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ABSTRACT: Load transfer mechanism of bolt has been the subject of increased research for more than
three decades, particularly with regard to resin thickness. The influence of increased resin thickness on
axially loaded bolts has been widely reported and documented, however there remains a lack of clear
understanding of the bolt-resin and rock interaction with different resin thickness particularly when the bolt
is sheared. Accordingly, this study is aimed to examine the effect of resin thickness on the bolt-grout-
concrete interaction under double shearing conditions. The bending and shearing characteristics of bolts
were conducted both in the laboratory and in 3D numerical simulation, and with and without different
pretension loads. Both the strength of the concrete and bolt pretension load had been found to have major
influence on the shear resistance and shear displacement of the reinforced concrete in all resin thickness.
Also, the strength of the surrounding concrete was found to play a greater role than the grout thickness,

particularly when the bolt is in pretension.

1 INTRODUCTION

Fully grouted rock bolts are widely used in both civil
and geotechnical engineering constructions as
reinforcement elements. A fully grouted bolt in
intersection with a joint plane increases the
resistance to shear across the joint. Many researchers
have undertaken significant research in the
numerical and laboratory methods to study the
mechanical behaviour of bolted rock joints, and
much of the theoretical studies were undertaken
using various available approaches such as the finite
element and finite difference methods. Bolts can be
installed as passive or as active pre-tensioned
support element. However, there is an ongoing
debate on the methodology of bolt installation with
regard to bolt pretensioning. When bolts installed in
underground excavations or in surface mining, they
are loaded both axially and laterally depending on
the movement direction of the reinforced unstable
rock block.

Research on sheared surface reinforcement has
been the subject of research that is being pursued
with increasing vigor in recent years, ever since the
benefits of full encapsulation was realized.
Numerous experimental and numerical studies were
undertaken over the past three decades to investigate

the mechanical behaviour of fully grouted rock bolt
in rocks and in bolt shearing conditions. The works
of Dulacska (1972), Bjurstrom (1974) Azuar (1977),
Hass (1976,1981), Hibino and Motojima (1981),
Dight (1982), Spang and Egeer (1990), Ferrero
(1995), Pellet and Boulon (1998), Kharchafi and et
al (1998), and Grasselli (2004), Aziz et al (2004) are
well documented.

The effect of resin thickness is one of most
important factors to transfer the maximum load from
bolt to the rock. When a bolt is loaded axially by
pushing/pulling through the resin thickness, thicker
resin layers show minimum load transfer. Several
authors conducted this research in the past,
(Fabjanczyk, Hurt, & Hindmars, (1992); Aziz and
Webb (2003); Aziz 2004). However, to understand
the effect of resin thickness while bolt is laterally
loaded under shearing effect, there appears to be a
lack of reporting on the subject. Thus, in this study
the laboratory tests and numerical simulations were
conducted to she light on this aspect of bolt -resin
and rock interaction. Double shear laboratory tests
were carried out only in 27 mm hole diameter and
22 mm bolt diameter. The laboratory study was then
supported by extensive numerical simulations with
different resin thickness, material strength and bolt
pretensioning was undertaken. This paper highlights
the effective role that the resin thickness in different
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rock strengths and pretensions could play in rock
reinforcement.

2 LABORATORY TESTS

The general set up of the double shear box unit in a
testing machine is shown in Figure 1, Double-
jointed concrete blocks were cast for each double
shearing test. Two different strengths concrete
blocks, at 20MPa and 40MPa, were cast to simulate
two different strength rocks. The concrete/bolt
assembly was then mounted in a steel frame shear
box specifically fabricated for this purpose. A base
platform that fitted into the bottom ram of the
Instron Universal Testing Machine, capacity 500
kN, was used to hold the shear box. A predetermined
tensile load was applied to the bolt prior to shear
loading. This acted as a compressive/confining
pressure to simulate different forces on the joints
within the concrete. The three nominated tension
forces used were 20kN, 50kN and 80kN. Axial
tensioning of the bolt was accomplished by
tightening simultaneously the nuts on both ends of
the bolt. The applied axial loads were monitored by
two hollow load cells mounted on the bolt on either
side of the block. Figure 2 and 3 show the load
deflection trend in 20 and 40 MPa concretes
respectively in different pretensions installed in 27
mm hole diameter. As they show higher concrete
strength and pretension load leads higher shear
resistance. Figure 4 displays yield load increase as a
function of pretension load in concrete 20 MPa. This
relation behaves as a power function. The axial load
on the bolt increased with increasing the shear load.
Therate of axial load increase is on the rise once the
elastic range is exceeded.

Figure 5 shows the relationship between the axial
loads developed and shear displacement in high
strength bolt (ultimate tensile strength around 330
kN) installed in 40 MPa concrete. From the graph it
can be seen that the axially induced load on the bolt
a low level of pretensioning, is higher than that of
high level of pretensioning. The possible reason is
attributed to lower confinement resistance, causing
the bolt to deform much more readily, with an
increase in axial load of the bolt as the bolt is
clamped at both ends.
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Figure 1.Generd set up of double shear box in Instron
machine
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Figure 3. Shear load versus shear deflection in different
pretensioning with 40 MPa concrete and 27
mm hole diameter
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Figure 5. Axial load build up along the bolt as a function
of shear displacement in 40 MPa concrete and
different pretension loads

3 3D NUMERICAL SIMULATION

3D simulation of the bolt shearing process was
conducted using ANSYS version 8.1 package.
Numerical simulations were carried out in 20 and 40
MPa concrete and in different resin thickness. The
objectives were to examine the strains and stresses
developed in different resin thickness and various
pretension loads of 20, 50, and 80 kN. A large
number of numerical models were created, to
describe different resin thickness in different
pretensions and rock strength. The confirmation of
the numerical simulations with laboratory results is
shown in Figures 6. It can be seen that the

numerical simulations were found to be in close
agreement with the experimental results.
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Figure 6. Load-deflection in 20 kN pretension load in 40
MPa concrete

Following the system calibration, a number of 3D
numerical simulations were then carried out in 20
and 40 MPa concrete blocks in both un-pretension
and pretension loads of 20, 50 and 80 kN. This FEM
of the reinforced structure subjected to the shear
loading was used to examine the behavior of bolted
rock joints, such as; strength of material,
pretensioning and resin thickness. Parameters
considered were, the three governing materials
(steel, grout, and rock) with two interfaces (bolt -
grout and grout - rocks). Using (ANSYS, Version
8.1), it was possible to simulate specifically the
elasto-plastic materials and contact interfaces
behaviors. The stress-strain relationship of steel was
assumed as bilinear kinematics hardening model and
the modulus of elasticity of strain hardening was
accounted as one hundredth of the original value.
Figure 7 shows finite element mesh for a quarter of
the model. The elastic properties of materials are
displayed in table 1.

Figure 7. Three-dimensional meshed model of a quarter
section of the composite concrete/resin and bolt
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Table 1: Elastic material properties

Materia uUcCs E Poisson's
(MPa) | (GPa) Ratio
Concrete 1 20 20 0.2
Concrete 2 40 32 0.2
Resin Grout 60 12 0.25
Sted 330kN 200 0.3

Numerical modeling was carried out in different
resin thickness of, 1.5, 2.5 and 5 mm, in borehole
diameters of 25, 27 and 32 mm respectively. Figures
8 and 9 show the created gap among interfaces in
thin and thick resin layer.

From the figures it can be seen that with increasing
the shear load, the grout layer becomes separated
from the bolt and concrete in the tension zones and
is compressed at compression zone. The separation
gap occurred in al resin thickness. The gap in thin
resin layer is more extensive than the thick resin
layer and also changes in stresses, strains and
displacement along the bolt and surrounding
materials are different. With the bolt is bent, and the
gap is increased, and the contact pressure is
removed. However, at the compression zones in the
vicinity of shear joint, reaction stress will result.
Because of extensive output results from numerical
simulations, only a few figures are provided in this
paper. Figure 10 shows the value of induced strain
along the bolt in shear direction around the grout 15
mm thick. Compared to thick resin the level of
strain, in both tension and compression zones, is
higher and the resin is fragmented with low shear
load.

Z5mm

Figure 8- Shear stress and crested gap in 15 mm resin
thickness with 20 MPa concrete without
pretensioning
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Foure 9. Modd deformation and crested ggp between
interfacesin 5 mm resin thickness

Figure 11 shows the plagtic strain in shear direction
dong the thick resin layer in 20 MPa concrete. The
value of the strain in the vicinity of the sheer joint, is
high, thus causing a complete damage in resin layer.
Figure 12 displays the vaue of induced strain along
the bolt axis through the resin in 40 MPa concrete
with 80 kN pretension.
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Figure 10. Plastic strain in shear direction along thin
grout layer in 20 MPa without pretensioning
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Figure 11. Plastic strain in shear direction dong thick
grout layer in 20 MPa concrete without
pretensioning
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Figure 13 shows, there is a dramatic increase in
strain change in the resin layer in the vicinity of
shear joint.

The value of strain, at both the axial and lateral
directions in the vicinity of shear joint plane, was
above the elastic yield point of the resin, which is a
clear indication that the strength of resin is
exceeded.
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Figure 12. Axial plastic strain along the thick resin layer
in 40 MPa concrete with 80 kN pretensioning

Figure 14 shows the trend of induced stress and
concrete deflection along the bolt axis through the
concrete block. It shows that the stresses around the
concrete block are high at the edges in the vicinity of
shear joint, thus inducing longitudinal fractures in
the concrete blocks. This was also observed at the
experimental results, and was common to all resin
thickness and concrete strengths.
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Figure 13. Plastic strain along the thick resin layer in
axial direction of the bolt in 40 MPa concrete
without pretensioning
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Figure 14. Yield stress trend in concrete with 40 MPa
strength and thick resin without pretension
effect

The rate of strain changes along the bolt, with thick
resin thickness in 40 MPa concrete and without
pretension, is shown in Figure 15. It was found that
the outer layer of the bolt was yielded, however, the
middle part of the bolt cross section remained in the
elastic state in different concrete strength.

Moreover, with increasing the bolt pretension load,
the area of tensile strain expanded and distributed to
the middle of the bolt.
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Figure 15- Trend of axial strain along the bolt in high
resin thickness (5 mm) surrounded by 40
MPa concrete
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4 THE EFFECT OF RESIN THICKNESS ON
INDUCED STRESSES

The value of induced stresses in bolt was evaluated
m different resin thickness The behaviour of the
concrete and grout were assumed as an isotropic
linear material and the behaviour of steel bolt was
assumed non-linear hardening The effect of various
concrete, grout and bolt modulus of elasticity m
different resin thickness was investigated using the
simulations Shear stress trend as a
function of concrete modulus in different resin
thickness is shown in Figure 16 The shear stress
along the bolt in thick resin layer is lower than in
thin resm layer This trend was reduced with
increasing concrete modulus Figure 17 displays
induced tensile stress versus grout modulus in soft
concrete and in different thickness The
induced tensile stress along the bolt was decreased
with increasing resm thickness and grout modulus

numerical
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Figure 16- Induced shear stress versus concrete modulus
of elasticity m different resin thickness
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Figure 17- Induced tensile stress versus grout modulus of
elasticity in soft concrete
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Figure 18 shows the effect of concrete modulus on
shear displacement in different resm thickness
Concrete strength has great effect on shear
displacement in all resm thickness However, no
significant change m shear displacement in high
strength concrete was observed The value of shear
displacement in thin resin layer is higher than thick
layei As Figure 19 shows the influence of grout
modulus is more effective than the concrete modulus
in shear displacement for the variety of resin
thickness
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Figure 18- Shear displacement versus concrete modulus
m different resm thickness
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Figure 19 Shear displacement versus grout modulus of
elasticity in different resin thickness

5 RESULTSAND CONCLUSION

This paper demonstrated that the resm thickness
plays a prominent role in bolt shearing across joints
and bedding planes Resm thickness role in shear is
less significant in comparison to the conventional
axial loading and load transfer characteristics What
is important and influencing the bolt shear is the
strength of resm in relation to the medium strength
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The foilowing are some of the conclusions drawn
from model simulations

» The influence of grout modulus is more
effective than the concrete modulus m shear
displacement for the variety of resin thickness

» Tensile and compression strains and shear
displacement were slightly reduced with
increasing resin thickness

» The plastic strains perpendicular to the bolt
axis inside the grout were reduced with
increasing resin thickness

» Compression and tensile strains along the bolt
axis in concrete interface were slightly reduced
with increasing resin thickness, and

» The strength of the surrounding concrete has
greater influence in shear resistance, and shear
displacement than the resin thickness, when
bolt is loaded laterally
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Interaction Between Parallel Underground Openings
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ABSTRACT: The paper involves a parametric study for investigating the interaction between parallel
underground openings that have conventional shapes. The parameters of the study are related to problem
geometry and in situ stress conditions. For this purpose, a two-dimensional finite element program with elasto-
plastic stress analysis capability is used. The effects of size and relative position of openings on the interaction
are investigated. The openings are located in a hydrostatic or an anisotropic in situ stress field. The results
indicate that almost all the parameters studied affect the interaction of parallel openings in one way or another.

1 INTRODUCTION

Interaction between underground openings is one of
the complex problems that a mining engineer
encounters in the design of mine excavations. In
many cases, the interaction among the mine openings
is three dimensional and three-dimensional methods
are required for studying such situations accurately.
Yet, in some instances, when the longitudinal axes of
openings are parallel to each other and also to one of
the principal components of in situ stress field, the
interaction problem becomes two dimensional and,
then, a much simpler plane- strain analysis may be
sufficient, to analyze it. In fact, a number of
researchers have investigated the distribution of
stresses around parallel underground openings by
two-dimensional elastic -  stress analyses.
Unfortunately, available closed-form solutions
involve only circular openings, and the opening
shapes commonly employed in mining, therefore, can
only be studied by numerical stress analysis.

In this study, some important aspects of the
interaction phenomenon occurring between closely
located and unsupported parallel underground
openings are investigated. ,,Firstly, the approaches
commonly employed for siting of parallel tunnels or
underground galleries are summarized. Then,
secondly, the mathematical or closed-form solutions
available for the stresses around parallel tunnels are
reviewed. Thirdly, important features of a parametric
study for the analysis of interaction problem are
described. Finally, the significant results of the study
are presented and their implications are discussed.

2 SITING OF PARALLEL OPENINGS

Bieniawski (1984) considers the interaction between
adjacent openings as one of the principal factors
affecting stability of mines and tunnels. Therefore, in
the design of parallel underground openings
excavated close to each other, the effect their
interaction on the overall stability should be taken
into consideration. Siting of parallel underground
galleries is sometimes a formidable task for mining
engineers. For instance, deciding on the degree of
allowable interaction between the openings and
determining the size of a safe pillar between the
neighboring openings are among the interesting
problems of rock engineering.

Of course, there are always rules of thumb for
practicing engineers. For example, according to US
Army Corps of Engineers (1978), when two or more
parallel tunnels are planned, the minimum width of a
pillar to be left between unsupported tunnels should
be 1 to 1.3 tunnel diameters in competent rock and 3
diameters or more in poor quality rock masses.

In addition, there are theoretically more reliable
approaches. In this respect, the concept of "the zone
of influence of an excavation" proposed by Bray
(1987) has been very useful. When an underground
opening is excavated, the in situ stress field is
disturbed in such a way that the disturbance is largest
in the close proximity of the opening and it
diminishes rapidly away from the opening. The
region surrounding the opening within which the
disturbance is significant is called as "the zone of
influence” (Bray 1987). The dimensions of the zone
of influence depend on opening geometry (i.e. size
and shape) and in situ stresses. This concept can be
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used for dting two or more excavations in close
proximity. If none of the zones of influence overlap
each other, the interaction between the excavations is
virtudly negligible. As a matter of fact, the
excavations of which bounderies are located outside
of one another's zones of influence can be designed
by ignoring the presence of dl others (Brady &
Brown 1993). Using dosed-form dastic solutions for
stresses, Bray (1987) derived and presented practica
expressions for determining the width and height of
the zone of influence for circular and elipticd
openings. According to these expressions, in a
hydrogtatic stress field, the mechanica interaction
between two circular openings of the same size can
be conddered inggnificant if the width of pillar left
between them is gregter than two tunne diameters.
Smilar findings were reported by Ohabouss &
Ranken (1977), who dudied the interaction between
two padld circular tunnes by finite dement
analyses.

3 STRESSES AROUND PARALLEL
UNDERGROUND OPENINGS

Jffrey (1920) was the firgd researcher who
devdoped plane dadticity equations in bipolar
coordinaes and a gress function applicable to the
problem invalving an infinite plate with two circular
holes. Although he did not present a solution for this
case, it was the firgt theoreticad gpproach gpplicable
to the problem of pardld tunnels, and a number of
others followed it.

Howland (1935) invedigated the dress
digribution around an infinite row of equa size
circular holes spaced equdly in an infinite dagtic
plate. The plate was subjected to a uniaxid dress
field (either parald or perpendicular to the line of
holes). By using principle of superposition, solution
for biaxiad dress fidds can be obtained for this
problem. Howland & Knight (1939) presented stress
functions for the problems involving equd sSze
circular holes (e.g. one or two pairs, a Sngle row or
double rows, etc.). However, no explicit solution was
given for the particular cases considered.

In 1948, Ling devdoped a widdy referenced
solution (in bipolar coordinates) for the stresses in a
plate containing two equa circular holes with a
variable distance between them. He consdered three
dress fidds uniaxid dress padld  and
perpendicular to the line of centers and equd Stresses
in dal directions. About two decades later, Haddon
(1967), using the conforma mapping and complex
variable techniques, presented a solution for stresses
around two unequd circular holes in an infinite plate.
The plate was subjected to a uniaxial stressfield with
a variable inclination to the line of centers. This
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interesting solution, though tractable, involves too
many terms and coefficients.

More recently, Gergek (1988, 1996) presented a
solution for boundary dresses for two padld
circular tunnels located in a biaxid in Stu dress
field. It was obtained by superposing the solutions
developed by Ling (1948). In addition, Zimmerman
(1988, 1991) gave gpproximate expressions for stress
concentrations in an infinite elastic plate containing
two circular holes.

Although the solutions mentioned above are not
exhaustive, dl the avalable closed-form solutions
involve only eadtic behavior and circular openings,
for tha reason, the openings with conventiona
shapes and excavated in dasto-plagtic rock masses
can only be studied by numerica dtress andyss. In
the following sections, a summary of such a study is
presented.

4 STRESS AND STABILITY ANALYSES

The important aspects of the dress and sability
andyses are summarized below.

41 Numerical Stress Analysis Program

In the study, Phase® computer program is employed
for the dability andyds of parald underground
openings. Phase” (v5.0) is a two-dimensiond elasto-
pladtic finite dement program for caculating stresses
and displacements around underground or surface
excavaions (Rocscience 2004). It can be used for
studying and geomechanicd evaudion of a wide
range of mining and civil engineering projects (e.g.
complex underground mining excavations or
tunneling problems, surface excavations such as
open pit mines, and dopes in rock or soil). The
program is well suited for parametric studies because
of its friendy capability for cresting modes
(including automatic mesh  generation  and
refinement), efficiency in performing nonlinear stress
anaysis, and versdility in interpreting results with
interface tools. Further informetion about Phese” can
be found e sewhere (Rocscience 2004).

4.2 Problem Geometry

The problem geomelry is depicted in Fgure 1. It
involves two parald underground openings. They
are of conventiona shape having an ached roof and a
flat floor. The width-to-height ratios of the openings
are Wi/Hi and W2H2 The minimum width of the
pillar Ieft between the openings is Wp. The angle a
characterizes the orientation of the openings with
respect to each other. In the sudy the following
parameters are conddered: WIH1 = W,/H, = 2;
W/MW, =1 and 2, WWi =0.5; a= 0, n/4, and n/2.
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Figure 1. Geometrical parameters and in situ stress field considered in the numerical analyses.

4.3 Rock Mass Properties

In the analyses, the rock mass behavior is assumed to
be elasto-plastic. For the characterization of rock
mass strength, the following version of the Hoek-
Brown empirical failure criterion (Hoek & Brown
1997) is considered:

o' = O3’ + G {1, 03’ / G + )™ [1

where oV and 03' are the maximum and minimum
principal effective stresses, respectively, at failure,
and Od is the uniaxial compressive strength of intact
rock. The Hoek-Brown constants m, and s depend on
the quality of the rock mass, and they can be
estimated by the following empirical expressions
involving the Geological Strength Index (Hoek &
Brown 1997) or GSI:

my = m; exp[(GS1-100)/28)] [2.a]

s = expl(GS1-100y/9)) [2.]

where mi is the material constant for intact rock. In
the numerical analyses, the following strength
parameters have been used for the intact rock
material: mi = 10 and a* = 75 MPa Also, the
following Hoek-Brown strength parameters have
been used for the original rock mass: GSI = 70, m, =
3.43, and s=0.036.

For the failed rock mass, the following
expressions suggested by Ribacchi (2000) are used.

m, = 0.65 mi, [3.d]

5=004s [3.b]

Then, the strength parameters are m, = 2.23 and
s = 0.00143 and the dilatation parameter is assumed
to be zero.

The deformation modulus of the rock mass is
estimated by the following empirical expression
suggested by Hoek & Brown (1997):

En (GP3) = [0 (MPa)/ 100]"* 10651040 (4]

Thus, the elastic properties for the rock mass are as
follows: En, = 27.4 GPa, v (Poisson's ratio) = 0.25.

4.4 In Situ Stress Field

The results of numerous in situ stress measurements
carried out at various regions of the world indicate
that, unless there is any significant geological effect,
the principal in situ stresses do not deviate very much
from the vertical and horizontal directions (Amadei
& Stephansson 1997). In the study, too, it is assumed
that the principal components of the in situ stress
fidd act in vertica, horizontal, and axial
(longitudinal) directions with respect to the paralel
openings, and they are P,, P,, and P,, respectively
(Fig. 12).
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In addition, both isotropic (1 e hydrostatic) and
anisotropic in situ stress fields have been considered
in the numerical analyses

44 1 W opic in situ stresses

Consideration of hydrostatic m situ stress field m the
stress and stability analyses of underground openings
facilitates solutions and interpretation of results For
a circular opening, if failure occurs, the thickness of
failure zone is expected to be constant m a
hydrostatic stress field In addition, it has long been
recognized that if failure occurs around a non-
circular underground opening located m a hydrostatic
in situ stress field, the thickness of failure zone is
larger at the parts of boundary where the radius of
curvature is larger or vice versa

In the study, the hydrostatic in situ stress is taken
as P = P, =P, = P, =20 MPa to cause a substantial
zone of failure around the openings According to the
closed form solution of Brown et al (1984) for a
circular tunnel excavated m a rock mass with given
strength parameters and P, = 20 MPa, the thickness
of the failure zone is about 145 % of the tunnel
diameter

4 4 2 Anisotropic in situ stresses

The in situ stress measurements reported in the
literature also indicate that the magnitudes and order
of principal components are quite variable (Amadei
& Stephansson 1997) In fact, anisotropic in situ
stress field is a common occurrence throughout the
world

In this study, in order to impose a considerable
anisotropy for the in situ stress field, its major,
intermediate, and minor principal components are
chosen as Pi = 30 MPa, P, = 20 MPa, and P, = 10
MPa, respectively The anisotropic m situ stress
combinations considered in the analyses are given in
Table 1

Table 1 The anisotropic in situ stress combinations
considered in the study
Case P, (MPa) Ph(MPa) P(MPa) k=P/P,
Al 10 20 30 20
A2 10 30 20 30
A3 20 10 30 05
A4 20 30 10 15

These in situ stress states represent equivalent
stress points with respect to the the Hoek-Brown
yield surface In other words, in the principal in situ
stress space, the stress points are on the same
octahedral plane (Eqn 5a), they are located at equal
distances from the hydrostatic stress axis (Eqn 5b),
and they represent pure shear (Eqn 5c) Then the
following expressions can be given for these stress
points
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I, = P, + P+ P, = 60 MPa [5a]

2= (PP (PP P HP-PYB 2= 10 MPa  [Sb]

8= {arcsm [-1 5J,(3/3,)"1}/3=0 [5¢]
where 7\ = first invariant of the m situ stress tensor,
J2 and J3 = second and third invariants, respectively,
of the deviatonc m situ stress tensor, and 0 = Lode

angle
4 5 Evaluation of Stability

The results of a stress analysis may be evaluated
in many ways, e g by looking at the distribution of
pnncipal components of induced stresses or
displacements occurring around the openings One of
the more meaningful approaches is to evaluate the
distribution of local safety factors around the
underground openings along with the failure zones if
they develop This is an indication of how the
excavations change the stability picture withm the
immediate neighborhood of the openings Also, in
comparison of situations with different m situ stress
fields, one should be very careful since the results
may be misleading if the initial conditions (1 e m situ
stress states) are not equivalent

5 RESULTS OF THE ANALYSES

In this section, significant results of the numerical
analyses are presented, firstly, for the hydrostatic in
situ stress field and, then, for the anisotropic in situ
stress cases

5 1 Isotropic In Situ Stresses

Before studying the interaction problem, the stability
picture of a single isolated opening has been
determined for hydrostatic in situ stresses For this
purpose, the distribution of safety factors around the
opening and the size of failure zone are examined
(Fig 2a) Then, the effect of pillar width (W,) on the
interaction between two parallel openings of the
same size (1 e W1 = W) is investigated for the same
in situ stresses The cases with W/Wi =0 5, 1, and
15 are considered (Figs 2b, 2c, and 2d,
respectively) As expected, for the opening shapes
considered, practically no interaction exists between
the parallel openings when W,/W > 1 5 (compare
Figs 2a and 2d) Also, it is noted that the interaction
is minimal when Wp/W = 1 In order to study the
interaction more closely, the pillar width is taken as
one-half of the opening width (1 e W,/Wi = 0 5) for
the remainder of the study
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for the hydrostatic in situ stress field, the interaction
between parallel openings with different sizes is
studied. The dimensions of one of the openings is
taken as one-half of those of the other (i.e. Wi/W, =
2). In this respect, the same (i.e. horizontal diagonal,
and vertical) alignments apply with one dih.rence.
There are two versions of the vertical alignment: the
smaller opening is situated just above (a = Jt/2) or
just below (a = -it/2) the larger one. In all cases, the
width of pillar between the openings is taken as
a. Single isolated opening. equal to the width of smaller opening (W, = W2).
The results of the analyses are depicted in Figures 4a
to4d.

a. Horizontal alignment (a = 0).

200

c. Parallel openings with W,/ W, = 1.

b. Diagonal alignment (a = 7t/4).

d. Parallel openings with W, / Wj = L5.

Figure 2. Effect of the pillar width on the degree of
interaction.

Then, the effect of the position of openings with
respect to each other is examined. Three different
alignments of openings are considered: horizontal
alignment (a = 0), diagonal alignment (a = n/4), and
vertical alignment (a = nil). The distribution of
safety factors and the failure zones are illustrated in
Figure 3. It is noted that, for such a close siting, the ) )
vertical alignment of openings is the worst position ¢ Vertical alignment (a = iffl).
in terms of stability; actually, this is to be expected Figure 3. The effect of positions of openings on the

since the parts of opening boundaries with larger interaction in a hydrostatic in situ stress field.
radius of curvature are opposite to one another.Also,

7
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a Horizontd dignment (a= 0).

b. Diagona aignment (a=n/4).

288

c. Verticd alignment (ot =n12).

d. Verticd alignment (a=- n11).

Figure 4. Interaction between openings with different
sizesin ahydrogtatic in Situ stress field.
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Similar to the situation with openings of equal size,
in the cases involving excavations with different
sizes, the vertical alignment positions (Figs. 4c and
4d) result in worse stability conditions than those of
the other cases. Again, in these cases, the parts of
opening boundaries with larger radius of curvature
are opposite to one another and, therefore, almost the
entire section of the pillar left between the openings
is subjected to high stresses.

5.2 Anisotropic In Situ Stresses

Similarly, stability of a single isolated opening has
been determined for the anisotropic in Situ stress
cases given in Table 1. Contours of safety factor and
falled regions around the single openings are

determined. The results of Cases Al and A2 (i.e. P,
is the minimum component of the in situ stresses) are
shown in Figure 6 while the results of Cases A3 and
A4 (i.e. Pv is the intermediate component of the in
Situ stresses) are shown in Figure 7.

b. Case A2 (R, = 10 MPa, P,,= 30 MPa, P, =20 MPa).

Figure 5. Contours of safety factor and faled regions
around the single openings when P, is the
minimum component.
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a Case A3 (P, =20 MPa, P,= 10 MPa, P, = 30 MPa).

(L)

b. Case A4 (P, = 20 MPa, P, =30 MPa, P, = 10 MPa).

Figure 6. Contours of safety factor and faled regions
around the single openings when P, is the
intermediate component.

According to these initial analyses, when P, is the
minimum in situ stress component, orienting the
opening paralel to the larger of the horizontal
stresses (i.e. Case Al) results in considerable smaller
yield or overstressed region, compared to me reverse
situation (Fig. 5). This is in agreement with the
recommendations and reported cases encountered in
the literature. However, when P, is the intermediate
in situ stress component, somewhat opposite results
have been obtained. In this case, orienting the
opening paralel to the smaller of the horizontal
stresses (i.e. Case A4) has resulted in significant
decrease in the size of overstressed region (Fig. 6).
Similar findings were also reported by Gercek &
Genis (1999).

The implication of these phenomena for the
interaction problem is that any in situ stress condition
or opening orientation which is unfavorable for a
single opening will also be undesirable for closely
spaced parallel openings. Indeed, the outcome of
analyses involving anisotropic in situ stresses has
confirmed the findings. For that reason, when P, is
the minimum component, only Case Al is shown in
Figure 7 since Case A2 is already known to be worse
in terms of stability. Among the three different
positions, again, the vertical alignment of openings is
the most unfavorable one (Figs. 7a-c).

150,

b. Diagonal aignment (a= 3t/4).

1.50

c. Vertica dignment (a=n/2).

Figure 7. Interaction between openings in an anisotropic
in situ sressfield (Case Al; P, = 10 MPa, P, =
20 MPa, P, = 30 MPa).

Finally, the other anisotropic in situ stress
conditions, in which P, is the intermediate
component, (i.e. Cases A3 and A4) are considered.
In terms of stability, Case A3 is worse than Case A4.
In Figure 8, results of the analyses for paralel
openings with different sizes are shown for Case A3.
It is interesting to note that, as regards to stability, the
diagonal alignment of openings is the least desirable
one (Figs. 8a-c).
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a. Horizontal alignment (a = 0).

\

c. Vertical alignment (a = TU2).

Figure 8. Interaction between openings in an anisotropic
in situ stress field (Case A3; P, = 20 MPa, P, =
10MPa,P,=30MPa).
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6 CONCLUSION

Interaction between closely spaced and parallel
underground openings with complicated geometry
can be studied by only numerical stress analysis. In
addition to the in situ stresses field, the geometry
(size and shape) of openings and their position with
respect to each other are important factors that affect
the degree of interaction.
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Evaluation of the Relationships between Schmidt Hardness Rebound
Number and Other (Engineering) Properties of Rocks
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Mugla University, Faculty of Engineering, Department of Mining Engineering 48000 Mugla

R. Altindag, H. Yavuz & S. Sarac
SDU, Faculty of Engineering and Architecture, Department of Mining Engineering, 32260 Isparta

ABSTRACT: This study aims to investigate the relationships between the Schmidt hardness rebound number
(N) and certain engineering properties of rocks by evaluating the results obtained from two different Schmidt
hammers and three different test procedures.

In the scope of this research, numerous rock samples were collected from various locations in Turkey and
laboratory experiments were implemented in order to determine certain mechanical and physical properties of
rocks such as uniaxial compressive strength (UCS), bending strength (BS), point load strength index (Is0;),
shore hardness (SH) and P-wave velocity (Vp). The models of Schmidt hammers (N-type and L-type) were
employed in the experiments for the comparison of the respective results obtained by three different
assessment methods. Later, the statistical correlations were established by regression analyses to evaluate the
relationships between Schmidt hardness rebound numbers and other parameters such as UCS, BS, IsSo> SH

and Vp for each rock type, yielding high correlation coefficients.

1 INTRODUCTION

Hardness is known to be one of the physical
properties of materials. Various methods to
determine the hardness have been proposed (Brinell,
Vickers, Rockwell, Knoop, Schmidt, Shore, Mohs)
depending on the properties' of the material to be
tested. In this study, hardness of the rocks was
determined by N-type and L-type Schmidt hammers.

The Schmidt hammer, which was orginally
developed for measuring the strength of hardened
concrete (Schmidt, 1951) has later been improved to
predict the strength of rocks. The Schmidt hardness
test is also quick, cheap and nondestructive. In rock
engineering, it is widely used for its simplicity,
portability and the capability of instant data
production. Today, eventough variety of Schmidt
hammers are available for use, the models of L-type
and N-type are extensively employed.

Presently, Schmidt hammer can be used to predict
the uniaxial compressive strength of rocks, the
performances of tunnel boring machines (TBM),
advance speed of drilling machines as well as the
evaluation of discontinuities in rock formations.
Krupa et al. (1993), have developed a relationship

between the specific energy W (MJ/m’) and Schmidt
hammer rebound number (N), W=029Af + 61.3,
with a correlation coefficient of r=0.45 between the
specific energy measured during the operation of full
face tunnel boring machine - Wirth TB 11-330 H - in
andésite and the data of hardness measurements on
the walls of the same tunnel by N-type Schmidt
hammer.

Young and Fowell (1978) monitored the
performance of Dosco MKII-A roadheader used on
mudstone in the UK and they pointed out that in
fractured rock formations the primary influence on
the performance of the machines were rock
discontinuities characteristics rather than the intact
material properties and the Schmidt hammer
rebound value was a good indicator of rock
discontinuity. Similar results were observed by
Poole and Farmer (1980).

Numerous empirical relationships  between
Schmidt hammer rebound number and other
mechanical and physical properties of rocks have
been published in literature. A list of the some
relationships proposed to predict UCS of rocks is
presented in Table 1.
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Table 1 Some correlations between Schmidt hardness rebound number (N) and uniaxial compressive strength (UCS) in

literature
Equations Correlation )
Coefficient (r) | Literature
ucs = jo0000t4aTsle) 094 Deere and Miller (1966)
UCS=69n0"''**Vr3rel - Aufmuth(1973)
UCS = 12 74 exp(0 185YAD - Beverly et al (1979)
UCS = 0447 exp[0 45(/V+3 5)+y) | — Kidybinski (1980)
UCS = 2N 072 Singh et al (1983)
UCS = 04AM 6 0 94 Shoeryetal (1984)
UCS = 0 99N 0 383 07 Haramy and DeMarco (1985)
UCS=08AM?2 11 087 Ghose and Chakraborti (1986)
UCS = 702AM104 077 0'Rourke(1989)
UCS = (AM5 7244)/0 239 096 Sachpazis(1990)
UCS = exp(a/V-+b) 0 88 Xuetal (1990)
ucs*oooi/v?*'” 084 Gokgeoglu(1996)
Les — 4 <*]:(NY)2 4 093 Kahraman (1996)
UCS = exp(0 818+0 03940 — Katzetal (2000)
UCS = exp(0 818+0 059N) 098 Yilmaz and Sendir (2002)
UCS = 2917 2In(AO-11098 0 88 Yasar and Erdogan (2002)
UCS = 2 7537/V-36 826 097 Dmceretal (2003)
UCS =472/V° 081 Basarir et al (2004)
UCS =4 124AM 34 33 091 This study

N Schmidt hardness rebound number, y Density, a,b Constants,

2 LABORATORY STUDIES

Rock blocks were collected from various locations
in Turkey as shown in Table 2 Seven different rock
types of metamorphic and sedimentary origins were
selected to conduct the Schmidt tests on cubic
samples dimensioned to be 100x100x100 mm The
data obtained from N-type and L-type Schmidt
hammers were assessed by the methods proposed by
Poole-Farmer (1980), Hucka (1965) and ISRM
(1981) on these blocks All the tests were carried out
with the hammer held vertically downwards and at
right angels to horizontal faces of large rock blocks
Therefore, a total of six different evaluation
combinations were constituted for each rock type

Other rock properties studied here (compressive
strength, bending strength, P-wave velocity, point
load strength index and Shore hardness) were
determined in compliance with the ISRM (1981),
TS699 (1987) and ASTM standards as illustrated in
Table 3
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The tests were performed by an N type Schmidt
hammer with an impact energy of 2 207 Nm, and L-
type Schmidt hammer, with an impact energy of
0735 Nm Following three of widely accepted test
procedures with different Schmidt hammer rebound
techniques were selected and applied on rock
samples

Test Procedure 1 Poole and Farmer (1980)
suggested that the peak value from at least five
continuous impacts at a point should be selected

Test Procedure 2 Hucka (1965) recommended
that the peak value from at least ten continuous
impact at a point should be selected

Test procedure 3 ISRM (1981) suggested that
twenty rebound values from single impacts
separated by at least a plunger diameter should be
recorded and the upper ten values averaged

Each testing method was repeated at least three
times on any rock type and the average value was
recorded as the rebound number The results are
displayed in Table 4
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Table 2 Name and location of rocks collected

Rock
Code Rock Type Rock Class Location
Number
1 Limestone Sedimentary Burdur
2 Travertine Sedimentary Konya
3 Limestone Sedimentary Bilecik
4 Limestone Sedimentary Burdur- Karamanl
5 Limestone Sedimentary Antalya-Finike
6 Limestone Sedimentary Burdur-Yesilova
7 Marble Metamorphic Mugla
Table 3 Some of the mechanical properties of rocks tested
Rock Code uUcCsS 7
Number (;3[(15:0;:) (MPa) BS SH (mfs)
(MPa)
1 4 54 138 21 176 46 64 62 6007
2 52 58 81 129 28 45 62 5383
3 512 92 6 173 91 59 85 6124
4 62 110 24 173 84 62 44 6188
5 307 52 49 123 18 33 4636
6 4 24 13191 177 63 62 25 5979
7 4 05 48 71 124 33 42 21 5789
Table 4 Schmidt hardness test results
Rock Code L-Type N-Type
Number Test Test Test Test Test Test
Procedure 1 | Procedure 2 | Procedure 3 | Procedure 1 | Procedure 2 | Procedure 3
1 55 56 575 60 60 67 603
2 46 33 48 67 45 7 50 50 33 47 9
3 61 6133 56 6 63 33 64 60 2
4 52 33 54 60 65 33 65 67 62 8
5 45 47 33 397 48 33 50 33 44
6 59 67 60 67 56 9 62 67 63 67 61
7 43 67 47 67 43 48 49 453
3 STATISTICAL ANALYSIS other mechanical and physical properties of rock

materials
In order to be able to describe the relationships
between Schmidt hardness rebound number and the  Table 5 Correlations between Schmidt hardness (N-type)

UCS, BS, Vp, (IS(30)) and SH, regression analyses rebound number (N) and other properties of

were performed The equation of the best-fit line, the rocks

95% confidence limits, and the correlation

coefficient (r) were determined for each regression E . Correlation
quations .

analysis Best fit lines for each test procedure are coefficient (r)

shown m Figures 3-8 In this work, high correlation Vp =0 0541N+2 7796 0 817

coefficients between N values and other rock IS(50) = 0 0739/V+0 604 0617

properties (UCS, BS, Vp, (Is,)) and SH), as shown UCS =4 124AM34 33 0 908

m Table 5, were established indicating that Schmidt BS=03117"-1 8812 0 989

hammer rebound number is strongly related with SH = 14502W-26 182 0971
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Fitl
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Rock Code Number

Figure I Rebound values for N-type Schmidt hammer

N
c2B8888843

Figure 2 Rebound values for L-type Schmidt hammer

The results obtained from N-type and L-type
Schmidt hammers via three different test procedures
as descibed earlier were illustrated in Table 4 and
then assessed in bar graphs in Figures 1 and 2, in
which the hardness rebound numbers of N-type
Schmidt hammer appear to be slightly higher than
those of L-type Schmidt hammer. When the results
of test procedures were compared, procedure 3
yielded relatively lower rebound numbers for both
Schmidt hammers than that of other two test
procedures, perhaps owing to differences in the
application of this procedure. Thus, test procedure 3,
we assume, may represent the surface hardness of
rocks more reliably since measurements are
conducted on at least twenty seperate points on the
same sample, unlike other two procedures m which
the peak value out of five or ten impacts on the same
point is selected to be the Schmidt hardness of the
rock tested. Besides, procedures 1 and 2 may result
in higher Schmidt hardness rebound values for
inelastic rocks owing to the repeated impacts on the
same point, which may lead to an increase in the
elasticity of the rock on the impact point and
consequently induce a rmsrepresentaion on behavior
of entire rock sample. Therefore, in this study,
statistical analyses of the data of N-type Schmidt
hammer were implemented solely by procedure 3
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suggested by ISRM as depicted in Figures 4 through
8.

Relationship between Schmidt hammer rebound
number and other properties of rocks resulted in
reliable relationship equations with considerably
high correlation coefficients as demonstrated in
Table 5.

?0_
60
H
[
oy 50
-4
40 - y=10037x + 2 9657
£ =0895
0 : . .
30 10 50 60 70
N (L-Type}

Figure 3 The relationships between Schmidt hardness
rebound number (N) of N-type vs. L-type

20 a0 60 &0

Figure 4 P-wave velocity vs Schmidt hardness rebound
number (N-type)
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Figure 5. Point load strength index vs. Schmidt hardness
rebound number (N-type). Figure 7. Bending strength vs. Schmidt hardness rebound
number (N-type).
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Figure 6. Corripressive strength vs. Schmidt hardness

rebound number (N-type).

Figure 8. Shore hardness vs. Schmidt hardness rebound
number (N-type).

4. RESULTSAND CONCLUSION

In this study, the data obtained by two different
models of Schmidt hammers and three different test
procedures were evaluated and the comparisons
were made between the two models of Schmidt
*hammers in addition to establishing relationships
between Schmidt hammer rebound number and
other mechanical and physical properties of rocks.
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Experiments conducted with N-type Schmidt
hammer produced slightly higher rebound numbers
than those with L-type Schmidt hammer on all three
test procedures However, the procedure proposed
by ISRM (Test Procedure 3) yielded lower Schmidt
rebound numbers than those of other two test
procedures exercised m this study

Schmidt hammer, since its simplicity and
capability of instant data production, has so far been
a powerful tool utilized by many researchers to
predict other mechanical and physical properties of
rocks Although empirical relations published m
literature (Table 1) do not replicate the results of the
tests conducted to determine a specific rock material
property Schmidt hammer rebound numbers can be
correlated to other rock properties withm a
reasonable error (Table 5), so that the data of
Schmidt hardness tests may help designers acquire
instant knowledge regarding other engineering
properties of rock materials

In fact, prediction of engineering properties of
rock materials e g UCS via Schmidt hardness needs
to be improved to take into account more qualitative
values that represent rock material better, such as the
origin of the rocks, porosity, gram size and grain
shape These factors affect the surface area of the
interlocking bond forces at mineral gram to gram
contacts In most rocks the higher the surface area of
mineral gram to grain contact the harder the rock
becomes The authors of this paper believe that a
further study considering the factors depicted above
is needed to be able to suggest more realistic
empirical relations between the Schmidt hardness
and other engineering properties of rocks by multi-
regression analyses
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Inelastic and Damage Modeling of Tunnel Face Surrounded by Discrete

Elements

P.P. Prochazka

Department of Structural Mechanics, Czech Technical University, Prague, Czech Republic

ABSTRACT: The discrete elements become more and more popular in describing damage and inelastic be-
havior of plenty of materials. Free hexagons are used as special discrete element method to describe nucleation
of cracks in soil, or rock. The problem is aimed to the stability of tunnel face. The method proposes a continua-
tion and development of Desai's DSC (distinct state concept), which has formerly been used for saturated soils.
Together with Transformation field analysis they create a powerful tool for assessment of tunnels.

1 INTRODUCTION

The neighborhood of the tunnel face is discretized
into discrete elements, which are connected by ficti-
tious springs simulating clay holding stick or causing
disconnections between the elements (Prochazka
2004). The discrete elements are considered as free
hexagons, their origin is in finite element method
(Onck & van der Giessen 1999). Dynamical version
of discrete elements can be found in (Cundall 1971),
who starts with dynamical equilibrium of balls. This
concept seems to be very appropriate for earthquake
problems, but for almost statical problems is less ad-
vantageous. The stresses cannot be expressed, for ex-
ample.

Models are considered for application to plastic-
ity, viscoelasticity and damage in soil/rock material.
Model by (Kachanov 1992) is mostly used. The
method proposes a continuation and development of
Desai's DSC (distinct state concept) which has for-
merly been used for saturated soils (Desai 1994) and
extended to solid materials (Desai 1994, Moreau
1994). The extension by Desai consisted in inclusion
of skeleton into the consideration and solution of
such problems, which were coupled (mutual interac-
tion of water and skeleton was studied). Prochazka
and Trckova (Prochazka & Trckova 2000) intro-
duced previously piecewise uniform eigenstrains in
each material phase and precised the properties of the
phases. Standard applications of the method to a
two-phases rock material (stone, clay) are considered
in this study, it means only one sub-volume per phase
is considered. Discontinuous model is used by the

discrete elements with softening respecting exclusion
of tensile stress overstepping the tensile strength in
springs connecting the elastic elements (Prochazka
2004). In the same time the shear cracking occurs in
the tangential direction of the possible crack, which
are considered in the shear springs and they make
disconnections in displacements. The main discon-
nection is due to tensile stress in normal direction (in
the springs being oriented in normal direction). In
this case, the discontinuous models can be used with
more promising future. Because those discrete mod-
els can describe the situation more realistic, they are
worked out in more details in (Prochazka & Trckova
2001). A typical application of coupled modeling
(experimental and numerical) to special case of pat-
terns was published in (Trckova & Prochazka 2001).
We hold the discontinuous model and substitute the
slip caused by overstepping the damage law by intro-
ducing generalized Mohr-Coulomb law on the inter-
facial boundary. The different aspects of the pro-
posed methods are systematically checked by
comparing with finite element unit cell analyses,
made through periodic homogenization assumptions,
for three-directional lay-ups.

In order to complete the accuracy of a design of
tunnel stability, Transformation field analysis (TFA)
is used (Dvorak & Prochazka 1996). This is a gener-
alization of original work by (Dvorak 1992). Another
application of TFA is published in (Dvorak et al.
1999), where optimal design of bearing capacity of
submersibles was solved. All the above-mentioned
works on TFA are concerned with uniformly distrib-
uted eigenparameters. (Michel & Suquet 2003) ex-
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tended the assumption of uniformly distributed ei-
genparameters to nonuniform transformation field
anayss.

Starting with certain mechanicd modd (Desai's
mode in our case) the TFA brings about more accu-
rate description of the physical conditions.

2 GENERAL CONSIDERATIONS

There are main different methods and tools that can
be used to ddiver the macroscopic congtitutive re-
sponse of heterogeneous materids from a locd de-
scription of the microgtructure behavior. Here we are
concerned with non-linear behavior by the indlagtic-
ity of congtituents or with the initition and growth
of damage. In the development of the homogeniza-
tion procedures for non-linear materids we have to
define both the homogenization step itsdf (from lo-
cd variables to overdl ones) and the often more
complicated localization step from overdl controlled
quantities to the corresponding local ones.

The nonlinear problems of localization and ho-
mogenization are of a greet importance today. Not
only classcd composites suffer from deterioration of
the materia due to hereditary problems (aging, vis-
codadticity). On the other hand, composite materids
prepared in a specid way can improve properties of
other materid and the resulting effect can be much
better than before. In this case, nonlinear and time
dependent behavior has to be taken into account.
From the wide scale of papers name here

The scope of the present paper is the development
of conditutive equations for indadticity and damage
of heterogeneous materias that benefit from some
specificities of a specid boundary dement method.
On one hand, we need to obtain better gpproxima-
tions of the loca stress and drain fidds than in the
Suquet based approaches, especidly when consder-
ing damage and failure conditions. We want to Sm-
plify sufficiently the numericd techniques of overdl
homogenizetion in order to obtain a treatable sysem
of equations that could recover the status of a consti-
tutive equetion.

The computation was run on Pentium IV PC, 2.6
GHz in FORTRAN. The program for generations of
hexagond of hexagon meshes of interna cdls as
wel as the boundary nodes had been prepared using
our own software. According to wish of the user, the
meshing can be improved. The consumption of time
for computation of even large sysem of equations,
which can be gtored into memory without use of hard
disc or extended/expanded memory, was negligible
in each gtep. Our illustration does not reach such di-
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mensions of computation. 1t is aso not necessary for
such problems to incresse the precison of the mesh-
ing, it losses the effidency. The iteration at each step
of loading was aso vary fag. It is worth noting that
smilar computations was carried out by the FEM,
but finer meshing had to be imposed to get the com-
parable result with the BEM in the procedure pre-
sented. The comparison has been teded in such a
way that the sum of the concentration factors should
be the unit tensor.

In this contribution we are going to present the
fundamenta idees of a numerica procedure leading
to overdl viscodadtic and damage behavior of rock
matrix in arock - tunnd lining aggregate. Basad on
the numerica modes and mechanicad laws it is pos-
shle to obtain the srain and stress in opposite to
classcd PFC, where no stresses are reasonably be
reachable from the modd (dynamicd equilibrium is
the starting point of bals, describing the origind
continuum).

Vey important property of the above procedure
is the non-linearity of the problem, which, when us-
ing some smart dgorithm, can be solved by very
powerful iterative process.

3 FREE HEXAGON ELEMENT METHOD

The free hexagon dement method may be consdered
the discrete dement method (DEM). The greet dis-
advantage of some clasicd DEM, however, is the
difficulty to feed them with materid properties pro-
vided from laboratory tests (this is dso the case of
the particle flow code (PFC) (Cundall 1971), as the
bals in (Cundal 1971) are connected by springs,
while laboratories provide completdly different mate-
rid parameters being vdid for continuum). This is
here overcome by conddering the materid character-
igtics, which are smilar to the continuum. The prin-
cipa idea of classicd DEM is adopted, and the do-
main defining the structure continuum is, in our case,
covered by the hexagonad eements, and other then
elagtic materiad properties can be introduced, such as
eadic-plagtic, visco-dadtic-plagtic, etc. This sep
avoids the necessity to estimate the materid proper-
ties of springs, which are essentid, eg. for PFC. The
free hexagon dement method fulfills a naturd re-
quirement due to the fact that the eastic properties
are assigned to the particles, and other materid pa-
rameters (angle of internd friction, shear strength, or
cohesion) to the contacts of the elements. Since most

particles are of the same shape it is possible to apply
very powerful iteration procedures, because the Hiff-
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ness matrix can be sored in the interna memory of a
computer.

The computationd modd is described in this
paragraph, where the relations needed for numericad
computation are aso introduced. The interface condi-
tions are formulated in the next paragraph, where the
Lagrangian principle is based on the pendty method.
The pendty parameters are represented by spring
diffnesses; the springs connect the adjacent ee-
ments. The materid characteristics of springs can
possess a large vdue to ensure the contact con-
graints. On the other hand, if, say, the tendle
strength condition is violated, the spring parameters
tend to zero, and in this case naturaly no energy con-
tribution in the norma direction to the eement
boundary appears in the energy functiond. This
process excludes the possihility of a multivdued so-
Iution, and uniqueness of the solution of the trid
problem is ensured. If we cut out the prings when a
certain interfacia condition is violated, the problem
turns to sngular and has not unique solution. Then
the way on how the particles move in some laer
stages of destruction of the trid gtructure cannot be
described.

The hexagond particles are studied under various
contact (interfacid) conditions of the grain particles
(elements). In this paper two contact conditions are
congidered:

the generdized Mohr-Coulomb hypothesis,
with exdugon of non-admissble tensle
stresses dong the contact (a rock mass, for
example),

limit state of shear stresses and exclusion of
tendle tractions dong the contact (a brittle
cod seam, for example).

The firg caseis generdly connected with applica-
tions in matrices of composite materias, of shotcrete,
and overburden of tunnels, etc., and the second case
is more gppropriae for gpplicaions in underground
seams. A two-dimensiond formulation and its solu-
tion have been prepared and is studied in this paper.

The problem formulated in terms of hexagond
elements (which are not necessarily mutudly con-
nected during the loading process of the body, be-
cause of nonlinearities arising due to the interfacid
conditions) enables us to smulate nudlegtion of
cracks and their propagetion. The cracking of the
medium can be described in such away thet the locd
damage may be derived. Locd deterioration of the
materid is aso shown in the pictures drawn for par-
ticular examples. Such a movement of dements and

change of stresses probably cannot be obtained from
continuous numerical methods.

Grain element

Grain boundary
Figure 1. Geometry of adjacent hexagond dements

3.1 Computational model

Let us now condder a Sngle hexagond dement (de-
scribed by domain Q with its boundary r). Its
connection with the adjacent dements is shown in
Figure 1. In each hexagond dement, the pseudo-
elagtic materid properties are taken into considera-
tion, i.e,, in every iteration eps the dement behaves
linearly, but the materid properties can change dur-
ing the process of loading and unloading. This makes
it possible to introduce only an dagtic materia diff-
ness matrix, which is homogeneous and isotropic,
and we get well-known integral eguations that are
vdid dong the boundary abscissas of the hexagons,
(Bittnar& Sejnoha 1996):

sul fm]

2 6 2
Yveul Edal E) =Dt [ pif ¥ el x,€ Jelx—
Ful r,

2
fuitxdpntn g i)+ >, bl xuef x. dx k=12,
r, =l

@

where by are components of the volume weight vec-
tor, r, are edges (abscissas) of the boundary ee-
ments, <f isthe point of observetion, x isthe integra:
tion point, «. ae components of the vector of
displacements (defined not exclusively on the bound-
ary, but dso in the domain of the hexagond ee-
ment), p; are components of the tractions, ¢, is the
matrix, the vaues of which depend on postion of
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the point of observation. The quantities with an aster-
isk are the given kernels. The kernels can be ex-
pressed as (see (Bittnar & Sejnoha 1996), for exam-
ple):

XX

uy = A M3, (log r - 2

)

* - - XXk =
Pa =—2.4r£2{k|’nkx; -, Xk J-(kdy +r'—2)x,n} 3

where

As—A+p)/dmuf A+2p)
M =(A+3u)Avu),
k=phd+u)

x =x-¢,

s =2 =2
r=x+x2,

and A and g areLames maerid constants.

Assuming uniform digtribution of the boundary
quantities  (displacements  w(x) and tractions
p,(X),i = 1,2, and volume weight forces by to be
uniform in the domain£2 , and positioning the points
of obsarvation & successvely a the points X,
which are the centers of the boundary abscissas of
the hexagond dements, a mplified verson of (1) is
written as.

| QPR R
E“k ﬂZfZ(P, J“J;fx.f: Jelx—
£

=1 =l
2
w7 (£ Ja )+ T, [unf 5.8 ddx pk =1,2,
r =i 2

@

where u* and p' are the vaues of the rdlevant quan-
tities podtioned a the £, s = 1.6, ie,
w =u(& yand p! =p,(<, ). Moreover, the vector
of influences of the volume weight forces on the
boundary abstissas is bs =(y,.y» ), 1..6, ad

pd
vi=2ob Jun(x & d(x), £=1,2.
Fr s

=l

94

For better and more convenient computation, the
most important integrals can be calculated in ad-
vance. In this way, the integrals in (2) may be calcu-
lated directly, without numerical integration.

Let us introduce vectors ag 3, s = 1...6, and
asouandp as:

41 By b

oy B by

¥ ¥ b

_|# _[pi a| B, _|8
&= Bi= u= p= b=

[“g] [Pi} ol AN by

o Bs by

% Bs bg

=1

2
af =Y (-u} { putx., ),
7

2
BE =20 P} Jup(xg, v
o

o=l

Using this notation, the relations on the elements (2)
can be recorded as:

Au=Bp+b 3)

where A and B are (12 * 12) matrices, and their
components are singular integrals over the boundary
abscissas. Matrix A is generally singular, while ma-
trix B is regular. This fact enables us to rearrange
equations (3) into the form:

Ku=p+V, K=B-'"A,V =B-'b (4

where the diffness matrix K is different from that
arising in gpplications of finite dements (here it is
prevailingly non-symmetric), V is the vector of vol-
ume weight forces concentrated on the boundary ab-
scissas (more precisdly at the point &. In this way,
the discretized problem becomes a problem smilar to
the FEM.

Along the adjacent boundary abscissas it should
hold ( p#* are Eshelbys forces):

prAPI =PI RPN, ()

where superscript plus means from the right and mi-
nus from the left (at most two particles can be in con-
tact).

Now using the relations (4) and (5), we get twice
as many unknowns as equations, because no connec-
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tion between the elements has yet been introduced.
Equations (5) have to be accomplished by a con-
straint of the type

k(u7 4 )=p,. ©

The latter conditions are penalty-like conditions,
since if k, is great enough, the distribution of dis-
placements is continuous, and the displacement from
the right is equal to the displacement from the left.
These conditions can locally be violated, because of
the contact conditions, which are discussed later in
this text. Introducing boundary conditions and as-
suming that k, remains great enough leads us to a
stable system of equations delivering a unique solu-
tion. Even in the case when local disturbances occur,
the solution can be stable. It can happen that there
are too many disturbances, e.g., dense occurrence of
crack, and localized damage along a path (earth slope
stability violation). Then the solution is unstable, and
there is a failure of the structure. This is also, for ex-
ample, the case of a behavior of composites.

Discretization in the previous sense leads to a
nonlinear system of algebraic equations, which are
solved by an over-relaxation iterative procedure. This
method is sufficient for study purposes. For a larger
range of equations the conjugate gradient method has
been prepared.

For displacements in the element domain £2 it
holds:

6 1
w(£1= 2020 p] [l 2.6 ex-
£

5=l 1=t

—u] Pl nE M4 EH il 5, ek =12, (D)
r. m g

where the element boundary displacements and trac-
tions are known from the previous computation, pro-
viding the solution is stable. Using kinematical equa-
tions and Hooke's law, the internal stresses can be
calculated from (7). There is no danger of singulari-
ties, as the points x and £ never meet (point & lies
inside the domain &2 and x on boundary I7).

3.2 Formulation of the contact conditions

Recall that displacements are described by a vector
function u = <u,,u, Jof the variable x - (x,,x, ).
The traction field on the particle boundaries is de-

noted either as p = (p,,p, ), or after projections to
normal and tangential directions asp = (p,,,p, )* A
similar result is valid for projections of displace-
ments, u = (u,u, ). Assuming the "small deforma-
tion" theory, the essential contact conditions on the
interface may be formulated as follows (no penetra-
tion conditions):

[ =t =ut*<0 on r¥, (8)

where /jf, k = 1,...« are boundaries between adja-
cent particles, «*" is the normal displacement of
current element @ =cand a = a belongs to the ad-
jacent element, both on the current common bound-
ary , r£, k runs numbers of all common sides of the
particles, » is the number of common sides of hexa-
gons (having exactly two adjacent particles inside the
domain, one or none on the external boundary).

Let t * be the spring stiffness in the normal direc-
tion and k"” be the spring stiffness in the tangential
direction on
the boundary between particles with a common
boundary r* Then in the elastic region
p=kiul and p* =k ] . Denote

K=(ueVp} ) zp) =k},
if (py) <p, then pl=0,
Flauliget on Y k=lewn

[uf =ufr—ure.

T

where «* " is the tangential displacement on the side

k € pF ) denotes the tensile strength, ¢* is the shear
strength, V' is the set of displacements that fulfill the
kinematical boundary conditions and condition (8). If
p* =0 then set K is a cone of admissible displace-
ments satisfying the essential boundary and contact
conditions. This is valid for brittle or almost brittle
material (coal seam, glass). If the material exhibits
elastic-plastic behavior, then the cone K is changed
as:

K=(ueV(p; ) 2pt=kilul.

if (p}f<p) then p,=0
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KAa) e 2(pt>- pf tang on 17,
ed =af ~ute.

where ¢ is the angle of internd friction, and pkn is
the normd traction on the sde k, x *° ™ generd-
ized Heaviside's function being equal to zero for a
postive argument and equa to one otherwise. Here
the dgn convention is important: positive normd
traction is tenson.

From the above-defined paces we can deduce
that p* ek, and pf.[u] behave linearly between
certain limits, which are given by the materid nature

of the body.
The totd energy J of the system reads:

k=1,...

J(u)=§ a(u, u) - ij’(k:([ubz}dr—jbfadg ©)
143

&l

a(u, u) =
< feT Qi oy L By | Ou
_é[.s Csdﬂo,s—(ax" I, 'Zfax,, + o, 1

where e is the strain tensor, C is the giffness ma
trix of the particle, T denotes transposition,.£2, isthe
aum of subdomains £2, i.e, of hexagona eements,
b isthe volume weight vector.

Note that the spring dtiffness K[ plays the role of
a pendty. Recdl that the problem can aso be formu-
laed in terms of Lagrangian multipliers, and then
leads to mixed formulation. The latter case is more
auitable for a smdl number of boundary varigbles;
the problem discussed in this thesis decreases the
number of unknowns introducing the pendty pa
rameters.

FORMULATION OF TFA

In this section, our am is to formulate the generd
procedure for the TFA. This may be done in terms of
many modem numerical methods. It seems that the
BEM is the mog appropriate numerica method in
this case, but the FEM is d'so admissible.

Firg, let us condder thet the body (part of a struc-
ture, ement, system of more elements, composite)
behaves linearly; i.e. Hooke's linear law is vdid in
entire body (this assumption admits among others an
gpplication of the BEM). When the problem is cor-
rectly posed, the digplacement vector, drain and
dress tensors can be obtained from the Navier equa
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tions, kinematical equations, and the lineer Hooke's
law.

In the second step we sdect points, where the
meesured vaues are avalable, ether from experi-
ments in laboratory, or from “in Stu" measurements.
We aso sdect points, or regions (subdomains) from
the body under study, and gpply there successvey
unit eigenparameter impulses (either eigenstresses or
eigendraing) to get an influence tensor (metrix). In
order to precise this Satement, denote A,, i = I,...,n,
ether the points or regions where the eigenparame-
ters will be applied. Let, moreover, the st of points
where the measured vaues are known be S, j =
l,...m. Then the red sress a 3 is a linear hull of
sress a™ a Bj due to externd loading and eigen-
grans n and €, or eigendress X and relaxation
stress 0 at A (similar relations are valid for overal
drain fidd E):

o=0""+Pp +Q°, or

o=0¢™+R°A +T°c™, (10)

e =P + Qe or

e=e"+R°A +T° 0™, 1

or in differentiad (incrementd) form:

do=do™ + P7du +Q°de®, or

do=do™ + R d}\ +T° do™ (12

de=de™ + P dp +QFde”,  or

de =de™ + R dA +T"do™, (13)

where the influence tensors P, Q, and Rand T
may be identicd (in the case of the TFA they mugt be
identical, as they describe generdized linear Hooke's
law, and p = £, A = &™), as any eigenparameter may
gand for the plagtic or rdlaxation parameter (say, ei-
gengtrain may stand for plagtic strain, which is obvi-
ous from (1)). The dimensonsof o, o™, u, &
A, ad & aem x 6 (because of symmetric stress
and grain tensors) and the dimendonsof P and Q
aemx 6 x n. In the classical TFA the vduesof [x,
or & ae caculated from minimization of variance
of computed and messured stresses. It holds & =-C
u

The firg relations in (10) and (12) describe the
initid strain method while the second relations in
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those equations formulate the initial stress method
The eigenparameters may generally stand for plenty
of phenomena like change of temperature, swelling,
watering, etc. This is why we could split the eigen-
parameters in (10) into two parts: eigenparameters
themselves and the quantities connected with physi-
cally nonlinear behavior of the material.

DISTURBED STATE CONCEPT (DSC)

The idea of this theory was originally proposed by
Desai, and the theory characterized behavior of over-
consolidated clays. Since then, Desai and coworkers
have developed and successfully applied this concept
to other materials (Desai 1994).

The DSC is a unified modeling theory for me-
chanical behavior of material and interfaces. It al-
lows incorporation of the internal changes on interfa-
cial boundaries of phases (both micro- and
macrolevel) and the resulting mechanism in a de-
forming material into the constitutive description.
Initially, the material under external loading is in
relative intact state (IS). Using such theories as elas-
ticity, plasticity and viscoplasticity may theoretically
treat the intact state, i.e. no cracking is considered in
this state. After increasing the external loading, the
material transforms from the IS state to the fully ad-
justed state (FA) or critical state, which is an asymp-
totic state, the material at that may no longer carry
certain or all stresses. For example, microcracking
and subsequent softening are such disturbances.

Desai uses a scalar disturbance function D, hav-
ing different expressions depending of mechanical
properties in the model under consideration. The
equilibrium equation for a material element in terms
of stresses is derived as:

DuSy=(D,-D)¢°,+D o, , (14)

where S,, stands for average (observed) response, D,
is max D and is in most cases equal to one. Using the
incremental method, the differentiation of the last re-
lation yields:

D, dS, = (D, - DYd6®,+ D dd*,+ aD (&, - &5
15)

The first term of the right hand side of the last equa-
tion expresses continuum constitutive law for elasto-
plastic (visco-plastic) behavior, the second term
obeys the classical Kachanov damage formulation

(Kachanov 1992), and the third term in (15) indicates
different stresses in the two parts.

The incremental constitutive equations for the IS
part and the FA part are expressed as:

do’su= Cisa_,u &y, do"“,,: CFA,,M: &4y (16)

where C‘S.M are in our case the components of von
Mises-Huber-Hencky constitutive tensor IS part,
furthermore C* Auﬂ are the components of damage
constitutive tensor for FA part, superscripts IS and
FA indicate the phases. For more details concerning
the DSC see Desai's publications cited in Refer-
ences.

For Hooke's law with Mises condition involving
eigenstrain it holds in incremental form:
gdu) = Ay dgy + d (5" + 4y, 17

where (Duvant and Lions 1972):

(al=0 for Fo)<OG and
(g = 142GsH(s - kNap)® for Fe) >0,

25 = (a)° ()"

and {O'UJD are components of deviatoric part of the
stress tensor, F{ & is the function of plasticity, which
is defined for Mises model as:

Flop)=%(a)° (a)° -K

In the last formulas G is the shear modulus, k is a
material positive constant.

Using the dual transformation formulated by Du-
vant and Lions, we arrive at the following variational
principle:

[1xt divu 7 + 0@ judpds | fudv— [ puds
22 2 ,

=> min, (18)

where

B(e”) = Glg) (g)° for 20%(5)°(5)° < K,
HE") = k (A5)°(5)° )™ 112G)
for 2G7(£,)°(&,)° > K,
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£2 is the domain with a boundary r, r, is the part of
["where the tractions are prescribed, f is the function
of volume weight, p are tractions, (g)° = (a)° 2G
are components of the strain deviatoric tensor and K
is the bulk modulus. The minimum of the functiond
is sought for such displacements u, which fulfil! the

geometric boundary conditions.
(13
elastic
solution A
plasticity
curve
E
G
approximate plastic
solution
A
plasticity
curve
kA

Foure 2. TFA modd and unified DSC & TFA modd

In order to make more trandferable the TFA and
the improved concept usng Desa idea, a uniaxid
sress-gtrain distribution is depicted in Figure 2. One
can observe that firg the eagtic problem is solved,
where even not too precise vaues of materid proper-
ties are required. From the second picture in Figure 2
it is seen that nonlinear materid behavior is edti-
mated and the relaxation stresses improve the consti-
tutive law in accordance with messurement.

TFA & DSC CONCEPT

Recdl firg the TFA involving the DSC. The
trandformation fidd andysis condsts of expressng
thedress o a an arbitrary point £ of the domain by
virtue of superposition of stress o®™(€) a £ due to
98

externd |oading which is applied to a pladtic, vis-
coplagtic, or others matrerias, and a linear hull of,
sy, the eigendresses A, and plagtic dtrains ¢* a
other points x. Since we assume that a each point
gx vaues of dress, plagic stress, and eigenstress
tensors are prescribed, the rdlation stresses ¢* a the
points S, k = 1,...,.m, and the eigengtresses and plas-
ticsresses A, = 1,...n and (6™, I=1,...., mat Al
becomes (to Smplify the expressons the vector nota-
tion for stress and gtrain tensors is used), df. (1):

-] n
(O = () 4y 3 RO+

= 4=

> Z T, i=1,..6, k=l.,m (19

6
=

or

)
@y =+ X R0,

1=l Inl
i=1,.,6, k=kom  (20)
where (5%)% express the current sate of the overal
stresses involving nonlinear changes in the material.
Note that smilar relations can be written for dis-
placements:

L] m
@F=w™y+y > R0 ++
=1 =

]

> i (T (Y, i=1,..6, k= L.,m, (21)

el tul

or .
() = (5"

i
i=1,.

R0,
=

6, k=1l...n (22)

On the other hand measured stresses (&™), or
messured displacements (™= are avalable in a
discrete st of points. A natura requirement is that
the vaues of messured and computed vaues be as
close as possible. This leads us to the optimization of
an "error functiona"

i3 ™
MAYEY. D) (e - (™' = minimum, (23)

-l =l

qar
]

A=Y S - (™=~ minimum (24)

Tal A=l
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Differentiating / by (/Iq)‘a yields a linear system
of equations for (ﬂ,)":

) "
3 S @AY =vL a=1,..6.8=1,...m,

J
(25)
where .
A=Y Y R RS,
ml kml

& L4
YA =3 3 S ™)+

iml fml

] ~
+Y Y R RS

1 sl

In order to get d(o;/ in (8), one needs to calculate
dfd j)!. This is the difference betwe (/1_,)"r0 m (11)
and the same quantities from the previous step of in-
cremental method.

The procedure deserves a closer attention. In the
first step the influence matrices are created, as de-
scribed in the above explanation (Sect, on formula-
tion of the TFA). The distribution of the disturb
function D is determined mostly from laboratory
tests. The incremental method is recommended when
applying the DSC & TFA.

Let us start with some load of the trial body.

At the beginning the FA state will be most
probably not reached. The Intact State follows the
von Mises-Huber-Hencky law. When increasing the
load, the DSC has to involve both IS and FA states
into the computation. Then, the stresses are split into
IS and FA parts. Increments of both these parts can
be done from the DSC and the total stress for both
parts is given by adding the increments to the previ-
ous steps. The same is valid for the total current
stress; see (7).

Since the relations (20) and (22) are linear, substi-
tutions of (S, and (/L)k there do not change the line-
arity. Then applying the minimum condition for the
additional eigenstresses, the improvement of current
stresses or error for the DSC is obtained.

The above-described procedure can be created for
measured displacements in a similar way. The dis-
placements have to substitute overall stresses and the
"error functional” has to be employed. This is not in
the full compliance with classical Transformation
field analysis, but it follows from mechanical point
of view.

CLASSICAL
MODEL

CONTINUUM DAMAGE

In the previous section, 4y was used to express "error
function”, improving the choice of plasticity model.
The function 4 will express the influence of the
damage.

In the continuum damage model it is assumed that
the damaged parts can carry no stress at all, and they
act as voids. In other words, the observed response
derives essentially from the undamaged parts; their
stress-strain-strength behavior is degraded because of
the existence of the damaged parts. For example, the
damage parameter, & , is defined as

VV
w=1--
n

where Vis the volume of the damaged parts and V'
is the total volume of the material element. Then, €=
D represents the special case and appears in X, as an
argument.

In the sense of the Unified TFA & DSC Concept
the equilibrium for d a can be written as

a=c"-Qw,

The representation of the function of A, (&) can
be found in (Kachanov 1992), for example.

In comparison to simple TFA & DSC, the in-
volvement of free hexagons leads to nonlinear equa-
tions because of impossibility defining an appropri-
ate cone. On the other hand, this approach seems to
be very promising, as it offers one of the most effi-
cient procedure leading the minimum variance of
measured and computed results. The expressions
(19) and (21) together with variational principle (23)
enable us to connect both types of measurement.

DISCUSSIONOFTHE RESULTS

The material values has been selected as
Fibers: E =414 GPa, v,=0.19, ¢,= 0.25
Matrix: En, = 99.5 GPa,v_=0.3

FY¢ =48.7 GPa,v_._ = 0.42

mres

kK’ = 510Mpa
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where ¢, is the fiber volume fraction. Two-
dimensional case is solved. Because of symmetry,
overall strain has been applied in two directions:
Emd E, The responses in damage (debonding
of matrix from fibers) and plastic zones are calcu-
lated and depicted in Figs. 4b and 4c. The debonding
corresponds a typical "75° zones along the interfacial
boundary while plastic zones creating tongues be-
tween fibers. They are relatively long, as the plastic
zone is limited by relatively low value of k.

y .
o
»

yF %

&

Figure 4. Damage and plastic behavior of rectangular
RVE in periodic fibers: a) Geometry of the RVE, re-
sponses of b) E andc) E, ¢

CONCLUSION

Generalized transformation field analysis is improved
by Desai's DSC. In the model, damage is involved in
a natural way using eigenparameters, which are
known from classical TFA. They represent either
plastic strains in Desai's model and play role of "er-
ror function", showing how exact the model and ma-
terial parameters are selected; also describe the dam-
age properties involved in Unified model. The results
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correspond the classical damage (debonding) behav-
ior. The plastic behavior follows a concentration of
stresses in the zones describing the plasticity.
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Acknowledgment: This paper has been prepared un-
der financial support of GACR, project No.
103/03/0483 with the title 'Tunnel face stability by
Transformation Field Analysis and Distinct State
Concept".

REFERENCES

Bittnar, Z & Sejnoha, J. 1996. Numerical methods in structural
mechanics. ASCE Press, New York

Cundall, P.A. 1971. A computer model for simulation progres-
sive large-scale movements of blocky rock systems. Sympo-
sium of the international society of rock mechanics: 132-
150

Desai, CS. (ed. H. Mulhaus) 1994, Constitutive Modeling Us-
ing the Disturbed State Concept, Chapter 8, Continuum
Models for Materials with Microstructure. John Wiley &
Sons, London, UK

Dvorak, G.J. 1992. Transformation Field Analysis of inelastic
composite materials. Royal Society of London A437: 311-
327

Dvorak, G.J. & Prochazka, P. 1996. Thick-walled Composite
Cylinders with Optimal Fiber Prestress. Composites, Part B,
27B: 643-649

Dvorak, G.J., Prochazka, P. & Srinivas, S. 1999. Design and
Fabrication of Submerged Cylindrical Laminates, Part I and
Part I1. Int. J. Solids & Structures: 1248-1295

Duvant, J. & Lions, J.P. 1972. Variational Inequalities in
Mechanics. DUNOD, Paris

Kachanov, L.M. 1992, Introduction to Continuum Damage
Mechanics. Martinus  Nijhoff Publishers, Dordrecht,
Netherlands

Michel J.C. & Suquet, P. 2003. Nonuniform transformation field
analysis. Int. J. Solids & Structures 40: 6937-6955

Moreau, J.J. 1994. Some numerical methods in multibody dy-
namics: Application to granular materials. Eur. J.
Mech.Sohds, 13, (4): 93-114.

Onck, P. & van der Giessen, E. 1999. Growth of an initially
sharp crack by grain boundary cavitation. Jour. Mech. And
Physics of Solids 28: 328-352

Prochazka, P. 2004. Application of Discrete Element Methods
to Rock Bumps. Engineering Fracture Mechanics, 45: 254-
267

Prochazka, P. & Trckova, J. 2000. Coupled modeling of Con-
crete Tunnel Lining. Our World m Concrete and Structures,
Singapore: 125-132

Prochazka, P. & Trckova, J. 2001. Coupled modelling using
DSC&TFA theoretical process. Proc. Computer methods
and advances m geomechanics. Virginia, USA, A. A.
Balkema: 389-394

Trckova, J. & Prochézka, P. 2001. Coupled modeling of tunnel
face stability. Proc. ISRM 2001 - 2nd ARMS, A.A.Balkema
Publishers: 283-286



The 19th International Mining Congress and Fair of Turkey IMCET2005 Izmir Turkey June 09 12 2005

Evaluation of the Relationships Between P-Wave Velocity (Vp) and

Joint Density (J,,)

R Altindag

S D U Engineering and Architecture Fac, Department of Mining Engineering, 32260 Isparta, Tiirkiye

A Guney

Mugla University, Faculty of Engineering, Department of Mining Engineerings 48000 Mugla, Tiirkiye

ABSTRACT: Certain parameters such as rock type, density of joints, unit volume weight, porosity,
amsotropy, weathering, temperature, water content, gram size and shape etc have direct effect on the values

of seismic velocities

In this research, the trend of quantitative effect of joints on P waves (Vp) was investigated m laboratory
since rock properties are greatly affected by the presence of discontinuities in the medium Therefore,
prismatic rock samples of different thicknesses were prepared from a total of four different rock types, three
of sedimentary and one of metamorphic origins For each rock type, set of samples with artificial joints were
formed by adjoining several pre-sawn samples of different thicknesses, 1 to 6, and Vp values were measured
The relationships between the number of joints and P wave velocities were statistically investigated and the
results were assessed together with the results found in literature

1 INTRODUCTION

Seismic techniques are widely used in laboratory
and as well as m the field in order to determine the
dynamic properties of rocks In underground mining,
seismic methods are often employed to predict stress
re-distnbutions which induce break zones around
underground openings This technique is also widely
used to establish the blast-hole pattern m open pit
mining and to determine fracture patterns in marble
quarries to enhance block productivity

Various researchers have produced meaningful
results by investigating the relationships between
rock properties and seismic velocities Kahraman
(2001) has carried out seismic  velocity
measurements on six different rock types (2 of
granites, 3 of travertines, 1 of marble) containing
three artificial joints and reported that Vp values
decreased as the number of artificial joints
increased, suggesting an inverse relationship
between the Vp and the number of joints (J,)
Muftuoglu (1990) has conducted a research to
determine whether seismic velocities can be
correlated with the spacing between the
discontinuities in rock mass and has concluded that

although the solution to this problem is difficult and
complicated there is a limited solution

The evaluation of joints (frequency, trace length
and orientation of joint sets) bears great importance
in rock mechanics since shape of the block, their
volume in the rock masses and their mechanical
strength  (compression and shear strength,
deformation modulus, etc ) are all affected by joint
density in rock masses The degree of jointing is
directly affected at the outcrops using scanhnes or
on drill cores by means of Rock Quality Designation
(RQD) (Deere, 1963), providing a direct block size
measure Sjugren et al (1979) and Palmstram
(1995) proposed two hyperbolic correlations linking
respectively the unidimensional joint frequency and
the RQD to in situ longitudinal wave velocity (Vp)

2. LABORATORY STUDY

In the scope of this study, four different rock types
were investigated (Table 1) Some of the physical
properties of the rocks were determined m
compliance with the ISRM (1981) and displayed in
Table 2 A number of block samples in size of
10x10x35 cm were prepared and P wave velocities
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were measured on each block prior to sawing. Later,
the samples were sawn off the blocks in thicknesses
of 1,2,3,4,5,6 and 7 cm in order to form sets of test
samples with consecutive artificial joints varying in
number between 0 to 6 as shown in Figure 1.
Contact surfaces of the sawn-off samples were
polished sufficiently for smooth planes. A good
coupling along the contact surfaces of joints was
satisfactorily maintained even in the absence of

Rock specimens

P-wave source

: B
T |qum\\<me
Artificial
Joints

Clamp

vertical load by carefully clamping sample sets at
the ends. Then, P-wave velocity measurements were
conducted on the sample sets by Ultrasonic Testing
Equipment with 54 kHz frequency. The results of
the measurements depending on the number of joints
were illustrated in Table 3.

P-wave receiver

<

Clamp

Figure 1. Schematic view of a sample set with six artificial joints

Table 1. Some characteristics of the rocks tested

Code .
Number Rock Type | Rock Class | Bedding
1 Limestone | Sedimentary | Present
2 Limestone |Sedimentary | Present
3 Limestone | Sedimentary | Present
4 Marble Metamorphic | Absent
Table 2. Physical properties of rocks
Code Density Effect{ve Shore Pre-sawn
Number | (g/cm’) Porosity | Hardness VpO
(%) (SH) (km/s)
1 2.72 9.06 419 5.752
2 2.69 7.37 52.8 5.334
3 2.85 0.84 46.5 5.040
4 2.66 11.74 29.1 4.963

3. STATISTICAL ANALYSIS

For each rock type, P-wave velocities and the
number of artificial joints were correlated. The

The sound velocity test results were analysed using
the least squares technique. The equation of the
best-fit line, the 95% confidence limits, and the
correlation coefficient (r) were determined for each
regression.

102

plots of the number ofjjoints as a function of the P-
wave velocities and the reduction rates in Vp with
increasing number of joints (JN) are shown in
Figures 2-5. It can be noted that there are inverse
linear relations between the number of joints and
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the P-wave velocities for each rock type. The P- increases. The regression equations and the
wave velocity decreases as the number of joints correlation coefficients are given in Table 4.

Table 3. Theresults of P-wave velocity measurements

Code | Number of P-wave velocity Rat_e of R_eduction_ inVp
Number | Joints (IN) with anincreasein JN
(km/s) (%)
1 0 5.752 ( Vpo) 100
1 4.803 84
2 4.436 77
3 3.731 65
4 2.168 38
5 1514 27
6 0.701 12
2 0 5.334 ( Vpo) 100
1 3.400 64
2 2777 52
3 1.872 35
4 1.661 31
5 1.289 24
6 1.238 23
7 0.685 13
3 0 5.040( Vpo) 100
1 3.984 79
2 2.767 55
3 2.666 53
4 2.241 44
5 1578 31
6 1.176 23
4 0 4.963( Vpo) 100
1 4,118 83
2 4.014 80
3 3.932 79
4 3.131 63
5 1.196 24
6 0.941 19

Table 4. Regression equation for each rock type*

Code Equati Correlation
Number quation coefficient
1 /AT=-1.1441 Vp+ 6.7763 r= -0.990
2 Jy= -1.5019 Vp + 6.9271  |r=-0.927
3 Jn=-1.5563 Vp + 7.3248 r=-0.970
4 Jn= -1.3168 Vp + 7.1942 r=-0.940

* Jy = Number of joints, Vp = P-wave velocity (km/s).
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Figure 2. {a) Iy vs. ¥p (b} Vp reduction rate (%) as Jy increases for rock code 1.
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Figure 3. (a) J, vs. Vp (b) Vp reduction rate (%) as J increases for rock code 2
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4. CONCLUSION

As well known, the degree ofjointing, which is one
of the most important parameters influencing
seismic velocities in rock mass must be considered
by researchers and engineers when designing
structures m rock masses Therefore, the effect of
joint density on seismic velocities were investigated
on four different rock types associated with artificial
joints as many as 6 The results of the experiments
confirm that P-wave velocity decreases with an
increase in the density of joints in rocks, agreeing
with the results obtained by Kahraman (2001)
Furthermore, there is a good polynomial correlation
between the number of joints and the reduction rates
in Vp (%) indicating that P- waves are attenuated
rapidly as the number of joints increases

This study needs further laboratory investigation
to clarify the effect of degree ofjointing on seismic
velocities by assessing the origins of the rocks and
other significant rock physical properties

06
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3R - Rock Related Risk Management System for Mines
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ABSTRACT Increasingly, raining regulatory bodies are requiring mine operators to base their health and
safety assurance on the issue of risk assessment This is because it is now well recognised that risk assessment
is an ideal process on which to build a pro active safety management system that can lead to dramatic
improvement m safety and health performance A high incidence of rock related 'falls of ground' accidents
prevail in many mines Although it is known but not yet applied in many mining industry in Turkey the risk
assessment issue has been legalised and an inevitable part of mine management in many countries In this
study, the author firstly described the concept of nsk management system and adopted into rock engineering

principles in order to improve productivity and safety in mines

1. INTRODUCTION

It is true that mining is a risky business both in terms
safety and economic point of views In order to
mitigate the consequences and frequency of the risks
in mining industry one should definitely consider in
on risk assessment process On the other hand
mining regulatory bodies in many developed
countries are requiring mine operators to base their
health and safety assurance on the use of risk
assessment This is because it is now well
recognised that risk assessment is an ideal process
on which to build a pro active safety management
system that can lead to dramatic improvements in
safety and health performance

2. RISKASSESSMENT CONCEPT

Risk assessment is a systematic examination of any
activity, location or work process to identify risks to
system success, understand the likelihood and
potential and potential consequences the threat to
success or hazards and review the current or planned
approach to controlling the risk, adding new
potential controls where required System success is
defined by safety, health, production, environmental
protection, community acceptance, security, or, m
quality terms, optimal output with minimal waste
There are two distinct approaches to the
assessment of risk quantitative and subjective

Quantitative risk assessment has its origins in the
high technology process industries, where it is
used principally to assess risks associated with
major accident hazards In quantitative risk
assessment, numerical probabilities of risk are
calculated using various sources of engineering
data, and compared against a pre-set value of
acceptance Rigorous and relatively complex
formal hazard identification techniques, such as
fault trees and event trees are used In subjective
risk assessment, which is more commonly used
within lower technology industries estimates of
risk are based on subjective judgements of
likelihood and severity The judgements of
likelihood and severity are based on some form of
subjective scales and often, less formal hazard
identification techniques are employed

Whichever risk assessment technique is used, it
is important to remember that the true purpose of
introducing such a process is to improve health
and safety In most cases, times consuming
quantitative techniques are neither practical nor
necessary to achieve this end result

3-ROCK RELATED RISK MANAGEMENT-
3RM

One stated that 7he first principal duty of business
is to survive and the guiding principles of
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business economic? is not the maximize of profit - it
is the avoidance of loss

During the last few decades a great deal of effort
has been Jevoted to the development of rock
mechan ;> as applied to engineering The basic
principles of the subject have been established and a
variety o methods and tools specifically relevant to
this fled of application have been developed

When we start to examine the safety statistics of
many mines we obviously reckon that most of the
accidents occur as a result of falls of ground, lack of
or inappropriate support units, lack of excavation &
blasting design as well as rock engineering
knowledge etc The source mechanism of al these
types of accidents are of course rock related
Because we al mining engineers deal with rock and
have moral obligations to safety of workforce we
must adopt and develop some sort of rock
engineering risk assessment techniques in order to
combat rock-related hazards in mines

In mining, rock mechanics has become an
important tool in planning the layout of open pit and
underground mines, in the evaluation of support
requirements, in the alleviation of mining hazards
and in making various technical decisions Therefore
rock-engineering professionals can make a major
contribution to both safety and profitability of mines

The rock-related nsk management provides the
basis for decision -making and enables management
to create a safer environment The principal purpose
of rock-related risk management system is as
follows (DME, 1996)

» Identify and describe rock related hazards,
which are likely to arise from the mining of each
geotechmcal area identified

¢ Assess and prioritise the health and safety risks
to which workers will be exposed and record
findings

« Develop and implement reasonably practicable
strategies to reduce and manage these risks,
based on above risk assessment and accident
analysis

« Record the significant hazards to cerate safer and
long term establishment

We can develop three types of rock-related risk

assessment techniques in mines, which are namely

(SIMRAC, 1997)

/ Base line Risk Assessment

This will be done to identify major risk for future
risk control such as analysis of historical data,
accident reports, internet, information, sharing info
between mines etc These studies need to be
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comprehensive, and may well lead to further,
separate, more m-depth risk assessment studies

2 Issue Based Ri sk A sse ssment

As circumstances and needs arise, separate risk
assessment studies will be conducted when, for
example a new support is introduced into the
mine, after an accident or near miss incident, new
knowledge comes into to light and information is
received which may influence the level of risk to
employees at the mine etc The suppliers m mines
must ensure, as far as reasonably practicable, that
the article is safe and without risk to health ad
safety when used properly

3 Continues Risk Assessment

This is the most important for al of risk
assessment, which will take place continuously, as
an integral part of day-to-day management of the
mine This will mainly be used by the front line
supervisors in the mine, for example checklists,
audits, planned task observations, daily workplace
inspection etc

The baseline risk profile for rock engineering is
presented in Table 1, followed by the risk-ranking
scheme used for this overview This profile will
help define the objectives of the mine's rock-
engmeenng department, against which
achievement targets will be set and reviewed It
also highlights the rock related safety issues that
need to be addressed by other departments m the
future

After a baseline risk profile has been
established highest priority risk areas are
addressed in more detailed risk assessment The
method, which has been used widely in mines, is
the WRAC (Workplace Risk Assessment and
Control) technique, Table 2 Using this technique,
assessment can be done by a group or vertical
slice of people from the workplace ranging from
the person undertaking a given task to a higher
level supervisor and is facilitated by personnel
from rock Engineering Department

Hazards are identified by considering each step
m the completion of a task and ranking the risk
according to the probability of an incident
happening and the likely consequence, as
indicated by the risk ranking matrix illustrated in
Table 1
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Table 1.Risk Mateix-f (CxP}

PROBABILITY
CONS. A B C D E
Fatality-1 11
Serious 8 12
Fi 2
Disabling 49 13
Case.3
First did | 10 14
Case-J
No 15
Injury-5

PROBABILITIES: This is normally a compound of
two separate factors. Firstly, exposure, which is an
analysis of how often and for how long the
employees involved, is exposed to the hazard.
Secondly, it includes an analysis of probability, that
is the chance that a person or persons will be harmed
during the exposure period. Common- (Daily)-A,
Likely-  (Weekly)-B, Happens- (Monthly)-C,
Unlikely- (Yearly)-D, Rarely (1-3 years)-E

CONSEQUENCES: Here, the degree of harm from
the identified hazard is assessed in terms of the
potential severity of the injuries or ill health and/or
the number of people potentially affected. (Fatality-
1, Serious injury-2, First aid case-3, No injury-4)

A risk ranking of 1 is the most serious and 25 the
least serious. Thus all rankings from 1 to7 are
critical and require urgent consideration, rankings 8
and 15 are serious and 16 to 25 are of lesser severity
and should be addressed only when the more serious
risks have been eliminated or controlled.

3.1 Risk Control Measures

The risk assessment team should consider the
following strategies and make recommendations to
the manager:

Elimination

This can be done by either removing the hazard from
the working environment, or by working in a
different area.

Control the Risk at Source

This strategy may involve limiting access to the
hazardous area, or by guarding against the hazard, or
by operating from a remote distance.

Minimise the Risk

This strategy involves aspects such as hazard
awareness training programmes to ensure that
workers keep away from the hazardous areas and the
use of safety devices.

High frequency and high consequence hazards
are the highest priority. Those with a low
frequency and low consequence are low priority
and those with both high frequenc; and low
consequence, or high consequence aid low
frequency are considered as medium priority.

Personal Protective Equipment and Monitoring of
the Risks

This approach should be the last resort to risk
control.

Table 2. Example of risk assessment using the WRAC
techniques in mines

Step Hazard P C R System RP
Application Unsafe - - - Codes ME
of support working of Practice

standards ~ areas

When the current system fails or is insufficient
then recommended action needs to be developed in
order to eliminate risk.

3.2 Reporting and Recording of significant
risks

All risk assessment exercises should be recorded
by the rock engineer professional and must be
easily accessible to all concerned. However, the
documentation system should not detract from the
major purpose of risk assessment and that is to
improve the management of risks, thereby
ensuring the health and safety of employees. The
following aspects should be reported on:

* The major hazards identified.

» A review of the existing safety measures and
the extents to which they work in controlling
risks.

* Those who may be affected by the major
hazards.

3.3 Preventative and Protective Measures

If possible, risks should be eliminated. If this is
not possible, and then they should either be
mitigated/controlled or minimised or, if none of
these is possible, then personal protection should
be provided. In deciding upon the types of
preventative and protective measures that need to
be provided, the following principles should be
considered by the manager

» It is always best, if possible, to avoid a risk
altogether. This can be done by using a
different approach, substance or method of
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work.

» Combat risks at source rather than by adopting
secondary measures.

*  Where' -r possible, work should be adapted to
the ' .dividual rather than the individual adapted
to the work.

* Make use of technological and technical
progress when treating risks.

*  Collective protection measures should be given
priority.

*  Protection provided should be backed up with
adequate training and supervision.

*  Measures to avoid, prevent and reduce risks need
to be an accepted part of the approach and
attitudes at all levels of the organisation.

3.4 Other methods of hazard identification

A number of hazard identification methods exist,
most of which are implicit in the methods in section
3.

A number of methods are based on prior
experience. These include (Koldas, K.S, 1998): -

1. Accident analysis, major incident reviews
and near miss analysis from which
commonalties can be identified.

2. Members of the team may have been
involved with investigations or have read
accounts of incidents and, from personal
experience and memory, are able to list
factors.

3. Codes of practice, standards and working
procedures are generally designed to prevent
losses and their analysis can uncover
expected hazards and incidents.

4. Safety and loss control audits may explicitly
identify hazards ad incidents arising
therefrom.

5. From imagination techniques such as
brainstorming, scenarios are developed in
which previously un-encountered incidents
are created within a specific hazardous
environment.

6. '‘Cause-consequences’ methods rely on a
systematic analysis of a given scenario such
as a fault tree’, 'event tree’, 'failure mode-
effect and critically analysis (FMECA), the
hazard and operability study (HAZOP).

3.5 Rock engineering, hazard identification in
strategic planning

The objectives of any strategic planing process are
twofold; the first is to identify a suitable strategy to
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meet the requirements of the particular problem.
The second is to provide broad guidelines for
detailed design work based on the chosen
strategy.

Rock engineering input to strategic planing
occurs in four main phases: -

1. Assisting in defining the requirements of
the particular project.

2. Gathering relevant geotechnical
information on conditions that will prevail

3. Assisting in  generating  alternative
scenarios to meet the requirements defined
in section 3.2

4. Assisting in selection of suitable scenario

An example of rock engineering input and
hazard identification applied to strategic planning
is such as shaft pillar, support design or remnant
extraction.

3.6 Rock engineering and hazard identification
process in operational planning and design

There are three main objectives of operational
planning and design. Based on the information
generated when defining the preferred strategy,
the first objectives are to identify, in detail,
hazards present and the incidents that could arise
from them. The second objective is to identify
methods of preventing or ameliorating the effects
of those hazards and to incorporate those methods
into the detailed design. The third objective is to
provide guidelines for practice, procedures and
specifications to control work during the
operational phase.

The duties of the rock engineering service are to:

» review design and planning of new areas;

" review abnormal ground conditions and make
proactive recommendations;

» review designated special areas and advice on
requirements;

* participate in regular interdisciplinary mine
planning and design meetings;

+ initiate and implement monitoring, recording
and reporting procedure;

+  assist management with training in rock
engineering aspects;

+ assist management with investigation of

serious rock related incidents;

assist management with risk assessment of

rock related issues;

+ assist management with compiling and
updating of the Code of Practice and
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»  assist management with the compiling and
updating of Mine Standards.

3.7 Review and Revision

Risk assessment is a continuous process and as work
changes, the hazards and risks may change and
therefore the risk assessment process mugt aso
change. Risk assessments should be reviewed or
modified when an accident occurs, or if more is
learnt about certain hazards in the workplace. Thus,
after an accident, the sdfety officer should sdect a
risk assessment team and revisit the previous risk
assessment to see;

* whether the accident which has occurred was
predicted;

« whether it was decided to prevent that accident;

e if so, why the preventative measures did not
work;

e if the accident was not predicted, whether it is
necessary to revise the risk assessment process
or not;

e if the accident was predicted but it was decided
to tolerate the risk, whether the decison was
vdid;

« why the accident occurred, and what should be
done to prevent similar accidents occurring, as
far asis reasonably practicable.

It is appreciated that the service provides maximum

benefit if it is proactive and identifies potentia

hazardous conditions before they occur and creste
dangerous Stuations.

Rock engineering input to operationa planing and
design occursin four main aress: -

1. Gahering detalled relevant geotechnica
information relating to conditions that are
likely to prevail; Table 3.

The geotechnicd data, which should be
collected, and recommended methods of
collecting the data Site invegtigations,
geotechnical logging of borehole core, mapping
of joints, rock mass classfication mapping
including recording of joint properties, and
requirements for laboratory testing of rock
samples are dedt with (SSMRAC, 1999).

e dudy of available geologica plans and similar
material;

" remote senaing (satdllite imagery);

« aerid photograph interpretation;

«  edific fidd mapping;

o tageted exploraion drilling, including
spedific geotechnicd drilling, dl based on the
information  obtained from the above
invegtigations,

e evduation and prediction of geologicd

influences:

sructurd;

in Stu and induced stresses;

groundwater;

qudity and durability of the rock and rock

mass,

control investigations during production, to

iderntify conditions different from those on

which the design was based.

e o o o

2. Assding in preparation of detailed micro
layouts;

3. Assding in generding macro sequences
ad schedules;

4. Assding in preparing codes of practice,
operating procedures and specifications.

3.STherock engineering and hazard
identification processes during operations

During this phase there will be three man
objectives of the hazard identification exercise: -

1. To generate awareness of hazard and their
asociated  incidents  amongst  the
workforce;

2. To monitor the effects of hazards in
working places in order to dlow timely

intervention;

3. To provide information that will facilitate
review and revison of practices,
procedures and specifications.

Rock engineering input during operations consists
largdly of monitoring and observing conditions. It
occurs in three main aress. -

1. To ensure that designs and methods for
drata control are implemented correctly
and are working effectively;

2. To identify any short, medium or longer
term changes in geotechnica conditions
which may demand modifications to
procedures, practices or specifications and
recommend appropriate action to ded with
those changes,

3. To ensure that micro layouts are
maintained and, if not, that the potentia
effects of devidgtions therefrom are
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identified and
implemented

appropriate  action is

Table 3 Example- Rock-related hazards associated with
development in different rock types, (Koldas,
KS GCMP,2001)

ROCK TYPE

Hematitle Quartz Breccia

STRATEGIES

Hazard levels are increased
for all rock types where
tunnels and decline are
developed or mined through
faults and dykes due to
presence of ground
disturbed by jointing or
smaller scale fracturing on
the margin of these
discontinuities Increase
support density in all areas

Hydrothermal Breccia Hazard levels are increased
composed predominantly for all rock types where

of andésite in a siliceous to | RQD values between 25
silica clay matrix 50% Steelarch units m
conjunction with 2,4m
grouted swellex + 50mm
fibrecrete with wire mesh to
be applied where poor
ground and self mining
conditions are intersected

3.9 Numerical Modelling

Numerical modeling provides excellent useful tools
for assessing rock-related risks m mines Numerical
modeling m rock engineering, as with almost
computational analyses m traditional engineering
disciplines, is based upon the assumption that the
problem is well defined In realty this means that
numerical modeling must be used to test proposed
design  specifications  against  well-established
predefined criteria

4. CONCLUSION

Rock related risk management technique plays an
ever increasing role in ensuring the safety and heath
standard of mining operations The introduction of
rock related risk assessment in mining industry
presents a real opportunity to change and improve
safety and health performance To do this
successfully, it is vital that there is real commitment
to change, to ensure that the process does not turn
into yet another 'back protecting' paper exercise
Rock related risk assessment requires a well-planned
management system and rock-engineering
professionals to ensure that improvements are
implemented and to encourage widespread
stakeholder participation
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The mining industry throughout the world
particularly in Turkey needs to improve its safety
and health performance and it is therefore risk
management process is an ideal opportunity to
change the old culture
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