES IN TUNNELS

= and too often most important:

Limited allocated time window !

Except in research tunnels (e.g. for nuclear waste repositories)
where mapping is the objective,
in industrial projects, observations, measurements & mapping

are done too quickly:

» work is incompletely done,

» quality & accuracy of maps can be relatively poor...

1 — DIFFICULTIES & ISSUES IN TUNNELS

Considering and taking into account all these constraints,

HOW TO CARRY OUT MAPPING CORRECTLY?

IN A MINIMUM TIME FRAME?

WHILE KEEPING THE 2 MAIN OBJECTIVES OF MAPPING

= Stability = analysis of wedges in 3D
= Water issues = identification of pervious fractures

& need for grouting
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2 — HELP OF STRUCTURAL GEOLOGY IN TUNNELS

Mapping and Rock Mass assessment are often associated;
Classical RMC used: RMR (Bieniawski) and Q-system (Barton)

Matrix Strength
RQD

Spacing of discontinuities

Conditions of discontinuities:
- Length (persistence)

- Separation (aperture)

- Roughness

- Infilling

- Weathering

Ground Water

Inflow per 10m
Water P / major principal o

Number of Joint Sets (N, N+random)
RQD
Joint Alteration

Joint Roughness:
- Discontinuous

- Rough, irregular - undulating
- Smooth - planar
- Slickensided

Joint Water Reduction
- Inflow or water P

Stress Reduction Factor

2 — HELP OF STRUCTURAL GEOLOGY IN TUNNELS

Easy to observe/measure

more subjective parameters

Matrix Strength
RQD

Spacing of discontinuities

Conditions of discontinuities:
- Length (persistence)

- Separation (aperture)

- Roughness

- Infilling

- Weathering

Ground Water

Inflow per 10m
Water P / major principal o

Number of Joint Sets (N, N+random)
RQD
Joint Alteration

Joint Roughness:
- Discontinuous

- Rough, irregular - undulating
- Smooth - planar
- Slickensided

Joint Water Reduction
- Inflow or water P

Stress Reduction Factor
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2 — HELP OF STRUCTURAL GEOLOGY IN TUNNELS

In tunnels, structural observations may help assessing:
- the length of fractures (RMR persistence)

- the roughness of fractures (RMR & Q):
quick discrimination of rough / smooth / slickensided

In addition,

- a visual control/validation of fracture “permeability”
(pervious set vs. impervious sets)

using to the in situ stress regime (Vvirgin stress)

2a — THE LENGTH OF FRACTURES

CONCEPT OF FRACTURE LENGTH

For joints (Mode 1 prevailing fractures)

Principle: Extensional fractures cannot propagate though
a free surfaces: free surface of existing fractures
cannot sustain shear stress = rotation of stress trajectory

Result: The earlier initial set is the longest one,
and later sets (2"d, 3, etc.) stop again
the pre-existing ones

Concept of Fracture Chronology
(John Cosgrove, SinoRock)
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2a — THE LENGTH OF FRACTURES

Relative chronology:

J1 earlier than J2

J2 earlier than J3

Using this principle,
in terms of length:

J1>J2 >33

example on quarry

2a — THE LENGTH OF FRACTURES

Applying this principle in tunnels:

same example but limited to a tunnel face

here, distinguishing
the longest set

may be more difficult...
J1 or J27

Since J3 stops on J2
& J2 stops on J1

in terms of chronology & length

J1l1 >J2 > J3
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2a — THE LENGTH OF FRACTURES

For faults (Mode 2 prevailing fractures):

Principle: Faults grow by coalescence of individual shear fractures

Result: The longest faults are the most recent ones

2a — THE LENGTH OF FRACTURES

Applying these principles in tunnels:

» Quicker assessment of joint length,

when limited observation zones ~ Extensional fractures
(set stopping on another) | (@Joints)

» Thin shear fractures are less persistent |
than thicker ones ~ Shear fractures
(coalescence) | (Faults)

Direct use in RMR (persistence)

However, the visual identification of faults can be difficult
in homogeneous rock masses (gneiss, granite, fine-grained limestone)
when no marker is available

This can be done using fracture termination...
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2b — THE TERMINATION OF FRACTURES

Most fractures show shear movement, even if not
the original mode of failure

Shearing creates tension and compression at the tips of the fracture

Maximum strain zone
in the central part

of the fracture

tensional
quadrant

compressional
quadrant

Rock must accommodate the strain at the two tips

2b — THE TERMINATION OF FRACTURES

Fracture arrest:
Rock mechanicians know about wing cracks from laboratory testing

Vv

(O

Gy

...but in the brittle crust, many other possibilities do exist
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2b — THE TERMINATION OF FRACTURES

Basically, in hard rocks, the total strain of a single movement
along a shear fracture can be accommodated

at the fracture tips either by:

» tension joint(s) = wing crack(s) Ot~ 1/10 Oc

» strain distribution into
several small shear fractures

» deformation...

2b — THE TERMINATION OF FRACTURES

Basically, in hard rocks, the total strain of a single movement
along a shear fracture can be accommodated

at the fracture tips either by:

- - - - * 1 3{
» tension joint(s) = wing crack(s) - \
e 2
> strain distribution into -~ NN
several small shear fractures . 2a
- W@
: 3 -
> deformation 0 —
S EE——
= WY
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2b — THE TERMINATION OF FRACTURES

Wing Crack E—)

|
A,

Horsetail splay ) —— N
2 2a
Branching — — W
3 —
pr—
= ——
—
amline 3a -
p—
r—
p—

2b — THE TERMINATION OF FRACTURES

Most Common strain adaptations:

> in tensional » local tensional opening of joints in Mode 1
quadrant (01 = 1/10 G¢)

= distribution of total strain into several cracks

» in compressjonal| = distribution of total strain into several cracks
quadrant

= pressure solution

\

ALL ROCK TYPES LIMITED ROCK TYPES
e.g. limestone, salt
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2b — THE TERMINATION OF FRACTURES

Wing crack (in tensional quadrant)

/

e e— Stylolites (in compressional quadrant)

Horsetail splay (3D structure!)

Branch faults

2b — THE TERMINATION OF FRACTURES

Fracture terminations have very similar shapes whatever the scale

» Small scale
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2b — THE TERMINATION OF FRACTURES

Fracture terminations have very similar shapes whatever the scale

» Small scale

» Medium scale

AR e
TP 4 S
. o 5
T gV » 40

»

A ¥ o
o 4 Ao

2b — THE TERMINATION OF FRACTURES

Fracture terminations have very similar shapes whatever the scale

» Small scale

» Medium scale

» Large to
very large scale
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2b — THE TERMINATION OF FRACTURES

Fracture terminations have very similar shapes whatever the scale

100°E 110°E

£,
» Small scale %

SOUTH CHINA

20°N

» Medium scale

» Large to
very large scale

10°N

2b — THE TERMINATION OF FRACTURES

Example in a limestone (France)

Wing cracks

Stylolites

' b
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2b — THE TERMINATION OF FRACTURES

Example in a Gneiss (India)

Horsetalil

splay

2b — THE TERMINATION OF FRACTURES

Example in a Granite (Japan)

Main fracture

Secondary
horse tail
fractures



2b — THE TERMINATION OF FRACTURES

Example in a volcano-sedimentary rock (Singapore)

Combined modes:

> Brittle fractures
(horsetail type)

» En échelon
tension gashes

» Main fracture
(fault)

2b — THE TERMINATION OF FRACTURES

In tunnels, these observations allow assessing descriptive parameters:

origin of fractures (tension vs. shear; Mode 1 vs. Mode 2)

rough estimation of fracture offset (without marker)

assessment of movement (strike-slip, dip-slip)

ranking of fractures (main vs. minor)

> Direct use in Rock Mass Classifications: Jn, persistence, Jr
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2b — THE TERMINATION OF FRACTURES

Example of application in tunnel & RMC

» Number of joint sets (Jn in Q-system)

)

F

MAJOR Set

(considered as random)

2b — THE TERMINATION OF FRACTURES

Example of application in tunnel & RMC

» Rating of Discontinuity Length (RMR Persistence)

/ using rule of thumb

TFL TFL =~ nx TL

with n from 5 to 10

TL

This works whatever the scale (small fracture to large fault! )
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2b — THE TERMINATION OF FRACTURES

Example of application in tunnel & RMC

» Rating of Discontinuity Length (RMR Persistence)

using rule of thumb

/ TFL ~ nxTL

with n from 5 to 10
This works whatever the scale (small fracture to large fault! )

2b — THE TERMINATION OF FRACTURES

Example of application in tunnel & RMC

» Evidence of shear displacement (Mode 2 vs. Mode 1)

)

wing cracks, horsetail splays, etc.

= shearing
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2b — THE TERMINATION OF FRACTURES

Example of application in tunnel & RMC

» Assessment of Roughness:

fracture walls, presence of

wing cracks, horsetail splays, etc.
=» slickensided shall be considered
(to be on the safe side)

/ when impossibility to observe

Jr = 0,5 slickensided planar
or Jr = 1,5 slickensided undulating

2b — THE TERMINATION OF FRACTURES

Example of application in tunnel mapping
» Stability of wedges:

even truncated observations can be used for understanding the
structure and therefore the stability

T
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2b — THE TERMINATION OF FRACTURES

Summary of applications in tunnels

History (setting) Length (by chronology, S1 >S2 >S3) RMR (persistence)

In presence of Length (rough estimate) RMR (persistence)
terminations

Fracture type RMR roughness
joint vs.fault; Mode 1 vs. Mode 2 Jr (random)

Assessment of shear displacement Jr (slickensided)
(even without marker)

Type of movement Jr (slickensided)
(dip-dip; strike-slip; dextral...

Ranking of fractures Jn (random)
(main vs. minor fractures)

3 — IN SITU STRESS REGIME & FRACTURE PERMEABILITY

When assessing water flow in fractures for RMR or Q-system,
structral observations may allow a validation (site or tunnel scale)
between permeability and in situ stress regime

Theory:

The most pervious fractures are those having planes normal to the
minimum stress component (G3)

The least pervious fractures are those having plane normal to the
maximum stress component (G1)
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3 — IN SITU STRESS REGIME & FRACTURE PERMEABILITY

Theory (on pre-existing fractures!)

EEN

Validation/confirmation
of site characteristics

Physical & Hydraulic
aperture of joint sets

Observations & Measurement

This appraoch can be used at site scale (SI) but also in tunnels

3 — IN SITU STRESS REGIME & FRACTURE PERMEABILITY

cl = oy
o3 =0y c2 =0y
|'/ . ' .
|l )| | |
| - s S
—_/’_’T_ cl=oy Y \ cl=o, _—__JT_—_ : o3=0,
o3= Oh | l / |

| |
o1 horizontal c1 horizontal o1 vertical
o3 vertical o3 horizontal o3 horizontal

Compressional regime
= reverse faulting

Most pervious set is horizontal
(bedding planes, exfoliation)

Legend: - less pervious set
_~~ most pervious set

Compressional regime
= strike-slip faulting

Most pervious set is vertical

cl > 62 > o3

Extensional regime (rift, uplift)
= normal tauiting

Most pervious set is vertical
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3 — IN SITU STRESS REGIME & FRACTURE PERMEABILITY

This approach can be done semi-qualitatively
during excavation of tunnels, caverns, with a visual assessment

But a more accurate assessment can be done earlier
during a Site Investigation using the 3 required parameters:

- the geometry of fractures (BHTV)

- the orientation and magnitude of stress components
e.g. using Hydrofracturing, overcoring

- permeability measurements
e.g. long duration Packer tests, interference tests, etc.

Excel spreadsheet

= normal stress Gn acting on each fracture set
= most and least pervious set

3 — IN SITU STRESS REGIME & FRACTURE PERMEABILITY

But the reality is always more complicated than the theory ...

o3 =0, 01\
| _ o
| e,
H .
/ | %
62=6h|

ol horizontal
o3 vertical

Compressional regime G
< reverse faulting 1
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3 — IN SITU STRESS REGIME & FRACTURE PERMEABILITY

... and fractures are not always horizontal and vertical.

Example in the most common sub-surface situation G1=GH
L] 63:GV

most pervious set: J1

least pervious set: J2

Easy to “visualise” but natural fractures have various geometries,
(strike, dip angle) making more difficult to anticipate the hydraulic
conductivity. Some computing become necessary...

3 — IN SITU STRESS REGIME & FRACTURE PERMEABILITY

nputData | |OutputData |

Geometry of main joint sets: O. & T on each set |
n

Dip direction & Dip using Excel

spreadsheets

Y

Results of in situ stress Estimation of most and least
measurements: pervious set (mechanical and
oH, oh, ov and oH direction hydraulic joint apertures*®)

R13 £ | =AL3TC0S( Input-Ouput': 1)130)) Pt Qg I} h*2 TS $252 P 1800 *2
4 A (s c|oju| ¢ | @& | o i [ s | T u| W w

1

L Sigma v [2 ofile Cabolation of Mormal stress sgmav | sigmaV
3 Mg et SollfOW]_testw | diris a2 vip gma 0 | 1 on it on iz onm Measred | par
4 om 10 m 1 1 [T o |33 ip direstion - Sigma  divection=, ) | 52 0.3 7,30 [T
5| os7 20 m 1 1 0,90 ) 563 06 730 057
6 oms 0 m 1 1 0.5 o ¥ 563 .89 730 0,85
T 114 ™ 1 0.00 L] i 58! 117 780 L
8| 1a S0 m 1 1 0.00 0 a5, 562 145 730 142
[ un 60 1 8,00 0 | s L7 7,30 171
LI 0 m 1 0,00 [] L T 564 203 730 Lm
n[_ 33 0 m 1 1 0,00 ) 2200 28 5564 230 730 227
Lt .58 0 m 1 0,00 [] 261,00} 8 5584 158 130 156
i 2m 100 m 1 1 000 ] 200 29 564 287 .90 EXT
" ERE] 10 m 1 1 0,00 L] 319,00} 25 5,65 315 7,30 313
Lt 141 120 m 1 1 o.00 [] wa,00] 8 585 143 730 41
T 130 m 1 1 000 ] Fr Y 585 L .90 169
LT 140 m 1 N 0,00 ) sod00] 3 5,65 359 730 3,98
w4 50 m 1 1 000 [ sl as 585 a3 730 436
W asm 160 m 1 1 000 ) ssac0] 28 $.66 458 730 455
20 483 17 m 1 1 0,00 [ 5300 28 5,66 484 7.30 483
£ 512 180 m 1 1 o.00 [] 512,00} 8 586 512 730 512
2 s 190 m 1 1 000 ) ssie] 28 5,66 540 730 540
23 e 00 m 1 1 0,00 [ 520,00 ] 567 5.69 730 5,68
24 sa7 20 m 1 1 000 [ o) s 567 597 .90 547
EIY) 0 m 1 1 000 ) s 28 567 625 730 625
EL] [55) 230 m 1 1 0,00 ] 567,00} L] 5,67 6.53 730 54
n 6.5 240 m 1 1 o.00 [] 36,00} 8 567 651 .30 82
FIERT Hom 1 1 000 ) 75| 28 568 730 730 711
» 853 300 m 1 1 0,00 ] 870,00/ L] 5,69 8.51 730 353
0 295 350 m 1 1 o.00 [] 035,00} 8 5% %2 1230 395
n[ uw 400 m 1 1 000 ) ueom| 29 57 ] 730 1,37
32 uan 500 m 1 1 0,00 [} s 29 57 1415 730 142
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3 — IN SITU STRESS REGIME & FRACTURE PERMEABILITY

Input Data . Output Data

Geometry of main joint sets: . & T on each set
Dip direction & Dip &
Results of in situ stress Estimation of most and least - Excel
measurements: pervious set (mechanical and
oH, oh, ov and oH direction hydraulic joint apertures*)
Mohr-Coulomb and Barton- Joint set stability with regard to
Bandis joint parameters: shearing L
Plot of the Mohr circles and Java
C, ¢ and JRC, JCS, O,
polar graph

3 — IN SITU STRESS REGIME & FRACTURE PERMEABILITY

To assess the potential fracture permeability of fractures,
whatever their orientation (azimuth and dip angle),

a simple Excel spreadsheet can be used

Global validation at a Site Scale:

Comprehensive validation of a site at the End of a Site Investigation:
» surface mapping
» geometrical attitude of fractures (via BHTV logging)
» hydrogeological testing
> in situ stress measurements

Validation during the early phases of tunnel excavation:

» geometrical attitude of fractures (actual vs. anticipated)
» visual assessment of pervious fracture sets
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3 — IN SITU STRESS REGIME & FRACTURE PERMEABILITY

Site Investigation:

- Surface mapping
(sub-vertical structures)

- Borehole drilling
(inclined)

- BHTV logging

Site Investigation:
3 to 4 fracture sets
75° to vertical

joints + shear fractures
(some F2)




3 — IN SITU STRESS REGIME & FRACTURE PERMEABILITY

Site Investigation:

Hydrogeological testing

=>» hydraulic conductivity
of each fracture set can be
very different

Site Investigation:

- In situ Stress
measurements in BH

(Hydrofracturing tests)



3 — IN SITU STRESS REGIME & FRACTURE PERMEABILITY

Site Investigation:

Oh=5.64Mpa @100m; N67°E

GCH=7.32Mpa @100m
OH 1L to ch = N157°E

ov=[ dgZ = 2.84MPa @100m

OH > Oh > OV

N

'.'lg...g

Foult Zore -60 p75

3 — IN SITU STRESS REGIME & FRACTURE PERMEABILITY

Site Investigation:

GOH (azimuth N157°E)

GCh (azimuth N67°E)



3 — IN SITU STRESS REGIME & FRACTURE PERMEABILITY

Anticipated conditions

och L to FZ3
GH almost || to FZ3
OoH 1 to F7

Krza> Kps= Kg7

Measured conditions

Local + large scale
Hydro tests:

> high Kgzg

IBH-11, IBH-08, interference test

> low =
K= O in IBH-07



3 — IN SITU STRESS REGIME & FRACTURE PERMEABILITY

Measured conditions
during Site Investigation

Hydrogeological tests confirm
the anticipated permeability
of fracture sets as regard to

the local stress regime

Observations
do confirm
the anticipated
situation:

Krzg> Kps™ Kez

* ._& -

L R e
required when crossing FZ3
but also smaller “/

parallel fractures = -7 =

-
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3 — IN SITU STRESS REGIME & FRACTURE PERMEABILITY

Even if the approach does not consider parameters as:

- the stress conditions at the periphery of the tunnel

avs p gt
Ky =aHf av
k= ang av
g = MAX[ TH, h, &V)
s = MUY critd, oh, OV

or=0,50% * [ {1+K)*{1- a'fr) + (1K) (1 - da”/r" + 30" |Peon 20 )

af = 0,50V * { (14K)*[1 +a'fr’) - (1-K)*(1 + 3a"/r")"con 200 )
ofl_axia = v * (or + o)

oft f e 2 049+01

- the stress release due to uie enect vl viasuny

- the connectivity of different fracture sets

- etc.

o= 19,12

2D Section perpendicular to Tunnel Axis

Petentiality of spalling : NO

y ot pi g

the geometrical assessment of fracture permeability

as regard to actual stress orientation works well & is recommended!

4 — CONCLUSION

Structural geology helps performing mapping & RMC in tunnels by:

- understanding

- describing

the origin of fractures

the chronology of fractures

the geometry of fractures

the termination of joints

= ranking the Rock Mass more quickly & more efficiently
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4 — CONCLUSION

Finally, adding structural geology to standard geology allows

- to get a comprehensive view of the site
- to perform tunnel mapping better & quicker, in 3D

- to validate the models/design of tunnels

With a structural approach, the action of mapping is much more
than reporting observations on paper/computer...
it becomes an efficient tool to perform rock mas assessment,

reinforcement & support (rock bolting, grouting, etc.)

4 — CONCLUSION

THANK YOU A few literature o the subject ...

The Initiation, Propagation,
and Arrest of Joints and

ANALYSIS OF
. GEOLOGICAL ROCK FAILURE
STRUCTURES MECHANISMS

CHUN'AN TANG & JOHN A. HUDSON

goe->

i i'T .
i

L
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Internal Structure and Mechanical Properties of the Active Fault of Alhama de Murcia Estructura Interna y Propiedades Mecanicas de la Falla Activa de Alhama de Murcia

The Alhama de Murcia Fault (AMF). Tectonic Frame
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Internal Structure and Mechanical Properties of the Active Fault of Alhama de Murcia Estructura Interna y Propiedades Mecanicas de la Falla Activa de Alhama de Murcia

Fault Damage Zone

slip surface

Drag zone

Damage — (ductile)

zone (brittle)

Fossen, 2011 © Cambridge University Press
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Displacement, Damage Zone Thickness and Length of Faults
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Cortical Faults
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Structural Style vs. Microscale Mechanism

Structural style

Brittle - »  Ductile
£ @ Brittle-ductile [
0
sl |
= =
S| |8
el |2 @
A E ooo’*‘ @ Brittle style, @ Ductile style, @ Ductile style,
= = brittle (frictional) brittle (frictional) plastic mechanism
§ Q mechanism mechanism
g A J
Y e
Strength Plastic = yea
>
E Incohesive fault
2 rocks §
] S
‘-g [+3)
B8 Cohesive "
2 fault rocks
w
2 &
> &
Plastic quartz, ,,;// -\)\&
brittle feldspar i Q'
Tg® rg’y o8
Feld- T A éé
o spar 500°C ———— = & - — 2y
£ %ﬁé/ﬂoﬁg el
'g 4,;’:2—'/5-’_ o d o %
@ B00°C — 757 ——— [ otaatle glg
L e i o
& =77 Anastomosing 0@0(‘%&
£ A —~Z7 gneissic shear 8 .
o~ ;j’;—‘/;d zones & 700 °C
’/d;/“}“/ Partial melting, R
B migmatites 800°C

Fossen & Cavalcante (2017)

10/44

i' '\ Juan Miguel Insua Arévalo f;: XVIIl Jornada Técnica Anual ﬁ

4 Universidad Complutense de Madrid

N, Faculiad de Ciencias Geologicas Hswecati-Espainls dz Mecanica de Rocas FEEL MAYO 2021



o | Non-foliated Foliated .
P > - A
‘@ | Fault breccia h
E (=30% visible Iragments)
8 Fault gouge Foliated gouge ]
= Bre = E {<30% visible [ragments)
Pseudotachylyte
Crush breccia
{fragmants > 5 mm}
L i Fine crush breccia
: ¥ { 9 < ‘ P {fragmants 1-5 mm)
B 3 i - L Crush microbreccia
¥ ¥ T A & = (Iragments < 1 mm)
3 I n—l T . . ¥
5 o .
o k) % Protocataclasite £E%  Protomylonite
o oY Es 0 g 5
=L 55 g |55
B 2% BE Cataclasite S| 22 Mylonite
£|lc 8% | Bl
2 |RERE 8|33
8 £ % Ultracataclasite | § S% Ultramylonite
= -
= §§§ Blastomylonite
)
Fossen, 2011 © Cambridge University Press

Internal Structure and Mechanical Properties of the Active Fault of Alhama de Murcia Estructura Interna y Propiedades Mecanicas de la Falla Activa de Alhama de Murcia

Fault Rocks Zonation

Modified form Lin & Yamashita (2013)
in Rodriguez Escudero (2017)
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AMF Geological Frame

AMF is an active cortical fault
that controls the relief along the
northern border of the
Guadalentin Depression.

The Guadalentin Depression is
on the downthrown block of the
AMF, which is filled up with
Quaternary alluvial and fluvial
deposits.

In the upthrown block of the
L e AFM crop out meta_morphlc and
wﬁa\a’f (] Quaternary sedimentary materials of the
S T;"“ Internal Zones of the Betic
iocene . .
B Neogenevolcanism Cordillera, as well as Miocene
i marine deposits.
[ Malaguide complex -
e [] Alpuarride complex /_F/k
[] Nevado-filabride complex l:l Neogene basins
[] Sub-Betic/Circum-Betic [ External zones
/ zones (External zones) [ tnternal zones Alonso-Henar et al. (2021)
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AMF Geometry and Kinematics
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AMF Geometry and Kinematics
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Fault types

| Fallas Neoformadasl [ Fallas Reactivadas ]
Esfuerzos y fracturacion de una roca homogénea Esfuerzos y fracturacion de una roca heterogénea
(Modelo de Anderson) (Ecuacién de Bott)
Uy v
Oh Oh
o-h_,«v

n
Q
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A 2
1]
o

9’1 0-3 03 ga 01
R,
o,

G o,
1 o,
g,= Ov 0,= Ov ag,= Ov
0,= Ohmax 0,= Ohmax 0,= Ohmax
G3= Ohmin 03= Ohtmin 0,= Ohmin o 2 Mufioz-Martin y de Véente (2010)
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Tectonic Inversion of the AMF

Estructura Interna y Propiedades Mecanicas de la Falla Activa de Alhama de Murcia
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La Torrecilla Site

Estructura Interna y Propiedades Mecanicas de la Falla Activa de Alhama de Murcia
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Zonation of the Fault Rocks within the AMF

Protolito § d ) Protolito

Nodieo
Rodriguez Escudero (2017)
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AFM Fault rocks zonation. Thin section
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Shear Zone of the AMF (Drone View)
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Architecture of the AMF
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Architecture of the AMF

The AMF has a complex shear band Alonso-Henar et al. (2021)
about 100 m wide at La Torrecilla Site
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Architecture of the AMF

Asymmetric Strain Model
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Reseach Boreholes AMF-1 and AMF-SIS-1

3 samples collected 9 samples collected for
for tests with 8=56° asts with 8=0°, 37° and 44°
+ 2 samples for 8=56°
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Reseach Borehole AMF-1
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155 1oJ - -
100, Altered Altered Schist ) Black Wlth dla:meters Of 83 mm
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Reseach Boreholes AMF-1 and AMF-SIS-1
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Microstructure and Mineralogy of the Fault Gouge
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Microstructure of the Fault Gouge

SEM image
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Body Waves Velocity along the AMF-1 Borehole

Wavevelocity{km-s'1}4 . Down-Hole Test
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140 I A: strike velocity L-B: dip velocity Insua-Arévalo et al. (2018)
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Body Waves Velocity through Gouge Specimens

Ultrasonic Velocity
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P waves velocity
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Waves Velocity through Gouge Specimens vs. along the AMF-1 Borehole
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Fault Gouge Strength: CU Triaxial Tests

=L axial load|

0 = 56°
300 kPa
Insua-Arévalo et al. (2021)
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Fault Gouge Strength
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Hoek&Brown Non-Linear Strength Criteria
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Influence of the Microstructure and Roughness of Weakness Planes
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Influence of the Microstructure and Roughness of Weakness Planes
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Influence of the Microstructure and Roughness of Weakness Planes
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Influence of the Microstructure and Roughness of Weakness Planes
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Influence of the Microstructure and Roughness of Weakness Planes
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caracterizacion de la
resistencia a traccion de
materiales rocosos

ensayo Brasilefio

—” Influencia del angulo de contacto en el
patrén de rotura en pizarra bajo el
ensayo Brasilefio

Nueva metodologia de estimacion
de los parametros resistentes de la
foliacion en pizarra usando el
ensayo Brasilefio

— Efecto de la humedad relativa ambiental en la
resistencia a traccion de la foliacion en pizarra

1. Introduccion 2. Antecedentes 3. Objetivos 4. Estructura del trabajo de

investigacion

7. Nuevo ensayo de caracterizacion de 8. Conclusiones

la resistencia a traccion

6. Nuevas aplicaciones del ensayo
brasilefio
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Estudio experimental y analitico del inicio de la rotura en el ensayo Brasilefio

5. Parametros de influencia

Consideraciones preliminares

1) Distribucion de presion:
- Uniforme (Ma and Hung , 2008)
- Sinusoidal (Markides and Kourkoulis, 2012)

2) Materiales:
- Pizarra
- Calcarenita
- PMMA

3) Criterios de rotura:

- Mohr-Coulomb (truncado)

- Hoek-Brown

4) Influencia de las tensiones friccionales:
- Distribucion uniforme (Markides, Pazis , Kourkoulis, 2011)
- Distribucién sinusoidal (Markides, Pazis , Kourkoulis, 2012)

Propiedades Pizarra  Calcarenita = PMMA
Modulo de elasticidad (GPa) 47.55 73.75 3.20 Determinacién
Coeficiente de Poisson 0.24 0.18 0.40 analitica del primer
Coeficiente de friccion mandibula-disco 0.55 0.62 0.38 punt() en alcanzar el
Resistencia a compresion uniaxial (MPa) ~ 179.52 113.99 124.40 criterio de rotura,
Resistencia a traccién (MPa) 2404 889 65.26 segun varia el angulo
Cohesién (MPa) 26.18 18.16 40.69 de contacto
Angulo de friccion interna (°) 47.99 54.52 22.68
m, 7.46 12.81 1.90
] "
.
b =l
[

C.C. Garcia-Fernandez, C. Gonzalez-Nicieza, M.I.
Alvarez-Fernandez, R.A. Gutierrez-Moizant (2018)

Estudio experimental y analitico del inicio de la rotura en el ensayo Brasilefio

5. Parametros de influencia

Estudio analitico

Pizarra

[~ Anaiytical Results Unitorm. HE \
= Analytical Results Sinusoidal HE

- Analytical Results Uniform. TMC

!'_ﬁ' Maigﬁcal Rm Sinusoidal. TEIC

o |

PMMA

] 5 10
al?)

10
al®)

Calcarenita
1
“=Analytical Results Unform. HB || qg
< Analytical Results Sinuscidal. HE
~=— Analytical Results Unifarm. TMC 08
-2~ Analytical Results Sinuscidal. TMC
adict s e : s
1 \a,\--\- 06
— X s
a I
o\ 5 a s 04
Y .\
¢ \*\_ i 03
1 02 § | % 02
' 3
01 |I b o1
1
L x 1 b |
28 % 5 i5 x b %

-=- Analytical Results Uniform. HB

~=- Analytical Results Sinusoidal. HB
-= Analytical Results Uniform. TMC
-0 Results Si TMC

5

10

- Variacion del punto de rotura inicial (7/R) segin el semiangulo de contacto (o)

C.C. Garcia-Fernandez, C. Gonzalez-Nicieza, M.1I.
Alvarez-Fernandez, R.A. Gutierrez-Moizant (2018)
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Estudio experimental y analitico del inicio de la rotura en el ensayo Brasilefio

5. Parametros de influencia

Estudio analitico

Pizarra Calcarenita
slate Calcarenite Calcarenite PMMA
08 s 08 ——p—r 08 e o8 T T
I:.' b @ 3 D"_ [n]
LI tog 0 h g
¥ [ v
07 - g ; 07 LK oy ! 7 FT T L.ﬂ
& ﬁ & 8 a.l [}
' 3 10 a [ ‘?
06 | 1 o n 06 | il 08 | T ? L o
::& 2 3 10 L‘:l
o5 | + Q i 05 | o5 | 1 (.13 LR
" ]
g ] - 8
= 15 = £ = : 2 E ga 3 =
S04 0 = £ o w3 | S - - & e
16 i
03 . 03 | " 03 18 03
15
02 | 15 02 | 02 | 02 2 02 L]
12
oy - o1 01 01 ¢ [ 5} 30
16
19 n
o | 192 o |- 125 o - ELE o 31 o | [ X
b 20 1% 10 o a 20 18 10 S5 0 b 20 45 -0 5 0 a 20 45 W0 5 0 b 20 45 0 5 0
a(MPa) a(MPa) a(mPa) a(MPa) a(mPa)

- Variacioén del punto de rotura inicial (/R) segin el semidngulo de contacto ()

- Tensiones friccionales: podria cambiar ligeramente el punto en que se inicia la
rotura, pero no tanto como para empezar en el centro.

Estudio experimental y analitico del inicio de la rotura en el ensayo Brasilefio

C.C. Garcia-Fernandez, C. Gonzalez-Nicieza, M.I.
Alvarez-Fernandez, R.A. Gutierrez-Moizant (2018)

5. Parametros de influencia

Resultados experimentales
PMMA

s o - 1640

= ~).52R - [nitial
failure point

‘Expeevnentyl Falure Lodd 1 100540
Analytcal Fadure Load (Undom) = 17 W1
i :
-=- Aralytical Resuts Undorm. HEL
3 - Arglytizal Results Sinuscidal HB
15¢ T | -=- Aralytical Results Undom TG | | |
| - Anabtical Rosuts Sinsordal THC | i o Analytica Resuts Unform. HE
ot | | 5 {-=— Analytical Resuts Urdoem. TMC
™ et | p/R=0.47-0.65 o Anaicl et Seuscl TWG
4 I 0
E y | % men®37 | 7/R=0.78 — 0.82
0 [] 10 1% x % A =
af®}
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Calcarenita

Siste
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C.C. Garcia-Fernandez, C. Gonzalez-Nicieza, M.1I.
Alvarez-Fernandez, R.A. Gutierrez-Moizant (2018)
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Estudio experimental y analitico del inicio de la rotura en el ensayo Brasilefio

5. Parametros de influencia

Modificacion experimental del angulo de contacto

1
: : 09 =0.87TR
Modificando la relacion de curvaturas entre mandibulas de carga e
(Rj) y radio del disco (R) — Variacién del angulo de contacto — 0.8 1
Cambio del estado tensional 07htZ0TARE gL ]
P=14kN 06f 1
) ’ 06" = :
0.4} : ]
0.3 .
0.2 I T RIR = 117 (2 =10.197)
~—Ry/R = 1.37 (o =7.56°)
01 ] —Rj/R = 1,64 (o =6.06%)
' —RIR - = (o =4.74)
0 ® Closest point to TMC
0 20 4 60 80

2. Antecedentes 3. Objetivos 4. Estructura del trabajo de

1. Introduccion

investigacion

6. Nuevas aplicaciones del ensayo
brasilefio

0
o, - 5, (MPa)

C.C. Garcia-Fernandez, C. Gonzalez-Nicieza, M.I.
Alvarez-Fernandez, R.A. Gutierrez-Moizant (2018)

Nuevo ensayo d 8. Conclusiones

5

a resistencia a

Verificacion computacional de las
condiciones de contorno optimas en
el ensayo de traccion Brasileiio

R. Gutierrez-Moizant, M. Ramirez-Berasategui, S. Santos-
Cuadros, C.C. Garcia-Fernandez, “Computational
verification of the optimum boundary condition of

the Brazilian Tensile Test”, Rock Mech Rock Eng, vol. 51,
pp. 3505-3519, 2018.

FRock Mechanacs and Rk |
hittpssdolorg/101007/500603-018-1553-7

ORIGINAL PAPER @GM

Computational Verification of the Optimum Boundary Condition
of the Brazilian Tensile Test

R Gutig izant” - M. Ramirez-B i - 5. Santos-Cuadros” - C. Garcia-Femandez?

Fecenved: b Maech J018 1 Accepted: 10 Judy 2013

Sprice part 1"

Abstract

The present research analyses the configuration of jaws 1o svoid the premarure failure of the disc in the Brazilian st The
wbjective is b depict the loading device configumition that most likely prodices realis comparble bo e Hondnes! analyts
«cal stress solution. To this end. several numerical analyses have been carried out for different contact angles with the finite
element method. [t was deduced that the final contact angle plays an important part in the success of the Brazilian test and
thal the Gralfith crileron can be fulfiled if i sdress is calculated. Addit Iy, the of the forces in (he
contact between the loading device and the disc has been studied for different friction conditions. According to the numeri-
cal nesults, it was found that a leading arc configuration of 20° shows the best agreement with the probable values given by
the analytical stress model when the uncertainty of its magnitudes is taken into account. The siody also demonstrates that
the {rction i the contact between the optimal loading configuration and the dise does nol seem to signitieantly aflect the
theonetical predictions in the centre of the disc.

Keywords Brovilian test - Crack initiation poind - Fguivalent stness - Comprrison indes

List of Symbals iy Coverage factor for a confidence level of 95%

P Appleed losd " Radu ratio hetween the dedance from the centre of
Py Vertical load the disc and the radius of the disc

a Width of the leaded section of the dise

D Diameter of the dise

R Rl of the disc 1 Introduction
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Verificacion computacional de las condiciones de contorno éptimas

5. Parametros de influencia

Material y metodologia

Top loading Contact zone

device

Influencia de la friccion (u)

Variacion del angulo de carga (2a)

Bottom loading

device Contact zone and

displacement
restriction

(a) Radial loads

m f Parametros Mortero
e proes Diametro (mm) 53.60
Espesor (mm) 27.00
Modulo de elasticidad (GPa) 30.00
Coeficiente de Poisson 0.31

displacement
restriction

(h) Vertical loads

Modelo numérico con dos configuraciones de
carga, A. radial y B. vertical

Verificacion computacional de las condiciones de contorno éptimas

=)

R EOIES (';M}
o

- -1
= R I—Z(i):cnslﬂi— (;—zr e [I - 52)

To=0, (n

Comparacion con la solucion de
Hondros (1959) para el célculo del
estado tensional en el diametro
vertical

R. Gutierrez-Moizant, M. Ramirez-Berasategui, S.
Santos-Cuadros, C.C. Garcia-Fernandez (2018)

5. Parametros de influencia

Resultados numéricos

Ly
i

Inicio probable de la rotura— maxima
tension equivalente, Griffith (1921):

ra
=

55 ol

=15 e 2F

.25 e 3"

0.5 0.6 o7 0g
£ (mm/mm)

03 04

Influencia del angulo de contacto en la posicion relativa del punto
probable de inicio de la rotura, utilizando el modelo numérico

:
—_ o
Determinacion Cuando 30, + 0, >0 1815
A &
del angulo de 65 = 0 -EE
contacto ) ES T
optimo Cuando 30, + 0, <0 ; N
. = (06 - O-r)z z
= ——o— T
8(ap — 07) W
n 6 FEM oG Ic .,
(MPa)  (MPa) Factor de correccion
Limite de 0 425 431 009 propuesto por Satoh
aplicabilidad y 025 417 111 (1986):
error : 2
‘ 0.50 4.14 1.53 __ sinacos’a
Ogc = 06—
0.75 413 1.67 a

n OG_FEM oG Ic
(MPa)  (MPa)

0 4.25 4.12 1.74

0.25 4.17 0.75

0.50 4.14 0.33

0.75 4.13 0.18

R. Gutierrez-Moizant, M. Ramirez-Berasategui, S.
Santos-Cuadros, C.C. Garcia-Fernandez (2018)
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investigacion brasileno la resistencia a traccion

Efecto del angulo de contacto en el
patron de rotura en pizarra en el
ensayo Brasileiio

M.I. Alvarez-Fernandez, C.C. Garcia-Fernandez, C.
Gonzalez-Nicieza, D.J. Guerrero-Miguel, “Effect of the
contact angle in the failure pattern in slate

under Brazilian tests”, Rock Mech Rock Eng, vol. 53,
pp. 2123-2139, 2020.

Efecto del Angulo de contacto en el patron de rotura en pizarra bajo compresion diametral

Rock jcs and Rock Eng (2020)53:2123-2139
htps://dol.org/10.1007/500603-020-02044 2

o

Effect of the Contact Angle in the Failure Pattern in Slate Under
Diametral Compression

M. 1. Alvarez-Fernandez' - C. C. Garcia-Fernandez' - C. lez-Nicieza' - D. J. Miguel'

Received: 3 April 2019 / Accepted: 3 January 2020/ Published online: 19 January 2020
© Springer-Verlag GmbH Austria, part of Springer Nature 2020

Abstract

The failure pattern in slate tested under diametral compression is strongly influenced by the contact angle created in the
loaded area. A small angle is created throughout the contact between the jaws (or platens) and the disc by adopting flat
platens (ASTM standard) or curved jaws (suggested method by ISRM) load configurations, inducing failures due to shear
stresses in the limit of the load rim. This causes failure patterns that do not exactly match the central diameter when the
material is tested with the load direction parallel and perpendicular to foliation, which contradicts the failure by pure tensile
typically assumed in the test for these orientations. In the present work, a new interpretation of the failure pattern in slate
samples tested with the Brazilian method is established. playing the contact angle a significant role. Brazilian tests with the
loading direction along and across foliation were carried out in the laboratory. by using the load configurations of ASTM
standard and the ISRM ion. Fy an ical study allowed the estimation of the point in the whole
of the disc in which a critical stress state is firstly reached by taking into account both the foliation and the intact rock failure
criteria, hence justifying the experimental failure patterns. Finally, regarding the initial failure the influence of the strength
properties in order to satisfy the classic hypothesis of the Brazilian test in rocks with multiple weak planes was analysed. An
appropriate interpretation of the failure pattern can be an important indicator in order to reveal the true failure mechanism
of rocks; this may help to improve the characterization and prediction of the initial failure of this material, which is widely
used as an i ial rock or in dam i i ions and slope engineeri

Keywords Brazilian test - Slate - Initial failure point - Contact angle - Failure pattern

Material y métodos

Propiedades

Resistencia a compresion
uniaxial, o, (MPa)

Resistencia a traccion, o,
(MPa)

Cohesion (MPa)

Angulo de friccién
interna, @ (°)

ISRM ASTM
Roca Foliaciéon
intacta
179.52 115.60
24.04 7.90
36.18 11.90
47.99 30.37 =

Seccién en lamina delgada de
pizarra estudiada

Modelo analitico

critico

Determinacion del
primer punto en
que se alcanza un
estado tensional

Criterio de rotura

o -
Ny LSNP
s 1-sin( @)
‘-" oM = 2C"cos(P)
1-sin )
A D',.,,’ B qs—.}' 0’_1‘

I 0|m
Tam = C7 4 tan () g,y ‘ o =g +Ny" o
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Efecto del angulo de contacto en el patrén de rotura en pizarra bajo compresion diametral 5. Pardmetros de influencia

Resultados experimentales y analiticos

—TMC foliation
- L= Q00R -
% GO Rotura por
Bl | esfuerzos cortantes
‘\\ —LromR en el limite del
y — L= 03BR
—r=gan arco cargado
- & Fadure Point e
~— = ge
=0 =
=3 S
S
A I a=1"lyyy N
. - o «
r o) BGR

Efecto del angulo de contacto en el patrén de rotura en pizarra bajo compresién diametral 5. Parametros de influencia

Influencia de parametros resistentes de roca intacta y foliacion

=

[— c=25MPa — =5 MPa — C'= 7.5 MPa — C'= 10 MPa — C= 125 MPa — C'= 15 MPa 6
10;
5. 5 ........................................................... -
9
5h .
B
T L . £
=407
6t f
| .
S s
| e
) R Y T /-
v d el gt
i C™ /' (or o i) = 1,062 exp® @™
1 ' R?=0.996 |
| i 1 1 | I I
% 5 10 15 20 2 30 o 5 10 20 25 20

15
) o (°)

Semiangulos de contactos necesarios para inducir la rotura inicial en el centro del disco, dependiendo de parametros resistentes de la
foliacion y de la roca matriz

M1 Alvarez-Fernandez, C.C.Garcia-Fernandez,
C. Gonzalez-Nicieza, D.J.Guerrero-Miguel (2020)
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investigacion brasileno la resistencia a traccion

’ Effect of environmental relative humidity
in the tensile strength of layering in slate

Efecto de 1a humedad relativa en la stone
resistencia a traccion de la foliacion en
C. C. Garcia-Fernandez, M. 1. Alvarez-

piza rra Fernandez, R. Cardoso & C. Gonzalez-
Nicieza

e
C.C. Garcia-Fernandez, M.1. Alvarez-Fernandez, R. T
Cardoso, C. Gonzalez-Nicieza, “Effect of environmental satmcettn
10.1007/510064-019.01619 7

relative humidity in the tensile strength of layering in slate
stone”, Bull Eng Geol Environ, vol. 79, pp. 1399-1411,
2020.

Efecto de 1a humedad relativa en la resistencia a traccion de la foliacion 5. Parametros de influencia

Método: Técnica de equilibrio de vapor (VET)

1000 Y : e ——
! = Experimental data
i’ —\fan Genuchten (1280) |
ID! - & VET specimens {maan]t
Curva de £ :
retencion de 1
agua Z oa - P=0.42 MPa
f | —
0,01} s, = [1 +( — 1=0.32
A o 0.10 0.20 030 050 060
Water content (%)
Técnica de % == '
equilibrio de " e _
vapor (VET) / T
102, |- RH= BA%
|>-RH= 75%
Solution | | | e
5 10 15 0 25

Time (days)

C. C. Garcia-Fernandez, M. 1. Alvarez-Fernandez,
R. Cardoso and C. Gonzalez-Nicieza (2019)
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Efecto de 1a humedad relativa en la resistencia a traccion de la foliacion 5. Parametros de influencia J

Resultados experimentales

Displacement

transducer " . . ) . . .
LVDT I ! T T T

W Mean value

A Experimental data
= lnear

]
@
T

 6=-0.01RH +1183 | | i
Ri=0%8

Tensie strength. o, (MPa)
=
T

- [ [l Load

B Mean valus
= linear

]
o
-3

=006 ¥+139 | KNO, | |

RP =099

Tensile strength, « (MPa)
‘]"

1! i 1 L 1 L
& 3 7 w0 ) %
Total suction. ¥ (MPa)

Relacion de la resistencia a traccion de los planos de foliacién con

A
A. la humedad relativa ambiente y B. Succion total.

Esquema de ensayo brasilefio en pizarras con control de humedad
relativa (o succion total) y equipo empleado en laboratorio

C. C. Garcia-Fernandez, M. I. Alvarez-Fernandez,
R. Cardoso and C. Gonzalez-Nicieza (2019)

1. Introduccion 2. Antecedentes 3. Objetivos 4. Estructura del trabajo de 5. Determinacion de la resistencia a traccion en el 7. Nuevo ensayo de caracterizacion de 8. Conclusiones
investigacion ensayo brasilefio. Pardmetros de influencia la resistencia a traccion

Determinacion de diferentes estados
tensionales limite en la region de
traccion utilizando el ensayo

Brasileiio
C.C. Garcia-Fernandez, R.A. Gutierrez-Moizant, M.1.
Alvarez-Fernandez, M. Ramirez-Berasategui, C. Gonzalez-

Nicieza, “Determination of different stress state limits in the
tension region by using the Brazilian test”
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Determinacion de diferentes estados tensionales limite en la region de traccion 6. Nuevas aplicaciones

Estudio experimental

Propiedades Mortero Patrén de rotura
ammam. C D

Densidad, p (kg/m?) 1990 b A—oo

Moédulo de elasticidad, £ (GPa) 24.20

Coeficiente de Poisson, v 0.17

Coeficiente de friccion Mandibula- 0.50 Rym=154

Disco, u
RiR=132
RiR= 115
RiR=1m

fe
Ri/R=132 Ri/R= 115 Ri/R=1.02
Determinacion de diferentes estados tensionales limite en la region de traccion 6. Nuevas aplicaciones

Estudio numérico

A ~ Mapa de distribucion de tensiones
equivalentes de Griffith para cada
B Rk relacién simulada segiin dos etapas
sucesivas de la modelizacién
—
T e 3 ™
Guida RiR-154
Rj/R r/'R 2a(°)
c @
0 0.91 6.70
Inicio probable de la rotura— maxima prLn
tension equivalente, Griffith (1921): 1.54 0.79 12.90
Cuando 30, +6,>0 o o 1.32 0.75 13.30
Og = Og RR=11S 1.15 0.00 16.60
Cuando 30y + 0, <0 1.02 0.00 39.44
2 13 2
on = (09 - ar)
f=————————
8(0-9 - ar) Rik-1.02
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Determinacion de diferentes estados tensionales limite en la region de traccion

6. Nuevas aplicaciones

Estados tensionales limite

80 . .
70r
80+
50r
©
o
= 40r
o Ri/R=132
30+ b
Ri/R=1.0 154
20r @  Brazilian test (failure point) |
®  Brazilian test (center point)
@ Compression test
10+ b
""" Tension-Compresian limit
— Grifith Failure envelope
-10 -5 0 5 10 15
o, (MPa)

Representacién del estado tensional de las zonas probables de

inicio de la rotura

1. Introduccion 2. Antecedentes 3. Objetivos 4. Estructura del trabajo de

investigacion ensayo brasilefio. Parametros

5. Determinacion de la resistencia a traccion en el
de influencia

Rj/R 6, = -0, 6, = -0,
(MPa) (MPa)
00 2.43 58.68
(-3.56) (10.70)
1.54 -1.40 29.77
(-3.75) (11.39)
1.32 -2.49 32.66
1.15 -4.91 15.04
1.02 -6.29 21.84

la resistencia a traccion

Nueva metodologia para estimar
los parametros resistentes de la
foliacion en pizarra utilizando el
ensayo Brasileiio

C.C. Garcia-Fernandez, C. Gonzalez-Nicieza, M.I. Alvarez-
Fernandez, R.A. Gutierrez-Moizant, “New methodology for
estimating the shear strength of layering in slate by using
the Brazilian test”, Bull Eng Geol Environ, vol. 78,

pp. 2283 — 97, 2019.
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Abstract

A new method i priposed in order to estimate the shear strength of schistosity planes i shate in terms of Mohe-Coulomb

cobesion and internal fiction angle. The proceadire comists in currying out the Hrarilion method wnder different loading-folistion

gl for which expusimenta tess were achieyed i sates from the norhest of the herian Peninail (Spain). The expei-
b field in the

it the whok b first faibure rey: ] hm!g, mnlumlntwlm
wdqnxvﬂmhwuiamhwmﬂﬂnthﬂdﬂm»hmx& mﬁtdﬁuﬂwm in the faikere plane, it is
possible the foliatun's strergih envelope through s lineal sdustment assording to the Mobr- Coubomb criterion and,
ﬂuxlvﬂuwhm&ehymu;hnuﬂp Ih:pmpused[ww&wnuwluhdedby the dimeet shear test, The cohesion and the
sntemal gl obtaimed with | test were very close lculated by the proposed method. verifying
the methodology developed by the sithors, This procedure may be s in varkne eng either in the
study of the propertics of cleavage m sbic, w!-chucumnuldrmcdnanm&llnu]lwk or in dan Iw:d-lmmulﬂoww‘d
excavations and slope engincering, smee one of the main Giles in civil engmecning is duc bo shiding abong weak planes.

Keywords Brulian text - Slate - Foliation - Internal fnction angle - Cohesion - Strength paramcters

Mecanica de Rocas y Geologia Estructural



Nueva metodologia de estimacion de los parametros resistentes de la foliacion

6. Nuevas aplicaciones

Estudio experimental y analitico

S

o

Estudio analitico estado tensional

Nueva metodologia de estimacion de los parametros resistentes de la foliacion

same

90°> g > 45°
= B Legerimentar Lanaiitico
90 0.11 R 0.10 R
85 0.05R 0.00 R
80 0.14 R 0.10 R
75 0.17 R 0.18 R
60 0.48 R 0.49 R
45 0.84 R 091 R

C.C.Garcia-Fernandez, C. Gonzalez-Nicieza, M 1.
Alvarez-Fernandez, A. Gutierrez-Moizant (2019)

6. Nuevas aplicaciones

Determinacion de cohesion y angulo de friccion de la foliacion

¥ imm)

TE e 10 o

]
® {mmj

Curva tensional en el plano de rotura cuando f=45°y
correspondiente circulo de Mohr en cuatro puntos
contenidos en el plano. B. Angulo 0 representado en el disco

A = [—Mohe's Circle
| %= 37" | o Faiure Points
0! — | == Wiohe Coulomb failure critenon
| Tension-Comoression lima
A0+
=
o
£ 0
E
201
C=11.90 mp\n
10- ".' 1 '.I. -I
- \ | | |
o~ 1 L 1l 1.
30 &0 100 120 140
g (MP3)
B ) [— Mohrs Circle
&= 3208 | « Failure Points
=0k i w— Mhohr Couloemi fature criterion |
" |==Tansion-Compression limit
a0
g
= [ Mt coce for
R the Mate stress i i
he centie for = B
20 o ] A
1. ! 1 Y
C,=9.28 MP3j~ 1y i
W /.> ! I
e A H \
f | | i 4l 1\ |
. s 1 | 1l - 1 A | Il L | L
% 20 o 50 10 120 140
2= 750 WP  (MP3)

Criterio de Mohr—Coulomb obtenido con el método propuesto

C.C.Garcia-Fernandez, C. Gonzalez-Nicieza, M.I.
Alvarez-Fernandez, A. Gutierrez-Moizant (2019)
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Nueva metodologia de estimacion de los parametros resistentes de la foliacion 6. Nuevas aplicaciones

Validacion del método propuesto

Método Angulo de friccion Cohesién (MPa)
interna (°)

Propuesto (5 =90°, 30.37 11.90

rotura por cortante)

Propuesto (f =90°, 32.08 9.28

rotura por traccion)

Ensayo corte 29.50 7.20

Ensayo de corte directo. A: muestra de pizarra embebida en
cemento. B. Caja de corte directo. C. Primera rotura. D. Patrén

C.C.Garcia-Fernandez, C. Gonzalez-Nicieza, M 1.
de rotura final

Alvarez-Fernandez, A. Gutierrez-Moizant (2019)

1. Introduccion 2. Antecedentes 3. Objetivos 4. Estructura del trabajo de 5. Determinacion de la resistencia a traccionen el | 6. Nuevas aplicaciones del ensayo 8. Conclusiones
westigacion ensayo brasilefio. Pardmetros de influencia brasilefio

Nuevo ensayo de caracterizacion de o Smsose et
la resistencia a traccién de W it 0
materiales rocosos

y mejora del terreno

4" JOMNATAS LUS0- ESPIROLAS DL GLOTICNIL
Desafios para la Geotecnia

en Espaiia y Portugal
, Tamas
C.C Garcia Fernandez, M.1. Alvarez Fernandez, J.R. Garcia
Menéndez, A. Gonzélez Fuentes, et al., “Nuevo ensayo de
caracterizacion de la resistencia a traccion de materiales
rocosos”, 10° Simposio Nacional de Ingenieria Geotécnica,
Reconocimiento, Tratamiento y Mejora del Terreno. Sociedad o

Espafiola de Mecanica del Suelo, A Coruna, 2016. pp. 157-164. .38 2100yt 04208
ISBN 978-84-945284-2-2.

L | R
= SEMR
Sevmtnt Py st sacatel L
P [oyrerperay ez i e
[y
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Nuevo ensayo de caracterizacion de la resistencia a traccion 7. Nuevo ensayo de caracterizacion

Procedimiento de ensayo .
Etapa sin carga  Etapa con carga

f\'
Determinacion de la

Ft i resistencia a traccion (o,):

: . Fcosa—usina
E C— _Vsina+pucosa

f (.

Mecanismo de funcionamiento del ensayo

o angulo de inclinacion

u coeficiente de friccion
F, fuerza vertical de rotura
A Area de rotura

Configuracion del ensayo

Probeta de ensayo C.C. Garcia Ferndndez, M.1. Alvarez Fernandez, J.R.
Garcia Menéndez, A. Gonzalez Fuentes, et al. (2016)

Nuevo ensayo de caracterizacion de la resistencia a traccion 7. Nuevo ensayo de caracterizacion

Resultados experimentales

Pizarra
PMMA

“»

’ Modo de rotura en muestras de pizarra paralelamente a la
Modo de rotura en muestras de PMMA

foliacion (tipo I) y en direccion perpendicular (tipo II)

Muestra Fuerza de Resistencia a Muestra Fuerza de rotura (kN)  Resistencia a tracciéon (MPa)
rotura (kN) traccién (MPa) Pz1(I) 4.17 3.32
Pz2 (D) 3.71 2.89
Mt 1 48. .
! 8.99 5969 Pz3 (D) 4.52 3.65
Mt2 31.63 63.36 Valor medio 3.29 (+0.37)
Mt3 51.83 63.15 Pz 4 (1) 20.13 13.25
Mt 4 52.44 63.89 Pz 5 (I) 19.69 13.41
Mt 5 49.80 - Pz 6 (1II) 22.06 15.01
Valor medio 62.15 (+ 1.85) Valor medio 13.89 (= 0.97)
v )
‘ — 62.67 MP ‘ C.C. Garcia Fernandez, M.1. Alvarez Fernandez, J.R. Garcia
0= . a Menéndez, A. Gonzalez Fuentes, et al. (2016)
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8. Conclusiones

- Andlisis detallado del inicio de la rotura en material fragil sometido a compresion
ANALISIS diamet‘ral (o ensayo Brasileo), controlgndo las Var.iables que inﬂuyqn en el .
mecanismo de inicio del fallo, tanto a nivel de propiedades del material como la propia
configuracion del ensayo. Se ha verificado la importancia que tiene el angulo de
contacto creado en la zona de aplicacion de la carga en el punto de inicio de la rotura.

- Se han encontrado nuevas vias de aplicacion del ensayo Brasilerio. Es posible la
utilizacion del ensayo como un método para establecer diferentes estados tensionales
limite de los materiales rocosos.

PROPUESTA

- Se ha propuesto un nuevo método de determinacion precisa de la resistencia a traccion
que podria complementar a los ensayos ya existentes.
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